Physics 1C Discussion (Midterm 1 review)

Problem 1
i ,t,h,eﬁaf}},Of this electron
r = 5.0 cm (semicircle)
lvo| = 1.41 x 10° m/s[
e~
Consider a motion of an electron with mass m. = 9.1 x 1073 kg and charge e = —1.6 x 107'9C. Suppose

initially this electron had a speed |vo| = 1.41 x 10° m/s. The electron moved under the semicircular path of radius
r = 5.0 cm with a certain uniform magnetic field B as shown in the figure above.

(a) What is the direction of B for the electron to follow this semi-circular path?

Under this motion, it is satisfied that F'agnetic = Fcentripetal, and

Fmagnetic = ev X B (1)

Then, using the right-hand rule for the vector cross product, it is shown that the magnetic field is directed into this
page (i.e. ®).

(b) What is the magnitude of B for the electron to follow this semi-circular path?

We again use the relation Fagnetic = Fleentripetal. Then we get

|Fmagnetic| = |€| |’U| |B|
= le| [vo| | B]
el
=Mo" (2)
Therefore
Bl = e
le[r

(9.1 x 103" kg) (1.41 x 10° m/s)
(1.6 x 10-19C) (0.05 m)
~1.6x1074T (3)




Problem 2

Suppose you want to accelerate an electron (with charge ¢ = —e < 0) counter-clockwise in a circular collider with
radius R. The particle starts from rest and accelerates with a constant acceleration, a.

(a) What must B(t) be to maintain a circular orbit in this accelerator?

Solution: Using the right hand rule, B(t) must point out of the page (£). Then,

qu(t) x B(t) = —ev(t) x B(t) = m%(_m (4)

Since the resulting direction is 7, using the right hand rule, B must be coming out of the page to give the correct

—

signs. So, |9(t) x B(t)| = v(t)B(t). Solving for B(t),

B(t) = me”g)z - %2 (5)

(b) Suppose this magnetic field is created by a large circular wire with radius R’ under the accelerator Since B(t) is
a function of time, there will be an induced emf caused by the changing magnetic field. Calculate this emf. What
direction should the current go to make the electron move counter-clockwise?

Solution: 4@ 4 1 aB(H
AR . __ (£ _ t 2 Ma o
ina =~ 7 = dt/B dA — (dtB(t))/dA— B2 = - Trpe (6)

Since B = 2, by the right hand rule, the current must go counter-clockwise.
(¢) Tt will turn out that charged particles (like electrons) moving around in a circle will lose some energy due to
heat. The formula for the energy loss per turn is given by,

2 4

q E
) O s — 7
loss 3eomi R’ (7)

where E is the energy of the particle. To minimize the energy loss, some physicists have considered using muons
(m, =1.88x 10728, ¢, = —1.60 x 10~'?) instead of electrons, (m. = 9.11 x 1073, g, = —1.60 x 10~'?). To see one
reason why, calculate Ef. /Ef _, assuming the energy of the particles is the same. What do your results tell you?
Given your solutions to the previous parts, can you think of a downside of using muons?

Solution: ) y ) y ) )
Ellj)ss _ q# E / 4c E — qil“‘ e

E 3eom}, R/ 3eomz R my /[ mg

(8)

e
loss
If we note that g. = g, then we only really care about the mass,

4
— e ~ 551 x 10710 (9)
my

We can see that muons lose about 10! times less energy than electrons do! This is a staggering difference, and a
very compelling reason why a muon accelerator is worth considering (even despite some simplifications we made
in the calculation). One downside, though, is that the magnetic field (proportional to m) would have to be much
stronger. Similarly for the induced emf. Thus, using muons would require more power and higher voltage.



Problem 3
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An infinitely long straight wire, shown below, has a radially dependent current density. Let r represent the
radial distance in cylindrical coordinates that points away from the axis of the wire 2.

(a) Suppose the volume current density is given by
(10)

T2 N
J:JO<1__R2)Z’

where Jj is a constant, what is the value of Jy if the outer radius of the wire is R = 0.553 m, and the total current

is Ip = 158 A?
The total current Iy must match with the total integrated current density inside the radius R.

Iy = /dA -J
27 R 7"2
=J0/0 d9/0 drr(l—RZ>
R 3
=27TJ0/0 dr (7“— RQ)
2 2
= 27TJO (P; — {i) . (11)
Comparing both sides, you get
21
J =
*” 7 (R?)
(12)

=329 A/ m?.

(b) What is the magnitude of the magnetic field at r; = 0.283 m (< R)? X
We use Amp‘ere’s law. Let us take a circular path C' with radius 1 = 0.283 m going in ¢ direction
(13)

f B - dl = polenc(r),
c

where
?f B-dl =271 By, (14)
c
27 1 T’2
Tone(r1) = JO/ d9/ dr r <1 — R2)
0 0
=719 A. (15)
Then we get
By =5.08x107° T. (16)

(c) What is the magnitude of the magnetic field at 7, = 1.10 m (> R)?
Outside of the wire, the total enclosed current inside of the circular path is Iy. Then at radius ro = 1.10 m, the

ﬂ I
B ) 0

a 277y
=287 x107° T.




(d) What is the magnitude of the magnetic field at r = R?

_ 1odo

Br =
B~ 9orR

=571 x107° T.



Problem 4

I =158 A

a = 5.82 cm

Consider a magnetic field generated by the current in the 1/4 arc wire shown above.
(a) What is the direction of the magnetic field at point P?
The current components pararell to the radial direction from P does not contribute to the magnetic field at P. Using
Biot-Savart law, the magnetic field at point P by the 1/4 arc with radius a is given by

Ba Mo /Idl X (—’f‘)

T Am a?
wo (™2 Tad x 7 .
=~ ; dng (In this case, dl = (ad¢) ¢)
w/2
_ ol (* ‘) / d
o 471—(1 " d) 0 ¢
tol
=3, 19
g 2 (19)
In the same manner, the magnetic field by the outer arc is given by
1 -
p = —%2. (In this case, dl = (—bds) @) (20)
Then the total magnetic field at point P is given by
B=B,+ B,
pol (1 1Y |
S e 21
8 <a b) * 1)
Since a < b, the total magnetic field at point P has a direction out of the page (i.e. in £ direction).
(b) What is the magnitude of the magnetic field at point P?
MQI 1 1
Bl=Ht (2 _ 2 22
=20 (5-3) (22)



Problem 5
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g
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Suppose you have a wire in the shape of a square with side length L and current I going counterclockwise around
the square. Our goal in this problem is to calculate the magnetic field at the center of the square.
(a) What can you say about the magnetic fields of each side of the square?
Solution: They are all equal in magnitude side they are equidistant from the center, and equal in direction from
the right hand rule;
B(P) = 4B.c(P) (23)

(b) Write down (but don’t necessarily solve) an integral for the magnitude of the magnetic field at the center of the
square.
Solution: We are going to use Biot-Savart and integrate over the top side:

gtot (P) - 4§side<P)

=14 <4W/Idlj2()> (24)

7&] dl x 7
™ r3

We are going to choose to integrate over the bottom side, y = —L/2:

ol %dmx(ozi’wLyQ)
T 2 2)3/2
o @)

MOI/W
T JL (x2+(% 2)3/2

(c) Solve the integral and find the direction and magnitude of the magnetic field at the center of the square. (Hint:
you should use a trig substitution to make your life easier.)
Solution: From before,

Biot(P) = —
(25)

~—

L
I [z dz(%z
Bios(P) = &/2 93(—2)3/2 (26)
i ()
Using the trig sub, z = %tan(@), dr = %sec2 (6)do,
~ I [ LY sec?(6)do
Byt (P) = ,u; / 5) ) 3/2% (27)
(%) (14 tan?(9)) )
Remembering sec?(0) = 1 + tan?(),
I (%)’ I 2 a7
Bioy(P) = K02 / (2)— — Kol / 2 cos(0)doz = P2 Zsin()| 2 V200 (28)
/4 (%) sec3 (6 T J gL m L —n/4 s




Problem 6
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(a) Calculate the induced current as the circuit enters the field.
We use Lenz’s law or Farraday’s law. Since in the field there is a uniform magnetic field, the flux change d®
due to the change in the area dA is given by

d® = BdA = Bldz. (29)
Then the emf magnitude is given by
do dA
g = |—— = B _—
1= |- = 11|
dx
=|B|l|—
1Bll| =
= |B|lw
= (1.25 T) (0.75 m) (3.0 m/s)
=281 V. (30)

Then the induced current is given by Ohm’s law

281V
1250
=0.23 A. (31)

(b) Calculate the induced current when the circuit is totally in the field.
Since the change in area is dA = 0, you get

€] = 0.0 V. (32)

Then you get [ =|£| /R =0.0 A.
(c) Calculate the induced current as the circuit moves out of the field.
The emf magnitude is given by

do dA
— = Bl==
1= |- 5| - 1815
dx
= B B —
B|1|-&
= |B|lv
= (1.25 T) (0.75 m) (3.0 m/s)
—281V. (33)



Then the induced current is given by Ohm’s law

(34)



Problem 7

Suppose you have a underdamped RLC circuit connected to a DC source as shown above. At time t= 0, the
battery is replaced by a closed switch. Find (a) the current of the circuit just when the switch closes and the
current when the switch has been closed a long time. (b) Sketch the behavior of the current in the circuit through
time. (c) Explain the behavior of the energy of the circuit through time and explain where this energy goes as t — oc.

Solution:(a) The current of the circuit just when the switch closes at ¢ = 0 is simply 7(0) = 0 due to the ex-
istence of the inductor in the circuit, since the inductor resists the change in the current. The current of the circuit
also goes to 0 as ¢ — oo since there is no voltage source to constant supply energy to the circuit to replace the
energy dissipated by the the resistor.

(b)

I(t)

0]

(c) Just like the current, the energy of the circuit will dissipate overtime. This energy will be transferred into heat
by the resistor.



Problem 8

Consider a voltage source E(t) = & coswt driving the circuit above, where the positive sense of current is indi-
cated with an arrow. Assuming the inductor’s top terminal is its positive reference, find the real-valued amplitude
I, such that the current across the inductor is written

I, (t) = Ip, cos(wt + ¢) (35)

Find the amplitude, I; and the phase, ¢. Find all possible values of the phase ¢ and briefly comment about the
conditions for a system with each phase.

Solution: We can find the current through the inductor using Ohm’s Law

E(t) = I(t) Xiotal

Xtotal = \/X%{ + (XL - XC)2

The current through he inductor is not the same as the current through the resistor due to the parallel sysemt,
therefore the impedance of the resistor can be disregarded. (This can also be explained by a Kirchhoff loop around
the outer parts of the circuit).
1 1
Xiot = L——)2=wlL-—
ot (@ wC = wC
Solving for I, we get

I(t) = Eo cos(wt + @)

1
&
I = Liol
wh—oc
To find the phase, we use the formula
X, — Xeo
tan(¢) = ———
)= L
We again disregard the resistor to obtain
wl — L
tan(¢) = T“’C =+00

with the £ depending on whether wlL > % or wlL < i Respectively,

¢ = arctan(+oo0) = :I:g

10



