
 
 
 
 
 

Final Exam for Physics 4052, Spring 2006 
 
 

100 points - closed book – calculators allowed - show your work – 3 hours 
 
Instructions:  Solve any 4 of the 5 problems below.  Each problem is 25 points.  Start 
each problem in a different page. Write clearly and neatly with a pencil (not a pen). Use 
an eraser. State your assumptions clearly. Use written words if necessary. 
 
Calculators are allowed but formula sheets or other aides are not allowed.  
 
 
1. Consider a 10-stage photomultipler tube which is operating at a voltage of 1150V and 
has a bi-alkaki photocathode.  The secondary emission factor (δ) at 1150V for this PMT 
is δ = 3.9. Figure 1 can assist you with this problem.  
 

a) How many electrons (on average) will be collected for every photoelectron 
emitted by the photocathode, assuming 100% collection efficiency?   

 
 

b) Suppose we observe a current of 24 nA at the output of the PMT when the 
PMT is illuminated by a light source emitting at 450 nm.  How many photons are 
hitting the photocathode on average each second?   
Recall that 1 C = 6.24 x 1018 electrons (or that qe = 1.6 x 10-19 C) and use the 
quantum efficiency chart below. 

 
 

c) We can combine the PMT with a crystal of NaI doped with Thallium (Tl) to 
measure gamma ray energies.  The gamma rays scatter electrons in the NaI(Tl) to 
create a shower which excites the crystal through ionizations.  NaI(Tl) produces 
about 40,000 photons for each MeV of energy deposited in it.  If we observe 
pulses of total charge 50 pC, what gamma ray energy is incident on the crystal?  
You may assume the scintillation photons all have a wavelength of 450 nm and 
recall again that 1 C = 6.24 x 1018 electrons. 

 
 

d) Suppose the high voltage drifts from 1150V to 1125V without our noticing. 
What type of error does this induce and how large is that percentage error? 

 



 
Figure 1 
 
=============================================================== 
 
 
2. Consider an ionization vacuum gauge.  In such a gauge, electrons are accelerated by a 
field and ionize gas molecules in the volume.  The ion current in such a gauge is 
proportional to the path length of electrons in the gauge as well as the gas number 
density, n.  For a single species of gas molecule, Ii = n ζ  l Ie.  For the purposes of this 
problem, we will take l = 50 cm and values of ζ   from Table 1 below. 
 

a) In a chamber filled with pure nitrogen, Ii/Ie = 1500.  What is the density of N2 in 
the volume? 

 
b) Suppose the volume were filled with 75% N2 and 25% He.  What would the total 

number density be for the same current ratio? 



 
c) While the measurement of the pressure depends only on the ratio of Ie to Ii, the 

error on the measurement depends on the absolute level of the currents.  
 
At n=107 cm-3 of Ne, what is the statistical error on the pressure measurement as a 
function of Ie assuming that we integrate the current for 1 second to determine the 
charge?  At what electron current is a 1% pressure measurement possible?  You 
may assume that the ionization is a Poisson process and that the error on Ie is 
negligible. 

 
Gas ζ  Ionization Coefficient (cm2) 
N2 1.2 x 10-11

H2 4.9 x 10-12

Ne 3.8 x 10-12

He 2.1 x 10-12

Table 1. 
 
 
 
3. Starting from the principle of maximum likelihood show that in the case of different 
standard deviations iσ  for N measurements  (i=1,…,N) the estimator for the mean ix μ̂  

is 
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μ .  Verify that in the limit σσ =i  for all i you recover the expected result.  

 
 
 
4.  a. Consider the sun a black body radiating at a temperature of 5780 K. This is 
indeed the temperature at the surface of the sun. Calculate how much power is incident 
on a unit area at the surface of Earth that is perpendicular to rays emanating from the sun.  

 
b. Assume that Earth is a grey body with an emissivity of 0.5, so that 50% of the 

power incident on Earth by the sun is absorbed. What is the equilibrium temperature of 
Earth?  
 
Some useful values and constants: 

Stefan-Boltzmann constant: σ = 5.67 x10-8 W/m2K4

Radius of Sun: 6.96 x108 m 
Mean distance sun earth: 150 x 109 m 
Radius of Earth: 6.37 x 106 m 

 
 
 



5. Calculate the power loading on a 4 K stage due to 20 wires, each of 8 cm long and 0.12 
mm diameter that lead from a 300 K stage to the 4 K stage. The wires are also heat sunk 
to a bath of 77 K. Assume that the wires between 4 K and 77 K are made of 5 cm long 
section of manganin and between 77 K and 300 K they are made of 3 cm long stainless 
steel. The thermal conductivity k of stainless steel (316) can be written as 

 Watt/meter/K where a=-1.4 and b=1.4 in the entire relevant 
temperature range. The integrated thermal conductivity of manganin between 0 and any 
other temperature T is given in the table below.  

Tbak loglog +=

 
T (K) 4 25 30 35 40 50 60 70 77 100 120 200 250 300 
K 
(Watt/cm) 

≈0 0.275 0.64 1.06 1.54 2.58 3.74 4.98 5.76 8.98 11.8 24.3 33.9 43.8 

 
 
 


