
Columbia University
Department of Physics

QUALIFYING EXAMINATION

Friday, January 14, 2011
1:00PM to 3:00PM

General Physics (Part I)
Section 5.

Two hours are permitted for the completion of this section of the examination. Choose 4 problems
out of the 6 included in this section. (You will not earn extra credit by doing an additional problem).
Apportion your time carefully.

Use separate answer booklet(s) for each question. Clearly mark on the answer booklet(s) which
question you are answering (e.g., Section 5 (General Physics), Question 2, etc.).

Do NOT write your name on your answer booklets. Instead, clearly indicate your Exam Letter
Code.

You may refer to the single handwritten note sheet on 81
2” × 11” paper (double-sided) you have

prepared on General Physics. The note sheet cannot leave the exam room once the exam has begun.
This note sheet must be handed in at the end of today’s exam. Please include your Exam Letter
Code on your note sheet. No other extraneous papers or books are permitted.

Simple calculators are permitted. However, the use of calculators for storing and/or recovering
formulae or constants is NOT permitted.

Questions should be directed to the proctor.

Good Luck!
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1. An open inverted cone has a height h = 10cm, and has a radius R = 3cm at its larger (upper)
end. It is filled with water of density ρ = 1.0 g/cm3. A small hole of radius r = 1mm is opened
at the bottom, and the water starts to flow out of the hole.

How long does it take for all of the water to run out? (Assume that the water velocity at the
top is zero, and that viscosity can be ignored.)
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2. The Large Hadron Collider (LHC) has recently started operations, with an initial center-of-
mass energy of 7 TeV (= 7000 GeV). Consider the process pp → H + Z + X, depicting
production at the LHC of the Standard Model Higgs boson (H) in association with a Z boson.
Consider the limit where you neglect X (which denotes whatever else is produced in the same
proton-proton collision) and make the approximation that all of the available energy goes into
the H+Z.

(a) Calculate the momentum of the Higgs boson in the lab frame.

(b) Assume the Higgs immediately decays into a b-quark and an anti-b quark (i.e. H→ bb̄).
If the b-quark lives for 1 ps, as measured in its rest frame, calculate the maximum distance
that it travels in the lab frame before decaying.

(Assume the following mass values: m(H) = 130 GeV, m(Z) = 90 GeV, m(b) = 5 GeV.)
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3. As shown in Figure 1, a small light bulb is suspended at distance d1 above the surface of the
water in a swimming pool where the water depth is d2. The bottom of the pool is a large mirror.
How far below the mirror surface is the image of the bulb? (Assume all distances are large
enough that sin θ = θ is a valid approximation, and that the index of refraction of air equals 1.)
Express your answer in terms of nwater, d1, and d2.

l
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d

Figure 1: A bulb suspended over a swimming pool with a mirror.
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4. Provide order-of-magnitude estimates for the following questions:

(a) We have heard it said by journalists that we may be able to identify extraterrestrial in-
telligence by observing visible light signals from aliens. The light would be transmitted
by lasers. Assuming that we need a photon per minute in our detectors installed on a 2m
telescope at Earth, provide an estimate on the power requirements of the alien laser. Is
this feasible?

(b) Estimate the minimum speed that you, a typical person, would need in order to run on a
water surface and not submerge.

(c) Suppose you are being sold a pocket size 20 megapixel digital camera with a 3mm diam-
eter lens, and a 35mm focal length. Does such a purchase make sense from the optical
point of view? Justify your answer.
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5. An otherwise empty cavity contains electromagnetic radiation (photons) in thermodynamic
equilibrium (temperature T ) with the cavity walls. The angular frequencies (ω = 2πν) of the
electromagnetic waves’ normal modes are ω1 < ω2 < ω3 < . . . < ωs < . . . < ∞.

(a) What is the most probable number of photons in the sth mode?

(b) What is the probability for finding ns photons in the sth mode?

(c) What is the average (or “expected”) number of photons in this mode?

(d) Which mode has the largest average photon number?

(e) Suppose the cavity were to be filled with a transparent liquid which, in the relevant fre-
quency regime, has a frequency-independent dielectric constant (ε) and a magnetic per-
meability (µ). How would the total photon energy in the container change? (Assume all
container dimensions to be large compared to the relevant o = c/ω.)

Section 5 Page 6 of 7



6. Suppose you discover a substance whose equation of state is given by p = 5T 3

V where p is the
pressure, V is the volume, and T is the temperature (note that the units for the constant “5”
must be Nm/K3). Your colleagues have carried out another experiment where they have found
that the internal energy is a function of V and T given by U(V,T ) = BT x ln

(
V
V0

)
+ f (T ) where

B, x and V0 are constants, and f (T ) is an unmeasured function that only depends on T . What
are the values of B and x? (In terms of constants you already know).
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General: HEP 
 
Question: The Large Hadron Collider (LHC) has recently started operations, with an 
initial center-of-mass energy of 7 TeV (=7000 GeV). Consider the process pp  H + Z + 
X, depicting production at the LHC of the Standard Model Higgs boson (H) in 
association with a Z boson. Consider the limit where you neglect X (which denotes 
whatever else is also produced in the same proton-proton collision) and make the 
approximation that all of the available energy goes into the H+Z. 

(a) Calculate the momentum of the Higgs boson in the lab frame. 
(b) Assume the Higgs immediately decays to a b-quark and an anti-b quark (ie. 

H bb ). If the b-quark lives for 1 ps, as measured in its rest frame, calculate 
the maximum distance that it travels in the lab frame before decaying. 

 
(Assume the following mass values: m(H) = 130 GeV, m(Z) = 90 GeV, m(b) = 5 GeV.) 
 
 
 
Answer: 
 
(a) Conservation of momentum  p(H) = p(Z)  p 
      Conservation of E then  E = E(H) + E(Z) = sqrt(p^2 + M^2) + sqrt(p^2 + m^2) 
 
 where E = 7000, M=m(H)=130 and m = m(Z)=90 
 
 Solve for p, after some algebra: p = sqrt[ (E^2 + m^2 – M^2)^2/(4 E^2) – m^2] 
 
 Plug in numbers to get p = 3498 GeV. 
 
(b) First consider Higgs rest frame, in which b and bbar have equal momentum, called 
p_b. 
 In this frame,  
  E_b = M/2 = 65 GeV 
  p_b = sqrt[ (M/2)^2 – m_b^2 ] which solves to 64.8 GeV. 
    
 
To get to lab frame, need to boost, with gamma = E(H)/M = sqrt (p^2 + M^2)/M ~ 26.9. 
 
MAXIMUM momentum of b in lab frame is when boost is in direction of b in rest frame, 
in which case p_b_lab = gamma (p_b + beta E_b), which is ~3495 GeV. 
 
Now calculate flight distance using delta(s) = gamma beta c tau 
 
  gamma = E/m = sqrt( 3495^2 + 5^2 )/5 ~ 700 
  beta ~ 1 
 
 So, delta(s) = 700 (1) 3E8 (1E-12) m ~ 0.21 m. 
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1 Optics Problem

As shown in Figure 1, a small lightbulb is suspended at distance d1 above the surface of the water in a
swimming pool where the water depth is d2. The bottom of the pool is a large mirror. How far below the
mirror surface is the image of the bulb? (Assume all distances are large enough that sin θ = θ is a valid
approximation, and that the index of refraction of air equals 1.)

Water

Air

Bulb

d1

d2

Mirror

Figure 1: A bulb suspended over a swimming pool with a mirror.

1.1 Solution

Figure 2 shows the refracted and reflected rays. Applying the law of refraction yields

sin θ

sin θ′
=

nw

nair
, (1)

where nw and nair are the indices of refraction of water and air respectively. This reduces to θ′ = θ/nw.
We are looking for a distance d below the mirror where the image I of the object O is formed. In the

triangle OAB we have
|AB| = d1 tan θ ≈ d1θ (2)

and in the triangle CBD

|BC| = 2d2 tan θ′ ≈ 2d2θ
′ ≈ 2d2θ

nw
. (3)

Finally then, in the triangle ACI we have |AI| = d + d2 and therefore

d = |AI| − d2 =
|AC|
tan θ

− d2 ≈
|AB|+ |BC|

θ
− d2 = d1 +

2d2

nw
− d2 (4)

2 Radiation Pressure Problem

A small spaceship whose mass is 10,000 kg (including two astronauts) is adrift in outer space with negligible
gravitational forces acting on it. If the astronaut turns on a 10 kW laser beam, what speed will the ship
attain in 10 hours?

2.1 Solution

By momentum conservation:

∆p =
∆U

c
=

P∆t

c
, (5)

so that
v = ∆v =

∆p

m
=

P∆t

mc
= 12× 10−5m/s. (6)

(The question being of course how many students would try to solve this by energy conservation and get
a very wrong answer.)

Randy Torres
Typewritten Text
Sec 5 - 3



Figure 2: A bulb suspended over a swimming pool with a mirror.
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