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Introduction

In1986, Antoine Henri Becquerel,a French
physicist, while working on phosphorescent
materials suchas uranium salts, foundthat they
emit radiations spontaneously. twas later
established thata magneticor anelectric field
splits such radiationsinto threebeams. These
radiations have been namedafter thefirst three
letters ofthe Greekalphabet, ie.,alpha (a), beta (B)
and gamma [y). The firsttwo radiations are
corpuscles inmature sothey are called particles
whereas the third, being electromagnetic
radiation, is called aray. Theelements, which
spontaneouslyemit suchtype of radiations, are
calledradioactive elements andthe phenomenon
is knownas radioactivity.For discoveryof these
radiations, Becquerelreceived Nobel Prize for
Physics jointlywith Marie Curie and Pierre Curie
in 1903.

Before going into detail of the phenomena it is
imperative tounderstand the structureof an
atom. Anatom consists of apositively charged
centralcore, thenucleus, and negatively charged
electrons whichrevolve roundthe nucleusin fixed

orbits. The nucleus contains positively charged
particles protonsand neutral particles neutrons.
Either a protonor a neutron is calleda nucleon. In
the normal state ofthe atom, the number of
protons isequal to the numberof electrons, so
thatthe atomis electricallyneutral. The number of
protons is constant and unique to a particular
atomand is called theatomic number(Z) whereas
the number of protons plus number of neutrons
inthe nucleus give themass number (A). Since
like charges repel one another, the protons within
thenucleus arealways tryingto pusheach other
apartbut theyare heldtogether bythe attractive
nuclearforces resulting from the combined
protons and neutrons. When thereis imbalance
betweenthe attractivenuclear forcesand the
electrostaticrepulsie forces(Coulomb replusion),
the nucleus does not have enough binding energy
to hold permanently thenucleons together,as a
result of whichitbecomes unstable.In unstable
nuclei the binding energy per nucleonis very low.
Itis found that all nucleiwithZ>83and A > 210
achieve greater stabilityby emitting
spontaneouslyoneor more a~ particles (helium -
4nuclei), called
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o~ particles (helium -4 nuclei), called a-emission.
Again, it isobserved that in stable nuclei the ratio

n
of neutron number to proton number (;J is

usually between1and 1.5 [excludingthe hydrogen
nucleus which consists of only one proton)
(Marmier,1969).Sothe nucleusbecomes unstable

n
whenit possesses either ahigher ; value than

thatfor stable nuclei by containing excess

n
neutrons ora lower ; value bycontaining excess

protons.Intheformer caseit emitsan electron,
called B——emission, andin the latter caseitemits
a positroncalled B*-emission, todissipate excess
energy.

(A) Alpha Emission

After o- emissionthe original atom transforms
intoa newatom of some otherelement whose
protonand neutronnumbers eachdecreases by
by 4 and 2 units respectively. Ingeneral this is
representedas

IX —— 475V + 3He™ +Q (1)
where Xand Yare symbols forthe parentand the
residualatoms respectivelyand Q,thedecay
energy, is shared bythe kinetic energy of the
o-particle andthe recoil energy of the resulting
atom. From equation(1),it is clear that

o- emissionis only possibleif Q valueis positive.

Forexample,

BU— BTh + jHe™ + 419 Mev, (2]
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wheremega electronvolt (MeV]is the unit of
energy (1eV=1.6x10"joule).

(i) Conservationof Energy during a.-Emission

In equation(2), sum of masses of the products (a
thorium-234 andan a-particle is lessthan mass
ofthe parentatom. Thedecrease inmass is
convertedto energyaccording toEinstein's mass
energy equivalencerelation E= mc? whereEis the
totalenergy, mthe effectivemass andc the
velocity of light in free space (¢ =3 x 108m/s). This
energy is shared bythe residual thorium atom and
theemitted a—particle.Since a—particleis quite
lighter thanthorium atom, most of the energy
released is carried bythe a-particle.

(ii) Conservation of Electronic Charge during
o~Emission

It appears from equation (2] that the electronic
charge is unbalanced although proton number is
conserved in the equation. If we count the
number of protons, neutrons and electrons
present in the parent and the residual atoms of
equation (2), we find that the parent atom has 92
protons,

146 neutrons and 92 electrons whereas the
residual atom will have 90 protons, 144 neutrons
and 92 electrons as an o—particle contains two
protons and two nuetrons only. This reveals that
the residual atom has excess of two electrons
compared to its total number of protons. Thus it
is anion. It is observed that at the time of decay
the residual atom as well as the a—particleis in
ionic form but subsequently they acquire
neutrality. The question arises what happens to
these extra electrons in the residual thorium
atom? It appears that a continuous range of
values, ranging, from zero up to some maximum
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value ratherthan a discrete value (Beiser, 2006:
Evans, 1978). This is in apparent contradiction to
the law of conservation of energy. It has been a
great puzzle. A second problem is that the
emitted electron does notusually travel ina
direction opposite to that of the residual atom as
in a two-body decay, which shows an apparent
violation of conservation of linear momentum. A
third problem is that spins of the neutron,
proton and electron (in units of h/2p) are all V2,
so the spins (and hence also angular
momentum] is not conserved in equation (3).

All these apparentdiscrepencies were accounted
for Wolfgang Pauliin 1931 (Beiser, 2006; Evans,
1978). He suggested that in addition to electron,
another extremelylight particle isalso emitted
and theseparticles share the energyavailable in

1 N . This suggestion explains the observed

continuous energy spectrum of the emitted
electrons. This new particle has tobe electrically
neutral to conserve charge and has spin of (1/2]
(h/27) to conserveangular momentum. Enrico
Fermihas named this particle as ‘neutrino’
("little neutral one” in ltalian). Later it was

recognised as electron-antineutrino (Ve)to
conserve lepton number which must be
conserved inweak interaction that causes beta
emission. The leptonnumber is experimentally
determinable justlike electric chargeand its
value is +1 for leptons such as electron, muon

1%

(W, tau (t] and their associated neutrinos [ v, , v,

and v, ) and -1 for antileptons. The decay

equation (3) canthus be modified as

tn—> 1p+%e+¥v +0 (5)
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The existence of neutrinos has been
experimentally observed by Cowan and Reines
(Cowan et al,1956).The general transformation
equation describing - emission becomes

IX— LAY + Je+V,+0 6)

The continuous energy carried bythe electron
can be explained in the following way. In B--
emission,electron andelectron-antineutrino are
ejected outof the nucleus andshare the
maximum energy ofthe emissionin all
proportions witheach other, as theyare much

lighter than the residual atom. When v, does not
getany energy,the electroncarries all the energy
and incase v, grabswhole of theenergy, the

electronis left withoutany energy.Further, the
conservationof linearand angularmomenta is

also satisfiedbecause v, 's linearand angular

momentaexactly balance those of the emitted
electron andthe residual atom asin three-body
decay.

A fundamental level, eachneutron consists of one
'up’ (u) quark andtwo ‘down’ (d) quarks whereas
each proton cunts of two u-quarks and one d-
quark. The u-quark carries an amount of +2/3
electroniccharge andthe d-quarkcarries an
amount of -1/3 electronic charge. So,equation (5)
is due to the conversion of a d-quark intoa u-
quark by emission of a W- boson (Fig.1) due to the
weak interaction (Griffiths, 1987). The W-boson
subsequentlydecays intoan electronand an
electron-antineutrino. Sothe transformationof a
neutron into a proton takes place with the
emissionof anelectronforcharge conservation
and anelectron-antineutrino forenergy and
momentum conservation.
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Theschematic diagram is givenbelow :

u > U
n<yd dip
d — u
-
w- e

Figure 1. Conversion of a neutron into a proton

(i) B*-Emission

A positronis emitted froma nucleus inthis case,
this is possible onlywhen a protonis converted
into a neutronin the nucleus. in order to conserve
energy,linear andangular momenta,an electron-

neutrino ( v, )is alsoemitted. Thus,

1p——n+ Je+v,+0 (7

Thegeneral transformationequation of
B*-emision canbewritten as

IX—— 4V + let+v, +0 (8]

Conservationof Energyduring B*-Emission

Now the pertinent questionis, ‘how a proton
whichis smallerin massthan aneutron can
convert into aneutron and other particles’.
Actually, a free proton, i.e., a proton outside the
nucleus, cannot decayinto aneutron, asthere will
be violationof energy conservation. This also
explains thatwhy afree protonis stablewhereas a
free neutronis unstable (half-life =10 min16 s)
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(Beiser, 2006). However, thisis possibleinside a
nucleus as proton getsenergy from the nucleus
and is converted into a neutron by emitting a
positron and an electron-neutrino. This can be
written as

energy+ 1 p—» gn+,je+v,+Q ©)

Sinceproton numberdecreases byone and
neutron numberincreases byone, B*-emission

n

helpstoincrease — value.

Conservation of Electronic Charge
during Beta (B*) Emission

Consider atritium decaywhich spontaneously
gives helium -3 byemitting an electronand an
electron-antineutrinoas follows:

3JH—— 2He+ le+7,+18.6KeV (10)

The number of protons, neutrons and electrons
presentina tritium atom is one, two and one
respectively whereas the residual helium-3atom
will have two protons, one neutron and one
electron.So theresidual atom has insufficient
number of electrons tobalance its number of
protons, i.e.,it becomes heliumion (He*).Similarly
in B*-emissionthe residual atom wilhave one
electronmore. Thisimplies thatthe residual
atoms inboth types of decayprocesses areions at
the timeof decay. It has been observedin early
experiments (Linderand Christian, 1952) that a
neutral radioactive element getschargedafter
emitting betaparticles and gradually becomes
neutral.lt appears that the positively charged
helium ionsubsequentlytriesto acquireanextra
electron from one of the neighbouring atoms to
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becomeneutral. Andin Br-emission,the negatively ~ usually attaches toan atom. On theother hand, in

charged residualatom emitsan electrontothe Br-emission the emitted positron (antiparticle)
surrounding tobecome neutral. Again, in case of immediatelycollides withelectron(particle)of the
B--emission the emittedelectron encounters surrounding produces energywhichis carried
numerous collisionsandfinally stops.Then, it away by two photons of gamnma radiation.
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