Nomenclatures

Atomic Number (Z) : The atomic number or “Proton” number equals the number of
equals the number of protons in a nucleus.

Mass Number (A) : Is the integer nearest to the exact atomic isotopic weight.
Neutron Number (N) : The number of neutrons in any nucleus ; therefore,

A=N+Z for %Xy nucleons

Unpaired Neutron Number : The number of neutrons which are in excess of the
number of protons in a nucleus.

(A—2Z)= (N—Z) = for mostelements
(A-2Z)= 0 = for Light elements

Atomic Mass : The exact value of the mass of a neutral atom relative to the mass of
a neutral atom of carbon isotope 12C.

Nucleon : Proton or neutron.
Isotopes : Nuclei (nuclides) are having the same Z but different A and N.
(1Ho,$H; ,3H;) or (3He, , 3He,) or (1§04, 130, , 130,)
Isobars : Nuclei (nuclides) are having the same A but different Z and N.
(6Cs, '7N7)
Isotones : Nuclei are having the same N but different Z and A.
(1¢Cg, 13Ng, 150g)

Isomers : Nuclei are having the same Z , N and A but different in
energy states.

The 4.4 hr state is the excited state of 80MBr nucleus, and the life time

of such a state is relatively long . Such a state is called Isomeric state or
metastable state.




80mBr 4.4 hr

y ggBr 18 min

Isodiapheres : Nuclei are having the same value of (N —Z).

12 14y 16
2Ce, 13N, 1503)

Mirror Nuclei : They are two isobaric nuclei (same A) but the proton number
(Z) in one of them equals to the neutron number (N) in the other
nucleus.

12Ng & 1309), (1304 < 17Fg)




Nuclear Properties

Charge, Radius, Mass, Angular Momentum , Magnetic Dipole Moment, Electric
Quadruple Moment, Spin, Parity , Quantum Statistics , Excited States.

(1) Charge of Nuclei

The charge of a nucleus is

1.25
Equal to (Ze).

=
=

Where
Z = proton number

e = elementary charge

Charge Density

e=1.6 x 1071° coulomb. (SI)

e=4.8x10710 esu 1 2 3 4 5 6 7 8 9

1 Coulomb (1C) = 3 x 10° esu Radial Distance
(1 fm= 10715 m)

It was found that the central parts of all nuclei are approximately the same density,
i.e. “aside from surface effects, the density of nuclear matter is the same in all nuclei ”
The Hofstadter Formula

_ Po
P 1+exp (?)
Po = 1.65 x 10** nucleon/m3 P

Po
= 0.165 nucl./fm3

Po/2

1fm = 107> meter

R=1.20A"Y3 fm

R 1.20 A3 fm

=



(2) Radius of Nuclei

The nuclear volume is substantially proportional to the number of nucleons in a given
nucleus. This means that nuclear matter is essentially in compressible and has a
constant density for all nuclei.

4
-mR3x A or const= 7—
3 /3 mR3

R3«A = R =constAl3

R = Ry Al

Nuclei Density
10** nucleon/m3

Ro~ 1.25fm=1.25 x 101°m

R - nuclear radius Radial Distance

R - Radius Const. (fm)

—

1.4 fm for nuclear particles scat.

RO =—

1.2 fm for electron scat. experiment

—



Distance of Closest Approach :

By this method the radius of nuclei or (the nuclear size) can be roughly
estimated.
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When an a — particle is far from given nucleus it has only kinetic energy (T).
It comes closest to the nucleus in a head - on collision.

At that point o — particle has only potential energy if the recoil of the nucleus is
neglected because of the big mass of the nucleus. From conservation of energy we
have :

K.E.=P.E.

2e. Ze
T, = ; where
D

2e = Charge of a — particle
Ze = Charge of the nucleus
D = Distance of closest approach

27Ze?
Ta

D=

(in esu)

Or

D= L xZ i Siunits
= ameg T, (in SI units)




1 1 o
4me, 4m (8.9 x 10712) N -— m?

Example : calculate the distance of closest approach for a — particle with K.E = 25
MeV, interacting with 238U nucleus.

Solution :
In the (esu
2Ze? 2 X92 (4.8 x 107102
D= = D= —
Ty 25 MeV X 1.6 Xx107° erg/MeV

Because 1 MeV =1.6 X 10~ % erg
~ D~10"12cm =10 fm 1fm=10"13cm
In the SI units

1 2Ze* _ 1 2 x92 (1.6 x10~19)2
4me, T, 41 (8.9 x 10~12) 25 x(1.6 x 10~13 J)

= 0.0089 x 11.77 x 10738 x 10'? x 1013 =0.1x10"13=10x 10" m

.. D=10fm 1fm=10"1m



(3) Mass of Nuclei

The nucleus contains about 99.975% of the mass of an atom.

-

Mnuc. = Matom - [Zme - Be(z)]

M = mass of the nucleus or nuclear mass

’
M,,m = atomic mass 9.1 x 1073 kg
m, = electron rest mass M, = — 5.48 x 10~* amu
B.(z) = total binding energy of all electrons 0.511 MeV
——

B.(z) = 15.73 Z7/3 eV, which is can be neglected

For the heaviest elements (z = 100), the total electron binding energy approaches

B.(z) = 1 MeV, even this value negligible compared with the binding energy of the
nucleus.

Conversion of Units =~ Jug=<

1 12 . .
1amu = > X N, amu = atomic mass unit
A N XA
W =
N, = Avogadro’s number Nay
N, = 6.025 x 1023 atom/mol
~ 1amu = 1.66 X 10727 kg
ko 3 QS 2l

_ -29 " ..
lamu=1.66Xx 107°" gm Ao g0 (50) Ao
1amu = 931.5 MeV

The energy equivalent in Joules can be estimated from Einstein’s mass - energy
relationship

E =mc
E=1kg x (3x10%)? =9x10'%] = 9x 10?3 erg
1amu=1.66Xx10"2"x9x10% = 1.494x 10719 =1.5x10"1°J=1.5x 10 3 erg

Electron Volt (eV) : is the energy acquired (gained) by a particle of charge
e = 1.6 x 1071% C when it is accelerated through a potential difference of 1 Volt.



1eV=4.8x10"1x-=1.6x10""2erg

1eV=1.6x10"1"Cx1Volt=1.6x10717]

1MeV=10°eV=1.6%x10%erg=1.6 x10713]

Example : calculate the mass of electron in MeV units.

Solution : the electron mass =9.1091 x 10731 kg
m, = 5.48597 x 10~* amu
Since 1 amu =931.5 MeV

. m, = 5.48597 x 10~* X 931.5 MeV =

(in esu units)

(in SI units)



Packing Fraction & Binding Energy

The packing fraction can be regarded as a small correction which relates the
isotopic mass M to the mass number A, i.e. the ratio between Mass defect and A

M(AZ)-A _ Massdefect
A "~ Mass number

Packing Fraction P =

Mass defect= (M -A) Note : (M - A) can be positive or negative

Therefore, the isotopic mass 4My can be calculated if the packing fraction (P) is
known :

AMy=A1+P)

Total Binding Energy :

Is defined as the amount of work we would have to supply in order to dissociate
completely a nucleus into its component nucleons.

B.E.= [Zm, + Nm, — JMy|c? = E = Amc?

Where my,, m, and 4My are the masses of proton, neutron and bare nucleus

p )
respectively. Note that the B.E. is a positive quantity we can without appreciable

error, compute the nuclear B.E. using the atomic masses or (weight) Mg

B.E.= [ZMy + Nm,, — 7My]c?



Average Binding Energy per Nucleon

[s the total B.E. divided by the number of Intermediate
nucleons. h i
10 h nuclei
A BE. = (B.E)tot
A 8
_ s
A.B.E.= B.E. = 8.5 MeV/nucleon é 6
from the carve, the most stable nuclei is the g 4 Heavy
: _ lej
intermediate nuclei. < 2 nuclei nuctet
20 40 100 190
Mass Number
A

Example : Calculate the total and the A.B.E. for deuterons and for a — particle in
MeV units.

(B.E)tor. = [ZMy + Nm,, — 5My]c?
@ For deuteron
‘HyoriD;) =[1x1.008143+1 x 1.008983 — 2.014736] amu

(B.E)yor  =2.017126 — 2.014736 = 0.00239 amu

Since 1 amu =931.5 MeV

<. (B.E)or. = 0.00239 X 931.5 = 2.226 MeV

Total BE _ 2.226
A T2

A.B.E. (for2H) = =1.113 MeV/nucleon

For o — particles (3He,)

(B.E);o; = [2 % 1.008143 + 2 x 1.008983 — 4.003872] amu
= [4.03425 — 4.003872] = 0.03038 amu
(B.E);. = 0.03038 X 931.5 = 28.29 MeV

A.B.E.= @ = 7.06 MeV/nucleon



Separation Energy :

The work or the amount of energy that is needed to separate (remove)
proton, neutron or a — particle from a nuclei is called the Separation Energy “S”
, which is the energy released when such a particle is captured by a nucleus.

For Neutrons W + ‘ —_— ‘ + @

_ ABE.
Sh = [A IMy_1 + M, — AZMN]CZ =N

S, = B(3Xy) — B(* Xy 1)

For Protons W + ‘ —_— ‘ + ’

SP = A_IMN + MP AMN]C2

Sp = B(zXy) — B(721X)

= [223Mp_; + 3M, — FMy]c?

S« = B(7Xn) — B(7-2Xn-2) — B(zHey)

Note

@ that AB.E. is the variation in the binding energy of the “Last” neutron in a
group of nuclides.

@ The separation energy is the increment in total binding energy when one
nucleon or (a - particle) are added to the lower isotope or nuclides.



Total Nuclear Angular Momentum (Nucleus Spin)

We can imagine a nucleus as consisting of nucleons (protons and neutrons)
moving around the center of mass in certain orbits (independent - particle model or
shell model). Each nucleon has orbital angular momentum € and spin S . The
coupling of these quantum numbers give the total angular momentum j .

Sj=f+S =+ 1/2 (since the spin of each nucleon equals ¥ in units of h)

The total angular momentum of a nucleus containing (A) nucleons would be then
the vector sum of the angular momenta of all nucleons :

2 ji = Z € + Z Si
i>1 i>1 i>1
Therefore J=L+S where L is the orbital momentum
S is the spin of all nucleons
J is the Nuclear Spin
The nuclear spin ] represents a rotational motion which is absolute value equals to :
Jl=h/I0+1D)  ie J*=h*JJ+1)

and the projection of (J) on the Z - axis,
Z - direction

the direction of the external magnetic field ' (B field)
(B) ,isJz where:
Jz = mh m, = 3/2
m=J,(J-1,0-2),....,—(J-2),
-0-1,-0 0 4
A nucleus with spin (B) can only take
(2] + 1) orientations in an external m; = —1/2
Magnetic field (B). The reduced m; = —3/2
Plank’s constant h:

h  6.6256 x 107%*].s

=1, X 10734].
o o 1.055 x 107°% ].sec



The total Angular quantum number J is:
1) J=0 for the ground state of Even - Even nuclei

(e.g. gHez , 1%(:6 , 1308 )
2) J=half - integer (1/2 ,3/2 ) 5/2 ) ) for odd - A nuclei.

(e.g. 3He,13Ng ,170....)
3) J=integer (0,1, 3,...) for Even - A nuclei.

(eg. 14N, , 1B, SLis ....)

* Nuclei which its spin is not Zero (J # 0) has a magnetic moments.
* Nuclei which its spin equals Zero (] = 0) has not a magnetic moments.

Example : calculate the number of orientations of spins in an external magnetic
field for the followings :

Solution : The number of orientations = 2] + 1.

J=0 ; No.oforientations=1 ; ie. J=0

J=1 ; No.oforientations=3 ; ie. 1,0,-1

J=2 ; No.oforientations=5 ;ie. 2,1,0,-1,-2

]=3/2 ; No. of orientations =4 ; i.e. 3/2,1/2;—1/2’_3/2
]=5/2 ; No. of orientations =6 ; i.e. 5/2,3/2;1/2'_1/2'_3/2’_5/2

The measured values of the nuclear spins can tell us a great deal about the nuclear
structure . For example , Even Z , Even N nuclei all have spin - 0 ground state, this is
an evidence for the nuclear pairing force . The ground state spin of an odd - A
nucleus must be equal to the j of the odd proton or neutron. x £

53
2
i

" v
P —%—:—3—
12¢. () = 0) Be,0=15.3/,.) uNn,g=0,1,2,.)




Parity

Along with the nuclear spin (]) , the parity is also used to label nuclear state ;

- +
o+, 27, 1/2 , 3/2 , ... etc). There is no direct relation between parity and spin .

The parity is a classification of wave functions into two groups, those of Even
parity (+) and those of odd parity (=) . The parity of isolated system is a constant of
its motion and cannot be changed by any internal process . Only if radiation or a
particle enters or leaves the system (nucleus) , and hence the system is no longer
isolated, can its parity change.

A wave function representing a single particle is said to have positive (+) even
parity if it does not change sign by reflection through the origin, and negative (—)
parity if it does change sign.

¥Yx,y,2)=+%¥Y(x,-y,-z) = Even parity (positive)
Yx,vy,2)=—Y(x,-y,-2) = 0dd parity (negative)
Where ¥ (x,y,z) is a wave function describing a system (nucleus)
|‘"I"|2 = YY" isthe probability of finding a particle at the position (x,y, z).

Parity is an interesting property because of the law conservation of parity. Suppose
that an nucleus in an excited state is described by a wave function with Even parity
of it emits a gamma ray and goes over to a lower energy state the system

“recoiling nucleus + § - ray “ must continue to have recoil

Even parity. 1'["'
2

This imposes some restrictions on the 8 - ray emission Yy — ray

process, the conservation of parity had led to some tt

selection rules. A particle with an even value of (£)

the motion has even parity , and with odd () has odd parity, p = (—1)*
L = orbital quantum number

P = parity



Nuclear Magnetic Dipole Moment

Any charged particle moving in a closed circular path produced a magnetic field
which can be described, at large distances, as due to a magnetic dipole located at the
current loop.

lu| =i A ;where i isthecurrent , A the area of the loop

Therefore the protons (and not the neutrons) within e
nuclei should produce extra nuclear magnetic field :
v
_( v 2 %
Il = (5—) () (mr?)
Where i = frequency X charge
v
= (5m) ©
A=mr
evr
| |,l| = > v = the velocity of the particle with charge e

(proton for example)

r = the radius of the orbit.
The orbital angular momentum of this particle (with mass m) is then equals to :

L, =mvr = L =mvr

Therefore lu| = (i) L=gXxL,

Where g is the gyromagnetic ratio Z B (mag. Field)

g = (%) =evr/2 _ .

mvr 2m

e

g=>—

2m

Actually, neither L, nor its collinear p their ratio (g)
can be measured accurately in many types of experiments

the relation (g = ﬁ) will also correct for the components
of Ly and p in any direction, for instant in the direction of a magnetic field (B) , the
o N , _ (e ) _
z - direction therefore ; g = D), . meh Sz = (2m mp nz = gmph
e
Mz = (ﬁ) m;h



h h
(Ze_m) is called the Nuclear Magnetron py = (ze_m) =5.0505 x 10~* J - m*/Wb.

uy =3.1525 x 1078 eV/Tesla

Therefore pz = m, py or Uz = my in unit of Nuclear Magnetron py

This means that the Z - component of magnetic dipole moment (pz) resulting from
orbital motion off a proton is (m,) nuclear magnetron.

The total magnetic Dipole Moment for a nucleus is the sum

of moments associated with the spins of protons and neutrons
and the moments associated with the orbital motion of the
protons (the orbital motion of neutrons do not contribute to
the Mag. Dipole Moment of the nucleus) because the neutron is
chargeless particle.

4 7 -direction

Wz =Mmyp ¢

Riot. = Msp T Hsn T Rgp

The magnetic moments are :
ne =—1.001145358 g = for electron

up = +2.79275 ny = for proton

n, = —1.9135 ny = for neutron
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Nuclear Electric Quadruple Moment

The nuclear electric quadruple moment is the deviation from spherical

symmetry distribution of protons in the nucleus.
] = max.
If nucleus is imagined to be as a uniformly

charged ellipsoid of rotation which its
diameter is (2b) along the symmetry axis Z - direction
(the z - direction or the direction of J vector),

the quadruple moment referred to this axis

will be (if the nucleus moves with spherical

i.e. Jin the

1
symmetry then z2 = x? = y? = grz)

Qo = %j p(3z% —r?) dt

And since z=r cos 0, then

my

b

4

\ Z - symmetry axis

dt

Qo =lfp(3r2 cos20 —r2) drt = %fprz(S cos?0—1) dt

e

Where p = is the density of nuclear charge in volume element dt at

point (z,r)

Ze
P=73 = for ellipsoid
§Ttazb

Integrating over the charged system (nucleus) we obtain :

2 ., _6_ . (MR
Q=520 -ad)= 2R (1)

AR = the deviation from the average in the direction of the symmetry axis.

R,y = average nuclear radius.

band a = is the major and minor half - axis.

4 n(AR

) = B isthe deformation parameter
31/ 5 \Ryy.

R,, = Ry A3 although this relation is not exact, it is customary to be taken.



b b a
a a
b
a=b;Qo=0 b>a;Q,>0 b<a;Qy<0
Spherically distribution Prolate distribution Oblate distribution
when a=b ; Qy=0 ; ie. protons are spherically distributed.

when b>a ; Qy>0 ; ie. Qq ispositive (prolate distribution).

when b<a ; Qy,<0 ; ie. Qg isnegative (oblate distribution).

Q = lies between 1073° to 10728 m?, which is the order of R? of the nucleus
and measured in BARNS (1 barn = 1b = 10728 m?).

The relation between the deformation parameter () and the quadruple
moment is:

3
QozﬁRﬁv_ZB(1+0.16B) ; B~0.3

Qo is known as the intrinsic quadruple and observed only when the nucleus
at rest.
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Statistics of Nuclear Particles

Another important property of nuclei statistics and arises from considerations
of the symmetry properties of wave functions. Statistics property has to do with the
effect on the wave function ¥ of interchanging all the coordinates (three spatial x,
y, Z and one spin s) of two identical particles . Every particles in nature must obey
one of the two types of statistics ; either Bose - Einstein statistics (Ssymmetric) or
the Fermi - Dirac (antisymmetric)

(1) Fermi - Dirac Statistics

According to this statistics the wave function changes sign when all
coordinates of two identical particles are interchanged.

P(X1,Xi,Xj, . ,Xp) = —¥(X1,%j, X, . ,Xp)

The anitsymmetric of the wave function restricts the number of particles per
quantum state to one, that is the Pauli Exclusion Principle. Protons, neutrons,
electrons and all odd - A nuclei obey Fermi - Dirac statistics ; therefore , they are
called Fermions (Fermi Particles with spin s = 1/2 integer)

(2) Bose - Einstein Statistics

A system which its wave function is “symmetric” is said to follow Bose -
Einstein Statistics. Interchange of two identical Bose - Einstein particles, leave
the wave function for their system uncharged

‘P(xl y X Xj e ,xn) = +‘P(X1 VX, X e ,xn)

Bose - Einstein particles do not follow the Pauli exclusion principle. Two or more
such particles may be in the same quantum state. The photons and «a - particles
obey Bose - Einstein Statistics and all nuclei of Even - A mass number

Mass Number | Angular Momentum Statistics Particles
(A) ()]
P,n,e ,et,v,vand
odd J=1/2 ,3/2,5/2,...| Fermi- Dirac all odd - A nuclei
(3He, B, 150)
Y — ray, a - particle
Even J=0,1,2, .. Bose - Einstein and all Even - A
nuclei (12C, 160, ....)




