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(a) Presentation

o Diagram of apparatus & procedures

Alms:

To investigate the Coulomb's law of electrostatics

Tasks:

1. The Leybeld torsion bajance is calibrated using the dynamical method, and the torsion constant 18
determmined,

2. The attractive electrostatic force between two like charged spheres is measured for different
separations of the spheres.

3. The charge of the sphere is measured directly using a Faraday's cup and a charge sensitive

amplifier.
Background:

According to Coulomb's law, the force acting between two point-shaped charges Qi and Q; at a
distance r from each other can be determined using the relation [1],

PR ()

where the proportionality constant -zmmmmg.(}xlogNmzf’ﬁ‘?’. The same force acts between two
ﬁé"l?

charged spheres when the distance r between the midpoints of the spheres is much: greater than the
diameter of the sphere such that the uniform charge distributions on the spheres is not altered,  For
large distances, the spheres can be treated as points,

In this experiment, the electrostatic force between charged metal spheres is measured using a
sensifive torsion balance and compared with equation (1). The charges on the conducting spheres
are then deduced from the measurement of the force. Using a Faraday cup and a sensitive
electrometer amplificr, the charge is also measured directly, and the results from these two methods
compared.



Experiment:

Apparatus
» High Voltage Power Supply and probe
e Laser pointer
o 1M Scale Ruler
e Torsion halance
v Faraday’s cup
& Plectrometer
s analog or digital meter
o  Sphere K with Gray colored holder
e Torsion wire

e Damping vane
Setup

{see Fig.1)

Frrnfay’s vup and
electrometes, analog or
5 digial meter for réadout
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Figure 1. Coulomb’s law experimental apparatus.



Procedure:
1. Determining the torston constant by Torsion Balance and {ts Calibration

The clectrostatic force is to be measured using a sensitive torsion balance. One of the charged
spheres is mounted on a horizontal arm of length { attached to a clamped vertical torsion wire, which
restricts its motion to the horizontal plane.  When the second charged sphere is brought into close
proximity lo the first, it produces a torque, which cause the torsion wire fo twist. The amount of
fliis twist can be magnified using a laser light pointer. The amount of twist in the torsion wire is
proportional to the electrostatic force and is observed as a deflection of a laser beam, directed at a
mirror also mounted on the torsion balance. This balance needs first to be calibrated to obtaim the

force in absolute terms.
The torque M, experienced by a vertical torsion wire twisted trough an angle ¢ can be stated as
M=Dg, (2)

where ) is the torsion constant [2]. The torsion constant is determined from the oscillation of a
metal rod inserted into the gray colored holder mounted on the torsion wire (Refer to fig. 1 for a
photo). The metal rod can be set to oscillate aboul the vertical axis of the torsion balance, with
period of oscillation, 7. If the moment of inertia, [, of the metal rod about the rotation axis, is also
known, then the torsion constant D can be obtained from this neriod.  Neglecting effects due to

damping, the oscillation period can be expressed as T = 272“\/ -f—j- {(p. 661 in Ref. {2]).

1,1 A metal damping vane may be mounted at the lower end of the balance. Gently, remove thig
vane from the balance. The metal sphere, and ifs attaching acm, if already mounted on the gray
colored holder on the balance must be removed.  Gently loosen the screw, which locks the arm, and
remove it from the torsion balance,

12 A metal bar, of diameter 6mm and length 24em is provided. Take this metal bar and gently
insert it into either one of the two holes located in the gray colored holder.  Try to fit the bar at the
center of the bored hole and then slowly tighten the fastening screw.

1.3Locate the hand held stopwatch, for timing the oscillation swings of the 24em rod.

1.4 As a test try, first gendy with one hand, rotate the 24cm bar about the axis of the balance as
determined by the vertically hung torsion wire. The rotation angle should be between 45 to 90



degrees.  Now, slowly et the bar swing free and don't purposely apply any push to the bar, A few
practice swings of the bar may be helpful.  As the bar swings back and forih in the horizontal plane,
follow the motion of the bar and count the number of swings that occurred.

1.5 After some practice in setting the bar into motion, repeat step 1.4 above and use the stopwatch to
time the period of oscillation of the bar. Allow the bar 1o swing for at least 10 cycles before
pressing the stop button on the stopwalch, From the elapsed time on the stopwaich, find the
averaged. Repeat this step a few times o gel a consistent result for the period.

1.6 Find the torsion constant D, using equation (2) and the moment of inertia of the bar,

2
! mff%-(z 2.72x107kgm?) , where m is the mass of the bar and / its length (p. 646 in Ref. [21).

The contribution of the moment of inertia of the gystem itself can. be neglected, i being less than 1%

of the moment of inertia of the 24cm bar.

1.7 The angle of deflection of the laser beam is propertional to the applied force that acts to rotaie
fhe torsion wire. A deflection ¢ gives rise to a displacement of the reflected lager beam incident
on a scale placed at a distance of =2 meters away of an amount a. We thus find a calibration of
the force £, in terms of the displacement g, given by

F=ka 2)

with k= D/2L1, 1= S0mm the length of the torsion arm from the axis, and £ to be measured.

From your result obtained for the torsion constant, D, caleulate the value for k from equation {2},
Your result for k should be of the order of 1x1 RN

2. Mensurement of the Coulomb Force
In this section, the electrostatic force is measured as a function of the distance between two charged
metal spheres.  The deflection of a laser beam directed on a scale indicates the amount of attractive

force between the two like charged spheres.

Refer to figure 1 for a diagram of the setup.  Four major components are required: (1) A 10kVolts
high voltage unii, (2) the torsion balance, (3) metal ruler and (4) a helium neon laser.

2. Alignment of the laser pointer and damping vane

7a.1 Turn on the dehunddifier unil,



24.2 Remove the metal rod used for calibration from the torsion balance.  Place the metal sphere
with its short insulating holder arm into one of the insertion holes focated on the gray holder
mounted on the torsion wire, Be sure to insert the short arm fully into the hole with an opening that

aligns with the face of the small mirror.

923 Turn on the laser unit. Manually direct the laser beam onto the rotary mirror. Using one
hand slighily rotate the gray metal holder on the torsion wire, so that the mirror reflects the beam
back to the small opening on the laser unit.  To achieve this, both the Jaser unit and/or the base of
the torsion balance may need adjustment. The height of the laser unit may need o be raised or
lowered. Likewise, several pieces of paper can be inserted at the base of the torsion balance o

align the laser beam.

2a.4 Next, rotate the mirror so that the beam is directed onto the scale.  For good indication of the
beam position, the beam should be directed onto the lower large markings on the scale.  Simply,
insert or remove pieces of paper at the base of the balance to do this.

22.5 Measure the distance between the mirror and the raler. 1t should he around Zmeters.

2a.6 Gently fill the glass water reservoir to near its rim, without removing it from its position on the
balance. Place the damping vane horizontally onto the lower holder that holds the torsion wire.
There is & cut out notch on the holder that accommodates the handle of the damping vane. The
damping vane has 2 metal picce fhat acts as a counter weight fo batance the damping vane.

247 Position the metal vane into the water teservoir submerged in the water so that it is nof touching
the glass wall.  For good damping, submerge half of the vane into the water.  The metal rod of the
damping vane need not be horizontal, a small tilt may result in a better damping of the torsion
balance,

2b Positioning the Splieres

7b.1 Position the laser beam spot on the scale.  The torsion wire may need to be slightly twisted for
this. Use your thumb to hold the top horizontal screw {wiblack grip see tocation in figure 1 that
fastens the torgion wire, and slightly rotate the serew in a horizontal plane. Adter which, allow the
sphere (K ), mounted on the torsion balance to come to rest.

7h.2 Slowly slide the ruler that holds the second sphere (X.,), mounted on a V-shaped adjustable
stand, to about Imm from the sphere K,. The vertical height of the two sphieves should be nearly
the same.  If not, adjust the height of the sphere K,. Moving the V-shaped stand horizonially



may also help. Record the ruler position of the sphere K,. This position is the reference
position for subsequent displacement of K. The diameters of the spheres are 30mm.

2b.3 Move sphere K, to 10cm away, Take a banana fead, with one end connected to ground
(socket (8) in fig. 2) on the FIV unit, and touch the two spheres, to first discharge the spheres of any
residual charges.  Only touch rotary sphere K, at its top, this should disturb its horizoatal motion

the least.
5.4 Refer to figure 3 for details for the various connections and controls.

Jmportant: The Leybold model 32170 is a low current high voliage unit.  Please read the safety

note for the model 521 70 in Appendix before proceeding further in the experiment.
2¢. Charging the Spheres
2¢.1 Turn on the Leybold, model 52170 high voltage (FV) power supply unit.

Important: Turn the high voltage control knob ((2) in figure 2y fidly in the counter clockwise

position.

2¢.2 The Leybold model 52170 HV unit can produce high voltage output up to 10kVolts. The
change over switch ((4) in fig. 2) should be in the conter position for the maximum output of
{0kVolts. The negative output of socket (7) should be connected to ground socket (8). A high
voltage cable (Leybold model 50105), tm long, and . red with black handles at both ends is
provided. One end should be connected to the positive ouiput of socket (6). DO NOT use any

other cable in place of this cable, unless it is also a cable specified for high voltages.  For operation

in the 10kVolts range, do not make connection between the (+) output of socket (7} and the {-)
output of socket (6). The other end of the cable should be inserted into the gray colored vertical
insertion, when the high voltage output on the model 52170 is not being used.

Figure 2. Leybold rmodel 52170 10kV
high voltage supply umit.




Important: For the operation of the high voltage unit o Jollow first consult a laboratory teaching
assistant for a working demonstration and to check for proper connections in the Leybold model

52170 high voltage unit before proceeding further.

To reduce the possibility of discharge, ground yourself by touching the metal grounding rod
connected to the Levbold model 53214 electrometer (see fig. 4. for details). The ground on the
clectrometer should be connected to the ground input (socket (8) in fig. 2) on the model 52170 high

voltage wiil,

2¢.3 Slowly turn up the HV to about 8kVolis using potentiometer (2) {depending upon the room
humidity and the stability of the balance, the amount of laser beam deflection may need lo he
increased for more reliable results, by applying voltages up to 10kVolis to the spheres). The digital
readout should indicate about 8kVolts, Remove the HV probe from the gray colored insertion.
Gently use the metallic tip of the probe to touch the spheres K, and K,. Place the probe back
into the vertical gray insertion and slowly lower the HV using potentiometer (2).

2¢.4 At this point, the rotary sphere K| should move and oscillate somewhat. The laser beam spot

shouid also move, as indicated on the metal ruler placed 2 meters away.
7¢.5 Take the grownd lead connected 1o socket (8) and touch the two spheres to discharge them.
3. Measurement of Charge using the Electrometer Amplifier and Torsion Balance

In this part of the experiment the charge on the spheres are obtained using the torsion balance
method. The charge on the spheres can be obtained from the slope of the graph of the elecirostatic
; , 1 ; 2 - . .
force versus 1/¢* and using - =9.0x10°Nm?/C*.  In addition, the charge is measured directly
£g

using a third sphere and a charge sensitive electrometer amplifier.

Identify the Leybold model 53214 electrometer amplifier and the attached Faraday’s cup. A bleck
diagram for the electrical connection of the electrometer is shown in ficure 3. Charge is measured
using a third sphere K, placed inside the Faraday cup.

The electrometer has unit gain and its output voltage, V, gives a measure of the charge collected, Q.
on its input capacitor, C.  The top plate of the capacitor is connected to a Faraday's cup. The



simple relation, Q=CV is used to obtain a value for the charge placed inside the Faraday's cup.  Use
a 1nf capacitor at the input of the electrometer.

3a. Steps to Measure Charge from Coulomb's law and Leybold Electrometer

3a.1 Make the connections for the model 53214 electrometer as shown in figure 3. Place sphere
K, mounted on a long handle, into the Faraday's cup. The meter ngeds to be grounded. To

establish 2 ground comnection on the hand held meter {analog or digital), take a banana lead, and
conneet one end to the negative input on the meter, and its other end to the ground input (socket (8)
in fig. 2) on the Leybold model 52170 high voltage unit.  Use the metal grounding rod to touch the
Faraday's cup to discharge it of any residual charge. Some charges may return to the Faraday's cup
and affect the reading of the meter.

3a,2 First, charge the two spheres as in step 2¢.3 above, and record the laser beam deflection on the
scale, for different separations of the two spheres. Do this starting at a sphere center-to-center
distance of 10cm to 22cm in steps of Zem.

243 After a set of beam deflection measurement, for sphere displacements of 10-22¢m, K. o K,.
Do this, using one hand fo hold onto the metal grounding rod.  With the other hand, take the handle
connected to sphere K, after it has touched sphere K, , and place it inside the Faraday's cup.

3a.4 Record the output value, V, from the Voltmeter. The charge q originatly placed on the spheres
K, and K, is then obtained from, o/2=CV, where C is the capacitance of the 1nF capacitor at the
input of the electrometer, Notice how the output on the electrometer changes, as charges are being
induced on the Faraday's cup while you bring the sphere K; close to it, without making any contact
between the two.
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Figure 3. Diagram showing the connections for the Leybold model 53214 electrometer amplifier.
The inset shows the connection of 4 Faraday’s cup.  Note; The voltmeter needs to. be grounded by

making a ground connection to the model 52170 high voltage.

3a.5 Repeat step 3a.2-3a.4 above for several sets of charge measurements using the torsion balance
together with the electrometer method.  For each set of measurement, piot a graph of the Coulomb
Force versus 1. The graphs of your data should be straight lines with small y-intercepts, Make a
least square fit using programs (e.g. Excel, Matlab, Sigma Plot ete . . .} to obtain the slope of the
oraph aund the value for the charge placed on the spheres. Compare your fitted results for the

charge, with that obtained directly using the electrometer and Faraday's cap.




Appendix:

Safety notes on the operation of Leybold model 52170 high voltage supoly.

PN Rm inis insu'ucﬂon shaéicérafdl}?h}: 0

«Whiesh this divice 6 used acbarding 1o 1higinsiricion Sheet,

" axparimenting with igh voltages tepresents ko safaty

» This device supphies contact-sale High voltede.
in atcardance with BN 61010-1. (DE0411), a poart Is dee-

e grentor han exiree

ot ks be contatiaale when, al voliag
Tow voltage {80V DG voleage), e
"t current through an indiction-rse resistance ol 2k ls
rot greater than 2 mA for DG T
and additionally, the charipe for velfages upto 15 kV s
loss than 45 F1 285m.

« Bo not connect capacitors with acapacitance = 2.5 nf {at

10 KV, &% accarding to VOE 8411 a danger of hazardous
* romiact exlste 5t 10 kv for cepacitances above 4.5nF (-
prox. 20F already exishy in the high veliags powaraupply).

+ Do fict conneet mofiiple power guppﬁes?:t it

+ Always switch off the power supply before altering the expe-
rment setup. ’

« Belore switahing on the device, Turn puientiometer G 2 e
wayta the [eft (ouiput vollage ¢). .

+ Conneet only resisions fnptastic kousings sultable for Biggh
voitage {e.g. 538 25} tothe sutpuls; do nol uea iesistors in
mata) inckels (ol design) of mounted:In STE-housmgs
iflashover), ' ’

socket of mputi@ inta consklsration,

« "Take fhe ground cornection of sauket@ and the bottom
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o Tabulation of results & Graphical Representation

1. Determining the torsion constant by Torsion Balance and 1ts Calibration

nuraber of cycles 10 10 10 10 15 15 15 15
time elapsed () £ 0.1s | 58.0  58.0 57.8 578 36.4 86.6 | 86.0 86.4
period (s} + O.1s 580 | 5.80 578 5.78 5,76 577 577 5.76

Average period, T (5.7820.0158)s, the sample standard deviation is taken as the error.
Thstance between the scale and the mirror, L = {2.{) + 5% 10™ )m .

The length of the torsion arm from the axis (given), { = 50mm.
. mi* » i r s
putting 7 =T (=2.72x10 " kgm*) (given),

yielded torsion constant, 1 = (3,21 x 107 £1.24 %107 )’cggu*:azgs"2 .

The error in D is calculated as follow:

2)-42)

And k=D/2LI m——'—i--mm = (1605 % 107° £ 6.21x 107" Nem™ | the error inkis caleulated as




2. Measurement of the Charge (by Torsion Balance)

r (cm) + 0.05cm 6 8 10 12 14 16 18
14% (em™®) 0.0278 | 0.0156 | 0.0100 | 0.00694 | 0.00510 | 0.60391 | 0.00309
errorin 172 (107 em™) 1327 | 138 1707 1409 2.58 1.73 1.21
a {em} + 0.5cm 12.0 6.0 3.0 2.5 2.5 1.5 1.0
FOO7N) 193 1963 1482 401 4,01 2.41 1.61
error in F(LON) 806 |8.03 1803 803 8.03 803  18.03

ey

The graph of the Coulomb force F versus 147

Using the Origin “Linear Fit” option, the slope of the fitting is (0.00655+2.31x1 0 Nem®.
From. the equation,

L QQ,

4re,

F=

yield 0.0, = (475,) (65.5£2.31)C* = (7.29x1077 £2.57x107)C*

or Q = \[(Q}Q’s = (8.54)( },O'”q +2.13% 1010){:




set 2

# (cm) 3 0.05cm 6 8 10 12 14 16 18

17 (enn™) 0.0278 | 0.0156 | 0.0100 | 000694 | 0.00510 | 0.00391 | 0:00309
wrorin VP (107 et | 327|138 707 | 409  |2.58 (173 1121
a (em) + 0.5cm 120 |50 3.5 2.5 2.0 2.0 1.0
F(107°N) 193 | 803 (562 401 3.21 3.21 1.61
errat in F{1O™N) 8.06 |803 [803 |8.03 8.03 8.03 8.03
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T'he graph of the Coulomb force F versus | i

Using the Origin “Linear Fit" option, the slope of the fitting is (0.00640+2.31 x1 0% Nem®.

From the equation,

F o

1 QQ,

drg,

¥

2

yield 0,0, = (4rz,)- (64.0% 2.3DCT =(7.12x107"7 £2.57x1079)C?

or g= \f(QlQD = (8.44x107 & 215107




set 3

¢ (cr) + 0.05¢m 6 8 10 12 14 16 18

1 (em™) 0.0278 | 0.0156 | 0.0100 | 0.00694 | 0.00510 | 0.00391 | 0.00309
errorin 144 (10Fem™ | 327 1 13.8 1 7.07 1409 1258 1.73 1.21

¢ (om) + O.5em 10.0 6.0 3.0 2.0 2.0 1.5 1.0
FI07N) 161 963 482 |3.2] 3.21 2.41 1.61
error in F{10°° N) 805 |8.03 |803 |8.03 8.03 8.03 8.03
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The graph of the Coulomb force F versus 1/

Using the Origin “Linear Fit” option, the slope of the fitting is (0.00574+2.3 1x107™) Nem®.
From fhe equation,

Fel Q%
-
dnme, ¥°

yield 0,0, =(4xg,)- (5745 2.30C% = (6.34x 1077 £2.57x107)C?

or O={0,0,)=(7.96x107 £2.28x10")C




- . ey N
The error in 1/ 15 calculated as follow:

Ny 2

a(l Jl .

Ka ( cbr)

=

[E} v

1‘2 f /
()42

: y Are ¥
The error in F is caloulated as follow:

CRGR)

The error in Q is caiculated as follow:

e (%)

3. Measarement of the Charge (by Electrometer Ayaplifier)

ricm) + 0.05cm id 12 14 16 18
FVY+2.5Y 6.0 4.5 5.5 6.0 6.5
g(nC) # 5nC 12 9.0 11 12 i3

The charge g originally placed on the spheres K, and K, is obtained from, ¢/2=CV where C is

thie capacitance (assume no error) of the InF capacitor at the input of the electrometer.

The ervor in ¢ is caleulated as follow:



(b) Data Evaluation & (¢) Comments

Using the torsion balance method and from the above three sefs of data in puzt 2, the average
charge placed on the sphere was: Q=(831:03107C" 4he sample standard deviation is taken as
the error). While using the clectrometer method and from the data i part 3, the average charge

A1 .SE}HC' {“

placed on the sphere was: ¢ ={l1 e sample standard deviation is taken as the error).

They are different by 27.1%.

The experiment of electrostatic depends on the humidity of the day of experiment. If the
humidily 1s high (>90%, say), for example, the charges on the spheres may be discharged in air
easily. In the second part of the experiment (Measurement of the Charge (by Torsion Balance)), 1
charged up the two spheres one by one. Charges on the first sphere may be discharged through air
before I charging up the sccond sphere. So that the charges on these spheres may not equal and the
magnitude of the forces produced were uncertain. Similar for the third part of the experiment
(Measurement of the Charge (by Electrometer Amplifier)). voltage measurements on the
electrometer were uncertam,

During iny experiment (ZS”' Feb., 05), the mean relative humidity was 86 %, which was quite
high. (source: Hong Kong Observatory - http://www hko.gov hk/wxinfo/pastwx/metob200502 him).
So that ey results swere quile bad.

Moreover, in the second part of the experiment, the torsion wire oscillated a lot (although it was
damped), and so the reflected laser spot on the scale was never stable even T had not charged up the
second sphere yet, Together with the very small displacement, it was very difficult to get the accurate
vatues of the a, displacements.

For the second part of the experiment, in the lab manual, it said thai for the separations of the two
spheres, do this starting at a sphere center-to-center distance of 10cm to 22em in steps of 2em. I did
two more distances: 6 and § cm. Because these displacements on the scale were much greater than
those of longer distances. But the point charges approximation might not be validated.

In my opinion, the second part of the experiment was difficult. It needs dry weather and good
experimental skills, especially in charging up the spheres. 1 suggest it should be modified the charging
up method, so that horizontal motions of the rotary sphere should be distributed the least.



