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Week 1: Chap. 1 Sources of Radiation MIEHIGAS 1AL

Introduction
-- Roll back the fog

-- General Nomenclature
-- Decay Equations

-- Laboratory Sources
--- Electrons

--- Charged Particles

--- Gamma Rays

--- Neutrons

Interaction of Radiation vitheMatter

Vacuum Technology
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Chap. 1 Radiation Sources .. What?

Ionizing Radiation: a typical Ionization Potential for a molecule (or work function for a

metal) is a few eV .. Thus, we will be concerned with “sources” that produce and devices that can
detect radiations with significantly more energy than this (later we will see that the important
parameter for detectors is an effective 1onization potential somewhat larger than the minimum).

Radiation types, sorted by: Mass >
Gamma Rays Neutrons (Atoms)
Charge .
¢ Electrons +/- Protons + Heavy 1ons (1+)

Nuclear Ions (q+)

Required Information: nuclide (A, radiations), amount (N)

A= (ﬂj = AN

dt Auxiliary information: purity
dN =-ANdt — N = N,e™

SpecificActivity = (A= AN)

ift:/ =T meanlife—)ﬂzl e

A , N, g € mass = MM Nﬂ(if pure)
. 1In2/ _ T ﬁ_l . .. ZNA:.
lf [ = A =T % , half —life — NO = > SpecificActivity < MM( if pure)
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Radiation Sources .. Growth M',S:P'VC?,'?] SS.T”%TE

Sources:; with a very few exceptions the radioactive sources that we use are “produced” in
nuclear reactions. The production can be direct such as in a neutron capture process (n,y),
indirectly by the decay of another nuclide, or in some other nuclear reaction, (n,f) is important.

Growth: a nuclear reaction of the sort x + A — B, where “B” will be our source material

(CdN )
5 | = (ProductionRate)— (DecayRate)
dt )
dNB ) y 1.00 o
=Nyo D, —A;N, ;T T
\ dt /
0.75 !
/
|
AN, =(Nfo, @ Ji—e)en 302
L AN, = (Vo @, (1)
Production up to t;, note “saturation” g 0.25
subsequent decay t, <
tl
0

i Tis 2T, 3T, 4T, , 5T n

Accumulation time ¢ —_—
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Radiation Sources .. Growth & Decay AR

Sources:; with a very few exceptions the radioactive sources that we use are “produced” in

nuclear reactions. The production can be direct such as in a neutron capture process (n,y),
indirectly by the decay of another nuclide, or in some other nuclear reaction, (n,f) is important.

Growth: a nuclear reaction of the sort x + A — B, where “B” will be our source material

(CdN )
dtB = (ProductionRate)— (DecayRate)
\ J
AN ) Activity (Ci) vs. Time (weeks)
5 ) N © AN 5 pe—— - - .
0~ x4 ™ x B~ "B
\ dt (

0.01

ApNy = (N(fo-xA(Dx Xl —e Ml ) e "

Production up to t;, note “saturation”
subsequent decay t,

For example, important activities produced in 27Al ‘
targets are: 7-Be (53 d), 22-Na (2.6yr), 24-Na (15 hr)
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Radiation Sources .. Decay & Growth MICHICAN STATE
A, A
Decay & Growth: often a source may consist of a decay chain: A S'BSC
T4 7Tp
[dN, ) .
2 | = (Production Rate) — (Decay Rate)
\ dt ) { ¢
[dN T ,<T T, >Ty ~t
2| = N4 ()= AN,y (1) A~ 4”5
\ dr ) :
but N,(t)= N/e ™ 3\ : .
N _ )LA Af Ayt — Agt B - Agt —— k | .
z(H)=———N, (e —e )+ Nje > _'
A=A T e
for A, = A, ! !
T, >>T, T, >>1>> T,
Some examples for various cases of T4 viz. g % |
N.B. the curves are the activities. £ ( 7,

Special case (d) of “Secular Equilibrium”

Y

(c) [ JP— (d) e
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MICHICAN STATE

Radiation Sources .. Electrons —1— R

Beta Decay: n—»p+e+ v+Q eg, “Cs— "Nyt +e+ v+Q
Q — M(14NO) _ M(14C)
and (p" >n+e" + v+Q )eg., BNg—>BCr+ef+ v+Q

BNy > BC0+e+et+ v+ Q’
Three-bodies in final state gives continuous

energy distribution b.ut, in Pr.mmple, there Q =M(3C%) + 2 myc? — M(13N0)
are thousands of radioactivities to choose
from.
Note limits: 0 < electron Kinetic Energy < Q 8 e l ST T T T T T
640y, 8- - |
6— — a
Phase space or Fermi Functions favor largest 3 , B | |
energy differences, have Coulomb shifts ... 3 B f
2 — —
64Cu35 — 64Ni_ te'+ v+ Q B+ =0.6529 MeV % : 015 l p1.0 % %1 0z 03 ' 04 05 }ole I 0.7
“Cuys > *Zn"+ e+ v+Qp =0.5782 MeV TN (T
8 T T T T ST T T T T T T T T T 7717
— b4cu B+ B 64cu g+ ]
6 ‘r ]
Also electron capture: A 1 2°r B
. < "
64Cu — #Ni + v+Q p, = 1.675 MeV - 1 ¢ i
2 — —
1 |
: Lo Lo lalal |
Typlcal energy Scale cet OO I 0!5 l 1.01 00 l 0.1 : 0.2 : O.Z‘TLOAJ O.5l0.6 ¢0.7

p(MeVic) Te(MeV) (Te)max
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MICHICAN STATE

Radiation Sources .. Electrons —2— R

Internal conversion: Az* Az + ¢ , where the electron was a bound atomic electron.

207Bi,,, (38 yr) = 207Pb* + v+ Q'

L) 207Pb* + e- (KE=AE — atomic B.E. )
Two-bodies in final state gives a discrete energy K: 88 keV, L: 16 keV
distribution of electrons but there are relatively few (n=1, 1s)  (n=2, 2s,2p)
examples of such sources (compared to beta-decay).

Typical energy scale ...
9/2-
W— 7% 250 T T T T T T
BUN ™ 7223399 Mev 1064 K. L
83% o] : _
\Ml AE = 1.770
13/2+ 1.6333 MeV, 0.81 s : | ]
% | Mé4|AE = 1.064 Beo e 5
10% | T STOK L Jk
\‘ 5/2-0.5696 MeV, 131 ps = _
E2 lAE = 0.5696 N J .
WIS 1/2- ground state 0 : C Ty .
207 GAUSS -CM7 515
Pb PR9Y9 (1955) 695
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Radiation Sources .. Charged Particles —1— MICHICAN 1AL

Alpha Decay: 4z - 44z-2)> + *He** + Q, e.g., 238U — 2Th* + *He?* + Q,
Qq = M[**4(Z-2)°] +M[*He"] — M[*Z]

Nuclei heavier than A ~ 150 are thermodynamically unstable against alpha decay BUT the energy of
decay 1s much lower than the Coulomb barrier forcing the process to go via a quantum mechanical
tunneling process that is extremely sensitive to the Q-value of the process.

Thus, alpha decay is only important for the heaviest nuclei AND it tends not to feed excited states.

The particles are quite energetic 4 to 9 MeV but interact very efficiently with electrons in materials and
so the alphas “stop” after moving <100 microns in solids.

E.g., the “A=4n" natural decay chain:

23277, o 228 p 228AC_)‘
‘ — 24p. %22013 3 216 p,, 212pp

E,=6.05, 6.09 MeV
212 py, | 212 g 2087y 208 pp,*

B,11hr ,61m ,3m
\* ’ \ E~2.61 MeV
212P0 ZOSPb

B a,03us
© DJMorrissey, 2019 E,=8.78 MeV

Two-body final state gives a discrete energy
distribution — must account for recoil energy.




MICHICAN STATE

Radiation Sources .. Charged Particles —2— UNTVERSITY

Spontancous Fission: Az —AxZ-y)* +y* +Q; e.g., *2Cf (~3% SF) TKE ~ 185 MeV

Spontaneous fission is another quantum mechanical tunneling process similar to alpha-decay that is rare in
the light actinide nuclei and increases in importance with Z and generally limits the stability of nuclei with
7>98.

All fission processes produce a statistical distribution of radioactive (n-rich) products, fast neutrons and v’ s.

misl

Two-body final state gives a discrete energy
distribution for each fission event but there are
many mass-splits and neutron evaporation
from the excited fragments. These fragments
go on to 3- decay eventually reaching stability.

NUMBER OF COUNTS larditrary u

{ >+ >
150 200 250
CHANNEL MUMBER

From: Schmitt & Pleasonton, NIM 40 (1966) 204
© DJMorrissey, 2019



Radiation Sources .. y rays ey

Gamma rays are emitted by nuclear excited states, their lifetimes are generally too short
to provide useful sources (except for some special cases called “isomeric” states).

Beta-delayed: A(z+/-1) > AZ* —>AZ +y the gamma decay is for many purposes

y purp
prompt, but often the lifetimes of the excited states are significant and their exponential
decay can often be measured.

Two-bodies in final state gives a

discrete energy distribution ...
5,527 yr

60Co \

4+ ,2.506 MeV, 1.1ps

Annihilation:
100% B2l AE=1.173
B- 100% 1/2-,9.965m
27, 1.3325 MeV, 0.71 ps B+ —
E2|AE = 1.3325 12 BN
13C
e 07, g.S.
60Ni
Bremsstrahlung: from
There will be an angular correlation electron beams, continuous energy
among the beta and two gammas .. spectrum primarily used for

, irradiations
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MICHICAN STATE

Radiation Sources .. neutrons e R e

Neutrons have to be produced in nuclear reactions, the energy spectrum will depend on
the reaction..

Spontaneous F18s10n: 252Cf the neutrons are primarily emitted with a thermal energy
spectrum in the rest frame of the moving fragments (KE ~ 1 MeV/u). [ oc F l/ze_E/T

PuBe & AmBe: intimately mixed metals, 1.e. an alloy
238py — 234U% + “He?" + Q,=5.593 MeV, KE, =5.499 MeV (max ...)

‘He?" + °Be — 13C2* i RC* +n+ Qg =5.702 MeV
y 1202+% 41”4+ Q’
Photonuclear Reactions: N> 1202 4+
y+°Be = %Be +n + Qg =-1.666 MeV

124Sb — 124Te* (first excited state) — 124Te +y = 1.691 MeV, net Q, = 0.025 MeV

; i —s 7 _
Accelerator Reactions; P L1 Betn +Q=-1.64 MeV

d+°Be - "B+ n+ Q,, = +4.36 MeV [MedCyc]

d+d—>n+°He + Qg = +3.26 MeV

. d+t—>n+*He+ Qg = +17.6 MeV [fusion reaction]
© DIJMorrissey, 2019



