
  

Modern Physics, Optics, Statistical Mechanics and Thermodynamics 
September, 2006 
 
Pick 4 out of 6 problems 

 
1) A flashlight, in its own rest frame, is directed at an angle θ of 45 degrees to the x-axis 
in the xy plane.  What angle will the light beam appear to make to an observer moving 
towards the flashlight along the x-axis at velocity β ? 

a. Now consider a relativistic electron traveling in a circular orbit.  Explain why the 
radiation from the electron will be confined to a narrow cone, and calculate the 
opening angle of the cone.  

b.  
 
2) A simple model of a rubber band is a one-dimensional (horizontal) chain consisting 
of N  ( 1N ) linked segments, as shown schematically in the diagram.  

 
Each segment has two possible states: horizontal with length a, or vertical, contributing 
nothing to the length. The segments are linked such that they cannot come apart. The 
chain is in thermal contact with a reservoir at temperature T. 

a. If there is no energy difference between the two states, what is the average 
length of the chain? 
b. Fix chain at one end and hang weight from the other end, supplying a force F as 
shown. Determine the average length of the chain at any temperature T . Find the 
length in the limits 0T → andT →∞ . 

 
c. In which temperature limit is the extension proportional to F (Hooke’law)? 
Calculate the constant of proportionality. 

 
 
 

3) The complete formula for multislit diffraction pattern in Fraunhofer diffraction is given by the 
expression 
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 0I  is the flux density in the 0θ =  direction for one slit, 
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a. Show that 2

0(0)I N I= , where N is the number of slits. 
b. For 3N ≥  there are secondary maxima between the principal maxima.  Deduce the 
rule for the number of minima between principal maxima, and, then the number of 
secondary maxima.  Actually deduce this, don’t just recite it if you happen to remember it! 
c. The result in a indicates that the flux density at 0θ =  varies as 2.N   Explain how that 
can be true.  After all, e.g., if you have three slits, then there is three times a much light.  
How can the flux density be nine times as great? 
 

4) Consider a system of two types of charge carriers in the Drude model. The two carriers 
have different densities (n1 and n2) and opposite charge (e and –e), and their masses and 
relaxation times m1, m2 and τ1, τ2, respectively. Determine the Hall coefficient RH of this 
system. 

 
 
 
5) Assume that the cross section ratio for the two body reactions given below depends only on 
phase space of the final state particlesLarine o .  Calculate the ratio. 
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6). Consider an infinitely long cylinder that has been cut in half, with the two halves 
thermally insulated from each other (see figure). The top half is held at temperature 
T=30ºC, and the bottom half at T=10ºC.  Find the temperature T(x,y) inside the cylinder. 
Hint: Use the conformal mapping  
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February, 2006

Pick 4 out of 6 problems

1. (Bohn) Consider an electron beam of circular cross section moving down the z-axis
and passing through a system of focusing magnets.  Suppose the beam density
remains uniform, and its initial radius is R0.  Suppose further that the transverse
components of the electrons’ momenta stay uniformly distributed over a circle in the
momentum space , and the initial radius of this circle is P0.

a. If the focusing system reduces the beam radius from R0 to R1, how does the
distribution of transverse momenta change?

b. Part (a) is highly idealized.  Suppose, instead, that the electron beam is bunched,
and each electron bunch moves non- relativistically through the focusing system.
Suppose further that Coulomb self-forces affect the beam, and that the focusing
system imparts an external magnetic field Bext.  Write down the Vlasov-Poisson
kinetic equation for the distribution function of electrons in the six-dimensional
phase space of a single electron.

c.    The Vlasov-Poisson equations are, in general, notoriously difficult to solve.
Why?

d. Suppose, now, that the Hamiltonian for the beam bunch is independent of time
and that the distribution function is a function only of the Hamiltonian (again,
with regards to the six-dimensional phase space of a single electron).  Is the
beam in equilibrium?  Explain your answer.

2. (Ito) The Joule coefficient may be written η ≡
∂T
∂v
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Tβ −1( ).  Here u is the internal

energy, β  the expansivity, and κ the isothermal compressibility.  Using these two
coefficients,

a. Find η and µ for a van der Waals gas and
b. Show that both are zero for an ideal gas.

3. (Ito) Consider a two-level system with an energy 2ε separating upper and lower
states.  Assume that the energy splitting is the result of an external magnetic field B.

Given that the total magnetic energy is UB = −Nεtanh
ε
kT

 
 
 

 
 
 , show that the associated

heat capacity is CB = Nk
2ε
kT
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4. (Benbow) Suppose you have large, long-focal length achromatic lens to use as the
objective of an astronomical telescope.  We are told in geometrical optics that if
parallel rays are incident on a lens, the rays will converge to a point at the focal length



of the lens.

If that is so, how can we expect to obtain an image of the moon (certainly not a point
source) if we place a screen at the focal point of the lens?  Explain, using words, not
equations.

5. (Brown) Although a photon has no rest mass, it nevertheless interacts with electrons
as though it has the inertial mass

m
p p

c
= =

υ
where the velocity of the photon is υ = c .

a. Compute the photon mass (in units of eV) for photons of wavelengths 5000 Α°

(visible region) and 1.0 Α°  (x-ray region).  Compare to the mass of an electron
(which is 0.511 MeV).  (Note:  154136 10 eV. sech −= × ⋅ ).

b. When we drop a stone of mass m  from a height H  near the earth’s surface, the
gravitational pull of the earth accelerates it as it falls and the stone gains the
energy mgH  on the way to the ground.  A photon of frequency ν  that falls in a
gravitational field gains energy, just as a stone does.  Using the photon mass
relation, determine the new frequency, ′ν , of the fallen photon, and thus the
frequency shift, ν ν− ′ , suffered by the photon.

c. A passenger in an airplane flying at 20,000 feet aims a laser beam of red light
(λ = 7000 Α° ) towards the ground.  What is the shift, λ λ′− , in the laser beam
wavelength an observer on the ground would measure?

6. (Hedin) Consider the two reactions of an elastic scatter of a neutrino off an electron at
rest for muon-type and electron-type neutrinos:

a) νµ + e  à  νµ + e
b) νe + e  à    νe + e

a. Which will have the larger cross section for Eν = 1 GeV?
b. Explain (best if you show the first order Feynman diagrams).
c. For Eν =1 GeV, what is the maximum angle a scattered electron will have with

respect to the incoming neutrino?



Modern Physics:  Pick 4 of 6 
 
1) The potential energy of gas molecules in a certain central field depends on the distance 
r from the field’s center as ( ) 2U r rα=  where α is a positive constant. The gas 
temperature is T, the concentration of molecules at the center of the filed is n0. 
 

a) Find the number of molecules dN, located at the distances between r and r+dr 
from the center of the field. 

b) Find the most probable distance separating the molecules from the center of the 
field. 

c) How many times will the concentration of molecules in the center of the field will 
change if the temperature decreases by  η  (Tnew =  η  × T). (Hint, how does dN/N, 
that is, the fraction of molecules located in spherical layer between r and r+dr, 
behave at the center) 

d) Find the number of molecules dN, whose potential energy lies within the interval 
from U to U+dU. 
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2) Consider a particle of mass m undergoing Brownian motion in one dimension.  The 
particle is under the influence of a viscous friction force –mβv, an oscillatory driving 
force  –masin(ωt) and a random force mA(t).  Its equations of motion are 

 ( ) ( ),     sin .x v v v a t A tβ ω= + = − +  

a) Suppose ( ) 0A t = and ( )( ) ( )A t A tτ αδ τ= − , where α is a constant and δ(t) is the 
Dirac delta function.  Suppose the initial conditions are q(0) =q0, v(0) = α/ω.  Find the 
mean speed ( )v t .  Note:  

 ( )
2 2
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+∫  

b) Evaluate (by whatever means you chose) ( )v t  in the limit β  0, and provide a 
physical interpretation of your result. 
 
 
3)  The density of states for a free particle of momentum p confined within a box of 
volume Ω is given by  

 
2

32
dn p
dp π

Ω
=   

 
a) Calculate the density of states per unit energy for a non-relativistic electron and for a 
massless neutrino.  Assume each is confined within a box of volume Ω but otherwise free 
of interactions. 
 
b) Assume that the transition probability for beta decay is dominated by the density of 
states term.  Take the electron to be non-relativistic and the neutrino massless.  In terms 
of the total decay energy, Etot, calculate the most likely energy for the emitted beta 
particle?  
 
 
4) An energetic proton strikes a proton at rest. A K+ is produced. Write down a reaction 
for producing a K+ showing all the final state particles. What is the minimum kinetic 
energy for the incoming proton to produce this final state (express in terms of the masses 
of the particles)? 
 
5) An interstellar proton interacts with the 3 degree cosmic microwave background 
(CMB) and produces an electron-positron pair via   p+photon -> p+electron+positron. 
Assume the CMB is monoenergtic with E=kT= .002 eV. What is the minimum proton 
energy to produce this reaction? What is the electron energy at  this threshold proton 
energy?  The proton mass is 938 MeV/c2  and the electron mass is 0.5 MeV/c2.  
 
 
 



 
6)   

 
A Michaelson interferometer has two arms, the first of  length L and the second of length 
L+d. The interferometer is illuminated by a polychromatic source of light with a 
frequency distribution given by 

 ( ) ( )22 2
0 0( ) / 2 exp / 2I Iν πσ ν ν σ = − −   

a) Describe qualitatively how you expect the interference pattern for the case with 
polydisperse light to differ from the case where the interferometer is illuminated with a 
single frequency of light. 
 
b) Calculate the intensity of light observed as a function of the arm offset d.  Does this 
result confirm your prediction from part a? 
 
You may want to use the following integral. 
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Statistical Mechanics: Pick 2 of 3. February,2005

1. Consider a large, spherical, self-gravitating system of identical stars for which the
distribution function in the phase space of a single star is

f (r,v) = CIH o - H (', O)]*'''
t- an-3t2:c.lv?)-I,, | - ro.vr!,,L \/ 2 I 2

=o for Y <!r'
2

Here Y = V(t) = Ho-Q(r) denotes a relative potential, with O(r)being the actual
potential, and ydenotes speed- Using Poisson's equation V'?@(r) = 4trGp(r) , find:

a) The density distribution function fr) conesponding to the index n = 5.

b) Are the stellar orbits in this system chaotic? Why or why not? Clearly explain your
reasoning.

2. T\e equation for the distribution of free electrons in a metal in the vicinity of absolute
zero is

3/. ,l2m/2d"=:FJEat
Making use of this equation, find at T=0K

. a) The velocity distribution of free electrons.

b) The ratio of the mean velocity of free electrons to their maximum velocity-

c) What is the functional dependence of the Ferrni Energy on the density of electrons?

3. The distribution functions for identical particles (indistinguishable or distinguishable)
can be represented by the equation:

Nr- I
81 

'Gt-r)'tr * oWhere a = 1 for Fermi-Dirac statistics, a= -1 for Bose-Einstein statistics and a=0 for
Maxwell-B oltzmann statistics.

a) Sketch and compare N , I g, us. (e, - a) t nf for all three distriburions.
b) For the Fermi-Dirac distribution, sketch N , I g, vs. e, for ?"= 0 and I slightly greater
than zero.



c) Show that for a system of a large number, N, of bosons at very low temperature (such

that they are all in nondegenerate lowest energy state t= 0), the chemical potential varies
with temperature according to:

p-+-kTlNasI-+0.

Modern Physics: Pick 2 out of 4

1. Consider an assembly of identical two state atoms in equilibrium with a radiation
field. The two states of the atom are labeled 1 and2 and their energy difference is hv-

state 2 has the higher enersy. Lnt p(v) =,yj\)denote the energv densitv

of the radiation field per unit frequency interval. The probability for stimulated emission
from state 2 to I and from state 1 to 2 are given by

W|r= Br,rP(v)

Wrt.r-- Br,rP(v)

The probability of spontaneous emission from state 2 is given by, W),t-- A.

a) What is the ratio N | / N z of the number of atoms in state 1, to the number of atoms in

state 2.
b) Show thatB2l = Br,z and use this to find the rutio A/B'
c) Explain briefly why it is necessary to have a non-thermal population distribution
between two states in order to achieve laser action.

2. A pion-muon atom (that is the two particles are bound together) can be forrned in KL
decay via KL ) pion-muon atom + neutrino.

a) What are the energy levels of the pion-muon atom relative to the hydrogen atom?

b) What is the lifetime of the pion-muon atom in terms of the pion and muon lifetimes?

c) If the KL is at rest when it decays, what are the momentum and kinetic energy of the
pi-mu atom?

Please state all answers in terms of the masses and lifetimes of the particles involved
(pion, muon, kaon, proton, or electron).

3. Find the energy Q, expressed in terms of the masses of the atoms Mp, M.' and the

electron m", liberated in B- and B+ decays, and in K-electron-capture if the masses of the
parent atom is Mn, the daughter atom M6, and an electron me are known. (Assume
electron binding energies are negligible)-



4. If two waves are to interfere, stipulations are that they must be traveling in the same
direction in the same region of space, and that their oscillatoryplanes be parallel. ff this
last condition is not met, something else will occur.

a. Suppose
Ex = Eoicos(kz- rn)
E, = Eoicos(kz-m)

What happens here? What do you see if the wave is traveling toward you?
b. Suppose

Et : Eolcos(kz- a)
Ev = Eolsrntkz- ax1 

'

Whathappens now? What do you see if the wave is traveling toward you?



2.

J.

Ph.D. Qualifying Exam.
statistical Mechanics, Thermodynamics and Mo dem Physics.

September 2004

Part L Statistical Mechanics Thermodynamics. @ick 2 out of 3) If you answer all thrree
note that only the first two will be graded.

1. A Carnot engine is operated between two heat reseryoirs at temperatures of 400 K to 300 K.
(a) If the engine receives 1200 kilocalories from the reservoir at400K in each cycle,

how much heat does it reject to the reservoir at 300 K?
(b) If the engine is operated as a refrigerator (i.e., in reverse) and receives 1200

kilocalories from the reservoir at 300 K, how much heat does it deliver to the
reservoir at 400 K?

(c) How much work is done by the engine in each case?
(d) What is the efiiciency of the engine in (a) and the coefficient of perfonnance in (bX

An ideal monatomic gas consists ofN atoms in a volume V. The gas is allowed to expend
isothermally to fill a volume 2v. showthatthe enhopy change is-Nkln2.

A mercury atom moves in a cubical box whose edge is I m\ong. Its kinetic energJ is equal
to the average kinetic energy of an atom of an ideal gas at 1000K. If the quantum numbers
n", r7y, and n" are all equal to z, calculafe z. Note that the atomic mass of mercury is 200.6
g/mol (hint calculate the mass of an individual atom).

Possible useful information
Boltzmannconstant, k: 1.38 x 10 -23 JK:8.617 x 10-5 eV/K
Stefan-Boltzmann constan! o =A[o=Ta :5.670x l0{ JK4m-2s-r' l1h3ct-
Planck's constant, h:6.62 x 10-3a Js
Speed of lighg c:2.99792458 x 108 ms-r
R: 8.34 x 103 J kmole-r K-r
dU: TdS - PdV
H:U+PV
F : U.TS
G: F+PV

Values of constan8 : h-6.63x10-a.r.s, ft =1.38x1 0-23 J / K ,
N e = 6.022x104 particles per mole.



Part II. Modern Physics and Optics (Pick 2 out of 4)

1.. Assume that the mu-neutrino vrandthe tau neutrino y.are composed of a mixture of two mass

eigenstates vrandv, , with masses ml andm2.The mixing ratio is given by:

f",) _fcos(o) -sin(e)[v,\
\",/ - \sin(o) cos(o) /\v,/

In free space, the states v1 andv2 ovolve according to

(lv r(x, t) r\ _ _*.,, ^("-'""'o [v, (o) t )
fl",(",t) ,)- " \"-*""p,(o) '/

a) Show tlrat the transition probability for a mu-neufino to turn into a tau neutrino is
given by:

PAt* ")= sin2(29)sin'l(nr- nrlt nnf

b) Show that in the extreme relativistic limit this result becomes:

PQt-- t) = sin'(2o1"rr'l(*l 't)st1t \,, L o* l
" Herq I is the distance taveled by the neutrino, and E is the total energy.

2. A proton is confined to a2D square well of size

F 5 F (10^-15 m) suchthat
V:-50MeV for0<xcD

o<y<D
and V:0 everywhere else.

a- Howmany energy levels are there inthis well?
b. What is the degeneracy of each energy level?
c. What is the approximate energy of the lowest energJ state? (and at least outline how

one can improve estimating the energy).

mass proton: 938 MeV/c^2 Hbar*c :197 MeV*F



3. An electron with p : 1 GeV/c strikes a proton at rest.
Their masses are 0.51 Meylc^2 and 93g MeV/c"2

a. What is the ma:rimtrm momenfum transverse to the incoming elecfion's direction that
the exiting proton can have?

b. what is the maximum total energy that the exiting proton can have?
c. What energy would the electron need to have to mate a rho meson, with mass of 770

MeV/C2? That is e+F>sFprrho.

4. For the waveform faveling in a dense glass
E(r,t) =Xt(+i.3il(u/*)"os[o.oa+rr x t06e +t.rtlnx ldsr]

a^ Determine the ildex ofrefraction of the glass.
b. Detennine the wavelength ofthe light in air.
c. Resolve the" Eo" into an amplifude times a unitvector.
d. Determine which directionthe wave is propagating.



Ph.D. Qualifying Exam.
Statistical Mechanics, Thermodynamics and Modern Physics.

January 2044

Part L statistical Mechanics Thermodynamics. (Pick 2 out of 3) If you answer all three
note that only the first two will be graded.

1) Calculate the total electomagnetic energy inside an oven of volume 1 m3 heated to a
temperature of 600 degrees Fahrenheit.

2) Anideal monatomic gas undergoes a reversible expansion from specific volume vr to
specific volume vz.

(a) Calculate the change in specific entropy As if the expansion is isobaric.
(b) Calculate As if the process is isothermal.
(c) Whioh is larger? By how much?

3) For N distinguishable coins the thermodynamic probability i, , =ffi, where

Nr is the number of heads andN-Nr ttre number of tails.
(a) Assume thatN is large enough that Stirling's approximation (lnn!-nlnn -n) is

valid. Show that lno is ma:rimum forNr : N/2.
(b) Show that @^o-eNro2.

Possible useful information
Boltzmann constant, k: 1.38 x 10 -23 J/K: 8.617 x 10-5 eV/K
Stefan-Boltzmann constan! o:5.670 x 104 JK4m-2s-1
Planck's constanL h:6.62x 10-34 Js

Speed of l^ight, c:2.99792458 x 108 ms-l
R: 8-.34 x 103J knole-r K-l
dU: TdS - PdV
H:U+PV
F : U.TS
G: F+PV



Part II. Modern Physics and Optics (Pick 2 out of 4)

1) A proton is confined to a 2D square well of size D: 5 F (10"t m) such that

V: -50 MeV
andv:0

for0<x(D,0<y<D,
everywhere else.

a- How many enerry levels are there in this well?
b. What is the degeneracy of each energy level?
c. What is the approximate energy of the lowest energy state? Give both the zeroth

and first order approximation.

Mass proton:938 MeV/c2 h*c:197 MeV*F

2) Consider a neufon star of mass M and radius R. Assume T: 0 K. Ignoring
gravitational energy and assuming a simple Fermi gas model, what is the ma:<imum
energy a neutron can have? What is the average energy of the neutrons? Do not
calculate actual values but leave in the form using the mass of neufion, mo, and other
constants.

3) A photon from the cosmic microwave backgfound with energy 1.2x10-3 eV
(corresponding to a wavelength of I mm) collides head-on with a relativistic electron
having kinetiCenerry 1 Ge\l The photon is backscattered i.e., scattered by 180o,

after which the electron continues to move in its initial direction. Find the energy of
the photon after tlre collision. What is the wavelength of the backscattered photon?

4) Consider a plane electromagnetic wave incident in the normal direction on a system
of nnarrowslits each separated by a distance d. Derive a formula for the intensity of
the soattering as a function of angle and wavelength in the Fraunhoffer
approximation.



Graduate O-*J?r"

Stat-Mech Pick2 of 3.

Problem 1:

Consider the Fokker-Planck equation for the distribution function f:

#*y, +q.ff = Q.(40*O(D.A),
urhere 0 denotes a gradient with respect to velocity v. Take a simple model of
dynamical friction and dimlsion: { = fy.and D = Dfr,, where F alrtdD ate constants

anA 1is the unit vector in the direction of y.

a- Describe the overall effect of the right-hand side on the evolution of the systern
b. How is the coefFrcient Brelated to the force fluctuations a constituent particle
e4periences?
c. Deduce from the Fokker-Planck equation bw B afr D are related for a system in
thermal equilibriurn

Problem2.

Consider the simplest model for desorption of atoms of mass m from a surface: one that
ignored the tanslational degrees of freedonl and takes the possible energy states of the
atom as -e (when adsorbed on the surfrce) and 0 when in the 'vacuum' at terperature
T.
*, Use the canonical ensemble for Natoms to obtain an eqrression for the number of
atdms inthe vacuum.
b. Wbat is the total energy ofthe system as a function oftemperature?

Problem 3.

Conduction electrons are confined in a metal at T= 300 K. The Fermi energy is 4 eV.
What is the relative density of states N(E) for energy of 4.4 eV compared to 3.6 eV?
What is the relative probability for anelectronto have enErgy of 4.4 eV compared to 3.6
eV?



F'- il 't c'6i

Modem/Optics Pick 2 of 4

Problem 4.

Derive Malus's law: Malus's law relates the intensityof light passing tbrotr$ttwo ideal
polarizers with their polarizing directions at an angle A with each other. Polarizers act
on the electric field vector (amplitude) of the light wave traversing thern An ideal
plafiznr passes 50% ofpurely unpolarized light incident on its surface, the remainder
being now polarized parallel to the plarizng direction
Now, armed with Malus's law, consider two ideal polarizers arranged so that a beam of
light passing through both finds the second one at an angle of 45'to the fust. Then a 3'd
ideal polarizer is inserted between them and rotated at angular frequency ar, Derive an
expression for the intensity ofthe light emitted from the system as a function oftime.

Problem 5.

Two neutrinos leave a supenrcva explosion at the same time. They arrive at earth a
distance L away separated in time by At. The first neutrino to arrive is found to bave
energy Et andthe second energy Ez. Findthe mass ofthe neutrino.

Problem 6.

The disintegration constant )" of aradioactive nucleus is defined as the fraction of nuclei
that decay per unit time. Let N(t) bethe number of nuclei present at time /.a. Derive the decay law, N(t): N(0)exp(-tr t)b. What is the relation between half-life Tn afr ,L2c. In an excitation experiment, a parent nucleusp is produced at arate.R, and decays
with a disintegration constant 2 p,to a daughter nucleus 4 whose disintegration constants
is La. At H, the number ofparent nuclei isifi0):N6oand the number of daughter
nuclei is ,va(0):0. Find nrlO and ila(Q for t>0, and show that after a long time, an
equilibrium is attained.

Problem 7.

An electron is in the spin state

a. Determine the normal 
^rr"^'"1"!r!^i)ob. Find the expectation values of S*, Sr, and Sr.



NIU Ph.D./Master qualifier examination 2003 Spring
Statistical Physics and Modern Physics

Solve 4 problems. Choose 2 problems from I, II and III, and choose 1 problem
from V and VI, choose 1 problem from IV and VII.

I Consider a nonrelativistic free particle in a cubical container of edge length L and volume Z
r3

-L

a Each quantum state r of this particle has a corresponding kinetic energy e,' which depends
on Z What is t,(V)?

b Find the contribution to the gas pressure p, : -(dqldV) of aparticle in this state in terms
^c ^ ^-) f/vL crdll(J v .

c Use this result to show that the mean pressure p of any ideal gas of weakly interacting

particles is always related to its mean total kinetic energy E AV V =1rlr, irrespective

of whether the gas obeys classical, Fermi-Dirac, or Bose-trinstein statistics.

II Consider a system of two atoms, each having only 3 quantum states of energies 0, e and 2e .

The system is n contact with aheatreservoir at temperature T. Write down the partition
function Z far the system if the particles obey

A. Classical statistics and are distinguishable.
B. Classical statistics and are indistinguishable.
C. Fermi-Dirac statistics.
D. Bose-Einstein statistics.

lll A certain gas obeys the equation oistate P(v - b) = RT" where r? is the universal gas

constant, andb is a constant suchthat 0 <b <Vfot allV.

a Derive an expression for the work obtained from a reversible isothermal expression of
one mole of this gas from an initial volume Vito aftnalvohsne V7.

b If the gas were ideal, would the same process produce more or less work?

IVFindthethresholdenergyfortheprocess,y+p-uo*p,inwhichasingle'zrmesonis
. produced when a photon strikes a proton at rest. The rest energy of the pion is 135 MeV and

the nroton 938 MeV.

V Take an ideal monatomic gas (y: 5/3) around the Carnot cycle, wherc point I atthe
beginning of the adiabatic compression has pressure Pr : Pa (atmospheric presswe), volume
Vt:13liters, andtemperatureTt:300 K. Point 3 has pressureP::2Po andvolume V3:26
liters. Calculate the values of volume and pressure at all four points of the Carnot cycle.



W An ideal gas initially at temperature, Ti, pressure, Pi and volume, V has its pressure reduced
to a final value Pi< Pi via one of the following processes: (1) isochoric; (2) isothermal; (3)
adiabatic.

a Sketch each process schematically on a P - V diagram.

b In which process is he work done on the gas zero?

c In which process is the work done on the gas greatest?

d Show that the ratio the absolute magnitudes of the heat transfers, Qi*t1,.r".-u1 to Qiro"1,o6" is
given by

e In which process is the change in internal energy of the gas the greatest? Explain your
reasoning.

VII The k-alpha radiation from copper tZ19) occurs via the following process- An incident
high energy electron removes an electron from the n:1 orbital and subsequently an electron
from the n:2 orbital falls down to the n:l orbital releasing an x-ray.

a Ignoring electron-electron interactions calculate, in units of the Rydberg constant R, the
energy of the Cu k-alpha x-ray.

b More realistically, the second 1S electron will shield the nuclear charge. Assuming
perfect shielding, calculate a better estimate of the Cu k-alpha energy.

c Discuss, in qualitative terms, how inter-electron interactions might modifu the Cu k-alpha
energy, beyond just the perfect shielding approximation.

d The energy of the Cu k-alpha x-ray is slightly modified by the electron's spin-orbit
interaction. This leads to a splitting of the k-alpha line into a k-alpa-l and k-alpha-2.

i List all possible values of total (orbital + spin) angular momentum for the n:1 and
n:2 states.

ii List all transitions from states with n:2 to states with n:l that are permitted by the
selection rules for atomic transitions.

iii Explain the observ'ed ratio of 2:1 for the Cu k-alpha-l to k-alpha-2 fluorescence
yields.
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