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About IANCAS

The Indian Association of Nuclear Chemists and Allied Scientists (IANCAS) was founded in
1981 with an objective of popularizing nuclear sciences among the scientific community in the
country. Under its mandate, IANCAS is continuously promoting the subject of nuclear and
radiochemistry, and use of radioisotopes & radiation sources in education, research,
agriculture, medicine and industry by organizing seminars, workshops and publishing periodical
thematic bulletins. With its enthusiastic Life Members from all over the country and overseas,
IANCAS has become one of the popular platforms for popularizing the subject of nuclear and
radiochemistry across the country. The Association’s activities can be seen on its website:
Www.iancas.org.in.

IANCAS brings out quarterly thematic bulletins on the topic of relevance to the nuclear
science and technology with the financial support from BRNS. The Association’s popular book
on “Fundamentals of Nuclear and Radiochemistry’, “Introduction to Radiochemistry” and
“Experiments in Radiochemistry” is widely sought amongst the academia, researchers and
students of DAE, non-DAE units and Universities. Another popular book of INCAS is “Nuclear
Materials” which has been translated into Arabic, Hindi, Marathi and Telugu. Till December
2022, IANCAS has published 78 Thematic Bulletins and several special Bulletins. All IANCAS
Books and Bulletins are available for free download on its website: www.iancas.org.in.

As a part of outreach programs, IANCAS conducts workshops on “Radiochemistry and
Applications of Radioisotopes” at various universities, institutes, schools and colleges. These
workshops play paramount role in motivating the young researchers and encourage them to
accept the subject of radiochemistry and applications of radioisotopes. With the support from
BRNS, a set of G.M. Counter / Nal(Tl) detector(s) are donated to the host institute of each
National Workshops for their academic use. Similarly, IANCAS is also conducting one-day school
Workshops to encourage and popularize the nuclear and radiochemistry subject amongst the
young students. These workshops are conducted by the IANCAS main body and its four regional
chapters (Southern Regional Chapter at Kalpakkam, Tarapur Chapter, Northern Regional
Chapter at Amritsar, and Eastern Regional Chapter Bhubaneswar) covering the entire nation.

IANCAS is the co-organizer of biennial Symposia on Nuclear and Radiochemistry,
popularly known as NUCAR. NUCAR series of Symposia covers the scope of nuclear chemistry,
nuclear probes, chemistry of actinides, fission and activation products, nuclear and
radioanalytical techniques, applications of radioisotopes in medical, agriculture and industries,
nuclear safeguards, NUMAC & nuclear forensics, and nuclear instrumentation. In its series, the
16™ biennial NUCAR-2023 Symposium will be organized at DAE Convention Centre, Anushakti
Nagar, Mumbai in May 2023.

To encourage scientists / researchers actively pursuing activities in this discipline,
IANCAS has instituted several awards. Dr. M.V. Ramaniah Memorial Award is conferred
annually to an outstanding scientist for their significant contributions and lifetime
achievements in the field of nuclear and radiochemistry. Dr. Tarun Datta Memorial Award is
given annually to a young scientist (below 45 years of age) with minimum 5 years of research
experience in the field of nuclear and radiochemistry and applications of radioisotopes. IANCAS
also gives Prof. H.J. Arnikar Best Thesis Award annually for the Ph.D. research in the nuclear
and radiochemistry area. Additionally, IANCAS also gives about 20 best paper awards to young
researchers for presetting their work in NUCAR symposia.

To achieve the excellent in its cause for popularizing the nuclear sciences through
electronic media, IANCAS has its own website (www.iancas.org.in) which is updated regularly.
Information about the workshops, Awards and various activities of IANCAS are available on the
website. All the publications of IANCAS including bulletins and books are available in free
downloadable form.

Seraj A. Ansari
General Secretary, IANCAS
September 5, 2022
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Chapter 1

The Beginning of Nuclear Sciences

Discoveries of X-rays by Wilhelm Conrad Rontgen in November 1895 and
radioactivity by Henri Becquerel in February 1896 had profound effect on the fundamental
knowledge of matter. These two discoveries can be treated as the beginning of the subject
‘Radiochemistry’. Rontgen found that some invisible radiation produced during the
operation of cathode ray tube caused luminescence on a card board coated with barium
platinocyanide which was placed at a distance. He called this radiation X-rays. He
established that X-rays can penetrate opaque objects like wood and metal sheets. Henri
Becquerel, in his investigation to establish a relation between fluorescence and emission of
X-rays, stumbled upon the discovery of radioactivity. Becquerel discovered that crystals of a
fluorescent uranium salt emitted highly penetrating rays which were similar to X-rays and
could affect a photographic plate. Based on subsequent experiments, it was observed that
uranium salts, fluorescent or not, emitted these rays and the intensity of the rays was
proportional to the amount of uranium present in these salts. These rays were called uranic
rays. Marie Curie christened the phenomenon as ‘Radioactivity’. One of the interesting
observations by Marie and Pierre Curie was that uranium ores were more radioactive than
pure uranium and also more radioactive than a synthetically prepared ore similar to the ore.
Foresight and further work by Curies led to the discovery of new elements polonium and
radium. It is worth recording the monumental efforts made by Curies to isolate significant
quantities of radium. Starting from two tonnes of pitchblende residue, from which much of
the uranium had been removed, they obtained 100 mg of radium chloride. Madam Curie
determined the atomic weight of radium as 226.5 and also prepared radium metal by
electrolysis of the fused salt. All the separation work was carried out in a cow shed!! This
accomplishment represented the culmination of their scientific faith and perseverance.

a, B, y-radiations

The emanations from radioactive substances were found to have three components,
called a, B and y radiations. From the nature of their deflection in electric and magnetic
fields, a-particles were recognised as having positive charge, B-particles as having negative
charge and y-radiation as electromagnetic radiation. The a-particles were found to be less
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penetrating compared to B-particles and y-radiation. Later, Rutherford conclusively proved,
by spectroscopic measurements, that a-particles were doubly charged helium ions.

Transformation Hypothesis

Observation of emanations from thorium salts and compounds of radium, led
Rutherford and Soddy to conclude (i) a radioactive element undergoes transformation and
an atom of a new element is formed, (ii) the radiations are accompaniment of these changes
and (iii) radioactive process causes a subatomic change within the atom. These conclusions
were drawn when the existence of nucleus was not known, neutron was not discovered,
isotope concept was not proposed and the source of energy of the emitted radiations was a
big puzzle!!

Radioactive Decay Law

In 1902, Rutherford and Soddy proposed the theory of radioactive disintegration.
They proposed that “the disintegration of the atom and expulsion of a charged particle leaves
behind a new system lighter than before and possessing physical and chemical properties
quite different from those of the original parent element. The disintegration process, once
starts, proceeds from state to state with measurable velocities in each case”. This would
mean that the rate of decay of an active species in unit time is proportional to the total number
of atoms of that species present at that time. Rate of disintegration (-dN/dt) continuously
changes as the number of atoms (N) are changing (decreasing).

_dN
dt

=N (1.1)

where A is a proportionality constant known as the decay constant. Solving eqn. 1.1, one
obtains

N=Nge™ (1.2)

where Ny is the number of atoms present initially. In 1905, E. Von Schweilder formulated the
radioactive decay law N =N, e™ based on the decay probability (P) of a particular atom in a
given time interval (At) (Details are given in Chapter 4). It may be noted that the observable
is the radioactivity, rather than number of atoms. Radioactivity is the product of number of
atoms (N) and the decay constant (1).

Radioactive Equilibrium

When a radioactive atom (parent) decays, it transforms into another atom of a
different element (except iny transition). e.g. '*C decays by emitting B~ and the product is '*N
is formed, which is stable. In this case, '“C decays exponentially and '*N grows
exponentially with time. On the other hand, there are many cases where the product
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(daughter) is also radioactive. In such cases, the daughter grows with time, not
exponentially, but reaches a maximum value of radioactivity. As long as the combined
parent-daughter system is undisturbed, depending on the decay constants of parent and
daughter, the activities of both will be in a constant ratio. This condition is called ‘radioactive

equilibrium’ condition. e.g. **°Ra undergoes a-decay and its daughter ***Rn also undergoes

a-decay but at a faster rate compared to **°Ra. After about 12-13 days, activity of *’Rn and
2°Ra will be in constant ratio (near to 1). More details are given in Chapter 4.

Natural Radioactive Elements

Elements (isotopes) having atomic number greater than bismuth are radioactive. For
example, U undergoes a-decay with 2**Th as the product, >**Th further undergoes f~ decay

92U | 91Pa | goTh | ggAcC | ggRa | g/Fr | ggRN | gsAt | gsPO | g3Bi | gPb | 5Tl

238U 234-|-h
o 24.1d
4.468x10%| . / [y
234"‘Pa
1.17 min
/

ar

/_ 234p
B 670h
|8

234 2307y, 226p 222 218p,, 214py,
u @ @ ol @ @ 26.8 min
2.455x10% 7.538x10%y 1.60x10°y| 3.8235d 3.10 min /B
21 4BI 210 TI
199min| ¢ 430 min
[/F /B
214p,, 210py,
o 223y
1643 ps M 3
21OBi 206T|
5013d | % 4199 min
/5 /5
21 OPC - 208Pb
138.376 d STABLE

Fig. 1.1 The uranium series [Nuclear data are taken from J.K. Tuli, Nuclear Wallet Cards,
Sth ed (1995), Brookhaven National Laboratory, Upton, New York].
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90T | goAC| ggRa| gFr | geRn| goAt | gPo [ 53Bi| o Pb | gTl

2321 228Ra
’ @ 575y
.405x10'%)] / 3
228
6.13h
i
228 224 220 216 212
Th ££"Ra 22°Rn 2 °Po Pb
ol b a a 10.64 h
19131y 3.66d 556s 0.145s /B

- oo
212B| 35.94% ZOSTE
60.55minl % |3.053 min

/F JF
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[+

2.99x10'7s| STABLE

Fig. 1.2 The thorium series [Nuclear data are taken from J. K. Tuli, Nuclear Wallet Cards,
Sth ed (1995), Brookhaven National Laboratory, Upton, New York].

92U | 91Pa | goTh | goAC | ggRa [ g7Fr | ggRn | gsAt | g4PO | 3Bi [ goPb | 54Tl

235U 231 Th
bt 2552 h
7.038x10%y / 3
231 Pa 227Ac 1.38% 223Fr 0.006% 219At 97a% 21sBi
e | 21773y @ | 247 min ot 56s 7.6 min
32760y u/ (3 / 3 /p- e
227 223y, 219 n 21 SPC 211 Pb
Th « Ra o Rn o e [36.1min
18.72d 11.435d 3.96s 1.781x10°% /b
211 Bi 99.72:% 2°7T|_
2.14 min 4.77 min
,/ i3 / i3
211 Po ;! 207Pb
0.516 s STABLE

Fig. 1.3 The actinium series [Nuclear data are taken from J K. Tuli, Nuclear Wallet Cards,
Sth ed (1995), Brookhaven National Laboratory, Upton, New York].
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with ***Pa as the product. The chain continues until the stable end product ***Pb is reached
(Fig. 1.1). All the radioisotopes present in this chain form a family or series. This family is
known as uranium series or 2**U series or 4n + 2 series since the mass number of all the
members has a reminder of 2 after dividing by 4. Similarly, Thorium series, starting from
2Th and ending at ***Pb is known as 4n series (Fig. 1.2). Actinium series, starting from ***U
and ending at *’’Pb is known as 4n+3 series (Fig. 1.3). Other radioisotopes present in nature
are shown in Table 1.1. In addition, trittum (°H) and '*C are continuously produced by
cosmic ray induced nuclear reactions in the atmosphere. Another series of radioisotopes

Table 1.1 - Naturally occurring radioactive substances other than members of 4n,
4n+2 and 4n+3 series

Active Type of Half-life Isotopic Stable
substance | Disintegration® (y) abundance Disintegration
(%) Products
K B, EC, B 1.277 x 10° 0.0117 “Ca, YAr
v EC, B 1.4x10" 0.250 Ti, *°Cr
“Rb B 4.75x 10" 27.835 ¥'Sr
Bcd B 9.3x10" 12.22 Pn
"n B 441x10" 95.7 °Sn
Te EC >1x10" 0.908 )
PLa EC, B 1.05x 10" 0.0902 *Ba, *Ce
"Nd a 229x 10" 23.8 0Ce
*TSm a 1.06 x 10" 15.0 "Nd
¥Sm a 7x 10" 11.3 "Nd
2Gd a 1.08x 10" 0.20 5Sm
Ly B 3.73x10" 2.59 ToHf
74HE a 2.0x 10" 0.162 "vb
"TRe B 4.35x10" 62.60 70
19pt a 6.5x 10" 0.011 %05

*The symbols EC, B~ and B" stand for electron capture, negatron decay and positron decay,
respectively; these decay modes are described in Chapter 5.

[Nuclear data are taken from J.K. Tuli, Nuclear Wallet Cards, 6th ed (2000), Brookhaven National
Laboratory, Upton, New York].
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a3NP | 92U | 91Pa | goTh | goAc | ggRa | g/Fr | ggRN | gsAt [ g4P0 | g3Bi | goPb | 4TI

237, 233
N Pa
L PT = 26.967 d
2.144x10%y (3
233 229Th 225p,
1.592x10%y ¢ 7880 y ¢ /15‘!-9 d
225AC 221 Fr 21 7At 99.988 |21 3Bi 2.09 209T| .
a « 32.3ms @ 145,59 min o 2,2 min
10.0d 4.9 min '/p' u/ﬁ- L/p.
217Rn 213Pc 209Pb
o o 3.253h
0.54 ms 42us / g
209Bi
STABLE

Fig. 1.4 The 4n + I series [Nuclear data are taken from J. K. Tuli, Nuclear Wallet Cards, 5th
ed (1995), Brookhaven National Laboratory, Upton, New York].

starting from *’Np and ending with **Bi, known as 4n+1 series is an artificial series
(Fig. 1.4). Uranium-233, a member of this series, is a fissile isotope.

Artificial Radioactive Elements

Rutherford discovered the first nuclear reaction when he was investigating the

possibility of o induced transmutation on various targets. In 1919, he postulated the
transmutation of '*N as per the following reaction.

“N+3iHe » [0+ H (1.3)

In 1932, similar studies by his student Chadwick involving oo bombardment of boron lead to
the discovery of neutron.

YB+iHe - "N+;n (1.4)

In the same year positron, an antiparticle of electron, was discovered by Anderson. In 1934,
Irene and Federic Joliot Curie, in their studies on production of positrons by bombardment of
aluminium with a-particles, found that the product formed continued to emit positrons even
after the ai-source was removed (Eqns. 1.5 and 1.6). They separated phosphorus as posphine,
measured its half-life and concluded that the product formed was a radioactive element.

7 Al+3He —» P+ n (1.5)

5P = [Si+p” (1.6)

4
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This heralded the beginning of artificial production of radioisotopes. With the
construction of accelerators and nuclear reactors, a large number of radioisotopes have been
produced. 2*U has been produced by neutron irradiation of ***Th as follows:

PTh+n — **Th—— *’pa —& U (1.7)

U undergoes a-decay leading to a series of products upto the stable end product of **Bi
(Fig. 1.4). Currently research on producing heavy elements using heavy ion accelerators is
being pursued.
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Chapter 2

Nuclear Properties

Introduction

Path breaking experiments by J.J. Thomson and others towards the end of the 19th
century had a profound effect on the study of atomic structure. Carrying out different
experiments, Thomson proved that negatively charged electrons are the fundamental
constituents of all atoms. As the atoms are electrically neutral, the total negative charge must
be equal to the total positive charge. Thomson proposed the plum pudding model in which
the atom consisted of positive charged matter of uniform density in which electrons are
distributed such that numerically the total negative charge due to electrons is equal to the
total positive charge. Accordingly the diameter of the sphere consisting of the positive
charge is same as the size of the atom (~10™ cm). Emission of positively charged alpha
particles by radioactive atoms indicated that atoms also contain positively charged
constituents. However, Thomson’s model could not explain the subsequent observations
made by Rutherford in the experiments on scattering of a-particles by atoms.

Discovery of the Nucleus

One of the most spectacular observations was made by Rutherford in the experiments
on the scattering of a-particles by thin metallic foils which eventually led to the discovery of
the atomic nucleus. This discovery gave an impetus to a series of experiments that
revolutionised the understanding of nuclear structure. A brief description of Rutherford’s
experiment is given here.

A collimated beam of a-particles was projected onto a thin gold foil and the
a-particles coming out of the foil, at different angles with respect to the incident beam, were
measured using a scintillation screen in a dark room. Most of the a-particles passed through
the thin foil undeflected as if there was no matter in the foil to obstruct the passage of these
fast moving a-particles (Fig. 2.1). A few of them were scattered which was attributed to the
electrostatic forces between the oa-particles and the charges in gold atoms. The most
important observation was that on an average one in 8000 a.-particles was scattered through
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zink sulfide screens

radium

beam of

alpha particles .

.,

lead block goid foil

lead screen

Fig. 2.1 Scattering of alpha particles by gold atoms in a thin foil.

an angle greater than 900. This large angle scattering could not be explained by the then
known theories/models of the atom. Rutherford proposed that the large angle scattering
could be due to a single encounter with a massive and positively charged centre in the atom
which is responsible for producing an intense electric field. He called this centre as
‘nucleus’. He suggested that the positive charge and entire mass are concentrated in this
small region, surrounded by orbiting electrons. From these experiments, nuclear size (~10™"°
cm) and the charge were first determined. After experimentally verifying the scattering
formula proposed by Rutherford, the concept of his “Nuclear atom” was accepted, though
the nature of nuclear force that is responsible for holding such a massive part (~10"* g/cc) in
the atom was not known. Success of the nuclear atom is more due to the vision of Rutherford,
as at that time, the existence of neutron was not known and it was difficult to account for both
mass and charge in the nucleus. Subsequent experiments by many workers, notably
Chadwick, firmly established that neutron also is one of the constituents of the nucleus.

Nomenclature and Classification of Nuclides

Nucleus of an atom consists of neutrons and protons, together called nucleons. A
nucleon is about 1837 times heavier compared to the mass of an electron. As discussed
above, most of the mass to the atom is provided by protons and neutrons of the nucleus. The
sum of neutrons (N) and protons (Z) in a nucleus is called its mass number (A). Mass number
is an integer close to its actual mass. Since atom is electrically neutral, each atom has the
same number of electrons (Z) as that of protons. Z is known as atomic number. An atomic
nucleus is often referred to as ‘nuclide’ and represented as Q X where X is the chemical

symbol of the element. e.g. Uranium-235 is represented as 2;’25 U ;. Often neutron number is

235

not written i.e. ~;

U. Sometimes, even atomic number is not written as the chemical symbol



10 Fundamentals of Radiochemistry

uniquely represents an element and therefore, atomic number is known from the chemical
symbol. e.g., **°U, '2C, '°O etc. Nuclides are classified depending on mass, atomic and
neutron numbers.

Isotopes

Nuclides having same atomic number (Z) but different mass number (A) are called
isotopes. They occupy the same place in the periodic table and are chemically similar. e.g.,
'H, *H and *H are isotopes of hydrogen and >**U, ***U and ***U are isotopes of uranium.

Isobars

Isobars are those nuclides having same mass number (A) but different neutron
number (N) and atomic number (Z). e.g. ') Te, "1, 2} Xe and ' Cs are isobars with mass

number A = 135. They belong to different chemical elements. Another set of isobars is '; O
and 175 N. In this case, neutron number and proton number in the pair of isobars are

interchanged. Such a pair of isobars is called “mirror nuclides”.

Isotones

Nuclides having same number of neutrons are called isotones. e.g. ; H, > He and }Li

have neutron number of 2. But both A and Z are different and thus they are chemically
different.

Isomers

Nuclides having same A and Z are known as isomers of an isotope. They differ in
energy of the nucleus, e.g., ®*"Co and “°Co are isomers of “°Co; and *"™Ba and "*'Ba are
isomers of '*’Ba. Superscript ‘m’ represents metastable or isomeric state and is one of the
excited states of a nucleus which has measurable life time. Isomers deexcite mainly by y-ray
emission. In some cases, more than two isomeric states have been found; e.g., 124eg (60.2d)
is unstable and has two isomers: "***'Sb (93 s) and '**"2Sb (20.2 min).

Nuclear Properties

Static properties of nuclei like mass, energy, size and shape; mechanical properties
like spin and moments are described below. Also a brief description of excited states is
given.

Nuclear Mass and Binding Energy

Mass of a nucleus (M) is a direct measure of its energy content (E) as given by
Einstein’s equivalence of mass and energy
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E = Mc2 (2.1)

where c is the velocity of light. The mass of a nucleus is always smaller than the combined
mass of its constituent nucleons. The difference between the two is called mass defect or
binding energy (B) of the nucleus. Binding energy of a nucleus of mass number A, charge Z
and atomic mass M(A,Z) is defined as

B = ZMy + (A-Z)M, - M (A,Z) (2.2)

where My and M,, are masses of hydrogen atom and neutron respectively and the values are
1.007825 and 1.008665 atomic mass units (amu)’ respectively. Literature data on atomic
masses of hydrogen and other isotopes incorporate mass of electrons, and can be used in the
calculation of binding energy. For example, binding energy of *He is calculated as follows:

Helium nucleus contains 2 protons and 2 neutrons and its measured mass is 4.002603
amu. From eqn.2.2,

B =2Mj + 2M, - M (*He)

2 x 1.007825 + 2 x (1.008665) - 4.002603

0.030377 amu = 28.2962 MeV.

It means that when a *He nucleus is formed by combining 2 free protons and 2 free neutrons,
amass of 0.030377 amu is defected and an equivalent energy of 28.2962 MeV is liberated.
Since this energy is liberated when the *He nucleus is formed, it is called binding energy of
*He. The formation of “He from 4 protons is the reaction that is taking place in the Sun and
stars and is known as thermonuclear reaction. This energy is the source for the light and heat
we are receiving from the Sun. It may be noted that in this process, the Sun is losing 4.2
million tonnes of mass per second. Since the Sun is very massive, it turns out to be a very
small fraction of the Sun’s mass.

Binding energy of *°Fe nucleus is 492.248 MeV and that of ***U nucleus is 1801.647
MeV. Binding energy is a measure of stability. To compare binding energy of different
nuclides, it is customary to express binding energy per nucleon (B/A) which is known as

’amu is energy unit in terms of mass. Mass of '°C is taken as 12 amu and 1 amu is equal to 1/12th of the
mass of '*C. Thus
1 amu = 1.66053886 x 10*" kg
~.Energy equivalent of 1 amu is obtained using eqn. 2.1, E=1.66053886 x 10" x (2.99792458 x 10*)°
=1.4924179 x 10" Joule.
The energy units used in nuclear sciences are eV, keV (1000 eV) and MeV (10° eV) where eV is the
energy required to raise one electron through a potential difference of one volt.
1eV=1.602189 x 10" erg.
14924179x 107"
m=—
1602189x 107"

In nuclear science, energy is expressed in either amu or MeV

eV=931.5 MeV
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Fig. 2.2 Average binding energy curve [Introduction to Radiochemistry, A.V.R. Reddy and
D.D. Sood, IANCAS Publication, 1997, p.6].

average binding energy. Average binding energy is remarkably constant for most of the
nuclides with A = 60 to 200 having values in the range of 7.4 to 8.8 MeV. A plot of average
binding energy as a function of mass number is known as binding energy curve and is shown
in Fig. 2.2.

Much of the present knowledge about the structure of nuclei and the forces between
nucleons is derived from the measured masses of nuclei. Most of these have been obtained
either by mass spectrometry or by measurements of the energy released in radioactive decay,
or energy released/absorbed in nuclear reactions. Experimental nuclear masses are available
for most of the isotopes except those which are having very short half-lives. In the literature,
generally mass excess AM(=M-A) rather than mass values are given.

Nuclear Radius and Density

Nuclear volumes are nearly proportional to nuclear masses. This means that nuclear
density in all nuclei is same. Assuming the nucleus to be spherical, the density of the nuclear
matter turns out to be about 10'” kg/m® or 10°® tonnes/cm”. It follows that nuclear matter is
extremely dense compared to ordinary matter’. The force that holds the nucleons has to be
very strong, attractive and at the same time very short-ranged, operative over a distance of

ZAlthough nuclear matter is dense, nuclei are not densely packed with nucleons”. This is an
important assumption in the success of the nuclear shell model (see Chapter 3).
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1.2
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Radial Distance (r)inF

Fig. 2.3 Nuclear density profile as a function of radial distance [R. Hofstadter, Ann. Rev.
Nucl. Sci. 7 (1957) 231].

the order of 10> m. Experimental methods are now available to determine the size and shape
ofthe nuclei. For such studies, wave-length of probing particles should be of the order of the
size of nuclei. Hence ordinary light with wavelength of about 107 m cannot be used.
Energetic neutrons, protons and electrons are used as projectiles and the scattering intensity
as a function of the angle is measured. For protons and neutrons, a few MeV energy is
sufficient, whereas over 100 MeV electrons are required to be used for the same purpose. But
electron has the advantage that it interacts with nucleus by familiar coulomb force whereas
neutron and proton interact by nuclear force, the exact nature of which is not known.
Experiments are performed for many nuclei and the charge distribution obtained are similar
in shape for all nuclei. Charge density remains nearly constant from the centre upto a
distance and gradually falls off as shown in Fig. 2.3. Mass distribution (density) is
qualitatively same as that of charge distribution. Assuming that neutrons and protons have
same density distribution, the mass distribution, p(r), can be represented by eqn. 2.3.

P (o)

(2.3)
1+exp [ (r—R)}

Pr =
a

where p(g) is the density at the centre and r is the radial distance The distance in which the
density varies from 0.9 p(0) to 0.1 p(0) is called skin thickness, ‘a’ (see Fig.2.3). The distance
corresponding to 0.5 p(0) is taken as nuclear radius (R). A general set of parameters that fits a
large body of data are given below:

po) = 1.6 x 10" nucleons/m’ = 0.165 nucleons/F’

IF is called Fermi and is equal to 10™"°m.
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R=128A"Fanda=055F
Since p(o) is constant for all nuclei, one can write

Po) - V=mass oc A

ﬂ7IR3 oA
3

orR o« Al/3
R=r,.Al3 (2.4)

R increases smoothly with A'”, i.e. nuclear volume is proportional to A.

Nuclear Force

Nucleons in a nucleus are bound by forces that are different than the familiar
gravitational, electrostatic forces of attraction and weak interactions involved in 3-decay.
Gravitational force is attractive but between two protons its magnitude is 10>’ times less than
the repulsive electrostatic force. At the small distances at which protons are present in the
nucleus, the electrostatic repulsion would be quite high and a strong attractive force would
be essential to hold protons (nucleons) together. However, since we know that size of all
nuclei is small, the nuclear forces, though very strong and attractive, must have a short range
(~10"" m). Nuclear force is thus attractive, short ranged and very strong. These forces are
equally attractive between p-p, n-n and n-p. The nuclear force does not extend beyond the
nuclear dimensions. In fact it is effective only among neighbouring nucleons and falls off
more rapidly than 1/r* where r is radial distance.

Nuclear Potential

For simplicity, nuclear potential is assumed to be of the form of a square well. Fig. 2.4
depicts the potential energy of a nucleus as a function of radial distance. It is the shape of the
potential energy profile obtained using a charged particle probe like proton. The first part
upto r = R represents potential due to attractive forces and the potential beyond nuclear
radius is due to Coulombic repulsion. Nuclear potential (V(r)) is represented as

V() =0 forr>R
V(r) = -V, forr<R (2.5)

Usually V, is around 30 MeV and the negative sign signifies attractive nature of nuclear
forces. Though the nuclear potential outside nuclear dimensions is expected to be zero, the
repulsive force due to protons has to be considered in the context of overall potential energy
diagram. In this model, quite unrealistically, the nuclear potential becomes zero sharply at r
= R. Nuclear potential can also be described by considering nucleus as a simple harmonic
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Fig. 2.4 Schematic of potential energy (PE) diagram of a nucleus. Inside the nuclear
dimension, PE is negative (attractive) and outside it is positive (repulsive
coulombic).

oscillator. In this case, potential energy diagram is represented by eqn. 2.6. In this model, the
potential becomes infinity at r = R, which is also unrealistic. Realistic potential might be in
between these two extremes and the details are beyond the scope of this book.

V() = -V, {1—(&)2} (2.6)

Quantum Numbers and Nuclear Spin

Observation of hyperfine structure in atomic spectra indicated that atomic nuclei must
possess angular momenta. Net angular momentum of a nucleus is called nuclear spin (I).

Analogous to the vector model for atomic electrons, it is possible to visualise
individual nuclear properties through a similar model which represents quantum mechanical
results.
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Quantum Numbers

The state of a nucleon is described by four quantum numbers, as in the case of atomic
electrons. They are principal (n), orbital (/), magnetic (m;) and spin (s) quantum numbers.
Each bound individual particle is associated with principal quantum number n which can
take positive values 1, 2, 3 .... . In the non-coulombic field, as in the case of nucleons, n is the
sum of radial quantum number (v) and orbital quantum number (/). Thus n=v +/. The orbital
quantum number / is having values /=0, 1, 2 .... (n-1). The associated symbols for different /
values are s(/=0), p(/=1), d(/=2) etc., as adopted in atomic spectroscopy. The orbital
magnetic quantum number (m;) is the component of / in a specified direction, e.g., applied
magnetic field. m;can have (2/+1) integer values between -/ and /. The spin quantum number
(s) has the value of /% for all elementary particles, which obey Fermi-Dirac statistics. s value
for neutron as well as proton is .

Total Angular Momentum State for a Particle ( j)

It is equal to vector sum of its orbital and spin angular momenta and is a positive
number. Each state can split into two levels with j values of /[+'5 and /-'4. For example, ds/,
state has a j value of 5/2.

Nomenclature of Nucleon States

Each nucleon can fully be described by four quantum numbers n, /, m; and s. Pauli
exclusion principle is applicable to neutrons and protons. For example, 'd;, state has a [
value of 2. Its j value is 3/2 means that it is a j = /-s state. Principle quantum number n is not
represented explicitly. In 'dsp, 1 corresponds to radial quantum number (v) and therefore, n
will be 3 as n = v+/. Similarly, ’f,, state has /=3, s=' and therefore, it is a /+s state. The n
value of this state is 5. In the case of nucleons, a neutron and a proton can have same set of
four quantum numbers, as neutrons and protons occupy separate set of levels.

Nuclear Spin

As defined above, net angular momentum is called nuclear spin (I). In a nucleus,
protons pair with protons and neutrons pair with neutrons. Protons of a pair align opposite to
each other resulting in zero spin and thus even number of protons in a nucleus will have all
protons in pairs. Same is the case with even number of neutrons. Thus, for an even-even
nucleus, the net nuclear angular momentum in the ground state will be zero. A nucleus
having even number of protons and odd number of neutrons, e.g., 13C, can be treated as
having an e-e core + 1 neutron. The angular momentum of the nucleus (nuclear spin) will be
the orbital angular momentum of the last neutron which will be an half integral value.
Similarly an odd-even nucleus will have an halfintegral nuclear spin due to the last proton. In
the case of odd-odd nuclei, they will have nuclear spin of integer multiples which would be
result of vectorial addition of contributions from the unpaired neutron and proton. Ground
state nuclear spins of '“C(e-e), *C(e-0), *N(o-¢) and "*N(o0-0) are 0, 1/2, 1/2 and 1
respectively.
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Parity

Parity is a nuclear property connected with the symmetry of the wave function. A
system is said to have odd or even parity according to whether or not the wave function for
the system changes sign when the signs of all the space coordinates are changed.

In mathematical terms,
If ¥Y(x,y,z) = Y(-x,-y,-z), then even parity and
If ¥Y(x,y,z) = -¥(-X,-y,-z), then odd parity

Parity of an isolated system like its total energy, momentum, angular momentum and
statistics is conserved. The parity of a system is (-1)' where / is angular momentum quantum
number, and + and - values correspond to even and odd parity respectively.

Magnetic Moments

An electrically charged particle having angular momentum revolves about a centre or
spins about its own axis, behaving like a small magnetic dipole, and possesses a magnetic
moment. For example, electron has a unit magnetic moment (1) called Bohr magneton (Lig)
and is given by

eh

= 9.274 x 10™' erg/gauss 2.7
2 mc

U =

Where c is the velocity of light and m and e are respectively mass and charge of an electron.
Similarly for a proton, expected intrinsic magnetic moment is 1 iy, where Ly is known as
nuclear magneton and is given by

N = ch_ 5.050 x 10" erg/gauss (2.8)

2mpc

and m, is the mass of the proton. Neutron being a particle with zero charge, is not expected to
have magnetic moment. However, the measured magnetic moments for p and n are 2.792 iy
and -1.913 pyrespectively. These values indicate that both proton and neutron are not simple
particles like electron but they may have structure. The negative sign for magnetic moment
of neutron indicates that the negative charge is concentrated at the periphery and is
overbalancing the effects of equal amount of positive charge near the centre.

Nuclei that have non zero nuclear spin (I) show magnetic moments. It is expressed in
terms of nuclear gyromagnetic ratio (g) as

pn=gl (2.9)

Nuclear spins and magnetic moments can be determined from hyperfine structure in atomic
spectra. Several resonance techniques are also used for this purpose.
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Quadrupole Moments

Quadrupole moment is a measure of deviation of a nucleus from spherical symmetry.
If positive charge on a nucleus is distributed in a perfect spherical symmetrical manner, then
its quadrupole moment (Q) is zero. The fact that Q is not zero for many nuclei means that
nuclear charge has an asymmetric distribution. A positive Q value means that the charge
distribution is elongated in the direction of the spin axis and the shape of the nucleus is
prolate. On the other hand, if Q is negative, nucleus will be of oblate shape. Quadrupole
moments are observed in those nuclei which have nuclear spin greater than 1/2.

The interaction of quadrupole moments with the electric field produced by electrons
in the atom gives rise to hyperfine splitting of electronic energy levels that are observed in
the atomic spectra. Techniques like optical spectroscopy and nuclear resonance absorption
are used to measure Q values. For example Q=2 x 10~" m? for "N and -0.5 x 10" m* for 0.

Statistics

All nuclei and elementary particles are known to obey either Bose-Einstein or
Fermi-Dirac statistics. Particles like protons, neutrons, electrons, positrons and neutrinos
have a spin of 1/2 and obey Fermi-Dirac statistics. These particles are called Fermions.
Nuclei having integer spin follow Bose-Einstein statistics and are called Bosons. Fermions
obey Pauli’s exclusion principle whereas Bosons do not.

If the wave function representing a nucleus does not change sign with the interchange
of'space and spin coordinates, the wave function is called symmetrical and nuclides/particles
follow Bose-Einstein statistics. Whereas if the sign of the wave function is changed, then the
wave function is called antisymmetric and particles obey Fermi-Dirac statistics.

In Fermi-Dirac statistics, a completely defined quantum state can be occupied by only
one particle and hence Pauli’s exclusion principle is applicable. e.g., protons, electrons etc.
Such arestriction is not applicable to those particles that follow Bose-Einstein statistics, e.g.,
photon and pion. A nucleus will obey Bose-Einstein or Fermi-Dirac statistics depending
upon whether it contains even or odd number of nucleons.

Excited State of the Nucleus

Just as the atomic spectrum is due to transition of an electron from ground state to
excited state and subsequent deexcitations, gamma spectrum arises due to deexcitation of
excited states of a nucleus. Measurement of properties like energies, spins and parity as well
as the transition probabilities between excited states or from an excited state to ground state
are important in understanding nuclear structure. Studying the properties of excited states of
the nucleus constitutes the branch of nuclear spectroscopy.
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Nuclear Stability

The elements in the universe are formed by nucleo-synthesis and observed abundance
of stable nuclides must be related to the mechanism by which the elements originated and the
characteristics of nuclear forces. Frequency distribution of nuclides, neutron to proton ratio
in the stable nuclides and average binding energy variation with mass number have provided
with some clues about nuclear forces. These systematics are used to arrive at the empirical
rules regarding nuclear stability. Some of the observations of stable nuclides are explained in
terms of nuclear models.

Frequency Distribution of Stable Nuclides

The observed relative abundances of elements are clearly related to nuclear properties
oftheir stable isotopes rather than chemical properties. In the earth crust 85% of the elements
have stable nuclei corresponding to even-even configuration. e.g., ]zf O (48%) and

22 Si(26%). About 13% of elements have odd Z, but their principal isotopes have even-N.

Abundances of the elements in the earth crust and the principal isotopes of these elements are
given in Table 2.1. These numbers indicate that the nuclear stability is linked to pairing of
nucleons. Elements having isotopes with paired configurations (e-¢ nuclei) are the most
abundant.

The frequency distribution of stable nuclides is given in Table 2.2. It is seen that
even-even nuclides are more stable. There are 81 stable elements that exist in nature. Out of

Table 2.1 - Weight % abundance of major elements in the earth’s crust

Even Z 0dd Z
Element O Si Fe Ca Mg Al Na K
Weight % 48 26 5 3.5 2.0 8.5 2.8 2.5

abundance

: : : 16 28 Q3 56 40 24 27 23 39
Principal isotope . O 11 51 xFe | 5,Ca | Mg | Al | [[Na o K

Table 2.2 - Frequency distributions of stable nuclides

Z N A=7Z+N Number of stable nuclides
even even even 165
even odd odd 55

odd even odd 50
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these, 20 are monoisotopic and rest are multiisotopic. All except Be of these 20 stable
monoisotopic elements have odd Z. Elements Tc (Z=43) and Pm (Z=61) do not have stable
isotopes. There are 10 stable isotopes for Sn (Z =50), 6 for Ca (Z=20) and 4 for Pb (Z = 82).
Similarly stable isotones are maximum for N = 50 (6) and N = 82 (7).

From these data, following conclusions are drawn.

(i)  Even-even nuclides are most stable. Neutrons tend to pair with neutrons and protons
tend to pair with protons. Pairing is associated with nuclear stability.

(i)  Stability of nuclides containing at least one class of even nucleons, e-o or o-e, is
comparable. It reflects in the existence of comparable number of stable isotopes
(Table 2.2).

(i)  Odd-odd nuclides are least stable.

(iv)  Extrastability is associated with configuration having Z =2, 8, 20, 50, 82 and/or N=2,
8, 20, 50, 82, 126. These are called magic numbers.

Neutron to Proton Ratio

A plot of neutron number (N) vs proton number (Z) is given in Fig. 2.5. Stable isotopes
are confined to a narrow region known as stability line. Any deviation from the stability line
results in the instability. e.g., 5 Mn is a stable nuclide. ;g’ Mn with one additional neutron is

unstable. It decays with a half-life of 2.5789 h. 187 O is another stable nuclide. By adding a
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Fig. 2.5 N/Z curve for stable nuclides (line of stability).
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proton, ' F is obtained which is unstable. It decays with a half-life of 109.77 min. In fact, by

bombarding stable isotopes with neutrons or protons, N/Z ratio of the resulting nucleus is
changed and often the resulting nuclides are radioactive. This is the cardinal principle used in
the production of radioisotopes.

From Fig. 2.5, it is observed that N/Z ratio remains as 1 upto mass number 40 and then
slowly increases. e.g. N/Z values for **Ca, *Fe and **’Bi are 1.00, 1.16 and 1.52 respectively.
With increase in mass number (or Z), Coulombic repulsion due to protons increases; which
results in destabilisation. To off-set this effect and maintain stability, more neutrons are
needed and N/Z increases with A (or Z). Beyond A =209, there is no stable nuclide as they
are unstable with respect to a-decay, and some also undergo spontaneous fission (SF).
Uranium is the last naturally occurring element and elements upto 112 have been artificially
produced. Synthesis of higher Z elements is extremely difficult because of their short
half-lives with respect to SF decay. In fact, SF puts the limit beyond which periodic table
cannot be extended.

Since a large number of elements have stable isotopes, the stability line appears like a
strip that widens out at higher Z values. The nuclides on the neutron rich side decay by 3°
emission and those on the proton rich side undergo B~ decay or electron capture to attain the
stability. As mentioned earlier, nuclides above A =209 undergo a-decay and in the region
above A =240 and Z =92 nuclides are also unstable towards SF decay. This region is called
sea of instability. Calculations have shown that there could be an island of stability around Z
=126 and N = 184, though, so far, experiments are not successful to synthesize elements in
the island of stability or Super Heavy Element (SHE) region.

Beta Stability of Odd A and Even A Isobars

It is found that family of isobars having odd A has one stable nuclide. e.g. mass chain
A = 131 has twelve isobars : *'In, *'Sn, "*'Sb, *'Te, *'1, *'Xe, *'Cs, *'Ba, *'La, *'Ce,
BIprand *'Nd, out of which *'Xe is the only one stable nuclide. On the other hand, two or
three stable nuclides are observed in the case of even A family of isobars. For example, for
A =132, **Xe and '*’Ba are stable nuclides. Similarly for A= 130, 130Te and *°Xe are stable
nuclides. Less frequently three stable nuclides are also observed. For example, for A =124,
124Gh, 1%*Te and '**Xe are stable nuclides.

Binding Energy Curve

Average binding energy (B/A) is directly related to nuclear stability. From Fig. 2.2,
B/A initially rises very sharply upto A = 20, then gradually reaches a maximum around A
=60 (Fe, Ni and Co region) and slowly decreases from there onwards. Additionally, in the
lower mass region (inset in Fig. 2.2), a periodic structure is observed. The initial rise is due to
decrease in surface to volume ratio with increasing A. For light nuclides, most of the
nucleons will be at the surface of the nucleus and hence deprived of nuclear binding from all
sides. e.g., in H both nucleons are on the surface, hence it has a low binding energy. With
increase in A, a larger fraction of nucleons are inside the nucleus compared to the nucleons at
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the surface. Nucleons inside the nucleus are bound from all sides (saturation) than at the
surface. Consequently binding energy per nucleon rises. After A = 60, the Coulombic
repulsion due to protons becomes significant and hence average binding energy slowly
decreases with increasing mass number (or Z). The following conclusions can be drawn
from the average binding energy curve.

(i)  Formajority of nuclides, B/A is roughly constant in the range of 7.4 to 8.8 MeV. This
is called saturation of binding energy.

(i1)  Periodic recurrence of maxima at *He, 2C, 0, **Ne, “’Ca and ***Pb shows that these
nuclides are more stable compared to their neighbours. These nuclides have certain
combinations of nucleons (N or Z=2, 8, 20 etc.). They are more stable, indicating that
the internal arrangement of nucleons inside the nucleus dictates the nuclear stability.

(iii) Decrease in B/A values with increase in A indicates that Coulombic repulsion due to
protons increases rapidly (ccZ*) compared to attractive forces (occA).

Separation Energy of the Last Nucleon

The energy required to remove one neutron from a nucleus is called the separation
energy of the last neutron (S,). It can be written in terms of masses of nuclides and neutrons
as

S.(Z,A) = M(Z, A-1) + M, - M(Z,A) (2.10)

The S, also can be defined as the energy released when a neutron is added to a nucleus (Z,
A-1) to form another nucleus (Z,A). This quantity is analogous to the ionisation potential of
an atom. Similarly separation energy of the last proton (Sp) is defined as the energy required
to separate one proton from a nucleus and can be written as

SH(Z,A) = M(Z-1, A-1) + My - M(Z,A) @2.11)

Separation energies of neutron and proton are calculated using the masses of nuclides and
neutron/proton. Eqns. 2.10 and 2.11 can also be written in terms of binding energy as given
below.

S«(Z,A) =B(Z,A) - B(Z,A-1) (2.12)
SH(Z.A) = B(Z,A) - B(Z-1,A-1) (2.13)

The systematics of separation energies of last nucleons provide information on pairing
energy and extra stability associated with magic numbers. In Table 2.3, computed values of
S, for gallium isotopes are given. From the table, it is clear that energy required to remove a
neutron from gallium isotopes having even number of neutrons is more indicating that a
paired neutron is tightly bound in the nucleus. This extra stability is origin of pairing energy.

Pairing energy of neutrons (3,) can be calculated from the separation energies as

8u(Z,A)= 0.5[S, (Z, even A) - S, (Z, A-1)] (2.14)
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Table 2.3 - Separation energies of last neutron of some gallium isotopes
Isotope | Ga "Ga "Ga "Ga %Ga %Ga Ga Ga
N 42 41 40 139 38 37 36 35
Sy 9.21 6.52 9.31 7.65 10.31 8.28 11.23 9.14
3, 1.35 0.83 1.02 1.05

and the values for gallium isotopes are also given in Table 2.3. The value of pairing energy
for very light nuclides is around 2 MeV and it reduces to around 1 to 1.2 MeV as the mass

number increases.

Separation energy of the last neutron for strontium isotopes with neutron number
around N=50 are calculated and given in Table 2.4. Similarly Table 2.5 contains the
separation energy values for some isotones with Z around 50. These data can be used to
understand the extra stability brought in by the presence of shell closures, known as magic
numbers. The variation is also shown in Fig. 2.6 and 2.7. Differences in separation energies
are mainly due to the pairing energy. However, around N=50 or Z=50, the difference is quite
dramatic. The extra difference is due to the presence of magic number of N=50 or Z=50.

Table 2.4 - Separation energies of last neutron of some strontium (Z=38) isotopes

Isotope | **Sr | »Sr | *Sr | ”'sr | %Sr | ¥Sr | ¥sr | ¥sr | sr | ¥sr
N 56 55 54 53 52 51 50 49 48 47
Sn 6.75 | 546 | 729 | 580 | 7.81 | 636 | 11.11 | 843 | 11.48 | 8.53

Table 2.5 - Separation energies of last proton of some isotones (N=70)

Isotope | '""Ag | "®cd | "In | "°Sn | "'Sb | "Te 2] Xe | °Cs
V4 47 48 49 50 52 53 54 55
Sp 941 | 11.36 | 831 | 10.66 | 5.78 8.04 4.92 6.77 |3.88




24 Fundamentals of Radiochemistry

14
|
12
> 10
=
£
Q
S y
s ¢
®
S
S
1] 4 1
»
2 .
0! 1 : 1 : | | | | 4
56 55 54 53 52 51 50 49 48 47

Neutron Number

Fig. 2.6 Variation of separation energy with neutron number.

12 _‘,

10 +

Separation Energy in MeV
[-;]

Proton Number

Fig. 2.7 Variation of separation energy with proton number.



Nuclear Properties 25

Bibliography

1. R.D. Evans, The Atomic Nucleus, Tata-McGraw-Hill Book Co., New York (1978).

2. B.L. Cohen, Concepts of Nuclear Physics, Tata McGraw-Hill (1971).

3. 1. Kaplan, Nuclear Physics, 2nd Ed., Addision Wesley, Cambridge, Massachusetts
(1963).

4. G.R. Choppin and J. Rydberg, Nuclear Chemistry: Theory and Applications,
Pergamon Press, Oxford (1980).

5. G. Friedlander, J.W. Kennedy, E.S. Macias, J.M. Miller, Nuclear and
Radiochemistry, 3rd Ed., John Wiley & Sons Inc., New York (1981).

6. S. Glasstone, Sourcebook on Atomic Energy, 3rd Ed., Affiliated East West Press Pvt.
Ltd. (1967).

7. Introduction to Radiochemistry, A.V.R. Reddy and D.D. Sood, IANCAS Publication,
Mumbai (1997).

8. H.J. Arnikar, Essentials of Nuclear Chemistry, 4th Ed., Wiley Eastern (1990).

9. J.M. Blatt and V.F. Weisskopf, Theoretical Nuclear Physics, Wiley, New York
(1952).

10.  E. Rutherford, Phil. Mag. Ser. 6,21 (1911) 669.

11.  F. Soddy, Ann. Rept. Chem. Soc., 7 (1911) 285.

12. H.A. Bethe and R.F. Bacher, Revs. Mod. Phys., 8 (1936) 82.

13.  F. Bilter and H. Feshbach, Phys. Rev., 92 (1953) 837L.

14. L.W. Alvarez and R. Cornog, Phys. Rev., 56 (1939) 613L.



26 Fundamentals of Radiochemistry

Chapter 3
Nuclear Models

Nuclear Models are developed with an aim to explain the complex inter-relationships
between nucleons when they aggregate to form nuclei. A number of nuclear models are
proposed with different sets of assumptions and each of them could explain some
experimental observations. Some models are : independent particle model / shell model,
liquid drop model (LDM) and statistical model. Presently, no single model can explain all
the observations.

Summary of Experimental Observations

Some of the important experimental observations related to nuclei which form the
basis for nuclear models, are listed below.

1. The density of the nucleus is constant throughout the nucleus except near its surface.

2. Average binding energy is almost constant for most of the nuclei and its variation with
mass number, A, is small but shows a definite trend.

3. In a family of isobars, B-decay energy is related to mass differences.
4. o-decay energies show systematic variation as a function of N and Z.
5. 35U undergoes fission with thermal neutrons.

6. There is a finite upper boundary for N and Z of nuclides (drip lines) produced in
nuclear reactions and nuclides heavier than >**U are non-existent in nature.

7. Nuclear angular momenta (spin), I, of ground state are zero for even-even nuclei,
integral multiples of 1/2 for odd A nuclei and non-zero integers for odd-odd nuclei.

8. Mirror nuclei have same value of 1.
9. Magnetic moments (W) have a relationship with I.

10.  Electric quadrupole moments (Q) vary systematically with Z or N.
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11.  Existence of isomers and their prominence in the regions of N or Z=40to 50 and 70 to
80.

12. Parity change of nuclei in B-decay is followed by y-deexcitation.

13.  Discontinuities in the binding energy around the values of N or Z equal to 50, 82 and
126.

14.  Discontinuities in the separation energy of the last nucleon around the values of N or Z
equal to 50, 82 and 126.

15.  Extra stability is associated with nuclides having N and/or Z : 2, §, 20, 28, 50, 82, 126
(magic numbers).

16.  Stable end products in the decay series of 4n, 4n+1, 4n+2 and 4n+3 corresponding to
Pb (Z=82) or Bi (N=126)

17.  Higher number of stable isotones with N=82, 126 and stable isotopes with Z=50 and
82.

18.  Existence of resonance cross-section in (n,y) reactions. High neutron capture cross
section for **Xe (N=81).

19.  Wide spacing of low-lying excited levels in nuclei.

Observations 1 to 6 are well explained by LDM whereas shell model explains
observations 8 to 18. Observation 19 is the basis for statistical model. In this book, only LDM
and shell model are described.

Liquid Drop Model

This model is essentially a collective model. A drop of liquid has constant density and
binding energy per molecule. The same is true for a nucleus. In liquids, the Van der Waals
force which is attractive and large for nearest neighbours and repulsive at smaller distances is
responsible for this property. In the case of a nucleus, it is the exchange force that gives
saturation property. The exchange force between a pair of nucleons is mediated by a particle
called pi-meson (n"> 77, =°)- Interaction between pairs of nucleons can be viewed as:

ptn—>n+m +n—->n'+p
n+tpop' +n+p—->p +n
ntnon+1’+n—>n +n
ptnop +n’+p—op +n
ptp>p +tntp—o>p +p

where the prime quantities are used to indicate that the original pair of nucleons have
exchanged their coordinates.
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Assumptions of Liquid Drop Model

(i)  Nucleus is like a droplet of incompressible and homogeneous liquid, and all nuclei
have the same density. Interaction between nucleons is strong.

(i1)  Nuclear force is spin and charge independent i.e. there is no difference in the
magnitude of the force between n-n, p-p and n-p.

(iii)) Nuclear force is having a short range character and is effective between nearest
neighbours only.

Semi-Empirical Mass Formula (Von Weizsacker’s Mass Formula)

It is possible to calculate the mass of a nuclide with mass number A and atomic
number Z provided the binding energy (B) of the nucleus is known. B can be calculated on
the basis of liquid drop model (LDM), using certain constants, neutron number and proton
number of the nucleus. These constants are evaluated using some experimental quantities.
The formula for B is called semi empirical mass formula. Mass of any unknown nuclide
(isotope) can be calculated using this formula.

Binding energy formula derived using LDM, consists of five energy terms: volume
energy (B,), surface energy (Bs), coulomb energy (B.), asymmetry energy (B,) and pairing

energy (By).

Volume Energy

It was seen that for stable isotopes binding energy per nucleon (B/A) is fairly constant
over a large range of masses (Fig. 2.2). Thus, it can be written as

B/A = Constant
B,=a,. A 3.1

where, a, is a constant which has to be evaluated and v refers to volume. In the constant
density model, volume of a nucleus is proportional to its mass and therefore, to its mass
number (A).

In a nucleus, if each nucleon interacts with the remaining (A-1) nucleons, then there
would be A(A-1) ~ A? interactions. But from the eqn. 3.1, it is seen that B, is proportional to
A and not A% This indicates that each nucleon interacts only with its nearest neighbours and
is a consequence of the short range and saturation character of nuclear forces.

Surface Energy

The nucleus has a surface and the nucleons at the surface interact only with half as
many nucleons as the nucleons in the interior of the nucleus. Nucleons at the surface,
therefore, are less strongly bound compared to those in the interior of the nucleus giving rise
to the surface energy term (similar to surface tension in the case of a liquid drop). This energy
(By) is proportional to the number of nucleons near the surface which is proportional to the
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surface area of the nucleus. It is a correction for over estimation of volume energy and hence
results in reduction in B.

B, oc 4 nR2
Considering the constant density of nucleus it was shown by eqn. 2.4 that R =1y A"?
o By=-a, A*? (3.2)

where a; is a proportionality constant. The -ve sign implies destabilisation due to surface
energy and hence reduction in B.

The fraction of the nucleons in contact with the surface is approximately equal to
4nA™ . For light nuclei like *He, this works out to be greater than unity indicating that all the
nucleons are near the surface. In fact, for light nuclei, majority of the nucleons are near the
surface and thus surface energy would be more. As the volume increases this term levels off.
Further, surface energy would be minimum for nuclides with spherical shape. According to
LDM, ground state of the nucleus is always spherical.

Coulomb Energy

Coulomb repulsion between protons is a long range force and it causes destabilisation
of nucleus. Hence binding energy is reduced due to inter-proton repulsion. It can be shown
that, for an uniform charged sphere of charge Z and radius R, the Coulomb energy B, is

2.2 2 2 2
Bca3><ZRe :—i_exzmz e, L (3.3)
r, A A

where a, is a constant. The negative sign implies destabilisation due to Coulombic energy
and hence reduction in B. With increasing atomic number, this energy becomes significant.

Asymmetry Energy

In the case of light elements, the number of neutrons is equal to the number of protons.
But heavy nuclei always contain more neutrons than protons to provide enough total
attractive force to compensate the Coulomb repulsion. At the same time neutron excess
brings in instability. It is true also for nuclei which have more protons than neutrons.

This term has a single particle origin. Let us assume that both neutron and proton are
independently constituting Fermi gas confined in potential wells of equal depth. Then for a
nucleus with N = Z, Fermi energy (energy of the last occupied nucleon in the ground state)
for n and p will be equal. For N>Z, Fermi level for neutron will be greater than that of proton
and hence there will be a tendency to trade off the Fermi level of neutrons by beta decay. If
there are more protons than neutrons, then the asymmetry due to (Z-N) excess protons will
also lead to the same extent of instability. Thus in a nucleus, there will be asymmetry energy
proportional to (N-Z)* which represents the extent of destabilisation due to excess neutrons
or protons. B, is also inversely proportional to A because the binding energy contribution per
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neutron-proton pair is proportional to the probability of having such a pair within a certain
volume (determined by the range of nuclear forces). Thus

2
B x N-27
A
2
B2 (3.4)
A

where, a, is a constant.

Pairing Energy

It is seen from the pattern of abundance of stable nuclides and separation energy of the
last neutron and proton that even-even (e-¢) nuclides are more stable than odd-even (o-¢),
even-odd (e-0) or odd-odd (0-0) nuclides. To account for this, a term called pairing energy
(By) is added to the binding energy formula. This is given as:

B, = + & for e-e nuclides
B, = 0 for 0-¢ and e-o nuclides 3.5)
B, = -8 for 0-o nuclides

where,
§=a,A"? (3.6)
and a,, is a constant.

The evaluation of 6 is empirical and in some references 0 is given as proportional to
A" and accordingly a, value will be different.

Total Binding Energy and Mass of a Nucleus

A relation for the total binding energy of a nucleus is obtained by combining all the
energy terms as :

B=B,+B,+B.+B,+B,

2 2
z . (A=22)

B=a,A-aA” -a, +a A2 (3.7)
A1/3 P

a

The relation is known as semiempirical mass formula. The constants a,, as, a., a, and a, are
empirically determined. Binding energy of stable nuclides is calculated using their known
masses. The values of B for a few nuclides are used to solve for a,, a,, a., a, and a,.
Approximate values of these constants expressed in MeV, are

a, = 14.1 £ 0.2 MeV; a;,=13+1MeV;
a,=0.595 £0.02 MeV; 2, =19+ 0.9 MeV;
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a, = +1.2 MeV for e-e nuclei, 0 for (0-¢) and (e-0) nuclei, and -1.2 MeV
for 0-o nuclei.

Mass of a nucleus is given by eqn. 3.8.
M(A,Z)=Z My + (A-Z)M, -B (3.8)

where My and M, are masses of hydrogen atom and neutron respectively. Since binding
energy is in MeV, masses also have to be expressed in MeV.

Worked Example

Binding energy of a nucleus can be calculated using LDM semi empirical formula
with the constant given above.

For *’Co, A =59 and Z =27. Value of a, = 0 as *’Co is -0 nucleus. Substituting these
values in eqn. 3.7.

2 2
B=14.1x59-13(597°-0.595 27 _j9x>
(59)1/3 59

=831.9-197.02-111.42-8.05
=515.41 MeV

B 8736 Mev
A

This can also be calculated using the experimental masses of the neutrons, hydrogen atom
and neutron in eqn. 3.8.
B=ZxMy+ (A-Z)M, - M (A,Z)
=27x1.007824 + 32 x 1.008665 - 58.93320
=0.55533 amu

=517.29 MeV

- B 8767 Mev
A

These two values are in close agreement.

However, the differences between calculated and experimental values are large for
the nuclei whose Z or N correspond to magic numbers.
Applications of the Semi-Empirical Mass Formula

Masses of unknown nuclei can be calculated using semi empirical formula. These
calculations are extremely useful in nuclear reactions. Using LDM, predictions can be made
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regarding nuclear stability with respect to beta decay, alpha decay and spontaneous fission. It
is also useful to calculate nuclear radius constant (r() .

Nuclear Radius Constant

The binding energy difference in the case of mirror nuclei (e.g., "O and "°N) is
proportional to A**. For mirror nuclei, [N-Z| = 1 and N and Z are exchanged. Mass number A
is same for both the nuclei. Therefore, in the binding energy formula, only coulomb term is
different, all others being same.

2 2
DBI(—a xiz J - (—a X—N J
¢ Al/3 ¢ A1/3

__ 4. (Z2-N?)
A

1/3

ac
A1/3

(Z-N) (Z+N)

—a x AP (3.9)

This can be used to calculate nuclear radius constant. It is also known that for a spherical
nucleus having uniform charge distribution,

2
G (3.10)
Sr,
AB=a,x A"’
S,
2 2/3
pp=2 AT 3.11)
5.AB

Since we know that 1 is related to nuclear radius (R) as
R=1yx A"
R can be calculated.

The value of the radius constant has been found as ro=1.28 F (1 Fermi = 10" m) from
the data on mirror nuclei.
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Beta Decay

In a family of isobars, B-decay is observed. In the case of B-decay, mass number A
remains constant and Z changes by one unit. However, there are small differences in the
masses of a given family of isobars which show a parabolic dependence on Z.

From eqns. 3.7 and 3.8, after rearrangement of co-efficients of Z and A, a relation for
M(A,Z) is obtained as:

MA,Z)= o A+BZ+ yZ*+38 (3.12)
where,
(xIMH[aV - as—:fuj (3.13)
p=4a,- (M, - Mp) (3.14)
( 2/3)
v=(4jsj 1+ 4 (3.15)
a
4la
a

c

and a, 3 and y are known as local constants of a family of isobars.

From eqn. 3.12, it can be concluded that for constant A, M(A,Z) has a parabolic
dependence on Z. The vertex of the parabola corresponds to the most stable charge (Z,) for a
given A. This can be found out by differentiating eqn. 3.12 with respect to Z and equating it to
Zero

—B+2yZ, =0

A

SM(A,Z)
57

Hence Zy = - B (3.16)
2y

If the values of mass formula constants are substituted into eqn. 3.16, then
dependence of Z, on A comes out as

A

. (3.17)
* T (0015A%7 12)

Two examples of B-decaying isobaric chains involving odd A and even A are given
below and also shown in Figs. 3.1 and 3.2.
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0.26 Mev
{Exp.-0.06)
11Mgv !

(Exp.1.36) 1

1

61 62 63 64 65 66 67 68
Pm Sm Eu 6d 1 T Dy Ho Er

)

Fig. 3.1 Mass parabola for odd isobaric chain (A =157). Values given in the parantheses
are experimentally observed values [Nuclear and Radiochemistry, G. Friedlander,
J.W. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley (1981) p.46].

A =157; Odd mass number (Fig. 3.1)

157 B 157 BT 157 B 157 B 157 B 17 B 17 B 157
o Pm 62 Sm 63 EU 1 Gd 65 1D 66 DY ¢ HO os ET

A = 156; Even mass number (Fig. 3.2)

156 B 156 i3 156 B 156 [ 156 B 156 [ 156 i 156
o Pm > o, Sm > & Eu o Gd < e Ib o DY < o Ho o BT

For odd-A, one mass parabola is observed. The most stable charge (Z) can be found
from eqns. 3.16 and 3.17 and this may be a fractional number. The integer nearest to Z, will

correspond to stable charge (' Tbin the above example).
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1.0+
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7.50 MeV
(Exp.7.00)

9.0
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{Exp.1.70}
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5.63 MeV
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[SON o

£.75MeV
(Exp.5.10)

\
0.14 Mev
(Exp.0.27)

2.89 Mev
(Exp. 2.45)

28

2.01MeV
. {Exp.2.30)

60 61 62 6 64 T 65 66 67 68
Nd Pm Sm Eu 6d

Z
Fig. 3.2 Mass parabolae for even A (A = 156). Values given in parantheses are the

experimentally observed values [Nuclear and Radiochemistry, G. Friedlander,
J.W. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley (1981) p.47].

For Z < Z,, nuclei are " unstable and (N/Z) > (N/Z),
For Z > Z,, nuclei are B unstable and (N/Z) < (N/Z),

For even A, two parabolae corresponding to 0-o and e-e nuclides exist. The vertex of
0-o0 parabola is separated from the vertex of e-e parabola by 28. The masses for 0-o nuclei are
represented by the upper parabola while that of e-e nuclei lie on the lower parabola. Because
of'this, two stable isobars with even Z are observed. It is, therefore, expected that 156Th could
decay to form both '*°Gd and '*°Dy, which indeed is the case. Even though the mass of '*°Gd
is lower than that of '**Dy, the decay of "**Dy — '**Gd is precluded because the possibility of

double B-decay is negligibly small (not observed so far). Hence both *°Gd and "**Dy are
stable.

From eqn. 3.17, it is seen that when A is very small, first term in the bracket can be
neglected with respect to 2. Thus for low A elements Zy~ A/2 (N=Z). As A increases, the first
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term becomes significant and Zy < A/2 or N > Z for stable nuclei. This explains the deviation
of beta stability line from N = Z curve with increasing A.

Stability Against Alpha Decay

Liquid Drop Model (LDM) is very useful to find out whether a nucleus is stable
against alpha decay or not. Calculations based on LDM predict that nuclei with A > 150 are
energetically unstable with respect to alpha decay. The Q. value, i.e. decay energy

associated with o-decay of a nucleus ; X can be calculated from the differences in the mass

A-4

of nucleus , X and the combined mass of the product nucleus

Y and alpha particle.

Reduction of the Coulomb instability or increase in binding energy is the main driving force
for alpha decay. For example, Binding energies of U, ***Th and a. are 1765.931 MeV,
1743.050 MeV and 28.295 MeV, respectively. The combined BE of ***Th and o (1771.345
MeV) is greater than the BE of *?U (1765.931 MeV). Thus **?U is expected to undergo
a-decay and indeed it is o unstable nucleus.

It is also observed that in a family of isotopes, Q,-values decrease as A increases. For
isobars, Q. value increases with atomic number due to higher Coulomb instability. In the
case of *'°Po (N=126), Q,-value is found to be much lower than that is expected from LDM.
The extra stability associated with N=126 is responsible for this.

Stability Against Spontaneous Fission

LDM predicts spherical shape for the ground state of a nucleus so as to have minimum
surface energy. But it is seen that around A=200, Coulomb energy becomes sufficient to
make the nucleus unstable against alpha decay. Around A=230, nuclei become unstable
against spontaneous fission (SF). In the spontancous fission, a nucleus undergoes division
into two nearly equal fragments accompanied by the release of a large amount of energy
(=200 MeV). For example, U decays by o (4.468 x 10° y) and SF (10'° y) and ***Cf also
decays by a (2.85 y) and SF (85 y). A brief description of nuclear fission is given here
whereas details are included in Chapter 9.

If the nucleus is deformed say, to some ellipsoidal shape by preserving the volume
(necessary to keep the density constant), surface energy tends to restore the spherical shape
to keep itself to a minimum. But decrease of Coulomb energy with deformation on the other
hand favours deformation. For lighter nuclei, surface energy is very dominant whereas
Coulomb instability is not very high. For nuclei with A>230, the gain in Coulomb energy
(AE() due to deformation starts becoming comparable to the loss of surface energy (AEg) and
distortion of nuclear shape becomes easier. A typical plot of potential energy as a function of
deformation is given in Fig. 3.3. Potential energy reaches a maximum at certain deformation
and then starts falling off sharply. This point of maximum is called saddle point and the
energy difference between saddle point and the ground state is called fission barrier
(analogous to activation energy for a chemical reaction). A parameter, called fissility

parameter () is defined as:
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S

Scission

Potential Energy

Deformation

(OHCOCOCOCO

Fig. 3.3 Liquid Drop Potential Energy as a Function of Deformation [Nuclear and
Radiochemistry, G. Friedlander, J.W. Kennedy, E.S. Macias and J.M. Miller, 3rd
Ed., John Wiley (1981) p.72].

2 /A
=& /N

3.18
<0 (3.18)

Nuclides for which y < 1, a finite fission barrier exists. If y > 1, fission barrier vanishes and
nuclides undergo spontaneous fission. Hence, according to LDM, heavy elements upto with
¥ < 1 can be produced.

Merits of Liquid Drop Model

Liquid drop model has been extensively used to explain the gross properties of nuclei
i.e. the properties which vary smoothly with the composition of nuclei (A,Z). These
properties are:

(i)  Constant nuclear density and nearly constant B/A.

(i1)  Systematic deviation of N/Z ratio of stable nuclides from N=Z curve.
(iii) Mass differences in the family of isobars

(iv)  Systematic variation of alpha decay energies with A and Z.

(v)  Instability of heavy nuclei (A>230) against spontaneous fission.

Short comings of the Liquid Drop Model

(i)  Itisinconsistent with the p-p and n-n pairing effect prominently observed in natural
abundances of stable nuclides and enhanced binding energy for even-Z and even-N
nuclides.
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(i1)  The model is incompatible with closed shell effects as revealed by the periodicity in a
large number of nuclear properties recurring at magic numbers of protons and
neutrons.

(ii1) The model ignores independent motion of nucleons, the single particle spin, parity
and magnetic moment effects

Nuclear Shell Model

By the time LDM was established, a large number of empirical evidences was

collected that showed that nuclides with proton and/or neutron number equal to 2, 8, 20, 28,
50, 82 and 126 are comparatively more stable. These numbers are called magic numbers.
The extra stability associated with magic numbers could not be explained by LDM. A few of
the observations are discussed here.

(@)

(i)

(iii)

(iv)

™)

(vi)
(vii)

(viii)

Number of stable isotones is maximum for N = 50 (6) and N = 82 (7).

Number of stable isotopes is large for even Z nuclides; 10 for Sn (Z=50), 6 for Ca(Z=
20) and 4 for Pb (Z = 82), compared to their neighbours with atomic number Z+1.

The most abundantly nuclides in the universe are those with magic number of protons

or neutrons or both, e.g., 'O, 5 Ca, 5 Sr, )Y, 7 Zr, s Sn, ' Ba, 2 La, ' Ce, % Pb,

etc.

The beta decay of a nuclide is favoured if the resulting daughter product is having
magic number of protons or neutrons or both. These nuclides will have a short

half-life and emitted beta particle will have high B,.x. €.g., gg Br(55.15s), 2°1(83.45s).

> 53

The alpha decay of a nuclide is favoured if the resulting daughter product is left with
magic number of protons or neutrons or both. The nuclide will have a short half-life
and emitted alpha particle will have high E,. e.g., 7’7 Po,,, (45.1 s, 8.78 MeV),

22 At (0.125 ps, 9.08 MeV). On the contrary alpha emitter already having magic

number of protons or neutrons would be expected to be long lived and emit alpha
particles of lower energy. e.g., *; Po,,(138.376 d, 5.31 MeV).

126

The heaviest stable nuclide occurring in nature is *); Bi (N = 126).

i; Kr(N=51)and '53 | Xe (N =83), when formed in excited states via beta decay from

their precursors, emit neutrons. This shows that the one neutron excess of 50 or 82 is
loosely bound. (Just as ionisation potentials of alkali metals are very low).

Separation energy of last neutron or proton for nuclei having magic number is very
high (just as ionisation potentials of noble gases are very high). e.g., *>Pb (7.38

82
MeV).
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(ix) Neutron absorption cross-sections are lowest for nuclides having N = 20, 50, 82, 126
(just as electron affinity of noble gases) as compared to their neighbouring nuclides.
e.g., "W Xe,, (0.16b), '3 Xe,, (2.65x 10°b). It should be noted that the large cross-

> 54
section in the case of '**Xe (N = 81) is attributed to the ease with which a nucleus tries
to attain magic number configuration (N = 82).

These observations indicate that magic numbers (2, 8, 20, 28, 50, 82, 126) correspond
to closed shell configurations for a nucleus, similar to the closed shell configurations for
electrons in noble gases (2, 10, 18, 36, 54, 86). Apart from magic numbers, there are other
nuclear properties like spin, parity and well defined excited states which necessitated
invoking of a model based on single-particle behaviour of the nucleons.

M.G. Mayer, and Haxel, Jensen and Suess independently introduced nuclear shell
model in 1949 to explain the magic numbers by proposing a strong spin-orbit interaction.
This assumption gained acceptance due to its success in explaining experimental
observations.

Nuclear shell model is based on the assumption that each nucleon moves
independently in an average potential generated by the interactions among the remaining
nucleons. This essentially means that interaction among the nucleons is weak so that mean
free path of nucleons is larger than the nuclear dimension. In other words, nucleons move
inside the nucleus in a collision-free path. This is in sharp contrast to the assumption of liquid
drop model where it is assumed that interactions among nucleons are strong so that mean free
path of the nucleons is smaller than the nuclear dimension. This apparent contradiction can
be qualitatively explained by taking recourse to Pauli’s exclusion principle. Nucleons are
fermions and obey Pauli’s exclusion principle which states that no two similar particles can
occupy the same state. In the ground state of nucleus, all the available states upto Fermi level
are filled with particles. Ifa collision takes place between two nucleons then this should alter
the states of the colliding nucleons but no such states are available in the ground state as they
are all filled. Hence the assumption that nucleons essentially move in a collision free path
inside the nucleus is fairly valid. But in reality, collisions do occur, which alter the course of
the nucleons.

Shell Model Potential

If the nucleus is assumed to have a sharp surface, the density of nuclear matter would
be constant from its centre, right upto the surface and becomes zero outside its radius. The
potential generated by nuclear matter would then be expected to vary inversely with density
distribution. That is why the simplest choice of potential for shell model calculations is the
square well potential given by :

V(ir)=-V, r <R
=0 r>R (3.19)
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where, R =nuclear radius and V, = depth of the potential. The negative sign indicates that the
potential is attractive.

Another commonly used potential for calculation of shell model states is the three
dimensional simple harmonic oscillator (S.H.O.) potential given by :

V(r)=-V, {1(1;) } (3.20)

The value of V(1) is equal to V at the centre and reaches to 0 where r=R and increases
dramatically outside nuclear dimensions which is unrealistic.

Shell Model States

Once the potential is chosen, Schordinger equation can be set up and solved to obtain
the energy states. For the three dimensional isotropic harmonic oscillator potential, the
solution is given as

exn=(n; +ny +n3+3/2) ho,

=(N+3/2) ho, 321

where o is the oscillator frequency and it is related to the depth of the potential, which is

VO
MR’
positive integers specifying the wave function in the three dimensions. N can take the values
of0,1,2 ...

equal to where M is the mass of a nucleon . N is the sum of n;, n, and n; which are

In spherical polar coordinates, N is given by :
N=2(n-1)+/ (3.22)

where, / is the orbital angular momentum of the system and the values of ¢ are N, N-2, N-4,
.... 0 or 1, and n is the radial quantum number with the values of 1,2,3,....

The magnitude of total orbital angular momentum (L) is given by

La=+J(/(0+1) h (3.23)

The nomenclature for energy states is borrowed from atomic spectroscopy. i.e. £ =0
corresponds to an s state and / = 1 corresponds to a p state and so on so forth. Unlike in
atomic spectroscopy, 3s means that the s state is appearing for the third time. The values of n
and ¢ are 3 and O respectively and satisfies the eqn. 3.22. Thus a 3s state corresponds to N =4,
The other states for N=4 are 1g(n=1and / =4)and 2 f(n=2 and ¢ =2). Thus the states 3s,
2d and 1gbelong to N =4 energy state and incidentally has the same energy. i.e. the states 3s,
2d and 1g are degenerate states. Another point to note is that the energy states in a given N
value will all have either even ¢ value or odd ¢ value. Hence these degenerate states have
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same parity. Occupancy of each state is as per atomic spectroscopy. An s state can
accommodate 2 nucleons and a p state 6 nucleons. The possible states with occupancy are
given below.

L 0 1 2 3 4 5 6
state s p d f g h i
Occupancy 2 6 10 14 18 22 26
2(20+1)

N 0 1 2 3 4 5 6
Possible states S p s,d p.f s,d,g p.£h s,d,g,1
Occupancy 2 6 12 20 30 42 56
Cumulative 2 8 20 32 62 104 160
occupancy

An energy gap appears whenever there is a change in the quantum number N. Protons
and neutrons are separately filled in the energy levels. In '°O, there are eight protons and
eight neutrons. 8 protons occupy 1s and 1p levels. Similarly eight neutrons will occupy 1s
and 1p levels.

Spin-orbit Interaction

Sequential filling of nucleons using the above described scheme could produce shell
closure corresponding to numbers 2, 8, 18, 20, 34, 40, 58, 68 etc. Experimental evidences
support shell closure at 2, 8, 20, 28, 50, 82 and 126. These magic numbers could be
reproduced by proposing a strong interaction between the orbital angular momentum (¢ ) and
intrinsic angular momentum (s); known as /-s coupling. In /-s coupling scheme each / state
is split-up into two states with j values given by (¢ + 1/2) and (¢ -1/2). Thus an s-state
becomes sy, p-state splits into p;, and pyj, d-state splits into ds, and ds, and so on. The
energy of j=/¢ + 1/2 is lower than that of j = /- 1/2. Occupancy of aj state is 2j + 1. e.g., d3
accommodates 4 nucleons.

By introducing the /-s coupling, the magic numbers 2,8, 20, 28, 50, 82 and 126 were
reproduced. An energy level diagram is given in Fig. 3.4. Maximum occupancy of each level
is shown in the brackets. In the next column, cumulative occupancy upto that level is given.
Total number of nucleons at each shell closure is shown in the last column.

Ground States of Nuclei

The nuclear configuration of a given nuclide ; X, is obtained by adding neutrons and

protons separately in accordance with the Pauli’s exclusion principle to the levels in the
order shown in Fig. 3.4, beginning from the bottom of the well till all the protons (Z) and
neutrons (N) are accommodated. The depth of the potential well is less for protons than
neutrons due to Coulombic repulsion.
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Fig. 3.4 Splitting of Energy Levels of Three Dimensional Isotropic Harmonic Oscillator by
Spin-Orbit Coupling [M.G. Mayer and J.H.D. Jenson, Elementary Theory of
Nuclear Shell Structure, Wiley, New York, 1955].
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Nuclear Spin

While filling electronic levels in an atom, electrons occupy separate levels as far as
possible (maximum spin multiplicity). For example, for a p state, first three electrons occupy
separate levels and fourth electron pairs with first. On the contrary, in the case of nucleon
filling, pairing interaction is strong and nucleons are paired. Neutrons pair with neutrons and
protons pair with protons. Thus ground state spin of all even-even nuclei is zero. e.g. '¢ O has

8 protons and 8 neutrons. Eight neutrons occupy 1s;,,, 1p3,, and 1p;,, levels. All 8 neutrons
are paired. Similarly 8 protons also occupy a separate set of energy states 1s;,,, Ip3,, and

1p;,, , and are also paired. Therefore, the net spin of '°O is zero. Ground state spin (I) of 0-e
nuclei is determined by the j value of the last nucleon occupying the highest energy state,
since net spin of the remaining even-even core is zero. Thus nuclei with odd neutron or
proton have half- integral spin. In '] O, 8 protons occupy 1s;,, 1p3,, and 1p;,, states. First8

neutrons occupy ls;,,, 1p3,,,1p;,, states and the 9th neutron occupies the next energy level
1d},, . This unpaired nucleon represents the ground state properties of '’O. For a d state, /
value is 2 and all even ¢ values correspond to positive parity. Therefore, spin and parity of
ground state of 'O is given as 1d;,, . In the case of 12C, 6 protons are paired and 6 of 7

neutrons are paired. Last neutron occupies 1p;); state. Since the neutron occupies 1py, state,
spin of °C is 1/2 and parity is odd as ¢ is 1. In the case of nuclei with odd Z and odd N,
prediction of j is feasible by Nordheim’s rule. According to this rule, total spin of the nucleus,
equal to the net angular momenta of unpaired proton and neutron (Jr) is given as

Jr = Jpdnl If [(4p +jp + £n + jn)] is even and (j, + jn) otherwise (3.24)
Parity is even if both /, and ¢, are even or odd, and odd otherwise.

e.g. for ;g As,,,33rd protonis in 115/, state and 43rd neutronisin 1go, state. £, =3,/ ,=4,j,=
5/2 and j, = 9/2. Therefore, ¢, + (, + j, +ja =3 +4 +5/2+9/2 = 14. It is even.
59
S =1p - Jn =|———=2
7= lip - Jn | |2 2|
The parity of "®As is odd because ¢, and ¢, are odd and even respectively. Thus spin and
parity of ground state of "®As is 2.

Nuclear Isomerism

The magic shells at 2, 8 and 20 are the consequence of normal sequence of shell model
states. The shell closures at 28, 50, 82 and 126 are obtained with j = ¢ + 1/2 states e.g. 115,
1gos2, 1hy12 and 1i;3,,. The energy gap between the j= /¢ + 1/2 states increases with increase in
¢ values. A direct consequence of this is close spaced energy states of significantly different
spin values just before the shell closure configuration. In such cases for nuclei with odd
number of nucleons, the last nucleon can occupy either the expected low spin ground state
(jo) or high spin isomeric state (jm) of slightly higher energy. Deexcitation from the isomeric
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state to the ground state results in emission of y-rays. If the difference in spins of isomeric
and ground states is high, higher multipolarities are expected. Emission of y-rays with high
multipolarity is hindered and thus results in measurable life times for the isomers.

SUNby, 1 je=9/2", jm=1/2; 1n =86.6 h

BIMTe,, : jg=3/2+, ju=11/2;t1 =30 h

Nuclear Moments

In anucleus, rotating charged nucleons (protons) can act as small magnets by virtue of
the orbital (/) as well as spin (s) motions. The resultant magnetic moment () is given by

where, 1 is nuclear spin, g is the g factor or gyro magnetic ratio which can be obtained
experimentally and iy is the nuclear magneton. In the case of free neutron I is equal to %.
Neutron being neutral, is not expected to have orbital magnetic moment. However, a
spinning neutron shows a negative magnetic moment.

The finite magnetic moment for neutron (-1.913 ) and a large value of p for proton
(2.793 uy) indicate that neutron and proton are not simple elementary particles like electron,
but have complex structure.

For even A-even Z nuclei, the total spin [ = 0 as is the magnetic moment. For odd A
nuclei, the total spin is due to the odd nucleon spin and the magnetic moment arises from
coupling of n, and pn, depending upon j =/ £ s scheme. Schmidt derived the limiting values
of magnetic moments for odd-proton and odd- neutron systems. The Schmidt limits of

magnetic moment p in nuclear magnetons (py) for nuclides having odd nucleon are given in
Table 3.1.

Table 3.1 - Schmidt’s limits for magnetic moments

Nuclei state j=1l+s j=I-s

odd proton p=j+223 “7J_2293r.J 1
G+

odd neutron w=-1913 p=1.913ﬂj }
G+1

Two examples are discussed below.



Nuclear Models 45

1. ;3 Co,, has j = 7/2, n = 4.64 ux. The spin of **Co is due to the 27th proton which

occupies 15, level. Therefore, the spin of *’Co should be 7/2 whichis a ¢ + 1/2 level.
According to Schmidt limits, magnetic moment should correspond to odd proton, £+
case and the measured value of 1 =4.64 Ly is close to the expected value of 5.73 as per
the above expression.

2. Schmidt limits for magnetic moments can be used to arrive at the nucleon spin and
hence the spin and the parity of the last occupied nuclear level. In the cases of 3| Sb

123

and |

Sb, 51st proton contributes to the nuclear spin of these isotopes and according

to shell model 51st proton occupies 1g7, level. Therefore, nuclear spin for both these
nuclei should be 7/2. However, measured spin and magnetic moments in the case of
1338b are 7/2 and 2.55 py respectively. The pvalue is close to the one calculated on the
basis of j= /¢ - s and hence / is equal to 7/2. Thus the level is 1g7,. In the case of '*'Sb, I
=5/2 and p=3.36 uy; 5/2 could be due to g5/, or dsj, level. gs, corresponds to £ - s state
and ds), corresponds to £ + s state. By substituting j value (=I), for both the cases, the n
value can be calculated as 4.48 iy and 0.86 py, respectively. 4.48 uy is closer to 3.36
un. Therefore, this value corresponds to /+ 1/2 case. The level should be 1ds/, and spin
and parity of '*’Sb is 5/2"

Electric Quadrupole Moment

Electric quadrupole moment is the result of deviation of charge distribution from
spherical symmetry. If the time average of the volumetric distribution of electric charge
within a nucleus deviates from perfect spherical symmetry, the nucleus possesses finite
electrical moments.

For a nucleus, two most common deviations from spherical shape occur when it is (i)
elongated along Z-axis and (ii) compressed along Z-axis. For such shapes, quadrupole
moment can be shown to be

Q= i Z(b? - a?) (3.26)

where, Z is atomic number, b and a are semi axes parallel and perpendicular to Z-axis,
respectively. For b > a, Q is positive and shape is called prolate. For b <a, Q is negative and
the shape is oblate. If b = a, nucleus has spherical shape and Q = 0.

Quadrupole moment of a nucleus is determined from hyperfine splitting of spectral
lines, microwave absorption spectroscopy, molecular beam resonance method etc. It can be
shown that the nuclear spin should be greater than 1/2 to observe quadrupole moment. As a
consequence, for nuclei with I = 0 or 1/2, even if the charge distribution deviates from
spherical symmetry, their quadrupole moment cannot be determined by the above methods.
Quadrupole moments vary systematically with proton and neutron numbers. Nuclei with
magic number configuration are spherical and have zero quadrupole moment. For odd-Z,
even-N nuclides in which Z corresponds to a closed shell plus a proton, Q is negative
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Table 3.2 - Magnetic moments and quadrupole moments of some nuclides

Nuclide I (i) Q(x 107 m?) n'

H 1/2 +2.793 0

'H 1 +0.857 +0.273 +0.095
‘Li 1 +0.822 <0.09 <0.005
"N 1 +0.404 +2 +0.027
70 5/2 -1.894 -0.5 -0.005
JCl 3/2 +0.0684 -6.21 -0.018
SKr 9/2 -0.970 +15 +0.012
"> In 9/2 +5.50 +116 +0.056
28b 5/2 +3.36 -30 -0.013
1, Xe 3/2 +0.700 -15 -0.006
”Lu 7/2 +2.90 +590 +0.148
% 0s 3/2 +0.7 +200 +0.045
2 Bi 9/2 +4.082 -40 -0.008

=2 (b-a)/(b+a)

(oblate). When Z corresponds to one proton less than the closed shell, Q becomes positive
(prolate). Large positive Q is exhibited by mid-shell nuclides which are permanently
deformed. In the case of e-o nuclides, if the neutron number is one excess over the magic
number, e.g. 'O, the Q value is negative (see Table 3.2). On the other hand, if neutron
number is one less than magic number, then Q value is positive.

From the Table 3.2, it is clear that Q values change from positive values to negative
values around the magic number configuration. For example, Q value for '°In and '*'Sb are
116 x 107" m? and -30 x 10%° m” respectively and the expected value for tin isotopes (Z = 50)
is zero.

Merits of Shell Model

Apart from explaining magic numbers, single particle model is useful to explain the
following.

(i)  Nuclear spin, parity, magnetic and quadrupole moments.

(i)  Pairing energy (stability of e-e nucleons).
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(ii1)  Discontinuity in nuclear binding energy for magic nuclei.

(iv) Discontinuity in S, and S,,.

(v)  Spectrum of excited states of nuclei.

(vi)  Occurrence of nuclear isomers.
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Chapter 4
Radioactivity

Radioactive decay is a spontancous phenomenon of emission of particles or
electromagnetic radiation from an atom (nucleus). Thermodynamic instability of a nucleus
isresponsible for the spontaneous decay so as to obtain more stable nucleus. Nuclear decay is
accompanied by emission of alpha (a), beta (), gamma (y), neutron, proton and even
heavier particles. Elements (isotopes) that are undergoing nuclear decay are called
radioactive elements (isotopes).

The phenomenon of radioactivity was discovered by Henri Becquerel in 1896 and the
radiations emitted were called ‘Becquerel rays’ or ‘Uranic rays’. Pierre and Marie Curie
concluded that these uranic rays were due to atomic phenomenon, characteristic of the
element and not related to its chemical and physical states. They introduced the term
‘Radioactivity’ for this phenomenon.

The study of radioactivity, which deals with the properties of radioactive elements
(isotopes) and the radiations emitted, formed the basis of many important discoveries in the
field of atomic and nuclear physics. The scattering of alpha particles by gold atoms led to the
idea of existence of a nucleus inside an atom (Chapter 2). Convincing proof of the existence
of isotopes came from the analysis of chemical relationships among the natural radioactive
elements. The study of disintegration of the nucleus by bombardment with energetic alpha
particles led to the discovery of neutrons and in turn the current concept of the nucleus.
Bombardment of atoms with various projectiles produces a large number of radioactive
isotopes. Production of radioisotopes has added a further dimension to the nuclear research.
The study of radiations from both natural and artificial radioactive isotopes showed that the
nucleus has energy levels similar to those in the atoms. Nuclear spectroscopy which deals
with the study of nuclear energy levels to arrive at the nuclear structure relies on the
measurement of radioactivity. Thus radioactivity is very closely related to nuclear physics
and nuclear chemistry, and its measurement may help in understanding of the fundamentals
of nuclear structure and systematics of nuclear processes. Therefore, it is essential to
understand the types of decay, decay kinetics, decay energies and decay theories, and some
of these are discussed in this Chapter.
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Types of Radioactive Decay

The radioactive decay processes are energetically feasible when the mass of the
parent radionuclide is more than the sum of the masses of the products.

Mparent - Mprod = Q >0 (4 1)

In o and B decay, the original (parent) nucleus and the product nucleus have different
atomic numbers. The types of nuclear decay processes and the associated changes in nuclear
charge and mass numbers are given below.

a-Decay

A nucleus undergoing a-decay emits an a-particle which consists of two protons and
two neutrons. Atomic and mass numbers of the product nucleus are reduced by 2 and 4 units
respectively.

2X—>00 Y +a 4.2)

e.g. 5. U decays to * Th by a-emission.

U B Th+a 43)

B-Decay

[ decay comprises of one of the following three processes: (i) negatron decay (J3°), (ii)
Positron decay (B") and (iii) Electron Capture (EC). In all the three processes, charge of the
resulting product nucleus differs from the starting nucleus by one unit and there is no change
in mass number.

Innegatron decay, a 3" particle (electron) is emitted along with an antineutrino (v) and
the atomic number is increased by one unit. e.g.,

132
54

Pl UXe+p 4V (4.4)

In the positron decay, a B” particle (positron) and a neutrino (v) are emitted and atomic
number is decreased by one unit. e.g.

“Na — “Ne+B" +v 4.5)

In electron capture (EC), one of the orbital electrons of the atom is captured by the
nucleus and a neutrino is emitted. Here also, the atomic number of the product nucleus is
decreased by one unit. e.g.,

Zlute” - BYb +v (4.6)
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B, B",vand vare non-nuclear particles and the moment they are formed, they are emitted.

Gamma Deexcitation

Alpha and  decay quite often leave the daughter product nucleus in excited states.
When an excited state of a nucleus undergoes deexcitation, electromagnetic radiation,

known as y-ray, is emitted. e.g.,

% Co" = 5 Co+y @.7)

Spontaneous Fission

Spontaneous fission is a decay process in which a nucleus undergoes division into two
fragments along with emission of 2-3 neutrons. This is prevalent in isotopes of heavy
elements, e.g., P2Cf,

*2Cf — F, +F,+ 3 neutrons (4.8)

where F, and F, are fission fragments.

Kinetics of Radioactive Decay
The rate of decay of a radioisotope is proportional to the number of atoms of that
isotope present at that instant. Radioactive decay, thus, follows the first order kinetics.

(AN _
dt

AN (4.9)

where, N is the number of atoms at any time t and A is the disintegration constant which has
the dimensions of time™.e.g., s™'. The negative sign implies the decay of atoms. Integration of
eqn. 4.9, gives,

N=N,e™ (4.10)

where, Ny is the number of atoms at the initial time. Radioisotopes are estimated by

measuring ‘radioactivity’ or simply ‘activity’ (A), e. the product of decay constant (A) and
the number of atoms present (N) rather than N alone

A =NL (4.11)

Activity has the unit of disintegrations per unit time, generally disintegrations per
second (dps). The units of radioactivity are :

1 Becquerel (Bq) = 1 dps
1 Curie (Ci) =3.7 x 10" dps

Combining eqns. 4.10 and 4.11, a relation for activity as a function of time is obtained.
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Fig. 4.1 Decay of *’P on a linear plot (t,, = 14.262 days).

A=Apr™ (4.12)

Activity decreases exponentially as a function of time. A typical activity profile of **P is
shown in Fig. 4.1.

Half-Life

In the radioactive decay, the parent atoms are transformed into the daughter atoms.
The time required for the decay of half of the parent atoms to daughter products is defined as
the half-life (t,,) of the parent nuclide. Thus t =t;, when N = Ny/2.

Substituting N = Ny/2 and t = t,; in eqn. 4.10 and simplifying, one obtains,
12=¢Mn

In2 0693
and t,, = % == (4.13)

Half-life is a unique characteristic of each isotope. From the Fig. 4.1, it is seen that the
activity present at time t=01s 4,000 dps. After 14.262 d, it becomes 2,000 dps, i.e. halfofthe
original activity. Therefore by definition, half-life of this nuclide is 14.262 d. Activity after
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Table 4.1 - Half-lives and decay constant of some radioisotopes

Nuclide Half-life Decay constant Specific activity
s dps/ug
2p 14.262 d 5.61x 107 1.06 x 10"
Mo 65.94 h 2.92x10° 1.77x 10"
BT 8.0207 d 9.97 x 107 458 x 10°
3y 7.038x 10°y 3.12x 1077 7.90 x 107
*Fm 155 0.462 1.45x 10”

two, three and four half-lives would be 1000, 500 and 250 dps, respectively. Half-life of the
radioisotope is determined from the activity profile (Fig. 4.1)

Taking logarithms of eqn. 4.12,
log A =log Ap - At (4.14)

A straight line is obtained when log A is plotted as a function of time on a semilog
paper as shown in Fig. 4.2. The slope of this line gives the decay constant from which
half-life of the radioactive nuclide is obtained. Half-life can also be determined from Fig.
4.2, by locating the time coordinate corresponding to 2000 dps (as the original activity is
4000 dps). Time corresponding to the activity of 1000 dps is equal to two half-lives as shown
in Fig. 4.2.

Half-lives of different radioisotopes can vary from as low as microseconds to billions
of years. Half-lives and decay constants of a few radioisotopes are given in Table 4.1.
Column 4 in this table gives specific activity of these isotopes. Specific activity is defined as
the activity per unit mass.

Statistical Aspects of Radioactive Decay

In 1905, E. Von Schweidler formulated exponential law for radioactive decay in
terms of disintegration probabilities. Two assumptions were made. (i) The probability of
decay A is same for all the atoms of the species and (ii) A is independent of the age of a
particular atom. Therefore, the probability p of a radioactive atom disintegrating in a very
small time interval At is independent of the past history and the present circumstances of the
atom, but depends only on At.

p o< At
p=AAt (4.15)
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Fig. 4.2 Log of activity as a function of time (t;, = 14.3 d is obtained from graph. Actual
half-life is 14.262 d).

The probability of survival of one nucleus is equal to (1-p). This probability is same for the
next interval of At. Thus the total probability of the nucleus to survive for n such intervals is

n

(1-p)" = (1-AAY)" = (1—7“}“ (4.16)

n At=t

This is the survival probability of the nucleus upto time t. It is known that

I n
m (1—") _— (4.17)
n— o n

From eqns. 4.16 and 4.17,
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(1-p)"
n— oo

I n
im B O R (4.18)
n

If Ny is the number of radioactive atoms at time t = 0 of which N are surviving through
the time interval t, then this probability is equal to the fraction N/Nj.

. N n -\t
re. — =(1- =e

N, (1-p)

ZN=N,e™ (4.19)
Mean Life

The life time of radioactive isotope varies from 0 to co. The average time that an atom
of'aradioisotope can survive is called mean life (1) which is obtained by dividing sum of the
times of existence of all the atoms by the initial number of atoms. Summation can be replaced
by integration as the number of radioactive atoms is infinitely large. The mean life is given
by

S PN
' 0 t'IOt

[-ve sign indicates the decay of nuclide]

1 © © T
= — [ t-aNdt = [ te "dt (4.20)
N !

By partial integration of eqn. 4.20, it can be shown that

1
=1 421
. (4.21)

From eqns. 4.13 and 4.21, it is clear that the mean life is greater than the half-life by a factor
of 1/0.693. This difference is due to the weightage given in the averaging process to the
atoms surviving for longer time i.e. beyond the half-life period.

In the following example, half-life, decay constant and mean life time are calculated.

Suppose activity of a radioisotope is decreased to 75% of the original value in 30 days
period, its half-life (t; »), decay constant (A) and mean life time (t) are calculated as follows:

A=Ape™
A =75% of the original activity

:EXAO = éAO
100 4
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t=30d
3 ~2(30)
LA =A e
40 0

3 _
D g0

4

(4j

In| —

% = N34 = 0.00959 d”
30

t1/2 = ()i93d =72.3d

r=l= 104.3d
A

Branching Decay

A nuclide may be unstable towards more than one decay mode. For example, ***Cf
decays by spontaneous fission (SF) and alpha decay. Each decay mode has a decay constant
called partial decay constant. The total decay constant (1) of the nuclide is given by the sum

of the partial decay constants; A =A; + A, + ...

Let the nuclide X decays to two daughter products Y and Z, having corresponding
decay constants as A; and A, respectively.

Y
%
X
RN

Z

A= 7\,1 + )\,2
Rate of decay of X is

-‘ﬂj = (b, +1,)N =N (4.22)

Total half-life of X is related to partial half-lives as
0693 0693 N 0693

X XY X7
t, t, t,
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XY (X2
X = 2 1/2
172

T XoY X—>Z
th, +i,

(4.23)

Thus the total half-life of X is shorter than any of the individual partial half-lives. e.g., in the

case of 2°Cf, half- life for SF and o decay are 85 y and 2.85 y, respectively, where as its total
half-life is 2.645 y.

Mixture of Radioactive Nuclides

Consider a mixture consisting of two or more radioactive nuclides having different
half-lives which are genetically not correlated. In neutron induced reaction of a compound
like NaCl, both Na and Cl get activated and **Na (14.9512 h), **C1 (3.01 x 10° y) and *Cl
(37.24 min) are formed. Similarly neutron induced reaction of Cu results in the formation of
4Cu (12.7 h) and ®*Cu (5.120 min). Total activity of such a mixture of radionuclides is given

=A%e M +A%e T 4 (4.24)

where, Aiand A are the activities of ith nuclide at times t =t and t= 0 respectively. A1, Aa,....

are decay constants of 1, 2, ..., nuclides respectively. For a mixture of two radionuclides, the
activity is given as

A=Ale " +A) e (4.25)

Total activity is the sum of the activity of both the isotopes. The decay rate, therefore,
depends on the decay constants of both the isotopes. The shape of the activity profile depends
on the half-lives. The activity profile of a mixture of two nuclides of which one is short lived
and the other is long lived, is given in Fig. 4.3. The initial part is dominated by decay of
nuclide with shorter half-life whereas later part solely represents the decay of longer lived
nuclide which is a straight line. The half-lives of both the nuclides can be obtained
graphically. Since the later part of the profile is due to the decay of longer lived nuclide, a
straight line is extrapolated to zero time (curve b). Since curve a, represents total activity of
nuclides 1 and 2, by subtracting curve b from curve a, curve c is obtained. Curve c represents
the decay of shorter lived nuclide. Thus curves a, b and ¢ represent profiles of total activity,
activity of the long lived nuclide and activity of the short lived nuclide, respectively.

Slopes of curves b and ¢ give the decay constants of the long lived and the short lived
nuclides, respectively. Corresponding intercepts represent the activity of individual
isotopes, at time t = 0.
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Fig. 4.3 Plot of total activity of mixture of two radioisotopes as a _function of time [Nuclear
and Radiochemistry, G. Friedlander, J.W. Kennedy, E.S. Macias and J.M. Miller,
3rd Ed., John Wiley (1981) p.192].

Parent-Daughter Equilibria

Growth of Daughter Product

When a nucleus of a radioisotope decays by particle emission, it gets converted into a
nucleus of anew atom. For example, "*'I disintegrates by B-decay with a half-life of 8.0207 d
and its daughter product is '*'Xe which is stable. In this B-decay, an atom of "*'I becomes an
atom of “'Xe. If N atoms of "'l disintegrate, an equal number of *'Xe atoms are
accumulated. As the number of atoms of *'I decrease, the number of '*'Xe grows as shown
in Fig. 4.4. Both curves cross, exactly at a time equal to one half-life. At any given time, the
sum of the atoms of *'T and "*'Xe would be constant.
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Fig. 4.4 Decay of *'I and growth of *' Xe.

Growth of Radioactive Products

Let us consider the decay of '*’Ba.

B~ B~
140Ba 140La 140(:e

If a purified sample of '*°Ba is taken, its decay leads to formation of '*’La. Since '*’La is also
radioactive and decays, only a fraction of '*’La formed survives, and its activity grows with
time. The formation of '*’La is given as

dN

&= NA NG, (4.26)

where, N and N, are atoms of B3 and "La present at time t. A and A, are decay constants
of '**Ba and '*"La respectively. Solving this differential equation, the number of atoms of
'°La present at any time t is obtained.

— N;)?\‘l Mt Aot
Nz{w}[e e (4.27)

where, Nf is the number of atoms of '*’Ba present at t = 0.
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By multiplying both sides of eqn. 4.27 with A, this eqn. can be re-written in terms of activity
as

0 7"2 gt kot
AZ—A{M}[e e™'] (4.28)

From the eqn. 4.28, it is clear that A, which is zero at t = 0, increases with time. It reaches a
maximum value and then starts decreasing.

In the 2**U series as seen in Fig. 1.1, many radioisotopes are formed, the end product
being **°Pb which is stable. It is possible to calculate the atoms corresponding to any member
of the series. It is obtained by setting up the differential equation and solving it. H Bateman
gave arelation for the atoms of mth member with an assumption that at t=0 only the parent is
presentandN) = N = - =N’ =

Npn=C, e + C,e " +....C e (4.29)
where,
C, = MRS N? (4.30)
Oy =2 ) (hy =A,) (b, =)
C, = by b NY (4.31)

and so on.

Radioactive Equilibrium

In the cases where daughter product is also radioactive and its half-life is shorter than
that of'its parent’s half-life, then the activity of the daughter product grows with time and is
represented by eqn. 4.28. It reaches a maximum and starts decaying with parent’s half-life.
Time required to reach the maximum activity is called t.,,,. Beyond this time (t,,.x) the ratio
of activity of parent and daughter remains almost constant. This condition of constant ratio
of parent and daughter activity is called equilibrium. In the cases where the half-life of the
daughter product is longer than that of the parent, equilibrium condition is not reached,
though the activity of daughter product increases, reaches a maximum and decays with its
characteristic half-life.

Total activity of the sample having decaying parent and growing daughter is given as
A = activity of the parent + activity of daughter.

[on,
L(k , —A)) J

=Ale™ +A) [e™' —e™'] (4.32)
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where, the first part in the eqn. 4.32 represents the decay of the parent and the second part
represents growth and decay of the daughter product on the assumption that pure parent
sample was taken to start with (Ag =0).

2t 5 0 and the total activity (A) becomes

A=Al +A;{’“2}e-w
(7“2 _7"1)

il T
(A, =A))

AL kg™ (4.33)

After a long time t, e~

where k is constant. Therefore, the total activity decreases with the parent’s half-life. At this
time, the daughter activity can be removed by chemical separation for making a sample of
daughter product. Again the daughter product grows and attains equilibrium with the parent.
When the equilibrium is attained, the daughter product can be separated. Since parent
product is used to generate daughter product repeatedly, it is called a radioisotope generator.
For example, *™Tc (6.01 h) is repeatedly separated from a *’Mo (65.94 h) generator, at an
interval of 1 day.

Types of Equilibria

Depending on the decay constants of the parent and daughter products, there are three
cases of correlated decay : (i) transient equilibrium, (ii) secular equilibrium and (iii) no
equilibrium.

Transient Equilibrium

In the cases where decay constants A, (parent) and A, (daughter) are in the ratio of
~0.1, the equilibrium is called transient equilibrium.

A typical example is
Mo —— *"Tc —1 PTc (4.34)

In the case of transient equilibrium, the sum of the parent and daughter activities in an
initially pure parent fraction goes through a maximum before the equilibrium is achieved.
The total activity profile is shown in the Fig. 4.5 as curve ‘a’ and is resolved into curves b, ¢, d
and e for determining the half-lives as discussed below.

Curve a: It represents the total activity of the parent and daughter, as given by eqn. 4.32.

Curve b: This line, obtained by drawing a parallel line to the later part of curve a starting from
the activity A | att=0, represents the decay of pure parent. Slope of'this line gives the decay

constant of parent product.
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Fig. 4.5 Activity Profile in Transient Equilibrium [Nuclear and Radiochemistry, G.
Friedlander, J. W. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley
(1981) p.195].

Curve c: This is obtained by subtracting curve b from curve a and represents the growth of
the daughter product from the parent.

After sufficiently long time, e ™' — 0 and eqn. 4.28 is reduced to

A2:|777b2 —lA?e_}L't = 2 A,
L(kz _}Vl)J 7"2 _>"1

(4.35)

From this point onwards, daughter product also decays with the half-life of the parent.

Curve d is obtained by extrapolation of later part of curve c. The difference between
extrapolated part (curve d) and corresponding part of curve c is due to continuous decay of
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daughter product. Since [A,/(A,-A1)] is greater than unity, activity of daughter product is
more than activity of parent after equilibrium (eqn. 4.35).

Curve e: It is obtained by subtracting curve ¢ from curve d and represents the decay of the
pure daughter fraction.

0r 7\'2 —| At 0r 7\‘2 —| Mt gt
Al L(xz _kl)Je Al L(kz _xl)J[e o IL(xz _}\’I)J

Slope of this line gives the half-life of the daughter product. From the measured total activity,
one can arrive at the half- lives of both parent and daughter products by graphical analysis as
described above.

A°r Ay 1e*z‘ (4.36)

Secular Equilibrium

If the half-life of the parent isotope is much longer than the half- life of the daughter
isotope (A, >> A;), then the equilibrium is called secular equilibrium. In this condition, the
total activity of the parent and daughter reaches the maximum and does not decrease
appreciably for several half-lives of the daughter product. Decay of '*Ce is an example of
secular equilibrium.

14 e B Wp B N d

284.893d 17.28 min

Recalling eqn. 4.27, the number of atoms of daughter product formed from the pure
parent is obtained as

of h, ]
1L(x2—xl)J

Forlarge t,e ™' = 0and also A, - A, = A,

N, =N/ (}7:1} e = N}ik‘

N, =N [e™" —e™"]

2 2

Ni A =N Ay (4.37)

Radioactivity profile for the case of secular equilibrium is shown in Fig. 4.6. It is resolved
graphically to obtain the half-lives of parent and daughter products as discussed below :

Curve a : Total activity of an initially pure parent fraction i.e. activity due to parent decay,
and growth and decay of the daughter product.

Curve b is obtained by drawing a parallel line to the later part of curve a starting from total
activity at t = 0. It represents activity due to parent only (large t;,) which is equal to the
daughter activity. Slope of this curve is equal to the decay constant of the parent.
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Fig. 4.6 Activity profile in a secular equilibrium case [Nuclear and Radiochemistry, G.
Friedlander, J W. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley
(1981) p.196].

Curve ¢ : Growth of daughter activity in pure parent fraction. It is obtained by subtracting
curve b from curve a.

Curve d is obtained by subtracting curve ¢ from curve b and represents decay of the daughter
product. From the slope of curve d, half life of the daughter product is determined.

No Equilibrium

If the decay constant of parent is larger than that of the daughter i.e. A; > A,, then the
parent decays faster than the growth of the daughter product. This does not satisfy the
equilibrium condition of constant activity ratio at any point of time after preparing the pure
parent sample and, therefore, represents a ‘no equilibrium’ case. For example, **Xe is short
lived compared to its daughter product '**Cs.

138 Xe B~ 138CS B~ 138Ba

14.08 min 33.41 min
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Fig. 4.7 Activity profile in a no equilibrium case [Nuclear and Radiochemistry, G.
Friedlander, JW. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley
(1981) p.197].

There will be no rise in the total activity as it is always lower than the activity at any
earlier instant. Typical profile of a no equilibrium case is given in Fig. 4.7. The half-lives of
both parent and daughter products can be determined graphically. The total activity profile
‘a’ isresolved into curves b, c and d. Curve b is obtained by drawing a tangent to curve a at t=
0. Curve c represents the growth of the daughter and is obtained by subtracting curve b from
curve a. Curve d is obtained by extrapolation of curve c at large t and represents the decay of
daughter. The slopes of curve b and curve d give the decay constants of parent and daughter
respectively.

It may be noted that with the availability of high resolution y-ray spectrometers, the
daughter product activity alone can be measured as a function of time to obtain its growth
curve (curve c in Figs. 4.5, 4.6 and 4.7). From the growth curve, half-lives of daughter and
parent nuclides are determined by graphical analysis. Activity of the parent nuclide alone
can also be measured, if parent has a non-interfering y-line.
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Chapter 5

Nuclear Decay Processes

Instability of a nuclide may result in its decay. A nuclide may undergo a-decay if the
combined mass of the product nucleus and the a-particle is lower than the mass of the
nuclide under consideration. It is true for all the spontaneous decay processes like 3~ decay,
y-deexcitation, spontaneous fission and particle emission. While considering the radioactive
decay, it is essential to know the decay rates, energy of the radiation emitted, the decay rate
dependence on the energy, and possible theoretical explanation of the observed systematics.
Measurement of energies of the radiations provides the basic information for nuclear
spectroscopy.

Alpha Decay

Most of the isotopes of elements having Z > 82 are susceptible to a-decay. In the early
years of this century, natural decay series were the main sources of o.-emitters. The energy of
the a-particle is determined from the measured ranges or the velocity of the a-particles.

If an a-particle is subjected to a magnetic field (H), it orbits in a circular path of radius
(r). Velocity (v) of the a-particle is related to H and r as

-4
v=— Hr 5.1
M -1

where q and M are respectively charge and mass of the a-particle. For a given H, v can be
determined by measuring radius or for a given orbit of r, H can be adjusted. From the
velocity, E, is calculated. The velocity of a-particles from *°Th (4.685 MeV) and *'*Bi
(6.0466 MeV) are 1.5018 x 10" m/s and 1.7846 x 10’ m/s respectively.

Fine Structure in o-Spectra

An alpha unstable nuclide may emit mono energetic o-particles or a-particles with
different energies (fine structure). When a nucleus is decaying from its ground state to the
ground state of product nucleus (g-g transition), then the energy is maximum and this energy
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2 0881T1

Fig. 5.1 Energy level diagram for the o-decay from *"’Bi (Energy is not to scale).

is directly related to the Q value of the a-decay of the nuclide. On the other hand, when the
a-decay results in populating excited levels of the daughter products, then the a- energy will
be lower than the Q value. In such cases, often a-decay is accompanied by y-ray emission,
e.g., >"?Biundergoes a-decay and has 6 groups of a-particles: 6.230 MeV, 6.163 MeV, 5.874
MeV, 5.730 MeV, 5.711 MeV and 5.584 MeV with different intensities. The 6.230 MeV
a-group corresponds to g-g transition. The remaining o-groups are the result of populating
excited states of “*T1. Gamma rays corresponding to the deexcitation of different excited
states are observed. Energy level diagram of *'*Bi —%— ***T1 is shown in Fig. 5.1. From the
g-g transition value, Q value of the a-decay can be calculated or if Q value is known,
expected kinetic energy of a-particle can be calculated. The a-decay energy (Q value) is
shared by the a-particle (kinetic energy, E,) and the product (recoil energy, Er). From
momentum conservation Q, Er and E,, are related as

Q:Ea+ER:Ea|:1+$u:| (5.2)

R

where, M, and My are the masses of alpha and recoil product respectively. Use of mass
numbers for M,, and My, yield reasonably accurate values for Q. From the g-g transition of
?12Bi, Q is calculated as
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Fig. 5.2 Alpha spectrum of mixed source of >**%***’Pu and **' Am.
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Alpha spectrum consists of discrete lines corresponding to different energies of

a-groups and it is easy to identify energies from measured a-spectra using high resolution
detectors like silicon surface barrier detectors. A typical spectrum of a mixed source of Am

and Pu is shown in Fig. 5.2. Energies of individual a-groups are marked.

Half-life and and Alpha Energy

Half-lives of **Th and *'*Po are 1.405 x 10" y and 2.99 x 107 s whereas Q values are
4.06 MeV and 8.95 MeV respectively. For a change of an energy by two times, the half-life
varies in these cases, by a factor of 10**. Longest lived nuclide '**Nd (2.29 x 10" y) emits
lowest energy a-particle (1.8 MeV). Geiger-Nuttal formulated a quantitative relation
between decay constant (1) and range (R) or E, for isotopes in a given series, e.g., 4n or 4n+2
etc.

logh=A+BlogR (5.3)
logh=A"+B'logE, (5.4)
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where A, B and A’, B’ are constants for a given series.

Potential Energy Barrier

It was puzzling that 2**U emits spontaneously an a-particle of about 4.5 MeV whereas
in the scattering experiments, o-particles of 9 MeV (from *'*Po) could not penetrate into the
nucleus of **U. The potential barrier for the a-particles in the field of the nucleus (daughter
product) is given by U(r) = 2ze?/r. It follows that at about a distance of r=3 x 10™* m, U(r) is
about 9 MeV and increases to a maximum value (22 MeV) until the Coulomb law breaks
down; i.e. nuclear attraction starts. Unless the o energy is above 22 MeV, the repulsive
potential prevents the incident o from entering the nucleus. Yet, a-decay of ***U with o
energy of 4.5 MeV has been observed. This could be explained by proposing quantum
mechanical tunneling of the potential by a-particle.

Alpha Decay Theory

A theoretical basis for understanding the a.-decay was not available until the advent of
quantum mechanics. In 1928, Gamow and the team of Gurney and Condon independently
explained the relationship between E, and half-life on the basis of quantum mechanics. It is
assumed that the a-particle is preformed and exists for a while within the nucleus before
emission. The interaction of the preformed a-particle with residual nucleus, both inside and
outside nuclear dimensions is represented in Fig. 5.3. The wave function representing the
o-particle does not go abruptly to zero at the wall of the potential barrier (R;) and has a finite,
although small, value outside R;. Schrodinger wave equation is set up for the a-particle
inside nuclear well and solved. The probability (P) for the a-particle of mass M, to penetrate
this barrier is given by

P = exp[ —‘i’:@ J‘zq/U(r)—T dr] (5.5)

U(r) is potential energy as a function of radial distance r, T is the total kinetic energy (sum of
the kinetic energy of a-particle and recoil energy of the residual nucleus) and p is the reduced
mass given as

M o M R

= "o« R_ 5.6
u M, M, (5.6)

From the eqn. 5.5, it is clear that P increases with decrease in barrier height and/or increase in
the value of T. For higher E, values, T is higher and therefore probability for barrier
penetration increases.

Ifthe a-particle is considered to be bouncing between the walls of the potential barrier
(i.e. under the influence of potential U(r)) with a velocity v corresponding to a frequency f,
then f'can be calculated as
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Fig. 5.3 Potential energy for a nucleus+o. particle system [Nuclear and Radiochemistry, G.
Friedlander, J.W. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley

(1981) p.59].
f:Lz h2 as Uz—h (5.7
2R, 2uR; MR,

The de Broglie wavelength h/pv is taken as equal to R,. The product of P and £, is the decay
probability of the radionuclide to undergo a-decay and is given by

R,

Ao D exp{—?@ jU(r)—T dr} (5.8)

2uR’ R,

1

Solution for eqn. 5.8 is given by (details are beyond the scope of this book)

2
Ax D expl SRZZE cos'l\F— T(HT) (5.9)
2uR? hv B \Bl B

where,
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Table 5.1 - Comparison of calculated decay constants with experimental data
Alpha emitter T (MeV) R; x 10" cm® Acale Kexp "
Cp) C)
Nd 1.9 7.950 2.7x 107 1.0x 107
*Gd 3.27 8.014 2.6x 10 22x 10
%o 5.408 8.878 1.0x 10° 5.80x 107
**Po 7.835 8.927 49x10° 4.93x 10’
*°Th 6.448 9.072 2.6x 10" 2.95x 10
*5Th 5.521 9.095 8.0x 107 8.35x 107
*'Th 4.767 9.118 1.7x 10" 2.09x 107"
**Th 4.080 9.142 7.8x 107" 1.20x 107"
*Fm 7.310 9.390 1.3x 10" 51x10°
“Radii were calculated from formula R, = (1.30 A" + 1.20) x 10"° m
°The A values listed are partial decay constants for ground-state o transitions only.
B= Zze’ _ 27¢’ (5.10)
R R

Using eqn. 5.9, A values for a-decay of many nuclei were calculated with R; value as
the sum of nuclear radii of the daughter product (1.30 x A" x 10™"* m) and the a-particle
(1.20 x 10" m). The agreement between calculated values and experimental values is good
(Table 5.1). Gamow’s theory, in general, explained the variation of half-life as a function of
E.. However, in the case of 0-0, 0-¢ and e-o nuclei, there are large deviations in the calculated
half-lives from the measured values. Also when the daughter product or the a-decaying
nucleus has a neutron shell N =126, e.g., 2o ora proton shell Z=182, e.g., 295y then the
agreement is not good. It is important to note that despite the constraints that were used in this
theory viz. (i) preformation of a-particle inside a nucleus, (ii) use of square well potential
and (iii) arbitrary assumption of alpha radius as 1.20 F, the theory could explain the
experimental observations reasonably well.

Nuclear Structure Effects

One of the assumptions in the theory, discussed above, is the preformation of
a-particle inside a nucleus. It is easily conceivable, that an a-particle is preformed in an e-e
nucleus than in an e-o0 or 0-¢ or 0-o nucleus. This involves either breaking an existing nucleon
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pair or leaving the daughter product in an excited state. In either case, the probability of
a-decay for the g-g transition becomes lower.

The decay energies (Q,) decrease as a function of mass number for an element (7).
However, abrupt changes are observed if the parent nucleus is having a magic number of

neutrons and/or protons. The Q,, value for 25 Po,,, 15 8.953 MeV with a halflife 0 0.299 ps.

is a doubly magic shell configuration nucleus.

128

. s 208
In this case, the daughter product is “; Pb,,,

a-decay is highly favoured as it results in extra stability. Most of the Po isotopes are
a-unstable as the decay product is having more stable configuration with Z = 82 (Pb)
compared to the parent nucleus with Z = 84. Let us examine the a-decay of * At ,, and

*4 At . In the former case, the daughter product will be *, Bi with N = 126, and therefore,

the decay is favourable. In the latter case, the parent is having N = 126, thus the a-decay is

less probable. This reflects in the half- lives and Q,, values of these nuclides. For 2;: At, Qg

and t,; are 9.25 MeV and 0.125 us respectively, whereas for *!! At, they are 5.98 MeV and

85

211

7.214 hrrespectively. In fact, a-branch for

Atis 49% and competing mode of decay is EC

with 51%. It has to be noted that spin and parity of initial and final nuclei are not at all
discussed. A complete discussion on these aspects is beyond the scope of this book.

Beta Decay

After the discoveries of neutron and artificial radioactivity, a large number of 3
unstable radioisotopes have been produced, which paved the way for understanding the
decay modes and nuclear structure. In the 3-decay process, mass number remains constant,
but atomic number changes by one unit. The three processes B~ decay, B decay and electron
capture (EC) together are known as 3-decay. Energy spectrum in the emission of -particles
differs from that of a.-particles. A discrete energy spectrum is observed in o.-decay where the
a-energy is related to the disintegration energy. In the case of B-decay, the energy spectrum
is continuous. However, the end point energy of B-spectrum (B..x) is related to the

disintegration energy. This continuous energy spectrum posed serious challenges and could
not be explained based on the theories available at that time and required new and bold
assumptions.

Energetic Conditions

Mass difference between B-unstable nuclide and its daughter product is the Qg value
of B-decay. The energetic conditions for a nuclide of mass My to undergo -decay are

B~ decay : Mz > Mz
B" decay : My > My, + 2m,
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Electron capture Mz > Mz,

where, Z is the atomic number of the parent nucleus and m, is the rest mass of the electron.
Nucleus that have higher N/Z compared to corresponding ratio of stability line (N/Z), are
prone to B~ decay. On the other hand, those nuclides having lower N/Z compared to (N/Z),

are prone to B decay and / or EC decay. For B* decay 2 mc® is the energy threshold.
Therefore, for the nuclides with low Qg values, EC is the decay process, whereas above this
threshold B~ decay and EC are competing decay modes.

Energy and Velocity of B-particles

Energy of B-emitters vary from a few keV upto even 15 MeV, though for most, the
Bmax value does not exceed 4 MeV. Velocities of B-particles (v) are as high as 0.995 ¢, where
c is velocity of light. Therefore B-particles must be treated relativistically. Velocities of the
B-particles are measured by means of deflection of the path of the particles in a magnetic
field. The velocity is related to the magnetic field (H) applied and radius of curvature (r) by
eqn. 5.11.

Hr=1704.5 B 4/1-p* (5.11)

where 3 = v/c. Values of H compiled as a function of v/c for a given r are available. From
experimental value of H, v/c can be calculated using the tables. From the v/c, kinetic energy
(T) of B particles can be calculated as

0.511
J1-PB?

Thus both energy and v are determined.

T=

(5.12)

B-Decay and Conservation Laws

As stated earlier B-spectrum is continuous from zero to a maximum value (B,x). This
Bmax corresponds to the energy difference between initial and final states (Q value for -
decay). A typical energy spectrum is shown in Fig. 5.4. In a transition from one discrete state
(parent) to another discrete state (daughter), the emitted B-particles have shown different
energies which appeared as a violation of energy conservation. Half-life of the nuclide
remained same whichever portion of the energy spectrum was used for measurement.

Nuclear spin has not been conserved as mass number of initial and final nuclei in
B-decay remains same (either odd or even). Nuclear spin should be either half integral or
integral whether a nucleus is odd or even. The emitted electrons have half unit of spin. Thus
spin is not conserved. Accordingly statistics are also violated.

These apparent violations could be solved by a bold postulation made by Pauliin 1930
that in each B disintegration an additional unobserved particle called neutrino is emitted.



74 Fundamentals of Radiochemistry

Number per unit energy

1 i 1
0 05 1.0 15
Electron energy (in MeV)

Fig. 5.4 Beta spectrum of *°P [E.N. Jensen et al., Phys. Rev. 85 (1952) 112].

This neutrino is a Fermion. It was assigned zero charge, spin 1/2, almost no mass and carries
away the energy and momentum in each [(-decay process to conserve energy and
momentum. Existence of neutrinos was experimentally confirmed in 1956 in the inverse
process, in which a proton captures a neutrino to give a neutron. It is also proved that
neutrinos emitted in B~ and B are different, the former being antineutrino. In the EC,
monoenergetic neutrinos are emitted. Careful measurements of B-decay energy spectrum
and determination of masses of parent and daughter products gave an upper limit of 200 eV
for the neutrino mass.

Fermi’s Theory of B-decay

Fermi’s theory of B-decay was patterned after the electromagnetic theory of light
emission. Fermi considered that the B-particle and neutrino are created when a bound
neutron is converted to a bound proton, the same way a photon is produced in an
electromagnetic transition from one energy level to another. In the theoretical consideration,
electro-magnetic field is replaced by electron-neutrino field. The electron-neutrino
interaction is weaker than the electromagnetic interaction and in contrast to strong
interaction between nucleons. The probability N(p)dp that a B-ray with momentum between
p and p+dp will be emitted in unit time is given by

2 d
N@) dp===" ||y (0] |y, O)f Mg> - (5.13)
h dE,

where W, and 'V, are wave functions of electron and neutrino whose probabilities of finding
at the nucleus are |V, (0)]* and |¥, (0)|* respectively, M represents the matrix element
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characterising the transition from initial to final nuclear state, and the |M;{* is a measure of
the extent of overlap between the wave functions of initial and final nuclear states; g is the
Fermi constant whose numerical value is empirically determined as ~10*° cm® erg. The
density factor dn/dE,, known as statistical factor, is the density of the final states of the
system in the electron momentum interval of p and p +dp. The characteristic bell shape of the

B-ray spectrum is determined by the statistical factor.
Statistical Factor

Kinetic energy is shared by electron (E.) and neutrino (E,), with a negligibly small
fraction of the energy going as recoil energy of the final (daughter) product.

EO = Ev+ Ee (514)

But momentum is conserved between the electron, neutrino and the final nucleus.
This allows to write the momentum of neutrino (q) in terms of its kinetic energy (E, = E¢-E.)

q =i(Eo—Ee) (5.15)

and for the electron

p =1 JE.E, +2mc?) (5.16)
C

The number of electron states in the volume element 47p>.dp corresponding to
dnp*dp
h3

momentum interval of p and p+dp is . The number of neutrino states in the

2
momentum interval q and q +dq is 4nq3dq’ where h’ is the volume of the phase space in the

momentum intervals of p and p+dp and q and q+dq. From the uncertainty principle the
volume in the six dimensional phase space; characterised by three space coordinates, x, y, z
and three momentum coordinates Py, Py, P, is given by

Ax.Ay.Az. Apy . Apy . Apz =1’ (5.17)

The number of translational states in a certain volume and in a certain momentum is taken as
the number of unit cells in the phase space.

Total number of final states is given by

h’ ph3

_ 4np’ d 4nq

2
dn dq (5.18)

Total number of states per unit range of energy is
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dn _16n® . 5. 1
— = -p’dp- q*dq-—— 5.19
E, b p°dp-q quO (5.19)

It can be shown by differentiating eqn. 5.15 at a given constant energy of electron,

E
dq:d 0 (5.20)
c
and therefore
dn 16m?
G e P EomEDTdp (5.21)
0

dn is the relative probability that the B-ray momentum will be between p and p+dp, also
0

between E. and E.+dE,. Therefore, it has a parabolic dependence on energy E. as shown in

Fig. 5.4.

Both momentum (p) and energy (E.) are expressed as dimension-less quantities 1 and
W respectively.

p _ mv _ E(MeV)

= = 5.22
" m,c (myc), 0.511 (522)
2 E 2

and w= ¢ _ Erme  EMeV) (5.23)

m002 m002 0.511

Eqns. 5.22 and 5.23 are rearranged to get
W2=n?+1 (5.24)

Eqn. 5.21 can be rewritten as
[M6n*mic* |

dn _ o€ 1 02 [W, - WI dn (5.25)

dE, h

The statistical factor n> (Wo-W)? dn gives an excellent representation of the shape of
allowed B-ray spectra in low Z nuclides (Fig. 5.4).

Nuclear Coulomb Factor

Atomic nucleus has positive charge and 3" particles are negatively charged. Thus 3°
emission is decelerated by positively charged nucleus and the lower side of energy spectrum
will show higher intensity. On the other hand in B" decay, B" particles are accelerated due to
repulsion from positively charged nucleus. This results in depletion of low energy B"
particles, as shown in Fig. 5.5. Also, B" has to penetrate Coulomb barrier between itself and
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Fig. 5.5 Beta energy spectrum of **Cu [J.R. Reitz, Phys. Rev. 77 (1950) 10].

nucleus. This reduces the intensity of B decay. Thus the net result is highly depleted low
energy part and generally reduced intensity in the entire spectrum. Effect of nuclear
Coulomb potential (F (Z,W)) is given by

2ny

F(Z,W) = P (5.26)

wherey= —— = +Za w (5.27)
1378 n
+Z for B~ decay and -Z is for B decay where Z is the atomic number of the daughter product
2
ando == L is the fine structure constant.
he 137

Screening by Electrons

Atomic electrons also affect emission of B~ and B'. Screening by atomic electrons
reduces B~ ray emission by about 2% for Z~50 and affects further with increasing Z. For "
emission the probability increases by about 37% for Z~50 and dramatically increases with
higher Z.
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Comparative Half-lives : log ft values

The probability of B-decay per unit time in a momentum interval dn or energy interval
dW can be obtained by combining eqns. 5.13, 5.24 and 5.25 as

2 4 2
64n° m; c'g
7

P(W) dW = IM,.|> F(Z,W) WW? -1)"* (W, —W)* dW  (5.28)

Integrating eqn. 5.28 between 1 to Wy, the total probability per unit time for a 8 particle
emission is obtained as

w 2 5 4 2 w
¢ 64
[PeW)aw = % M [F@Z W) WW? = 1) (W, = W)? dW
1 1
(5.29)
and is equal to the decay constant A. It can be written as
In2 " M, |*f
e = IP(W)dW _ Myl Ay (5.30)
t1/2 1 TO
An* m’ cto?
where i = w (531)
T, h’
and f is the integral in eqn. 5.29. Eqn. 5.30 is rewritten as
0.693
fy. Typ =t (5.32)

M, [*

Often fy t,, is written as ft and it can be thought of as the half- life corrected for differences in
Z and W,. Eqn. 5.32 becomes.

_ Universal c;)nstant (5.33)
|Mif|

ft

Approximate relations for f values are obtained with empirical evaluation as

log fﬁ_ = 4.0logEy+0.78+0.02Z-0.005 (Z- 1) log E, (5.34)
2
E
log f[f: 4.0 log Ey +0.79 - 0.007 Z - 0.009 (Z + 1) |:10g(3oﬂ (5.35)
logf,. = 2.0logEy-5.6+3.5 log(Z+1) (5.36)

where E, is the B,.x expressed in MeV and Z is the atomic number of the daughter product.
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Selection Rules

Transitions in which electron and neutrino do not carry away angular momentum are
expected to have largest probability and are called ‘allowed’ transitions. Transitions are
classified depending on the changes in / (A/), spin (Al) and parity (Am). Transitions with Al =
0 or 1 and At = NO are called allowed transitions and should have the allowed shape and
similar ft values. However, ‘ft’ values were found to have a range in the allowed transitions
from 10° to 10°. This may be due to the fact that|M;g* is not same for AI=0, +1 and Ar=NO.

The electron and neutrino emission with orbital angular momenta (/) other than zero is
possible. With increase in / values, the probability of emission decreases rapidly.
B-transition with /=1, 2, 3 ... are classified as first, second, third .... forbidden transition. A
few example are given in Table 5.2.

Table 5.2 - Classification of B-transition and selection rules

Type Example Bmax | log ft& Al Al AT
(MeV)

Super allowed h " 0.78 3 0 0 No
Allowed $g 5351 0.17 4-7 0 0 No
Allowed (I-forbidden) |*?p — 32§ 1.71 6-12 0 1 Yes
First forbidden Ba — "La 227 | 6-15 1 1 Yes

oy 3mg, | 0.51 2 1 Yes
Second forbidden 370g 5 1378,y 1.17 11-15 2 2 No
Third forbidden 8Rb — ¥Sr 0.27 17-19 3 3 Yes
Fourth forbidden "In — '°Sn 0.63 | ~23 4 4 No

*Note : Ranges of log ft values are approximate

A few examples are discussed below to understand the log ft values and selection
rules.

37Cs decays by B~ emission and populates two states in the daughter product '*"Ba and
the decay scheme is shown in Fig. 5.6. The calculated log ft values for E . values of 1.17
MeV and 0.51 MeV are given in Table 5.3.

The log ft value obtained for the transition involving Eq = 1.17 MeV is 12.2 and the
transition corresponds to second forbidden type. The Al should be +2 of *’Cs (7/2")and

parity of *"Ba is same as that of '*’Cs. Accordingly ground state of '*’Ba should have a spin
of 1 =; 2 = 121 or Z On the other hand, the log ft value for excited state (E - 0.51 MeV)
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E,=117MeV
BT Ba (2.552 min)
06616 MeV
"’ Ba(stable)

Fig. 5.6 Decay scheme of ¥Cs.

Table 5.3 - E, and log ft values for the decay of *'Cs.

Eq (MeV) log f Branching t(s) log ft
1.17 2.13 0.08 1.187 x 10" 12.2
0.51 0.79 0.92 1.032x 10® 8.8

is 8.8 which belongs to first forbidden type. Then its spin is that of '*’Cs +2 and associated
with parity change. It is also known that y-decay of *"Ba to ground state of '*’Ba is long
delayed with a half-life of 2.552 min. Also ground state of '*"Ba is assigned a value of (3/2)"
from magnetic moment measurements. Thus the excited state ('°""Ba) is assigned a spin
value of 11/2 with a negative parity. The nuclear state thus is 11/2". Since the spin difference
between m — g state is 4 with a change in parity, the emission of y-decay is associated with
higher order multipolarities and the y-deexcitation has low probability, which will be
discussed in the next part.

A more complicated, but of importance is the decay of *’Br and its daughter product
¥7Kr. The decay scheme is given in Fig. 5.7.
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¥Br (55.65)
E,~ 2.6 MeV (0.70)
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2
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Fig. 5.7 Partial decay scheme of * Br (Life time of *""Kr is very short. The delayed neutrons
are emitted from this level)

The log ft values for the two transitions from %Br with E, values of 2.6 MeV and 8.0
MeV are 4.83 and 7.08, respectively, which are calculated using eqn. 5.34 and are given in
Table 5.4. Ground state of *'Br is P32 and log ft value for Ey = 2.6 MeV suggests that this
transition, populating the excited state 5.4 MeV of *’Kr, is an allowed transition. Therefore,
Al=0, Al=0 or 1 with no parity change. Thus the excited level can be characterised as a ps)
or py; state. The other transition is assigned as ds, state, though expected state from single
particle shell model is g7,.

The most interesting part of this system is the decay of 5.4 MeV excited state of *’Kr.
This energy is 0.3 MeV excess over the combined mass of **Kr and a neutron. It means that
the neutron separation energy is 5 MeV and therefore 5.4 MeV level is an unbound level of
$7Kr. The deexcitation of the level can be by one of the three modes: (1) emission of a neutron
with a kinetic energy of 0.3 MeV, (ii) Decay to ground state of *’Kr by 5.4 MeV y-emission
and (iii) Decay to ground state of *’Rb by emission of a p with Eq = 9.0 MeV. Though the
B-transition is allowed (ps» — pss), it is not observed as the energy involved is high. 2% is
the branching for neutron emission and the remaining is by y-deexcitation. Neutron emission
is delayed by the decay of *'Br (55.5 s) as this depends on the population of 5.4 MeV level of
$7Kr subsequent to the decay of *'Br.
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Table 5.4 - E, and log ft values for the decay of *'Br

Fundamentals of Radiochemistry

Isotope Ey (MeV) log f Branching t(s)" log ft

S Br 2.6 2.93 0.70 79.28 4.83

8.0 4.81 0.30 185 7.08

" Br 9.0 5.01 ~0 large large
"Half-life x branching

Gamma Transitions

Deexcitation Processes

The product nucleus in a.-decay or 3-decay may be left in either an excited state or
ground state; more frequently in an excited state. Excited states may also arise as a result of
nuclear reactions or because of direct excitation from the ground state. An excited state
returns to the ground state or reaches less excited state mainly by emission of
electromagnetic radiation known as gamma radiation. Energy of the y-rays is between a few
keV and about 7 MeV. By measuring the y-ray energy, useful information on the structure of
the product nucleus is obtained. The y-ray energies can be measured with a crystal
spectrometer. Solid state germanium and Si(L1i) detectors are frequently used for measuring
y-ray energies.

Internal conversion (IC) is a competing mode of deexcitation process. Internal
conversion is the result of interaction between nucleus and extra nuclear electrons leading to
emission of an electron. In the process, energy of the excited nuclear level is transferred to
the nearest orbital electron which is emitted if it gains an energy more than its binding
energy. Kinetic energy of the earlier electron is equal to the difference between the energy of
the nuclear transition and its binding energy.

Deexcitation of a nucleus in yet another mode is probable, if the energy available is
more than 2 m,c” (1022 keV). It is possible that the excited nucleus creates simultaneously an
electron (¢7) and a positron (¢"). Since this pair of particles are non-nuclear, they are emitted
the moment they are formed with kinetic energy equal to half of the excess energy over
1022 keV. It is to be noted that it is an uncommon mode of deexcitation and also it is an
example where energy is converted to mass in the form of ¢  and e pair.

Since in all these processes, deexcitation of an excited nucleus is taking place, all are
called y-transitions as there is no change in A and Z. Only the first process is accompanied by
the emission of y-rays.

Life times of Excited States

The life times of excited states are around 1072 s, though there are quite a few
exceptions. In certain cases, the excited states are found with measurable and long life times,
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and are known as ‘isomers’. e.g., >""Ba has a half life of 2.552 min. *”™Tc¢ (6.01 h); '*™Xe
(56.9 s), "¥™La (0.56 s) and *'"™Bi (3.04 x 10° y) are some examples of isomers. If the
differences of spin (I) and energy (E) between the levels are large, then existence of isomers
is possible. Gamma decay from an isomeric state is called isomeric transition (IT). The
systematics of isomer life times and their dependence on energy and spin changes played an
important role in the development of nuclear shell model.

Multipole Radiation and Selection Rules

Gamma radiation arises from purely electromagnetic effects that may be due to
changes in charge and current distributions in nuclei. Charge distributions give rise to
electric moments and current distributions to magnetic moments. Correspondingly y-ray
transitions are classified as electric and magnetic. Gamma ray carries away integral units of
angular momenta (/). The emitted y-rays with / values of 1, 2, 3... units of 7z are called dipole
quadrupole, octupole ... radiations, respectively. It is represented as E/ or M/. e.g. E2 means
electric quadrupole; M3 means magnetic octupole (2° — octupole).

The electric and magnetic multipole radiations differ in parity in such a way that an
electric 2’ pole radiation has a parity of (-1)' whereas magnetic 2’ multipole radiation has
(-1)"" parity. Angular momenta (/) associated with 2’ pole radiation are governed by I, + I;> /
>|I; - I where [; and Irare nuclear angular momenta of initial and final states involved in the
y-transition. If the transition is from 2" to 3", then / can have integral values from 1 to 5. Since
there is no change in parity, odd / values are associated with magnetic multipolarity and even
[ values with electric multipolarity. Thus the multipolarities associated with this transition
are M1, E2, M3, E4 and M5. But in reality only lowest in the case of electrical and lower two
in the case of magnetic multipolarities are probable. In this case the multipolarities of y-ray
would be a mixture of M1 and E2. A point to be noted is that if there is no parity change,
electric multipolarity will be even and magnetic will be odd; as in the above case. If there is a
parity change, odd electric multipolarity and even magnetic multi polarity are observed.

The selection rules discussed above are given in Table 5.5.

Table 5.5 - Selection rules and multipolarities in the y-decay.

Al 0 0 1 1 2 2 3 3

AT No Yes No Yes No Yes No Yes
Transition | M1, E2 El MI1,E2 El E2 M2, E3 | M3, E4 E3
type

It should be noted that the transition from 0 to 0 (I; = 0 and I;= 0) cannot take place as
photon carries away atleast an / value of 1 unit. Transitions with parity change and Al =0 are
possible. In the case of no change in parity (An = NO), deexcitation may occur by internal
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Fig. 5.8 Decay scheme of “"Co — “Co — " Ni.

conversion, e.g., “Ge. Other possibility is pair production if the energy is more than 1.022
MeV; e.g., '°0 (6.05 MeV state).

These selection rules can be applied to arrive at the multipolarities of the y-rays from
IT of *™Co (E, =59 keV) and y-rays of Co (E,= 1173 keV and 1332 keV). The decay
scheme of ““™Co is shown in Fig. 5.8. In the case of **"Co — *Co, the transition is 2" — 5"
with no parity change. Electric even multipoles and magnetic odd multipoles are associated
with the y-rays of 59 keV. I; = 2 and I; = 5. The y-rays can have / values of 3, 4, 5, 6, 7.
Associated multipolarities are M3, E4, M5, E6, M7. The y-rays will be M3 type competed by
E4 as higher orders will be of very low probability. In fact experimental observation is that
59 keV is mainly of M3 type.

The B~ decay of “’Co populates excited states 2506 keV (4") and 1332 keV (27) of “Ni.
Deexcitation is through emission of cascade y-rays of 1173 keV (4" — 2") and 1332 keV
(2" = 0"). In both the cases, there is no parity change. Therefore, the y-rays will have electric
even multipolarities and magnetic odd multipolarities. In the case of 4" — 2", / values will be
2,3,4,5, 6 and therefore E2, M3, E4, M5 and E6 are the expected multipolarities. The
experimental observation is of E2 transition. Similarly the transition of 2° — 0, will be
purely E2 type as [; - Iy =2 and I; + Iy = 2 and no parity change.
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By measuring the multipolarities and energies of y-rays, valuable information on
nuclear structure in terms of spin and parity and energy of excited states can be arrived at.

Gamma Decay Constant

A complete theory of y-transition requires the use of the quantum theory of radiation
and detailed description of quantum states of the nucleus; which is not dealt with here. The
interaction potential between the nucleus and electromagnetic radiation can be expressed as
an infinite series of powers of R/A where R is nuclear radius and % is the de Broglie
wavelength of the electromagnetic radiation. The transition probability is proportional to

21
(I;J . The wavelength of radiation is given by

=" (5.37)

This can be written as

- 97 10" m (5.38)
E(MeV)
R, -A'"° EMM
Thus & = o (MeV) (5.39)
X 197

which is always less than 0.1. Therefore, the transition probability decreases drastically with
increase in / value

The decay probability () for a gamma transition is related to ; and / as given in eqn.

5.40 and 5.41.
ez R 21
gy =21y S S[ 5.40
0= [xj (5.40)
e’ h R
p=2nv_ o) (R 5.41
=2 )(MCRJ(KJ (5.41)

where Ag and Ay are respectively decay probabilities for emission of electrical and magnetic
multipoles of order 2/, v is the frequency of emitted radiation and M is the mass of a nucleon.
The quantity (S) is / dependent and is given by

2+ 1) { & ]2 (5.42)

I x3x5....20 + DP | 143

With increase in / value, the values of S decrease drastically as given in Table 5.6
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Table 5.6 - Values of S as a function of /.

/ 1 2 3 4 5

S 2.5x 10! 48x10° 6.25x 107 53x 107 3.1x10°

From eqn. 5.42, it may be observed that higher multipole emission is less probable
(see Table 5.6). In view of this, even though y-ray may carry different / values, lowest
multipoles are more probable as discussed in the case of decay of ®Co. From eqns. 5.40 and
5.41, it is clear that electric mulitpole radiation emission is more probable compared to
magnetic multipole radiations and the ratio is given by,

2

b 1 [_R_T 44 A* (5.43)

A, 10 |h/MC]

El

where A is the mass number of the nucleus emitting y-rays.

Internal Conversion (IC) Coefficients

As mentioned earlier, internal conversion is an alternative to y-deexcitation, in which
an electron is emitted. Kinetic energy of the emitted electrons (E) is given as

E=Eq-Es (5.44)

where E, is the difference in the energy of initial and final nuclear levels and Ej, is the binding
energy of the emitted electron. The ratio of the rate of the IC to the rate of y-emission is
known as the internal conversion coefficient (o). It can also be calculated as the ratio of the
converted electrons to the number of y-rays emitted. The o can have values from 0 to oo. The
values of a from K, L, M etc. shells are termed as o, o, ouy etc. respectively. If E is more
than Eg of K-shell electron, then K-shell electron can be emitted. Depending on the value of
E, conversion electrons of different energies can be produced with distinct energy and they
appear as discrete lines in the electron spectrum. By adding appropriate binding energy to the
measured energy values of conversion electrons, the transition energies are obtained.

Auger Electron Emission

Auger electron emission is a competing process to X-ray emission. In an excited atom
which has a core electron removed, a vacancy exists. This vacancy is filled by jumping of an
electron from higher levels. In the process, a characteristic X-ray of the atom is emitted with
an energy equal to the difference of binding energies (E) of these two electrons. It is possible
that this energy could be transferred to a neighbouring electron which is then emitted from
the atom and this process is called Auger electron emission.
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Suppose a vacancy exists in K-shell of an excited atom and it is filled by an electron

from L;shell. The energy excess Ex-E; would be the energy of X-ray emitted. On the other
hand, if the energy is transferred to a nelghbourlng electron in Ly shell, then that electron
(Auger electron) would be emitted with a kinetic energy equal to (Ex-E )-EL

Bibliography

1. G. Friedlander, J.W. Kennedy, E.S. Macias and J.M. Miller, Nuclear and
Radiochemistry, 3rd Ed., John Wiley & Sons Inc., New York (1981).

2. 1. Kaplan, Nuclear Physics, 2nd Ed., Addision Wesley, Cambridge, Massachusetts
(1963).

3. R.D. Evans, The Atomic Nucleus, Tata-McGraw-Hill Book Co., New York (1978).

4. S. Glasstone, Sourcebook on Atomic Energy, 3rd Ed., Affiliated East West Press Pvt.
Ltd. (1967).

5. Nuclear Chemistry, Vol. 1 and 2, Ed. L. Yaffe, Academic Press, New York (1968).

6. Alpha, Beta and Gamma ray spectroscopy, Ed. K. Scigbahn, North Holland Press,
Amsterdam (1966).

7. H.J. Arnikar, Essentials of Nuclear Chemistry, 3rd Ed., John-Wiley (1990).

8. H. Geiger and H.M. Nuttall, Phil. Mag., 22 (1911) 613.

9. I. Perlman, A. Ghiorso and G.T. Seaborg, Phys. Rev., 77 (1950) 26.

10.  G. Gamow, Z. Phys., 51 (1928) 204.

11.  R.W. Gurney and E.V. Condon, Nature, 122 (1928) 439.

12. H.J. Mang, Ann. Rev. Nucl. Sci., 14 (1964) 1.

13. E.Fermi, Z. Phys., 88 (1934) 161.

14.  J.B. Gerhart, Phys. Rev., 95 (1954) 288L.

15. S. Raman and N.B. Gove, Phys. Rev., C7 (1973) 1995.

16. F. Reines, Ann. Rev. Nucl. Sci., 10 (1960) 1.

17. M. Goldhaser and R.D. Hill, Rev. Mod. Phys., 24 (1952) 179.



88 Fundamentals of Radiochemistry

Chapter 6

Interaction of Radiation with Matter

The passage of radiation through matter results in the deposition of its full / partial
energy in the medium traversed by the radiation and may cause ionisation and excitation of
atoms. If the ionisation / excitation is measured, then it serves as the basic signal to detect the
presence of radiation and often its quantitative measurement. Nuclear radiations are
detectable only through their interaction with matter. Radiation detection, therefore,
depends on the manner in which the radiation interacts with the material of the detector. For
measurement and characterisation of nuclear radiations, it is necessary to understand the
interaction of various radiations with matter through which they are passing.

Nuclear radiations are broadly classified into two categories: (i) charged particulate
radiations, e.g., p, ¢, ¢ and o and (ii) uncharged radiations, e.g., n and y. Charged particulate
radiations interact with the electrons of the medium through familiar Coulombic forces and
lose their energy. On the other hand, uncharged radiations undergo interaction in two steps or
they pass through matter without interacting. In favourable conditions neutrons collide with
nuclei of the atoms in matter and may get captured resulting in nuclear reactions. Neutron
detection is based on those nuclear reactions involving emission of charged particles.
Photons either are absorbed in the medium or scatter the electrons in the medium. In both
cases, electrons are produced which interact with the medium.

Heavy Charged Particles

Heavy charged particles, such as alpha particles, interact with matter through a series
of primary collisions. The interaction takes place between positive charge of particulate
radiations and negative charge of orbital electrons within the medium. This results in the
dissociation of molecules and ionisation/excitation of atoms and molecules. Ionisation is
easily measurable and often used for the detection of the positively charged particle
radiations. The maximum energy transferred to an electron of mass my in a single collision
with charged particle of mass M and kinetic energy E is given by 4 Emy/M. A 4 MeV alpha
particle transfers about 2 keV energy to an electron in a single collision. The energy
transferred decreases with slowing down of the a-particle. Therefore, an a-particle of 4
MeV energy has to undergo many collisions before it loses all its energy and the particle is
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stopped. On an average, the energy imparted to an electron by the a-particle is about 100-200
eV. Many of'these electrons, or d-rays, cause further secondary ionisation. About 60-80% of
the ionisation produced by the charged particle interaction is due to the secondary ionisation,
though it is difficult to determine the exact ratio of primary to secondary ionisation. When
the velocity of the charged particle becomes comparable to the velocity of the K-shell
electron, then the particle starts picking up electrons and loses its charge. When the velocity
of the charged particles becomes comparable to that of valence electrons, then the particles
start making elastic collisions with the atomic electrons in the medium rather than exciting
the atomic electrons. This gives rise to nuclear stopping.

High energy charged particles may also undergo nuclear reactions with the nuclei of
the interacting medium. However, nuclear reactions have a small cross section as compared
to the Coulombic interaction with electrons.

Stopping Power

The linear stopping power ‘S’ for a charged particle in a given medium (absorber) is
defined as the differential energy loss of that particle as a function of the path length (x)
traversed by the particle

S = -dE/dx (6.1)

The term S is also called specific energy loss or rate of energy loss or specific ionisation. The
specific energy loss is related to number density (N) and atomic number (Z) of the medium.
Bethe has derived an expression correlating S with the characteristics of the particle and the
medium. A simplified version of Bethe’s formula is given in eqn. 6.2.

4_2
s=nNp T’ (6.2)
mOU
where
2 2 2
Bz |m2m o) o (6.3)
o ) e

where z is the charge of the particle, v is the velocity of the particle, c is velocity of light, my is
the rest mass of electron and / is the average excitation and ionisation potential of the
absorber. This relation is applicable only when the charged particle is totally ionised. Eqn.
6.2 is valid for the charged particles with velocities that are large compared to the velocity of
orbital electrons. In the case of non-relativistic charged particles with velocity smaller as
compared to the velocity of light, only the first term in eqn. 6.3 is important and eqn. 6.2 is
reduced to

2.2 2 2
dE _ 4z © Nz [m m‘;” j (6.4)

dx m;, v
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The stopping power is inversely proportional to the energy of the charged particle. The plot
between -dE/dx and the distance of penetration (x) for a.-particle is shown in Fig. 6.1 and the
plotis known as ‘Bragg Curve’. The rate of energy loss is low in the initial stages because the
charged particle is moving so fast that it has only a short time for interaction with the
electrons. The time a charged particle spends within a given distance is proportional to 1/v,
which would be low in the initial stages. The energy of the particle is reduced as it passes
through the matter resulting in increased specific ionisation along its path. This will reach a
maximum when the velocity of the charged particle becomes comparable to the velocity of
the orbital electrons of the medium. At this stage the charged particle starts picking up
electrons and the rate of energy loss starts diminishing. Further, during atomic collisions,
-dE/dx gets greatly reduced as the ion will pick up and then lose electrons many times near
the end of the path.

Energy loss is a statistical process. Even a beam of mono energetic charged particles
will be having distributed energies along their path in the medium. This ‘energy straggling’
reflects in the enhanced width of the Bragg curve (last part of the Fig. 6.1).

The thickness of the absorber is generally measured in grams per cm” which is the
product px where p and x are the density and thickness of the absorber respectively. This unit
is convenient for expressing thickness as this gives a better description of the amount of
material in a thin absorber foil. Mass stopping power is defined as the ratio of -dE/dx and the
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Fig. 6.1 Bragg curve for monoenergetic o. particles.
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Fig. 6.2 Bragg curves for heavy ion in methane.

density (p) of the medium. Mass stopping power as a function of path length in methane gas,
for a few charged particles of different energies, are given in Fig. 6.2. These curves are
important to decide the detector specifications for the measurement of charged particles.

Range of Heavy Charged Particles

The distance travelled by a charged particle before coming to rest is known as its range
(R). Range depends on the absorber material and the type as well as the energy of the charged
particle. Ranges of positively charged particles are determined by absorption method either
with thin metallic absorbers or with a gas in a container whose pressure can be varied. A
typical plot of distance travelled in the absorber and the intensity of the charged particles is
shown Fig. 6.3. Heavy charged particles suffer only small deflection due to collisions with
atomic electrons and therefore, they travel in a straight line along the initial direction. For
small values of absorber thickness, energy of the charged particles is reduced with no
attenuation of the charged particles. Therefore, number of charged particles remains same.
As the thickness of the absorber approaches the range, rapid fall in the number of charged
particles is observed. The thickness of the absorber at which the number of transmitted
particles becomes nearly half (the differential range is maximum) is called mean range (R,,).
The range of all the monoenergetic charged particles is not identical and there is a small
variation which is called range straggling, as is seen in Fig. 6.3. Sloping portion of the curve
when extrapolated, cuts the X-axis at R, and this is called extrapolated range (R.). If, instead
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Fig. 6.3 Number of a-particles from a point source as a function of distance from the source
(full curve) and the derivative (heavy dashed curve) [Nuclear and Radiochemistry,
G. Friedlander, J W. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley
(1981) p.209].

of extrapolation, this curve is differentiated with respect to X, a nearly Gaussian curve is
obtained with peak at a distance (R,;,) which is called the mean range. Range of a charged
particle is related to its energy (Eo) by

o1
R=[ —— dE (6.5)

£ (dE / dx)

Ranges can be computed from specific energy loss. The integration is generally carried out
by numerical methods, as there is no single relation that is applicable to the entire energy
region.

Scaling Laws

The mean range (R ) of a charged particle in an absorber of density p;, and atomic
weight A, can be calculated from the meanrangeR °. in another absorber with density pyand

atomic weight A, by using Bragg Kleeman relation

! JA
R _ Pov (6.6)

RL,  pA,
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This relation is based on the assumption that the ranges in different type of media are
additive. Thus the range of a charged particle (R¢,) in a compound, made up of several
atomic species, can be computed with the knowledge of the ranges for the constituent atoms
as

Re = Mo (6.7)

=R

i R,

where, R’ is the range of the charged particle in a medium made up of ith element in the

compound, A; is the atomic weight of the element and M, is the molecular weight of the
compound. The mean range ofa 5 MeV alpha particle in air at STP is 3.5 cm. Mean ranges of
charged particles as a function of energy can be computed in different media. The general
range - energy relation can be approximated by the expression. R =aE? where a and b are

empirical constants whose values depend on the type of the charged particle but vary slowly
with energy. The value of b is nearly constant (between 1.7 and 1.8) for ions that are
completely stripped off electrons.

Electrons

The interaction of fast moving electrons with matter is very similar to that of heavy
charged particles. Electrons lose their energy in a medium by collisional losses through
Coulombic interactions with the electrons in the medium. The average energy loss per ion
pair formed is about 35 eV in air which is same for heavy charged particles. The primary
ionisation by electrons accounts for about 20-30% of the total ionisation. When compared
with heavy charged particles, fast electrons lose energy at a lower rate. The mean deflection
of an incident electron in the medium is large compared to a heavy particle and it follows a
tortous path (Fig. 6.4). Large deviations in the path are possible because its mass is nearly
equal to that of the orbital electrons, with which it is interacting and a much larger fraction of
its energy can be lost in a single encounter. Some times electron-nucleus interactions occur
which can change the electron direction abruptly. High energy electrons may also lose
energy in radiative collision process. When an electron is accelerated in the electric field of a
nucleus, radiation is emitted and it is known as Bremsstrahlung radiation.

Specific Energy Loss

For collisional interaction of fast electrons, Bethe derived a relation for the specific
energy loss (-dE/dx) of fast electrons as given by eqn. 6.8

_(dE} _ et NZP my 0'E 2(1/1—52 —1+;32)+(1—;32)+;(1—41—[32)2} (6.8)

n
dx m, v’ 21 (1-B%)

where, B = v/c, v and ¢ are velocity of fast moving electrons and velocity of light
respectively, and other symbols carry same meaning as described in eqns. 6.2 and 6.3. Since
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Fig. 6.4 Path of B particles while passing in matter [G.F. Knoll, Radiation Detection and
Management, John Wiley & Sons, New York (1979) p.44].

the velocity of electrons of high energy are comparable to the velocity of light, relativistic
corrections are incorporated in the above equation.

From classical theory, any charge must radiate energy when accelerated. Deflection
of the electrons due to their interactions with the absorber corresponds to such acceleration.
The energy loss by this radiative process is given by

_[dEj :NEZ(Z+1)e‘[In 2E _4} 6.9)

dx 137m; ¢* m,c’ 3

In eqn. 6.9, the numerator consists of E and Z* terms, indicating that energy loss by
radiative process becomes important for high energy electrons while passing through heavy
elements, e.g., lead. In the light elements like Al and also for low energy electrons, radiative
loss is unimportant. The total specific energy loss for electrons is the sum of collisional and
radiative losses and is given by eqn. 6.10.

(i), (4) 10
dx dx /, dx /,
The ratio of specific energy losses is approximated as
oo
dx ). EZ 6.11)

&)™
dx /,

where, E is expressed in units of MeV. Typically for B-particle of energy upto 2 MeV, in the
light Z absorbers, like Al, radiative losses correspond to a small fraction (<4%). On the other

hand fora4 MeV [ particle, while passing through lead, radiative loss will be about 45%.
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Cerenkov Radiation

When the phase velocity of a charged particle () moving in a medium is greater than
the speed of light (c) in the same medium, light is emitted. This light is known as Cerenkov
radiation. A bluish halo observed in nuclear reactors, spent fuel ponds and storage pools for
%Co sources is due to Cerenkov radiation. Emission of Cerenkov radiation is possible only
with the particles that move with relativistic velocities, e.g., high energy electrons.
Additionally, refractive index (p) of the medium should be high to observe Cerenkov
radiation, e.g., electrons of E =265 keV have a velocity of 0.751 ¢. These electrons while
passing through a medium with p = 1.332, have a phase velocity of u§ = 1.013 ¢ and,
therefore, Cerenkov radiation is emitted. This radiation can be used for the detection of
electrons and the detectors are known as Cerenkov detectors. These detectors are ‘threshold’
type detectors.

Range of Electrons

It is difficult to define the range for fast electrons as the electron’s total path length is
considerably greater than the distance of penetration along its initial direction. This is due to
the scattering the fast moving electrons experience, during the Coulombic interaction with
the orbital electrons of the medium. Collision with orbital electrons may lead to change in
direction of the electrons; and thus may not reach the detector kept in line with the source for
measuring the transmitted electrons. Thus even a thin absorber can reduce the flux of
electrons in an attenuation experiment. In Fig. 6.5, experimental set up to measure the
transmission of electrons (mono energetic electrons to begin with) through an absorber of

1

~ %

® Det,
Source

~
—-)I t L—
Fig. 6.5 Transmission curve for monoenergetic electrons. R, is the extrapolated range

[G.F. Knoll, Radiation Detection and Management, John Wiley & Sons, New York
(1979) p.46].

thickness t is shown. A plot of the number of transmitted electrons versus the absorber
thickness is also given in Fig. 6.5. It can be noticed that there is a continuous decrease in the
electron flux which gradually reduces to zero with increase in thickness. Extrapolation of the
linear portion of the curve to zero intensity represents the absorber thickness required to
assure that almost no electrons can penetrate the entire thickness. This extrapolated range is
also known as practical range. Range for electrons is much larger as compared to alpha



96 Fundamentals of Radiochemistry

103
s« Aluminum
i 4 Copper
L ° Siiver
£
= |
&
&) "
10 1 ] 1 1 1 1 L

20 40 60
Absorber thickness mg/cm?

Fig. 6.6 Transmission curves for beta particles from "W (endpoint energy of 0.43 MeV) [T.
Baltakmens, Nucl. Inst. Meth., 142 (1977) 535].

particles of same energy. e.g., range of 1 MeV electrons would be around 2 mm in low
density materials and about 1 mm in moderately dense materials, whereas a thin paper can

stop 4 MeV a-particles.

Absorption of B-particles

Beta particles emitted by a radioisotope have energies ranging from zero to the end
point energy. The absorption curve for beta particles is different from the one shown in
Fig. 6.5, which is for mono energetic electrons. Low energy -particles are rapidly absorbed
even in a small thickness of the absorber and thus the initial slope of the curve is greater. In
Fig. 6.6 transmission curves for B particles from W in different absorbers are given.

Back Scattering

A significant fraction of the electrons striking a material may be reflected back as a
result of single or multiple scattering processes. An electron entering one surface of an
absorber may undergo sufficient deflection so that it re-emerges from the surface through
which it entered. This phenomenon is known as back scattering. The ratio of the measured
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activity of a B-source with a reflector to that without a reflector is known as the back
scattering factor. Backscattering increases with increase in the thickness of the absorber,
until it is about one third of the range of electrons.

Electromagnetic Radiation

X-rays and y-rays are electromagnetic radiations. They interact with matter in many
ways and three modes of interaction are important from the radiation detection point of view.
These are: photoelectric absorption, compton scattering and pair production. In these
processes, full or partial energy of the photons is transferred to electrons as kinetic energy. In
photoelectric absorption and pair production, the entire energy of the photon is transferred to
the medium and in compton scattering the full energy is not transferred. There is a possibility
that a few of the y-rays may pass through the matter without interacting, which is not the case
with charged particles. Thus the absorption of photons in matter is expected to be
exponential, with half thickness much greater than the range of electrons of the same energy.
Average specific ionisation produced in the y-ray interaction is less than 10% of that caused
by an electron of same energy and therefore, ranges are much greater. The ionisation
observed for y-rays is almost entirely secondary in nature. The average energy loss per ion
pair formed remains the same i.e. 35 eV in air.

Photoelectric Absorption

In this process a photon interacts with an absorber atom in which the photon
completely disappears and an energetic electron is ejected from one of the bound shells of the
atom (Fig. 6.7). The interaction is with the atom as a whole and does not take place with free
electrons. The probability of emission of K electrons is higher than the electrons in the other
shells if the energy of the photons (hv) is higher than the binding energy of the K- electrons.
The energy of the photoelectron (E.) is given by E.=hv - E, where E, is the binding energy of
the electron.

When a photoelectron is ejected, the atom is in the ionised form with a vacancy in one
of its shells. This vacancy is quickly filled up either by rearrangement of electrons of the

Atom

Incident
gamma ray

Photoelectron

Fig. 6.7 Schematic representation of the photo-electric absorption process.
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Fig. 6.8 Energy dependence of the various y-ray interaction processes in sodium iodide
[G.R. White, Natl. Bur. Stds. (US), Report 1003, 1952].

atom or from the medium. This results in production of one or more characteristic X-ray
photons. These X-ray photons may either be absorbed in the medium or escape. These
X-rays can deposit their energy by photoelectric absorption. Thus the photoelectric effect is
characterised by the total absorption of the photon energy with in the medium. In some
cases, the emission of Auger electrons may compete with the emission of characteristic
X-rays.

The photoelectric process is the main interaction mode of relatively low energy (< 1
MeV) gamma rays. This interaction is enhanced for the absorber material with high atomic
number, e.g., lead. Photoelectric absorption cross-section (t) for photons of energy hv is
given by an approximate relation.

n

(6.12)

hV3A5

where Z is the atomic number of the atoms of the medium and n varies between 4 and 5. From
the eqn. 6.12 it is clear that 1 is large for low energy photons and heavy elements of the
medium. High Z materials are, therefore, preferred for y-ray detectors and also for shielding.
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Fig. 6.9 A schematic representation of Compton scattering.

Variation of 7 as a function of photon energy in the medium of Nal is given in Fig. 6.8.
It decreases as a function of energy. However, a sharp rise is seen at energies corresponding
to the binding energies of the electron of the absorber medium (atoms).

Compton Scattering

In the Compton scattering process a gamma ray interacts with a free or weakly bound
electron and transfers part of its energy to the electron (Fig. 6.9). This interaction involves
the outer, least tightly bound electrons in the atom of the medium. In the process, the
incoming photon is scattered through an angle (0) with respect to its original direction. From
the conservation of momentum and energy, a relation for the energy of the scattered photon
(hv") at an angle O can be obtained as

hy' — hv (6.13)

1+ DV (1-cos9)

2
C

m,

where, m is the rest mass of the electron. The difference of hv and hv' is the kinetic energy of
the electron that is ejected in the compton scattering. For very small angles of scattering, the
energy of the scattered y-ray is slightly less than the incident gamma ray energy. It is
maximum, when the photon is back scattered (6 = 180°). Thus in the compton scattering,
electrons of energies ranging from 0 (6 = 0°) to (hv - 0.5 myc?) are produced. This results in
the continuous response in the detectors and therefore, is not very useful in y-ray
spectrometry. Compton scattering predominates for photons with energies between 1 and 5
MeV for high Z materials and over a wide range of energies in the low Z materials. Because
compton scattering involves the least tightly bound electron, the nucleus has only a minor
influence and the cross section (o) is nearly independent of atomic number. It depends on
electron density, which is proportional to Z/A and nearly constant for all the materials. G is a
slowly varying function of gamma energy (dashed line in Fig. 6.8). o is also proportional to Z
of the medium.
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Pair Production

A y-ray with energy greater than twice the rest mass of electron (1.022 MeV), under
the influence of the strong electromagnetic field in the vicinity of a nucleus, can create an
electron and positron pair. In this interaction, the gamma ray is absorbed and the nucleus of
the absorber material receives negligibly small amount of recoil energy to conserve
momentum. Pair production has a threshold of 1.022 MeV, which is needed to produce a
positron. The excess energy of the y-ray over 1.022 MeV is shared between electron and
positron as kinetic energy as shown below

hv-1.02=E_ +E_ (6.14)

where, E__ and E . are kinetic energies of positron and electron respectively. This
interaction does not take place when hv < 1.022 MeV and becomes very important when the
energy is in the region of 5 MeV and above.

The positron and electron produced in this interaction slow down in the medium and
produce ionisation and excitation. After losing kinetic energy, the positron combines with an
electron in the medium and gets annihilated producing two gamma rays of 511 keV (moc?)
each. These two gamma rays move in opposite direction. They may interact with the medium
or escape. [f both the gamma rays of 511 keV are absorbed in the gamma ray detector, then it
corresponds to the full energy deposition in the detector. On the other hand if one or both
annihilation gamma rays escape then the energy deposited accordingly is either hv-moc” or
hv-2myc?®. The cross section for the pair production is low around the threshold, slowly
increases with energy and becomes dominant mode of interaction in the high energy region
(see Fig. 6.8). There is no single expression that could quantitatively relate the cross section
for pair production (k). It could be expressed as

k oc Z* In (hv - 2m,c?) (6.15)

Total Cross-Section and Dependence on energy and Z

Cross-section for photo electric effect (t) decreases rapidly with increase in energy
barring around absorption edge (Fig. 6.8). Cross-section for compton scattering (o) varies
slowly with energy as indicated in the Fig. 6.8. Pair production has a threshold of 1.022 MeV.
Cross-section for pair production (k) increases with increase in energy and becomes a
dominant mode of interaction at high energy. Total cross-section (u) as a function of energy
in Nal material is given in Fig. 6.8.

p=t+o+k (6.16)

The cross-sections for all the three processes increase with Z of the medium. This is
understandable that these interactions depend on the number of electrons available with the
absorber atoms and therefore the cross-sections increase with increase in Z.
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Gamma-ray Attenuation

When a beam of monoenergetic gamma rays are collimated and passed through an
absorber, there will be a decrease in its intensity. The three processes described above would
remove gamma photons from the beam either by absorption or by scattering. This can be
characterised by a fixed probability of occurrence per unit length in the absorber. Sum of
these probabilities is the probability per unit path length and is given by p (eqn. 6.16), the
linear attenuation coefficient. If / and /, are intensities of y-ray beam after and before passing
through an absorber of thickness x, then they are related as

I=Ie™ (6.17)

u varies with density of the absorber. For a given material and y-ray energy, mass attenuation
coefficient (/p) does not change with physical state of the absorber and is, therefore, used
instead of .

[=1,eWrrr (6.18)

In radiation measurement, mass thickness (px) with units of mg/cm? is used instead of
thickness (cm).

Neutrons

Neutrons do not have charge and, therefore, cannot interact with the electrons in the
matter by means of coulomb force. Neutrons travel through matter much more easily than
other nuclear particles, of similar energy, such as o, p, ¢ and e’. Neutrons do not face a
coulomb barrier to enter into or collide with a nucleus and get scattered or captured in the
process. Collisions of neutrons with nucleus results in scattering of neutrons (elastic or
inelastic). On the other hand, capture of a neutron by a nucleus may lead to emission of other
particle/radiation or division of the nucleus (nuclear fission). The relative probabilities of the
various types of neutron interaction change dramatically with neutron energy. A brief
description of neutron interaction of different types is presented in the following.

Elastic Scattering

In elastic scattering, a part of kinetic energy of the neutron is transferred to a nucleus
as recoil energy (Eg). In this process, kinetic energy is conserved. The recoil energy of the
nucleus is given by

4A

Ex =E, Ty cos” 0 (6.19)

where, E,, is the kinetic energy of the neutron, A is the mass number of the nucleus and 0 is the
scattering angle. For example, if a 2 MeV neutron collides with hydrogen atom, then the
energy transferred is equal to 2 cos® 0. In the case of head-on collision, (6 =0), Eg works
about to be 2 MeV, indicating that full energy can be transferred to hydrogen atom. If a
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neutron undergoes a head-on collision with '*’Au, then only about 2% of energy is
transferred. Nuclides of lower mass like H, D and *Be are good moderators for slowing down
of fast neutrons.

Inelastic Scattering

In inelastic scattering, neutron is scattered by the nucleus and a part of the kinetic
energy is transferred to the nucleus and the nucleus is left in an excited state. The excited
nucleus, in most cases, deexcites by y-emission. In this process, kinetic energy is not
conserved, but total energy is conserved. Inelastic scattering and subsequent secondary
y-rays play an important role in the shielding of high energy neutrons but are undesirable
complication for detection of fast neutrons based on elastic scattering.

Neutron Capture

As there is no Coulomb barrier for neutron interaction, neutron can come very close to
a nucleus and may get captured by the nucleus. Probability (cross-section) for this nuclear
reaction is high with slow neutrons. Cross-section(c) decreases with increase in neutron
energy. A few reactions involving capture of thermal neutrons (E, = 0.025 eV) which are of
importance in neutron detection, are given below :

"B +n—Li+ ‘He 6=3840D (6.20)
Li+n— *H+ *He 6=940b (6.21)
23U + n — fission c=583b (6.22)

Neutron Attenuation

The range of neutrons in matter through which neutrons travel is a function of neutron
energy and the cross-section (o). The reduction in neutron intensity (/) in unit area after
passing through a thickness of x of a given material is given by

I=1e"™™ (6.23)
where I, is the initial intensity and n is the number of nuclei per cm’ of the material
(absorber). Half-value thickness (x;,,) that is required to reduce intensity of neutron beam to
half of its original value is given by

0.693
nc

(6.24)

X12 =
For example, if neutrons of energy 10 keV are travelling in water. For 10 keV neutrons, the
cis 20 b.

_6.023x 10%
n =
18

x 2 =0.0668 x 10** H nuclei / cm’
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6=20x10* cm’

0.693
nc

= 0.51 cm

X2 =

For neutrons 0f 0.03eV,c=50b

Xip = 0.693 =0.21 cm

0.0668x 10** x 50x 107

Interaction of neutrons with oxygen atoms is negligible compared to that with hydrogen
atoms and, therefore, is ignored. Knowledge of half value thickness is important for
determining dimensions of detectors as well as for calculating neutron shield dimensions.
Often in neutron detectors, moderation of neutrons is carried out to enhance the capture
cross-section and hence detection sensitivity.

Radiation Protection

As a consequence of interaction of radiation with matter, ionisation and excitation are
produced in the matter. This also leads to dissociation of molecules and in some cases
displacement of atoms. If the matter is a human body, then all these effects can lead to
different chemical changes in the cells. Radiation exposure, thus may result in adverse
effects in living organisms. External radiation, ingested or inhaled radioactive materials
produce similar effects. The study of biological effects, their relation to intensity and energy,
type of radiation etc. and the preventive steps form the basis for the subject of "Radiation
Protection” which is dealt separately in this book (See Chapter 21).
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Chapter 7

Radiation Detection

Radiation detection methods are based on measurement of the charge produced due to
interaction of radiation as it passes through detector volume. The net result of the radiation
interaction is the appearance of an electric charge within the active volume of the detector’.
The interaction times are so short’ that the deposition of radiation energy can be considered
as instantaneous and charge appears in the detector at zero time. This charge must be
collected to form the basic signal for radiation detection. Charge is collected by applying an
electric field across the detector. Time required for charge collection greatly varies from one
detector to another’ depending on the mobility of charge carriers in the detector and the
average distance to be travelled. The charge collected is so small that it has to be amplified.
The amplified signal is further processed to obtain intensity (total number) of radiations of
all energies (gross counting) OR intensity as a function of energy (spectrometry).

Detectors are operated either in current mode or pulse mode’. In pulse mode
operation, interaction of each individual quantum of radiation is recorded. Thus only in pulse
mode the information on the energy of each radiation is obtained. In the current mode,
average current, produced in the interaction of radiation, is measured. It depends on the
product of interaction rate and the charge per interaction. Thus in this mode, the average
event rate and charge produced per event are obtained. This mode of measurement is highly
useful where the event rate is high and pulse mode operation becomes impractical.

There are a variety of radiation detectors. They can be classified based on the detector
material used and/or type of measurement that can be made. e.g., gas filled detectors in
which ionisation produced is measured. Some materials absorb energetic radiations and
produce scintillation that can be measured. Yet another class of detectors are based on using

"t is true for gas based and semiconductor detectors. For scintillation detectors, the emitted light in
detector gets converted to charge and multiplied in a photo multiplier tube.

“Interaction or stopping time is about a few nano seconds in gases and a few picoseconds in solids.
Charge collection time in gas based detectors can be as long as a few milliseconds where as in
semiconductors, it is a few nanoseconds.

“Mean square voltage (MSV) mode is used in some specialised cases and is not discussed here.



Radiation Detection 105

semiconductor materials like Ge and Si. Another class of gas filled detectors like BF;, SHe
and *He are exclusively used for neutron detection. Principles of detectors with some
applications are described in the following.

Gas Filled Detectors

Several of the oldest and most widely used radiation detectors are based on measuring
the effects produced when ionising radiation passes through a gas filled chamber. While
passing through the gas, radiation produces ionisation or excitations along its path. Left to
themselves the positive ions and electrons that are produced may recombine. But if an
electric field is applied, positive ions start migrating to the cathode and electrons towards
anode. If the field strength, applied voltage per unit length, is high enough to prevent
recombination during migration, then all the charge reaches the respective electrodes.
Measurement of this charge gives an indication of the presence of ionising radiations.
Quantitative information can easily be obtained from the measured charge which is related to
the strength of the ionising radiation.

There are three types of detectors that work on the basis of measuring ionisation
produced in a gas. These are ion chambers, proportional counters and Geiger Miiller (GM)
counters. They differ mainly in the strength of the electric field applied and the details would
be discussed under each topic. Ion-pair’ formation, multiplication and discharge processes
that take place in a gas filled detector under the influence of applied electric field are
described here. A typical gas filled detector consists of a metallic enclosure that is either
sealed or fabricated in a such way to permit a continuous flow of the fill gas. The outer wall
generally serves as a cathode where as a thin wire, a plate or a rod, that is centrally placed and
insulated from the cathode, serves as an anode. Cross sectional view of a simple gas filled
detector is given in Fig.7.1.

Pulse Height Variation with Applied Voltage

Gas filled detectors can be characterised by the effects created by different applied
field strengths. Passage of radiation through matter like fill gas, produces ion-pairs which
can be collected by applying a potential across the electrodes. The pulse size’ produced by
collection of charges depends on the field strength, the type of radiation and the energy of
radiation. Variation of pulse size (height) as a function of applied voltage is given in Fig.7.2.

Ionisation and Recombination Region

At low field strength, there is a competition between recombination of ion pairs
formed and collection of these ion pairs. Since all the ions are not collected, pulse height is

*Interaction of radiation with fill gas produces a positive ion and an electron. These two together are
called an ion-pair. On an average 35 eV of energy is needed to produce an ion pair

%Ton pairs formed in the interaction of a single event when collected at the electrode form a pulse and
the pulse size is related to the number of ion pairs, that are collected.
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accordingly small and increases with increase in applied voltage. Thus a rise in pulse height
is observed when the applied voltage is increased as shown in region I of Fig. 7.2.

Saturation Region

As the applied voltage is increased, more and more ion pairs reach the electrodes and
at a certain field strength all the ion pairs produced are collected. A further increase in the
field strength does not increase the pulse height as all the ion-pairs formed are collected,
resulting in saturation (constant) pulse height, as shown in region Il of Fig. 7.2. Pulse height
in this region is directly proportional to the ionisation produced by incident radiation. Thus
this region is very useful for radiation detection and to obtain information on the energy of
radiation and intensity. Gas filled detectors operating in this region are called ion chambers.

An example is worked out here to calculate the charge produced by 1000 Bq of
radioactive sample that emits 4 MeV a-radiation.

4x10°

A 4 MeV a-particle produces about ~ =1.14 x 10° ion pairs/Bq

. Total number of ion pairs produced by 1000 Bq = 1.14 x 10
This corresponds to a charge of 1.14x 10°x 1.6 x 10" C=1.8x 10" C
This much charge is produced in 1 s and is equal to 1.8 x 10™"! A of current.

For 3 and y radiations under similar conditions, the corresponding charges are different, as
the linear energy transfer is different. The design of ion chambers may be tailored so that
information on radiation energy and intensity can be obtained.

Proportional Region

The pulse height or ion current in a gas filled detector eventually increases if the
applied voltage is increased further. Migrating primary ions” acquire higher kinetic energy
under higher field strength. If this kinetic energy is more than the binding energy of electron
of the fill gas, then further ionisation in the gas is possible. With increasing field strength, a
large number of additionally produced ions, mainly electrons, are accelerated and ionisation
in the detector gas is multiplied®. This multiplication is as high as 10* for each primary ion.
Total number of ion pairs is still proportional to the primary ions at a given applied voltage.
The gas filled detectors operating in this region are called ‘proportional counters’ (Region
III).

"Tons produced due to the direct interaction of radiation are called primary ions. Ions produced in the
multiplication are called secondary ions.

*Most of the pulse height in the proportional region is due to secondary ionisation known as gas
multiplication.
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If the voltage is fixed and multiplication factor (M) is 10*, then the ion pairs for the 4
MeV a-particle discussed in the previous example would be 1.18 x 10'* and accordingly
pulse height will be enhanced. In the case of B and y radiation, the specific ionisation is lower
and the range is higher. This results in lower pulse height. Hence discrimination between a.,
{3 and y radiation is possible.

Limited Proportional Region

If voltage is further increased, though multiplication increases, proportionality is lost.
This is because electrons reach anode faster, whereas positive ions being bulkier, they
migrate slowly. The positive ions form a charge cloud in the detector which is slow to
disperse as it drifts towards cathode and the field strength gets altered. This leads to reduction
in the rate of multiplication. Thus increasing further voltage produces non-linear effects.
These effects mark the onset of the region of limited proportional region (region IV, Fig. 7.2)
where multiplication increases but linearity is lost. Therefore, this region is not useful for
radiation measurement.

Geiger Miiller Region

Further increase in voltage leads to a different situation (region V). The space charge
created by positive ions completely dominates and determines the subsequent fate of the
pulse. This positive space charge, while drifting towards the cathode forms a sheath of
positive charge across the anode and reduces the field strength. The field strength is reduced
below the value necessary for multiplication. The process is then self limiting. When the
same total number of positive ions are produced regardless of the number of primary ions
that are created by the interaction of radiation, the process of multiplication will be
terminated. Then each output pulse from the detector is of same amplitude and no longer
reflects any properties of the incident radiation. Typically pulse height is of the order of a few
volts.

Geiger Discharge

While electrons migrate towards anode, they may collide with fill gas molecules
resulting in excitation of molecules/atoms. These excited molecules / atoms deexcite by
emitting photons in the visible and UV region. If one of these photons interacts by
photoelectric absorption either on cathode surface or with constituents of the fill gas, a photo
electron is produced, which can subsequently migrate towards anode and will trigger another
avalanche. This effect is negligible in the proportional region (region III, M is 10 to 10%)
where as it becomes very significant in the GM region (region V, M ~ 10*-10'’). Increase in
applied voltage beyond GM region, would require a large build up of positive charge needed
to terminate the multiplication process which is not possible as the source of enhanced
multiplication is triggered by photoelectric process and not ionisation process. Therefore,
pulse height begins to increase with voltage leading to discharge of the fill gas. If the detector
is operated in this region of voltages, then its life time is reduced and has to be discarded.
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ITonisation Chambers

Ion chambers are the simplest of all the gas filled detectors. All the charge produced
by the interaction of radiation with the fill gas in the detector volume is collected through the
application of electric field (region I, Fig. 7.2). Ion chambers can be operated both in pulse
and current modes.

Argon, He, H,, N», air and methane are a few fill gases that are used in ion chambers.
Energy required for producing an effective ion pair, on an average, is about 30-35 eV
although ionisation potentials range between 10-20 eV. There are other mechanisms like
collision and excitation of molecules in which energy of incident radiation is spent and these
processes are non-ionisation processes. The drift of positive ions and electrons under the
applied voltage constitutes an electric current. For a given volume of detector and constant
radiation source strength the rate of ion-pair formation and, therefore, ion current is constant.
Measurement of this ion current is the basic principle of ionisation chambers. The chamber is
made of a non-porous material, the electrodes are usually parallel plates and the fill gases
have pressures of a few tenths of a bar upto a few bars. A typical cross sectional view of an
ionisation chamber and corresponding current voltage characteristics are shown in Figs.7.3a
and 7.3b respectively. The output signal registered by the electric circuit can be flow of
current (current mode) or a charge or voltage pulse (pulse mode).

Some of the applications of ion chambers are calibration of radioactive sources,
radioactivity dose monitors, radiation survey instruments and measurement of radioactive
gases. lonisation chambers are also useful in charged particle spectroscopy, e.g.,
measurement of o-particles and fission fragments. Due to significant differences in their
mass and energy, pulse heights for these two are different. Individual pulses corresponding
to o and fission fragments are measured, taking care that dimensions of the detector are
larger than the ranges of these charged particles. These detectors are used to measure low a

~Qas enclosure

Eiectrodes

Fig. 7.3a Cross-sectional view of an ion chamber [G.F. Knoll, Radiation Detection and
Management, John Wiley & Sons, New York (1979) p.136].
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Fig. 7.3b The current-voltage characteristics in an ion chamber [G.F. Knoll, Radiation
Detection and Management, John Wiley & Sons, New York (1979) p.136].

active samples in presence of large amount of 3-radiation and low fission rates in presence of
large a-particle fluxes taking advantage of pulse height discrimination.

Proportional Counters

Proportional gas ionisation detectors (proportional counters) operate at a higher
voltage gradient than ion chambers (Region III, Fig. 7.2). Proportional counters are almost
always operated in pulse mode. They rely on the gas multiplication to amplify the charge
created by interaction of radiation with the fill gas. As discussed above, multiplication is a
consequence of increasing the electric field within the gas to a sufficiently high value. There
is a threshold value of the electric field for the onset of gas multiplication. In typical cases, it
is about 10° V/m at atmospheric pressure. Therefore, the geometry of the detector becomes
very important. A cylindrical tube with a thin anode wire is the general configuration of a
proportional counter and a cross sectional view of such a proportional counter for measuring
radiation that penetrates into the tube, is shown in Fig. 7.4. For less penetrating radiations
like o, windowless flow proportional counter is used. In this counter, source is introduced
normally with a leak tight rotating platform into the detector volume and the fill gas flows
through the detector. Efficiency of this detector is nearly 50% for a-counting

The fill gas should not form anions and should not contain components with high
electron attachment coefficient. Nobel gases like argon meet this requirement optimally.
Gas mixtures like P-10 having 90% argon and 10% methane is most commonly used fill gas.
Methane exchanges the excitation energy from excited atoms of argon and discharges the
energy by non-radiative processes. Thus it inhibits the deexcitation of excited argon atoms
by emission of UV light which may create an electron by photoelectric absorption and that
electron under applied voltage may trigger an avalanche.

Proportional counters have good efficiency for a, 3 and other charged particles. Fory
and X-ray measurement, detection efficiency is low. High Z gases are used as fill gases. e.g.,
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Fig. 7.4 Cross-sectional view of a proportional counter [G.F. Knoll, Radiation Detection
and Management, John Wiley & Sons, New York (1979) p.163].

argon is replaced by krypton or xenon. Also, often fill gas is pressurised. The spectroscopy of
low energy X-rays is one of the most important applications of proportional counters. The
photo electrons formed in the X-ray interaction are fully absorbed by the fill gas to produce
primary ionisation.

Since these counters operate with a multiplication factor around 10* and the pulse
height is proportional to the number of primary ions formed, these detectors are useful for
measurement of energy in addition to their intensity of the radiations. Since pulse heights for
o and [ are significantly different (See Fig.7.2), both a and B can effectively be counted
using proportional counters. Thermal neutrons are measured using fill gases like BF; and
*He. Parallel plate avalanche counters, position sensitive detectors etc. are different types of
proportional counters with special applications.

Geiger Miiller (G.M.) Counters

G.M. counter is one of the oldest radiation detectors. Due to its simplicity, low cost
and ease of operation, it still continues to be used for radiation measurements in various areas
of research. Gas multiplication is very high compared to that in the proportional counters. It
is of the order of 10%-10'? and, therefore, large pulses are produced in G.M. counters. In G.M.
counters, a situation is created in which an avalanche can trigger a second avalanche at a
different position in the tube, and a self propagating chain reaction results. This reaches a self
limiting point as discussed above and, therefore, information on the energy of radiation is
lost.

Fill gases for G.M. counters are helium or argon. G.M. counters are sealed tubes with
thin windows and a cross-sectional view of a GM tube is shown in Fig. 7.5. The positive ions
slowly drift away from the anode wire and ultimately arrive at the cathode, the inner wall of
the counter. They are neutralised by combining with electrons from the cathode surface. In
this process, an amount of energy equal to the ionisation energy of the gas minus the energy
required to eject the electron from the cathode surface is liberated. If this liberated energy
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Fig. 7.5 A cross-section of a typical end window Geiger tube [G.F. Knoll, Radiation
Detection and Management, John Wiley & Sons, New York (1979) p.209].

also exceeds the effective energy to produce an electron at cathode surface (cathode work
function), it is energetically possible that another electron can be ejected out. This electron
will then drift towards the anode and trigger another avalanche, leading to a second full
Geiger discharge. The entire cycle will now be repeated. Under these circumstances the G-M
counter, once initially triggered would produce a continuous output of pulses. This multiple
pulsing can be prevented either by external quenching or internal quenching.

For external quenching, operating voltage is lowered below the threshold
electronically for the period till all the ions are collected. Internal quenching is achieved by
adding a suitable gas having lower ionisation potential and a more complex molecular
structure than the fill gas. Multiple pulsing is prevented through the mechanism of charge
transfer collisions. The primary ions have a tendency to transfer the positive charge to the
quench gas molecules. When they are neutralised at the cathode, the excess energy may go
into dissociation of the more complex molecules. Examples of quench gases are ethyl
alcohol and ethyl formate with a typical concentration of 5-10%.

Organic quenched tubes may typically have a limit of about 10° counts and thus
limiting its life time. If halogens (chlorine or bromine) are used as quenchers the tube can
have infinite life time. Halogen molecules undergo atomic dissociation subsequent to
exchanging the energy from the excited atoms of helium or argon. They dissipate the energy
non-radiatively and recombine to form halogen molecules.

The building up of the positive charge in space ensures that a considerable period of
time must pass before a second Geiger discharge is generated in the G.M. tube. During this
period, if another ionising event occurs, a second pulse will not be observed because gas
multiplication is prevented (self-limiting situation). During this period, the G.M. tube is
‘dead’ and information about any radiation interaction that takes place in the tube will be
lost. In typical G.M. tubes, the dead time is of the order of 50-100 ps.
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G.M. counters are useful for gross counting particularly -y counting. G.M. tubes are
used in the survey meters. Once the radiation enters the tube, efficiency is 100%. A special
window has to be arranged for a-counting. In the case of y-ray counting, efficiency depends
on the probability of interaction of y-rays with fill gas, Normally efficiency for y-counting is
low.

Scintillation Detectors

Darkening of a photographic plate and scintillation of fluorescent materials are the
oldest techniques for radiation measurement. Any material that luminesces in a suitable
wavelength region, when ionising radiation passes through it, can serve as a scintillator. The
emission could be due to fluorescence or phosphorescence. The intensity of emitted light is a
measure of incident radiation energy. Interaction of radiation with the scintillator results in
producing photons in the visible region (scintillations). These photons undergo photo
electric effect and eject electrons when they strike the cathode of a photomultiplier tube
(PMT) that is mounted with the scintillator. These electrons are multiplied with a series of
dynodes in PMT and collected at the anode to produce a signal representative of the primary
radiation.

The ideal scintillator should possess the following properties:(i) It should convert the
radiation energy into detectable light with high efficiency, (ii) conversion should be
proportional to deposited energy, (iii) scintillator material should be transparent to the
emitted light, (iv) the decay time of the induced luminescence should be short (~107 s) for
fast signal generation, (v) material should be of good optical quality to make detectors in
large size and desired shape and (vi) its refractive index should be near to glass (~1.5) to
permit efficient coupling with the PMT. Inorganic scintillators like thallium activated Nal
and Csl, and Bismuth Germanate (BGO), organic scintillators like anthracene and stilbene,
liquid mixtures and plastics are often used as materials for scintillation detectors. No
material meets all the properties listed above. Inorganic materials often are used for y-ray
spectroscopy and organics are used for 3-spectroscopy and fast neutron detection.

Organic Scintillators

The fluorescence process in organics can be observed from a given molecular species
independent of its physical state: as a solid, liquid, vapour or even as a part of a multi
component solution. Absorption of radiation energy results in excitation of molecules of
scintillator from ground state to higher energy states (Fig.7.6). Scintillation light is emitted
in the transitions from excited states Sy to one of the vibrational states of the ground state
(Soo to Sg3) with a decay time of around 107 s. Deexcitation through a triplet state would be
very slow (phosphorescence) and is not useful for radiation measurement. Anthracene and
stilbene are two good solid organic scintillators. Anthracene has a higher scintillation
efficiency where as stilbene is useful for pulse discrimination to distinguish between
charged particles and electrons.
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Fig. 7.6 Energy levels of an organic molecule with p-electron structure [G.F. Knoll,
Radiation Detection and Management, John Wiley & Sons, New York (1979)
p.217].

Organic liquid mixtures are versatile scintillator materials for radiation measurement.
Scintillation cocktail is composed of a solvent like dioxan or toluene, a scintillator like PPO
(2,5 diphenyl oxazole) and a wavelength shifter like POPOP (1,4-bis-2- (5-phenyl
oxazolyl)-benzene). The solvent is the main stopping medium for the radiation and must be
chosen to give efficient energy transfer to the scintillating solute. Scintillation light
corresponds to the UV region. Photocathodes of most of the PMTs are not compatible with
UV light. A wavelength shifter like POPOP is therefore used in the cocktail. It has
intermediate energy levels. If the deexcitation is via these levels then the wavelength is
shifted from UV to visible region. While dealing with aqueous solutions, like HNOj; there is
a possibility that quenching of scintillations (chemical quenching) can take place. A fourth
component like TOPO is added to complex such quenchers and thus TOPO acts as an anti
quenching agent. Naphthalene is added to increase the shelf life of the cocktail mixture.
Now-a-days ready made liquid scintillation cocktails are commercially available.

Liquid scintillators are useful for o,  counting and also for spectroscopy. Large
volume samples can also be measured. Nearly 100% efficiency is obtained using liquid
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scintillations. Taking special precautions, low energy B-emitters like *H and '*C are
measured.

Plastics are another class of scintillators that are commercially available. Scintillators
like PPO, wavelength shifter like POPOP and a monomer such as styrene are mixed and
polymerised to produce plastic scintillators. Plastic scintillators have fast timing response
and are very useful in nuclear spectroscopy. Large plastic scintillators are used as anti
coincidence shields in low level activity measurements.

Inorganic Scintillators

Sodium iodide activated with 0.1 to 0.2% of TI is by far the most widely used
inorganic scintillator. CsI(Tl), CsI(Na) and bismuth germinate (BGO) are other inorganic
scintillators. The scintillation mechanism depends on the energy states determined by the
crystal lattice of the material. The valence band (representing electrons bound to lattice sites)
and conduction band (representing free electrons that migrate throughout the crystal) of an
activated crystalline scintillator are shown in Fig.7.7. The band gap is of the order of 5-6 eV.
A charged particle’ passing through the detection medium produces a large number of
electron-hole pairs by elevation of electrons from valence band to conduction band.
Deexcitation leads to emission of photons in the UV region as band gap is large. To shift the
wavelength of emitted photons to visible region, crystals are doped with activator impurities
like Tl which form the intermediate bands (Fig.7.7). Electrons and holes formed move freely
in the crystal. The hole drifts to the location of an activator site and ionises it. Electron moves
freely until it encounters an ionised activator, combines with it, and neutralised activator
deexcites by emitting light in the visible region. Typical half-lives of such excited states are
about 107 s. Alternately an electron and hole, known as exciton, also move freely until an
activator atom is seen. An excited activator is formed which can undergo deexcitation by
emission of light. Competing modes like phosphorescence are not useful for measurement.

Though the band gap is 5-6 €V, on an average about 20 eV is required to produce a
photon. Taking into account the efficiency of light collection and photoelectric absorption of
the cathode of PMT, about 100-200 eV of energy is required to produce an electron at
photocathode, limiting resolution of the detector’’ to 7-10% at 662 keV.

The high density (3.7 g cm™) of Nal and high Z of iodine make Nal(T1) a very popular
y-ray detector. A 3" x 3" Nal(TI) crystal is commonly used as a detector. Both flat and well
type detectors are in use. A typical y-ray spectrum obtained using a Nal(T1) is discussed later
in this Chapter, along with the y-ray spectrum obtained using a Ge detector.

’In the case of gamma ray detection, electrons produced in the gamma ray interaction act as the
representatives of the gamma rays.

"’Resolution of a detector is the capability of producing separate signals corresponding to two or more
nearby radiation energies.
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Fig. 7.7 Energy band structure of an activated crystalline scintillator [G.F. Knoll,
Radiation Detection and Management, John Wiley & Sons, New York (1979)
p.228].

Semiconductor Detectors

A semiconductor detector can be compared to an ionisation chamber. Use of denser
material has advantages for stopping higher energy particles and also for the detection of
radiation of low specific ionisation. Interaction of radiation with semiconductors results in
lifting electron from valence band to conduction band, leaving a hole in the valence band.
Electron moves through the crystal. Hole also moves by successive electron exchanges
between neighbouring sites. Electron and hole together are charge carriers and signatures of
interaction of radiation. Energy required to produce a charge carrier pair is larger than the
band gap as some of the energy is spent in other modes like lattice vibration. This situation is
analogous to ionisation in the gas filled detectors. Silicon and Germanium are the two best
semiconductors that are being used as radiation detector material. The band gap for Ge and Si
are 0.67 eV'' and 1.12 eV respectively and the energy required to produce an effective
charge carrier pair is 2.96 eV and 3.76 eV respectively for Ge and Si. Therefore, a large
number of charge carriers are produced in these detectors compared to Nal(TI) detectors and
this reflects in good energy resolution.

In a pure semiconductor, electrons and holes would be created by thermal excitation
also and ideally the number of electrons should be equal to the number of holes. Such a
material is called intrinsic semiconductor. In practice, it is difficult to get an intrinsic
material. Small impurities (either inherent or doped) will cause imbalance in the number of
charge carriers which dominate the electrical properties of semiconductors.e.g., intrinsic
hole or electron densities are 1.5 x 10" em™ for Si and 2.4 x 10" c¢m-’ for Ge at room
temperature. If a donor impurity like P is present at a concentration of 2 ppm, i.e. 10"
atoms/cm’, the electron density would be 10'” ¢cm™ and the hole density would be about 2 x
10° cm™ as the product of e and h™ density should be same for intrinsic and doped materials.
In this case, electrons are majority carriers and such materials are called n-type

""'The band gap for Ge is low and to reduce thermal noise, Ge detectors have to be operated at low
temperatures by cooling to liquid nitrogen temperature.
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semiconductors. Similarly materials doped with group III element would be p-type with
holes as majority carriers. Heavily doped materials are called n” type and p" type materials
respectively. They have very high conductivity and are useful for electrical contacts with
semiconductor devices.

When a p-type material is brought in contact with an n-type material (taking care to
reduce leakage current), electrons from n-type diffuse across the junction and holes from
p-type also diffuse across junction resulting in the formation of a depletion region. If a
reverse bias is applied across the junction (+ve on n-type and -ve on p-type side), providing a
field of the order of 10° Vem™, the depth of the depletion region is increased. This results in
extremely low leakage current and useful for radiation detection. This is the active volume of
a detector. Electron-hole pairs produced in the depletion region due to interaction of
radiation will be swept out of the depletion region by the applied electric field and their
motion constitutes the basic signal for radiation measurement.

Silicon surface barrier detectors, Ge(Li), Si(Li) and HPGe are a few important types
of'semiconductor detectors. All these detectors are useful for spectroscopic measurements.

Surface Barrier Detectors and o-spectroscopy

An n-type material is used in a surface barrier detector. Its surface is etched and a thin
gold layer is deposited on it by evaporation for electrical contact. Gold evaporation is carried
out such that an oxide layer between gold and silicon is formed which acts as a surface
barrier. This behaves like a true junction. It may be because a thin oxidised film under the
metal surface acts as a p-type layer. By applying high voltage, depletion depths upto 2 to 3
mm have been achieved. Silicon surface barrier detectors are very useful for charged particle
spectroscopy.

A typical a-spectrum obtained for **' Am using silicon surface barrier detector is
shown in Fig. 7.8. The intrinsic shape of an a-peak is expected to be a gaussian, but always a
left tailing is observed. Though the a-source’” is kept in a vacuum chamber connected to
a-spectrometer, degradation in a-energy is prevalent. The a-particles coming out of the
source undergo degradation in the source, at the dead layer of the detector and in the travel
path as absolute vacuum is not achievable. Resolution is calculated considering only right
part of the peak from the centroid. Typical values of resolution are around 15-20 keV at 5.486
MeV of *'Am. By locating peak centroid and using a calibration plot, a-energy is
calculated. Area under the a-peak is proportional to the source strength. By using the
pre-determined detection efficiency, abundance and peak area, a-source strength is
determined.

“o-sources are prepared by special methods like electrodeposition and electrospraying.
Monomolecular layers are ideal, though a definite thickness sources only can be prepared.
Electrodeposition from organic medium under high tension field is one of the proven techniques for
o-source preparation.
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Fig. 7.8 Upper portion of the **'Am alpha spectrum as recorded by a high-resolution
surface barrier detector [R.N. Chanda and R.A. Deal, IN-126, (1970)].

Germanium Detectors and y-ray Spectroscopy

Germanium detectors are useful for y-ray spectroscopic measurements. Unlike in
a-measurements, thick detectors are required for y-ray measurements. Therefore, large
volume Ge crystals are used as detectors. Two types of Ge detectors are available: (1) Li
drifted Ge known as Ge(L1i) and (2) High Purity Germanium known as HPGe detectors. In
Ge(Li) net impurity concentration is reduced to create a compensated material by doping
with equal number of atoms of opposite type. The process of lithium ion drifting is used to
compensate the material after the crystal is grown. Compensated materials with thickness of
upto 2 cm have been achieved. Ge(Li) detector has always to be maintained at liquid nitrogen
temperature.
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Fig. 7.9 Gamma-ray spectrum of '*'Ba obtained with 65 cm® Ge(Li) detector. Peaks are
labelled with the y-ray energies in keV; those marked BG are background lines. The
upper (lower-energy) curve is displaced upward by a factor 10 [R.J. Gehrke et al.
Phys. Rev., C14 (1976) 1896].

High purity Germanium detectors were developed in mid 1970’s with impurity levels
around 10'° atoms/cm’. Starting with bulk germanium, using zone refining technique, the
impurity levels are progressively reduced by locally heating the material and slowly passing
the melted zone from one end to the other end. Impurities are transferred to molten zone and
swept away from the sample. Impurity levels are brought down by repetition of this process.
HPGe has to be maintained at liquid nitrogen temperature, before applying high voltage.
Otherwise detector can be stored at room temperature.

Both HPGe and Ge(L1) of same size have nearly identical performance characteristics
vis-a-vis energy resolution and detection efficiency. A typical y-ray spectrum of *'Ba is
shown in Fig. 7.9. The high resolution of Ge(L1i) results in well resolved y-ray spectrum.
Centroids correspond to y-ray energy and peak area under each y-ray peak is proportional to
the corresponding y-ray intensity. Detection efficiency varies approximately as
photoelectric cross-section (see Fig. 6.8). To compare the capabilities of Ge(Li) and Nal(TI),
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Fig. 7.10 Gamma-ray spectrum of "’ Cs taken with a 7.5 cm x 7.5 cm Nal(Tl) scintillation
detector (top curve) and with a 50 cm® Ge(LI) semiconductor detector (bottom
curve). The FWHM is shown for each photopeak [Nuclear and Radiochemistry,
G. Friedlander, J.W. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley
(1981) p.259].

a y-ray spectrum of *’Cs is shown in Fig. 7.10. Upper spectrum is obtained using NaI(TI)
detector and the lower one is obtained with a Ge(Li). From the figure it is clear that the
resolution of Ge(Li) is superior to Nal(T1). On the other hand, efficiency of Nal(T1) is more
than Ge(L1). Lower left side upto about 480 keV region (AB) is due to compton scattering
and BC region represents compton edge. The region CD represents the compton
multiscattering. Peak to compton ratio (ratio of the response of peak maximum to peak
minimum at the left side) is a measure of quality of the detectors. Peak to compton ratios of
about 60 are achieved for HPGe. Typical resolutions for Ge(Li) and HPGe are about 1.5 to
1.8 keV at 1333 keV.

Si(Li) Detectors and X-ray Spectroscopy

Large depletion Si(Li) detectors are obtained by lithium drifting into Si crystals. The
process is similar to the one described for Ge(Li1). Si(Li) detectors are very useful for X-ray
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Fig. 7.11 Spectrum of plutonium L-X rays taken with a Si(Li) detector of 4 mm diameter and
3 mm sensitive depth [E.S. Macias and M.R. Zalulsky, Phys. Rev., A9 (1974)
2356].

measurements. A typical X-ray spectrum of plutonium using Si(Li) detector is shown in Fig.
7.11. The resolution of Si(Li) detectors is excellent, e.g., 150 eV at 15 keV.

Sample preparation for y-ray spectroscopy and X-ray spectroscopy are not that critical
as compared for a-spectroscopy. However, thin samples are needed particularly in the case
of low energy X-ray spectroscopy.

Miscellaneous Detectors

Photographic Films

In 1896, Becquerel used photographic films and blackening or fogging after chemical
development was used to measure the intensity of radiation in the experiments that led to the
discovery of the phenomenon of radioactivity. Film badges are used to measure the
cumulative dose received by the radiation workers. In the autoradiograph techniques, films
are used to measure the distribution of the tracer.
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Ordinary photographic films consist of an emulsion of silver halide grains suspended
in a gelatine matrix and supported with a glass or cellulose acetate film. lonising radiation
sensitises the silver halide grains which remain intact for indefinite period until they are
developed. The extent of darkening of emulsion is due to the cumulative effects of individual
interactions and, therefore, are used for dose measurements. They are also used in the
radiographic measurements using photographic emulsions.

Thermoluminescence Dosimeters (TLD)

Some of the inorganic crystals when exposed to radiation produce electron-hole pairs
which are trapped by impurities present in the crystals. If the crystals are heated, they emit
light which has a bearing on the energy and intensity of radiation that interacted with the
crystals. By measuring the light, the total radiation exposure can be estimated. LiF and
CaSO, doped with Mn impurity are a few examples of thermoluminescent materials. Small
capsules containing about 50-100 mg of these crystals are used in TLDs which are worn by
the radiation workers while working in the radiation environment. Cumulative exposure
dose is determined by measuring the emitted light when they are electrically heated.

Solid State Nuclear Track Detectors

Ionising radiations, having high linear energy transfer (LET), while passing through a
dielectric material create a trail of damaged molecules along their path. In some materials,
the tracks are made visible upon etching in a strong acidic or basic solution. The damaged
molecular tracks are etched faster than the bulk and look like pits on the surface. These tracks
are counted using a microscope. The commonly used track-etch materials are quartz, mica,
silica glass, flint glass, polyethylene terephthalate, lexan, makrofol, cellulose triacetate and
cellulose nitrate.

Cerenkov Detectors

When a fast moving charged particle passes through an optically transparent medium
with a refractive index (n) greater than 1, then light is emitted. This light is called Cerenkov
light. The condition for emitting Cerenkov radiation is B > 1 where f is the ratio of the
particle velocity in the medium to the speed of light in vacuum. For example, electrons of a
few MeV energy in water emit Cerenkov light and it is measured using a PMT. Cerenkov
detectors have some similarities with scintillation detectors. Some properties are quite
different. The light is emitted over a very short period, of the order of picoseconds in solids or
liquids. The timing properties of the detectors are limited by PMTs. Choice of Cerenkov
medium is made from materials with good optical transmission properties and no
scintillation component, with a value of p between 1.2 and 1.33, e.g., lucite and glasses.
Light output in best of the detectors is about 103 times inferior to any good scintillator.
Cerenkov light is produced in the direction of the particle in a narrow cone. These detectors
are used in high energy particle physics experiments.
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Important Features of Detectors

Some of the important features of detectors such as counting curves, plateaus, energy
resolution, dead time and detector efficiency are described below:

Counting Curves and Plateaus

When detectors are operated in pulse mode, the pulses from the detector are fed to a
counting device with a fixed pulse height discrimination level (Hg). The signal pulses
exceeding Hqy only get registered by the counting circuit. This is generally used to cut off the
noise or background. The gain of the counting system is adjusted to find the optimum value
for carrying out the desired counting. In some types of radiation detectors such as
Geiger-Muller tubes and scintillation counters, the gain can conveniently be varied by
changing the applied voltage to the detector. The gain may not change linearly with voltage.
The operating voltage is a region in which count rate due to a radiation source of fixed
strength remains constant for a given settings of the equipment and it is called plateau of the
detector. A typical plateau for a proportional counter is shown in Fig. 7.12.

Energy Resolution

The ability of a detector in distinguishing two radiations of nearby energies is called
the resolution of the detector. The energy resolution of a detector can be determined from the
response function (differential pulse height distribution) of the detector which is gaussian.
The energy resolution is defined as the full width at half maximum (FWHM) of the
distribution of a mono energetic radiation.

The resolution (R) for energy E is given by
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Fig. 7.13 Definition of detector resolution [G.F. Knoll, Radiation Detection and
Management, John Wiley & Sons, New York (1979) p.115].
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where, 6 is the variance of the gaussian distribution. The FWHM is shown in Fig. 7.13.

Ideally the response of a detector for y-rays is a line spectrum. The observed response
is a Gaussian distribution with a width that reflects resolution of the detector (see Fig. 7.13).
This width is the result of fluctuations observed in the response for a monoenergetic y-rays.
The sources of fluctuations are

(i)  Drift in the operating characteristics of the detector during the course of the
measurement,

(i)  Random noise within the detector and instrumentation system and

(ii1)  Statistical fluctuations arising from the discrete nature of production of the measured
signal of the detector.

An estimate of the statistical fluctuations can be made assuming that the formation of
charge carriers is a Poisson process. Number of charge carriers (N) produced for a given
energy (E) is given as

E

N= (7.2)

where, W is the energy required to produce one ion pair. The standard deviation (c) of the
number of ion pairs (N) expected from Poisson distribution would be
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c=+N = \F (7.3)
w

From eqns. 7.1 and 7.3, FWHM is given by
FWHM =2356=2.35./N o vE (7.4)

Thus R, due to statistical fluctuation of production of charge carriers is given by

_FWHM
E

R

(&)
=235~ 7.5
= (7.5)

From eqns. 7.4 and 7.5,

Rai

JE

The typical values for the % resolution of semiconductor diode detectors is in the
range of 0.1% to 0.3% and of scintillation detectors is about 7-10%. Smaller the value of the
energy resolution, better is the detector in distinguishing two radiations of close by energy.

Fano Factor

Careful measurements of the energy resolution of some types of radiation detectors
have shown that the achievable values for R can be lower by a factor of 3 or 4 than that
predicted by the statistical fluctuations. Hence the processes that give rise to the formation of
each individual charge carrier are not independent and therefore the total number of charge
carriers cannot be described by simple Poisson statistics. The correction factor is defined as
the Fano Factor (F):

Observed variance

Fano Factor (F) = — - :
Poisson predicted variance

The observed energy resolution (R) is represented as:

_FWHM _ . 5\/1];N

- F
=235 \g (7.6)

The Fano Factor (F) has different values for different detectors. For semiconductor
detectors it is ~0.1 and for proportional counters, it is about ~1.0. Smaller the value of F,
smaller is R and hence better is the resolution.

R
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Detection Efficiency

If all the radiation quanta incident on the detector deposit their energy in the detector,
then the intrinsic detection efficiency will be 100%. The intrinsic efficiency (gi,) of a
detector is defined as

Number of pulses recorded

Eint

Number of radiations incident on the detector

In practice, it is important to know the absolute efficiency (&,s) of the detector rather
than its intrinsic efficiency.

Number of pulses recorded

€abs ~ I .
™ Number of radiations emitted by the source

The absolute efficiency (E.ps) of a detector depends on the detector material, radiation
energy, physical thickness of the detector in the direction of the incident radiation and
counting geometry. However, it is difficult to obtain 100% efficiency due to the constraints
of limited detector size, range of radiation, geometry between the source and detector, self
absorption etc.

In the y-ray spectroscopy, efficiency of the detector varies as a function of energy.
Gamma spectrum of a source of known strength is acquired in a fixed source to detector
geometry. The number of full energy events corresponding to the y-rays are obtained by
integrating the total peak area (PA) under a gamma ray peak (E,). Efficiency is calculated as
the ratio of PA to the intensity (emission rate ) of the gamma ray and is plotted as function of
energy. The total efficiency depends on the distance between the source and sample in
addition to the intrinsic efficiency of the detector.

Detector Dead Time

Radiation produces a pulse in the detector consequent to its interaction. While this
pulse is being processed, detector is not available (dead) for processing the next pulse that
might be generated during this interval. Because of the random nature of radioactive decay,
there is always some probability that a true event will be lost because it occurs too quickly
following a preceding event. The minimum time of separation required to record two
successive events as two separate pulses is called the dead time (T) of the counting system.
The dead time losses increase with the increase in count rate.

In the case of non-paralysable detectors, the dead time period is a fixed duration and
any pulse appearing in this period is lost. While in the case of paralysable detectors, if
another pulse occurs during the dead period, the latter is extended by the same duration of
dead time. The dead time behaviour of a detector, however, is intermediate between these
two extremes. Let the true and observed count rates be n and m respectively. In the
non-paralysable case the detector is dead for the fraction mT and the rate at which events are
lost is equal to nmT. This loss can also be equated to n-m. Thus
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n-m = nmT

m
or n = 7.7
1-mT 7.7

Similarly it can be shown that for paralysable case
m=ne™" (7.8)

The common methods for measuring the dead time of a counting system are (i) two
source method and (ii) decaying source method.

In the two source method, the two sources of true count rate plus background rate n;
and n, are counted in the detector independently as well as together in a fixed source to
detector geometry. Let the true count rate plus background rate of combined sources be nj,
and the background rate be n,. n;, n, and ny; are related as

nyp - np = (N - Np) + (3 - Np)
e, npt+tn=n;+tn (7.9)

In the non-paralysable case the true count rate can be represented in terms of respective
observed count rates by combining eqns. 7.7 and 7.9.

m m

2 b [ 2 (7.10)
l-m, T I-m,T l-mT 1-m,T

m m

This equation is solved for T as

_ X(1-+1-2)

T ~ (7.11)
where X =mm; - mym;,
Y = mmp(my; + myp) - mpmy; (my + my)
- v (m, +m, +m,-m,) (7.12)

XZ

Nuclear Electronics

Nuclear electronics play an important role in radiation detection and measurement.
Depending on the requirement, instrumentation and specifications vary. Radiation
measurement can broadly be classified into two categories : Gross counting and Energy
spectrometry. In the gross counting, all the events that produce an output pulse in the detector
with an amplitude greater than the discriminator threshold (Hy4) are counted. The
discriminator setting is just sufficient to reject the noise from the amplifier. A typical block
diagram is given in Fig. 7.14. In this set up, no information on the energy of the incoming
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Fig. 7.14 Simple counting system.

SINGLE CHANNEL TIMER/

AN ANALYZER 7 scaler

R

DETECTOR ——[ PREAMPLIFIER AMPLIFIER
‘ MULTICHANNEL
H. V. SUPPLY ADC ANALYZER

Fig. 7.15 Energy spectrometry system

e

radiation is obtained. On the other hand in the energy spectrometry, the events are sorted out
on the basis of pulse height that depends on the energy of the incoming radiation. Intensity of
radiation as a function of pulse height, known as spectrum, is measured. A block diagram for
energy spectrometry system is shown in Fig. 7.15.

Functions of various blocks in the system are briefly described below:

Detectors

(a)  For alpha particles : Silicon Surface Barrier (SSB) detector and gas proportional
counters

(b)  For gamma radiation: Nal(Tl), Ge(Li) and HPGe detectors

Pre-Amplifier

Preamplifier is an interface between the detector and the rest of the counting system.
Its main function is to convert the charge produced in the active volume of the detector to a
proportional voltage pulse compatible with the main amplifier input. It also provides an
optimal coupling between the detector and counting system by:



Radiation Detection 129

(@)

(b)

Minimising the degradation of the low signal obtained from the detector, before
reaching the amplifier, by its physical proximity to the detector. Preamplifier is
located as close as possible to the detector so that the inter connecting cable
capacitance is minimum.

Matching the high output impedance of the detector to the low input impedance of the
amplifier. The input stage of the preamplifier uses a field effect transistor (FET)
which has high input impedance.

Characteristics of the Pre-Amplifier

(a)

(b)

ARl

Charge sensitivity: Pulse voltage (V) developed across the detector due to the charge
(Q) collected is given by:

_Q 13
V= (7.13)

where C is the detector capacitance. The proportionality between the charge (hence
energy) and the voltage of the pulse will be maintained only if C is constant. In the
case of semiconductor detectors, the capacitance does not remain constant, thereby,
necessitating a charge sensitive preamplifier whose output voltage is independent of
input capacitance and is proportional to the charge collected.

Output shape and voltage: The output pulse may be either +ve or -ve. It has a very
small rise time (of the order of ns) which is characteristic of the charge collection time
ofthe detector. The decay time of the pulse is made quite large (50-100 us) so that the
full charge collection from the detector with widely differing collection times is
ensured before significant decay of pulse sets in. The conversion gain is of the order of
a few mV per MeV (typically 500 mV/MeV for Ge). Normally voltage gain is not
expected at this stage. The output stage will be a driver to drive the pulse into the 93
ohm cable.

Connectors provided in a preamplifier:

LV Power supplies (normally 9-pin; minimum 5 pin required)
HV input (SHV/MHV)

HV output (SHV/MHYV) for detector in some cases
Preamplifier output (BNC)

TEST input (BNC)

Amplifier

The long-tailed output pulses from the preamplifier are not suitable for subsequent

analysis. They are shaped and amplified using a linear amplifier to a suitable level before
feeding to the analysing units.
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Fig. 7.16 Pole-zero compensation.

Characteristics of the Amplifier

(a)

(b)

(©)

(d)

Shaping: From the point of view of signal to noise ratio, the best practical shape is a
gaussian. Hence the long tail pulse from preamplifier is converted into gaussian shape
by a set of differentiation and integration circuits. The time constant is selected from
front panel in steps of 1, 2, 4, 6, 8 ... us. Higher time constants (6 or 8 us) are selected
for better resolution and lower time constants (1 or 2 ps.) are chosen for higher count
rate applications.

Amplification: Input to the amplifier from the preamplifier is in the range of a few
mV, whereas input for analysers is in the range of 0-10V. The signal has to be
amplified. Normally amplifier gain of upto 3000 is provided and is selected from front
panel by COARSE and FINE controls, to suit the analysis.

Pole-zero: The circuitry for pulse shaping produces a bad side effect - a negative lobe
for unipolar pulses (Fig. 7.16). Since this affects adversely the further processing, it is
eliminated using a pole- zero cancellation circuit whose fine adjustment
potentiometer is accessible from front panel. This is adjusted experimentally by
observing the amplifier output on an oscilloscope (Fig. 7.16). Pole zero adjustment
has to be ensured whenever a preamplifier is newly connected or the time constant of
the amplifier is changed.

Base line restorer (BLR): This is a circuitry for bringing back the baseline of the
amplifier to zero immediately after the pulse. BLR avoids any shift in the baseline
which could happen when high count rates are encountered.
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Fig. 7.17 SCA operation.

Single Channel Analyser

Single channel analyser (SCA) produces a logic pulse (normally upto 10V) for

every-input pulse, satisfying a set of conditions. This unit has two discriminators called the
Lower and Upper Level Discriminators (LLD and ULD). There are three modes of

operation:

(a)

(b)

(©)

(a)
(b)
(©)

Differential: LLD is 0-10 V and ULD is 0-2 V above LLD. This isa WINDOW mode
where the output is recorded only when the input pulse height is between the levels of
LLD and ULD.

Integral: Any input pulse whose height is greater than the LLD produces a logic
output. The ULD is not effective. This is equivalent to a simple discriminator.

Normal: Here ULD is 0-10 V and is independent of LLD. The output occurs when
input pulse lies between the LLD and ULD.

These three aspects are depicted in the Fig. 7.17 as described below:
Differential: LLD = 1.0 V and ULD = 0.5 V. Pulses 2 and 3 are counted.
Normal: LLD = 1.0V and ULD = 2.5V. Pulses 2, 3, 4 and 5 are counted.
Integral: LLD = 1.0 V and ULD = XXXX. Pulses 2, 3, 4, 5 and 6 are counted.
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Note that pulse 1 is not counted in all the three modes as its height is less than LLD in all the
cases. LLD is often used to discriminate unwanted low energy pulses.

Timer - Scaler Unit

Both Timer and Scaler units are usually incorporated in a single module as they are
invariably used together in the counting systems.

(a)  Timer Unit: This unit is used to control the scaler to count for a definite interval of
time. It operates with a high precision crystal oscillator clock. The time interval
(normally variable from 1 to 9999 s) can be selected by switches. Elapsed time display
and switches for START, STOP and RESET are provided on the front panel.

(b)  Scalerunit: This unit counts the pulses fed to its input when the GATE input (obtained
from the Timer unit) is high. Front panel will have counts display and switch for
RESET of counter. It is desirable to have a discriminator incorporated in the unit to
prevent noise, from being counted

High Voltage (HV) Unit

This unit is used to provide BIAS voltages for detectors. It is highly regulated (0.1%)
and normally provides variable voltage from zero to a maximum of 5 KV of either polarity
(selectable through a switch). The front panel will usually have an ON/OFF switch, polarity
indicator, meter to read HV, potentiometer to vary the HV and a connector for taking out the
HV. The HV unit used for Nal(Tl) system should have higher current capacity so that it can
supply current to the photomultiplier tube bleeder circuit. Current capacity of 300 pA for
semiconductor detectors and 1 mA for Nal(Tl) detectors are usually provided in the HV unit.

Multichannel Analyser

One of the basic functions of the multichannel analyser (MCA) is Pulse Height
Analysis (PHA) by which pulses are sorted according to their heights and stored in different
channels. It can be thought of conceptually as a stack of single channel analysers. An Analog
to Digital Converter (ADC) is used to achieve this objective. The MCA has functionally two
parts. (1) the ADC and (2) the analyser.

The ADC

The function of the ADC is to convert the input pulse height to a proportional digital
(binary) value often called the channel number. The Wilkinson type ADC works on the
principle of charging a capacitor to the peak voltage of the pulse and discharging it at
constant current (Fig. 7.18). The discharge time (which is then proportional to peak height) is
used to open the gate of a counter to which highly stable clock pulses from a crystal oscillator
(normally 100 MHz) are fed. The number of counts recorded in the counter is thus
proportional to the pulse height and is referred to as the channel number and contents of the
channel is incremented by one. Since a definite time is taken for the conversion of an input
pulse (of the order of 10-100 us), the system cannot accept the next pulse for processing if it
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Fig. 7.18 ADC operation.

arrives during this time. To compensate for this dead time, provision is made to stop the timer
clock from advancing during this period (LIVE time mode). In all gamma ray spectroscopic
counting, timer is set for LIVE time counting. Apart from this, the ADC will also have a
provision for cutting off unwanted pulses from being converted with the help of SCA in
NORMAL mode, ADC gain selection, digital offset etc. There will also be a percentage dead
time indicator. The resolution of an ADC is expressed in number of bits or conversion gain.
For example, a 12 bit ADC has a conversion gain of 4K (2'%). Better resolution is achieved
when the number of bits is high.

The Analyser

The analyser consists of storage memory, monitor, keyboard for user interaction,
output devices like printer, plotter etc. and preferably a storage device like floppy or hard
disk to store programmes and data. For each input pulse to the ADC, the analyser increments
the counts by one in the memory location whose address is the channel number output by the
ADC.

In all modern MCAs the output of the ADC will be connected to the bus of a
microprocessor or a computer through interface cards so that full utility of the computer is
exploited for all the functions of MCA like displaying the spectrum, analysis of data, its
storage and report making. The user interaction is through interactive software so that
persons not initiated into computer programming can also use the system without difficulty.
Now, IBM-PC compatible plug-in cards are available which, when plugged into a personal
computer (PC), will facilitate the PC to be used as an MCA. This arrangement has become
extremely popular with experimenters because: (1) an MCA can easily be configured by
adding just a plug-in card and (2) the PC can continue to be used as a computer while the data
acquisition is in progress.
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Nuclear Instrument Modular (NIM) System

Nuclear instrument modules (NIMs) are standardised instruments based on the
International engineering specifications adopted in 1964 by the US Atomic Energy
Commission and the National Bureau of Standards (US AEC Report TID-20893, July 1964).
The standardisation encompasses mechanical and electrical specifications to provide
various advantages to NIM users. The advantages include:

e Instrument interchangeability

e System optimisation

e Reduced cost

e FEase of configuring

e Reduced inventory of spare units

e Interchange between installations

e Convenient servicing

e Availability of compatible instruments from different manufacturers

e Reduced down time

An existing system can be updated with new modules to meet the ever increasing
experimental demands and technology advances.

NIM system has an empty BIN with a power supply unit mounted at its backside as a
starting basic unit. Standard voltages of £6V, £12 V and £24 V are provided by the power
supply unit on specified pins in 12 sockets mounted inside the bin. 12 single width
MODULES can be plugged into the bin. Modules can be made in single width or in multiple
widths form and they can make use of the power supplies available from the bin. As power
supply requirements of individual modules, characteristics of input and output pulses,
connectors, cables, etc. are standardised and specified, modules from different
manufacturers can easily be integrated into any experimental system.
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Chapter 8

Nuclear Reactions

When two nuclear particles (two nuclei or a nucleus and a nucleon) approach each
other within a distance of 10™"° m, they experience a strong nuclear interaction. This process
is called a nuclear reaction and involves a redistribution of energy and momentum. In turn it
may give rise to the emission of particles from the interacting system. By adding a proton to
12C, it can be changed to "*N. This nuclear reaction is similar to a chemical reaction in which
one chemical substance is converted to one or more compounds/elements. Another example
of a nuclear reaction is that in which a neutron of an element is replaced by a proton, e.g.,
»Na+ p—> 13 Mg+ n, where by adding a proton to **Na, **Mg is formed which disintegrates
into Mg + n. There are innumerable examples of such reactions in which a nucleus is
changed to another nucleus. This change could be brought in by addition of particles such as
p,n,a,,...and/or by emission of o, y, n, p ... In anuclear reaction, like in chemical reactions,
energy could be absorbed or released. If the energy is absorbed, then the reaction is
endoenergetic (endoergic) reaction and if the energy is released, then it is exoenergetic
(exoergic) reaction.

Discovery of Nuclear Reaction

A brief description of the first nuclear reaction that was produced in laboratory by E.
Rutherford in 1919 is given here before describing details of nuclear reactions. The
experimental arrangement is simple and elegant as shown in Fig. 8.1. It consisted of a
chamber filled with nitrogen and a radioactive source containing *'*Po, which is an alpha
emitter. The source is collimated to provide a narrow beam of a-particles. These particles
interact with nitrogen and are eventually stopped by a metal foil mounted on the wall of the
chamber. Behind this foil a ZnS screen is placed. When scintillations were observed on the
ZnS screen, it could only be explained by conceiving the idea that the nucleus of "N
undergoes transmutation after interacting with alpha particles and long range ionising
particles were produced which could penetrate the metal foil placed at the end of the
collimator. In another set of experiments these radiations were deflected using the magnetic
field. From the extent of deflections, it was identified that the emitted radiations were ionised
hydrogen atoms or more precisely protons. From this unequivocal proof of proton emission,
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Fig. 8.1 Cross sectional view of Rutherford’s experimental arrangement.
1. Radioactive source on a holder, 2. Metal foil (Ag), 3. ZnS screen, 4. Gas inlets.

it was concluded that "*N absorbs an a-particle to form '*F, which disintegrates to give a
proton and '’O. This experiment demonstrated nuclear transmutations and opened a new
chapter called ‘Nuclear Reactions’. It is to be noted that this discovery was made when the
existence of neutron was not known.

Notation

The above reaction can be written as
14 4 17 1
N+ He - O+ H (8.1)

In a chemical reaction, chemical substances taking part in the reaction are called
reactants and the resulting compounds are called products. In nuclear reactions, the notation
is slightly different. In the above example, '*N is known as the target and the o’s are called
projectiles. Projectiles bombard the target. Emitted particles, protons in this case, are called
ejectiles and the remaining nucleus (product nucleus) is called “residual nucleus” or product.
The reaction shown in eqn. 8.1 is also represented by Bethe’s notation as

"N (a,p) 'O (8.2)

Conservation Laws

A considerable amount of information about nuclear reactions can be obtained as a
result of the application of conservation laws; which impose definite restrictions on the
course of the reactions. Certain physical quantities like nuclear charge, nucleon number,
mass and energy, the momentum, and angular momentum are conserved. These are
discussed considering the above reaction ;N (a,p)'’O.

1. Nuclear charge Z: Before the reaction Z =7 +2 =9 and after the reaction also it is 8+1
=9. Therefore, charge is conserved.
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2. Mass (nucleon) number A: Before the reaction it is 14 +4 = 18. After the reaction it is
17 + 1 = 18. Therefore, mass number is conserved

3. Mass and Energy : Mass (M) and energy (E) are conserved. It can be written as
M1+E1+M2+E2:M3+E3+M4+E4 (83)

where 1,2,3 and 4 refer to the projectile, target, ejectile and product respectively, and
in the example shown in eqn. 8.2, they are respectively o, '*N, p and '"O.

4. Linear Momentum : Sum of the initial momenta of the projectile and target is equal to
the sum of the momenta of the products

5. Angular Momentum : The sum of nuclear spin of projectile and target and orbital
angular momentum between them remains constant before and after the reaction.

Apart from these quantities, parity and statistics also follow the conservation laws,
whereas, the magnetic dipole moment and electric quadruple moment are not conserved as
these are determined by the internal structure of nuclei.

Energetics of Nuclear Reactions

Like in chemical reactions, nuclear reactions are always accompanied by release or
absorption of energy. In a chemical reaction the heat of the reaction arises from the binding
energy of electrons in the molecules and is of the order of a few kcals/mole or a few
eV/molecule. Likewise, the energy associated with a nuclear reaction (Q value) arises from
the binding energy of nucleons in a nucleus which is of the order of a few MeV/atom. Thus
the Q value of a nuclear reaction is about 10° times that of a chemical reaction.

The mass-energy conservation in a nuclear reaction is given by eqn. 8.3. The Q value
is given by the difference between the masses of reactants and products as discussed earlier.
To put it quantitatively,

Q=M+ M) - (M;+ My) (8.4)

and the Q value is calculated using exact masses. A positive Q value corresponds to energy
release (exoergic reaction) while negative Q corresponds to absorption of energy (endoergic
reaction). It is equivalent to state that there could be mass gain or mass loss in a nuclear
reaction, taking Einstein’s equation into consideration. The Q value can be computed using
the masses of the reactants and products, that are available in standard compilations.

The Q value for "N (a.,p) 'O is calculated as follows. Masses of '*N and *He are
14.003074 amu and 4.002603 amu respectively. Masses of '’O and 'H are 16.99913 amu and
1.007825 amu respectively. The combined mass of '*N + *He is lower than that of 'O + 'H
by 0.001278 amu and is equal to 1.19 MeV. This is called Q value of the reaction. In this case,
itis negative, Q =-1.19 MeV. This means that energy has to be supplied for this reaction to
take place. Such reactions are called threshold reactions wherein unless Q equivalent amount
of energy is supplied, reaction will not take place.
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The Q Value Equation

One of the important applications of nuclear reactions is to obtain energetic particles.
Neutron sources of varying energy can be made by (p,n) and (d,n) reactions on light mass
targets, e.g.,

4 —
D+ ’H— *He+n Q=17.6 MeV (8.5)
JH+ILi—> Be+n Q=-1.64 MeV (8.6)

In these reactions the outgoing particle’s (neutron) energy depends on the emission
angle (0) with respect to the projectile beam direction and the incident particle energy. Using
conservation of linear momentum, and mass and energy, a relation for Q is obtained as
M M VM M.E E
Q =E, (1\41—1}133(1\43“)—2‘3”(:%9 (8.7)

4 4 4

where, E; and E; are kinetic energies of the projectile and the ejectile respectively. Kinetic
energy of the target (E,) is assumed as zero as it is at rest. M, M,, M3 and M, are masses of
projectile, target, ejectile and the product respectively. This equation is called Q value
equation of a nuclear reaction. Details of the derivation and different cases are discussed in
Appendix VII. This equation is useful to arrive at the energy levels of the product from the
measured kinetic energy of different ejectile groups.

Threshold Energy of a Reaction

The minimum energy of the projectile which is required to induce a reaction is known
as the threshold energy of the reaction. When a projectile (a) is incident on a target (A), a
fraction of the kinetic energy of the projectile, that is E;.M,/(M; + M,) is available in the
centre of mass system. (Details of centre of mass system and lab system are given in
Appendix VIII). The remaining energy goes into the recoil energy. For endoergic reactions
the energy available in the CM system must be equal to the Q value i.e. the minimum energy
to initiate the reaction. The threshold energy, therefore, is equal to

M, +M,)
M

2

E, =-Q (8.8)

The combined potential energy of the projectile and the target is lower than the
potential energy of the products. Therefore, kinetic energy of projectile is utilised to raise the
potential energy of the reactants for the reaction to proceed. For the reaction "*N(a.,p) 'O to
take place kinetic energy of the a particle should at least be equal to -Q(M; + M,)/M,. For
good approximation, mass numbers can be used to calculate this value. Ey,=+1.19x 18/14 =
1.53 MeV. Minimum energy of a should be 1.53 MeV.

In the case of charged particle induced reactions, Coulomb barrier (V.) hinders the
reaction at energies lower than V. where
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72,6 Z,Z,e’ 89)
R, +R, R, (A]7+A}" '

c

where Z, R and A denote the nuclear charge, radius and mass number respectively. Thus for
charged particle induced reactions, the E should be atleast equal to V.. In the case where the
reaction has both potential energy threshold and coulomb barrier, then the minimum energy
should be either V..(M;+M,)/M, or -Q(M; + M,)/M, which ever is larger.

To understand this, consider the case of "*N(a.,p)'’O where 7.7 MeV a-particles from
Po were used by Rutherford. The potential threshold was 1.53 MeV. In this reaction, both
a and "N are having charge and hence there would be a Coulomb barrier equal to

v, = 1.44x 2x7 ~ 336 MeV

1.5@"7 +14"7)

214

V. is higher than Ey,. Therefore, the KE of a-particle in C.M. system should be more than V.
for the reaction to take place. Excitation energy (E*) for this reaction is [(7.7 x 14/18) - 1.53]
=4.80 MeV. Where does this energy go? E* is shared by both proton and '’O. Proton gets a
major share of this (17/18 E*) in the form of its kinetic energy and the remaining (1/18 E*)
goes to 7O as recoil energy.

It is interesting to note that protons with slightly lower energy can also be emitted.
Accordingly product nucleus gets slightly lower recoil energy. Where does the remaining
energy disappear? It will be retained by the product nucleus, not in the form of KE, but as
potential energy (PE). This means that nucleus is formed in a potentially higher state or
excited state. This excess energy could be dissipated, generally, by y-emission and the
nucleus attains ground state/lower excited state configuration. By measuring kinetic energy
of different groups of ejectiles, information on the structure of the product nucleus is
obtained.

Another interesting example is a-induced reaction of >**Th. The reaction of alpha on

Th has both potential energy threshold and coulomb barrier. The values of Q, Ey, and V.
are calculated for alpha induced reaction of ***Th.

232

Excess masses (AM = M-A) of 2*Th, o and **°U are 35.444, 2.425 and 42.441 MeV
respectively. Q is calculated using eqn. 8.10 as -4.57 MeV.

Q=Mm + M, - My (8.10)
Since Q is negative, it is endoergic reaction and has a potential energy threshold. Thus,

Ep=-Qx 220457230 —465Mev
232 232

This reaction also has a Coulomb barrier (V.) because both alpha and thorium have charge
and is given by
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V=144 x 92 x 2/(1.5(232"° + 4'%)) = 22.35 MeV

The minimum energy required to overcome this Coulomb barrier is V. x 236/232 =
22.75 MeV, which is greater than E,. Therefore, we have to supply an energy equal to 22.75
MeV, in the form of kinetic energy of a-particles for the reaction to take place. However, out
of this 22.75 MeV, only 4.65 MeV will be spent to take care of potential threshold.
Remaining energy will appear as excitation energy of >*°U.

In the case of a-induced reaction of ***Th, suppose a-particles of 30 MeV are used,
then the excitation energy (E*) of the compound nucleus *°U is

232

E*=Ecv+Q=30x v 4.57 =24.92 MeV

Since the excitation energy is greater than fission barrier (about 6.5 MeV) fission is one of
the prominent modes of deexcitation.

In the case of neutron induced reactions like (n,y) reactions, the Q value is always
positive. As neutron has no charge, there is no Coulomb barrier for neutron induced
reactions. Binding energy released when neutron is fused with the target is available as
excitation energy of the compound nucleus. Therefore, neutron induced reactions take place
with nuclei of all isotopes with the neutrons of all energies.

Reaction Cross-section

The probability of a nuclear reaction is expressed in terms of the cross section (o). It
represents the cross-sectional area offered by a nucleus to the projectile for the reaction to
occur. Cross-section, therefore, has units of area, cm®. Since cm” is very large unit compared
to nuclear dimensions, a smaller unit called barn, b is used to express cross section. b is equal
to 10”* cm” is a practical unit for reaction cross section.

Cross section (o) can be related to the number of events leading to formation of a
particular product and the number of projectiles; e.g., in “*N(a.,p)'’O, the ratio of atoms of
0 formed to the rate of o particles is related to cross section.

- = Number of products nuclei of one type per second per target nucleus

Number of projectiles per unit area per second

Cross section varies with projectile energy and therefore, cross section, has to be quoted at a
particular energy. Some typical cross section values are given in Table 8.1.

From the above relation for cross-section, reaction rate (R) can be written as

R=Noc/ (8.11)
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Table 8.1 - Cross section data for some reactions

Reaction Projectile energy Cross-section in barns
SLi (n,o)’H 0.025 eV 940
*He(n,p)’H 0.025 eV 5327

*H(n,y)’H 0.025 eV 0.0053
“B(n,y)''B 0.025 eV 0.5
"B(n,0)"Li 0.025 eV 3837
1271 (n,y)' 2 0.025 eV 6.2

*Fe(a,p)’’Co 20 MeV 0.6
S4Fe(aL,pn)*°Co 35 MeV 0.65
SV (y,0)*Sc 18 MeV 0.0003
5Cu(p,n)*Zn 16 MeV 0.38
SCu(p,n)*Zn 20 MeV 0.50
23U (n,f) 0.025 eV 583
U(n,f) 10 keV 4

where N is the number of target nuclei per cm® of a thin foil, o is the cross section and 7 is the
intensity of the beam of projectile (per second) used. The eqn. 8.11 is valid only if the beam
loss in the target is negligible.

Determination of Cross Section

Reaction Rate Method

Cross section of a nuclear reaction is determined by measuring the reaction rate in a
target having N nuclides per cm” with a beam of / particles per second. These data are used in
eqn. 8.11 and the o is calculated. Cross section for proton (20 MeV) induced reaction on “*Cu
with the emission of neutron is 0.5 b (Table 8.1).

Similarly & for the neutron induced reaction is determined by measuring the reaction
rate R. For neutron induced reactions the neutron flux is expressed as neutrons per cm? per
second and the rate of the reaction (R) is given as
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R=No (8.12)

where N is total number of nuclei in the sample. Unlike in charged particle reactions, sample
is completely immersed in neutron flux. Substituting the values of R, N and ¢, o is
calculated.

If the product formed is radioactive, then ¢ can be obtained by measuring the
radioactivity of the product. Accordingly eqns. 8.11 and 8.12 can be modified in terms of
radioactivity of the product and its decay constant as follows. Reaction rate is replaced by
dNi/dt, where i represents product i formed in the reaction. Taking into account the decay of
the product during irradiation, eqn. 8.12 is modified as

Ai=Noc¢(l-e™") (8.13)

where A; is the activity formed in the irradiation of the target for a duration of time t and A; is
the decay constant of the nuclide formed. By measuring the activity A; and substituting the
values of N, ¢, t and A; in eqn. 8.13, & can be calculated.

An example to calculate cross section of Mo : A 1mg target of natural molybdenum
(24.1% **Mo) is irradiated for 66 hours in a thermal neutron flux of 10" n/s/cm®. At the end
of the irradiation if the activity of Mo formed in the sample is 9.6 x 10° dps, calculate the

cross section for *Mo(n,y)”’Mo. Also calculate the activity of Tc (6.01 h half-life)’ after 24
hours of cooling.

Solution:

6.023x10%
95.94

Number of *Mo atoms (N) = x 0.241=1.51x10"

Neutron flux (¢) = 10"*cm™ s

Time of irradiation = 66 h

Half life of Mo = 65.94 h

Activity formed (A;) = 9.6 x 10° dps

From eqn 8.13, ¢ can be calculated as

"Half life of ™Tc is 6.01 h and is the daughter product of *’Mo

99M 0 — 99mTC
After 1 day of cooling time, **™Tc will be in equilibrium with *’Mo. Activities of *’Mo and *™Tc are
almost equal (see Chapter 4, transient equilibrium)

0693
x4

Activity of Mo after 1 day of cooling= 9.6 x10° x ¢ T =75x10° dps
. Activity of *™Tc = 7.5 x 10° dps
#MT¢ is the work horse of radiopharmaceuticals and is daily milked from *’Mo-"""Tc generator
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A

1

G =
N¢ (I—-e™")

9.6x10°

~0.693
151x10" x 10" [1_6 m“"’J

=1272x 10" ¢cm® = 0.127b

Beam Attenuation Method

When there is a significant attenuation of beam intensity in the target, / is not constant
before and after passing through the target. The reduction in beam intensity (d/) is equivalent
to the reaction rate and is given as

s -dI=INodx (8.14)

On integration of eqn. 8.14, relation between intensity before (/) and after (/) passing
through the target, is obtained as

I=1Iye™™ (8.15)
For measurement of beam attenuation, macroscopic cross section (X) is used where
¥ =No(cm’) (8.16)

In beam attenuation measurements, the effect of the entire target substance, whether it is a
single isotope or an isotopic mixture or compound, is measured.

Excitation Function

Profile of cross section as a function of projectile energy is called excitation function.
Nuclear reaction cross section varies as a function of energy of the projectile (E). In the case
of charged particle induced reaction, there is a coulombic threshold for the reaction. When E
is more, then this reaction takes place and o starts increasing (Fig. 8.2). If the excitation
energy is more than binding energy of proton, neutron, a ...., then these particles can be
emitted from the compound nucleus. This process of emitting particles is called particle
evaporation. Peaks (resonance) could be observed in excitation function. Resonance peaks
are observed when the projectile energy matches with one of the energy levels of compound
nucleus (CN). Therefore, investigations on excitation functions give information on the
structure of the compound nucleus. In the case of neutrons, ¢ generally decreases with
increase in E (Fig. 8.3), barring resonances.
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Fig. 8.2 Excitation functions for 1. “Cu(p,2n)”Zn; 2. “Ni(o,2n)*Zn; 3. “Ni(o,n)"Zn;

4. SCup,n)®Zn; 5. P Cu(p,pn)”Cu; 6. “Ni(o,pn)” Cu [S.N. Ghoshal, Phy. Rev.,
80 (1950) 939].

Angular Momentum in Nuclear Reactions

Maximum cross section that a nucleus can offer for a projectile is tTR* where R is the
sum of the radii of target and projectile. However, there are instances where o is larger than
nR?. For example, thermal neutron induced reactions such as

B(n,a)"Li c = 3840b
SLi(n,a)’H 6 =940b

Reaction cross-sections quoted here are larger by orders of magnitude than the cross
sectional area of the target nucleus. This can be explained only by bringing quantum
mechanical concept of the wave nature of the neutron. It can be shown that ¢ is not just

proportional to TR* but to (R + &)* where % is the de Broglie wavelength of the incident
particle.

It may be noted that due to their high cross section for thermal neutrons, '°B and °Li are good detector
materials for thermal neutrons.
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Fig. 8.3 Neutron cross section of silver as a function of energy [Nuclear and Radiochemistry,
G. Friedlander, J.W. Kennedy, E.S. Macias and J.M. Miller, 3rd Ed., John Wiley

(1981) p.134].

s o=m(R+ k) (8.17)

(Details of the derivation of eqn. 8.17 are given in Appendix III along with angular
momentum barrier). For low energy neutrons, it can be shown that A is very large compared
to the nuclear radius. i.e. A >> R, thus

ok (8.18)

On the other hand, high energy neutrons will have smaller A, much less than R and & will be
proportional to mR?. It should be noted that the values derived by these relations are the
maximum values for G.

Nuclear Reaction Theory

A large body of nuclear data consisting of excitation functions, energetics, emitted
particles, their distribution etc. are being obtained in the nuclear reactions. To understand the
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process or mechanism of nuclear reactions, some models are proposed with certain
assumptions. Some of the successful models that explain most of the observed data are
compound nucleus (CN) model, optical model and direct interaction model. The CN model
and direct interaction models are briefly described here.

When a projectile bombards a target, the particle can either pass through the nucleus
without reacting or it can be absorbed by the target forming a compound nucleus (CN).
Alternatively at higher energy, the particle may react with only a part of target nucleus which
can be either knocked out or captured by the projectile (direct reaction)

Compound Nucleus Model

This model was proposed by N. Bohr in 1936. In this model the reaction occurs in two
steps namely, (i) the capture of the projectile by target nucleus forming a compound nucleus
(CN) in excited state and (ii) deexcitation of CN either by evaporation of particles or gamma
emission. The two steps are assumed to be independent of each other. Thus, the reaction can
be written as

atA—>C—>B+b (8.19)

Cross section for these two steps can be represented by 6, . andc . . The overall cross
section is given as product of the cross section of the two steps

c =0 -G (8.20)

A—B A—C C->B

The projectile upon entering the target nucleus and forming the compound nucleus,
equilibrates its kinetic energy with all nucleons randomly. The excitation energy (E") of the
CN is given by

E' =Ec+Q (8.21)

where Ecy, is the kinetic energy of the project in centre of mass (CM) system. An example is
described to calculate E” and possible deexcitation modes.

TAl+ n— FAl*—> T Mg+, p (8.22)

In this reaction, neutron is captured by *’Al to form a CN **Al and **Al is in excited state.
What could be its excitation energy? Masses of ’Al and 'n are 26.98154 and 1.00866 amu,
respectively whereas mass of **Al in ground state is 27.98191 amu. Thus Q value of this
exoergic reaction is 26.98154+ 1.00866 - 27.98191=0.00829 amu = 7.72 MeV. If the KE of

neutron is 1 MeV, then E” = i; x1+7.72 =8.68 MeV. This energy is not concentrated with

any particular nucleon, rather it is distributed randomly. All the 28 nucleons share the 8.67
MeV excitation energy. Let us assume that all the energy is with a single nucleon, say a
proton. We know that generally the separation energy for a nucleon is around 8 MeV i.e. ifa
nucleon has about 8 MeV energy, it might be separated from the nucleus. In our example, E”
being 8.67 MeV, it could lead to emission of a proton, if all the E” is with a proton. In fact, ina



148 Fundamentals of Radiochemistry

CN, due to continuous collisions among nucleons (quasi-stationary state), a nucleon (or few
nucleons) acquires enough KE above separation energy leading to its emission. By this
argument, two things should be clear: (i) when projectile is captured by target, energy
equilibration is very fast and (ii) emission of particle or deexcitation is a slow process. That is
why in CN type of reactions, the history of formation of CN is forgotten. Formation of CN
and deexcitation are two independent steps.

This can also be understood in terms of life time of CN which is of the order of 10" to
10"*s. A 1 MeV neutron travels with a velocity of about 10’ m/s and the nuclear dimension is
of the order of 10™'* cm. Therefore, time required to travel across nuclear dimensions (either
to form CN or to escape the target nucleus without forming CN) is of the order of 10*' s
which is much smaller as compared to life time of CN. Due to this long life time of CN, it
forgets how it has been formed. If a CN is formed in two or three different ways, its
deexcitation is independent of its formation. This has been demonstrated by Ghoshal
experiments which are discussed later. [t may be noted that if CN exists in quasi-stationary
states, these states are called virtual states or virtual levels. Virtual states decay by the
emission of particles, where as bound levels decay by y emission. Population of virtual levels
or bound levels, depends on the extent of E™ available to CN. The energy of the emitted
particle shows a Maxwellian behaviour owing to statistical nature of the decay of CN.

The independent hypothesis of the entrance channel (formation of CN) and exit
channels (modes of deexcitation) in a compound nucleus reaction has been confirmed by the
famous Ghoshal experiments. **Zn was produced by two different entrance channels as
shown below;

‘He + “Ni ®7n + n

/

“7n— 7Zn+2n

Ve

'H + ®Cu “Cu+'H+n

%4Zn deexcites by three exit channels as shown above. Excitation functions for the two sets of
entrance channels and three exit channels are shown in Fig. 8.2.

The excitation function can experimentally be determined by measuring the
evaporation residues at various projectile energies. For charged particle induced reactions,
stacked foil arrangement for irradiation of several target foils was used. For “’Ni + ‘He
reaction, energy of o was increased upto 40 MeV. Similar experiments were carried out for
$Cu + p reaction. It was observed that the ratio of pn and 2n emission probabilities is
independent of the mode of formation, that is,
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o(a,pn) _ o(p,pn) (8.23)
o(a2n)  o(p2n)

This can be seen from Fig. 8.2

Energy Dependence of Cross Section in CN Reactions

The cross section varies as a function of projectile energy as explained under
excitation functions. Experimentally, cross sections are determined at different projectile
energies. In the case of neutron induced reactions, separate irradiations are necessary for
neutrons of different energy. The evaporation residues can be assayed for their beta and
gamma activities. From the measured activities, after appropriate corrections, ¢ can be
evaluated for different evaporation residues (exit channels). Excitation function for neutron
induced reaction of Ag is shown in Fig. 8.3. If a few exit channels are weakly formed (low
yields) and also if there are many exit channels, radiochemical separations are necessary to
observe weak channels.

Low Energy Neutron Induced Reactions

In this case the excitation energy of the CN is slightly more than the neutron binding
energy which is shared by many nucleons in the nucleus. The probability for concentration
of this excitation energy on a particular nucleon is, therefore, extremely low and the CN
decays by emission of gamma rays i.e. (n,y). However, in the case of low Z targets (n,p) and
(n,0) reactions may also compete with (n,y) reaction. Typical excitation functions for slow
neutron induced reactions show a slowly decreasing cross section with increasing neutron
energy followed by sharp resonances (Fig. 8.3). The spacing between the resonances is large
(few eV to keV). The small width of resonances indicates that the lifetime of the compound
nucleus states is about 107'*-10™" seconds as expected form the Heisenberg’s uncertainly
principle.

Breit and Wigner derived a formula for the cross sections in the resonance region

taking into account of decay widths (I") and the spins of projectile (a), target (A) and the
compound nucleus as I,, I, and I¢ respectively, and is given by

) (2I.+1) r,r,

(8.24)
I, +D @I, +1) (E-E,)* +(T/2)°

o(n,y) = mi

E is the energy of the neutron and E; is the resonance energy. Details of the derivation are
given in Appendix X.

de Broglie wavelength A is related to the velocity of the neutron (v) as A= //mv where
m is the mass of neutron. All other factors in the eqn. 8.24 can be shown to be constant except
I', which is proportional to neutron velocity v. Thus

o(n,y) o« (v/v?) = const/v (8.25)
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This explains the 1/v behaviour of cross section in low energy neutron induced reactions as
shown in Fig. 8.3 with dotted line.

Fast Neutrons and Charged Particle Induced Reactions

The excitation energy of the CN formed by fast neutron induced reactions and
charged particle induced reactions is high. With increasing excitation energy, the spacing
between nuclear levels decreases and reaches continuum region. The deexcitation of CN
from the continuum region is followed in terms of the statistical model. According to this
model the relative probabilities of various exit channels are determined by their relative state
densities.

The excitation functions for various evaporation residues show broad curves with
growth and decay type of behaviour as new channels open up at higher energies (see Fig.
8.2). The energy spectra of evaporated particles show Maxwellian pattern. For highly
excited nuclei, the energy distribution of emitted neutrons is expected to be

n d(E,) = const.E, exp [— ETH } d(E,) (8.26)

where n d(E,) is the number of neutrons having energy between E, and E,, + dE, and T is the
nuclear temperature of residual nucleus evaluated at its maximum excitation energy. T has
the dimension of energy and is analogous to kT in classical Maxwellian distribution.
However, if the emitted particle is a charged particle, then the Coulomb barrier suppresses
the low energy particles.

The signatures of CN formation are, (i) Maxwellian type of evaporation spectra, and
(i) Angular distribution of emitted particles are symmetric around 90 degrees. Deviation
from this can be regarded as departure from CN mechanism.

Types of Reactions

Scattering Reactions

In anuclear reaction A(a,b)B, a and A are projectile and target, respectively and b and
B are the outgoing ejectile and product nucleus respectively. In most of the nuclear reactions,
aandb are either a nucleon or a cluster of few nucleons e.g. protons, neutrons, alpha particles
etc. Ifthe outgoing particle (ejectile) is identical to the incident particle, the reaction is called
scattering. If the energy of the target nucleus is left unchanged in the process, it is called
elastic scattering, whereas, if the target nucleus is left in an excited state, it is called inelastic
scattering. An example of elastic scattering is given below.

e.g., "*C(nn)"C (8.27)

In this example, a neutron in the vicinity of '>C gets scattered, i.e. its direction is changed and
kinetic energy is reduced. It means that '>C is set into motion by the neutron at the expense of
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its own KE. The outgoing particle is, therefore, the original neutron with lower KE. KE of the
projectile is changed but total KE is conserved and PE is not changed. This is one of the most
probable reactions that takes place in moderation of neutrons in a nuclear reactor.

Inelastic scattering is a similar reaction, where the projectile and ejectile are same but
both KE and PE are changed, and total energy is conserved.

e.g., "PI(p,p)*T (8.28)

Here also, like in the earlier example, KE of the projectile is reduced; but this energy has been
utilised to excite the target nucleus '»I to a higher energy and thus its PE changed. Elastic
scattering is possible with all energies of projectile whereas inelastic scattering needs a
minimum energy corresponding to the first excited state in the target nucleus. Excited
nucleus deexcites by gamma decay.

Alpha Induced Reactions

Alpha particles emitted by natural radioisotopes were the only projectiles available
for the study of nuclear reactions before the discovery of neutrons and construction of
accelerators. Alpha being a charged particle, energy of o should be more than coulomb
barrier (V). Energy of a-particles emitted in the a-decay is low (4-8 MeV) and these low
energy alphas can produce reaction only in low Z nuclides. That is why studies were limited
to light mass nuclides until the availability of accelerator produced o particles. Many
reactions were investigated with alphas of low energy, particularly for the production of
protons and neutrons, e.g.,

YB(a,p) oC (8.29)
I'Na (a,p) ;; Mg (8.30)
Be(a,n)'?C (8.31)

Alpha induced reaction of *Be mentioned here is the famous reaction by which
Chadwick discovered neutron. He estimated mass of the neutron as roughly same as that of a
proton. Chadwick improved his estimation of neutron mass between 1.005 and 1.008 amu
from the data obtained in another reaction.

"B (a,n) ¥N (8.32)

This estimate, in the absence of accurate data on atomic masses and non-availability
of sophisticated measuring equipment, is very close to the actual value of neutron mass,
1.008983 amu. Another historically important alpha induced reaction that led to the
discovery of artificial radioactivity by Joliots is

5 Al(a,n) P (8.33)
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The continuous emission of positrons, even after stopping the reaction inducing projectiles,
led to the conclusion that the product formed (*°P) was radioactive. Phosphorous was
separated as phosphine and its half-life was measured. These experiments heralded the
discovery of artificial radioactivity. Now with the availability of accelerator produced high
energy o beams, a induced reactions are extended to the entire nuclide chart.

The ; Be(a,n)reaction can profitably be used for production of neutrons in a neutron

generator. Alpha particles are continuously made available by radioisotopes such as **' Am,
29py, and **®Pu. A stable beryllium alloy in the form MBe,3, where M is the actinide metal, is
prepared. Each a particle emitted by **'Am has an opportunity to interact with °Be.
However, neutron yield is around 1% or less as most of the o’s get stopped rather than
producing the desired reaction. In the case of **' Am/Be source, 70-80 neutrons are produced
per 10° alphas emitted.

Neutron Induced Reactions

Neutron induced reactions are a special class by themselves. Since neutron do not
have charge, there is no Coulomb barrier for neutron interaction with the nucleus. Therefore,
neutrons of any energy can induce reactions with all the nuclides in the entire nuclide chart.
As discussed earlier, the (n,y) reactions have positive Q value. Another interesting aspect is
that the reaction cross sections with low energy neutrons are much larger compared to those
by medium and high energy neutron induced reactions as discussed earlier. Nuclear reactor
is a vast source of neutrons of different energy. There are other reactions which produce
neutrons of definite energy which can be used as projectiles. Neutron induced reactions lead
to the production of different ejectiles of the type (n,p) (n,a) etc. or simply to production of
radioisotopes by (n,y) reactions.

Al (n,00) ['Na (8.34)
B (n,a) JLi (8.35)
YN (n,p) iC (8.36)
5 Xe (n,y) '3/ Xe (8.37)
4 In(n,y) JIn (8.38)
% Th(n,y) 5'Th (8.39)

An important nuclide ***U for energy production, is produced by irradiating ***Th followed
by two successive B-decays as shown below.

BTh Ly Bpy L5 2y (8.40)
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Proton Induced Reactions

Protons are obtained from accelerators, with energy of a few keV upto GeV. In the low
energy region, reactions of the type (p,n), (p,y) and (p,o) are observed.

1 AL(p,y) ;S (8.41)
5 'Na (p,n) ; Mg (8.42)
:Be (p,a) Li (8.43)
JLi (p,a) o (8.44)

Last mentioned reaction is of historical significance by which experimental proof for
Einstein’s mass energy relationship was obtained. In this reaction 'Li was bombarded with
low energy (=0.5 MeV) protons. The resulting intermediate ; Be is very unstable nuclide. It

disintegrates into two o particles. Since masses of ]Li, p and o are accurately known as

7.016004, 1.007825 and 4.002603 amu respectively, Q for this reaction can be calculated as
0.01862 amu=17.35 MeV. Knowing the KE of p and a,, Q value is calculated and the value is
17.33 MeV. This proves that whatever mass is lost in the reaction ] Li+p — 2, equivalent

energy is liberated as Q of the reaction.

Another interesting reaction is

iB+po[5C]- 3 (8.45)

It is an example of multiple particle production. When proton energy is more than 20 MeV,
excitation energy of the compound nucleus will be sufficient to emit more particles leading
to more than one evaporation residues. In Fig. 8.2 excitation function for proton induced
reaction with “*Cu is shown. In the case of proton induced reaction, (p,n) exit channel is
prominent upto 15 MeV of proton energy. Around 15 MeV, (p,pn) channel competes with
(p,n) channel. Around 25 MeV, (p,n) channel becomes negligible where as (p,pn), (p,2n) and
(p,p2n) channels become prominent. If the energy is further increased compound nucleus
formation becomes less probable and direct reactions may take place.

Deuteron Induced Reactions

Deuteron is an interesting projectile as it is a loosely bound system with a low binding
energy of only 2.22 MeV. Deuteron reactions in the low energy region are often of the type
(d,n) or (d,p), i.e. one nucleon is ejected and the other one is retained by the target nucleus. In
most of the cases, Q-value is positive.

tC(dpliC (8.46)

WP (d,p) 2P (8.47)
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Li(d,n);Be (8.48)
;Be(d,n)"{B (8.49)

There are other reactions in which particles other than n and p are produced.
YO (do) N (8.50)

Very interesting reaction is deuteron on deuteron target in which (d,p) and (d,n) channels are
observed.

d(d,p) {H (8.51)
D(d,n) He (8.52)

CN formed is “He and both the exit channels leading to p and n production are probable.

Photon Induced Reactions

Reactions leading to disintegrations by photon are called photo-disintegration
reactions or photon nuclear reactions. Since binding energy of deuterium is very low, if
energy greater than 2.22 MeV is supplied to deuterium nucleus, in principle it has to be
disintegrated into proton and neutron. When deuterium is exposed to y-rays, neutrons are
produced. This reaction can be represented as

TH(y.n) H (8:33)

Similarly neutron in *Be is very loosely bound. By irradiating with photons of at least 2.62
MeV, (y,n) reaction takes place
ZBe (y,n)iBe (8.54)

If the photon energy is not sufficient to excite the nucleus to virtual levels, particle emission
is not possible. However, the nucleus dissipates energy by deexcitation. Such reactions are

represented as (Y,Y")
83Kr (,Y’,Y/) 83KI. (855)
Hg (r,y') “Hg (8:56)

Photons of high energy (>10 MeV) are produced by allowing accelerated electrons to fall on
metallic targets such as tungsten. These photons are useful to study photo nuclear reactions.

P (y,m) P (8.57)

At higher energies, reactions of the types (y,np) and (y,2n) are probable. If the energy is
greater than 25 MeV, photon induced reaction of '“C leads to production of three o’s.
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2C+y 30 (8.58)

The reaction 8.58 is interesting and provides proof for Eiensteins relation of mass-energy
equivalence. In this, reaction energy is converted to mass. Let us examine the masses before
and after the reaction

Mass of °C = 12.00000 amu

Mass of 3 a particles = 3 x 4.002603 = 12.007809 amu
Mass of the reactants is lower than mass of the products. This gain in mass resulted after
absorbing energetic photon (25 MeV)
Heavy Ion Induced Reactions

Projectiles heavier than o are called heavy ions. Accelerators are the sources for
production of these ions. Reactions involving heavy ions have higher V.. Thus energy
required is higher than the reactions induced by p, d and o. This will result in higher E" for
CN. Therefore, large number of exit channels are possible in these reactions. This topic itself
is a special subject and detailed discussion is beyond the scope of this book. However, a few
examples are cited here

UN ( “N," N) "N transfer reaction (8.59)
aNb(2C.2n) 'CA
("C,a) ;Rh Case of many exit channels (8.60)
(*C,a) '°3Pd etc.
Heavy ion reactions are very effectively used for the production of higher Z elements

such as Bk and Cf. After a few nucleons’ evaporation from the compound nucleus, these
elements are formed. Without going into further discussion, a few examples are cited below:

U (N.asn) % Bk (8.61)
2“‘U(”c 6n ) uief (8.62)
“Pu( i Cdn) (i Fm (8.63)
s Cm(5C.An) 1 No (8.64)
S Cf('9B.sn) L (8.65)

“Pu((fNedn) (RS (8.66)

104
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e Arn( »Ne,4n) °! Db (8.67)
sier( odn) ise @69
wBi(3iCrxn) 1 Bh (8.69)
5Pb((3Fe,xn) ** i Hs (8.70)
"W Bi( 3 Fexn) "5 Mt (8.71)
PN ) 17Ds 672

It may be noted that the exit channels mentioned above are favourable channels out of many
possible channels. In the above reactions projectile energy is maintained to just cross the
Coulombic barrier leaving the CN with 20-40 MeV of excitation. In these reactions, another
competing and prominent exit channel is nuclear fission.

Recommended names for elements 104, 105, 106, 107, 108, 109 and 110 are
Rutherfordium (Rf), Dubnium (Db), Seaborgium (Sg), Niels Bohrium (Bh). Hassium (Hs),
Meitnerium (Mt) and Darmstadtium (Ds) respectively.

Direct Reactions

In this type of reactions the incident projectile collides with one, or at most a few
nucleons in the target nucleus, some of which may thereby be directly ejected. Alternately
incident particle may leave the target nucleus after losing a part of its energy in a few
collisions. Thus compound nucleus is not formed and the kinetic energies of the emitted
particles are usually higher than those evaporated from compound nucleus.

Transfer Reactions

The most common type of direct reactions are pick up like (p,d) or stripping like (d,p)
and (d,n) reactions which are collectively referred to as transfer reactions. In such reactions,
the target like product is formed in discrete angular momentum states and, therefore, the
outgoing particle is preferentially emitted at a particular angle. The spectra of outgoing
particles, therefore, show pronounced resonances corresponding to discrete energy states
being populated in product nucleus and angular distributions are peaked in forward direction
and have structures indicative of angular momentum effects. Transfer reactions are,
therefore, useful for determination of energy, spin and parity of excited states of nuclei.
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Chapter 9

Nuclear Fission and Nuclear Fusion

Soon after the discovery of radioactivity at the turn of the last century, the possibility
that the atom could be a source of enormous energy was realised. Rutherford and Soddy
suggested that all atoms possess large amounts of energy. They wrote in 1903 “...the energy
latent in the (radioactive) atom must be enormous compared with ordinary chemical change.
Now the radioelements differ in no way from other elements in their chemical and physical
behaviour ... Hence there is no reason to assume that this enormous store of energy is
possessed by the radioelements alone. It seems probable that atomic energy in general is of a
similar high order of magnitude, although the absence of (radioactive) change prevents its
existence being manifested”. Now it is clear that the above statement is prophetic. Atom is
indeed a store house of energy and in exo-energic nuclear reactions like nuclear fission and
nuclear fusion, enormous amount of energy is released.

In nuclear fission, a heavy nucleus like 25U, when bombarded with thermal neutrons,
undergoes division releasing a large amount of energy of about 200 MeV'. This process is
also accompanied by the emission of 2 to 3 neutrons which makes it possible to have a chain
reaction (see Chapter 10) for sustained production of energy. In nuclear fusion two light
nuclei like T and D combine and in the process an energy of 17.6 MeV is released. Energy
released in nuclear fusion reaction, is more intense than in the nuclear fission of >*U or >*’Pu.
The energy released in these two reactions can be explained using the average binding
energy curve (Fig. 2.2, Chapter 2). Average binding energy of the products formed in both
these reactions, is higher than the average binding energy of the reactants. The large amount
of energy released makes the reactions very important in nuclear technology and also in the
context of current energy scenario.

"In the complete fission of 1 gram of *°U, 8.2 x 10" ergs of energy is released, which is equal to IMW
of power production per day. To obtain the same amount of energy, 3 tons of coal or 2300L of petrol
has to be combustioned. This shows that nuclear energy is more than million times energy intense
compared to chemical energy.
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Nuclear Fission

Discovery of Nuclear Fission

Discovery of nuclear fission can be traced back to the neutron discovery and the
subsequent experiments by Fermi et al. for production of transuranium elements by
irradiation of uranium with neutrons. Fermi et. al. reported in 1934 that atleast four activities
distinguished by their half lives, could be identified. On absorption of a neutron, >**U
becomes **’U and U undergoes B decay to form element 93. B decay of element 93 results
in the formation of element 94. It thus appeared that several activities resulted with atomic
number 93, 94 and may be higher. These results attracted the attention of many chemists. Ida
Noddack criticised those results, conjectured the process of breaking the nucleus subsequent
to the absorption of neutron and proposed that activities that were observed by Fermi et.al
could be due to isotopes of known elements. It is history, now, that she did not pursue her
ideas further. With an objective of separating the invisible amounts of new activities formed,
chemists tried to separate them by using carriers with similar chemical properties; e.g. Ba
carrier for Ra, La carrier for Ac and so on. Hahn and Strassmann separated three new
activities along with barium and proposed that these could be isotopes of radium. Daughter
products of these were separated with lanthanum carrier and attributed to actinium isotopes.
Butall the time they were having a problem of understanding the possibility of (n,a) reaction
on **U to form radium isotopes. Joliot Curie and Savitch using fractional crystallisation
found that activities remained with lanthanum fraction rather than with barium fraction and
concluded that the new isotope was of lanthanum rather than that of actinium. These results
were not acceptable to Hahn and others. Hahn and Strassmann carried out detailed work on
separation of Ra and Ba using fractional crystallisation. To their bewilderment, they found
that activity was inseparable from barium fraction and daughter product activity was
inseparable from lanthanum fraction. Very reluctantly and cautiously they reported the
results in January 1939, stating that these new activities were due to isotopes of Ba, La and
Ce and not due to Ra, Ac and Th as reported earlier. They also suggested that this could
happen only if fragmentation of the nucleus occurred. They performed another series of
experiments to find the possible activities of complementary products of Ba and La around
mass number A =90-100 and atomic number 35. They could separate isotopes of Sr (Z=38),
Y (Z=39) and Kr (36). From these results together with their earlier findings, they could
conclude that the nucleus was undergoing division. Hahn was awarded 1944 Nobel Prize in
Chemistry for the discovery of the fission of heavy nuclei.

Meitner and Frisch recognised that if a nucleus undergoes division to form two
products of comparable mass, the products should fly off with high velocity due to mutual
Coulombic repulsion. Total kinetic energy was estimated to be around 200 MeV. Within a
fortnight of the announcement by Hahn and Strassmann, Meitner and Frisch experimentally
measured high energy release associated with this reaction. This phenomenon of division of
nucleus was named as nuclear fission (analogous to the cell division in living organism) by a
biologist W.A. Arnold who was working at that time with G. Hevesy in Copenhagen.
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Fission Process

Various stages of the fission process starting from compound nucleus formation to the
formation of fission products are depicted in Fig. 9.1 A heavy nucleus (? X) of mass A >200

such as uranium forms a compound nucleus after absorbing a neutron and acquires certain

excitation energy (E*). The compound nucleus ("} X) deexcites by (i) emission of prompt

gamma rays to its ground state, or (ii) undergoes beta decay and forms an element of higher

charge (}! X) or (iii) undergoes o decay and forms an element of lower charge and mass

(57 U) or (iv) undergoes nuclear fission. Compound nucleus having excitation energy

undergoes continuous deformation, in the fission mode. While the nucleus deforms, the
repulsive Coulomb energy and attractive surface energy change continuously. When the
disruptive Coulombs forces overcome attractive forces due to surface energy, the nucleus

undergoes division into two fragments (5, F1 and /; F2). They move in opposite directions

due to mutual Coulombic repulsion which ultimately reflects in their kinetic energy. The
fragments are formed in excited state and emit neutrons (v; and v,), and gamma rays.
Resulting products (A';j F1, Azzvj F2) have higher N/Z ratio compared to stable nuclei and

undergo [ decay to attain stability with stable end products A‘;‘S P1 andAZZV42 P2.

Energy Liberated in Fission

About 200 MeV of energy is liberated in nuclear fission. It can be calculated from the
average binding energy of the fissioning nucleus and products. If we recall the average
binding energy curve in Chapter 2, compound nucleus **°U has an average binding energy
(B/A) of 7.6 MeV. Thus the total binding energy of **°U is equal to 7.6 x 236 = 1793.6 MeV.
Similarly the products have B/A around 8.5 MeV. Assuming that the average mass of fission
products is around 120, total binding energy of both fragments is equal to 236 x 8.5 =2006
MeV, which is greater than the binding energy of **°U. The difference, equal to 212.4 MeV,
is liberated in the fission process. This is an approximate estimate as exact values of B/A for
each fragment are not taken. The most direct method is to calculate the mass difference
before and after the fission reaction for a given mass division’. Energy liberated in nuclear
fission is calculated below from the mass difference between a pair of products and uranium
and neutron. e.g. on absorption of a neutron, **°U undergoes division as shown below:

U0 [ 200] > Mo+ 3 5n ©.1)

AM (M-A) for U, n, '®Mo and "’Sn are 40.914, 8.071, -80.85 and -70.97 MeV
respectively. The Q value for this mass division is calculated as

Mass division in nuclear fission is not unique. Therefore, the products need not be same for energy
fissioning atom of “*U. Accordingly energy released will not be same in each split.
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Q = (Am)c?
= (M235U + Mn )02 _(MIMMO +Mmsn )C2

AM +AM, -AM +AM,;;  =20081 MeV

235 U 103 Mo

On an average for different mass divisions, ‘Q’ value is about 200 MeV. The energy
liberated in the fission process appears in several forms. It is approximately distributed into
the kinetic energy of the fragments (168 MeV), kinetic energy of the prompt neutrons (5
MeV), prompt gamma ray energy (7 MeV), beta energy (8 MeV), neutrino energy (12 MeV)
and gamma ray energy from the products (7 MeV).

Fission Cross-Sections

Fission cross sections (oy) are larger for the nuclides with odd neutron number
nuclides. e.g., 25U, °Pu and **Am. In the case of light mass nuclides like 1Tm and '’ Au,
o for thermal neutron induced reaction is very low and not measurable. However, these
nuclides undergo nuclear fission when bombarded with 30-40 MeV charged particles like o
and p. In such cases, neutron emission and other particle emission are competing exit
channels. In contrast, nuclear fission is the main reaction in the case of thermal neutron
induced reactions of actinide nuclides. The o values for 2*U(ng,f) and Z’Pu(ng,f) are 583 b
and 742 b respectively. In the energy region upto 0.1 eV, o follows 1/v law, where v is the
neutron velocity. At neutron energies around 1 MeV and greater, of becomes fairly
independent of neutron energy and is around 1-2 b. With increase in neutron energy, oy
increases by a step function. A typical excitation function for neutron induced fission of >**U
is shown in Fig. 9.2. With increase in kinetic energy of projectiles, it is possible to produce
nuclear fission in lighter elements around Z>85.

Fission Barrier

Minimum energy required for a nucleus to undergo fission is called fission barrier or
critical energy. Itis some what similar to activation energy in a chemical reaction where in an
activated intermediate is formed which might lead to the formation of products in the
chemical reaction. In the case of nuclear fission, a fissioning nucleus has to attain a critical
shape, similar to a saddle, for the nucleus to undergo fission. This intermediate structure has
more potential energy (PE) compared to the PE of the nucleus in ground state. Difference
between these two PE’s is called fission barrier. Ifthe E” of CN exceeds the fission barrier,
then fission reaction can take place. e.g., fission barrier of *U is 5.6 MeV. After absorbing a
thermal neutron it forms a CN *°U with an excitation energy of 6.5 MeV. Therefore, *°U is
fissionable with thermal neutrons. Nuclides which undergo fission with neutrons of all
energies, including thermal neutrons are called fissile nuclides. It can be shown that this
barrier height depends on Z*/A of fissioning nucleus. The larger the value of Z*/A, lesser is
the barrier height. These aspects are discussed in fission theory. Experimentally fission
barriers are determined for a large variety of actinide nuclides. One of the methods is to use
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Fig. 9.2 Fission cross-section of °U for neutron upto 37 MeV [Nuclear and
Radiochemistry, G. Friedlander, J.W. Kennedy, E.S. Macias and J. M. Miller, 3rd
Ed., John Wiley (1981) p.160].

photons of different energies and measure the fission product activity so as to locate fission
threshold.

Fission Theory

Meitner and Frisch explained the fission process using the liquid drop model of the
nucleus. Bohr and Wheeler gave a quantitative explanation of the fission process in their
classic paper of 1939. It is postulated that nuclear attractive forces tend to keep the nucleus in
stable state akin to the surface tension to maintain liquid drop in a stable form resisting
distortion. For a drop of liquid to be broken into two smaller drops or for a nucleus to undergo
fission, there must be considerable distortion which will be only possible if additional energy
is available. A nucleus like **U after absorbing a thermal neutron forms a compound nucleus
and the binding energy gained is available to the CN as excitation energy. This E is the
driving force to cause distortion of nucleus. Fission is viewed as a continuous evolution of
nuclear shape starting from nearly spherical compound nucleus to two well separated
fragments. Considering the nucleus as an uniformly charged sphere, the potential energy
associated with the nuclear deformation is calculated. The binding energy of the nucleus
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based on LDM is calculated as the sum of volume, Coulombic, surface, asymmetric and
pairing energies. During deformation of a nucleus only Coulombic (E,) and surface energies
(Es) are modified and are given below

E,=E’ (1+§a§j (9.2)
E.=E! (1—; aﬁ) (9.3)

where, o, is the deformation parameter along the symmetric axis. E? and E! are surface and
Coulombic energies of spherical liquid drop nucleus of charge Z and mass A and are given
by

2
E!=17.94 [1— 1.7826 {A —Azz} J AP MeV (9.4)

0.71 Z*

E!=17.94 MeV 9.5)

From eqns. 9.2 and 9.3, the changes in E and E, are given by
2 5

AE,=E;-E! =5 ‘E? 9.6)
AEC=EC-Ef=-;a§ ‘B! 9.7)

These changes AE; and AE, reflect in the potential energy of the nucleus. With increase in
deformation, potential energy of the nucleus increases due to AE; and decreases due to AE,.
The potential energy variation as a function of deformation is shown in Fig. 9.3. The
transition point of balance of magnitudes of AE; and AE, corresponds to the maximum
potential energy, known as saddle point, which the nucleus must pass to undergo fission. The
scission point is the configuration at which nucleus will undergo division. The potential
energy excess over the ground state energy is called fission barrier; as shown in Fig. 9.4.
Fission barriers for actinides are in the range of 5 to 7 MeV. From eqns. 9.6 and 9.7, it is
expected that the nucleus undergoes fission when |AE | = 2 |AE.|. Fissility parameter (y), a
measure of the tendency of a nucleus to undergo to fission is derived from the above
condition as
0 2
g == 9.8)
2E; 5013 A

For y less than unity, the nucleus is stable with respect to small distortions. For the nuclides
with y > 1, there will be no potential energy barrier to inhibit spontaneous division of the
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Fig. 9.5 Potential-energy diagram showing double-humped fission barrier [Nuclear and
Radiochemistry, G. Friedlander, J W. Kennedy, E.S. Macias and J.M. Miller, 3rd

Ed., John Wiley (1981) p.73].

nucleus. It corresponds to a Z*/A value > 50. Using eqn. 9.8, it can be estimated that around
Z=115 and A=265, all nuclei undergo fission instantaneously. This puts a limit for extending

the periodic table.

This model is useful to explain the existence of fission barrier, energy release and
other features. However, near constancy of barrier height for actinides, asymmetric mass
division, existence of fission isomers etc. could not be addressed by this model. By
superimposing deformation dependent nuclear shell and nucleon pairing energy on LDM
potential, Strutinsky calculated the potential energy as a function of deformation. He showed
that fission barriers for actinides are double humped as shown in Fig. 9.5. A nucleus
encounters two barriers and two valleys before it reaches scission point to undergo fission.
For isotopes of elements with Z =92 to 94, both the barriers are having comparable heights.
If a nucleus is trapped between the two barriers of comparable heights, then the nucleus will
have a finite life time before it tunnels through one of the barriers. These nuclear states are
called ‘fission isomers’ or ‘shape isomers’. If the isomer tunnels through the second barrier,
it undergoes fission known as ‘isomeric fission’ (IF). On the other hand if the same nucleus
penetrates first barrier and reaches ground state, then it is called y-deexcitation. If the nucleus
tunnels through both barriers from its ground state and undergoes fission, it is called
‘spontaneous fission’ (SF). SF is a decay process from ground state and IF can be observed
only in the induced reactions. Isomeric fission has very short halflives. e.g., Half lives for IF
in the cases of Z°"Pu and ***™Am are 0.03 ns and 14 ms, respectively.
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Observations

(1)

(i)

(iii)

(iv)

™)

(vi)

(vii)

Some of the experimental observations of this complex reaction are :

Nucleus undergoes division giving different products. i.e. the products formed are not
same in each division resulting in a mass distribution of the products. Mass number of
the fragments varies from 70 to 160 whereas atomic number varies from 30 to 65.

Similarly the kinetic energy of all the products is not same and, therefore, there is a
distribution of kinetic energy. Kinetic energy of the fragments is calculated by
measuring the range of the fragments in different media. The range of the fragments in
air varies from 1 to 2 cm whereas, it varies from 4 to 6 mg/cm” in aluminium.

For every neutron consumed, two or more neutrons are produced in the fission and
this aspect was investigated with keen interest which resulted in the demonstration of
nuclear chain reaction (see Chapter 10 for details). Neutrons produced in each
division are different and so is their kinetic energy. On an average 2.41 neutrons are
produced in the thermal neutron induced fission of **°U.

On an average 8 to 9 prompt gamma rays are emitted in each fission. Prompt gammas
have an energy distribution.

Reaction probability (cross section) for fission of *U is much larger with thermal
neutrons than with fast neutrons which could be understood in terms of 1/v law
dependence of cross sections for neutron induced reactions.

Nuclei having odd number of neutrons (*°U, **’Pu etc.) are more fissile compared to
those having even number of neutrons (**U, ***Pu etc.). This can be explained by
considering the excitation energy of the compound nuclei in the cases of >°U and ***U
and the fission barriers associated with them. The excitation energy of >*°U”, formed
by the addition of thermal neutron to U, is 6.5 MeV whereas the fission barrier is 5.6
MeV. The absorbed neutron pairs with the unpaired neutron of *’U and pairing
energy is released. On the other hand the excitation energy of **U” is 4.9 MeV
whereas the fission barrier is 6.1 MeV. Therefore, fast neutrons of about 1.2 MeV are
needed to cause fission in ***U where as thermal neutrons (0.025 eV) are sufficient to
cause fission in *°U.

Some fission products such as *'Br and '*°I emit neutrons. These neutrons are emitted
after some delay (after f decay) and, therefore, called delayed neutrons.

In the B-decay of fission products like *’Br, the daughter product is *’Kr (neutron

number is 51 which is +1 of magic number 50). Neutron emission from the excited states of
nuclides like ¥’Kr is probable as the resulting product **Kr will be stable as it has a neutron
magic number 50. There are five prominent groups of delayed neutrons as shown in Table
9.1 and these neutrons play an important role in the control of nuclear reactors.
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Table 9.1 Yields of delayed neutrons in the thermal neutron induced fission of **U,
235U and 239Pu

Half-life (s) % of delayed neutrons Energy (MeV)

233U 235U 239Pu

0.43 0.018 0.085 0.04 0.40

1.52 0.062 0.241 0.105 0.67

4.51 0.086 0.213 0.112 0.41

22.0 0.058 0.166 0.094 0.57

55.6 0.018 0.025 0.012 0.25
Total 0.24 0.73 0.36

Delayed neutron emitters are clustered just above N =150 and 82 closed neutron shells,
as a result of low binding energy for the last odd neutron.

Measurements on mass yields, kinetic energy, neutron emission, prompt gamma
emission, cross sections, angular distribution of fragments etc. constitute the experimental
investigations in nuclear fission. Mass, kinetic energy and charge distribution studies are
discussed in what follows:

Mass Distribution

The mass and charge of the products formed in the fission are in the range of
A=70-160 and Z=30-65, having a wide range in the yields (0.0001 % to 7%), as shown in
Fig. 9.6. The nature of the yield distribution of the products is predominantly asymmetric
with maximum yield of about 7%. The peaks are around A=90-100 in the lighter mass region
and around A=134-144 in the heavier mass region. Interestingly the yield around A=117
corresponding to the symmetric mass division is low (0.01%). The two peaks and the valley
are the features of the mass distribution in the low energy fission.

There are about 400 fission products with half lives ranging from less than a second to
tens of years. Fission products are neutron rich compared to the stable nuclides of the same

mass number and undergo 3~ decay. A typical isobaric chain A=135 is given here alongwith
half lives of isobars.

15.29 min
1S

IT\
(9.9)

wSh—t > HTe s > HXe— > HCs— > '%Ba

1685 19.0 s 6.57h 914h  23x10%y Stable
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Fig. 9.6 Fission yield as a function of mass number for thermal-neutron fission of > U and
14 MeV neutron fission of >°U [S. Glasstone, Sourcebook on Atomic Energy, 3rd
Ed., Affiliated East West Press Pvt. Ltd. (1967) p.483].

The sum of yields of members of an isobaric chain (e.g., A =135) is called mass yield
of that chain. Yield of each individual product is called its independent yield. In the case of
A=135,

. No. of **Sb atoms formed
Independent yield of 13551 Sb (IY,,) = (9.10)

Total fission atoms

Mass yleld of A=135= IY51 + IY52 + IY53 + ...+ IY56 (91 1)

To determine the yields experimentally, the number of atoms of a given mass formed
in fission have to be estimated. Radiochemical measurements are commonly used for this.

A target of the fissile isotope, e.g., >°U is prepared on a suitable backing. It is
irradiated in a reactor with a known neutron flux (¢). The products formed are absorbed in a
catcher such as aluminium foil. The activities of the individual products are measured either
by direct gamma ray spectrometry or by measuring the activities of the radiochemically

separated products from the catcher foils. The activity of a given mass (A;) is related to mass
yield (Y;) by eqn. 9.12.

Ai=No Y, (l—e’“) 9.12)
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where, N is the number of fissile atoms in the target, ¢ is the fission cross-section, ¢ is the
neutron flux, A; is the decay constant of the product i, and t and T are the periods of irradiation
and cooling respectively.

The yields of many masses have to be determined to obtain the mass yield curve. The
yields are plotted as a function of mass of the product and the area under the curve is summed
and normalised to 200%. From the normalised curve, yields of the products are obtained that
could not be determined experimentally.

More than 70% of the yields are concentrated in two groups around A=90-100 and
A=134-140. In the low energy fission, mass distribution is predominantly asymmetric and
heavy peak position is around mass 139-140 which is attributed to the influence of double
magic shell configuration (deformed shells). In the case of neutron induced fission of **°Pu,
the heavy peak position remains same as that in *°U (ny, f) where as the light peak gets
shifted to right by about 3 mass units.

The width of the distribution of the two peaks is around 12-14 mass units. The peak to
valley ratio for 23U (ng,f) is about 600 and decreases with increasing mass of the fissioning
nucleus. When the kinetic energy of the projectile (n,p,a..) is increased, the yields in the
valley start increasing and at around E=100 MeV, mass yield distribution is a single peaked
i.e. symmetric division becomes more probable.

Charge Distribution

In a given mass chain there are many isobars. For example in the case of A=135, as
described by eqn. 9.9, there are 6 isobars that contribute to the mass yield. Each isobar is
formed with a definite yield in the fission process, known as independent yield (as defined in
eqn. 9.10). Each isobar is having a different charge or atomic number. The distribution of
independent yields of different charges for a given isobaric chain, is called charge dispersion
or charge distribution. Charge distribution in low energy fission is characterised by most
probable mass (Z,) and width of the distribution (c,), and the independent yield of each
charge is represented by eqn. 9.13.

Z+0.5 2
Iy.= [ exp[ (ZZ}’)] dz (9.13)
2505 N2nG*? 26

By measuring more than two independent yields, Z, and 6, can uniquely be determined. Z,, is
discussed in terms of displacement from the unchanged charge distribution (Zycp) of
fissioning nucleus. G, values reflect the influence of the nuclear shell effects and nucleon
pairing. Radiochemical separations are very useful in charge distribution investigations.

Kinetic Energy Distribution

Kinetic energy of the fragments is in the inverse proportion to their masses. The
heavier fragments have lower kinetic energy with peak around 70 MeV and the lighter
fragments have higher kinetic energy with peak around 100 MeV. In low energy fission, the
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two fragments fly off in opposite direction to conserve momentum. From momentum
conservation, it can be shown that kinetic energy ratio is in the inverse ratio of masses.
Kinetic energy is determined by measuring the ranges of the fragments in a medium such as
aluminium. The average total kinetic energy lies in the range of 160 to 190 MeV.
Appreciable change in the kinetic energy is not observed with increase in the energy of the
projectile

Spontaneous Fission

Spontaneous fission (SF) is a process akin to radioactive decay, in which division of a
nucleus takes place without fission reaction being induced. In fact for many actinide
isotopes, SF competes with a-decay. Therefore, reaction rates are calculated in terms of NA,
A being the decay constant for SF. Mass distribution, kinetic energy distribution, neutron
emission and y-emission are very similar in both neutron induced fission and SF. As
discussed earlier, SF becomes a dominant mode of decay in heavier elements. In the case of

28U, halflives for SF and o decay are 10'°y and 4.5 x 10” y respectively, where as in the case

of 2°Cf these values are 85 y and 2.85 y respectively. SF becomes a major decay mode for
isotopes of elements with Z > 100 and half lives would be as low as a few s to ms. From these
data, it can be concluded that with higher Z and A, t;,, for SF decreases rapidly. SF can be
understood as a decay process in which a nucleus from ground state tunnels through the
fission barriers. It is depicted in Fig. 9.5 in which potential energy is mapped as a function of
symmetric deformation (o.,) parameter.

Charged Particle Induced Fission

Nuclear fission can be induced by charged particles such as p and a.. Unlike in the case
of neutrons, charged particle induced reactions have a Coulombic barrier (V). For example,
p induced fission of **Th has a V around 11 MeV and unless that much energy is supplied,
fission does not take place. In the case of o induced fission of 22Th, V. is around 22 MeV.
The compound nucleus is 2*°U. Energy of o should be >22 x 236/232 MeV for fission
reaction to take place. It results in a large excitation energy to the CN (*°U). When the
excitation energy is more than the energy required for particle emission, particles like n, p
and o are emitted prior to fission. In the case of 30 MeV o induced fission of **Th, E is equal
t0 24.92 MeV. Hence **°U" can either undergo fission or emit a neutron leaving the residual
nucleus **°U with around 17 MeV excitation energy, which can also undergo fission. This
fission is called second chance fission. °U also can emit a neutron leaving its residual
nucleus **U with around 9 MeV excitation energy. If 2**U undergoes fission, then it is called
third chance fission as depicted in Fig. 9.7

It is difficult to differentiate the first chance, second chance and third chance fissions.
Valley region in the mass yield curve gets filled up in medium energy fission and eventually
the mass distribution becomes symmetric with increasing energy of the projectile.
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Fig. 9.7 Schematic view of multi chance fission in *°Th + o.

Nuclear Fusion

Nuclear reactions between nuclei of low mass number like p, D, T, He and *He are
exoenergic reactions. These being charged particles, face Coulombic barrier. These
reactions are brought about by accelerating one of the nuclei. Acceleration is required to
attain sufficient kinetic energy to surmount the Coulomb barrier between the reacting nuclei.
These reactions are called fusion reactions and are accompanied by the release of energy.
e.g., D-T reaction is accompanied by the release of 17.6 MeV of energy. Due to this high
energy release, fusion reactions are important to meet the energy requirements of the
mankind, if they can be achieved on earth in a sustainable manner. To have practical value,
the energy released should be more than the energy consumed. Thermonuclear reactions
occurring in the sun and stars are nuclear fusion reactions and are sources of light and heat to
mankind. Sun emits electromagnetic radiation at a rate of 4 x 10> ergs/s and can continue to
supply energy for about another 10'" years at this rate.

Reactions in the Sun and Stars

Vast amount of energy released by the sun and stars cannot be accounted by chemical
reactions and now it is recognised that these are due to nuclear fusion reactions. For fusion of
smallest nuclei, e.g., isotopes of hydrogen, the Coulomb barrier is about 0.7 MeV and it
corresponds to a temperature of 10° K. The reacting atoms (ions) have to be heated and
maintained at this temperature for fusion to take place and sustain. At high temperature, gas
will be in the form of completely ionised system known as plasma. There are two sets of
reactions to account for the energies in stars and sun: Carbon cycle and proton-proton (p-p)
chain. In the carbon cycle, carbon acts as a catalyst to facilitate the combination of 4 protons
to form a helium nucleus. In p-p chain, starting from p-p interaction, with a series of
intermediate reactions, helium nucleus is formed.

Carbon Cycle

The following sequential set of reactions take place in the carbon cycle.

C+p— YN+ energy (9.14)
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BN - BCc+p* (9.15)
BC+p — "N+ energy (9.16)
"N +p — 0 + energy 9.17)
PO UN+p° (9.18)
"N +p— "“C+*He 9.19)

In the final step '>C is regenerated and the net reaction is

4p— ‘He+2B" +26.7 MeV (9.20)
p-p Chain

The following sequential set of reactions take place in the p-p chain.

p+p— D+ B +energy (9.21)

D + p — *He + energy (9.22)

SHe + *He — “He + 2p + energy (9.23)

On adding all the reactions, the net result is same as shown in eqn. 9.20, namely the formation
of, “He nucleus from 4 protons.

Atlow temperatures, p-p chain predominates and as the temperature increases, carbon
chain becomes significant. In the sun with an interior temperature of about 1.5 x 10" K, p-p
chain predominates, but at temperatures above 2 x 10’ K, the carbon cycle provides most of
the energy.

Fusion Reactions on Earth

The first man made application of light-element fusion reactions came with the
development of thermonuclear explosive or hydrogen bomb”. Intensive efforts are focused
towards achieving controlled thermonuclear reactions in a number of countries.

*Thermonuclear reactions in stars proceed at a rather slow pace and are thus unsuitable for man-made
thermonuclear energy release, whether it takes place explosively in thermonuclear explosive bombs
or more slowly in magnetic plasma confinement devices. D-T and D-D reactions were first studied
and used in explosive devices. Since in both the cases hydrogen isotopes are used, the name ‘hydrogen
bomb’ is in vogue for thermonuclear explosive devices. Tritium is produced continuously in
thermonuclear explosion itself using °Li D as follows.

D+T— *He+n+17.6 MeV

‘Li+n— ‘He + T + 4.8 MeV
To take care of neutron loss and to sustain this chain reaction, it is coupled with a neutron multiplier
like **U or *Be. °LiD when used in conjunction with ***U, it produces large amounts of radioactive
fission products.
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The goal of nuclear fusion research is to develop fusion power plants to generate
electricity. It is certain that carbon chain and p-p reactions are difficult to sustain with the
available materials for containment of reacting plasma. The promising nuclear fuel for
fusion would be hydrogen isotopes deuterium and tritium. Deuterium constitutes 0.0153%
of natural hydrogen and can be extracted from water inexpensively. Tritium can be made
from lithium by nuclear reactions. The deuterium from one litre of water can produce as
much energy as produced in the combustion of 300 L of gasoline. That is why it is said that
“deuterium in ocean waters in large quantities is good enough to serve as an inexhaustible
source of fuel for fusion reactors”.

Some Fusion Reactions and Excitation Functions

A few important reactions which could be of use in controlled fusion are given in the
following

’H+’H — *He + n + 3.3 MeV (9.24)
‘H+H > *H+p+4.0 MeV (9.25)
’H+°H — *He +n+ 17.6 MeV (9.26)
’H +*He — *He + p + 18.3 MeV (9.27)
p+°Li > *He +*He + 4.0 MeV (9.28)
p+'Li - *He + *He + 17.3 MeV (9.29)

Excitation functions for reactions 9.24 - 9.27 are shown in Fig. 9.8. All the reactions have
threshold energy and generally cross section rises steeply with increasing energy of the
projectile. In the case of D-T reaction, threshold is minimum, and cross section is about 5b at
100 keV. Energy released in the reaction is shared by the products as kinetic energy. In the
D-T reaction, of the 17.6 MeV, kinetic energy of *He and n are 20% and 80% respectively.
As mentioned earlier, Coulomb threshold for this reaction is 0.7 MeV and it corresponds to a
temperature in the vicinity of 10° K. Both D and T have to be heated and maintained at 10* K
for this reaction to sustain. There is no material to contain the plasma at this temperature.

In a D-T reaction based fusion reactor, the supply of reactants is proposed through a
breeding cycle for n and T using LiD blankets.

D+T-—*He+n
n+°Li—>*He+T

Most of the fusion energy would appear in the form of heat in the lithium blanket and
power would presumably be extracted by circulating the lithium through a heat exchanger to
produce steam for driving a turbine.
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Fig. 9.8 Excitation functions of some light-element fusion reactions. Curve (a) is for the d-t
reaction, curves (b) and (c) are for the d-d reactions and curve (d) is for the d +>He
reaction [R.F. Post, Ann. Rev. Nucl. Sci., 20 (1970) 509].

Conditions for Fusion

For every reaction, ignition temperature has to be reached in order to achieve fusion
ignition. Ignition temperature is defined as the temperature at which the rate of energy
production by fusion overtakes the rate of energy loss by Bremsstrahlung radiation produced
in close collisions between electrons and nuclei. The ignition temperature for D-T reactions
is the lowest and is about 4 x 10" K. The plasma produced has to be confined until the
break-even point between the energy input and output is reached. It can be expressed as a
minimum value for the product of plasma density and confinement time. This product is a
constant for a given fusion reaction. e.g. for D-T reaction, it is 10'* s/cm’, and it is known as
Lawson Criterion. By keeping high plasma density of the order of 10*-10*/cm’ for a
confinement time of 10°-10"s, fusion can be achieved. It should be remembered that along
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with Lawson Criterion, ignition temperature has also to be attained for sustaining fusion
reaction. Two methods are under study for plasma confinement : (1) magnetic confinement
and (2) inertial confinement

Magnetic Confinement

In magnetic confinement, extremely powerful electromagnets are used to contain and
insulate fuel plasma. Confinement devices are known as ‘magnetic bottles’. In experiments
of the ‘Tokamak’ type, a very high current is induced in a ring shaped plasma contained in
toroiodal shape container. Auxiliary heating by microwaves or radiowaves is used to reach
temperatures of several hundred million degrees for a few seconds. These values are closer
to what is needed in a fusion power plant. Limitations on attainable magnetic fields and other
problems limit plasma densities in the range of 10'2-10"7 cm™. Although in some devices, the
D-T ignition temperatures could be reached with best possible efforts, Lawson Criterion is
yet to be reached.

Inertial Confinement

In inertial confinement, a high plasma density is produced by using high powered,
pulsed beams of lasers for a very short period of time. Pulsed laser beams are directed
simultaneously on a pea sized fuel pellet of deuterium tritide (DT) causing it to implode to
produce high densities in the range of 10*°-10? atoms/cc. Shock wave heating would ignite
the pellet. When the fuel is compressed, its inertia holds it together long enough for fusion
reactions to occur. In a power plant, it is expected to have about 100 or more pellets explode
per second, each producing an energy of 107 J in a time of about 10" s, in a large chamber.
This heat would be used to generate electricity. Neutrons generated would be absorbed in a
lithium blanket.

Lasers of various types (Nd, CO,, iodine) each capable of delivering about 10'* w
have been developed. In Lawrence Livermore Laboratory, 20 Nd Laser trains capable of
delivering 1.2 x 10" w for 0.1 ns are focused on a pellet. It is hoped that technological
advances in material science might help to develop structural materials for these reactions,
and efficient laser beams to produce power in fusion reactors.

International Thermonuclear Experimental Reactor (ITER) is a joint effort of
European Atomic Energy Community, the Government of Japan, the Government of
Russian Federation and the Govt. of USA. In about ten years, after ITER built, it is hoped to
demonstrate controlled ignition and extended energy production. There are many potential
advantages of fusion energy as it is produced from an inexpensive fuel, safe energy source of
electricity generation, minimal radioactivity production and environmental friendly.
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Chapter 10

Nuclear Reactors

Nuclear reactor is a device in which the fission chain reaction takes place, in a
controlled manner, for the production of energy and neutrons. Nuclear fission is the source of
energy in anuclear reactor. In addition to energy, the fission reaction also generates neutrons
which are essential for sustaining fission chain reaction. The nuclear reactor is thus a strong
source of neutrons. Nuclear reactors are broadly classified as research reactors and power
reactors based on their utilisation. In a research reactor the emphasis is on production of
neutrons and their utilisation. The energy released by fission is rarely used and is discharged
into the environment. In a nuclear power reactor the role of neutrons is only to sustain nuclear
chain reaction. In the process, large amount of energy is released which results in the
production of heat and is used for electricity generation. Research reactors are extensively
used for the production of radioisotopes which have a variety of applications in agriculture,
medicine and industry. Research reactors are also used for activation analysis, neutron beam
research and silicon doping. Nuclear power reactors are among the major sources of
electricity in the world. Currently 438 nuclear power reactors supply about 18 percent of
electricity in the world. Nuclear reactors are a clean source of electricity and do not
contribute to green house gas emission. If the electricity currently produced by nuclear
reactors were to be produced by coal/oil fired plants, there would be additional 2.3 billion
tonnes of CO, discharged into the atmosphere annually.

Physical Principles

Nuclear Physics Aspects

As mentioned in Chapter 9, fission of each *°U nucleus by neutrons results in the
production of about 200 MeV of energy and on an average about 2.42 neutrons. A chemical
analogue for energy production is the reaction of carbon (coal) with oxygen to give CO; in
which 393 kJ of energy is released per gram atom of C (6.023 x 10* atoms of C). This
corresponds to 4.08 eV of energy per C atom. In either case the energy is released by
conversion of mass into energy as per Einstein equation E = mc?. However, in a chemical
reaction the energy released per atom is very small and the resultant change in mass is
negligible. Fission reaction is thus a very concentrated source of energy. Fission of 1 gram of



Nuclear Reactors 179

uranium atoms releases energy equivalent to that released by burning three tonne of coal or
2,300 litres of fuel oil.

Natural uranium has three isotopes namely **U (0.0054%), 2*°U (0.7204%) and Z**U
(99.2742%). Of these, U is the main isotope responsible for fission in all uranium fuelled
reactors. This is because the compound nucleus *°U formed by thermal neutron absorption
gains excitation energy, which is higher than the fission barrier and results in the fission of
By, Therefore, neutrons of all energies can cause fission of 25U nucleus, and such nuclei
are called fissile nuclei. In the case of ***U the compound nucleus formed by thermal neutron
capture gains an energy which is less than its fission barrier by about 1 MeV. Therefore, >*°U
does not split unless the incoming neutron has an energy of about 1 MeV. This aspect is seen
clearly by the excitation function plot for the fission of **U and ***U nuclei as shown in Fig.
10.1.

For **U it is seen that the fission cross-section is a few hundred barns for neutron of
0.025 eV energy (thermal neutrons, 298 K) and only 1.2 b at 2.5 MeV. For ***U, fission
cross-section is negligible till neutron energy reaches 1 MeV and is 0.6 b at 2.5 MeV of
neutron energy. The heavier nucleus of uranium is thus not fissile.

Excitation function for 235U and 238U fission
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Fig. 10.1 Cross-section of fission reaction induced by neutrons on fissile *’U and fertile
U nuclei in 640-group presentation. Data are taken from ENDF/B-IV evaluated
data library [Courtesy Nuclear Data Section, IAEA, Vienna].
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Fig. 10.2 Energy distribution of prompt neutrons formed in fission of U induced by
neutrons with incident energy 1 MeV. Data are taken from ENDF/B-VI evaluated
data library [Courtesy Nuclear Data Section, IAEA, Vienna].

It is also seen that for U fission, neutrons of lower energy are more than 200 times as
efficient as the neutrons of higher energy. As the chain reaction is maintained by the neutrons
produced during fission it is useful to look at the energy of neutrons generated during fission.
In the fission reaction, the energy of neutrons is quite variable. A typical energy spectrum for
fission neutrons is given in Fig. 10.2. It is seen that bulk of the neutrons have energy in the
range of 1-2 MeV. The average neutron energy is approximately 2 MeV.

For sustaining the chain reaction, one has to consider the number of fissile atoms (N),
fission cross section (o) and neutrons produced in each fission. With 0.72% **U, it is not
possible to sustain a fission chain reaction in natural uranium with neutrons generated in
fission. Increase of ***U concentration to >10% is required for that purpose. However, it is
possible to sustain fission reaction with natural uranium if the energy of neutrons is brought
down (neutrons are moderated) as ¢ increase dramatically with low energy neutrons (Fig.
10.1). Most of the reactors operating in the world use moderated neutrons. The reactors
which do not use moderated neutrons are called fast reactors, and these require higher
concentration of a fissile isotope as the fission cross-section is in the region of 1-2 barns. Ina
reactor, neutron energy varies over a wide range. Typical neutron energy spectra for a light
water reactor (LWR) and a fast breeder reactor (FBR) are shown in Fig. 10.3.

For slowing down the neutron moderators are required. Elastic and inelastic collisions
of neutrons with nuclei are used for moderation. As discussed in Chapter 8, maximum
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Fig. 10.3 Typical neutron flux density spectra (per unit of energy) for a light water reactor
(VVR-1000) and fast breeder reactor (BN-350) [Courtesy Nuclear Data Section,
IAEA, Vienna].

energy transfer from a projectile to a target occurs when the two masses are identical or
similar. Natural water which contains large quantity of hydrogen is thus used for
moderation. The energy of a 1 MeV neutron can be brought down to 0.025 eV in about 18
collisions with hydrogen atoms. Unfortunately, hydrogen is also a good absorber of slow
neutrons (o, = 0.33 b), resulting in the loss of neutrons.

The use of natural water in a reactor thus requires enhancement of **U content of
uranium. This can be avoided by using other light elements or isotopes which have low
neutron absorption cross-section. These include D (6. =0.0005 b) in the form of heavy water
(D,0) and C (c.=0.003 b) in the form of graphite. For water cooled reactor one has to enrich
either uranium in **°U content or water in deuterium content. Beryllium (6, =0.0076 b) in the
form of beryllium metal or BeO, has also been used in some cases. Number of collisions
required to bring neutron energy from 1 MeV to 0.025 eV are 24 for D and 111 for C.

The average energy of thermalised neutrons is dictated by the temperature of the
medium. For 298 K itis about 0.025 eV. The average speed of neutrons is given by 13000 JT
cm/s where T is temperature in Kelvin. At 298 K this is 2.2 x 10° m/s.

Not all *U nuclei which absorb a neutron undergo fission. Sometimes the compound
necleus **°U deexcites by gamma emission. Typical cross section data for **>***U and **’Pu
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Table 10.1 - Reaction cross-section data (barns) for fissile isotopes

Properties Isotopes

233 235 239
U U Pu

Thermal Neutrons (E, = 0.0253 eV)

Gfission 529 585 749
G capture 46 99 271
Neutron per fission (v,) 2.49 2.42 2.87

Fast Neutrons (E, = 1.5 MeV)

recion 1.85 1.24 1.95
O capture 0.034 0.0880 0.032
Neutron per fission (v,) 2.65 2.56 3.08

(Courtesy Nuclear Data Section, [AEA, Vienna).

with thermal and fast neutron are given in Table 10.1. Uranium-238, which is the major
isotope in uranium present in a reactor also undergoes (n,f) and (n,y) reactions. Cross section
for (n,f) reaction with thermal neutrons is negligibly small, and for (n,y) is significant. The
(n,y) reaction leads to the production of plutonium as

BU + o0 — U — 2ONp—L 2Py (10.1)
23.45 min 2.3565d

Plutonium-239, has a half life of 24,110 years. This isotope, **°Pu, also undergoes
fission with neutrons of all energies and is, therefore, a fissile isotope. Uranium-238 is,
therefore, called a fertile isotope. Through reaction 10.1, partial regeneration of fissile
material in a reactor takes place. In fact, a good fraction of energy (10-20%) in a reactor is
produced by fission of ***Pu produced in situ. Another fertile isotope is ***Th which is the
only isotope present in natural thorium. When thorium is irradiated in a nuclear reactor the
following nuclear reaction takes place.

%5Th + n — *STh —— *Fpa—L *5U (10.2)
22.3 min 26.967 d
Uranium-233, has a half-life of 1.592 x 10’ y. It is also a fissile isotope and an
important source of nuclear energy for the future.

As discussed in Chapter 9, in the fission process, a large number of fission fragments
with masses around 100 and 135 are produced. These are neutron rich with respect to stable
nuclides in that mass region and emit neutrons followed by B~ decay. The fission product
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half-lives range from a fraction of a second to several hundred years. The fission process thus
leads to the production of highly radioactive products, some of them are quite long lived and
safe containment of these within the reactor is one of the essential requirements in any
reactor design. Further, even after the fuel is taken out, it is essential to ensure safe disposal
of the radioactive waste produced in the process of reactor operation.

Reactor Physics Aspects

The fact that 1 g of *°U is equivalent to 2,300 litres of fuel oil in terms of energy
production might give an impression that a car may be equipped with 50-100 g of ***U and
this would not require refuelling for its life. However, this is outside the realm of reality.
Energy by fission can only be harnessed by maintaining a controlled chain reaction, at a
specific rate, in a nuclear reactor. As the chain reaction can only be maintained by ensuring
that loss of neutrons due to escape (leakage) and non-fission absorptions is small, the nuclear
reactor needs a certain minimum size (or quantity of fuel) called ‘cirtical’ size. This size
depends upon a large number of parameters which are studied in reactor physics. Several
tonnes of natural uranium along with adequate quantities of D,O or graphite, would be
required for setting up a nuclear reactor. If the concentration of **U/***Pu is increased, the
size can be brought down, but still a certain minimum quantity of fuel is required to sustain
the chain reaction. So a nuclear reactor does not ever consume all its fuel as the fission chain
reaction will stop if adequate quantity of fissile material is not present. Elementary aspects of
reactor physics are discussed in the following sub-sections.

Chain Reaction

Reactor physics deals with the theory of nuclear chain reaction. It is seen from Table
10.1 that fission of each ***U nucleus gives rise to, on an average, 2.42 neutrons. If the
fissioning nucleus is surrounded by natural/enriched uranium, some neutrons will react with
U nuclei and cause more fission, while others may leak out or get captured. Continuation
of a chain reaction implies that from each fission at least one more fission event is initiated.
In more practical sense, it means a growth in the number of fissions in the initial period and
then maintaining a steady state when a desirable power level has been reached.

The factor which characterises a fission chain reaction is called the multiplication
factor ‘k’. If we assume that the mass of uranium is infinite and there is no leakage of
neutrons, the multiplication factor is called k.. This depends on four main factors.

(i)  When a neutron is absorbed in **U it can either cause fission or get absorbed to form
28U If each fission, v neutron are produced. The net number of neutrons produced
per neutron absorbed is called 1 and is given by:

c

n=v = +f5 : (10.3)

where o7 and o, are fission and capture cross sections respectively.
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(i)  These n neutrons have high energy and some of them can cause fission in >**U and
each fission event enhances the number of neutrons. The enhancement factor ‘g’ is
called the fast fission factor. This is the ratio of number of neutrons produced by
fission with neutrons of all energies to the neutron number resulting from thermal
neutron fission. The number of neutrons thus increases to ne.

(iii)  These ne neutrons are slowed down by collisions with the moderator nuclei. But in the
process of slowing down they pass through an energy range (5 eV) where *U has
resonance absorption of neutrons. If ‘p’ is the probability for a neutron to escapes
capture during thermalisation, called resonance escape probability, then the number

of neutrons reaching the thermal energy are ne p.

(iv)  All the nep neutrons are not absorbed in **U to cause fission. Some of them get
absorbed in moderator, coolant, structural materials etc. If ‘f*, the thermal utilisation
factor, is the ratio of number of thermal neutrons absorbed in the fuel to cause fission
to the total number of thermal neutrons absorbed by all processes then the
multiplication factor k., in the absence of neutron leakage is given by

k.=mepf (10.4)

(v)  Neutron being non-charged particle has high probability for escape and a certain
amount of leakage takes place in practical system. If ‘P’ is the probability that the
neutrons will not leak out of the system, then the effective multiplication factor ‘k.g’ is
given by

Keff: koo P (105)

Chain reaction would be possible only if ks is greater than unity. No chain reaction is
possible with kg < 1. This implies that for a given system, the value of P should be high, or in
other words neutron escape should be minimised. Value of P would be high if volume to
surface area ratio is high since the neutrons are produced throughout the volume but escape
only from the surface.

To understand the importance of some of these factors let us take the example of
natural uranium metal fuel and graphite moderator. If the two are taken in the powder form
and homogeneously mixed, the neutrons produced would readily be thermalised. However,
it is not possible to sustain a fission chain reaction as k., < 1. For this type of system ¢ is very
small. By having uranium in the form of rods put in a graphite matrix (heterogeneous
arrangement), it is possible to obtain k., of about 1.05 and sustain a chain reaction. However,
this small value of Ak requires that P is large to keep ke = 1. This type of systems are,
therefore, large in size.

In all the reactors the value of P is increased by surrounding the core (the region of
fission reaction) by a reflector which scatters the neutrons leaking out back into the core.
Heavy water, graphite and beryllium are good reflectors for thermal neutrons. Cobalt or
stainless steel are used in fast reactors.



Nuclear Reactors 185

A reactor is always started with the help of a neutron source/sources, e.g.,
americium-beryllium or Sb-Be sources. The source strength can vary from a fraction of a
curie to several curies.

Another source of neutrons in a heavy water moderated reactor is the photoneutron
reaction of “H(y,n)'H. Binding energy of deuteron is 2.2 MeV and hard gammas emitted by
some of the fission products cause this reaction. The effect is similar to that of delayed
neutrons except that it lasts longer because of the fairly long half-life of the fission products.

Quite often there is a question regarding the possibility of fission chain reaction in
28U or #*Th. These nuclides require neutrons of atleast 1 MeV (preferably > 2 MeV) to
cause fission. A large fraction of neutrons produced in the fission process have energies
below 1 MeV. Further, a large portion of neutrons with energy greater than 1 MeV undergo
inelastic collisions and their energy is reduced to below the optimum value required for
fission in **U or ***Th. Therefore, k., for such systems can not approach unity and self
sustaining chain reaction is not possible

Dynamics of Chain Reaction

To understand the dynamics of fission chain reaction, it is necessary to consider its
time behaviour. We can divide time in units of neutron life time or the time between its birth
as a fission neutron and ultimate absorption by a nucleus. We could thus estimate the number
of neutrons from successive generations. If n neutrons are present in a chain reacting system
in generation m, then there would be nk.s neutrons in generation m+1. The number of
neutrons gained is

An=n (Kegr- 1) (10.6)
Ifthe neutron life time (generation time) is 7, then the rate of change of neutrons is given by

dn _ nk,—1) _ nk

— ex 10.7
dt T T ( )

where ke, is the excess multiplication factor and is a measure of the departure of the system
from criticality. Upon integration of eqn. 10.7, one gets

n=n,e*" (10.8)

where ny is the initial neutron number and n is the number after time t. The ratio t/k., is called
reactor period T.

n=nye’ (10.9)

The reactor period is thus the time required to change neutron number by a factor e. Larger
this period, slower is the change in neutron number with time. In the fission reaction
essentially all neutrons are promptly released in about 10 s. A small fraction B (0.73%) is
released by the fission products with mean life of 0.43 to 55.7 s (see Chapter 9). Thus there
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are two groups of neutrons, prompt neutrons with multiplication factor of k. (1-B) and
delayed neutron with a multiplication factor of ke B. kege (1-p) is unity when k= 1.0075 and
the reactor is described as prompt critical. For thermalised natural uranium system 7 is of the
order of 107 s. If ke based on prompt neutrons were 0.001 then in 10 s, n would be

n=n, 610(0.001/0.001):noem:zz’ 026 n, (10.10)

The number of neutrons, and therefore, the power level, would go up by a factor of 22,000 in
10 s. It would require extremely fast acting control systems to control a reactor purely based
on prompt neutrons. However, when delayed neutrons are also taken into account the
average life time of neutrons increases to 0.1 s. In such a case, the number of neutrons in 10 s
would be

n=n, e =p =11n, (10.11)

The increase in neutron number, or power, is only 1.1 times. Thus the delayed neutrons play
a very crucial role in slowing down neutron multiplication and making a chain reacting
system easily controllable.

Atthis stage it may be useful to get a feeling for the size of chain reacting systems. For
simplicity only bare spherical cores, without any reflector are considered. The radius R ofa
system capable of self sustaining chain reaction is given by

_ b )
R=M (k ] (10.12)

€x

Where M is migration length, the average distance travelled by a neutron in its life time and b
is the shape factor which is ©* for a sphere. M varies from about 7 cm for water medium to 50
cm for graphite. For heterogeneous natural uranium - graphite system ke, = 0.05 and critical
radius is, therefore, 702 cm. On the other hand, for a highly enriched system (93% ***U) with
kex ~ 0.5 and water moderation, critical radius would be 30 cm. For natural uranium heavy
water system, critical radius is about 300 cm. For highly enriched systems with sodium
cooling R is about 30 cm.

The actual size of a reactor is of course dependent upon so many other parameters
including the need for having a mechanically stable core with proper arrangements for heat
removal and control of chain reaction.

Basic Features of a Nuclear Reactor

There are a number of designs for research and power reactors. However, all reactors
have some common overall features (Fig. 10.4). Any reactor consists of an active core in
which all, or nearly all, nuclear fissions occur. The fissionable material is contained in this
core. For reactors using thermalised neutrons, the core also contains a moderator. The core is
surrounded by a reflector material. The combination of core and reflector ensures the
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Fig. 10.4 Schematic of a nuclear reactor.

sustenance of fission chain reaction at the required power level. The chain reaction is
controlled by having rods of neutron absorbing materials in the core. Essentially in all
reactors, particularly power reactors, the core gets heated and a coolant is required to remove
the heat. The coolantis cooled in a suitable heat exchanger outside the core and returned back
to the reactor. The reactor core and reflector are surrounded by a few meter thick concrete
shield which absorbs neutrons, beta rays and gamma rays, coming out of the core-reflector,
to protect personnel from radiation exposure. The entire reactor is housed in a leak tight
containment to prevent the leakage of radioactivity into the environment should there be an
unusual radiation leakage from the reactor. In the current generation of power reactors in
India, there is a secondary containment as a measure of added precaution. Further, the power
reactors are housed inside an exclusion zone having a radius of 1.6 km. Another zone with a
radius of 5 km is a buffer zone in which developmental activity is restricted. These
precautions ensure safety of the general public should an untoward incident causes the
leakage of radioactivity outside the containment building.

Materials for Nuclear Reactors
The essential materials used in a nuclear reactor are:

(1)  Nuclear fuel for sustaining fission reaction

(i) A sheath/cladding for the fuel such that the fission products, which are radioactive,
stay within the fuel and not released into the coolant.

(ii1) Moderator for thermalising the neutrons.
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(iv) Neutron absorbing material, in the form of rod/plate, to control the fission chain
reaction.

(v)  Coolant for the removal of heat produced in the fission process and
(vi)  Structural materials and reactor vessel.

Other than the fuel and control materials, all materials used should have low thermal
neutron absorption cross-section. Most of the materials in a reactor are in continuous use for
the entire life (40 y) of the reactor and resistance to corrosion and chemical compatibility are
important criteria for the choice of materials.

Nuclear Fuel and Clad

All current research as well as power reactors use solid fuel. Cylindrical or plate
configuration is widely prevalent. As the fuel is the heart of the reactor, great attention is paid
to its design to ensure successful operation for several years. Even in a power reactor the fuel
residence time is one to two years. During the process of fission/energy production, 0.1 to
10% of uranium/plutonium undergoes fission depending upon the design.

Uranium metal, uranium-aluminium alloy or uranium silicide (U;Si,) are used as
fuels for research reactors. Uranium dioxide is the most prominent fuel for power reactors.
For fast reactors (U,Pu)O, with 20-30% PuO,, is used as fuel material. Other potential fuel
materials for fast reactors are (U,Pu)C, (U,Pu)N and U-Pu-Zr alloy. Uranium metal is used in
the form of a rod. Uranium aluminium alloy fuel is a dispersion of UAl; in an aluminium
matrix which is made in the form of a plate. In this type of fuels always enriched uranium is
used. Similarly U;Si, is dispersed in aluminium matrix and used in the form of a plate.
Uranium dioxide is always used in the form of pellets having 10 to 14 mm diameter and
similar height. Uranium plutonium oxide is also used in the form of pellets of 5-8 mm
diameter.

The fuel is always covered with a cladding material to provide the primary barrier
between the fuel and the coolant. It has to be chemically compatible with the fuel and the
coolant, and strong enough to withstand the pressure exerted due to fuel swelling and
accumulation of gaseous fission products. Neutron economy dictates the use of materials
with small neutron absorption cross-section. Some typical cladding materials are listed in
Table 10.2.

Aluminium is used as clad for plate type fuel elements having UAI; or U;Si, dispersed
in aluminium matrix. The cladding is rolled along with the fuel during the manufacturing
stage to ensure good fuel-clad contact. Aluminium is also used as clad for uranium metal fuel
in research reactors. Magnox is used as cladding for uranium metal fuel used in CO, cooled
reactors. Zirconium alloys in the form of tubes are used for cladding UO, fuel pellets. Close
contact between fuel and pellet is not required. In fact, the pellet is slightly smaller so that,
even after swelling, the pressure of fuel on the clad tube is small. Stainless steel is used as fuel
cladding both for some water cooled reactors and sodium cooled reactors using (U,Pu)O,
fuel.
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Table 10.2 - Cladding Materials for Nuclear Reactors

Material Composition o, (0.025 eV) Coolant
(barn)

Alloy 6061  |Al-1% Mg, 0.6% Si, 0.3% Cu 0.24 H,O < 150°C

Magnox Mg-1% Al, 0.04% Be 0.065 CO; upto 550°C

Zircaloy-2 Zr-1.5% Sn, 0.15% Fe, 0.1% Cr, 0.20 H,O upto 320°C
0.05% Ni

Zircaloy-4 Zr-1.5% Sn, 0.2% Fe, 0.1% Cr, 0.20 H,0O upto 320°C
<0.0075% Ni

SS316 L Fe-18% Cr, 12% Ni, 2.5% Mo, 3.1 H,O upto 320°C
2% Mn, <0.04% C Na upto 600°C

The fuel plates or rods are quite often made into bundles which are arranged in a
reactor core to obtain a fixed geometry. The main objective of fuel design is to obtain
maximum power as well as energy from the fuel without any fuel failure. The physical
appearance of spent fuel, even after several years of operation, is identical to that of the fresh
fuel.

The rate at which the energy is extracted from a particular fuel is called its specific
power and is measured in terms of magawatts of thermal power (MWt) produced per tonne
ofthe fuel in the reactor. Specific power thus gives a measure of the quantity of fuel used in a
reactor having a given power level. The fuel inventory is low if specific power is high. The
fuel is cooled at its surface by the coolant. As the energy is produced throughout the fuel, the
centre of the fuel is always hotter than the surface. In the case of ceramics like UO, the
difference can be several hundred degrees. The design ensures that the central part does not
melt or undergo any phase change during power production. The specific power is controlled
accordingly.

Even with most optimum design one cannot continue to use the fuel beyond a certain
limit. After a certain amount of energy has been produced in the fuel element, it is removed
from the reactor. The megawatt days of energy produced per tonne of the fuel is called
burn-up of the fuel. Burn-up of the fuel can be limited by the following factors.

(i)  Decrease in the fissile content of the fuel. This is quite often the case with natural
uranium fuels.

(i)  Decrease in the reactivity of the fuel due to the accumulation of neutron absorbing
fission products.

(iii)) Damage to the integrity of the fuel. The reason could be physical stress caused by
swelling of the fuel or chemical stress due to the migration of reactive fission products
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like I, Cs and Te from within the fuel to the fuel-clad interface. Further, with high
burn-up in power reactors, the noble gas fission products (Xe and Kr) are released by
the fuel and a pressure of upto 140 kg/cm” can build-up inside the fuel pin.

(iv) Damage to the integrity of the clad due to corrosion by coolant/moderator.

Burn-up of a fuel can also be expressed in terms of the percent of U/Pu fissioned. One
MWd of thermal energy is produced by the fission of 1 g of uranium. So 1000 MWd/te would
mean about 1 kg of fuel undergoes fission per tonne of the fuel charged or burn-up is 0.1 atom
percent. In fast reactors, burn-up of the order of 10 atom percent is expected.

Moderator

The concept of moderators was introduced earlier. Light water (H,O), heavy water
(D,0) and graphite are being used as moderators in research reactors as well as power
reactors. When H,O is being used as a coolant the same water stream acts as a moderator and
no separate provision is made. When D,0 is used as a moderator then it is a common practice
to separate the moderator and coolant streams, and the coolant can be H,O or D,0. With
graphite moderator, a wide variety of coolants are used.

Coolant

The choice of coolant is dictated by the following considerations
(i)  Good thermal conductivity
(i)  High specific heat (temperature rise is low for a given heat input)
(iii)) Compatibility with fuel and structural materials and
(iv) Low neutron absorption cross-section

Light water and D,0 are the most prominent coolants. CO, and He have been used in
Magnox and high temperature gas cooled reactors. Sodium is the preferred coolant for fast
reactors.

Control Rods

In all reactors the reactivity decreases with operation both because of the decrease of
fissile content and the increase of fission product concentration some of which are high
neutron absorbers. It is almost impossible to replace fuel as it is consumed. Also the
operation of a reactor at high specific power requires significantly higher content of fissile
material. It is, therefore, essential to have a significant excess reactivity in a reactor. The
reactivity is defined as the fractional departure of a system from criticality.

reactivity = Key / Kegr (10.13)

The excess reactivity is provided by having more fuel (>30% more) than required for
criticality. At steady power level k., is zero and so is the reactivity. This is achieved by
having control materials which absorb neutrons. Of course reactivity can be decreased by
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withdrawal of (i) fuel or (ii) reflector or (iii) moderator or by the insertion of control rods.
Primarily control rods are designed to introduce adequate amount of negative reactivity to
take care of positive reactivity due to excess fuel.

Another reason for providing excess reactivity is the presence of fission product
133Xe. It is mainly produced by the decay of primary fission product '**Te.

B Te —L— 51 L WXe —L— 5Cs —— 'PBa (10.14)
19s 6.57 h 9.14h 2.3x 10y stable

133X ¢ has a capture cross-section of 2.6 x 10° b for thermal neutrons and is a neutron poison.
This high cross-section decreases the value of ‘f* and thereby k.. While the reactor is in
operation, the Xe concentration approaches an equilibrium value due to radioactive decay
and neutron capture. However, when the reactor is shut down, the **Xe concentration
increases steadily for several hours due to the decay of its precursors, as shown in reaction
10.14, before reaching a maximum after which it decreases slowly. If a reactor is shut down
for about 2 hours, the '**Xe concentration may be so high that it may be necessary to wait for
a day or two (3 to 5 half-lives of '*Xe) for restarting the reactor. Xenon poisoning is,
therefore, an important aspect of the operation of a reactor. Excess reactivity is also provided
for Xe override so that the reactor can be restarted even if '**Xe has built up.

There are many other fission products like '**Sm (o, = 4.1 x 10° b) which have high
neutron absorption cross section. There would be significant decrease of the reactivity as the
fission products build up in the fuel.

The control rods contain boron (.= 759 b) or cadmium (o, = 2450 b). Boron is often
used in the form of boron steel or boron carbide. Cadmium is used in the form of metal or
Ag-15%Cd-5%lIn alloy. Hathium with 6, = 2450 b is also used in metallic form. Control
materials are used in a variety of shapes. These include rod type, plate type or cruciform type.
Cruciform type rods slide between the fuel assemblies. The rod type are inserted in guide
tubes which form a part of the fuel assembly. Control rods can be inserted either from the top
or the bottom of the reactor. The control rods are kept fully inserted when the reactor is not in
operation. To start up a reactor the control rods are gradually taken out and neutrons from the
start-up neutron source initiate the neutron multiplication. The reactivity, which is highly
negative with the control rods inserted, gradually comes to zero and a sustained chain
reaction starts. Further careful withdrawal of control rods is required to increase power.

History of Nuclear Reactors

Possibility of setting-up a system for fission chain reaction was being explored by
Joliot-Curie and co-workers in 1940 using uranium metal as fuel and light water as well as
heavy water as moderators. The studies were, however, discontinued in June 1940 with the
occupation of Paris by the German army. Just at that time, Otto Frisch predicted that it should
be possible to make a nuclear bomb using highly enriched ***U. The British Government set
up a committee to verify the prediction of Frisch and the report published in July 1941
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confirmed the possibility of producing a bomb. The report also predicted the possibility of
using nuclear energy for power production and the production of fissile **’Pu from ***U.

The main thrust of work on nuclear fission was in the United States where Fermi and
his team were planning to set up a facility for demonstration of the fission chain reaction.
They decided to use graphite as the moderator and since high purity uranium metal was not
available, in the initial stages, uranium oxide was used as fuel. The assembly was made by
piling bricks of graphite with holes for accommodating uranium oxide spheres of 3.25 inch
diameter. Subsequently, a few tonnes of high purity uranium metal bricks were prepared and
used in setting up the reactor. Cadmium covered bronze strips were used to control the
fission chain reaction. The possibility of sustained fission chain reaction was established in
this reactor on December 2, 1942. The maximum reactor power was about 200 watts.
Absence of biological shield prevented operation at higher power. Cooling arrangement was
notrequired at this power. The first application of sustained fission chain reaction was for the
production of plutonium. The first reactor for this purpose was set up in November 1943 at
Oak Ridge National Laboratory, USA which used 35 tonnes of uranium metal as fuel and
produced 3.8 MW of heat. This reactor was cooled with air. A graphite lattice with 1248
channels having 39-54 uranium slugs per channel was used. About 4 g of plutonium per day
was formed in this reactor. Subsequently, reactors for producing plutonium were set up at
various sites in the United States and as well as in UK, France and erstwhile USSR.

Following the second World War, the emphasis of reactor technology shifted towards
the development of reactors for other applications. In 1953, US launched a nuclear powered
submarine named ‘Nautilus’. The first reactor to produce electricity was commissioned in
Moscow in June 1954. This was a 5 MWe reactor using uranium oxide as fuel, graphite as
moderator and water as coolant. The first reactor to supply electricity for commercial
applications was installed in UK in August 1956. The reactor was of 50 MWe capacity using
uranium metal as fuel, graphite as moderator and carbon dioxide gas as coolant. The main
purpose of this reactor, however, was the production of plutonium required for the military
programme. The first reactor solely devoted for civilian application, was set up in the USA in
1957 at Shipping Port. This reactor was of 20 MWe capacity with uranium oxide as fuel, and
light water as moderator and coolant. The use of nuclear power reactors in ship propulsion
was initiated by the then USSR in 1959 by launching the ice breaker Lenin which had three
90 MWereactors. Currently, out of the large number of reactors operating in the world, about
600 are being used for submarine and ship propulsion. About 300 reactors are being used for
research and isotope production.

Research Reactors

Currently 284 research reactors are operating in the world. One can call Chicago pile
as the first research reactor. It was soon followed, in 1944, by a heavy water moderated
reactor set up at Argonne National Laboratory, USA. The reactor consisted of a 1.8 m
diameter aluminium tank filled with 5900 kg of heavy water. Three tonnes of natural
uranium metal in the form of 120 rods, 2.8 cm dia and 1.8 m long, was used as fuel. A 0.6 m
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Fig. 10.5 Vertical cross-section of APSARA reactor.

thick layer of graphite blocks acted as reflector. A 10 cm thick thermal shield of Pb-Cd alloy
protected the 2.4 m thick concrete biological shield. The moderator itself acted as a coolant
for removing 250 kW of heat generated in the reactor. This concept was used to construct 10
MWt research reactor NRX, at Chalk River, Canada, which gave a neutron flux of 6 x 10 n
cm™ s, India’s 40 MWt CIRUS reactor, built with the help of Canada, has many common
features with NRX.

The use of enriched uranium could make the reactor compact. This along with the
concept of using water as moderator, coolant, reflector and shield led to the concept of
swimming pool reactor first built at Oak Ridge National Laboratory, USA. India’s first
reactor APSARA, builtin 1956, is swimming pool type (Fig. 10.5). An8.4mx2.9mx 8.0m
deep stainless steel lined pool is used which is surrounded by a concrete shield of 2.6 m
thickness in the lower portion having the core. The core lattice has 49 position in 7 x 7 square
matrix for fuel bundles. Uranium-aluminium alloy plates with aluminium cladding are used
as fuel and uranium has 93% of *°U. Each fuel bundle, with overall dimensions of 73 mm x
73 mm x 905 mm height, has 12 fuel plates. Each plate has 12 g of ***U and the thirty four fuel
bundles used contain 4.5 kg of >*U. The reactor has a neutron flux of 10" ncm™s™" at 1 MWt
power.

Dhruva, another research reactor of 100 MWt capacity with a maximum neutron flux
of 1.4x 10" n cm™ s™ was set up in India in 1985. This is also a uranium metal fuelled and
heavy water moderated research reactor.
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Table 10.3 - Nuclear power reactors in operation and under construction,
December 31, 2001
Country Reactors in operation Reactors under Nuclear electricity
construction supplied in 2001
No. of units Total No. of units Total TW(e).h | % of total
MW(e) MW(e)
Argentina 2 935 1 692 7 8
Armenia 1 376 2 35
Belgium 7 5712 44 58
Brazil 2 1901 14 4
Bulgaria 6 3538 18 42
Canada 14 10018 72 13
China 3 2167 6426 17 1
Czech Rep. 5 2560 1 912 15 20
Finland 4 2656 22 31
France 59 63073 401 77
Germany 19 21283 162 31
Hungary 4 1755 14 39
India 14 2503 2 980 17 4
Iran 2 2111
Japan 54 44289 3 3696 322 34
Rep. of Korea 16 12990 4 3820 112 39
Lithuania 2 2370 11 78
Mexico 2 1360 8.11% 3.66*
Netherlands 1 450 4 4
Pakistan 2 425 2 3
Romania 1 655 1 650 5 10
Russia 30 20793 1875 125 15
South Africa 2 1800 13.34%* 6.65%
Slovakia 6 2408 2 776 17 53
Slovenia 1 676 5 39
Spain 9 7524 61 27
Sweden 11 9432 69 44
Switzerland 5 3200 25 36
UK 33 12498 82 22
Ukraine 13 11207 4 3800 72 46
USA 104 97860 769 20
TOTAL 438 353298 32 28438 2544 20.1
*IAEA estimates.

Note : Total includes 6 units in operation and 2 under construction in Taiwan, China.
Source: IAEA Power and Information System (PRIS), RBS No.2, 2002 edition.
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Nuclear Power Reactors

Unlike in a research reactor, where the heat produced is rejected into a water body or
atmosphere, heat is the primary product of interest in a power reactor. Nuclear power reactor
in fact, serves the same purpose as the coal/oil fired boiler in a conventional power plant.
Generation of steam for running a turbine is the main focus in a nuclear power reactor. If
steam is generated at atmospheric pressure, the temperature is 100°C. The Carnot efficiency
of an engine working with 100°C steam source and 25°C sink would be

373-298 _

Carnot Efficiency =
373

0.2 (10.15)

which means that only 20% of the heat generated would be converted to electricity. Higher
efficiency can be achieved by having the steam at high temperature which is possible by
pressurising water. The critical temperature and pressure of water are respectively 374°C
and 220 atmospheres. In a reactor the water is pressurised to about 100-150 atmospheres to
obtain temperature in the region of 300°C. Also in most practical systems, the sink
temperature would be about 100°C. In practice thermodynamic efficiency is 30-35%. In
research reactors the power was specified in terms of MWt. In power reactors, the power is
specified in terms of MWe, which is about 1/3rd of the thermal power. So even in a power
reactor, 2/3rd of the heat produced is rejected to water body or atmosphere (through cooling
towers).

Currently more than 400 nuclear power reactors are operating in the world and
providing about 20.1% of the approximate total electricity generated (See Table 10.3).

Power reactors are quite often classified on the basis of the type of coolant used. Some
of the prominent types which are in operation for the production of electricity in the world
are given below along with the total net electricity capacity.

1. 86 Boiling Water Reactors (BWR) - 74,880 MWe

207 Pressurised Water Reactors (PWR) - 196,682 MWe

34 Pressurised Heavy Water Reactors (PHWR) - 16,515 MWe

15 Light Water Cooled Graphite Moderated Reactors (LWGR) - 10,219 MWe
18 Gas Cooled Reactors (GCR) - 2,930 MWe

14 Advanced Gas Cooled Reactors (AGR) - 8,380 MWe

High Temperature Gas Cooled Reactors (HTGR) - None at present

3 Liquid Metal Cooled Fast Breeder Reactors (LMFBR) - 1,039 MWe

o ® =N bk WD

50 Pressurised Water Reactors of Russian Type (WWER) - 32,458 MWe
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The reactors which use light water as moderator/coolant require enrichment of
uranium, e.g., BWR, PWR and LWGR. Similarly, if the cladding material used absorbs
neutrons, enrichment of uranium is required, e.g., AGR.

The Boiling Water Reactor uses uranium oxide fuel having 1.5 to 3% of **°U.
Zircaloy is used as cladding and the reactor is housed in a strong stainless steel vessel. Water
flowing through the reactor is used as coolant as well as moderator and is pressurised to 70
atm pressure so that the water boils at about 285°C and good efficiency of conversion of
thermal energy to electrical energy is obtained in the turbine. Total installed capacity for this
type of reactors in the world is 74,880 MWe. A schematic view of the reactor is shown in
Fig. 10.6. In India, the reactors at Tarapur Atomic Power Station are Boiling Water Reactors.

Fuel and cladding for Pressurised Water Reactors are similar to the BWR. In this
case, however, the pressure in the reactor is kept at 145 atm such that water does not boil
inspite of reaching a temperature of 310°C. The reactor vessel, therefore, should be stronger
than that used for BWR. This super-heated water is transported to a heat exchanger to
produce steam and returned back to the reactor. The steam generated in the heat exchanger is
used for producing electricity. This is the most popular reactor type in the world and the total
present installed capacity is 196,682 MWe. In India, the two 100 MWe reactors being set up
at Kudankulam are of this type.

The Pressurised Heavy Water Reactor is based on the use of natural uranium oxide
fuel with zircaloy cladding. Unlike the two concepts discussed in the previous paragraphs,
this concept does not make use of a large pressure vessel for containing the core components.
Instead, the fuel is contained in a number of pressure tubes which are installed horizontally in
a large vessel called ‘Calandria’. The heavy water used for moderating the neutrons is filled
in the Calandria and is kept cooled (<85°C). The control rods are installed in the Calandria.
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Fig. 10.6 Boiling Water Reactor (BWR).
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Fig. 10.7 Pressurised Heavy Water Reactor (PHWR).

Heavy water used for cooling the fuel circulates through the pressure tubes at a pressure of 85
atm at a temperature of about 300°C. A schematic view of this reactor is shown in Fig. 10.7.
Total installed capacity of this type of reactors is presently 16,515 MWe.

The first reactor which produced electricity was a Light Water cooled and Graphite
moderated Reactor in the then USSR. This reactor is also a pressure tube type reactor just
like PHWR but the pressure tubes are vertical. Uranium oxide enriched to 1.5 to 2% is used
as fuel and Zr is used as cladding. Graphite blocks stacked together constitute the moderator
and light water flowing through the pressure tubes is used as coolant. This reactor concept is
used only in the USSR and the present operating capacity is 10,219 MWe. The reactor in the
infamous accident at Chernobyl was of this type. This reactor, even though very successfully
operated in the then USSR for many years, has some inherent unsafe features and would not
be licensed for operation in India or many other countries.

Gas Cooled Reactors were developed in UK and France based on the experience of
plutonium production reactors. In this concept, natural uranium metal clad in magnox, (a
magnesium alloy), is used as fuel. These reactors are, therefore, sometimes called Magnox
reactors. Graphite is used as a moderator and carbon dioxide gas as a coolant. Average
temperature of the coolant is 400°C and the pressure is 20 atmospheres. The total installed
capacity of this type of reactors is 2,930 MWe.

Building on the concept of Gas Cooled Reactors, UK developed the Advanced Gas
cooled Reactor. This reactor also uses carbon dioxide as the coolant and graphite as
moderator. However, the fuel is in the form of UO; pellets, having 1.2 to 2.3% of 23U, clad in
stainless steel tubes. The outlet temperature of coolant gas in this reactor is 650°C and the
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Table 10.4 - Neutron balance in Light Water Reactors (100 fissions, 259 neutrons)

Neutrons lost Neutrons absorbed in U/Pu Neutrons causing fission in
without fission U/Pu
Structure Materials 45 Pu 27 Pu 32
Fission Products 14 U 15 U 63
238 238
U 58 U 5
2 2 2
Activation Products Produce Pu and Energy and
higher actinides 259 neutrons

coolant pressure is 40 atm. These reactors are operated only in UK and the present installed
capacity is approximately 8,380 MWe.

High Temperature Gas Cooled Reactor concept is different from the other reactor
concept in that it does not use conventional metallic cladding. The fuel is in the form of
microspheres (0.2 mm dia) of (U, Th)C, or (U, Th)O, which are coated with layers of graphite
and silicon carbide as cladding. These coated microspheres are mixed with carbon and made
into fuel elements of desired shape. Graphite and helium are respectively used as moderator
and coolant. Uranium enrichment is in the range of 20 to 90%. The outlet temperature of
helium coolant is 740°C and the pressure is about 50 atm. Only two power reactors of this
type have operated in the world : one was of 330 MWe capacity in the USA and the other of
300 MWe capacity in Germany. Currently, South Africa, Japan and Germany are having a
second look at this concept.

Conversion and Breeding

Plutonium is a byproduct in the operation of uranium fuelled nuclear reactors. With
the establishment of nuclear power reactors, about 100 te of plutonium is produced every
year in the nuclear power reactors by conversion of fertile >**U into plutonium. The extent of
the conversion of ***U to plutonium varies from reactor to reactor. It depends upon the
number of neutrons produced per fission in the reactor and the processes which absorb
neutrons. At steady state, the number of neutrons present in a reactor is equal to the number
of neutrons consumed by various nuclear reactions. As a typical illustration, neutron balance
for 100 fissions in a light water reactor is given in Table 10.4. On an average, 100 fissions
lead to the release of 259 neutrons in this type of reactor. Out of these, 100 neutrons are
required to sustain the fission chain reaction. Another 100 neutrons are lost by absorption in
plutonium and uranium. When these neutrons are absorbed by fertile isotopes like ***U or
#9py, fissile isotopes **’Pu and **'Pu are produced. However, absorption of the neutrons by
29py, 25U or **'Pu, without resulting in fission, is wasteful in terms of neutron economics.
About 59 neutrons on an average are lost by absorption in structural materials and fission
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products. Majority of the fission (63%) is caused in **°U but a significant fraction (32%) also
takes place in plutonium isotopes. A small fraction (5%) of fission takes place in “**U due to
fast neutrons.

The ratio of fissile isotopes produced to the fissile isotopes consumed is called the
conversion ratio. In the light water reactors, the conversion ratio is approximately 0.55
meaning thereby that for every 100 atoms of >**U lost, we gain 55 atoms of fissile plutonium.
In the Pressurised Heavy Water Reactors, the neutron economy is better, and the conversion
ratio of 0.7 is possible. The annual production of plutonium from various reactors depends
on the conversion ratio as well as the burn-up of the fuel. Annual production of plutonium
from different types of reactors of 1000 MWe capacity is as follows :

(i)  Light Water Reactors - 220 kg
(i)  Pressurised Heavy Water Reactors - 500 kg
(iii) Gas Cooled Reactors - 700 kg

It is seen that the production of plutonium in a reactor is dependent upon the neutron
balance. If the neutrons produced from fission can be more, or if the loss in the structural
materials can be reduced, then it should be possible to get better production of plutonium.
This has been achieved in fast breeder reactors which make use of a very special nuclear
property of plutonium. Fig. 10.8 shows the neutrons released per neutron absorbed for
various fissile isotopes as a function of neutron energy. At neutron energy below 1 eV, the
fission of ***U yields maximum neutrons. However, when we go towards energies of the
order of 1 MeV, the neutrons released in the fission of plutonium starts increasing rapidly
and approaches a figure of 3.4 at 10 MeV. When the number of neutrons released per of
neutron absorbed is more than 2.0, it is possible to produce more fissile material. Average
energy of neutrons released in fission reaction is about 1.1 MeV. Thus with the use of fast
neutrons and plutonium fuel, it should be possible to have a large conversion ratio. In fact,
this conversion ratio exceeds unity and therefore, such reactors are called breeder reactors. In
practice, however, even when no moderators are used, neutrons do slow down due to
interaction with structural materials and the components of the fuel. The breeding ratio
would thus be dependent on various design parameters.

A typical neutron balance in a fast reactor having mixed uranium plutonium oxide as
fuel is given Table 10.5. At steady state, 100 fissions lead to the generation of 292 neutrons.
The relative % contribution to the total fission by various nuclides are : 84% by Pu, 13% by
%0 and 3% by **U. Out of these 292 neutrons, 100 neutrons are used to continue fission
chain reaction. About 153 neutrons are absorbed by the fuel materials which lead to the
production of fissile plutonium and 39 are lost by capture in structural materials and fission
products. In France, fast reactors using oxide fuel have successfully achieved a breeding
ratio of 1.25. Use of fuels which permit a faster spectrum of neutrons can lead to better
breeding. Use of mixed carbide or nitride fuel is expected to give a breeding ratio of 1.3 to 1.4
and the use of metallic plutonium alloys can give a breeding ratio of 1.5. The concept of
breeding is illustrated further in Fig. 10.9 by taking the case ofa 1000 MWe breeder reactor.
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Table 10.5 - Neutron balance in Fast Reactors (100 fissions, 292 neutrons)

Neutrons lost

Neutrons absorbed in U/Pu

Neutrons causing fission in

Activation Products

Pu and higher actinides

without fission U/Pu
Structure Materials 33 Pu 32 Pu 84
Fission Products 6 =8y 121 28y 13
235
U 3
J d l

Energy and 292 neutrons
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Fig. 10.9 Concept of a breeder as illustrated by (U,Pu)O, fuelled 1000 MWe FBR.

This plant would have about 3 te of plutonium and 12 te of 2**U in the fresh fuel. Production
of 1000 MWe power for one year in this plant would consume about one te of fissile material.
The spent fuel would then contain 3.25 te of plutonium, one te of fission products and 10.75
te of **U. Thus there is a net gain of plutonium by conversion of >**U. Out of the 3.25 te, 3 te
should go back to the reactor for continuing energy production but 0.25 te can be used for
setting up of new reactors. Thus the use of plutonium and fast breeders can lead to
multiplication of the nuclear power capacity in a country. In India, the uranium resources of
86,000 tones can be used to install Pressurised Heavy Water Reactors of only 10,000 to
12,000 MWe capacity. However, the depleted uranium left and plutonium produced in these
reactors, can be used in fast breeder reactors leading to an installed capacity of 350,000
MWe. Utilisation of plutonium is thus a very important component of India’s nuclear energy
programme.

Liquid Metal Cooled Fast Breeder Reactor is based on the use of fast neutrons and,
therefore, no moderator is required. The use of fast neutrons permits more efficient
conversion of *U to *’Pu. As no moderator is used in the reactor, the fissile material
concentration has to be significantly high and currently, a mixed oxide of uranium and
plutonium containing 25% of plutonium oxide is used as fuel. This fuel is clad in stainless
steel tubes and cooled by liquid sodium metal. Sodium coolant temperature and pressure are
respectively 620°C and 3 atm. The reactor core in surrounded by elements containing UO,
blanket for efficient breeding of plutonium. A schematic view of this reactor is shown in Fig.
10.10. Countries which have experience in operating this type of power reactors include
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Fig. 10.10 Liquid Metal Fast Breeder Reactor (LMFBR).

France (250 MWe and 1200 MWe), UK (250 MWe), the then USSR (300 MWe and 600
MWe) and Japan. Research in this area is also being pursued in China and India.

Inherent Safety Features of Reactors

In power reactors, control rods have to be operated frequently to maintain the power
generation as per the demand of electricity or to compensate for the depletion of fissile
isotopes. Control rods are slightly withdrawn from the reactor in order to increase the power.
The growth of power in the reactor is very rapid and, therefore, very fast acting control rods
are provided for safe operation of the reactor. In addition, the design is suitably optimised so
that any sudden increase in power would be opposed by inherent properties of the fuel,
moderator and coolant systems. All reactors are thus designed to have a negative
temperature coefficient of power. This ensures that at no stage, the nuclear reactor goes out
of hand and safe conditions are always maintained.

Controlled and minimal release of fission products to the environment is the main
concern of a reactor designer. There are many barriers to prevent the fission products from
entering the environment. The fuel matrix itself provides the first barrier for the release of
fission products. The second barrier is provided by the fuel cladding. The third barrier is
provided by the closed circuit coolant system which normally carries away any released
activity. The fourth barrier is provided by the pressure vessel or the pressure tube. If the
radioactivity comes out of the pressure vessel or the pressure tubes, into the reactor building,
it cannot escape from there because these buildings are of leak tight construction. Only
controlled release takes place through properly filtered and monitored routes. The reactor
building itself has an isolation zone of 1.6 km and a buffer zone of 5 km radius so that in the
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very unlikely event of any release of radioactivity from the reactor building, provision for
adequate dilution of radioactivity is facilitated.

The nuclear reactor is thus provided with adequate design and other safety features
which ensure that the common man is not exposed to radiation even in the unlikely event of
an accident. The exposure due to radiation released from the nuclear reactor during its
normal operation is an insignificant fraction of the radiation received by man from natural
environmental radionuclides. Every hour a total of 30,000 atoms of radium, polonium,
bismuth and lead decay in our lungs, 0.4 million secondary cosmic ray particles traverse our
body and about 15 million “’K atoms, which are part of the overall potassium in our body,
decay in our body. Besides this, we receive radiation due to terrestrial natural radioisotopes,
medical check up etc. which are not known to cause any harmful effects. From experience at
all nuclear power stations, it has been observed that in the neighbourhood of these reactors,
the contr