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Lecture Learning Outcomes:
At the end of the lecture, you will be able to: 
(i) Solve problems based on energy units in atomic physics
(ii) Explain the unit of electron Volt
(iii) Explain and apply the concept of mass-energy relation
Introduction: Energy exists in many forms in the universe. It can be transferred between objects and be converted from one form to another. Law of Conservation of Energy tells us that energy cannot be created spontaneously from nothing nor can be destroyed or vanished. Mechanical energy (kinetic energy and potential energy) is either possessed by an object in motion or stored in objects by their position in an energy field.  
1. Energy unit in atomic and nuclear physics
Joule is the fundamental unit of energy in SI unit system. One Joule (J) may be defined as the amount of energy spent by a force of one Newton being exerted through one meter. We know one Newton is the force that accelerates a body of 1 kg mass at 1 meter per sec2. 
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Figure 1: Relation between mechanical force and energy
As an illustration, imagine a stationary solid mass of one kg on a frictionless flat, horizontal surface being applied by a net force of one Newton (N) so that it is displaced through a distance of one meter. When the body accelerates at a rate of 1m/sec2, the force is 1 N. In this case, the work done on the body equals the kinetic energy attained by the body and is equal to 1J. If 1 m/sec2 is the acceleration making its velocity v after the distance 1m, the final kinetic energy is ½ (mv2). Similarly, when we describe motion of a vehicle or a missile, or any other application in the day-to-day human activities, we may use these units of force and energy. 
In atomic and nuclear physics, we mostly deal with extremely small objects. Estimating energy in the unit of Joules for such cases will not be convenient. For instance, when we describe motion of an electron (mass = 9.109×10-31 kg) moving a speed of 10 km/s (103m/s), the kinetic energy of the electron will be (= ½ mv2) equal to ½ × 9.109×10-31× (103m/s)2 = 4.554×10-25 J. This quantity is too small in human scale and it is difficult to apprehend the gravity and scale of the quantity.
Hence, to suite the situation, we have an alternate unit while dealing with microparticles in atomic and nuclear physics, called electron-volt (eV). One electron volt is the kinetic energy attained by an electron when it is accelerated through an electrostatic potential of 1 Volt. Similarly, 10 eV is the energy acquired by an electron when it is accelerated through an electrostatic potential of 10 Volt. 
The numerical value of 1 eV in joules is equivalent to the numerical value of the charge of an electron in coulombs. That is 1 eV equal to 1.6022×10−19 J.
Example 1: Evaluate the velocity of an electron accelerated through a potential of 100 Volt? 
Kinetic energy of electron in 100Volt electric field = 100 eV = 100×1.6022×10−19 = 1.6022×10−17 Joules. 
1.6022×10−17 Joules = ½ mv2 = ½ × 9.109×10-31× (v)2
Therefore, v =  =  = 0.5931× 107 m/s
Time rate at which energy is used is called Power. Watt is the unit of power.  1 Watt is the power of a Joule of energy per second. 
For electricity, Power = Current x Voltage (P = I V). That is, 1 Watt is the power from a current of 1 Ampere flowing through 1 Volt potential difference. 1 kilowatt is a thousand Watts.
For domestic purpose, we express electric energy in kilowatt-hour (we call it one unit) and is the energy of one kilowatt power flowing for one hour. (E = P t).
1 kilowatt-hour (kWh) = 103 watt ×3600 sec = 3.6 × 106 J = 3.6 million Joules.
For the purpose of heat energy, the common unit is calorie. One calorie of heat is the amount of heat energy needed to raise the temperature of 1 gram of water through 1 degree Centigrade.
1 calorie (cal) = 4.184 J.  (The Calories in food ratings are kilocalories.)
Power is the rate at which work is done, or alternatively the rate at which energy transfer occurs.
In industry, we commonly used unit for power is horsepower (HP). One horse power = 745.7 watts

Example 2: Overhead water tank (1000 liter capacity) of a building is at 80m height from floor. Water has to be pumped from a well of 100m depth using a pump. What is the power of the motor required to fill the tank in 5 minutes?
Total energy required to fill the tank is equal to the potential energy gained by water in the tank. 
Therefore, energy = m×g×h = 1000×9.8×(80+100) = 1764000 J
The power required =    =  = 5880 W =  = 7.885 HP
Assuming there is no power loss in the pump, we need an 8 HP pump to fill the tank. 
2. [bookmark: _Hlk140018872]Mass - energy equivalence
In Newtonian mechanics, an object in motion relative to a reference frame has kinetic energy which can be transformed into another kind of energy. Unlike the momentum, kinetic energy is not a vector quantity. The faster an object moves relative to some inertial frame, the more momentum and kinetic energy it has. 
The term “mass-energy relation” refers to the fact that mass and energy are inter-changeable each another in proper situations. Albert Einstein, with his theory of relativity, precisely derived and described the relationship between mass and energy. The equivalence of mass and energy can be expressed as E = mc2 and is known as Einstein’s mass-energy equation. Here, E is the object’s equivalent kinetic energy, m is the object’s mass (Kg), and c is the speed of light in free space (c = 3 x 108 m/s).
The special theory of relativity proposed by Einstein in 1905 was very crucial to the development of atomic and nuclear physics. The theory paved way to two several vital ideas in modern Physics. Two major consequence of the theory are (1) variation of mass of a particle with its velocity and (2) proportionality between mass and energy. The second argument helps us to consider mass as another form of energy. Therefore, the law of conservation of energy is really the law of conservation of mass-energy in this context. Applying the idea Precisely, heating a body (adding energy to it) increases it mass, But the increment being a tiny fraction of its original mass of it, is beyond our sensory perceptions and measurement. However, in a nuclear reaction, the energy release often results in the change in mass that can easily be measured. Mass and energy are related by the best-known equation in physics:
 E = mc2											(1)
The term relativistic mass, m, was used for the mass of a particle moving with relativistic speed (speed comparable to the speed of light c, 3×108 m s-1). The relativistic mass m in terms of it rest mass mo of the particle at rest is given by the relation: m =  
The variation of mass with velocity leads to modifications of our idea about kinetic energy,  
T = .  The relation for kinetic energy can be written as : 
T =  =  = (   
Upon integration we get:  
T = mc2-moc2										(2)
This result states that the kinetic energy of a body is equal to the increase in its mass consequent upon its relative motion multiplied by the square of the speed of light. Therefore, total energy of a body:
mc2  =T + moc2								                      (3)
The momentum associated with the transfer of energy is another important consequence of the proportionality between mass and energy. If a quantity of energy is transferred with a velocity υ, we can write for the magnitude of the associated momentum P:
P = mv.  Using E =mc2, we can have P =        
The relation for total energy, E = T + moc2 can be treated as the first order relation for total energy and the second order relation can be written as:  
E2 = p2c2 + Eo2										(4)
While talking about momentum and De Broglie wave lengths, we can have two limiting cases.
(1) Non-relativistic realm (Eo  T, Rest mass energy is much less than the KE) 
            Momentum, P = mov =      and     De Broglie,   =  = 
(2) Relativistic case, (T  Eo, KE is much greater than rest mass energy) 
      Momentum, P =         and     De Broglie,   =  
The rest mass of the photon must be zero; otherwise, the mass of a photon traveling with the velocity of light would be infinite. Although the rest mass of a photon is zero, the photon has a mass associated with its kinetic energy. 
     Mass of photon is =     and corresponding momentum, p = 
3. Einstein’s mass-energy relation (derivation)
Assume that an object travelling with the speed of light. Energy and momentum are induced in it due to the applied force. 
The increase in momentum of the object = mass  velocity of the body because the force.
Energy acquired= Force  Distance through which force acts (E = F  d)
The momentum gained = the force  the time it takes for the force to act (P = F  t)
The momentum gained by the object, P = m  c
Hence, F =  
Combining the above relations, E = F  d   and   F =  ,  
we have E =   d 
                 =   
                = mc2.
Therefore, E= mc2.

Physical Significance of Einstein’s Equation: 
Einstein showed that a body of mass m that has absorbed an amount of energy Eo as measured in its rest frame executes motion, in an inertial frame relative to which it moves with some velocity, as if its mass M is given: M = m + 
Imagine, a brick being heated or a battery being charged in the inertial reference frame in which they are at rest. As the brick is heated, or the battery charged, it absorbs an amount of energy Eo as measured in its rest frame. Einstein’s equation tells us that the mass of the brick, or battery, after it absorbs an amount of energy Eo is increased exactly by an amount . 
The value of the mass of the hot brick or charged battery is greater than it was before it absorbed energy, though this quantity is absolutely negligible. 
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