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Fundam
entals of N

uclear Reactions

•
A

ll elem
ents have isotopes, large 

range of stabilities
•

Radioactive decay occurs in unstable 
isotopes, resulting in spontaneous 
em

ission of particles and/or 
electrom

agnetic radiation
•

Repulsive force betw
een protons 

m
ust be balanced by a strong 

attractive force for nuclei stability 
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M
ass-Energy Equivalence

•
In 1905 A

lbert Einstein identified the m
ass-energy relationship of an object at rest

𝐸
𝑜
=
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, during decays or reactions, occurs in nuclei

92
235𝑈

+
0 1𝑛

→
36 89𝐾

𝑟
+

56
144𝐵𝑎

+
3
0 1𝑛

+
210

𝑀
𝑒𝑉

4



Barriers in N
uclear Reactions

Charged particles (protons) m
ust overcom

e an electrostatic potential energy barrier  
•

Barrier scales w
ith Z, on the order of a few

 M
eV

 per proton pair
•

A
bundance of charged reactants (e.g. protons in elem

ents)
•

Can overcom
e barrier w

ith kinetic energy, propelled by electrom
agnetic fields 

of an accelerator

N
eutral particles (neutrons) have no electrostatic potential barrier

•
N

eutrons require less kinetic energy to initiate nuclear reactions
•

Free neutron is short lived (lifetim
e ~15 m

in), therefore a source is required for 
any use of neutrons
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Conventional N
uclear Fission Reactor

•
U

ses heavy fissile elem
ents that are capable of nuclear fission

•
Fissile m

aterial struck by therm
al neutrons, breaks apart and em

its neutrons, 
releasing energy and continuing the self-sustaining chain reaction 

•
Fissile fuel m

ust have high probability of fission (σ
f ) and release 2 or m

ore 
neutrons on average per neutron captured

•
Chain reaction can be defined by m

ultiplication factor, k

𝑘
=

#
𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠

𝑖𝑛
𝑜𝑛𝑒

𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
#
𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠

𝑖𝑛
𝑝𝑟𝑒𝑐𝑒𝑑𝑖𝑛𝑔

𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

Subcritical: k<1     Critical: k=1 
Supercritical: k>1
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Past Reactor Fuels
235U•

N
aturally occurring, sm

all abundance (0.72%
)

•
U

sed in D
2 O

 reactors (unenriched) or light w
ater reactors (enriched)

•
Requirestherm

al neutrons for adequate fission
239Pu•

Bred from
 238U

 (w
hich is naturally occurring, large abundance)

•
238U

 captures neutrons and is eventually converted to 239Pu
•

Sm
aller critical m

ass, cheaper than enriched 235U
 : used in nuclear w

eapons
233U•

Bred from
 232Th w

hich is ~3-4 tim
es m

ore abundant than uranium
 on Earth

•
Can be bred using fast neutrons or therm

al neutrons
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Fission Reactor Issues: N
uclear W

aste

M
ajority of fission reactors w

orldw
ide are light-w

ater reactors
•

Pow
er from

 fission of 235U
 and 239Pu produced in the reactor

•
Plutonium

 isotopes and m
inor actinides produced (N

p, A
m

, Cm
, Cf) are m

ain source of long 
lived radioactivity 

•
Plutonium

 could be used in reactor again as m
ixed-oxide fuel, but not all isotopes and 

m
inor actinides are destroyed

Som
e fission products and rem

aining actinides have half-lives >1000 years
•

D
esigning storage containers to perm

anently confine w
aste is not possible

•
Currently above-ground concrete containers have been adopted

•
G

eologic confinem
ent has also been considered

Issues w
ith storing radioactive w

aste
•

Possibility for criticality to occur in repositories
•

Plutonium
 could still be recovered for w

eapons use
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Long Term
 Solutions?

Can w
e elim

inate radioactive w
aste faster than natural decay, and at 

the sam
e tim

e m
ake a net energy gain?

Current long-term
 m

anagem
ent

D
ry cask storage

Proposed m
ethod for im

plem
entation

D
eep geological repository
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A
ccelerator-D

riven System
s (A

D
S)

¾
Traditional nuclear reactors operate at or above criticality to generate the 
required extra neutrons

¾
A

D
S relies on subcritical reactor w

ith an external supply of neutrons
•

N
eutron source is needed to m

aintain constant fission and pow
er levels

•
N

eutrons supplied by bom
barding heavy m

etal target (spallation) w
ith high-

energy proton beam
 from

 an accelerator 
•

A
 fraction of reactor’s energy output is used to pow

er the accelerator
•

Self-sustained
chain reaction is not possible

¾
Can be used for w

aste transm
utation and/or breeding 233U

 from
 232Th
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H
istory of AD

S
¾

1930s Ernest Law
rence develops cyclotron accelerator

•
Circulating particles accelerate inside a cham

ber, betw
een 

poles of an electrom
agnet

•
M

agnetic field held protons in a spiral path w
hile they 

accelerated betw
een sem

icircular electrodes

¾
1949 Law

rence proposes construction of 25 M
eV

 linear 
accelerator, ‘M

aterials Test A
ccelerator’

•
A

ttem
pted electronuclear conversion of fertile to fissile 

m
aterial by accelerator-produced neutrons from

 high 
energy proton and deuteron target-bom

bardm
ent 

•
G

oal w
as to m

ake tritium
 for a hydrogen bom

b (Cold W
ar)
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A
 new

 idea for transm
utation? 

¾
1992 Charles Bow

m
an (Los A

lam
os N

ational Laboratory) describes new
 

approach for nuclear energy generation and w
aste transm

utation using an 
accelerator

¾
Proposed accelerator-driven device that ‘incinerates’ radioactive w

aste 
(long-lived actinides as w

ell as fission products) by using neutrons for 
transm

utation 

¾
A

ssum
es that therm

al neutron flux w
ithin nuclear reactors is not adequate 

for w
aste transm

utations
•

N
uclear w

aste spends ~1 year in reactor therm
al flux of 10

14neutrons/cm
2s, 

by this tim
e m

ost nuclei w
ith large cross sections for neutron capture (σ

c ) have 
been converted to nuclei w

ith sm
aller σ

c
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Tw
o Reactor Param

eters
¾

N
eutron energy
•

A
t therm

al conditions, σ
c >>

σ
f for 

237N
p and 241A

m
 (prim

ary constituents 
of actinide w

aste), therefore therm
al 

neutrons convert the m
aterial to 

heavier nuclei instead of fissioning

¾
N

eutron flux
•

A
t flux ~100 tim

es greater than nuclear 
reactors, actinides such as 237N

p can 
capture tw

o neutrons in succession, 
(bypasses poisonous 238N

p) leading to 
fissionable 239N

p
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W
aste Incinerator Concept

•
Protons (1.6 G

eV
) strike liquid heavy m

etal target, 
~55 neutrons generated per proton, therm

al flux 
on the order of 10

16n/cm
2s, 0.92 < k < 0.95

•
D

ue to fast buildup of ‘poisonous’ fission 
fragm

ents, circulating liquid flow
 (m

olten salt, 
D

2 O
, Pb-Bi eutectic) w

ould be used so that fuel, 
m

oderating agent, spallation target, spend only a 
fraction of the tim

e w
ithin high flux

•
A

lso proposed ability to breed 233U
 from

 232Th

Bow
m

an, C.D
. et al.  N

ucl. Instrum
. M

eth. A, 1992
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D
esign

¾
Liquid lead target continuously circulates

•
Transm

utation of spallation products, w
hich eventually 

neutron capture back tow
ards m

ass of Pb
parent

•
Pb

target need only be replenished ~1 kg/yr

¾
Three-sector blanket 

•
Inner sector of D

2 O
 for transm

utation of fission products 
(generally sm

all σ
c )

•
M

iddle sector of m
olten salt (LiF

+ BeF
2 ) as carrier of fissile 

m
aterial and m

edium
 for heat transfer

•
O

uter sector of D
2 O

 acting as reflector or site for breeding 
fissile m

aterial (energy production from
 natural Th

or U
) 
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A
dvantages

•
System

 can operate w
ell below

 criticality at high pow
er

•
Effective average num

ber of neutrons can be enhanced by as m
uch as 50%

•
Fission-product transm

utation tim
e is inversely proportional to the flux

•
Liquid heavy m

etal target avoids heat conductivity/transfer lim
itations and radiation 

dam
age of a solid target

•
Energy produced is 30-50 tim

es the energy dissipated by high energy proton beam

D
isadvantages

•
In therm

al spectrum
 ~half of the nuclides do not undergo fission, instead they capture to 

the next heaviest nuclei

•
Continuous-flow

 concept w
ould require considerable chem

ical separation of fission 
fragm

ents, actinides,  233Pa for m
ilking of 233U

 (if using thorium
)
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A
 new

 idea: The Energy A
m

plifier 
•

Proposed by Carlo Rubbia at CERN
 in 1993, idea m

uch like Bow
m

an, to ‘am
plify’ 

the energy deposition of an incident high energy beam
 to pay off the energy for 

its production and achieve a net gain

•
M

ore focus on the 232Th Æ
233U

 breeding chain, as external source of neutrons 
rem

oves lim
itations w

hen using thorium
 in traditional nuclear reactors

•
Burning thorium

 in conditions that are essentially free of higher actinide w
aste, 

especially plutonium

•
Initially considered using therm

al neutrons and solid target, later decided (1995) 
on fast spectrum

 neutrons
and liquid target
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Fast Energy A
m

plifier Concept
•

N
o m

oderator, fast neutrons w
ith energy ~0.1-1 M

eV
 

•
Larger neutron yield due to decreased σ

c , versus use of therm
al neutrons

•
Production of higher m

ass actinides is strongly supressed

•
Low

er flux, 10
14n/cm

2s (like traditional reactor), allow
s for decay-dom

inated 
regim

e w
ith a sm

aller am
ount of 233Pa interm

ediate (capture is less likely w
ith fast 

neutrons)

90
232𝑇ℎ(𝑛,𝛾)

90
233𝑇ℎ

𝛽
−

22
𝑚
𝑖𝑛
→

91
233𝑃𝑎

𝛽
−

27.4
𝑑
→

92
233𝑈

91
233𝑃𝑎

→ 𝑛
91

234𝑃𝑎
𝛽
−

6.7
ℎ𝑟
→

92
234𝑈
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D
esign

¾
Practical layout includes 15 tons of fuel m

aterial 
(ThO

2 -U
O

2 )

¾
20 M

W
 proton beam

 (20 m
A

 @
 1 G

eV
)

•
operates at level of ~1 G

W
(e) w

ith k = 0.98

¾
N

on-m
oderating coolant required, Pb

or Pb-Bi 
eutectic w

hich also acts as first target for high 
energy proton beam

¾
Criticality param

eter k is tuned to the desired 
value, depending on the use of the reactor for 
breeding new

 fuel or incinerating w
aste

19
Rubbia, C. et al. CERN

 Rep. CERN
/A

T/95-44 (ET) (1995)



A
dvantages

•
Considerable energy gain far from

 criticality

•
[ 233Pa] is sm

all enough that on line ‘hot chem
istry’ extraction not required

•
Energy produced is 100-150 tim

es the energy dissipated by high energy proton 
beam

•
Irradiation of thorium

 produces m
inim

al am
ounts of plutonium

 and m
inor actinides

D
isadvantages

•
Radiotoxicity build-up in the lead coolant

•
Radioactive fission fragm

ents w
ill still generate heat, ~7%

 of total energy em
itted 

by fission, even if the proton beam
 is sw

itched off; continued cooling is still 
required to prevent m

elt-dow
n
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Currently Pursued A
ccelerator-D

riven 
System

s

Exam
ples

¾
M

YRRH
A

Belgium
 N

uclear Research 
Centre (Built by 2025)
¾

G
EM

*STA
R

V
irginia, U

.S.A.               
A

D
N

A
 Corp.                

(building dem
onstration 

reactor)
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M
YRRH

A
: M

ultipurpose hYbrid
Research 

Reactor for H
igh-tech A

pplications
¾

Fast spectrum
 research reactor

¾
A

D
S, can operate in sub-critical and    

critical m
odes

¾
Pb-Bi eutectic is used as a coolant and 
liquid heavy m

etal target
¾

M
ixed plutonium

-uranium
 oxide fuel 

(M
O

X)
¾

A
pplications
•

W
aste transm

utation
•

N
eutron irradiated silicon

•
Radioisotope production

•
M

aterials research
22



G
EM

*STA
R

•
Being developed by A

ccelerator D
riven 

N
eutron A

pplication Corporation 
(Bow

m
an)  and V

irginia Tech U
niversity

•
Subcritical therm

al-spectrum
reactor 

w
ith continuous-flow

 m
olten salt fuel 

in a graphite m
atrix

•
H

igh energy neutrons produced by 
proton beam

 on stopping length 
thickness of deuterium

 gas in beryllium
 

tube
•

Be acts as a neutron m
ultiplier

23
Cacuci, D

. G
., H

andbook of N
uclear Engineering,  (2010)



M
odular Setup

•
D

euterium
 targets could 

produce neutrons w
ith sam

e 
energy cost as a proton 
beam

 (1.35 m
A

 @
 1 G

eV
) on 

Pb
spallation target

•
Can use natural uranium

 and 
spent fuel from

 light w
ater 

reactors

24
Cacuci, D

. G
., H

andbook of N
uclear Engineering,  (2010)



Sum
m

ary
•

A
ccelerator-driven subcritical reactors are hybrid system

s that 
prom

ise im
portant advantages over conventional nuclear reactors

•
Therm

aland fastneutron spectrum
 A

D
S reactors have been 

exam
ined for use in com

m
ercial w

aste transm
utation and energy 

production
•

A
D

S reactors theoretically elim
inate the risk of criticality accidents as 

fissile m
aterial is far from

 critical m
ass, unlike traditional nuclear 

reactors
•

Im
plem

entation of research-scale A
D

S reactors is still in the 
beginning stages
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H
eaviest stable isotope 209Bi

http://w
w
w
.nndc.bnl.gov/
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