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!"#$%&'()$*+,#-$.'/0121$(+3-+45$67-789#
:;<=3>#$?@$<A$7$,#-<97B#$B+>A<+8$57-789#$B"7B$978$5#$3A#,$B+
<8C#AB<=7B#$B"#$D+>9#$5#BE##8$9"7>=#,$+5F#9BAG$&
9+8,39B<C#$AH"#>#$<A$4+38B#,$+8$7$>+,I$9+38B#>57-789#,I
78,$A3AH#8,#,$D>+4$7$B"<8$B+>A<+8$E<>#G$&8$<,#8B<97-
AH"#>#$<A$4+38B#,$+8$7$A-<,#$7AA#45-J$A+$<B$978$5#
H+A<B<+8#,$7B$C7><+3A$,<AB789#A$D>+4$B"#$A3AH#8,#,$AH"#>#G

!+$H#>D+>4$B"#$#KH#><4#8BI$5+B"$AH"#>#A$7>#$9"7>=#,I$78,
B"#$AH"#>#$+8$B"#$A-<,#$7AA#45-J$<A$H-79#,$7B$D<K#,

Figure 1. Experimenting with the Coulomb Balance

slide assemblytorsion wire

charged spheres

,<AB789#A$D>+4$B"#$#L3<-<5><34$H+A<B<+8$+D$B"#$A3AH#8,#,
AH"#>#G$!"#$#-#9B>+AB7B<9$D+>9#$5#BE##8$B"#$AH"#>#A$973A#A
B"#$B+>A<+8$E<>#$B+$BE<ABG$!"#$#KH#><4#8B#>$B"#8$BE<ABA$B"#
B+>A<+8$E<>#$B+$5><8=$B"#$57-789#$579M$B+$<BA$#L3<-<5><34
H+A<B<+8G$!"#$78=-#$B">+3="$E"<9"$B"#$B+>A<+8$E<>#$43AB$5#
BE<AB#,$B+$>##AB75-<A"$#L3<-<5><34$<A$,<>#9B-J$H>+H+>B<+87-
B+$B"#$#-#9B>+AB7B<9$D+>9#$5#BE##8$B"#$AH"#>#AG

&--$B"#$C7><75-#A$+D$B"#$(+3-+45$>#-7B<+8A"<H
:;$N$ML

!
L
"
OP"@$978$5#$C7><#,$78,$4#7A3>#,$3A<8=$B"#

(+3-+45$67-789#G$Q+3$978$C#><DJ$B"#$<8C#>A#$AL37>#
>#-7B<+8A"<H$78,$B"#$9"7>=#$,#H#8,#89#$3A<8=$B"#$57-789#
78,$78J$#-#9B>+AB7B<9$9"7>=<8=$A+3>9#G
R+E#C#>I$D+>$5#AB$>#A3-BAI$E#$>#9+44#8,$J+3$9"7>=#$B"#
AH"#>#A$E<B"$7$AB75-#$M<-+C+-B$H+E#>$A3HH-J$B+$#8A3>#$7
>#H>+,39<5-#$9"7>=#$B">+3="+3B$B"#$#KH#><4#8BG$!+
,#B#>4<8#$B"#$(+3-+45$9+8AB78B$E<B"$>#7A+875-#
7993>79JI$E#$>#9+44#8,$J+3$3A#$78$#-#9B>+4#B#>$78,$7
;7>7,7J$<9#$H7<-$B+$7993>7B#-J$4#7A3>#$B"#$9"7>=#$+8$B"#
AH"#>#AG$;+>$4+>#$<8D+>47B<+8$75+3B$7993>79JI$>#7,$B"#
A#9B<+8$!"#$%&'(%)**+(,-.%/.$+0-$G

Introduction
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Theory

!7M#$+8#$=>74$+D$H>+B+8A$78,$H-79#$B"#4$+8#$4#B#>$7E7J
D>+4$+8#$=>74$+D$#-#9B>+8AG$!"#$>#A3-B<8=$D+>9#$<A$#L37-$B+
?GS$K$?1"#$8#EB+8AT>+3="-J$B"#$D+>9#$<B$E+3-,$B7M#$B+
U-<DBV$78$+5F#9B$D>+4$B"#$A3>D79#$+D$B"#$.7>B"$B"7B$"7,$7
47AA$75+3B$?OS$B"7B$+D$B"#$4++8T8+B$7$A47--$D+>9#G

'+I$<D$A39"$A47--$74+38BA$+D$9"7>=#$H>+,39#$A39"
#8+>4+3A$D+>9#AI$E"J$,+#A$<B$B7M#$7$C#>J$,#-<97B#$B+>A<+8
57-789#$B+$4#7A3>#$B"#$D+>9#$5#BE##8$9"7>=#,$+5F#9BA$<8
B"#$-75+>7B+>JW$X8$7$E7JI$B"#$C#>J$47=8<B3,#$+D$B"#$D+>9#A
<A$"7-D$B"#$H>+5-#4G$!"#$+B"#>$"7-D$<A$B"7B$B"#$97>><#>A$+D$B"#
#-#9B><97-$D+>9#TB"#$B<8J$H>+B+8$78,$B"#$#C#8$B<8<#>
#-#9B>+8T7>#$A+$A47--I$$78,$B"#$#-#9B>+8A$7>#$A+$4+5<-#G
)89#$J+3$A#H7>7B#$B"#4I$"+E$,+$J+3$M##H$B"#4
A#H7>7B#,W$!"#$8#=7B<C#-J$9"7>=#,$#-#9B>+8A$7>#$8+B$+8-J
,>7E8$B+E7>,$B"#$H+A<B<C#-J$9"7>=#,$H>+B+8AY$B"#J$7-A+
>#H#-$#79"$+B"#>G$*+>#+C#>I$<D$B"#>#$7>#$78J$D>##$#-#9B>+8A
+>$<+8A$5#BE##8$B"#$A#H7>7B#,$9"7>=#AI$B"#A#$D>##$9"7>=#A
E<--$4+C#$C#>J$L3<9M-J$B+$>#,39#$B"#$D<#-,$973A#,$5J$B"#
9"7>=#$A#H7>7B<+8G

'+I$A<89#$#-#9B>+8A$78,$H>+B+8A$AB<9M$B+=#B"#>$E<B"$A39"
B#879<BJI$+8-J$>#-7B<C#-J$A47--$9"7>=#$,<DD#>#8B<7-A$978$5#
A3AB7<8#,$<8$B"#$-75+>7B+>JG$!"<A$<A$A+$439"$B"#$97A#$B"7BI
#C#8$B"+3="$B"#$#-#9B>+AB7B<9$D+>9#$<A$4+>#$B"78$7$5<--<+8/

5<--<+8/5<--<+8/5<--<+8$B<4#A$7A$AB>+8=$7A$B"#$=>7C<B7B<+87-
D+>9#I$<B$B7M#A$7$C#>J$,#-<97B#$B+>A<+8$57-789#$B+$4#7A3>#
B"#$#-#9B><97-$D+>9#I$E"#>#7A$E#$978$4#7A3>#$B"#
=>7C<B7B<+87-$D+>9#$5J$E#<="<8=$78$+5F#9B$E<B"$7$AH><8=
57-789#G

!"#$%$!"#$B+>A<+8$57-789#$=<C#A$7$,<>#9B$78,
>#7A+875-J$7993>7B#$4#7A3>#4#8B$+D$B"#$(+3-+45
D+>9#G$!"#$4+AB$7993>7B#$,#B#>4<87B<+8A$+D
(+3-+45ZA$-7EI$"+E#C#>I$7>#$<8,<>#9BG$XB$978$5#
A"+E8$47B"#47B<97--J$B"7B$<D$B"#$<8C#>A#$AL37>#$-7E
"+-,A$D+>$B"#$#-#9B>+AB7B<9$D+>9#I$B"#$#-#9B><9$D<#-,
<8A<,#$7$38<D+>4-J$9"7>=#,$AH"#>#$43AB$5#
#C#>JE"#>#$[#>+G$*#7A3>#4#8BA$+D$B"#$D<#-,$<8A<,#$7
9"7>=#,$AH"#>#$"7C#$A"+E8$B"<A$B+$5#$B>3#$E<B"
>#47>M75-#$7993>79JG$!"#$(+3-+45$D+>9#$978$5#
#KH>#AA#,$5J$B"#$D+>43-7\

;$N$ML
!
L
"
OP"$%G

]A<8=$B"<A$<8,<>#9B$4#B"+,I$<B$"7A$5##8$,#4+8AB>7B#,
#KH#><4#8B7--J$B"7B$8$̂ $_$K$?1&!'G
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!"#$(+3-+45$67-789#$78,$B"#$<89-3,#,$799#AA+><#A$7>#
A"+E8$<8$;<=3>#$_G

Equipment

:!"#$(+3-+45$67-789#$78,$B"#$A-<,#$7AA#45-J$A"+3-,$5#
A"<HH#,$E<B"$+8#$+D$B"#$9+8,39B<C#$AH"#>#A$387BB79"#,G
'##$B"#$1.-+#$A#9B<+8$+D$B"<A$47837-G@

Additional Equipment Recommended:
` &$AB75-#$M<-+C+-B$H+E#>$A3HH-J$D+>$9"7>=<8=$B"#
AH"#>#AT&8J$#-#9B>+AB7B<9$9"7>=#>$978$5#$3A#,$B+
9"7>=#$B"#$AH"#>#AI$53B$7$H+E#>$A3HH-J$-#BA$J+3
>#H-#8<A"$B"#$9"7>=#$B+$7$D<K#,$C7-3#$B">+3="+3B$78
#KH#><4#8BG$X,#7--J$B"#$A3HH-J$E+3-,$"7C#$7
4+4#8B7>J$UH+E#>$+8V$53BB+8$A+$B"7B$J+3$978
9+8C#8<#8B-J$B3>8$<B$+DD$E"#8#C#>$J+3$7>#$8+B
9"7>=<8=$B"#$AH"#>#AG

Figure 2. The Coulomb Balance

charging probe

slide assembly

allen wrench for the slide
assembly

conductive sphere on insulating
thread

torsion wire
clamp

COULOMB
BALANCE magnetic

damping arm

index arm

calibration
support tube

toolbox with:
one 50 mg mass
two 20 mg masses
one hex key

torsion wire
retainer

(pendulum)

coupling
Plate

spare torsion wire
(3 meters)

!"#$%$!"#$57-789#$47J
5#$A"<HH#,$E<B"$B"#$9+HH#>
><8=A$387BB79"#,G

` &8$#-#9B>+4#B#>$78,$;7>7,7J$<9#$H7<-$:A39"$7A
%&'()$*+,#-A$.'/01Sa&$78,$.'/01Sb@$D+>
7993>7B#-J$4#7A3><8=$B"#$9"7>=#$+8$B"#$AH"#>#AG

` &$AH><8=$57-789#$97H75-#$+D$4#7A3><8=$7$D+>9#$+D
7HH>+K<47B#-J$a$8#EB+8A$:a11$=>74$47AA@G$!"<A$<A
8+B$8#9#AA7>J$D+>$B"#$#KH#><4#8B$<BA#-DI$53B$<A$"#-HD3-
<8$A#BB<8=$B"#$B#8A<+8$+D$B"#$B+>A<+8$E<>#G
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&'(")#*!#%+XD$J+3$-<C#$<8$78$7>#7$E"#>#
"34<,<BJ$<A$7-E7JA$"<="I$78,$<D$J+3$"7C#$8+$D79<-<B<#A
D+>$9+8B>+--<8=$"34<,<BJI$B"#$#KH#><4#8B$E<--$5#
,<DD<93-BI$<D$8+B$<4H+AA<5-#I$B+$H#>D+>4G$'B7B<9
9"7>=#A$7>#$C#>J$"7>,$B+$47<8B7<8$<8$7$"34<,
7B4+AH"#>#$5#973A#$+D$A3>D79#$9+8,39B<C<BJG

.KH#><4#8BA$E<B"$B"#$(+3-+45$67-789#$7>#
AB>7<="BD+>E7>,$78,$L3<B#$7993>7B#I$J#BI$7A$E<B"$78J
L378B<B7B<C#$#-#9B>+AB7B<9$#KH#><4#8BI$D>3AB>7B<+8$-3>MA$F3AB
7>+38,$B"#$9+>8#>G$&$9"7>=#,$A"<>B$A-##C#I$78$+H#8
E<8,+EI$78$#K9#AA<C#-J$"34<,$,7JT78J$+D$B"#A#$78,
4+>#$978$7DD#9B$J+3>$#KH#><4#8BG$R+E#C#>I$<D$J+3
97>#D3--J$D+--+E$B"#$B<HA$-<AB#,$5#-+EI$J+3cC#$=+B$7$=++,
AB7>B$B+E7>,$7$A399#AAD3-$#KH#><4#8BG

` %#>D+>4$B"#$#KH#><4#8B$,3><8=$B"#$B<4#$+D$J#7>$E"#8
"34<,<BJ$<A$-+E#ABG

` %#>D+>4$B"#$#KH#><4#8B$<8$7$,>7DB/D>##$>++4G

` !"#$B75-#$+8$E"<9"$J+3$A#B$3H$B"#$#KH#><4#8B$A"+3-,
5#$47,#$+D$78$<8A3-7B<8=$47B#><7-TE++,I$47A+8<B#I
H-7AB<9I$#B9G$XD$7$4#B7-$B75-#$<A$3A#,I$<47=#$9"7>=#A
E<--$7><A#$<8$B"#$B75-#$B"7B$E<--$A<=8<D<978B-J$7DD#9B$B"#
>#A3-BAG$:!"<A$<A$7-A+$B>3#$D+>$<8A3-7B<8=$47B#><7-AI$53B
B"#$#DD#9B$<A$A<=8<D<978B-J$>#,39#,G@

` %+A<B<+8$B"#$B+>A<+8$57-789#$7B$-#7AB$BE+$D##B$7E7J
D>+4$E7--A$+>$+B"#>$+5F#9BA$E"<9"$9+3-,$5#$9"7>=#,
+>$"7C#$7$9"7>=#$<8,39#,$+8$B"#4G

` d"#8$H#>D+>4<8=$#KH#><4#8BAI$AB78,$,<>#9B-J$5#"<8,
B"#$57-789#$78,$7B$7$47K<434$9+4D+>B75-#$,<AB789#
D>+4$<BG$!"<A$E<--$4<8<4<[#$B"#$#DD#9BA$+D$AB7B<9
9"7>=#A$B"7B$47J$9+--#9B$+8$9-+B"<8=G

` &C+<,$E#7><8=$AJ8B"#B<9$D75><9AI$5#973A#$B"#J$B#8,$B+
79L3<>#$-7>=#$AB7B<9$9"7>=#AG$'"+>B$A-##C#$9+BB+8
9-+B"#A$7>#$5#ABI$78,$7$=>+38,<8=$E<>#$9+88#9B#,$B+
B"#$#KH#><4#8B#>$<A$"#-HD3-G

` ]A#$7$AB75-#I$>#=3-7B#,$M<-+C+-B$H+E#>$A3HH-J$B+
9"7>=#$B"#$AH"#>#AG$!"<A$E<--$"#-H$#8A3>#$7$9+8AB78B
9"7>=#$B">+3="+3B$78$#KH#><4#8BG

` d"#8$9"7>=<8=$B"#$AH"#>#AI$B3>8$B"#$H+E#>$A3HH-J
+8I$9"7>=#$B"#$AH"#>#AI$B"#8$<44#,<7B#-J$B3>8$B"#
A3HH-J$+DDG$!"#$"<="$C+-B7=#$7B$B"#$B#>4<87-A$+D$B"#
A3HH-J$978$973A#$-#7M7=#$93>>#8BA$E"<9"$E<--$7DD#9B
B"#$B+>A<+8$57-789#G$&$A3HH-J$E<B"$7$4+4#8B7>J
UH+E#>$+8V$53BB+8$<A$<,#7-G

` d"#8$9"7>=<8=$B"#$AH"#>#AI$"+-,$B"#$9"7>=<8=$H>+5#
8#7>$B"#$#8,$+D$B"#$"78,-#I$A+$J+3>$"78,$<A$7A$D7>
D>+4$B"#$AH"#>#$7A$H+AA<5-#G$XD$J+3>$"78,$<A$B++$9-+A#
B+$B"#$AH"#>#I$<B$E<--$"7C#$7$97H79<B<C#$#DD#9BI
<89>#7A<8=$B"#$9"7>=#$+8$B"#$AH"#>#$D+>$7$=<C#8
C+-B7=#G$!"<A$#DD#9B$A"+3-,$5#$4<8<4<[#,$A+$B"#
9"7>=#$+8$B"#$AH"#>#A$978$5#$7993>7B#-J$>#H>+,39#,
E"#8$>#9"7>=<8=$,3><8=$B"#$#KH#><4#8BG

` XD$J+3$7>#$3A<8=$7$%&'()$.-#9B>+4#B#>$:*+,#-
.'/01eS$+>$.'01Sa&@$B+$4#7A3>#$B"#$9"7>=#$+8$B"#
AH"#>#AI$9+88#9B$B"#$C+-B7=#$+3BH3B$B+$7$,<=<B7-
43-B<4#B#>$A+$B"7B$C7-3#A$978$5#$4#7A3>#,$4+>#
7993>7B#-JG$XB$<A$7-A+$3A#D3-$B+$97-<5>7B#$B"#
#-#9B>+4#B#>G$!"<A$<A$,+8#$5J$7HH-J<8=$7$97-<5>7B<8=
C+-B7=#$B+$B"#$<8H3B$78,$4#7A3><8=$B"#$#-#9B>+4#B#>
+3BH3B$+8$B"#$,<=<B7-$43-B<4#B#>G$Q+3>$4#7A3>#,
C7-3#A$978$B"#8$5#$7,F3AB#,$7A$8#9#AA7>JG

` '3>D79#$9+8B74<87B<+8$+8$B"#$>+,A$B"7B$A3HH+>B$B"#
9"7>=#,$AH"#>#A$978$973A#$9"7>=#$-#7M7=#G$!+
H>#C#8B$B"<AI$7C+<,$"78,-<8=$B"#A#$H7>BA$7A$439"$7A
H+AA<5-#$78,$+997A<+87--J$E<H#$B"#4$E<B"$7-9+"+-$B+
>#4+C#$9+8B74<87B<+8G

` !"#>#$E<--$7-E7JA$5#$A+4#$9"7>=#$-#7M7=#G$%#>D+>4
4#7A3>#4#8BA$7A$L3<9M-J$7A$H+AA<5-#$7DB#>$9"7>=<8=I
B+$4<8<4<[#$B"#$-#7M7=#$#DD#9BAG

` P#9"7>=#$B"#$AH"#>#A$5#D+>#$#79"$4#7A3>#4#8BG

Tips for Accurate Results
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Setup

!,-.+/+#01.23456+-0.+#,174,5+841.%$!"#
!+>A<+8$67-789#$<A$A"<HH#,$B+$J+3$E<B"$B"#$E<>#
7->#7,J$B">#7,#,G$R+E#C#>I$<D$<B$#C#>$5>#7MAI
J+3$978$B">#7,$<B$3A<8=$B"#$AH7>#$E<>#$B"7B$<A$A3H/
H-<#,G$'##$B"#$H>+9#,3>#$7B$B"#$#8,$+D$B"<A$47837-G

Torsion Balance Setup
➀ )8#$+D$B"#$9+8,39B<C#$AH"#>#A$<A$8+B$7BB79"#,$E"#8$B"#

(+3-+45$67-789#$<A$A"<HH#,G$!+$7BB79"$<BI$F3AB$A-<H$B"#
AB#4$+D$B"#$AH"#>#$'2.($B"#$D<5#>$=-7AA$>+,$+D$B"#
H#8,3-34$7AA#45-JG

➁ '-<,#$B"#$9+HH#>$><8=A$+8B+$B"#$9+38B#>E#<="B$C78#I$7A
A"+E8$<8$B"#$5+BB+4$+D$;<=3>#$eG$!"#8$>#-#7A#$B"#
H79M<8=$9-74H$B"7B$"+-,A$B"#$9+38B#>E#<="B$C78#I$7A
A"+E8$<8$B"#$B+H$+D$;<=3>#$eG$&,F3AB$B"#$H+A<B<+8$+D$B"#
9+HH#>$><8=A$A+$B"#$H#8,3-34$7AA#45-J$<A$-#C#-G

➂ P#H+A<B<+8$B"#$<8,#K$7>4$A+$<B$<A$H7>7--#-$E<B"$B"#$57A#
+D$B"#$B+>A<+8$57-789#$78,$7B$B"#$A74#$"#<="B$7A$B"#
C78#G

++&9:,1-25-%$d"#8$AB+><8=$B"#$B+>A<+8$57-789#I
7-E7JA$9-74H$B"#$9+38B#>E#<="B$C78#$B+$H>+B#9B$B"#
B+>A<+8$E<>#G$d"#8$J+3$,+$B"<AI$5#$A3>#$B+$7,F3AB$B"#
"#<="B$78,$78=-#$+D$B"#$<8,#K$7>4$A+$B"7B$J+3$978
9-74H$B"#$C78#$E<B"+3B$H3--<8=$+8$B"#$B+>A<+8$E<>#G

➃ &,F3AB$B"#$"#<="B$+D$B"#$47=8#B<9$,74H<8=$7>4$A+$B"#
9+38B#>E#<="B$C78#$<A$4<,E7J$5#BE##8$B"#$47=8#BAG

➄ !3>8$B"#$B+>A<+8$M8+5$38B<-$B"#$<8,#K$-<8#$D+>$B"#$,#=>##
A97-#$<A$7-<=8#,$E<B"$B"#$[#>+$,#=>##$47>MG

counterweight
vane 1. Loosen the top

thumbscrew
2. Loosen the side

thumbscrew and
rotate the index
arm so it is parallel
with the base of the
Coulomb Balance.
Then tighten the
thumbscrew.

packing
clamp

Releasing the packing clamp

degree scale

torsion knob

lateral support
bar

Figure 3.  Setting Up the Coulomb Balance

magnetic
damping arm

Index arm

support tube
torsion wire retainer

pendulum
assembly

counterweight
vane

copper rings

copper rings

support
tube

lateral support bar

Figure 4.  Zeroing the Torsion Balance
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➅ P+B7B#$B"#$5+BB+4$B+>A<+8$E<>#$>#B7<8#>$:,+$8+B$-++A#8
+>$B<="B#8$B"#$B"345A9>#E@$38B<-$B"#$<8,#K$-<8#$+8$B"#
9+38B#>E#<="B$C78#$7-<=8A$E<B"$B"#$<8,#K$-<8#$+8$B"#
<8,#K$7>4G

➆ (7>#D3--J$B3>8$B"#$B+>A<+8$57-789#$+8$<BA$A<,#I
A3HH+>B<8=$<B$E<B"$B"#$-7B#>7-$A3HH+>B$57>I$7A$A"+E8$<8
;<=3>#$aG$%-79#$B"#$A3HH+>B$B35#$38,#>$B"#$AH"#>#I$7A
A"+E8G

➇ &,F3AB$B"#$H+A<B<+8A$+D$B"#$9+HH#>$><8=A$+8$B"#
9+38B#>E#<="B$C78#$B+$>#7-<=8$B"#$<8,#K$-<8#$+8$B"#
9+38B#>E#<="B$E<B"$B"#$<8,#K$-<8#$+8$B"#$<8,#K$7>4G

➈ %-79#$B"#$B+>A<+8$57-789#$3H><="BG

Slide Assembly  Setup
!"#$#%&'(&)*+,%#&-.

➀ 3'44.*-%-5.%$0"6.%,$$.7809$B+$B"#$B+>A<+8$57-789#$7A
A"+E8$<8$;<=3>#$SI$3A<8=$B"#$9+3H-<8=$H-7B#$78,
B"345A9>#EA$B+$A#93>#$<B$<8$H+A<B<+8G

➁ )0":4%-5.%$#5.(.$%2.(-"*,009%5J$7,F3AB<8=$B"#$"#<="B$+D
B"#$H#8,3-34$7AA#45-J$A+$B"#$AH"#>#A$7>#$7-<=8#,\$]A#
B"#$A3HH-<#,$7--#8$E>#89"$B+$-++A#8$B"#$A9>#E$B"7B
789"+>A$B"#$H#8,3-34$7AA#45-J$B+$B"#$B+>A<+8$E<>#G
&,F3AB$B"#$"#<="B$+D$B"#$H#8,3-34$7AA#45-J$7A$8##,#,G

P#7,F3AB$B"#$"#<="B$+D$B"#$<8,#K$7>4$78,$B"#$47=8#B<9
,74H<8=$7>4$7A$8##,#,$B+$>##AB75-<A"$7$"+><[+8B7-
>#-7B<+8A"<HG

➂ )0":4%-5.%$#5.(.$%0,-.(,009$5J$-++A#8<8=$B"#$A9>#E$<8
B"#$5+BB+4$+D$B"#$A-<,#$7AA#45-J$B"7B$789"+>A$B"#
C#>B<97-$A3HH+>B$>+,$D+>$B"#$AH"#>#I$3A<8=$B"#$A3HH-<#,
7--#8$E>#89"$:B"#$C#>B<97-$A3HH+>B$>+,$43AB$5#$4+C#,
B+$B"#$#8,$+D$B"#$A-<,#$7AA#45-JI$B+39"<8=$B"#$E"<B#
H-7AB<9$M8+5$B+$799#AA$B"#$A9>#E@G$$*+C#$B"#$AH"#>#$+8
B"#$C#>B<97-$>+,$38B<-$<B$<A$-7B#>7--J$7-<=8#,$E<B"$B"#
A3AH#8,#,$AH"#>#$78,$B<="B#8$B"#$789"+><8=$A9>#EG

➃ ;'$"-"'4%-5.%$0"6.%,(7%A+$B"7B$B"#$9#8B<4#B#>$A97-#
>#7,A$eGb$94$:B"<A$,<AB789#$<A$#L37-$B+$B"#$,<74#B#>$+D
B"#$AH"#>#A@G

➄ ;'$"-"'4%-5.%$#5.(.$$5J$-++A#8<8=$B"#$B"345A9>#E$+8
B+H$+D$B"#$>+,$B"7B$A3HH+>BA$B"#$A-<,<8=$AH"#>#$78,
A-<,<8=$B"#$"+><[+8B7-$A3HH+>B$>+,$B">+3="$B"#$"+-#$<8
B"#$C#>B<97-$A3HH+>B$>+,$38B<-$B"#$BE+$AH"#>#A$F3AB
B+39"G$!<="B#8$B"#$B"345A9>#EG

Q+3Z>#$8+E$>#7,J$B+$#KH#><4#8BG$!"#$,#=>##$A97-#$A"+3-,
>#7,$[#>+I$B"#$B+>A<+8$57-789#$A"+3-,$5#$[#>+#,$:B"#$<8,#K
-<8#A$A"+3-,$5#$7-<=8#,@I$B"#$AH"#>#A$A"+3-,$5#$F3AB
B+39"<8=I$78,$B"#$9#8B<4#B#>$A97-#$+8$B"#$A-<,#$7AA#45-J
A"+3-,$>#7,$eGb$94G$:!"<A$4#78A$B"7B$B"#$>#7,<8=$+D$B"#
9#8B<4#B#>$A97-#$7993>7B#-J$>#D-#9BA$B"#$,<AB789#$5#BE##8
B"#$9#8B#>A$+D$B"#$BE+$AH"#>#AG@

Figure 5.  Slide Assembly Setup
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Experiment: (Part A) Force Versus Distance

suspended
sphere

sliding
sphere

slide assembly
pendulum
assembly

Procedure
➀ '#B$3H$B"#$(+3-+45$67-789#$7A$,#A9><5#,$<8$B"#

H>#C<+3A$A#9B<+8G

➁ 6#$A3>#$B"#$AH"#>#A$7>#$D3--J$,<A9"7>=#,$:B+39"
B"#4$E<B"$7$=>+38,#,$H>+5#@$78,$4+C#$B"#$A-<,<8=
AH"#>#$7A$D7>$7A$H+AA<5-#$D>+4$B"#$A3AH#8,#,$AH"#>#G
'#B$B"#$B+>A<+8$,<7-$B+$1!(G$f#>+$B"#$B+>A<+8$57-789#
5J$7HH>+H><7B#-J$>+B7B<8=$B"#$5+BB+4$B+>A<+8$E<>#
>#B7<8#>$38B<-$B"#$H#8,3-34$7AA#45-J$<A$7B$<BA$[#>+
,<AH-79#4#8B$H+A<B<+8$7A$<8,<97B#,$5J$B"#$<8,#K
47>MAG

➂ d<B"$B"#$AH"#>#A$AB<--$7B$47K<434$A#H7>7B<+8I$9"7>=#$5+B"$B"#$AH"#>#A$B+$7$H+B#8B<7-$+D
g/2$MhI$3A<8=$B"#$9"7>=<8=$H>+5#G$:)8#$B#>4<87-$+D$B"#$H+E#>$A3HH-J$A"+3-,$5#$=>+38,#,G@
X44#,<7B#-J$7DB#>$9"7>=<8=$B"#$AH"#>#AI$B3>8$B"#$H+E#>$A3HH-J$+DD$B+$7C+<,$"<="$C+-B7=#$-#7M7=#
#DD#9BAG

+&'(")#*!#%$P#7,$B"#$A#9B<+8$!"#$%&'(%)**+(,-.%/.$+0-$G$XB$"7A$A+4#$"#-HD3-$"<8BA$75+3B
9"7>=<8=$B"#$AH"#>#AG

➃ %+A<B<+8$B"#$A-<,<8=$AH"#>#$7B$7$H+A<B<+8$+D$_1$94G$&,F3AB$B"#$B+>A<+8$M8+5$7A$8#9#AA7>J$B+$57-789#
B"#$D+>9#A$78,$5><8=$B"#$H#8,3-34$579M$B+$B"#$[#>+$H+A<B<+8G$P#9+>,$B"#$,<AB789#$:P@$78,$B"#$78=-#
:"@$<8$!75-#$?G

➄ '#H7>7B#$B"#$AH"#>#A$B+$B"#<>$47K<434$A#H7>7B<+8I$>#9"7>=#$B"#4$B+$B"#$A74#$C+-B7=#I$B"#8
>#H+A<B<+8$B"#$A-<,<8=$AH"#>#$7B$7$A#H7>7B<+8$+D$_1$94G$*#7A3>#$B"#$B+>A<+8$78=-#$78,$>#9+>,$J+3>
>#A3-BA$7=7<8G$P#H#7B$B"<A$4#7A3>#4#8B$A#C#>7-$B<4#AI$38B<-$J+3>$>#A3-B$<A$>#H#7B75-#$B+$E<B"<8$i$?
,#=>##G$P#9+>,$7--$J+3>$>#A3-BAG

➅ P#H#7B$AB#HA$e/S$D+>$?aI$?1I$0I$bI$2I$g$78,$S$94G

Analysis

!"#$%+X8$B"<A$H7>B$+D$B"#$#KH#><4#8BI$E#$7>#$7AA34<8=$B"7B$D+>9#$<A$H>+H+>B<+87-$B+$B"#
B+>A<+8$78=-#G$XD$J+3$H#>D+>4$%7>B$($+D$B"#$#KH#><4#8BI$J+3$E<--$B#AB$B"<A$7AA34HB<+8$E"#8$J+3
97-<5>7B#$B"#$B+>A<+8$57-789#G

j#B#>4<8#$B"#$D389B<+87-$>#-7B<+8A"<H$5#BE##8$B"#$D+>9#I$E"<9"$<A$H>+H+>B<+87-$B+$B"#$B+>A<+8$78=-#
:"@Y$78,$B"#$,<AB789#$:P@G$!"<A$978$5#$,+8#$<8$B"#$D+--+E<8=$E7JA\

➀ %-+B$-+=$"#C#>A3A$-+=$PG

$;:<252-4,5% $XD$"$N$5P%I$E"#>#$5$78,$8$7>#$38M8+E8$9+8AB78BAI$B"#8$-+=$"$N$8$-+=$P$k$-+=$5G
!"#$A-+H#$+D$B"#$=>7H"$+D$-+=$"$C#>A3A$-+=$P$E<--$B"#>#D+>#$5#$7$AB>7<="B$-<8#G$XBA$A-+H#$E<--$5#$#L37-
B+$8$78,$<BA$J$l$<8B#>9#HB$E<--$5#$#L37-$B+$-+=$5G$!"#>#D+>#I$<D$B"#$=>7H"$<A$7$AB>7<="B$-<8#I$B"#
D389B<+8$<A$,#B#>4<8#,G

Figure 6. Experimental Setup



Coulomb Balance 012-03760E

8

➁ %-+B$"$C#>A3A$P"

.<B"#>$+D$B"#A#$4#B"+,A$E<--$,#4+8AB>7B#$B"7BI$D+>$>#-7B<C#-J$-7>=#$C7-3#A$+D$PI$B"#$D+>9#$<A$H>+H+>/
B<+87-$B+$?OP!G$;+>$A47--$C7-3#A$+D$PI$"+E#C#>I$B"<A$>#-7B<+8A"<H$,+#A$8+B$"+-,G

Corrections to the data
!"#$>#7A+8$D+>$B"#$,#C<7B<+8$D>+4$B"#$<8C#>A#$AL37>#$>#-7B<+8A"<H$7B$A"+>B$,<AB789#A$<A$B"7B$B"#$9"7>=#,
AH"#>#A$7>#$8+B$A<4H-J$H+<8B$9"7>=#AG$&$9"7>=#,$9+8,39B<C#$AH"#>#I$<D$<B$<A$<A+-7B#,$D>+4$+B"#>
#-#9B>+AB7B<9$<8D-3#89#AI$79BA$7A$7$H+<8B$9"7>=#G$!"#$9"7>=#A$,<AB><53B#$B"#4A#-C#A$#C#8-J$+8$B"#
A3>D79#$+D$B"#$AH"#>#I$A+$B"7B$B"#$9#8B#>$+D$B"#$9"7>=#$,<AB><53B<+8$<A$F3AB$7B$B"#$9#8B#>$+D$B"#$AH"#>#G
R+E#C#>I$E"#8$BE+$9"7>=#,$AH"#>#A$7>#$A#H7>7B#,$5J$7$,<AB789#$B"7B$<A$8+B$-7>=#$9+4H7>#,$B+$B"#$A<[#
+D$B"#$AH"#>#AI$B"#$9"7>=#A$E<--$>#,<AB><53B#$B"#4A#-C#A$+8$B"#$AH"#>#A$A+$7A$B+$4<8<4<[#$B"#$#-#9B>+/
AB7B<9$#8#>=JG$!"#$D+>9#$5#BE##8$B"#$AH"#>#A$E<--$B"#>#D+>#$5#$-#AA$B"78$<B$E+3-,$5#$<D$B"#$9"7>=#,
AH"#>#A$E#>#$79B37-$H+<8B$9"7>=#AG

&$9+>>#9B<+8$D79B+>$6I$978$5#$3A#,$B+$9+>>#9B$D+>$"<A$,#C<7B<+8G$'<4H-J$43-B<H-J$#79"$C7-3#$+D$"$5J$?O
6I$E"#>#

B = 1 – 4a
3

R3;

E"#>#$7$#L37-A$B"#$>7,<3A$+D$B"#$AH"#>#A$78,$P$<A$B"#$A#H7>7B<+8$5#BE##8$AH"#>#AG

#,+=,11.=-+>,?1+32-2%

➀ (7-93-7B#$B"#$9+>>#9B<+8$D79B+>$6$D+>$#79"$+D$B"#$A#H7>7B<+8A$P$B"7B$J+3$3A#,G$P#9+>,$J+3>$>#A3-BA$<8
!75-#$?G

➁ *3-B<H-J$#79"$+D$J+3>$9+--#9B#,$C7-3#A$+D$"$5J$?O6$78,$>#9+>,$J+3>$>#A3-BA$7A$"$
()**+(,+-

G

➂ P#9+8AB>39B$J+3>$=>7H"A$>#-7B<8=$D+>9#$78,$A#H7>7B<+8I$53B$B"<A$B<4#$3A#$"$
()**+(,+-

$<8AB#7,$+D$"$$*7M#
J+3>$8#E$H-+B$+8$B"#$A74#$=>7H"$7A$J+3>$+><=<87-$H-+BG$R+E$,+#A$B"#$9+>>#9B<+8$D79B+>$7DD#9B$J+3>
>#A3-BAW

(Part B) Force Versus Charge

d<B"$B"#$AH"#>#$A#H7>7B<+8$:P@$"#-,$7B$7$9+8AB78B$C7-3#$:9"++A#$7$C7-3#$5#BE##8$2$78,$?1$94@I$9"7>=#
B"#$AH"#>#A$B+$,<DD#>#8B$C7-3#A$78,$4#7A3>#$B"#$>#A3-B<8=$D+>9#G$m##H$B"#$9"7>=#$+8$+8#$AH"#>#
9+8AB78BI$78,$C7>J$B"#$9"7>=#$+8$B"#$+B"#>G$!"#8$=>7H"$78=-#$C#>A3A$9"7>=#$B+$,#B#>4<8#$B"#$>#-7B<+8/
A"<HG

!"#$9"7>=#$978$5#$C7><#,$3A<8=$#<B"#>$+D$BE+$4#B"+,A\

Method I:
XD$J+3>$H+E#>$A3HH-J$<A$7,F3AB75-#I$A<4H-J$9"7>=#$B"#$AH"#>#A$B+$,<DD#>#8B$H+B#8B<7-AI$A39"$7A$2I$gI$SI
aI$78,$e$MhG$:d"#8$9"7>=<8=$B"#$AH"#>#AI$B"#J$A"+3-,$7-E7JA$5#$7B$B"#<>$47K<434$A#H7>7B<+8G@$!"#
9"7>=#$+8$B"#$AH"#>#$<A$H>+H+>B<+87-$B+$B"#$9"7>=<8=$H+B#8B<7-G

Method II:
XD$J+3>$H+E#>$A3HH-J$C+-B7=#$<A$8+B$7,F3AB75-#I$B"#$9"7>=#$978$5#$9"78=#,$5J$B+39"<8=$+8#$+>$5+B"$+D
B"#$AH"#>#A$E<B"$78$<,#8B<97-$AH"#>#$B"7B$<A$,<A9"7>=#,G$!"#$9"7>=#$E<--$5#$A"7>#,$#L37--J$5#BE##8$B"#
9"7>=#,$78,$,<A9"7>=#,$AH"#>#G$!"#>#D+>#I$B+39"$B"#$9"7>=#,$AH"#>#$+89#$B+$>#,39#$B"#$9"7>=#$5J
"7-DI$BE<9#$B+$>#,39#$B"#$9"7>=#$5J$?OaI$#B9G
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(Part C) The Coulomb Constant

X8$H7>BA$&$78,$6$+D$B"<A$-75I$J+3$,#B#>4<8#,$:<D$7--$E#8B$E#--@$B"7B$B"#$#-#9B>+AB7B<9$D+>9#$5#BE##8$BE+$H+<8B
9"7>=#A$<A$<8C#>A#-J$H>+H+>B<+87-$B+$B"#$AL37>#$+D$B"#$,<AB789#$5#BE##8$B"#$9"7>=#A$78,$,<>#9B-J$H>+H+>B<+87-
B+$B"#$9"7>=#$+8$#79"$AH"#>#G$!"<A$>#-7B<+8A"<H$<A$AB7B#,$47B"#47B<97--J$<8$(+3-+45cA$n7E\

F = k q
1 q2

R2 ;

E"#>#$;$<A$B"#$#-#9B>+AB7B<9$D+>9#I$L
"
$78,$L

!
$7>#$B"#$9"7>=#AI$78,$P$<A$B"#$,<AB789#$5#BE##8$B"#$9"7>=#AG$X8

+>,#>$B+$9+4H-#B#$B"#$#L37B<+8I$J+3$8##,$B+$,#B#>4<8#$B"#$C7-3#$+D$B"#$(+3-+45$9+8AB78BI$MG$!+$799+4/
H-<A"$B"<AI$J+3$43AB$4#7A3>#$B">##$7,,<B<+87-$C7><75-#A\$B"#$B+>A<+8$9+8AB78B$+D$B"#$B+>A<+8$E<>#$:m

#$%
@I$A+$J+3

978$9+8C#>B$J+3>$B+>A<+8$78=-#A$<8B+$4#7A3>#4#8BA$+D$D+>9#I$78,$B"#$9"7>=#AI$L
"
$78,$L

!
G$!"#8I$M8+E<8=$;I

L
"
I$L

!
I$78,$PI$J+3$978$H-3=$B"#A#$C7-3#A$<8B+$B"#

(+3-+45$#L37B<+8$B+$,#B#>4<8#$MG

Measuring the Torsion constant, K
➀ (7>#D3--J$B3>8$B"#$!+>A<+8$67-789#$+8$<BA$A<,#I

A3HH+>B<8=$<B$E<B"$B"#$-7B#>7-$A3HH+>B$57>I$7A$A"+E8
<8$;<=3>#$2G$%-79#$B"#$A3HH+>B$B35#$38,#>$B"#
AH"#>#I$7A$A"+E8G

➁ f#>+$B"#$B+>A<+8$57-789#$5J$>+B7B<8=$B"#$B+>A<+8
,<7-$38B<-$B"#$<8,#K$-<8#A$7>#$7-<=8#,G$P#9+>,$B"#
78=-#$+D$B"#$,#=>##$H-7B#$<8$!75-#$_G

➂ (7>#D3--J$H-79#$B"#$_1$4=$47AA$+8$B"#$9#8B#>$-<8#
+D$B"#$9+8,39B<C#$AH"#>#G

➃ !3>8$B"#$,#=>##$M8+5$7A$>#L3<>#,$B+$5><8=$B"#
<8,#K$-<8#A$579M$<8B+$7-<=84#8BG$P#7,$B"#$B+>A<+8
78=-#$+8$B"#$,#=>##$A97-#G$P#9+>,$B"#$78=-#$<8
!75-#$_G

➄ P#H#7B$AB#HA$e$78,$aI$3A<8=$B"#$BE+$_1$4=$47AA#A$78,$B"#$S1$4=$47AA$B+$7HH-J$#79"$+D$B"#$47AA#A$A"+E8
<8$B"#$B75-#G$.79"$B<4#$>#9+>,$B"#$47AA$78,$B"#$B+>A<+8$78=-#G

➅ (+4H-#B#$B"#$B75-#$7A$D+--+EA$B+$,#B#>4<8#$B"#$B+>A<+8$9+8AB78B$D+>$B"#$E<>#\

a. Calculate the weight for each set of masses that you used.
b. Divide the weight by the torsion angle to determine the torsion constant at each weight.
c. Average your measured torsion constants to determine the torsion constant for the wire. Use the

variance in your measured values as an indication of the accuracy of your measurement.

!"#$%$&$B+>A<+8$9+8AB78B$D+>$7$E<>#$3A37--J$#KH>#AA#A$B"#$B+>L3#$>#L3<>#,$B+$BE<AB$B"#$E<>#$7$38<B
78=-#I$78,$<A$8+>47--J$#KH>#AA#,$<8$8#EB+8$4#B#>A$H#>$,#=>##G$R+E#C#>I$E"#8$3A<8=$B"#$B+>A<+8$57-789#I
B"#$B+>L3#$7>4$<A$7-E7JA$B"#$A74#$:B"#$,<AB789#$D>+4$B"#$9#8B#>$+D$B"#$9+8,39B<C#$AH"#>#$B+$B"#$B+>A<+8
E<>#@I$A+$B"#$B+>A<+8$9+8AB78B$D+>$B"#$57-789#$<A$4+>#$9+8C#8<#8B-J$#KH>#AA#,$<8$8#EB+8A$H#>$,#=>##G

copper rings

support
tube

lateral support bar

Figure 7.  Calibrating the Torsion Balance

center
line

mass
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Measuring the Charges, q1 and q2

Method I:
!"#$97H79<B789#$+D$78$<A+-7B#,$9+8,39B<C#$AH"#>#$<A$=<C#8$5J$B"#$#L37B<+8\

($N$a!!!%
&
7Y

E"#>#$($<A$B"#$97H79<B789#I$%
&
$N$bGbS$K$?1'"!$;O4I$78,$7$N$B"#$>7,<3A$+D$B"#$AH"#>#G

;+>$7$97H79<B+>I$9"7>=#$:L@$78,$9"7>=<8=$H+B#8B<7-$:h@$7>#$>#-7B#,$5J$B"#$#L37B<+8\$L$N$(hG$Q+3$978
3A#$B"<A$#L37B<+8$B+$,#B#>4<8#$B"#$9"7>=#$+8$B"#$AH"#>#A$D>+4$J+3>$7HH-<#,$9"7>=<8=$H+B#8B<7-G

!"<A$<A$B"#$A<4H-#AB$4#B"+,$D+>$,#B#>4<8<8=$B"#$9"7>=#$+8$B"#$AH"#>#AG$]8D+>B387B#-JI$B"#$9+8,39B<8=
AH"#>#A$+D$B"#$(+3-+45$67-789#$7>#$8+B$<A+-7B#,$<8$B"<A$7HH-<97B<+8I$A+$B"#$4#7A3>#,$C7-3#A$+D$L$E<--
5#$+8-J$7HH>+K<47B#G

!"#$%$&$97H79<B+>$8+>47--J$9+8A<ABA$+D$BE+$9+8,39B+>AG$!"#$9"7>=#$+8$+8#$9+8,39B+>$<A$kL$78,
B"#$9"7>=#$+8$B"#$+B"#>$<A$lLG$h$<A$B"#$H+B#8B<7-$,<DD#>#89#$5#BE##8$B"#$BE+$9+8,39B+>AG$;+>$78
<A+-7B#,$AH"#>#$E<B"$7$9"7>=#$kLI$B"#$A#9+8,$9+8,39B+>$<A$7$"JH+B"#B<97-$H-78#$7B$=>+38,$H+B#8B<7-
78,$E<B"$9"7>=#$lLI$-+97B#,$7B$7$,<AB789#$<8D<8<B#-J$D7>$D>+4$B"#$AH"#>#G

Method II:
!"#$9"7>=#$+8$B"#$AH"#>#A$978$5#$4#7A3>#,$4+>#
7993>7B#-J$3A<8=$78$#-#9B>+4#B#>$E<B"$7$;7>7,7J$<9#
H7<-G$!"#$A#B3H$D+>$B"#$4#7A3>#4#8B$<A$A"+E8$<8
;<=3>#$bG$!"#$#-#9B>+4#B#>$78,$<9#$H7<-$978$5#
4+,#-#,$7A$78$<8D<8<B#$<4H#,789#$C+-B4#B#>$<8
H7>7--#-$E<B"$7$97H79<B+>G$&$AH"#>#$E<B"$7$9"7>=#$L$<A
B+39"#,$7=7<8AB$B"#$<9#$H7<-G$'<89#$B"#$97H79<B789#$+D
B"#$<9#$H7<-$78,$#-#9B>+4#B#>$<A$439"$=>#7B#>$B"78
B"7B$+D$B"#$AH"#>#I$C<>B37--J$7--$+D$B"#$9"7>=#$L$<A
B>78AD#>>#,$+8B+$B"#$<9#$H7<-G$!"#$>#-7B<+8A"<H
5#BE##8$B"#$C+-B7=#$>#7,<8=$+D$B"#$#-#9B>+4#B#>$78,
B"#$9"7>=#$,#H+A<B#,$<8B+$B"#$AJAB#4$<A$=<C#8$5J$B"#
#L37B<+8$L$N$(hI$E"#>#$($<A$B"#$9+45<8#,$97H79</
B789#$+D$B"#$#-#9B>+4#B#>I$B"#$<9#$H7<-I$78,$B"#
9+88#9B<8=$-#7,AG$!"#>#D+>#I$<8$+>,#>$B+$,#B#>4<8#
B"#$9"7>=#I$J+3$43AB$M8+E$B"#$97H79<B789#$+D$B"#
AJAB#4G

!"#$A<4H-#AB$E7J$B+$4#7A3>#$B"#$97H79<B789#$+D$B"#
#-#9B>+4#B#>$78,$<9#$H7<-$<A$B+$3A#$7$=++,$97H79</
B789#$4#B#>$9+88#9B#,$5#BE##8$B"#$<8A<,#$78,
+3BA<,#$9+8,39B+>A$+D$B"#$<9#$H7<-$:B"#$#-#9B>+4#B#>
43AB$5#$9+88#9B#,$B+$B"#$<9#$H7<-$,3><8=$B"#$4#7A3>#4#8B@G$&$A#9+8,$4#B"+,$<A$B+$9"7>=#$7$H>#9<A<+8
97H79<B+>$E<B"$97H79<B789#$#L37-$B+$(

#()#
$:o$_S1$H;@$B+$7$M8+E8$C+-B7=#$h

#()#
$:?1$/$e1$h@G$!"#$9"7>=#

+8$B"#$97H79<B+>$<A$B"#8$#L37-$B+$L
#()#
$N$(

#()#
h
#()#
G$%-79#$B"#$-#7,A$+D$B"#$9"7>=#,$97H79<B+>$5#BE##8$B"#

<8A<,#$78,$+3BA<,#$9+8,39B+>A$+D$B"#$<9#$H7<-G$!"#$9"7>=#$L
#()#
$<A$8+E$,<AB><53B#,$79>+AA$BE+$H7>7--#-

97H79<B+>AI$B"#$H>#9<A<+8$97H79<B+>$78,$B"#$97H79<B789#$+D$B"#$<9#$H7<-$78,$#-#9B>+4#B#>$AJAB#4G
!"#>#D+>#\$(

#()#
h
#()#
$N$:($k$(

#()#
@hY$E"#>#$($<A$B"#$97H79<B789#$+D$B"#$#-#9B>+4#B#>$78,$;7>7,7J$<9#$H7<-

78,$h$<A$B"#$C+-B7=#$>#7,<8=$+D$B"#$#-#9B>+4#B#>G

Figure 8. Measuring the Charge with an
Electrometer and a Faraday Ice Pail

Faraday
ice pail

Conductive sphere on an
insulating thread

Electrometer
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!"#>#D+>#$($N$(
#()#
$:h

#()#
$/$h@OhG$)89#$J+3cC#$4#7A3>#,$B"#$97H79<B789#$(I$4#7A3>#$B"#$9"7>=#$+D

B"#$9"7>=#,$AH"#>#$<A$D+--+EA\

➀ j<A9"7>=#$B"#$9+8,39B<8=$AH"#>#$+8$B"#$<8A3-7B<8=$B">#7,I$5J$B+39"<8=$<B$B+$7$=>+38,#,$H>+5#G

➁ R+-,<8=$B"#$AH"#>#$5J$B"#$<8A3-7B<8=$B">#7,I$B+39"$<B$B+$B"#$9"7>=#,$AH"#>#I$B"#8$B+$B"#$<88#>
9+8,39B+>$+D$B"#$<9#$H7<-G

➂ !"#$9"7>=#$+8$B"#$+><=<87-$9"7>=#,$AH"#>#I$LI$978$8+E$5#$,#B#>4<8#,$3A<8=$B"#$#L37B<+8\

$L$N$_(hY

E"#>#$($<A$B"#$97H79<B789#$+D$B"#$#-#9B>+4#B#>$78,$<9#$H7<-$78,$h$<A$B"#$>#7,<8=$+8$B"#$#-#9B>+4/
#B#>G$:!"#$D79B+>$+D$BE+$7><A#A$5#973A#I$<8$3A<8=$B"#$B#AB$AH"#>#$B+$A74H-#$B"#$9"7>=#$+8$B"#
+><=<87-$AH"#>#I$+8-J$"7-D$B"#$+><=<87-$9"7>=#$E7A$B>78AD#>>#,G@

Calculations for the Coulomb Constant
!"#$(+3-+45$9+8AB78B$978$8+E$5#$,#B#>4<8#,$5J$3A<8=$78J$,7B7$H7<>$D>+4$J+3>$D+>9#$C#>A3A
,<AB789#$,7B7G

➀ (+8C#>B$J+3>$B+>A<+8$78=-#$4#7A3>#4#8B$:"
()**+(,+-

@$B+$7$D+>9#$4#7A3>#4#8BI$3A<8=$J+3>$4#7A3>#,
B+>A<+8$9+8AB78B$D+>$B"#$B+>A<+8$E<>#\$;$N$m

,)*
"
()**+(,+-

G

➁ j#B#>4<8#$B"#$9"7>=#$B"7B$E7A$+8$B"#$AH"#>#$3A<8=$*#B"+,$X$+>$*#B"+,$XX$75+C#G$XD$J+3$7>#$3A<8=
*#B"+,$XXI$J+3$E<--$8##,$B+$>#9"7>=#$B"#$AH"#>#$B+$B"#$C+-B7=#$H>#C<+3A-J$3A#,$E"<-#$B7M<8=$,7B7I
A+$B"7B$J+3$978$,#B#>4<8#$B"#$9"7>=#$3A<8=$B"#$#-#9B>+4#B#>$78,$B"#$;7>7,7J$<9#$H7<-G

➁ %-3=$J+3>$9+--#9B#,$,7B7$<8B+$B"#$(+3-+45$#L37B<+8I$;$N$M$L
!
L
"
OP"I$B+$,#B#>4<8#$B"#$C7-3#$+D$MG

j+$B"<A$D+>$A#C#>7-$A#BA$+D$,7B7G$&C#>7=#$J+3>$>#A3-BA$B+$,#B#>4<8#$7$C7-3#$D+>$MG
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4= 4=O"4 "

1$4=

_1$4=

a1$4=

S1$4=

21$4=

Table 2.  Force Calibration
Data and Calculations

!+>A<+8$9+8AB78B$N$m
,)*

&
?$/$a7#OP#

P" "
./0

"
()**+(,+- ?OP"

Table 1.  Force versus Distance
Data and Calculations

($:(7H79<B789#$+D$.-#9B>+4#B#>$'JAB#4@$N

h$:.-#9B>+4#B#>$h+-B7=#@$N

L$:("7>=#$+8$AH"#>#@$N$_(h$N

Table 3. The Charge on the Sphere
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To replace the torsion wire, follow the numbered steps
in Figure 9. When you're done, follow the instructions
in the Setup section of this manual to balance the pen-
dulum and to zero the torsion balance.

&'(")#*!#@80.5+).:<2=456+-0.
841.%

➀ 6#=<8$E<B"$7$-#8=B"$+D$E<>#$7B$-#7AB$S1$94
-+8=$:<D$J+3ZC#$,+8#$B"<A$5#D+>#I$J+3$47J$8+B
8##,$A39"$7$-+8=$H<#9#@G

➁ 6#$97>#D3-$8+B$B+$M<8M$B"#$E<>#G

➂ &A$J+3$B">#7,$B"#$E<>#I$B"#$#8,$47J$5#9+4#
5#8B$+>$M<8M#,G$XB$E<--$"#-H$B+$9-<H$B"#$#8,$+DD
A+$<B$>#47<8A$AB>7<="BG

➃ !<="B#8$B"#$A9>#EA$B"7B$"+-,$B"#$B+>A<+8$E<>#
=#8B-JG$)C#>B<="B#8<8=$E<--$5>#7M$B"#$E<>#G

➄ !"#$B#8A<+8$+8$B"#$B+>A<+8$E<>#$<A$8+B$7
9><B<97-$C7><75-#I$7A$-+8=$7A$B"#$E<>#$<A
>#7A+875-J$B73BG$!"#$7,C78B7=#$+D$B"#$AH><8=
57-789#$<A$B"7B$<B$"#-HA$J+3$7,F3AB$B"#$B#8A<+8I
E<B"+3B$H3--<8=$B++$"7>,$78,$5>#7M<8=$B"#
E<>#G$XD$J+3$,+8ZB$"7C#$7$AH><8=$57-789#I$J+3
978$7,F3AB$B"#$B#8A<+8$5J$D##-G$p3AB$B7M#$97>#
8+B$B+$5>#7M$B"#$E<>#G

Replacing the Torsion Wire
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1. a. Use the allen wrench to
loosen both set screws
one full turn.

b. Thread the wire in the
direction shown.

c. Do not tighten the screws.

8. a. Using the torsion wire
clamp and a spring
balance, pull the wire
with a force of
approximately 4
newtons (400 gram
mass).

b. Tighten the thumb-
screw.

5. a. Carefully lay the torsion
balance on its side.

b. Thread the wire through
the hole in the torsion
knob. It is helpful to hold
the thread against the
small allen wrench,
pushing them through
together, as shown.

allen wrench

4. Thread the wire
through the washer.

3. a. Remove the wire retainer by
unscrewing it.

b. Loosen the set screw and
thumbscrew one full turn.

c. Thread the wire in the
direction shown.

d. Retighten the set screw, but
do not tighten the thumb-
screw. The wire must be
able to turn.

Torsion wire

9. Adjust the height of
the pendulum assem-
bly, then tighten the
set screws with the
allen wrench.

2. a. Using the allen wrench,
loosen the set screw one
full turn.

b. Loosen the thumbscrew
one full turn.

c. Thread the wire in the
direction shown.

d. Tighten both screws.

6. Put the lower wire retainer
back in position, sliding the
wire through the slot in the
bottom bracket.

7. Screw the wire
retainer back in
place.

Figure 9. Replacing the Torsion Wire
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Teacher’s Guide

Experiments: Parts A-C

Torsion Wire Calibration

J

J

J

J

J

J

0

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

0.0008

0.0009

0 100 200 300 400 500 600 700

Fo
rc

e 
(N

)

Angle (degrees)

f(x) = 1.448574E-6*x + 4.496489E-6
R^2 = 9.998832E-1

➤ NOTE: The slope of this curve is dependent
on the tension on the wire; thus, it will be slightly
different for each unit.

Distance Dependence

5

5

5

5

5
5

5
5

5 5 5 5 5

0

50

100

150

200

250

300

350

400

0 2 4 6 8 10 12 14 16

An
gl

e

Distance (cm)

f(x) = 3.994733E+3 * (x^-1.749366E+0 )
R^2 = 9.959050E-1

A power regression of this data shows that there is
an inverse-square dependence, as predicted by
theory.

Charge Dependence

NOTE: There are two ways of verifying the
dependence of force on charge. You may hold
one of the spheres at a constant charge and show
that force is linear with the other charge, or you
may charge both spheres equally and show that
the force is proportional to the square of the
charge. The latter method is easier to control with
a single voltage supply, and was used for this
write-up.

J
J

J

J

J

J

J

J

J

0

20

40

60

80

100

120

0 1000 2000 3000 4000 5000 6000

An
gl

e 
(d

eg
re

es
)

Potential (V)

f(x) = 1.335407E-5 * (x^1.836206E+0 )
R^2 = 9.954969E-1
y= 3.071653E-6*x^2+4.956344E+0;
R^2 = 9.967336E-1

The first equation given here (a power regression)
shows that the force is dependent on the square of
the charges, as predicted by the equations.

The second curve fit (a programmed least-squares
fit), when converted to SI units, gives us a value of
1.05x1010 for k. This value is 17% higher than the
accepted value of 9 x 109. We do not know the
reason for this error at the time this is being written.
If you have any explanations for this error, or
suggestions about how to improve it, please let us
know. Call PASCO Technical support at (800) 772-
8700.
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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 suggestions on
alternate 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, call us at 1-800-772-8700
(toll-free within the U.S.) or (916) 786-3800.

fax: (916) 786-3292

e-mail: techsupp@pasco.com

web: www.pasco.com

Contacting Technical Support
Before you call the PASCO Technical Support staff, it
would be helpful to prepare the following information:

➤ If your problem is with the PASCO apparatus, note:
! Title and model number (usually 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
calling 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 manual at hand to discuss your
questions.




