
PHYSICS 231 - Solution Key to Test 1

1a. The force isF = qE, so the proton and electron experienceoppositeforces (eE and−eE,
respectively).

FromF = ma, we see that the acceleration of the proton issmallerthan the acceleration of the
electron, becauseme < mp.

They move inoppositedirections.

1b. From Gauss’s Law, the flux is

ΦE =

∫
~E · d~S =

Qenc

ε0

We can determineQenc by measuring the flux. To do that, we need to find~E everywhere on a
surface surrounding the box.~E can be determined from~F = q ~E by placing a chargeq on the
surface and measuring the force it feels.

1c. To build this arrangement, we need to bring the two charges together from infinity. In doing so,
we do work against the electric force,

∆U = k
q1q2

r

which cannot be zero. Therefore, these two charges can never have the same energy at distance
r as at infinite separation.

2a. The electric field due toq1 has components

E1x = k
q1

(a2/2)
cos(−45o) = 5.97×105 N/C , E1y = k

q1

(a2/2)
sin(−45o) = −5.97×105 N/C

The electric field due toq2 has components

E2x = k
q2

(a2/2)
cos(−135o) = −7.16×105 N/C , E2y = k

q2

(a2/2)
sin(−135o) = −7.16×105 N/C

The electric field due toq3 has components

E3x = k
q3

(a2/2)
cos(135o) = −5.97×105 N/C , E3y = k

q3

(a2/2)
sin(135o) = 5.97×105 N/C

The electric field due toq4 has components

E4x = k
q4

(a2/2)
cos(−45o) = −7.16×105 N/C , E4y = k

q4

(a2/2)
sin(−45o) = −7.16×105 N/C

The total electric field has components

Ex = E1x + E2x + E3x + E4x = −1.432× 106 N/C

Ey = E1y + E2y + E3y + E4y = −1.432× 106 N/C



2b. The force on an electron has components

Fx = −eEx = 2.29× 10−13 N

Fy = −eEy = 2.29× 10−13 N

Its magnitude isF =
√

F 2
x + F 2

y = 3.24× 10−13 N and forms an angle of45o with thex-axis.

2c. The work is equal to the potential energy atP ,

U = k
(−e)q1

(a/
√

2)
+ k

(−e)q2

(a/
√

2)
+ k

(−e)q3

(a/
√

2)
+ k

(−e)q4

(a/
√

2)
= −7.6× 10−14 J

3a. At r = a, the surface charge density is

σa =
Q1

4πa2
= −6.6× 10−7C/m2

At r = b, the total charge must be−Q1 in order to shieldQ1 and makeE = 0 inside conducting
shell. The surface charge density is

σb =
−Q1

4πb2
= +1.66× 10−7C/m2

The remaining chargeQ2 − (−Q1) = Q2 + Q1 is atr = c. The surface charge density is

σc =
Q1 + Q2

4πc2
= +9.8× 10−8C/m2

3b. Using Gauss’s Law on a sphere of radiusr, due to spherical symmetry, we have

E =
Qenc

4πε0r2

For r > c, Qenc = Q1 + Q2, E = Q1+Q2

4πε0r2 = 36,000 N ·m2/C
r2 .

For b < r < c, Qenc = 0, E = 0 N/C.

Fora < r < b, Qenc = Q1, E = Q1

4πε0r2 = −27,000 N ·m2/C
r2 .

For r < a, Qenc = 0, E = 0 N/C.

3c. UsingV1 − V2 =
∫ 2

1
~E · d~l along a radial path, we have:

For r > c,

V (r) =

∫ ∞

r

E(r′)dr′ =
∫ ∞

r

Q1 + Q2

4πε0r′2
dr′ =

Q1 + Q2

4πε0r
=

36, 000 V ·m
r

For b < r < c,

V (r) = V (c) +

∫ c

r

E(r′)dr′ = V (c) + 0 =
Q1 + Q2

4πε0c
= 20, 000 V



Fora < r < b,

V (r) = V (b) +

∫ b

r

E(r′)dr′ =
Q1 + Q2

4πε0c
+

∫ b

r

Q1

4πε0r′2
=

Q1 + Q2

4πε0c
− Q1

4πε0b
+

Q1

4πε0r

= 42, 500 V − 27, 000 V ·m
r

For r < a,

V (r) = V (a) +

∫ b

r

E(r′)dr′ = V (a) + 0 =
Q1 + Q2

4πε0c
− Q1

4πε0b
+

Q1

4πε0a
= −2, 500 V


