Physics 221
Quizes and Examinations
Fall 2006
Porter Johnson

“Physics can only be learned by thinking, writing, and wargy”
-David Atkinson and Porter Johnson (2002)

“There is no royal road to geometry.”
-Euclid



1. PHYS 221 - 005, QUIZ 1, 31 August 2006

A block of masdvl = 5kg, initially at rest on a horizontal table, is attached
to a rigid support by a spring with spring constant 5000N/m. A bullet

of massm =5 grams and speed gi= 1000 meters per second strikes and
is imbedded in the block. Assume that the compression of phiacs is
negligible until the bullet is imbedded, and determine thiefving:

¢ the speed of the block immediately after the collision.
e the maximum compression of the spring.
¢ the period of the resulting simple harmonic motion.

Solution

During the collision mechanical energy is converted intathehereas mo-
mentum is conserved. Thus, if the final speed of bullet ploglbisV,
then

mv=M+m)V

or

V =my/(M+m) = (5/5005 -1000~ 1 m/s

If the maximum compression of the springdsthen the kinetic energy of
block plus bullet just after the collision is equal to the qessional energy
at maximum compression:

1 2 1 2

Sk = S(M+myV
d> = (M+m\V2/k=(5.005)(1)%/(5000 ~ 0.001
d ~ 0.03m

From Newton’s second law for the mass plus string, the digpteent of the
spring,x(t), satisfies the differential equation

(M+m)X=F = —kx

or y
a=— X=—’ X
M+m




so thatw? = k/(M +m) = 5000/(5.005) ~ 1000. Thusw ~ 32rad/seg
corresponding to a perioll = 21/w~ 0.2 sec

This is the basis for thballistic pendulum, which occasionally appeared
in general physics laboratories several decades ago. laisasused by
forensic specialists to measure muzzle speeds. What dalthegw?

. PHYS 221 - 006, QUIZ 1, 01 September 2006

A loudspeaker diaphragm is oscillating in simple harmonation with a
frequency off = 500Hz and a maximum displacement &f= 1.0 mm
Determine the following:

¢ the angular frequency of vibration.
¢ the maximum speed of the diaphragm.
¢ the maximum acceleration of the diaphragm.

Solution
Simple harmonic motion:

w = 2rf =1000m~ 3100rad/sec

X = Asinwt
d

v:—x = WACOosSwt
dt

a:y = —wPAsinmt
dt

Thus

Vmax = WA= 3100 (0.001)=3.1m/s
amax = WA~ (310072-(0.001) ~ 9800m/s?

Note The maximum acceleration corresponds to 1§Gfhd the diaphragm
will surely be ripped to pieces. Why is vibration at high fuegcy more
damaging than at low frequency?

. PHYS 221 - 003, QUIZ 1, 07 September 2006

The speed of a transverse wave on a stringris- 200 meters per second,
when the string tension iB = 150 Newtons.



e Determine the mass per unit lengtlof the string.

e What tensionT’ is required in the string to raise the wave speed to
Vv = 250 meters per second?

Solution
The speed of transverse vibrationsris- /T /i, so that the mass per unit
length is

n=T/Vv? = (150)/(200)? = 3/800~ 0.0038kg/m

A string of mass per unit length and tensioril has transverse spegd-
VT /1

The same string, with tensidH, has transverse vibration spaed= /T’/L.
Thus

T
N\ 2

) v 250\

T'=T|+ | = 150 55,) ~ 230N

Ergo- - - the greater the tension the higher the pitch. You can chexit ibn
a guitar — even a toy guitar.

v’ T/
v

. PHYS 221 - 004, QUIZ 1, 12 September 2006

A string of lengthL = 1.5 meters has a massmof= 4.0 grams. It is stretched
between fixed supports with a tensionTof= 25 Newtons.

e Determine the speed of transverse vibrations of the string.
e What is the lowest resonant frequency of this string, in Efert

Solution
The mass per unit length is

H=m/L = (0.004kg)/(1.5m) ~ 2.7 x 10 3 kg/m

Thus the velocity is



IT 25
= —_ = A 2 I
V=11 =\ Z7 103 ~ V9200~ 96m/s

For the lowest resonant mode~= 2L = 3 meters, and = v/A =~ 96/3 =
32Hz This is an “elephant rumble”.

. PHYS 221 - 005, QUIZ 2, 14 September 2006

A point source emit® = 50 watts of sound isotropically. A small micro-
phone intercepts the sound in an areAgfe= 0.5 cn?, a distanc&k = 200
meters from the source. Calculate the poRgkcintercepted by the micro-
phone, in Watts, as well as the sound intenkitye at the microphone, in
Watts per meter-squared and in deciBels.

Solution

The isotropic source has intensity= P/(41iR?) at a distanceR, so that
Imike = 50/ (411 200%) ~ 9.95 x 10~°W/n?. The corresponding deciBel
reading is

5 — 10-I0g10( | mike )

Ithreshold

9.95x10°°
~ 10 |Og10 (W)

— 10-log;((9.95% 10”) = 10- (7.9097) ~ 79dB.

The sound is thus loud, but not painful. Recall thauadred Watt ampli-
fier requires 10WV of electric power, but converts only a small amount of it
into acoustic energy.

The power into the microphone is
Pmike = Imike Amike = (9.95 10_5) (5% 10_4) ~5x107°W

A few nanoWatts, thus. Be sure to stand close to the micropkdren you
speak!



6. PHYS 221 - 006, QUIZ 2, 15 September 2006

A pipeL = 1.0 meters long and closed at one end is filled with an unknown
gas. The third lowest harmonic frequency is measured tb-b&00H z

e What is the speed of souwdn the unknown gas?

e What is the fundamental frequendy for this pipe when it is filled
with the unknown gas?

Solution

For the pipe of length. with one end closed the fundamental mode cor-
responds to a quarter wavelengih= L/4. (a node at closed end, and an
antinode at the open end). The resonant wavelengthls aré2n+1)A /4,
forn=0,1,2,---.

The third wavelengthn = 2, givesl = 5\,/4, so that\, = 4L /5= 0.8 m.
This mode has a frequendy = 600Hz, so that the speed of sound inside
the pipe isv=Af = 0.8-600=480m/s.

For the fundamental mode

Ao = 4L=4m
fo = V/Ao=480/4=120Hz

The speed of sound on a gas depends upon the atom / moleculleeithyvas
well as the temperature. What gas is in this tube?

7. PHYS 221 - 003, QUIZ 2, 21 September 2006

Two equal positive charges;Q, are placed on opposite sides of a square of
sidea. Two equal negative chargesg, are placed on the two other sides.
Determine the rati®/q, if the net force on each of the positive charge3

is zero.

Solution

Put the postive chargesQ at locations0,0) and(a,a), with the negative
charges-q at locationga,0) and(0, a).

The forces on the charge at the origin come from the otheetbharges.
The charget-Q lies at distanca/2a, so that the magnitude of the for€e
is k@?/(2a%). The two negative charges, which lie at distandeom that



charge, produce forcég andFs, respectively. They are each of magnitude
kQq/a’. We separate these forces into components as indicated:belo

Location Force X-component y-component

(a7 O) IE’l | %] 0
= k k
(@a) R | 3% —
(0.a) R | 0 s
Fotal | 0 0
For the net force on the charge at the origin to be zero, we hav&
kQq_ ke
a’>  2y/2a?

orq=Q/(2v2).
The net electric field on the charge(ata) also vanishes, by symmetry.
Note The forces on the negative charges do not vanish. They guogflyi

away from one another in a diagonal direction — never to rétlihe net
electric force on the negative charge(@ta) is (v2— 1) - kQ?/(2a2).

. PHYS 221 - 004, QUIZ 2, 26 September 2006

Two positive charges, each of magnitu@e= 10-® Coulombs are placed
symmetrically on opposite sides of an insulating wire, eadistancel = 1
meter from the wire along a line perpendicular to the wire. egative
chargeq = —10-% Coulombs is imbedded on a bead that slides smoothly
along the wire. The mass of the beadrs= 0.001kg.

¢ Ifthe bead lies a (small) distangéo the right of the center line joining
the positive charges, determine the net force on the bead.

e Determine the frequencly of small oscillations of the bead about
the line joining the positive charges.

Solution

The force of attraction of the bead (negative chagye@nd each positive
charge+Q is of magnitude

£ _ kQlal _ kQlq|
°T r2 T d24x?




Each force points toward the positive charge in questiore drtial com-
ponent of the total force on the bead is zero, by “up-down sginyh,

The net force on the bead is thus horizontal, and of magniRigeosd,

where® is the angle between a force direction and thedirection. The
angleB occurs in a right triangle with adjacent sigeopposite sidel, and
hypoteneuse is= v/d2 +x2. Thus,

cosB = Xx/r = X

A /d2 + X2
Whenx is extremelysmall in comparison td; that is,x < d; we may drop

X in comparison tal in the denominator to obtain~ d and co$ ~ x/d.
Thus the horizontal force on the bead is (approximately)

kQlal x _ 2kQ|a|

d2 d ds3
The direction of the resultant force is to the left; that e +x direction.
According to Newton’s second law, = ma, the bead should accelerate to
the left whernx is positive, withx-component

2kQ|q|
ma
Since the restoring force is opposite in direction to theldisement, this
corresponds to simple harmonic motion, as seen from thémela= —w?x.
We therefore obtain
o2 — 2KQld

mad
By putting in the numbers, we obtain

_ kQlgl _(9x10°)-10°°.10°°

e T ap

Fx = —2F,cosB~ —2-

ax =F/m=— X

—9x 103N

Thus

N
P~ —2-(9%x103N)— = —1.8x 1072 e x(mb)

Imt
Thus, “effective spring constant” is preseRg;s s ~ 1.8 x 107°N/mt. We
compute the corresponding angular velocity:
W = Keff/Mm=~ 18
w ~ 42rad/sec
f=w/(2m) ~ 0.7Hz
T=1/f ~ l4sec



Could this vibration be used to create an electric clock? \Whyhy not?

. PHYS 221 - 005 QUIZ 3 28 September 2006

A ring of radiusR contains a total chargg distributed uniformly along it.
A second ring, placed concentrically and in same plane a&#teing, is of
radius R, and it contains total chard®, again distributed uniformly along
it. The electric field along the axis of the ring at a distaRdeom its center
is measured and found to be zero. Determine the ch@rge the second
ring. You may express your answer in termg@ndR.

Solution

We begin by considering the electric field produced by theimimg, which
contains a chargg spread uniformly over its circumference, a circle of
radiusr, along the axis of symmetry and a distazdeom the center of the
circle. The electric field; lies along the symmetry axis. We may calculate
that componenk;; by integrating over the charge distribution:

The distance = VR?+ 22, and co® = z/r = z/vVR?+72. As a conse-
quence

£ —k/ dq z B kqz
1z= \/R2_|_22 \/R2+22 o (R2+22)3/2

The field from the second ring is obtained by making the repteentsy —
QandR — 2R, to obtain

£, kQz
27T (4R2 1 )32
The total field on axis is
kaz kQz
Ez - E1z + EZz - q Q

(R2 +22)3/2 T (4R2 +22)3/2

That field vanishes at the point= R, under the condition



10.

11.

kqR  kOR

=0
2v/2R3 * 5,/5R3
or
5V5
Q= _2_\/§q

The charges on the ring must be of opposite signs for the fiel@nish at
the point in question.

PHYS 221 - 006 QUIZ 3 29 September 2006

Three particles, each with positive chai@gform an equilateral triangle,
with the sides of length. What is the magnitude and direction of the elec-
tric field produced by the particles at the midpoint of a garar side?

Solution

Let us draw the equilateral triangle with a a horizontal basel take the
point in question on the base. There are two charges on tsat badis-

tancesa/2 from the that point. Their fields are each of magnitk@é(a/2)?,

and lie in opposite directions, so that they cancel. In anditthere is a
chargeQ at a heighth = /a2 — (a/2)2 = v/3a/2 above the point, which
produces a downward electric field

_kQ_ _4kQ
h2 —  3a?
Thus, the net electric field is downward, with that downwawthponent.

E;

PHYS 221 - 003 QUIZ 3 05 October 2006

A thin (insulating) disk of radiusk contains a total charg® imbedded
uniformly into its surface.

e Determine the magnitude and the direction of the electrid &epoints
along the axis of the disk, at distanz&om its axis.

e A second identical disk contains total charg€) that is imbedded
uniformly into its surface. It is placed coaxially with thesfi disc,
with the two disks lying in parallel planes. The separatidérihese
two discs is R.



12.

e Determine the magnitude and direction of the electric fi¢ld point
halfway between the disks, along the axis of symmetry.

Solution

Let us begin by calculating the electric field on axis at aafisez from
the first disk. It lies along that axis, by symmetry. Let usidiévthe disk
into thin concentric “onion rings” of radius which contain a total charge
dg. Since the charge density on the dislois- Q/(TiR?), the charge in a
ring isdq= o-dS wheredSis area of a ring of radiusand thicknesslr;
dS= 2mrdr. Thus,dq= 2Qrdr/R?, and the axial component of the electric
field produced by hat ring is

kdqg z _ kzdg  2kQz  rdr

The total electric field may be found by integrating ower

£ — 2kQ2/R rdr _2kQ2/Rd<_ 1 )

T R Jo (24282 R Jo VIZ4 2
C A1y 2Q( 2 )
- R \z JR+Z2) R VRZ+ 22

(0} z
= — (1-—=
280( \/R2+22)

We setz= R to obtain the electric field from the first disk:

o 1
Ep=—(1-—
o 250( \@)

The second disk is negatively charged, and the same distamee¢he point
in question, so that the total field from the two disks is twtitis value:

- 2(-3)

PHYS 221 - 004 QUIZ 3 10 October 2006

A point charge+Q is placed inside a thin hollow isolated conducting spher-
ical shell of radiudR — at the center of that shell, as shown. A total charge

dE, = dEcosb =




13.

—2Q is placed on that conducting shell, as well. Determine thgnitade
and direction of the electric field everywhere inside andioigt the shell.

Solution

Let us apply Gauss’s Law to an arbitrary concentric spheraditisr:
80?{ E.dS= Qenc
Because of spherical symmetry, the electric field on thaespal surface

has only a radial field,, which is independent of location on the surface.
Thus

€okr j{ dS = Qenc

=2 2 = Qenc
E QenC — ernC
' ATEQr2 r2

The only charge inside the conducting shel(R) is a point charge-Q at
the center, so that the electric field is radially outward ahehagnitude

_kQ

E = —
I r2

Eithin the conductor, the electric field must vanish. Consedly, there
must be net charge Q distributed uniformly ovr the inner surface of the
conductor. In addition, a chargeQ must be distributed uniformly over the
outer surface of the conductor. For- R the net charge inside the gaussian
surface iQ — 2Q = —Q. Thus the electric field there is radially inward:

PHYS 221 - 005 Quiz 4 12 October 2006

Two identical solid, insulating spheres of radidsontain uniformly dis-
tributed charge throughout their interiors. The spherehenléft contains
total chargeQ1, whereas the right sphere contains total chagge The

spheres are placed tangentially at the surface, with tlgie® touching at
a point. Draw the line joining the centers of the spheres. W&eove that



14.

the electric field vanishes along that line, halfway fromdbkater of the left
sphere, and toward the right sphere. Determine the €ati@)..

Solution

The location in question lies inside the left sphere, at tadier = R/2
from its center, as well as outside the right sphere, at anlisi = 3R/2
from its center. Accordingly, the electric fiel} arising from the charge in
the left sphere it directed toward the right. Its magnitude be computed
from Gauss/s Law:

E_ﬁ:_@f_@_k&
I=72 T2 RT R 2R

The electric fieldE, arising from the charge in the right sphere is directed
to the left, and its magnitude is given by

_ KQenc _ kQ _ 4kQ,

E2= r2  r2  9R2
We thus have
E. = B
kQu  4KQ
2R2.  OR?
8
QL = §Q2

Note that the charges on the two spheres are of the same sdjmearly
equal in magnitude.
PHYS 221 - 006 QUIZ 4 13 October 2006

A charged particle of charg® is attached in place at the center of a thick
conducting spherical shell. There is no net charge uponhtékisself. The
inner radius of the shell ig, and its outer radius is, as shown.

Determine the magnitude and direction of the electric firldach of these
three regions:

e I < a: inside the shell
e a < r < b: within the shell
e 1 > b outside the shell



15.

Solution

This is a problem involving spherical symmetry. Accordiyghe choose
Gaussian surfaces that are spheres, centered at the cetitersbell. The
electric field for always lies in a radial direction; let iedial component be
E;.For any such Gaussian surface, we apply Gauss’s law taobtai

EO%E'JS = Qenclosed

2
€0Er(41°) = Qenclosed
E — Qenclosed . K Qenclosed
r— 2 2
AT r r

Forr < a, the only charge inside the Gaussian surface (sphere arsgdi
is the point charge at the center, so tQgfcloseq= Q, and

_kQ

E = —
I r2

Fora < r < b, the surface of the sphere lies entirely within the conducto
and the (static) electric field is zero there. Thtis= 0 andQenclosed= 0.
There must be a total chargeQ on the inside surface of the shellrat a.

Forr > b the total charge enclosed in the sphere of radisQ, since the
shell itself is electrically neutral. For this region we aioit

_kQ

Er=—>
r2

There must be a net charg&) on the outer surface of the conducting shell,
to maintain its overall neutrality.

PHYS 221 - 004 QUIZ 4 24 October 2006

A 1.0 nanoFaradnF) capacitor is charged to a potential difference of 20
\olts, and the charging battery is then disconnected.

This 10 nF capacitor is THEN connected in parallel with a second (ini-
tially uncharged) capacitor of unknown capacita@ceWhen equilibrium

is reached, the potential difference across the platesed nF capacitor

is then measured to be®\olts.



e What is the value of the unknown capacitaf;en nanoFarads?

e How much electrical energy (in Joules) is stored in ttenE capaci-
tor just after the battery is disconnected?

e How much electrical energy is stored in each of the capacitdren
equilibrium is reached?

Solution
The charge that is initially on therfF capacitor is

Qp=CV=10x10"°.20=2.0x108C

The electrical energy initially stored in the capacitor is

1 1
éc:v2 = E(10*9)(20)2 —200nJ

After the connection, that capacitor has a potential oiV2between the
plates, and its final charge is

Q1=10x10°2.5=05x10"%

The charge on the second capacitor is tds= Qo — Q; = 1.5 x 10°8C.
Since that second capacitor also has a potential\bfogtween its places,
Its capacitance is

Co=Q/\Vo=15%x108/5=3nF

The energies stored in the capacitors at equilibrium are

1 1

F1 = 5c:lvf = 5(10—9)(5)2 =125nJ
1 1
Fp = éc:2v22 = 5(3x 1079)(5)2=37.5nJ

The total electrical energy at equilibrium is thusi30Consequently, 20€)
of electrical energy has been dissipated as heat in thigpsoc



16. PHYS 221 - 003 QUIZ 4 26 October 2006

17.

A capacitor with unknown capacitan€& and initial potential difference
40 \olts is discharged through a resistor of unknown rest&®&, when a
switch between them is closed at tihe- O sec. At timet =5 sec, the
potential difference across the resistor is measured tGMolis.

e What is the time constant of thRC circuit, in seconds?
e Whatis the potential difference across the capacitor atinl5 sec?

Solution
The charge on the capacitor at tinis

Q(t)=Qoe /T

wheret is the time constant for the circuit. SinGQe= CV, we may express
the potential across the capacitor at time terms of the potential at= 0
and the time constarnt

V() = Ve /T

15 = 40T
0375 = e T
~0.98 = 5
T
5
T = —=51sec
98

The potential difference at= 15 sec is
V(15) = 40- 71951 = 40.0.053= 2.1V
One may also write this result as
V(15) = 40. (15/40)3* = 2.1V

PHYS 221 - 005 QUIZ 5 02 November 2006

In a capacitor of capacitance 800 nanoFarads, the chardeajha“leaks”
from one plate to the other over the course of time. Supp@gelib capaci-
tor is initially charged to a potential of 30 Volts. After 24irs, the potential



across its plates has dropped to 20 Volts. By consideringpprogriateRC
circuit, determine the “equivalent resistance” betweenplates, in Ohms.

Solution

The charge on the capacitor at times given in terms of its charg®g at
timet = 0 and the time constaht= RCas

Q(t) = Qe /RC
SinceQ(t) = CV(t), whereC is the capacitance, it follows that

V(t) = Voet/RC

30
°~_15 = d/RC
20
24.3600sec
IN1.5~ 0405 — < =2-7°F0
: RC
64x1
R 864x10°  esx10ta

~ 0.405 (8x 107

One may obtain an approximate solution by saying that, in @44y the
charge leaked across the capacitor is

AQ=CAV =(8x107)-10=8x10°C
Thus, the average current flowing during this time is

_AQ  8x10°

O _ 2 -r —11
A B6Ax10F  D2X10TA

The resistanc® is given by the average \oltage across the capacitor (25
\olts) divided by this current:

25

_ _ 1
R=g5. 1o =27x10"0Q

This resistance is high, because the capacitor remaingeaihdor a long
time.

18. PHYS 221 - 006 QUIZ 5 03 November 2006



19.

Two wires,A andB, are made from different materials, with different cross-
sectional areas. The wires are each cut to a length of 1 nagtegnnected
in series. A current of BA passes through the wires.

Wire Resistivity Area
A 10x10°%0Om 3.0x104m
B 20x10°0Om 4.0x104n?

What is the potential drop (in Volts) across each wire? At twilade is
electrical energy converted into heat (in Watts) in eacleWir

Solution
First, calculate the resistances of each wire:
_ pala  10x10°°1
Sy 30x10+4

RB_pBLB_2.0x10*6l
S 40x10%

Ra =0.0033Q

=0.005Q

Thus the voltages across each wire\gge= Ral = 0.01V andVg = Rgl =
0.015V.

The power lost in each resistor can then be computed:

Pa=1VA=0.03W...Ps = IVg = 0.045W

PHYS 221 - 004 QUIZ 5 07 November 2006

A temperature-stable resistor is made by connecting atoessade of Sil-
icon in series with one made of Iron. If the required totalgesce is 1000
Ohms, at temperatures around@pwhat should the respective resistances
of the Silicon and the Iron resistor be?

Note: Temperature coefficients of resistivity a Kn'):

e Iron; 6.5x 1073
e Silicon: —70x 103

Solution
At the reference temperature of%Z) the resistances must add to 100

Rre + Rsi = 1000Q



20.

When the temperature changes by an amdilntthe individual resistances
change, but the total resistance remains the same:

Ree(1+ Ope AT) + Rgi(1+ 05 AT) = 1000Q
As a consequence

OreRre+0siRsi = 0
6.5RFe—70Rsj = O

Rre = 10.8Rg;j
Thus we obtain
1000Q
Rsi = —1g — 859

Rre = 1000Q — Rsj=915Q

Notice that, because the (negative) temperature coeffioferesistivity of
the semiconducting material silicon is much larger in magte than the
(positive) temperature coefficient for iron, the resis&aatthe silicon resis-
tor is much less than that of the iron resistor.

PHYS 221 - 003 QUIZ 5 09 November 2006

A flash LampL is placed across a capacitor of capacita@Gce 0.20 uF.
The combination is connected in series with a resistor abtasceR =
5x 10 Q and a battery of Voltage 60 Volts. The switch is closed at time
t = 0. How much time elapses before the Voltage across the laaghes
40 \olts - at which point the lamp flashes briefly?

Note The flash lamp does not conduct electricity at all until tlwtage
across it reaches 40 \olts.

Solution
The time constant for the circuit is

T=RC=(20x10 'F) - (5x10*Q) = 0.01sec

The charge on the capacitor is obtained from Kirchhoff’'spl@guation to
be
Q(t) =CE(1-e /)



21.

Thus the Voltage across the capacitor is
V(t)=Q(t)/C=E(1-e ")

The battery voltage i€ = 60V, and the time at which the Voltage across
the capacitor is 4V satisfies the relation

40 = 60(1—e V(0L

1/3 — e—t/(.Ol)
3 = €&
In3~1.10 = t/(.01)

t ~ 1.1x10 2sec

This circuit produces over 80 flashes per second.

PHYS 221 - 005 QUIZ 6 16 November 2006

The Dees of a cyclotron of radius 8tn are operated at an oscillator fre-
guency of 60 MHzto accelerate protons.

e What is the (uniform) magnetic field in the cyclotron?

e What is the speed of the protons that leave the cyclotrongiera per
second?

e What is the kinetic energy of the protons that leave the dyaig in
electron \Volts?

Note:

e gp=16x101°C
e Mp=167x10"2"kg
o myc? = 938MeV

Solution

The force produced by the magnetic field must equal the mabse @iroton
multiplied by its (centripetal) acceleration:



22.

- = avB
oo:Y = @zzm
r m
Thus
27y . .
g M(2mtf) _ (1.67x10°27)-(2m)- (6 x 100)) 0397
q 1.6 x 10-19
and

v=wR=2m(6x 10°)-(0.8) =3.0x 10’ m/s
The kinetic energy is

K = %mvz = %(1.67>< 10727).(3.0x 102 =0.76x 10 12

76x10°13
_ 412i1g19evz4.7|v|ev

The speed is about ten percent of the speed of light, and tineatativistic
approximation is fairly good.
PHYS 221 - 006 QUIZ 6 17 November 2006

The current density inside a long, solid, cylindrical wireradiusR lies
in the direction of the central axis. Its magnitude variegdirly with the
distance r from that central axi$= Jor /R.

e Calculate the total curremtflowing in the wire, expressed in terms of
Jo andR.
e Find the magnitude and direction of the magnetic field evéene
inside the wire.
Solution

The total current passing through a circle of raditdisat is concentric with
the axis of the wire may be computed by integration of theentrdensity:

r 21 3
'enc(r>=/JdA:/O Jop2mdr = 220



Thus the total current inside the wirelig,(R) = 2mJpR?/3.
The magnetic field inside the wire is given by Ampére’s Law:

?{B»‘_k = Holenc

_ 2migdor?
_ Hodor?
B = 3R

23. PHYS 221 - 004 QUIZ 6 28 November 2006

A solenoid having an inductance bf= 2 mH is connected in series with a
R =40kQ resistor and arE = 30 Wolt (DC) battery. The switch is closed
at timet = 0.

e What is the final current flowing in the circuit a long time afthe
switch is closed? How much energy is stored in the inductdnaitt
time?

e Atwhattime after the switch is closed is the current equkpercent
of its final value?

Solution
According to Kirchhoff’'s Loop Equation,

di
=LY R
gt "

At very long times, the current is no longer changing, sofhatrl, so that

leo = % —=304x10°=75x10"%A

The energy stored in the inductor is

U= %ng = % 2x1073.(7.5x 1042 =5.6x10"10)



From Kirchhoff's Loop Equation, and the requirement that-at0 the cur-
rent vanishes, we obtain

E dil R

L~ @'t
Eal] - abe
Eea] - 0d 1o

I(t) = % [1— e*R‘/L}

When the current equalsdbl., we have

095 = 1_egRUL

e RVt = 005
Rt
— = 30
L
3L 3-(2x10°9 i
= —:—:1. 1
t R 45104 5x10 'sec

24. PHYS 221 - 003 QUIZ 6 30 November 2006

An oscillatingLC circuit consists of & = 3.0 mf (microFarad) capacitor
and anL = 20mH (milliHenry) inductor. The maximum voltage across the
capacitor iV, = 40 Volts.

e What is the maximum charge on the capacitor?
e What is the maximum current through the inductor?
e What is the frequency of oscillation of the charge on the capie?

Solution

The maximum charge on the capacitor is expressed in ternteafapaci-
tanceC and the maximum voltagé,, as

Qm=CVin=(3x10°).40=1.2x10"*C



The maximum energy in the capaciQf,/(2C), is equal to the maximum
energy in the inductokl2,/2:

1Q2 1
1Qm - _Llr%

2C 2
> 1 144x10°8

2 ey _—_—— =
I = QmLC 6x10°8 0.24
Im = 0.49A
The resonant angular frequency is
W ! ! 1 = 4100rad/sec

~ JIC /6x108 245x104
Thenf = w/(2m) = 600Hz

Fall 2006 Examinations:
PHYS 221 - 003/004, TEST 1, 27 September 2006

1. [20 points] A ideal massless spring with spring conskaat20N /m hangs
vertically from the ceiling. A body of mass = 0.5 kg is attached to its
free end and then released. Assume that the spring was atuthsd at all
before the release.

e How far below its initial positiorx = 0 does the body descend before
turning around?

e What is the amplitude and period of the resulting simple tarim
motion?

Solution

The mechanical energy of this system at a displacemleelow the starting
point, when the body has speeds

1 1
ékx2 — mgx+ ém\/2 =0



This quantity vanishes, because body is released with spe&dat position
x = 0. The body stops at position

,_2mg_2:05.98

” 0 =0.49m

The block executes SHM about the positioa mg/k = 0.245m, with am-
plitude A = 0.245m. This can be seen by writing the relation of energy
conservation in the form

() e = ()

The period of this motion is

m /0.5 211
T=21 F_ZT[ %_ﬁ)leec

Note thatx = mg/k is the equilibrium position of the body when suspended
by the spring.

. [20 points] An organ pipe produces sound in two normal ris@terespond-
ing to adjacent resonant frequencies of exactly Ha@nd 600Hz, respec-
tively. The velocity of sound in air is 350 meters per second.

e Are both ends of the pipe open, or is one end closed?

e What is the lowest resonant frequency (fundamental modeji®br-
gan pipe?

e How long is the pipe?

Solution

Let us first consider the case in which both ends of the pip@pea. The
ends of the pipes must be anti-nodes in that case, so thasglsec half-
wavelengths of sound lie inside the pipe:=nA/2, orA =2L/n. The
resonant frequencies are c e

TN 2



Thus, adjacent frequencidg and f, 1 satisfy the relation

fn+1 o n+1

f. n

600 . 1

500 n

1

1+02 = 1+ﬁ
n =25

In this case, the fundamental frequencyfis= 100Hz, and the length of
the pipelL satisfies the relation

c 350
Consequently. = 1.75m.
For the case of open and closed ends, the closed end is a mbtieeaopen
end is an anti-node, so thiat= (2n+ 1)A /4. Consequently,

¢ (2n+1)c
AT
and
f.  2n+1
600 ., 2
500 2n+1
2
1+02 =1
+ tont1
n = 45

This case is impossible, sincas not an integer, as required.

. [20 points] A uniform string of mass 30 grams and lengthr2eters with
fixed ends is driven in its fundamental mode, so that the dog#iof motion
of the center of the string isBcm The tension in the spring is 80 Newtons.

Note: Neglect gravity.

e Determine the resonant frequency of this fundamental mode.



e Determine the maximum velocity of a point at the center ofdinimg.
e Determine the maximum acceleration of a point at the cerfténeo
string.
Solution

The wavelength of vibrations of the string in its fundaméntade isA =
2L = 4.0 m. Thus the mass per unit length of the stringuis= m/L =
0.03/2.0kg/m= 0.015kg/m. The velocity of transverse vibrations is

V= \/E — /800015~ 72m/s

The resonant frequency is thus

v 72
f_X_Z_lSHZ

The corresponding angular frequencyis= 21tf ~ 110rad/sec The dis-
placement of the string at position (0 < x < L) and timet is

y(x,t) :Asin% cogwt)
At x=1L/2, we obtain

y(t) = Asingcos(wt) = Acoqut)

Thus
ay = dd—\f[y = —w’Acogut)

The maximum velocity i¥y, = wA = (110) - (0.005) = 0.55m/s, whereas
the maximum acceleration &, = w?A = (0.55) - 110= 65m/se. This
maximum accelation at the center is more than 6 g's.

. [20 points] Two tiny conducting balls of identical mass£ 1 gram) and
identical charge@ = 1 microCoulomb = 10°C) hang from non-conducting
threads of length, which are attached to a point on the ceiling. The threads
each make an angle 6f= 30° with the vertical axis.



e Show all the forces acting on the balls, including their virtig
e Determine the length of the thread, in meters.

Solution

The point on the ceiling and the two balls lie at vertices ofeguilateral
triangle, so that the distance between the balls Sonsequently, the force
of Coulombic repulsion between the ballfis= kQ?/L2. The three forces
acting on the ball — its weighihg (downward), the tension in the string (30
from the vertical, and the Coulombic repulsion (horizoptamust sum to
zero. Consequently, these vectors lie along @-360° — 9(° triangle, so
that

tan:%(?:i -
V3 mg
kQ? mg 0.001-9.8
F:— — —_— = ——— ——— = Vu. 7N
L2 V3 0577 0005
K 9x 1073
2 - K& _9x10° 4
mg/v/3  0.0057
L = 12m

This is a point of stable equilibrium.

. [20 points] A total charg® is distributed uniformly around a thin circular
ring of radiusR.

e Determine the magnitude and direction of the electric fiétoh@ the
axis of symmetry of the ring, a distanzérom the center of the ring.

e Determine the distance at which the magnitude of the etefiéld is
a maximum. You may express the answer in terms of R.

Solution

By symmetry, the electric field lies along the axis of symmetrthe ring.
The contribution of an infinitesimal piece of charge on timgtio that field
component is

kdq
dEZ - r—ZCOSG



wherer? = R? + 72 and co® = z/r. The total electric field may be obtained
by integration over the charge distribution of the ring:

kQz
/dEZ +2) 3/2/ 9= (RE+22)3/2

To obtain the value of corresponding to the maximum field, we calculate
dE;/dzand set it to zero:

dE,  kQ

dz <22+R2)5/2

(Z+RP)-37) =

We getR? — 27 = 0, orz= R/v/2.
. [Extra Credit; 10 points] A particular 508z isotropic sound source is
barely audible (at the threshold of hearing) at a distan&laometers.

Note: Please ignore background noise, sound absorptiandseflection,
etc.

e How much acoustic power is being produced at the source?

e At what distance from the source would the intensity be atihdB
(deciBel) level, corresponding to normal conversation.

Solution
The intensity at the threshold of hearindgjs= 10-12W/n?. At a distance
r = 2.0 x 10®m, the acoustic power is given by

P = Iy x (411%) = 4m(2.0x 10°)2107 12 = 16mx 10 W =5x 10°W

At B =50dB, the intensity satisfies the relation

B = 50:10Ioglo<|:—h)
100 =

lth
| = 107WnP=
412



Thus

5
2_ P _5x107
4~ 4mx 107

andr =6.5m.
PHYS 221 - 005/006, TEST 1, 27 September 2006

1. [20 points] A 200 gram stone is attached to the bottom otlaalimassless
spring that is suspended from the ceiling. The stone is gul@vnward
from its equilibrium position, and then released (vertigadtion). If the
maximum speed of the stone is 8@y/se¢ and the period is.D seg find
the following:

e The spring constark
e The amplitude of motion (relative to the equilibrium posit).
e The frequency of oscillation.

Solution

The frequency of oscillation of the stonefis=1/T = 1Hz The angular
frequency iso = 21tf = 6.3rad/sec The corresponding spring constant is
k= muw? = 0.2- (6.3)> = 8 N/m The maximum speed i&, = wA, so that
the corresponding amplitudeAs= 0.5/(6.3) = 0.08 m.

2. [20 points] Two uniform strings, each of length &®, are held at the same
tension of 100 Newtons. The first string has a mas8 gjftams, whereas the
second has mass Blgrams. Each of the strings is driven in its fundamental
mode.

e Determine the frequency of vibration of the first string.

¢ Is the vibrational frequency of the second string higherowardr than
for the first spring? Explain.

e Determine the frequency of beats for the two strings.

Solution

The wavelength of the fundamental mode of the first string is 2L =
1.6 m. The mass per unit length of that stringpis= m/L = 0.01/0.8 =
0.012kg/m. The velocity of transverse vibrations of that string is



V= \/EI v100-80=89m/s

The corresponding frequency of vibrationfis= v/A =56 Hz.
The frequency of a vibrating spring in the fundamental madgiven by

1 T

As a consequence for the two strings the ratio of frequensies

f g [105

Thus, the frequenc§ for the second spring is less thaior the first spring.
We have

f —f' =.025f = 1.4Hz

. [20 points] A violin string of mass.0 grams and length 2€m produces
sound at a fundamental frequency of 302

e Determine the tension in the string.

e Determine the wavelength and frequency of transverse wawvedbe
string.

e Determine the wavelength of the sound produced in the air.

Note: The velocity of sound in the air is 350 meters per second
Solution

The mass per unit length of the violin stringjis= m/L = 0.001/0.2 =
0.005kg/m. The wavelength for the fundamental moda is 2L = 0.4 m.
The velocity of transverse vibrations is



v=Af =200m/s= \/E

The tension is thus given by
T = (0.005) - (200)% = 200N

The frequency of sound in air is also 580 The wavelength of sound is
given by

A = Vsoung/ f = 350/500= 0.7 m

. [20 points] Four charges;Q, +2Q, —Q, and—2Q, are placed at vertices
of a square of side a, at these respective locati@®§), (a,0), (a,a), (0,a).
Determine the magnitude and direction of the net electtiodiace acting
on the charger-Q, which is located a0, 0).

Solution
The forces caused by the other three charge are tabulaiad:bel

charge force x comp y—comp
+2Q %X¥ ¢ 0
o) kQ? kQ82 kQ?
2a? 2v/2a2 2\/2a2
2KQ? 2kQ?
-2Q 25 - 0 o F
k 1 k 1
Thus,
- kQ - .
F=—[-165+235]

The magnitude of the force is@kQ/a?, and its direction is 124from the
+X-axis.



5. [20 points] An insulating wire of length has a total charg® deposited
uniformly along its length. Determine magnitude and digacof the elec-
tric field at a point along the (extended) line of the wire, staincex beyond
the end of the wire.

Solution
Let the wire lie in a horizontal line, & x < L, and let the poinP be a
distancey to the right if that line. The electric field points to the lefts
magnitude is given by
kdq
5=

The chargelqin a piece of the wire oflengttix is given bydq = Qdx/L.
If that charge lies at locatiox, then its distance to the poiRtisr = x+.
Thus

'—k_Q dx
o L (x+y)?

_ kQ 1 1<t
- Tl

kQ L kQ

Ly(y+L) y(y+L)

6. [Extra Credit; 10 points] One can determine the speedadflowing in
an artery in the body by measuring the frequency shift of cedld high
frequency ultrasound. Sound is produced at a frequencyOdfibiz, and
reflected signal in blood has its frequency increased bytah0kHz De-
termine the speed of flow of blood in that artery.

Note: Assume that the blood is flowing directly toward thersbgource,
and that the velocity of sound in blood is about 1500 meterseeond.

Solution

The incident wave has frequendy = 5.0 MHz The frequency of sound
reflected off the blood i$; = fop(1+ v/c), wherec is the speed of sound in
blood. The speed of sound detected back at the source is



fo = fl/(l—V/C) ~ fl(l—l—V/C) ~ fo(l—l—ZV/C)

The fractional change of sound is
Af/f=(fa—fo)/fo~2v/cC

The measured fractional change in frequencig f = 5/5000= 0.001.
Thusv = ¢/2000= 0.75m/s.

PHYS 221 - 003/004, Test 2, 01 November 2006

1. [20 points] A positive charge 6£3.00nC (InC = 10 ° C) is spread uni-
formly throughout the volume of a sphere of radiis- 0.5 meters. What is
the magnitude and direction of the electric field at the fellay distances
from the center of the sphere?

e r = 2.0 meters
e ' = 0.5 meters
e r = 0.1 meters

Solution

The electrical field is radial, because of spherical symynd@ake the Gaus-
sian surface to be a concentric sphere of radiug&\ccording to Gauss’s
Law

SO%E'JS = Qenc
8OEr(4'7'|T2> = Qenc

QenC l
E = —
' ATEEQ 12
k
Er _ ?gnc

Thus, atr =2.0m,



Er = (9% 10°) (3x10°9)/22=6.75N/C

In addition, atr = 0.5m, E; = 108N/C.

Forr > R, Qenc= Q andE; = kQ/rZ. Inside the sphere far< R, Qenc=
Q(r/R)® and

Thus, forr = 0.1 m,
E = (9% 10°) (3x1079) (0.1)/(0.5)°=22N/C

. [20 points] An insulating sphere of radiBs= 0.1 meters contains a charge
that is uniformly spread throughout its interior. It obssshthat there is a
net electric flux of 8< 10~* Nn?/C passing out of a concentric spherical
Gaussian surface of radius= 0.5 meters.

e What is the electric potential at a distance df heters from the center
of the sphere, in Volts?

e What is the total charge on the sphere, in Coulombs?

Solution

Gauss’s Law has the forep®eg = Qenc, SO that the charge inside a concen-
tric spherical Gaussian surface of radius M is Qenc = (8.85x 1071?) .

(8x 1074) = 7x 10~ 1°C. This is the charge inside the sphere. The electro-
static potential at an arbitrary point outside the sphdra,distance from

its center, i3/ = kQeng/T = (9x 10%) - (7x 1071%)/1.0=6.4x 107°V.

. [20 points] A capacitor of unknown capacitari€eés charged to 200 \olts,
and the charging source is then disconnected. Then it issobed across an
uncharged 5@tF capacitor. The final potential difference across thgb0
capacitor is 40 Volts. Note: (iF = 10 6 F.

e What is the unknown capacitanCe



e How much charge is on each capacitor at the conclusion?

e How much electrical energy is stored in the system, befoceadter
the connection? Does it change? Why or why not?

Solution

Let go be the charge initially on the capacit8r note thatgy = C(200).
That charge is distributed among the two capacitors afteerctnnection:
0o = q+ . Note thaty’ = (50 x 10~°) (40) = 2.0mC, andq = 40C. Thus

Qo = q+d
200C = 40C+2x10°3
C = 125pF

o = 200-(125x10°% =25mC

The energy initially stored in the capacitor i$2[12.5 x 107°)(200)%2 =
250mJ. The energy stored afterward i2(62.5 x 107%)(40)2 = 50 mJ.
Note that 45 of the energy has been dissipated in the process.

. [20 points] A steel trolley car rail has a cross-sectiarab of 001 square
meters. The electrical resistivity of steel i®8x 10~ Qm.

e What is the resistance of Xdnof trolley rail?

e If a current of 10QAis passing through the trolley rail from end to end,
how much energy per unit time is dissipated within the rail?.

Solution
The resistance of the rail is

pL 3x107.10
R="—=""_""-030Q
A 10-2 03

The power dissipated is

P =12R= (100)? (0.3) = 3000W



5. [20 points] A capacitor of capacitanc®F “leaks” slightly, in that charge
passes from one plate to the other over the course of time.ciituge on
one of the plates drops to half its value in 20 minutes.

Note 1pF = 106 F.

What is the equivalent resistance between the capacittaga
Solution

The charge on the capacitor at timis

q(t) = goe /"

Thus

0o/2 = Qo€ "

2 = &
INn2=0.69 = E
T

T = 20min/0.69= 28.85min= 1730sec

The resistanc®is

T 1730

R—

6. [Extra credit; 10 points] A resistor of unknown resistans connected be-
tween the terminals of an ideal®\olt battery. The rate of dissipation of
energy in the resistor is 05 Watts.

e Determine the resistance of the resistor.

¢ If the same resistor is placed between the terminals of ail 8&Volt
battery, determine the rate of dissipation of energy in gsastor, in
Watts.

Solution

From the formula for power lost in the resis@e=V?/R, it follows that the
resistance is



vz @

The power lost in the 3@ battery is

= = —1600Q
P 0.05
362
P=""_ —0.80W
1600 0.80

PHYS 221- 005/006, TEST 2, 01 November 2006

1. [20 points] Charge of uniform volume densfiy= +2.0 nC/n? fills a large
(infinite) slab betweem = —1.0 meters anda = +1.0 meters. There are no
other charges in the vicinity of this large slab. What is thegmtude and
direction of the electric field at any point with the follovgroordinates:

Note: InC=10"°C.

x = —2.0 meters
x = —0.2 meters
X = +0.0 meters
X = +0.6 meters
X = +4.0 meters

Solution

The charge distribution is symmetric about the plare 0, which lies at
the center of the slab. Thus, the electric field is zero aldvag $lab, at

x = 0. The electric field outside lies in the direction of incliegsx for

x> 0, whereas fok < 0 it lies in the direction of decreasing The charge
per nit area in the slab = pt, whereT = 2 mis the thickness of the slab.
Thus,0 =2x1072.2=4x 10"°C/n?. It follows from Gauss’s law for a
pillbox of areaA parallel to the slab and enclosing a piece of it that that the
magnitude of the electric fiel# outside the slab is given by

Eoygé-d_’s =

€0E(2A)

E

Qenc

oA
o 4x10°
2ep 2-8.85x 10712

= 230N/C



To determine the field inside the slab at a distarndeom its center, we
take a Gaussian pillbox of aréawith bases at on its center plane and at a
distancex from the center. Applying Gauss’s law, we get

SO%E'd_W = Qenc
SE()(A) = pX

pX  2x107%
_ PX_ ex T X o305 N/C
E £ 8.85x10 12 XN/

Thus, atx= —0.2, Ex = —45N/C, whereas ax = 0.6, Ex = +140N/C.

2. [20 points] A charget+Q is distributed uniformly throughout a spherical
volume of radiuR. Let the electrostatic potentisll be zero at infinity.
e What is the electrostatic potential inside the sphere:R?
e What is the electrostatic potential outside the sphereR?
e What is the potential difference between the center of thesp( =
0) and its surfacer(= R)?
Solution

The electric field is determined through Gauss’s Law with acemtric
spherical Gaussian surface. Outside the sphieteR) we obtain

SO%E'JS = Qenc
goE: (4% = Q

__av _ Kk
TTodr T r2
kQ

Vi = <

Inside the spheréenc= Qr3/R®, so that



~dv. kQr®  kQr

o T PROR
kQr?

V() = ——X 1\

(r) 2R3+ 0

The constant of integration is determined by the requirdrtien, atr = R,
V(R) = kQ/R, as the point is approached from both inside and outside the
sphere. Thus/p = 3KQ/(2R). Finally,

3k k k

. [20 points] A dielectric sphere capacitor is placed bytipgtdielectric ma-
terial of dielectric constant = 50 between concentric spherical metallic
plates. The inner plate has a radius pf 1.00mm and the outer plate has
aradius ofr, = 1.05mm

Note: 1mm=10"3m.

e Determine the capacitance, in Farads.
e With a charge of 2@C on the capacitor, how much electrical energy
is stored in it?
Solution

Let us apply Gauss’s law to a concentric spherical surfarg lgntirely
within the dielectric:

80 f KE . d_’S == Qenc

eoE -4pir? = —-Q
kQ
T

The potential difference between the plates of the capaaito

b
AV:—/bErdr: {—i—ﬂ :k—QF—}] _keb—a_ ¢

K |la b K ab



The capacitance is

K ab 50 1.05x 16—6
C=— = =116x 10 1°F
kb—a 9x10° 5x10°° .
The stored electrical energy is
2 —8)\2
u- & X107 2 106y

- 2C  2-1.16x10°10

. [20 points] A fuse in an electric circuit is a wire that issaged to melt, and
thereby to open the circuit, if the current exceeds a precheted value.
Suppose that the material to be used melts when the curresitygléses to
500A/cn.

e What diameter of cylindrical wire should be used to make a& thait
will limit the current to 10 A?

e What must be the resistivify of the material in the wire, if there is an
electric field of 18 V/min the wire when it melts?

Solution

The current density in the wire &= 5 x 10°A/n?, so that for an electric
field e= 100V /min the wire, the resistivity must be=E/J = 100/ (5 x
10°) =2x107°Qm.

When a current = 1 Ais flowing, the area of the wire is
A=1/(5x10°)=2x 10" n?

SettingA = 1iD?/4, we obtain a diametd = 0.50mm

. [20 points] Two ideal batteries, each of electromotivéeptial £ = +12
\olts, are each connected in series with @ 6esistors and then in parallel
with one other, with opposite polarities. This combinatisrthen placed
across a third resistor, which also has a resistancéofidnder steady-state
conditions, determine the magnitude and direction of theeoi through
each resistor, the power loss in each resistor, and the poweided by
each battery.



Solution

The current passing through the third resistor is zeroedine batteries have
opposite polarities. Furthermore, the potential drop semach battery-
resistor combination is zero. Thus, The current flowing tigtoeach resis-
torisl =2 A. Each battery provides powBr= 1V = 24W, and the resistors
each convert 2¥V into thermal energy.

6. [Extra Credit; 10 points] In Millikan's experiment, and drop of radius
2.0 umand density ® g/cn? is suspended (at rest) in a chamber, with a
downward electric field of D x 10° N/C is applied. Find the charge on the
drop, in Coulombs. Do not neglect gravity.

Note: (Ium= 10-° meters)
Solution
For balance of the forces we obtain

qE = —mg
413
g = —pTg
amr3pg
17 T3 E
4m(2x 1079)3.900-9.8
3 2x 108
— =144x1018C

This corresponds to about nine electron charges.
PHYS 221 - 003/004, FINAL Examination, 13 December 2006

1. [25 points] The scale of a light spring balance that reemts 0 tom= 20kg
is x=8.0cmlong. A package suspended from the balance is found to
oscillate vertically from the spring balance with a freqogonf 1L.5Hz

e What is the spring constaktin N/m?
e What is the mass of the packagekig?



Solution

The spring constant is= mg/x = 20-9.8/0.08 = 2450N/m. The angular
frequency of vibration isv = 2ntf = 2m(1.50) = 9.42rad/sec From the
relationw? = k/mwe determine the mass:

k 2450
M=~ 0422~ 28k9

. [25 points] Two charged thin concentric spherical shiefige radii 10cm
and 20cm, respectively. The charge on the inner shelH6 nC, whereas
the charge on the outer shell 4s12 nC. Find the electric field at these
distances from the center of the shells.

e r=15cm
e r=30cm
Solution

For a concentric spherical Gaussian surface of ragiGauss’s Law yields

SO%E‘ IS = Qenc
(4W2)Er = Qenc

Er k?zenc

Forr = 15cm, Qenc= 6 NC, so that

E:JQXHﬂ.wxlﬁ%

= 2400N/C.
(0.15)2 /
Forr =30cm Qenc= 18nC, so that
9x 10%.(18x 1079
g - (9x10)-(18x107%) _ 1 a50yc.

(0.30)2



3. [25 points] An air-filled parallel-plate capacitor hasapacitance o€y =
1.5 pF. The separation between platkss doubled, and a dielectric mate-
rial is inserted between the plates. The new capacitarce=4s6.0 pF.

e Determine the dielectric constakbf the material.

e If charges of+3 microCoulombs riC) remain on the plates of the
capacitor throughout this process, calculate the enemgdtin the
capacitor (in Joules) in the beginning and in the end.

Solution

The capacitance of the air-filled capacitoids = €oA/d, whereas for the
dielectric-filled capacitor we obtai®; = kegA/(2d). It follows that

C1/Co=K/2=4

Thus, the dielectric constantks= 8.
The energy originally stored in the capacitor is

_QF (3x10°9)?2

Up= = =3J
072G, ~ 2(15x10 12
The energy stored at the end is
2 —6)2
U= o _BXI0° 4755

2C;  2-(6x 10 12)

4. [25 points] In a certain cyclotron, protons move in a @roff radius (&
meters. The magnitude of the magnetic field .8 B, and the direction of
the field is perpendicular to the orbital plane.

e What is the oscillator frequency?
e What is the speed of the protons, in meters per second?
e What is the kinetic energy of the protons, in electron \olts?



Solution
It follows from the Lorentz force relation that

mr_\?:qvb

gB  (16x1019).3

= ="l 1g2r =287 10° rad/sec

v
w = -
r

The corresponding frequency fs= w/(2m) = 46 MHz The speed of the
protons at ejection i$ = wR = (2.87x 10%) - (0.5) = 1.5 x 1 m/s. The
corresponding kinetic energy is

1 1
K= Emv2 = 5(1.67x 1072")(1.44x 10°)2 = 106 MeV

Although this is nearly half the speed of light, the non-tiglatic approxi-
mation is fairly good.

. [25 points] the inductance of a closely wound coil is sud@t anEMF of
3.0mV is induced when the current changes at the rate.@ABpsper
second. A steady current of@Ampsthrough the coil produces a flux of
4.0 x 10~° Webers through each turn.

e Calculate the inductance of the coil, in Henries.
e How many turndN are there in the coil?

Solution

From Faraday’s Law,

g di
dt  dt

it follows that the inductance is = (3 x 1073)/5 = 6 x 1074 H. The flux
per turn isPg = BA=4x 10°W. Thus,

E—

Ndy = d=LI
N-(4x107°) = (6x10%1
N = 15turns



6. [25 points] As a parallel-plate capacitor with circuldates 3Ccmin diame-
ter is being charged, the current density of the displacémarent between
the plates is uniform and has a magnitudgpé= 20A/n?.

e Calculate the magnitude of the magnetic fiGldt a distance of 4
20cmfrom the center of symmetry of this region.

e CalculatedE/dt in this region.

Solution

The displacement current passing through a concentricofingdiusr is
lg = Tr2Jq = 1(0.2)%(20) — 1.41A

According to Maxwell's extension of Ampere’s Law

f@d? = UOId
By(2rw

) = Hold
Holg  (4mtx1077)-(1/41 6
B = on 2m(—02) %
From the relation
0E - oE
g = — - dS=¢gpA—
d =% [ 5 AT
We obtain
oE
Jo =€~
d 0 ot
or
B _d_ 20 53,102

ot g 8.85x1012



7. [Extra credit; 10 points] You are standing at a distaDdeom an isotropic
point source of sound. You walk 100 meters directly towasigburce, and
observe that the intensity of sound has doubled. Calcutatdistancé®.

Solution

The intensityl of isotropically produced sound at a distaiz&om a source
of acoustic poweP is | = P/(41D?). At distanceD — 100 the intensity is
21, so that 2 = P/(4m(D — 100)?). Consequently

P = 41Dl 8m(D — 100)?l
D? = 2(D-100)?
D = V2(D-100
100

= v 1002+ v/2) = 340m

PHYS 221 - 005/006, Final Examination, 14 December 2006

1. [25 points] A nylon guitar string has a linear densityuof 6.0 g/mand is
under a tensiod = 120N. The fixed supports are a distanbe= 80cm
apart. The string is oscillating in a standing wave patteynsesting of
three loops. Calculate the speed, wavelength, and freguaiihe trav-
eling waves whose superposition gives this standing wave.

Solution

Each loop corresponds to a half-wavelength, soEhat3/2A, orA =2/3-
80=53cm The velocity of transverse vibrations is

T 120
V= \/; =\ 0006~ v/200000= 140m/s

The transverse displacemeatx, t) is given by
y= Asing%[x sinwt = g [cogkx— wt) — kx+ wt)]

The frequency of vibration i$ = v/A = 140/0.53 = 265Hz.



2. [25 points] Two particles, each with charged2nC, are placed at two of
the vertices of an equilateral triangle with edge leragth 0.5 meters.

e What is the magnitude and direction of the electric field at ttird
vertex of the triangle?

e What is the electrostatic potential at that point?

Solution

The electric field at the third vertex is the sum of the fieldsdoiced by the
two chargesE = E; + E,. From symmetry, the field lies along the altitude
to the side joining the charges, and away from the trianghe magnitude
of each of the fields iE; = E> = kQ/az. The magnitude of the total field is

E = 2E;cos3@=/3kQ/a
= V3(9x10°)-(12x10°%)/(0.5)> = 720V /m

The electric potential at the vertex is
V =V +V, = 2kQ/a=2(9x 10°) - (12x 107°) /(0.5) = 432V

3. [25 points] An RC circuit is connected across a 20 \Voltdrgitand the
switch is closed at timé= 0. The resistance iR= 2000 Ohms, and the
capacitance i€ = 80 microFarads.

e What is the final charge on the capacitor, in Coulombs?

e At what time after the switch is closed is the capacitor chdrg half
of its final value?

Solution

The equilibrium charge on the capacitofie=CV = 20-8 x 107> = 1.6 x
103 C. The time constant for this circuitis= RC=2x 10"3.8x 10> =
0.16sec The charge on the capacitor at timeJ&):



Q) = Qo[1-e|
L - Qfr-e]
% eft/r
In2 = L

T
t = 0.69-0.16=0.11sec

4. [25 points] A long solenoid with = 5000 turns per meter carries a current
I. An electron moves within the solenoid in a circle of radRis- 3.0 cm,
perpendicular to the solenoid axis. The speed of the eledtro = 10°
meters/second. Find the current in the solenoid.

Solution
The Lorentz force relatioR = md = gV x B yields the relation

mTVZ = qvB
—31) .
_ omv_ (91x10°% 100 19w 104T
gR (1.6x10°19).(0.03)
It follows from Ampére’s Law that
B = ponl
—4

Won  (4mx 10 7). (5x 108

5. [25 points] In an oscillating LC circuit, with = 8.0 mH andC = 2.0 pF.
Attimet = 0, the current is maximum at 20A

e What is the maximum charge on the capacitor during the asiatis?

e At what earliest timé > O is the rate of change of energy in the ca-
pacitor a maximum? What is that maximum rate of change, ihedou
per second?



Solution

At time t = 0 the charge on the capacitor@Qy = 0, whereas the current in
the inductor idp = 0.02 A. According to Kirchhoff's loop equation,

dl Q
Lo+ =X =
agitc =Y
d?Q 1
e TR =0

The angular frequency of (harmonic) oscillation of chage i

1 1

TV /Bx105)2x109)

= 7900rad/sec

Thus

Q(t) = Qo sinwt
I(t) = wQp coswt
It follows that the maximum charge on the capacitor is

Qo = lpw = 0.02/7900= 2.6 x 10°°C

The energy in the capacitor at timés U (t):

_Qm?_Qf
Uit) = ¢ _Esmzwt
2 2
u'(t) = % sinu)tcoswt:(’;%o sin(2ut)

The maximum rate of change is

Ul ax= 0Q3/(2c) = (7900(2.5x 10°°)2/(4x 10°°) =25x 1072



6. [25 points] The index of refraction of Benzenenis- 1.8.

e If a small coin lies at a depth ad = 15cmin a pool of Benzene,
determine the apparent deptf the coin, as seen from above.

e What is the critical angle for a light ray traveling in Beneetloward a
layer of air above the Benzene.

Solution

If a light ray is incident from above at a small an@l¢o the vertical direc-
tion, it is refracted to an anglgto the vertical:

sin@ = nsing
tan@ ~ ntang
X X
y ~ "d
y = 9:E:SCm
n 1.8

Note that the apparent horizontal locativrof the coin is unaffected by
refraction.

The critical anglepin Benzene is determined by the relation

nsing = sin90 =1

. 1 1
sSing = ﬁ = —8 =0.55
o = 337°

7. [Extra Credit; 10 points] How much work is required to ambée four
charges) = 5nC at the vertices of a square of side- 0.2 meters? Assume
that the charges are infinitely far apart before this assgmbl

Solution

The potential energy stored in a configuration of chagges a sum of the
potential energies for each pair of charges:



ad;
=k

Four of pairs of charges are separated by a distanediereas the separa-
tion of other two pairs is/2a. Thus

2 2
Uu = Q+2k\%a kgz (4+V?2)
_ (9”09)0(;’”0_ S 4+ v2)=61x10°53




