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GENERAL PROPERTIES OF NUCLEUS

of a-particles showed Fhat the mean iy
hile that of the atom 1S about 10710 o of

]
the atom. y

Nuclear size. Rutherford’s work on the scattering
an atomic nucleus is of the order of 107 to 10" mw
the nucleus is about 10000 times smaller in radius than
The empirical formula for the nuclear radius is

R=r A" .
where 4 is the mass number and r = 1.3 x 107° m = 1.3./nt. Nuclei are so small that .the fermi )
: ; : AR his formula we find that the radius of the (i
is an appropriate unit of length. 1/m = 107" m. From'l 10Ty cleus is 624 ¢C
nucleus is R ~ (1.3) (12)"” = 3fin. Similarly, the radius of the 4,48 NUCICUS 15 0.2 jm and the of
the 4, U nucleus is 8.1 fin.

The nuclear radius may be estimated from the scattering of neutrons and electro'ns by the
nucleus, or by analysing the effect of the finite size of the nucleus on nuclear and atomic binding
energies.

Fast neutrons of about 100 MeV energy, whose wavelength is small compared to the size ¢
the nucleus, are scattered by nuclear targets. The fraction of neutrons scattered at various angl
can be used to deduce the nuclear size. The results of these experiments indicate that the radius of;
nucleus is given by R = r,4 '3 where ry~ 1.3 — 1.4 fin. The scattering can be done with proton bean
as well. In this case, however, the effects due to Coulomb interaction have to be separated out, Th
observations are in agreement with the equation R = rOA”3 with ry= 1.3 — 1.4 fm.

The scattering of fast electrons of energy as high as 10* MeV, with a wavelength of abou
0.1 fm, has the advantage that it can directly measure the charge density inside a nucleus. The resuls
of the experiment are in agreement with the equation R ~ rOA”3 but with a somewhat smaller valu
of ry= 1.2 fm. The slight difference in the value of 7, may be ascribed to the fact that the electron
scattering measures the charge density whereas the neutron and proton scattering experimen®

measure the region of large nuclear potential, which may be expected to be somewhat larger e
the size of the nucleus. '

EXAMPLE. The radius of Ho'® is 7.731 fermi. Deduce the radius of He*

SOL.l fI;et R,, 4, and R,, 4, be the radius and mass number of Ho"®S and He* respectively- T
R,=r A, " and R, = rOAzm.

EL AIHJ

R, 4,7 - N

R, = R4 7731« 453

Al W = 2.238 fm.
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Nuclear MAass. We know that the nuclens consists of protons and neutrons. Then the mass of the
ucleus should be
assumed nuclear mass = Zm 4 Ny

Here, m,, and m,_arc the respective proton and nentron masses and N is the neutron number.

clear masscs arc experimentally measured accurately by mass spectrometers. Measurements by

¢ spectrometer, however, show that

3 real nuclear mass < Zm + N,

. The difference in masses
Zm 4 Nm - real nuclear mass = A m

i called the mass defect.

Nuclear mass
Nuclear volume’

Nuclear density. The nuclear density py can be calculated from py =

— e — y -27
jelear Mass Amy where 4 = mass number and m, = mass of the nucleon = 1.67 # 107" kg.

laclear volume = % nR’ = % n(ry A""‘)3 = % m'{i‘ A

- Amy my _ (167 x 107%3
' 4 T4 5
- 5 A ~mp (3% 107
: 3

Il

1.816 x40'" kg m™.

Note the high value of the density of the nucleus. This shows that the nuclear matter is in
gn extremely compressed state. Certain stars (the “white dwarfs”) are composed of atoms whose
electron shells have collapsed owing to enormous pressure, and the densities of such stars approach
at of pure nuclear matter.
. Nuclear charge. The charge of the neucleus is due to the protons contained in it. Each proton
positive charge of 1.6 x 107'° C. The nuclear charge is Ze where Z is the atomic number of the

leus. The value of Z is known from X-ray scattering experiments; from the nuclear scattering of
articles, and from the X-ray spectrum.

pin angular momentum. Both the proton and neutron, like the electron, have an intrinsic
The spin angular momentum is computed by L, = \/I(+1) & . Here the quantum number /,

nonly called the spin, is equal to 1/2. The spin angular momentum, then has a value L, = %3— h

_'\_Resqlltant angular momentum. In addition to the spin angular momentum, the protons and
rons in the nucleus have an orbital angular momentum. The resultant angular momentum of the
s is obtained by adding the spin and orbital angular momenta of all the nucleons within the

. The total angular momentum of a nucleus is given by Ly = Iy(y +1) h. This total
gular momentum is called nuclear spin. '
Nuclear magnetic dipole moments. We know that the spinning electron has an associated

¥

b , ] i
etxc dipole moment of 1 Bohr magneton, ie., i, = ,,—;— Proton has a positive elementary
2m,

and due to its spin, it should have a magnetic dipole moment. According to Dirac’s theory
eh ’

‘B i 3
ZmP ere, m, is the proton mass.

Ky s called a nuclear magneton and is the unit of nuclear magnetic moment.
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@ ., has a value of 5.050 x 10™*" J/T. Since m, = 1836 m,, the nuclear maghetop I:’"‘E'
1/1836 of a Bohr magneton. For nucleons, however, measurements give ju = 2,795 Illy
B, =- 19128 Ky - Physicists have found that it is especially hard to umlmlunq hn dng
neutron, which is a neutral particle, can have a magnetic moment, W the

Electric quadrupole moment. In addition to its magnetic moment, a nucleus Tlldy hﬂve
electric quadrupole moment. An electric dipole moment is zero for atoms and nuclei iy Statio, ity
states. This is a consequence of the symmetry of nuclei about the centre of mass, ”“qu rY
symmetry does not need to be spherical; there is nothing precluding the nucleus from “‘*‘mmm
shape of an ellipsoid of rotation, for instance. Indecd most nuclei do assume dpproxnn,,t(_Iy Ie
a shape, and the deviation from spherical symmetry is expressed by a quantity called the Clocy, Lh
quadrupole moment. 1t is defined as

0 = (-Ll—) [ Gz =) p dr

Here, p is the charge density in the nucleus.

® O is actually a measure of the eccentricity of
the ellipsoidal nuclear surface. Evidently O = 0 for a d. ﬂ- -\ b
spherically symmetric charge distribution. A charge ‘P &j a
distribution stretched in the z-direction (prolate) will give .
a positive quadrupole moment, and an oblate distribution Q=0 Q= Q=
will give a negative quadrupole moment (Fig. 17.1). Fig. 17.1 o

Since the expression is divided by the electronic charge, the dimension of the quadrupole Mome

is that of an area. In nuclear physics, area is measured in barns. (1 barn = 1072 m?),
Parity of Nuclei

The total spin of a nucleus consists of the sum of orbital angular momentum of nucleons and
sum of their spins. The orbital angular momentum ZI,, actually defines the parity of the nucle;

n

The angular momentum eigen function can be expressed as a Spherical Harmonics ¥, which is

even function for even /, and an odd function for an odd /,. This shows that 21,, is either even or
n

odd for nuclei. According to this, the nuclear wave functions are said to have either an even parily
or odd parity.

For positive or even parity, y(x, y, z) = y(-x, - y, — ).
For negative or odd parity, y(x, y, z) = —y(-x, — y, — 2).
If Zl is even the parity of nuclide is positive and if ZZ is odd, the parity is negative.

As an example, the Deuteron nucleus contains a neutron and a proton in S-state with /= 0 and
the parity of deuteron is positive.

Nuclei of various atoms in a ground state have a definite parity which is either positive o
negative. When the nuclei are in the excited state, their parities are not always the same a3 in e
ground state. Parity in nuclear transformations is conservable quantity but is not conserved in We?
interactions like Beta decay. It is conserved in nuclear reactions and gamma decay.

Isospin quantum number (T)
Neutrons and protons are similar in all respects cxccpt charge. We may regard a nucf-‘-’ﬂ’

a single entity having two states, the proton and the neutron. To describe their qUaﬂt”m

quantum number used is isospin quantum number (T). A nucleon is assigned an isospin °
In an electromagnetic field, two charge states with i isospin components of 1/2 and -12°¢
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SIS Nuclear Stability, Rinding Energy, Mass Defect nnd I'ucking l‘l‘ﬂﬂillm.

On the proton-nentron model of the nuclens, itis clear that the pa rl_lt‘h'-:‘i which
constitute stable nuclens are held toprether by strong attractive forces and in order
toseparate them apartowork must be done, In other words, energy must be supplied
to the nucleus to separate it into its individual constituents, To consider what form
this ency can take place, we apply the famous Einstein's mass energy relation
E w mc”, where £ and m are the energy and mass of the particle and ¢ is the velocity
of hightin vacuum, This Simply represents that mass and energy are manifestations
of the same thing. We should therefore expect the total mass of the nucleus to be
tess than the sum of masses of the constituents. This has actually been observed
through a great deal of experimentation.

The binding energy of the nucleus is defined as the difference between the
energy of the constituent particles and the whole nucleus. Let us consider the case
1‘ . . . .
of a nucleus ; M7, the binding energy is given by

B =|ZMp + NMy - ;M) ¢ - (3:34)
where Mp= Mass of the Proton,
Z = Number of Protons,
My = Mass of the Neutron,
N = Number of Neutrons = (A - Z )

zM* = Measured mass of the neutral atom, [also written as M (Z, A)|
The above cxprcséiou is, now-a-days, generally expressed as

B = [ZMy + NMy - ; M| & (335)
where M, represents the mass of the neutral hydrogen atom. Since there are

{A nucleons in the nucleus, the binding esiergy per nucleon is also given as
2

B ¢
I = ‘E’ IZMH : i NMN - ZMAI ...(3'36)

When binding energy fraction B/A is plotted against A, the curve similar to
Fig. 3-13 is obtained.

We find from this curve that B/A almost remains constant between
A=30and A = 100 and decreases for small and large values of A,

The decrease for large A is due o the coulomb repulsion between the protons
which clearly makges the nuclei increasingly less stable. [n light nuclei, the in-
d?vidual nucleons are attracted by only a few other nucleons and hence their
distances of separation are larger which again reduces the stability. The decrease
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Stability of Nucleus and Binding Energy
Total B.E. of a nucleus
The number of nucleons it contains

B.E per nucleon =

The Binding Energy per nucleon is plotted as a function of mass number 4 in Fig. 17.3,

A

@
l

TN
I

Binding energy per nucleon in MeV

N
.l

| | | | I |
0 40 80 120 160 200 240

Mass number
Fig.17.3

® The curve rises steeply at first and then more gradually untjl it reaches a maximum of 87
MeV at A = 56, corresponding to the iron nucleus s e

® The curve then drops slowly to about 7.6 Me at the highest mass numbers.

Nuclear Fission and Fusion, Evidently, nuclei of intermediate mass are the mos -
since the greatest amount of energy must be supplied to liberate each of their nuclf: g
This fact suggests that a large amount of energy will be liberated if heavier nuclel

Y
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w be spl i w o iR . .
someho plitinto lighter ones or if light nuclei can somehow be joined to form heavier

ones. The f(‘-m.wr process is known as nuclear fission and the latter as nuclear fusion. Both

the processes indeed occur under proper circumstances and do evolve energy as predicted.

pm:ki“g fraFIinn. The ratio between the mass defect (Am) and the mass number (4) is called

acking fraction (/):
the P 1= AmiA.

packing fraction means the mass defeet per nucleon. Since atomic masses arc measured relative

the packing fraction for this isotope is zero. Packing fraction is a measure of the comparative

“ 17
Ii‘( —“I e 4
of the atom.

gability .
packing fraction is defined as

Isotopic mass — Mass number 10}
x .

Packing fraction =
Mass number

packing fraction may have a negative or a positive sign. If packing fraction is negative, t}}c
isotopic mass is less than the mass number. In such cases, some mass gets transformed int-o energy in
ms formation of that nucleus, in accordance with Einsein’s equation £ = mc*. Such nuclei, thercff)rt_:.
gre more stable. A positive packing fraction would imply a tendency towards instability. But this 15
quite correct, especially for elements of low atomic masses. .

A plot of packing fraction against the corresponding mass numbers of the various elements 15
shown in Fig. 17.4. Tt is seen that helium, carbon and oxygen atoms of mass numbers 4,12 and 16
respectively, do not fall on this curve. Their paking fractions have small values. These elements are,
terefore, stable. The transition elements, f

with mass numbers in the neighbourhood 4
of 45, have lowest packing fractions with

2 negative sign, which indicates their high 20 He
sbility. The packing fraction beyond mass ot

qumber 200 becomes positive and increases o
with increase in mass number. This indicates
increasing  instability of these elements. =
Elements with mass numbers beyond 230 _pg | |

are radioactive and undergo disintegration .- 0 40 80

spontaneously.

pot

—
>

| | | |
120 160 200 240
Fig. 17.4

EEEJ NUCLEAR STABILITY

- 0dd numbers of protons and neutrons.

]
Tzble 17.1 shows how the 272 stable nuclei found in nature are classified according to even and

Table 17.1.
Protons Neutrons Stable Nuclides
even even 160
even odd 56
odd even 52
odd odd 4
272

The combinati : ‘
ombination of an even number of protons and an even number of neutrons, composing

- th . ot
- "¢ nucleus, is evidently preferred by nature for stable nuclides. The odd-odd combination of stable

i

e

- Nuclides : .
3 es 1s found only in the light elements. The number of even-odd combinations is about the same,
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A plot of the number of neutrons versus the number of protons for the stable nuclideg m
Fig. 17.5. Notice that for Z <20, the stability linc is a straight line with Z = N. For the heayi.. ¥

|

|

" i ” iEr nu 1“ ‘n Ii

Z>20, N> 20, the stability curve bends in the dircction of N > Z. For example , Ca% has p e |

Z = 20; for larger values of Z. the tendency is more pronounced, as in the case of 4 Pa*2 Whi S%
, B
N=141,Z=91. i

Evidently. for large values of Z, the coulomb clectrostatic repulsion becomes imp:)nam
. . - . 8
number of neutrons must be greater to compensate this repulsive effect. nd th,

Thus the curve of Fig. 17.5 departs more and more from the N = Z line as 7 inCreaqc
maximum stability. there is an optimum value of neutron/proton ratio. The number ¢f | S Foy

; : . e 3 ‘ ney
N (=4 - 7) required for maximum stability is plotted as a function of proton number o

: . o B : ; Ziny
17.6. All the stable nuclei fall within the shaded region. Nuclei above and below the shadeg N Fig

i . ‘ i . e ey
are unstable. Artificial radioactive nuclei lie at the fringe of the region of stability. Al ﬁucle?df-'n
Z> b_a: and 4> 209 spontaneously transform themselves into lighterones through the CMission of umh
B particles. o and B decays enable an unstable nucleus to reach a stable configuration. =
A
120 =
S
100k P A Region of stability
& g/ N=c N
£ sof- ) <
B O %)
S 60 / S a
S 60 3 =
£ 2
S 40+~ ©
@
2 i O
0 £
=3
I 1 | L. -
0 20 40 60 80 —
0 Number of protons
Proton number (2) P -
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A7 Semi-Empirical Mass Formula

"~ We have seen that nuclei can be taken to be spherical with radius
R =Ro AV". On the basis of this concept and some other classical concepts such
4 surface tension, clectrostatic repulsion etc., a formula for the atomic mass of a
quclide in terms of binding energy correction terms was set up by Weizsacker in
1935 which was later on modified by Bethe and others. This formula can be used
to predict the stability of nuclei against particle emission, energy release and
stability for fission. _

The mass of a nucleus is given by the formula (3-35) is,

\ Mz ay=ZMy+ NMy - B {3-39)

where B is the binding energy E’xpresscd in mass units. If it was possible to
calculate B from a general formula, all nuclear masses could be evaluated theroeti-
cally. Weizsacker and others made an attempt in this direction and developed an
empirical formuia assuming the liquid drop model of the nucleus regarding B as
similar to latent energy of condensation. Some of the properties of nuclear forces
(saturation, short range ete.) which have been deduced from the approximate linear
dependence of the binding energy on the number of particles in the nucleus are
analogous to the properties of the forces which hold a liquid drop together. Hence
there is ample justification in considering the nucleus to be analogous to a drop of
incompressible fluid of very high density 10” Kg/msii The value of B was calcu-
lated empirically as made up of a number of correction terms given as

B=BI+BQ+B3+B4+..... :

We shall now procéed to find out empirically the values of By, B, etc.
Volume Energy Correction _

The major contribution to B, viz. By comes from the mutual interactions of the
nucleons under the influence of nuclear forces. The tirst correction term cxprcssés

the fact that since the nuclei are bound, the nuclear binding energy is proportional

lo the volume of the nucleus or to the total number of nucleons A and so we can
wrile

Bl'xU‘xA

Bi=ayA v, O .(3-40)
where a, is a positive constant (¢, > 0)

Surface Energy. The above strict proportionality between B, and A implicit-
ly assumes overall constancy in the strength of the interaction of each nucleon with
s immediate surroundings, However those nucleons which are situated in the
surface region of the nucleus are necessarily more weakiy bound than those in the
nuclear interior because they have fewer immediate neighbours. The number of

~such nucleons is proportionat to the surface area of the nucleus and therfore to R*

oiar i : 2/3 ' 3
and so is proportional to A™" (because R = Al ). Thus we have
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- 2/3
B, = - aA 3
( 4

where, a, is a positive constant (a2 > 0)

The sign of surface cnergy 52 must be opp'rrsifc to that of B) since this clfy
which corresponding to the surface tension of 2 liquid drop, ’Cl’"’-‘iﬂl_!!-‘i 4 wcakcnin.
in the binding energy. Carrying this analogy further, we see ”"’” this Weakenip, .
least and therefore the stability is greatest when the droplet is spherjcy| in gh:,l'
since then the surface area is minimum for a given volume., pe
Coulomb Energy

Assuming that the nuclear charge Ze is uniformly distributed throughoy the
nuclear volume, the coulomb energy of the nucleus has been calculated a5

g o) JZE 1, Ze |
= Tnea"S R " dney R4V (342

The assumption that protons are uniformly distributed is far from correey,
Moreover protons obey Pauli’s Exclusion Principle and two of them can pg
occupy the same place and this effect must be considered in a more accurate
determination of E. . The effect of coulomb self energy on binding energy js

diminutive i.e.

ZZ
B3='—'ﬂ3m (3'43)

The negative sign indicates the diminution of energy is due to repulsion effecl.
Some times and particularly in the case of light nuclei having comparatively small
values of Z, the above formula is slightly modified as

Z(Z-1)
B = =7 —
3 3 473

“where Aj is a positive consiant (a3 > 0) ’—\1
Asymmetry Energy

It has been found that for light nuclei, the condition for stability is N =Z . This
is called symmetry effect. Any deviation from N = Z, reduces the stability of the

nucl;:i and hence reduces the binding energy. The deficit in binding energy depends
/ 2 %
X :1 ) . This symmeltry )

effect is purely a quantum mechanical effect in contrast to the surface energy effect

and coulomb energy effect. The correction term is given as

_ 2 2 L
=2 A2l NETOR

on the neutron excess (N - Z) and is proportional to

B4=—ﬂ4

a4 being a positive constant.
The minus sign represents the weakening in binding caused by asymmelry in
N and Z since beyond a certain stage the neutron ceases to act as binding agent

within the nucleus.
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pairing Energy o . i |
[t has been found that the stability of nuclei is very inlimately conneeted with
ther the proton number Z or neutron number N, in the nucleus is even or odd,
Wbclci with even Z and even N (even-even nuclei) are most stable, even-odd and
Ndu;.cw“ nuclei are less stable and odd-odd nuclei are most unstable. To take
‘:Cw unt of this pairing effect, an additional term is incorporated into the mass

onllUlﬂ ’
{ +0 fore - enuclei

Bs={ 0 fore-onucleiand O - ¢ nuclei
-0 foro - onuclei

where O is empirically found to be given by

d=a; A~ | .(3+45)
Assembling all the above correction terms, the semi-empirical mass formula
from (3:39) is given by

M(Z,A) =ZMy+ (A -Z)My -a,A + a, A + a3 2°/4"3

. gD
+ay (—A'TZZ—L +d  ..(3-46)
where the binding energy correction terms are taken in mass units.
The empirical formula for binding energy is given as
: 2 2
B=a,A -nzAz/"—a_;;Zl—g—tugﬂ——:A—z—gl-:tﬁ .-..(3°47)

Dividing this expression (3- 47) by A, we get the binding energy per nucleon.
Thus the Hhrding energy per nucleon is given by

B a z? (A-2Z) &

Z%GI—F-({LF—M."—A—Z—":Z ...(3'470)

The emprical values of the coefficients evaluated by comparison of the above
equation with the mass of stable nuclide

s and energetics of nuclear reactions are
listed below— )

no ap=14-1MeV

4t ay=130MeV

5t ay=0595 MeV

neolg=190 McV

- a5 =335 MeV

From equation (3 46) it is obvious that mass M (Z, A) is a quadratic function
of Z fora given mass number A. Thus a graph of M (Z,A) versus Z will be a
parabc:ula, the minimum vertex of which will represent the most stable isobar.
Experimentally it has been found that for odd-A nuclides, there is only one stable
isobar. For even-4 huclides, there are oftern two and sometimes three stable isobars.

It is not possible to find an empirical formula which could fit all A. The

'furu\:u]a over d limited range of A > 15 is quite successful and could be used to
predict the maost stable

isobars. The ace eq. (3-46) is indicated by the
following daty - obars. The accuracy of eq. (3 - 46) is indicated by the
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Nucleus o'¢ Cr? Mo™® A" 28
Exp(‘rimcma] Mass 16:0000 | 51-956 | 97-943 19704 238 12
From mass formula 15-9615 | 51-959 | 97946 197- 04 _2§§‘12\

J:fs. Mass Parabolas For Isobaric Nuclei

Isobaric nuclides are characterised by the same mass number A (constant g
but different atomic numbers. To examine their behaviour we write dowy eq.

(3- 46) in the abbreviated form as,

*.

}—-——h

1
H
- Z Stable 72—

e

Fig. 3-15. Mass parsbols for edd A nuclei. The minima at Zsubic respresents

the most stakle isobar,

M(Z,A) or ;M =K A+KyZ+K3Z* 28,
where K, = My - (a, - g - aA”"")

K, = - [dag + (My - M)

dg -
41—

i

=47t 215

(3 48)

{3+ 49q)

b in the above expression is independent of A and Z and has zero value for

odd-A nuclei.
Thus for odd-A Isobaric Nuclei, we have
IMA =K AvRyZ 4Ky 22

..(3+49)

For constant A, this equation represents a parabola. If we differentiate equation

(3-48), and equate it to zero, the condition for most stable Z is obtained.

o 4 " :
[5—5 (oM )L = 0= Ky+2K; Zyune
2K, i
The mass of the stable isobar is, therfore, writen as

z,MA"'KlA +KrZ, + Ky 77

Zsmblc »

..(3:50)

lz-‘ = Z,:;\H:‘l
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=K \A-2K,Z; + Ky 7
=KiA-K; 2}
e M =K\A-2%,2,2+K,7*
Subtracting (3-51) from (3:52) we eliminate KA and thus we get
(M- M? =Ky (222,24 2,%)

=Ky (Z-Z,)' .(3:53)

This gives the parabolic mass relation for odd - A isobaric nuclei and contains

only the coefTicient of K3, This equation is very much useful in calculating the transition
cnergies in reactions where Z changes to Z + 1. (in —ve or +ve B - deca ys).

Isobaric Nuelei with Even A. The mass-energy profiles for.odd-4 and even

A isobars have a marked distinction. Forodd - A, = Oand are therefore represented

by a single parabola while for even -A , § is positive for even-even nuclei and

negative for odd-odd nuclei so that the masses of e - e isoars fall on a separate
Jower parabola than that for the O-O isobars.

using eq. (3-50)
«(3-51)

and (3:52)

Even = A

(0, 0)

o S

lsobay

|
2
[
{
i
|

| o

Z Stavle wyog

Fig . 3-16. Mass parabolas for even-A nuclei having a separation
20 where § is the pairing energy. :

Writing equation (3-51) for even-A, odd Z nuclei, we have

iM* =K A-K3Z2+d .(3:54)
and for even-A, even-Z isobars :
(M =KiA-K3Zi - (3:55)

Thus the vertical separation between the two parabolas is 2 9 .
Semi-empirical Mass Formula and B-Decay Stability.

The f-decay process furnishes an isobaric pair which can be easily studied
with the help of semi-empirical mass formula. There are two types of p—decay,
processes viz, B* and 7. In - decay, Z increases by unit and in p*- decay it
decreases by 1 unit while A remains the same. Thus if a nucleus has Z < Z the process
: (A,Z)—= (A, Z)+e+V
15 possible if

¢
Mmc_(Aa_Z)>Mnm(A’z+ 1 )+m~‘-’
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sine . _ o cach side of
thlil:?"lim m«'l-SS of the alll'i—lllt‘-lllrilm is negligibily .-smulll. /I\,"‘“m;’. 485CS
quality, the condition may be written in terms ol 4
M,(AZ) > MJ(AZ+ 1)

Let us consider the {following example,

k) Ge'’ decays by a series of f-decays 10 uS¢
Stage,

2Ge - 3 As” 454V 4275 MeV

'tJ " ? - - i
33As'T = 4 Se T4+ v+ 0 68 MeV

g by T at evey
11 ',(:‘r:.lli!f- Yy
, Z incre

14 Se”is the only stable pucleus with A = 77.

toal T
A nucleus with Z > Z, can decay by emitting [

the following example :
+ »
w K = s Br +et + v 4289 MeV

ynd a neutrino. Letus congide,

35 Br’’ — 34 Se” pet +vt ol 36 MceV-

For the B* decay to be possible, the condition is
M,(A,Z)>M,(A,Z~-1)+2m,.

K \
Thus odd-A nuclei decay to a value of Z close to Z; ( = - 21; J Since there

.is only one parabola, there is only one minimum value (Z), it is almost impossible
to have more than one value of same atomic masses and therefore we expect that for
odd-A nuclei, there is only one 3 - stable Z value (Fig. 3-10). The following Fig.
(3-17) shows that in the case of odd-A isobars, only f3-decay can take place for the
nuclides which lie along the left arm of the parabola and B* decay for those lying
along the right arm, the decay scheme in each case furnishes with only one isobar.

In the case of nuclei with even A, both Z and N have either even numbers or
odd numbers. In the semi-empirical mass formula, 6 is positive for e-e nuclei and

-

Fi Al i
£:3°17, Mass parabola for odd-A nuclei showing 7. decay steps

( A + 2
m the Iel"t branch and f§ *steps on the right branch, both
terminating in a single isobar,
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pegative for odd-odd nuclei. The e-¢ nuclei have a lower cnergy than odd-odd

T o . - }
guclei by 20A - This quantity varies from 5 MeV forA = 20 to 1-4 MeV when
A= 250. Thus there are two mass parabolas with a relative vertical displacement
-1/2, ..:

5§ A” " 7/ct as shownin figs. 3:16 and 3:18, The decay chain terminates on the
ks

Jower of these parabolas because it represents a state of greater stability. The only
exceptions 10 the rule

| odd —~odd
(hat there arc no stable - ‘

' I
O nuclei are the Tight '0a v
& T Ru |

nuclides —— I:‘m |
% 6 ol0 nld ¢ \ g .
H-L§, BN for r\ — !
which the liquid drop is

/’ Even - war@

aot applicable. How-
ever, there is no restric-
tion for the occurence of
more than one stable e-e
isobar for a given mass
number A since neigh-
bouring isobars on the
e parabola are
separated by an interval
AZ=2 and can not
mormally transmute
into each other. Thus it _ -
is possible that a single 1k stable
0-O parent can have 1005084
two stable e-e daug- ' | e,
thers— the one formed e

+ Fig.3 18, Mass parabolas for even- A isobars. A = 108, showing
Yy B -decxy and Hie two stableisobars Pd and Cd.
other by B -decay. A ;A

common example is that of Agm*3 which decays into Cd'%® by B-emission and stable
Pd"® by B* -emission. .

The decay energy can be calculated immediately, noting that for B~ -decay,
Z changes to (Z + 1) and so |

100514

100512

100510

3 44 45 46 47 a8 49 50

Ey=;M"-z, M*=2K, Zs-2-2) (3:36)

and for B* -decay, Z changes to Z — 1, so that
Eg=gM* -7 M =-2K3(Z,-Z+)) (357)
I%qualiom (3:56) and (3:57) can be easily combined in following single
equation '
Ey=2K;y[+(Z-Z,)- :] (3:58)

_ ‘The decay energies increase as the separation from the most stable isobar
Increases. Since the life times are inversely proportional to decay energies, those
1sobars lying high at the extreme ends of the arms of the parabolas have short life
times and consequently the number of observable isobars is restricted.
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d-2 . Ground State Of Deuteron (Simple Theory)

So far, in the Iast_ section, we have put forth the experimental datas for
deuteron. In this section our aim is to obtain a theoretical description of deuteron
so that the experimentally observed and theoretically predicted properties cou]d’
agree. By doing so we hope to get at least some insight into the problem of nature
and origin of the nuclear force.

The Schrodinger equation for the two-body problem is
2
V3 (r, 8, 6) + ;’é [E-VO](r,0,6)=0 (4 4)

m, m,

M
=~ — , is the reduced mass of the n-p system
My+m, 2

M is the average nucleon mass, V (r) the potential energy taken to be a function
of separation between the neutron and the proton and E is the total energy.

In this study of nuclear interactions, the most useful coordinates are a set of
spherical polar co-ordinates (r, 0, ¢) which are connected to the cartesian co-or-

dinates as follows :

where g =

z=rcos 0
y =rsin 0 sin ¢
x = rsin 0 cos ¢

.(4:5)

where z, is the direction of the polar-axis,
In rectangular coordinates, the Laplacian operator is,
2 2 2
V= -'-3—7 + -—a-—i + —?—2—
ax*  oy" oz
EXPTﬂSSing V2interms of the spherical polar coordin.a tes by
(45), the Schordinger equation (4- 4) assumes the form :

means of equation
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Fig. 42 Centrifugal Potential of
the neutron proton system

2

* iging 0 (“m 89) r2sin” 0 9¢”

P

- %[E -V(N]y=0 | (4 6)

-
=

If the Jowest stable state i.e. the ground state of deuteron is taken to be purely
3 °S, state, the force is central ie. depends only upon the separation r of the
]S ?

leons znd not upon the relative velocity or nucleon spin orientation with respect

nuc S :
. Since central force is

to the line joining the nucleons i.e. upon (0 and ¢)
eone and as such can be expressed as the gradient of a potential function

conservari : :
kes the wave function also symmeltrical

V(r), zlso spherically symmetrical. This ma also |
in 8 and ¢ . The Schrodinger equation (1- 6) when the potential is spherically

cvmmetric, may be separated into angular and radial parts. The radial part of the

wave function may be wrilten as

2 d 2 [(1+1)h
dléq(r).b.?'_ H"(r)_’__l;_ E—V(r)""'"_—j"_ w'(r)-;.—[) .(47)
dr rodr h 2ur
; 2
; [+ )4 ;
The last tenmn viz. ”: g—— , is called the centrifugal potential.
2 ur
The centrifugal potential for /=0, 1 and 2 is plotted in the fig. (4'?-)' Tl:r
centrifugal potential as is seen from the graph, has the effect of tearng "‘
nevtron-proton apart. For binding the neutron and proton together as it dcumfu;
ava

V(r) must be attractive at least over a limited range of r amd should have

: [ ' |
atlc.as! lo compensate for the repulsive centifugal potential. This can be most €3’
achieved in I = 0 state.

ike
Therefore the lowest quantum mechanical state for a two-body SyS!™ .

m deuteron is always an / =0 or an S.ctata
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“The Schrodinger equation for ap S-state of deuteron (1 = 0) inay ‘erefore be
wntien as

A () 2dp(r)
a? v odr grlE=VOIvE=0 (48)
The solution of this equation is greatly simplificd by introducing a new wave

function i (r), related toy (r) as follows :
u()
Y (r) = 3" ...{(4:9)
Suhstituting from (4- 9) into (4- 8), we get
KLl ": zr) +% [E-V(N]u(r)=0 ..(4-10)
dr

where M = neutron or proton mass and is nearly equal to 2p.

For the solution of the above equation, we must assume a form for the
inter-nucicon potential function V'(r) . Various potentials can be used subject to
(he condition thatnuclear forces have extremely short range. Some of the common-

ly used potentials are :
(a) Square-Well Potential ;
V(r)=-V, forrsr
=0 forr>ry (411 a)
where Vy s the depth of the potential-well and ry corresponds fo range.

(b)) Gaussian Potential :

rZ
_ F]
| V(r)=-Vse \" ..(4:11b)
(c) Exponential Potential :
V(n=-Vye [ﬂ) (411¢)
(d) Yukawa Potential :
V( ) v P (r/rg)
r=-Y 7 ..(4:11d)

Of all these forms, the square-well is the least complicated and can be solved
exactly in grantum mechanics. It definitely represents a short-range force. In the
case of deuteron, fortunately the wave function  (r) is not very sensitive to the
exact shape of V (r) . Therefore for reasons of simplicily, we use a square-well
potential for the solution of deuteron problem.

In equation (4-10) applied to deuteron,

E=- EH =~ 2226 MeV
Where Ey is positive . Using square well potential, cquation (4-10) may be written as

...(4:12a)

d%u (r
drg )+%45(V0-Eg)u(r)=0 forrsro

' Scanned with CamSc
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...(4-]2c)

and ﬂ}ﬂ .
t ﬁmjlhgfﬁﬁ"ﬁ)-ﬂ forr> 1o

“"ﬁlil\g {
M[Jq] ---(4*]3)

k= \/{:’; (Vo - Ea)} and Y7 J( »

ogustion {412 (a) (b)] may be written as

E_j_{éﬂ +Ku(r)=0 forr =70 (414 a)
dr’ N
and il@ v (1) =0 " forr>To (414,
re )
The gencral solution of cquation (4-14 a) is
1 (r) = A sin kr + B cos kr (415 a)

Now y (r) must be continuous and bounded and have a coa'uinuous derivatiye
everywhere, or in other words  (r) must be well behaved (i.e.y (r) should pe
finite atr = 0 and zero at r — o). Thereforeu (r) =r vy (r) = 0asr — o, otherwjs,
¥ (0) becomes infinite. This condition on (4-15 a) demands that B = 0

Hence u(r)=Asinkr r<rp (415 b)
The general solution of equation (4-14 b) is
u(r)=Ce " +De'" {416 q)

and the boundary condition at infinity demands that D = @ so that u (r) remains
finite. Hence |
u(n=Ce’’" - r>n -~ w(416b)
Now at r = ry , both y (r) [and therefore u (r)} and its first derivative must be
continuous. Hence from cquations (4:15 b) and (4-16 b) we obtain

Asinkrg=Ce™ 7" .(4-17a)

and Ak cos krg = - Cye™ "0 ..(4:17b)
Dividing equation (4-17b) by (4-17a), we get

" k cot krg= -y ..(4:18)

‘Which does not involve A and C and relates only the range of the potential r to ils
depth V,. '

The binding energy of deuteron E = - 2:226 MeV and thus is small which
suggests that £y < < V), may be a resonable assumption. Under this assumption

equation (4-18) may be put in a simp| : 48) wilh
the help of equation (4-13), we get pler but approximate form. From (418),

V( ME /%)
V(M (Vo - Eg)/1?)

VERN -
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" where we have neglected £g In comparision With Vo in the denominatoy,

Equation (4-19) suggests that cotkry is small and negative and therefore
kro is only slighly greater than /2 and not too much error will be involveq if we

' take,
| n 3n
krom =57 e (420 a)

Under the assumption Ep < <V, equation (4:13) gives

MV,
- \/ (-;22 (420 b)

Comparing equations [4-20 (a) and (b)] , we obtain

¢ .\/MVo T 3n
2rs" 2"

_h2
L 2,2
or Vors= J;:I , 9:; y dun «.(421 a)

But kro = 3n/2 is not an acceptable solution. Since u« (r) and v (r) will then

have a node inside the well which means that v (r) is not the lowest i.e. ground
energy level — obviously in ground state, the only acceptable value of kry is /2
i.e. on the R.H.S. of (4 -21a). Only the first term is to be retained, then
242
nh

Vo 75 =T ..(4-21b)

This equation gives us only the value of V rﬁ are not the values of Vj and rj
separately. From many experimental measurements, it is known that the range of

e= )6 Mev

—
[
5
0
Ee=—2236 Mev
*
> V.
"'an \
Fig.4:3,

nuclear forces is of the order of 1 Fe

) rmi . Accepting the appoximate v .
range ro = 2- 4 Fermi, we get Mg PP alue of the
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(14° (10545 x 107 ¥ g2 Ny

242
Vo=—73 " - 2:4x10 ter)? (1.
0" M 4(1:67x10 Kg) (24 x meter)? (1 N

' -13
=36 h{cv SinCC 1 Mcv .= 1'6 X 10 . JOU]CS ."(4 J)
This value justifics the assumption that £ < ':_ Vo °' Fig. (4 - 3) aboy, g-lz J
slot of the ground state wave functiom, the range of nuclear force apg 4,

) the 4
iquare-well potential, This potential bas a depth of 36 MeV and , Widy Ty
“ermi. As compared with the 2

depth of the potential well viz. 36 MCV, the
inding energy Ep = 2:226 MeV, is small which means that deuterg,, s jug 1;1%"
»ound, "‘rely

A notable feature of the wave function curve is thaithe amplituge
y large at distances beyond the range ro of the nuclear force. As 4 ma“erreciah_
he exponential decrease of u (r) beyond r=ro PEMMIs us to regypy 1/0 ay
1easure of the radius r, of deuteron, i

. 1 [1- 0545 x 107 J - §
4Ty TVME5  V[1-67x 107 Kg] x [(2226 x 1-6 x 10" )
=431 x 10” " m = 4-31 Fermi.
Thus the radius of deuteron is found to be much larger than the rang

uclear force.
Having undertaken the study of the ground state of deuteron, one Natury),,
sks, at what energies are the other states of the neutron-proton system (deuterqy, ;1
‘rom the study of the ground state, we know that it (ground state) is jusy barel
sound and therefore, it seems quite likely that these states may not exist ag bgu“f‘
tates for the neutron-proton system. This conculsion has been confirmed jy the
1ext section through mathematical analysis of the deuteron problem. But this js pg
all we want to know about deuteron. We would also like to know about the s,
S =0 state ie. the state which differs from the ground state only in that the neutron,
proton spins are antiparallel rather than parallel as considered above. The
question, whether this state exists as bound or unbound, is not so pertinet as the
one that whether the energy of the state for parallel (1 1) spins of n, p and that fors
the antiparallel (} })spins, is the same or not ? The study of n-p system in the frec
state (scatteting exeriments) has revealed that this state also does not exist as bound
but is unbounded by about 60 K eV. ' _
This means that the energy of the state for parallel (1 1) and anti- parallel spins
(t {)is different. From quantum mechanical analysis, we know that the energy of
the state depends only upon the potential well, derived from the force. We therefO'
infer that the nuclear force acting between a neutron and a proton dcpﬂ'ds "f;{::
whether the spins of proton and neutron are parallel or antiparallel (re. whe

) . . nt
total spin § of the n-p systems is 1 or 0), meaning thereby that it is Sp¥? -depen e
—a notable inference,

. . [alé
: The state with neutron-proton spins parallel (1 1) is called 3 triplét S
(7$1) and that with anti-paraliel spins (} }) is called a singlet state ('So)-
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45 . The Meson Theory of Nuclear Forces .

The hypothesis that nuclear forces possess an exchange characrer was pi!
{fmmftd by Heisenberg in 1932 . However the origin of these exchange forces, it
‘that time, was not known. The only interaction known at that time to change the
.charge of a nucleon was the f-decay interaction—an exceedingly weak interactiol
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whose strength may be specified by a dimensionless coupling constant of the order

of 107 4+ However to account for a nuclear binding energy of 8:6 MeV per
pucleon, one needs a strong interaction characterised by a coupling constant

39 /nzc of the order of unity. No such interaction was known in 1932,

Forces in Physics are derived from quantum ficld theories. A familiar example
of the quantum ficld theory is the clectromagnetic force which is transmitted
through the exchange of a field particle—the photon, a Zero rest mass particle. The
elmmmagnctic ficld theory accounts for the Coulombian interaction between two
charged particles without hypothesizing the philosphically distasteful ideas of
action at a distance. It explains as to why this force is propagated at a finite speed
(cqual to the speed of light) and not instantancously. |

The quantum ficld theory of the gravitation, in an analogous manner assumes
(hat the gravitational force is propagated by a conjectured field particle—the
graviton (yet tobe discovered), which like the photon has zero rest mass and travels
at a speed equal to that of light. The gravitational force is a result of an exchange
of graviton between the interacting masses.

Presumably it was the success of these quantum field theories to explain
electromagnetic and gravitational phenomena which inspired H. Yukawa, a
Japanese scientist in 1935, to picture the short-range inter-nucleon force in terms
of the field quantum, (7 -meson) of the nuclear field. The x-mesons were fortunate-
ly discovered later in cosmic-ray radiations. The short range of inter-nucleon force
‘assigns a finite rest mass-to these field quanta, quite unlike the field quanta of thr
electromagnetic and gravitational fields which have zero rest masses. A consider-
able body of evidence has es;ablished'that the range of the nuclear force is about
1-4 F. When a meson is sent from one nucleon to another, as it must for the

propagation of the nuclear force, the creation of the meson violates energy conser-

vation law by an amount A E of the order of the meson rest mass myg . i.e.

AE = mg,,c2

*From Fermi's theory of p decay, a numerical constant characteristic of weak interactions is
obtained which has a value g = 1-41 x 10™* ergs cm’ or (1-41 x 10™® Joule-meter’ ). To construct a
dimensinless coupling contant from this in analogy with gravitational and electromagnetic coupling
constant from this in analogy with gravitational and electromagnetic coupling constant, gp° must be

divided by a quantity whose dimensions must be (he)? (length)']. The fundamental length istaken fo
be the rationalised compton wave-length of the pion viz.

(—}L] - L = 1413 Fermi

2n mxcC
ne n

Insertion of this value yiclds a dimensionless weak-interaction coupling constant of maga itude :
4

2
-35_2[”_';‘°] w Eai !
(hc)
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E-At= 1, fixes a time-limit A t for which suclia

The uncertainty relation A
tion law can last.

violation of the energy conscrva
This time limit is given by
h !

Al=—fF"__ 2

A E mox €
at the meson travels at the maximum possible speed viz,

Even if we assume th
aximum distance it can cover in this time is

the speed of light ¢, the m
- h
(4-32)

roﬂc.b“"_——-
Mgx €

!1-0545 « 10~ > Joule - sec)

h
-Bm) (3 x 10° m/sec)

Wh - — =
B Mox ™ poe  (1:4x 10
_0.2512x 10" Kg

m, = 91091 10 Kg

-2
02512x 10 __ ¢jectron masses = 270 m,

- " m _

0= 51091 x 107
d mass O
1-4 F), is in €X
pcrimental]y in cosmicra

uclear field.
ear forces and electromagaetic or

ave an extremely limited range
s of their ficld quanta (photons
fied through equation (4-32) .

or in terms of electron-mass

f thé meson (270 m.) compatible with

cellent agreement with the

Thus the theoretically predicte
y showers. These

e nuclear force (#
3 m.) measured €x
as the quanta for then

fference between nucl
hereas the former h

the short range of b
mass of t-meson (27
m-mesons are regarded

A characteristic di
vitational forces is that w
= 1-4 F), the latter on account of zero rest mas

and gravitons) have an infinite range as can be veri
Having known about the properties of the field particle, we now intent to

work-out the potential function, known as Yukawa pate_ntial, responsible for the

nuclear forces. We shall present here only 2 simplified theory.
The relativistic re o the total energy E, the momen

Jationship betwee
the rest mass, o » of a particle is
; !z"za--;:!zcz+m§.:'4
If in this equation energy E is replaced by
operator il (9/0¢) and momentum p by the

~ ik A we obtain

(ro
tum p, and

antum mcchanical

the usual qu
tor

quantum mechanical operd

-’ Vit + mg c‘ ."(4.33)
{) which has the signficance of polcntiﬂl

Let us now introduce 2 function @ (r,
regarded as the ficld variable, then .

. and whichmay be
2 2 2
L : v2¢~_1_a¢'_MOC -5 '4
Aap g =0 .(434)
relativistic particle-

HE This is known as the Klein-Gordon equation for a spinless

ék' ; “If we set mg = U = rest mass 0 oton, then w
i 0 t mass of the ph , then we get
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1 9"
Vz (D T =
¢ o - .(4:35)
* This is Maxwell’s wave cquation from which clectromagnetic ficld is derived

This cquation may be considered to be derived quantum mechanically from the
energy equation for the photons viz.,

E’-p’c*=0 .(4:36)
The simplest type of electromagnetic ficld is the electrostatic ficld for which
ad /9t =0 and so it obeys the equation

2
Vd=0 (436 a)
known as Laplace-Equation which has the well known solution for the potential
i .
P=— .
- (4:37)
For m-mesons, equation (4-34) may be written as
2
1 9% my
V- _Ppay ..(438
¢t 1 (438)
The time-independent part of this equation can be obtained by substituting
d=¢p(r)e "’ ...(4-39)
in equation (4-38) or setting d ®/dt =0 and it is
% 9
V- % ¢ =0
g
or" Vo-K®=0 (440 a)
where K = B rl from equation (4-32).
0

Equation (440 a) valid in case of a meson field, is an analogue of the
Laplace’s equation valid in case of the electromagnetic field in the absence electric
charges. In the presence of charges, we require an analogue of Poission’s equason
viz. V@ =4 n e p, where e is the electronic charge and p is the electron particle
density and it is

(V2-K) ® =4 ngp
where ‘g’ is the nucleon charge which measures the strength of the intcracti::m_
between the nucleon and the meson ficld. If the only nucleon present is a point

nucleon fixed at the origin (r = 0), gp can be replaced by g 8 (r), where () is the :
Dirac-delta function ‘

[6(r)=1atr=0andd (r) =0, at finite r]
then we obtain '
| . (V=K% @ =4 ng 8(r) -(4-40 b)
g The Sblulion of equatious (4+40 a, b) as canbeseen through direct substitution, |
Wi s .
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F

angularmomentum,
i for the right particle

| beike

|

e e T = g

e e—-.n:r _ y AL (VY
b=-§ r

:n undermincd constant which occupies a place iy, 1 "-(4-41)
is an

: : : S
 of the chaige @ in cleCtionagnetic: theory, 4, chl?
to mahcor? the interaction potcnh:al encrgy of a charge % Noy, i
:d & m o @. In the same Way I"l;_NU“ld be expected that rincrsed .
Ly i L] 0 a n
teraction pulcnllal vir) nucleon of C"‘“"ge 8 Wi Selnr

be 'th th

where ‘g’
analogous 10’
clectromagnetic
an electrostic fic .
a meson ficld, the In
meson-field & should

thegy,

1€
Vir)mg ey "2

-.*r/ru

| Vi=-8 —
o : . . "'(4'42)
This is then the required Yukawa-potential and is graphically shownp ;

@3).
x-mesons

("), neutral (x°) and negat

Nthe g,

have been discoverd experimentally to be of three kinds

- . i » POSit
ive (), all of which are zero spin Particles .

2 r(F) —

v(r)

Fig.4:5. The Yukawa-potential ,

- However first to be discovered were not the ;-mesons but another kind of
particle, known as u-mesons and which were erroneously taken to be the conjectred
Yukawa-particles, but later they were found to interact very weakly with nuclear
matter and moreover they were found to be only of two kinds positive and negative

1 : .
and! Were 3 spin particles. Thus they could not be the required Yukawa particles
i ast
)

Spin particles cannot be transferred from any system without changing it

Hence they were discarded as Yukawa particles and the Sc.amh

continued until the n-mesons were discovered.

. The exchan

R ge of t-mesons betwe ps) may
' ent d neutro

010 proceed as follows - he nucleons (protons an

1_
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4-7. Scattering Cross-Section.
 Consider a thin rectangular section of a target material having a thickness ‘dx’
which exposes an area A to a beam of mono-energetic particics impinging upon it.
{_;cl‘tl:c nuclear density of the target i.e. the number of target nuclei per unit volume
‘_: e E{::ch largel nucleus is supposed to possess an effective arca o, called the
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TARGET ugg?,!;ﬂ
(a)

Fig. 4-9 (a) A simple scattering experiment

scanering cross-section which in general is very much different from the geometri-
2 cross-section of the nucleus, such that if the incident particle impinges upon the
sarpel within this area, a scattering event takes place and if it hits outside this area,
fit gocs undeflected through the target. This area is shown by a small circle in the
fig. {49 b] below.

Cross-section per target nucleus = o

Total number of target nuclei hit by the incident beam = n A dx

The targel is assumed to be thin so that there is no appreciable overlapping or

mesking of the nuclei of successive layers which might cause a screening of some

of the nuclei by those in the preceding layer i.e. every target nucleus presents its
-~ entire effective cross-section to the beam of incident particles, then

The lotal target area available for scattering = (n A dx) 0
The probability for a scattering event then is given by the ratio of the total
targel zeez hit by the incident beam. Hence
Probability for scattering
Nuclear target area available for scattering
" Total target area hit by the incident beam

nAdr)o
P = -(———-—--A—-)-.E- =n d.l' o
If Nis the total number of particles incident per second at the layer of thickness
?de, out of which a number - dN is removed from the indicent beam through
Callering, then the same probability may also written as :
P dN Number of particles scattered
N Total number of incident particles
“+ from equation (4-49) |
ol [4-49a]
-——z=ndyo : g
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BEAM__
No. PARTICLES S,
PERSEC 7

INCIDENT .
)T

vy, i -

& =)
’"1\1
N, PARTICLES N
PER SEC ¢

Fig. 49, (b) Pictorial respresentation of cross-section
Equation [4-49 ()] is valid only for a thin targ'cL Hnwcx'/cr i{ the larget i thi
hic o 13[,-0,, is to be integrated over all such sections of lhlclfncss.dx and the, o
:‘,::ﬁi N, the number of particles that have traversed the entire thicknegg " (}“h.
A oIy

target material without having been scattered. Thus

i
J'N' _dN =f no dx
Ny N 0 ‘
log !—Y-'- = - not {
G!’ CN
- nof
or N,=Nye (450

Equation (4-50) gives the number of particles Passing through pe targe
undeflected. This number is definitely less than the number of particles No incidey

at 7 =0. Thus as a result of scattering, the incident beam has become attenuated.
The number of particles scattered by the target per second I8
Ne=No-N,=N,(1 - e) & Nonot (451
if the attenuation js small.

é number of Isolopes of different Cross-sections, no  then is equal
St RECTS T Y, AV Equations (4-50) of (4:51) can be written in more usclt
form by nothing that the number of target pec/e; per unit volume viz., n, is identict
(o the number of atoms Perunit volume of the material i.e.

o 5
K= - ﬁ:& " ---(4’“'|:'-__
where p : "
T€ P is the density of yp arget material ang A its atomic we'ght and M

Avogadro’s niumbey

or Laschmidy p,,
mb
Therefore re

|
N‘. = NO e PNiow/a ‘ (450"

Scanned with CamScanner



gﬂueumn-l’mmn Scattering At Low Energies
Y .‘é:hf Neutron-proton scattering cross-section has been measured extensively
oib 8t fow and high energies of thc.incidcnt neutrons. In the low energy range
'nost of the measurements of scattering cross-section are due to Melkonian and
Rein water €l al. A beryllium target bombarded at by deuterons accelerated in a
-vdlotros, provided the neutron beam which was shot at a target containing free
p}oinns, The scattering cross-section as measured by Melkonian is given in fig.

(410).

ﬂw.

M - o 0
QO O O

o
o

I
@=20 36 BARNS PCR FREE

PRorI'ON
| \N

0:001 06101 10 10 10* 103 104 §9° 10¢ 107
NEUTRON ENERGY (ev) —3p

CROSS SECTION (BARNS)
W
(=]

-..mm
S o o o

‘ Thcs?i' 4 -110. Total n-p scattering cross-section at varions neutrou energies.
F & ety of th ;‘;nl:izhow that the scattering cross-section depends very much f)n?ﬂ':ft?
My g 1 dent.ncutron. {“ low energies below 10 MeV, the scattcn!‘!\g o
the cepyye of masg cuterons having zero angular momentum (/= 0) 3.1‘1‘11‘ Pt‘mt‘ m
0 accoung gy System, the angular distribution of scattered neutrons is s‘.wtr?;ja‘ .
Coretically for the experimental result, we give below & simplified
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‘aves. In order 1o avoid L ey
frc(’ pmlons

of coursg

version of the so-called method of p;-:r:m! = ;

due to Coulomb forces We shall consider the s-(allcrmg of ncutrons by

viz. those ndt bound to molecules. However in practice the protons ar¢ iy

bound to molecules but the molecular binding encrgy is only abou! \% Wl
) = e

9 Il dent neutrons have an cnergy greater than about 1 €V, the

Therefore if the inciden '

. sarded as frec. . _ .
protc;nsdtan l‘;c’rt‘yﬂa“ic scattering events like the scattering of neutrons by free
n describing clastic !

convenient to use the centre of mass system. The quantyp,
the interaction between (WO particles, in the centre

of mass system, is equivalent to the problem ul.'intcra ction bchCCl.l a ;Cduiﬁd ITIE*],’;;T;
particle and a fixed force centre. For two particles of equal .mass such as the (H-P}
svstem. the reduced mass is equal to half the mas.s of cither. Although Wh.”e
\xiorking out the following theory we shall think .m terms of a neutron b-cmg
scattered by a proton but it applies equally well to spinless, reduced mass particles
which are being scattered by a fixed force centre. Let us supposc that the HCUlrf)n
and the proton interact via a spherically symmeteric force field whose potentia|
function is V (r), where r is the distance between the particles.

The Schrodinger equation for a central potential V (r) in the centre of mass

system, for the n-p system is

v+ i—{{E -V} y=0 .(4:53}

protons, it is. more
mechanical problem describing

where M is the reduced mass of the n-p system .

To analyse the scattering event, we have to solve this equation under proper
boundary conditions. Even without actually solving this equation we can tell
something about the general character of the solution. In the immediate vicinity of
the scattering centre, the action will be violent and its description difficult. Ata
considerable distance from the scattering centre where the experimentalist lies in
wait for the scattered particle, things will however be simpler. For scattering, the
boundary condition is that at large distances from the scattering centre the wave ‘

-should be made up of two parts : (i) an icident plane wave that describes the |
unscattered particles and superimposed upon it, (ii) an outgoing scattered spherical j
wave which emanates from the scattering centre. Therrefore we seek a solution of .
equation (4-53) in the asymptotic form. In the light of the above comment, i

Y= Yine + Yse (454)

"I'he'wavc function that describes an incident plane wave (a beam of particlcs)
moving in the positive Z-direction is

wim‘ e eik2= e;'krmsg

:
where -1/ (ME L)

i 1]2) | (4 -55)‘*
Which is a solution of ; . |
I=that ik equatio: of the wave equation (4-53) with V (r) set equal to zero, Viz. |

i
i'
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- Whence asymplotically ; |
£ i
_ sin (f( L= ’?;;] (462) f
jitk) e kr Sy !
| : 59) are giver " ;‘i
> Asymptotically, B; (r) from (459) 17 f
Si“ k F* ‘2 i N (4'59
B;(r) m-*f’(2!+1)"“ kr q |
I\ )= .(krf”/ﬂ#e_j(kr—fn/?,)] (45
o e it @1 41) (€ by
2ikr arious values of [, are givep, e
: tions j; (k r) for V? tow
The Spherical Besscl func
P sinkr

Jo Ty m =

sin(kr) _cos(k7)

Jilkr)= «r)’ (kr)
3 1] g o 3eosern)
jz(kr)a[(—k—r—);—kr] sin (k7) k r)2

These functions are plotted in the fig. (4-11) below
Similarly f (6) may also be expanded in terms of the Legendre POlynomialsag

follows

f(g),,-;—k EO [@EDPos®) g

. Substituting from equations (4 *58), (4-59) and {(4-63) in equation (4:57),

we obtain
@ | : P
Y = Yine + Yo & l§0 P21+ 1) (k) + f; D P (cos 0) ...(4:64)

vd
1°0 4
09+
08
0°7 4
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o

M=
W4T
s(e)mg‘t’rg,@ k/M)&féB)lldQ *
Ty . . v (472
. o (8)=|/(8)]

. ; ss-section for :
With the aid of cquation (4-69) the differential scattering CTOSS-SCCHTA 0T an
S-wave (I = 0) is given by
5 e*'% . sin’ 8y
9 ©) = {1 O} 1-0 = 3

in” 2id,
Sin 6{'] Sil](‘(‘ ("" 0 1 ‘”{4 -73)

2
k
and the total scattering cross-section for an S-wave is
-
sin”® f\p

o,‘.,g-fa(omnmfh f — sin 0 d0 d¢

¢=0"0-0 [

-~

R Sin‘ l‘\‘;
- an e gt O D
ﬁ-n -

sin’ B 5
AN g w 4 AR 80 O, .(474)
%
Where *X' is (o be read as “Lambds Cross™ and k= | /k .

Equations (473) and (4-74) giving the differential scatlering cross-section
and total scatlering crosssection respectively {or [ « () ge sirous, show that these 4 re
closely related to the phase shift experienced by the Oulgoing pant due to e
presence of the scattering potential and are independent of 0. This shows that
Scatfering is isotropic (sphericaliy SYmmetric) in the CAf system, a fact that has
been verified experimently at low cnergics.

waves (1= 1,2, etc., e, P, D ete. waves) also take part in SCallering and so they

also .neefj be considered. It can be shown that the total scatiering cross-section in
general is then given by

4 _o g |
UgF Teo U+ 1)sin® 3, ..{4-75)

where 2§, is the phase shift introduced by the scatte

1 ! o }‘hl,’.lt
| Ting cenlre in the [ orod
x.n@.rﬁ\mnmemmn wave |
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