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Radioactive decay

Process by which some atomic nuclei disintegrate.

•alpha decay
•beta decay
•gamma decay
•electron capture EC 

Many radioactive isotopes, particularly heavy ones such as 
uranium, disintegrate by a series of radioactive decays 
(radioactive series) until they have been transformed into 
stable atoms. 

Radioactive decay: exponential decay.

N0  : initial number of radioactive isotopes
N(t): the number remaining after a time t

N(t) = N0 exp(-λt) 

where λ is the radioactive decay constant. 
The half life t½ is defined as the time during which the 
number of radioactive nuclei decays to half its initial value: 

½ = N t½ / N0 =exp(-λ t½), hence

t½ = λ ln 2 
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The half life of isotopes extends from the extremely short 

times observed only in experimental atomic reactions to

times in the minute-to-hour range used in modern nuclear

imaging to the extremely long half lives, encountered in 

isotopes such as uranium-238, which has a half life of 

several billion years. The way in which radioactive

isotopes decay are usually represented in so called

decay schemes or disintegration schemes.

Radioactivity

• Initially: 
•
• Solution: 
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Radioactive Decay Types

• α-decay
– Spontaneous emission of an α-particle (4He 

nucleus) in the decay of heavy radioisotopes, 
with discrete energies of 4-8 MeV 

QM Tunneling Effect: very long t½

Example: 
Z→Z-2, A →A-4

– large energy release 
– very short range in tissue: no 

medical imaging application
– useful in radioisotope production
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Radioactive Decay Types

• β−-decay 
– Neutron in a neutron-rich nucleus (high N/Z ratio) 

converts to a proton and an electron (β–) is emitted. 
– Free neutron decay: 

caused by weak force 
electron antineutrino,           , 
nearly mass-less, spin=½ particle, 
had to be introduced to explain
energy-momentum conservation
(3-body decay energy distribution) 

evepn ++ → −
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Radioactive Decay Types
• Example: 
•
•
• β+-decay 

– Proton-rich nuclei may decay by positron (β+, e+) 
emission
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Radioactive Decay Types
• Basic process: 

– possible only inside the nucleus. WHY ? 
– e+: all quantum numbers of e– except charge (+1/–1) 
– Positron lifetime ? 
– Range in tissue ~ 1mm: excitation, ionization, 

followed by annihilation (inverse of pair production): 
– e+ + e– → γ + γ (back-to-back, 511 keV photons) 

• Electron Conversion/Capture (EC) 
– Absorption of an atomic (usually K-shell) electron in 

a proton-rich nucleus

evenp ++ +→

evnep ++ →−
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Radioactive Decay Types
– The probability for EC increases with the mass 

number, A, because average electron distance
(“orbit”) is closer to the nucleus. [remember simple
Bohr’s model dependence, rn = n2a0/Z] 

– Example: 
–
–
–
– Mercury-201 nucleus disposes of extra energy by

emitting characteristic x-rays. These are used in 
cardiac perfusion imaging 
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Radioactive Decay Types
• Internal Conversion (IC) 

– Photon emitted by a nucleus knocks out one of 
atomic electrons (usually K-shell). Vacancies in the 
inner orbitals get filled, leading to emissions of 
characteristic x-rays or Auger electrons. 

• Isomeric Transitions (IT) 
– A daughter nucleus is formed in an excited state. γ-

rays are emitted as the daughter nucleus transitions to 
a lower energy state. Long-lived excited states of a 
nucleus (t½: 10-12s-600 yr) are called metastable or 
isomeric, and indicated by “m”. Example: 99mTc 
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Weak Decay Summary
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1st process sufficient, others easy to derive. Charge (Q) and 
barion (B) numbers must be conserved. Particle becomes an
antiparticle if “carried over” to the other side of an equation. 

Q: 0=+1-1+0 
B: 1=1+0+0

inside 
nucleus

Generalized Decay Scheme
– Decay process and emitted radiation can be

summarized in a line diagram called a decay scheme
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99mTechnetium Decay Scheme
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Radionuclide Production
1. Nuclear Reactor Production 
2. Charged particle accelerators

• Linear Accelerator (LINAC) 
• Cyclotron 

– Radionuclides produced via the interaction of charged 
particles (H±, D+, 3He++, 4He++,…) with the stable nuclei 

– Ions must have sufficient kinetic energy to overcome the 
repulsion of positively charged nuclei. Required energies
per nucleon are 1-100 MeV

– Big advantage: produced isotopes have different Z and 
can be chemically separated from the target material

Charged Particle Bombardment
– Examples: 
–
–
– Cyclotron schematic:
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Cyclotron-produced Isotopes for PET

18O (p,n) 18F110 min511 (β+)18F

15N (p,n) 15O 
14N (d,n) 15O

2 min511 (β+)15O

13C (p,n) 13N 
12C (d,n) 13N

10 min511 (β+)13N

14N (p,α) 11C 
10B (d,n) 11C

20.4 min511 (β+)11C
ReactionT½γ-ray (keV)Isotope

6

7

8

9

Nuclear Reactor Isotope Production
• Nuclear Fission

– Heavy “fissile” nucleus (235U,239Pu,237U,232Th) is
excited by the capture of a thermal neutron and splits
into two nuclei with A~70-160.

235U
n
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Nuclear Fission
• Fission products are neutron-rich and decay primarily

via β−−emission, useful for therapy but not imaging 
• Radionuclides used in Nuclear Medicine: 99Mo, 131I, 

133Xe 
• Extensive purification is needed to extract a desired 

radionuclide from the mixture. However, almost no 
stable isotope (“carrier”) is present so the concentration
or specific activity (Bq/g) is very high highly desired

• Neutron Activation Production 
– Thermal neutron bombardment of stable target nuclei 

may result in their capture and production of 
radioactive nuclei

Neutron Activation
• The most common neutron capture process: (n,γ)
• Other neutron capture processes: (n,p), (n,α) low Z 
• Examples: 
•
• Problem: cannot be chemically separated, low efficiency

(i.e., material mostly contains carrier rather than the 
desired radionuclide), lower specific activity (impurities
produce other radionuclides) 

• Exception:

PP n 32
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IXeXe n 125
53
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54

124
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T½=17hr

EC or β+
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Radionuclide Generator
• Principle: if a radioactive daughter has a 

different Z than its parent, the parent and 
daughter can be chemically separated. 

– Daughter is compatible with medical imaging, 
t½~ min-hr ( visible change in counting rate) 

– Parent t½ long enough for production, processing, and 
shipping: t½~ hr-day

–
–
–

GDDP  → →
21 λλ

P = parent nuclide 
D = daughter nuclide 
GD = granddaughter

( ) ( ) 00&0 2
0

11 == NNN Initial condition: only N1 
(parent), no N2 (daughter)

Radionuclide Generator

22
0

112211
2 1 NeNNN

dt
dN t λλλλ λ −=−= −

tt BeAetN 21)(2
λλ −− +=Solution guess:

( )tt eeNtN 21

12

0
11

2 )( λλ

λλ
λ −− −

−
=Solution:

( )tt eeAtA 21

12

0
12

2 )( λλ

λλ
λ −− −

−
=Daughter

activity

*λ2

21
2/1

2
2/1

1 λλ <<⇒>> tt Parent lives much longer
than the daughter nuclide“secular equilibrium”



12

Radionuclide Production Summary
• Method: cyclotron, nuclear fission, neutron

activation, radionuclide generator
• Bombarding particle: charged (p,d,t,α), n, none 

(parent decay) 
• Product: neutron poor or neutron excess
• Decay types: β+, β−, EC,…→ γ 
• Carrier free or not carrier free
• High or low specific activity
• High or low relative cost

Radiopharmaceuticals
• Characteristics

– Short half-life compatible with the duration and 
objective of the study (evaluation of function) 

– Scintillation cameras optimized ~ 100-300 keV: 
patient attenuation, spatial resolution and detection 
efficiencies. 

– High target/Non-target activity: increased or 
decreased concentration in localized areas (“hot 
spots” – “cold spots”) 

– Low toxicity, stable compounded form, high specific
activity, minimal particulate radiation, localization in 
the organ and tissue of interest, cost,…
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Radiopharmaceuticals
– Localization mechanisms: compartmental localization

and leakage (133Xe, 99mTc), passive diffusion (blood-
brain barrier: 99mTc), metabolism (FDG), active
transport (thyroid:201Tl), capillary blockade (99mTc), 
perfusion, receptor binding(111In),… Appendix D 
in the textbook

• Nuclear Medicine:
– Dominant radionuclide: 99mTc 
– also used diagnostically: 123I,67Ga,111In, 133Xe, 203Tl 

• PET: 
– 18F in fluorodeoxyglucose (FDG) ~85% clinical cases
– Used, currently evaluated: 11C,13N,15O, 68Ga, 82Rb 
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Step 1: Inject Patient with Radioactive Drug

• Drug is labeled with positron
(β+) emitting radionuclide.

• Drug localizes in patient 
according to metabolic 
properties of that drug.

• Trace (pico-molar) quantities of 
drug are sufficient.

• Radiation dose fairly small
(<1 rem).

Drug Distributes in BodyDrug Distributes in BodyDrug Distributes in Body

Ideal Tracer IsotopeIdeal Tracer Isotope

18F 2 hour half-life
15O, 11C, 13N 2, 20, & 10 minute half-lives

18F 2 hour half-life
15O, 11C, 13N 2, 20, & 10 minute half-lives

• Interesting Biochemistry
Easily incorporated into biologically active 

drugs.

• 1 Hour Half-Life
Maximum study duration is 2 hours.
Gives enough time to do the chemistry.

• Easily Produced
Short half life ⇒ local production.
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Step 2: Detect Radioactive DecaysStep 2: Detect Radioactive Decays
Ring of Photon
Detectors

• Radionuclide decays, emitting β+.

• β+ annihilates with e– from tissue, 
forming back-to-back 511 keV 
photon pair.

• 511 keV photon pairs detected via 
time coincidence.

• Positron lies on line defined by 
detector pair (known as a chord or 
a line of response or a LOR).

Detect Pairs of Back-to-Back 511 keV PhotonsDetect Pairs of Back-to-Back 511 keV Photons

Multi-Layer PET CamerasMulti-Layer PET Cameras

• Can image several slices simultaneously
• Can image cross-plane slices
• Can remove septa to increase efficiency (“3-D PET”)

Planar Images “Stacked” to Form 3-D ImagePlanar Images “Stacked” to Form 3-D Image

Scintillator Tungsten 
Septum Lead Shield
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Step 3: Reconstruct with Computed 
Tomography

2-Dimensional 
Object

By measuring all 1-dimensional projections of a
2-dimensional object, you can reconstruct the object

By measuring all 1-dimensional projections of a
2-dimensional object, you can reconstruct the object

1-Dimensional 
Vertical 
Projection

1-Dimensional 
Horizontal 
Projection

Why Do Computed Tomography?
Planar X-Ray Computed Tomography

Separates Objects on Different PlanesSeparates Objects on Different Planes
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Attenuation Correction

• Use external β+ source to 
measure attenuation.

• Attenuation (for that 
chord) same as for 
internal source.

• Source orbits around 
patient to measure all
chords.

• Measure Attenuation Coefficient for Each Chord
• Obtain Quantitative Images

• Measure Attenuation Coefficient for Each Chord
• Obtain Quantitative Images

β+ Source
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Time-of-Flight TomographTime-of-Flight Tomograph

• Can localize source along 
line of flight.

• Time of flight information 
reduces noise in images.

• Time of flight tomographs 
have been built with BaF2
and CsF.

• These scintillators force 
other tradeoffs that reduce 
performance.

c = 1 foot/ns
500 ps timing resolution
⇒ 8 cm fwhm localization

Not Compelling with Present Technology...Not Compelling with Present Technology...

PET Images of CancerPET Images of Cancer

Metastases 
Shown with 
Red Arrows

Brain Heart

Bladder

Normal Uptake in 
Other Organs 
Shown in Blue

Treated Tumor 
Growing Again 
on Periphery
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PET CamerasPET Cameras

• Patient port ~60 cm diameter.
• 24 to 48 layers, covering 15 cm 

axially.
• 4–5 mm fwhm spatial resolution.
• ~2% solid angle coverage.
• $1 – $2 million dollars.

Early PET Detector ElementEarly PET Detector Element

BGO Scintillator Crystal
(Converts γ into Light)

Photomultiplier Tube
(Converts Light
to Electricity)

3 — 10 mm wide
(determines in-plane

spatial resolution)

10 — 30 mm high
(determines axial
spatial resolution)

30 mm deep
(3 attenuation

lengths)
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Modern PET Detector ModuleModern PET Detector Module

BGO Scintillator Crystal Block
(sawed into 8x8 array,

each crystal 6 mm square)

4 PMTs
(25 mm square)

50 mm

50 mm 30 mm

• Saw cuts direct light 
toward PMTs.

• Depth of cut 
determines light 
spread at PMTs.

• Crystal of interaction 
found with Anger logic 
(i.e. PMT light ratio).

Good Performance, Inexpensive, Easy to PackGood Performance, Inexpensive, Easy to Pack

Tangential 
Projection

Radial ElongationRadial Elongation

Radial 
Projection

• Penetration of 511 
keV photons into 
crystal ring blurs 
measured position. 

• Effect variously 
known as Radial 
Elongation, Parallax 
Error, or Radial 
Astigmatism.

• Can be removed by 
measuring depth of 
interaction.
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No Pair Production / EM ShowersNo Pair Production / EM Showers

• Compton scatter in patient 
produces erroneous 
coincidence events.

• ~15% of detected events 
are scattered in 2-D PET
(i.e. if tungsten septa 
used).

• ~50% of events are 
scattered
in 3-D Whole Body PET.

• Compton Scatter is Important Background
• Use Energy to Reject Scatter in Patient

• Compton Scatter is Important Background
• Use Energy to Reject Scatter in Patient

Scatter Length ≈ 10 cm


