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Today’s Topics

1. History: Measuring the charge of the electron
2. Theory of the Experiment

3. Laboratory Setup

4. Data Analysis
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Motivation: The Dawn of Elementary Particles

* 1750s: Benjamin Franklin proposes electricity is
flow or surplus/deficit of single electrical fluid

e 1881: Hermann von Helmholtz argues for
elementary positive and negative electric
charges (“atoms of electricity”)

e 1897: J.J. Thompson shows particle nature of
“cathode rays” emitted in vacuum tubes

* Universal negatively-charged particles from vacuum
tubes, radioactivity, ...

* Measured charge-to-mass ratio (e/m) via magnetic
deflection

* Mass <1/1000 of hydrogen ion (actually ~1/1836)

I Physics 401 3



https://en.wikipedia.org/wiki/Benjamin_Franklin
https://en.wikipedia.org/wiki/Hermann_von_Helmholtz
https://en.wikipedia.org/wiki/J._J._Thomson

Robert Millikan and the Oil Drop Experiment

Nora']

ELECTRICAL CHARGE AND AVOGADRO CONSTANT. 109

ON THE ELEMENTARY ELECTRICAL CHARGE AND THE

AVOGADRO CONSTANT.
By R. A. MILLIKAN,

1. INTRODUCTORY.
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The Nobel Prize in Physics 1923.
Robert A. Millikan

“for his work on the
elementary charge of
electricity and on the
photoelectric effect".

University of Chicago
Moved to Caltech in 1921



Robert Millikan and the Ol\ Drop Experiment

: il : Work with Ph.D. student
ROBERT ANDREWS

MILLIKAN Harvev Fletcher — not a
1868-1953 coauthor on famous paper.
“The father of stereophonic
sound”
First functional electronic
hearing aid
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https://en.wikipedia.org/wiki/Harvey_Fletcher

Oil Drop Apparatus

Motivation:

1. Measure the magnitude of the electron charge
Apparatus precision * 3%
Millikan original +0.1%

2. Demonstrate that electric charge is quantized!

PASCU

Physics 401



Oil Drop Experiment

atomizer

. oil drops
% L, 0™

| ——O
telescope A - :
<) - Y ow o

Pair

Forces acting on the oil drop:
1. Gravity
2. Electric force on a charged oil drop

Physics 401



The Role of Air:

Lowering an object
through a fluid means
lifting an equal volume
of the surrounding fluid

4
®

\VAV/

Buoyancy and Drag

Motion through a fluid opposed
by drag: friction with and within
the surrounding fluid

Objects eventually reach
terminal velocity at which drag
balances accelerating forces

Physics 401




Oil Drop Experiment

atomizer
. oil drops
. 0™1p
.;;IIIIIIIIIIIII!FIII———O
telescope AT ;
<] - A IS
I -
Pair

Forces acting on the oil drop:
1. Gravity
2. Electric force on a charged oil drop
3. Buoyant force (weight of air displaced by oil drop)
4. Drag force on a moving oil drop

Physics 401 10




Oil Drop Apparatus: Schematic Layout

}@ﬁ Wi ===1|
5001V o Spacer [”1

Physics 401
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Oil Drop Apparatus: Schematic Layout

Plate voltage connectors

Charge plate
selector

( raEyouace |

Thermistor connectors

Light Source

lonization source selector
Bubble level

Thermistor table

Oil viewing chamber

Fig 1: Oil Drop Apparatus

Physics 401
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How the Measurement Looks
/[ Allow drop to “undershoot” here before]
! starting next rise time experiment

__ _ Fall time measurement starts here...

... and stops here

[Fall time t, ]

[ Rise time t,,-se] X

x = fall distance = rise distance
Must be the same for all drops!

———————————— ... and stops here
Rise time measurement starts here...

I Physics 401




Balance of Forces: Newton’s Second Law

Drop

Bl Apparatus

0
vi IﬁE
®
ﬁdr}g lEg

a: radius of drop
p: net denSity Poil = Pair
v: velocity of oil drop

Q: charge of oil drop

electric field E=V/d

: voltage across plates
. viscosity of air
gravitational constant

®”>-<m

Forces on the oil drop:
1. Gravity + buoyancy
2. Drag force
3. Electric force

= dv

F=m—=ﬁg +Fdrag

dt

Eg =—-mg z
Fgrqg = —6mMav
1$E':: (2'15

+ Fp

\_

Terminal velocity: speed at which % =0
Fy+Furag+Fg=0
Achieved within ~10~ s by a 1 um particle

"

J

Physics 401
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Modifications to Stokes’ Law

Fgrag = —6mMav

For particles of small radii (a < 15 um), Stokes’
Law must be corrected for the particle nature of
air. This correction was derived by E. Cunningham

g —
George Gabriel Stokes Fdrag — —677:11 — D

(1819-1903)

a

C

Ebenezer Cunningham
(1881-1977)

A1 _a
f.=1+A=+B=e“1, A=1246; B=042; C=0.78

a a
fcz1+z4§=1+%z1.1 fora=10"°m, r, =

6.18x10"° m

p [mmHg]

I Physics 401

Here:

* a = particle radius
A =mean free path of gas

molecules

A =653nm (

760 mmH_g

p

)

15




What We Measure: Rise ar

T

d Fall Times

... and stops here

[ Rise time t,,-se]

Rise time measurement starts here...

Physics 401

Allow drop to “undershoot” here before]

. starting next rise time experiment
__ _ Fall time measurement starts here...
[Fall timet, ]
X
x = fall distance = rise distance
Must be the same for all drops!
= = = .. and stops here

16



Measurin g the Tem perature Project: T measurement.opj

[
Model Power0
40 - Equation y = yO+A*(abs(x-xc)"P); ]
Plot A
y0 -203.95683 + 11.51864
Xxc 1.00934 = 0.00412
A 228.77777 + 11.44081
P -0.08353 + 0.00457
Reduced Chi-Sqr 3.26644E-5
R-Square(COD) 1
30 Adj. R-Square 1 ]
o~
=}
O
N’
e
20
10
1.5 2.0 2.5 3.0
. R (MoHm
T measurement: Graphl ( )
WE = P UETAUIT (Imes T u I £ U A A A WD A A =TT G T T a7 T e T U Mk M = v M- iR~ R Y #
Praject Explorer (1) v o X |Bf ACD | B(Y)
E:j T measurement Long Name R _[_
L5 Folderl
Units
MoHm Co
Comments
Name * Long Mame short M F(X)T
£ Talculation Tcalcul 1.55 36.87987
Graphl Graphl 3
@Bookl Bookl
3
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Solving Newton’s Law: Q(tg, tyise)

0
vi IﬁE
®
Fdragl lF

a: radius of drop

p: net denSity Poil~ Pair
v: velocity of oil drop
Q: charge of oil drop

|
=
1 E
i
4

Drop

E: electric field E=V/d

V: voltage across plates
n: viscosity of air

g: gravitational constant
x: drift distance

Apparatus

Measured | t,, t,;.: fall, rise times

The correction factor f. can be found from Newton’s Law
in the case of v = 0 (falling drop)

F+deg——apg 67717 v—O

See write-up for derivation

1
1 ty\2 2nx 6.18x107> m
I\ T o e =
f; Tg pgre p [mmHg]
Physics 401 18



Solving Newton’s Law: Q(tg, trise)

A
| E L
i @
Fdragl l F
a: radius of drop
g' p: net denSity Poil~ Pair
A | V: velocity of oil drop
Q: charge of oil drop
»n | E: electric field E=V/d
>
- V: voltage across plates
s | n: viscosity of air
= | g: gravitational constant
<C | x: drift distance
Measured | t,, t,;.: fall, rise times

1 ; (tg>
£ g

Putting it all together:

N =

2nx
pgré’

B 6.18x10™° m
p [mmHg]

1

Ord 2n3x3| (1|1 1

Q = ne = 573
i

V N 9P \ltg t,

F: Stokes’ law correction

Physics 401

S: Stokes’ law force balance

T: Your timing measurements

19



Origin Projects: Data Collection

Project: Millikan_raw data.opj

Location: \\engr-file-03\PHYINST\APL Courses\PHYCS401\Students\1. Millikan Oil Drop
experiment\Millikan_raw data.opj

a o ——— - B—_—

AQL) ‘ AE(Y) ‘ BN |
arameter .
p Units Par
label
s Parameters, use
si ;‘::? ;2;‘;::;; Raw data, faling time Raw data, rising time
"Units"

‘m kg/ms 1.8478E-5
| An/AT kg/msCo 4.8E-8
o1 kg/m"3 886
: p2 kg/m”3 1.29
| p1=p2 kg/m"3 884.71
‘g m/s*2 9.801
Ip mmHg
g X m
9 d m
10 VvV Vv
1 Ta Co

Physics 401
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Origin Projects: Data Analysis

Location: \\engr-file-03\PHYINST\APL Courses\PHYCS401\Students\1. Millikan Oil Drop
experiment)\

> Network > engr-file-03 > PHYINST > APL Courses > PHYCS401 » Students > 1. Millikan Oil Drop experiment

-~

2 Name Date modified Type Size
"L Data Analysis for Millikan Qil Drop Experi...  2/22/2002 9:36 AM  Adobe Acrobat D... 59 KB
@! Millikan_raw data.opj 10/5/2017 450 PM  OP) File 15 KB
@ Millikan1_calc.op) 2/17/2014 2:52PM  OPJ File 83 KB
@ Millikan1_no_calc.opj 9/25/2017 2:03 PM  OPIJ File 66 KB
@ T measurement.op) 10/4/2017 5:09PM  OPJ File 317 KB

res

Please make a copy (don’t move!) of Millikanl.opj and Millikan_raw data.opj in
your personal folder and work with your personal copy of the project

Physics 401




Origin Data Ana\ysis

Project: Millikan1.opj

@ File Edit View Plot Column Worksheet Analysis Statistics Image Tools Format Window Help

DPRBREREDRD SESHE vk G2 v - SUE BS & BT 4 8]
i % B @ | % Default Arial v 9 vILIx: o Sap A A E M A D2 - 05 v -0
o | A(L) D(L) B(X) C(Y) E(Y) F(Y) G(Y)
;% Long Name | 4 | | | | l
% o Parameter names parr;l;l;e Par rc tau_g tg tr t Values - [Book1]Sheetl!Col(rc) =)
(=
+ = m s s You r d ata Formula weol(l) Col(A) F(x) Variables
2| Comments .
L ZI]X Row (i) From 1 To 1
+ _6.18x10° _ your | your g h r
*, ConSta nts e plmmHg] 9 ~ pg’.Z data = data oes e e
- c
& (9. 02 (3] coto-
,i'_ 3 | Density of oil (kg/m"3) pl 886 8.07843E-8 04825725 2307825 31.8955 / 6.18e-5/Col ("Par") [7] A
4 | Density of air (kg/m*3) p2 1.29 8.07843E-8 94825725 20.14243 11.70129 — e mm o omm = —
2. 5 | Density difference (ka/m*3) pi—p2 884.71 8.07843E-8 948205725 2697377 22.47531
bt 6 | acceleration due to gravity (m/s*2) | g 9.801 8.07843E-8 04825725 1624362 1644208 | Recalculate | Auto v
8. 7 | ambient pressure (mmHg) p 765 8.07843E-8 94825725 2593429 25.02886 i
N 8 | fallirise distance (m) X 0.00145 15.34338 | 9.27446 ’
O . -
9 | plate separation (m) d 0.00317 . 19.6161 F!ecalculale Aulo |J E plyl
4 10 | Voltage across the plates (V) v 500 26.0786 Ca Icu I at I 0 n S _____

13
14

CallC) -
15

“finred-variable  Experimental Parameters 6.18e-5/Col ("Par") [7]

7| parameters

11 | Air temperature (oC) Ta 20 N
12 T - - l

- biue - data Depend on exact setup and 6.18x107°> m
B ; e r. =
Flin olive - constants - environmental conditions ¢ p [mmHg]

21

P[mmHg] = Col(“Par”)[7]

Physics 401 22




Origin Data Analysis Project: Millikan1.opj

D(L) B(X) F(Y) G(Y) c(Y) E(Y) ‘ H(Y)
Long Name
parameter label Par tg tr
Units S S
Comments
your your
data data
0 —
7] 1.8478E-5 B | Set Values - [
2 ﬂ 48E.8 153 Formula wcol(l) Col(A) F(x) Variables Options
dT | Row (i) From  <auto> To <auto>
3 ,01 ss6 | 24
] P2 129 | 201 Col(C) =
< sedl 6 18e-6/Col("Par")[7] 2
pl—p2 884.71| ~
G g 9.801] 9| - '
! p 765 | 2°{| Fecslcuee 6| [Lox | [cancel | [Appy |
— X 0.00145 15.3 ‘ Before Formula Scripts
1l :p —*-Col(”Par" [7] ~
9 d 0.00317 *°
10 Vv 500 28
11 Ta 20 ]
12 dn
U(T)=:;(ZSC°)—E(T° —25) 1.8478E-5 1
13 1l | <« C
14 ! —

Physics 401 23




Ongm Data AnaIyS|s Project: Millikan1.opj

L(Y)

F S T Q=FST n=Q/1.602e-19

1
2 \
1 t, V. 97d 2x . 1|1 1} | ey number of
F =—“‘1—(—'] $ = S * Q=F*S*T elementary charges

1 2n°x?

_( ]9ﬂd
A gp \f

Follow correct dependency sequence of calculations: . - 7, — (F,S,T) > Q - n

Physics 401 24



Origin Data Analysis

Project: Millikan1.opj

[y
~
(5

-_e oy .

-
7 Set Values - [Bookl ICol(tau_g
———

‘ Formula wecol(l) Col(A) F(x) Variables

Row (i) From <auto> To <auto>

ColE) -

4

Recalculate

Before Formula Scripts |

o

»

ﬂ [APPIP] [Cancel] [ ok |

;(Eta) actual air viscosity
;x falls/rise distance

; (Rho) density difference
;g gravitational constant
;re

Col("Par")[12] have to be calculated first -
Col ("Par")[8]

Col ("Par")[5]

Col ("Par")[6]

Col("re")[1] have to be calculated first

L

Indices for parameters in Col(“Par”)
Actual air viscosity should be calculated
manually before any other calculation

4 -
< »

Physics 401
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Origin Charge Calculation|

i) | () | K | L(Y)
S T Q=FST n=Q/1.602e-19
¢
7 1
2 9ad 22Xt 111 1 number of
° =— T=—ps|—+ Q=F*S*T
6 J % ap \/Z (t, ' J elementary charges
5 - = 1.04196E-18 6.50414
- -- 3.27945E-19 2.0471
1.57231E-19 0.98147
o 4 3.08168E-19 1.92365
3 1.56458E-19 0.97664
L3 ) 3.14167E-19 1.9611
1.54196E-19 0.96252
29 ° 4 61924E-19 288342
1.54861E-19 0.96668
1 - - 1.55468E-19 0.97046
* @ o o O _ _
0 1 1 1 1 1 1 1 1 1 1

Drop number

Physics 401 26




Expected Results

4.5 ¢
g 50 Data: Bin1_Counts1
C Model: Gauss
F ° Equation: y=y0 + (A/(w*sqrt(P1/2)))*exp(-2*((x-xc)/w)"2)
4.0 - Weighting:
F 0 y No weighting
35 40 SR:?iZAZID(_JFO 817; 734.42645
y0 0 +0
o xc1 0.92997 +0.01884
3.0 C w1 0.27612 +0.0381
E A1 13.76998 +1.65786
3 30 xc2  1.87091 +0.05159
C w2  0.60549 +0.11582
Q 3 (72 A2 1660884 256952
a 25 F E
] : Qo = §
C 20 8 20 §'\ %
15 F
: 10 N
1.0 F
05 g ] ] ] 0
5 6 10 1 2

Drop number

Physics 401
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Effect of Choice of Oil Drops
n=5

60
/

> n¥4 e

50 : .

45 Jle

7/
40 nE=3 ‘ .
35 IR
7/

p— 30 \ ¥
!’f 25 \ ’
- 20 \ 2

15 \ \ \( n=2 | = o

10 \ \ \/ \\ Difficult to separate

. N N
5 \K \\\ \\\!’_-._____R n=3, 4’ 5’ eee
I T = !
ok e = = = = —
0 5 10 15 20 25 30 35 40 45 50 55 60
t (s
. (s)

Physics 401 8



Modern Experiments D NS

NATIONAL ACCELERATOR LABORATORY

ul]
Strcbed LED aray ©% Fhid drop ejector

Machine vision

mediated
Electric field plates auto-control of: the
average charges of
the drops, the fall
path of the drops, the
upward laminar air
flow, and the
electronic drive to the
drop ejector are new
features of this fluid
drop charge

//{ Dnl - L \\\ measurement system.
E ol Lo i CCD Camera
atmexke Xermh The experiment is ran
from 2004 - 2007.

. Ch t
eDrop generation rate: 1 Hz socuracy achioved is
eFluid: Dow Corning silicon oil better than 1/24 ¢ for

arp drops of up to 26
eNumber of drops: 17 million microns in diameter.

eMass: 70.1 milligrams
eDuration: 8 months

Physics 401 29




Modern Experiments iy — N

NATIONAL ACCELERATOR LABORATORY
Summary as of January 2007

* Total mass throughput for all experiments: 351.4 milligrams of fluid
* Total drops measured in all experiments: 105.6 million

* No evidence for fractionally charged particles was found.

x10? 3
2500 105
2000/ 104
1500/ 10°
C o
1000 - 10
500/ 10
- 1
0 :llll lllllllllllllllllllllllll
20 15 10 -5 0 5 10 15 20 0 01 02 03 04 05 06 0.7
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Measuring the Electron Charge

* 1909: Oil drop experiment, Robert A. Millikan
e=1.5924(17)x1071°C (0.1% error)

* 1918: Shot-noise proposed by Walter H. Schottky
Poisson fluctuations in current across a barrier appear as noise
Measure noise variance of = 2el Af over a bandwidth Af

* In terms of Avogadro’s constant and Faraday constant (Coulombs per
mole, from electrolysis)
e = F/N,; best uncertainty ~1.6 ppm

L . 2
* From superconducting junctions (Josephson constant, K; = 78) and

h

quantum Hall effect (von Klitzing constant, Ry = =

I Physics 401
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Modern Definition

New SI
* S| base units redefined on May 20, 2019 Av
1967
* Move to ground all 7 Sl base units in terms . "

of exact defined values of the physical 1083
constants (exactly reproducible in lab!) (m O v

* Response to the “crisis” of infinitesimal
variations in the standard kilogram mass e ° @ N,
2019 ° @ 2019
 Modern exact definition:
k K.
e = 1.602176634x1071° Coulomb . :
2019 1979

Physics 401 32


https://en.wikipedia.org/wiki/2019_redefinition_of_the_SI_base_units

