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2003 Semi-Final Exam
Part A — Solutions

Al a, Setung the mass imes centripetal acceleration equal to the gravitational force

o

§ LM
m— ={—

roor
i @ (M
Solving tor speed U= ".,l‘— .

!
o lGM
and multiplving by mass to get the momentum p=my= ml;
b

b. To escape from the star the total energy must be al least zero, Writing the escape speed v,
: o Mm
" = (r-
3 .
Solving for v, and multiplving by mass to get the needed momentum,
(2GM .
II' - '\.'IEJE}.

L

This is greater than p above, so the impulse must be in the direction of p.

p.=my =m

[=p -p={~N2-1)p

¢. Sipee angular momentum [ = mur must be conserved. the only way 1o crash into a star with
R =01is with L =0. The satellite’s momentum #ve, must be slowed to zero.

—-

L=mv - p=0—p==p.
d. Lettung v, be the new speed at orbital radius r and v be the speed at stellar radius £ angular
maomenium conservaton yields

v = e R

Solving for vy = (AlL-1)
- w TR '
Mechanical energy is also conserved.
Ly o oMm . Mm
Spn == S =l ——
2 - 2 MV "
Regrouping terms and canceling m.
MM
G —G—=dy =L
R r = ]



‘ h i 32
Substituting {Al-1) ".;G.-’L;f| . syt l| —v*
\_R J"_J ! I-_.!l?__-' :
20 M S T S
o in=Rf= i~ 1)
Multiplving by # and dividing by {r— &)
26M v
=——(r+R]
) r R
Solving for v and multiplying by mass to get py,
oo, | 26MRlGM [ 2 (2
=myv.= L Mo l— = n |—
He Ty et R) Y :
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¥ ! \| L= *\: 14
: I R
This is less than the original orbital momentum. Finding the impulse,

| L |'l I' .\l
ey = b= = Py =R A |
B R Vit riR U NI
A2, a. By symmetry the current through resistor | ! 3

and 3 is the same. No current branches off through
resistor 2. Simalarly no current Hows through resistor A

7. The cireurt reduces to that shown to the right. i 5
Each branch has two resistors in series for a total
series resistance of

R =2K.
The three branches are in parallel, so the equivalent resistance is
1 | | 3

!
R, 28 2R 2R 2R

1
Therefore R, = i R

b. By symmetry the current through resistor 2 and 4 is the same. The current through resislor 5 is
the same as that through resistor 7. The circuit reduces to that shown below, The series
combination 5 and 7 has resistance

H_*:._, = ?,R B _1
This combination 1 in parallel with 8. | |
- l __]__ " 3 _
R, R 2R 2R 2 5
This combination i= in series with 3 and 6.
e NETEY
Rahuﬂi:R'}-R ’"ER—?H |
This combination is in paralle] with the two other
branches, 5
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—_—— e  —— — i ——
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A3 a. The slab has infinite extent in the x and y direction. Therefore the magnetic field B can
depend at most on z. By the right hand rule and svmmetry i 15 to Lhe left for positive z and to the
right for negalive z.

B —B{:_}_:" 250

B=+8(z)] a0
B can be found from Ampere's law. To find B outside the slab, z > £.:2, use the loop shown in
Figure a. The luop segments parallel to the z direction are perpendicular to B and will rot
contribute,

Figure a e -

s
$B-di =,
Bu + Bw = (1 wid)
B=LuiJ for [¢]= £./2.

Lo find B inside the slab. z < £/2, use the loop shown in Figure b. Once again, the loop segments

parallel to the z direction are perpendicular to B and will not contnbute.

jgﬁ wdl = 2
Dw + Bw - (2z0f)
B=p s for |z< L/2.
Including the direction, B=iu Jij -Li2>1z,
!;':—,uﬂ,a’::;' # Ll Ewgm—L 17,

-

B=—tully >Li2

b in the region of the loop, B is uniform., 8= —fT,H,_Jf-:" . The foree on the top scgment 15 equal
and opposite to the foree on the bottom segment. The force on the left scgment it equal and
upposite to the force on the right segment, ‘The net toree on the loop (s zero.

'F:llm' = ﬂ'
The net torque is given by T, =lx8
where ji, the magnetic dipole moment is j — 144 = h;:[::;usﬁf + sinﬁﬁ'}.



B f(!zlfL‘-ﬂSﬂf +sinéh ) x [— 1 ;LI,JL}J
Tos —ll_u,_JLm‘{;msﬁf % ) +sind « ;)
T, = ‘pdia’costk

¢. B is unitorm so the flux through the loop 1s
b= RB-An=- ‘l-pl,.H..f - u"{-::msﬁ‘f + sini?}')
D=1y itasinf

: . Aq 2 :
Using Faraday’s Law, the eml E=- i 4 pt Latsin H&{ ;
A T At
The emf is also E=if= ii;gh’
At
where R-{4als.
AQ 1 AT .Y,
—=—n La sinf—=——u La"sinl{i—
Ar Wn"u Ar Sr;S'I ‘ Ar
Since .J has been reduced to zero over time 1 the charge @ flowing in time T 1s
pald
= sinf

Ad. a. Process 1— 2 lakes place at constant pressure. The work done 1s

H'Illl 47 = Pjv
For a constant pressure process, the ideal gas law vields PAY = nRAT
and W, .=nRAT = (0,10 mn]}{fﬁ'..’ﬂ 1 /ol K400 K - 300 Kj=+8311.

Process 2 — 3 is adiabatic, 2= 0. Combining this with the first law of thermodynamics,
=W +ALL
The work done 1s the negative of the change in internul energy.
W, .. =-All = -nC AT =-nC, (T, - L}
Since process 3 — 1 is isothermal. fo=1=300K,
And W, . =—{0.00 mal)(33 5 1 /mol K)(300 K - 400 K) = +335 1,

For the wsothermal process 3 — |, the work dene 1s

W, . =uakT ]t‘{

_|
Yi
Sinee 2 -+ 3 is adiabatic, P = pe
. C, 419 5
with ¥ = el Combimng this with the ideal gas law pV = rRT,

nRTV, ' = nRTY, =

molving for 1y, ! ' T ||Lr it
Fry a00
v, =| 2| =| | | (0.0157 m*) = 0.0496 m’
T, ) 00 )

4



SO0118
i |= 3587,

Finally, W, = (010 mol)(8.31 1 /mol- K)(300 K}
: : C 00496 )

b. The efficiency is the total work done divided by the heat input. Heat is input during process
| — 2 and leaves during 3-» 1. _
0, =0, =nC,AT=(0.10 mol}{41.9 J /mol- K100 K} = +419 J
W =W o+ W+ W - 83743351 - 358 1=60]
fil} .
i e
419



—

AAPT | UNITED STATES PHYSICS TEAM
AIP | 2003

2003 Semi-Final Exam
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Bl a Squaring the relativistic expressions for & and p,

2.4 22
mo o ey
g S p = ! _
1-(v/c)” |—(vic)
H ¥ o 3 ] " .,
Multiplying the p* equation by ¢ and subtracting from £*
I | T 2.4 2
- 3 iny me” T moe ([ (v "r'r-':-l ]
Erptiph= : = = O L S
I-(vic) 1-(vic)" 1-{v/fe)”
Ef={ep) + {mrzr
b. Since A isalrest, E, = r.rJ__.||f'2 = 1000 MeV and p, =0
r e 1 ST 7
and epp =y Egt —mpict = 4/(700 MeV)® - (500 MeV)” = 490 MeV .
By conservation of energy and momentum,
Eps = Ey + Ey = 1000 MeV +700 MeV =1700 MeV
e =cpy T opg = 0+ 490 MeV = 490 Me V
3 i 2 | 2 ¥ _.] = T N .-2
I'hus Mt " = B = (e ] = 411700 MeV ] — {490 MeV)* = 1628 MeV .
¢. Again, using conservation of energy and momentuni,
Fot Ey = Fea
,:'Ifj'r,. + ,|"l|l".*-r = ('Ir]“--.a.
Since the gamma 15 massless, Er: ' I:-L',a:.J |" 1t is enitted along the direction of travel of C*, so we

select the posiive rool, P, = £, . Thus, rearranging.
Er=E-«—E,

Effe: = Cfpes .F','.r.
: 2

We need a fourth relationship, E-*-lep-) = (m(---‘:} ;

a -

{Ef"' — by .}_ = [:r"Pr i 1"-',, r = (n!;-r-:}z
2 v ¢ PR

Ec?=2EpoE, « B, ~(epe-) + 20pco B, — B, = mee?)

L

2

Ecu® —(cppe ) +26ppa Ey — 2804 By = (mec?)



2003 Semi-Final Exam Fart B Solutions

Sinee E'{_.l- I:L'I_,FL.,]-: = (m.k..cl}":..
the prior equation becomes, [Tmr.-r::':]‘l 2E,(E.. - cppu) = ( m Cr?:]z
T4 3 1= " 1
(moc®) - (me’) (1628 M) — (1300 Me V) SR
= - = - - = Me
ST o a—— (1700 MeV - 490 MeV)

d. Let the gamma be emitted at an angle €, to the axis, and C at an angle 6., We measure the two

angles on opposite sides of the axis so that both are in the interval [0.7 ]

From conservation of energy,
Lo =Eeru— .’-,'r = 1700 MeV - 300 MeV =1400 MeV ;

|l ot s i ) a
thus epe = Ec” {mee” | = (1400 MeV)” — (1300 MeV)” = 520 MeV
And again, cp, = B, = 300 MeV .

5 ) p,sinf = p.osinf. =0
Then from conservation of momentum. ;
p,eosfl +pocosf. = p.

Rearranging,
' a 1 2 2
{;;ﬁ sin EJL--:I" +{p(_~ L‘.U.k;b"t-}‘ = (Ir?}, 5in IS’],) + I:p[—;. =P, CDSG},)
pf-z = pmz tp, 5 2pcepy cost,
W - pet (490 MeV £ ) (300 MeV /e — (5 Vi)
cosh, < PO TP T PcT (490 MeV /e)” +(300 MeV /c)” —(S20 MeV fe)” _ o,

J 2P Py 2(490 MeV /2200 MeV /)
6, = cos 1 0.204 = 1.365 rad.
: 300 MeV /c
Then, sm- = ilrlt:in = o
P 520 MeV /e
‘Thus, f}- = 0601 rad.

sn1.365 = (0,565
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B2. a. The field is spherically symmetric and radially oriented. Applying Gauss's Law Lo a sphere
of radins r,

Therefore E(r):

b. Consider the small amount of fluid before it is replaced by the ball. It is in equilibrium. The
electrostatic force #p on the small amount of fluid due to the field is balanced by a force exerted by

the rest of the fluid which we shall call an electrostatic buoyant force £y,
Fy+Fy=0

- - - { j o 4

Fg=—Fp=—qE& _{PV)| =¥ | = "
oaEy 31‘."'[]

where V' is the volume. When the flwd is replaced by the ball, there 1s no longer an electrostatic

force on it and the buoyant force Fp is unbalanced and the pet force acting on the ball. Using

Wewton's second law with m =817,

. V.
oV = —j_:— — 1
3,
A L (B2-1)
e

The motion is simple harmonic motion.  Examining the initial conditions, the motion 18 ane-
dimensional in the x direction. 7{r) = x{¢)s .

¥ = %
_+ 7 |

i, = - |x.
| 3ED

x(t]= x,cosex where = ——,
,.I.Il'.-i-'_-'."llﬂ
and Flr) = X COSON,
. . 2 }i]: - =
¢. Now the nat force 1s F= Ti'r + mg
AL,

gt
Since the ball is once again released from rest at 7 = x,i, the motion 15 onee apgain one-dimensional

in the x direction. 7(1) = 1{r}; and
2 X ;
m 3
ma, = - E —— |.r, + mrrye - —mm‘[ M=
3 0 Lo

s

|

&

i E 2
Leting x'= x - —, and noting that a, =a, .
)

a,.=—m a

Lad
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L.e., x' undergoes simple harmonic motion with the same frequency. Again, examining the initial
conditions, we must bave

v b
o) = ' {Meosar =| x,— i, |c+::5rm
! i

4

v T .'|
e xft)= 5 |C{‘IS1']'JI + =
iy o

L o’

Ao

F[;j: | X, = i‘ |L‘.{}Sn‘lf | iz i
&= o

: . . ; . R 3 4,
d. (1) Returning to equation (B2-13 a=—- 1‘-—, F=—r where = — =
36,0 ig, 0
Writing Fr) = x()i = y(0)] + e}k
vields a separate simple harmonic motion equation for each component
e, = —w'x a,= -’y a,=—m'z

T'he direction of the ball's inital displacement is 7, = x,¢, and the direction of its initial velocity is
v, = v,j. Examining these initial conditions, we must have
. Vs o !
x(t) = v, coson i) = ~Lsinax z{r) =0,
) oo
Ehminating ¢, we have

[y yy(e) :
3 [J = cos” o +sin‘wr =1

Xy Va

Theretore the path is an ellipse.

(1) The maximum radius reached by the ball is the semimajor axis ol the ellipse. which is the

¥ i ¥ .
ereater of x, and . Since we know that x, < R, we only need ~* < R for the ball to avoid the
i1 i

wall, that is, the ball can avond the wall so leng as v, < wfk |

(iil) Since x, y, and z all oscillate at the same frequency, the orbit must be periodie with that

3,0
frequency, i.e. with period i = 21—
(1] L

i



