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Unit 1

Section A
Radioactivity and Radiation (1)

Before You Read

Guided Questions

1. Do you know something about the discovery of X-rays?
2. What are alpha, beta and gamma radiations?

3. What is the mechanism of radioactive decay?

In 1895 the German physicist Wilhelm Conrad Roentgen discovered “a new kind of ray”,
emitted by a gas discharge tube, that could blacken photographic film contained in light-tight
containers. He called these rays X-rays in his first announcement in December 1895 — the X
representing the unknown. In demonstrating the properties of X-rays at a public lecture, Roentgen
asked Rudolf Albert van Kolliker, a prominent Swiss professor of anatomy, to put his hand in the
beam and so produced the first radiograph. The first medical use of X-rays was reported in the
Lancet of January 23, 1896. In this report, X-rays were used to locate a piece of a knife in the
backbone of a drunken sailor, who was paralyzed until the fragment was removed following its
localization. The new technology spread rapidly through Europe and the United States, and the
field of diagnostic radiology was born. There is some debate about who first used X-rays
therapeutically, but by 1897, Wilhelm Alexander Freud, a German surgeon, demonstrated before
the Vienna Medical Society the disappearance of a hairy mole following treatment with X-rays.
Antoine Henri Becquerel discovered radioactivity in 1898, and radium was isolated by Pierre and
Marie Curie in the same year.

The first recorded experiment in radiobiblogy was performed by Becquerel when he
inadvertently left a radium container in his vest pocket. He subsequently described the skin
erythema that appeared 2 weeks later and the ulceration that developed and required several weeks
to heal. It is said that Pierre Curie repeated the experiment in 1901 by deliberately producing a
radium “burn” on his own forearm. From these early beginnings, just before the turn of the century,
the study of radiobiology began.

Alpha, Beta and Gamma Radiations

Alpha radiation (a) was shown by Rutherford and Royds to consist of helium nuclei which
consist of two protons and two neutrons. These four particles are bound together so tightly that
the alpha particle behaves in many situations as if it were a fundmental particle. An a-particle has
a mass of 4 U and carries two units of positive charge.

Beta radiation (B) consists of high speed electrons which originate in the nucleus. These
“nuclear electrons” have identical properties to the atomic electrons, that is they have a mass of
1/1 840 U and carry one unit of negative charge. Another type of beta radiation was discovered



by C. D. Anderson in 1932. This radiation consists of particles of the same mass as the electron
but having one unit of positive charge, and is known as positron radiation. Although less
important from a radiation protection viewpoint than negative P-particles, a knowledge of
positrons is necessary in order to understand certain radioactive decay mechanisms. Beta
radiation is signified B~ (electrons) or B* (positrons). In everyday use the term beta radiation
normally refers to the negative type.

Gamma radiation (y) belongs to a class known as electromagnetic radiation. This type of
radiation consists of quanta or packets of energy transmitted in the form of a wave motion. Other
well-known members of this class of radiation are radio waves and visible light. The amount of
energy in each quantum is related to the wavelength of the radiation. It is found from experiment
that E =<1/4 where E is the energy of the quantum or photon of electromagnetic radiation and 4 is
its wavelength.

The wavelength of electromagnetic radiation varies enormously. All electromagnetic
radiations travel through free space with the same velocity of 3 x 10% m/s (186 000 miles/s).
Their velocity decreases in dense media but for air the decrease is negligible.

Another class of electromagnetic radiation which is in most respects identical to y-radiation
is known as X-radiation. The essential difference between the two types of radiation lies in their
origin. Whereas y-rays result from changes in the nucleus, X-rays are emitted when atomic
electrons undergo a change in orbit. )

For example: in the cathode ray tube of a television receiver, electrons are accelerated from
the electron gun to the screen through an electrical potential of about 10 000 volts. The electrons
therefore have energy of 10 000 eV when they strike the screen. The electronvolt is a very small
unit so radiation energies are usually expressed in kilo electronvolt (1 keV = 1 000 eV) or mega
electronvolt (1 MeV =1 000 000 eV).

Even if the radiation being considered is not beta (electron) radiation, it is still possible to
use the electronvolt as a unit of energy. The energy of a particle depends on its mass and speed, e.g.
a particle of mass m travelling with velocity v, much smaller than the velocity of light, has kinetic
energy (Ex)

Ex=1/2 mv*
(a correction is necessary for particles having velocities approaching the velocity of light). A
small particle such as an electron requires a much higher velocity than, say, an a-particle to have
the same kinetic energy.

In the case of electromagnetic radiation, the energy is inversely proportional to the
wavelength of the radiation. Thus radiations with short wavelengths have higher energies than
radiations with longer wavelengths.

The Mechanism of Radioactive Decay

The nuclei of the heavier elements found in nature are so large that they are slightly
unstable. For example, the isotope uranium-238 has 92 protons and 146 neutrons. In order to
achieve greater stability the nucleus may emit an a-particle, so reducing its number of protons



and neutrons to 90 and 144, respectively. This means that the nucleus now has an atomic number
(Z) of 90 instead of 92 and so is no longer a uranium nucleus. It is now an isotope of the element
thorium (Th) with atomic number 90 and mass number 234, namely thorium-234. Another
example of this process is the decay of polonium-218 (*'*Po) by alpha emission to lead-214
(214Pb).

There are more neutrons than protons in heavy nuclei. Alpha emission reduces the number
of each by 2 but the proportionate reduction is considerably less for neutrons than for protons. In
the 28U decay process, the number of protons is reduced by 2 out of 92 whereas the number of
neutrons is reduced by 2 out of 146, which is significantly less. The effect of Alpha emission is
therefore to produce neutron-rich nuclei which are still unstable. The nucleus does not simply
eject a neutron (or neutrons) to correct this instability. Instead, one of the neutrons in the nucleus
changes into a proton by emitting a beta particle, i.e. a high speed electron. This phenomenon is
known as beta emission. In the case of **Th, formed by the a-decay of **®U, the nucleus further
decays by P-emission to protactinium-234 (>*Pa). Considering again polonium-218, the
2Bi) which is also unstable and so further o- and B-decay
processes occur until a stable atom is produced.

complete decay is bismuth-214 (

Electrons emitted during B-decay have a continuous distribution in energy, ranging from
zero to a maximum energy Enmax Which is characteristic of the particular nucleus. It is found from
experiment that the most probable beta energy is about 1/3 En.. In most cases, after the
emission of an a- or a B-particle, the nucleus re-arranges itself slightly, releasing energy in the
form of gamma emission.

Two other decay processes should also be mentioned, namely positron emission and
electron capture. In position emission, a proton in the nucleus ejects a positive electron (8*) and
so becomes a neutron. For example, sodium-22 (**Na) by position emission is neon-22 (**Ne).
Electron capture is a process in which an electron from an inner orbit is captured by the nucleus
resulting in the conversion of a proton to a neutron. A re-arrangement of atomic electrons then
causes the emission of X-rays.

Natural Radioactive Series

Apart from *’Na, the above examples of radioactive decay are all naturally-occurring
radioactive substances and belong to the so-called natural radioactive series. There are three
natural radioactive series, called the thorium, uranium-radium and actinium series. In addition,
the neptunium series does not occur in nature because the half-life of its longest-lived member is
only 2.2 x 10° years which is much smaller than the age of the Universe (3 x 10° years). These
four series are called the heavy disintegration series.

Induced Radioactivity

Lighter elements may be made radioactive by bombarding them with nuclear particles. One
example of this is the bombardment of a stable nucleus of an element by neutrons in a nuclear
reactor. If a neutron strikes a nucleus it may be absorbed and a gamma photon emitted. Such a
process is known as a neutron, gamma (n, y) reaction. The resulting atom is normally unstable



because of the excess neutron and will eventually decay by p-emission.

Thus if the stable isotope cobalt-59 is bombarded or irradiated with neutrons, atoms of the
radioactive isotope cobalt-60 are produced. These atoms will eventually undergo B-decay and
become atoms of the stable isotope nickel-60.

New Words

1. physicist ['fizisist] n. expert in or student of physics #JE¥ %, WYiLH

2. ray [rei] n. narrow beam or line of light or other radiation $f£%, Jt2k, [NIL

3. radiograph ['reidiougra:f] n. JEU AR, BUHRAREG v. FIST LB A radiography n. ST (X H4k) A

R, HAREY

4. Lancet ['la:nsit] n. GEE) #iH )&

5. paralyze ['peeralaiz] v. affect (sb) with paralysis {##E8s, 1 BRE

6. diagnostic [,daieg'nastik] a. used in diagnosis 2 Wi, ¥EHIH

7. radiology [ireidi'oled3i] n. JRETE%, BUTEE

8. therapeutically [,Bero’pju:tikali] a. JG57 M, HEHRIT L

9. surgeon ['so:d3an] n. FMEIEA (BEIT)

10. mole [maul] n. small permanent dark spot on the human skin 2%%, BE/R; hairy ~ £5E

11. radioactivity [‘reidiousek tiviti] n. spontaneous emission of radiation, either directly from unstable atomic
nuclei or as a consequence of a nuclear reaction JF5T¥:, BURERS, M6 S, MEHHEER

12. radium ['reidjem] ». a rare, brilliant white, luminescent, highly radioactive metallic element [{t] £ (Ra),
88 SLE

13. radiobiology ['reidieubai‘oledzi] n. U (B4 £9%

14. cobalt [kau'ba:lt] n. a trace element, atomic symbol Co, atomic number 27, and relative atomic mass 58.93
]

15. inadvertently ['inad've: tantli] ad. by accident; unintentionally 1Bk, k& Hb

16. erythema [,eri'8i:ma] n. abnormal redness of the skin due to capillary congestion ZLBf

17 ulceration [Alsa’reifan] n. open sore containing poisonous matter on the outside of the body or on the
surface of an internal organ %% (JERK)

18. forearm ['foiraim] n. BIE

19. radiation [reidi'eif an] n. &5, W4

20. helium [*hi:ljam] r. a noble gas with the atomic symbol He, atomic number 2, and relative atomic mass
4.003 &

21. nucleus ['njuzklies] n. [R-Fi%, &%, MH%; pl nuclei

22. positron ['pozitron] . a positively charged particle having the same mass and magnitude of charge as the
electron and constituting the antiparticle of the electron IF B F

23. neutron ['nju:tron] n. an electrically neutral subatomic particle in the baryon family, having a mass 1 839
times that of the electron, stable when bound in an atomic nucleus, and having a mean lifetime of
approximately 1.0 x 10 seconds as a free particle 17

24. particle ['pa:tikl] n. ¥iF, kL, &, RDE



25.
26.

217.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.

39.
40.

41.

42.
43.

45.

47.

48.
49,

50.

51.

52.
53.

atomic [o'tomik] a. JRFHI, T HER
charge [tfa:d3] n. Bf, ff, FH, Hf, A negative ~ HLEHF, BHEAT; positive ~ IFHLAT, PHE
r
quantum ['kwontem] n. BF, ¥(&; pl. quanta.
radioactive ['reidiau’sektiv] a. exhibiting radioactivity HTE K, HIESTEER
decay [di'kei] v. to break down into component parts, rot /&%, ¥k, F2; radioactive ~ HETHEEEE
electromagnetic [ilektrau'maegnitik] a. HLRERY
wavelength ['weivien8] n. #
photon ['fauton] n. J&F
velocity [vi‘lositi] n. #EE
emit [I'mit] v. give or send (sth) out, discharge %, K4t
orbit ['0:bit) n. 31i#, ¥, IE, RE
cathode ['keeBoud] . negative electrode AR, fiik
volt [veult] n. {R[4F)
electronvolt (eV) [ilektronvault] n. B ¥ 4R ; kiloelectronvolt (1 keV = 1 000 eV) FHF4R;
megaelectronvolt (1 MeV = 1 000 000 eV ) JkF B F 4R
mass [mees] n. JH&E
isotope ['aisetaup] n. one of two or more forms of a chemical element with different relative atomic mass
and different nuclear properties but the same chemical properties [F]{7 &
uranium [jus’reinjam] x. a silvery heavy radioactive polyvalent metallic element 4 (U), 92 S 5%
Z [zed, zi:] n. atomic number BT FE¥
thorium ['82:riem] n. a radioactive metallic element that occurs combined in minerals and is usually
associated with rare earths && (Th), 90 £ 7t&
polonium [pa'launiam] ». a radioactive element, atomic symbol Po, atomic number 84, and relative atomic
mass of the isotope with the longest half-life (*®Po) is 208.98 %}

lead [li:d] n. a metallic element, atomic symbol Pb, atomic number 82, and relative atomic mass 207.2 #

- protactinium [,prautaek’tinieam] . a radioactive element, atomic symbol Pa, atomic number 91, and relative

atomic mass 231 %

bismuth ['bizma0] n. a metallic element, atomic symbol Bi, atomic number 83, and relative atomic mass
208.98

emission [i'mif an] n. sending out or giving off K, H4t, #f, K75; positon~ IE (FH) 7 RE
neon ['ni:en] n. a noble gas with the atomic symbol Ne, atomic number 10, and relative atomic mass 20.18
bl

actinium [sek’tiniam] 7. a radioactive element, atomic symbol Ac, atomic number 89, and relative atomic
mass 227.0278

neptunium [nep‘tju:niam] ». a radioactive element, atomic symbol Np, atomic number 93, and relative
atomic mass 237 &

disintegration [dis.inti’greif an] n. breaking into small parts or pieces 2%, FLAE, BifR, B4, Byar
bombard [bom'ba:d] v. attack (a place) with bombs or shells, (physics) direct a stream of high-speed



particles at (an atom, etc.) 3% 7; bombardment n.
54. irradiate [i'reidieit] v. send rays of light upon sth f&5f, FEME

55. nickel ['nikl] n. a trace element, atomic symbol Ni, atomic number 28, and relative atomic mass 58.69 42

Phrases and Expressions

1. Wilhelm Conrad Roentgen (1845 — 1923): German physicist, a recipient of the first Nobel Prize for Physics, in
1901, for his discovery of X rays, which heralded the age of modern physics and revolutionized diagnostic
medicine

2. Antoine-Henri Becquerel (1852 — 1908): discovered natural radioactivity, awarded (with Pierre Curie and Marie
Curie) 1903 Nobel prize for physics

3. Marie Curie (1867 — 1934): Polish-born French chemist, distinguished types of radiation in radioactivity (a
term she coined in 1898), discovered (1898) polonium and radium, awarded 1911 Nobel prize for chemistry
for this discovery and for isolation of pure radium; Pierre Curie (1859 — 1906): husband of Marie, French
chemist, conducted research on various forms of magnetism; awarded (with Marie Curie and A. H. Becquerel)
1903 Nobel prize for physics for work on radioactivity

4. Ernest Rutherford (1871 ~ 1937): 1st Baron Rutherford of Nelson, British physicist, awarded 1908 Nobel
prize for chemistry for discovering that radioactive elements change into other elements

5. Carl David Anderson (1905 ~ 1991): American physicist, awarded (with Victor Hess) 1936 Nobel prize for
physics for discovering the positron; confirmed existence of mesons

6. gas discharge tube SAMBE

7. photographic film MR H, BHEKHA

8. light-tight AW, B, RBEXH

9. Vienna Medical Society #tiME$ 4

10. wave motion 3l

11. radio waves T£ZH K

12. visible light & &) (£R), AT 48

13. television receiver FLILEUIHL ()

14. electrical potential ~H3 3%, B4

15. kinetic energy (Ex) zhEE

16. natural radioactive series FKIRTES & (F1))

17. half-life ¥FEH, HHFH, LFEN

18. nuclear reactor 1% K NV HE, ¥R I2%

19. electron capture B F{F3K

20. identical to, similar in every detail, exactly alike 2[R T ...

Sentence Analysis ]
L. In this report, X-rays were used to locate a piece of a knife in the backbone of a drunken sailor,
who was paralyzed until the fragment was removed following its localization.

A who 51 3 EEM A, &5 a drunken sailor.



SEFL: ERXMET, —LBREKTHRRRE, EENA X SEREMTFENN—
BRI HR HE Y .
2. A small particle such as an electron requires a much higher velocity than, say, an a-particle to
have the same kinetic energy.
A sayfE “Hetnift” #&.
SERL: BETRXHRE PR TFERR S FHRNSIE, RO o FER
REZ.
3.Alpha emission reduces the number of each by 2 but the proportionate reduction is
considerably less for neutrons than for protons.
ER) but EERNANH), BN ARNREREA A LRE.
BHEFL: o RFEFEBATTHRTHRRESRD 2 A, EAEX R FERRD HE
PEMRTRTH.
4.In the **U decay process, the number of protons is reduced by 2 out of 92 whereas the number
of neutrons is reduced by 2 out of 146 which is significantly less.
A WhereasfE “T1, #1, RZ” ##, 3|8REN.
BERL: U EFTEBER, HRTHEMN 02 MEST 24, TihTFHM 146 AN
T2, PFEMEDLE BT RTFH.

After You Read
Comprehension Check

True or False Questions

1. Electromagnetic radiations with long wavelengths have higher energies than radiations with
shorter wavelengths.

2. The effect of alpha emission is to produce neutron-rich nuclei which are still unstable, so the
nucleus eject a neutron (or neutrons) to correct this instability.

3. There are more neutrons than protons in heavy nuclei.

4. Alpha particles lose their energy very rapidly and only travel very short distances in dense media.

5. X-rays are emitted when atomic electrons undergo a change in orbit.

Short Answer Questions

1. What does Beta radiation consist of?

2. What is the essential difference between the two types of radiation: X-rays and y-rays?
3. What phenomenon is known as a- and p-decay?

4. What process is known as neutron and gamma (n, y) reactions?



Unit 1

Section B
Radioactivity and Radiation (2)

Before You Read

Gulded Questions

1. Do you know something about the unit of radioactivity?

2. Do you know something about how X- and y-radiation interact with matter?

3. What is the mechanism of charged particles interacting with absorbing medium?

The Unit of Radioactivity

The decay of a radioactive sample is statistical in nature and it is impossible to predict when
any particular atom will disintegrate. The result of this uncertainty regarding the behaviour of
any particular atom is that the radioactive decay law is exponential in nature, and is expressed
mathematically as:

N=N. oe—lt
where Nj is the number of nuclei present initially, N is the number of nuclei present at time ¢ and A
is the radioactive decay constant.

The half-life (7,;) of a radioactive species is the time required for one half of the nuclei in a
sample to decay. It is obtained by putting N = Ny/2 in the above equation:

No=Nee™ ‘T2
and so T, = loge2/A = 0.693/

Since the disintegration rate, or activity of the sample is proportional to the number of

unstable nuclei, this also varies exponentially with time, namely
A=Ape™

In one half-life the activity decays to 1/2 Ay, in two half-lives to 1/4 Ao, and so on. The
half-life of a particular radioactive isotope is constant and its measurement assists in the
identification of radioactive samples of unknown composition. This method can only be applied
to isotopes whose disintegration rates change appreciably over reasonable counting periods. At
the other end of the scale, the isotope must have a long enough half-life to allow some
measurements to be made before it all disintegrates. Measured half-lives range from about 107
years (*'*Po) to about 10" years (*®Bi) which represents a factor of 10*'. To determine extremely
short and extremely long half-lives, more elaborate means must be used.

Until quite recently the unit of radioactivity was the curie (Ci), along with its various
submultiples. The curie was originally related to the activity of one gram of radium but the
definition was later standardized as 3.7 x 10'° nuclear disintegrations (dis) per second, which is
almost the same: 1 Ci = 3.7 x 10'°dis/s or 2.22 x 10'? dis/min.

A disintegration usually involves the emission of one or more charged particles (o or B).



These may be accompanied, though not always, by one or more gamma emissions. Some
nuclides emit only X- or gamma radiation.

The ST unit of activity is the becquerel (Bq) which is defined as 1 nuclear disintegration per
second. Compared with the curie the becquerel is a very small unit. In practice it is often
convenient to adopt the usual multiplying prefixes, for example: 1 becquerel (Bq) = 1 dis/s.

For simplicity, in this text only Bq, MBq (10° Bq) and TBq (10" Bq) have been used. The
relationship between the old unit and the SI unit is illustrated as follows:

1Ci=3.7x10""Bq
Similarly 1Bq =~ 2.7x 107" Ci

The Nuclide Chart

A vast amount of information has been collected regarding the behaviour of stable and
unstable nuclei. This information has been published in a form which enables the characteristics
of any nucleus to be read off immediately. The compilation is known as the nuclide chart.

In this chart, each nuclide occupies a square and relevant information regarding the nuclide
is printed inside the square. Stable, naturally radioactive and artificial nuclides are differentiated
by the use of different colours or shading of the squares. In each case the symbol and mass
number are shown as well as the natural abundance of the isotope, if it is stable. For radioactive
isotopes the half-life, the mode or modes of decay, and the energies of the emitted particles or
gamma rays are shown. All the nuclides on the same horizontal line have the same atomic number
while all nuclides with the same mass number lie on a 45° diagonal line, running from upper left
to lower right.

The nuclide chart can be used to obtain rapid information on the products of various nuclear
reactions. For instance, a (n, y) reaction on sodium-23 (23Na) produces sodium-24 (24Na). “Na
decays with a haif-life of 15.0 h by emitting B™-particles of energy 1.39 MeV and y-rays of 2.75
MeV and 1.37 MeV. The nucleus resulting from the decay of **Na is magnesium-24 (24Mg)
which is stable. It is obvious that, the nuclide chart is an extremely valuable source of information
on the properties of both stable and unstable nuclides.

Interaction of Radiation with Matter

1. Charged particles

Alpha and beta particles lose energy mainly through interactions with atomic electrons in
the absorbing medium. The energy transferred to the electrons causes them either to be excited to
a higher energy level (excitation) or separated entirely from the parent atom (ionization). Another
important effect is that when charged particles are slowed down very rapidly they emit energy in
the form of X-rays. This is known as bremsstrahlung (braking radiation) and is only of practical
importance in the case of beta radiation.

2. X- and y-radiations

X- and y-radiations interact with matter through a variety of alternative mechanisms, the
three most important of which are the photoelectric effect, Compton scattering and
pair-production. In the photoelectric effect all the energy of an X- or y-photon is transferred to an



atomic electron which is ejected from its parent atom. The photon is, in this case, completely
absorbed. On the other hand Compton scattering occurs when only part of the energy of the
photon is transferred to an atomic electron. The photon is therefore scattered with a reduced
energy.

In the intense electric field close to a charged particle, usually a nucleus, an energetic
v-photon may be converted into a positron-electron pair. This is pair-production and the two
particles share the available energy. Thus all three interactions result in the photon energy being
transferred to atomic electrons which subsequently lose energy.

3. Neutrons

Neutrons are uncharged and cannot cause ionization directly. As with y-radiation, neutrons
ultimately transfer their energy to charged particles. In addition a neutron may be captured by a
nucleus usually resulting in y-emission.

Penetrating powers of nuclear radiations

The alpha particle is a massive particle (by nuclear standards) and travels relatively slowly
through matter. It thus has a high chance of interacting with atoms along its path and it will give
up some of its energy during each of these interactions. As a consequence, alpha particles lose
their energy very rapidly and only travel very short distances in dense media.

Beta particles are very much smaller than alpha particles and travel much faster. Thus they
undergo fewer interactions per unit length of track and so give up their energy more slowly than
alpha particles. This means that beta particles travel further in dense media than alphas.

Gamma radiation loses its energy mainly by interacting with atomic electrons, It travels
very large distances in dense media and is very difficult to be absorbed completely.

Neutrons give up their energy through a variety of interactions, the relative importance of
which are very dependent on the neutron energy. For this reason it is common practice to divide
neutrons into at least three energy groups: fast, intermediate and thermal. Neutrons are very
penetrating and will travel large distances in dense media.

New Words

1. statistical [sta'tistikal] a. of or shown by statistics Zivt, Eit¥H

2. predict [pri‘dikt] v. say in advance that sth will happen, forecast 1 &, iR, i

3. exponential [.ekspau'nenfal] n., a. expressed in terms of a designated power of e, the base of natural
logarithms [#7] % (7)), B (#9); exponentially ad.

4. curie (Ci) ['kjueriln. BE

5. submultiple ['sAb’'maltipl] n. 2%k, E %

6. initial [i'nif o] a. of or at the beginning, first J{HIHI, FFEAK, RIBH, FER

7. elaborate [i'leebarat] a. very detailed and complicated, carefully prepared and finished *&.CEI1ER), 3R 18
by}

8. definition [.defi'nif an] n. statement that gives the exact meaning (of words, etc.) & X, &, X0, &
&
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