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NUCLEAR BINDING ENERGY
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The Strong Nuclear Force

 The force that binds the protons and neutrons together in the
nucleus, despite the glectrical repulsion of the protons, 1s an
example of the strong nuclear force.

e (Characteristics: U ARV NAPR S

U Does not depend on charge; neutrons and protons are bound
and the binding is the same for both.

j LS//‘)\I)\—;)ﬂ),Jd,aJN)» )O r\PQ_.\ ;q,__g\\’_,\s\ ~ J“U\pm
| UShort range; about 10:!> m. Within this range, the nuclear
strong force 1s greater _r than the electrical force of repulsion.

Physicists still do not fully understand the dependence of the
strong nuclear force on the separation .



The Strong Nuclear Force 3,9

The nearly constant density of nuclear matter and the nearly

constant binding energy per nucleon of larger nuclides show that

a particular nucleon cannot interact simultaneously with all the

other nucleons 1n a nucleus, but only with those directly around
1:_[_ :___,L,_-::.,).B\ > g0 le _}(’J-.;J ~2 \Jsf"-“g_g*‘\ g0\ fsa <
L= ) o XC 6 a3\

This 1s different from the electrical force; every proton in the

nucleus repels every other proton in the nucleus _
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dant
dThe nuclear strong force {a/vwors binding of pairs of protons or

neutrons with opposite spins and of pairs of pairs (a pair of
protons and a pair of neutrons, each having opposite sprns)
This 1s why the alpha particle (two protons and two neutrons ) 18

a stable nucleus. @ 5 @




Yukawa Strong Forces

 In 1935, the Japanese physicist Hideki Yukawa proposed that a
force between protons that 1s stronger than the electrostatic
repulsion can exist between protons. & 6

QL

d Later research showed a similar attraction  between two

neutrons and between a proton and a neutron.

nuclear Forces

O This force is called theJ force and is exerted by nucleons only
when they are very close to each other.




Yukawa Strong Forces

d All the protons and neutrons of a stable nucleus are held
together by this strong force.

D

d Although the strong force is much stronger than electrostatic
repulsion, the strong force acts only over very short
distances.

—

1 The nucleons are close enough for each nucleon to attract all
the others by the strong force.




Yukawa Strong Forces

 In larger nuclei, some nucleons are too far apart to attract each

other by the strong force.

1 Although forces due to charges are weaker, they can act over
greater distances.

 If the repulsion due to charges is not balanced by the strong
force 1n a nucleus, the nucleus will break apart.
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Yukawa Strong Forces

 In the nucleus, the nuclear force
acts only over a distance of a few
nucleon diameters.

 Arrows describe magnitudes of
the strong force acting on the
protons.




Properties of the Strong Force .« -

\Y

1. Range: less than nuclear radius, SN oo

2. Attractive: on the distance sc;ale
of 1fm, S

L ,).J 90\5‘_\\& RS ¢S SoUL s
overcomes coulombic force to
hold charged protons together

4. Repulsive: on the distance scale

0f <0.5fm e (S o> o=
oSy N

5. Charge Independent: interaction
is independent of nucleon
electrical charge, 1€ p-n = p-p=
n-n force L2l &3S aaaty




Charge Independence eSS
=Pl 8y s b= 25
A | Nucleus Total B.E. Coulomb Energy Net Nuclear B.E.
o\s) (Me)) — (MeV) 4 (MeV)
3 *H 8486 0 8486
SHe -7.723 0.829 -8.552
13 BC -07.10 7.631 -104.734
BN -04.10 7 ¢~ 10.683 1104770 ]
23 “Na -186.54 23.13 -209.67
Mg -181.67 27.75 -200.42
41 "Ca -350.53 65.91 -416.44
*Sc -343.79 72.84 -416.63




Yukawa Strong Forces

d In the 1960s, scientists discovered
that protons and neutrons are made of
even smaller particles called quarks.

Neutrons Protons Neutrons Protons

d Quarks were first identified by ‘ ‘ ‘ b
observing the products formed in \ / |
high-energy nuclear collisions. ‘ ‘

d When protons and neutrons that are t t
far apart come together and form a / \ f
nucleus, energy is released. . o . 0

oo Cpbhs solo b2 3ot Ao JF o5

 As a result, a nucleus is at a lower Srong nuclear frce Flectc repulsion

energy state than the separate hesonpoonsndrestonsdliel— (hsanproton

nucleons were.
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Binding Energy and Nuclear Stability

A system 1s always more stable when 1t reaches a lower
energy state.

One way to describe this reaction 1s as follows:

separate nucleons — nucleus + energy —, .
S @D T Ty asls

The energy released 1n this reaction 1s enormous compared

with the energy changes that take place during chemical
reactions.

The energy released when nucleons come together 1s called
nuclear binding energy.

The source of the energy i1s found by comparing the total
mass of the nucleons with the nucleus they form.



Binding Energy and Nuclear Stability
9 @ @ C; =16

*¢ The mass of any atom 1is less than the combined masses of
its separated parts.

\Z

s This difference in mass 1s known as the also called‘massl
0SS. o > gaal (NS

¢ Electrons have masses so small that they can be left out of
mass defect calculations.



Binding Energy and Nuclear Stability
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% The equation E = mczlshows energy can be converted
1nto mass, and mass can be converted into energy.

¢ A small guantity of mass is converted into an enormous
quantity of energy when a nucleus forms.

Ao 50 oiD O cvEd e mmea) e Sl

&\=E: energy (J)
~=n>; m: mass defect (kg)
T o~ €. speed of light
(3.00x108 m/s)
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Example : Mass Defect and Nuclear Stability
f s

2 protons: @x 1.007276 amu) = 2.014552 amu

n oS d
2 neutrons: (2 x 1.008665 amu) = 2.017330 amu

Rt

2 electrons: (2 x 0.0005486 amu) = O.MW amu

U S (s .5 YN Wy
Total combined massi]4.032979 ‘amu / E 4.002602 amu Ueanr

iy
The atomic mass of He atom 1s 4.002602 amu.
This 15 0.030366 amu /ess than the combined mass.
2w

This difference between the mass of an atom and the sum of the
masses of i1ts protons, neurons, and electrons 1s called the mass

defect and its denoted by symbo]@ (m-A).




\Ae’ 0\'9"'> C:Jg-)\ 3;_)2\ o\ 9\._::.\
(€ Y\U‘CAP(A}/' %Md(ne’ SR YY) bD
—otemn O 57 @

_——:/\;}’,1"",”'6)( ‘-’P_);""J\Q}:S r -//L;J)_;"J,»S')(Q_}J_,-_Jle.k:s =

f/\’,ﬁSLM: M, + <mpP
= 2% |.0s86654 2 X [.003276

=025 s l.031882

5101 oS (D
m(He) =U 002602

Sl SF (D
bm = Zﬂ"f)-}— Nm, — m(de)

= Y p31¢982 - Y 002602

Do = 6-02G2% Qrmer
Eﬁmcag Sty alyas @l ()
2%

[ 6605 X100 v ko &4 amu Gedes=IN

”

-27 2

B = (mx}-(go5><10 x C

_ 2
B = 0.02q28x 1660540 % (Zx10°)
A - lf. 3%5 X102



What causes the loss in mass?

According to Einstein’s equation E = mc?

Convert mass defect to energy units

ko &\ JI=Y
mﬁmﬂm{

The energy equivalent can now be calculated

6= 5.0441 x 102 kg

E=mc?
E=(5.0441x 10 kg) (3.00 x 10° m/s)*
E=(4.54x 102 kg m%/s?) ={4.54x10"2 J)
350 W ol
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Ex(2): ILi per nucesn

1) Calculate mass defect mass number

(# of protons\
protons: 1.007276 amu + neutrons) [* 7
neutrons: 1.008665 amu 4 LI
atomic number |

electrons: 0.0005486 amu

(# of protons) Li-7
2) Convertamu —— kg

. [iﬁﬁﬂixiﬂik&} - @

1 amu -

3) E=mc’ speed of light (c) 3.00 x108 m/s

4) Divide binding energy by number of nucleons



f Z = 3 e o S EYC N (e
ot} zZ = 3 ;\;:}5“.1)3\ 545 F.01213
3 /\f - 4 :/C)a_:fud\ >L
mass JOLEL Sen spis O
Oy = Z}’Vl,o—\- J\fmy\-f ZMe M(Li>
= 3(1-00?257)_fq0.002555)+3(0.0/429 — 7.019)¢8
:)\:92“‘;\?52
53 97
‘5_&_5 oJ>

P = O 03492 amu

‘ ..'/'\ Q>La_9-5xb (_:J 9 <N\ ol |
T Mev 6.2 _wlindly QRS

8 = mc ? -27
— 0.039a2x |. 4605316 X (3X16°)

p—

dos D
5 erboom ol @

2

5.9¢5 x lo—ld'd'

Bmding enemyy Per nudesn

L:_)\Zs\)\ e s N S e )

_ 5465X6° - g5x6" 4
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Binding Energy and Nuclear Stability

\/

*» A system’s stability depends on the amount of energy
released as the system 1s established.

&

» When 16 g of oxygen nuclei is formed, 1.23 x 1013]
of binding energy 1s released. This amount of energy
1s about equal to the energy needed to heat
4.6 X 10° L of liquid water from 0°C to 100°C and to

boil the water away completely.

L)

» The binding energy per nucleon rises rapidly among
the ly_ghter nucle_;}v) g IS YT o N Sl Ny

-

** The greater the binding energy per nucleon is, the
more stable the nucleus is.

~ © 3\ '\’Cc:?:,uLSKCS
SN Ny LS S\ =as” o N ee
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Binding Energy and Nuclear Stability

The most stable nuclei are:

comparison to other heavy metals, and the
components of Earth’s core. g;j
Atoms that have larger mass numbers~~—thdn SgF e

and _2_§N i  have nucle1 too large to have larger binding
energies per nucleon than these 1iron and nickel 1sotopes.

In these cases, the net attractive force on a proton is
reduced because of the increased distance of the
ngighhoring protons.

The repulsion between protons results in a decrease in the
binding energy per nucleon.

Nuclei1 that have mass numbers greater than 208 and atomic
=R
numbers greater than 82 are never stable. 20 8

sz
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 The binding energy (B) of a nucleus is

] The energy required to separate all of the constituent nucleons
from the nucleus so that they are all unbound and free particles
O, & 2 7= o\ Lis $Z 0esd @2l iy Sl gPaosdi B Sole
 The difference in mass energy between a nucleus ~X and its
constituent Z protons and N neutrons.

JAS S
B = {Zmp + 1\\/mn\— m(ZX)}C2
Where S / q‘-’“"‘s e \’ \ _
Z is the atomic number. PRy

N is the number of neutrons.
m 1s the mass.
C is the speed of light.

B/A 1s denoted to the
< __o.a+ | binding energy per nucleon

B/p= =t

S(_\J&:D\_).ag_)\




Do s
EX: calculate the mass defect and the binding energy of

Boron nuclei (1BY)? /p= (007825 _
i 7oogEE s B 10012973

A = (m-A).
A=(10.012936-10) =0.012936 amu.
A=0.012936 x C*=0012936 x 931.5 =12.04 MeV

B = {Zm, + Nm, — m(4X)} C?
B = {(5 x1.007825) + (5 x 1.008665) — 10.012936} 931.5
B = 64.75 MeV

B/A =64.75/10= 6.5 MeV




[o

s (3
pass defecect|— p
Koy sV~ algdy allS

-

[O.6(2038 —10 = ©.612938 amy

A = 0.012038 X 1.4£65x16 % C2

djé\/——o 012 qsgxgééosxm j{zx\o)
’ (.9 83 x\o"zj‘

2

Loy U LI kY &
/99')‘ IR I s

Q)J N=0.012936 x| J31.5
[2.04 Men

Brdmg energy S \
; of 6

= EZ/V}& + M7Mn— @) a3ys
:EE(" 001825)+ (5 X(. 008665) — \o:mzq%] q2\.S

= €4.35 Mev
Q/A = % = 6-475 Mev




Separation Energies Jerdi s e
(]
o Neutron separation energy:
e o The energy needed to remove a neutron
O I Vg deed ov o0\ &5 (AL

. Sp = B(QXN) — B A_%XN _ 1)
N?b 0\}"_))_}3_) ) o\l — ?/J_aﬁln(,',,&] .ng_;*J‘ .h-)fl&-'l-b - M,&L‘d}
Sn = {m(* 2Xy _ 1) —’m(éXN) + m, }C?
a3)s {f\ aAls + dvolsdals ___ﬁ?__‘a,l);_.’qési_: %élb

o Proton separation energy: p
o PIS The energy needed to remove a proton
Lo weas oo L) (ol
— A A-1
Sp = B(ZXy) — B(Z-1Xy)

Sp = {m(4=iXy) —m(4Xy) + my Jc*
C’S"; é FQ‘}“S - Qfo\j'»-‘.e.L:S — s e\_;-io[,._{j: Uee); o9 lo



L~
EX: Calculate the separation energy for lasf protog} and

nheutron:
7B L A T 1)
N ] 1

[ For 1°0

B(§0g) = {Zm, + Nm,, — m(4X)} C?

B = {(8 x 1.007825) + (8 x 1.008665) — 15.994915} 931.5
B = {(8.0626) + (8.06932) — 15.994915} 931.5

B =127.62

15~ ~ _ ((8 x1.007825) + (7 x 1.008665)
B(7807) = { —15.003065 } 7315

B(130,) = {0.12019 x 931.5} = 111.957 MeV

Sp =127.62 —111.957 = 15.66 MeV
?
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1 15 resostJ!

O e O

2% * & 2P
\,:,»,‘/ N

)a’ .—bf'l 4-;’-:’ - g}‘;’-—‘%-’jlf-{’(‘/ — (1S

S= B(5)- EB(:Q)
8(56 __:Z;,’z.,-ﬂmn_ m[z )j(?_?l.r
2

= [2;( [-00182S + 8x]. ooféssS - Ib’.qu?ls_’] a3%s
= 127.62 Mev

_ B[;E% _..[;.pzfum,,_ m;c;) 1 q3/s

= [ 7% 1.007825 1+ 81 1. 00 365 —1S0miss] 431
= l1s.4q Mev

171 1%,
= B(,0) -#(:0
ﬂy = 12F.€2-)Isqy = |2 Mev
S = [m(6)- m(£g)~ mp]asl s

= (I5.000168 -~ 15.4quals s 1.007825]931s
— 12 Mev

—




Sp = B(éXN) - B(é:%XN) é)\/
 For '°0 | \

B(§0y) = {Zm, + Nm,, — m(4X)} C?

B = {(8 x1.007825) + (8 x 1.008665) — 15.994915} 931.5
B = {(8.0626) + (8.06932) — 15.994915} 931.5

B =127.62

15y« _ ((7 X 1.007825) + (8 x 1.008665)
BN = ~15.000108 o315

B(14505) = 115.49 MeV

P

v Sp =127.62 —115.49 = 12 MeV




Using the mass of the elements

={m(* 72Xy _ 1) —m(gXy) + my }C?

= {m(*30,) —m(*§05) + m, }C?

= {15.003065 — 15.994915 + 1.008665}931.5
= 15.66

= {m(é:%XN) — m(éXN) + m, }Cz
= {m(*3Ng) —m('§0g) + my }C?
= {15.000108 — 15.994915 + 1.007825}931.5

|
p—
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S
®
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kqug__pc;? >3 [;E)a-‘] - 127F. &2

]
B[g 01 :[2;( 1.06732 + #X|.006866S — 15.603065]

X 431.5
- I -9g5°F
$ = BLgl-B[L]
= J)7.62— 11W.qST=15.6¢ Uev

—

= 7
s <[n[B]-m[5,]-m o

:_-Es. 00306S _ Jstqqq‘ﬂs—f-oozccs:]%:.r
)s6.6 MeN
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The Liquid Drop Model and The Semi-Empirical

Binding Energy Formula

L= LV I p——y YL
pairing Term
AN
B.E= a,A

2@ =D _a\Ag 422 TFED
C A%\ S T /A o)

/
7

Volume Term

Coulomb Term
- g

a, =194 MeV

):),J\ c:L'(..:LJ o ¥ ~noasle Vo e



volume term:

NP

» The main contribution to the binding energy of the nucleus
comes from a term proportional to the mass number A; since
the volume of the nucleus 1s also proportional to A, this term
may be regarded as a volume energy. |

Lo
s

Electron

|

Nucleus

|

Neutron

Proton

6 protons
+ 6 neutrons

e electron

@ proton
O neutron

Carbon atom

Where;

~Efol= F,
EJ_,=

@.’L‘-’[

a,A (1)

E, 1s a volume energy, A is the mass number and a, i1s a volume

onst

((l 4 MeY).

(_Jl?‘l;
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Coulomb term:

Strong nuclear force

» The coulomb energy
between the _protons
tends to lower binding
energy  and its effect
appears as a term with

(minus sign.) The total

coulomb cnergy of a Electrostatic repulsion
nucleus of charge Z , and
its effect on the binding Z(Z—-1)
energy 1s represented by Ec=—4a, 1173
the term

Where;

E. 1s a coulomb energy, A i1s the mass number, Z 1s the charge

and@s a coulomb energy constant ( 0.146 MeV).
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Surface term:

» The binding energy is also
reduced because the nucleus
has a surface, particles at the
surface interact, on the
average, only with half as
many_other particles as do
particles 1n the interior of the
nucleus. In the attractive
term (1), it was assumed that
every nucleon has the same
access to other nucleons and
it necessary, therefore, to

,-lsubtrac:[[ a term proportional
to the surface area of the
nucleus. This surface energy
1s represented by

E, = SK = 4nR’K

1 2
E. = 4n(r,A3)*K = 4nr,KA3
L
—t | E, = —a A3
Where;

E. 1s a surface energy, A i1s the
mass number, K 1s surface tension

factor and a. 1s a surface energy
constant ( 13.1 MeV).
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Symmetry term: 7

» The binding energy formula T P oy 2 L
130 - . Lo
needs another term to i A
- o
120 o 3
represent the so called ol I 4
110 stability line “1
symmetry effect. For a \
. . 100 3
given value of A, there 1s a > 4
° : T 90 Ruciides =3
particular value of Z which| | s L
80 it
corresponds to the most| | 5
. . 70— I
stable nuclide. For light S R
— ——Ln—ﬂf 45 60 ;.x:;' 6\00%
nuclides, where the coulomb g & iy
e . . S50 A= S
effect is small, this wvalue il & S
as 1s seen from the fact Sl )
that the numbers of protons " o/
and neutrons are equal in the ol
most abundant light N T N Y S N B
1- d o 0 10 20 30 40 50 60 70 80 90 100
¢ I}ll_(_;_}_ CS. Prqton number (Z)

- ¢ \ -, -
T s st Sl ek SR v s (2



» In the absence of the
Coulomb effect, a departure
from the condition Z = A/2
would tend to instability and
a smaller wvalue of the
binding energy. A term
proportional to some power
of the neutron excess (A-
27) would represent the
magnitude of this effect.

» The second power is chosen
because the term then
vanishes for Z = A/2, as
does 1its derivative with

respect to Z.

Neutron number (N)
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e

“w o
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» The latter condition
corresponds to the (A — 27)?
maximum value of the Er=—a; A
binding energy 1n the
absence of the absence of
the Coulomb energy.

> A detailed study of the|| Where;

symmetry effect shows that E; 1s a symmetry energy and a  is
it is also inversely||@ Symmelry energy constant

proportional to_A, with the | | (124MeV).

result that the symmetry
energy can be written




A Z P » N Eg
Even Lyen Even +
Odd Even Odd 0
Odd Odd Even 0
Even. Odd Qdd. =

»O foop =k, g v L2/ Rs
Where,™ ’) "“p uu“"‘ > S $2
( 135 )
’ R even A, even Z.
Es = 10,0dd A,even z; odd A, odd z. ;
—135

\ R even A, odd Z )




The Mass Semi-Empirical Formula

"
wlﬂ e ’ - . =
')/&l‘—:- "(1-9”"\1'\ Q’\}yvr"x?d}:( o:-.-'f )aw(o.k:)
¢
B.E
M={Zmp+Nmn —F}
2 2
M—Zmp+Nmn—avCi+4aCZ(Z 1)+as_+ T(A;zf) _%

A3C?2




Ex: For the 45Ne nuclei, use the semi empirical formula
to compute the total binding energy and the mass of neon?

] r 10010 = 1) )
(14 x 21) — 4 x 0.146 ( : ) _ _
'B.E # < 213 -
131 % 213 194(21_“10)2 zo |
' 1 X — .

l \ 21 )

:B E=174.315 MeV

B.E 174315
A 21

:BE_{294 971 — 19.051 — 0.92}



21
= 10
9 Ve JUERY
Yz 2
3 E‘:'-ayA-L{G(C Z(z-V _ a A —a (A—'EQ-]_'E
A‘/3 A S
B.E=14(20 -4 (p.146) folfeX. (2\)2/5
2’)/3
—— \Q.qlzl_zo) il O
2|
BE : 2a4-q7Zi_ [9.65/ - 0.92
= 1#9-3(s Mel
B{% = 1FW3S = B2 M
2]
M= Zmp+ Nm,, - BE
cz
= 10(1:00723¢)+ 11( 1.008¢6s) - |FU3IS

q3i.s
20-q8s94 amer



M = {Zmp +Nmn —7}

W= {10 x 1.007276 + 11 X 1.008665 —

174.315
931.5

M ={10.07276 + 11.095315 — 0.187}

M = 20.98094 amu

|____________________________-| ................................................
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11, Calculate the mass defect and the binding energy

of 12C , 190, 24Mg and *38U?

2. Calculate the binding energy per nucleon of the

previous elements?



e} e,
O,

”"li;u:' bl

;&g,,,' e [gxloosm +cuoo&98 1 W‘
B 2120272 - 12] L
Am z 0-10272 U
Binding  Enigy - (amx 931.5)Mev = (& \02‘%

ge = 95.68 MeV
Qinding Envgy per nuclim = ?QE z 95\263 MeV ‘"’T*‘“P N

‘-'.‘-\ f

v, el

‘fr

6 >
an [;0%] atom : P=8 , m=8 ¢ My= 1599492 L

Nowp AT [821-00814 + ¢x | 00898 - Isggug2iu
Am = [16.13696 -15.99 492 1u N
Am =z 014204y U
B.L.= 0.1U20Yx931-S MeV = l3? 31 Mev S
c‘Bmdlrg engy  pet nuclion 2 _§2__3J- > 8.27 e

[0 ol : Pes, nvswmnzlcu

Now, DMz [8%).0081U + 8 K|.00898 ~

am 2 [1€.1369¢ - 16 u

sm 2 0. 13€96 u ok

g8 - 0363 X 9015 Me = 12359
g owgy per nchon




