R

the splitting of the liquid drop into two more or less eqyq) Pargs "
en
8ot
Oy

with suficient amount energy.

2.1 Semi-empirical binding energy or magg for’"uta ™,

7 ]

Since nuclear masses are accurately known ex;')crmlonmlly, the Ny
5.F is also known accurately. By using a Helll(i‘e:nmrlcal &pDronc}' “Car
daserd on expersmental results, Weizsiicker in 1935 Propose the fol

formula to achicve a quantitative and basic uuderstuuding of the

B.E (in MeV) for the nuclens (Z, A).
1_,2(Z=1) (A< g5 iy,
B_E"'_'(]‘,"l—ﬂsll‘] _"‘C Al/:J —.aﬂ'(?Z)iZé ‘IJ

q
(8,21

J
N

dgq'r’

)
¥

with the constants or coefficients having, typically. the values 4] in )
@ = 13.0. a. = 0.60, ap = 19, and § = 33.5 for €ven-even or odd-oqgq il

Q'U

. nyel..

for even-odd nuclei. Ucle; an
The mass formula has many applications, e.g., Prediction of

S-decay for members of an isobaric family, explanation of fissiop by Biiﬂbility agy;
and calculation of stability limit against Spontaneous fissiop etc. " ang ""’he{?t
We shall now describe the steps leading to the mqgy Jormuiq, , i

analogy of a nucleus, suggests that like the volume energy and SUrfaCee liqujq trgy
liquid drop, there will be various contributions to the nuclear‘binding enerener of y

1. Volume energy term — The first term, B, = @A, is the vjy.
Tepresenting the volume energy of all nucleons, The larger the tota] Iizﬁfb |
: T of |

the nui:}gar volume, which again s Proportional, for spherjeg] hucleus, to p3 B
Rx AV o p3 o 4 So the volume energy, By oc A. Thus the main contributi;)n :t
| B.E comes from the tota] number of nucleons 4 and, ag g first approximatijop 0

B=LM=Im4
where m = magq ofa molecule, 4 = number of molecules ip the drop.
" B/A = congtant = B/A is independent of A,

(tjhe' total number of molecules ip the drop—an important feature of any system-(l_jy'
fop or hucleus), Wwhere the range of interaction among the constituents js much
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v ion Y
./ 1]“]151‘1”,1‘10 I
i ’ olhme enorg
/g™ o nstant, the volume oy R
com
4

,\.— o ‘
U TTURY withy liqnitl

il drop, he
Telore
energy term, ' fore

T in fivey Ly
i .
,!.31"1 ﬂ/"' 2 B, = constant, « A -
r’ ‘ I1:-,

y 4t

1 “"o. pr(lct
.11-'.'
t

Y te

”h/\

of the liepuie) d

YOUrs nyye) hene
molee,

Importan
ﬂ 8.3 whore
: ""Il‘,u“‘, 1 a light nuclens are showy
mﬂ;‘:(, v"; :\“: micleus the ratio of Surface
‘ medit

we assumed that, the gy,
nft r?f"' fully surroundec by neighl
o :‘mu‘?" correct for the surfnee
o ;l'jl_ g N0 s particularly more
Ry l.,p(‘l"ni]:‘N‘P!-(\S(\,n(,l‘(l in Fil',.
and

TOD wag g, b
o

ey, whiel,

N
‘u.“‘\"ﬂ

i tal number of nucleong =~ (.63
« 1 " ] '
i ‘nd (Ilt‘ u hi[{h as ().88 (: 6/7) n hjﬂlt
L e AS . s a
"'ﬁ‘\ﬂ it 15 ve a second ('(3!'111 m the Magy Fig.8.3 Diﬁampcasin Surfacg anarqy
T e ha energy term that follows, of medium are fight Auclel
|3 ‘:l’ " 1('C A D
. & <“1‘f‘
the *

| rgy term — The secon( term, B
” face ene nsion in liquids; like the mol
sur surface te

- ‘? <

ecules op ¢,
he surface of the nucleus are yt
o 10 t the

Completel
¥ oS & tal binding energy is thus reduced (
3 el he t-o TS

ue to nuclegng on the surface.
¥ . due to surface energy, B, ig PrOportional to the syrface area oglghe
‘,.A:‘f‘":' -ti0“4 ;2 for spherical nucleus of radius R. Byt R x A3, go By x A%3,
R iniv,
R ¢
.IVHV:S lle-

B, '=,a,,A2Ta\'

tant. as is called the surface coefficient,
constamt-
e 18

m — ] 1 lectrostatic
he third term, B, is the Coulomb e

* coulomb energy term —T ‘

. CO

&

he charged particles, protons, in'the nucleus. Since each charged
the
. between
wlagon UC

g
ik

1 other charged particles, this term would be 1});2}132?1;?;1 —tont;x;.
ﬁde repulses all o binations for a given proton n}lm.ber Z,lw ——
:4b1e gumber of Con_l n between the protons is agém mverseg fe E\Sion )
fenergy o intz}"arfl:t}g So the energy associated with Coulomb rep
ce of separation R.

g = a,,AQ/", iS the surface effect,

he surface of a liquid,
¥ surrounded by other

Z2(z-1) _,2(Z
B, =k (R‘ =k roAl/3
Z(Z -1)

or BC = ac_mr

' the bindin
' t also dilutes
AL/3 and since this repulsive effec
e R is replaced by 7o _

: formula. |
i-empirical mass R
ive quantity in the semi-emp m B,, originates from
it appears as a’ negative quar The fourth ter
term —
- Asymmetry energy

l e m :
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it 1al to that of neutropg |, ﬂ
o 18 1 ]n]ell ) number is lost and ¢ X
and DOV stability. This neqgy, <
, ,m” Ut?‘ nlh l\\
i the measure of the ¢ €Z¢, i
N - Z’ S'Jmm oy,
S fjum thWY HUCICI et'ry '-rf
X '
[ rmonnl to (i) the neutron o, i
( y‘:nnmtt llllClCl and (ii) the fmctz - ’f\'
8
‘ "_( et g the nuclear volumeg j is Tlu,l
which excess neutrons are Preg DOPtir
4 per nucleon. Q“t ”;“E
}Jl

f
W

_7), and also

ry coefficient.

he nucleus the aspect of quantlza.t10n

lication of Pauli’s principle. Of en Shery

ons are put into a nucleus, the lowest Z-energy |

(N - Z), by Pauli’s principle, must o teVEISrrt

the first Z quantum states are already ﬁlledo high,
up wit

called the aSymmet

drop, there s in ¢
Jeons and the app

where ap 15 @ constant,
¢ Unlikein a liquid
states of individual nuc
If Z protons and N neutr
filled up first. The ezcess neutron
unoccupied quantum states, as

A\m

Excess neutrons (N-2)
occupying higher levels
and so are less tightly bound

Z protons occupying
deepest levels

J\
v
_A
vy,
4

f%}

Ol
g.8.4 Application of Pauli

Z neutrons dccupying
f deepest levels

«6}{}{}
i‘ - P P-4
< ‘,ﬁ}{}{}f

/

s

prot
b 008 and e elitrong (P
n the ﬁrst 2 X7 g 8 4)

Bives rise ¢, cleong y, t |
3 ) 0CCUDYE hee
disruptive g, B“Ii;y Ing the d eepest zcess neutrons are less tighly bou!
e ln nuclear bi dmgnergy levels. The asymmetry o
| €nergy — the fer™
asymmetry €
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tion of this pu.rel)'f quantum mechunicgl aspect in binding energy,
ot (10 b cyond the liquid drop analogy. |
Do U™ ergy term — A.ll the energy terms introduced so far involve 4
L ng ot ation Of B.E. with clmnge in proton number Z or neutron number
W pa Jooth yarl Jlot shows & number of kinks and evidence of favoured pairings
~with Z (or N) = 2,4,8,20,50, 82 and 126 (magic numbers) have
nnchdrlcf;liq {act is not taken into acount in a liquid drop model: intrinsic
. ke cffects are disregarded. This omission demands a correction

introducing the last term which is a pure corrective term,

\i ¥ ]
.‘;llil\‘ﬂ(]g;\[‘ di}ti‘a\ring odd Z and odd N are least stable, and nuclei with odd N
\hv;m mclglr ;\ren N and odd Z lie in between. Each of the protons and neutrons
A0 2 im pairs with parallel and anti-parallel spins in even N- even Z type
it s‘p'll - — stable configuration. But in odd Z- odd N type nuclei, one
Joi €1 -lngt on and one unpaired neutron are left to make the nuclei less stable. So
paired PF% s increases the B.E of even Z-"even N type nuclei and decreases

 ping Of SPIY : s o
Thus, the correction term B, of pairing energy which is

lei.
dd A Odd N nuc
n®  alto A~3/* is given by

—_— 6:
T A3/4

By

ere § is a constant. T'h_is relation was determined. empirically by Fermi.
No correction term however is necessary if A is odd, i.e. for A odd, 0 = 0. The
ctant § is selected according to the following table..

Table 8.1 : Classification of Stable Nuclides

Z N A - No. of stable & = B,
nuclei e L

even  even even 165 - —33.5 Y 43/4
_even  odd  odd 55 0 ;
_idd _ '-e\(eﬁ' £— 50 s 0 0

odd odd ~even 4 - +33.5. +3/43/

fa nucieus is thus finally given by
acZ(Z'— 1) . (A_2Z)2 6
B.E = (LUA = agAZ/3 — —"_—-___A‘/‘"’ | an y 0 .
o : Z(Z—]) ‘(A—2Z)2
E a; _ % o (A-22) 5
g5 =2 S =am g AT -t (3.2.)

The binding énergy B.E o

e., the-binding energy per nucleon,

wva [ i 4T h‘;ﬂdinq .fraCtlLon’ l
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344 45
o for th° e e B/
The form™" _ Z)Mn
et
'Zlﬂ[: /1”‘Z) 1 Z(Z"’I)__a (A‘ZZ)2
_ oyt g gim A+
B 1 [ﬂu - {hA A\SM‘
3 ' -
¢ . the seml-empirical '(&Q
as ;
o 2.3) 18 jknown Magg fo 4
B {nrn]" a ' _ . fH . rhlll
The aboVt iaan] C ns(]ilﬂts or coelmncients are
J0ca , 1 e r
\\'oizs-"i"ho"‘ he five emlmft ich u,gaill is obtained from the a]“ﬂt(. !
piscussion 5 P, of nuclel yated from five nuclear maggeg ac lr;lth‘r] I,
ipformatit v ab \-::L gtants are evalt bremctiOnS. Thus, using Som,e-We Can 1;:111"[:.,]7‘
- ot el . {SSGS : . o " S04, ™
nmmsi.. ?1;;"]({!_0 ds of other méa much of the nuclear behaVi Dlr,Cal :.]h:-,,.
to predlt predictable. Hence (8.2_3) s knour heg.r'ﬂ*
empirical mass formula. Own, B.q';mﬁ
— 'Pm
E The BE/A,S appear ip F]g , ’
¢’ is a plot of B'E/‘.4 in MeVa; .,5%1'{-5
g 6 mass number A. With the ey, tg_amst N
8/ irregularities such as ‘He, 120 ?61011 o,
< 4 curve is relatively smooth, risi;lg hetc’ i
@ ® ' small values of A. For va) Sharp), ¢
2 : o o alues of A 1
o 210 240 the binding energy is close to g§ M 530.
| e
' ' Py

nucleon.

Fig. 8.5 Binding fraction curve
1s of the various effects in Weizsécker’s formula gy :
_ in

The relative contributio
schematically in Fig. 8.6.

16 -
" .~ Volume Energy
LSS 7z .
" ;/Surface Energy~
] & / Coulomb Energy\
E 8
Sl Chmde®™  Asymety
S
- ymmetry Energy
4
2~
{H\r‘f\[\r
o

60 8§ LT
: 100 120 140 160 180 200 220 240

A—

Ous effects in Waizeankars formula —
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Table O.1 LEAh WHLE €VEN-even nuclei are mogt stable

04 ‘ ) uclei are the least stable

" pot © . odd-odd nuc stable ones. Natura)

! gants *' e in respect of stability, 1y, the odd-even
rm

and hence

4" i

ainst B-decay.

of atomic number v

[ jcations of semi-empirical mass-formulg
lo\v . . 'y

; bola : prediction of stability of nuclej ag
e

% jumber

lA
APP f applications of t} i itical

;g.'ﬂ i umber of applic 8 ol the semi-empirical mass formula,
o De

. E“'l al.a :

1' Massz) he the atomic mass of an isotope of an element

f V(A A, then

1>
o?

M(A,Z) = ZM, + NM, — B.E. (8.2.4)

[ \f,, are the masses of a proton and a neutron respectively.
] K ()] .
it

w82 1), for B.E, the above equation becomes
sing (o277 :

(A-22)?
, ‘ A
i § and using Z? instead of Z(Z — 1) which appeared recently to be a better

_ ZM, + (A= Z)My — ayA + 04AS + .22 A5 + (8.2.5)

v 2)

pesentation.
% | \
II!UOdllCiIlga FA = A(Mn — Qy + a‘n) I asA31
- p= —dan— (Mn - Mp),

, 1 2 .
and q= Z(acAg +4an)a

% obtain from equation (8.2.5) above :
M(A,Z)=Fa+pZ+eZ" (8.2.6)

'?hichis an equation to a parabola for a given A (ie,
"2 given isobaric line) and is known as the mass
Frabola (Pig. 8.7).

Othhe lowest point of the parabola, Z = Za, 18
am?d by differentiating M (A, Z) with respect to Z
"#8ven 4, and equating the same to zero.

(BM ‘ ' | [ 1 |

FZ) =p+22=0at Z=24 BIRETE 2[;( 50 31 32 33 3 3

! ' | Atomic number

Zy=_2 (Mn — Mp + 4an)4 - (82.7) Fig. 8.7 Mass parabola

20 9(a.Ad +4an)

Odd A (73)

<«— Binding energy
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LA T AT
'+ P

= ( 2 ‘
= P ) (.?i_) .
346 w20 M(A ] FAH’("QCI +a( 17 using (8‘2.7)
. From 5 .
| L
= I~ lg 2 2
_mrE 2 I (FAmp/‘lq)

I,Z/\) - 2
(7 _ pA/4d +pZ + i¢

LA
=( 442 q

2
B

— a positive quantity,

A!(‘.L'Z) — l‘[

_ g2 2a)

iven isobar (A= COI?Star,lt) has. the loye,
abola for @ gma,IIBSt value for a given .A, this nucley,
) has the § she isobars for the given A.

zq DA
. the mass P hag

That 7
e M(Ay 24 Hin
7 = Z . ‘smC‘(’J table amo g .
;ﬂ L{qf BJ‘E (md 18 thC m'OSt S fM Mb,ac‘ a,Ild an 11 (827),
m:q; <ybstituting the values O < 2/3 |
— 08 + 0.0154%°)
Za= Af (1. _
L ,. In most cases, the
h does not usually g1ve &% e _Valll? forZAiven A. All isob;rs ha‘:zlue' .
WAL s the actual stablest nucleus for a § - AL 1507ATS Aaving Bg
nearest 10 Z4 giVeS  Jess than the most stable .one will lze} on the ty,
EvenA (B4) arms of the parabola. Their masses will be greats
oo .. than that of the stable isobar a.nd they will decyy
L] | b 64Gad) -.:by emission of 57, ﬁ*or K-capture. The iS'Ob.ars o
2 Freeven the left of the stable one, decay by ﬁf »em,l.SSIOIlaﬁs
Z” they have fewer protons than the stable one, whik
E Even-even those to the right having an excess proton decay by
l N m, 3+ emission or K-capture, or by both.
Ni 847n _ |
. 737 R . 287 . 73 table
Atomic number + K
mge LLK, mag K, T3Ge (stabld

Fig. 8.8 Mass parabolas

‘ b. So lon'g we did not take ¢ into account. If we do', the mass parabolas for dife™

Zcr) :r shfa/l; '0to o groups depending on if A is odd or even. For odd A, a sindle 7" '

5 s:n e Ans obtfuned since for odd 4, § = 0. For dven AR getltwo parabol®® d

nucleus). Si.n((:)emé3 il: si)gtf‘;i?eg ﬂ()e"eg;ieven nucleus), and the ’other for odd Z ¢
r odd- : =

0d¢-odd nuclej and added for even-even, th¢ yclid®

for odd- i i
dd-odd nuclej is ahoye that for eVven-even (Fig. 8 8). Th dd Z- ever
. "M . €eo * ) ‘ ‘_,—-J
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ey which ) der
* e curve for even Z- even A njclides that two isobars with Z differing by 2 units
‘ h; Jose to the bottom of the lower curve. They constitute stable isobaric pairs

. [N 617n). - ¥
'2. Spontaneous fission : Stability limits |

mouraged by the success of semi-empirical mass formula, Bohr and Wheeler
1) suggested an explanation for the nuclear fission and could provide a satisfactory
ot of fission energetics. | ]

Energy per fission — The B/A vs. A plot of nuclei displays a maximum at
sat A= 60 and also shows that in heavy nuclei, A > 100, the total binding energy

i #nucleons increases when the original nucleus is divided into two smaller fragments
~eprocess-called nuclear fission.

'For simplicity, let 235U be fragmented into two nuclei, each with A = 238/2=119.
lis would increase the B/A-value from about 7.6 MeV to about 8.5 MeV, ie., by

"NV per nucleon.

;OTOtal increase in B .E. due to fission =
iﬂnriA ° 85 such a fission appears energetially favourable.
SObVIQUSIY opposed by the Coulomb potential barrier.

lerget . : c ric fission’ onl
Betics of fission — We shall restrict ourselves t0 symmet f

g . : ual halve
2o Uefinod ... v 1 _ (7 A\ hreaks Ztself into two €q .

0.9 x 2383 ~ 214 MeV.
. However, the spontaneous
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=
ectly PY 2 :Euonnma T - =
T : o-disintegration B o TS
) Qlﬁ: . Ev )
m:#mm o:;
;n:_
U

el 3%3&&.8 suggests that 2 p, |
onfiE aration: Taking the clue from ?%85
in atoms, the physicists ¢ ch
ells in nuclei, i.e., if E: Esﬁ
of a shell structure, Hm.ﬁoﬁ N
e l:n_mm:. shell th_mmwaf

mg

e shell model of the scamcm and g,
clectrons, having closed shel
82 and 126 nucleons—thes
on Or :mcﬂoﬂ are particulaty
ying high stability whid
s and isotones wi
mber, are sail

w

: th 2, Houu_.m, 36, mmr ...

¢ as inert 85599 WL with 2, 8, 20, 5
f the same kind (either prot
und to be unusually high impl
pes with these proton number

N = each a magic nu

stable. The binding energy is fo
h Z and N

is reflected in high abundance of isoto
rs. Nuclei both wit

these neutron numbe
to be doubly magic. ; _ . :

: 2. The Hm_:ucmn of stable isotopes (Z = const.) and isotones (N = const.) 18 Jorge
MMS MJWSMM Vumawma of protons and neutrons equal to cither of the magic numbe®
eg., 50(Z = 50) has 10 stable isotopes, Ca (Z = . . up of is0t%
is at N = 82, then at N = 50 and N Hv 20 A MS has 6; the biggest £%° P

3. The three naturall i . d

| y occurring radioactive series decay to the stable end E&w
n of magic

wemﬁv .
82 «52._ N = — i 1
82 and N = 126 indicating extra stable configuratio
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(rost = o e P = = IO
he ped 126, indicating reluctance of

L) aﬂ] flled shells.

clei with N =

magic nuclej tq TABIC numbery

accept extry neutrons i,
1t 1 , 17 87 137 £ '
P like '$0) 361,< a:d 541)(0 are spontancous neutron emityep

decay- The 1sotopes have N = 9, 51 ap( g3 respectivel I8 when excit
+1). One can interpret this loosely by net G
opes emnit t0 assume some magic N-value for

, jsot |
e quadrupole moment @ of magic nyclej 9 %610 i e:
“ 4 El“cf o cucleus for closed sliblls When Zoml /CrO 1\1rnd1catmg spherical
) " 0 ‘ 3 S 3 . ()r -VH'I‘IO .
.\-mmt“i- om O MAgIC number to the next, Q increnses f 18 gradually

© : rom zerc
o 1oCrCases to zero at the next magic number, o
W pen U7 : i

he o - or O-particle it i :
A e oergy of @ B- 8 emitted by magic radioactive n
‘l

& maximum

uclei is larger.
o0 experimental facts lend a strong support to the -

KT shell structure of nuclej,

. galient features (assumptions) of shell mode]
\

h

< podel assumes that each nucleon stays in a well-defined quantum state. But

Eke he atom, the nucleus has no obvious massive central body acting as fized forc;
gWTE Of charge- . . - .

o the shell model, therefore, each nucleon is considered as a single particlé that
teS independently of others in the time-averaged field of the remaining (A — 1)
leons acting as a core, and is confined to its own orbit completing several revolutions
hefore being disturbed by others by way of collisions. This implies that the mean free
xth before collisions of nucleons is much larger than the niclear diameer. It amounts
pasuming the interaction among the nucleons to be weak. This s6unds paradoxical
s melear matter is super-dense (~ 10'7 kg/m®) and experiments indicate that a
mclens is virtually opaque to any incident nucleon. This ‘weak interaction parador
ws saved by invoking Pauli’s principle by Weisskopf. He argued that nucleons are
rmions and by exclusion principle, no two neutrons and protons can stay in identical
meantum state. Hence the experimentally expected strong interaction among nucleons
Banucleus cannot show itself since all the quantum states (low lying) into which the
“ttered nucleon after collision may go are already occupied.

ln terms of Schrodinger’s equation, each nucleon thus moves in the same po‘f'ential
l(rg whichun.la,y be taken as an average harmonic oscillator potential so_that‘ (r) = -
3, Schrodmger‘ equation then becomes

W2 g, 1 2) =Ey | (84
('EM'V +2kr P

Where

|

Mis the mass of the nucleon and E the energy eigenvalues. .
Mgy, ‘ |
-2
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apy) P37 R 57
1 ? 2 (1ds)® (251)% (1d, )4
187 . 2(1172)4 (lp%) (193 P a )
;A/U 2'}N — (15%) 2l 3 for f state <
0 ' 7 = 7/2; ‘_1 odd parlty
' : (#1)
parity = . mentum and parity for the oty
i mml ang® uld also its (:'IGCtT"lC qUadrupole mOm ent Stqt
Id 11« and the l m,odel’ d TOTQﬂ
r E.\'m;lp (Lucina the she . 5 (o ,
33Q clet ' 2 s
]6” nf”:r model 5 (151)2 (1p%)4 (110.1_) (1d%) ( %)
we : 16— 173 4 1ds)® (251)2 (1d.\1
Solution 169 [N — (15 )2 (1?3) (1P1) ( é) ( -) ( 3)

m or spin of the nucleus 168 is the total 5
The total angu

momentum Of the las

J= 3/2 ]=2ford state
Parity = (—-1)2 = +1, even parity.

The electric quadrupole moment, @, of a nucleus With spin J is given, accord

collective model, by S
=73 (2J+2) Ro

where Ry=1.2x A3 fm = 1.2 (33)5 x107"®m  (since A = 33 here).
3 (2 X §) =1

0=t N\ 1 1n-15]2
5 2xi2 [ [1.2>< (33)3 x 10 15]

= =0.0355 x 1¢~28 m2

p = - 0. .
, Ex&mp] 0355 barn

IUEIS Sho t2 In

(1 barn = 10-28 2
" W that 4. Shell Model ... = )
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4 2 (1d:)6 (2512
s . 16P — (181)° (1pg)* (1P1) (1ds)® (2s1)

v —(sy)? ()" (19y)” (149)° (254)% (1)
J=3/2 1=2 for d state
Parity = (—1)> =+1, even parity.
da, - o - 4 2 (o 2
whAr ;18P (13%)2 (lp_g_) (1p%) (1d%)6 (28%)2 (1d%)‘)
2N — 2 ( 4 .\2
N —(1s1) (1pg)* (1p3) (1ds)® (2s ) (1

J=T/2; =3 for f state
Parity = (-1)3

)* (1d

1
9
&

(][]

= =1, odd parity.

‘omentum and parity for the g

r 0nd also it electric quadrupole mor
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Success and limitations — The shell model of nyel,
limitations. Some of the successes are !

1. It explains very well the existence of magic numberg o

nd g}
. , 16
binding energy on the basis of closed shells. Staby

"’I ‘[nf‘ |

2. The shell model provides explanation for the grouny state g .
moments of the nuclei. The neutrons and protons with Opposite g, ns ang "
i X SpIng py,.. My
the mechanical and magnetic moment cancel and the odd or left Pair off U

: out py &
contributes to the spin and magnetic moment of the nuclei ag 4 Who{)e Oton o,

3. Nuclear isomerism, i.e., existence of isobaric, isotopic nuclei in giq
states of odd-A nuclei between 3949, 69-81, 111-125 has beep expla.iln Crep;
model by the large difference in nuclear spins of isomeric states as theirej
close to the magic numbers.

en
With

'Valug'
Some of the limitations of the shell model are :

1. The model does not predict the correct value of s

PIn quantum Numbeg
certain nuclei, e.g., #Na where the predicted value is T

= 5/2, the correct value
2. The following four stable nuclei 7H, :?Lia IgB and 2N do not fit into this m

3. The model cannot explain the observed first excited states in even-even nuc

energies much lower than those expected from single particle excitation. It also fa

explain the observed large quadrupole moment of odd-A nuclei, in particular of
having A-values far away from the magic numbers.

e If all inter-nucleon couplings are ignored, the model is called single particle

model. If however, couplings are considered, it is known as independent particl
model.
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UTTE TTSNAIYY VRUAVISLIGV S, I"‘"r-" "rl |fl "" “
Jrye Jor o give _ Ilh"" ' g,
ef efahle vl iy d
™ ", f‘-’!', "",{ .!"a'.
ATONg 5170, >

"o :'"'f h \
i
. l:"’lk
j nergy, .
fon “r’””nﬂ ,';!, f”f hl"l“"ﬂ 14 2 m"“
fifon: :
Soluti 12/3 _ g, _./Z___ ~ ay, (A 22)2
| F), =y A~ 02 173 * .
’ A,
= 1)~ Z7? has been taken.
" ow, ] table nucleus, I must lse rrm.timu.m fesr i
Now, for mpsel sfa | v"‘n 'rlq
: |
ﬁ,b = —2"('/1 l/'/ +- 4(171 (A -~ 2’/ " hllb-l
ie. ((’7 A seonst | )4 k q’
= dan - 8a, A~ = lp A~y 0
= Z(4a,, + acAz/';) 5 p

2a, 4
4 A

T 24 (ao/2an) A2 = 2_,_0_0\154%

' e and a,,.
substituting the values of a, ”

He, Be and Li are all light nuclei for w

thh 0.01542/3 ; i neo:
t stab "egligit,
This shows that of the three nuclei, 3Ll is most s able, ang 2

» Example 3. Show, by way of

computatzon
more stable : 7L1 or

3L1, 4Be or 10Be

Wouly
(G“l‘u ;Z:I
Solution: For 5 given mass number A, the atomlc Numbey Z of the
nucleus is | A4 o _ a
= 2400154273
Now, for =7, 7= 2+0.015x 725 = 33 0g8s = 2.055 = 34
8 -8 8
ord=s z - 2+0.015x 855 = 37, 060 ~ 205 = 388
Since of the two Z-values

3.4 is nearer to 3, the 3Li nucleus is more stabl;

. | 9 9 9
Again, forA=9, L = —. et ) B = —— =43
2+0.015 x 92/3 — 9 +0.065 2065
for A = 10’ 7 = 10

10 10

2"‘0015\x102/3
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: .,pn.l‘t'i“‘los from n]\-osf. .o‘f t\ho nn.t.m:u\ radioactive SOUTCOs
cils 1~n\cnl'51 only mf,c RS O )S(AH‘VG(\ m the magnetic o OS 8~ 107
“ll” n el <oly spnccd lines are obtained, Iy the former. . Shectrum; with
[ “? mort ("]“l(n‘mno-cncrgcl‘.i(:)', the latte er, all the Q-particles

l . r indicate r
W o -(»l()(fll-\' cates the xistence

Licles, cach with o given velocity (or energy)
, 1

Qf t.W(:) or
par )

(-l 7= s Mv*, can be computed

. ey = 9 y s U ‘) 1 1 6( fr()[r\ t,kl(\ AV \1 g

- Loenel gy, s (J(,\ty U and it ;

A netle g - 10 MeV. is

phe " e i py used the above method for deterria:

ST others W I for stcmnnmg thie

A1 fore ‘u]oh‘ put replaced the photographic plate by ap Jonizati
]l.t'lk Yy . .

velocity (or
on chamber.

) “I{‘ ‘]-P:

pang® of a'partldes

| tant property of a-particles is their ability to ionise the material (solid,
mpot |

0 ) through which tl}ey pass. Le’.c an a-pa.rticle course through a gas. As
jor 888 o5 the gas particles by multiple collisions and thereby loses its enerey

it Fl?ngilly when the energy falls below the ionisation potential of the gas, it
. Finally,

uﬂ“.‘-_ ond gets converted, into neutral He-atom by capturing two electrons.
jonising The distance through which an a-particle travels in a specified materia
e —

(0 ionise it, is called its range in that material. The range is thus
tion path-length.

1 range 1 highest in gases, less in liquids
fe least in solids due to.more and more
;packing of the particles. Blackett 'demox}-
J such ranges of a-particles beautifully in
;)ud chamber photographs. (Fig. 4.3).

ainly, the range in a gas, depends on
¢ initial energy of the a-particle, (i) the
ion potential of the gas and (iii) the
s of collision between the a-particles
he gas particles, that is, on the nature
he temperature and pressure of the gas-
Increase of pressure, the range decreases;

Teases if the temperature of the gas 18

: . (
- v A hamids 1s very SEEE
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ltN
ir initial Uth
Initia, :
f -particles obviously depends on their velocity
The range ot a-pa .

~ ticles having differep;
d rate measurement of ranges Ofll_gﬂl‘ R(v). In foct GeigerV:IO
s¥on Betwsi tities : R = R(v). ,

i hese two quant | . fo el |
elation between these t | ; a-piirticles of velaug ) %
1(‘1“‘“_’“ sntal studies that for monoenergetic c-pe » Y, the .
experimental st A b e
standard air is proportional to v™:

R o v3

3

or, |[R=av

|

where a is a constant. The relation (4.3.1) is known as the Geiger law, valig

a limited velocity-range.

*Since R o« v3, and the energy B = %mvg, the range-energy relationship is

Rx EB*? o R_pp3/2 _ E « R?/3

This relation (4.3.2) is an alterngt

we form of the empirical gy
The values of the constants a and

b of (4.3.1) and (
@ =9.416 x 10=24,

b=315x10-3
if R is expressed In meter and g in MeV.
Specific lonisation — isation, g large 1
along the Path of the o I i
point is Proportional to ¢
The number of ion-pa;
a-particle

of Geiger.
4.3.2) respectively are
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y + Stopping powe
ange :
il of 1

tial energy have more or legg the g,
o game i srend in the values of rangog
o small :' wh as the straggling of ¢},
e '

140 Stragglin

The a-particles of th

*\llhl.’\m'u‘ ”(9\‘.'!\'!'!.

: Sty
rll)()“t 'I{r,
pmenon 18

.

’ ],
€ rap g,

Bo "n
[ ' ]
%t b ions produced along the path o Y
heorvedd . This PI” ¥ er of 1ons l"mh .), . ' f Mg, a
| gre the nam Ll Ance from the Jonrce, Clirye .‘mni];“. ' D"”ic;
OINeNs " qls » 0 -
i s against the di he end of the curve, the Mimber O
Wy es o} y ) " o .'
ol thes i Winined. Towards 1| ' to zero. The curve jg Calle B“"’“"* rf..l'
) T ] 1K oh < ddown A ' ¢ .-cr
in Fig. 41 Cdrops ¢ 0 he mayi ey,
i steeply . Thus the Maximyy, I,
maxamum and then stec) rve the Bragg lllllll]’ ' p g This i ] J m”m".'rrf“..
, Al icles stop 10n18ing, 13 18 ¢ i
the maximim A of ‘h]l before the particles stop o . e the fa,rp
o wdintely b 1
produced imme
L
pa
]
cE
CE
o0
a Q
3
=]
<3
a
1 T
Range in cm (1 atm pressure and 15°C)
Fig. 4.8 Range of -particles in ajr from 214pg ang straggling
the o-particles move slowly there and have more time to interact with the Surroupg,
aoms and molecyles, The point at which the jop- '
Bives the rangpe,

The Bragp curve shows that the i
mitial part and rises to the

bed. Finally, when t)

the pas, the curve steeply falls down, But the x.
end of the Path it tails off and this I8 calle
The fal) iy, 10n-pairs follows t),e
slope. 1 wl] 1)e “-particles with the s,
then ABC would hLaye droppe

ped uhruptly vertj
CD s dye ftrugghing,

diminis

of

ax
d straggling.
raight line 4 which althoug}, Steep has a finit

© equal numper of collisions
L‘ﬂ]ly dOWnW

to zero, The bent part
Ituu.una fo

' straggling  q he strap 2ling ‘ :
there js 4 Slutisticgl jiurtuu!wn in the y un!:l‘:er r!;j c:,(;‘;,':?ommnly due to two reasons : (l)
suffered by the dilfeu-m Particles aboyt 4 Ineay valye in t - (W .i is ar andom P roce&‘SJ
and (ii) there 15 also g statisticq| Sluc tuation ab ta meramlbn
collision.

There are 0
of the particles
of electrong.

-Straggling of the

ther factors a8 we

8 over 5 iven distance.
Valyg ; £
Il contributing
during cullisions,

— *1€ energy loss per
t0 8trg e
inhomogeneity in d@'ﬁ'&:“cbn m

: ultiple scattering
i ,%tbgor 2
range may algq OCCur with othey oy RS




1 3

. ium
Fig- yran
In I;jf series N é\clllnlum
56 eries
oA
Thorlum’
series
<
£
,n R —
i in three radioacti . .
Nutal jaw for a-emitters in . active Serigg
Geiger
Fig. 49

3/2 the equation (4.5.1) may also be written in the fory,
B

43
: . : r be looked upo )
- This refation may Pon as gp
. a D are two COﬂSta-nts altemative fo
3iger-NuttaH law. ™

o the hall life T = In2/A, one can =P ress the Geiger-Nugt,, la
mce

¢ the variation of log T With log R or log B Then also strajgy, lin:evs ?ﬁf b

ed but with negative slopes.
he once empirical equation (45.1) was o uon ‘atsound theoreticy) bag;
¢ in his quantum mechanical explanation of the tunnel effect (see late:;smby
he Geiger-Nuttall relation however is not very ezact. More accurat '
er been obtained. For example, the log A-values of different isotope
(Z = constant) and the reciprocal of the velocities of the particles ¢
clei are directly related. They represent straight lines for even-eve

€ re‘&tiqns
S of 3 Bivey

Mitted fr,
T nucley,

-disintegration energy : Fine structure of Q-rays

amine a single decay process, re

sion of an c-partil presented by the following equation, leady

.
X~ é-éY +3He

D ya- e

(461

e 0 X

1 Gamma Rays

147

,‘,,|rl“l““ can be identified as a He-nuclous Ly both chemical and
od ”m\ ghe product nucleus Y chemically, The Kinetic enerygies of the
n

.‘|‘||vl‘ '-p\(m are of the order of few MaeV, Thiy shows that the process is a

ch. 6) of the d(:(:.ay pracess (4.6.1), known as the a-disintegration
| energy released in the disintegration process and is given by

Qo= (Mx - M, - Nf\()(:'l

) 5
RV
Lot

(4.6.2)

¢he masses of the particles and ¢ the velocity of \ight in vacuo.

¢ H itive: v ecea . .

auclei, Qe 18 P‘?S“"Ve’ 80, H“j decay can occur spontancously as it does.
rogy To of the ejccted. a-particle can be obtained from the Q-value by the
aws of conservation of momentum and energy. Assuming the nucleus

\-, Juring decay and that kinetic energies can be treated non-relativistically,

0 = Mavq — Mywy

and Qo = L'ZMQ‘U%x'\" }—Zl\/fy’u'%(

(463
(4.6.4
(4.6.4), therefore,

M )
— LMo (1 _ﬂ - Ma'
Qo = 3Mava \1+ My To\1+ My

\th =T,(1+ MQ/I\Tﬂ\ (

he ratio of masses by the ratio of the mass numbers (i.e., Mgy
disintegration energy expression becomes

From (4'6'3) Bod

Replacing *

A
A=4

\Qu =Tq

: pere A 15 the mass number of the parent nucleus.
whe

Usually, A is large sO that from (4.6.6), Qq ~ Tq i€, the a-particle ¢
most of the disintegration energy.

o The experimental values of Tq, for the a-particles from a number o
{hat the maximum value of the energy always agrees with (4.6.5). Bu
decay, there exists a discrete spectrum of a-particle energies, with grov
having slightly different energies, lower than that given by (4.6.5).
thus exhibit a fine structure in their energies. The phenomenon s
experimentally by Rosenblum using 180° magnetic spectrograph. '\
structure is attributed to the existence of discrete energy levels in
explained through Fig. 4.10. It represents the o-decay of the grov
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N e leusS; 4 TT ¥ Tt me prvaviut WLLTLY
Al 1 puclet . w0 Ve witnin the 2
of ‘JI.M] 1 d in the decay process itsell. Secondly, unlike a-d i

] ecay, the energy

'. g 115t' J cim
g ]of the tio
Al StiC deflect?

S Y

e L, al .
- 0 1 e creﬂ“;“_v(,‘d clectrons is not only discrete but is also found to ) )
1 cxpcl-imcn.ts with vs},rious p-emitters Show.th;;h ;es.lcrimitm'uous.
. _,,m?”; | pticles with all (?llCl‘g‘lO.S (velocities) from zero up to a definite ii;?rﬁrce
e "-“;n‘stic of the nu(:.hdo,.the sg-cn.llcd end-point energy. It is the o ur’x
i ol ];; which @ 3-particle 1is cmzf..tcn! from a radioactive nuclide, Thi%' i‘:nu}:
v > 3-spectTun, the shape of which is generally the same for al nucleu‘s t
',;e({ on the continuous background, however, there is a number of ciis |
seaks) which are found to be very prominent on the photographic Clre.(
called line spectrum of the [-rays representing characteristic }?—ja

el
i :”}‘(1['17'[

o Jines (
P js the 5O - L, I
owing a A-capture or L,  ctc.-capture, being obviously due to ator

¢ caused by the vacancy in K or any other shell.

hal
M foll

it
It’—\'?d justment

0.1 Energetics of B-decay

] the three processes of B-decay, namely B~ decay, 87 decay and orbital elect
cure, the mass number A of the parent nucleus does not change, only the ato
her Z changes by one unit. In 87 decay, Z increases to Z + 1 and conseque
eutron number IV decreases to /N —1 since a neutron transforms into a proton
jecay, on the other hand, Z decreases to Z — 1 and N increases to N + 1 du
-ansformation of a proton into a neutron. In orbital electron capture howe
+ decay, Z reduces to Z —1 and N increases to N + 1 as the process involves

ormation of a proton into a neutron..

for 3~ decay : - QX — Zle + ffe

> disintegration energy in 8~ decay is therefore
Qp- = [Mn(A, Z) = Mn(A, Z +1) melc”
= [M(A, Z) — Zme — M(A,Z+1) +(Z+ 1)me — melc?,
[M(A,Z) — M(A,Z + 1)]¢?
= M(A,2Z) - M(A,Z +1), inenergy unit

M the atomic mass and m,. the mass of electron.

|

(4

[, is the nuclear mass,
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i ' ' i 1] Lher 1hig :
(/) ooy :.:_::_“”“:k 0 am [

This jplien (hn f the duuph ! nl » :
Z...::._. ¢han (hat ! o y e :\. ¥
| / ' / e

gjmilarly for \: docny ! :

; N [ oy I :

he i integration onerpy 11 / s )
So, thet N \ | )
av ' _>?.A.~—.XV >\:~\—‘x _\ \\\{;\
Wi )
e WO A
= _>\AL.NV >\A\_.x _V K\\\\i‘\:
" >\A\_.xv >\~\_.x ; _V x\\:\: r\ 3:\;\\3.\ :::\
Q>0 I MM ) = M(A, 2= 1) & 2o

Jo I Ghe mnss of the parent atom g, ,
Yey,,

+ decny In possib
\\ \\\“\\\\‘\\ ‘\5‘«:“ ‘\%‘\« -“‘a“\;\‘\\\:m\\ p
s ‘xf

which implies that 3
atom by «

|
than that of the daughter
2 (.51 or 1.02 MeV,
Finally, the orbital electron capbure muy be reprogented s

D—————

\_\ : >
CX A e, Y

c. ORI ] MOT(r
- bi:_“t ~.:c: energy, Q. = T_\\:A\r Z) A 1y ~ >\\§«\f 1 :_\ 1
‘here B, is the binding energy of t] ! ‘ - [,
nerg, he electron to f i Sl )
masses, we therefore pet ron to the orbit, Substituting for the n

s U = 22\_ Z) - Zm

) 44 4 i.‘.\\:\:.l\:ﬁ\fxl_ (7 Y 2 ,
DM g, Lk
MAZ) - M(AZ 1),

if the masses are CXDIress

]

'
|

2; m: CrHerr

; Moy '

oI electron _— By unif,
“

we hinye
Q‘. p_ ; il
This implies that {0 : M(A, 7) = M(A,Z - 1)+ B
w.w the parent, atop, |, w”\.:._u:,c: Capture |y B _
inding ent .
inding energy of (he :_..2.“.-...“_:.: that of %.«.uuz”__—u_o u—-ﬁ Sl e oS
telron, aughter atom by at least tV
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ino Nyl ton. Pauli

Nentr pitical situation, Pauli Appeare|

‘ : )
» phove . r postul T . e
context 0f y Ly proposing A (lllml[,l iate. Hig Idey, ﬂc%
In the neervalion lum.‘v' }/N"’”/ of [1-decay by Iinrico Ferm; . We
(he two com: istent g

]
aylp, N fyy

. w particle was algo g Sida, M,
Iy \'1'|¢|[\|\|l 1l — Hp(‘()ll(l new ]}(”/ } c ‘Hrnulta ‘Oudlcﬂ W,’J]"
' eay Protes 00 e new ic Sl ",
(Ot i the U '“”','. charge n the process, bhe A pa'rt,l(,](, -‘Jh()[lld y(‘mitg‘
1o conserve e Loarticle itsell is capable, on occasiong, f cay he o
) )” " 1] 3 (s r . =] f{,
wrther, the /7] iele 8 arry little Finos: Yin, “4
it lm”'\' q the new particle should carry kinety, % Off
availnhle energy.

have oxceedingly small rest mass. Pauli [)Oﬂtu]ated thag?y A X
would have to ha well as zero charge. '
had sero resl mass as Wi he new particle hac to | &

T eoneerve the momentum, the new | ' e e

! ‘0?7 :"'-\ Further, the new particle must interget Very wey, ly
'u‘.:f,];m:{ ti‘x‘ \n(ri\ 1‘101 so, they would have been stopp e(! in the Cf‘d?r jmeter-exper .
:Jhml] energy would have been absorbed by the calorimeter, EIVINg a rigq .~ My
correspanding to the maximum available energy.

The new particle was labelled neutrino and Symbolise
was called the neutrino hypothesis of Pauli.

The neutrino hypothesis explains well the emissjon

nucleon from neutron to the proton state with the simultaneoys Creation of 3
neutmino pair. These two ' '

energy Wy, available, be;
and the fina) nucleys.
The contin '

d by v ang the hypeg

tl

gets the greater

; which g €qual to the dj
QUEntly, it wac - “ihand the energy W,

k Carried by ¢
=~ the ety € are m fac :
are I‘Pr“-ﬂ.‘d ,_[ mno (I/) d“d the 3 ) t) t’wO k]nds Of neu

‘./ 0 % -

nos—— there o, U)  The leutrineg in
ntas re two Other ¢

tHary Particeg) Ypes:

1€ Mayimyy, W,, i
® Subse

e
Pdecyy

share. Thys thy
ference betweer
he B-particle.

trino involved in
volved in (-decay
Muon Reutrinos and tau

n b
Exa T Pther g p
0 the B oy V01 TN (4.107)
1o of ; e Y, hUW(‘v Do iy e” +5 : :
! protgy in the nuele ) & ne is @ : s
nto Cutroy, | ted and he,.prq' ; , |
Gt s a- -
, P&l N4 gk 3 az;s orma- -
Xample : U 4
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