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Nuclear Chemistry

Nuclear chemistry: study of changes in the atomic nucleus

Z: Atomic Number; number of protons in nucleus
A: Atomic Mass number; sum of protons and neutrons in nucleus

Isotopes: atoms with same Z, but different A
Nuclide: asingle atom type

A
Nuclide Symbol: X where X = symbol of the element

14
Nuclide Name: Element - A (Example: C = Carbon-14)
Nucleon: collective name for protons & neutrons

'q:" Proton: positive charge

y .
rs | Neutron: no charge
v
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Primary Subatomic Particles

Particle Location Charge Mass \ERS
(Nucleus) (0)) (amu)

Inside 0 1.675x 104  1.00867 (~1)

Inside +1 1.673x10% 1.00728 (~1)

Outside -1 9.11 x 1028 0.000549 (~0)

electron

©

Neutron Electron

no charge =

Mass Order: n>p>>e
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The Nucleus

Most mass concentrated in a small, dense core (the nucleus)

Positively charged

Nucleus Radius: ~ 10 m
Atomic Radius: ~1019m

Atomic Density: ~ 1.8 x 1014 g/cm?

For He atom: If nucleus equals the size of a penny
Atomic sphere diameter equals the size of the pentagon
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Density of Neutron Star

Supernova collapse creates neutron star (most dense stars known)

D=199x10%® kg
413 1t (26 / 2 km)?

D =5.2 x 101" kg/m3

D= 235amu (1.66 x 10?7 kg / amu)
4/3 7t (7.5 x 10-15m)?3

D =2.2 x 101" kg/m3

Nucleus Is about 2 x density of neutron star
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Strong Nuclear Force 5
Holds strongly repulsive positive charges (protons) together " S

Only relevant at extremely short (nuclear) distances

A
Total mass: sum of mass of 2 protons, 2 neutrons and 2 electrons
Total mass: (2 x 1.0072 amu) + (2 x 1.0087 amu) + (2 x 0.00055 amu)
Total mass: 4.0331 amu

4.0026 amu
4.0331 amu —4.0026 amu = 0.0305 amu

Mass Defect:
Mass loss represents conversion to energy
This energy holds nucleus together
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Nuclear Binding Energy (of He - 4)

Mass to Energy conversion defined by Einstein’s E = m¢?

0.0305 g/mol x 1 kg / 1000 g = 3.05 x 10-° kg / mol

E = mc? (where ¢ = 2.998 x 108 m/s)

E= 3.05x10° kg x (2.998 x 108 m)? = 2.74 x 10*? kg m?s? mol-!
mol S

E =2.74x10% J mol*

E=274x1012Jmol!l x 1 mol = 4.55x 1012]
6.02 x 1023 nuclei

E=455x10"Jx1 eV = 2.84x107eV = 28.4 MeV
1.602 x 101° J
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Problem: Binding Energy (MeV) of F - 19

Theoretical mass of the Fluorine-19Atom:

(only allowed 2 sig figs here)
Mass spectroscopy value of fluorine — 19 atom:

Difference:
Energy Equivalent in Joules:

Molar Energy Equivalent:

Energy in electron volts:
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Nuclear Stability

Nucleus is stable: does not change (transform) without outside energy

Nucleus is unstable: changes composition by emitting nuclear particles

Larger Z nuclel have more:

protons

proton repulsions

neutrons to overcome electrostatics
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Nuclear Stability
All nuclei with Z > 83 are unstable

Nuclel likely to be stable:

“Magic Numbers” (protons or neutrons)

“Double Magic”




Nuclear Stability

The valley of stability

nuclel with excess  the neutron side of

nucleons move the valley Is poorly

down the valley understood - scientists

towards stability aren't sure where the »
dripline lies

Dripline:
Maximum possible n

Eor given D stable elements
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Nucleon Binding Energy

! Binding Energy vs Mass Number

10 +

Nucleon Binding Energy = Nuclear Binding Energy
# Nucleons

For ;He: Nuclear Binding Energy of 28.4 MeV

0 20 40 60 80 100 120 140 160 180 200 220 240 260
Mass number

Nucleon Binding Energy greatest about mass number 56
Stars do not create elements (Fusion) beyond Iron

For Fe 56: Nucleon Binding Energy: 8.820 MeV
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Nuclear Decay Events

Decay: Radioisotopes move towards a more stable nucleus

Parent Radicactive
Isotope Decay

Heat from radioactive decay: adds heat to earth’s core
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Nuclear Reactions “Ea—

Nuclear reaction represents the decay process of nuclear rearrangement
Nuclear reaction conservation laws:

Radioactive decay of polonium-210 can be summarized by the following:

What is element X? Pb What is element Y? He
4 2

The radioactive particle (He nucleus without electrons): a particle

All of the Helium found on earth comes from radioactive decay
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Historical Nuclear Reactions
First naturally occurring radioisotope (1898) Marie & Pierre Curie:

First artificial nuclide prepared (1919) Ernst Rutherford:

Neutron discovered (1932) by James Chadwick

First artificial element (1937) Technetium:

First controlled sustained chain reaction (1942) at U of Chicago
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Nuclear Decay Events

Symbol(s) Representation Description

(High-energy) helum nuclei consisting of two protons

Alpha particle SHe or 3« ‘
s ‘ and two neutrons

Beta particle P

(High-energy) electrons

Particles with the same mass as an electron but with

Positron v e
’ 1 unit of positive charge

Proton T Nuclei of hydrogen atoms

Particles with a mass approximately equal to

Neutron
that of a proton but with no charge

Gamma ray i : > Very high-energy electromagnetic radiation
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Types of Radioactive Decay

Rutherford’s Determination of radioactive charge

Lead block

Radioactive substance Electrically charged
plates

Alpha rays

Beta rays
- Gamma rays and X-ray
= Neutron radiation
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Types of Radioactive Decay
Alpha Particle

has higher n:p ratio than parent

Beta Particle

has lower n:p ratio than parent

Gamma Emission

Excited nuclear state
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Types of Radioactive Decay

Positron Emission

low n:p ratio

Electron Capture
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Positron Emission Tomography

Radioactive F-18 incorporated into glucose
Radioactive decay (gamma radiation) detected

highlights increased metabolism
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Nuclear Decay Events

Change in

T Nuclear ion Representation :
L Hcilear equatio Epresenato mass/atomic nhumbers

A: decrease by 4

Alpha decay Z: decrease by 2

: unchanged

Beta decay s increase by 1

: unchanged
: unchanged

Excited nuclear state

N
)

Positron ™ o ¥ - : unchanged
emission = " n~ (Pl : decrease by 1

Electron i, v ‘_‘ L : unchanged
capture WA 489 | Z: decrease by 1
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Nuclear Decay Events

glumber of

L emitiers

A

3 emitters

stability |3+emitters
line

Number of
protons Z
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Nuclear Decay Events

Parent decays
Daughter results

|
3
V4
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Naturally Occurring Radioactive Decay Series

URANIUM SERIES e

Rado

138
EJ;'.' Bi-210

Pb-206 % Pb-210

(Stable) 2zyr

THORIUM SERIES

0.3 psec Po-212 Po-216

Y 0.15 sec
61 min

Bi-212
» Pb-212

10.6 hr

Pb-208

(Stable) *

TI-208
Jmin

ACTINIUM SERIES

ay Po-210 160 usec Po-214 19.7 min
“ Bi-214
% Ph-214

000 yr U-234 U-238

4.5x 10Fyr

1.17 min
 Pa-234

* Th-234

24 day

Th-230
&0,000 yr
Ra-226
1602 yr
daughters Rn-222
augn 3.8 day
Po-218
Jmin

27 min

19yr Th-228 Th-232

1.4 %10 yr
“ Ac-228 6.1hr

Ra-228

58yr

Ra-224

Rn-220

55 seg

Pu-239
24,400 yr

uU-235
Tx10Fyr
18 day Th-227 ¥ Th-231 26 hr

v Ac-227 216y

32,500 yr Pa-231

Ra-223
11 day

Rn-219
4.0 sec

Po-215

21min Bi-211

Pb-207 *

Qs

(Stable) %, TI-207
4.8 min

Ph-211
36 min
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Some decays also release gamma radiation
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Chains of successive decays



Radioactive Half-Lives

Radioactive decay follows first order kinetics
Half-time (t2): time for one-half of sample to decay

-&— Remaining
Decayed
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2 4 6 8 10
Number of Half-Lives Elapsed

Time (half-lives)

N = number of atoms
N = isotope decay constant
t =time
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Radioactive Half-Lives

.

Cobalt -60 decays with a half-life of 5.27 years to proauce Ni- .
The decay (rate) constant:

Calculate amount remaining after 15 years:

How long to decay to 2 % of the original sample
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Radioactive Half-Life Problem

Radon-222 has a half-life of 3.823 days. How long will it take a sample of
radon-222 with a mass of 0.750 g to decay to 0.100 g of the original radon-333

Fraction Remaining:

Determine number of half-times:

222 4
86 Rn 2 He

Radium-226 Radon-222 Alpha particle

Determine time elapsed:
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Medically Important Radioactive Half-Lives

F-18

Tc-99m y decay 8.01 hours scans of brain, lung, heart, bone

B decay 8.02 days thyroid scans and treatment

electron capture 73 hours heart and arteries scans; cardiac stress tests
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Radioisotopes in the News

Xe-129 found in Mars atmosphere
Implies ancient nuclear explosion

He-3 found on the moon
Potential fusion energy source

Sr-90 found in atmosphere
Indicates nuclear processes
Health concern since animals incorporate Sr for Ca

Co-60 gamma ray soutrce
Used in radiation therapy to kill cancer cells
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Half-Life Demo

The following experiment is designed to simulate a natural occurrence.

L. Data Collection: # remaining
a. Quality control: Check each m&m to be sure that Beginning
it has an “m” on one side onl/y - eat any that don’t!
You may also consume any m&m’s that are not
whole.
. Count the m&m’s in the cup and record as the

beginning number in the table at the right.
Shake the cup and carefully dump the m&m’s on
the napkin on your desktop. Remove those
candies that landed with the “m” showing
and eat them! Count the ones remaining and record
this number in the chart at the right. Place these
candies back into the cup.
Repeat step ¢ until no m&m'’s are left.
Graph the data from the table below - label and
use an appropriate scale.

P | i | et
ey g D= (=3 (=1 BN [N 13, SN (90 Y o

M&M's remaining.
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Radiometric Dating

Radioactive decay has become a powerful dating technique

Q}x&

U5

carbon-12 carbon-13 carbon-14
98.9% 1.1% <0.1%

6 protons 6 protons 6 protons

6 neutrons / neutrons 8 neutrons




Radiometric Dating: Carbon-14

Half-life C-14:

Six half-lives:

During Life:

1éC/lgC ratio is constant
in living

arganisms
|

|
| After death
2 T = I

Organism dies | AS C-14 decayS
I
I
|

6C E:;i)é 2?'::' “éc/‘gC ratio decreased Ratlo _ Age

Increasing CO, levels may affect C-14 data; validate with other methods
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Radiometric Dating: Carbon-14

A piece of the dead sea scrolls has an activity of 10.8 disintegrations per gram
of C-14. If initial activity was 13.6 disintegrations per minute, estimate scroll age.

A=In2/t,,
A =0.693/5730y
A=1.21x10%y?

=-1/A In (rate,/ rate,)
t=-(1/1.21 x 104 y?!) In (10.8 dis/min/g C / 13.6 dis/min/g C)
t = 1905 years =» 1910 years
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Radiometric Dating:

Seeds from Egyptian tombs have a C-14 disintegration rate
of 9.07 dis/min/g C. Determine the age of the seeds

Determine A:

A=In2/t,,
A =0.693/5730y
A=121x104yt
Estimate age:

=-1/A In (rate,/ rate,)
t=-(1/1.21 x104y1) In (9.07 dis/min/g C / 13 6 dls/mm/a C)
t= 3347 years =>» 3350 years B .
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Radiometric Dating: Other nucleotides

Isotope selected depends on date range needed

ISOTOPES

PARENT

DAUGHTER

}'l’\.aF'lol FB
OF PARENT
(YEARS)

EFFECTIVE

DATING

RANGE (YEARS)

MINERALSAND OTHER
MATERIALS THAT
CAN BE DATED

Uranium-238

Lecad-206

4.3 billion

10 million-
4.6 billion

Zarcon

Uraninite

Polassium-40

Argon-40

1.3 billion

50.000 -
4.6 billion

Muscovile

Biotite

Homblende

Whole volcanic rock

Rubidium-87

Strontivm-87

47 billion

10 million -
4.6 billion

Muscovile

Biotite

Potassium feldspar

Whole metanorphic or igncous rock

Carbon-14

Nitrogen-14
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100 -70,000

Waod, charcoal, peal

Bone and tissue

Shell and other calcium carbonalte
Groundwaler, oocan waler,

and glacier ice cantaining dissolved
carbon dioxide




Radiometric Dating: Rocks
Ratio of parent / daughter used to estimate age

9.58x10°gU x 1 molU = 4.03x 107" mole U-238
238g U

251x10°gPb x 1 _molPb x 1 molU-238 = 1.22 x 10" mole U-238
206 gPb 1 mol Pb

(4.03 + 1.22) x 10" mole =5.25 x 10-" mole U-238

t=-1/A In(NyN,)
t= (1/1.54 x 10-1%y-1) In (4.03 x 10-" mol U)
(5.25 x 10-"mol U)

A=In2/45x10°%y
A =154x1010y1

t=1.7 x 10° years
Copyright Larry P. Taylor, Ph.D. Al Rights Reserved  Oldest earth rocks ~ 4.4 billion years old



Problem: Radiometric Dating of Rocks

Rock sample contains 6.14 x 104 g of Rb-87 and 3.51x 10->g of Sr-87.
Determine the age of the rock. (Half-life of Rb-87 =4 .7 x 1010 y.)

6.14x10*gRb x 1 molRb = 7.06x10°mole Rb
87gRDb

351x10°gSr x 1_molSr x 1 molRb = 4.03x10" mole Rb
87 g Sr 1 mol Sr

7.06 x 10 +4.03 x 10" mole = 7.46 x 10°°* mole Rb

t=-1/A In(N,N,)
t=-(1/1.47 x 101 y1) In (7.06 x 106 mol Rb) A=In2/47x10%0y
(7.46 x 10 mol Rb) A=147x10*1y?

t = 3.7 x 10° years
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Transmutation of Elements
Transmutation:
Changing one nucleotide to another via nuclear reactions

Requires enormous Kinetic energy:
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Transmutation of Elements

Requires enormous Kinetic energy

Slow-moving
o particle

Fast-moving
o particle New element
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Transmutation of Elements

All elements beyond Uranium are man-made
First man-made element: Neptunium (Neptune follows Uranus)

Most Plutonium created in “breeder reactors” using U-238

-\
N\
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Transmutation of Elements

. 239 ! 240 0
americium g Pu+on— G5sAm+ _je

39 dav 242 1,
curium 4 Pu+ 5 He e Cm + o1

. c 2 1
californium Q(.Cm + 9 HL — (, 3Bk + 25N

253 . 0.
‘ einsteinium q'»l_ + lb(,n — “goEs+7_€

- 253 g 1 4o
mendelevium 99 Es + 5He — Inl Md+ An

: ‘ 2466 4 120 254 N6 4+ 4]
nobelium ge-M+ ¢ 102 NO +4gn

) 249 ~¢ 12 25T o e |
rutherfordium gg Cf + §C — 4RI +44n

Z 8L s Iun < u
seaborgium 2
’ ’ %sCf + '§0 — 16aSg +44n

_, _ - ' | 209 OB il
% ‘,\ é meitnerium “g3Bi+ ﬂth — JooMt+ gn
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Nuclear Fission

— i
Fission (splitting): 60h
Heavy element nuclei with small nuclear binding energy

spontaneously decompose to nuclei with smaller binding energy

First artificial fission (Hahn, 1939)

/ 920,
A Energy —> 3 §n

236
g U

Unstable nucleus

BU+In —> Fu —> WBa + LKr + 3 in

Process releases large amount of energy
1 kg U-235: 2.5 x 10° more energy than 1 kg coal
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Nuclear Fission: Typical products

ZBU + jn —> sr +ixe 4

28U + n —> 38 8iBr +1¥%La +

65 %U
35%Pu

BU +in —> U —> BRb +1ECs +
235 2 7 97
BU+3in —> BU —> Bl1e + Pzr

B0 + 40 —> ZBU —> WBa + FKr -

Fission can produce elements from Zn to Lanthanides
Most appear in two peaks: 85-105 and 130-150
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Cherenkov Radiation

Blue glow that results from
electrically charged particle moving thru media
faster than speed of light in that media

) B
Cid
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Nuclear Fission: Chain Reaction

Chain Reaction:
Multiplication of neutrons
More fissions

e A Sk

2 D)

y* “x
il J

: J —> Energy

b
~ 235
t 32U

! ‘I\.J
p ) »
’ o ¢ “"" y D )‘\

2BU+9n —> LRb +BIcs + 3 ¢n
BU+ —> Psr +¥xe + 2 3n

g . "
22U + 9 —> 8Br +%%La + 3 dn

Releases enormous (explosive) energy
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Nuclear Fission: Definitions

Fissile: material that will undergo fission as a result of any neutron source

Fissionable: material that requires a high energy neutron source.

Fission is self-sustaining when neutrons produced exceed neutrons absorbed
Critical Mass: amount of material needed to sustain a chain reaction
Sub-critical mass: less than critical mass (not self-sustaining)

Sub-critical mass Critical mass
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Isotopes of Uranium

Uranium-238 Uranium-235

-
."l.'- prOaCnE G

1T 1
— - T
— ‘1_\

\'\‘

- 99.28 % daAcres £

Since Z is the same, chemical properties of the isotopes are identical

Gas centrifuge
Laser Excitement . Depleted Uranium é; Membrane (Low pressure) Gas current
2 — enriched

] g with U-235
Uranium hexafluoride
Enriched °
Uranium
=)

Rotor

Uranium
hexafluoride gas

Gas current
depleted

¢
/ “7
N 2 : (High pressure) (Medium pressure) of U-235
Motor
—— 238 o 235
._\/"—l\. < UF6 ’UFS
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Tickling The Dragon’s Tail

Manhattan Project Experiment to determine critical mass
Sub-critical masses brought together on a rail
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Atomic Bomb

Little boy : Hiroshima Fat Man : Nagasaki

Fission uranium-235 Fission plutonium-239
Weight : 4400 kg Weight: 4535 kg
Power : 15,000 tons of TNT Power : 21,000 tonnes de TNT

Copyright Larry P. Taylor, Ph.D. All Rights Reserved



Atomic Bomb

Conventional Uranium 238

losive :
xp Gun barrel Hollow Plutonium Sphere

Conventional Explosives

Hollow uranium Cylinder
"bullet” target

Polonium-Beryllium Initiator
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Fission Reactors

Nuclear reactions that is controlled and sustained can be harnessed for power

Reactors control fission of U-235 or Pu 239 with 5 components:

Nuclear fuel

Moderator (slows neutrons)
Reactor coolant

Control rods

Radiation shield and containment

Nuclear fuel is separated (diluted) to prevent chain reaction
Neutron flux controlled by neutron absorbing material

Heat released used to boil water
Steam turns turbine and generator
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Power Plant Schematic

Cooling tower  p======== )

(Containment buildingD :
1 : ;

O
-

”5 ‘ /AN
S TN

— / C Pump ) Goldwalerbasm)

—_

» : B —
C Pump ) C Condenser ) Cooling water
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Fission Reactor Schematic

D

Turbine
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Walls
made of
concrete
and steel

Steam

generators

Core
Pressurizer




Nuclear Fuel Rods

- Need fissionable material to sustain chain reaction

é_ i":;.f - Uraniumore: ~0.05-0.3 % U-235
: \ Fuel rods: enriched uranium ~5 % U-235
A Well below level needed for atomic weapons

Some material used for “depleted uranium” artillery shells
Also used to isolate a variety of radio-isotopes

Evolved
Gas
Plenum

Spring

g Spacer
Al,0,

fuel rod

fuel pellet

Spacer
Al,0,

Support
. sleeve
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Water flow



moderator nuclel s———

slow
neutron

l; ™
143

@0

Nuclear Moderator

\ 4"| ' fast
fast el

neutron
slow

¢ neutron e By \J 4

neutron

\) 3.~ O fast"\"‘)‘ 3 |

fast S

neutron

neutron \J

moderator nucles

slow
neutron

-~ QD \)
£ v
.4/1’ >
N

/

uranium-235
nucleus

fast ol | fast
neutron [+ neutron

» 4 2 slow
. "") L) ““/ | neutron e Y ‘)
— Q?” {3 -
N - e -~ : . 1." ! ‘; - & \!
- s 143

e, 'Q J

neutron L fast
neutron

moderator

slow
neutron

| . x,
-l ) )
’

slow
neutron

Slows neutron speed: reaction more efficient
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Reactor Coolant

Pressuriser Steam
Control Generator

Rods Transmission

Reactor
Vessel

Bl Condensor

Containment Structure

Cooling Tower

Removes heat from reactor
Two/Three loops:

H,O, Na, Pb-Bi, molten salts
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Control Rods

Neutron absorbing materials

Control neutron flux
Control amount of fission

Steel pressure vessel

Control rods
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Shield and Containment System

Shield building

Steel containment vessel
Concrete shielding
Reactor vessel

Fuel assemblies

Reactors contain and produce a variety of radioactive materials
Shielding and Containment: protects operating personnel
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Nuclear Accidents: Three Mile Island

Nuclear power stations do not explode
Accidents release radiation into environment

Nuclear Plant Shut
Took 10 years to clean By RadlathI'l Leak

Nothing “hazardous” was released

o ST e B | Radiation Egcapes
No.2 ; ;

DA reicron e, R - @ _ | __, From Nuclear Plant

: Russian Threatens
 To Bomb E
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Nuclear Accidents: Chernobyl
April, 1986

Unauthorized experiment
Minimum safety devices

Reactor became uncontrolled
Superheated water ruptured reactor
Massive release of radioactivity
Graphite moderator ignited
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Nuclear Accidents: Fukushima

March, 2011
9.0 Earthquake, followed by Tsunami

3 reactor meltdowns
Hydrogen explosions / fire
~ 200,000 people displaced
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Thermonuclear Fusion

Fusion:

colliding small atoms together to form larger atoms

Energy source of stars

[+
Electron ~~—__

i .

(1 Deuteron
Protons

‘\k

/
Deuteron
3¢

—

¥

Proton

Proton

Q
Electron
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w

> Neutrino

\Q\A

(I1) Helium-3

il
I

> Neutrino

|
%

Releases
1.69 x 10° kJ/Mol

Net:
4 'H=>%He+2°n




Fusion Reactors

Theory: contain plasma in magnetic field
So far, only brief episodes successful

inner poloidal
magnetic field coils Coil current outer poloidal
magnetic field coils
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Uses of Radioisotopes

Radioisotopes have same chemistry as stable isotopes

Common Medical Isotopes:

Technecium-99

Thallium-201  Annually: B
lodine-131 10 million nuclear medicine procedures

) 100 million nuclear medical tests
Sodium-24
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Uses of Radioisotopes

Radioactive Isotope Applications in Medicine
Cobalt-60 Radiation therapy to prevent cancer
: Locate brain tumors, monitor cardiac,
Iodine-131 : , .
liver and thyroid activity

Carbon-14 htudylmﬂtgbnllsm changes for paFlcnts
with diabetes, gout and anemia

Carbon-11 Tagged onto g}umsc to monitor organs
during a PET scan

Sodium-24 Study blood circulation

Thallium-201 Determine damage in heart tissue,
detection of tumors

Locate brain tumors and damaged heart

Technetium-99m ccllé, radlmtraccr in medical diagnostics

(imaging of organs and blood flow
studies)

Short Half-lives ... often made on-Site
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Cobalt-60 Used in Radiation Therapy

Fotafing arm-. L PO E}I-ngste n-alloy shield

7= Shutter

B Counterweizht

£

GCamma

photon

Gamma radiation kills cancer cells
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Carbon-14 Used as Tracer: Determines Biochemical Pathways

GAP «—G3P glyoxylate
A )

Qo 7'\ 2 O
gluconate @————— glucose ‘ CO, RuBP pluolate 2
2-keto-3-deoxygluconate GOP =iy BEG : RL‘§P

PYR <i F6P R5P X5P <= xylulose xylonate
glyceraldehyde

xylose

HAP +> G;\P l

D g
\» ‘ 2-keto-3-deoxy-xylonate

glycerate < > (3P < PEP pYRAd

PYR ol
/1 @’—’;P— (S)-citr amalyl -CoA glycolaldehyde
A

cCoA \ 1
\\ B-methylmalonyl-CoA glyoxylate

mulonyl—CoA X k.«\c(, 0A

OAA \

: 4
Co, _A\ MAL :
i glyoxylate Y . N )
YORY S hydroxypropionate glyoxylate "
MAL™ ™\ \ . —
AcCoA \ | CO2 \.a / ﬂLLlOJLLly‘— o

formate o]yum

glyoxylate propionyl-CoA )
COs3

clhylnmlonyl-CoA \\\SUC 4-hydroxybutyrate

glyoxylate 2
propionyl-CoA;’ methylmalonyl-CoA

3-hydroxypropionate bi-cycle —— Calvin-Benson cycle = ED pathway —— EMCP
photorespiration = PP pathway reverse TCA cycle Wood-Ljungdahl pathway]

- serine cycle - - - - 4-hydroxybutyrate pathwa

sC — p + 7N
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Americium-241: Smoke Detectors

NoO smoke, I Smoke uncharges the particles,
charged particles | circuit is broken,
complete the circuit = alarm is triggered

lonization chamber Alarm

Smoke
particle

Metal

Alpha
particles i
Americium

source

\
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Food Sterilization: C - 60 & Cs - 137

Irradiation room

\\.\ F Objects exposed to y-radiation

l lons produced attack DNA

Biological dies

Comrol console

~ Radiation source rack

TREATED By
=
fo\
Y/
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Biological Effects of Radiation

All radioactive materials emit high energy particles or electromagnetic waves
This radiation may:

Radiation source

Cancer cell

No natural defenses against incoming radiation
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lonizing vs. Non-lonizing Radiation

lonizing

Energy sufficient to pull electrons away from nucleus
Non-lonizing

Insufficient energy to ionize, but does excite electrons

« NON-IONIZING IONIZING

UETRAVIOLET
il H-RAY
GAMMA RAYS

EXTREMELY THZ
LOW FREQUENCY

VISIBLE LIGHT

MICROWAVE

NON-THERMAL THERMAL OPTICAL E BROKEN BONDS

E
INDUCES LOW INDUCES HIGH EXCITES i DAMAGES
CURRENTS CURRENTS ELECTRONS & DA
HEATING PHOTOCHEMICALES
MICRO- EFFECTS i

POWER o
RADIO - TV WAVE HEAT TANNING MEDICAL
LNE OVEN LAMP BOOTH X-RAY

Copyright Larry P. Taylor, Ph.D. All Rights Reserved



lonizing Radiation: Direct Effect

OH- hydroxidal

H+ hydrogen ion ."'I .

H® hydrogen f
Ifll

HO® neutral hydroxide

High energy radiation removes electron
Resultant ion has high energy

Biological structure altered

Copyright Larry P. Taylor, Ph.D. All Rights Reserved



Non-lonizing Radiation: Indirect Effect
ndirect Houte Radiation excites water; products attack DNA

s, water .
radiation “w «» free radical

DAMAGE

DAMAGE

Radiation directly attacks DNA
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Biological Effects of Radiation

Insidious since damage may take years to manifest

: oNIZING radiation

Saconads

Radiation
damage

« DNA strand

Copyright Larry P. Taylor, Ph.D.

Minules Hours One day Weaks

Cellular Cell
response function/fate

e (GENEe Cell geath-
EXPression
changes:

MANA, protein

e Protein Genomic instab
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——wAcule syndromes

™Drgan failure
Cancar

ity ? Birth defects

Gene pool
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Radiation Penetration

> The energy, the > the penetration

Neutron

Gamma

Metal Concrete
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Radon: Health Hazard in Michigan

& Po-214 and other -
1%3222295 radionuclides E)stt)a%?e?
y with short half-lives

Element

Pa-234 -
Thorium
Protactinium
Thorium

Major radiation exposure source
How radon . ;
enters a house A Ga_s. An alph_a em_ltter
Considered major risk for lung cancer

Decay Chain

.. Shower
e

Ne
\

Windows k

Soil — T g ~
Radon Fittings —{ ?
in soil
in well Drain
((((’A water L

Sources of Radon

Soil: 69.3%
Well Water: 18.5%

B Sump
Padon Outdoor Air: 9.2%
Building Materials: 2.5%

Water table

Radon in
groundwater

Public Water Supply: 0.5%
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Radon: Health Hazard in Michigan

First Alert ™~
RADON GAS TEST KIT

LAB TESTING FEE INCLUDED

Low Radon
Potential

Medium Radon

) Highest potential
Potential

High Radon

Potential 20ne 2

Glacial
Moderate potential

Deposits

Zone 3
Low potential

Granite Caves Limestone

Fault
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Radon: Health Hazard in United States

by the LS. Geological Survey

Geologic Radon
Potential

[Predcted Average
Screening Measurermenk]

B Lo (:z i)

I /CUERATENARIAELE
(2 -4 piL)

[ HiGH (> 4 pitL)

Scale

Continentsl United States
and Hamsii
- 1] 100 200 500 400 S0
VT - . | = e — —
Mfles Iflas
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Measuring Radiation Exposure

Geiger Counter

Scintillation Detector

Dosimeter (Dose meter)
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Units of Radiation Measurement

becquerel (Bq)
activity of

source
curie (Ci)

gray (Gy)

absorbed dose radiation absorbed

dose (rad)

radioactive decays or

emissions

energy absorbed per

kg of tissue

amount of sample that undergoes 1

decay/second

amount of sample that undergoes 3.7 X

1010 decays/second

1 Gy =1 J/kg tissue

1 rad = 0.01 J/kg tissue

sievert (Sv)

biologically
effective dose roentgen equivalent

for man (rem)

HIGH
RADIATION
AREA

Copyright Larry P. Taylor, Ph.D. All Rights Reserved

tissue damage

Sv=RBE X Gy

Rem = RBE X rad




Units of Radiation Measurement

Film badge or dosimeter
measures tissue damage
exposure in rems or sieverts

Rate of radioactive decay Absorbed dose measured in grays or rads
measured in bequerels or curies
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SIMPSONS GUIDE TO NUCLEAR RADIATION

i

Gray [Gy] Sieverts [Sv]
How brightly How many extra
Cesium will make eyes will you have
you glow after glowing?

Bequerel [Bq]
How brightly your
Cesium glows
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Amount of Radiation

s = Co-60 (tV2 = 5.26 y) is the y source for cancer therapy
- For a 5.00 gram sample, what is the activity?

AN = (In2/tY9) N = (In 2/5.26 y) 5.00 g =0.659 g/y that decays

0.659gxlyearxldayx1 hourx1l mol x6.02x 102 atoms x 1 decay = 2.10 x 10 decay
year 365d 24hr 3600s 599¢ mol atom S

Since 1 decay/sec = 1 Bq, activity in Bq =2.10 x 104 Bq

2.10 x 1014 decay x 1 Ci = 5.7x102Ci
S 3.7 x 10 decay/s
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Problem: Amount of Radiation

Tritium (H-3, t¥2=12.32 y); atomic mass= 3.016 amu is used in a variety of
self-illuminating devices; Beta particle from the radioactive decay strikes
a phosphor that produces a glow. What ism the activity of a 1.00 mg sample?

AN=(In2/tY2)N=(In2/12.32y) 1.00mg x 1 g = 5.63 x 10-° g/y that decays
1000 mg

563x10°gx1 yrx1l dx1 hr x1 mol x6.02x10% atoms x 1 decay = 3.56 x 101 decay
year 365d 24 hr 3600s 3.016¢g mol atom
S

Since 1 decay/sec = 1 Bq, activity in Bq = 3.56 x 10% Bq

3.56 x 10! decay x 1 Ci = 0.952Ci
S 3.7 x 10 decay/s
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LLong Term Exposure to Radiation

Radiation Effects on tissues depends upon:
type of irradiation
energy at impact aman Activy
internal vs. external M | adon Gas)
location of source
length of time of exposure

Sources:
Background: cosmic rays, radon, radioactive minerals
Medical: x-rays, CAT scans, tracer studies
Therapy: radioactive therpay agents
Cigarette Smoke
Food
Increased cosmic radiation at altitude (flying)
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LLong Term EXxposure to Radiation

Sources of Average Annual Radiation Exposure in the US

Based on NCRP Report No. 160 (2009)

Radon
230 mrem

CT Scans and X-Rays
223 mrem

Cosmic Rays
31 mrem

Nuclear Medicine
74 mrem

Ingested (food)
31 mrem

Consumer Products
12 mrem

Terrestrial (Soil)
19 mrem

=
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Inhaled Radon Cosmic Rays Terrestrial (Soil) Ingested Consumer Products Nuc Medicine Medical Procedures

NE 7
. s i

Natural Background
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LLong Term EXxposure to Radiation

Radiation Doses and Regulatory Limits (in Millirems)

A
5000 — 2:000 |
| 7] Dose limit
from NRC-licensed
activity

1000 — B Radiation doses

800 —

600 —

—
w
=
o)
"
£
S
w
b}
w
O
a
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LLong Term Exposure to Radiation

RADIATION EFFECTS

Measurements in millisieverts (mSv). Exposure is cumulative,
A | Potentially fatal radiation sickness.
Much higher risk of cancer later in life,
10,000 mSv: Fatal within days.
5,000 mSv: Would kill half of those exposed within one month.
2,000 mSv: Acute radiation sickness.

-
> '-
>

B No immediate symptoms. Increased
risk of serious illness later in life,
1,000 mSv: 5% higher chance of cancer.

400 mSv: Highest hourly radiation recorded at Fukushima.
Four hour exposure would cause radiation sickness.

L
|

100 mSv: Level at which higher risk of cancer is first noticeable

‘ | 20 mSv: Yearly limit for nuclear workers.

&3] 10mSv: Average dose from a full body CT scan

8/ 9mSv: Yearly dose for airline crews.

i/ 3 mSv: Single mammogram

)/ 2mSv: Average yearly background radiation dose in UK
0.1 mSv: Single chest x-ray
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B No symptoms. No detectable increased risk of cancer. l |

.............

oooo

-
ooooooooooo

EYES High doses can
trigger cataracts months later.

THYROID Hormone glands vulnerahle
to cancer. Radioactive iodine builds up in
thyroid. Children most at risk.

LUNGS vulnerable to DNA damage
when radioactive material is breathed in.

- STOMACH vulnerable if radioactive

material is swallowed.

REPRODUCTIVE ORGANS
High doses can cause sterility.

SKINHighdosescause
redness and burning.

BONE MARROW Produces red
and white blood cells. Radiation can

lead to leukaemia and other immune
system diseases.



LLong Term Exposure to Radiation

Organ Sensativity To The Effects Of Radiation EFFECIS OF NUCLEAR RADIATION.ON.THE I BODY

SKIN
Caaght in p00ts of body
hair cauung skin cancer

LOW i 0 .

=K : y V' 'Y Resoxctive iodise could
B':' nes ': - " . e // ncrease thyrold cances rates
Spleen -z

Kﬁineyg . - , LYMeH TSSL //_;ona MARROW

Xamage lacing 10 keukema
o aphactic ansermia

MODERATE
Brain

Lymph Glands
Esophagus
-l'!':.'l'l.'lil'l

Bone Marrow
iver

dncreas

-
D

Intestines g &

Ovaries

HIGH

I GALL BLADDER

KIDNEYS

STOMACH
Nhestin

Damag
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Biological Effects of lonizing Radiation

Somatic

| . Genetic
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