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DIRECTIONS: Most of the questions in the
following test are organized into groups, with a
descriptive passage preceding each group of
guestions. Study the passage, then select the
single best answer to each question in the
group. Some of the questions are not based on
a descriptive passage; you must also select the
best answer to these questions. If you are
unsure of the best answer, eliminate the choices
that you know are incorrect, then select an
answer from the choices that remain. Indicate
your selection by blackening the corresponding
circle on your answer sheet. A periodic table is
provided below for your use with the questions.

PERIODIC TABLE OF THE ELEMENTS
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855 | 87.6 889 | 91.2 | 929 95.9 | (98) | 101.1 | 102.9 | 106.4 | 107.9 | 1124 | 114.8 | 118.7 | 121.8 | 127.6 | 126.9 | 131.3
55 56 57 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86
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Electrostatics and Electromagnetism Test 1

Passage | (Questions 1-5)

The following experiment was performed by J.
J. Thomson in order to measure the ratio of the
charge e to the mass m of an electron. Figure 1
shows amodern version of Thomson’s apparatus.

VvV  deflecting plates fluorescent
d, screen

0T

«— | —><—S—p

#igure 1

Electrons emitted from a hot filament ae
accdlerated by a potential difference V. As the
electrons pass through the deflector plates, they
encounter both electric and magnetic fields. When the
electrons leave the plates they enter a field-free region
that extends to the fluorescent screen. The beam of
electrons can be observed as a spot of light on the
screen. The entire region in which the electrons travel
is evacuated with a vacuum pump.

Thomson's procedure was to first set both the
electric and magnetic fields to zero, note the position
of the undeflected electron beam on the screen, then
turn on only the eectric field and measure the
resulting deflection. The deflection of an electron in
an electric field of magnitude E is given by d =
eEL2/2mv2, where L is the length of the deflecting
plates, and v is the speed of the electron. The
deflection d, can aso be caculated from the total
deflection of the spot on the screen, d, + d,, and the
geometry of the apparatus.

In the second part of the experiment, Thomson
adjusted the magnetic field so as to exactly cancel the
force applied by the electric field, leaving the dectron
beam undeflected. This gives eE = evB. By
combining this relation with the expression for d,
one can calculate the charge to mass ratio of the
electron as a function of the known quantities. The
result is:

e 20iE

m ~ B2L2

1. Why was it important for Thomson to evacuate
the air from the apparatus?

A . Electrons travel faster in a vacuum, making
the deflection d, smaller.

B. Electromagnetic waves propagate in a
vacuum.

C. The €ectron collisons with the air
molecules cause them to be scattered, and a
focused beam will not be produced.

D. It was not important and could have been
avoided.

2. Onemight have considered a different experiment
in which no magnetic field is needed. The ratio
e/m can then be caculated directly from the
expression for d. Why might Thomson have
introduced the magnetic field B in his
experiment?

A . To verify the correctness of the equation for
the magnetic force.

B. To avoid having to measure the electron
speed v.

C. To cancd unwanted effects of the eectric
field E.

D . Tomake sure that the eectric field does not

exert aforce on the electron.

3. If the electron speed were doubled by increasing
the potential difference V, which of the following
would have to be true in order to correctly
measure e/m?

A . The magnetic field would have to be cut in
half in order to cancel the force applied by
the electric field.

B. Themagnetic field would have to be doubled
in order to cancel the force applied by the
electricfield.

C. The length of the plates, L, would have to
be doubled to keep the deflection, d;, from
changing.

D . Nothing needsto be changed.

GO ON TO THE NEXT PAGE.
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4. The potential difference V, which accelerates the
electrons, also creates an eectric field. Why dd
Thomson NOT consider the deflection caused by
this electric field in his experiment?

A.

This electric field is much weaker than the
one between the deflecting plates and can be
neglected.

. Only the deflection, d, + d, caused by the

deflecting plates is measured in the
experiment.

. Thereisno deflection from this electric field.
. The magnetic field B cancels the force caused

by this electric field.

5. If the électron is deflected downward when only
the electric field is turned on (as shown in Figure
1), then in what directions do the electric ad
magnetic fields point in the second part of the
experiment?

A.

B
C.
D

The electric field points to the bottom, while
the magnetic field points into the page.

. The electric field points to the bottom, while

the magnetic field points out of the page.
The electric field points to the top, while the
magnetic field points into the page.

. The electric field points to the top, while the

magnetic field points out of the page.

GO ON TO THE NEXT PAGE.
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Electrostatics and Electromagnetism Test 1

Questions 6 through 10 are NOT
based on a descriptive passage.

6. Charge Q experiences an attractive force of 0.25
mN (milliNewtons) when at a distance of 10 cm
from acharge Q,. It experiences a repulsive force
of 0.75 mN when at a distance of 30 cm from
charge Q,. What istheratio of Q, / Q,?

. 19
+1/27

. =1/9

. =127

o0Ow>

7. An dectron (e = 1.6 x 101° C) is accderaed
from rest by a potential differenceof 5 x 106 V.
What isthe final velocity of the electron? (mg =

9 x 10731 kq)

. (4/3) x 108 m/s
. (16/9) x 108 m/s
. (3/4) x 10° m/s
. (4/3) x 108 m/s

o0Om>

A electric
field lines

equipotentia line

equipotential line

In the diagram above, which of the following
differencesin the electric potential are non-zero?

l. Ve-Vp
. Vo=V,
. Vg—Vj

. lonly
Il only
. 1l only
. Iland 11 only

o0om>

9. Anelectron(q=1.6 x 102 C) is traveling a a
speed of 10° m/s in the plane of the page, from
left to right. If it passes through a magnetic field
of 5 T directed out of the page, what is the
magnitude and direction of the force on the
electron due to the magnetic field?

. 8 x 1024 N towards the top of the page

. 8 x 10715 N towards the bottom of the page
. 4 x 10712 N towards the top of the page

. 4x 1012 N towards the left

o0Om>»

10. All of the following statements concerning
capacitance of parallel plate capacitors are true
EXCEPT:

A. The unit of capacitance, the farad, is
equivalent to coulombs/valt.

B. Capacitance is directly proportional to the
distance between the capacitor plates.

C . Capacitance is directly proportional to the
area of the capacitor plates.

D . Each additional capacitor added in parale
increases the capacitance of the total circuit.

GO ON TO THE NEXT PAGE.
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Passage Il (Questions 11-16)

Van de Graeff generators like the one shown in
Figure 1 are used to produce very high voltages. In
the figure, the + signs represent positive charge ad
the — signs represent negative charge. In this common
Van de Gradff generator, charge is separated by the
frictional contact of the belt and the lower pulley
shown. Positive charge collects on the lower pulley
and an equa amount of negative charge spreads out
along the inside of the belt. Electrons from the
ground are attracted to the outside of the belt by the
net positive charge on the lower portion of the belt-
pulley system. These electrons travel up the belt and
are transferred to the dome, which is a hollow metal
sphere. A high negative charge density can be built
up on the dome, because the electrons from the
outside of the belt do not experience a repulsive force
from the charge built up on the outside of the sphere.

The electric potential of the domeis V = &
where E isthe electric field just outside the dome ad
r istheradius. The charges on the surface of the dome
do not affect the eectric field inside the cavity. The
potential that can build up on the dome is limited by
the didlectric strength of the air, which is about
30,000 V/cm for dry air at room temperature. When
the electric field around the dome reaches the dielectric
strength of the air, air molecules are ionized. This
enablesthe air to conduct electricity.

Van de Graaff generators are routinely used in
college physics laboratories. When a student gets
within afew inches of a Van de Grasff generator, she
may draw a spark with an instantaneous current of 10
amps and remain uninjured. An instantaneous current
isthe transfer of charge within 1 us.

upper pulley .

| ~——— bt

lower pulley -

1
ground

Figure 1

11. The 660 V rails on a subway can kill a person
upon contact. A 10,000 V Van de Gradff
generator, however, will only give a mild shock.
Which of the following best explains this
seeming paradox?

A . The generator provides more energy per
charge, but since it has few charges it
transfers alesser amount of energy.

B. The generator provides more energy, but
since there is little energy per charge the
current is small.

C. Most of the energy provided by the generator
isdissipated in the air because air presents a
smaller resistance than the human body.

D. Most of the energy flows directly to the
ground without going through the human
body since the generator is grounded.

12. What isthe maximum potential the dome, with a
radius of 10 cm, can sustainin dry air?

A. 3kv
B. 5kv
C. 300kV
D. 500kV

13. Why is the potential of the dome limited by the
didetric strength of the air?

A . Once the potential of the dome reaches the
dielectric strength of the air, charge from the
belt is repelled by the charge on the dome.

B. Once the potential of the dome reaches the
dielectric strength of the air, the air heats the
metal of the dome, and it is no longer a good
conductor.

C. Once the ar molecules become ionized,
charge on the dome can leak into the air.

D . Once the air molecules become ionized, they
no longer conduct electricity.

14. Why does negative charge from the outside of the
belt continue to build up on the outside of the
domeinstead of being repdled by the charge that
isalready there?

A . The potential is zero inside the dome.

B. The conducting dome shields the effects of
the charges on the surface.

C. Thereis only positive charge on the outside
of the dome.

D . Charge does not build up on the outside of
the dome.

GO ON TO THE NEXT PAGE.
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Electrostatics and Electromagnetism Test 1

15. What is the work required to move a charge q

16.

from the top of the belt to the surface of the
dome, if the amount of charge on the dome is Q
and g isthe only charge on the belt?

A.0
B. kQg/zr
C. kQqr
D. kgr

A spherical conductor with a radius of 10 cm is
given a charge of -1.0 C. It is then further
charged by a current of 0.5 A for three seconds,
discharged, and recharged by an instantaneous
current of 10 A. At what point does the sphere
have the highest potential ?

. When it hasacharge of -1.0 C

. Just after being charged by the 0.5 A current
. Just after being discharged

. After being charged by the 10 A current

o0 w>

END OF TEST
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Electrostatics and Electromagnetism Test 1

EXPLANATIONS

Passage | (Questions 1—5)

1. C

In order to determine the charge-to-mass ratio, the deflection d; is an important quantity that needs to be
determined. If one cannot obtain afocused beam, the deflection would not be well-defined. Choice A contains a true
statement: Looking at the equation for d in the passage reveals that a larger electron velocity v would indeed make

di smaller. Thisin itself, however, does not make the effect desirable. Choice B isincorrect: whileit is certainly true

that electromagnetic interactions can take place over a vacuum, it does not explain why it is necessary, or even
beneficial, to have this condition in our set-up.

2. B
2
From the equation for d; given in the passage: d; = % , We can certainly isolate the charge-to-mass ratio

and obtain an expression for it in terms of dy, E, L, and v. This last quantity, the velocity of the electron, is hard to
determine. It was the inclusion of the magnetic field that allowed Thomson to get away with not having to determine
that quantity, as can be seen from the expression given at the end of the passage. Choice A does not say anything
that is obviously incorrect: the Lorentz force equation is certainly verified by the experiment. However, the passage
does not state that it was Thomson' s intention to verify the Lorentz force equation. This choice isweak and does not
address the physics of the experiment. Choice C presents us with a statement that is contradictory to the logic of the
experiment. Although the magnetic field did cancel the force crested by the eectric field, this force was not an
unwanted effect since it enabled Thomson to cal culate the deflection of the beam. Choice D is incorrect: The eectric
field does exert aforce on the electron; it is just balanced by the force exerted by the magnetic field, resulting in zero
net force (and zero deflection).

3. A
What would happen if the velocity of the electron were doubled? From the equation for the deflection, d; =

2
% , we see that doubling v would quadruple the denominator, thus making the deflection one-quarter as large as
before. Let us examine each of the choices and see if they address this change. Choice A states that the magnetic field

that counters the electric field would need to be cut in half. If this were to be done, then the expression for the

2d.E
charge-to-massrratio: % = BZ_T_Z would have a denominator that is one-quarter its old value, which exactly cancels

the effect of reducing the deflection appearing in the numerator. The result thus remains unchanged. Choice B,
doubling the magnetic field, would increase the denominator by a factor of 4, and this would have the effect of
decreasing the value of e/m to 1/4 its original value. Instead of canceling the effect of reducing deflection, it in fact
exacerbates the problem. Choice C, doubling the length of the plates, will indeed keep the deflection from changing
as stated. (Look again at the expression for the deflection: The length is in the numerator and the velocity is in the
denominator. Both appear as a square, and so doubling both would lead to no net change in the deflection.) However,
in the expression for the charge-to-mass ratio, the L factor appears again in the denominator, and since the deflection
is now unchanged, doubling L would decrease the value of e/m to /4 itsinitia value.

4. C

Closer examination of Figure 1 would yield the correct answer. The electrons are accelerated (anti)parallel to
the electric field created by the potential difference V. The dectric force is eE, where e is the charge of the dectron
and E is the dectric field vector. There will be no sideways deflection caused by this eectric field. Instead, the
electrons are “ deflected” from the left to the right, towards the deflecting plates.

5. D

Since the electron is deflected downward, the force on it exerted by the electric field points downward as
well. For an electron, which has a negative charge, the force and the eectric field point in opposite directions: the
electric field therefore points upward.

To determine the direction of the magnetic field, we need the right hand rule. The electrons travel to the
right. Our thumb, then, would point to the left to indicate the direction of travel of positive charges or current. The
magnetic force, in order to cancel the electric force, must point upward. This is also the direction our palm would
face. Our fingers then point out of the page, and thisis the direction of the magnetic field.

KAPLAN 9
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See the following diagram for adrawing of the field directions:

A @ 4

I ndependent Questions (Questions 6—10)
6. D

First of al, since the force between Q and Q; is attractive while the force between Q and Q, is repulsive,
Q; and Qo must have opposite signs. Otherwise, the forces will be both attractive (Q; and Q2 have the same sign,
opposite to that of Q) or both repulsive (all three have the same sign). The ratio of Q1 to Q, then will be negative.
To decide between choices C and D we will have to work with the actual numbers given in the question. This is

done by manipulating Coulomb’s law:

7. A

kQ,Q
F_
FZ kQZQ
2
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- Q o
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& :i Orq D2
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1 ot
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1
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The potentia difference is the amount of work done by the eectric field to move a unit charge, or the
energy change experienced by a unit charge in this “moving process.” In this case, the work done, or the energy
change, is (1.6 x 10719 C) x (5 x 10°8 V). This is the kinetic energy the electron would acquire, and since the
electron starts from rest, this is also the final kinetic energy of the electron. The final velocity of the electron can

thus be calculated from:

% mv2 = (1.6 x 10-19 C) x (5 x 10-6 V)

4

V:\/Z x (1.6 x 10719 C) x (5 x 1076 V) __\/16 x 10-25 __ [16

9 x 10-31 kg

=D 6 == 3
9x 1031 - 9><10 —3><10 m/s

10



Electrostatics and Electromagnetism Test 1

We have not kept track of the units but simply assume that the final answer will be in terms of m/s. This
is possible because al the units that go into the equation in the first place—C, V, kg—are al Sl units.
8. D

Every point on an equipotentia line is at the same potential; thus two points on the same line have a
potential difference of zero. However, on going from one equipotentia line to another, the potential difference will
be non-zero. If thisis still unclear, it may become clearer if we make up some numbers and associate them with the
lines. Say that the equipotentia linewith A on it is at a1 V potential, this will then be the potential at point A.
Let the BC equipotential linebe at a2 V potentia; points B and C will then both be at this potential. Then:

Vc-Vg=2-2=0V
Ve-Va=2-1=1V
VB—VA:2—1:1V

9. A

The direction of the magnetic field is determined using the right hand rule: The thumb points in the
direction of qv, the fingers point in the direction of the field, and the palm points in the direction of the force. In this
guestion, since the negatively-charged electron is going to the right, qv points in the opposite direction: to the left.
The fingers should point out of the page, and thus the palm faces upward: the forceis directed towards the top of the
page. This eliminates choices B and D.

The magnitude of the force can be calculated viathe equation F = qvBsinB, where 0 is the angle between v
and B. In this case the two are perpendicular, and so the sineterm is sin 90° = 1. The absolute value of the electron’s
charge, 1gﬂiven in the passage, is 1.6 x 10719 C, v = 10° m/s, and B = 5 T. Multiplying these together, one gets F =
8 x 10— N.

10. B
€

d
plate and d is the separation of the plates. The capacitance is therefore proportiona to the area of the plates, and
inversely proportional to the distance between them.

The capacitance of a parallel-plate capacitor is given by the equation C = , Where A is the area of each

Capacitance has a more genera definition (not limited to paralel plate ones): C = 8 , where Q is the

absolute value of the charge on either of the pair of conducting bodies making up the capacitor, and VV the voltage
across the two halves. From this expression we can derive the units for capacitance: charge over voltage trandates
into coulomb/volt, given the name of farad.

When capacitors are placed in parallel in acircuit, the total (or effective) capacitance is equa to the sum of
theindividual capacitances. Thisimplies that each additional capacitor added in parallel to a circuit will increase the
overall capacitance of the circuit.

Given this discussion, we can see that the statement in choice B isincorrect, and is thus the answer.

Passage Il (Questions 11—16)

11. A

The question really testsif one understands the concept of potential. Potential is energy per unit charge. If
something provides a high energy per charge, but contains relatively few charges, the total amount of energy
transferred will be low. Choice B states that the generator has low energy per charge, which is untrue. Choice C
attributes the safety of the generator to the dissipative effects of air, which it claims has a lower resistance than the
human body. Air, in fact, has a higher resistance, and besides, the generator is discharging through the person
directly, not through the air and then through the person. Choice D isincorrect because the generator is connected to
ground through the belt, not the dome. If the dome itself were grounded, no charge would be able to build up. When
one gets a shock from the dome one is providing the path to the ground.

12. C

In the second paragraph we are given the formulaV = Er, which relates the potential on the dome, V, to the
electric field just outside the dome, E, and the dome's radius. The maximum potential the dome can sustain, then,
will be dictated by the maximum electric field. The dielectric strength is an indication of the maximum electric field
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the air can sustain. (The units for the dielectric strength given for air are volts per unit length which are the same as
for electric field strength.) The maximum potential is therefore 30000 ;/F x 10 cm=3x 10°V =300 kV.

13. C

To answer this question correctly, one needsto pay close attention to the process described towards the end
of the second paragraph: When the dectric field of the dome reaches the value of the dielectric strength of the air
around it, the air molecules becomeionized. This, we are told, enables the air to conduct electricity. We can examine
the answer choices one by one and see if any is consistent with the above description. Choice A states that once the
potential of the dome reaches the dielectric strength of air, charge from the belt is repelled by charge on the dome. If
this were true it certainly would limit the potential that can be built up, since it would limit the amount of charge
that will accumulate on the dome. However, there is no reason to expect the ionization of the air molecules to bring
about this repulsion that does not exist previously.

Choice B states that once the dielectric strength is reached, the air heats the metal so that it is no longer a
good conductor. While it istrue that as most metals heat up their conductivity decreases, the ionized air molecules
would not raise the temperature of the metal significantly, if at all. So choice B isincorrect.

Choice C states that once the air molecules become ionized charge from the dome would leak out into the
air. As described in the passage, once air molecules become ionized they can conduct electricity. This would provide
a mechanism through which charge can leak out. This, in turn, would limit the potential on the dome since the
potential is dependent on the amount of charge deposited and built up there. Choice C thus provides a reason that is
both plausible and consistent with what is given in the passage.

Finally, choice D isincorrect because its statement directly contradicts what is stated in the passage.

14. B

We have a hollow metallic sphere with charge built up on the outside. It is stated in the passage that the
charges on the surface do not affect the electric field in the cavity. This is because of the shielding effects of the
conductor: The free electrons move in response to the field generated by the charges outside so as to cancel any
effectsthey have. (Indeed, if the cavity itself did not hold any charges, then the electric field inside would be zero.) In
this case, there is net charge present within the dome, but the important point that is still valid is that the charges
that reside on the surface would not affect the interior in any way. Since they do not create any field in the cavity,
they do not exert aforce on any charge that isinside.

Choice A isincorrect because the potential inside the cavity is not zero. Choice C is incorrect since we are
told that negative charges are transferred from the belt to the dome. Choice D is aso incorrect as most of the charge
will build up on the outside.

15. A

The work that needs to be doneis given by the formulaforce x distance. In the case of moving a charge, the
relevant force isthe electric force F = qE. The electric field generated by the charge Q on the dome is shielded by the
conductor, and so the presence of Q does not affect the field in the cavity. (This is also stated in the passage.)
Furthermore, since g isthe only charge on the belt, there are no other charges that can generate an electric field. The
electric field experienced by q isthus zero. Since the electric field is zero, the force exerted is zero and consequently
no work is done on the transporting of charge.

16. B

In order to answer this question, we must make use of the equation for the electrostatic potential of a
charged spherical conductor given in the passage: V = Er. The electric field just outside the sphere, E, is kQ/r2, where
k isaconstant and Q the charge on the sphere. r is in genera the distance between the center of the sphere and the
point at which we want to calculate the electric field; since here we are interested in the field just outside the sphere,
it is the same as the radius of the sphere. Note the similarity between this and the field crested by a point charge of
magnitude Q: it is as if al of the charge on the sphere were compressed into a single point at the center of the
sphere. |.e., in the following, the two test charges q experience the same electric field and hence the same force:
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total charge=Q

Inthis case, instead of a solid sphere we have a spherical shell, but this still applies. Anyway, given the
expression for the electric field, we know that the potential is kQ/r. Since k and r are constants, the sphere will be at
the highest potential when it has the most positive charge.

We need to determine the total charge on the sphere for each of the four answer choices and choose the one
that is most positive. Choice A can be ruled out immediately since the charge is negative: it will correspond to a
potential that is lower than zero (choice C). Choice B adds a positive charge with a 0.5 A current for 3 seconds.
Since an ampereis a coulomb/sec, the amount of charge deposited by the current is 0.5 x 3 = 1.5 C. Subtracting
from this the —1.0 C already present, we get +0.5 C. Choice D adds charge with an instantaneous current of 10 A. In
the last paragraph of the passage, we are told that an instantaneous current acts over a period of 1 us, or 1 x 109 s.
The charge delivered is therefore 1 x 10-° C. The sphereis discharged before the current is applied, and so thisis also
the final charge present. Choice B therefore corresponds to the point at which there is the greatest amount of charge
on the sphere, and is the point of highest potential.
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