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Pan Pearl River Delta Physics Olympiad 2006
Note to graders:

e [f the final answer is correct and there are sufficient steps to show the process, give full
marks.

e [f the final answer is wrong, find the step(s) where mistakes are made and deduct points
there only. No repeat deduction of points for wrong answers being used for further steps.
This is the principle of error non-progressiveness which we follow here.

Q1 (8 points)

2
4m,m,

Kinetic energy of meson E, = >
(m, +m,)"(m; +m,)

4m,m,m,

Internal energy of meson E, = >
(m, +m;)"(m; +m,)

Suggested steps:

(1) Use energy and momentum conservation to obtain the speed of m; after collision with m;.

2m,m,

v, = E (2 points)

B (m, +m,)

The problem then becomes a pair of weights connected by a spring, with one mass suddenly
acquires velocity.

(2) Find the center-of-mass speed V. of my-mj3 system (mj is still at rest right after collision). The
kinetic energy Ex of the my+mj3 system is then (my+ms3)/2 times the square of V.. (3 points)

(3) The 'internal energy' E; can then be found using energy conservation, counting both the meson
and the electron after collision, or just counting the energy m; has after collision. (3 points)

Q2 (8 points) When the moment of inertia of the pulley is the largest, which means putting mass
along the edge. Then use energy conservation that the initial potential energy is equal to the kinetic
energy of mass m3 and that of the pulley. (2 points)

Moment of inertia [ = %M le +M,R ) points)

v=Rw (1 points)
M3gh:%1w2 +%M3v2 (2 points)

4M . gh
v= 28 (1 points)
M, +2M,+2M,

Q3 (10 points)
(a) Pressure is proportional to depth, and the total force is found by integrating the entire depth. The
force acting on the strip is

P = pgh (1 point)

H 1 2 .
F= deA =d IO pghdh = 5 pgdH (2 points)



(b)
Step-1 Find the shape of the liquid surface (2 points)

Method-1: In the rotating reference frame the inertia force is @’r, and the associated potential is

U zéa)zrz. The liquid surface is an equal-potential surface, and the gravitation potential is gh. So
the shape is a rotating parabola determined by gh +%a)2r2 = constant.

Method-2: The slope of the surface % should be such that normal force should balance the gravity
r

in the vertical direction, and give the concentric force for @’r in the horizontal direction. That leads
to the same answer as Method-1.

Method-3
F,=pA= AW, =-PAV  where AV =2zrArAh
F.=m@’r = AW, = m@’rAr where m = 27zphrAr
AW, =3 AW, =0 @)
= (27aphrAr) @’ rAr = pgh(27rArAh)
dh _Ah_ o
dr Ar g
(()2
=h= 2—r2 +C where C is aconstant. ()
8

Step-2 Determine C (2 points)
Consider the Volume during rotation,

R )
27[.'.0 hrdr =7R"H

2
27sz(ﬂr2 +C)rdr = 7R*H

2 p2
:C:H—wR
4g
2 2
{h:“’—(ﬂ—R—HH} 0
2g 2
2p2
For r=R, h:Q)R +H (1 point)
2p2
=t pea (PR my (1 point)
2 4g
The Amount of Extra Force is
2p2 2p2
AF = F=F =L pod| @R o @R 1 (1 poiny)
2 2g 4g

Q4 (12 points)
a) Use the ideal gas law,

P:R—(”LTL;”RTR), V=V, 4V V, uxh

=—*s° (2 points)
(n, T, +n,Ty)
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b) Energy conservation c¢=n,T,(0)+n,T,(0)=n,T,(t)+n,T,(t) (1) (1 point)
and O0=n,dT, +nydT, (1a)
Equal pressure leads to n, T, (t)V,(t) = n T, (1)V, (1) (2) (1 point)
dT, N dv, _ dT, N dv,
T,() Vo) T, V,(0)
Heat transfer plus work done due to expansion

(2a)

k(T (t)=T,(t))dt =dQ = —éRdTL -P)dV, = _3 RdAT, —n,RT, (1) v, (3) (1 point)
2 2 V,(®)

Finally we have V =V, (1) +V,(t) 4

From Egs. (1), (2) and (4) we get n,RT, (t)‘f—‘zi) =n,RdT, (®)] (1 point)

Also from Eq. (1a) d(T,(t)=T,(2)) = (1+n—R)dTL (6) (1 point)
nL

Put Egs. (5) and (6) into Eq. (3) M:—E[L+LJ(TL -T,)==pBT, -T,) (2
dt SR\n, n,

points)

2k [ 11 j " .
Where f=—| —+—|,and (T,(1)—T,(t))=(T,(0)—T,(0))e”". (2 points)
SR\n, n,

¢) Findouthow V, and V, changes with time.

The conservation of energy supplies another equation

Using Eq. (1)
T, (t) = L (n,T, (01— ™) + T, (0)(n, +n,e™)).

nR nL .
(1 point)
T,(t) = (1,7, ()1 — &™) + T, (0)(n, +nge™))
nR + l’lL
and V, , = P Tuie (1) (1 point)
MO (n, T, (6) + n, Ty (1))

Q5 (12 points)
(a) The E-fields in medium-1 and -2 are E, =E, +E,, E,=E, (I point)
a)l§=l€><1§",with E:kyo (1 point)

B, = g(EO —E )7 e (1 point)

=k ity .

B, =—EzZ,e' ™ (1 point)
w

Using the boundary conditions E; =EJ, B/ =B} aty=0, (1 point)

Dispersion relation k = ﬂ, (1 point)
c

one gets E,—E,=E,,and En —Eyn, =E.n,, (1 point)
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n, —n, . 2n,
n, +n, n, +n,

Solving the equations, one obtains r = (1 point).

(b) R=1 (1 point)
(c) Use (a) and find the phase of r with the given n; and n,. r= 1% (2 point),

Phase shift =45° (1 point).

Q6 (13 points)
Part-A  PV=nRT so the pressure goes to zero. (2 points)

Part-B
(a) k,d =2, where n are integers. (2 points)

hic he The whe .
b) E=— Yk =— Yn=—-n(n—-1)=——-n". (2 points
®) 2 ,5. "od ,57(. 2d (n=D) 2d @p )
OE  7hc
The force is givenby F =——=
SR DY od  2d°
The system energy decreases with increasing d so the force is pushing outwards. (1 point)
(c) Outside we have d =< (1 point), so F' = 0 (1 point)

(1.05x107 J5)(3x10° ms™")72[2000(2000 — 1)] 1

n*. (2 points)

d) F= =9.89x10™* Nm” . (2 points
@ 4 (1x107 m)? @r )
Q7 (15 points) o AS
(a) The torque is 7 :%nﬁ L X, :—%XO which is

perpendicular to i, (3 points) S
(b) The torque causes S » to spin within the x-y plane, (2 points)
and the angular speed is given by 7=S&. (2 point)
The angle of the y-axis is A0 = wAt = ,u_03 ;SAt (1 point)
4ma Angle

(c) Find how many electrons should pass to cause a particular y
spin to rotation from 90° - d@ to 90°and from @ find 180°

position of the spin. (£A9)dt =df = 2£bdx (3 points)
e

OO
dx _2bl Y7 ) ) > x
y=—= AG= O _blu; SAt 2 points
dt e 2en’a’ Hs @p )
2 3
@ 1=26/v="279_ (3 points)
Mo, SAt

Q8 (22 points)

Part-A
Place a point charge ¢’ at distance x from the center, which is at a distance r from a point on the
sphere surface. The distance of this point to charge ¢ is L.

Then I’ =R>+d>—-2Rdcosé (1)
r*=R*>+x*—=2Rxcos8 (2)
(1 point)




5

Zero potential on sphere surface => — = -4 (3) (1 point)
r

q
L
Putting Eq. (1) and (2) into (3) leads to
q* (R* +d* —2Rd cos6) = qg*>(R* + x> —2Rxcos 6) @
Equation (4) must be true for all angle 0, so

g% (R*+d*)=q*(R* +x%) (5) and

q'"* Rd cos@ = g’ Rxcos @ (6)

Solving Eq. (5) and (6), we get two sets of solutions.
Solution-1: x = d and ¢’ = —¢. Not the right one because ¢’ ends up outside the sphere.
Solution-2: ¢’ = —gR/d, and x = R’/d <R. Correct. (2 points)

Part-B

(a) q, =4me,RV (1 point)

(b) —qo and at a distance A on the other side of the plane. (2 points)

(c) The contribution of ¢; and ¢, is to make the sphere surface zero potential. The answer in Part-A

R’ R
can be used here. h, =h, ——, =— 2 points
2 0 Iy + hg q, 2 q, 2p )
R’ . R . .
(d) h2(n+1) =h, _m , (1 point) 9>ns1) :m‘hn , (1 point) gq,,,, =—q,, (I point)

-1 =& 92m92n

(e) Sum over all charges on both sides of the plane. F = >
47[80 m=0 n=0 (h2m + h2n )

(2 points)

(f) Using (a) and (d), define k,=h,/R,

h 1
k, =20 , (1 point
2(n+l) R 0 ko + k2n (Ip )
q —;q = ! ! 1 q, (1 point)
" kO + k2n—2 b kO + k2(n—1) kO + k2(n—2) kO + k2(n—3) ’

o o 1 1 1
Using (e) F=—4rneV>yY ¥
0 m:On:O(kO +k2(n+l)) (kO +k2(m+1)) (k —l_an)2

The force is proportional to V>, and depend only on the ratio of ko=R/ho. So the answer is 4.4 x

10" N. (1 point)

(g) Since all the image charges above the surface must be inside the spheres, the distance between
any charge outside the sample and those inside should be large than 2(h,—R). Then

=—47e,V>g(k,) . (1 point)

2m

R R 1
h,+h >2(h,—R). Sol = ——1 [« ——1 l=——I |, and onl
0 Ty (hy ) q>, ho+h 92n2 2(h —R) 92n-2 100 92n-2 y

the n = 1 terms should be kept. (1 point)
The total force is the sum of gogi, qogs, and gq;, or (01), (03), and (12) for short.

eV’ 1

F=—""—(1+—). 1 point

=E ( 5 1) (1 point)

2
(h) The terms in the expansion that are of the order of (ﬁ} =(107)" are (05), (23), (41),
. —
4 4 4
|F,  |=47eV’ 10 k3 + 10 —+ 10 ~ |<37e,V?10™ ! -
4 2 a0k, 117k, 4k, +17ky) (50)

So the relative error is at most 3x 10™. (2 points)



What are left in (g) in the force calculation is

-4 —4 -4 - -
|F,  <47e,V? 10 —+ 10 ~+ 10 —+> Y ! —( R ymn
4h2 " A(hy+h,)> Ah +hy)®  maaa(hy, +hy,)? 2(hy—R)

<4ze,V*10™ %+ >y 1 5 ( K )"

4(hy—R)*  m2n(2h, —2R)> 2(h, —R)

1 = 1 Y 1
<4meV10™ ————(3 +(z(—)") =37,V 10" ————
4(h, — R) 20100 (h, —R)

So the relative error is at most 3x 10™.



