Chemical Engineering 412

Introductory Nuclear Engineering

Lecture 5
Nuclear Decay Behaviors




Spiritual Thought 2

D&C 101: 16

Therefore, let your hearts be
comforted concerning Zion; for
all flesh is in mine hands; be still
and know that | am God.




Roadmap

Nuclear
Engineering

Particle
Physics

‘ Quantum

Radiation

Natural
Decays

Radiation

Baryonic
Matter

echanic
@ Nuclear
Behaviors o
. Radiation
Interactions
with Matter

Nuclear
Energetics

Reaction Coeff. Applications

Nuclear Cross Sections Medical
Ineractions o Industrial
Fission Research

Health Physics

Nuclear
Reactor
Theory

Fuel

6 factor Cycle

formula

Criticality, Fission and
Reactivity other Power
Plants

Core
Design Nuclear
Kinetics
Nuclear
Neutron
Reactor Transport
Safety P



Internal Conversion

» Excited-state nuclei generally return to the
ground state by emitting gamma rays.

* On occasion, energy is transferred to electron
— (typically K-shell) electron
— Electron is ejected from atom at high speed
— Nucleus remains in ground state

« K-shell are tightly bound inner electrons

— BE_ cannot be ignored

— Ejected electrons have specific energies
 characteristic of the isotope




Internal Conversion
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Decay constant, half life, and avg. life

dN;
2 - N Ais the decay constant
A # f(T, Ni,p, t)
in2 0.693 . .
Ti/p = — ~ — Ty /7 Is the half life
N;(t) = N; 5 exp(—At) For simple decay by one
’ N, pathway and no source.
N;(nTy/;) = =2
l( 1/2) 2™ N(t) is number of atoms at time t. P(t) is
_ N(t) decay probability in time 0-t. P(t) is
P(t) = —= = exp(—At) probability of existence during 0-t. p(t) is
N(0) probability density.
P(t) =1—P(t) =1 —exp(—At) - ,
t) = A exp(—At) Tavg — tp(t) dt =

0 A



SH Example 7

What is the half life of Tritium?
12.32y

What is the decay mode and frequency for Tritium??
B3, 100%

What is energy of this decay?
18.592 keV

What is the composition of a 10 gm tritium sample
after 24.64 years?

S95% 3H, 75% 3He




Half Life Histogram
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Activity

Activity
Sl dimensions of transformations/s

 Becquerel or Bqg
« Historical unit is curie or Ci, = 3.7x10'° Bq
« = activity of 1 g of radium

dN;
A(t) = — = AN;(t) = A, exp(—At)

dt
Specific activity is activity per unit mass
~oo A(t) _ AN,
W=~ M

Nuclides undergoing single decay mechanisms exhibit

“svu “decreasing activity and constant specific activity with time.




Parallel Decay Routes

¢3Zn (739.0%) = Path 1
64Cu — SANi (B+17.4%) = Path 2
¢4\ (EC 43.6%) = Path 3

3

ANz, |
dt — z _AiNCu p— —NCuEAi — —A NCu

1 1




mass or energy equivalent

Kinetics

zﬁC (stable)

number of protons

sJaybnep



Series — Decay and Production

Ne N+
dt_ l Q

Ni(©) = Ny exp(=20) + [ (e expl-(c — )] de
0

For Q = const

M) = Nyg exp(—21) + 2 [1 — exp(~A0)]

Fort = o

Q
Nieq —_ I




General Decay Chain

dN;
dt = Aj1Nj—1 — 4;N;
dN
- = An-1Nn—1




Transient Solution

J
Ai(®) = Ny(0) ) C exp(—Amt)
m=1
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Secular Equilibrium

At long times compared to the half lives of the daughters (but
short compared to the head), the activities of all species are the
same.

A

Al — Nlﬂ'l — Az — Nzﬂ,z — A — N j

J J

Species with short half lives (large 1) have low concentrations,
but concentrations can be estimated from species with longer
half lives, in particular from the head of the chain.




Natural Radionuclides

° 65 natu ral ISOtOpeS isotope  decay ha'lf-l.ifc I:Etl:)l!)(:(' qec"‘-"
(vears) (%) product
« Cosmogenically produced b e
VRt B 488 E10 27.83 V'Sr
— 3H, 7Be, 14C ']t““_C; B 77EI 1222 ]‘ll_“l;
iln B 44 E14 95.71 :,Sﬂ
— H and C used for dating. Al L el
] o i m@ e.p l'EbFfll_ ()f)‘)() B?[;_ Ce
three source of radioactivity in | [ o 205 20 s,
Sm o 1.06 E11 14.99 Nd
air SampleS S m o 7.El5 11.24 4iNd
) *Gd o 1.1 El4 0.20 'Sm
. . M B 3.75E10 2.59 oHE
* Primordial Isotopes Mg o 30EG 616 ™
e | g B #LAELS 0.012 SUHE
. " ¥"Re ; A2 E Z. “0s
— Singly occurring (17) 0 AR i it .
: : 40 87 p _ 6.5Ell 0.014 0s
InCIUdlng K and Rb (partS 3"3T1[1 Z 1).4()E1() 100. *pb
Of humanS) gad o 7.04 08 0.720 *pp

— Decay Products with Z > 83
form from 232Th, 23°U, or 238U
via a and B emission. Isolated natural radionuclides




Thorium Decay Chain (4n)
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PROTON NUMBER, Z

Uranium Decay Chain (4n+2)
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Actinium Decay Chain

(4n+3)
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Carbon-14 (Organic) Dating

Living materials

/\ |
@O o 2B e ®0 0 .. consume atmospheric

“N 4+ In—C + p e NN 4% 4T carbon with fixed
-~ 14C/12C ratios. At
death, '*C decays to N

Q P but 12C does not, so

Mol C = 10"> Mol*C the ratio changes.

12 12 14 @
Mol “C > 10 Mol C\

Assuming constant atmospheric concentration of '4C

1 (N(t))_ 1 <N(t)/Ns)_ 1 <A14(t)/g(6)>
t =——=In ——iln ——iln

N(0)/N; A14(0)/g(C)




Carbon Dating Continued

« Atmospheric ratios of “C to '“C is about 1.23x10-12

« Measured as '*C activity per gram of (total) carbon
A1q _ Ni1g4 A14Ng

g(C) N Nip 12

 vields 0.237 Bqg/g(C) or 6.4 pCi/g(C)

Major sources of error:
1. Cosmic ray/magnetosphere intensity variations: 4C
. Half-life for'*C of 5568 years (originally) actually 5730 yrs
Solar Activity/Global Temperature affects carbon
exchange between rocks, ocean, and air
. Natural Variation in 2C (volcanos, photosynthesis, etc.)
. Human increases in 2C
-« Fossil combustion
..~ « Atmospheric nuclear testing

w N




Rock (Inorganic) Ages

N1 (t) = N1(0)e™  No initial amount of product in

N, (t) = N1 (0)[1 — e™*] formation.
1 N, (t)>
t=——In(1+
M < Ny (t)
N;(t) = N;(0)e 7t Initial amount of stable

isotope N5(t) . R(t) is

N, (t) = N2 (0) + N, (0)[1 — e™] ratio of N, (t)/N,(t).

1

B N (t)
t = —Zln{l + Nl(t) [R(t) - RO]}




Three-component Decays

X, —=> X, > X,

N1(t): Ny eXp(_ﬂ']t)

ANy

N, (t)= N exp(= A,t)+—"—~[exp(- A1) - exp(- A,7)]

2

N3(t): Ny +N§[1—exp(— ﬂ“zt)]"' ;tl]\_]l; [ﬂz(l—exp(— th))—ﬂ,l(l—exp(— ﬂ‘zt))]

2

Assumes stable third component but otherwise general.




Three-isotope Series
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