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Introduction: . .
Rutherford first told that inside the atom there is a very small nucleus in which all the positive charge and

most of the mass is localized after doing the ¢ -ray scattering experiments. After then scienties were strating
to investigate the properties of nugleus, In this chapter, we will read about nucldar charge nuclear mass, size,
shape, binding cncqiy,?@u}aﬁmomnlum"nﬁgnétic-niq;pmntg.,sgatist' s, parity, ISOSpin.
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Structure of nuclei: i Wiy i S apiop A A T4 i
IR VRN cu o {38 Orad i B L e R Vo e e }’
| ha-c ty’pcs' Pml ; q Ieo (¥
() Proton : it has positive charge (p) - ¢ (i) Neltron - it i5 neutral (n)
PEA W g A B Hiph b
Atomic number: ¢ 2% T e A S
The number of protons inside the nucleus is called atomic:
4 e, R e DU A8
It is represented by'‘z:, 277 4

ST e

Mass number: X B R ESE IS
The total number quplégm.(pnggn # neutron) is called m

Symbolically representation of nucleus: .. ... . £ i A
A nucleus is syrﬁbdllic%il_ljffcprcsgntcd by , X" like';,0%, ,He*..
Isotopes: e RN SRR s »
Nuclei with the same atomic number z, but different mass number 4 are called isotopes like g, 2 P
are called isotops. ' :
Isobars:
Nuclei with same mass number 4 but different atomic number z are called isobers like sO0'° and | N'® are
isobar.
Isotones:
Nuclei with same number of neutrons M are called isotones like ;| Na™ and ,C" are isotones.
Mirror nuclei: ' )

A pair of isobggic nuclei are known as mirror nuclei where in'the nucleus the proton number z and the neutron
number N are interchanged and differ by one unit is called Miirror nuclei, like " C, and "' B, are mirror nucleus.

Binding energy of nucleus:
Inside the nucleus protons and neutrons are strongly bound. To separate neutrons and protons from each
other we need few MeV energy which is called the binding energy E » of thenucleus. But the question is
what is the source of this energy? :

According to mass energy equivalence of special relativity, the energy equivalent corresponding to complete
conversion of a mass m into energy is mc?, where ‘¢’ is the velocity of light in free space. In forming a nucleus
out of constituent particles, a fraction of the total mass of the constituents disappears and produce energy

equal to £,
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If AM be the amount of mass disappeared, then the energy, £ » = AMc? —
If M,, M be th¢ masses of proton and neutron respectievely :

AM =ZM, + NM, + ZMe~ M (4,7)

where, M (4,Z) is the mass of the atom of mass number A and atomic number Z,
Ey=[ZM,+ NM, +ZMe~M (4,Z)]c*
=[ZM,, + NM, + ZMe - M (nuc) - ZMe | ¢ :

=[zM,+NM, - M, ]c?

| B, =[zM, + KM, M, ]

Binding fraction curve: ,
Binding fraction , is the ratio of binding energy to mass number,
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. Figure: Binding fraction curve g
Observation from graph: . \
1. £; is very small for very light nuclei and goes on increasing rapidly with increasing A and reaches a value ‘.
~ 8 MeV/mucleon for the mass number A ~ 20. Thereafter the rise of the curve is much slower, reaching
a  maximum value of 8.7 MeV per nucleon for A= 56. If A is increased still further, the curve decreases
slowly, ' . | y
2. The variation in £, is very slight in the mass number range 20 < A < 180 and in this region f, may be
considered to be virtually constant with a mean value ~ 8.5 MeV/nucleon.
3. For A> 180, that is, for heavy nuclei, the f.-value decreases monotonically with increasing A and it is
~ 7.5 MeV/nucleon for the heaviest nuclei.
4. Arapid fluctuation in £, is noted for very light nuclei with peaks in the curve of this region, corresponding
to even-even nuclei, such as *He, *Be, 2C, 10 i.e., with mass number A= 4n, wheren=1, 2, 3,

...... Peaks‘in the curve are also seen at Z or N equal to 20, 28, 50, 82, 126. These are called magic
- numbers. On | -
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Mass defact:

The difference between the measured atomic mass M (4,Z) and the mass number A of a nucleus is called

the mass defect, AM "

AM'=M(4,Z)-4

for ;0" AM"'=15.994915-16 = —0.0050854

Packing fraction:

The packing fraction fis defined as the mass defect per nucleon in the nucleus,

_AM'_ M(4,2)-4 |
< 4 4

=

CL3)eioy 4

= R=nd?| % 2(11

Charge distribution of nucleus: . . -

If p(x,,z) be the volume density o;f'chﬁfée. of IhenucleUS wnth i_ts_. éentre of mass at the origin so that

r* =x*+ y? +2°. Also the charge density can be express &S

Po

V)=——m——
p(r) 14 R I
. . . pjpoT
where R is the radius of nucleus a is a constant. 0.5

The quadrupole moment Q is defined as

Q=§ [(32*-r*) pav

—r

where the integration is carried out over the entire volume of the nucleus, e is the the charge of proton, the

nucleus is assumed to haye a symmetry axis along z. The unit of Q
I bam =102 m2

Special cases:

1. For spherically symmetric nucleus Q=0 - :

is barn

2. For shape of prolate spheroid (the charge distribution streched in the Z direction) Q > O (positive)

3. For shape ofoblate spheroid (the charge distribution is streched
Q <0 (negative)

pcrpendicxﬂar,'then the quadrupole moment



Z VA
z L.
Solr
spherical charge prolate spheroid Q > 0 oblate spheriqal Q <0
distribution Q=0
Spin of nuclei: ‘ )
The spin nucleus is the resultant spins of its constituent nucleons — protons and neutrons and have spin +Y4. .
The orienation of spin vector, according to wave mechanics is such that the components of spin can have its_
t,;:g;ﬂ*1"'3:e'-‘-‘.‘.-Hmaf&‘fa':?:\m:ﬂmmw:!— : X . !
’ B e e o et e % - 1 :
axis either parallel or antipar :'!lg‘Tf ):a;Specific to a 1 gﬁgular momentum -z-ﬁ or.
, . oy 3 ‘ P2
=3 h respectively. Pt 3 |
In addition to the spin angul%r,—g?o U ‘;‘iﬁé(protog?;a‘ ! ¢ nucleus have orbital angubr S
_ . = o R LA N '
momentum such that its magnitude:in spwfmidrpchon’ﬁ AN iple . Thus, intrinsic angular  ~°

momentum of a nucleus is a vector 1 such that
2 ;

The magnitude of thc"total anéularnlo{mmum vector Tis given by
7 5 7
R S‘
1=0,1,2,3.....

Parity of nuclei:

Parity is the property.'of-' a wave function representing a quanrum mechanical nuclear state, which may or
may not change’its sign on inversion of the space coordinates from (%,7,2) to (~x,~y, ~2)) through origin,

w(—x,—y,—-z)=y/(x, ¥.z) ~ then parity is even.

v (—x,—y,~z2) =y (x,y,2) then parity is odd.

Nuclear forces: ' .

We know that inside the nucleus there are proton and neutron and protons repel each other strongly and
they shuld fly apart but it does not happend this tells us that there is some kind of very strong attractive
force. These force are n-n, p—p and n-p force. These force have following properties. :
(i) They are short range forces - ’
(i) They are charge-independent
(iii) They are strongest known forces in nature
(iv) They are radialy saturated by the surrounding nucleons
(V) They are spin-dependent
(vi) The force is non-central.

L
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1. The mean momentum of a nucleon in a nucleus with mass number A varies as:

[GATE 2000
@A (b) A’ L ©AB (@) A '
Soln. We know that,
AxAp = B = Ap =— a
Here, Ax=2R where, R is the radius of nucleus.
5 .
< " 2R
We know that, R = rOA"J
1 +%‘ ) . . Ap _ A-IU
\{ \a's 2"0 ATl Vet LTV LB RTINS SR 1_‘*.-.—,, e-.
Therefore, weeansay:peagh}gn’l@n'fﬁh’“bfa nuc“lconmmﬁ‘flcus fie s,vnthnmsnumberas A,
h or Correct option |s(?l N PR - “‘% AT f :

R & ﬁ&‘"‘
2. The masses ofa hydrogen atom, néuirzb_hﬁﬁh 38

The binding energy: of 2-“"‘U is the

oL Ap ‘ alamu =931, 64McV)
(a) 120 MeV (b) 1500 .Mf A

,e-'i- (d) 1800 MeV [GATE 2000)

gubr 23! e oo
ular Soln. Binding energy of U e E
~239. 9878 2380508 = L 937 ami.= MeV = 1800 McV
Correct option is (d) PERT AN £ FIPN SNI. )
3.  Theorderof magmtude ofthe bmdmg energy per nucleon in a'hucleus is:’ | [GATE 2006)
- (2)10°MeV {b) 10° MeV (¢) 0.1 MeV (d) 10 MeV
™ Soln. From uncertainty principle
' AxAp, =h
3 . .
= (Ap, ).m.. = (where, R is nucleus radius)
- 2R
0. (4p) # .
" - (KE)_ = =—
‘ ™ 2m  8mR
: For stable nucleus we can say binding energy is the order of minimum kinetic energy
‘ . e (6.62x10™ )2 L
The indi = 7= o e
od relore, g ey = R~ Bx1.6x107 x1.6x10 x12x1.2x10™
ve | Correct optian is (d)

! “ i,

' : 4 . .
4. AnO"%nucleus is spherical and has a charge radius R and a volume ¥ = 3 nR’ . According to the empirical

observations of the charge radii, the volume ofthe ;, X 2 nucleus, assumed to be spherical, is
(2)8V (b)2V (©)6.75V" (d)1.89V  [GATE 2008]
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Soln. We have, V = —;lrrR’
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Also we know, R oc 4

VoA
Vo _4 _16
. V. A4 128
) A128 | :
V,=-2p —gp
= ST

Correct option is (a)

5. The stable micleus that has % the radius of "¥Os nucleus is, [JEST 2015]
@Li () 0 )‘He Ok
"-9‘ ,’-;ﬂi i B RrRUA T “}fn! e AT f.’ TR e,
Soln. We know that, ¥ oc 4 and Rﬁ ! }’- # sk,
R
Therefore, the stable nucleus ’ Ui 4
- Correct option is (a)
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10.

The experimentally measured nuclear charge density dism'bution P isapproximated by the ﬁmcﬁom

- r~R)/a - — p
(@) P=p, (1 +e™®) ) () P= 1—;;°Ty (c) p= pqe"’“ @pe =&e~'“‘

The radius of a 53 Cu nucleus is measured to be 4.8x10"!3 cm. The root-mean-square (rms) energy of a |

nucleon ina nucleus ofatomic number A in its ground state varies as: ¢

(a) A4I3 ‘ (b) All3 (C) Awu3 (d) .A‘m y
The ratio of radii of the nuclei He* & % is

2 3 ‘
@2 ® 5 ©3 @7

The bmdmg energy per nucleon is apprommately constant this leads to :

1 "\.Wﬁmﬁﬂt’r&&a“"‘ S T R R T T P A R T A i (v u.k

(a) saturation prope ‘gnuclcﬁféforé&@%’” *’fv(b)‘ﬁhocw fﬁ"@@f ;M e:

(c) non-central na ~ (dsp m,ﬁ_q

For anucleus to POSSCII t& i

(@) 1=0 (d) spherical shape of nucleus
I'=nuclear spin :__t

Number of nucleon/n:i‘manucleus 1S ’

(a) 10% (d) 10°

Binding energy per nuc]eon . .

(a) He* e ) 5 CIN T (d) pp**
The nuclear densxty m kg/mm3 ig S5 e pIErT e By R kA% ‘
@107 B L T (08 [ LT (d 10"

With reference to nuclear forc&s which of the following statements is NOT true? The nuclear forces are:

' (b) chargg independent
(d) spinindependent

(a) shortrange
(c) velocitydependent

The deviation of the charge distribution of a nucleus fromspherical symmetry can be estimated by measuring
its: ; '
(a) electric charge

(c) magnetic dipole moment

(b) electric dipole
(d) electric quadrupole momgnt

. ANSWER KEY
Questions 1 2 3 - 4 5
Option (b) (c) A (c) (a) (c)
Questions 6 7 8 o 10
Option (b) () (c) (c) | (d)
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Nuclear I\/Iodels

Introduction:

In previous chapter we have study about nucleus properties like variation of radius with mass number, charge
density binding energy. But to understand the above behaviour of atomic nucleus, it is essential to know the
exact nature of the forces between the nucleons. However due to lack of knowledge of the exact internucleon
force, it has not been possnble to :édevelop,a satlsfacfory ‘theory -of élear‘;.slructure In absence of a
comprehensive theory, attemp,s ‘ilv e made to develop nucleerffn:_‘é:" "]%n“the properties of nuclei.
Several different models have been‘-suggestd, ¢ach wnh‘fts*s“u&&‘éeé_ﬁnd ljrmtauon& The important models
are

() The liquid drop model 5
(b) Nuclear shell model i
(¢) Fermi gas model ¢ I
(d) Alpha model

(d) Collective model
* (e) Optical model.

A. quuiddmpmodel T gt 'T ' e

The liquig drop model of the nucleus was ﬁrst proposed by Niels Bohr and FKalmr in the year 1937.
They observed that there exists many sumlantles between the drop of a liquid and a nucleus. For
instance,

(1) both the liquid drop and the nucleus possess constant densnty,

(i) The constant binding energy per nucleon of a nucleus is similar to the latent heat of vaporization of
a liquid, '

(iii) The evaporation of a drop corresponds to the radioactive properties of the nucleus, and

(iv) The condensation of drops bears resemblance with the formation of compound nucleus, etc.
According to this model, the nucleus is supposed to be spherical in shape in the stable state with radius

R= roA”3 , just as a liquid drop is spherical due to symmetrical surface tension forces. The surface
tension effects are analogous to the potential barrier effects on the surface of the nucleus.

The density of a liquid drop is independent of the volume, as is the case with the nucleus. But whereas
the nucléar densnty is independent of the type of nucleus the density of a liquid does depend on its

nature.

Like the pucleons inside the nucleus, the molecules in the liquid drop interact only with their immediate
neighbours.

The non-independence of the binding energy per nugleon on the number of nucleons in the nucleus is
analogous to the non-independence of the heat of vaporization of a liquid drop on the size of the drop.

Molecules in a liquid drop evaporate from the liquid surface in raising the temperature of the liquid due
to their increased energy of thermal agitation. Analogously, if high energy nuclear projectiles bombard
the nucleus, a compound nucleus is formed in which the nucleons quickly share the incident energy and.

the emission of nucleons occurs. . -

L o b e
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or less equals parts if set into vibration with sufficient energy.

@ Semi-empirical binding energy or mass formula:

C.V. Weizsacker, a German physicist, i i i 7
proposed the following semi i
binding energy B E. -(in MeV) for the nucleus (Z, A) : R e ke

A 2
BE.=a A-a Am‘ -a Z(Z—l)— (A—2Z) 3
¢ Am: 2, A AT
with the constants having the value a, =15, 75 a,=17.80,a, =0.71,a, =22.7 and §=33.6 are in
MeV.
() Volume energy: ’ y

The first term, E,, =a A , is the volume effect representing the volume energy of all nucleous. The more

the total number of nucleons A, more difficult it becomes to remove an individual nucleon from the
nucleus. Since the nuclear densnty is nearly constant the nuclear mass is proportional to the nuclear

-loc._A. So, the volume energy E, oc A.

This energy corres 0 'nds to; ount ofheat energy.(the heat of 'vaponsauon) required to transform
a liquid to its vappur state bemg roporhonal to the mass of. .the hquld

(i) Surface eneréy 7

The second tenh, E

=3 'Az" 3, , is the surface eﬁ'ect bemg sumlar to the surface tension in liquids, like

the molecules on the surface of a liquid, the nucleOns at the surface of the nucleus are not completely
surrounded by other nucleons It results in teducmg the total bmdmg energy due to nucleons on the
surface. This correctlon due to surface energy E, “whichis propomonal to the surface area of the

nucleus i.e. to 41tR-‘2 l.c..,Esoch e = ES“A/ = Es=asA/

(iii) Coulomb energy:
The third term, E, is the Coulomb electrostatlc repulsion between the charged particles in the nucleus.
Since each charged particle repulses all the other charged particles, this term would be directly proportional
to the possible number of combinations for a given proton number Z, which is Z(Z—1)/2. The energy
of interaction between protons is again inversely proportional to the distance of separation R, so the
energy associated with Coulomb repulsion is:

Z(z-1)  Z(z-1)  Z(Z-1
. E. =k (R )"'k (All3)=a° (Aus)
I

(—ve quantity)

(iv) Asymmetry energy:
The fourth term E_ originates from the asymmetry between the number of protons and the number of
neutrons in the nucleus. Nuclear data for stable nuclei indicate that for hghter nuclei, the number of
protons is almost equal to that of neutrons: N = Z. As A increases, the symmetry of proton and neutron
number is lost and the number of neutrons exceeds that of protons to maintain the nuclear stability. This
excess of neutrons over protons, i.e. N-Z, is the measure of the asymmetry and it decreases the stability
or the B.E. of medium or heavy nuclei.
(N-z)  (A-22)

So, E,«(N-Z),andE,<(N-Z)A = E, =3, ey

(v) Pairing energy:
The last term, a pure corrective term, is called pairing energy E.




E,=t—5 \
Z N A |d E, ,

even | even | even | 34 | +8/ A%

even | odd | odd | 0 0

odd |even | odd | O 0
Z

odd | odd |even | 35| -8/A%*

. :  BE. a, acZ(Z—l)”iIl (A-—zz)z .

. Binding fraction, ¥f5 =—=a,——7~ .
° 557 A}é A% |

P -decay: o

?'?“-*P.. C7E Y

e ) M( A-,'iZ) =F, + p'z, i qu .‘ 5,7 ii 1s equatlon of parabola forglvenj\ is called mass parabola.
- [E) =p+2qZ=0atZ=Z,, whence, we get
A o :
ZA=_£=(MH—MP+4an)A o
= 2q z(acA% +4anj - = ZA =AI(1‘98+0.015A 3)

In most cases, the value of Z nearest to Z, gives the actual stablest nucleus for a given A.

All isobars having mass greater than that of stable isobar. They will decay by emission of 8, * and k
capture. :
1. The isobar to the left of the stable one decay by f~ emission.

2. The isobar to the right of the stable one decay by f* emission or k-capture or by both.
. _ ;

M(A, 2) BE.|
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Magic number : If the n s . -
umber of proton or neut
then it is very stable. These numbers are called M;::L(;Z‘:r?&rarc BT IR IRt

B. Shell Model:

L
iquid drop model can not explore why some nucleus having proton or neturon or both are 2, 8,20, 28,

50, 82, 126 they have high bindin
g energy than others, The scienti
some arrangment like electron distribution in the atom. PHESGRE R ipt e

Since we do not know the exact force nature inside the nucleus so we need to take a guess.

_ L At first they consider potentia) is in the form of harmonic potential (V(r) o %) and they got equally spaced

energy levels but they could not explains the magic numbers.
2. After then they took another guess, the potential is in the Saxon-Woods model.

R/
V)=t VOOr o

where, ¥, =50 MeV,R=r,A", § =0.52 fm ,
For such a potentlal they got energy of the n® level -y,

R R RV LV 2 A [ o N SR A

b “n,
VA At A AT m“ é'!r ‘455';’7;5:%_‘53"1
1.

fi-,uagV a(e+1)a’ |
: rijh! Rg FVoaz

The lowest 1evel

whmhcanoontamup 1o'a further

is a level 1d but this 1 %g closs -

2 + 10 protons or neut trons g1v1h‘g us ‘the next magic numbpr of 20:; p
The next two lcyc are 1 f and. 2p wh1ch are also quite cl

2P protons or neutrons. Then comes /p
_o‘ﬁlaglc numbers (2 and 8). Then there

3. After then they add’ a correctlon term f(r ( )f R wherc f (r) is an fuction,of r and its magmtude is
negative.

- Therefore, the potential become

V(r)= ’1——(::3)73+f( r)¢-3 |
As in the case of atomic physics (J-J coupling scheme) the orbital and spin angular momentum of the

1 1
nucleous combine to give a total angular momentum J which can take the values J =€+—or J =£4-

‘ 2 2

2
Hlp3nlnl e zi] '
2l 2 4 4
W R
L 7 I
7=

| e together and allow a further 6 + 14
protons. This would suggest that the next magxc number was 40 but expenmenta]ly it is known to be 50.
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(=20 (7 +1)=e(¢+1) (s 41)]

Sl

Rl, 1 31w .
s a2 2 L
21" T3 4] : (¢+1)

Since f (r) have negative magnitude therefore J = £+-% have lower energy and J = l——;— have higher
energy and energy splitting,

hz
AE.—.—2-—(2£+1)

i.e. higher / more energy gap: ‘. ;
We see that this larger spm-o}blt eﬁ‘ect leads 107 Crog

'.‘;,

consists of 17;,,,2p,,,1 f,,,, 3 pl,2 and lgm - The maxn:nym od Scups

neutron for each J) is now 8 + 4 46 + 2 + 10 =30 whloh_ dded toeth
the next observed magic numbcr of -50

3
-~

the
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* Success of sh'ell model:

1. It very well explains the existence of magic numbers and the stability and high binding energy on the

basis of closed shells.

2. The shell model provides explanation for the ground state spins and magnetic moments of the muclei.
The neutrons and protons with opposite spins pair off so that the mechanieal and magnetic moment
cancel and the odd or left out proton or neutron contributes to the spin and magnetic moment of the

nuclei as a whole. -

e




Nuclear Models
3. Nuclear isomerism, i.c., existence of isobaric mnrr

of isobaric, isotopic nuclei in different energy states of 0dd-A nuclei

between 39-49, 69- 81,111 to
125 has been explained by shell model by the large diff '
spins of isomeric slalcs are their A-values are cloge wbynmgk: numbctr):. eree e el

N
3.

* Limitations of the ahell model:

1. The madel does not predict the correct value of 8pin quantumn number J in ceﬁain nuclei, e.g., 2 Na

where the predicted value is J=5/2 while the correct value is ~.
' 2
The following four stable nuclei 7 H; $Li, 1B and 'N do not it intosthis model.
. The model cannot explain the observed first excited states in even-even nuclei at energies much lower

than those expected from single particle excitation, It also fails to explain the observed large quadrupolc
moment of odd-A nuclei, in particular of those having A-value far away from magic numbers.

&

Determination total angulagomenmn’l and pantymfihe.gmundstate

L. If protons and neutrons bofh 2 Fé Even; o : ' zero and parity is even.
2. If one of the nucleon (pro;on 5r ncutron) is even and othef15°0dd; ng,&?f yaluc and (~1) of the last
unpaired neutron give the'w'fal a(gularmﬁn’ien’ﬁlﬁﬁnﬁ ALY 2 s

3. For 0dd-odd nucleon we: ug;g Brennait Berfifein fules’ ‘Accor”dmg to’ ﬂné‘ les

;0"
z=8 (even) - lslzlz IP;!Z 1P1212
N=8§ (even) — Lsiy; 1p3, 1P0s
Since, there have no unpalred nucleon.

Therefore, parity is positive and angular momentum J = (). It is represented by O* .
ndl z=13(odd) > sy, 1Py, _1P|212 'ld;n
N =14(even) — does not contribute in angular momentum
Therefor, ] =5/2; [=5/2-1/2=2

. 5?
Parity = (-1)2 = + 1, even parity. It is represented by 3 -

=t S 7= lé(cven) —» does not contribute in angular momentum
N =17(0dd) - 152, 153, 192, 1d, 253, 1d2,
Therefor, J = 3/2; [=3/2+1/2=12
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Parity = (-1>=+1, even panty It is represented by —Z" .

38 CI

17*

z=17 (Odd )= 1s), 1p3, 1p, 1, 25y, 1dy,, (particle state) .
= 2

n=21(odd) - s}, 1p}, 1py, 15, 252, 18, 172, (particle state)

N=(‘_Ip—£p)+(.f,,ﬂ‘..’n)=—%+l=0

3 7| 4 |
=l———=s——= 2 1 -

‘ ‘2 Zl 5 and parity =—1

=" Therefore, spin parity =2-, " - %

2"Al ot

: J=|JP -J,

ol s TR H

S ’2
&'ﬂ )

Therefore, spin pan

SGCOZT — nER ‘ i
z=27(odd)= lsl,2 1, ps,2 l p,,,2 ld,,2 25',2,2 1 vt 1 f,,2 (hole state)

..; R

n=29(odd) = lsm 1 Phy 1d,,, 2sm di 115 20, (partlcle statc)

) 11

N=(J,=¢,)+(J,=t)=2+5 =1 and pzz:

' 7.3 -
=|JP+J"—1|=E+E—1 =4,par}ty-+ve

Therefore; spin parity = 4*.
Determination of magnetic moment (p,):
Here, we assuming magnetic moment of whole nucleus is coming from unpaired last nucleon.

i
1. Iflast nucleon in J = 0+l thenl( )= [g,t+g,(2ﬂ#~

(A) If the last nucIeon is proton |
| - g,=1, g, =55857 and [ (u,)=[J +22928]

(B) If the last nucleon is neutron

E g, =0, g, =-38260 and | {1,)=-19130
: 5
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L2

2. If the last nucleon i ‘ ()= —eu
1e last puclc.on in J = e-—2— then [(lﬁ)—m[ge(2j+3)“g.]ﬂu

(A) If the last nucleon is a proton

L a) =;——*[J 1.2928] ,

(B) If the last nucleon is neutron

__J .
(#l)— J+11'9130#N

C. Collective Model:

L]
+ Liquid drop model fails to explain spin, magnetic moment, magic number.

¢ Shell model can not exphﬂgemtlon of:magnetic-moment-from schnndtlxmlt and large quddl’uPOle
moment of certain puclei ;md if’m nand fision, * T R s

Ny 40 LA

Ll Fc A ik T
* A nucleus consist of a centr CO and somerextran iclebfs arou
h_‘mﬂ' }Qy,ﬁf \é‘:i r._.u,,-“

5 %3 '
”{"d__‘_& ¥ A

L"

# 3 aer
r'? %
.f’: X SUR a0
Lok PFhy e

lagic Number

DR o B

The loose nucleons outside the COR.E have large centnﬁJ gal force ‘on the COkE If their number is large,
they are able to deform the, CORE The tota] eriergy of defonned nucleus can be written as: I

E=Ey+Ey+Eg | - . -
E,~ due the extra nucleons

E,, — Vibrational motion

E, —Because of rotational motion.

The rotational energy is

Ep oc1(1+1) | Where I = spin of the rotatxonal state,

Determination of quadruple moment of ground state:
IfJ is the spm of ground state then accordmg to collective model the quadrupole is given by

1,
Q—--—[u 1]R where R= IZA”3 :

D.F ermi gas model :

We assume the Fermi gas model in which the particles move without interaction ina sphere Offf‘dius s
and volume Vas the particles in an ideal gas do. According to the theory of the Fermi gas, the nurmber of




e,

«

Of pl' Otons Wlth mo +- V

Inentum between momenta p a.nd p dp 1 a VOllm]e lS (2 ' ) Thc spin..we]gh[
ﬁctor 2 or lglnateS'ﬁ‘om the tW()
Spln state Ofthe p['OtOﬂ. The ground state Of thﬂ Systefn W l]lm"@om tozero

temperature, wit
mp ith momentum spread of zero to maxium Ppp so that the number of protons in this lowest
energy state is given by

Pr,, 5 2
- e J- 2r4z p“dP r87T(PFp) '
o (2mh) K 3 |
Therefore, the fermi momentum for the protons is

3z 3 ; 173
Pr =hK —-h[ =h| =
Fr T 87rr] h[Sn s J

s PN é‘La‘mm;_g 3 x‘g@wﬂw 4«."&1‘9 -
Where, ap = 131;]13,1) o 4 . 5’6 A g,

Similarly, for thc netitra

that there are fourparggﬁ,lgf 5 hs}agg y_nzgheg‘uag‘n nbersofneut “gnd protons, the fermi momentum is
given by Gt e

The total kinetic energy of the protons in the ground state 3

by
27

g f e 47rp2dp Pt g (PFP) g ( 3 o g L
¥ T8 M) ok 5 M =

8n
0
Similarly, the total kinetic energy for neutrons is

4r 3 o hz 5/3
T NT 2/3 N
SM 811‘ '

Therefore, the total kinetic energy of N neutrons and z protons is then,

4 (3" B [ s, s
EE=—E| 2| 2 [ay ;
(2] dmlev®)

- SOLVED PROBLEMS

The angular momentum and parity of )’ O * nucleus, according to it, the nuclear shell model (including spin-

orbit coupling) is: - [GATE1998]
(a)0* (b) 1/2 (c)32+ (d) 5/2*

We have nucleus, 70

Therefore, proton number z=8 is even and neutrons number N=9isodd.

ON —> 153, 1p4, 1p2, 1d},
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Soln.

Soln.

Soln.

Therefore, spinparity of ground state is % .

Wi £

= £=2 parity=(-1)?=+ve by

+

Correct opﬁon is(d)
Common Data for Q.2 and Q.3: ' So

The nucleus “'Ca can be described by the single particle shell model.
The single particle states occupied by the last proton and the last neutron, respectively, are givenby
. [GATE 2004]

(a) dy, a“d:fm () dy, and f5, . (o) d 512 and S5 (d) dy/, and f),

We have nucleus, *'C, am

. [GATE 2004]
of © w2

Wehavenucleus, ““Cayy - -0 uv Cu e e
z=20 (even) — doesn’t contnbutemangu]ar momentum.

N =21 (odd) — lsuz lPsz 1P|/z ldf,z 25112 d;'z lfm

J=%, ¢=3 parity=(-1)’ =~

7
Spin parity of ground state 5
Correct optibn is (a)
According to the shell model, the ground state of f O nucleus is: [GATE 2005]
3 2 1" 3 1
— i) —. — s = '
@ i0)5 ©F - @ ._

We have nucleus ;° O
z=§ (even)
N=7(odd) — Is}, 1p;5, 1}
, £=1 partity=(~1)'=—ve
: i joln,
Ground state spin party = 5 : | , B
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e
Soln.
4)
6.
4
14 soln,
./‘-
2005]
bln,

_\M‘-lO;N= 10

t

Inthe nuclear shell inbile

The four possible configurations of neutrons in the ground state of Be’ nucleus, according to the shell model,
and the associated nuclear spin are listed below, C ‘

hoose the correct one;
3 3 '
@ U5 ORgs =5 ®) 16,0 (AP, (Ip,); 7= 5 [GATE2008)
1 | 1
© (15, (1P T = @ 16,7 (B (Ip ) 3= 5
We have nucleus , Be’
Z=4 (even)
N=5 (odd) — Isj, 1p}, )
. S
N 2
Correct option is (a)

P UL 14 o

“ o LVNART Y ae

DG DRSS i
the potential is modeled as’

: oot K SR s
pantyandlsospmagslgm}ents forthegpp nd §
% A2, ‘ -.'( s '

X 7D
i

[GATE 2015]
¥ oo
2’ 2.

We have nucleus, ‘3C6
Z=6(even)

N=7(0dd) — 1s],; 1p3 1 pl

J =—;-, F=i, pari'&_y;‘(;l)‘;’-gg L

. -

' . 3
Spin parity of ground state is >

' M-1_2-]1 1
Isospin, / =——=—==—" (Misthe multiplicity ® C, )

’ 1
Therefore, Iéospin LofBcis w3
Correct option is (a)

The following gives a list of pairs containin

g (1) a nucleus (ii) one of its propegties. Find the pair which is
" inappropriate:

[GATE 2008]
(@) (i) ,,Ne* nucleus; (ii) stable nucleus '

(b) (i) Aspheroidal nucleus; (ii) an electric qudrupole moment
' 1
(©) (i) ;0" nucleus; (ii) nuclear spin J = 3
(d) U nucleus; (i) Binding energy = 1785 MeV (approximately)
(a) o Ne**:

-

ke

-
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Therefore, N/Z=1

Therefore, nucleus is stable.

(b) Spherical shell, Q =0 .
Spheroidal nucleus Q > 0 or Q <

() ,O':

Z=8;N=8

Since both nucleons are even. So, spin parity of the ground state is 0",
(d) Since, each nucleons of UZ* has binding energy 7.5 MeV.

So, total binding energy Gf U™ will be 7.5x 239 = 1785 Ao

Correct option is (c)

—~.-.5*:?:

Soln. Ca-39 has one neutron mxssu;g“ _the ld'

T o=(39. 962589+1. 008665 40. 96225)x 931 MeV--
=0.008979x931 MeV =8.36 MeV -

Therefore, the energy separation AF is the difference B, —B,
AE=B,;-B, =15.61-8.36 =7.25 MeV

9. Find the total angular momentum and parity for the ground state of S nucleus, using the shell model. an
also its electric quadrupole moment from the collective model.

E 2 2 2 6 2
Soln. g . 16P—[ls,] {1;}3] [lp,J [m J [u}
2 2 2 2 2
“ A 2 A 4 2 2( ‘2( \l
17N - ’.'ls-l (Ips] {lp,] [lds] L2sl'] Lidgj
R 2 2 2 2 2 2

The total angular momentum or spin of the nucleus ;S is the total angular momentum of the last unpai®

neutron.
J=3/2; =2 for d state "

b
§
Parity = (-—1)2 = +1, even parity _,g
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10.
Soln.
LU
roi
11.
Soln.
af

The electric quadrupo_le moment, Q of a nucleus with spin J is given, according to collective model, by
3 -
_ __‘[ 2] -1 R?
5\2J+2

where R = l.?.xA% fm= 1.2x(33)% x10%m (since A=33 hcre)

g 3 [2x—3»]-1 % 2
Q=-2{3 2/ x[1.2x(33)% xlo'”]

=-0.0355%10"2 m? = —0.0355 barn ( 1barn =107 rnz)

Compute the binding energy of the last proton in a nucleus of C if the mass of “C-nucleus is 12.00052
was a.m.u. and the mass of the "B-nucleus is 11.01006 a.m.u. The mass of proton is 1.00759 a.m.u

3.‘*.:1 F S AN N A b TR R EVLE Sy,

it hECH L S
Sn the addition of ix ﬁg&pgn,;;he S-nuc]eus as converted Anto 44C nucleus The excess of mass of 2C over
B is: g & e f # /

£11.01006:%
The mass of proton lS 1 00759 :I‘
¢ =Y o

The mass M ofa nucleus of mass number Aand charge number Z accordmg to the semi-empirical formula,
is given by 7 ; : :

QL

ey, |

M=ZM,+(A- Z)M ——l—[aA aA}/—a
2 =

For odd A nuclei, we have E; =0
The mass of the most stable nucleus in a family of isobars is given by the condition (BM / OZ) A S
Z A-2Z
=>- (6M/52)A=(MH—Mn)c2+2ac—y—4a ( —1—0
+ 4 - A73

A-2)

= Za, ——4a (M, MH)

=H A}/

4a, | o
57 M, -M c?+4a,
e
Z_AZ_[acA% +4an] =(M, -Mjy )¢’ +42,

A/ {(Mn"MH)CZ +1}

e b
Al 4a 4a

n n
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12.

0, . 2= {110 M),

2
3

4a, '
Now, a,=071MeV, a,=22.7MeV. .. a,/4a, =0.0078 and (M, ~My;)c?/4a, =0.0082

7 A 1+0.0082

s et UGS
1+0. 0078A}/

- A=2Z, for light nuclei. '

} 2 , for light nuclei.

Using the semi-empirical binding energy formula, calculate the binding energy of 50 Ca.

~ Soln.  The semi-empirical binding energy formula is;

13,

Soln.

(Z,gﬁl) e (A7

ﬂ-q-r,c, '

)({'ll’-?" &j’d ..iu'.'c"?*-',"f’ H .’.:'T:""!i"

Ao +8A#

BE.=a A/ 24

*m{:a ;

where a, -15 75MeV, a,
a, ~227MeVand8

%, m,lf»-

Z(Z—I_) 0.71x
o s,
L (a-2zy o
n A n i g i
5A 74 = 34x 49'% =34x0.063=2.14MeV ol

.. BE.=630- [208 2+84.3-2.14]=339.64 MeV
Usmg the semi-empirical binding energy formula, find the atomic number of the most stable nucleus for a

given mass number A. Hence explain which is the most stable among >He, gBe and SLi

y 7 (A -2z)" %
s S E,=a,A-a A’ -a_ —
Writing Eb_fér binding energy, v = 3v s " % A A

where, Z(Z-1)= Z? Has been taken. |
Now, for most stable nucleus,v E, must be maximum for a given mass number A, Le.,

[QEAJ = —2acA%Z+4an (A-2Z)A™ =0
6Z A=const

" 4a,-81,A7'Z=22,A7Z; 2(43#%“%):2%’\
A A
2+4(a,/2a,)A% 2+0015A%

a L=
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e

14.

82
Soln.
f
5.
oln.
us fora

Substituting the values of aanda,
He, Be and Li are all light nuclei for which 0. 01 5 A” is negligible and Z = A/2 This shows that of the

three nuclei, 3Ll 15 most stable.

Show, by way of computation, which nuclei you would expect to be more stable:
Li or Li; 2Be or Be

For a given mass number A, the atomic number Z of the most stable nucleus is:

Z'_"i—z'
240015 A7
Now, for A=7,Z=-2" 7 =7 = 7 = 7 "=3,4
2400152754 2+0.055 2055
for A=8,Z=—0_5 8 8

=3.88

”2&0 15)_(8/ 2+0060 2060
Since of the two Z—gglucs '=3' I

7
-:‘ /,."n—,f

Agamn, for A= 9, Zf-,

S =z,

lin toa closed shéllpﬁ.is a smgle proton in a state with the angular
¢ land] Ofcou:se j-£+ 1L2. Letgpbetheemplmalgymmagnenc ratio
of the free proton. Compute fhc gyromagnetlc rauo for the level in question, for each of the two cases
j=£+1/2andj=¢-1/2:" : aE: Fahivaot % i

According to the shell model, the tofal angular momentuni of the nucleons mn a closed shell is zero, so is

the magnetic moment. This means that the ma magnetic moment and angular momentum of the nucleus are
determined by the only proton outside the closed shell.

As, © M =Mt g =g, L+gS

- Wehave,  gjij=glj+g.s]

With '£.j=%(j2+£2—sz)=—1-[j(j+l)+l(£+l)—s(s+l)]

‘] ;(_] +5° !2)——[J(j+] )+s(s+1)-¢ £+1)]

Hi+1)+£(e+1)- s(s+1) v (i#1)+s(s+1)-2(e+1)
¢ 2j(j+1) : 2j(j+1)

g =

-

. 1
For proton, g, =1,g, =g, the gyromagpetic ratio for free proton (£=0, j=s),s= 5 - Hence we have

418 for j=£+1/2
J 2] 2j - .
&i= 1(..3 g
j+___£ forj:[—-lfz
17 272
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The simplest model for low-lying states of nuclei with N and Z betwesn 20 and 75 mwobves ouy 171,
nucleons.

16. Using this model in previous question, predict the magnetic dipole moments of £ Ca 2nd s .

“Soln. “Ca has a neutron and “'Sc has a proton outside closed shells in st2ee 1f,, As closed el 4o o
contribute to the nuclear magnetic moment, the latter s determined by the ma-hlmdwm Toe mche:

magnetic moment is given by p =g,

where 4 is the total angular momenturry, 1, is the muclear magneton. %r 2 single mcleon o 2 cemtral e
the g-factor is

=£2j—l)gl+g| forj:f+l 5
2

2j

_(2j+1)g,-g,

17.  Theband spectrum of U233 basc on (0) ground state. lfthe energyof (2) state is 4.7 KeV. Wh
is the spin and parity of state havmg energy 5.25 KeV. o )
Soln. Since EjecI(I+1)

E, =k I(I+1) ()

B,=k2(F+1) =  E=k2x3 T ()
equation (2) divided by (1)

E, 6 6 447

= E _I(0+)  I(I+]) 525

= I(I+ 1)"6XS25 SPi[-72=0 = P+91-81-72=0
= I(I+9)-8(1+9)=0 — (1-8)(1+9)=0

[=+8 | [#-1ve
O[’, I=8' IP=8+
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18.  The rotation energy level of an even-even nucleus are (0") ground state, energy of 2* =44 KeV and
higher state energies are 146, 304, 514 KeV respectively for three exited state. Assign spin and parity to

do 10 these levels.
pucle2  Soln. () B xI(I+1) = E, =KI(I+1) - .
' E, =k 2x3
ral field E=kI(I+1)
B, 6 6 44 6x146
E _I(I+l) = I(I+l)—i4_6 ] I(I+|)= =6X3.3=19.8=20
= P4r=20 = P+1-20=0 o I +5[-41-20=0
= I(I+5) 4(I+5) 0
= (I-4)= d.“ 1: -:;""“;‘3“".:&#?: SRt S
(@
=
=
(i)
V. Wb 19. The dlﬁ‘erencemthe coulomb gnergy between the nnrror nuclel ¥ «Cr-and 3 Mn is 6MeV. Assuming that

the nuclei have a sphehéally thetrnc charge dlstrlbutmn and that e2 is apprommately 1.0 MeV-fm. Find

the radius of the ¥ Mn nucleus. o
Soln. Kinetic coulomb energy of uniformly charged sphere of radius R is

According to the question, E,, - E,, = 6MeV

3(Z; =225 3(Z5 -Z1,)e
—_—— Mnl" V R - r n
5 R SMeV = R et

=4.9 fm = 4.9 x 10" fm
where Z, =25 and ZM,, =24
[ 20.  For what elements should stable isobars exist for (a) A 97 and (b) A = 80?
Soln, Semi-empirical mass formula for a X*-atom is
M =M (A-Z)+ M,Z-a A+a A" +a,Z(Z-DA"" +a,(4-22)' 47 ta 4™

Substituting values of constants in terms of MeV, we have
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M*=939.6(4—-2)+938.87 —144 + 1342 +0.60Z(Z -NA™
+H19A-2ZY A" £3447

For a most stable isobar

(OM /ON), ,, =~0.8+0.60(2Z, -1)A™ -76(4-2Z )4 =0

76.8+0.64

152+1.24*

For odd value of A, there should be only one stable isobar, the neighbouring isobars are unstable and decay
to stable isobar. for A = 97.

_76.8+0.6x(97)™"
152+1.2(91)*°

or Z,=

©7)=42.1

4

Hence the most stable isobar is , Mo .

S % A T

By similar calculations for A = 80 weget. Z =38 32 fience the most S‘a,,lc dsobar will be , B/, It is
the case of Z-odd, N-odd. It has be?’:ﬁﬂxscusscd in theory that'for cyen A valms we get two parabolas

--‘n

due to the term +4y 47 The odd Z va]uﬁare asoclatedmth gpperand evenZ—vahm with the lower.
The possible stable isobars wlth Z-evenyahmm Se’“ and KRS Ao

.

|
~

ke
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. ‘ PRACTICE SET

According to the shell model of the nucleus

(a) magic numbérs exist.

(b) nucleons interact with their nearest neighbours only.

(c) nucleons inanucleus interact with a general force field. ~
(d) large electron quadrupole moment exists for certain nuclei.

The nuclear spins of C"and  Mg? nuclei and respectively: '
(a) zero and half-integer (b) half-integer and zero
(c) aninteger and half-integer (d) both half-integers

The spin and parity of ,Be’ nuc]eus as predicted by the shell model, are respectively:
(2) 3/2 and odd (b) 1/2 and odd (c) 3/2 and even (d) 172 and even

The exprcssion' of a_ is:

- Ry KA Pt S Rl Lol e V) JI_,.«--!‘\»\/\J»"M-'
332 ;ic"f‘ ﬂ,_g d?r AT TR SN
Ol mmeadE L i
TIZEOR i,.; :-*,.5;._;‘.: 301! R
-| .4

1‘2’1’.-3:”‘ W

The binding energy 9 g t nucleuS'(Z )m MeY 1S gwen by the. approxxmatc formula

f’:)y,

A
B(A,Z) ~ 16A; 20A2’3

2. ‘ ANSWER KEY

Questions 1 2 3. 4 5

Option (a) (a) (a) (b) ~_(b)



Radioactivity

19

Introduction: - .
In 1903, the Curies were awarded jointly with Becquerel, the Nobel Prize in physics for his discovery of
radioactivity phenomenon. In this cbapta- I'would like to discuss radioactive decay law, o decay, 8 decay,

¥ decay. _
Radioactivity: ' : oararases SR
Radioactivity is the phenomen jn of spont'aﬁ.xr;{ Uis!

‘.n-v-
‘h’;

Radioactive Decay law: ,

1. On emission of a or § rays, which is usually but not invariably accompanied by 7 -ray emission, the
emitting parent nuclei transforms into a new daughter element. The daughter element again is radioactive so
that the process of successive disintegration continuous till the original active parent nuclei gets transformed

nto stable one.
2. The rate of radioactive disintegration, that is, the number of atoms that break up at any instant of time ‘t’

is directly proportional to the number N, of active nucleids present i the sample under study at that instant.

Decay equation: .
Let N, be the number of active nucleides present in the sample at any time ‘t’ then we have experimentally

* —EN—' < N,
dt
dN,
—L=-AN,
= dt

f the.

[}
I

Where, ., the constant of proportionality, i known as the decay constant — 2 characteristic constant 0
element (nuclide). The ncgatwe sign hints at the fact that N, decreases with 1.




—L ==Adt

[}
nN =-At+ A4
where, 4 is the constant of integration.
‘ Att=0,N,= N, the initial mimber of nuclides and 4= £n N,

(N
Therefore, ¢ ;,;— =-At

v

Or, N, =Noe')"

1]
Half-life: The half-life of a radioactive nuclide is defined as the time T, in which the original amount of of

radioactive atoms is reduced by way of d:stmtegratnon to half'its value,
Att= T%, N NJZ A RS AN it "mx&.#s:?ﬂ»(;j—‘u

o o

Or,
Average life:

.ﬁi‘e time of all the atoms in the given

R the‘average lf
Fl e s
T T ot N frans
f =.tl_qﬂV, +fidN2 e e n Eth= 1;—-0", 33 v=3'f'.=-0'1 o
dN,+dN,+..... ZdN OJ‘dN ~N, y
My
| But, we have, ' : .
' .
i dN = d(Noe"") = —/’I.Noe'”dt
: T=ljte"‘dt=ﬂ. R i +i Je"‘“dt
t 1 LT 1 .
=l ____.e—-lf _____e—tll' = —
1 ]0 A
[ ]
Theref()rc, ‘ T = l
Al =
0.693

We can write also, | 7% = B 0.693T
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Activity: ! '
The activity or strength A of a radioactive sample at any instant { is thus defined as the number q

disintegrationroccurring in the samplc in unit time at ¢, that is,

Activity, | 4 = ’ﬂ AN—-Q-E-?-'}N

Units of activity:
The customer unit of radioactivity is called thc curie (Ci). It is defined as the acmvyt of anymlmcﬂve substang

that disintegrates at the rate of 3.7x10' disintegration per second.

1 Ci =1 curie = 3.7 x10" disint/sec
1mCi=10" curie
1 uCi =107 curie

TV WA B

Radioactive displacement law. "\* PRNRS e LR w,i,; o *9;
1. The a particles havmgbemdentmﬁ’éshehun muclei. S\rpposc‘ fm&@h cleus having mass numtx

A and atomic number, after g %icéay the parent nucleils bccorhe_ ‘éh‘eﬁf tter element whose atomi
number z — 2 and mass A - 4. It posmon mpcnodlc ta‘b]eivillbc shifted iOW;I%S ft by two.
AX __’ A—ly : :_‘- :-*f ) ‘r. o -.:‘:3 ;;

2. The [ -particle defined as le ducloﬂ mnumepmmqleﬁ;msﬁ“( ) meadaughtcrclcm

(z+1, A) So, |tposmonmpmodmablewnllbesh1ﬂedtowardsnghtbyone.

v taagte o

Natural radloactive decny senes Py 5 ‘="¢‘ =
'I‘l'xcrcarct}uccnamrallyocwrmgradxoactwcscm 'I‘imctluuesemsm
(i) uranium series is called (4n + 2)
(i) actinium series is called (4n + 3)
(iii) therium series js called (4n)
Also there have another series is called Neptunium senes

(iv) Neptunium series is called (4n + 1)

LR
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v N
URANIIM BERIES U-238
N Y
Ra-220 Th-234
Po-2 4
S i
Ph-200 0210 l m
N Ny
Ph-210) m
. Th-228
YHORIUM SERIES v LN
' [Ra-224] Ac-228 Th232
v N v
: ENE,
v
v 0I212 Em
1 Ny _—
X Ph-212 ) u-2
\,ﬁq:‘“""“' AT N A S N T S U 215
gt a\ MR ygyﬁg:«,m SRR s;é, q\,‘
k » k St
} !f::a,w R o & Th 23
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Successive transfomxgtlonﬂ A 5 8 Y
Consider a radioactive nuchdc 3 Symbolxsed by scnpt i to decay mto another radioactive nuclide Q (script
2); the latter again det:ays into a stablc cnd-product R (scnpt 3) For mstance

P(l )—’i—)Q(2)——l—>R( ) [srab!e]

Let A, 4, be the decay constants of nuchdcs -1 and 2 reSpectwely, and N, N,, N, be the number of atoms
of the three kinds at any intant 7.
Now the second nuclide would be ﬁ)rmed at the rate A, N, by the decay of the parent atom and disappear

by its own decay at the'rate 4, N, ; the atoms of the end-product i.e. R appear at the rate AN by the
decay of nuclide 2, but being stable do not disappear. So,

c—idi-v;‘— =-AN, - (0
—2 =_?,1.|.]'\il _—J?N, .. (ii) ‘
- —2=4N, ... (i)
Solving eqmtbn @:(N), = Noe™ .. (iv)
where N _ is the number of atoms of nuclide l,attimet=0 .

From equation (if), using (iif), we obtain
=i }.'INIO e *AQN?

dt

N e
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Radioactivity

dN

Or, at ot Ny = AN, e | .. (iv_a)

Multiplying both sides of equation (iv-a) by ¢*', the integrating factor,

Pl (_d(%]_ % A,N, ) - AINH) R

d -\ 1
o (W) apgetr
Integrating,
! b L

Where A is the constant of integration,

Nowat 1 =0,(N,) =N,, =a constant. So, from equation (v)
W T TR A O 0 O AL T A Iy “ﬂum l‘ﬁ

N @'ﬂ"'\ﬁ}l‘,‘w TR AR T VIO

= N,,. So, from equation (vii), we get
1 N RN T
B =N, + N,y +N,,,.

At t=0,(MN,),

(Ny), = Nyg + Nig 1 -e'*e')+'N,°[1+‘;j &‘é-*'z" _'_".i_',;;"*'J . (vi)

hH=A

Equations (v1) (ii) and (viii) therefore, constitute the solution of the problem.

In most cases, only the first nuclide is present at 7= (). So Ny =N, =0.We thu; have from (vi) and (vii),

. — )‘l A -Azr
© (W)= P AN"’( )

(M), = Nm[l"';‘?ll -‘2"'i“ew] (%)

e (i)

PR N,

The decay of the first nuclide P, the growth and decay of the second nuclidd Q and the growth of the third

nuclide R are shown in the figure below .

‘R

|
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- Time for Q(2) tq attain a maximum: '

, Equation (ix) gives how N, varies with ¢, It shows that N, - 0 at £= 0. It increases with increasing f and
attains a maximum at ¢ = [, say.

v

R

T\P '
o

BN\ /e

;

3

' - 3
# | : Time, t=»
dN, = AN . ~
Now, we have, = dtz .E-:—‘fv'f’('v(‘—.ﬂ.la,-i!fﬂ-xgeﬁ')
X R BB E ST o

e (1)

ed by obtalmng the second time derivative of

That this ¢, corresponds to maxunumN can be readlly ve!
N, which becomes negauve aty= t s o

SR S S T T R 2 s
f L0 B R WERVERE e b R AR

e 2

Branching of radmactmty R sk e
2. When a radio-element shows that a and actmtles there are ‘définite probabilities of @ and. decay
constants for tﬁe branches. It then be N atom, the total rate of disintegration will be
L ~(%+25)N=AN  where, A=4, i he total d t
) e B w ere, = Ay A the total decay constant:
and (vi)
If (Ty, )a ) (T%) p be the partial half lives of & and 8 decay. .
| % 7, = 0.693 . By 0.693
(T b ) (T% )p
2=0693 — 4L

f the

(%), m

But if 7}, be the mean half-life of the substance, then

r_ L
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Determination of constants of radioactivity:
1. For simple decays : We have seen that the act ity A of a sample exponentially with time according to |

the equation,

A =4 "

&n A, = tnd, - At
Or, y==t+C o (i)
where, y=!nj, and C={n 4, '
Differentiating (i),

.Y

dt

So, when the log.arith ofthe activity, In4,, is plotted against time 1, it will give a straight line with a slope
equal to —A . This therefore would furnish us a method for evaluating 1 , pravided we can measure the
activity of the sample.

y

ST iy 4

2. Complex decays: L HE LT R L

We conclude the section by indicating how one can determine half-lives for*‘Complex decays, e.g. two
half-lives when a sample contains a mixture of say two activities 4 and B such that T,(4)>>T,(B).A
graph of the logarithm of the observed activity of the sample is first plotted against time, the observations

however are extended over a time large enough compared to T, (B) - The tail-emd of the curve is due to

the activity 4, since the contribution from B in this region is negligible. So, if the straight part of the graph
is extrapolated to 1 =0, the contribution to the tota] observed activity of the sample from A at any instan
t can be found -Subtracting this activity of A from the observed total activity at #, we get the activity of 3
at 1. Once the contributfons from the two activities are known, their half-lives can be evaluated by tix

usual procedure.

InA —

B
- \
X

Time, t -

o e
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o -decay:
Velocity of v —parthles

Let ‘v’ be the velocuy of the o~ particles, M be its mass, q the charge, ‘r’ the radius of the track
and B the magnetic field, then v = Bqr/M.

Range of o -particles:

The distance through which an o — pamcle travels in a specified material before stopping to ionise it

is called the range of o -particles in that material. The range is thus a sharply defined i 1omsat10n path-

length.

The mnge depends on (i) The initial energy of the o~ particle ; (ii) the ionisation potentlal of the gas

and (iii) the chances of collision between the o —particles and on the nature and the temperature and

pressure of the gas. With increase of pressure, the range decreases; it increases if the temperature of
the gas increased.

The range R in standard air is Propomonal to v3 ie, Recy? = R=av’
T IR -~-:*~:>u D A

The relation. i s known as: the Gelger law which'is 3 yal Dnly m:alnmted velocity range.

Since R «c v and the energy E—J_.Z_ V?*‘jth:e”‘r'a 8¢ .¢Fg¥:§§l§t}0115hlp e

Since,

Geiger-Nuttal law- g

An important quamuanve relatlon between the rangc R of the o- partlcles and the decay constant ),
of the emitting nuclei was experimentally discovered by Geiger and Nuttall(1911) and is called the
Geiger-Nutall law. The relation runs as:

£n?&=A+B£’nR b

where A and B ate constants having values different for different radioactive series.

) (2) ——> Th-series

o ' l‘—>U—series
In 1r

(3)—> Ac-series  »

- InR

Figure: Variation of in A with InR: Geiger-Nuttall law

Since RocE% = A=C+DmE
where C, D are two constants.
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* «-disintegration energy:

A A-4 4
» zX—7,Y+ jHe 3
The Q-value of the decay process is known as the ¢ ~ disintegration energy which is the ot ey
released in the disintegration process and is givenby Q, =(M, ~ M, -M, )
where M’s are the masses of the particles and ‘c’ the velocit y of light in vacuum

For heavy nuclei, Q, is positive, so the decay can occur spontaneously as ¥ does. Aooorleg v |
of oonservanon of momentum and energy.

0 Muvu Myvy
- . 1 1
and Qq=-2»anfj+5MYv§,

Where K.E. of a-par"ticlé“ =1 PR LA
As A~200 = T ~Q

a - decay through tunnelling:

X —— Y + 2He!

R 'zRoAlﬂ
' 2(z-2)|f \[225
V(R)——ﬂeo R’ Y M
" | me®,G=4(z-2)E" -B(2+2)" R"
: A=1587x10" J"
B =94x10° m™"
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Example: U, sol""™ + | He' and the enengy of the emitted o particle is =6.72x10™ joule.
Determine the half-life time of o

ENCTBY Soln. Nuclear radus of parent

to laws

"R=R4"=(14 Sm)(238)" =87 fim =8.7x10-15
~ Atomic number of parent Z = 92

Tunnelling probability,

T=e0— e—(I.Sﬂ-Io-G J"’yn-z)(&nxm‘“ .;)'(u-l.o‘n"”)(vz-z)"’(;‘-,,., 15,12

Out of 10" strikes o

S
| \ 10%
emerges out six times only, '

2(6.72x10'”J)
Sy e L 142 2
eV Ax167 x 103, R T

ks

oy

e e T ~—=.0.2 X \;\;‘f
x“:’l 0:’_2{;‘";) &;EEW‘:@;:’.“ )
H B aid

X 10 ?.ili 5

e S 4410 Sears
4x60x60 "7 7 4X1 years

-

s 365 %2
The experimental value of half .li.fc' is 4.5x10°

78
U™

4

years. So, we have obtained a rough estimate of half life of

® [ -decay:

=

Let ‘v’ bethe velocity of a given —particle, B the magnetic flux density, ‘m’ the relativistic mass of
the B particle and ‘r’ the radius of the circular track.

I my m v
Then TV =Bey = r=—=- 10

r Be. \/1-—- \;.2 /czl"‘ Be
p~decay, we write:
X5, Y+% : '
The disintegration energy in pdecay is:

Q- =[M, (A,2)-M, (A,Z+1)-m, ]c?

=[M(A,Z2)-Zm, ~M(A,Z+1)+(Z+1)m,-m, Je? (in terms of atomic mass)
=[M(A,2)-M(A,Z+1)]¢

*
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e >

where N °
ere l is the nue ‘(.\! mass, M the .unnn. mm..\ :md m. the mass of electron.

Q’.. >0 M(A, 2) > M(A, Z + 1)

mplhyng that 3~ decay occurs only if the mass of the parent atom is greater than that of the daughter
atom

B* - decay:
X228+ %

= Qn*=[I\‘~ln(.‘\,1,)--M,,(e\.Z-Al)—m,'Jc"
=[M(A,2)- Zm, “M(AZ-1)+(Z-1)m, -m, |¢?
=[M(A,Z)—M(A,Z—l)—im,]c’

X
-

\\‘\.\"‘ AT S Padiaie 4 & !\-\.
§ X
For |3 decay to occur: ‘b \L,\y 0.if (?\?Z) >M (‘A"
.§\\\. ‘ —— i g

1e. the mass of the psren& Q}gm:_ thar thicdaughier atom af! l§g§t t\mce the electronic mass,
ie. 1.02 MeV. R I R S Xy Aﬁ.t g

RN b '

bW
Electron capture- 8§ SR

t\ AT

A A t}*
Y + le - z l‘\ X

s
e sy

B, where B, i the binding

ey

v
Az
b s

- "ﬂ."\\‘*\-n'

For electron capture to occur: Q, >0, if M(A Z) > M(A 7- 1)+B

Le. the mass of the parent atom is greater than that of the daughter atom by at least the binding energy
of the €lectron.

Selection rule for g*- decay:” = E
If £ is odd, initial and final nuclei must have opposite parities (parity changes in these transitions); for
even £y values the initial and final nuclei must have same parity (no ch‘ange in parity). Furthermore, as
in allowed transitipns, the emission of leptons (electron and neutrino) in the singlet state (Fermi-selection
rule) réquircs Al < £y, whereas triplet-state (G-T selection rule) emission requires AL < £ +1. Thus
selection rules for forbidden transitions are: |

First forbidden — For these transitions £y =1 and parity changes.

Fermi-selection rules: Al =+1,0(except 0 —i‘O)

-

e - -

0 : 1 el
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The examples are:

s Ar—> WK+ (11275 312) G, .
‘ ol of +7"N+[1 0 | F
laughter ’
: (/—> WAr 4 (2- 2% F + GT mixed
s Ba—Plasp (112" 712%)  F+ GT mixed
s Pr—MNd 4.p- (12 5 127)  F+ GT mixed
"’ Pm— 3 Sm+p- (M2* - 12)  F+GT mixed
f{gKr,-—a YRb+p" (972 - 5/2) GT
. wSroRrep (512* > 12)  GT.
mCs—)""B +B" (72* > 11/2)  GT.
Second forbidden. For these transition lp = 2 and no change in parity.
) f} s :.rr.u:-ﬂr ”-.
Fermi-selection mlcs?r’z?”,;” ’g&ﬁ £ fl" ’(c?c‘céptﬂ(—}o)* ':"’:,A". N
a' .: Z’ , V5% o
. 77t 54 5
1iC Mmass, Gananellerrules 7o A.Is_’i ‘:I;g”r (exceptO(—-)Z)._, 7
l, J v
The examples are: A W ol r e
& Cs— ‘”Ba+B“ ‘('7'/2* - 3r2*) F+GTmixed . i
10 Be— 108+ (0 = 3% GT.. 23
e 1 Na‘—) 12N8+B+ (31.—)0’) GT.
e binding ;
. 'y-decay '; i ; £,
In it no change i m Z an A 12 f):photpns are exmtteﬁ when the nucleus jumps from an excited state
to the lowser state (after 10~ $a¢). It i is ,always zot possﬂ:le that when nucleus jumps from higher energy
state to lower y-photon w111 be ermtted PRPLE: .
- Sometlmes the nucleus in hlgher energy state dnectly give energy to the atomic € and hence an &~ may
come out rather than a y-ray photon. Ths process is known as internal conversxon and the & so emitted
g encrgy is called as conversion ¢
- Energy of emitted y -ray in o -decay:
ons); for Let I have a parent nuclei # X z» When it emit a particle it goes to the excited state and it comedown to
its ground state by emitted y -ray.
more, & : ‘
», According energy conservation rule we can write
;clccn::} g energy ( J |
1.7h Y _ M), __ eicds
; ‘ Eera'_(J;+Ty)‘Qﬂ-T;L“M ' .
$ y 1
|
f 4 AAAA - y-ray
’ M,
E =0,~1, {l v ground state
¥y




Soln.

Soln,

Type Symbol | Change in Anm | :
ko y;: gein Anguiar momentum, L | Panti change‘
Magnetic dipole = | M, IR N&s
Electric ggdmpole E, 2 Ng
Maguetic quadrupole M, 2 -P
Electric octupole E, 3 Yes
Magnetic octupole M, 3 No
Electr?c 2% —pole E, L [No¥for L even. Yes for odd]
Magnetic 2" —pole | M, L

[ Yes for L even, No for L odd]

Y-ray interaction with matterd; .
There are three fundamental pro' eduire i
(i) Compton scattering '
(i) Photoelectric effect :
(iii) Pair production " -
The three factors should therefore be co

. mto one smgle (total) a orpt
absorption law The mtensﬂ:y of the transfmtted{ y-ray 1s ‘given by :

1’|‘ o

.._‘whlch 7-rayr mteract‘wlth'ma;ter.»;‘rhese three processes

[=le* where JCIS the thnckness

A nucleus having mass number 240 decays by a

value ofthe process is 5.26 MeV. The energy (m MeV) of the a particleis: % =« | [GATE 2005]
(@526 (b)s.17 (9)5.13 ‘ (d)509 -
M, =240 0=5.26 MeV
We know, . '
4 4 1 59

o _Q[l ‘M,]_Qlj] 240] 526[1 60] 526){60} 5.1723
Correct option is (b) '
Which one ofthe following disintegration series of the heavy elements will give ?®Bi as a stable nucleus?
(a) Thorium series ~ (b) Neptunium series [GATE 2006}
() Uranium series ' (d) Actinium series
We know that, ~
(1) Thorium series is 4n series . (i) Uraniumseries is 4n + 2 sgries.
(iii) Actinium series is 4n + 3 series. (iv) Nepturium series is 4n + | series.
Therefore, *®Bi is the stable element of Nepturium series.
Correct option is (b)

Fission fragments are generally radioactive as: [GATE 2007]

(a) they have excess in neutrons

(b) they have excess of protons :

(c) they are products of radioactive nuclides

(d) their total kinetic epergy is of the order of200 MeV' .

e g

ssion to the grond state of lts daughter nucleus. The Q

res

mn
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Soln. The condition for gadioactivity - : |
Therefore, the fission fragments are generally radioactive because they have excess in neutrons.
Correct option is (a) :

N 4 Half life of a radio- -isotope is 4x10° years. Ifthe;care lO’radmactrvenuclclmasampletodaxthc number of
i such nuclei in the sample 4 x 10° year ago were *  [GATE2007)
4 (a) 128 x 10° (b) 256 x 10° (c) 512 x 10° (d) 1204 x 10°

9
] Soln. T, =4x10" years Therefore, number ofhalf life time ;——%-10

]] Therefore, remaining number of particle after 10 halflife time N = %
TN Nx2'°_1024x10’
; Correct optionis (d) " " ',",,, 0y g gty
*n’f.ﬁ;' 2 :, ;
5. The disintegration Cnergy is ;gﬁ‘:ed to be the dlﬂ‘crcnce d;e; ¥ cncrgybetween the initial and final states.
Consndcnhefolbwmg pmoess ,_,,,".‘,‘;' ;, ey 2 2 : [GATE 2009)
in the Pu-!»,pU H )J"'-" ‘ "f-" '
The emitted a pamclchasaluneucemrgys l7MeV Thevalucofmcdlsmlcgra;ionenergyxs
(a) 5.26 MeV (b)s 17 Nfe  HHE)’S: oamv (d) 2.59 MeV
Soln. Weknow that, T, = Q[l- 4 ] |
M, )
',.‘-.'-J -"'“,-"-',"r"!“"'
The T, ‘if-$17°1 4 244
: st = =517 1+ — | =5.17 5.26 MeV
'l = @ 1A | ( 240) (240) ‘
M, \:240

Correct option is (a)

Arock sample analysis shows that the ratio of the numbers of atoms of*™Pb (o U i50.0058. Assuming
that all the **Pb has been produced by the decay of**U and that all other half-lives in the chain are

negligible, the age of the rock sample is [JEST 2013]
(a) 38 x 10° years (b) 48 x 10 years (c) 38 x 107 years (d) 48 x 107 years
0.693 .
157 w8 y 1= al
q Soln. 7, =5.51x10 asiel0’ 2

| Ji’ =0.0058 Pb=(U,x0.0058)

| T};reforc, there was total number of uranium atom = Pb + U, = 1.0058 u.

U . 1 -
_J.-_-e” :-———:g"f

U 1.0058
1 1 ) 4510”1 )

-—-_6 28 decays withahalf life 0f4.5 lxw‘mthcdocaymcvauuauymdmgwabrwhnhumbb S—

. =——Mhl- x{n|
' = 2 [10058) 0693 iuooss,
_'L 4 51x0.005783x10" T
0.693

~3sx10‘

Correct option is (a)
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7. Inthe B decay process, the transition 2* -3 s .

(@) allowed both by Fermi and Gam ’ [GATE 2013)

ow-Teller sclectlon rule

Soln.  According to Fermi-Selection rules AJ =+] (except 0 — 0)

Gamow Teller. rules AI +2,+1,0 [except 0-0, 1—>l 0(-—)1)
2 2

_.‘ f

Therefore, the transition 2+ - 3+ Al =+]

Therefore, all8%ed both by fermi and Gamow-Teller selection rule,” -
Correct option is (a)
8. Which of the following radioactive decay chains is possible to observe ? [TIFR 2015]
(@) 2Pb— THg - BAy owe P () 83,B1 —>'*‘°P"” “”‘Pb o Y
5 e SolE oo

(©) %'Ra = 30Rn - 2pb i v

Soln.

o

@

(a) from only one kind of radioactive nuclei having same half life
(b) from only neutron activated nuclei
(c) from a mixture of radioactive nuclei having ddferent halflives
(d) which is unphysical

Soln.  For one kind of radioactive nuclei the graph between log 4 and 1 become straight line.
But for mixture of radioactive nuclei it become curve

-~

log A [OgA

Correct option is (c) _ .

Sol

IR PRI e i
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B0

Soln.

11.

1 Soln.

(iif) Number to be disintegrated = %N

Radioactive sample has its half-life
o g qual to 60 days. Calculate i o »
(i) Its average life, (iii) the time required for 2/3 c};,f the o?ilg?;z L Cant,

: T 1 numb 2 i
the time taken for 1/4 of the origmal number of atoms to remain unch?h(;t;:toms 10 disitegrate and (i)

(i) Since t,, =60 days; A =0.693/ tiz =0.693/60=0.01155 day™

(if) Stnee 4= 0.01155 day™, T=1/4=1/0.01155 = 86,58 days

0. S0, the number to remain unchanged = lNc,
Thus, N/N, =~;—

. ]
Therefore, From the‘ relation N=Nye™, we obtain -;-= ef’“ = At=/n3

(3 _23026x0.4771

o

(a) A radioactiVe Sl?b%f?ﬁce disiitegrates fora'fi
original substance disintegated, .5
(b) The half-life of 8 radoi is'3:82 days. What
in 10 days? iy

Here T =t=— Since;——=e™ =.q T e 20368
(a) ? ".' A NO- W v T L Y. i
Therefore, Fraction disintegrated = 1-0.368 < 0.632. © .~ .
(b) Here T, =3.82 days and t = 10 days. Therefore, we have A = oL 0.181 day™
‘ ' ‘ T, 382
N _ a__-018m0 _ -181_ 3 3

— =€ =e — Y - — P
Now, No ;. - 20

Practlh dishnspgrated = 1~ =
= ractfBn disintegrated = 1-—-= -7 |
The half-life of UX, is 24.1 days. How many days, after UX, has been isolated, will it take for 90% of
it to change to UX,?
Here T, =24.1days = A=0.693/24.1=0.0287 day"'
Amount disintegrated = 90/100 = N/N, =10/100=1/10

N 1 o027t |

Since, N, ¢ ¢

&=
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o 3o The half-lifg of (ddwacuvc K-40is | g3,1u years. Find the number of B— particles emitted per sec pe

Soln.

14.

Soln.

15.

Soln.

>

16.

Soln.

T herefore,-se@m-would be safe for occupation after 107 days. - «o~rves

g of K-40, assuming A =1.2210"" 57!, Avogrado number = 6.02x10%,

Let N, = Number of atoms of K-40 in 1g at t = 6.02x100% / 40 ,

reo

1.2z10'”_-/6.__02x1023 '

dN
. =1.8x10°

dt

=AN, =-
40

U

So, the number of particles emitted per g of K-40 is 1.8x10°
It is observed that 3.67x10'" o ~particles are emitted per g of Ra- 226. Calculate the half-life of Ra--

226. Avogadro number = 6,023x107,
1g of Ra-226 = 6.023%10%/226 atoms of Ra-226. Of these 3.67x10' dlsmtegrate per sec. So, the decay

constant.

367210 e 0. 693 _0.693x6. 023x1023

T $023x107 1226 S s m;-, e 5 =1595 years

7 : 1¢
in? —'r'ﬁé‘mmak]ng the level of radiation g

7o S0 “ﬂ,‘ﬂa o)

A large amount of radioactive rmterla] of half. life 20-days __gol “Sprea

40 times the permissible level of rronnal occupaﬁcy“: Aﬂcr how. many days bﬁld the room be safe for

occupation. = ot P
Let after ‘t’ days the room wau1d be safc for occupatlon So in *t’ days, tfxc actmty would drop down

to 1/40 of its nitial value _’-'.’{»".'_

N _ L From the relatxon e oM, —= e‘_(_“‘“””f’f R

o HeiNe o 40" 19.

(~+ Ty, =40 days, A= (o 693/20)day-‘) S ma0=""0

_2303%20, Ny :z303><20><1_6021»_106:4
0.693 . 0.693

Calculate the amount of Ra-226 in secular equilibrium with 1 kg of pure U-238, ngen the half-lives of Ra-

226 and U-238 as 1620 years and 4.5%10° years respectively.
Let x in g be the required amount of Ra-226 in secular equilibrium with 1 kg of pure U-238. Now:

6.02x 107
1 kg of pure U'-238 = T

23
x g of Ra-226 = 9—%‘;—(}_x x atoms of Ra

x10? atoms of U

Ny NR,.,
The condition of secular cqullibﬂum gives, ( 1/2)u (Tuz)g

. 7 3
602107 xID% _ 6.02x10%xx - 226x1620x10° _ 4 o010 =034 mg

et = x= 1
Z 38xasx10°  226x1620 " 238x4.5x10° i

oA ST e P




ivity Radioactivity

———————

-
—— - —

(5

sec per 17, The|Half hife of g U"™ is4.51 ~ 10° yrs. What percentage age of , UM that fxisted 10'° yeary ago still
Survives,
L. 0693 0.603
Sola. Wwa  d48x10%
I N, = number of atom of ,,U* excited 1010 year ago N = N__
Now present, NeNe ™ whero t « 10718 = L. =eM or Iog,» = At
0
» of Ra- No ¢ 0693 «10" Ny _ 0693410
= 23026 reMee—— .. 3 o =)
oo Y FITPRT YON " 23026x45) = 06673
- ;. e —
1e decay ~ = anti log 0.6673 = 4.648 - -E—=0-2IS
N Ng
% of o,U*** now present = 0.215 x 100 = 21 5%
s "t"..\.t-l Xq . e S
18.  The half life of a mdﬁ:ctwe sqbstance ISS'hf W‘hat Wlllbe )ts bnc third life time?
- o
radsalioe Sajn S hrs. Ty "-v;,g;g = _A=2-§9—3~-0 1386 perhouralso ,—N'--e .
. safe fou 5T LT 175 s N
In _N_. = .1 ’;v‘ 4 M ‘ ; At A
op dowr thnscnseNo 3 r‘»-: 5-6 -_-.s3=.o
42.3026l0g45 3
3= b TT———— =
W, R r‘t ': 01386 793
19.  The activity of ccztmnrhﬁ)p nuchde decreases to 15% of its ongmal valie in 10 days. Find its ha!f tifs
Soln. LetN bcthcongmalno ofnuclclanlecﬂ bchmdaﬁcr 10 days. Ifa nstherad:oactwecomtant,thcn
T s sy 5 ——
No 100 _ -
= bg.‘T‘;o,_m 5 La—-—log. ‘°° 10x2 3026 log,oL.SQ 0.1897
0.6931 0.6931
— =36 :
. @ T ey - 365 day
A7 of R
Now:
“"r'——_—.-*_-___--» L ————— e
| ‘
34 mg
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1.

1.

8.

o S ——p——

Which of the following phenomena can be explained by quantum mechanical tunneling through the barrier? |
(i) o~ Decay (ii) Field emission of ¢™* from # meta) surface, (iii) B ~ Decay |
Select the correct angwer using the code given below:

(@) 1, 1i, ii (b) i only (c)i&iionly

(d) i & i only.
20 ' e Tt peree "
0, byy-emission. The multipoles carrried byy are :

(2) E2 (b) M2 (c) E2, M2 (d) E4. ]

Which of the following is true for B-decay of'the neutron? The process

(c) Conseryes parity but violates charge conjugation symmetry,
~(d) Conserves both parity and charge conjugation symmetry,

Consider the alpha-decay reaction, P2 —y pp2% 4 He, where atomic masses are
{Eﬁ v '.MU.MW»W‘LWM?’ S| h'm\'k} g T O OV A Ty e T S T

m(P,) =210.0483 amu ; m] Ptla;:@éb' w@%@%ﬁé”fﬂ#ﬁww‘m”:':"”'ql‘ ]
m(He)=4.0039 amu: ] amy & s ¢

Thekinetic energy of the alphzl?p”;i;t‘iL
(a) 5.4 keV (b) 2.7keY.

e energy spectrum of be£a~p% ticles
(a) parity is violated in beta-dgpaiﬁ L
(c) beta- decay leads to a threg body. %%?K(d
7 :‘;\"".""‘!",ﬁf"z»’ ::‘7“ l*’?i",i M 5
The 0 — 0 gamma transitiomf% ;’cn-p;adejmbe;;_;ﬁ'ﬁgas Rt
(a) photon has integer spin (b) gi@g)on is a massless p cle -
(¢) photon hasa definite polargzatl_q 7 (d) parity will not be conseryed ;'
Ifdecay constant ofa radioactive samplg is ), per minute; then the fraction that decays in the fifth minute is

@ e - G o @ete o (d) gty

Inthe B decay process, the transition 2+ — 3+ is

(a) allowed both by Fermi and Gamow-Teller selection rule

(b) allowed by Fermi and but not by Gamow-Teller selection rule

(c) not allowed by Feérmi but allowed by Gamow-Teller selection rule
(d) not allowed both by Fermi and Gamow-Teller selection rule

|

9. The radioactive decay of a certain material satisfies Poisson statlstics with a mean rate of A per seconé !

10.

what should be the minimum duration of counting (in Seconds) so that the relative error is less than 1%
(2) 100/, (b) 10 /2 (©) 10* /2 @1/ |
Which of the following radioactive decay chains is it possible to observe 7 f
(a) 5 Pb— PHg — % Au (b) %y Bi— %Po— Pb .

(¢) 5 Ra - gRn — 7Pb (d) ‘2 Pb— ‘yHg > AU

ANSWER KEY z
- 4
Questions 1 2 3

Option (c) (a) (b) (c) (c)

9 10
Questions 6 7 2

Option 2 (d) - (c) (a) () (b)

LL &
/

'r



Particle Acceleration

Introduction :

Th.e purpose of an acgelerator of chraged particles is to direct against a térget a beam of a specifi kind
of particles of chosen energy. There ae many varities of methods for accomplishing this task, All using various

Cyclotron : 3
Construction: It con?ts¥ essen;
the dees (D) because & their ship

and slightly separatedfrom eaéﬁ‘ﬁ her 5
an evacuated chambef G and aré
“

circula M}v metal boxes D,, D, which are called
se hollow chambers have their diametric edges parallel

between them. The dees are placed in

pressure

to an rf-oscillator so that a high frequency (10 MHz) alternating potential is applied between the dees acting
as electrodes. The potential between the dees thus alternates rapidly and the electri field in the gap is first
directed to one dee and then to the other. The space within each dee is however field-free (zero left). The
chamber C is mounted horizontally between the pole pieces of a huge electromagnet that provides an ntense
and uniform vertical magnetic field of several tesla. Since the field must be uniform over the whole of the
o dees, the diameter of the poels should be slightly greater than that of the dees, the diameter of the poles
; should be slightly greater than that of the dees.

The ion-source § is located near the mid-point of the gap between the gap between the dees. The ions,
after being accelerated, are brought out of the chamber throught a window P by a charged deflecting plate

to bombard the target. ' '

: Principles of action: Let a positive ion of charge q leave the ion-source between the dees and enter the
. negative dee at the instant with velocity ¥,, normal to the magnetic lines of force. Due to the magnetic field
i . i :

F=qﬁox§ S s - (1)

But B is perpendicular to the force so that we obtain
—— "




T

——— | Fl
(48) 'mg‘ Particle Acceleration

F = qv,B o (2)
Under the action of the field, the path of the particle is bent into a circle of radiusr,

, given by the relation,
2
my,
VBB = —%
A n

-
=] ‘

where m is the mass of the ion (particle).

inside the dee, as it leaves it to reach the £ap, the electric field of the rf-source changes direction synchronously.ir
The particle thus gets a ‘kick’ and is accelerated into the other dee where, because of its increased speed v,}
it moves in a semi-circular path of comparatively larger radius r, given by '

&

to emerge again into the gap betwecp the dees., QR T e
The frequency of revolution of the particle in'the circular orbit is giver by.:
v BEE (TR
2nr 27‘rmy,,l_-_-v m S
Using equation (4). PEELL el SRR
The important fact that emerges from (5) is that the frequency of revolution is independent of (he speed
of the jon and the radius of path in the deés.:So, if the electric field reverses regularly at a frequency exactly

is crossed. ' gt ST L ns e

G2-/~/]

This is called the basic resonance equation for a fixed frequency cyclotron, /* being the frequency of the
oscillator output, ' _ . ' . .
Thus the revolving charged particle is steadily speeded up describing a flat spiral of increasing radius.
Finally, it reaches the periphery of the dees and is brought out of the chamber through window by a uegati\./cly
charged deflector to impinge on the properly mounted target. We shall now calculate the energy of the particle

AU A Saifme

each time the gap

" L e
2m "

Thus, the maximum cn;:rgy that can be imparted to a particle is directly proportional to the square of (1) '
radius of the dees and (2) the magnetic field of thc magnet. o
The energy of the particles expressed in equivalent voltage V is given by




ion,

r path
ously.
eed v,

e speed
exactly
mpuke,

1y of the

A 1 . Ser— e g b

Particle Acceleration

= @
V= qBJr: 2m |

" | ()

Betatron : :

As already indicated, the maximum energy that could be imparted to a particle in a cyclotron is

hmited by

to accelerate electrons as their relativistic mass increase even at low energies is quite h.igh. The above difficulty
Is overcome in a betatron designed and developed by D.W. Kerst in 1941 at the Unuversity of Illinois. In
fact, the betatron was specifically meant for acceleration the electrons.

Basic principle : The basic principle of betatron is to
constant radius by the application of an
field mainly produces two effects.

(1) the increasing magnetic flux produces an electromagnetic fo
orbits and thus increases their energy n each successive orbital
(2) the varying

]
accelerate electrons in a stable orbit of essentially
alternating magnetic field, called the induction field. The induction

roe that accelerates the electrons along their
revolution

n-orbit, simultaneously constrains the electrons
2 ¥

di

ition for'stable orbit of constant radius in a betaton s

FFRNARR ™R T STt fe
- N

Where ¢ is the magnefic flu enclosed by the orbiting el

167 be the radius gfthe eléctron,orbit, the indused émr aisq given by
E=2’,;"X_< ~ LR ey 3

where X isthe induced lectric field- L
Therefore, the force acting on the electron of 'chargg-\e is
l‘ "-.e‘E i —-e'ﬁ'i land2 3
F=ex= 2zr 2ar 2zxr dt using (1) and (2) - @)
Astbcelecu'on.ofnnssmandvelocityvisdeﬂected by magne
m i »

(2

tic induction B along an orbit of radius rn

o (4)
dp dB o
F=—=_{(B =er— i -
ar = g\ Ber) = er— using (6) 5)
- d¢ _ . dB '
Comparing (2) and (5), | - =2wr" — | - (6)
This equation is known as the betatron condition,
Integrating equation 6), ¢=27r*B w (7)

For a uniform magnetic induction, however, the flux would be nr’B

Thus for a stable orbit of constant radius, the pole pieces of the magnet are to be so designed that the

flux must change at twice the rate at which it would change if the magnetic induction were uniform throughout
the area enclosed by theSorbit. - \

The above condition is achieved by desi

le pieces from laminated iron core in which the




Y

the pole pieces being so designed that th

(1) the windings WW through which passes an alternating current to energies the

electromagnet, Tl I R b
(iv) the filament F which is the source of electrons produced thermoinically; The'thermoelectrons are given

an initial energy of 50 kV* by applying a high potential between F and the plate P, G being the grid to focus
the electrons. The electrons aré injected into the ‘doughnut at 2'tjme Wwhen thé‘magrietic flix produced by the
electromagnetic rises from zero in the first quarter cycle, T s the target which is impinged by the stream of
accelerated electrons. } SO T e e b L

When the magnetic field increases from zero to the final positive rraximuum, , the electrons complete emough
number of revolutions (thousands) m the fixed stable orbit gaining higher and higher epergies. When the desired
energy is achieved, the gadius of the orbit is suddenly increased by increasing the flux ¢ , without changing

above is ensured by the discharge of a condenser through the primary of the electromagnet that
the flux without chaning the flux density -~ - . :

increases

Energy computation: The momentum p imparted to an electron of charge e by.a field B is given by

2
2 = Bev
r .
Or, " p=mv=Ber
Therefore, the energy (relativistically) is : £ = pc = Ber_c, ‘
where B is the magnetic field at the end of the acceleration time.

2r f
1 s (2_, .
In a betatron, theaccielgra_tion.time:s ZT whereTlsthc..pemd | mj @ bemgtlr:angula:ﬁequency

i




Particle Acceleration

v 1 =

4 ) T e _
Therefore, distance travelled by the electron in time 2B d= g STCe the velocity of electron approaches
the velocity of light ¢ after being accelerated.

Therefore, Number of revolutions executed per sec by the electron is

- d. me | c
; .- N=—m—x—_=_" N A9
2nr 20 2nr  4Agr
When the flux changes as a function of time, the energy gained per sec by the electron is
dg N o
e;;:e;{-(gﬁo sin o ) [ ¢=¢,sinar]
=ewd, cos wt v

Since the acceleration occurs m tune T/4 the avera

F P

ge encrgy gamcd mn each revolution is
rf4_f_-«f, ” Tl

TI4

[smée;:$/4 2% byeatation @] 720
: Therefore, the total energy imparted to theslectron in n revolution is., -
° E; = mean enetgzpcr rev. X meBcr ofrcvolunons RasE s
(] ‘ . b 2 i

ﬁ Difference between Cjélotrbh and Betatron : L
e ‘. .CYCLOTRON 3 BETATRON
- i Fixed- frequency cyclotron employs no | 1. Betatron, however, employs an
alternating * magnetic  field;  the oscillatmg field which is called the
magnetic field is constant. induction field.
Particles are accelerated in helical | 2. | The acceleration of “the particles in a
orbits and so orbital radius goes on betatron takes place in a circular orbit
mcreasing and equals the radius of the which is essentially o f constant radius.
dees in the limit
A’ fixed-frequency cyclotron is | 3..| A betatron s specifically meant for
i unsuitable for accelerating electrons _ | accelerating electrons
| orbital stability. orbital stability
| This cannot be used as an X-ray.| 5, | This is a very highly efficient X-ray
Y. : generator gererator.
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T SOLVED PROBLEM

ofradmleOmmxs Tesla.
(Given: m, =1.67x10 kg, e =1.6x107°C

(GATE 20141

Soln. -;—mv2=1x106x1.6><10‘19.] ' s

_32x10 [32x108 IS erTaiot
= V= = =v1.91677x10'"* =1.384474x107 m/ sec

m 1.67x107%7
Now, for circular orbit - '

.QVB=E——- ]

(a) electron (b) He

Soln. We know that radius ofthe cirg %

Since, q,B and r are,ﬁxed
vec—2
m

Correct option is (c) _
3. Deuterons ina cycltron describe a circle 6f radius 0.32 mjust before emerging from the dees. The ac voltage

applied to the dees is 2x10* volt at 10 MHz. Find (i) the velocity of deutrons, (ii) the magnetic field and (iii) the
energy of deutrons in MeV: .

Soln. (i) From the relation v =27 , the velocnyls givenby
v=2x3.1416x0.32x10x10° =2.01x10" m/s

(ii) From the relation Bgv = mv?/r , we obtain the magnetic field, B = (mvigr)

Here, v=2.01x10" m/s , m = mass of deutron = 2x1 67x10% kg, r=0. 32m g=1. 60x10"’CE

Substituting these values in the expression for B, we obtain

2x1.67x107 x2.01x10
:1.60x107°x0.32

=mv(2-

x(2.01x10’

So.

L‘

. B= =131T

=2x1.67x107%

gl 01V 10787
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ratio® Particle Acceleration - ) $ia
——-_-.—_-—_-'-' e e = -_— -

_L67x(2.01) <10

e 1.602710 "

lar orbi(§ 3’{ A cyclotronhas a magnetic ficld of 1.5 Whin?, The exteaction radis s O, 5m. ¢ Meists e
. PR

—

MeV « 422 MHz

/ frenpuncry of the ot
4] oscillator necessary for accelerating deutrons and the ener gy N the extracied bemen 7
_ Bg 1.521.62107
§ - Soln.  Frequency, T 2nm 243.04%241,67510°7
« & =11.44%10° Hz = 11,44 MHz i
! b B’/qzr'z

- Kinetic energy of deuterons, W, = o Substituting the grven values in the expression fox W, we g2t

.1:5 *%(1.6210" 21(0.3 7
7 =( ) w{lm80 I is5,00
_2.155x107"
_ -4 1.6X197T% IS AL Gy A,
~ What is the energy to which protons can be accelerated in 4 cyclotron with a dee-dia of 2m and 2 ragnetic
field of flux density 0.72 Wb/m?. Mass of ptoton = 1.673210°7 Jg ’

MeV = 13.46 MeV ..

' .om iy ' ke ¥
- From the relation, T‘= Bgv, we obtain the expression for the velocity

v= M &y % y . y
m . ‘ ” '
. I 5,1 2
Therefore, energy, W, = Emv’;%(qu)

22

{0.72x1.6x10" x1) .
W, = —3.966x10"%

ot

-12
= %’Mélf =24.78 MeV -
LOX

\n alternating p.d. of 50 kV maximum value is applicd to the dees of radius 40 cm of 2 cyclotron by an
scillator. A deuteron of mass 2 amu acquires energy of 4 MeV in the cyclotron. Calculate (i) magnetic field
rength, (if) frequency ofthe oscillator and (iii) number of revolutions which the deuteron hes tomake inside

i¢ cyclotronto gain the energy. 1 amu =1.6x10%" kg, g =1.6x107°C

v quzrz l
2m
B = the magnetic field and r = the radius of a dee.

. . -13 -7
=2”Gm_.§2"(4"'1'6"10 Ju{zxl a0 )=1.0 © B=10Wb/m’

2
P

/4

k

BZ

qgr?

i

Bg . . 10x1.6x107"

= o= - = =8x10% ¢c/s=8Mc/s
2rm 2x3.14x(2x1.6x10' )

“2 RCSOD.BH_CC ﬁ'equency’ f

W 4x1.6x10™" .
T 2qV  2x1.6x107° x50x10°

{11) Let » be the number of revolutions, #




Nuclear Reactions

When two nuclei come close together, a nuclear reaction can occur that results il nuclei being formed. Nuclei }
are positively charged and the repulsion between them keeps them beyond the range where they can interact :
unless they are moving very fast. In the sun and stars whose internal temperatures range up to millions of
Kelvins, many nuclei present have h] h enough speeds for reaction to be ﬁ'equent In lab it is easyto produce

SeUP T RO 3 W Lo & N T LT AR R,
nuclear reactions on a small sg &g th___, sparticles:on‘with p or ea ier nuclei accelerated in
various ways : :

(ii) Inelastic scattering: In inela ; mg :
different energy, as there 1s ergyid Sollisior idual:nucleus which is the same as

target nucleus is left in an excited tate” so that th&process can be repr;: nted as X(x y)X An
example is the collision of fast neutrons W1th U-238 R g

(iii) Radiative capture In radlanve capture the mmdent pamcle is absorbed or captured by the target
nucleus to form the excited compound nucleus which disintegrates to produce one or more y— photons

and goes down to the ground state. The process may be represented as X(x,y)Y'. Example:

% U235 an' 5 U236

(iv) Reaction of transﬁ)rmatlon Here the onconmg pamclc is relamed in the nucleus and the. compouud ;

’Be(a, n) o . ;
(v) Photo-disintegration: In photo- dlsmtegratxon, a very energetic photon is absorbed by the target.
nucleus so that it is raised to an excited state and subsequently disintegrates. It can be represented as;

X(7.y)Y. Example: H?+y—— H'+ n', " '

(vi) Stripping reactions: In stnppmg reactions, one or more nucleons from the projectile are captured byg
the target nucleus, the remaining stripped nucleus is emitted in a different dircction.
Example: ,,Cu® + d* —— ,,Cu® + H'

(vii) Direct reactions: A collision of an incident particle with the nucleus may immediately pull one of the
nucleons out of the target nucleus and is called ‘pick up reaction’.

Exampler H'+ ﬁC‘” — 4%+ 12 ) 1 _
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30 't ]
(m) Conservation of energy (including mass onergy) (iv) Conservation of
(v) Conservation of angular momentum
(vii) Conservation of isotopic apin

alomic number
linear momentum
(v1) Conservation of parity

L ]
Kinematics of nuclear renctions:

Let a particle of mass m_moving nlong x-nxis with velocity v, collide elastically with 4 target nucleus
of mass M, at rest. Due to the nuclear feaction, the product nucleus of mass M,,is scattered at an angle
with velocity v, and the produc Ic I8 emi itk i

¢ y v, and the product particle of m, i emitted with velocity v, at an angle g

From the law of conservation of linear momentum along x and y directions, we get !
Myuy cosg+m v, cos v m, V|

~Myvysingamy sin0 =0 |

NI

. i MW o
i Lt g ; g “,r’.q ik S

P MYy sing s myising oo
B Ll FAN. PN I .1':‘"‘," s

LA
“f.:-

i ANy ol TN L BT A Y L/. WA ‘-,('i’w. V
. " ;‘:,"".- wgt s L ‘ AL Y
Squaring the above two equations and adding, we obtain  *~ /'~ -
ﬁ, ‘\_.' ‘ & LY, . U _'."._ ie
CA Y R ) s B O o i S s .
_ \'4__’M,v,, =Myt myvy=2mmy,v, cos0
Or, C2MKy =2m K +2m K -4 mm K K cos

oty i

] " : . ',.- e 3 A 4 ; ) ¥ 1 L
since, non-relativistically, K = kinetic energy = Emv,!?’ i

1 Ky 2 K, +‘M” K, - 7 ,/m,myK‘Ky co§9

- . 1y Y Y
But, 0=K,+K,-K,

Jwﬁ—,/m,mszKy cosd

4

This gives the Q-value of the reaction in terms of K , K, and 6 without involving the kinetic energy of
the recoil nucleus, K, and the mass M, of target nucleus and is called the standard form of Q-equation.

. m
o 1 1 H . = K |+—%|[-K | 1-—=
Ifo= 90‘ 5 the Q-eXpress%on simplifies to : g=K, ( M, J x( M,}

- If Q is negative, it gives the minimum value of threshold kinetic energy to be given to the incident particle
for an endoergic reaction to proceed in the forward direction.

® Q-value and threshold energy of nuclear reaction: o _
The law 6f conservation of energy and momentum imposes certain restrictions on the reactions. Thgsc
restrictions are caligd the kinematic restrictions and this mathematical methods is known as kinematics.

e

x+X—3y+Y o
Where x, X, y and Y are the bombarding particle, target nucleus, outgoing particle and product nucleus




———

Muclear Reactions

| | dom

respectively. It is assumed that the target nucleus is i rest Bince total energy i ru/;rw}wi in the nucleay
reaction, therefore we get, .

2 7 ) W ! J 7%
(mxc 1 l..)1 Myc --—(l‘,y e )4(}',., t M. )
E,,E, and Ey are the kinetic energics of respective particles. :

Now the quantity Q=E, +Ey ~E, — (= (m‘ *My -m, M‘{)c"‘ f
Where Q is called the Q-value of nuclear reaction,

(1) If Q is positive,the reaction is said to be exoergie (exothermic) and
(i) If Q is.negative, the reaction is called endoergic (endothermic)

A

The minimum K_E. required for incident particle (x) to start the nuclear reaction is called the threshold '5

energy (E,)". The relation between Q-values and threshold energy is: '

i
¥

%

iAW SR WA LN B g Lt a1 h e o5,
g B M) el i v
X :"‘ AT Ph ;
: «:Jfﬂ”/"'m’ . R Pl

P
i3
i 1‘{4?}.
PR

If EY =0 for exoergic of -é}(ﬁihenn_i_cfrejami‘ons,i,,i;,’th'cse reactiofi are spontaneous process.

B

® Mechanism of nuclearéire ct
* Transmutation by proton

—y2 He? 45 He*

i) 5P 4 (i

(iii) 4Be? +H' - (5510) "o LI 45 Het () 58" 4 H! '*_(5012) 4 Be® +, He*
(v) 9F19 + H > (10N32°) —>BO16 +2He4

(b) (p;n ) Reaction:

) . o 18 19) . 18 1
() 5B +H' > (6C'2) +5C""+ o1 (i)) 60" +1H' —(gF"®) "+ on

3 : 58 59\ 1
(iii) 11N323 +1 H1 12M924) '—)12M923 + 0 n1 ; (IV) zaNl +q H — (zgcu ) —)29Cu58 + 0 n
Znss) -30Zn% + gn'  (usually endoergic)

. 9, 8, H i
(i) sLi” +H' >3 L & H2 | (i) 4Be” +1H' —4 Be” + 4 '

(d) Proton capture: -
.Compound nucleus in excited states come to ground state with y—ray photon.

” 13
@ o7 H > (iN) > N

-
(¥) 20Cu% +1H' 5 (39

. - 8
(i) sLi7 +H' —>(4Bea] — 4Be” +y

a - 5 g 1 { 20 ¥ N 20+
15 15 iv) oF © #H —{1gNe” | — ;oNe® +y
(m) 7N14 % H1 —'(80 ) — 80 +7 ( ) 9 \ )




Nuclear Reactions

e , .

(V) 1A% 4y H' (14Si28) = 145 +y (vi) 24Cr>° +H' ‘*(25”"51) = 2sMn>! 4y

Ifincideqt proton has an energy (> 20 MeV) the compound nucleus has sufficient excitation energy to
permit the expulsign of twe or more nucleons.

Neutrons have no electric charge and can penetrate +vely charged nuclei without any experience of
repulsive electrostatic force. P

(a) (n—a) reaction:
With slow Neutrons . 3

w16 1 7\ "
@) 5L+ on L)(3L"7] 1 H? 4+ He (ii) 58" +4n' - (5811) -4 Li7 +, He?

27 g\ . -
(lll) 13A] + 0 n1 - (13AI28) 241 N324 +9 He4 (lV) 7N14 +9 n1 -3 (7N15)

e SO

(b) (n, p) reaction

=

: Proton in the nucleus is replaced by.
decreases by one-uni £, SR 2

Srg c14 +H + Q follqwcd’ﬁ,y Bqﬁ —>7 N™ 4B~ +Emay

(ii) sHe*+ gn' o> ( éHé“') -y W4 H' 4+ Q followed by: H 5, He® +B” +Epax

(i) N +gn' > (7N

(iil) 17C|35 + 0“1 - (170'36) - 16 335 + H1 +Q fOllOWed by 16835 - 1TCI35 +B_ +Emax '

With fast neutrons: _
- 7 1 . 32 1 33\ 2
] 13AI27 +0 n' —41>‘,AI28)4 —+12Mgz7+1H1 (i) 1S™ 4gn »)(158 ] —15P" +1H

11) 29 0 29 —>2gNI™ + 4 1V) 30 o 30 =gl + 4

(¢) (n-v)Reaction:

' 5 2 2 1 3
(i) 1H1+ 0n1 —)(1H2) - 1H2+'Y ) (ll) 1H + gn -')(1H ”

Product Nucleus is Radioactive:

' . " 15 1 /
1 104 104 In'° 4 gn -+fv
(@) 4sRN1% + gn' > 4sRh ) > a5 RN 4y (i) a9 o § ‘v' )
' & o
' : 65, o1/ &
(iif) 0,02 +on' _,(92U239) 59Uy (V)20 +0‘?,« F 7
, .
. —edteron
198. ' ‘
65 ¢ nf ( Au“’a) — 79 AUy w4
(V) 79AU™ ¥ o {797 e Ay

t —

7 -
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(@ (n—d) and (n - t) reaction: Bombardment of 90 MeV neutrons: ,N' + on' 5 C2 4+ K

(¢) (n - 2n ) reaction: one neutron captured by nucleus and 2 neutrons are emitted. Q < 0 fast
neutron are needed . Most cases residue nucleus unstable -followed by positron emission.

@) €M+ oo :—)( 6013_) —6C"42 g (i) 1QKSS’ g0t '->(1QK_4°) —>19 K3¥ 42 !

(ili) 518'3121 + Dn1 b d (51Sb122] —51 Sb120 +2 On'1

(f) Neutron - Three or more particles: Incident Neutron ~ 30 MeV sufficient energy to overcome
coulomb Barrier, 3 neutrons or even 2 neutron and a proton are ejected from compound nucleus,

Neutron (~ 100 NJeV) Nuclei with moderate mass no. undergo spallation and those of high mass no.
eg. Biand Pb suffer fission probably accompanied by spallative.

|

|

& I

. ‘w’itn-'f A Hn‘-sw-w‘-m*- W!“km“k\Am !

® (3) Transmutation by Deutg:on ‘g
(a) (d-a)reaction 2: ',

) (l) 3Li6 + 1H2 - (4Bea) "') 7 N1‘ + 2 He4,
]

: (iV) 12M926 + 1H2 o 4 (13All‘l

(V) 13A‘27 + 1H2 —)(143l2é

() (d = p) Reaction: Is'-ot‘(:)pe'_fcr»eaﬁ_;in
3 jrape £

F e Thggthe g Ee WA Tig ey g GEE e
(i) 6C12£1H2_’(7N14) +gC4qH - (i) oL+ H —)(.;Be ] > g LB+ 4H

i - M, 2 33\’ 2,
(iii) 11Na23+1H2—>(12M925) -)1.1N324+1H1_ (}v) 1P + {H —)(168 ) - 45 P +4H

-

i 115,
(V) 4BCd114 + 1H2 o 4 (49“'\116) - 48 Cd + 1 H

: ! 210 | i
(vi) 835i209 +HE > [MPOZH) — g3 Bi®" +4H

() (d = n) Reaction:

: 1 o9 a2 (eM) L B4 o
0] :,Li7+1H2 —>(4Be9) - 4Bef+gn - (ii) 4Be” + H —>(5 ] =5 0

When two Deuterons Interact both the (d, n) and (d, p) reactions have been obtained.

H +1H3—)2He - 2+ H +4.02MeV

1 r
(lll) 6012+ Hz—)(7N14) N13+0n

- 2He + 0n +3.25 MeV
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Nuclear Reactions

® Nuclear fission and fusion : ‘ v
Fission and fusion are two processes that alter the nucleus of an atom. Nuclear fission provides the
energy in nuclear power plants and fusion is the source of the sun’s cnergy. The use of fission in power
plant can help conserve fossil fuels. Without the energy produced by the fusion of hydrogen in the sun,
the earth would quickly change into a cold planet that could not support life as we know it.
Nuclear transformation always obey two fundamental conservation laws
(1) Mass number is conserved
(u) Elegtric charge is conserved. .
Energy and mass arg not conserved but can bhe interconverted according to Einstein’s equation.
M2
3 E=MC
® Nuclear fission: :
The process of fission occure when a nucleus spits into smaller pieces. Fission can be induced by
a nucleus capturing slow moving neutrons, which result in the nucleus becoming very unstable.
Unistable
. nucleus’
-] P ey T u e - . PR
The following equation represent fission reactions v
Ug + 'my —1"Bay 47K+ 30,
By, + I“d"-‘f‘“-“’ -.”_7'1}:52 _-1-}”_25!,J +2'n, ,
JJSU” + lno —_ lssz“ + Schn + 3| no
135ng+ ll]6 — l]lSnso % 1‘2!3]\/1042 + 2In0 kr
® Fusion: ' ‘

Fusion occurs when two nuclei joint together to form a large nucleus. Fusion is brought about by
bringing together two or more small nuclei under conditions of tremendous pressure and heat.

- Deuteriumg

P
H

Fusion
reaction

n




Nuclear Reactiong

The following equation represent fusion reactions N
*H, + "H,— H, + 'p,

'H, +°H, 25 ‘He, + 'n,
"Hes + "He, —— ‘He, + 2'H,

* Condition of fusion reaction of heat :
Thermal kinetic energy = Coulomb’s rcpulsmn

3 1 qq
—kT = —- 112 .
= 2 4ne, rn\l e

Cross-section of nuclear reactions (Classical):

One of the most important parameters in nuclear reactions is the reaction cross-section, symbolised by
o . It is quantitative measure of the probability of occurrence of a nuclear reaction,

Let a parallel beam of N monoenergetic particles be incident per unit time normally on a target foil off

surface area A and tlnclmcss';‘A"  Baving i iaclei perumit Volurie, /',.Now the number AN of nuclej

in the fojl undergoing nuclcabr _g:tlon-‘wﬂl be pmport;onal fO:El)‘
number of target auclei contaﬂled in the the foil." e %

Therefore, number of nuclel transmuted. AN o« —nA.Ax Ty

= nNAX

Figure: Nuclear réaction
cross-section: bombardment
of target foil,

where n; =n.Ax, the number of nuclei per unit area of the target foil used.
The constant o is called the nuclear reaction cross-section. €

Therefore, nuclear reaction cross-section, Na,

The probability of the incident particle to interact with the target atom will be equal to

number of interact particle

Pe number of mpldent partucie
If dN is number of interacting particle and N is number of incident particles, then

-

gyofmebwmmd(i)ﬂu

t
[
|
5




Nuclear Reactions. @
\

dN ’}d I" N
P=|—=0ondx | = —= | ondx :,£n|:_,_ =—on(4x :?__}i: —
N Ng N 2=z 0 ( ) Nﬁ =

N;Nne~cux il

@ Neutron - Proton Scattering at low energies

* Nucleus is a bound system means attractive force exists b/w neutron and proton.
In scattering of free neutrons by protons a parallel beam of Neutron is allowed to Impinge upon a target
containing hydrogen atoms and no. of Neutrons dejected through various angles is determined as a
function of Neutron energy.

* Since neutron havéno charge, they are unaffected by the electrostatic field and their scattering will
directly reflect the operation of nuclear force.

- ® . - .
Two kinds of reactions can be mnvolved in Neutro

AR R

n-proton interaction

‘:! Zy ] s % >
competing radiatiy captur ases with'=" - neutron velocity
4 K T e AT e

In practice proté Sare bo cleus the chemical binding encfgy of the proton in a molecule is about

0.1eV.  : #m 7 L, P
Thus for neutron’e fgy >.1¢ protoncanbeassuq;cdfree This sets lower limit the neutron energy.
If the neutron energy is less than 10 MeV, only the'S-wave overlaps with the Nuclear potential and &

scaftered. ¢’ L BRI g e
In the centre of miass s ygtém;-thg,.;schrd"cling‘fgigé_,_i‘j}l@fi__(’jﬁ;fq‘r’t'h'dtwo body (n —p) system is

¢ ¢

. M ) -,".:':"’.” .
- IUAVER R —E-r) ¥ =0
Where M = proton or.Neutron mass =2 x reduced mass of the system.

E = Incidént K.E. i cm System = > (Incident K.E in L-coordinate) and V(r) = Inter Nucleon potential .

energy. : _ o _
At large distances from the centre of scattering the soln of this equation is expected to be of the form

W =@ (F)+ 4. (7) ¢, =A ¢'®™) incident wave function

¢.= scattering‘ wave function

i(k-7)

e

=By A1 (6)

r

where, 1(8) is the scattering amplitude in a direction ¢ and the differential crosssection is given by

do 2
) =|7(6)
If we assume that the f)‘ot'enéial is spherically symmetic and scattering is ellastic scattering, thenampiitude

i1s given by

f(8)= li(%ﬂ 1)e* sin 8,p, (cos6)

£=0

Total crosssection is given by | .




¥, ‘ E * Nuclear Reactions

o= [l7(0) 4
— o=2rx _ﬂf((?)rsinﬁde
S o= eeensin’s,
ES

Scattered spherical

. _ Detector
Incident plane wave

v

YYYYYYYYYY

RS RAT t tte a

tlc-scattcnng, scatte

s =5 (2112 (8)

And the total cross-section is given by

v

0',0, 2” (2£’+1)(l 1, cos (26, ))

5 I |

* 1, =0 pure inelastic scattering. - 5

1, =1 for pure elastic scattering.

wnpp—y gty

Scattering length:

For neutrons of very low energy scattered by free protons x is very large and hence k is very smal f
I8 , : 2.2
we have () =Ek—sin50 and scattering cross-section oy, =4mA" sin” §

o




KeacrLons
gloaf 1™ LS

it a8 k> 08, must approach zero or 1(6) would become infinite.
\ y : "‘"—"-iﬁo . _.‘ &
« Forlow energy néutrons f(0) can be written as f(e) lin e
8p-0 K k

where qubintity +a is called scattering length.
«  The zero energy scattering cross-section is o = 4na” (Identical to impenetrable sphere of radius a)
@ Dceuteron: ' )
Deuteron is the only two-nucleon bound system made up of a proton and a neutron. The two other

possible two nucleon system the Diproton and Dineutron do not exist % bound system,

. p;xpcri‘nu-..ntnlly Determined Properties of Deuteron
(i) The BE of Deuteron is very small . Its value is 2.225 + 0.003 MeV. This is very less as compared
to the stable nuclei. i.e, 8MeV, hence loosely bound.

(i) The Angular momen.tum quantum no ., often called the nuclear spin of ground state of the Deuteron is
I It suggest that spins are parallel (triplet state) and the orbita] angular momentum of the Deuteron

n

about their m'ﬂl%féﬁgéﬁ'@fzm'és?'ié‘"z’é’ﬁdﬂ"-’l’-hi§§t}j§j§‘rﬁﬁhfg%sta{§ i3S state.
i B ;’:5 AL 5’;

v

O he proton(2,79275; uy ) and Neutron (-1.91315 uy),

by 4l
(iii) The sum,of the, magnetic
11 WAy i
do not exactly.eqiial-to mé :
5 e

SR

dipgfé o
PR

Pl )

ol T H ¥ ”..v. e R iy o 3
gugt;p,{ng;};pnt of Déuteron (0._8, 351y)

e e,

(iv) Deuteron has small but +ve Guddrupole morment Sighés
has the probability of finding in the niéxt higher staté ., 2D stat

of 3S and 3D staté

e also. Hence and state is a mixture

9
“

v R XY

S A A 5 , , .
(¥) n-p Combination, 7 tron is:uncharged hence the force is not electrostatic, mass is less hence no
gravitational , must be of nuclear origin and assurfied to be central and attractive. This assumption
somewhat disagrees with the experiment (central). = '
Consider the exarriple’ Hp =2.79281£0.00004 im ‘and y, = 1913148 £0,000066 nm
The fact that pq thn~Hg %0 although small. suggests the Deuteron may not be fully described by the
spherically symmetric 35, state, '
Moreovet is nuclear force if due to the exchange of Mesons, the magnetic moments of the Nucleons
where in the free state may not be same as when in the nucleus. Correction to magnetic moment due

to Mesonic current.
D-state contribution can be considered by Non-Central Tensor free.

By Assuming Central potential.

- 2
Schrodinger equation -—:—lz V2 (r) +v(r)y(r) =Ey(r)

Mgy,
where reduced mass H= g =M/2

p T My

A ) ()= Eulr
Moz T (r) ()‘ Eu(r)

Now equation can be written as ™

: (f) and E = - W = -2.226 MeV = binding energy of Deuteron
T

where WIT) =

W
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* Various types of potential o
Square well potential Vir) = -V, r<p
={ fsr *

0
Exponential V(r)=-Vy,e™ | Gaussion. V() = -V, o2Ing?

‘VO e—rl )

rlro

Yukawa V(r)=

*  Ground state of deutron (,D?)

Deutron is a single two nucleon (one P and One .0) bound system which is found in nature. The
important experfmental determinal properties about deutron are given below:
() The B. E of deutron/nucleon is very small compare to other nuclei ie. it is a weakly system.

(i) The ground state spin of deutron I;=1 (ii}) The ground state parity of deutron = even )

(iv) The quadrupole momento of deutron (Qd) #0

R At

(v) The magnetic moment of deutro 1§s]1ghﬂy dlﬂ"erent from'th

L -

AT R N AR

c'mag. moments of neutron

+ proton i.e. (p.,, +up)

;-u‘ e

f:3s" & D states in which

These factor représents that the
ki =) (=)

3¢ contribution is 96% an :'5_contr1butlon is only 4% e 55 I; _
This indicate that nuclear force are non-central as L:t constant and they are spin dependent. In
deutron both p and n have g spm parallpl to each other. o LT

+  Schrodinger w, ve equatlon “for Déttron’ and ifs solutlon for centra] i‘orce (L=0):
As deutron is a bound system, let us con51der the Tase of rectangular pot well represented as

: B S R
=0 elsewhere
—VO .
’ : : 205 V)0 ’
The schirodinger equation is W+h_(E Yy = |

ut

(m 9¢)

(T,B‘b ZR r)th Gd)) Z

m,m
where reduce ass " m, /20, ~ 1,

For féo. We get, | k,cotkb=-a
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as E, is very small, then an approximate solution of equation is obtained as cot }—-(V -E4)b—>0

M
=% _ cot, ’?Vo.b =cot?,cot31) ...
: & : £ -
A mmunum" value of V, can be obtained by setting b, ’%V(,m = %

n2h2 = 2 &
= VOm = W = VOrnb = [ constant
Vo ~25MeV is obtained by putting b is 2x1075 m *

The exact solution of equation (9) is obtained by graphical method in which Vom ~ 38 MeV
. m i

1 The threshold te [GATE 2005])
can occur is (use e*/4
(a) 1.28 x 10" K (d) 128 x10’K

Soln. IfTbethe threshoki ¢
3 ?: 15 | -13 -‘
Ek' 1.44x107° x1.6x107™"° Jm
g
0 L i A (3)" m
- 5 38x10’”x24x1 44x10ﬁ5 o k 1. 38><10 kgm® sec™ K-
~128510°K © ¢ e l
Correct option is (a) ' ‘
2, The energy released in the fission of 1 kg uranium (approximately [in Joule]): [GATE 2008]
(a) 10 (b) 10" (©10* (d)10°
Soln. We know that binding energy per nucleon of uranium is 7.6 MeV and binding energy pet nucleo of daughter
nucleon is 8.5
Therefore, energy rdleased from 1 kg uranium
» 23
=(8.5- 76)x235x6023 510 x10°x1.6x10™° =10 Joule
2 :
Correct option is (a).
f Barium
3. Inanuclearreactor, Plutonium (5 Pu) isusedas fuel, releasing encrgy by it8 fission into isotopes 0

' i TIFR 2011
( ;:sBa) and Strontium (;’,Sr) through the reaction | - ]

91 !
I;EBH + 51 Ixqn

239 1
wPu + o0 .
- —.al:Adac ie miven in thetable below :

- . ~al




e

Soln.

Soln.

Soln.

Soln.

—

$. - @ - Nuclear Reactions

, Nuclide | P l 1§Ba\| géér
"BE: per nucleon (MeV) | 7.6 | 82 | 86

Using this information, One can estimate the number of such fission reactions persecondina 100 MW reactor
.as e ) b

(a) 3.9x10'® (b) 7.8x10" (©) 52x10° (d)5.2x10" (e) 3.9x10i’
Energy released from one platoniumis

=(8.2x1468.6x91-7.6x239) MeV

=1197.2+782.6-1816.4
=163.4 MeV

=163.4x1. 6110 * joule
Let N be number of fission that to be place w1thm second. Th

4 AL S b o i‘,.l‘)
* Nx1634x1 6x1.9 100)(10 watt

=
Correct optionis (a)
Consider the process p +y ' ——)7z+ +7 E The rmmmum‘l"":"_, tic energy of the'mi

mass frame required to produce the plon L ) paus at rest is

(Given: m, =105 MeV /c?, m =140

According to energy conservation rule e Y
(K.E. + restmass energy)parent = (K.E + restmass energy) daughter

= (KE) L xB=04(M, - M)xz

= (K.B.)w, =(140-105) =35 MeV /c*

The atomic masses of ‘2 Eu, '225m, |H and neutron are 151.921749, 151.919756; 1.007825 and 1.008665
in atomic maes units (amu), respectively. Using the above information, the Q-value of the reaction

' By +n— '2Sm+ pis x 107 amu (upto three decimal places) * (GATE 2015]

0=(Mp, +M,)-(M.. +M,)

=(151.921749+1.008665) - (151.919756+1.007825) =2.833x10” amu.

Correct answer is (2.833)
MeV when 0.1 kg of 7] i is converted to “He by proton bombardmert;

rated in
Calculate the energy gene ' in amu. are 7. 01 83, 4.0040 and 1.0081 respectively.

Given: masses of 'Li, “He and
JLi+H=2 ;He+d'
Masses of the reactants = (7.0183 + 1.0081) amu. = gggg‘é a.mu.
Masses of the products = (2><4.0040)_ a.mu. = 9. amu.

=(.0184 a.m.u.

B
*

Therefore, Difference




mererore, e amount ot energy liberated js ST T Ty T Me rurul-kg of L,

g 010184 =0.1x0.0184x(3x103)J 0.1x0.0184x9x10'¢

g
—MeV =1 25
70183 7.0183 70183x L6108 eV =14.74x10% Mey

Calculate the binding energy in MeV of *He from the followin da 4
ta: Mass of “H
R of 'H = 1.008145 a.m.u. and mass of a neutron = | 0083986 a.m. uS T 4M.U; mass
3 301“ A *He-nucleus consists of 2 protons and 2 neutrons.
Mass of (2 grotons + 2 neutrons) = 2(1,008145 + 1.008986) a.m.u.

. . =4034262 amu.
Mass of *He-nucleus =4.003875 a.m.u.

—

Therefore, Mass difference = 0.030387 3 a0 a.m.u.
Binding energy = 0,030387 am.u. x ¢2= (931,(0 030387) amu = 28.29 MeV

Calculate the threshold energy for the nuclear reaction ' “N(n, a)t 1B jn MeV

Masses of reactants = (14 007550 +1. 008987) ] 1 5016537 amu. *
st Masses ofproducts —'(4 003879 + 11 012811) a. m ; 6690 a.m.u.
- Therefore, ,

Q=(15.016537~ 15016690)amu——0000153amu ="’_}0000153><931Mcv O AN

= Eu, —Q[ ()] 4(1+ 008987]M6V 014[1+114]M6V =0.15MeV

M(N) 14.007550°

" Find the amount of energy in Joule released during the process in which 0.001 kg of radium is converted
into lead (masses: *** Ra = 226.0955 a.m.u., 2% Pb = 208. 0386 amu. and o —particle =4.003 a.m.u.)

: Soln In the conversion of 1 atom of *Ra intp 1.atom of 2"ﬁPb So.—particles are emitted in all,

Initial mass of Ra = 226.0955 a.m.u.
Final mass of 2Pb = 206.0386 a.m.u.

.. Therefore, - Difference in masses = 20.0569 a.m.u.
: Mass of So.— particles = 20.0150 a.m.u.

Therefore, Mass converted into energy = 0.0419 a.m.u.

6.023 x 1023

Now 0.001 kg (= 1 g)Pf radium contains — o Ra —atoms

.....

= | 6.023x10% x39%1.6x107
6.023x10% x39 MeV = Y

g?lerefore, 'I’otal energy released, E = e eV = 6
=16.63x10° J
Lol The Q-values in MeV of the following three reactions .

2
% 24ulH o OH+ H; PH+PH o H+n and [H-> sHe+f
£ ‘are 4,031, 3.265 and 0.0185 a.m.u. respectively. Calculatc the mass difference between the neutron
2, and the hydrogen atom from these data.
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Soln. We have: Q; =4.031 MeV = (mass of 22H — mass of TH - mass of {H) x c?
Q, =3.265 Yev= (mass of 2/H —mass of 3H ~ mass of on)xc?
Q, =0.0185 MeV = (mass of JH —mass of ;Hc)x ¢
The mass of B~ is too small to be taken into account and has been neglected

= Q-Q+Q;= (mass of yn~mass of }H)xc2

Therefore, Mass difference between neutron and H-atom is thus .

Q-Q,+Q, = (4.031-3.265+0.01 85)x931.5 MeV =0.7845 MeV
Mass difference = 0.7845/931 a.m.u. = 0.000842 a.m.u.
11.  Calculate the Q-values of the following two reactions

Given M(7H)=3.0169982] Epi(2 1) M(3n)=1.0089832,

,?é ‘S%"’: ﬁ-x‘ R \i-;_\_»._‘ N %
e P

the reactjon is exoergic or.endoergic,:
) g @_‘_’

a.m.u. Indicate aiso if

1
<
B 70 %

AT ,ﬁg,,:
Soln. We have Q= (mass of reactantS==mass ofipro
e E R T )
s .

g ;@w’% :

il
=[(3.0169982 + 2.0147361
= Q=0.0188784x 93148 MeV = +17.

& .

]
e

57 MeV. Reaction is exoergic.~

(ii) Here, ~ Am= [{ M(* He)+M ( N)} _{M (v o) M (lH)H
=[(4.003872+14.003074) - (16.999133+1.007825) |a.m.u.

=(18.0006946—18.00695 8) a.m.u.=-0.000012 a.m.u. .\

= —0.00051'2x 931.48 MeV =-0.11178 MeV
So, the reaction is endoergic.
Assume that 4 hydrogen nuclei are used ta form a helium nucleus in the sun to provide the total energy to
it. Calculate (i) the energy released when 1 gm-atom of hydrogen is fused to helium, (if) how much hydrogen
is to be converted to helium in the sun per second, given: mass of hydrogen nucleus = 1.00813 a.m.u, mass
of He-nucleus = 4.00386 a.m.u, solar constant = 1.35 kW.nr2. earth-sun disgance = 1.5x10" km and ther¢ |

is no other loss in the energy radiated by the sun. £ 00356
Soln. (i) Mass of H-nucleus.= 1.00813 a.m.u; Mass of He-nucleus = 4. a.m.u. ]
Therefore, Mass difference on fusion = (4x1.00813 - 4.00386) a.m.u. = (4.03252 - 4.00386) a.m.u.

0.02866 a.m.u. . . .
Therefore, Energy released = 0.02866x931 MeV =26.68 MeV. This amount is released due to fusion of

4 H-atom into helium.

12.
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13.

Soln.

14.

15.

Soln.

16.

Therefore,  .Energy rclcamd due to fusion of 1 gm-atom of H

= (26.68 x 6.02 x 10"/4) MeV = 40.15 x10® MeV
(1) Energy released on fusion of 4 H- ulom, Ei = 0.02866 a.m.u.xc? = 0.02866 x1.66 x10-? kg

= 0.02866 x1.66 x107 x(3x10%) J = 4.28x1012 ]
Therefore, Energy released per H-atom = (4.28%10 I’/4)] =1.07x1012 § *

2
Total energy radiated per sec. from the sun =1.35x10* ><41tx(l 5% IO”) =3.82x10% ]

26

Therefore, required mass of hydrogen = 3, s7x10“ x1.00813x1.66x107" kg=5.97x10'"kg

Therefore, number of H-atom required =

Consider the nuclear rfaction N'* (,p)0"". Mass of neutral atoms are given to be
H =1 007825 a. mu ' QHe_ ;—.4} 002603 agm.u.
N {:_145603074 amu, } '4 g)gfm
determine the Q. valut Qf the reactxon m Me\7 Galcu1at ; e',thresh(ﬂd K E. of a-particle for the reaction.
NM QHC ——-—) 1H1 80” i x
N M

' o

Reaction _

oy wugb it A
o ST
¢

Q=(Ml+m ~My - m)

E"“—-»Q[ m MY }

(0 001279am.u) =-0.001279x931.5 MeV -

" Complete the following Nuc_lear' Reactions "

: - S T 4 1
(D) 1TClss+?;—>16832+ 2He4 (Ans. 1H1) () sB™ +7 = 4Li" + 5He [Ans. on ),

. 27 1 27 1
(iii) 3L|“6+?-+4BeT+ 0"1 [An& 1H2.) o . (V) 13A7 + " > pMg™" +? [Ans H ),

~
1

(V) 4899 + 2He4 - M 0 n1 (AUS. 6C12)
: 4
(vi) 3Li7 +proton - o - particle + 7 (Ans. a - particle ,He )

. . ) 3
(vii) Deuteron + Deuteron —. proton + ? (Ans—trmum, H )

Complete the following disintegration reaction by substltutmg the proper nuclide or particle for the question
mark in each case.

20
) 4SP(mp)? (i) oL (p7)? (i) 13AP (@p)? (V) 1Na™ (R.7) gNe
) 13A127(?.. a) ;,Na: (v) 5B (2 a) LT (vii) 11Na”(d 7),,Mg®*

. A
(1) 13:‘“28 ‘ (1) 459a (i) 44 S.iao | (iv) 2H34: ) 0“1 (vi) 0n1 (Vii) gn

Complete the following Reactions
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Soln.

17.

Soln.

18.

19.

Soln.

20,

() H' (n, ¥) ?Gi) L (p, 7) Be’”  (iii) N (2, p) O'7  (iv) ?(n,p)Na*

(i) 4H2, (i) on', (iii) ;He? and (iv) ;Mg

An o -particle with K.E. T, =7.0 MeV is scattered elastically by an initially stationary L# nucleus. Find the
K_E. of the recoil nuclers if the angle of divergence of the two particles is 6 = 60°
Initial momentum of « - particle is J2mT, i

Final momenta are resp@ctively Po and py;.
Conservation of momentum reads

_
Po+PLi=y2mTgi = pl+pl+2p,pycoso=2mT, (1)
Where ¢ is the angle between p, andpy, :

2 2
Energy conservation: 2—;1 + -;U—w =T, = p+ %PEI =2mTy  ..(2) .

Where, "~ m = mass of g
. Es

e ’sw‘f—.Li&-:-N-av.‘s:.'nm.‘:’::l‘-:.‘ AVARLY EONRI S I
O T 8 B B SRS

AR A

]pu:cr.;?-ﬁg;e-?é_

= Py = —1[1—5]% secO

2 A :
Now p,.p,; are both +ve nm?; Hxag‘ﬁﬁudgsq ‘ V " 120080 <0 if
[n<M ": .\‘. ." B :-
"2 % i
. PLilg, M2 2
Thus we writes, ZM[H 2 (1
Hence Recoil fLi nuclep—' — &
ence Recoil cnergy Of LI o™ ity iiahia |
B, Ao b el AXSe i8R B T 0 S |
TR LR L e R 4£I'IM ) V; R yr;‘ll
Putting, 6 =120°, we get recoil energy of Li = 6 MeV.
Write missing symbols, dénotcd.by x in the following nuclear reaction:
(a) B'(x, «)Be® - B'"(d,a)Be® (b) o' (d.n)x -0 (4 n)F'®
(c) NaZ® (p. x)Ne20 —Na2 (P a)Ne20 (d) x(p, n)Ar37 Y v (p. n)Ar37

What amount of heat is liberated during the formation of one gram of He* from Deuterium H2? What mass
of the coal with calorifi@value of 30 kJ/g is thermally equivalent to the magnitude obtained?

Reaction is HZ+HZ 5> He*+Q

Q=24 - AHez'—" (0.02820 — 0.00260)c?= (0.02560 amu)c? = 23.8 MeV.

. . . " 3 .
Hence the energy released in the 1gm of He* is E‘E?f.‘ixzs.a x16.02x 107" Joule = 5.75x 108k

: : 75x108
This energy can be derived from §3T;0-0——kg =1.9x10%kg of coal

Making use of the tables of atomic masses, determine the energies of the following reaction.
(b) B&® (o, 1) Bel®  (¢) Li’ («n)B”  (d) O°(d o)

(a) L7 (p. " Be'
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B e ———

Soln' (‘) Li’ at MY+ » ’ ) 2
(P, n) Be” Bne Ry of reaction 15 Q = {M“r 'M“,r)(' +H(Mp ~M,)C "(Au, Amr)(;? tAp - Ay
= [O.bloﬂl +D00783 - 001693 0 00OR6T] amn x ¢? 1 64 MeV
9 ~
(b) Be (W 1)Be': Mass of v is taken as 710,

0= Moas MM 0)e? = (a0 + 80 - 4 0 )e? - (001219 + 0.00867 - 0.01354 ) amu  ¢?
= 0.81 MeV.

© U(ang':q = (A7 + 4 =0 =450} (0.01601 + 000260 - 000867 - 001294 ) amu x ¢
= 2.79 MeV
(@) 0" (d q)NM:Q = (A )18 Hdy ~4g ‘\;;‘)Cz
= (-0.00509 + 0.01410 - 0.00260 - 0.00307 ) amu x ¢? = 3.11 MeV
2. Find the velocity with which the products of the reaction B' (n, u)Ll7 come apart; the reaction proceeds
Via interaction of veq,siow neutrons.with stationary Boron nuclei.

NN *;{\‘*Qnﬂ,“s\ SRR RG §m;‘v'¢‘_3« W

Solﬂ. WE tm"e . 510(11 )L‘T oy Q&(A 10 +A ""A —A“-,)C w n&*v : .-.“. ~'
o '30160 21601601 ) amu x ¢= 2.9 MeV.

o i el 3 g, ."#,\ \ R
Since the incillent n neutron is very ' ‘and B’10 is statlonary i g: ﬁ}lal total momentum must also be Zero.

So the reaction products must: emq:ée ‘in opposite dired

A h:~\

then 4v, = TV._.and

2(4\(2 +7VU)X1V 672)(10-24 i :‘v:_a

So, E"‘WZLH )—‘270x1018cm Is?

= V=53 10%m/sec..

Sy e e

22.  Protons striking a sthtidna_fj’Lithium tﬁrgct‘ﬁCtiV?té a reactlon L17(p Ej_]Eie7 . At what value of the proton KE
can the resulting neutron be stationary?
Soln. Q= -1.64 MeV.

3. . N %
Conservation of Momentum: Pp = Pge(since Initial Li and final neutron are both at rest)
2
P . phe s [ My ]
= = +164 P 1-—L2|=164
2m, 2m; = 2my| - mge
2
P
Hence, Tp = =2 =11 64 Mev =1.91MeV

= * .
23.  Abeam of proton (of a certain energy) equivalent to a current of 1.6 mA is incident uniformly on a %6

- 6 5
target containing (22 ‘atom per m?. SO that the following reaction take places, p+°Fe-—n+" Co
If cross section for the reaction is 1 barn. Calculate the number of neutrons produced per sec.

Solo. *Fe+p—s®Co+n  Given: 1=1.6mA=16x10" A

ne
—_=

= q=it :%=i Since, q=ne =— t
» z
Number of i incident particle per unit time is Ny =
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24,

Soln.

25.

- Soln.

No. of particle which interact with target is Ny-N=N, - Nye™ ™ =N, {1 —é"’“"}

(a) 0.5x10" . @‘lxllo“‘ (c) 2x10% (d) 4x10%

—

where, nx =10* atom per e,
»

10
= N, ~N =10 { l—e { } } 10" = Number of neutron produced per second.

A 16 pA beam ofa particle havinhg cross-sectional area of 10~ m? is incident on a Rh target of thickness

1 pum. This produces neutrons through the reaction o+ '“Rh——»Pd + 3n
(1) Number of  particle hitting the target per second is:

Consider the decay process T g 2 Aok Vovin the restframe-of the .t The masses of 1, ¢~ and v, are
9; £ *“thﬁwm D SRR aﬁ?:wg-jg 1) !

B K, and zero respectivelyvﬁ d“

Kinetic energy = ~Q[

Where Q=[m,—m,]c* = ["53

2
x)cl

Kinetic energy = —(m,—m )c 1

; F
i ¥
woE

The energy of 7~ is z

B E, = Kinetic energy + rest mass energy

26.

Soln.

2
—m; +m Je myA+m)c” v
=[___:__n]_+m'cz (___)__ ;

2m, 2m, : L
At a centre-of-mass energy of 5 MeV, the phase describing the elastic scattering of a neutron by a

certain nucleus has the following values, &, =30°,8, = 10° . Assuming all 6thqr phasc shifts to be

negligible, plot do/dQ as a function of scattering angle. Explicitly calculate do/dQ) at 30°, 45° and

90°. What is the total cross section ¢ ? '
) 2
de 1

The differential cross section is given 0 e > (2¢+1) e 5in 8,P, (cos6)

=0 .

Supposing only the first and second terms are important, we have

'dO' 1 .50 i8) 8 9
e -1224' sin§, + 3¢™ sin §, cos I |
_ 2
- —-1—2—[(005 5, sin 8, + 3cos 3, sin8, cos0) +i(sin’ 8 + 3sin’ 8, cos3)
k o :

: . | )
=E1{[Sin2 50 +9Sin2 51 COSZ 0 +65i_[180 sin 51 cos (81 "60)005 91
3
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(73]

- L[ﬁ.zs +0.27cos? 0+ 0.49 cose]
k?

where ‘k’ is the wave number of the incident neutron in the centre of mass frame. Assume that the mass
of the nucleus is far larger than that of the neutron m . Then

. P 2m E _ 2m,c? E  2x938x5
T (hc)’ T 1978 %1090

=24x10"m™? =2.4x10% m

. 0 0° 30° 45° 90° 180°
do
K — 1 0.88 0.73 025 0
dQ
—"xlo“(cm’) 42 37 30 1.0 _ 0
40 : ’

The total cross section is:

27.

Z

13T
o, "‘157\.2| 215 ] .

JE T .
f—-n?\}[ |21§|) T aeg

Fithe ystam s = g 12
The reduced mass of the system 1s p“m=_+mn 73y
x=_h_=__Hc_2=' 197 S
For E = 1000 eV, 2E  \[2uc’E \/ZX%,(%MO_J

§
k= 707x107* cm?

-24
- 2i8|2 _ Oip ._._400)(10 =0.566 :
As, 1 |e I m?  707x107% T
Wehave,  [e%|=VI=0.566=0659 = ¢ =140659 .
' - 2),2i8
Hence, the elastic cross section G, = nk ‘e - ll

' - 2 _ -24
has maximum and minimum values (o, )__ =707x10 2(-0.659-1)" =1946x107" cm

(0.)., =707x10°% (~0.659-1)" =82x10™* om’
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28. - Disregarding nucleon spm‘set a lower bound on the clastic center of mass proton—neutron forward differentia]
cross-section.
Soln. The forward p—d differential cross section is given by

do 2 2 [k
on.=|f(o)| 2[Imf(0) = 25

where the rel_atioﬁ between Imf (0) and &, is given by the optical theorem. As k = p/k we have

: 2 4 31V
do'l pc g, | = 10 X40X10-u m2=2.6x10‘24cm2=2.6bam
dQIo.. 4mihc 4mx1.97x10

T
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L

Typical energies released ina nuclear fission and a nuclear fusion rection are respectively:
(a) 50 MeV and 1000 MeV (b) 200 MeV and 1000 MeV
(c) 1000 MeV and 50 MeV (d) 200 MeV and 10 MeV

. Anatomic bomb consisting of U explodes and release an energy of 10 J. It is known that each 25U which

undergoes fusion release 3 neutrons and about 200 MeV of energy. Further, only 20% of the 25U atoms in the
bomb undergo fission. The total number of neutrons released is about;

(a) 4.7 x 10* ) (b) 9.7 x 10% () 1.9x 10 (d) 3.7 x 10%
The condition for spontzﬁle’ous fission of anucleus s :

2 °

72 72 a z
—<50 —>45 —>45 —< 45
@) ® BChes) @

Muons are produccd- through the annihilation of particle a and its antiparticle, namely the process

e e b T U B MW NS S0 gy, T

a+a—pt+pm. Amion as 4 rest thassar 05" MeVieZ i d'ifs proper lif¢ time is 2 5. If the center

R i o ; ST T ®

of mass energy of thé ippjils_‘ron is 2.1 ey, frame 1},_1& coincides with the center-of-mass
; ¥ -5,&'5'91_,'_‘11}"5’ S Al e el

frame, then the fraction of muons hat will dec 4 detector placed 6km away from the

interaction point is » ' »

@) e ; ®)

y oSt ';4{;.:'2:» : i e
A spin-1/2 particle Aﬂri‘dprgoes’fh”é ccay Ay B

1/2 particles. The complefe set of gﬂoWBdi’r%lﬁé’é’ﬁf thesp

¢

L S

i 5is"':lmown that B and C are also spin-

il iy

the particle D is

1,35+ 1357
(a) 53135s25513:}' Y‘? 9) (d) 2:2’2)2;
T ANSWERKEY -

Questions 1 2 3 4 £
Option (d) (b) (b (d) (d)




Elementary Particles -

*

Introduction :
It is a dream for physicists to be able to explain the material world, the physical universe entirely. This

has driven them continuously ta explore the fundamental entities of matter was atom then nucleus, neutron

and protons and now the quarks, In-this. .present ’x:, 12 pier~we«@ read apQUt-iaﬂ.elementary particle their spin
char 8¢, lSOSplI], mass etc. :; 'ﬁ‘%{,\ IR C R e “",fz" Jﬁ A

.:1

Class1ﬁcatlon of elementary ﬁ%‘ﬁic?es. 2

\—-;

The elementary pargicles na may be clasﬁlﬁed m,p'

interaction, statistics etc. Comrrfxonl A how

~
A

- Nk

5

2 ?‘f

. -

Photon :
(1)eleclrons RSO K vt 15 31 BRI R E, I
. (ii) electrons~neutnno s Bl i
(iii) muon - ‘ ‘
(iv) muon neutrino e (I
(v) tau .
(vi) tau-neutrino
l : ' i l
"~ Mesong . . Baryon:s
(i) Pions (n+0) Lo |
(f.") Kaons (k £0) wL 1
(iii) ¥meson (°); Nucleais Hyperons
. (1) proton : La
(ii) neutrons* gl)) stm‘('éw
(1) xi &*)
(iv) omega((Y)
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|
x

“Some elementary particle and their properties:

Category | Particles Symbols | Charge Spin | B | L s la | Y Quark structure
Name
Laptons | Electrons |. e -1 | % 0:]1.] 0 0
Electron v, 0 no| 01 0 0
neutrino
| Mouns - -1 % lo|l1] o0 o |*
" Moun v .0 o 10|10 0
. # :
Neutrino | -
Tavons [ © .| - % |01 o o
Tauons v, 0 Y 0|1 0 0
g Neutrino '
Mesons Pions nt +1 0 oo o]+ o ud
1 g 0 0 |ofo|o]o]|o 1 (
- 5 ~—=(ut'—dd
- a: 3 - | . \[2-
A us
i &
- su
1 - 1 -
o o o o #‘jg-(uu +dd—2&s)
Nucleons Proton [ p [ET TS BT R I VR 7 B uud
Neutron. | * .n" 0 % | 1lo 0"y 1 udd
Hyperons | Lambday L e Bt B T R T 72 I uds
Sigma #1. | w0 0 uus
B e e RSP 4 . s
a0 S S N |1 0o | dds
. « Xi~ sl ’.-_-?," ] “hol1. A =1 uss
) . —#}' rmm 4| -1 % 1 -1 dss )
" Omega | ¢ -1 |1 2 5=

® Conservation laws in elementary particle reactions:

* Exact conservation laws:
(1) Conservation of linear momentum
(i) Conservation of charge
(v) Conservation of lepton number

L

(i1) Conservation of angular momentum
* (iv) Conservation of baryon number

Approximate conservation laws:

(i) Isospin or isotopic spin(l): '

It arose however from the idea that pairs of particles like nucleons and triplets like pions hardly
differ in their mass and may be considered as isotopes and that their charges, differing from each
other by unity, suggest space qunatization similar to electron spin and orbit in a magnetic field.

* A multipl::t numb®r. (M) is defined as the number of their different charge states. For instance, for
nucleons i.e. protons or neutrons - the multiplet number M = 2. Similarly, for the triplet of pions, M
' coa 0

- .~
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* Isospin is treated as a vector I of magnitude 1/I( I+ l) , like angular mor'nlentum, but Lis dimensionl'sm
Its component along Z-axis, is given by I, which have the allowed values. | |

L(1-1), (1=2) oo 1
. _ _ 1 . 1 1 | 1
+  For nucleons (M = 2), I_(M-.l)/:z_:E and the values of I, are +—and et 13 =+ is assigned

to proton, I, =—-1— to neutron.
) #2
* Forpions (M =3),1=(M~1)/2=1. Hence, I =+1,0,~1.1, =+ is assigned to *,1, =0 to r

and ; =—1ton~

* Isospin is conserved in strong interactions but is violated in electromagnetic and weak interaction.
"I‘he Z-gomponent of isospin, L- is conserved in strong and electromagnetic interaction and not in weak

mieraction.
-;f,‘_.‘; R A R e B S A A MR UG AN i

(ii) Hypercharge(Y): It is defined:asy %ghl_@;ﬁfthé"a\rerage-aﬁh‘ar

;‘E‘a.l.

b - = "? %‘ “E);i
Y=20  ='Q=Y/
3 ;_’3 '.‘-',_:-
»  For any strong and electromagnetic int

. . \.’,’ B
it need not be conserved p’-‘v‘?%ak interac
}.'- PEEN

the different

(iii) Strangéuess number (S)f; It
B. . :

ev-p Ibesys v
i.e., the hyperchange is the sum of the baryon number and the strarigéness number

Therefore, Q=L+ 2 ' 't

. Strangénqés number S is conserved in strong and electromagnetic reactions. For a weak interactions,
AS=0orzl '
(iv) Parity:

When particle like neutrions are emitted during radioactive decay, they show a preferred spin dh-ect'io.n.
handed screw advances, it is said to posses a helicity

If a neutrino spins in the direction at which a right- itis elict
+1; if however thg spin is in the direction of a left-handed screw, the helicity is 1. As the parity Pis

- +
related tq the spin J, the two quantum nurnbers are usually combined and is symbolised by F. So, (—2-)

e X dP"‘"l'.l-'d' ‘tes.J—f-l-,P:"[.
means the J-value is Ean =*h( 3 indica 2
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S g

i Neutrino " Anti-Neutrino
(a) . (b)

Figure: Helicity of neutrine and antineutrino
* Instrong and electromagnetic interactions, parity is conserved but it is not conserved in weak interaction.
(v) Charge conjugation: _
Charge conjugation means reversal of the sings of all types of charge Le. el‘ectric, baryonic and kptonic
of the particles (Figure below). If a physical law holding for particles also holds for corresponding
antiparticles, the principle of charge conjugation is said to be valid.

QD B®

L e

: s
A H@EXD

. q=0 ' (IV) . 'q=0'

igure: Formation'of proton; antiprotonand neutron,

tinieutron by charge conjugat

* Strong and clectrq,magne’tn

B~ decay does not obey charge

njugate ‘invariant. But the weak intervation like
: *. _

R,
conjugation.

(vi) Time reversal: - - -, Wi EEIL ok B s ) :
The operation T i:e., tixﬁé-reVersal‘mcaﬁs"’replacing the time ‘t’ by -t in all equations of motion ie.,
reflection of time axis at the origin of time coordinate in relativistic space-time continum. It is thus, like
the parity operation, a discrete change.

T-operation consists in reversing the signs of momenta (p = d7 / dt) and angular momenta (L=tx B).
T also transforms the wave function to its complex conjugate. If “T” is conserved i.e., time-reversal
invariance occurs, then the reversed equation of motion is also a valid equation of motion of the system

concerned. All the known fundamental equations of motion are invariant in time-reversal,
*  Strong and electromagnetic interactions are invariant under time-reversed transformation.

® CPT Theorem: . , . . .
This is an exact conservation law. It states that all interactions in nature are invariant under joint

operations of charge conjugation (C), inversion of space coordinates gt origin, i.e. parity (P) and

reversal of time (T). The order of operations is immaterial. L ¢
The invariance of CPT transformation implies that if any interaction is not invariant under any one 0

C, P and T operations, its effect gets compensated by the joint clfect of the other two.




Elementary Particles
e Conserved quantities in different type of reactions: ‘ _
Conserved Quantities Strong —_Electromagnetic' Weak
1. Charge N o \
2. Linear Mom. \/ . \
3. Relativistic En o o v %
4. Spin 7 v N W
5.Le ) 7 ~ N
7.Li ' v ~ N
8. Baryon No. B 7 v v
9. Iz N ~ 5
10. 1 . 7 X X
11. S : = 4 ~ S X
12. Y=B+S v LN X
13. Parity (P) * NS R d
14. Charge conjugation v X
15. Time reversion (T) W
16. CP X
17. CPT \/
® Meson Octate: -
. 7~ $=0,1=1 ,
. :
) =-1,I=1/2.
e Baryon Octate: =
. . .
e B s s S=+1,1=1/2
/', \
P Y \
s \‘\ \\ +
Z‘(_____\\.‘_i___*z. --------------- S=-1, I=1
\ i 7N
\ N N
\ % ’l S »
: L 3 E"\\\:"'"--\':\E"*"""t\‘""'"-._'-Sz 212
" \‘\‘ ‘\\‘ ‘Q= +]
-1 &
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® Relationship between particles and antnpartlcles.
(a) Méss ] Same
(b) Spin Same
(c) Charge

Same but opposite in sign.

(d) Mag. moment Same in magnitude but opposite in 51gn.

(¢) Mean life time of free decay Same

(®) Annihi}atlon . In pairs

(g) Creation : 3 In pairs

(h) Total isotopic spin same

(i) Third cdmponent of i isospin(L,) Same in mag. but opposite in sign.
(j) Intrinsic parity

Same for bosons and opposite for Fermions.
" Satne in mag. but opposite in sign.
Same in mag. but opposite in sign.
Same in mag. but oppqsite in sign.
R A TR ﬁﬁéﬁi?ﬂglgmlg ’Eg'lag bUt OPPOS]'te m Slgn
)| b I particle for antiparticle.

(k) Strangeness q.No. (.S)
(1) Lepton no. (L)

(m) Baryon no. (B)

(n) Hypercharge (Y)

¢¢¢¢¢¢¢¢¢¢¢¢¢¢

ameesym"bo t:

antlpartlcle

The negative SOll.lthIl of Schrodmger cquatlon 1s also possxblc ‘But Dirac said that all the ncgatwe
energy states are -already filled. If electron given enough energy it can cdme out the filled negative
state to positive energy.

The vaccent state ifi negative energy behaves like holes — ant iparticles

@ Quark Model: The elementary particles can be conceived (as far as isospin 3_{1d hyper charge are
concerned) as being built out of combination of quarks. The original three quarks were called up
(Symbol ), down (d) and strange (s)

Each quarks has an anti-quark associated with it (77,d,5) . Since a quark and its anti-quark have opposite

quantum nufnbers. They can be created from energy In the reverse process, a quark and its anti-quark
annihilate and give energy.

Thus, energy — u + u

d+d — energy

Quark models for proton and antiproton. -

(5
1l

Y @
Antiproton
u

u (@
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Coloured Quark Quarks and antiquarks have an additional property of some kind that can be manifested

in a total of six different ways, rather as electric charge is a property that ¢an be manifested in the two
-~ different ways that have-come to' be called positive and negative. In the case of quarks, this property

became known as colour and its three possibilities were called red, green and blue. The antiquark colours

are antired, antigreen and antiblue.

According to the colour hypothesis, all three quarks i in a baryon have different colours which satisfies the -

exclusion principle since all are then a different states even if two or three are otherwise identical

The rules for combining colours are the following; .

e A colour and its anticolour cancel out. This is called colourless or white. 4 -

o All three colours or all three anticolours in combination cancel out and give colourless

o All hadrons are colourless.

Mesons consists of a quark-antiquark pair of a particular colour and its anticolour. Baryons are made up

of three quarks, one of each colour. Thus mesons and baryons are white or colourless.

Charm Bottom and TOP Quarks: Besides the three quarks (, d, 5) three more quarks are suggested

in order to have a significant analysis of the symmetries. These are charm (c), top () and bottom (b).

Thus over all there are six quarks:The.various.characteristics .of these: are_gwpn in the following table: -

»'.W‘“‘nn RERAIET I A RSy

Up(u) 142 | +1/2 | 173} 011273 Mg 5| 0 20 A0 0 ¢ 0.
Down(d) {1/2|-1/2|1/33]: 0100057 039
Strange(s) |0 [0 1/3:% 105170 101077 051
Charm(c) (0 |0 1/3 0] 1P 1,55
Top(¢) 0 |0 |173]0:311/3;]1-1/3].5 {0100 |1 [* 54
Bottom(B) | 0. |0 17310, 1/3|2/3 [% | 0] 0|1 0] 20
@ Few examples of parﬁclé dﬁark stiucture: "
K,=5¢;K" =5u; n~ =du,: °&n maybcuuanddd
1 :
n’ =—(ud—-dd panty
¢~ bl-d)
g .
= —(ut+dd) parity=+1 N
g ﬁ( ) . :
n* =ud; K =s0; K, =sd
n= udd; p =uud
> =sdd; =" =suu;E” =ssd;- E’ =ssu; Q" =sss -

2.0 and 5° may both be sud

£° = —(sud +sud) — parity = +1

-

A= (sud —sud)— parity = -

S
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Baryon Resonances :

I . B S Y Structure

Particle I
A 3 3 1 0 1 11710 S
o B /2 i / | : | . |
+ 3 'l 0 | uud .
RN
0 3 1 0 )1 udd
Ly 1-h
- |3 _ 1 -1 0 uus
a0 H /
|4, T -1 0 uds
P 0 T S 0 dds
|y 1 -1 1 -1 0 dds
=*0 y /|1 12 -1 uss
= \h Uk
g 1 _1 1 -2 -1 dss
= é A _ y s |
fern 0 . 10 ] 3 -2 sss |

The four fundamental force:” .- ‘ A L
In nature, there areﬁ)ur dlﬁ'ercnt types of ﬁmdamental mtcractlons They are
1. The gravitational f force 5
The gravitational force is thc oldest known force It holds us to the surfacc of the earth and holds the entire

1
unverse togethcr Iti is a ]ong-rangc force varying as =05 has hfe ume =10 sec

2. The electromagnetlc force: . :
The electromagnetic force was. the second force known. In fact it was ongmally two forces the electric force
and magnetic force. The electromagnetic force hold the atoms, molecules, solid and liquid together. It is also

1
long rang force varying as —7 - Ithas a life time, 7= 107 sec

LI 1
3. Weak interaction force: :

This fundamental interaction involves leptons and hedrons. The f -decay of radioactive nuclei and decays of
strong particles are typicaly of weak interaction. It has a life time, 1=10"" sec

4. Strong interaction force :
The strong nuclear force is responsible for holding the nucleons together It is the strongest of all the forces
but is a very short range force. Its effect occur within a distance of about 10 m. The strong nuclear acts

only on the hadrons, Ithasahfetum 1=10"se

Kinematics of high energy collisions (Relatmstlcs)

Many elementary particles are the product of high energy collision. We shall now study the kinematics of
such collision, restricting to those that result in the production of two product particles only. But it can be
easily generalised. For compactness, we shall use a system of unit where the light velocity a would be taken
as unity, i.e. ¢ = 1, so that mc? is denoted is denoted by the mass m, the energy pc momentum p etc.
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Letus take reaction e ) ‘ |
A+ Ay > Ay 4, (1) |
The concervation principles of energy and momentum
W +W,=W,+W, o (2)
And "B+PiP4P ~ . 3)

where W’s represent total energies and P's the momenta of the individual particles,
Using relativistics relations for different particles, we get

Wl=P'+Mn=12,3,... o . (4)
From relativisty again the total energy W and the components of momentum vector P constitute a four vector
P = ( W P) and these scalar product P P in4-space is an invariant at a partictlar time,

BB, =W - P* = invariant w (5)

P2 being the square 0f3d-momenmm.v«;ctor, T M AR 9SO g
Therefore, fora system of;pamcl 2 m mmal on'final- state R Pres

(BR)1;=

Therefore, from (8), we obtain‘ﬁhé relatnn, o3 .,' i

(B8 ) =(VET 4] -1
=m +m+ 2mps [P+ it
=m] +m; +2m, (m +7T,)
=(m1.+mz):+2m|]1

Threshold energy: |
At the threshold, 4, and 4, are produced with zero momentum, i.e. we then have P, = P, = 0 using (8)

(PJ'PI' )ﬁnd =(my +m,)’ -~ (9)

Substituting m, = m, +m, and m, =m, +m, and exploting the invariance propetty we get from (8) and (9)

m+2m,T, ='m}

. (10)

- T, =(m}—m} )/ 2m,

Again, Q = value of the reaction is given by
Q=m+m,—my—m =m—m,

s (A1)




Or

3) .

9)

Elementary Particles

Soln.

Soln.

Threshold energy,
. m,+m )| m,—m, _ '
E,,,=Tl=( . ,2)”52, | )(USmg (10))
0 :
=_R(m,.+mf)-=-2%(Q—2mi) |
‘ 3
QO m+m .
E,= Q[2m2 -‘—m;—z] . (12)

1. Non-Relativistic collision: Hence, O <<m, (or m ) so, from (12)
We obtain

-

,’,

The interaction potentlal between two quarks scpa.rated by a dlstance r inside a nucleon be described by
(a,bandbare posmve constants) s e P e [GATE 2006] '

(a) ae™ | (b) - +=br (c} —— + br - o (d) o

Insider the nucleus potentlal vaxy llke Saxon—woods mode Only opt1on (3) give this type of variation.
_.)

¥

. v(r)=—-—;+br

et

r—0, r(n) — —0
r—w,r(n)—0
Correct option is (c)

The strange baryon T has the quark structure: ‘ [GATE 2007)
(2) uds ‘ (b) uud (c)uus (d) uss:

E+

p=1=141,1 b (us)

. BRI Sy | RpSiy Ry P, §




Soln.

Soln.

Soln.

Soln.

Elementary Particles

The isospin and the strangeness of Q)™ baryon are [GATE 2011)
. ' oot

@1,-3 - (b)0,-3 (©1,3 (d)0,3

Q : '

Strangeness, § = -3

M-=1 1-1
===

Isospml )

Correct option is (b) _

The isospin (B and baryon number (B) of the upquark is [GATE 2013)
@I=1,B=1 -~ ®I=1,B=13 (c)Iu 12,B=1 d1=12,B=1/3

. 1 |

Baryon number of upquark 155

Isospin number of upquark is

Correct optidn is (d) % T ? _ .

A K meson (with a rest rn.':tss3 T __(yit.l:x’ Test mass of 100 MeV)
and a neutrino. The energy of {the l:ﬁg%Slegé ;s approximately \

& ;T: 3 & 5 :,\4

(@) 120 MeV b)23€ d):'3_'§8 MeV [JEST 2013]
According to energy conserva‘tld : \

The energy of the massless part

|
|

Correct option is (b) : Bl
Consider the following rcactlon mvolvmg clementary partlcles
(A) 7T +p—>K +I' ) -

(B) K- +p—o>K +p" ,
Which of the following statements is true for strong interactions ? 7
(a) (A) and (B) are both forbidden (b) (B)is allowed but (A) is forbidden

[TIFR 2015

(©) (A) is allowed but (B) is forbidden (d) (A) and (B) are both allowed
(A) r+p=>K +T
Q:-1 +11+1 AQ=0
1

in:0+—— 0 +— As=0
spin ,0+2_i 5
L:0 0 -0 O AL=0
B:0 1 = 0 +l AB=0

‘ 1, 1 Al #0
I,:—l +5—) 5‘ +1 _ . "
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y
B)K +pa>K +p*
Q:-1 +15-1 +1 AQ=0
.5'pin:0+—;~—>0 +0 As #0
. Therefore, (A)and (B) both are forbidden. _
7 Thedecay u* — e* +y is forbidden, because it violatess - . - | [GATE 2015]
(a) momentum and lepton number conservations (b) baryon and lepton number conservations
(c) angular momentum conservation (d) lepton number conservation
Soln. u*—e'+ ¥ ' | '
Eit=¥=i  AL=0 _ |
B: 050 AB=0
Since momentum, lepton, banyon number is conserved.
Correct option is (c “*i,;“,f""""“"; ;; et
"! 8 The reaction e* [JEST 2015] -
' (a) lepton number is
(c) angular momen
Soln. e*+e -y °
L:-1 +1-0
g:+1 =150 LR L ; :
Since pomtron and eiectron rotatlon are equal magmtude and 0pp031fe dlrectlon , Therefore, angular momen-
tum remain conserved 1n 1eit hand s1de
) Therefore, angular n rnomentumrs not conserved -Therefore, correct ptlon is(c).
9. Consider the decay 'Qf a pi_()h ihtc} a rgup'n ai_1_c_i an antifpeﬁ;xline - _, “"-‘ +9, in the pion rest frame.
m. =139.6 MeV /2, m, =105.7 MeV | c¢*,m, ~0. The energy (in MeV) of the emitted neutrino, to the
¢ nearest integer is 3 [GATE 2013]

Soln. According to energy conservatxon,
E,+E,=M,C’
According to momentum conservation,
0=F+P, =F =-F

E =PCt+M.C*=BC (v M,=0)

: = L MC=PCP+MIC +RC

= ((M,c?)-RBC) =B +M;C

; 2
(M:-Mm;)C" (1396) ~(1057) | 2 _ 297 pger=30 MeV’
E = M 2x139.6

x
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10.

Soln.

11.

Soln.

12

Soln.

13.

Soln.

14.

Soln.

Therefore, the time taken by the particle to travel the distanc

The nucleus of|the atom *Bc, consists of " [GATE 2003)

(a) 13 up quarks and 13 down quarks (b) 13 up quarks and 14 down quarks
(c) 14 up quarks and 13 down quarks - . - . (d) 14 up quarks and 14 down quarks
’Be,

Protons P—4 4(utu+d) o .

Neutrons n—5 (u-l-d+d)

Therefore, number of up quarks = 13

Number of quarks = 14

Therefore, correct option is (b)

Choose the particle with zero Baryon number from the list given below. [GATE 2004]

(a) pion '_ (b) neutron (c) proton (d) A*

All Baryons have Baryon numbér + 1 and all others have 0 Baryon number.
Since pion in the mesons group, ..., -

Therefore, Baryon number of Pgon
Correct option is (a)

rino wnll p1oduce

another massless particle élec'fr
5
d—ou+e + f,

el

Correct option is (a) ; :
The charm quark is assigned a charm quantum number C= l How. should‘ Gellmarm—N:shlyma formula
for electric charge be modlﬁed for four ﬂavours of quarks'? G B S S [NET June 2015]
(a)I+(BSC) (b)I+(B S+C) '
1

(c)1,+-21-(3+s—0) @ L#(BrS+O)
In the general Gellmann formula is :

)

0=1+ B+S+§‘+T+B
Therefore, the quark Chave C=1,B=0,T=0
B+§+C
L+
0= N

Correct option is (d)

A relativistic pdmcle trauels a length of 3 x 10° min air before decaying. The decay process of the particle is
dominated by: [GATE 2007]

(a) strong interactions (b) electromagnetic interactions.

(c) weak interactions o (d) gravitational interactions
distance = 3x107 m

e e before decay
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15.

Soln.

16.

Soln.

_3x107 _3x107
c 3x10° _
Therefore, life time of particle is 7 =107"! . Therefore, interaction is weak interaction.

=10™"

Correct option s (c)

The decay process n — p* +e +7V, violates - ' | [GATE 2013)

(a) baryon number i (b) lepton number (c) isospin (d) strangeness
n— p° + e + 7,

B:1 1 0 0 AB=0

L:0 0 +1 -1 AL=0

I:—Y% % 0 0 AI=0%0 ’

S:0 ) #40 . \S=

Which one of the fo]]owmg‘hxgh eiie Ergy processes ,a]lo_gvedby conservatlon laws?  [GATE2014]

L Ph e

p +
0:+1
.S'pin:l

2

B:1
L:0

Therefore, it is not allowed reaction because Baryon number is not conserved.

o+ p—+7r°+n

Q:-1 +1 0 0 AQ=0

spin:0 .-+l ] 0 +l As=0
2 2 '

B:0 i 1 0 1 AB=0

L:0 0 0 0 AL=0
1 | -

I:-1 - 0 -~ AL =0

3 > 7 3

Therefore, it is a allowed reaction.
n—s p te + v,
0:0 +1 -1 0 AQ=0
spin:Ys P! Y2 Ya As#0
Thereforc, it is not allowed reaction because spin is not conserved.
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17.

Soln.

18.

Soln.

B — € +y
0:+1 -1::0 ° AQ#0
It is not alloyved reaction because charged is not conserved.
Correct option is (b)
-Which one of the following three-quark states (q9qq), denoted by X, CANNOT be a possible baryon? The
corresponding electric charge is indicated in the superscript [GATE 2014]

(a x** () x* - © X (d) x—
Baryon have charges +2, +1, -1 but does not have -2 charge state.

Therefore, y— doesnot represent a Baryon.

Correct option is (d) |

Which one of the following nuclear processcs is forbidden? [GATE 2006]
@ 5+ psnse’ o . e g o :

(c) 7t"+p;—-)n+lf+:-l-K°

VvV +p —n +
0:0  +1 0+
spin: =% +% A _1/
L:-1 0 0 -1
B:0  +1 +1 :
So, itis allowed reaction.

T — e + 7'
0:-1 -1 0
spin: 0 Ya 0
Itisforbidden reaction, - ‘

U+ p—n+ K+ K

0:-1 +1 0 +1 -1 AQ=0.
spin:0 % % 0 0 As=1"
L:o o0 -0 0 0 AL=0 |
B:0 1 1 0 0 AB=0 '
It isallowed reaction. -
e+ Y, + o,
0:-1 -1 0 0  AQ=0
spin:%: B Yo As=0
L:1 1 -1 1  AL=0
B0 . 0 :.0 .0  AB=0
It isallowed reaction

Correct option is (b)
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19.

Soln,

20.

Soln.

21.

Soh.

tch the reactions on the left with the associated interactions on the right [GATE 2010)
(l)ft"-—-)p*+v_ (i) strong
@ >r+y (ii) electromagnetic '
C)a’+nsr+p . (iii) weak
(a) 1-iid, 2-ii, 3-j (b) 1-1, 2-ii, 3-iii (€) 1=, 2-1, 3-m (d) J-ui, 2-1, 311

(1) Lepton are produced by weak interaction
(if) 7 -ray produced through electromagnetic interaction
(iif) Baryon are produced by strong interaction.
Correct option is (a)

2 2.4 . : :
The reaction lD+ 1D-—>2He+n° cannot proceed via strong interactions because it violates the conserva-

- tions of

@ o ' [NET June 2015)
angular momentum, (b) electric charge A)w,sﬂ mper.,.,, (4)isospin
4 3_; ‘i{‘:"" f?‘ "—-r-»§ R RS R ﬁr«s Wr"}g" {2

Ifin the followmg reacuon, the mcldcnt kaon has a‘kmelw energy of 1 63 GeV, calculate the total epergy
to be divided between lhefour recpllmgpampm 7 .

K+p —))3 St +Jt +1r g
The mass- energy of—m-m&eons -are 1396 MeV, ):"_1197,3 MeV , proton = 938.3 MeV and

K™ =49338 MeV

Energy of particles taken together are
K~ =04938 GeV ( 1 GeV =10° Mev)
p* =0.9383 GeV . 3
EK’ =1.63 GeV

=  Total, E=3.0621 GeV
Energy of the four recoiling particles are:
¥~ =1.1973 GeV
' =0.1396 GeV
3 - _ n~ =0.1396 GeV
n* =0.1396 GeV

TO[al cnergy :l.6161 GCV

| Therefore, excess energy = 3.0621 —1.6161 = 1.446 GeV

Therefore, average energy per particle = 1.446/4 = 03615 GeV = 361.5 MeV
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22, 1Ifa pion decays from rest to give a muon of 4.0 MeV cner
BY, wlul is the kmetu. energy of the acco
neutrino? What is the mass of the neutrino in the process? , ¥ R

Soln. The decay mode of pion is given by, n —pu*+ v, +E

Therefore, energy, E= (m,r —mp)xc2 (neutrino has zero 'rest! mas.s)

1%(273m,-207m,)xc? = 66m, x c* = 66x0.51 MeV
. =33.7 MeV
Since meon takes 4.0 MeV of energy, the kinetic energy of the accompanylng neutrmo is
(33.7-4.0 )MeV=297MeV -
Therefore, mass of neturino = (29.7/0.51)me =58.23 m.
23.  Find the valqe of third component of isotopic spin of =~ in the followiné strohg interaction:
" +n—E +KY+K* .

‘JI%"J'JH “».:) e, "'hK ‘+_K$=:_W‘ w‘ﬂ.\ A
chs _ q'ﬁ. {f‘,f-

Soln. The interaction is

» ?}(L"w’}'l'?.(‘é*e‘.{;@‘

24.

Soln. We have o : X
Charge, Q D . 0040 - . =AQ=0-

Baryon number, B : +1=>+14+0 = AB=0 )

Lepton number, L 0— 0+0 = AL=0

Strangenessno.s -1--14+0 =48=0 : .
Hypercharge, Y : 0->0+0 =Y=0 :

Since the strangeness number is conserved the interaction is either a strong interaction or an electromagnetic

one. Its half-life is <10° l"'s which points to the fact that it cannot be a strong interaction, but is a weak
decay. As S is conserved, it cannot be a weak interaction. So, it is an electromagnetic interaction and a

- photon is produced.

25.  Identify the unknown particle in the reactions given below, using the conservation laws.
() p"+p— gn+...... (i) 7 +p > K% +.... ;
"~ Soln. (1) The given reactionis . T +p— p+.....

' 1
The unknown particle must be zero charge and mass, spin 2 and lepton number 1 as they are conserved.

Since the interacting particle is © meson, the unknown particle is identified as mu-peutrino, v,
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26.

Soln.

27.
Soln.

28.

Soln.

@  The reactionis K +p—>Ko4
For charge conservation, Q  : -1+1-50+Q =Q=0
Conservation of baryon no. B: . 0+1-50+Q = B=+1
Strangeness conservation, S : 0+0—>-1+8S =8S=+1
Third component of isospin, Iy -1+%—+—-;-+1 =1,=0

Therefore, the unknown particle has charge zero, baryon number +1, strangeness number +1 and third
component of isospin 0. So the particle could be A® or 3°.

Check if the following reactions are allowed or forbidden.

() " +po A+r° (i) p+p” = 21" + 21 +2n°
® The rwcuonsli s .ﬂ + .P - A" 41 n°
Q: '
B:
S: 5 3 A5 |
It is a strong mteracﬁh on where th "harge and baryon number are onserved. But since the strangeness
number is not conserved, the rea _‘n s forbldden"' , ,

{ ] -0+0—7>0+0+0 as=0 -
DY HTI504040, L AY= 0 "

So, the above reacnon isan a]lowed reacnou :
An ultra-relativistic proton moves in a magnetic field. Can it mdlale o', 7 and n° , electrons and posﬂmns"
If the energy of the proton is sufficiently large, it can radiate % and ;* mesons, and also positrons. The
reactions are: _ j 5

p—p+n’; p—on+n’; pon+éty )
But ™ mesons and electrons cannot be radiated. ,
Allocate the Isospin to the strange particles from following spins.
(@) n+pon®+K® - (b) p+pon®+K'4p |

©) 2t +n-2°+K* (d) x+po> T K

(&) ©*+poXt+K* D ot +n>E +K +K'

- 0
n + p—’ﬂ'o"'K p+ p—)n0+K+ +p

@ 15 %0 H ® oy o508 %

A -0 m+ p>2 + K

at+ n o n o+ K* :
© ooy o ox  Duaox oy
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" ™+ p> X o+ K 5 ™+ N E 4 K 4kt
b1 | ( ¥ - oy
3 o1 x I A A
29.  Which of .the following reactions are allowed and forbidden under the conservation of strangeness
_ conservation of baryon number and conservation of charge. ' ,
nt+n— A% +K*
m* +no K® +K* = 9 wo
mt+n;yK° 4 5t N
7t +na4p = TP 04 A7
a ;:‘ +n o5 A? 4 Kt
0 o -1 AQ=0
Soln. () B ¢ 1 1 0 AB=0
S 0 0 -1 1 AS=0
Allowed
n+ +N— KO + K+ ‘-=;anawa‘wmiuw€wu-n‘:amm»aﬁl:«:w&a:—ma&wv&%
1-0 0 1 ek ?‘x“z?v&«"*%c&"gW'f-”s.nz‘ﬁw‘f-uﬂ.ﬁé-fgrﬁp Fime, %?’
( g 10 BB 0 SRGETEES
|
4+ p o 2+ A°
. Q -1 1 0 0 AQ=0
VM) B o 1 0 1 AB=0
i e S Q0 0 -1 AS=z0
Not allowed. ™* '
30.  Calculate the energy of the neutron produced when a slow negative pion is captured by a proton. Should
neutron be treated relativistically?
Soln. 7™ +p* 5> n’+y+0

139+938 5939 +hv+Q or Q=138 MeV =E +E,

From conservation of momentum my, = E /e

_1lv, 1 E  Ey

o -ET—Ecm,va —E—C—_E(ﬂlcz 1878
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E E E E

n Y i ¥

or = S
E,+E, 1878+E, 138 1878+E,

E, “138-E. _ I138-FE

and 133 T1878+138~E, 2016-E,

or E = =9MeV
- Using relativistic relations

my, =my v,/ (1-p*)? =E /c and E,=m,c [(1 B2) V2 1]

We get E =8.8MeV
31.  Classify the following processes in terms of the type of interaction.

Soln: 7w +p—>A"+K% mapontem pryop+n’s oAy oysy Kot

—

Aop+n; B A%+n7;and A5 pre +V.

In the reactions n” + p — A: +K° and

1ub-" e
Hadrons (, p,n, Aan K3
? PR

-3 “'\‘_{E‘, ;- 3 A

AB=0,AQ0=0,AY Q

W) e 7’ +n, the interaction is a short-range force between

S A AR DY & i..-.nl ’n:éu:- %“Hy 2

\.

@) ; y .e‘ ‘and ndn-strange partlcles and due
to non-leptonic decay fi htra'nge partlcles These reactlons dono onserve parity, strangeness, isospin and
the third component of 1sosp1n,"hence the interaction in ‘these processes is weak.

32.  What are the poss1ble values ofi 1sotoplc spin for the followmg systems" (a) An" meson and an antiproton,
(b) two neutrons, (c) ar’ meson and ah’, (d) an* and Gr° meson, (e) au and qif quark, (fac, b

and an s qua.rk.
Soln.  I(u) -—_ I(a’) while [(s)=1(c)=I1(b)=1()=0

- (a) Usmg the composrﬂon law for isospin, we get

31 _ 1 1
7)) o A = ¥ :l——:—-
I(n"p) = 2’3’ I,(n" p) Ii(n )+1,(p) 272

itimate isospin projection for ==and /=7 lude that the
Since I, =% can be a legitimate isospin projection for both 1 5 and 5 e conclude

3 1 )

— e

composite state (n"p) can have either / = or I=3.

(b) A composite state of two neutrons can have I(nn) =10

1. -1
1(nn)=](n)+I(n)=~——-——-=- . |
2 o tate
Since I, = -1 cannot be an isospin projection of a state with I = 0, we conclude that a composite stal
of two neutrons can only be I = 1.
(c) The A mxcle is an isosinglet (/ = 0) and, conse
[(T*A%) =1 #4
it ~nwanncite ctate is therefore 7= 1.

quently, we have

—



B L TP P S—

Elerhentary Particles
(d) We can have I(n*n®)=2,1,0 o ; o

L' n®) =1, (n*)+ L,(n°) =1+0 =1

A state with two x mesons can have [ =2, | =

o»

=1 or I =0. However, | = 0 has no projection of I,=

1, and the composite state (7*z°) must therefore have /=2 or I = 1. '
(e) For a composite system ofa wand a 57 quark, we have
I(uir) =1,0

— = 1 1
I,(uu)fl,(u)+13(u) = 373 =0

Since the projection I; = 0 is possible for both I'= 1, 0 states, we conclude that th
can have I=1 or I = 0.

quarks Wit flavor quantum numbers are 1sosmg1ets Thus, we have™ e
I(bes)=0 |
This composite state would therefore be a bai'yon with unique isospin J = 0.

e composite state (uir)

i
!
¢

e # : ..\ . ‘.‘ “ ; ."‘:; ‘ : J:IT,MF,T l,s-u.,v- )”-"’“;"‘@“3" ‘
&
r

|
i
1
\
|
|
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PRACTICE SET
| Consider the four processes
@ 7 ntey, @ A" p'+e' +v,

» .
which of the above is/are forbidden for free particles?

(a) only (i) (b) (ii) and (iv) ©@and v)  (d) (i) and (i)
Consider the following ratios of the parual decay widths R = =17 n’ ) and
2. ['(p” > 7 +7")
I'(A™ > '+ p) ' '

= d
R = “T@ Swem ,f trre effects of e]mtremegrletxc and weelr Interactions are neglected, then R, and

R, are; reSpectlvely_, )

rest mass 938 MeV/c_. and 4n anu*neﬁtron of restmass 939 MeV/e because
(2) 3 moving pion cannot produce a proton at rest

) energy and momentum cannot be snnultaneously conserved . ;
(c) the spin of the pion is differeni from the spinof the proton BT ‘ !
@it is forbidden by i 1sospm conservation :

ich of the following quantltres of an elementary parucle should be zero if parity is conserved?
(a) mass width (b) magnetic dipole moment
© electric quadrupole moment (d) electric dlp_ole moment

The prinicipal decay mode of a neutral pion n° is through the process

P Y ; £
Wwhich one ofthe following sets corresponds to fundamental particles ?
(a) proton, eleetron and neutron (b) proton, electron and photon

(c) electron, photon and neutrino @ quark, electron and meson
A delta baryonis found to have charge +2 and strangeness 0. Its isospin must be

- d) -
(a) 2 (b)3/2 (©1 ( ) :
on participatesis
> A)n;lectro magnetic, weak and gravitational interactions only
(:) weak and gravitational interactions only
(c) weak and strong interaction only
(d) electromagnetic and gravitational interactions only




