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1.  

a) Vout = E x R / (x R + (1 - x) R) = x E. (1p) 

b) tan θ = d/L , θ = (pi/2) Rθ / Rp , Vout =  (Rθ / Rp) E, d = L tan ((pi/2) (Vout / E)). (1p) 

c) Number of wire turns in the potentiometer: 1500 (pi/2) (500 turns per cm, r = 3 cm), approximately 2356 
turns. Distance expressed as a function of the turn N of the potentiometer is d = L tan ((pi/2) (N / 2356)).  

Accuracy is at its worst when the slide changes from one turn to another: (dN+1 – dN)/2. Depends strongly on 
the distance! One should get an expression resembling the last one (with the possibility of plugging in 
numbers) in order to get the point. (1p) 

Resolution: the slide can move from the middle of the turns N-1 and N to the middle of the turns N and N+1 
without the reading changing. Hence the resolution is: (dN – dN-1)/2 + (dN+1 – dN)/2, approximately dN+1 – dN. Any 
of these is OK. (1p) 

Sensitivity: Vout = (2 E / pi) arctan (d/L) , hence the sensitivity is (2 E / pi) (1 + (d/L)2)-1  (1p) 

d) The relation for accuracy that one gets in (c) is a bit tricky to treat without a computer. It is easier to think 
about the distance as a function of N, and define accuracy as d’(N) ∆N / 2, where ∆N = 1. The derivative d’(N) 
tells how much d changes with one wire turn. Now we get d’(N) = L (pi/2) (1/2356) (cos2((pi/2) (N/2356))-1.   
Requiring that the accuracy is 10 m (and observing that d’(N) is a monotonously increasing function), we get 
the limit is N = 2344, corresponding to 250 m. (1p) 

 

2. The why-questions do not give points, they are there to help the student in solving Vout. 

a) Vout = V- = V+ = 10 V (1p). Negative feedback, output does whatever it can to keep V+ = V-.  

b) Negative feedback, V- = V+ = 2V. Current in circuit I = V-/R10. (1p) Vout = V- + R40 (V- / R10) = 5 V- = 10 V. 
(1p) 

c) Negative feedback, V- = V+. V+ = V2 R2 / (R1+R2) (1p). Current in negative feedback loop: (V- – V1) / R1 (1p). 
Vout = V- + R2 (V- – V1) / R1 = V2 R2 / (R1+R2) + R2 (V2 R2 / (R1+R2) – V1) / R1 = V2 R2 / (R1+R2) + R2 (V2 R2 / 
(R1+R2) – (V1 R1 + V1 R2) / (R1+R2)) / R1 = (V2 R2 R1 + V2 R2 R2 – V1 R1 R2 – V1 R2 R2)/(R1(R1+R2)) = (R2/R1) 
(V2 R2 + V2 R1 – V1 R2 – V1 R1) (R1+R2) = (R2/R1) (V2(R1+R2) – V1(R1+R2))/(R1+R2) = (R2/R1) (V2 – V1). (1p) 

 

3. 

The experiment cannot be based on measuring time (1p). 

You need to be able to split the beam of light (you need to measure a distance between light spots), piece of 
glass at a 45 degree angle the beam of light is a good start (1p) 

Putting a mirror on the power drill is another good start (1p) 

You have a realistic way of making the light travel 2 x 29 m = 58 m – this takes about 190 ns (1p for this or similar 
reasoning). The 30000 rpm drill will turn 0.034 degrees (or 0.0006 rad) in that time (1p). So, if you shoot a beam 
of light at the rotating mirror that then reflects from a mirror on the wall at the other end of the hall and comes 
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back to the rotating mirror (given that you have aligned things well enough (also doable), at a distance of for 
example 2 m from the drill, will have moved 1.2 mm. Realistic. (1p) 

People can of course be creative, the point being that 3p are given for the demonstrating an understanding of 
the basic experimental possibilities and constratings and another 3p for demonstrating by performing 
calculations that the plan is feasible. 

 

4.  

a) The positrons will turn in the magnetic field with radius r = m v / (q B), in the way shown in the velocity 
selector figure (B at the viewer, positrons from below will turn right) (1p). Choosing 10 cm as the radius gives 
that the magnetic field needs to be B = m v / (q r). Now v = sqrt (2 E / m), where E = 10 eV. This gives 1.1 x 10-4 T 
as the required field intensity (simple to reach). (1p) If there is no mention of the distances in both directions 
needing to be equal (quarter of a circle in the figure), max 1p for this part (a). 

b) This part is rather tricky, as if taken seriously at 23 keV we already approach relativistic phenomena (23 keV 
is 4.5% of the energy equivalent to the rest mass of the positron). The students who point this out should be 
given some sort of special mention. It is, however, OK, to solve this problem without taking relativistic effects 
into account. Just to make sure: velocity at 23 keV without relativistic effects is v = sqrt (2 E / m) = 8.99 x 107 
m/s, with relativistic effects v = c sqrt (1-1/(E/mc2 +1)2) = 8.71 x 107 m/s – not too big a difference yet, but 
already 3% (and one should worry…). For 10 eV, v0 = sqrt (2 E / m) = 1.88 x 106 m/s. 

One has to assume that the accelerator structure produces a constant decrease in potential as a function of 
distance (constant electric field Ɛ). Hence F = ma = q Ɛ, and Ɛ = ∆ V / L where L = 20 cm, giving a = q ∆ V /m L = 
2.02 x 1016 m/s2. (1p, numerical value not needed). 

For constant acceleration, L = v0t + a t2 / 2. This gives (discard the negative t solution) t = (sqrt(v0
2 + 2 a L) – v0)/a 

= 4.4 ns. (1p) 

c) This is also a bit tricky, if trying to solve “exactly”. However, looking at the geometry of the velocity selector, 
a “hand-waiving” maximum angle can be estimated for the positrons that leave the source and still can go 
through the aperture. How to get points for this one: 

 - realize that positrons will be coming through the aperture with a velocity component perpendicular to the 
main direction, a good estimate that the largest angle departing from the main direction is tan α = 1/10. This 
means that the velocity component perpendicular to the longitudinal magnetic field is v0 sin α = 0.1 v0 (roughly) 
= 2 x 105 m/s. (1p) the points should be given for any reasonable estimate. Reasonable is also that there is a 
comment that positrons with an energy slightly different from 10 eV will also pass through the aperture, adding 
some uncertainty to the mix. 

- This perpendicular component is perpendicular to the longitudinal magnetic field of 2 mT. This gives a radius 
for the circular motion (in this plane) of r = m v / (q B) = 0.6 mm, roughly. This means that the tube doesn’t 
need to be much wider than the 1 cm in the aperture, just a bit in order to make sure there are no unexpected 
problems. (1p). It is important to understand here that the accelerator does not affect this issue at all. The 
radius becomes 3 cm at 10% of 23 keV velocity – something to worry about but very much wrong. This point 
cannot be given if the acceleration in the accelerator is in some way added to the velocity. 


