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,----
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; \. 
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1/14 

1L_15 

1/16 

1/17 

1/21 

1/22 
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1/24 

Chap III. 6,8,9,10 

Chap III. 12,13,15,16 

Chan_Iil. 23,24,29,31 

Test II & III 

C-4JL::l~j_:: 2,-4.~. 1. 

-b-&a~I-Y-,--8-,-1-0v+2--;-t-3-

.Gha_ILIV:,-' 22,24, 29,34 

Gh~\T__.__20,_V, 1,4 

1/28 C}}.a.p V, 5 ,6 ,_7, 8 

1/29 Ch 1~.17 

\.2/20 Test VII and VIII 
\--

2/21 Chap IX, 1,5,6 ----

2/25 Chap IX, 7L9,10,11 

2[26 Chap IX, 14,16.17 

2/27 . Chap IX, 19,22,27 

2/28 Chap X, 2,3,4,6 

li4 Chap X. 9,10,13,15 

3/5 Chap X, 19.22,27 

3/6 Chap X, 29-'-:H,33 

3/7 Test Chap. IX and X 

1/30 Chap V, 19,20,22,29 3/.ll _ Cha.p_Xl-'--3--'-1_,6,8 

1/31 Chap VI, 2,3,4,5 3/12 Chap XI, 9,10,13,16 

2/4 Ch a.JLJ!_l._,~9 ,1_0_, 11, 12 

2/5 Chap VI. 16,18,20,25 

2/6 Test IV, V. VI 

2/7 Chap VII. 2,3,5,6 

2/11 Chap VII, 9,12,13,15 

2/12 Chap VII. 19,20,21,22 

:; 3113 Chap XII. 1,4,5 
,. 

ii 3/14 ;l--
·' 

:i 

:! 

Chap XII, 13. 
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c) 

(i i) 

(iii) 

Physics I Test I J 

.. -., __ ..., 
Two vectors A and B lie in 
the xy plane as indicated. 
Each has a magnitude of 
10 units. A third vector 

·c:·::: - 3 J' + 4k • Circle 
the .£.2£~ statements of 
those that follow. The 
vectors 11, j", and 1{ are 
unit vectors pointing 
respectively along the x, 
y and z axes. 

Ax ::: 10 

By ::: -6 

I c~ I ::: 5 
._l, ':· /-, 

A + B = 2 \ - 6 j 
-;_, 

+ •j( '' /\ 
3C = 10 ;.:- 9j + 12 k 

_ _, .-:.> 
A G c ::: 50 

•. ::y -) 

c X A = 0 
-.!·. ---,-; ;, 

A X B = -60 k 

-') -') -:-
A . (B + C) = 150 

....:> --) 

B . c = 18 

·-~ -: 
Sketch on the figure the vector B - A 

~ __ ;_, 

Calculate the angle between B and C. 





I ( i) 

c) 

Physics I Test I January 17, 1969 

-"> 

Two vectors A and B lie in 
the xy plane as indicated. 
Each has a magnitude of 
10 units. A third vector 
~= - 3 J" + 4k • Circle 
the correct statements of 
those that follow. The 
vectors 1, T. and ~ are 
unit vectors pointing 
respectively along the x, 
y and z axes. 

Ax= 10 

By = -6 

\c'/ = s 
-- ---< ~· 
A+B=2\-6j 

-;, _ .... 

10-~- 9j + 
/' 

3C + A= 12 k 
-4 -:> 
A" C = 50 
~ -) 

c X A = 0 
,, 

A X B = -60 k 
~ -) --'~ 

A • ( B + C) = 150 
--:::> __, 

B · C = 18 

N am_-""'"-..-...~--,~.....,._....;...;....;...;....;...;_..__ ___ _ 

Score 

;:..· 
L' 

"~l 

<::...._ 

~ _'r~~--r­

.~/·( \ 
/ . 

/----

sin 30° = .50 

cos 30° = .87 

sin 53.2° = .80 

cos 53.2° = .60 

~ 

~ -) 

(ii) Sketch on the figure the vector B -A. 
~ --.:> 

( i i i ) C a 1 c u 1 at e t h e~ a n g 1 e b e t ween B a n d C • 

y._ 



--2--

2) An object moving in a straight line along the x axis starts 
from the origin at time t=o. The figure below shows how its 
instantaneous velocity depends on time, motion to the right 
being represented by positive values of v and motion to the 
left by negative values. 

(6) 

(6) 

' ' 

Determine: 

( a ) 

(b) 

the magnitude and direction of the displacement of 
the object over the interval from t = o to 
t = 15 seconds. 

the magnitude and direction of the average velocity 
over the interval from t=o to t=l5 seconds. 



--3--

(6) (c) The magnitude and direction of the average acceleration 
over the interval from t~l5 tot= 25 seconds .• 

(6) (d) the magnitude and direction of the instantaneous 
acceleration immediately after time t=lS seconds. 

3.) From a high cliff a man shoots a body A straight up and a body 
B straight down with the same initial speeds Vo = 29.4 m/sec. 

(6) (a) At what time is the speed of body B twice that of 
body A? 

t= 



( 6) 

(6) 

(6) 

(b) 

--4--

What is the distance of separation between 
the bodies at that time? 

A shell is fired straight upward and travels a distance 
of 543.9rn during the third second. Neglect air friction. 
Assume all motion is upward during the third second. 

(c) 

(d) 

What is the total flight time of the shell? 

What was 
left the 

vo 

--c-, ~ " 



Physics I Test 2 February 6, 1969 

Name 

To receive credit on any test question it is necessary to 
indicate clearly how you arrived at your answer. 

I . (A) A projectile is fired with an initial velocity of 
160ft/sec reaches a maximum height of 200ft. What 
angle did its initial velocity vector make with the 
ground? 

>; 

(15) 

(B) A 2000 lb. car is moving around a circular race track 
at a constant speed of 90 ft/sec. The radius of the 
track is 500ft. 

What is the acceleration of the car? (Magnitude and 
direction) 

What is the frictional force exerted by the ground 
on the car. (Magnitude and direction) 



--2--

[I. The figure shows a box of mass 
m = 3 slugs sitting on the floor 
of an elevator which is accelerating 
downward, speeding up 2 ft./second 
each second. 

I~ 
·-·"':_1 ': 

(a) Draw a free body diagram below showing the box and the 
real forces exe~t~d on it by other objects. 

~ -) 

\ G. 
~( 

(b) Determine the magnitude of each of the forces identified 
in part (a) 

(c) According to Newton's third law, for every force there is 
an associated reaction force. What is the magnitude and 
direction of the reaction force associated with each force 
of part (a), and upon what object does the reaction force 
act? 



--3--

III. An 8 lb. block and a 21 lb. block are tied together by a 
string runniig over a massless frictionless pulley as 
indicated in the figure. Assume that any additional 
weight added to the 21 lb. block would make the system move • 

(a) 

(b) 

Draw a free body diagram 
for each block, showing 

the forces acting 

...____t--
1 ?. "'· . ·-· ( 
i 'Yf;- ~ 
'-- , ... /~I 

I / / r r.J \ 

.--/ ! 

/mJ _____ , 
(5) 

If the table top 
of oak calculate 
for oak on oak. 

t~e 8 lb. block are both made 
coefficient of static friction 

(15) 

(c) An additional 4 lb. block made of oak is placed on 
the 8 lb. block and a new block B replaces the 
21 lb. block. The 4 lb. block is tied to a vertical 
post as shown. What is the maximum weight of 
block B if the system is to remain at rest? 

;{_jL 
_,1 ~ f/"l---' 'I . ( 15 ) :--r---1,_\ 
/\ -i - '---~----
1; .. \>:SF:.}_ () I ( ..{t'j' ~-~II 
-~;--;- _':--~-:?'\ i 
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Physics III Test l October 24. 1969 

N arne ••~ ls: ,~ ~==/ ,· 1 i "";,; 1:,/ (q; 

BE SURE TO SHOW HOW YOU ARRIVE AT YOUR ANSWER 

I . 

a) In the figure below what is the magnitude and direction 
of E at the point x = y = a ? 

- +LV 

G. "\ 

i 
I 

-~ 

,f\, -.~ 

r,.. 
'-·· 
I j 

! 

'?X 

\,,._ --... ------- __ ../ 

_L 

Q 

9 x 109 nt -m2 
coul2 

. b ) W h at v a l u e of t h e n...a.g.a tiJ£J; c h a r g e w i ll g i v e a f i e 1 d of 
E = 0 at x = v = a for positive charges as giv~n above? 



~ 

--2--

II. Two large metal plates face each other as shown in the figure. 

The surface charge densities are+ 4.0 x 10-6 coul/m2 and 

- 4.0 x 10-6 coul/m2 on plates (1) and (2) respectively. 

(Circle the answer which is correct. All answers forE 

have the dimensions nt/coul.) 

a) The value of E at point A is 

1) 2.26 x lo-7 

2) 9 .o4 x 1o-1 

4.52 x lo-7 

4) 1.44 x lo-5 

5) 0 

b) The value of E at point B is 

l) 2.26 x lo-7 

9 • 0 4 X 1 0 -7 ., 

I l · I I 
~d~- 0 -~c\l...,..._ ' . ""· . 

II 

I 
I I 

tJ~ 
i I ! 
L...;. 

(l) 

r--, 
l 

e:. I 
• I 

--~ b H-
I 
1/ 

~ 
(2) 

D 

' c-"""' 

a = 0.25 em 
b = 0.35 em 
c = 2.0 em 

d = 0.35 em 
1 = 1.0 em 

4.52 X 10-7 1 = 9 x 109 nt-m2 
4JrE 0 coul2 

4) 1.03 x 1o-S 

5) 0 

c) The value of E at point C is 

l) 2.26 X 10-7 

2) 9.04 x 10-7 

3) 4.52 X 10-7 ~· 

4 ) 6 • 5 4 X 1 0 -5 

0 

d) The value of E at point D is 
/ 

2.26 x Io-7 0 

2) 9.04 x Io-7 

3) 4.52 x Io-7 

4) 1 • 80 X 10 -6 

E0 = 8.85 x 10-12 

eo u l 2 In t -m 2 

USE BACK OF PAGE 1 

FOR WORK AREA 



III. 

--3--

Two charges one + and one - are located 
with respect to a point P as indicated 
in fig. 1. 

a) Calculate the potential 
at point P due to these 
two charges (12 

I 
·! 

I ;z. (T', 

b) A third charge of 
1 x Io-6 coulombs is 
placed at P. This 
charge is now moved by 
some external agent 
from P to the point pl. 
At each point of its 
path (dotted line) it is 
acted on by a resultant 
force due to the other two 
charges. How much work is 
done by this resultant force 
as the 1 x 10-6 coulomb charge 
is moved from P to pl (12) 

;:; 'J "-

-~:· )i.. I)-~,. -·-

/ 

5m 
/ 

e;· ' f rn .-...: 
I ?. "' i --'-" ----cl:; I ~ ------ I.._V - (. 

--~- /!:!{(} c 
2 t .x..... r o- ~" ,, I ~- )( f:~ ~-

c) What is the potential enerqv of the system consisting 
of the two charges shown in Fig. 1. 

(ll) 











~ 

1 

November 14, 1969 Na 

Physics III Test 2 

In problem I circle correct answers. 

I. A. The equivalent capacitance of the arrangement 
of capacitors shown in the figure -, /{f __:__ _ _i.;....L 

o p p o s it e i s i n m i c r o fa r a d s • ·- ' c.. - 5" =: c; 

I f-
r :::-;r-

1- ·1 ~ ~5/' 
6
· 0-----11--l \---. 

-' I l ~ t'+ I I 2.. 
~, ""..( j 1 I . · -=-::::::: 

1) 3) 6.2 4) 3.875 2) 11. 10. 

2.50 6) 4.43 7) 30 
..:.· -, ~----- l c 2,:-~-

. ' --:r,_ t:: G·· --~---- ·h·j ~/~ c 

A parallel plate capacitor has a dielectric completely filling 
the space between the plates. The area of one surface of each 
plate is 0.01 m2. The dielectric constant of the dielectric is 2.0. 
When a 50 volt battery is connected to the two plates, the total 
free charge on each nlate is found to be 30 x 10-6 coulombs. 
(Note £

0 
= 8.85 x 10:..12 coul2/n .m2) 

_..,::, 5'31 
c. 

B. The capacitance of this parallel plate capacitor 

1<;2 
. / _;;;: 
1 s ~~"" 3A rc'"":c. 

0 • 6 JAf ~~ 1 • 2 JAf 3) 150 tf 

6) 16.6 pf 

4) 75 !Af 
I 

5) 300 J'f 

/ '::: 
1..--

3 x c--t 

c. The energy stored in this capacitor is (in joules) 

1) 1. 5 X 10-3 

5) 4.42 x 10 -lo 

2) 7. 5 X lQ-4 

6) 8.43 x 1o-2 7) 
r<~. /' .,-~ 
·~~ e---::;-
~ ,__ 

,.,'-CO '\ . ~ y..,v o 
~/3 . x- c~J 5&,'--> ~ 

2.65 x 1o-2 4) 1.47 X l0-15 

o .6 x 10-s _3--

l< f 6 A 7 
-~ 

~- o-~ ~' '~ 

2&_s5xtc1~ 



2. 

D Which of the following is not true. 
-'> 

1) The polarization P is defined as the electric dipole 
moment per unit volume. 

_::,. 

2) For mo_§_t materials P is proportional to the electric 
field E 

3) 

4) 

0 

-·~;:. 

The polarization P is zero at every point in a vacuum. 

For a given electric field, the polarization will be 
greater, the greater the dielectric constant of the 
material. 

The polarization vector is sometimes referred to as the 
electric displacement vector. 

E The capacitance of the parallel plate capacitor shown opposite 
is 

1) K 6 0 S 
-d 

3) eo s 
~ + a+b+c 
K 

5) t- 0 s b 
a+c+K 

d 

7) K ( 0 S 
~ 

a+c+d J 

2) e:: 0 s 
Kd + a + b + c 

c 0 s 
Q.+ +c '­
K 

6) ::' 0 S (a+ c) 

!!±..£. + d 
K 

r 
·-';. 

;-==::_- -- ),6 1 e.. 
- ___ -:-=.-===:_=..._ / 1,) f \; 

1: (,. _ .... f:ii :.) f;"l 

[, ~~ i~~C , 1> 1 '"~-:--- -- ·---I 

c \ 
-' 

·..Joe uuv..., 

·-----------· 
d j t. ' . - 1 t' ( ~ .- { .( ~ + 

i ' -t 1- ~ v ,_!: ·-: L ..... _ ... / ,,_-, 0 ·. I ": 

// 

'!oil. -:1'1 ;;; ~ t<> 
r) ' 

• I 

'-I 
,. 

•.-'JI { r:r { f 

'' ; l~ •. D:l: ~ 
,...; 



2) The power dissipated by a resistor is given by 

P = i2R or P = v2/R. How does P change if R is 

increased or decreased? Clearly justify your answer. 

Explain all apparent inconsistancies or ambiguities. 

3. 



4. 

III. For the circuit shown in the figure find the following 

(8 

A. What is the potential difference 
Va - Vb = Vab when the switch 51 
is left open and 5 2 is closed? 

_0. .•'\/\/'-.~ 
i 6 .::·:.= R2 

.-~·'\ 
/5 \ 
.. 1_+· '" 

/v·,/v'~/V\1\ 
~R3 = 6s-_ .b 3.c:l. = R 

4 

c =:: 

' .....,....-: -----, 
'-" 52 

36 v 

~ Vab = I 
3~v~~vr t:-~Z~ 3 ---v~"'~ 

/nrtv-c ~ ~ . ~~'-
7 / 

B. If 5 1 is 1eft open, and R1 is replaced by a battery with 
its positive terminal connected to a and with an emf of 
9 v, what is the power dissapation in R4 after s

2 
is closed? 

~~··=----! 
(12 points) 

-~~ /~! --Z~ ~d",,~. U~Y'-
i 7 ~ "' - / 

/Y/1/vC-aJ~A- ~~ 
~ u 0 



5. 

C. If switch s 1 is replaced by a capacitor C = 4 uf, and the 
resistors R

1
, R2 , R3 , and R4 are in their original 

positions, what is the value of the charge g which appears 
on C sometime after switch s 2 has been closed? 

(5 points) 

C -::::4;­
\Y 

q = 

( _;_! - £3J :=. c 
-1- --_,I - - _)- 0 

c., ..:;) l. .._.;(,.2 -A-3J -
"' ( ~3-~J f- 3(_ ..;_ 3~ ~ :;~.) -

/1 
4- -- ~, 
j/.k -
1/ v 

c.. 

IV. The internal wiring of a multirange voltmeter is shewn in 
the figure. The galvanometer has a resistance of lOOO..C:.... 
and will give a full scale deflection when a current of 
1 x l0-3 amp passes through it. If the connections at 
A, B, and C are for full-scale voltages of 1 volt, 10 volts, 
and 1 volts, respectively, what are the values for R1 , 
R2, and R3 ? ( A full-scale voltage will give a full-scale 
deflection on the galvanometer.) 

G;'~ f_(; '"? ,, ~ I 
I \ · .. ·'"' - -· 

~--i.J\1\-j-V_~ ·-,-~\/'0-;:-'VV\.J'•-t '~ ,.- I / t tl------"' 
0 AI.,/_, ~ 

- ~ ~() \_Q 
·,_ (; iV\/V~ 0 N ~frr 

(10 points) Rl = 
R2 =.,. ' 
R3 

~-) .//.+ ... -' \. /. tv 1- !()v ~\00 v 

a - -~ v·:s _ .LOO 
1\..-.--::--''\f~ ~- _.., 

::Y.• •· ~3 10 ~ 
0 . ~ - -3& 
~ ~ _t_~-lO _, ... r 

~N"'-r 

J IC 

IC5-_(L 

/OC 

f?z_ _; /1 . ~3-.:t 
l\ (..-' _.-:. ;_ ~···t·C · .. 

-~vV'-~--~ 6 
J;.---

·-. 

0 

'··-. 

~ 
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\ 
\ 
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Physics III Lab. Fall 1969 

Experiment 3 

Forced Oscillations and Resonance 

Purpose 

To study forced oscillation and resonance of a mechanical system. 

Reference 

Study in H. & R. the linear harmonic oscillator (Sec. 15-2 and 
15-3) and its rotational analog, the torsional pendulum (15-5). 

Also study sec. 15-9 and 15-10. See H. & R., Chap. 35, section 3 
and questions 2, 4, for discussion of damping mechanism used in this 
experiment. 

The oscillating system to be observed consists of a round flat 
disc which rotates about its axis of (cylindrical) symmetry. The 
"axle" of the disc moves in low-friction bearings. A spring provides 
an elastic restoring torque c (proportional to angular displacement 
9 from equilibrium). An electromagnet provides a damping torque 
proportional to the angular velocity d 9ldt, providing in effect a 
v a r i a b 1 e amount of '' f r i c t i on " • ( To o m u c h damp i n g w o u l d 11 bra k e" t h e 
motion sufficiently to prevent oscillation.) You have seen references 
(above.text) to linear and rotational analogs. The equation of motion 
(15-6) of the linear oscillator, d2 xI dt2 + (k lm) x = 0 , 
its periodic solu~ion (15-8) and the period (15-10), have their 
analog, equations· (15-22), (15-23), and (15-10). There is a one-to-one 
correspondence between the sets of physical quantities: 

linear 

X 

t 
k 
m 

................. >. 
............. ;,. 
-~~,.,.--)· 

............... :) 

anqular 

9 
t 
K 
I 

displacement 
time 
"elastic constant~> 
"inertial constant" 

In our experimental study we need to carry the analogy further 
(Sec. 15-9 and 15-10). Thus b, damping canst. ---:;.- B in the (electro­
magnetic) damping torque, ( - B d 9 I dt), and Fm• max. driving 
force-------"> l m? maximum driv.ing torque, and wt• driving freq.-+ w d, 
freq. of driving torque. The equation of motion (15-40) of the damped, 
driven linear oscillator becomes, for the damped. driven angular 
oscillator (our disc) 

-K9 - B d9•ldt +Tm coswdt = I ct2 9 lctt2 . ( 1) 

Eq'n. (1) asserts that the sum of the spring's restoring torque, .... K9. 
the damping torque, - B d 9ldt, and the periodic driving torque, 
Tm cosl.rJd t, produces an angular acceleration, _:. d2 G I dt2 =:·:--_ 
proportional to it:. 

1 

T (restorr) + t(damp.) +!(driving) =I • o( 

I = constant 



3. 
difference between the two periods (if any) in the direction 
predicted by theory: Is this difference too great to be explained by 
expetimenta~ error?. 
II. A. With no current in the electromagnet start the disc from 

rest with a large initial amplitude x 0 and record peak 
positive displacements for the first six successive cycles. 
Repeat and average the corresponding peak displacements 
(amplitudes) A. 

B. Repeat part A with the terminals of the damping electro­
magnet attached to the 32 volt supply. 

C. On a single set of axes, plot graphs of ln A versus t from 
the data of the two preceding parts and determine the 
slopes at t = 0. Use these slopes to find out the 
approximate relaxation times trl and tr2 

III. A. 

Hint: A = Xoe - t/tr 

ln A = ( -1/tr)t + ln x 0 

and y = ln A versus x = t should yield a straight line of 
slope ( - 1/tr) if the damping torgue is always 
proportional to the angular velocitv 

Plug in the motor controller and allow it to warm up. 
With the damping terminals connected to the 24 volt supply 
and the driving rod connected to the driving lever arm 
record the driving frequency and amplitude of oscillation 
for various motor speeds. Note: The apparatus must be 
positioned so that the pointer swings just as far in one 
direction as in the other. The driving rod should be 
connected to the lever arm in such a way as to give a 
large (on scale) amplitude at resonance. Observe phase 
relations (ques. 4 below). The frequency may be determined 
by timin~ several cycles. Be sure to cover the range of 
amplitudes near resonance carefully; the amplitude should 
be measured at several frequencies close to the resonant 
(maximum amplitude) frequency on each side. Before 
leaving this part make sure that you have enough points to 
plot a reasonable curve without having to guess at what 
happens to the curve between points. How does the resonant 
frequency compare with the natural frequency determined in 
part I? 

B. Repeat Part A with 48 volts on the damping electromagnet 
terminals. On one set of axes plot graphs of the amplitude 
versus the driving frequency for this and the preceding 
part. (See fig. 15-20, H.+ R.) 



Physics III Lab. Fall 1969 

Experiment 1 - Pendulum 

Purpose 

Determine quantitative relations betweerr parameters of oscillating 
physical pendulums: e.g., size, masspamplitude and frequency. 

Reference~ 

Text; and others on ~echanics 
Mechanics, Berkeley Physics Course, Vol. 1, by Kittel etal 
(p. 197; p.225, topic l) for anharmonic pendulum. 

With a set of pendulums formed from metal ~od in the shape of 
isoceles triangles~ use simple devices (clock, meter stick) to study 
their behavior. 

How can you improve the precision of your measurement of period 
of oscillation? Partners should share in measuring techniques. 

Record observations in a systematic way. Organize your work with 
the above purposes in mind. 

Compare empirical relations - those found from your measurements­
with theoretical relations - those deduce~ from physical laws. A 
table or a graph might be used. Show whether any discrepancies between 
theoryand experiment might be due to measurement uncertainties. 

For example, suppose a calculated quantity were I = m x2j3, the 
moment of inertia of a rod about a certain axis perpendicular to it. 
If m is measured with an experimental uncertainty ±~m, and x with 
uncertainty'+ ~x. then the resulting uncertainty in I is found Bs 
follows: 

d I = d (m x2/3) (m/3) d (x2) + (x2j3) dm 

(2/3) m x dx + x2 dm /3, 

or d I I I = d I I (M x213) = 2 dx lx + dm lm. 

This relates the fractional uncertainties 6I /I, etc. approximately? 
if they are small, or 6x / x ~ 1. 

In terms of percent uncertainty (''%error"). dividing through by 100 
gives C% error in I) = 2 (% error in x) + (% error in m). 

Questions to consider in reoort 

Could g (acceleration of "free fall") be calculated from your data. 
If so, indicate now. (~ it if you have time.) 

Is frequency dependent on amplitude? This question is discussed in you~ 
text for the analogous case of the simple pendulum; see also Berkeley 
text cited above. (The ambitious investigator might try to answer this 
question quantitatively.) 

OVER 



Physics Laboratory - General Instructio~s 

I. Purpose of Labo~~tory 

Laboratory work in physics has two important ob~ectives -
first, to give the student direct experience with some of the 
natural phenomena upon which physical principles are based, and 
second, to develop in the student some understanding of the 
experimental procedures. It is felt that some experience in 
the laboratory is necessary to give the student an insight into 
the methods of physics (or for that matter any experimental 
science). Without it he would be merely accepting principles 
as they were handed to him without an understanding of the 
experimental procedures on which they are based. 

In the laboratory the student will work with real, rather 
than ideal, apparatus. This equipment (and the experimenter as 
well) will be subject to limitations which cause errors that must 
be taken into account before any conclusions can .be drawn from 
the experimental results. Therefore error analysis is an essent­
ial part of all good labora~ory work. 

Although you will be assigned a certain group of experi­
ments to do this quarter, and in many cases the procedure to be 
followed in performing the experiment is described in an instruct­
ion sheet, it is hoped that the student will use some of his own 
ingenuity in performing the experimentsi it is intended that the 
instructions be used as an aid to understanding rather than some­
thing to be followed mechanically without thought. We also w2nt 
to encourage students to think about possible experiments that 
they might do in place of one of the prescribed set. Within 
the limitations of equipment and time, substitution of an experi­
ment which is more interesting to the individual student is per­
mitted, provided it is a physics experiment and it is cleared 
with the instructor. 

II. Preparation for an Experiment 

In order to perform an experiment thoroughly and accurately 
in the time allotted, it is necessary to put in some time before­
hand thinking about the experiment. If an instruction sheet has 
been provided it is to be studied carefully before the laboratory 
period. You should come to the laboratory with as thorough an 
understanding as possible of what you are going to do during the 
period and why. This may require that you spend some time in 
the library, looking up references etcetera. 

III. Performance of the Experiment 

An essential part of the method of solving an experimental 
problem is the preparation of a clear, concise record of the data 
taken during the performance of the experiment. This record 
should contain, in a clear and legible form, all the ''raw" data 
and information with which to make corrections (don't try to make 
corrections "in your head" while taking data) and also enough 
explanation of what you are doing and why so that your pages of 
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data can be analyzed later without confusion or ambiguity. Your 
instructor may require that this record be kept in a permanent 
notebook or he may ask you to keep this record on data sheets 
which are later included in a report on the experiment. In either 
case, all observations should be recorded directly into the note­
book or on the data sheets (nothing on scratch paper and later 
copied) and an estimate of the accuracy of each set of measure­
ments should be made and re-corded also. Corrections can be made 
by crossing out errors with a single line (no.erasures). Before 
leaving the laboratory 1 the student should do enough calculation 
and graphical work to· ensure that the data collected "makes sense" 
and there are no gaps in it which need to be filled in before he 
can continue the analysis without having to make any "wild guesses 
or assumptions. Your data record must be approved by the instruct 
or before you leave the laboratory. 

IV. Laboratory Notebook (Data Record) 

The following are specific sugge~tions concerning the 
form of the laboratory record of the experiments. 

A. If the instructor has you keep a perm~nent laboratory 
notebook it should be one having cross-ruled pages 
(useful for graphs) and it must be labeled with the 
following information. ----

1. On the front-cover in ink: 

Phy~ics Laboratory 

Your Name 

2. Inside the fr~nt cover at the top: 

Fall (or whatever) Quarter 

Lab. day and hours 

Group Number 

B. For each experiment the student· 9hould record the 
title of the experiment and the date performed at 
the top of the data reeord.. A very brief (not , 
detailed) ~escription of the proced~re followed shoul( 
precede the data record, which is preferably in 
tabular form. Label the data carefully with the 
proper column headings and units. Whenever possible, 
the type and i-dentifying number of in·struments being 
calibrated or used in·measurement should be recorded 
for later reference~ 
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c. As suggested above the next step is to do the calcula­
tions required by the analysis of the experiment and 
draw the graphs. Repeat any measurements which appear 
doubtful and make new measurements where needed to 
fill in gaps in the data. 

D. If you are using a laboratory notebook rather than 
data sheets and if the instructor informs you that 
no report is required on a particular experiment, 
then the experiment should be completed in the 
notebook by writing a summary and conclusions. 
Final calculations should be summarized in tabular 
form and whatever additional graphs are required 
should be completed. State a conclusion in your 
own words and discuss the experiment briefly (for 
example a discussion of accuracy is always desirable). 
On graphs-and in your final summary give the page 
number of the data or discussion referred to. The 
summary and conclusions may be left for the report 
when one is being written. 

V. Report 

When a report is required on an experiment it is due 
at the beginning of the period one week after the experiment was 
performed. The report is to be written independently by each 
student in ink (or typewritten) on white, unlined 8~ x 11 paper 
(graph paper for graphs). Each report must have: 

A. A cover sheet containing the following information -­
course, experiment title, your name, laboratory period 
day and hours, group number, date experiment was per­
formed, and date of report. 

B. A statement of the purpose of the experiment and a 
brief summary of how you went about performing it 
(not detailed), data and observations (if you used 
data sheets rather than a notebook these may be 
submitted as they are)r sample calculations, 
tabulated results, graphs, conclusions, and a dis­
cussion of the experiment. The discussion section 
of a report should be more thorough and complete than 
the corresponding section in the notebook. It may 
include a discussion of what was learned in doing the 
experiment, as well as the results and the accuracy 
of the results. It should also contain a discussion 
of any points which the instructor may have brought 
to your attention through questions written on the 
instruction sheets, and of any other points of 
interest that may occur to you. 



--4--

It is customary to use the passive voice in scientific 
writing (e.g. "The time required for the pendulum to swing 
through twenty complete cycles was measured ••• etc.") thus not 
calling attention to the observer. The following styles are~ 
to be used in a report: I" (we) swung the pendulum and ••• " or 
"Swing the pendulum and measure the time for twenty complete 
cycles ••• ". If you quote or paraphrase any outside sources in 
writing your report (including your own text book) give credit 
to the original author in a footnote. 

References: 

I. Bairdg "Experimentation°', chapter 7 

2. Olson~ "Experiments in Modern Physics". section 1.4 



Measurement. Probability, and Experimental Errors 

I. Types of Error 

Whenever a measurement is made of any physical quantity 
there is a certain amount of uncertainty in the result. 
Determination of the amount of uncertainty in a measurement 
is not usually easy but an attempt should always be made to do 
so, even if it is no more than an educated guess. Without 
some estimate of the uncertainties associated with experimental 
measurements one has no indication of the accuracy of the 
results and it is difficult to come to any conclusion about what 
the experiment has shown (or not shown). In all of the experi­
ments which follow in the physics laboratory sequence the 
student will be expected to make some estimate of the accuracy 
of his quantitative experimental results. 

There are two types of errors which may occur in the 
measurement process, systematic errors and random errors. 
Systematic errors tend to make all the observations of one item 
too small or too large. For example if voltage measurements 
were taken in an electric circuit using a voltmeter which 
consistantly read 0.1 volt too high. a systematic error would 
be present. Other common examples of causes of systematic error 
are worn weights, clocks which gain or lose time, friction, and 
personal bias of the observer which causes him to make readings 
which are consistently high or low. en systematic errors are 
recognized in an experiment it is often possible to find out 
how large their effect is and to correct for it. The error 
in the voltmeter which reads 0.1 volt too high, for example, can 
be discovered by calibrating the instrument against some sort 
of standard (accurately known voltage), and a correction of 
-0.1 volt made to all the readings. Error due to an observer's 
bias may be minimized by having another ob1erver make the same 
measurement independently (bias is best eliminated if each 
observer knows nothing of the other 1 s result until after both 
measurements are completed). 

Random errors result from chance variations in the quantity 
being measured, in the measuring devices. or in the observer, 
an0 are just as likelv to produce too laJ9e a value as too small. 
For example, if one measures the diameter of a metal rod several 
times with a micrometer the readings will probably fluctuate 
slightly in a non-systematic fashion due to actual differences 
in the rod's diameter at different positions. variations in 
pressure when the micrometers jaws are closed 1 and changes in 
the observer's estimate of the scale re~ding. Random errors 
are present in a:~l measurements, although they may be too small 
to be noticeable, and they cannot be corrected for because of 
their random nature. 
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II. Determination of Precision 

Suppose that several measurements of the same quantity x 
were made and all systematic error in the measurements 
eliminated or corrected (assuming this were possible)$ As 
discussed above there would still be a certain amount of 
rnadom fluctuation apparent in the measurements if they are 
0 fine" enough to make it noticeable. If a histogram was 
plotted showing the number of measurements N falling within 
different intervals of size 6X it mi t look like that shown 
in Fig. 1. 

Fig. 1 

No. ot e~svl""eMe..-.t:s vs. 
! r'1eea-;u,-~d lves x 
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I ' - ~ b_ __ ~ _ _.__ __ , 
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The meaning of the histogram is that one measurement of x fell 
between 4.6 and 4.7 units, two between 4.7 and 4.8 units, four 
between 4.8 and 4.9 units, and so forth. The completely 
symetrical distribution shown usually results only if a large 
number of measurements are made and if the fluctuations are 
entirely random. In such cases the envelope of the distribution 
often has a particular form called a "normal" or "Gaussian" 
distribution which is represented by the mathematical equation 

y = 1 
;{2fj.fr 

.e. -<x-i)2 ; 2 a-2 

(l) 
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ere ~is a constant which determines the "sharpness" of the 
peak (highn narrow peaks are characterized by small values 
of~). The quantity xis the average of the individual 
measurements 

i 
xl + x2 +e .. & .... "'" " ...... = 

n n 

where n is the total number of measurements, and because of the 
symmetry of the Gaussian function i corresponds to the most 
probable value of x obtained from a measurement of x (peak 
o··f··· curve) .. !Thus X is the best estimate that one may make ofl 
i~h~_true value of x from t ese measurements. 

------------------------------
The individual measurements of x differ from the average 

or most probable value i by an amount d called tbe deviation 
of that measurement 

dl = - x • d2 = - x t o • • e. e • e e. • e 

The standard deviation 

(j =f.dl2 + 

L 

:"1~ 
2 d 2;_ 

d2 + ............. n .I-
n - 1 J 

is an indication of the precision of a set of measurements 
since narrow Gaussian distributions indicate precise measure­
ments with small deviations from the average and a small 
standard deviation ~. tlf a large number of measurements 11 
made, 68% of them will be in the range x ± ~. 95% in the range 
x ± 2 rr, and 99% in the ra e x ± 3 (f 1 a fact which can be 
verified by determining the area under a Gaussian curve between 
the variGIUS limits.! If after having determined x and o-from a 
large number of measurements one makes a single measurement x, 
he then ~ill have about a two thirds chance of getting a value 
between X +!Tand i- r:r , etcetera. 

Although increasing the number of measurements of quantity 
x would have little effect on the standard deviation ~ (the 
scatter of the data) except to give a more accurate picture of 
what it really is, increasing the number of measurements should 
improve the reliability of the average value x~ It can be 
shown from statistics that the standard deviation in the mean i 
is given by the equation 
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lwbich means that there is a 68% chance that the true value of x 
will be in range i ±~m assuming the distribution-IS normal and 

_ilire are no systematic errors present. J Thus the precision of 
the mean x can be increased (~~reduced) by taking more observa-
tions, but the improvement is slow because of the rn factor 
(90 readings only 3 times as good as 10 readings). The final 
result of a set of measurements may be stated 

f x = i ± lfm l 
It is quite often useful to represent the standard deviation ffm 
as a percentage of e value x. The calculation required is: 

per cent std. dev. = • ( 100%) 

Although the normal or Gaussian distribution (equation 1) 
is very often a good representation of the kind of distribution 
found in repeated measurements of physical quantities, it should 
not be assumed that this distribution always gives an accurate 
description of the results of such measurements, even when a 
large number of measurements are made. There are a number of 
cases where the distribution is non-Gaussian and perhaps even 
non-symmetrical. For example, if one makes several determinations 
of the number of nuclei which decay by particle emission in a 
certain time, he obtains the Poisson distribution 

y oC e -x 

(2) 

where x is the average number of counts and y is the probability 
of obtaining x counts in a given trial. This distribution is 
very unsymmetrical about the mean i when the number of counts i 
is small but closely resembles a Gaussian distribution with 
standard deviation y''i"when x is large. 

III. Propagation of Errors If one uses experimental observations, with 
their associated random errors, to calculate a result, the 
precision of the result will be determined by the precision of 
the quantities involved in the calculation. The standard 
deviation of the result may be determined from those of the 
separate quantities d'"m 1 , um2 t etc. by keeping in mind the 
following rules. 

A.lThe standard deviation of the result of addition and/or ~ 
substraction is the square root of the sum of the sauares 
the standard deviations of the separate terms. 

Example: x1 = 5.30 t 0.20 units 

x2 = 1~70 ± 0.10 units 
x3 = 7.20 t 0.01 units 
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c. 

~--5--= 

x 1 - x2 + x3 = (5.,30-1.70+7.,20) ±. [<o .. 2o) 2 + (0.10) 2 +(0.,01)~]~ 
= 10 .. 80 ± 0 .. 22 units 

Note that most of the standard deviation in the result comes 
from the largest standard deviation present in the separate 
terms (0~22 ~ 0,.20). 

The percentage standard deviation in the result of mulitplicatioi,. 
and/or division is the square root of the sum of the squares of 
the 1QGi&2R&iiiastd .. deviations of the factors., · 1 

example: xl, x2, x3 as above 

(% std. dev.) 1 = 0~20 x 100% = 3"8% 
5@30 

(% std .. dev.) 2 =_Q~lO x 100% = 5 .. 9% 
1.,70 

(% stdo dev.) 3 =_Q,.Ol x 100% = 0,.1% 
7.20 

y = (xl) (x2) 

X3 

= 1.25 ± std .. dev., 

(% std .. dev .. >y = [<3 .. 8) 2 + (5.,9)2 + (0 1)21~ 
e I = 

(std. dev .. ) = (,.07) (1 .. 25) = 0 .. 09 
y 
y = 1 .. 25 ± 0,.09 units 

-' 
7.,0% 

Note that in this case the largest contribution to the standard 
deviation in the result comes from that antity with the largest 
percentage standard deviation. 

l
iin case a quantity is raised to the nth power its percentage 
standard deviation is multiplied n. 

The process of carrying standard deviations through calculations 
is useful not only indetermining the precision of the result but 
also in determining which quantity contributes most to random 
error in the result. It may be possible to reduce the deviations 
in this quantity by using more care or different techniques .. 

IV. Accuracy of Experimental Results 

Determination of the standard deviation in an experimental 
result will tell you how much uncertainty is present due to 
ra_Edom errors, but this is an indication of the a~curacv of the 
rc~ult only in the case where systematic errors are negligible 
compared to random errors. For example, if in a particular 
experiment you obtained a percentage standard deviation of 1% but 
the instruments used to obtain the measurements were accur~te only 
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to within 5% (all readings may be too high or low by 5%), then 
the 5% accuracy is a better indication of the reliability of the 
results than the 1%. Some attempt should be made by the stud~nt 
to determine the reliability of his results in each experiment, 
although in some cases this 11 involve making some educated 
guesses as to the accuracy with ich a particular measurement 
may be made with a particular measuring device. In all cases 
try to eliminate as much systematic error from the measurement 
as possible within the time available. experimental result 
does not agree with a prediction of a theory unless the theoreti­
cally predicted result lies within the range given by the experi­
mental result plus and minus the probable error; an experiment 
does not disagree with a theory unless the predicted result lies 
outside this range. 

V. Significant Figures 

The term "significant figures" refers to the digits of a 
measurement made in the laboratory, including all the certain 
digits and one additional doubtful one based on the observer's 
estimate of a fraction of a scale division. The numbers which 
represent data or the results of calculations should always be 
given with neither more nor fewer significant figures than are 
justified by the precision of the observations and computationse 
The number of significant figures in a measurement (or a calcu·~~ 
lated quantity) may be determined using the following rules. 

Examples: 

(a) The first significant figure is the 
first non-zero digit. 

(b) Zeros which occur between significant 
digits are considered significant. 

(c) Zeros which occur to the right of the 
last non-zero digit are considered 
significant en they are to the right 
of the decimal point (the significance 
of such zeros to the left of the decimal 
point is indeterminate). 

(d) If numbers having a different number 
of significant figures are added, 
substracted, multiplied or divided, 
the answer is given so as to have the 
same number of significant figures as 
the term or factor which has the least • 

• 0001906 has 4 significant figures 
10,937 has 5 
93,000 has an indeterminate number 
9.3xlo4 has 2 
9 .. 30xlo4 has 3 
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VI. Comparison of Results 

Sometimes an experimental result is arrived at by two 
different methods which should both theoretically give the 
correct result~ If there is no reason to believe that one 
of the results is much more accurate than the other, it 
might be instructive to see how much difference there is 
between the two. This difference is usually given in terms 
of the "percentage difference" which is defined. 

References: 

% diff. = diff. between values x 100% 
average value 

1. Young, "Statistical Treatment of Experimental 
Dat~~ 

2. Barford, "Experimental Measurements: Precision~ 
Error and Truth" 

3. Baird, "Experimentation: Introduction to 
Measurement Theory and Experiment Design" 

4. Braddick, "The Physics of Experimental Method" 

5$ Pugh and Winslow, "The Analysis of Physical 
Measurements" 

6$ Bevington, "Data Reduction and Error Analysis 
for the Physical Sciences" 



METHOD OF LEAST SQUARES 

One of the fundamental problems that comes up again and again 
in the laboratory is that of finding, from simultaneous measurements 
of quantities y and x , the dependence of quantity y on quantity x 
(the dependence of the period of a pendulum on its length for 
example). Often this dependence is revealed by making a graph of 
y versus x from the data. However, a certain amount of judgement 
is always involved in making a graph from experimental data since 
deviations in the measurements usually make it impossible to draw a 
smooth curve through all the data points. One usually tries to 
draw a smooth curve among the points in such a way that it appears 
that the deviations of the points from the line (positive and negat­
ive) add up to approximately zero. In other words, in the graph 
shown below 

lctll + ld3! 
I . 

+ (d4j+ ......... ~- jd21 + !ds!+ ........ u 

where the deviations here and in the analysis to follow will be 
assumed to be deviations in y for precisely known values of x • 
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If a high degree of precision is required in the expression 
relating y to x , this method of balancing deviations "by eye" 
might not be sufficient. In this case a more scientific approach, 
based on statistics, is followed. It can be shown that!the most j 
!proba~e disposition of the line representing the dependence of y 

!on x is that for which the sum of the squares of the deviations of 
the points from the line is a minimum (hence the name "least squares' 
'-----~--------------------------------------------------------------------~------~ 
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[ (di)2 2 d2 d2 d2 .. d
1 

+ 2 + 3 + 4 + ••••• =a minimum 

This statement is called the "principle of least squares" and it 
is the basis of a method for finding the relationship between 
y and x which best fits the data points (for which the sum of the 
squares of the deviations is a minimum). 

Actually the problem of determining the line which "best" 
fits a set of data points (xi , Yi) is several different problems, 
depending on the type of curve which is to represent the relation­
ship between x and y. If it has been predetermined from the data 
or from theory that y depends on x linearly so that y = Ax+ B7 

the problem becomes one of picking out. from all possible straight 
lines, the one with values of slope A and intercept B such that 
the sum of the di2 will be as small as possible. If (xl, Yl) are 
the coordinates of the first data point, Cx2, y 2 ) the coordinates 
of the second and so forth, and if it is assumea that the devia­
tions are only in the y measurement for precisely known x ' s, 
then 

I" (di)2 ( A 'x 1 + B - y 1 ) 2 + (Ax 2 + B - y 2) 2 + • • • " • • 

If the "best" straight line is that which makes the sum of the 
squared de vi at ion s or a m fn i:mu m • 

d[~ (di) 2J = 0 = 2x
1

(Ax1 + B- y 1 ) + 2x2 CAx2 + B-y2) +.,.,,.. 
dA 

d [rccto2] 
dB 

0 =2 (Ax l + B - y 1 ) + 2 ( Ax2 + B - y 2 ) + ........ • 

are the conditions which should lend to the 8 best" values of A and 
B. These equations may be rewritten: 

B l X. + A 
I 

rx- 2 -.2:x·y· I I 1 = 0 (1) 

nB + A I_ Xi - L Yi = 0 (2) 

where n is the number of points. 

The method is illustrated below for a set of n = 5 points. 

Point 
No. 1 2 3 4 5 

X 1.00 1.90 2.60 3.20 4.00 

y 0.90 3.00 4.00 5.50 6.90 
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A table is made as follows: 

X y x2 xy 

1.00 0.90 1.00 0.90 

1.90 3.00 3 .. 61 5.,70 

2.60 4.00 6.76 10.40 

3.20 5.,50 10.24 17.60 

4.00 6.90 16.00 27.60 

[Xi= 12.70 r Y i = 2o .3o Lx.2 = 37.61 
1 l. xiy i = 62.20 

Substituting in (1) and ( 2) 0 

12.70 B + 37.61 A = 62.60 

5 B + 12.70 A = 20.30 

Solving simultaneously, B =-0.989 A = 1.988 

The equation of the straight line which best fits the data points 
is 

y = 1.988 X -0.989 

In other words the sum of the squares of the deviations of the 
points from the straight line is a minimum for a line of slope 
1.988 and y intercept -0.989$ 

It is generally shown in books on statistics that the 
standard deviations in these values obtained for the slope A and 
intercept B may be fcund using the equations (3 and 4)~ 

rr -~~d-2 ~~-~~(Ax. B d·)2~~ VA-I.t-1 I -,4- .. 1+- 1 t 
L n I:.x i2- ( Lxi)2 J l n Z xi2 - (',[x·i ~2J 

OB = ( ( .r d!_2) ( ~ ~i2) 1 ~ 
ln2I_xj_2- n (2.xj_)2j 

( 

'[ A = ) ~ ( . X-i + B -

l n.::; .:- ~, ., 
L 1-i~ 

Y i ) ~~xi 2 J l ~ 
- n cf.rr)z f 

I 
j 
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A table is made as follows: 

X y x2 xy 

1.00 0.90 1.00 0.90 

1.90 3.00 3.61 5.70 

2.60 4.00 6.76 10.40 

3 .. 20 5.50 10.24 17.60 

4.00 6.90 16.00 27.60 

r Xi = 12.10 r Y i = 2o .3o Lxi2 = 37.61 I XiYi = 62.20 

Substituting in (1) and (2). 

12.70 B + 37.61 A = 62.60 

5 B + 12.70 A = 20.30 

Solving simultaneously, B =-0.989 A = 1.988 

The equation of the straight line which best fits the data points 
is 

y = 1.988 X -0.989 

In other words the sum of the squares of the deviations of the 
points from the straight line is a minimum for a line of slope 
1.988 and y intercept -0.989~ 

It is generally shown in books on statistics that the 
standard deviations in these values obtained for the slope A and 
intercept B may be found using the equations (3 and 4): 

f'T' -f~d-2 lu - l'""(Ax. B d·)2 -~~ 
v A - L 1 I 'Z - ' <-, ,_ ~ + - 1 . l n Lx i2 - ( .L xi) 2 J l n 2- xi 2 - ( Z Xi ~ 2J 

()B = ( ( I dt_2) ( L: ~i 2) j") ~ l n2r_xj_2- n (,Lxj_)2 

I 

= ) [I ( Axi + B -

l
1 

n2 "X·2 
~ '1 

y i ) ~ ~ ~i 2 J 1 ~ 
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In cases where a nonlinear curve is to be fit to a set of 
data points in such a way as to make L(di)2 a minimum, equations 
(l), (2), (3)~ and (4) no longer apply .. Often one can get around 
this difficulty, however. For example, suppose some data points 
are to be fit with a parabola of the type y = Ax2 + B. If the 
quantity X= x2 is calculatedfor each of the points, the method 
may then be applied to quantities y and X, since y versus X will 
be a straight line (y = AX+ B) even though y versus x is not. 

The least squares method is not confined to finding the 
constants of a straight line, however; it can be applied to any 
kind of curve. For example, if one has a set of data points and 
wants to determine the constants of the ''best fit" parabola 
y = AX2 + BX + C, he can apply the conditions that minimize 
L (di)2 with respect to variables A, B, and C and will obtain the 
equations: 

' ·v • 2-;tl• 
.t... ""1 s 

I. xiY.i 

I Yi 

C I. :x i 2 + B .Lx · 3 + A I: X: • 4 1 1 

C fJI\ i + B L 'l.{ i 2 + A 2.. }.'i 3 

-- -- 2 nC + B ..?. x i + A 2....x i 

which may be solved simultaneously for constants A, B~ and c. 
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5. Bevington, 11 Data Reduction", Chapters 6 and 11 

6. Gerhold, "Least-Squares Adjustment of Weighted 
Data to a General Linear Equation'\ American 
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Interference and Diffraction 

According to Huygen's principle, each point along a wavefront 
may be regarded as a new source of waves. Whenever something 
obstructs part of the wavefronts, interference between "wavelets" 
emanating from different parts of the unobstructed wavefronts produce 
a diffraction pattern which is characteristic of the geometry of the 
obstruction (or opening in object which blocks the light) and of the 
WJvelength of the light. It is shown in nearly all introductory 
physics textbooks, for example (see Resnick and Halliday, section 
43-l), that when light waves pass through a double slit arrangement 
like that shown below they·interfere constructively and destructively 
at different positions to form fringes on the screen S such that 
intensity maximum appear at positions 
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In somewhat the same way wavelets passing through different parts 
of a single slit interfere to produce a single slit diffraction pattern 
with destructive interference causing diffraction minima at angles ~ 
such that (see Resnick and Halliday, section 44-2) 

a sin e- 'I m 1\ m = 1,2,3, ...... . 

with maxima approximately half way between (the exact intensity 
expressions are given in section 44-3), where a is the slit width. 
A circular aperture of diameter d results in fringes having circular 
symmetry with the first minimum appearing at a d stance from the 
center such that (see Resnick and Halliday, sect on 44-5) 

sin 9 = 1.22 A /d 
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Experiment: 

Your light source will be a monochromatic beam from a helium-

neon laser having wavelength A 
0 

6328 A. This experiment is somewhat 

open ended in that you are not told exactly what to do or how to do 

it. The object is to investigate the nature of interference and 

diffraction effects. The details are left to you. You might for 

example put a single or double slit in the beam and determine the 

spacing or width of the slits, perhaps checking your results with a 

direct measurement using the optical comparator. You might try to do 

an experiment which would confirm the constant 1.22 in the expression 

for the first fringe minimum from a circular aperture or compare the 
pattern 

fringe/of aperture or slits of different sizes. An experimental study 

of diffraction by rectangular openings or by a repeated pattern of 

openings (such as found in a seive) might be of interest. 
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4. The method of least squares determines the most probable line 
of a certain type (e.g. straight line) through a set of data 
points. 

(a) The line is placed so as to minimize ________________________ _ 

(b) Use the method of least squares to determine the slope 
and y intercept of the straight line graph I versus y2 
in question 3. How do your results compare with the 
values taken directly from the graph in question 3 ? 



GRAPHICAL ANALYSIS 

Often one of the aims of an experimental investigation is the 
determination, from measurements made in the laboratory, of how one 
of two interdependent quantitiesi Yt depends on the other, x. 
Graphical methods provide us with a very useful t ooJ in this type of 
analysis. 

I. Plotting Graphs 

Suppose one is interested, for example, in finding in a 
particular experiment a methemical relationship which expresses the 
velocity of a moving object v as a function of the time t. In this 
case velocity is the "dependent variable'' whose dependency on the 
"independent variable" time is to be established from the following 
data. 

Time Velocity (magnitude) 

(sec) (em/sec) 

-
L.OO 1.9 

2i>OO 1.9 

3.00 3.0 

4.00 3.9 

5.00 6.5 

6.00 11.0 

Suppose that in this experiment the time measurements are very 
precise and their errors can be ignored while the velocity measure­
ments are estimated to have a standard deviation (see instruction 
sheet on "Measurement, Probability, and Experimental Errors ) of 
about± o.3o em/sec. The steps to be followed in constructing a 
graph which illustrates the dependence of velocity v on time t 
(or any quantity y on another quantity x) are summarized below. 

(a) The dependent variable (quantity whose dependency 
on the other is to be determined) is plotted 
vertically (velocity versus time rather than 
vice versa). 

(b) Scales should be chosen which are easy to plot 
and easy to read and which make the graph large 
enough to be read easily and accurately 
(occupying a full page if possible)• 
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(c) Scales usually start at zero but sometimes 
this would cause the data to be crowded into 
one part of the graph. In such a case it is 
a good idea to suppress the zero (start the 
scale at some value other than zero or show 
a break in the scale). However, it should be 
made obvious to someone looking at the graph 
that the zero has been suppressed. 

(d) The graph should have a title and each of the 
axes should show the quantity plotted along 
that axis and the numerical scale and units 
for that quantity. 

(e) The experimental points are marked clearly on 
the graph by drawing a small circle around each 
of them and drawing an "error line" (in the 
above example extending 0.30 em/sec above and 
below the data point) at each point. 

(f) Draw the simplest possible smooth line or curve 
(i.e. the simplest curve is a straight line, 
the next is a curve whose curvature is always 
in the same direction and doesn't change magnitude 
suddenly, etc) among the pointsr with no more 
details of shape and curvature than is justified 
by the size of the estimated errors. If the 
magnitude of the standard deviations are estimated 
correctly and the line is drawn correctly the 
curve should cut about two thirds of the error 
lines (very roughly). 

When these steps are applied to the example of the moving object 
given above, a graph results such as that shown in the following 
figure. 

Velocity v versus Time 
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II. Determination of a Mathematical Relationship 

If a graph of dependent variable y versus independent 
variable x turns out to be a straight line, the dependence of 
y on x is expressed by the equation 

Y = ax + b ( 1) 

The slope a and y intercept b of the line can be taken directly 
from the graph (see part III) thus establishing the relationship 
between quantity y and quantity x in this experiment. 

If the graph of y versus x is curved, however, as it 
is in the case of the velocity of an object versus the time in 
part I, the quantities must be related by some other equation. 
For example, one might guess that y is related to x according to 
an equation of the type 

Y = axn + b 

where n might be an integer -1, ± 2, ± 3, ± 4, •••••••••• or a 
fraction± 1/2, ± 1/3, ± l/4, ••••••••••••••• To decide which 
values of n are truly possibilities one should study the graph 

(2) 

of y versus x and equation (2). In the case of the velocity versus 
time graph of part I, for example, negative values of n should be 
immediately discounted since equation (2) would predict a decrease 
in y for increasing x. Fractional values of n are just as unlikely 
since as x increases, the graph shows y increasing faster and 
faster (perhaps indicating n = + 2 or+ 3, etc.). 

To see if the velocity - time (y = v, x = t) data for 
the moving object example of part I fits equation (2) with n = + 2 
one could graph Y = v versus X = t2 from the experimental values of 
v and the corresponding values of t2. If the graph of Y versus X 
from the data is a straight line, the experimental results fit a 
relationship 

Y=aX.;-b 

or v = a t 2 + b (equation 2 with n = + 2) 

where a and b are the slope and intercept of the line. If such a 
graph was not straight, but was straighter than a_graph of v versus 
t, then one might try a graph of Y = v versus X= t3 and so on 
until a straight line was found. The same general procedure could 
be followed in cases where n is thought to be a fraction or have a 
negative value. If the data are to be represented by the equation 

y = ax -1/3 + b ( 3) 

then a graph of y versus x-1/3 should yield a straight line. 
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Another type of relationship between quantities which appears 
often is 

Y = Aeax (4) 

where A and a are positive or negative constants. If equation (4) 
accurately represents the data, then 

ln y = ax + In A 

or y ax+ b 

making the substitutions Y = Ln y and b = ln A. Therefore if 
Y = ln y is plotted vertically against x horizontally, a straight 
line of slope a and intercept b = ln A should result. The values 
of a and A can be determined from this line. 

III. Determination of Slope and Intercept 

The slope and intercept of a straight line are found as 
follows: First the x and y coordinates of two widely separated poinTh 
on the line are determined (note that the points must be widely 
separated for accuracy and the points are points on the line, not 
data points). The slope of the line is defined 

a Y2 Yl 

x2 - xl 

and should have the same value (for a straight line) regardless of 
what two points are chosen. The y intercept is obtained by 
extending the line back to x = o and noting the value of y at this 
point on the line {this is the intercept b). 

A more reliable determination of slope, a, and y intercep~ 
b, results when one computes the slope and intercept of the straight 
line which minimizes the sum of the squares of the deviations of the 
data points from the line (see instruction sheet on "Method of 
Least Squares"). 

References: 
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Physics III Lab. Fall 1969 

Experiment 2 'Mapping' an Electric Field in Two Dimensions 

Purpose 

To provide a look at equipotential lines in a two dimensional 
system. Hopefully an electric field may become more real (less abstract: 
to you. 

The 2-D system is a thin layer of slightly-conducting graphite on 
the surface of a board. The equipotenital lines (each, the locus of 
points having a given constant potential) correspond to equipotential 
surfaces in a three dimensional system. You know where to look these 
up - refresh your memory! 

When two points in a conducting body or circuit are at different 
potentials a current flows between the points. You will use a 
galvanometer G to determine a condition of zero-current flowi i.e., 
the condition of zero-potential difference between the points to which 
the galvanometer is connected. If you have not learned the principles 
of this instrument, you need only assume that zero-deflection means 
zero-current in the galvanometer. 

Map at least two field-electrode configurations (at least one 
for the report of each student). Tentatively sketch some field lines 
("lines of force"). 

Take care: some galvanometers have two button switches to connect 
them: Use R first until the deflection is very small, then use the 
more sensitive 0-button. 

Discuss in report the relation between field lines and equipoten­
tials, and the theory behind this relation. Indicate the direction 
of the E-vector on your plot. 

Explain the analogy between your equipotential plot and another 
kind of map. (Incidentally, can the energy concept be included in 
your explanation?) 
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POTENTIOl\lETER NEASUREMENT OF PO'I'ENTIAL DIFPERErJCE 

OBJECT: To calibrate a potentiometer and to become familiar 
with its use in measuring potential differences. 

THEORY: One of the most obvious advantages of using ammeters, 
voltmeters, etc. in making circuit measurements is their con­
venience; they can be easily moved about from one part of the 
circuit to another. For this reason and also because their 
accuracy is sufficient for the purpose at hand in many in­
stances, they are Nidely used in measuring the currents, volt­
ages) etc. in a variety of circuit applications. However, it 
should be remembered that there are different types of volt­
meters, for example, having different characteristics and for 
use under different conditions. One should not assume that all 
voltmeters, if operating correctly, viill automatically read 
correctly the voltage he wishes to measure in any circuit. 

One cause of incorrect meter readings is of course 
that the instrument is not properly calibrated. This can be 
quickly remedied by recalibrating it against a standard and 
making a calibrating graph vrhich shov1s the correct value for 
any meter reading. 

Often, however, the difficulty is not in the calibra­
tion but in the use that is made of a meter. Suppose in the 
circuit below for example, that you wish to measure the volt­
age across the 200 ohm resistor with a. voltmeter having only 
200 ohms resistance. 

r I } R = 
s - 200£L 

An ideal voltmeter would be one with infinite resistance; if it 
were placed in parallel with R it would draw no current and the 
total resistance of the parallel combination would remain 200 
ohms (there would be no change in the operation of' the circuit 
due to the introduction of the voltmeter). In the case of a 
200 ohm voltmeter, however, the introduction of the meter causes 
the resistance of the parallel combination to be cut in half and 
the total current to increase, half going through R and the ot.her 
half through the voltmeter. The meter will correctly read the 
voltage across ~ts terminals, but that voltage is no longer the 
same as it was when the meter was not present. This difficulty 
can usually be avoided by taking care that the resistance of 
the voltmeter be large compared to the total resistance of the 
circuit between the points to which the meter is connected. 



1
,,,• 

~; 

-2-

The potentiometer is in effect an 11 idealn voltmeter. 
It draws no current from the circuit at the instant of measure­
ment and thus doesn't change conditions in the circuit from 
what they were before its introduction. 

The potentiometer circuit is shown on the next page. 
The power source supplies direct current through a variable 
resistance to a uniform resistance slide wire CD. The vari­
able resistance may be increased or decreased in order to 
control the amount of current I flowing in the 1i'Iire. Since 
the slide wire is uniform along its length, its resistance per 
unit length is the same everywhere so that 

VTD = I RTD = LTD 

VcD I Rcn LeD (l) 

Thus if a certain fixed voltage or potential difference V~D 
is impressed across points CD, the potential difference V~D 
may vary from zero to Vcr: depending on the position of the 
sliding tap T. The labo:fatory potentiometers are equipped 
with dials which tell where along the wire point T is for a 
particular setting of the dial --- a reading of .400 for ex­
ample means lTD = .400 leD (decimal point omitted on dial). 

OPERATION: 

The process of measuring an unknown potential difference 
with a potentiometer is one of comparing the unknown to an accur­
ately knol'.rn voltage. For example in the circuit shown on the 
next page suppose an unknovm voltage is placed across terminals 
X and switch s1 is to the right. Suppose in addition that it is 
known that the voltage drop across CD is exactly VC = 2.000 volts. 
Now suppose that tap T is moved alan~ the wire unt1£ a point is 
found for which there is no noticeallime deflection of the galvano­
mPi-:ertwhen e,i r. her r. berB.nor1.o0 s.vr;i.t8b, cbst· c.; 19 sect.~,.; 'T'fl.itJc:ewoyldamean ·c,·nav ncr·~;:: wa.5 Ilu Cur c .. 1:. I w ..~..r ll.l .L t..,.~ ~ VJ. v ...l..c.._ rsr;,..;.., 
condition which could only arise if T and E were at the same 
potential. Therefore at this balance point Vx = VED = VTD. 

But equation (1) tells us that if T is halflfiray between C and 
D, VTD = 1.000 volts, or if it is 0.600 of the way from D to C, 

VTD = (0.600) (2.000) = 1.200 volts, etc. Thus VX is determined 
by noting what fraction of the vlire (fraction of ·the 2. 000 volts 
aero ss the wire) it will balance against. Hovlever, the process 
of getting an accurately known voltage (2.000 volts here) 
across CD must be accomplished frist -- a process called 
calibration. 

The potential difference VCD is controlled by the variable 
resistances in series with resistance RCD" If the variable 
resistance is increased~ the current I is decreased and thus 
the voltage V CD =IReD decreased; decreasing the variable 
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Suppose now that switch s
1 

makes 

contact with the standard cell (left) which is an accurately 
known, constant emf. having the value (for example) [ = 1.500 
volts. As before, if at any position of the tap T there were 
no current through the galvanometer when the R or 0 s·,·Jitch is 
closed, the voltage drop across TD vwuld have to equal E: • If 
one puts the tap T three-fourths of the way from D to c, then 
adjusts the variable resistance until there is no galvanometer 
current, he is assured of having placed 1.500 volts across 
TD (3/4 of the wire) and by proportion [equation (l) ] of 
having placed 2. 000 volts across CD (the "~>'lhole v-Jire). The 
process of calibration becomes one of placing the standard 
voltage across a certain fraction of the wire in order to have 
the desired voltage VCD across the whole. 

H'IPORTANT NOTE: In balancing the potentiometer always tap 
switch R first until the galvanometer shows no deflection and 
only then start using S\vitch 0. Do not hold either switch down; 
dO:no~uch switch 0 until balance is made with R -- very small 
currents dravm from the standard cell for a short time will 

• • -1-ruln lv. 

INSTRUCTIONS: 

I. A. Calibrate the potentiometer to read a maximum 
potential VcD = 3.00 volts using the standard cell mounted 
on the potentiometer board. 

B. Connect a dry cell to terminals X (note correct 
polarities) and measure its emf. Next, check the calibration 
again to see if Vr.p has changed. If it has, repeat the 
calibration and measurement. 

C. Set up a circuit as sho~rm belovJ and measure the 
voltage VBC using a voltammeter and again using the 
potentiometer. 
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Assuming the internal resistance r of the 32 volt source 
to be negligible compared to the other resistances, what 
should voltage VBCbe according to theory (roughly -- the 
source voltage is only approxi.mately 32 volts)? How do 
the voltages measured using the voltmeter and potentiometer 
compare with this value? Explain discrepancies and cal­
culate the internal resistance of the voltmeter from these 
measurements assuming that the meter is calibrated correctly. 
From your data what is the best value that you can obtain 
for the actual emf of the "32 volt" source? 

II. A. Connect the unknown ("black box") to terminals X (this 
contains a source of emf. and an internal resistance) and 
measure the emf. 

Now set the dials of a resistance box on 500 ohms first 
and then connect it across the terminals of the unknown as 
shown below. 

c::;­r- -, ~z 

+ ~--------------~~ I ~--------, 

PoTent, ov"cter 1 ~r: .~ ,~ ~ 
X I I I ( I ~. K 

I I \ (' . Tt:l , 
-----------------~~6~-L; _________________ ~ 

I_- _J 

Measure the terminal voltage Vm of the "black box" with a 
500 ohm resistor drawing curreAt from it. Repeat with 
R = 200, 100, 70, 50, 40, 30, 20, and 10 ohms checking the 
calibration occasionally (caution: be very careful to have 
switch s2 open while turning dials on the resistance box -­
ali accidental resistance of less than 5 ohms across the ter­
minals will draw enough current to burn out the box). 

B. Plot a graph of the terminal voltage Vm of the "black 
box" versus the current I it supplies to the series loop 
shown above. Since 

V = c - I r == IR 

this graph should be a straight line with slope (-r) and 
intercept £. (if it is not' perhaps e is changing as current 
is drawn from the box). Determine the value of the internal 
resistance of the unknown from the slope of the line or, if 
it is curved, from the slope of the tangent at I = 0. Record 
the values of [. and r for the unkt'10ii'm. 
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EXERCISES: 

l. 

Given a circuit such as that shows below. 
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Show that potential difference J R? ) V ,R~ : R, £ 

If V i.s to be equal to (1/10) £ , what fraction must 
R2 be of R1 ? This circuit arrangement is called a 

voltage divider. 

2. If R2 = 200 oll.i'TIS, R1 = 1800 ohrrr, and £ = 100 volts, 

what is the smallest resistance that a (100% accurate) 
voltmeter can have if it is to measure the voltage V 
with an error of less than 5%? 
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OBJECT: 

CIRCUIT: 

THEORY: 

:HIGH RE,SISTf-J\JCE riiEJtSUREr/IE~\TT 

To measure a high resistance using the ballistic 
galvanometer. 

c~ tR 
Bj 
fo 1 

0
D C 

A. Capacitor Discharge 

If a capacitor is charged so that charge q
0 

is on each 
plate and then allowed to discharge through a resistor as shown 
below, the potential difference across the capacitor must equal 
that across the resistor (they are across the same two points 
in the circuit ab) at all times during the discharge. 

c~ (f '1 

~~ b 

R 

V~b = q = i R 
a. - :i. - - dt 

dq 

c 
dq 

.!_q=-R_-

c dt 

from which one can derive the 
on the plates at any time t 

q = charge on plates at any 
tiwe t 

i = current at the same time 

(1) 

expression for the charge still 
after discharging starts 

qoe 
·- t/RC ( 2) q = 

or 

ln(q/q0 ) = l t (3) 
RC 
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B. The Ballistic Galvanometer 

The moving element of this type of galvanometer consists 
of a rectangular coil which is suspended between the poles of a 
magnet by a fine wire. When a charge q passes through the coil, 
the forces exerted by the magnetic field on the moving charges 
produce a turning moment or torque on the coil. The torque gives 
the coil an angular momentum~ but the coil has a relatively large 
moment of inertia so that very little actual motion occurs in the 
time that it takes for charge q to pass through the coil. The 
coil continues to rotate however, twisting the suspension wire. 
The twisted suspension wire now exerts a restoring torque which 
decreases the angular momentum of the rotation, brings the rotation 
to a stop at some angle 6, and increases the angular momentum in 
the opposite direction. The result would be oscillatory motion 
of angular amplitude 8 as long as no mechanical energy was lost 
from the system (it is almost frictionless). It is not difficult 
to show that the angle e is proportional to the charge q which 
passed through the galvanometer coil. 

If one v1ishes to damp the oscillations of the galvanometer 
it is useful to recall that a coil rotating in a magnetic field 
generates an induced emf. Short-circuiting the galvanometer ter­
minals completes an external circuit so that this emf can cause 
a current flow in the low resistance short-circuit. Thus the 
mechanical energy of the rotating coil is converted to electrical 
energy as in a generator, and this electrical energy is in turn 
dissipated as heat by the circuit resistance. The loss of mechani­
cal energy by the system results in a quick damping of the oscilla­
tion. 

INSTRUCTIONS: 

I. A. Charge the capacitor to the battery voltage by shorting 
A to B. Then short B to C and allow the capacitor to 
discharge through the galvanometer, noting the deflection 
Do. 

B. Recharge the capacitor as before, but this time connect B 
to D for a measured time t (5 seconds, 10 seconds, or 
whatever proves suitable) and allow the capacitor to dis­
charge through resistance R for that time interval before 
discharging the remaining charge through the galvanometer. 
Again record the galvanometer deflection D. 

C. Repeat step B for longer and longer time intervals t. 
Plot a graph of galvanometer deflection D versus discharge 
time t. How does this graph relate to a graph of the 
charge q on a discharging capacitor as a function of time? 

II. A. Prove that ln (D/D0 ) = 1 
RC 

t 
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B. Plot a graph of some function of D versus t v.rhich may be 
reasonably expected to yield a straight line. Determine the 
value of the resistance R from the slope of this line.* 

III. To see if leakage of charge off the capacitor's plates is 
a factor which might cause error, charge the capacitor 
once again and let it sit for 5 minutes before discharging 
through the galvanometer. Compare the deflection due to 

* 

the charge which remained on the plates ~ith that due to the 
original charge qo. 

The capacitors have the following values for the different 
circuit boards; 

1 c .L 
no. = 0.88)1; 

no. 2 c = o.gop.f 

no. 3 c = 0.88 JA-f 
no. 4 c ( 

= 0.88)-i-T 

no. 5 c = o. 91 r- f 



Electrical Conduction in Semiconductors 

References: Halliday and Resnick, Physics, part II, Chap. 31, 
sec. 1-4; example 2; chap. 32, prob. 15 on Wheatstone bridge; 
Holden, A., '*The Nature of Solids", chap. 13,14; Feynman, 
"Lectures on Physics", Vol. III, chap 14, sec. l-5; and 
Purcell, "Electricity and Magnetism" (Berkeley Physics Course) 
Chap. 4. 

Object 

l - to investigate the temperature-dependence of resistance 
of a semiconductor 

2 -to use a d.c. bridge circuit as a null-reading 
technique. 

Theory 

According to quantum mechanics an electron which is moving 
along in a crystalline solid may only have certain energies, these 1 

allowed energies being grouped in bands with gaps of forbidden 
electron energies between. There is a limit to the number of 
electrons which can take up energies within a given band; when this 
limit is reached the band is said to be filled. The distribution of 
electrons among the allowed energies is different in different 
solids but it is found in all pure semiconductors at T equals 0°K, 
that the lower bands are completely filled and the upper ones 
completely empty. The highest energy filled band is ~alled the 
"valance" band and the next higher energy band the "conduction" band. 
The energy gap Eg between these two bands is small (--...-1 electron volt) 
in these materials (in comparison with insulators). 

T -::::- O•K 

Increasing 
Electron 
Energy 

forbidden 
gaps 

///////- Conduction 
(empty) 

Band 

(------===~-"---- Valence Band (filled) 

/ /~===--­
;/---j/ ======~======~ ~~ ~(filled) 

~~~~~~~~~~~~~(filled) 
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It can be shown that electrons of a completely filled band do 
not contribute to the conduction process; they can not be given, 
as a group, a net drift in one direction by applying an electric field. 
Thus a pure semiconductor at absolute zero would be a perfect insula­
tor (conductivity ;7=0). since the application of an electric field 
produces no current. However. if one puts some energy into such a 
system. raising its temperature. some of this energy will be taken 
on by electrons in the valence band which then (in the energy absorp­
tion process) jump the forbidden gap and appear in the conduction 
band. Thus at finite temperatures there will be some electrons in 
the conduction band and an equal number of "holes" in the valence 
band. When an electric field is applied to the sample the electrons 
in the c. b. are given a drift velocity in the opposite direction to 
that of the field; the val. b. holes act like positive particles and 
drift in the same direction as the field. The conductivity of a 
given sample is determined by the numbers of conduction electrons and 
holes per unit volume and by the mobilities (average drift velocity 
per unit applied field E of these charge carriers. 

o- =- n e ue·· 
I ·+ p e rh 

where n ~ concentration of electrons in c.b. 
p ~cone. of holes in v.b. 

( 1) 

e ~ electronic charge magnitue, hole charge magnitude 
fh \ fe= mobility of holes. electrons 

Note that increasing the temperature of one of these materials causes 
more electrons to absorb energy and jump from the valence to the 
conduction band, increasing the number of conduction electrons n and 
holes p. So raising the temperature of a pure semiconductor increases 
its conductivity instead of decreasing it as in the case of metals 
where the number of carriers is not a function of temperature and the 
controlling factor is the decrease of mobility with increasing 
temperature. In pure ("intrinsic") semiconductors the relationship 
between temperature and the number of each type of carrier per unit 
volume is 

n = p - c T3/2 e-Eg/2kT ( 2) 

where k is the Boltzmann constant, and c is a constant. 
Note that increasing T increases the number of both types of 
carriers and that decreasing the energy gap Eg has the same effect 
since this makes it easier for valence band electrons to gain enough 
energy to jump to the conduction band. 

If one substitutes equation (2) into equation (1) and takes the 
natural logarithm of both sides he obtains 

ln o- = - Eg/2kT + ~- '"3/2! 
ln I_ ce(Fe -1- Fh) I J 

or in terms of the resistivity a of the sample, 
- ' 3/2-' 

ln Q_ .=. Eg/2kT - In(_ ce<pe + uh)T J . 
Ihe first term on the right varies much more strongly with temperature 
than the second; over a limited temperature range one can consider 
the second term nearly constant. Therefore if a graph of ln~' versus 
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1/T is plotted, the result should be a straight line of slope 
(Eg/2k), to a good approximation. In this way the energy gap 
may be found. 

Instructions .,.---------1 
I l I -~ 

/ P) j__ l I 

't 1'< r rl I I / ~7 •. 3 

f-~~-J 
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V. j ~·,) ----+/ ~. ( ; ;~'I 
I 

! 

l,l~bt ,-- I 
),:--. rn v h: 

I 

The resistance of the sample is measured using a Wheatstone 
bridge. The sample is placed in a calorimeter containing water, 
which may be heated . 

I. Before coming to lab review the bridge theory and operation. 
Derive the fact that if no current flows throught the galvanometer 
in the above circuit when the switch is closed, R3/R4 = R1/R2 
(from which one of the R's may be determined if the other three are 
known). In the set up you will use. there are two switches. Verify 
for yourself that when one of these is used R1 = R2 , and that use of 
the other produces a 10 to 1 ratio in these two resistances. 

II. Connect the circuit as shown and measure the unknown resistance 
R3 by adjusting R4 until there is no deflection of the galvanometer 
when you tap the 0 button on its case. (Start by using the less 
sensitive R button until you are close to the balance point.) Record 
R3 and the temperature. Turn on the heater and raise the temperature 
of the sample about five digrees C. Disconnect heater. wait til T 
stabilizes, and again measure R and T. Measure four more points or 
so. Do not allow the temperature to exceed 90°C or R to go below 15 
ohms. If time permits, measure at water-ice temperature. 

III. Determine the energy gap graphically. Discuss errors carefully. 
Note that the meter you used need not be calibrated, as only zero 
("null") deflections were used at bridge balance. This fact removes 
one source of systematic error, namely, an improperly calibrated 
scale. 

Compare your results with those you would expect were the sampte 
a metal, such as copper. Discuss reasons for any differences. 



Linear and Nonlinear Circuit Elements 

Object: This experiment actually has two objects, (1) to demon-
strate the use of the method of differences in the determina­
tion of the mathematical relationship between two variables 
and (2) to find out how the current through various circuit 
elements depends on the potential difference applied to them. 

Theorv: The resistance of a circuit element is defined as the 
potential difference across the terminals of the element 
divided by the current flowing in the element. (If the potent­
ial difference is in volts and the current in amperes, then 
the resistance is in ohms.) In a number of circuit elements, 
for example the common resistor, the current through the element 
is directly proportional to the voltage across it, provided 
that the current is not large enough to cause a significant 
amount of heating or the voltage large enough to cause electrical 
breakdown. When the current is proportional to the voltage the 
resistance R in the equation I = V/R is constant and the element 
is referrid to as being linear since a graph of I versus V would 
yield a straight line through the origin. 

Nonlinear elements are those in which, for one reason or 
another, the current is not directly proportional to the potent­
ial difference across them. One can still define R = V/I for 
these elements but it is apparent that R is no longer a constant 
in this case)but is a function of the current through the element. 
One example of a nonlinear element is an ordinary light bulb 
which, as the current is increased, heats up more and more, re­
sulting in an increase in the filament resistance. Some other 
circuit elements are intrinsically nonlinear (without any temper­
ature change or other changes in experimental conditions), such 
as the vacuum tube diode or solid state diode. These particular 
examples are not only nonlinear but also non-symmetric, having 
a much higher resistance to current flow in one direction 
("backward") than to flow in the other ("forward"). Some diodes 
are nearly linear in the forward direction and are useful in 
circuits where it is desirable to have I proportional to V when 
the current flow is in the forward direction, and negligible 
current in the backward direction when the voltage tends to cause 
a flow in that direction (rectification). There are other elem­
ents which are symmetric but nonlinear. 

The circuit elements investigated in this experiment are 
(1) a wire wound resistor, (2) a globar resistor which is 
actually a semiconductor (whose resistance changes with tempera­
ture), and (3) a solid state diode. Further information about 
semiconductors and solid state diodes is contained in the follow­
ing references: 

Shortley and Williams, "Elements of Physics", 
4th edition, pp. 712-14 

Feynman, "Lectures on Physics", Vol. III, 
Chapter 14. 
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Instructions: 

l. 

1 
n,.Ji.n9 

2. 

Connect the circuit as shown in the preceding diagram and have 
the instructor check your connections. Record the voltage across, 
and the current through, the resistor R1 as the voltage is varied 
in 0.1 volt steps from 0 to 1.5 volts. The voltage is varied by 
changing the resistance in series with resistor R1 using the 
variable resistance rheostat in series with the 680 or 330 ohm 
resistor, or by itself. The 22 ohm resistor is never to be 
taken out of the circuit or electrically by-passed durinq the 
entire experiment. When you have obtained your highest voltage 
and current readings reverse the polarity of the power source 
and the voltmeter and ammeter and record the voltage and current. 
Does the direction of the current have any effect on the resist­
ance? Plot graphs of I versus V, making one direction of current 
flow and one potential difference polarity positive on the graph 
and the other negative. Also plot the resistance R of the 
resistor for positive (one direction) and negative (the other 
direction) current. 

Repeat part 1 for the diode R2 (lNlOO) and the globar resistor 
R3 (Workman Electronic Products, model FR9). The 180 ohm 
resistor should always be left in series with the diode and the 
voltage across the diode may be varied in 0.05 volt steps from 
about 0.6 volts to 1.0 volts. Increase V across the globar 
resistor in 0.2 volt steps between 2 and 5 volts. In the case 
of the globar resistor you will need to keep readjusting the 
voltage after you set it since the resistance of the element will 
continue to change until the temperature levels off at the new 
value. Record voltage and current readings only after equili­
brium is obtained at the required voltage. 



3. 

3 . 

Using the method of differences (see se~arate instruction 
sheet) determine power series I= A+ BV + CV + .... which 
approximate the behaviour of these three circuit elements (for 
one direction of current flow only .... the direction in which 
you have complete data). In each case make a table such as that 
shown below and compute first, second, etcetera differences. 
Stop taking differences when the last column shows no trend but 
only random deviations. 

TABLE I 

Potential 
Difference Current 
v (volts) I (rna) 

0 0 

0.1 11 

0.2 38 

0.3 79 

0.4 138 

etc. 

First 
Difference 
~I (rna) 

1 1 

27 

41 

59 

Second 
Difference 
.62 1 (rna) 

16 

14 

18 

Record a decision as to the number of terms that must be kept in 
each case (resistor, diode, globar resistor) in order to closely 
approximate the correct relationship between I and V for each 
of these elements. 

Finally, take the three expressions which approximately 
relate I to V for the three circuit elements (e.g. I =A +BV+CV2), 
and substitute equally spaced values of voltage 0, Ov, 26v, 3av, 
4 4V .... into the expressions. Make another differen·c~ table for 
each of the three expressions such as that shown below. By 
comparing each table with the corresponding table made from the 
data determine the constants A,B,C .... for that circuit element. 



4. 

TABLE II 

v I .6-l L1.2I 

0 A 1 / Bll.v + Uv
2 

\, __.--"" 2 C;;v2 

/;lV A+ Bt>v + CLiv 2 .JJ/ Bbv + 3 C,Dv 2 j( _./ 2 C.6v2 

\ ( 
28V A + 2Bhv + 4 Cijv2}l Bbv + 5 C/.1v2 )...._ - 2 Ctlv 2 

.l ( ~ 
\ i 

3~v A + 3 BAv + 9 CAv2;/Bav + 7 Cbv 2 ) 

4 Av A + 4 BAif + 
\ 

16 C6v 2 J 
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PURPOSE: 

To investigate the temperature dependence of a 

of a semiconductor by using a D.C .. bridge circuit as a 

null-reading technique .. 

PROCEDURE: 

IS V 
(PRY ct:·LL) 

by the use of a 11\Vheatstone 

1 

SE.i"iiC0('1jfli)C fOR 
.. lfE,:;Iiltl<i•"J t;T'Ef". 

:n::MP. VARIJ'rlJLE 
CofllTI}!NOR 

\N!ff£R 

Bridge". The sample placed in a calorimetercontiining 

, l;vhich be heated or cooled.. 'l'em.perature 

measured off of the thermome ' vnlich is placed near 

the semiconductor .. sistance is measured by varying 

it so the galvonometer reads zero, keeping i=O and making 

calibration of the galvanometer unnes~sis 



where: 

than 

from the 

where : 

r = resistivity 
•r = temperature 

e11ergy 
Boltzman's constant 

c = constant ( 
uh= mobil of holes 

mobility 

of semiconcuctor) 

in 

l!t(r) vs .. 1/T would yield a 

ion of the its 

a 

much to directly measure 

res one tl1.e 

L=number with dimentio'l.l of length charicteristic 
of the semiconductor's geometry 

'rhe shape of the semiconductor changes minimally with 

the temperature, but this change is so small it can be 

disregarded.. Therefore, L can treated as a constant. 



':rhere 

then: 

or: 

. . 

Ln(L), 

1/T 

' if: 

r = RL 

ln(r) = ln(i.{L) 

ln(r) = Eg/2k'r 

ln( ) = ln(R) + ln(L) 

ln(R) 

a would imply that ln(r) vs .. 

sme as 

i.ng Eg/2k~ 
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2 6 276 6.,. .,00362 

3 6 277 51::36 6.,84 .. 00361 

7 .. 7 6.54 .,00356 

2{}.,5 298 221 5.,45 ,.003::5)6 

42 .. 3 104 4.,64 ,.00317 

5 94.,0 Lt. 5l~ .,003 

49 2 B6,.2 4 45 .,00311 

50 0 .. 9 4 .. ,.00310 

.. o 51 .. 3 3 .. 94 .. 00296 

66 5 340 i~9 .. 2 3.,90 .,00294 

.. 1 40.,2 3 .. 70 .. 00289 

.. o .,5 3.,52 .,00287 

.. 9 4 .. 00280 



SFMICONDUCTORS 
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CALCULA'fiONS: 

From the pre.ceeding , Eg may be computed. 

intercept 

ln 1/I.J .. 

m (ln(R) vs .. 1/T graph) = Eg/2k 

Eg = (2,. X lo-4Jf:: .3,.8 X lo-5)2(1 .. 38 X lo-23) 

= 6,.43 x lo-27 joules 

constant L may be computed, in that 

the ln(R) vs 1/T 

ln (1/L) = ,.00205 

L = e- .. 00205 

L = 1 00 met<'!rs 

to the 

7 
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CONCLUSIONS: 

The energy an unknown semiconductor can 

mined by finding the relationship of res and 

change in temperature, keeping all other constent. 

graph 

the 

ln(R) vs.. 1/'l' a 

E~g/2k, and whose 

the 1 

to 

line, the 

to 

\•lhich the res 

In this to equal 

to 6,. x lo-28 joules., 

constant to 1,.00 " 

'I' he .amount error in undoub-

tedly arose from the corrilation a 

a resistance,. The off the thermo-

meter was not that the semiconductor, though the 

temperature fell or rose slowlyt the 's 

res could visibly seen changing on the 

vanometer. This temperature error could have varied 

as much as so .. 

'I'he deleting of the last part of the equation, the small 

ch.ange in the semiconductor • s try, and the possible 

error in the calibration of the variable resistor are 

minimal compared to the 

be disregarded. 

reading error, and may 



I • f u r p _o s e o f L a b o E.ll.Q.E.Y. 

Laboratory work in physics has two important objectives -
first, to give the student direct experience with some of the 
natural phenomena upon which physical principles are based, and 
second, to develop in the student some understanding of the 
experimental procedures. It is felt that some experience in 
the laboratory is necessary to give the student an insight into 
the Q.~etllQds of physics (or for that m<1tter any experimental 
science). Without it he would be merely accepting principles 
as they were handed to him without an understanding of the 
experimental procedures on which they are based. 

In the laboratory the student will work with real, rather 
than ideal, apparatus. This equipment (and the experimenter as 
well) will be subject to limitations which cause errors that must 
be taken into account before any conclusions can be drawn from 
the experimental results. Therefore error analysis is an essent­
ial part of all good laboratory work. 

Although you will be assigned a certain group of experi­
ments to do this quarter, and in many cases the procedure to be 
followed in performing the experiment is described in an instruct­
ion sheet, it is hoped that the student will use some of his own 
ingenuity in performing the experimentsj it is intended that the 
instructions be used as an aid to understanding rather than some­
thing to be followed mechanically without thought. We also want 
to encourage students to think about possible experiments that 
they might do in place of one of the prescribed set. Within 
the limitations of equipment and time 7 substitution of an experi­
ment which is more interesting to the individual student is per­
mitted, provided it is a physics experiment and it is cleared 
with the instructor. 

I I • f~~ a t i on f o r a n E }i.P e r i m ~.!Lt 

In order to perform an experiment thoroughly and accurately 
i n t h e t i me a 11 o t t e d 1 i t i s n e c e s s a r y t o p u t i n s om e t i me be f or e -
hand thinking about the experiment. If an instruction sheet has 
been provided it is to be studied carefully }2gl.Q..~ the laboratory 
periorl. You should come to the laboratory with as thorough an 
understanding as possible of what you are going to do during the 
period and ~yh_x_. This may require that you spend some time in 
the library, looking up references etcetera. 

I I I • Per f or m a n c e of t h e Ex ~r.J m ~121. 

An essential part of the method of solving an experimental 
problem is the preparation of a clear, concise record of the data 
taken during the performance of the experiment. This record 
should contain, in a clear and legible form 1 all the "raw" data 
and information with which to make corrections (don~t try to make 
corrections "in your head" while taking data) and also enough 
explanation of wh<J..t you are doing and .~hy so that your pages of 



data can be analyzed later without confusion or ambiguity. Your 
instructor may require that this record be kept in a permanent 
notebook or he may ask you to keep this record on data sheets 
which are later included in a report on the experiment. In either 
case, all observations should be recorded directly into the note­
book or on the data sheets (nothing on scratch paper and later 
copied) and an estimate of the accuracy of each set of measure­
ments should be made and recorded also. Corrections can be made 
by crossing out errors with a single line (no erasures). Before 
leaving the laboratoryt the Btudent should do enough calculation 
and graphical work to· ensure that the data collected "makes sense" 
and there are no gaps in it which need to be filled in before he 
can continue the analysis without having to make any "wild guesses· 
or assumptions. Your data record must be approved by the instruct 
or before you leave the laboratory. 

IV. Laboratory Notebook (Data Record) __ ._,_,_ _ _.,. __ .,..,~--..... ~~-~-=<==""' 

The following are specific sugge~tions concerning the 
form of the laboratory record of the experiments. 

A. If the instructor has you keep a permanent laboratory 
notebook it should be one having cross-ruled pages 
(useful for graphs) and it ~ be labeled with the 
following information. 

1. On the front cover in ink: 

Phy~ics Laboratory 

Your Name 

2. Inside the front cover at the top: 

Fall (or whatever) Quarter 

Lab~ duy and hours 

Group Number 

B. For each experiment the student should record the 
title of the experiment and the date performed at 
the top of the data record. A ~ .. r:JL .12.!Ml. (not 
detailed) description of the procedure followed shoUll 
precede the data record 1 which is preferably in 
tabular form. Label the data carefully with the 
proper column headings and units. Whenever possible, 
the type and identifying number of instruments being 
calibrated or used in ·measurement should be recorded 
for later reference. 
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c. As suggested above the next step is to do the calcula­
tions required by the analysis of the experiment and 
draw the graphs. Repeat any measurements which appear 
doubtful and make new measurements where needed to 
f i 1 1 i n g a p s i n t !1 e d at a • 

D. If you are using a laboratory notebook rather than 
data sheets and if the instructor informs you that 
no report i~ required on a particular experiment, 
then the experiment should be completed in the 
notebook by writing a summary and conclusions. 
Final calculations should be summarized in tabular 
form and whatever additional graphs are required 
should be completed. State a conclusion in your 
own words and discuss the experiment briefly (for 
example a discussion of accuracy is always desirable). 
0 n g r a p !1 s a n d i n y o u r f i n a 1 s u m m a r y g i v e t h e p a g e 
number of the data or discussion referred to. The 
summary and conclusions may be left for the report 
when one is being written. 

When a report is required on an experiment it is due 
at the beginning of the period one week after the experiment was 
performed. The report is to be written independently by each 
student in ink (or typewritten) on white, unlined 8h! x 11 paper 
(graph paper for graphs). Each report must have: 

A. A cover sheet containing the following information -­
course, experiment title 7 your name, l.nboratory period 
day and hours, group number, date experiment was per­
formed, and date of report. 

B. A statement of the purpose of the experiment and a 
brief summary of how you went about performing it 
(not detailed), data and observations (if you used 
data sheets rather than a notebook these may be 
submitted as they are), sample calculations~ 
tabulated results, graphr;, conclusions, and a dis­
cussion of the experiment, The discussion section 
of a re9ort should be more thorough and complete than 
the corresponding section in the notebook. It may 
include a discussion of what was learned in doing the 
experiment, as well as the results and the accuracy 
of the results. It should also contain a discussion 
of any points which the instructor may have brought 
to your attention throuah questions written on the 
instruction sheets, and of any other points of 
interest that may occur to you. 
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It is customary to l!£L:tll.l?_J2l!SSiVf,;_yoice in scientific 
writing (e.g. "The time required for the pendulum to swing 
through twenty complete cycles was measured ••• etc.") thus not 
calling attention to the ob~erver. The following styles are .!!.QL 
to be used in a report: I" (we) swung the pendulum and ••• " or 
"Swing the pendulum and measure the time for twenty complete 
cycles ••• ". If you quote or paraphrase any outside sources in 
writing your report (including your own text book) give credit 
to the original author in a footnote. 

l. Baird, "Experimentation", chapter 7 

2. Olson, "Experiments in Modern Physics", section 1.4 



Mfasurement, Probability, and Experimental Errors 

I. Ixres of Error 

Whenever a measurement is made of any physical quantity 
there is a certain amount of uncertainty in the result. 
Determination of the amount of uncertainty in a measurement 
is not usually easy but an attempt should alwaxs be made to do 
so, even if it is no more than an educated guess. Without 
some estimate of the uncertainties associated with experimental 
measurements one has no indication of the accuracy of the 
results and it is difficult to come to any conclusion about what 
the experiment has shown (or not shown). In all of the experi­
ments which follow in the physics laboratory sequence the 
student will be expected to make some estimate of the accuracy 
of his quantitative experimental results. 

There are two types of errors which may occur in the 
measurement process, systematic errors and random errors. 
Systematic errors ten~~m~all the observations of one item 
too small or too large. For example if voltage measurements 
were taken in an electric circuit using a voltmeter which 
consistantly read 0.1 volt too high, a systematic error would 
be present. Other common examples of causes of systematic error 
are worn weights, clocks which gain or lose time, friction, and 
personal bias of the observer which causes him to make readings 
which are consistently high or low. When systematic errors are 
recognized in an experiment it is often possible to find out 
how large their effect is and to correct for it. The error 
in the voltmeter which reads 0.1 volt too high, for example, can 
be discovered by calibrating the instrument against some sort 
of standard (accurately known voltage), and a correction of 
-0.1 volt made to all the readings. Error due to an observer's 
bias may be minimized by having another observer make the same 
measurement independently (bias is best eliminated if each 
observer knows nothing of the other's result until after both 
measurements are completed). 

Random errors result from chance variations in the quantity 
being measured, in the measuring devices, or in the observer, 
and are just as likely to produce too large a value as too small. 
For example, if one measures the diameter of a metal rod several 
times with a micrometer the readings will probably fluctuate 
slightly in a non-systematic fashion due to actual differences 
in the rod's diameter at different positions, variations in 
pressure when the micrometers jaws are closed, and changes jn 
the observer's estimate of the scale reading. Random errors 
are present in all measurements, although they may be too small 
to be noticeable, and they cannot be corrected for because of 
their random nature. 
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II. Determination of Precision 

Suppose that several measurements of the same quantity x 
were made and all systematic error in the measurements 
eliminated or corrected (assuming this were possible). As 
discussed above there would still be a certain amount of 
rnadom fluctuation apparent in the measurements if they are 
"fine" enough to make it noticeable. If a histogram was 
plotted showing the number of measurements N falling within 
different intervals of size 6X it might look like that shown 
in Fig. 1. 

Fig. 1 

No. o~ 1'-Jt:<-<;,ir'eWlf•·t::: ·..;:::. 

The meaning of the histogram is that one m~asurement of x fell 
between 4.6 and 4.7 units, two between 4.7 and 4.8 un~ts, four 
between 4.8 and 4.9 units, and so forth. The completely 
symetrical distribution shown usually results only if a large 
number of measurements are made and if the fluctuations are 
entirely random. In such cases the envelope of the distribution 
o f t en h a s a p a r t i c u 1 a r f or m c a 11 e d a '' n or m a 1 " or " G a u s s i a n " 
distribution which is represented by the mathematical equation 

y = ..;;.1 __ _ 

'1/21i a-
( 1) 
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where <ris a constant which determines the "sharpness" of the 
peak (high, narrow peaks are characterized by small values 
of ()). The quantity x is the average of the individual 
measurements 

x 1 + x2 + • • • • • • • • • • • = L xi 

n n 

where n is the total number of measurements, and because of the 
symmetry of the Gaussian function x corresponds to the most 
probable value of x obtained from a measurement of x (peak 

__ Q.f__g u r v e ) • IT h u s X i s t h e be s t e s t frnaTe-fliatone ma-y m a k e 0 f'l 
!the tr~e value of x from t~e~~~easurements_. ________ __ 

The individual measurements of x differ from the average 
or most probable value x by an amount d called the deviation 
of that measurement 

The standard deviation 
v!' 

r 2 2 2; .: 1-~( · ) 2 
o=jdl +d2 + ••••••• dnj=l'-dl 

L 
--------- 1 n -1 

n - l 1 
L 

is an indication of the precision of a set of measurements 
since narrow Gaussian distributions indicate precise measure­
ments with small deviations from the average and a small 
s t a n ct a r d de v i a-~-~.!?!1_1:!_ ___ i.Tf a 1 a r g e n t.i-mb e r -a·rmeasur em entSTS--

de, 68% of them will be in the range x ± v, 95% in the range 
+: 2fT, and 99% in the range x ± 3 (J, a fact which can be 
rif. ied by determinjng~~.!.-~~-unde~_Q-~1.!_~~-ian curve betweE?.!.!... 
e various limits.! If after having determined x and ufrom a 

Ta-rge number -of me·a-surements one makes a single measurement x, 
he then ~ill have about a two thirds chance of getting a value 
between X+CT'and x- a-, etcetera. 

Although increasing the number of measurements of quantity 
x would have little effect on the standard deviation ~ (the 
scatter of the data) except to give a more accurate picture of 
what it really is, increasing the number of measurements should 
improve the reliability of the average value x. It can be 
shown from statistics that the standard deviation in the mean x 
is given by the equation 

o. :=: 
m 

() 
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~~ -~·----

which means that there is a 68% chance that the true value of x 
will be in range x ± a"m assuming the distributionTS" normal and 

.. !~!..~--~-~~~.L~.!:..~~-~ t i .~.!!_£_r_~P...~_e s_e n t -~.ITfi us the pre c 1 s 1 on o 
t h e m e a n x c a n b e i n c r e a s e d ( cr tlr' r e d u c e d ) by t a k i n g m o r e o b s e r v a -
tions, but the improvement is slow because of the·Vn factor 
(90 readings only 3 times as good as 10 readings). The final 
result of a set of measurements may be stated 

x = x + Dm 

It is quite often useful to represent the standard deviation <:fm 
as a percentage of the value x. The calculation required is: 

per c en t s t d • d e v . = (Cf m / x) · ( 1 0 0% ) 

Although the normal or Gaussian distribution (equation 1) 
is very often a good representation of the kind of distribution 
found in repeated measurements of physical quantities, it should 
not be assumed that this distribution alwan gives an accurate 
description of the results of such measurements, even when a 
large number of measurements are made. There are a number of 
cases where the distribution is non-Gaussian and perhaps even 
non-symmetrical. For example, if one makes several determinations 
of the number of nuclei which decay by particle emission in a 
certain time, he obtains the Poisson distribution 

- X 
y oC ~x'---­

x l e 
--x 

( 2) 

where x is the average number of counts and y is the probability 
of obtaining x counts in a given trial. This distribution is 
very unsymmetrical about the mean i when the number of counts x 
is small but closely resembles a Gaussian distribution with 
standard deviation yx when i is large. 

III. Propaqation of Errors If one uses experimental observations, with 
their associated random errors, to calculate a result, the 
precision of the result will be determined by the precision of 
the quantities involved in the calculation. The standard 
deviation of the result may be determined from those of the 
separate quantities (fm 1 , o·m 2 , etc. by keeping in mind the 
following rules. 

A • T-h~--;·t an d-.;-~d-d e-~ i ·;t:T~-~f-tl1·;--r;~~of-~dd·i-tio~-;nCi70' r ·---l 
substraction is the square root of the sum of the squares of 
the standard deviations of the separate terms. 
-~--·-----

x1 = 5.30 t 0.20 units 

x2 = 1.70 I 0.10 units 
x3 = 7.20 t 0.01 units 



B., 

c. 
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r· 2 2 21'2 
x1 - x2 + x3 = (5.30-1.70+7.20) ± ~(0.20) + (0.10) +(O.Ol)~J 

= 10.80 + 0.22 units 

Note that most of the standard deviation in the result comes 
from the largest standard deviation present in the separate 
terms (0.22 ~ 0.20). 

' 
........ -------· ·-----------------------· - -------· .. 
The percentage standard deviation in the result of mulitplicationj 
r.nd/or division is the square root of the sum of the squares of 

percentage std. deviations of the factors. 
. -------·- ~----

example: xl, X2r x3 as above 

(% std. dev.) 1 = 0.20 
5.30 

X 100% = 3.8% 

{% std. dev.) 2 -· 0.10 X 100% = 5.9% 
L70 

<% std. deve) 3 = _O.Ol X 100% = 0.1% 
7.20 

= 1.25 +std. dev. 

"' I/ 

(% s t d • de v • ) y = [ ( 3. 8) 2 + { 5. 9) 2 + ( 0. 1) 2j 72 = 7 • O% 

(std. dev.) = (.07) (1.25) = 0.09 
y 

y = 1.25 ± 0.09 units 

Note that in this case the largest contribution to the standard 
deviation in the result comes from that quantity with the largest 
percentag~ standard deviation. 

'·---------------·--- ·- ----------···-···-------------- ........ ·----· -·-- - ""') 
!In case a quantity is raised to the nth power its percentage 1 
!standard deviation is multiplied by n. 1 

The process of carrying standard deviations through calculations 
is useful not only indetermining the precision of the result but 
also in determining which quantity contributes most to random 
error in the result. It may be possible to reduce the deviations 
in this quantity by using more care or different techniques. 

IV. Accura~y of Experimental Results 

Determination of the standard deviation in an experimental 
result will tell you how much uncertainty is present due to 
random errors, but this is an indication of the accuracy of the 
result £.!1J: .. .Y in the case where systematic errors are negligible 
compared to random errors. For example, if in a particular 
experiment you obtained a percentage standard deviation of 1% but 
the instruments used to obtain the measurements were accurate only 
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to within 5% (all readings may be too high or low by 5%), then 
the 5% accuracy is a better indication of the reliability of the 
results than the 1%. Some attempt should be made by the student 
to determine the reliability of his results in each experiment, 
although in some cases this will involve making some educated 
guesses as to the accuracy with which a particular measurement 
may be made with a particular measuring device. In all cases 
try to eliminate as much systematic error from the measurement 
as possible within the time available. An experimental result 
does not agree with a prediction of a theory unless the theoreti­
cally predicted result lies within the range given by the experi­
mental result plus and minus the probable error; an experiment 
does not disagree with a theory unless the predicted result lies 
outside this range. 

V. Significant Figures 

The term "significant figures" refers to the digits of a 
measurement made in the laboratory, including all the certain 
digits and one additional doubtful one based on the observer's 
estimate of a fraction of a scale division. The numbers which 
represent data or the results of calculations should always be 
given with neither more nor fewer significant figures than are 
justified by the precision of the observations and computations~ 
The number of significant figures in a measurement (or a calcu·~· 
lated quantity) may be determined using the following rules. 

(a) The first significant figure is the 
first non-zero digit. 

(b) Zeros which occur between significant 
digits are considered significant. 

(c) Zeros which occur to the right of the 
last non-zero digit are considered 
significant when they are to the right 
of the decimal point (the significance 
of such zeros to the left of the decimal 
point is indeterminate). 

(d) If numbers having a different number 
of significant figures are added, 
substracted, multiplied or divided, 
the answer is given so as to have the 
same number of significant figures as 
the term or factor which has the least • 

• 0001906 has 4 significant figures 
10,937 has 5 
93,000 has an indeterminate number 
9.3xlo4 has 2 
9.30xlo4 has 3 
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VI. Compari~on of Results 

Sometimes an experimental result is arrived at by two 
different methods which should both theoretically give the 
correct result. If there is no reason to believe that one 
of the results is much more accurate than the other, it 
might be instructive to see how much difference there is 
between the two. This difference is usually given in terms 
of t h e '' perc e n t a g e d i f fer en c e " w h i c h i s d e f i n e d • 

References: 

% diff. = di.ff. between values x 100% 
average value 

1. Young, "Statistical Treatment of Experimental 
Data·~~ 

2. Barford, "Experimental Measurements: Precision, 
Error and Truth" 

3. Baird, "Experimentation: An Introduction to 
Measurement Theory and Experiment Design" 

4. Braddick, "The Physics of Experimental Method" 

s. Pugh and Winslow, "The Analysis of Physical 
Measurements" 

6. Bevington, "Data !\eduction and £rror Analysis 
for the Physical Sciences" 



One of the fundamental problems that comes up again and again 
in the laboratory is that of finding, from simultaneous measurements 
of quantities y and x , the dependence of quantity y on quantity x 
(the dependence of the period of a pendulum on its length for 
example). Often this dependence is revealed by making a graph of 
y versus x from the data. However, a certain amount of judgement 
is always involved in making a graph from experimental data since 
deviations in the measurements usually make it impossible to draw a 
smooth curve through all the data points. One usually tries to 
draw a smooth curve among the points in such a way that it ..§..Q.Q~l:£. 
that the deviations of the points from the line (positive and negat­
ive) add up to approximately zero. In other words, in the graph 
shown below 

I ; 
I ' d I I ~". ' al ' + I a' I + ' '41...- •••••• _;_ J 2f Is~ ........ .. 

where the deviations here and in the analysis to follow will be 
assumed to be deviations in y for precisely known values of x. 

y 

.~~-- .·'i~~~ 
-· 

/ 

~ -:. ( d, I ~c*) 

I _____ ----------------.. --·-·--- .. ---.. ---------·---- ...... -----------.. ·-·-···- :X 

If a high degree of precision is required in the expression 
relating y to x , this method of balancing deviations "by eye" 
might not be sufficient. In this case a more scientific approach, 

r~i~-5~-iJ-~"-a{ : %{ H{¥-~ ~ ~-{ -ffi-i}-fi-~{ !.i~e-~~e-~-~~~t ~-~~/+~ ;~-a~t-~-~-~-~ ~-~em~~ t ;---J. 
lon x is that for which the sum of the squares of the deviations of 
the points from the line is a minimum (hence the name "least squares' '·------- .. -~·-~-~--... -~...-----~~---~------ .... -·"'·--~---~ ... -----~........_ .. ___ ·-·-~ .... ~--··-~ .. ---- .. 
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This statement is called the "principle of least squares" and it 
is the basis of a method for finding the relationship between 
y and x which best fits the data points (for which the sum of the 
squares of the deviations is a minimum). 

Actually the problem of determining the line which "best" 
fits a set of data points (xi , Yi) is several different problems, 
depending on the type of curve which is to represent the relation­
ship between x and y. If it has been predetermined from the data 
or from theory that y depends on x linearly so that y = Ax+ B, 
the problem becomes one of picking out, from all possible straight 
lines, the one with values of slope A and intercept B such that 
the sum of the di2 will be as small as possible. If Cx1, Yl) are 
the coordinates of the first data point, Cx2, y2 ) the coordinates 
of the second and so forth, and if it is assumea that the devia­
tions are only in the y measurement for precisely known x ' s, 
then 

.L(di) 2 = (Ax 1 + B- y
1

)
2 + (Axz + B- y2 ) 2 + ••• H. 

I f t h e '' be s t 11 s t r a i g h t 1 i n e i s t h at w h i c h m a k e s t he sum of t he 
squared deviations or a mfliimum, 

d [?:.. (di) 2J = 0 = 2x
1 

(Ax1 + B - y 1 ) + 2x2 (Ax2 + B-y 2 ) +. • • • 
dll 

= 0 = 2 ( Ax l + B - y l ) + 2 ( Ax 2 + B - y 
2 

) + •••••• 

are the conditions which should lend to the "best" values of A and 
B. These equations may be rewritten: 

B f x. .... l 

nB 

+ A 

+ A 

1:"' X. 2 
.:;... ' l 

- [ Yi 

where n is the number of points. 

-- 0 

·- 0 

(1) 

(2) 

The method is illustrated below for a set of n = 5 points. 

Point 

X 1.00 1.90 3.20 4.00 
------------------------------~--------------·---------

y 0.90 3.00 4.00 5.50 6.90 
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A table is made as follows: 

X y x2 xy 

--~·~-""-</> 

1.00 0.90 1.00 0.90 

1.90 3.00 3o61 5.70 

2.60 4.00 6.76 10.40 

3.20 5.50 10.24 17.60 

4.00 6.90 16.00 27.60 

~=Xi = 12.70 f. Yj :::: 20.30 

Substituting in (1) and (2). 

12.70 B + 37"61 A = 62.60 

5 B + 12.70 A - 20.30 

Solving simultaneously, B ::::-0.989 A :::: 1.988 

The equation of the straight line which best fits the data points 
is 

y:::: 1.988 X -0.989 

In other words the sum of the squares of the deviations of the 
points from the straight line is a minimum for a line of slope 
1.988 and y intercept -0.989. 

It is generally shown in books on statisti<.:s that the 
standard deviations in these values obtained for the slope A and 
intercept B may be found using the equations (3 and 4): 

- d -, ,.. A 'V () :::: lr i 2 I ~~ :::: I :r. ( xi + 8 - (1 i) 2 I 2 
A --~---·..,- I . -----T~~-·,~---~-2 

n r:x i - ( .[ Xi),_ J L n I. xi - ( r Xi ~ j 



--4--

In cases where a nonlinear curve is to be fit to a set of ---.. ·~--~·-··- ') 
data points in such a way as to make .Z:(di)'"' a minimum, equations 
(1), (2), (3), and (4) no longer apply. Often one can get around 
this difficulty, however. For example, suppose some data points 
are to be fit with a parabola of the type y = A~2 + B. If the 
quantity X= x2 is calculatedfor each of the points, the method 
may then be applied to quantities y and X, since y versus X will 
be a straight line (y =AX+ B) even though y versus x is not. 

The least squares method is not confined to finding the 
constants of a straight line, however; it can be applied to any 
kind of curve. For example, if one has a set of data points and 
wants to determine the constants of the "best fit" parabola 
y = AX2 + BX + C, he can apply the conditions that minimize 

(di)2 with respect to variables A, B, and C and will obtain the 
equations: 

' 
. 2. c ~Xi 2 + B L xi Yi = ~;'"""· 3 + A I X· 4 ,(..,Xi 1 

,.. 
xi Y i c -~. + B I~. 2 + A r ~~ 3 L = /_ 1 l 

.,. Y· nC + B 2. X j + A LX i 
2 ,_ 

1 ·-

which may be solved simultaneously for constants A, B, and C. 

1. Young, "Statistical Treatment of Experimental Data", 
section 14. 

2 • B a i r d 1 "Ex peri men t at i on'' , Append i x 2 

3. Ba1.·ford, "Experimental Measurements", Chapter 3 

4. Pugh and Winslow, "The Analysis of Physical 
iVleasurements", Chapter 10. 

5. Bevington, ''Data Reduction", Chapters 6 and 11 

6. Gerhold, ''Least-Squares Adjustment of Weighted 
Data to a General Linear Equation", American 
Journal of Physics, Vol. 37, p. 156. 
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PHYSICS V - TEST 1 

April 24, 1970 

Nam 

I. In the following complete the statement, choose the best 

response, or perform the indicated operation. (2 points each) 

1. An inertial system is one in which 

2. 
(if) t( ~I r '1//, ( f' I 
to Maxwell's e 

/'/ ( 

electromagnetic 

wave in a vacuum propagates at speed c where c is 

the ratio of 

3. The value of c in mks units is 

4. What, where, or who is Algol? 

5. As far as classical E & M is concerned, what was the 

6. What was Fresnel's suggested explanation of Arago's 

null experimental result? 

7. Fresnel's explanation led to the following expression 

for the velocity V of light in a moving medium: 

V ;::: c/n + ( 1 - l/n2 ) v 

where v is 

8. The classic experiment to detect the earth's motion 

through the aether was performed 



I I . 

2 

9. The result of that experiment was 

10. Who performed the aether experiment that Einstein 

1 . 

considered crucial? 

Write down the equations of the Lorentz transformation 
which transform the coordinates of system S into those 
of systemS' which is moving at a constant speed v 
down the+ x axis of S. Define any symbols introduced. 

(15 points) 

2. Derive an expression for u', the x-component of the 
velocity of an object measured in the S'system in 
terms of u and the coordinates in the system S. 

(15 points) 



3 

3. State the two basic assumptions of Einstein's theory 
of special relativity. (10 points) 

\ 
(> 

4. Suppose you are moving with a speed of 0.75 c past a 
man who picks up an object and then sets it down. If 
you note that he held it for 9 seconds, how long does 
he say he held it? (15 points) 

v: t 

5. Does the non-relativistic formula ~ mv 2 over-estimate 
or under-estimate the kinetic energy of an object 
moving at speeds near c ? (Don't guessl)(lO points) 

I 



4 

6. A measuring rod is at rest in system S'. If S' moves 
down the +X axis of S at 0.8c and an observer in S 
measures the rod to be 6 meters long, hpw long does an 
observer in S' measure the fOd to be ? (15 points) 

I'' / 



( 

MAIL BOX 

PHYSICS V - TEST II 

May 14, 1970 
Nam 

I. In the following fill in the blank with the word or phrase that 
best completes the statement. (2 points each) 

1. The Boltzmann constant is defined as 

2. According to the rule of 
specific heat of a solid i 

, the molar 

3. An important assumption of our kinetic theory 

4. 

derivation of the gas law s that no forces act o 
the molecules except~~~~~~~~~~~~~~~~~_. __ __ 

A classical analysis indicates the maximum kinet 
energy of photoelectrons will be proportional to 

5.. The experiment of Zartman and Ko was designed to 

6. The average kinetic energy per degree of freedom for an 
ideal gas is 

7. According to the Rayleigh-Jeans law, the amount of 
energy radiated by a black body at all wavelengths is 

9. The magnitude of the electron's charge was measured In 
a classic experiment devised by 

10. A plot of stopping potential vs. light frequency for 
the photoelectric effect is a straight line of slope __ 



I I. ( a ) 

2. 

Write down the Maxwell distribution of kinetic energy 
for a gas with N molecules / unit volume. (5 points) 

(b) Show by writing down Qn appropriate integral equation 
(complete with limits) how you might calculate the 
average kinetic energy of molecules that have a Maxwell 
distribution. ( 5 points) 

(c) Sketch on the axes below the Maxwell kinetic energy 
distributionct9 (IO vs. K. (5 points) 

I 

III. (a) If you studied the photoelectr c effect in calcium, you 
would find for light of the indicated frequencies the 
following stopping potentials: 

freguen,2_y stOQQing eotential 

1.18 X 1015sec.:..l 1.95 vo 1t s 

0.96 X 1015 0,98 

0.82 X 1015 0.50 

0.74 X 1015 0. 14 

Plot these data carefully on the attached graph paper. 
Determine from your plot the 

(1) 
(2) 
( 3) 
( 4) 

minimum frequency 
maximum wavelength 
the work function in volts 
the slope in joule-sec. v (20 points) 



IV. ( a ) 

3 • 

(b) State two results of the photoelectric effect 
experiment that cannot be explained by classical 
physics. ( 5 points) 

(c) Using an energy diagram such as was used in class, 
outline briefly Einstein's derivation of the 
photoelectric equation. (10 points) 

On the axes below, label and sketch carefully the 
theoretical curves predicted by the Rayleigh-Jeans and 
Planck equations for radiation emitted by a black body 
at temperature I as a function of wavelength. (10 points) 



( 

4. 

(b) On the plot in (a) sketch also the experimental 
curve measured {or a black body at temperture rl 
which is less than T. (10 points) 

I I ~ 

(c) Planck showed that the difficulty with classical 
theory was concerned with the calculation of the 
average energy per degree of freedom of the 
oscillators. Write down (don't derive) the 
classical and quantum expressions for the average 
energy. (10 points) 

! 

AN IN1 





Bo No, 
June 5, 19 0 

Nam 

(You may find some of the following information useful: 

e = 1.6 x 10 19 coulombs, h = 6.62 x 10 4,joule-seconds.cE3xl08mj ec 

electron mass = 9.11 x Io-31 kgm, one Angstrom 10 10m ) 

I . (a) An electron is accelerated from rest through 
a potential difference of 250 volts, What is the 
deBroglie wavelength associated with this electron? (10) 

{ ' I , 

(b) Suppose the potential difference in part (a) 
were changed to 25,000 volts. The correct 
answer would then be ~circle the right one) 

1. 100 

2. l/100 

3. .10 

5. a little less than 1/10 

6. a little more than 1/10 

times the answer to part (a). 

(c) Explain the your choice :i.n part (b). 
I \/ I 

I , 

(5) 

( 10) 



I I . 

(d) The electrons in part (a) are to be used in a 
Davisson and Germer experiment. At what angle 
would you expect the first maximum of the 
diffraction pattern to occur if the crystal 
used has a spacing between planes of 1.985 
Angstroms? (10) 

(a) Diagram and label carefully a collision between 
a high energy photon and a free electron (Compton 
effect) and write down the equations for 

of and momentum in the 
( 15) 

I 
I i 

(b) Which of the quantities in the equation in part (a) 
would be measured in a Compton effect experiment? (5) 



I I I • 

IV. 

( a ) 

(b) 

In the space at the 
right sketch care­
fully the energy 
levels for hydrogen 
(according to Bohr's 
theory) for n = 1,2, 
3,4, and Show 
n and E values(in 
eV). (10) 

,· 
' 

On the diagram above shown by arrows the following 
spectral lines: Lyman()( , Lyman f3 , Balmer 0(, 
Balmer f , and Balmer 1 imi t. 

3. 

(5) 

(c) From information in the diagram compute the wavelength 
of the BalmerOlline. (5) 

( a ) " Cl t Write down the five postulates of Schrod1nger s wave 
mechanics. (20) 

~ / t 

) 

/! 



(b) 

) ' 
'! 

{ 

" The Schrodinger equation is the wave.mechanical 

4 . 

equivalent of what classical statement? (5) 
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~xperimel)tal Errors I - Errors in Heasurements 

The error in the calculated result of an experiment can be as 
important as the answe~ itself. It is impossible to come to 
any conclusion about \vhat the experiment shows or does.not show 
until some estimate is made of the probable maenitudes of the 
experimental errors and their effects on the result. Every 
engineer or .scientist who analyzes experimental data must have 
some knowledge of the methods of error analysis. 

The following exercise is designed to introduce you to some of the 
methods used in analyzing experimental errors. The exercise.will 
be of value to you only if you wo~k through it carefully, following 
the directions belo~, and think about it while you are doing it. 
You will be tested on these methods later. 

Each numbered section of the exercise is called a fra~e. Some 
frames are information frames and others ask questions which you 
are to answer before going on. The cdrrect answers to the questions 
are given below the. questions and should be covered by a "mask" 
(piec~·of paper) until you have suppl!ed a written answer to the 
guest1on. 

Directions: 

1. Read each statement and question carefully and write your 
answer down (on another sheet of p~per, not the exercise sheets) 
before looking at the printed answer. 

2. Work carefully ~nd directly through the exercise in seguence 
without skipping or brov.Jsin~. ·If necessary you may refer back 
to ·earlier frames at any ti~e. 

3. If your answer turns out to be incorrect or incomplete, trj to 
get. straightened out by re-reading the pertinent information 
before going on to the next frame. 



1. The term "error" as it is applied in experimental work does 
not include mistakes in arithmetic or mistakes such as record­
ing the wrong number or reading instruments incorrectly. 
These mistakes may, and should, be eliminated completely 
by careful work. There are still, however, two kinds of 
errors which may be present in a series of measurements: 

(a) Systematic errors-------any error that causes a 
measurement to yield a value which is consistently 
too large or too small. For example, if a .voltmeter 
reads consistently high because of incorrect cali­
bration, it is contributing a systematic error to the 
experiment. 

(b) Random errors------an error which results .from chan~e 
variations in the measuring device~ the obs~rvation 
method, or the quantity being measured; there is an 
equal change of these variations producing positive 
or ·negative errors. For example, there may be random 
error in reading a voltmeter because the observer does 
not always observe from the same angle. (There also 
may b~ ~ systematic error if the observer t~nds to 
read the meter at an angle to one side of the vertical.) 

2. What is the principal differenc~ between systematic and random 
errors? 

--------------------~----------------------------------------------

Systematic errors produce results which are 'systematicallX 
too high o~ too low (one or the other). Ra~dom errors are 
due to chance variations and are just a.s likely to produce 
a·value which is too high as to produce one ~hich is too low. 

3. iri wl1ich of the following cases are the errors systematic 
'~nd in which are the errors random in nature? 

(a) ·Objects are weighed on a balance that is not first 
correctly "zeroed". 

(b) The volume of a liquid is measur~d several times by 
different observers using an accurate graduated cy­
linder and noting the level of the liquid on the scale. 

(a)· Systematic. Readings will be. systematically high 
or low (one or the other). 

(b) Random. It will be difficult. to line up the ·eye 
with the scale and liquid surface the same way 
eve:r'y time. 



4. In '\,vhich of the following cases is the main type of error 
systematic and in which is it random? 

(a) A timer is running slow. 
(b) Friction is ignored in an experiment in which it 

is not quite negligible. 
(c) A galvanometer (used for measuring small quantities 

of charge and currents) is being affected slightly 
by vibrations. 

(d) Fluctuations in the line voltage of an electronic 
measuring device. 

(e) The use of weights which are light due to part 
of theirimass being worn away over the years. 

(f) Bias of an observer which causes him to always read 
a scale from a point to one side of the vertical. 

(a) 
(b) 
(c) 
(d) 
(e) 
(f) 

Systematid. 
s \ 
Random 
R 
s 
s 

I 

5. Often th~ large~t source of error in an experiment is a 
systematic error. The experimenter should always look 
for sources of systematic error in his experiment, and 
try to eliminat~ them or correct for them as· much a~ .· 
possible~ For ~xampl~, one can guard against observ~r 
bias· in reading a scale by having several different ob­
s~~vers' make the same reading without knowledge of th~ 
others' resultci, or by constructing ~ viewing arrange~ 
ment tvhich makes bias impossible. He can make sure th'at 
all his instrurhents are properly zeroed before using them. 
He can calibrate his instruments and measuring devices ~y 
comparing readings taken with them with readings taken ', 
with another instrument which is known to give results \ 
which are more likely to be accurate. Systematic errors· 
are sometimei difficult to prevent, but as you become ' 
more e~periericed with correct ~xperimental procedures 
you will finp these errors.easier to detect and correct. 

6. How might you go about eliminating systematic error from 1 

an experiment in which you stispect a timer may not be 
keeping acc~rate time, after the experiment is done? 

---------------~----------------~--------------------------------~--1 

There are probably a number of correct ways. One way would 
. be to calibrate the timer against a timing device that is 
more likely~ to be accurate and make the appropriate correctioris 
to all 'measurements in the experiment. 



7. tven -when systematic error is not eliminated from an 
experiment it is often possible to estimate, at least 
roughly, how large it might be. When you use a resist­
ance box with resistors which are supposed to be accu­
rate within g,, foi' example, you can assume that i,f the 
box has not been mistreated, the resistance valves are. 
within 1% of the dial settings. A voltmeter which has 
specifications which state a 5% accuracy has been cali­
brated at the factory to have a systematic error of less 
than 5% at full scale reading. 

8. Suppose yo~ were doing an experim~nt using a 1% resistance 
box and a 5% voltmeter and were s6mewhat dissatisfied 
with the results. Should ·you go looking for a better 
resistance box or a better voltmeter? 

A more accurate voltmeter, assuming_that the voltmeter 
and resistance box each contribute error in abo~t the 
same way·to the experimental :result (more about this later.) 

.9. Random errors cannot be eliminated from an experiment •. 
One simple way of finding out how large they are, how­
ever, is to repeat each measurement several times, trying 
not to let the result of any measurement be influenced 
by the results of previous me~surementa. The variation~ 
which show up in repeated measurements of a single quantity 
are ·a measure of the uncertainty involved in measuring 
that quantity, assuming all systematic errors are 
negligible (i.e.,systematic errors which are not neg­
ligible compared to this uncertainty have been eliminated). 
If repeated measurements of a quantity all give the same 
value, it does not mean that there is no random error·· or 
uncertainty in the measurements, but only that the 
measurements were not carried to a sufficient number of 
decimal places to observe random deviations. The experi­
menter should alvJays estimate fractic:ms of diVif?ions down· 
to the point where the last significant figure contains 
some uncertainty, if he wants to get maximum precision in 
his experirhent. 



10. Su~pose a measurement of a particular quantity is repeated 
5 times and each time the result is x = 10.0 units. If the 
measurements are made with a device which may have a sys­
tematic error of 5% and you wish to increase the accuracy 
of your measurement, should you try to estimate another 
decimal place in the readings or calibrate your device 
using a method having a smaller systematic error? ______________________ ....,. _______________________________________________ .,,,,:./-----

1 

Since the systematic error of 5% gives an uncertainty o~ 
±0. 5 in the measurements there is not much point in de-·; 
termining the (much smaller) random error uncertainty bY. 
estimating another.decimal place. 

Suppose in the preceding measurement that the meas 
device is known to have a systematic error of less 
.01%. What would you do to get the maximum precision 
your measurements? 
-------------------------------------------~--------- ------~-

Estimate another decimal place 6r t~o in the readings 
\vhatever is necessary to stat't shov-Jing random deviations. 

/' 
: i 

12. In the following frames let's suppose that system,tici 
errors are negligible compared to random deviations Ci. e. il 
cOrrections have been made to eliminate most of t~e system­
at~c error). If this i~ the case then the best w~y t~ \ 
determ~ne a. quantity accurately is to repeat t.he ll\easure"r 
ment severai times and take an average. Individual tria~s 
will .deviate from this average (deviation di of value 'ki .~ 
from average xis di =Xi- X1, but the average is the best 

·value obtainable from these measurements. One way of ind,\t­
cating the amount of.uncertainty present in the individual 
meas~re~ent~ is to calculate th~ average of the abso~ute ~ 
value of the deviations. ' 1:, 

·' 

avg. deviation a. d.·::: Jctlt + )dz.l + l? .. .:i + ...•. ~. f~ 
n ' \, . ' ' 

'·where n is the number of individual measurements 
in the set. 

( \ 

13. Suppose a certain measurement is made 5 times with the resu\t 
I' 

X':J.. = 10.90 units X4 :: 10.10 units 
X2 - 10.35 xs = 10.55 
xs ,.. 10.30 

j \ 
\ 

\ 

\ 

\ 
'-\ 

\ 

what is~the average and the average devi~tion of these ~easu~e-- men.ts.1 ···.·-. _ ~ _ ~ _ _ _ _ _ _ _ _ _ _ 1: - r-- ---
X:: 10.~0 + 10.35 + 10.30 + 10.10 + 10.55 

5 

a • d. = 0:. 4 6 + o • 0 9 + o • 14 + 0 • 3 4 + o • 11 
5 

::: 10.44 

= .d .. 20 



:·'·•>'· 

14. the average deviation in a set of repeat~d measurements 
of a quantity is one way of specifying the uncertaintl 
present in one measurement. Another· way is to dete"rmine 
the standard dev1at1on: 

0 = [dJ 2 + d22 + d32 d 2Jlc + ••••••••• D 2 

n - 1 

where n·= no. of deviations d· 1 

= no. of individual measurements in the set 

15 .•. Determine the standard deviation in· the measurements of 
1rame 13. 1 

' ' 

----------------------~---------------------~----------------------

0 ::: (0~46)2 + (0.09)2 + (0.14)2 + (0.34)2 + (0.11)2 ~::: 0.30 
5 - 1 

16. If in a large number of trials, th~ ~alues a~e distributed 
about tbe average value in a way wh~bh we describe as a 
"normal" or "Gaussian 11 distributi,bn j ( i ~e., density of values 
drops off symmetrically on eithe~ side of the average~ 
a bell shaped den~ity curve), th~n ~8% of the values are 

· b.etween x +o and x -o, and. 95% b~tv/een x + 20 and x - 2o. 
In other words, a sin,le measure~erit has··a 68% chance of 
being between X: + o and X: -o, an a' 9 5% chance of being · • 
~etween Y + 2a and-~= 2o. Thus ~he standard deviationf 
o is a measure of the uncertain~y~present· in a single .: 
measurement. The smaller the ~tandard deviation·, the 
narrower the limits between whic~ a single measu~ement 
is likely to appear. · 

,, 
0 ' ' 

17.' In the situation of frame 13~··surpose you are about to.'make 
another measurement. Between what limits can you .e.redict 
t~a~ it will appear with a 68% p~obability? Between wpat 
l1m1ts can you predict that it ~ill have a 95% ch~nce of 
appearing? (Note: The limits ~etween which it is absplutely 
certain, that is, 100% cert~in, ~to appear are probablyi + ~ 
and -oo or o and oodepending 9n t~e nature of the.measure~ent.~ 

~~---~----------~----~-----------r---~------------------------------

68% chance of appearing between,\ 10.14 and 10.74 
95% chance of appearing between"9.84 and 11.04 

j 
.! 



18. Aft~r having made several measurements of a quantity we . 
are{ not generally as interested in the u~certc;inty in a 
si~gle measurement as we are the;uncerta1nty 1n the average 

. 0 -ff the set. One 'vJay of deterrnin,ing th~ uncertainty,in .the 
a&erage would be to take a large numb~r of _$lata sets and . 
=~.ook at the distribution of the avera·ges •. · These averages 
are more reliable (i.e. less uncdrtain) than the individual. 
measurements of a set and therefbre won't spread out as far. 

iThe standard deviation in the mean (a~erage) am is C: measure 
:of the uncertainty in the aver4ge an~·can be d~term1ned from 

/ the standard deviation cr (unceftainty' in a single measure-
/, ment) by the equation: / /( 

' /1 

am =__::__ . ! j 
where cr rn = ~1e standard deviltioJ' of the avex'ages. of 

!Tt~.!~l sets of data9 .f 
1 

- . §: I 
n = the number of. meaElureni'ents .or trials in. one set. 

/! l : 
a = the standard devi~tion of the individual trials 

in one set. · l: f 
r. ·' 

~''~------~~--~----r..,..----~------~~L • . I . \, "'"""""~ 

19. Determine the standard· 'd~vi!ti6n in th'e mean in the 
situation o:f ;frame. 13,. j ·' i 

1 

--------------7----~---------~· --------~------------------
.\ 

'· 

/' m :::: 0.30 :::: 0.13 \ 

2b. The result of repeated me;l3.surements of a s'ingle ~uantity 
{s gener~l1y stated \ 

/ ' '\' ' 

\ 
\ 

.!; \ 

assuming systematic erro:Js are negligible.'\'using the d~'t~ 
of frame 13' state the result of these measll.t>ements in \ '·· .. ' 
this forni. · / ~· 

x=x±crm 

'' ,1- ..... - - -· ~ - -Pa------
X = 10,44 ± 0.13 \ 

l 
; 

· 21 .. If syst~matic e~ro~ is likeiy to be larger than 
.then .. it isn't very useful to determine am which. is -~- measure 
of the· u~certain_t~ in t~e m~an due to random error oply. · If 
~ystemat1c err9r 1s dom1nant (or at least not neglig~b1e) 
1n the measurement the result of the measurement is s'tated r =·~ ± ~stimated uncertainty. \ ·\ 

\. 
\ 

\ 
I, 

\ 



-I 

22. 1 ts Of f~ame 13 were made Assuming that t 1e measurernen .L. 

using an instrument that could only be read with 5~ 
accuracy, state the results of these measurements 1n 
the form x = x ± 

---------------------------------------------------------------
5% of 10.44 is about 0.52 
Estifuated uncertainty (random and systematic). = 0.6 
X ::: 10,4 ± 0.6 

(Note that one signiticant figure has beeri dropped in 
·both numbers because the uncertainty is only estimated 
and it would be a bit optimistic to carry another place.) 

) 

/ 
I 



TEST;, (Answer the following): 

.1. Explain the difference between random error and 
systematic error. 

2. ·Give two examples of each type of error. 

3. How might one decrease the amount of systematic error 
in an experiment? Explain using a specific example. 

4. Suppose the possible systematic &rror in a voltmeter 
reading is estimated at 5 volts and several voltage 
readings are taken ~s follows: 

V 100 101 101 99 ·102 100 volts 

Trial 1 2 3 4 5 6 

State the result of these measurements along with its 
uncertainty. 

5. Suppose the above measurements were made using a highly 
accurate potentiometer 'With systematic e~ror of less than 
0.1 volt. State the result of .these m~asurements along 
with its uncertainty. 

EXERCISE 

Hake a series of measurements o;f some fundamental quantity 
(i.e. ~ mass, l'ength, or time) using any measuring devices 
at hand. Determine the random error standard deviation in 
the mean crm, and estimate the uncertainty due to systematic. 
error. State the result of your measurements along with · 
the uncertainty in the result. 



Experimental Errors II - Erra~s in 
Calculated Results 

The following exercise is designed to introduce you to some methods 
of determining the uncertainty present in a numerical result which 
has been calculated from experimental data. Experimental errors are 
always present in measurements of any kind, and these errors con­
tribute to errors in the results obtained when calculations are made 
using the measured quantities. The exercise will be of value to 
you only if you work through it carefully, following the directions 
below, and think about it while you are doing it. You will be tested 
on these methods later. 

irections: 

1. The correct answers to the questions are given below the quest­
ions and should be covered by a 11 mask" (piece of paper) until 
:',~'OU have su:e.;e}1.ed a wr1. tten answer to the quest1.on. R.ead each 
statement and question carefully and write your answer down 
(on another sheet of paper, not the exercise sheets) before 
looking at the printed answer. 

2. Work carefully and directly through the exercise in sequence 
without skipping or browsing. If necessary you may refer back 
to earlier frames at any time. 

3. If your answer turns out to be incorrect or incomplete, try to 
get straightened out by re-reading the pertinent information 
before going on to the next frame. 



PRETEST: 

Giv"en 

answer the following questions. 

1. Which one of these two quantities is a measure of the uncertainty, 
due to random error, in the average of a set of n measurements? 

Offi is the standard deviation in the mean (average) 

2. Suppose the possible systematic error in a voltmeter reading is 
estimated at 5 volts and several voltage readings are taken as 
follows: 

State the result of these measurements along with its uncertainty. 
--------------------------------------------------------------------

Average V = 89.25 volts 
a = 0.96 

am=0.48 

The systematic error of 5 volts is nearly 10 times as great which 
means that the calculation of the random error standard deviation 
am is meaningless. 

Answer: V = (89 ± 5) volts 

3. Suppose the measurements of frame 2 were made with a very accu­
rate potentiometer which is supposed to have less than .01 volt 
systematic error. State the result of the measurement along with 
its uncertainty. 

V ::: (89.25 ± o.4R) -volts (systematic error negligible) 

IF YOU HAVE TROUBLE UNDERSTANDING THE PRECEDING ANSWERS, REVIEW 
"EXPERIMENTAL ERRORS In OR ASK YOUR INSTRUCTOR ABOUT IT BEFORE 
GOING ON. 



4. 

-3-

In the following frames x1 , x2 , x3 ......... are the results 
obtained in measuring several 'different quantities experi­
mentally. The uncertainties in these measurements are re­
presented by ~x 1 , 6x2 , Ax 3 •••••••• , • We are interested in 
knowing how to calculate the uncertainty in the result of 
adding, subtracting~ multiplying, dividing, etcetera, two or 
more quantities whose individual uncertainties are known. 

Rule 1: The uncertainty in the result of addition or sub­
traction is the square root of the sum of the 
squares of the uncertainties of the separate terms. 

6x =~(6x1 )2 + (6x2)2 + ••••••••• 

5. Given x1 = 7.20 ± 0.30 
x 2 = 2.30 ± 0.20 
x 3 = 5.10 ± 0.05 

determine x = x1 - x2 + x3 (value and uncertainty). 

x = 0.20- 2.30 + s.lO) ± [<o.3o)2 + <o.2o)2 + <o.os)2]~ 

X ::: 10.00 ± 0.36 

(Note that uncertainties don't add directly as would known 
errors, since there is a possibility of a positive error in 
x1 being partially cancelled by a negative error in x3 and 
so forth.) 

6. Rule 2: The percenta~e uncertainty in the result of multi­
pl1cat1on or division 1s the square root of the sum of the 
squares of the percentage uncertainties of the factors. In 
other words in the multiplication or division of x1 , x 2 , 
X3na4oe003 

-X ::: 

7. 

(value and uncertainty). 
----~------~-------~----~---~----~----~~--~----~--=---------~----·--



(7.20)(2.30) 
X ~ 5.10 ~ 3.25 

_6x_ = 
X (

o.3o)2 +(o.20)2 + (o.o"572) = 
7.20 2.30 \5.10 

6x = (.097)(3.25) = 0.32 

X :::: 3.25 ± 0.32 

-4-

0,097 

8. In a calculation that·includes both addition (or subtraction) 
and multiplication (or division) the calculation for uncertainty 

x is broken into parts. For example in determining AX for the 
calculation x = (x1 + x 2 )x 3 rule 1 would be used to determine 
an uncertainty for the sum of x1 and x 2 , and then rule 2 applied 
to this uncertainty and 6x 3 to determ1ne 6x for the product. 

9. Using the values for xJ, ~ 2 , and x 3 given in frame 5, determine 
the value and uncertainTy 1n the result of the calculation 

xl 
x = - + x 3 X2 

--------------------------------------------------------------------
7.20 

X = 2,30 + 5.10 = 8.23 

(
o.3·o)2 (.o.2o)2 
7.20 + 2.30 = .096 

6x12 = (.096)(3.13) = 0.30 

6x =,/(0.30)2 + (0.05)2 = 0.30 

X = 8.23 ± 0.30 



-5-
10. One advantage of doing a calculation such as the above is 

that it shows which of the measured quantities, x1 , x 2 , or 
x 3 is contributing most of the uncertainty to the result 
of the calculation. This in turn tells the experimenter 
which measurement to concentrate his attention on if he 
wants to improve the accuracy of his result. 

(a) Does the quotient x1 or the quantity x3 contribute 
x2 

the most uncertainty to x? (Look at the calculation for 6x.) 

(b) Does x1 or x 2 contribute the most uncertainty to x17 

(look at the calculation for 6x12 .) 
x2 

(c) Which of the quantities ~1, x 2 , and x3 would you con­
centrate on if you wanted to 1mprove the accuracy of x? 

Xl 
(a) x 

2 

(c) x 2 first 

11. Rule 3: The percentage uncertainty in the result of raising 
a quantity to the nth power is n times the percentage un­
certainty in the quantity. In other words, if x = x1n, 

-
X 

12. ~f x1 is as given in frame 5, find the value and uncertainty 
J.n: 

(a) xl 3 

(b) l 
X ~ 1 

-----------------------------------------------------------------



-6-
!Jx ::: 3 (0.30) ::: 0.125 (a) - 1.20 X 

X :;: (7.20) 3 :: 373 

!Jx - (0.125)(373) = 47 

X :;: 373 ± 47 

(b) !Jx :: ~ (~:~~) ::: 0.0209 -
:X: 

:X: :: (7. 20)~ ::: 2.68 

!J:x: ::: (0.0209)(2.68) = 0.06 

X ::: 2.68 ± 0.06 

13. Although the preceding three rules apply to a great many 
calculations, there is a more general rule from which they 
are derived, and which applies to other calculations as well. 

nule 4: If X is a function of :x:l, x2' x3'' ••••••• ,then 
the ul1Certainty in :x: is 

(
(l:x: )2 

+ ax2 (!J:x:2)2 + • , •••• , ••••. 

i4. S~ppose a certain angle 6 is measured as 
B = (1.00 ± 0.05) radians. What is the value and uncertainty 
of sin B? 

---------------------·--------------~-----~--------~~-----------~--

:X: ::: sin e = 0.841 

xl = e 
!J :x: = /,.-( c_o_s_B_,_)-=2-( -!J -e --) 2=- = ( • o 54 0 ) ( 0 • 0 5 ) = 0 • o 2 7 

:X: = sin e ::: 0.84~ ± 0.027 



TEST 

-7-

1. An object travels a distance L = (10.6 ± 0.4) meters 
in a time t = (4.3 ± 0.2) sec. What is the average 
velocity (value and uncertainty)? 

2. Two experimental quantities x1 = 8.23 ± 
x 2 = 6.54 ± 0.42 are to be adaed. What 
and uncertainty of x = xl + x2? 

0.56 and 
is the value 

·~' 3. What is the value and uncertainty of x 22 in question 2? 

4. Given e = (0.25 ± 0.07) radians, find the value and 
uncertainty of cos e. 



AN EXPERIMENT~L STUDY OF a . 

Consider an experiment in which a quantity x is 

measured r. times. Let each measured value of x be denoted 

by xj where j=l, .... , r. :'e can compute the stRnclard deviation 

of the measured values of x v.Jhich we will call a (x). e can 

also compute the standard deviation of the mean value i 

of X !Nhich we 1Jill call a (i) m . This latter computation is 

simply (f (i) = m a(x) (so...we are told). re wish to investigate 
tt-·-r 

here whether or not a (i) is in fact smaller than a (x) by the 
m 

factor _l_ . 

vr 
In order to do so we must obtain a (i) by some 

m 

other presumably more direct method. 

Suppose we perform the whole experiment s times, each 

time obtaining a value x . Let each value of x be denoted 

by xk where k=l' " ... ' s. ,Je can comr.ute the mean value of s 
= 2:; X which wi 11 ca 11 Here = 

= [ \!e also X we X . X k=l k ] can 
s 

compute the standard deviation of the values of x which we 

- [ ~ <= _ ) 2 JU. call a (x). Here - r-=1 x - xl( a (x) = ' · 
f'{' s -1 

Obviou~ a (x) is (1 direct determination of am(x). 

Therefore by doing the experiment s times we can 

directly measure a (x) and test v1hether or not _a <i) is 

approximately _l_ ,!-\, r 

a ( x) 

To carry this study of uncertainty one final step---

what is the standard deviation of the experimentally determined 

qua n t i t y a ( i )_ ? ( ! ) t! i t h the d a t a o h t a i n e r::l a t t h i s p o i n t 
cr ( x) 

we can at least calculate directly the standard deviation of 

the quantity a(x) (but not of cr(x)). Call this a [a( x) ] 



2. 

To generate data construct a simple pendulum of length 

"'lm from string and a small t·Jeight. Using your wrist watch 

or a stop watch, measure the time for the pendulum to execute 

ten full swings. Let this measured quantity be xj (ti if you 

wish). Let r = 7 l'lnd s = 5. 

Give some thought and planning to the organization of 

data tables before you begin collecting data. 



GRAPHICAL ANALYSIS 

Often one of the aims of an experimental investigation is the 
determination, from measurements made in the laboratory, of how one 
of two interdependent quantities, y, depends on the other, x. 
Graphical methods provide us with a very useful t ooJ in this type of 
analysis. 

I. Plotting Gr~phs 

Suppose one is interested, for example, in finding in a 
particular experiment a mathemical relationship which expresses the 
velocity of a moving object vas a function of the timet. In this 
case velocity is the "dependent variable 1

' whose dependency on the 
"independent variable" time is to be established from the following 
data. 

Time Velocity (magnitude). 

(sec) (cin/sec) 

-
1.00 1.9 

2.00 1.9 

3.00 3.0 

4.00 3.9 

s.oo 6.5 

6.00 11.0 

Suppose that in this experiment the time measurements are very 
precise and their errors can be ignored while the velocity measure­
ments are estimated to have a standard deviation (see instruction 
sheet on "Measurement, Probability, and Experimental Errors ) of 
about ± 0.30 em/sec. The steps to be followed in constructing a 
graph which illustrates the dependence of velocity v on time t 
(or any quantity y on another quantity x) are summarized below. 

(a) The dependent variable (quantity whose dependency 
on the other is to be determined) is plotted 
vertically (velocity versus time rather than 
vice versa). 

(b) Scales should be chosen which are easy .to plot 
and easy to read and which make the graph large 
enough to be read easily and accurately 
(occupying a full page if possible). 
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(c) Scales usually start at zero but sometimes 
this would cause the data to be crowded into 
one part of the graph. In such a case it is 
a good idea to suppress the zero (start the 
scale at some value other than zero or show 
a break in the scale). However, it should be 
made obvious to someone looking at the graph 
lhat the zero has been suppressed. 

(d) The graph should have a title and each of the 
axes should show the quantity plotted along 
that axis and the numerical scale and units 
for that quantity, 

(e) The experimental points are marked clearly on 
the graph by drawing a small circle around each 
of them and drawing an "error line" (in the 
above example extending 0.30 em/sec above and 
below the data point) at each point. 

(f) Draw the simplest possible smooth line or curve 
(i.e. the simplest curve is a straight line, 
the next is a curve whose curvature is always 
in the same direction and doesn't change magnitude 
suddenly, etc) among the points, with no more 
details of shape and curvature than is justified 
by the size of the estimated errors. If the 
magnitude of the standard deviations are estimated 
correctly and the line is drawn correctly the 
curve should cut about two thirds of the error 
lines (very roughly). 

When these steps are applied to the example of the moving object 
given above, a graph results such as that shown in the following 
figure .. 

Velocity v versus Time t 

\,1 
\;>) ..,, 
'-. JO :,;:: ,;:: 

/i~ / f ') t:1 I'll p lc 
I 

J 

<:: e. 
'_, 

~ (; 

~ 

1-..-
1· .> ' 

\ 

) ~ rtA ph 
I 

1 r 

I 
tt (. f v/.-1 (I y 

t:l(} 5thq(/ 

\ TiJf' (/(~(.i/f,;1(.y 

,..) ·.~-

'.) - - /y 
·~> 

.. ,. .:·: ~ t---4>-_ .. , .. > ·- -
1.0 .~.u ::..o 4,o 5.o 6.0 I.e? 

T/~t., 6 t in ~12c. 



--3--

II. Determination of a Mathematical Relationshig 

If a graph of dependent variable y versus independent 
variable x turns out to be a straight line, the dependence of 
y on x is expressed by the equation 

y = ax + b (1) 

The slope a and y intercept b of the line can be taken directly 
from the graph (see part III) thus establishing the relationship 
between quantity y and quantity x in this experiment. 

If the graph of y versus x is curved, however, as it 
is in the case of the velocity of an object versus the time in 
part I, the quantities must be related by some other equation. 
For example, one might guess that y is related to x according to 
an equation of the type 

y = a xn + b 

where n might be an integer -1, ± 2, ± 3, ± 4, •••••• ..... or a 
fraction± 1/2, ± 1/3, ± 1/4, •••••••••••••••To decide which 
values of n are truly possibilities one should study the graph 

(2) 

of y versus x and equation (2). In the case of the velocity versus 
time graph of part I, for example, negative values of n should be 
immediately discounted since equation (2) would predict a decrease 
in y for increasing x. Fractional values of n are just as unlikely 
since as x increases, the graph shows y increasing faster and 
faster (perhaps indicating n = + 2 or.+ 3, etc.). 

To see if the velocity - time (y = v, x = t) data for 
the moving object example of part I fits equation (2) with n = + 2 
one could graph Y ::: v versus X = t2 from the experimental values of 
v and the corresponding values of t2. If the graph of Y versus X 
from the data is a straight line, the experimental results fit a 
relationship 

or (equation 2 with n = + 2) 

where a and b are the slope and intercept of the line. If such a 
graph was not straight, but was straighter than a.graph of v versus 
t, then one might try a graph of Y = v versus X= t3 and so on 
until a straight line was found. The same general procedure could 
be followed in c~ses where n is thought to be a fraction or have a 
negative value. If the data are to be represented by the equation 

y ::: ax -1/3 + b (3) 

then a graph of y versus x-1/3 should yield a straight line. 
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Another type of relationship between quantities which appears 
oft en is 

y = Aeax (4) 

where A and a are positive or negative constants. If equation (4) 
accurately represents the data, then 

ln y = ax + ln A 

or Y ::;: ax + b 

making the substitutions Y :::: Ln y and b = ln A. Therefore ·if 
Y = ln y is plotted vertically against x horizontally, a straight 
line of slope a and intercept b = ln A should result. The values 
of a and A can be determined from this line. 

III. Determination of Slope and InterceRt 

The slope and intercept of a straight line are found as 
follows: First the x and y coordinates of two widely separated poinffl 
on the line are determined (note that the points must be widely 
separated for accuracy and the points are points on the line, not 
data points). The slope of the line is defined 

a = Y2 - Yl 

x2 - xl 

and should have the same value (for a straight line) regardless of 
what two points are chosen. The y intercept is obtained by 
extending the line back to x = o and noting the value of y at this 
point on the line (this is the intercept b). 

A more reliable determination of slope, a, and y intercep~ 
b, results when one computes the slope and intercept of the straight 
line which minimizes the sum of the squares of the deviations of the 
d a t a p o i n t s f r om t h e 1 i n e ( ~. e e i n s t r u c t i on s h e e t on "Met h o d of 
Least Squares"). 

References: 

1. Kruglak and Moore, "Basic Mathematics for the 
Physical Sciences", chapter 7. 

2. G. Wootan, Inc-. "Graphs" 

3.. Ford, "Basic Physics", section 7.6 
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such as the screen in Fig. 2. 
easy to show that 

Y = const V 

some obstr-uction 
It is relatively 

p~cvided e, m, d, l,·vn and Dare held constant. 
Here Y and D are ~he distances shown in Fig. 2. 

In an oscilloscope, electrons are accelerated 
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pass in turn through t~o sets of plates as 
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:l.L::ll.cat~ 1.n r J..g. .::>. .;. :t t1.ere 1.s any pc ~..ent::..a 
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the electrons will be deflected vertically 
an amount proportional to this po~ential 
differ·e.nce; if 'there is any potential difference 

t4-
1 --- l -- -- ~ 

Ftd- '2. 

E-t.TJcl\ L 
l>EFLe a :on fL.~ttc.l · H€lf:U:.t, 
~ 7>£,J.. pt.A"tE..£ 

~-_j ! 
I 

l{Y 
J) 
~ 

{Cl'?e 11 

be 'tween the second ;:::air tlH: electrons wi 11 
be deflected horizo~tally anO amount pro­
portional 'tc this potential difference. 

~,. 

r--~ .ci:J--...i ; 
a .t___l' , . 

i rCJ· ~ ~ e ~ 

Fig. 3 shows schematically some of -:he essen-tial 
fea~ures of the oscilloscope. Any difference of 
po·tentiQl a;:·plied to the inp;_rt terminals of 
ei·tr.er the horizontal cr vertical input· terminals 
is first r:1ul t'iJ::lied by so:r.e constant factor 
(determined by the setting of the amplifier 
controls) and then aoolie~ to the deflection 
plates. The vertical-and horizontal position 
controls allow a potential difference to be 
applied to the deflection plates even without 
an input, and thus per~it positioning of the 
electron beam. · 
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Procedure 

1.-Plug in the oscilloscope and rotate 
the power sw~tch clockwise to turn 
the oscillos~cpe. Note the effec~ 
this ro~ation has on the amo~nt of 

.illu~ination~ 
\ 

2.- Set the DISPLAY swi~ch 
the :or1zonta Dlsable 
oositJ.on. : 
~ ' 

j 

3. Set the !~TENSITY., FOCUS, and both 
POSITION KNOB$ so tha-t the white dot of 
each knob is at: its highest point: (~ 

4. As soon as the scope t.as warmed up 
a small spot should appear near the 
center of the screen. Note the effect 
of tur::1ing the intensity knob clockwise 
and ccuntdrclockwise. Set the intensity 
control so that the spot is barelz 
visible. 

5. ~ote the effect of the position 
co~trols. Use them to set the spot 
to the center of the screen. 
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G. Set both sensitivity switches to the 
1 volt/em position. 

7. Rotate both red sensitivitY co~trols 
to their maximum clcckwise position 

8. 
s• . .;i i:ches 
sw.i tches to 

se1: 

9. Recenter the spot if 
Connect a dry cell to the + vertical 
input: terminals as indicated below: 
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10. Reverse the connections at either the dry cell or.the input terminals 
and note that the spo·t moves down 1~ cm4 Hhenever the top (larg.e) input 
terminal is higher in pot~ntial than the lower (small) input terminal, 
the spot is deflected ujward and vice versa. 

11. Repeat steps 9 and 10 except use the horizontal + input terminals. Note 
that when the top (large) input terminal is hi~her in potential than the lower 
terminal the spot moves ~o the ri~ht and vice versa. 

12. Set the vertical sensitivitv swi~ch to 0.5 vclts/cm andre-center ~he 
spot if necessary. Connect the 1.5 volt dry cell to the vertical input. 
Note that the spot is deflected approximately 3 cme 

13. Repeat step 12 with different settings of the sensitivity switch, until 
you are confident you understand the function of this switch. Repeat, using 
the horizontal + input terminals, and different setti~gs of the horizontal 
sensitivity switch. 

14. Set the vertical sensitivit)" s~.vit:ch to 1 volt/em and rotate the red 
sensitivity control so t:hat its white dot is approximately vertical 
Re~,center the spot if necessary. Corinect the 1~ volt battery to the + 
vertical inpu·t terminals and note that the spot is deflected only abm.rt 
l volt~ ins·tead of l.S em. Remove the battery, rotate the red sensitivity 
control knob to its extreme counterclockwise position, re-center the spot, 
and re-connect the battery. Note that the spot is deflected only about 
0. 5 em.$ 

15. Repeat step 13 with different settings of the red sensitivity control 
knob.until you are confident that you understand the function of this 
co~trol. Repeat, using the horizontal + input terminals and the hori-
zontal sensitivity control knob. · 
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16. Use your oscilloscope to measure the potential difference between the 
ter·mina1 s of the bla~k box provided. Fosi t:ion the spot and choose the 
sensitivity setting so tha1: the deflection produced by the unknown voltage 
is as large as possible, but still on scale. Remember that it is onl~ 

the red knob sensi1:ivitv control is in its extreme clockt..rise nos~tion 
the sensitivity is actually that marked on the sensitivity switch. 

17 . Wire up the circuit shown belotl ~ 
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Set the horizontal sensitivity switch at 0.1 volt/em and position the spot 
so that it is at (-4~0 ). Connect points A and B ~nd note that: the spot 
~egins to move to the right. Note that it moves with approximately con­
stant velocity over about the first three centir:.;.eters and then slows 
down as it moves along the rest of its path. Take another lead and 
short out the capacitor (i.e." connect the lead across the capacitor) .. 
Note that the spot jumps back approxii·nately to ( -lt. 0). Remove the 
short and the spot again sweeps to the right. Short the capacitor, 
set the horizontal sensitivity switch to 20 mvcm and adjust the position 
of the spot to (-5.0). Now remove the short and note that the spot moves 

. across the entire screen at very nearly constant v~locity. When it reaches 
the right end of screen, shor~ the capacitor momentarily and note that 
the spot jumps back to (-5~0) and then begins moving to the right at 
constant speed. A circuit which produces this tY?e of horizontal motiori 
of the spot is called a "sweep~~ circuit. All oscilloscopes have a built­
in sweep circuit which may be used ~o produce ~his type of horizontal 
motio~ of the spot. Disconnect your circuit. Set the black LEVEL control 
switch to the AUTO. position. 
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18. Set the HORIZONTAL DISPLA..Y switch to 'the rs~r:t:EP NORMAV position. 
Se,t the SWEEP TINE/ C:-t switch to 1 sec. , and L (Xi.) J · 
set the red sweep time/em control knob to its extreme clockwise 
position. Note that the spot moves hcrizontally to the right at 
a constant speed, then jumps quickly to the left edge of the screen 
and begins moving to the right again at constant speed$ If necessary, 
adjust the position control so that the spot starts from (-5.0). 
Use your clock to determine how long it takes the spot to cover 
10 em. It should be close to 10 sees., since the switch is set at 1 sec, 
which means the spot should take 1 sec. to traverse each centimeter. 
Set_ the SWEEP TIME/ em s~1i tch to • 5 sees. and use your clock to de­
termine how much time it takes fer the spot to move 10 c~. It should 
be very nearly 5 sees., since with the switch at .5, it should take 
.S sec. for the spot to travel each em. Con~inue to experiment with 
different settings of this switch until you are confident that you 
understand the function of this switch. Note that when this switch 
is set at~ say~ 2m sec (2 millisec = 2 x lo-3 sees~) one can.no 
longer observe the motion of the spot. All cne observes is the 2atq 
of the beam as it moves to the right. With this setting, the spot 
moves to the right such that it takes .002 seconds to traverse each 
centiY!\eter. 

19. Set the SWEEP TIME/en switch to 1 sec.s and set the red sweep 
time/em control knob approximately vertically Measure the time 
for the spot to move 10 em.· (Note that it now requir·es more than 
1 sec. for the spot to cover 1 em.) Repeat with this rea-control 
knob set at its extreme counterclockwise positionb Continue to 
experiment with different positions of this control until you are 
confident that you understand its function. Remember that it is 
onl' when this control is at its extreme clockwise osition that 
t.e sweep spee s are those l.n .1.cate by the swJ.tch posJ.tion. 

20. There are three small black two-position switches near the top 
right hand edge of the oscilloscope mark~d SLOPE, COUPLING AND SOURCE. 
Set the first of these to its + position, the second to DC, and the 
third to I~~. Set the black level control knob so that the white dot 
is approximately vertical 0 . Set "the Vertical Sensitivity 

_., 

~ 

' .. 
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switch to . 5 volt/ em.. Set the Sw"EEP TIME I em s1.;ri tch to 2 :m sec. Connect 
the small box marked PULSER to the vertical input terminals, as indicated 
below~ 
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The pulser is a device which produces a potential difference between its 
t'#O terminals which varies with ·-cir.:e, as indicated in Fig. 2. Part of 
this pattern should be observed on the screen of the oscilloscope. It 
may be necessary to turn up the intensity (brigh~ness) control~ and/or 
to rotate the level control knob slightly clockwise from its vertical 
position. The function of the level control is to start the spot 
moving horizontally exactly at the-time when the pulser is emitting 
a pulse. ~~en adjusted correctly, the pattern aEpears t~ be sta-
tionar ... While the S\o.ieep circuit .is moving the spot from lett to 
r~g.t at constant speed) the voltage from the pulser is deflecting 
it vertical~y~ so one obtains a plot of the pulser voltage as a · 
function of time. The first time the spot moves horizcmtally across 
the screen, one gets a plot of the first five pulses emitted by the 
pulser; the next time the spot moves across the sc:reen,_one gets a 
plot of the next five pulses emitted by the pulser, etc. ~ince 
each group of five pulses emitted lo·ok exactly the same as- every 
other group of five pulses, the pattern appearg to be stationaryo 
Note that if the level control knob is rotated too far clockwise 
or counterclockwise from its vertical position, the patiern will 

/till~ 
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gisappear. Note the appearance of the pattern when the S~~EP.TIME/ em 
switch is at 1m sec., eS m seco, .1m sec~, SO~ sec., 20 ~sec., and 
10 p sec. 

21. Determine the time interval between the pulses emitted by the 
pulses. Use any convenient setting of the SWEEP TIME/em switch. Make 
your measurement as precise as possible by using as much of the hori­
zontal scale as possible. 



Simple Pendulum 
rObject To compare the behavlor of a real pendulum with the pre­
dictions based on a.model. 

Discussion 

The real pendulum consists of a metal cylinder hung by a string from 
a fixed support and free to swing in a calibrated arc. A lamp lens, 
photo-cell, timer, and oscilloscope make it possible to deter~ine 
both the velocity of the cylinder at the bottom of its swing, and 
the time for one half a cycle. 

The model consists of a particle of mass m, hung from a fixed point 
by a string of length L, free to swing in a vertical plane, and free 
of all dissipative (frictional) forces. If the particle is re­
leased from rest from some point such as P (Fig. 1) then it is 
easy to show the velocity it will have when it reaches 0 is given by 

v
0 

= V-2~1(1:-~;o~-A) <1) 

To calculate the time for the particle to go from 0 to Q is more 
difficult. We could get a first approximation to this time by 
using one half of v

0 
as the average velocity over the path 0 Q, 

that is 
r""·•, 

t 
arc 0 Q LA 

= = 
~) _,, q (V0 \ Vo 
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A better approximation would be to _!.-:::'-"<~ /-lr) 
first divide the path 0-Q into a ~ 
number N of equal pieces, labeled 
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/indicated in Fig. 2. As an approxi­
mation we could say that the time t 0 
it takes to traverse the distance ~ 
,c\ /:::;. ~) would be · \>~ 
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This approximation improves as N is mape larger, and one can get as 
close to the correct answer as one desires by making N sufficiently 
large. 

Using the principle of conservation of total mechanical energy one 
can easily show that 

l eu~1 (i 6. e ) - eo-d. A l . __ , 
Since all the 6 c are the same size and equal to L. 
the time to go from 0 to Q may be written 

Method 

(2) 

A 
; L N 

The electronic timer or clock is controlled by a light beam and 
photo cell. The timing system operates in two modes determined by 
the position of the 11 Hold Mode.r switch. ltJhen this switch is set in 
the 11 Gate 1

i position, the clock will run only during the time the 
light beam .is blocked. Hhen this switch lS in the "Pulse" position, 
the clock Wlll start when the beant is first interrupted and will 
stop the next time the beam is interrupted. If the system is in 
the "Pulse 11 mode, and the cylinder is released from a point such as 
P, its first passage through 0 will start the clock, and its next 
passage through 0 will stop the clock. The clock reading will then 
be the time the bob takes to go from 0 to Q and back or twice t. 

0-7 Q 
The photo cell is a resistive element whose resistance increases 
as the intensity of the light falling on it g~~re~~ea. Consequently, 
if it is placed in a circuit such as shown in Fig. 3a then as the 
pendulum starts through the light beam, the voltage across R will 
begin decreasing. This decrease is used to initiate the scope 
sweep, so that one observes on the scope screen the manner in which 
the voltage across R varies as the pendulum passes through the light 
beam. The pattern observed on the screen is shown in Fig. 3b. 
The positions of the cylinder relative to the light beam that 
corresponds to points S and T are shown in Fig. 4. Thus, the time,t, 
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indicated in Fig. 3b is the time for the cylinder 
to travel a disfance equal to the diameter of the cylinder. Dividing 
the diameter of the cylinder by t gives v . 

0 

Procedure 

1. Wire up the photocell and timer as indicated in Fig.S 

2. Read steps 3 through '6and prepare (in your notebook) a suitable 
table for recording the data. 

3. Set the 11 Hold Mode 11 switch to the "Pulse" position. 

4. Use the electromagnet to position the cylinder at the point 
corresponding to P with A = 70°. Press the 11 Reset" button to set the 
clock to zero. Release the cylinder, allow it to swing through 
point 0 to Q and bar:;1r ·:-:hPmlgh 0. Catch the pendulum after it passes 
through 0 on its wc.~:v -~:o P, f.·. cad and record the clock reading. The 
clock reading is in mi~lisccs (lo-3 seconds). 

5. Repeat steps 4 four more times. 

6. Repeat steps 4 and 5 for A = 60, 50, 40, 30, 20, 10. 
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7. Wire u·_, the photocell as indicated in Fig .• ~ Set the three 
switches 11~0r t~e top right hand corner of the oscilloscope to -, 
DC, and Jl'"i~, ·:::,.t the 11 Level 11 control to 0, the Sweep time/Cm 
switch to 1 millisec/cm,, and the vertical gain switch to 0.5 
volts/em. (r-i-t•:: 'I!J~(·{J f,.,,(/C>'·'\ \ov·,l-,.,1 I·;;Y>•!b ~v,v<:;f ~-:;,_~ IY\ (',,/. pu.f,h:,VJ) 

8. Start the pendulum swinging through about a 60° arc and note 
if the passage of the bob through the light beam produces a trace 
like that in Fig.3 ~\. If not, adjust the "Level 11 control and/or 
the vertical gain ~ntil such a trace does occur. 

9. Use the ~lectromagnet to position the cylinder at the point 
corresponding to P with A = 70°. Release the cylinder and note 
the positions of pointsT. and S of the scope pattern produced by the 
interruption of the light beam.>::t- Record the sweep time/em. setting. 

10. Repeat step g· several more times. 

11. Repeat steps 9 and 10 for A = 60°, soo, 40°, 30o, 20o, 10°. 
For each setting, use the most appropriate sweep time/em setting. 

Analysis 

1. Determine the average and average deviation of each set of five 
time readings taken for each fixed value of A. Calculate the aver­
age and average deviation of your measurements of the length of the 
pendulum and the diameter of the cylinder. Use the average devia­
tion as a measure of the uncertainty in the measurement of that 
quantity. 

e ~~"\ cl f ,.;\-;...', :J"'"'r1 f J1 p 

/.r-••1 <. l Cr'-'1-f.•,v{ 

fJ<·, I -1 f 5 b !J 
'·" Ctf h., ;!/,.J)"" /' 01 11, .. ....,' 
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,2. For each fixed value 
of the time required for 
equal to the diameter of 
in each of these values. 
and 7). 

of A determine v
0 

from your measurements 
the pendulum to move through a distance 
the cylinder. Calculate the uncertainty 

(See Experimental Errors II, Section 6 

3. Calculate v
0 

for each value of A, using equation (1). Make a 
table comparing these calculated v0 's with the experimentally 
determined v

0
's. 

4. Write a FORTRAN program to calculate t from equation (3) for 
O+Q . 

the values of A used in the experiment. An N value somewhere be­
tween 50 and 100 should give adequate precision. Use the average 
value of your measureme11t of the length of the pendulum foro L and 
9.80 m/sec for g. Have this program processed by the computing 
center>. (Each group is to write their own proogram, not merely 
borroow one from another> group.) 

5. Make a table comparing the calculated t with the experoiment-
ally measured values. 0+ Q 

6. Use the principle of conservation 
of total mechanical energy to calculate 
the velocity of the particle at point 
P, assuming it was released from rest 
at point Q (See Fig.r ). From this 
expression derive equation (2). 
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Measurement of Lar~e Resistance 

Ref.: Halliday, Resnick, Sect. 32-8 

A. Capacitor Discharge 

If a capacitor is cl1arged so that charge q0 is on each 
plate and then allowed to discharge through a resistor 
as shown below, the potential difference across the 
capacitor must equal that across the resistor (they are 
across the same two points in the circuit ab) at all 
times during the discharge. 

~I ~~ 
~ 

I f 

t 
b plates at ~ q - charge on 

any time t 
p i = current at the same 

/~/~),/ 

vab = q = i R i = dq 
c -dt 

which yields the equation 

q =-R dq dq 1 (l) 
c dt dt -RC q 

or = 

time 

Equation (l) shows that at any instant the capacitor will 
be discharging at a rate that is directly proportional to 
the charge still on its plates, and inversely proportional 
to the constant (RC). The fact that the discharge rate 
is determined by the product RC may be used to measure 
the resistance R indirectly by making measurements on the 
rate of discharge of a known capacitor C through the 
resistance element. From equation (1), one can show 
that the charge q still on the plates of a capacitor which 
began with charge q 0 and discharged for a time t, is 

q = q 0 e - t/RC ( 2 ) 

(Show that equation 2 is a solution of the differential 
equation l, and show that the time constant t = RC is 
the time for the charge to fall to fraction 1/e of its 
initial value q0 .) 

B. The Ballistic Galvanometer 

The moving element of this type of galvanometer consists 
· of a rectangular coil which is suspended between the 
poles of a magnet by a fine wire. When a char~e q passes 
through tl1e coil, the forces exerted by the magnetic field 
on the moving charges produce a turning moment or torque 
on the coil. The torque gives the coil an an3ular 
momentum, .but the coil has a relatively large moment 
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of inertia so that very little actual motion occurs 
in the time that it takes for charge q to pass through 
the coil. The coil continues to rotate however, twisting 
the suspension wire. The twisted suspension wire now 
exerts a restoring torque which decreases the angular 
momentum of the rotation, brings the rotation to a stop 
at some angle e,and increases the angular momentum in 
the opposite direction. The result would be oscillatory 
motion of angular amplitude e as long as no mechanical 
energy was lost from the system (it is almost friction­
less). It is not difficult to show that the angle e is 
proportional to the charge q which passed through the 
galvanometer coil. (Supplementary note.) 

If one wishes to damp the oscillations of the galvano­
meter it is useful to recall that a coil rotating in a 
magnetic field generates an induced emf. (Chapter 35, 
Hall. & Res.) Short circuiting the galvanometer termi­
nals completes an external circuit so that this emf can 
cause a current flow in the low re~istance short-circuit. 
Thus the mechanical energy of the rotating coil is con-· 
verted to electrical energy as in a generator, and this 
electrical energy is in turn dissipated as heat by the 
circuit resistance. The loss of mechanical enerp,y by 
the system results in a quick damping of the oscillation. 

Experiment 

The capacitor in the circuit below may be charged by 
connecting A to B. It can then be discharged through 
resistance R for a measured amount of time t by connecting 
B to E for this time interval. The charge left on the 
plates at the end of this time interval may be determined 
by discharging the remaining charge through the ballistic 
galvanometer (connect B to F), which then deflects an 
amount D which is proportional to the charge q that has 
passed through it. 

r-fc)cl JR 
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One then gets a feeling for the way the capacitor charge 
decays as a function of time by plotting graphs showing 



the galvanometer deflection D as a function of dis­
charge time t and the natural logarithm of the gal­
vanometer deflection as a function of time. The 
resistance R may be determined from the slope of the 
latter graph (first prove that j,,D = lhD0 - !:___r). 

RC 

3. 

One thing that should be considered in this experiment 
is the fact that since R is large there may be other 
paths of comparable resistance through which the capaci­
tor can discharge (even when B and D are not connected 
for example). Investigate this possibility before making 
any claims as to the accuracy of your result for the 
value of R. 

Note: The capacitors have the following values for the 
different circuit boards: 

No. 1 c = 0.88 / J= 
No. 2 c = 0.90 
No. 3 c "" 0.88 
No. 4 c = o.B8 
No. 5 c = 0.91 



Supplementary note 
(ref.-Fund. of Elec. and Mag.,A.F. Kip, 

McGraw-Hill, 1962) 

How It ~vorks 

When a short pulse of electric current i 
the coil of a ballistic galvanometer 

question 1 - What happens? 

= i(t) passes through 

~Ar· r~ . 
answer 1 - It deflects through an angle J ~-

emax' corresponding to a ~~-· ----------~~~.> 
deflection (scale reading) Docem~x' t 
and there exists a simple relat1on between D 
and Q = /i(t) dt, the total charge passing 
through the coil. 

question 2 - WHY? (and what is the relation)? 

answer 2 - The parts of a galvanometer coil which are in 
a magnetic field are in a practically uniform radial field, 
as in Fig. 33-9 in Hall. and Res. (Beware- example 3 
in the text discusses a galvanometer as it is often used 
to measure (steady) currents, not as we use a (ballistic) 
galvanometer in this lab exercise to measure charge in 
a current pulse. The mechanism of the instruments are 
basically the same, however.) 

The magnetic torque on a galvanometer coil, when its 
plane is parallel to the magnetic field,as Fig. 33-9 
(by eqn. 33-7) 

T = N i A B. 

When, instead of a steady current i, we supply a short 
pulse of current such as shown above, the angular impulse 
given to the coil is /T dt, where the integration is over 
an interval covering the entire time during which current 
flows. 

Integrating, Impulse = /Tdt = N B A.· ( i dt = N B A Q. 
.l 

This is the special feature of the ballistic galvanometer. 
It receives an angular impulse thatdepends only on the 
total charge pulse flowing through it and not on the way 
the charge flow varies with time. The pulse is short com­
pared with the natural period of the galvanometer coil. 
After the impulse ends the motion of the coil is 1 ballis­
tic' - under action of the suspensionJ only. From mech­
anics we have that this angular impulse gives the coil 
an angular momentum I w

0
, where I is its moment of inertia 

and w0 is the angular velocity just after the pulse has 
passed. Thus Iw0 = N B A Q. The initial angular momentum 
Iw0 corresponds to an initial kinetic energy ~Iw02. As the 
coil turns against the restoring torque of the galvanometer 
coil suspension, this kinetic energy is converted into 
potential energy. At the maximum deflection e , - max 



Supplementary Note (Continued) 

conversion is complete and we may write 

PE - l<kG 2 ~ - 2 max 

where k is the torque constant of the suspension (text, 5 ~:.::. 
torsional pendulum). S~lving for w0 and substituting 
in KE = PE gives Q = (Cik)~/NBA}-Bmax' or Q~D. 

Tell in your report how you might verify this last 
relation experimentally. 



The Potentiometer 

The potentiometer is a widely used device for measuring D.C. volt­
ages (potential differences). It is not as convenient to use as 
a voltmeter, but it has the advantage that it is more precise, and 
it doesn't affect the circuit to which it is connected. The 
principle of operation of a· potentiometer can be understood from 
the following circuit. A 1-meter long uniform 

'...--/ --ljll-----1 
.,----{j;) ___ tv\.1\/\l\!vV'v\ j3 1 

~ R 

wire, AB,is stretched along a meter stick and a known current is 
arranged to flow through this wire by means of a battery, B~ a 
variable resistance R, and an ammeter. Let us suppose, for simpli­
city, that the 1-meter wire has a total resistance of exactly 1 ohm 
and the ·current in the wire is exactly 1 ampere. Then, according to 
Ohms law, the difference of potential between points A and B would 
be exactly 1 volt, the difference of potential between A and C 
exactly 0.5 volt, the difference in potential between A and D 
exactly 0.8 volt) and so on. Since (conventional) current always 
flows in a resistance from a higher to a lower potential, point A 
is 1 volt higher in potential than po1nt B, 1s 0.5 volt higher in 
potential than point C, etc.; in fact, A is higher in potential than 
any other point of the uniform wire. Now suppose we have a 
battery whose emf is exactly 0.5 volt. Now the positive pole of a 
battery is always higher in potential than the negative pole by an 
amount equal to the emf of the battery, so for our battery of emf 
equal to 0.5 volt, the positive pole is 0.5 volts higher in potential 
than the negativ~ pole. Suppose we connect the positive pole to 
point A, as in Fig. 2. After we make this connection, point A and 
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the positive pole of the battery are at the same potential since no 
current is flowing in the lead connecting A and the positive pole. 
The negative pole is always 0.5 volts lower in potential than the 
positive pole, point C is 0.5 volts lower in potential than point A, 
hence point C and the negative pole of the battery are at the same 
potential. If we connect the negative pole to point C via a sensi­
tive ammeter, G, as indicated by the dotted lines, no current will 
flow, since current only flows when there is a difference of 
potential. If the emf of the battery had been 0.8 volts, we could 
have connected the negative pole to point D and no current would 
flow in the galvanometer. If we have a battery whose emf is unknown 
we can move the slider S along the wire until we reach ~.me point, 
U, where the galvanometer reads zero. Then we know immediately 
that the difference of potential between the battery terminals is 
exactly that between A and U, which can be read directly from the 
meter stick. This is the principle of operation of a potentiometer. 

It should be apparent that with the above arrangement, one could not 
measure emfs greater than 1 volt, since the difference of potential 
between the two ends of the wire is only 1 volt. To measure emfs 
between 0 and 2 volts, we could decrease R until the current in the 
wire were exactly 2 amps. Now the difference of potential between 
A and B would be 2 volts, that between A and C, 1.0 volt, and that 
between A and D, 1.6 volts. We could proceed exactly as before to 
determine the unknown emf. It should be clear that by properly 
choosing the current that is to flow in the uniform wire, one can 
measure any size emfs. 

It turns out that the current in the uniform wire can be adjusted 
to the desired value more precisely by means of what is called a 
standard cell (battery) than by using an ammeter. Suppose we have 
a battery whose emf is known to be exactly 0.500 volts, and suppose 
we wish to adjust the current in the wire to be exactly 2 amperes. 
We know that if the current were 2 amperes, the difference of 
potential between A and the 25 em point on the wire would be exactly 
0.5 volts. We connect the positive pole of our battery to point A, 
and the negative pole via a sensitive ammeter 

.L..-.--v\M...,v•~"'"-''·~·~'"f'·'····''' '"'~ .. ·-...~'c.-.---.,__..,.__..._,,_.__...,_~ ... , ~'--·--~L 
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(galvanometer), G, to the 25 em point of the wire as in Fig. 3. 
Now we adjust R until the galvanometer reads zero. When this is 
the case, the potential difference between A and the 25 em point 
must be exactly the same as the difference of potential between 
the poles of the battery, namely 0.500 volts; hence, the current in 
the wire must be exactly 2 amperes. Suppose the emf of the stand­
ard cell were 1.35 volts. To what point of the wire should the 
sliding contact S be connected if it is desired to adjust the 
current in the wire to 2 amperes? 

The potentiometer you will use in this experiment differs from the 
one described above in that the uniform wire, AB, is wrapped as a 
helix around a cylinder which is then enclosed in a plastic case. 
The position at which the slider S makes contact with the wire is 
indicated by a dial mounted on the top of the cylinder. When the 
dial reads zero 3 the slider is at the end of the wire corresponding 
to point A, and when the dial reads 1000, it is at the end corres­
ponding to point B, when it reads 500 it is at a point correspond­
ing to point C, and so on. The circuit diagram of the entire set 
up is shown in Fig. 4. The battery B' is actually a regulated 
power supply which must be plugged in to an AC outlet to function. 
The variable resistance R is enclosed in a green plastic cylinder 
and its resistance is varied by turning the knob at one end of the 
cylinder. The standard cell is a flat cylindrically shaped mer­
cury cell having an emf approximately equal to 1.35 volts. (The 
exact value is written on the cell). The switch SW simply makes 
the process of calibrating of the potentiometer (i.~.~ adjusting 
the current to the proper value) more convenient. The swtiches 
marked C and 0 are provided to prevent a large current being drawn 
from the standard cell. Switch C is used to obtain a preliminary 
balance, and then swtich 0 is used for the final balance. The 
proper technique is to tap the switches rather than hold them 
closed for a long period of time. 

Procedure 

1. The resistance of the uniform wire is 100 ohms. If the current 
in this wire is adjusted to be .020 amperes, then the potential 
difference between end A and B would be 2 volts. If this were 
actually the case, then there would be some point of the wire 
which would differ in potential from A by exactly the standard cell 
voltage. Calculate the dial reading that would correspond to this 
point and set the dial to that value (e.g., if your standard cell 
is 1.350 volts, the dial should be set to 67~). Rotate switch sw

2 to the S.C. side and adjust the resistance R until the galvanometer 
indicates zero current when switch 0 is closed momentarily. Always 
use switch C to obtain a preliminary balance before using switch 0. 
Your potentiometer is now calibrated, and there is a difference of 
potential of 2 volts between the two ends of the wire. 
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2. Rotate SW to the UNK position. Connect a dry cell to the 
terminals mar~ed X, being careful to connect the positive (center) 
terminal of the battery to the terminal marked +. Now move the 
slider until a point of the wire is reached such that.the gal~ano­
meter doesn't deflect when 0 is held down momentarily. (Again, use 
the switch marked C to obtain a preliminary balance). Note the 
reading on the dial when a balance is obtained, and from this 
calculate the emf of the dry cell. It should be somewhere in the 
neighborhood of 1.5 volts. 

3. Reverse the connections at the dry cell so that the positive 
terminal of the battery is connected to the negative terminal of 
the potentiometer. Using only the C switch, note that it is im­
possible to find a pos1t1on of the sl1der which will produce zero 
galvanometer deflection. Is the galvanometer deflection smaller 
when the slider is at the zero end of the scale (point A) or when 
the slider is at the 1000 div mark (point B). 

4. Connect two dry cells in series and then connect the combinat~n 
to the potentiometer terminals, as indicated below. This com­
bination has an emf of about 3 volts 

----
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Using only the C switch, note that it is impossible to find a 
position of the slider which will produce zero galvanometer 
deflection. Is the galvanometer deflection smaller when the 
slider is at the zero end of the scale (point A) or when the slider 
is at the 1000 div mark (point B). 

5. There are essentially only two conditions in which it is im­
possible to get a balance on a potentiometer; either the point of 
higher potential of the unknown emf is not connected to the + 
terminal (point A) of the potentiometer or the unknown emf is too 
large. You encountered the first case in step 3 and the second 
case in step 4. Note that it is possible to determine which con­
dition you have by noting whether the galvanometer deflection 
increases or decreases as the slider is moved from the zero end 
(point A) to the 1000 div end (point B). There is a special case 
of the second condition which is worth noting, namely, the situa­
tion in which there is no current in the uniform wire, a condition 
easily obtained by failing to plug in the power supply. In this 
case, .all emfs will appear to be too high even if they are correctly 
conne~ted.---- · 

I 

A black box is provided which has an emf somewhere between 
0 and 2 volts. The positive terminal is not indicated. See if 
you can with your potentiometer determine which is the positive 
terminal. After you have done this, determine the unknown emf. 

6. The potentiomete~ was calibrated in step 1 so that is essenti­
ally direct reading. Once you obtain a balance for an unknown 
emf, you need only to multiply the dial reading by 2 to obtain the 
value of the unknown emf (of course you have to decide where the 
decimal point goes). This manner of calibrating the potentiometer 
is convenient, but not necessary. All that is required is that 
the current in the uniform wire be constant and of such a magnitude 
that one can obtain a balance both with the standard cell and with 
the unknown emf. To illustrate this case, turn the knob which 
varies R a couple of turns in either direction. There is now some 
unknown current flowing in the wire. Connect the dry cell that 
you used in step 2 to the X terminals of the potentiometer, and 
move the sliding tap until the galvanometer reads zero when switch 
0 is held down momentarily. Record the reading of the dial and 
let us refer to it as D . Now rotate switch SW3 to the SC position 
and adjust the sliding tap until the galvanometer doesn't deflect 
when 0 is held down momentarily. Record this dial reading and let 
us refer to it as D . Now calculate the emf of the dry cell from sc . 

emf of dry cell 
D 

X 

= emf of standard cell 

Dsc 

This computed value should compare favorably with the value for 
the emf of the dry cell that you calculated in step 2. 

7. Using the technique suggested in step 6, make three more mea­
surements of the emf of the dry cell, each using a different un­
known current. Calculate the average of all five values and the 
standard deviation of the mean. 







WAVES IN STRINGS 

OBJECT: To study the conditions necessary for the production 
of standing waves in a string, 

THEORY: When a string of mass per unit length 11 and under ten­
sion T is disturbed in a regular way, waves travel in both 
directions at a speed 

c = ~ (1) 

If these waves come to a point in the string where it is 
not free to ~ove they are reflected and travel back in the 
opposite direction, combining with any "incoming" waves to 
produce the resultant displacement of the string at each 
point, Under certain conditions the waves may be produced 
in such a way that the incoming and reflected waves are 
sine curves of wavelength ~ . In this case the resultant 
shape of the string will also be a sine curve oT wavelength 
~ . However, this resultant sine wave remains fixed in 

position longitudinally while the amplitude fluctuates, 
rather than moving to the right or left as its component 
traveling waves do. The wave is therefore called a "stand­
ing" or "stationary" wave. Successive "snapshots" of the 
string near a fixed point P might look as shown below. 
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Certain points N along the string are stationary at all 
times and are called nodes, Halfway between the nodes 

#z 

are the antinodes A where the vibrations have the largest 
amplitude. The distance between two successive nodes (or 
two antinodes) is equal to half a wavelength, In the pre­
ceding figure the point P must of course be a node since 
it is not free to move. 
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Suppose that a string of length L, fixed at both ends and 
under tension T, is disturbed in such a way that sine waves 
travel along it in both directions and are reflected at 
each end. Standing waves such as those described above can 
result only if the wavelength A is of such a magnitude as 
to make the two fixed ends of the string nodes. This means 
that standing waves can occur only if they (and their com~ 
ponent traveling waves) have a wavelength A such that L 
equals an integral number of half-wavelengths, 

L = n A/2 n = 1, 2, 3, 
or 

A = 2L/n 

Since the speed of the traveling wave components c is 
related to their frequency and wavelength by the expression 
c = fA , one can say that standing waves may be set up in 
the string by vibrations of a number of different frequencies 

f = c/A n == nc/2L ( 2 ) 

Making use of equation (1), the frequencies fn which give 

standing waves, are related to the tension T in the string 
by the equation 

f = n 
2L 

(3) 

For a given tension T the lowest allowed frequency (n:::l) 
is called the fundamental or first harmonic, the next high­
est frequency (n=2) the second harmonic, the next (n=3) 
the third harmonic and so forth. If the string is disturbed 
in a regular but arbitrary fashion the resultant wave is 
composed of a combination of sinusoidal waves each having 
one of the allowed frequencies, rather than a standing wave 
of a single frequency. 

In this experiment one end of the string is attached to a 
rod which vibrates sinusoidally at a single fixed frequency 
{the amplitude is small enough that the end of the string 
may be considered fixed). In general, waves are set up with 
no well defined nodes and small amplitudes but when the 
tension T is adjusted so that equation (3) is satisfied for 
an integral value of n, standing waves of large amplitude 
and definite, although not perfect, nodes result. The ten­
sion in the string is varied to obtain standing waves for 
several different values of n. 
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INSTRUCTIONS: 

(1) Arrange the apparatus as shown in the figure, 

(2) Vary the tension by adding or subtracting weights 
at the pulley end. Find and record those values of 
T (in newtons) for which well defined standing waves 
of maximum amQlitude are set up. For each standing 
wave determine the distance between a node near the 
pulley and a node near the vibrating rod and divide 
this distance by the number of "loops" between these 
points to obtain ~/2. Make a table showing the values 
ofT and~ for the standing wave modes. (Note: to 
obtain some of the smaller tensions that will be re­
quired, it will be necessary to use the 5 gram weight 
hanger provided. Use this smaller hanger only for 
weights of less than 75 grams.) 

(3) With the string under one of the tensions that produced 
standing waves in (2), cut out a section 1 meter long 
and determine its mass in kilograms. Record this mass 
per unit length 11 • 

(4) From equation (1) and the fact that the speed of a 
traveling wave is equal to the product of its fre­
quency and wavelength, show that for a fixed fre- · 
quency the quautity ~2 is directly proportional to 
the tension T in the string. Plot a graph of T 
versus ~2 using the corresponding values of T and ~ 
from part (2). Determine the frequency f from the 
slope of the curve. 

EXERCISE: 

Make estimates of the precision of T, 11 , and ~and 
calculate the corresponding precision in the value of f 
obtained, 
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The Hall Effect 

Introduction N 1 +-
Fig. 1 shows 2 equal point --------4:'=,----------+~>---

'% ~ charges, both posit1ve. Points M 
and N are positioned as indicated. 
Which point,M or N is at the 
higher potential? Now refer 
to Fig. 2. Which point, M 

~~ J --.:,>1 r-· cl --~ 
I 

or N is at the higher potential? p-,d 1 

N + + fv'\ 
(1--·--- --~@)'1+--- @------ -·-<' 

g ?, 

Suppose current is flowing through a rectangularly shaped conductor 
as indicated in Fig. 3. As indicated in the diagram (conventional) 
current is 
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flowing from right to left in the sample. Let us assume that in 
the sample the current is due to positive charges flowing from 
right to left as indicated. Since like charges repel each other, 
the positive charges will be arranged approximately uniformly across 
a given cross-section of the conductor, as indicated. Because of 
this uniform arrangement, one would expect that two points such as 
M and N would be at the same potential. Suppose that we now 
establish a uniform magnetic field of magnitude B which is directed 
into the.plane of t~e f!~ure. Since the posi!ive charges ~r~ 
mov1ng w1th a veloc1ty v to the left, there w1ll be an add1t1onal 
force on them given by 

__.:;) -) 

= q v'x B 

Since q is +, the right hand rule indicates that this force is 
directed downward. As a result of this magnetic force, the moving 
charges are no longer distributed uniformly over a given cross­
section but will be crowded into the lower portion of the sample 
as suggested in Fig. 4. As a consequence we would now expect N to 

· be at a higher potential than M. 
Experimentally, one finds that 
for some samples this is indeed 
the case; however, for other samplro 
just the reverse is true, i.e. 
one finds M to be at the higher 
potential, even though the direc­
tion of the conventional current 

-~ in the sample and the direction of 
B are the same. One concludes that for those samples for which N 
is higher in potential than M, that conduction in the sample is 
actually due to positive carriers moving in the direction of the 
conventional current. For those samples in which M is higher in 
potential than N, one concludes that conduction in the sample is 
due to negative charges moving opposite in direction to the con­
ventional current. (You should be able to convince yourself that 
negative charges moving from left to right would also be forced 
downward when a magnetic field is applied which is directed into 
the plane of the paper.) 

The difference in potential, VN - VH' that is produced between two 
points such as M and N when a sample carrying current is placed in 
a magnetic field directed at right angles to the current, is called 
the Hall voltage VH. On the basis of the explanation of the Hall 
effect given above, would you expect the Hall voltage measured for 
a given sample to increase, decrease, or remain the same if one 
increased the magnitude of the magnetic field, keeping everything 
else constant? 

Experimentally, it is found that for a g1ven sample 

B i 
t 

(1) 



3. 
where B is the magnitude of the magnetic field, i is the current 
in the sample, tis the thickness of the sample (see Fig. 5), 

and RH is a constant, character­
istic of the sample. RH is called 
the Hall coefficient of the sample 
and is consldered to be positive 
if the charge carriers are positive 
and negative if the charge carriers 
are negative. As is evident from 
equation (1), RH can be determined 
if one measures V , i,B and t. 
In this experimen¥ we are going to 
measure VH, i and B. The thickness 
t has already been measured car~­
fully and is marked on the samp:e 
holder. Measurements of B and i 

are reasonably straightforward. The measurement of VH is somewhat 
complicated due to the fact that experimentally points M and N 
do not always lie exactly on the same cross-section. Consider for 
example Fig. 6 \vhich shovrs points M and N misaligned. With the 
(conventional) current flowing as indicated by the arrow, point N 
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will be higher in potential than ~ 
even without a magnetic field. U ~ 
-, ... •.~,, .~ because conventional curr-
, I' , 

ent always flows in a conductor 
from a higher to a lower potential 
If the carrlers-are positive and 
flowing as indicated, then th~ 
application of a magnetic field . 
directed into the paper would force 
the positive carriers downward, 
and make N even higher in potential 
than before. It is this increase 
in the potential difference which 

is the true Hall voltage. The true Hall voltage VH is most easily 
determined by making two measurements of the difference in potential 
between M and N, one with the field directed into the paper and 
one with the field directed out of the paper. The true Hall voltage 
then is 

( 2 ) 

where VN - VM is the first of these two measurements, and 
(VN- VM)l is t~e.second of the~e two measurements. ~ote that 
these two quantltles may have dlfferent signs, dependlng on the 
extent of the misalignment of M and N. 



Procedure 

1. Since you will use a potentiometer to measure VN - VM as ~Tell 
as to determine the current flowing in the circuit, it will be 
necessary for you to refresh your memory as to its operation 
and method of calibration. (Reread, if necessary, the experi­
mental write-up dealing with the use of a po-tentiometer.) Since 
the voltages you will measure in this experiment will not ex­
ceed 2 volts,it will ba helpful to calibrate your potentio­
meter so that a dial reading of 1000 division corresponds to 
a potential of 2.000 volts. Make this calibration before 
proceeding. 

2. Your sample is encased in a piece of plastic to protect the 
leads. Note that points M and N are brought out to green 
terminals and that the yellow terminals are connected to the 
ends of the sample. 

3. Wire up the circuit as indicated in Fig. 7. 

r--------0 
JM 

Do not plug in your 6 volt power supply until the instructor 
OK 1 s your circuit. Set the sliding contact on the rheostat · 
about midway between the two ends. Note that with the switch 
S thrown to the right the potentiometer is connected across 
the two ends of the 10 ohm. precision resistor, while, when it 
is thrown to the left, it is connected to points M and N. 

4. After the instructor OK's your circuit and you have calibrated 
your potentiometer, plug in the power supply and throw S to the 
left. Orient the board holding the sample and permanent magnet 



5. 
so that the north pole (marked N) of the magnet is nearest you. 
The magnetic field B between the poles will now be directed 
away from you as indicated in Fig. 8. Orient the sample so 
that it can be 

.·.:.:• .. >-/ 
slipped into the field. With the sample in this position but 
still out of the field, carefully trace the circuit starting 
from the pos1tive (red) terminal of the 6 volt power supply 
to determine if the conventional current is flowing from right 
to left through the sample as you view it. If necessary, 
reverse the connections to the two yellow terminals so that 
the current does flow from right to left. Carefully trace the 
lead from the top end of the sample (call this point M) to 
see 1t it goes to the potentiometer terminal marked + or that 
marked -. Tie a string or rubber band around this lead to 
remind you it is the lead that goes to M. With the sample 
still out of the field see if you can detect with your po­
tentiometer any difference of potential between points M and 
N; Since you do not know in advance whether MorN is at 
the higher potential, and since it is impossible to obtain 
a balance on the potentiometer unless the point of higher 
potential is connected to the + terminal of the potentiometer, 
it may be necessary to reverse the leads going to the potentio­
meter, in order to get a reading. If you are able to detect 
a difference of potential,record this and note whether it is 
M or N which is at the higher potential. If you are unable 
to detect any difference of potential between M and N, you can 
conclude that the misalignment is very small, and the informa­
tion you obtain in step 5 will suffice to determine the sign 
of the charge carriers. -

5· Insert the sample into the field. You should now be able to 
measure a difference of potential between M and N although 
again it may be necessary to reverse the leads at the potentio­
meter to obtain a reading. Once you are able to get a balance, 
recor•d the reading and again note whether M or N is at the 
higher potential. 

6· From the information you obtained in steps 3 and 4 and the 
explanation given in the introduction you should be able to 
decide whether the charge carriers are positive or negative. 
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6. 
7. Throw switch S to the right and determine with the potentio­

meter the voltage across the 10 ohm resistance (again, it may 
be necessary to reverse the. leads going to the potentiometer 
to get a balance.) If this voltage is less than 0.5 volts 
move the sliding contact on the rheostat a small amount in 
the direction which decreases the resistance, and recheck the 
voltage across the 10 ohms. Continue this process until the 
voltage across the 10 ohm resistor is somewhere between 0.5 
and 1.0 volt~ Measure and record this voltage. Throw the 
swtich S to the left, insert the sample in the field and 
carefully measure and record VN - VM. Now remove the sample 
frdm the field, turn it over and reinsert it. Carefully 
measure and record (VN - VM)l, 

8. Move the slider on the rheostat about 1 to 1~ 11 in the direct .ion 
which increases the resistance in the circuit. Leaving it in 
this position, measure the new voltage across the 10 ohm 
resistor, and the new values of (VN - VM) and (VN - VM)l as 
indicated in step ~· 

9~ Repeat step 7 three more times. It will be helpful perhaps 
to make a table as follows: 

:Voltage across current VN-VM (VN-VM) ·v . 'RH 10 ohm resistor 
to<amp) 

H 
i ::: volts volts volts rial volts 

1 

I 

II 

III 

IV 

v 

m3 
coul 

10. Measure the magnetic field B between the poles of the magnet, 
using the Gauss meter. The instructor will show you how to use 
this instrument. 

11. For each of the trials calculate VH from equation (2) and 
RH from equation (1). Calculate the average* and the average 
deviation. (If you prefer, calculate the standard deviation.) 
The average or standard deviation can be used as a measure of 
the precision of your measurement of RH. 

Or until slider is at the end of its tange. 
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12. In this experiment, B and t were held constant. Equa·tion (1) 

predicts that VH should be proportional to i. You might like 
to check this by plotting VH against i. 

13. Can you explain why equation (2) gives the true Hall voltage? 

~·:A "better 11 average could be obtained by 11 weighting 11 each 
RH by an amount proportional to the current in the sample. 
Can you see why this is so? 



RESONANCE IN AIR COLUMNS 

OBJECT: 

To study the conditions which give rise to longitudinal 
standing waves in an air column. 

THEORY: 

Longitudinal waves traveling along a tube are reflected 
at the ends in the same way as are transverse waves in 
a string. In this case also, the waves traveling to the 
right and those traveling to the left may combine to form 
standing waves having a large amplitude at certain natural 
(resonant) frequencies. As in the case of the vibrating 
string, a node should exist at a closed end since the 
molecules aren't free to vibrate longitudinally. If the 
tube is narrow compared with the wavelength an antinode 
will occur at an open end. Thus by drawing the possible 
standing wave patterns, it is seen that the wavelengths of 
the first, second, and third harmonics are as shown below 
for a tQbe closed at one end and open at the other. 

~L~\;4~ r- L = 3 Az -1 r- L:: 5). 
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The corresponding resonant frequencies (f = c/A ) are 
therefore 

f 
n 

= (2n-l)c 
4L n = 1, 2, 3, 0 ..... 

For a tube open at both ends resonant frequencies can be 
predicted by assuming antinodes at both ends. 

Suppose we have a closed tube which may be varied in 
length by positioning a plug in the tube. If we 
hold the ·frequency f fixed then according to equation 
(1) we should have resonance whenever 

~ 

(1) 

L = (2n-Uc 
4f (2) 

is satisfied for any integral value of n. The smallest 
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value of L is c/4f, the next larger value is 3c/4f, the 
next 5c/4f, etc. Thus if the L values W~ich produce reson­
ance are plotted against the numbers 1, 3, 4, 7, etc., the 
resulting points should lie on a straight line of slope 
c/4£. 

APPARATUS: 

\ ~~ - L 

,-, ,--~~ 
~~\\)_p_e~-k-e-r------~~-------~--------
t_ 0-sc i )lA tor 

INSTRUCTIONS: 

(1) Record an identifying number for the oscillator used, 
Arrange the apparatus as shown in the preceding figure. 
Set the oscillator dial at 1000 cycle/sec. Starting 
with the plug near the end of the tube farthest from 
the speaker, move the plug slowly toward the speaker. 
Note those positions where the sound intensity in­
creases to a maximum. (Note: Just beyond the reson­
ant points the intensity drops rapidly. These sudden 
changes may be more readily detected than the actual 
maximums,) Measure carefully the distance these maxi­
mum positions are from the speaker end of the tube, 
Since the location of resonant positions is somewhat 
a matter of judgment, locate them independently a 
number of times. 

(2) Repeat step (1) with the oscillator set at 1500, 
2000, and 2500 cps. For one of the frequencies 
determine if the lengths L measured depend upon the 
position of the speaker relative to the tube. 

(3) Determine the exact frequency of the oscillator at 
each of the above settings by hooking it up to the 
E-put meter via the auxiliary terminals on the supply 
panel, TheE-put meter is being used by several other 
gro.ups, so it will be necessary to coordinate your 
activities with theirs. 
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(4) Using the data obtained in the previous steps plot, 
for each of the four frequencies, a graph of the 
length of the tube to the resonant positions against 
the numbers 1, 3, 5, 7, 9, 11. Plot the distance to 
the resonant position nearest the speaker above the 1 
on the horizontal scale, the distance to the next 
resonant point above the 3, etc. According to 
equation (2) the points plotted in this manner should 
lie in a straight line. Draw the most representative 
lines through your plotted points and determine the 
slopes and intercepts for each frequency. 

(5) From the slopes determined in the previous step and 
the frequencies found in step (3), determine the 
velocity of sound in the tube (average the four 
values). 

(6) According to equation (2) the graphs plotted in 
part (4) should go through the origin. Does your 
experimental data fit equation (2) and, if not, how 
would you modify equation (2) to make it fit your 
data? Can you think of any physical reason why 
equation (2) might need to be modified? 



PRISM SPECTROMETER - DISPERSION CURVE FOR GLASS 

OBJECT: To measure as a function of wavelength the index of 
refraction of a glass~ample. 
Ref - H & R Chap 41 (see example 3)(see prob. 7) 

THEORY: The glass sample, in the form of a prism, is illuminated 
by a beam of light from a source S as shown in Fig. 1. Light is 
admitted to the collimating tube by a slit and is converted into 
a parallel beam by a lens at the other end of the tube. This beam 
then strikes the prism, i~ refracted at the two surfaces, and 
enters a telescope which is used to observe the light after refraction. 

Fig. 1 

The light beam strikes the first surface of the prism at angle of 
incidence 8 and is refracted twice, leaving the second surface at 
angle 8' with the normal. The angle of deviation Dis the angle 
which the rays emerging from the prism make with the rays which are 
incident on the first surface. If the prism is rotated so as to 
vary the angle of incidence e, the deviation angleD will change and 
one must move the telescope in order to view the beam. There will 
be one particular angle of incidence for which the deviation D has 
a minimum value Dm. Using the laws of refraction and geometry, one 
can. show that the'index of refraction of the glass is given by 

n :: 

sin A + Dm 

2 

sin A 

2 

(1) 
(Text) 
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~he above discussion assumes that the source S emits light waves 
of only one frequency (i.e. a monochromatic source), the index of 
refraction calculated from equation (1) being the index of the 
glass for this frequency. If the source is not monochromatic but 
contains a number of discrete frequencies, each frequency will be 
deviated through a different angle D and several beams will emerge 
from the prism - one for each frequency of light emitted by the 
source. This occurs because the refraction of light at the two 
surfaces depends on the index of refraction n of the material 
(Snell's law) and the index is different for light of different 
frequencies. One can find the value of n for any of the frequencies 
emitted by the source, simply by determining the minimum angle of 
deviation D for that particular frequency and using equation (1). 
A plot of tWe index of refraction of a substance as a function of 
light frequency f or wavelength (in air) A is called a dispersion 
curve. 

APPARATUS: The apparatus used for this experiment is called a 
spectrometer. It consists essentially of a collimator which is 
simply a tube with a slit at one end and a lens at the other, a 
telescope and a prism table. The telescope and prism table are 
arranged so they may be rotated independently about a vertical 
axis. A circular scale permits one to measure the angle through 
which the telescope is rotated. 

To make accurate measurements with a spectometer the following 
preliminary adjustments must be made: 

1. The collimator and telescope must be adjusted so that the beam 
emerging from the collimator is parallel and so that the objective 
lens of the telescope brings this light to a focus exactly in the 
plane of the cross hairs. 

2. The axes of the collimator and telescope must be adjusted so 
they are perpendicular to the axis of rotation. 

3. The refracting surfaces of the prism must be made parallel to 
the axis of rotation. 

These adjustments have already been made. 

DO NOT TOUCH THE PRISM. DO NOT ADJUST THE POSITION OF THE COLLI­
MATOR LENS, NOR THE OBJECTIVE LENS OF THE TELESCOPE. DO NOT DIS­
TURB THE LEVELING SCREWS OF THE PRISM TABLE, TELESCOPE OR COLLI­
MATOR. 

Before using the instrument, please read the following description. 
The first applies to the spectrometers made by Ealing Co., the 
second to those ~ade by Gaertner. 



3 0 

Ealing Spectrometer: 

A large thumb screw directly beneath the collimator and about one 
inch from the base of the instrument clamps the prism table and 
scale. A similar thumb screw directly beneath the telescope clamps 
the telescope. When this is tiphtened, the telescope can still be 
rotated a small amount by the vernier screw~ocated just above and 
to the right of the telescope clam~i~g screw. A small thumb screw 
at the slit end of the collimator adjus~s the width of the slit. 
The four thumb screws mentioned in this descripti~n are the only 
ones that should be manipulated by the student. 

Gaertner Spectrometer 

A large thumb screw near the axis of the instrument and about one 
inch above the divided scale clamps the telescope. A second large 
thumb screw at the same height but at the base of the telescope 
support arm permits a fine adjustment of the telescope position. 
The prism table assembly can be clamped by means of the small 
thumb screw located near the axis of the instrument and about 1-1/2 
inches below the top of the prism table. Note that the prism table 
assembly rides on a collar which is clamped in position by means of 
a second small thumb screw. When it is necessary to raise or lower 
the prism table assembly, both small thumb screws should be loosened 
and both the collar and prism table assembly moved at the same time. 
At the slit end of the collimator is a small thumb screw which ad­
justs the width of the slit. This thumb screw along with the other 
ones that are mentioned in this description are the only ones that 
should be manipulated by the student. 

INSTRUCTIONS: 

1. Look into the telescope and move the small tube containing 
the eye lens in or out until the cross hairs may be seen 
distinctly. 

2. Loosen the screw which clamps the prism table and rotate the 
prism table until the apex of the prism points toward the 
collimator. Re-tighten the screw to keep the prism in this 
position. Illuminate the slit using the small 110 volt lamp 
provided. Rotate the telescope into such a position that 
the image of the slit formed by light reflected from one 
face of the prism can be seen in the telescope (po&tion B, 
Fig. 2). If you can't find the image, ask the instructor 
for assistance---do not move the prism around or adjust the 
leveling screws. Clamp the telescope in this position and 
use the fine adjustment screw so as to set the cross hairs 
exactly on the image of the slit. Read and record this 
position of the telescope on the circular scale. Loosen the 
telescope clamping screw and rotate the telescope into B'. 
Rec,lwnp and use the fine adjustment screw to set the cross 
hairs on this image. Read and record this position of the 
telescope on the circular scale. 
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The angle through which the telescope has been rotated from position 
B to position B' is twice the refracting angle A of the prism. Prove 
this! Since the decision as to when the cross hairs coincide exactly 
with image is a matter of judgment, it would be wise to determine 
the readings corresponding to positions B and B' several times in­
dependently. The average deviation of these individual settings will 
give you some idea of how precisely you can measure angle A. 

3. Loosen the screw which clamps 
the prism table and rotate the 
table until the prism is approxi­
mately in the position shown in 
Fig. 1. Mount the Hg vapor lamp 
so that it will illuminate the slit 
of the collimator. w{th the tele­
scope approximately in the position 
shown in Fig. 1, look through the 
telescope and adjust the position 
of the telescope and/or prism tahle 
until you see in the telescope a 
number of colored images of the 
slit. These will be spaced appro~­
mately as shown in Fig. 3 (all of 
the lines may not be visible for 
any one position. of the telescope, 
and it may not be possible for 
some students to see all of the 
violet lines). 
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4. Focus your attention on the 1st line of the spectrum. 
Keeping this line in view in the telescope, slowly rotate the 
prism table in the direction which decreases the angle of deviation 
for this line. Note that there is some pos1tion of the prism table 
for which the angle of deviation is minimum and if the prism table 
is turned in either direction from this position, the deviation 
will increase. (With the prism table set in the position for mini­
mum deviation for the line in question, clamp the prism table and 
carefully adjust the position of the telescope until the cross hairs 
are centered on the line.) Read the position of the telescope on 
the circular scale. From here on the procedure will vary depending 
on which instrument you are using. 

FOR THOSE USING EALING INSTRUMENT 

5. Leaving the prism table clamped, rotate the telescope until it 
is directly opposite the collimator. The prism can be moved aside 
without rotating the table so that you should be able to see a direct 
image of the slit. Set the telescope carefully so that the cross 
hairs fall on the image and record the position. The difference be­
tween this reading and the first one is the minimum angle of deviat~n 
for the line in question. 

6. Unclamp the prism table and repeat steps 4, 5 
of the other lines in the spectrum of the source. 
up the small white light at the slit and note the 
this source. 

FOR THOSE USING THE GAERTNER INSTRUMENT 

and 6 for each 
Finally, set 

spectrum due to 

5. Unclamp the prism table and rotate the table so that it is in 
the position of minimum deviation for the second line of the spectrum. 
Clamp the table and carefully adjust the position of the telescope 
so that the second line falls on the cross hairs. Record this 
position of the telescope. Repeat for all the lines in the spectrum. 
Set up the small white light source at the slit. Note the spectrum 
produced by this type of source. 

6. Lower the prism table assembly after first loosening the two 
small set screws. Swing the telescope to a position directly 
opposite the collimator. It should be possible to see a direct 
image of the slit. Set the telescope so that this image is centered 
on the cross hairs and record the readine on the circular scale. 
Raise the prism table assembly to its original height. You can 
check this by holding the small white light at the eye piece end 
of the telescope and examining the beam emerging from the front 
end to determine if it is completely intercepted by the prism face. 



6. 

ANALYSIS AND RESULTS: 

1. Calculate for each wavelength the index of refraction using 
equation (1). 

2. Draw a dispersion curve showing the index of refraction n 
in this type of glass for various light wavelengths 
(in air) i\. 

3. For a wavelength of 6000 A, the indices of refraction of 
dense flint, light flint and crown glass are respectively 
1.65, 1.58 and 1.52. Based on your data, of which type of 
glass is the prism made? 

l I I I 
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The Prism S trometer 

If a transparent prism is illuminated by a beam of light 
from a source S as shown in the figure below, the beam strikes 
the first surface of the prism at angle of incidenceS and 
is re~racted twice, leaving the second surface at angle ~ 
with the normal. 

L /~ht Sovr(e S 
~nd (o/1/mtA.(v'Y 

r:'J· 1 

V/-~, w/;rf 

T{' I~ 5 io r-e. 

The angle of deviation D of the light depends on the angle of 
incidence e, and on the frequency of the radiation since the 
index of refraction is different for different frequencies in 
"dispersive" media such as that from tvhich the pr·ism is made. 
It can be shown geometrically (do this) that: 

D = e + ~ A or ~ = D + A - 8 

A = B :: R + I 

Applying Snell's law at each refracting surface: 

R = arcsin [<sin 8)/n] 

I = arcsin [(sin~)/n] 

Substituting into (2) we get 

A= arcsin [<sin 8)/n] + arcsin [Csin~)/n] 

(1) 

( 2) 

or, bringing all three terms to one side of the equals sign 
and calling the sum of these three terms F(n): 

F(n) =arcsin [Csin8)/n] + arsin [Csin~)/n]- A= 0 

where equation (1) allows the replacement of angle ~ by D + 
A - e . Thus if angles 8 and A are held constant, equation 
(3) expresses implicity how the deviation angle D depends on 
the index of refraction nand Vice versa. The priem'will1 fiaVe 
different indice~ of refraction n'for th~ ·different f~equ8~cies, 
which will then be deviated by different amounts D for light 
in~ident at a fixed angle eon a prism of a certain apex angle 
A. 

An equation like (3) which is not solved explicitly for 
one var'iable in terms of another (e.g. D = f ( n) ) but has ..... . 
the variables "mixed up", is called a "transcendental'' 
equation. Solutions to this type of equation may be obtained. 
by a method of successive approximations called the Newton-



2. 

Raphson method (see McCracken, "Fortran with Engineering 
Applications'', Chapter 10). Suppose that you wanted to solve 
an equation F (x) = 0 such as that shown in the figure below 
for the values of x which make F (x) = 0 (the roots of the 
equation). 

F<x) 

Root I 

'I 
'/ 

I 

To start the computation a guess x is made as a rough approxi­
mation to the value of the root, ~he value of F (x) and the 
slope of the F (x) curve at x is obtained and a better 
approximation to the root is 8alculated from the equation for 
the slope 

F 1 ( x ) = F ( x ) I ( x - x
1

) 
0 0 0 

xl = xo - F(x )/ F' (x ) 
0 0 

or 

where x1 is the second approximation to the root. Then, in 
the sa~~ w~y FCx1 ) and F'(x1 ) are calculated and a better 
apprOXlmatlOn 

x2 = x1 - FCx1 )/F' Cx1 ) 

and so forth until there is a negligible increase in pre­
cision for any further iterations. In order to use this 
pro~edure on equation (3) it is necessary to have an expression 
for the slope of the F (n) curve, obtained by taking the 
derivative of equation (3) with respect to n while holding 
other variables constant. 2 2 

·. 

-(sin 8)/ n + -(sin¢)/n 
F' ( n) = ~ ~ -· m"-~--r,cu, ( 4) · 

fl-(sin 2e;n2] [1- .<sin2¢ )/n_jvz 

Experiment: 

I. Using the clamping screw which locks the prism table; · 
fix the prism in a position such that its apex points toward 
the collimator and white light source as shown, (It isn't ·· 
possible or necessary to align the base of the prism exactly 
perdendicular to the beam). 
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Use the fine adjustment screw to set the telescope cross h~irs 
exactly on the reflected ima£e of the slit at Band B', re­
cording both positions on the telescope circular scale. Re­
peat this measurement several times and determine the average 
values and standard deviations. Prove that the angle througl1 
which the telescope is rotated from B to B' is twice the 
prism apex angle A and calculate A and its standard deviation. 

II. Using the mercury vapor lamp source rotate the prism 
table until it is in the position shown in Fig, 1. Adjust the 
beam slit openinc and the position of the telescope and prism 
table until you see a number of sharp narrow vertical lines 
of different colors through the telescope. These are images 
of the slit opening formed by light of the wavelencths given 
below. 

0 C> 

YellovJ 5791 A a.nd 5770 A 

0 

Green 5 lJ.61 A 
0 

Blue green 4916 A 
0 

Blue 4358 A 

"' 0 

Violet 4078 I\ and 4047 A 

By trial and error position the prism so that the green line 
has the smallest deviation angle D (see Fig, 1) that it can 
have for any prism setting. This "mininlUm deviation" angle 
for the green light is the one for vJhich 8 and <P are equal for 
light of this \-Javelength, and these angles can thus be easily 
determined from the position of the telescope when lined up 
on the refracted beamJ using equation ( 1). Leave the pl'ism 
table clamped in the same position Ce will be the same for all 
lines in the refracted spectrum) and record the position of 
each of the visible lines on the telescope scale. Each 
reading should be repeated independently at least three times. 
In order to get a line in the red part of the spectrum change 
your source to a gas discharge hydrogen or helium tube and 
determine the position of one of the following lines without 
changing the prism orientation. (Note: BUJAHE OF THE HICH 
VOLTAGE - SEVERAL THOUSAND VOLTS - USED ON 'rf1E GAS DISCHARGE 
TUBES- THINK!!) 

() 

Helium 1\ed line 6678 1\ 
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Again keeping the prism in the same orientation as before 
determine the positions of some lines of unknown VJavelength 
(for example other lines from hydrogen, helium, cadmium, 
oxygen, nitrogen or neon). Finally, rotate the telescope 
un1.il it is directly opposite the collimator and move aside 
the prism without unclamping the table (Ealing instrument) 
Ol' lower the prism table assembly after first loosening the 
two small set screws (Gaertner instrument). Hecord the 
position of the unrefracted light beam on the telescope 
scale. This reading will be necessary in order to get the 
deviation D associated with each of the previous readings. 
Calculate angle Band angle D for each of the lines on which 
you made measurements. 

III. Thel'e will be a computer> pror;ParH available in the labora­
tory for solving by the Newton-Raphson method for the index 
of refraction that the prism has for• light of each of the 
wavelengths present in the spectral lines. The program re­
peats the successive approximations to the value of each n un­
til tl1e difference between a computed value and the preceding 
value is less than .00001. 

IV. Plot a r;raph showing the prism index of refraction as a 
function of the wave1engtlt of the refracted light. Use the 
graph to determine the wavelengths of the lines for which ~ 
is unknown. A more precise way of determining these wave­
lengths ~ould be to det~rmine the coeffici~nts ~n a least­
squaresflt of a polynomlal y =A+ Bx + Cx +Dx + •••••..•• 
to the graph of index n versus wavelength ;\ or vice versa. 
Any wavelength could then be determined by putting the 
corresponding value for index of refraction n into the 
equation. The computing center has subroutines for doing 
such a least-squares fit (see "Scientific Subroutines" 
section of their manual for subroutines 11 GDATA, OIWER, HINV, 
and HULTR") 



INTERFERENCE AND DIFFRACTION 

According to Huygens' principle, each point along a wave-· 
front may be regarded as a new source of waves. Whenever 
something obstructs part of the wavefronts, interference between 
"wavelets" emanating from different parts of the unobstructed 
wavefronts produce a diffraction pattern which is characteristic 
of the geometry of the obstruction (or opening in object which 
blocks the light) and of the wavelength of the light, It is 
shown in nearly all introductory physics textbooks, for example 
(see Resnick and Halliday, section 43-1), that when light waves 
pass through a double slit arrangement like that shown below 
they interfere constructively and destructively at different 
positions to form fringes on the screen S such that intensity 
maximum appear at positions 

Source 

x = n 

Slit 
Opening 

Slit 
Opening 

Q_ Screen 
s 

In somewhat the same way wavelets passing through different 
parts of a single slit interfere to produce a single slit dif­
fraction pattern with destructive interference causi~g diffraction 
minima at angles Q such that (see Resnick and Halliday, s~ction 
44-2) 

a sin Q = m A. m = 1,2,3, .......... . 

with maxima approximately half way between (the exact intensity 
expressions are given in section 44-3), where a is the slit width, 
A circular aperture of diameter d results in fringes having cir­
cul~r symmetry with the first minimum appearing at a distance 
from the center such that (see Resnick and Halliday, section 44-5) 

sin Q = 1.22 A/d 



Experiment: 

2. 

(Due to a limitation on equipment, half the 
groups will have to start on part (2) below and 
do (1) at the end of the experiment,) 

The lasers used for a light source are helium-neon gas
0 

discharge lasers and put out a beam of wavelength A:::: 6328 A. 
The apparatus is set up as shown below. 

/1\ 

Diverging 
Lens 

Converging 
Lens 

/ 

........... " / 
/ 

/ 

Wa ll/,?1' 

The converging lens is moved close enough to diverging 
lens to keep the beam diameter constant from the converging 
lens to the wall (beam must be wide enough to completely fill 
the diffraction opening, 

(1) You will be given an IBM card, Use the comparator to 
determine the dimensions of a punch hole and the spacing 
(center to center) of adjustment holes. Measure the dis­
tance from your diffraction openings to the wall. 

(2) Put a single punch opening in the beam as the diffraction 
opening and measure the distances to the various diffraction 
peaks in the two directions. Repeat with the triple punched 
opening, 

(3) Repeat part (2) with a single narrow slit, a circular open­
ing, and a screen. 

(4) Compare theory and experiment using your measurements of 
parts (1) and (2) which involve the single and triple punch 
holes in the IBM cards. What is the percentage difference 
between the length and width of a single rectangle calcu­
lated from measurements on its diffraction pattern and the 
length and width measured directly? 

(5) Discuss qualitatively the appearance of the diffraction 
patterns of the circular opening and the screen of part (3) 
and determine the slit width, circular hole diameter, and 
screen mesh spacing from the diffraction pattern measurements. 
The bright disc at the center of the diffraction pattern for 
the circular hole is called the airy disk. You may want to 
compare this disk diameter (really the diameter of the dark 
ring surrounding the bright center) to the theoretical value 
given in the text (section 44-5 in Halliday & Resnick). 



n!e Diffraction Grating 

Ref. Halliday, Hesniclt, Sections L~5 ... 1 ,2$3., 

In the pr'ism spectrmneter experiment, a spectrum of mercury 
was obtained by allm..ring light from a mercury lamp to be refpacted 
by a prism. In this experiment a spectrum of mer•cury will be 
pPoduced by diffraction; a grating replaces the prism. 

'I'he arrangement is slcetched in Figln'e 1. If your gJ:>ating is 
labelled B you 1.,1ay be able to observe only the zer•oth and first 
order spectr1-u:n. If it is marlwd A, several orders ma;sr be 
visible. The angle g at 1:-.rhich a given Havelength .A is obsePved 
is re.lated to the wavelength as 

sinQ = mA/d 

vfhePe d = grB.ting spacing (distance bet1reen lines ruled in 
grating fr•onl. wb.ich Pepli ca has been made) 

m = an integeP, the 11 ox•derii of the observed diffpaction 
maximum. 

Procedul"e 

Use first ordel" spectrruu for B grating, second opdeP if 
you have A gPating. Carefully position the telescope so that 
the in.tense violet Hg line is centol"ed on the cross-hail.., inter­
section 8.nd pecord the position of the telescope. 1\.epeat for 
each of the otheP lines, keeping a tabular Pecord, Then talce 
ree.dings for the same lines, sar,1e ordeP, on the othel" side of the 
zero-ox·der slit image. Suc;:._iested format: 

Co lop Uavelength Q = sin C) 

I.L:1!~Hcuny 

violet L~o~-7 A 
fe.int 

violet-blue L~358 

blue-gpeeJ.l. L~916 
faint 

r;reen 5L!"61 

yell Ol.rJ'l 5770 

yellm-r2 5791 
NEON 

yellol!J' 

Upon finishing the Hg observations, place the neon sotU'ce 
(orange) in front of the slit and talre peadinc;s on the brightest 
yelloVJ line in its spectrrun. 

Aslt someone 1.rd th a grating label (A, B) diffePent from yours 
for a loolc at his IIg spectrum. Does A or D have a smaller grating 
spacing? (If curious, analyse a few higher order lines~) 



AnalysiE_ 

Using a full sheet of graph paper and scaJ.e s which malm full 
use of the precision of your ·we::-tsurements, plot sin Q vs. 
wavelength. Since the gr•ating equation above predicts a linear 
ralationship between sin Q and A , use a ruler to draw in the 
line which best fits your data. I~xtPapole.te on youl" plot to find 
the wavelength of the neon yellovl line. From the gr-aph, find d_ 
Include quantitative estimates of the exper>imental uncertainties 
in your• reported x•esults. 

Opti~wstions 

L, Can a iiline which best fits 11 be fom1d by n1ox•e sophisticated 
techniques? A1-.e these Harranted here? 

2. T1rJO yelloH lines in tho Hg spectpum, separated by about 20 
Angstrom 1..m.its, are well resolved@ In first o1-.der> (m = 1 ),. hoH 
close can t110 red lines be in or>der that they be :;'esol ved by your 
grating? (Dase your estimate on resolving power R (text) consid­
er•ing the Hayleigh criter•ion, i.e .. ~ diffr>action effects at the 
gr>atinc;. 1.Chis ignores other effects, such as diffraction at the 
entrance slit and lens effects. 

3. Loolt up youp pl'ism r>epOl"'t and comment on the relative r•esol­
ving po11rer of the two li di spersing 11 devices, prism and gPating. 

collimatoP 



INTERFERENCE & DIFFRACTION 
J1114nJ ----....,..,·~~ Mnr _.... r w • 

OBJECT: To observe the el!eet of interference of light wave• 
and to mealllure the wavelength of the light emitted by a 
monochromatic source uu;1ing Young's experiment. 

THEORY: In Young'e "double elit" experiment an approximately 
monochromatic Hght jCH.trce illuminates a slit. and light 
!:rom this slit is allowed to fall on two slits eepuated by 
a spacing d as shown in the figure below. If theGe two eU.ts 
are sufficiently narrow, each will act as a fOint source 
sending out new wavelets (Huygens' t=-rinciple) toward the 
ru:reen at the right. The illumination intensity at any 
point can be found by su1 e:dmpoBing the waves arriving 

the }:'Oint .f:rom the two •Hts; however this "adding" of 
the waves yields different resJultlll at different foints P. 
For example, consider light waves whlc:h reach the }:Oint 

shown in the figure from the two slit8. The two wav-es 
in t=hase at the dita; but EJince one has to lravel a 

greater distance rz :..r 4 it lag~ behard theother at P. 
If the lag amount• to one, two~ three etc. wavelengths at 
point P. aJd.ing the two waves gives .rise to a wave having an 
am~:Htude which is the sum of the amplitudes of the indivi­
dual wave•. This condition is referred to as constructive 
interference and results in a high inten1ity at P. If point 
p h a point where the }:ath difference rz .. !) is iluch al!l to 
make one wave arriving at the point lag the other by an 
odd number of half-wavelengths, the wave formed by 
aupe:q:oeition has almost zero amplitude. This condition 
is referred to as de4ih"uctive interference and results 
in very low intensity at P, 

p 

T - X 
.• J. 

...L 
0 

..------~ 0 ---------.-
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APPARATUS: 

Instructions: 

It is shown in a number of texts (e.g. Sears and 
Zemansky) e.hat fm'" points P for which the angle 
Q i.:t small, the path difference (r2 - r 1 ) is given 
the equation 

. 
and hence constructive interference occurs at 
points P for which 

& x • nA where n•0.~~1,2,3, ........ 
It tollows that there will be bright interference 
fringes at the following values of x: 

• 0 

Whenever a part of the wavefronts coming from 
a point source are cut orr by $Orne obstacle. fringes 
occur as the result of interference bet' ween Huygens' 
wavelets emanating fl'•om various parts or the unob- • 
structed waverronts. For example a small circular 
object when placed in the light from a point source 

.produces circular fringes, alternately bright and 
' dark. The process involved is present in every 

wave but this effect is observable only if some 
part if the wave is cut off and is called diffraction. 

~ lang box with a slit at one end and the film 
holder or a Polaroid Land camera at the other, a 
monochromatic (approximately) light source, double 
slits, a fine wire, and a razor blade. 

(ImR2rt~~l Note: Please keep the cameras wrapped 
up and insidethe boxes when not in use. Do not 
pull open metal shutter ~nt11 l2f a~ read~~. 
8XEOB! the ~· In each of the orlowing parts 
remove t1i'e camera and observe the in,t:erference 
pattex•n through the rna.c;nifier lens b~fore photo­
graphing the pattern.. Rotate the primary slit 
(directly in f:ront or source) to that position 
where the fringes are most distinct (parallel ·to 
the double slits or the diffracting obstacle). 
Then replace the camera and make an exposure. 
An exposure is started by pulling the thin sheet 
metal dia.phragm ~to the ltne inscribed on it •••••• 
~ill !!1! !~l ~£f.~I~-~I£.t· To stopthe 



expo8ure push this diaphragm back down. 
Note that there are three notches cut in the 
flat plate to which the film holder is fastened. 
The bottom of the plate and these three notohe~ 
determine four fixed vertical positions or the 
camera. ~~E.Q~~r~- ... ~~ t9 b~_ta!i,en ,pn_! 
sin le fil~~~ Is exEected to take 

. O.fCturetiut'wl I b'eiliowe'd one more 
is made on the first. -

•~ _, n'w rt'WA:~ ~"' :;t ,_,,.~~ 1 

(l) Each group will be given two double slit 
systems with different spacing d between the slits~ 
Place the double slit with the smaller spacing 
in t support near the center of the box. After 
adJusting for the most distinct fringes as 
described above~ make a three minute and an 
eisht minute exposure on the same picture 
(different vertical position of camera). 

j, 

(2) Using the same film repeat part (l) with 
her double slit. Ask the instructor about 

the procedure for developing and removing the 
film. After the film has been removed from the 
camera, coat it with the applicator provided. 

(3) Mount the film on a comparator (if they are 
both in use go on to steps 4 and 5). Observe the 
pattern by means of the microscope provided and 
determine the distance between fringes for the 
two different double slits. (On the larger 
comparator one full turn of the main dial pro­
duces a carriage displacement of 1 mm.) Since 
the fringes are presumable equally spaced~ one 
can obtain precision in determining the distance 
between two successive fringes by measuring 
the distance between two widely separated fringes 
and dividing by the appropriate number~ Make 
some kind or estimate of the precision or this 
determination of the distance between successive 
fringes. 

(4) M~asure the distance from the slits to the 
metal diaphragm on the front of the film holder. 
The distance from this diaphragm to,,the film 
position is 2.70 em. Use the compa~ator to 
measure the spacing between the slits. 

(5) Replace the double slits with a fine wire. 
Observe the diffraction pattern with a magnifier. 
Make this as sharp as possible by rotating the 
primary slit a few degrees to the right or 
left. Sketch the pattern in your notebook. 
Repeat for the straight edge (razor blade). 



1. Calculate the wavelength or the light used from your 
measurAn&nts of D, the distance between successive 
fringes, and the values of slit spacing d. 

2. What accuracy would you claim for the wave length? 
Justify your answer. 



Ultrasonic Double Source Interference 

The arrangement of equipment is illustrated in Fig. 1. 

oscilloscope-'\. _.:,._._. ___ _ 
si 

, I J 
transducer ~ 

used as sourc--e-. .) 

\NVV'v[---~~r R I 8II 

-josc~j-· 

Fig. 1 

0 

used as detector 

SI and s 11 are surfaces which are forced to move in simple harmonic 
motion at a frequency f determined by the oscillator setting. 

With the circuit shown~ the motions of s 1 and Sir are exactly 180° 
out of phase~ so they may be represented mathematically by 

Ysi = A sin wt 

where w = 2rrf 

Y = -B sin wt 
S II 

Both surfaces, s1 and SII radiate sound waves of frequency f. 
Referring to Fig. 2, the waves sent out in a given direction, 
say x, by source SI may be represented by the equation 

Yr = A sin w(t X - c> = A sin (wt - kx) 

and those sent out by 8Ir in a direction specified by X as 

Yrr = -B sin wCt - ~) = -B sin. (wt - kX) 
c 

Here k = w 
c 

and c is the velocity of sound in the medium (air). 
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Fig. 2 

The disturbance (motion) produced by the wave from source I at any 
point such as P, a distance x1 from Sr is simply 

y 
Ip 

::: 

Similarly, the disturbance (motion) at P due to the source SII is 
given by 

::: 

It is generally assumed that at any point such as P where the 
two wave trains cross, that the disturbance is simply the ~ 
of the motions that each wave would produce separately, ie., 

::: 

(A superposition prin~t~~=t:~P~~e~h~~r~h~ d~'f'f'·~~~·~·~·~·~·b·e·~~~·e·~P.~.c1 ... A~ .. ± ... 
9..~.1?..~ .. 1?. .. ~..... Suppose P is 
and x1 is some whole number of wave lengths of the sound wave, i.e., 

X - x = nA = n ~ = n 2Tic - n 2TI 
1 1 f w - T< 

where n ::: 0' 1, 2' 3' If this holds then 

xl = X + nit (1) 1 
and for this ~. P..~.?. .. ~.C::.~ .... ?.. ~ .. ~ .. ~ ........ 

Yp = A sin <wt kx1 ) B sin [wt k ( xl + n ~)] 
= A sin (wt kx1 ) B sin ( lJ.l"t k:xl - n ( 2TI)) 

= A sin (wt kx1 ) B sin (wt kx1 ) 

::: (A - B) sin (wt - kx1 ) 



3. 
This last equation represents a simple harmonic motion of amplitude 
(A- B). If one considers the special case where Pis so situated that ........................ ~" .. - ....................... .. 

;>., x1 - x = (2n - 1) 
.2 

= (2n - 1) ! 
k 

( 2) 

n = 1, 2, 3 

then it is easily shown that the motion at P will be given by 

Yp = (A + B) sin (wt - kx1 ) 

This equation represents a simple harmonic motion of amplitude 
(A + B). 

Suppose that the two sources are arranged as in Fig. 3, and a 
detector (which responds to the resultant (sum) of the disturbances 
produced by the two waves at any point) is moved along O' 00 11

• 

D ~ 

Fig. 3 

Of' 
\ detector 

rl 
I z 
f 

I 0 I 

is 
It 

There should be some points along this path where condition (1) 
satisfied and some points for which condition (2) is satisfied. 
should be apparent that the point 0 is one of these points for 
which condition (1) is satisfied. If the first point between 0 and 
011 for which condition (1) is again satisfied has a coordinate z 
it should be easy to show that 

J 
2 d 2 

.:>.. = D + (z + 2) J 2 d 2 
- D + (~ - 2 ) 

Hence, by measuring z~ d, and D, one could determine .:>.., and if one 
can measure the frequency f one can determine c, the velocity of 
sound in air. 
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Hints: 

(i) The transducers are resonant systems and work best at their 
resonant frequency which is around 40,000 hertz. 

(ii) A and B in the above equations can be made equal by adjust­
ing the slider or resistance R. This makes it possible to get 
very nearly zero amplitude at points (nodes) for which (1) is 
satisfied. 

(iii) The distance d in Fig. 3 can be changed. You may want 
to see what effect this has on z. 

(iv) The transducers radiate most strongly in the forward 
direction. 



Index of Refraction of a Gas 

Object: To measure the index of refraction of air using a modified 
Michelson Interferometer. 

Apparatus: The construction of the interferometer is shown in 
the figure. A single wave from the light source is partially 
transmitted and partially reflected at o, 
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glvlng rise to two waves, one of which travels to mirror M1 and 
back and the other to M2 and back. Part of each of these waves 
reaches the eye and they are brought to a focus at the same spot 
on the retina. If the wave traveling path ooo1o arrives at the 
retina in phase with the wave traveling path OM20, that spot 
will be bright. Another wave originating at a different place 
on the monochromatic source will travel different paths to the 
eye and will be focused at a different spot on the retina. The 
waves from this spot on the source may arrive at the retina in 
phase or out of phase depending on their paths (i.e. starting 
point). The result is that one sees a series of alternately 
bright and dark circular fringes, the bright fringes caused by 
waves which arrive in phase and interfere constructively and the 
dark fringes by waves which are out of phase and interfere 
destructively. 
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Theory: The condition that waves (from a single point on the 
source) traveling paths 0~11 0 and OM2o arrive at the retina in 
phase is that their paths differ by an integral number of wave­
lengths A • However the wavE:J.engtb of an (::lectromagnetic wave 
of a given frequency f depends on the medium through which it is 
traveling and can be expressed 

where Ao is its wavelength in vacuum and n is the index of re­
fraction of the medium for a wave of this frequency. Thus if one 
wanted to express the number of wavelengths in distance OM1 he 
would write 

t 
+ + 

where D is the actual distance from 0 to M , n is the index of 
refractlon fo the gas in the cell, t. is th~ th!ckness of each 
glass window, rt is the index of ref~action of the glass windows, 
and na is the i~dex of refraction of air. Similarly the number 
of wavelengths in distance OM2 is 

N2 = _n_2_. ---­

Ao/na 

The difference ~n the number of wavelengths along paths OM10 and 
OM20 is therefor~ 

~"T 2N __ 2D2 na 
C..1'l2- l 

,\o ] 
1 -

= Ao l2na (D2- D1 + t + 2tg)- 2n1 t- 4ngtgJ 

Letting K = 2na (D2\ -D1 + t + tg) - 4ngtg 

one obtains for the difference in the number of wavelengths along 
the two paths, 

1 
2N2 - 2N1 = J\ 0 (K- 2n1t) 

It is this difference which must be an integral number m = o, 1, 
2, 3, ..•...... if the two waves are to arrive in phase at the 
retina. Thus the condition for constructive interference of the 
two waves is 

K - 2n1 t = m Ao 
The index of refraction n of any gas is a function of its 

density and hence varies with ~he pressure of the gas. Suppose 
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that for a given pressure the above condition is satisfied with 
m = m1 (some integral number) for a particular spot on the retina 
so that 

( 1) 

If n1 is allowed to increase slightly by adding a small amount of 
gas, the two waves will no longer arrive exactly in phase and 
the spot will be reduced in intensity. When n1 reaches a value 
n1' such that 

K- 2n1' t = (ml - 1/2) Ao 
the spot will be dar·k, since this is the condition that the two 11 
waves will be exactly out of phase. When n1 reaches a value n1 
such that 

" K - 2n1 t = (ml - 1) A0 

( 2 ) 

the spot will again be bright since (m1 -1) is also an integral 
value of m. Subtracting (2) from (1) we obtain 

It follows then that if we start with condition (1) and allow · 
gas to leak in slowly, counting the number of times N the spot 
changes from bright to dark and back again, we can write for the 
change in the index of refraction of the gas during this process 

~ n = N Ao 
2t 

Therefore if we start with the cell evacuated so that n1 = 1, 
we can determine the index of refraction of any gas at any 
pressure just by counting the number of times the spot changes 
while the gas is allowed to leak into the cell until the proper 
pressure is obtained. The wavelength Ao of the light in vacuum 
and the length t of the gas cell ~ust be known. 

Instruct ions t = ( 8 · OC 0 ± 0. 0 (\ 2 ) c.rr', 

1~ Using a mercury lamp with a filter for the 5461 A green line 
adjust the mirrors so that bright circular fringes can be 
seen clearly. 

2. All groups should connect their cells and the manometer to 
the vacuum pump (open stopcocks) and evacuate them at the same 
time. Note the pressure in the cells as indicated by the 
difference in level of the two mercury columns in the manometer. 
Turn off the valve to the manometer. 
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3. Close off your cell from the p~;.;np 8.:~::1 open che stop cock to 
the controlled leak, al~~~iD~ air to leak slowly into the 
cell as you count the new fringes appearin« as bri~ht spots 
in the center of the pattern. ContiGue tu count until the 
cell again contains air at atmospheric pressure. Try to 
estimate the total number of fringes to a fourth of one fringe. 
Repeat this procedure. 

4. Open one cell only to the pump and evacuate this cell, again 
reading the manometer. Close off the pump, but not the mano­
meter, from the cell, and again allow air to leak slowly into 
the cell. When 20 new fringes have appeared in the center of 
the pattern shut off the leak and read the manometer. 

Analysis 

1. Calculate the index of refraction of air at atmospheric .·, 
pressure and at the pressure obtained in part 4. 

2. Estimate the precision of this method. 
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The d i a g r a m s h ow s t h a t p u t t i n g t he o b j e c t n e a r -. t1Ce~·~f'·o c a 1 p o i n t 

of a converging lens causes rays to come out of the lens nearly 

parallel to each other at angle A to the axis. One of these goes 

through the center of the eye lens undeflected and form~ an fmage 

on th~ retina. If the magnifier were not present, the object rays 

would go through the' eye lens undeflected at an angle B. SHOW that 

the angular magnification for this case is the distance of the 

object fro~ the eye ~ivided by the.focal length of the lens (this 

is only true for distances in the range of a· foot or so from the 

eye 1 wher~ some rays from the lens at angle A. would be able to ~each 
.. 

_the ~upil of the eye), Angular magnification is .the r~tio A B, but 

fo-r small angles we can take this ratio to be (tan A/tan B), and 

this iS .what one should use in the proof above. 

EXPERIMENT. 

For each of the twp shortest focal lingth lenses, put ·a 3x5 

card at approximately the focal length of the lens, ~nd look through 

the lens at the·card. Adjust the lens-to-card distance· until you 

see a sharp image of the lines on the card (you may want to. draw. 

one or two· additional lines on the card). Measure the magnific~tion 



2. 

by looking with both eyes at both the card and the lens and deter­

mine how, much larger the line spacing appears as viewed in the 

lens. Compare this value to that given by the theory for each lens 

used. 

THE TELESCOPE 

In this part of the experiment, you will study the simplest 

types of telescopes, made out of two lenses. At the end of the 

telescope nearest the object to be viewed is placed a lens (called 

the objective lens) with a long focal length. The other lens is 

close to the eye of the observer and is ca)led the eyepiece, The 

distance between the lenses is the sum of their focal l~ngths. If 

the eyepiece is a converging lens, we have an 'astronomical tele­

scope', but if the eyepiece is a diverging lens we have a 'Galilean 

telescope' or 'opera glass'. Your task in this part of the experi­

ment is to construct ~astronomical telescope and one Galilean 

telescope. For each telescope, you should measure the magnification, 

To do this, you will have to figure a way to measure the apparent 

enlargement of the object. You may want to do this by taking the 

cover of a book and viewing it in the telescope until a particular 

line of print becomes just legible. The distance of the obje~t 

from your eye can then be compared to the distance from your naked 

eye for the same line of print to be barely readable. Or you may 

want to diaw equally spaced lines on the blackboard and view the 

lines simultaneously, one eye looking directly at the blackboard, 

and the other looking through the telescope. From the relative sizes, 

one can judge magnification. Be sure to measure the distance between 

lens and compare this to the algebraic sum of their focal lengths 

(the dive~ng lens focal length is negative). 
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The theory of the telescope is that rays come in from a distant 

object and are focused at the focal point of the objective lens. 

This point is also the focal point of the eyepiece, so the rays 

come out of the eyepiece parallel to themselves. The eye focuses 

these parallel rays on the retina. The diagram shows the geometry 

for an astronomical telescope, The ratio of the outgoing angle B 

to the incoming angle A is called the angular magnification and 

for small angles this turns out to be equal to the ratio of the 

focal lengths: 

magnification = (f )/(f ) 
ohjective eyepiece 



Compare the results of your magnification measurements to values 

given by this formula for both the Galilean and astronomical 

telescopes. 

tan A 

tan B = H 

fe 

-----·--- f ---
0 

tan 8 ':::angular magnification 
tan A -

f e 
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