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SECTION I

Some Basic Nuclear Terms

Nuclide: any nuclear species of a given number of
protons and neutrons.

Nucleon: either neutron or proton.

Mass Number = A = number of nucleons = N+Z

N

57
Co
27

Atomic Number = Z = number of protons

Isotopes: same Z; different A

Iscbars: same A; different 2

140 140 140 140
55Cs 56Ba 57La 58Ce

Isotones: different A; same N

Atomic Mass Unit (amu): 1 amu is 1/12 the mass of

12
6

c.
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Masses of atomic particles ’

M, = 1.00783 amu = mass of the proton MEBG.SE ploton = 100228
Mn = 1.00867 amu = mass of the neutron

Me = 0.00054860 amu = mass of the electron

MH = 1.00783 amu = mass of the hydrogen atcm

Units of radioactivity

curie(ei) = 2.22 x 10%% dpm (disintegrations/min)
= (Defined: 3.7E10 d/s)

millicurie{mci) = 10 ci

microcurie (uci) = 10-6 ci
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SECTION II

Nuclear Mass—Energy Relationships

A. Balancing Nuclear Equations

139 1 138 1l
57La + 1H > 58Ce + 20n (1)
252 248 L
98Cf - 96cm +; ZHE: N L (2)
e \ {Qﬁ IR
14 14 0
6C * TN + _iB (3)

B. Conversion Factors

TABLE 1. Commonly used metric units: Systems

Physical Quantity mKs cgs
v

Force (F) newton {(nt) dyne
Mass (m) kilogram (Kg) gram (g)
Length (d) meter (m) centimeter (cm)
Time (t) seconds {sec) seconds (sec)
Acceleration (a) meters centlmgters

secﬂ secC

Work (W) joule (J) erg
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From F=mzxa %
|
[ . . |
nt = —STK L dyne = 9————02_‘,‘ :
sec sec
.." _ 5
nt = 107 dynes
é From W=Fxd
Kom?  em2
J = pt-m = erg = dyne-cm = 2——5—
sec sec

J = 10" ergs

1. Important energy conversion factors and definitions

NOTE: Energy and work are interchangeable

Electron Volt (eV): the energy acquired when an
electron is accelerated through a potential difference

of 1 wvolt.

Calorie {(cal): +the quantity of heat which must be
added to 1 gram of water (1 atmosphere pressure) to
change its temperature from 14.5 to 15.5°C.

. -
ISR

’ : St
iy . .




1ev =1.602 x 10719
=1.602 x 10" 2ergs
= 3.829 x 10 2%ca1
=1.074 x 10”2 amu
10%ev = Gev 10%ev = Mev

a. An important enerqgy conversion factor is

1 ev _ 23.06 Kcal (4)
molecule nole

This is obtained by

1 ev _3.829 x 20 %%al _ Kcal
lecule molecule x 3
mo 10 cal
23
6.023 x 10 "molecules
x mole

23 molecules

where 6.023 x 10 mole

is Avogadro's number

b. Another frequently used conversion factor is

1 amu = 931 MeV (5)
This is obtained by Lo
N W "
. 7 LEH]
1 amu = L eV —5 X ME%— BRIV
1.074 x 10 10° ev
= 931 MeV ' Vel




C. Comparison of Energy in Chemical and Nuclear Reactions

Rcal

1. C(S) + 02(g) -+ COZ(g) + 94.03 Tolc (6)
Using E = ﬁM-C2 and solving for the mass
Kcal
94,30
AM = E_-= mole where ¢ = 3.0 x 1010 cm/sec
2 (3.0 x 1010 =2
* sec
_ lev/molecule
= 94,03 Kcal/mole X 336 Koal/mole x 1.602
X 10-~l2 erg/ev
23 molecules 20 cm2
x 6.023 x 10 ole Xx 9.0 x 10
sec
. 2 2
Since erg = g cm”/sec”)}

2 2
= 4,37 x 10 9 g gm /sgc ]/mole
cm”/sec

= 4.37 x 107 % (10" 3% per mole of reactant mass) (7}

2. 3He + én > gHe + 4.7 x 10° Kcal/mole (8)
8 Kecal
4,7 x 10 _
o= B = mole _ , 2 x 10729 ~0.5% of (9)
C2 éi_

reactants mass




Calculation of Energy {(Q) in Nuclear Reactions

Convention used:

Q z ‘AE

AM = [Sum of atomic masses of reactantsl

(10)

-[sum of atomic masses of productsl

Note: Atomic masses (amu) = mass of nucleus + electrons

Q = AM(amu) x 931 (MeV/amu) = MeV (11)
Positive Q = exoergic {occurs spontaneously)
Negative Q = endcergic (requires energy to occur)
3 1 4
Ex. 3He +on 7 2He + Q (12)
3
2He = 3.0160 amu
1 _
o < 1.0087 amu
SHe = 4.0026 amu
AM = [3.0160 amu + 1.0087 amul - [4.0026 amul

0.221 amu




= 0.0221 amu x 931 MeV/amu

©
|

20.58 MeV

Nuclear Binding Energy

Binding Energy (BE): the energy released in the
formation of a nucleus from the appropriate numbers

of neutrons and hydrogen atoms

Ex: Calculate the BE of ;He

1 1l 4

21H + 20n > 2He (13)
1

lH = 1,0078 amu

AM = 2[1.0078 + 1.0087] - 4.0026
= (,03040 amu
BE = 931 MeV/amu x 0.0304 amu

28.30 MeV (14)

Binding energy per nucleon = Be/A

BE/A = Eéiég = 7.08 MeV/nucleon (15)
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1. { Binding enexrgy of last nucleon.

Ex. Calculate BE of last neutron and of last proton

in 235U.

Last neutron:

234 1 _ 235
92U + g T 90U t+ Q (16)

234 + Mn - M235U x 931 MeV/amu

U

(234.04090 + 1.00867 - 235.04392]amu x 931 MeV/amu

BE last neutron = 5.26 MeV

Last proton:

g1Pa + 1H = 55U + Q (17)
Q= [M234 + My - Mg ] x 931 MeV/amu
Pa lH u

B.E. last proton = 6.71 MeV.

£234.04330 + 1.00783 - 235.04392] amu x 93 MeV/amu
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2. BE of a deuteron
1 1 2
lH + o - 1H (18)

BE = 2.2 MeV
BE/nucleon = 1.1 MeV

3. Binding energy per nucleon, BE/A
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Fig. 1 Plot of the binding energy per nuclecn (MeV/nucleon)
as a function of the mass number.

Note: BE/A n~ 7=9 MeV

Magic Numbers - 2, 8, 20, 28, 50, 82, and 126.
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Exoergic reactions:

a) fusion of light elements (A<40)

b} fission of heavy elements (A>100).

Discussion of magic humbers on the tape is confusing, since it does not distinguish clearly between proton number, neutron number,

and mass number. The magic numbers refer to either proton number or neutron number, whereas Fig 1 is plotted as a

function of mass number. Thus the peak of A=4 corresponds to the doubly magic nuclide with Z=N=2.
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SECTION III

Nuclear Radius

For a sphere of incompressible particles

V «= A
For a sphere, V « R3

R = A1/3

R = Ry a3, Ry = 1.4 x 10713 cm.
Defining 10713 cm as one femtometer (fm),

R=1.4 a%3 ¢ (19)
Examples: 1. For 2°9y R = 1.4(238)13¢m = 8.7¢m

2. For 80Br R = 1.4(80)1/3fm = 6.0fm
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SECTION IV

Nuclear Coulomb Barrier

(ze), (Ze) e = electrical unit charge
Volergs) = '5%cm) 2 -10
= 4.8 x 10 esu
D = Ry x 1073172 + a2/3) (cm) (20)
leze2

* V_(ergs) = —

. C R. x 10 13(A1/3 + A1/3)
. 0 1 2
;f _ 5 Mev
{ Vé(MeV)— Vc(ergs) X 6.24 x 10 ergs

or

Vc(MeV) = 173

[ 410

1.4377°

1.439 z,Z,

when R, is given in fm (21}
Ry (a1/34a1/3) 0

Example: Calculate the coulomb barrier in MeV for the

Note:

. 238 4 - )
reaction of 92U + 2He -ngl.S fm.

(R,=1.4 fm)
1.439 x 92 x 2
V_(MeV) = — = 24,2 MeV (22)
c 1.4 (2383 + 41/3

No coulomb barrier for a neutron.
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potential energy
vV, MeV

nuclear well
/ Coulomp barrier
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Fig. 2 Nuclear coulomb barrier and potential well for

238 4
92U and 2He.
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Fig. 3. The Coulomb barrier height as a function of Zg, the
atomic number of the target.
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SECTION V

Nuclear Models

A, The Shell Model

e -0
—_— > . >
—— —88— e
—H— —06—
--e.e—-
Neutron Proton Excited nucleus in
Levels Levels which a neutron is
in a higher level
Fig. 4.

Process of nuclear excitation by promotion of a
neutron) in the shell model. The nucleus returns

to the ground state by emission of one or more gamma
rays.




B. The Liquid-Drop Model
- -
”~ / \\
— —{ D

N

G

— —
— Ak

A B

Excitation of the nucleus into different vibrational
(2 and 3) and rotational (A and B) states according
to the liquid drop model.

Unified Model

Combination of shell and liquid drop models.

As Z or N values approach "magic numbers", the
nuclear liquid droplet becomes more spherical
and "stiffer" (requires more energy to deform) .

For "stiff" nuclei, individual nucleon excitations
require less energy than the rotational and
vibrational excitations.
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SECTION VI

Problems

l. When the copper-63 nuclide is bombarded with deuterons,
six different transmutations may occur. Complete the

equations for these:

63 2 1
a. 29ClJ. + 1H'——-—)- + ol
63 2 64

29Cu + 1H ————+-29Cu +

c. Socu + P —— 8
. Sgeu + fn——0 4ty
I: e. ggCu + iH —_—> S§Cu + _
; S N

2, Calculate Q for the following reactions.

208 1 207_. 1
a. 82Pb + }.H e BBB]‘ + 20n + Q
102 4 103 1
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27

C. 13A1 + o™ —_— 13A1
79 1l 76

Atomic Masses (amu)

1 207 .

1B = 1.0078 0734

gHe = 4.0026 1025 -

Ly = 1.0087 103,g -

Y ray = no rest i;Al _
mass

Zgng = 207.9766 igAl _

3. Calculate the total binding
energy per nucleon for:

Masses

24 24 _

60 60 _

197 197 _

C. 79Au 79Au =

+ 0

+ gHe + Q

206.9784 1o8r =
101.9068 1Sas =
102.9083

26.9815

27.9819

energy and the binding

{amu}

23,9850

59.9338

196.9665

78,9183

75.9242
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Calculate the radii of the following nuclei using Ry =

1.4 x 10”13 cm,

4He, 160' 56Fe, 75As, 112Cd, 165Ho, 206Pb, 238U, and 256Fm.

Plot the radius values calculated in the preceding
problem as a function of mass number and discuss the

the resulting curve.

Calculate the coulomb barrier of a) 238U, and, b) 56Fe

nucleus to a proton when they are just in contact.

The density of metallic aluminum is 2.7 g/cm3. Calculate

27

the density of the “’Al nucleus, using Ry = 1.4 fm and

M = 27.0 amu, and compare the result with the 2.7 g/cm3

27Al

for the atom in the metallic lattice.




