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Chapter /3

| ' Mucler

Atorm = nucleus -+ electrons.

The tiny nucleus carres 177 999 % o the

atomic mass in a Sphere of radivs few' £m.

It decides chemfsf'ry (via 2) &

releases
huﬁe energies  in Fission and fusion,

_ Sslscoueiz
Rotherford (/977) - alpha Icﬂ‘f‘f'Effhﬁ off a

thin gold foil -7  most alpha pass through ;

a 1Ces_~ scatter at very farﬁe anjr‘es.

Interence atom is mostly empty |, with a

Hny positive core - the nucleus.

ucleus

!‘{g\ ator S rucleus S orbrhnﬁ electrons

(rot to Scale - nuclevs s l0 -5 of atom)
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Composition of the Muclevs

Mucleons :  protons +  nevfyons
Proton : charge +e¢ , m_p = /00728 v

Mevtron o charge  zero m_om = JOOFET B
(Chadwick , /932 discovered the neutron.)

Three numibers describe a nucleus

Z = atomic number = no. of protons

NV = neutron number = no. of nreutrons

A = mass number = 2 + v (nucleons)
A - 7 oS N < - fundamental
£ - nuclpan count

NMotation
Sfmbo! z s B N § (E-ﬂ- 2R¢~ 32
A on top , 2. at bottom , X = element.
= Aputrorn
= profon
F_ajz, protons (p? 4 nevtrons (n? = nudeons

Bound by strong nuclar force (next pagel.
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Lsotopes , Lsobars , Lsotones

7

Lsotopes - same 2Z , difkrent A

Same element (same themf'.ff'ry) ] d'hqférenf' V.

Examples : =
R e 2_1 H (devterivm) 38
s e i2 6. C - 196 € E
235 92 WL 23y 12 U (natural uran_m

Isobars - same A , diFkrent 2

Same total nrucleons y different elerments.
R and 3_2 He
0_- /¥ Ar and 020 Eo

Lsotones -  same N , different 2

Same nreutron number . different element.
BT M) and g 2 He il

Quick  cheek (typo corrected)
Lsotopes have same #4 Z  but different A.

Lsobars s same A | & varies,

Lsotones : same N |, 2 varies ot

Atomic mass,

Matural samples are mixtures o{: i1sotopes -7

atomic mass = weighted avg of isotope masses.
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Atomic Mass Unit (v)

Muclear masses are Hny in “{ﬁ -7 use a more

convemknf’ unit ¢ the v (or amul.

DeFinition

/ = 1o 420 mbss oF e B R R
Lo oo = /66059 x /O T ‘{ﬁ <-very small ¥
. <- gtoruc  Scale

Ke:{ nucleon 4 electron masses
0 e SRR 4 ¢ e S REO SR ) R T R

m_n ~. = L0086 u = VISY.7 AN S e
0.000599 OL71 - M)

®

3
.
)

¥

Mote 2 m__n s!{ghﬁy 4 ™m__p -7 free neutron

s unstable and decayit CECT il e O i e

Enfr:gy - MAass conversion

E _— m C 2 <- Einstein
% R T

o) = ‘?3/5_ MEV / ' 2 <-use this 7

C-u £-7 AV

‘- i Scamed with CamScanner
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Size of the Mucleus

B H | Scﬂ'ﬂ?ﬂhﬁ experiments (’hfgh - energy electrons

—

- & alpha particles) give the nuclear radius.

Empirical radivs +ormvla

— -0 7.2 Fm
(r’ Eoe 0 o T B G S N

3

i

Volume ViE 2 9/3 S il 20N /3 pi R_0O

V. proportional to A

Muclear den.ﬂ'fz
RN T T S

Mass = A m__n  approx |

rho = AT LE Y pi R_O 3)"? £ : :

Pfuy numbers

rho  approx 2.3 x /O /7 «g / spriod®

(About /O Vi tirmes the a’en:r'fy of water %Y

L
. Lmplication
. Mucleons are packed almost as- tight as they

[ caniibe 2 matter inside nuclevus is incompressible.
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Mass Defect

Careful mass measurements show

Mass of a nruclkuvs < total mass of Free

Z protons + N nrnevtrons.

| The -m:'_s'ﬂhj mass appedars as b:hdrhy energy .

Definition

Delta m = [ R O - N R j - M _,MVC'_’_MT

IF atomic mass M is given , use also

*e

Delta m = 2 m_,H_‘f‘ N m_n - M (atom) “

Sample calc v . F =2 He

Free & Z.mop 4 Zlmon = H.03/70 @
Actual nuclide mass == .00260 v

Deta m = 4.03/90 -*9.00260 = ©=890% 0.0298

L

Such a small fraction O %) yl'efds hujé

_energy via E = m ¢ 2 | See rext page.
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B8 :hdl'rlq_ Enew

Energy needed to break a nrucleus into its
free constituent  nucleons. Ezw'uafenﬂy /
the energy: released  when the nucleus is

a:sembieo’ From -Fﬂze profons & nevtrons.

Formula -
BE - = Delfa e 2 <-energy From
: z- mass defect
RE it BilE e w3

Example : BE of 4¥_2 He _
De;fa ™ = 0.02930 J . (from prev pa\ée?
BE = 0029120 x 13/¢ MV
= 273 mv (28 mV)
Compare : chemical bond enea:gf'es fow ¢V ?

Muclear br'nc;fahﬁ s /0 (2] times .sfrnnﬁgr.

B8 Md':'n_g energy per m;dgnn

BE / A (MV  per nucleon) - Sl g

< - medSUre
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1_ " { : -BE AT s A Curve

Plot bl}"ldfnﬁ energy per nuckon BE / A

against mass number A for stable ruclei.
..
BE/A (nev) Fe (A=s0)
&
1 T 3-;:],
O ; Fae] Flatsl F50 200 290
Fr"?. br'nd'rhj energy per autleon ws A
Key - features : oA
/. Peax around’ A =58 (Fe_) at F.¥ A/fe\//ﬂ
B Fars A =0 2bie /70 P EE A Fairly Aat
at ¥ MV (nuclear Force saf'uraﬁonz.

B Low A nudei (H |, He , L) - tow BE/A.
9. Migh A rudei (U, Po) - halls again.

: .:S'f'ab.r'g nuclei prefer the middle of the curve.

Scamed wilh CamScaniees




l-mpftkai;'lbns of BE/A Curve

Why Fission releases energy

Heavy nruclevs (e.9. U , A "~ 290).  has

Be / A 7.6 V. When it splits into two
medium Fraﬁmenf's (A /20 each) with

BE / A §.& MV~ , each nucdeon becwomes

more tightly pound -7  energy relea sed.

Q approx 290 x- (8.5 - 7.6

Why Fusion releases energy

Two light nuclei (H , H) have BE / A | /./ V.
When they fuse to 9 He , BE/A jumps to 7.07 /R
Each nudeon is far more tightly bound -7 .

huge release per unit mass. 5T

Per 49 Ffusion releases 7 x  more energy
thar Hission of v T

Why Fe is the most stable

BE/H maximum atr A = $6 -7 any reaction
 mouing  away From Fe (either way) costs energy.
Stellar fusion stops once Fe is bullt up

core then collapses -7  supernova 7

Scamed wilh CamScanner
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Woclear Forces

Inside a rueleus , protons repel via Covlomb
force - yet the nudeus holds f‘oﬁefher y
So another , - stronger attractive Force

#

muSt act - the sf'ronﬁ nuclear force.

Key properties
@ Short ranyed' 5 a tew Fm only.

@ Sf'ronﬂer than Covlomb at +m scale /
/00 x e!gcf‘mmﬂﬁneﬁl: Force.

@ Char;ge independent  :  acts on
P R S & R T .r'denhicaﬂy.

@ Satvuration : each nrucleon binds onfy

to its nrearest ne{ghbaum’.

@ Has a  repulsive core at r < O.7 fm.

iq. nuclear potential 2 hard ¢ d‘fz,u wll

\,.—-""/—r ! _"'l—.r (pm?

weg i
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f"adfoachiﬂ'tz

Discovery

Henri 'Q'EET?FH‘E' ﬁeczuere.f (159¢)

uranium salts

.sPo-nfanequsfy emitted radiation
that %ﬁﬁed Qa phofoﬂraphfc plate.

m & P Curie (159%) isolated polonium &

radivm . Rutherford later identified 2 types.
Three «inds of radicactive emission
alpha - 9_2 He nucleus (2 P el B nl
beta - fast electron (From nevtron o’ecﬂy) .
beta+ positron (‘IQ“OM. proton d'e;ay;’

-_ gamma

h{?h - energy photon (no mass , no Q)

i

:*'_

O O Fa
o o}
o * gamema
(o] O O -
o a algha

-

r{g. sgparation in B Geld 3 distinct paths

Key observation

All three are ernitted by an unstable rucleus,

Scamed wih CamScanner
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Alpha Decay

Heavy unstable nucleus emits an alpha particle

(= & 2. He nuclevs). Z falls by 2 , A by =

General equation

ASZ X AN a) P S e

Example 22892 U
S S a VI S 239 90 Th " & 9_2 He

QA - valve = energy released

Q

t

E il Wose AL, Al algha - ) ¢ |2 <9

L

Godorttl u C2R¥. S TN 98y
(Shared between alpha + davghter as KE.)

: @ i a’aufhfzr
© (B—e
QQ alpha

parent

-P"ll"f- afpha  emitsion dﬂughf‘er " f{ghrer.

Scamed wilh CamScanmess
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Beta Decay

Beta - minus (n -7 P)

A mneutron in the nucleus converts fo a proton.

Ar electron (e-) gna' an anti - nevtrino are emitted.

e M S b Y

£~ meutron -7 profon

-2 up b}f 7

e LI B AR S A s e
e-9. T A =7 i ARETET A S e- -J= \-f
Beta - plus (p -7 nl
A proton converts to a revtron ermits a
positron (o) and a nevtrino. :
P -7 n + e+ + \/ <- proton -7 meutron

-2 down b:{ !

A ANV et e

Pavli (/930) predicted the neutrine to sauve

enerﬁ\f , momentum & spin conservation.

Scamed with CamScannes




Date : Page : /7

Gamma Emission

After alpha or beta d’ecﬂy , the d'auﬁhfer nuclevs
is often leF in an excuted state. I+ de-excites
by emﬂ‘f‘fnj one (or more) gamma photons.

»

— Properties

@ Mo thanﬁe n 2 or A.

@.Phofons - s char:ge , N0 mass.
@ Eneryfe: in «eV - AtV range.

@ H{ghfy Penefrﬂhhﬁ # shielded by Po.

o e Gl ApZ X mtpsd =T i
<- state
E2 (E‘kcr’l‘fdl}'
Jj{ﬂmmﬂ,_}
E/
lﬁl&mm.ﬂ_z
jﬂwﬂrf

Fig.  nuclear lpwels * . gamma photen gemitted

Scamed wilh CamScanner
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'-._ Law of /?adibacﬁi/e DECQ,Z

-

Each unstable nuclevs has a Fixed Pmbabﬂ#y
of decaying per unit time. For a sample of
NV (!ar:ge) nucler |

Di:pﬁérenﬁh! Form

dv / dr = - amisda Jrv Eeies Sy

< - tonstant

Lntegrate from AM_O at + = O +to N af tirme + -

A e R A e !ambo'.;{ t) <-op decay

<-of auvcler

Momber of a’ecays per second

4

A(t+)

N

- dwV/dt = laeeda A <-in becguerel
| <-(decays / sl

¥

—_—
-

A__O e G- lapmbda #) ) A_0 = fambd'gz

Units

/ :‘32 =) a‘emy A A N o S e S Tl Bﬂ'

Scamed with CamScanines



Hal:p - rh'pe & Mean Lite

b Haf - ik T_u)2
':' Time in which half of the original  rucler d'ecay.

Mean Ilife  tau

,Hverayrz lifetime of a nucleus

= 7 = i lambda g A Etar

e
H

After n  half - Jives

NV = NV O / 2 " o e bask oo
2 RS

After / half - ik : <0 % lefr
After 2 half - lives : 26 9 1ofy
After /O half - fives : o,/ % left.

Scamed wilh CamScanmney
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Stk M UT I = WMD) T a o=

(=

T2 il In 2 / lambda SN g 0 % ol ;almb(fause this ¥

| <- lambda

T2 i 2 =992 T e <-tav 7 T
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‘Worked Example - Half I

| Problem

T___//Z of a sample is 20 min. Find acﬁw’fy
leF+ atftrer / hour ¢ .sf'arh}-;ﬁ from A__O

Step /i count half - lives

t = 0 min T__//Z = 20 min
Boa s bod N TolE et 0 e B
T R TR T ey T R e W A G

AN O ) RS ,q__;‘ /] <§i2s % of A_O

Cross chee via lambda

lambda W L e Y T

= 0.0397 per min
lambda + = ©0.0397 x 18]

= 2.08
WA T O R s mey D28 = spiadis sl

- Quitk  estimates ' 5
After 9 half - lives
Jq-ICJ’gr s half . lives

.25 % fg-pf.
3.4"25‘ a/a fe-Pf-'

N decreases by #8% 2x
for every half - 1ife that passes.

fole of thome

Scammed with CamScannet
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et NMuclear Fission

. Discovery S e

- Hahn &  Strassmdnn  (Germany |, 7737)  Found
- Ba in U targets atter revtron bombardment.

| Meitrer & Frisch :’nferprff*ed i as _-rp!'#ﬁhj

of the U nucleus -7 " nuclear Hssion

i

Typical equation R
S gl 22¢_ Y2 U -7 % 2% 792 UNNE

-7 I/99. £6 Ba 1+ ¥ 26 kA4 32

Q  approx 200 MV per Hssion < rue

__ Where the energy goes

| @ KE of #ﬂﬁmenf‘: i /65~ /MgV’

; @ KE of neutrons i & AV g
|

! (3) Gammas ¥ - 7 MV

|

l @ Beta and nrevtrinos 23 MV

| :

Other f-‘mﬁmznf pairs are possible (S Mol 5 . g

Scamed with CamScannet
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|
|
I
|
|
|

| Chain FReaction
| _

. 9
.. LA

. Each Ffission releases 2 - 3 nevtrons . IF even ome

P |

| of these triggers another fission -2  chain.
| _ |

Fy dn:nnfroﬂqcf chain - clfoub.frj edch step _.

- Critical mass

! If sample is too small J_ nevtrons escape
. without cau.s‘:hﬁ Fission -7 no chain.

Minimum mass for self - susfmhihﬁ reaction

s the crfﬁ'cﬁf mMAss ( $O0 Ky For pure 235 v

Below it - sub - critreal > abowe - Super - critreal.

|
1
u
" Scamed with CamScanmer -




Muclear [Keactor

A device to harrness a controlled chain reaction

fo ﬂenerafe heat -7 steam. -7 efecf'n'u'fy.

Essential parts
Fuel i ol 239 Po - (Hssile?

Moderator slows fast reutrons to

thermal speea’ - water , D20 ,yraphff‘e.,
Control rods: absorb extra n’ B d,

Coolant 2 water or h'zw'd' Va carries

heat 1to a steam 9enerafor.

Sh:kfd;'nﬁ z co-ncreﬁe + lead - stops

ﬁamma & nevutron fem(aje.

control

i ol wods

F{F. schermatic of a fission reactor
2
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Mqu'Ehi:aﬁbn Fg_c_f'or «

i S R Y neutrons

in one kgenemﬂbn
to those

in the previous generation.

« 2 N___V'}Ek’f' / V4 p'reu <- neutron

<- multiplier

Three re'qf]me:

:® o < ) e Sub - critical s reaction dies.

©,
A
H
~

critical : stead ¥ reactor,

@ S, P Supen e Soriicalls ﬁromhj Power

- or - £ uncontrolled - a bomb.

COnfrofh'ﬂg «

Lnsert control rods -7 absorb neutrons

-7 rta’uces 74 back to /.

Withdraw rods slightly -7  « slightly > 4 ©

-7  reactor power rises Smoothly.

Indian power reactors

Tarapur , Kaiga , Kudanwulam Kakrapar -
PHW!? (heauy water) arjd' BWR types.

Scamed with CamScannes
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Muclear Fusion

Two !{ghf‘ nuclei combine -7  one heavier

nuclevs + energy. in'ers the stars.

Why difficult on Earth

Both nucler carry +ve charyes i T Coulomb

repulsion s’ enormous at fm  distances.
A/eeg’ 7 /0 o7 VR 5 ¥ K to over«-:ome the

I

barrier =) ' thermonuclear +usion
Simple example : D - D Hfusion |
F e Eh R 2 7 i 32 He o 4 B
N e 2. 74 s T 2 H+ e+ 9N
2.y Hiway 2y B 9_2 He + n + /74

Per - &g energy

Per "‘:9 91&' fuel = : fusion 2 Fssion 77
i chémfta." combustion G oL X resjpecﬁlkefyf.

L

Tokamak & ITER

Plasma confined by magnetic  bottle (toxamax).
ITER (Franrce , International) - O - T Husion at
/$°0 million degrees ;. India is a partrer.
Clearer than Hssion -  no long lived waste

1
fuel (D) is essentially limitless in seawater.

Scamed wilh CamScanner
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B Son - the p p Cyde

Stars like the Sun burm hydmﬁen via the

proton - profon chain  ( pp - & ]

Three steps
o 2 J H + e+ + v <o
2 el - 2 48 B ok A R

/

3_2 He + 2.2 Be o 9 2 He + 2 p #

Met reaction
g iR 9.2 He + 2 ¢k + 2 v + y ]
|.7E.”E":§7’ rgfeased' approx 2.7 MV 1 <= per cycle

<= 0: ':.

 Lifetime of the Sun .
- Mass of Suon M e h o Qe «g . IF
|f of H undﬂrﬁoes Fusion -7 Sun shines For

| F{e Y o years . e argl hal¥ way fhmuﬁh.
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— Fission vs Fusion
o 2
! roperty Fission Fusion
Process splits A Jowms A
1
I Fuel U, Pu (heavyl- H—b fr{?hr?
| :
.| Tﬂjjff thermal n very high Ta
‘ E / event 200 ARV 17 - 26 MV
|| e/ g smaller Y x more "
| :
|' Wfaste Jrﬂ'ﬂ\? fived almost none
| #*
|
an #.s.fibn vs fusion at a ja‘anq

Both arise from the BE / A curve
split toward Fe.
Fuse toward Fe.
more BE / A , so energy out.

'Heavy nucler -z

L{ghf’_ .nudfl' T

Either direction + -

Conservation laws ( always hold)

s 1L ¢ tDnSENEd p

¢ _|__®_ Cha(ge

@ Mucleon  number A (s c_on.seruecf. 3 3

(with nevtrinos wunf‘gfﬂ'}- 4 BRI s

‘4""9_; E ip . k

Scarmed with CamScanner




 Problem .
Find energy released when / u(ﬁ of 2368
und’e::goe.f complete Hssion . Take 200 MgV

per LHssion.

Step /  2anumber of nudlel

/ mol of e e 22 9 T

ra —_—

AR (IOD0 ) 23] x. 6022 ix" /O 23
approx 2.56 x /O 257 nucler

total energy
Wi 200 RV
2.6 x 10 29 x 2005V
$£./2 x /O 26 eV

approx ¥-2—x——/O—/3

Comﬁhn&un

Surm‘nﬁ / Kﬁ coal 870 0 o e T
Fission of / ®g U /0 7 x more energy ¥

/ K’ﬁ v - u'fy power for P#W a month.

He;:r.e reactors only need  tiny fuel loads.

dcamed Wil CamScanmer
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|
> lfj/l/orv(ed Example - BE of 9 He

. Given data

v o = Y0072 v m__n = [.00F67. uis

et | M ( ’7’__,2 HE nu(fgu_g) = 5 0050 g
| Find BE and BE / A .

Steoe /¢  mass defect
Delta m

|

A e S S m_.__,n - /M E
2 (1.00728) + 2 (1.00567) - 9.00/$0

= 2.0/956 . 2:0l78% - 90050
O0.03090 o

¥

¥

aStep. 2 2 b:ha'f}?q energy
| BE = Delta m N R AR
| = 0.03090 x 93/

BE approx 25.3 AV <-for % He

| Step 2 i BE / nucleon :
‘ BE / A = 2¥.2 /5 = i MV / nucleon J

Comments

i = 4 He s .ekcepﬁbnaﬁy stable for a f{ghf nucleus.
( Hence stars favour i+ as an end - product,
b

| Also explains why alpha decay is common.
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Decay i‘ypes
il PR 2 e oD - )
P ¢ et e Sl Py S
i AR - el o N sl o e ) %
Nase e 2 A Unchanﬁed /  Photon only
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-Summary_ - Key Formulae

Composition &  size

A= 2 AL 4 notation A 2
K ="K 0 Anlf/30 - R_O = 42 fm
Fho o dpprexe 202 e v i0 1T Lg VY

Mass -  energy

1007 = 9308 MY ) 2 = Vieets o
Delta m = 2. m_p A+ A o on - M__ N -
BE = Delta m C 2 ; BE / A = =<ta bﬂﬁy

/

Radioactive decay

7 () = A _0 e (- lambda +) ;- A = lamoda A
Togf2 = B.e92 5/ daribda 2itaw = 4 ) lambda :
A S B ] g Cather iy halE - lides)

Fission & Fusion

s3sni Ui n-> Ba £ K 2 + 200 AV
Fipis THe B 2 of 12 nbtZe7 AAV
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