
 

Structure of Matter study handout 2 

Distributed Friday 11th May 2018.  

Covers lectures 1 - 3.   

All of these questions are adapted from problem sets by previous lecturers.  

Independent study questions  

You are expected to look data up to answer some of these questions.  

1. (a) An ideal gas has a pressure of 1.0 atmosphere, a volume of 0.50 m3 and a temperature of 290 K. 

Calculate the number of molecules it contains. 

(b) 3.00 mol of an ideal gas is at a pressure of 157 Pa and has a temperature of −10.0 °C. Calculate its 

volume. 

(c) Calculate the volume occupied by exactly 1 mol of an ideal gas at standard temperature and pressure 

(STP).  

 

2. The plasma in a fusion reactor can be thought of as a mixture of two gases, an ion gas and an electron gas, 

both of which have a number density of 5.0 × 1019 particles. m−3 and a temperature of 1.0 × 108 K. The 

volume of the plasma is 1.0 × 103 m3. Assuming that both ion and electron gases can be treated as ideal gases 

with three degrees of freedom, calculate the pressure and internal energy of each gas separately. Hence find the 

pressure and internal energy of the whole plasma. Express the plasma pressure in atmospheres. 

 

3. A monatomic ideal gas, initially at a pressure of 1.0 atmosphere, a volume of 0.50 m3, and a temperature 

of 290 K, goes through the following four stage quasistatic cycle: 

(1) increase of pressure at constant volume to 1.5 atmosphere. 

(2) expansion at constant pressure to 1.0 m3, 

(3) reduction of pressure at constant volume to 1.0 atmosphere, 

(4) compression at constant pressure to  0.50 m3.  

Plot these four parts on a single PV diagram. 

Calculate, for each stage separately, (i) the temperature change, (ii) the internal energy change and (iii) the work 

done. What is the work done on the gas and the work done by the gas for the whole cycle?  

Mark Gill
marksphysicshelp

Mark Gill
MPH



 

You should have found that after going through the whole cycle the internal energy of the gas is unchanged, 

but it has done a finite amount of work. Where has the energy for this come from? How is the total work done 

by the gas indicated on the PV diagram?  

 

4. (a) Assuming it can be treated as an ideal gas, calculate the number of molecules, the amount and the mass 

of 1.0 litre of argon at STP.  

(b) Calculate the constant volume and constant pressure heat capacities of the gas and their ratio.  

(c) Calculate the constant volume and constant pressure specific heat capacities of the gas and their ratio.  

(d) Calculate the constant volume and constant pressure molar heat capacities of the gas and their ratio.  

 

5. (a) An adiabatic process is one in which there is no heat flow. Recalling that the internal energy of an ideal 

gas is 𝑈 =
1

2
𝑁𝑛𝑑𝑘𝐵𝑇 show that the first law of thermodynamics for an adiabatic process for an ideal gas may 

be written 
𝑑𝑇

𝑑𝑉
= −

2

𝑛𝑑

𝑇

𝑉
. 

(b) Use the first law of thermodynamics to show that the magnitude of the work done in an adiabatic process in 

an ideal gas is given by ∆𝑊 = 𝐶𝑉∆𝑇 where ∆𝑇 is the gas's temperature change. 

(c) Alternatively, the work done can be found by integrating the pressure with respect to volume. Do 

this for an adiabatic process on an ideal gas, to show that ∆𝑊 =
∆(𝑃𝑉)

𝛾−1
 and show that this agrees with the 

expression in (b).  

 

6. Why is normalization of a probability distribution function (PDF) important? What would one have 

to consider when working with a PDF which is not normalized? 

 

7. What is the significance of the Boltzmann distribution and what does this distribution describe? 

 

8. Why does the Boltzmann factor, 𝑒
−𝐸

𝑘𝐵𝑇⁄
,seem to imply that lower energies are more likely? and how 

is it possible that for increasing temperature the lower energy states grow more populated? 

 

 



 

 

9. Consider a very tall sealed container of gas. As the temperature of the gas is increased, what happens 

to the concentration of gas molecules at the top of the container? 

 

10. The velocity component distribution function has the form 𝑓(𝑣𝑥) = 𝐴𝑒−𝛼𝑣𝑥
2
 where 𝛼 =

𝑚

2𝑘𝐵𝑇
 and 𝐴 

is a constant. Find an expression for 𝐴.  

 

11. Find an expression for (a) the most probable speed in a Maxwell distribution, (b) the variation of the 

maximum probability as function of temperature.  

 

12. The average speed in a Maxwell distribution is given by 〈𝑣〉 = 4𝜋𝐴3 ∫ 𝑣3𝑒−𝛼𝑣2
𝑑𝑣

∞

0
. Evaluate the 

integral (by whatever means - integration by parts is possible) to find an expression for 〈𝑣〉.  

 

13. The mean square speed, 〈𝑣2〉, is given by ∫ 𝑣2𝑓(𝑣). 𝑑𝑣
∞

0
 (integrals of the form ∫ 𝑣𝑛𝑓(𝑣). 𝑑𝑣

∞

0
 are 

called moments of the distribution function so this is the second moment of the distribution function). 

Evaluate 〈𝑣2〉  and hence write down an expression for the average kinetic energy of a monatomic 

molecule in a Maxwell distribution. 

 

14. Find approximate values for the most probable speed, the average speed and the root mean square 

speed of an oxygen molecule at STP.  

 

15. Verify by integrating over the velocity component distribution function that 〈𝑣𝑥〉 = 0.  

 

16. (a) In question 2 you considered the plasma in a fusion reactor in which the ions and electrons both 

have a temperature of 1.0 × 108 K. The ions are a mixture of deuterium and tritium. For each of the 

three types of particles in the plasma (deuterium ions, tritium ions, and electrons) estimate (i) the average 

particle speed, and, (ii) the average particle energy. 

(b) A diatomic molecule can be regarded as two identical particles joined by a spring. At any instant the 

𝑥 -coordinates (in the sense shown in figure 27 on the notes on Blackboard) are 𝑥1 = 𝑥 −
1

2
𝑑  and       

𝑥2 = 𝑥 +
1

2
𝑑. By writing 𝑑 = 𝑑0 + 𝜀, where 𝑑0 is the equilibrium separation and 𝜀 is the displacement 



 

from equilibrium, show that the kinetic energy associated with the 𝑥-ccomponent of the two particles’ 

velocities is 
1

2
𝑚𝑣𝑥

2 +
1

2
(

𝑚

4
) (

𝑑𝜀

𝑑𝑡
)

2
 where 𝑣𝑥 is the 𝑥-component of the centre of mass velocity.  

 

 

 



 

Assessed question 

All multiple choice.  

For completion on Blackboard by 12 noon on Wednesday 23rd May.  

 

1. Which of the following pairs of equations are correct for a monatomic ideal gas?  

A. 𝑣𝑟𝑚𝑠 = √
3𝑘𝐵𝑇

𝑚
 

B. 〈𝑣2〉 =
𝑘𝐵𝑇

𝑚
 

C. 〈𝑣𝑥
2〉 =

3𝑘𝐵𝑇

2𝑚
 

D. 〈𝑣𝑥
2〉 =

𝑘𝐵𝑇

𝑚
 

 

(a) A and C 

(b) A and D 

(c) B and C 

(d) B and D  

(e) none of the above.  (3 marks)  

 

2. Which of the following is not correct for a diatomic molecule?  

(a) Each molecule has three translational degrees of freedom.  

(b) Each molecule has two vibrational degrees of freedom.  

(c) Each molecule has three rotational degrees of freedom.  

(d) The vibrational energy is equally distributed between kinetic and potential energy.  (2 marks) 

 

3. Which of the following statements are true for the Maxwell-Boltzmann distribution of speeds?  

A. The exponential term ensures the fraction of molecules with high speeds is small.  

B. The 𝑣2 factor outside of the exponential ensures the fraction of molecules with low speeds is small.  

C. The most probable speed increases as temperature decreases.  

D. The most probably speed decreases with increasing particle mass.   

 

(a) A, B and C 

(b) A, C and D 

(c) B, C and D 

(d) A, B and D 

(e) All four statements are correct.  (3 marks)  

 



 

4. At 25 °C which is the best estimate of the pressure at which the mean free path of argon becomes 

comparable to the size of an argon atom?  

(a) 10,000 atm 

(b) 1,000 atm 

(c) 100 atm 

(d) 10 atm 

(e) 1 atm.  (2 marks)  

 

 

 

  

 

  



 

Tutorial discussion problem 2 

A petrol engine (Otto cycle) can be represented by a six process cycle:  

(a) In the intake stroke, the piston moves to allow the air/fuel mixture to enter the chamber at close to 

atmospheric pressure.  

(b) The intake valve is then shut, and the mixture is compressed adiabatically. 

(c) Once compressed, the spark plugs fire to ignite the mixture. This results in an almost instantaneous 

rise in pressure at a constant volume.  

(d) The heated fuel is allowed to expand adiabatically, until the chamber is once more at its maximum 

volume. 

(e) Whilst the chamber is at its maximum volume, the exhaust valve is opened and there is a 

decompression as hot gas leaves the chamber. 

(f) Finally, in the exhaust stroke, the remaining spent fuel is expelled with the exhaust valve open to 

atmospheric pressure. The exhaust valve is then shut and the intake valve opened in preparation for a 

new cycle. 

 

1. Sketch the cycle on PV diagram. What represents the work done by the engine per cycle on the 

diagram? 

2. The maximum volume of the cylinder is 0.50 l. Calculate the amount of gas that fills the volume at 

27 °C.  

3. For a compression ratio of 10: 1, calculate the pressure and temperature after the compression phase 

for a diatomic gas. 

4. Show that the work done on a gas during an adiabatic compression from a state with temperature 𝑇0 

to one with temperature 𝑇1 is given by ∆𝑊 =
𝑛𝑅

𝛾−1
(𝑇1 − 𝑇0).  

5. Compute the work done by the compression detailed in (3). Comment on the sign of the work. 

 



 

6. If the mixture’s average molecular mass is 35 gmol−1, the molar heat capacity is 
5

2
𝑅 and the energy 

of combustion 500 kJkg−1 calculate the temperature change on combustion.  

7. Calculate the temperature change and hence work done on expansion. What is the total work done by 

the gas during the cycle? 

8. If an engine with four such cylinders is running at around 3,000 revolutions per minute, calculate 

the power output.  

9. A diesel engine works in almost the same way as a petrol engine, except that the fuel is compressed to 

much higher pressure and temperature so that it self-ignites instead of requiring a spark for combustion. 

This burn phase can be represented as an isobaric expansion at the same final pressure as attained in the 

petrol engine. Include the PV cycle for a diesel engine of the same volume as your petrol engine on the 

same diagram. Which would be more efficient? Can you say why petrol engines are more common in 

cars?  
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