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4 : 1.1 Radioactive elements

In 1895, W. Roentgen discovered that when cathode rays (i. e. electrons) struck the wall of
an evacuated glass tube, it caused the wall material to emit visible light (fluoresce), while at the
same time a very penetrating radiation was produced. The name X-ray was given to this radia-
tion. Learning about this, H. Becquerel, who had been interested in the fluorescent spectra of min-
erals, immediately decided to investigate the possibility that the fluorescence observed in some salts
when exposed to sunlight also caused emission of X-rays. Crystals of potassium uranyl sulfate were
placed on top of photographic plates, which had been wrapped in black paper, and the assembly
was exposed to the sunlight. After development of some of the photographic plates, Becquerel con-
cluded (erroneously) from the presence of black spots under the crystals that fluorescence in the
crystals led to the emission of X-rays, which penetrated the wrapping paper. However, Becquerel
soon found that the radiation causing the blackening was not “a transformation of solar energy” be-
cause it was found to occur even with assemblies that had not been exposed to light; the uranyl salt
obviously produced radiation spontaneously. This radiation, which was first called uranium rays (or
Becquerel rays) but later termed radioactive radiation ( or simply radioactivity ) , was similar to X-
rays in that it ionized air, as observed through the discharge of electroscopes.

Marie Curie subsequently showed that all uranium and thorium compounds produced ionizing
radiation independent of the chemical composition of the salts. This was a convincing evidence that
the radiation was a property of the element uranium or thorium. Moreover, she observed that some u-
ranium minerals such as pitchblende produced more ionizing radiation than pure uranium com-
pounds. She wrote, “this phenomenon leads to the assumption that these minerals contain elements
which are more active than uranium”. She and her husband Pierre Curie began a careful purification
of pitchblende, measuring the amount of radiation in the solution and in the precipitate after each
precipitation separation step. These first radiochemical investigations were highly successful-“ while
carrying out these operations, more active products are obtained. Finally, we obtained a substance
whose activity was 400 times larger than that of uranium. We therefore believe that the substance
that we have isolated from pitchblende is a hitherto unknown metal. If the existence of this metal can

be affirmed, we suggest the name polonium. ” It was in the publication reporting the discovery of
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polonium in 1898 that the word “radioactive” was used for the first time. It may be noted that the
same element was simultaneously and independently discovered by W. Marckwald who called it “ra-
diotellurium”.

In the same year, the Curies, together with G. Bemont, isolated another radioactive substance
for which they suggested the name radium. In order to prove that polonium and radium were in fact
two new elements, large amounts of pitchblende were processed, and in 1902, M. Curie announced
that she had been able to isolate about 0.1 g of pure radium chloride from more than one ton of
pitchblende waste. The determination of the atomic weight of radium and the measurement of its e-

mission spectrum provided the final proof that a new element had been isolated.
&€ 1.2 Radioactive decay

While investigating the radiochemical properties of uranium, W. Crookes and Becquerel made
an important discovery. Precipitating a carbonate salt from a solution containing uranyl ions, they
discovered that while the uranium remained in the supernatant liquid in the form of the soluble ura-
nyl carbonate complex, the radioactivity originally associated with the uranium was now present in
the precipitate, which contained no uranium. Moreover, the radioactivity of the precipitate slowly
decreased with time, whereas the supernatant liquid showed a growth of radioactivity during the
same period (Fig. 1. 1). We know now that this measurement of radioactivity is concerned with only

beta- and gamma-radiations, and not with the alpha-radiation which is emitted directly by uranium.
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Fig. 1. 1 - Measured change in radioactivity from carbonate precipitate and supernatant uranjum
solution, 1. e. the separation of daughter element UX (Th) from parent radicelement uranium
Similar results were obtained by E. Rutherford and F. Soddy when investigating the radioactivity
of thorium. Later Rutherford and F. E. Dora found that radioactive gases( emanation) could be sepa-
rated from salts of uranium and thorium. After separation of the gas from the salt, the radioactivity of
the gas decreased with time, while new radioactivity grew in the salt in a manner similar to that
shown in Fig. 1. 1. The rate of increase with time of the radioactivity in the salt was found to be com-
pletely independent of chemical processes, temperature, etc. Rutherford and Soddy concluded from

these observations that radioactivity was due to changes within the atoms themselves. They proposed
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that, when radioactive decay occurred, the atoms of the original elements (e. g. of U or of Th) were
transformed into atoms of new elements.

The radioactive elements were called radioelements. Lacking in names for these radioelements,
letters such as X, Y, Z, A, B, etc. , were added to the symbol for the primary (i. e. parent) ele-
ment. Thus, UX was produced from the radioactive decay of uranium, ThX from that of thorium,
etc. These new radioelements ( UX, ThX, etc. ) had chemical properties that were different from
the original elements, and could be separated from them through chemical processes such as precip-
itation , volatilization, electrolytic deposition, etc. The radioactive daughter elements decayed further
to form other elements, symbolized as UY, ThA, etc. A typical decay chain could be written as;: Ra
—Rn—RaA—RaB—, etc. (shown in Fig. 1.2).
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Fig. 1.2 The three naturally occurring radioactive decay series and the man-made neptunium series. Although
PPy ( which is the parent to the actinium series) and *Pu { which is the parent to the thorium series) have
been discovered in nature, the decay series shown here begin with the most abundant long-lived nuclides
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A careful study of the radiation emiited from these radioactive elements demonstrated that it
consisted of three components which were given the designation alpha(a), beta (B), and gamma
(). Alpha-radiation was shown to be identical to helium ions, whereas beta-radiation was identical
to electrons. Gamma-radiation had the same electromagnetic nature as X-rays but was of higher ener-
gy. The rate of radioactive decay per unit weight was found to be fixed for any specific radicelement,
no matter what its chemical or physical state was, though this rate differed greatly for different radio-
elements. The decay rate could be expressed in terms of a half-life, which is the time it takes for the
radioactivity of a radioelement to decay to half of its original value. Half-lives for the different radio-
elements were found to vary from fractions of a second to millions of years; e. g. that of ThA is one
tenth of a second, UX 24. 1 days (Fig. 1. 1), and of uranium, millions of years.

@ 1.3 Discovery of isotopes

By 1910, approximately 40 different chemical species had been identified through their chemi-
cal nature, the properties of their radiation, and their characteristic half-lives. The study of the ge-
netic relationship in the decay of the radioactive species showed that the radioelements could be di-
vided into three distinct series. Two of these originated in uranium and the third in thori-
um. B. Boltwood found that all the three series ended in the same element - lead.

A major difficulty obvious to scientists at that time involved the fact that while it was known
from the Periodic Table that there was only space for 11 elements between lead and uranium, ap-
proximately 40 radioelements were known in the decay series from uranium to lead. To add to the
confusion was the fact that it was found that in many cases it was not possible to separate some of the
radioelements from each other by normal chemical means. For example, the radioelement RaD was
found to be chemically identical to lead. In a similar manner, spectrographic investigations of the ra-
dicelement ionium showed exactly the same spectral lines that had been found previously to be due
to the element thorium.

In 1913, K. Fajans and F. Soddy independently provided the explanation for these seemingly
contradictory conditions. They stated that by the radioactive a-decay, a new element is produced at
two places to the left of the mother element in the periodic system and by B-decay a new element is
produced at one place to the right of the mother element (Fig. 1.2). The radiocelements that fall at
the same place in the periodic system are chemically identical. Soddy proposed the name isotopes to
account for different radioactive species which have the same chemical identity.

Research by J. J. Thomsen soon provided conclusive support for the existence of isotopes. If a
beam of positively charged gaseous ions is allowed to pass through electric or magnetic fields, the i-
ons follow hyperbolic paths which are dependent on the masses and charges of the gaseous i-
ons. When these ion beams strike photographic plates, a darkening result is proportional to the num-
ber of ions which hit the plate. By using this technique with neon gas, Thomson found that neon

consists of two types of atoms with different atomic masses. The mass numbers for these two isotopes
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were 20 and 22. Moreover, from the degree of darkening of the photographic plate, Thomson calcu-
lated that neon consisted of about 90% of atoms with mass number 20, and 10% of atoms with mass
number 22.

Thus a chemical element may consist of several kinds of atoms with different masses but with
the same chemical properties. The 40 radioelements were, in truth, not 40 different elements but
were isotopes of the 11 different chemical elements from lead to uranium.

To specify a particular isotope of an element, the atomic number (i. e. order, number, or
place in the Periodic Table of elements) is written as a subscript to the left of the chemical symbol
and the mass number (1. e. the integer value nearest to the mass of the neutral atom, measured in a-
tomic weight units) as a superscript to the left. Thus the isotope of uranium with mass number 238 is
written as 2 U. Similarly, the isotope of protactinium with mass number 234 is designated as ;,' Pa
. For an alpha-particle, we use either the Greek letter a or 3He. Similarly, the beta-particle is des-
ignated either by the Greek letter B or by the symbol ° e.

In radioactive decay, both mass number and atomic number are conserved. Thus in the decay
chain of 2*U, the first two steps are written as;

2*U—Z'Th +;He
ATh—'Pa+° e
Frequently, in such a chain, the half-life (t,,) for the radioactive decay is shown either above

or below the arrow. A shorter notation is commonly used ;
338 a 234 B ‘234 B 234 a 230

> Pa — U > Th, etc.
4.5x10°V 244 1. 1min 2.5x10°V

where the half-lives are given in years (y) and days (d). The three naturally occurring radioactive
decay series, which are known as the thorium series, the uranium series, and the actinium series,
are shown in Fig. 1. 2. A fourth series, which originates in the synthetic element neptunium, is also
shown. This series is not found naturally on earth since all of the radioactive species have decayed a-
way long ago. Both the present symbolism of the isotope as well as the historical (i. e. ‘ radioele-
ment’ ) symbolism are given in Fig. 1. 2. Note that the rule of Fajans and Soddy is followed in each
series so as to cause a decrease in atomic number by two units and mass number by four, whereas
B-decay produces no change in mass number but an increase in atomic number by one
unit. Moreover, we see a pattern occurring frequently in these series where an a-decay step is fol-

lowed by two B-decay steps. All known isotopes of elements 4, U to 4 T] are given in associated text.
@ 1.4 Atomic models

Neither radioactive decay nor the discovery of isotopes provided information on the internal
structure of atoms. Such information was obtained from scattering experiments in which a substance,
such as a thin metal foil, was irradiated with a beam of a-particles and the intensity ( measured by
counting scintillations from the scattered particles hitting a fluorescent screen) of the particles scat-
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tered at different angles measured. It was assumed that the deflection of the particles was caused by
collisions with the atoms of the irradiated material. About one in 8000 of the a-particles was strongly
deflected through angles greater than 90°. Consideration of these rare events led Rutherford in 1911
to the conclusion that the entire positive charge of an atom must be concentrated in a very small vol-
ume whose diameter is about 10 ~'* meter. This small part of the atom was called the nucleus by
him. The atomic electrons had much smaller mass and were assumed to surround the nucleus. The
total atom with the external electrons had a radius of approximately 10 ~'° meter in contrast to the
much smaller radius calculated for the nucleus.

It was soon shown that the positive charge of the atomic nucleus was identical to the atomic
number assigned to an element in the periodic system of Mendeleev. The conclusion, then, was that
in a neutral atom, the small and positively charged nucleus was surrounded by electrons whose num-
ber was equal to the total positive charge of the nucleus. In 1913, N. Bohr, by using quantum me-
chanical concepts, proposed such a model of the atom which remains the basis of the modem atomic

theory.
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Words and Expressions

radioactive a. WUEHER

cathode n. FARHTLR
electron n. BF

evacuate v. ﬁﬁ, iﬁﬁ, :ﬁFﬂﬂ', i‘“zf

fluoresce v. B

penetrating a. HEFEENK), FFN; BEN

spectrum n. Y%

potassium n. §f, SLEFSH K
uranyl n. Hh3L; St

sulfate n. HERh

photographic a. 5 A
wrap v. £, B

erroneously ad. £5iR#h
spontaneously ad. H & H
uranium n. #, TEHFSH U
radioactivity n. TR

ionize v. EAE

discharge n. F{H,

electroscope n. HHL A%

thorium n. &, JERMHFSH Th
property n. ¥§tt, B
pitchblende n. PH D"
purification n. R4, ¥k
solution n. ¥F¥E, |
precipitate n. JLIEY)
radiochemical a. 5L
hitherto ad. Y£4; ZE it

affirm v. JE3Z; Bk

polonium n. &b, JTTEMSH Po
simultaneously ad. [R]H}Hb
radiotellurium n. ¥I#¥

radium n. 48, JCEHFSH Ra
chloride n. &k

decay n. ¥

carbonate n. BXBREL

supernatant a. FE{EFRMERY
complex n. E&Y)

emanation n. 5%, WY
atom n. JRF

volatilization n. Xk ; BXEK
electrolytic a. HLfER

deposition n. 48 ; Ui
neptunium n. 8, JLEFFSH Np
actinium n. %, JTEAFE N Ac
nuclide n. &%

helium n. 2, JTERFSH He
electromagnetic a. LRI
half-life n. %8

isotope n. [ﬁ]ﬁlf .
approximately ad. K%y

distinct a. REIF, HXHIH
lead n. 4%, TTEHFSHPb
Periodic Table n. JTTEERIE
ionium n. & BBHSHER M TR
contradictory a. FJEHK, X{iLRY
gaseous a. S KRy, K&K
hyperbolic a. XUHIZE ¥

neon n. 7., JLELE R Ne
atomic number n. BT
subscript n. T 45

superscript n. [ ¥#§

protactinium n. &, JCEA SN Pa
synthetic a. K, ABEMH
scattering n. S}

scintillation n. [J%k; [Nt
deflect v. (ff) W&, () W%
diameter n. H2

nucleus n. (JEF)#¥

radius n. 72

quantum n. BF



BOISHBHMI4eED

undamentals of Nuclear Chemical Engineering and Ny r Puel Engineering

Wilhelm Conrad Réntgen

Born ; 27 — Mar - 1845

Birthplace ; Lennep, Germany

Died : 10 — Feb - 1923

Location of death ; Munich, Germany
Occupation ; Physicist

Nationality ; Germany

Executive summary ; Discovered X-Rays

As a German physicist born in Lennep on the 27th of March 1845, he received his early education in Holland,
and then went to study at Ztirich, where he took his doctor’s degree in 1869. He then became assistant to Kundi at
Wiirzburg and afterwards at Strassburg, becoming privat-docent at the latter university in 1874. Next year he was ap-
pointed to be professor of mathematics and physics at the Agricultural Academy of Hohenheim, and in 1876 he re-
turned to Strassburg as extraordinary professor. In 1879 he was chosen ordinary professor of physics and director of the
Physical Institute at Giessen, whence in 1885 he removed in the same capacity to Witrzburg. It was at the latter place
that he made the discovery for which his name was chiefly known, the Réntgen rays.

In 1895, while experimenting with a highly exhausted vacuum tube on the conduction of electricity through ga-
ses, he noticed that a paper screen covered with barium platinocyanide, which happened to be lying near, became
fluorescent under the action of some radiation emitted from the tube, which at the time was enclosed in a box of black
cardboard. Further investigation showed that this radiation had the power of passing through various substances which
were opaque to ordinary light, and also of affecting a photographic plate. Iis behavior being strange in several re-
spects, particularly in regard to reflection and refraction, doubt arose in his mind whether it was to be looked upon as
light or not, and he was led to put forward the hypothesis that it was due to longitudinal vibrations in the ether, not to
transverse ones like ordinary light; but in view of the uncertainty existing as to its nature, he called it X-rays.

For this discovery, he received the Rumford medal of the Royal Society in 1896, jointly with Philipp Lenard,
who had already shown, as also had Heinrich Hertz, that a portion of the cathode rays could pass through a thin film
of a metal such as aluminum. Réntgen also conducted researches in various other branches of physics, including elas-
ticity, capillarity, the conduction of heat in crystals, the absorption of heat-rays by different gases, piezoelectricity,

the electromagnetic rotation of polarized light, etc.



Following the discovery of radioactivity by Henri Becquerel in 1896, two young scientists,
Frederic Soddy and Ernest Rutherford then at McGill University in Canada, set about to investi-
gate the recently discovered phenomena. In 1901, the twenty-four-year-old chemist Soddy and
Rutherford were attempting to identify a gas which was being released from samples of radioac-
tive thorium oxide. They believed that this gas they called it an “ emanation” was related to the
radioactivity of the thorium sample. In order to investigate the nature of this gas, Soddy passed it
over a series of powerful chemical reagents, heated white-hot. No reactions took place. Following
this discovery, Rutherford and Soddy published nine joint papers between 1902 and 1903 in a
period of extremely productive research. In 1902 they described their theory of radioactivity as a
spontaneous disintegration of the radioactive element by the expulsion of particles with the result
that new elements were formed. This was the ultimate step in the ancient alchemists’ dream of

transmutation.
.::2-2. 1 Simple Radioactive Decay. Half-life and Decay Constant

Radioactive decay is a random process. As such, one cannot state with certainty when an un-
stable nuclide will decay. The probability that an atom will decay during the time dt is given by kdt
where k is the constant of proportionality known as the decay constant. In a system where there are
N(QO) atoms present initially, the number of atoms decaying in time dt is given by-dN =kNdz. In the
limit of very small time intervals, this can be expressed as

dN/dt = - kN
Integration with respect to time gives the number of atoms present at any time ¢ , 1. e.
N(t) = N(0)e™

The half-life, 7, is used to denote the time at which the number of atoms has decreased to half
of the initial value, i. e. 1/2 = ™*". Hence the half-life is related to the decay constant through the
relation .

T =In2/k~=0. 693/k
@ 2.2 Activity
The number of decays per unit time interval, i. e. the activity A, is defined by
A= -dN/dt =kN
It should be noted in this definition that it is assumed that / is decreasing due to decay. In gen-
eral the rate equation contains a term for decay (removal) to the daughter and in-growth ( produc-
tion) from the parent, i. e. N,,.,

L — k

N —N—N

parent daughter
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for which the rate equation becomes

V. N+ N

dt parent* ' parent

A situation could arise in which kN = k.. N, and thus N is constant, i e. dN/dt =
0. Clearly the activity is not zero. In the definition of A above only decay is considered. In the gener-
al case where decay and growth occur, A is given by A = kN. Hence A is the number of disintegra-
tions per second even though N may be constant. The unit of activity is the Becquerel, i.e. 1 Bq =
1 disintegration per second.

A technical problem arises in the evaluation of the activity in the case where the half-life is less
than 1 s. The activity defined above gives the instantaneous disintegration rate. If the half-life is< 1
s, a significant amount of the material has decayed in the first second. The above definition of the
activity will then overestimate the emitted radiation. The difficulty can easily be overcome by defi-

ning the activity per integral second, i. e.
1

A, = j ENdt =N(0) (1 -e™*)
0

where k£ =In2/7 (s) and N(0) is the number of atoms at time 0. For the calculation of the specific
activity, denoted spA, N(0) is the number of atoms in 1 gi.e. N(0) =N,/A’. Hence

N, (1-e*
AL
in2
» l_e_r(s)
or spA(Bqg/g) =6.022 x10” - VG

€@ 2.3 Average (Mean) Lifetime

The half-life of a nuclide is a statistical property and is a valid concept only because of the very
large number of atoms involved. Any individual atom of a radionuclide may be transformed at any
time, from zero to infinity. For some calculations, it is convenient to use the average life of a radio-
nuclide. The average life is defined as the sum of the lifetimes of the individual atoms divided by the
total number of atoms present originally. During a time interval from ¢ to ¢t + d¢, the total number of
transformations is k/Ndt. Each atom that decayed during this time interval had existed for a total life-
time 2. The sum of the lifetimes of all atoms that were transformed during the time interval d¢, having
survived from ¢t = O is tkNds. The average lifetime is then given by

N(0) Jo

It is then straightforward to show that the relationship between the average or mean lifetime and

the half-life is given by ¢t = 1.44 7.

@ 2.4 Branching Ratios and Number of Decay Modes

l tkNdi

Many nuclides have more than one decay mode. Consider a nuclide in which there are two de-
cay modes. The probability that an atom will decay by process 1 in time dt is k, dt. Similarly, the
probability that it will decay by process 2 in time dt is k,dt. Hence the equation governing the radio-
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active decay can be written as
dN

&= - (b k)N

The total decay constant for the decay of the parent nuclide is the sum of the partial decay con-
stants i. e, k =k, +k,. Hence, the branching ratios for modes 1 and 2 are defined as
BR, =k71, and BR, =%
In general, the branching ratio (BR) for a particular decay mode is defined as the ratio of the
number of atoms decaying by that decay mode to the number decaying in total, i. e.
BR, = k" =
fo(ky kg etk )k
Alternatively, given the total decay constant, the “partial” decay constant is given by
k,=BR, - k

Number of Decay Modes
There are a number of ways in which a nuclide can decay. Usually the number of decay modes

is one or two. There are nuclides, however, which have many decay modes. In Table 2. 1, the seven
decay modes of the nuclide''Li are listed.

Table 2.1 Decay modes, branching ratios, and daughters of" Li

Decay mode Branching ratio Daughters
B 8.07 x1072 Be
B .d 1.30x107* Li
B, a 1.00x10? "He
B .n 8.49 x10"! 10Be
B, 3n 1.90 x 102 ®Be
B .t 1.40 x107* 8Li
B, 2n 4.10x107* °Be

& 2.5 Decay Chains

It is very often the case that the daughter product of a nuclear decay is also radioactive. In such
cases one speaks of radioactive decay “chains”. As an example, consider the decay chain N,—N,
—N,—. .. in which the starting or “ parent” nuclide N, decays to the “daughter” &,, this daughter
in turn is radioactive and decays to N,. More generally, each nuclide in the decay chain N, can
“branch” , with branching ratio kN;,N;, to more than one daughter. In addition, there may be an
external source term S, for the production of N;( apart from the decay of the parent).

The situation for successive radioactive decay is shown schematically in Fig. 2. 1. This general

process of radioactive decay was first investigated systematically by Bateman.
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Fig. 2.1 Successive radioactive decay with branching and source terms

The differential equations governing the above processes can be written as:

dn,

3 =5 hy N

%=S +k N, -k, -N.

1 2ty T Yy Ry, Y
dn,

P =S +ky_.w t Nioy—ky o N,
dn,

d =S, thy,_, .5, Nooi —hy, N,

where N, is the number of atoms of species n present at time ¢, %, is the decay constant ( total re-

moval constant) for species n(k =In2/7), k_ ., is the partial decay constant ( partial removal con-

stant) and is related to the branching ratio BR, .., through the relation k, ., =BR, ,,; = k,. The
solution to this system of equations is
i=n ' J=n N(0 -~ kit S 1= ~k;e
N = 20 (T k) x e T S (21
=1 a1 e j=i H_(kp—kj) kjl—l.(kp—kj)
p=i p=i

p#j P#i
for the particular case (of most interest) one is interested in the decay chain starting from a

single parent nuclide with no source term S. In this case the above relation reduces to:

j=n-1 j=n N.(0 ~kjt
N.(t) = (ij,j+l) X 2 ‘%‘ (2.2)
.o ) SO

P#j
It is of interest to construct the first few terms, i e.

N, =N,(0)e ™" .

N, (0)e™ N, (0)e ™y
N - 1 1 }

2 kl,Z{ kg _kl + k1 _-'kz (2.3)
N,(0)e ™™ . N, (0)e™ - N (0)e ™
N, =k,‘2k2,3{ + - + }
(kz"k1)(k3'k1) (kl_kz)(k;;_k'z) (k1"k3)(k2_k3)

These relations allow one to update the numbers of atoms from time ¢ =0 to time ¢. It is also of
interest to calculate the numbers at various times-in the range 0, ¢ (for example, for plotting purpo-
ses). This can be done by specifying the total time t over which the calculation is to be made, and
the number of time-steps L to reach t. The time interval for each calculation is then At =t/L. For
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