. 012-06123
Teamaudes Instruction Manual and P

Tpical Experiment Guide for the

@ PASCO scientific
32| Model AP-8210

MILLIKAN OIL DROP
APPARATUS

’y‘ HH‘ ® 10101 Foothills Blvd. ¢ Roseville, CA 95747-7100
- Phone (916) 786-3800 * FAX (916) 786-8905 » www.pasco.com




The exclamation point within an equilateral
triangle is intended to alert the user of the
presence of important operating and mainte-
nance (servicing) instructions in the literature
accompanying the appliance.




012-06123D Millikan Oil Drop Experiment

Table of Contents

Section Page
Copyright, Warranty, and Equipment RELUM ..........ccoceiiiinieeiene e ii
INEFOTUCTION ...t nre 1-2
0 BT 0] 0T | S 3-4
0 H o= L= (o 5
Aligning the Optical SYSIEM .......cco i 6
FUNCLIONS OF COMTOIS.......ceiiiiiiieeee e 6
Adjusting and Measuring the VOltage.......ccoov oo 7
Determining the Temperature of the Droplet Viewing Chamber ...........ccccoceeee. 7
EXperimental ProCEOUNE ..........ooi e 7-9
Computation of the Charge of an EIeCtron .........cccoveeieieee e 9
Using a Projection Microscope with the Millikan Qil Drop Apparatus................... 10
HISLOMICA ...t 11-15

Maintenance Notes

L0111 1 oo R 16
Replacing the HAogen BUID ..o 16
Adjusting the Vertica Reticle and Viewing Scope Alignments .......cccccovcevveeerenee. 16
Adjusting the Horizontal Reticle AlIgnment ..........ccoooiiiieeieee e 17
Touching Up the Black Painted Surface on the Plastic Spacer ........ccoccevvvvreeineee 17
Appendix
A: Viscodty of Dry Air as a Function of Temperature .........cccoooveeeeveneneecenenne. 19
B: Thermistor Resistance a Various TEMPEIEIUIES ........ccceeerereeiereseeieeeeneeeens 20
TEACNE'S GUILE ...ttt 21-24
TeChNICal SUPPOIT ...ttt sne e Back Cover
[PASC (2 |

screntific



Millikan Oil Drop Experiment

012-06123D

Copyright, Warranty and Equipment Return

Please—Fed freeto duplicate this manua
subject to the copyright restrictions bel ow.

Copyright Notice

The PASCO stientific 012-06123C manual is
copyrighted and al rights reserved. However,
permission is granted to non-profit educational
ingtitutions for reproduction of any part of the
Millikan Oil Drop Experiment manual providing the
reproductions are used only for their laboratories and
are not sold for profit. Reproduction under any other
circumstances, without the written consent of PASCO
scientific, is prohibited.

Limited Warranty

PASCO scientific warrants the product to be free from
defectsin materials and workmanship for a period of one
year from the date of shipment to the customer. PASCO
will repair or replace, at its option, any part of the product
which is deemed to be defective in material or
workmanship. The warranty does not cover damageto the
product caused by abuse or improper use. Determination
of whether aproduct failureistheresult of a
manufacturing defect or improper use by the customer
shall be made solely by PASCO scientific. Responsibility
for the return of equipment for warranty repair belongsto
the customer. Equipment must be properly packed to
prevent damage and shipped postage or freight prepaid.
(Damage caused by improper packing of the equipment
for return shipment will not be covered by the warranty.)
Shipping costsfor returning the equipment, after repair,
will be paid by PASCO scientific.

Credits

Editor: Sunny Bishop

Equipment Return

Should the product have to be returned to PASCO
scientific for any reason, notify PASCO scientific by
letter, phone, or fax BEFORE returning the product.
Upon notification, the return authorization and
shipping ingtructions will be promptly issued.

» NOTE: NO EQUIPMENT WILL BE
ACCEPTED FOR RETURN WITHOUT AN
AUTHORIZATION FROM PASCO.

When returning equipment for repair, the units must
be packed properly. Carriers will not accept responsi-
bility for damage caused by improper packing. To be
certain the unit will not be damaged in shipment,
observe the following rules:

@ The packing carton must be strong enough for the
item shipped.

@ Make certain there are at least two inches of
packing material between any point on the
apparatus and the inside walls of the carton.

Make certain that the packing materia cannot shift
in the box or become compressed, allowing the
instrument come in contact with the packing
carton.

Address: PASCO scientific
10101 Foothills Blvd.
Roseville, CA 95747-7100
Phone: (916) 786-3800
FAX: (916) 786-3292
email: techsupp@pasco.com
web: WWW.pasco.com
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INTRODUCTION

The electric charge carried by aparticle may be calculated
by measuring the force experienced by the particlein an
electric field of known strength.  Although it isrelatively
easy to produce aknown electric field, the force exerted
by such afield on aparticle carrying only one or severd
excessdectronsisvery smal. For example, afield of
1000 volts per cm would exert aforce of only 1.6 10
dyne on a particle bearing one excesselectron. Thisisa
force comparable to the gravitational force on aparticle
with amass of 1072 (one million millionth) gram.

The success of the Millikan Oil Drop experiment depends
on the ability to measure forcesthissmall. The behavior
of small charged droplets of oil, having masses of only
1012 gramor less, isobserved in agravitationa and an
electricfield. Measuring the velocity of fdl of thedropin
ar enables, with the use of Stokes' Law, the calcul ation of
the mass of thedrop. The observation of the velocity of
thedrop rising in an eectric field then permitsa
caculation of theforce on, and hence, the charge carried
by the ail drop.

Although this experiment will allow oneto measurethe
total charge on adrop, it isonly through an analysis of the
data obtained and a certain degree of experimenta skill
that the charge of asingle electron can be determined. By
sdlecting dropletswhich rise and fall dowly, one canbe
certain that the drop has a small number of excess
electrons. A number of such drops should be observed
and their respective charges calculated. If the chargeson
these drops areintegral multiples of a certain smallest
charge, then thisisagood indication of the atomic nature
of electricity. However, sinceadifferent droplet has been
used for measuring each charge, thereremainsthe
guestion asto the effect of the drop itself on the charge.
Thisuncertainty can be eliminated by changing the charge
on asingle drop whilethe drop isunder observation. An
ionization source placed near the drop will accomplish
this. Infact, it is possibleto change the charge on the
samedrop several times. If the results of measurements
on the same drop then yield chargeswhich are integral
multiples of some smallest charge, then thisis proof of the
atomic nature of dectricity.

The measurement of the charge of the electron also
permitsthe calculation of Avogadro’snumber. The
amount of current required to el ectrodeposit one gram
equivalent of an element on an electrode (thefaraday) is
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equal to the charge of the electron multiplied by the
number of moleculesin amole. Through electrolysis
experiments, the faraday has been found to be 2.895 x 10
electrostatic units per gram equivalent weight (more
commonly expressed in the mks system as 9.625 x 10’
coulombs per kilogram equivalent weight). Dividing the
faraday by the charge of the electron,

2.895x 10 e.s.u./gmequivalent weight

4.803x10"esu.,

yields 6.025 x 10% molecules per gram equivalent weight,
or Avogadro’ s number.

EQUATION FOR CALCULATING THE
CHARGE ON A DROP

An analysis of theforces acting on an oil droplet will
yield the equation for the determination of the charge
carried by thedroplet.

Figure 1 showsthe forces acting on the drop whenitis
falinginair and hasreached itstermina velocity.
(Terminal velocity isreached in afew millisecondsfor the
dropletsused in this experiment.) In Figure 1, v; isthe
velocity of fal, kisthe coefficient of friction between the
air and the drop, misthe mass of the drop, and gisthe
acceleration of gravity. Sincetheforcesare equal and

opposite:
mg = kv, (1)

Figure 1 Figure 2

Figure 2 showsthe forces acting on the drop whenitis
rising under theinfluence of an eectricfield. In Figure 2,
E isthedectric intendity, qisthe charge carried by the
drop, and v, isthe velocity of rise. Adding the forces
vectorialy yields:
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Eq=mg + kv, (2)

In both casesthereisaso asmall buoyant force exerted
by the air on the droplet. Since the density of air isonly
about one-thousandth that of cil, thisforce may be
neglected.

Eliminating k from equations (1) and ( 2) and solving
for q yidds:
Y g I+ V)
Ev; (3)

To diminate mfrom equation ( 3 ), one usesthe
expression for the volume of asphere:

4
m—§Ea3p (4)

where aistheradius of the droplet, and p isthe dengity of
theoil.

To calculate a, one employs Stokes' Law, relating the
radius of aspherical body to itsvelocity of fall ina
viscous medium (with the coefficient of viscosity, 1).

_ v, *
a‘w(ng) (5)

Stokes' Law, however, becomesincorrect when the
velocity of fal of thedropletsislessthan 0.1 cnvs.
(Droplets having thisand smaller vel ocities have radii, on
the order of 2 microns, comparable to the mean free path
of air molecules, a condition which violates one of the
assumptions made in deriving Stokes Law.) Sincethe
velocities of the droplets used in this experiment will bein
the range of 0.01 to 0.001 cm/s, the viscosity must be
multiplied by acorrection factor. Theresulting effective

viscosity is.
- l **
Ner =1

* pa

(6)
wherebisaconstant, p isthe atmospheric pressure, and a

istheradius of the drop as cal culated by the uncorrected
form of Stokes' Law, equation (5).

Substituting 1 in equation (6) into equation (5), and
then solving for theradiusa gives:

_ BY, "1y B
a‘\/[ﬁ] AT (7)

Substituting equations (4), (5), and (6) into equation (3)
yields:

g =Gm S e
2gp(1+pa) (8)

Thedectricintensity isgiven by E = V/d, where Visthe
potential difference acrossthe paralldl plates separated by
adistanced. E, V, andd areall expressed in the same
system of units. If Eisin electrostatic units, Vin volts,
and d in centimeters, therelationshipis:

V(volts
E(esu.) = 7300( J (cn)w)
)
Substituting equations ( 7)) and ( 8) into equation (6 ) and
rearranging thetermsyields:

Y2 3
1[9mf 1 \*%
400nd(gp[2]) (“b) X
pa

Thetermsin thefirst set of brackets need only be
determined once for any particular apparatus. The second
term is determined for each droplet, whiletheterm in the
third set of bracketsis cal culated for each change of
chargethat the drop experiences.

it /v

X v

e.s.u.

q:

(10)

The definitions of the symbols used, together with their
proper unitsfor usein equation (9) are***:

g- charge, ine.s.u., carried by the droplet

d — separation of the platesin the condenser incm

p —density of ail in grn/cm3

g—acceleration of gravity in /s

n —viscosity of air in poise ( dynes/cmz)

b— congtant, equal to 6. 17 x 104 (cmof Hg) (cm)

p — barometric pressurein cm of mercury.

a—radiusof thedrop in cm as calculated by equation

(5)

Vv;—Vvelocity of fal incm/s

v, —velocity of rissincm/s

V —potentia difference acrossthe platesin volts

Note: The accepted valuefor eis4.803 x IO"Oe.su.,
or 1.60 x 10°*° coulombs.

*For additiona information about Stokes' Law, the
student isreferred to Introduction to Theoretical Physics,
by L. Page (New Y ork, Van Nostrand), Chapter 6.

** A derivation may befound in TheElectronby R. A.
Millikan (Chicago, The University of Chicago Press),
Chapter 5.

*** Modern calculations of g are usually conducted in Sl
units. (See Experimental Procedure, Computation of the
Charge of an Electron, page 7.)
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EQUIPMENT

Included equipment:

* gpparatus platform and plate charging switch (see
detailed description below and on page 4)

* 12 volt DC transformer for the halogen lamp

* non-volatileoil (Squibb #5597 Mineral Qil, dendity =
886 kg/m°)*

* atomizer

* Note: We measured the density of the Squibb Mineral
Oil and found it to be 886kg/m®. However, the
densities of different lots of mineral oil may vary
dightly; therefore, for greatest precision, you should
determine the density of the mineral oil you are using.

plate charging switch

atomizer

12 vDC
power
adaptor

Figure 3. Included equipment

plate voltage connectors —|

thermistor connectors ~

convex lens —_|

droplet viewing chamber housing

ionization source lever —|

&

support rod clamping screw —’/' -

support rod mount

droplet focusing ring

plate charging switch

halogen lamp housing

filament adjustment knob
(vertical)

lamp power jack

— filament adjustment knob
(horizontal)

@\\ bubble level

[ focusing wire

— support rod clamping screw

support rod mount

MILLIKAN OIL DROP

APPARATUS thermistor resistance table

—/

viewing scope

e el

Figure 4. Apparatus platform
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Componentsof platform:

* droplet viewing chamber (see details below)

* viewing scope (30X, bright-field, erect image) with
reticle (line separation: 0.5 mm major divisions, 0.1
mm minor divisions), reticlefocusing ring, and
droplet focusing ring

* halogenlamp (12V, 5W haogen bulb and dichroic,
infrared hest-absorbing window, horizontal and
verticd filament adjustment knobs)

» focusing wire (for adjusting viewing scope)
* plate voltage connectors

* thermistor connectors (thermistor is mounted in the
bottom plate)

WARNING: Do not apply voltageto the
thermistor connectors.

* thermistor table (resistance versustemperature)

* ionization source lever (with three positions:
lonization ON, lonization OFF, and Spray Droplet
Position)

* bubblelevel

* support rod mounts and screws (to permit mounting of
platform on aPASCO ME-8735 Large Rod Stand, so
viewing scope can beraised to acomfortable eye
level)

» 3leveling feet

* plate charging switch (on a1 meter cord to prevent
vibration of platform during switching activity)

Componentsof droplet viewing chamber (Figureb5)
e lid
* housing
droplet hole cover
* upper capacitor plate (brass)
plastic spacer (approximately 7.6 mm thick)
* lower capacitor plate (brass)
- thorium-232 alpha source (0.008 mcuri€)
- electrical connection to upper capacitor plate
* convex lens

Note: Thorium-232 isanaturally occurring, low
level alpha-particle emitter with ahalf-life of 1.41 x
10"years. Itisnot regulated inits use and poses
no hazard to the user of the PASCO Millikan Oil
Drop Apparatus.

It isrecommended that you store the
equipment in the original packing materid.
After unpacking, remove the foam insert
from the droplet viewing chamber. Store
the plate charging switch on the velcro tabs
located on the platform.

Required equipment, not included:

* high voltage, well regulated power supply that
ddiversupto 500V DC, 10 mA minimum (for
example, the PASCO SF-9585 High V oltage Power
Supply)

* digital multimeter (to measure voltage and resistance)

(for example, the PASCO SB-9599A Universal
Digita Multimeter)

* patch cordswith banana plug connectors (4) (for
example, the PASCO SE-9415 Banana Plug Patch
Cord)

* stopwatch (for example, the PASCO SE-8702A
Digital Stopwatch)
Additional recommended equipment:

* PASCO ME-8735 Large Rod Stand
» PASCO ME-8736 Stedl Rods, 45cm (2)

lid

housing

droplet hole cover

electrical
connector

—9

<&
spacer \ _ 4

<‘.

\\

I
lower capacitor
thorium-232 \ ‘

AN base of

\\/ apparatus

/upper capacitor

N\
4
.I‘,/A\ .
7

housing
e .
e pins

Figure 5. Droplet viewing chamber
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Equipment Setup

Adjusting the environment of the experiment room

1.

3.

Make the room as dark as possible, while allowing for
adequate light to read the multimeter and stopwatch,
and to record data.

Insure that the background behind the apparatusis
dark.

Sdlect alocation that isfree of draftsand vibrations.

Adjusting the height of the platform and leveling it

1.

Placethe apparatus on alevd, solid table with the
viewing scope a a height which permitsthe
experimenter to Sit erect while observing the drops. If
necessary to achieve the proper height, mount the
apparatus on two support rods (ME-8736) on thelarge
rod stand (ME-8735) (Figure 6).

Using attached bubblelevel asareference, level the
apparatus with the leveling screws on the rod stand or
theleveling feet of the platform, asis appropriate for
your setup.

Adjust to comfortable eye level.

high voltage DC power supply

Figure 6. Equipment setup
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M easuring plate separation

1. Disassemblethe droplet viewing chamber by lifting
the housing straight up and then removing the upper
capacitor plate and spacer plate. (SeeFigure5.)
Measure the thickness of the plastic spacer (whichis
equal to the plate separation distance) with a
micrometer. Be surethat you are not including the
raised rim of the spacer in your measurement. The
accuracy of this measurement isimportant to the
degree of accuracy of your experimenta results.
Record the measurement.

Use care when handling the brass plates
and plastic spacer to avoid scratching them.

All surfacesinvolved in the measurement
should be clean to prevent inaccurate
readings.
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Aligning the Optical System
Focusing the viewing scope

1. Reassemblethe plastic spacer and the top capacitor
plate onto the lower capacitor plate. Replacethe
housing, aligning the holesin its base with the housing
pins. (SeeFigure5.)

Note: Thethorium source and the
electrical connection on thelower capacitor platefit
into appropriately sized holes on the plastic spacer.

2. Unscrew the focusing wire from its storage placeon
the platform and carefully insert it into the hole in the
center of thetop capacitor plate (Figure 7).

focusing wire —Q

upper capacitor

T

lemu |

|

spacer

lower capacitor

Figure 7. Insertion of the focusing wire into the top
capacitor plate

3. Connect the 12V DC transformer to the lamp power
jack in the the halogen lamp housing and plug itinto a
wall socket.

Check to be sure that the transformer isthe
correct voltage: 100, 117, 220, or 240 V).

4. Bring thereticleinto focus by turning thereticle
focusing ring.

5. View thefocusing wire through the viewing scope,
and bring the wire into sharp focus by turning the
droplet focusing ring.

Note: Viewing will beeasier for
experimenters who wear glassesif the viewing
scopeisfocused without using the glasses.

Focusing the halogen filament

1. Adjust the horizontal filament adjustment knob. The
light is best focused when theright edge of thewireis

brightest (in highest contrast compared to the center of
thewire).

2. Whileviewing thefocusing wire through the viewing
scope, turn the vertical filament adjustment knob until
thelight isbrightest on thewirein the area of the
reticle.

3. Returnthefocusing wireto its storage location on the
platform.

Functions of Controls
| onization sour celever

1. Whenthelever isat theionization OFF position, the
ionization source is shielded on all sidesby plastic, so
that virtually no a pha particles enter the area of the
drops.

2. Atthe ON position, the plastic shielding is removed
and the drop areais exposed to theionizing alpha
particles emitted from the thorium-232.

3. Atthe Spray Droplet Position, the chamber isvented
by asmall air holethat dlows air to escape when oil
drops are being introduced to the chamber.

IONIZATION

SOURCE

ON
G
DROPLET

| POSITION

ionization ON position

spray droplet position T~ droplet viewing

chamber housing

ionization lever

IONIZATION
SOURCE

ionization OFF position
IONIZATION
SOURCE:

THORIUM 232
0.008 uCi

Figure 8. lonization source lever settings

Plate char ging switch
The plate charging switch hasthree positions:

1. TOPPLATE — negative binding post is connected
to thetop plate.

2. TOPPLATE +: negative binding post is connected
to the bottom plate.

3. PLATESGROUNDED: plates are disconnected
from the high voltage supply and are dectricaly
connected.

| PASC (e
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Adjusting and Measuring the
\Voltage
1. Connect the high voltage DC power supply to the

plate voltage connectors using banana plug patch
cordsand adjust to deliver about 500 V.

2. Usethedigital multimeter to measure the voltage
ddivered to the capacitor plates.

Measure the voltage at the plate voltage
connectors, not acrossthe capacitor plates.
Thereisa 10 megohm resistor in serieswith
each plate to prevent e ectric shock.

Determining the Temperature of the
Droplet Viewing Chamber

1. Connect the multimeter to the thermistor connectors
and measure the resistance of thethermistor. Refer to
the Thermistor Resistance Tablelocated on the
platform to find the temperature of the lower brass
plate. The measured temperature should correspond to
the temperature within the droplet viewing chamber.

Although the dichroic window reflects

A much of the heat generated by the halogen
bulb, the temperature insde the droplet
viewing chamber may rise after prolonged
exposureto thelight. Therefore, the
temperature inside the droplet viewing
chamber should be determined periodically
(about every 15 minutes).
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Experimental Procedure

1. Completethe reassembly of the droplet viewing
chamber by placing the droplet hole cover on the
top capacitor plate and then placing the lid on the
housing. (SeeFigure5.)

Note: Thedroplet hole cover prevents additional
droplets from entering the chamber oncethe
experiment has started.

2. Measure and record the plate voltage and the
thermistor resistance (temperature).

Introducing thedropletsinto the chamber

1. Put non-volatile oil of known density into the atomizer
(for example, Squibb #5597 Minera Oil, density: 886
kg/m°).

2. Preparethe atomizer by rapidly squeezing the bulb
until oil isspraying out. Insurethat thetip of the
atomizer is pointed down (90° to the shaft; see Figure

9
. 2N

shaft

Figure 9. Correct position of the atomizer tip

3. Movetheionization source lever to the Spray Droplet
Position to allow air to escape from the chamber
during theintroduction of dropletsinto the chamber.

4. Placethenozzle of the atomizer into the hole on thelid
of the droplet viewing chamber.

5. While observing through viewing scope, squeeze the
atomizer bulb with one quick squeeze. Then squeeze
it dowly to force the droplets through the holein the
droplet hole cover, through the droplet entry holein
thetop capacitor plate, and into the space between the
two capacitor plates.

6. When you see a shower of drops through the viewing
scope, move the ionization source lever to the OFF
position.
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If repeated “ squirts’ of the atomizer fail to
produce any dropsin the viewing areabut
produce arather cloudy brightening of the
field, the holein thetop plate or in the
droplet hole cover may beclogged. Refer
to the Maintenance section for cleaning
instructions.

Note: Theexact technique of introducing drops
will need to be devel oped by the experimenter.
The abject isto get asmall number of drops, not a
large, bright cloud from which asingle drop can be
chosen. Itisimportant to remember that the drops
are being forced into the viewing area by the
pressure of the atomizer. Therefore, excessive use
of the atomizer can cause too many dropsto be
forced into the viewing area and, more important,
into the area between the chamber wall and the
focal point of the viewing scope. Dropsinthisarea
prevent observation of drops at thefoca point of
the scope.

Note: If the entire viewing area becomesfilled
with drops, so that no one drop can be selected,
either wait three or four minutes until the drops
settle out of view, or disassemble the droplet
viewing chamber (after turning off the DC power
supply), thus removing the drops. When the
amount of oil on the partsin the droplet viewing
chamber becomes excessive, clean them, as
detailed in the Maintenance section. Remember:
thelessoil that is sprayed into the chamber, the
fewer times the chamber must be cleaned.

Selection of the Drop

1. Fromthedropsin view, select adroplet that both falls
dowly (about 0.02—0.05 mm/s) when the plate
charging switch isin the“Plates Grounded” position
and can be driven up and down by turning on the
voltage.

Hint: A drop that requires about 15
secondsto fall the distance between the mgjor
reticle lines (0.5 mm) will risethe same
distance, under theinfluence of an eectric fidd
(1000 V/cm), in the following times with the

following charges: 15, 1 excesselectron; 7's, 2
excessdectrons; 3s, 3 excesselectrons. (Note:
theseratios are only approximate.)

Note: If too many dropletsarein view, you can
clear out many of them by connecting power to the
capacitor platesfor several seconds.

Note: If you find that too few droplets have net
chargesto permit the selection of an appropriately
sized and charged drop, movetheionization lever to
the ON position for about five seconds.

2. Whenyou find an appropriately sized and charged oil
droplet, fine tune the focus of the viewing scope.

Note: Theoil dropletisin best focusfor accurate
data collection when it appears as a pinpoint of
bright light.

Coallecting Data on the Rise And Fall of the Oil
Droplet

1. Measuretherise (plates charged) and fall (plates not
charged) velocities of the selected dropl et about 10—
20times. Maneuver the droplet as needed using the
plate voltage switch.

Note: Thegreatest accuracy of measurement is
achieved if you time from the instant that the bright
point of light passes behind the first mgjor reticle
line to the instant bright point of light passes behind
the second major reticleline. (Theselinesare0.5

mm apart.)

2. Cdculatethe charge onthedroplet. If theresult of this
first determination for the charge on the drop isgreater
than 5 excess dectron, you should use sower moving
dropletsin subsequent determinations.

3. Introduce more oil dropletsinto the chamber using the
procedure previoudy described and select another
droplet.

4. Mesasuretheriseand fall velocities of the selected
droplet about 10-20 times or until the charge changes
spontaneoudly or the droplet moves out of view.

| PASC (e
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5. Bring thedroplet to the top of thefield of view and
move theionization lever to the ON position for afew
seconds asthedroplet falls.

6. If therising velocity of the droplet changes, make as
many measurements of the new rising velocity asyou
can (10 to 20 measurements).

7. If thedroplet istill in view, attempt to change the
charge on the dropl et by introducing more apha
particles, as described previoudy, and measurethe
new rising velocity 10—20 times, if possible.

8. Repeat step (7) asmany timesasyou can.
9. Record the plate potentia, the oil density, the viscosity
of air a the temperature of the droplet viewing

chamber, (see appendix A), and the barometric
pressure for each set of velocity measurements.

Note: It isdesirableto observe as many different
chargeson asingle drop aspossible.

Computation of the Chargeof an Electron

1. Usetheformuladerived in the Introduction to
caculatethe the charge of an electron*:

3
v+

Ev,

5 w4

4
9=3™9\/ \2p) T 290 " 2p

*Theformulaisderived from equation 10 (page 2),
using Sl units as defined bel ow.

The definitions of the symbolsused, in Sl units:

g— charge, in coulombs, carried by the droplet
d— separation of the platesin the condenser inm
p— density of oil in kg/m®

g— acceleration of gravity in m/s?

n— viscosity of air in poise ( Ns/mz) (Appendix A)
b— congtant, equal to 8.20 x 10°3Pa-m

p— barometric pressurein pascals

a— radiusof thedropinm

Vv;— velocity of fall inm/s

v, — velocity of riseinm/s

V— potentia difference acrossthe platesin volts

Note: Theaccepted valuefor eis1.60 x 10™
coulombs.
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Suggested Procedurefor Computation of the Charge
of an Electron:

1. Using equation (7) (page 2), cdculate the radius (a) of

the il drop:

_ BY . %7V b
"“\/[ﬁ] "2l

. Subgtitute a from the above equation to find the mass

(m) of the ail droplet:

3

P

) o 4

2p) 200 2p

. Subgtitute mfrom the cal cul ation above into equation

(3) (page 2) to find the charge carried by the dropl et
(@:

_mg(v, +v)
q= Ev,
3
_4 b\, Mmvi  p| vtV
- 3md (zp) T2gp T 2p| By

Note: Equation (10) ( page 2) isequivaent to the
above equation, since

_ V(valts)
E(e.Su.) = W(Cm)
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Using a Projecting Microscope with
the Millikan Oil Drop Apparatus

To demongtrate Millikan' s experiment for an entire
classroomonaTV screen or computer monitor, usea
projecting microscope, such asthe Ken-A-Vision
VideoFlex Microscope (PASCO Modd No. SE-7227).

Procedure:

1. Puta whitepaper screen inthedroplet viewing
chamber toreflect morelight:

a Prior to focusing the viewing scope (step 1
under the Equipment Setup section, Aligning
the Optical System), place awhite paper screen
in the droplet viewing chamber asillustrated in
Figure 10.

@

Cuta32x 6 mm
strip of white
paper and bend
back tabs of

6 X 6 mm.

%/

@

Place the
paper screen
so the light
path is not
blocked and
so the light is
reflected
towards the
lens of the
plastic
spacer.

lens

path of
light
source—

paper screen

cross-section of the

droplet chamber housing—" plastic

spacer

\scope

Top View

Figure 10. Placing a white paper screen in the
droplet viewing chamber to increase the brightness
of the oil drop image

10

b. Proceed with step 1 of Aligning the Optical
System.

2. Align and focusthe pr oj ecting micr oscope:

a. Set up the projecting microscope as directed in
the manufacturer’ sinstructions.

b. After completing the setup and focusing of the
Millikan Apparatus on the oil droplets, carefully
dlide the eyepiece of the projecting microscope
over the eyepiece of the Millikan Apparatus.

¢. Focusthe projecting microscope as directed in
the manufacturer’ sinstructions.
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Historical

HISTORICAL NOTES

The Greekswerethefirst to report the effects of
electricity when they recorded that rubbed amber
attracted light objects. However, theories explaining this
phenomenon did not emerge until 1747, when Benjamin
Franklin proposed that an el ectrical fluid or fireexisted in
certain amountsin al matter. Anexcessof thisfluidin
matter would produce a positive charge and a deficiency
of thisfluid would produce anegative charge. A dightly
different theory was put forth by the physicist Symmer
twelveyearslater. He proposed that matter in aneutral
state shows no electrical properties becauseit contains
equal amounts of two weightlessfluids, which were
called positive and negative electricity respectively.

Franklin a so postul ated the existence of an electrica
particle small enough to easily permeate matter.
Faraday’ s experimentsin electrolysis, which
demondtrated that when acurrent is passed through an
electrolyte, the masses of compounds deposited at
opposite eectrodes arein proportion to the chemical
equivalent weights of the compounds, also supported
Franklin’s concept of an elementary electrical particle.
Thefluid theories, along with atheory explaining
electricity asa state of strain in matter, were the prime
explanations of electrica phenomenauntil latein the
19th century.

EARLY DETERMINATIONSOF e

Theword “eectron” wasfirst suggested in 1891 by Dr.
G. Johnstone Stoney asanamefor the* natural unit of
electricity,” namely, that quantity of eectricity that must
pass through asolution in order to liberate at one
€electrode one atom of hydrogen or any univalent
substance. It would follow that the charge of the eectron
multiplied by the number of moleculesin agram mole
would give the amount of eectricity required to deposit
one gram mole by eectrolysis. Thisquantity had been
determined by Faraday to be 9650 absolute
electromagnetic units of eectricity. Using this method,
Stoney obtained avalue of 0.3 x 10%esu. (TheKinetic
Theory provided the basisfor Stoney’ s estimation of
Avogadro’ snumber).

Thefirst experimental attempt to measure the charge
of anion was made by Townsend in the late 1890’s.
He had observed that during electrolysis of sulfuric

' PASC (e
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acid, positively charged hydrogen and oxygen gasses
were produced (although there were one million mil-
lion neutral moleculesto every charged one). This
method was used to produce an ionized gas that was
then bubbled through water to form acloud. For his
determination of e Townsend proceeded in the follow-
ing manner:

1. Heassumed that in saturated water vapor eachion
condensed moisture about it, so that the number of
ions was the same as the number of droplets.

2. Hedetermined with the aid of a quadrant
electrometer the total electrical charge per cubic
centimeter carried by thegas.

3. Hefound the total weight of the cloud by passing it
through drying tubes and determining theincreasein
weight of these tubes.

4. Hefound the average weight of the water droplets
constituting the cloud by observing their rate of fall
under gravity and computing their mean radius with
theaid of apurely theoretical law known as Stokes
Law.

5. Hedivided the weight of the cloud by the average
weight of the droplets of water to obtain the number of
dropletswhich, if assumption 1iscorrect, wasthe
number of ions, and he then divided thetotal charge
per cubic centimeter in the gas by the number of ions
to find the average charge carried by eachion, that is,
tofinde!

Townsend achieved resultsin the range of 3 x 10%esu.
for e. J. J Thompson, in 1900, used amethod similar to
Townsend' sand obtained avalueof 6x 100 esu. In

both of these methods, however, the first assumption
(each droplet formed around only oneion) proved to be
only approximately correct, and the experimental methods
were not adequate to provide a precise determination of e.

H.S. Wilson improved upon Townsend' sand

Thompson’ swork by adding two brass plates which could
be connected to a2000 volt battery. A cloud wasformed
between these plates (not charged) and the falling velocity

1 condensed from Robert A. Millikan's book, The
Electron (University of Chicago Press, Chicago, 1993,
pp. 45-46) and used with permission of the publishers.
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of the cloud recorded. A second cloud was then formed
and itsfaling velocity observed in an electric field (the
platesbeing charged). Sincethetwo velocitiesare
proportional to the forces acting on the dropsz, andthe
velocity of the cloud with the plates uncharged determines
the size and mass of the drops by Stokes' Law, Wilson
was ableto obtain avalue of 3x 10 % esu. for e. Since
Wilson' s measurements were always made on the top of
the cloud, or the dropswith the smallest charge (the more
heavily charged drops being driven downward faster in
thefield), the assumption of oneion per drop was
vaidated.

MILLIKAN'SDETERMINATION OF e

Millikan improved upon Wilson'sdesign by using a
higher potential acrossthe plates so that the falling
velocity of the cloud could not only be impeded, but
actualy reversed. Some charged drops moved upward,
some moved rapidly downward, while the uncharged
dropswere unaffected and continued to drift downward.
A few drops, which carried a charge of the proper
magnitude so that the force of gravity on the drop amost
equaled theforce of the eectric field on the drop,
remained inview. By varying the potential of the plates,
Millikan could just balance these drops. Thissituation
proved to be asignificant improvement for it permitted al
measurementsto be made on asingledrop. By using this
balanced drop method, Millikan was able to observethe
properties of individua ions and to determine whether
different ions carry one and the same charge.

In the following passage, taken from the “ Philosophical
Magazineg’ for February, 1910, Millikan describesthe
actud procedure of the experiment.

“The observations on the rate of fall were madewith a
short-focus tel escope placed about 2 feet away from the
plates. Inthe eyepiece of thistelescope were placed three
equally spaced cross-hairs. . . . A small section of the
space between the plates wasilluminated by anarrow
beam from an arc light, the hesat of the arc being absorbed
by threewater cellsin series. Theair between the plates
was ionized by 200 mg of radium of activity 20,000

2 With the plates uncharged theforceis mg where mis
the mass of the drop and g isthe accel eration of grav-
ity. Withthe plates charged theforceismg + Ee,
where E isthe eectric intensity between the plates
and e, isthe charge on the drop.

*Theitalicized phrasesindicate adight changein
wording, for purposes of clarity, from Millikan’s
origina work.

placed from 3 to 10 cm away from the plates. A second or
so after the cloud was pr oduced” the radium was removed
... and thefield thrown on by means a double-throw
switch. If the dropswere not found to be held suspended
by thefield the potential differencewaschanged. ... The
cross-hairswere set near the lower plate, and assoon asa
stationary drop was found somewhere above the upper
cross-hair, it was watched for afew secondsto make sure
that it was not moving and then the field was thrown off
and the plates short-circuited by means of the double-
throw switch, so asto make surethat they retained no
charge. Thedrop wasthen timed by means of an accurate
stop watch asit passed across the three cross-hairs, one of
the two hands of the watch being stopped at the instant of
passage across the middle cross-hair, and the other at the
instant of passage acrossthe lower one. 1t will be seen
that this method of observation furnishes adouble check
upon evaporation; for if thedrop isstationary at fird, itis
not evaporating sufficiently to influence the reading of the
rate of fall, and if it beginsto evaporate appreciably before
thereading is completed, the time required to pass
through the second space should be greater than that
required to pass through thefirst space. It will be seen
from the observations which follow that thiswasnot, in
general, thecase.

It isan exceedingly interesting and instructive experiment
to watch one of these drops start and stop, or even reverse
its direction of motion, asthefied isthrown off and on. |
have often caught a drop which wasjust too light to
remain stationary and moved it back and forth in thisway
four or five times between the same two cross-hairs,
watching it first fall under gravity when the field was
thrown off and then rise against gravity when the field
wasthrownon. ...

Furthermore, sincethe observations. . . aredl made upon
the samedrop, al uncertainties asto whether conditions
can be exactly duplicated in the formation of successive
clouds obvioudly disappear. Thereisno theoretical
uncertainty whatever left in the method unlessit be an
uncertainty asto whether or not Stokes' Law appliesto
therate of fall of these drops under gravity.”

Experimentswith the balanced water drop produced the
vaueof 3.422x 107 esu. for e. Themost important
aspect of these experiments, however, wasthe observation
by Millikan that arising drop would suddenly changeits
velocity. Thisphenomenon could easily be produced by
placing aradioactive source near the drop. This
demondtrated that the drop had “ captured” anion, thus
changing the charge of the drop and its respective
velocity.
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scirentifirc



012-06123D

Millikan Oil Drop Experiment

THE EXACT EVALUATION OF e

In 1909 Millikan set about building anew piece of
apparatus designed for the observation of single oil drops
for extended periods of time. Since water drops had
proved inadequate for prolonged observation of thision
catching phenomenon, Millikan used oil drops, which
were not affected by evaporation. The apparatus
consisted of two parallel brass plates separated by a
distance of 16 mm by ebonite blocks. Non-volétile oil
was sprayed into the chamber above the plates, and small
drops dowly found their way into the area between the
platesthrough asmall holein thetop plate. Thedrops
wereilluminated by abeam from acarbon arc lamp and
were observed through a measuring scope. The details of
the construction of Millikan'sfina apparatusbuilt in
1914 (which was basically similar to hisearlier devices,
and for the purposes of this discussion can be considered
the same asthe earlier pieces of apparatus) attest to the
effort expended in obtaining the most accurate evaluation

of epossible. Thefollowing passageis part of Millikan's
description of the apparatus, including a diagram of the
device.

“Accordingly, | built two years ago anew condenser
having surfaces which were polished optically and made
flat to within two wave-lengths of sodium light. They
were 22 cm. in diameter and were separated by three
pieces of echelon plates, 14.9174 mm. thick, and having
opticaly perfect plate surfaces. The dimensions of the
condenser, therefore, no longer introduced an uncertainty
of morethan about 1 part in IO,OOO.”5

“Complete stagnancy of the air between the condenser
plateswas attained, firgt, by absorbing all the heat rays
from the arc lamp by means of awater cell 80 cm. long,
and acupric chloride cell, and secondly, by immersing the
wholevessd in aconstant temperature bath of gas-engine
oil (40 liters), which permitted, in generd, fluctuations of
not more than 0.02 °C during an observation.” 6

Diagram of Millikan’s Appar atus’

H: to pump

e

(

Fig.11.—A, atomizer through which theoil spray isblownintothecylindrical vessel D. G, oil tank to keep thetem-
peratureconstant. M and N, circular brassplates, electrical field produced by throwing on 10,000-volt battery B. Light
from arc lamp a after heat rays are removed by passage through w and d, enters chamber through glasswindow g andillu-
minatesdroplet, p between platesM and N through the pinholein M. Additional ionsare produced about p by X-raysfrom

thebulb X.

SMillikan, Robert A., p. 115.
®Millikan, Robert A., p. 110.
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With this new apparatus hundreds of measurements on
different drops were made, for the purpose of both making
an exact evaluation of e and proving or disproving the
atomic theory of eectricity. Thevalue of ethat was
obtained from these five years of work was4.774 x 1
e.s.u. Thisvaue of ewasaccepted until 1928 when a
precise determination of Avogadro’s number by X-ray
diffraction measurements on crystals permitted the
calculation of eto be 4.803x 10 esu. Thedi screpancy
was later traced to Millikan’ stoo low valuefor the
viscogity of air.

o 10

ATOMIC NATURE OF ELECTRICITY

The atomic nature of dectricity isbest exemplified by the
following table taken from Millikan's data:

n 4917xn Observed
Charge

1 4917

2 9.834

3 14.75

4 19.66 19.66
5 24.59 24.60
6 29.50 29.62
7 34.42 34.47
8 39.34 39.38
9 44.25 44.42
10 49.17 49.41
11 54.09 5391
12 59.00 59.12
13 63.92 63.68
14 68.84 68.65
15 73.75

16 78.67 78.34
17 83.59 83.22
18 88.51

Millikan makes the following comments about thistable.

“Inthistable4.917 ismerely anumber obtained . . . from
the change in speed due to the capture of ionsand one
which is proportional in this experiment to theionic

charge. The column headed 4.917 x n contains Ssmply the
whole series of exact multiples of thisnumber from 1 to
18. The column headed ‘ Observed Charge’ givesthe
successive observed values of therising velocity of the
drop plusthefaling velocity. It will be seen that during
thetime of observation, about four hours, thisdrop carried
all possible multiples of the elementary chargefrom4to
17, saveonly 15. No more exact or more cons stent
multiple relationship is found in the data which chemists
have amassed on the combining powers of the elements
and on which the atomic theory of matter reststhanis
found in the foregoing numbers.

Such tables as these—and scores of them could be
given—place beyond al question the view that an
electrical chargewherever it isfound, whether on an
insulator or conductor, whether in electrolytesor in
metals, has adefinite granular structure, that it consists of
an exact number of specks of eectricity (electrons) dl
exactly alike, which in static phenomenaare scattered
over the surface of the charged body and in current
phenomena are drifting along the conductor. Instead of
giving up, as Maxwell thought we should some day do,
the*provisiona hypothesis of molecular charges,” wefind
ourselves obliged to make all our interpretations of
electrical phenomena, metalic aswell aseectrolytic, in
termsof it.”°

Although the values of the charge on a specific drop were
found to be exact multiples of acertain value (€), the value
of evaried for drops of different masses. This
discrepancy was traced to the breakdown of Stokes' Law.
Through experimentation the law was found to fail when
the size of the drop approached the mean free path of air
molecules. When this situation occurs, the mediumin
which thedrop fallsis no longer homogeneousin relation
to thedrop. Thiscontradicts one of the assumptions upon
which Stokes' Law isbased. Through hiswork onthe
eectron, Millikan was able to determine a correction
factor for Stokes' Law.

By performing the experiment with mercury dropsand
drops of other materias, Millikan demonstrated that the
elementary dectrical charge wasthe samefor insulators,
semi-conductors, and conductors. He also demonstrated
that the beta particle had the same charge as an e ectron
(indeed, it isan e ectron) and that positive and negative

8Millikan, Robert A., p. 74.
Millikan, Robert A., pp. 74—75.
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€electrons (the positive e ectron referring to aproton and
not apositron) are equa in charge. The experiment also
produced insightsinto the study of ionized gasses.

Few experimentsthat are so smplein principle have
provided such aweslth of experimental evidenceto
confirm the atomic theory and measure an important
physical constant.

Suggested Reading

Should the student desire amore detailed back groundin
this classic experiment, the following referencesare
suggested:

1. Millikan, Robert A., The Electron, (Chicago, The
University of Chicago Press, 1917 (reprintingin
paperback form, 1963).

2. Millikan, Robert A., “The Isolation of an lon, A
Precision Measurement of its Charge, and the Correction
of Stokes' Law,” The Physical Review, VVal. 2, No. 2, pp.
109 —-143, June 1913.

3. Millikan, Robert A., “On the Elementary Electrical
Charge and the Avogadro Congtant,” The Physical
Review, Vol. 32, No. 4, pp. 349—397, April, 1911.

4. Shamos, M.H., Great Experimentsin Physics (Holt-
Dryden, New Y ork, 1959), pp. 238 — 249.
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Maintenance Notes

Cleaning

1. Thehousing of the droplet viewing chamber, the
capacitor plates, the plastic spacer, and the droplet
hole cover should be cleaned with water and
detergent, with particular attention to the droplet hole
in the top capacitor plate, the glass observation port
covers on the housing, and the droplet hole cover.

2. Theplastic spacer should be polished with a soft, lint-
free cloth to remove any ail, finger prints, or lint.

3. Thelenson the plastic spacer should be cleaned on
both sidesusing a Q-tip.

4. Apply athinfilm of oil to the capacitor platesto help
prevent corrosion.

5. Dry all parts completely before reassembly.

Always handle the plastic spacer and capacitor
plates carefully to avoid scratching them.

Solventsthat might attack the plastic should be
avoided.

Replacing the halogen light bulb
1. Disconnect the apparatus from all power sources.

2. Remove the four screws on the halogen lamp housing
and lift off thetop cover. Gently pull the halogen bulb
out of its socket.

3. Replacewith aGE #18426 halogen bulb (12V,5W,
T3 typewith 2-Pin G4 base, C6 dtraight filament).
Carefully insert the pins at the base of the bulb into the
socket and pressfirmly to seat the bulb securely.

g Handle the new hal ogen bulb only with tissue
paper— oil on the hands may damage the
bulb.

16

Adjusting vertical reticle and viewing scope
alignments
If the dignment of thereticle or viewing scopeisatered

during rough handling, realign it using the following
procedure;

1. Loosenthe set screw in the viewing scope holder
(Figure12).

set screw

Figure 12. Location of viewing scope set screw

2. Withthefocusing wirein place and while looking
through the eyepiece, rotate the viewing scope until
thevertical reticlelinesare vertical to the focusing
wire.

3. Find the center of focusin the adjustment knob on the
viewing scope (thiswill be approximately half-way
between minimum and maximum focus).

4. Manually move the viewing scopein and out through
its holder until the focusing wire comesinto focus.

5. Recheck thereticleto assurethat it istill in proper
alignment with thefocusing wire (asin step 2).

6. Lock the viewing scopeinto position by tightening
the set screw into the viewing scope holder.
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Adjusting the horizontal reticlealignment

If the horizontal alignment of the viewing scopeisaltered
during rough handling, realign it using the following
procedure;

1. Loosen one of thetwo socket head cap screwson the
bottom of the platform shown in Figure 13.

2. Withthefocusing wirein place and while looking
through the eyepiece, gently tap the viewing scope
until the focusing wireis centered inthereticle.

Only avery small adjustment will be
required. Use careto avoid losing sight of
thefocusing wire.

3. Lock the viewing scopeinto position by tightening the
two socket head cap screwsinto the viewing scope
holder.

socket head cap
screws for scope
adjustment

bottom of platform

Figure 13. Location of the socket head cap screws
that anchor the viewing scope
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Touching up the black painted surfaceon the
plastic spacer

After prolonged use and repeated cleaning, the black paint
(Figure 14) that absorbs refracted and reflected light on
the plastic spacer may begin to wear off. Inthat event,
touch up the surface with athin coat of flat black acrylic
paint such asthat available at hobby stores. Do not usea
lacquer or oil-based paint.

Do not dlow paint to get on the top and
bottom flat surfaces of the plastic spacer,
sincethat would change the plate spacer
thickness.

black-painted area

Figure 14. Area on the plastic spacer that should be
painted black
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Notes
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Appendix

Appendix A: Viscosity of Dry Air as a Function of Temperature*

“X 10

Nsm

1.8840

Viscosity of Dry Air as a Function of Temperature

1.8800

1.8760
1.8720
1.8680+
1.8640
1.8600
1.8560
1.8520
1.8480
1.8440
1.8400
1.8360
1.8320
1.8280
1.8240
1.8200
1.8160
1.8120
1.8080
1.8040

1.8000
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Appendix B:

Millikan Oil Drop Apparatus Thermistor Resistanceat Various Temperatures

THERMISTOR RESISTANCE TABLE
‘C  x10°Q °c x 10% 0 ‘c X10°Q
10 3.239 20 2.300 30 1.774
11 3.118 21 2.233 31  1.736
12  3.004 22 2169 32 1.700
13 2.897 23 2.110 33 1.666
14 2.795 24 2.053 34 1.634
15  2.700 25  2.000 35 1.603
16 2.610 26 1.950 36 1.574
17 2.526 27  1.902 37 1.547
18 2.446 28 1.857 38 1.521
\J9  2.371 290 1.815 39 1.496
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Teachers Guide

» Note: It is best that students work in pairs—one to observe the drop and one to
record the experimental data.

» Note: Leveling will be most accurate if the bubble level is observed from
directly above during leveling.

» Note: If more accuracy with leveling is needed to prevent the oil droplets from
gradually drifting off to one side during prolonged observations, perform the level-
ing operation using a two-dimensional level or ball bearing placed directly on the

bottom capacitor plate.

As an example of typica experimental results, the following pages list one teacher’s data, using the
aternative method for calculating the charge on an electron that is presented on page 9. The
teacher measured the velocity of the drop moving down with the plates charged and used the
method listed below to organize the data for computation.

For each different charge event for a drop the following was done:

1.

Measured the velocity of the falling drop with the plates not charged, the velocity of the rising
drop with the plates charged, and the velocity of the falling drop with the plates charged;

Assigned a “charge letter” to each event of differing charge for each oil droplet; for example, for
drop 1: 1A, O (veocity of the faling drop with the plates not charged), 1B, u (velocity of the
risng drop), 1B, d (velocity with the plates charged of the falling drop), 1C, u, d, and 1D, u, d ;
for droptlet 2: 2A0, u, d, 2B u, d, 2C u, d, and so on.

3. Averaged all measurements for a drop falling with the plates not charged, for use to determine a;

4. For each charge letter, averaged the measurements for the cases of the drop rising or fdling with

the plates charged;

Calculated the average charges on each droplet for each charge letter (averaging the charges for
the cases with the droplet rising and with the droplet falling while the plates were charged);

Listed the average charges for the charge letters in order of increasing size and calculated the av-
erage
difference between charges;

Calculated the number of e for droplet under each of the charge conditions by dividing the aver-
age charge for each charge letter by the average difference in charge from step 5, above.

The data and calculations for measurements on one droplet are listed on the following pages.

[PASC (N
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Sample Data for Millikan Apparatus. Voltage = 386 V; Temperature = 28.8° C

Drop#/
ChargelLetter Distance timed (mm) Time(s)  Direction:
0=nofield
U = going up
D = going down
1A 05 18.24 0
05 18.56 0
05 19.24 0
05 18.05 0
05 17.23 0
05 15.35 0
05 16.70 0
05 17.99 0
05 15.35 0
05 17.25 0
0.5 18.38 0
1C 0.5 18.32 0
1D 05 16.56 0
05 18.70 0
0.5 16.56 0
1.0 33.63 0
05 17.30 0
0.5 19.06 0
0.5 18.33 0
05 16.21 0
0.5 15.36 0
05 15.70 0
05 17.10 0
05 17.30 0
05 17.80 0

Average Timewith no field = 17.34 s for 0.5 mm
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Drop# / Distancetimed (mm) Time(s) Direction: Average Times
Charge Letter 0=nofield (9
U = going up for adistance
D = going down of 0.5 mm

1A 05 3.89 U

15 11.00 U

15 11.59 U

15 11.17 U 379 U

0.5 2.66 D

15 7.84 D 264 D
1B 15 8.32 U

15 8.20 U 275 U

15 6.20 D

1.5 6.02 D 204 D
1C 0.5 22.16 U 2216 U

1.0 11.56 D

1.0 11.64 D 580 D
1D 1.0 13.40 U

15 19.74 U

1.0 12.65 U 654 U

1.0 7.48 D

15 11.32 D 376 D
1E 05 21.91 U

05 22.87 U

0.5 21.04 U 2194 U

1.0 11.84 D

1.0 12.72 D

1.0 12.59 D 6.20 D
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1. The temperature was T = 0.822 mQ = 28.8° C, which gives the viscosity of
air = 7= 1.867 x 10° kg/m-s.

2. For thisdroplet, a=4.9x 10" m+ 02 x 10" m.

3. The plate separation was 0.767 cm and the plate voltage was 386 V, which gives the
electric field = E = 5.03 x 10* v/m.

4. The dendty of the oil was 886 kg/m3, which gives the weight of the
droplet = mg = 4.26 x 10 N.

5. The pressure was 1.01 x 10° Pa

Table of Results
Drop# / Charge for Going Up  Charge for Going Down Average Charge
Charge Letter x 100 ¢) x 102 C) (x 109 C)
1A 4.72 4.71 4.72
1B 6.18 6.35 6.27
1C 1.51 1.68 1.60
1D 3.09 3.06 3.08
1E 1.52 1.52 1.52

Table of Final Analysis

Drop# / Average Charge  Differences between Number of e =
Charge Letter (x 1029 &) Letter Charges Avg. Charge/Avg. Diff.
x 10° )
1E 1.52 D-E = 156 le
1C 1.60 D-C =148 le
1D 3.08 A-D=164 2e
1A 4.72 B-A =155 3e
1B 6.27 Average diff. = 1.56 de

» The percent difference between the average difference between charges (1.56 x 1029 C) and the
accepted value of e (1.60 x 10%° C) was 2.5 %.

e awas4.9x 10'm= 0.2 x 10'm (4 % error).

» FErrorsfor q were 2 % (1A), 2 % (1B), 0 % (1C), 4 % (1D).
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Technical Support

Feedback

If you have any comments about the product or
manual, please let us know. If you have any sugges-
tions on dternate experiments or find a problem in the
manual, please tell us. PASCO appreciates any
customer feedback. Your input helps us evaluate and
improve our product.

To Reach PASCO

For technical support, cal us at 1-800-772-8700 (toll-
free within the U.S)) or (916) 786-3800.

fax: (916) 786-3292
e-mail: techsupp@PA SCO.com
web: WWW.pasco.com

Contacting Technical Support
Before you call the PASCO Technical Support staff, it
would be helpful to prepare the following informa-
tion:
> |If your problem is computer/software related, note:
- Title and revison date of software;
- Type of computer (make, modd, speed);
- Type of external cables/peripherals.

>» If your problem is with the PASCO apparatus, note:
- Title and modde number (usudly listed on the
label);
- Approximate age of apparatus;

- A detailed description of the problem/sequence
of events. (In case you can't call PASCO right
away, you won't lose valuable data);

- If possible, have the apparatus within reach when
caling to facilitate description of individual parts.
» If your problem relates to the instruction manual,
note:

- Part number and revision (listed by month and
year on the front cover);

- Have the manua at hand to discuss your ques-
tions.



