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Key Concepts to Understand

* Neutron Interactions

* Neutron Energy

* Moderation

* Fertile vs. Fissile

*  Prompt vs. Delayed Neutrons
* Criticality

* Supercritical vs. Subcritical

* Reactor Design Principles

* Neutron Population Life Cycle

* Fusion Concepts & Technologies
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Review of Neutron Interactions
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Interaction Cross Section

Cross section is a measure of probability, not
actual geometric cross section of the nucleus

Microscopic cross-section (o)
* The intrinsic probability of interaction of a given isotope
*  Every isotope has its own ¢
+  Units of barns (b) or (cm™2)
s 1lbarn=10"%*cm™?

Macroscopic cross-section (%)
*  Probability of interaction for bulk material
*  Considers the density of material
«  Units of (cm™1)
. Y =0N
N -

+ N= 97,4 (cm™3)

*  p = material density (C%)

s N, = avagadro’s number (mol™1)

® M = atomic molar mass (L)
mol
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Source: https://www.nuclear-power.com/nuclear-power/reactor-physics/nuclear-
engineering-fundamentals/neutron-nuclear-reactions/microscopic-cross-section/
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Neutron Energy

In Nuclear Engineering, the thing we care the most about pertaining to neutrons is
their energy.

Neutrons with low energy, below 0.025 eV, travel at roughly 2.2 km/s and are called "Thermal" neutrons
since they have similar energy to air at 20°C.

EN

Neutrons with high energy, above 0.1 MeV, move at speeds up to 14000 km/s and are defined as "Fast"
neutrons.
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Effect of Neutron Energy on Scattering Interactions

The energy of neutrons determines
the cross-section for each possible
interaction, or the likelihood of the
interaction occurring.

On average, the cross-section for
scattering remains relatively
constant for most energy ranges.

Cross-section data a few materials
shown on the right.
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https://www.nuclear-power.com/nuclear-power/reactor-physics/nuclear-
engineering-fundamentals/neutron-nuclear-reactions/neutron-elastic-scattering/
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Effect of Neutron Energy on Absorption Interactions

= For absorption cross-sections, there is an
inverse relationship between neutron
energy and absorption.

Incident neutron data / JEFF-3.1.1 I H1 I Cross section

1000 e ——— MT=102 : (z.g) radiative capture
Eooe MT=2 : (z.z0) elastic scattering
MT=1 : (n.total)

» The cross-sections decrease by orders of
magnitude for increasing energy.

Cross-section (k)

= Since the cross-section for absorption is
so small for all but the smallest energies,
absorption cross-sections are usually
reported for only the thermal range of

neutrons.

| ] nght flgure ShOWS example data ShOW|ng ‘ 15?10 I 1E=-9 I |g-s I 1E=-? I |E=-G I 1&5 ‘ 1E=-4 Iu,olm I D,éi I o,Ii I 1= I |L ‘ 130
both absorption (radiative capture) and nttos.// | '“/“"‘"“‘IE“”Q""“‘“’/ or-ohvsics/nucl
e|aStIC Scatterlng Of hydrogen pSs://www.nuclear-power.com/nuciear-power/reactor-pnysics/nucliear-

engineering-fundamentals/neutron-nuclear-reactions/neutron-absorption/neutron-
absorption-cross-section/
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The Source of Free Neutrons

Fission Source
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Neutron Moderation

When neutrons scatter off nuclei, they transfer some energy to the incident nuclei.
The lighter the nucleus, the greater the energy transfer.

Low Mass Nuclei High Mass Nuclei
£y
¢ 2
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s;’;?« ff’
o (2
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Neutron Resonance Absorption

=Each nuclei has intrinsic energy levels
that they can be excited to or emit
gamma rays from.

=*|[f a neutron happens to have excess
energy equal to those energy levels, the
cross-section of absorption sharply
increases.
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Neutron Resonance Absorption

So what do the resonance peaks tell us about this isotope?
Small energy ranges where neutrons are likely to be lost to absorptions

Why is it important to understand?
Getting absorbed in resonance peaks during moderation

Cross section (barns)
S Z =2 o o
i [ | - k] ]

=L
=
R

=
P
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Meutron energy (eV)
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Nuclear Fission and Fusion

9 g °°Fe 84Ky

160
12C

119gn

= Binding energy is the energy of the bonds 8
holding the nucleus of an atom together.

2057 235

Most stable nucleus

14N

7 o4 & 238U

Fusion Fission
» At Mass Numbers below 56, the Binding
Energy increases with the Mass Number

and fusion is the dominant reaction.

Binding energy per nucleon (MeV)
(o)}
|

47 Region of very
3 stable nuclides
= At Mass Numbers above 56, the Binding
Energy decreases with the Mass Number 27
and fission is the dominant reaction. 1
0 -

I I I I I I I I I I |
0 20 40 60 80 100 120 140 160 180 200 220 240

Mass number (A)

https://phys.libretexts.org/Bookshelves/University Physics/University Physics %280pe
nStax%29/University Physics Il -
Optics_and_Modern_Physics %280penStax%29/10%3A__ Nuclear Physics/10.03%3A

Nuclear Binding Energy
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Nuclear Fission: Fissile vs Fertile

When designing a fission reactor’s
fuel, the materials are labeled based

on their ability to fission. o nevren

Thorium-232
. . . (100% of all Th) o neutron

A fissile material can go through

fission spontaneously or will fission -

after neutron absorption. reaction
Uranium-235
(0.7% of all V) © neutron

A fertile material can’t fission but
becomes a fissile material after Uranium238

. (99.3% of all U)
neutron absorption.

Uranium-233
(fissile)

Plutonium-239
(fissile)

o neutron

fission
reaction

(®) neutron

fission
reaction

https://steemit.com/chemistry/@pinkspectre/the-mighty-thorium
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Nuclear Fission

When the nucleus’ bonds are broken,
the binding energy is expelled as
gamma rays.

If you want to find how much energy
is emitted as gammas, you can
subtract the mass of the products
from the mass of the original atom
and nucleus and convert that to
energy.

The equation to compute that energy
is shown below

School of Nuclear Engineering
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Fission Fragments

The isotopes created from the fission Thermal Neutron Fission of U-235
of U-235, called fission fragments, CET T T T T T T T T T 1
have an average atomic mass of
118 amu, but the distribution is
bimodal.

T TTTI
L

|

T TTTTI
Lol

The most prominent atomic masses
are centered around 95 amu and
137 amu.

,01111111A11L1

100 120 140 160 180

Fission Yield, percent
T T
L

OO0
Lol

TTTTT

z

A complete nuclear fission equation
with fission fragments would look Mass Number A

like this: 233U + gn — '&9Xe + 35Sr + 2¢n + ~200MeV
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Prompt and Delayed Neutrons

Prompt neutrons are the neutrons
produced from the fission reaction and
are emitted 10 seconds after the
neutron absorption

uranium - 235
Delayed neutrons are neutrons emitted -y /
by the unstable fission fragments after """ [
they decay, taking a range of milliseconds o~
to minutes \
delayed neutrons
edneu‘“on

On average, prompt neutrons have higher

energy and wider energy range upon Pray,

emission than delayed.
2 MeV vs 0.4 MeV

https://www.nuclear-power.com/nuclear-power/fission/fission-fragments/
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Prompt and Delayed Neutron Animation
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Prompt Criticality

Prompt neutron generation time:

1
t=10"%*s - o= 10,0005
Reactor criticality
k =1.001
P = Py(k)(k)(k) ...10,000 generations = Py(k)1%009

Reactor power:

P
5o = (k)10 = (1.001)1%9%° = 21,916
0
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Prompt and Delayed Neutron Distribution

More than 99% of neutrons produced from
fission are prompt neutrons

Despite the difference in population, the
average time for n_gutron generation
increases from 10 ™ seconds to roughly 0.1
second when including delayed neutrons
into the calculation.

As a result, the reaction rate is slow enough
to be able to adjust it in real-time using
control rods
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Delayed Critical

Total averaged neutron generation time:

_ (=B )l + BeprT o
(1= Begr) + Peys

Ly

Reactor power change:

P
— = (k)1° = (1.001)*° = 1.01
Po
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Key Vocab

Fuel: The fissionable radioactive isotopes, either Uranium or Plutonium, that
absorb and produce neutrons to sustain a chain reaction. For a fusion reactor,
hydrogen isotopes are used as fuel.

Moderator: A material with low atomic number and high likelihood for neutron
interactions used to lower the energy of neutrons. Most common moderators are
light water (H-1), heavy water (H-2), and graphite

Enrichment: The fraction of fissile materials out of all fuel materials, usually
increased than the natural abundance of isotopes to increase reactivity. In
Uranium fuel, the fissile material is U-235 and the rest is primarily U-238.
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Criticality

*The metric that the net change in
number of neutrons, or the Criticality of
the reactor, is measured by is the
Multiplication Factor “k” .

»Reactor design is centered around
controlling the rate at which neutrons are
produced from fission removed through
absorption or escape

*For power production, its necessary to
maintain enough neutrons in the core so
that the chain reaction is sustained.
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The Multiplication Factor - k

*The Multiplication Factor measures the
total rate of change of the number of
neutrons in the core

total neutron production rate

total neutron loss rate

=A “critical” core is producing neutrons at the
same rate they are lost to the environment
and has a k of 1.

»To compute k for a reactor core, we can use
the equation k = k,, Py;, Where Py, is the 0
Non-leakage Probability.
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Subcriticality

When k < 1, the reactor is Subcritical
and is losing more neutrons than its
producing

Without an outside source of neutrons,
the neutron population will continue to
decrease until the chain reaction ends.

When a reactor is shutting down, the
operator inserts the control rods with high
neutron absorption cross-sections.
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Supercriticality

When k > 1, the reactor is
Supercritical and is producing more
neutrons than are being lost to
absorption

During start-up, the reactor needs to
be supercritical to increase the
reaction rate and power output

A k that far exceeds 1 is dangerous
since the chain reaction can become
uncontrollable and expel lethal
amounts of radiation to the
environment.
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Going Supercritical
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Neutron Multiplication in Materials
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Neutron Multiplication in Materials

K 'I/Zf(p

e —_
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High Fissile Concentration Balanced Fission, Absorption High Absorption
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Let’s Build a Reactor!

VZ]CQ.), )

Vqub

koo =
2q

._qub

54, L P

Fuel Material

Fuel often contains materials that
have both high absorption and
high fission cross-sections.

The k,, of the fuel material can
differ depending on its
enrichment and composition.

Depending on the energy of the
neutron population, the fuel may
be considered more absorbing.

Control Material

Highly absorbing material in
reactors serve as control
material for adjusting reactor
power.

One typical material is boron,
which may take the form of a
solute within coolant or more
often control rod material.
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Moderator

A moderator serves to adjust the
energy spectrum of the neutron
population towards lower
energies.

The moderator may also be
used as coolant in many cases.

Lower Z material moderators are
used for reactors using thermal
neutrons (water reactors)



Let’s Build a Reactor!
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Reactor Control: Fast Reactor Concept

Q: What is the criticality of this
system?

Q: How does the criticality affect
the neutron population?
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Reactor Control: Inserting Control Rods

Q: How does the criticality of
this system compare to before?

Q: How does the criticality affect
the neutron population?
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Reactor Control: Thermal Reactors

Q: How does this example differ
conceptually from the others?

Q: For a reactor containing low
enriched uranium (5% U-235),
what is the purpose of a
moderator material?

E P URDUE ‘ School of Nuclear Engineering
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Neutron Population Cycle: 4 & 6 Factor Formulas

= There are many possible koo — Ufpé'
interactions a neutron can go £ f
through before causing thermal keff = nfpgpNLPNL
fission which can increase or
decrease the neutron population

» \We can quantify the change in — -
popul_atlon from.the most N ETTIN QSRR TN B Lo
prominent reactions with factors
dependent on the physical
characteristics of the core ey

k= ePfnPy, ;Py;, 784

= To find the total change in ‘
population for a reactor, we first T
find k with the assumption of an LUl [P I AR B
H L . Fission Fission Capturel‘_ "_ _. 16
infinite medium, k-, so boundary T
effects and leakage aren’t
considered v 1

74
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Neutron Population Cycle: 4 & 6 Factor Formulas

= There are many possible ko = nfpe
Interactions a neutron can go Q: What does K infinite
through before causing thermal represent?

fission which can increase or
decrease the neutron population

» \We can quantify the change in

population from the most
prominent reactions with factors k. = nfpeP,f,LPA],cL
dependent on the physical

characteristics of the core Q: When is a reactor considered

infinite? When is it not?

= To find the total change in
population for a reactor, we first
find k with the assumption of an
infinite medium, k-, so boundary

effects and leakage aren’t
considered
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The Fast Fission Factor: <

The Fast Fission Factor ratio of the total 100
fission neutrons produced to fission ¢
neutrons produced by thermal fission

Fast Fission

Utilized due to initial assumptions of only - 1100
thermal fission events. This is a £ 110 —»
correction factor.

Total Fission Neutrons Produced n, = 1000 k= ngfn,

Fission Neutrons from Thermal Fission

fission cross-section
0.025eV / 2MeV

The increase from this is relatively small, 350 585 / 1.27
ranging from 1.02x to 1.3x, since cross-
sections for fast fission are usually
much smaller than the cross-sections SRR
for thermal fission 747 /193

Isotope

0.000027 / 0.57

1012/1.76

E PURDUE School of Nuclear Engineering

UNIVERSITY

|

IVAVIVIVIVIY



The Nonleakage Probability P,,

The dimensions of the reactor determine 100 55
the distribution of neutrons within. In * T
general, the larger the vessel, the less
lea kag e. Fast Fission Fast
’I 1o 1100 l ton-leaka:g: 1045 '
= The Nonleakage Probability is the W
probability that neutrons will remain

in the core and not leak outside

th rough Scattering. Q: Which reactor will have a higher non-leakage

probability?

» The likelihood of leakage is
influenced by the shape and size of
the reactor vessel as well as the
materials used in the vessel and
moderator.

2~ EURDUE
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Resonance Escape Probability - p

The Resonance Escape Probability is the T
probability that a neutron won’t be absorbed o
at resonance energy by the fuel or moderator = . T = I o 2

Py =0.95

and reach thermal energies.

= ny/n,
1= ePfnPy, Py, 784
:=1.007

Thermal Neutrons Absorbed

P= Intermediate and Thermal Neutrons Absorbed

Since the resonance energy and cross-sections
are unique to every isotope, this factor is
dependent on materials used in the reactor
core

Cross section (barns)

107" 10 10" 107 10° 10* 10° 10° 107
MNeutron energy (eV)
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The Nonleakage Probability P,,

= The Nonleakage Probability is the probability that neutrons will remain in
the core and not leak outside through scattering. 1045

Resonance
Escape

P=0.75

—Pp 261

= The likelihood of leakage is influenced by the shape and size of the reactor

vessel as well as the materials used in the vessel and moderator.

= The moderator determines how far neutrons can scatter before absorption.

The farther they can travel, the more capable they are of leaking through
the walls of the reactor PR

Thermal
Non-leakage

Py, =0.98

v

5 PURDUE | wscismimcsmrs - 1/\/

UNIVERSITY




Thermal Utilization Factor - f

The Thermal Utilization Factor is
fraction of thermal neutrons absorbed
by the fuel out of all neutrons absorbed

_ Thermal Neutrons Aborbed by Fuel

Thermal Neutrons Absorbed

Any parts of the vessel, moderator, and
control rods may absorb thermal
neutrons and lower the neutrons
available for fission

School of Nuclear Engineering

2~ EURDUE

Steel
Pressure —e
vessel

WI"""VF g
IAIIIIII’l:

elements

Control —— e
rods
Pump —>» ~_4~
Thermal Thermal
492 Utilization 768 Non-leakage
‘_ l‘_ —’ 1
f=0.64 Py, =0.98

v

276




Reproduction Factor - n

Fertile Absorption: No Neutrons Produced

*The Reproduction Factor is the average G + ’ — ‘

number of fission neutrons produced per
U-235 Fission: 2-3 Neutrons Produced

fission caused by neutron absorption ®
c+ @- @@

> Xe (0
m__ Average Fast Neutrons Produced from Fission ® + ‘ Lt ‘ (Y

a Thermal Neutrons Absorbed in Fuel

k= 1.007

ﬂr = lnﬂ..r

"The reproduction factor varies depending on the —;

Reproduction Factor n = 2.05

average fission neutron yield and the fission

Fission Fission Capture
. Yield % _oas
capture cross section of the fuel used v 241 o v, - 08

E PURDUE | oo sgincering l
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Neutron Population Cycle

ko = nfpe Kerr = UfPEPﬁLPA{L

100 55
Fast Resonance

Fast Fission

1100 Non-leakage 1045 Escape
£=1.10 _’ _’| —. 261

Py;=0.95 F=0.75
n, =1000 k=mng/n,
k= SPf’iPNL,fPNL,s 784
ny=1007 k=1.007
Reproduction Factor n = 2.05 Thermal Thermal
‘ 492 Utilization 768 Non-leakage
Fission Fission Capture "_ —’ 16
Yield o f=0.64 Py, =098
=0.85
v=2.41 oy +o,
74 276
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Nuclear Fusion

Fusion is where nuclei
combine to form a new isotope

of higher mass than either D Neutron

nuclei individually. Q) o

The excess mass from the - r \

nuclei is then converted to @ ===) Energy
energy.

-
p Fusmn @
learn about in Nuclear

Most fusion interactions we
Engineering are with hydrogen
or helium isotopes httos://www.energv.gov/smence/doe—

explainsfusion-reactions
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Fusion: The Lawson Criteria

The variables that determine whether fusion is possible, known as the Lawson
Criteria, are Temperature, Density, and Time.

= The only place in the world
where fusion occurs
naturally is in stars which
are extremely dense,
millions of degrees hot,
and are kept together due
to their gravitational force.
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Fusion: The Lawson Criteria

overcome the electrical
repulsion of the positively
charged nuclei

= To fuse, the atoms need to a

€

(v
= Extremely high temperatures \
provide the energy to nuclei 0 +O + %
so they can surpass the force
of electrical repulsion
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Fusion: The Lawson Criteria

An extremely dense

material forces nuclei closer

to one another and

increases the likelihood of

an interaction as they move o

Similarly, the longer the
nuclei are kept at high
temperatures and densities,
the more opportunities there
are for fusion to occur
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Fusion Technologies

» Fusion requires extremely high temperatures to — Stallarator
achieve

* Create plasma

* Force atoms in the plasma together long
enough for them to react

= Magnetic confinement

+ Use strong magnetic fields to trap the plasma

« Tokamak — Uses strong magnetic fields to
ensure plasma does not touch walls

« Stellarator — Similar, but twisted to reduce the
magnetic field required

4
. . 3 - =
= Inertial confinement o}
* Use a powerful laser to compress a fuel pellet
, . . . Atmosphers
« Pellet's own inertia holds it together long formation Compression Ignition Burn
enoug h for fUSIOn to occur Laser beams rapldiy Fual |z compressad by During the final part of the Thermonuclear burn
heat the surface ol the  the recketdike blowof! lazer pulse, the fuel cora spreads rapldly threugh the
fuslon target forminga  of the hot surlace rogches 20 times the density  compressed fuel, ylelding
surreunding plasma material, of lead and Ignites at many times the inpul energy.
envelope. 100,000,000°C,

https://www.sciencedirect.com/topics/mathematics/inertial-confinement
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Notable Fusion Projects

= |TER (France) — The world’s largest
tokamak, built by a 35-nation collaboration,
designed to demonstrate fusion power at
power-plant scale

»  Wendelstein 7-X (Germany) — The world’s
largest stellarator, designed to test
steady-state plasma confinement

= NIF — National Ignition Facility (USA) — A
laser-driven inertial confinement facility that
achieved Q > 1

= QOver 30 companies (both established and
startups) exploring fusion technology
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Thank You
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