
Chapter 26
Particle Properties of Light: The Photon
Kane & Sternheim, Physics, 3rd Edition

KSU Phys 145 Summer 2019



املوجات الكهرومغناطيس ية

𝐸 = ℎ𝑓 =
ℎ 𝑐

𝜆

اجملال الكهرابيئ𝜆الطول املويج 

(𝑐برسعة الضوء )اجتاه املوجة 

اجملال املغناطييس

عدد ادلورات يف الثانية املارة بنقطة اثبتة عىل خط اجتاه املوجة: 𝑓الرتدد 

𝑐 = 𝜆𝑓
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(مرت)الطول املويج 

بنفسجي أ زرق أ خرض رأ صف يلبرتقا أ محر

750620590570495450380 (مرت9-10= اننومرت )الطول املويج 

الطيف املريئ
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بنفسجي أ زرق أ خرض رأ صف يلبرتقا أ محر

750620590570495450380 (اننومرت)الطول املويج 

1.652.002.102.182.512.763.26(eV)طاقة الفوتون 

الطيف الكهرومغناطييس املريئ
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The Dual Nature of Light

 Light can be considered as a wave, and can be considered as
a particle.

 All light phenomena (reflection, diffraction, refraction,
propagation..etc) can be explained by any of the two
pictures of light; this is called the “wave-particle duality” of
light.

 The absolute true nature of light is still not completely
understood.

www.entrancei.com

Light as Particles (Photons)

 Considering light as particles (called photons) could solve many
puzzled light experiments in the 20th century, e.g. blackbody
radiation, the photoelectric effect, Compton effect…etc (see the
textbook for further readings).

 The frequency of light determines the energy of each photon,
according to the following equation:

𝐸 = ℎ𝑓 =
ℎ 𝑐

𝜆

 For energy in eV and 𝜆 in nm, one might use the following
simplified equation:

𝐸 eV =
1240

𝜆 (nm)

 Remember: 1 eV = 1.6 × 10-19 Joule ; 1 Joule = 6.24 × 1024 eV

Example 1: What is the energy (in eV) of a red photon whose
wavelength is 633 nm?
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Example 4: Excimer laser (wavelength = 193 nm) 1 mJ pulses are
used for remodeling the corneal stroma. How many photons are
there in each pulse?

Example 5: UV-B radiation (~ 280 nm – 315 nm), although can be
harmful to the skin, is necessary for vitamin D synthesis in the body.
What is the ratio of photon energy between a 300 nm UVB photon
and 600 nm red photon?

Example 2: What is the wavelength (in cm) of a 100 MHz radio
wave?

Example 3: An X-ray machine delivers 1 Joule of x-ray photons
for one film imaging? How many x-ray photons are produced
assuming an average x-ray photon wavelength of 0.1 nm?
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- A current in the filament causes electrons to be emitted.

- These free electrons are accelerated in vacuum (by a high voltage ΔV in
~ tens of kV) towards a dense metal target.

- Notice that the freed electrons make an electric current (in vacuum),
which is usually in the range of ~ tens of mA.

- The power generated is equal to the multiplication of voltage and
current (P = ΔV × I)

- The free electrons bombard the target material and produce x-ray
photons. This process is very inefficient; only less than 1% of electron
energy is transferred to produce x-ray photons.

- The x-ray photons produced vary greatly in their energies (see next
slide).

- The maximum energy of an x-ray photon can have is when the x-ray
photon absorbs the full energy of the electron i.e. (e ΔV)

Example 6: An electron is accelerated by a medical x-ray machine through
50 kV. What is the minimum wavelength photon it can produce when
striking a target?

Production of X-Rays
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X-Ray Spectrum

The x-ray spectrum has two distinct components:

1) Bremsstrahlung: the German word for “braking radiation”. A
continuous broad spectrum that depends on voltage applied to the
tube. The amount of kinetic energy lost in any given interaction can
vary from zero up to the entire kinetic energy of the electron (e ΔV).
Therefore, the wavelength of radiation from these interactions lies in
a continuous range.

2) Characteristic X-Ray Emission: these are sharp, intense lines,
which depend on the nature of the target material. Each line comes
from the energy difference between two atomic orbitals in the target
material.

𝜆min
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Chapter 30
Nuclear Physics
Kane & Sternheim, Physics, 3rd Edition
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Facts and Definitions

 The atom is made of a nucleus at the center and electrons
orbiting the nucleus.

 The nucleus is made of two kinds of nucleons: protons and
neutrons.

 Neutrons are ~ 0.1% heavier than protons.

 Protons are positively charged while neutrons are neutral.

 The positive proton charge and the negative electron charge are
equal in magnitude.

 The number of protons in the nucleus is called the atomic
number Z.

 The total number of protons and neutrons in the nucleus is
called the mass number A.

 The number of neutrons in the nucleus is then given by N = A – Z

 An element with a specific number of protons and neutrons is
called a nuclide.

Symbols for Nuclides
 A nuclide X can be symbolized as:

𝑍
𝐴𝑋

Examples:

92
238𝑈 (Uranium with 92 protons and 146 neutrons)

53
131𝐼 (Iodine with 53 protons and 78 neutrons)

6
14𝐶 (Carbon with 6 protons and 8 neutrons)

 Nuclides can alternatively be symbolized as: 𝑋 − 𝐴

Examples: U-238 ; I-131 ; C-14

Isotopes
 Nuclides with the same number of protons but different numbers of

neutrons are called isotopes.

Examples:

92
238𝑈 and 92

235𝑈 are isotopes (or you may write U-238 and U-235)

53
131𝐼 and 53

127𝐼 are isotopes (or you may write I-131 and I-127)

6
14𝐶 and 6

12𝐶 are isotopes (or you may write C-14 and C-12)
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https://pubchem.ncbi.nlm.nih.gov/periodic-table/
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Radioactivity

 Some nuclides are radioactive; they are called radionuclides.

 A radionuclide nucleus is unstable and thus disintegrates into
more stable components.

 An example of radioactivity: 92
238𝑈 → 90

234𝑇ℎ + 2
4𝐻𝑒

Note the conservation of proton and mass numbers.

 This disintegration process has a random nature, and it is called
radioactive nuclear decay.

Half-Life of Radionuclides
 Each radionuclide has a half-life time T, after which half of the

nuclei will have had undergone a nuclear decay.

 In other words, if at t = 0, we have N0 nuclei, then one half-life
later at t = T, an average of N0/2 will remain, and so on.

 At any time t, one can find the number of remaining nuclei by
using the following formula:

𝑁 = 𝑁0𝑒
−0.693

𝑡
𝑇

 The above formula can sometimes be written as: 𝑁 = 𝑁0𝑒
−𝜆𝑡

where 𝜆 =
0.693

𝑇
and is called the decay constant.

Biological and Effective Half-Life

 When used in medical treatment, radionuclides are steadily excreted
from the human body with another half-life called the biological half-
life.

 The effective half-life Teff is then the combination of both the physical
half-life (Tp) and the biological half-life (Tb) half-lives and is given
according to the following formula:

1

𝑇𝑒𝑓𝑓
= 

1

𝑇𝑝
+

1

𝑇𝑏

Nuclide Organ Where Concentrated
Half-Life (days)

Physical Biological

1
3H Total body 4.6 × 103 19

6
14C Fat 2.09 × 106 35

Bone 2.09 × 106 180

11
24Na Total body 0.62 29

15
32P Bone 14.3 1200

16
35S Skin 87.1 22

17
36Cl Total body 1.6 × 108 29

19
42K Muscle 0.52 43

20
45Ca Bone 152 18000

26
59Fe Blood 46.3 65

29
64Cu Liver 0.54 39

51
131I Thyroid 8.1 180

Table 30.1: Examples of Radionuclides used in medicine and biology
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Example 1

Iodine I-131 is used in the treatment of thyroid disorders. Its half-
life is 8.1 days.
a) If a patient ingests a small quantity of 131I and assuming none is

excreted from the body, what fraction N/N0 remains after 8.1
days, 16.2 days, 60 days?

b) If the ingested 131I quantity is naturally excreted from the body
with a biological half-life of 180 days, what will be the fraction
N/N0 after 60 days?

Example 2
59Fe is administrated to a patient to diagnose blood anomalies. The
physical and biological half-lives of 59Fe are 46.3 and 65 days
respectively. Find its effective half-life?

Example 3
Tritium has a half life of 12.3 years. How many years will it take for
88.0 grams to decay to 5.50 grams?

What happens in a radioactive decay process?
(types of radioactive decays)

1. α decay: In an α decay, an α particle (2
4He nucleus) is emitted, leaving behind a

residual nucleus that has lost two protons and two neutron.

Example: 92
238𝑈 → 90

234𝑇ℎ + 2
4𝐻𝑒

2. β± decay: In a β decay, an electron (e-) or in few cases a positron (e+) is emitted
by a nucleus. The two decays are respectively called β- and β+ decays. β± decays
result in the following conversions:

𝑛 → 𝑝 + 𝑒− + 𝜈 (β- decay)
𝑝 → 𝑛 + 𝑒+ + 𝜈 (β+ decay)

where 𝜈 is the neutrino (a massless uncharged particle)

Example: 27
60𝐶𝑜 → 28

60𝑁𝑖∗ + 𝑒− + 𝜈

3. γ decay: In γ decays, the nucleus releases a high energy photon (γ rays) as means
to approach a lower more stable energy state. The nucleus does not change in its
atomic or mass number.

Examples: 28
60𝑁𝑖∗ → 28

60𝑁𝑖∗ + 𝛾 1.1732 MeV

28
60𝑁𝑖∗ → 28

60𝑁𝑖 + 𝛾 1.3325 MeV

Each α, β or γ particle has energy of ~ few MeV ! When they pass through matter
or through human body, they can ionize atoms in their way and make a lot of
damage (ionizing radiation).
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Chapter 31
Ionizing Radiation
Kane & Sternheim, Physics, 3rd Edition
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α Radiation β Radiation X-ray Radiationγ Radiation Neutron Radiation

~ 4 - 9 MeV ~ 10 keV - 4 MeV ~ 100 eV – 200 keV~ 100 keV – 3 MeV ~ 0.5– > 20 MeV

Types of Ionizing Radiation ــــــنالإشعاعأ نواع الـُمـَؤي ِّ

https://www.mirion.com/learning-center/radiation-safety-basics/types-of-ionizing-radiation

Images from:
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α Radiation β Radiation X-ray Radiationγ Radiation Neutron Radiation

• An α particle moves almost
straight for a short distance
ionizing atoms in their way
until its energy is ~ 1 MeV.

• At ~ 1 MeV it acquires two
electrons and becomes a
neutral Helium (He) atom.

• The neutral atom comes to
rest after a few more
collisions.

• A β particle has a longer
range than α particles, with
a random movement.

• Similar to α particles, they
lose energy by exciting
atoms in their way until
they are finally captured by
an atom.

• After loosing enough
energy, β- particles
(electrons) are captured by
atoms. On the other hand,
(β+ particles come close to
an electron and annihilate
producing γ rays.

• Photons (both γ and x-rays) don’t directly ionize atoms.
Instead, they lose energy to electrons, which in turn ionize
atoms.

• Photons have a much loner range than α and β particles.

• Energy loss of photons to electrons take place by one of three
processes:

1) The photoelectric effect (at energies below 0.1 MeV):
Here a photon is absorbed by an atom, and an atomic
electron is ejected.

2) Compton Scattering (at ~ 1 MeV): the photon
transfers some but not all of its energy to an atomic
electron.

3) Electron-Positron Pair (for energies > 1.02 MeV):
here a photons produces an electron and a positron.

• Neutrons are uncharged
and so cannot directly
ionize atoms. The range of
neutrons is subsequently
very long.

• Fast neutrons loose energy
by (1) direct collisions with
the nuclei OR (2) by
nuclear reactions. These
processes can produce
secondary harmful
emissions (e.g. γ rays).

Energy Loss of Ionizing Radiation ∆𝐾 α −
𝑚 𝑞2

2𝐾ــــــنالإشعاعجس اميتتفقدكيف طاقهتا؟املَُؤي ِّ
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Radiation Units الإشعاعيةالوحدات
Exposure (Ionized charge/mass)

الواحد؟ذرة تأ ينت يف الكيلوجرام مك : التعرض الإشعاعي

Units:
Rontgen (R) = 2.58 × 10-4 C of ions in a kilogram of air
*Note: only for x-rays and γ-rays below 3 MeV

Absorbed dose (Absorbed energy/mass)

لوجراملك كياليت امتصها ( ابجلول)مقدار الطاقة : جرعة الطاقة املمتصة

Units:
Gray (Gy) = 1 joule per kilogram of absorbed energy
Rad = 0.01 Gy

Biologically equivalent dose 
Biologically equivalent dose = absorbed dose × QF

(QF)معامل اجلودة ×جرعة الطاقة املمتصة = اجلرعة املاكفئة حيوايً 

Units:
Sievert (Sv) = QF × (dose in grays)
Rem = QF × (dose in grays)

Quality Factor (QF): effect compared to 200 keV x-ray.
- QF ~ 1 for x-rays, γ-rays and most β particles.
- QF ~ 10-20 for α particles.
- QF ~ 2-10 for neutrons.

Source Activity (A)
Disintegrations/time

ة معينةعدد الانقسامات الإشعاعية يف وحدة زمني: الإشعاعياملصدر نشاط 

𝐴=
0.693

𝑇
𝑁

Units:
Becquerel (Bq) = 1 disintegration per second
Curie (Ci) = 3.70 × 1010 disintegrations per second
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Example 1

Carbon makes ~ 20% of our body. In other words, a 75-kg adult will
have 15 kg of carbon. The radioactive nuclide 14C (lifetime of 5730
years) naturally exists in our body; one kilogram of carbon contains
~ 6.5 × 1013 14C atoms. In one year, how many radioactive
disintegrations take place inside a 75-kg human body?

Example 2
The present activity of nuclear radiation source was found to be 1.7
× 107 Bq. What is the present activity in mCi?

Example 3
A cancer is irradiated with 105 Grays of 60Co γ-rays, which has a
quality factor of 0.7. Find the biologically equivalent dose in Sievert?

Example 4

A laboratory experiment in a physics class uses a 10 µCi 137Cs
source. Each decay emits 0.66 MeV γ-ray.
(a) How many decays occur per hour?

(b) A 60-kg student standing nearby absorbs 10% of the γ-rays.
What is his absorbed dose in rads in 1 hour?

(c) The quality factor is 0.8. Find the biologically equivalent dose in
rems.
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