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2001 Semi-Final Exam
Part A — Solutions

Al. Each ball starts at rest and falls through a height /1o 1ts lowest point. which we will take as the
zero of gravitational potential energy. Applying energy conservation. each ball reaches its lowest
point with velocity

vy =4/20H .
The large ball collides ¢lastically with the Noor and the direction of its velocity reverses. Moving
upward, M collides elastically with m moving downward. [Letting v be the speed of m and J be the
speed of M after the collision and taking down to be negative and up positive, momentum

conservation yields My — mivy =myv + MV,
. Muv; —mv, —mv o
Solving for V V= {f—f = ) Vgl 4 )
M M

; i . 2 ) ; 2
Energv conservation yields: %Mvd‘ + %mur =1y +—.|,mr .

- i & 2 Z =
Inserting ¥ from the momentum egquation,

) i, 2 : i Loy
3 My,* + %un-d == M| Vg — —{u.,“, | i]':' + £
| : B4 | g™ |2
2 M &MV, —E.-Wv( —;M‘Ev : f1,+tj+,,M'—1u. + vdm+v + 5 Hiv
2 M M- :
. me - .
%mvﬂ:‘ = —-{; Zvdm{vd g 1'} t lgl b +2vdv + 1) + %mv“.

Multiplying by 2M/m
Mvd: = —EvdMI[vﬂ. bv) m[vhr: + 2vgv + 1=2] + M

Regrouping terms 0=(m+ MW= = 2vv (M — m)+ (m—3M)w,%
Selving the quadratic equation for v vields

TM-m+1IM) M-m+2M"
Vo= [m— Jl'nr = [ "'m—J\fzé‘f” )
M+ o M+m

Since we want m moving upward (positive velocity ). we select the plus sign.

(3M -m ] —

ve| —— |y 2eH .

|~. M+m §

Let # equal the maximum height aof the small ball above 1ts lowest position. Al wr's highest point its

kinetic energy is zero and
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The ball's height above 1ts mitial position 1s Ak = h- H.
% 2 gur - 2_ a2 _ 2
o H[‘}M 6Mm + m J'” ) uf M —6Mm+m® - M~ 2Mm —m J

M2y 2Mm+m® \ M+ 2:‘-'i’m+m2
; - .
& i = I|I'J
m:=H{ BM* — BMm ]z y SM(M —m) _ 8(1-m/M)

_.-"«i'z+’Z,"4".'Jrn+r1'72 f_4'1rf+r.r;|'}2 - {1+ me}z
* .
A2 (10) a. We will write the fields E;, £,. and £, due * 41 a Q
o gy, g,. and ., respectively, in terms of the usual i r
unit vectors fand}. See accompanying diagram. rli i L
E] i "jki'l' i :
fi ‘-T!i"
where & = Coulomb's constant. '%
= s i
E,=—ix 22
2 i !’32
- . - 2
Ey = —[:’ cosf + § stnﬂ}k—,\—‘:-i-—ﬁ.
| (n*+n?)
Noting that  cos@ = ——2 and sinf= #"i
g .2 2 5 z 2
‘lyliri +r2 \I"r] + F;l_
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==k q_a.p_{"f'.z.r_??‘}f—k ﬂf_.._._“?rl_?}
o o Ny [ P n 2 2\
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(5) b. The field at X will vanish if each component vanishes.
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{(5) c. The electrostatic potential at X is
Vﬁ-'kﬂ+k£+k : Q T
di n {r,*+ra_}‘)”
For the charges found in Part b
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{5) d. The total work is done by the electric force as a tourth charge g4 1s moved from infinity to the
point marked X is W= AU = —gAV =gyl Vy - V)= -q4(0-0)=0

AJ {5} a The resultant wave is the sum of the individual waves
wiz.t) = Asin(kz, — wr +9) 4 Asin(kzy —ar + 9).
lIsing the trigonometric identity provided
yiz.r)= AZCGEH(“&E; ~ it + @) — (ke —on + ¢'iﬂlsm[%(( 7, — 0 + @)+ (kzp - e + q&]]]
k [ &
Wiz} = _ﬁcas[;{z] = %) !sm[;(;l + o)+ 'p].

{4) b. The amplitude of the resultant traveling wave is zero if cns{i(z, - :ng = [}
This occurs when the argument of the cosine 15 an odd half-integer multiple of 1T,
k 2n+ 1 )
—Ar = i g for  n=0,1.2, ..
2 2
. 2 |2z 2n+|
Smee k='—_— ——{ ::L”_H )
A 2 A 2
20+ 1) .
or ﬂ\z:[ ”_’ lﬂ. for w=0.1.2, ..
o d
(4) ¢. The amplitude of the resultant traveling wave 1s maximum if cu.{;(.q - 33}] =4l,
This vecurs when the argument of the cosine 15 an integer multiple of 7.
2
E&“,:liﬂ:: i for wm=01.2, ..
2 2 A
Az =nA for =012, ..

{(#) d. The frequency does not change as the wave enters the new material. Letung A, be the
wavelength in the material

Yo — Yom
A A,
: = ! 120 m /s .
Solving for A, A = bt SR iy R P
v M0m/ls

Sk

(8} e. The reflected sound mtensity will be a minimum when the condition specified in part (b} is
mel. Az is twice the thickness (up and downj of the coating material and 2 is the wavelength in the
material,

gri e e

TE = A for n=01.2, ..
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L ii+|] Yem _ LH+!]: 20m/s [_?.J'I--”lZT"ﬁHZ

& f= 2 3.200 m)

Inserting the integers into the above equation, we hd‘fL
f= 1275 Hz, 3825 Hz, 6375 Hz, 8925 Hz

A4.(25 points) The sun's radius is Rs = 6.96x10" m and its surface temperature is 7= 5 80x10° K
The sun-Farth distance is Ry = 1.50x10'" m. Each set of reactions release 2 neutrinos and thermal
energy (=262 MeV = 26.2 MeV(1.6x107" I/MeV) = 4,192x10°" 1. The energy/neutrino ratio is
2.096x 107" J/v For a perfect absorber emitter. ¢ = 1.

The power radiated by the sunis P = e0AT" = e-cr(ﬂlrrngz}I“"_
‘The solar intensity reaching the Farth is

P eodmRiT {1}(5.67 %1078 1/ (s-m? - K*))(6.96 x 10° m) (5800 K)* L
f= 5 =1.38x10° —
Ags  ArRyy’ (1 50 %10 ) s+ m

To find the neutrino intensity £, divide the solar intensity [ by the energyv/neutrino ratio.
! 1380 1/ (5- m

2
v = = B } = 3,39 % H.]M 5-]??i
Ofv 20965100 17w

-2

The neutrino intensity is also equal to their velocity ¢ times their number density NV 1, =cN/ V.
v (6:59%10" lm ?Y8.00x107 m’)

; = 1.76x10°
¢ 30%10" m/s

Solving for N, N=

Al =
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Bl. a. (5) Using Gauss's Law the fieldis E =% giﬂ_i?l'— where & 1s Coulomb's constant and O, is
5
the total charge enclosed by a Gaussian sphere of radius r. Since b= r > @, (e = +(J. The field

direction is radially outward and
E= ;:% radially outward
r

b. {5) The total potential anvwhere in the region b 2 r = ais
-0),,2
b ¥
where the first term is due to the outer sphere and the second term to the inner sphere. finding the
difference between Vat r=aand Vatr = b,

V=i

= i p) 1
Lr=[k{£—?}+kg} [ k4 Q}m{‘J fcq———] (B1-1)
¢. {5) The capacitance is defined C= %
Inserting equation (B1-1) Ca—j; :‘} 5= ﬂ_{":i? )
iy B

d. (5) The work done in charging the capacitor to charge ) and voltage Vis W =10V. Thisis

. QF kb-a),
equal to the stored energy U=50V= -%(::- ; (?—:}L}z
FA7

e. (10) Since the capacitor has been disconnected from the battery without discharging the charge on
the shells is still . Using the subscript K to denote quantitics with the dielectric inserted, Ox = O

InE ¥, and C pot 1 K
4ne, dnKe, K
Therefore Ey =LK
Vi =17K
Cp = K¢
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For the stored energy Uy = %Q.&' Ve = .%Q {E

. ; : : ; : 2 . ,
f. (3} The magnitude of the fieldatb=r>a s £y = % = kgg‘—jx—} . Using Gauss's Law, the
[

total charge enclosed by a Gaussian sphere ot radius ris - (., = @/ K. This charge includes the

charge on the conducting shell +{? and the charge on the inner surface of the dielectric (.
Cone =0/ K=+Q+ 0y

#/€. Bt
Solving for Or, = —%_—]
g. (10 Since the capacitor is left connected to the battery Ve =F .
Sin¢e Vis unchanged so is £, Ex=E
The capacitance 1s independent of whether or not the battery was connected. Cy = KC
Additional charge flows onto the capacitor Oy = CyVy = KCV = KQ
The energy stored 1s U= JEQK Ve = % KOV = Kt/

Applying Gauss's Law to find the total charge enclosed by a Gaussian sphere with radius »,

Qene == +Qp =K@ +{p

Solving for On=-(K-1)
h. {5) The two halves can be considered capacitors in parallel. Each has half the capacitance it would
: < K K K, + K, Jab
have if it were whole. Therefore €=+, =1 j42 +4 L %( 1+ )
*kb-a) ‘kb-a) > k(b-a)

B2. a (5) The magnetic force is F=gixB.
Inserting the expressions for the velocity and magnetie field and taking the eross product.

]

F=glva, + r{uﬁa) x By, = B, (v, x i, + ravig X it, )

F= gB,(rwg, —v,iiy )

b. (5) At any instant the displacement is in the direction of the velocity while the force is
perpendicular to it. Therefore W=0
Or dW = F dl = Fdt = [V x B)-Fdr =0

¢. (8) The magnetic force does no work. The other force has an associated potential energy. Using
the work-energy theorem which reduces 1o conservation of mechanical energy,
I —
f;#+||"fo—U+K
Since the particle 1s nitially at rest, its initial kinetic energy 1s zero. K, =0

Substtuting the energy tlerms
L' ' + I&
——:_;—:E”n" — =&
Yo r
2 X

Where ve = (voit, + ranig)- (v, +rovg) = v,” + r'w



Combimng the last two equations

k fo ) i R emnoan
S Mo ——-T'f'—f?il[h",‘ broe® (B2-1}
Ko i -
- {7} The torque aboul the z-axis is T =

F % F=ri, « F. The other force £ =
no torque, since u, x i, =

— =i, contributes
e
I'herefore the net torque is due lo the magnetic force

= ru, x qﬂﬂ{rr;m voidg ) = —gB, rv 5

{5} The net torque is equal to the time rate of change of angular momentum. The radial
component of the velocity v, is equal to the time rate of change of r.

u'.{.

]u‘r p
=T =—gB,rv u 8,r . =—qB,— it
dar : A o X i
T
d(!+qﬂ— ra. =0
i L o
Or

pt ool 1 Y
where Cis a constant vector L.=C-gB8,5ru,
Dropping the vector notation since all motion occurs in the xy-plane

L=0C~ qBJlr

5) For a particle the magnitude of the angular momentum about the z-axis can be written
b 1
L.=mrimw,

Combining the last two equations

2 1 2
(=0 — —
me & gil, =
Or

93 1 bl
mriw+ g8 —=r" = C.
The constant ¢ can be evaluated in terms of the initial conditions

2 ? oy 2 L 2
m+quEr =mr m, +g8, —r
since the particle is initially at rest @, = 0 and

mr

2 L 2
mrow+gB, —r" =

[=} 3 t’J‘-
5 P 4 I. £l 2
Solving for @, we have o = qB“:(rI_; —r )

8
t = __c,? & [ .
ml p*
g (5} Atrhig,w=

=), Equation {(B2-1) become

b
R

(B2-2)

=t 5 e o
FG [
Bring the other k term to the lefl and substituting equation (B2-2) at rpn



i

or mulliplying by r,’r,*, k(r,* -

Canceling the common factor

and solving for

(B2-3)

h. {5) The particle will not reach the origin if r,,,> >0 From the preceding expression, this

+ Bl
occurs when b=,
q Hn'.l rl:lb
: Bk
or solving for B> 'T%
q %%
. l HSkm
Thus 18,|> = .| —
' 1\] q"
1. {5} Evaluating equation {(B2-2)
Balet
atr=r, wazq“[%—l =0
B r? 1
AL ¥ = Foin :%-5'—’ ",—I]
=ML Tun !
o _ . B : B
combining with equation (B2-3)w = % % ~1|=%x
2m| 2 B 2m
.?"ﬂ i 3 37 ]
\ q°8,°r,
. 8km . : i .
For large 8,, ———— is small. Using the binomial expansion
4" B,7r, _
' 8k 4k
&j-—:qBﬂ 1+ = ';nd_)z 4
2m 3 g B,°r, o gB,r,




