Physics 222 Exam 2
July 16, 2003

Constants:
€0 = 8.85x 10" C?/Nm’ Lo = 41tx 107 Tm/A c=3.0x10°m/s

1gauss=10"T e=1.60x107C me = 511 keV/c?

Problem 1 12 Points

An electron approaches a square magnet with poles 20
cm by 20 cm, separated by a4.0 cm space. The magnetic

field is 17.5 gauss between the poles, and negligible N

outside the poles. The electron entersin the direct center

of the magnet, midway between the poles, with a e ~ A
momentum of 12.0 keV/c. N

(a) What is the magnetic force acting on the electron
when it first enters the poles of the magnet? Give both
the magnitude and direction (up, down, left right, out of
the page, or into the page). (3 points)

The magnetic forceis given by F = qvB = — epB/m, where p is the momentum of the
electron. The magnitude of the forceisthen

F = (1.60x 10" C) (12.0 keV/c) (17.5 x 10* T) / (511 keV/c?)
= (6.58 x 10*C N / (mC/s)) (3.0 x 10° m/s) = 1.97 x 10° N

where the unit conversion 1 T =1 N/(mA) = 1 N/(mC/s) has been used. The magnetic
field points downward, from the north to the south pole, and the electron has a negative
charge, so the right hand rule shows that the force is directed out of the page.



(b) Describe the motion d the dedronin detail after it enters the magnet. In particular,
which way doesit go, what is the shape of its path, and dces it become trapped by the
magnet, doesit leave the magnet, or doesit strike apde? What happens to the velocity?
Describe the motion as completely as you can withou doing a calculation. A picture may
help. (3 pants)

Sincethe magnetic forceis always perpendicular to the

velocity, the dedronmovesin a drcular arc, curving Possible Trajectories
toward itsright asit enters the magnet. It will continue

ona drcular arc until it encourters an edge of the South Pole Face
magnet, and then leave the magnet and continue traveling (from above)

inastraight line. The speead remains constant throughout

the trgjedory, since the magnetic forcedoesnowork on ¢
the dharge. Exadly where the dectron leares the magnet
depends onthe radius of itstrgjedory, bu it must leave
somewhere. It canna remain in the magnet, because the
center of itscircular arc is onthe alge of the magnet (or
possbly outside the magnet).

(c) What isthe total length of the dedron' s trgjectory whil e it is between the pales of the
magnet? (3 pants)

We must determine where the dectron leares the magnet. Sincethe magnetic force gives
the centripetal acceleration, evB = mv?/r, so the drcular trgjedory will have radius
r = mv/(eB) = p/(eB) = (12.0x 10° eV/c)/(ex 17.5x 10* T)
= (6.86x 10° V/T)/(3.0 x 10° m/s) = 2.29cm.

The unit conversion wsed hereis 1 V/T = 1 (Nm/C) / (N/mA) = 1 m?/s. The dedron then
makes a semi-circular path through the magnet and exits the magnet a distance of 2r =
4.57cm toward the viewer from where it entered the magnet. The length of the
trgjedory isthelength of this smicircle, Tr = 7.19 cm.

(d) What isthefinal velocity of the dedron, in speed and dredion? (3 pants)
The speed must be the same a when the dedron enters the magnet, sincethe field does
nowork onthe dectron. The spedl is therefore given by

v=p/me= (12.0 keV/c) / (0.511MeV/c?) = 0.234c =7.05 x 10° m/s.

The diredionisto the left, sincethe dedron exits the same faceit enters, after a semi-
circular trgedory through the magnet.



Problem 2 16 Points

An 11.8 m length of thin copper wireis A
wound around a nonmagnetic tube of
diameter 1.5 cm as shown, to make acoil 5.0
cminlength. A singleloop of auminum
wire encloses the middle of the coil, with
leadsto two terminas A and B. A 1.50 V
battery is connected to the coil and switched
on. A second or two later, a steady current of
4.25 A flows through the coil from the
battery.

o e

(a) What is the magnitude and direction of
the magnetic field generated inside the coil if
the steady 4.25 A current flowsin the
direction around the coil shown by the
arrows? (3 points)

The magnetic field inside the solenoid isgiven by B= o N | /|, wherel is the length of
th(_e coil, and the number of turnsis the length of wire divided by the circumference of the
o N =11.8m/ (1tx 0.015 m) = 250.
The magnetic field isthen

B = (4rtx 107 Tm/A) x 250 x 4.25 A / 0.050 m = 2.67 x 10 T = 267 gauss.
The direction is given by the right-hand rule: B pointsto the left.
(b) What is the self-inductance of the copper coil? (3 points)

The sdlf-inductance L is defined by £ = —L Al/At, where € isthe enf generated by a
changing current | inthe wil. Faraday’s Law showsthat £ = -NAAB/At, where A isthe
cross eadiona areaof the wil. Then L = NA AB/Al = NAB/I, and the result for B in part

L = 2507 (0.0151/2)* (2.67x 10%T) / 4.25A = 2.78x 10* H = 278 pH.
Y ou could also use the solenaid expresson L = poN ?A/ | to get the same resullt.
(c) What isthe total resistance of the arcuit? (2 pants)

When asteady current flows, Ohm'’s Law gives the total resistance
R=V/1=150V/4.25A =0.03853Q = 35.3 mQ.



(d) What is the inductive time-constant of the circuit? Isthis consistent with the
observation that a steady current is observed after a couple of seconds? (3 points)

The inductive time constant is given by
1=L/R=278x10"H/0.0353Q =7.88x 10 s= 788 ps.

Since the time constant is much less than a second, thisis consistent with the fact that a
steady current is observed after a second or two. In fact, a steady current would be seen
in just afraction of a second.

(e) When the switch isfirst turned on, the rate of change of the current is given by
Al
At

foundin part (c). What istheinitia voltage generated between the terminals A and B,

andwhichisat the higher potential? (3 padnts)

= lmax / T, Where I isthefina steady current and T is the time constant

The voltage between the terminals A and B will be the enf generated by Faraday’s Law
in the single duminum coil. Lenz’s Law says that the enf must cause acurrent to flow to
oppcse the change in flux. Sincethe flux isincreasing to the left, the aurrent must flow
from termina B toward terminal A to oppeeit. Therefore, terminal B isat a higher
potential.

This can be thought of as atransformer with a250 winding primary and a single winding
seondary. When the switch isfirst closed, nocurrent flows, so the voltage aaossthe

primary isinitially V = 1.50V. Sincethe voltage is changing, a voltage of magnitude V/N
will beinduced in the secondary. The voltage between the terminals B and A istherefore

Alternatively, this can be solved using mutual inductance If M is the mutual inductance
of the @il and auminum wire loop,then Vag =—M Al /At. Sincethe magnetic fieldis
mostly confined to the interior of the large wpper cail, Vag = — A AB/At, where Aisthe
crosssectional area of the il of copper wire. Then, comparing with the derivation d L
in part (b), wefindthat M = A AB/Al = L/N. Using T = L/Rand I« R=V, wefind that

Vea= —Vag= M(AI/AL) = My /T = MIpax R/L= Ihex R/IN= V/N.
Thisisthe same & the transformer result.
(f) What is the voltage between terminals A and B after the switch has been closed a
coupe of seconds? (2 points)

Sincethe arrent is gealy, thereis no changein flux, and therefore no magnetic
induction. The voltage between the terminalsis Vag = 0.



Problem 3 12 Points

(a) If aradio receiver can deted asignal with an rms eledric field of 1.2mV/cm, how far
away from a50 KW transmitter can it receive the signal? Assumethesignal is
transmitted isotropicdly. (3 pants)

The average power per unit areareceived is S= P/(41r?) wherer is the distancefrom the
transmitter. Thisis related to the rms value of the eledric field, E;ms, by S = €0 € Eqms™

P . _lpcP  (4mx 107 Tm/A) (3x 10° mis) (5x 10" W)
ATy CEme =  ATMEms 411(0.12V/m)?

= 1.04x 10° .
The maximum distanceto recevethe signal isthenr = 10.2 km.

(b) The Hydrogen a and d lines have wavelengths 656 rm and 410 m, respedively. If
these fall onadiffraction grating with 6000Iines per cm, what is the angular separation
of thesetwo linesin the first order spedrum? (3 points)

The angles for the first order lines stisfy d sin 84 = A4, d Sin 85 = A5, with grating spadng
d = 1/(6000cm™) = 1.67x 10° m. Then asimple cdculation gives 8, = 23.2 degress,
and 65 = 14.2 degrees. The angular separationisthen 8, —65= 9.0 degrees.

(c) A tal, narrow siren horn emits aloud 440Hz tone. What is the maximum width that
the horn can have if there are to be no dffraction minimain any horizontal diredion?
Asaimethe speal of soundis343m/s. (3 pants)

Thisisasingle-dlit diffraction problem, sincethe hornistall and rarrow.
Thefirst minimafor single dit diffradion accur whend sin @ = A, where d is the width of
the dlit, so the condtionthat no dffraction minimaoccur isthat d islessthan A. The
wavelengthis

A =343m/s/ 440Hz = 78.0cm.

Therefore, the maximum width of the horn shoud be 78.0 cm.



(d) A thin film of alcohd, with index of refradion 1.36 lieson aflat glassplate of glass
with index of refradion 1.51. Therefleded light from the film, at normal incidence, has
aminimum intensity when the wavelength is 512 nm, and a maximum intensity when the
wavelength is 640 m. What is the thicknessof the film, if it is known to be thinner than

2 um? (3 pdnts)

Sincetheindex of refradion d the dcohd islessthan the index of refradion of the glass
180 degreephase shifts occur for both the wave refleded from the top d the dcohd
layer and the baottom. Therefore, the condtion for constructive interference is that the
path length through the alcohd is an even multi ple of the wavelength in the dcohd:

t 2 my X 640nm/nac,

where na = 1.36isthe index of refraction d the dcohadl. The minimum intensity must
occur half way between the maxima:

t 2 (M +%) x 512 rMm/nyc.
Thevalues of my may be 1, 2, 3, ... andthe values of m, may beO, 1, 2, .., but wedornit
know which value. We do knaw that they are related, sincethey must give the same
thickness Setting the right-hand sides equal gives
6i0=512m, + 256.
Dividing both sides of the equation by 128 gives
mb=4m, + 2.

Thefirst value of n, which makes the right hand side amultipleof 5ism,=2. Thenm =
2 also. Theleast possble thicknessof the film isthen

t=640mMm /1.36=470 nm.

There ae other solutions giving thicker films. The general solutionwould be for m, = 4k
+2,my=5k+2withk=0, 1, 2, ...All of these givefilmsat least 6 times as thick, which
ismore than 2 um.



