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

Tutorial 1 

Special Relativity

Conceptual Questions 

1) What is the significance of the negative result of Michelson-
Morley experiment? 

ANS
The negative result of the MM experiment contradicts with the 
prediction of the absolute frame (the Ether frame) of reference,
in which light is thought to propagate with a speed c. In the 
Ether postulate, the speed of light that is observed in other 
initial reference frame (such as the Earth that is moving at 
some constant speed relative to the Absolute frame), according 
to the Galilean transformation, would be different than that of 
the Ether frame. In other words, the MM negative result 
provides the first empirical evidence to the constancy of light 
postulate by Einstein. 

2) Is it possible to have particles that travel at the speed of 
light?

ANS
Particle travelling at the speed of light would have an 

infinite mass, as per 










 . Hence it is physically not 

possible to supply infinite amount of energy to boost a 
particle from rest to the speed of light.

postulate by Einstein. 

3) A particle is moving at a speed less that c/2. If the speed of 
the particle is doubled, what happens to its momentum?

ANS

According to p u , doubling the speed u will make the momentum 

of an object increase by the factor . Here’s the 

working:
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4. The rest energy and total energy respectively, of three 
particles, expressed in terms of a basic amount A are (1) A, 2A;
(2) A, 3A; (3) 3A, 4A. Without written calculation, rank the 
particles according to their (a) rest mass, (b) Lorentz factor, 
and (c) speed, greatest first. 

ANS
Case 1: {m0c

2,E}={A,2A}; Case 2: {m0c
2,E}={A,3A}; Case 3: 

{m0c
2,E}={3A,4A}

(a) Rest mass = m0. Hence for case 1: m0 m0c
2=A; Case 2:m0c

2=A;
Case 3: m0c

2 =3A. Therefore, the answer is: mass in (3) > mass 
in (2) = mass in (1);

(b) Lorentz factor = E/
  

    

(c)  = 1- v2/c2  v2/c2 =1- v2/c2
v2/c2v2/c2v2/c2
v2/c2v2/c2

PROBLEMS

1. Space Travel (from Cutnell and Johnson, pg 861,863) 
Alpha Centauri, a nearby star in our galaxy, is 4.3 light-years 
away. If a rocket leaves for Alpha Centauri and travels at a 
speed of v = 0.95c relative to the Earth, (i) by how much will 
the passengers have aged, according to their own clock, when they 
reach their destination? ii) What is the distance between Earth 
and Alpha Centauri as measured by the passengers in the rocket? 
Assume that the Earth and Alpha Centauri are stationary with 
respect to one another. 
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Figure: (a) As measured by an observer on the earth, the 
distance to Alpha Centauri is L0, and the time required to make 

the trip is t. (b) According to the passenger on the 
spacecraft, the earth and Alpha Centauri move with speed v 
relative to the craft. The passenger measures the distance and 

time of the trip to be L and t0 respectively, both quantities 
being less than those in part (a). 

Reasoning
The two events in this problem are the departure from Earth and 
the arrival at Alpha Centauri. At departure, Earth is just 
outside the spaceship. Upon arrival at the destination, Alpha 
Centauri is just outside. Therefore, relative to the passengers,
the two events occur at the same place - namely, 'just outside 
the spaceship. Thus, the passengers measure the proper time 

interval t0 on their clock, and it is this interval that we 
must find. For a person left behind on Earth, the events occur 
at different places, so such a person measures the dilated time 

interval t rather than the proper time interval. To find t we 
note that the time to travel a given distance is inversely 
proportional to the speed. Since it takes 4.3 years to traverse 
the distance between earth and Alpha Centauri at the speed of 
light, it would take even longer at the slower speed of v = 
0.95c. Thus, a person on earth measures the dilated time 
interval to be t = (4.3 years)/0.95 = 4.5 years. This value 
can be used with the time-dilation equation to find the proper 

time interval t0.

Solution
Using the time-dilation equation, we find that the proper time 
interval by which the Passengers judge their own aging is 

t0 = t (1-v2/c2) = 4.5 years (1-0.952) = 1.4 years.

Thus, the people aboard the rocket will have aged by only 1.4 
years when they reach Alpha Centauri, and not the 4.5 years an 
earthbound observer has calculated.

Both the earth-based observer and the rocket passenger agree 
that the relative speed between the rocket and earth is v = 
0.95c. Thus, the Earth observer determines the distance to 
Alpha Centauri to be L0 = v t = (0.95c)(4.5 years) = 4.3 light-
years. On the other hand, a passenger aboard the rocket finds 



the distance is only L = v t0 = (0.95c)(l.4 years) = 1.3 light-
years. The passenger, measuring the shorter time, also measures 
the shorter distance - length contraction. 

Problem solving insight 

In dealing with time dilation, decide which interval is the 
proper time interval as follows: (1) Identify the two events 
that define the interval. (2) Determine the reference frame in 
which the events occur at the same place; an observer at rest 
in this frame measures the proper time interval t0.

2)  The Contraction of a Spacecraft (Cutnell, pg 863) 

An astronaut, using a meter stick that is at rest relative to a 
cylindrical spacecraft, measures the length and diameter of the 
spacecraft to be 82 and 21 m respectively. The spacecraft moves 
with a constant speed of v = 0.95c relative to the Earth. What 
are the dimensions of the spacecraft, as measured by an 
observer on Earth? 

Reasoning
The length of 82 m is a proper length Lo since it is measured 
using a meter stick that is at rest relative to the spacecraft. 
The length L measured by the observer on Earth can be 
determined from the length-contraction formula. On the other 
hand, the diameter of the spacecraft is perpendicular to the 
motion, so the Earth observer does not measure any change in 
the diameter. 

Solution
The length L of the spacecraft, as measured by the observer on 
Earth, is 






















 = 26 m 

Both the astronaut and the observer on Earth measure the same 
value for the diameter of the spacecraft: Diameter = 21 m 

Problem solving insight The proper length L0 is always larger 
than the contracted length L.

3) Additional problem 36, Cutnell pg. 879. 
Two spaceship A and B are exploring a new planet. Relative to 
this planet, spaceship A has a speed of 0.60c, and spaceship B 
has a speed of 0.80c. What is the ratio DA/DB of the values for 
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the planet’s diameter that each spaceship measures in a 
direction that is parallel to its motion?

Solution

Length contraction occurs along the line of motion, hence both 
spaceship observe length contraction on the diameter of the 
planet. The contracted length measures by a moving observer is 

inversely proportional to the Lorentz factor . Hence,








































 .

4)  The Energy Equivalent of a Golf Ball (Cutnell, pg 866) 
A 0.046-kg golf ball is lying on the green. (a) Find the rest 
energy of the golf ball. (b) If this rest energy were used to 
operate a 75-W light bulb, for how many years could the bulb 
stay on?

Reasoning
The rest energy E0 that is equivalent to the mass m of the golf 
ball is found from the relation E0 = mc

2. The power used by the 
bulb is 75 W, which means that it consumes 75 J of energy per 
second. If the entire rest energy of the ball were available 
for use, the bulb could stay on for a time equal to the rest 
energy divided by the power. 

Solution
(a) The rest energy of the ball is 

E0 = mc
2 = (0.046 kg)(3.0  108 m/s)2 = 4.1  1015 J

(b) This rest energy can keep the bulb burning for a time t given by 
t = Rest energy/ Power = 4.1  1015 J/75 W = 5.5  1013 s = 1.7 
million years! 

5)  A High-Speed electron (Cutnell pg. 867) 
An electron (mass = 9.1  10-31 kg) is accelerated to a speed of 
0.9995c in a particle accelerator. Determine the electron’s (a) 
rest energy, (b) total energy, and (c) kinetic energy in MeV 

(a)   


(b)  Total energy of the traveling electron,











 














(c)  The kinetic energy = E – E0 = 15.7 MeV 

6)  The Sun Is Losing Mass (Cutnell, pg 868) 
The sun radiates electromagnetic energy at the rate of 3.92
1026 W. (a) What is the change in the sun's mass during each 
second that it is radiating energy? (b) The mass of the sun is 
1.99  1030 kg. What fraction of the sun's mass is lost during 
a human lifetime of 75 years? 

Reasoning
Since a W = I J/s the amount of electromagnetic energy radiated 
during each second is 3.92 1026 J. Thus, during each second, 

the sun's rest energy decreases by this amount. The change E0
in the sun's rest energy is related to the change m in its 

mass by E0= m c2.
Solution
(a) For each second that the sun radiates energy, the change in 
its mass is m = E0/c

2 = 3.92 1026 J/(3 108 m/s)2 = (4.36 109)
kg. Over 4 billion kilograms of mass are lost by the sun during 
each second.

(b)  The amount of mass lost by the sun in 75 years is 

m =(4.36 109)kg 107 s/year) ) = 1019 kg 
Although this is an enormous amount of mass, it represents only 
a tiny fraction of the sun's total mass: 

m/m = 1.0 1019 kg/1.99 1030 kg = 5.0 10-12
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7)  The Speed of a Laser Beam (Cutnell, pg 871) 
Figure below shows an intergalactic cruiser approaching a 
hostile spacecraft. The velocity of the cruiser relative to the 
spacecraft is vCS = +0.7c. Both vehicles are moving at a 
constant velocity. The cruiser fires a beam of laser light at 
the enemy. The velocity of the laser beam relative to the 
cruiser is vLC = +c. (a) What is the velocity of the laser beam 
vLS relative to the renegades aboard the spacecraft? (b) At what 
velocity do the renegades aboard the spacecraft see the laser 
beam move away from the cruiser? 

Reasoning and Solution 

(a) Since both vehicles move at a constant velocity, each 
constitutes an inertial reference frame. According to the speed 
of light postulate, all observers in inertial reference frames 
measure the speed of light in a vacuum to be c. Thus, the 
renegades aboard the hostile spacecraft see the laser beam 
travel toward them at the speed of light, even though the beam 
is emitted from the cruiser, which itself is moving at seven-
tenths the speed of light. 

More formally, we can use Lorentz transformation of 
velocities to calculate vLS. We will take the direction as +ve 
when a velocity is pointing from left to right. We can take 
view that the hostile spacecraft is at rest (as the 
stationary frame, O) while the cruiser is approaching it with 
velocity vCS = + 0.7c (according to our choice of the sign). 
In this case, the cruiser is the moving frame, O’. The light 
beam as seen in the moving frame O’ is vLC = +c. We wish to 
find out what is the speed of this laser beam from O point of 
view, e.g. what vLS is. 

We may like to identify vLS, vLC and vCS with the definitions 

used in the Lorentz formula: 

















 . In fact, a little 

contemplation would allow us to make the identification that, 
with our choice of frames (that the hostile spacecraft as the 
stationary frame): vLC  ux’ = +c; vCS  u = + 0.7c and
vLS = ux = the speed of laser beam as seen by the stationary 
frame O (the quantity we are seeking). Hence, we have 
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






























 

















, i.e. the laser 

beam is seen, from the view point of the hostile spacecraft, 
to be approaching it with a velocity +c (+ve means the 
velocity is from left to right). 

(b) The renegades aboard the spacecraft see the cruiser approach 
them at a relative velocity of vCS = +0.7c, and they also see 
the laser beam approach them at a relative velocity Of vLS +c. 
Both these velocities are measured relative to the same 
inertial reference frame-namely, that of the spacecraft. 
Therefore, the renegades aboard the spacecraft see the laser 
beam move away from the cruiser at a velocity that is the 
difference between these two velocities, or +c - (+0.7c) = 
+0.3c. The relativistic velocity-addition formula, is not 
applicable here because both velocities are measured relative 
to the same inertial reference frame (the spacecraft's 
reference frame). The relativistic velocity-addition formula 
can be used only when the velocities are measured relative to 
different inertial reference frames. 

8)  The Relativistic Momentum of a High-Speed Electron (Cutnell, pg 
865)
The particle accelerator at Stanford University is three 
kilometers long and accelerates electrons to a speed of 0.999 
999 999 7c, which is very nearly equal to the speed of light. 
Find the magnitude of the relativistic momentum of an electron 
that emerges from the accelerator, and compare it with the non-
relativistic value. 

Reasoning and Solution 

The magnitude of the electron’s relativistic momentum can be 

obtained from p = m0v = 
 Ns, where 


  kg, 
















 m/s. The 

relativistic momentum is greater than the non-relativistic 

momentum by a factor of 














.

9) Resnick and Halliday, Sample problem 37-8, pg. 1047. 
The most energetic proton ever detected in the cosmic rays 
coming to Earth from space had an astounding kinetic energy of 
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3.0 x 1020 eV. (a) What were the proton’s Lorentz factor  and 
speed v (both relative to the ground-based detector)?

Solution
 


   

  


  



  
   

  

        

   

   

     

    

    

  
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Tutorial 2 

Matter and Wave; Blackbody radiation 

Conceptual Questions 

1. What is ultraviolet catastrophe? What is the significance 
of it in the development of modern physics? (My own 
question)

ANS
The classical theory explanation of the blackbody 
radiation by Rayleigh-Jeans fails in the limit (or
equivalently, when frequency ), i.e.   at 
The failure prompted Planck to postulate that the energy 
of electromagnetic waves is quantised (via h  as 
opposed to the classical thermodynamics description 
( ). With Planck�s postulate, radiation now has 
particle attributes instead of wave. 

2. What assumptions did Planck make in dealing with the 
problem of blackbody radiation? Discuss the consequences 
of the assumptions.

ANS
Planck made two new assumptions: (1) Radiation oscillator 
energy is quantized and (2) they emit or absorb energy in 
discrete irreducible packets. The �oscillator� here 
actually refers to the molecules or atoms that made up the 
walls of the blackbody cavity. These assumptions 
contradict the classical idea of energy as continuously 
divisible.

3. The classical model of blackbody radiation given by the 
Rayleigh-Jeans law has two major flaws. Identify them and 
explain how Planck’s law deals with them.

ANS






 



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

4. What are the most few distinctive physical characteristics, 
according to your point of view, that exclusively 
differentiate a classical particle from a wave? Construct 
a table to compare these two.

ANS (my suggestions) 

Particle Wave 
Complete localized Cannot be confined to any 

particular region of space. 
A wave can be 
�simultaneously everywhere� 
at a given instance in time 

Mass and electric charge can 
be identified with infinite 
precision

No mass is associated with a 
wave.

Energy carried by a particle 
is concentrated in it and is 
not spreading over the 
boundary that define its 
physical location 

Energy carried by wave 
spreads over an infinite 
regions of space along the 
direction the wave 
propagates

Momentum and position can be 
identified with infinite 
precision.

Wavelength and position of a 
wave cannot be 
simultaneously measured to 
infinite precision, they 
must obey the classical wave 
uncertainty relation x

There is not definition of 
wavelength for a particle 

There is not definition of 
momentum for waves 

Does not undergo diffraction 
and interference 

Waves undergo diffraction 
and interference 





 (others)  (others) 

Problems

1. For a blackbody, the total intensity of energy radiated 
over all wavelengths, I, is expected to rise with 
temperature. In fact one find that the total intensity 
increases as the fourth power of the temperature. We call 

this the Stefan’s law:   , where  is the Stefan’s 

constant        How does the total intensity of 
thermal radiation vary when the temperature of an object 
is doubled?

ANS

Intensity of thermal radiation I T4. Hence, when T is
double, ie. T 2T, I I�(2)4 = 16I, i.e. the total 

intensity of thermal radiation increase by 16 times. 

2. (Krane, pg. 62) 

In the spectral distribution of blackbody radiation, the 

wavelength max at which the intensity reaches its maximum 
value decreases as the temperature is increased, in 
inverse proportional to the temperature:   . This is 
called the Wein’s displacement law. The proportional 
constant is experimentally determined to be 


    

(a) At what wavelength does a room-temperature (T = 
20oC) object emit the maximum thermal radiation?

(b) To what temperature must we heat it until its peak 
thermal radiation is in the red region of the 
spectrum?

(c) How many times as much thermal radiation does it 
emit at the higher temperature? 

ANS
(a) Converting to absolute temperature, T = 293 K, and 

from Wien's displacement law, 
    

max = 2.898×10-3 m·K/293K = 9.89 m

(b)  Taking the wavelength of red light to be =650 nm,
 we again use Wien's displacement law to find T:

T = 2.898×10-3 m·K/650×10-9 m = 4460 K 
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(c) Since the total intensity of radiation is 
proportional to T4, the ratio of the total thermal 
emissions will be 










 









Be sure to notice the use of absolute (Kelvin) 
temperatures.

3. Show that the spectral distribution derived by Planck, 

 






Bhc k T

hcT
e

 reduces to the Rayleigh-Jeans law, 

  

 Bck TT  in the long wavelength limit. 

ANS
In long wavelength limit, Bhc k T , the exponential term 
is approximated to







 


Bhc k T

B B B

hc hc hce
k T k T k T

. Hence, substituting 

Bhc k T

B

hce
k T

 into the Planck�s distribution, we have 

 
  

 


   


 

B

B B
hc k T

BB

hc k T ck Thc hc hcT
hce hchc

k Tk T

,

which is nothing but just the RJ�s law.



Tutorial 3 

Photoelectricity, Compton scatterings, pair-
production/annihilation, X-rays 

Conceptual Questions 

1. What is the significance of the Compton wavelength of a given 
particle (say an electron) to a light that is interacting with the 
particle? (Own question)

ANS

The Compton wavelength (a characteristic constant depend
solely on the mass of a given particle) characterises the length 
scale at which the quantum property (or wave) of a given particle 
starts to show up. In an interaction that is characterised by a 
length scale larger than the Compton wavelength, particle behaves 
classically. For interactions that occur at a length scale 
comparable than the Compton wavelength, the quantum (or, wave) 
nature of the particle begins to take over from classical physics.

In a light-particle interaction, if the wavelength of the light is 
comparable to the Compton wavelength of the interacting particle, 
light displays quantum (granular/particle) behaviour rather than 
like a wave.

2. Why doesn’t the photoelectric effect work for free electron? (Krane, 
Question 7, pg 79)

ANS (verify whether the answer make sense) 

Essentially, Compton scattering is a two-body process. The free 
electron within the target sample (e.g. graphite) is a unbounded 
elementary particle having no internal structure that allows the 
photons to be `absorbed’. Only elastic scattering is allowed here.

Whereas PE effect is a inelastic scattering, in which the 
absorption of a whole photon by the atom is allowed due to the 
composite structure (the structure here refers the system of the 
orbiting electrons and nuclei hold together via electrostatic 
potential) of the atom. A whole photon is allowed to get absorbed 
by the atom in which the potential energy acts like a medium to 
transfer the energy absorbed from the photon, which is then 
`delivered’ to the bounded electrons (bounded to the atoms) that 
are then `ejected’ out as photoelectrons. 

3. How is the wave nature of light unable to account for the observed 
properties of the photoelectric effect? (Krane, Question 5, pg 79)

ANS
See lecture notes 
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4. In the photoelectric effect, why do some electrons have kinetic 
energies smaller than Kmax?
(Krane, Question 6, pg 79)

ANS

By referring to Kmax = h  - , Kmax corresponds to those electrons 
knocked loose from the surface by the incident photon whenever h  > 
. Those below the surface required an energy greater than  and so 
come off with less kinetic energy. 

5. Must Compton scattering take place only between x-rays and free 
electrons? Can radiation in the visible (say, a green light) 
Compton scatter a free electron? (My own question) 

ANS
In order to Compton scatter the electron, the wavelength of the 
radiation has to be comparable to the Compton wavelength of the 
electron. If such criterion is satisfied the cross section (the 
probability for which a scattering process can happen) of Compton 
scattering between the radiation and the electron would be highly 
enhanced. It so happen that the Compton wavelength of the electron, 

  




 
 is ~ the order the X-rays’,     , hence X-

rays’ Compton scattering with electrons is most prominent compared 
to radiation at other wavelengths. This means that at other 

wavelength (such as in the green light region, where   ) the 

cross section of Compton scattering would be suppressed. 

Problems

1. The diameter of an atomic nucleus is about 10×10-15 m. Suppose you 
wanted to study the diffraction of photons by nuclei. What energy 
of photons would you choose? Why? (Krane, Question 1, pg 79)

Solution
Diffraction of light by the nucleus occurs only when the wavelength 
of the photon is smaller or of the order of the size of the nucleus, 
 ~ D (D = diameter of the nucleus). Hence, the minimum energy of 
the photon would be E = hc/  ~ hc/D ~ 120 MeV. 

2. Photons from a Light Bulb (Cutnell, pg884) 
In converting electrical energy into light energy, a sixty-watt 
incandescent light bulb operates at about 2.1% efficiency. Assuming 
that all the light is green light (vacuum wavelength 555 nm), 
determine the number of photons per second given off by the bulb. 

Reasoning
The number of photons emitted per second can be found by dividing 
the amount of light energy emitted per second by the energy E of 
one photon. The energy of a single photon is E = hf. The frequency 
of the photon is related to its wavelength  by  = c/ .



Solution
At an efficiency of 2.1%, the light energy emitted per second by a 
sixty-watt bulb is (0.021)(60.0 J/s)=1.3 J/s. The energy of a 
single photon is

E = hc/ (6.63×10-34Js)(3×108 m/s)/555×10-9 nm = 3.58×10-19 J 

Therefore, number of photons emitted per second =
1.3 J/s/ (3.58×10-19 J/photon) = 3.6×1018 photon per second 

3. Ultraviolet light of wavelength 350 nm and intensity 1.00 W/m2 is 
directed at a potassium surface. (a) Find the maximum KE of the 
photoelectrons. (b) If 0.50 percent of the incident photons produce 
photoelectrons, how many are emitted per second if the potassium 
surface has an area of 1.00 cm2? (Beiser, pg. 63)

Solution

(a) The energy of the photons is, EP =hc/  = 3.5eV. The
work function of potassium is 2.2 eV. So, 
KE = hv -  = 3.5 eV - 2.2 eV = 5.68 10-19 J

(b) The photon energy in joules is 5.68 10-19 J. Hence
the number of photons that reach the surface per second is
np = (E/t)/Ep = (E/A)(A)/Ep

 =(1.00 W/m2)(1.00 10-4 m2)/5.68 10-19 J

 = 1.76 1014photons/s
The rate at which photoelectrons are emitted is therefore ne = 
(0.0050)np = 8.8 1011 photoelectrons/s 

4. The work function for tungsten metal is 4.53 eV. (a) What is the 
cut-off wavelength for tungsten?  (b) What is the maximum kinetic 
energy of the electrons when radiation of wavelength 200.0 nm is 
used? (c) What is the stopping potential in this case? (Krane, pg. 
69)

Solution

(a) The cut-off frequency is given by 



 ,

in the uv region 

(b) At the shorter wavelength, 





 






(c) The stopping potential is just the voltage corresponding to 

  


 


 V

5. X-rays of wavelength 10.0 pm (1 pm = 10-12 m) are scattered from a 
target. (a) Find the wavelength of the x-rays scattered through 45o.
(b) Find the maximum wavelength present in the scattered x-rays. (c) 
Find the maximum kinetic energy of the recoil electrons. (Beiser, 
pg. 75)
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Solution

(a) The Compton shift is given by   , and so 

 


  pm

(b)  is a maximum when   = 2, in which case,  =

10.0 pm + 4.9 pm = 14.9 pm 
(c) The maximum recoil kinetic energy is equal to the

difference between the energies of the incident and scattered 
photons, so 

KEmax = h(  - ')= hc(



)=40.8 eV 

6. Gautreau and Savin, page 70, Q 9.28 

A photon of wavelength 0.0030  in the vicinity of a heavy nucleus 
produces an electron-positron pair. Determine the kinetic energy of 
each of the particles if the kinetic energy of the positron is 
twice that of the electron.

Solution:
From (total relativistic energy before) = (total relativistic 
energy after),

 



  

   
 


  

 


      



  

7. Gautreau and Savin, page 71, Q 9.32 

Annihilation occurs between an electron and positron at rest, 
producing three photons. Find the energy of the third photon of the 
energies of the two of the photons are 0.20 MeV and 0.30 MeV. 

Solution:
From conservation of energy, 2(0.511 MeV) = 0.20 MeB + 0.30 MeV = 
E3 or E3 = 0.522 MeV 

8. Gautreau and Savin, page 71, Q 9.33 
How Many positrons can a 200 MeV photon produce? 

Solution:
The energy needed to produce an electron-positron pair at rest is 
twice the rest energy of an electron, or 1.022 MeV. Therefore,
Maximum number of positrons =

(200 MeV) 
 

 
 



Tutorial 4 
Wave particle duality  de Brolie postulate, Heisenberg Uncertainty 

principle 

Conceptual Questions 

1. What difficulties does the uncertainty principle cause in 
trying to pick up an electron with a pair of forceps? (Krane, 
Question 4, pg. 110) 

ANS 
When the electron is picked up by the forceps, the position of 
the electron is ``localised’ (or fixed), i.e. x = 0. 
Uncertainty principle will then render the momentum to be 

highly uncertainty. In effect, a large p means the electron 
is ``shaking’’ furiously against the forceps’ tips that tries 
to hold the electron ``tightly’’.  

2. An electron and a proton both moving at nonrelativistic speeds 
have the same de Broglie wavelength. Which of the following 
are also the same for the two particles?  
(a) speed  (b) kinetic energy  (c) momentum   
(d) frequency 

ANS 

(c). According to de Broglie’s postulate, 
 

 
, two 

particles with the same de Broglie wavelength will have the 
same momentum p = mv. If the electron and proton have the same 
momentum, they cannot have the same speed (a) because of the 
difference in their masses. For the same reason, because K =

p2/2m, they cannot have the same kinetic energy (b). Because 
the particles have different kinetic energies, Equation 

 

 
 tells us that the particles do not have the same 

frequency (d).  

3. The location of a particle is measured and specified as being 
exactly at x = 0, with zero uncertainty in the x direction.
How does this affect the uncertainty of its velocity component 
in the y direction?
(a) It does not affect it.  
(b) It makes it infinite.  
(c) It makes it zero.  

ANS 
(a). The uncertainty principle relates uncertainty in position 
and velocity along the same axis. The zero uncertainty in 
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position along the x axis results in infinite uncertainty in 
its velocity component in the x direction, but it is unrelated 
to the y direction.

4. You use a large potential difference to accelerate particles 
from rest to a certain kinetic energy.  For a certain 
potential difference, the particle that will give you the 
highest resolution when used for the application as a 
microscope will be a) an electron, b) a proton, c) a neutron, 
or d) each particle will give you the same resolution under 
these circumstances. (Serway QQ) 

ANS 

(b). The equation  = h/(2mq V)1/2 determines the wavelength 
of a particle.  For a given potential difference and a given 
charge, the particle with the highest mass will have the 
smallest wavelength, and can be used for a microscope with the 
highest resolution.  Although neutrons have the highest mass, 
their neutral charge would not allow them to be accelerated 
due to a potential difference.  Therefore, protons would be 
the best choice.  Protons, because of their large mass, do not 
scatter significantly off the electrons in an atom but can be 
used to probe the structure of the nucleus.   

5. Why was the demonstration of electron diffraction by Davisson 
and Germer and important experiment? (Serway, Q19, pg. 1313) 

ANS 
The discovery of electron diffraction by Davisson and Germer 
was a fundamental advance in our understanding of the motion 
of material particles. Newton’s laws fail to properly describe 
the motion of an object with small mass. It moves as a wave, 
not as a classical particle. Proceeding from this recognition, 
the development of quantum mechanics made possible describing 
the motion of electrons in atoms; understanding molecular 
structure and the behavior of matter at the atomic scale, 
including electronics, photonics, and engineered materials; 
accounting for the motion of nucleons in nuclei; and studying 
elementary particles. 

6. If matter has wave nature why is this wave-like character not 
observed in our daily experiences? (Serway, Q21, pg. 1313) 

ANS 
Any object of macroscopic size—including a grain of dust—has 
an undetectably small wavelength and does not exhibit quantum 
behavior. 



Problems

1. Beiser, pg. 100, example 3.3 

An electron has a de Broglie wavelength of 2.00 pm. Find its 
kinetic energy and the phase and the group velocity of its de 
Broglie waves.  

Solution 
(a) First calculate the pc of the electron 

pc = hc/  = 1.24 keV.nm / 2.00 pm = 620 keV 
 

 The rest energy of the electron is E0=511 keV, so the 
KE of the electron is  
KE = E – E0 = [E0

2-(pc)2]1/2 – E0 = … 292 keV 

(b) The electron’s velocity is to be found from 

  

 

  

 

      


    



 


 





    

 

 

 

 
 

 
  

2. Find the de Broglie wave lengths of (a) a 46-g ball with a 
velocity of 30 m/s, and (b) an electron with a velocity of 107

m/s (Beiser, pg. 92) 

Solution 
(a) Since v << c, we can let m = mo. Hence

 = h/mv = 6.63 10-34 Js/(0.046 kg)(30 m/s) 
= 4.8 10-34 m   

The wavelength of the golf ball is so small compared with 
its dimensions that we would not expect to find any wave 
aspects in its behaviour. 

(b) Again v << c, so with m = mo = 9.1 10-31 kg, we have 

 = h/mv = 6.63 10-34 Js/(9.1 10-31 kg)(107 m/s)
= 7.3 10-11 m   

The dimensions of atoms are comparable with this figure - 
the radius of the hydrogen atom, for instance, is 5.3 10-11 m.
It is therefore not surprising that the wave character of 
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moving electrons is the key to understanding atomic 
structure and behaviour. 

3. The de Broglie Wavelength (Cutnell, pg. 897) 
An electron and a proton have the same kinetic energy and are 
moving at non-relativistic speeds. Determine the ratio of the 
de Broglie wavelength of the electron to that of the proton.  

ANS

Using the de Broglie wavelength relation p = h/  and the fact 
that the magnitude of the momentum is related to the kinetic 
energy by p = (2mK)1/2, we have 

h/p = h/(2mK)1/2

Applying this result to the electron and the proton gives  

e/ p = (2mpK)
1/2/(2meK)

1/2

 = (mp/me)
1/2 = (1.67  kg/9.11  kg)1/2 = 42.8 

As expected, the wavelength for the electron is greater 
than that for the proton. 

4. Find the kinetic energy of a proton whose de Broglie 
wavelength is 1.000 fm = 1.000 10-15 m, which is roughly the 
proton diameter (Beiser, pg. 92) 

ANS 
A relativistic calculation is needed unless pc for the proton 
is much smaller than the proton rest mass of Eo = 0.938 GeV.

So we have to first compare the energy of the de Broglie wave 
to Eo:

E = pc = 






 GeV, c.f. Eo = 0.938 GeV. Since 

the energy of the de Broglie wave is larger than the rest mass 
of the proton, we have to use the relativistic kinetic energy 
instead of the classical K = p2/2m expression.  

The total energy of the proton is  


  =
   =1.555 GeV.

The corresponding kinetic energy is 
KE = E - Eo = (1.555 - 0.938) GeV = 0.617 GeV = 617 MeV 



5. A hydrogen atom is 5.3 10-11 m in radius. Use the uncertainty 
principle to estimate the minimum energy an electron can have 
in this atom. (Beiser, pg 114) 

ANS 

Here we find that with x = 5.3 10-11 m.

p


= 9.9 10-25 Ns.  

An electron whose momentum is of this order of magnitude 
behaves like a classical particle, an its kinetic energy is 
K = p2/2m  (9.9 10-25 Ns)2/2 9.110-31 kg = 5.4 10-19 J, which is 
3.4 eV. The kinetic energy of an electron in the lowest energy 
level of a hydrogen atom is actually 13.6 eV. 

6. A measurement established the position of a proton with an 

accuracy of  m. Find the uncertainty in the proton’s 
position 1.00 s later. Assume v << c. (Beiser, pg. 111) 

ANS 

Let us call the uncertainty in the proton’s position x0  at 
the time t = 0. The uncertainty in its momentum at this time 

is therefore 
 

 . Since v << c, the momentum uncertainty 

is    and the uncertainty in the proton’s 

velocity is 
  


 . The distance x of the proton 

covers in the time t cannot be known more accurately than  

 


 . Hence   is inversely proportional to  :

the more we know about the proton’s position at t = 0 the les 

we know about its later position at t. The value of   at t = 

1.00 s is 











 m. This is 3.15 

km! What has happened is that the original wave group has 
spread out to a much wider one because the phase velocities of 
the component wave vary with wave number and a large range of 
wave numbers must have been present to produce the narrow 
original wave  

7. Broadening of spectral lines due to uncertainty principle: An 
excited atom gives up it excess energy by emitting a photon of 
characteristic frequency. The average period that elapses 
between the excitation of an atom and the time is radiates is 
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1.0 10-8 s. Find the inherent uncertainty in the frequency of 
the photon. (Beiser, pg. 115) 

ANS 

The photon energy is uncertain by the amount 










 




  J. The corresponding 

uncertainty in the frequency of light is 



Hz. This 

is the irreducible limit to the accuracy with which we can 
determine the frequency of the radiation emitted by an atom. 
As a result, the radiation from a group of excited atoms does 
not appear with the precise frequency . For a photon whose 

frequency is, say,   Hz,  .



Conceptual Questions 

1. What is the ONE essential difference between the Rutherford 
model and the Bohr’s model? (My own question) 

ANS 
Rutherford’s model is a classical model, in which EM wave will 
be radiated rendering the atom to collapse. Whereas the Bohr’s 
model is a semi-classical model in which quantisation of the 
atomic orbit happens. 

2. Conventional spectrometers with glass components do not 

transmit ultraviolet light (

 380 nm). Explain why non of the 

lines in the Lyman series could be observed with a 
conventional spectrometer. (Taylor and Zafiratos, pg. 128) 

ANS 

For Lyman series, nf = 1. According to 
 

 
 , the 

wavelength corresponding to ni = 2 in the Lyman series is 

predicted to be 



=



=121.5 nm. Similarly, for 

ni = 3, one finds that =102 nm, and inspection of 


 

 
  shows that the larger we take n, the smaller 

the corresponding wavelength. Therefore, all lines in the 
Lyman series lie well into the ultraviolet and are 
unobservable with a conventional spectrometer.  

3. Does the Thompson model fail at large scattering angles or at 
the small scattering angle? Why? (Krane, Questions 1, pg. 173) 

ANS 
Thompson model fails at large angle (but is consistent with 
scattering experiments at small angle). Thompson model 
predicts that the average scattered angle is given by a small 

value of   ~ 1
o. However, in the experiment, alpha particles 

are observed to be scattered at angle in excess of 90o. This 
falsifies Thompson model at large angle.  

4. In which Bohr orbit does the electron have the largest 
velocity? Are we justified in treating the electron non-
relativistically? (Krane, Questions 6. pg. 174)
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ANS 

The velocity in an orbit n is given by v = h/2 mnr0, which 
means that the velocity is inversely proportional to the n
number. Hence the largest velocity corresponds to the n = 1 
state,  
v(n =1)/c = h/2c mr0

= 6.63 10-34/2 (9.1 10-31)(0.53 10-10)/c
 = 0.007. 
Hence, nonrelativistic treatment is justified.  

5. How does a Bohr atom violate the 


  uncertainty relation? 

(Krane, Question 11, pg. 174)

ANS 
The uncertainty relation in the radial direction of an 

electron in a Bohr orbit is 
 . However, in the Bohr 

model, the Bohr orbits are assumed to be precisely known 

(= 
 ) for a given n. This tantamount to  , which must 

render the momentum in the radial direction to become infinite. 
But in the Bohr atom the electron does not have such radial 
motion caused by this uncertainty effect. So in this sense, 
the discrete Bohr orbit violates the uncertainty relation 


 .

Problem

1. If we assume that in the ground of the hydrogen the position 
of the electron along the Bohr orbit is not known and not 
knowable, then the uncertainty in the position is about 


   m, (a) what is the magnitude of the momentum of 

the electron at the ground state? (b) What is the 
corresponding quantum uncertainty in the momentum? (Ohanian, 
pg. 152) 

ANS 

(a) Angular momentum, |L|  |p|r = n . Hence, in the ground 

state, |p| = /r0 = 
 Ns

(b) 




 

 

2. Serway and Mosses, Problem 13(a), page 148 
What value of n is associated with the Lyman series line in 
hydrogen whose wavelength is 102.6 nm? 

Solution: 



102.6 nm 
9

2 1 2 1 21 1
102.6 10 m

1 11 2.99 3R RR n
n R R

3. Serway and Moses, Problem 22 
Find the potential energy and kinetic energy of an electron in 
the ground state of the hydrogen atom. 

Solution: 
2 2

2
mv keE K U

r


2 21
2 2
mv ke

r


21
2 2

ke UE
r



2 2 13.6 eV 27.2 eVU E  13.6 eV 27.2 eV 13.6 eVK E U 

4. Serway and Moses, Problem 21 
Calculate the longest and shortest wavelengths for the Paschen 
series. (b) Determine the photon energies corresponding to 
these wavelengths. 

Solution

(a) For the Paschen series; 2 2
i

1 1 1
3

R
n

; the maximum 

wavelength corresponds to i 4n , 2 2
max

1 1 1
3 4

R ;

max 1 874.606 nm . For minimum wavelength, in ,

2
min

1 1 1
3

R ; min
9 820.140 nm
R

.

 1874.606 nm
19

min
0.662 7 nm

1.6 10 J eV

hchc
, 820.140 nm

19
min

1.515 nm
1.6 10 J eV

hchc

5. Hydrogen atoms in states of high quantum number have been 
created in the laboratory and observed in space. (a) Find the 
quantum number of the Bohr orbit in a hydrogen atom whose 
radius is 0.0199 mm. (b) What is the energy of a hydrogen atom 
in this case? (Beiser, pg. 133)

Solution 

(a) From 
 , we have 











 

(b) From 




 eV, we have 


 eV = -0.000072 eV. 

Such an atom would obviously be extremely fragile and 
be easily ionised (compared to the kinetic energy of 

the atom at temperature T, kT ~ (1.38  J/K) (300 K) 
=0.03 eV)
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6. (a) Find the frequencies of revolution of electrons in n = 1 
and n = 3 Bohr orbits. (b) What is the frequency of the photon 
emitted when an electron in the n = 2 orbit drops to an n = 1 
orbit? (c) An electron typically spends about 10-8 s in an 
excited state before it drops to a lower state by emitting a 
photon. How many revolutions does an electron in an n = 2 Bohr 
orbit make in 10-8 s? (Beiser, pg. 137)

Solution 

(a) Derive the frequency of revolution from scratch: Forom 
Bohr’s postulate of quantisation of angular momentum, L
= (mv)r = nh/2 , the velocity is related to the radius 
as v = nh/2mr . Furthermore, the quantised radius is 
given in terms of Bohr’s radius as rn = n

2r0. Hence, v = 
h/2 mnr0.

The frequency of revolution f = 1/T (where T is the 
period of revolution) can be obtained from v = 2 r/T = 
2 n2r0 f. Hence, f = v/2 r = (h/2 mnr0)/2 r = h/4 2mn3(r0)

2.

For n = 1, f1 = h/4
2m(r0)

2 = 6.56   Hz.

For n = 2, f2 = h/4
2m(2)3(r0)

2 = 6.56  /8 Hz = 8.2  .

(b) 










 
 

















=  Hz. The frequency is intermediate between f1
and f2.

(c) The number of revolutions the electron makes is N = f2 
= (8.2  )   = 8.2   rev.



Conceptual Questions 

1) The speed of light in water is c/n, where n = 1.33 is the index 
of refraction of water. Thus the speed of light in water is 
less than c. Why doesn’t this violate the speed of light 
postulate?

ANS
The constancy of light postulate only applies to light 
propagating in vacuum. So, a light propagating in a medium 
which is otherwise could still has a travelling speed other 
than c.

2) What is the significance of the negative result of Michelson-
Morley experiment? 

ANS
The negative result of the MM experiment contradicts with the 
prediction of the absolute frame (the Ether frame) of reference, 
in which light is thought to propagate with a speed c. In the 
Ether postulate, the speed of light that is observed in other 
initial reference frame (such as the Earth that is moving at 
some constant speed relative to the Absolute frame), according 
to the Galilean transformation, would be different than that of 
the Ether frame. In other words, the MM negative result 
provides the first empirical evidence to the constancy of light 
postulate by Einstein. 

3) Is it possible to have particles that travel at the speed of 
light?

ANS
Particle travelling at the speed of light would have an 

infinite mass, as per 










 . Hence it is physically not 

possible to supply infinite amount of energy to boost a 
particle from rest to the speed of light.

 4) What is the twin-paradox? What is the solution to the paradox? 

ANS
Refer to page 43-44, Krane. 
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PROBLEMS

1) Space Travel (from Cutnell and Johnson, pg 861,863) 
Alpha Centauri, a nearby star in our galaxy, is 4.3 light-years 
away. If a rocket leaves for Alpha Centauri and travels at a 
speed of v = 0.95c relative to the Earth, (i) by how much will 
the passengers have aged, according to their own clock, when 
they reach their destination? ii) What is the distance between 
Earth and Alpha Centauri as measured by the passengers in the 
rocket? Assume that the Earth and Alpha Centauri are stationary 
with respect to one another. 

Figure: (a) As measured by an observer on the earth, the distance to 

Alpha Centauri is L0, and the time required to make the trip is t.
(b) According to the passenger on the spacecraft, the earth and 
Alpha Centauri move with speed v relative to the craft. The 
passenger measures the distance and time of the trip to be L and t0
respectively, both quantities being less than those in part (a). 

Reasoning
The two events in this problem are the departure from Earth and 
the arrival at Alpha Centauri. At departure, Earth is just 
outside the spaceship. Upon arrival at the destination, Alpha 
Centauri is just outside. Therefore, relative to the passengers,
the two events occur at the same place - namely, 'just outside 
the spaceship. Thus, the passengers measure the proper time 

interval t0 on their clock, and it is this interval that we 
must find. For a person left behind on Earth, the events occur 
at different places, so such a person measures the dilated time 

interval t rather than the proper time interval. To find t we 
note that the time to travel a given distance is inversely 
proportional to the speed. Since it takes 4.3 years to traverse 
the distance between earth and Alpha Centauri at the speed of 
light, it would take even longer at the slower speed of v = 
0.95c. Thus, a person on earth measures the dilated time 

interval to be t = (4.3 years)/0.95 = 4.5 years. This value 



can be used with the time-dilation equation to find the proper 

time interval t0.

Solution
Using the time-dilation equation, we find that the proper time 
interval by which the Passengers judge their own aging is 

t0 = t (1-v2/c2) = 4.5 years (1-0.952) = 1.4 years.

Thus, the people aboard the rocket will have aged by only 1.4 
years when they reach Alpha Centauri, and not the 4.5 years an 
earthbound observer has calculated.

Both the earth-based observer and the rocket passenger agree 
that the relative speed between the rocket and earth is v = 
0.95c. Thus, the Earth observer determines the distance to 

Alpha Centauri to be L0 = v t = (0.95c)(4.5 years) = 4.3 light-
years. On the other hand, a passenger aboard the rocket finds 
the distance is only L = 

v t0 = (0.95c)(l.4 years) = 1.3 light-years. The passenger, 
measuring the shorter time, also measures the shorter distance 
- length contraction. 

Problem solving insight 

In dealing with time dilation, decide which interval is the 
proper time interval as follows: (1) Identify the two events 
that define the interval. (2) Determine the reference frame in 
which the events occur at the same place; an observer at rest 

in this frame measures the proper time interval t0.

2) The Contraction of a Spacecraft (Cutnell, pg 863) 

An astronaut, using a meter stick that is at rest relative to a 
cylindrical spacecraft, measures the length and diameter of the 
spacecraft to be 82 and 21 m respectively. The spacecraft moves 
with a constant speed of v = 0.95c relative to the Earth. What 
are the dimensions of the spacecraft, as measured by an 
observer on Earth? 

Reasoning
The length of 82 m is a proper length Lo since it is measured 
using a meter stick that is at rest relative to the spacecraft. 
The length L measured by the observer on Earth can be 
determined from the length-contraction formula. On the other 
hand, the diameter of the spacecraft is perpendicular to the 
motion, so the Earth observer does not measure any change in 
the diameter. 
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Solution
The length L of the spacecraft, as measured by the observer on 
Earth, is 






















 = 26 m 

Both the astronaut and the observer on Earth measure the same 
value for the diameter of the spacecraft: Diameter = 21 m 

Problem solving insight The proper length L0 is always larger 
than the contracted length L.

3) Additional problem 36, Cutnell pg. 879. 
Two spaceship A and B are exploring a new planet. Relative to 
this planet, spaceship A has a speed of 0.60c, and spaceship B 
has a speed of 0.80c. What is the ratio DA/DB of the values for 
the planet’s diameter that each spaceship measures in a 
direction that is parallel to its motion?

Solution

Length contraction occurs along the line of motion, hence both 
spaceship observe length contraction on the diameter of the 
planet. The contracted length measures by a moving observer is 
inversely proportional to the Lorentz factor . Hence,
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4) The Relativistic Momentum of a High-Speed Electron (Cutnell, pg 
865)
The particle accelerator at Stanford University is three 
kilometers long and accelerates electrons to a speed of 0.999 
999 999 7c, which is very nearly equal to the speed of light. 
Find the magnitude of the relativistic momentum of an electron 
that emerges from the accelerator, and compare it with the non-
relativistic value. 
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Reasoning and Solution 

The magnitude of the electron’s relativistic momentum can be 

obtained from p = m0v = Ns, where 

kg,
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5) The Energy Equivalent of a Golf Ball (Cutnell, pg 866)
A 0.046-kg golf ball is lying on the green. (a) Find the rest 
energy of the golf ball. (b) If this rest energy were used to 
operate a 75-W light bulb, for how many years could the bulb 
stay on?

Reasoning
The rest energy E0 that is equivalent to the mass m of the golf 
ball is found from the relation E0 = mc

2. The power used by the 
bulb is 75 W, which means that it consumes 75 J of energy per 
second. If the entire rest energy of the ball were available 
for use, the bulb could stay on for a time equal to the rest 
energy divided by the power. 

Solution
(a) The rest energy of the ball is 

E0 = mc
2 = (0.046 kg)(3.0  108 m/s)2 = 4.1  1015 J

(b) This rest energy can keep the bulb burning for a time t
given by 

t = Rest energy/ Power = 4.1  1015 J/75 W = 5.5  1013 s = 1.7 
million years! 

6) A High-Speed electron (Cutnell pg. 867) 

An electron (mass = 9.1  10-31 kg) is accelerated to a speed of 
0.9995c in a particle accelerator. Determine the electron’s (a) 
rest energy, (b) total energy, and (c) kinetic energy in MeV 

(a)   


(b)  Total energy of the traveling electron,
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(c)  The kinetic energy = E – E0 = 15.7 MeV 

7) The Sun Is Losing Mass (Cutnell, pg 868)

The sun radiates electromagnetic energy at the rate of 3.92
1026 W. (a) What is the change in the sun's mass during each 
second that it is radiating energy? (b) The mass of the sun is 
1.99  1030 kg. What fraction of the sun's mass is lost during 
a human lifetime of 75 years? 

Reasoning
Since a W = I J/s the amount of electromagnetic energy radiated 
during each second is 3.92 1026 J. Thus, during each second, 

the sun's rest energy decreases by this amount. The change E0
in the sun's rest energy is related to the change m in its 
mass by E0= m c2.

Solution
(a) For each second that the sun radiates energy, the change in 
its mass is

m = E0/c
2 = 3.92 1026 J/(3 108 m/s)2 = (4.36 109) kg. 

Over 4 billion kilograms of mass are lost by the sun during 
each second.

(b)  The amount of mass lost by the sun in 75 years is 
m =(4.36 109)kg 107 s/year) ) = 1019 kg 

Although this is an enormous amount of mass, it represents only 
a tiny fraction of the sun's total mass: 

m/m = 1.0 1019 kg/1.99 1030 kg = 5.0 10-12



8) Figure below shows the top view of a spring lying on a 
horizontal table. The spring is initially unstrained. Suppose 
that the spring is either stretched or compressed by an amount 
x from its unstrained length, as part (b) of the drawing shows. 
Has the mass of the spring changed? If so, is the change 
greater, smaller, or the same when the spring is stretched 
rather than compressed? (Cutnell, pg 868) 

(a) This spring is 
unstrained. (b) When the 
spring is either 
stretched or compressed 
by an amount x, it gains 
elastic potential energy 
and hence, mass.

Reasoning and Solution

Whenever a spring is stretched or compressed, its elastic 
potential energy changes. The elastic potential energy of an 
ideal spring is 
equal to 1/2kx2 where k is the spring constant and x is the 
amount of stretch or compression. Consistent with the theory of 
special relativity, any change in the total energy of a system, 
including a 
change in the elastic potential energy, is equivalent to a 
change in the mass of the system. Thus, the mass of a strained 
spring is greater than that of an unstrained spring. 
Furthermore, since the elastic potential energy depends on x2,
the increase in mass of the spring is the same whether it is 
compressed or stretched, provided the magnitude of x is the 
same in both cases. The increase is exceedingly small because 
the factor c2 is so large. 
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9) The Speed of a Laser Beam (Cutnell, pg 871)
Figure below shows an intergalactic cruiser approaching a hostile 
spacecraft. The velocity of the cruiser relative to the spacecraft 
is vCS = +0.7c. Both vehicles are moving at a constant velocity. The 
cruiser fires a beam of laser light at the enemy. The velocity of 
the laser beam relative to the cruiser is vLC = +c. (a) What is the 
velocity of the laser beam vLS relative to the renegades aboard the 
spacecraft? (b) At what velocity do the renegades aboard the 
spacecraft see the laser beam move away from the cruiser? 

Reasoning and Solution 

(a) Since both vehicles move at a constant velocity, each 
constitutes an inertial reference frame. According to the 
speed of light postulate, all observers in inertial reference 
frames measure the speed of light in a vacuum to be c. Thus, 
the renegades aboard the hostile spacecraft see the laser 
beam travel toward them at the speed of light, even though 
the beam is emitted from the cruiser, which itself is moving 
at seven-tenths the speed of light. 

More formally, we can use Lorentz transformation of 
velocities to calculate vLS. We will take the direction as +ve 
when a velocity is pointing from left to right. We can take 
view that the hostile spacecraft is at rest (as the 
stationary frame, O) while the cruiser is approaching it with 
velocity vCS = + 0.7c (according to our choice of the sign). 
In this case, the cruiser is the moving frame, O’. The light 
beam as seen in the moving frame O’ is vLC = +c. We wish to 
find out what is the speed of this laser beam from O point of 
view, e.g. what vLS is. 

We may like to identify vLS, vLC and vCS with the definitions 

used in the Lorentz formula: 
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
 . In fact, a little 

contemplation would allow us to make the identification that, 
with our choice of frames (that the hostile spacecraft as the 
stationary frame): vLC  ux’ = +c; vCS  u = + 0.7c and
vLS = ux = the speed of laser beam as seen by the stationary 
frame O (the quantity we are seeking). Hence, we have 
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, i.e. the laser 

beam is seen, from the view point of the hostile spacecraft, 
to be approaching it with a velocity +c (+ve means the 
velocity is from left to right). 

(b)  The renegades aboard the spacecraft see the cruiser approach 
them at a relative velocity of vCS = +0.7c, and they also see 
the laser beam approach them at a relative velocity Of vLS +c. 
Both these velocities are measured relative to the same 
inertial reference frame-namely, that of the spacecraft. 
Therefore, the renegades aboard the spacecraft see the laser 
beam move away from the cruiser at a velocity that is the 
difference between these two velocities, or +c - (+0.7c) = 
+0.3c. The relativistic velocity-addition formula, is not 
applicable here because both velocities are measured relative 
to the same inertial reference frame (the spacecraft's 
reference frame). The relativistic velocity-addition formula 
can be used only when the velocities are measured relative to 
different inertial reference frames. 

10) Mass and Energy (Cutnell, pg 873)
The rest energy E0 and the total energy E of three particles, 
expressed in terms of a basic amount of energy E' = 5.98  10-10

J, are listed in the table below. The speeds of these particles 
are large, in some cases approaching the speed of light. For 
each particle, determine its mass and kinetic energy. 

 Rest  Total 
 Particle Energy Energy
 ___________________________ 

 a E' 2E'
 b E' 4E'
 c 5E' 6E'

 ___________________________ 

Concept Questions and Answers
Given the rest energies specified in the table, what is the 
ranking (largest first) of the masses of the particles? 

Answer
The rest energy is the energy that an object has when its speed 
is zero. According to special relativity, the rest energy E0 and 
the mass m are equivalent. Thus, the rest energy is directly 
proportional to the mass. From the table it can be seen that 
particles a and b have identical rest energies, so they have 
identical masses. Particle c has the greatest rest energy, so 
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it has the greatest mass. The ranking of the masses, largest 
first, is c, then a and b. 

What is the ranking (largest first) of the kinetic energies of 
the particles? 

According to special relativity, the kinetic energy is the 
difference between the total energy E and the rest energy E0, so 
KE = E - E0. Therefore, we can examine the table and determine 
the kinetic energy of each particle in terms of E'. The kinetic 
energies of particles a, b, and c are, respectively, 2E' - E' = 
E', 4E' - E' = 3E', and 6E' - 5E' = E'. The ranking of the 
kinetic energies, largest first, is b, then a and c. 

Solution

(a)  The mass of particle a can be found from its rest energy E0 = 
mc2. Since E0 = E' (see the table), its mass is 
ma = E'/c

2 = 5.98 10-10 J/(3 108 m/s)2 = 6.64 10-27 kg

In a similar manner, we find that the masses of particles b and 
c are 

mb = 6.64 10-27 kg, mc = 33.2 10-27 kg,

As expected, the ranking is mc > ma = mb

(b)  The kinetic energy KE of a particle is KE = E - E0. For particle 
a, its total energy is E = 2E' and its rest energy is E0 = E',
so its kinetic energy is

KEa = 2E' - E' = E' = 5.98 10-10 J. 

The kinetic energies of particles b and c can be determined in 
a similar fashion: 

KEb = 17.9 10-10 J, KEc = 5.98 10-10 J 

As anticipated, the ranking is KEb > KEa = KEc.
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Conceptual Questions 

1. Explain in your own words the essential differences 
between the concept of wave from that of particle (Own 
question)

ANS
Particle is finite in size and is localised both in space 
and time, whereas wave is not.

2. What is ultraviolet catastrophe? What is the significance 
of it in the development of modern physics? (Own question) 

ANS
The classical theory explanation of the blackbody 
radiation by Rayleigh-Jeans fails in the limit  (or 
equivalently, when frequency ), i.e.   at 

The failure prompted Planck to postulate that the 
energy of electromagnetic waves is quantised (via

= h ) as opposed to the classical thermodynamics 
description (  = kT). With Planck’s postulate, radiation 
now has particle attributes instead of wave.

3. What is the significance of the Compton wavelength of a 
given particle? What does the Compton wavelength of a 
particle mean to light that interacts with it? (Own 
question)

ANS
The Compton wavelength (a characteristic constant depend 
solely on the mass of a given particle) characterises the 
length scale at which the quantum property (or wave) of a 
given particle starts to show up. In an interaction that 
is characterised by a length scale larger than the 
Compton wavelength, particle behaves classically. For 
interaction that occurs at a length scale comparable or 
smaller than the Compton wavelength, the quantum (or, 
wave) nature starts of the particle begins to take over 
from classical physics.

In a light-particle interaction, if the wavelength of the 
light is comparable to the Compton wavelength of the 
interacting particle, light displays quantum 
(granular/particle) behaviour rather than as a wave.

4. How does the Rayleigh scattering could be explained by 

the Compton scattering relation,  ? In the 

-ray region, which effect, Compton scattering or 
Rayleigh scattering is dominant? Explain. (Own question)
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ANS
Rayleigh scattering refers to unresolved peaks of the 
scattered x-ray, ie.  , which is due to the 
extremely small Compton wavelength of the whole ATOM, as 

seen by the x-ray   0, where M = mass of the 

atom (instead of me << M).

5. Why doesn’t the photoelectric effect work for free 
electron? (Krane, Question 7, pg 79)

ANS (to be verified) 
Essentially, Compton scattering is a two-body process. 
The free electron within the target sample (e.g. graphite) 
is a unbounded elementary particle having no internal 
structure that allows the photons to be `absorbed’. Only 
elastic scattering is allowed here.

Whereas PE effect is a inelastic scattering, in which the 
absorption of a whole photon by the atom is allowed due 
to the composite structure (the structure here refers the 
system of the orbiting electrons and nuclei hold together 
via electrostatic potential) of the atom. A whole photon 
is allowed to get absorbed by the atom in which the 
potential energy acts like a medium to transfer the 
energy absorbed from the photon, which is then 
`delivered’ to the bounded electrons (bounded to the 
atoms) that are then `ejected’ out as photoelectrons. 

6. How is the wave nature of light unable to account for the 
observed properties of the photoelectric effect? 
(Krane, Question 5, pg 79)

ANS
See lecture notes 

7. In the photoelectric effect, why do some electrons have 
kinetic energies smaller than Kmax?
(Krane, Question 6, pg 79)

ANS

By referring to Kmax = h  - , Kmax corresponds to those 
electrons knocked loose from the surface by the incident 
photon whenever h  > . Those below the surface required 

an energy greater than  and so come off with less 
kinetic energy. 

Problems

1. The diameter of an atomic nucleus is about 10×10-15 m. 
Suppose you wanted to study the diffraction of photons by 
nuclei. What energy of photons would you choose? Why? 
(Krane, Question 1, pg 79)
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 ANS 
Diffraction of light by the nucleus occurs only when the 
wavelength of the photon is smaller or of the order of 
the size of the nucleus,  ~ D (D = diameter of the 
nucleus). Hence, the minimum energy of the photon would 
be E = hc/  ~ hc/D ~ 120 MeV. 

2. How does the total intensity of thermal radiation vary 
when the temperature of an object is doubled? (Krane, 
Question 4, pg 79)

ANS

Intensity of thermal radiation I T4. Hence, when T is 
double, ie. T 2T, I I’(2)4 = 16I, i.e. the total 
intensity of thermal radiation increase by 16 times. 

3. Photons from a Light Bulb (Cutnell, pg884) 
In converting electrical energy into light energy, a 
sixty-watt incandescent light bulb operates at about 2.1% 
efficiency. Assuming that all the light is green light 
(vacuum wavelength 555 nm), determine the number of 
photons per second given off by the bulb. 

Reasoning
The number of photons emitted per second can be found by 
dividing the amount of light energy emitted per second by 
the energy E of one photon. The energy of a single photon 
is E = hf. The frequency of the photon is related to its 
wavelength  by  = c/ .

Solution
At an efficiency of 2. 1%, the light energy emitted per 
second by a sixty-watt bulb is (0.021)(60.0 J/s)=1.3 J/s. 
The energy of a single photon is

E = hc/

(6.63×10-34Js)(3×108 m/s)/555×10-9 nm = 3.58×10-19 J 

Therefore,
Number of photons emitted per second =
1.3 J/s/ 3.58×10-19 J/photon  = 3.6×1018 photon per second 

4. Ultraviolet light of wavelength 350 nm and intensity 1.00 
W/m2 is directed at a potassium surface. (a) Find the 
maximum KE of the photoelectrons. (b) If 0.50 percent of 
the incident photons produce photoelectrons, how many are 
emitted per second if the potassium surface has an area 
of 1.00 cm2? (Beiser, pg. 63)

(a) The energy of the photons is, EP =hc/  = 3.5eV. The
work function of potassium is 2.2 eV. So, 
KE = hv -  = 3.5 eV - 2.2 eV = 5.68 10-19 J

(b) The photon energy in joules is 5.68 10-19 J. Hence
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the number of photons that reach the surface per 
second is
 np  = (E/t)/Ep = (E/A)(A)/Ep

=(1.00 W/m2)(1.00 10-4 m2)/5.68 10-19 J
= 1.76 1014photons/s

The rate at which photoelectrons are emitted is 
therefore

ne = (0.0050)np = 8.8 1011 photoelectrons/s 

5. (Krane, pg. 62) 
(a) At what wavelength does a room-temperature (T = 20oC)

object emit the maximum thermal radiation?
(b) To what temperature must we heat it until its peak 

thermal radiation is in the red region of the 
spectrum?

(c) How many times as much thermal radiation does it 
emit at the higher temperature? 

ANS
(a) Converting to absolute temperature, T = 293 K, and 

from Wien's displacement law,

max 2.898×10-3 m·K 

max = 2.898×10
-3 m·K/ 293K = 9.89 m

(b) Taking the wavelength of red light to be =650 nm,
we again use Wien's displacement law to find T:

T = 2.898×10-3 m·K/650×10-9 m = 4460 K 

(c) Since the total intensity of radiation is 
proportional to T4, the ratio of the total thermal 
emissions will be 
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Be sure to notice the use of absolute (Kelvin) 
temperatures.

6. The work function for tungsten metal is 4.53 eV. (a) What 
is the cut-off wavelength for tungsten?  (b) What is the 
maximum kinetic energy of the electrons when radiation of 
wavelength 200.0 nm is used? (c) What is the stopping 
potential in this case? (Krane, pg. 69)

ANS
(a) The cut-off frequency is given by 


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
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(b) At the shorter wavelength,
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(c) The stopping potential is just the voltage 

corresponding to 




 


 V

7. X-rays of wavelength 10.0 pm (1 pm = 10-12 m) are 
scattered from a target. (a) Find the wavelength of the 
x-rays scattered through 45o. (b) Find the maximum 
wavelength present in the scattered x-rays. (c) Find the 
maximum kinetic energy of the recoil electrons. (Beiser, 
pg. 75)

Solution
(a) The Compton shift is given by

  , and so 

pm 


 

(b)  is a maximum when   = 2, in which case, 

 = 10.0 pm + 4.9 pm = 14.9 pm 

(C) The maximum recoil kinetic energy is equal to the
difference between the energies of the incident and 
scattered photons, so 

KEmax = h(  - ')= hc(



)=40.8 eV 
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Conceptual Questions 

1. What difficulties does the uncertainty principle cause in 
trying to pick up an electron with a pair of forceps? 
(Krane, Question 4, pg. 110) 

ANS
When the electron is picked up by the forceps, the position 
of the electron is ``localised’ (or fixed), i.e. x = 0. 
Uncertainty principle will then render the momentum to be 
highly uncertainty. In effect, a large p means the 
electron is ``shaking’’ furiously against the forceps’ tips 
that tries to hold the electron ``tightly’’.

2. Is it possible for vphase to be greater than c?  Can vgroup be
greater than c? (Krane, Question 12, pg. 111) 

ANS
Is it possible for vphase to be greater than c but not so for 
vgroup. This is because the group velocity is postulated to 
be associated with the physical particle. Since a physical 
particle (with mass) can never move greater than the speed 
of light (according to SR), so is vgroup.

3. Why is it important for a wave function to be 
normalised? Is an unrenomalised wave function a 
solution to the Schrodinger equation? (Krane, Question 2, 
pg. 143) 

 ANS 
Due to the probabilistic interpretation of the wave 
function, the particle must be found within the region in 
which it exists. Statistically speaking, this means that 
the probability to find the particle in the region where it 
exists must be 1. Hence, the square of the wave function, 
which is interpreted as the probably density to find the 
particle at an intervals in space, integrated over all 
space must be one in accordance with this interpretation. 
Should the wave function is not normalised, that would lead 
to the consequence that the probability to find the 
particle associated with the wave function in the 
integrated region where the particle is suppose to be in is 
not one, which violates the probabilistic interpretation of 
the wave function.

A wave function that is not normalised is also a solution 
to the Schrodinger equation. However, in order for the wave 
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function to be interpreted in  accordance to the 
probabilistic interpretation (so that the wave function 
could has a physical meaning) it must be normalised.

4. How would the solution to the infinite potential well be 
different if the width of the well is extended from L to L
+ x0, where x0 is a nonzero value of x? How would the 
energies be different?
(Krane, Question 7, pg. 143) 

ANS
The form of the solutions to the wave functions inside the 
well remains the same. They still exist as stationary 
states described by the same sinusoidal functions, except 
that in the expressions of the observables, such as the 
quantised energies and the expectation values, the 
parameter L be replaced by L + x0. For the quantised 
energies, they will be modified as per










 






 .

5. The infinite quantum well, with width L, as defined in the 
lecture notes is located between x = 0 and x = L. If we 
define the infinite quantum well to be located between x = 
-L/2 to x = +L/2 instead (the width remains the same, L),
find the solution to the time-independent Schrodinger 
equation. Would you expect the normalised constant to the 
wave function and the energies be different than that 
discussed in the notes? Explain. (Brehm and Mullin, pg. 234 
- 237)

ANS
By applying the boundary conditions that the solution must 
vanish at both ends, i.e.   , the 
solution takes the form 




















  for 







This question is tantamount to re-analyse the same physical 
system in a shifted coordinates, x x – L/2. The 
normalisation and energies shall remain unchanged under the 
shift of coordinate system x x – L/2. Both of these 
quantities depends only on the width of the well but not on 
the coordinate system used.
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Problems

1. Find the de Broglie wave lengths of (a) a 46-g ball with a 
velocity of 30 m/s, and (b) an electron with a velocity of 
107 m/s (Beiser, pg. 92) 

ANS
(a) Since v << c, we can let m = mo. Hence 

 = h/mv = 6.63 10-34 Js/(0.046 kg)(30 m/s) 
= 4.8 10-34 m

The wavelength of the golf ball is so small compared with 
its dimensions that we would not expect to find any wave 
aspects in its behaviour. 

(b) Again v << c, so with m = mo = 9.1 10-31 kg, we have 

 = h/mv = 6.63 10-34 Js/(9.1 10-31 kg)(107 m/s)
= 7.3 10-11 m

The dimensions of atoms are comparable with this figure - 
the radius of the hydrogen atom, for instance, is 5.3 10-11 m.
It is therefore not surprising that the wave character of 
moving electrons is the key to understanding atomic 
structure and behaviour. 

2. The de Broglie Wavelength (Cutnell, pg. 897) 
An electron and a proton have the same kinetic energy and 
are moving at non-relativistic speeds. Determine the ratio 
of the de Broglie wavelength of the electron to that of the 
proton.

ANS

Using the de Broglie wavelength relation p = h/  and the
fact that the magnitude of the momentum is related to the 
kinetic energy by p = (2mK)1/2, we have 

h/p = h/(2mK)1/2

Applying this result to the electron and the proton gives

e/ p = (2mpK)
1/2/(2meK)

1/2

 = (mp/me)
1/2 = (1.67 kg/9.11 kg)  1/2 = 42.8 

As expected, the wavelength for the electron is greater 
than that for the proton. 



3. Find the kinetic energy of a proton whose de Broglie 
wavelength is 1.000 fm = 1.000 10-15 m, which is roughly the 
proton diameter (Beiser, pg. 92) 

ANS

A relativistic calculation is needed unless pc for the 
proton is much smaller than the proton rest mass of Eo = 
0.938 GeV.

So we have to first compare the energy of the de Broglie 
wave to Eo:

E = pc = 






 GeV, c.f. Eo = 0.938 GeV. Since 

the energy of the de Broglie wave is larger than the rest 
mass of the proton, we have to use the relativistic kinetic 
energy instead of the classical K = p2/2m expression.

The total energy of the proton is


  =
   =1.555 GeV.

The corresponding kinetic energy is 

KE = E - Eo = (1.555 - 0.938) GeV = 0.617 GeV = 617 MeV 

4. An electron is in a box 0.10 nm across, which is the order
of atomic dimensions. Find its permitted energies. (Beiser, 
pg. 106) 

ANS

Here m = 9.1 10-31 kg and L = 1 10-10 m, so that the permitted 
electron energies are













 J = 38n2 eV. 

The minimal energy the electron can have is 38 eV, 
corresponding to n = 1. The sequence of energy levels 

continues with  = 152 eV,  = 342 eV, = 608 eV and 

so on. If such a box existed, the quantisation of a 
trapped electron’s energy would be a prominent feature 
of the system. (And indeed energy quantisation is 
prominent in the case of an atomic electron.)

  

5. A 10-g marble is in a box 10 cm across. Find its permitted 
energies.
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ANS

With m = 1.0 10-2 kg and L = 1.0 10-1 m,













 J

The minimum energy the marble can have is 5.5 10-64 J,
corresponding to n = 1. A marble with this kinetic energy 
has a speed of only 3.3 10-31 m/s and therefore cannot be 
experimentally distinguished from a stationary marble. A 
reasonable speed a marble might have is, say, 1/3 m/s -
which corresponds to the energy level of quantum number n = 
1030! The permissible energy levels are so very close 
together, then, that there is no way to determine whether 
the marble can take on only those energies predicted by








 or any energy whatever. Hence in the domain of 

everyday experience, quantum effects are imperceptible, 
which accounts for the success of Newtonian mechanics in 
this domain. 

6. A hydrogen atom is 5.3 10-11 m in radius. Use the uncertainty 
principle to estimate the minimum energy an electron can 
have in this atom. (Beiser, pg 114) 

 ANS 

Here we find that with x = 5.3 10-11 m.

p


= 9.9 10-25 Ns.

An electron whose momentum is of this order of magnitude 
behaves like a classical particle, an its kinetic energy is 
K = p2/2m  (9.9 10-25 Ns)2/2 9.110-31 kg = 5.4 10-19 J 
which is 3.4 eV. The kinetic energy of an electron in the 
lowest energy level of a hydrogen atom actually 13.6 eV. 

7. A measurement established the position of a proton with an 

accruracy of m. Find the uncertainty in the 
proton’s position 1.00 s later. Assume v << c. (Beiser, pg. 
111)



ANS

Let us call the uncertainty in the proton’s position x0  at 
the time t = 0. The uncertainty in its momentum at this 
time is therefore



 
 . Since v << c, the momentum uncertainty is 

 and the uncertainty in the proton’s velocity 

is

 

  


 . The distance x of the proton covers in 

the time t cannot be known more accurately than

 


 . Hence   is inversely proportional to 

: the more we know about the proton’s position at t

= 0 the les we know about its later position at t. The 
value of  at t = 1.00 s is 

















 m

This is 3.15 km! What has happened is that the original 
wave group has spread out to a much wider one because the 
phase velocities of the component wave vary with wave 
number and a large range of wave numbers must have been 
present to produce the narrow original wave

8. Broadening of spectral lines due to uncertainty principle: 
An excited atom gives up it excess energy by emitting a 
photon of characteristic frequency. The average period that 
elapses between the excitation of an atom and the time is 
radiates is 1.0 10-8 s. Find the inherent uncertainty in the 
frequency of the photon. (Beiser, pg. 115) 

 ANS 
The photon energy is uncertain by the amount 











 




  J 

The corresponding uncertainty in the frequency of light is 





Hz.

This is the irreducible limit to the accuracy with which we 
can determine the frequency of the radiation emitted by an 
atom. As a result, the radiation from a group of excited 
atoms does not appear with the precise frequency . For a 

photon whose frequency is, say,  Hz,   . In 

practice, other phenomena such as the doppler effect 
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contribute more ian this to the broadening of spectral 
lines.

9. If we assume that in the ground of the hydrogen the 
position of the electron along the Bohr orbit is not known 
and not knowable, then the uncertainty in the position is 

about  m, (a) What is the magnitude of the 

momentum of the electron at the ground state? (b) What is 
the corresponding quantum uncertainty in the momentum? 
(Ohanian, pg. 152)


 

ANS

(a) Angular momentum, |L|  |p|r = n . Hence, in the 

ground state, |p| = /r0 = Ns

(b) 




 

  Ns.

10. Show that   is  solution to the time-
independent Schrodinger equation. 

ANS
Taking the partial derivative of wrp to x,










  (1)

The total energy of the particle is

E = K + U = p2/2m + U = 








 + U


  
 .

Hence, Eq. (1) becomes 




 

 
. This shows that 

  is the solution to the Schrodinger equation. 

11. Consider a quantum particle trapped in an infinite well 
with width a. Assuming that the particle is in the ground 
state, calculate the expectation values of its position <x>
and <x2>. Obtain the uncertainty in its position, x, given 



by standard statistical definition, x = <x2> - <x>2. (Brehm 
and Mullin, pg.265) 

 ANS 
The solution of the ground state wave function for a 

particle in an infinite box is 





 


 .





















 
























 






. Likewise,























 








 




















 













x = <x2> - <x>2 = 


























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Conceptual Questions 

1. What is the ONE essential difference between the 
Rutherford model and the Bohr’s model? (Own question) 

ANS
Rutherford’s model is a classical model, in which EM 
wave will be radiated rendering the atom to collapse. 
Whereas the Bohr’s model is a semi-classical model in 
which quantisation of the atomic orbit happens. 

2. Conventional spectrometers with glass components do 

not transmit ultraviolet light (

 380 nm). Explain 

why non of the lines in the Lyman series could be 
observed with a conventional spectrometer. (Taylor and 
Zafiratos, pg. 128) 

ANS
For Lyman series, nf = 1. According to 


 

 
 , the wavelength corresponding to ni = 2 

in the Lyman series is predicted to be 




= 


=121.5 nm. Similarly, for ni = 3, one 

finds that =102 nm, and inspection of 
 

 


shows that the larger we take n, the smaller the 
corresponding wavelength. Therefore, all lines in the 
Lyman series lie well into the ultraviolet and are 
unobservable with a conventional spectrometer.

3. Does the Thompson model fail at large scattering 
angles or at the small scattering angle? Why? (Krane, 
Questions 1, pg. 173) 

ANS
Thompson model fails at large angle (but is consistent 
with scattering experiments at small angle). Thompson 
model predicts that the average scattered angle is 



given by 





 
 





 . One can estimate 

the order of   in an atomic scattering experiment: R

~ 0.1 nm (a typical atomic radius), N ~ 104 (no. of 
collisions in the target metal foil), kinetic energy 
of the alpha particle, mv2 ~ 10 MeV, z = 2 (charge of 
alpha particle); Z ~ 79 for gold. Putting in all 
figures, one expects that alpha particle is scattered 
only for a small scattering angle of   ~ 1

o. However, 

in the experiment, alpha particles are observed to be 
scattered at angle in excess of 90o. This falsifies 
Thompson model at large angle.

4. In which Bohr orbit does the electron have the largest 
velocity? Are we justified in treating the electron 
non-relativistically? (Krane, Questions 6. pg. 174)

ANS

The velocity in an orbit n is given by v = h/2 mnr0,
which means that the velocity is inversely 
proportional to the n number. Hence the largest 
velocity corresponds to the n = 1 state,

v(n =1)/c = h/2c mr0
= 6.63 10-34/2 (9.1 10-31)(0.53 10-10)/c

 = 0.007. 
Hence, nonrelativistic treatment is justified.

5. How does a Bohr atom violate the 


  uncertainty 

relation? (Krane, Question 11, pg. 174)

 ANS 
The uncertainty relation in the radial direction of an 

electron in a Bohr orbit is 
 . However, in the 

Bohr model, the Bohr orbits are assumed to be 

precisely known (= ) for a given n. This 

tantamount to , which must render the momentum in 
the radial direction to become infinite. But in the 
Bohr atom the electron does not have such radial 
motion caused by this uncertainty effect. So in this 





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sense, the discrete Bohr orbit violates the 

uncertainty relation 


 .

Problem

1. Hydrogen atoms in states of high quantum number have 
been created in the laboratory and observed in space. 
(a) Find the quantum number of the Bohr orbit in a 
hydrogen atom whose radius is 0.0199 mm. (b) What is 
the energy of a hydrogen atom in this case? (Beiser, 
pg. 133)0

 ANS 

(a) From , we have 
 











 

(b) From 




 eV, we have 


 eV = -0.000072 

eV. Such an atom would obviously be extremely 
fragile and be easily ionised (compared to the 
kinetic energy of the atom at temperature T, kT ~

(1.38 J/K) (300 K) =0.03 eV)

2. (a) Find the frequencies of revolution of electrons in 
n = 1 and n = 3 Bohr orbits. (b) What is the frequency 
of the photon emitted when an electron in the n = 2 
orbit drops to an n = 1 orbit? (c) An electron 
typically spends about 10-8 s in an excited state 
before it drops to a lower state by emitting a photon. 
How many revolutions does an electron in an n = 2 Bohr 
orbit make in 10-8 s? (Beiser, pg. 137)

 ANS 

(a) Derive the frequency of revolution from scratch: 
Forom Bohr’s postulate of quantisation of angular 
momentum,

L = (mv)r = nh/2 , the velocity is related to the 
radius as v = nh/2mr . Furthermore, the quantised 
radius is given in terms of Bohr’s radius as rn = n

2r0.
Hence, v = h/2 mnr0.
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The frequency of revolutionm f = 1/T (where T is the 
period of revolution) can be obtained from v = 2 r/T = 
2 n2r0 f. Hence, f = v/2 r = (h/2 mnr0)/2 r = 

h/4 2mn3(r0)
2.

For n = 1, f1 = h/4
2m(r0)

2 = 6.56  Hz.
For n = 2, f2 = h/4

2m(2)3(r0)
2 = 6.56 /8 Hz = 

8.2 .




 (b)












 















=

s. The frequency is intermediate between f 1

and f2.

(c) The number of revolutions the electron makes is N

= f2   = (8.2 )  = 8.2  rev.  

3. Consider a positronium atom consisting of a positron 
and electron revolving about their common centre of 
mass, which lies halfway between them. (a) If such a 
system were a normal atom, how would its emission 
spectrum compared to that of hydrogen atom? (b) What 
would be the electron-positron separation, r, in the 
ground state orbit of positronium? (Eisberg, pg. 106)

ANS
(a)  The emission spectrum is described by the general 

form of 
 

 
 , where 









 , the 

reduced mass of the positronium is 





 








.

Compared to the emission spectrum of hydrogen, which 

is given by 
 

 
 . Hence we have 








 




. That is, the spacing 

between the spectral lines in the positronium is 
doubled as compared to the corresponding spacing in 
that of the hydrogen.
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(b) The ground state radius is











 











4. Ordinary hydrogen atom contains about one part in 6000 
of deuterium, or heavy hydrogen. This is a hydrogen 
atom whose nucleus contains a proton and a neutron. 
How does the doubled nuclear mass affect the atomic 
spectrum? (Eisberg, pg 102) 

ANS

The reduced mass is 






 




. The numerical 

ratio






 











 

















 is the same for 

both limits 2M >> m (for deuterium) or M >> m (for 
hydrogen). Hence the double nuclear mass does not 
affect the atomic spectrum in a significant sense. To 
be more quantitative, the ratio 



 =


 




= 




. The nuclear mass 

to the atomic spectrum only cases a 0.03% shift to the 
wavelengths of the spectral lines.

5. A muonic atom contains a nucleus of charge e and a 
negative muon, -, moving about it. The - is an 
elementary particle with charge –e and a mass 207 
times as large as an electron. (a) Calculate the 
biding energy of the muonic atom. (b) What is the 
wavelength of the first line in the Lyman series for 
such an atom? (Eisberg, pg. 106) 

ANS

(a)  















. The energy

levels are given by 




 




 







 

 . Hence the 

biding energy is    =1407.6

eV.



(b) 


 




























,

where 











  . The first line in 

Lyman series correspond to ni = 2, nf = 1. Hence 
this wavelength is given by 
















  cm-1, or 

 nm
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









 



    

 

 


    

 

   
 
     



  
  

     



  
  



     

 

   









       




   




       
  






  
 



      


  
 


    
   


    
    
   


 
  


 
 
   

    
  



 
  


   

 


  
 

  








 





 

    
  


  

 
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



 
  
  

     
  

 

 
   
 
 
 
    
  

 

 
 


    


 


   


    
  




 
 
  







 











 
 
 


 


   
    
  







 
 
  


      


   

    
  

 

 
 
 


  
  

    
  

 

 
 
 
 
 

    
  



  
 
  
 

     
  




  

 

 

   

  


202




















    

   
  
   
 


  





  


       



 







 
 









 









 












 

     



 

     



 
  

     



  

        


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

  
  












 









 








 
















 

  








 
































 






  

  
 


 

     
  


  


      


 




  



















 



 
              
 






 
 
        
 


 
 
  


   
 
  
       
  


 
 
 
 
       
   


 
 


 


 
 



        



 
 
 
 
 

        



 
 


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

 


 


       
  


 

 
 
 




 
       
  


















 


   


             


         



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




 

  

 


 

 

 












 

 










  

          
         


    









    






       




    









    






 
          


        

 



  

         




       
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    



  
  

      

 



 

         


      



 
   














  
        
 

 
 



 
 
 



             




 
 
 
 
 







 
 
 
 
 

 
          




                

          




 

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




   




          




 

 
 
 



 


    





 
 
 


 


  

       


  


          

      




  
         



    

  



 


  
               



 
  

 
  

         


        


    

  



 
 


 



 
  

 
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

 


    

  



  



        


      


         


  


        


        


         


    


      






 

        

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 

 
 
 
 
 





 

           
     




 







 



 

  

  

  

  

 




  

 

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      

 


 
 




        

     




  
 





       

    


 

         








 





 







   
 

      


      

 


         
 

       
 

         



 

        

 

  
  

   
  

 
 


 

        

 

          
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 



 




   

  



 

 


  

       

    



    


 
 


 

 

 




 





             
         


 
 
 
 
 
 

 

       

 


 


 


 


 


 


       

 



 



 

 

 

 
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       

 





 
 
 


 
 

 





      

 








 



 



  
  

 







 



 




 


 




 



 







   






 






 
   



 

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


   




   
 
   


    
 








 




   




 







 


  


 



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  




 
 
 
 
 
 

































 




























 













 


  



  




  

  
 




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

   


 










 













 




   




 

















           


  









        

         



  

   

 


 
 
   
  


 







 

 
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

 




 


 





 




       
 




 


 







 




 

 



 



 




      

 





 


 


 


 




 



      
 





 


 




 




 

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




 




      
 














 






 

 









 



 






      
 





 





          
 




 






       
 




 




 
 
 
 

      
 



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

 


 
 


 




 


 


      
 





 


 


 


 




 




      






 


 



 




 




      
 





 


 




 




 




      
 


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




 





       
 


 




 


 




 





 





       
 





 




 















 







 




 



      
 



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

 

 





 


    


 







 




  
































 






























  
  




 
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






 












 
 

     



  




 








 
   

 


  

   

 



  
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  

 

 

  






 























 




















 



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





 
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









 









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

  


  
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

  







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















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





 



































 




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

  

 







  



 

  







 



  







 


   







 



















































  











 
 













 




 
 






 














 






































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SESSI 04/05/TEST1 

1






Speed of light in free space,  = 3.00 x 108 ms-1

Elementary charge,  = 1.60 x 10-19 C 
The Planck constant,  = 6.63 x 10-34 J s
Unified atomic mass constant,  = 1.66 x 10-27 kg 
Rest mass of electron, e = 9.11 x 10-31 kg 
Rest mass of proton, p = 1.67 x 10-27 kg

1. What are the major flaws in the classical model of blackbody radiation given by Rayleigh-Jeans laws? 
 Molecular energy is quantized
 Molecules emit or absorb energy in discrete irreducible packets 
 The intensity of short wavelength radiation emitted by a blackbody approaches infinity as the 

wavelength decreases.
 Energy is continuously divisible

      


 

2. What are the assumptions did Planck make in dealing with the problem of radiation?
 Molecular energy is quantized
 Molecules emit or absorb energy in discrete irreducible packets 
 The intensity of short wavelength radiation emitted by a blackbody approaches infinity as the 

wavelength decreases.
 Energy is continuously divisible

      


 

 An unstable high-energy particle enters a detector and leaves a track of length  before it decays. Its speed 
relative to the detector was /2. What is its proper lifetime? That is how long would the particle have 
lasted before decay had it been at rest with respect to the detector?





 

4
3





2
3





3







4. A ball was thrown upward by an observer in a van moving with constant speed  <<. He is observed by an
observer in a rest frame attached to the ground, see figure below. Which of the following statement(s) is (are)
true regarding the two inertial frames of reference?

 The ball thrown follows different path 
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 The kinematical laws of classical mechanics are valid only the moving frame (the van) but not to the rest 
frame attached to ground.

Classically Galilean transformation relates the trajectory of the ball in the rest frame with that in the 
moving frame. 

 Since <<, Lorentz transformation will fail to relate the trajectory of the ball in the rest frame with that in 
the moving frame.

       



 What measurement(s) do two observers in relative motion always agree on?
 The relativistic mass of an object
 The relativistic momentum of an object 
The relativistic energy of an object
 22, where  is the magnitude of relativistic momentum and  the relativistic energy the object 

      




  222,
where  is the  �.


 
 

6. Which of the following statement(s) is (are) true?
 The upper limit of the speed of an electron is the speed of light 

 As more energy  is fed into an object its momentum approaches .

There is no upper limit to the relativistic momentum of an electron
 There is an upper limit to the relativistic momentum of an electron

       



7. The rest energy and total energy respectively, of three particles, expressed in terms of a basic amount  are (1)
, 2; (2), 3; (3) 3, 4. Without written calculation, rank the particles according to their kinetic energy, 
greatest first. 

 2 >   1 >  2 >   2 = 
 3 > 




 The length of a spaceship is measured to be exactly half its rest length. By what factor do the spaceship�s
clocks run slow relative to clocks in the observer�s frame?

 0.866  0.745  2.000  0.366 0.134
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

9. The length of a spaceship is measured to be exactly half its rest length. What is the speed parameter  = / of
the spaceship relative to the observer�s frame?

 0.87  2.00  0.75  2.73  4.00




2

0
0 01 1 

  




2 2

0

11 1 0.866.
2







 Consider a light pulse emitted from the origin, O, of a stationary frame S. The origin of a moving frame S�, 
O�, which overlaps with O at 0 is moving with a constant speed  with respect to O. Which 
statement(s) correctly describe(s) the position of the wavefront of the light sphere as measured from the 
origins?  () is the distance of the wavefront from the origin O (O�) at time  (�).

       ��

       



11. Which of the following statement(s) is (are) true regarding Lorentz transformation (LT)?
 Time dilation can be recovered from LT 
 Length contraction can be recovered from LT 
Absolute simultaneity is not guaranteed by LT
 Galilean transformation is a generalisation of LT 

       



 

 
   
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12. What is the momentum of the neutrino?


22 2 4      2  

 2    




13. What is the total relativistic energy of the neutrino?


22 2 4      2 2 2      2

      2 




  =  ( 2 2 + 24) =   (  2 =0). The momentum of neutrino,  2 = 2 (from Question 12 
above) is related to the kinetic energy of the muon via  =  ( 2 2 + 24) =  2 +   . Therefore the 
momentum of the neutrino is related to the kinetic energy of the muon via  2 2  = ( 2 +  )2 - 24.

Taking the square root, we then have  =   =
22 2 4     .

 
What happens to the density of an object as its speed increases, as measured by an Earth observer?

 Remain the same as it is when at rest 
 Increase by a factor of 
 Increase by a factor of 2

 Increase by a factor of 1/


ANS: , my own question

15. What is the upper limit of  the momentum of an electron? 
    0  Infinity  



16. Which of the following statement(s) is (are) true?
 Only massless particle can travel at the speed of .
 Not all massless particle can travel at the speed of .
 It is not necessary that a massless particle must travel at the speed of .
 All particles which are not massless must travel at the speed lower than .

       



17. A moving rod is observed to have a length of  and to be orientated at an angle of  = 45  with respect to the 

direction of motion, as shown in the figure below. The rod has a speed of
2


 .
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What is the proper length of the rod?


3
2
   

3
2
  

3
2







2 2 2

1 1 2
1 11

2

 

We are also given  and  (both measured in a reference frame moving relative to the rod). 

Thus, cos ; sin
2 2 


   
 . � is a proper length, related to  by '




 .

Therefore, ' 2
2 


   , and '
2 


  . (Lengths perpendicular to the motion are 

unchanged).
2 22 22 2 3 3' ' ' '

2 2 
 

    
2






18. A spaceship in the shape of a sphere moves past and observer on Earth with a speed of  = 0.5 in the 
direction as indicated by the arrow. What shape will the observer see as the spaceship move past?




 

19. What is the speed of an object having relativistic momentum of magnitude  and rest mass ?







21 /



 


2




2







20. An electron with rest mass  moves with a speed of 
3

2
  . What is the work required to increase its speed 

to
2 2

3
 ?

  2
 

20.511  
25

36    25
6   
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


224











 



 



 



 


 




     
    
 

 







 



 


 



 



     
    
 

 




 







 





 



 


    
     
 

 


 


 



 



 


    
     
 

 



 


 


 


 


    
     
 





 



 


 


 




 




    
     
 

 


 




 



 



 



    
     
 

 



 



 


 


 



    
     
 

 


 



 




 



 




   
     
 

 


 




 





 





 





   
     
 
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

 


 


 




  



 



   
     
 

 



 


 


 



 

 
 

   
    
 

 


 




 


 



 



   
    
 

 




 




 




 


 






  
    
 

 



 


 
 


 



    
    
 

 



 







  


 


 


    
     
 

 


 
 
 
 
 



 



 



 


 




 




    
     
 

 



 


 


 
 

 


   
     
 

 




 



 




 



 



   
     
 
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

















  


              
  




       
 





  

  

 


 
 
 











 

 
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




 

 
   

 
 

  


     

   



        

      

    
     

 


  
 

              

     

 


 



                 
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        

 


  


  

 




  





 




      
 


   





 


 





 



  
  







  



     

 


 


   
  

 

      
 



 


  



   


  
 

   


  
 

      
 



 

       

 


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

 


    



 




   

    


 


















 

























 

 
 



 



 




 






        


 




   

 

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

 



   
 


 












 










 



 




   






 







 


 


 




 


 



          
 







 






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

  




 




 





 




         
 




 












 












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
 



 




 










 


 




 

  
   
  


 

            



  
 


         
 





 


    
   



 

 


     

 



   
 

          



  
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





  
 






 












 



 





   



 






 






 






 











 

 

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


 

 


 


 

 


 

 


 


 

 


 

 


 


 

 


 

  


 


 
 











 
 


 

 

  









 









 
 

 
 


 
   




 














 
  

    
      


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

















  


              
  




       
            





  

  

 


 
 
 











 
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
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
 








     
   
 


  



 


 



 


 




   
 
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
 



   

  

 




 




  
 

 

   
 


 



 
 
 

 


 
 


   
 


 




             

 




  

  
   

 
 
 
  

 
 
 
 
 


 

 

 
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    

 
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



 
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       
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

 

 
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
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 


 







 


 











 













 


 






       
 
 


 




       
 
 


 





 








239











 


 









 


 






  
  

      
 


 





 



 








  











 


 








 






 



 

 

  

 



  

  

 

  

 

     

     

    








 
            

 








 






 


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  


     

  

 













   


 




   

  
  












 

 











 


 




 
  
 


   

 
 











 


 





 
  


    

      

    
 






From Bohr’s postulate of quantisation of angular momentum, L = (mv)r = 
nh/2 , the velocity is related to the radius as v = nh/2mr .
Furthermore, the quantised radius is given in terms of Bohr’s radius 
as rn = n

2r0. Hence, v = h/2 mnr0.  The frequency of revolution f = 1/T

(where T is the period of revolution) can be obtained from v = 2 r/T = 
2 n2r0 f. Hence, f = v/2 r = (h/2 mnr0)/2 r = h/4 2mn3(r0)

2.

For n = 1, f1 = h/4
2m(r0)

2 = 6.56  Hz.
For n = 2, f2 = h/4

2m(2)3(r0)
2 = 6.56 /8 Hz = 8.2 . 

 

 
  






 






 

  

   



 
      





  

 
   



 

 
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



 





 

 

   

  

  

   


    




  

 


 
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 
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




 
   

  

  

   
     

 

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









 



    

 

 


    

 

   
 
     



  
  

     



  
  



     

 

   









       




   




       
  






  
 



      


  
 


    
   


    
    
   


 
  


 
 
   

    
  



 
  


   

 


  
 

  








 





 

    
  


  

 
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



 
  
  

     
  

 

 
   
 
 
 
    
  

 

 
 


    


 


   


    
  




 
 
  







 











 
 
 


 


   
    
  







 
 
  


      


   

    
  

 

 
 
 


  
  

    
  

 

 
 
 
 
 

    
  



  
 
  
 

     
  




  

 

 

   

  

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
















    

   
  
   
 


  





  


       



 







 
 









 









 












 

     



 

     



 
  

     



  

        


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

  
  












 









 








 
















 

  








 
































 






  

  
 


 

     
  


  


      


 




  



















 



 
              
 






 
 
        
 


 
 
  


   
 
  
       
  


 
 
 
 
       
   


 
 


 


 
 



        



 
 
 
 
 

        



 
 


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

 


 


       
  


 

 
 
 




 
       
  


















 


   


             


         



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






 

  

 


 

 

 












 

 










  

          
         


    









    






       




    









    






 
          


        

 



  

         




       
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

    



  
  

      

 



 

         


      



 
   














  
        
 

 
 



 
 
 



             




 
 
 
 
 







 
 
 
 
 

 
          




                

          




 

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




   




          




 

 
 
 



 


    





 
 
 


 


  

       


  


          

      




  
         



    

  



 


  
               



 
  

 
  

         


        


    

  


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    

  



  
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
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         

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
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 
 
 
 
 





 

           
     




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





 



 

  

  

  

  

 




  

 

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      

 


 
 




        

     




  
 





       

    


 

         








 





 







   
 

      


      

 


         
 

       
 

         



 

        

 

  
  

   
  

 
 


 

        

 

          
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 



 




   

  



 

 


  

       

    



    


 
 


 

 

 




 





             
         


 
 
 
 
 
 

 

       

 


 


 


 


 


 


       

 



 



 

 

 

 
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

       

 





 
 
 


 
 

 





      

 








 



 



  
  

 







 



 




 


 




 



 







   






 






 
   



 

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




   




   
 
   


    
 








 




   




 







 


  


 

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  




 
 
 
 
 
 

































 




























 













 


  



  




  

  
 




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   


 










 













 




   




 

















           


  









        

         



  

   

 


 
 
   
  


 







 

 
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



 




 


 





 




       
 




 


 







 




 

 



 



 




      

 





 


 


 


 




 



      
 





 


 




 




 

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




 




      
 














 






 

 









 



 






      
 





 





          
 




 






       
 




 




 
 
 
 

      
 



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

 


 
 


 




 


 


      
 





 


 


 


 




 




      






 


 



 




 




      
 





 


 




 




 




      
 


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


 





       
 


 




 


 




 





 





       
 





 




 















 







 




 



      
 




261







 

 





 


    


 







 
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
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
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

 

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





 
   

 


  

   

 


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









 




 
 






 














 






































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




Speed of light in free space,  = 3.00 x 108 ms-1

Elementary charge,  = 1.60 x 10-19 C 
The Planck constant,  = 6.63 x 10-34 J s
Unified atomic mass constant,  = 1.66 x 10-27 kg 
Rest mass of electron, e = 9.11 x 10-31 kg 
Rest mass of proton, p = 1.67 x 10-27 kg

1. What are the major flaws in the classical model of blackbody radiation given by Rayleigh-Jeans laws? 
 Molecular energy is quantized
 Molecules emit or absorb energy in discrete irreducible packets 
 The intensity of short wavelength radiation emitted by a blackbody approaches infinity as the 

wavelength decreases.
 Energy is continuously divisible

      


 

2. What are the assumptions did Planck make in dealing with the problem of radiation?
 Molecular energy is quantized
 Molecules emit or absorb energy in discrete irreducible packets 
 The intensity of short wavelength radiation emitted by a blackbody approaches infinity as the 

wavelength decreases.
 Energy is continuously divisible

      


 

 An unstable high-energy particle enters a detector and leaves a track of length  before it decays. Its speed 
relative to the detector was /2. What is its proper lifetime? That is how long would the particle have 
lasted before decay had it been at rest with respect to the detector?





 

4
3





2
3





3







4. A ball was thrown upward by an observer in a van moving with constant speed  <<. He is observed by an
observer in a rest frame attached to the ground, see figure below. Which of the following statement(s) is (are)
true regarding the two inertial frames of reference?

 The ball thrown follows different path 
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 The kinematical laws of classical mechanics are valid only the moving frame (the van) but not to the rest 
frame attached to ground.

Classically Galilean transformation relates the trajectory of the ball in the rest frame with that in the 
moving frame. 

 Since <<, Lorentz transformation will fail to relate the trajectory of the ball in the rest frame with that in 
the moving frame.

       



 What measurement(s) do two observers in relative motion always agree on?
 The relativistic mass of an object
 The relativistic momentum of an object 
The relativistic energy of an object
 22, where  is the magnitude of relativistic momentum and  the relativistic energy the object 

      




  222,
where  is the  �.


 
 

6. Which of the following statement(s) is (are) true?
 The upper limit of the speed of an electron is the speed of light 

 As more energy  is fed into an object its momentum approaches .

There is no upper limit to the relativistic momentum of an electron
 There is an upper limit to the relativistic momentum of an electron

       



7. The rest energy and total energy respectively, of three particles, expressed in terms of a basic amount  are (1)
, 2; (2), 3; (3) 3, 4. Without written calculation, rank the particles according to their kinetic energy, 
greatest first. 

 2 >   1 >  2 >   2 = 
 3 > 




 The length of a spaceship is measured to be exactly half its rest length. By what factor do the spaceship�s
clocks run slow relative to clocks in the observer�s frame?

 0.866  0.745  2.000  0.366 0.134
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

9. The length of a spaceship is measured to be exactly half its rest length. What is the speed parameter  = / of
the spaceship relative to the observer�s frame?

 0.87  2.00  0.75  2.73  4.00




2

0
0 01 1 

  




2 2

0

11 1 0.866.
2







 Consider a light pulse emitted from the origin, O, of a stationary frame S. The origin of a moving frame S�, 
O�, which overlaps with O at 0 is moving with a constant speed  with respect to O. Which 
statement(s) correctly describe(s) the position of the wavefront of the light sphere as measured from the 
origins?  () is the distance of the wavefront from the origin O (O�) at time  (�).

       ��

       



11. Which of the following statement(s) is (are) true regarding Lorentz transformation (LT)?
 Time dilation can be recovered from LT 
 Length contraction can be recovered from LT 
Absolute simultaneity is not guaranteed by LT
 Galilean transformation is a generalisation of LT 

       



 

 
   
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12. What is the momentum of the neutrino?


22 2 4      2  

 2    




13. What is the total relativistic energy of the neutrino?


22 2 4      2 2 2      2

      2 




  =  ( 2 2 + 24) =   (  2 =0). The momentum of neutrino,  2 = 2 (from Question 12 
above) is related to the kinetic energy of the muon via  =  ( 2 2 + 24) =  2 +   . Therefore the 
momentum of the neutrino is related to the kinetic energy of the muon via  2 2  = ( 2 +  )2 - 24.

Taking the square root, we then have  =   =
22 2 4     .

 
What happens to the density of an object as its speed increases, as measured by an Earth observer?

 Remain the same as it is when at rest 
 Increase by a factor of 
 Increase by a factor of 2

 Increase by a factor of 1/


ANS: , my own question

15. What is the upper limit of  the momentum of an electron? 
    0  Infinity  



16. Which of the following statement(s) is (are) true?
 Only massless particle can travel at the speed of .
 Not all massless particle can travel at the speed of .
 It is not necessary that a massless particle must travel at the speed of .
 All particles which are not massless must travel at the speed lower than .

       



17. A moving rod is observed to have a length of  and to be orientated at an angle of  = 45  with respect to the 

direction of motion, as shown in the figure below. The rod has a speed of
2


 .
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What is the proper length of the rod?


3
2
   

3
2
  

3
2







2 2 2

1 1 2
1 11

2

 

We are also given  and  (both measured in a reference frame moving relative to the rod). 

Thus, cos ; sin
2 2 


   
 . � is a proper length, related to  by '




 .

Therefore, ' 2
2 


   , and '
2 


  . (Lengths perpendicular to the motion are 

unchanged).
2 22 22 2 3 3' ' ' '

2 2 
 

    
2






18. A spaceship in the shape of a sphere moves past and observer on Earth with a speed of  = 0.5 in the 
direction as indicated by the arrow. What shape will the observer see as the spaceship move past?




 

19. What is the speed of an object having relativistic momentum of magnitude  and rest mass ?







21 /



 


2




2







20. An electron with rest mass  moves with a speed of 
3

2
  . What is the work required to increase its speed 

to
2 2

3
 ?

  2
 

20.511  
25

36    25
6   
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


267











 



 



 



 


 




     
    
 

 







 



 


 



 



     
    
 

 




 







 





 



 


    
     
 

 


 


 



 



 


    
     
 

 



 


 


 


 


    
     
 





 



 


 


 




 




    
     
 

 


 




 



 



 



    
     
 

 



 



 


 


 



    
     
 

 


 



 




 



 




   
     
 

 


 




 





 





 





   
     
 
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

 


 


 




  



 



   
     
 

 



 


 


 



 

 
 

   
    
 

 


 




 


 



 



   
    
 

 




 




 




 


 






  
    
 

 



 


 
 


 



    
    
 

 



 







  


 


 


    
     
 

 


 
 
 
 
 



 



 



 


 




 




    
     
 

 



 


 


 
 

 


   
     
 

 




 



 




 



 



   
     
 
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

















  


              
  




       
 





  

  

 


 
 
 











 

 
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




 

 
   

 
 

  


     

   



        

      

    
     

 


  
 

              

     

 


 



                 
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        

 


  


  

 




  





 




      
 


   





 


 





 



  
  







  



     

 


 


   
  

 

      
 



 


  



   


  
 

   


  
 

      
 



 

       

 


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

 


    



 




   

    


 


















 





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


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



 

 
 
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
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   
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 



   
 


 












 










 



 




   






 







 


 


 




 

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 
  
  

          

 


 



  
  



  




 




 





 




         
 




 











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    
   



 

 


     

 



   
 

          



  
 
  







 



 


 

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








 




 


 








 







 


























  
 






 












 



 





   



 






 






 






 










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







 
 


 

 

  









 


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 

 
 


 
   




 














 
  

    
      



  



   

            



 





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

 


 



  
 



 

 
  

  






 

 
 




 



 
 

 

  
 

 









 
 


 








   









 
 


 


  




 



          
 
         

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         





 
 


 




 

 

  



 
   

   

    


       

  
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   








  
 


 
 
 
   


 



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 
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

















  


              
  




       
            

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
 
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









 


 


 


 

 


 

     
  


 








     
   
 


  



 


 



 


 




   
 
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
 



   

  

 




 




  
 

 

   
 


 



 
 
 

 


 
 


   
 


 




             

 




  

  
   

 
 
 
  

 
 
 
 
 


 

 

 
                     

    

 











 


   

   

   


       
 

281






 







 

 
 


 
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




       
 
 


 




       
 
 


 





 







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





 


 









 


 
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


 
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


 
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  


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  

 













   


 




   

  
  












 

 











 


 




 
  
 


   

 
 

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




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 
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 
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

 
  


    

      

    
 






From Bohr’s postulate of quantisation of angular momentum, L = (mv)r = 
nh/2 , the velocity is related to the radius as v = nh/2mr .
Furthermore, the quantised radius is given in terms of Bohr’s radius 
as rn = n

2r0. Hence, v = h/2 mnr0.  The frequency of revolution f = 1/T

(where T is the period of revolution) can be obtained from v = 2 r/T = 
2 n2r0 f. Hence, f = v/2 r = (h/2 mnr0)/2 r = h/4 2mn3(r0)

2.

For n = 1, f1 = h/4
2m(r0)

2 = 6.56  Hz.
For n = 2, f2 = h/4

2m(2)3(r0)
2 = 6.56 /8 Hz = 8.2 . 

 

 
  






 






 

  

   



 
      





  

 
   



 

 
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



 





 

 

   

  

  

   


    




  

 


 

 
 






 
   

  

  

   
     

 


 
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ZCT 104/3E Modern Physics 
Semester II, Sessi 2005/06 

Test I (20 Dec 2006) 
Data
Speed of light in free space, c = 3.00 x 108 ms-1

Elementary charge, e = 1.60 x 10-19 C 
The Planck constant, h = 6.63 x 10-34 J s 
Unified atomic mass constant, u = 1.66 x 10-27 kg 
Rest mass of electron, me = 9.11 x 10-31 kg 
Rest mass of proton, mp = 1.67 x 10-27 kg 

1. Say you put two clocks (clock A and clock B) in front of you and set them to 00.00am at standard local time. 
Then you ask your friend to send one of them (clock B) to ET’s home some 300 million meters away.  At one 
fine day, you decide to compare the reading of both clocks. The reading of clock A (which lies in front of you) 
reads 12.00 pm. Let say you can view clock B (now located at 300 million meters away) through a telescope. 
Which statement is correct about the reading of clock B as seen by you when peeking though the telescope? 

A. The reading of clock B seen though the telescope is the same as the reading of clock A. 
B. The reading of clock B seen though the telescope is different from the reading of clock A. 
C. No conclusive statement can be made for the relation between the reading of clock B and clock A 
D. (None of A, B, C ) 

ANS:B, My own questions 

2. Your friend is running at a speed of v towards you. He throws out a ball towards you, and the speed of the ball 
is u with respect to him. What is the speed of the ball measured by you? 

A. u + v
B. u - v
C. v - u
D. (None of A, B, C ) 

ANS:A, My own questions 

3. Reconsider question 2 above. Your friend is running at a speed of v towards you. He shines a beam of light 
towards you. The speed of the light is c with respect to him. What is the speed of the light as measured by you? 

A. c + v
B. c - v
C. c
D. (None of A, B, C ) 

ANS:C, My own questions 

44.. WWhhiillee ssttaannddiinngg bbeessiiddee aa rraaiillrrooaadd ttrraacckk,, wwee aarree ssttaarrttlleedd bbyy aa bbooxxccaarr ttrraavveelliinngg ppaasstt uuss aatt hhaallff tthhee ssppeeeedd ooff lliigghhtt..
AA ppaasssseennggeerr ssttaannddiinngg aatt tthhee rreeaarr ooff tthhee bbooxxccaarr ffiirreess aa llaasseerr ppuullssee ttoowwaarrdd tthhee ffrroonntt ooff tthhee bbooxxccaarr.. TThhee ppuullssee iiss
aabbssoorrbbeedd aatt tthhee ffrroonntt ooff tthhee bbooxx ccaarr.. WWhhiillee ssttaannddiinngg bbeessiiddee tthhee ttrraacckk wwee mmeeaassuurree tthhee ssppeeeedd ooff tthhee ppuullssee
tthhrroouugghh tthhee ooppeenn ssiiddee ddoooorr.. TThhee mmeeaassuurreedd vvaalluuee ooff tthhee ttiimmee ooff fflliigghhtt ooff tthhee ppuullssee iiss __________________ tthhaann tthhaatt
mmeeaassuurreedd bbyy tthhee rriiddeerr..

A. greater than 
B. equal to 
C. less than
D. (None of A, B, C ) 

ANS:A, My own questions 
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5. Given two events, A and B, of which space and time coordinate are respectively designated by (xA, tA) and (xB,
tB). Which of the following statements are (is) correct? 

I. Both events must be causally related 
II. Both events must not be causally related 

III. Both events may be causally related 
IV. Both events may be causally unrelated 

A. I, II 
B. III, IV
C. I, II, III, IV 
D. (None of A, B, C ) 

ANS: B 

6. Given a species of fly has an average lifespan of . Let say you put 1000 of them in box A and send them to a 
destination at some remote destination in deep space using a rocket that travel at speed v. The destination is 
located at a distance of L from Earth. Considering only special relativistic effect and assuming that None of 
the flies die of any cause other than aging, which of the following statements is (are) correct? (Lorentz factor 
is defined as  = [1-(v/c)2]-1/2).

I. Most of the flies would have not survived if the location of the destination L/v >
II. Most of the flies would survive if (L/v) < 

III. Most of the flies would survive if (1/ ) (L/v) < 
IV. Most of the flies would have not survived if (1/ ) (L/v) > 

A. I , IV
B. II, III, IV
C. III, IV 
D. (None of A, B, C ) 

ANS: B 

7. Say Azmi is travelling in a mini bus moving with speed v (with respect to Earth) and Baba is sitting in Pelita 
Nasi Kandar restaurant. Using his own wristwatch, Azmi finds that his heart beats at a rate of NA times per 
min. When Baba measures the heartbeat rate of Azmi in the Pelita frame, he found that Azmi’s heart is 
beating at a rate of NB times a min. What is the relation between the two reading, NA and NB?

A. NA > NB
B. NA < NB
C. NA = NB
D. (None of A, B, C ) 

ANS: A

8. Consider a football, kicked lightly by David Beckham, is moving in a straight line with constant speed. Say in 
frame O, the momentum of the football is P. In a frame O’ moving with a relative constant speed with respect 
to O, the momentum of football is P’. Which of the following statements are (is) true regarding P and P’?

I. Classically, P and P’have a same numerical value.
II. Relativistically, P and P’have a same numerical value. 

III. Classically, P and P’have a different numerical value.
IV. Relativistically, P and P’have a different numerical value.

A. I , II
B. III, IV
C. I, II, III, IV 
D. (None of A, B, C ) 

ANS: B
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9. In a given reference frame, O, the velocity of an object (which rest mass is m0) is v1. The velocity of the same 
object in another frame, O’, which moves with a relative velocity u with respect to O, is v2. What is the 

momentum of the object in these frames? (In the following, 21/ 1 ( / )v v c ).
A. The momentum of the object in frame O is m0 (v1)v1 whereas in frame O’ the momentum is m0 (v2)v2

B. The momentum of the object in frame O’ is m0 (v1)v1 whereas in frame O the momentum is m0 (v2)v2

C. The momentum of the object in both frames is m0 (u)u.
D. (None of A, B, C )

ANS: A

10. Which of the following statement is true regarding the linear momentum of an object? 
A. In general the relativistic momentum is larger in magnitude than the corresponding classical momentum.
B. In general the relativistic momentum is smaller in magnitude than the corresponding classical momentum.
C. In general classical momentum and relativistic momentum has the same magnitude.
D. (None of A, B, C )

ANS: A

11. Which of the following statements is (are) true regarding the kinetic energy of an object? 

I. The kinetic energy of an object can increase indefinitely 
II. In special relativity, the kinetic energy of an object = the increase in the total relativistic energy of the object 

due to its motion
III. The relativistic kinetic energy reduces to the non-relativistic form of 2 / 2mv  when v c
IV. The largest possible kinetic energy of an object is 2 / 2mc .

A. I , IV 
B. II, III, IV
C. I , II, III 
D. (None of A, B, C ) 

ANS: C

12. Which statements in the following is (are) true? 
I. Observer in different inertial frames can disagree about the speed of light in free space

II. Observer in different inertial frames can disagree about the location of an event
III. Observer in different inertial frames can disagree about the time separating two events
IV. Proper time is the amount of time separating two events that occurs at the same location

A. II, III, IV 
B. II, III
C. I, II, III, IV 
D. (None of A, B, C ) 

ANS: A

13. Which statements in the following is (are) true? 
I. The rest energy as predicted by special relativity has no analogue in classical mechanics

II. Work done by a force on a system is converted into mechanical energy of the system
III. Force exerted on a system causes the momentum of the system to change at a rate proportional to the force
IV. The change of momentum of a system causes a force to exert on the system 

A. I , II 
B. I, II, III
C. I , II, III, IV 
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D. (None of A, B, C ) 
ANS: B

14. The relativistic kinetic energy of an object, in general, is 

A. greater than that defined by the classical mechanics 
B. less than that defined by the classical mechanics 
C. always equal to that defined by classical mechanics 
D. (None of A, B, C ) 
ANS: A 

15. A clock moving with a finite speed v is observed to run slow. If the speed of light were tripled, you would 
observe the clock to be

A. Even slower. 
B. Still slow but not as much 
C. As slow as it was 
D. To start to actually run fast. 

ANS: B (Walker test bank, Chap 29, Q26)

16. Which of the following results shows the validity of the relativistic effect of time dilation? 

A. The conservation of linear momentum in electron-electron collision 
B. Bending of light near the Sun 
C. The decay of muons 
D. Null result in the Michelson-Morley experiment on Ether detection 
ANS: C (Walker test bank, Chap 29, Q27)

17. A spaceship travelling at constant speed passes by Earth and later passes by Mars. In which frame of 
reference is the amount of time separating these two events the proper time? 

A. The Earth frame of reference 
B. The spaceship frame of reference 
C. Any inertial frame of reference 
D. The Mars frame of reference 
ANS: B (Walker test bank, Chap 29, Q13)
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18. Boat 1 goes directly across a stream a distance L and back taking a time t1. Boat 2 goes down stream 
a distance L and back taking a time t2. If both boats had the same speed relative to the water, which 
of the following statements is true? 

A. t2 > t1.
B. t2 < t1.
C. t2 = t1.
D. (None of A, B, C)

ANS: A (Serway test bank, Chap 39, Q6) 
Solution: t1 = L/vboat,stream; t2 = L / [(vboat,stream- (vstream

2/vboat,stream)]  t1 < t2

19. The speed of light is 

A. 83 10 m/s
B. 63 10 m/s
C. 93 10 m/s
D. 73 10 m/s

ANS: A 

20. The quantity which does not change in numerical value from that observed in system S when 
observed in system S’ moving away from system S at speed v is

A. x)2 - c t)2

B. m0 v
C. ( -1) m0c2

D. (None of A, B, C ) 
ANS: A (Serway test bank, Chap 39, Q33) 
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ZCT 104/3E Modern Physics 
Semester II, Sessi 2005/06 
Test II (24 March 2006) 

Data
Speed of light in free space, c = 3.00  108 ms-1

Elementary charge, e = 1.60  10-19 C 
The Planck constant, h = 6.63  10-34 J s 
Unified atomic mass constant, u = 1.66  10-27 kg 
Rest mass of electron, me = 9.11  10-31 kg 
Rest mass of proton, mp = 1.67  10-27 kg 

1. Which of the following statements is true regarding Rayleigh-Jeans explanation of the blackbody radiation? 

A. The classical theory explanation of the blackbody radiation by Rayleigh-Jeans fails in the limit 
wavelength  0. 

B. The classical theory explanation of the blackbody radiation by Rayleigh-Jeans fails in the limit 
frequency  0. 

C. They postulate that the energy of electromagnetic waves is quantised. 
D. None of the above. 

ANS: A 

2. Which of the following statements is (are) true regarding Planck theory of the blackbody radiation? 

I. The energy of the blackbody radiation is quantised. (T) 
II. The average energy of blackbody radiation is given by kT. (F)

III. There is no ultraviolet catastrophe. (T) 

A. I Only  B. II Only  C. I, II  D. I, III 
ANS:D, Tut 2 04/05, CQ 1,2 

3. What are the flaws in Rayleigh-Jeans law for blackbody radiation? 

I. It predicts ultraviolet catastrophe (T) 
II. It predicts much more power output from a black-body than is observed experimentally. (T) 

III. Blackbody radiation is universal and depends only on temperature. (Not a flaw) 

A. I Only  B. II Only  C. I, II  D. I, III 
ANS:C, Tut 2 04/05, CQ 3 

4. What are the distinctive physical characteristics that exclusively differentiate a classical particle from a 
classical wave? 

A. I, II, III, IV  B. I, II, III  C. I, II, IV  D. None of A, B, C. 
ANS:A, Tut 2 04/05, CQ 4 

 Classical Particle Classical Wave 
I. Completely localized A wave can be �simultaneously everywhere� at a given 

instance in time 
II. Is has mass No mass is associated with a classical wave. 
III. Energy is concentrated in it and is not 

spreading beyond the boundary that 
defines its physical location. 

Energy carried by wave spreads over a (possibly infinite) 
region of space along the direction the wave propagates 

IV. Momentum and position can be measured 
with infinite precision. 

No momentum or precise location can be defined for a 
wave
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5. The Compton-scattering formula suggests that objects viewed from different angles should reflect light of 
different wavelengths. Why don�t we observe a change in colour of objects as we change the viewing angle? 

A. There is actually no change in the wavelength as predicted by the Compton-scattering formula. 
B. Because the change in wavelength is too tiny to be observed by human eye. 
C. Visible light doesn�t undergo Compton scattering. 
D. None of A, B, C. 

ANS:B, Tut 2, 05/06, Q6 

6. In Compton scattering, the maximum wavelength shift is in the order of 

A. ~ pm 
B. ~ nm 
C. ~ m
D. ~mm 

ANS:A, max 2 2.43pme . (My Own Question)

7. Compton wavelength of the electron is given by e

e

h
m c

. What will the size of the Compton wavelength of a 

proton be in comparison to e?
A. proton shall be larger than e by about 2 orders of magnitude. 
B. proton shall be smaller than e by about 2 orders of magnitude. 
C. proton shall be of the same order of magnitude with e.
D. None of A, B, C 

ANS:D, -31 MeV
1000 MeV

; 10e
e p p

e p p
e e e

mh h
m c m c m

. (My Own Question) 

8. Which of the following statements is (are) true?
I. The photoelectric effect doesn�t work for free electron (T) 

II. The Compton effect doesn�t work for free electron (F) 
III. Pair production does not occurs in free space (T) 
IV. Pair annihilation between an electron and positron does not occurs in free space (F) 

A. I, II, III, IV  B. I, II, III  C. I, II, IV  D. None of A, B, C. 
ANS:D, I, III are true; II, IV are false. (My Own Question)

9. Which of the observed properties of the photoelectric effect fail to be accounted for by the wave nature of 
light? 

I. Photoelectron is emitted almost instantaneously. (T) 
II. The saturation photoelectric current increases as intensity increases. (F) 

III. Stopping potential is independent of the radiation intensity. (T) 
IV. Existence of the cut-off frequency. (T) 

A. I, II, III, IV  B. II, III, IV  C. I, III, IV  D. None of A, B, C. 
ANS:C, I, II are true; II, IV are false. (My Own Question)

10. Which of the following statements is (are) true?
I. The photoelectric effect is essentially a non-relativistic phenomena. (T) 

II. The Compton effect is essentially a relativistic phenomena. (T) 
III. Pair production is essentially a non-relativistic phenomena. (F) 
IV. Pair production is essentially a relativistic phenomena. (T) 

A. I, II, III, IV  B. I, II, III  C. I, II, IV  D. None of A, B, C. 
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ANS: C. (My Own Question)

11. Which of the following statements is (are) true?
I. X-ray diffraction can be experimentally discernable if it is scattered by atoms in a crystal lattice. (T) 

II. X-ray diffraction is experimentally discernable if it is scattered by an optical diffraction grating with 
line density 3,000 lines per mm. (F) 

III. The energy of an X-ray photon is much larger than that of an ordinary photon in the visible part of the 
EM spectrum. (T) 

IV. X-rays wavelength lies approximately in the order of 400 nm - ~ 700 nm. (F) 

A. I, II, III, IV  B. I, II, III  C. I, II, IV  D. None of A, B, C. 
ANS: (Only I, III are true) D. (My Own Question) 

12.  Why can�t a photon undergoes pair production in free space? 
I. Because the photon doesn�t has sufficient energy in free space. (F) 

II. Because the photon doesn�t has sufficient momentum in free space. (F) 
III. Because it is not possible to conserve both energy and moment simultaneously in free space. (T) 
IV. Because it is not possible to create matter out of pure energy. (F) 

A. I, II, III  B. II, III, IV  C. I, III, IV  D. None of A, B, C. 
ANS:D. Only III is true. The rest is not. (My Own Question). For (I), even if the photon has sufficient energy 
pair production wouldn�t happen as long as it is in free space. For II, �sufficiency� in momentum is not an 
issue. The important issue is whether the momentum is conserved in a process, and whether the process is in 
vacuum. For (IV), it is possible to create matter out of pure energy from E=mc2.

13. Which of the following statements is (are) true regarding electron? 
I. Electron behaves like wave in a diffraction experiment. (T) 

II. Electron behaves like particle in a photoelectric experiment. (T) 
III. Electron behaves like particle in a Compton scattering experiment. (T) 
IV. Electron can manifest both particle and wave nature in a single experiment. (F) 

A. I, II, III   B. I, II, III, IV  C. I, III, IV  D. None of A, B, C. 
ANS: A. (My Own Question) 

14. Consider a matter particle with rest mass m0, moving with a speed v. Which of the following statements is (are) 
true regarding its de Broglie wave? 

I. The de Broglie wavelength of the matter particle is  = h/(m0v) regardless of whether the particle is 
relativistic or not (F).

II. The de Broglie wavelength of the matter particle is  = h/(m0v) only if it is non relativistic (T). 
III. The de Broglie wavelength of the matter particle is not given by  = h/(m0v) if it is relativistic (T). 
IV. If the speed v of the matter particle is relativistic, its de Broglie wavelength is larger than h/(m0v). (F) 

A. I, II, III   B. II, III  C. I, II, IV  D. None of A, B, C. 
ANS: B. (My Own Question) 
For IV: NR = h/(m0v)= h/pNR; R = h/(pR); R = h/(pR); R = NR (pNR/ pR)= NR / R < NR = h/(m0v).

15. Which of the statements is (are) true regarding a proton-antiproton annihilation process into photon. 
I. The annihilation must produce at least two daughter photons. (T) 

II. The proton-antiproton annihilation would produce photons which are much energetic than that 
produced by electron-positron annihilation. (T) 

III. Each daughter photon produced must be at least of energy 2mpc2 (mp is the mass of the proton). (F) 
IV. The magnitude of momentum of each daughter photon produced must be at least mpc (mp is the mass 

of the proton). (T) 

A. I, II, III, IV   B. II, III, IV  C. I, II, IV  D. None of A, B, C. 

SESSI 05/06/TEST II 

4

ANS: C. (My Own Question) 

16. Consider a very weak light beam strikes a fluorescence screen with one photon in a time. The detection of the 
photon is displayed as a dot on the screen. In this process, the light being detected is 

A. a particle  B. a wave  C. neither a wave nor a particle 
D. both wave and particle 

 ANS: A 

17. Consider a very weak electron beam strikes a fluorescence screen with one electron in a time. The detection of 
the electron is displayed as a dot on the screen. In this process, the electron being detected is 

A. a particle  B. a wave  C. neither a wave nor a particle 
D. both wave and particle 

 ANS: A 

18. A wavepulse is a result of superposition of many different waves with a spread in wave number, k. The 
width of the wavepulse, x, is quantitatively related to k as

A. x k B. x  1/ k C. x not related to k
D. None of A, B, C, D 

 ANS: B 

19. Which of the following statements is (are) true? 
I. In an experiment, we use a light of certain wavelength to probe a quantum particle. If we use a light 

with smaller wavelength we will obtain a less precise knowledge about the position of the quantum 
particle and also a more precise knowledge on the linear momentum of the quantum particle. (F) 

II. In an experiment, we use a light of certain wavelength to probe a quantum particle. If we use a light 
with smaller wavelength we will obtain a more precise knowledge about the position of the quantum 
particle and a less precise knowledge on the linear momentum of the quantum particle. (T) 

III. In an experiment, we use a light of certain wavelength to probe a quantum particle. If we use a light 
with larger wavelength we will obtain a more precise knowledge about the position of the quantum 
particle and also a less precise knowledge on the linear momentum of the quantum particle. (F) 

IV. In an experiment, we use a light of certain wavelength to probe a quantum particle. If we use a light 
with larger wavelength we will obtain a less precise knowledge about the position of the quantum 
particle and a more precise knowledge on the linear momentum of the quantum particle. (T) 

A. I, III   B. II, IV  C. I, IV  D. II, III 

 ANS: B 

20. The diameter of an atomic nucleus is about 1510 10 m. In order to study the diffraction of photons by nuclei, 
the energy of the photon has to be in the range of order 

A. ~ eV 
B. ~ keV 
C. ~ MeV 
D. None of A, B, C 

ANS:D, Tut 2, 05/06, Q3 

3 9
8 2

15 14

1240nm eV 1.24 10 10 m eV 1.24 10 eV 10 MeV
10 10 m 10 m

hcE
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UNIVERSITI SAINS MALAYSIA 
 

Final Exam 
Academic Session 2005/2006 

 
April 2006 

 
ZCT 104E/3 - Physics IV (Modern Physics) 

[Fizik IV (Fizik Moden)] 
 

Duration:  3 hours 
[Masa:  3 jam] 

 
 

 
 
Please check that the examination paper consists of xx pages of printed material before you begin the examination. 
 
[Sila pastikan bahawa kertas peperiksaan ini mengandungi xx muka surat yang bercetak sebelum anda 
memulakan peperiksaan ini.] 
 
 
Instruction:  
Answer ALL questions in Section A and Section B. 
 
Please answer the objective questions from Section A in the objective answer sheet provided. Please submit the 
objective answer sheet and the answers to the structured questions separately.  
 
Students are allowed to answer all questions in Bahasa Malaysia or in English.  
 
[Arahan:  Jawab SEMUA soalan dalam Bahagian A dan Bahagian B.  
 
Sila jawab soalan-soalan objektif daripada bahagian A dalam kertas jawapan objektif yang dibekalkan. Sila 
serahkan kertas jawapan objektif dan jawapan kepada soalan-soalan struktur berasingan.  
 
Pelajar dibenarkan untuk menjawab samada dalam bahasa Malaysia atau bahasa Inggeris.] 
 
 

Data 
 
Speed of light in free space, c = 3.00 × 108 m s-1 
Permeability of free space, µ0 = 4π × 10-7 H m-1 
Permittivity of free space, ε0 = 8.85 × 10-12 F m-1 
Elementary charge, e = 1.60 x 10-19 C 
Planck constant, h = 6.63 × 10-34 J s 
Unified atomic mass constant, u = 1.66 × 10-27 kg 
Rest mass of electron, me = 9.11 × 10-31 kg 
Rest mass of proton, mp = 1.67 × 10-27 kg 
Molar gas constant, = 8.31 J K-1 mol-1 
Avogadro constant, NA = 6.02 × 1023 mol-1 
Gravitational constant, G = 6.67 × 10-11 N m2 kg-2 
Acceleration of free fall, g = 9.81 m s-2 
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Section A: Objectives. [40 marks] 
[Bahagian A: Soalan-soalan objektif] 
 
Instruction: Answer all 40 objective questions in this Section.  
[Arahan: Jawab kesemua 40 soalan objektif dalam Bahagian ini.] 

 
 
1. While standing beside a railroad track, we are startled by a boxcar traveling past us at half the speed of light. 

A passenger standing at the rear of the boxcar fires a laser pulse toward the front of the boxcar. The pulse is 
absorbed at the front of the box car. While standing beside the track we measure the speed of the pulse 
through the open side door. The measured value of the speed of the pulse is _________ its speed measured by 
the rider. 
[Kita berdiri di tepi suatu landasan keretapi. Suatu gerabak bergerak melepasi kita dengan halaju separuh 
halaju cahaya. Seorang penumpang yang berdiri di bahagian belakang gerabak menembak suatu denyutan 
laser ke arah bahagian hadapan gerabak. Denyutan tersebut diserap pada bahagian hadapan gerabak. 
Ketika berdiri di tepi landasan kita mengukur laju denyutan laser tersebut menerusi pintu tepi yang terbuka. 
Nilai bagi laju denyutan laser yang kita ukur adalah ____________ laju yang diukur oleh penumpang.] 
  

A. greater than [lebih besar daripada] 
B. equal to [sama dengan] 
C. less than  [kurang daripada] 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS:B, My own questions 
 

2. Refering to question No.1 above, our measurement of the distance between emission and absorption of the 
laser pulse is ___________ the distance between emission and absorption measured by the rider. 
[Merujuk kepada soalan 1 di atas, ukuran yang kita lakukan ke atas jarak di antara pemancaran dan 
penyerapan denyutan laser adalah ___________ jarak di antara pemancaran dan penyerapan yang diukur 
oleh penumpang tersebut.] 

 
A. greater than [lebih besar daripada] 
B. equal to [sama dengan] 
C. less than  [kurang daripada] 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS:A, My own questions 
 

3. Given two events, A and B, of which the space and time coordinate are respectively designated by (xA, tA) and 
(xB, tB). If we define the space-time interval squared as s2 = (c∆t)2 – (∆x)2, which of the following statements 
are (is) true? 
[Diberikan dua kejadian, A dan B, yang koordinat-koordinat ruang dan masa masing-masing diberi oleh (xA, 
tA)  dan  (xB, tB). Jika kita takrifkan kuasadua selang ruang-masa sebagai s2 = (c∆t)2 – (∆x)2 , yang manakah 
kenyataan(-kenyataan) berikut adalah benar?] 

 
I. Both events may be causally related if the space-time interval squared between them is space-like. 

[Kedua-dua kejadian mungkin berkait secara sebab-akibat jika kuasadua selang ruang-masa antara 
mereka adalah bak ruangan.] 
 

II. Both events must not be causally related if the space-time interval squared between them is space-like. 
[Kedua-dua kejadian mesti tak berkait secara sebab-akibat jika kuasadua selang ruang-masa antara 
mereka adalah bak ruangan.] 

 
III. Both events may be causally related if the space-time interval squared between them is time-like. 

[Kedua-dua kejadian mungkin berkait secara sebab-akibat jika kuasadua selang ruang-masa antara 
mereka adalah bak masa.] 

 
IV. Both events must be causally related if the space-time interval squared between them is time-like. 

[Kedua-dua kejadian mesti berkait secara sebab-akibat jika kuasadua selang ruang-masa antara meraka 
adalah bak ruangan.] 
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A. I, II  
B. II, III   
C. II, III, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: B 
 
4. Say Azmi is travelling in a mini bus moving with a constant speed v (with respect to Earth) and Baba is sitting 

in Pelita Nasi Kandar restaurant. Using his own wristwatch, Baba finds that his heart beats at a rate of MB 
times per min. When Azmi measures the heartbeat rate of Baba in the mini bus frame, he found that Baba’s 
heart is beating at a rate of MA times a min. What is the relation between the two reading, MA and MB?  
 
[Katakan Azmi berada di dalam sebuah bas mini yang bergerak dengan laju malar v (merujuk kepada Bumi) 
manakala Baba sedang duduk di dalam restoran Nasi Kandar Pelita. Dengan menggunakan jam tangannya, 
Baba mendapati jantungnya berdenyut pada kadar MB kali per minit. Semasa Azmi mengukur kadar denyutan 
Baba di dalam rangka bus mini, dia mendapati jantung Baba berdenyut pada kadar MA kali seminit. Apakah 
hubungan antara kedua-dua bacaan MA dan MB?] 

 
A. MA > MB  
B. MA < MB  
C. MA = MB  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: B  
 
5. Consider a football, kicked lightly by David Beckham, is moving in a straight line with a constant speed. Say 

in frame O, the momentum of the football is P. In a frame O’ moving with a relative constant speed v with 
respect to O, the momentum of the football is P’. Which of the following statements are (is) true regarding P 
and P’? The Lorentz factor is defined as γ = [1-(v/c)2]-1/2. 

 
[Pertimbangkan sebiji bola sepak yang ditendang secara lembut oleh David Beckham dan bergerak dalam 
satu garis lurus dengan laju mantap. Katakan dalam rangka O, momentum bola sepak ialah P. Di dalam 
rangka O’ yang bergerak dengan laju relatif mantap v merujuk kepada O, momentum bola sepak tersebut 
ialah P’. Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai P dan P’? Faktor Lorentz 
adalah ditakrifkan sebagai γ = [1-(v/c)2]-1/2.] 

 
I. Since momentum is not an invariant quantity, the numerical values of P and P’are not the same. 

[Oleh sebab momentum bukan kuantiti tak varian, nilai numerik P adalah tidak sama dengan nilai numerik 
P’.] 

II. Since momentum is an invariant quantity, the numerical values of P and P’are the same.  
[Oleh sebab momentum adalah suatu kuantiti tak varian, nilai numerik P adalah sama dengan nilai 
numerik P’.] 

III. P and P’are related by P=P’/γ [P dan P’ adalah dikaitkan oleh P=P’/γ] 
IV. P and P’are related by P=γP’[P dan P’ adalah dikaitkan oleh P=γP’] 

 
A. I , III 
B. II, IV  
C. I ONLY 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C [Neither III or IV is true.] 
 
 
6. Which of the following statements is (are) true regarding the linear momentum of an object? (v denotes the 

speed of the object).  
[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai momentum linear suatu objek? (v 
menandai laju objek)] 
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I. The relativistic momentum and the classical momentum of an object have the same numerical value when v 
 c 
[Kedua-dua momentum kerelatifan dan momentum klasik suatu objek mempunyai nilai numerik yang sama 
bila v  c.] 
 

II. The relativistic momentum and the classical momentum of an object has the same numerical value when v 
is close to c 
[Kedua-dua momentum kerelatifan dan momentum klasik suatu objek mempunyai nilai numerik yang sama 
bila v mendekati c.] 

 
III. The ratio of relativistic momentum to classical momentum of an object approaches infinity when v 

approaches c 
[Nisbah momentum kerelatifan kepada momentum klasik suatu objek menokok ke infiniti bila  v menokok ke 
c.] 

 
IV. The ratio of relativistic momentum to classical momentum of an object approaches 0 when v is tiny 

compared to c. 
[Nisbah momentum kerelatifan kepada momentum klasik suatu objek menokok ke sifar bila v adalah kecil 
berbanding dengan c.] 

 
A. I , III, IV 
B. II, IV  
C. I , III 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C 
 
 
7. Which of the following statements is (are) true regarding the kinetic energy of an object?  

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai tenaga kinetik suatu objek?] 
 

I. In classical mechanics per se, the kinetic energy of an object can increase without limit. 
[Dengan hanya mempertimbangkan mekanik klasik, tenaga kinetik suatu objek boleh bertambah  tanpa 
limit.] 
 

II. In special relativity, the kinetic energy of an object can increase without limit. 
[Dalam kerelatifan, tenaga kinetik suatu objek boleh bertambah tanpa limit.] 
 

III. In special relativity, the kinetic energy of an object cannot increase without limit. 
[Dalam kerelatifan, tenaga kinetik suatu objek tidak boleh bertambah  tanpa limit.] 
 

IV. A proton accelerated by a potential difference of 1 keV is non-relativistic. 
[Suatu proton yang dipecutkan oleh beza keupayaan 1 keV adalah tak kerelatifan] 

 
A. I , III, IV 
B. III, IV 
C. I , II, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C 
 
 
8. The relativistic kinetic energy of an object, in general, is  

[Tenaga kinetik kerelatifan suatu objek, secara amnya, adalah ] 
 

A. greater than that defined by the classical mechanics by a factor of γ 
[lebih besar daripada yang ditakrifkan oleh mekanik klasik sebanyak suatu factor γ] 

B. less than that defined by the classical mechanics by a factor of γ 
[lebih kecil  daripada yang ditakrifkan oleh mekanik klasik sebanyak suatu factor γ] 
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C. always equal to that defined by classical mechanics  
[sama dengan yang ditakrifkan oleh mekanik klasik] 

D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 
ANS: D 
 
9. Captain Jirk reports to headquarters that he left the planet Senesca 1.88×104 seconds earlier. Headquarters 

sends back the message: “Was that spaceship proper time?” It will be the spaceship proper time if it was 
[Kaptan Jirk melapor kepada pusat kawalan bahawa dia telah meninggalkan planet Senesca sejak 1.88×104 
saat yang lalu. Pusat kawalan hantar balik mesej: “Adakah masa yang dilaporkan itu masa wajar kapal 
angkasa?” Ia adalah masa wajar kapal angkasa jika ianya] 
 

A. measured by one clock fixed at one spot on Senesca. 
[diukur oleh suatu jam yang dipasangkan pada suatu titik di atas Senesca.] 
 

B. measured by one clock fixed at one spot on the spaceship. 
[diukur oleh suatu jam yang dipasangkan pada suatu titik di dalam kapal angkasa.] 
 

C. measured by a clock on Senesca at departure and by a clock on the spaceship when reporting. 
[diukur oleh suatu jam di atas Senesca semasa bertolak dan diukur oleh satu lagi jam yang 
dipasangkan di dalam kapal angkasa semasa melakukan laporan.] 
 

D. measured by a clock on the spaceship when departing and by a clock on Senesca when reporting. 
[diukur oleh suatu jam di dalam kapal angkasa semasa bertolak dan diukur oleh satu lagi jam  
di atas Senesca semasa melakukan laporan.] 

(ANS: B, Q31, Chap 39, Serway test bank) 
 
 
10. Which of the following statements is (are) true regarding the speed of light? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai laju cahaya?] 
 

I. The speed of light in free space (i.e. vacuum) is a fundamental constant.  
[Laju cahaya di dalam ruang bebas (iaitu vakuum) adalah suatu pemalar asas.] 
 

II. The speed of light in free space (i.e. vacuum) is the same when measured in different frame of reference. 
[Laju cahaya di dalam ruang bebas (iaitu vakuum) adalah sama jika diukur di dalam rangka rujukan yang 
berlainan.] 
 

III. The speed of light is the same when measured in different medium.  
[Laju cahaya adalah sama bila diukur di dalam medium yang berlainan.] 
 

IV. The speed of light is the not same when measured in different medium.  
[Laju cahaya adalah tidak sama jika diukur di dalam medium yang berlainan.] 
 
A. I , II, III 
B. I, II  
C. I , II, IV 
D. (None of A, B, C) 

ANS: C 
 

 
11. When two particles collide relativistically, [Bila dua zarah berlanggar secara kerelatifan,] 
Ι. the total energy is conserved. [jumlah tenaga adalah terabadikan.] 

ΙΙ. the total momentum is conserved. [jumlah momentum adalah terabadikan.] 
ΙΙΙ. the total kinetic energy is conserved. [jumlah tenaga kinetik adalah terabadikan.] 

 
A. I , II, III 
B. II, III  
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C. I , II  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C 
 
 
12. Which of the following statements is (are) true regarding the decay of a pion (initially at rest) into a neutrino 

(assumed massless) and a muon: π ν µ→ + . 
[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai reputan suatu pion (dalam keadaan 
rehat pada mulanya) kepada suatu neutrino (dianggap tanpa jisim) dan suatu muon: π ν µ→ + ?] 
 

I. The decay is possible only if the mass of pion is larger than the mass of muon. 
[Reputan adalah mingkin hanya jika jisim pion adalah lebih besar daripada jisim muon.] 
 

II. The momentum of neutrino and the momentum of muon have the same magnitude. 
[Momentum neutrino dan momentum muon mempuyai magnitud yang sama.] 
 

III. The kinetic energy of neutrino is the same as that of the muon. 
[Tenaga kinetik neutrino adalah sama dengan tenaga kinetik muon.] 

 
IV. The decay is possible only if the mass of pion is equal to the mass of muon. 

[Reputan adalah mingkin hanya jika jisim pion adalah sama dengan jisim muon.] 
 

A. I , III 
B. II, III, IV  
C. I , II  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C 
 

13. Which of the following statements is (are) true regarding Lorentz transformation? 
[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai transformasi Lorentz?] 
 

I. It relates the spatial and temporal coordinate {x, t} in one frame to that measured in another frame {x’, t’}. 
[Ia mengaitkan koordinat-koordinat ruangan dan masa {x, t} dalam satu rangka dengan {x’, t’} 
yang diukur dalam rangka lain.] 
 

II. It relates the velocity of an object ux measured in one frame to that measured in another frame ux’. 
[Ia mengaitkan halaju suatu objek  ux yang diukur dalam satu rangka dengan ux’yang diukurkan dalam 
rangka lain.] 
 

III. It predicts length contraction. [Ia meramalkan pengecutan panjang.] 
 

IV. It predicts time dilation. [Ia meramalkan pendilatan masa.] 
 

A. I , III 
B. I , II, III, IV  
C. II, III, IV  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: B 
 
14. Consider a meter ruler carried in a rocket moving in a direction perpendicular to the length of the ruler, see 

figure below. 
[Pertimbangkan suatu pembaris meter yang dibawa oleh suatu roket yang bergerak dalam arah yang 
berserenjang dengan panjang pembaris, rujuk gambarajah.] 
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I. The length of the ruler is 1 m when measured by an observer in the rocket frame.  
[Panjang pembaris adalah 1 m bila  diukur oleh seorang pemerhati di dalam rangka roket.] 

 
II. The length of the ruler is less than 1 m when measured by an observer in the rocket frame.  

[Panjang pembaris adalah kurang daripada 1 m bila diukur oleh seorang pemerhati di dalam rangka roket.] 
 

III. The length of the ruler is less than 1 m when measured by an observer in the lab frame.  
[Panjang pembaris adalah kurang daripada 1 m bila diukur oleh seorang pemerhati di dalam rangka 
makmal.] 
 

IV. The length of the ruler is 1 m when measured by an observer in the lab frame.  
[Panjang pembaris adalah 1 m bila diukur oleh seorang pemerhati di dalam rangka makmal.] 

 
A. I , III 
B. II, III 
C. II, IV  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: D (I, IV are true. IV is true because the rule’s length is perpendicular to the direction of motion.) 
 
15. Consider two rockets moving in opposit directions away from Earth. See figure below. Rocket A is moving 

away from Earth at a speed of 0.5c while rocket B with a speed of 0.51c. Which of the following statements is 
(are) true?  
[Pertimbangkan dua roket yang bergerak dalam dua arah bertentangan, masing-masing menjauhi Bumi. 
Rujuk gambarajah. Roket A bergerak menjauhi Bumi dengan laju 0.5c manakala roket B dengan laju 0.51c. 
Yang manakah kenyataan(-kenyataan) berikut adalah benar?] 
 

 
 
 
 
 

I. The magnitude of the relative velocity of rocket A with respect to rocket B is less than 1.01 c. 
[Magnitud halaju relatif roket A merujuk kepada roket B adalah kurang daripada 1.01c.] 
 

II. The magnitude of the relative velocity of rocket A with respect to rocket B is less than c. 
[Magnitud halaju relatif roket A merujuk kepada roket B adalah kurang daripada c.] 

 
III. The magnitude of the relative velocity of rocket A with respect to rocket B is equal to c. 

[Magnitud halaju relatif roket A merujuk kepada roket B adalah sama dengan c.] 
 

IV. The magnitude of the relative velocity of rocket A with respect to rocket B is equal to 1.01 c. 
[Magnitud halaju relatif roket A merujuk kepada roket B adalah sama dengan 1.01c.] 

 
A. I , II 
B. I, III 
C. II, IV  

Meter ruler 

Direction of rocket motion 

 rocket 

Direction of motion of rocket A 

Earth 

Direction of motion of rocket B 
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D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 
ANS: A  
 
16. Which of the following statements is (are) true regarding waves?  

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai gelombang?] 
 

I. Wave pulse can be formed by superpositioning many waves with different wavelengths and frequencies. 
[Denyutan gelombang dapat dibentukkan dengan mengsuperposisikan gelombang-gelombang yang 
berjarak gelombang dan berfrekuensi yang berlainan.] 
 

II. A 1-D wave with sharp wavelength and frequency can be completely localised.  
[Lokasi suatu gelombang 1-D dengan jarak gelombang dan frekuensi tajam boleh ditentukan sepenuhnya.] 
 

III. A 1-D wave packet is relatively more ‘localised’ then a 1–D wave with sharp wavelength and frequency. 
[Lokasi suatu bungkusan gelombang 1-D adalah lebih tentu secara relatif berbanding dengan gelombang 
1-D berjarak gelombang dan berfrekuensi tajam.] 
 

IV. In general, the velocity of an envelope of a group wave is less than that of the phase wave.  
[Secara amnya, halaju sampul bagi gelombang kumpulan adalah lebih kecil berbanding dengan halaju 
gelombang fasanya.] 

 
A. I , II 
B. I, III, IV 
C. II, IV  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: B  
 
17. Which of the following statements is (are) true regarding waves and particles? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai gelombang dan zarah?] 
 

I. Waves interfere but matter does not. [Gelombang berinterferens manakala zarah tidak.] 
II. Waves interfere, so does matter  [Gelombang berinterferens, begitu juga bagi zarah.] 

 
III. Classically, the energy carried by the EM waves is continuous.  

[Secara klasik, tenaga yang dibawa oleh gelombang EM adalah selanjar.] 
 
IV. Classically, the energy carried by the EM waves is discrete.  

[Secara klasik, tenaga yang dibawa oleh gelombang EM adalah diskrit.] 
 

A. I , III 
B. I, IV 
C. II, IV  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: A (I, III) 
 
 
18. Which of the following statements is (are) true regarding black body radiation? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai sinaran jasad hitam?] 
 

I. The spectrum distribution of black bodies is universal and depends only on temperature. 
[Taburan spektrum jasad hitam adalah universal dan bergantung semata-mata pada suhu.] 
 

II. The deviation of any real surface from the behaviour of an ideal black body is parametrised by the 
emmissivity parateter, e. 
[Sisihan mana-mana permukaan benar daripada kelakuan jasad hitam yang ideal adalah diparameterkan 
oleh parameter emmissiviti, e.] 
 

III. A black body in thermal equilibrium absorbs and emit radiation at the same rate. 
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[Suatu jasad hitam yang berada dalam keseimbangan terma menyerap dan memancarkan sinaran pada 
kadar yang sama.] 
 

IV. A black body in thermal equilibrium only emit radiation but not absorbing any. 
[Suatu jasad hitam yang berada dalam keseimbangan terma hanya memancarkan sinaran tapi tidak 
menyerap apa-apa sinaran.] 

 
A. I , II, III 
B. I, II, IV 
C. II, III  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: A (I, II, III) 
 
 
19. Which of the following statements is (are) true regarding the Rayleigh-Jeans law of black body radiation? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai hukum sinaran jasad hitam Rayleigh-
Jeans?] 

 
I. It predicts that the intensity of radiation shoots to infinity when wavelength approaches zero. 

[Ia meramalkan bahawa keamatan sinaran menembak ke infiniti jika jarak gelombang menokok ke sifar.] 
 

II. It assumes that the black body radiates electromagnetic waves at all wavelength.  
[Ia menganggap bahawa jasad hitam memancarkan gelombang elektromagnet pada semua jarak 
gelombang.] 

 
III. It assumes that the average energy of each wavelength in a black body is proportional to the frequency.  

[Ia menganggap bahawa tenaga min bagi setiap jarak gelombang dalam jasad hitam adalah berkadar 
dengan frekuensi.] 

 
IV. It assumes that the average energy of each wavelength in a black body is proportional to the temperature.  

[Ia menganggap bahawa tenaga min bagi setiap jarak gelombang dalam jasad hitam adalah berkadar 
dengan suhu.] 

 
A. I, II, III 
B. I, II, IV 
C. I ONLY 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: B (I, II, IV) 
 
 
20. Which of the following statements is (are) the assumption(s) made by Planck in deriving his theory of black 

body radiation? 
[Yang manakah kenyataan(-kenyataan) berikut adalah anggapan yang dibuat oleh Planck semasa 
menerbitkan teori sinaran jasad hitamnya?] 

 
I. That the oscillator of the black body only absorbs and emits radiation with energy of discrete values.  

[Bahawa pengayun di dalam jasad hitam hanya menyerap dan memancarkan sinaran dengan tenaga 
bernilai diskrit.] 
 

II. That the average energy per standing wave in the Planck oscillator, ε〈 〉  is not only temperature dependent 
but also frequency dependent.  
[Bahawa tenaga min untuk setiap gelombang pegun dalam pengayun Planck, ε〈 〉 , bukan sahaja 
bergantung kepada suhu malah juga bergantung kepada frekuensi.] 
 

III. That black body radiation is not electromagnetic in nature. 
[Bahawa tabii sinaran jasad hitam adalah bukan elektromagnetik.] 
 

IV. That the black body only radiates at the long wavelength region but not in the ultraviolet limit. 
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[Bahawa jasad hitam hanya memancar dalam rantau jarak gelombang panjang tapi tidak memancar dalam 
limit ultraungu.] 

 
A. I, II, III 
B. I, II, IV 
C. II ONLY 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: D (I, II) 
 
 
21. Which of the following statements are (is) true 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar?] 
 

I. 1240 eV nmhc ⋅ (Planck constant × speed of light) 
II. 20.5 eV/em c (electron’s mass) 

III. 2
proton 938 MeV/m c (Proton’s mass) 

IV. 0  0.53Aa
o

 (Bohr’s radius) 
 

A. I, II, IV  
B. I, III, IV 
C. I, II, III, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: B (I, III, IV) 
 
 
22. Which of the following statements are (is) true regarding photoelectric effect? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai kesan fotoelektrik?] 
 

I. The maximum photoelectron energy is directly proportional to the frequency of the incident light. 
[Tenaga kinetik maksimum fotoelektron adalah berkadar terus dengan frekuensi cahaya tuju.] 
 

II. The maximum photoelectron energy is a linear function of the frequency of the incident light. 
[Tenaga kinetik maksimum fotoelektron adalah suatu fungsi linear frekuensi cahaya tuju.] 

 
III. The maximum photoelectron energy depends on the material from which the photoelectron emits. 

[Tenaga kinetik maksimum fotoelektron bersandar pada jenis bahan daripada mana fotoelektron 
dipancarkan.] 

 
IV. The maximum photoelectron energy depends on the intensity of the incident radiation. 

[Tenaga kinetik maksimum fotoelektron bersandar pada keamatan sinaran tuju.] 
 

A. II, III, IV 
B. II, III 
C. I, II, III  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS:   B (II, III) (Beiser, Chap 2, Ex. 3) 
 
 
23. Which of the following statements are (is) true regarding light and electron? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai cahaya dan elektron?] 
 

I. The wave aspect of light was discovered earlier than its particle aspect. (T) 
[Aspek gelombang bagi cahaya ditemui lebih awal daripada aspek zarahnya.] 
 

II. The wave aspect of electron was discovered earlier than its particle aspect. (F)  
[Aspek gelombang bagi elektron ditemui lebih awal daripada aspek zarahnya.] 
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III. The particle aspect of light was discovered earlier than its wave aspect. (F) 

[Aspek zarah bagi cahaya ditemui lebih awal daripada aspek gelombangnya.] 
 

IV. The particle aspect of electron was discovered earlier than its wave aspect. (T) 
[Aspek zarah bagi elektron ditemui lebih awal daripada aspek gelombangnya.] 

 
A. I, IV 
B. II, III 
C. I, II  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: A (I , IV, Beiser, Chap 2, Ex. 4) 
 
 
24. Which of the following statements are (is) true? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar?] 
 

I. It is impossible for a photon to give up all of its energy to a free electron. 
[Adalah tidak mungkin bagi suatu foton memberikan kesemua tenaganya kepada suatu elektron bebas.] 
 

II. It is impossible for a photon to give up all of its momentum to a free electron. 
[Adalah tidak mungkin bagi suatu foton memberikan kesemua momentumnya kepada suatu elektron bebas.] 

 
III. It is impossible for a photon to give up all of its energy to an atom.  

[Adalah tidak mungkin bagi suatu foton memberikan kesemua tenaganya kepada suatu atom.] 
 

IV. It is impossible for a photon to give up all of its momentum to an atom.  
[Adalah tidak mungkin bagi suatu foton memberikan kesemua momentumnya kepada suatu atom.] 

 
A. I, IV 
B. III, IV 
C. I, II  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C (I , II, Beiser, Chap 2, Ex. 19) 
 
 
25. Which of the following are (is) true regarding the photoelectric effect? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai kesan fotoelektrik?] 
 

I. The existence of a cutoff frequency in the photoelectric effect favours a particle theory for light rather than 
a wave theory. 
[Kewujudan frekuensi ambang dalam kesan fotoelektrik menyebelahi teori zarah bagi cahaya berbanding 
dengan teori gelombang.] 
 

II. The existence of a cutoff frequency in the photoelectric effect favours a wave theory for light rather than a 
particle theory. 
[Kewujudan frekuensi ambang dalam kesan fotoelektrik menyebelahi teori gelombang bagi cahaya 
berbanding dengan teori zarah.] 

 
III. The almost immediate emission of a photoelectron in the photoelectric effect favours a particle theory for 

light rather than a wave theory. 
[Pancaran fotoelektron yang lebih kurang serentak menyebelahi teori zarah bagi cahaya berbanding 
dengan teori gelombang.] 

 
IV. The almost immediate emission of a photoelectron in the photoelectric effect favours a wave theory for light 

rather than a particle theory. 
[Pancaran fotoelektron yang lebih kurang serentak menyebelahi teori gelombang bagi cahaya berbanding 
dengan teori zarah.] 
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A. I, III 
B. I, IV 
C. II, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: A ( I, III, Serway, Moses and Moyer, Chap 3, Question. 7) 
 
 
26. Which of the following are (is) true regarding X-rays? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai sinaran-X?] 
 

I. X-rays might be reasonably be called ‘the inverse photoelectric effect’.  
[Adalah munasabah untuk sinaran-X dikenali sebagai ‘kesan fotoelektrik songsangan’] 
 

II. In X-rays production, part or all of the energy of a photon is converted into the kinetic energy of a fast 
moving electron.  
[Dalam penghasilan sinaran-X, sebahagian atau keseluruhan tenaga suatu foton ditukarkan kepada tenaga 
kinetik elektron yang pantas bergerak.] 
 

III. In X-rays production, part or all of the energy of a fast moving electron is converted into a photon. 
[Dalam penghasilan sinaran-X, sebahagian atau keseluruhan tenaga kinetik suatu elektron yang pantas 
bergerak ditukarkan kepada suatu foton.] 

 
IV. The penetrative character of X-rays through matter is partly due to its short wavelength. 

[Salah satu sebab bagi ciri penembusan sinaran-X melalui jirim adalah kerana jarak gelombangnya yang 
pendek.] 
A. I, III 
B. I, II, IV 
C. II, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: D ( I, III, IV, Beiser, Chap 2.5, pg. 68) 
 
 
27. The figure below shows the x-ray spectrum of a metal target from a x-ray tube. Which of the following 

statements are (is) true? 
[Gambarajah berikut memaparkan spektrum sinaran-X daripada sasaran logam suatu tiub sinaran-X. Yang 
manakah kenyataan(-kenyataan) berikut adalah benar?] 

 
I. The broad continuous spectrum is well explained by classical 

electromagnetic theory. 
[Spektrum selanjar yang lebar adalah diterangkan dengan baiknya 
oleh teori electromagnet klasik.] 

II. The existence of minλ in the spectrum shows proof of the photon theory. 
[Kewujudan minλ dalam spektrum menunjukkan bukti bagi teori foton.] 

III. minλ is found to be independent of target composition.  
[Didapati minλ adalah merdeka daripada komposisi sasaran.]  

IV. minλ depends only on the tube voltage.  
[Didapati minλ hanya bergantung kepada voltan tiub.]  
 
A. I, III, IV 
B. I, II, III, IV 
C. II, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: B (I, II, III, IV, Serway, Moses and Moyer, Chap 3, pg. 88) 
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28. Consider a Compton scattering experiment in which the incident radiation with various wavelength λ is aimed 
at a block of graphite target. The scattered radiation are observed and their Compton shifts are measured at an 
angle of θ = 90°. Which of the following are (is) true? 
[Pertimbangkan suatu eksperimen serakan Compton. Sinaran tuju dengan berbagai-bagai jarak gelombang λ 
dikenakan ke atas sasaran blok grafit. Sinaran terserak dicerap dan anjakan Compton mereka diukur pada 
sudut θ = 90°. Yang manakah kenyataan(-kenyataan) berikut adalah benar?] 

 
I. Regardless of the incident radiation wavelength used, the same Compton shift, λ∆ , is observed. 

[Anjakan Compton yang sama, λ∆ , akan didapati tidak kisah apa nilai λ yang digunakan.] 
 

II. The fractional change in wavelength, ∆λ/λ, is the same for different λ. 
[Nisbah perubahan dalam jarak gelombang, ∆λ/λ , adalah sama untuk semua nilai λ.] 
 

III. Compared with the energy of a X-ray photon, the binding energy of an electron to the graphite atom in the 
target is negligible.  
[Berbanding dengan tenaga foton sinaran-X, tenaga ikatan elektron kepada atom grafit di dalam sasaran 
adalah terabaikan.] 
 
A. I, III 
B. II, III 
C. I, II, III 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: A (I, III, Serway, Moses and Moyer, Chap 3, Example 3.8) 
 
 
29. Which of the following statements are (is) true regarding Compton scattering? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai serakan Compton?] 
 

I. The Compton effect could not be accounted for by classical theories. (T) 
[Kesan Compton tidak boleh diterangkan oleh teori-teori klasik.] 
 

II. The Compton effect could not be accounted for if not treated relativistically. (T) 
[Kesan Compton tidak boleh diterangkan jika tidak dirawat secara kerelatifan.] 

 
III. The Compton effect could still be accounted for if not treated relativistically. (F) 

[Kesan Compton boleh diterangkan walaupun tidak dirawat secara kerelatifan.] 
 

A. I, III 
B. I ONLY 
C. I, II 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C (My own question) 
 
30. Consider a photon with initial wavelength λ being scattered off by a particle with mass m. The Compton shift 

∆λ of the radiation at a given angle  
[Pertimbangkan suatu foton berjarak gelombang awal λ diserakkan oleh suatu zarah dengan jisim m. 
Anjakan Compton ∆λ sinaran tersebut pada suatu sudut tertentu] 
 

A. would be smaller for a larger m,  
[adalah lebih kecil bagi nilai m yang lebih besar] 
 

B. would be larger for a larger m. 
[adalah lebih besar bagi nilai m yang lebih besar] 

 
C. would remain unchanged for a larger m. 

[tidak akan berubah walaupun bagi nilai m yang lebih besar.] 
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D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 
ANS: A (My own question) 
 
 
31. Radiation interacts with matter chiefly through photoelectric effect, Compton scattering and pair production. 

The relative importance of the interactions shift from ________ to _________ to ___________ when energy 
of the photon increases.  
[Sinaran berinteraksi dengan jirim terutamanya melalui kesan-kesan fotoelektrik, serakan Compton dan 
penghasilan pasangan. Kepentingan relatif interaksi-interaksi tersebut berubah dari _________ 
ke_________ ke _____________ bila tenaga foton bertambah.] 

 
A. Compton scattering, Photoelectric effect, Pair production 
B. Pair production, Compton scattering, Photoelectric effect 
C. Pair production, Photoelectric effect, Compton scattering 
D. Photoelectric effect, Compton scattering, Pair production 

ANS: D (My own question) 
 
 
32. Heisenberg’s uncertainty principle  [Prinsip ketidakpastian Heisenberg] 
 

I. is seldom important on macroscopic level  
[jarang menjadi mustahak pada tahap makroskopik.] 
 

II. is frequently very important on the microscopic level. 
[sering menjadi mustahak pada tahap mikroskopik.] 

 
III. implies that one can simultaneously measure the position and momentum of a particle with zero 

uncertainties. 
[mengimplikasikan bahawa seseorang dapat mengukur secara serentak kedudukan dan 
momentum sesuatu zarah dengan sifar ketidakpastian.] 

 
IV. implies that one cannot simultaneously measure the position and momentum of a particle with 

any certainty. 
[mengimplikasikan bahawa seseorang tidak dapat mengukur kedudukan dan momentum 
sesuatu zarah dengan apa jua kepastian.] 

 
A. I, II, III 
B. I, II, IV 
C. I, II 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C (Taylor et al., Chap. 6, pg. 191) 
 
 
33. Which of the following is (are) true according to Heisenberg’s time-energy uncertainty relation / 2E t∆ ∆ ≥ h ? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar mengenai hubungan ketidakpastian masa-
tenaga Heisenberg / 2E t∆ ∆ ≥ h ?] 
 

I. For a quantum particle that exists for a short period of ∆t, the particle must have a large uncertainty 
∆E in its energy. 
[Bagi suatu zarah kuantum yang wujud untuk suatu selang masa ∆t yang singkat, zarah tersebut 
mesti mempunyai ketidakpastian tenaga ∆E yang besar.] 
 

II. For a quantum particle that has a large uncertainty of ∆E in its energy, it must exists only for a short 
period of ∆t 
[Bagi suatu zarah kuantum yang mempunyai ketidakpastian tenaga ∆E yang besar, ia mesti hanya 
wujud untuk suatu selang masa ∆t yang singkat.] 
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III. If a quantum particle has a definite energy, then ∆E = 0, and ∆t must be infinite. 
[Jika suatu zarah kuantum mempunyai tenaga yang pasti, maka ∆E = 0 dan ∆t mestilah menjadi 
infinit.] 

 
IV. If a quantum particle does not remain in the same state forever, ∆t is finite and ∆E cannot be zero. 

[Jika suatu zarah kuantum tidak berkekal pada keadaan yang sama untuk selama-lamanya, maka ∆t 
adalah finit, dan ∆E tidak boleh jadi sifar.] 

 
A. I, II, III 
B. II, III, IV 
C. I, II, III, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C (Taylor et al., Chap. 6, pg. 193) 
 
 
34. Consider a quantum particle confined in an infinite potential well of width L. Its states are characterised by 

the non-zero quantum integer n. Which of the following statements is (are) true?  
[Pertimbangkan suatu zarah kuantum yang terkongkong di dalam telaga segiempat infinit selebar L. 
Keadaannya adalah dicirikan oleh nombor kuantum integer bukan sifar n. Yang manakah kenyataan(-
kenyataan) berikut adalah benar?] 

 
I. The allowed energies of the particle are discrete  

[Tenaga yang diizinkan zarah itu adalah diskrit.] 
 

II. There allowed energy levels are farther and farther apart as the quantum number n increases. 
[Paras tenaga yang diizinkan  menjadi makin terpisah bila nombor kuantum n makin menambah.] 

 
III. The energy level of the particle’s state En increases without limit as nà∞. 

[Paras tenaga zarah, En , menambah tanpa batas bila nà∞.] 
 

IV. The number of nodes of the wave function of the particle increases with n. 
[Bilangan nod fungsi gelombang zarah bertambah bila n bertambah.] 

 
A. I, II, IV 
B. I, III, IV 
C. II, III, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: D (All are true, Taylor et al., Chap. 6, pg. 210, 211) 
 
 
35. Consider the Bohr’s model of hydrogen-like atom. Its states are characterised by the non-zero quantum 

integer n. Which of the following statements is (are) true?  
[Pertimbangkan atom bak hidrogen model Bohr. Keadaannya adalah dicirikan oleh nombor kuantum integer 
bukan sifar n. Yang manakah kenyataan(-kenyataan) berikut adalah benar?] 
 

I. The allowed energies of the electron in the atom are discrete at low values of  n 
[Paras tenaga yang diizinkan  bagi elektron dalam atom adalah diskrit bagi nilai n yang kecil.] 
 

II. The allowed energies of the electron in the atom becomes quasi continous at large values of n. 
[Paras tenaga yang diizinkan  bagi elektron dalam atom menjadi kuasi-selanjar untuk nilai n yang 
besar.] 

 
III. The allowed energy levels are farther and farther apart as the quantum number n increases. 

[Paras tenaga yang diizinkan  menjadi makin terpisah bila nombor kuantum n makin menambah.] 
 

IV. The energy level, En, increases without limit as nà∞. 
[Paras tenaga, En , menambah tanpa batas bila nà∞.] 
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A. I, II, III 
B. I, II, IV 
C. I, II  
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: C (Only I, II is true. My own question) 
 
 
36. Consider the Bohr’s model of hydrogen-like atom. Its states are characterised by the non-zero quantum 

integer n. Which of the following statements is (are) true?  
[Pertimbangkan atom bak hidrogen model Bohr. Keadaannya adalah dicirikan oleh nombor kuantum integer 
bukan sifar n. Yang manakah kenyataan(-kenyataan) berikut adalah benar?] 
 

I. The larger the value of n the larger the electron’s velocity becomes.  
[Halaju elektron menjadi makin besar bila nilai n majadi makin besar.] 

 
II. The electron’s linear momentum has only allowed values of multiples of h/2π.  

[Linear momentum elektron hanya mengambil nilai-nilai diizinkan  yang merupakan gandaan h/2π.] 
 

III. The orbit of the electron becomes larger for a larger value of n. 
[Orbit elektron menjadi makin besar bila nilai n majadi makin besar.] 

 
IV. The electron breaks away from the hydrogen’s attractive potential when n approaches infinity.  

[Elektron terputus daripada keupayaan tarikan hidrogen bila n menokok ke infiniti.] 
A. I, II 
B. III, IV 
C. II, III, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: B (For I, 
2

n
kev
n

=
h

, hence I is false. Taylor et al., pg 152, 153. My own question) 

 
37. Consider the Bohr’s model of hydrogen-like atom. Its states are characterised by the non-zero quantum 

integer n. Which of the following statements is (are) true?  
[Pertimbangkan atom bak hidrogen model Bohr. Keadaannya adalah dicirikan oleh nombor kuantum integer 
bukan sifar n. Yang manakah kenyataan(-kenyataan) berikut adalah benar?] 
 

I. The ground state energy is -13.6 eV.  [Tenaga buminya ialah -13.6 eV.] 
II. The ground state energy is 13.6 eV.  [Tenaga buminya ialah 13.6 eV] 

III. The ground state energy is 0. [Tenaga buminya ialah 0] 
IV. The difference in the energy level between state n and n+1 becomes infinity when nà∞.  

[Perbezaan tenaga di antara paras n dan n+1 menjadi infiniti bila nà∞.] 
 

A. I, IV 
B. III, IV 
C. II, IV 
D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 

ANS: D (Only I is true.) 
 

38. Consider Balmer’s formula 
H 2 2

1 1 1
'

R
n nλ

 = − 
 

 (n > n’, both integers), where RH is the Rydberg constant. In 

Bohr’s model, the theoretical value of RH is given by the expression 

[Pertimbangkan formula Balmer 
H 2 2

1 1 1
'

R
n nλ

 = − 
 

, (n> n’, kedua-duanya integer), dengan RH pemalar 

Rydberg. Dalam model Bohr, nilai teori RH adalah diberikan oleh] 
 

A. 13.6 eV/(hc) 
B. 2

0 0

1
4

e
a hcπε

(a0 is the Bohr’s radius) 
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C. 4

2 3
04

me
chπε

 

D. (None of A, B, C) [Jawapan tidak terdapat dalam pilihan-pilihan A, B, C] 
ANS: A (Taylor et al, Chap 5.7, Eq. 5.26) 
 
39. A particle in an infinite square well with length L is known to be in the ground state. The spatial coordinate of 

the particle in the infinite square well is constrained by 0 x L≥ ≥ . The probability to find the particle is highest 
in interval of ________. 
[Diketahui suatu zarah di dalam telaga segiempat infinit berada dalam keadaan bumi. Koordinat ruangan 
zarah dalam telaga segiempat infinit adalah dikongkong oleh 0 x L≥ ≥ . Kebarangkalian untuk menemui 
zarah tersebut adalah tertinggi di dalam selang_______.] 

A. L/2 ± 0.001L 
B. L/4 ± 0.001L 
C. L/8 ± 0.001L 
D. L/16 ± 0.001L 

ANS: A (my own question) 
 
40. Which of the following statements is true? 

[Yang manakah kenyataan(-kenyataan) berikut adalah benar?] 
 
I. A quantum particle initially confined in an infinite square well cannot possibly escape from the 

well when excited (T) 
[Suatu zarah kuantum yang pada asalnya terkongkong di dalam telaga segiempat infinit tidak 
mungkin terlepas daripada telaga bila diujarkan.] 
 

II. A quantum particle initially confined in an infinite square well can possibly escape from the 
well when excited (F) 
[Suatu zarah kuantum yang pada asalnya terkongkong di dalam telaga segiempat infinit 
mungkin terlepas daripada telaga bila diujarkan.] 

 
III. A quantum particle initially confined in an finite square well cannot possibly escape from the 

well when excited (F) 
[Suatu zarah kuantum yang pada asalnya terkongkong di dalam telaga segiempat finit tidak 
mungkin terlepas daripada telaga bila diujarkan.] 

 
IV. A quantum particle initially confined in an finite square well can possibly escape from the well 

when excited (T) 
[Suatu zarah kuantum yang pada asalnya terkongkong di dalam telaga segiempat finit mungkin 
terlepas daripada telaga bila diujarkan.] 

 
A. II, IV 
B. II, III 
C. I, III 
D. I, IV 

ANS: D (my own question) 
 
 
Section B: Structural Questions. [60 marks] 
[Bahagian B: Soalan-soalan Struktur] 
 
Instruction: Answer ALL THREE (3) questions in this Section. Each question carries 20 marks. 
[Arahan: Jawab KESEMUA TIGA (3) soalan dalam Bahagian ini. Setiap soalan membawa 20 markah]. 
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1. [20 marks] 

 
Consider a completely inelastic head-on collision between two balls (with rest mass m0 each) moving 
toward the other at a common velocity v with respect to a given frame S. Assuming that the resultant mass 
is at rest after the collision (with a value of M), find the following quantities. Express your answers in 

terms of c, m0 and γ  where 21/ 1 ( / )v cγ = − . 
[Pertimbangkan satu perlanggaran tak kenyal penuh antara dua bola (masing-masing berjisim m0) yang 
bergerak mengarah ke satu sama lain dengan halaju v merujuk kepada satu rangka S. Anggapkan 
bahawa jisim terhasil selepas perlanggaran berkeadaan rehat (dan bernilai M) dalam rangka S, 
hitungkan kuantiti-kuantiti berikut. Nyatakan jawapan anda dalam sebutan-sebutan c, m0 dan γ, dengan 

21/ 1 ( / )v cγ = − .] 
 

I. What is the total rest energy of the system before collision in S?  
Apakah jumlah tenaga rehat sistem tersebut sebelum perlanggaran dalam rangka S?] 

[2 marks] 
 

II. What is the total relativisitic energy of the system before collision in S?   
Apakah jumlah tenaga kerelatifan sistem tersebut sebelum perlanggaran dalam rangka S?] 

[2 marks] 
 

III. Express the resultant rest mass M in terms of c, m0 and γ.  
[Nyatakan jisim rehat M dalam sebutan c, m0 dan γ.] 

[3 marks] 
 

IV. What is the magnitude of the change of the kinetic energy in S?  
[Apakah magnitud perubahan tenaga kinetik sistem tersebut dalam rangka S?] 

[3 marks] 
 

 
b) Now consider the same inelastic collision process in an inertial frame S’ such that one of the mass 

remains at rest while the other mass collides with it head-on. Let K and K’ be the total kinetic energy 
of the system before and after the collision in frame S’. Find the following quantities. Express your 
answers in terms of c, m0, γ, K and K’. 

 
[Sekarang pertimbangkan proses perlanggaran yang sama di dalam satu rangka inersia S’ yang 
mana salah satu daripada jisim berada pada keadaan rehat manakala yang satu lagi melanggarnya 
secara muka lawan muka. Biar K dan K’ masing-masing mewakili tenaga kinetik sistem tersebut 
sebelum dan selepas perlanggaran di dalam rangka S’. Hitungkan kuantiti-kuantiti berikut. Nyatakan 
jawapan anda dalam sebutan-sebutan c, m0 ,γ, K dan K’.] 
 

I. What is the total relativistic energy of the system, before the collision in S’?  
[Apakah jumlah tenaga kerelatifan sistem tersebut sebelum perlanggaran dalam rangka S’?] 

[2 marks] 
 

II. What is the total relativistic energy of the system after the collision in S’?  
Apakah jumlah tenaga kerelatifan sistem tersebut selepas perlanggaran dalam rangka S’?] 

[2 marks] 
 

III. What is the magnitude of the change of the kinetic energy in S’?  
[Apakah magnitud perubahan tenaga kinetik dalam rangka S’?] 

[3 marks] 
 

IV. Does the magnitude of the change of the kinetic energy frame-dependent? 
[Adakah magnitud perubahan tenaga kinetik bersandar pada rangka?] 
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[3 marks] 
 

Solution 
 

a)  
I. In frame S, total rest energy of the system before collision = 2m0c2 

[2 marks] 
 

II. In frame S, total relativistic energy of the system before collision = 2γm0c2 
[2 marks] 

 
III. Due to conservation of energy, total energy before collision = total energy after collision: 

2γm0c2 = Mc2. Therefore, M = 2γm0. 
[3 marks] 

 
IV. In frame S, the magnitude of change in total rest energy of the system after collision = The 

magnitude of change in kinetic energy of the system = Mc2-2m0c2 = (M-2m0)c2= 2m0c2(γ−1). 
[3 marks] 

 
b)  

I. In frame S’, total energy of the system before collision = 2m0c2 + K 
[2 marks] 

. 
II. In frame S’, total energy of the system after collision = Mc2 + K’=2γm0 c2 + K’. 

[2 marks] 
 

III. Due to conservation of total energy, 2m0c2 + K= 2γm0 c2 + K’, hence the magnitude of the 
change of the kinetic energy of the system = |K’ – K| =|2m0c2-2γm0c2|= 2(γ−1)m0c2. 

[3 marks] 
 

V. No. The change of the kinetic energy in both frame are the same and equals 2(γ−1)m0c2. 
[3 marks] 

 
2.  [20 marks] 
 

a) A positron collides head on with an electron and both are annihilated. Each particle had a kinetic 
energy of 1.00 MeV. Find the wavelength of the resulting photons. Express your anwer in unit of pm. 
[Suatu positron berlanggar muka sama muka dengan suatu elektron, dan kedua-dua zarah 
memusnah-habis. Kedua-dua zarah masing-masing bertenaga kinetik 1.00 MeV. Hitungkan jarak 
gelombang foton yang terhasil. Nyatakan jawapan anda dalam unit pm.] 

[5 marks] 
 

b) How much energy must a photon have if it is to have the momentum of a proton with kinetic energy 
10 MeV?  
[Apakah tenaga suatu foton yang momentumnya sama dengan momemtum suatu proton yang 
bertenaga kinetik 10 MeV?] 

[5 marks] 
 

c) What is the value of electron’s Compton wavelength, λe? Expressed your answer in terms of pm. 
[Apakah nilai jarak gelombang Compton bagi elektron? Nyatakan jawapan anda dalam sebutan pm.] 

[4 marks] 
 

d) Find the wavelength of an x-ray photon which can impart a maximum energy of 50 keV to an electron. 
[Hint: You may need to consider the corresponding recoil angle of the scattered photon for a 
maximum transfer of its energy to the recoil electron.] 
[Hitungkan jarak gelombang suatu foton sinaran-X yang dapat memberikan tenaga maksimum 
bernilai 50 keV kepada suatu elektron.] 
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[Petunjuk: Anda mungkin perlu mempertimbangkan sudut sentakan foton terserak bagi perpindahan 
tenaganya secara maksimum kepada elektron yang tersentak.] 

[6 marks] 
Solution 
 

a) Total energy of the positron + electron before annihilation 
 = rest energies of the electron-positron pair + their kinetic energy  
E=E+ + E-=2mec2+ K+ + K-=2mec2+2K= 2(0.51 MeV + 1.00 MeV) = 2(1.51 MeV)  

 
Total energy of the photon pair after annihilation = 

2Eγ=
3 91240eV nm 1.24 10 MeV 10 m

2 2 2
hc
λ λ λ

− − ⋅ × ⋅ = =   
   

 

Equate both equations above, the wavelength of each photon will be 
-3 -9

2
e

1.24 10 MeV 10 m
0.82 pm

1.511 MeV
hc

m c K
λ

× ×
= = =

+
. 

(Beiser Chap 2, Ex. 39, pg. 91) 
[5 marks] 

 
b) A proton with this kinetic energy is nonrelativistic, and its momentum is given by p2 = 2mPK. The 

energy of a photon with this momentum is 
2

P2 2(938 MeV)(10 MeV) 137 MeV 140 MeVpc m c K= = =  . 
(Beiser Chap 2, Ex. 26, pg. 90) 

[5 marks] 
 

c) 2
1240 eV nm 1240 eV nm 2.43 pm

0.51 MeV 0.51 MeVe
e e

h hc
m c m c

λ
⋅ ⋅

= = = = =  

[4 marks] 
 

d) Let the incident wavelength be λ and the scattered wavelength of the photon be λ’. A maximal 
change in the wavelength corresponds to maximum energy transfer to the electron. This happens 
when φ = 180°.  Hence, ( )max 1 cos 180 2 ;e eλ λ λ ∆ = − = 

o where eλ  is the Compton wavelength of 

the electron. max max 2 eλ λ λ λ λ′⇒ = ∆ + = + .  
The maximal change in the photon’s energy =  maximal kinetic energy transferred to the electron, i.e. 

max max
max

max max max

2
( ) ( 2 )

e

e

hc hcK hc hc hcλ λ λ λ
λ λ λλ λ λ λ λ λ λ

     ′ − ∆
= − = = =     ′ ′ + ∆ +     

. Rearranging, we get a 

quadratic equation for λ: 

( )

( ) ( )
( ) ( )

2

max

2 2

2 2
2 2

2 2 2.43pm 1240 nm eV
2 120.5pm

K 50 keV

2 120.5pm 0

2 2 4 120.5pm
2.43pm 2.43pm 120.5pm 8.81 pm

2

e
e

e

e e

hcλ
λ λ λ

λ λ λ

λ λ
λ

  × × ⋅ + = = =   
  

⇒ + − =

− ± +
⇒ = = − ± + = +

 

(Beiser Chap 2, Ex. 32, pg. 90) 
[6 marks] 

 
3. [20 marks] 
 

a) How much energy is required to remove an electron in the n=2 state from a hydrogen atom?  
[Apakah tenaga yang diperlukan untuk membebaskan suatu elektron dalam keadaan n = 2 daripada 
atom hidrogen?] 
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[5 marks] 
 
b) Find the quantum number that characterises the Earth’s orbit around the sun. The Earth’s mass is 

246.0 10× kg, its orbital radius is 111.5 10× m, and its orbital speed is 43.0 10× m/s.  
[Hint: Assume that the angular momentum of the Earth about the Sun is quantised in a manner 
similar to Bohr’s hidrogen-like atom.] 
 
 
 
[Hitungkan numbor kuantum yang mencirikan orbit Bumi mengelilingi Matahari. Diberikan jisim  
bumi 246.0 10× kg, radius orbitnya 111.5 10× m, dan laju orbitnya 43.0 10× m/s.] 
[Petunjuk: Anggap bahawa momentum sudut Bumi sekitar Matahari adalah dikuantumkan mengikut 
cara seperti dalam atom bak hidrogen Bohr.] 
 

[5 marks] 
 
c) In terms of ground state energy E0, h and n, what is the frequency of the photon emitted by a 

hydrogen atom, ν, in going from the level n + 1 to the level n?  
[Dalam sebutan tenaga bumi E0, h dan n, nyatakan frekuensi foton, ν, yang dipancarkan oleh suatu 
atom hidrogen yang beralih dari paras n+1 ke paras n.] 

[7 marks] 
 

d) What is value of the frequency of the photon in (c) above in the limit nà∞. 
[Apakah nilai frequensi bagi foton dalam (c) di atas dalam limit nà∞.] 

[3 marks] 
 

Solution 
3.  

a) The n = 2 energy is E2 = E0/22 = E0/4 = -13.6 eV /4 = -3.40 eV, so an energy of 3.40 eV is needed. 
(Beiser, Chap 4, Ex. 22, pg. 158) 

[5 marks] 
  
b) With the mass, orbital speed and orbital radius of the Earth known, the Earth’s orbital angular 

momentum is known, and the quantum number that would characterise the Earth’s orbit about the Sun 
would be the angular momentum divided by h  

( )( ) ( )
( )

24 4 11
74

34

6.0 10  kg 3.0 10  m/s 1.5 10  m
2.6 10

1.055 10  J s
L mvrn

−

× × ×
= = = = ×

× ⋅h h
  

(Beiser, Chap 4, Ex. 11, pg. 158) 
[5 marks] 

 
c) The frequency ν of the photon emitted in going from n+1 level to the level n is given by  

( ) ( )
( )

( ) ( )

22
1 0 0 0 0

2 2 2 22 2

1
1 21 2

1 1 1
n n

nn nE E E E E E
h h h hn n n n n n

ν +

 +     − +−
= = − = = −        + + +    

 

 

(Beiser, Chap 4, Ex. 29, pg. 159) 
[7 marks] 

 
e) In the limit nà∞, the frequency ν à0  

[3 marks] 
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