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CHAPTER 1: ELECTROMAGNETIC RADIATION: THE
CLASSICAL DESCRIPTION
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CHAPTER 2: ELECTROMAGNETIC RADIATION: THE
QUANTUM DESCRIPTION

2.1 Introduction.

round the year 1900 it became evident that EM radiation does not always behave as a classical

wave as described in Chapter 1, particularly with reference to the way its energy is emitted and
absorbed by atoms and molecules. There were problems in explaining, theoretically, the nature of the
radiation from hot solids, - the so-called blackbody radiation. Also, once it was realized that atoms
contained individual charged particles in motion, the stability of the atomic structure became impossible
to explain on classical grounds. A new theory was needed and the postulate of the light quantum (or
photon) by Max Planck and the mathematical formulation of quantum mechanics in the first two decades
of the 20™ century provided the necessary theoretical structure.

2.2 The Quantum or Photon Nature of EM Radiation.

Recall from Sec. 1.4 that the classical EM wave theory predicts that the instantaneous irradiance | on a
surface is given by Eq. [1-12], | = u:c and that the instantaneous energy density ur = ,E2. Further, E? at
any location varies as E,? sin? (wt), therefore,

| E/%sin®(wt). As a result, the energy arriving at an atom should be continuous, although fluctuating, in
time according to sin?(wt). Thus the surface should absorb energy continuously. Similarly, the
description of the radiation from a radio antenna suggested a continuous emission of energy.

Around 1900, Max Planck (1858-1947) attempted to explain the spectrum of EM radiation emitted by
solids and liquids which is discussed in Sec. 2.4. About the same time, Albert Einstein (1879-1955)
explained the photoelectric effect: the emission of electrons from atoms when they are irradiated by EM
radiation of the correct frequency; this is discussed further in Chapter 8. These are phenomena that
involve the emission and absorption of radiation. To explain the experimental results, it was necessary to
postulate that EM radiation is emitted and absorbed in bundles or quanta which we also call photons and
further that the photon energy * E is proportional to the wave frequency f, i.e.,

E = hf=hc/l [2-1a]

This is known as the Planck relation. The proportionality constant h is called Planck’s Constant; its
measured value is h = 6.626x10* J s.

Example 2-1:
What is the photon energy of green light of wavelength 1= 550 nm?

hc _ (6626 - 107 J 5)(2.998 - 10° m/s)

: =361-101
550 - 10°° m

E =

For these small energies, the electron-volt (eV) is a more appropriate unit of energy:
1 eV =1.602x107*° J. The energy of this photon is:

361-10%°J - _lev | 225 eV

1.602 - 10"° J

! Here the letter E stands for energy, not electric field.
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Since Eq. [2-1a] is used so frequently, it is useful to calculate the numerical value of ‘hc’ as given below;
the Sl units of hc are J m. Since the wavelength in nanometres is often known and the photon energy in
eV is wanted, the value of hc in eV nm is also useful. You should verify these values:

hc =1.986x10% J m = 1240 eV nm
Thus the Planck relation becomes 2

Eev)= [2-1b]

In Example 2-1, the photon energy could be obtained simply from Eq. [2-1b] by:

E=-—="C—— =225eV
1 550 nm

EM radiation (i.e., photons) can supply energy for chemical reactions. Chemists are often interested in
the energy of a ‘mole of photons’, i.e., Avogadro’s number N, of photons (N 5 = 6.02x10%). This number
of photons is sometimes called one “einstein’. The energy E” of one mole, or einstein, of photons is given

by:

[2-2]

The energy of one mole of photons is relatively large and often expressed in kJ or in kilocalories (kcal) (1
kcal = 4.186 kJ). You should verify (see Problem 2-1) that:

Nahc = 1.196x10° kJ nm/mol. = 2.857x10* kcal nm/mol.

Example 2-2:
What is the energy contained in one mole of photons (i.e., one einstein) of the green light
considered in Example 2-1?

5
E=N,NC-1198-10" kJ nm/mol _ 52,5/ mol = 51.9 keal / mol

/ 550 nm

2 This is also known as the ‘Duane-Hunt’ relation.
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Example 2-3:
Chemists have determined that it requires 120 kcal of energy to dissociate one mole of O, into

oxygen atoms. Assuming each molecule of O, absorbs only one photon, what wavelength(s) of
EM radiation can dissociate molecular oxygen?

From Eq. [2-2]
_ N hc _ 2.867 - 10* kcal nm/mol

= =238 nm
E¢ 120 kcal / mol

From Example 2-3, it can be seen that wavelengths of 238 nm or shorter (i.e., photons of higher energy)
will dissociate O,; wavelengths longer than 238 nm will not. Referring to the EM spectrum (Fig. 2-11),
this wavelength is in the far ultraviolet or UV-C region. There is a small amount of this UV-C in solar
radiation. It is absorbed by the (also small amount) of O, and N, at very high altitudes (> 100 km) above
the Earth’s surface. As a result much of the oxygen and nitrogen at these altitudes is dissociated into
atomic form.

In Sec. 1-4, it was mentioned that EM radiation transports linear momentum in addition to energy; the
relationship between the momentum p and energy E is given by Eq. [1-19]. Once the photon nature of
radiation was realized, it was proposed that the momentum exchange between atoms and radiation would
also be carried by the photons and that Eq. [1-19] would relate the photon’s linear momentum p to its
energy E, i.e., p=E/c or E =pc.

The photon’s momentum may also be related to its wave properties (i.e., I and f). Since E = hc/1 = hf,
then:

p=—=2=1 [2-3]

The predictions of Eq. [2-3] were verified by the X-ray scattering experiments done by Arthur Compton
(1892-1962) in the 1920's. Compton Scattering is discussed further in Chapter 8. In addition to linear
momentum, photons also transport angular (or spin) momentum. Thus, they possess the particle-like
properties of localization, energy, and both linear and angular momentum.

There is one final important relationship between the wave and photon nature of EM radiation. Consider
EM radiation incident on a surface. Suppose it is monochromatic, i.e., one frequency f or equivalently
one photon energy hf. In terms of photons, the average irradiance | is given by:

| = Nhf [2-4]

where N is the average number of photons/s m? incident on the surface. In terms of an EM wave, | is
given by Eq. [1-13], i.e., | = %2e,CEy* where E, is the wave amplitude. Thus there is a connection between
the photon property given by N and the wave property given by E,, i.e.,

N Ey? [2-5]

Where the amplitude is large, a large number of photons are observed. Thus the EM wave may be
thought of as a type of probability-wave for photons. Where the amplitude (squared) is large, there is a
high probability of an energy and momentum exchange between the radiation and matter, i.e., the
observation of a photon.
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Example 2-4:
Refer again to the green light of Examples 2-1 and 2-2. A beam of this light strikes a surface

forming a circular illuminated spot of diameter 2.00 cm. Measurements show that there are 10
photons/s incident on this circular area. What is the irradiance of the light on this area? (Recall for a circle
=pr)
The number of photons/s m? = N = (10 photons s *)/p(1.00x102 m)?

= 3.18x10* photons/s m?

Using the result of Example 2-1;

The irradiance | = Nhf = Nx(energy of one photon)
= (3.18x10% photons/s m?)(3.61x10?° J/photon)
= 1150 W/m?

Look once again at the entire EM spectrum (Figure 1-11) and think of it as a spectrum of photon energies
and momenta. For long waves or low frequencies such as radio and microwaves, the photon energies and
momenta are very small and it is difficult to observe single photon events. Thus single photons are
relatively unimportant in this region. Moving toward visible light, photon energies become a few eV,
comparable to the energies associated with valence electrons and chemical reactions. Thus single photons
become important since they can cause chemical reactions (vision, photosynthesis, photochemical smog,
sunburn, etc.). In the far ultraviolet, we reach photon energies of about 10 eV. A single photon in the 10
eV - 40 eV range can ionize atoms and molecules. Thus from here on into the X-ray and g-ray regions,
we refer to the radiation as ionizing radiation. In the X-ray and g-ray region, single photon energies reach
the keV and MeV range. These photons can initiate processes such as the photoelectric effect that result
in the ionization of many atoms and potentially cause considerable damage to biological systems. This is
discussed in Chapter 8.

2.3 A Comparison of EM Sources (Coherence, Monochromaticity).

In Sec. 1.4, the EM wave from a dipole such as a vertical radio antenna was described in some detail.
With the wide range of frequencies observed in nature (i.e., the complete EM spectrum), there are many
other kinds of EM sources. This is, of course, the same as for sound, where we have sources as diverse as
a flute, a complete orchestra or a crowd roaring at a baseball game. The many sources of EM waves may
appear different but have one common feature: accelerating or oscillating electric charges or currents.
One general rule, with some possible exceptions, is that long wavelengths are produced by large sources
and short wavelengths by small sources. For example, a 1 MHz radio antenna radiates waves of
wavelength about 300 m; the antenna length is about %21 or 75 m. In contrast, visible light with
wavelengths of 400-700 nm is emitted by individual atoms. (The overall physical size of the light source
is of no importance; for example, a mercury-vapour street lamp might be a metre in length, however, the
light is radiated individually by the millions of mercury atoms in the lamp.) In comparing the radiation
from a radio antenna with that from the street lamp, there are important differences besides the difference
in wavelength and frequency.

Consider again the radio transmitter and radio waves as described in Sec. 1-4 and in Fig. 1-10, and by Eq.

[1-8] and [1-9]. At least in principle, with such a human-made device and with human control, there are
two important properties of this source and wave:
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@) The source can be made to emit a single frequency f which remains constant over time, i.e. the
source is ‘monochromatic’ (which literally means ‘one-colour’).

(b) The transmitter can be turned on and operated indefinitely, sending out a continuous sinusoidal
EM wave which eventually spreads out to an infinite distance from the transmitter albeit with the
amplitude approaching zero as r Fi ¥.

Also, the wave radiates in an organized way in different directions, i.e., there are spherical wave fronts
with different amplitudes in different directions (the sinq factor in Eq. [1-8]). This organization in time
and space is called ‘coherence’.

Contrast the radio transmitter with the light from a mercury (Hg) vapour lamp. The lamp is typical of
conventional (non-laser) sources of visible light, UV, infrared, etc. The fundamental difference between
the radio transmitter and the lamp is that the radiation from the lamp is produced by billions of
independently radiating atoms and not just one radiator. Further, as is discussed in more detail later, the
mercury atoms switch on and off” in a random way. For any given ‘on’ period, an atom radiates for a
very short time t. called its coherence time. For a mercury atom, this is about 10 s.* By contrast; the t.
for the radio transmitter is essentially infinite. Thus, each mercury atom radiates a brief spherical wave
train travelling outward with speed ¢ and with length I = ct, between leading and trailing edge. This
length is called the coherence length; for mercury radiation, it will be about (3x10° m/s)(10° s) = 0.3 m or
30 cm. The coherence length for the radio wave would be infinite. These concepts are illustrated in Fig.
2-1. Figure 2-1(a) shows a single Hg atom and a nearby point P. The graph shows how the electric field
at P oscillates with time as the wave trains pass P. Two t. intervals are indicated; within any one t, the
oscillation is sinusoidal and coherent or organized. You could use Eq. [1-8] to predict the final field from
the initial value for a short time interval such as Dt, < t.. For an interval such as Dt,> t , the oscillation is
incoherent; Eq. [1-8] does not apply because of the random “off’” period(s). You cannot predict the final
field from the initial.

Figure 2-1(b) shows the similar case for the radio transmitter R. Its t. is infinite or at least very long (as
long as the transmitter is turned on). Equation [1-8] applies and we can predict any future field at P from
any initial value.

® Although short t. is much greater than the wave period T; for visible light f » 10 Hzand T » 10™ s, so t
JT »10°/10™ = 10°.
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Fig. 2- 1. Hllustration of concepts related to temporal and spatial coherence.

Figure 2-1(c) and (d) show the corresponding spatial results, i.e., sketches of the electric field versus

distance r away from the Hg atom (Fig. 2-1(c)) and radio transmitter (Fig. 2-1(d)). Coherence lengths, .

= ct,, are shown: a few centimetres for Hg and infinite for the radio. For the Hg radiation, for short

lengths Dr, <

For humans, the time intervals in which we normally can measure quantities or in which we are interested
are usually many orders of magnitude greater than the t. = 10 s of Hg radiation. Thus, we often say the

., the wave train is coherent but for lengths Dr, >

., It is incoherent.

Hg radiation (and radiation from similar non-laser sources) is incoherent whereas the radio waves are

coherent. However, we see that temporal incoherence is relative; ‘incoherent’ simply means “t. is much

less than the time intervals of normal human interest”.
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Example 2-5:
A laser (discussed in Chapter 6) has a coherence time t. of 10° s. What is the coherence length of

the laser light? Compare with that of mercury light.

¢ = ct, = (3.00x10%m/s)(1x107° s) = 3x10® m = 3 km

The coherence length (and time also) is 10* times longer than that of mercury light.

Figures 2-1(c) and (d) illustrate longitudinal spatial coherence, i.e., in the direction that the light is
travelling. It is related to the temporal coherence as we have discussed. In addition, there is transverse
(or across the beam) spatial coherence.

Figure 2-1(e) and (f) show the radiation from a Hg lamp and radio transmitter at a given instant, for a
small solid angle. Note Fig. 2-1(e) is for the entire Hg lamp in this case

(~ 10% atoms; not one atom) and the radiation is the superposition of countless wave trains from
individual atoms. We see that along a transverse line AB there is little or no transverse spatial
coherence. You cannot predict the field at B from that at A. In contrast, Fig. 2-1(f) shows the organized
spherical wave fronts moving out from a radio antenna. Everywhere along the transverse arc AB, there is
a wave crest. In general, along any transverse line CD there is a fixed phase relationship; you can use Eq.
[1-8] to predict the field at D from that at C. We say that the radio wave has (transverse) spatial
coherence whereas the Hg radiation does not.

Double slit interference patterns such as
illustrated in Fig. 2-2 are a familiar
phenomenon. To produce an
observable (stable) interference pattern,
transverse spatial coherence over the
distance between the two slits S; and S,
must exist. There must be a stable
phase relationship (e.g., ‘in phase’)
between the incident waves at S; and S,
at least over a time long enough to
observe the fringe pattern. Otherwise
the pattern will shift rapidly and
uniform illumination over the screen
will be observed. The observable
interference pattern from a laser is due
to the transverse spatial coherence of the laser beam (see Chapter 6).

//' Interference pattern
{/7,,_1 (bright and dark

regions on screen)

N

\\‘

Fig. 2-2 A double slit interference pattern illustrating
spatial coherence.

There is one simple feature of incoherent light. Because there are no interference
effects the irradiance is additive, i.e., the total irradiance on a surface is simply the sum of the irradiance
produced by the waves from each

individual atom. This is also true|  E, L0 e
for incoherent scattering such as T T i"‘WPh"“’“ 4§
the scattering of blue light by the B c20ev AE,
air molecules of the atmosphere. T : E,
o photon y AR }photon L

Now consider further the light g photon z
emission process for an atom

Fy— :—‘ oo

absorptjony emission

() (b)

Fig. 2-3. Simplified valence-electron energy level diagrams for a
hypothetical atom.
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such as mercury. Familiarity with concepts such as the wave nature of the electron (atomic orbitals), and
how this leads to the electronic structure of atoms, (e.g., the K, L, M shells, etc.) is assumed. The
emission and absorption of light is associated with the weakly bound outer or valence electrons. There is
a minimum energy arrangement or ground state and various excited states associated with various
changes in the valence electron arrangement. These concepts are illustrated in the usual electronic energy
level diagram of Fig. 2-3(a).* This is a general and simplified diagram showing only three levels and
representing a hypothetical atom, i.e., not specifically mercury. In a typical atom, these valence levels
have separations in the electron-volt range. For example, if we arbitrarily set the ground state E, = -4 eV,
then E; might be -2.0 eV and E, = -1.0 eV for this hypothetical atom. If these atoms are in a gas at room
temperature, almost all will be in the ground state. Recall that in a gas the average thermal kinetic energy
is given by kgT where kg is Boltzmann’s constant = 1.381x10% J/K = 8.617x107° eV/K. Thus at room
temperature (T = 300 K), kg T = 0.026 eV. Since this is much less than the minimum of 2.0 eV to jump
from E, to E, the atoms cannot be lifted out of their ground state by thermal collisions at room
temperature (see Problem 2-9).

In a vapour or gaseous lamp such as a mercury-vapour lamp, an electric current (i.e., a stream of
electrons) is passed through the gas and some of these electrons collide with the atomic electron clouds.
If the applied voltage is large enough, these current-electrons will have kinetic energy greater than E; and
E,. Thus by collisions between the current- electrons and the atoms, the atoms can gain enough energy to
make a transition upward from E, to E; and E,. This absorption of energy is represented by the upward
arrows in Fig. 2-3(a).

The arrangements represented by E,, E,, etc., are called stationary states which means that, if the atom
stays in one of these states, it does not radiate (it could not radiate i.e. lose energy, and still remain in a
constant energy level). However, most excited states have very short natural lifetimes; almost
immediately upon reaching an excited state, the atom will drop to lower states and quickly reach the
ground state. For each downward transition, the atom must lose energy which radiates outward as a
photon of energy E,, given by:

En=E,-E [2-6]
where E, is the energy of the upper level and E the energy of the lower level.

For our hypothetical atom, there are three possible downward transitions labelled x, y and z giving three
possible photons (x, y and z) with respective energies of 1.0 eV (i.e., using Eq. [2-6], -1.0 eV - (-2.0 eV)),
and similarly 3.0 eV and 2.0 eV.

An excited atom could also lose energy and return to its ground state by collision with another atom,
provided it did so within the natural lifetime of the excited state (before a photon can be emitted). The
energy is simply passed to the second atom.> In a collision, the energy might initiate a chemical reaction
or it might eventually end up as random or thermal kinetic energy of the atoms, increasing the gas
temperature.

Assume for now that collisions do not occur and the atom drops to the ground state by radiation emission.

* The reason why the energies are negative will be explained in Sec. 3.3 in the discussion of the hydrogen
atom.

% In Chapter 7 this will be an important process in the operation of the helium-neon (He-Ne) laser.
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So far, the process has been described in terms of ‘natural lifetimes’ and “photons’. It could also be
thought of in terms of EM waves and the “on-off’ concept used in the previous discussion of coherence.

Consider the E; E, transition and the photon labelled ‘z’ in Fig. 2-3(a). The photon could be thought of
as the wave train discussed earlier, with frequency f, and wavelength 1, given by Eq. [2-1]

f, = Epne/h = (E1 - Eo)/h
and I, =c/f,=hc/(E; - Ey)

For E; - E; = 2.0 eV, this gives f, = 4.8x10™ Hz and I, = 620 nm which is in the red region of the visible
spectrum. (You should verify these figures.) ©

In classical EM wave theory, a wave of frequency f, is emitted by an oscillator which oscillates at the

same frequency. Thus for the E; E, transition, the electron clouds can be thought of as momentarily
oscillating with frequency f, = (E ;-E o)/h radiating the wave train of the same frequency. The time
interval over which this occurs is the ‘on’ period of the earlier coherence discussion and the ‘off’” period
is the time the atom spends in the ground state awaiting a collision with a current-electron to jump up to
E, or E; again. The “‘on’ period, previously called the ‘coherence time’ (t.), is the same as the “natural
lifetime’ of the excited state, i.e., about 10° s.

If our hypothetical atom reaches level E,, it could also oscillate and emit radiation at two other
frequencies, specifically f, = (E,-E;)/h and f, = (E,-Eo)/h (verify that these are 2.4x10* Hz and 7.3x10"
Hz respectively). Thus it can be said that the hypothetical atom ‘likes to oscillate’ at three frequencies f,,
f,and f,. A comparison could be made between the atomic electrons bound to the nucleus which ‘like to
oscillate’ at certain frequencies, to a mass on the end of a spring. If pulled down and released, the mass
oscillates at a certain frequency determined by the mass and the elastic properties of the spring. This is
the resonant frequency of the mass-spring system. Similarly the valence electrons bound to the rest of the
atom can be thought of as a complex mass-spring system with, in this case, three resonant frequencies f,,
fyand f,.

A given atom, when it is “‘on’ or radiating a wave train or photon can only radiate one frequency (e.g., f.).
However, in a lamp with countless atoms, there will be some radiating each frequency at any instant.
Thus the radiation from the lamp will be polychromatic (many colours). This is another difference
between the mercury street lamp and the radio transmitter which radiates a single, controllable frequency
(i.e., is monochromatic).

Suppose for simplicity our hypothetical atom had only one excited state — say E;. One might think that
the lamp would then be exactly monochromatic, emitting one frequency

f, = (E1-Ep)/h = 4.8x10* Hz as previously stated. Regarding monochromaticity, the lamp would then be
the same as the radio transmitter. This is approximately, but not exactly true; the lamp is not perfectly
monochromatic. This is because the upper level (E;) is not exactly 2.0 eV; there is a small spread DE; in
the energy of the level, at least collectively for all the atoms, as illustrated in Fig. 3-3(b). The size of the
spread is related to the natural lifetime or coherence time t. of the E; level; t, represents an uncertainty in
the lifetime of the E; level. The Heisenberg Uncertainty Principle which applies to atoms, states that, if a
system has energy for a time period that is uncertain by an interval Dt, the amount of energy is uncertain
by an amount DE given by:

® Alternatively use the Duane-Hunt Eq. [3-1b] to get the result directly.
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DE Dt » h/2p

[2-7]

For an atom in level E;, Dt » t. and DE is the uncertainty or width DE, of E,, i.e.,

DE, = h/2pt..

>

Example 2-6.

What is the relative spread of energies for an atomic level that has a coherence lifetime of 10 s?

DE, » h/2pDt = h/2pt. = 6.63x10* J.s/(2p10~° s) = 1.0x107% J or 6.6x107 eV.

Obviously from Example 2-6, DE; is << (E; - Ey) which is 2.0 eV; the ratio DE,/E; = 3.3x10~".

The ground state has essentially an infinite lifetime. There is no lower energy level to which the atom can
fall; it can only rise to E; if, and when, it receives energy by some means. Therefore its ‘width’ DE, is

essentially zero.

When photons are produced by many atoms falling from level 1 0, the photons will all have

approximately identical energies E,, = E; - E, but there will be a small spread in photon energy DE,, » D
E, (recall DE, = 0). This means that from the wave view, there will be a small spread in frequencies and

wavelength. Since f, = (E;-Eo)/h, then Df, = DE./h, i.e.,

Df./f, = DE,/E, = 3.3x10~

Similarly, there is a small spread in wavelengths. From c¢ = If, by differentiation we have d1/1= —df/f.

For the case described in Example 2-6 (t. = 10-°) and ignoring
the negative sign, this means DI,/1, = Df,/f, = 3.3x10".

Summarizing: Because of the natural lifetime or coherence
time t. of level E,, there is a spread in photon energies, wave
frequencies, and wavelengths:

Df DEph - DEl

f E E, 2pE,L,

[2-8]
ph

Thus, unless t. = ¥, the radiation cannot be perfectly
monochromatic. If t. is small, the radiation will (a) be
relatively incoherent, and (b) have poor monochromaticity. As
t. increases, the radiation becomes more coherent and
monochromatic for a given transition.

Referring again to the radio transmitter, since t; is essentially
¥, DEFI0, i.e., the radio waves are very monochromatic.

These concepts are illustrated in Fig. 2-4 along with ways to
observe them experimentally. Suppose a source contains the
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hypothetical atoms emitting the three wavelengths Iy, 1,, 1, from the three transitions. If this radiation is
sent through a dispersing element (prism or diffraction grating), it is dispersed angularly, i.e., a different
wavelength I emerges at each angle g. A detector could move to each q and measure the radiated power
per unit wavelength interval (P,) at that I. If the wavelength at each I is known, the measurements could
be displayed as in Fig. 2-4(b), a plot of P, vs. 1. The radiation has essentially three wavelengths 1,, etc.,
as shown and each has a small width DI, etc., which of course need not be the same for all three. The
total power radiated in each spectral line is given by the area under each curve and, of course, can vary
between lines as indicated, i.e., the ‘lines’ are not all of equal intensity.

@ Example 2-7:
Refer to the hypothetical atom of Fig. 2-3. Suppose the natural life-time or coherence time t, for

level E; is 1.0x10-% s. What are the wavelength I and the wavelength-spread DI for the light emitted by

E, E,transitions (i.e. the photons referred to as ‘y’ in Fig. 3-3 and 3-4)? Initially ignore the width, or
uncertainty, DE, in the upper level.

The photon energy Eyn =E, -E;=-1.0eV - (-4.0eV) =3.0eV

The wavelength of this light: I = hc/E,, = 1240 eV nm/3.0 eV
=410 nm (to 2 sig. fig.)
This light is in the violet region of the spectrum.

Using the Heisenberg Uncertainty Principle (Eq. [2-7]), as in Example 2-4, the energy spread of
the E, level is:

DE, = h/2pt, = 6.63x107* J s/2p(1.0x10® s) =1.06x10%¢ J = 6.6x10° eV
For the E, level DE, = 0 therefore, DE for the photon = DE,

Therefore DI/1 = DE,/E,, = DE,/E, (Eq. [3-8])

DI = IDE,/E, = 410 nm(6.6x10® eV/3.0 eV) = 9.0x10° nm

or DI/1 =9.0x107%/410 = 2x107® i.e. the line width is very small relative to the average wave-
length.

The widths D1,, etc., shown in Fig. 2-4(b), are the natural line widths determined by the level lifetimes t..
In practice, the line widths may be much wider as shown in Fig. 2-4(c) for one of the lines. If the source
is a gas, there are two causes of this further broadening. One is the Doppler Effect due to the thermal
motion of the atoms, an effect well known for sound as well as light. Suppose an atom were emitting
exactly a single frequency f and wavelength I. If it is moving toward you, the frequency you detect is
increased slightly (and 1 decreased) and if moving away, the frequency is decreased slightly (and |
increased). Since the atoms in the gaseous source are moving in random directions at various speeds, this
causes an increase in DI beyond the natural width.

The second cause of further broadening is collision-broadening. Collisions between the atoms in the gas
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distort the electron clouds of the atoms, broadening the energy levels E,, E,, etc., and further increasing
the line width, DI. These effects are indicated in Fig. 2-4(c) for a single line. These concepts will be
discussed again in Chapter 6 since they are important in laser devices.

The above discussion deals with the emission of photons by atoms. They can also absorb similar photons,
almost always from their ground states. Consider again the hypothetical atom of Sec. 2.2 whose three
valence energy levels are shown in Fig. 2-3. As discussed above, these atoms (at room temperature) are
usually in their ground state since kgT is much less than E;-E,. It was assumed that the atoms were in a
lamp and absorbed energy (jumping from E, up to E; or E,,) by collisions with the electric-current
electrons in the lamp (the upward arrows in Fig. 2-3). They can also absorb energy and jump from E, to
E , or E, by absorbing a photon of the proper energy. This absorption is a single, all-or-nothing event.
Thus, for our hypothetical atom to jump from E, to E,, it must absorb a photon of energy 2.0 eV; to go
from E, to E,, the photon energy must have 3.0 eV of energy. If one of these atoms is already in the E;
state, it could absorb a 1.0 eV photon and jump from E; to E,. This latter case would be a very rare and
almost unobservable event since the lifetimes of the excited states are very short (recall t. » 10°s). Thus,
if a beam of light of all photon energies (say from 0.1 eV up to 10 eV) were incident on a gas of these
hypothetical atoms at room temperature, the atoms would absorb some of the 2.0 eV and 3.0 eV photons
and essentially none of the 1.0 eV photons. If the transmitted light were examined with a prism or
diffraction grating (see Fig. 2-4(a)), the spectrum would look somewhat like Fig. 2-5 which should be
compared to Fig. 2-4(b). The latter is an emission spectrum of the hypothetical atoms. Figure 2-5 is an
absorption spectrum, i.e., the spectrum of the light, originally containing all wavelengths or photon
energies, after it has passed through a gas of these atoms.

Scientists often refer to this photon
absorption process as stimulated
absorption. We could ask, "Why
should the atomic electrons absorb
these incident photons even if the

photon energies are a correct match?"

Recall that in Sec. 2-1, it was

suggested that one could think of the

hypothetical atom as having three

resonant frequencies, f, =

(E1 - Eg)/h, etc. If we think of the |
incident light in terms of oscillating

EM fields, the incident beam consists 7\,y 7»z Ax
of a wide range of frequencies Wavelength

including the three resonant

frequencies f,, f, and f,. Further, the | Fig. 2-5. The absorption spectrum of the hypothetical atom of Fig. 2-3.

Relative transmitted intensity
per unit wavelength interval

incident light consists of electric and
magnetic fields that can exert forces on the atomic electrons; the incident light can attempt to drive the
atomic electrons into oscillations at all frequencies. However, a driven oscillator responds mainly to
driving frequencies approximately equal to its own natural frequencies. (When we push a person on a
swing, we push with the natural resonant frequency of the swing.) Thus, the atom responds only to
incident frequencies of f,, f, or f, (or very close to these frequencies because of the width DE). The atom
is thus stimulated by the incident EM wave fields to absorb photons of the correct energies from the
incident light. Of course there is almost no absorption at frequency f, because the population of the E;
level at any time is almost zero since t. is so small.

2-12



2-ELECTROMAGNETIC RADIATION: THE QUANTUM DESCRIPTION

2.4 Further Sources of EM Radiation.

In Sec. 1.4 and 2.2, two sources of EM radiation were described, specifically a radio transmitter and a
hypothetical atom whose valence electrons emitted photons in the visible and near infrared regions. In
this section, other sources are discussed.

The radio transmitter of Sec. 1.4 is typical of the human-made and controlled devices that generate
frequencies from essentially 0 Hz to about 10° MHz, the region of the spectrum referred to as radio and
microwaves (see Fig. 1-11). We will not be concerned with the design of these generators and antennae
except to point out that, by a suitable choice of components, essentially any frequency in this region can
be generated and controlled with excellent coherence and monochromaticity. There are technical limits
and, at present, the upper frequency that can be produced is about 10** Hz. Most of the radio and
microwave radiation in our environment is produced by these manufactured devices.’

The hypothetical atom of Sec. 2.2 is typical of real atoms that are well separated from each other and
acting independently as in a low pressure gas. The valence electrons of atoms have energy levels
typically separated by 0.1 eV to 10 eV. Therefore, if they absorb energy and are lifted from the ground
state to various excited states, they will emit photons in the 0.1 eV to 10 eV range when returning to the
ground state. This corresponds to radiation in the near infrared, visible and ultraviolet parts of the
spectrum (see Fig. 1-11). Since each atomic species has its own electronic structure and energy levels,
each type of atom radiates its own characteristic set of photon energies or wavelengths, i.e., its own
characteristic spectrum. For example, neon emits a set of photons predominantly in the red region of the
spectrum producing the red light of neon signs. Sodium emits wavelengths of various colours, but has a
very strong emission in the yellow region of the spectrum producing the yellow colour of a sodium lamp.
These atomic spectra, consisting of sets of discrete wavelengths, are called line spectra, each wavelength
isa ‘line’ .2 In low pressure gas lamps where there is relatively little collision broadening, the lines are
relatively narrow or sharp (see Fig. 2-4). In higher pressure lamps such as sodium and mercury street
lamps, there is considerable collision broadening.

Radiation from Atomic Hydrogen

In contrast to the hypothetical atom discussed in Sec. 2.2, we now consider EM radiation emitted and
absorbed by a real atom, specifically atomic hydrogen (not molecular hydrogen H,). Since hydrogen is the
simplest atom, its spectrum is the simplest of all atomic or molecular spectra.

The visible spectra of atoms were studied experimentally in great detail in the latter half of the 19th
century and the Rutherford model of the atom (i.e. massive nucleus and orbiting electrons) was
established in the early 20th century. However, it was not until the 1920s that the present concepts related
to atomic structure and radiation evolved, following the development of quantum mechanics (QM) after
1925.°

It is beyond the scope and intent of this text to discuss, in detail, the concepts and techniques of QM and

" The Earth also receives a small amount of microwave radiation from astronomical sources also referred
to as ‘radio sources’. An example is the 21 cm radiation (i.e. 1 = 21 cm) from hydrogen atoms in our Milky
Way galaxy. In addition, there is the well known ‘cosmic microwave background’ radiation. The Earth
receives weak microwaves, of wavelength about 2 mm, from alldiractions-in-snace-This-is believed to be

the radiation remnant from the evolution of the Universe whigf v >me 18 billion
years ago. -€
8 : L~ electron
When atomic spectra are observed through a standard spegt +e ppears as a
separate ‘line’. The line is in fact simply an image of the entrgr
nucleus
2-13 (a proton)

Fig. 2-6. The electron and proton in
hydrogen at a given instant.
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its application to the hydrogen atom. Details can be found in many texts on modern physics and
chemistry. However, some general ideas are in order and are outlined below.

The electronic energy of the atom is central to understanding the radiation spectrum of any atom. Suppose
that at some particular instant, the electron is at a distance r from the nucleus (a proton), as shown in Fig.
2-6. Recall that for a pair of charged particles, the convention is to set their electrical potential energy to
zero when they are infinitely far apart and hence each is completely beyond the electric field of the other.
If so, then for two charges g; and , at some separation r, their electrical potential energy (U(r)) is given
by 10

u(r) = 1 90, _ K dad2 [2-9a]
4pe, r r
For hydrogen with g, = +e and g, = -e, this becomes
1 e? e?
u()=- —=-k— -
(r) ape, T . [2-9b]

In the above two equations:
i) k is the Coulomb constant.
ii) For r F1 ¥, Eq. [2-9] gives U = 0 as expected.
iii) The negative sign means that the particles have charges of opposite sign and attract one
another. When they are close together their potential energy is negative and becomes smaller
(more negative) the closer they are, all relative to zero energy at r = ¥.

Of course the particles also have kinetic energy (K). Since we are interested only in the internal energy of
the proton-electron system, the convention is to consider only the motion of the electron relative to a
reference frame fixed to the more massive nucleus. If the electron's speed relative to the nucleus is v, then
its kinetic energy is K = Yamy2,*

The total energy E of the atom at any instant is:
E=U()+K [2-10]

Remember that U(r) is a negative quantity and K is positive. For a stable atom K must be less than |U| so
that the total energy E is still negative. If K is large enough so that E = 0, the electron would move off to r
= ¥ and be at rest there; if E became greater than 0, the electron would fly off to infinity and still be in
motion. In either case, we would have ionized hydrogen, not a hydrogen atom. The following example
illustrates these concepts numerically.

%e was one important earlier development: In 1913 the famous Danish physicist Niels Bohr (1885-
1962) developed a semi-classical (planetary) model of the hydrogen atom. Following some ad-hoc
assumptions, his model correctly explained the known spectrum of hydrogen. His ideas were important in
leading to the later developments of quantum mechanics.

0 See the electricity section of any general physics text.

! Here m is the electron's rest mass. We assume that v << ¢ so that non-relativistic concepts are valid.
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Example 2-8:
a) At a certain instant in a hydrogen atom the electron is 0.100 nm from the nucleus. What is the atom's

electrical potential energy at this instant?

U(r) = -ke?/r =-(9.00x10° N m? C?)(1.60x107*° C)?/(0.100x10-° m)
=-2.30x10 ) =-14.4 eV

b) Suppose at this instant the electron's kinetic energy is 10.0 eV. What is the total electronic energy? Is
the atom stable?

E=U+K=-144eV+10.0eV =-44eV

Since E < 0 the atom is stable.*? To cause the system to fly apart we would somehow have to give
the electron a minimum of 4.4 eV of energy to bring E at least up to zero. For example if we gave
the electron 5.0 eV of additional energy, it would move away from the nucleus to infinity and
have 0.6 eV of kinetic energy remaining.

In the quantum mechanical treatment of the atom, the above expression for the potential energy (Eq. [2-
9]) is inserted into the well-known Schrédinger Equation. The solution(s) of this equation tell us all we
can learn about the atom, in particular the following:

The electron can be in certain states, called stationary states in each of which it has a particular energy E
and angular momentum. For our purpose (to predict the spectrum) the energy is the important quantity.
Since in each stationary state, the energy and angular momentum can only have a certain value, these
quantities are said to be *‘quantized’ and the stationary states are called quantum states. Because of the 3-
dimensional nature of the atom, it turns out that each of the quantum states is associated with three related
numbers (usually integers) known as quantum numbers. Because of the simple nature of the hydrogen
atom (only one electron), and the simple spherical nature of the potential energy (1/r dependence), the
energy of each state depends only on one of the three quantum numbers. This number is called the
principle quantum number and is usually given the symbol n. It can have valuesn =1, 2, 3,... The other
two quantum numbers are related to the electron's angular momentum due to its motion about the nucleus
(so-called “orbital angular momentum’).

To be more specific, the Schrodinger Equation tells us that the energies of the stationary states are given
by the expression

E,=- n=123.. [2-11a]

The symbols k, e, m, represent the constants previously defined and = h/2p; when the S.1 values are
substituted, Eq. [2-11a] becomes;

E -_218-10°J _ 136eV

n
n2 2

[2-11b]
n

2 Shortly we will see that QM tells us that only certain values of E give ‘stationary states"” i.e. states that
do not radiate energy. Here we are considering stability only in terms of whether E is less than 0 or not.
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Equation 2-11b is illustrated in Fig. 2-7. The horizontal %
lines associated with the values of the principal 0 e oo
quantum number n represent the energy levels of the H — . ned
atom. 1.3 e n=3
¢ 3.4 n=1
ExamQIe 2-9: Energy
What is the electronic energy of the hydrogen ff;g,) .
atom in the ground state and in the two lowest b ¢
excited states?
For the ground state, n=1and E; =-13.6 eV -13.6 n=1
For the first excited state n =2 and E, = -13.6 | Fig. 2-7. The electronic energy levels of atomic
eV/22=-3.4eV hydrogen. The vertical lines represent a few of the
possible transitions between levels.

Similarly forn=3, E;=-13.6 eV/32=-1.5eV

(See Fig. 2-7)

Because of the wave-particle duality of matter and energy, there is no physical meaning to the concept of
a definite path or orbit for an atomic electron. The best the Schrodinger Equation can tell us is the
probability density (probability per unit volume) of detecting the electron at each point in space. Thus in
each quantum state the electron is often represented as a probability cloud or atomic orbital familiar in
modern chemistry and physics. However it is possible to determine the average value of the distance r for
each orbital. As the quantum number n increases, the average value of r also increases, i.e., in Fig. 2-7, as
the electron moves to higher energy values it moves out from the nucleus to larger average values of r.
This is consistent with the previous discussion of increasing electrical potential energy as r increases. At
n =¥ (E = 0) the electron has moved to r = ¥, that is, the atom is ionized with the electron at rest. The
cross-hatched area in Fig. 2-7 above the E = 0 line (positive E values) represents the kinetic energy the
free electron can have. Since the kinetic energy is not quantized, this area is a continuum.

The negative energies in Eq. [2-11b] and Fig. 2-7 arise from the negative potential energy discussed
previously relative to Eq. [2-9b].

Now consider the transitions between levels. For transitions to occur the electron must gain or lose
energy. This may be done via collisions with other particles or by absorbing or emitting photons. The
smallest upward jump for a hydrogen atom in the ground state is from n =1 fi n = 2; to do so the atom
must gain 10.2 eV (-3.4 eV -(-13.6 eV)) of energy. This is much greater than the value of the average
thermal energy (ksT » 0.26 V) at room temperature; thus for hydrogen gas at temperatures near 300 K
almost all the atoms are in the ground state (See Problem 1-12).

Example 2-10:
@ a) What is the longest wavelength absorbed by atomic hydrogen at room temperature?

The longest wavelength corresponds to the smallest photon energy that the atom can absorb.
From the above discussion, this is the n = 1 fi n = 2 transition with a photon energy of 10.2 eV.
This is the vertical upward line labelled ‘a’ in Fig. 2-7.
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I = hc/E,, = 1240 eV nm/10.2 eV = 122 nm (in the UV)
All of the absorption lines for room temperature hydrogen are in the UV; see Problem 3-13.
b) What is the minimum photon energy to ionize ground-state hydrogen?

From Fig. 2-7 or EQ. [2-11b] the minimum energy is 0 - (-13.6 eV) = 13.6 eV. This ionization is
represented by the upward arrow labelled *b’ in Fig. 2-7. See Problem 2-13.

If by some means hydrogen atoms can absorb internal energy and populate excited states then they will
emit photons as the electrons fall back to lower levels and finally to the ground state. The lifetime of
excited states is only about 10~ s so emission occurs almost immediately following energy absorption.
The energy might be supplied by raising the temperature of the hydrogen sufficiently (See Problem 2-12)
as on stars, or illuminating the gas with high energy photons (See Example 2-10 and Problem 2-13).
However, the simplest method is to pass an electric current through the gas at a suitable pressure. If such
a lamp is operated at the correct voltage, the electrons of the electric current have sufficient energy that,
through collisions with hydrogen atoms, some of the latter are raised to various excited states.

Example 2-11:
What are the photon energies and wavelengths of the radiation emitted by the downward jumps
labelled ‘c’, ‘d’, and ‘e’ in Fig. 2-7?

Transition ‘c’ is simply the reverse of the absorption discussed in Example 2-10. Therefore the
photon energy is 10.2 eV and the wavelength is 122 nm.

It should be evident that all the transitions from higher levels directly down to n = 1 will yield
radiation lines in the UV. See Problem 2-14 and also Fig. 2-8. This series of lines is called the
Lyman Series after the physicist who discovered it.*®

Transition ‘d’ is from n = 3 to n = 2. From Fig. 2-7 (or Eq. [2-11b] and Example 2-9) the
corresponding energies are E; =-3.4 eV and E; =-1.5 eV.

Therefore the photon energy E,, = (-1.5eV) - (-3.4eV) =1.9eV

The corresponding wavelength = 1240 eV nm/1.9 eV = 650 nm (In the red region of the visible
spectrum).

Transitions from hydrogen levels directly to the n = 2 level produce photons in the visible and
near UV (UV-A) region of the spectrum. This series of emission lines is called the Balmer
Spectrum. ** See Fig. 2-8 and Problem 2-14.

Transition ‘e’ is from n = 4 to n = 3. The energy of the photon is

Epn = E; - E3 = (-13.6 eV/4?) - (-13.6 eV/3?) = -0.85 eV - (-1.51 eV) = 0.66 eV
thus I = 1240 eV nm/0.66 eV = 1880 nm = 1.9 um (in the infrared).

¥ Theodore Lyman, (1874-1954), American physicist.

1 Johan Jakob Balmer (1825-1898), Swiss physicist.
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Transitions from all levels directly to the n = 3 level yield photons in the infrared part of the
spectrum. This series is called the Paschen series; see Fig. 2-8 and Problem 2-14.

Transitions from higher levels to n = 4, 5, etc. also yield lines in the IR.

tons=1 ton=2,

Lyman series Balmer series ‘
y ton= 3, Paschen series

0 500 nm 1000 nm 1500 nm 2000 nm
] |
UV | Visible | IR

Fig. 2-8. Three of the series in the emission spectrum of hydrogen.
Fig. 2-8 illustrates the features of the emission spectrum of hydrogen in the UV, visible, and near-IR
regions of the spectrum, as contained in Example 2- 11and Problem 2-14.
The above discussion suggests an infinite number of transitions and emission lines are possible. Of course
not all are equally probable. In the excitation process not all the excited states are populated equally; the
lower states being more highly populated. Also some transitions are much more probable than others.
Hence some of the emission lines are much more intense than others.

It is not quite true that all of the energy levels are given exactly by Eq. [2- 11]. Due to the finite lifetime
of the excited states, each transition will also have a small wavelength width (DI) as discussed in Sec.
2.2. In addition the electron (and the nucleus) has a quantum property equivalent to spinning on its own
axis. Because the electron and proton are charged, this spin, and also the electron’s orbital motion,
produce magnetic effects. These magnetic interactions produce very fine splitting of the energy levels
(called “fine’ and ‘hyperfine’ structure) resulting in very fine splitting of the spectral lines. The 21 cm line
mentioned previously in connection with hydrogen and microwave astronomy arises from the electron-
nucleus magnetic interaction and a “‘spin-flip” of the hydrogen’s orbital electron.

The preceding discussion deals with the emission and absorption of EM radiation by the outer or valence
electrons of atoms. As previously stated, these energy levels are separated by a few eV and the
corresponding radiation is in the near infrared, visible and ultraviolet regions.

X-rays:

It is possible for atomic electrons to be involved in the emission and absorption of higher energy photons,
particularly X-rays whose photon energies are typically in the keV range. X-ray production and
absorption involves the inner electrons of heavier atoms.

- —High Volt +
As is well known, atomic electrons are subject to the I X'“ys/mnwmdow

rules of quantum mechanics such as the Pauli Exclusion
Principle. As a result, the electrons in multi-electron

Metal Anode

\Evacuated Glass Bulb
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atoms are grouped into ‘shells’ based on the principal quantum number ‘n’. For example, in
molybdenum?® (42 electrons), the inner-most electrons have n = 1 and there are only two of them. They
are said to be in the ‘K-shell’. Further from the nucleus, there are 8 electrons with n = 2, called the L-
shell. Next is the M-shell (n = 3) with 18 electrons, the N-shell (n = 4) with 13 electrons and the O-shell
(n = 5) with one electron. Within each shell there are small variations in energy between electrons, which
we may ignore; there are large differences between shells, particularly between the K and L shells.
In molybdenum, the difference between the K and L shells is 17.9 keV and between K and M, it
IS 19.6 keV.

The standard human-made device for producing X-rays as used in medicine, dentistry, etc., is illustrated
in Fig. 2-9. A metal target or anode, a metal cathode and a heater are sealed in an evacuated glass
envelope. Electrical leads from the target and cathode are connected to a voltage supply capable of
supplying many kilovolts. The target is positive (i.e., the anode) and the other electrode is the cathode
(negative). If the cathode is heated by passing electric current through the adjacent heater, electrons are
emitted from the cathode surface. These are accelerated toward the target (anode) by the large electric
field that results from the large voltage V between cathode and target. As a result, the electrons gain
kinetic energy K equal to eV joules or, in terms of electron volts, equal to V electron volts. For example,
if V=10 kV, the KE of the electrons striking the target is 10 keV. When the electrons strike the target,
X-rays are produced that can exit through the thin window as indicated.

If the X-rays produced by the above method are examined

T
Characteristic

by suitable apparatus, the X-ray spectrum may be obtained Xray spectrum
as shown in Fig. 2-10. This diagram illustrates the spectrum H x,
from a molybdenum target at five different anode voltages, \«.
ranging from 5 kV to 25 kV. We see that at 25 kV, there are

two parts to the spectrum, a continuous spectrum and two
‘lines’ (Ka) and Ky) called the characteristic spectrum. At '
lower voltages, there is only the continuous spectrum.

- \
/25 kv== Continuous spectrum
\_or bremsstrahlung _]

NPENG
Recall that EM radiation is produced when electric charge is / / 18R \
accelerated. The continuous part of the X-ray spectra is v 7\\\ .
produced by the deceleration of the electrons when they / m\/&.\
strike the anode. They must get rid of a lot of kinetic h ™ T o
energy. Much of this energy is changed into thermal Wavelength <nm>\1. L Lo,m o
energy, heating the target (which may be water-cooled). 0.050 ‘!3‘062 ~oossam
Some of the energy is emitted as photons and, since the KE Fig. 2-10. X-ray emission spectra for a
of the electrons is in the keV range, the photons are also in molybdenum anode at various anode
this range, i.e., X-rays. Since the deceleration process can voltages.
occur over several ‘collisions’ with target atoms, a

Relative Intensity

continuous range of photon energies is released, hence the continuous nature of this spectrum. However,
there is a definite maximum photon energy or minimum X-ray wavelength as shown in Fig. 2-10. This
happens when the electron is abruptly brought to rest (decelerated) in only one interaction and so gives up
all of its energy as one photon. As might be expected, this is a rare occurrence and so the intensity is low
at this wavelength as seen in the figure. The continuous spectrum depends only on the tube voltage and
not on the anode metal. The continuous spectrum is also called the bremsstrahlung spectrum from the
German for ‘braking (deceleration) radiation’.

Example 2-12:
@ If the anode potential of an X-ray tube is 10 kV, what is the minimum wavelength X-ray photon

N
% The x-ray spectrum for a molybdenum target is shown in Fig. 2-10.
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that can be produced?
If the anode voltage is 10.0 kV, the maximum electron KE, and therefore also the maximum
photon energy, is 10.0 keV, or since I(nm) = 1240/E(eV), the minimum X-ray wavelength is
1240/10-10° = 0.124 nm (see Fig. 2-10).

The characteristic X-ray lines (Ka and Ky) are X-rays from the atoms of the target metal. They are called
‘characteristic’ because their photon energy or wavelength, unlike the characteristic rays, depends on the
metal of the anode. If the incident electrons have enough kinetic energy (at least 20 keV for a
molybdenum target), they will knock some of the K-shell electrons out of the target atoms. Atomic
electrons from outer shells (L, M, N, etc.) will then fall into the K-shell to fill the vacancy. In so doing,
they must lose energy which appears as X-ray photons. As indicated earlier for molybdenum, the energy
difference between the K and L shell is 17.9 keV. Therefore, when an electron falls from L to K, it emits
a17.9 keV photon or X-ray of wavelength 1240/17900 = 0.069 nm. The X-rays resulting from L to K
transitions are called ‘K, X-rays’, as in Fig. 3-10. Similarly, if an atomic electron drops from the M-shell
to the K-shell, it loses 19.6 keV which appears as a 19.6 keV photon (1 = 0.063 nm), called the ‘K, line’.
Other target metals produce characteristic lines at other wavelengths. In Fig. 2-10, there are no
characteristic lines for the other tube voltage shown because these incident electrons do not have enough
KE to knock K-shell electrons out of molybdenum atoms.

Example 2-13:
The diagram at the right gives the average energies of the L- and M-shell electrons of nickel

relative to the electron at infinity. The dashed line labelled ¥ is the zero energy level with the
electronatr = ¥.

a) What is the minimum cathode-to-anode tube voltage
required to observe K, and Ky, X-rays if nickel is used for 0.03 M
the anode (i.e. target) metal?

To observe K, and K, X-rays, K-electrons must be
knocked out of some of the atoms. Since this Energy
requires 8.33 keV of energy, the bombarding
electrons incident on the target must have a kinetic
energy of at least 8.33 keV and therefore the tube 8.33 K
voltage must be at least 8.33 kV. (These incident
electrons are released at the heated cathode with
essentially zero KE.)

b) What is the wavelength of the K, and K, X-rays?

Ka X-rays arise from L-electrons falling to the partially empty K-shell; therefore the X-ray
photon has energy of -0.86 keV - (-8.33 keV) = 7.47 keV.

Therefore 1 = hc/E,, = 1240 eV nm/7.47x10% eV = 0.166 nm

Similarly, the Ky, line comes from the M K transition.
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I = he/E,, = 1240 eV nm/8.30x10° eV = 0.149 nm

The production of X-rays need not occur in a standard X-ray tube. Whenever high energy particles
(electrons, protons, etc.) are brought to rest by hitting a ‘target’, continuous X-rays may be produced.
There has been concern about low energy X-ray photons being produced by the electron beam in T.V.
picture tubes although relatively few of these X-rays can escape through the picture-tube walls.
Characteristic X-rays are produced whenever charged particles or photons ‘hit” an atom with sufficient
energy to knock out inner-shell electrons (K, L, M, etc.). When outer electrons fall into the inner shells to
refill the vacancies, X-ray photons are emitted. X-rays are discussed further in Chapter 8.

Radiation from Molecules.

When atoms form molecules, the changes in the electronic energy levels are relatively minor. The inner
electrons of each atom (electrons in the K, L, etc., shells) are essentially the same as in the separated
atoms. Some of the outer or valence atomic electrons are involved in the chemical (e.g., covalent) bonds,
i.e., new electronic arrangements called ‘molecular orbitals’. Chemists often designate these electrons as
s or p electrons depending on the exact nature of the bond. In any case, these bonding electrons exist in
various energy levels: a ground state and excited states. The separation of these levels is about the same
as that for the valence electrons of separate atoms, e.g., about 0.1 eV to 10 eV. Thus molecules have
absorption and emission electronic spectra in the same wavelength range as that of separate atoms. The
electronic absorption and emission lines are in the near infrared, visible and ultraviolet regions of the
spectrum.

However the spectra of molecules are much more complex than that of atoms. Instead of relatively
narrow lines as in Figs. 2-4 and 2-5, the lines are broadened into bands. Also most molecules can emit
and absorb throughout the entire infrared region and also in the microwave region. This complexity is
due to the fact that molecules have two forms of energy in addition to electronic energy that contribute to
their spectra. These are vibrational and rotational energy.

As a simple example, consider a

diatomic molecule such as CO and its b2l
vibrational energy. As a model, we may i
think of this molecule as two point \ k ; v=l
masses m; and m, on a spring which m, ? v=1
represents the chemical bond between B ] ho
the atoms as shown in Fig. 2-11(a). W T v=0
Recall that a spring may be 0 —Lemission
characterized by a force constant k. If (a) L absorption
you stretch an ‘ideal’ spring a distance )
xl,:tﬂeksprlng exerts: a force F given by Fig. 2-11. (a) Mass-spring model of a diatomic molecule.
= kx. (Real springs behave P "

. N e (b) Vibrational energy levels and transitions.
approximately in this way if x is not too
large.) The constant k = F/x (N/m) is a

property of the spring; it is the force it exerts per unit length of stretch (or compression); stiff springs have
a large force constant. In a similar way, a ‘chemical-bond spring’ has a force constant k that describes its
stiffness. In general, triple bonds have a larger force constant than double bonds which in turn is larger
than for single bonds. For example, the force constant for HCI (a single bond) is 480 N/m and for CO (a
double bond), it is 1860 N/m. Such a spring-mass system can vibrate, i.e., the masses vibrate back and
forth along their line of centres and in such a way that their common centre of mass does not move. Such
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a mass spring system vibrates with an angular frequency

=2 f=(kln)” [2-12a]
where | is the ‘reduced mass’ of the system:

i = mymy/(m;+my) [2-12D]

Example 2-14.
What is the vibration frequency of the CO molecule?

In atomic mass units (u), the reduced mass of CO is, from Eq. [2-9b]:
p = 12x16/(12+16) = 6.86 u.

Since 1 u = 1.661x107%" kg, then for CO, u = 1.14x107% Kkg.
Therefore, for CO, =(1800 n m?/1.14x10*¢ kg)* = 4.0x10% rad/s

orf= /2p =6.4x10" Hz.

The energy of an oscillator is the sum of the kinetic energy of the masses and the elastic potential energy
of the spring. A classical (i.e., a macroscopic mass-spring) system could oscillate with any energy
(within a reasonable range) depending, for example, on how far one stretched the spring before releasing
the system. Also, in any macroscopic system, there is some friction so that the initial vibrational energy
will be converted into thermal energy and the system will die down and come to rest. There is no friction
at the atomic and molecular level; a molecular oscillator can vibrate forever.

The essential difference between a classical (macroscopic) oscillator and a molecular oscillator is that, for
the latter, the vibrational energy E, is quantized, i.e., it can have only certain ‘allowed’ values. The
allowed values are given by the Eq. [2-13] and each value is associated with an integer v (v=0, 1, 2, 3...)
which is called the vibrational quantum number. The allowed vibrational energies are:

E,=(Vv+¥%) w [2-13]
where =h/2p =1.055x102*J s = 6.582x107* eV s and w = (k/p)¥? as described in Eq. [2-12].
There are two things to note about Eq. [2-13] (See Fig. 2-11(b)).
@) E, can never be zero, i.e., the molecule can never stop vibrating entirely. Even if v =0, the lowest
energy level, E,=E; =% w.
(b) The allowed E, energy levels are equally spaced (since they depend on v to the first power) with a

separation between adjacent levels

DE=E..-E,= w=2E, [2-14]
@ Example 2-15.
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What is a) the minimum vibrational energy, and b) the vibrational level energy separation for the CO
molecule?

a) For CO, with v =0, E, = %2(6.582x107 eV s)(4.0x10" rad/s) = 0.13 eV.

b) DE = 2E, = 0.26 eV for CO

With electronic energy levels, an atom or molecule may jump from any level to any other level. This is
not true for the vibrational levels. In the vibrational case, detailed quantum mechanics shows that there is
a selection rule. The only allowed transitions are those for which:

Dv=zx1 [2-15]
i.e., the molecule may jump up or down only one vibrational level at a time.

The selection rule, Eq. [2-15], states that DE, = w, which for CO is 0.26 eV as indicated in Example 2-
15; this is a typical value for most molecules. Since the value of ksT at 300 K is about 10 times smaller, it
means that at room temperature, most molecules are in the ground vibrational state (v=0).

Molecules may change vibrational levels by absorbing or emitting a photon of energy DE, = w. Thus,
CO may absorb photons of energy 0.26 eV and, if in an excited vibrational state, emit photons of 0.26 eV.
In terms of wave properties, these photons have a wavelength 1 = 1240/0.26 eV = 4800 nm = 4.8 um and
a frequency f = c/w = 6.4x10" Hz, i.e., the same as the frequency of vibration of the CO molecule itself.
This radiation is in the infrared part of the EM spectrum (see Fig. 1-11).

This discussion has dealt with diatomic molecules and, in particular, the CO molecule. Similar results are
obtained for other diatomics and also for more complicated molecules. Complex molecules containing
many atoms also vibrate and have vibrational energy levels separated by about 0.1 eV, similar to diatomic
molecules. Hence, in general, due to vibrational energy changes, molecules absorb in the infrared and, if
in excited vibrational states, emit infrared.

There is one important exception to the general rule. To absorb a photon, the molecule must interact with
the incident EM radiation fields. To do this, the molecule must have a dipole moment (i.e., be an electric
dipole) in one or both of the ground or excited states (see Fig. 1-1e and Sec. 1.3). Symmetric molecules
such as O, and N, do not have dipole moments in any vibrational state since the centre of mass of the
negative and positive charges coincide. Therefore, these molecules do not absorb vibrationally.*
Heteronuclear diatomics such as HCI and CO absorb strongly as do most of the more complex molecules.
This has important environmental effects. The N, and O, gases which make up about 99% of the
atmosphere do not absorb infrared radiation either from the Sun or from the Earth’s surface. However,
the trace gases in the atmosphere such as H,0, CO,, CH,, O, etc., do absorb in the infrared. This is
important in establishing the equilibrium average atmospheric temperature and the Greenhouse Effect
discussed further in Chapter 4.

In addition to vibrational energy, molecules (particularly in the gaseous state) also possess rotational
kinetic energy; they rotate about their centre of mass. Recall that such a rotating object has rotational
kinetic energy given by KE = %2lw? where w is the angular velocity (radians/s) and | is the object’s

1 |f the two oxygen atoms in O, are different isotopes, e.g., **O-""0, the molecule will absorb a small
amount.
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moment of inertia relative to the axis of rotation. The moment of inertia is | = Smr? (kg m?), i.e., it is the
sum of the mass m of each particle multiplied by the square of its distance from the rotation axis, r.

Macroscopic objects may rotate with any kinetic energy (or any w) over a large range of values. In
contrast, quantum mechanical systems (molecules) have quantized rotational kinetic energy. The
‘allowed’ rotational kinetic energy E; is given by

(= 2(1+1)/21 [2-16]

The integer | is called the rotational quantum number; 1=0, 1, 2, ....

Consider again the CO molecule. The

molecule is shown schematically in Fig. 2- =4 Ex=20k
12(a) with three possible rotation axes
through the centre of mass. Figure 2-12(b) )
illustrates the rotational energy levels given 3 Ey=12l
by Eq. [2-16]. It is convenient to express
. A
the energy levels interms of E" = 42l as 2 =61
shown. ‘
1 _ 4
1 [ Bk

For CQ and axes such as y and z in Fig. 2- L ,
12(a) (i.e., axes through the centre of mass A emission
and perpendicular to tf)e molecular axes), | = ——— absorption

1.5x10* kg m?and E" = ?/21 = 3.8x10% ] (b)

=2.4x10~* eV. Therefore, E, = 2E" = ) . .
4.8x10~ eV,. The data for other diatomic Fig. 2-12 (a) Model of arotating diatomic molecule. (b) Rotational
energy levels and transitions.

and more complex molecules are similar.
Note that the energy jumps between the rotational levels are very small, of order 10 eV. Therefore, even
at room temperature (kT » 0.025 eV), molecules may be excited to the lower rotational levels by thermal
collisions. They may also be excited from the rotational ground state (I = 0) by absorbing photons of
order 10 eV. Once in an excited rotational level, they may drop to a lower level by emitting a photon of
this same energy. In terms of wave properties, such photons have wavelengths in the mm to cm range or
frequencies about 10*-10° MHz. Such radiation is in the microwave part of the EM spectrum. Therefore,
due to rotation, molecules absorb and emit microwave radiation. Each molecule has its own characteristic
set of microwave frequencies.

Example 2-16:
@ The Lil molecule has a bond length R of 0.233 nm and the atomic masses are 7u for lithium and

127u for iodine. What is the wavelength of the radiation absorbed by Lil molecules in a rotational
transition froml=0to |1 =1?

First, determine the moment of inertia of the Lil molecule. Since the mass of the iodine atom is
much greater than the mass of the lithium atom, the molecule’s center of mass essentially
coincides with the iodine atom and therefore;

| (of molecule) = SMr? = (7u x 1.66x107%" kg/u)(0.233%10~° m)?
= 6.31x107* kg m?
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(See Problem 2-19 for a more accurate method of calculating the molecule’s moment of inertia
about its center of mass.)

For Lil, E = 2/21 = (1.055x107* ] 5)%/2(6.31x107 kg m?)
=8.82x10%] = 551x10°eV

Thel=0 [I=1transition requires a photon energy given by
Epn = E; - Eo = E[1(1+1) - 0(0+1)] = 2E = 1.10x10* eV

I = he/E,n = (1240 eV nm)/(1.10x10™ eV)
=1.12x10" nm = 1.1 c¢cm (in the microwave region)

One might wonder about rotation about the molecular axis of diatomic molecules (x-axis in Fig. 2-12(a)).
Since most of the atomic mass is in the nucleus (r » 10™**> m), the moment of inertia of the molecule about
this axis is very small and the energy of the first excited state (I=1), given by Eq. [2-12], is very large
(about 0.5 MeV). This is so large that these excited rotational modes are never observed. This
applies also to the rotation of individual atoms, i.e., there are no observable rotational atomic
spectra.

In addition to causing emission and absorption in the microwave and infrared, molecular rotations and
vibrations also affect electronic emission and absorption (in the visible and ultraviolet). Figure 2-13
illustrates the overall energy level scheme for a hypothetical molecule. In part, it contains the same
information shown in Figs. 2-11(b) and 2-12(b). For simplicity, the diagram shows only the ground
electronic state and the first excited electronic state. For a typical molecule, these might be separated by
2 or 3 eV. If this diagram were for an atom rather than a molecule, these two electronic levels would each
be single levels as in Fig. 2-3(a) (levels E, and E;, or more correctly, levels with a small width such as D
E, in Fig. 2-3(b)). However, in the ground electronic state, the molecule may be in various vibrational
states. These are the horizontal lines labelled v = 0 to v = 4 in the diagram. (In the diagram, only four
vibrational levels are shown for simplicity but, of course, this vibrational manifold, or ladder, extends
upward.) Recall that typical vibrational levels are about 0.1 eV apart and therefore are much closer
together on the diagram than the electronic levels.
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Fig. 2-13. Simplified electronic-vibrational-rotational energy levels for a hypothetical
molecule.

Finally, in each vibrational level, the molecule can exist in various rotational levels. These are
represented by the short, closely spaced horizontal lines sitting on each ‘rung’ of the vibrational ladder.
Recall that rotational level separations are of order 10 eV, i.e., much closer together than the vibrational
separations.

The whole pattern of vibrational and rotational ‘ladders’ is repeated in the first excited electronic state as
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shown.

Since at room temperature ks T » 0.025 eV, then molecules will be in the lower rotational levels of the v =
0 vibrational level of the ground electronic state. With increasing temperature (over a normal range), the
molecular energy distribution will move up to higher rotational levels and possibly, in rare cases, up into
the v = 1 vibrational state.

The vertical lines represent transitions between levels, usually by absorption or emission of photons. The
shortest lines (labelled with an encircled 1) between rotational levels represent microwave absorption and
emission. The somewhat longer jumps between v=0 and v = 1 (labelled 2) represent infrared absorptions
and emissions. Finally, the long upward arrows (labelled 3) represent absorption of visible or UV
photons (2 or 3 eV) associated with a jump from the electronic ground state to the first excited electronic
state. Since the molecules can be in various rotational levels in the ground electronic state and end at
various vibrational-rotational levels in the excited electronic state, a rather broad range of photon energies
(or wavelengths) may be absorbed, as suggested by the two upward arrows (labelled 3) of slightly
different length. The electronic (UV or visible) absorption spectrum for the molecule would be a broad
band. This would be much wider than the ‘lines’” shown for single atoms in Fig. 2-5 even if Doppler and
collision broadening are included in the latter.

Immediately after a jump to an excited electronic state, a molecule could be in one of various excited
vibrational-rotational levels as shown. Typically, the molecules lose energy by collision with each other
and in a very short time (< 10-% s) cascade down to the v=0 level of the first excited electronic state as
shown by the wavy vertical lines in the diagram (labelled 4). The energy goes into thermal energy (heat)
in the material, i.e., its temperature rises or possibly there is a phase change (e.g., the material melts).
These transitions are called radiationless transfers since no photons appear. As shown by the longer
wavy line going down into the ground electronic state, the molecule may lose all of the absorbed EM
energy as heat.

Another common occurrence, particularly for relatively isolated molecules as in gases or solutions, is
fluorescence. In fluorescence, the molecule drops from the v = 0 level (typically) of the excited electronic
state down to one of the lower vibrational-rotational levels of the electronic ground state by emitting a
photon. Fluorescence is represented by the downward vertical arrows labelled 5 in the diagram. In
typical molecules, these fluorescent ‘jumps’ are 2 or 3 eV (visible or UV light), however, because of the
radiationless transfers, the fluorescent photons are usually of lower energy (or longer wavelength) than
the absorbed photons. It is quite typical for molecules to absorb in the ultraviolet and fluoresce in the
visible.

Another important process can happen when a molecule reaches one of the excited electronic states.
Because it possesses more energy than it did in the ground state, it may now enter into a chemical
reaction with its neighbours or possibly simply split into two new chemical fragments. For example, a
diatomic molecule may split into two separate atoms. These are called photochemical reactions (e.g.,
photosynthesis, vision, etc.) and some examples are discussed in Chapter 4. Photochemical reactions are
particularly common if the excited molecule enters a relatively long-lived or metastable state (sometimes
called a “triplet’ state). Ordinary excited states (often called “singlet’ states) have lifetimes of only about
10® or 10°s. Metastable states may have lifetimes many orders of magnitude longer. One way for the
molecule to enter one of these metastable states is for the excited electrons to undergo a ‘spin-flip’; the
Pauli Exclusion Principle then prevents the molecule from returning to the ground state. In any case, in
the metastable state, the molecule has a much longer time interval in which to take part in a chemical
reaction.
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Suppose the hypothetical molecule whose energy levels are shown in Fig. 2-13 absorbs
ultraviolet light of 1 = 350 nm, raising the molecule to the first excited electronic state. The
molecule fluoresces blue light of 1= 455 nm.

§ Example 2-17:

a) For each absorbed photon, what energy (in eV) goes into radiationless transfer (i.e. heating the
absorbing molecules)?

Absorbed photon energy = hc /1 = 1240 eV nm/350 nm = 3.54 eV

Fluoresced photon energy = 1240 eV nm/455 nm = 2.73 eV
Energy into radiationless transfer = 3.54 - 2.73 =0.81 eV
(or 23% of the absorbed energy)

b) Which arrows in Fig. 2-12 represent this process?
absorption: arrows labelled 3

fluorescence: arrows labelled 5
radiationless transfer: arrows labelled 4

In summary, this section describes the emission and absorption of radiation by atoms and molecules that
are, in most cases, well separated as in the gas state. Since each atom and molecule has its own properties
(moment of inertia, etc.) then each species of atom or molecule has a unique set of energy levels. The
absorbed or emitted radiation occurs in relatively narrow ‘lines’ or ‘bands’ with a different spectrum for
each kind of atom or molecule. Chemists and physicists use these unique emission and absorption spectra
as a means of identification of the associated atoms and molecules. The radiation associated with
electronic transitions of both atoms and molecules is typically in the visible and ultraviolet region. In
addition, molecules emit and absorb in the infrared due to vibrational levels and in the microwave region
due to rotational levels. All of this radiation is found in our environment either from human-constructed
devices, or from natural sources.

2.5 Thermal Radiation (Cavity or Blackbody Radiation).

In contrast to the situation described in Sec. 2.3 for well-separated (gas state) atoms and molecules,
consider now material in condensed matter, i.e., solids, liquids, and dense gases and plasmas (ionized
gases). In these states, the atoms and molecules are either close together or otherwise interact strongly.
This results in broadening their energy levels into essentially a continuum. Under these conditions atoms
and molecules, due to their random thermal motion, emit a continuous spectrum over a wide range of
wavelengths or photon energies. Further, within the material before being emitted from the surface, the
radiation is absorbed and reradiated from many atoms or molecules (a process called ‘multiple
scattering’). In the process, the radiation is said to reach a thermal equilibrium with the atoms or
molecules. As aresult, the radiation achieves a unique spectral distribution (described below) that
depends only on the temperature of the source and not on the type of atom(s) and/or molecule(s) in the
source. For this reason, this radiation is called thermal radiation.
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Since the atoms and molecules in matter are always vibrating (there is some vibration even at 0 K), then
all material radiates thermal radiation. For instance, at room temperature, condensed matter radiates in
the infrared; as the temperature is raised, the object starts to radiate in the visible — at first a red glow,
changing to white light at higher temperature, e.g., the hot filament of an incandescent lamp.

As a physical model of thermal radiation, physicists have investigated, both experimentally and
theoretically, the radiation inside a cavity whose walls are kept at a fixed temperature T. The atoms in the
walls will radiate into the cavity. The radiation reflects inside the cavity and is absorbed and reradiated
many times. Hence, the radiation reaches thermal equilibrium with the wall material at temperature T.
For this reason, thermal radiation is often also called cavity radiation.

Suppose the cavity is in the form of a box and a small hole is cut in one of the walls. The cavity radiation
inside the box can now radiate out through the hole. At room temperature, the radiation would be largely
in the infrared. All radiation from outside flowing in through the hole will reflect around inside the cavity
and be absorbed; virtually none will reflect back out through the hole. The hole acts as a perfect absorber
of incident external radiation. At room temperature, it will appear black; remember that at room
temperature the thermal radiation coming out is entirely infrared or microwave, radiation (no visible).
Examples of this are the black pupils of a person’s eyes as seen at ordinary light levels and the black
windows of a building in daylight when there are no lights on inside the building. Any object, such as the
hole in the cavity wall, which is a perfect absorber and hence appears black at room temperature is called
a blackbody. For this reason, cavity radiation is also called blackbody radiation.

Cavity radiation was investigated experimentally in the late 1800s and an equation (see below) describing
the spectral distribution was first developed by Max Planck in the 1890s. It was in order to describe this
radiation, that Planck first introduced the famous quantum relation E = hf (Eq. [3-1]) that was introduced
in Sec. 2.1.

Blackbody or cavity spectral curves are shown in Fig. 2-14. Plotted on the vertical axis is the spectral
emittance P(1,T) i.e., the radiant power per unit surface area, (W/m2) per unit wavelength interval (in
m).Y” On the horizontal axis is the radiation wave-length over the range 0 to 3000 nm (3.00 um).
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Fig. 2-14. Thermal emission (blackbody) spectra for a cavity radiator at three temperatures.

" Therefore, the vertical axis units are W/m®, but no volume is implied by the m®.
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A detailed calculation of P(1,T) is beyond the scope of this book. The Planck Radiation Equation for
these curves is:

2phc? 1
ek _q

P(I,T)= [2-17]

where the constants (h,c,kg) have the usual meanings.

As shown in Fig. 2-14, or given by Eq. [2-17], at each temperature, there is a continuous spectrum. As
the temperature increases, the emittance increases at all wavelengths (the curves never cross) and also the
peak emittance per unit wavelength shifts to shorter wavelengths. The wavelength I, at which the
emittance is a maximum per unit wavelength interval is given by Wien’s Law:

2897 -10° nm K

/.. (nm) T

[2-18]

What is the wavelength of maximum spectral emission for a blackbody at 1500 K?

@ Example 2-18.
1., = 2.897x10%1500 = 1930 nm which agrees with Fig. 2-14.

At 1500 K, essentially all of the radiation is in the infrared. At 2500 K (close to the temperature of the
filament in an incandescent lamp), the emittance is higher at all wavelengths and, more importantly for
human vision, there is significant visible light.

The area under each curve gives the total emittance (power per unit area) over all wavelengths. From the
graphs of Fig. 2-14, this obviously increases rapidly with increasing temperature; in fact, the emittance is
proportional to the fourth power of the temperature, i.e.,

P(T) = sT* (W/m?) [2-19]
a result known as Stefan’s Law.* The constant, s, called Stefan’s constant has the value:
S =5.67x10% W m2 K™,

The curves of Fig. 2-14 and Eq. [2-17] to [2-19] are for cavity or blackbody radiators. Remember that
these are models for the thermal radiation from ‘ordinary’ objects which behave as blackbody radiators to
various degrees. In general, the total emittance and the spectral emittance at each wavelength for
ordinary objects will be less than, or equal to, a blackbody radiator at the same temperature. Thus, for
‘ordinary’ objects (sometimes called gray bodies), we may write Eq. 2-17 as:

2phc? 1

PUT) = el B

[2-20]

18 First discovered experimentally by the German physicist Wilhelm Wien (1864-1928).

' First discovered experimentally by the Austrian physicist Josef Stefan 1835-1893.
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and Eq. [2-19] as:
P(T)=esT* [2-21]

In Eq. [2-20], e(1) is a dimensionless number between 0 and 1, called the spectral emissivity of the object.
As indicated, the value of the emissivity of a given object is a function of wavelength; for each
wavelength, e(l) gives the spectral emittance of the object as a fraction of that emitted by a blackbody at
the same temperature. For example, for a tungsten lamp filament operating at 2800 K, e(l) =0.47 at I =
400 nm (violet), decreasing to 0.43 at I = 700 nm (red). The average of e(l) over all wavelengths is &
which appears in Eq. [2-21]. For the tungsten filament, € is only 0.30. A tungsten-lamp filament radiates
much less at all wavelengths (and in total) than a blackbody radiator at the same temperature.

The radiating element of a radiant heater consists of a metal ribbon 15.0 cm long and 1.00 cm
wide. It operates at a temperature of 2000 K and its average emissivity € is 0.35.
a) What is the emittance from the radiating element?

§ Example 2-19:

P(T) = € sT* =(0.35)(5.67x10® W m~ K*)(2000 K)*
= 3.18x10° W/m?

b) What is the total power radiated by the ribbon surface?
The total area of the ribbon (both sides) =
= (15.0x1072 m)(1.00x102 m)(2) = 3.00x10~* m?

Total radiated power = P(T)x
= (3.18x10° W/m?)(3.00x10° m?)
=9.54x10* W = 954 W

c) If all of the above power were directed (by a suitable reflector) onto a wall area of 1.5 m?, what would
be the irradiance on the wall from the heater?

Irradiance = | = Power/Area = 954 W/1.5 m? = 640 W/m?
d) At what wavelength does the heater radiate the most power per unit wavelength interval?

Wien’s Law: I,(nm) = 2.897x10° nm K/2000 K = 1.45x10° nm
= 1.45 um (in the infrared)

Thermal radiation (from the Sun or from all objects around us) is obviously an important source of EM
radiation in our environment; it will be discussed further in subsequent chapters.

PROBLEMS

Note An asterisk ~ denotes a problem for which additional data must be found elsewhere in the text.

Sec. 2.2 The Quantum or Photon Nature of EM Radiation
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2-1.

2-2.

2-3.

Sec. 2.3

2-6.

2-7.

2-8.

Sec. 2.4

Show that Nahc = 1.196x10° kJ nm/mole = 2.857x10* kcal nm/mol.

A He-Ne laser emits red light of wavelength (in vacuum) 633 nm. The light from the laser is incident on a
surface, illuminating a circular spot 1.00 cm in diameter with an irradiance of 200 W/m?. For this radiation
determine:

@ the energy of one photon.
(b) the energy of one “einstein’ of photons.
(c) the number of photons per second incident on the illuminated spot.

It requires 13.6 eV of energy to ionize a hydrogen atom from its ground state. What wavelength(s) of EM
radiation can ionize hydrogen? (The ionization occurs by the absorption of a single photon.) In what
region of the EM spectrum is this radiation?

To dissociate a chlorine molecule into separate chlorine atoms requires a minimum of 59 kilocalories/gram
mole. What wavelength(s) of EM radiation can dissociate Cl,?

A Comparison of EM Sources (Coherence, Monochromaticity).

Explain the concepts of: (a) temporal coherence; (b) coherence time; (c) coherence length; (d) spatial
coherence; (e) incoherent light.

By interference measurements, a scientist determined that the coherence length for the light from a
particular source is 50 cm. What is the corresponding coherence time?

Figure 2-2 and also the diagram to the right illustrate the familiar
double slit interference pattern for coherent light. The angle g, from
the central axis out to any interference maximum is given by (see

. . 1
any general physics text): sing, =n E

where n is the ‘order’ of the interference maximum;

n=0,1,2,3..., dis the slit separation and I is the wavelength. The
double-slit pattern is useful for measuring the wavelength of light.
For slits with d = 0.500 mm, the light from a laser gives a pattern with g, = 0.125 for the second order
maximum. What is the wavelength of this light?

W N RO Hmﬁ)

Referring to the double-slit of Problem 2-7, if instead of two slits, many equally spaced parallel slits are
used, the interference pattern becomes brighter and the interference maxima narrower, making the angle
measurements more accurate. Instead of slits, parallel grooves ruled on glass may be used and the device is
called a (transmission) diffraction grating. The equation of Problem 2-7 still applies. Gratings are widely
used for measuring wavelengths. 2°

Using a grating with 6000 grooves/cm, the light from a source produced a pattern with g, =20 for the
first-order maximum. What is the wavelength of the light?

Further Sources of EM Radiation.

» The parallel grooves on the surface of compact disks form excellent reflection gratings. Observe white
light reflected from a CD; note the constructive interference of various colours in different directions.
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2-16.

2-17.

2-18.

2-19.
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What temperature is required to provide a thermal energy of 1.0 eV and thereby be able to populate the
excited states of typical atoms?

To the right is a valence-electron energy level diagram for a 06V
hypothetical atom.
@ What wavelengths could be observed in the emission

spectrum of this atom? Give the answer in nanometers
and identify the spectral region for each.

-2.00

Energy

(b) What are the wavelengths of the strong absorption lines 250
for this atom?

(c) What are the resonant frequencies for this atom for the 31
(i) smallest energy transition, (ii) the largest energy
transition?

Refer to Problem 2-10. Suppose that the natural lifetime (or coherence time) for the 3.25 eV level is 107%°
s. What would be (a) the energy width DE for this level, and (b) the ‘natural’ wavelength spread DI for the
transition from this level to the ground state?

At what temperature is the value of ksT equal to the energy required for the n = 1 Fi n = 2 transition in
atomic hydrogen?

(a) What are the wavelengths of the radiation absorbed in atomic hydrogen inthe (i) n=1fin=3
transition, (i) n =1 fi n = transition (i.e., ionization).

(b) What wavelengths will ionize room-temperature atomic hydrogen?

(c) Can an H atom absorb a 15.0 eV photon? If so what happens?

For the hydrogen atom:

(a) What is the wavelength range of the radiation emitted in direct transitions from higher levels to: (i) n =
1, (ii))n=2, (iii)n=3, (ivyn=4?

(b) In what regions of the EM spectrum are the various emission series in part a)?

(c) What transitions result in emission of visible light (1 = 400 nm to 700 nm)?

What are all of the possible emission lines (wavelengths) that could be observed when an electron in the n
=4 energy level in hydrogen returns to the ground state? (All downward transitions are possible.)

(a) If an X-ray tube is operated at potentials of 5, 15, 20 and 25 kV, what are the shortest wavelengths
produced in the continuous spectrum? Compare with Fig. 2-6(b).
(b) Does the answer to part (a) depend on the material from which the anode is made?

Measurements give the following for copper atoms:

(i) The energy required to knock a K-shell electron out of the atom is 9.0 KeV.
(i) The energy difference between the K and L shells is 8.0 KeV.

(iii) The energy difference between the L and M shells is 0.9 KeV.

If copper is used as the anode or target in an x-ray generator, what is:

(a) the minimum cathode-anode voltage required to observe the K, or K, X-ray lines?

(b) the wavelength of (i) the Ka line , (ii) the Ky, line?

HCI gas strongly absorbs in the infrared and as given in Sec. 3.3, the force constant for the HCI molecule is
480 N/m. Determine the reduced mass of the HCI molecule (see any table of atomic masses) and from this
determine the infrared wavelength absorbed by HCI.

In Sec. 2.3, the defining equation for the moment of inertia is given (1 = Smr?). It is easy to show that for a
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diatomic molecule, this is equivalent to | = pR? where i is the reduced mass of the molecule and R is the
inter-atomic distance. For HCI, R = 0.128 nm. Determine the reduced mass of the HCI molecule and from
this calculate the wavelength of the photon that will be absorbed in the | =1 fi | = 2 transition. What part
of the EM spectrum is this?

2-20*. Compare answers to problems 2-10, 2-18 and 2-19. Do they agree with Fig. 2-13 and related text material?
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2-21.

2-22.

2-23.

2-24.

2-25.

2-26.

ANSWers

2-ELECTROMAGNETIC RADIATION: THE QUANTUM DESCRIPTION

Thermal Radiation (Cavity or Blackbody Radiation).

The Sun acts (approximately) as a blackbody radiator with a temperature of 5800 K. Assuming it is a
perfect blackbody radiator, what is:

(a) the wavelength at which the sun radiates the maximum power per unit wavelength

interval?

(b) the emittance of the Sun and the total power radiated? The radius of the Sun is 6.95x10% m.

(c) the solar irradiance at a distance from the Sun equal to the Earth’s orbited radius? (This is the solar
irradiance on the Earth above the atmosphere and is called the ‘Solar Constant’.) The Earth’s orbital radius
is 1.49x10" m.

(a) For a person with a surface temperature of 35 C, determine
(i) the thermal radiation emittance; assume an average emissivity of 0.80.
(ii) the wavelength of maximum radiated power per unit wavelength interval.

(b) Repeat for the walls of a room at 20 C. Assume the same emissivity.

(c) If the person (in part (a)) is in a room surrounded by walls at (for example) 20 C, the
person’s net radiation loss will not be as large as calculated in part (a) since radiation is
received back from the walls, etc. The net emittance from the person is approximately

P(T )net = §S(Ts4 - Tr4)
where T is the skin temperature and T, is the wall temperature. Using the previously given emissivity and
temperatures, determine P(T). and the total radiated power from the body if the surface area is 1.5 m

Referring to the concept of net radiation in Problem 2-22(c), consider the following: During the night in
autumn, the ground temperature falls to approximately 0 C. Are plants more likely to freeze if the sky is
clear or if it is cloud covered? Assume the temperature of the clouds is also about 0 C.

Assume that you have a device (a radiometer) that can accurately measure the infrared radiation coming
from various small regions of an infrared source. Describe how you could use this device to:

(a) determine regions in the outer walls, windows, etc., of a house or other building, where the
thermal insulation is poor, i.e., where heat is escaping from the building.

(b) Detect thermal pollution, i.e., warm water being released from a factory into a river.

(c) Detect diseased tissue if the disease causes the adjacent skin temperature to be slightly above normal.
Can you think of some other uses for infrared measurements by this device?

The tungsten filament of a 100 W incandescent lamp is wound in a double helix. When
assembled it is effectively a cylinder with a length of 17 mm and a diameter of 1.8 mm.
At room temperature the resistance of the filament is 10 ohms rising to 120 ohms at its
operating temperature.

a) What is the surface area of the filament (ignore the ends)?

b) An incandescent lamp loses its energy almost entirely by radiation. The average
emissivity of tungsten is 0.30. What is the operating temperature of the filament of this
lamp?

c) Calculate the spectral emittance/unit area/unit wavelength (W/m?%m) of this filament
as a function of wavelength from 400 nm to 700 nm in steps of 50 nm and plot a graph

of the spectral distribution. In this visible range at what wavelength does the filament

have its maximum emission? &
[NOTE: The analysis of this light bulb will continue in Problem 3-8 in Chapter 3]

The equivalent temperature of a candle flame is 2000K. (a) Calculate its Spectral Emittance, P(I,T), at 50 nm
intervals in the visible region, i.e., between 400 and 700 nm. (b) The effective radiating area of the candle flame
is 1.0- 10° m2 What is the total power radiated by the candle?

[NOTE: The analysis of this candle will continue in Problem 3-9 in Chapter 3]
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2-3.
2-4.

2-7.
2-8.

2-10.

2-11.
2-12.

2-13.

3-14.

2-15.
2-16.
2-17.
2-18.
2-19.
2-21.
2-22.

2-25
2-26

(@) 1.96 eV (b) 189 kJ (c) 5.0x10* photons/s

91 nm or shorter; this is in the UV (or shorter, e.g., x-rays, etc.)
480 nm (blue-green light) or shorter

1.7ns

545 nm

570 nm

1.2x10* K

(a) (to three significant figures) 2480, 1650, 992 (in the IR); 620, 496 (in the visible); 382 (in the UV). (b)
1650 nm, 992 nm, 382 nm. (c) (i) 1.21x10™ Hz, (ii) 7.85x10" Hz
(@) 6.6x10°%eV, (b) 7.7x10™ nm]

1.2x10° K (~20x the Sun’s surface temperature)

(@) (i) 102 nm (ii) 91 nm; (b) UV of 1 91 nm, X rays, g-rays,; () yes, atom is ionized, free electron has
KE=1.4 eV

(@), (b) (i) 91 nm to 122 nm in UV; (ii) 360 nm to 650 nm in UV-A and visible; (iii) 0.82 pm to 1.9 pm in
the IR; (iv) 1.4 um to 4.0 um in the IR, overlaps the previous series. (c) Only transitions from n=6, 5, 4, 3
to n = 2; Wavelengths are 650 nm (red), 490 nm (blue), 430 nm and 410 nm (violet)

97 nm, 103 nm, 120 nm, 486 nm, 660 nm, 1.3 um

(a) 0.245, 0.083, 0.062, 0.050 nm  (b) No

(@) 9.0 KV (b) (i) 0.15 nm, (ii) 0.14 nm

3.5um

I =2.6x10* kg m?, 1 = 0.24 mm (microwaves)

(a) 500 nm (b) 6.42x107 W/m?; 3.89x10% W (C) 1400 W/m?

(@ 410 W/m? 9.4um  (b) 330 W/m?% 9.9 um  (c) 74 W/m? 110 W
(@) 96 mm? (b) 2800 K

(@
1 (nm) P(1,T) W/m?m
400 0.043-10%
450 0.183-10%
500 0.547-10%
550 1.281-10%
600 2.506- 10"
650 4.281-10%
700 6.592-10%
() 9.1W
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CHAPTER 3: RADIOMETRY AND PHOTOMETRY

31 Introduction.
E
lectromagnetic (EM) radiation transports energy. Often scientists, engineers, photographers, etc., need to
measure the amount of energy emitted by a source, incident on a surface. The term radiometry is used for
the area of knowledge (concepts, techniques) dealing with such EM energy and related measurements.
Some radiometry concepts have already been discussed in Chapter 1. The irradiance (I) on a surface
(W/m?) and the intensity (S) of a point source in a given direction (W/sr) were introduced in Sec. 1.4(c).
Further concepts are developed in this chapter.

Radiometry deals with the measurement of EM energy and power in standard physical units (joules,
watts) and without regard to human vision. However, it is often desired to evaluate EM radiation with
respect to its ability to stimulate the human eye, i.e., ask "Can people see with this radiation?" Consider a
room with no windows or light sources. Assume also that you have normal vision, yet in this room, you
could see nothing; it would be perfectly dark. However, the room would be filled with EM radiation:
infrared from the walls and our own bodies, probably radio or TV from nearby stations, etc. The
irradiance from this radiation might be many W/m?, yet it is useless for vision; the radiation does not
stimulate the rods and cones in our retina. Photometry deals with measuring EM radiation for human
vision. If we use the word ‘light’ to describe the radiation to which the retina is sensitive (I
approximately from 400 nm to 700 nm), we could say that photometry is the measurement of light. As
will be shown, in photometry a new unit, the lumen, is used to measure the amount of ‘light” per unit time
being produced by a lamp, etc.

In summary, if an engineer measures the radiant power (in watts) emitted by a microwave antenna, it is
‘radiometry’; if she measures the ‘light’ emitted by a street lamp (in lumens), it is ‘photometry’.

3.2 Radiant Flux (or Power) and Luminous Flux; the Lumen.

In radiometry, the fundamental quantity of interest is the time rate at which energy is produced by a
source, falls on surface, passes through an area, etc. This is called the radiant flux or radiant power and
is, of course, expressed in watts. Previously, in Chapter 1, the letter P (or DP) was used as a symbol for
power. In this chapter, the symbol f. is used; this is the official C.1.E. symbol.> The subscript ‘e’
indicates the use of standard energy units. For example, the radiant flux f. from a radio transmitter might
be 10 kW.

In photometry, the corresponding quantity measuring the rate at which ‘light energy’ is emitted by a
source is called the luminous flux f, (the subscript ‘v’ reminds us we are evaluating the radiation for
human vision) and is expressed in lumens, to be defined below. The lumen is the photometric equivalent
of the watt.

A. The Sensitivity Curves of the Human Eye.

Although the eye is sensitive to EM radiation wavelengths from about 400 nm to 700 nm, it is not equally
sensitive to all wavelengths or colours 2 in this range. For many years, particularly early in this century,

! C.I.LE. = Commission Internationale de L’Eclairage (International Commission on Illlumination).

2 Recall that, for people with normal colour vision, in bright light, each wavelength in this range produces
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psychologists performed sensitivity tests and measurements on many individuals. These people were
asked to compare the brightness of two different wavelengths (or colours) of light that were projected
beside each other on an observation screen. Further, each was asked to adjust the sources (for example,
by moving one source farther away from the screen) until the brightness of the two colours appeared to be
identical. If, for example, 560 nm and 575 nm (both in the green) were being compared, it was found that
the eye is more sensitive to 560 nm than to 575 nm. It is not possible to do such comparisons across a
wide gap of wavelengths; for example a person cannot make a good judgement while comparing the
brightness of red and green. However by working in narrow steps the entire visible range can be
measured for visual sensitivity. For red light (650 nm), the irradiance (W/m?) on the observing screen
must be about 9 times that of the green (560 nm) for the sensation of equal brightness, i.e., the eye is
about 9 times more sensitive to green light than to red light.

There is, of course, a limited precision to this kind of subjective measurement and also there is variation
among people. When many such measurements were averaged together, the data of Table 3-1 and Fig. 3-
1 were obtained. These are called the Relative Sensitivity Curves for the C.1.E. Standard Observer.?
Referring to these curves, the term photopic vision means daylight or bright light vision and scotopic
means dim light vision, as in moonlight. From your knowledge of human vision, you will recall that
bright light vision is essentially cone vision, the rods being bleached and therefore insensitive in bright
light. On the other hand, scotopic vision is rod vision. Figure 3-1 is a relative sensitivity curve, i.e., the
sensitivity (Vi or V") is set equal to 1.000 at the wavelength of peak sensitivity and decreases to zero as
shown. Looking at the photopic (cone) vision column in Table 3-1, we see that it peaks near 550 or 560
nm. The data are given only at intervals of 10 nm. The peak relative sensitivity of 1.000 does not appear
in the table but would obviously be between 550 and 560 nm (555 nm). Also notice that in bright light
the “average’ eye has some sensitivity to 760 nm in the red and down to 390 nm in the violet. Referring
to scotopic (dim light or rod) vision, the peak sensitivity shifts to shorter wavelengths. The peak is close
to 510 nm (507 nm) and there is little or no sensitivity to red light (670-770 nm). With scotopic vision,
you have no sense of colour; in dim light, it makes no sense to say that 550 nm is ‘green’ light.
Nevertheless, you can still make judgements of brightness, i.e., shades of gray from white to black and
judge equality of brightness at different wavelengths. The shift to shorter wavelengths going from cone to
rod vision is called the ‘Purkinje Effect’.* As an illustration some summer evening try comparing the
changes in relative brightness of adjacent red flowers and green leaves as the sun sets and your
vision shifts from photopic to scotopic.

In the remainder of this chapter only photopic vision will be considered.

TABLE 3-1: Values of the Relative Sensitivity Curve of the C.1.E. Standard Observer

Wavelength Photopic Scotopic Wavelength Photopic Scotopic Wavelength Photopic Scotopic
1 (nm) V, V|’ ] (nm) Vi, V|’ 1 (nm) V, V|’

the sensation of a pure spectral colour. For example, wavelengths near 400 nm produce the sensation of
violet, near 550 nm, green, and near 700 nm, red.

¥ See: http://cvrl.ioo.ucl.ac.uk/

* Named after Jan Evangelista Purkinje (1787-1869) a Czech physiologist and poet who discovered the
effect.
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380 0.0000 0.0006 520 0.7100 0.9350 650 0.1070 0.0007
390 0.0001 0.0022 530 0.8620 0.8110 660 0.0610 0.0003
400 0.0004 0.0093 540 0.9540 0.6500 670 0.0320 0.0001
410 0.0012 0.0348 550 0.9950 0.4810 680 0.0170 0.0001
420 0.0040 0.0966 560 0.9950 0.3288 690 0.0082 0.0000
430 0.0116 0.1998 570 0.9520 0.2076 700 0.0041 0.0000
440 0.0230 0.3281 580 0.8700 0.1212 710 0.0021 0.0000
450 0.0380 0.4550 590 0.7570 0.0655 720 0.0010 0.0000
460 0.0600 0.5670 600 0.6310 0.0312 730 0.0005 0.0000
470 0.0910 0.6760 610 0.5030 0.0159 740 0.0003 0.0000
480 0.1390 0.7930 620 0.3810 0.0074 750 0.0001 0.0000
490 0.2080 0.9040 630 0.2650 0.0033 760 0.0001 0.0000
500 0.3230 0.9820 640 0.1750 0.0015 770 0.0000 0.0000
510 0.5030 0.9970
1.0 o
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Fig. 3-1. Relative sensitivity curves of the C.I.E Standard Observer.
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Example 3-1:
@ Green light (1 = 540 nm) is directed onto a white screen, with an irradiance of 100 W/m?. What

must be the irradiance of red light (I = 650 nm) on the screen to produce the same brightness?
Assume that the white screen reflects both colours equally.

From Table 3-1: for 1 =540 nm, V, = 0.9540
for 1=650 nm, V, =0.1070

The required irradiance varies inversely as the sensitivity.

Therefore the required irradiance for the red light = 100 W/m? x 0.9540/0.1070
=890 W/m?.

The Lumen

The lumen (Im) is used to measure light in terms of the sensation of brightness it produces in human
vision. Our sensation of brightness is related to the radiant power received by the eye, with the power for
each wavelength ‘weighted’ by the Relative Sensitivity Value (V,) for that wavelength.

Prior to 1979, the lumen was defined in terms of the light emitted by various standard light sources called
standard candles. Originally (in the 1890s), the standard candle was a real candle constructed according
to a specified recipe using certain waxes, etc. The light from these candles was inconsistent and
unsuitable as a standard. As technology advanced, various gas and incandescent lamps were used (still
called a ‘standard candle’) until in later years the light radiated from molten platinum at its melting
temperature was used. In 1979, this approach was abandoned and it was decided to define the lumen in
terms of the watt and the photopic sensitivity of the ‘standard observer’. The present definition is:

A lumen is the amount of light of monochromatic radiation whose frequency is 540x10"
Hz and whose power is 1/683 watt.

The frequency of 540x10% Hz corresponds to a wavelength (in vacuum) of 555 nm, the eye’s peak
sensitivity in photopic conditions.

The number 1/683 is chosen because it makes this definition of the lumen agree with the old definition
that was defined in terms of the light emitted from the standard candle (or the molten platinum surface).®
Of course, the original definition was quite arbitrarily chosen so we could say that the 1/683 is arbitrary -
as are the definitions of all physical units.

This definition can be restated as:

"One watt of monochromatic light of (vacuum) wavelength 555 nm provides an amount of light of

® The history of the lumen is similar to that of the calorie. Originally 1 calorie was the heat required to

raise the temperature of 1 gram of water 1 C ; now 1 calorie is defined as 4.186 joules. The choice of
4.186 makes the new definition agree with the old.
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683 lumens."

The number of lumens/watt (Im/W) radiated by a source at any particular wavelength is called the
spectral luminous efficacy (Ki). From the definition of the lumen, K; = 683 Im/W at 1 = 555 nm. For any
other wavelength, the spectral efficacy is obviously 683 Im/W multiplied by V,, the relative sensitivity of
the eye (for photopic vision); i.e.,

K| =683 V| [3-1]

If for a given wavelength the radiant flux (f.) is known, then the corresponding luminous flux F, is
simply:

f\/ = K| fe = 683 V| fe [3'2]

Example 3-2:
A cadmium laser has an output of 5.0 milliwatts (i.e., its radiant flux or power f. = 5.0x10° W)

at a wavelength of 442 nm (blue-violet); a He-Ne laser emits f. = 2.0 mW at 1 = 633 nm (red).

What is the luminous flux from each laser? If the light from the lasers is directed onto a white screen
(which reflects both equally), which *spot” on the screen appears brighter? The ‘spots’ are of equal size.

For the Cd laser: 1 =442 nm; Table 4-1 gives V, values only at 10 nm intervals. The V,
for 1 =442 nm may be estimated by the technique of ‘linear interpolation’ (i.e. assuming a linear
variation of V, between the tabulated 440 nm and 450 nm values.

For 1 =440 nm, V, =0.0230
For I =450 nm, V, = 0.0380
Difference = 0.015

1 =442 nm is 2/10 of the way from 440 to 450.
Therefore for 1= 442 nm V, = 0.0230 + (2/10)(0.015) = 0.26
(A plus sign is used since V, increases with increasing 1 in this spectral region.

Therefore for I = 442 nm Kas, = (683 Im/W)(0.026) = 18 Im/W

Therefore its luminous flux is: f, = Ky f. = (18 Im/W)(5.0x10° W)
=0.090 Im.

For the He-Ne laser: 1 =633 nm and from Table 4-1, Ves; = 0.238 and therefore Kes; = (683
Im/W)(0.238) = 163 Im/W.

Therefore its luminous flux is: f, = Kif. = (163 Im/W)(2.0x10° W) = 0.33 Im.

Considering the light as seen on the screen, although the irradiance from the Cd-laser is greater
(its radiant power is greater), the He-Ne laser ‘spot” will appear brighter (its luminous flux is
greater) because the eye is much more sensitive to 633 nm light than to 442 nm light.
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The previous example illustrates the calculation of

SPD L
1(m) w) v Radiation

350 50.0 0.0000 [ VaVaY & ermocouple

420 30.0 0.0040 iNkdded —

560 40.0 0.9950 680

650 60.0 0.1070  ||Figl3. Simplifiefl vér8ri16f one type of

780 90.0 0.0000 [ UigHEEr 0.00

luminous flux
270 W 3.17x10* Im

from radiant

flux at known

wavelengths. This is a relatively common calculation because it is not easy to directly measure luminous
flux. The latter is defined with reference to the eye and although we can use our eyes to determine if two
sources appear equally bright or to say that one is brighter than another, our eye cannot tell us that one is,
say, 4.0 times brighter than another. It is relatively easy (although far from trivial) to measure radiant

flux since physical instruments respond to energy. For example, as illustrated in Fig. 3-2, if radiation is

directed into a small container painted black on the inside and filled with a random coil of fine black wire,

essentially 100% of the radiation will be absorbed and the energy converted into heat. The resultant
temperature rise can be measured (e.g., with a thermocouple) and the device calibrated to measure the
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Column 3 lists the sensitivity of the standard observer (V) for each wavelength (from Table 3-1)

and column 4 lists the spectral luminous efficacy K; for each wavelength (K,

=683 V)). Column

5 lists the luminous flux T, = K,T. for each wavelength. (Columns 4 and 5, and the final sum are

given to 3 significant figures.)

As shown in Column 5, the total luminous flux f, is 3.17x10* Im, most of which comes from the

radiation at I =560 nm and I =650 nm. The UV (I

course, contribute nothing to the luminous flux.
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The total radiant flux is 270 W.
The total or overall luminous efficacy K = f,(total)/f.(total)

In this hypothetical case: K = 3.17x10* Im/270 W = 117 Im/W

The overall efficacy of this hypothetical lamp is fairly high (see below) because it emits a
significant fraction (15%) of its radiated power at 560 nm, at the peak of the eye’s sensitivity.

—
[=1
|

Example 3-3 illustrates the concept of the total luminous
efficacy K: it is the total number of lumens of light
generated, divided by the total number of watts of
radiation produced by the source. In general the total
number of watts of radiation will not be the total number
of watts of power supplied to the source. An electric
lamp, for example, will have additional power losses as a
result of heating various parts of the lamp that do not
contribute to the radiation. This leads to the total * 00 500 600 700
luminous efficiency (not efficacy) which is the number of
lumens of light produced by the source divided by the total input power to the source. In principle the
efficiency will always be less than the efficacy; see Problems 3-5 and 3-6.

SPD (W/10 nm wavelength mterval)

LA
R R R e
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Examples 3-2 and 3-3 illustrated ‘line spectra’, i.e., light emitted at one wavelength (the lasers) or a few
wavelengths. The latter is typical of a low pressure gas lamp. However, most visible-light sources have
more or less continuous spectra (white-light sources). They radiate over the visible spectrum and, in
many cases, into the infrared. Examples are incandescent and fluorescent lamps, the Sun, and high
pressure vapour lamps where collisions broaden the spectral lines. If the SPD of such a source is
measured, then by extending the concepts of the line-spectra examples to a continuous spectrum, the
luminous flux may be calculated and the overall luminous efficacy obtained.

Example 3-4:
A hypothetical source emits a continuous radiant flux f. of 10.0 W in each 10 nm wavelength
interval over the range 395 to 705 nm as shown in the figure, but no radiation at any other
wavelength. What is the total number of lumens radiated by this source and its luminous efficacy?
Setting up a table as in Example 3-3 for the solution would involve 31 rows. Nevertheless the
tabular form is useful and we will not, in fact, need many rows to see the generalized result.

3-7
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I(nm) £.(W) Vi Ka(Im/W) £.(Im)
400 10.0 0.0004 0.273 2.73
410 10.0 0.0012 0.820 8.20
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420 10.0 0.0040 2.732 27.32
560 10.0 0.9950 679.6 6796.0
570 10.0 0.9520 650.2 6502.0
680 10.0 0.0170 11.61 116.1
690 10.0 0.0082 5.60 56.0
700 10.0 0.0041 2.80 28.0
310 W 7.29x10* Im

Taking the wavelength intervals 10 nm wide centered on 400, 410, 420,--560, 570,--680, 690,
700 nm, there are 31 intervals each containing 10 W for a total of f. = 310 W. The final
luminous flux F, is obtained by adding the 31 entries for V, in Table 3-1 between 400 and 700 nm
inclusive and multiplying by 683 Im/W and then by 10 W per interval.

The sum of the 31 values from Table 3-1 is 10.68 which, when multiplied by 683 gives K; = 7294
Im/W/wavelength interval. Multiplying by 10 W/wavelength interval gives the value for the total
f, = 7.29x10* Im given in the table.

The total luminous efficacy = 7.29x10* Im/310 W = 235 Im/W

Of course, if the source also radiated some infrared, . would increase and the efficacy would
decrease.

This example has an absurdly simple spectral distribution. Any more realistic distribution would
require the table to be worked out in detail. An example of the next step towards a realistic case is
given in Problem 3-7.

Such measurements and calculations show that a 100-W incandescent lamp has a luminous efficacy of
about 18 Im/W.° It is low because the lamp radiates a significant fraction of its energy in the infrared. A
candle or similar low-temperature flame is even lower, about 0.7 Im/W. By comparison, a fluorescent
lamp which radiates little infrared has an efficacy of about 80 Im/W. A sodium vapour street lamp with
most of its radiation near 560-600 nm has an efficacy about 140 Im/W." It is a very efficient source of

8 A 100-W lamp uses 100 W of electrical input power; the power radiated will be slightly less (some input
power goes directly into heating the lamp and air); if it radiates 75 W, then the luminous flux will be 75 W
x 18 Im/W = 1400 Im.

’ This is the reason that municipalities switch to these lamps for street lighting; they are much cheaper to
operate per lumen of light.
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radiation for human vision. However, because of its limited spectral range (orange colour), the colours of
objects do not appear ‘natural’ as we are used to seeing them under “‘white’ light conditions, e.g., under
solar radiation.

3.3 Characterizing Sources.

From the viewpoint of radiometry and photometry, the most important quantities characterizing a source
are those introduced in the previous section. In radiometry, we are interested in the total radiant flux or
power from a source (watts) and possibly how this is distributed over the various emitted wavelengths
(spectral power distribution). In photometry, the quantity of interest is the source’s total luminous flux
(lumens) and possibly its spectral distribution and luminous efficacy.

Some other related quantities of interest in describing sources are discussed below.

A Radiant Intensity (S.) and Luminous Intensity (S,).

The concept of (radiant) intensity was introduced in Sec. 1.3 and should be reviewed at this time. The
concept is applied to sources that may be treated as ‘point” sources (see Footnote 18 in Chapter 1). Recall
from Sec. 1.3 that the intensity S is defined as the power per unit solid angle (W/sr) radiated by a source
in a given direction. This definition in Chapter 1 is written as Eq. [1-17] which is repeated here:

s=* [1-17]
DW

Since, in this chapter f. is used as a symbol for radiant power and using the subscripts ‘¢’ and ‘v’, Eq. [1-
17] is rewritten here as Eq. [3-3a].

. . Dt
Radiant intensity: S, = DV; W/sr [3-3a]

For light sources, the corresponding photometric quantity is the luminous intensity S,. For a point light
source, the luminous intensity S, in a given direction is:

Df
Luminous intensity: S, = Dl/lv/ Im/sr [3-3b]

Another name for the lumen/steradian is the candela (cd).

For most sources, both S, and S, vary with direction; this is, of course,
particularly true for sources with reflectors and lenses. Figure 3-3
illustrates a ceiling lamp with a reflector directing the light downward.
The graph below it is a polar plot of the luminous intensity S, vs angle g
from the downward vertical - e.g., the length of the line AB is

proportional to S, at 30 from the vertical. For this reflector, perhaps
about 70% of the light is directed downward into 2p steradians, 0% is Fig. 3-3. A lamp with

directed upward, and 30% is absorbed in the reflector. reflector directing the light
downward. Be-neath the
Example 3-5: lamp is a polar graph of S,
@ A 100-W lamp radiates 75% of the electrical energy supplied to it| vs. angle q.
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and its luminous efficacy is 18 Im/W. A conical reflector directs 70% of the light downward (the
remaining 30% is absorbed). What is the average luminous intensity of the lamp?

The lamp consumes 100 W of electrical power and radiates 75 W (= T.). Since the efficacy is 18
Im/W, the luminous flux produced is 75 x 18 = 1350 Im. Of this, 70% is radiated downward into

a total solid angle of 2p sr. Therefore, the average intensity (averaged over all downward
directions) is, using Eq. [3-3b]:

S, (average) = (13502' 0.70) 1M _ 150 1m /sr = 150 cd

p Sr
This is the average value; as indicated by Fig. 3-3, the luminous intensity in the “straight down’
direction would be higher than this average, possibly about 400 Im/sr.

A high intensity automobile headlamp has an intensity of about 100,000 Im/sr in the forward direction. A
candle has an intensity of about 1 Im/sr in the direction in which it appears brightest - hence the name
‘candela’ as an alternate for ‘Im/sr’.

Manufacturers, in their technical literature, specify the performance of their lamps in terms of a polar plot
such as that sketched in Fig. 3-3. In this graph the measured luminous intensity, S,, is plotted as a function
of the angle, g, measured with respect to the vertically down direction. From such a graph the total output

of the lamp in lumens can be calculated. An example from an actual manufacturer’s specification sheet is
given in Example 3-6.

1757 165 i 3
Example 3-6 500 1251
The figure at the right is a polar plot of the 250
luminous intensity S, for a 200 W incandescent
lamp. Just the right half is shown since it is symmetric 200

about the vertical axis. The calculation of the total
luminous flux will be performed in a table by

integrating in steps of 15 . First we need an expression
for the solid angle dW in polar coordinates.

o
93
(=]

ol
S
=

Sty Ty

©

(=]

®
=t}

g~ T1g

Luminous Intensity, S, (cd)
o ot
=) (=]

R 100~
0 do 150 =
200

250

300
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3-RADIOMETRY AND PHOTOMETRY

The solid angle subtended at the centre of the sphere of radius R is dW =d /R?>where is the area of the
cross-hatched band in the figure above.
dW = 2pr(Rdq)/R? = 2pR sin (Rdq)/R?

= 2psing dq.®
In our example q will increase in steps of |-2191€ :zg‘:d) ! S, (cd) |dw DT, (Im)
15 from0t0180 anddq=15 .The |2
values of the luminous intensity are read | 15 349 7.5 348 0213 |74
from the polar graph. 30 334 225 3415 0.626 214
o 45 307 375 | 3205 0995 | 319
gglmurphne tr,:;)nhqle at which S, is read ” 94 — 3005 1297 390
Column 2: Corresponding values of S,. 75 285 675 | 2895 | 1511 1437
Column 3: Angle mid-way between 90 257 825 271 1.621 439
readings of Sv.
Columgn 4: Values of S, obtained by 105 278 97.5 2675 | 1621 | 434
linear interpolation in Column 2. 120 299 1125 |2885 | 1511 1436
Column 5: Solid angle, dW, calculated 135 308 1275 | 3035 1.297 394
from equation above. 150 321 1405 | 3145 0.995 313
Column 6: Number of lumens in each 15 '
_ 165 | 280 1575 | 3005 |0626 |188
segment. At the bottom is the total
luminous flux. 180 0 1725 | 140 0213 |30
f.,= | 3700 Im

8 This quantity is sometimes called the “zonal constant” in industrial literature.
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B Radiance (L) and Luminance (L,).

The concepts of radiance (L) and luminance (L,) are extensions of the concepts of radiant (S.) and
luminous (S,) intensity discussed above in part A. These new concepts involve the projected area of the
source, as described below, whereas radiant and luminous intensity are defined with reference to a ‘point’
source. Real sources are not points although sometimes may be treated as such, particularly if the
distance from the source to the point of observation is at least ten times the maximum linear dimension of

the source (see Footnote 18 in Chapter 1). Radiance and lumin

ance are more realistic concepts.

These new guantities require the concept of a “projected
area’. This is the area seen when an object is looked at.
For example, when observing a small sphere (of radius
R), a disc of area pR? is seen, although the true three-
dimensional surface area of the sphere is 4pR% The (a)
disc area is the projected area of the sphere onto a plane
which is perpendicular to the line of sight, i.e., the line
from the eye to the centre of the sphere, as illustrated in
Fig. 3-4(a).

Similarly, looking at a small plane, rectangular surface
with a “true’ area ,, the true area is seen only if
observed directly, along a ‘normal’ to the surface. If it
is observed from an angle g to the normal, a reduced
area is seen, i.e., the projected area ,, projected onto a
plane perpendicular to your line of sight. This is

Sphere: surface Projected disk:
area 4n R? area nR?

/ﬁ)ferver

Projected area

Ap=Ayc0s0

illustrated in Fig. 3- 4(b). In this diagram, the area , is| Fig. 3-4. The concept of projected area for: (a) a

horizontal and the person is viewing it from an angle g | sphere

and (b), a horizontal rectangle.

to the normal (i.e., the vertical). Convince yourself that , =
view the rectangle at different angles fromg=0 tog=90 .

0C0s g. Think about how , varies as you

Figure 3-5 shows a person looking at a radiating plane
surface of true areaD ,. The person’s line of sight makes
an angle q relative to the surface normal. It is assumed that
D , is small enough that the angle q for all points on the
area is constant. The projected area D , seen by the person
isgivenby D ,=D ,cosg. The statement that the person is
‘looking at’ this surface is of course equivalent to saying that
the surface is radiating visible light. Suppose that the
luminous intensity for each point on the surface in the

direction g is Sy(q). The functional notation S,(q) reminds | Fig. 3-5. Physical quantities associated
us that S, varies with q. Remember that D , is small so that | With the concept of “luminance’ of a surface.

Observer

Sv(q) is the same for all points withinD .

The luminance L,(q) of the area in the direction g is defined as:
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S,(@)_ S.(@)

D, D ,cosq

L,(9)= [3-4a]

The units of luminance are Im/sr m? or cd/m?. The psycho-physical significance of this quantity is that it
relates to our sense of brightness of the surface as seen from the direction g. Since both S,(q) and D ,
vary with g, so too (usually) does L.(q).

The small area D o may simply be a small surface element of a larger radiating surface. If so, since Sy(q)
may change from one D , to another, so too will L,(q), i.e., in the general case, the brightness of the
source will vary from point to point over the extended surface as well as changing with the viewing-angle

o}
The corresponding radiometric quantity is the radiance L. of the surface element D , is de-fined by:

Se(@) - S.(9)

D, D ,cosq

L.(9)= [3-4b]

The units of Le(q) are W/sr m?. Radiance will not be considered further at this point but it will become
important in Chapter6.

So far, it has been implied that the surface is radiating light produced by the atoms in the surface. For
example, we might be considering the surface of the hot, incandescent wire or filament of an incandescent
lamp, or the surface of a fluorescent lamp. However, the surface need not be “producing its own light’.
For example, it could be the frosted glass envelope of an ordinary (incandescent) ‘light bulb” which
transmits and scatters the light produced by the hot filament within. Or the surface could be the wall of a
room, a piece of paper, or the surface of snow, etc., seen by reflected or scattered light from some other
source. Finally, the ‘surface’ may not be a real physical surface at all, it might be the blue sky produced
by scattered sunlight.

TABLE 3-2 — Luminance of some sources.
In Table 3-2 are listed the luminance of a

number of sources. Source Luminance

(cd/m?)
Referring again to the definition (Eq. [3-4a]) of | The Sun 1.6x10°
the luminance of a surface element DA,, it is Incandescent lamp filament 11x10°

seen that, in general, since both Sy(q) and D ,

5
vary with direction g, so too does L,(q), i.e., Incand-esce_nt lamp f_mStEd bulb 310
the brightness of the surface varies when Snow in bright sunlight 3x10°*
viewed from different directions. However, Fluorescent lamp 1x10°
this is not true for many surfaces that are b -
diffuse scatterers such as the surface of fresh Bright moon 5x10

snow or the frosted glass diffusers used in Overcast sky (maximum) 5x10°
many lamps. Such surfaces appear equally
bright when viewed from any angle q, i.e., Ly(
q) does not, in fact, depend on g. Such surfaces are called Lambert surfaces.” Since for any D ,, the
projected area (D , =D ,cosq) decreases with increasing g (i.e., a smaller and smaller projected area is

Clear blue sky (maximum) 4x10°

°Named after Johann Heinrich Lambert (1728-1777) the German mathematician who was the first to
measure light intensities accurately.
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seen with increasing q), the only way that L,(q) can remain constant is if S,(q) also decreases in
proportion to cos g. That is, for a Lambert Surface,

Sv(g) = Swcosq [3-5]

where S is the luminous intensity of the surface in the

normal (q =0 ) direction. This relationship S,(q) = Sw Swo—
cosq is often called Lambert’s Law. Figure 3-6 is a polar
plot (Sv(q) vs q) for a Lambert Surface. For such a S4(8) = Swcos6

surface,
AN
Lambert surface

] ] ] Fig. 3-6. A polar plot of the luminous
i.e., the luminance at any angle q is the same as the intensity S.(q) as a function of q for a

luminance when viewed along the normal to the surface; | Lambert surface.
the luminance is independent of g. Thus (referring to

Table 3-2), the luminance of fresh snow in full sunlight is about 3x10* Im/sr m? regardless of the viewing
angle. Similarly, many lamps that have spherical *° frosted-glass diffusing surfaces appear equally bright
at the centre and at the edges of the projected disc. At the centre, the surface element of the sphere at q =

0 is being viewed; at the edge, it is the elementat g 90 . The luminous intensity S, of the frosted glass
must follow Lambert’s Law for constant L, to be observed. In contrast, photographs of the Sun’s surface
show a disc that is brighter at the centre than at the edges (called ‘limb-darkening’). The Sun’s surface is
not a Lambert Surface."

_Su(9) _ Sy008q _
L, (g)= 29 = 2v =L
(@)= D oosg

vO
p

3.4 Irradiance (l.) and llluminance (l,) on a surface.

Sec. 3-3 described characteristics of radiating sources, including surfaces that scatter or reflect light
produced elsewhere, i.e., most of the objects that we see around us.

Of equal importance is the amount of radiation falling on a surface or being transmitted through a surface
area. This is characterized by the concepts of irradiance and illuminance.

The concept of irradiance has already been introduced in Sec. 1-4 where the irradiance | of a beam of EM
radiation was defined as:

|=—— [1-12]

i.e., the irradiance on a surface is the number of W/m? incident on the surface from all directions and of
all wavelengths.

YAnd other shapes also.

“This is because it is not strictly a surface but has a visual depth of about 600 km.
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In this chapter DT, is used as a symbol for radiant power and the subscript ‘e’ for radiometric quantities;
therefore, Eq. [1-12] is rewritten in new symbols as:

Df
|, =—=¢ 3-6
D [3-6a]

The corresponding photometric quantity is the illuminance of a surface

D7
|, =—" 3-6b
S

The illuminance I, is measured in Im/m?; one Im/m? is also called a lux.

Illuminance measures the amount of light incident on a surface from all directions. It is, of course, related
to our ability to ‘see’ the surface by reflected or scattered light. The luminance L,(q) described earlier,
which is related to the brightness of a surface, is, for reflecting surfaces, proportional to the illuminance
on the surface and the reflectance of the surface (described later). Architects and engineers have
determined the following recommendations.

Recommended for reading (library desks, etc.) 500 Im/m? or lux
Public areas of buildings, sidewalks, etc. 300 " "o

Typical values of the illuminance on a horizontal surface due to various sources are given in Table 3-3.

TABLE 4-3 Illuminance produced by various sources

Illuminance is the quantity measured by Source Hluminance
standard ‘light meters’. These are Im/m®or lux
fundamentally power measuring devices Bright, full sunlight 100,000

such as shown conceptually in Fig. 3-2. If

they were not modified, they would detect SI_<yI|ght (blue light from the sky) 16,000
all wavelengths equally well and therefore Light from the sky on a dull day 1,000
would measure irradiance (W/m?) rather Moonlight 0.4

than illuminance (Im/m?. However, a
special filter is placed over the detecting surface and the radiation transmission characteristics of the filter
mimic the Relative Sensitivity Curve of the Eye (Fig. 3-1). For example, the instrument weights green
light higher than red or blue. Therefore, its output is proportional to the illuminance I, on its surface, i.e.,
it is calibrated to measure illuminance in Im/m? or lux.

During the 19th and 20th centuries, many units have been devised to measure the photometric quantities
described in this chapter as well as others that have not been described. Some of these were based on the
old ‘standard candle’ and the British System of Units. One such unit was the “foot-candle’. The foot-
candle is a unit of illuminance and some light meters still in use today may be calibrated in foot candles
(ft.cd). A “foot-candle’ is the illuminance on a surface one foot from the ‘old standard candle’, i.e., a
surface perpendicular to the flow of light from the source. From the way the lumen is now defined (to
agree with the old standard candle concepts), it may be shown that a foot-candle is equal to one Im/ft?.
Since 1 m? = 10.8 ft?, it follows that

1 foot-candle = 10.8 Im/m?.
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For example, the recommended illuminance for reading is 500 lux, or about 46 ft.cd.
In Sec. 1-3, the ‘inverse square law’ which applies to point sources was discussed; it was given as:
| = S/r? [1-18]
In terms of the subscripts used in this chapter, Eq. [1-18] becomes:
le = Se/r? [3-7a]

As shown in Example 1-9(b), Eq. [3-7a] (or [1-18]) may be used to calculate the irradiance on a surface a
distance r from a source as long as r is large enough for the source to be considered a point source.

The photometric version of Eq. [3-73a] is:
IV = S\//r2 [3'7b]

Thus, illuminance (1,) may be calculated for an area at a distance r from a light source if S, in the
direction of the area is known and r is large enough to treat the source as a point.

@ Example 3-7:
€)] Refer again to Example 3-4 where it is

suggested that the luminous intensity Sy, in the “straight down’ amp
direction (q = 0), for a 100-W lamp might be 400 Im/sr. (See

also the diagram at the right.) If so, what is the illuminance at
point A on the floor, 3.0 m directly below the lamp? S.(8)
Svﬂ M
From Eq. [3-7Db]: 10m ‘ \\
S, _400Im/sr » T
=2=————— =44Im/m |
" r? B0m)? I’izmn \ .
(Remember: the ‘sr’ may be dropped at any time.) Floor ‘ b
A B
Ar= A, feosd

(b) What is the illuminance on the floor at point B if the

luminous intensity S,(q) in that direction (g =30 ) is 300 Im/sr
(as was calculated in Example 3-4). Assume the lamp is small enough that it may be treated as a point
source relative to the floor.

In the direction g = 30 , the distance r from the lamp to the floor (point B) is

3.0 m/cos 30 = 3.46 m. Therefore In this direction

| :S_V: 300 Im/sr _ 25 1m/m?

However, this is the illuminance on a small surface ( , in the diagram) which is perpendicular to
the line from the lamp to B, as shown. The illuminance on the horizontal floor surface is smaller
because the light striking area , is spread over the larger floor area rand (= ,/cosq.
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Therefore the illuminance on the horizontal floor surface = I+ = (25 Im/m?cos 30
=22 Im/m?,

Obviously these illuminance values are far below the recommended minimum for public areas
(300 Im/m?).

Lambert Surfaces Revisited.

Most of the objects that we see do not ‘emit their own light’. We see them by reflected or scattered light
from other sources. For most of these surfaces, the scattering is predominantly diffuse, i.e., the light is
scattered in all directions, independent of the angle of incidence. In addition, there usually is a small
amount of mirror-like (‘specular’) reflection (angle of reflection equal to the angle of incidence),
particularly at large angles of incidence. This mirror-type reflection will be ignored.

The details of diffuse scattering are complex. Usually these surfaces are comprised of particles or
irregularities which are small on a macroscopic scale ( << 1 mm) but large relative to the wavelength of
light (> 1 um). When the light interacts with individual particles, there is a complex mixture of
diffraction, refraction and both external and internal reflections. The overall result is the diffuse
scattering we observe for the surface. In many cases, the particles are quite transparent to visible light,
i.e., they do not absorb any visible light. As a result, they scatter all wavelengths equally well and appear
white in ‘white light’. Examples are powders such as sugar, salt and snow or crushed ice and also (water-
vapour) clouds. In bulk, all of these materials are clear and transparent but become white when dispersed
into a powder or droplets. Another example is white paper, comprised of many small transparent
cellulose fibres. If the particles absorb some wavelengths of visible light, then the surface will appear
coloured (coloured paints, inks, etc.). For example, if green light is absorbed, then red and blue are
scattered to give a magenta (purple) colour.

Many of these diffuse scattering surfaces act more-or-less as a ‘Lambert’ surface, a concept introduced in
Sec. 3.3. Such a surface appears equally bright from any angle; more specifically, its luminance L, is
constant independent of viewing angle g. (Review this material in Sec. 3.3 and Figs. 3-4 to 3-6.) For a
Lambert surface, the luminous intensity

Sy = Swcos g and L, = Sy/DAo, where S is the luminous intensity in the direction g = 0 and DA, is the
surface area.

For such a scattering surface, the conservation of energy dictates a simple relationship between the
illuminance I, on the surface, the surface reflectivity R and the surface luminance L,. The reflectance R is

simply the ratio of the total reflected luminous flux f,, to the total incident luminous flux f; R ranges
from R=1 for a perfect reflector to R = 0 for a perfect absorber.

If the illuminance is |, then the total luminous flux incident on the surface is f,; =1, D , and the total
luminous flux scattered from the surface in all directions (i.e., into a 2p-steradian hemisphere) is using
Eq. [3-6Db]

fvr = Rfvi = RIv D 0y

It is also possible to calculate the total scattered luminous flux using Eq. [3-5]
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Sy = Sy Cos q

and integrating over all g from 0 to 90 . The result of this integration is that
vr = PSw

or, since (for a Lambert surface), using Eq. [3-4a]

Sw=Ly D o,
we have

f.=pLy D o
Equating the above two expressions for f,, gives:

f.=pLy, D o=RIl, D ,or:
L. =RlL/p [3-8a]

Thus, for a Lambert surface, the luminance L, which is constant independent of viewing angle g, depends
in this simple way on the illuminance |, on the surface and the surface reflectivity R. It is these quantities
(R and 1,) that determine the brightness that we see.

The radiometric version of Eq. [3-8a] is, of course:

L. = RI/p [3-8b]

Example 3-8:
@ According to Table 3-3, the illuminance on a horizontal surface on a bright, sunny day is 100,000

| m/m?. If the surface is snow-covered with R = 0.95, what is the
luminance from the surface? Snow acts as a Lambert surface.

From Eq. [4-8a]: L, = RI\/p = (0.95x100000 Im/m?)/p

=3.0x10* Im/sr m? (cd/m?)

This agrees with the value given in Table 3-2.

Our experience with snow in bright sunlight tells us that a luminance of
3x10* cd/m? appears very bright. The corresponding illuminance
(Im/m? or lux) and irradiance (W/m?) on our cornea is relatively large.

Fig. 3-7. A modern digital
3.18 hand-held luxmeter.
Courtesy of Dr. P. Marx.
www.LiTG.de
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Extended exposure to such irradiance can cause corneal damage if protective sunglasses are not worn.
This subject is pursued further in Chapter 6.

Instruments that measure irradiance are called radiometers. If they have their spectral response adjusted
to correspond to the photopic or scotopic response of the eye, either with filters or digitally using a built
in microprocessor, they are called illuminometers or luxmeters. In the past these were often loosely called
light meters and would have been calibrated in ft-candles. A modern, digital, hand-held luxmeter is
shown in Fig. 3-7.

3.5 Chapter Summary.

« Radiometry is the measurement of the power in EM radiation in standard power units (watts).
Photometry, deals with the measurement of light (in lumens), evaluated for human vision.

= The fundamental radiometric quantity is the radiant power or flux, f,, measured in watts (W).
The corresponding photometric quantity is the luminous flux, f,, measured in lumens (Im).

= One watt of light of wavelength 550 nm (in vacuum) provides 683 Im. At any other wavelength,
the number of lumens (K;) is given by K; = 683 V, where V, is the relative sensitivity of the eye
for photopic vision at wavelength 1.

= For a point source (or a point on an extended source), the radiant intensity in a given direction S,
= Df/fW, watts/steradian in that direction. The corresponding photometric quantity is the
luminous intensity S, = Df./fW measured in Im/sr or candela (cd).

- ForasmallareaD o, the radiance L. in a given direction is the radiant intensity per unit projected

area, i.e., Le=SJ/D , (W/sr m?). The corresponding photometric quantity is the luminance L, =

SWD ,, Im/sr m?. The latter is a measure of the brightness of a surface. A Lambert surface is
one for which the luminance is constant, independent of viewing angle.

= The above quantities characterize sources of radiation or light. For a surface upon which
radiation or light is incident, the important radiometric quantity is the irradiance I, = Df./D
(W/m?). The corresponding photometric quantity is the illuminance I, = Df.,/D (Im/m? or lux).

 For point sources, the “inverse square law” applies, i.e., I = S/r*and I, = S,/r%.

» For Lambert surfaces: L.=Rl/p and L, =RI./p.

These quantities, their symbols, and units are summarized in Table 4-4 below.

TABLE 4-4 Summary of Radiometric and Photometric Quantities
Radiometric Photometric

Radiant Flux (Power) f. (W) Luminous Flux f, (Im)

SPD (Spectral Power Distribution)
(W/wavelength interval)
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Note:

Spectral Luminous Efficacy
K| =683 V|

T, =

Ki fe

Radiant Intensity Se (W/sr)

Luminous Intensity S, (Im/sr)
or (candela, cd)

Radiance L. (W/sr m?)

Luminance L, (Im/sr m?)
or (cd/m?)

Le =Se(q)/D , (Wisr m?)

L,=S(q)/D , (cd/m?

For Lambertian surface
Lv(g) = Lwcosq

Irradiance I (W/m?)

llluminance I, (Im/m?or lux)

le = Df./D

I, =Df./D

le = Se/r?

I, =SJr?

For Lambertian surface
L. =Rl/p

For Lambertian surface
L, =RIL/p

PROBLEMS.

An asterisk " denotes a problem for which additional data must be found elsewhere in the text.

Sec. 3.2 Radiant Flux and luminous Flux; the Lumen

3-1.

347
(@)
(b)
(©)
(d)

3-5."

(@)
(b)
(@)
(b)

Discuss the interpretation of the relative sensitivity curves for the CIE Standard Observer (Fig. 3-1
or Table 3-1).
What is meant by photopic vision; scotopic vision; the Purkinje effect?

Define and/or explain the difference between (i) energy (the joule), (ii) power (the watt), and (iii)
amount of light (the lumen).
In the definition of the lumen, why is the frequency of 540x10* Hz used? Why is 683 used?

Explain the term “spectral luminous efficacy’.

A He-Ne laser produces 2.00 mW of red light at a wavelength of 633 nm. For this light, what is:

the (photopic) relative sensitivity for the Standard Observer (V1)?

the spectral luminous efficacy (Ki)?

the luminous flux emitted by this laser?

Repeat the above for a 2.00 mW laser producing green light of wavelength 540 nm. Explain why
this 2.00 mW laser produces more lumens than the 2.00 mW He-Ne (red) laser.

A special type of lamp emits light of three wavelengths; 2 W at 450 nm; 1 W at 550 nm; and 3 W

at 650 nm. (Note: you should set up a table similar to that in Example 3-3.)

(a)
(b)

At which wavelength is the greatest luminous flux?
What is the total luminous flux from the lamp?
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(c) What is the total radiant flux? =

(d) What is the overall luminous efficacy (lumens per watt of %10'
radiant flux) for this lamp? :

(e) Suppose this lamp has a total electrical power input of 8.0 W

(6.0 W is radiated; 2.0 W heats the lamp housing and air by
conduction and convection). What is the overall luminous
efficiency (lumens per watt of electrical power input) for this
lamp? Note the difference between ‘efficacy’ and ‘efficiency’
as used in photometry.

SPD (W/10 nm wavelength

3-6." A 100-watt (input power) incandescent lamp has a luminous efficiency of 18 Im/W. (See
Question 5(e) re the meaning of ‘efficiency’.)

) Why is the efficiency of this lamp so much lower than the lamp of Question 5 (i.e., see answer to
5(e))?

(b) What is the luminous flux (f,) of the lamp?

(©) The lamp has a reflector which directs all the flux downward into a relatively narrow cone of 0.50
sr. What is the average luminous intensity in this cone?

(d) The lamp is 3.0 m above the floor. Assume the ‘downward’ luminous intensity is the same as the

average calculated in (c); what is the illuminance of the floor directly beneath the lamp? Does this
exceed the recommended illuminance for public buildings (see immediately after Eq. [3-6b])?

This problem is the next step towards analyzing a lamp with a more realistic SPD than the one discussed in
Example 3-4.

A hypothetical lamp has a SPD as shown in the figure. It increases linearly from 0 at 395 nm to 10 W/10

nm wavelength intervals at 550 nm and decreases linearly to 705 nm. What is the total number of lumens
radiated by this lamp and its total luminous efficacy? Compare with the case of Example 3-4. (In this case
you will have to set up and work out the whole table of 31 rows.)

[NOTE: This problem cannot be solved without first solving Problem 25 in Chapter 2.]

Refer to the characteristics of the 100 W light bulb of Problem 2-25 and the calculation of its temperature
and emission in W/m%m. Using the graph of the emission, divide the visible region into bands 50 nm wide,
and determine the average flux density (W/m?) in each wavelength band. From this data calculate the
luminous flux F, for this bulb and its luminous efficacy K. Compare this with the value usually printed on
the box of a new 100 W light bulb.

[NOTE: This problem cannot be solved without first solving Problem 26 in Chapter 2.]

The Spectral Emittance for the candle referred to in the previous chapter is the starting point for this
question. From those values calculate the Radiant Flux f; in each 50 nm band and then the Luminous Flux
.. Find (a) the total luminous flux of the candle and (b) its total Luminous Efficacy. (c) What fraction of
the total power output is in the visible?

Sec. 3.3 Characterizing Sources and 3.4 Irradiance and Illuminance on a Surface

3-10."

3-11.

A light meter placed on a library table reads 75 ft.cd. This light comes from a lamp 1.5 m directly above.

) What is the downward luminous intensity of this lamp (in candela)?

(b) If the lamp were raised to 2.0 m above the table, what would be the new light meter reading?
Would this meet the recommended illuminance for reading?

A light meter is placed 1.5 m from a point source of luminous intensity 65 cd. What is the reading on the
light meter in (a) lux; (b) ft.cd.?
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3-12.

3-13.

3-14.

A point source of luminous intensity 100 cd provides the same illumination at 1.00 m that an unknown
point source provides at 2.00 m. What is the luminous intensity of the unknown source in the direction of
observation?

At what distance will a 1000 cd. point source provide the same illuminance as a 10 cd. source at 1.0 m?

An isotropic point source is one that radiates uniformly in all directions (i.e., into 4p steradians). For an
isotropic point source of luminous intensity 200 cd., determine:

@ the total luminous flux (in all directions)

(b) the luminous flux falling on an area of 2.0 cm?, a distance of 0.80 m from the source. The area is
perpendicular to the radiation.

(c) the illuminance of this area.
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3-15.

3-16.

3-17.

3-18.

3-19.

3-20."

3-RADIOMETRY AND PHOTOMETRY

The 200W incandescent lamp discussed in Example 6
is enclosed in a white glass shade and the polar plot of 250
the measured luminous intensity is shown in the figure.
Find the total luminous flux of the lamp in this
configuration. 150

! / 7
|_175° 165° 155°~145°

2001

100

50

[o]

50

100

150

200

250

300

350

400

450

The point source S in the diagram is isotropic (see
Problem 14). Its total radiant flux is 100 W and its overall luminous

efficacy is 50 Im/W. se

@ What is the radiant intensity and the luminous intensity of this | leom
source. | )

(b) What is the irradiance and illuminance on the horizontal - .-
surface at A, directly below S? A B

(©) What is the illuminance on the horizontal surface at B, 8.0 m 3.0m !

from point A?

In this problem, treat the Sun as an isotropic point source relative to the Earth’s orbit which is 1.5x10" m
from the Sun. At the Earth’s orbit, the irradiance due to the Sun on a surface perpendicular to the Sun’s
rays is 1400 W/m? and the corresponding illuminance is 10° Im/m2. Determine the radiant and luminous
intensity of the Sun.

Refer to Problem 17. The Sun is, of course, not a point source but appears to us as a disk. Its radius is
6.96x10% m. Use the answer from Problem 17 to determine the average luminance of the Sun’s disk and
compare with the value listed in Table 3-2.

Refer to the He-Ne laser of Problem 4 or Example 3-2. Suppose the light from this 2.00 mW laser is
incident on a piece of white paper. At the point of incidence, the beam has a diameter of 0.50 cm.
Determine:

@ the illuminance on the paper. Compare with values in Table 3-3.

(b) the luminance of the ‘light spot” on the paper. Assume the paper is a Lambert surface with
R=1.00. Compare this luminance with the sources listed in Table 3-2.

Here is a problem that combines ideas from both Chapters 2 and 3 and even nm l( ) W/m?
looks forward to Chapter 4. In Problem 3-17 it is stated that the illuminance >
of the Earth at the top of the atmosphere due to the Sun is 10° Im/m?. This 400 1.61x10
problem shows how that number is obtained from the physical 450 1.81x10°
measurements made on sunlight. In the table at the right are smoothed 500 187x10°
550 1.84x10°
3-23 600 1.75%10°
650 1.63x10°

700 1.50%x10°
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values of the spectral irradiance of the Earth at the top of the atmosphere (See Fig. 4-4 and associated
material in Chapter 4). Note: the ‘spectral’ irradiance is the irradiance per unit wavelength interval (i.e.

W/m? nm or W/m? m = W/m?)

@ Solving the rest of the problem will be easier if a graph is plotted of I(I) vs I for the wavelength
interval 400 to 700 nm. This graph is a portion of what curve of what body?

(b) Determine the temperature of that body from the graph.

(c) What fraction of the Earth’s irradiance of 1400 W/m? is in the visible portion of the spectrum?

(d) Set up a table like that in Example 3-3 and find the radiant flux per m? or irradiance in each 50 nm
wavelength interval from 400 to 700 nm. In the wavelength column use the mean wavelength in
each interval. Complete the calculation in the table noting that columns 2 and 5 are now ‘per m*
so column 2 is irradiance and column 5 is not luminous flux but illuminance. Determine the total
illuminance of the Sun at the top of the Earth’s atmosphere.

(e) What is the total luminous efficacy of the Sun? How does it compare to common lamps?

Answers

3-4a. (a) 0.238 (b) 163 Im/W  (c) 0.33Im (d) 0.954, 652 Im/W, 1.30 Im

3-5. (@) 550 nm (b) 950 Im (c)6W (d) 160 Im/W  (e) 120 Im/W (Compared to most ‘real’
lamps, this is quite high.)

3-6. (b) 1800 Im (c) 3600 Im/sr (or candela (cd)) (d) 400 Im/m? (or lux); yes; 300 lux is recommended

3-7. 5.69x10* Im, 367 Im/W

3-8 1400 Im 14 Im/W

3-9 (@) 12 Im (b) 1.3 Im/W (c) 8.5-10°

3-10.  (a) 1820 cd (or Im/sr) (b) 42 ft.cd. (or 456 lux); No, 500 lux is recommended

3-11.  (a) 29 lux (b) 2.7 ft.cd

3-12.  400cd.

3-13. 10m

3-14.  (a) 2510 Im (b) 0.0625Im  (c) 310 lux

3-16.  (a) 8.0 W/sr, 398 Im/sr  (b) 0.22 W/m?, 11 lux (c) 2.4 lux

3-17.  3.2x10% W/sr, 2.3x10% cd.

3-18.  1.5x10° cd/m? (Table 3-2 gives 1.6x10° cd/m?)

3-19.  (a) 1.7x10* Im/m?* (about the same as blue skylight) ~(b) 5.3x10% Im/sr m* (about the same as the surface
of the bright moon)

3-20.  (a) blackbody curve of the Sun.  (b) 5800 K (c) 38% d. 1.3x10° Im/m?

(e) 95 Im/W, a little more than a fluorescent lamp.
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CHAPTER 4: VISIBLE AND ULTRAVIOLET RADIATION

4.1 Introduction.

hen we think about the physical environment for life on Earth, there is little doubt that visible
radiation (VR) and ultraviolet radiation (UVR) are the most important regions of the EM
spectrum. There are at least three reasons for this:

@) VR and UVR make up a large portion of the solar radiation which supplies most of the Earth’s
energy, driving photochemical reactions and also driving the Earth’s climate, creating the correct
temperature, and other climatic conditions for life.

(b) The photon energy in visible radiation (VR) and ultra-violet radiation (UVR) (ranging from a few
eV to 10s of eV) is sufficient to activate chemical reactions and also to ionize atoms and
molecules. Many of these reactions are essential to life as we know it (e.g., photosynthesis)
although some are harmful (e.g., UVR induced skin cancer). Of course, the designation of a
portion of the spectrum as “visible radiation’ is itself due to the photochemical reaction that is the
basis of vision.

(c) All atoms and molecules absorb some portion of VR and UVR. Absorption is the essential first
step for either the photochemical reactions or the climatic control referred to above.

Items (b) and (c), i.e., absorption of VR and UVR and chemical reactions, are not independent. Both
involve the rearrangement of the valence or outer electrons of atoms and molecules which in turn
involves energy changes of a few electron-volts.

4.2 The Visible and UV Electromagnetic Spectrum.

Visible radiation, at least for human vision, spans wavelengths from about 400 to 700 nm; see Fig. 3-1
and also Fig. 1-11. There is, of course, some variation in the visible range among humans and between
humans and other animals. Within the visible, Fig. 4-1 illustrates the approximate wavelengths for
various colours for those with normal colour vision. Also shown are the associated photon energies.

‘Ultraviolet’ is the spectral region between violet light and X-rays. The upper wavelength limit (about 1
=400 nm) is fairly well defined by the sensitivity of the human eye, but as Fig. 1-11 indicates, the lower
limit is not. The distinction between UVR and X-rays is essentially a matter of the origin of the radiation,
rather than wavelengths. UVR involves valence electrons whereas X-rays involve inner-shell electrons
(e.g., K-shell) and/or the deceleration of high-energy charged particles (see Fig. 2-9 and related material).
Some authorities select 10 nm as the lower UV limit whereas others, such as the IRPA! select 100 nm. In
any case, the choice is academic; in practice, even a small amount of air absorbs all radiation of
wavelength from about 200 nm to well into the X-ray region. UVR below 200

! The International Radiation Protection Association.
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Fig. 4-1. Wavelength, colour, and energy for the visible and near-visible EM spectrum.

nm is called the vacuum ultraviolet and is normally of interest only to scientists who use

special vacuum equipment to study it, to astronomers, or to astronauts who venture outside the Earth’s
atmosphere. To environmentalists on the Earth’s surface, the important UVR range is from 200 nm to
400 nm. Within this range, UVR is further divided into UV-A (400-320 nm), UV-B (320-290 nm)? and
UV-C (290-200 (or 180) nm).> Figure 4-2 illustrates the divisions and also gives the associated photon
energies.

The UV-B and UV-C regions are of particular concern for animal and plant health (e.g., sunburn, cancer).
This radiation is strongly absorbed by biological molecules and has sufficient photon energy to break
chemical bonds. In this regard, it is useful to compare the photon energies in Figs. 4-1 and 4-2 with the
following: To break single covalent bonds requires energy of about 1.5 eV to 5.0 eV.* Double bonds
(e.g., O, 5.1 eV) and triple bonds (e.g., N, 9.8 eV) require more energy. Also, atoms and molecules may
be ionized. The first ionization energy (i.e., the minimum energy to remove an electron from a neutral
atom or molecule) ranges from about 4 eV (potassium) to 24 eV (helium) with an average of about 15 eV.
Obviously chemical bonds can be broken by UVR and some by visible and even near infrared radiation.*
In addition, atoms and molecules may be ionized by vacuum-UV and some by UV-C.

2 Some authorities use slightly different limits for UV-B and also define UV-C as 290 nm-100 nm.

¥ See extensive tables of bond dissociation energies and ionization energies in current issues of the
Handbook of Chemistry and Physics.

* lodine (I,) may be cleaved by 1.5 eV of energy, in the near IR region.
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Fig. 4-2. Wavelength and energy for the EM spectrum at short wavelengths.

In this chapter, we discuss more fully some environmentally important photoreactions, particularly related
to solar radiation. Laser sources of VR and UVR and some of the biological hazards of VR and UVR are
covered in Chapter 6. lonizing radiation is discussed further in Chapters 7 and 8.

4.3 Absorption and Scattering; Beer’s Law

When EM radiation interacts with matter, it may be (i) absorbed or (ii) scattered. These processes were
discussed in Chapters 2 and 3. (For absorption, see Sec. 2.3 and 2.4, especially Fig. 2-12 and related
material; for scattering, see Sec. 1.5, particularly the topic ‘Polarization by Scattering’.)

(i) Asindicated in Fig. 2-12, absorption of a VR or UVR photon by a molecule lifts a valence electron
from the ground state to an excited state. Normally, within a very short time

(=107 s), the electron returns to the ground state and, via molecular collisions, the absorbed energy ends
up as random Kinetic energy or heat within the material. Other possibilities under the correct conditions
are: activation of a chemical reaction, or emission of a lower energy photon, i.e., fluorescence (or
phosphorescence). °

(if) By ‘scattering’, we mean an interaction in which the EM radiation primarily changes direction (and
also usually its polarization state) with little or no change in radiation frequency, i.e., little or no radiation
energy is transferred to the scattering molecule. Therefore, scattering produces no significant heating or
chemical reactions at the scattering site. All particles from atoms to raindrops may scatter radiation. The
processes we normally call “reflection’ and ‘refraction’ are essentially scattering phenomena.

Of course, atoms and molecules do not absorb and scatter all radiation frequencies equally. For example,
as discussed in Chapter 2, molecules strongly absorb radiation frequencies that match one of the resonant
frequencies of the molecule or equivalently, when the photon energy matches one of the allowed energy
transitions of the molecule. Even when a molecule may absorb a photon from a radiation field, it does not

* Phosphorescence is ‘delayed fluorescence’. If the excited molecule enters a metastable state, the
fluorescence may be delayed by up to several seconds.
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have to do so in any particular time interval. At the atomic and molecular level, photon absorption (and
scattering also) is a matter of probability. If a molecule is a good absorber of a particular radiation
frequency, it means that there is a high probability of the molecule absorbing a photon.

A number of quantities have been defined that are proportional to the probability of absorption and also
for scattering, i.e., they describe how good an absorber (or scatterer) a molecule is at a given radiation
frequency. Two of these are discussed below. We initially consider only absorption.

At the atomic/molecular level, a very useful quantity is the absorption cross-section s.; useful because of
its simple interpretation. The absorption cross-section (defined below in Eq. [4-1]) is the effective area of
a molecule for absorption. It should not be confused with the actual physical or geometric area. A
molecule is, of course, a three-dimensional object which presents a physical cross-sectional area when
viewed (if you could see it) from any given direction (see Sec. 4.3 regarding projected areas); this is the
geometrical cross-section. The absorption cross-section may be larger or smaller than the geometrical
cross-section. In fact, if the molecule does not absorb at all, s, = 0. Since s, is a measure of the
probability of absorption for a given molecule, it is not constant; rather it varies with radiation frequency.

Suppose, as in Fig. 4-3(a), a beam of A

radiation of one frequency is travelling in Iy N

the x-direction through an absorbing \}

material. At a particular point, consider a OO 1) \\ small Ha

thin layer of material of thickness dx and I —-} \\

of area D , perpendicular to the radiation Ix+dI \\ \
direction. The irradiance incident on the > large u&\\\\\
face of this layer is I, and as it passes X x
through the layer, I, changes by a small o, Pt dxlid

amount dl due to absorption. The fraction (3 (b)

of the radiation absorbed in the layer is i . , . .
-dI/,.° (I:ilsgtéﬁ(-:fé. (a) Absorption cross-section. (b) Variation of i, with

If the concentration of absorbing molecules is ¢ (molecules/volume), then the number of molecules ‘seen’

by the incident radiation isc D  dx. (It is assumed that ¢ and dx are small enough that no molecule is
hidden behind another.) If the effective absorbing area of each molecule is s,, then the total effective area

for absorptioniss. ¢ D dx. By ‘effective’, we mean that, if a photon is incident on this area it will be

absorbed. The fraction of the radiation absorbed must equal the fraction of D  effective for absorption,
ie.,

-—=—2% =5, cdx [4-1]

Equation [4-1] quantitatively defines s,; i.e., S, is the fraction of radiation absorbed per unit concentration
and per unit distance. It has the dimensions of an area with the interpretation that it represents the
molecular area that would absorb 100% of all photons incident on it.

Moving to a more macroscopic level, instead of considering the thin slice dx, consider all of the absorbing
material from x = 0 (where | = I, to any general point x (where | = I,). Assume the material is
homogeneous. Integration of Eq. [5-1] tells us how I, decreases with x and gives (as you should verify):

¢ dl is negative since I, decreases, therefore -dl/l, is a positive fraction.
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I = 1ge > = 167" [4-2]

where . s.C. The constant [ , is called the linear absorption coefficient. Verify that its S.1. units are
m™. Obviously J, is also a measure of the probability of photon absorption but unlike s,, it also depends
on the concentration c. Thus it is not a molecular property but rather a macroscopic property of the
material. Like s,, it varies with the radiation wavelength.

Equation [4-2] is often called ‘Beer’s Law’ or the ‘Beer-Lambert Law’.” Figure 4-3(b) illustrates the
equation for two values of .

Example 4-1
@ Chlorophyll A (molar mass 902.5) absorbs strongly at 1 =660 nm. At this wavelength, a chemist
found that a ChlA solution (in acetone) of concentration 11 ug/cm?, in a glass cell of length x =
1.00 cm, transmitted 12.5% of the incident light. What is

@) the linear absorption coefficient of this solution?
(b) the absorption cross-section of the ChlA molecule in solution, for this radiation?

(@) Since 12.5% is transmitted therefore 1/, = 0.125 for x = 1.00 cm Using Beer’s Law (Eq.

[4-2]):
I, =1,
n, = In(l, /1,) _ In0125 _ 208 m
-X -10? m

(b) The concentration is:

c=11.10°¢.9M  10°cm® 1gm mole 6.02-10% molecules

ecm®  1md 902.5 gm 1 gm mole
=7.34 - 10%* molecules/ m?®
-1
S, = T - 22108m ~=2.83-10"% m?/molecule
C 7.34-10- molecules/ m

= 0.028 nm? / molecule

The ChlA molecule is approximately planar with a physical size of about 2 nm x 2 nm or a planar area of
about 4 nm?. Obviously the absorption cross-section in solution, for I @ 660 nm, is much less than this
geometric area.

All of the above concepts apply equally well to scattering. Thus, we could define a scattering cross-
section s, a linear scattering coefficient P and write Beer’s Law for scattering:

Iy = loe™. [4-3]

" August Beer (1829-1863), German Chemist, and Johann Heinrich Lambert (1728-1777), German
mathematician.
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In general, both absorption and scattering occur together and both remove radiant energy from the
incident beam; this decrease in irradiance is called attenuation. The absorption and scattering effects are

additive. Thus we could define a total (or attenuation) cross-section as: St =S, + S, and a linear
attenuation coefficient ur = stc and write Beer’s Law as;
I = le*™ [4-4]
including beam attenuation by both absorption and scattering.
The quantity log (lo/1) is called the absorbance, A; from Eq. [4-2]
A =log (Io/1) = 0.4343 In(lo/1) = 0.4343scx = 0.4343ux  [4-5]°

When several absorbing species are present at once, each with its own concentration, cross-section, and
path length, it is the absorbances which add to give the total absorbance. For species 1, 2, 3, ---

Awota = 0.4343(31C1X1 + S,CX; + -“) = 04343(H1X1 + UoXo + -“) [4-6]
The utility of the absorbance is shown in the following example.

Example 4-2.
Measurements in a spectrometer on three leaves from a maple tree give the

following information (for 1 = 450 nm).

Leaf number Linear attenuation Leaf Thickness
coefficient

1 1.39x10% cm™ 0.10 mm

2 1.43x10° cm™ 0.12 mm

3 1.48x10% cm™ 0.091 mm

If the three leaves are arranged one behind the other, what percent of the incident 450 nm light is
transmitted by the combination?

For leaf 1, its absorbance A; = 0.4343,x; = 0.4343(1.39x10% cm™)(0.10x1072cm)
=0.604

Similarly for leaf 2; A, =0.745
for leaf 3; A; = 0.585

With all three leaves in series the absorbances add, i.e. the total absorbance is
Ar=A+ A, +A;=1.934 = IOg (lo/l)
Therefore 1o/l = antilog 1.934 = 85.9

I/, =1/85.9 = 0.0166, i.e. only 1.2% of the light of I = 450 nm is transmitted, almost 99% is

8 For any number, log N =0.4343 In N
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absorbed.

Alternate solution For leaf 1, since A; = 0.604, it follows that leaf 1 transmits 24.9% of the
incident light.

Similarly leaf 2, by itself, (since A, = 0.745) transmits 18.0% of the light that is incident on it, and
leaf 3 transmits 26.0% of the light incident on it.

If the light incident on leaf 1 is o, then the intensity transmitted by leaf 1 and incident on leaf 2 is
0.2491,. Similarly the light transmitted by leaf 2 (and incident on leaf 3) is 0.180(0.2491,).
Finally, the light intensity transmitted by leaf 3 is 0.260(0.180)(0.2491,) = 0.0116l,0r 1.2% of I,
in agreement with the first solution.

4.4 Solar Radiation; Atmospheric Absorption and Scattering

A Solar Radiation Above the Atmosphere

Solar radiation supplies most of the visible radiation (VR) and ultraviolet radiation (UVR) in our
environment. Indeed, the Sun supplies either directly or indirectly (e.g., fossil fuels) almost all of the
Earth’s energy.’

The Sun’s energy originates from nuclear fusion reactions in its core. The energy migrates to the outer
parts of the Sun where it is radiated to space, primarily as EM radiation. The radiation comes mainly
from the photosphere, a gaseous region about 300 km thick with temperatures between 4000 K and 6500
K. Beyond the photosphere are extensive, higher temperature, very low density zones, the chromosphere
and corona. The latter absorb some of the photosphere radiation and emit small and variable amounts of
X-rays. All of these regions are highly dynamic with convective activity, cyclic (11-year cycles) sunspot
activity, etc., which introduce small variations in the solar spectrum and total output. The Earth intercepts
only about 10 of the total energy radiated by the Sun.

Measurements of the solar spectrum and total solar irradiance arriving at the Earth above the Earth’s
atmosphere have been made by various space agencies such as NASA. The average results are tabulated
and published; see, for example, the tables *Solar Spectral Irradiance’ in any recent issue of The
Handbook of Chemistry and Physics. These spectral data are plotted as the solid line (labelled 1) in Fig.
4-4 from 1 = 200 to 2600 nm. The spectrum suggests that of a blackbody radiator.*® Shown for
comparison (dashed line labelled 2) is the emission spectrum of a 5800 K blackbody radiator. The
general shape is similar,
particularly in the IR

region; there are obvious % % HOfHOHO HO WO — o TWO <o,
small differences in the _ 2.0 © —
VR and UVR. Thus, as g N,
reasonable approx- °E 1.5 /’ . ‘f\/ _
imation, the Sun’s photo- = ! N
sphere radiates as a 5800 2 1.0k N3 _|
K blackbody. g '{ X
= 0.5 —
£/ 4
® Asmall portionoftheEa  —
nuclear reactions of terrest 0 : : ' L ’ '

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

_ Wavelength (nm)
¥ Review Sec. 2-5 re bla

)

Fig. 4-4. Solar radiation received by the Earth. The four curves are described in
the text. The bars at 5{19 top identify the absorption bands.
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Table 4-1 gives a few selected data from the complete NASA Solar Irradiance Tables. The third column (
P)) is the spectral irradiance (the height of curve 1 in Fig. 4-4). (See also Chapter 3, Problem 3-17.) The
fourth column (D,) gives the percentage of the total solar radiation that is found in the spectral region that
is less than the specified wavelength. For example, 8.73% of the total solar radiation lies at wavelengths
shorter than 400 nm.

Table 4-1. The Solar Spectrum

Wavelength Spectral P D
nm Region Watts/cm?.um %
200 UVR 0.001 0.008
400 VR 0.143 8.73
480 VR 0.207 19.7
700 VR 0.137 46.9
8000 IR 0.0001 99.9

As Table 4-1 (and also Fig. 4-4) indicates, there is very little solar radiation — only 0.008% of the total —
of wavelength less than 200 nm. Of course, there is some; a very small amount is detectable into the X-
ray region. Fortunately, all of this ionizing radiation is completely absorbed by the Earth’s atmosphere.
The UV region (1 <400 nm) contains about 8.7% of the total energy. Although relatively small, this
region is of great biological significance. The peak irradiance (outside the atmosphere) occurs at 480 nm,
in the blue-green region of the spectrum. The energy in the visible is 38.2% of the total (i.e., 46.9% —
8.7%). It is possibly a surprise that less than 40% of solar radiation is visible light.

The infrared contains about 53% (i.e., 100% — 46.9%) of the total with almost all of this between 700 nm
and 800, near the middle of the IR spectral region. A very small amount, about 0.1%, has wavelengths
greater than 8.0 um; there is detectable solar radiation out to about 1 = 1 mm in the microwave region.

The total solar irradiance, (integrated over all wavelengths), on a surface perpendicular to the Sun’s rays,
measured outside the Earth’s atmosphere, averages 1353 W/m? as reported by NASA.* This quantity is
called the solar constant even though it is not quite constant. It varies slightly due to solar activity (e.g.,
sunspot activity) and during the year due to the slight eccentricity of the Earth’s orbit. The above
measured value agrees quite well with the predicted value calculated using Stefan’s Law and assuming
the Sun radiates as a 5800 K blackbody; see Problem 2-15. As indicated in Problem 2-15, the solar
constant depends on the Sun’s temperature and radius, the Earth’s orbital radius and the ‘inverse square
law’ for radiation. As we see below, the value of the solar constant is critical for life on Earth.

At this point, it is of interest to estimate what the average, equilibrium temperature on the Earth’s surface
would be if atmospheric effects are ignored, i.e., if the Earth were simply a rocky sphere like the Moon,
devoid of an atmosphere or oceans.*

Let the solar constant be represented by S. The Earth has a radius R (6.37-10° m) and presents a
projected circular area of pR? to intercept the solar radiation. Not all the energy incident on a planet is
absorbed; some is reflected and the fraction reflected is called the albedo ‘a’. Thus, the radiant power

1 Slightly different values are given by other authorities.

2-One of the most important properties of the Earth for life is that it has a suitable mass and radius to
create a gravitational field strong enough to hold an atmosphere; however, you might think of some
reasons why the Earth’s g-field should not be too strong.
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absorbed by the Earth is (1-a)pR?S. Let us assume that the Earth is a perfect blackbody radiator
(emissivity e - =1.00). Its surface temperature will adjust until an average equilibrium value is
established at which the radiant power received by the Earth is matched by the power radiated to space by
the Earth. Let this equilibrium temperature be T (Kelvin). Remember that the Earth radiates from its
entire spherical surface 4pR2.

At equilibrium, using Stefan’s Law:

Power absorbed = power radiated

(1-a) pR*S = (sT*) 4pR?

1/4
1= @-as [4-6]
4s
The actual albedo of the Earth with its atmosphere is 0.37. Without its atmosphere and ocean the Earth
would resemble the Moon whose albedo is 0.07. Using this value in
Eq. [4-6], the equilibrium temperature of an airless, waterless Earth would be:

_@-as ™ _ @-o00nassow/m?)

T 8 2 4
4s 4(5.67 - 10 Wm K"

=273K=0C

The equilibrium temperature would, of course, depend on the exact values of the albedo and emissivity
but any reasonable values would give a temperature near 0 C.

The important result here is that the Sun’s temperature and radius and the Earth’s distance from the Sun
are just right to produce a solar constant which in turn is just right to produce an average temperature on
Earth with a value suitable for life. This is critical; small changes in these parameters could make the
Earth either too hot or too cold. The above temperature is slightly on the cool side. If the temperature

were even slightly less than 0 C and if we add oceans to the Earth, the oceans would be frozen and life as
we know it would not exist. As discussed in Sec. 5.3, the Earth’s atmosphere causes the average

temperature to rise to about 15 C, keeping most of the water in a liquid state and making life possible.

B: Solar Radiation at the Earth’s Surface

The discussion so far has described the solar radiation above the Earth’s atmosphere. However, the
radiation reaching the surface is modified by absorption and scattering in the atmosphere.

A brief description of the Earth’s atmosphere is in order. The major components of dry air in the lower
atmosphere are N»(78.1%) and O,(20.9%) with the remaining 1% composed of Ar, CO,, CH., N,O, O3
and several other trace gases. Also, the lower atmosphere contains highly variable quantities of water
vapour, usually making up 1 to 3% by volume. In addition to these molecules, there are solid and liquid
particles such as many types of dust, salt from the oceans, spores, pollen, mist and clouds, raindrops, etc.
The colloidal-sized particles (0.001-10 um) are often referred to as aerosols.
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The atmosphere has no definite thickness; its density and pressure decrease more or less exponentially
with height above the surface. Traces of nitrogen and other molecules can be found out to 500 km but
99% of the atmosphere is below 30 km and half is below 6 km. Obviously the atmosphere is very thin
compared to the Earth’s diameter. If we take 30 km as representing the effective thickness, then the
atmosphere is only about 1/400 of the diameter.™

The lower region, up to about 15 km, is called the troposphere. This is the region of strong convective
mixing due to solar heating of the ground surface. This region contains a large fraction of the total
atmospheric mass, particularly the trace gases, water vapour and particulate matter. Essentially all clouds
and ‘weather’ are in the troposphere. Obviously most of the atmospheric scattering and absorption of
solar radiation occurs in this region. In general, the temperature in the troposphere falls from an average

of about 15 C at sea level to about -60 C at 15 km.

Above the troposphere is the stratosphere (from about 15 to 50 km) where the temperature rises again
(due mainly to UVR absorption) to about -2 C at 50 km. Above the stratosphere is the mesosphere (50-

85 km; temperature falling again to about -90 C) and beyond 85 km is the thermosphere where the

temperature rises again due to absorption of very high energy UVR (I <100 nm) and X-rays. Remember
that in these outer regions the atmospheric density is extremely low and the concept of temperature is
essentially a measure of the average random translational kinetic energy of the widely separated
molecules.

Scattering:

Scattering occurs both from molecules and particulate matter in the atmosphere, mainly in the
troposphere. Scattering from molecules or, in general, from particles whose diameter is much less than
the wavelength of the EM radiation is called Rayleigh scattering, first analyzed by Lord Rayleigh in the
19th century. Since N, and O, make up most of the molecular content of the atmosphere, most of the
Rayleigh scattering is by these two gases. The main feature of Rayleigh scattering is that the scattering

cross-section (see Sec. 4.3) is inversely proportional to the fourth power of the EM wavelength, i.e., ss 1/

1*. Thus for the same incident irradiance, much more blue light and UVR is scattered than red light or IR.
Rayleigh scattering is the cause of the blue sky; without Rayleigh scattering in the atmosphere, the sky
would be black as it is on the Moon. For each Rayleigh scattering event, with incident unpolarized light,
the scattering is fairly uniform in all directions. Of course, in the atmosphere light is multiply scattered,
resulting approximately in a uniform blue colour over the entire sky. Rayleigh scattering is also
responsible for the red sunrises and sunsets we observe. When the Sun is near the horizon, the direct rays
must pass through a relatively long path of air before reaching an observer on the ground. Beer’s Law
(Sec. 4.3) applies so that most of the blue (and UVR) is scattered out of the direct beam, leaving red light
to reach the observer. As discussed in Sec. 1.5, Rayleigh scattering also converts the unpolarized rays
from the Sun into partially linearly polarized scattered radiation.

Our eyes make us well aware of the Rayleigh scattered blue light. However, we are less aware of the
strongly scattered UVR. Although the atmosphere absorbs some of the UVR (discussed later), it does not
absorb much of the UV-A and UV-B,; the latter is strongly scattered. We should keep this in mind when
sitting under a tree, umbrella, etc., at a beach or similar location exposed to a lot of open sky. Although
we are shaded from the direct rays of the Sun, the sky light (i.e., scattered light) illuminates the shaded
region and this light contains significant UV-B which causes erythema (sunburn). In addition, there may

¥ This is thinner, relative to the size of the Earth, than is the skin relative to an apple!

4-10



4-VISIBLE AND ULTRAVIOLET RADIATION

be strongly reflected VR and UVR, from surfaces like water, sand, and snow, reaching the shaded area.
In addition to molecular or Rayleigh scattering, there is also scattering by particulate matter (aerosols)
which includes water and ice clouds. There is a huge range of particle sizes, density and composition.
This scattering is called Mie scattering,* first described in 1902. If the particles are very small (diameter
<< 1), the scattering is essentially the same as molecular scattering. However, when the particle size is
greater than the radiation wavelength, the scattering becomes almost independent of wavelength, i.e., all
wavelengths scatter equally well provided the scattering substance is non-absorbent (i.e., a transparent
bulk sample, as for liquid water or ice). For this reason, the scattering from clouds, haze, steam, etc.,
appears white. The scattering (or we could also say reflection) from clouds is both highly variable and
significant. Averaged over the entire Earth, clouds scatter about 20% of the incident solar radiation back
to space, resulting in a significant lowering of the average surface temperature compared to what it would
be if there were no clouds.

Since most particulate material is in the lower atmosphere, most of the Mie scattering occurs in this
region. Thus when we look at the clear sky near the horizon, we are looking through a long path length
near the ground and receive a large amount of Mie scattered (i.e., white) light superimposed on the
Rayleigh (blue) light. In contrast, light scattered from the zenith region (directly overhead) is largely
Rayleigh light. The zenith skylight is a much purer blue than is the horizon light. Colour scientists and
artists say that the zenith blue is more saturated than the whitish-blue horizon light.

Obviously scattering reduces the irradiance of the direct solar beam reaching the ground. However, about
50% of the scattered light reaches the ground as sky light, the rest is scattered back to space. About 26%
of the original energy incident above the atmosphere is scattered back to space. The net result is a
reduction and spectral change in the sea-level irradiance. This is illustrated in Fig. 4-4. The line labelled
3 illustrates the calculated, average sea-level irradiance if there were no atmospheric absorption.
Compared to the irradiance above the atmosphere, there is a reduction at all wavelengths but particularly
in the visible (especially the blue-green region) and in the UVR.

Absorption:

In addition to scattering, the molecules (and to a small extent the aerosols) in the atmosphere also absorb
solar radiation. The shaded regions in Fig. 4-4 indicate the absorption on a typical clear midsummer day.
The line labelled 4 gives the resulting solar irradiance reaching the Earth’s surface. The difference
between lines 1 and 4 shows the total effect of both scattering and absorption.

As Fig. 4-4 indicates, most of the absorption occurs in broad bands in the IR region, i.e.,

1 > 700 nm. This is due to vibrational absorption, primarily by water vapour molecules and to a lesser
extent by CO, molecules. These H,O and CO, absorption bands continue on into the IR region beyond
that shown in Fig. 4-4.

Molecular vibrational levels and vibrational absorption were discussed in Sec. 2.4 (see Figs. 2-10 and 2-
12 and related material). We repeat here a few important points. In Sec. 2.4, the discussion focused on
diatomic molecules but molecules with more than two atoms, such as H,O and CO,, also have (many)
vibrational modes and absorption bands. The vibrational energy-level spacing is typically about 0.1 eV,
resulting in absorption in the IR spectral region. Although individual molecules (e.g., in a low pressure
gas) absorb at well defined wavelengths or ‘lines’, in the atmosphere, there is actually considerable
pressure or collision broadening, resulting in the relatively wide bands seen in Fig. 4-4. In order for
vibrational absorption to occur, the absorbing molecule must have an electric dipole moment in at least
one of the two vibrational energy levels. Thus symmetric homonuclear molecules such as N, and O, do
not absorb vibrationally or rotationally, a rather significant property that renders the atmosphere almost

1 Gustav Mie (1868-1957) (Pronounced “mee”) German Physicist.
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transparent.

Since most of the water vapour is in the lower atmosphere, most of the IR absorption occurs in the lower
5 km of the troposphere. Although the energy is initially absorbed by the H,O and CO, molecules, it is
very rapidly (through molecular collisions) converted to random kinetic energy (heat energy) of all the
molecules, resulting in warming of the lower atmosphere. The absorption of IR (and also microwave
radiation) by atmospheric gases is discussed further in Chapter 5 in connection with the greenhouse effect
and the Earth’s energy balance.

In addition to vibrational IR absorption, there is also electronic absorption by atmospheric molecules,
almost entirely by O, and O; (0zone) in the UV. As Fig. 4-4 indicates, there is very little absorption
(shaded regions in Fig. 4-4) in the visible, and only a slight amount in the red region due to Os.
Obviously life processes such as photosynthesis and vision evolved to utilize this transparent but photo-
chemically active ‘window’ in the atmosphere.

The absorption of UVR, particularly UV-C and shorter wavelengths, may look rather insignificant in Fig.
4-4; however, it is essential to terrestrial (i.e., non-aquatic) life on Earth. Some of the many harmful
biological effects of UVR such as sunburn, cell death, etc., due primarily to absorption by DNA and
protein molecules, are discussed in the next section. The UV-B and UV-C regions are particularly
harmful; the UV-A region less so.

The small amount of very high energy UVR (I <200 nm) and X-rays in solar radiation is absorbed by the
equally small amount of O, and N, in the thermosphere and mesosphere (height > 50 km). Oxygen, and
to a smaller extent N, absorbs strongly in this spectral region and the photon energy is sufficient to both
cleave, and ionize, the molecules as well as create excited electronic states. The result is the production
of atomic and molecular species such as

0,, 0., 0, 0%, O, Ny, etc.”

Because of the formation of ions, the mesosphere and thermosphere are also called the ionosphere. These
ion layers are important in short-wave radio communication since they reflect radio waves back to Earth.
Solar surface ‘storms’ — e.g., unusual solar flare activity, produce streams of charged particles (protons)
which, when they reach the Earth, disturb these ion layers. This in turn usually disturbs short-wave radio
transmission, and sometimes even electric power grids.

Most of the solar radiation of I > 200 nm penetrates into the stratosphere where there is further
absorption by the increasing amount of O,. To split an O, molecule into ground-state oxygen atoms
requires 495 kd/mole of O, (5.12 eV/bond). The wavelength corresponding to this photon energy is 242

nm. The result is that all remaining solar radiation of 1 242 nm is absorbed in the stratosphere by O,
forming O atoms:

O, + hf fi O+ O (for 1 242nm)[C4-1]*

Any absorbed photon energy over and above the 5.12 eV used to split the molecule ends up as thermal

%5 A molecular or atomic symbol with an asterisk (*) indicates an excited electronic state.

8 We will designate chemical reaction numbers with the prefix C.
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energy of the stratosphere gases.

Other steps, critical for life, follow after the process [C4-1]. The oxygen atoms formed by [C4-1] are very
reactive, and in the stratosphere, the air density is sufficient that an O atom quickly collides with an O,
molecule and any third molecule M to produce ozone (Os):

O+ 0, + M fi O; + M + excess energy [C4-2]"

In reaction [C4-2], chemical energy is released and some is carried away by the molecule M and
eventually adds further to the thermal energy of the stratosphere.

Ozone, in turn, strongly absorbs UVR in the range 220-325 nm, reforming O, and O, i.e.,
O; + hf F1 O, + O (for I 325nm) [C4-3]

The O; bond energy is quite weak (only 105 kJ/mole); all of the excess absorbed photon energy goes into
thermal energy.

Finally, O; and O may combine:
O + 0s fi 20, [C4-4]

Reaction [C4-4] releases further heat into the stratosphere. The important result of reactions [C4-1] and
[C4-3] is that essentially all solar radiation of 1 < 300 nm is absorbed and there is some reduction in
radiation between 300 and 325 nm. Thus at the ground level, there is no solar UV-C and of course no
vacuum UV; the dangerous UV-B region is reduced relative to what it would be if there were no O, and
O, absorption.

Taken together, reactions [C4-1] to [C4-4] are a cyclic process leaving the total stratospheric O,
unchanged. The net result is the absorption of UV photons whose energy ends up as heat in the
stratosphere. This is the reason that the average stratospheric temperature is warmer than the top of the
troposphere.

Reactions [C4-1] and [C4-3], of course, occur only in the daytime and establish a stable steady-state
concentration of stratospheric ozone. Since no O is produced at night ([C4-3] not operative) then reaction
[C4-4] does not occur either, and so the 0zone concentration remains stable during the dark hours as well.

The Os in the stratosphere is often called the ozone layer although the radiation flux and O, density are
such that the ozone is actually spread over a large vertical span at very low concentration. It reaches a
maximum concentration of almost 10 ppm® at a height of 25 - 30 km. If all of the stratospheric ozone
were compressed into a layer of pure Os at S.T.P. it would be only about 3 mm thick. Although small in
amount, stratospheric ozone is essential to life. This
will be discussed further in Sec. 4.6. B L &

A Model Absorbing Atmosphere

. . . - I I
The scattering and absorption depicted in Fig. 4-4 ° V 0
—_
X
" The third molecule M is necessary to conserve both|( L
8 parts per million. Atmosphere
|
__— o0 m
4-13 Surface

Fig. 4-5 The effect of zenith angle on the solar
irradiance.
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represents a typically clear, mid-latitude, mid-summer day. Of course the total scattering and absorption
is not constant but depends on factors such as the amount of haze and cloud (especially for backscattering
to space), the time of day, the season, the latitude, and the elevation. These apparently diverse factors can
be collectively understood as an application of the Beer-Lambert attenuation law. The principle is shown
in Fig. 4-5. In the diagram O is an observer at sea level and H represents the ‘height’ of the atmosphere.
Of course the atmosphere really has no definite height; if one wanted a representative number, 30 km
might be chosen since 99% of the atmosphere lies below this height. However, traces of atmospheric
gases can be detected up to 500 km. In any case when the Sun is directly overhead *° (in the zenith) at
position A, the direct solar rays traverse an effective atmospheric path length H. When the Sun is lower
in the sky (position B) the path length x is greater. The Beer-Lambert law tells us that for the direct solar
beam:

I =1,e""

Here 1 is the irradiance (perpendicular to the beam) at the ground, I, is the irradiance above the
atmosphere, and |+ is the linear attenuation coefficient for the atmosphere along the path x; u+ is
dependent on the molecules and aerosol species along the path. Recall from Sec. 5.3 that for each
atmospheric species [t = StC (Where St = S, + S;) and that each of these cross-sections is strongly
wavelength dependent. Therefore in Eq. [4-4], u+ for the atmosphere along x, will change with the
wavelength and also the species concentrations. Thus Eq. [4-4] must be applied separately to each small
wavelength region. Also pr will vary with the haze, cloud, dust, etc. along the beam. The details are
complex but the general results are simple. When the Sun is low in the sky (early morning, late evening,
winter) x is large and the irradiance is decreased for all wavelengths in the direct beam. Although there is
more scattering when the Sun is low, the multiply-scattered skylight reaching the observer must also
travel over larger paths so the skylight is also absorbed, decreasing in intensity. Therefore the surface
irradiance, both from the direct beam and skylight, decreases. For example, as we are all aware, there is
less risk of UV-B exposure if we are exposed to sunlight during early morning or late afternoon hours.
Similarly, if haze, clouds, etc. increase, increasing the concentrations ¢ contributing to pr, then |
decreases for a given x.

The Beer-Lambert law may be written in more useful forms. First note that the solar position for any
observer may be specified by either of two angles shown in Fig. 4-5: (i) the solar altitude (a), the angle of
the Sun above the horizon, or (ii) the solar zenith angle (z), the angle between the Sun and the observer’s

zenith (& +z =90 ). Obviously x depends on the Sun’s zenith angle, and as Fig. 4-5 illustrates, if the
curvature of the Earth is ignored x = H/cos z = Hsec z.° This relationship is accurate to 3 significant

figures unless the Sun is very near the horizon (z > 80 ). In the latter case the curvature of the Earth and
refraction of light in the atmosphere must be considered. In general one may write z = mH where

m @ sec z forz 80 . For example, for z=85 , m = 10.4, whereas sec 85 =11.5. Thus, for smaller
angles Eq. [5-4] may be written;

I =1,  where m=secz

* This is possible only in the tropics, and there only at noon on two days each year.

? sec z = secant z = 1/(cos 2)

2! Meteorologists call the dimensionless factor m the “air mass” for the path x. This is a misnomer since it
is not a mass although it is proportional to the mass of air along the optical path x.
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Finally, remember that there is really no exact value for H. However, in the tropics one may measure, for
any wavelength band, the fraction transmitted (I/1) when the Sun is directly overhead, i.e.z=0and m =
1; call this transmitted fraction a, then the Beer-Lambert law becomes;

I=1,a", m secz [4-6]

Equation [4-6] gives the direct beam irradiance at sea level for a surface perpendicular to the beam. The

irradiance Iy on a horizontal surface is less (unless z = 0 ), since the energy of one square metre of beam
area is spread over a larger horizontal surface area (See Example 3-5). It is easy to show (as you should
verify) that the beam irradiance on a horizontal surface is given by;

Ih=1l,cosza" [4-7]

Example 4-3

@ The NASA Solar Tables show that in the blue region of the spectrum (1 = 450 - 490 nm) the
solar irradiance above the atmosphere is 6% of the total solar constant, i.e. 6% of 1350 W/m? =

81 W/m?. Measurements show that for m = 1, the atmospheric transmission (I/l;) on a clear day for this

spectral region is 0.67, i.e. a = 0.67.

(a) At (solar) noon at Guelph Ontario on the first day of summer (usually June 21), the Sun reaches its

greatest altitude; for Guelph, z = 20.5 . At this time, what is the irradiance of the above blue light due to
the direct solar beam on a horizontal surface?

In = locos za™ = (81 W/m?)(cos 20.5 )(0.67)*° %
=81 W/m? x 0.61 = 49 W/m?
i.e., the atmospheric scattering and absorption reduce this wavelength region to 61% of its value

above the atmosphere at the location and time. Remember this is for the direct beam so some of
this radiation that was scattered reaches the ground as skylight.

(b) Repeat for the case when the Sun is 10 above the horizon.

Ih = locos z a" = (81 W/m?)(cos 80 )(0.67)% ¢
= 81 W/m? x 0.017 = 1.4 W/m?

In this case the long path length and low altitude reduce the direct beam irradiance on a horizontal
surface to about 2% for this wavelength range.

Atmosphere-radiation interactions will be discussed further in Chapter 5 in connection with the Earth’s
energy balance and the ‘greenhouse effect’.
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45 Ultraviolet Radiation and Life.

The previous section alluded to the largely harmful effects of ultraviolet on living organisms. This
section discusses these effects and other aspects of UVR in more detail; see also Sec. 6.5.

At the molecular level, experiments indicate that
most of the biological action of UVR is due to
absorption by DNA and proteins. The
absorption spectra of DNA and of the protein a- 08

crystallin (the main protein in the mammalian o7e g o
eye lens) are shown in Fig. 4-6 for the o 064 < g
wavelength region 240 - 340 nm. These g 05 g E
molecules also absorb at shorter wavelengths 'g E 5
but in our environment there is almost no UVR | £ %47 g2
at wavelengths less than 240 nm so the region 25
shown is that of primary interest. As the figure 0.2

indicates DNA has a broad absorption

maximum at 260 nm and the protein has a 00 : '

maximum at 280 nm, typical of many proteins. 240 260 280 300 320 340

There is essentially no absorption by DNA or Wavelength (nm)

protein at wavelengths greater than 320 nm

(UV-A). Both absorb strongly in the UV-C and | Fig. 4-6. Ultraviolet absorbance of DNA and protein, and the
less so in the UV-B (290 - 320 nm). Recall that | germicidal action spectrum.

at sea level there is no UV-C of solar origin but
there is some UV-B. We see why the UV-B is of biological concern.

Experiments have shown that DNA absorption is mainly due to the bases (guanine, thymine, cytosine and
adenine) that form the cross-links in the DNA molecule. A common result is the formation of a thymine
dimer (between adjacent thymines). This and other chemical changes break the cross-links in some
regions of the DNA chain, destroying the molecule’s ability to pass on its encoded information.?

Absorption by proteins is largely due to the aromatic amino acids, particularly tryptophane, resulting in
various chemical changes such as de-amination (replacement of -NH; by -H or

-OH). Also significant is absorption by the sulphur-containing amino acid cysteine. This may break
disulfide bonds (-S-S-) between two cysteins in the amino acid chain thus destroying the tertiary structure
(shape) of the protein molecule on which so many protein properties are thought to depend.

Absorption by DNA and proteins manifests itself in many macroscopic ways as diverse as cell death and
sunburn. Figure 4-6 shows the action spectrum for the death of bacterial cells (or at least their inability to
reproduce) by UVR, referred to as germicidal action. We see that the germicidal curve closely follows
the DNA absorption, peaking about 260 nm, with no action in the UV-A region. Although obviously
detrimental to bacteria (and also viruses, moulds, etc.) this germicidal action is useful to humans. Special
lamps (see below) emitting UVR near 260 nm are used for the sterilization of surfaces, air, and liquids,
for example, in hospitals and in the preparation and packaging of foods and drugs.

2 Many organisms have developed DNA repair mechanisms; see any text on photobiology or molecular
biology.
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Another action of UVR in the skin is erythema or
reddening of the skin, one of the symptoms of sunburn.
The action spectrum is shown in Fig. 4-7. The
spectrum has two peaks, one near 250 nm and the other
near 300 nm. The reduced effect below 250 nm is a
result of the increased opacity of the air to the
radiation. Above 320 nm the radiation is absorbed
primarily in the dead cells of the epidermis while those
in the range 250 to 320 penetrate to the living cells
below. Depending on the severity of the exposure the YRR B
reaction of the skin has a latency % of from two to Wavelength (nm)

several hours and may vary from simple erythema to | Fig. 4-7. The action spectrum of erythema and cancer
blistering and cell disruption. The action spectrum of | of the skin.

Skin erythema and
carcinogenesis

Relative action

i 1

1
300 320

skin cancer is almost identical to that of erythema and
is discussed below. As with germicidal action, only the UV-B portion of sunlight at sea-level produces
sunburn.

A standard sheet (about 3 mm thick) of ordinary window glass transmits very little UV-B although it is
fairly transparent to UV-A. Thus, with normal exposure times, one cannot get a sunburn or keratitis from
sunlight that has passed through a (closed) standard window. However, very long exposures (of many
hours) will produce a slight erythema.

Figure 4-8 is a very simplified sketch
of the structure of the human skin. In
the epidermis the basal cells i
continually divide, producing the

UV-B radiation

stratum corneum

keratinocyte cells (also called 2 25pum <7 (horny layer)
squamous cells) which move outward, 3 T keratinocyte
become flatter and drier, and become ﬁ 40pm (squamous cell)
the lower part of the stratum corneum = l &— melanasome granule
or horny layer. The latter is a layer of

flattened, dead, protein-rich cells that

protect the body. The outer part of the basal layer
stratum corneum is continually lost by 2

abrasion and is replaced from below 5 Tlari

by the outward movement of the < Connective tissue. etc.

squamous cells. The epidermis is
obviously an active region of cell
division.

Fig. 4-8. The structure of human skin.

The basal layer also contains some melanocyte cells which have extensions that penetrate among the
squamous cells. The melanocyte cells manufacture the brown-black pigment melanin which determines
skin colour. The melanin is in granules (melanosomes) within the melanocytes and which also migrate
into the squamous cells.

Sunburn results from the absorption of UV-B (or UV-C if present) by the cells in the lower epidermis or
dermis. It is believed that the UVR damages cell membranes, particularly the membranes of organelles
called lysosomes. The lysosomes release chemicals which diffuse through the epidermis and dermis
causing dilation of the capillaries (the source of the erythema) and other more severe symptoms of

Zi.e., time delay

4-17



HUNT: RADIATION IN THE ENVIRONMENT

sunburn.

There is also evidence that UV-B damages the DNA in the epidermis cells. If the DNA damage is not too
severe, it can be repaired by the cell. If the damage is beyond repair, the cell has a gene (called the p53
gene) which produces a protein that leads to apoptosis-the programmed death of the cell. (The cell
‘commits suicide’.) This prevents the damaged cell(s) from reproducing and possibly producing a skin
cancer.” The damaged and dead cells are replaced by normal cells as the sunburn heals.

The absorption of UV-B in the epidermis stimulates a substantial thickening of the stratum corneum and
also induces the melanocytes to produce more melanosomes which diffuse among the keratinocytes. We
refer to the latter process as tanning. Both of these processes increase the harmless absorption of UV-B
and UV-C. Thus gradual exposure over several days builds up these protective mechanisms reducing the
susceptibility to sunburn.

It is of interest that there is a second skin-tanning mechanism that is caused by UV-A with a peak about
250 nm. The UV-A causes melanin-formation by the photo-oxidation of a precursor substance; this
tanning also helps to protect against sunburn.

Sunscreens are chemicals, applied to the skin, that strongly absorb UV-B (some also absorb UV-A)
converting the energy to heat. Those that absorb only in the UV-B allow the second tanning mechanism
mentioned above to continue. Note that sunscreens do not accelerate tanning; they protect against
sunburn. One must remember the Beer-Lambert Absorption Law. A layer of sunscreen cannot absorb
100% of the UV radiation; a small fraction will reach the epidermis. Very long exposure times can
produce large enough integrated UV-B exposure to produce sunburn or more serious results. Sunscreens
offer protection but common sense must prevail.

UV-B can also damage plants. The condition known as leaf bronzing is the plant equivalent of sunburn
and reduces the leaf’s photosynthetic ability. Recent experiments at the University of Guelph % have
shown that some plants are resistant to UV-B damage. These plants protect themselves by producing
chemicals called flavonoids, a response similar to tanning in humans.

UV-B and Skin Cancer %

There is overwhelming evidence that skin cancer can be caused by exposure to UV-B radiation,
particularly in fair-skinned people (i.e. low melanin levels). There are three forms of skin cancer,
resulting in two basic classes depending on the epidermal cells involved. The first class and form is
malignant melanoma which is cancer of the melanocyte cells. The second class is non-melanoma skin
cancer which takes two forms: one form is cancer of the basal cells and the second form is cancer of the
squamous cells. Malignant melanoma is much rarer but much more lethal than non-melanoma cancer, and
not as well understood. It is difficult to treat; each year in the United States there are about 7000 deaths
from malignant melanoma and about 3000 deaths from the non-melanoma class.

There are two stages to the genesis of UV-B induced non-melanoma cancer: (a) mutation and (b) cancer

% See Sunlight and Skin Cancer, by D.J. Lessell and D.E. Brush, Scientific American, July 1996, p 52.

% VanDoren, S.K., Effect of UV-B Enhanced Radiation on Ontario Soybean Cultivars and Maize Hybrids,
M.Sc. Thesis, University of Guelph, Guelph Ontario, 1995
% See Footnote 24
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promotion. The mutation event may take place many years before the actual cancer develops (the
promotion). Skin cancer usually develops in the middle to late stage of life; the mutation may occur in the
child or teen years.

In the mutation event, UV-B photons are absorbed by adjacent pyrimidine bases (either cytosine (C) or
thymine (T)) in the DNA of a basal or squamous cell. This results in the formation of a C-C or T-T dimer.
(Formation of thymine dimers was mentioned earlier in connection with Fig. 4-6.) These dimers are
eventually repaired by the cell but if cell division (i.e., DNA replication) occurs before the dimer is
repaired, a permanent cell mutation results. Normally in DNA, the cytosine on one strand of the helix
bonds with guanine (G) on the other strand. However, if division occurs before the dimer is repaired the
damaged cytosine in the dimer bonds with adenine (A), instead of with guanine forming a new second
strand. That is, the C-G base pair is replaced with a C-A pair. On further division, the adenine bonds, as
usual, with thymine. The net result is the replacement of a C-G pair by a T-A pair in two adjacent base
sites of the DNA. This ‘T-A’ DNA is perfectly healthy and normal as far as the cell is concerned but
represents a permanent mutation of the basal or squamous cell. All subsequent cells resulting from this
original cell have the T-A adjacent base-pair and thus a chemical codon (group of three bases) that code
for a particular amino acid in protein synthesis. The new codon will be part of a cell gene, i.e., there is
now a mutated cell gene, which will manufacture different proteins (enzymes) than the original C-G gene
did.

Relative to skin cancer, the above mutation is important if the changed base pairs are part of a particular
gene called the ‘p53 gene’. In normal cells this gene manufactures an enzyme (p53 protein) that has two
related functions:
1. If the cell suffers DNA damage, e.g. by UV-B absorption, it attempts to prevent cell division
before the damaged DNA is repaired and,
2. If the DNA damage is beyond repair, it causes the programmed death of the cell, a process
called apoptosis.
If cell division occurred with damaged DNA, a tumour could develop; the p53 protein attempts to prevent
this from happening. If the p53 gene is mutated by the action of UV-B, as described above, then the gene
may lose its tumour suppression ability, depending on just where within the gene the base change
occurred. The p53 mutation, even if it results in the loss of the cell’s tumour suppressing ability, does not
of itself cause a cancer tumour to develop. The development of a tumour (the cancer-promotion stage)
may occur years later or not at all.

A tumour may develop later if and when the DNA of the mutated cell is damaged by UV-B (i.e.
pyrimidine dimers are formed). If the cell were normal its p53 gene would prevent it from replicating
until the DNA is repaired or, failing repair, the cell is killed. However in the p53 mutated case, there is no
enzyme produced to prevent cell replication; the damaged cell divides, perhaps uncontrollably, forming a
non-melanomic skin tumour. To make matters worse, if the mutated cell is damaged by UV-B, it is likely
that most of the surrounding cells are also damaged (i.e., severe adjacent sunburn). If so their p53 protein
will cause their deaths, leaving a tissue space of dead cells into which the dividing, mutated, tumour-
forming cell can expand and grow.

Thus UV-B can give the basal or squamous cells a double blow: First it can cause the mutation of the p53
gene, resulting in the loss of the cell’s tumour-suppressing ability. This may occur early in life and does
not immediately produce a tumour. Secondly, perhaps years later, UV-B will promote cancer formation
by damaging the DNA of both the mutant and surrounding normal cells.

Although most skin cancers form later in life, it is obvious that protection of the skin from UV-B in the
child and teen years is extremely important since this is when the initial mutations may occur.
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Not all biological effects of UV absorption are harmful. One example is photo reactivation which is the
repair of DNA molecules that have been damaged by thymine dimer formation from UV-C and UV-B as
discussed above on skin cancer. It has been found that UV-A and also violet and blue visible light can
reverse the dimer formation provided the correct enzymes are present in the cells.

Other Biological Impacts of UVR

Another example is the production of vitamin-D from various sterol precursors. As one might expect, it is
the UV-B and UV-C that are responsible, not the UV-A. Vitamin-D is necessary for the proper
calcification of bones; without vitamin-D a bone deformation known as rickets results. It has been known
since the early 1900s that exposure to sunlight, especially in summer months, can cure rickets in children.
It is now realized that this is due to the UV-B component of sunlight converting sterols in the skin into
vitamin-D. Various foodstuffs are irradiated commercially to increase their vitamin-D content.

In addition to solar radiation there are human-made sources of UVR. Since our eyes do not detect it
(except possibly slowly by painful keratitis) we may be unaware of its presence. An example is UVR
from electrical arcs in air such as welding and carbon arcs. When near these arcs our eyes and skin
should be protected. Many types of special glass (e.g., “Noviol’ glass) have been developed which
strongly absorb in the UV and are used in welding goggles. Two or three millimetres of Noviol will
absorb essentially all UV-A, B, C and also some visible light. Window glass is not sufficient protection
for welding operations.

Over distances of many kilometres in the atmosphere, oxygen and stratospheric ozone absorb all the UV-
C and some of the UV-B from sunlight. However over short distances, as in laboratories or factories
where UVR may be produced, air is relatively transparent for wavelengths greater than 200 nm and
should not be relied upon for protection.

For aquatic life, the absorption of UVR by water is important. Distilled water absorbs strongly at
wavelengths less than 200 nm but is relatively transparent in the 200 to 400 nm range. It requires almost
a metre of distilled water to absorb 90% of a beam of 260 nm UVR. Normal water, containing various
amounts of dissolved salts and organic matter, is highly variable but absorbs more strongly than distilled
water. Thus one may expect significant amounts of UVR to penetrate into water for various distances up
to about a metre, depending on the dissolved and suspended material.

UVR has many scientific, medical, and industrial applications such as sterilization, photochemistry (e.g.,
polymerization), and the production of visible light by fluorescence. For these purposes many types of
UVR lamps have been developed. All lamps that produce significant UVR involve an electrical
discharge or arc through a gas or vapour of some type. That is, an electric current is passed through the
gas; collisions between the current electrons and the gas molecules or atoms raise the latter to various
excited electronic states. When the excited atoms return to their ground state, photons of various energies
in the UV, visible, and even the near IR region are emitted. The exact wavelengths emitted depend on the
atomic species and also on the pressure.

The most common of the arc lamps are mercury vapour lamps. Mercury emits many UV and visible
spectral lines; hence it may be used as either a visible light or a UVR source (or both) depending on its
design. The relative strength of the lines is adjustable to some extent by adjustment of the mercury
pressure. The mercury vapour must, of course, be contained in an envelope and the choice of envelope
material can control the radiation that is transmitted from the lamp. If UVR is desired, the envelope must
be a UV transmitting glass or possibly quartz. A visible-light absorbing filter can be added if no visible
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light is wanted (a so-called black-light source). For visible light only a UV absorbing glass is used. By a
suitable choice of pressure and envelope, mercury lamps known as sunlamps can be designed whose
UVR content mimics that of solar radiation i.e. they produce UV-A and some UV-B but no UV-C. Such
lamps have therapeutic uses.

Recall that germicidal action peaks at about 260 nm. By operating a mercury lamp at low pressure almost
all of the radiation emitted by the mercury vapour is in a single line at 253.7 nm. With a suitable
envelope that transmits this wavelength, these lamps are commonly used for germicidal purposes.

The 253.7 nm mercury line is also the main exciting radiation used in fluorescent lamps. The common
fluorescent lamp contains low pressure mercury vapour which emits this line when a current passes
through it. None of this UVR escapes from the tube; the envelope glass is opaque to this radiation. More
importantly the envelope is coated on the inside with various fluorescent materials which absorb the
253.7 nm light and emit a broad spectrum of visible light. Since very little IR is produced, the luminous
efficiency (lumens/watt) of these lamps is high compared to incandescent lamps (see Chapter 4), an
important consideration in energy conservation.

It is possible to select fluorescent materials that fluoresce in the UV-A and UV-B regions (in addition to
the visible). In this way fluorescent ‘sunlamps’ (see above) and ‘black lights’ (emit only UV-A) can be
made.

There is an extensive literature on UV lamps and safety; see the list of references at the end of the
chapter.

4.6 Photochemistry in the Environment.

As further examples of photochemistry in the environment, this section briefly discusses two current
problems:

(i) the depletion of the stratospheric ozone layer and

(i) photochemical smog.

(i) Ozone Layer Depletion

The stratospheric O, - O; cycle was discussed in Sec. 4.3 using the chemical reaction equations [C4-1] to
[C4-4]. Absorption of UV-C (I <242 nm) by O, produces O; (reactions [C4-1] and [C4-2]); subsequent
absorption (1 < 325 nm) by Oj; results in the conversion of O; back into O,. The total process results in a
steady-state concentration of Oz with a total amount equivalent to approximately a 3 mm layer of pure O,
at S.T.P. over the Earth’s surface. This amount is sufficient to absorb essentially all UV-C (1 <290 nm)
and some of the UV-B.

A serious problem that became evident in the 1970s is the conversion of stratospheric O; back to O, by
means other than absorption of UV-C. This threatens to reduce the steady-state O; concentration and
increase the UV-C and UV-B reaching the ground. This alternate method of destruction of O; involves
processes with chlorine atoms serving as the main catalyst. The basic reactions are:

Cl + 0, fi CIO + O, [C4-5]
ClO + O fi Cl + O, [C4-6]

The result of these two reactions is:
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0O; + 0 fi 20,
which is identical to [C4-4].

We see that, in this process, the chlorine serves only as a catalyst and a given chlorine atom can destroy
thousands of O; molecules in successive reactions. Eventually the chlorine atom takes part in other
reactions forming harmless HCI or CIONO;. Reactions [C4-5] and [C4-6] have low activation energies
and therefore proceed rapidly. Depending on the amount of atmospheric chlorine, ozone destruction by
chlorine can be equal to the total from UV-C absorption, thus significantly lowering the steady-state level
of ozone.

What is the source of stratospheric chlorine? The main source is chlorine released from various
chlorofluorocarbons (CFCs), also known by trade names such as ‘Freon’. These are compounds
containing carbon, chlorine, fluorine, and in some cases hydrogen. One common example is CFC-12 (or
Freon-12), CF,Cl,. These compounds at room temperature are stable, non-toxic, non-flammable,
odourless gases that are easily liquefied. These properties make them ideal as the operating fluid in
refrigerators and also as propellants for aerosol sprays and for the production of plastic foams. As a
result, in the period from about 1950 to 1990 these compounds were manufactured in ever increasing
amounts. Inevitably some CFCs escape into the atmosphere. In the troposphere the CFC molecules are
completely stable; they do not react with anything or absorb solar radiation found in the troposphere (I >
290 nm). However the molecules diffuse into the stratosphere where they absorb UV-C radiation that is
present there. The energy required to break a C-Cl bond is about 330 kJ/mole, hence the absorbed UV-C
can liberate atomic chlorine, i.e.

CF.Cl, + hf Fi CF.Cl + CI, for I <250 nm [C4-7]

A sequence of reactions given by [C4-5] and [C4-6] follows for each chlorine atom produced and the
sequence repeats until the Cl atom takes part in a reaction that removes it from the sequence.

The polar ozone holes have been well publicized since their discovery in the 1960s. These are chlorine-
induced ozone reductions that occur in the Polar Regions, particularly in Antarctica, in the early polar
spring. For an explanation as to why these holes occur near the poles in the spring consult the references
given at the end of the chapter. These holes increased in severity until, by 1990, the reductions were over
50%.

The depletion of stratospheric 0zone with the potentially serious results for terrestrial life was recognized
by scientists in the mid 1970s. In 1987 the Montreal Protocol was signed by a large number of
industrialized nations. This international treaty and its later extensions established a timetable for the
reduction and phase-out of the most serious ozone-depleting CFCs during the 1990s. Even if this happens
it will take many decades for the stratospheric chlorine to return to pre-CFC levels. It should be noted
that molecules other than chlorine can catalyze the destruction of ozone. One example is nitric oxide
(NO) that is produced whenever air is heated to a high temperature. Nitric oxide, from volcanoes and
from atmospheric nuclear testing, is known to reduce stratospheric ozone. There has been concern about
possible ozone reduction from the exhaust gases of supersonic aircraft that fly at stratospheric altitudes,
but this technology is slow in developing.

(ii) Photochemical Smog.

Photochemical smog is a complex mixture of secondary air pollutants found when pollutant
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hydrocarbons, nitrogen oxides, atmospheric oxygen, and water vapour interact under the influence of UV-
A and UV-B radiation. Since automobile engines are the main source of both the hydrocarbons and
nitrogen oxides, photochemical smog is primarily a problem of large urban areas. Since most of the

chemical reactions are thermal- (i.e. not photo-) reactions, warm temperatures (> 18 C) are required.
Calm air conditions are also necessary to inhibit dispersal of the materials.

Ideally the combustion of gasoline (a hydrocarbon) in an automobile engine produces only CO, and H,0.
Of course this does not happen even in a well adjusted engine. Automobile

exhaust contains many types of unburned hydrocarbons. Although there are other sources of atmospheric
hydrocarbons, the automobile is the main urban source (Box 1, Fig. 4-9).
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Fig. 4-9. The chemical cycle for photochemical smog.

The other primary input into photochemical smog is nitric oxide (NO); it is produced whenever air is
heated. Therefore it is formed and released into the air from automobile and other internal combustion
engines, and also from some industrial processes (Box 1, Fig. 4-9).

N, + O, T1 2NO (at elevated temperatures) [C4-8]

Let us follow the NO released into the urban atmosphere as illustrated in Fig. 4-9. In the lower
atmosphere there is always a small amount of ozone (O3) and other strong oxidants. These compounds
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oxidize NO to NO; (Box 2). The amount of Oz and other oxidants available for this, increases
significantly in smoggy conditions (see below). The resulting NO, absorbs UV-A (I <400 nm)
reforming NO and also yielding highly reactive oxygen atoms (Box 3). Therefore, as Fig. 4-9 shows,
there is a cycling of NO and NO,; these two oxides are often collectively referred to as “NO,” where x = 1
or 2. The released O atom rapidly reacts with atmospheric O, to form O; (Box 4). O; is itself an
important component of smog. It is very irritating to the eyes and respiratory system and also damaging to
plants and materials such as rubber. Although highly desirable in the stratosphere, O; is not desirable in
the troposphere.

Some of the O that is formed cycles to oxidize NO (Box 2) and some absorbs UV-B (I <320 nm) to
form oxygen atoms in the excited state O" as in Box 3 and Eq. [C4-9].

Oz +hf(1<320nm) fi O, + O” [C4-9]
orfio,+0

As indicated, the photolysis of O; can produce both ground-state oxygen (O) and excited-state oxygen
(O"). The excited-state has 1.9 eV//atom more energy than the ground-state and only the O has enough
energy to break the O-H bonds in water. As shown in Box 5, the O” reacts with water vapour to form the
very reactive hydroxyl radical HOe. The net result of the above thermal and photochemical reactions is to
increase the level of HOe, O and O; in the urban atmosphere.

The HOe, O, O3, and atmospheric O, react with the pollutant hydrocarbons to produce various highly
reactive organic radicals. Some of these are strong oxidizers that contribute to the oxidation of NO (Box
2). Others react to form diverse organic compounds - alcohols, aldehydes, ketones, etc. and, via reactions
with NO,, organic nitrates (Box 7). One of the most notorious of these is PAN (peroxyacetyl nitrate,
CH5CO-00-NOy); it is very toxic to the leaves of plants.

As a final step, many of these molecules polymerize to form aerosol particles producing the familiar haze
of photochemical smog. The brownish colour commonly seen is due to NO, which absorbs in the visible
as well as the UV-A.

As mentioned earlier, the ozone and organics such as PAN cause irritation of the eyes and respiratory
tract; the latter is an obvious problem for those with pre-existing respiratory problems. These materials
are also harmful to plants and inhibit photosynthesis, resulting in large agricultural losses.

Despite these various effects, it is of interest to note that the concentration of these chemicals in the
atmosphere is quite low on an absolute scale. For example, oxidants such as O; reach peak concentrations
of only about 0.15 ppmv;*” aldehydes etc. reach a peak of about 0.20 ppmv. Nevertheless these are very
large relative to values in unpolluted air such as might be encountered in a rural or wilderness
environment.

The strong oxidants found in photochemical smog react with SO, and H.S in the atmosphere, forming
SOs. The latter may form sulphates or dissolve in rain to form H,SO, (sulphuric acid) and acid rain. In
addition, the OHe radical reacts with NO, to form HNO; (nitric acid) which also contributes to acid rain
and to corrosive nitrate compounds.

The main attack on photochemical smog is via emission controls and catalytic converters on automobiles.
These devices have greatly reduced the emission of both hydrocarbons and NOx.

7 Part per million by volume.
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PROBLEMS

Note:  An asterisk™ denotes a problem for which additional data must be found elsewhere in the text.
Sec. 4.2 The Visible and UV Electromagnetic Spectrum

4-1. Figure 4-1 indicates that a wavelength of 700 nm corresponds to a photon energy of 1.8 eV and 170
kJ/einstein. Verify both of these numbers.

4-2"  Using information given in Sec. 4-2, find the wavelength of light required to ionize potassium and helium.
Is it possible to set up a UV lamp on a laboratory bench in air and ionize K and He?

Sec. 4.3 Absorption and Scattering; Beer’s Law

4-3. (a) A particular chromophore, when dissolved in a transparent solvent, is placed in an optical
cell of 1.0 cm path length. The percent transmission (I/l, x 100) is measured in a
spectrometer at a wavelength of 550 nm. The concentration is varied and it is found that a
1/10 molar solution transmits 50% of the light. What is the absorption cross-section of the
chromophore?

(b) A 2 cm cell is filled with a 1/20 molar solution of the chromophore in part (a). It is placed
in the spectrometer along with a 1 cm cell with a 1/30 molar solution. The light passes
through the two cells in series. What is the percent transmission?

Sec. 4.4 Solar Radiation; Atmospheric Absorption and Scattering

4-4, From a simple measurement made with a rule directly on Fig. 4-4, verify that curve 2 is that of a black
body at 5800 K. (See Ch. 2.)

4-5. The Earth moves in an elliptic orbit about the Sun so that the Earth-Sun distance is not actually constant; its
average value is 149.6x10° km. The minimum distance is 147.0x10° km and occurs about Jan. 4. The
maximum distance is 152.1x10° km and occurs about July 6. The average solar constant is 1350 W/m?.
What is it on Jan. 4? What is the maximum percentage change between Jan. 4 and July 6?

4-6. According to Fig. 4-1, green light lies approximately between 1 =490 nm and 1 = 560 nm, The NASA

Solar Spectrum Irradiance Table gives:
for 1 =490 nm, D, = 21.16
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for 1 =560 nm, D; = 30.65
(See the text near Table 5-1 for an explanation of D)
What is the solar ‘green-light’ irradiance at the top of the atmosphere? Use the average solar constant of
1350 W/m?,

4-7. (a) Explain the concept of “air mass’ (m) as used by meteorologists in connection with the path of solar
radiation through the Earth’s atmosphere.

(b) For solar altitudes of 20 and 65 determine: (i) the solar zenith angle and (ii) the air mass.
(c) What solar altitude will result in an air mass of: (i) 0, (ii) 0.5, (iii) 1.0, and (iv) 2.0?
(d) What solar altitude produces the maximum air mass?

4-8. (For this problem use the answer from Problem 4-6.) In the tropics, a meteorologist determined that when
the Sun is directly overhead, 79% of the green light from the Sun reaches the ground level in the direct
solar beam.

Assume that the above datum applies at Guelph, i.e. the atmosphere at Guelph has the same attenuation
properties for green light as at the tropical location. If so, determine the solar irradiance of green light in the
direct solar beam on a horizontal ground-level surface, when the solar altitude is 60 .

Sec. 4.6 Photochemistry and the Environment

4-9. In Sec. 4.6, it is stated that the energy of a C-Cl bond is 330 kJ/mole. What is the longest wavelength
photon that will break this bond? In what UV region is this?

4-10.  When dry hydrogen (H.) and chlorine (Cl,) are mixed together in the dark, they remain as mixed gases. If
they are exposed to visible light, a violent and explosive reaction takes place.

H, + Cl, i 2 HCI
The dissociation energy of H. is 4.5 eV and for Cl; is 2.5 eV. What is the explanation?

4-11." (a) From the data given in Sec. 4.6(1), calculate the total mass of stratospheric ozone. The
density of ozone at STP is 1 kg/m®. The radius of the Earth is 6390 km.

(b) Ozone has a bond energy of 105 kJ/mole and absorbs UV-C radiation at wavelengths
shorter than 325 nm. When one ozone molecule dissociates, what is the minimum energy
deposited in the stratosphere as heat (in eV)?

Answers

4-2. 310 nm, 52 nm, for K - yes, He - no

4-3, (@). 1.15%10* m? (b). 40%

4-4, 1400 W/m?, 7%

4-6 130 W/m?

4-7 (b). (i) 70 , 25 (ii) 2.9, 1.1 (c) (i) (ii) impossible (m £ 1.0) (iii) 90 (iv) 30 (d) 0 (measurements give m
@ 13; note m = sec z is not accurate for g <10 )

4-8. 86 W/m?

4-9. 362 nm, UV-A

4-11.  (a). 1.54x10% kg (b). 2.7 eV
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CHAPTER 5: INFRARED AND RADIO FREQUENCIES

5.1 Introduction

bout the year1800, scientists discovered that EM radiation existed at wavelengths longer than
visible light (i.e., I > 700 nm); this radiation became known as infrared (IR).* Later in the 19th
century, it was discovered that EM radiation of frequency about 10° Hz (or 1 MHz) could easily be

produced by appropriate electrical circuits and antennae. This long wave radiation (I 300 m) was soon
used for radio communication. Over the decades, as electronic technology developed, the spectral region
used for radio, TV, etc., broadened. Today, frequencies from about 300 Hz (I = 1000 km) to 300 GHz ?
(I =1 mm) are used in various types of communications. The shorter wavelength portion of this range,
from 300 MHz (I =1 m) to 300 GHz (I =1 mm) is called the “‘microwave region’, so named by
engineers because these wavelengths are much shorter than those initially used in radio.

Today the term ‘infrared” (IR) refers to the spectral range from 700 nm (f = 4.3x10" Hz) to 1 mm (f = 300
GHz) and radiofrequencies (RF) refers to frequencies less than 300 GHz or
I >1mm.

IR and RF exist in our environment at levels significant to life. These oscillating fields, if they have high
enough power levels, can produce biological effects, some of which are, or may be, harmful to the health
of animals and plants. At present, there is particular concern and controversy about the possible health
effects of fields near microwave transmitters and electric power transmission lines. This is discussed
further in Sec. 5.4.

5.2 Infrared Radiation

As stated above, IR radiation spans the EM spectrum from microwaves (f = 300 GHz, I = 1 mm) to the
red region of the visible spectrum (f = 4.3x10* Hz, I =700 nm = 0.700 um). Figure 5-1 illustrates the IR
spectrum with some of the associated names and points of interest. In the IR, it is customary to express
wavelengths in micrometers (1 pm = 10° m).® Another custom is to describe the radiation in terms of
‘wavenumbers’ usually expressed in ‘reciprocal centimetres’, (cm™). This is the reciprocal of the
wavelength in centimetres, i.e., the number of wavelengths in one centimetre. For example, if I =10 pm
= 10"° cm, then the corresponding wavenumber is 1/10~ ¢cm = 10° cm™. Obviously, since ¢ = If, the
wavenumber of a radiation is proportional to its frequency and therefore its photon energy, since E = hf.
Some descriptive terms used by scientists are: near IR (0.7-3 pm), middle IR (3-6 um) and far IR (I >6
um). Health scientists use the divisions: IRA (0.7-1.4 um), IRB (1.4-3 pm) and IRC (I > 3 um).

! The existence of infrared radiation was first demonstrated by the astronomer Sir John Herschel on
Christmas day 1800.

2G " giga ™ 10°, i.e., 1 GHz = 10° Hz.

¥ The micrometer (mm) is sometimes referred to as a “micron” but this word is now discouraged.
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Fig. 5-1. The Infrared EM Spectrum.

IR photon energies are between 1.77 eV and 0.00124 eV. As discussed in Chapter 4, chemical reaction
activation energies range from about 0.7 eV to 2.8 eV/molecule and the minimum energy to break a
covalent bond is about 1.5 eV. The significance of the small IR photon energy is that IR absorption does
not usually involve electronic transitions in atoms or molecules and does not activate photochemical
reactions. Rather, as discussed earlier, IR absorption is usually associated with changes in the vibrational
energy levels of molecules.* Refer to Fig. 4-4 which illustrates some of the important IR absorption
bands by H.O and CO, molecules in the atmosphere. Scientists have measured the IR absorption of
thousands of molecules; extensive IR absorption tables can be found in the Handbook of Chemistry and
Physics and other references. Most of these bands are in the near and middle IR region. Figure 5-2
illustrates the three fundamental oscillating modes for the water molecule and the associated absorption
wavelengths. In Fig. 5-3 the absorption bands in the Earth's atmosphere due to these vibrations can easily
be found. In the atmosphere, there is considerable collision or pressure broadening into absorption
‘bands’ and also there are

combination bands in addition to O= oxygen atom ® = hydrogen atom

the three fundamentals (see Fig. 4-4 -

and also Fig. 5-3). IR absorption A A
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Fig. 5-3. Transmission (and absorption) of EM radiation by the Earth’s
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transmission. Adapted from Remote Sensing by S.A. Drury.
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harmful effects. Thus, although IR absorp-tion does not normally produce photochemical reactions,
irradiation by IR could elevate the tempera-ture of an absorber to the point where ordinary thermo-
chemical reactions occur. For example, proteins are denatured (cooked) at relatively low temperature;
irradiation of the body by intense IR can cause burns, particularly to the skin and cornea of the eye.

Sources of IR:

Almost all of the IR in our environment is produced by thermal (blackbody or ‘gray’ body radiation).®
The IR radiation from the Sun has already been discussed in Chapter 4. There are other sources that are
of interest in astronomy but these do not contribute significantly to the IR at the Earth's surface. Most of
the IR that we experience comes from the thermal radiation of the objects around us. The ground surface,
trees, buildings, people, the atmosphere, clouds, etc., all radiate IR as gray bodies. All of these objects

have variable temperatures that are in the range of about -20 C to +40 C, a rather narrow span on the
Kelvin scale. Thus, to a good approximation, the IR spectrum radiated by all of these objects is very

similar. Letus use +15 C (288 K) as an average temperature.® Wein's Law (Eq. [2-18]) gives 10 pm as
the wavelength of peak radiation at this temperature. A detailed calculation using Eq. [2-20], gives a
spectral distribution from about 4 or 5 um to about 80 um and so there is little overlap with solar IR.
Thus we live in a ‘sea’ of IR; although our body radiates IR, we continually receive it back from our
surroundings with relatively little net radiation energy loss.

Of course, the variations in surface temperature (and also IR reflectivity) among objects do result in small
but detectable differences in the IR radiated (and/or reflected) from different objects.

These differences
can be detected in a
thermal image
camera to analyse
many industrial and
technological
situations as shown
in Fig. 5-4. This has
numerous
applications: In
medicine, various
medical conditions
cause small vari-
ations in skin

temperature which | g 5.4 "An IR image of a faulty electrical connection. Courtesy Sierra Pacific Industries. www.x20.0rg

are detectable by
variations in IR radiated from different regions of the skin. Poor insulation and heat

loss in buildings can be detected by variations in the IR radiated from different parts of the external
building surface. In the field of remote sensing, variations in the IR reflected and/or emitted from the
vegetation, soil, etc., can be measured by detectors in satellites, for useful analysis of surface vegetation,
etc. For this purpose, wavelengths in the IR-transparent ‘windows’ of the atmosphere must be used. The
regions 700-1100 nm and 10.5-12.5 pm are common ones; the atmosphere is relatively transparent in
these wavelength regions, (See Fig. 5-3).

In addition to natural IR sources, many human-made thermal sources are available, i.e., sources that we

% If necessary, review Section 2-5.

®+15 Cis the present average annual temperature for the Earth’s surface.
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normally call heat lamps. By maintaining a metal wire, etc., at the appropriate temperature, a source can
be constructed that will radiate a desired range of IR. Ordinary incandescent lamps, designed to emit
visible light, also emit copious IR.

There are also non-thermal IR sources such as IR-laser sources. The most common of these is the CO,
laser that emits at 10.6 pm.

Exposure Limits:

As mentioned above, IR absorption by humans, etc., could result in thermal injury, particularly to the skin
and eye. This is of more concern following the development of IR lasers and has prompted the IRPA (see
Footnote 1 in Ch. 4 and also the references at the end of this chapter) to develop IR exposure limits (EL).
These limits were developed after reviewing the extensive research in the area of IR thermal damage.

One general concept is that the specific absorption rate (SAR), i.e., the energy absorbed per unit time and
per unit mass (W/kg), should be well below that produced by ordinary metabolic activity. For example,
at moderate activity, an adult might produce heat at a rate of 100 W. If the body mass is 70 kg, the
average power produced per kg is 100 W/70 kg = 1.4 W/kg. Presumably this rate of heat production is
harmless and easily handled by the body’s temperature regulation system. Introducing a safety factor of
10 would suggest that an SAR of about 0.1 W/kg should certainly be safe.

The ELs for IR radiation deal with skin and eye exposure. There is a distinction between IRA (i.e., I <
1.4 um) and IRB and IRC (i.e., 1 > 1.4um). For I <1.4 um, the cornea, lens, and humours of the eye are
relatively transparent, allowing the IR to be transmitted to, and focused on, the retina where it is absorbed.
Because of the focusing, the irradiance on the retina can be much higher than the external irradiance; it
can damage the retina, and other eye structures. This is discussed in detail in Chapter 6. For I > 1.4 um,
most of the absorption is in the cornea where, of course, there is no focusing effect. For the above reason,
the ocular ELs for IRA are very low. The ELs also depend on the exposure duration. For example, for a
1 second exposure at I = 1.0 um, the ocular limit is 72 J/m? whereas for the skin the EL is 44x10° J/m?,
about 600 times larger. For longer wavelengths (IRB and IRC), the EL for 1 s for both the skin and
cornea is 5600 J/m?. For exposures of

t > 10 s, the EL for both skin and cornea is 1000 W/m?. For detailed EL calculations for various
wavelengths and exposure durations, the IRPA tables and equations must be consulted.’

5.3 The Earth’s Energy Balance, Average Temperature and
the Greenhouse Effect.

From the environmental viewpoint, one of the most important features of IR radiation is its role in the
Earth’s energy balance and related climatic phenomena.

First, a review of incoming solar radiation is appropriate. The solar radiation received by the Earth and
its scattering and absorption by the atmosphere were discussed in Sec.4-4 and illustrated, for a typical
mid-latitude, mid-summer day, in Fig. 4-4. The solar constant (i.e., the irradiance on an area
perpendicular to the Sun's rays at the Earth’s orbit) is approximately 1400 W/m?. Thus, the power
intercepted by the Earth (of radius R) is 1400 pR?; when this is averaged over the entire spherical surface
of the Earth (4pR?), the average global irradiance above the atmosphere is 1400/4 = 350 W/m?. As Fig. 4-
4 illustrates, the UV-C and some UV-B are absorbed by stratospheric 0zone which warms the

’ See also Chapter 6.
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stratosphere, and significant quantities of the solar IR are absorbed by atmospheric H,O and CO,, which
warms the troposphere.

Refer also tO Flg 5 5 Wthh illustrates SURFACE TROPOSPHERE | STRATOSPHERE SPACE

the present average annual global energy | = R PR L incigent

balance for the Earth. If conditions of | £ o | Prclouds —

radiation input, atmospheric 5 absorbed \1'74nntftd§
composition, surface characteristics, etc.,| £ \_, 4 reflected
remain constant, then over time, an from ground
energy balance is achieved for the . P absorbed

atmosphere, the surface, etc., inwhich | £ trom carth "2 > o sround radiation
the total energy received is balanced by | £ o omosphore L,

the energy lost and an equilibrium g hatosphere

average temperature is established for -

the surface and each atmospheric layer. E (18 heat lost by evaporation

The numbers in Fig. 5-5 are relative to S —> 11heat transferred by convection

the global average incoming solar

radiation (i.e., 340 W/m?) taken as 100%.| Fig. 5-5. The Earth's energy balance. Adapted by R.H. Stinson from
In Fig. 5-5, ‘short wave’ refers to the Atmospheric Transmission by Thomas G. Kyle, Pergamon Press, 1991.
solar radiation (I <5 pum)® and ‘long

wave’ refers to the IR radiation emitted by the land-ocean surface, etc., and the atmosphere
(I >5um).

Fig. 5-5 shows that about 18% (3+13+2) of the solar radiation is absorbed by the atmosphere, 31% (7+24)
is scattered or reflected back to space by the atmosphere, and 4% reflected back by the land-water
surface. The total solar or short wave reflected (or scattered) back to space is therefore 35%; this fraction
is known as the ‘albedo’ of the Earth.? This leaves 47% of the solar radiation to be absorbed by the land-
water surface. Part of this energy is used to evaporate water (latent heat; 18%) and part is used to warm
the troposphere by convection (11%) often referred to as ‘sensible heat’. Both of these represent heat
added to the atmosphere from the surface since eventually the latent heat is released by condensation of
the water vapour. Most of the remaining energy absorbed by the surface is reradiated as IR radiation.

As mentioned above, if an energy balance is achieved for each layer of the atmosphere and for the
surface, then each will reach an equilibrium temperature. Further, each layer will act as a blackbody (or
‘gray’ body) radiator, with radiation determined by its temperature. In Sec. 4.4, a radiation-balance
calculation was done, assuming the Earth had no atmosphere; the result was a predicted surface

temperature of about 0 C. A more realistic model, assuming an atmosphere that scatters some of the

solar radiation back to space but does not absorb radiation, gives an average of -24 C. This would be too
cold for the abundance of life as we know it since most of the Earth's water would be frozen. The present

average global surface temperature is about +15 C. The difference of 39 C is due to IR absorption and
radiation by gases in the troposphere, a phenomena known as the greenhouse effect; obviously some

8 Not to be confused with ‘shortwave’ as used in radio communication.

® The rounded data in Fig. 5-5 indicate an albedo for the Earth of 0.35; a value of 0.37 is more precise.

9 On a short-time basis, some energy may flow into the ground, water, etc., warming the top few metres;
over the year, this averages to zero as energy flows back out to the air in cold regions or seasons. About

0.1% is used in photosynthesis but eventually this also is returned to the atmosphere via combustion and
respiration.
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greenhouse effect is essential for the abundant life we have on Earth. ** As indicated in Sec. 5.2, with a

temperature of +15 C (288 K), the land-ocean surface radiates with a peak emittance at I = 10 um and a
spectral range from about 5 pum to 80 pm.

There is a cycling of the IR radiation between the land-sea surface and the atmosphere; this is the essence
of the greenhouse effect. Figure 5-3 shows the ‘percent transmission’ for the atmosphere from 1 = 0.3
pum (in the UV-B) to 1 =80 cm (in the microwave region). Obviously there are many strong and broad
absorption bands where the transmission of the atmosphere is close to zero. There are some transmission
‘windows’, particularly in the UV-A, visible and VNIR (very near IR) and in the microwave region,
especially for I > 0.6 cm. The absorption bands are mainly due to vibrational absorption by H,O and
CO; (in the near and mid-IR) and rotational absorption (by H,O and CO;) in the far IR and microwave
region. In addition to H,O and CO,, some of the bands are due to atmospheric Oz, CH,, CFCs, and N.O.
Recall that symmetric molecules such as O, and N, do not absorb strongly via vibrational or rotational
modes.

The radiative, latent, and sensible energy absorbed by the troposphere warms it to a temperature range of

-60 Cto+30 C. The troposphere and the stratosphere act as thermal (gray body) radiators. With the
above temperature range, the atmosphere radiates in the IR region, just as does the land-water surface.
Some of this energy radiates to space and some back to the surface, resulting in surface-troposphere IR
cycling. Figure 5-5 shows the guantitative details. Note that the surface receives more energy as IR from
the atmosphere (330 W/m?) than it does as solar radiation (160 W/m?).

Note in Fig. 5-4 that each zone or surface has an energy balance. For example, ‘space’ (the Sun) radiates
into the atmosphere 100 units of energy (the 340 W/m? average calculated above) and receives back 100
units (7 + 24 + 4 + 6 + 56 + 3). Similarly, the land-water surface receives 144 units (47 + 97) and loses
144 units (115 + 18 + 11). You should verify that there is an energy balance for the troposphere and the
stratosphere as well (See problem 5-4).

It should be noted that the data in Fig. 5-5 and the other numbers given above are global and annual
averages. Of course, the incoming solar irradiance on a horizontal sea-level surface is much greater in the
tropics than in polar regions. Also, there is a positive annual radiation balance in the tropics (the Earth
receives more energy than it reradiates back to space) and a negative balance in polar regions (Earth
radiates more than it receives). It is these differences that supply the energy gradients needed to drive
global atmospheric and oceanic circulation and which establish the Earth’s climatic patterns.

The present concern is the increasing greenhouse effect due to human activities. The main problem is
increasing atmospheric CO, due to the combustion of fossil fuels, the burning of forests, etc. Levels of
other greenhouse gases such as CH,, N,O, O3, and CFC's, are also increasing due to human activities.

Measurements indicate that atmospheric CO, has increased from about 280 ppm around 1800 * to about
340 ppm in 1990 with a particularly rapid rise since 1960. Over the same period (1880's-1990), the

Earth’s surface temperature as given by its ‘5-year running average’ has increased by about 0.7 C albeit
with many ups and downs over the decades.

1 See Reference 1 at the end of the Chapter for details of these calculations.
2 Analyses of ice cores from the polar regions show that this value was unchanging for at least 6
centuries.
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It is very difficult to try to predict future temperature change for any assumed increase in greenhouse
gases. This is because there are many poorly understood climatic interactions. For example, a slight
increase in temperature could increase the evaporation from the oceans, resulting in increased cloud
which would result in more reflection of sunlight back to space, minimizing further temperature increase.
That is, the greenhouse effect might be self-correcting. However, most atmospheric scientists are

predicting temperature increases of 1 to 5 C over the next several decades if the present increase in
greenhouse gases continues. This would have far reaching climatic effects and serious increases in sea-
level due to thermal expansion of the oceans, melting of ice caps, etc. For more details, refer to the
references listed at the end of this chapter.

5.4 Radiofrequency Radiation and Fields

Modern radio communication and related technologies use frequencies from about 300 Hz to 300 GHz, a
huge spectral range of nine decades. In general, all frequencies < 300 GHz are called radiofrequencies
(RF), even those < 300 Hz.

It should be realized that terms such as radiofrequency need not apply solely to EM waves, i.e., fields that
radiate outward from a source, carrying energy and with specific phase and magnitude relationships (e.g.,
E = cB, Eq. [1-7]) between the E and B-fields. As discussed in Chapter 1, any oscillating charge can
produce oscillating E and B-fields in its vicinity. The fields near a source are quite complex and at least
part of this field energy does not radiate away as EM waves (see below). When the source is ‘turned off"”,
this energy collapses back into the source system. These fields near the source are called (logically
enough) the near fields or the reactive fields; the EM waves are the radiative field.

As a general rule, there is a relationship between wavelength, antenna size, and near field distance. For
example, a 1000 kHz radio wave has a wavelength of 300 m and, in order to efficiently radiate these
waves, the antenna length must be about %21 or 75 m. The near field predominates within about one
wavelength, i.e., 300 m from the source; beyond 300 m, the EM wave develops and predominates.

Similarly, the fields near 60 (or 50) Hz electric power transmission lines are near fields; these lines
produce very little 60 Hz EM wave radiation. If such waves exist, their wavelength would be 5000 km,
about 1/8 of the Earth's circumference. Although power lines are long on a local scale, their length is
much less than 5000 km (usually less than %21 or 1250 km); hence, they do not radiate any significant
5000 km-wavelength radiation. Even if they did, the fields within 5000 km of the line would be mainly
of the near field variety.

Although near fields and EM waves are different in many respects, they are both oscillating E and B-
fields and both can induce currents and deposit energy into any system (such as an animal body or a radio
receiver). For example, a car radio may pick up 60 Hz “noise’ from the near field of a power transmission
line. From the point of view of possible animal and plant health effects, EM waves and near fields are
equivalent.

In the near field case, because there are no fixed phase or magnitude relationships between E and B, (i.e.,

E c¢B) both the E and B fields must be measured and described separately and their effects on living
organisms considered separately. Irradiance expressions such as Eq. [2-14], valid for sinusoidal waves,
do not apply to near fields. For the radiation considered previous to this section (IR, visible, etc.), the
wavelengths are so short that the near field region is of no health or environmental concern.
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Engineers usually describe RF fields in terms of the magnitude of the E and B-fields. The value normally
used is the root-mean-square (rms) value, which is the square root of the mean (or average) of the square
of the instantaneous values,™ averaged over an integral number of periods. For an E-field varying
sinusoidally with time, it is easy to show that the rms value of E is 1/@ = 0.707 of the field amplitude
E, (this is because the average value of sin?q over one cycle is 1/2). For example, a sinusoidal field of
amplitude 10 N/C has an rms value of 7.07 N/C. From this point onward, the symbols E and B will mean
rms values when referring to time varying fields. The irradiance expression (Eq. [1-14]) for sinusoidal
EM waves becomes

| = e,CE? [5-1]

when written in terms of the rms field rather than the amplitude E,. Incidentally, the quantities used to
measure household AC electric voltages and currents are rms values. For example, the standard
household electrical circuit operates at 120 V; this is the rms voltage. These rms values are used because
they give the equivalent direct current or DC value, i.e., equivalent for heating purposes, etc.

As discussed in Sec. 1.2, the S.1. unit for the electric field is the newton/coulomb (N/C). However, a N/C
is equivalent to a volt/meter (V/m). Engineers almost always use V/m (or kV/m, etc.), not N/C. For
example, the rms E-field near a 700 kV power transmission line might be 10 kV/m; it would not be
expressed as 10 kKN/C. The S.1. unit for the magnetic field B is the tesla (T); see Eq. [1-4]. Another
common unit for the B-field is the gauss (G); one gauss is 10™T.

To further confuse matters, engineers and scientists often describe magnetic fields in terms of another
quantity which is usually given the symbol H and is also called the magnetic field (or sometimes the
magnetic field intensity). The H-field is commonly used by engineers in the RF literature. To lessen the
confusion, the B-field is often given the names magnetic induction or magnetic flux density. We will
simply use the terms B-field and H-field. It is used because the H-field is related in fairly simple ways to
the electric currents that cause magnetic fields however we will not need an exact definition of the H-
field. For vacuum and for non-magnetic materials (i.e., most materials except iron and a few others), the
H and B-fields are related with sufficient accuracy for our purposes by:

H = (1/u,) B. [5-2]

We may take this as a definition of H. Here |, is the ‘permeability of space” with the value g, =4 p-10~
T m/A, first introduced in Eq. [1-5] in Sec. 1.3. Although proportional, H and B do not have the same
units (since W, has units). Verify that the S.1. units for H (since H = B/u,) are amperes/meter (A/m).

Example 5-1:
The Earth's B-field at mid latitudes is about 60 uT.

(a) Express B in units of gauss.

Since 16 =10"*T

60mT=60-10°T- 16

- =060G
=

(b) What is this field if expressed as an H-field?

¥ As an example, verify that the rms value of the numbers -3, +1, +2 and +5 is 3.12.

5-8



5-INFRARED AND RADIO FREQUENCIES

__60-10°T
4p -107" T m/A

=48 A/m

For future reference, Table 5-1 summarizes the terms, symbols and units that occur in the RF literature.
Note the symmetry in the S.1. E and H units: V/m and A/m.

TABLE 5-1 Magnetic Field Symbols and Units

Quantity Symbol S.1. Units Non-S.1. Units
Electric Field E N/C or V/Im
magnetic induction or gauss (G)
magnetic flux density B tesla (T) 1G6=10"T
Magnetic
field magnetic field H(H=B/u,) | Am -
intensity

Engineers have divided the radiofrequencies into ten regions, shown in Fig. 5-6. Most of these are a
single frequency decade although the three lowest frequency regions each span more than one decade as
shown. The paragraphs below briefly describe the regions which are usually identified by the letters used
in Fig. 5-6. It is not the purpose here to describe in detail radio, microwave, etc., technology. From the
environmental viewpoint, the main concern is the potential health effects of radiofrequencies (see Sec.
5.5). However, in order to read the RF literature, it is necessary to be somewhat familiar with the various
abbreviations used to identify the spectral regions illustrated in the figure.

10)~7 3(102}-{ 3(10 3(10 Frequencz(go )(10 3(10§3 3(10 4 3( f{

1”3 MF  HF {/H I}JHF HF —

109 106 104 103 102 10 1 10-1 102 103
Wavelength (m) |€ microwaves —>|

Fig. 5-6. The radiofrequency EM spectrum. The names of the various regions are identified in the text. ULF and
ELF are not used in radio communications. (The notation 3(10)™ means 3-107)

ULF; Ultra-low Freqguency:

These are oscillations at frequencies below 0.3 Hz. Essentially, they are very slow oscillations in the
naturally occurring E and B-fields at the Earth’s surface. Section 1.2 briefly describes the E-field
associated with thunderstorms and the “fair weather’ field between the Earth’s surface and the ionosphere.
This field changes with various periods and amounts, due to thunderstorm activity both near and far.
Section 1-3 describes the Earth’s magnetic field. Although it is relatively constant, there are very small,
slow oscillations (about 10~°T) due mainly to solar activity and its influence on the ionosphere. These
ULFs are of little interest (at least at present) to environmentalists since they have no apparent effect on
the health of plants or animals.

ELF; Extremely Low Frequency:
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These are oscillations between 0.3 Hz and 300 Hz. If there are EM waves (as opposed to near fields), the
wavelengths are between 10° and 10 km; compare this with the Earth's radius of 6 - 10° km. For the
environmentalist, the most important ELF fields are the near fields associated with electric power
transmission lines and with electrical equipment in our homes, offices, factories, etc. In North America,
these are 60 Hz oscillations; 50 Hz is used in many other parts of the world. Also common in some areas
are 16.7 Hz oscillations used in electric railways and 25 Hz used in some telephone equipment.

There are also some very weak, naturally occurring ELFs known as Schumann resonances. The Earth’s
surface and ionosphere form a spherical-shell cavity in which standing EM waves can be established due
to thunderstorm activity. The Earth’s circumference is 3.7 -10" m and this determines the fundamental
wavelength with a corresponding fundamental frequency of about 8 Hz. There are several other

resonances in the 8 to 35 Hz range. These oscillations are very small, e.g., E 0.1 mV/mand B 10T,
The Schumann resonances are of little interest to environmentalists ** but the ELFs associated with power
lines, etc., are of concern. These are discussed further in Sec. 5.5.

VLF; Very Low Frequency:

These are oscillations between 300 Hz and 30 kHz or wavelengths from 10° km to 10 km.

There is some naturally occurring VLF associated with lightning. There is also some human-generated
VLF which is used for radio telegraphy. These are the lowest radiofrequencies actually used in
communication.

LF:; Low Frequency:

These are oscillations between 30 kHz and 300 kHz or wavelengths from 10 km to 1 km.

Most of the LF in our environment is human-generated. It is used in navigational beacons for ships and
planes (usually 200-400 kHz) and for commercial radio in many parts of the world. There is also some
LF generated by lightning.

MF; Medium Frequency:

These are oscillations from 300 kHz to 3 MHz or wavelengths from 1 km to 100 m.
From MF and higher, most of the radiofrequencies in our environment are human-generated, as lightning
generation is of less importance at these higher frequencies.

The entire MF decade is used in radio communication: commercial, amateur, ship-to-shore, Loran
navigation, etc. Included is the North American AM (amplitude modulation) radio, operating between
540 kHz and 1600 kHz (or 1700 kHz in some regions). MF has also been used by the medical profession
for diathermy, i.e., the treatment of medical problems by heating parts of the body using RF oscillations.
The original radio (circa 1900) was in the MF region; obviously the names of the various frequency
regions have been selected relative to the MF decade for historical reasons.

HF: High Frequency:

These are oscillations from 3 to 30 MHz or wavelengths from 100 m to 10 m.
The entire HF decade is used in radio communication, both commercial and amateur, throughout the
world. Since the wavelengths in HF are shorter than the MF used initially in radio, HF is often referred to

¥ They are used by weather scientists to monitor world-wide thunderstorm activity.
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as shortwave radio. Also, HF has the unique feature that it is reflected by the ionosphere. For this reason,
HF is very useful for long range communication. HF signals can reflect (several times) between the
ionosphere and the Earth's surface and hence travel large distances around the Earth. Signals in the MF,
VHF, etc., decades do not have this property. MF and lower frequencies are absorbed by the ionosphere
and VHF and higher frequencies pass through the ionosphere and are not reflected. Hence MF, VHF,
etc., are limited by the Earth's curvature to ‘line of sight transmission or (for VHF and higher frequencies)
to satellite transmission.

VHF; Very High Frequency:

These are oscillations from 30 to 300 MHz or wavelengths from 10 m to 1 m. This is a very important
and extensively used frequency decade. It includes TV channels 2 to 13, FM (frequency modulation)
radio, many amateur radio bands, police, ambulance radio, etc.

Microwaves:

The final three RF decades are collectively called microwaves since their wavelengths are very small
relative to the MF used initially in radio. Microwaves include:

UHF; Ultra High Frequency:  From 300 MHz to 3 GHz; 1 from 1 mto 10 cm.
SHF; Super High Frequency:  From 3 to 30 GHz; I from 10 to 1 cm.
EHF; Extremely High Frequency: From 30 to 300 GHz; I from 1 cmto 1 mm.

These three decades are discussed as a single unit. Microwaves have several properties that make them
very useful:

1. High frequency: Their high frequency (relative to MF and HF radio) means that many audio and
video signals can be transmitted, i.e., many bandwidths are available; hence they are very useful
for communications.

2. lonospheric penetration: Because of this, microwaves are important in space and satellite
communication, and related technologies.

3. Short wavelengths: With wavelengths of typically a few centimetres, it is possible to use
radiating antenna ‘dishes’ with diameters of a few meters to produce microwave beams with little
diffraction, i.e., produce narrow, well-directed beams. This is very useful in point-to-point
communications (microwave relay towers). Also, it is this feature, along with the high frequency
which allows very short pulses and makes microwaves useful for radar and various distance and
time measurements.

4. Molecular absorption. Many molecules absorb microwaves in certain absorption bands due to
rotational level changes; the energy is usually quickly converted to heat energy by intermolecular
interactions. Thus by the proper selection of the microwave frequency, it is possible to heat
some materials but not others. This is the basis of microwave ovens and industrial heating,
sterilizing, etc. Water strongly absorbs microwaves around 2 to 3 GHz, whereas many materials
such as paper or ceramic dishes do not. Microwave ovens use a 2.45 GHz (1 =12.2 cm)
oscillator to generate about 1 KW of microwave power. This radiation is strongly absorbed by
the water in food, heating and cooking the food; it is not absorbed by the paper or ceramic
containers holding the food. (The containers may be heated by conduction from the hot food.)
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This leads to very efficient and rapid food preparation.”® Of course, it is important that these
microwaves be confined to the oven. Therefore, microwave ovens are enclosed in a metal case,
with a metal screen in the door window and properly designed door seals and a door interlock
(which turns off the oscillator when the door is opened), all of which are intended to eliminate the
escape of microwaves beyond the oven itself.

Because 2.45 GHz oscillating sources are readily available, this frequency has been used in many of the
experimental studies on the effects of microwaves on biological systems that have been done since the
1950s.

One application of microwaves of interest to environmentalists is weather radar. Microwaves with I =
10 cm are commonly used. In addition to being absorbed by water, these microwaves are partially
reflected or scattered by raindrops, snow, etc. (Since the raindrops are much smaller than the wavelength,
this is essentially Rayleigh scattering). For reasons outlined previously, short, well-directed pulses can be
transmitted horizontally from a rotating antenna. For any given pulse, if there is rain and snow within
about 200 km,* some of this pulse will be reflected back to the source which also acts as a detector. By
suitable measurement of the amount and timing of the energy received back, the distance, direction and
severity of the rainfall may be determined. Further, if the rain is moving toward or away from the source,
the frequency of the signal received back will be Doppler shifted relative to the original outgoing signal.
For example, if the rain is moving toward the source, the signal will be shifted to a slightly higher
frequency. Therefore, this Doppler weather radar gives velocity information on the rain in addition to
the other information.

Following World War |1, during which radar was first developed, microwave technology expanded
rapidly in fields such as communications, radar, heating (ovens) and industrial applications. Many of the
sources were, and are, of high power. Many scientists and others soon began to be concerned about, and
to investigate, the biological effects and possible health hazards of microwaves. This is discussed further
in the next section.

55 Health Concerns with RF and ELF

As microwave and VHF technology developed following World War 11, it was soon realized that these
frequencies are strongly absorbed by biological tissues (in general, by materials containing water). This
led to many useful applications such as the microwave oven, industrial heating processes, etc. It also led
to concerns about harmful effects of microwaves and VHF (and lower frequencies as well) on animals
and plants. Initially, these concerns were about harmful heating effects from the absorption of relatively
large amounts of RF. However, some investigations indicated that there could be more subtle, non-
thermal effects due to long term absorption of RF at low levels, i.e., levels far too low to produce
significant heating. For example, observations in the USSR suggested adverse effects on the central
nervous system, such as learning and memory disorders.

Somewhat later (1960s, 1970s), investigations indicated that there might also be health effects from long

% The energy is deposited fairly uniformly throughout the food (as long as it contains water). The heat
does not have to be conducted from the surface inward as in regular ovens unless the food is very thick.

6 Beyond about 200 km, due to the curvature of the Earth, a horizontally directed pulse will be above

most rain and snow, which is mainly in the lower troposphere.
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term exposure to the ELF fields near electric power transmission lines. In particular, a connection
between these fields and the risk of development of childhood cancers was indicated. Consequently, over
the past several decades, there have been thousands of investigations on the effects of RF, particularly
VHF and microwaves, and of 50/60 Hz ELF, on living systems. These studies, which are ongoing, are of
the following types:

1. Epidemiologic: These are statistical investigations that examine the pattern of a
disease in a population or group e.g., the investigation of cancer among employees of
electric power utilities.

2. Whole animal: in-vivo laboratory experiments. Animals such as rabbits and swine
and also human volunteers are subjected to various exposures of ELF or RF and
examined for biological and health effects. It should be noted that there may be
biological effects which are not harmful to the animal’s health. Even if the effects
are potentially harmful, if the level is low enough, the animal may have repair
mechanisms to prevent any detriment to its health.

By their nature, these investigations are limited to relatively short times (e.g., days to months, but
not several years). Many of the health concerns regarding RF and ELF are associated with long-
term (many years) exposure to low-level fields.

3. Cellular laboratory: in vitro laboratory experiments on tissues and cells e.g., studies
of the effects of EM fields on the production of various central nervous system
hormones or neurotransmitters.

4, Phantoms: studies of heating effects due to absorption of EM energy by gel-filled
human models or phantoms.

As expected, there is no controversy regarding thermal effects. If RF energy (or any type of energy), is
absorbed at sufficient power levels, tissue will be heated and damaged or at least the body’s temperature
regulation system will be placed under stress. However, the levels required to produce thermal stress are
normally far above the levels that we are likely to meet in our environment. The concern and controversy
is related to non-thermal effects due to long-term exposure to low-level EM fields. There is concern
because many (but not all) of the epidemiological studies and also some of the laboratory experiments
have indicated relationships between RF or ELF exposures and biological or health effects. Examples
are: increased risk of various cancers, central nervous system problems, blood system irregularities, etc.
There is controversy because many of the effects supposedly demonstrated by a particular investigator
have not been reproducible by other investigators.

Due to their statistical nature, it is difficult to prove absolutely a cause and effect relationship by
epidemiological studies. Suppose a study indicates that children who live near certain types of electrical
power lines have a higher risk of certain cancers than children who do not live near these lines. Many
will claim that this does not prove that the power lines are the cause of the increased risk.'” There will be
even more controversy if (as happened in this case) another researcher found no relationship between
power lines and cancer in children living nearby.

The controversy and the investigations regarding low-level RF and ELF fields and health risks are
ongoing.

¥ The problem is that it could be some other factor found near power lines. For example, do homes near
power lines house people in a restricted socio-economic bracket?
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RF Exposure Levels (EL's):

Starting in the 1960s, organizations such as the American National
Standards Institute (ANSI) and the IRPA established
recommendations for the maximum RF irradiance to which RF
workers and also the general public should be exposed. In these
recommendations, only thermal injury was considered. They are
based on the concept that the specific absorption rate (SAR; see
Sec. 5.2) for RF workers should not exceed 0.4 W/kg and for the
general public, should not exceed 0.08 W/kg. These are well
below normal metabolic rates of heat production. The EL's are
expressed in terms of irradiance on the body (or ‘equivalent plane
wave irradiance’; see below). Initially the limit was 100 W/m?
(10 mw/cm?) for all frequencies. Later, measurements of
absorption and heating using human phantoms (gel-filled models)
indicated a ‘resonance effect’, i.e., the adult-size human body
absorbs more strongly in the VHF region than at other frequencies.
In this region, the wavelengths are comparable to the human body
height. This effect is clearly seen in Fig. 5-7. The figure shows
calculations of the average SAR for a human body for plane wave
irradiance in three ‘polarizations’: E - Electric-field parallel to the
long axis of the body, B - Magnetic field in the same direction, and
with the EM-wave propagation direction along the long axis. Since
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wave irradiance of 1 W/m2
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Fig. 5-7. Calculated SAR for three

polarizations of EM-wave on a human

body.

the human body is a good conductor, it acts as an antenna tuned to a frequency of the order of its own
length. The enhanced absorption peak around 100 MHz for the E-polarization is evident with SAR about

0.3 W/kg.

Also, various ‘hot spots’ were

discovered. For example, in one
ME |,<HF !\VHF\!é Microwaves——=>

investigation where the whole-body SAR
was about 1.9 W/kg, values as large as 8-
10 W/kg occurred in the knee-ankle
region of the body. For these reasons,
the EL's were adjusted downward over
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easy to measure. However, in practice,

at a given point there may be many Fig. 5-8. Radio frequency exposure limits.

waves, not necessarily plane waves,

travelling in different directions. Also, in the case of near fields (as exist near microwave transmitters, for
example), the fields are not entirely waves, rather complex E and B (or H) oscillations. In these cases,
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the three rms components of, for example the E-field are measured, and the equivalent plane-wave
irradiance is calculated as illustrated in Example 5-2.

Example 5-2:
At a location near a radar transmitter, the following unperturbed ** (rms)

E- field components were measured.
(1) Vertical: 2.0 V/m;
(i) Horizontal North: 1.5 V/m;
(iii) Horizontal East: 1.0 V/m.

@) What is the rms magnitude of the E-field?
The rms magnitude of the E-field is calculated in the normal way from orthogonal vector
components:

E(rms) = /20? +15% +10% =27 V/m

(b) What is the equivalent plane wave irradiance?

The equivalent plane wave irradiance is calculated using Eq. [5-1] in rms form, i.e.,"
E? _(27V/m)
120p 120p

This oscillating E-field is equivalent to an irradiance of 0.02 W/m? from a plane
travelling EM wave.

| = e,CE? = = 0.02W/m?

If the limits given in Fig. 5-8 are not exceeded, there should be no thermal damage to humans, from RF
exposure. In general, RF devices are so designed that the exposures we meet in our environment are well
below the limits given in Fig. 5-8, usually by several orders of magnitude. The present continuing
controversy is over non-thermal health effects due to long- term, low-level RF exposure.

An instance of public concern about the effects of RF exposure is that of cell phones. Popular media and
even some scientific papers have raised the possibility that long-term exposure to RF radiation is
connected to the increased incidence of cancer, in particular, brain cancer. There is, in fact, a considerable
literature of both epidemiological studies on humans %, and controlled laboratory studies on animals-
chiefly rats and mice. These studies have been compiled and reviewed critically by several groups (see
Reference 9) and all the studies are shown to have faults. What is clear, however, is that there is no
convincing evidence for the increased generation or promotion of tumours due to long-term exposure.
This is not to say that there is no effect; that is something science cannot determine. All that can be said is
that the vast majority of the studies were unable to establish a cause-and-effect between RF exposure and
cancer. Since most of the studies on animals involved an SAR at levels that equalled or exceeded those
encountered in cell phones the present view based on risk analysis is that the risk is at least as small, or
smaller, than that for other exposures we are subject to.

18 Care must be taken when measuring these E fields. If a conductor, such as a human body, is present,
this conductor will modify or perturb the nearby field. Thus, the reading from a hand-held field meter will
not be the true, unperturbed field.

9 Verify that e,c = 1/(120p).

2 Many groups have had long-term exposure to RF, e.g., Radar workers during WWII, Amateur radio
operators among others. Many of these have had follow-up epidemiological studies.
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ELF (50/60 Hz fields)

The electric fields directly beneath high-voltage power transmission lines can be quite large, depending
on the voltage, conductor height above ground, and conductor configuration. For a 765 kV line, with
conductors 12 to 15 m above ground, the unperturbed field at ground level directly beneath the
conductors is in the 5 to 12 kV/m range. It decreases rapidly with distance falling to about 1 kV/m at a
distance of 50 m from the centerline.

Because of the much smaller voltages (110V), the E-field near (within 30 cm) electrical appliances in our
homes, etc., is much smaller; e.g., 2 V/m near an incandescent lamp up to 250 V/m near an electric
blanket.

Although the E-fields beneath high-voltage transmission lines are quite large, as described above, the E-
fields that develop inside our body, if and when we move into such a field, are guite small. This is
because our body is a very good electrical conductor relative to the air around us. The E-field of the
transmission line instantaneously moves some of the charges inside our body to the body surface with two
results:

1. The field just outside is increased (perturbed) relative to the unperturbed field (making accurate
unperturbed field measurements difficult).

2. The resultant field inside the body is quite small, in the mV/m range. For example, an external
unperturbed field of 10 kV/m, would produce internal fields of 3 to 100 mV/m. The exact value
depends on the position in the body. #

Although these internal fields are small, they are comparable to the naturally occurring internal fields due
to neural and muscular activity which range from about 1 mV/m (scalp) to 1-10 VV/m (surface of the
heart). Thus, although small, these fields may not be without consequence.

The magnetic field beneath high-voltage transmission lines is variable, depending on the current flowing,
and the conductor height and configuration. Typical values are relatively low, e.g., 1 to 10 uT (0.01 to
0.1 G) and decrease rapidly with distance from the line. These fields are smaller than the Earth's surface
field (0.5 to 0.8 G) but, of course, are oscillating (50/60 Hz) rather than static. The fields near household
appliances range from about 1 T (near a TV) to 1000 uT (near a soldering gun). Obviously some of
these are larger than those beneath high-voltage lines. Since the body is non-magnetic, the B-fields inside
the body are the same as those outside. These oscillating B-fields induce E-fields in the body that are in
the 5-10 mV/m range, about the same magnitude as the E-fields discussed above.

Thus, both the E-fields and the B-fields from transmission lines induce internal E-fields in the mV/m
range which is similar to the naturally occurring E-fields from neural-muscular activity. These fields in
turn induce 50/60 Hz currents with current density in the 1-20 mA/m? range.

Many investigations have been done on the effects of 50/60 Hz E and B-fields on various animals

2 See reference 2 at the end of the chapter.
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(humans, mice, bees, etc.), tissues (muscle, nerve), cell cultures, etc. Many observed effects, such as
nerve and muscle stimulation, are claimed by various experimenters®. However, many of these results
have not been confirmed by other laboratories. Carstensen 2 groups the results as: confirmed, probable,
unconfirmed and negative. Further, many of the effects are at unperturbed field levels well above those
found beneath high voltage transmission lines or near electrical appliances. For example, many of the
confirmed E-field effects are in the 20-500 kV/m range and B-field effects are in the 1 to 100 mT range.
Thus, there is controversy regarding the health effects of the fields found in practice in our environment.

The main controversy regarding electric power transmission lines is the possible carcinogenic effect of
long term exposure to the magnetic field from these lines, particularly regarding cancer in children.
These concerns followed an epidemiological study by Wertheimer and Leeper #? who studied 344
Denver, USA children who died of cancer. They compared the electric power wiring codes near the
homes of these children and other children who did not have cancers; later, actual magnetic field
measurements were taken. They claimed that children who lived near high-current power lines were
more likely to develop leukemia, brain tumours or lymphomas than children not living near such lines.

The Wertheimer-Leeper study was criticized for not actually measuring the B-fields at the homes of the
children; however, their work stimulated an ongoing series of epidemiological studies regarding the
connection between magnetic fields and cancer. The results have been controversial because some
studies claim to show a relationship between B-field exposure and risk of cancer, whereas others show no
relationship.

A recent, and well designed study, was conducted by three teams of university researchers on male
electrical workers at Ontario Hydro, Hydro Quebec, and Electricité de France.?* The study was done in
the period 1988-93 on workers, both active and retired, who had worked for these utilities from 1970 to
1989. The medical records of over 223,000 employees were examined, in particular, for leukemia, brain
cancer, lymphoma and melanoma. In addition, most other forms of cancer were also noted (over 30 types
of cancer). In all, there were 4151 cancer cases. These cases were compared with over 6000 controls,
i.e., for each cancer case, there was, randomly selected, one or two control(s), i.e., persons of the same
age who worked for the same utility but who did not have diagnosed cancer of any type. The various
types of work that these cases and controls had done over the years (e.g., transmission lineman,
equipment electrician, etc.) were noted and the magnetic exposure for each type of work was measured.
In this way, for each cancer case and control, the average exposure (measured in uT) was determined and
also the cumulative exposure (in uT years). Also taken into account in the analyses, were the person’s
smoking history and possible exposure to carcinogenic chemicals. Following extensive statistical
analysis, the findings of the study were:

1. There was no association observed between occupational exposure to magnetic fields and cancer
overall (i.e., all types of cancer taken together) among these workers.

2. There was no association observed between exposure to magnetic fields and most cancer types
including lymphoma and melanoma.

3. There was a ‘statistically significant association’®* observed between cumulative exposure to

22 Wertheimer, N. and E. Leeper. Electrical Wiring Configurations and Childhood Cancer. American
Journal of Epidemiology, 109 (1979); pp. 273-284.

2 Thériault G. et al. Cancer Risks Associated with Occupational Exposure to Magnetic Fields Among
Electric Utility Workers in Ontario and Quebec, Canada, and France: 1970-1989. American Journal of
Epidemiology, Vol. 139, (1994): pp. 550-572.

% Events are “statistically significant' if they occur together more frequently than would be expected by
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magnetic fields and a rare form of adult leukemia; acute non-lymphoid leukemia and its sub-type
acute myeloid leukemia. However, there was no evidence of a causal association, i.e., no
evidence of an increase in the risk of these diseases with increased cumulative exposure. It
should be noted that the total number of these leukemia cases was quite small making statistical
analysis uncertain. The results were not consistent among the three different utilities.

4. There was an association (but not statistically significant) observed between a type of brain
cancer, astrocytoma, and cumulative exposure to the highest level of magnetic fields.

The above results are typical in that some relationship between 50/60 Hz magnetic fields and leukemia is
suggested but not proven. Of course, the study on electrical workers did not address the primary concern,
which is the relationship (if any) between 50/60 Hz magnetic fields and childhood leukemia. Studies in
this area are on-going.

Because of the possible health effects of 50/60 Hz EM fields, the IRPA have, for the present, established
the following exposure limits for the general public.

TABLE 5-2: 50/60 Hz EM Field Exposure Limits
Unperturbed rms | rms B-field
E-field: KV/m mT

Up to 24 hours per day 5 0.1

A few hours per day 10 1

The exposure limit for E-fields is about the same as the fields found beneath high-voltage power lines; the
limit for B-fields is similar to the largest fields found near household appliances. As research in this area
continues, these exposure limits may of course be changed.

In summary, at the present time, despite thousands of investigations, there is no strong evidence that
microwaves, VHF or ELF fields, at the levels normally found in the environment, are harmful to the
health of animals or plants. However, because there is some evidence of associations between these
fields and the risk for some health problems, there is concern and controversy and research is ongoing.
An analysis of the research done up to 1996 is in the article by Jon Palfreman given in Reference 7 at the
end of the chapter. If in the future there is definite proof that these fields do cause medical problems, then
scientists, environmentalists and politicians will have the difficult problem of deciding what, if anything
can be done. Since society highly values microwave communications, electrical energy distribution, etc.,
we may simply learn to live with the health risks, just as we live with the accident risk of driving cars on
our highways.

chance alone. This does not necessarily imply a causal relationship.
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5.6 Measurement of E, B, and RF Fields

A rather broad array of instruments and techniques are available for measuring RF, Electric and magnetic
fields. I |

RF fields

These are the easiest measurements to make as all that is required is the
equivalent of a radio. In fact, some expensive radios have a “carrier strength”
meter built in to them which is just an un-calibrated RF field strength meter.
Dedicated instruments are relatively inexpensive and cover a wide frequency
range and sensitivity. Just as with a radio the field is probed with an antenna
(usually of adjustable length) and a tuned detector circuit amplifies the voltages
that appear on the antenna. Of course it is the E-field of the wave that is being
measured but the B-field follows from Eq. [1-7]. Like all probing devices, mc:“n’lb
however, at low levels the probe itself distorts the field being measured and so ,\_“‘QL/
the measurement of low level RF fields presents difficulties. A typical device is

shown in Fig. 5-9. Fig. 5-9. RF field-
strength meter.

E-fields

Measurements of non-propagating electric fields by themselves, particularly at
low frequencies and down to 0 Hz, are rather difficult. There is an interest in this
kind of measurement, particularly in the prediction of lightning strikes near
sensitive locations (like missile silos). Static and pseudo-static electric fields are
measured with a device called a field-mill. The principle involves a rotating
multi-vaned shutter that alternately shields and exposes a well insulated
conductor to the static field to be measured. The alternating voltage induced on
the conductor is detected and amplified. An example of a field-mill is shown in
Fig. 5-10.  Again the device itself can influence the field being measured,
especially at low values.

B-fields

Magnetic fields are the easiest to measure and instruments, called
gaussmeters, utilizing different techniques are used. The simplest device is
one that spins a coil in the B-field and measures the induced AC voltage.
Another utilizes the Hall-effect in which a current-carrying conductor placed
in a magnetic field develops a voltage transversely to the current direction
that is proportional to the B-field. For very sensitive measurements at low | . . —
fields a flux-gate magnetometer is used which uses the non-linear magnetic | rig. 5.11. Hall-probe
saturation properties of certain materials. A typical hand-held Hall Gaussmeter
gaussmeter is shown in Fig. 5-11.
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PROBLEMS

Infrared Radiation

Measurements show that the EM radiation from a source has a wavenumber of 2000cm™™.
(a) Determine the (i) wavelength and (ii) photon energy. (b) Identify the spectral region for this radiation.

Review problems 2-18 and 2-19 and using Figs. 5-1 and 5-6, identify the spectral regions of the radiation
absorbed by HCI associated with (a) vibrational transitions and (b) rotational transitions I = 1 fi | = 2.

Using the information from Fig. 5-2, identify in Fig. 5-3 the absorption bands in the atmosphere due to the
fundamental vibrational transitions in water vapor. Why are these bands relatively wide?

The Earth’s Energy Balance.

Explain the difference in concept between the solar constant (1350 W/m?) and the “average global
irradiance above the atmosphere” (340 W/m?) as given near Fig. 5-4. (b) Using the data from Fig. 5-5
verify that there is energy balance in (i) the troposphere, (ii) the stratosphere, and (iii) at the troposphere-
stratosphere boundary.

(a) Using the data from Fig. 5-5 and related text, determine the average energy used on Earth each second
to evaporate water. The Earth’s radius is 6370 km.

(b) Given that the energy required to vaporize liquid water (at approximately 15 C) is 2.4x10° J/kg, and the
density of water is 1000 kg/m?, determine: (i) the mass of water evaporated per second and (ii) the volume
of water evaporated per second.

(c) Given that water covers about % of the Earth’s surface, determine the average depth of water evaporated
per day.

(d) Discuss what happens to the evaporated water and its related latent heat.
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5-6. (a) Use the data from Fig. 5-5 and related text to determine the amount of energy transferred by convection
from the ground or sea surface to the troposphere in a 24-hr period. The Earth’s radius is 6370 km.

(b) Assume that over 24 hours all of this energy remains in the lower 5 km of the troposphere and that the
density of this air is constant at 1.29 kg/m®. If the specific heat of air (at constant pressure) is 1.01x10°
J/kg/K, what increase in air temperature results?

5-7. Using the correct albedo, calculate the Earth's equilibrium temperature in the absence of greenhouse
warming.

5-8. Show that an increase in the Earth's albedo a by a small amount da will produce a decrease in the surface
temperature given by

dT = -69 da/(1-a)**
If the albedo increases by 1% what is the change in temperature?

5-9. The oceans of the world cover 3/4 of the Earth's surface and have an average depth of 3.8 km. If the
temperature of the oceans were to rise by 1 K, how much would the sea-level rise on average due to
thermal expansion alone? Assume that the surface area of the oceans would not change. The thermal
expansion of a volume V, of liquid to a volume V due to temperature change T is given by V = V(1 + bT)
where b is the volume expansion coefficient. The value of b for water is 0.2x107° K™,

Sec. 5.4 Radiofrequency Radiation Fields.

5-10.  (a) Calculate the rms value for the following set of data:

-5,-4,-1,0, +2, +6, +7

(b) A sinusoidal EM wave has an amplitude of 50 VV/m. What is the rms E-field of this wave?

(c) A sinusoidal wave has an rms value E = 600 VV/m. What is the amplitude of the E-field?

(d) Verify that e,c = 1/(120p) and hence that | = %e.cEy? and Eq. [2-12] becomes | = e,cE? = E¥/(120p),
where E, is the wave amplitude and E is the rms value.

5-11.  Ata point near an electric welding machine the 60 Hz B-field has a value of 0.9 mT (rms). Express this
field: (a) in gauss, (b) as an H-field in A/m. (Both as rms values)

5-12.  Using Fig. 5-6, determine the radio-engineering designations (ULF etc.) For the following: (a) Waves from
radio station CJOY (frequency=1480 kHz). (b) An oscillating E-field of frequency 25 Hz, (c) An EM wave
of wavelength in air of 5.00 mm, (d) Radiation from an amateur radio operator broadcasting on the 25-
meter band (i.e. I =25 m).

Sec. 5.5 RF, ELF and Health Concerns.

5-13.  Ata location near a communications antenna, the following rms E-field components were measured:
vertical: 28 VV/m, horizontal (North-South): 32 VV/m, horizontal (East-West): 33 VV/m.

(a) Determine (i) the rms E-field magnitude, (ii) the equivalent plane-wave irradiance.
(b) Using Fig. 6-7, determine if this field is below the general public exposure limit if: (i) the frequency is
102 MHz, (ii) the frequency is 10* MHz

Answers

5-1. (@) (i) 5.00 um, (ii) 0.248 eV

5-2. (a) middle IR or IRC, (b) far
IR or IRC near the microwave region

5-5. (a) 3.10x10" J, (b) (i) 1.29x10" kg,

(i) 1.29x10" m?, (c) 3 mm

5-6. (@) 1.7x10%* J, (b) 0.5 K

(or 0.5 Celcius degrees)
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5-7. -24C
5-8. -1K
5-9 0.8m

5-10.  (a) 4.3, (b) 35 V/m, (c) 850 V/m

511, (a) 9G, (b) 720 A/m

5-12.  (a) MF, (b) ELF, (c) EHF, (d) HF

5-13.  (a)(i) 54 V/m, (ii) 7.7 W/m?,
(b)(i) No, (ii) Yes
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CHAPTER 6: LASERS AND HAZARDS TO THE EYE

6.1 Introduction

he natural world provides few situations where light presents a hazard to human health or safety.

Those situations which do, largely involving sunlight, have been discussed in the previous chapter.
Technology, however, can create situations of vastly increased intensity of light such as the beam from a
laser. In this chapter the basic physics of the laser will be discussed briefly with a view to understanding
the special properties of laser light. These properties are more than just increased intensity; coherence and
directionality are also involved. The impact of these properties on human safety (particularly vision) will
then be discussed.

6.2 Spontaneous and Stimulated Emission and Absorption of Photons

When an atom absorbs light of a discrete frequency, an
orbital electron makes a transition from a lower energy %’“l‘h

state to one of higher energy as discussed in Sec. 1.5 E f
and shown again in Fig. 6-1(a). The frequency, f (or E > T
wavelength, 1) is related to the energy difference E;- | Eo—_ @ —t
E, by the Planck relation: @
_ _ E: ——
E1-Eo—hf—hC/| mhf
E[) —_ — ' & —
where c is the speed of light and h is Planck’s constant. (b)
In this process the photon disappears and its energy is
stored in the atom. The atom m—— o hf
- - - - - hf
is said to be in the ex0|ted_ state E:. If Eqis the lowest Eo » o W\f\)hf
energy state of the atom, it is called the ground state. (©

Clearly from energy conservation, the atom will not

spontaneously go to the higher energy state: it must be Fig. 6-1. Spontaneous and stimulated absorption and

emission.

stimulated to do so by the photon.

For emission of light, however, there are two possible processes. The excited states of atoms normally
have a very short lifetime (~10~ s) and so will spontaneously de-excite to the lower state with the
emission of a photon as shown in Fig. 6-1(b). If, however, a photon of the same energy happens to
interact with the atom while it is in its excited state the natural relaxation of the state may be
circumvented and the atom may be stimulated to emit the photon so that where one photon of frequency f
existed there are now two as shown in Fig. 6-1(c). This stimulated photon has the special properties that
it is emitted in phase with the stimulating photon (temporal coherence) and in the same direction (spatial
coherence).

For very short lifetimes of the upper state, there is little opportunity for the atom to encounter a photon of
the right frequency to stimulate it and, in our everyday world; most processes involving light are
governed by stimulated absorption (the only kind) and spontaneous emission. Some atomic energy
levels, however, have anomalously long lifetimes (up to seconds)* and in these cases stimulated emission
may be important or even predominant; such levels are said to be metastable. A laser is a device that

I The reasons are beyond the scope of this discussion but are to be found in any atomic spectroscopy
book.
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exploits the special properties of stimulated emission.

If a large number of atoms of the same kind are at some (a) (b)
temperature T, then the population distribution of the | £,
energy levels will be as in Fig. 6-2(a). The ground state| z.
will have the highest population and the populations
decrease as the energy of the state increases above the | g
ground state. If the temperature is raised to T, the B
relative population increases in the higher states as
shown in Fig. 6-2(b) but the populations still decrease

o - P o ! E » »
with increasing energy. This is a distribution that is Rel. Pop. Rel. Pop.
characteristic of thermal equilibrium. In fact, for most 7, T
atomic systems the energy levels are so far apart that, at| Fig. 6-2. Thermal population of atomic levels.

normal temperatures, only the ground state has any significant population, the higher ones are essentially
unpopulated.

It is generally not possible to have a population in an upper state greater | g,

than in a lower state (population inversion) if the lifetimes of the states £ A ; short Pfei,:lme
are short. Such an inversion is possible, however, if one of the upper ! long lifetime
states has a long lifetime, i.e., is metastable. Consider the hypothetical l

3-level system shown in Fig. 6-3. Imagine that energy equal to E, | A4

. . . . ground state
E, - Eo, is supplied (the pump) which raises a large number of the atoms N\
from the ground state to the upper state. From the upper state the atoms lasing

will quickly de-excite, some returning to the ground state, but some _ transition
returning via the intermediate state E,. If the intermediate state hasa | Fig. 6-3. Three-level laser.

long lifetime then these atoms will be trapped there and the population of the intermediate state will be
for some time, greater than that determined by thermal equilibrium that is, there is a population inversion
between E; and E,. The conditions are then right for the stimulation of the downward transition E; fi E,.

6.3 Lasers

In Fig. 6-4 the basic elements of a laser based on the energy level scheme of Fig. 6-3 is depicted. The
medium of excitable atoms is placed between two mirrors; one is ideally 100% reflecting and one is a
‘leaky’ mirror, perhaps it transmits 1% and reflects 99%. The atoms are ‘pumped’ in some way (to be
discussed later) and the excited atoms are indicated by the black dots with rings. The natural radiation
bath provides photons of all frequencies, so some will have the proper stimulating frequency
corresponding to the energy difference E; - E,. Of the three initiating photons shown in the top of Fig. 6-
4 only number 1 is travelling in the right direction to initiate stimulations with repeated passes back and
forth in the medium between the mirrors and build-up a significant intensity.

6-2
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The build-up of the intensity and de- | —— — —

excitations of the atoms between two A

reflections can be followed in the /'/f N PPN "’:NW m///

figure. Notice that the stimulated 2 PYTNS ANAND AR

photons are in phase with the % ;"L’L,M ® | WaVaVoV= ///

stimulating photon and so all photons // 0) 7

in the beam have temporal coherence. -

The accurate alignment of the mirrors

produces the beam directionality. In 7 AR T QVaAVaVaVA 1%

this way light amplification by the 2 % GRARK om‘%wm DAY

stimulated emission of radiation takes e PN <« 6’\“’\"‘///

place making a laser. Z PN « e 7
/A A N\Ne 7

The energy level scheme of Fig. 6-3

exists in a variety of substances, in % o 7

particular the energy levels of the Cr** ) W o © 7

ion in the crystal matrix of Al,Os M o 7

(alumina) commonly known as ‘ruby’. 7 VAV 3 o 7

The relevant part of the energy level | Vo %4

diagram is shown in Fig. 6-5.2 A | N transmitting 100% reflecting ——

bright flash of white light will provide mirror mirror

. 3 :

E'? (I)(Z?IZIsstgi ﬁég I(';(; g]serl)g]glrevé?gs to the @ Excited atom @ Radiating atom O Ground-state atom

absorbs strongly inthe green and the | g 6.4 g

other in the blue (see Problem 6-11). T

These short-lived levels de-excite radiationlessly 3=

3 to the 2E level which is really two very closely

spaced levels (separation 0.36x107% eV). This ~

level is metastable and so a population inversion ~°—;/2 — g

is established between *E and the ground state 2 $0.36 meV

“A,. The ends of the ruby crystal are polished and| &

made highly reflecting and the 2E levels are 1= Ry R

stimulated into emission giving out a short, !

intense pulse of coherent red radiation at a ‘A,

wavelength of 694 nm (see Problem 6-11). A o=

ical ruby laser construction is shown in Fig. 6-| _.
lgpA Iarge);]umber of systems can operate in ?his Fig. 6-5. Ruby laser energy levels.

pulsed mode; some of them are listed in Table 6-1.

For safety considerations (See Sec. 6.5 to 6.10) pulsed lasers are classified according to their energy

output per pulse. The classification of a selection o

TABLE 6-1: Pulsed Laser Systems

f a few common lasers is given in Table 6-2.

2 The nomenclature of the levels comes from crys
to label the levels.
® They give up the energy as heat, warming up th

~
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Fig. 6-6 Ruby laser.
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Type Wavelength
(nm)
ArF 193
XeCl 308
Nitrogen 337
Rhodamine 6G dye 450-650
Copper vapour 510, 578
Ruby 694
Ti:Sapphire 700-1000
Nd:YAG 1064
Er:Glass 1540
HF 2600-3000
CO, 10600 TABLE 6-2: Pulsed Laser Classification
Region Type 1(nm) Pulse Class 1 Class 3 Class 4
Duration Energy Energy Energy
(us) (J/pulse) (J/pulse) (J/pulse)
uv Nd:YAG 226 0.02 1.9x10° >C10.125 >0.125
N; 337 0.01 3.6x10° >C10.125 >0.125
Visible Rhodamine6G 450-650 |1 0.2x10- >C10.03 >0.03
Ruby 694 1000 4x10°5 ~C10.03 >0.03
Near IR Nd:YAG 1064 0.02 2x10° >C10.15 >0.15
Far IR Er:Glass 1540 0.01 9.7x10%2 >C10.125 >0.125
CO; 10600 1000 0.6x10° >C10.125 >0.125

The 3-level laser described above can be operated only in a
pulsed mode since all the de-excitations result in repopulating
the ground state and removing the population inversion that
makes lasing possible. To get continuous lasing action at least
four levels are needed as illustrated in Fig. 6-7. Here the
pumping populates the state E; which can de-excite back to the
ground state or to the metastable state E,. Since E; is short-
lived there is a population inversion between E, and E; and
lasing at energy E, - E; can occur. Since E; is

short lived it quickly depopulates to the ground state; if the
pumping action is continuous, the population inversion
between E;, and E; is maintained and so is the lasing action.

6-4

Short lived
Rapid spontaneous
Long lived

Lasing

Short lived

Rapid spontaneous

Fig. 6-7. Four-level laser.
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The most common example of a continuous four-level laser

He
is the He:Ne gas laser, whose energy levels are shown in Ne '
. . ) e 21—
Fig. 6-8. The pumping action depends on the coincidence I
that two atomic levels in neon, 'S and °S, match a band of 's &7 ) 3p
levels in the helium atom, 2s and 3s. At low pressure in the 20
presence of an electrical discharge, collisions with high- =
velocity electrons excite the neon to the upper states. When| %
k . . . 5 19
an excited neon atom collides with a helium atom the £ }2p
energy is transferred to the helium exciting the 2s or 3s
levels which are metastable. Lasing takes place to the 2p 18 |—
and 3p levels yielding coherent light of several N
wavelengths, most prominently the bright 633 nm red line N ’)\
characteristic of He:Ne lasers. The 3p and 2p levels de- 0

excite quickly maintaining the population inversion so long

Fig. 6-8. He:Ne laser levels.

as the pumping action of the discharge is

maintained. The construction of a typical High reflectivity mirror Partially transmitting mirror —x
_gas-_dlscharge continuous laser is shown < Brewsics windows >

in Fig. 6-9. / \
There are a large number of continuous Gas discharge tube

lasers now available commercially and an

even larger number of specialty lasers Laser

used in research. Table 6-3 lists a few of ot

the more common types. 1|

TABLE 6-3: Continuous Laser Systems Fower supply
Type Fig. e}ovVWaaplengiéy (nm)
Ar 275, 351, 363, 488,514
He:Cd 325,
Kr 351, 356, 530, 647, 676
He:Ne 633
Ti:Sapphire 670
Nd:YAG 1064
CO; 10600

The CO;, laser, because of its very great power output in the far infrared, is extensively used in industrial
applications such as welding and machining. It operates on the population inversion of molecular
vibrational levels rather than atomic electronic levels.

Continuous lasers are classified by power output with a special 4-class specification for visible lasers. A
few common types are listed in Table 6-4.

* These lasers usually use at least one curved mirror of the type shown in Fig.6-9. The operation of the
laser is the same as previously described; the curvature makes the optical alignment more stable. When
one mirror is curved the plane one is the output mirror.
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TABLE 6: 4-Continuous Laser Classification

Region Type 1(nm) Class 1 Class 2 Class 3 Class 4
Power (W) | Power (W) Power (W) | Power (W)
uv Ar 275 9.6x10°° - >C10.5 >0.5
He:Cd 325 3 2%10° - " "
Ar 351, 363 " - " "
Visible Ar 457-514 0.4%x10°5 >C11x10°3 >C20.5 "
He:Ne 633 7x10-¢ " " "
Kr 647 1.1x10°° ) ) )
Near IR Nd:YAG 1064 0.64x10°3 - >C105 "
Far IR He:Ne 3390 9.6x10° - " "
CO, 10600 " - " "

In addition, there are solid state lasers that operate using the electron levels in semiconductors such as
GaAs. The laser lines fall largely in the infrared region of the spectrum with a few examples in the
visible. Details of their operation can be found in any laser textbook.
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6.4 Properties of Laser Light

A. Monochromaticity

The wavelength of a single emission line of a laser is among the most monochromatic of any light source.
This monochromaticity is a result of the temporal coherence of the stimulated emission discussed in Sec.
2.3 and is related to the long lifetime of the metastable upper energy state in which the transition
originates. This can be seen in Eq. [2-8] which can be written,

= Y2 c ) [6-1]

Using Eq. [6-1] with a wavelength of 500 nm, a normal atomic state with a mean lifetime of 10 s gives a
wavelength spread of ~10 nm, or/ ~ 1 partin 10° For a metastable state, with a mean lifetime of 1
ms, / ~1 partin 10" The actual case is not that extreme since the spectral lines are further broadened

by the Doppler Effect due to the thermal motion of the emitting atoms as discussed in Sec. 2.3. The
monochromaticity of laser light has important application in spectroscopic investigations.

B. Directionality

The high directionality of laser light is guaranteed by the accurate
alignment of the reflecting mirrors. Even so, the light emerging
from any laser still diverges because of the diffraction at the aperture
of the laser tube. From elementary wave optics the diffraction angle
g/2 for plane waves of wavelength 1 passing through a slit of width
a is given by (See Fig. 6-10 or any elementary physics text.) Fig. 6-10. Laser-beam divergence.

2= la [6-2]

If the aperture is circular with a diameter a Eq. [6-2] becomes

12 =1.22( /a) [6-3]
The high directionality of laser beams has many uses such as in surveying.

Example 6-1
(a) What is the diffraction angle of the beam emerging from a laser operating at a

wavelength of 500 nm and having an aperture of 2 mm? (b) What would be the size
of the beam on a wall 10 m distant?
(a) For a laser operating in the visible at 500 nm with an aperture of 2 mm from Eq [6-2],

q/2 = (1.22)(500%107° m)/(2.0x10°* m) = 3x10™* rad = 0.3 mrad.
(b) At a distance of 10 m the spot size of such a laser would be (see Fig. 6-10):

2(10 m)(3x10™* rad) + 2x107° = 6mm + 2mm = 8 mm

6-7
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C. Spatial Coherence

It is this property that permits us simply to shine a laser on two slits and observe the interference of the
light emerging from the two slits as discussed in Sec. 2.3 and illustrated in Fig. 2-2; there is a constant
phase relation between the two waves emerging from the two slits.

The coherence time t. is essentially the lifetime of the upper state involved in the transition that produces

the spectral line. The coherence length, ., is the distance light travels in the coherence time and is of the
order of the distance over which spatial coherence prevails and interference effects can be seen. For an

ordinary spectral transition (t. = 10°s), . is of the order of a few cm at most. For a metastable state such
as gives rise to a laser line, . may be 10° times larger. It is this property that is utilized in holography.

6.5 Absorption of Light by Tissue and Tissue Damage

The tissues most at risk from exposure to 60
radiation in the visible, near-infrared and, near- \
ultraviolet spectral regions are those of the eye,
but there is some hazard to other tissues,

particularly the skin. This section will therefore
emphasize the hazard to the eye from direct and
indirect exposure to bright light-sources.

Destruction

Temp (°C)
W
(e
|
/

The mechanism of damage in the wavelength 40 : ) I ; .
region between 400 and 1400 nm is mostly from 10! 10 10 10
heating and the resultant rupturing of cells by Time (s)
the sudden production of steam, or “‘cooking’ by | Fig. 6.11. Temperature-time dependence of
denaturing the proteins. If heating is the tissue damage
important mechanism then it is to be expected
that there is a relation between the temperature rise e
of the tissue and the exposure time. This relation is n
approximate and is shown in Fig. 6-11. The figure
shows, for example, that an exposure of 100 s is 3
probably damage-free for tissue temperatures up to § ]
&

about 52 C, but for 1000 s the temperature should
not rise above 48 C.

. ()_x}y—hemogiobin

L

A

— o
. . H St I
For the temperature of a tissue to rise under the v T T B e e
. P s g 400 &0 Wil 10000 1200 il
action of radiation, the radiation must be absorbed. Wavelength (nm)

It is necessary to know, then, the absorption
properties of tissue as a function of wavelength.
This is shown in Fig. 6-12 for three important
constituents of tissue: water, oxy-haemoglobin in
blood, and melanin, a pigment in the skin and in the eye’s retina (and involved in skin tanning as
discussed in Chap. 4). It can be seen that haemoglobin and melanin absorb strongly in the visible region
(400 - 750 nm) and water is largely transparent. These three have been chosen as they are particularly
important in the human eye.

Fig. 6-12. Absorption curves for biologically
important molecules.
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The well-known structure of the human eye is shown in
Fig. 6-13. Most of this structure is irrelevant to our
discussion except to examine what happens to the light
energy that is incident on the cornea of the eye. This light

may be absorbed there or it may be transmitted to the retina pmeon _ g fovea
and pigment epithelium via the lens and humours. Figure —_— :
6-14 gives the total absorption curve for the eye from the
cornea through to the surface of the retina (ocular y
absorption) and the retina absorption. In fact, the retina irid nerve
itself absorbs very little of the radiation passing through it horlid :
and most of the absorption takes place in the pigment selera
epithelium below. Comparison of Fig. 6-14 and Fig. 6-12 | Fig. 6-13. The human eye.
shows that the transmission of light through the ocular

pupil

epithelium

elements of the eye is almost completely

determined by the transmission of water and that
the absorption in the pigment epithelium is almost
entirely determined by its melanin content.

S
S
]

Ocular Absorption

_~DRetina absorption
\\

In the visible and to about 900 nm in the infrared
the eye is transparent and the tissue at risk is the
pigment epithelium. In the ultraviolet, the cornea,
humours, and lens are strongly absorbing and the
radiation does not reach the retina. The tissues

- - - I
most at risk in this case are the cornea and lens. 400 600 800 1000 1200 1400
Wavelength (nm)

Percent absorption

<
S

For visible and infrared light the primary effect of
absorption is heating. Because of the transparency | Fig. 6-14. Light absorption in the human eye.

of the eye this is mostly a hazard to the pigment

epithelium where proteins may be denatured (cooked) or, for very intense exposure, the production of
steam can rupture tissue structures. Violent explosions of this type can damage neighbouring tissues by
erupting high-speed projectile residues. The cornea and lens focus the light on the retina so the radiant
exposures are increased over that incident on the surface of the eye. The optics of this is treated in the
next section.
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6.6 Size and Irradiance of the Retinal Image

In Fig. 6-15(a) a plane wave of irradiance °
I, (W/m?) enters the pupil of the eye; the
pupil diameter is d,. The light is
concentrated in an image of size d; and
irradiance 1; (W/m?). If there is no
absorption in the eye then the light that
passes through the pupil is all incident on wave
the retinal image, or,

Fig. 6-15. Image size and irradiance in the eye.

|p dp2 = Ii diz [6-4]
Since a plane wave has been assumed, then
the object being viewed must be far from the eye with respect to its own dimensions: it subtends an angle
g at the pupil. As shown in Fig. 6-15(b) the angle inside the eye is smaller and the size of the image is
given by (See Problem 6-18):

di=Dqg" =Dg/n [6-5]

where n is the index of refraction of the contents of the eye. Combining Eq. [6-4] and [6-5] the irradiance
of the image becomes:

li =1, (dy* n)/(D* o) [6-6]

where D is the distance from the cornea to the retina. For D = 25 mm, n = 1.34, d, measured in m, and q
in radians this becomes:

l; = 2.87x10%1, d,%/¢? [6-7]
The irradiance of solar radiation at the Earth’s surface is 800 W/m?. Most of this is in the visible

so it is transmitted to the retina of the eye. If a person looks directly at the sun, the pupil contracts
to a diameter of 3 mm. What are, the size of the solar image on the retina, and the irradiance of the

% Example 6-2.

image? The angular diameter of the Sun is 0.50 .

di = Dg/n = (25 mm)x0.5(p/180)/1.34 = 0.16 mm
I = 2.87x10° 1, d,%/q* = 2.87x10°%(800)(3x107* )%/(0.5xp/180)* = 2.7x10° W/m?

*In order to simplify the subscripts on the radiometric quantities defined in Chapter 3, the radiometric and
photometric subscripts, e and v, are omitted in this chapter. All quantities are radiometric, i,e, subscript ‘e’
is assumed.
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6.7 Safety Considerations with Visible and UV Light

A. Visible Light

There is some variation in the recommendations of various national organizations as to the maximum
permissible exposure to visible radiation, but a figure of 0.010 W/m? at the pupil of the eye can be taken
as an average. This is almost 5 orders of magnitude smaller than the irradiance of the pupil by direct
observation of the un-obscured Sun (800 W/m?). Clearly the Sun is always hazardous to look at! °

To observe the Sun directly, or any bright source like a welding arc, a neutral density (broad wavelength
range) filter is used. The absorbance of a filter is defined by Eq. [4-5]

A = log(lo/1) [4-5]

where |, is the incident irradiance and | is the transmitted irradiance.” The darkest sun glasses have an
absorbance of about 1 and so reduce the irradiance by about a factor 10.

Example 6-3.
What is the absorbance of a filter required to view the Sun with safety?

10g(800/0.01) = 4.9

A filter with an absorbance of at least 5 is required.

B. Ultraviolet Light

When UV radiation is absorbed by the cornea there are several physiological responses, some of which

are similar to the response of the skin to UVR. Erythema is a reddening of the tissue due to the dilation of
blood vessels; this occurs in the white sclera of the eye.
More severe exposures produce keratitis (sand-in-the-eyes -
pain) which can have a latency period from 30 min to 24
hr. A common name for this is ‘welders flash-burns’ as it
can be caused by welding without proper goggles. The

Relative action

condition can be very painful and in severe and prolonged / '\

exposure can cause permanent damage. Exposure is also e \
accompanied by: photo-phobia (aversion to bright light), 7 AN
lachrymation (production of tears) and blepharo-spasm P T S T SO
(involuntary tight closing of the eyelids). " Wavelength (um) o0

In the case of exposure of the eye in the UV spectral region
most of the energy is absorbed in the corneal epithelium at
the outer surface of the eye. Since the cells on the surface of the cornea are replaced every 24 to 48 hours
the effects of moderate exposure soon disappear. More intense exposures may damage cells deep in the
cornea which are not replaced and more serious effects, such as cataracts, may be the result. The action
spectrum of keratitis is shown in Fig. 6-16 where it can be seen that it peaks in the UV-B near 290 nm.

Fig. 6-16. Action spectra for keratitis.

®This fact usually gets public attention only during eclipses of the Sun and has given rise to the modern
mythology that there are some special ‘blinding rays’ produced by eclipses. This is not so, the Sun is
always hazardous to observe directly.

"In this context ‘Absorbance’ is sometimes called ‘Optical Density’.
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The recommended limits for exposure of the eye to ultraviolet radiation are given in Table 6-5.

TABLE 6-5: Recommended Maximum Permissible Eye Exposure (UV)

Wavelength (nm) Exposure (W/m?) Duration
254 5x107° t<7hr

254 1x1072 7<t<24hr
Range 320 to 400 10 t< 16 min
Range 200 to 315 10 J/m? (total exposure) -

6.8 Laser Safety

Clearly the element most at risk from a laser is the eye, and that aspect will be emphasized here. There are
two general situations to consider: A. The laser beam enters the pupil of the eye directly (intra-beam
exposure) and, B. The observer looks at the laser light spot on some scattering surface, i.e., diffuse
reflection.

A. Intra-beam Exposure

A laser beam of divergence q and diameter d enters the pupil of an eye. It will be assumed that the
diameter of the laser beam is less than the smallest, contracted pupil diameter and therefore all the laser
energy enters the eye with an effective pupil diameter of d (d < d,). The power at the pupil is f, =1, (p
/14)d? and Eq. [6-7] for the irradiance in the image on the retina can be written (See Problem 6-16)

| = 3.65x10° ,/ 2 [6-8]

Example 6-4.
A small He:Ne laser with a power output of 1.0 mW and a beam divergence of 1 mrad enters an

eye. What is the irradiance on the retina?

i = 3.65x10° x 1x107%(1.0x1073)? = 3.7x10° W/m?

The irradiance on the retina calculated for the 1 mW laser in Example 6-4 is very close to the irradiance
that will create permanent damage to the retina in a time less than the average photo-aversion reaction
time (blinking) of about 1/4 second. It is for this reason that the boundary between Class 2 and Class 3
visible lasers is at 1 mW, as given in Table 6-4. For class 3 and 4 lasers the aversion reaction cannot be
relied on for protection.

the beam at distance r is D = a + 2x. The beam irradiance I, at this position is

given by: L_ D

Fig. 6-17. Divergence of laser
beam.

As the laser beam travels further from the aperture the irradiance of the beam
decreases because of the divergence of the beam. In Fig. 6-17 the diameter of e 1
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ar

paray

where T is the laser radiant power (See Problem 6-17).

Example 6-5.
For the 1 mW laser described in Example 6-4 with an aperture of 1.0 mm calculate the beam

irradiance at a distance of 10 m.

I, =4 x 1x10%/[p(1x1072 + 10 x 1x107%)%] = 10.5 W/m?

If Iuee is the maximum permissible exposure then Eqg. [6-9] can be solved for ryyz the distance from the
laser that constitutes the nominal hazard zone, within which the eye is in danger from intra-beam
exposure.

N 1 ar__ a [6-10]

e g \ Pl vee

The maximum permissible exposures for a selection of lasers are given in Tables 6-6 and 6-7 for pulsed
and continuous lasers. For pulsed lasers the maximum permissible exposure can only be given as energy
per pulse Ewpe (J/M?).

TABLE 6-6: Maximum Permissible Exposure: Pulsed Lasers

Type Wavelength Ewe (Eye) | Ewe  (SKin)
(nm) (J/m?) (I/m?)

ArF 193 30 30

XeF 351 67 67

Ruby 694 0.1 2x10°

Rhodamine 6G dye 500-700 5x107 300 to 700

Nd:YAG 1064 5x107? 1000

CO; 10600 100 100
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TABLE 6-7: Maximum Permissible Exposure: Continuous Lasers

Type Wavelength Maximum Exposure
(nm) Permissible Duration (s)
Exposure
J/im? W/m?
Ar 275 30 - 10 to 3x10*

" 351 10* - "

" 488, 514 100 - "

" " - 1072 Continuous
He:Ne 633 - 25 0.25

" " 100 10 10

" " 1700 - to 10*

" " - 0.17 Continuous
Kr 647 - 0.28 "
Nd:YAG 1064 - 16 "

CO, 10600 - 1000 "

@ Example 6-6.
A 100 W, Nd:YAG laser is operated continuously. It has a beam divergence of 2.0

m rad and an aperture of 6.0 mm. What is the nominal hazard zone for this laser?

From Table 7-7, lyee = 16 W/m?. Substituting in Eq. [6-10],

Mnhz = 1 3 1/4.100—6-10'3 =14-10° m
2-10° p-16

Such a laser is hazardous to look into from over 1 km distance!

B. Exposure to diffuse reflection

If a surface is exposed to an irradiance I, that diffusely reflects a fraction R of the incident light, the
radiance in W/m? sr is given by (See Eq. [3-8b]),

L =Rlo/p [6-11]
If the irradiance I, is a result of a radiant power f distributed over a circular area (p/4)d? then

L = 4RF/(pd)? [6-12]

@ Example 6-7.
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What is the radiance of a 90% reflecting surface irradiated by a 1 mW, He:Ne laser from a distance of 10
m? (Use the laser characteristics as described in Example 6-5)

From Example 6-5, the irradiance is 10.5 W/m? and from Eq. [6-11]

L=0.9 x 10.5/p = 3.0 W/m? sr

Is the bright laser spot on a white wall from the 1 mW laser described in Example 6-7 hazardous to look
at? A 100 W frosted incandescent-bulb viewed at close range has a radiance of about 400 W/m? sr so the
laser spot is only 1/100 as bright.

In Fig. 6-18 a laser of radiant power f illuminates a surface of
reflectivity R and is observed at an angle g and distance r; the
distance r is great enough that the spot can be considered a point
source. If the surface reflects according to Lambert’s law, the
reflected radiant intensity at angle g will be given by:

S(g) = So cosq [6-13]
where Sq is the intensity reflected directly back toward the laser. !
The total outgoing radiant power f is accounted for by integrating | Fig. 6-18. Lambert’s Law.
Eqg. [6-13] over the hemisphere to the left of the scattering surface.
Thus,

df = S(q)dW = S, cos g dW
12
where dW is an element of solid angle. It can be shown (See Problem 6-19) that: :Cosqdl/l/ = p, when
integrated over a hemisphere so, = pS, and from Eq. [6-13],
S(q) = fR cosqg/p [6-14]
The reflectivity R has been inserted to account for the loss of light due to imperfect reflection. This
intensity decreases inversely with r? since the spot can be considered a point source and so using Eq. [1-

16] (or [3-7]),

R fcos
Irg)=——— 7 [6-15]
pr

If I is the maximum permissible exposure lvee and r is the nominal hazard zone ryyz then,

ro- /Rfcosq [6-16]
Nz ,0| MPE
Example 6-8.

The beam from a 5.0 W Argon laser is incident on a wall of 95% reflectivity. For normal viewing
of the spot (g = 0), what is the nominal hazard zone?
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From Table 6-7, lyee is 102 W/m?

runz = [(0.95 x 5.0)/(p 109)]¥2 =12 m

The preceding discussion has assumed that the diffuse source was distant and could be treated as a point
source for the observer. This means that the image on the retina is as small as it can be, i.e., a diffraction-
limited spot and the inverse square law can be used. If the illuminated area is large, or the viewer close
enough, that it cannot be considered a point source then the image on the retina will be larger than the
diffraction limit, and the inverse square law cannot be used. In this case, as was seen in the discussion on
photometry, the image on the retina is one of constant irradiance. This is because the irradiance at the eye
decreases with the distance from the source as r? but the retinal image area also decreases as r? and the
irradiance is constant.? The fact that these images cover more cells on the retina than diffraction-limited
images means that the hazard is actually increased and it is common to set the maximum permissible
exposures lower by a factor of 10 for extended sources.

Figure 6-19 shows an extended source of
diameter d, illuminated by a beam of |
irradiance 1. If R is the reflectivity of the i
surface, the irradiance ° at the pupil of the d'lT
eye is:

| = IR Py
20r2 4 °

Fig. 6-19. Diffuse illumination of the eye.

The first bracket expresses the fact that the energy (which is I times the area in the second bracket) is
scattered into a hemisphere of radius r (area 2pr?). The energy entering the eye is a portion of this and is
obtained by multiplying this irradiance by the pupil area (p/4)d,”. The irradiance of the image on the
retina is obtained by further dividing by the area of the image (p/4)d?. The result is:

|, = IRduds [6-17]
' 8rid?

Using Fig. 6-15b, the relationship between a and a” is a = na". Using the quantities of Fig. 6-19, this can
be written do/r = n(di/D) which gives do/d; = n/D. Substituting in Eq. [6-17] gives,

IRn%d?

=_ P

. [6-18]

The expression in Eq. [6-18] is independent of r as it should be according to the previous discussion. That
is, the irradiance of the retina is independent of the distance of the source so long as it cannot be
considered a point source.

8 This explains an apparent paradox. Stars (even those with the same surface temperatures) appear with
different brightness-they are point sources, but the brightness of an illuminated object is independent of
our distance from it.

° The surface is a Lambert surface and the irradiance is independent of the angle of scattering.
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Example 6-9.
@ What is the irradiance of a laser beam that will produce a large spot on a white surface with R =

0.95 that is safe to view continuously? Assume that the maximum safe retinal irradiance I; for
continuous observation is 3.0 W/m? Assume a fully dilated pupil of 7.0 mm diameter.

Using Eq.6-18 withd, =7 mm, D =25 mm and n = 1.34

2
|- 308 > 252 =180 W/ m?
095 - 134 7
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PROBLEMS

Sec. 6.2 Spontaneous and Stimulated Emission and Absorption of Photons

6-1. The figure shows the energy level scheme for a hypothetical atom. 3"*‘514 B
If there are no forbidden transitions how many spectral lines will be | 3
seen in emission? Calculate their wavelengths. Are they all in, or
near, the visible region of the electromagnetic spectrum? Sketch the
spectrum in the following format indicating the visible region. 2.10 Iy

__.> Ey
Anm
] 1 I I I I ] 1 | | 1 |
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 Ey
6-2. Answer Problem 6-1 for the case of the absorption spectrum if the gas is at 300 K (The average kinetic

energy of a molecule at 300 K is 0.03 eV).

6-3. An atom has absorption spectral lines at 138, 207, 497, and 1240 nm. (a) How many energy levels
(including the ground state) does it have? (b) Find the energy (in eV) of these levels. (c) These lines also
appear in emission along with others at 155, 248, 828, and 191 nm. There should be two more lines; what
are their wavelengths?

Sec. 6.3 Lasers and 6.4 Properties of Laser Light

6-4. In the energy level scheme of Problem 6-1 assume that E, is metastable. Which lines in the spectrum are
potential laser lines?
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6-5.

6-6.

6-7.

6-8.

6-9.

6-10.

6-11.

An inexpensive He:Ne laser used in the undergraduate laboratory has a plasma discharge tube %2 mm in
diameter. The laser wavelength is 633 nm. How large a spot will this laser make on a wall 5.0 m distant?

A helium-neon laser can be made to operate in the red (633 nm) or the green (544 nm). Which line will
produce the smallest spot at a fixed distance? What is the ratio of the two spot diameters?

In a very careful experiment with very low temperature atoms it is determined that the width of a particular
atomic spectral line (1 =500 nm) in emission is 1.0x10° nm. (a) What is the mean lifetime of the
associated energy level? (b) Is it the higher or lower energy level?

It is known that in a certain laser the light must have at least 5 passes through 8
the plasma to have enough gain to produce laser light. How accurately (in |
terms of the angle q) must the two mirrors be parallel to ensure 5 passes if the i
aperture of the plasma tube is 2 mm and the distance between the mirrors is

20 cm?

The lasing levels of the Ne atom in the He:Ne laser are the s states which [
have a lifetime of over 100 ns. Over what distance would you expect to be
able to see interference effects using a beam from a He:Ne laser?

The beam from a ruby laser (I = 694 nm) is sent to the moon after passing through a telescope of 1.0 m
diameter. Calculate the beam diameter on the moon assuming that the beam has perfect spatial coherence.
The distance to the moon is 384000 km.

From measurements made directly on Figure 6-5, verify that the absorption of the flash lamp takes place in
the green and blue regions of the spectrum and that the ruby laser line has a wavelength of 694 nm.

Sec. 6.5 Absorption of Light by Tissue and Tissue Damage

6-15.

Sec. 6.6

6-12.

6-13.

6-14.

As a very crude model assume the situation in Example 6-2 and let the eye look at the Sun for 1.0 s.
Assume that the energy is deposited in a cylindrical volume (of water) with a diameter equal to the image
size and a depth equal to the diameter. Further assume that in this one second there is not time for the heat
to flow out of the volume. What temperature rise will result in this volume? Will this temperature rise
actually be achieved? Explain. (The specific heat of water is 4186 J/kg)

Size and Irradiance of the Retinal Image and Section 6.7 Safety Considerations with Visible
and UV Light

The irradiance of the moon is about 107 that of the sun. Is it safe to view the moon without eye protection?

Using the following data, find the maximum irradiance of moonlight at the top of the Earth's atmosphere,
and from that, the ratio of the Sun's to the Moon's brightness. (Hint: remember the Moon radiates the
visible light it receives into a hemisphere)

Solar irradiance at top of atmosphere = 1400 W/m?, Radius of the Moon = 1738 km, Distance of Moon
from Earth = 384000 km, Reflectivity of the Moon's surface = 0.07.

Fresh snow at normal incidence is 2x10° times less bright than the surface of the Sun. Is it safe to view
snow without protection?

Sec. 6.8 Laser Safety
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66-16.

6-17.

6-18.
6-19
6-20.

6-21.

6-22.

6-23.

6-24.

6-25.

6-LASERS AND HAZARDS TO THE EYE

Derive Eq.[6-8] from Eqg. [6-7].
Derive Eq. [6-9] using Fig. 6-17.

Verify Eq. [6-5] as illustrated in Fig 6-15b.
pl2
Verify the statement that Ocosqdl/l/ = p and thereby derive Eq. [6-14] using Eq. [6-15].

An Ar* laser has a power output of 1.0 W at 489 nm and a beam divergence of 0.5 mrad. If it is focused on
the retina of an adult eye through a pupil of 3 mm diameter which it just fills, what is the power density or
irradiance?

For continuous viewing the maximum permissible exposure is 10° W/cm?. What is the Nominal Hazard
Zone for direct viewing of the laser beam of Problem 6-20?

The laser beam of problem 6-20 is set up in a laboratory where the beam is incident on a white wall of 95%
reflectivity. Safety regulations require the area to be curtained off to enclose the NHZ. How far should the
curtains be from the wall?

The laboratory of Problem 22 has the Ar* laser removed and a CO, laser of 100 W output at I =10 um is
installed. The reflectivity of the white wall at this wavelength is 100%. What is the size of the hazard zone?
Is the laboratory still satisfactory?

An argon laser of 10 W output at 1514 nm is directed at the Moon. Its divergence is 1.0 mrad. An astronaut
on the Moon is placing a retro reflector on the surface to return the light to the Earth. What is the irradiance
of the astronaut's eye? Is it safe for the astronaut to look directly into the laser beam?

(a) What is the irradiance of the retina when viewing the full Moon? The irradiance of the Moon's surface is
1400 W/m? and its albedo is 7%. At night the adult eye opens to a diameter of 7 mm. (b) What is the
irradiance of the pupil by the Moon? Compare with the answer for Problem 6-13.

Answers

6-1.
6-2.
6-3.
6-4.
6-5.
6-6.
6-7.
6-8.
6-9.
6-10.
6-12.
6-13.
6-14.
6-20.
6-21.
6-22.
6-23.
6-24.
6-25.

6; 860, 800, 620, 590, 350, 2250 nm
3; 800, 590, 350 nm

(@) 5;(0)0,1,25,6,9eV; (c) 355, 414 nm
590, 2250 nm

15 mm

green, 0.86

1.3x10™° s; upper

0.8 mr

30m

0.65 km

400 K, no

1x10° W/m?, 1.4x10°

yes, just

1.5x10"°W/m?

23km

5.5m

0.2 m, yes

1x107° W/m?, yes

(@) 1.7 W/m? (b) 1x10° W/m?

6-19



CHAPTER 7: THE ATOMIC NUCLEUS AND RADIOACTIVITY

7.1 Introduction

This chapter is concerned with the structure of the atomic nucleus, and the results of re-arrangements of
the nuclear structure that cause the phenomenon of radioactivity. These topics are essential to an
understanding of many of the processes that produce ionizing radiation. The focus will be on the stability
of nuclei and the radioactive decay of those that are unstable.

7.2 Structure of Nuclei.

The Rutherford model of the atom pictures a very small dense atomic nucleus that contains virtually all
the mass of the atom and all of its positive electrical charge. Orbiting around this nucleus in a volume
about 10% times greater is a number of negatively charged electrons, equal in number to the number of
positive charges in the nucleus, so that the atom as a whole is electrically neutral. These orbiting
electrons determine the chemical nature of the atom (a neutral atom with 6 electrons is always carbon, for
example) and in this discussion there is very little further interest in them; the interest is mainly with the
nucleus.

The nucleus is composed of two types of particles of almost equal mass: the proton and the neutron. The
total number of neutrons and protons in the nucleus is the mass number (A) of the nucleus. The proton
has a single positive electrical charge (equal in magnitude to the charge on the electron) and the neutron
has no charge. Some basic properties of these particles are given in Table 7-1.

TABLE 7-1 — Properties of Proton, Neutron, Electron

Particle Mass Charge
Proton | 1.6726x10% kg e
Neutron | 1.6750x107% kg 0
Electron | 9.10953x107* kg —e
e =1.6022x10% C

A chemical element can, however, exist with different nuclear masses; for this to be the case it must be
that the number of neutrons varies since the number of protons is fixed. For example, the element carbon
exists with mass numbers 10, 11, 12, 13 and 14. Since all carbons have 6 protons, then these forms of
carbon must have 4, 5, 6, 7 and 8 neutrons in their nuclei. These are called the isotopes of carbon.

The notation used to specify a particular isotope of element X is

A XN [7-1]
where Z is the Atomic Number, that is, the number of protons in the nucleus (also the number of orbiting
electrons in the neutral atom), N is the number of neutrons in the nucleus, and A as defined previously is
the mass number.* Clearly A = Z + N and so one of the numbers is redundant; if a number is to be
omitted, it is usually N and our symbol becomes,

1 Notice that to 2 or 3 significant figures the mass number, A, is the same as the molar mass. The mass
number of **0 is 16; its molar mass is 15.99491 g/mol.
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AX [7-2]

The isotopes of carbon mentioned above are %C, *%C, '%C, *3;C and *sC.

7.3 The Stability of Nuclei.

There are about 100 different elements but many elements have

more than one stable isotope; there are about 300 stable 160

isotopes. For example, beryllium has only one stable isotope F
%,Be whereas tin (Sn) has 10. Not every imaginable mixture of 140 /
protons and neutrons will form a stable nucleus. Almost all - 120

stable nuclei have a number of protons (Z) which is less than N

the number of neutrons (N). This stability can be understood on TZF 100

the basis of simple electrostatics; if there are too many protons g

the mutual Coulomb electrical repulsion of the positive charges é 80

overcomes the forces holding the nucleus together. In a very 2 4

few cases a nucleus is stable with a number of neutrons equal s 60 r(_ oy

to, or even less than the number of protons. These few cases £ ja* Y5
occur only for the very lightest elements: 3,He has N = 1 less Z 40

than /

Z = 2; for *;He the numbers are equal. 20

For all heavier nuclei N is slightly greater than Z but not by a 00 20 40 60 80 100
large amount; nuclei also cannot be stable if they have too many Proton Number, Z
neutrons. Figure 7-1 is a plot of N vs. Z showing the narrow Fig. 7-1 N-Z plot for stable nuclei.

band of nuclear stability. The band lies almost entirely above

the line of N = Z.

Theories of the structure of the nucleus are much more complicated than for the atom. In the latter case
the structure is dominated by the Coulomb force between the orbiting electrons and the nucleus, which on
the atomic scale is just a point. In the nucleus itself, there is no such simplicity; fortunately for the
present discussion a detailed theory is not required to discuss the energetics of the nucleus. It is sufficient
to know that any nucleus that has too few or too many neutrons relative to protons will be unstable and
that the nucleus will change in some way to redress the imbalance. The method by which it does this is to
emit various particles in a process called radioactivity.

7.4 Radioactivity.

It might be expected that a nucleus (the parent nucleus) with an excess of some particle might simply
emit the requisite number of those particles and so produce a new stable nucleus called the daughter
nucleus. Because of the internal structure of the nucleus, this never happens; neutron-emitting or proton-
emitting nuclei are unknown. The unstable nucleus achieves stability by emitting two other types of
particles, sometimes in a series of transformations. In the early days of nuclear physics these two
particles were unidentified and were simply labelled alpha (a) and beta (b). It was also recognized that
there was another radiation that often accompanied a and b and it was labelled gamma (g). Very quickly
these radiations were identified; their properties are given in Table 7-2. Note that the b-radiation has two
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different forms depending on the sign of the charge of the emitted particle.

TABLE 7-2 - Radioactive Emissions

Particle Identity
alpha (a) Nucleus of helium atom *,He
beta (b) b~ Ordinary electron ° ;e
b* Positive electron or positron %e
gamma (g) Electromagnetic wave of very short
wavelength

Alpha-Emission

Some nuclei, particularly those at the high-mass end of the periodic table, achieve stability by the
emission of a tightly bound cluster of particles that constitute the nucleus of normal helium “He. Two
examples of practical importance are *2,U and #%,Pu. The decay scheme of the former is:

23892U fi 23490Th + 42He [7_3]

These transformations are subject to certain conservation laws that determine the balance of the two sides
of the equation:

1. Electrical charge must be conserved,; this is the same as the atomic number (subscript). It
therefore follows that the atomic numbers on both sides of the equation must add up to the same
thing (92 =90 + 2).

2. Since mass number on the nuclear scale is also conserved then the superscripts on each side of
the equation must add up to the same thing (238 = 234 + 4). This is actually a loose way of
formulating the correct rule called ‘the law of conservation of baryon number’ (collectively
protons and neutrons are called baryons), but further elaboration is unnecessary here.

The a-particles are emitted with well-defined energies, typically a few MeV, and because of their large
mass and charge, they interact strongly with matter. As a result they are easily shielded, being effectively
stopped by a sheet of paper. Alpha-emitters tend to have long lifetimes.

Beta-Emission

By far the predominant method of radioactive adjustment for unstable nuclei is by b-emission. For
example, *H undergoes radioactive decay by emitting a b~ (°..e) particle. A transformation equation
describing this process is written,

3;|_H Ti 32He + 0_1e +n [7'4]
Note that the rules for the conservation of atomic number (charge) and atomic mass number still hold. It
must also be noted that the mass of the electron is negligible on the scale of nuclear particle masses;

accordingly it is assigned a mass number of zero. In fact the mass of the electron is 1/1840 of the
proton’s mass. Note that in the process a nucleus of hydrogen has been transformed into one of helium;
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no further transformations will take place in this case as this isotope of He is stable.

radioisotope do not have the same energy. What is
observed is a continuous spectrum of energies from » R
zero to some maximum. The b-spectrum of the
radioactive decay of tritium (%;H) is shown is Fig. 7-2.
Notice that the maximum energy is 18 keV but very
few bs are emitted at that energy. The maximum
number of bs is emitted at about 3 keV. The average
energy of b-particles from tritium is 5.6 keV as
indicated in Fig. 7-2. 2

Since the initial and final nuclear masses are fixed, Eav
from the mass-energy relation (E = Dmc?), the b’s ol ? L
energy should also be fixed. This paradox can be 0 4 8 12 16
resolved if there is another particle released along with | Beta particle kinetic energy (keV)

the bo share the eneroy. Suchapartclewas | £ 12 Tebels s ofwitur,
postulated to resolve this problem and was

subsequently found. It is a particle without charge, and has a very small mass. The particle, called
the antineutrino (symbol, 77), has a velocity essentially equal to that of light and is very difficult
to stop or detect; a neutrino will go right through the planet Earth unaffected. Neutrinos will not
be considered further as they are irrelevant to practical terrestrial problems.

Unlike the case of alphas, all the betas from a given F% T T T T T

Beta counts per channel (X103)
FS
I
(o
|

An example of a nucleus that emits a positron, or positive electron is *sC; its decay is given by
lleC fi 1158 + °1e +V [7'5]

Again the daughter boron nucleus is stable. Note that when a positron is emitted it is accompanied by a
neutrino (symbol, v).

Beta-particles from radioactive nuclei have speeds close to that of light, and kinetic energies of the order
of one MeV. They travel for about 3 metres in air or a few mm in water or human tissue before coming
to rest. In the process of coming to rest in tissue they can do much damage; this will be discussed in
Chapter 8. It is rather easy to shield a b-emitter; a plastic sheet one cm thick affords complete protection.
If, however, b-emitting materials are ingested via food, air or water, the bs can cause considerable
damage.

Gamma-Emission

The g-rays are very short wavelength electromagnetic waves. They are essentially high energy X-rays.
After the emission of an a or b-particle, the daughter nucleus, in most cases, is left with excess energy in
an ‘excited’ state. This excess energy is emitted, as a g-ray, very shortly (~107“s) after the primary event,
and permits the nuclear particles to readjust into their lowest energy (ground) state.

2 A reasonable approximation is that the average energy is about 1/3 the maximum energy.
% This is similar to the readjustment of orbital electrons in excited atoms, where low energy
electromagnetic waves are emitted as X-rays or light.
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Gamma-rays are very penetrating, having energies around one MeV. Typically several centimetres of
lead are required to attenuate them to an acceptable level and form an effective shield.

Only a very few radioactive isotopes occur naturally in substantial quantities. The reason is that their
lifetime must be very long to have survived since their formation in whatever cosmological event was
involved, e.g. the formation of the universe itself (~18x10° yr) or the formation of the solar system
(~5x10° yr). Examples are #°3,U (a-emitter) and ;0K (b-emitter). A few unstable nuclei are produced
continuously by the action of cosmic rays in the atmosphere but the quantities are minuscule. Examples
are the production of *;C, so important in carbon dating in archaeology, and *H or tritium, the
radioactive form of hydrogen found in trace quantities in terrestrial water. Most of the exposure to
radiation we experience comes from a small number of natural radioactive isotopes (see Chapter 8).

With nuclear reactors and high energy particle accelerators stable nuclei can be transmuted into
radioactive ones by adding or removing neutrons or protons. For example, the isotope ®°Co is produced

by bombarding **Co with neutrons in a nuclear reactor,

592700 + 1on i 602700

[7-6]

%Co is long lived; each radioactive nucleus decays by emitting a b-particle followed by two g-rays.

602700 i GozsNi + 0_1e + Zg +n

[7-7]

The highly penetrating nature of these gammas enables them to reach and destroy deep-seated tumours.

7.5 Radioactive Series.

Some very heavy nuclei are so very far from nuclear stability
that they require many radioactive events to occur before they
achieve stability. This results in a radioactive series. Such
series begin with a long lived parent whose slow rate of decay
determines how many of each of the subsequent species is
found downstream in the various daughter nuclei.

An example of such a series is that which begins with %,U
and ends with *°g,Ph. The series with its emissions and
lifetimes are given in Fig. 7-3.

Several other series are known as well: one begins with 2°5,U
and ends with %’g,Pb, and another begins with ?*?,Th and ends
with Zosgzpb.

7.6 Other Decay Modes.

There are a few rarer modes by which the nucleus can adjust
its composition.

7-5
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Fig. 7-3 The #*U radioactive series.

Half life
4.51X10° years

24.1 days

1.10 minutes

2.47X10° years

8X10 ‘ycars

1600 years

3.825 days

3.05 minutes

26.8 minutes

19.8 minutes

1.32 minutes

22 years

5.01 days

139 days
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Electron Capture The orbital electrons in the atom have a small but finite probability of being
captured by the nucleus. Since the electron cannot exist inside the nucleus for long times it must
combine with a proton to form a neutron;

pte fin+v [7-8]

The net effect on the nucleus is the same as the emission of a positron. Since the probability of
this occurring decreases rapidly with increasing distance
between the electron and the nucleus, the only electron for
which it is significant is the inner shell or K electron as
shown in Fig. 7-4. The capture of a K electron creates a
vacancy in the K shell that is filled by electrons from outer
shells. When an L electron fills the vacancy in the K shell,| Ml
a K-X-ray is emitted; the L vacancy is filled by an M
electron emitting an L-X-ray etc. Electron capture, then is
followed by a cascade of X-rays.

Internal Conversion If after an a or b-decay, the daughter nucleus

is left in an excited state it will emit a g-ray. Sometimes this g-ray's| Fig. 7-4 Electron capture.

energy is transferred to an orbital electron (usually a K-electron)

and the electron is ejected with energy equal to the energy of the g-ray less the binding energy of the

electron. This is followed by an X-ray cascade for the same reasons as for electron capture.

X-ray

7.7 Radioactive Decay and Half-life.

Suppose that a sample contains a number N, of radioactive nuclei at time t =0. The time at which a given
nucleus decays is entirely random so only the average behaviour of a large number of nuclei can be
considered. Let 1 be the probability that in unit time a given nucleus will decay; this is called the decay
constant. If after a time t, the number of nuclei remaining is N, then in the next short time dt the number
decaying will be proportional to both N and dt, therefore

dN =—I N dt [7-9]

The minus sign expresses the fact that the number N can only decrease as t increases. Eq. [7-9] in the
form,

dN/N = -1 dt [7-10] N
Noj—
has the well-known solution \ (a)
N = Nee™ [7-11a]
\
or, alternatively oNo \\
IN(N/No) = -1t [7-11b] vang N
The decrease takes place in an exponential manner with time. The | ™" | | | —
behaviour described by Eq. [7-11a] is illus-trated in Fig. 7-5(a) and T, 2r, 8L, AT,
that of Eq. [7-11b] in Fig. 7-5(b). No
(b)
z
7-6
| l | L,
T 2T, 3Ty 4Ty,
Fig. 7-5 Radioactive decay.
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A characteristic of exponential decay is that it can be characterized by a unique time called the half-life
(Ty), that is, the time for any given starting number N, to decrease to ¥2N,. Substituting N = %N, into Eq.
[7-11a] or [7-11Db] gives

T, =0.693/1 [7-12]
The half-life is clearly illustrated in Fig. 7-5(a). Half-lives are usually specified for radioisotopes in
preference to decay constants since it immediately conveys the important information of how long the

isotope will survive. For example, ?°Pu, which causes great concern because of its cancer-inducing
properties, has a half-life of 24,000 years.

Example 7-1
How long will it take for a stored radioactive #°Pu waste to decay to 1% of its present level?
1=0.693/24,000 yr* = 2.84x107° yr™
N =0.010 No
0.010=¢™
t=—(In 0.010)/1 =—(In 0.010)/2.84x107° yr*

= 162,000 yr

7.8 Effective Half-life.

If a radioactive species is ingested by a living organism, the effective half-life of the species in the
organism can be significantly altered by the biological activities of the organism itself. Although the
isotope is decaying with a physical half-life of ,T., (decay constant = 1), the organism may be eliminating
the isotope in some manner; animals excrete, perspire, exhale etc. This rate of elimination is often also
proportional to the amount present, so the amount present in the organism would also decay exponentially
with a biological half-life , Ty, (decay constant = ). The total decay is given by the product of the two
decay exponentials:

et gt = g otht _ -1t
where I, is the effective decay constant and
N = Noe_(l””")I = Noe—let
Therefore
b +h=1. [7-13]

From Eq. [7-13] it follows that

UpTyo + UpTip = UeTyp [7-14]

7-7
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where T, is the effective half-life.

When iodine is ingested by humans they eliminate it such that one half the body's iodine content
is excreted every 4.0 days. Radioactive I with a physical half-life of

8.1 days is administered to a patient. When will only 1% of the isotope remain in the

patient's body?

@ Example 7-2

1Ty = 1Ty + 1T, = 1/8.1d + 1/4d = 0.37 d*
T, =1/0.37=2.7d

1. = 0.693/.T, = 0.693/2.7 d = 0.26 d*

N/No = €% = 0,010

In(0.010) = —0.26t

t=18d

7.9 Activity.

Activity is a term that refers to the number of radioactive nuclei that disintegrate per second and can be
considered a measure of the strength of the sample. It is clear that the activity, A, * will depend on both
the number, N, of nuclei present and the half-life; the shorter the half-life the faster the nuclei decay and
the greater the strength. Using Eq. [7-10]

A=|dN/dt| =TI N [7-15]
Since N decays exponentially then so also will A, and at the same rate. It follows that

A= A()e_It = INoe_It [7'16]

Thus the amount of radiation, a, b or g, emitted per second falls off exponentially.

The current unit of activity is called the becquerel (Bq) and is defined as one disintegration per second.
An older unit that is gradually losing currency is the curie (Ci) for which

1 Ci= 3.7x10% B [7-17]

@ Example 7-3

4 Not to be confused with the “Atomic mass number' defined in section 8-2.
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A 3.7x10" Bq (10 kCi) source of ®°Co is used for cancer treatment. Each disintegrating nucleus emits
two g-rays: one of energy 1.17 MeV and one of 1.33 MeV.

What is the mass of ®°Co present in the source, and how much energy is emitted per second

in the form of g- rays? The half-life of ®Co is 5.3 years.
1 =0.693/(5.3 yr x 365 day/yr x 4 hr/day x 3600 s/hr) = 4.31x10%™
Since A =1 N we can write the number of radioactive nuclei as

N = A/l=3.7x10*s%/4.31x10°s™*

= 8.58x10% atoms

Since 6.02x10% atoms of “Co have a mass of 60 g or 0.060 kg, 8.58x10% atoms have a mass of
8.58(0.06/60.2) = 0.0086 Kg.

The energy per second = 3.7x10* s7(1.17+1.33)MeV
=9.25x10" MeV/s

=0.25x10" MeV/s x 1.6x107** J/MeV

= 1.5x10% J/s = 1.5x10°W

7.10  Decay of Mixtures.

If several radioactive species exist in a sample simultaneously then the total activity of the sample can be
written as the sum of their activities:

At:A1+A2+A3+ ...... = |1N1+ |2N2+ |3N3+... [7'18]
An important special case occurs when the mixture is a result of a linear chain of decays where isotope-1
decays to produce isotope-2, which decays to 3 etc. Such a chain will start with a long lived first isotope
(the parent) which decays to shorter lived daughters 2, 3, etc. After some time, equilibrium may be
established which depends on the decay constants of all the isotopes present.
As a further special case consider that of:
Nucleus, (I1,) T1 Nucleusq (14) 1 Nucleus (stable) [7-19]
where p is the parent and d its daughter.
Atanytime T,
A, = LNy and Ay = 14Ny [7-20]

N, is decreasing in the manner described above for simple radioactive decay. Ngy, however, is decreasing
because of its decay but also increasing as a result of its production by the decay of the parent. Therefore:

for the parent dNy/dt = -1,N, [7-21]
and for the daughter dNg/dt = —1sNg + 1N, [7-22]

The solution of Eq. [7-21] is as before,
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_ A
N, =Ng.e

[7-23]
Therefore, Eq. [7-22] can be written

INa | 1Ny = 1,Ng,e "

[7-24]

If itis assumed that Ny =0 att =0, (i.e., we start with a pure sample) integration of Eq. [7-24] leads to
(see Problem 7-9a):

1/
N,=—P N (e"pt - e"dt) _
d I,-1, op [7-25]

which is known as the Bateman equation.®
The behaviour described by the Bateman equation can be discussed according to three cases:

1. Secular Equilibrium

Assume that the half-life of the parent is very long compared to that of the daughter, i.e., ;T2 >> ¢T12 O 1
» << l4. Then for reasonably short times there will be a negligible decrease in N,, or N, = constant.

Using the Bateman equation this gives for the activities (see Problem 7-9b)

A, = Aop(l— e"d‘) [7-26]

1.op—Re —
An analogy for this case is a full water bucket with a /
tiny hole in the bottom that flows into a lower bucket 0s— /Ra e
with a large hole as shown in Fig. 7-6. The flow from \ﬁ J
the lower bucket increases rapidly from zero and
quickly approaches the flow rate from the upper 2061= &
bucket. This characteristic behaviour is shown in the % ‘
graph in Fig. 7-6. An important case is the decay of <04 \ /
radium to radon which is also illustrated in Fig. 7-6; / (=
02 H- |
?2Ra fi ’Rn + a [7-27] /
T,=1600yr  T,=3.8d | | | | |
0 10 20 30 40 50
t (days)
Fig. 7-6 Secular equilibrium.

2. Transient Equilibrium

For this case the half-life of the parent is greater than the daughter but not markedly so, i.e., Ty, > ¢Ty, 0r 1

5 Harry Bateman (1882-1946), British Mathematician.

7-10
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» < lg. Now, for all times considered, the decrease of the activity of the parent will be observed as well as
the initial rise and then fall of the activity of the daughter. We will not seek a complete solution which
would be complex but will examine the behaviour at long times.

At long times, because t is in the exponential,

e lit << [7-28]

which gives

In other words, at long times the activity of the :
daughter becomes a fixed number (>1) times the 08 b \
activity of the parent and displays, not its own half-life, \_J
but that of the parent. The “bucket-and-water' analogy
is illustrated in Fig. 7-7 where the upper bucket has a
hole only slightly smaller than the lower. A typical

A(relatlve)O
T

case is that of the decay of #“Pb to 2Bi “r /\ .
214pp fj 2“Bi + b [7_30] 02 _ \\\
T,=26.8min T, =19.8 min T
S N T s e
It can easily be shown (see Problem 7-9c) that the A e O

activity of the daughter is a maximum at a time

Fig. 7-7 Transient equilibrium.

¢ = /, [7-31]
max ~ Id _ Ip
This is also the time at which the activity of the parent and daughter are equal (See problem 7-9d). For
the Pb to Bi decay of Eqg. [7-30], this occurs at 33 minutes as can be seen in Fig. 7-7.

3. Non-Equilibrium

In this case, T, < 4Ty or 1,> 14and no equilibrium is achieved. The parent simply decays away with its
characteristic half-life and the daughter activity at first rises and then decays away with its characteristic
half-life. For very long times, the half-life approaches that of the daughter, since the parent has decayed

away. A typical case is the decay of **Po

=

(=}
T

218pg Fi 2Ph + a [7-32]
T,=3.05min T, =26.8 min

\ Po

'
—

The situation is shown in Fig. 7-8; notice the semi-
logarithmic scale in which exponential decay is a straight
line. The bucket-and-water analogy is obvious.

logA
N\

7-11 | L\ | L
0 10 20 30 40 50
t (minutes)

Fig. 7-8 Non-equilibrium.

Q
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7.11  Some Important Radioactive Isotopes.

Although there are hundreds of artificially produced radioactive isotopes there are a few that, for various
environmental reasons, merit special consideration:

1.

Sec. 7.2

7-1.

Cobalt-60,

Co: This isotope that has been referred to earlier has a half-life of 5.3 years. Each
disintegrating nucleus emits a b-particle, whose kinetic energy is in the range 0 - 0.3 MeV,
followed by two g-rays of 1.17 and 1.33 MeV (see Example 7-3 above). The time delay between
these three successive emissions are each about 107 s, i.e., utterly negligible on our time scale so
we regard them as simultaneous.

The isotope is produced by bombarding natural cobalt with neutrons in a nuclear reactor as
described in Eq. [7-6]. It finds widespread use in the radiation treatment of deep tumours, a
technology pioneered by Atomic Energy of Canada Limited.

Strontium-90,

%Sr: is a principal component of fallout from atmospheric tests of nuclear bombs. It has a half-
life of 28 years and its betas have a mean energy of 0.2 MeV. The daughter nucleus Y has a 64
hour half-life, emitting betas of mean energy 0.8 MeV. Strontium is particularly important as its
chemistry is similar to that of calcium and so it becomes incorporated in the skeleton of animals
that ingest it. Concern about it has been decreasing with the worldwide ban on atmospheric
nuclear-bomb testing.

Cesium-137,

BCs: is an important waste product of fission reactors that has some chemical similarity to
potassium. It decays mainly by betas of mean energy 0.2 MeV, with a half-life of 30 years. The
beta is followed by a 0.66 MeV gamma.

Plutonium-239,
2%pu: is an a-emitter with a 24,000 year half-life; it is formed from Uranium in nuclear reactors.
Far more important than its radioactivity, plutonium is a very toxic chemical.

Carbon-14,

¥C: is a b-emitter of very low energy (0.05 MeV) and half-life of 5700 years. It is formed by the
interaction of cosmic ray neutrons with **N in the atmosphere. The atmospheric **C then enters
the plant-animal cycle so it is present in all biological material. When the organism dies, no more
1C enters and the amount already present decays away as time progresses. By measuring the
remaining *C content, the age of the specimen (i.e. the time since its death) can be determined.

PROBLEMS
Structure of Nuclei.

Write nuclear reaction equations for the following processes:

(a) The production of *C from N in the atmosphere by interaction with cosmic-ray
neutrons.

(b) The decay of ?*Ra to ?Rn by a-emission.

7-12



7-3.

7-4.

7-5.

Sec. 7.3

7-6.

7-7.

7-8.

7-9.

Sec. 7.8

7-10.

Sec. 7.9

7-11.

7-THE ATOMIC NUCLEUS AND RADIOACTIVITY

(c) The decay of *C by b-emission.

(d) The production of tritium (3H) in the atmosphere from heavy hydrogen
(deuterium) by cosmic rays (high energy protons from the Sun).

(e) The decay of tritium to %He.

() The b-decay of “°4K.

Alpha particles emitted by nuclei generally have energies in the range 4 - 9 MeV. Calculate the
corresponding speeds in m/s.

A simplified sketch of a deuterium atom is shown at the right. —.—
Open circles are protons; filled circles are neutrons; dots are electrons in their orbits. / \\
Make similar sketches for: °He, *He, %Li. . e |

| ]
How many protons and neutrons are in the nuclei of 5B, **5Ac, %°,U, %,U? \‘,,.//

The stable nucleus ",In absorbs a neutron to form a radioactive nucleus. Write the equation of the
reaction.

Radioactivity.

The decay constant of #2Th is 5.0x10™ yr. What is its half-life? On the basis of this value of T, do you
expect to find #Th in the Earth's rocks? Why?

The radioactive isotope **I has a half-life of 8 days. A sample is prepared on July 1 and placed in front of a
Geiger counter where 20,000 counts are recorded in each second. It is left in place until July 25; how many
counts per second are recorded on that day?

The radioactive isotope ?Na has a half-life of 2.602 y and *S has a half-life of 87.0 days. They emit
positive b*-particles or positrons. A sample of each is prepared on June 1 and when placed on the window
of a Geiger counter the ?Na gives 5000 counts per second and the %S, 20,000 counts per second. When
will the two samples have the same activity, and what will the count rate be at that time?

Assume that when the earth was created there was the same amount of 2°U and *®U; the present ratio of
25U to #U is 0.7%. The half-life of >°U if 8.8x10°% yr and for U is 4.5x10° yr. What is the age of the
earth?

Effective Half-life.

The biological activity of some organs can sometimes be investigated using radioactive isotopes. For
example, iodine is important in the action of the Thyroid. A subject is injected with a small amount of
radioactive **1 and, after a few days, a Geiger counter is placed near the Thyroid and 5500 counts per
second are recorded. Six days later the counter records 1200 counts per second. What is the biological
half-life for iodine in humans? The radioactive half-life of **!1 is 194 hours.

Activity.

By the year 2000, the U.S.A. had in storage 10*Bq (27000 mega curies) of radioactive waste. One
problem is the heat generated, which may be sufficient to damage containers. Calculate the total heat
generated per second by this waste if, on average, each disintegration yields about 1 MeV in the total
kinetic energies of the emitted a, b, and g-rays? How does this compare with the power output of a large
power station?
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7-7.
7-8.
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7-12.

7-13.

7-14.

Radon is a radioactive, a-emitting gas that constitutes a hazard in uranium mines. Its half-life is 3.8 days,
but it is continuously generated by the decay of a long lived radioactive parent, radium. How many a-
particles are emitted in 1 minute from 5 cm?® of radon at room temperature and standard atmospheric
pressure? For radon, the density of the gas at 20 C and 1 atm. is 9.7 kg/m?; A = 222,

Suppose that a sample of radioactive waste consists of equal activities of ®Sr, **Cs and *®Rh. Each of
these isotopes decays into a stable daughter nucleus. After one year, what fraction of the original activity
of the total sample remains, and which isotope(s) is/are primarily responsible for this residual activity? The
half-lives are: ®Sr - 54 days, **Cs - 30 yr, *®Rh - 30 s.

The old unit of radioactive activity, the curie (Ci) was defined as the activity (number of disintegrations per
second) from one gram of radium **Ra. The half-life of ?*Ra is 1628 years. How many disintegrations per
second are there in 1.0 Ci of radioactive material?

Sec. 7.10 Decay of Mixtures.

7-15.

7-16.

7-17.

%5y emits b-particles with a maximum energy of 0.546 MeV with a half-life of 28.1 yr. Its daughter is *Y
which also emits b-particles with a maximum energy of 2.280 MeV and a half-life of 64.2 hr. After a few
days equilibrium is established and there are the same number of Y and Sr nuclei decaying each second; it
is just as if the Sr were emitting both b-particles. About 60% of the energy is taken away by the neutrinos
and is lost leaving 40% in the b-particles.

(a) What is the activity of 100 mg of ®Sr after it has achieved equilibrium?

(b) What is the power developed by this source?

a) Integrate Eq. [7-24] and, using the initial condition that Ny = 0 at t = 0, derive the

Bateman equation: Eq. [7-25].

(b) If 1, << 14 show that the Bateman equation reduces to Eq. [7-26] for secular equilibrium.
(c) Show that the time of maximum activity of the daughter for transient equilibrium is given
by Eq. [7-31]. Derive this time for the decay of ?*Pb and #®Po and compare with Fig. 7-7.
(d) Show that the time derived in c) is also the time at which the activity of the parent and
daughter are equal.

How long must a freshly prepared sample of radium stand for the daughter radon gas to build up to 95% of
the saturation value?

Answers
(a) N + n fi “C +'H 7-11. 160 MW
(b) ?Ra fi ?*Rn + ‘He 7-12.  1.7x10%
) “Cfi“N+b 7-13. Cs
(d) 2H + *H Fi °*H +b* 7-14.  3.6x10% N
(&) °H Fi *He + b- 7-15.  (a) 1.05x10“Bq  (b) 0.095W
(f) K fi “Ca+b 7-17. 16.5d
1.4x10" m/s at 4 MeV
n-6, 144, 143, 146
B+ n fi “In
1.4x10% yr; yes

2500

Dec. 9, 4350 counts per second
8x10° yr, 2 x too large

99 hr
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CHAPTER 8: THE INTERACTION OF IONIZING RADIATION
WITH MATTER AND ITS BIOLOGICAL EFFECTS

8.1 Introduction.

hen alpha, beta, gamma, or neutron radiation enters matter, it interacts with the atoms and

molecules of the matter via many processes. In these interactions some of the energy of the
radiation is transferred to the atoms and molecules which may become altered in important ways, such as
the ionization of atoms or the production of free radicals from molecules.

The mechanisms of energy loss are important to understand from the point of view of shielding from
radiation and, the effect on the absorbing matter has important consequences for radiation damage. In
this chapter these subjects are discussed.

8.2 Absorption of Radiation

Radioactive materials are always stored behind sufficient shielding material (or at least they should be) to
reduce the level of radiation reaching people to a tolerable level. Shielding is important in the
manufacture and use of radioactivity and, of course, proper shielding of accumulated fission-product
wastes from nuclear reactors is crucial.

In Chapter 7, it was mentioned that a and b-particles can be stopped by a centimetre or so of plastic. This
makes shielding an almost trivial matter in radioisotope or research laboratories or factories where source
activities of 10* Bq (~uCi) up to 10" Bq (100s MCi) are normally encountered. When activities get to the
order of 10" Bq (1000s MCi) or greater, two problems arise. First the material is weakened by the
constant damage to its structure, and second the Kinetic energy deposited by the particles as they slow
down in the shielding ends up as heat and the shielding may warp or even melt. Some high-level fission
wastes have to be stored in metal tanks that are constantly cooled.

With g-rays, there is a totally different situation. Being E-M radiation,
these are much more penetrating than a or b-particles. By definition, a
photon travels with the speed of light or it ceases to exist. If a beam of
high energy photons strikes a steel wall as shown in Fig. 8-1, there are —p
several processes, which will be described in Sec. 8.4, which remove Nj photons N photons
photons from the beam. As the beam goes through the material, the
number of photons in it steadily decreases. Actually the number =
decreases exponentially with distance so that if N, photons strike a unit
area of the wall per second, then the number surviving a distance x Fig. 8-1 Absorption of g-rays.

Area = 1 square metre

downstream is
N = Nge™ [8-1]

where | is a constant called the ‘linear attenuation coefficient” which is a characteristic of the material
and the photon energy.

This is a parallel situation to the radioactive decay law. In this case a number of photons are attenuated
by distance; in the former case unstable nuclei are “attenuated’ by time. A thickness L., can be defined
that removes one half the photon beam; this half thickness is given by
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Ly, = 0.693/ [8-2]

Material of high atomic number Z has a larger u and smaller L, than material of low Z. It is for this
reason that lead is an effective and convenient shield against g-rays. In the case of storing radioactive
liquids, lead is too soft to be structurally sound and stainless steel tanks are preferred. Such tanks may be
surrounded by lead to reduce the intensity of g-rays that escape the steel.

From this discussion it is important to realize that heavy shielding such as lead in radiation structures and
equipment is there not for the a and b-particles but for the g-rays. If the gammas are adequately shielded,
the alphas and betas will be automatically taken care of.

Example 8-1
What thickness of lead is needed to reduce a flux of 1.5 MeV g-rays by a factor of

100? (For 1.5 MeV g-rays, 4 =57 m™ for lead).

Since N/N, = 0.01, we have
0.01=e™ or

-ux =1In(0.01) =-4.6

therefore, x = 4.6/u

For lead, x = 8.0x102m =8.0 cm

In the energy range of 1 to 2 MeV, the attenuation of g-rays is almost all due to interaction with the orbital
electrons of the atoms, and so the linear attenuation coefficient is roughly proportional to the material’s

density r. If the linear attenuation coefficient 1 is replaced by a product pnr, then the quantity pm, called
the ‘mass attenuation coefficient’, will be nearly a constant for all materials. Equation 8-1 then becomes:

N = N,e ™™ [8-3]
The mass attenuation coefficient near 1.5 MeV is

Um = 0.0050 m¥/kg [8-4]

8-2
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@ Example 8-2
Repeat Example 8-1 for steel which has a density of 7800 kg m=.

Using Eq. [8-3], N = N e "
or 0.01 = g0-0050 7800x

In0.01 = -0.0050 x 7800x
x=0.12m=12cm

Finally, for neutrons, things get rather complicated. Neutrons have no electric charge so they do not
ionize atoms as do alphas and betas. They are not EM radiation so the discussion of photons is not
relevant. In fact, fast-moving neutrons are very hard to absorb; slow-moving neutrons, on the other hand,
(E ~ 1 eV) are copiously absorbed by the nuclei of certain elements like boron and cadmium as a result of
peculiarities of the nuclear structure in these cases. The task then, reduces itself to slowing the neutrons
and then absorbing them with boron or cadmium. The slowing down process is simply to let them bounce
around in large layers of a light substance like water or graphite, that is, materials whose nuclear mass is
not much greater than the neutron mass. Conservation of momentum shows that in each collision the
neutron loses energy and slows down. The process is called moderation and it is important in the
operation of nuclear reactors. Such slow neutrons are called thermal neutrons.

8.3 Nuclear Reactions.

With reactors and accelerators we can transmute stable nuclides into radioactive ones; the production of
%Co is an example. These transmutations are called nuclear reactions. Reactors produce copious
amounts of neutrons; being uncharged, these can easily penetrate within stable nuclei, and if captured
there, they increase the mass number A by one unit without affecting Z. Thus,

592700 + 1on i 602700 [8-5]
Notice that the rules, described in Sec. 8.3, for balancing these equations are still obeyed.

Here just one small part of the physics of nuclear reaction is discussed - the concept of cross- section.
One might imagine that a reaction would automatically take place if a particle (p, n, etc.) collided with a
target nucleus. If this were automatically so, then we could calculate the number of reactions. Consider a
flux of N particles per second per square metre striking a thin target at right angles as shown in Fig. 8-2.
The target material has a mass of m grams; it therefore contains, in its 1 m? of area, a number of nuclei n
given by:

n =N, m/A [8-6]

where A is the molar mass of the target material and N, is Avogadro’s number. Each of these nuclei has a
cross sectional area s m? and so the total area presented to the incoming beam is ns m?. It follows that
the number of particles DN, intercepted from the beam is given by:

DN/N = ns/1 = N,ms/A [8-7]

Area = 1 square metre

The number of reactions that occur per second is
0 N-AN
0 >

DN = nsN = N.msN/A [8-8] N

8-3

c

Fig. 8-2. Nuclear cross-sections.
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When a reaction is studied experimentally, it is found that, in general, a different number of reactions
occur than is predicted by Eq. [8-8]. Obviously a collision does not automatically ensure that a reaction
will take place. The probability of occurrence of a reaction is dependent on details of the internal
structure of the target nucleus and on the energy of the incident particle. It is still possible to describe
nuclear reactions by the simple form of Eq. [8-8] if we use a more flexible definition for the quantity s.
Rather than being the geometrical cross-section of the nucleus, we think of it as a reaction cross-section.
We are thus imagining that a nucleus presents an ‘effective’ area to the beam rather than its real area; s
has a large value if the reaction is a highly probable one and a lower value if it is less probable. From this
we see that ‘cross-section’ represents a probability of reaction. In the sections which follow you will often
see ‘cross-sections’ with dimensions of ‘area’ used in the sense of a ‘probability’.*

The relation between the cross-section and the mass attenuation coefficient is given by:

SC U Uml

where c = the particle density in atoms/m? or,

- SCX

— — -MX — = My IX
1 =1,e =le”™ =1,e

Values of s must be determined experimentally by bombarding thin targets with particle beams at various
energies and preparing tables of s using Eqg. [8-8]. Cross-sections are measured in units of area; in this
case m? is very inconvenient since the areas are so very small. A unit called the barn is used; you may
wish to speculate on its origin.

1 barn = 10**m? [8-9]
A few thermal-neutron reaction cross-sections are given in Table 8-1.

Noting a few things from Table 8-1 about thermal neutrons at this stage is useful:

1) Heavy hydrogen %H is a much poorer absorber of neutrons than is ordinary hydrogen ;H by a
factor of more than 600. This is very relevant to the design of the Canadian CANDU power
reactor that uses heavy water instead of ordinary water.

2) The relatively light metal cadmium (Cd) is often used as a shield against neutrons as its isotope
113,6Cd, which constitutes 12% of the natural material, has such a very high reaction cross-section
for thermal neutrons.

3) To make measurements of the strength of neutron radiations, the soft metal indium is often used
in the form of thin foils. *°,In constitutes 96% of the natural material and has a rather high
reaction cross-section for thermal neutrons. The resulting isotope *°,In is radioactive with a
half-life of 54 min. It transforms according to

11649|n fi 116508n + 0.1e

A measure of the induced radioactivity of the indium is thus a measure of the thermal-neutron
flux to which it was exposed.

1 Refer also to Section 4.3 (Eq. [4-1]) where absorption cross-section is defined.
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4) The isotope **5,Xe is produced continuously in copious quantities in nuclear reactors; it is
radioactive with a half-life of 9.2 hr. It is important to the operation of nuclear reactors because
of its enormous cross-section for neutrons. It becomes a major source for the loss of neutrons in
the reactor and prevents their immediate restart in the case of a sudden shutdown.

5) Natural uranium consists of two isotopes 22U (99.3%) and #*U (0.7%). The absorption of a
neutron by ***U leads to fission. The isotope U, which is the most common, absorbs neutrons
without fission and with a rather large cross-section.

23892U + 10n fi 23992U
TABLE 8-1 - Thermal-Neutron Absorption Cross-sections

Isotope Cross-section in
barns (102 m?)

L4H 0.332
“H 5.2x10™
%,Co 37
13,6Cd 2x10*
o [ 198

5, Xe 2.64x10°
B76Gd 2.54x10°
AU 99

25U 582
285U 2720

Example 8-3
A 1.0 g piece of cobalt is bombarded by neutrons in a reactor for one hour. The neutron intensity

is 1.0x10" per s per m2 How many nuclei are transmuted to *Co? Express the resulting radioactivity
in Bg and Ci units. Ignore the fact that some of the radioactive nuclei decay during the first hour since
the half-life of ®°Co is 5.3 years.

The number of nuclei, n = (1.0/59) mole x 6x10% atoms/mole =1.0x10%
The value of s for *Co, from Table 8-1 is 37 barns

The area presented to the neutron beam = ns

=1.0x10% x 37x107% m? = 3.7x107° m?

The number of neutrons intercepted is given by Eq. [8-8]
DN =nsN = 3.7x10° m? x 1.0x10" m~? s = 3.7x10% s™*
The number activated per hour = 3600s x 3.7x10" s™*
=1.3x10%

The activity = I x DN
1 =0.693/(5.3 x 365 x 24 x 3600)s = 4.1x10° s™*
Activity = 4.1x107° s x 1.3x10% = 5.5x10" Bq = 1.5 mCi
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Calculations such as those in Example 8-3 can also be used to calculate the build-up of radioactivity in
the structural materials of a nuclear reactor. In practise the calculation is more complicated as several
other factors have been ignored, in particular, the fact that as the radioactive species build up they also
start to decay; this omission is more serious for short half-lives. These calculation details will not be
pursued.

8.4 Mechanisms of g-ray absorption.

It is important that the distinction between attenuation, absorption, and scattering is clear in what follows.
Attenuation is the description of how a beam of radiation diminishes with distance. All of the attenuated
energy need not, however, be deposited in the sample; some of it may be merely scattered i.e., have its
propagation direction changed. Only the amount that has actually transferred energy to the sample is
absorbed.

When g-rays enter matter their interaction is almost exclusively with the orbital electrons of the atoms.
This is easy to see on the grounds of geometry alone; the electrons are spread out over a volume of the
order of an atomic size (diameter ~ 10~° cm) whereas the nuclear volume is much smaller (diameter ~ 10
3 ¢m) and so presents a much smaller target. The interaction of the g-rays with the electrons takes place
via three mechanisms whose relative importance depends on the energy of the g-rays:

A. The Photoelectric effect.

In this process a g-ray of energy hf interacts with an orbital electron ejecting it with energy equal to the
difference between the g-ray energy and the electron’s binding energy. That is

Eelectron = hf - Ebinding [8-10]

The theoretical treatment of this process is complex; one important X-ray
result is that the probability of interaction is greatest when the g-ray
energy and the binding energy are nearly equal. For visible light this
means that the outer loosely-bound electrons will be ejected
preferentially since their binding energy is of the order of a few eV
which is also the energy of visible-light photons. Clearly, however, for | |cident
high energy photons the inner K-electrons are most likely to be ejected | Y-
as shown in Fig. 8-3. Once the K- electron is removed a cascade of

Ejected
photo-electron

Fig. 8-3. Photoelectric effect.

vacancy-filling can follow with the emission of X-rays. The result is
the production of a high energy electron and X-rays. The X-rays may leave the sample completely
without further interaction, so all of the energy removed from the g-ray beam may not be deposited in the
sample (an example of the difference between attenuation and absorption).

The cross-section (probability) for the photoelectric detachment of an inner-shell electron cannot be
written in simple form but an approximate relation for energies around 100 keV is:

Spe ~ Hme) ~ cONst Z*/(hf)? [8-11]
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Of course s,.= 0 until the photon energy reaches the binding
energy and Eeiecron in EQ. [8-10] becomes positive. With further 10—
increases in the energy the cross-section decreases as (hf)= as

shown in Fig. 8-4 for water. The curve for lead shows that the =
overall (hf)= decrease is interrupted when the photon energy -

matches the binding energy of the inner shell electrons. At these| &
energies there is an increase in the absorption followed by the =

usual decrease as the energy increases. The cross-section in 107 —

water falls off so rapidly that, above 100 keV, the photoelectric Water Lead
effect becomes negligible compared with the Compton

scattering, which is described next. 10 | | I

100 10! 102 103
Energy (keV)

Fig. 8-4. Photoelectric mass absorption
coefficient for water and lead.

For the atoms in tissue (mostly H and O in water) the binding
energy of the inner electrons is only of the order of a few
hundred eV at most, so from Eqg. [8-10], the energy of the

ejected electron constitutes nearly all of the energy of the incoming g-ray.

B. Compton Scattering

At higher energies, as the cross-section for photoelectric scattering becomes less important, another
photon-electron process becomes more important. This interaction is with the weakly-bound outer-shell
electrons in the atoms and so the electron binding energy can be neglected

and the electrons can be considered essentially free.

This process can be viewed as simply a ‘billiard-ball’
type collision between a photon of initial energy Ei,
and initial momentum pi, and an electron of initial
energy and momentum equal to zero. After the
interaction the photon and electron move off at some
angles g and T to the original direction with final
energies and momenta, Esp, prp, Ere and pre as shown in
Fig. 8-5. Of course the relativistic energies and
momenta must be used. The derivation of the final
results for this Compton scattering can be found in any | Fig. 8-5. Compton scattering.

textbook on Modern or Atomic Physics and only the
final results will be presented.

Since the incoming photon gives up energy to the electron, the outgoing photon has less energy and
therefore, from the Planck relationship, a reduced frequency or a longer wavelength. The wavelength
difference is:

h
mec

Ie-1-=

(- cosq) [8-12]

In Eq. [8-12], mq is the rest mass of the electron. Substituting the known values of the constants and
expressing the wavelengths in nanometres

I -1=0.00242(1 - cosq) nm [8-13]

The kinetic energy of the recoiling electron is given by:
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E Ei'p(l - Cosq)
fe — 2
1—cosq+m°C [8-14]
i.p
Again the result of the interaction of g-rays with matter is the 01—

production of a high-energy electron. The scattered g-ray may
undergo further interactions or it may leave the sample. The fraction

of the incident energy transferred to the electron increases with the . Attenuation
incident energy being 2% at 5 keV and 95% at 5 MeV (see Problem | = %% N
8_6) %0.0057 \

jE_O.OOS // \\
The mass attenuation coefficient for this process is complicated but it 0.001 / \\\
decreases with increasing energy as can be seen in Fig. 8-6. At an /Absorption \ O\
energy of about 1 MeV, the photoelectric effect is usually small and i .
the transfer of photon energy to electrons is almost all as a result of \
the Compton effect. The coefficient is shown in Fig. 8-6 for water, 0.0001 | | |

. . N X 0.1 1.0 10 100
where the value of 0.0050 m?/kg, given previously in Eq. [8-4] for o1 Photon energy (Me)

attenuation of a beam, is shown on the graph.- Since the percentage of Fig. 8-6. Compton mass-attenuation
energy transferred to the electron increases with energy, the and absorption coefficient for
absorption cross-section is low at low and high energies, having a water.

maximum around 1 MeV. The curves in Fig. 8-6 are given for water;
however, since the Compton interaction is one with only weakly bound electrons this curve is almost a
universal one, and within a few percent is the same for other light substances like aluminium. Since most
of the absorption at energies around 1 MeV is from this universal process, the mass_absorption coefficient
of matter near this energy is nearly constant at 0.0030 m?/kg which can also be seen in Fig. 8-6.

C. Electron-positron pair production

The third process of photon absorption is the production of an electron-positron pair from a g-ray of
sufficient energy according to the mass-energy equivalence

E = Dmoc? [8-15]

where m; is the rest-mass of the electron (or positron). The energy equivalence of an electron (or a

positron) is 0.51 MeV and so an e-p pair can be L0
produced by g-rays of at least 1.02 MeV. When such
g-rays interact with a heavy nucleus this conversion
may take place. The threshold for the process is 1.02
MeV and any excess energy appears as kinetic energy
of the pair of particles. Again the result is the
production of high-energy electrons. The cross-
section for pair production increases with increasing
energy and is not significant below about 2 MeV. It
is therefore not very important in the context of
radiological effects.

T T T

Um(m? /kg)

0.001

Total attenuation and absorption from all mechanisms
for water is shown in Fig. 8-7. It can be clearly seen
how the Compton effect dominates in the energy 0.0001 AN 1

region 0.1 to 10MeV and how the mass absorption 0.01 0.1 1 10 100
Photon energy (MeV)

8-8 Fig. 8-7. Mass-absorption, attenuation, and scattering
coefficients for water.
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coefficient is almost constant over this range.

8.5 Mechanisms of Energy Transfer to the Medium.

All three processes discussed in the previous section have one final result: the production of a high energy
(high speed) electron in the medium. The final transfer of energy to Mz

the atoms of the medium is achieved by the transfer of energy from —e T -
the moving electron to an outer (almost stationary) electron in an atom
or molecule. The result of this transfer is to remove the atomic
electron and ionize the atom or molecule or raise the atomic electron o> €
to an excited state.

. ) Fig. 8-8 Energy transfer from a
The problem of energy transfer from a moving to a stationary charge moving charge to a stationary

is exactly soluble in classical electrodynamics and is given in the electron.
Appendix to this chapter. As shown in Fig. 8-8, a particle of mass M
and charge Ze moves at velocity v (energy E=%:MV?) in a straight line past a stationary electron of mass m,
and charge -e. The energy transferred to the electron is given by

_ Z%k%e*M

DE
b*m,E

[8-16]

where b is the distance of closest approach between the two particles (so-called ‘impact parameter’) and k
is the Coulomb constant (k = 9x10° N m? C*?).

The equation is valid for all charged particles and so it is easy to see why protons (Z =1, M = 1837m,)
and a-particles (Z = 2, M = 4m,) lose energy so quickly compared with electrons and have very short
penetration in most matter. They are said to have a large linear-energy-transfer (LET).

The dependence of the energy transferred on 1/E has the result that the particles lose most of their energy
near the end of their path, a fact that can be quite important in medical applications of radiation.

@ Example 8-4
An a-particle with energy 1.0 MeV passes within 0.2 nm (2 A) of an outer valence
electron of an atom. What energy is transferred to the electron?

For the a-particle: Z =2

M = 4.0x107%/6.02x10% = 6.64x107?" kg
E=1.0x1.6x10"J
=2.42x10"°J=15eV

The result of Example 8-4 is very important as it shows that the high energy charged particle can transfer
energies of the order of atomic ionization and excitation energies to neutral atoms just by passing by. This
is, in fact, how the high speed electrons lose their energy and in the process create many ions and/or
radicals.

8.6 Radiation Exposure and Absorbed Dose.
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When fast moving a or b-particles travel through material they undergo a very large number of
interactions with the orbiting electrons of the atoms but they rarely collide with the nuclei. > The
ionization damage can be classified in two ways in living matter:

1. The ionization process may break a valence bond in a macromolecule such as DNA. The resulting
rearrangement of bonds in the molecule or subsequent chemical reactions with the disturbed site
on the molecule may then disrupt the proper functioning of the molecule and the cell in which it
resides.

2. Much of the material in a cell is water. Incoming particles may disrupt the water molecule
leaving molecular fragments called free radicals such as H and OH; these are chemically very
reactive and attack biological molecules doing great damage. In fact, most radiation damage to
living material is of this type.

It is important to distinguish between exposure and dose. An object may be exposed to a radiation field
but may not absorb all of the energy from the field, depending on the nature of the radiation in the field
and the properties of the absorber. The energy absorbed can be a measure of the dose and is discussed
later. It is important first to be able to measure the exposure.

A. Exposure

Since radiation ionizes matter, the strength of a radiation field (or exposure X) can be measured by the
ionization it produces in some standard material. Since the early days of X-ray research, the standard
material has been dry air at standard conditions (NTP). An older unit of exposure for X and g-rays is the
roentgen (R) and is defined as:

One roentgen of radiation is that radiation that will produce 1.61x10% ion-pairs/kg (2.58x10™*
C/kg) of charge of either sign in dry air at NTP.

It is known that, in air at NTP, each ionizing event releases 34 eV of energy. (This is the energy extracted
from the fast moving electron discussed in the previous section.) Therefore air absorbs 1.61x10*x 34 =
5.47x10% eV/kg or 8.8x1072 J/kg. In soft tissue the number is only slightly higher: 9.6x107 J/kg.* This
calculation is almost independent of the energy of the high speed electron that provides the energy
throughout the range 0.1 to 3 MeV. It applies only to incident X and g-rays and is irrelevant for particle
radiations.

The roentgen is not the Sl unit for exposure, but there are so many instruments in the field calibrated in
roentgens that the newer Sl definition is slow to be adopted. In the SI system exposure is simply quoted
as “C/kg” and no name or symbol has been assigned to it.

- ]
== [8-17]

2 As aresult, nuclear reactions are rare in irradiated matter; the flux of the radiation must be very large
such as is found in the core of a nuclear reactor.

% The closeness of these two numbers (8.8x107%,9.6x10-®) to 10x10-2 will be relevant in the next section
on absorbed dose.
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Instruments to measure the radiation field strength, or exposure, will be discussed in Chapter 9.
B. Absorbed dose

For radiation to damage matter the some of the energy in the radiation must be deposited in the matter.
The amount of biological damage is determined by the amount of energy deposited by the radiation per
unit mass. Absorbed Dose (D) (or usually just ‘Dose’) is defined as the amount of energy deposited per
unit mass. Absorbed doses are now usually expressed in grays (Gy) * and absorbed dose-rates in grays
per second, where

1gray =1J/kg [8-18a]
An older unit of dose is the rad which is defined as
1rad =0.01 J/kg [8-18b]

Clearly from, Eq. [8-18a] and [8-18b], 1 rad = 107 Gy.

It is now clear why the roentgen as a unit of exposure remains in popular use; one rad is 10 10 J/kg and
s0, almost, is an exposure of one roentgen (see footnote 3). The use of an exposure rate-meter (a common
instrument in radiation laboratories) gives a good approximation to dose-rates in soft tissue.

Example 8-5
An individual ingests 3.7x10* Bq (1 uCi) of a 2.0 MeV b-emitter and it distributes

uniformly throughout his body. The effective half-life is 28 yr. Calculate the initial
absorbed dose-rate in Gy/s and rad/hr and the total absorbed dose received in the first 28
years. Take the person’s mass as 70 kg.

The energy per second = 3.7x10* decay/s x 2.0 MeV/decay

=7.4x10* MeV/s x 1.6x10™ J/MeV

=1.2x10% J/s
The initial absorbed dose-rate = 1.2x107% J s7/70 kg = 1.7x10° Jkg* s*
=1.7x10™ Gy/s = 1.7x10™° Gy s* x 3600 s hr*/0.01 Gy rad™ = 6x10° rad/hr

I = 0.693/28%x365x24%x3600 = 7.85%107° s™*
At the start the number of atoms is N = A/l = 3.7x10%/7.85x107%° = 4.7x10%

In 28 years one half of these emit 2-MeV betas for a total absorbed dose of
(¥2) x 4.7x10" decays x 2 MeV decay™ x 1.6x107**J MeV/70 kg = 0.11 Gy = 11 rads.

Dose calculations for g-rays are not so straightforward but, as discussed previously, the total cross-section
for g-rays in the energy range of greatest interest is almost constant at 3.0 x 10~ m?/kg as can be seen in
Fig. 8-6. Therefore the absorbed dose-rate due to a beam of n g-rays per second per m? of tissue is:

D =3.0x10° nE J kg's™ (Gy/s), [8-19]

where E is the energy in joules of one g-ray photon.

4 Named for Louis Harold Gray (1905-1965), British Medical Physicist.

8-11



HUNT: RADIATION IN THE ENVIRONMENT

Example 8-6
An individual stands 5.0 m from a 3.7x10’ Bq (1 mCi) source of 0.50 MeV g-rays. What
absorbed dose does the person receive by remaining there for one hour? The person’s frontal area
is 0.75 m?

First the intensity (number, n per m? per s) of the g-rays at a distance of 5 m must be evaluated. If
a sphere of 5 m radius is drawn, clearly all the g-rays must go through the surface of that sphere
and the number per unit area per sec. is given by 3.7x107/4pr? where r = 5.0 m.
n=3.7x10"/4p(5)? = 1.18x10° m?s*

E =0.50 MeV = 0.50 MeV x 1.6x107" J/MeV = 0.80x10™"J

Dose-rate/m? = 3.0x107°nE = 3.0x107 x 1.18x10° m? s x 0.80x10™ J

= 2.8x10™ Gy/s/m? = 2.8x107° rad/s/m?

In one hour the absorbed dose D is 2.8x10™* x 3600 x 0.75 = 7.6x10°® Gy

8.7 Equivalent and Effective Dose, and Kerma

When radiation enters living tissue it produces damage whether directly or, more likely, as a result of
making chemically active species. This damage has various consequences for the organism. Some
damage is repairable; it would be remarkable if this were not so, since living organisms have had to
evolve in an environment that includes natural sources of ionizing radiation. Some damage is not
repairable, however, and this is the topic of the following sections.

A simple calculation of the absorbed dose in grays (or rads), as was done in the last section, does not tell
the whole story as far as biological effects are concerned. The biological effects also depend on the
spatial distribution of the energy deposited. For every electron knocked out of its parent atom the
incident a or b-particle uses up an amount w of its kinetic energy, where the average value of w is about
35 eV. If the initial kinetic energy is E then the number of ionizing events caused by a single a or b is:

n = E/w[8-20]

Thus, one particle with energy of 1 MeV produces about 30,000 ionizing events. This is true for both
particles, a, b and the high speed electrons that result from the absorption of a g or X-ray. The difference
is that the easily stopped a does all this damage in a region a few microns deep, whereas the damage
caused by the b is more sparsely distributed over a depth of a few millimetres. In the a case, a cell can be
damaged at several places so that it is unable to recover, but repair of the less concentrated damage
caused by the b may occur.

The quantity that accounts for this difference in the relative effects of radiation has had several names in
the past; among these are the Quality Factor (QF) and Relative Biological Effectiveness (RBE). The most
recent name is the Radiation Weighting Factor (wg). Although these quantities have slightly different
definitions, for present purposes they are the same and give, as a dimensionless multiplication factor, the
relative effectiveness to produce biological damage of a given absorbed dose. The quantity wg has been
determined by comparing the dose needed to produce a specific effect in comparison with some arbitrary
standard. This standard is taken to be the dose of X-rays and g-rays that are among the least damaging of
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radiations; the wr of this standard is taken to be 1. It is expected then, that values of wr will be numbers
equal to, or greater than 1. With this standard it is found that alphas require only one twentieth the dose
to produce the same damage as X-rays, therefore, for alphas wg = 20. The values of wr are summarized
in Table 8-2 for some of the radiations of biological interest and concern.

Using wg the Equivalent Dose (Hr) is defined, which is a more accurate measure of the biological damage
than absorbed dose alone; the Equivalent Dose must be summed over all the radiations incident on the
tissue (“T”) of interest. Thus

HT =S Wr DR [8'21]

The unit of Equivalent Dose, for dose in grays, is the ‘sievert’ (Sv); if the dose is in rads the Equivalent
Dose is in rem. ®

TABLE 8-2 — Values °© of wg« TABLE 8-3 - Tissue Weighting Factors® w"

Radiation We
Photons, all energies 1
Electrons and muons, all 1
energies Tissue or Organ Wr
Neutrons, energy , 10 keV 5 Gonads 0.20
10 keV to 100 keV 10 Bone Marrow, Colon, Lung, 0.12
100 keV 20 2 MeV 20 Stomach (each)

Bladder, Breast, Liver, 0.05
2 MeV to 20 Mev 10 Oesophagus, Thyroid (each)
>20 MeV 5 Skin, Bone Surface (each) 0.01
Protons, energy > 2 MeV 5 Remainder 0.05
a-particles, fission fragments | 20

A further complication arises because different radiations affect the different tissues of the body in
different ways. For example, high-energy g-rays pass completely through every tissue in the body and so
expose them all. On the other hand a-particles, when incident on the body externally, have a small effect
since most of them are absorbed in the dead layers of the skin, whereas the same particles from radon gas
inhaled into the lungs are much more damaging. It is not realistic to simply add up all the radiation to
which the body is exposed and use that as a measure of risk. The irradiation of the body’s most sensitive
tissues must be taken into account; this is done by multiplying each equivalent dose by a tissue weighting
factor, wr, and summing over all the tissues of the body to produce the Effective Dose still measured in

5 ‘Rem’ stands for ‘roentgen equivalent man’.

6 Adapted from 1990 Recommendations of the International Commission on Radiological Protection
(ICRP) Standard.
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sieverts (or rem). The Effective Dose is given by
E=S wr Ht [8'22]

where the summation is over all the irradiated tissues in the body. In Table 8-3 the values of w+ are
given.

A small point-like radioactive source of 3.7x10* Bq is spilled on a researcher’s hand. The source

is 2%Po which is an a-emitter with an energy of 5.4 MeV. The range of 5.4 MeV a-particles in
skin (essentially water) is 0.0020 cm. What is the absorbed dose, equivalent dose, and effective dose
received in 1 hour?

§ Example 8-7

On the surface of the skin only one half of the radiation enters the skin; the volume affected is a
hemisphere of volume = (%)(4/3)pr® = (2p/3)(2x107°)* = 1.7x10™ m®,

The mass affected = 1.7x10™ m® x 1000 kg m= = 1.7x10™ kg.

The activity =%(3.7x10%) Bq = 1.85x10* Bq

The energy per second = 1.85x10% s x 5.4 MeV x 1.6x107*J MeV*=1.6x10%Js™
Dose-rate = 1.6x107° J s*/1.7x10™ kg = 950 Gy s*

In 1 hour the Absorbed Dose, D = 950 Gy s x 3600 s = 3.5x10° Gy

Using Table 8-2, the Equivalent Dose, H = wgxD = 20 x 3.5x10° = 0.7x10° Sv

Using Table 8-3, the Effective Dose, E = wrxH = 0.01 x 0.7x10° Sv = 7x10° Sv

From the previous discussion we see that the dose at a given point in a medium is a result of the energy
absorbed from the radiation field. However this may not (and generally is not) the same as the energy
transferred from the radiation field to the medium at that point. There can be energy losses that do not
contribute to the dose such as radiative losses and kinetic energy losses from the secondary particles
produced in the initial ionizing event. For example a secondary electron might simply excite a molecular
vibration which ultimately appears as heat without causing any damage.

To account for this a quantity called kerma, K, (Kinetic Energy Released in Materials) has been defined
which is a measure of all the energy transferred to the material from the initial event regardless of
whether or not it remains in the material to be absorbed and contribute to the dose. Like the dose it is
defined per unit of mass:

K = DEx/Dm [8-23]

where DE is the kinetic energy transferred to the material. Also, like dose, it is expressed in units of
grays.
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The difference between dose and kerma is subtle but important. It can be seen through a discussion of
Fig. 8-9.

Imagine a beam of ionizing radiation passing from air to tissue at

position “0”. The kerma at the interface, where there is a sudden release beam [ fme——boam
of kinetic energy, in the form of primary events is high. Because the e e
primary high speed electrons are scattered in the forward direction, they

do little damage at the interface so the dose is low. They create N

thousands of events further down-stream, however, so the dose rises

Q
with depth beyond the interface. The dose at “0” is not zero as there is s
some ionization in the air in front of the interface but the density of air E /P ¢
is low so the dose is low. At position “a” the dose has risen but the Ga D Distance
kerma is falling because the beam is being attenuated. The dose rises | Fig. 8-9 The difference between kerma
and finally an equilibrium is established where the dose is always and dose

greater than the kerma, such as a position “b”. This seeming paradox is
again explained by remembering that the damage is created by the kinetic energy that was extracted from
the beam further upstream where the beam was more intense.

8.8 Sources of Environmental Radiation.

Living things on the planet are subject to a continual irradiation by high energy particles and g-rays.
There are a number of natural sources, such as cosmic rays, and in the modern technological era a number
of ubiquitous artificial sources have been added. Except in very special circumstances, the dose delivered
by natural sources is greater than that from artificial ones. Also there are no grounds for the belief that
somehow radiation from the natural sources, because of their ‘naturalness’, are less damaging than the
artificial ones; radiation is radiation whatever its source.

Table 8-4 lists a number of sources of radiation, both natural and artificial with their annual average dose
for the average resident of the United States.

There are several points of interest in Table 8-4: The annual exposure to radiation from the natural
internal sources (mostly “°K) is larger than any artificial exposure except for medical X-rays. The
exposure from the nuclear fuel cycle is almost immeasurable and all artificial sources account for less
than one fifth of the total. One natural source of radiation, which has only been recognized in recent
years, is radon that dominates our exposure on average, contributing over half. A source of radiation not
included in the table is that encountered by passengers and aircrew in high-flying aircraft i.e. cosmic
radiation. While flying at an altitude of 10,000 m a passenger in northern latitudes can receive a dose of
0.1 mSv inan 8 hr trip. This is the same order as a diagnostic chest X-ray. Air crew can receive between
6 and 9 mSv annually which is above that recommended for radiation workers. Epidemiology studies
were underway in 1992 for aircrew.

TABLE 8-4 — Sources of Radiation and Doses ’

Source of Radiation Annual Effective %
Dose mSv
Natural
Radon 2.0 55
Cosmic Rays 0.27 8

7 Adapted from ‘Health Effects of Exposure to Low Levels of lonizing Radiation’, BEIR V 1990.
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Terrestrial 0.28 8

Internal 0.39 11
Total Natural 3.0 82
Acrtificial
Medical

X-ray Diagnosis 0.39 11

Nuclear Medicine 0.14 4

Consumer Products 0.10 3
Other

Occupational <0.01 <0.03

Nuclear Fuel Cycle <0.01 <0.03

Fallout <0.01 <0.03

Miscellaneous <0.01 <0.03
Total Artificial 0.63 18
Total 3.6 100

Well-defined rules have been set up by national and international bodies regulating the maximum
radiation dose that an individual should receive. Related tables have also been compiled defining the
maximum amounts of various radio nuclides which can be ingested ‘safely’; of course no one is supposed
to ingest any. The objective of the ICRP system of dose limitation is to promote the use of safety
precautions whenever radioactive materials are handled and to ensure that external and internal doses are
controlled within the ICRP recommended limits for occupational exposure.

The limits recommended by the ICRP for radiation workers and the general public are given in Table 8-5.
TABLE 8-5 - Recommended Annual Dose Limit

Dose Limit
Radiation Worker Public
Effective Dose 20 mSv? 1 mSv
Equivalent Dose in:
Lens of the Eye 150 mSv 15 mSv
Skin 500 mSv 50 mSv
Hands and Feet 500 mSv -

1. Averaged over 5 years; not to exceed 50 mSv in any one year.
Additional restrictions apply to pregnant women.

2. Averaged over any 1 cm? of skin regardless of the area exposed.
Comparison of Tables 8-4 and 8-5 show that the recommended maximum level of 1 mSv/yr is lower than
the environmental sources now encountered on average in the U.S.A. This average value is dominated by
the large figure for radon; this figure is very variable from location to location and indeed even from
house to house. Modern well-insulated and well-sealed houses are likely to have high, and even
unacceptably high, concentrations of radon.
This is a problem that has only recently been recognized. It is clear that if this figure were much reduced,
for a person with no medical X-rays, the recommended international standard would be met.

8.9 Somatic Effects: Large Doses.

8 Adapted from 1990 Recommendations of the International Commission on Radiological Protection
(ICRP).
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Somatic effects due to large one-time ionizing radiation doses are many and varied. Among the effects
that are visible shortly after irradiation are blood changes, vomiting, and skin damage. Doses up to 0.25
Sv (250 mSv) produce no detectable effect. Between 0.25 and 1 Sv there is blood and bone-marrow
damage, but the person feels little immediate effect. Above 1 Sv, treatment with antibiotics may be
necessary to cope with malaise, vomiting and blood changes. Above 3 Sv internal haemorrhaging and
diarrhoea may occur and blood transfusions may be necessary. At the level of 5 Sv there is a 50% chance
of death.

Delayed somatic effects are defects that occur months or years after the dose. They include eye cataracts,
leukaemia, and other cancers; in the case of leukaemia it is delayed about 6 years as determined from
studies of the Japanese atom-bomb survivors. From the studies of these effects, an almost linear
relationship has been established between

absorbed dose and its effects for equivalent

doses less than 3 Sv. This relationship is §15

shown in Fig. 8-10, which shows the ; B

relation of radiation-induced leukaemia to §

dose as determined in the Japanese studies. g1l

It is very important to note that the linear | S

relation is only established for sudden, TQ

high doses. Unfortunately we do not know 2 5

if the line can be extrapolated linearly back| §

to predict the effect of small doses such as e

; ; 0 I I I I I I

we might get if thousands of nuclear 0 ] ) 3 4 s 6

reactors were in operation around the Marrow equivalent dose (Sv)

globe.
Fig. 8-10. Radiation-induced leukaemia deaths vs.
dose.(Japanese atom bomb-survivor studies)

8.10 Somatic Effects: Small Doses.

The uncertainty in the low-dose behaviour of the graph in Fig. 8-10 is a source of great dispute by those
on opposite sides of the nuclear power debate. It is easy to see why we have very little information on
low-dose effects. At 3 Sv, as can be seen in Fig. 8-10, the fraction of the population who will be stricken
with leukaemia in a given year is about 7x107. If the linear hypothesis holds then a dose of 0.01 Sv
would produce 2 new cases in one million people. But the natural incidence of leukaemia is about 60
cases per million, and fluctuates statistically. It is impossible to detect any significant effect from this
small dose, unless one deliberately irradiated hundreds of millions of people and followed their medical
history for a lifetime. Such an experiment, on every ground, moral and practical, is out of the question.

Some radiation biologists believe, on scientific evidence, that there is a threshold dose below which some
damage is repaired by the body, leaving no effect. This is probably true for cases where whole cells are
killed in an organ that continuously eliminates dead cells and generates new ones. An example of this
type would be the depression of the blood cell count after irradiation and subsequent recovery from the
radiation-induced anaemia as new cells are produced.

Other types of radiation injury, however, might affect only certain sensitive molecules or structures in
individual cells. Such effects might include chromosome aberrations or induction of malignancy such as
the case of skin cancer discussed in Sec. 5.4. These processes are less likely to have a threshold and the
natural occurrence of some mutations and cancers may depend wholly or partly on the natural background
radiation. Two cell structures that may be particularly important are:
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Genes. The most critical molecule in the cell is undoubtedly DNA since damage of a single gene
may profoundly alter or even kill a whole cell.

Chromosomes. Radiation can also have effects on the chromosomes as a whole by breaking or
rearranging them. One important effect is to interfere with the normal division of cells during
mitosis. In tissues where cell replacement is continuous, this sensitivity to radiation of dividing
cells can be particularly damaging.

8.11 Genetic Effects.

Experiments on individual cells strongly suggest that there is a repair mechanism operating for, at least,
single lesions to DNA molecules. This seems a reasonable point of view in light of the fact that all
organisms live and have evolved in an environment of natural background radiation. The children of the
A-bomb survivors have shown no increase in inherited abnormalities. Animal experiments indicate that a
dose of more than 1 Sv would be required to double the natural frequency of inheritable mutations in
humans. This means that about 2% of diseases that have a genetic origin may be caused by the natural
background radiation.

8.12  Incidence of Human Cancer.

One of the most frightening words in the medical lexicon is “‘cancer’ and it is certainly known that
radiation, while being one of the most important tools in the treatment of malignant tumours, can also
induce them in healthy organisms. Unfortunately, misguided and even malicious publicity has created the
impression among many people that artificial radiation is a major cause of the disease.

Normal cancer incidence varies greatly, depending on cancer type, age and sex. For any one type of
cancer there is a great variation among countries and even districts within countries; stomach cancer
varies between 60 and 700 per million over different countries. Since natural radiation background varies
by less than ten times this spread, it can only be responsible for a small fraction of these cancers. Many
factors contribute, probably in a synergistic manner, to the incidence of types such as bronchial and lung
cancer; these are presently increasing due to environmental factors such as chemicals, smoking, air
pollution, etc.

TABLE 8-6-Total Lifetime Cancer and Leukaemia

Deaths Per 10° Population

Total normal incidence 190,000
Radiation background, 1 mSv/yr 5,800
Medical X-rays, 0.39 mSv/yr 2,300
Nuclear effluent, <0.01 mSv/yr <60

It is very difficult to predict the excess cancers to be expected from radiation levels over that of the
background (see Table 8-6). The only data we possess are for subjects who received very high doses in
one, or just a few brief exposures. The most important are the 120,000 Japanese A-bomb survivors,
30,000 Canadian women treated with X-rays for tuberculosis between 1930 and 1952, and 14,000 British
spondylitis patients treated by spinal irradiation between 1935 and 1954. The A-bomb survivors showed
an excess death rate, due to leukaemia, of 0.25 deaths per million person-years per mSv over a period of 5
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to 25 years after exposure. This figure corresponds to the slope of the low exposure portion of the graph
in Fig. 8-10.

It is not known how this data extrapolates to much lower exposures delivered over a protracted time
rather than in one large burst. Furthermore it is difficult, if not impossible, to obtain the relevant data.
One possibility is to use the linear extrapolation of Fig. 8-10, although many think that this is a gross
overestimation of the case. Other more elaborate extrapolations are used to form the basis for national
and international recommendations regarding exposure.

Rather sophisticated analyses have been made on many occasions by both government and private groups
and reported extensively. These reports list data on other irradiated groups; they examine the linearity
hypothesis, and estimate the absolute risk defined as the number of extra deaths per million of population
per Sv of exposure. Making detailed calculations of the risk of a certain age group is rather complex and
requires the input of much medical radiation data. If calculations are done for all age groups one can
conclude that a 1 mSv/yr continuous lifetime exposure will result in 5800 extra cancer mortalities per
million people, which is about 3% of the total cancer mortality rate. If all of this dose were received at
once instead of over a lifetime the figures are not much altered. A 100 mSv single dose raises the excess
cancer mortality to about 5%.
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Appendix - Derivation of Eq. [8-16].

From the Impulse-Momentum theorem of elementary
mechanics the momentum transferred to the stationary
charge is the time integral of the force on the charge. From
the figure it can be seen that the x component of the force
changes sign on passage so the integral is zero. So only the
y component need be considered, i.e.,

kZe?

r.2

oP= dP, = Fdt= cos gdt

Using b = r cos g, then 1/r = (cos g)/b and,

dg _ cosqg dr _ v
—_— = —= Cosq_
dt rsing dt r

where dr/dt is the component of v along r, i.e. vsin g.
Writing everything in terms of g and integrating from q = 0 to p/2;

2kze? P 2kZe?
cosqgdg =
bv o bv

DP =

Since DE = DP?/2m, and E = %4Mv?

_ ppP? _ k2Z2e*M

e 2m,  b’m.E [5-16]
PROBLEMS.
Sec. 8.2 Absorption of Radiation
8-1. In Example 8-1 it is stated that for lead u = 57 m™. Using Eq. [8-4] show that this is so; the density of lead
is 11370 kg/m?.
8-2. Concrete is a relatively inexpensive absorber of high-energy g-rays from radioactive sources of large

physical size. a) What thickness of concrete would reduce the intensity of radiation from a source of 1.7
MeV g-rays by a factor of 100? The linear absorption coefficient for concrete at this energy is 0.11 cm™

and the specific gravity is 2.9. b) How much water would be required to do the same job? Assume pr.

8-3. A piece of wood 5.0 cm thick placed between a low energy g-ray source and a detector reduces the count
rate by a factor of 12. What additional thickness is required to further reduce the intensity by a factor of 4?

8-4. For 40 keV X-rays the mass attenuation coefficient for bone is 0.31 cm?%gm, and for muscle it is 0.0068
m?kg. An upper arm is being X-rayed so that the muscle and bone show up beside each other on the
photographic plate. If the bone is 2.0 cm thick and the muscle is 4.0 cm thick, and the densities of bone
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Sec. 8.4

8-5.

8-6.

8-7.

Sec. 8.6

8-8.

8-8.

8-9.

8-10.

Sec. 8.7

8-11.

8-12.

8-RADIATION: INTERACTION AND BIOLOGICAL EFFECTS
and muscle are 3.0 and 1.3 gm/cm?® what is the ratio of the intensity of the beam transmitted through the
bone to that through the muscle?
Mechanisms of g-ray absorption.

From measurements made on Fig. 8-4 with a millimetre scale show that the photoelectric cross-section in
water decreases very nearly as the third power of the energy.

Find the maximum percentage energy transferred to the electron by the Compton process for g-ray energies
of 5.11 keV and 5.11 MeV.

A g-ray of energy 1.040 MeV produces an electron-positron pair. What is the initial speed of the particles?
Radiation Exposure and Absorbed Dose.
Show that 1 R which is 1.61- 10" ion-pairs/kg is 2.58 - 10~ C/kg.

One roentgen exposure deposits 8.8-107 J into 1 kg of air (see p 8-11). How much of this appears as heat?
Take air to be 25% O, and 75% N,. The ionization energies of O, and N are 12.5 and 15.4 eV.

A quantity of a fall-out radioactive beta-emitter is taken up by a growing plant and distributed uniformly
throughout the tissue. A 200 gram plant is found to contain 3700 Bq (0.1 pCi). What dose does the plant
receive in one day if the average beta energy is 0.10 MeV?

What dose per unit area is received in a one hour exposure at 1.0 m from a 3.7x10” Bq (1 mCi) radium
source? Each disintegration yields two gamma-rays whose average energy each is 1.0 MeV.

Equivalent and Effective Dose, and Kerma

Repeat Example 8-7 assuming the source is #°Bi, a b-emitter of mean energy 0.40 MeV and range 0.25 cm
in tissue.

A small drop of solution of **I is spilled on a researcher’s hand. The diameter of the spot is 1.0 cm and it
contains 0.51 pCi (1.9x10* Bg). The half life of ™1 is 8.0 days and the average energy of its b-particles is
0.606 MeV with a range of 0.20 cm in water. The spot is not removed for 16 days.

a) What is the number of **!I nuclei present?

b) How many s enter the flesh of the researcher?

¢) What is the dose, equivalent dose and effective dose?
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Sec. 8.8 Sources of Environmental Radiation.

8-13.  The U.S. regulations for the maximum permissible concentrations of radio nuclides in water give the
values:
Species Max. Conc. Ty
131 0.011 Bg/cm?® 8 days
29py 0.19 Bg/cm?® 2.4x10* year
%gr 0.011 Bg/cm?® 28 year
Calculate the corresponding concentrations of these elements by mass in parts per million (ppm).

8-14. By retaining the effluents for 60 days, a 1000 MW pressurized water nuclear reactor emits 37x10° Bq (10
uCi) of ®Kr per second into the atmosphere. Assume a population of 500 such reactors. The half-life of
®Kris 10.8 yr.

a) If the atmosphere is 10 km high, what is the density of ®Kr that accumulates after 1 year of operation?
Neglect the decay. The Earth’s radius is 6400 km.

b) What dose in Gy/s is given to a typical person in this one year accumulation? Hint-since b-particles
travel 1 metre in air, only the ®*Kr within 1 m has any effect. The mean b-energy is 0.3 MeV. Assume a
man of height 2 m and weight 90 kg; even so you will have to make some approximations.

Answers.

8-2. 42 cm, 120 cm

8-3. 2.8cm

8-4. 0.22

8-6. 2%, 95%

8-7. 0.19c

8-8 5x1073 ]

8-9. 2.6x107° Gy

8-10.  1.0x10°° Gy/m?

8-11. D=0.13Gy,H=0.13 Sv, E =6.5x10 Sv (penetrates deeper than skin)

8-12. (@) 1.9x10% (b) 7.1x10° (c) 4.4 Gy, 4.4 Sv, 0.22 Sv

8-13.  2.4x107* ppm, 8.2x10°° ppm, 2.1x10° ppm

8-14.  (a) 1.1x102 Bg/m®,, (b) 107 - 107" Gy/sec.
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CHAPTER 9: IONIZING-RADIATION DETECTORS

9.1 Introduction

he ideal ionizing-radiation detector would be one that measured both the count rate of the particles,

or photons, falling on it along with their energy and provided a ‘spectrum’ a graph in the form of

number vs. energy. Today, there are instruments that will do this almost to perfection.' These instruments
are usually large and, of course, complex but are based on some simpler and more portable devices. The
simpler instruments usually compromise on the type of information they provide; they are of four types:

1. Instruments that measure the power (energy per unit time) of a radiation field, which is related
to the dose rate, but provide minimal information on the count rate, unless it is known in advance

exactly what type of radiation is being detected.

2. Instruments that give the count rate without regard to the energy delivered in each count.

3. The more-or-less ideal instrument that provides count rate and energy in each count.

4. Instruments that provide the sum of the energy received from the radiation field in some given

time; this is related to the radiation dose.

9.2 Dose-rate Instruments; the lonization Chamber.

The simplest type of dose-rate instrument (type 1 in Sec. 9.1) is also
one of the earliest to be used in radiation measure-ment: the gold-leaf
electroscope as shown in Fig. 9-1. The electroscope is charged, usually
negatively, by briefly connecting it to the negative terminal of a power
supply. The metal post and the fine gold foil acquire the same charge
and the foil is repelled from the post and swings outward. Radiation
entering the electroscope chamber ionizes the air and discharges the
electroscope causing the foil to collapse back toward the post. The rate
of collapse can be followed by observing the foil with a measuring
telescope, thereby measuring the rate of ionization. The total amount of
collapse in a given time is a measure of the total dose (as in type 4 in
Sec. 9.1) and is the basis of a type of personal dosimeter to be
discussed later.

QTnsulaLor

_;[#

\ —
| \e—cold
foil

Fig. 9-1 Gold-leaf

electroscaope

A more modern ‘lonization Chamber’ is shown in Fig. 9-2. A
volume of at least 1 liter of a gas (usually air or N,) at one
atmosphere is enclosed in a thin- walled electrically conducting
chamber.? A metallic rod or stiff wire is sealed through an insulator
into one end and connected to the positive side of a power supply of

RV

a few hundred volts.

! The limitations of such ‘spectrum analyzers’ is that a given analy.
energy resolution.

2 To detect radiation from only one direction the chamber may be thi
one end.

v

Fig. 9-2 lonization chamber.
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When radiation interacts with most gases, it ionizes it using about 35 eV of the radiation’s energy per ion
pair produced. For example a 4 MeV a-particle will produce about 10° ion pairs representing a charge of
about 107* C. The charges are swept out of the chamber by the applied voltage and produce a very small
current in the external circuit that must be measured, usually by amplifying the small voltage developed
across the external resistor. The currents to be measured are indeed small; a radiation exposure of 10
uSv/hr produces a current of 1072 A (see Problem 9-1).

9.3 Pulse Counters.

When the ion pairs are produced in the gas,? in the apparatus of Fig. 9-2, the electrons are swept out of the
gas more rapidly than the more massive ions and a small voltage pulse appears in the external circuit.
This very tiny pulse could be amplified with sophisticated electronic circuitry, but larger pulses can be
produced in the gas by employing the phenomenon of multiplication.

The mean-free-path (mfp) of an electron in a gas is given by: *
l. = 4/sn = 4/prn [9-1]

where s and r are the cross-sectional area and radius of the gas molecules and n is their number density.
At one quarter of an atmosphere and a temperature of 300 K, n = 6.1x10* and, for oxygen, r = 1.5x10™%°
m. Under these conditions the mfp of the electron is about 9.3x10° mm (see Problem 9-2). If an electron,
produced in the primary interaction with the radiation, can be accelerated to at least an energy of 35 eV in
this distance then it can create another ionization on impact with a molecule and thereby multiply the
number of ion pairs. The electric field required to do this is ~10" VV/m (see Problem 9-3) which is not
possible between parallel plates in the presence of one quarter of an atmosphere of a gas because of the
corona discharge. A cylindrical geometry, however, can provide the necessary conditions.

For two coaxial cylinders as shown in Fig. 9-3 with the central conductor charged to a potential V relative
to the outer cylinder, the electric field at any radius r in the annular space is given by: °

Vv
E, =
rin< [9-2]
a

If the outer cylinder is a tube of radius ¢ = 2 cm and the inner cylinder is a stiff

smooth wire (another cylinder) of radius a = 2x102 mm, then near the surface of
the wire a field of 10" VV/m is achieved with a potential of only 1250 V on the
wire (see Problem 9-4) multiplications of a few hundreds are possible. In this
way the original ionization is multiplied to produce a larger voltage pulse in the
external circuitry and, if conditions are carefully controlled, the pulse height
(that is, the total integrated charge) will be proportional to the total radiation

energy. Such counters are called proportional counters. Fig. 9-3 Electric field
between two cylinders.

% Actually a positive ion and an electron.
* See any textbook on the Kinetic Theory of Gases.

® See any textbook on electricity and magnetism.
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The general behaviour of the pulse height vs. applied

voltage for such a device is shown in Fig. 9-4. If the voltage
is too low then some of the ions will recombine before
being swept out. At somewhat higher voltages the ions are
increasingly swept out by the field but the electrons never
attain sufficient energy to cause further ionization, so there

is no multiplication; this is the operation of the simpl
ionization chamber. At sufficiently high voltage,

multiplication can take place and the chamber operates in

the “proportional’ region with multiplication. Notice
the voltage must be carefully regulated otherwise the

multiplication factor will vary and the energy calibration of

the counter will be spoiled; this places stringent
requirements on the power supplies.

Although more modern solid state counters have larg
replaced the proportional counter, it is still in use in t
form of slow neutron counters. The filling gas in this

B + n fi ‘Li + “He + 2.8eV

Natural boron has only 22% of ‘°B so the BF; is
made of isotopically pure °B. The energy is
unequally divided between the Li and He (see
Problem 9-5) but both are released into the gas so
the total energy is detected. The cross-section for
capture of the neutron is larger if the neutron is of
low energy (slow or thermalized) so the counter is
surrounded by a bulk of material containing a high
proportion of hydrogen, such as wax, water, or
plastics. High speed neutrons are slowed by
collision with the H atoms much as they are in the
moderator of nuclear reactors. The result is that even
portable neutron survey meters are rather bulky.
Fig. 9-5 shows an “Andersson-Braun” neutron

9-IONIZING-RADIATION DETECTORS

Proportional
region
Pulse
Height
o g
that
M& . .
lonization
chamber
"~ Recombination
. \%
ely Fig. 9-4 lonization chamber; pulse-height vs.
he applied voltage.

case is BF; and the reaction is,

[9-3]

Fi

. 9-5 Portable neutron counter (Snoopy).

9

monitor commonly known as a “Snoopy”.

94 The Geiger-Mueller (G-M) Counter.
The Geiger counter is related to the proportional
counter in that multiplication is used but is made
very large. All information regarding the energy of
the radiation is abandoned in order to make an
efficient and simple counter. When the gas in the
counter is ionized, the electrons are swept to the
central wire much faster than are the ions to the
outer cylinder. When the rapidly moving electron
cloud is near the wire, it neutralizes the electric
field and terminates the multiplication process. The

Breakdown —

Count rate

| Plateau

—

Fig. 9-6 Geiger counter; count-rate vs. applied
voltage.
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electrical pulse is produced by the later arrival of the more slowly moving positive ions. The pulse can be
large enough to operate simple counting electronics. Because the counter is rendered temporarily
insensitive by the space charge of the electrons, increasing the voltage still further has little effect on the
count rate until the tube goes into corona discharge (which can destroy it). The operating characteristic of
a G-M tube is shown in Fig. 9-6. The existence of the plateau makes the counter insensitive to small
changes in the power supply voltage and simplifies the construction, particularly of portable, inexpensive
survey instruments. The basic circuit of a G-M counter is shown in Fig. 9-7 and a typical tube and rate
meter in Fig. 9-8.

Windoor A THV.

Fig. 9-7 G-M Counter circuit.

10MQ

G-M Tube ——_1

I
Fig. 9-8 G-M tube and count rate-meter.

When the positive ions arrive at the cathode
in a G-M tube, some of them can have a
high enough velocity to eject electrons from
it; these can in turn be multiplied to give a
spurious second pulse. These pulses must be eliminated and so quenching agents are added to the tube
gas. These are usually molecules like ethyl alcohol vapour or the halogen gases Cl, or Br,. As the ions
drift through the gas, they transfer their ionization to the quenching molecules that have a lower
ionization energy. The charge that is ultimately neutralized at the cathode resides almost entirely on these
and not on the original gas molecules. On impact with the cathode they give up their energy not in
ejecting electrons but by dissociating.

9.5 Dead Time.

As discussed in the previous section the pulsed operation of a G-M counter depends on the fact that it is
rendered insensitive by the space charge for a short period after each pulse; this is called the dead time.
Of course, since the time distribution of the arrival of the radiation is random, some will arrive during
these dead times and not be counted. It is important that the dead time for each tube is known and the
missed counts accounted for. Clearly the total dead time depends on the count-rate and the correction
becomes increasingly important for larger count-rates.

If the observed and corrected count rates are respectively ¢ and C and the dead time is t, then in each
second the counter is dead for ct and live for 1-ct. The fraction of counts recorded is:

c/C=1-ct
or
C=c/(1-ct) [9-4]
A standard method to measure the dead time of a G-M tube is to use two radiation sources; it is best to
use two sources that are nearly equal in strength. It is arranged so that the sources 1 and 2 can be put up to
the counter in turn in a fixed geometry that also permits them to be counted together. The three observed
count rates are ¢y, C; and c1,. It must be true for the corrected count-rates that;

Ci+C,=Cyp

9-4



9-IONIZING-RADIATION DETECTORS

or, using Eq. [9-4]
Cll(l - Clt) + Cz/(l - Czt) = C1,2/(1 - Clyzt) [9-5]

For two sources that have nearly equal count rates the value of t is given by:

R CRACETY
CRI P

[9-6]
For the general solution see Problem 9-6.

If ¢, = 1000 counts/s, ¢, = 1050 counts/s and ¢;, = 1875 counts/s, what is the dead time of the

§ Example 9-1:
counter?

From Eq. [9-6]

f= 2(1000 +1050 - 1875) _ 350
(1000 +1050)(1875)  3.844 - 10°

t =90 ps, is a typical value for a G-M counter.

=9-107° s

9.6 Scintillation Counters.

One of the earliest detectors of individual radioactive particles (particularly a-particles) was the
scintillation counter. It consisted of a thin film of zinc sulphide (ZnS) deposited on a glass plate. When
high energy particles interact with ZnS it fluoresces with visible light. Early radiation researchers viewed
these plates with dark adapted vision under microscopes
and determined count-rates by counting the faint light
flashes. k

Modern scintillation counters consist of a block of an Photomultiplier
optically clear material contacted with a clear grease Scintillator tube

onto the entrance window of a sensitive photomultiplier
tube as shown in Fig. 9-9. If the scintillator is to be used
remotely then a light pipe is used between it and \Particle
photomultiplier. path

Fig. 9-9 Scintillation counter.

FTETTTTH

The criteria for the scintillation materials are:
1. They must have a high efficiency for the detection of radiation.
2. They must have a high light output.
3. The decay time of the light pulse must be short if the detector is to be useful for high count-
rates.
4. After the radiation has passed there should be a negligible afterglow.
5. The emitted light should be in the wavelength region to which the photomultiplier is sensitive.

Several materials satisfy these criteria:
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Almost any alkali halide crystal can be used

but the most common is sodium iodide Conduction band Conduction band

(Nal). The alkali halides are particularly : / Tllevels
useful since they can be easily grown in

large sizes; a clear cylinder 10 cm in eV AN

diameter and length is not unusual. The g-ray 200 nm 400 nm

excites an electron from the valence band to
the conduction band of the Nal (see Fig. 9-

. 4 d
9a). When it returns the excess energy is Valence band _ Velencoband
emitted as a photon of light. For Nal the (a) )

band gap is about 6eV which produces a

photon of 200 nm in the ultraviolet. Fig. 9-10 Solid state detector band structure.

Most photomultipliers are made of glass so their entrance windows do not pass ultraviolet light. For this
reason a small amount of thallium (TI) is added to the crystal. In the Nal host the band gap of Tl is about
3 eV. As shown in Fig. 9-10b the excited conduction electron makes a radiationless transition to the upper
Tl levels and then de-excites, finally making a radiationless transition back to the Nal valence band. The
emitted light is at a wavelength of 400 nm near the peak of the sensitivity of the photomultiplier. The
energy conversion process is, however, not very efficient; about 10% of the absorbed energy is converted
to light.

Different crystals can be used to detect different radiations; Nal(Tl) is used for X, and g-rays; Lil(Eu) is
used to detect neutrons.

Organic materials are also used as scintillators both in solid and liquid form. The common solids are
anthracene, C¢H,:(CH).:CsH,, used to detect charged particles, g-rays and fast neutrons, and stilbene,
CsHsCH:CHC¢Hs, for g-rays and fast neutrons. Plastics are also used as well as glasses. Lithium silicate
glass is used to detect slow neutrons via the reaction;

°Li + n i *H + “He + 4.8 MeV [9-7]
There are liquids which scintillate and they are also used for detection. They are particularly useful for the
detection of low-energy b-particles such as come from tritium. When a bioassay of urine samples is
performed for tritium contamination, a liquid scintillator in a thin walled holder is sometimes used.
If a radiation deposits all its energy in the scintillator then the number of photons produced will be

proportional to the radiation energy. The scintillation counter approaches this ideal counter (Type 3 in
Sec. 9-1) in being able to produce a spectrum of number of counts vs. energy.

9.7 Semiconductor Detectors.

When ionizing radiation interacts with atoms in solids, valence electrons acquire energy from the
radiation and are raised to the conduction band leaving a hole in the valence band.® In the presence of an

® A ‘hole’ is the absence of an electron in the crystal lattice. In the presence of an electric field it will move
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electric field the electron-hole (e-h) pairs will separate and cause a current. The solid must have no
current in the presence of the electric field when there are no e-h pairs, so metals cannot be used. The
materials of choice are the semi-conductors, silicon (Si) and germanium (Ge); some important properties
of the pure (or ‘intrinsic’) materials are given in Table 9-1.

TABLE 9-1 - Properties Of Semi-Conductors Ge and Si

Substance z Band Gap e-h excitation
(eV) energy (eV)
Ge 32 0.7 3.0
Si 14 11 3.6

At room temperature there are a significant number of e-h pairs produced by thermal energy in Ge
because of its smaller band gap so detectors using Ge must be cooled to low temperatures with liquid
nitrogen. The energy extracted from the radiation to create an e-h pair in these materials is about 10% of
that in gases (35 eV). This also increases their efficiency as radiation detectors, since unlike scintillators,
the remaining 90% is not wasted in radiationless processes.

In spite of the high efficiency the number of charges produced by the radiation is still very small and so
the currents will also be small. This means that the voltage applied to the material to create a field to
sweep apart the e-h pairs must not produce a significant current from any free (or nearly free) charges in
the intrinsic material; in other words the resistivity of the material must be very large. Thus there seem to
be two conflicting requirements for the material: It must have a very high resistivity in the absence of
radiation but, if e-h pairs are produced by radiation the charge mobility must be high enough to allow the
charges to be swept out by the applied field before they can recombine. It is the latter requirement that
rules out such good insulators as glass for example.

Unfortunately the semiconductors are difficult to make pure enough to have the required high resistivity.
The most common impurities are those, like phosphorus, which are called *acceptor’ atoms because they
lack one electron relative to the host atoms thus creating a hole. Such a semiconductor is called ‘p-type.’
(An impurity, like boron that has an extra electron is a ‘donor’ impurity and makes ‘n-type’
semiconductor.) This results in an unacceptably low resistivity in even the purest material. There are two
ways to overcome this difficulty: either add a layer of very high resistivity material, or neutralize the
impurity charge centres. The first method is used in the Surface Barrier detector and the second in the
Lithium-drifted detectors.

A. Surface Barrier Detectors.

When p-type and n-type silicon are grown in contact with

each other, a thin region is created at the junction that is _ L Metal layer
naturally depleted of charge called the ‘depletion layer.’ = Oxide layer
In this thin layer then, the first requirement of essentially n-type silicon on p-type Si
no free charges is achieved. The high resistivity is Depletion
achieved by oxidizing the outer surface of the n-type Si to mime layer

form a highly insulating layer and then putting a metallic
coating on top of that to form an electrode (see. Fig. 9-11).
A modest voltage (~20 V) creates a very high field in the
thin depletion layer and the detector is particularly useful

for a and b-particles that can penetrate into the depletion I};

in the same way as a positive charge because of the transférf & fdifach baIIRHASRSSIom. Thus a hole
can be treated as though it was a positive electric charge. For more details consult any elementary book
on modern electronics.
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layer just below the metallic surface. The released charges are swept out of the depletion layer and appear
as a charge in the capacitor formed of the n-type Si and metal with the oxide as the dielectric. The
resulting pulse is amplified and detected. These detectors have an energy resolution of about 25 keV, that
is, they can distinguish the energy of two particles in the MeV range that differ by only 0.025 MeV

B. Lithium-drifted Detectors.

Since g-rays have a much smaller linear energy transfer (LET) than particles they require larger-volume
detectors, which means larger volumes of Ge or Si in which the natural p-type charges have been
neutralized. The element lithium has the property that it can diffuse easily through the Ge and Si crystal
lattice. Lithium is also a donor impurity and so can neutralize the natural p-type lattice. Large cylindrical
crystals of the order of 100 cm?® are coated on their outer surface with Li and, by raising the temperature,
it diffuses (drifts) into the crystal. The rate of diffusion can be controlled so that the resistivity is made
very high. In the case of Ge, the Li will diffuse even at room temperature so these crystals must be kept at
liquid nitrogen temperatures after the drifting is complete; if the temperature is allowed to rise the
detector is ruined. In any case the detectors are operated at liquid nitrogen temperatures to minimize the
thermal noise in the circuit, but the Si(Li) detectors can be warmed without damage. Because of its larger
Z the Ge(L1i) detector is more sensitive. The polarizing voltages, of course, must be much higher than for
barrier detectors to create sufficient field to sweep out the charges; voltages of a few thousand volts are
common.

9.8 Survey and Personal Monitors.

Common survey instruments for a, b, g are based on the ion-chamber. A typical meter (commonly called
a “Cutie-pie™’) is shown in Fig. 9-12. The electronics are designed to measure the current (ion-pairs per
second) and therefore indicate the exposure rate in R/hr and, as discussed in Chapter 9, this is very close
to the dose-rate in rad/hr. They can also integrate the current over some period and read the total
exposure.

For personal monitoring even smaller devices are needed;
one of the earliest is the pocket ionization chamber shown
in Fig. 9-13. The device is about the size of a fat fountain
pen and is a miniaturized version of the gold-leaf
electroscope described in Sec. 9-2. In place of the gold-leaf,
a metallized quartz fibre is used which is attached to a
conducting post. The post is charged by an external power
supply and the fibre is viewed with the built-in microscope.
When initially charged, the device is adjusted so that the
fibre reads zero on the scale. Such monitors are only
sensitive to g-rays but have the virtue that the persons
carrying them can check their radiation dose at any time in ;
the case of possible high fields. N

Fig. 9-12 Portable radiation monitor (Cutie-pie).

Simpler, and less expensive, personal monitors measure

only the integrated radiation dose. Originally these were - g‘l’a‘;gggmg ion -
based on the blackening of a photographic film by the | ‘ 1
" The etymology of this is lost in the secrecy of research durir | . ﬂ O \O O
as it “looks” at 2p steradians of space. ‘ \
Charging post and Insulator * Quartz fibre Scale
quartz fibre support

9-8
Fig. 9-13 Personal ionization monitor.
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radiation. Upon development and measurement of the blackening, along with a suitable calibration, the
integrated dose could be obtained. The use of photographic film has almost completely disappeared and
been replaced by thermo-luminescent detectors.

Certain crystalline materials like CaF and LiF have the property that when radiation makes an e-h pair in
the lattice the separated charges are immobile at room temperature. Continued radiation, then, builds up
an increasing population of separated charge in the lattice. When it is desired to read out the accumulated
charge the crystal is heated; the thermal energy makes the charges mobile. When they recombine, they
emit light that can be detected with a photo detector. The total number of photons, through a suitable
calibration, gives the integrated radiation dose. The heating restores the crystal to its initial condition and
it can be used again.

One version of these ‘badges’ is shown in Fig. 9-14. In this version two crystals are mounted behind
absorbers of 7 and 540 mg/cm?. The former permits measurement of low-energy b-particles and the latter
high- energy b and g-rays. Detectors for neutrons can also be included.

Fig. 9-15 also shows a ring monitor for people whose hands are particularly exposed to radiation, such as
radiochemical or X-ray technicians. These devices also work on the thermoluminescent principle.

Fig. 9-15 Ring monitor.

PROBLEMS.

Fig. 9-14 Personal badge monitor.

Sec. 9.2 Dose-rate Instruments; the lonization Chamber.

9-1. An ionization chamber consists of 10 litres of air at one atmosphere pressure (density = 1.3 kg/m?). The
detector is in a radiation field of 10 uSv/hr (1.0 m rad/hr). What current will be developed in an external
circuit by this chamber?

Sec. 9.3 Pulse Counters

9-2. Show that the mfp of an electron in 1/4 atmosphere of oxygen at 300 K is 9.3x10* mm. The radius of the
oxygen molecule is 1.5x107° m,

9-3. Find the electric field required to accelerate an electron to an energy of 35 eV in 1 mfp.

9-4. For two coaxial cylinders (a = 2x10 mm, ¢ = 1 cm) find the voltage V which produces a field of 10" V/m
at the surface of the inner wire. If the voltage is 2000 V how many mfp's out from the inner conductor is
the field in excess of 10" V/m?

9-5. The neutron capture reaction

B + n fi "Li + “He + 2.8 MeV

is often used to detect slow neutrons in an ionization detector. What are the energies of the Li and He as
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they fly apart? The velocity of the neutron can be assumed to be zero.
Sec. 9.5 Dead Time

9-6. Show that the general solution of Eq. [9-5] is:

1 \/1_cl,z(cl+cz-cl,z)

t=—1-
Co GG,

and that for two nearly equal sources Eq. [9-6] follows (Hint: introduce the average count rate).

9-7. Two small sources are counted with a G-M counter. The first gives 1045 c/s, the second 1185 c/s and

together 2100 c/s. What are the correct count rates of the sources?
Sec. 9.6 Scintillation Counters

9-8. A 1.0 MeV g-ray is completely absorbed in a Th-doped Nal scintillator; the conversion efficiency is 6%.

How many photons of 400 nm light are produced?

ANSWers

9-1 1x1072 A

9-3 3.8x10° V/m

9-4 1240V, 3.5

9-5 1.02, 1.78 MeV

9-7 1110, 1270 counts/s
9-8 2x10*
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CHAPTER 10: SOUND
10.1  Introduction.

he previous chapters have dealt with electromagnetic or charged-particle radiation as found in the

environment. These are not the only radiation fields in the human environment. Sound is also a
radiation field; it is a wave and it also has environmental an health impacts. In this chapter some of the
basic physics of sound fields will be discussed. Since sound is a wave motion some of the previous
discussion of waves in Chapter 2 will be relevant. Sound in air, however, is a longitudinal wave and so
the concept of polarization does not arise.

10.2  Sound Waves.
Sound is the result of the propagation, through a compressible medium (air), of fluctuations of the gas
pressure alternately above and below the average value. Like all wave motion it can be described by:
Wavelength (1), Period (T), Frequency (f = T™), and Speed (v) connected by the relation
v="fl [10-1]

The frequencies of sound, audible to humans, fall approximately in the range 100 Hz to 15 kHz.

The speed of sound in free space, in dry air at standard atmospheric pressure and at 0 C is 331.3 m/s. It
can be shown theoretically that the speed of sound in a gas is given by

_ |RT i
V—qu— [10-2]

where g is the ratio of the specific heats for the gas, R is the molar gas-constant, M is the molecular
weight of the gas and T is the absolute temperature. For air this becomes (see Problem 10-1)

v =20.1(T)"*m/s [10-3]
For a modest range of temperatures around room temperature the approximate relation
v=331.3+ 0.6t m/s [10-4]

where tisin C, is useful (see Problem 10-2).



HUNT AND GRAHAM: RADIATION IN THE ENVIRONMENT

10.3  Sound intensity.

@ If a point source of sound radiates a power P watts then all this power passes through any sphere
of radius r cantered on the source and the intensity * of the sound at distance r is defined as:

| = P/4pr? W/m? [10-5]

As with all waves, the radiation of sound from a point source obeys the ‘inverse-square’ law which
follows from Eq. [10-5].

|1/|2 = (r2/r1)2 [10'6]

Figure 10-1 shows a plane sound wave passing through

a region of air of cross-section area ; the wave Arca i / \
velocity is v. A thin slab of thickness dx and density r S i\v
|
/

is, at this instant, moving as shown with a velocity u. l

-

The kinetic energy of the slab is

KE =Y%mu? = %rdx U2 [10-7] 535—* <« -

Fig. 10-1 Motion of molecules in a sound wave.

The equation for the displacement y of a wave of
amplitude yo, angular frequency w (= 2pf), travelling to the right with speed v is:

y =Yyosinw t—é [10-8]

The velocity of the air (not the wave) is given by the time derivative of Eq. [10-8]

_d
Y -y weosw t- é [10-9]

The total energy E is a constant and is equal to the maximum value of the KE (set cos = 1) so that,
E=Pt=%rdx y’w [10-10]

Dividing the power P by the area  in Eq. [10-10], and noting that dx/dt = v (the wave velocity), gives the
intensity

| = Yary®w?v = 2p°rf 2yv [10-11]

Eq. [10-11] shows that the intensity of the sound is proportional to the square of the amplitude of motion (
Yo) of the air molecules.

Example 10-1.
What is the amplitude of motion of the air molecules in a sound wave that is just at the limit of audibility,

i.e., 107 W/m?, and a frequency of 1000 Hz? The density of air at NTP is 1.2 kg/m®.

! This quantity (Power/Area) was called ‘irradiance’ for EM waves. It is always called ‘intensity’ in the case
of sound.
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107 W/m? = 2p?(1.2 kg/m?)(1000 s™)?y,* (340 m/s)

Yo = 1.1x10"* m = 0.01 nm (1/100 the diameter of a molecule!)

In Eq. [10-11], yo is the amplitude of the motion of the molecules; if ym is the ‘root-mean-square’ value
of the displacement then Eq. [10-11] becomes

| = ry2meW?v = 4p°rf2y2 [10-12]

10.4  Sound Pressure.

It can be shown by a calculation too complex to give here, that there is also a relationship between the
intensity and the amplitude of the pressure variation po; it is:

1l
NP
3|3

[10-13]

In Eq. [10-13] po is the amplitude of the pressure variation; if pms is the ‘root-mean-square’ value of the
pressure variation then Eq. [10-13] becomes:

2
Prms
= 10-14

Sound pressure values are almost always quoted as ‘rms’ values.

Example 10-2.

What pressure variation at 20 C corresponds to the least audible sound with an intensity of 1072
W/m??

From Eq. [10-14]; Prms® = (1072W/m?)(1.2 kg/m?)(340 m/s)

Prms = 20x107° Pa = 20 pPa

Since the variation in the pressure in a sound wave is small, it is measured in micro pascals (abbreviated
uPa); normal atmospheric pressure is 101325 Pa.

10.5 Intensity Level.
Because the range of acoustic intensities that are of interest in noise measurements is about 10*%:1, it is
convenient to relate them on a logarithmic scale, which has a smaller range of numerical values and is
easier to use. At the same time, some calculations are simplified.

This logarithmic quantity is called the intensity-level. It is necessary to express it with respect to a
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reference intensity; throughout, this reference intensity will be 107 watt/m?. When such intensity-levels
are expressed as the logarithm of a ratio of the intensity with respect to a reference intensity, the intensity-
level is said to be measured in units called ‘bels’.? It is usual to express the intensity-level in terms of one
tenth of a bel or a decibel (dB). Then the intensity-level (IL) is defined as

IL = 10 log (1/107%2) dB re 1072 W/m?

[10-15]

where 1 is the acoustic intensity in W/m?, the logarithm is to the base 10, and re means ‘referred to’.

Example 10-3.

>

What is the intensity-level for an intensity of 0.02 W/m?

IL = 10 log (0.02/1072)= 10(-1.7 + 12) = -17 + 120 = 103 dB

Although the decibel is usually thought to be uniquely associated with sound measurements, it is a term
borrowed from electrical communication engineering, and it represents a relative quantity. When it is
used to express sound level, a reference level is always given. For the present, the reference level can be
referred to as ‘0 decibels’, the starting point of the scale of sound levels. This starting point is about the
level of the weakest sound that can be heard by a person with very good hearing in an extremely quiet
location. The sound level in a large office is usually between 60 and 70 decibels. Among the very loud
sounds are those produced by nearby jet aircraft, railway trains, riveting machines, thunder, and so on,

which are frequently in the range above 100 decibels.

The decibel scale can be used for expressing the ratio
between any two intensities. For example, if one
intensity is four times another, the decibel increase is 6;
if one intensity is 10,000 times another, the number is 40
dB. Some typical intensity levels for various acoustic
sources are shown in Fig. 10-2.

No instrument for directly measuring the intensity-level
of a source is available. Intensity-levels can be
computed from sound-pressure measurements which are
discussed in the next section.

10.6  Sound-pressure Level.

It is also convenient to use the decibel scale to express
the ratio between any two sound-pressures. Since sound-
pressure is proportional to the square root of the sound
intensity, the sound-pressure ratio for a given number of
decibels is the square root of the corresponding intensity
ratio. For example, if one sound-pressure is twice
another, the number of decibels is 6; if one sound-
pressure is 100 times another, the number is 40 decibels.

2 Named after Alexander Graham Bell (1847-1922) the in
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1|O

Threshold of hearing ()

«

P

Fig. 10-2 Decibel levels of environmental sounds.
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The sound-pressure can also be expressed as a sound-pressure level with respect to a reference sound-
pressure. For airborne sounds this reference sound-pressure is 20 pPa as shown in Example 10-2 above.

The definition of sound-pressure level (SPL) is
SPL =20 log (pms/20) re 20 pPa[10-16]

where pms IS the root-mean-square sound-pressure in pPa for the sound in question.

Example 10-4.
@ If the sound-pressure is 0.1 Pa, then what is the corresponding sound-pressure level?

SPL =20 log (0.1x10%/20) = 20 log 5000
=74 dB re 20 uPa

10.7  Psycho-acoustical Experiments.

‘Loudness’ concerns the human perception of sound and cannot be measured with any instrument. It is at
this level that experiments using human subjects must be performed in order to establish the connection
between the physical quantities (intensity, pressure, etc) discussed in the previous sections and the human
perception of ‘loudness’. This subject is called ‘psycho-acoustics’.

Scientists and engineers have investigated many aspects of the human reaction to sounds. For example,
they have measured the levels of the weakest sounds that various observers could just hear in a very quiet
room (threshold of hearing or minimum audible field, MAF). They have measured the levels of the sounds
that are sufficiently high in level to cause pain (threshold of pain), and they have measured the least
change in level and in frequency that various observers could detect (differential threshold). They have
also asked various observers to set the levels of some sounds so that they are judged equal in loudness to
reference sounds (equal loudness), and they have asked the observers to rate sounds for loudness on a
numerical scale.

When psycho-acoustical experiments are performed, the resultant data show variability in the judgments
of a given observer as well as variability in the judgments across a group of observers. The data must then
be handled by statistical methods to obtain an average result as well as a measure of the deviations from
the average.

In the process of standardizing the measurement conditions for the sake of reliability and stability, the
experiments have been controlled to the point where they do not duplicate the real conditions encountered
in the everyday world. They are useful mainly as a guide in interpreting objective measurements in
subjective terms, provided one allows for those conditions that seriously affect the result. A conservative
approach in using psycho-acoustical data, with some margin as an engineering safety factor, is usually
essential in actual practice.

10.8  Thresholds of Hearing and Tolerance.

Many experiments have been made of the threshold of hearing of various observers. When young persons
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with good hearing are tested, a characteristic similar to that labelled MAF (minimum audible field) in Fig.
10-3 is usually obtained. This shows the level of a pure tone (single frequency) that can just be heard in
an exceptionally quiet location under free-field (i.e. no echo) conditions as a function of the frequency of
the tone. For example, if a tone having a frequency of 250 Hz (about middle C) is sounded in a very quiet
location, and if its sound-pressure level is greater than 12 dB re 20 pPa at the ear of the listener, it will
usually be heard by a young person (see Fig. 10-3).

The threshold curve (MAF in Fig. 10-3) shows that at low frequencies the sound-pressure level must be
comparatively high before the tone can be heard. In contrast we can hear tones in the frequency range
from 200 to 10,000 Hz even though the levels are very low.

When a sound is very high in level, one can feel very uncomfortable listening to it. The Discomfort
Threshold is at a level near 120 dB in Fig. 10-3. At still higher levels the sound may become painful.

The upper limit of frequency at which we can hear airborne sounds depends primarily on the condition of
our hearing and on the intensity of the sound. This upper limit is usually quoted as being somewhere
between 16,000 and 20,000 Hz. For most practical purposes the actual figure is not important. It is
important, however, to realize that it is in this upper frequency region where we can expect to lose
sensitivity as we grow older. The aging effect (called presbycusis) has been determined by statistical
analysis of hearing threshold measurements on many people. An analysis of such data has given the
results shown in Fig. 10-4. This set of curves shows, for a number of simple tones of differing
frequencies, the extent of the shift in threshold that we can expect, on the average, as we grow older.
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10.9

Equal-loudness Contours and Loudness Level.
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To rate the loudness-level (LL) of a sound, the SPL of simple tones of various frequencies that sound just
as loud, to an observer, as a 1000-Hz tone of a given SPL has been determined. The results of this
determination are given as equal-loudness contours in Fig. 10-3. The number on each curve is the SPL of
the 1000-Hz tone used for comparison for that curve. To use the contours for determining the equally
loud levels at other frequencies, the point on the curve corresponding to the desired frequency is read off
the corresponding sound pressure level as the ordinate. For example, the 60-dB contour shows that a
67-dB level at 100 Hz is just as loud as a 60-dB 1000-Hz tone. We can also interpolate to find that a
60-dB, 100-Hz tone is equal in loudness to a 51-dB, 1000-Hz tone. The corresponding SPL in dB for the
1000-Hz tone has been defined as the loudness level in ‘phons’. Therefore, a 100-Hz tone at a SPL of 60
decibels has a loudness level of 51 phons. Note that the number of phons is not a numerical measure of
absolute loudness. For example it is not the case that a LL of 40 phons is twice as loud as one of 20
phons. The measure of absolute loudness is discussed in Sec. 10.11 below.

Example 10-5
What is the loudness level of a 100 Hz tone with sound pressure of 0.1 Pa?

From Example 10-4, SPL = 74 dB re 20 mPa
Using Fig. 10-3, LL = 66 phon
(That isa 74 dB tone at 100 Hz will sound as loud as a 66 dB tone at 1000
Hz.)

10.10 Sound-level Meters.

The instrument used to measure sound-pressure level, consists of a microphone, attenuator, amplifier, and
indicating meter. It must have an overall response that is uniform (‘flat’) as a function of frequency and
the instrument is calibrated in decibels according to Eq. [10-16].

The apparent loudness that we attribute to a sound varies not only with the SPL but also

with the
frequency (or 0 e —
pitch) of the T -
sound. As a -10 g
| ffurther

* [complication, | 220 V4
~ the way it
\varies with
frequency 0
depends on 1/
the sound-

-5 -
pressure This %0 50 100 200 500 1000 2000 5000 10000
) Frequency (Hz)

Band C

-30

Relative response dB

Fig. 10-5 Sound level meters. effect can be | Fig. 10-6 Sound level meter weightings.

taken into
account to some extent for pure tones by including certain weighting networks in an instrument designed
to measure SPL, and then the instrument is called a sound-level meter. Two typical sound-level meters are
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shown in Fig. 10-5. In order to help in obtaining reasonable uniformity among different instruments of
this type, a standard has been established to which sound-level meters should conform.

The standard for sound-level meters requires that three frequency-response characteristics be provided in
the instrument as shown in Fig. 10-6. These three responses are obtained by weighting networks
designated as A, B, and C. Responses A, B, and C selectively discriminate against low and high
frequencies in accordance with the equal-loudness contours, described in the previous section. Response
A is for sound levels below 55 dB; response B between 55 and 85 dB, and response C for levels above 85
dB. When sounds are measured according to this practice, the reading obtained is said to be the sound
level. Only when the over-all frequency response of the instrument is “flat’ (i.e. C) are sound-pressure
levels measured.

Values derived from the above procedure can be ambiguous or even misleading, and each noise should be
measured with all three weighting networks. For many noises, even this is only preliminary to further
analysis as described in Sec. 10.13.

The weighting networks for the standard sound-level meter are based on the equal-loudness contours
described in the previous section (Compare Figs. 10-3 and 10-6). The ‘A’ and ‘B’ weighting
characteristics in Fig. 10-6 are somewhat like the 40 and 70-phon equal-loudness contours of Fig 10-3,
but with modifications to take into account the usually random nature of the sound field in a room. The
result is that the A and B weightings give a coarse evaluation of our perception of the loudness of a
sound.

10.11 Loudness.

Notice that the equal-loudness contours are just that - contours of equal loudness. They do not constitute a
numerical evaluation of perceived loudness. As was said before “a sound of 40 phon loudness is not twice
as loud as one of 20 phon.”

Although a person may notice that some sounds are louder than others, it is difficult to rate sounds for
perceived loudness on a numerical scale. Experimenters have asked observers to make judgments of the
loudness ratio of sounds, that is, to state when one sound is twice, four times, one-half, etc, as loud as
another. On the basis of such judgments several scales of loudness (L) have been devised, which rate
sounds from “soft’ to “loud” in units of sones. As a reference, the loudness of a 1000-Hz tone with a SPL
of 40 decibels re. 20 pPa (a loudness-level of 40 phons) is taken to be 1 sone. A tone that is perceived to
be twice as loud has a loudness of 2 sones. This scale is approximately represented by the relation

LL-40

L=2 10

[10-17]

This relation means that the loudness in sones doubles for every increase of the loudness-level of 10
phons.

Example 10-6.
One flute plays a note at a frequency of 440 Hz (A above middle C at a sound pressure level at

the ear of a listener of 47 dB re. 20 pPa.
a) what is the loudness level?
b) What is the loudness?
¢) How many flutes would be required to produce a sound of twice this loudness?

10-9
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a) Using Fig. 10-3, LL =50 phons.

b) (LL-40)/10 = (50 - 40)/10 =1

Therefore from Eq. [10-17], L = 2' = 2 sones

c) If L =4 sones = 2(--4000

log 4 = [(LL - 40)/10] - log 2

Therefore LL = 60 phons

Using Fig 10-3, SPL =56 dB

An increase of 56 — 47 = 9 dB corresponds to an intensity ls¢/l,; ratio given by

9 =10 log (Iss/l47), from which Ise¢/1,; = 7.8. Therefore 8 similarly-played flutes will be judged to
produce twice the loudness sensation.

PROBLEMS
Sec. 10.2 Sound Waves.

10-1.  Find the velocity of sound in dry air at 0 and 20 C. For air M = 2.88x107 kg/mole, R = 8.31 J/K/mole and
g=14.

10-2. Show that Eq. [10-4] follows from Eq. [10-2] for small values of t.
Sec. 10.3 Sound intensity; 10.4 Sound Pressure.

10-3.  If atotal energy E = 200 J is received uniformly during a time t = 4 s and spread over an area =5 m?,
what is the intensity?

10-4.  Show that a tone of sound pressure 1 Pa has 10° times more energy than a tone of the same frequency but

having sound pressure 0.001 Pa.

10-5.  If sound of intensity | = 0.01 W/m? falls on a window of area = 3 m?, what is the total power
received? If this continues for an hour, what total accumulated energy arrives? Show that this amount of

energy would be enough to lift a 1 kg mass upward about 11 m.

10-6.  Suppose a sound of intensity | = 10° W/m? falls on a detector of area A = 7-10° m% (That is about the size
of an eardrum, two-thirds of a square centimetre.) What total power P in watts is being received by this
detector? If the sound continues for 10 s, what total amount of energy E in joules is received?

Sec. 10.5 Intensity Level.

10-7.  Asound intensity of 1.2 W/m? can produce pain. What is the decibel equivalent?
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10-8.

10-9.

10-10.

10-11.

10-12.

10-13.

10-14.

10-15.

10-16.

10-17.

10-18.

10-19.

10-20.

10-21.

10-22.

10-23.
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To get a sound intensity of 10° W/m? (that is, one carrying as much energy as bright sunlight), what sound
level IL (in dB) must you have?

What is the intensity | if the intensity level is IL = 40 dB? For 85 dB?
What is the intensity level in dB if the intensity | is 10™° W/m?? If I=4- 107" W/m??
If two sources produce intensity levels of 53 and 66 dB, what is the intensity ratio I/1,?

A loudspeaker draws 10 watts of electrical power from an audio amplifier and converts it to sound at 1%
efficiency. If the speaker acts as a point source (only true for wavelengths > diameter of the speaker) what
is the IL at a distance of 1m?

A loud symphonic passage produces an IL of 70 dB. A person speaking normally produces 40 dB. How
many times as many watts per square metre are there in symphonic sound as in speech?

A rock band produces an average intensity level of 105 dB at a distance of 20 m from the centre of the
band. Assume that the band radiates sound uniformly into a hemisphere; what is the sound power output of
the band?

Given three pure tones with the following frequencies and sound levels: 100 Hz at 60 dB, 500 Hz at 70 dB,
and 1000 Hz at 80 dB. What is the combined sound level of these three pure tones?

A noise is generated by combining 100 identical pure tones. Each pure tone has intensity level 60 dB.
Determine the intensity level of the noise.

Show that the total sound level of n identical pure tones, each at a intensity level of IL dB, is (IL); = 10 log
n+IL dB.

If one violin produces a reading of 75 dB on your sound level meter, show that you should get 78 dB from
two violins playing together under the same conditions. What reading do you expect from 3 violins
together? From 4, 5, and 10? How many violins would it take to produce a reading of 95 dB? How many
for 105 dB?

Consider a sound of intensity level IL; = 70 dB and another (of different frequency) whose intensity level
takes on the series of values IL, = 50, 60, 70, 80, and 90 dB. To the nearest dB, what is the level of the
combined sound in each case? Make a general statement about the combined level for any two sounds
when one is much stronger than the other.

If the maximum possible power output from a trombone is approximately 130 times that from a clarinet,
and the clarinet produces a reading of 76 dB on your meter, what reading will the trombone produce at the
same distance?

You might encounter intensity levels of 85 dB in city traffic and 105 dB at a rock concert. What is the
intensity ratio for these two sounds? What is their amplitude ratio?

Meyer and Angster report (in Acustica, 49, 192, 1981) that violinists playing scales or arpeggios produced
average intensity levels that increased approximately 4 or 5 dB for each dynamic step when instructed to
play at pp, p, mf, f, and ff levels. Describe what change occurred in the acoustic power output at each step.
About how many times as much power was generated at ff as at pp?

If you attend a rock concert wearing earplugs that provide a reduction of 13 dB, what percentage of the
sound energy do they block out?
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10-24. Suppose two instruments, both at the same distance from you, produce readings of 82 and 65 dB on your
sound level meter when played separately. How many times as much power were you receiving from one
as from the other? Without doing any calculations, can you make a close estimate of what the meter will
read with both instruments playing together?

Sec. 10.6 Sound-pressure Level.

10-25. One photocopier produces an SPL of 50 dB at a certain location in an office. What level can be expected
from 4 similar machines at the same location?

10-26. If two sounds differ in SPL by 46 dB, what is the ratio of their sound pressures? their intensities?
10-27. What SPL is required to produce a minimum audible field at 50, 100, 500, 1000, 5000 and 10000 Hz?.
Sec. 10.9 Equal-loudness Contours and Loudness Level.

10-28. What SPL of 100 Hz is required to match the loudness of 3000 Hz with an SPL of 30 db?

10-29. A pure tone of intensity level 60 db and frequency 1000 Hz is mixed with another pure tone of intensity
level 50 db and frequency 1000 Hz. Find the loudness level of this combination.

10-30. A pure tone of frequency 1000 Hz has intensity level 60 db. Find the loudness level produced by two such
tones operating simultaneously.

Sec. 10.10 Sound-level Meters.

10-31. A 60 Hz tone has a SPL of 70 dB measured with C-weighting on a sound level meter. What level would be
measured with A-weighting?

10-32.  What A-weighted SPL would be obtained on a sound level meter for each of the tones in Problem 10-4?

10-12
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Sec. 10.11 Loudness.

10-33.

10-34.

10-35.

10-36.

10-37.

10-38.

A 100 Hz tone has an SPL of 50 db. What is its LL in phons and its loudness in sones? Repeat for an 800
Hz tone at 80 db.

A pure tone of frequency 300 Hz has an intensity level of 60 db. Determine its loudness level and loudness.
To what intensity level must this pure tone be raised in order to increase its loudness to twice the original
value?

The loudness level of a 1000 Hz pure tone is 60 phons. How many such tones must be sounded together in
order to produce a loudness twice that produced by one tone?

Find the difference in intensity of two pure tones at 1000 Hz if one is twice as loud as the other.
The loudness of one pure tone at 1000 Hz is twice that of another. What is the ratio of the energies?

If the energy of a pure tone at 1000 Hz is increased 1000 times, how much is the loudness increased?

Answers

10-1.
10-3.
10-5.
10-6.
10-7.
10-8.
10-9.

332, 344 m/s

10 W/m?

108 J

7x1071°]

121 dB

150 dB

1x107® W/m?, 3x10™* W/m?

10-10. 20 dB, 56 dB

10-11. 20

10-12. 99 dB

10-13. 1000

10-14. 80 W

10-15. 80.5dB

10-16. 80 dB

10-18. Last-1000

10-19. 70, 70, 73,---

10-20. 97 dB

10-21. 100, 10

10-22. 40 - 100

10-23. 95%

10-24. 50, 82 dB

10-25. 62 dB

10-26. 200, 200°

10-27. 43 db, 27 db, 7 db, 5 db, 0 db, 15 db

10-28. 48 db

10-29. 60.4 phons

10-30. 63 phons

10-31. about 40 dB

10-32. 31 db, 80 db
10-33. 38 phons, 0.9 sones, 82 phons, 18 sones
10-34. 63 phons, 4.92 sones, 69db

10-35. 10°
10-36. 10 dB

10-37. 10 times

10-38. 8 times
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CHAPTER 11: ACOUSTICS AND
ENVIRONMENTAL NOISE

11.1 Introduction

N oisy devices and a noisy environment interfere with our sleep, our work, and our recreation; very
intense noise may cause temporary or permanent hearing loss. The level of noise we encounter is
affected by the nature of our surroundings; are we in a large auditorium or a small room; are the walls of
the room soft or hard; are the windows open? The growth, decay, and steady-state level of sound in
enclosures is part of the large subject of room-acoustics, and will be examined first in this chapter at a
very elementary level. The adverse effects of noise are reasons that lead to the measurement of noise, and
attempts at quieting. In order to make the most significant measurements and to do the job of quieting
most efficiently, it is clearly necessary to learn about the effects of noise.

Unfortunately, not all the factors involved in annoyance, interference, and hearing loss are known at
present, nor are we yet sure how the known factors can best be used. All of the discussion in Chapter 11
has been for measurement and perception of pure tones (i.e. single frequencies). Noise usually comprises
a spectrum of frequencies and introduces new complexities and uncertainties.

11.2  Absorption of Sound

When sound waves fall on a surface, some of the energy is absorbed and some is reflected as is the case
for any wave. The fraction a of the intensity which is absorbed is called the acoustic absorptivity. For
example the value of a for an open window is 1. For a wall with a total area  the total absorption a is:

a= a [11-1]

If a room is made of surfaces of various areas 1, , --- ieach with absorptivities a;, a,, --- a; then the
total acoustic absorption is given by

ar = S idi [11-2]

Notice that, since the values of a are dimensionless the units of sound absorption are m? (area). The
absorptivities for various surfaces for a sound field incident on the surface from all directions are given in
Table 11-1. It is found that the value of a depends not only on the nature of the surface, but also on the
frequency of the sound, with a usually increasing with the frequency.

TABLE 11-1 Sound Absorption Coefficients
Material Frequency (Hz)

128 512 2048
Open window 1 1 1
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Brick (unpainted) 0.024 | 0.031 0.049
Glass 0.035 | 0.027 0.020
Poured concrete 0.010 | 0.016 0.023
Pine wood sheathing 0.098 | 0.010 0.082
Plaster on wood lath 0.024 | 0.039 0.043
Carpet (lined) 0.10 0.25 0.40
Draperies 0.05 0.35 0.38
Example 11-7

A room has dimensions 5 m x 10 m x 3 m high. One long wall is brick and the others along with
the ceiling are plaster on wood lath; the floor is lined carpet. The brick wall has one casement
window 1% m high and 1 m wide which can be completely opened. What is the total absorption of this
room, with the window open, at a frequency of 512 Hz and what is its average absorptivity?

Ceiling 5x10x0.039 = 1.95 m?

Walls, Ceiling (Plaster) (10x3 + 2x5x3)x0.039 = 2.34 m?
Brick Wall — Window (3x10 - 1.5x1)x0.031 =  0.88 m?

Floor 5x10x0.25 = 12.5 m?
Window (open) 1.5x1x1 = 15 m?
Absorption a 19.17 m?

Total area 2x(5x10 + 5x3 + 10x3) = 190 m?
Average absorptivity @ =19.17/190 =0.10
That is, the room treats sound as if its entire surface absorbs 1/10 of the sound falling on it.

Alternatively the room behaves as if it had perfectly reflecting walls but 1/10 of the area was
taken up by holes.

11.3  Growth and Decay of Sound in a Room

When a steady sound source is turned on in a room, the acoustic energy density builds up until
equilibrium is established whereby the source is supplying energy at the same rate that the walls and
contents are absorbing it. If the sound source is turned off then the sound energy density will decay over
some time.

If the energy arriving per unit time per unit area of wall surface (i.e. the intensity) is | and the
instantaneous acoustic energy density (energy per unit volume) in the room is e, then as is shown in the
Appendix to this Chapter,

| = Yaev [11-3]

where v is the sound velocity. The total energy absorbed per unit time by a wall of surface area is:
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[11-4]

where a is the mean absorptivity defined in the previous section.

The steady-state is achieved when the energy supplied is equal to the energy absorbed, i.e.,

E-Vieova

from which,

€ = 4Elva

0 [11-5]

[11-6]

This expression is true for the real walls of a room but also for any virtual surface that we might imagine
anywhere in the room. Therefore the steady-state acoustic intensity in the room is given by

lg = Vaggv = E/la

[11-7]

We can also determine the way in which the sound builds up, and how it decays away after switching the
sound source first on and then off. During build-up the input of sound energy is greater than its rate of
absorption. If is the volume of the room then,

de

ev

—=E-—a [11-8]
dt 4
or
4. Nz =€ [11-9]
dat 4
This is a well-known differential equation with the solution®
4E o
e=——1-¢e * [11-10]
va
Using Eq. [11-6] this can be written:
va
e=¢6 1-e * [11-11]

or, since | is proportional to e,

va

- t
I=1,1-¢e 4

[11-12]

The growth of the sound intensity is shown

!t is identical to the equation for the curren
for the solution.

[

Fig. 11-1 Growth and decay of the sound field in a room.

Sound switched on

ity

1-3 Sound switched off
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in the first part of Fig. 11-1.

Example 11-2
How long does it take for sound to build up to 95% of the steady state intensity in the room of

Example 11-1?

=5x10x3 =150 m®

=190 m?
a =0.10
_340(0.10)190,
I— =095=1-¢ %159 =1 - g-1184t

I0

e 118 =1.0.95=0.05
-11.84t=1n 0.05=-3.0
t=0.25s

When the sound is switched off then E = 0 and the differential equation becomes:

d _

€. %z =0 [11-13]

dt 4
which has the solution

_v§t
e=ge 4
or,
_VE
=1, 4 [11-14]

which is shown in the second half of Fig. 11-1 and is related to the reverberation time discussed in the
next section.
11.4  Reverberation Time

Reverberation time T, is defined as the time for a steady-state sound to decrease by a factor of 10° or 60
dB.? Using Eq. [11-14]

from which
T,=0.163 /a [11-15]

2 The loudest crescendo of an orchestra is about 100 dB; the ambient noise in an empty auditorium is
about 40 dB. Therefore a 60 dB (100 — 40) criterion for the decay of sound is reasonable.
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which is known as the Sabine formula.®

Example 11-3
What is the reverberation time of the room in Example 11-1?

=150 m?
=190 m?
a =0.10

T, = 0.163x150/(0.10x190) = 1.3 5

A reverberation time of 1.5 to 2.5 s is ideal for general purpose auditoriums. Reverberation time is an
important consideration in concert halls and lecture rooms etc. It can also be important in many work
places as an excessive reverberation time can make comprehension of speech difficult and permit an
unnecessary build-up of the ambient sound field. On the other hand some people find a very ‘dead’ room
(short T;) unpleasant and claustrophobic. Eq. 11-15 clearly shows that T, is decreased by increasing a ,
i.e. by installing sound absorbent material.

The simple theory presented above gives crude but useful results. More exact theories have been
developed and can be found in more advanced treatises on architectural acoustics.

11.5 Loudness-level Calculations from Noise Measurements.

If the sound to be measured is known to be a simple tone (single frequency), the procedure for
determination of loudness-level (LL) is relatively easy. The sound-pressure level (SPL) and the frequency
() of the tone are determined, and the equal-loudness contours of Fig. 11-3 then indicate the loudness-
level. Since the weighting networks on a sound-level meter approximate two of the equal-loudness
contours, a determination of the weighted meter reading can be used to give an estimate of the loudness-
level of a simple tone. Thus, the sound-level meter reading is approximately the loudness-level when a
simple tone is being measured. The usual weighting that is used on the meter is “A” and the levels are
described as measured in “dBA”.

For any other type of sound, however, the measured sound-level will be lower than the loudness-level.
The error in estimating loudness-level will depend on the type of sound; the error for many noises is more
than 10 phons. For example, if we have a uniform wide-band noise with frequencies from 20 to 6000 Hz
at a level of 80 dB SPL, the sound-level meter would read about 79 dBA, whereas the actual loudness-
level of such a noise is about 100 phons (see problem 11-42). In this case the measured sound-level is not
only misleading, but is farther from the loudness-level than is the SPL. This result, for most noises,
illustrates the fact that we need to know more about a sound than just its SPL or its sound-level. If we
know how the energy in a sound is distributed as a function of frequency we can make a more useful
estimate of its probable subjective effect than we can by knowing just its SPL. One of the ways such
knowledge is used is in the calculation of loudness-level.

® Wallace C. Sabine (1868-1919) American Physicist.
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For steady wide-band noises, a technique developed by
Stevens has been found to give good results. The
sound is divided by an analyzer into frequency bands

covering the audio spectrum. Instruments able to do this
are available commercially and are knowrOasave-
band analyzersone such instrument is shown in Fig.
11-2. It is usual to divide the frequency range into
either octave bands or, one-third octave bands; only the
octave-band case will be discussed hereoétave
bandmeans that the upper frequency of the band is
twice the lower frequency. The central frequehdp
the band is always taken as the geometric mean
frequency, never the arithmetic mean. That is, the upper
;:ggﬂggg of the bari = (2(f;) and the lower Fig. 11-2O0ctave band analyzer.

fi = (f.)/C2. The standard octave bands are defined in Table 11-1.

TABLE 11-1-Standard Octave-Bands

Band# | fi(Hz) |f(Hz) | f.(Hz)
1 22 315 44

2 44 63 88

3 88 125 177

4 177 250 355

5 355 500 710

6 710 1000 1420
7 1420 | 2000 2840
8 2840 | 4000 5680
9 5680 | 8000 11360
10 11360 | 16000 | 22720

In the case of a diffuse-field of wide-frequency noise, the octand-faalyzer is used to measure the
SPLin each of the octave-bands. From these a special linearized versignif-B (the equal-loudness
contours) is used to determine the loudness index in each band. Note thattthewltres not have the
equal-loudness contoursL() plotted in phons, but the absolute loudné3sr( sones. This chart is shown
in Fig. 11-3. (Two copies of the chart are included as Appendix Il fomugmblem solving.) From the
band loudness index a special prescription is used to determine theudtedds in sones and the
loudness level in phons. The procedure and the calculating prescription are as follows:

1. Mark the value of; for each band on the abscissa of the chart in Fig. 11-3.
2. From theSPLof each band determine the loudness indgxf each band.
3. Find the total loudneds using:

Li=Ln+0.36L-Ly) [11-16]

wherelL,, is the largest of the loudness indices of all the bands. The fa8tor Us
unique to octave-bands; if other band-widths are used (e.g., 1/3 octave

4 S.S. Stevens, Procedure for Calculating Loudness: Mark VI. J. Acoust. Soc. Am. 33 pp 1577-1585,
(1961)
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