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Part-1 (Total 6 Problems) &-1 (4 6 EE_TE
(9:00 am — 12:00 pm, 02-14-2008)

Q.1 (4 points) & 1 (455 ) A nucleus-A with mass ma and initial velocity v, along the x-
axis collides with a nucleus-B with mass mg at rest. Some kinetic energy E is absorbed by
nucleus-B and converted into nuclear energy during the collision. Since E << m,c® where ¢
is the speed of light in vacuum, the change of mass of nucleus-B can be neglected. After the

collision nucleus-A moves at an angle € = 90° to the x-axis. Find the speed of nucleus-A and
the velocity of nucleus-B.
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Q.2 (6 points) fH 2 (657)
Two large parallel conductor plates are held at voltage difference V at distance d apart. A
large dielectric slab of thickness d/3 and dielectric constant ¢ is placed midway in the gap
between the plates and is moving parallel to the plates at speed v (<< speed of light).

(@) Inthe reference frame where the plates are stationary, find the magnetic field in the
middle of the upper air gap, in the middle of the slab, and in the middle of the lower air
gap.

(b) In the reference frame where the dielectric slab is | |
stationary, repeat (a).
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Q.3 (7 points) 3 (757)
An electron has intrinsic angular momentum | called spin, and a permanent magnetic dipole

moment M = —Zg—ef associated with the spin, where e is the positive electron charge, m is
m

the electron mass, and g is a number called g-factor. An electron with its spin aligned along

its initial velocity in the x-direction enters a region of uniform magnetic field in the z-

direction. Show that if g is exactly 2, then the spin is always in the same direction as the

velocity of the electron. (The real g =2.00232... . The deviation from 2 can be calculated
precisely by quantum electrodynamics.)
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Q.4 (12 points) g 4 (1257 )

Near the Earth’s surface, the atmosphere could be considered as ideal gas at constant
temperature T = 300 K and in a uniform gravitational field g = 9.8 m/s°. The mass per mole
of “air’ molecule is m = 0.029 kg. The gas constant is R = 8.31 J/(K*mol).

(a) For stationary atmosphere, set up a differential equation that relates the pressure p(h)
at height h with the gravitational field g, the atmosphere mole number density po(h),
and mass per mole m. ( 1 point)

(b) Using the ideal gas law and the result in (a), set up a differential equation for the
pressure p(h) as a function of height h. (1 point)

(c) Assuming that p, is the pressure at h =0, solve the differential equation in (b), and

find the height where the pressure |s— (Hint: j— In|x|+ Constant )
(4 points)
(d) In the case of wind with constant velocity v blowing in the atmosphere at all height,
2
the differential equation is approximatel dp , mv_dp =-mpg . Find the pressure

dh 2 dh

p(h) at height h. (3 points)
(e) In (d) the effect of Earth spinning is ignored. In general, any object moving at velocity
v on Earth will experience an additional ‘inertia force field’ f,, =2QxV , where Q is

the angular velocity of the spinning Earth, in addition to the gravitational field g.
Verify that the inertia force field can indeed be ignored even in the case of typhoons
where the wind speed is up to 500 km/hr. (1 point)

(f) Using the wind speed in (e), find the height where the pressure |s . (2 points)
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Q.5 (11 points) gE5 (1157)

A uniform solid sphere with mass M, radius R, and moment of
inertia | :EMR2 around its center is initially rolling without
slipping on a horizontal surface. The speed of its center is v. It

then encounters a ditch of width d such that sin 8 = Zd_R as shown

in the figure. For convenience you may use ¢ and R to replace d
in the following calculations. The initial speed v is smaller than a
value vimax such that when the sphere arrives at the near edge of the
ditch at point-A, it falls off while keeping in touch with point-A
without slipping, until it hits the other edge at point-B.

(@  Find the angular speed of the sphere right before it hits point-B. (3 points)

(b)  Find the maximum initial speed vVimax that the sphere can keep in touch with point-A
without slipping before it hits point-B. (2 points)

(c)  Assuming no slipping when the sphere hits point-B, find the minimum initial speed
Vmin SUch that the sphere can get over the ditch. (4 points)

(d) To satisfy both the conditions in (b) and (c), the angle & must satisfy f (8) >0.
Determine f (6). (2 points)
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Q.6 (10 points) fE 6 (1057)

Consider a big block of mass M; placed on a smooth horizontal surface with a hollow
rectangular cave carved out in the interior, as shown in the figure. Inside the cave are a spring
of force constant K with one end attached to the wall, and a smaller block of mass M,

attached to the other end of the spring which can move on the smooth horizontal cave surface.
The natural length of the spring is about half the length of the cave. When the small block is
moving relative to the big block it never hits the wall of the cave. Both blocks are confined to
motion along the x — axis. A periodic external

force F(t) = F, cos(wt) is applied to the big

block which can push and pull the block. Let —»
the position of the big block be X;(t), and F( W\/\/l
since the interior of the big block is hidden
from the external observers, the effective mass

2
of the system is then M, v ((t)) where X, (t) = % is the second derivative of X;(t) to
1

time.

(a) Assume that the two blocks are in simple harmonic motions at the same frequency as
that of the driving force F(t) , find the effective mass of the system. (7 points)

(b) Find the range of frequencies in which the effective mass is negative. (3 points)
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Pan Pearl River Delta Physics Olympiad 2008
2008 Y= YW HIE ERPIERAT o lghE
Part-2 (Total 3 Problems) &-2 (# 3&)
(2:30 pm —5:30 pm, 02-14-2008)

Q1 Point charge in a magnetic field (16 points) Rf 1 &} IEIGJFJ“%%:&%‘ (16 57)

A point charge —q (g > 0) with mass m moves without friction inside a region of magnetic
field given by B = B, 32 (a, Bo > 0), where r = /x* + y? is the distance from the z-axis. At t
r

=0, the initial position and velocity of the charge is (x=a,y =0, z=0) and (vx =0, vy = Vo, V;
=0), where v > 0.

(@) Show that the particle always stays on the xy plane. (1 point)

(b) Find the initial speed at which the charge should be launched so that it can perform
circular motion around the origin. (2 point)

(c) To obtain the motion for arbitrary v, set up a differential equation, in the form of

dL . .
P constant, for angular momentum L of the charge with respect to the z-axis, and
r

solve the differential equation. If you cannot determine the constant, just assume it is
known and solve (d) and (e).
(Hint: Ax(éx E) :(A- E)C—(AC)E ) (5 points)

(d) From the result of (c), find the distance of the charge from the origin when it is
moving in the tangential direction (V L r). Find the minimum v, above which the
charge can never move in the tangential direction after it is initially launched. (5
points)

(e) Find the distance from the origin when the charge is moving in the radial direction (V
parallel tor ). Find the minimum v, above which the charge can never move in the
radial direction after it is initially launched. (3 points)
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Q2 Electric Fan (16 points) gg ﬁ (16 55)

Consider an electric fan with moment of inertia | around its central axis initially rotating
about the axis at constant speed ax driven by a motor. The fan will slow down once the motor
is turned off and finally stops due to the friction forces from two sources. One is the fixed
torque 7 due to the friction between its rotating central axis and its holder. The other is the air
resistance on the fan blades which is proportional to the instantaneous rotating speed a(t), so
the air resistance torque is ya(t), where yis a constant.

@ Theory

(a.1) Write down the differential equation for the instantaneous rotating speed a(t) of the
fan. (2 points)

(@.2) Given the initial speed o, , the time it takes for the fan to stop (ts) can be expressed as

t. = A-In(1+ Bw,) . Determine the constant A and B in terms of I, 7, and y. (4 points)

(b) Design of experiment
Suppose the initial speed of the fan can be so slow that In(1+ Bw,) = Be,, or can be so fast

that Bew, >>1. The initial speed of the fan can be set and read from the meter on the fan

controller. You are also given the following items: a ruler, a stop watch, and several pairs of
small known mass blocks (about 1/10 the mass of the blades) that can be firmly attached to
the blades of the fan, but their air resistance can be neglected. Design an experiment to
determine 7, y and I. You should state clearly what data are to be collected and processed,
what plot(s) should be drawn, and how to extract the parameters from the plot(s) to reach the
final answers. (10 points)
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Q3 Negative Resistance Instability & Zero Resistance State (18 points)

B3 IR PRCEAIEREIGE (18 57)

Two years ago it was discovered that the resistance of a semiconductor device containing two
dimensional electron gas becomes negative when it is in a constant magnetic field and under
strong microwave radiation. Because a system including the device and other circuit elements
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such as normal resistors, capacitors, inductors, and voltage sources will be unstable (violating
the second law of thermodynamics) if the total resistance of the system R, is negative, the

system reorganizes itself into a new state with zero total resistance. The resistance of the
device can be expressed as a current and charge dependent resistance

e

where R ,>0 so that the resistance is negative when the current passing through the system
I or charge storing in the system  is small, and becomes positive when there is large enough
current or charge building up in the system. HereR ,i_,q, are constants that depend only on
the internal structure of the device, the strength and frequency of microwave radiation, and
the strength of the magnetic field. When R, is connected to other normal circuit elements

like capacitor, normal resistor, inductor, and voltage source, the usual Kirchhoff’s circuit
laws still apply, and we seek steady-state solutions only.
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a) We start with simple systems. =% {1 it o 47 <

(i)  When R, is in series with a normal resistor with

resistance R, find the DC current and the voltage drop
across R and R, . (Consider both cases when R >R, and R, L

R <R,.) (2 points)
R, W*ﬁ%émRmﬁ’?%%uﬁw@mﬁR\ "
FfOFESe (FHRR > Ry Al R<RFRVETIN <) (2 57)
(ii) When R is in series with a normal inductor with inductance L, find the DC

current and the voltage drop across Land R,. (1 point)
R - ﬁj L I R RSO AL Rx RS- (153)

(iii)  When R, is in series with a normal capacitance C and a DC voltage source V,
find the minimum voltage V needed to make R, =R, =0. Also find the DC

current and the voltage drop across C and R, . (Hint: The charge q on the
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RNL
capacitor is the charge stored in the system that L I I
determines the value of R, .) (2 points) v
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b) Now a small AC or DC voltage source V, is added in the above circuits. In the
following calculations of the contribution of V, to the additional current and/or charge
on top of the original ones, keep only their first order. In the cases when the small
voltage source is AC, you should set up differential equations first.
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(i)  When R, is in series with a normal resistor with resistance R and a small DC
voltage source Vo, find the DC current. You should
consider both the casesR >R, andR <R, , separately. Ric
(3 points) - R
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73)
(i)  When R, is in series with a normal inductor with Ry,
inductance L and a small AC voltage source with .
amplitude V, and frequency w, find the current L
through L and R, (3 points) Vo
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(iii) A small AC voltage source with amplitude Vo and - 1
frequency  is added to the circuit in part-a(iii), find V, C
the charge on the capacitor. (2 points) (% VT
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. . . . RNL
(iv)  Consider an LCR circuit with R, as the resistor in the L

(v)

presence of DC voltage source V, find the current in the C

circuit. (2 points) L \%
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A small AC voltage source with amplitude V, and h
frequency o is added to the circuit in (iv). Find the v C

current in the circuit. (3 points) 0 L \

| QO S Ol 5 Vo ) €3
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THE END 5



