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Figure 2. Total expenditure on educational institutions as a percentage of GDP (2018)

In per cent
B All tertiary W Primary, secondary and post-secondary non-tertiary
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1. Primary, secondary and post-secondary non-tertiary education includes pre-primary programmes.

Japan

Finland
Ireland

EI.IEE

Russan Federation

Countries are ranked in descending order of total expenditure on educational institutions as a percentage of GOP

Source: OECD (2021), Table C2.1. See Source section for more information and Annex 3 for notes
(https:/fwww oecd.org/education/education-at-a-glance/EAG2021_Annex3_ChapterC.pdf).
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Physics Enrollment in US High Schools,
1987 to 2019
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*Intervals between years of study range from three to six years.

AP American Institute of Physics aip.org/statistics



Physics-Taking and Physics Availability in US High Schools,

1987 to 2019
Proportion of Seniors Attending
School Where Physics is Offered...
School
Year Physics-Taking Rate® | Every Year Every Other Year Rarely or Never
1986—87 20% 91% 5% 4%
1996-97 28% 94% 2% 4%
2004-05 33% 93% 3% 4%
2008-09 37% 92% 4% 4%
2012-13 39% 91% 3% 6%
2018-19 42% 84% 9% 7%

* The physics-taking rate is the proportion of seniors who will have taken at least one physics class prior to graduation.

AIP American Institute of Physics aip.org/statistics
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I

How well did this textbook work for this course?

Mot very well or
Course: Mot well at all
Regular Physics 5%

Conceplual Physics
(Hewitt ! Addison-Weslay)
in=326)

Physics: Principles with
Applications

{Giancoli / Prentice Hall)
{n=90)

Holt Physics

(Serway, Faughn / Holt
McDougal)

in=71]

Phiysics Principles and
Problems

(Zitzewitz | McGraw Hill)
(=318

Ratings based on a four-point scale: Quite well, Somewhat well, Not very well, Not well at all
Differences ara not statistically significant
http:/f'www.aip.org/statistics
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FIGURE 25-37 This X-ray
diffraction pattern is one of the first
observed by Max von Laue in 1912
when he aimed a beam of X-rays at

a zinc sulfide crystal. The diffraction

pattern was detected directly on a
photographic plate.

FIGURE 25-38 X-ray diffraction by

a crystal.

Investigations into the nature of X-rays indicated they were not charged par-
ticles (such as electrons) since they could not be deflected by electric or magngtic
fields. It was suggested that they might be a form of invisible light. Howevgr,
they showed no diffraction or interference effects using ordinary gratings.
Indeed. if their wavelengths were much smaller than the typical grating spacing
of 10°°m (= 10° nm). no effects would be expected. Around 1912, Max von Laue
(1879-1960) suggested that if the atoms in a crystal were arranged in a regular
array (see Fig. 13-2a). such a crystal might serve as a diffraction grating for very
short wavelengths on the order of the spacing between atoms, estimated to be
about 107"m (= 107" nm). Experiments soon showed that X-rays scattered
from a crystal did indeed show the peaks and valleys of a diffraction pattern
(Fig. 25-37). Thus it was shown, in a single blow, that X-rays have a wave nature
and that atoms are arranged in a regular way in crystals. Today, X-rays are
recognized as electromagnetic radiation with wavelengths in the range of about
107 nm to 10 nm, the range readily produced in an X-ray tube.

*X-Ray Diffraction

We saw in Sections 25-7 and 25-8 that light of shorter wavelength provides
greater resolution when we are examining an object microscopically. Since
X-rays have much shorter wavelengths than visible light, they should in principle
offer much greater resolution. However, there seems to be no effective material
to use as lenses for the very short wavelengths of X-rays. Instead, the clever but
complicated technique of X-ray diffraction (or crystallography) has proved very
effective for examining the microscopic world of atoms and molecules. In
a simple crystal such as NaCl, the atoms are arranged in an orderly cubical
fashion, Fig. 25-38, with atoms spaced a distance d apart. Suppose that a beam of
X-rays is incident on the crystal at an angle ¢ to the surface, and that the two rays
shown are reflected from two subsequent planes of atoms as shown. The two rays
will constructively interfere if the extra distance ray I travels is a whole number
of wavelengths farther than the distance ray II travels. This extra distance is
2d sin ¢. Therefore, constructive interference will occur when

mA = 2dsin ¢, m = 1,2,3,-, (25-10)

where /m can be any integer. (Notice that ¢ is not the angle with respect to the normal
to the surface.) This is called the Bragg equation after W. L. Bragg (1890-1971),
who derived it and who, together with his father, W. H. Bragg (1862-1942),
developed the theory and technique of X-ray diffraction by crystals in 1912-1913.
If the X-ray wavelength is known and the angle ¢ is measured, the distance d
between atoms can be obtained. This is the basis for X-ray crystallography.

*25-12 X-Ray Imaging and

Computed Tomography (CT Scan)

*Normal X-Ray Image

For a conventional medical or dental X-ray photograph, the X-rays emerging from
the tube (Fig. 25-36) pass through the body and are detected on photographic film,
a digital sensor, or a fluorescent screen, Fig. 25-41. The rays travel in very nearly
straight lines through the body with minimal deviation since at X-ray wavelengths
there is little diffraction or refraction. There is absorption (and scattering), how-
ever; and the difference in absorption by different structures in the body is what
gives rise to the image produced by the transmitted rays. The less the absorption,
the greater the transmission and the darker the film. The image is, in a sense,
a “shadow” of what the rays have passed through. The X-ray image is not pro-
duced by focusing rays with lenses as for the instruments discussed earlier in
this Chapter.

*Tomography Images (CT)

In conventional X-ray images, a body’s thickness is projected onto film or a
sensor; structures overlap and in many cases are difficult to distinguish. In the 1970,
a revolutionary X-ray technique was developed called computed tomography (CT),
which produces an image of a slice through the body. (The word tomography
comes from the Greek: tomos = slice, graph = picture.) Structures and lesions
previously impossible to visualize can now be seen with remarkable clarity. The
principle behind CT is shown in Fig. 25-42: a thin collimated (parallel) beam of
X-rays passes through the body to a detector that measures the transmitted
intensity. Measurements are made at a large number of points as the source and
detector are moved past the body together. The apparatus is then rotated slightly
about the body axis and again scanned; this is repeated at (perhaps) 1° intervals
for 180°. The intensity of the transmitted beam for the many points of each scan,
and for each angle, is sent to a computer that reconstructs the image of the slice.
Note that the imaged slice is perpendicular to the long axis of the body. For this
reason, CT is sometimes called computerized axial tomography (CAT), although
the abbreviation CAT, as in CAT scan, can also be read as computer-assisted

tomography.

Video monitor

mpuler

/
Collimator

N e

Franklin in the carly 1950s. The.
of spots suggested that DNA is a |

X)eHysics appLIED
Normal X-ray image

dcauTiOoN
s Normal X-ray image is
a sort of shadow
(no lenses are involved)

FIGURE 25-41 Conventional X-ray
imaging, which is essentially
shadowing.

X)puysics appLIED
Computed tomography images
(CT or CAT scans)

FIGURE 25-42 Tomographic imaging: the
X-ray source and detector move together
across the body, the transmitted intensity
being measured at a large number of

points. Then the “source-detector™ assembly
is rotated slightly (say. 1°) around a vertical
axis, and another scan is made. This process
is repeated for perhaps 180°. The computer
reconstructs the image of the slice and it is
presented on a TV or computer monitor.

*SECTION 25-12 X-Ray Imaging and Computed Tomography (CT Scan) 735
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FIGURE 309 Radiocactive nuclei
decav one by one. Hence, the
number of parent nuclel in a sample
is continually decreasing. When a
3 nucleus emits an electron (b,
the nucleus becomes a l?N nucleus.
Another decays in ().

N (=10
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The number of decays that occur in the short time interval Ar is designated AN
because each decay that occurs corresponds to a decrease by one im the number A
of parent nuclei present. That is, radioactive decay is a “one-shot” process, Fig. 300-9.
OInce a particular parent nucleus decavs into its daughter, it cannot do it again.
Exponential Decay

Equation 30-3a or b can be solved for &V (using calculus) and the result is

N o= Nye M, (30—4)
where &, is the number of parent nuclei present at any chosen time r = 0, and &
is the number remaining after a time . The symbol ¢ is the natural exponential
(encountered earlier in Sections 19-6 and 21-12) whose value is ¢ = 2. 718---,

Thus the number of parent nucleil 1 a sample decreases exponentially in time.
This is shown in Fig. 30—10a for the decay of '2C. Equation 30—4 is called the
radioactive decay law.

4.0 = 1001

= 102

2.0 = 10 o

Decays per second, ANAY
|

?J\rl-l_ : I

[

T"'"rn - — A

TNy T +

1] t + 1 0 1 i +
[1] 5730 11 80 L7, 190 0 3730 11460 17 1t
Time,  (vr}) Time, §r {(yr)
{a) (b}

FIGURE 30-10 {a) The number & of parent nucled in a given sample of e decreases exponentially.
We assume a sample that has N, = 1.y 107 nuclei. (b} The number of decavys per second also

decreases expo

nentially. The half-life of YA iz 5730 yr. which means that the number of parent

nuclei, &, and the rate of decay, AMNSAT, decTease by hall every 5730 yr.

The number of decavs per second, or decay rate R, is the magnitude of AN /SAF,
and is also called the activity of the sample, The magnitude (always positive) of a
quantity is often indicated using vertical lines. The magnitude of AMN/Ar is written
[ AN/ A and it is proportional to N (see Eq. 30—-3b). So it too decreases expo-
nentiallv in time at the same rate (Fig, 30—-10b). The activity of a pure sample at
time f is

AN
R = ) Rye M, {30—5)
where R, = |ANSA, is the activity at ¢ = 0O,

Equation 30-5 is also referred to as the radioactive decay law (as is
Eq. 30—4).
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P Physics at work: Particle accelerators Annihilation

Y Why does antimatter not last long? As soon as an antiparticle
meels ils particle, the two destroy each other. Their mass
is comverted to energy. This is called annihilation.

Particle physicists can create new particles by colliding other particles
logether. To do this, the colliding particles need Lo be given large
amounts of energy by an accelerator. Accelerators use electric fields
to accelerate particles such as protons o ﬁl'll:'rgiﬁS much Greateyr than
the 2000 eV of the electron gun on page 321

For example, when an electron and a positron collide,
they annihilate, producing two vy-ray photons of energy

Linear accelerator or ‘linac’ 1. 2. 3 ara accaleration alectrodas = + "t = 204
This accelerates partickes in a straight line: —ry . i
The cindrical electrodes are connected to an aliernating supply e target
i = C g = L Source [ F T . 1 r . e Frue “ G ]
s0 that they are alternately positive and negative.  The frequency 2 Why are two phU;IJm produced ? One photon could conserve
of the p.d. Is set sa that as the partickes emerge from each " . charge and mass/energy. But mementum must alse be conserved,
z P, 15 S20 S0 al as " WS e L] e ---fH5-----1f -~ -
electrode they are accelerated across the next gap. 1 3 . a:‘u.d fr.-_r I?'.a.1 1_“ h.=:.|11':<=:!'|. fwa |.1hn1nr-..-."an?. :‘uf.'-:edr!d.- u .
Why do the electrodes get progressively longer? To keep in step - I an electron and positron with the same speed collide head-on,
! WALEUMM the total momentum before the collision is zero.

with the alternating p.d.. the particles must take the same time to
travel through each electrade. As the particles get faster the tubes A linsar acceleranor
must get longer. The accelerator may be 3 km long!

A linear accelerator can accelerate electrons to about 30 GeW.

For zero momentum after the collision, we must have two identical
photons moving in opposite directions.

When sufficient energy is available. annihilation can produce
short-lived particles. The energy is converted back into matter.
This 15 how new particles are created in accelerator experiments.

Cyclotron
M cyclotron consists of two semicircular metal 'dees’ separated by altemating supply
a small gap. When a charged particle enlers the cyclotron, e
a perpendicular magnetic field makes it move along a circula
path at a steady speed. Each time the particle reaches the gap
between the dees, an allernating p.d. accelerates il across

Example 1

An electron and positron with negligible kinetic energy annihilate and produce two identical y-ray photons,
Calculate a) the energy released and b} the frequency of the vy-photons.

The lorce on a moving charged particle in a magnetic field is Fesl mass of an electron = 9.11 » 10731 kg h=663% 10*Js c=3.00 % 10° m &)
given by F = B Q v (see page 264). Since this provides the

centripetal force (F = m u2,fr_ see page S0), we can write: targel (a) Using Einstein's equation {see page 375),

m o BOr @H E=mec? = (2911 % 10 3 kg) = (300 x 0¥ ms1)% =164 x 1013 J

—_— = By N I = — D-shaped T

r m chambar ¥ (k] Using Planck’s equation E = hf (see page 328), ]
This chows that the welocity is proportional to the radius, so as the : 1 : = E = ® 1.64 x 10 13 g -
particles get faster they spiral outwards, The time spent in each e e e e e el e L Energy of each photon = £ < 1.64 = 10°2J . f = n = " =1.24 = 10" Hz
dee stays the same (see the coloured box): its semicircular path within each dee? I 6.63 x 10 Jds
5 srnating [T .L L is distance =r mm
S0 the allernating p.d. must reverse every BQ seconds. e — — - o _ B_Q Pair production |
Cyclotrons are used to accelerate heavy particles such as protons This is independent of the speed and radius., Pair production is the opposite of annibilation.  High-energy photons
and o-particles. These can reach energies of about 25 MeV See ako page 265 can vanish, creating particle—antiparticle pairs in their place.
For example, a y-ray can produce an electron—positron pair

Synchrotron
In modern accelerators, particles travel at speeds close to the B o - _I;I'E_ +|:E+

spead of light. At these very high speeds, Einstein's theory of
special relativity (see Chapter 28] is needed to explain the
way in which particles mowve. As particles approach the speed
of light, a constant force does not produce a constant
acceleration — vou cannot use £, = Lmo? in special relativity!

A third particle such as an atomic nucleus or electron is often involved
indirectly. This recoils, carrying away some of the photon energy

The photograph shows the creation of electron—positron pairs at X and Y
in a bubble chamber (see page 359). The tracks are curved due to a
magnetic field. They are shown in green (electrons) and red {positrons).
Motice that the y-ray photons leave no tracks as they are uncharged.

Synchrotrons contain electromagnets which keep the particles
moving in a circle. Regions of electric field at various points P
around the loop give the partiches extra energy, in ‘pushes N
synchronised with the arrival of pulses of particles b

deflecting
magnets

I event X, a third particle is involved. {This is an electron ejected from
thie bubble chamber liguid during the interaction. )
Why are the tracks at X more curved than at ¥'?

Synchrotrons can accelerate particles such as protons to energies Iy r.:l.'urﬁ X the ejected l::li.'L'[:’UrI carries off some of the energy

of more than 1000 GeV N This leaves less energy for the electron—positron pair

ore tha & ) : -

\ A syrchrolran y, The lower the energy (and speed) of the particles produced, the more they
are dellected in the magnetic field. This is why their paths curve more

As the particles gain energy, the magnelic field is increased to
keep them moving in a circle of constant radius.
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P Radioactive decay

Most of the atoms that we find in our world have stable nuclei.
Yet all nuclei (except hydrogen) contain at least two protons,
and the positively charged protons repel each other.

In fact, using Coulomb’s law (page 290) you can show that the
force between two protons 2 x 107> m apart is about 50 N!
So why doesn't the nucleus blow apart ?

The answer is that there is another force between nucleons.
This is the strong nuclear force.

It is about 100 times as strong as the electric repulsive force,
but acts only over very short distances, as shown on the graph:
The strong nuclear force is attractive (at distances greater than
about 0.5 % 10-'% m) and so it holds the nucleons together.
In stable nuclei the effects of these forces are balanced,

but an imbalance makes the nucleus unstable.

The atoms of radioactive materials have unstable nuclel.

In radicactive decay an unstable nucleus attempits to become
more stable by emitting «, B or y radiation.

When an unstable parent nucleus emits an « or f-particle,
It Is left with a different number of protons and neutrons.
This new nucleus is called the daughter nucleus

Alpha-decay

An a-particle is a helium nucleus and is written $He or 3a.

It consists of 2 protons and 2 neutrons,

When an unstable nucleus decays by emitting an a-particle.

it Joses 4 nucleons and o its nucleon number decreases by 4.

Also, since it loses 2 protons, its proton number decreases by 2.

The nuclear equationis: 42X = 273Y + 3He
Note that the top numbers balance on each side of the equation.
So do the bottom numbers.

For example, polonium-208 emits an «-particle and becomes
an isotope of lead (Pb): ”.2?0 = '2‘3“) G ;He

This decay is shown in the diagram:

Every decay of a Po-208 nucleus releases 5.1 MeV of energy.
This energy appears as kinetic energy of the ejected a-particle
and of the daughter nucleus, which recoils.

The a-particle has most of the energy. Can you explain why ?
Think about a massive cannon firing a very small shell

The tiny shell has a much higher velocity than the recolling
cannon and it carries away most of the kinetic energy

Each a-particle from Po-208 has about the same kinetic energy
- almost 5.1 MeV. In fact, nearly all c-emitting nuclides

eject most of their «-particles with a single energy value,

and this energy value is characteristic of the nuclide.

The photo shows some a-particle tracks in a cloud chamber :
364

electrical repuision force
e ————

@@ ucteons
@,.C)nmm

0--0

force decroases rapadly
with distance

strong nuclear force

4ax10% @istance /m

Before 204 Polonium
decay {parert nucleus)

H

After
decay 4= Q
4
2 He a-particle
204
82 (Gaughter nucleus)

a-particle vacks

Beta-decay

Many radicactive nuchides (radionuclides) decay by f-emission.
This is the emission of an electron from the nucleus.

But there are no electrons in the nucleus!

What happens is this: one of the neutrons changes into a proton
(which stays In the nucleus) and an electron (which is emitted

as a B-particle).

This means that the proton number increases by 1, while the
total nucleon number remains the same.

The nuclear equation is: 24X w» 5,Y + e

Notice again, the top numbers balance, as do the bottom ones.
For example, platinum-199 changes to gold-199 by B-decay,
like this:

%Pt » 3Au + Je

This decay is shown in the diagram.

Every decay of a Pt-199 nucleus releases 1.8 MeV of energy.
As with a-decay, this energy appears as kinetic energy.

You might expect all the p-particles from the decay of Pt-199
to be emitted with almost 1.8 MeV of kinetic energy.

In fact this does not happen!

The graph shows that the B-particies from Pt-199 are emitted
with a range of kinetic energies up to a maximum of 1.8 MeV.

How can we explain this spread of energles?

In 1930, Wolfgang Pauli suggested that as the nucleus decays
another particle is emitted in addition to the electron.

The energy released in the nuclear decay is then shared
randomly between the electron and the second particle

This second particle must have no charge and almost no mass.
It is called an antineutrino and given the symbol ¥ ('mu-bar’).

If we include the antineutrino in the equation for pB-decay,
we get:

%Pt @ NAu + Je + Iy
Notice that the numbers on the top, and the bottom, still balance.

All B-emitters produce B-particies with a range of energies up
to a maximum value. This value is characteristic of the nuclide

Gamma emission

Gamma emission does not change the structure of the nucleus,
but it does make the nucleus more stable, because it reduces
the energy of the nucleus.

This is what happens:

A nucleus that has emitted an « or B-particle is often left in an
excited state. It loses its surplus energy by emitting a y-ray.
In the example, aluminium-29 changes to silicon-29 by first
emitting a B-particle and then a y-photon of energy 1.4 MeV:

The energy, and therefore the wavelength, of the y-rays emitted
by a radionuclide are characteristic of that nuclide (see page 344),

rumber of i particles

Before ‘::Plcunum
decay (parent nucleus)

18 energy /Mev

L
T b
< ",',;\\"‘"N

e —
Boparticle

13

poarticle

=) 2.5 Mev
W ; -
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yeay S ‘l-‘ Mev
s :
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B> 'l'bcdeuyemu.a
A dice-atom has a L chance of decay per throw. Similarly :

mdmymtAolcmdbmodldclllhopmbowuy
that an individual nucleus will decay within a unit of time.

Since A is the chance per unit time, its unit is s™1, h™?, day™, etc.

llthtnheof“oraparﬂaﬂumddebOZs !, then
homneowdeachmchshasa02orschmceoideay
In a sample of 1000 nuclei, 200 will have decayed after 1 second.

The value of A is a constant for any particular nuclide.
Can you see that the value of A is zero for a stable nuclide ?

Activity, A

0

£

ﬁ
J‘i
\
<

'Q'

Pz smagines dice-
atoms with ciferent
decay probabilities.

The activity A of a source is the number of its nuclei that decay in unit time,

Since each decay produces ionising radiation, the activity of a source also
tells you the number of ionising particles that it emits in unit time.
Activity can be measured in decays per hour, per day etc., but

the Sl unit of activity is the becquerel
quhmacﬂmyo!Idmypumd 1Bg=1s1

The activity of a sample must depend on the decay constant A of the nuclide.
The greater the probability of decay, the more nuclei that decay in unit time.
Also, the activity will increase if there are more undecayed nuclel in the sample.

In fact:
%A -MrmaxmdmdeuydmddN
= G
AN
You will see this equation written like this: 7--‘“

AN is the number of nuclei that decay in time At,
andao% is the activity A.
The - sign tells us that N decreases as time passes.

Measuring the decay of protactinium-234

The protactinium emits B-particles which pass through the walls
of the plastic bottle. They are then detected by the G-M tube.
You should record the count rate every 10 s for several minutes.
(Remember to deduct the background count from each result.)

Does this method record the activity of the protactinium?

No, not all the B-particles emitted by the protactinium are detected
and so the count rate is lower than the activity of the source.

If we assume that we always detect the same percentage of the
emitted radiation, the count rate is proportional to the activity.

You will find that the count rate falls, because as time goes by
there are fewer and fewer protactinium nuclel left to decay.

It takes 72 s for the activity to fall to half. After another 72 s
it has halved again. And after another 72 s it halves et again.

A -no.sartxzooooo 60000 s°

protactineum
in & solvont

plastic bottie

UrBam salt solution

A |

experiment.
takes a time ¢} for the number of nuclel to fall from N, to Ny/s.

Can you see It takes the same time for the number of undecayed
nudcltoﬂftomNdzloNoh.andhomNd‘toNds?

The time t} is called the half-life of the radioactive nuclide.
It is the time taken for half the radioactive nuclei to decay.

The half-lives of different radionuclides vary widely, from
fractions of a second up to millions of years,

This graph is an exponential decay curve because the number
of nuclei always falls by the same fraction in the same time.
The equation for this curve is:

where: N = the number of nuclei at time ¢
Ny = the original number of nuclei
A = the decay constant
See also page 484.

N = Nye™

We can also write:

A= AjeM and

since the activity A is proportional to the number of nuclei present (A = AN)
and the recorded count rate C is proportional to the activity (see facing page).

The decay constant and the half life
How does the decay constant of a nuclide affect its half-life ?

The higher the probability of decay A, the more rapidly
the nuclide decays, and so the shorter its half-fife. In fact:

o o.?s

More details are given in the box:

o Take care with the units. If A isins™!, t and ti must be in s.

* The exponential equation no longer applies when only a few
nuclei remain, because of the random nature of the decay.
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