T ( uclear Energy levels—Similar t :

) - o the discrete en
of the™ electrons in an atom, the nucleons comprising zrg]);usct;ltes
have possible energy states given by Heisenberg principle. eus

(MevV) I Parit
1°46 , 4
1°34 — 3+
118 ot
0°80 2 ¥
o o+

Fig. 1.24. Level Sche 2

. .Hn'/ln"—_EnI/ln, cheme of Pb-206.
n:tl;: igl(lirqc:mgcr _wave function ¥ depends upon spatial coordi-
state posséa S0 l'SPm and isospin quantum numbers. The ground .
normalize dssis atent energy, in the form of potential energy which is
ceferred gy 1] © zero. Excitation energies of the higher levels are
alues - ‘¢ zero energy of the: ground level. ¥-rays of discrete

> dre emitted by the de-excitation of the nucleus to its ground
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T xcitation ener
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r Angular Moéﬂegf spectral lines, suggestqq hi;:
Nuclei'er tl’“ct“ress an intrinsic angular momenty, ;
cxplainins l!y%uclci may P The nuclear angular momentum o, &

) . an he
certain atom netic momign.lent of multiplicity and relative Spaci
u

n
a mag :
::(lilu::d fromltl'il;e?eas d the proton p
spectral lines utron 81 ito g2 @
ofth"ul;as peen found tth at thz::nmonl)’ referred to s its spip, (?f
omentu

ince nuclei are buijt

. i ular m "+ron does- Since P of
m;ng?tlﬁda: %fl just as ¢ each possesses all angulart ﬁg?:::tlim’ Which
:leugmns  both orbital apgular r'no!nemiltlrn;n;flar momgantu(r)x;1 gtl? b
consists of bof leus and intrinsic sp fa particular g

the centre of (6% nutc tal angular momentum '(t)a Itzthe» con'atl'ml%1r
per nucleon. e f the individual momenta 0 ~COnStityen
state is the resultant O ding to total angular momentum quantyp
B ‘ﬂidﬁ:g:gﬁ?tc magnitude of to:;le ?;g: l;lt{ inTe(;glc?il;gn% y
%l[l?(l})irlgjuz_ The value of T depends on P | et-

ucleons. ] o N
reen e li »—In this case the spin-orbit interaction dls negligi-
.Coupling— 15¢ i " < -

ole aﬁg Ct'(l)mglj'e gis a collective interaction of orbital and intringjc

mompnta, ie..
I=L+S, whereL=:fJ li and S=2gi.

i

levels S, P, D, F.... For each .
For L=0, 1,2, 3..., wehave 5 el
here are (2S+1) possible separated energy . The
xlllll]t?plc;f:ifyt e(I§Sa+1§ is written as a superscript before the
letter representing L and the value of I'as subscript. Hence for
L=1 and §=1/2, we have levels ?P1/, and ?P,,, the spin doublet.

j.j~Coup1ing—In this case the orbital and spin momenta of each

individual nucleon are strongly coupled. I is the vector sum of the
individual j values. Hence

I=2} where Ji=lit-si.

con (155 Of coupling in-orbit coupling. If
s-nucleon (132)0,j=1/2p '0g 15 called strong spin-orbit coupling

i = | = l 2)1
we have I=0, | or 2) couples with p.nucleon (I=1. j=3/2, 1/

These two coupling sche
employ intermediate cougpl .

sare the extreme forms. One cab
xity. (The tota] angular m

ing schemes of varying degrees of comPl‘;
omentum of a nucleus is usually called a8
e terminology for the angular m0ﬂ:§;
. »Y used for intrinsic angular momentu™®
hev retvely oty EAPCtmentally i 1 foun thet a1 B
cited states may diﬂ'el:- ,frm their groung states. The spins of the ¢

Om the spin of the ground state by integ™
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mu.lhphcls (')f h- The te[m “Spin Of the nuClcus”, Wilhout ﬁny SpBCiﬁ‘
catlo_n, always rgfers to the ground state. It has been found that all
cven elv en nuclei have a spin /=0 in the ground state. Odd-odd nu-
clella} have integral nuclear spin, other than zero. All odd-even
nuclei have half integral nuclear spins lying between £/2 to 9 h/2.

. Total angular momentum vector I can be oriented in space
with respect to a given axisin (2/+1) directions. The component
‘ z_llong the axis in any of the states has the magnitude mh, where m
is the magnetic quantum number, having values from I to —I, as 1,
(Jf';’i)i,s(ll-ﬂ)......-, —([—2), —(I—1), —I. Thus the largest value

o Parity—Nuclear parity is the product of the parities of
nuclear constituents. As will be discussed in the chapter of pu-
clear models, for even Z-even N nuclei, ground states have positive
parity ({"*——0*). The parity of odd A nucleiis given by (—1),
where [ is the orbital ungular momentum of the unpaired nucleon.
Odd-odd nuclei have a parity (—1)""*'?, Few exceptions to this rule
requre explanation. In general the parity of the system of n
particles is given by Z/s. Parity is even if this sumis +ve and is
odd if the sum is -—ve. - L

' '(dz)’Isospin—For' a given nucleus, the value of T, is just the
minus one half of the neutron excess.

T2=HZ—N)=—}N—2).

In a set of isobars of given 4, a member X will have an isospin
Tz, ez largest among the set. For this T=Tz, maz=3%(Zx—Nx), hav-
ing (2T+1) states. These states are corresponding to different T
and hence to different charges (Z=A4/2+T). The isobars C*, N,
O have Tz=—1,0 and 41 respectively. The mirror nuclei H?®
and He® have T=1 in their ground state. Isospin assignments to
excited nuclear levels can be established through reaction or scatter-

ing studies.

(e) Statistics—It can be seen experimentally that H, Li?, F®,
Na®, P%, CI® obey the Fermi Dirac_statistics. In general, all nu-
clei of odd mass numbers obey the Fermi-Dirac statistics. H?, Hé'.
C'2 N¥ 0% 532 are known to obey Einstein-Bose statistics. In
general, the photons and all nuclei of even mass number follow

Einstein-Bose statistics. :

1&{. NUCLEAR MAGNETIC DIPOLE MOMENT

Any charged particle moving in a closed path produces a mag
netic field, which at large distances acts as due to magnetic dipole
located at the current loog) The protons inside the nucleus aren
orbital motion and therefore produce electric currents which produce
extra nuclear magnetic fields. Each nucleon possesses an intrinsic
magnetic moment which is parallel to its spin and is pr~hably cz;uscd
by the spinning of the nucleon. A spinning positive charg " OUNCES
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AR .
Jirection is parallel to the direc

.pole : L he
field whose NmPC‘:‘( ¢ defined as +ve in this case.
mo )

ti(\n of

agoetic \

:p‘i‘::g The magnetic
If a particle paving & cha

i rrent i=gqy

equivalent cu . Frq

‘ “c“cyv‘thc w time dt by the R

force centre “'“;‘;:.c{::qnfca swept dA 10 time y particle
Kepler'slaw © :

11 as
ith 1 ular momentutt
related with its angdAjd‘m& |/,,,,,consmm.

, qnd mass m circulates q}

rge 4 out

On integration over one period T,

A={T I/m. i
Hence magnetic moment of 8 TING of current around an Ny
c . .

i is given by
of magnitude A 15 8 N

-~ (TI\_4 .1
=ty 1A= (qv)( 2m )= 2m pol- -(81)

—) - .

Thus:x and | are proportional. This relation is also valid i
quantum mechanics. However, since the parhc}es (electron, Proton
and neutron) possess a spin  in addition to o_rbltal angular momep.
tum, experimentally it is found that the spin 1S also the source of g
magnetic moment. Using g=e and a dimensionless correction factop
gs, We can Write eqo (81) as

— -
ps=gs (10e2m) s. +(82)

_ The factor gs is different for the electron, proton and neutron,
Similarly, we introduce a factor g: and have

-> = ~
w=gpoe/2m) 1. -(83)
The total magnetic dipole moment x is given as :
-> 5> -> >
r=nst+pm=(poe/2m) (gs s+g I]. (84)
For the nucleus of mass number 4, magnetic dipole moment
= _Po_e[ o Z o
m k=lgs St + kE.'Ig; Ix ] ...(89)
Since total N
al angular momentym of the nucleus
7_ Z > A
- 2 Ik+ Z Sk« .(86)
= ";=I k1
o I.z:g( 2 o d
where g is th el Ig (et /2m) 111, (80
dimens%onlessc 2;0'"“3"3”“ ratio (g-factor) f h Itis the
to the angulay moo of the Magnetic m of the nucleus.

mentu Oment i in terms of (4€ &
M In terms of . Using quantum mechan®
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General Properties of Atomic Nucleus 49

we have [/ (/4+1)]*% and [s (s41)]V2 instead of / and s respectively,
we get

— 1
=} (8:+88)+% (gz—gs)l (I+Il()1+i)(s+ ) : ---(88)

The magnetic dipole moment is measured in terms of nuclear
magnuoeton, defined as

pN=poehi[2my= e H/2mn
=3.152X 10~® eV-m?/weber.
The magnetic moment of even-odd and odd-even nucleiis due
to only a single (unpaired) nucleon. If the odd nucleon is a proton

g1=1, gs=gy, and if it is a neutron g1=0, gs=gs. In this case s=1/2
and I=]-+1/2 or I—1/2. ) | :
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axis and toa
momcntum
clear \ it i ong the angnlar
1 charge distribution al '8

flattened distribution respectively-
1127 ELECTRIC QUADRUPOLE Mo

istri i nuclear
i the intcmal dlsmbutlon o
oonsu‘ler how s f

e place 2 nuglqus
charge contributes 10 the eﬂ'cc)ﬁ"?m“;u charge center at the origin.
z) Wi

: £ h
having a charge density plx, {:’ded by its orbital elt:“:]‘::s cl:'ég:o:ls\
As the nucleus is SUTOTLLT o riginates from oo from  the
electrostatic Wmt'a:mﬁc interaction eqcrgyﬁnf; o
produces o een ¢ aud p. This cacrBY 1* <
in|

U= I o(x, 7, 2) $ (%2 z) dv-

i tric moments of the
ot tm::lsi:;f;he'l‘eal;i:or's series about the

...(97)

To express this energy 1
distribution, W¢ expand the potenti
origin as

n
§lx, 7, D=dot [(£), =+ (2), + & )=}

[H(Z)r 3GE) (e

[(a—;% )., x +(az;i ),"”‘( 5;3;,‘4; )oyz ]+

mean ity i luated at the
) s that the quantity 18 eval

where mﬁuﬁﬁﬁ value in eqn. (97) with the lq:%letsb::‘ ie:ﬁ?grgf
:h:scllnc}ivatives is constant with T to the vari

tion, we get
U=¢, Ip dv-l—[(g-f—; )Jx p dv+ )J ye dv+(%% )sz dv]
[ 4(22) [ a3 (GF) Jreart
3(8) [ oart(iFy ) et

() ot (3%‘;')01”9‘”"'"- ]

+...high order terms,  ...(98)

The first term gives simply the interaction energy of a point
charge (monopole). The terms in first bracket give the energy of
a dipole. The six terms in the second bracket are the quadrupole
energy terms. ‘The above relation can be written in tensor form as

\42 QU
S’

General Properties of Atomic Nucleus 57

Let us now discuss quadrupole energy terms. For an el}npsotd
of rotation, because of symmetry, the three integrals involving tge
cross products xy, yz and xz vanish. When the z-aXis 13 lhe.
symmetry axis the integral over y® gives the same result as tne
integral over x> We can therefore write the quadrupole interac
tion energy

From Laplace’s equation, we have 9%hlax2+ 00yt +-0%$/0z*
=0. By substituting this and r2=x2+y*+z%, we get

3, 2‘#
av=y(ZE) fea—mem=t e (Z5),, 00D
where the quadrupole moment Q is defined as
o= H Bz23—r%) podv. -.(102)

This relation shows that Q=0 for a spherically symmetric
charge distribution (<x?>=<y?>=<z'>=1%r?). The Q is +ve
when 3z®>>r? and the charge distribution is stretched in the z-direc-
tion (prolate). In an oblate distribution 3z <r2 and Q is —ve. Since
the expression is divided by the electronic charge, the dimension of
the quadrupole moment is that of an area. As it is very small,
hence in nuclear physics it is measured in barns (1 barn=1072% m?).

In semi-classical calculations , one must coansider the fact that
the nuclear symmetry axis is not the space fixed z-axis but I-axis can
be regarded as a symmetry axis. According to quantum mechanics
the angular momentum vector /* can never line up in any given dir-

Fig. 1.28

=4, j g dv+(-g% )J e dvii (%)J xcxa p dvt...(99)

ection say that of an external field, but always precess around it at
Here integrals are the various moments of the distribution.

-some aogle. The magnitude of I* is [I(I+1)*h and the maximum
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. £, Thus the smallest possible value of B is Biven

ected value is 1 _
lra)m(J:ESSring [>0) the relation iy
drupole moments ar detznt%dtgg;:gcgg?ogofxygsa?is
Nudcardqus‘bution (Zr_dircctIO_n) bu O & slong z-ditett 2
of tht’.‘,ch:)lrgcﬂllse ll“ i< along - direction an '8 N
dircction). e .
h For the charge distribution of fig: 1.28 the resu applying

egn. (102) to the z'-axis 18
Q’=(3a’—a2)e+(3a2

Applying it to the z-axis yields
Q=2e a* (3 cos® p—1)=40’'( cos? p—1)

R 21——1! o

Thus nuclci which have J=0 and 1/2 can exhibit no quadry.
pole moment Q and hence smallest value of angular momentum 7 for
which Q does not vanish is one.

Let us assume that the nuclei are uniformaly charged ellip-
soids of rotation with the semi-axis a along the axis of Symmetry
and the semi axis b L to the symmetry axis. Let us further suppose
that a=R(1+¢) and b=R(1—4¢), where « is a distortion parameter.
These assumptions ensure that the volume of the distorted sphere

is equal to the undistorted sphere. Thus for such an ellipsoid, with
charge Ze, we have ’

Q=Z(3Zz"‘f2)uu=%Z(az—b2)=%ZR2€. ...(105)

From observations of Q, We see that th
from the perfect sphere are relatively small. ;

Ina quantum wmechanijcal definiti
replaced by the probability  dersis efinition, the char

distortions of nuclei

ge density o is

reduces to Y 19 and the eqn. (104) thus
_, 21
0=t ] 40) G2y oy (106)
From the ¢om ilatj
quadrupg] P _lOn?by Klinkenb - .
o qufgnelprgomem 1S 7 X 10728 2 for I oerg, the largest positive

and the largest nega-
The fact that

of quadrupo| . ure of
elps in tlfe s‘iulgOmem BIVES an idea 4 tuclear forces, The study
Y of nuclear modeis Out nuclear closed shells and
The quadrupole '

detected thr ough thejr inomems of

: ) Nuclear
Servations of varjgyg teraction iy, electrio ound states may be
of the quadrupole coifft:_cts ue t interactie. gradients, Ob-

. . ( .
clectric field gradient, plTng, Which js the " CraCtion result in  values

from optic: T The coypy; Product of th
optical hyperfine Spectra, pm!1 Measuremenys hav?: gee:]1 n(:n;gz

ICrow
ave spectroscopy and para-
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¢ tential
e th 7/, (the value of potenti
A el ‘hich potential
e origin an t]akcgn?c A e bdelz'::r;ls\c:ls g
s the cne’t a;;gdtl;s It is less than nuclear
ro I .
goes to z¢

S
w e the pr ﬂClplCS of wave mec S c p
1 hanics on nuclear robl
e us oblem

: i al data, find a consistent
atl with cxpcn_mcnla jeors (.
and then by comp:\l';zﬁf;r forces acting bel\écc':f‘iv:;\)-cr:\llic\mlion.(lhc
description of lhf ere arc iwo general metho 's of ik e A
body problem). le -p scaltering events over ; ‘wvuc.) AL
sty Ofg ndg o:;'rlcleuI:cron (only bound state of tv \
nd the stu

al
s{/ DEUTERON

; in order to exhibit some of the
sider deuteron in or p T
s .usvo‘li:iti ci::rl“scu“ing n\lclearsxs)::: n:lll‘\c‘::;\}gh‘ll:pl]operti:;
Eoncepts et teron does POSSES §
states of qu‘clﬂ- ;1‘-'[;6 ffﬁ guide in the search for the correct nuclear
ich might se > .
i\:llllcl'al'li‘m- e propemestat:ilily of the alpha particle shows that
iy et i f neutrons and
1. The;lxlr:li::]dei al’; those in which numb;rnci)éles of oushis
the, mog & cl The deuteron consists ot two p e s bt
pho‘fnni:srscesc %l;as.o that the reduced mass of the sy
equa s

i I Tts ex-
indi f the deuteron is very sma
i Foe blqganF;;;E%g.(())OZ MeV. Since l?.‘; c&“sgyﬁ}e:ﬁtd&g
pc“mcn\:i:c‘éﬂ?ullofa medium mass nucécus is about )
fn\‘:xstar:gard the deuteron as loosely bound.

:alled the
tum number, often ca
at momentum quan p.callet Ihe
v 11-:: i‘)';g:]lfllde ground state of the dcute:’xre\ ?r?«t:fhlods A oic.
:::fxll:):rr :?o;;lical. radiofrequency rar;]dc1 :r::(i:é]ne[wﬂme) i 4 orhila]r
g ins are para ate oite
b sulggcs'sonlx}e‘::u;?eospl the de?;leron a:hout.‘ll*c:r common cent
angular m o oy
glngss is zero, Thus the ground state is 35 st

indi by studies
i easured, indirectly, t :
ie parity of deuteron as mie dir R s
of n\fc.lca;rhfiils)i?ncgralions and reactions for wiiich cer
parity changes exist, is even.

ic di ts of the proton
the magnetic dipole momen .
2 79257.5 3)110:18::‘ n(:":ltron (—1.91315u4~), do not ::jct:;yxgg\glnclic
Sn'aznclic" ;nomcm of the deuteron (0.857354n) measu
resonance absorptior method.

6. A radiofrequency molecular beam mclhorlgms‘t‘cl?llz::nﬂ:ll’]gs

d to determine the quadrepole moment of the de e ioal

yc—(r)%OZCB;XIO'” m?®. ‘This shows the departure ﬁ:ont\ 'tphat i

sz;mclfy of a charge distribution. The +ve sign indicates |
distribution is prolate rather than oblate.

i dis-

The electric quadrupole moment and the magqcttlcréng;na?el e

crepancy can be cxplained if the ground state is a mix t:a o arobible

plet states 35, and D, havin_g even parity. Tul}e percsl? tfron speads
lity of finding the deuteron in D-state is 4:1:2%,. As deu

-t

Y

[ ——

NUCIEwr = vives

. 297
st of the time in the spherigy :

witl)l for the moment ignore (he Dy.sé{? g;&i‘fg}t'““‘e (S-state), e
wavefunction. 100 to the deuteroy
7. Since the neutron hasno  charge

peutron and proton can not e clectrimlr.g:l"'hi;hr%rrorc
netic as magnetic moments g, very smal) lcec
tional force, as the masses are very small, g, we
nuclear force as a new type of [urcc. This force {s s[;:
ractive and along the line joining the tw .
Sincc a central force can not account fo
the dcutcron. —Asa quadrupole nome
will be approximately correct.

e between the
an not be mag-
€2n not be gravita-
ust accept the
8 short rap -
0 particles (cemralg(;"orig)
T the quadrupole moment of
Ot ie small, (pe assumptijon
8. The fqrce depgnds only on the Separation of y
not on_ the relative velocity or oricntation of the nucleon spins with
respect to the line. This force can be derived from a potential S‘nvrlx
the force is attractive, ¥(r) is negative and decreases it dec;casi:e
r. Since it is short range, V(r) vanishes forr > b, where b~3 fermE

The Scirodinger wave €quation for the e bod
V 2+ (2m/ k) (E-V) $=0,

where m is the reduced mass, £ the total ener
to the binding energy of deuteron and y the
ing the forces acting between the tywo bo

he nucleonsg

Y problem ig

(1)

8y of the' system equal

1€ potential energy describ-
dies,

In the terms of spherical polar coordinates, eqn (1) becomes
12‘(22_4») __1_@(. 8’,‘1) 1 9%

[r”f‘r \r cr + rsind g\ S0 960 + rTsTnTm]

+2m[B?) [E—v(r, 0, #p=0 ...(2)

Let us assume that ¥ (r, 8, 4 actually depends on r only and

noton 0and 8. The solution of the above equation can be written

as a product of a function . of r only and one of 8 and ¢ only as

$(r, 0, ) =& (r) ¢ (8, &). Substituting it into equation (2) we have

1 d (, u"-f:(rl) 2mr"'|: - :]_ _

wer ar (1 TR0 = -

1 L A VI () ) L 9%(0,4)
sin 0 W(Slno 0 +sin‘B o0p* -0)

The left hand side of this cquation depends only on r, the right

hand side depends only on 0 and ¢. For all values of the variables,

cach side of this must scparately equal to the some constant, which
comes out to be /(/+1). Thus we have

e ( 0}, 2l byt D e,
redr dr '

2mr?

dr

¢ system.
Where 1 is the angular momentum quantum number of the sy
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i iti the
in the bracket appears as a straight addition to
ln:t::lst::a(lﬂl’r?r)“:md is known as centrifugal potential. )
nctua]_};c Schrodinger cquation for S state (I=0) of the deuteron is
Ld(p 40 )4 TR ie—vn sn)=o. l5)
rdr r
d state
i reduced mass m=}M. We gxpoct the groun
to be inl::]rlisc:ialsyesymmetric (S-state), so that ¢(r) depends on%g‘; h"
S(:lbstitﬁling $(r)=u(r)/r in equation (5), where u(r) is ca the
ial wavefunction, we have
radia (d*u/dr®)+ (M/82) [E—V(r)) u=0. 4 ' -ee(6)
tion of the bound state of the deuteron is not
k;llm “:izv;::g:ulto on the exact shape of the potcnual V (r) bet-
e a %‘oton and neutron provided that a potential of short range
'wccl:]oscg For simplicity, we represent V(r) by a square well of
:lsecth V. ;md radius b, where b is the range of the nucl_ear force. In
it ll:”(r) (l’\as a constant negative value—V, for separations less than
:: certain value b and the value zero for all greater scparations. The
other central force potentials may be of e
Gaussian well type V(r) ==—V,,e_'llcl
Exponential well type V(r) =—V°e_'lu ]
o€

Ve
Vir) =— (rf)

tate of the deuteron, thg total energy E is ne-
gativeFZrn:lbee%r\?:lntis—B, where B is the binding energy of deuteron.
Thus equation (6) can be written as .

Yukawa well type

2’7’;+ % [Vo—Blu=0  forr<b A7)
2,
and g-’l:-}- %(-—B)u=0 for r>b. ..-(8)
These equations can be written as
dtuldr*+K*u=0, r<b ...(9) ve)
and d%[dr*—a?u=0, r>b, ...(10) 3
where K*=M(V,—B)/k*
and a'=MB[ 3. k .
General solutions of eqns (9) and — nr= 2 voo
(10) are w
u=4, sin Kr+B, cos Kr ...(11) |~------- SRS
u=H»q.e*"+Bye™r ...(12)
The following boundary condi-
tions must be imposed : w o ow
(1) u (r+0)=0, to keep wave & X

function ¢ finite.

(2) u (r->0)=0, u must not di-
verge faster than r as r—co,

. v =‘v
To satisfy the conditions at ze )

e . - TO  Fig. 8.1, 7 i
and infinity, the solutions reduce to b %??eﬁevzgﬂ.mum“l

R T —

U —

l
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u=A, sin Kr for r<p ---(13)
u=Be " for r>p, --(14)

Since these two solutions join smooth! =b. Hence i
the values and first derivatives of u at r=lg,av:cr hal\,;e e
Ay sin Kb=Be—=» (15)
and A1K cos Kb=—B,¢¢"'. ...(16)
- K cot Kb=—a. ..(17)
The constants A; and B, are obtained from the i
the integral of[#[* over all space must be equal to m:\i:;:1 Hirement that
o 1 L '
4vrj l:l- I r’dr=4ns wdr=1)
[ o
» -]
or 4::! Ay? sin? Krdr+dn X Byle*r dr=1
° »
A’ 16—(1/2K) sin 2Kb] +(Bytja) e 2v=1/2x. ---(18)

Thus A, and B, can be obtained from this equation with the
help of eqns (13) and (14). With the values of b and = as given
above, the second term is about twice as large as the first. Hence
the nucleons in the deuteron spend only one
third of the time within the range of nuclear
JSorce and thus the deuteron is loosely bound.
This can be seen from fig. 8.2, where u(r)
is plotted against r.

No excited S-states—Equation (17) can
be written as

X cot x=—ab,

-(19)
where x=Kb. Using B=2.22510.002 MeV

Fig. 8.2. Ground state
deuteron wave function

and b < 3f we find that @=0.232 and @b < 07. If we draw now
curves y=cot x and y= — ub]x, the intersections give the rcots of

eqn (19). From fig. 8.3 it is clear
that roots are slightly greater than Y
=2, 3=[2, 5x/[2,...... The correct 1
solution is x=Kb~}x, since if
Kb were greater than =. the wave

-1

Y=Cotx
m/2 T]\\m/z ar A
2390

Q-7

Ya=—

function would have a node at
Kb== and thus u(r) and hence
¥r) would not be the wave func-
tion of the ground state—a con-—
tradiction of our hypothesis. We

may thus put Kb={§=-F ¢ in eqa (19)

Fig. 8.3. Soluticn of equaticn
and get zotx=—07
(}=+¢) cot (}x+e)=—ab. -~(20)
As e is small. hence cot (7+¢)=2 —¢, and =228/ an
Thus Kb=x/2+2ab/x. o
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This shows that there can not be any excited S-states.

Range and Depth of Potential—Using Kb=r/2 and agai
neglecting B in the expression for K [as the depth of potential is very
much greater than the binding cnergy l.e., K* >>a? which can be

obtained from eqn (21)], we get
MV, b} hr=xr?[4 or Vob*=n*h2[4 M. --(22)

It is the relation between range b and potential depth V. °
Actually Vo b? is slightly greater than n2h%/4M, as Kb is slightly grea-
ter than =/2. By accepting the aproximate value of range b=2 fermi,
the value of potential depth is Vo=36 Mev. Other types of short
range potential function give about the same results at the square

well.

Another result which does not depend on the form of potential
is the wavefunction outside the raoge of nuclear forces. In this
region function u(r) decreases exponentially with r and reduces to
zero at infinity. The radial distance where the amplitude decreases
to 1/e of its maximum amplitude is often called the radius of the
deuteron. ;

.» Radius R=1/a=%h/\/ (MB)=4.31X 10725 m, ...(23)

It is about twice that of the range 5. This explains that the
deuteron is a loosely bound system. As b<<R, hence the nuclear
forces can be said to be short range.

In the zero range approximation the potential acts within a
short distance and must be deep, and the wave function is exponen-
tial everywhere. As the range becomes larger compared to nuclear
radius, the depth of the potential decreases and the sinusoidal part
becomes more and more predominant.

Excited States of the Deuteron—To see that ihere caunot be
any bound states with _hlgher angular momenta we first write the
radial part of the Schrodinger equation for any angular momentum

d* '
as %‘,’2-}-[ K- “ﬁ‘”’ ]m(r)=0. r<b -(24)
d*u( [{{ ,

where K2 and af aré having thei: usual valyes.

The general solution of these equations involve spherical

_ ¢ r cal Bessel
functions ji and spherical Neumann functions . pAs the latter
approaches—o as r — 0, thus the solution of eqn (24) is

u(r)=4 JUKr), r<t ...(26)

where JUKr)=(xj2Kr)vs J, +va(Kr). .-(27)
The solution of eqn (25) is

ur)=B hi(iar)= B[ Jiliar) +inyiar))) ..-(28)
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where m (iazr)=(~ 1)1 (5 [iar)Ve

Using bound
. ar iti
vative are cominuougatcct)ndltlons that the f

1 duyr
S| [ auo)

u . .
»_l ! inside u dr ulside, (I'=b) (30)
Using the relation {l’l@ i I+1
. dp =]l—1(P) = 'p\j‘(P)y we get
% [Jl'—ﬂKb) 1 ThG
JKb) T Kp ]“’“,[Z,&SZ)[) - II;I]
or 1 ]
Jt_l(Kb)sz(Kb)=(a/K)[ih;_l(izb)/hz(iocb)] ...(3D)

For 5<1.43x10-15 .
in the bracket q 'm,eb < 1 and since «< <K the expressi
Thus on RHS is less than one, and is approximate?y zill%rf

1_1(Kb)=~0.
Ji—1 )~0 (32

This condition holds for all an
i gular momenta except /=0. W
gﬁ;{ ?}}‘{ead% discussed the case I=0. For /=1, we getcej:',P (Kb)ig‘.:
r)’&r. Hence Kbh=+a,42n, +3=,... ini
well depth is +7,42%, + Thus the minimum

Ve n2 52 MB®. ...(33)

l If we choose b=2X10"m, we get Vo=144 MeV, which is
dlmost four times as large as the actual well depth in the ground
State. Repeating this procedure for larger and larger values of /,

We find that a deeper and deeper well depth is required to produce a
ound state. Thus we conclude that no bound state exists for />0.

Ti‘i}also confirms experimental results.
o

memm— . - wmwn s rMAATY UL TV LS s .
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he' ground state of the deuteron : Magnetic moment. We
know that the small discrepancy between the sum of the magnetic
moment of proton and neutron and the measured value for the
deuteron can be interpreted as a contribution of the orbital motion
of the proton in the D-state in the deuteron ground state. If nuclear
forces are supposed to be central forces, the difference will be zero.
This contribution can appear only with the non-ccntral forces. The
operator describing the magnetic moment of deuteron is

- > 5> > —>
= [p X O'p"l"#n X Gﬂ+L[, ---(78)
-
where pn and %, are the magnetic moments of neutron and- proton
- —
measured in nuclear magnetons, on and ¢, their unitary spin ope-
rators and Ly is the orbital angular momentum of the proton. The
uncharged neutron cannot contribute any magnetic moment by
orbital motion alone. In the centre of mass system the orbital
angular momentum of the proton is half of the combined orbital
angular momentum L. Thus the above equation can be written as :

r={(pn+p») } (on-0,) ’H‘ (n— py) (“n—cz’)'*‘%lw
Since the operator (oa--6,) in the second term vanishes for

a triplet state, and I=L+35, hence the magnetic moment operator

becomes
->

/t==(#n+p,.) l-—(jc,.+pp—§) L. ...(79)
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The observed value of i is the expectation value of this cxXpres-
sion in the state with /.= 1. We, therefore, can replace L by L..

LI I (I+1D)+LIL+1)—S(S+1)
L_-‘L:= Tf' I: = [l ---(80)

21(I+1)
Fot the deuteron, I (I+1)=35 (S+1)=2 and in a mixture of §
and D states, (L(L+1)]es=0 XPps+6Xpp=6pp. Here pp and ps re-
present the D-and S-state probabilities

respectively. For the deuteron
I=1, the valye of /. in the state with f.=7 js unity.

» especially of relativistic .
C moment gives only a rough
State probability. Ope may expect that pp is really
between 2 and 8.

Quadrupole moment.
Q was defined as th

m=] When evaluatin

In chapter |,

the quadrupole moment
€ average value of (

3z22—r¥) in the state with

S 0=1 BZ2—r)=1,2(3 cos? 6—1),

deuteron D-wave
specific potentials a
w(r)=Np e ¥ (1 +3/kr43)0-42),

Here Ns and No are normalization constants ang k=+/(MB)/R*,
The rough estimate of Ns can be obtained by neglecting the
Small D-state probability Compared to unity by substituting

= Puar=1 M=y, (85)

e
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Since the weighing factor r2favours the contribution of the
outside wave function, hence we can estimate the quadrupole
momeat by substituting the values of u(r) and «(r) into the equation
(84). The result will be

- @=NsNo/+v/8k>. ---(86)

This relation can be used for a gobd estimate of Np. If value
of Ns is taken from eqn. (85), we have

Q=Np/2k*3 or  No=20k": ...(87)

Thus we see that the function w(r) outside the range of the
forces is determined .completely. by the quadrupole moment. This
result implies that the D-state probability pp depends strongly on
the tensor force range Rr and increases rapidly as Rr is made
shorter. The integral of w?® from the .radius Rr on out i8 given by

[ .~ 3Np? |
IRT A= ...(88)
To take into account the - contribution from r<R7 we can
roughly double this and thus get the physically- important quantity

@ = g, 6ND' . 240%

= | 2 p=— : 3 = = .
Po Io' w?® dr=2 IRTw dr R RS ...(89)
This equation implies that the tensor force cannot have an'
arbitrarily small range otherwise the ground state would become a

predominantly D state rather than predominantly § state. The
experimental value of Q is +2'73 (e x 10~ m?). - |

A rough measurment of po is obtained from the deuteron
magnetic moment (eqn. 81). This value of \pp leads to a fair estimate
of Rr, since it is in the cube of Rr which occurs. in eqn (89). This
gives that the tensor force range Rr falls near 3 X 10~2% m, which is

almost independent of the ran e of the central force and is slightly
larger than the range of cen_tralgforces. |
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}AEUTRON-PROTON SCATTERING AT LOW ENERGIES
'I_’hc fact that the deuteronis a bound system, shows that
attractive forces exist between neutrons and protons. Further infor-
mation on the inter-nucleon forces can be obtained from a study
of the sca/ttering of free neutrons by protons. In such experiments a
parallel beam of neutrons is allowed to impinge upon a target con-
taining hydrogen atoms and the number of mneutrons deflected
through various angles is determined as a function of neutron

cnergy. Since neutrons have no charge, they are uneffected by the

electrostatic field and their scattering will directly reflect the opera-
tion of the nuclear forces.

Two kinds of the reactions can be involved in neutron proton
interaction : One scattering and other radiative capture. The latter
has low probability and cross section forhig\ﬁﬁ’g-gy neutrons, as
the cross section for the competing radiative capture reaction
decreases with 1/v, where v is the neutron velocity. In practice
protons are bound in molecules. The chemical binding energy of
the proton in a molecule is about 0.1 eV. Thus for neutron energies
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. Jimit to wultiplied by the area r?
> eV the proton can be assumed as frec-]_sT"I’e':s"ﬁl‘ﬂ: ’l"(;";;c'v, only radius 7 and'is given b;
tial and is scattered. ) . AN=4:*se vr2d = | £(9) 1 vdse.
'~ The differential cross section da= | £(8) AR v=] fB)|1dS,

the neutron energy. If the neutron encrgy
the S-wave overlaps with the nuclear poten . A
the Schrodinger equation for
or .
==04) ~ u_.{ | f&) Pd@=2x I | £8) " sin 0d6.  _..(36)
First ;
of all let us consider the wave equation (34) in the

In the centre of mass system,
the two body (n-p system) problem is
absence of a scattering centre [V'(r)=0 for all values of rl.

4§} cut out by d§), on a spherical surface of

v+ =0,
where M=Proton or neutron mass=2X Reduced  mass of the
E=xsnycsi:::t kinetiocnerey in C-M system=}% (incident . This has the solutil’?ﬁ:(e}zf/ﬁ!)\l':o. ((:g
K. E. in L-co-ordinates, where
Lord Rayleigh pm,;:l{i*:;/ (M.E) /8.
be expanded into a series in tcm:s g}‘ :P;ycgﬁza‘l);;::,;rfl‘i,:?gg:ﬁg::

and (‘ )—In'er nucleon potenua] energy-.
s from the centre of scattening the solution
( ) n be written as an infinite series

ted to be of the form
b=eMmetr o2 RA(r) Y1.(6),

...(35)
ave describing a beam of where / s the N
teger r i
It, * Int cpresenting the number of th i
as usual, signifies the orbital angular momeutume ot;'a?l:? s‘;sal:::

At large distance
of this equation is expec

y=ert+ & f0).

The term e* represents a_ plane Wi 10] :
particles emoviug in tlfc z-direction towards the onglyrh (scattcfing
centre). The second term represents the scattered wave, The compiex The radial functions Ri(r) are sol ti :
quantity f(6) is d the tion (37). utions of the radial part of “equa-
scattering amplitude in SCATTERING
the direction 0 and is to ZAPE WAVE oo===~( _CENTER Ldf 4R \ + ( o HIH1)
be evaluated in terms o1 * RPN ‘\‘ r* dr dr 17, 3 B )R=0 ...(40)
k. In the case of a sphe- —_— IR This equation has t .
rically symmetric pbten- —— H Vil and cannot represems gv 0 solutions, one is not finite at the origin
tial the “entire arrange- —_— i ! b and can be represented the planc wave, The other is finite at origin
ment bis axially syn:imc- —_— . : 1n.terms of spherical Bessel functions as
tric about the incident —_— e’ Rir)=it A
direé:tion and hence does SEATTERED The square of l;](f) V4= Q1+ 1))julkr). ...(41)
not depend on the azi- DETECTOR WAVE dens; oI this gives the r-de -
muthal angle ¢. The = ﬁ::}s}gv £°‘l'l each .partial wave in ex;&es:?:: °:39"f “,i_c probability
1/r dependence is nece- Fig. 8.4, Scattering Process. Pherical Bessel functions are )- The values of
ssary for the conserva- : . o sin kr .
tion of particles in the outgoing wave. The volume of a spheri- Jolkr)= T Ik = sin kr__ cos kr
cal shell, between r and r-+dr is 4xr* dr and hence the density of par- N Tk Tk
ticles in it or the probability of finding one particle in the spherical J . 3 g
shell must vary with 1/7* which is proportional to the square of the Jalkr)= Ty I?) sin kr— 3 cos kr
amplitude of the scattered wave in the shell. Hence the amplitude Th . r r (kry? *
of the scattered wave must vary with 1/r. e spherical harmonic function
To compute the differential scattering cross _scction, we must Y (0)=(2I_:|.—1)_1£ .
find the number of particles AV scattered in unit time by one target ve (@n)' /2 Pt (cos 0), .(42)
nucleus into a solid angle 45} and the incident flux F. If v js the speed where P; (cos 0) i
of an incoming particle with respect to the scatterer, then of the SpheriZal) 'ﬁ;he Le.g“;.d re polynominal of order I. The squarz
| harmonic function gives the ' 1ce
of the probabilit . 8l e angular dependence
polynomials are y density. The values of the first few Legendre

Incoming flux of particles F=yin* funv=v.
Similarly dN is equal to the flux of scattered particles sc™® gscv

Vs
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P, (cos 0)=1 (3 cos* 0—1).
energy less than 10 MeV (in
involved in scattering is the

P, (cos 8)=1, Py (cos 0)=cos .0,

For incident neutrons klu::;l‘::c
o bl tl’?hg';lgnﬁi;gllag js then sphcricall)']'sy?xmlcltr.g in ?hf:
e o mats y The higher the I-value, the Jarger the impact
S ‘l)r mgsi S)t:)ug: for a particle with given h:\‘n:]r ?}%Tcr.“ug“
f:'dl'lf: t;bsc‘:vcc of a scattering potential equatio can be
written as

- inkr (., ,__sln_kr)
=R, (r) Yoo (0)'*',“:, Ri(r) Yio UL—‘”" (L" .'.(43)

5
kr kr

luc of the quantity within the brackets over
all dirI:l?of?:eil:g:Sgc‘;a is zero. The first lcrch?rgti;ﬂy‘(::ld: toumc
spherically symmetric partial wave (S-w:\vc)l. fgrc bé wmctn er-
ing, only the first term is aflected and can t_lqr;’( = cn as
' in the presence of the scattering potentia r). ccan Iwmc
it as Ya=ulr)/r. Qutside the range of the scatlm:it{]g potlcnua ._ﬂ\e
amplitude of the outgoing wave is unchanged. e only possible
change in the wave is therefore a change of phase.

Thus as r—oo, the solution u(r) assumes the form c¢ sin (kr+-3;),
where c is an arbitrary constant and §, is some phase angle. Thus
the complete wave function ouiside the scattering potential is

¢ sin (kr+3) e SID kr)
¢=——r———+( et ———

kr
¢ elkl e“‘._e‘—flr cll’. —_1- e‘lr_e—lkl
=eMtT T3 ke %
e [ ce'®o—1/k e'“'(ce""'—l{k)
=t T ) (5

This scattered wave must contain no iccoming wave. There-
fore we can write the coeflicient of ¢~*r as zero. Thus we have

e —1/k=0 or c=(1/k)e'®,

Y == pthS ‘:’_im:l. .ee 44
hence  g=c™+ - 7% (44)

Comparing this with the standard solution (35), we have

2iky__ (8, 18y __ ,~i80 ) e
ﬂd};:f_z.‘%_l:.—_i_' : e_°2f__=fE_sin 8, -(43)

The total elastic scattering cross section is

A4 in?
ag==2n I ""k,st' sin9d0=%§sin’ 3 _
o .
=4 X" sin? 3, L7 (46)

. The analysis here is carried through only for /=0 scattering.
Higher orbital angular momentum waves also have to be consi-

Nuclear Force 305

dered at higher energies.  The total cross-scction can be written as
a sum of partinl cross-scctions, one for each I-wave, The partial
cross-sections are

cr=4nX)x? (21-4-1) sin® &, ...(47)

\S@ng length. For ncutrons of very low energy scattered
by free protons, Jr is very large and hence k is very small. Itcan
be scen from cqn. (45) that as k-0, 3, must also approach zero,
otherwise f(0) would become infinite. Thus for low energy neu-
trons f(0) can be written as

Lim '3 sin3, _ 5, _
fo 54—+0 P = ...(48)

where the quantity +a is called the scattering length in the conven-
tion of Fermi and Marshall. Hence for low energy necutrons

u(r)==c (kr+3;)=ck (r—a). ...(49)

This is the equation of a straight line intersceting the r-axis at
r=a,and is obtained by ex- i
trapolating the radial ‘wave
function u(r) from the point
Just beyond the range of
the nuclear force. Scatter-
Ing from a potential giving
a bound state produces a 0 b r— o b r—e
positive a. If the potential

& Fig. 8'5, {left) Positive scattering length
tgl:‘,‘csl only a virtual  state, (bound state) ; (right) Negative scatter-
f ¢ slope of the inner wave ing length (unbound state).
unction at r=b is positive and a is negative.

From eqns

46) and (48 i
section beeonor (46) and (48) the zero energy scattering cross-

= 4«0’.‘ ...(30)

teati This is idcnticgll with the scattering cross-section of an impene-
rable sphere of radius g, in the limit of zero energy. The measure-

ment of g, determines the magnitude of the i
1ot its sidy, g f scattering length a but

etermination of the phase shift S,—We shall now attempt

to determine the _phase shift §, for low energy neutron-proton
scattering ‘by solving also the Schrodinger’s cquation in the region
where the interaction between the two particles takes place. For
this we make the simple assumption of a square well for the nuclear
potcn}ml. Inside the well of depth ¥, and radius b the radial wave
equation for particles whosg total eneigy has the positive value E is

2
4 -l-%[E-l— Vol u(r)=0. (51
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Inside the square well this equation has the simple solution

u(r)=A sin kyr, where ky= /M (E-+V)I/h. ...(52)

Outside the Square well, the solution can be written as

u(r)=Bsin (kr+3,). ...(53)

ge of the rectangular well (r=b0), the two solutions
atives with respect to r must be continuous.

A sin kyb=PB sin (kb+85,)

At the ed
and their deriv

and k(A cos kb=Bk cos (kb+3,).
Hence ky cot kib=k cot (kb+39,). ...(54)
This relationship is analogous in form to equation
K cot Kb=—a, «.(17)

which describes the binding energy B of the deuteron in terms of
the same rectangular well (¥, b).

Here K=y/[M (V,—B)//i and a=+/(MB)/h.

Fer low energy reutrons (E<V¢)', we may assume K=k,
(as ¥,> B), hence the wavefunction u(r) inside the well is nearly the

same for the deuleron and the n-p-scatiering system. Thus for approxi-
mation we can write

v/ (ME)
h

V(MB)
cot (—‘/‘fg) b+3, )=——ﬁ—_'-

As the scattering length a is much larger than the range b of
the p

otential, thus for very low energy neutrons kb can be neglected
in comparison to 3.

r
cot 8,,-———,\/‘(%) or sin %= = BT -+(55)

Substituting this value of sin? 3, in equation (46) we obtain the
approximate value of total scattering cross-section as

E  _4nh? 1
e

a=4rh? ...(56)

E+ 1Bl M E+ | B|
e Spin Dependence of Nuclear Forces. At very low energics
the situation is very different. Numerical substitution of B=2.22
MeV In equation (56) gives a predicted value for Zero energy neu-
trons (£==0), 0,2=22.3 barns. Which is in violent disagreement }vnh
the measured value 6,=20.364-0.10 barns. This disagreement is a
sign of some fundamental error in our assumptions. This point

was cleared up by E. P. Wigner in 1935. He suggested that the
scatterin

g occurs not only in the triplet state (35), but in the singlet
state (1S) as well.

Expcrimenla“y the total angular momentum of the deuteron
nucleus is unity.

The spins are, therefore, correlated in the grou_nd
state of the deuteron, The situation is different in n-p scattering
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¢ utrons strike randomly oriented
ated SPIns add up to unity in three fourths
o ool \:cs ancl lo!hz.ctroh u‘\ o;le fourth of the collisions. In
e ord cun say that the triplet state (S=1 ti

the statistical weight (25+1) ofp { gy a3 Vacee times

i : 1 a_singlet (S=0) state. The total
n-p scattering cross-section will then be

o=%ci1+1a,,
where a: and o, indjca

s te the cross-sections in triplet and singlet states
respectively.

One test of Wigner's hypothesis is by measurement of the

cross-section over the range 0 to S MeV, where the theoretical
expression for s, should hold.

We can use the calculated value
or=2.3 barns and the experimental information on %, (zero energy
cross=section) to calculate o,. To fit the experimental data, we
must have (in barns)

20.36=% (2.3)+1a.
6:=74 barns. ...(57)

Introducing the singlet and triplet scatterring lengths a, and
ar, where 6s=4ra,2 and cr=4ra,?,

we obtain the rough estimates
ar ~ 43 fermi and a, ~ 24.3 fermi.

Coherent Scattering of Slow Neutrons. Equation (50) shows
that we can find the

magnitude, but not the sign, of the scattering
length @ The most important evidence is the scattering of neutrons
by ortho and para hydr

ogen  An experimental comparison of the
coherent scattering from ortho and para hydrogen was first
suggested by Teller in 1926 to test th

e spin dependence of the
neutron proton interaction. Not only we are able to verify that the
scattering is spin dependent but also will be able to show that
singlet state scattering length is negative. In para-hydrogen mole-
cules the proton spins are anti-parallcl. The molecules can rotate
with epergies given by

Er=J(J+1) 1)29, (J=0,2,4,.),
where g is the moment of inertia. In ortho hydrogen proton spins ars
parallel. The rotational state

s are given by J=1, 3, 5..... _If tem-
perature is low enough practically all the para_hydrogen will be in
the state J=0 and all the ortho hydrogen will be in state J=1.

We shall now derive an expression for the scattered intensity
a molecule of ortho or para hydrogen when the mcn_dl:ul
Teutron energy is so small that Jra is much greater than 0.78 X 107%m,
the distance between the atoms in hydrogen molecule. The
theoretical expressions for total cross-section for the spccn‘gl case
of nettron energy of 0.001463 eV and a gas temperature of 19°5°K, as
derived by Schwinger and Teller in 1937, are

Grora=6.69 (3a1+a.)? \ (ig;
Tortne=6.69 [(3ar-t ) ' " f—a )4 174 (2 —a) stk

from
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where @ and a, are triplet and singlet scattering 'Fﬂgths. The
Jast term in ., was added to take into account inelastic Scatter.

ing by conversion of ortho to para. This pFO(;eSS ]sb cnergetical)y
possible but its cross-section is small. It is clear from above relationg

that 6y« and ourim0 become identical if ar==as. In this case the oy,
nuclear forces are said to be spin independent.

According to the experimental results of Sutton (]947),
Spara=4.0 barns and o.ru.==125 barns. This great difference bet-
ween these cross-sections indicates that the n-p force is strongly Spin

dependent.

| 3ai+as | is very much smaller than | ar—as | when g,<
but very much larger when as> 0. Since Gpara<< Gortns, hence
| 3a:+as | is smaller than | a:—as | or as<0. This —ve value of
a, indicates that the singlet state of the deuteron is virtual or unbounq
We can now solve equations (58) and (59) for a: and as. There are
four possible pairs of a: and a, values.  Two can be discarded be.
cause they have —ve a: values. A third pair can be shown to be
inconsistent with n-p scattering data. The remaining solution jg
a:=0.52X10" m. and a;=—2.3x10"" m. Therefore, the tota)

cross-section will be
Go=40t+10s=% X4na+ X 4ras*=19.8 barns,
which is in fair agreement with experimental value 2036 barns.

Spin of neutron. The large observed value of Gortho[Gpara relates
to the spin of the neutron. The ground state of the deuteron has

I=0 and I=1, if
Sr+Sr=34+3=1 (spin parallel)
Sn+Sy=2—34=1  (spin anti-parallel).

. In the second case the relative statistical weights for n-p colli-
sions with free protons would change from their values of 3/4 and
1 /4t_to values of 5/8 and 3/8. This will change the scattering cross-
ssctions.

Gof‘hO/Upara:. 2.

Th.s is against experimental results, hence the neutron has spin
1/2 not 3/2;
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9% Nuclear forces

Acoording to Coulomi's law, the positively charged protons, closely spaced wigh, ,
nuclous, should repel each other strongly and they should fly apart. It g theref;;:
difficult o expiain the stability of nucleus unless one assumes that nucleon ,.
% the mfiuence of some very strong attractioe type forces. The forces inside :m
fﬂmbm. binding neutron 1o neutrons, protons to protons and neutrons to proi i
mdwnmmmﬁmmdmwledlﬂn—n,pwpandnoi‘l
foroes respectively.  These foroes are a-uuul!y equal in magnitude as warranted by
“Epersmental evidenoe and were studied extensively over a long period by the Japanes
1935, he described the chief characteristics of nuclegy
. ' that playea an integral
i 1949 for his : | Nobel Prize in physic

gl
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Chapter 1 » Constituents and General Properties of Nucle;
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According to Yukawa, the following are the characteristics of nuclear f
. 1 lear forces :
¢ 1. They are short range forces, i.e. effective only at short ranees
2. They are charge-independent, i.e. th e
. » 1.e. they do not seer
the particle. 1 to depend on the charge of

3. They are the strongest known forces in nature.

4. They get readily saturated by the surrounding nucleons, and
5. They are spin-dependent.

Short range — The results of scattering experiments : pp scattering

etc. show that nuclear forces operate over extremely short distances ins

Between two nucleons, the distance is of the order of 1 Fermi (1IF=10"'m) or less
They are not like the inverse square law forces such as Coulomb force between electrie
charges. If a nucleus is bombarded with protons and if the range of nuclear force be of
the same order of magnitude as Coulomb repulsion, they would be affected by both type

of forces. But the scattering of protons will be different from the one corresponding to
a pure Coulomb scattering.

» Np scattering
ide the nucleus.

The protons that-pass not too close to the nucleus are scattered by electric repulsive
forces. But if the energy of the incident protons be large enough to overcome Coulomb
repulsion, they may pass very close to nucleus, within a distance ry from the centre
of the nucleus, and fall in the range of attractive nuclear forces. They would then be
captured and fall, as it were, into the potential well of the nucleus. The scattering

of protons in this case is mainly due to strong and attractive nuclear forces and the
distribution is distinctly different from Coulomb scattering.

There is however some evidence to suggest that at extremely short distances (0.5F),
the attractive force turns into a-repulsion so. that in a stable nucleus, the nucleons do
not get too close together. '

Charge independence — Ezperimental evidence indicates that the interaction
between any two nucleons is independent of the charge. Also the interactions among
the nuclear forces between n — n, p — p and p — n, exclusive of Coulomb forces, have
been found to be the same to a high degree of accuracy.

Strong forces — The strong interactions, the forces between the nucleons,
are the strongest forces found in nature. The gravitational and the electromagnetic
interaction were known to us long before the nuclear forces, as they were associated
with macroscopic bodies, e.g. the gravitational forces between the planets and the sun
and the electrical forces between charged bodies. But they are far weaker compared

to the nuclear force. For instance, the gravitational force is only ~ 1040 of the strong
interaction. ‘on

Saturation — Nuclear forces are the only ones in nature that sllew' Sam;;i?%f
effect. The ability of nuclear forces to act upon other particles attain J silee
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d by other nucleons, Tha

saturation when a nucleon gets completely surrounde T n
B == ’l

nucleons that are located outside the surrounding nucleons do not
of the surrounded nucleon.

Summarising : (i) the forces between nucl
are 0.5 - 25 F apart; (ii) these forces are of s
about 2 x 10~1® m and fall off sharply with distance,

range; (iii) they are charge-independent so that the nuclear '
a neutron or between a neutron and a neutron are almost the same; (iv) they have

the property of saturation — a particular nucleon interacts with a limited number of
nucleons around it and the other surrounding ones remain unaffected. So they become
saturated over short distances; (v) the nuclear forces depend on the mutual orientation
of spins of various nucleons and are different in parallel and antiparallel spins. -

o In addition to the strong nuclear force which is far stronger than - Coulomb

interaction, there is, as indicated by ezperimental evidence, a third type of force which

is also a short range force but much weaker than the nuclear force. This is termed
weak interaction. It may be as small as 10~ of strong nuclear force. It is also not of

gravitational type. - A
Interestingly, the weaker the fo;'ce, the larger must be the system in order that

it might be of importance. For example, the strong interactions hold the nucleons,
the electromagnetic force holds the larger systems of atoms and molecules, while the
gravitational force becomes'impqrtént only in astral systems. | o
The chief forces of nature are thus of the following four types : (i) the strong
nuclear force, (i) the electromagnetic force, (iii) the weak interaction force and (iv) the
gravitational force. ' _ - S
e According to Yukawa’s theory, protons and neutrons do not exist independéntly
within a nucleus but constantly exchange charges by emission and absorption of
m-mesons (pions) in themselves. This constant emission and absorption result in an
exchange of virtual mesons by nucleons, within the nucleus, in ultra short intervals
~ 107% to 107%s. As the exchange occurs in a very short time, the uncertainty
principle requires that no visible change in nucleonic mass would be observed. This
gives rise to rapid meson exchange or meson field between protons and neutrons in
which meson acts as a quantum of nuclear force. The process is analogous to exchange
of photons between charged particles in electromagnetic interactions.

® Read also the Chapter 9 : Nuclear force, for more details.

eons are attractive in nature when thery
hort range having maximum value
becoming negligible beyond thjg
force between a proton anq
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‘(A’)/Exchange Forces. In 1932, Heisenberg proposed, in order
to explain the saturation of nuclear forces, ‘tl}at nuclear forces were
exchange forces which would depend explicitly on the symmetry of
the wave function. At the time of Heisenberg’s idea of exchange
forces, mesons were known and it was known that m-meson wag
being exchanged between nucleons, by any of the following processes;

n,p;p,n s p,p smn

pt,pintnt n ;ptr°, p ;ntrn’,n

p.7 +pin wt+tn;p,ptrn° ;n ntr’
pyn; n,p ;pp s 1y 1.

The exchange of a pion is thus equivalent to charge exchan ge.
ecan think of the nucleons as exchanging their space and spin

co-ordinates. The wave equation of the two body system for an
ordinary central force is |

[(HZ/M)VZ'FE]T(HM 6y 6)=V(r)¥(ry r; 0, o). -.(92)

The force is known as no exchange, ordinary or Wigner force.
The interaction does not cause any exchange.

Exchange forces are classified as :

1. Majorana Forces. The Majorana interaction is that in
which it is assumed that two particles attract one another if the
wave function describing the entire system does not change sign
when the special co-ordinates of the two particles are interchanged
and that they repel if the wave function changes sign, i.e.,

[(ﬁz/M)v2+E] P(ry, Fy, Oy, 52)=V(")¢'("27 Iy, Op, Gy).

This interaction reflects the ¢
in the wave-function.

«+-(93)

oordinates and replaces r by —r
Hence eqn (93) may be written as

[(B* M) V2 + EW(r)=(—1) V(r)i(x).

...(94)
This eqn indicates that the force is always attractive for states
of even I(S, D, G,...) and always repulsive for states of odd 1.

2. Bartlett Forces. This involves the exchange of the spin but

not the position coordinates of the two interacting nucleons. For
such an interaction, the Schrodinger eqn is |

. [(h*/M)V 2+ El‘l‘(rb’zo Gy, Gy) = Vr)i(ry ry

\

0‘2' Gl)' .‘(95)
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The wave function of two particles is syma:etric if the total
spin S=1 and anti-symmetric if S=0. Thus eqn (95) gives

[(B2/M) V24 EJ(r) =(—1)+ V(r)4(r). ...(96)

This relation is equivalent to an ordinary potential which
changes sign between S=0 and S=1. The nuclear force can not be
totally of the Bartlett type because it is clear from neutron proton
scattering data that both the 3S and 'S potentials are attractive.

3. Heisenberg Forces. Tn the type of interaction there is an
exchange of both the position and the spin co-ordinates of the two
nucleons. For such an interaction, the Schrodinger eqn 1s

(B M) T2+ E)(ry, Ta, 61, 65)=V (DU, Iy, 63, 61) -+ +-+(97)

Since the wave function of two particles is symmetric for
(I4+S) even and anti-symmetric for (/+4-S) odd, hence eqn (97) may
be written a3 :

(B2 M) 72+ EJy(r) =(— 7 (0)(r). ...(98)

This relation indicates that sign of ordinary potential is positive
if (I4+S) is odd and is negative if (/4S) is even. This gives that the
force is attractive for even / triplet :tates and odd / singlet states, but
is. repulsive in odd / triplet and even / singlet states.

The three types of exchange operators PM, PP and P¥ are used
to construct these three types of exchanged forces. The reversal of

- sign between 3S and 1S states indicates that the nuclear force cannot

be wholly of the Heisenberg type. The difference between the n—p
interactions in these states can be explained by assuming that the
interaction is roughly 25 per cent Heisenberg or Bartlett and 75 per
cent Wigner or Majorana.

The three types of exchange operators can be related as
PH=PMPB and (PM)t=(PB)?=(PH)*=1. ...(99)

This shows that each operator has only two eigenstates +1 and —1.
The Majorana exchange operator is +1 for the states of even [ and
—1 for the states in odd /. The Bartlett exchange operator gives
+1 in triplet states and —1 in singlet states, independent of / In
the various states of the two particle systems, the exchange ope-
rators have the values given below

Operator Even parity states Odd parity states
' Triplet « Singlet Triplet Singlet
PH 1 —il —1 1
PM 1 1 —1 -1
pB _ 1 = 1 —1

The most general pofcntial of the exchange type .is written in
the form

Vo= Vw(e)+ Var(n) PM -+ Vs (r) PP+ Vi (r) PH. .--(1003
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322 Nuclear Physics

This potential also has tensor operator 5y, 1erm for mxtures

of Wigner and Majorana forces.

_(B) Isotopic Spin Formalism. In
‘dering the proton and the neutron asl
same particle, the nucleon. The tota nis \
product of the space part, a spin part and 81}1] ]sospmisliigtt‘ 'ﬂtlg
nucleus must obey Fermi-statistics in order to the tf:onsth tw:l 1
the ordinary theory. Thus the total wave-function fof e or

more particles

this formalism we are consi-
Jifferent quantum states of the
wave-function 1s Wrilten as a

=1 (space) ¢ (spin) ¥ (isotopic spin) ...(101)

must be anti-symmetric with respect to_interchange 02 all co-ordi- "
nates of two nuclecons. In the ground state of e egtet?tg, o
example, ¢ (space) is symmetric, as it 2 mixture of an“ l)-8 fah‘f

a D-state, | (spin) is symmetric (the two spins are para_co '(510 !

the ¢ (isotopic spin) must be apti-symmetric and thus T= fd e two

isotopic spins are oppositely oriented). The lowest state © h Suteron

in which the two nucleon spins are opposed, ¥ (Spin) 15 She auti-
symmetric, is the lowest one in which T=1.

The concept of the T multiplet has been applied to B_-detgay,
y-decay and to nuclear reactions. The success of these applications
supplies additional support for the hypothesis of the charge mdcpen-
dence of nuclear forces.

In order to confirm with isospin conservation, the Hamilionian
describing the interaction between two nucleons must be rotationally
invariant in isospace. Thus it must contain scalar quantities formed

- — - >
with the isospins 7, and t,. The product of operators <y.Ty giyes-{-l
when applied to isotopic spin triplet states and —2 when applied to
' -> —
isotopic spin singlet states. We can use <,.7, to define an isotopic spin
operator PT analogous to spin operator o, ‘

> -
Pl‘_-:%(l +1x . 1’)0 --:(102)

The operator gives +1 when applied to the (symmetric) iso-
topic spin triplet states, — | when applied to the (anti-symmetric)
isotopic spin singlet states. Hence it is equivalent to simple exchange
of the isotopic spin co-ordinates 7, and ¥, of the two particles. Thus

we can write

Pr(ry, &y, 510, Gy, M) ={(ry, ;1» N 3 Ty, Soy M), ...(103)
where r; denotes the position of the one particle and , its spin
direction.

We have required complete anti-symmetry under the full ex-
change of all the co-ordinates of the two particles. Since Heisenber
exchange operator P/ exchanpes posititn and mechanical spin and

the isotopic spin operator Ptoexchanges the isotopic spin co-ordi-
. nates, hence we can write

PUPr =~y - (104
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This is a condition on ¢, not an operator identi S
equation (104) by P on both sides andphave ientitys Yo muitiply

PHY=—Pr{ ...(105)
because equation (103) shows that (Pr)2=1.

It is clear from equation (105) that we can replace the Heisen-
begg exchange operator by ‘the isotopic spin operator —P*. As the
Bartlett exchange operator P? can be written as

- —

PE=}(1-+0, . 5y ...(106)

Thus we can replace the Majorana exchange operator by the com-
bination

- — - =

PM=—3% (146, .06y (I471. 7)) - (107)

Equations (105), (106) and (107) show the expressions for the
three linearly independent exchange operators in terms of the mech-
anical and isotopic spin operators. From the point of view of the
isctopic spin formalism it is more convenient to use three other

- > > — - = - =

linearly independent operators (o; . a,), (75 - T5) and (o1 . 09) (71 . 72). -

“The values of these products in states of the two particle system are

listed below :

i
-

Spin product Even parity state \ Qda parity state
triplet singlet triplet sing let
‘_—____._—’
-> - .
g1 . O3 1 —3 1 3
-> - , _
Ty o Ty —3 1 1 . 3
> > > - 5
(01 » G’) (1'1 . ‘l") ——-3 —‘3 1 B
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\}ﬁ. MESON THEORY OF NUCLEAR FORCES

" Any attractive force between two particles is regarded as the
change of an attractive property. The exchanged attractive
property between two protons is an electron for an (H,)* molecule
and is the surrounding electric field for the Coulomb force between
two charges. We may introduce similarly a pew nuclear field
surrounding each nucleon. The application of quantum mechanics
to the electromagnetic field surrounding a charged particle leads to
the conclusion that the electrical force is exerted by the transfer of a
‘photon, which is referred to as the field - particle of the electro-
magnetic field, from one charged body to another. Yukawa (1935)
thought that the strong interaction between nucleons might be account-
ed for in a similar manner by postulating an appropriate field particle
of rest mass different from zero. This virtual particle has been given
the name meson. To show that the range of force is related to the
mass of exchanged particle, assume that the n°-meson is contained
virtually in a proton. A temporary dissociation would be allowable
if it does not take a time longer than Az, given by uncertainty

principle
At~h|AE. .-(112)

Here AE-——:(}W”'{'"H) CZ—MJ'szm"Cz-

If this virtual particle travels with the velocity of light, as
might be expected for a field particle, then the greatest distance the
meson could travel in this time, also known as rarge of the pion

exchange force
" Re~=cAt~h[mnc. -(113)

wn nuclcar dimensions, Yukawa a§sumed that
the rgr?;d (c))[t} ktrl;(: nucleon force and of the field particle (;'aoutl_d t;:
bout 2% 10725 m and thisled toa value of m= roughly 2,‘ A im
the mass of an electron. About two years after Yukawa’s theory,
the _mlass f mass about 200 m. were discovered in cosmic .radt:atlggt.
%z;retgg 5?r(t)ual p'articles are now known as mesons which were thou

ral
to be Yukawa field particles for more than ten years. Seve

! . ) st masses have been
: . with different charges and rest | ot the
g!ﬁcc;’::rtedmwl(:‘l:as found that the Yukawa particle was 1

isc .
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330 Nuclear Physic;

i ] 3 . The pion, which
meson but its parent, the shorter lived r-meson. T
g-ccurs in positiee, negative and neutral forms has a !p;ss abc:ut 27’0
times that of the electron and interacts very rapidly wit mathf:r.f t
has other properties spin and parity, which qualify it to be the field
particle for nucleon forces.

i een any two nucleoos could arise from the
transfz;h ;faa“ ;e'f;‘::ozcl?om oncynucleon to the other. The force+bet-
ween a proton and a neutron could result frgm the trapsfer ofan -me
san from the former to the latter or of a n™-meson in the opposite
direction. To interpret the nucleon-nucleon scattering data in terms
of a potential fuaction, let us compare the meson ‘theory with the
quantum theory of electro-magnetic interactions. To obtain a pion

wave-cquation we express the total energy E of a plon in terms of
the pion rest mass energy m=c* and momentum p as

E'=c'p + mact, ...(114)

The energy E and momentum component p are represented’ by
the operators

E=i% 9/ot, ps=—iFi |ox, py=—1% 2[3y and p.—=—i% 5[z

Introducing a pion wavefunction ¢ (a scalar), we obtain the
Klein Gordon equation for a free particle of spin 0.

—BP[e =~ B Y mtc
1 3’ me?c?

or V$— ot R $=0. --.(115)
From mx==0, it veduces to the well known wave-equation
12 )
10 )y
(v-4Z)¢=o0 116

for the quarta of the clcctromagnctié field.
electromagnetic ficld is the electrostatic field, where ¢/dt=0. The
corresnonding static pinn field is the an

y alogue of Laplace’s equation
in the absence of «Jectric charges. The presence of charge requires
the analogue of Poisson’s equation V?$=ep/e,, where ¢ is the

magnitude of the electronic charge aad p is the electron particle .
density.  In our present case we hzve nucleon charges interacting

with the pion field. For a static pion potential due to a single point
nuclcon charge g at the origin, we have a

The simplest type of

n equation
V¢ —(min’c*b%) $=ang 3(r). ..(117)
The solution of this eqn which vanishes at i.nﬁnity it
ol erir-e | "o
¢(r)——]~ﬁ;;rgs (r') 3¢ ...(118)

Here p~mee/b and d<’ is the volume eleraent. If we have a
roint soure of strength g at r1, then we have, °

e Ple-r,)
T

S

Nuclear Force

.". Potential ener,
V=gd(ry). If
the interaction

gY of a source
the potential 4, is d

g atr,in this field js given by
encrgy between tw

ue to another source gatr, then

O sources
e i T N O ..(119)
Iry—r, ]

r
Comparing with the relation f i

. h or Coulomb potentijal we see t|
tl}:]ls nuclear potentia| decreases more rapidlypwnh diztancccfr}cl:;
the source than the Coulomb potential by an exponential factor.
Qituslep:_arja:;?ns srr:;dl c(g?;;arcd to 1) this potential energy varies
\ . as the ulomb energy loss. i
interadtion casran gy Yukawa noted that this

may account for the fact that nuclear forces act
only over a short range and that the range l

R=1[p="%]mmc,
Substitution of the value of mx~ as 270 me, gives R

Since in this theory the nuclear particle does not change its
charge, we find thar according to the theory n-n, n-p and p-p forces
are equal. However the theory does not explain the exchange nature
of nuclear forces, which is established from high energy scaltering
experiments and is able to explain saturation of nuclear forces. The
theory in its simple form cannot explain the spin dependence or
the presence of non-central forces. The theory is modified by
several theoretical physicists taking into account, (1) the tensoral
character of the meson field wave funtions, (2) the isobaric-spin
character of the meson field wave functions, (3) the iatrinsic nature

of the source field coupling and (4) the strength of the source-coupl-
ing constant,

-+(120)

=1.4 fermi.

The interaction potential between two nucleons so  calculated
gives approximately g’/Bc=17. It may be compared with the fine
structure constant e}4ne,Bc=1/137. * The large dimensionless
coupling constant g2/ B¢ suggests that more than one meson i3 trans-
ferred simultaneously between two nucleons. For small distances,
we have strong repulsive core arising from the 3 function. This core
prevents the nucleons from coming close together. When two nucle-
ons collide at very high energy (~BeV), the nucleons can penetrate
or disturb each other’s core. Thus we see that only the exchange of
a relatively small number of mesons can have an appreciable effect on
the nuclear force at low and medium energies. On the one hand,
Wwe sce that the meson theory is qualitatively correct, but on the other

hand, not a single quantity has been calculated and measured which
confirms quantitative correctness.

EXERCISES
Example 1. Recall that b~M4~n[2K Sor the ground level of the
deuteron. From this, show that the radius of the deuteron, in the rec-
tangular well model is approximately given by

=2b V,M3/zBY2,
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ot P agnetic and. electric  felds,
| 5"0(28 by stroug magaeuc and electric fields, w).
e

qust formula, it is easy O find that the energy liberated i
masssi tive for heavy nuclei (4.2150), which are, therefore, z-unstable.

5?:?3?2}: for cathode rays by J.J. Thomson. The beam of «-parti-

i ' from the dis-
. Jofected by maguetic and -electric fields and |
;ll?ccrl;c(rj;tg ;creduwz'l the value of g/M can be calculated.

IStanc  th
the source are limited P¥

The radioactive radiations can be distinguish

ed by their diffe-
ICSponses 1o the affect of
Alpha r. Jiations can be de-
ich proves that they
sINg 8emi-cmpirical
n x-decay

onctrating powers and by different

o rapidly moving charged particles. 1

The a-particles can be detected by the following devices—(a)
lear cmulsions, (b) Cloud chambers, (c) Ionization cham-
¢ proportional counters and Geiger Miiller counters, {d} Scintiil-

0 counters. Tie energy of the particles can be measured by the

ve detectors, magaetic spectrographs, elcctrostatic deflection

othog Tange measurements and calorimetric measurements.
il
SIK

ETERMINATION OF g/M FOR THE «-PARTICLE

i inciple of the method, first used by Rutherford and
o pnidcgtical with the employed in making the determin-

-

‘ , p:
| A .
1 S i i 2d
- P el
8 RN
\‘ P:
(b)

\
b) Electric deflection.

. :on experiment is
deflectio ct,pparallc] to

tic deflection

Fig. 5.1. (8) Mngne

The apparatus used o Of 6P 5, S, 1 enating from
shown in fig. 5.1 d(a)- czk;"f?g;ﬁt, "}13‘110 %ﬁf;;m;lldd‘“‘ on 2 photo-
the slit B at a distad ¢ slit B as :

197

Scanned by CamScanner



From geomet

N"Clem- Pk
i 1y
- ance b fromslit B. The cpo
.4 i at 8dlsmﬂ‘(ic field with the lineg Mbe,
. . ch form :::‘dgi:‘:ﬁlar to the plape M: lhgrﬁr‘"w
is placed in 8 s it, . perPEl field, the a-particle wil] g Bure,
arallel to the S15 cihe magnd there is only onc angle of e[:?c'?be
Under the 2600 of radius ” ane o narrow slit to the photg '&sl‘)_n
anarcof a cam is through netic field the path of the pary. Phic
pia Whicgr“( ereve ' he r::'?tgh velocity ¥, thus reach the Tlcle 4
plate- OF mpmt:clzs-md after reversing the magnetic figjq. P,
r e charge and mass of the =-Darticle I
and M respectiy 13 3%, then we can Write .
C y g

2ip=Bqv.
:r/ the figre it can be shown that for 4 tm(h
? L\||

deflection sdr=bla-+b.
q/Mv=2d/b (a+b)B. N g)
lue of g/M, v is to etermined, Fq, :0)
Thus to get thed":o pass between two vertical parallel mr ‘hl_s,
a-particles are a“owc‘ms long, separated l:ly la small dist:u'\cc l:.c

irely charged. The whole.apparatus is ey,

o atl:?xt;’l,pl(’)s('zsgo volts) is _apphed between the plates ;“‘ted
and H’ 0 articles havea parabolic path b,etwecn th? plates, thend.;d
g;ctionebl:ing proportional to llv'-’.h. Le; l%:e b: ::]1; gﬁsﬁ]““ bctwcu'l

i e photograpiic Laty e oot
%‘ i‘;’g"c’ %‘:}g‘rse aﬂ,“d'“lt',ﬂ.re’r reversal of the electric field and b?ax les
‘:’iil?ance between photographic plate P and the end of paralje

th,
Pht;

pearer to it. - Similar to the calculation of electrostatic deflectiy, of
cathode rays we have
A _ —p)? -(4)
My~ 8Vb™

From equs (3) and (4) ¢/M and vcan be ey
determined. The value of specific charge nsl:g
found by Rutherford and Robinson fer all u.pg,-ﬁ
cles, irrespective of the source was 4.82X 107 '¢ou/
kg. This was_very close to the value of g/pf ml/
culated for doubly ionised helium. This idengjyy
was proved in 1909, by Rutherford and Royds
using the following mecthod. Radon gas emittjy
a-particles was placed ina thin walled glass tybe
A, surrounded by.a wider tube B which had beeq
evacuated. The a-particles passed through the thip
walls into outerbulb B. After a week the gas,
N which had collected in B, was compressed by the

mercury into the fine capillary C. On applying a
high petential difference between X and Y its spect-
rum could bz examined. The spectrum was identi-
fied as tiiat of helium gas. This could only have
come from «-particles by picking up-two electrons.
Thus it must be regarded that «-particles were the
doubly charged helium ions.

5.2. RANGE OF «-PARTICLES .

W.H. Bragg in England had. produced evi-
dence that a particles had a definite range. The

|

g Radon
Gas !

Fig. 5.2

N ,‘W - sed by Bragg ang X

u A le &
tus " rticles from ty tmap .
el pal o s € soupen ™. In |
e &8 the ionization gpe 1St X310 g g —
] ;{cr‘ ocC N ctallic  BIUZe G ang 8T The ' 90 s M fig. 5.3,
L m Aplage p* \mﬁm\‘e 3, traverse the
J.‘sl5 e * Parayg ;)n chamber con-
- L . &SC tc¢ each
vy lh‘ =
o=t T =
[N
\ 'u ]
{ ‘\ ] .' =
4 o] Vi !
% \‘I.l
o
d
1 @
Fig. 53 Apparatus for measuring the tange of
Lranss
:1taincd at a constant potential dif, =
ainiall d frence by a b
ahere Pate s connected to an electrometer, A battery. The

p—

pet
dsgcd by cd by means of the electrometer.

\he o-particles at any given dis\ancT“° 1onization pro-

A ¢ ftom the source

i Mg St B
el e spnitic onzston (he i 272 0k 5
ouf
PO
3
g 1.0 Radium C'(Pon
zos \ R
3 06 ‘
S ! |
- 0.4
£ LT
302
3. L 11 T\
¢ 1 2 3 4 5 6 7115

Distance in an in sir 3t.760 mm and 15°C
Fig. 5.4. Bragg curve .

aparticles per unit length of 1he. path) wi}h the distance from the

source was shown in fig. 5.4. This curveis known as Bragg curve.

This curve shows thatthe specific ionization along the path of a

particle climbs steadily to a maximum and then falls with great rapi-
dity to zero, making a slight ankle in the curve just before the zero
line is reached.  As the a-particle moves more slowly, it spends more
time in the vicinity of each of the molecules of the air which it en-
counters in its path and so the probability of removing an electron,
and producing an ion pair, increases. The specific ionization thus
increases  steadily at first as the a-particle moves away from its
source. Ultimately a point of specific ionization reaches whea elec-
trons attach themselves to the particle and convert itintoa neutral
atom. The tail end ankle of the curve (the straggle effect) arises
from the fact that the «-particles do not all lose exactly the same
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3 ir enc :
amount of encr8y mrtll;'edue to the formation of He* jop,

ctron

i ower, 8
ing P utral atoms.

t is also pa!
] of one cle

ge before become 1€
to weak sources.

For W
aﬂd Nutm"'

.5.v Range of a-particles
from weak sources.

shown in fig- 5.
scope
articles have
particles are no
doing-
point in the curve,
just reach the

k sources SiM
illustrated by

6. The 1oniza;1tio
is fai constant as the
D begun hitting the wall.
t producing a} many ions as they are capabje’ £
At the sharp turn-over 2 o
the a-particles
silvered wall of the
bulb radius is

Nucleq, Ph Ysics

ounters With the molecules .
s ! Eir
to some Of th a-particles. Tp2 Y the
nd bencc causc a slight extengj, ° iony
This method is not WCH ;’J.‘he

Iteq

le method has been devi

4 " "5.5. The source ofs'iﬂp‘;y Geige,
placed on a rod at the centre O'T_tlclc is
bulb which is silvered on . ; Blass
and a high voltage is applieq ‘1, Mide,

the bulb and the metallic p, Stw
the source. The radius of der o
rical bulb is greater than the mc Sphe.
range at atmospheric pressurea "Mum
the range varies directly qg g, Since
Jute temperature and l'HVerse,ye abso.
pressure of the gas through whi as the
rays pass, hence by reducing 4y, Ch the
sure in bulb, the ~a-particles arq P
to reach its wall e satyr able
current for different gas pregs, Ation
measured, giving ionization culrvres 18
n current as measured by the o es ag
pressure is decreased, unti| aft:mo'
It then falls off Sinc; ::e
[

Uranfum

»
]

,so that the
ﬂ"e'b rapge. Two kinks in the
fig. 5.6 indicate two sets of «-
particles of different ranges com-
ing from two radioactive sub-
stances. The range fora parti-
cular gas pressure has thus been
measured. Since the range in
the gas is inversely proportional
to the pressure, the range at atmo- o\ e -
spheric  pressure is deduced 80
simply. Pressure (EmHg)—

Polonlum

Tonlisation current
5]

Fig. 5.6. Saturation ionization current

Alpha-particles are unable !
for different gas pressures.

to penetrate a few sheets of paper
or a thin aluminium foil, yet they can 'travel through several centi-
metres of air. This indicates that the range of an a-particle depends
&n t“;'e medium through which it travels. It was observed by Bragg

at for most elements the atomic stopping power varied directly as
the square root of the atomic weight.

PICERCIIET e ———

A,

‘ 3/3 ANGE—VE[DCHY—Echy_LIFE %

0, H. i
dh:)fl ?t:e G:Paﬁiggggéro;:ag%, $Ome meagyreq,
spec various thicknesses of mica oma o oLy

ugh
8% Gelger Iav-

0.6 107

- )
rom these results Geiger gaye (2 2 °PPINg power

R is the extrapolated ra ;
W nge in
. /sec._ at the source and g pe metres, y, 1, initia]

m
ELATIONS
safter they had pa:\!:‘;eltal:vc
0

; Felative to
his name as

law known after

=avy?,

w(5)

Velocity
€qual to

c
Onstant NUmerically

The energy E,of an a)

velocity

and 1208¢ is given by
R=9.6X 1072 (E,[2.08 % 10-4)2

pere Eo is the initial energy of the .

) B 0 alpha icle
ity by Eg=2.08%107My2, Hpamclc, in MeV, is relq

in metres in air.

Actually these relations are ;
¢ lower ranges R is aPP\'Oximat:Pm'cabl’

ence the relay; c‘“i 10 the

on  between energy

—0-003.8 Eoll e
y ..(6
pa"lcle m MCU and R the fan( )e
2

only for medium rangs

“nd at higher ranges for v* and Egy, Proportional to ypa gy, 785
4]

In 1911, Geiger and Nuttal] arr:
relating the half-life of an z—em?tlt:'r:x];(eld

2+

Log (disintegration constant) + 20

20
18
16
= 4
14
12

10

at an interest;
sting conclgs;
the range of its a-pa:tt?::llz:

- '
1 1 1 —l
0.5 06 07 08
Log range
Fig. 5.7. Geizer Nuttall law.
 ——
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t if the logarithm of the range in air of the 4.
They showed tha :ast the corresponding  value of the |Og:r?u§>arﬁ_
for a number of radiOCIEment:n of
an

< plotted agal
cle is plo tion constant, ;
s obtained for each radioactive g,
Mes,

the distintegratit o )
o / straight line 1

Th‘;g?glﬁac:fvﬁ as Geiger Nuttall rule, represented by the relation
| log A=A log R+B, ' -

A is a constant wh.ich has pra‘ctically the same value for
where series and B 1sa constant which has g df&glrle()f
nt

e radioactive . it
:rl;futch;‘e’r each series. The Geiger-Nuttall law is illustrated by fig_ 5
ning the disintegration COD'Sta.rZ{

This rule has proved useful in determint .
) of some of the products of disintegration which could not be casi
y

determined by direct measurements. It can be used to check
validity of any theory of alpha particle decay. up the
The Geiger-Nuttall law can be derived from eqn (7) in ¢

utilizing the relationship between the range ang ;

alternative form by ;
energy of the alpha particles. Thus we have
log A=3 4 log Byt 5, -(8)

where A has the same value as in eqn (7) and B’ is a constant for

each radioactive series.

5.4. ALPHA ENERGY-MASS NUMBER

If the a-decay energy (for ground to ground transitions) i
sured apd is plotted against mass number A and nuclear I::sgalrsgéne%.
The points of equal Z are connected by straight lines. It is clear from
this figure that Ex decreases as 4 increases for constant Z.

' Corresponding to N=126 and Z=382, the shell effect i
ciently strong to reduce the available «-decay energy. Just l:bg‘vlgia
closed shell, a maximum in «-decay energy is observed. -

W hen shell effects are excluded the varia\ i Ex Wi
: . ’ tion of
be obtained by semi-empirical formula as % Wit Acan

OLe _ & Qs _ VA
04 9 A 3 & A4/3(1— ‘3’_14—)—16(1&—1-%2—(. —-%Z—)

It sho i
ws the negative slope because every term is negative.
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/ GAMOW’S THEORY OF ALPHA DECAY

- Since an a-particle is emitted from a h ig-
crete pqrticle, one might infer that the eavy nucleu as as dx;
some tightly bound assembly of two - Alpha
peutrons and two protons pre-existed PP D DD E

in the nucleus, or a heavy nucleus might @288 @222
have a sub-structure of «-particles as  Pig. 5:10. a-particle decay.
shown in fig. 5.10.  Light nuclei do exhibit periodic properties, can
be shown by binding energy curve, which indicate the existence of
a clustors within them. According to Frankel, for heavy nuclei, the
gormation of an «-particle in nuclear a-decay occurs in the course of
ecay. | ,

In experiments on the scattering of - a-particles, it was found
that' even the fastest of such particles from radioactive sources,
baving an energy of 10 MeV, are repelled by atomic nuclei. How-
ever, the more energetic the particle the more closely it can app-
foach the nucleus before it is turned back. Although we do mot
0w the exact- mature of the forces acting on the a-particle, but
strow that there are repulsive forces due to the charges and some

Obg attractive nuclear short range forces. Due to the rapid
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| Jipho Particles
Nuclear Physies 1 Classical “‘f;lz‘gntiﬁ&grovided no exp| =
- irs, but In € Englj ~*Plangyj :
208 forces with distance, a positively chargey Partj aff-‘,‘":'wim E. U. Condon (,sf'(sl']‘cpfg-‘_lcpsl R. (fnGl?:n‘h'.’ State o
decline of nuclear diminishing I ) ’“','ﬁ G. Gamow npdepcndcnuy eXplai lates anq ey ‘ﬂcollx\bo-
cle will cxpcneﬂgc surface of v bothc wave mechanics.  If the moti(l, dined (g p‘“’ﬂdc)xe Rusgian.
attraction 0€ar when receding of rhood of a potentia| barrier is" of y Patticle i Iy cang
the nucleus nd ata certain bound that there is a finite probabn_trcalcd Wave mechy ilc Neigh.
from the lattcrlﬂ to the nuclear : fou ugh the bartier even thoy a "W that the nnicln cally, it iy
dist:m“;- ﬁzarorew of ;“fa:'” ;l:i'ght of the barrier. The probnbili:u Inetjc energy ig I:“c:lhr:xnli?lk
ius R, e i “ at ; :
‘riﬁu iy fbe cbaloa;'1 ccfep\:{sion. through the barrier (thie e effect™) candgc coparticle cqq Icnﬁ
Coulomb. 10FC% 1ows that the To avoid mathematicy| . .
From this it 10 he nucleus is rﬂl\'_ . Ball ue Of_nplcxuy We shal)
h al part of t -~ tcps. First, we shall uge semi-
;:;:;natcd from the g:lte‘;,:g?:: —Uo ! émfsica'- treatment and secopg,
by a certain pc)tenmﬁou of an Fig. 5.11. Potentia] Ene\‘gycux we shall apply quantum mechy-
which prevents pene leus. The height of this barrier is tpe ve. nical ideas.  Let us, for simpl;.
a-particle int0 the.ﬂ‘;‘& ;cle' at r=R. The potential energy V(,)pg;en. ; city of the treatment, consiger
tial energy of an &iﬁe the nucleus at a distance r from the centre an one dimensional Coulombyg
alpha-particle ou y of ¥ potential barrier of rectangy)a;
the nucleus is given | shape with width g, ang height
= == ) € -
V(r)=2Z—2) &[4meyr, for r>R w13 A, W’:‘f;‘y‘gﬂf\“;j;ﬁﬁagag‘. Jine Fig. 5127
5 tic en B . Icle. Thcre . unnel Effect
3 tomic number of the daughter nucleys, g chrodinger equation i reo are three rep; ;
Tahcns{ez;—f-zu)*;ls t:l;\ce :cight of the potential barrier for ap alphlali | ™ gd: duation in regions | and 1 js o 0" Of interest,
the casc of ' » ) u  2m
ety ) e 2X90X(1.6X10719)s TR, (15)
2(Z-2) e c X 8.99 X 10 .
y(R)= S22 1016 . where m=1_W-MD(Mu+Mu) th
® asrt | and the residual nucleus, - 'e9uced mass of the alpha. particle
=26 MeY ' The equation in region II ig
i ion in the nucleus may be represented by a constang du 2
umuc;li‘e: ,‘,’;ﬁ‘,?ﬁﬂou,, exerted over a d(;st;an;c Ri{ Itis :gokcn of ag d,.—a'i' i’f‘(E— V) u=o, 16
: and of wi 8 ence the potent; ; .
a potential well of depth Uq . Potentia] Since the region I has —_—
cncrey ! hence the solution of equatjon (15)in etgt and.reﬂ_ectcd alpha-wayes,
V(r)=—U, for r<R. -(14) i 13 Tegion js
1 .
; t potential energy U, h=de 4B,
The Coulomb pmenh;al an_d.the constant ] ne A i e
are joined, for the sake of simplicity, by a straight line at r=R. The where k1=\/(2mE)[E ! -«(17)
radial dep':ndence of the net nuclear potentlaltgsllnplmtcd ml gg. tf.ll. Since th ) g .(18)
is genera i n . :
It only sh?)ws th; s::‘axfi's The actual potential is ge Y a and TCﬂCctcde ;:5{1:“'{Lhzs;hl:3tl{dfownrd Woving  transmitted wave
rotation about the F-axis. of equation (16) is Side of the barrier, hence the solution

If the potential barrier prevents the entrance of x-particles from

outside the nucleus, the same should prevent the emission of particles _, K =1r

from the interior. Thus 26 MeV is the minimum energy that an Uy=Aze "4 Bye ) «(19)
alpha-particle must have, according to classical ideas, in order to where ky=v/[2m(y— E))/f. 20)
escape from the nucleus of U2, But the energies carried out by alpha

Since region 111 has onl

particles, emitted by radio-active nuclei, are much lower  than ( L y for_Ward‘ moving transmitted wave
the heights of fhe meemial bartiers of the respective nuclei hence the solutjon of eqn. (15) in this region is

Thus it is very difficult to understand how the particles contained .
inside the nucleus can go over a potential barrier which is more Uy= Ay ; w(2l)

than twice as high as their total energy.
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208 e Ay, By and B, are to be determineg by
nts Au o hditions
¢ c?nstgouﬂdary coﬂd| =auz/a’- at r=0
sing follo%78 PO S5 or
) ‘—"' and Oug/0r=03u,/0r at r=a . (22)
Uy
n

ting the values of uy, g and #y in the aboye rela.
titutt
By subs

" we have +B =A’+B| ...(23)
tions, ik:41| ——llz;lh:kl“‘—k'ﬂ' (23
5 —k ik\a
A.ek a +B’¢ ra =A3¢ 1 .“(25)
—kya ik,a
AereBikae =tk - (26)
we have
From eqnt (25) and (26)» (ky—ka)a
Ay=14,(1 +iki[ks)e - (27)
Uky+ka)a
B=tAs(1—iky/k)e -(28)
and bave
23) and (24), we .
From “l““: l; A1 +kofik)+ & By (I—koiky),
1
bstituting the values of 43 and B,, we have
B 3R TR A (1 —ikyfky)
tieyflea) (1 Hkafiky)e
A=i4 0+ ; (ki +ka)a
(1 —ksliky)e .(29)

. . s —
i article jn I region is same as
A}l-lvre\!:?:c:Zn‘?:i’sg?:nppmbability of incident a-particle
gion. Hel

2
Transmitted flux [ 4s [PXv_ Li"‘z‘ )
Incident flux | Ay*Xv 1 4]

i t term of eqn (29) can
ince i tice k, a > 1. hence firs
be nc:)li:::::d‘ r;npt::!)fnpariszon to the second. Hence we have

k iky _ka )
t (A4 0\ A\ _l_( ___1_1_) 1+-=23) 1 )
PR VR Gy Sl
’ \
k 2k (k|’+kzz)' +2kya.
( l‘f'Tkll) e ¥ = 16 kllk.l e,

. 16 k,’kg’ ~2ksa
.". Transmissivity of the barrier T= (k,’-}-k,’)ze

T=

...(315

i i tion

hen 2k,a 1, the most important factor in this equa |

:Y)viouslyl is %hc exponential, which then will be extret[n;:tl‘)é sglrzllr

The factor in front of the exponential part is usually P(‘) e o of
of magnitude of unity (maximum value is four). or

magnitude calculations we can, therefore, write

~y

A Breater {]
1 v{hha particle. Substituting the value of b \an the energy EGf
g 8 p

qicles
’”ﬂt' 25
,411’ b T= e“zkla'

. ents the fracy; (32
ation repres ion s

[his equ rrier of width a and of heigh Particleq that w:
srate :g:mtant in the region ()<,<¢;g ‘;V >E), "3 that win
! no
s

0 £ ]
e cap alwayg appr:,g:

TV_“ 2e (z'Zle/r
ve function >

"aehematic)

%6 R :
3. Mechanism of «-deca: r

y. .
pig. 51 large inside the w,]{h ¢ Wave functiop is

jes of small steps, each wi
1 g series of so s With a congty :
o T bty s prict o e o
nAls e ! ot a sum in ex?loncrt\h Of the exponentia), BY makin ﬂ?'
penct % maller and smaller, the sum goes gyer an integry| s
g end UP W1t '
h

T= 8—2'[ kydr.

+(33)

The integeal is taken through the whole region between R and

re the Coulomb repulsion V (r) is
e

k, in the above r

elation,
gt bave

2 - '
\/(;m) !2 V(r—Epr g ]

Let us assume that an alpha particle moves j
dlwith a certain velocity voand hence hig
"r second.  Alpha-particle has the probability
B hit. Hence multiplication of frequency, with
zle strikes the barrier, with escape probability T
qonstant A, in sec™? units.

T=SaE: [— (34)

nside the potential
the wall v,2R times
T of leaking out at

which the a-parti-
will give us decay

24/(2 J
. )\=ﬁ‘j“— exp. t__\/(Tm)S;; w (r)“—ls_‘]"g dr ] ..(35)

Since the speed of an «-particle is o
nd radius of the nucleus is about 10-1

fnd itsell at the exterior surface of the: -nucleus 10* times per sec.
The actual values of A vary from roughly 107 sec! for ThC' to
10 sec™? for thorium. Hence thg probabilityof escape ranges from
10712 to 1038, Taking logarithm of eqn (35), we have

f'the order of 10% m/sec.
m, hence the a-particle will

- Y 2/ (2'”)‘{"1 —EM g
loge A=log, 3R -——{— R[V(r) E}* dr
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[ 210 Nucteg, Pr.,‘ o check the theory is tg g,y 1y
'S

. t and Substityy
Yo _ 2/(2mE) j‘r, 2 (Z—2)en ey lb,fv/ cation constan energy inty tha'® SXperiy
log:A = log* 577 f JRL Tamegns —1 ]:,.dr Mﬁ,’}odis‘"wg © theory ang gt
(3 o
Since E=2(Z—2) e*/4ne,ry, hence upper lj 6)
ry=2(Z—2) Mdmeo E. The integral may be sim;?]])i.td the ing, s
means of substitution e‘e'mingdg?l
r=ry cos’ ¥ and R=r, cos? o v ':
wo have _ :’
Vo 44/(2mE) ]‘ ° »
logs A=loge 2R -f-————-—ﬁ ry o sin? Ydy if i
i
Yo o V@mE) . . 1
=loga 3R +2 b rk[ ',’o+$ln l/lo cos ‘/,n] i s :ﬂl‘ pond
i ghon
vo  2V/(mE) [ _,(R )1/: R\ e im
= Yo SV T = 00
IOg' 2R h rif cos ry _(E‘) (1\ I\Q )ll| ‘on j“ﬁ
Since R<Zry, hence we may write 1 ] ~rot»
cos™! (R/r) 2~ 37— (R[r)"? and (1—R/r)V3ny. ; o :.iim disi:?mno:s Gie B 8w
‘ energy (Mevy i ! Y}
v, 2v/(2mE
. logs A=log. 27;—__‘45_2,-1 _;"__2 ( i{)ln Relationship between half life and q.-dig; tevrar:
ry . AL for even-even alpha emitters, - CETAtON energy

vo  def m

1/2 .
=loge 2% +=— ——-) (Z—2)v2 ga_ e? N ue of Rq, the effective radius of tp
2R"E \ney R Eeo(%t ) n Jate m‘&:‘ 51 shows Kaplan’s result fm-esé1 ueleus for -emj
. T Here we sec that Po'™® and Pows expjp;y'c “HeD-even aloh
(Z—2) gan lﬂlitterls- One may suspect here a failure of the hyp"theexs tadii thap
—loge 22 +2.97ZpM2 RV2_3.95 - ﬂ"“ﬂ:ic'le is performed gefore emission.  Any lack of perf‘;,that-t}”
=loge 72 T2.9/4p 95Zp E-V2 - - (37) urP:{d “end to slow the decay process. mability
[
- where Eis in Met‘_’.hR is jg'u?its <l>f 107 m, and Zp (=Z—2) s ¢y, | qule 51
atomic number of the residual nucleus. To compare the th the —
observations more easily, we may take logarithms to theeo‘g;:'{g | pareat Nucleus L);:}_létyegwr?et‘i;m
as B
. . i o™ * 6.18 1=
. logyp A=logyg (vo/2R)+1.28(Zp)"/* RV2*—1.71 Zp E-1, (38) putto 228(; "léﬁ% =
‘ Py ¥ =8 1.56
.. This is the theoretical expression of a phenomenon wh; U= 425 —17.312 1.59
Geiger-Nuttall had already demonstrated empirically. This w‘;;:h 3:: 21?;% ___93:‘5)2‘_‘, 115573
conveniently be compared with experiment. It can be done in two The 6.41 —3.426 1.58
ways. One way is.to substitute radii calculated from R=R 43 into o o 6.12 —2421 1.56
the theory and make a _theoretical plot, for various Z values, of log PO }i% :1222 ot
Aorlog T against E. For various alpba emitters the experimen. ;g"' 524 —9.867 143
tal values of A and £ can then be entered on the graph and a com.
g:;l;on is made. The agreement for even-even nuclei is remarkably Hindrance Factors. The theory as presented above applies only

Because of the logarithmic nature of the scale, an error of

a factor of 2 in frequency would only move the curve up or down by

pground state decays between even-even nuclei, where a-particles
about 1'mm in this figure.

have no internal angular momenta. 1f the decay takes place from
nexcited state of the parent or to an excited state of tlu;(;laug(\in‘eg-é
nangular momentum change will generally be involved, an

e ————EEE
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3 rbital angular momentyy, st
i emitted iD a:lr}lrl\}!ghaclrh;:’nier term [ (I'+1) hf2mp2  8te
18 the cen 3

2 ! s o ust
"P?)?w}; this Ca’c'cq:)ulomb barrier. The transition probabiyjy thyg
>9)- ith the

be added W

bis term-
ducto t
decreascs

pability equation (34) thus can be written ag
The pro

) e M+ K .
—24/(2m) J;Z‘ 2—(‘5;,’%,)"'_"' 2mr? E} dr
ﬂscxp-[""ﬁ

. ¢ centrifugal term is smay
For large Z thcb“:f.—un:?cl;:r{ :He deca)l! praﬁ::?;lgtyl l?::s

ared to the COUIOThe quantum number /. e
Iv o article with an “ngu'aé — 86, i May?

robability 'oranwﬂ;'lg 1=0, calculated for Zo=86, 3

sion pmbabjl"):)'l 0-1% m is listed as :

R=9.8 7 3 4 5 p

! ;’ 0{, 037  0.137 0.037 0.0071 0.0,

Mo :

= transitions) to observeq
. ted (for cven-cven
The rat'gi: ,f.f.?:gf lifc called Iund;ar;cnegfut:;?:;o;“c‘:“::: el?frelﬁ;
trapsition  pr nted for by inclusion o
than can be accou
in the theory. -emissions go from ground state 1,
Most Pfob“blchcizcnt;;: r(n);t transition, both tthe Pa‘r}::t ::d tlhe
ground ot e 'will have zero angular Tand the parity doeet
daughter n . -particle is g
morgcnlum of lb.i;;’:f tc‘g ;arzcs other tr‘n_an lh:dgfg:r';&“';?a{::)‘ ;’;‘;e
change. I 1y AT 6° &% states and few o 000.~ Our striki
ted states (mostly 47,67, om unity to about 12_ . ng
hindrance factors ”':gl,"fdf;late L ilions. Spw;”y {g;rs:rign'ﬁl)ysdiel;
feature is that the e highly hindered even w cn.‘ d state is v,
formed 'oddiA é’":,;e'reas some transinons:‘? ‘a,"_f );;'t'l:le ground and
change involved, mple Am 2
ally almost unhindercd, ,,7F%,cxad 1 have hindrance factorg of the
first excited states of Np* (2" and 2 f the even-odd U to the
osderiof S00:; Similarly. the 1ransmci:;§10 re hindered by factors of
ground and first excited states of Th*' are’
about 1000,

(39)

l com.
not de.
cmission
the emjg.
=4.88 Mev

i ing a-particles arc deter-
. ssible values of / for the outgoing ¢ el
mined'rll;ye fhoe conservation laws of angular momentum and parity

The minimum value of / of the a-particle in the transition C—>X+«

is determincd by classifying transitions as :

1,1
Parity favoured T Tx=(—1) € ** min=| Ic—Ix|
fe=Tutde o —lle—TIx+1
Parity unfavoured Tc Myx=(--1) ¢ min
provided Jc or IxF#0.

: ; . nuclei
Alpha ducays involving the ground states of evea even e
8re presumably parity favoured with Jc=Ix=0. Thesc decyy

Alpha Particles 213

s¢ has been

all even-even

pe completely forbidden if 11, .
woulg in thc natural c-emitters. Thig ¢
fou;‘w’ have not merely zcro angular momentum but glso
nuc:

ity-

x- No such ca:

Spontancous Nuclear Disintegration, Spontanegy
{ a nucleus Ly u‘(lcc:\y‘ 'S Tepressed by a 1oy G
tion 9 < e large values of Z and 4 for heavy nucle
(ftlar)g’c that «-dccay is prohibited. Ley 4
750

s take Lhe
pb*®—>Hg"* 4-2+3.3 Mev.

N disin(egra-
amow factor G

i tend to make
€xample

...(40)
ming the kinetic energy of the a-particle as equal t
Qval:ess:r the reaction. We get, the th P’ 1o the

ickness of the barrier a as
0=2(Z~2) e*fancqa.

. a== 69.8 fermi.

e is ver 4largc in comparison to the n
TT;S }erm.y This la_rge value of @
z.nd high mean lifetime.

-

EXERCISES

Example 1. Polonium-212 emirs gn @-particle of 8.776 Mev
energy- Calculate l{le dixinlegralit_m energy that corresponds to it and
compare the a-particle energy inside the polonium nucleus 1o the
barrier height for the -particle.

uclear radiug R=r A\a—
corresponds to low transparency

We know that the disin
particle energy Fa as :

E=[{ (1+Ma Mz,
To a very close approximation

i We can replace the ratio of
masses by the ratio of the mass numbers.

tegration energy E is related with-

S E=l u+4l(4—4)l=En AI(A—4)
=86.776 X 212/208=8 945 MeV.

Barrier height for an @-particle within the nucleus
=2Zpe*[4nE R A
2%X82 4 (1.6021 < 10712 ¢ 9 x 10°
= 1.3X107 X 2127
=30.51 MeV.

; -particle to
Example 2. What energy must be imparted to an a-par ired
Jorce it ingo the nucleus of bismuth? Whal_ energy will be requ
10 obtain proton penetration to the same radius 7

i i eus
The energy required to force an a-particle into the nud
=M

! : r0-
aximum height of the potential bamcr=Zze'l‘:\"‘o"’0|:3¢°1‘1l\:lxbet
tm Z=Atomic number of target nucleus=83, z the a 7

Scanned by CamScanner




fully oriented so that the magnetic ﬁeld_ has cylindrical sym- -
vcgr;a:;ol:ltythe line joining the source and detector. V»Th_c approxi-
I:atc expression for the focal length ot a short magnetic lens for

glectrons of momentum BRe as obtained from elementary electron
optics is given by -

- f=8(BR)?/aB?~, ...(15)

where By is the axial field at the centre of the lens coil and a is the
palf width of the axiai distribution.

63. /THE NEUTRINO HYPOTHESIS

‘The continuous energy distribution of elec_trons n _@-de_cay pro-
ved to be a great puzzle, although the maximum e€nergy of the
distribution corresponds to that expected from the mass difference
of the parent and the daughter. There 1s also an apparent failure
to conserve linear and angular momentum in g-decay. The emitted

L
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226 Nucleqy Phl’-"cs
usually travel in a direction Opposite
c,x“?)zugto:.uc'll:t:a. In lh{ process C'*—> N4~ 1hepnuclcat;) at:m of
the pr of C*and N’ are found to be 0 and | respectively,  Bular
momcntl;m‘ an intrinsic spin of {, thercfore, the angular mom, 8 the
elcctronb conserved during this transition.  As far as the Btag,
“"Zgéc:med. N4~ is a fermion and C™ is a boson, ing;
are

ese difficultics were climinated by Pauli jp 19
auun:n‘i:lgl tl:::l existence of an add;uonaltpz;rm;lci 'I:rhlg hyp(’lgzﬁc
particle is called a neutrino (little ncu rab (t’ el, 1(; Preserye n:l
only the principle of encrgy conscrv;:itxor;‘ u la 80 the Tincip]e 0:‘
conservation of electric charge and of angular momcntqm
rules governing statistics, we must ascribe certain Propertiey to
neutrino. Charge is already conserved by thhc dnsmtegration ek;
tron in p decay hence the neutrino has. zert})lc arge. In ‘dcﬁay s

parent and daughter nuclei. always have t € same magg “Umbe:
This requires that both have the samel statistics and tp, ther:
nuclear angular momenta may differ only by zero or ap imeger
multiple of h/2m. As the B ray electron has Ferm!-D!rac smisﬁcr
and a spin of $8, the neutrino must also have Fermi-Dirq, Mam”cs
and an intrinsic spin_of 38 in order to conserve Statisticg ang
angular momentum. Since the neutrino has a spin , it is eXpectes
to obey the Dirac theory. In addition to a neutrino, ap anis.
particle; called anti-neutrmo,‘should also exist.  Just ag electrop N
a generic term used for positrons and negatw'c elcctrons, neutrip
is a term often used generica‘lly Jfor a neutrino or an—a""."ﬂlfrino
The neutrino and antineutrino are represented as v and v "espectivq}:
The particle anti-particle relation assigns to the antineutring el
same mass, spin, charge and magnitude of maguetic Moment 5,
those of the neutrino. In all processes where a neutrino js emitteq
an antineutrino czn be absorbed with the same result ang Vice
versa. As neutrinos have zero charge. Now question  arjgeq
whether there are in fact two different neutrinos. A positiye ans.

wer to this question seems to have been giv_en by the Tequirementg
of a doubly beta particle decay. If v and v are not identical, tp,
double beta decay must be accompamed by the emission of tyg
antineutrinos. The two particles in tpe neutrino pair cannot differ
in charge, but it appears that they do differ in the relative directiong
of their spin vectors. | In the neutrino the spin and angular momentyp,
veclor are oppositely directed and in the antineutrino these vectors gre
aligned together.) '

Since, a matter-antimatter pair is formed whenever energy is
converted into mass, hence in a conversion of a nuclear neutron to
a proton, the negative electron (a member of the matter) should
accompany antineutrino (antiroatter). Similarly neutrino is emitted
with B* emission and orbita electron capture. Thus three types
of B-decay are : :

n—>pte+5
p>ntet+y
p+e —>n+v. ...(16)

ral
e gar 1
e

iped ~
gﬂi suring
ﬂl CleuS

tron momentum. Beg S diregy;,
et O the elec ) 2Use of the gy a
?;spec { these are very difficult Measuremenyg 1 reco;]

it

:‘utl‘iﬂol an

[CS“‘ ts
¢charge

interaction of neturino with a proton is very small,

the i tion of this rare interaction, number of neutringg
detl:: extremely large. Experiments were performed at several places
to United States, near the nuclear reactors. The idea of the experiment
in that a neutrino entering the water would occasionally interact with
:’;sroton. producing a positron and a neutron [p+v—>n-+e*]. Within

gca)'

o e o ecgm" neutrino and prodyey nu 227

omentum and angyjy om
ey’ rions.  The B-particle getq ma

hare
Xi o i
ngmi"'cd with zero momentyp,, Mum

\{
ava 1am°“! them
ph able tom 1
"CT8Y when gy
dures hay

neral proced e been 4,
,rwofo: the SUPPOSition that neutring, ;;do ut:; Doy

17 ny

e posig
ve
(idon© cect Method—In this methoq the btta-dccay.

R trin

1ndie s two_ ways.  First by meas, N0 ene

i : g it from the total enerpy UTNg the lecrs) €20 be

e emon oo an o,

d using €O of momenq o opRiling regiy
om and energy. Unfortunately this megh o Plain the neulri:})

muboth the nuclear recoil energy apg s Tequires

b o tory method has been employeq in which, t 32, a more

: . i € recoil
isfaCt" ~.tron capture is observed, Since the . nug|
;?;m ‘el!:zmum, the momentum of tha e K-¢|
i
0

B C "
. recoil nucleyg “;"’.‘1 has peg)i.
bl;lﬂt of the neutrino

Pre=py(=E,/c),
sce the recoil enerey Ere=p:2M =(Bv/cy)2p,
(2

.17
is the neutrino energy, ¢ is the velocit; .
ere B lstd M is the mass of recoiling nucleys, of light ang of

pirect Method—It is based on the possibili
of its interaction with a proton, In this
and spin are conserved as they arein the no
theoretical calculations indicate that

ty of observing the
interaction mass,
rmal beta decay.
the probability of
Thus for the
is expected

owever,

, - e -

mely short time (~107°sec.) the positron will encounter
o cﬁ:fron :ymd then positron electron aanihilation will occur. Thus
e photons each carrying 0.51 MeV are emitted in opposite direc-
t:,%s and so they should be detected by scintillations in coincidence

' tanks on each side of the target tanks. Neutron is

m :E:ec? eh;;cctgémium nucleus, 8 MeV of energy is released. Tp}s

cagrgy is divided among three or four gamma ray photons, which

:lllso produce scintillations. The electronic counting systc\tz‘x tas_sto\:;:itl-1
ed with the photomultipliers is, gheyefo_re, desxgned,dsg t tah c lappro-
record only the production of scintillations separateh dye jope TP
priate time interval. The results showed that ‘l es - };j heoced
dences were due to neutrinos, the uncharged p:{,t]f eof careying ©

no mass, but having a definite spin and cap

energy.
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6. 5./FERM1 THEQ oF
1PS 5 -
228 JALF-LIFE RELATIONSH hen log A wag 1 ll’l.. ‘1934't Ferm made 5 s'r,\ DECAy
NERGY HAL t found that whe ters, Plotteq on Pauli’s neutring Pothes s, “UCeessgy) theory of beta decay by, =
o 1922, for ?.:';?ﬁgll ofcu"":‘gde;igtdc;“ ﬁlg.ogl ! hlhe assumptions : 18- This theory jg based on the following
) lnl Fomas fOT "'fvo straig tl:n",s.)‘l represent cmpiﬂc'ai ese ") The light _— .
against 108 T near t ram (or curves), Tules, the transformnarioy or™"Ahe electron o S
oints fel Sargent diag a 2 Neutron o 0 crea
ines, called “ThC”” Y yice versa. & Proton in a nucleus, or
(2) The energy remain .
e vailable energy being shared : c?:z\;&\:\'\:edl in the decay Process, the
?)uc to the larger masy Product nucleyg dcoz‘snr:m[‘ and tk;z Ee\llrino.
i Ot receive KR,
MaTh, o (3) The neutrino has regt mass zer
ﬂ to that of the electron. » OT very smal)} compared
e 4
° (4) The B-decay procesg is analo .
f 3 tromagnetic radiation by an atom, wigy, go:s {c(‘,cg:::nm‘: s::&zg ‘é:fa
) acting in place of the electromagnmc field
2 () Elc_ctron-ngutrinq field is weax in contrast to the short
' range strong interaction which exist between the nucleons boupd in
t bt & T the nucleus.
0 5.0 . energy (ev) (6) Time dependent perturbation theory is very good
Logio approximation because of the smallpess of coupling constanty
R, (7)b Pi:oc;lgg::?ir parity change occurs ang higher order terms in
R/A can be .
in a-decay. The two Curveg 4 ) e | ‘
%o one radioctin g i . 4 (8) As nucleons move with velocities of only ~c/10 in nycje
not. corr ’: znll}wgg;g i m\glllt:laecglyf\ s::ll\?ih if gll;oau?;'gg :i::\l:c calculations can be made with non-relativistjc nuclear waye func:
OLLCS ives 8 ’ : aloul
n’?;;,,,‘,:.., the upper cu"r‘l’gigs value on the lower curve. T, trages Hoos N | " -
: {\he short lved group arc said to be allowed, the longer pyye Using Dirac’s expression for the transition Probability per ypi4
g'mm;n Ut o frbi srom":mia"s' hence the upper cur Ve represengs time of an atomic system to €mit photon, using time dependeny
s come from b1 fower curve the forbidden 1, ansitions. Ty perturbation theory, the probability tpay 20 electron of momeneg
:;I::::d e anz;i’:rw hetier SECODd,l-l--Ol’ '!1'.&;:'%‘3 den'b Asin between ps and p,+dp. is emitted per upjt time may be written as
e ow term than forbidden, ut th
nsitions, arc n b s Detter e ; a
153“"' hmdgrgil;v:;;dbmm. £(p.) dp,= 5| Hir %' «(19)
w fir: ‘ o
latter is no biddenness affects the shape of the B-particle T . t
a8 el as the ha fife of the Sransitions, “The forbiddey - where o it quantum mechapicy] states of the
as well as the half-li ber of low energy particles thap are final system per uni energy interval and g, the matrix element of
spec:irtl;g:xs show a greater n{;f,": in many cases the differences are the interaction for the 1nitial and fina] states.
n s ' !
:::n T Interaction Matrix Element—)4 i defined ag
not great. . e |
cases obey the Gamo er rules ) )
Most of ll]r l;:ec‘?m?erf:;g,s A few nuclei appear t(; fcqglre a H, ¥, o, i &
B d transitions are foup onl - |
:}gmm iy Faw:uor; these cases, parent and daugh. where ¥y and W TeSpectively are the wav funcholl% of the system in
sl o) et ol mo-Sd transitions occur jn a Vvery smal| its final state and in its Initial state, H is the Hamiltonjan operator
group of fhree ‘member. habar cach case consisting of a parent that describes the weak Interaction between the two states and dr is
group of three member l(s)(r)le)ml';.m e oF eyes B at hat describes tho w
: two nucleons m an 4 :
In;:rd :xlien(;‘;ew (19 For the negatron decay n — P +- 1€ +73, wehave
oFl, 01 4B,
[}

Yi=4y (parent nucleus)=y;
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Nuclear Physie,

2% lect! K} 3
3 ucleus) ¥ (electron) 4 (ant .
and ¥, =y (d.{‘h(cr n lne—utnno)
=y e v )
w the form of interaction operator H, but

. = F

We do not kno tant, called as Fermi _couplmg constant deny,
v cons . R ed

suggested :1:::“ %S the strcng‘_h. of the mterac(:ngm. This “ﬂiverb

which he value 0.9 % 107* MeV fm® and is analog")ug sa]

constant g has t decay theory. More,,, ! the

c e i f an antj- Toth
electron charge ¢ 'L " hd the absorption o Dti-neyy,. the
emission O z::::ncrul:m are equivaleot and we may replace 47 4'}0 of

te MmO t
%pms\l'c the equations more s

is written as

ymmetrical. Thus the matrjy ﬂcg,e:;'
t

...(2])
a dimensionless matrix element, which is an Operator.

A . —
the © der of magnitude m “m

the prder of dmeR/R 'l e
neec on . 13

g;z'lesj” When this term is inqgnégc-,:;ghe_“ ter,;"“:"’ value g
!gﬂoﬂ_vauishmg and is no lopg" dcpcnaqn (24 4y,
js D cota of: the Jight particles. This ety
m0 5. Matrix elements of forbidden Blves yq
1085 jont as they comtain termg he}z“!ll'mn‘ will ‘:l transi.

. ms of
depelld transitions ean (24) can be griqys ! AL IR S SR,
Mk qus

T
of of
will D¢

4 ISV ) g o
H‘/=7I £ 74 Mv-'d'~'=7‘ M, l
. s --.(26)
Misl is !.h_e overlap Integral or
wl;eg:!d anfj initial wave functiong of Slillllllcl‘ear DAt fem
the ted in a few cases where the strues Scleus. Ty ot of

Cture of the nu‘:‘:,a ':ﬂly be

codP . n
ably well known i3 reason.

where M is . Statistical Factor (Final State p
Since the neutrino interact wca_kly v;vnth nucleons, it jg T 4 pomentum of electron or “cutrinegsi?) bdN/dE“‘ posit
ble to use for the neutrinos a time u:]dcpcndent Wave fuucﬁo‘;' in phase space, the spac/ containing thre, Sn € Tepresenteqd ik on
e ¥ oharacterizes a free paticle with the " propagation cono™ mensions. We BOW 75ert that the e 19 three momprns
hi rese; 2 movin ; Pringip|
k=pv/8, as . from rcp . g Particle by 5 « Ple prevents
Jv=V"2exp. [—(i/B) pv.r]. (22 pecause such a rgpresentatlon would amoun{ ilmsxng]c vector. This g
(22 osition and the momentum exactly. Thy, SPeCifying both the
ay

For high velocity electrons one may ignore the elcctroslatjc ph

S i ells of vo
Jeus upon the ejected electron and use th divided into © s

Ax~Ay-AZ.Ap:.Apv

¢ space must be
effect of the nuc! € waye.

function Apursh,

Je*=V"V1 exp. [—(i/E) pe.r] -23)

Here V is the whole volume in which we enclose the systeq for
normalization purposes. pv and p. are the momenta of the neutripg in phase space with a density A-3,
and electron respectively and ris the Posé“on co-ordinate. Here particle restricted to a volume V in actyq)
we have peglected the spins, as the magnitudes of wave functions ¢, tum lies between the limits p and p+-4p ; °®
and ¢ at the position of the nucleus are certainly much larger for P 1S given by
S-wave neutrinos and electrons than for these particles with larger dAN=VX4xp* dp|3.
The number of states corresp

i ing the plane wavefo
orbital angular momenta. By assuming the m for
the wave function of the electron and neutrino, we have neglected volume ¥ of the electran mror

cells. The states available to a free m:‘iﬁ:‘;‘r‘l 1t liesin one of thege

_ -27)
onding 0 the appearance iy

theic possible interactions with the nucleus. potdps is ¢ momentum in the range Peto
Thus matrix clement becomes : dNe=4n Vpe? dp:fh‘
Hﬂ=g I 4’/‘ Vl{ exp. [ —'E" (p- +PV)- ‘]} M(Indr. .“(24) Su'mlarly dNy=4=n Vp\;2 dp-;[hl_

As electron and neutrino are independent of one ancther, hence

The exponential factor ~an be written as the number of states available to them jointly is given by

i _ 4 — Li(ps " dN=(4=zVp. dp.[R)4=Vps? dpujS).  ..(2%)
exp. [ 7 (etp). r]—— 1— 3 (petp). r— zl(petp)al’+ The number of states per it encegy of o dhesern's
-3 NN a
. Since the nué:lear wave functions have appreciablg values cinly dE, A e 0pe dE,
in regions of the order of nuclear dimensions, the significant values .
of r are no greater than the nuclear radius R. If p. and pv are both The total available enet;y+E o
= v 'S e |
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For a fixed electron energy E., we have
dEu=dEv.

...(31)
The momenta ps and pv are related to the electron and

Deutring
i the equations
energy respectively by .
EA=pic*+mc* and Ev=cpv (Assuming zero rest mass) (32)
o — e
dBEv=c dpv. +(33)

Using eqns (30), (31), (32) and (33) in eqn (29), we have

2
dN__ IGN:V’ p.’( Ey—E, ) dp.‘%-
dE, A L

Inserting this statistical factor and His trom equation (25) into
equation (19) we get the probability
N 167y
P(ps) dP¢='§“‘;§, Mt P Pt (E,—E,) dp.

2
:.28’:;2!1 (Eo—E.)ag{a dpe. (38
This equation can also be written as '
P(W.)dW,:Ei_’,. | Musl'p. W(Wo— W)t aw,, w(35)

where W, and W, are the energies in units of m.c2 and are defined ag

We=Ecmec* and Wo=E,/m.c* -++(36)

G*=(m.5cY57)g2, -(37)
Coulomb Correction. above relation no

tion which can be
nd sufficiently high
plane wave for the

rted coulomb wave
en into account by multiplying | y, | 2 with
ometimes called coulomb factor, F(Z, E.), also called Ferm;
ction. It is thus the ra

tio of the electron density at the daughter
nucleus to the density at infinity, i.e.

and

In the derivation of

f the coulomb interac
neglected only for the lightest nuclei (Z <10) a
electron energies. If this restriction is relaxed the
emitted electrons

must be replaced by a disto
function. This can be tak
a factor s

F(Z, E)=| 4.(0) (eousoms/ [e(0) [Bsras. ++(38)
relativistic approximation, it has the value
F(z, E)=2mm/(1—¢-2mn), -+(39)
- Where N=2Ze%/dre, tiy for electrons, = —Ze*|4ne, By for positrons,

the atomic number of the prody

ct nucleus and v being the velocit
of electron at 3 great distance from g 4

A : the nucleus. When consideration
1S given to this effect, €quation (34) becomes

In a non-

3 cgctﬂi‘:s enhances the probability

g,
T pecty

e 13
Ppe) 4P="3anr FZ, B) (5, s P
= 3 e i
C*FZ, E) (By—Ey s dp., -(40)
C=g | My Q23 k7)1 (
..(41)
her® , pehaviour of B-spectrum gy very |
The

A ! ow .
n be obtained directly fron; above re‘::-\e;:m.;_g: POositron
Of electrop Cmissjg
jon €N f positron ‘emissi falle o0 and decre,.
rectiOf L ability of positr On, especial| h
zg the \ig:’b force loses its effect op the Spectn{;‘:gg me:v_ex
The C-and spectrum approaches that copbecty without the g 8"
orrection. This can be explained g gk follow; >
jomb coll:, field accelerates the positive

\ electron and
Coulo electron. Hence the Positron
ive

ativ lectron spectrum more slowspectr{g;{, has
cB2 d ele particles. s
u “lﬂg absence of the Coulomb correcti han

| 1\ 2

No coulomb effect

o, they would

dn/dE.

Kinelic energy
Fig. 6.9. Theoretical B-energy spectrum (Fermi theory)
Classically, no positron would be expected to emerge below the
barrier energy Ze/4me,R. The actual spectrum does contain soms
‘low encrgy positrons, as a result of the

tunnel effect. The relation -
is identical to that for a-decay, as for low energy §*-emission.
2n Zed 1
FZ, E)=— Aneghy 1 — e 27Ze [ Areg iy
74  Ze? —Ze? |2, hy, 42
[/ <, -

Screening by Atomic FElectrons.
coulomb effect the electr

corrections from 1.5 to 400 keV.

B~-emission by about 2%

The correction increases as Z increases

This effect
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In addition to the nuclear
ostatic potential of the atomic electrons
affects the shape of the B-spectra, Reitz has tabulated and found
This effect reduces the pro-
for a 50 keV B~-ray at Z~50.
or as §7-ray energy decreases,
is more important for Bt-ray as it reduces the height and



e

n14 Nuclear Physicy
. otential barrier. Tho probability of f*-emission I8 ine
“"‘°§§‘.§“§;‘£$33:“ 57% at Zr~50 for a 50 keV p-rays. Thus the Mom?c
t{::trm\\‘ oxert very little effect on §™s c:m but affect conslderuhly
:hc cnﬁ.@xion of low energy (<100 keV ~rays, especially in heuvy
clements.

Allowed Specten, B'/0” Ratio, Asa:umlng tho  screenin
atomic electrons as negligible, the ratio of positron to el
can be obtained by eqn. (40) for the same momentum in
p.—{-dpo, as

g8 b
ectron degy

terval p, ang
Py(pe) dpe l Mil[.+ F,(Z. E.) (E(,— X9
P(po) dpe ™ | M= FL(Z, E2) (Eo—Ea)_

This ratio is dominated by the exponentinl term in F(Z, E)
while all other energy dependent terms nenrly eancel, hence

t—(Z—l)("/?.:ofn'
‘_(7.. +1)e¥2ehy

MP!)

P-(p.)
- —2Ze* 260 by,

Wu and Albert, using Cu** source, found that the experimentg]
and theoretical curves  between log [P(pe)/P-(pe) and 2Z¢2e Ky
wero in excellent agreement.  This was the best test for the Fermi
theory in the light of B-ray spectra.

Kurie Plots. A more convenient way of plotting the eXperis
mental results and checking with the theory was suggested in 1936
by Kurie. Equation (40) can be written as

\/[P(pl),F(Z, Il‘m) pc‘]=C(l'.'°-—lf.)C(Tn—T.),

where T, and T\ are kinetic energies,
! left hand side of above equation a

..(43)

A plot of the function on the

gainst 7% should be a straight line
intersecting the energy axis at 7. This graph is known as Kurie plot.

This provides a good means of determining the mnximum.cnergy of
the B-spectrum, Maximum energies of electron and positron, ob-
tained by Kurie plots are 571 and 657 keV respectively for B-rays
emitted from Cu®,

Many of the early Kurie plots were non-linear at low electron
energies. The deviations at the low energy side are probably instru-
mental, cnused by electron scattering and source duc to the energy
loss in the source material. If we take into account a relativistic
mass correction term for the neutrino, then we see that Fermi plot
near the end point energy is not a straight line but turns sharply to
intersect the energy axis ata point smaller than the value for zero
mass neutrino.

Mass of the Neutrino. The rest mass of neutrino can be mea-
sured with the help of Fermi-theory, Taking into account a relativis-
tic mass correction term for the neutrino, the momentum distribution
can be written as

geta P ey

2
=C'F(Z, E.) pet (Eo‘Eo*Fmv) [(Eo 35

\ dpe —E'+m“).‘m\,']ln

rir

H: my
mﬂ dps -.(44)
luces to equation (40) for p.
This Lo ied EM=0, A preay
have been carried on the .5 many ex.
rimcmgb(:\incd a Fermi plot that g Pecttum of g3, |

linea * Langer ang
%ﬂg.tm shows four curves, theoretical plotsrodfoc\:xrx\\ &’8"?: 14 key,
F&S-ncutrinf) rest energies of 0, 250, 500 and 1000 ey Orma;::il::.
¢ . N

- )
Pey/F (z,eaf)’?

E(Kev)
Fig. 6.10. Fermi plot of Hs,

ith experimental curve, they proposed a possible upper lim:
v2'15() ¢V for the rest mass of neutrino. 2 Pper Jimit of

1t is about 0.05%, of the elec-
tron rest mass and can thus be assumed as zero,

Life time of B-decay. Equation (40) gives the probability per
sccond for the emission of an electron’ with the momentum p, and
petdpe. The total probability per second, A, for beta disintegration
can be computed from this by integrating over all values of the
electron momentum from 0 to p

A= lo'g- 2 =§pman P(ps) dp.
s 0
g_‘lMul’ mbct. Spmu:mc . P (E,—E) dps
» 23R? ° F(z, E) me* mc¢  me
8 Mis|* mict
=‘_2"'5’ ...(45)

If Ey > mc* ot pmee > mc and F(Z, E.) ~ 1, f varies roughly
a8 Eb, 'f'his ES dep’::ndence connecting A and E, was first noticed
by Sargent in 1933, and is known as the fifth power law and is obe){e@
in some cases, particularly by "the positron spectra of hglgtlnuc ei.
For heavy nuclei the distortion due to_the coulomb ﬁfc is m’lghr:
effective and there is no simple analytical cgprcgsnc(:lnﬁ o:l {.s m
comparative half life of a beta unstable nuclide is c“nél g nuclle'a.;
usually written as f¢. The product ft depends solely upo
matrix element, as
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2r*h? log .2 0.693 7,
ﬁ=g’m‘c‘ [Mir |2 | Mis| 2 _

<, is a new natural constant, knowq as unive_r:a] time constany,

¥ll]1i:r:qgagion shows that the comparative half-life is pr°p°“iOna'1

to the inverse -square_of the matrix clement, which depends on the

nuclear structure. Since it is usuall)_( a la_rge number, it has been

found more convenient to use its logarithm, i.e., log ft. The greater

the value of /7, the longer is the comparative half-life and Smaller
the probability of the radioactive change.

--(46)

The beta-decay of O is of special intercst as it involves a 0

transition. Knowing the parameters
ty13=72.5 sec, Eg=To+mec?=1.81 MeV+mc?, f(Z, E)=423,
we get, 3

£=1.410X 10~ joule m*=0.9X 10~ MeV fims."*

\é;ction Rules. The above theory is applicable when the

electron and neutrino carry away no orbital angular momentum
while leaving nucleus. In fact, if electron and neutrino are emitted
with their intrinsic spins antiparallel (singlet state), the change in
nuclear spin A7 must be strictly zero, if these are emitted with their
spins parallel (triplet state), Al may be +1, 0, or —1 (but no ;=
to I;=0). The former selection rule was one originally proposed by
Fermi, the latter was subsequently suggested by Gamow and Teller.
In both types of allowed transitions orbital angular momentum and
parity are left unchanged. The interactions that give rise to Fermj
and-Gamow Teller selection rules are different. Experiment shows
that the allowed transitions of the type AI=1, obeying G—T selec.
tion rule, are forbidden by F-selection rule, as in the decay

He®* -> Li*+ e +v ot - 1Y
There are also allowed transitions of the 0 — 0 type that are

allowed by F-selection rules but forbidden by G-T selection rules, as
in the decay

ou - Nut + e+ + v. (0+ - 01-)

The ground state of N has a spin 1, however 2.31 MeV ex-
cited state N'* has a spin O.

However, many _transitions are allowed by both selection rules.
This is always possible in the allowed decays in which Li=I1,7:0,
/(vherc subscripts i and f refer to the initial and final nuclear states.

The examples are
n>pt+e +yv (3t ->4h
H*> Het+e= +5  (}* >3
S¥>C* 4 e +7 (3 > 31)
These allowed transitions

are further classified as favoured
super allowed) and unfavoured transitions, The allowed transition is

i B

i . Py
" avoured if the nucleon which
be f7 itis unf: Nich chapgeg
id to level, itis un avoured i BES its ch .
.’:lth‘ s'?r‘f]!:e allowed B-transitions are <€ Ducle npes femaing
0

on ¢k, .
o € unf; Chan e
Most O e of a meutron into a protey avoured, Foy BES it leye|,

chang the total energy o w
he 13 gjcr:as: spontaneous dgg!ay.f 2‘:‘““}1}2\& a
Mtlead 10 "the allowed transifier, " 8*-dec

Q'
rons T°) Unfavoyreq
cptionss €-8+

He* — Li®, H* > He*, e ., pn
e cogditiq?s for _;-._\}:\peha!lowcd tr
sitions. [ i - T¢ 33
fof allo¥§2 [;;a‘: difference bet\:liglrh:kwg Lis also ener mei::!e:::‘.

| d‘ms'itions are not between mirror nuclej, ot 18 that the alg
trap: onsider wh
et us NOW C ‘at happens w .
L, ‘;o final nucleus does not take place by I\Ifen e‘r‘x‘:eissl'mns“mn' from
nand neutrino. Because of the finite sige L0 Of S-wave
Jectron and neutrino emission With orbital ar,
chin zero is also possible. The magnitudes of th
tv for p-Wave, d-wtz’;_\trei etc., ?ver the nuclear vo|
ith increasing oroital angular momentugn. ﬁ-lransitions wi
;r momentum, C%glsd off by the two light particles togeﬁ‘mr In=1
2, 3, etc., are classified as first, second, thirg, etc., forbidden ' transi.
tions. B oas
If /s is odd. initial and final nucleys must have opposi iti
. . . ite
(parity changes in_ this transitions) ; for even Iy va\ue: ?he iniR:;l::;
final nuch;us must have same parity (_no change in parity). Further-
more, as in allowed transnions: the emission of leptons (electron and
peutrino) in the singlet state (Fermi-selection rule) requires AI < /p
whereas_triplet-state (G-T selection rule) emission requires AJ <
Is+1. Thus selection rules for forbidden transitions are :
First forbidden—For these transitions lo=1 and parity changes.
Fermi-selection rules : AI=+1,0 (except 0 — 0).
Gamow Teller rules : AI= £2, +1, 0 (except 050, 34, 0+—1)
The examples are :
Kr®" — Rp®? 4 p-

T¢ are few
and ps on
ansitions g

(52 > 32

Aglu — Cdw + p— (]//2 = ‘//2))

‘Celn — P,xn + B- (-”2 - 512)

[ S > CIY 4 g- (7112 - 32)

Kr® — Rb 4 g-
CS‘I.!') - Ba|37’ + B“
. Second forbidden,
In parity.
Fermiaselection rules : AI=42, +1
Gamow Teller rules :
The examples are :
Cs'3 — Bal® + @~
Belo _).Blﬂ +B-
Na'* - Ne® + gt.

9/2 > 5/2)
) 2 ->1)2
For these transitions [s=2 and no change

(except 0 +—>1)
Al==43,4£2,0 >0  (except 0 «—>2)

(112 > 3)2)
0->3)
(30
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Similarly for third, fourth and so on forbidden we have :
Third forbidden: Rb™ — Sr*” + B~ (3/2 = 9]2) change in pariy,
Fourth forbidden: In18—>Sn*¥+4-B(9/2—1/2) no change in parity
Al=+n, +(n—1)
Parity changes for p, o dd
G.T. selection rules AI=4n, +(n+1)

ni* forbidden : Fermi-selection rule

Parity does not change for n eyep

The allowed and forbidden nature of the transitions jg often
determined from the ft value, which depends upon the ator
pumber, the end point energy and hglf-ht:c p?nod, St values three
light on nuclear matrix elements. as it varies inversely as the squaor
of the matrix element. .

The smallest values of ft are found for a group of light .
for which log ft=2.7to 3.7. The transformationsp of tt%is 2:‘3:1“
are described as favoured allowed transitions. Another group 0‘;.

" puclides is found “for which log ft=4 to 5.8." The transformationg
are described as normal (or unfavoured) allowed transitions. The
first forbidden transitions have f¢ about 1000 times bigger. The
rough classification into categories according to ft value is shown ia
Table 6°1. .

Table 6°1. Classification of B-Transitions,

logyo ft=2.7 ~ 3.7
logyfi= 4 ~ 5.8
logft= 6 ~ 10 for first forbidden
logy, f1=10 ~ 14 ,, second ,,
log ft=14 ~ 17 ,, third v
logy f1=17 ~ 24, ,, fourth ,,

Super-allowed
allowed

To explain forbidden transitions the use is made of Hamilton.

ian as sum of five terms, .
H=Hs+Hy+Hr+Ha+Hp,

where S, ¥, T, A and P stand for scalar, vector, tensor, axial-vector
and pseudoscalar. These involve characteristic coupling constants
gs, gv, gr, g4 and gp respectively. In Fermi-transitions the two
possible modes of decay go via the scalar and vector interactions.
In Gamow-Teller transitions the interactions are tensor and axial
vector. There is no support of any pseudoscalar transitions. The
difference in the effects of the four types of interaction is predicted
by angular correlation between the directions' of B~ and v. The
angular correlation coefficient a can be obtained by using relativistic

quantum mecbanics. For a pure Fermi-transition

= To PV Flgs g s

—g

10y
A as=—1,av=1, ar=

2 2__|o’c|3
Igviz+ig'viP—1gsi®—[g's| .(47)

pee”’ -
10 ure G-T transition %
4 fof _1 |gT|’+|g‘r"_‘gA,‘ ,
3 ‘grl'”‘"g'r"+\gall’+:f’:|l: '

and \mprimed consta: (4%

:med nts :

rime ] Tespect

per© Pprengths Of the parity non-commpfng‘;“" Tepreseny .

th;i emd’l:lg(sl' con:tanz:s ?1?: i ransitions Darir:y g‘)" atity con.
ero 4 NSeryatire «

hence PT alnd therefore, Tvation iy

3 and g1,

_sf|gslPHg sl eV le VM 1y
il =5 Marl - dak

The nucleus matrix element for the alloyeq transitions can 1
Can be

3
KRR
Her41gr Hzirx

. s
,,ﬂmn a [ M-‘/\’=‘c"m Mrl24-Corl Morp,

. ..(49)
and Mcr are integrals over nucle.
pere M7 “Teller interacti ov wave functions f
vFler i and Gamow-Teller interactions. Thus eqn (46) can be wr‘m‘:\
as ft B
_——_—Trr
(1—x) IMF*+x |Mor2' -.(50)
B— 275’ log. 2 1 )
where g'm*ct — ICA*+'Cor®
= \Corl® .
and |CF*+1Cerl?

The constants in eqn (50) can be obtaired from experimental

results on nuclei such as n, H?, He®, 0, for which Mr and Mor are

own because of the simple nuclear structure. These results
give the value of g and the ratio Cer/CF.

Corrected matrix element is given by

oM/ =Hlgv [ +g'v|*—lgs*—lg"s PHMA +{lgri* +g'r*—
lga*—|g" Mz *

For a pure Fermi Transition, 2 is found unity experimentally.
gs|=|g’s|=0 and gr=g'v. Knowing the matrix element and determin-
ing ft, Bardin found for 0*—>0* trapsition gv=(1.402510.0022) X
10~*2 joule m®.

nore

Since the transition probability is proportional to [Hif~!%« i
and Je Uy o< exp[—i(k.+k»).xl. The power expansion shows hat
the first term generates the allowed transition matrix element ard the
successive terms refer to forbidden transitions of mc;:nsmg?:r: :‘
As kR=21/10, hence the probability of p-wave emission IS iy Thy
a factor of (KR)?=1/100 in comparison with s-wave cmisuor 2
term (ke+kv) gives rise to a momentum Or eOCrgy epfe;; first
kketkoft ~ k2+ks. Hence the correction to €qg (43)
forbidden transition is (51)

a,=[pet -+ (me)*.

L ——————
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wcond forbidden transition, exponential term ;
hen ,‘{‘,\“,\.{ii_,‘_‘;‘(,.a and the energy dependent contribution KR
\ence |
l(ka ' |"k\))ﬂlﬂd lka """k'\’lﬂ'\'kc“‘Jf‘ka"’l'lzgkezkvz
and the correction to eqn (43) for second forbidden transition g

ay=[pet+pst+2* pepy’ll(me). (52
Similarly for third forbidden transitions the correction terp, is
aa=[pe6 +pv6 +7p32pv2(}7e2 +PV2)]/(mC)°. - (53)

To obtain ft values from measured decay energies gng hals
lives, it is convenient to use either the extensive graphs of log fyersa:
E, and Z published by Feenberg and Trigg or the monograph Ofses
half-life and E given by Moszkowski. One can use approxima{;t’
expressions. g

log fa==4.0 logyg Eo+0.78+0.02Z—0.005 (Z—1) log,o ,

logye fat =4.0 logy, Eo-+0.79+0.007Z—0.009 (Z+1) (i :

where E, is the K.E. i = o1 ) 0819 Ey/3)?,

Product(;n:zlid: n MeV and Zis the atomic number of the
——
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Gamma Radiation
/'—‘—%._\
" [NTRODUCTION

A third type of radiation which could pot be d '

Jgnetic field, bll(ltdW}:lflCh nevertheless had considcrablzﬂggxgzct‘ralt?nag
power and a marke de Iect on a photographic plate, was discovered
1900 by P. Villard in France. Thes_e radiations are now called
ays. (amma rays, like X-rays and light rays, arc electromagnetic
diations, but of shorter wavelengths. Actually it is difficult to
distingU‘,Sh between the l.ongest gamma rays and the shortest X-rays.
Main difference in their behaviour is that the X-rays result from
ransitions between electronic energy 1

) el evels while gamma raysare
sssociated with transitions between nuclear energy levels.

The transiti_on from one nuclear state to another of lower
energy state by virtue of the electromagnetic field may proceed by
one of the three distinct processes ; gamma ray emission, internal con-
yersion and internal pair creation. Electromagnetic radiation also
appears in other nuclear transitions, especially those in which
charged particles are emitted. The information concerning nuclear

properties, obtained from obscrvations of electromagnetic transitions,
fall into three main categories ¢ -

(@) The gamma ray energies or the energies of internal con-
version clectrons determine the energies of the transitions, which
give the energy differences between nuclear levels.

(b) The geometrical properties-of the electromagnetic transition
field, i.e., the angular and radial distribution of its intensity and
polarization with respect to a nuclear axis give information concern-
‘g the spins and parities of the nuclear states involved.

. (c) The results, especially, for magnetic multipoles support the
 View that the radiation is due to the charge and magnetic moments

255
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of protons and neutrons in the nucleus rather than due to the quanta
of the nuclear force ficld. Except in some isola‘tcd instances, there
is little evidence of the predominance of a single ‘radiating particle”,
In some cases of electric quardrupole transitions, the large transition
rates indicate that many particles must contribute to the radiating

system.
There are two categorics of gamma SOUICES, useful in nuclear

spectroscopy :
pced by clectrons in targets of X-ray
synchrotrons, etc. Gamma-rays,

(@) Gamma rays prod
tinuous energy spectrum.

tubes, betatrons, linear accelerators,
produced in this way, appear in 2 con

s from excited nuclear states, either prompt
delayed by belonging to an iso-

(6) Gamma ray
t radiation following beta

in (n, 1), (p, Y), etc., reactions or
metric transition or .appearing as promp
or alpha decay of relatively iong half-life.

Intense sources of gamma rays or higher energies are available
from machine production. Gamma ray energies from few keV up-
to 20 MeV can be found .among the prompt decay and upto 5 MeV

in the case of delayed cmission.

A very large variety of effects has been used for the quantita-

tive detection of gamma radiation, e.g., conductivity of gases, liqui
end solids, fluorescence and phosphorescence, blackening of photo-
graphic emulsions, discolouration of transparent solids, changes in
elastic constants of piezoelectric crystals, formation of tracks in cloud
chambers by secondary electrons, etc. The proportional counters,
G.M. Counters and scintillation counters are used in most of the
experiments. In all these counters gamma rays are detected by the
ed these counters

in ch;:,‘f’,; ﬂf’c‘m"‘ they prodace. We have discuss
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Selection Rules. The selection rules for emission of electric
or magoetic multipole radiation may be obtained from the angular
momentum and parity of the field. Since one quantum in the mode
L, M carries an angular momentum +/[L(L+1)] and z-component
M (both measured in units of h), radiation of multipolarity L, M
must remove from the nucleus a total angular momentum exactly
equal to +/[L(L+1)] with z-companent M. If this quantum is
emitted by - a nucleus in going from the state W. to state ¥, the
vector difference between the angular momenta Ja of the initial state
and J» of the final state must be +/{L(L+1)] and the z-component
must change by Ams=—M. Thus wc see that transitions by emis-

sion of single multipole quantum are possible only between states of
total angular momentum Js and Jo if

Ja‘—Ju=L or lja—Jb' < L < Ja+]b .(24)
and  mre—mu=M. (2
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For even values of L, the spherical harmonic function is even
therefore, the product of Y and Wa must be ever. For odd value','
of L, the product of ¥» and Vs must be odd. The muitipole order
is expressed through the rank L, e.g.,radiation represented by the
rank L has multipolarity 27. Thus L=1is called dipole radiation
L=2is quadrupole, etc. For each multipolc order both elecrn‘é
and magnetic waves are possible. For each value of L, the electric
and magnetic radiations have the same angular momentum by
differing parity. The parity of an electric multipole is the same ag
that of a material particle having the same L, i.e., it is even when
Lisevenandis odd if Lis odd. Magnetic multipole radiation hag *
the opposite parity, ie. odd when L is even and even when L is odd
We, therefore, get the following rules for the combination of parities

of the initial and final states.

aIl,=(—1)Z (in electric multipole transition) -.(26)
1.1y =—(—1)% (in magnetic multipole transition). (27

Since there does not exist any multipole radiation with L=
relation (24) shows that radiative transitions between two states with
Ja=J,=0 are completely forbidden by single quantum emission. The
emission of electric dipole radiation (L=1) is connected with a
change of parity of the nucleus, while the emission of magnetic dipole
radiation is possible only if the parity does not change. The rules
given above for the angular momentum and parity changes resulting

from a traosition of a given multipolarity are summarized in -

- Table 7.1.
Table 7.1. Selection Rules for Y-radiation
Type Symbol Change in Angular Parity change
momentum

Electric dipole E 1 " Yes

Magnetic dipole M, 1 No

Electric quadrupole E, 2 No

Magaetic quadrupole M, 2 Yes /!
Blectric octupole E, 3 Yes

Magnetic octupole M, 3 Ne

No for L even

Electric 2£—pole E L [Yes for L odd
Magnetic 2L—pole M, L ;{,fos {gf II_‘ :;En

o

mustrale

In general more than one type of multi ition 1 i

: pole transition is possi-
)]e'b.etwccn two states. For instance, if the angular momenlg and
»arities of the initial and final states are Jo=1* and Jo=2", the

mma Radiation

267

-ple L-values are 1, 2 and 3. §iq )
P"si'mnsitions are Ey, M2 and E,, oy :he Parity changes, the posi-
N d in Table 7.2. Scheme of selection rulc)s)is

Table 7.2,

Jl= -1
Hunb"-: +1
Forbidden

MM=—1 M, Es M. E; M, Eye-
Hal’b=+1 E‘ M5 Eg 1\,[5 E‘ J‘l,---
Forbidden 0=4 0=24... 0=5  0=5...

‘——"%-.. %‘__sl’l_"

Decay Constants. To calculate decay constants, we shall
follow the method used by Blatt and Weisskopf. Let us first con-
sider the source a classical system of currents, which varies periodi-

cally as

jlr,0)=i(r)e "t +i*(x)e' ..(28)
The charge density associated with this currentis
o(r, ty=plr)e =t p*(r)e™™t ..(29)
We define the electric multipole moment of order L, M as
Qr, m=[rt Y*rL,M o, ¢) olx)d. ...(30)

The amplitude of the electric radiation of order L, M is given
by

4n L+1 )"* (_u; 3D
a(L, M":‘(zL-H)u(\ L o] e
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HNere we have used the Integral of the angular distribution
fanetion Zi, a (0, ¢) over the Mull solid angle as unity,

|l aolL, M)

w34y

Similarly the energy emitted per sec. by n magnetic multipole
radlation iy given by

¢

Uall., Ar)-—wf",‘z- -M,-I [ am(L, M) Z1 a0 0, $) dSY

A L. m( £y A
=t IkV | aw(L, M) |
_2(L'~| l)_{: o (.5"_ )Il.-ll M :

LIQ2L- DU % | Mr, amj*

The decay constant A, which is the probability for emlission of
a quantum (hw) per unit timo can be obtained from ubove equutions

-

1 (35)

UL, M) 2L f w MY a0 Sy
Ne(l, M)== R Teob (LA DD ( . ) 1Q1,m 4-Q' 1Ml

il Radiation
[0

Ul M) 269
UwlL, 2Ly
Al L M= ~ . 4 \)'l  \?
Nl Ly he 'I’.\UI.Q “;“\‘- (_(.‘ ) (K3
' ' VML Ay, MY
flere Q'ryme and My, a correspo \ -
Loments assoclated with the sping of 1“;":.“:“:‘:1:: ntrinsic magneue
P 1.
Reduted transitlon probability, Por o

o reduced transition rato for electric tr
dcnncd a8

- (36)

Biven trang

It -
ansitions of W0 Jesls,

order L iy
ML gy ) 23

')_]“.|.| mg, m,
The double sum is taken as [mf = (m.

ansitions, wo repluce Qr, a1 (a, b) with
writa decay constants as

L4-1) w \Prn )
Ke, LIQLF 1) (:) B(EL, J.i-11)

y = _-_?(_l,;\-ﬁl)lx_ w \2LH
Aol T I = L e (c\) BIML, JurJo).  ..(3%)

The reduced transition probability B,.
process is related to the downward probs,

)
O, a(a, b) O

=m| < [,

For m :
Mt, a (a, by, g i

We can thus

Nl Ly Jamrdu) =

« for the upward excitation
bility B, as

Bun(l‘)"“((zln “‘)/(2‘:“"‘“ Bfu(L).

...(39)
In the single particle shell model, the radiation
le. T 9 adis may be regarded
as a result of the transition of a single nucleon frog\ one s%atctto
another. WlU\‘ the rough estimate for the case of zero orbital angu-
Inr momentum in the final state, Weisskopf found that

3 L 1
B(EL)=-%~ (.‘-‘L
(EL) 4r L+3
and BML)=10 ( —2_Y'
AT ( mpcR) B(EL), ...(40)
where R is the nuclear radius and myp the mass of the nucleon,

Using the relation R=RyA'"® and i =
transition probability A, chgc fo Gifrent trana e e s

S Ol ! r different transitions, the single
particle radintive widths arc given directly as .

[y(E1)=0.068 43 E,»
I'y(M1)=0,021 E,*
Py(E2)=49X107 AR £,8
Ty (M2)=15%X10" 423 E 3,

(41)
where Ty is in eV and E in MeV.

Since transition probability drops very quickly with increasing
L, hence the chief contributions are corresponding to L=4AJ. A
weak admixture of transitions or multipole order AJ+1is to be
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expected mainly when the chief contribution ( L=AT) comes from a
magnetic multipole. Experimentally M1--£2 is found. The ad-
mixture of L'=L+1 electric multipolarity in a mixed transition

(ML+EL’) is expressed by the mixing ratio, whose square is defined
as

?=I(L')I(L). » .- (42)

It is zero for pure Z-radiation and infinity for pure Z’-radia-

t' . - . . p— 7 .
812(2111+8;1;l_1$ percentage of ML intensity is (14622 and of £L’ js

d_Fr_om the half life measurement, the multipole order of the
Y-{'a_)atlon can t_)e determined, and thus statements about A J and
Ielative parities in the transition may be made. If we know the

Spin and parity of fina] state we can obtain th [
1 : e values for the spin
and parity of the 1nitial state. ’

re A a

—_—
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ISOMERISM
\]'6' NUCLEA:}'ence of long lived, low-lying excited states ig
The & among nuclei of intermediate  and large
oo cgﬁsfxid life times vary OVer _wide limits, from 10-%0 -
ears. These delayed transitions are called isomeric
iransitions and the states from which they_Of'B‘m‘_'-‘;la"e called isome.-
ric states or isomeric levels. Nuclear species W':;P have the same
rtomic and mass numbers, but have different radioactive propertics,
are called nuclear isomers and their existence is referred to as nuclear
isomerism. Nuclides that are isomeric states of a given isotope
differ from each other in energy and in angular momentum.
enomenon of nuclear isomerism was discovered b
o. Hagfif B “He found that UX, and UZ, both have the ol
atomic number and the same mass number but have different ha)f
lives and emit different radiations. Both grow out of UX; by B'decay‘
UX; has a half life of 1.18 minutes and emits thrge groups of elec-
trons with end point epergies of 2.31 MeV (90%), 1.50 MeV (97,)
and 0.58 MeV (1%). On the other hand, UZ has a half life of 6.7
hours and emits four groups of electrons with end point energies of
0.16 MeV (28%), 0.32 MeV (32%), 0.53 MeV (27%) and 1.13
MeV (13%)-
After the discovery of artificial radioactiv_ity, indications came
from several different directions that other nuclides exist in isomeric
forms. When a sample containing bromine was bombarded with
slow neutrons, the product was found to show three different half
lives for beta decay: 18 min, 4.5 hr and 34 hr. Chemical tests
showed that the radioactive elements were'isotop'es of bromine. This
result was surprising because the reactions with slow neutrons are
invariably of the (n, Y) type and since ordinary bromine consists of '
two isotopes only, Br’® and Br®', not more than two radioactive
products Br® and Br® [Br™ (1, Y) Br®® and Br® (n, Y) Br®’] were to
be expected. When bromine was bombarded with gamma ra
photons, two products Br’® and Br® [Br™ (v, n) Br™, Br¥* (x, n) Br*],
with three decay periods, 6.4 min, 18 min, 4.4 hr were obtained,
Two of these periods (4.4 hr. and 18 min) are common to both sets
of reactions and must, therefore, be assigned to the isotope that is
common to both sets of reactions pamely, Br®. The two half
lives were attributed to two isomeric states of Br%,. The difference
between the nuclear isomers is attributed to a difference of nuclear
energy states, one jsomer Tepresents the nucleus in its ground
state, whereas the other is the same nucleus in .an excited
state of higher energy, or the metastable state and the letter m is

sometimes written following the mass number to designate it.

ransition. Most known y-decay rates

Half period of isomeric t
times of

have been determined by the direct measurement of the life-
the exited states.

Total decay rate A=2,+2A.=A, (1+2)
i Tye=(log. 2) //\=0693 ‘37/(1 +a).

.o

(...54)
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Since the internal co H
nversion Mici
e calcula : coeflicient o
e :7 the Z\V(::d l}?“’mllcally and half life Tcan e o
hence v age life or A, the rate of photol can be measured
calculated. . photon emission can be

Classification of nucl m
) car Iso i
Classifiod a8 ers. Nuclear isomers may be

(a) Isomers with independent d .
decays independently of the other :,??g nsh(‘):vhr:s lg;;_e, clach isomer
The transition from the metastable 1o the ground spx, rticular half life.
bidden. The transitions are shown in fig, 7.8 with ;z_te is highly for-
senting the different half-lives. One or other or bot?x lannd T, repre-
an cxcited state of the decay product, which will thay also yield
excess energy as gamma radiation. The cxamples fut]h'em“ the
nuclear isomers, together with the type of activity and of this type of
given below : yand half-lives are

Mn® (B*, 5.7 days ; B*, 21 min.) 3Zn™ (B, 4.1 hr ; 8-, 2.4 min.) :
Ag™® (EC, 8.3 days ; B*, 24 min.) ; Cd™ (8-, 43 days ; ¢, 2.3 da;S)

g-eus:::'i:'srn:) (1731 - Cqansm (434)
PRI

GAMMA
I
v

CGROUND \STATE )
. B ———] 42
o, 120
0.9¢
~Tecar proouCY
" Inlism
el l 0.335
9
3+
2 T 0

Fig. 7.8. Nuclear isomerism with

independent decay. Fig. 7.9. Decay scheme of

nuclear isomer Cd.

(b) Genetically related I

N somers—In this t:
ol egic:g:{xg: t;) :jk;e ground state with a definite hzﬁ'-el‘lf? eTn.xeli{sga;e
T STt adiation is m(e.mally converted and produccls line spec:
State ooy trort}s together with characteristic X-rays. The ground
T The y : (;)d orm the product with a half-life of T, different from
2 gammagadi lxtqt Is not necessarily formed in its ground state and
Incorae X 10a lon may accompany the radioactive change. Broken

8- 7.10 shows the possibility of direct independent decay of

Scanned by CamScanner



Nuclear Physics
) s. Some ex:
216 table state of lll": pnr;:):l'-o"v'v“dc“ e
the Xt related isomers are given
of gen

5 B~ 55 min) ;
days 3 B, 3.91h0)5 Zn* \IT, “:8 h;r?n'm) 'mm)
LN n; 3
Scit (IT. 2 44 176 wim 3 Se#t (1T, 57 mi e
Breo (IT. 4 5;“- P' 'p_ 72 sec) ; Tew (IT, 1.2 days 167, in).
Intt (IT, 50 days; B

Rrdo (4.4h) .
urus’v‘:::‘(' sTare (5—) 0.038
N
a N

.

EC

0+

DECAY PRQOUCT

Fig. 7.10. Genetically related isomers.

Fig. 7.11. Decay scheme of p,
& isomer Breo, uclear

. ies to isomeric transition_. From theg
Here Sygﬁb%le f)lt;sl:rl\?el:i that the half-life of the interna] "ansﬁ
e.xamples it _Wlorten longer than that of the be.ta decay of the ground
tion process xsresmt two groups of beta particles, corresponding t,
state.  As tahalf-li\;es are emitted. Sometimes isomeric transition
two distinc nied by the breaking of a chemical bond, which may
:xslaizcgg;[s)iilc a separation of the isomeric nuclei.

table nuclei—In this type of isomers, the decay

(c), 1801'\’/’:5’ s :nfﬁszmeric transition from the metastable Sti}tq to
process mgostate of a stable nucllde, accompanied by the‘ emission
the groun radiation. If gamma radiation is converted internally,
ohf glgn;msa ectrum of electrons, together with characteristic X-rays,
i ebm g More than 30 stable species are found ml{\’aturc. Am-
iso tsbel'l‘;f i(r“ Sr¥%, Rhi%3, Agl¥, Sn1t7, Ba'®" and Au’ form meta.-
:t?x%lc °sgates of apf)reciable life. Other number of sltable nuclides
form isomers of short life, e g , a millionth of a sec. or less.

i d Nuclear Spin. In 1936, C.F. von Weizsacker,a
Gcrm:ilon:)el:;ss?::is? proposed an explanation for the existence of
metastable states of both stable and uns_tablc nuclides. Thelprobabx.
lity of the transition between two excited states or an excited state
and the ground state of the nucleus is depenflent partly on the ener-
gy difference between these states but mainly on the multipole
character of the radiation. This is determined by the spins and
parities of the nuclear states involved in the transition. Goldhaber
and co-workers could classify the nuclear properties of 77 isomers,
for which half-life time is between 1 sec and 8 months. About half
of these are M4 transitions (AI=4, yes) and the remainder are M3,

]

Gam

. The transitions acco ani : iati
E3 a;%it The.correlation of nnc\garlc:“g\gafs ]
cqn;" the single particle shell_smodel is excellent, ter 1
Soup (ife_times between 107 ang gy 2en made up of AT} o
Z::Z! E2 transitions. Ml M2
2 .
iti heavy nuclej i
E2 transitions in heavy el are 100 tiges faster th. i

1d by the single particle Jaodel- . The properties of these fg::(lii‘i
¢ itions are best accounted for by the collective mode. This model
;’l:‘e dicts bands of rotational states for these Spherically deform:d

7.1,/ANGULAR CORRELATION IN GAMMA Evission

The photons emitted by a sample i ypic
auclei are undergoing identical

ha \arge number of
. gamma ray i
piC in the lab co-ordinates. As th

T ansitions will be isq-
3 - . 3l0ms and nuclej are ra -
Iy oriented, there is no preferred direction —

prefef of emission

ray photon from the individual transition, When wl;?)r S;gﬁ:;i
are emitted in rapid succession by the *ame nucleus, their directions
and planes of polarization are not entirely ndependent, byt there is
often angular correlation between the directions of emiesion of these
two successive Y-rays. Therc are similar angular correlations for
other pairs of successive radxanofls. _Such as a-y, @y, B-e, yee, L.
The measurements of angular dlstrlbu}\on' of t-radiation or of the
angular correlation between two radiations can vield valuable infor-
mation on multipole mixing ratios or nuclear

level spios.
Let us_examine briefly

the directional corre\ati_on
between two successive
y-rays in the sequence
shown in fig. 7.12. The
nuclear excited state (spin
I.) de-excites by a cascade
or y-rays Y, and ¥, thro-
ugh an intermediate state
(spin I) to the final state
(spin I.). The multipola- : Ie
tity of the y-rays ¥, and T2
isL, and L, respectively.
If the intermediate state js suffi

_ ciently short-lived, coincidences bet.
ween counts in the two couaters (
the angular correlation betwe

10 accept signals +f, and ¥y yield
ang en the two radiations. The counting
(coincidence) rate between Y. and v, is measured as a function of
the angle 0 between the direct; issi
directional correlation, W) _dQ,. i
\it_y that Y-ray 2 is emitted into the solid angle df}
Wwith Tespect to y-ray 1 and ¢

la

Fig. 712 Two successive transitions.

L
W®)=144,P, (cos )+ 44P, (cos 0)+.--==i264,u Py (cos 6), .53
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7.10." MOSSBAUER EFFECT

" R. L. Mossbauer had discovered in 1957 that some of the low
energy gamma radiations (~10% eV) emitted by long lived ‘isomeric
states of nuclei, with life times of the order of 107 to 107® sec., were
practically recoil free. The reason for this is that the mass M is
now comparable to the mass of a microcrystal of the solid. The
mass to which the recoil momentum is transferred can be conmdercgi
infinite in comparison with that of an atom, so that velocity of recoil
is zero. This recoil free emission and resonant absorption of gamma

radiation is known as the Mossbauer effect, in honour of 1ts
discoverer.

In his original experiment, Mossbauer measured the emission

of 129 keV gamma radiations from radioactive Ir*®’. They were
passed through a metallic iridium absorber (39% of Ir'®!) and then
on to a detectorr Gamma source Ir*®® was formed 1n an
isomeric state in the beta decay of Os™. The natural = width
and life time of the 129 keV level of Ir**! are 5x107® eV and
1.3X 107" seconds respectively. After Mossbauer’s discovery 2
search was made for the other substances which could be uged
and many more have since been found. The substance which
has been used most extensively is Fe’’. The excited state, with an
energy of only 14.4 keV above the ground state, is produced by

K/
- 72
270 day
K
copture kaV
Ve~ 126
10% 90%
3 144
,f‘ Mossbcuer
TP, O
57
e

Fig. 7.17. The Mossbauer transitions of 129 keV Ir** and 14.4 keV Feb?,
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the process of orvital electron capture in Co®, which has a half-life
of 270 days and is generally prepared by deuteron bombardment of
an iron target in the form of a strip. Decay schemes of Osmium and
Cobalt are given in fig. 7.17. The positive and negative signs after
the quantum numbers refer to the parity of the states.

The 14.4 keV level in Fe*? has a mean life of 1.4%1077
sec and the corresponding line width is 4.6X107° eV. This life time
is long enough for the excited Fe®” ions to occupy suitable sites in the
iron crystal lattice before the decay. The 14.4 keV gamma rays can
be passed through an iron absorber which can be enriched in Fe*? 5o
as to increase the probability of recoilless absorption. ThF gamma
rays can be detected by a proportional counter or scintillation

counter.

After Fe¥’, the substance employed most frequently is probably
tin 119 and a fair amount of work has also bqen_donc with some rare
earth elements. The theory of recoilless emission sh_ows that the
effect is greater when : (a) the gamma ray energy E is small (The
best example is the 14.4 keV transition of Fe*); (b) the tempera-
ture of the crystal source is small ; (c) the Debye temperature of the
crystal lattice is high.

About one per cent of the /r'®! tramsitions at E$§0°K are re-
coilless, in contrast to 70 per cent for the 14.4 keV Fe® transitions
at room temperature.

The Doppler energy shift Ev/c sufficient to destroy the
resonance condition. A relative velocity of 0’'l mm. per sec is
sufficient to produce a marked reduction in the resonant absorption
of the 14.4 keV Fe” ; Mossbauer radiation by an Fe® absorber.
The energy change may be induced by temperature change, by
change in the magnetic field at the nucleus and by change in the
gravitational field.

The theoretical analysis, following Lamb’s treatment, used
Debye continuous theory to describe lattice vibration behaviour. The
lattice system is assumed to have independent llpear osclllah_on; with
a continuous frequency distribution upto a maximum wp. It is related
with Debye temp © as

Bwp=koO, ...(68)

where k is the Boltzmann constant. The fraction of recolless
Y-transition, also known as Lamb Mossbauer factor, is given as

s —3Er 2 nT)’}]_
J=exp ZkO{ kil (@

~ Inorder to utilize the Mossbauer effect, one has to consider
transitions in which —

..-(69)

(@) 1 is adequately large ;
(b) E, must be fairly large for a good precision ;

=

Gamim? Raaiahios

(c) there must be small livelihood of internal con
() fine structure splitting should noy oceur, if p
When these requirements are satisfied,

madc agailJ“ ; 3
the changes in nuclear mass on emjgs;
£y rg‘;)f'\ which cause the y-ray to change 5 slon and absorption
o () the differences in the average isotopic mass number -

differences in the Debye and
< and absorber ; - ond the absolute

%7
Version
03sible.

Precautions should te

(c) the
petween SOUTC

(d) the differences
1attice defects;

@ relative velocity between emitter and absorber.

Applications of Mossbauer Effect : (a) Isomer sp; i
sh ift——%iﬁe““t chemical states of an atom are a;j;:)ga(t:xmml
Jifferences in the electron dls.u'lbuhon around the nudeusv“th
contribute to the energy of transition. and

Ey=AEnuest AE:!::,

where A E,,,,e.is the change in nuclear bindi
is the change in B.E. of the atomic electrons
(excited state) and the absorbing nucleus
different chemical cgmpt)}mds, the distributj
will be different, which will cause differences in A E.y.c and thus in
E,. The changein Eyis called the isomer shift or chemical shift
(as it is related to the chemical environment of the atom),

(b) Magnetic Hyperfine Splitting—If either the emitting or
the absorbing mnucleus has a spin I>> 3, it will also have a magpetic
moment. In the presence of magnetic field, the energy of the nucleus
will depend on its orientation with respect to that magnetic field.
The projection of spin I may take 2I4+1 values. Tbe-absmpﬁon
spectrum obtained by the Moss
bauer technique will thus show
a hyperfine splitting into 2I+1
parts fig (7.18). Thus 2I+1=5
and nuclear spin is 2. The en-
ergy difference between adjacent

absorption maxima, as deter-
mined from the source velocity
differences, is related to the
product of the field strength
and the nuclear magnetic mo-
ment (AE=gunB). If field
strength is known, magnetic ! :) :5 v
moment of the extited state of 10 va:oscrrvr OF SOURCE (CW/SEQ)
nucleuscan be evaluated. If : ination
both the absorber and source  Fig. T18. Nuclear spin determination.

ate ferromagnetic, there will

temperatyres

in chemical constitution of Presence
or

Dg energy and AF,,,

- 1f the emitting nuc\eints
(groEmd state) are in
ons 1 atomic electrong

DETECTOR READING

‘
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be some velocities for which the energy clllflflglzfz will be cqual
to the separations of some of the cncrr._y. L":\‘ S:Q that ),
several components may overlap. Thus a nou llcrml'"-_lbmllc~umlcrin|_
such as stainless stecl, should be used as cither the source or (g
absorber. Mossbauer effect is also :l[‘plylu:lblc 1?_ al\{nly Mterng|
magnetic compounds and alloys, which have magnetic Properties,

(c) Quadrupole hyperfine splitiing—1[ cither the emitting o
the absorbing nucleus has a spin I> 1 and is in an lu_homogc"wus
electric ficld cnergy may split, in several lines. It is cCause (o
interaction between the nuclcar quadrupole moment and the inhomg.
geneous clectric ficld causes the energy of the nucleus to depend o
its orientation.

(d) Lifetime measurement—Mossbauer technique s begy for
the measurement of fairly short Ill‘gnmcs. since wh.v:nlhc lifetine
exceeds about 1071 sec, extra nuclear fields can cause line brnadc“i“
Basically the range 107 sec < = < 107" sec seems best suited (g

such determinations.

(e) Gravitational shift—On the basis of the principle of ¢, ui-
valence, Schiff has givena simple derivation of the ETavitationg)
Doppler shift. We shall give an even more elcmcntm:y derivation
which is directly applicable to nuclear fluorescence experiments,

We kunow that the intensity I of the earth gravitationg| field
at a distance R from an earth of mass M is the acceleration due to

gravity. Hence
kW
I=GM/R*=g. (70
) Similarly the gravitationa|
A r vy [ potential ¢ at the point R due 1o
= carth is X
L = ] $=—GM|R=—¢gR . (7))
r 1 )

Let us place a source nucleus
A and an observer nucleus B on

Fig. 7.19. Table has constant acce- : A
. iy a horizontal table PQ, distance ]

leration fyn inertial frame.

apart. Suppose that at some . particular instant when the velocity of
table is ¥, the nucleus A at one end emits a gamma ray photon of
frequency v, in the direction of its motion. The frequency of this
radiation as measured by a stationary observer will be

va=v,(I+¥,/e). (712)
. This photon _moves towards B with a constant velocity ¢, It
will reach an  identical absorber nucleus B at a time 1(=}§{), where

velocity of table ¥,=V,4f1. The app, iati
( /1. pparent frequency of radiation,
which can be absorbed by observer nucleus B, will be vy The

|

|
i
{
{

Gamma Radlatlon 280

frequency of this radiation as measured by
be

a stationary observer will

Vor=vo(l-+V, /). (71

Clearly if the gam.m:k ray absorbed by nucleus at B is to be that
one which has been emitted by nucleus A, we must have

V) =v(14Vyc). (72)

This relation indicates that absorption would take place for
identical recoilless nuclei, only if V=V,
If we assume that v, — ve=Av and v;=v,=v, then we have
v Av
T
v

Bv=r=vy=2 rl

- L A7)

The principle of equivalence of an accelerated system tells us
that the system having an acceleration S produces an cffect equiva-
lent to that of a gravitational acceleration—f (=:g). If A¢ is the
potential difference between two points in a gravitational field,
the difference in frequency of identical clocks at these points will be

Av=y Aélc’. ..-(74)

Thus for resonance absorption, the frequency of emission v,
must be larger than the frequency of absorption vy by an amount
vAd[et. Hence the frequency of radiation coming from a source
located below the absorber will be sifted towards the red.

Until 1960, the gravitational red shift could only be observed
with light coming from stars, as Ag is very large in that case. The
discovery of Mossbauer technique makes it possible, for the first
time to carry out a gravitational Doppler effect experiment. A series
of experiments was performed independently by R. V. Pound and
G. A. Rebka Jr. at Harvard and by T. E. Cranshaw and others at
Harwell in 1960, using Fe¥ as the emitter and absorber. The
Harwell group electro-deposited a Co¥? source on an iron disc,
mounted about 40’ above a 5" diameter foil conlaining 4 mg/cm?
of iron enriched in Fe*. A proportional counter filled with
krypton to about 20 cm of mercury pressure is placed underneath
the absorbing iron foil to detect the transmitted 14.4 keV gamma

rays. A simplified schematic diagram of theic apparatus is sketched
in fig. 7.20.
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The source is mounted on a transducer device ang Vibrateg |
he Doppler shift produced 4,

to and fro at 50 c/s. When t vﬁ)pg ! egied e, eactl ycgm:
Vibroge o pensates the gravitationg] shify
wurce . 1—_. -} maximum resonance will oggy,
The transmitted gammq rayg
are recorded by two scalarg fy,
alternate halves of the vibray;,
cycle. The mean countipg rate
is slightly dltferent due to the
h asymmetry introduced by the
gravitational shift. It was foypg
that the observed red shift p,
(0.96:£:0.45) times the expecteq
shift. This scurce of error hyq
to do with the Doppler shift
due to the motion of the nucle; -
in the lattice. The emitting ang

R, osorber — “—=— absorbing nuclei are vibrating
' Proportiong] with fairly high speeds, given
Counter by the temperature of the solig,

L Therefore it might be expecteq

Fig. 7.20 Gravitational Shif that vibration would impart ,
#r Lo ravitational Shift A
experiment. Doppler shift.

EXERCISES

Example 1. In a bent crystal spectrometer, the quartz crystal
has an interplaner spacing of 1.18X 107® cm. The radius of the focal
circle is 2 meters. The source emits gamma rays of energies 1.33 and
1.16 Mev. Assuming that the source is in a position where it gives
Jirst order Bragg reflection for the 1.33 MeV gamma-ray, calculate the

distance it has to be moved to obtain first order reflection for the 1.16
MeV gamma ray.

For the first order Bragg reflection, we have 2d sin 6=A.

I /is the focal length and BR=x, (fig. 7.1), then we have
2d (x\/f) =hc[E,,
If x, and x, are the distances for energies E, and Ej then
(2d/f) (x,-x,)==hc(l/E1—l/E2),
o aen(do 1)
_ 6.6256X 10 x 3% 108x 2 , 0.17

2X1.18X10-10 >(1,33><1,15><1.6><10"’
= 1.16X 107 meter,
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3.2, Tonisation chamber
f o« anee o

l,,v‘f‘." "‘ )f ‘
f o e WA F
A ertensive class of particle debertors epists thal G2/ i /'“  assnslfs U A a r.’mf;tﬂ
crriss U, -

[

v delgs ’ ‘ f o .-

Whes clestric: pulse of current preodiced wis s s vrial difference. These
r,ll /“-u - o

,{ g 4 ’r". 1{”1’]3/};1] 4

r 4
Pl s
’I;‘ ),J)II /e

parbicle ety v clesiodes wainbained b s suffoent
detecrons e usinlly called gus filled detectors, e sitnpes!
chunnber desspitwnd bk,
Construction and setion Ao i/mw;,fuﬂuémn.#" eamectitinl)

vesnel binving w suitably gas &4, argm n which lons have 14 e W0 life-time and
W electrodes minained wy s et (0 fow | ;.,;A e 1o few thousands) voltage
Contirtemly userd Chasmnbers s s eithir purallelplate getnetey o ¢ cybndrical geometty
Whiles in the former class, v paralisl plates are sepaeated by 5 distaace, in the latter

. cLnsists of a closed
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onducting shell with a coaxig] ;

L nsulatec .
lrlll\‘ l n)ct{\“hc Wir(}

(d“l ~y l C"l) “(.t:‘.
. 3.5 where attyl)lcnlt 1lomsat|on chamber g shown sl
) : eT ' . ) Sche in
lnl rodes 1 th((ai (:;z er Sw a lcy:mricr connected tq the neg (cl‘nmmmy’ one of
he other ele ¥ gative te

the € . supply an lec rode is the central straight terminal of ,
e a resistor R, to the positive of the pow wire con

aeri®®,

er su
ined under some pressure to en- pply (220 V)
paintd .

00 e sensitivity of the instn'lment.by
pance " ore targets for the incoming
provi n particles' A thin mica window
” jed in the chamber, allows pho- To amplifier
i, prg:l charged particles to enter the A

Insulator

tons ber and ionise the gas inside. The o
dmmproduced are attracted towards the
ion$

ective electrodes due to the electric
: aintained between them. A voltage
el n:s thereby developed between A and =
Buﬁzd is then amplified and registered.

" Power supply

Fig. 3.5 lonisation chamber

Fig. 3.6 gives the voltage pulse vs. applied voltage between the electrodes.
The region AB, from a few volts to about 200 V, typically corresponds to ionisation

chamber. In this region, all the ions produced by the incident particles or incoming
photons are collected by the electrodes. Note that the pulse height between A ands
is practically independent of the applied voltage. So the chamber does not measure the

energy of the incoming particles. The energy deposition however is proportional to the
number of ions produced apd is a measure of the

charge and the wvelocity of the particle. These

then are the quantities an ionisation chamber @ 10%1
measures. Ea 105+ 5 /
The ener ired ion-pair i £ wof lonization —
gy required to make an ion-pair is € b
about, 35 eV for air; but the ionisation pro- g '®T NE
duced by a single charged particle is very small. 3 102 7 eroporona Geigr
The chamber therefore detects bursts of particles ga 101k o nter |counter
rather than individual particles. It is how- 9 1 T !
ever capable of distinguishing between bursts of

0 250 500 750 1000
@-particles and bursts of S-particles. Since x-

Applied voltage (V)
ra)'.sl and 7y-rays readily ionise gases, they are also | Fig. 3.6 Xg;?igg 5;:?:;
®asily detected by an ionisation chamber.

: * An ionisation chamber is said to be, for a particular ionising radiation, deep of
Shalloy according as it can completely absorb or not, the ionising radiation.
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ool qos-filled qotector, de

Low eneriy
pulees t

A second P
sortional counter
the voltage
wtrodes lye incrense

I}!\.‘l
chamber since
hetween the el
with s |Aparticles, 1 ’

Construction and action

1 | fre ()f(lil
. oo N8 4 ‘ 7“)!{\”1]1]\‘\ ‘ | .
filled with a gos .null hay [‘I sl the n,pml cnse as the cathodc, })m" o
i ' 18 A8 v anode
The unre acts as the g

oltage of 250-800 V which causes no disch
VvOILagh

power supply as shown. A r\pmi"l
. <+— Mica
Signal ATROuWRe W‘"do‘wd
— . ol

To pulse [~ lonizing

amplifier /‘ radiation
Metal case
cathode

High voltage unit Ground

Fig. 3.7 “End window" type proportional counter

between the electrodes. Let now an jonising particle enter into the counter thy,
thin mica ‘end window’. The electrons produced are attracted toward the cep,
In its vicinity, the electric field is very high compared to other regions. So, ay elecyy
near the anode-wire acquires sufficient kinetic energy between two successive collis n
with gas atoms to ionise them to produce additional ion-pairs (secondary ions), T;\m
process is known as gas multiplication and the number of ions may increase by :
of about 10%.

The total amount of charge collected is thus greater than the origina] chargs
produced. The output pulse of the current is proportional to the number of ion-pa;;
\ formed by the jonising particle. The counter thus used is therefore termed propory; -
counter. By the I R-drop across the resistance R, the current pulse forms a voltage
~ pulse which is amplified and recorded.

1gh th,
al Wirp

facmr

In Fi.g. 3.6, BC corresponds to the proportional counter region. In this region, the
e height is practically proportional to the energy of the incident particle. |

tl}e p‘u‘lses are fed into an oscilloscope, the pulse heights could measure the energies
onising ra(.iiatioh, Such information is of great importance in the study o
mtzgratxon. The proportional counters may be accurately calibrated to giv
noariesg ulses Chamc’fem_“c of dz:ﬁerent particles or they may be set to
| me types of particles. With the help of such a counter, therefore

|
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it .ia‘e:\sv to distingui
Y to distinguish «-particl |
o : ¢ articles from d .
) o II); (;;m“ e o Clm:g? (z‘md the protons by the larger voltage pulses
e If the radius of the wi ; | .
the 8 of the wire (anode
B ol o B ‘ de) be a and that of
IS at any point distant » from the ccntrt(}dlewc';)lulnter by
> will be given by

; 4 k
T r (3.3.1)

B
. rin(b/a) r
where 15 th a.
s the p.d. between the anode and the cathode, k = V/In(b/a)
o K= a) = constant.

The field is thus very strong near the anode wi
very rapid increase in the number of ions)(tlo ; wlire B e e e
s takes place near tl ire.
1e central wire.

The potential difference V' across the tube is given b
y
V =kln(b/a) = 2.3klogo(b/a) (3.3.2)

The potential gradient, dV/dr, can thus be calculated using (3.3.1), for different

values of 7.
e This counter not only counts the incoming par

measuring the energy of the particles.

ticles, but is also capable of

Muller counter (GM-counter)

Muller counter which is one of
diations and measuring their

3.4 icer-
| J‘Gelger

d counters is the Geiger-

" The chief among the gas-fille
for detecting the jonising ra

the most versatile instruments
~ energies.
: If the electrodes of a gas-fille
:z;“'l.one of them even when a mo .

COnpd;:i,cat‘On of an ionic charge reaches, in t.he region 0
, iOniSe(;or,} I.)raCtICall}.', all of the gas present i the local vo1 e ol e e
s illde' his results in a much larger voltage pzfl. ec rg b. e e T
r deI)endpendent of the amount of jonisation orlgmally produced DY P e
the Vicisuci)tnly s Fhe counter potential and incr.eases wit ‘
- Simple ¢, g ~of high voltage clectrode may trigset the ;3100
! Apparonsm‘“ and is extremely sensitive to the pasm?ge e
_a Cylingr S = ‘It is similar in construction to proportloxTa C e C
: cal metallic tube TT inside which is fitted & fine tungsten U

g0 it
- S axi )
s and is mounted inside a glass tube GC-

t there exists a high field
t, then the

qualanche

aped tha
voltage is applied t0 1

f high voltage, an
lume of the electrode gets

d counter are SO sh
derately high dc-

‘:’ : Stl’etched

G.C. G.C.

unters

Fig. 3.8 Two common types of GM-C0
i
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wn in Fig. 3.8. In the first, the
while in the second type, Canf,)imcl‘!
et W at one end to serve ag g 7;(_ end.
ticles, the latter for less Pene::g?“"

in

t extend throughout tp,
i € IEn
; gty

Two common types of GM-counters are sho

enters the counter through the glass envelope,

window GM-counter, the tube has a thin m.ica she
penetrating par

The former is used for counting
ntral wire CW does no

ones. In the window-type, the ce
s at a point.
monatomic argon which is tra -

of the tube, but terminate
The counter is filled with an inert gas (€.8- :
cm (2-10) of mercury, together with a trace of poljjy
Polyatom,

UV-light), at a pressure of few '

~ organic vapour (e.g. alcohol) acting as 2 quenching agent that QUQHChgs the jroC
discharge soon after it i initiated. The diameter of the tube varies, depery dlng x 1tig)

purpose of its use, from 1-5 cm and its length from 2-100 cm. g o N the

Action — The central wire CW acts as the anode and is mounted at g v .

t to the metallic Cylinderh;%i

a positive potential (H.T.), about 1000 V, with respec
(Fig. 3.9a) that acts as the cathode, that a discharge just not sets in. Then eye,
Ven 5

¢ ion-pair formed by a single incident particle can produce an electric disch
t the electric pulse produced in this discharge is thg arge,
Same,

f the incident particle. The central wire is very thip v
. : 2”; the

singl
The important fact is tha
no mater what is the energy o

electrical field in its vicinity is very high. ,
Let an ionising particle enter the GM-tube and produce one single .ion-ps
-10n-pair iy

the volume enclosed by the outer cylinder. The resulting electron would b
accelerated towards the central wire and reach a relatively high velocit o opidly
rapidly a large number of additional ion-pairs by repeated collisions. The . pmdudng
are also accelerated and may in turn produce more ion-pairs. The proces f_lew electrons
and an avalanche occurs. A very large number of electrons reaches thS = ouulelig
gets surrounded by the massive slow-moving positive ion sheath. The in?t?a‘;(;de which:
S AL Iormation

of a single ion-pair thus results in a very large pulse of current to the d
_ anode.

G
= N, ¢
. | ‘f/ S H PA.t S @ ;
+ ' . R [ R
' ”*"ﬁ.‘f"iTW%T——ﬂm 3
- ToAmplifier =

(a)
(b)

Fig. 3.9 (a) GM
C . .
(6) GM countay oy weslon of curtent pulse into voltage pul
: n amplifying circuit and counting arr‘;nggment

Some free el
eCtI'OnS 0 . s
return to the n collision with
: ormal stat : argon atoms me ' ich, o
¢, emit photons. If a photon is all‘)zly 537(‘132:)3 thentll Whlcjt:!it
orbed by another €

;u; hibgeh as 1.08 i8 attained. T}
moer of ions formed by the
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14 | .
onﬂpw o ~ 1ps, the space charge (j,

port til;le geld round the é}ﬂO.dG, .dis
" ascaﬂ cel b .Catho de and t,he. lonisation restartg. he time inter
v nto ° ains SUSPend?d s kriown as the *deqq time’ of the ¢
e oD rem .ve another incident particle, There
;a]re ionlsgy 8 rec;:?ng (i.e., terminating) the discharge
| 1 :
" et uencd quenching : The entry of 5 g,
an independent of the ene_rgy and n
current d in series in the circuit a5 g
e 0 7 g connecte i
als o RS esponding voltage pulse IR whj
an . corT

o 65 apacitor C (Fig. 3.9b). The amplified
a C&

gle particle in the counger ¢
er tri
ature of the i, i,

. hising Particle, 1f 5
hown ip Fig. 39 ¢

he currept ulse
ch is feq to a puls P

pulse is finally passeq O to a scalar
| counter MC. The scaler. records t}}e arrival of each individya] pulse
dam™”. .~ the exact number of particles entering the tyhe n a given interval,

oo , & ving R in the counter circuit not only provideg aDp.d. that can he amplified

sepa;a stance r function. When a large current pulse occurs, the Mmomentary

25 a‘notheOSS the resistance lowers the tuhe voltage to (V — | R) which is

de drop Igaﬁaﬁn the discharge and the counter is saiq t, Be quenched or deqq
Yoo nt tO

dy to accept another

h time-interval before the counter may become reg,
the )
Jongs

al is called the ‘dead. time’ because the counter
e interv

18 unable to detect
:o]e during this interval. The sensitivity of the coup
partlc

ter depends largely
i ioniSizgt'me . the lesser the dead time, the greater is the sensitivity. The traces
dead U
o its

like ethyl alcohol present in the tube, along with in
pour

ert gas such as
of organic Vase the sensitivity of the counter considerably.
incred
argot !

gome. terms relating to GM-counter
34.1 '

ion of a GM-counter should be in the proper voltage
Operating VO!t.agg; g‘lhgggr?e;f‘»g: Obet:ween 800-1000 V. At such voltages, the t'ul})]i
regon, the T€gIOn uch that even with changes in applied voltage, the Pulse heli
operates in 2 plateau tS being independént of the number of ions formed in the GtuU:r
pically constat, r region which starts at Geiger threshold voltage C. ghfhe i‘;be
- caéfd tilremifzg;eraging region of a GM-counter and if it is exceeded,
tegion is the n

Y d N l. ] I . . ] . . 1 ]

. - contains 90% Ar and

. ing of GM-counter — A typical GN.I-CountEI C(zinb alcohol cannot
lo%szlzongn;;l;n‘ﬁt?a-violet photons from Ar on getm:ﬁoﬁﬁ; e v ol
ach the cathode, As positive ions move towards the CETA © to neutralise the latter. T?e
wlcules resulting in electron-transfer from a.lcohf)l to ther than eject electrons. Tllz
deohg) molecules on arrival at the cathode dlss_ocmte ?SSociatiOn of organic molecl'E
iseharge thus gets quenched. Such self-quenching by d!

P the molecules g en . of the counter i
i when a refilling
needu the molecules after about 10° discharges,
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lecules for quenching. The

0 cn o
It is also possible 10 - llmlf o diatomic (or polyatomic) gas SIJZ}(lva7lt(LQr..
recombine after dissocmh?’i;)ns in their slow motion to the cathodel as [y 1? thay
. itive A7 . . W Sng,  the,
1 the tube, the Bpomtll\ccu o5 and transfer their charge to them., On]y)uld hay, o,
it r-moic . i g J ey Ty, 4
collisions with e athode: Br-ions (moleculaf') in their turn reac, th Itra) Ar”ltib'.
would thus g t excited states. The excited Br-moleculeg los’ € Cath, l.m'""“
e 0 ! , — . e the: P
rons, and move in : - ] . 3,
- ¢ by photon emmission but by dissoct ntq BT. atoms. N & '™ exeiy, A
energy not 0y P ce of time, Br-atoms recombine into Br-m Urigy, tjy,
are thus produced: In cour e tube becomes rea R olecy]eg B Pulg,
thus quenches the discharge an ceive the fegy rr"hip:
1 -4 s ar.‘.
\V]t.hln 10 S. . . th
v ime resolvmg time — The dead ti
Dead time, recovery £ 7 duction of the initial pulse a dme of a GM.,
. . . i re . - \(
‘< the time interval between the produc b o > and initiatiop e
called dead M€ ecause during this period the secOnd‘
cOllnt

It is
t is usually ~ 50-100
It 1 US and arise dér is

to further pulses. ’
from anode region to cathode. T}, 8 dye b
. A ,

vier positive ions
electrode lowers the electric fielq bpreserlce
el

Geiger discharge-
insensitive (dead)
slow mobility of hea

of positive ion-sheath around the inner
Geiger threshold, Vin(= Vs)- OW the
moves towards the cathode, the field at the centra] |

As the ion-sheath
recovers quickly as the external resistance is usually small. The time for
The counter can record another ionising part?"elcove
ICle

to threshold is the dead time.

Fissotving RECo3l] after the field has been restored tg only
) me  time above Vin(= Vs). Since a finite pulsa e
g .be developed for the counter circuit ts o
5 ________________ lt.’ the actual resolving time of the couniom?t
: slightly longer than the dead time. "3
8 thichican = rocorded The recovery time of the counter i
"""""""""""" fined as the time interval for the counltird;

Y

Dead time Tme  Teturn to its original state to produce ful
Fig. 3.10 Three time intervals associated with > zed pulses again. Fig. 3.10 gives the th
the operation of a GM-counter time-intervals — dead time. resolvina ti fe;
. ving ume an
o recove _ .
® The resolving time of a counter jg often t 713/ time — of operation of a GM-counter.
aken to be syno .
nymous with dead time

During the resolvi i
Ing time S
» Pulses are recorded byt they are of 11 D
smaller size. Durig

dead time, a hj
» & high flux throy
) gh the
¢ Expression for resolving ti;OUnter should be avoided
o .

counter, its resolyj
, ving tim To determ;
- mine the true counting rate of a GM-

nown. Plai
lainly, the counter does not reSPO“d

the actual r;
al rate of arrjy, -1 n be the count;
: nting rat : and N
in the ¢ g rate of a counter al
0
unter,

since the co
: unt .
partidage. . 25 insensiti
T Per secong nsitive for 4
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(3.4.1)
can find the true counting rate N frop the

e
4,1)a W ObSCTUf:(I. COUnting «
no]u Tltlng rate
f 1. 4 1
.. kno B ]
o Kk , + — By measuring sepa ,
g8 ation of g separately the counting

e

” 3 ol
rates n\ an n’,

ces 1 and 2 of nearly equa
determined, [ ot

Detel' dioactive SOUI" ] Strength, T can he
w0 & ~ totel counting rate when both sources are placed in the

dth 1 ' i same positic
o deuotedt np be the background rate (i.e., with no source). Position as
M 1
re &
beO i il oy .
s N =Ny T Ny N2 = Ng — 1y; "t=7l't~nb

(34.2)

- a'the above counting rat cf
.y are the g rates corrected for background.

e N1 ' i '
e 7N2 and N be the true rates of arrival of particles in the counter ig the above

; Is\i[é:lations, we have, using (3.4.1)
e

thre n1 n
= — Ny = 2 : = T
M 1—-m7 2T 1= notT’ N I —mnyr (3.4.3)
Also, N; = N;+ N, (344)

Assuming the values of terms involving 72 to be negligible, we have, solving for 7

- 2 + n2 — ny
- (3.4.5)

o Usefulness and limitations — This counter is very simple to construct and
is very sensitive to the passage of charged particles. In fact, with a suitable counting
drcuit, it is one of the most versatile detecting instruments. '

Two GM-counters are said to be in coincidence if they are so arranged that there
is no response unless the radiation passes through both. Such an arrangement of GM-
counters has been widely used in cosmic ray researches to scan the sky for studying the
directional variation in the cosmic ray intensity at a given place. It is called a cosmic
ray telescope.

Another method of connecting GM-counters is known as anti-coincidence. In this

case, two counters are connected in such a way that the counts would be registerf{d
only when a ray goes through one counter or another but not through both. This
arrangement has also been widely used in cosmic ray studies.
. The counter however does not distinguish between the types of particles, nor does
it measure their energies, because the magnitude of the pulse is independent O.f the
Lature or energy of the incoming particle. A proportional counter however does 1t. I‘t
5 Usually designed to count a-particles, §-particles, x-rays and 7y-rays. The particles,

Wever, could be distinguished by finding what absorber placed in their path can StOP

“* to enter the tube.
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3.5 Neutron detection
. and canno

ticles
5 are UnCh.Mged par :onisation proces: v
Nor cal they pmduced by 1 P 5. They g m

agnetic fields. . ulsion tre |

?ufrescence nor produce cloud chamber tracks Of emd o Zacks, NOF trigy, y

unters Fc;r these reasons, special techniques 7€ eeded to detect neutroy, %
co . . . , ‘ ,

' int ,

Methods for detecting baffeld ol :OI;SG nofr”:‘f)cflzst? m/f?lea'r Tety,

involving neutrons in which charged partic es cap | P cing loms;‘“fin ,-

released. The usual reaction is _ . . A

4 7

198 + n - iHe + 3Li

t therefore . be deflected 1,
Y ol o

Neutron

ucleus produces one a-particle and a Jjt;
llm

g with a boron 1
isation track which can be ugq,
vl ,J

Each neutron interactin
ts turn produces an ion

nucleus. The a-particle in i

detect indirectly the presence of neutron.
Thus a neutron counter must contain some gas that jonises after neutron-collisi,

with its molecules. This is possible with boron-trifluoride gas, BF3, in which the horg
atoms produce o-particles which are Jetected in the usual manner. Neutron counters
are thus either ionisation chambers with electrodes coated with boromn or proportiong

counters with BF3 gas in 1
A typical BF3-counter consists of a cylindrical cathode, usually made of stainles

steel, with an axial node wi :
- ! anode wire of tungsten of dia ~ 0.5 mm. The operating voltage
' _ranges between 2000-2500 V at a gas pressure ~ 100-600 0
For greater efficie ¢ detecti _ torr (1 torr = 1 mm of Hg.
10, Sebame Reyio etectiom, the gas is prepared using bo highly enri edi
B isotope. B IR ng boron, _lghl}’_ enriched in
" The efficiency of a BF3'—<':6u'nter deperids ORI : | | '
T . " S pendSOH-theener i oE e
. ',,H(_e_fS .p_rqpqr'tional ;c'ounvters‘are also used as a ngey :f i}he nﬁl_ltr(')n‘," .
P;@gcmg_ :Chérgeq_paLI_‘tlcl‘eS‘(prOt(.)‘nS)' are produced i uv TQn‘-detector_ The pulse
el retrons i the el o o s ling thov ‘nuclear reactions induced ¥
igher pressures. The reaction cross-section is alSOAIGT;;‘nt’;r};'Theyﬂcaﬁ be operated ot
+18 also. . The

_ e'3 proport;onal‘COunters more efficient than BF3-counters se two factors make the
' - 3-tounters. .
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10.1}/‘ﬁVERSE PROCESS

(Reciprocity Theorem). Let us consider a reversible process X+-as=
Y4y, in which X,x,¥ and y occur in arbitrary numbers in a large box
of volume V. We are interesting in the relation between the total cross-
section o(x—y), most generally o («—>B) of the reaction with entrance
channel « and reaction channal B aund the total cross-section o(B—>a)
of the inverse reaction. For this we use the fundamental theorem of
statistical mechanics (the principle of overall balance), which states
that when the system is in dynamical equilibrium all energetically per-
missible states are occupied with equal probability. Here we are
interested in two particular states, the reaction channels « and B. The
theorem is then equivalent to stating that in a given energy range
the number of possible channels in the box is proportional to the
number of possible channels into the box. The latter is given by

W = 4rpy? V dpe — pua Vdpu
o= = .

h? 2n?h3
Since v=dE|[dp, hence Na=pa? VdE«[27*H3,. ..(59)
Similarly, we have =~ Np=pa? VdEa/2n*k3%p5. ..-(60)

The energy range for the two channels must of course be the
same, i.e. dEx=dEp, hence

No. of channels « in the box _ Na_ pa® v (61
No. of channels § in the box Ng  ppa? ve

The system is in dynamical equilibrium when the number of
the tramsitions « — B per second is equal to the number of transi-
tions § —> « per second. The condition usually holds and is known
as the principle of detailed balance. Further

No. of transitions a« — B per sec=NaXawlx —> ),
where w(e — B) is the transition probability for the reaction (x — B).

Hence pu® v w(a — B)=pa? va w(f — o). ++(62)

The transition probability measures the chance that one par-
ticle moving with velocity v in volume V is scattered per sec.
Hence the cross-section o which corresponds to unit incident flux is
given by the relation

o= V. -+(63)
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Combining relations (62) and (63) and using k=p/h, we have
ko? o(a—B)=kp? o(f—>a) +++(64)
or .r;(a—)ﬁ)/*az=a(ﬁ—>a:)/*32. ,_,(65)

We have assumed zero intrinsic angular momenta fox; the
particles so far. If I is the intrinsic angul.ar momentum of any
one of the particles, the corresponding density of states then mugt

be multiplied by 27+1. Thus if there are intrinsic momenta for
X, x, Y and y, we may write

2Ix+1) 2I:+1)ka?s(a—>B)=(2Ir+ D(2Iv+1)kp26(B—w).

...(66)
If the initial and final states have definite angular moments
then the above equation must be employed.

dMs «n
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Al h]shicﬂﬁfﬂ
value ;,I;: 'ﬂéﬂg'.?:;?r‘ the reflection
r(RTX)% ol can al#o be used 1o obtaln an il LCITIP I
Similar nppr:)éf"un of charged p;lllwhml- I h’l(lhh cane (], i.,,'f’
the reaction crol,"[ d by the Coulomb potentin f)"/'l/'v"/'lr.. .
dent beam I8 devia h o reaching the n'uclcur surlice 1hy, hay s
article [(“—«(II//'.)J"’. where N ¢ :

. approaches
jes the crosection app the ¢y,

easing energy, but lesg T e
8 with decre 'u! lllgm wuclear boundary, ly "'.:‘

¢ incident P ter : i
'1"1“]x'"’"'ﬂ,,};{,’ficfz(’}e‘;,m"I'fc:"“ the rcuction cross-section ,_.“'l”ll"r;.h
barrier iy
expressed 88 _—

ge=nl(1—BIE] E>
=0 E<B "'(k(,)

Here we sce that the high energy limit of this eqn j, .
identical to that for neutrons. ;

in a bett
An altempt to obtain a
of a¢ has been made by Destrovs

/]7 RESONANCE : BREIT WIGNER DISPERSION FORMULA

S .
t of cross-section and level width can be appjeq

rc‘on;]lézlcc;ﬁczpquuntimtiVc way. In the pnr’tlcrulml{ Importyny c..fq
of resonance processes, a Ihcorctncul, formul.l for } lcUcmars-l.ccll(,,,
was derived by G. Breit um_l [E.I., Wigner in 1 1}c. nited Stufey
in 1936. In its simplest form, it gives the value of the CIOb-Lecfjg,
in the neighbourhood of u single resonance level formed by 4y, incl.
dent particle with zero angular momentum and charge o1,
so that spin and the Coulomb effects can be ignored.  The reyy)( is
analogous to the theory of optical dispersion, 80 that the maip for.
mula obtained is often called the dispersion formula,

Whether or not the level of a compound nucleus g bound,
excitation by an incident particle can be treated as analogous fp (e
excitation of the oscillations produced in an electric circuit by gy
clectromagnetic wave, We therefore, expect the nuclear cross-section
to vary with the incident energy in the same way that the encrgy in
8 forced oscillation varics with incident frequency. The classical
resonant circuit absorbs energy because of resistive levels, In the
puclear casc, damping arises because of the possibility of decay,
Becausc of this possibility the nuclear state has a finite width I', T

.\:lve function of a decaying state of mean energy [, may be written

er fit to the continuum theoyr
ky et.al. in 1959, Y Valug,

U= y(r)e 1o 1/l ,—T128, w(8)

This corresponds to an exponential d i i
. ! ccrease of intensity of
F::gl?::“au,w}? ]* witha time constant = (== $/T"), This &nve
. 0 shows that a decaying state js not a state of definite
eneigy I of the form W (r) ¢~ I(E/B)1. Never the less, it can be

Nuclear Neactlon #0

up'nﬂ"’f" by a superposition of states of shightly different energes
1 ench voth a differernt ﬂ[hp“ll[l’ﬁ AL

v Ay
W, 1) = A1) e [TAD A
s

dr, A%

Using the Fourier analysis technigue, we can show Yhat the
encrgles [o wre prouped about a mean energy L with a spread of
the order of V'=<hA, L quating eqne (%7) and (%3), we yet

F I'r/2h e M2 I' l/ﬂls')ﬂ.w WE~Fq) t/h dE. o (29)

According to the Fourier theorem any well behaved function
f(1) can be regresented as

I Livett [SL <~ lwt 7 et ey
/(f)-"z:‘". 05 S 0 ¢ dmiww e fude.  ...(90)

4

Applying this to the function ¢ 212 we get

| S ML~y

= ¢ di
2rh ),
N S —
T 2n (E~ )4 1nAj2

Here we have assumed that the decaying system was prepared

at the time £=0.  The probability of finding the system with a given
encrgy I is proportional to

Ay

.(91)

’ 1 ] " 1
7)) {2000 conrr e pap—— it 12 -
| AWE) o= s (E=E+(hA2y ant (mwm'“(m

‘This gives the level shape. It i3 exacMy =s. for pure radiative
decay except that particle emissidn is now included by using the
total width I' instead of the radiative width I', “The cross-section
for excitation of the level by collision of ‘particle x width nucleus X
is, therefore, expected to have the form

aum Cl((E—Eg) 4 I"/4), ~(93)
where C is constant,  For (e determination of C, let us suppose
that the compound nuci-4> formation and decay processes take
place in a box of volume }  which
contains onc nuclcus X and one
particle x. If the states are quanti-
scd, the no. of states of motion of
particles with momentum between
p and p-dp=(dnp*dpV)/I.

The probability of formation
of the compound level per unit
time=No. of possible states of
motion X probability that the nu-
cleus’ X is contained within the Fig, 10.1. Formation and decay
small volume a,v swept out by the  of a compound nucleus in a
effective collision area per sec., i.c. single chanagl,

‘
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A0 dpﬁi,,,gga V.-GT,“'-— e p,dpf N
- (93) in
; value of = from cqn fis &
substigum:)% cl‘l_lih c‘--cncrsy spectrum; wo get vy .
pdinteg® O
pP= /h;v'p'(E"I-'o)L“l T
-00
0 4nC . 1 ‘ ‘
‘S . (E—Ea*t o4 9.

ume that the variation of the channel
¢ ass

: ~ av
g er the level width ' may be “°8‘cctcdd\?m,x
f the particle OV jon per sec » Whey g
grobnbility of formatt S
o _AC 2 g SR ]
= T .
4C 2 ___ c_
=g T T ERRT .
Probability of decay per sec=I=/h,

. artial width of the compound icvel for the emjg
wP;re f; ‘:hlfcgguﬂibrium state the probability of formation pl::m“
:zouid cqual *o the probability of decay per sec of the excited gy
back into the system X+x. Hence

ClrEX'T=Ts/B or C=nX"I'Ts,

+(95)
Substituting this value in eqn. (93), the cross-section for ty,
formation of the level becomes

ﬂ*’[‘ Ps
ca(E) =’—_(E__Eo)'+ rija ‘"(96)
For the process X (x, y) Y, we obtain reaction cross-section g
ol y e Oy
r=0ey(E)= =
or=0ey(E) T X! (E—Ey+I4 «(9)

Here ['sand I' y are partial level widths defined as
a2 =H and Pv‘l‘y=5,.
wiere 7o and 1y are the main life times that th d '
would have if el i SoTPo pioo
ooly possibe m :d ?‘ﬂ:f szz;?.nng of x or the emission of y were the
If spi

n e o o
multiplien b;'mf"f'lg,‘;:d' the right band side of eqn (97) must be

sy if°u':(2"?+1)1(21-+1) Q@Ix+1), o)
» i8 the total sl
that of target nucleuznaﬂa; momentum of the incident particle, /x is

€18 of the compound state, which is )

evur Phy -
Sy v
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formed only by those orbital angular momentum I- which satisfy the
conditions

Je=Ix+1a+1s and TxTl(—=)»=Ilc. .--(99)

Hence for the nuclear reaction in which particles have definite
spins, the relation (97) can be written as

P v ()] I.Ty .

m.——nk (le+l) (2“‘-\-\) (E—En)2+["/4

..-(100)

This is known as the Breit Wigner resonance formula. For the
(n, 7) reaction in particular

QIc+l).  TuT,

= a —
olm, V) ="K S Gy N E—Eo» T[4,
This is maximum when E=E, and is equal to

...(101)

Smazr (I‘lI Y) =4n9("gcr‘nl‘~,ﬂ". .‘(102)
For E=E,+ I'/2, 6=} omaz and hence ' is the full width at

half maximum. A sharp resonance corresponds to a narrow width

T \g i j | | l
'2‘k 5 1 l i Alntarumn ‘ l \ H
0 B A N U N U N
- _ | | | \ [
'l 1 { | 1 1 | |
8 R \ Total cross section | | 1\
A AN £\ N W S N D
Z R WA | a1 Al 1\
. B | LN A VO N A VA N I
NENA -{_\J AV, RN AN AW B
2 — L W1 VYl | 1\
iy I | ! | [ | { | |
A S W D S N B N |
3 { s\_\\ l\ | l{ }L JY { n
16 4
I2L !‘\ . \A Abecl)‘rpuonlm n«}?lon ‘i g

-
N tqm\\x‘ AN

(C O '

Neutron energy (kev)

Fig. 10.12. Total and capture cross-sections of Al for neutrons.
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. tate of long Tife. A largeg, .
n excite] St when [a=[,=I/2 Is . Possiy,
4 thus 10 28 © 0 cur when [-=1 5 Tts marpSible
;:ercross-stflf?. :' ',:_ Tne width of the réesonance Pe:kmaén Poge
ple value 7.‘—.:—1';13 5 geaeral way. if the pe:l,k TS Bercak age o
cross-section: nge he cross-sections arer lhely to by % l
(- encrgy ra . red with the case o‘ sharp ang e m:\h
e s COTPKisi ; related with the |j Trow Q1
dc:rea;é’lb of the peak is inversely rela ¢ life of o
Tt:c“;f the co:npound rucleus- . e
sta | cross-section St and the radlo_activc ca
The tot‘; have been measured 2s functions of them- -
. . .
section c(n,c‘rgy, Some of the results are shown ip 3 ;"E)mdm
peutrod ef ross-sections are plotted as functions of o 012
T edte range (10—500 keV). In this energy range tétall“ Gy
inumc?;tf”"bis pracﬁmlly‘cq“:_ll to the elastic SCaltering O
ﬁg: 2s only reactions in this case are the elastic sm“"ingg?‘
radioactive capture. :
ion (100) zpplies to all resonance cross-sections ey
. Ci?:iiu re-emission of the incident particle o(x, x), i.c_c‘(?,‘ for
tffonanrc scatrering- Besides compouad nucleus Scattering stie
;b”rp‘i"“ and re-emission of neutron of the same energy) it
incident particle wave is scattered by the nucleus as if jt ;vcr‘:tis
e elate s s lyl’)Iﬁ:lxof Scla“t?rmg s known as Potentig)
5 Shapel;e’amc FOpEaEs e elastic-scattering Cross-sectioq ¢,
is given by

Taj2 idr . B
A —_— : S +(1— s g i
ac|=n..kl[gc‘ (E—Eo\+if'/2+e sin ¢ (1—go) sin ¢;1
-(103)
where ¢1 is an energy dependence quantity known as the hard g
phase shift. For /=0 or S-wave neutrons ¢=R/X == phere

[ Rk. Hence for
S-wave neutrons on a spinless target

gu=4zx* | —D2__ 4 eax gin kR |
\(E—Eo)+i([}2) I -(104)

Here the cocfficient 4=X* is the maximum possible-S-waye
scattering cross-section. The first term between bars is called the
resonance scattering amplitude, which if present alone would lead

toeqn (97). Thesecond term is called the potential  scattering
amplitude, which if present alone would lead to

Sa=4=X* sin%R.

«o(105)
This term varies s i :
KR L. AS EoO m gctu:oothly with energy. For small encrgies

G == 41:R1, .--(106)
lering cross-section for an impenetrable

The resonance te
small elsewhere. For Eml-n

which is the potential scay,
sphere when R < X,

l&::st 10 large values near E=E,, butis
WO terms interfere destructively

Nuclear Reaction an

yielding a low value of aei.  For E> E, the interference is  construc-
tive. Forcharged particles, resonance scattering involves coherence

between Coulomb potential scattering, nuclear potential scattering
and resonance scattering.

Let us consider the lowest energy resonance of the compound
nucleus. For E <E,. the denominator of eqn (101) does rot

change much with E and I'y is independent of £ but ' does depend
on E. Hence s (n,v) @ X3 T'a. The probability of elastic cmission
of a neutron of energy £ (mo-

PLAKS

mentum p) is proportional to 1020
the density of states in mo- p———
mentum  space around p. -
Hence 100 )
T oxxpdp/dEf E=p*/2m } ; tre

x<p dE=(p/m)dp - REGION

Thus we have

FAST
NEUTRONS
s(mY) xXxip L
«l/p (O *:5/‘,) \ | N S B W [ S |

102 1 0? ot 1o*
or o 1/, --(107) NSUTRON ENERGY LELECTROMN VOLTS)
where v is the velocity of neut-  Fig. 10.13. Curve of neutron cross-sections
ron. Itis known as I/v-law.

showing 1/v, resonance, and
Thus Breit-Wigoer formula fast neutron regions.

leads to the conclusion that at low neutron energies the cross-section
should be inversely proportional to the neutron speed. Following
1/v region there occurs the resonance region in  which the cross-sec-

tions rise sharply to high values. The cross-sections are low with
neutrons of very high energy-

CROSS SECTION (BARNS})

10.15. OPTICAL MODEL

The continuum theory does not stand upto experimental tests
satisfactorily. Barschall plotted the measured total neutron cross-
sections in a three dimensional graph against the neutron energy E
and the mass number A4, and found that the cross-sections did not
decrease smoothly with increasing E, as predicted by the theory, and
that the trend of those maxima und minima with energy was a
smooth function of A. He showad that the disagreement with the
theory was not due to unexpected resonances in individual nuclides,
but to a general flow in our theory. The widely spaced shallow
maxima and minima were expected from scattering by a potential
well, as in the shell model. Thus we see that our compound nucleus
theory must be modified in the light of shell model idea. ‘

A mathematical mode, known as_optical model, pictures the
interaction among the nucleus as being intermediate to that predict-
ed by the continuum and shell models of the nucleus. It is the
model of a complex nuclear potential, the real part produces a
potential scattering like the scattering by a hard sphere and imagina-
ry part corresponds to the cross-section for compound nucleus for-
wotion. The nucleus can thus be viewed as a cloudy crystal ball,
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icti f the

ful for the prediction 0
n notl;csse of nuclei observed in the
. del suggests that nucleon
tum to the

The Fermi gas modc: i
detailed properties of low Iying
radioactive decay processes. Though l’l;c :ﬁgunl o momen
collisions will not often transfer sma r: s o
nucleus, because the oucleon momentu S anger €
filled. A nucleon in an excnged state is nC ONECT ¢ become more
Fermi gas. [ts interactions with the remaining e Hence highly
and more important with increasing excitaion cIBY. e energy s
excited states of nuclci are many

bedy states 1 ! d
i i cleus is more like a norma
shared by man, articles. An excitea nu
4 eria nucleus in the groun

ate. For a nucleus
condensed material than a -tic:I s:vay of describing
composed of many particles, toe On. h. This statistical
puclear excitation is in the statistical HPP"rﬁ'acn;edium and heavy
approach is applicable even to unbouud states for
nuclei.

9.3. LIQUID DROP MODEL
associated with the semi-empirical

A nuclear model usually ) s
mass formula was suggested by Bohr in 1937. In this mo?c'l :::c[‘i::;
features of nuclear forces are ignored but the str?rzlg 1’?!15 o
attraction is stressed. The essential assumptions alre . (1) e

hat R=RoA'"*; (2) The nuclear

consists of ipcompressible matter o t
force is identical for every nucleon ; (3) The nuclear force saturates.

Thus one might inquire whethera nucleus can be represented as a

i leons. But it gives that the zero point
crystalline aggregate of nuc! R e asitions Gh pe

vibrations of the nucleons about their mean

too voilent for stability. Hence the in | nucleons must be able
to move about within the nucleus m
and one might, therefore, think of a nucleus as s
drop of liquid. Such a model is thus known as liquid drop modei.

The idea that the molecules in the drop of liquid cogresppnfi

to the nucleons in *the nucleus is confitmed due to following simi-
Jafities : (1) The nuclear forces_are analogous to the sut ce tension
force of a liquid ; (2) The nucleons behave in a manner similar to
that of molecules in a.liquid ; (3) The fact that the density of _nuclear
matter is almost independent of 4 shows resemblance to liquid drop
where the density of a liquid is independent of the size of the drop ;
(4) The constant binding energy per nucleon 18 analogous to the
lafent heat of vaporisation ; (5) The disintegration of nuclei by the
emyssion of particlés is analogous tG the évaporisation of molecules
from, the surface of- liquid ; (6) The energy of nuclej corresponds ty
internal thermal vibrations of drop molecules ; (7) ‘Lne forsation of
compound _ eus aond absorpuon of bombarding particles are
correspond o thecondensation of drops.

inspite of these similarities we see following differences : (1)
Molecules attract oite another at distances larger than the dimensions
of the electron ghells and repel strongly when the distance is smaller
gau_the size of the electron orbits. Nuclear forces are attractive
within the smaller range, the range of nuclear forces. (2) The average

Geseor—rtons

=

prs

e

-

IVBLIE W s s o

K. E. of the molecules in the liquid is of the order of 0'1, eV, the
corresponding de Broglie wavelength is 5X107"* m which is_very
much smaller thao the intermolecular distances. The average K. P
of nucleons in nuclei is of the order of 10 MeV, the corresponding
A=6x107* m, which is of the order of inter-nucleon distances.
Hence the motion of the molecules in the liquid is of classical
character whereas in nuclei the motion of the nucleons is of quantum
character.

Semi-empirical formula gives no information about any other
properties of nuclei than their energies and the Z|A raiio. In eati-
mating the properties of the excited states of nuclei, une has to
consider deformation of a spherical drop giving rise to periodic
oscillations of the surface.

A spherical drop (a nucleus) of radius R, is deformed. If R
(8, $) be the distance of the deformed surface from the centre at an
angle 0, $, the difference can be expressed as

@ !
g, $)=RO, $)—R,=Z Z  qim Yim (8, 4). .. (5)

I1=0 m=—]

To make the problem simpler, let us consider cylindrically
symmetric deformations for which m=0 and qi o oscillate harmoni-
cally in time as

Gi,o=q: cos (ant). ..(6)

The characteristic frequency w: is determined by the dynamics
of the vibration. The surface tension opposes the sutface deforma-
ton. Since the liguid is incompressible, the waves at the surface
implies motion within the liquid. The wavelength of surface vibra-
tions of a liquid drop is given by the relation X=R/l. The mass p
participating in the vibration is equal to the mass of the outer shell
of thickness X, given by

p=M@3X/R). Q)

The kinetic energy in the vibration T=}ra?. ...(8)
Due to the wave of amplitude ¢ and wavelength X, the plane surface
S increases by an amount
AS=} (/%) S. --.(9)

The change in surface energy of the drop ASaz is equal to the
potential energy. Hence we get :

AEs=} (qu/X)* Sx=1K q*. (10
From relations (8) and (10), we get the frequency
wr=(K[p) ?=(4ral?[AM)' 1. (1)

. The specific properties of the spherical surface change the I*
into I{I—1) (14-2). The surface tension coefficient « can be calculated
in terms of surface energy Es=as A*" as

< —
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AnRla=Es=a: A" or  a=aAnR AR5
Hence relation (11) becomes
we[ KI—1) (1+2) (a:/ 3R’ IWA)]‘.I’. . (13
This gives us too high value of the excitation energy. The ffﬂqucncy
w is reduced by the Coulomb efTect, aioy . o
w,=[ '(I—”{““)‘Eﬁ ! -

=3 712,2

etween the Coulomb energy Ec=3Z%(4re, R

n energy E-=4““R’=ll’a A?’3. This eQuat'i)ou

: cies for heavier nuclei, but;

ds to somewhat smaller frequeuncies ) but is
;:iuﬂicl'ent to represent the actual level distances.

i becomes imagi
Relation (14) shows that l'hg frequency gina
when v is larger than acertain limiting value Ye. Its smallest valuc?;
2 for I=2. Hence condition for stability against surface deformation

is

where v is the ratio b
and the surface tensio

ye(=E[Es=0.0474 ZYA)<2 or Z'A<42.2. (15)
We, therefore, expect in this model that the nuclei near the limit of
Z2/A split into two parts by the additional supply of small amounts

of energy- .
We summarise the results : The quqid drop model not only
gives atomic masses and biading encrgies accurately, but also
predicts a-and B emission properties. T[le binding energy formula
does not include closed shell effects, but it can be used to provide a
base line from which shell effects can be calcu_la!ed- This model is
able to explain certain features of nuclear ﬁssnon,' bqt is not very
successful in describing the actual excited states as it gives too large
level distances. This model is the forerunner of the collective model of

nuclear structure. It forms the basis of Bohr’s theory of the com-

pound pucleus formation in nuclear reactions.

9. "/SHELL MODEL

In the liquid drop model we have emphasized the properties
of nuclear matter and have said nothing about single nucleons. This
is a great departure from the atomic model where the emphasis is on
the motion of the electrons in the field provided by the nucleus. Now
questions are: Can be nucleons exist in well ordered quantum
controlled nuclear shells ? Is there any evideace for the grouping of
nuc:gt:ins info shells ? Can quantum numbers similar to n, I, s, j be
::5,[2:;,;110'”‘6 nucleus ? For certain numbers of neutrons or proions
reminisc:ﬂc r}umbers, nuclei exhibit special characteristics of stabilit):
N who' }l]hq properties sl}own by noble gases among the atoms.
(2.8, 20 28 15c t;;heler or Z is equal to one of these magic numbers
tandibloi’ el t?))e sll]ov{dccrtam paticulars that are not under-
magic DB s DUC]]e(i)l:lls cdrob;: model. We will see that the
of the nucleus, Evidently proto and plained with a shell model
rot all equivalent as had e ns and Deutrons in the nvcleus are
1 assumed in introducing the liquid

. drop

" espedially abundant in nature.

Nuclear Models »
model. We will see that this mode

not only the magic numbers but also man
sach as spin, magnetic moment and enerzy

: 1,/Evid!nce for the existence of Magic numbers—(1) Mayer =
1948 suggested that nuclei with a magic number of nuclenns zr=

| is capable of explaining
y other nuclear propertes
levels.

(2) ,He*, and ,0'* are particularly stable; can be seen from
the binding energy curve. Thus we see that numbers 2, 3, indicate
stability.

(3) Above Z=128,
isotopic abundances exceeding 60
and Ce¥*® (N=82).

(4) No more than five isotones occur in nature for zany N ex-~
cept N=50 , where there are six and N=382, where there are seven.
Neutron numbers of 82, 50, therefore, indicate particular stability.

(5) Sn (Z=50) has ten stable isotopes, more than 2ny other
element, while Ca(Z=20) has six isotopes. This indicates that
elements with Z=50 and Z=20 are more thaa usually stable.

(6) Alpha decay energies are rather smooth functions of 4
for a given Z but show striking discontinuities at N=126. This rzpre-
sents the magic character of the number 126 for neutrons.

of beta-

(7) Very similar relations exist among the energies
ray emissions- These energies are abnormaily large when the
neutron or proton number of the final nucleus assumes 2 m2gc

value

the only nuclides of even Z =which have
%, are St® (N=50), Ba™* (N=%2)

(8) The particularly weak binding of the first nucleon cutside
a closed shellis shown by the unusually low probabilities for the
capture of neutrons by nuclides having N=50, 80 and 126.

(9) Itis found that some isotoges are spontaneous neutron
emitters when excited ahcve the nucteon binding energy by a pre-
ceding B-decay. These are : O(N=9), Kr (N=51) and Xe(N=83)

(10) Nuclei with- the magic proton numbers 50 (Sn) acd 82
(Pb) have much smaller capture cross-sections then their neighbours.

(11 The- doubly magic nuclei (Z and N both magic numbers)

sHet, 40, ,,Ca" and ;.Bb™® are particularly tightly bound.

(12) The binding energy of the next neutron or proten after

.a magic number is very small.

(13) The asyminetry of the fission of uramium could involve the
sub-structure of nuclei, which is _expressed in' the existence of the

magic numbers.

_(14) The Schmidt theory of maguetic moments for odd A
nuclides shows that the ground states of these puclides change from
even parily to odd oDarity or vice versa at the pumbers 4=4, 16,

40, when the nucleon numbers are 2, 8 and 20 respectively-
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stand some of the m!
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of p\\‘\"“m?‘.}: and  harmonic oscillator potentials

tho cases. :'-_"'"‘P‘f‘ ::‘:"; cages we can obtain an :xuclv |sloLullon.
are n\x\su‘t_"r‘ﬁ‘- L ontrasting view points. The :\f“t:l‘lll‘c well has an
They provide two ! “here ms the harmonic oscillator potential
infinitely sharp edge dge. The addition of the spin orbit

ey N ) he ¢dg ! C i .
d‘\‘:‘:::i‘:l“clis-:\‘i;\}\?e)s“w:\\e of the difficulties experienced  with the
po - ming E

above twa votentials.

2, Extieme Single ‘\‘“ti\;:-'\
(hat the npeleans W the W

5 . dels is the solution of the
ting point of all shell mod c
Schr )t.}}l!:e‘ci‘:;‘]llalﬁof\‘ for a particle movVIng in & gpherlca\ly symme-
tric i cﬂflr\l field of force. The eigenstates available to a nuc,c?n
or}Lx:sss A ;noving in a (mean) spherically syfnmclncal potential
V(r) arc determined by the solutions of the equation

(vr+28 -y Y=o, (16)

i igenv. lation reduced mass m
where E is the energy eigenvalue. 1n such a relati

is replaced by M; nz; in a heavy nucleus m is praqtlcz\lly equal to the
nucleon mass M. The general solution of this equation cun be
writtea as

Ynin(r 0,8) =temi(r) Yim (8, é), 17

where um(r) is the radial function and Yin (0, ¢) arc the spherical
harmonics. The set of guantum pumbers n, I, m detergmnos an
cigenstate corresponding to an cigen-value En. The radial wave-
function uw(r) is a solution of the equation

1d dua) | 2M 1(1+1) B
(S ) v T 0t

- (@) Square-well of Infinite Depth. We will here first treat the
manageable problem of calculating the position of the various
encrgy levels in an infinitely deep square well of radius R. For
simplicity let usassume that the potential is zero inside the well
and '."““"e outside. Outside and at the boundary of the well the
radialwavefunction us (r) vanishes. The radial solutions are regular

}‘:/:h.i)‘"i&in and insite the well are the spherical Bessel functions

Niiclear Models 341

ww (r)=jilknir) =——-\/(1k“r) Jigyalkmr) ---(19)

‘where A is a constant, Ji +/4(katr) is a Bessel function and ke« is the
wave number can be defined by the equation

kni? == 2—%47[ Em—V(r) ] ...(20)

where En is the total —ve energy and V(=—U) is the well depth.
S It is better to measure energies from the bottom of the well and then
we hate

ka?*=(2M/[B*)E s, ...Q21)
where E’w is positive, measured from the bottom of the well.
The permitted values of ki are selected by the boundary coun-

dition. In the simple case of a well of infinite depth, the wave
function has to vauish at the nuclear boundary. Thus at r=R

un(R) =ji(kmR) =0.

Each l-value has a set of zeros and each of them corresponds
to & value of km given by keiR=Xx. Thus the eigen-value kmR is the
By n** zero of the I** spherical Bessel function. The pumber n, giving the
$€ numbeér of zeros of the radial part of the wavefunction (not counting
\ the origin), is known as the radial quanfum number. It differs from

the principal quantum number of atomic spectroscopy, sioce the
latter counts all the total wavefunction, angular as well as radial and

is of major importance for specifying the energy of the correspon-
ding state.

Fig..9.2.is a graph of spherical Bessel function for /=0,

1 and 2. There is succession of zeros at ka.R=x, numbered serislly

n=1,2...a0d these values differ for different I. The order of levels

in a spherical square well of infinite depth is-given by the order of

¢ zeros in the Bessel functions. We indicate such levels in order of
Increa ing cnergy. The level energies are given by the relation

E'm=k*m B[ 2M=(5H*]2MR)x* --(22)

|

2
'f\'\\ o

~

Pig. 9'2. Spherical Bessel functioss for =0, 1,2,
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Vi a shell for the harmonic oscillay

above results that the closure ofas g o ' :
40, 7 whereas the square well potential gy

20, 40, 70, 112 and 168, whereas : Q' 68 70092, Tog. 1) g'gz;‘?.

d 156. Experimentally observed values arc 2, 8, 20, 50, £3 ap4
an .

to neutron or prolon numbers
. rresponding
ential occurs €O

magic numbers at 2, 8, 18, 20, 3

iei n these two potentlals. ..
126. Thus the truth may lie in betwee i3

i i ential. Several attempts have been made o

. (Ch S’g:nc-nolffllst t};a;'ield the observed magic numbers.  Mayer
modify the p Jensen and Suess in 1949, suggested that 2 non-centra)
and Haxcl,h :m be included in the force acting on a nucleca in
compouen}s 10 corresponding 10 the interaction between thq orbita]
e lsemum and the intrinsic angular momentum (spin) of 5
nngqlar ql%mma etic moment is associatgd with the spin angular
rticle. ;nd g:?:e magnetic field is induced due to the orbita]
:;JZTIZTxl;:memum. This magoetic field has an cficct on the

magnetic moment. The interaction energy

—_
We—p. B=— f(r)s], - 28)

i i lar momentum vector;
1 denote the spin and orbital angu : :
:g;:zgvae?;and £ (r) is a potential function. hus the potential whicl;

determines the single particle wave function will be V(r)—f(r) sl

where ¥ (r) and f (r) depend only on the radial distance 2nd the size

e
R S i

P ~~ - ~
( (
N N -

\\—---—"”, \\~—-_—¢"

SPIN-
S+l Isi-¢

Fig. 9.4. Coupling of orbital and spin angular momenta of a nucleop,

of'the nucleus. Because of the strong coupling, the two vectors
ombine to a total angular momentum j for this particle. Since
1=}, there are only two possible ways of combining s anfj 1, result-
ng in the strerch case j=I+s and the jacknife casej=l—{. We
an find the product sd by the cosine rule applied to the triangle
ormed bw fhe vectors s, | and j, as follows—

I} [P—P—s"=§ [j(j+1)—1 (I+D)—s (s+1)]
=t! for j=I+1
=—t (I+1) for j=I—t. .:(29)

The energy shifts from the central value are

Nuclear Models
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LE-I=—§1EJHLM’1){’/(') for j=1-+4
=341 [drl%dr"/(r) for j=1—1% A3
and the total spin-orbit enerzy splitting is
L (A Ei)=L Em (j=1—3)— s Ea ( j=]+1;,
=+ erin 027 0. 31

Thus we sce that the spin orbit interzction splits ezch of the
higher single pzrticle levels. ne term with j==/+3} Jietr lowey in
energy and is thus more tightly tound, then The term with j==1-%.
Tne splitling increases with 1 and czn become 30 large 1hai for
given n the term itk the largest [ value acd j=Il+3} can sjige comn
to energies as low 2s those of the multiplet “with quaznturz_nomber
(n—1).” The efect of such an spic-orbit coupling is afzlogous o the
effect of the magnetic coupling 1hat causes the fine structure split-
ting in atomic physics. but such effects are much 100 wezk o give
necessary splitting.  There 15 2n evidence for the existence of a strorg
spin-orbit force betwecn nuclecrs from high energy polarisztion
experiments. Sequence of energy lcvels is like that skown in figore
9.5. Spectroscopic notation is used here to denote the terms.  The
letters (s, p, d,... etz)) detercice /and the subscripts the j, the
total angular momentum quantum number. The number

in
front of the letter is | if the symbol following appears for the first
time, 2 if it appears for the second time and 30 on. in-orbit_ level

scheme also shows that the qdd-parity 1k,,,-level is grouped with the
ev,in;pgrﬂ%h\m level, although'the energy difference between these
is small and They are markedly differect in their spias. Similarly
18s12 20d 2p175; 1ihy/y 20d 3pyy, are bounded together.

The lowest state 15,/, holds two nucleons. There is thus a closed

shell at 2. In the next state the interaction is not yet strong encugh

to separate the 1py/,, 2nd 1py/, levels by an amount comparable with
well spacing so the next closed shell occurs, when all the 6p states
are filled, at 2+6=8. The state 1ds, is definitely lower thzn 1dyts.
but it still forms part of the same shell. The states 1d,;,. 1dy, and

23y, are sufficiently close to constitute a single shell. The next shell
therefore, closes at 84+12=20.

For the state 1f7,. the Ivalue =3, is high encugh to lower
the state below all the other N=3 states, byt not enough to make
it join the group from N=2 Thus this shell closes at 20+8=123.
The next shell comprises 1f5,, 2pyy, 2p,/, 2nd 1g4.,. The last coming
down because of spin-orbit coupling from the next higher group of
levels. As it contains 22 sub-levels, this shell closes at 28 +22=30.

Similarly the pext shell is made up of the 32 sub-levels of Igyy,
2y, 2dy 4, 35y and 1By, 5, closes at 5034-32=82 and the one after
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that with 44 sub-shells of Lfig.a. 2fara. 2f5/2s 3Pai2> 3pu2 a0A g/ at
821+44=126.

In this way we See that the shell closures occur at particle num-
bers 2, 8, 20, 28, 50, 82, 128 exactly as required by experiments.

\\
N 1]15/2 — (16) — 184) ——— 18+
3d4/2 @) —
— ls —==;"= 4512 @) —
TN T B i — () —
Shw —_— 2 NS » { -
e 8 TN 52 ® —
—_ — Ty (10—
\
\\ ~ s
) S - 1i13/2 —— (M) — [126] ~—— 126
- —=— 3pl/2 — ) —
(= 3 —==IT 3p3/f2 @) —
ey e US[2 (6) —
Shw T~ ~ 1) ——————— (8) — (100}
odd 3 — 1h9/2 ———— (10) —
,/
\— 1h —<{
\\
— W2 ——{12)  [82] e 82
- ) e 212 2, —
tw ~—— 2d5/2 ~ (6) — [#4)
eren — 157,3 (g) —
&
lg —=<_
_— 2pl)2 (&) — 140}
fhu [ B = 1312 (6) — (3]
ot \m 1f —<” 2p3/2 () ~—
s (f12 —e—— (8) — [28} 8
M [ 28 1d3/2 () — (0] emmmemm 20
even L 14 .__<::(\_ 2. (2; - |{16)
e - d5/2 € = (1)
two__ —e— 1pl1/2 () = (8] s——8
T e ——— () — i
0 == 1y =———— Is () = l¢) =1

Fig. 9.5 Effect ‘of spin-orbit coupling on the level system of a well of a

shape intermediate between the square and oscillator wells. The magic
abers are given on the far right (Mayer and Jensen).
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spicd 87 vion.  HEOCr fer of 0
by Pingthe detailed ©

. cpirg reactions can be ,
of Reactions-  SWIPPICR eXplajy,
i s P A 1018 e«
by sizge P* EAR MODEL

/ NUCL : .
98/ CoLLBCﬂ:':] 25 been mOSt .,uocenful in explaining 5 -
7 Tpe sbell mo® s The deviations of magnetic momenty r, m.
of puclear x'uw:mk, this model bess acceptable. The mmuom
: oty are several times larger than oo B “."ibu;:
quad pole mc?.nvc‘cn in nuclei with just one m::’eon more or
1o the 0dd nucl.fCLc“ shere the single particle model should b, , ;
(han & closed & i is the observation that E 2 transitions are
Related :,O-'auld be expected for transition between tingj,

the American physicist, in 1950-.'“zznu=d

. Jncies might be overcome in odd-A nuclei by mnli?:r.

these dxur'tpr Jtion of the ¢even-cven core by the motion of the .

iog the mz?l-ru‘d&, core, consisting cven nucleons, thus hyye

pucleon. T ~€lh', (han a sphericel shape. This distortion
dﬂ,‘;?ﬁ;m] coptribution to the quadrupole moment apg

ll;r trapsition rate. The idea of the deformed nuclear e

quadropolar 1208000 T Eohs and B. Mottelson. The indivig
b::l:ent: ff:?iﬁfiamdyw move in orbits as before in a potentiy
o

. i ed by the remaining nucleons. It is now gy
"""‘b‘":ﬁ: ff:frf.mxiﬁ Configuration can undergo periodic Ot\gl‘-}.
ted that ‘N;e' This collective motion of the nucleons influencey
nuc!:;éfi",,a'u.l particle orbits becavse it cbanges the potentia) of
t:c o in which these particies move. Beczuse of the stability of
;.b: 'o:lrc the coflective motion is small and lpe mdc_pepdcnl particls
dmmer'ima sre prominent, for the nuclei consisting of almogy
closed shells.

The scheme of puclear encTgy levels which results from the
collective motioa of the nucleons in 1he core and interplay betweey
the motion of losely bound surface pucleons depends upon the
strength of the coupling between them. When the coupling is strong
the energy states resemble with the linear molecules. Corresponding
to the rotation, vibration and electronic energy states of a molecule,
we have rotational, vibrational and nucleonic energy states in the
nuclei. The rotations and vibrations arise from the motjon of the
nuclear core and the nucleonic states arise due to the motion of the
loosely bound nuclecns. The total energy is expressed as :

WeLow+ Evis+ En. (51)

Mathematrcally this means that the Hamiltonian is composed
?zr ?"’)"‘. additive parts contaming, (1) rotational co-ordinates,
) vibrational co-ordinates and (3) nucleonic co-ordinates. The wave

function is then the . o
: he product of three wave functions each coatzinio
the respective co-ordinates. i
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The vibrational states of nuclei are formed by flexings of the
puclear surface and are of complex nature. Nuclear totational
motion is also some what more complex in that it is not rigid body
rotation but a rotation of the shape of the deformed surface enclos-
ing A free particles. The collective motion now becomes a vibra-
tion about the equilibrium shape, and a rotation of the nuclear
orientation which maintains the deformed shape. Let us now dis-
cuss these states one by one.

_x Vibrational States. The nucleus is considered as an incom=
pressible liquid drop 2nd i3 described in terms of the radius vector

specifying the nuclecr surface. The general shape of tbe nuclear sur-
face can be written as

R, ¢)=R{l+ > annse, 4.,)]- (52)
oM

where R, is the nuclear radius if it was spherical, Ya,. are the sphe-
rical barmorics representing successive modes of surface standiog
waves produced by surface disturbances, aa,. are deformation parame-
ters determining tbe puclear shape,and 8 and ¢ are polar angles.
The subscript u takes the values—A to + 2, hence there are n+l
modes of deformation of order A. The mode with =0 (for all X
values) represents an axially symmetric nuclear shape.

. Any collective motions are expressed by letting @i, vary in
time. The kinetic energy of the nuclear mass is of the form

T=3Z B | PV .(53)

In the case of the irrotational flow of a constant density fluid, Ray-
leigh’s method gives

Ba=¢RJ[A, .(54)
where p is the density of nuclear matter. The potential energy for
collective motion is

V=} Z Ca laapl®, .--(59)
PO
where Ca are the deformability coefficient, given as
3Z% A1
=(A— =T >
Ci=(0—1)(A+2) S R 2% Ro V1 .+.(56)

where S is the surface tension.
Equs (53) and (55) show that the total Hamiltonian H is given by

H=E+% (1BalaasP+} Caan,®). (57
',

Hence the classica frequency of oscillation
wr=(CalBa)V2, ..(58)
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This shows that the frequency wa=0 for A=0 and A=1. The
A=0 motion implies chﬂﬁe_g_[_dmshy_nnd is not an oscillator. The
A=1 motion implies translational motion of the whole system only.
The energy eigenvalues corresponding to Hamiltonian H are the

harmonic oscillator energies, given by
E=Eu'|12 (map+d) B wr » ...(59)
"

where na. is the number of oscillators or phonons in the
Ap- of oscillation. The phonon of type Az carries angular
znomintum quantum number A, with Z-component g and parity
—1)4
According to the collective model, the eclectromagnetic radia-
tion field produced during a trapsition from the first excited vibra-
tional state to the ground state results from a rearrangement of the
nuclear charge from a spheroidal to a spherical distribution.
Under this process the angular momentum changes (AA=2) and the
clectromagnetic radiation emitted has the characteristics of E 2
transition. Since pairing forces depress the energy of the ground
state of even-even nuclei relative to the levels predicted by shell model,
no low energy individual particle states exist and states formed by
collective motions can more easily be observed. The first excited
level of most even-even nuclei is formed by the A=2 quadrupole
surface vibrational state and is generally known as a one phonon
state. The next excited state always appears to have +ve parity and
even angular momentum. Level scheme of Cd'4shows that the
third, fourth and fifth levels (07, 2+ and 4*) are formed by the coup-
ling of two quadrupole surface vibrations each with A=2. This
triplet set of levels is known as two phonon state. Even three
phonon states have also been identified experimentally. For the
octupole oscillations begin with 0%, 3~, since the phonons would
have A=3. The 3~ state is expected to occur very close to the second

excited state of the quadrupole oscillation.
_For odd nuclei a certain amount of insight can be gained by
considering the odd nucleon (in ground state) coupled to the ome or

Ir  keV Ir  keV /\J/;
—Tat

’
’ VA

’ Y
,,’ —ll 40 2
2+ 356 ——ad 2
P (e
VNS %t 20
\ =+ s “
2
%

\
Y
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0+ 0 —— . —— Yyt 0 2

%
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Fig. 9.7. Levcl scheme of Au 7,
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more vibrational collective excitations of the even-ev
shell model predicts a dy, ground state for the 79th prccl%:?reéx;e?f-
mental ObSCTVBIIOHS‘ have found a level at 77 keV (3* level) and a
level at409 keV (%4~ level). But there are three other observed
levels at 268, 279 and 548 keV, that are explained easily by the shell
model. Braunstein and deShalit have proposed that these are core
excited vibrational states formed by the coupling of the angular
momentum of the 2* vibrational level of the core (Pt'%) to the
angular momentum of the ground state of Au'"?,

Let us confine attention to quadrupole shape A=2. The eqn of
the nuclear surface is

2

RE, =R 1+ D w0 Yar @, 2 «(60)
p=-—2 '

where the deformation parameters «,, and the polar co-ordinates 6', ¢’
are in lab system. Since 3R=R (0', $')— R, is real, hence

agy —p=(—1)* (xzp)*. -..(61)

‘In the rotation from one set of co-ordinates to another by Euler
angles @ @ ¥, the spherical harmonics transform according to

Yaw (8, 4)=2 Yau (8", ¢) DAy (O, 0, ). ...(62)

The function D* constitute a unitary matrix, and are found in
the study of angular momentum.

a,,.=f aD*™,y (0, O, ¥). ...(63)

. Since the body axes are principal axes, the products of inertia
are zero, which implies that
a,»=8cos Y, @,;=a,, -,=0 and
ay3=ay, %=1 Bsin,
wh_ere_ Bandy are new parameters. The deformations 3R along the
principal axes j=1, 2, 3 are obtained as
3R, (x/2, 0)=(5/4m)""? BR, cos (Y—2wx/3)
3R, (m[2, w/2)=(5/4m)Y BR, cos (y—4x/3)
. 3R, (0, #)=(5/4m)V2 BR, cos Y
or in general
3R;=(5/4m)2 BR, cos (y—2mj[3) . -++(69)
lj'or =0, the nucleus would be prolate (cigar shaped)
spheroid with the 3 axis as its symmetry axis. ‘For y=2x/3 and
4r/3, the nuclei would be prolate spheroids with l-and 2-axes as
symmetry axes. For y=m, n/3, 5x/3, the nuclei are oblate sphercids.

If Y7nn/3, the nuclear shape is that of an ellipsoid with three
unequal axes. The kinetic energy for collective oscillations, eqn (53),

can be written in terms of § and v as
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'3 2 5 N s
r=18 @+ 1+ 2 g1 wr’y (65)
for collective quadrupole oscillations,
rincipal axes with respect to the
oments of inertia, given by
i v 2=j
9,=4B,p* _”-”z(.{_ 2_;'”)_—: :—’fgmu p sin® (Y'— 3 ), .-(66)
B i igid sphere of radj
ia is. the moment of enertia of a TIgI adiys
Xoh:;;gi's"h;:'iug value (167/15) B;. Above eqn shows that the mo.
ment of inertia for collectlve rotation about the symmetry axis is zero,
ie. for y=0 or =, §s=0. For the other axes, its values are equal, j e,
9,=8s=3=3B,p*=(45/167) Jriots 8" .. (67)

Since B is small, very little of the nuclear matter is actually tak-
ing part in the effective rotation. )

2, Rotational States —The observable ro}atlonal motion is
possib‘fe if the nucleus is pictured to be a fluid drop or to have
any form with a definite surface. This rotational effect can be either
rigld in which case particles actually move in circles around the axis
of rotation, or wavellke in which case particles perform oscillatory

motions and only the geometrical shape of the drop changes. If we
retain the shell model as a reasonably good picture of the indepen-
dent motions of individual nucleons, th_hm a nucleus, it is difficult
to picture the nucleus as a rigid body rotating around an_axis. Thus
a wave Jike rotation seems to be a more logical explanation, but such

<

1 ter
here B, is the mass parame
u‘:’: is thc’angular velocity of the P
space fixed axes and gy are effective m

(a) d ]

Fig. 9.8. (a) Rigid and (b) Wave like rotational motion
of a deformed nucleus. (c) Coupling scheme in the
collective motion model.
wave like rotations can be observed only in deformed iei
: nuciei because
the a;;}:a[r]cnt metion must then be solely a surface phenomenon.
the rotatlng nuclear system were a rigi
: J e gid structure, the ener-
gaylu:sis?lgscﬂ glc:'h gotgu&n would be purely kinetic and would have'
oy ¢ d, is the momen inerti i igi
aystetn i s by, (b bt tof inertia which for a rigid

Jo=2Zmyry?, . A68)

WY
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The observed moments of inertia for defcrmed puclei are
smaller than those for rigid rotors. They are, however, larger than
expected for purely wave like surface motion. Thus we see that the
apparent rotatiopal motion is of a form intermediate between
rigid rotation and wave like surface motion of the coostituest
particles.

According to the collective model, moments of inertia cf nuclei
can be determined from the energies of their rotationzl states.
Rotational emergy levels of an axially symmetric nucleus can be
described by the three constants of motion = I, the total zngular
momentum ; K, the projection of I on the noclezr symmetry 2283
(z-axis) ; and M, the projection of 7 on a space fixed axis (Z-zxis:.
The collective rotational angular momentum R is perpendiculer to
the symmetry axis. For a wave like rotaticn there can ke no rota-
tion about the symmetry axis. The quantum numkter X is, thersfore,
a constant for each set of rotational levels 2nd represects zn intrinsic
angular momentum for that bend.

If §; and g are the moments of inertia for rotations zbout symmet-
1y axis 3 (i.e. z-axis) and about an axis L 1o i1, and [, [, and [; are
the components of the total angular mementum operztor zlong the
body fixed axes, the Hamiltonian is given by

—SE B ey, B
H= ,_E; 3510 g U1+ 1
K2 K2
=35 (I2—12) -!-E: I .--(£9)

. For such an Hamiltonizan eigen functions are the D-fuactions,
which are the transformation fanctiuns fer the sphericzl harmonics
under finite rotations. . We thus have

1* D' sax=I(I41)D ur
Iy D'ye=K D'ux
L’ D'ys=M D'urx --(70)

and H Dluc ={5—' U U+1)—K7+ 3&*} Diise
23 t28,
and the energy eigen values are
B2 h?
E=—! — =
28[1 (I+1) K’H—zsa K. --(71)
... In the case of symmetry both the modei and experimental facts
indicate that .8. is quite small. This leads to low lying - rotaticnal
states for which K=0, and the energy expression thus becomes
ﬁl
=1 (I+I).
23 (I+1) (72)

States with K70, other rotational states may occur if cne or
more of the nucleons are excited to a higher shell model state so
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ta no longer cancel by pairs, gq,

o ular momenta U7 etc. T
hat the inn'mS;fe : ‘;ﬁ the values K, K+1, K+.2,

e zero K, 118 {hat these low 1ying ro:agfnzllevtecls be:“g‘ﬂrac-

we S¢ tates with  [=0%, 27, 47, ete. with eyep

ized by the scquen::dof;nh energics propomqn:ﬂs:otl (I+1), 1
:)earity (brout%h(:‘-;:]c ratio of excitation of successive states is

)

may be seen

10 Es_ 7 Es_y3 ete,
Ea_—;' Ey Ea

i r many even- .
haracteristic values are verified fo y even nuclej,
aad these cha 9

lc, fig. 9.9 shows the eocTey level diagram of yf s’
As an exampl¢, D&. 7

itation energies are measured with great precision with a pepy
The excitation

N Energy

| spectrometer.  SU0™ spin and Experimenta  Th
crystal sp erimental value "~ parlty perime corltica)
stfxtuuns e;Pror the 2+ level 8* 1085 11gg
of energ

i tion (72), we obtain -
%jz/ezqgu:— ‘105?55- Using this _
value of 1i2/2d the energies

levels are calcu-
ﬁxf;:c;hc;nd are listed to the N
extreme right of each level ; i
in the diagram. The agree- . "
ment is- quite good, but §* ———

653
there is a symmetric diffe-

rence which increases with
increasing excitation ener-

gy. This difference may

be explained as resulting

from an increase in the o
moment of inertia with
increasing I because of the

3071 3110 -

actions of the centrifugal

force. When a correction ot 933 I
for this effect is included, .

the equation (72) then o 0 0.
becomes -

Fig. 99. Energy level diagram ‘of Hf 180

E= 3—; TU+D=BP (I+1). =(13)

The agreement with experimental value is now extremely good.

. Thus we see that collective model is quite successful in inter-
pretin

18 the pattern of exited states of even-even nuclei. For odd-even
nuclei, the situation is com

: plicated by the fact that the motion of
ttll]n: cglre anc:.lhe l}loluon of the odd nucleon must be coupled and
us the motion of the odd nucleon is no longe i

by the shell model states wh ot g e Geatribed

iy ich correspond to a static spherical
of th‘l:u(;-tl;c:rmog:, the excitation energy of the first rotational state
kel amei ormed nuclei shows a smooth variation with 4, whereas

g near magic nuclei show no rotational spectra. From

e ——
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these data gmd with the hc\_p of eqn. (73) we can obtain effective
moment of inertia of the various nuclei. The values of moments
of inertia help us to understand the kind of rotational motion that

occurs. If R be the mean radius and AR the difference between the
major and minor semiaxes of the deformed well, then we can define
deformation parameter by using the relation R=R, 4B (57422
(3 cos® 6—h)] as

B=1(x/5)'® A R|R=1.06 AR|R,. ~(74)

The nuclear deformation is connected with the electric quad-
rupole moment as

00— vi(s—n)ZeR: B (14036 B+...1. .(75)

To find the value of O, multiply intrinsic quadrupole moment
Q, by a projection factor, which is a function of Iand K By using
the coupling scheme, a complicated calculation gives

_ 3K:—I(I4+1)
2=0 Ginyurry
which in the ground state (K=1I) reduces to

o rai-n
2=y a3y ~{16)

The collective model has its most convincing successes, ascri-
bing the Q values to a surface deformation of the nuclear core. This
raodel goes a long way to explain the individual deviations from
the Schmidt curves. Prof. Rainwater, Prof. A. Bohr and Prof,

Mottelson shared the Noble prize in Physics for 1975 for their work
on collective model of nuclei

9.6. UNIFIED MODEL

Bohr and Mottelson have described a single model, known as
unified model. According to this model, nucleons move very nearly
independently of each other, as in the shell model, but in a poten-
tial energy field that is constantly changing. This change is always
slow corpared to the motions of the individual nuclcons. The
rotational and vibrational energy states are on account of this slow

collective motion of the entire nucleus. The nucleus, asa whole,
looks something like a liquid drop such that its surface motions can
be described by analogy to hydrodynamic phenomena. The indi-
vidual nucleons move so fast in their shell model states that they
cause very little interference with the hydrodynamic type motion.
According to this model, nuclei are deformed away from a spherical
shape because the nucleus is not rigid structure and nucleons outside
closed shells can set up tensions-in the closed shell core and thercby
establishing polarization of the nucleus. 1f the forces between the
external nucleons and the core are repuilsve, the prolate spheroid is
formed. On the other hand, oblate spheroid is formed when the forces
are attractive. Although small effects of polarization of the core can
be observed with only one or two nuclecons outside closed shell.
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y FISSION :
131 NUCLEAI;ium bombarded with neutrons jt wa
/ When uréd et £ esulted, followed by a whole chaj, ofsc‘r"“ﬂ
that 3 8 ety
produCt

.
s such ;; ot gaU™ g X9 Y etc, :
) that more than one neutron wa
= was"raescgc;f:;s?: 1939 provefi that the product misg}?‘r(;i“%
ahn and S large fragments, which theyd identified g o ox
sisted of two ch and Meitner 10 1939 used the word fissio, i
krypton- Fnscg_\'s which takes place when a heavy nuc leits 1y j;'»
cribe the pf'(:m; two roughly equal parts, known as ﬁ”‘onfragme lo
break down | ess neutrons are also emitted with the releage s
In this proc This process has b_een also observed to et WR“‘
derable cﬂe{-ﬁy s are bombarded with protons, deuterons, “-pamf‘
heavy Du¢ 'lef:trons and gamma rays. Further work Showmf?
lighter elements could also be fissioned by high energy P
flor example in the case of copper

/ zBCuu‘l’lPl"’ﬂNaz‘+19K"+0"1'

/Ty PES OF FISSION
A TY(I;) Thermal fission. Since a thermal neutron adds negli,
energy to the fissionable nucleus, it is clear from semi-empirical myy
fopmula that the fission of the nuclei in which the compound nyg
are of even-even structure take place even with the thermal.nemmm
Fission of U®® and Pu® by thermal neutrons are the most importay
reactions. '
(b) Fast Fission. Other isotopes of Uranium and other elemens
which form compound nuclei of even-odd structure enter into (,f)
reactions with fast neutrons (3> 1MeV). The example is U2

(c) Charged-particle Fission. Elements with Z> 90 show fission
process with protons, deuterons and a-particles. High energy charged

particles induce fission in elements even in the middle of the
periodic table.

92

1)

524

-

fed” Fisston and Fusion

. P 5
N Pphoto fission. High energy photons i 25

Pod d O
; ‘(td)elc ments. 5.1 MeV 7 r'a‘ys can produce ﬁuio:(:, gl!\?x in the
peaVi ” | cases very large disintegration enery: th U»,
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4

and
Cause
10, the fission
@ dl&lln!egra-
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’ 238
ﬂﬂ”‘*oﬂj”"u \WTelsﬂ_,“p”:_,“Xew; e

-(2)
ALy pical beta decay chain is
C_s“"—>scBﬂ“"" s7La ¥ Cet® (Stable)
Xe’w/755 lei r the middle of th =)
% nea I eoft 10di
the nuclei A ; € periodic tab) =
m?:leon). the fission péoc;ss 15 ekpected to releaie(?x—a's
Mcvlnt of energy. Assuming fission of a ucleus of mass numper 249
amount o Ep=1.6, into two similar frag R

ments with A~ 120 the

for ¥ ',eleascd in fission 1is 2% 120 X8.5-240€7.6=71¢

i i : A MeV
enerBY. heir separation equal'to the sum of th
Assu(;:?l%mtb repulsion energy is given by &r nuclear radij,

13
o Z,Z8* 52X 40X (1.6 X 1072 X9 ¢ 100

1.5X10 %X 1.6x 108~ MeV.
~200 MeV.

Thus We Se€ that the Coulomb repulsion ener

the energy released in fission process. We can,
:gis fission process as a result of Coulomb repulsion. The 0O value of
fission reaction (2) is also calculated from the exact mass difference
of the two sides of the equation. ;{she combined isotopic masses
pefore and after fission are Z'ms=n;gU )Fmlg') =235.0439 41,0087
26936.0526 mu. and Zms=m(Mo®™)+m(Xe )+ m(2)=97-9054 1
135'9072+2'0154=235'83 mu. '

Ec™ “Ameed

gy is nearly equal
therefore.” regard

nce 0= Amc*=(Zmi—Zm/)c2=210 MeV, which is
g_lem the ;glue calculated by the binding energy method. comparable

B/ Distribution of Fission Products. We have seen that a
fissionable nucleus gives only two fission fragments which decay by
p-emission to a stable end product. Although the sum of two large
fragments always adds up to 234, there is a wide distribution in
possible products. The mass distribution of the fission products is
shown most conveniently in the form of a fission yield curve, in which
the percentage yields (in log scale) of the different products are
plotted against mass number. There is a tendency for massesto
concentrate respectively round 90 and round 140. Actually about 97%
of the total fission products fall within the narrow range 35—104 for
the lighter fragments and 130-149 for the beavier. In the case of
U™ the maxima lie near mass numbers 95 and 140 ; fission produced
by slow neutrons is highly asymmetric process and division into two
equal fragments occurs in only about 0.01% of the fissions. Symmetric
fission becomes increasingly more probable with increasing neutron
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“"d“gomgmiststc 3 are neglected, the law of conservatiop °[m0men!
peutrons emIVE™ ¥
tum gives MlVl"Mz ¥

E_MVe My

ARRAZ -4

ee {hat the masses are inversely proportional 1 the i
kinelicTh:“sc"zeiei' W. Jentschke and F. Prankl in Germany aud‘
Booth, Dunning and Slack in U.S.A. showed that there were tyg |
dictinct groups, each group were found to have mean energies aboy |
70 and 100 McV. Later studies, based on measurement of ioninatin
and velocities of the fission fragments, indicate that the K B |
these fragments is 167 MeV in the fission of U™ by slow neutras |
(Fig. 13.2). There are two groups of energies, with maxima about |
and 99 MeV. The difference between this quantity and the quantiy |
released in fission process (200 MeV) is carried out by the gamma s |
(11 MeV), neutrons (5 MeV), beta particles (7 MeV) and neutrins |
(11 McV). From equation (4), it is clear that My/M,=-EqfEy=9)/t8=
1.5, which is in close agreement with the ratio 140/95. Such nicasure
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Fig. 13.2. Kinelic energy distribution of fission fragments in Y2

C. Nerotron Emission in Fission—An accura
jmportance to the scientists. Actually the number of neutrons rge\ea-
sed in any one fission is an integer, but averege value, v, of e
umber of peutrons in one fission is nmot an integer, because the
fissionablc nucleus can divide in at least 30 different ways, and can be
obtained by the relation v

Var=Zp, n voZ n v, 5
Most of these neutrons are emitted within possibly 1071
ind are called prompt neutrons. A smaller number of ncnytmns is :T::
itted wuh.a time lag of several seconds 1o more than a minute
after the fission.  These neutrons are called delayed neutron;,

For sufficiently large piece of fissionable substance, the neu-
trons thet are released in a first fission

{ process will be absorbed by
the other nuclei and produce new prec

esses which in tum emit new
neutrons.  Actually somc of the compound nuclei decay to the

ground state by gamma emission, rather than fission. The ratio of

the radiative capture cross-section to the fitsion cross-section is
usually denoted by a. given by

a=a.os ...\6)
and the number of fission neutrons released per neutron abzorhed
in the fissionable nuclide is denoted by n and is given by

7]="'.:-l(‘+!1). (7
The relative probability that a compound wucleus decays b

fission is thus be (14+a)7, Values of vae, = ard 7 fur tiermal near-ar
arc listed in the table 131,
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528 Table 13'1 Vale,
| LR
57745 4.184-0.06
1015 3.50 ;?;éi'%
2.444:0.02 2.47 2oL
JEEEE SEE—— RSV

- fertile Materials. For a number of reas _
Dh r;:s“;z;‘g?dwl;ich only fission with energetic neua-zs's's()to.
s Suc be used to fucl nuclear reactors. The only neutrajpy >
not alo"leidc that can be ﬁssioncgi with th.ermal neutrons is {yzis CCurs
-,mg;xluac/ of the naturally occuring uranium. The only other n’uxblch
:; O{Ca,/{’undcrgo fission with thermal neutrons are U3 44 p,'fl%‘
"Thacse do not occur in nature bx:;scan be P‘fO?uccd by the interactio .
of neutrons With Th?3t and U rCSpCCtI‘Vc y ';lnd ATS alles ﬁmln
materials. T/ 25 and U® are not fissile materials but can be ! ae
raw material for the prqductlon of fissile isotopes and_ are callgg
fertile or fissionable materials. The nucl_gar reactions which conyey
these fertile materials into fissile materials are called breed;n

H g reqe.
tions. They are neutrons capture processes with subsequent B'dcca;

SOt = U

"Uz:ls —> o Np*+ _1€° ()
alNP*™ - Pu¥+ €%
Similarly wTh23!+ onl g goThua'*'Y
”Th!:a — "pa:aa +_1eu ."(9)
nPa® - U+ e°

E. Spontanesus Fission Most heavy quclidcs undergo spontane-
ous fission in competition with the a-emission. Spontaneous fission
is predicted by the empirical puclear mass equation. Consider the
special case, when the nucleus splits into equal parts. Neglecting
the pairing term 3, we have the Q-value for the fission reaction

Er={zMA-2 (z;;M"?)]c% .(10)
Consider Weizsaker’s semi empirical binding energy equation
M (Z, A)=ZMP+(A"Z) Mn—auA-{-asA”“'-i-acZ’A"l“
+aa(A—2Z)°A7! (1)
M(Z, }4)=3ZMp—}(A—Z)Mn—a(}A) +as(} A)*®
‘ +ad}Z) (3 4) 13 +1aa(A—22Z)* A7 .(12)
thfffft,i?ﬁ value of zM* and z,M4" in eqn. (10), we have
_—’3 ; 12(2A)“"}*Far{Zz/A’.'3_:2“2)2/(1214,113} 1¢
A2 4184022 22 4'A MeV (13)

v Fis*” - 5
N,;zlea’ ghows that the splitting of a nucjey, 2y

g eqn pergy in such a way th aff
This = rface c o Y that the ¢
ne anot] ; e
(39 00t tend 10 S0 e L another partially. Thiyjy 7y oo 204
g ot . ected, SinC of the nucleqs jne; #210nable
ot o be’ between proton groups, thus reducing tp, 233 (1) the
400 :-ali"" 2) the total nuclear surfac

s ther Coyl,

e : omb
l‘f”‘gﬁﬂl eneT8Y” s for spontaneous fission Which incteases te
ot? . enef

elg e0orE ) g 0222 AP0 o Tz,

_ .(14)
ion ShOws that the fission sh .
phis FI2NG with mass number 485, Homergr Tl
sivle 2% Gon does nO% take place even with many of the ‘heary
Pafm'oﬂ p order to cpr\mn t -'i 1screpancy Bohr and Wheeler poid
s, A Coulomb's POLEne Darier e o Tt e
er€ separation: ce of this barrier pra:
sidel (:g bx?eaklﬂg of these two. If we denote the hgi&;,x:‘g? ‘tklxxe
pediBle rier by Ev, WE CAD SaY that the nucleus will be unstable
e into two fragments if Es > Ev. The barrier height
¢ br“;‘ d*i‘g g to the Coulomb potential between gt

e ) the tw :
n they are just in contact with each other iig;‘;t:%t;w
Er= (J;Z)'e’/4ﬂ€o(2R) =Z%3|32ne R (}4)1R

—0.15 Z?[A*™® MeV.

Ep—Er=015 Z2|AYR— [—3.42 A*P+022 23/ A -(15)
—3.42 A*P—0.07 Z*|A'5, -(16)

Thus the condition faor stability gives
B—E/20 of ZA< %, A1)

articular nucleus, the closer the value of Z*]4 to 50,
. sg::t:t ghould be the half life for spontaneous fission. Itis
e

|
-
\
:
\
\

{ J_J_——-‘——"
150 200 250 300

Fig. 13.3. vVariation of Eb and Ey with 4.
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Computing m:nmc same graph, we get fig 3 Jor

nd I""‘"'“gﬁo. FE» becomes equal tu £ ang 1;3_ TB'F'N
Jicates that we do not expecy nu;']?g,l e o

s that 10 n \
shows Voo This 1N is graph also shows thay e iyt r

! = . (] .
with 4= 03 in na'iln the peighbourhood of A=gs SSign (14

to be fo gic i Aereep <2y
he €8l oe,fx’:’rins result. . grtem"i‘*.':
the d dro Th 3 )
ation of liquic p- e fissiop
efortl;“e nelp of liquid drop model. The igg’ges;
('n( N

us to form highly enes
. i : get
combin xtra energy is partly the kmeh_c tner ;
. , lts: ' ng _cnergf)_! of !();c incideny n“fu{“'rf.
but Jargely rs to jnitiate a S€ries of rapid oscillatign, -Wen,
encrgy 2PF o -distort the spherical shape 5o thag th M thy
i . in- shape. Th'e_surface tension fo: o™
its original spherical gpg % 14,
e ¥ _distort the shape sl fur{;ll Hhiy ¢
excitalion ©F gy is sufficiently 1a_rge,bt11e drop e Tt
excitatl mb-bell.  1f the oscillations become so vi olcma“"-‘t
hqs reached then the final fission into stage fifth ;g ilrha‘,t'f:
fourth | is threshold energy or a critical energ), | ‘*ta,

re L0
Thus ther® B rourth after

ic

wiich the nucleus can not relurequam\.
Nty

produce Sta8 the distortion produced is not pronounceq Moy |

beyond the Cfi(ical POim. the dlipsoid will r;iﬁtz
Ny

Zie |
. L
- \_

» . . e Ny,
Spherical Ellipscial Narfowing Crivscal Stzte sz-szi.:m"
{.
Fig. 134 Schematic representation. of nuclear fissiop,

with the excitation energy being liberateqy,
form of Y-Tay$ and we have 3 radiative copture rtather than i, |

The potential enersy of the drop in the different stages

calculated as a function of the degree of deformaticn of the )
It is plotted against , the separation of the centres of twofy/
is supposed to be divided into three regios

the sphcrical shape

fragments. The curve

In region I the fragments are completely separated ard i
potential energy E is simply the electrostatc Coulomi o=
resulting from the mutual rzpulsion of the two positively dez
nuclear fragments If distance r=2R, when the drops just touch ¢
other, energy E at that point is less than the corresponding Catl:
potential by an amount CD. This amount is equal to the pote]
of the surface forces which are just beginuing to come into pl
_ this point. As we pass through region /I we reach the o

tential enerps
ere the pOCTL MeTRY curve h
5“‘6’" :‘,65 onds to barncr_he,ght and :X'Ni?na wh
di’ is cof sponmneously in all cases where E’\_‘y“.j ¢
-

PAXm0m Y.
Wion 4,’;

Th° Slace =E—F
):;‘ "k:u‘l’ﬂ of encr8Y Ev=E>—Er. the activation eneray ,}-n Additin
:,x 3 S Tequirey
E
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Fig. 13.5 Potential energy curve for Gssion.

Jear system before the potential barrier
by ‘;h%;;'ocn can take place. In the I region, :;
an€ ced and the short range nuclear forc
pfedomiﬂﬁ -

6hr and Wheeler’s Theory of Nuclear Fission—Th
rough theoretical treatment of this process was carried :u ‘ﬁr;; éhz_
Wheeler in 1939. They applied a simple form of analysis (chocnt

1 be sarmounteq
e rragmmtl have
3 haVC bmmc

and % E
Iynomial expansion) to express the radi -
fv:tehp?he axis of maximum deformation us r making angle 8
— R[ 1+ zasz s e)]
=0
=R [14a, P, (cos 0)+a,P, (cos 9)+.--], (19)

where R is the radius of the spherical nucleus and as, z,, are the de-
formation parameters. Here oy=a,=0, as the centre of mass of the
drop is assumed to remain unchanged.

. Thesurface energyofa spherical drop E, "*=4=R'T, where
T is the surface tension. Hence surface energy of the deformed drop

Es=4nR2A4AY T[1+2( cosd—H+..1%
=4nR, AP T[1+3e,2+..)
: s AE,=E;rhers a2 +...). L
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4 TUSION
Nur{‘.q’ B ‘ M - an Ju. an
5% erpy of & spherical drop Ty fis$ Table 13.2
jomb €f med drop “C'tha, i
c c(t::o(‘;wl of the defor . b Z‘e‘ f”: Ee (McV) Ew (MeV) E—E
e P 3 2 [1 +e @ Co""vo"h-l-..‘] ‘ ‘ god NMev)
AR, 0
Ee= 5 AnzeA = = [ A Vhora oﬂp ud 5.0
o pemen (—boat = =B Ccte o 65 04
sl o i o : . —14
g the total enerBY VO e ty P's 6.6 i3 (1
Thus E +AEe=%.¢.' [2E: 4 —I;.lxlhfn] TS”. 6. A 65 IR
= o> Emhere, the drop jo v, NO'y o4 A0 ~0.6
. e e, 1€ T >Ers on("m:our?p 13 Staby,, Y U ) ) 24
It 18 Fiions " may oceur SPORIARCOUY i A plo w, po’ —
distortions . e, L | neutrons with 0.03 eV energy 11,
E,-p»m<§fR LI <32101/40nrn/1m Roor 2% 4 ~ 4s. ' l orc'(;'.‘(:‘ McV ﬁt!)Slo:\ 1b:dco\rlms possible, él’fprtl:?;sr:.;i
‘ . , E e LB B e maclon CHeal "”le,l K- E'a eutrons ,225 &:ag?dly witch n:,‘:rrfx are Tequired, The
The ratl?/ Thus when % <1 the nuclear s Stable ey, av,‘c,gc “:sccli"“ .ncre_:h U, Here the cxeita:’nergy'The situa-
rpresened BY Kon. 1t s possble 6 SINAe he degtee of ot | ion <% “GiTerenl. " pture of a slow newtron is gresic B, e
e pets i itical state by ¢ Critic Ol s8I quite by the ca] : . er t
Zf‘;“l:uc]eug Tblehet(fzr:\;lc:n:rsy variation AE. From‘:c’r:i:z:"hzn gon is 4 vailable lytis evident that in this case thermal poo o B¢

. A . Neutrong

En to for U™, [Fsehere_ dir er8Y 19 encBY: | ¢ causing fission of U nucleus, T

j:f;g}fm :' TWUV M:(;/th:: n;:: =°]/7_ ) 520 Mey r;;‘u' f}?re’ be caP“t;Lc (t)hé excitation energy for UM g4 Uueouaso“ for
830 MeV 2

: ; o lies in th
— [ Ly cCc - 4
E.nvn';r—— pergy that has to be in:gnrlcd to .lhe nucleus jp org :ll:g d;ﬁtccf‘f:l whlci':.:gpz::xst:;;)u:?gnseg}"a%rgglr(’)c.glr\:(n:\slsg?:ﬂ"é?' ghe
ic cn¢ threshold_encrgy is given as o, irin a postitye, U™ 0 inding
‘s critical shape, the thresio” aly J P makes it is zero for n the other hand ¢ ;
E’cagl“l'z‘,'z’z;}'j',;x)zmkumm T;£)=178 4 f(?ﬁ Mev o ter::s';of U’:: ;)U;J”o but is abont 0.5 MeV for the U“',h';::::g;
0 his energy. can be calculated by neglecting the secon,, ) ;‘:‘ﬁon is zccfﬂ_cct is ,-e'spons}ble for approximately 1 Mey of the
h ngzi:cncrgy i ue to the neck joining the two fragments - Oty 0dd-€Y°" in the cnergies gained by these isotopes upon the additiog
a - rerel ,
g (R T AP —aRRA TH2XEX (Zeane | B ron. ; he ch in vari
B ° 2/8reoRo(3A) P—3% (Ze)*/dre,R 01 " ¢ eaeral review of the changes in various types of nucle;
+(3Ze)?[8nea Ry oRpdln ) Ag apture, shows that the liberation of energy ig greater

c DSEARE
=1 (L) = —0.215X. fter peutron likely to undergo fission with slow neut i
4nRATAYI=/ (#)=0.260 At e puclei are y rons if the
" E:c/)r a; uncharged droplet X =0 and f(0)=0.260 o °r-‘h:al < dcleus contains an even number of protons and an odd

he
itical energy is just the work done against surface tensio noe ty orig| ¢ of neutrons or an odd numbers of both. Whereas fast neut-
critica

-Dsion in gy, pumnbe be required for the nuclei containing odd-even ¢
tica) drops. For % ~1, a small deform_a}:on fro ; s would be | ) PO T even-
mx}:i?i ::r;;o. htawp% c;%l;cs e drop’ to reach the criticel Sha;:zj ! %numbcrs in the same mass region.
:cpparatc. . Quantum Eﬂ'ecls—'{'he v;l:cs s(til_own in table 13.2 do not agree
If the critical energy is compared with the excitation eny, ol with measured values. This disagreement may be the result

of two quantum mechanical effects.

(1) The fission may take place for excitation energies below
" ihethreshold due to the tunneling effect.

~ (2) The vibration of the drop in the distorted mode will have a

it becomes possible to predict fission probability. The excitajjy f
energy Ee, contributed to the rcsultaqt qompound nucleus by e
_capture of a neutron, is equal to the binding encrgy of neutrony
the compound nucleus and can be calculated by the relation.

Ee=B(A+1, Z)—B(A, Z)=zMA+Mn—zM*.

zet0 point energy.
The values of the excitation ecnergy calculated in this way fy The tuoneling effect is the origin of spontaneous fission. The
a number of heavy nuclei are listed in the table 13.2 and compani fission problem is more difficult than the a-decay problem asit is
with the corresponding values of the critical energy. In reviewin | very difficult to have a clear picture of the exact shape of the fission
the results, it is“seen that for uranium—238 a critical deformatin '

A tial barrier. The fission barrier penetration probabili
) ;"’“{P' °{ 6.5 MeV is necessary for fission,—but it acquires only == » P i & 3
€V when it takes upa neutron of zero K. E. Thus no fissioni % P « exp [_ _%_! {ZM(V—E)} { dr]' (24)
o

7
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[ 534 d mass of the two fragment Nud!a' hy
ce A M €n
where M is tbe "i‘:uthe barrier of width 5. For sliis,tel'.“,- (V Yy
the .’V;e of a paraboli form, given as Plcty, l?f’h
barrier V=i K (r——R)'. lh

i fthe two fission fragmy .

is the separation & jer. aBments oy
whererllt;i1 "t the top of the barrier. The widt) oflh:ngi‘ )
separatlo tion Aty &
given by the rela "

E=} K (b—16)* or § b=V QEK).
i abolic function, we get
Thus u;ﬂé l::rp [—(Zﬂ/ﬁ) (M/K)l lﬂE] QS‘
o exp [— (b7/210) @ME)! "],
p, E~6 MeV, b=1.5X107m and M=z, ~ly
p o exp (—100)- 60

. is obtained an expressio
el and Metropolis 00t D n for ¢
for spgzgxlfeous fission using the idea of barrier penetratig

For

l._( )
TN
$=10"2X 107°85E5 sec.

4
lng

lculated Eim for various beavy element

a !
that tl?:z;it,scs’{c:gn ‘r:ate could be determined by the formuja

(=102 X 10119—:~15(Z‘/A) sec.

§ and fy

. . ~{}
After comparing with eqn (29), he obtained the relation )
En=19.0—0.36 Z%/4,

i ; {y
which is in close agreement with experiment. |

13.2. NUCLEAR FUSION AND 'ﬂ-l’!ERMONUCLEAR REACTIgN

Power from nucleas fission is now a reality both onlandyy
sea and in those countries where coal or oil is c_ostly. An alterngj,
to the fission reaction asa source of energy is its reverse progy,
known as fusion process, in which the lighter nuclei fuse togay
and produce a heavier nucleus. The sum of the masses of the i,
vidual light nuclei is more than would be the mass of the nucly
formed by their fusion, and thus the fusion process should resullj
a liberation of energy.

Some indication of how this might be achieved can be obtsin
b&conguderm_g the source of energy produced continuously inlk
; ur:; tmcludm( the sun. It has been calculated that the sun
jouless !;tlr) emits electromagnetic energy ata rate of about I
the luﬁumb;nd‘ d/}st.ronomwal and geological evidences show i
ral billion yea o "‘Cm"!B energy at about its present rate for st
ofthis enes Yn.bec hemical reactions cannot possibly be the sou.

» because even if the sun is supposed to be consst

of pure carbop,
maintain the;n',;'és complete combustion would supply encrs"

tion arises iations only for few thousand years. Now g
: how can the svn haye maintained this{nergy output

538

§0
4155
. urce of all stellar ¢nerpyn
p ijs the sO : nerzy T Halmholty, ;
M and cha{ﬁﬂ the co(}vracuon w3 l.ak-.ng place Q“dh‘:lx;f‘ln
’owﬂg : ed U w45 being converted into hizat cn2rgy in sz;\e

(4 T o aproy ¢ o
185 5“%.’, 1l Cn“rsr ’a’;,a]ogous to the production of electrizity fropm the
it n‘.grsuc:r It has been shown that if contraction -wars tayin,
fpis €00 wate s'uPPlY not mors than 1% of the total energy outgyt
follin colﬁl?t led to an estimate of the age of the sun which was
ao

ue sscovery of radioactivity at the end of the 1% _
with th:eglspossible that :tom:'c energy might be Comrigutfic:a

1y it 891 A gy 1o 1904 J.EL leans suggested that the energy
tg ﬂ;e sun’s Ot be resu_lted from the mutual anaihilation of +ve
:)f'h‘ sun ﬂc]hargcs- Eddington in 192C, suggested that the stellar
i ,ves linsrated in the formation of helium from hydrogen. This
enerBY ¥2 oived wide support, although there was no satisfactory
theory ¥ 1o account for the formation o!’lhehur:_x from hydrozen,
qounts of hydrogen and helium exist in the sun. In

use Jarge & Houtermans, in Ger ;

peca¥se  nson and  Hou » 1A many, considered that
1929, ‘ighl be liberated in the very hlgh stellar temperatures  Scch
cnerg¥52 are called 1hermonuclear reactions.

proces

er to interact two nuclei, that must have enough kinetic
to permit tbem to overcome the electrostatic repulsion barr-
Fnergyich tends to keep them apart. It can be shown from calcula-
e o hat the energy required to nake the nuclear reactions occur
tion Jetectable Tete is about 0.1 MeV for nuclei of the-lowest atomic
a;:\ber (c g , isotopes of hydrogen), the larger caergies are needed
?or nuclei of higher atomic number. This energy can be resulted
from  sufficient increase in temperature (1600 x 10° "K if the average
cpergy of the particles is to be 0-1 MeV). Such temperatures are
considerably higher tham those existingin stars Im stars, like sun
where the central temperatures are less than 50 % 10%-°K, the fusion
reaction takes place with a finite rate and releases enough ensrgy to
kecp up the heat and light of the star.

I1.A. Bethe in the United States sugzested in 1939 that the pro-
diction of stellar energy is by thermonuclear reactions i which
helium-4 nuclei are synthesized {rom four protons (the nucleus of
hydrogen, the most abundant element in the universe). A few yzars
ago, it .was held that the major portion of the sun’s enesrzy was
derived from the carbon nitrogen cycle. Recent modification of the
estimates of the ceutral temperature of the sun now favour the
proton-proton chain. In the carbon-nitrogen cycle carbon actsass
short of catalyst in facilitating the combination of four proteas to
form a helium nucleus In this cycle a proton first interacts wuh'a’
C' pucleus with a release of fusion energy. The product pucleus Nt
decays in a very short time. The stable nuclens of C*, thus formed,
then reacts with another proton. _The more cnergy beieg hb“?{.cd
by this process. The stable nucleus of N combines with a third
proton. The product nucleus O is a positive 3 emitttr, which de-
cays into N5, This nucleus finally interacts with a fourth proton
and regenerates C'® nucleus. These reactions can be wrilted 35

In ord

Scanned by CamScanner



13 Nudear P
(;N??) = N + 1.94 Mey (1os "’qu
N2 > () Fae® + v+ 120 4 1o, D
H — (-,N“) — 7Nl: + 7.55 Mev (2x 10 t:\/(l0
.N" + H (0" — 0¥ + 7.29 Mcev (3)(]07}’) )
! 08— N* + +1e°’+ v+ 174 4, My)
16) —» C1% 4 Het . S
N i > 607 o 27e + 4.9 MeV(l\(;cQ'h)
a.H > et + 2 n€ 2+ 267y~
: is this chain of reaction '
1t will be noted this this chair ons can sayy ..
i , since each one is reproduced j Tt with .
carbon or BItTOSC ated with four electrons t°ul]nlahietr°acu°ﬂ»cl¥’f
ooy &

> s0Ci :
four protons are as ; : Otain
peutrality, whereas only two are required for the he); el
u.clellx
P

u
and rest two elec It
o |,

536
1
ot +aA

trons combine readily with positrong result;
og

formation of Y-Iays. :
The mass difference released as energy in this chajp
is simply the difference between the masses of four pr(,m:sf Teacty,
helium nucleus. A small amount of this E0EIBY is carriey ang g,
tare emitted duringthe e*-decay. Bep, By

the neutrons tha : ;
this to be about 1.84 MeV leaving rest for each a-particle fo:!;‘;glat

In the p-p chain, two protons first fuse to produce a e
sucleus which combines with an another proton to yield g,
He® nuclei interact and form He' and two protons. “These regey: ™
can be represented by the equations Acting,

JHY 4 (HY > (He) > H? +4€" + v +0.42 MeV (7x (v )
Y+ HY > GHE) WHe* + ¥ + 5.5 MeV (10 sec.)
(Het + JHed > ((Be") > JHe' +H' + (HI+12.8 Mev 3x 1)

4,H' > Het +2 e’ +2v + 2y 4+ 26.7 MeV

. The positrons emitted
r annihilated by free electr:;:

Ec.n With the production of gamm

]

ulC[ il]m

pp chainis the same asin the
5. C-N cycle (26.7 MeV for e
helium nucleus).

Which of the two bydre
gen-helium  fusion  processt
plays the major role in energy

e production in star? Tho am
o 15 20 25 35 > weris based on our koowldy

of the stellar temperature. H

Fig. 13.6. Variation in ¢
o oo i s el Bondi and E.B. Saipeer (9

tefnperature. ?Cvcloped empirical - equatios

liberated or the rate at which energy *
mctio;drgl‘e :;i? of the above chains of reaction. The p-p cab
psies shi imes mtore slowly with temperature, roughly as T o
portant at lower temperatures. The carbon aq;(

Tate predomy
, wfbates as the temperature is in the vicinity of 18X 10°®

log of reaction rate

rays. The energy released iy |

Y

; Fission and Fusion
3

Nucled
, they estimated
¢ case of the sum, ed that th .
Forﬂt:rgy ‘o the p p_ chain wahs ~about the same a: ::;et iOI' generation
of € Actually the p-p chain predominates (96 n the carbon
emperature of the sun is about 15x 108 °g. o) because the

Futare. When all the hydrogen j .
solarlcm_ rcacgions, the star will coﬁsist l;;?;?yuo‘;-‘};‘ the above
gravitatlonal ecgnt{acuon will occur once 3 elium, At
his serature of sabol‘jt le hK is reached and the density f?:gem‘ml a
tbout 107 kg/m®. lzn er these conditions three helium nyg) Ccom
orm a C'? nucleus with the release of about 7C3e' ey
Hoyle estimates that such. processes providq energy for an a'ddi:‘ig:xvi
Hyears. Furth_el' grgvxtah;nal contraction of the star will occua
when all the helium is used up, and will produce a further riseig
the temperature of the star. The atoms formed in this way are most
Lable. ADY appreciable %omb!nauon of these atoms to form heavier
ones will Jead to endothermic rather than exothermic reaction
d Salpeter suggested that the endothermic Teactions miggi

ondi an .
alxaccount for the sudden collapse of a star identified as the sudden
appearance of a supernova..

e
133,/ CONTROLLED THERMONUCLEAR REACTIONS

In stars, nuclear fusion reactions release great

energy. ‘The rate depends_upon the density and tg;mpe?:all?x};n;; tt‘::
a5 and Upon the cross sections or lifetimes of the reactions involved

Bearing in mind the masses of materials available on earth, it is cer-
tain that the reactions of the carbon cycle and the p-p chain would
occur extremely slowly. There are thermonuclear reactions which
occur much more rapidly and depend on an most abundant mate-
rial. Among the nuclei of the hydrogen isotopes, ;H? and 1H*

reactions are :
le.hH? - H3+,H*+4.0 MeV}
GHEH H? —> Hed+on'+3.2 MeV
H*+ H® — jHe'+on'+17.6 MeV. D-T reaction

cle;
:':gtcﬂo" t

D-D reactions

The D-D reaction can go in two equally probable ways, the
first of which produces 1H3 while the second produces .He®. When
reactions take placein a chamber the deuterium can react with H?
to give an «-particle and a neutron. 14.1 MeV energies are carried
off by the neutron and 3.5 MeV by the a-particles. In these fusion
reactions, the energy released is much less than that released in
fission reaction but the energy yield per unit massof material is

greater slightly. Deuterium occurs in nature with an abundance of
nd can be separated from the

about one part in 6500 hydrogen a

lighter isotope quite cheaply It has been calculated that the energy
equivalent of the deuterium in one gallon of water is the same 28
that obtained from the combustion of 300 gallons of gasoline. The
more than 10%° gallons of water present in the oceans could thq:_
supply the world’s power requirement for several m|llxonbyr;_arS_.l
all the deuterium could be utilized to provide energy y fusion

processes.
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Fig. 13.7. Critical ignition te
m -
ture for the D-T and D-D rcact‘i’;:\z.

e Cre,
hat th cied to start a thermonuclear rCaCti(,nmd‘C

tve as the fuse or rrigger 10§ |
an be made with deuteyy O a b b

cactor. Calculations show thq, . oy,
7 times as much energy a5, " 8ive

ZC? abbreviation fo, %}): as |4
. Ve 4, 6 trinitrotoluene, assumin .
cal explosive 2, £T. N. T.is 10° calories), g thay ,Son

ced in a hydrogen bomb is ip 5,
ermonuclear reactions some ofl:?lm”"on
o d proceSS must be Selfsus[ge.sstn(i‘? |
condition must be obtained between the energy dinjp, 4
y radiation. The temperaty
ce is known as critical ignitiop ,,, Pondj;
tion E=KT implies that it is of the order of |(s °er'a‘me
The relatl ‘atures the atoms are fully ionized and thege ions'h”ery' v
e rons 2 bout very rapidly. T"he Tesult d
free electro gas, called a plasma. The plasma is electrica]), . On
ence of electric or magnetic fields g0” MUy
on it except gravity. Because of th, ta
would expand in 2 vacuum to fill the c(;g“{nal
is kept. When it comes 1 contact with the wallg ;; E:E

n fusion reactor will depend
4 temperature. Because of the very o0 h

i
Ve
Sime, "t

T
the ™4

ang - iy

:rdmt:n
Wit
rclease as much epe, “4ua| w:!wl
I
0t
:(Y;)

e gt

np
releageq i "EaM
re corre usICn

}

03 ap,
is oo thy

re i)

loy N
of the plasma, used in c‘:,,ﬂ:gﬁ'g

thermonuclear reactions, g4,
relatively small volume o
system, it does not behave asLL;

black body. The radiatiop shouy
consist mainly of bremssirapy, |
accompanying the deflection ofy; |
rapidly moving electrons iy g, |
plasma by the electrostatic fielgs |
the positively charged nuclei. Ty |
amounts of energies released p |
unit time per unit volume i |
D-D reactions and in the D-Tre |
actions and of eaergy lost as radi |
ation at various temperatures i
shown in Fig. 13.7. In coman
practice the temperatures areer
pressed in keV, which is equ‘wa]cmg
to 1.16 X 107 °K Tt is clear frn |
the figure that the bremsstrahluj

b

vucled” Fisslon and Fusion

Nu 539

to power produced at plasm;

1058 cQ‘f%l;nd about 40 keV for D-[Frear?:igt:g‘pfr?‘”“ about 5 g,y
for 3 ' can that the plasma temperature fo; , 'E))hs 405 10t neces,

sarily per than 40 keV to produce a net pewer paer | C2010f has 1o

be big p premsstrahlung is not lost but abwrbuﬁ“g"' The reacgq is
that container and converted therefore into Y the wall of the
plggma o the K. E.'ol' the reaction products, The m‘}"?‘ n the way
sim! af ture for a given reactor will therefore de 'S'"’“m Operating
temP"_hich heat can be converted into olherpf'n on the efficien.
cy W { this eneTey should be taken back by the p OTms of energy. A
?ar: ihﬂ operating voltage. PRsma again to keep
it a .

. Lawson in England in 1957 poj ,
c;,x?diﬁoﬂ, tnown as the Lawson Crilt)erir:)tned rg;n ancther neces.
¢ huclear system. According Lo this criterion f 2 S8ll-sustaining
lhcﬂnml useful recoverable energy shall be at least o fusion reactor
the whc temperature of the reacting species. [t sufficieat 1o myijg.
tain ; of the product nt. where n is the number ogzxrn’ D¢ expressed ig
tcf}:‘wlume and ¢ is the time in seconds durine :d:-“ng‘ auclei per

i jon takes place or the time during which ’? thermony.

a can be confined. 6X 10" and 2% |ogn :}e lJgh lempera-
simum values for nt for D-T system and D-D s 5{: e calculated
%1:15 we see that critical ignition temperature :mdyxhir:l fespectively,
very much favourable for D-T reactor than for D-D ,mﬂ,‘,‘?m“ are

Several eqqipments were constructed in an atte
fusion reactions 1n 2 controlled manner. These are d

below-

'(a) Pinched Discharge—In principle the si .
and containing the  plasma is to makg use of?p;;i‘n‘;;\ye:f heatin
the pinch, utilized in US.A.,UK., and in the U.SS.R. <imul(t);1 called
and independently in the early 193C.1n ita very s}ronw nlious}y
current amounting to a2 million a2mperes is passed throuot’\ :d'f!nc
rium like gas at low pressure. This current heats the gas and iod‘ne‘
jt, thus -converting it into a plasma. At the same time the cm!']r!}:s
flow produces a magnetic field with its lines of force encirclin ;g;
plasma. The pressure of this field then pinches the plasma 15‘0 a
parrow region in the centre of the containing vesssl which may be
a torus or a straight tube. In this manner the plasma is not only ke t
away from the walls but heated also by the current itself and by ;b?e
compression produced by the magnetic field, the current generates.

clear react
ture plasm®

DL o produce
escribed as giyen

Several experimental machines have been built, some on quite
alarge scale. Two machines name Zeta and Sceprre were designed
by Harwell group and by associated electrical industries respecti:'eiv.
An entirely different approach to the confinement and heating of
plasmas is by the method of fast magnitude compression also
called the theta pinch, originated in 1957 at the Los Alamos scientific
laboratory. The apparatus consists of an open ended tube coctain-
ing deuterium gas at low pressure surrounded by a single tura coil.
An oscillating current of several million amperes is passed through
the coil for a very short time by the discharge ofa large bank of
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s40 gt hall eycle of the oscillating Ty g o d to twi N
Cphe Bt DU Tor plasma which i gp, 320, pggested L0 Lwist the toroidsl yyng ;
i A e Prd e ¢ SU8 i Sro tube into 4
clf"‘;'!:.‘\l:n mn',:‘c“ ‘ » the second !hﬂllr cyele the d.‘y.fh'u by SV“’: The difficulty of instabinny whicy ., yorT7E e
quces an ihi SN, of & the TN 3 eregg 1o
profee Dy heatedd and the mutua Annihilate,, or ™ “'ﬁ wards Ave fy
and partts everict . amount o Oy, Py, s % in ‘
an nlcl“' fietd 18 ds releases large ftnn!y m_ﬂ‘ e o N . rem(""d ! T !
magac irected fElE SN s The Bie - N
sitely ¢ T his B3P0 pe plasma =
GinGLE TURN COILS ) O, a particu- 'R
\ - At 7 n_ one AN
7 e 375 e tube is b
ed bY ny: )
ce™PE tendency in Fig. 13.10. Stellarator type of o
oppo® o bend. In each circuit of the stellaratos Priin
ve oth vhat displaced from its orizing s S0, 2 Ting of
o s somev | E 1 POsition. A \
force 'r this type is sa1d 10 POSSESS A rotatioral rrge,r. .l VT
——TUBE rd c,(or.‘ were of the figure of eight type. The m‘r;( :‘.—‘}" tartient
v e80T - Model € Mellaraton, which wag compproy |, St
\ rato? :nn 1t is a large and corplex but taqy a. Sl
MASRLO m“dy. of plasma coofinement and heging, e
1< ‘h‘“um of the axial magretic feld is about § tegly wye”
9 CAPACITgg, ,xreﬂ;n‘ for periods upto | sec. of so. . 1)
Prg. V38 schematic diagram ol theta pinch apparatys,

. () Magnetic Mirtor Systems—In the serq,n.
(¢ using closed CONAINIng tubes, the pl stellarator a0d pther

T

Scientists at Los Alamos were 3

: : ) 33Ma cam escape i
jum  plasma. RV \ble 10 q, - W direction  and so confinement is required anty w2,
d;'u‘t;r‘:: with temperatures in cxcrcss of§ IM.Y_ and dcnsm_cs of:& axial lo magnetic Mifror systems lhi pi;isn_..y_n adial
RX10H deuterons per by fast magnelic compression o °°‘;I d magnetic_field, ™2 i3 confived m 3
Jeusity preionized deuterium. b %‘u"syﬂ@ consists of a £'TL0 CoLs
fza izht tube with magnetic . ;
M Grellarator —In 1951, t_he_nstrophysnclst L. Spitzey . stralg ound ~around it _in" e e EEEAL = ]
i ceton University Jescribed a principle of stellarator as ap 2!!0&:’. such a way 23 10 provide a Lnes TRV -t iy
by ch to plasma confincinent. This name Is used becayg, s, field that is_ considerably g
approa trolled fusion Teactions are . | stronget at the ends than in v
lar_to those in stars Tyarr. the middle. The ions move : A
Latin). Stellarators are the roi io spiral orbits with radii =z :
fied torous type machines. H; of curvature ioversely pro- gg N
a plasma_is confined ina clou portional to the field strength T3
ring_shaped tube. The magne, and under certain conditions 3
field with the lines of force pary: are reflected when move into
llel to the circumference of g, regions of  higher field a
ring is produced by windiog a ¢ strengths. [n this way the Fig. 1311 (A) Field coils 24 oy of fovax
of wire around the tube and py magnetic mirrors mh.ibnt but B2 mg&: f;r‘r:e;:::ui \;' atien
sing an electric curtent {hroyg | do not prevent entirely the maEe e
it. The magnetic field is stron escape of plasma from the ends of the tebe. ' For 2 partcle to be
at the inner peri he ton reflected it must have a significant component of velocuy perpende-
perimeter of the torys . T g e b =
than at the outer perimeter, thu cular to the magnetic Eeld lines in the central region detwesz e
causes the iplasma: 85 asivholisl mirrors- The greater the value of Bass Buia, the smaller e vae
move to th P ‘te walls. The cor of v, relative to actual velocity v for which redection is possibie. The
ﬁ\ﬁo_,c 9{ ;\c“(\)u - v:ssit.)lc 3 heating of the piasma in this systemis accomolished by iacsasng
Fig. 1.9 Axial magnetic field SIEGLISILINS IMp ) the magnetic ficld relatively slowly such that t2e plasmais compress-
in a toroidal tube, ed. This compression can be carried ot in several stages 338 e

compressed plasma is transferred after each stage from Coc Mageetic
bottie to a smaller one in which it is further comprassed.
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. ction Method—The injection of ¢, "™,

; -inje
(1) ‘Beam ) city component along the rad'.gtd
withaﬂgnr‘(iicant s field presents a difficulty,. &
directly ac

e magneuc bt :
hs;:s tgsc of electrically neutral atoms of hig ot‘“‘(“"c {p
problem, the P07 very difficult to accelerate pe, Mrg N
rgy. Ipdirect process is the yg, ol_c()‘ ﬁlm;:
to a ver 0 k\’% which are allowed to pass into a chapyp,. e

i Iy
In this chamber a Chargrc thnhim
{ high energy neutral deuteriyp, X iy

he stream O o,
) ;lrE

¢ he magnetic field wh

sich then enter t ere.
Pro-duged’sixlil ar injection Process us;:)d at th;_: Oak R; dae Nalli;“ |
T abor tory starts with 3 high energy e‘i‘i Dq'“ molecular deutg™
‘Labora +)y These ions dissociate as D;*—>D*+D°. Since e
ions Uiz . is half that of the molecular 1qns,dhenc+c the ey |
of deuter! be trapped but the undissociated Dy* iop, M |
Dt ions can t affected by the magoetic field andh;“-

g are not allt
Tt::?[?: m;«asl ?Ogsult of collisions, the trapped deuterons acquiy
escape. i

random motion equivalent to a high temperature. ;
EXERCISES
Example 1. Calculaie the fission rate for U™ requirgg , |

produce 2 walt and the amount of energy that is released in the

35
lete fissioning of } kg of Ues. . | |
p f;s we know that 200 MeV energy 18 released per fission of(
Fission rate=2 watt/200 MeV per fission .

—6.25 % 10 fission/sec.
No. of U™ nirclei in % kg. of U2 =(0.5/235) X 6.0247 X 10*, -,
' .+ this number of U2® nuclei, the energy relese |
will bg n fissionine —(0.5/235) X 6.0247 X 10% X 200 MeV |
—2.57 % 102® MeV=10" kilocalories.
' ' 1 d fission of i
Example 2. Calculate » for thermal neutron .mduce' !
uranium mixture containing U** and Um isotopes in a I : 20 ratio.
Given v=2.43, 0a(U)=683 b, 5a(U*®)=2.73b, o/(U**)=383.
Average number of fission neutrons released per absorption
| n=v(07s/aa).
For a mixture
sue No(235) 04(235)+ N,(238) 04(238) _ 683+20X2.T3
No(235)+No(238) 1+20
=35.1 barns,

— No(235) 0/(235) 583
7 No(235) F N,y(238) ~T3ap =278 barvs.

Hence n=2.43X(27.8/35.1)=1.924.
Feamnla ?  Mataad.u_ . Cmaaa 4 f0f
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7.22” Nuclear reactor

A nuclear reactor is a device wherein a neutron-induced self-sustained chajp react;
involving fission of heavy elements takes place. The purpose of the reactor js to 0]31
initiate nuclear fission reaction, (i) control these reactions, and (i) eztract the eneryy
produced by fission. The control of neutrons is the key to the functioning of 5 reactor.
The first nuclear reactor came into operation in 1941 at the Columbia University
under the leadership of Fermi and it was then called a uranium-carbon pile. The design
construction and operation of a nuclear reactor however are now parts of a huge and
expanding field of nuclear engineering. Naturally, we cannot delve deep into the various
features of a reactor. For instance, the detailed calculation of the critical size or mass
- of a nuclear reactor is beyond our scope. We shall study here only its basic elements,
its different types etc. A' schematic diagram of a reactor is shown in Fig. 7.13a.
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Fig. 7.13a Schematic diagram of a reactor

f a reactor — All types of nuclear reactors contain the following

Basic elements 0

essential pasic elements :
(a the fuel, @ material that undergoes fissions and thereby supplies neutrons for

inducing further fissions;

(b) the moderator for slowing down the s
not needed in case of fast nuclear reactors);

(c) the neutron reflector t0 prevent neutrons from escap
stem to control the temperature of fuel
t to heat engine, and
(e) the control and safety arrangements to control t
the surroundings.
ch of the above aspects.

away’ and protect
We shall now spend nereunder few lines on €2
Light
U-molecules

peed of the fast neutrons (this however is

ing from the coTe;

elements and transport the

(d) the cooling sY
generated hea
he chain reaction against, ‘running

Heavy
U-molecules

Porous
membrane

Uranium
hexaﬂourlde gas

Pressure vesseél

ment of separating 235\) from 238U by gas diffusion

Fig. 7.13b Schematic arrange
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310
The commonly used ﬁssionable materials aré th‘e ura.nntlm ;s;?t(})jpes U_233, Ui,
U-238; the thorium isotopPe€ Th-232 a.n'd the plgggtf}mmdligs%p a:r'e i u-239, Pu-gy4) 'JD
pu-241. In natural granium, the twe isotop€s iuamnwith ssotop en23t5}.18 ratio 14y
is the .
One of the common me lly illustrated (only one Stagflsem"g
m enriched with isotopféez,;;u
' U

diffusion through a poToU
of many) in Fig- 7.13b. In many Ié&

is also used.

The mater
cross-section and small ne
phite, heavy wate
clei of these ma
is a material placed arou
to prevent neutrons fro
ectors and the efficienc

P

r),“(l

dis schematica
natural uraniu

erators should have 2 large inelastic scattq

(absorption) cross-section. The usual mOdrm

Jlium oxide, hydrides of metals and Orgzra.
ni

rb neutrons.

ials to be used as mod
utron capture
r (D20), bery

terials hardly abso
nd the reactor coré (that contains the § 1
ue

m, escaping from the core. Good modery;
y of a reflector increases rapidly wit}, ffzs
13

tors are . gra
liquids. The nu

A reflector
and the moderator)
are usually good refl

thickness.
control the temperature of the fuel eleme t
n

The cooling system in a reactor helps to
and transports the heat generated by fission to the heat engine. There are four types
possible coollants. These are (i) gases : air, CO,, He or steam, (i) water type liquidof
water or heavy water, (iii) molten metals : Hg, Na, K, Na-K eutectic, Pb, Bi or Ph 183:
merits and demerits. e

eutectic and (iv) fused salts. Each type has its own
is intended to control the chain reaction against
$

The control and safety system
its ‘running away’ spontaneously and also for protecting the surroundings against th
tion inside the core. While the first ie
s

intense neutron fluz and dangerous y-radia
1 having large neutron absorption cross

.achieved by pushing control rods of a materia
section (e.g. boron, cadmium) into the core, the second one is accomplished b
Y

surrounding the reactor with massive layers of concr :
completelygclosed coolant circuits. ’ ‘ cte and lead and by providing
o The power level at which a reactor operates depends on the rate of fissi
hence on the number of neutrons in it. By controlling the number of neutrons iilon o
the power level can be controlled. For this cadmium rods or steel rods with’ boerefore,
auizdéai(ﬁ;;aflad?}llum and bor<?n have high absorption cross-section for thermal n;ﬁ?r(?;z
ey mserg; : i(; ;z;;;oductlon factor k. To control the criticality of a reactor, control
the reactor shuts down. efizflzt(;rr;e Itrilthe L] neutrons are absorbed that
f0r‘ the reactor to start toward superc(:*liltiZ?ZEd ot i) enough, Helrons ot BEE
critical and the reactor operates at a constz y and then they are re-inserted untl
process of reactor control is made automati o e level. Needless to mention, fh¢
ic to eliminate any possible human error.

7.23/ Types of reactor
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pler 7 Neutron Physics and Nuclear Energy 311

cha

with respect to the arrangements of the fuel an('i the moderator, the reactors are
classed as (i) homogeneous and (ii) heterogeneous. In homogeneous reactors,
the fuel and the moderator are finely divided and uniformly mixed together, while
in heterogeneous reactors these two substances are in separate elements as blocks.

Depending on the energy of neutrons, the reactors may be thermal, intermediate
and fast. In fast reactors, the fission-neutrons are directly used and as such the
moderator is completely dispensed with, '

Purpose-based division of the reactors is power reactor, test and research
reactor, breeder reactor, isotope producing reactor etc. In a power reactor, the
energy available from the chain reaction is transformed into useful power form such as
electricity. The test and research reactors are designed for a number of different testing
purposes such as dimensional stability or instability of materials under irradiation and
other radiation damage phenomena. In a breeder reactor, the fissionable materials are
bred and in an isotope producing reactors, radioactive isotopes are produced for use in
various sectors e.g. industry, agriculture, medicine etc. '

Taking into account all the above features, the nuclear reactors can be classed as :
uranium-graphite, water-cooled, water-moderated, boiling etc.

7.24 /Homogéneous reactor

A homogeneous reactor, as already stated, is the one where the fuel and the moderator
are uniformly mixed so that each U-nucleus has the same chance of capturing a neutron.
We have already mentioned that with natural uranium, a homogeneous reactor can
attain criticality only with heavy waer (D20) as moderator. Ordinary water (HzO)
may instead be used provided the fuel is enriched with 23°U.

A common type of such reactors uses a solution of uranyl nitrate in water with
highly enriched fuel (235U : 28U ~ 1 : 6). The critical mass of ?°U in this case is
nearly 0.8 kg, when the container is spherical with walls surrounded by graphite — a_
neutron-reflector. With no reflector, however, the critical mass is about 2 kg.

If the nuclear fuel is 235U, the critical mass is about 0.6 kg and if the fuel is 23%Pu,

it is 0.5 kg nearly.

7.25 /ﬁeterogeneous reactor

A heterogeneous reactor is one in which lumps of nuclear fuel are embedded in the
moderator. It was suggested by Fermi and Szilard in the context of the fact that both
enriched uranium and heavy water are highly expensive, and that in natural uranium
the resonance escape probability ‘is low for a sustained chain reaction. When uranium
is used in lumps, the chance of capturing a neutron, unlike in a homogeneous reactor, is
not the same for each U-nucleus. The neutrons with energies corresponding to resonant
states of (%39U)* are mostly absorbed on the surface only, and once they are inside, the
energies do not change much and thus escape the resonant absorption. The probability
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of neutron absorption inside uranium being much IetS:S than on the surface, it actg i.tself
as self-shielding of uranium against neutro'n absorption. .
Once the neutron is out of the lump, lt'ent('ars a uramun'z-free zone of moderator
only, where it colides with moderator nyclel losing much of its fanergy. Neutrop can
thus skip over several resonance, absorption levels before being with the next Uranyg,
lump where the same story is repeated.
What then are the effects of lumping fuel in a moderator? Thege are :
1. Increase in fast fission factor by about 10% (e ~ 1.1), since the Probability, of
fast neutron fission increases.
2. Better moderation in uranium-free region, for resonance absorption of Neutropg
by 38U is very strong. '

3. Resonance absorption in uranium is a surface phenomenon and the resonance
escape probability v is not lowered inside g lump. It implies that compared to the total
volume, the surface layer volume in large lumps is small. ' _

4. Large lumps however lower the thermal utilisation factor a, since the neutrop-
density in or near the lumps tends to be less than
favouring unwanted neutron absorption in moderator.

Factors (3) and (4) are mutually antagonistic and obvously therefore 5 compromise
between them is to be struck.

in the moderator—a, condition
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NTRODUCTION

s concerning  the clementary port:

. problems  C o y Particles are to-

‘Ehl gw focus of interest and of research for the cxpcrimocgt?;

U o]l as the theoretical physicists.  Experimenta) investigations of
| 'ar)’ articles all involve some source of narti

; . cles to stud
ot detecting those parcticles and meas y and

_ ' suring their behaviour.
iy of the practical problems of such Investigations are caysed by

e fact xlhat many cle_m‘cmar)' _Partticles are unstable. The
dissical  clementary particle, the mdwmu.al atom was nothing
ot the mass point of classical machanics. The investigation
of clectromagnetic phenomena suggested that the atom had an inter-
ml structure. At that time the typical photo-type of the elementary
particle was the electron.  The problem of the * duvalistic nature of
matter was resolved by the quantum theory of fields : the elementary
particles cre nothing but the quanta of q corresponding field. The
study of clementary particles is basisto the understanding of radia-
tion phenomena, or one may regard any kind of radiation as a flux
of elementary particles.

[n 1932, when Chadwick identified the ncutron and Heisenberg
Suggested  that atomic nuclei consisted of neutrons and protons, it
seemed as if p, n and e~ were sufficient to account for the structure
of matter. Besides these there was the photon, the intermediary or
field particle for electromagnetic forces, such as exist between the
Lucleus and electrons in the atom. If anti-matter exists it would then
n: L::mdc up of anti-electrons, i.e. positions, anti-protons and a:lt::l;
and rOns. Thus we sce that seven particles could explain botfh mathcr
pm.“‘l‘“-ma.ttcr. In 1935, Yukawa postylated the cx_nstcncco} al;‘:’ong
nud:f ©_With a mass m e 200 m. as the field particle for tlwon high
ther ar Jorces, Recently the extensive studies made Pafftg’i h ener-
Ry a%’“’smw ray particles and even more, with the help 0 cwgnuc!ear
Part cc‘clcrators have revealed the existence of .numegg“,l: nvery short
“fttimzz' Apart from a dozen or e the par}tt;‘;lescannot therefore be
Rardeqd av"Y much less than 107° gec. They e characteriset
S normal constituents of matter. y
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. ic charge and magpp, ti
ass, spin, clectric ch etic Mop,
o e dccied by Bk SeiLes 2 fudameni e
g‘ﬁ/e;wntar)j, bl;iterslolt';a‘: the particles are "hf bz_asic_ buildin§ ;Nord
e e, but uasabilty of mostof he pertiles indicate " Block
of mauer,_bl{' are certainly not. It is true that theij, behavio‘,‘. N
B Laty 1950, but 1 is much 1653 now.  Fp?Shaviour
;:‘:2{3232 the term elementary particles is now commonly used_ Th of

584

in much the same sense as a7 the 1t
pﬂl‘ﬁcl? are clementary 1 °h°mlca|
clements.

16.2. CLASSIFICATION OF ELEMENTARY PARTICLFS

entary particles are separated into two 8enera) o,
called"lb;};:acnl:r:nd ferymion.g. These twongrgups have dlﬂ'eren% (t);[?:;
of spin and their behaviour is controlle respectlvs]y b /2 dj eros
kind of statistic (i.e. the Bose_ statistic or t}]e _Ferml stahs(ic. hen
the names). Bosons are particles with Intrinsic angylar Momeny,
equal to an integral multiple of fi. Fermions are all thoge Partig
in which the spin is half integral. The most Important differs
between the two classes of particles is th;.at there Is no m"“”\’mion
‘aw controlling rhe total numbe_r of bosons in the Universe, whereqs o
‘otal number of fermions is strictly conserved. e

Boson is a term, which not only includes Materia
also includes those quanta and photons which arise from i
ons. Thus in the. case of the simple electromagnetlc field
Josons are merely the light photons or the X-ray photons. Thi
photon has a mss of zero and a spin of unity and”j consequeny)
escribed as a ywassless boson. A mass}ess,boson, called g gravizoi
with a probabl® spin of two units has'been Postulated as a fielq
article for gravity. These bosons, created by the electro
feld, are essentially of one kind, while ¢

roup of bosons are much heavi i z;.nd
c h: are know
8 kaons or K-mesons (K*, K~ and o ). ! "

-Ons and aptj.) CBY processes involving lep-
heir a,m.pa,,,-:,}:,tso&i' -;%P_&qgrls consist of the two nucleons with

ot Stremely ungpyy, SonnP ) and the  hyperons’ Hyperons are
fo four sy “8roups Aomcw“.“ leavier Particles affd cap be divided
R0 m,), the icles (R2TtCle (4 neugrg) particle of mass about

7 A0 I with masses in the range

n
iy absOl®

: 4“111% f strongly interacting particles, caljeq
P

'4-,-;: = Kt K- K g

- S
“ 40 m.), the E-particles (=- 8

: 2 with
o §,~-particle (of mass aboyt 3284 4 33523 near
':,,) 3“dug‘tethe existence of the Ai-particles o.l)i T:\:re i3 ng
10 d?,mbef of baryons minus the tota) Dumber of v 1 Diong,

ta! ey conserved in all interactions, “ﬁ'barym

kaons and pions together with the baryony a7 placed :
; ’lddroru,} o
stle 16-1 Clﬂsiﬁm‘io" ofEkMenlary Par"ck’

Elementary Particles

Bosons - ermiong

F
(Spin integral multiple; (Spin_half integral)

Photons or gravitons

| R §

pions  kaons 3-meson

ZvE- o o5 2o
163" PARTICLE INTERACTIONS

. The interactiong among elementary particles can be classified
1eto following four types : :

(a) The Gravitational Interaction. The first force that any of
us discover is gravity.” 1t bolds the moon and earth toged?’ h?r
108 the planets in their solar orbits and binds m’:hwinmon
galaxy. Newton gave a formula F=Gmm,r* ror:d:wndonme
Ween two masses. The gravitational effect does mod:nuu'on but
colour, size, charge, velocities, spin and apgulac vitational force
depends on the magnitude of the inertia. E?:mg:zit
between two nucleons separated by "““dwn W
™My u (LIXI0 o g pemton
F=G™0_6 7% 10n “aoEr 2
and the ravitational attraction is only ion
We see -tghat it playsno role in P’“t',:'e ::‘p?;"‘d 2 ﬁcx!hd;‘m
Century (he forces were thought to hgiﬂﬁ e
wa for particular effects. In the
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e ta or mensengors which netyay
apenis L . Y pr
Aatned I lml\w':“';h““‘ can thux bo ul[;ll\hlu‘ In Yermy 'l“‘!') M
A exl teot, Uraviti Their mass st

"’
d ﬂ:t‘lwci“‘ n; n nuc'“’"‘“"”’""""o" (or electr on: positropy Thc,““ual
wﬂ * ug

jary - isb clectromagnetic interae 87

i ; tiop ;
ol pnlﬂchi“w: mediate step in the overall m” .;‘n luolvw by

‘,L’uoﬂ o Pai

, Y0 7E10 M gy, -
ate the M gravltons. lght. As the gravitattonaj g1, S\Ote, pavo & (N+N) —m—
ﬁ:"{:n‘vﬂl‘::v'l(; must 'l:""“":"'"":'r"‘ he detected In I«lfmnm,,y( eld ty ex. (L " :‘;‘; virtual  clectromagnetic Y+,
¢ " \
A, the k1Y

fromely WD : All of the ordi
s Interactlons. Nary che
Ml '.'(rf.‘l";"l‘l'.r??:":lo due to the ipteinction of eleetriy Ilel
and blologict

1y nr
R § n electromupnet [{-
C The tery poctisim jy “C‘:nu

s of mutual annihilation of partigles

Th? i’"": of clectromagnetic interaction. "0 A-partictey
am

(28 Interaction. The strong nyclegr :
1 the fieh wetism nte both paat of “'_° e ply ” rong . uclear interaey:
Mo electrivity n‘u-‘-l‘m"';"‘:‘\: for the internction of point chmké,";:"“- 4 © ?‘of the clectric charge. The force iy same bel:tzghon h
pon, The ';"(E""‘h,"m Py Aneor™s For two protong, 1(-m M n
'\

the name ©

: > Mo
wlsion force will bo 9% 10° X (LOX 100 (- mgy Clre

M‘P’ndg"':)f this purposc the proton and neutrop are

b
e ic charge states. Strong interactions iic. Ot butin

apart, "".,':;"..lu'.-q 10" times preater than the \!ll\\!iln\imm\ Altry, "-‘ﬂe:‘cm d "T“;] c°,,,n§’c is very much shorter thann\‘h;:\ :I,(r’l" meso
lnic\vlic:];nl;‘“l "oy tho mass. 1-h°l.-‘nc|‘ug( ; (r)plﬁﬂﬁc:ﬂ ."y the “‘"‘Neq.; d;db r o!‘l:(') magnetic interaction, Strong interaction mug;a;_n:auo-
:g(;:amﬂ““ of ‘Kne protona would be | nlen. : ol Of m;cn the distance lgctwecn WO particles inCreages ‘:‘ ‘ktauﬁ
. \articles nre not nt rest but are moving, the ficlg will npld‘f redicted the existence of heavy quanta, Which.pla ed wa
If the llr(llh‘ field but would bLe new one depending ‘m““ in 193 {c in nuclcar forces _(OT strong forces) as photons yl the
unly\:;c n:‘\mtl’ magnitude of the chnrge. When the chiarge iy “cc‘l{le same ml: oncs. From estimates of the range of niclear eremo-
V‘:::l |y|\c energy Iv tadiated out in the form of an clectric ang nag. o8 cln pfcdictcd that the new particles, called mesaons, Bhoultf;,m'
:\Lic pulses, This energy comes ;wm “‘c|“mm Wwhich nccelerage, Yok of the order of 200 to 300 eleciron masses. I the chaptc:vel
the churge. The pulso L called a plofon s travels with the veje, ﬁr forces, we outlined an elementary theory of Pion-nucleo,
of lght. .r":i'“‘i“:::l fl“l;l'h:\)l:\ll‘:;tﬂs rl’:l(::.: ::‘w: x‘:“(:\&nl(l;:};.g :u"hio"' ?:tircnclion'ﬁnd introduced the concept of a nucleon Charge g .mn
y N ! 55 cCtric 3 o

::::},‘::: ::;::(h m‘“lhc radio-photons. Thus we sce that o Jogous 10 the clectric charge e. The strength of the nuclear

are emitted and reabsorbed by a charge. Iateraciion

'€ photong

action i6 represented by the magnitude of the Gimensigpal mlgg.

Clwee . .
charged particles consists of un exchonge of these photons, 'n,c‘:'l::: constant g‘“"‘l.ﬁc (~ 15‘3“ t‘;“ about a thousand timey the electro-
th of the clectiomagnetic ln’lcm(hon is given by the dimcnsiomm maguetic coupling con
Snel “ngmm constant a(«=¢/ ¢she =1/137), and " is duc 1o photon Strong interactions between c\emtﬂ‘.ll'y Particles are si-
exchanpes. Ire respon:

The clectromagnetic interaction s charge dependent, In termg

of isobaric spin, the interaction depends on T.
the isospin rule AT=0,:1. All other quantitics such
baryon number, lepton mumber, hype.charge, parity,
number are conserved.

as char

aod i3 governed by

zci

slrangencyy

The capture of photon can eflect the production of mesons

or hyperons by an electromagnetic interaction
T Rekiyr
An example of a radiative capture reaction is
n-Fprn-ty,
The neutral particles such as
By by, 2o A4y,
TR bRy,

blefor the total cross sections as a function of energy. The strong
interaction is a short range force (~10%m) conserves baryon
mmber B, charge Q, hypercharge Y, parity w, isospin T and its
component T.. It is responsible for kaon production, however

tho decay of mesons, ‘nucleons and hyperons proceeds by an electro-
magnetic or weak interactions.

(d) Weak Interaction. The weak interaction is responsible for
the decay of strange and non-strange particles and for noo-leptonic
dwnr of strange particles. The numerical constant, which i charac-
terstic of the weak interactions, is obtained from Fermi's theory of
fdecay. Its value is gr=1.41X10"% Jm, In analogy ith the t:’x
pression for the other interactions, the dimensionless wesk inter-

on coupling constant is of magnitude

(8P (Bc)Y) [mac/BI'e25X 1071, -y

- . .‘. he '
Consider the reactions which do not invo The
strangeness and yet which must be due -tg ,:,‘.k interaction.
leutron decay is the proto-type of all the f

d i N N - -
“?n:’;::fc‘;:“",;‘_ﬁsl\ﬂlmlly since these processes invoive no change of n>ptetve cither dire
¢ decay processes such as L¥-»p* -ty are forbidden

i goin
cay : . . . The : the reaction €30 50 .. ount can
se the change AS=] is required. The paradox that the decay lionl::h‘l;: :t; :u::et:tgnycgnc:;\ :te‘?:ﬂl ond that a0y participd

P i
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528 o side by its antiparticle, Le W/ NSERVA
o4 08 opposltchi’ four fermion interaction js ¢ Prote, v, / :our of the c]cmcn(ary :
repl?c®® 7 ation of ¢ - +p—‘rn+¢4)' Another Xam ‘Onca . b/ chaviour ¢ | I  Particles ;4 _
Anom{’r vzami'ncul"?c:, i;' the muon decay (,r,,e__i[f": of J e conse;vatlon fav:::: (il’ INVariapce Pfincip]r:smcted bya
- o Y pt~le jes o es i , ; :
tore Of Tion int alci:;g ’ mong muons, nucleons and neutrint ) per OF Cproperties rocgzss en.trauvc physical us That if 2
four-ferT o 2 coup %, thy, @9 ot Coed in any P - The mogt” . 080tities
There § "—+p-’n+-n-. W i o unchd - fiments that are conseryeq in al| ar QUantigiey 5t
ther types of weak intera.y: g0 e k) interactions are : (S‘Yong o
There are however c; r pairs of fermions. Ctiony Whi e s 14 wea + Electrg.
‘ - e coupling petween othe ch ; gﬂcﬂc ; Jrvation o f linear momentum
require P (S_____.—l)—rf.“ (S=0)+p (S=0). p ) cons
A i BB Bt e Conservation {deanggla;1 momentum. Ty,
i ino invoW ) €88 chap y)] includes both types (orb; DServatio
T o st nvolvd. For O fermont" 3 41| gm0 " The it ivn by e nd ) of oy
and only ¥ « a¢ through a virtual stage (A°=p4n +p*) € cap fid m,nwﬂl pout any chosen external axig of ol 100 of the object
gssume this dcﬁfou'r fermions are involved. In the nexy o, 10 the goﬂ ole @ o angular momentum of eacy og}lon_ hCStcond
first vituel 85D ¢ come into play.  There are restriotiony o2 the # pe intrin® n centre of mass. Strongly interaert, o 200Ut an axjg
st.002 D3CIE, W rbidcen o allowed ¢ In a weak interqcyjo it prough 18 0T oin (3=3 for EZ A, n and p: 38 fermions haye
ahio "Ia:ns;;”;: strangeness of baryons ol:a";em"fr'h‘he Cémﬂge in m:,,';" :hhzlf inte%%fwgs (1, K, 7) have =0 Weak!;y’ sl;t; for Q), strongly
4 I to the change In charge. RRE change jp ;e - reractiD® have s=} ' eracting ‘fermiy
ness must be equa T, may be nonzero. The str £0spiy inte e, Ve, Vp) ’ ma§s]esg bosons (el ny
HT nent Tz may angen ns P i electroma
'Tm;?n la‘;ecnoc;TIr)r?eaningf ul for leptons, and are useful whep mri?, Onetpcrtgcting y-rays) bave s=1 and gravitions haye §=2, Enetic
jsospi i

be weak interections. The lepton nump,

are involved in t er iy 3) Conservation of energy. Conservatjon of ener

conserved in ihese imedracuons. i consetved, bug Cp ,od seems more complicated with eleantary liam'clegyl?;lcaztsher
2ad CPT are conserved. ) h“r g fraction of the total energy is oftenly interchangeq between ,e 2
Gimilar to the graviton for gravity, photon for elecromagy,, ; associated with lmass and kinetic or potentja] tnergy. Thehf;;

- and mesons for the strong nuclear force thereis ope agent for of these three, the total energy is algvays conserved in any Teaction

e ek interaction. 1t would 2lso be a boson of mass aboye 800 for example the decay reaction K°3ntfr-fpoypotl forbidden
32\7 Shd s named as the intermediate Ch“gge“ veetor- Boson g4 ecause the rest energy of the  K° is not grea enough to make fofxl:
given the symbol . Its half life a%‘mstlo_eisay 1nto electron pe, sions even if they all could be make at rest, However, the reaction
t+ino or muon-neutrino would be less than sec, pornt+w+n° is allowed. e, ™. i =
associates neutrino 2nd anti-neutrino exclusively with ¢ (4) Conservation of charge. The most familiar of th Ta.

weak i?xrt‘ecraclion, just as one assocxgg:s photons with em-int_eractio[t tion laws is the conservation of elqctric charge. The charg: f: :;;s“";-
One particle may respond to the different types of interactjon’ eg, ved in all processes and no exceptions are known. We note that all

pion scattering is eficcted by a strong force, pion radioactive captyre tlementary charges are 0, or —1 ; multipl

i ' i e charges are not found,
by 20 electromagnetic interaction and decay by a weak interaction, g

(5) Conservation of baryon number, * The number of baryons

We can thus write these interactions as : minus the number of anti-baryons is conserved.  In other words the
_ nefbaryon number in_any process always remains unchanged. Al
Table 16.2 Comparison of the four basic interactions normal baryons such as p*, n%, A%, ¥, £, 29, 7, E and (4 have

2 baryon number of 41, the corresponding anti-particles known as

zmi-baryonsbhave a baryon number of —1. All the mesons fme.a

Relative . Character aryon number of zero. For example, the reaction A’>p*+a”is
Klest magnitude | ASSOciated par ticles | ot time dllowed because the baryon A? is replaced by the baryon p”ﬁktfgl’ﬂg
the lotal number of baryons constant. The reaction A%>"p %

1 forbidden because one baryon is replaced by one anti-baryos

igjtmng interaction 1 Pion, kaon 10':; sec. thanging the baryon number by —2. -
lectromagnetic 1073 Photon 107 sec. 6 . . The number of lepten
(\;"eak interaction 10°l: Intermediate boson 10;:“ sec. minus( tzxec fﬁxﬁfﬁ’g’fn acg; if]eé);?:nsni!;mf:;sm ed. In omerrmrds ]thﬁ:
ravitational 1073 Graviton 101 sec. "fl!eptons number in any process always ,e.mam.;urogas;“-kpm
— Otdinary electron, negative muon and neutrinos as_sntileptons

pumber 41, the corres ondipg anti-particles kng»m
ave a lepton number o‘i)' —1. The reaction "¢ L

+ v is allow
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- =vicgr Phyﬂc,

is replaced by a lepton
<20 of —1isrep llmbt
s lepton number '
e 0 =
:“';,Ji(%»ll——("“ Lo is allo“';‘d byxc?_-gtli]onc?ns;wa“
- jon i 1 tons. (o 0.‘ e
The itjdn;‘nw.'vauo_n (;{-:ic;l’cpmns }3.;5 beent_found ig the Tlr:‘ ot
baryons 37 Fhuyers SA.:O far studied one by one, e
¢ iiécﬁﬂ‘* for s!rongl_mleractlonS. n“'a~
oo of leptons B2% 35 Chich are not appiicable to weqy intes
0 O er conservation - {hat is conserved in strong imteractiong onk,
The pfc?fﬂth,t propertics which  are not COnteryey Ky

are othet

actions  Cisospin. snserved in o Yed fg
is known as lf"s?x,c-:ol‘-s- but are conserved n ne or twg i, tra;
o1] the three [nteTacy rcharge, Strangencss, partty, mvariance ung,.
2 as ouly, are h}?:d invariance under CP conjugation, &
102 b Am 2N

comjuzation 2 ] -
conjus in. According to the ordinap -
: jon of Isospin. . —
i. C‘:J;":, ’3\ puclearpartitle pc?sa}:; a;cm;talp total 1oty ?:
of isotopic sr."‘,r“ ossible projection of this :sotopic spip e
spin T and _esch F‘[; to us as a different chargle state of the Con'g 2
certain avis L PPN o case of nucleons, T=1 and the 27 31w
=1 (for the proton state) and —) (for 2,
For the pions. T=13and so_ there are the
The triplet consists of =¥, = and =~ particles 5y 4 (\hi
-~ are —1. 0, —1, respectively.

: d hyperons and j
is =1 for the proton, neutron and hy .
the pifqlss. lllngcrting the value of T and B, one obtains :

0,=+1+1=+1, Ov=—1+1=0,
Or*=+1+0=1, 0r'=0+0=0, Q= =—1+0=—_;
Anzlytically, if Bisthe baryon number, T the isoto_pic Spin

nent of T and Q the charge j 4
gan umber,-T, the component of. 218€ In upjyg
gf [h;u:]ll-?uon charge, the relation between these quantities ig

0=T,+BJ2. ()
Isospin numbers are zssociated with hadrons (pi'licles that

qu‘rg:

S Zeto fop

cen exhibit strong interactions) but not with leptons. {(The isospin
component Ty is conserved in both s:(rong and elec Tomagnetic
interzctions but tot in weak interaction. ™

2. Conservation of Hypercharge. A quantity called hypercharge
(the twice the average chargz of the members of the group), i alg,
conserved in strong and electromagnetic interactions. For example,
for the triplet =¥, =°, =7, average charge is zero and hence all these
threc mesons have a hypercharge of zero. The hypercharge of the
pair of the particles K*hnd K°is +1 and that of the pair of anj.
particles K" and K°is —1. Thus the alternative definition is that it
is twice the difference between the actual charge O and the isospin
component T of a particle. Thus hypercharge

Y=2(0—-T,. (3)
3. Conservation of Strangeness. The concept of strangeness

hes found wide application in particle physics. Itis an additional
quantum number which deseribes the interactions of elementary

|2 ]
les. It haks been Chnse.“ n syep,

o7 the Wl K029 atticley (00 2 map,
fof a Bullﬁf; ”(]i ho ’ bal the U ch}?fs Taho,.
309 tic cloud chamber anq ¢ ab, OF M licley) *Omes
rﬂ’g:crmi“ ncvt/_ ty};es.of forkeq o e y‘; . )
wg?otogmphSiv(;lyccl;ymc]lf)L?jyéi1 These nw;ay I

intens ambe “Pare:

p;lcd "nral years. By 1953 5., T Efcmp.,p; tre 24 Chamy,
far chrC particles at Bagpe Sna gtqna‘mnf; Varier: 3140 fp o

n p Clsj u
w1 ¢s of mz}l‘?lscg{;g;er \hdn‘ - eSonsm "‘“San et o Hiony
ar”‘(lps. w C  Darticleg Whose' bug Sma“e t "
K'ctoﬂs were to be termed hyperon; % Maggey 7 thyy © Loss
r - tre

4 o most com

one of the_most commqp ¢,
/ °»pt+=n ) in time 25y 035,’"'6!% (A®
i ,}mcti",’,ﬁ with a ,'.r? tlhrpe of ~ 1()‘::1 " ot jtg dec Quegy;, ¢ de.
N0 gec 7 To explain t 18, Pais gupaptC iNsteaq
] tion- The V-paryjg) 'Bgesteq of tha

P roduciio . icies can the 4, * Obsap,
1 5rodured only in pairs, once Sepquerac ,,,Ongf?rheﬁ, of L STved

e ary particles only through ) . a;"'d ;‘cn(h ""’"gerand' therefop,

€q, in [« e,

c.{)"’d (4

dina’y |
0 ample is .
7 pt A4 ko oical

L*pﬂrr:-\l_,,c+ 4

Both the associated creatjg,, 0
ipdividual stability against immedia,
earned them the title Strange. By,
insisting that the tota] Strange
particle reaction.

‘hC s"ﬂn
Cly du:ay w
€

Ness must Te

If the baryons are arranpeq :

charge (plus under pius, minugs 3;:3501“.“‘"5 acordingy,
Tie electric c};]argc centres do ot ‘:c“S. Deutra)

The electric charge centre of y .
pand 7. The charge centre of i,“ilslcleon Sat+1 pyp
at0, but the doublet «jj
charge —1. If we takeqp
arbitrarily to be reference

For Ac...AQ: Q-\

w
- Laetr : )
Scentred gy —1° triplet Sigma is ¢s

e
1C charge cepyr,

X e € of the ny
Origin, then we have :

~Oy=—1. ,
Ov=—1:for Z'-hyperous...@Q:Q!-Ov

=—1:for E-doublcl...["’Q=- 1 for .. AQ=-2
{ . ==
By defining strangeness quantyg number as

§=240, 4

We obtain §=0 for the nucleons and non-zero
(§=~1, for A’ and Z's,—3 for =5 and—3 for n—fmﬁrahgf;?x '
of K-meson is produced ang gets beyond the influsnce of the |
collision, it cap decay. As the decay products have strangeness |
2er0 hence the Strangeness remains conserved in fast nuclear
nrocesces.  Onee Preluced and separated from each other, they
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o weaker interaction to allow them,

i d
R overns only the strong 10teractj,, Scay,
~ Strangeness conﬁ‘:;‘:‘:gz wz}eak interactions have some rae "? anq

i juis found experimentally that weak decayg chafor
I nge:g:.u little as possible. for
 strangencs “Spect

AS=21. No example with AS=42 hag been 3€en_"‘
¢ examples arc :

must wait for som

o> A+t e AS=‘1)
Eontetve Asfl
Aopte e, As=1. >

Il Mann in U.S. A. and T. Nakano and g, Nishi::
,pzln' igependcnlly suggested this strangeness quantum n‘hg{;la
They suggested a scheme known as Gell-Mann apq Ni;hijimr.
" scheme after their names, for this quantum number, In thiy felatio:
{2) is replaced by
i |/ Q=T,+§ Y=T,+;(B+S), "'(S)
=s+B )

| ~(6)
" Since Bis conserved always, the strangeness like the h
charge is conserved in strong and electromagn :

etic interactions,
To cover a whole range of strongly interacting Particles
alism has also been extended to mesons. Since the h}'peroixst:lei
negative strangeness, they can be produced only in association
K-mesons of positive strangeness. On the assumption thag
rangeness is a conserved quantity in a reaction such as
[ ptptopt ACHEY

040 >0+(—D+Ss, )

/

rangeness Si= 1. Similar argument gives strangeness S=

1fo
al kaon. From the associated production reaction r
~ F1+p>A+HK
S Se+0=—1+41,
it follows that S+=0, It also applies to =*, #° and n° mesons. Since
r(l)x;r mes;:ns the baryon number B=0, h
Charge Y. )

ence strangeness S=hyper-

Thus we see that strangeness js not an independ 2
. U y pendent new quan
tity, but is related to 5 combination of Q, T, and B, each of which
18 regulated by conservation laws.

. Letusnow see what i :
various choices of T, Bv:t::i Sl.ul}d.;:f particle type can be formed by
(a)

0, there arz three possibilities,
o) ﬁ:g. ;:(1) yiclds 9=0 (natural meson), 1° meson.

X Yields 0=+1, 0, — (pions).
(c) }yields 9= +1, 0 (nucleons).
multiple charge can be avoided only when

8:'], T=
I §=1, the

N ucleqy
I - Ph"‘t]

)"
A | f/’ﬂ | =0 and 0=+1 (Baryon .v{nglcl)

@ 2o =1 and Q=10 ks, o
) 87} the muitiple charges can b, avolded o),
1/5; 0, T=1a0d @=0, =1 (R* apq gy "7 When

b33 )

=V

(a)) g=1, T=0 and Q=0, (singlet baryqn |

yon A7),

(b 51, T=land Q=+1'0’_1 (£+y25 andE-
(})SE _2, the multiple charges can p, avoide ).
5=

d on|
B’;l’ T::* and Q=0. | (hypero‘“ Eo' Y When
(})S” 3, the multiple charges can pe avoi
5=
(!

-
=
-~

ded l
y B=1s T=0 and @=—1 (Q-hyperop), S

Al these results are summarised in the followidg table

Table 16.3

——

Tlelrlnle] aa
1 0 0 0 0 \

0 1 4 3 +1 .

-1 0 »

0 1 +(1) +1 s

0 9

1 o | o - 5

Ba td
! 0 O g | eon (Notdetested)

-1 0 3 +3 0 K

-3 -1 K

1 (i +o 0 IS

1 1 +1 b

0 0 o

-1 -1 I-

-2 1 % li ({ §‘_

-3 1 0 0 -1 £

In the case of hadrons, the strangeness must be constmdmi;:)
for fast reactions. The decays of kaons and hyperons are :‘Cg The
because they involve a breakdown of strangeness cont!:lwou-} ibe
dccays .:.‘->n+n‘ and E°->p+n" which involve A:S-_.:\'-}:-ﬂ!d
dpected to be exceptionally slow, and the decays = and baryen
FoAEr with AS=1 to be sow. Since chuge 8 BT
oumber are always conserved bence for weak decdy
() gives

A S| =21A T,!

(0
« lAT‘l"—-—*. . mC“hr direc
. AsT, is the component of tota! isospl?v::“di;;is o
lion, hence the general form of eqn (7) for
IAT|=4.
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Ucloq
594 . laws to high ener r ‘J'.wc'
onservitton ke b hig BY pio
s apply cons R L Diony,
; llisiz};‘; :'vhfclll often give large quantities of kaong, anmr:l&gcnn
co ch oftel :
possible equations are n

wtnt ACHKY
_)KO-I—K+ .

- servation of baryons :u.xf! strangencss, W 3¢
on violates baryon aqnscnyﬂxqg and, u,crcrnrce thyy
“pt>ATHKC g POssibla wl;cca.,.
rcll

Using the c
the second reacli 3 !
not occur. Similarly equation

-4p+—>A°+n° is not possiblc by strangeness violation,
" ati ~-J-pt -

i equation  p~+pT—2n1 2n=y e

Let us consider cqua _ o

various conseivation laws and remenl]bc'nng that the pajyq ofr’D[:iy(;ng

are ejected with opposite isospins, we have e

=—1+1->2-240, 30=0
=—14+1-040-+0, SB=0
T=}+% —0+0+1, 3T=0
¥Y=—1+1-0+0--0, 3¥=0
38==0.

$=040 —-0+40 \O.

4/ Charge Conjugation.[ Charge conjugation is defined g the
interchange of particles and ahti-particles. It does not simply meyy .
change over the opposite electric charge or magnetic moment, ty.,
sign of other charge quantum numbers [hypercharg; Y, bar -
number B, lepton numbers (/r, lu)] is also reversed without chay.
ing mass M and spins. Thus a unitary operator, also knoyp as
charge conjugation operator C, satisfies the following relations

CQC-'=—Q, CYC'=Y, CBC™'=—B, CI.C-'=—,
CI,.C"=1,;.

. Some elementary particles e.g., v, =°- mesons and the positro-
nium atom (e~ +-¢t) are transformed into themselves by charge con-
Jugation. They are thejr own anti-particles. These are known as self-
\conjugate or true neutra] particles, The neutron u(5= I, Y=1) and k°.

and

mesons (Y=1, B=0) are not invariant under C,

A sys
tobe i 4

ahition, (or example,
‘ oecay (r=—s =47
3ﬂ+“(‘;}4++vp)., since the n* islthe ;:;)tr
CCC? €S ago it was believed that the en
vic.)lartlezihicte?tdt()f ld956. experiments
LIt turned oy
angular distributiong 0 T
€cay my i i
neutring ?ﬁcr}:aﬁn{é’;ﬁosuc polarizations “and that while a free
conupesie, el an anti-neutring s right handed. Cherge

~ 4 0 a fr . . . 5
drocess whijch does not exisr?e a8 neutrino then results in 4

N nature,

nto the positive pion decay
particle of ==, Until about two
tire universe is invariant under
revealed that weak interactions
and x~ decay electrons have

‘I"V

f opposite Asymmetry : that the ntandn

w

595

. ,nmry s "r' 'c conjugate of the p; e
f 1he il‘alxnclio"’ of positrons, hyy ﬂ:g l;MiQ"
v

+ Why
or ch
(he wh Crial (0 q,) ‘ m cormp.,
W ay Q) ™et ay,
asc ¢ I8 arbitrary. For yer X0
The ph c::lu,‘ Phage )
arc matrix and g, ;
car 198 s i the pyy; i (o)
L ghef N Matyyy hay;
- e 0 —i n
v o=l o
or 8 single photon state {1y

= Cly>=—y>,

1 A state vector for n-photons (1)
i Cliny >= (-1 >,

! ’ ta the eigenvaly . w(13)
| hus for n-quan TValue of Cig (pi o X

| s through c\:;\:u‘o g gnag:lctlc Interaction int:; Since mesy

;} 0 it f.O“OWS a ¢ ®-meson i n eiEﬂStltc of c0 PhOl‘oru
; i +1,ie With ¢ign-

1

Cr’>=|pes
On the other hand| #*> anq | =y 44 10t ignstates of € 4y
Clet = —jn-> and C | »~ >=—pt sy,

As the triplet spin state is symmetrical and the y; i
| date anti-gymmetncal, hence to exchange an electron wicthnfggim
yemust induce factor (—1) ' g well gy g factor (=1)" Thuy we
have '

(=) C=_ 1 or C=(=]),

This relation gives that the singlet ground state (1=0) decays
into two photons (C=1) and the triplet ground state decaysinte
three photons. / .

5. Space-tnversion lnvariance (parity){ The Pd“:g l‘,’,’;‘,‘,’&“&?&
that{here is a symmetry between the world “?nt in space throug
This may be defined ‘as reﬂectionofﬂc'!’ff‘,yaud:*-!- sy
the origin of a co-ordinate system x-»_—-x_.yc is impossible te obta”
$jslem or process is such that its m}""‘ién::sv;o]atc the law of parit’
hnature, the system of process is # :

conservation,

yror symaeiy
Human body is a good cxﬂmfllf °fo§?&on of’ the
ofa car is symmetric except fof :gg of a normil & 1 ssible
We were 1ooking at the mirfof m: the csse 38 L
Yolate the symmetry butitis no, on the?

j "ign a car with the " steering ¥
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ni s . . .
Nucleqy Phy;(“ } M he“cny and its parity conjugate ha 9

As a is an arbitrar

. ) he neutri * ODposite g
te pjugate of the n 00 alsg Y, e helig;
" . s g fin! co ; as o icity,
526 .+ page looks wrong. But d“:”‘; lzfnr(‘io[t)l:'or:lg 'MPpogssip), Id: cb”rée the cambl"g‘gn g{"g: ‘é“g"cr? (or CP) 1p, '?33:“’ helicity,
view of a printe Fl’ could dcsign mvmc-n “”rhc ¢ ufccq a page Thu, unde rino- The comb peration also “yy o Ing ¢ 2e3
| about it. A prl;ltt page from right l.oldt -nm“i“a);!)c of printing i I nevtT  and- space) is conserved in mogy the 1,2 COmbineg
:; Qretas :ﬁ::nll th‘:t is unconventional and uniz ) MaIW ¢ ict us consider the decay of the POsitive p.‘m;'OWn Physicg)
b H . ’ )
i . u:\"” henomena involving st;on'% ;lcn::lqsilscctt}::t‘r;l!x‘;nc\ic intey 12 posseS <t “L++.v5’.“' e
P ‘onserve parity. Tn thesc c systems cap o ipt L indicates that neuty
| actions alone :i‘::i::;::sev:ululcs of the parity operator P. For 5 sir,',gl Heré ’“fbs(;,ragded spin.  Asthe C-invré?? a0 +ve mygp f
cla‘(ﬁi?cxlsl:{:rtt:«‘iirngcr wave function 3, the rtesult of th Pﬂrit; it it itslcles and vice-versa, whereas \helopn ic a0ges Particley
article 5¢ a2 pti-partl ight handed mot; “overson
L TR = 1 () B (g | @opaoded motion 0 righ TONOD. Henee - OMver
[ i () . ) ]6" . ion ¢ T = pro v
5 y rcal phase, hence can be set cqual to zerq, C-invers: e i
K
[

t I .
1 (—x) > poinversion 3 T = udt 4y, Tpossible proceyy
Plp()>=lvl—x

. P . e . . — ’
K. -..(15) . cP-m\{el‘SlOﬂ TTT > uRT 4 ver Pos;ible .'.'

E . Py (x)>= ¥ (x) >. «(1§) ot us consider the case fqit' hthe B-decay of polarizeq Ducle (eg

: It shows cignvalues 0&‘:}15 +1or _y co")- The :szrp;::la(t:loox?se?vati gn%ar::l?r &‘;U'COIZ{:ervation, charge
E The parity of the photon depends upon the mode of transitiop non-°°’.‘se€m i oL Th this figure B shows the d%?gztig‘:d ;Jpemion iy
El itis duc (o the change of the sign of clectromagnetic cutrent j unge; show & arrent loop, used for polatizing the nyclei, 1, e
:;;spmh‘y opersiion. The Micleans e 0 ve ar i gfis‘gned Positive field d;‘::a ‘r?uclear spin and thus known ag poiariza‘:;:)‘;levl;ctg‘ “?I‘:e
| .ven intrinsic parity- The pions have negative or odd parity ag ¢ ats the . ¢ r.
| i::ot;‘vtcn :::“:l]:x:)g 1in{cractions with nuclcons. K-mesons and ,f_,‘;? upper diagrams represent the result of the reflectjon of the process
E i

ive i °—E" -, Z-, Su-hyperons have pouit:
son have negative parity. A » 2 ave positive
intrinsic parity. All anti-particles of spin } are of Opposite parity 1,
the corresponding particle, while thc bosons and their anti-par

et
licles e~ X
have the same parity. > | Bﬂ B B e
The conscrvation of parity requires that the Hamiltoniay of :
a frce system commute with the parity opcrator. - e et -
(PH—HP)=0. "'(l'l) R ) .

The transition probability must be scalar it may contain mirror
pseudoscalar  operator (L.p). The conservation of parity prevents o m e ——— - C. o i CPeceaes
the mixing of cven and odd operators in the amplitude. Thus for
the non-conscrvation of pairty in f-decay, the transition probability

must contain both scalar and pseudoscalar terms, or the number of ’ e~ e e
electrons emitted parallel and antl-parallel to the spin of the source
should be different. B B B
The weak decay of the K-mcsons, which was difficult to recon- ; e e L)
(a) V)

cile with parity conservation and known as the t-8 puzzle, was ©
cxplained by Lee and Yang. They suggested that the weak interaction a L 4 (¢) CP-irror
was not invariant to space reflection. In 1956, Wu and others, using Fig. 16'1. (a) Parity mirror, (b) charge conjugation mirror aad( (a) shows
polarized Cn“’-nuclpi, founq that the direction of emission of clectrons thown in the lower diagrams of Fig. 16.1. Fig. lg'ih:nges

In the transformation to Ni®® was preferentially opposite to the spin .tl}at the apace reflection creates a different system, “B' Fig. 161 (%)

direction. The value of the p- X s : : ection of B.
. . : preudoscalar I. p, where Iis the nuclear ire not the directio s the
Spin and p the electron moment o stion of decay arrows but ocess eV

i um, was measured and found to be Tepr : yoation only- This pr N
o i, e Sy (bl )
7 . . = = " . . is N
lhcsis!?)/(l:am’mwd Inversion (CP). Landu (1956) advanced a hypo- ny Positrons and the polanzatlog d‘;‘,ﬁggﬁ. This lhow}ih!;: m‘lnﬁ.
e s‘.’ "f effect that any physical interaction must be invariat OWs the combined effect Pfc °p,°ccss of decay ‘:hc ion
rom  ooitaneous reversal of position coordinates and change over npg. Tedection,  we obtain the BE o ude bt m!id“on;ic
particles  to anti-particles. For example a neutrino has UCleus, From the above re'sudby the combine ope

YPe of symmetry can be obtain®

Scanned by CamScanner



598 by
. 'r
ly in weak interactions. Num(bi:r ‘Qf Other . g

and P oON 4 weak interactions ¢0 not grossly violate ty, . h”"b'
{ he dCCdy of K‘meSOn is not ,()rnh;‘.vz

l -

o

‘
3

show that the Unfortunat‘-‘ly (

.jpvariance. | :
Sn';cr the combined operation 1
; i reversal operator ;
i eversal. The time "= : Or 13
Time R ses the direction of time, or t?,edg.ﬁw.
n displacement, 5. %,
t but mfongenga, angular Celery,
. ert their signs. If the tme TCverse m"ir..;'
and magne - ature we can say that the proceS:d r".“)c:;

ﬁv;x N
Tis
1

h]

isi ible to occur 1n r
AL e In order to 1MagInNe a process Violy
under b |

time reversal symmetry. 1 _ ;
reversal, it is convenient to imagine that 2 film of the proceg, 5 bL %
ing

non-backwards. N

Time reversal invariance ﬁndilts snmpleﬁit applicatigy, ;

d of particles, where 1t appears to govern the stron M (b,
world of p 4 bly also the weak. Itgahagd eley.

tromagnetic interactions and poss!
essing time reversal symmetry cannot hav:h()
llec_

that a particle posse .
tric and magnetic dipole moments simultaneously. The time ,
process is the creation of an electron-positron pair by the C:“vl;:ga‘

of two photons. I5ioy
Time reversal invariance is satisfied in quantum mechy,:

the Hamiltonian H 15 ume independent and real. |y u;iimc; if

{* (x, —t) is the time reversal wave function of ¢ (x, 1). T} S Cagy

reversal operation T changes ¢ as US tim,

T U(x, 1)=¥*(x, —1)- 0

F The motion of a particle in an external fixed magnet;

variant under inversion of time. The relativistic treal: field ;
time reversal shows that the inversion of time axis inverts Went of
of the electrostatic potential. The (=°-) mesic field, like th the sigy
tostatic potential, is odd under time reversal in Order: magpe.
that the iptéraction is time reversible. 0 ensure

(8 -/Combined Inversion of CPT. The strong and the elec

magnetic interactions are invariant under the separate opera:' o
C,P,and T. The weak interaction does not conserve pa o
also is not invariant under charge conjugation. All the hﬁegtyﬁand
are invariant under the combined strong reflection operation é;%s
irrespective of the order of the operations. No example o 8
violation of the CPT theorem is known. It follows that if%‘ 'y
la;nqe is satisfied for all interactions, then these interactions will alo
og g;azliarlltt.unde.r the combined operation of CP. The existen:
accurate,o ating interactions means that the analysis is not qui

behav?iltex t%%ag?éfs conserved have the quantum numbers, Whi
by the combinatio rer;t ways, when one considers a system for®
such as angular mon of two other systems. The quantum nu® th
number, electric ch mentum, isospin, strangeness, baryon mumber, lepto?
Bim:numiers suc}frge are called additive. On the other hand, U
invariance under f; as parity, invariance under charge conjugofie®

er time reversal are called multiplicative.

not in

4
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, particte o
a ! 4
rﬂ!meﬂ‘ ENT ARY PARTICLE SYMMETRIES ”
LEM y was able to predict correctly th ;

6~19' ndel)_v'ce f then unknown elementg ¢ atomig Weight
07 M erties © lassification of Y meang of dand

P Piarly, the ¢ et 0 of the el,emcntary 13 periodice
oC 5. ST “success in Predicing mew particleg Ty 2 PaTticles by,

ste et Wit arrangement is based on a branch of adonethod dey.

th:,,n as group theory. 1t has beep founda A
kﬂo;ian law represents an invariance ywhjep ¢ general,
onser" mmetry operation. The set of qp cratorso:}r)eiponds 10 an

;keroprmf ity constitutes the group from which the {;1 Tepresents

alfgs)’m[;: irreducible representations of a groyy, consistt oefofr Aot

taﬂle' T santities or objects to which the ymmetry o a number

oo tatese q Thus the appropriate group operat; Perations gre

of S able. i1t another : On can transform ap,

3pP" these states Into anotier in the same Tepresentation, Tp.

e of - atal representation is the one containing the g The
- undd% 0 states for the Pa?th:lla}'hgroup. Stallest

pug® system 1s Invariant with respect to dis ;

rIf g’;en):;um is conserved. Angular momentglzci?gggsl:rsggﬁ

};%Zariaﬂie tlismz;.r.r.t. angular displacement and €nergy is conserved if

it 1 W'r'e' simpicst unitary group U (1) contains transformat; .

4d a’]g;)ase factor only to particle wave functions. The t;g]\::r?;:gg

8 jer such trapsformations gives conservations of charge Q, baryon

unlcpton L and hypercharge Y. ’

B Unitary Symmetry [SU (2) Symmetry]. We know that proton
| g4pd neutron are identical as far as the nuclear force is concerned
- put differ in their electromagnetic interactions. Thus, it is possible:-
o imagine a group of symmetry operators which could transform

5 peutron into a proton (or proton into a neutron) in the absence
ofan electromagoetic field. The proton and neutron would then
form the fundameqtal representations of the group. The existence
of such a symmetry implies that something remains constant under
the strong interaction. This is known as isospin and is } for proton
as well as for neutron. The component of the isospin, T, is+} for
the proton and —3 for tbe neutron. The operators of the symmetry
group thus change the co-ordinates of isospin in such a way as to
reverse the sign of T, It can also be expressed as : the strong inter-
actions are assumed to be invariant under rotations in the isotopic spin
space,

. The particular symmetry group applicable to isospin conser-
vation is a form of unitary symmeiry known as a U (2), which can be
expressed by a set of 2 X2 matrices. This group may be reduced to a
‘pecial unitary group S U (2), which is also written as SUf,,. It és:
*Pecial because a restriction reduces by unity the pumber 0 &‘:es
T;l?rtsl In the group. The two dimensions refer to thei ﬁgisbaj;g:- The
Tcst:ictl'nake Jpihe juntamentt. reprcsenlat?tlgﬂeratms 2X2=4to

A of special reduces the number 0 pzors

¢¢. The group is then said to have three genemu ‘. can be shown
that ag? the use of the algeb}”a of the § Us (ﬂ mg;fryp group consist of
am 1.meducnble representations of the sy F the multiplet have the

ultiplet of 27741 states. All the members of the £80/° . "ie the

© 150spin T and are essentially identical exceP ‘
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icleq,
3 in is strictly Consery,
ie isospIn ed, y

try WoS c,;:tc "\vould d"ﬂ;:;alg[:chi‘;ai:tg;rz‘;d L he o

b2 tip electr
_(ymll‘ fa mu by the

ts ;

il

nts jola licable.
:“‘;uclr)' 13 r“ in is not apP
jon ¢/ 77

Vs icy

. - The m,
tion fo, Whif;(,, (2)‘;&
Co,.

Yo
. Jg'

Jsospi § >, | n > have ant!-nucleon N
" g muleen 4. cretsfor_clarity and"sepat? s,
|n> Omiugagrl the combination ol nucleon with i!l\ti.:e rage

> ~ss ,

from tmc"l'}:scnlcd as _ (05— tle"h
may be 7P pptn "(l 0) ( e (>

(r )x(;n)"'VT D1/ \nip (P‘wn;"))

n sents singlet (y
of r h.s. repre; i Weson,

The ﬁ“‘dt::?m represents the triplet array (Pions T:O’ I§0\
ond the secon m can be written as 1, I§0\))
The second ter! =°[V/2 n+) ‘

T /2

U (3) Symmetry]. The S
E_igb‘.fomofv:’:z tl{?ory (oz isoyspin. This stand b
gencral!l-“"];f; dimensions. The term, three dimensio,, N l‘ef: n tary
gra:ll'bf':ic states which make up the fundamenta) Tepresey to gy,
three ;c In a three dimension unitary Broup there gp, " ttoy ie
;"\';‘32'9 operators, but the _restnct:or{ of ‘special™ r’ed gencra‘
mllmbcr in eight. The group is lhe_n said to have eight Ces the
Gell-Mann has referred to the resulting 8roup of symme ry Ope'rmor"'
as the eightfold way, named for Buddha's Eightfoiq Path'yo p
comprismg eight right actions. Three of the generators apply tg 11
components of isospin, as in SU (2) and a fourth jg associageq ,
hypercharge. The remaining four also involye /’ypertharge in vit)
way.

adj eren;
Application of the group algebrq showed that the SU (3
metry should give rise to six supermultiplets, containing |, g 3 lsoynl.
and 27 members. The 10 multiplet is equivalent to the 10 poy 10 10
hypercharges of opposite signs.

In each of these supermuly; With
parity and intrinsic spin of members are the same, while tkIl’lets the

charge and the isotopic spin are not same. Among above m:nlt]iYPcr.
groups, 8 and 10 member groups are of particular interest, S8

In the case for B=0 w
filla 3x3 array :

U@ ¢
s for g };f‘;l’y is a

¢ may form particle anti-particle states 1o

p

S {§(2£‘1f—n n—AA)
nXCp wA)>< np
A A
pr PA
W =pp +m7 +A7) Ty
I B {=pP —n m+2A7)
tcan be identified With known spin zero mesons
(=lv2) T/Ve) ot K+
k- CFNVDtwive) ko
K —2/V/6

. 2lorg

ey
1
T !
gh-m peutral M meson is now Wrillen g4
< S kot -

b a=(pp tnn 427 AV6.
< jn addition the symmetrical ey,
is &3

Ther® r—pp ot AR V3

n- e thesc Mesons are forme
Sinq fence bave odd parity. T
cle P(‘)‘:r;"‘ould be arranged as :

114

al
[ ((Iﬂlhlﬂﬁlinn Oy
Higley

! from fermi
Gt Mion pan
eS¢ eighy Particley *ﬂn::-’;nn:!,"”.
=0y g

3 i’ Youl

triplet nn[; ‘
oni_ doublet with Y=\,
?,',':e doublet with

4 Vo=l } 8 membe,,
one singlet with Y=0, T=0

y—>

Iy

L)

ER Mgy
3 . (Mev)
5 496
= 1
Y 549
>

x 496

0 NS i

-~ .Y 22 \Y]

* Nz -1 Uz 0 vip ety
Ty ———

v
M

*1

Fig. 1611, Boson Octet P =07

y_—-—P

-2

HyPERCHARGE

Y, N

’ \ N, N %

-~ \Y] \Y) X *’l
R IR R

" Ty—>

Fig. 16.12. Baryon Octet =i

" ' "
When this was first postulated there were s(ez\::) g;_o:%d ;_ :{ej
mesons. The missing meson was expected to have i

-
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638 \-Mann and by Ne’eman.

i h by G f metastabl This ¢
cdicted Dot n. Octects of metastable mesop, ight
and W3S l;'s pam ﬂ-_mcgl‘;’_ 16.11. S (zerg i:}l.

eSO ol ) is shown 10
P 4 Ne'eman pointed out that
.Mann an na .
] lgj&;Gegcg array. For B=1, thc octet reprcscntalt’i:;rz"r}
Q
UO(Jf;’glves an octet array

o+
r(£°/y/22\)_+(A/\/6) (—zolioz)_*_(A)l\/a 'l: 1
E = —2AIV6
.+ in number (P, 1, A, ZF, Z7 205~ o
These, 27¢ ﬂg;]';ll and T=} or 0. The _cightfold way' an?; For
is’baryo;! octet is shown 1N fig. 16.12. nge.

these I’=2"
ment of th Al o
octet mesons, Gell-Mann suggested a relay; .
amon: ?;e'::erage masses of the components, (M), x ( M, “m"ﬁ
(M), 28
1 i 3IM*+ My =4My 4’

, Another interesting case is thau of the boson octet with }»—
The particles are X

K* (T,=—}, ¥=1), K** (T,=}, Y=1), o (Ty=—1, y_
PR e R el R 2 SR O

For I7=1", a boson singlet ° O(T=0,' Y=0) has als

suggested. Neither the mass of ¢° nor w° fits with the expecteg \}:lel::
of Mo in above tefalfon Ttic mastes of @ and ¢° are found app i
mately equally distant from the expected value (M;=930 Me of
mass. Gell-Mann and later Sakurai explained this by assuming o9
and ¢° approximately the following mixtures of the octet and singlet

1=,

states

Real w=v/(1/3) $—v/(2/3) @
Real $=v/(2/3) $+v/(1/3) w. (49

Without really knowing which particle belong§ in the octet

state and which in the singlet, the ¢° has been arbitrarjl :
the octet. ’ ily placed in

Gell Mann derived a relationship among the average
of the components of the i i intongia o
ol given e four baryon multiplets in the intrinsie spin
2 (Mn+Mz)=3 Ma+Ms, L (50)
where My is the average nucleon ma : '
the | ss and the av
hypcr;r;s are indicated by the respective subscriptsc.rage masses of the
¢ relati . .
formula, given b‘;"gké‘t‘z)’ and (50) are special cases of the general
M(T, Y)=M
where g and b)are c:)“ Lar+b AT (T+1)—1yy),

nstants for a particular multiplet. =0

(dg)

i B SN ===

11y particie )

e intsingic spi )
on octet for intrinsic spin 3~ cong;

The b?:syonancc states N*° with T, sy

ty of
. =—} and N»+ One dobley
o /g;u’bl ot (¥==—1 ; resonance states 20~ iy T, T,

¢ 8°%71; one triplet (Y=0 ; resonance states Y°-=-_* o3 i
:,?lb T-h’ T,=0 ancln ’Y~+ with T3=+1.) and one i e:'“h
7 Vemper is 1)

¢ rtemarkable prediction was the

A :‘g‘, with intrinsic 3pin 3. Theory pregicies ﬁ‘x‘cl ten-fold

bm?g be a grouvp of ten glel{lbe{s t Y=i,T=1, quarm?‘ there
shovs e ‘denoted by N an Exmg in four charge states) chuc\eon
1¢s0 :(hyperon resonance Y;* which is containing excited %, o, T=],
wiple! M7=}, doublet (hypcron resonance whi patticles),

T
(¥=0,T7,2%

=1

icles E), Y= hich is equivalent
excited Cﬁscade particles £), Y=—2, T=0, singlet (a particle wits
charge— 1)

a 1962, when the proposal was made to incorporate

] EI resonances in a decuplet, the tenth pmm:?"wu ‘fxfkﬁa:;'

. existence of such a particle was predicted by Gell Mann and was

pamed omegd (8u)- The baryon decuplet for intrinsic spin 3 is
hown in fig. 16.13.

RGE

HYPERCHA

g \

-~ \1/ ‘n
| a1z Q Nz ¢l M242

Ty —»
Fig. 16.13. Baryon decuplet for intrinsic spia 32t

Before the §,~ had been discovered, the values of aand b (cqrf.
51) could be found in order to fit the Y=1,0and —1. ‘l'hus;1 the wmass
of the Y=—2 member was predicted as 1676 MeV, while the measu
red value is 1675 MeV.

Although all the other members of the ban;gn iﬁ%‘?ﬂ{;‘:
intrinsic spin 3 are resonant states, decaying by tbe

; th
action, Gell-Mann_noted that the §- particle should decay YRR

weak interaction. Possible decay modes are
Q- &+ =’
- B 4w

> K N
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hat in these modes baryon number s COnsery,

while ils’o?p?rl:nhrylp:.rclmrgc and strangencss arc no(hconscrvcd_ ed

conservations only hqld for strong interactions, hence the dec.
§L- is by weak interaction.

In a recent development attempts have been made to Combin,

ordinafy spin with T'and Y. The new group is Cescribed as Sy (6).

16,20. QUARK THEORY .
It is obviously desirable to find whether or not the m"‘“'Dlici(y
of particles can be built up from other similar units.  Analygjs T
~ shown the possible existence of three basic units which coulq be the
3 really fundamental pariicles. Zweing called the three particleg aces,
but the name quark, proposcd by Gell-Mann, has become wide)
accepted. The clementary particles can b.c conceived (as far oA
isospin and hypercharge are concerned) as being built out of combj.
~ nations of quarks. The quarks (g, b, ¢) are the basic states, whicp
are represented as the basic three component column matrices,

~(s) = () = (¢)

The quarks a and b form a isospin doublet with T=} ,p4q
Ty=1 and —4, whereas the ¢ quark is an isosinglet with T;=0. The
- quarks can be interchanged with the unitary matrix, as

3
gi= Z Uis g1
J=1

The unitary matrices U can be expressed in terms of Hermitian
generators Fy as

8
Hi exv[iZa; F:],

i=1
where oy, a,,...a are parameters, and Fy. F,... are Fy eight indepen-

dent traceless hermitian 3 X3 matrices. The quantu
 hern ] m number:
quarks, are given in the table 16.5. a o8 of the

"Table 16.5,
Quark Q T T, B

L=
2y of

Y S
a +2/3 ]/2 1/2 1/3 ]/3 0
b= <
c —1/3 0 / B3 0

03—z
For the corr i . ]
same but the s,-gnsc(s)?oQ‘tdgng‘:_"t;ﬂ““ks. the numerical values are the

luarks are represented as row mat T;}Egs S, are changed. The anti-

@ =(1,0,0), T=(0,l,0), ©=(0,0,1)

2 which transform as

“1
Q= Z qi (U‘)..
ociating particles with sy
" i::t:;;:i baryon number must be ) 'Ff{fe:!cnt_;g;o,“ B bary,
o three quarks. Thus for baryon, a%bX ¢ ing {ormed
qo&'"’ two octets and a decuplet)’ The Mesops e Rateg ¢
,mmb‘r st b AT fom OR€ Quark ang o, M o b‘no:
?:‘ mesons 8X b gives 9 states (a singley and ap o:x e N
pes0D formation are as follows : et). Examples =
=" (a6 ), = (2a), =™ (Tb), K* (4= wo ..o
=" ( K* @), g (b, k- (20, k.
Table 16,6
unarks Q T M
e Y B s Particte
aaa 2 12 2 I 1 o
I 4 I 1 9 FE
obbd —1 17 2 1 1 g L
312 4 1 1 9 -
aab 1 12 2 4 4 0 &
. 3 4 4, 3 W
abb 0 12 2 b1 o 4
3,’2 4 1 1 0 uﬂ:‘ )
aac 1 0 L0 1 »

N S T U
abc 0 0 1 0 1 -1 ”

13 0 14
bbc -1 0 1 0 1 _

1 3 0 1 -1 T
acc 0 12 2 -1 12 =
bee -1 12 2 -1 1 -2 =
cce -1 0 1 -2 1 =3 &

- vguarks.
The baryons are each constructed frem three quarks, po antiguar
This permits both octet and decuplet representaticzs, n!s- cm
actually. All the possible combinations of thiee quarks for tane
only are set out in the table 16.6.

. 3 interactiz.

The quarks and_anuq\lam, ufufﬁgt:?sb:g: B \:b:
particles of spin § carrying the qx.an‘l bees cetected @ pucler i
16.5. The fact that the quarks bave 20 high epergy lsbomatories. 5§
lisions, either in cosmic radiation C'[bpgh mass. 1be quarks ke ©o
gests that the quark must have \uyb xmcr.;-hlt {be phozers <! wiid
independent existence outside lhc\ " <ed of cpe quatk ”"“'”"ﬂ'is
state physics. 1f the x;csong :’fc:ﬁ:‘:o‘m!fl‘» li‘f ?‘ﬁ,’f;u B
with one antiquark through 3 * momentum L, e 127 7 :_vu
2; lgilhcr 1 orui)t- bI: "('_‘k;;z.ag.gu']'ahre baryon states formed ficm 7

€ meson m

quarks must have total spin 3/2 ©F i
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No eovidence had becn obtained that the quarks .
Amsmots &tz 00w baing made to find quarks in the fields 0‘?‘“ eXist,
=¥ ==3 large acosierator research but the difficulties arpe eCOstc
=zs ez suggesied 1Bat meteornitiess might have COHCctg at. It

: I \ ths planetary system of 4.5x 10° yearquark,

wnich have arrived on earth would S. Such
i=ss 1haa the elestroaic charge, Attempts to g

sm=c= soD-2lecironic charges are now being tried but have get tfc': be
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