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/ŶƚƌŽĚƵĐƚŝŽn	ĂŶd	�ůĞĐƚƌŝc	ChĂƌŐe	–	'ƌŽƵƉ	SŚĞĞƚ	
WŚǇƐŝĐƐ	104	–	GeŶĞƌal	WŚǇƐŝcs	

tĞůcome	to	WŚǇƐŝcs	104!	
Today	your	TA	will	give	you	some	basic	information	about	how	
discussion	section	will	work	this	ƐĞŵĞƐƚĞƌ͘

Discussion	exercises	have	two	parts:	

• A	Group	Sheet	with	warm-up	questions.	dŚĞƐĞ�ĂƌĞ�ƚŽ�ŐĞƚ�ǇŽƵ�ƚŚŝŶŬŝŶŐ�ĂďŽƵƚ�ƐŽŵĞ�ŽĨ
ƚŚĞ�ŵĂŝŶ�ŝĚĞĂƐ�ƚŚĂƚ�ǁŝůů�ďĞ�ĞǆƉĂŶĚĞĚ�ŽŶ�ůĂƚĞƌ�ŝŶ�ƚŚĞ�ǁŽƌŬƐŚĞĞƚ͘

• Longer	exercises	for	you	to	complete	ĂƐ�Ă�ŐƌŽƵƉ.		(It’s	OK	if	you	don’t	finish	all	ƚŚĞ
questions	before	the	end	of	ĚŝƐĐƵƐƐŝŽŶ͊Ϳ

ϭͿ The	picture	to	the	right	shows	the	ĞǆĐĞƐƐ	charge	distribution	on	a	neutral
electroscope	when	a	rod	is	brought	near	it.		What	is	the	sign	of	the	ĞǆĐĞƐƐ
charge	on	the	rod?

ĂͿ WŽƐŝƚŝǀĞ

ďͿ EĞŐĂƚŝǀĞ

ĐͿ It	has	no	charge

ĚͿ It	depends	on	the	atmospheric	conditions

ĞͿ Cannot	tell	from	the	given	information

ϮͿ You	have	a	glass	rod	that	has	been	rubbed	with	silk,	and	a	small	neutrally-charged	aluminum
foil	ball	attached	to	a	thread.		Describe	what	happens	when	you	slowly	approach	the	ball	with
the	rod	and	then	make	contact	between	the	ball	and	the	rod.

ĂͿ The	ball	swings	toward	the	rod,	then	falls	back	close	to	its	original	position.

ďͿ The	ball	swings	away	from	the	rod,	then	stays	attached	to	it.

ĐͿ The	ball	doesn’t	move	until	touched	by	the	rod,	and	then	swings	away	from	it.

ĚͿ The	ball	swings	toward	the	rod,	then	swings	away	from	it.

ĞͿ The	ball	stays	in	its	original	position	throughout.

Ͳ

н
н

zŽƵ�ĚŽ�ŶŽƚ�ŶĞĞĚ�ƚŽ�ƚƵƌŶ�ŝŶ�ǇŽƵƌ�ĐŽŵƉůĞƚĞĚ�ĚŝƐĐƵƐƐŝŽŶ�ǁŽƌŬƐŚĞĞƚ͘��ŝƐĐƵƐƐŝŽŶ�ƐŽůƵƚŝŽŶƐ�ĂƌĞ�
ƉŽƐƚĞĚ�ŽŶ�ƚŚĞ��ĂŶǀĂƐ�ǁĞĞŬůǇ�ƉĂŐĞƐ�ĂŶĚ�ƵŶůŽĐŬ�ĂĨƚĞƌ�Ăůů�ƚŚĞ�ĚĂǇΖƐ�ĚŝƐĐƵƐƐŝŽŶƐ�ŚĂǀĞ�ĞŶĚĞĚ͘�
�ŽŵƉůĞƚĞ�ƚŚĞ�ĞǆĞƌĐŝƐĞƐ�ƚŽ�ƚŚĞ�ďĞƐƚ�ŽĨ�ǇŽƵƌ�ĂďŝůŝƚǇ͕�ĂŶĚ�ĐŚĞĐŬ�ǇŽƵƌ�ƌĞƐƉŽŶƐĞƐ�ĂĨƚĞƌ�ĐůĂƐƐ͘�



Introduction	and	Electric	Charge	
WŚǇƐŝĐƐ	104	–	General	Physics	

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	
might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	using	
for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	too)?		Keep	these	
notes	to	help	assemble	your	full	note	sheet	in	a	few	weeks.		We’ll	also	ask	you	to	bring	
your	nearly	complete	note	sheet	to	the	discussion	just	before	each	exam	to	share	with	
your	group	mates.		

ϯͿ Glass	tends	to	acquire	a	positive	charge	when	rubbed	with	sŝůŬ.		Based	on	this	information,
sketch	a	picture	of	the	final	ĞǆĐĞƐƐ	charge	distributions	on	the	glass	rod	and	the	aluminum	foil
ball	from	question	#2.

ϰͿ You	may	have	experienced	or	observed	that	after	rubbing	a
balloon	on	your	hair,	individual	hair	strands	tend	to	be	attracted
to	the	balloon.

�Ϳ Explain	the	attraction	between	the	strands	of	hair	and
the	balloon.		Draw	a	picture	if	needed.

�ƌĞĚŝƚ͗	�ǆƉůŽƌĂƚŽƌŝƵŵ	dĞĂĐŚĞƌ	/ŶƐƚŝƚƵƚĞ	



Introduction	and	Electric	Charge	
WŚǇƐŝĐƐ	104	–	General	Physics	

�Ϳ dŚĞ	Triboelectric	Series	describes	how	materials
tend	to�exchange	charge	upon	being	rubbed	together.
Use	the	table	to�decide	what	kind	of	charge	the	balloon
has	gained	and	what	kind	of�charge	the	hair	has	gained.

Balloon:				+		Žƌ		–	

Hair:										+		Žƌ		–	

�Ϳ Is	your	response	to	part	B	consistent	with	what	you
know	about�how	like	and	opposite	charges	respond	to
one	another?

�Ϳ After	being	rubbed	on	a	person’s	hair,	a	balloon	is
observed	to�attract	small	bits	of	paper.		Explain	how
this	can	be	possible.

ϱͿ Suppose	that	equal	amounts	of	ĞǆĐĞƐƐ	negative	charge	are	deposited	on	the	left	side	of	the
two	spheres	(where	the	arrow	is	pointing).		OŶĞ	is	made	of	an	insulating	material	and	the	other
made	of	a	conducting	material.		Sketch	how	you	would	expect	the	Ğǆcess	ĐŚĂƌŐĞ	distrŝďƵƚŝŽŶƐ
to	differ	between	the	two.	Explain.

Insulator	 Conductor	



Introduction	and	Electric	Charge	
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ϲͿ In	the	situations	below,	predict	what	excess	charŐĞ	will	result	on	the	conducting	spheƌĞ͘

�ͿMetal	sphere	A	is	initially	neutral.	A	positively	charged
rod	is	brought	near,	but	not	touching.		Is	ƐƉŚĞƌĞ	A	ŶŽǁ
positive,	negative,	Žr	neutral?	Explain.

�ͿMetal	spheres	A	and	B	are	initially	neutral	and	are
touching.	A	positively	charged	rod	is	brought	near	A͕	but
not	touching.		Is	sphere	A	ŶŽǁ	positive,	negative,	Žƌ
neutral?	ExplĂŝŶ͘

�ͿMetal	sphere	A	is	initially	neutral.		It	is
connected	by	a	metal	wire	to	the	ground.	A
positively	charged	rod	is	brought	near,	but	not
touching.		Is	sphere	A	ŶŽǁ	positive,	negative,	Žƌ
neutral͍



�ŽƵůŽŵď͛s	Law	ʹ	'ƌŽƵƉ	SŚĞĞƚ	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

ϭͿ Two	charged	objects	are	a	certain	distance	apart.		If	yŽƵ	double	the
charge	on	one	of	them	ĂŶĚ	double	the	distance	that	separates	them͕
what	happens	to	the	Coulomb	force	between	them?

ĂͿ It	is	unchanged.

ďͿ It	is	a	ƋƵĂƌter	of	what	it	was.

ĐͿ It	is	twice	what	it	was.

ĚͿ It	is	four	times	what	it	was.

ĞͿ It	is	half	of	what	it	was.

ϮͿ &ŽƵr	charges	are	arranged	as	shown	at	right.	If	the	total
Coulomb	forĐĞ	on	!!	is	zero,	what	is	the	sign	of	the	charge
on	!!͍

ĂͿ WŽƐŝƚŝǀĞ

ďͿ EĞŐĂƚŝǀĞ

ĐͿ Could	be	positive	or	negative

ϯͿWhich	of	the	following	best	explains	how	a	gecko	can	climb	smooth	surfaces	such	as	glass?

ĂͿ Gecko	foot	pads	have	a	net	positive	charge,	so	they	stick	to	walls	in	the	same	way	a
rubbed	balloon	will.

ďͿ As	they	move,	geckos	remove	electrons	from	neutral	surfaces	through	the
triboelectric	effect.

ĐͿ Geckos	can	generate	electric	fields	that	pull	them	toward	surfaces	or	even	allow	them
to	hang	from	ceilings.

ĚͿMolecular	dipoles	within	gecko	foot	pads	attract	other	molecular	dipoles	within
ƐƵƌĨĂĐĞƐ͘

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗	



�ŽƵůŽŵď͛s	Law	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

+4! +! 

+4! −! 

hƐĞĨƵů	�ǆƉƌĞƐƐŝŽŶƐ͗	

!! = ! !! !!
!!

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	might	you	
want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	using	for	the	rest	of	the	
worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϰͿ On	the	figure	below,	mark	the	position	or	positions	where	a	proton	would	experience	no	neƚ
ĨŽƌĐĞ͘

�ͿWould	the	force	on	an	electron	at	this	position	(or	positions)	be	to	the	left,	to	the	right,
or	zero?

�Ϳ On	the	figure	below,	mark	the	position	or	positions	where	an	electron	would	experience
no	net	force.



�ŽƵůŽŵď͛s	Law	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

ϱͿ So	far	in	class	we	have	examined	the	force	exerted	by	a
ĚŝƉŽůĞ.	Eow	what	about	the	force	exerted	on	a	dipole?

>Ğƚ͛s	model	a	dipole	as	a	negative	(!!)	and	a	positive	(!!)	
charge	linked	by	a	solid	bar	of	length	2!	ƚhat	won’t	stretch	
Žƌ	comƉƌĞss.		There	is	a	nearby	negative	charge	(!!)	that	
is	a	distance	d	above	the	midpoint	of	the	bar.		Assume	all	
the	charges	in	the	picture	have	the	same	magnitude	of	
ĐŚĂƌŐĞ͕	!͘	

�Ϳ Start	by	making	a	prediction.		What	do	you	think
will	happen	to	the	dipole	because	of	the	force	exerted	by	the	negative	charge?		Will	it
move?		If	so,	how?

�Ϳ Using	the	numbers	to	the	right͕	determine	the	magnitude	!!" ŽĨ
the	Coulomb	force	that	!! 	exerts	on	!!͘

�Ϳ Sketch	the	vector	!!".	Use	your	drawing	to	determine	its	xͲ	
and	yͲĐŽŵƉŽŶĞŶƚƐ͘

&��͕y	=	

&��͕z	=	

�Ϳ Determine	the	magnitude	!!"	of	the	Coulomb	force	that	!! 	exerts	on	!!͘

!!=	ϭϬ	Ŷ�	
!!=	ϭϬ	Ŷ�	
!!=	ϭϬ	Ŷ�	
!=	ϯϬϬ	µŵ	
!=	ϰϬϬ	µŵ	



�ŽƵůŽŵď͛s	Law	
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�Ϳ Sketch	the	vector	!!".	Use	your	drawing	to	determine	its	xͲ	
and	yͲĐŽŵƉŽŶĞŶƚƐ͘

&��͕y	=	

&��͕z	=	

&ͿWhat	is	the	total	force	on	the	dipole?

&dŽƚĂů͕y	=	

&dŽƚĂů	с

&dŽƚĂů͕z	=	

'ͿWill	the	dipole	experience	any	linear	motion	(up,	down,	sideways)?

,Ϳ >Ğƚ͛s	go	a	little	further.		Will	the	dipole	experience	any	other	kind	of	motion?		Can	you
describe	what	sort	of	motion	this	will	be?		(Hint:	Draw	an	extended	free	body	diagram	of
the	dipole.Ϳ

/ͿWhat	would	the	motion	of	the	dipole	be	if	you	flipped	the	negative	charge	ŽǀĞƌ͕	so	it
was	underneath	the	dipole?



�ŽƵůŽŵď͛s	Law	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

ϲͿ �ŽŶƐŝĚĞƌ	two	carbon	monoxide	molecules	that
are	near	each	other	as	shown.	Assuming	that	all	the
charges	are	Ϯ!	;ǁŚĞƌĞ	!	is	the	fundamental
ĐŚĂƌŐĞͿ͕	!	is	2	nm,	and	!	is	50	nm,	what	force	do
the	dipoles	exert	on	each	other?		Indicate	both
magnitude	and	direction. Ͳ н	 Ͳ	 н



Coulomb’s	Law	
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Vectors	Primer	
	
Like	all	forces,	the	Coulomb	force	is	represented	by	a	vector.		To	deal	with	it,	then,	and	with	
other	vector	quantities	we’ll	be	encountering	in	this	course,	you’ll	need	to	draw	on	your	vector	
knowledge.	
	
There	are	two	methods	of	adding	vectors:	

• The	tip-to-tail	method	(or	the	graphical	method)	
• The	component	method	

	
To	use	the	first	method,	imagine	each	vector	as	an	
instruction.			Vector	A,	which	has	a	magnitude	of	10	
units	and	is	directed	45°	counterclockwise	from	the	
positive-x	axis	is	something	like	“take	10	steps	in	a	northeast	direction.”		
	
	
Vector	B	has	a	magnitude	of	5	units	and	is	directed	along	the	negative-x	axis	
and	is	something	like	“take	5	steps	to	the	west.”		Adding	a	second	vector	A	
to	B	is	just	stringing	the	two	instructions	they	give	together	sequentially.		
Note	that	whether	you	start	with	A	and	then	B,	you	get	to	the	same	spot	you	
would	have	reached	if	you’d	started	with	B	and	then	A.		
	
	
	
	
	
	
	
	
	
	
	
The	other	way	to	do	vector	math	involves	decomposing	vectors	
into	components.		In	this	case,	you	use	trig	functions	to	find	the	x	
and	y	pieces	that	make	up	the	vector	and	then	add	(or	subtract)	
all	the	x	pieces	and	all	the	y	pieces	separately.	
	
If	we	go	back	to	vector	A,	then	the	x	component	of	A	would	be	
the	length	of	A	times	cos(60°)	and	the	y	component	of	A	would	be	
the	length	of	A	times	sin(60°).		For	the	purposes	of	this	course,	we	
can	always	assume	the	x	axis	runs	right-left	(and	is	positive	to	the	
right)	and	the	y	axis	runs	up	down	(and	is	positive	up).	
	

A 

	
60
°

B 

A 

	 
60
°

Ay 

Ax 



Electric	Fields	and	Potential	�ŶĞƌŐǇ	ʹ	'ƌŽƵƉ	SŚĞĞƚ	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

ϭͿ You	place	a	5	μC	test	charge	in	an	electric	field	and	determine	it	feels
a	force	of	1.25	x	10Ͳϯ	E.		What	would	the	electric	field	strength	be	if	you
use	a	Ͳ10	μC	test	charge?

ĂͿ 100	N/C

ďͿ 1000	N/C

ĐͿ 5000	N/C

ĚͿ 250	N/C

ĞͿ 500	N/C

ϮͿ �ůĞĐƚƌŝĐ�ĨŝĞůĚ�ůŝŶĞƐ�ĂƌĞ�ĚƌĂǁŶ�ĨŽƌ�ĨŽƵƌ�ŽďũĞĐƚƐ��Ͳ��ďĞůŽǁ͘�tŚŝĐŚ�ŽďũĞĐƚ�ŚĂƐ�ƚŚĞ�ŐƌĞĂƚĞƐƚ�
ĂŵŽƵŶƚ�ŽĨ�ĞǆĐĞƐƐ�ƉŽƐŝƚŝǀĞ�ĐŚĂƌŐĞ͍

ϯͿ A	charged	particle	moves	in	a	constant	�Ͳfield	as	shown.	Is	electric�potential	energy	lost,�
ŐĂŝŶĞĚ͕	or	does	it	stay	the	same?

ĂͿ 'ĂŝŶĞĚ

ďͿ >ŽƐƚ

ĐͿ Stays	the	same

ĚͿ Depends	on	the	strength	of	the	EͲĨŝĞůĚ͕	!
ĞͿ Depends	on	the	magnitude	of	the	charge,	!

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗	



Electric Fields and Potential Energy 

Physics 104 – General Physics 

    Useful Expressions: 

  

#⃗ = "!&⃗    '!&⃗ ' = ( |"|
#!   )$%$& = ( """!

#  

 
                         ∆) = −"!,cos0 

 
 
 
 
 
 
 
 
 
4) Consider the pair of charges shown at right: 

 

A) What’s the direction of the 

electric field due to both 

charges for points on the 

dotted line in region I? 

 

 

 

 

 

 

B) What’s the direction of the E-field due to both charges for points on the dotted line in 

region III? 

 

 

 

 

 

 

 

 

 

 

q2 = +q q1 = +q 

I II III 

(for a constant E field) 

Reflect on the experience you’ve had so far with today’s topic. What sorts of notes might you 
want to write on a note sheet for the exam (which you can test out by using for the rest of the 
worksheet and on this week’s homework and quiz too?) 



Electric	Fields	and	Potential	Energy	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

�Ϳ�Is	there	a	place	in	region	II	on	the	dotted	line	where	the	electric	field	due	to	both�
charges	is	equal	to	zero?		If	so,	mark	it	ŽŶ�ƚŚĞ�ĨŝŐƵƌĞ�with	an	X.

ϱͿ Consider	four	charges	aƌranged	as	shown	to	the
right.	We	want	to	know	what	the	charge	on	!!	is	so
that	the	EͲfield	at	the	point	occupied	by	!!	is	zero.

�ͿWhat	is	the	magnitude	of	the	EͲĨŝĞld	due
to	!!	at	the	location	of	!!?		(Don’t	worry	if
you	have	to	leave	some	variables	as
ƵŶŬŶŽǁŶƐ͘Ϳ

�Ϳ �raw	the	vector	representing	the	EͲfield	due	to	!!	at	the	location	of	!!	on	the
ĚŝĂŐƌĂŵ͘

�ͿWhat	is	the	magnitude	of	the	EͲfield	due	to	!!	at	the	location	of	!!͍

�Ϳ Draw	the	vector	representing	the	EͲfield	due	to	!!	at	the	location	of	!!	on	the
diagram	on	the	previous	page.

�ͿWhat	must	the	EͲfield	due	to	!!	at	the	location	of	!!	look	like	to	make	the	net	field	at
this	location	be	zero?



Electric	Fields	and	Potential	Energy	
WŚǇƐŝĐƐ	104	–	General	Physics	

&Ϳ Is	the	sign	of	charge	!!	positive	Žƌ	negative?	How	can	you	tell?

'Ϳ Find	the	vector	addition	of	the	E-fields	due	to	!!	and	!!	at	the	location	of	!!.		dŚĞŶ
use	your	result	to	find	!!͘

,Ϳ Did	the	charge	on	!!	make	a	difference	to	your	final	answer?	tŚy	Žr	why	not?

ϲͿ The	strength	of	the	average	electric	field	inside	a	cell	membrane	is	5	x	10ϲ	Eͬ�͘		The	outside
of	the	cell	has	a	net	positive	charge.		The	inside	of	the	cell	has	a	net	negative	charge.		The	width
of	the	average	cell	membrane	is	10	nm.

�Ϳ Suppose	an	ion	gate	in	the	cell	membrane	expels	a	sodium	ion	(which	has	a	net
charge	of	+!,	ǁŚere	!	is	the	fundamental	charge	of	1.6	x	10Ͳϭϵ	C).		Is	the	work	that	the
gate	does	positive	Žƌ	negative͍

�ͿWhat	is	the	magnitude	of	the	work	that	the	cell	membrane	does	to	eject	the	sodium
ion?		(Assume	the	E-field	inside	the	cell	is	a	constant	one.)



Electric	Fields	and	Potential	Energy	
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ϳͿ�Two	alpha	particles	are	fired	directly	toward	each	other	from	a	great	distance,	each	with	a�
starting	speed	of	2.5	x	10ϲ	ŵͬƐ͘		(A	single	alpha	particle	has	a	mass	of	6͘ϲ	x	1ϬͲϮϳ	kg	and	a	charge�
ŽĨ	+2!�=�3.2	x	10Ͳϭϵ	�͘)		How	close	do	the	two	alpha	particles	get	to	one	another	before	they�
ƐƚŽƉ͍

ϴͿWhat	is	the	total	electric	potential	energy	of
the	system	of	charges	at	right?



�ůĞĐƚƌŝĐ�WŽƚĞŶƚŝĂů�ʹ�'ƌŽƵƉ�^ŚĞĞƚ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϭͿ ��ĐŚĂƌŐĞĚ�ƉĂƌƚŝĐůĞ�ŵŽǀĞƐ�ŝŶ�Ă
ĐŽŶƐƚĂŶƚ��ͲĨŝĞůĚ�ĂƐ�ƐŚŽǁŶ͘�/Ɛ
ĞůĞĐƚƌŝĐ�ƉŽƚĞŶƚŝĂů�ĞŶĞƌŐǇ�ůŽƐƚ͕
ŐĂŝŶĞĚ͕�Žƌ�ĚŽĞƐ�ŝƚ�ƐƚĂǇ�ƚŚĞ�ƐĂŵĞ͍

ĂͿ 'ĂŝŶĞĚ

ďͿ >ŽƐƚ

ĐͿ ^ƚĂǇƐ�ƚŚĞ�ƐĂŵĞ

ĚͿ �ĞƉĞŶĚƐ�ŽŶ�ƚŚĞ�ƐƚƌĞŶŐƚŚ�ŽĨ�ƚŚĞ��ͲĨŝĞůĚ͕�!
ĞͿ �ĞƉĞŶĚƐ�ŽŶ�ƚŚĞ�ŵĂŐŶŝƚƵĚĞ�ŽĨ�ƚŚĞ�ĐŚĂƌŐĞ͕�"

ϮͿ /Ŷ�ƚŚĞ�ĂďŽǀĞ�ĞǆĂŵƉůĞ͕�ĚŽĞƐ�ƚŚĞ�ƉĂƌƚŝĐůĞ�ŵŽǀĞ�ƚŚƌŽƵŐŚ�Ă�ƉŽƚĞŶƚŝĂů�ĚŝĨĨĞƌĞŶĐĞ͍

ĂͿ zĞƐ͕�ŝƚ�ŵŽǀĞƐ�ƚŽ�Ă�ŚŝŐŚĞƌ�ĞůĞĐƚƌŝĐ�ƉŽƚĞŶƚŝĂů

ďͿ zĞƐ͕�ŝƚ�ŵŽǀĞƐ�ƚŽ�Ă�ůŽǁĞƌ�ĞůĞĐƚƌŝĐ�ƉŽƚĞŶƚŝĂů

ĐͿ EŽ͕�ŝƚ�ĚŽĞƐ�ŶŽƚ�ŵŽǀĞ�ƚŚƌŽƵŐŚ�Ă�ƉŽƚĞŶƚŝĂů�ĚŝĨĨĞƌĞŶĐĞ

ĚͿ �ĞƉĞŶĚƐ�ŽŶ�ƚŚĞ�ƐƚƌĞŶŐƚŚ�ŽĨ�ƚŚĞ��ͲĨŝĞůĚ͕�!
ĞͿ �ĞƉĞŶĚƐ�ŽŶ�ƚŚĞ�ŵĂŐŶŝƚƵĚĞ�ŽĨ�ƚŚĞ�ĐŚĂƌŐĞ͕�"

ϯͿ /Ŷ�ƚŚĞ�ĂďŽǀĞ�ĚŝĂŐƌĂŵ͕�ƐŬĞƚĐŚ�ƚŚĞ�ĞƋƵŝƉŽƚĞŶƚŝĂů�ƐƵƌĨĂĐĞƐ�;ŝŶ�ƚŚŝƐ�ĐĂƐĞ͕�ůŝŶĞƐͿ�ĨŽƌ�ƚŚŝƐ
ƉĂƌƚŝĐƵůĂƌ��ͲĨŝĞůĚ͘�/Ɛ�ƚŚŝƐ�ĐŽŶƐŝƐƚĞŶƚ�ǁŝƚŚ�ǇŽƵƌ�ĂŶƐǁĞƌ�ƚŽ�;ϮͿ͍

zŽƵƌ�ŐƌŽƵƉ�ŵĞŵďĞƌ�ŶĂŵĞƐ͗�



Electric Potential 
Physics 104 – General Physics 

 Useful Expressions: 
   

 #!"!# = % $!$"%    ∆# = −"!(cos, 
 
 - = &#$#%

$&
= % $%  ∆- = −!(cos, 

 

.⃑ = "!0⃑  
 
Reflect on the experience you’ve had so far with today’s topic. What sorts of notes might you 
want to include on a note sheet for the exam (which you can test out by using for the rest of 
this worksheet and on this week’s homework and quiz too)? 
 
 
 
 
 
 
 
 
 
 
4) The region pictured at right contains a uniform electric field 

(that is, the field is the same everywhere). The electric field 
lines are shown. Points A through D form a square that’s 8 
cm on each side. Point E is in the center of the square. 

 
A. If an object with a charge of +10 μC is placed at point A, 

in which direction will it move? 
 
 
 

B. If the +10 μC object is released from rest at point A. By the time it reaches point B, its 
kinetic energy is 2.4 x 10-4 J. What was the object’s change in electric potential energy? 

 
 
 
 

C. What is the electric potential difference between points A and B? 
 
 
 
 
 

D C 

A B 

E 

Uniform 
E-field: Point charge: 



�ůĞĐƚƌŝĐ�WŽƚĞŶƚŝĂů�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ĞůĞĐƚƌŝĐ�ƉŽƚĞŶƚŝĂů�ĚŝĨĨĞƌĞŶĐĞ�ďĞƚǁĞĞŶ�ƉŽŝŶƚƐ A�ĂŶĚ�D͍

�͘ 'ŝǀĞŶ�ǇŽƵƌ�ĂŶƐǁĞƌ�ƚŽ��͕�ǁŚĂƚ�ŝƐ�ƚŚĞ�ƉŽƚĞŶƚŝĂů�ĚŝĨĨĞƌĞŶĐĞ�ďĞƚǁĞĞŶ�ƉŽŝŶƚƐ�A�ĂŶĚ�E͍

&͘ tŚĂƚ�ŝƐ�ƚŚĞ�ŵĂŐŶŝƚƵĚĞ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŝĐ�ĨŝĞůĚ͍

'͘ ,Žǁ�ŵƵĐŚ�ǁŽƌŬ�ǁŽƵůĚ�ǇŽƵ�ŶĞĞĚ�ƚŽ�ĚŽ�ƚŽ�ŵŽǀĞ�Ă�ʹϭϬ�ʅ��ĐŚĂƌŐĞ�ĨƌŽŵ�D�ƚŽ�B͍�/Ɛ�ƚŚŝƐ
ƉŽƐŝƚŝǀĞ�Žƌ�ŶĞŐĂƚŝǀĞ�ǁŽƌŬ͍

ϱͿ 'Ğů�ĞůĞĐƚƌŽƉŚŽƌĞƐŝƐ�ŝƐ�ĂŶ�ĂŶĂůǇƐŝƐ�ƚĞĐŚŶŝƋƵĞ
ƵƐĞĚ�ƚŽ�ŝĚĞŶƚŝĨǇ��E�͘��ůƚŚŽƵŐŚ�ǁĞ�ĐĂŶ͛ƚ
ŵŽĚĞů�ƚŚĞ�ĨƵůů�ƉƌŽĐĞƐƐ�ǁŝƚŚ�ƚŚĞ�ƚŽŽůƐ�ǁĞ͛ǀĞ
ĚĞǀĞůŽƉĞĚ�ƐŽ�ĨĂƌ͕�ůĂƌŐĞůǇ�ĚƵĞ�ƚŽ�ƚŚĞ
ĐŽŵƉůĞǆŝƚǇ�ŽĨ�ŚŽǁ�ƚŚĞ�ŵŽůĞĐƵůĂƌ�ĨƌĂŐŵĞŶƚƐ
͞ĚƌŝĨƚ͟�ĚŽǁŶ�ƚŚƌŽƵŐŚ�ƚŚĞ�ŐĞů͕�ǁĞ�ĐĂŶ�ĂƉƉůǇ
ƐŽŵĞ�ŽĨ�ǁŚĂƚ�ǁĞ�ŬŶŽǁ�ĂďŽƵƚ�ĞůĞĐƚƌŽƐƚĂƚŝĐƐ
ƚŽ�ƵŶĚĞƌƐƚĂŶĚ�ƚŚŝƐ�ƚĞĐŚŶŝƋƵĞ͘

�͘ >Ğƚ͛Ɛ�ƐĂǇ�ǇŽƵ͛ƌĞ�ǁŽƌŬŝŶŐ�ǁŝƚŚ�Ă�ŐĞů�ƚŚĂƚ͛Ɛ�ϭϬ�Đŵ�ůŽŶŐ͕�ĂŶĚ�ƚŚĞ�ǀŽůƚĂŐĞ�ǇŽƵ͛ǀĞ�ĂƉƉůŝĞĚ�ŝƐ
ϭϬϬ�s͘��ƐƐƵŵŝŶŐ�ƚŚĞ��ͲĨŝĞůĚ�ŝŶ�ƚŚĞ�ŐĞů�ŝƐ�ƵŶŝĨŽƌŵ͕�ǁŚĂƚ�ŝƐ�ŝƚƐ�ŵĂŐŶŝƚƵĚĞ͍��;/ŐŶŽƌĞ�ĂŶǇ
ĞĨĨĞĐƚƐ�ƚŚĂƚ�ƚŚĞ�ŐĞů�ŝƚƐĞůĨ�ŵŝŐŚƚ�ŚĂǀĞ�ŽŶ�ƚŚĞ�ĨŝĞůĚ͘Ϳ



�ůĞĐƚƌŝĐ�WŽƚĞŶƚŝĂů�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

�͘ zŽƵ�ƉƵƚ�ƚŚĞ��E��ĨƌĂŐŵĞŶƚƐ�ǇŽƵ͛ƌĞ�ǁŽƌŬŝŶŐ�ǁŝƚŚ�Ăƚ�ƚŚĞ�ƚŽƉ�ŽĨ�ƚŚĞ�ŐĞů�ĂŶĚ�ƚƵƌŶ�ŽŶ�ƚŚĞ
ǀŽůƚĂŐĞ͘��ĨƚĞƌ�ĂŶ�ŚŽƵƌ͕�ƚŚĞ�ĨƌĂŐŵĞŶƚƐ�ƚŚĂƚ�ĂƌĞ�ϯϬϬϬ�ďĂƐĞ�ƉĂŝƌƐ�ůŽŶŐ�ŚĂǀĞ�ŵĂĚĞ�ŝƚ�ϴ�Đŵ
ĂůŽŶŐ�ƚŚĞ�ŐĞů͘�,Žǁ�ŵƵĐŚ�ǁŽƌŬ�ĚŝĚ�ƚŚĞ�ĞůĞĐƚƌŝĐ�ĨŝĞůĚ�ŚĂǀĞ�ƚŽ�ĚŽ�ƚŽ�ŐĞƚ�ƚŚĞŵ�ƚŚĞƌĞ͍�;�ĂĐŚ
ďĂƐĞ�ƉĂŝƌ�ŚĂƐ�Ă�ŶĞŐĂƚŝǀĞ�ĐŚĂƌŐĞ�ŽĨ�ʹϯe͘Ϳ

�͘ tŚĂƚ�ƉŽƚĞŶƚŝĂů�ĚŝĨĨĞƌĞŶĐĞ�ĚŝĚ�ƚŚĞ�ϯϬϬϬ�ďĂƐĞ�ƉĂŝƌ�ĨƌĂŐŵĞŶƚƐ�ƉĂƐƐ�ƚŚƌŽƵŐŚ�ŝŶ�ƚŚĞŝƌ�ϴ�Đŵ
ƚƌŝƉ͍

�͘ tŚǇ�ĚŽ�ƉĞŽƉůĞ�ƵƐĞ�ĂŶ�ĞůĞĐƚƌŝĐ�ĨŝĞůĚ�ŝŶ�ƚŚŝƐ�ƉƌŽĐĞƐƐ͍��tŚǇ�ŶŽƚ�ũƵƐƚ�ƚŝůƚ�ƚŚĞ�ŐĞů�ĂŶĚ�ůĞƚ
ŐƌĂǀŝƚǇ�ƉƵůů�ƚŚĞ��E��ĨƌĂŐŵĞŶƚƐ�ĚŽǁŶ͍�;hƐĞ�Ăƚ�ůĞĂƐƚ�ŽŶĞ�ĐĂůĐƵůĂƚŝŽŶ�ƚŽ�ũƵƐƚŝĨǇ�ǇŽƵƌ
ĂŶƐǁĞƌ͘�/ƚ�ŵŝŐŚƚ�ŚĞůƉ�ǇŽƵ�ƚŽ�ŬŶŽǁ�ƚŚĂƚ�Ă�ďĂƐĞ�ƉĂŝƌ�ŚĂƐ�Ă�ŵĂƐƐ�ŽĨ�ĂďŽƵƚ�ϭ͘ϭǆϭϬͲϮϰ�ŬŐ͘Ϳ

ϲͿ dǁŽ�ƉĂƌƚŝĐůĞƐ�ĞĂĐŚ�ŚĂǀĞ�ƚŚĞ�ƐĂŵĞ�ŵĂƐƐ�1͘�,ŽǁĞǀĞƌ͕�ƚŚĞ�ĨŝƌƐƚ�ƉĂƌƚŝĐůĞ�ŚĂƐ�Ă�ĐŚĂƌŐĞ�ŽĨ�4"
ǁŚŝůĞ�ƚŚĞ�ƐĞĐŽŶĚ�ƉĂƌƚŝĐůĞ�ŚĂƐ�Ă�ĐŚĂƌŐĞ�ŽĨ�ŽŶůǇ�"͘

�͘ dŚĞ�ĨŝƌƐƚ�ƉĂƌƚŝĐůĞ�ŝƐ�ĂĐĐĞůĞƌĂƚĞĚ�ĨƌŽŵ�ƌĞƐƚ�ƚŚƌŽƵŐŚ�Ă�ƉŽƚĞŶƚŝĂů�ĚŝĨĨĞƌĞŶĐĞ�ŽĨ�Δ-͘�tŚĂƚ�ŝƐ
ŝƚƐ�ĨŝŶĂů�ƐƉĞĞĚ�4'͍�tƌŝƚĞ�ĂŶ�ĞƋƵĂƚŝŽŶ�ĨŽƌ�4'�ŝŶ�ƚĞƌŵƐ�ŽĨ�1͕�"͕�ĂŶĚ�Δ-͘

�͘ dŚĞ�ƐĞĐŽŶĚ�ƉĂƌƚŝĐůĞ�ŝƐ�ĂůƐŽ�ĂĐĐĞůĞƌĂƚĞĚ�ĨƌŽŵ�ƌĞƐƚ�ƚŚƌŽƵŐŚ�Ă�ƉŽƚĞŶƚŝĂů�ĚŝĨĨĞƌĞŶĐĞ�ŽĨ�Δ-͘
tŚĂƚ�ŝƐ�ŝƚƐ�ĨŝŶĂů�ƐƉĞĞĚ�4(͍�tƌŝƚĞ�ĂŶ�ĞƋƵĂƚŝŽŶ�ĨŽƌ�4(�ŝŶ�ƚĞƌŵƐ�ŽĨ�1͕�"͕�ĂŶĚ�Δ-͘

�͘ ,Žǁ�ŵƵĐŚ�ůĂƌŐĞƌ�Žƌ�ƐŵĂůůĞƌ�ŝƐ�4(�ĐŽŵƉĂƌĞĚ�ƚŽ�4'͍



�ůĞĐƚƌŝĐ�WŽƚĞŶƚŝĂů�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

�͘ �ŝĚ�ƚŚĞ�ĞůĞĐƚƌŝĐ�ĨŝĞůĚ�ĚŽ�ŵŽƌĞ�ǁŽƌŬ�ŽŶ�ƚŚĞ�ĨŝƌƐƚ�ƉĂƌƚŝĐůĞ�Žƌ�ƚŚĞ�ƐĞĐŽŶĚ�ƉĂƌƚŝĐůĞ͍

ϳͿ dŚĞ�ŶĞǆƚ�ĨĞǁ�ƋƵĞƐƚŝŽŶƐ�ŝŶǀŽůǀĞ�ƚŚĞ�ĐŚĂƌŐĞ
ĐŽŶĨŝŐƵƌĂƚŝŽŶ�ƐŚŽǁŶ�Ăƚ�ƌŝŐŚƚ͘�dŚĞ�ĐŚĂƌŐĞƐ�ƐŚŽǁŶ�ĂƌĞ
ůŽĐĂƚĞĚ�Ăƚ�ƚŚĞ�ǀĞƌƚŝĐĞƐ�ŽĨ�ĂŶ�ĞƋƵŝůĂƚĞƌĂů�ƚƌŝĂŶŐůĞ͕�ĂŶĚ
ĂƌĞ�ĞƋƵŝĚŝƐƚĂŶƚ�ĨƌŽŵ�ƉŽŝŶƚ�W͘

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ŵĂŐŶŝƚƵĚĞ�ĂŶĚ�ĚŝƌĞĐƚŝŽŶ�ŽĨ�ƚŚĞ
ĞůĞĐƚƌŝĐ�ĨŝĞůĚ�Ăƚ�ƉŽŝŶƚ�P͍

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ĞůĞĐƚƌŝĐ�ƉŽƚĞŶƚŝĂů�Ăƚ�P͕�ĂƐƐƵŵŝŶŐ�- = 0�Ăƚ�ŝŶĨŝŶŝƚǇ͍

�͘ ^ĂǇ�ǇŽƵ�ďƌŽƵŐŚƚ�Ă�ĨŽƵƌƚŚ�ĐŚĂƌŐĞ�ǁŝƚŚ�6 =�нϱ�Ŷ��ŝŶ�ĨƌŽŵ�ǀĞƌǇ�ĨĂƌ�ĂǁĂǇ�;ĞƐƐĞŶƚŝĂůůǇ
ŝŶĨŝŶŝƚĞůǇ�ĨĂƌͿ�ƚŽ�ƉŽŝŶƚ�P͘�,Žǁ�ŵƵĐŚ�ƉŽƚĞŶƚŝĂů�ĞŶĞƌŐǇ�ǁŽƵůĚ�ŝƚ�ŐĂŝŶ�Žƌ�ůŽƐĞ�ŝŶ�ƚŚĞ
ƉƌŽĐĞƐƐ͍

�͘ ,Žǁ�ŵƵĐŚ�ǁŽƌŬ�ǁŽƵůĚ�ǇŽƵ�ŶĞĞĚ�ƚŽ�ĚŽ�ƚŽ�ďƌŝŶŐ�ƚŚĞ�ĐŚĂƌŐĞ�6�ĨƌŽŵ�ŝŶĨŝŶŝƚĞůǇ�ĨĂƌ�ĂǁĂǇ�ƚŽ
P͍

�͘ KŶ�ƚŚĞ�ĚŝĂŐƌĂŵ͕�ƵƐĞ�ĂŶ�X�ƚŽ�ŵĂƌŬ�ƚŚĞ�ĂƉƉƌŽǆŝŵĂƚĞ�ůŽĐĂƚŝŽŶ�ŽĨ�Ăƚ�ůĞĂƐƚ�ŽŶĞ�ƉŽŝŶƚ�ǁŚĞƌĞ
ƚŚĞ�ĞůĞĐƚƌŝĐ�ƉŽƚĞŶƚŝĂů�ŝƐ�ǌĞƌŽ͘��ĂŶ�ǇŽƵ�ĨŝŶĚ�ŵŽƌĞ�ƚŚĂŶ�ŽŶĞ͍



�ĂƉĂĐŝƚĂŶĐĞ	ʹ	'ƌŽƵƉ	SŚĞĞƚ	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

ϭͿ /magine	a	capacitor	with	a	capacitance	of	50	μF.		In	one	case,	this
capacitor	is	connected	to	a	10	V	battery.		In	the	other	case,	the
capacitor	is	fully	charged	and	then	disconnected	from	a	battery.
Suppose	we	now	increase	the	separation	between	the	plates	of
each	capacitor	by	an	equal	amount.		Answer	the	following	for	each
ĐĂƐĞ͘

�Ϳ Circle	the	parameter	(ΔV =	the	voltage	difference	between	the	plates	and	q =	the	charge
on	the	plates)	that	remains	constant	as	we	move	the	plateƐ	ĂƉĂƌƚ͗

ΔV											q	 ΔV											q	

�ͿWhat	happens	to	the	EͲfield	between	the	plates?		(Hint:	Remember	ΔV = Ed	for	a

constant	EͲfield	and	
Ϭ

qE
Aε

= in	a	capacitor.Ϳ

/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	 		/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	

�ͿWhat	happens	to	the	capacitance	of	each	capacitor?

/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	 		/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	

�ͿWhat	happens	to	the	parameter	(ΔV	Žƌ	q)	that	doesn’t	remain	constant?

/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	 		/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	

�ͿWhat	happens	to	the	energy	stored	in	each	capacitor?

/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	 		/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	

&Ϳ tŚĂt	happens	to	the	capacitance	if	a	dielectric	slab	is	inserted	between	the	plates?

/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	 		/ŶĐƌĞĂƐĞƐ	 	�ĞĐƌĞĂƐĞƐ	 	^ĂŵĞ	

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗	
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'ƌŽƵƉ	η	
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Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	might	you	
want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	using	for	the	rest	of	the	
worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϮͿ As	you’ve	already	seen	in	your	prelecture͕	the	membrane	of	a	cell	acts	like	a	capacitor.

�Ϳ Explain	in	your	own	words	why	we’re	justified	in	calling	the	cell	membrane	a
capacitor?		Hint:		What	about	the	cell	membrane	resembles	a	capacitor?

�Ϳ The	capacitance	of	cell	membranes	has	been	measured	to	be	10ͲϮ	F	per	square	meter
of	surface	area.		For	a	spherical	cell	with	a	radius	of	20	μm	(a	typical	size	for	a
mammalian	cell),	what	is	the	total	capacitance	of	the	cell’s	membrane?
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KƵƚƐŝĚĞ	

/ŶƐŝĚĞ	

�Ğůů	
ŵĞŵďƌĂŶĞ	

>ŝƉŝĚ	
ŵŽůĞĐƵůĞƐ	

�Ϳ At	its	resting	potential	(that	is,	a	70	mV	potential	difference	across	the	membrane),
how	much	charge	is	accumulated	on	either	side	of	the	membrane?

�Ϳ How	much	ĞůĞĐƚƌŝĐ�potential	energy	is	stored	across	the	cell’s	membrane?

�Ϳ If	the	total	number	of	cells	in	a	human	being	is,	on	average,	37	x	10ϭϮ,	ŚŽw	ŵƵĐŚ
electrical	potential	energy	is	stored	in	all	the	cells	in	your	body?

ϯͿ Below	is	a	cell	membrane	made	of	lipid	molecules	which	together	act	like	a	dieůĞĐƚƌŝc	in
between	the	charges	(ions)	gathered	outside	and	inside	the	cell.		Outside	there	are	excess
positive	ions	and	inside	are	excess	negative	ions	which	attract	each	other	across	the	membraŶĞ
and	so	accumulate	in	equal	numbers	on	either	side.		In
response	the	lipid	molecules	become	polarized	as	shown.
The	dielectric	constant	for	the	average	cell	membrane
is	5.		

�Ϳ If	the	thickness	of	the	membrane	is	10	nm,	what	ŝƐ	the	magnitude	and	direction	of
the	net	E	field	in	the	cell	membrane	when	there	is	a	70	mV	voltage	difference	across	the
ŵĞŵďƌĂŶĞ͍
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�ͿWhat	ŝƐ	the	magnitude	and	direction	of	the	E	field	in	the	cell	membrane	due	only	to
the	accumulated	charge?

�ͿWhat	ŝƐ	the	magnitude	and	direction	of	the	E	field	in	the	cell	membrane	due	only	to
the	polarized	lipid	molecules?

ϰͿ Two	parallel-plate	capacitors,	A	and	B,	are
connected	to	batteries	of	the	same	voltage	(10	V)
as	shown	below.

�Ϳ Assuming	that	the	negative	plate	is	at	–
5	V	and	the	positive	plate	is	at	+5	V,	draw
the	equipotential	lines	for	–3	V,	–1	V,	+1	V,
and	+3	V	between	the	two	plates	of	each
ĐĂƉĂĐŝƚŽƌ͘

�Ϳ Use	your	drawing	to	explain	why	the	E-field	between	the	plates	is	larger	for	capacitor
B	than	for	capacitor	A.
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�Ϳ Remember	that	the	strength	of	the	E	ĨŝĞld	is	proportional	to	the	charges	on	the	two
ŽďũĞĐƚs	(that	is,	greater	charge,	more	E	ĨŝĞůĚ).		Use	this	to	explain	which	pair	of	plates
contained	more	charge.

�Ϳ hƐŝŶg	ǇŽƵr	answer	to	C,	explain	which	capacitor	has	the	largest	capacitance	and	why.

�Ϳ Suppose	the	plates	were	initially	in	position	A	and	you	moved	them	to	position	B.		Is
the	electrical	potential	energy	stored	by	the	plates	increased	or	decreased?

&Ϳ Does	charge	flow	as	you	do	this?

ϱͿ Consider	the	arrangement	of	two	capacitors,	A	and	B,	connected	to	a	source	of	voltage
ďĞůŽǁ.		NŽƚĞ	that	both	pictures	are	complĞƚĞůǇ	eƋƵŝǀĂůĞŶƚ͘

What	could	you	be	asked	to	find	about	this	arrangement?		Fill	out	as	many	of	the	lines	as	you	
can	below.		One	has	been	finished	for	you	as	an	example.			

Žƌ	
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Given	these	quantities…	 …what	could	you	be	asked	to	find?	

The	capacitance	of	A,	the	capacitance	of	B,	
and	the	charge	on	A.	

Ͳ ΔV
Ͳ The	charge	on	�

The	capacitance	of	A,	the	distance	between	
�͛s	plates,	and	ΔV.	

The	capacitance	of	B,	the	distance	between	
�͛s	plates,	the	charge	on	A,	the	charge	on	B.	

The	energy	stored	in	A,	ΔV͕	and	the	charge	
on	B.	

The	distance	between	A’s	plates,	the	
distance	between	B’s	plates,	the	area	of	A’s	
ƉůĂƚĞƐ͕	the	area	of	B’s	plates,	the	magnitude	
of	the	E-ĨŝĞld	in	B.	

The	energy	stored	in	A	and	the	energy	
stored	in	B.	
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ϭͿ ^ƵƉƉŽƐĞ�ǇŽƵ�ĂƌĞ�ŽďƐĞƌǀŝŶŐ�Ă�ƐĞĐƚŝŽŶ�ŽĨ�ŚŽůůŽǁ�ƚƵďĞ͘�KǀĞƌ�Ă�ϭϬ
ƐĞĐŽŶĚ�ŝŶƚĞƌǀĂů͕�Ă�ƚŽƚĂů�ĐŚĂƌŐĞ�ŽĨ�нϮ���ĨůŽǁƐ�ƚŚƌŽƵŐŚ�ƚŚĞ�ƚƵďĞ�ƚŽ�ƚŚĞ
ƌŝŐŚƚ͕�ǁŚŝůĞ�Ă�ƚŽƚĂů�ĐŚĂƌŐĞ�ŽĨ�Ͳϭ͘ϱ���ĨůŽǁƐ�ƚŚƌŽƵŐŚ�ŝƚ�ƚŽ�ƚŚĞ�ůĞĨƚ͘�tŚĂƚ
ŝƐ�!"�ƉĂƐƐŝŶŐ�ƚŽ�ƚŚĞ�ƌŝŐŚƚ�ƚŚƌŽƵŐŚ�Ă�ĐŝƌĐƵůĂƌ�ĐƌŽƐƐͲƐĞĐƚŝŽŶ�ŽĨ�ƚŚĞ�ƚƵďĞ͍

ĂͿ нϬ͘ϱ��
ďͿ нϮ��
ĐͿ нϮ͘ϱ��
ĚͿ нϯ͘ϱ��
ĞͿ нϰ��

ϮͿ /Ŷ�ƚŚĞ�ƉƌĞǀŝŽƵƐ�ƋƵĞƐƚŝŽŶ͕�ǁŚĂƚ�ŝƐ�#͍

ĂͿ ϱ���ƚŽ�ƚŚĞ�ůĞĨƚ
ďͿ Ϭ͘ϯϱ���ƚŽ�ƚŚĞ�ƌŝŐŚƚ
ĐͿ Ϭ͘ϱ���ƚŽ�ƚŚĞ�ůĞĨƚ
ĚͿ Ϯ͘ϱ���ƚŽ�ƚŚĞ�ƌŝŐŚƚ
ĞͿ ϯ͘ϱ���ƚŽ�ƚŚĞ�ƌŝŐŚƚ

ϯͿ /Ɛ�ƚŚŝƐ�ƐƚĂƚĞŵĞŶƚ�ƚƌƵĞ�Žƌ�ĨĂůƐĞ͗�$�ŽĨ�Ă�ƌĞƐŝƐƚŽƌ�ĐŚĂŶŐĞƐ�ĂĐĐŽƌĚŝŶŐ�ƚŽ�ƚŚĞ�ǀŽůƚĂŐĞ�ĂĐƌŽƐƐ�ŝƚ�ĂŶĚ
ƚŚĞ�ĐƵƌƌĞŶƚ�ĨůŽǁŝŶŐ�ƚŚƌŽƵŐŚ�ŝƚ͘

dZh�� &�>^��

ϰͿ ��ϮͲ��ĐƵƌƌĞŶƚ�ŝƐ�ŵŽǀŝŶŐ�ƚŚƌŽƵŐŚ�Ă�ǁŝƌĞ�ǁŝƚŚ�ϭϬϬ�ɏ�ŽĨ�ƌĞƐŝƐƚĂŶĐĞ͘��,Žǁ�ŵƵĐŚ�ĞůĞĐƚƌŝĐ�
ƉŽƚĞŶƚŝĂů�ĞŶĞƌŐǇ�ĚŽĞƐ�ƚŚĞ�ŵŽǀŝŶŐ�ĐŚĂƌŐĞ�ůŽƐĞ�ĞǀĞƌǇ�ƐĞĐŽŶĚ͍��;,ŝŶƚ͗�dŚŝƐ�ŝƐ�ŶŽƚ�ĂƐŬŝŶŐ�ĂďŽƵƚ�
ǀŽůƚĂŐĞ͕�ďƵƚ�ǇŽƵ�ǁŝůů�ŶĞĞĚ�ƚŽ�ĨŝŶĚ�ƚŚĞ�ǀŽůƚĂŐĞ�ĚƌŽƉ�ĂĐƌŽƐƐ�ƚŚĞ�ǁŝƌĞ�ƚŽ�ĨŝŶĚ�ĂŶ�ĂŶƐǁĞƌ͘Ϳ

ĂͿ ϰϬϬ�:
ďͿ ϭϬϬ�:
ĐͿ Ϯ�:
ĚͿ ϮϬϬ�:
ĞͿ ϴϬϬ�:�

zŽƵƌ�ŐƌŽƵƉ�ŵĞŵďĞƌ�ŶĂŵĞƐ͗�
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�Ɛ�ǇŽƵ�ĐŽŵƉůĞƚĞ�ƚŚĞ�ǁŽƌŬƐŚĞĞƚ͕�ƵƐĞ�ƚŚŝƐ�ƐƉĂĐĞ�ƚŽ�ĂĚĚ�ŶŽƚĞƐ�Žƌ�ŝŶĨŽƌŵĂƚŝŽŶ�ƚŚĂƚ�ǁĂƐ�
ŝŵƉŽƌƚĂŶƚ�ƌĞŐĂƌĚŝŶŐ�ƚŚŝƐ�ƚŽƉŝĐ͘�tŚĂƚ�ƐŽƌƚƐ�ŽĨ�ŶŽƚĞƐ�ŵŝŐŚƚ�ǇŽƵ�ǁĂŶƚ�ƚŽ�ŝŶĐůƵĚĞ�ŽŶ�Ă�ŶŽƚĞ�
ƐŚĞĞƚ�ĨŽƌ�ƚŚĞ�ĞǆĂŵ͍��

ϱͿ ��ϭͲ�ŵƉ�ĐƵƌƌĞŶƚ�ŝƐ�ĨůŽǁŝŶŐ�ƚŚƌŽƵŐŚ�ƚǁŽ�ŵĂƚĞƌŝĂůƐ�ƚŽ�ƚŚĞ�ƌŝŐŚƚ�;ĂƐ�ƐŚŽǁŶ�ďĞůŽǁͿ͘��KŶĞ
ŵĂƚĞƌŝĂů�ŝƐ�Ă�ƐĞĐƚŝŽŶ�ŽĨ�ŵĞƚĂů�ǁŝƌĞ͘�dŚĞ�ŽƚŚĞƌ�ŝƐ�Ă�ƚƵďĞ�ŽĨ�ĐŽŶĚƵĐƚŝǀĞ�ĨůƵŝĚ�ĐŽŶƚĂŝŶŝŶŐ�ĞƋƵĂů
ŶƵŵďĞƌƐ�ŽĨ�ĞƋƵĂůůǇ�ĐŚĂƌŐĞĚ�ƉŽƐŝƚŝǀĞ�ĂŶĚ�ŶĞŐĂƚŝǀĞ�ŝŽŶƐ͘��ƐƐƵŵĞ�ƚŚĂƚ�ŝŶ�ƚŚĞ�ĨůƵŝĚ͕�ƉŽƐŝƚŝǀĞ
ĂŶĚ�ŶĞŐĂƚŝǀĞ�ŝŽŶƐ�ĂƌĞ�ĞƋƵĂůůǇ�ĂďůĞ�ƚŽ�ŵŽǀĞ͘

&Žƌ�ĞĂĐŚ�ĐĂƐĞ�;ǁŝƌĞ�ĂŶĚ�ĨůƵŝĚͿ͕�ŝŶĚŝĐĂƚĞ�ŚŽǁ�ŵƵĐŚ�н�ĂŶĚ�ʹ�ĐŚĂƌŐĞ�ŵŽǀĞƐ�ƚŚƌŽƵŐŚ�ƚŚĞ�
ŵĂƚĞƌŝĂů�ŝŶ�Ă�ƚŝŵĞ�ŝŶƚĞƌǀĂů�ŽĨ�Δt�с�ϭ�ʅƐ�ŝŶ�ƚŚĞ�ďŽǆĞƐ�ƉƌŽǀŝĚĞĚ�ĂŶĚ�ĐŝƌĐůĞ�ƚŚĞ�ĐŽƌƌĞĐƚ�ĂƌƌŽǁ�
ŝŶĚŝĐĂƚŝŶŐ�ƚŚĞ�ĚŝƌĞĐƚŝŽŶ�ŝŶ�ǁŚŝĐŚ�ƚŚŝƐ�ĐŚĂƌŐĞ�ŵŽǀĞƐ͘�
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ϲͿ �ůĞĐƚƌŝĐ�ĞĞůƐ�ďĞŶĚ�ĂƌŽƵŶĚ
ƚŚĞŝƌ�ƉƌĞǇ�ƚŽ�ƐƚƵŶ�ŝƚ͕�ĂƐ
ƐŚŽǁŶ�ŝŶ�ƚŚĞ�ĨŝŐƵƌĞ͘�/Ŷ
ŽƌĚĞƌ�ƚŽ�ƐƚƵŶ�ůĂƌŐĞƌ�ƉƌĞǇ͕
ƚŚĞǇ�ďĞŶĚ�ĞǀĞŶ�ŵŽƌĞ�ƚŽ
ƌĞĚƵĐĞ�ƚŚĞ�ŐĂƉ�ďĞƚǁĞĞŶ
ƚŚĞŝƌ�ƚǁŽ�ĞŶĚƐ͕�ĂƐ�ƐŚŽǁŶ
Ăƚ�ƌŝŐŚƚ͘

�͘ �ƐƐƵŵŝŶŐ�Ă�ƚǇƉŝĐĂů�ǀŽůƚĂŐĞ�ĚŝĨĨĞƌĞŶĐĞ�ŽĨ�ϲϬϬ�s�ďĞƚǁĞĞŶ�ƚŚĞ�ĞĞů͛Ɛ�ŚĞĂĚ�ĂŶĚ�ƚĂŝů͕�ĚƌĂǁ�ƚŚĞ
ĞƋƵŝƉŽƚĞŶƚŝĂů�ůŝŶĞƐ�ĨŽƌ�ϭϬϬ�s͕�ϮϬϬ�s͕�ϯϬϬ�s͕�ϰϬϬ�s͕�ĂŶĚ�ϱϬϬ�s�ŝŶ�ƚŚĞ�ďŽǆĞƐ�ƉƌŽǀŝĚĞĚ͘
;�ƐƐƵŵĞ�ƚŚĞ�ĞĞů͛Ɛ�ƚĂŝů�ŝƐ�Ăƚ�Ϭ�s�ĂŶĚ�ƚŚĞ�ĞĞů͛Ɛ�ŚĞĂĚ�ŝƐ�Ăƚ�ϲϬϬ�s͘��ůƐŽ�ĂƐƐƵŵĞ�ƚŚĞ��ͲĨŝĞůĚ�ŝŶ
ƚŚĞ�ĂƌĞĂ�ŽĨ�ƚŚĞ�ďŽǆ�ŝƐ�ƵŶŝĨŽƌŵ͘Ϳ

�͘ /Ŷ�ǁŚŝĐŚ�ĐĂƐĞ�ĚŽĞƐ�ƚŚĞ�ĞůĞĐƚƌŝĐ�ĨŝĞůĚ�ďĞƚǁĞĞŶ�ƚŚĞ�ĞĞů͛Ɛ�ŚĞĂĚ�ĂŶĚ�ƚĂŝů�ŚĂǀĞ�ƚŚĞ�ŐƌĞĂƚĞƐƚ
ŵĂŐŶŝƚƵĚĞ͍

�͘ /Ŷ�ǁŚŝĐŚ�ĐĂƐĞ�ǁŝůů�ƚŚĞ�ĚƌŝĨƚ�ƐƉĞĞĚ�ŽĨ�ĞůĞĐƚƌŽŶƐ�ďĞƚǁĞĞŶ�ƚŚĞ�ĞĞů͛Ɛ�ŚĞĂĚ�ĂŶĚ�ƚĂŝů�ďĞ
ůĂƌŐĞƐƚ͍��;,ŝŶƚ͗��ŚĂƌŐĞƐ�ĂƌĞ�ŵŽǀĞĚ�ďǇ�ƚŚĞ�E-ĨŝĞůĚ�ĐƌĞĂƚĞĚ�ďǇ�ƚŚĞ�ǀŽůƚĂŐĞ�ĚŝĨĨĞƌĞŶĐĞ͘Ϳ

�͘ /Ŷ�ǁŚŝĐŚ�ĐĂƐĞ�ǁŝůů�ƚŚĞ�ĐƵƌƌĞŶƚ�ƚŚƌŽƵŐŚ�ƚŚĞ�ĞĞů͛Ɛ�ƉƌĞǇ�ďĞ�ůĂƌŐĞƐƚ͍

�͘ ^ĞĂ�ǁĂƚĞƌ�ŝƐ�Ă�ŐŽŽĚ�ĐŽŶĚƵĐƚŽƌ͘��ŝƌ�ŝƐ�Ă�ƉŽŽƌ�ĐŽŶĚƵĐƚŽƌ͘�hƐĞ�ƚŚŝƐ�ƚŽ�ĞǆƉůĂŝŶ�ǁŚǇ�ƚŚĞƌĞ�ĂƌĞ
ŶŽ�ĞůĞĐƚƌŝĐ�ƐŶĂŬĞƐ͘
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ϳͿ� dǁŽ�ĐǇůŝŶĚƌŝĐĂů�ĐŽŶĚƵĐƚŽƌƐ͕���ĂŶĚ��͕
ĂƌĞ�ĐŽŶŶĞĐƚĞĚ�ƚŽ�Ă�ƐŽƵƌĐĞ�ŽĨ�Ă
ƉŽƚĞŶƚŝĂů�ĚŝĨĨĞƌĞŶĐĞ͕�ΔV͕�ĂƐ�ƐŚŽǁŶ͘
�ŽŶĚƵĐƚŽƌ���ŝƐ�ϯ�ƚŝŵĞƐ�ĂƐ�ůŽŶŐ�ĂƐ
ĐŽŶĚƵĐƚŽƌ��͕�ĂŶĚ�ĐŽŶĚƵĐƚŽƌ���ŚĂƐ�ϰ
ƚŝŵĞƐ�ƚŚĞ�ĚŝĂŵĞƚĞƌ�ŽĨ�ĐŽŶĚƵĐƚŽƌ��͘

�͘ ^ƵƉƉŽƐĞ�ďŽƚŚ�ĐŽŶĚƵĐƚŽƌƐ�ĂƌĞ�ŵĂĚĞ�ŽƵƚ�ŽĨ�ƚŚĞ�ƐĂŵĞ�ŵĂƚĞƌŝĂů�ǁŝƚŚ�ŝĚĞŶƚŝĐĂů�ŶƵŵďĞƌƐ�ŽĨ�
ŵŽǀŝŶŐ�ĐŚĂƌŐĞƐ�ƉĞƌ�ƵŶŝƚ�ǀŽůƵŵĞ͕�n͕�ĂŶĚ�ƌĞƐŝƐƚŝǀŝƚǇ͕�%͘�tŝůů�ƚŚĞƌĞ�ďĞ�Ă�ĚŝĨĨĞƌĞŶĐĞ�ŝŶ�ƚŚĞ�
ĐƵƌƌĞŶƚ�ƉĂƐƐŝŶŐ�ƚŚƌŽƵŐŚ�ĞĂĐŚ�ĐŽŶĚƵĐƚŽƌ͍�/Ĩ�ƐŽ͕�ǁŚŝĐŚ�ŝƐ�ŐƌĞĂƚĞƌ͍�

�͘ tŝůů�ƚŚĞƌĞ�ďĞ�Ă�ĚŝĨĨĞƌĞŶĐĞ�ŝŶ�ƚŚĞ�ĚƌŝĨƚ�ƐƉĞĞĚ�ŽĨ�ĐŚĂƌŐĞƐ�ŝŶ�ĞĂĐŚ�ĐŽŶĚƵĐƚŽƌ͍��/Ĩ�ƐŽ͕�ǁŚŝĐŚ�ŝƐ
ŐƌĞĂƚĞƌ͍

�͘ �Ɛ�ĐŚĂƌŐĞƐ�ŵŽǀĞ�ƚŚƌŽƵŐŚ�ƚŚĞ�ĐŽŶĚƵĐƚŽƌƐ͕�ƚŚĞǇ�ůŽƐĞ�ƉŽƚĞŶƚŝĂů�ĞŶĞƌŐǇ͕�ǁŚŝĐŚ�ǁĞ�ƌĞůĂƚĞ�ƚŽ
Ă�ĚƌŽƉ�ŝŶ�ǀŽůƚĂŐĞ͘�dŚƌŽƵŐŚ�ǁŚŝĐŚ�ĐŽŶĚƵĐƚŽƌ�ĚŽ�ƚŚĞ�ĐŚĂƌŐĞƐ�ƉĂƐƐ�ƚŚƌŽƵŐŚ�ƚŚĞ�ůĂƌŐĞƐƚ
ǀŽůƚĂŐĞ�ĚƌŽƉ͍��;,ŝŶƚ͗�zŽƵ͛ůů�ŶĞĞĚ�ƚŽ�ĚĞƚĞƌŵŝŶĞ�ǁŚŝĐŚ�ĐŽŶĚƵĐƚŽƌ�ŚĂƐ�ƚŚĞ�ůĂƌŐĞƐƚ
ƌĞƐŝƐƚĂŶĐĞ͘Ϳ

�͘ EŽǁ͕�ŝŵĂŐŝŶĞ�ƚŚĂƚ�ƚŚĞ�ƚǁŽ�ĐŽŶĚƵĐƚŽƌƐ�ĂƌĞ�ŵĂĚĞ�ŽĨ�ĚŝĨĨĞƌĞŶƚ�ƐƵďƐƚĂŶĐĞƐ�ǁŝƚŚ�ĚŝĨĨĞƌĞŶƚ
ƌĞƐŝƐƚŝǀŝƚŝĞƐ͘�^ƵƉƉŽƐĞ�ƚŚĂƚ�ƚŚĞ�ƌĞƐŝƐŝƚŝǀŝƚǇ�ŽĨ�ĐŽŶĚƵĐƚŽƌ��͕�r�͕�ŝƐ�ϲϬ�ƚŝŵĞƐ�ƚŚĞ�ƌĞƐŝƐŝƚŝǀŝƚǇ�ŽĨ
ĐŽŶĚƵĐƚŽƌ��͕�r�͘�tŝůů�ƚŚĞ�ĐƵƌƌĞŶƚ�Ɛƚŝůů�ďĞ�ƚŚĞ�ƐĂŵĞ�ŝŶ�ƚŚĞ�ƚǁŽ�ĐŽŶĚƵĐƚŽƌƐ͍



�ƵƌƌĞŶƚ �͕�sŽůƚĂŐĞ �͕�ĂŶĚ�ZĞƐŝƐƚĂŶĐĞ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ� EĂŵĞ͗ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ�

�͘ �ŚĂƌŐĞƐ�ŵŽǀŝŶŐ�ƚŚƌŽƵŐŚ�ǁŚŝĐŚ�ĐŽŶĚƵĐƚŽƌ�ĞǆƉĞƌŝĞŶĐĞ�Ă�ůĂƌŐĞƌ�ǀŽůƚĂŐĞ�ĚƌŽƉ͍

&͘ �ĞƚĞƌŵŝŶĞ�ǁŚĞƚŚĞƌ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƐƚĂƚĞŵĞŶƚƐ�ĂƌĞ�ƚƌƵĞ�Žƌ�ĨĂůƐĞ͗

ͺͺͺͺͺ� �ŽƵďůŝŶŐ�ƚŚĞ�ůĞŶŐƚŚ�ŽĨ�Ă�ƌĞƐŝƐƚŽƌ�ĂŶĚ�ĚŽƵďůŝŶŐ�ŝƚƐ�ĚŝĂŵĞƚĞƌ�ǁŝůů�ĚŽƵďůĞ�ŝƚƐ�ƌĞƐŝƐƚĂŶĐĞ͘�

ͺͺͺͺͺ� /Ĩ�ƚŚĞ�ĐƵƌƌĞŶƚ�ƚŚƌŽƵŐŚ�ƚǁŽ�ĐŽŶĚƵĐƚŽƌƐ�ŝƐ�ƚŚĞ�ƐĂŵĞ͕�ƚŚĞ�ǀŽůƚĂŐĞ�ĚƌŽƉ�ǁŝůů�ďĞ�ŐƌĞĂƚĞƌ�
ĂĐƌŽƐƐ�ƚŚĞ�ŽŶĞ�ǁŝƚŚ�ŚŝŐŚĞƌ�ƌĞƐŝƐƚĂŶĐĞ͘�

ͺͺͺͺͺ� /Ĩ�ƚŚĞ�ǀŽůƚĂŐĞ�ĚƌŽƉ�ĂĐƌŽƐƐ�ƚǁŽ�ĐŽŶĚƵĐƚŽƌƐ�ŝƐ�ƚŚĞ�ƐĂŵĞ͕�ƚŚĞ�ĐƵƌƌĞŶƚ�ǁŝůů�ďĞ�ŐƌĞĂƚĞƌ�
ƚŚƌŽƵŐŚ�ƚŚĞ�ŽŶĞ�ǁŝƚŚ�ŚŝŐŚĞƌ�ƌĞƐŝƐƚĂŶĐĞ͘�

ϴͿ ��ĐƵƌƌĞŶƚ�ŝƐ�ĨůŽǁŝŶŐ�ƚŚƌŽƵŐŚ�Ă�ĐǇůŝŶĚƌŝĐĂů�ƐĞŐŵĞŶƚ�ŽĨ�ĐŽŶĚƵĐƚŝǀĞ�ŵĂƚĞƌŝĂů�ǁŝƚŚ�Ă�ƐŚĂƉĞ�ĂƐ
ƐŚŽǁŶ͘

tŚĂƚ�ĐŽƵůĚ�ǇŽƵ�ďĞ�ĂƐŬĞĚ�ƚŽ�ĨŝŶĚ�ĂďŽƵƚ�ƚŚŝƐ�ĂƌƌĂŶŐĞŵĞŶƚ͍��&ŝůů�ŽƵƚ�ĂƐ�ŵĂŶǇ�ŽĨ�ƚŚĞ�ůŝŶĞƐ�ĂƐ�
ǇŽƵ�ĐĂŶ�ďĞůŽǁ͘��KŶĞ�ŚĂƐ�ďĞĞŶ�ĨŝŶŝƐŚĞĚ�ĨŽƌ�ǇŽƵ�ĂƐ�ĂŶ�ĞǆĂŵƉůĞ͘���



�ƵƌƌĞŶƚ�͕�sŽůƚĂŐĞ͕ ��ĂŶĚ�ZĞƐŝƐƚĂŶĐĞ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ� EĂŵĞ͗ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ�

'ŝǀĞŶ�ƚŚĞƐĞ�ƋƵĂŶƚŝƚŝĞƐ͙� ͙ǁŚĂƚ�ĐŽƵůĚ�ǇŽƵ�ďĞ�ĂƐŬĞĚ�ƚŽ�ĨŝŶĚ͍�

dŚĞ�ĐƵƌƌĞŶƚ�ƚŚƌŽƵŐŚ�ƚŚĞ�ŵĂƚĞƌŝĂů͕�
ƚŚĞ�ǀŽůƚĂŐĞ�ĚƌŽƉ�ĂĐƌŽƐƐ�ƚŚĞ�
ƐĞŐŵĞŶƚ͕�ƚŚĞ�ůĞŶŐƚŚ�ŽĨ�ƚŚĞ�ƐĞŐŵĞŶƚ͕�
ĂŶĚ�ƚŚĞ�ƌĞƐŝƐƚŝǀŝƚǇ�ŽĨ�ƚŚĞ�ŵĂƚĞƌŝĂů͘�

Ͳ dŚĞ�ƌĞƐŝƐƚĂŶĐĞ�ŽĨ�ƚŚĞ�ƐĞŐŵĞŶƚ
Ͳ dŚĞ�ĐƌŽƐƐͲƐĞĐƚŝŽŶĂů�ĂƌĞĂ�ŽĨ�ƚŚĞ
ƐĞŐŵĞŶƚ
Ͳ dŚĞ�ƌĂĚŝƵƐ�ŽĨ�ƚŚĞ�ƐĞŐŵĞŶƚ

dŚĞ�ĐƵƌƌĞŶƚ�ƚŚƌŽƵŐŚ�ƚŚĞ�ŵĂƚĞƌŝĂů͕�
ƚŚĞ�ŶƵŵďĞƌ�ĚĞŶƐŝƚǇ�ŽĨ�ĨƌĞĞ�ĞůĞĐƚƌŽŶƐ�
ŝŶ�ƚŚĞ�ŵĂƚĞƌŝĂů͕�ĂŶĚ�ƚŚĞ�ƌĂĚŝƵƐ�ŽĨ�ƚŚĞ�
ƐĞŐŵĞŶƚ͘�

dŚĞ�ƌĞƐŝƐƚĂŶĐĞ�ŽĨ�ƚŚĞ�ƐĞŐŵĞŶƚ͕�ƚŚĞ�
ǀŽůƚĂŐĞ�ĚƌŽƉ�ĂĐƌŽƐƐ�ƚŚĞ�ƐĞŐŵĞŶƚ͕�
ĂŶĚ�ĂŶ�ĞůĂƉƐĞĚ�ƚŝŵĞ͘�

dŚĞ�ǀŽůƚĂŐĞ�ĚƌŽƉ�ĂĐƌŽƐƐ�ƚŚĞ�
ƐĞŐŵĞŶƚ͕�ƚŚĞ�ƌĞƐŝƐƚŝǀŝƚǇ�ŽĨ�ƚŚĞ�
ŵĂƚĞƌŝĂů͕�ƚŚĞ�ůĞŶŐƚŚ�ŽĨ�ƚŚĞ�ƐĞŐŵĞŶƚ͕�
ĂŶĚ�ƚŚĞ�ƌĂĚŝƵƐ�ŽĨ�ƚŚĞ�ƐĞŐŵĞŶƚ͘�

dŚĞ�ĚƌŝĨƚ�ǀĞůŽĐŝƚǇ�ŽĨ�ĞůĞĐƚƌŽŶƐ�ŝŶ�ƚŚĞ�
ƐĞŐŵĞŶƚ͕�ƚŚĞ�ŶƵŵďĞƌ�ĚĞŶƐŝƚǇ�ŽĨ�ĨƌĞĞ�
ĞůĞĐƚƌŽŶƐ�ŝŶ�ƚŚĞ�ŵĂƚĞƌŝĂů͕�ĂŶĚ�ƚŚĞ�
ƌĂĚŝƵƐ�ŽĨ�ƚŚĞ�ƐĞŐŵĞŶƚ͘�



Circuits	I	ʹ	'ƌŽƵƉ	SŚĞĞƚ	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

ϭͿ Decide	whether	the	following	statements	are	true	or	false:

�ͿWhen	a	single	wire	splits	into	2	braches,	the	current	in	the

single	wire	always	splits	into	half.

dZh�	 &�>^�	

�Ϳ The	sum	of	currents	leaving	a	junction	must	be	equal	to	the	sum	of	currents	entering

the	junction.

dZh�	 &�>^�	

�Ϳ The	voltage	difference	between	any	two	points	in	a	circuit	is	always	zero.

dZh�	 &�>^�	

ϮͿ For	each	circuit	state	which	resistors,	or	network	of	resistors,	are	in	series	with	each	other
and	which	resistors,	or	network	of	resistors,	are	in	parallel	with	each	other.

�Ϳ	

�Ϳ	

C)	

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗	



Circuits	I		

WŚǇƐŝĐƐ	104	–	General	Physics	

'ƌŽƵƉ	η	

Useful	Equations:	

	RĞƋ	=	Rϭ	+	RϮ	 ;ƐĞƌŝĞƐͿ		
!
!!"

= !
!!
+ !

!!
			(parallel)	

	 Σiin	=	ΣiŽƵƚ			(at	a	junction)	 	ΔV	=	0	(over	a	closed	loop	in	a	circuit)	
ΔV�ї�	=	V�	–	V�	(over	a	path	from	A	to	B)	

Reflect on the experience you’ve had so far with today’s topic.  What sorts of notes 
might you want to write on a note sheet for the exam (which you can test out by using for 
the rest of the worksheet and on this week’s homework and quiz too)?	

ϯͿ Consider	the	circuit	to	the	right.

�Ϳ RĂŶŬ	the	voltageƐ	at	the	points	shown.		Be	sure	
to�justify	your	answer.	



Circuits	I		

WŚǇƐŝĐƐ	104	–	General	Physics	

�Ϳ�RaŶŬ	the	magnitude	of	the	currents	at	the	points	shown.			�ŐĂŝŶ͕	justify	your	answer.

�Ϳ Is	the	current	zero	anywhere?

ϰͿ The	circuit	below	contains	three	identical	light	bulbs.
dŚĞ	eŵf	ε	=	120	V.

�Ϳ Rank	the	magnitude	of	the	currents	going

through	each	bulb.

�Ϳ Rank	the	brightness	of	the	bulbs.

�Ϳ After	an	unfortunate	incident	bulb	B	breaks.		Which	bulb(s)	is/are	still	lit?



Circuits	I		

WŚǇƐŝĐƐ	104	–	General	Physics	

ϱͿ Consider	the	circuit	to	the	right,	where	Rϭ	=	RϮ	=

10	Ω,	εϭ	=	10V,	and	εϮ	=	5	V:

�Ϳ How	many	junctions	can	you	identify?

�Ϳ How	many	loops	can	you	identify?

�Ϳ�You	wanƚ	to	find	Iϭ.		How	many	loops	from	B	do	you	need	to	do	this?

�ͿWhat	is	Iϭ͍

�Ϳ�Which	would	be	the	worst	choice	of	loop	to	use	iĨ	you	wanted	to	find	Iϭ?		WŚǇ͍

ϲͿ In	the	following	circuit,	Rϭ	=	500	Ω,	RϮ	=	200	Ω,

Rϯ	=	1000	Ω,	εϭ	=	20	V,	εϮ	=	12	V.

�Ϳ How	many	currents	are	in	this	circuit?



Circuits	I		

WŚǇƐŝĐƐ	104	–	General	Physics	

�Ϳ If	the	current	through	Rϭ	=	27	mA,	what	are	the	other	currents	in	this	circuit?

ϳͿ Consider	the	following	circuit:

Below	is	a	list	of	quantities	related	to	the	circuit.		Vǆ	refers	to	the	voltage	at	point	x	(letters	a	
through	j).		In	the	box	to	the	right	of	each	group,	fill	in	the	appropriate	relationship	between	
these	quantities.	

iϭ,	VĂ,	Rϭ,	Vď	

εϮ,	VĐ,	VĚ,	ΔVϯ	

iϭ,	iϮ,	iϯ	

εϮ,	VŐ,	Vŝ	

εϭ,	ΔVϭ,	VĐ,	VĚ	

εϭ,	εϮ,	VĂ,	VĨ



Circuits	II	ʹ	'ƌŽƵƉ	SŚĞĞƚ	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

ϭͿMatch	the	situation	with	the	equation	you’d	use	to	find	power.

• A	ϭϮϬϬͲΩ	resistor	is	connected	to	a	15Ͳs
battery.		What	is	the	power	dissipated	by
the	ϭϮϬϬͲΩ	resistor?

• A	ϮϬϬͲΩ	resistor	is	in	series	with	two	other
resistors	of	unknown	resistances	and	a	15Ͳ
V	battery.		The	equivalent	resistance	of	all	three	is	600	Ω.		What	is	the
power	dissipated	by	the	200ͲΩ	resistor?

• A	ϳϱϬͲΩ	resistor	is	connected	in	parallel	with	two	other	resistors	to	a
ϭϮͲV	battery.		What	is	the	power	dissipated	by	the	750ͲΩ	resistor?

• A	resistor	has	a	current	of	4	A	running	through	it	and	a	voltage	gap	of
6	V	across	it.		What	is	the	power	dissipated	by	this	resistor͍

• A	ϭϬϬϬͲΩ	resistor	is	in	a	simple	circuit	(no	junctions)	with	a	battery.
The	current	through	the	circuit	is	0.5	A.		What	is	the	power	dissipated
by	the	1000ͲΩ	resistor?

ϮͿWhat	is	the	voltage	difference	between	the	plates	of	an	uncharged	capacitor	ŝŵŵĞĚŝĂƚĞůǇ
after	connecting	it	to	a	battery	with	voltage	ε?

ĂͿ ɸ
ďͿ ɸͬϮ
ĐͿ ɸͬϯ
ĚͿ ɸͬϰ
ĞͿ ǌĞƌŽ

ϯͿ A	fully	charged	capacitor
with	capacitance	C	is	inserted
into	a	circuit	with	a	single
resistor	of	resistance	R	and	no
battery.		Sketch	the	graphs	of
the	charge	on	the	capacitor
over	time	and	the	current	in
the	circuit	over	time͗

ϰͿWhat	could	you	do	to	make	the	current	in	the	circuit	described	in	3	decrease	faster?

ĂͿ Increase	C
ďͿ Decrease	R
ĐͿ Eothing	ʹ	the	time	constant	is	a	constant

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗	

Bonus	Question!	
tŚĂƚ	ĚŽĞƐ	͞ŝŵŵĞĚŝĂƚĞůǇ	ĂĨƚĞƌ͟	ŵĞĂŶ͍	

ĂͿ ƚ	с	Ϭ
ďͿ ƚ	с	Z�
ĐͿ ƚ	с	ь

ʏ	 Ϯʏ	 ϯʏ	 ϰʏ	 ϱʏ	 ʏ	 Ϯʏ	 ϯʏ	 ϰʏ	 ϱʏ	



Circuits	II	
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'ƌŽƵƉ	η	

Useful	Equations:	
	Charging	a	capacitor											Discharging	a	capacitor	

	 P	=	iV	=	iϮR	=	
!!
! 			qĐĂƉ;t)	=	Cε;ϭͲĞʹt/RC)									qĐĂƉ;t)	=	qŵĂǆĞʹt/RC	 	

			ȴVĐĂƉ;t)	=	ε;ϭͲĞʹt/RC)									ΔVĐĂƉ;t)	=	(qŵĂǆͬCͿĞʹt/RC	

			iĐĂƉ;t)	=	(ε/RͿĞʹt/RC 								iĐĂƉ;t)	=	–(qŵĂǆͬRCͿĞʹt/RC					

Reflect on the experience you’ve had so far with today’s topic.  What sorts of notes 
might you want to write on a note sheet for the exam (which you can test out by using for 
the rest of the worksheet and on this week’s homework and quiz too)?	

ϰͿ A	ϮϬϬ-Ω	resistor	is	in	ƐĞƌŝĞƐ	with	two	other	resistors	of	unknown	resistances	and	a	15-s
battery.		The	equivalent	resistance	of	all	three	is	600	Ω.

�ͿWhat	is	the	power	dissipated	by	the	200-Ω	resistor?

�Ϳ Did	you	use	the	equation	you	chose	in	1	above	or	a	different	one?



Circuits	II	
WŚǇƐŝĐƐ	104	–	General	Physics	

ϱͿ Recall	that	a	cell	membrane	at	its	resting	potential	can	be
modeled	as	an	RC	circuit	with	capacitor,	resistor,	and	battery	in
ƐĞƌŝĞƐ͘

The	resistance	of	the	ion	gates	depends	on	the	size	of	the	cell.		
For	a	cell	50	μm	in	radius,	R	=	25,ϬϬϬ͕000	Ω.		Similarly,	the	
capacitance	of	a	cell	membrane	depends	on	the	size	of	the	cell.	
For	a	cell	with	a	radius	of	50	μm,	C	=	78.5	pF.	

�ͿWhat	is	the	time	constant	of	the	cell	membrane	as
ǁĞ͛ve	modeled	it?

�ͿWhat	sort	of	timescale	would	you	expect	changes	in	the	voltage	across	the	cell
membrane	to	occur	in?		(Circle	one)

nanoseconds								microseconds	 	milliseconds	 			seconds	

�ͿWhich	of	the	following	most	accurately	represents	what	the	time	constant	is?

A	measure	of	how	much	charge	will	accumulate	in	a	system.	

A	measure	of	how	much	time	it	takes	to	return	a	system	to	its	initial	state.	

A	measure	of	how	long	it	takes	a	system	to	change.	

A	measure	of	how	large	the	voltage	change	in	a	system	will	be.	

A	measure	of	the	overall	complexity	of	a	system.	
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�Ϳ The	propagation	speed	of	the	action	potential	down	an	axon	is	inversely	proportional
to	the	time	constant	of	the	neuron’s	cell	membrane.	Use	this	fact	ƚŽ�ĞǆƉůĂŝŶ�ǁŚǇ
ŝŵƉƵůƐĞƐ�ƚƌĂǀĞů�ĨĂƐƚĞƌ�ĂůŽŶŐ�ĂǆŽŶƐ�ƚŚĂƚ�ĂƌĞ�ĐŽǀĞƌĞĚ�ǁŝƚŚ�Ă�ŵǇĞůŝŶ�ƐŚĞĂƚŚ͘	(Hint:�Think
about	the	membrane	as	a	capacitor	and	recall	how	capacitance	varies	with�ŐĞŽŵĞƚƌǇ͘Ϳ

ϲͿ In	the	circuit	shown,	C	is	an	uncharged	capacitor	with
capacitance	of	12	mF,	R	is	a	resistor	with	resistance	50	Ω,	and	ε	ŝƐ
a	battery	with	voltage	5	V.		Switch	s	is	thrown	and	the	capacitor
begins	charging.

�Ϳ Indicate	the	direction	of	the	current	(while	there	is
one)	on	the	diagram	above.

�Ϳ Indicate	which	plate	of	the	capacitor	is	accumulating
positive	charge	and	which	side	is	accumulating	negative
charge	on	the	diagram.
�Ϳ At	t	=	2τ,	what	is	the	charge	on	the	capaciƚŽƌ͕	the	current	through	the	ciƌĐƵŝƚ͕	and	the
voltage	difference	across	the	capacitor?

q(2τ)	=	 i(2τ)	=	

�ͿWhat	is	the	voltage	gap	across	the	capacitor	when	t	=	2τ?		(Hint:	Remember	the
definition	of	capacitance.)

�ͿWhat	is	the	charge	on	the	capacitor,	the	current	in	the	circuit,	and	the	voltage
difference	across	a	long	time	has	passed?

q(∞)	=	 i;ь)	=	 ȴV(∞)	=	
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ϳͿ tĞ	ŶŽǁ	take	the	fully	charged	capacitor	and	place	it	in	another	circuit,	this	time	without	a
battery.		In	this	case,	R	=	25	Ω.

�Ϳ Assuming	we	haven’t	changed	the	orientation	of	the
capacitor	at	all,	indicate	which	side	has	accumulated	positive
charge	and	which	side	has	accumulated	negative	charge	on	the
diagram	to	the	right.

�Ϳ Draw	the	direction	of	the	current	in	this	circuit	as	the
capacitor	is	discharging.		Is	this	direction	the	same	or	different
than	the	one	you	drew	in	6A?

�ͿWhat	is	the	current	in	the	circuit	at	t	=	0?

�ͿWhat	is	the	charge	on	the	capacitor,	the	current	through	the	resistor,	and	the	energy
stored	in	the	capacitor	at	t	=	1.2	Ɛ͍

q(1.2	s)	=	 										i(1.2	s)	=	 UĐĂƉ(1.2	s)	=	

�ͿWhen	is	the	charge	on	the	capacitor	50%	of	its	maximum	assuming	the	current
started	flowing	at	t	=	0?		[Hint:	ln;eǆ)	=	x.		Be	sure	to	use	the	function	“ln”	on	yŽƵƌ
calculator	–	this	is	called	the	natural	log.]
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ϴͿ Create	a	circuit	with	a	switch	that	can	be	moved	between	two	positions.		In	the	first	position,
a	bulb	starts	out	dim	and	gets	brighter	and	brighter.		In	the	second	position,	the	bulb	starts	out
bright	and	gets	dimmer	and	dimmer.		In	this	way,	you	can	create	a	flashing	light.

You	can	use	one	or	more	of	any	of	the	following	components:	a	bulb	(of	course),	a	capacitor,	
and	a	resistor.		You	may	not	need	all	of	these.		You	can	also	add	any	number	of	branches.	

The	circuit	has	been	started	below.	

For	an	additional	challenge,	determine	the	resistances	and	capacitances	of	the	elements	in	your	
system	so	that	the	bulb	reaches	99%	maximum	brightness	in	2	seconds	and	diminishes	to	1%	
maximum	brightness	in	3	seconds.		To	make	this	possible,	you	may	need	to	try	drawing	a	new	
circuit.	
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ϭͿ Use	the	right	hand	rule	to	answer
draw	the	direction	of	the	magnetic
force	on	each	of	the	charged	particles
moving	in	a	uniform	B-ĨŝĞld	shown.

ϮͿ Use	the	right	hand	rule	to
answer	draw	the	direction	of	the
magnetic	force	on	each	of	the
ĐƵƌƌĞŶƚ-carrying	wires	in	a	uniform
�ͲĨŝĞld	shown.

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗	

�Ϳ WŽƐŝƚŝǀĞ	ĐŚĂƌŐĞ͕�ǀĞůŽĐŝƚǇ
ƌŝŐŚƚ͕	�Ͳ&ŝĞůĚ	ƵƉ�ƚŚĞ�ƉĂŐĞ

�Ϳ EĞŐĂƚŝǀĞ	ĐŚĂƌŐĞ͕
ǀĞůŽĐŝƚǇ	ŽƵƚ	ŽĨ	ƚŚĞ	ƉĂŐĞ͕
�Ͳ&ŝĞůĚ	ƌŝŐŚƚ

�Ϳ EĞŐĂƚŝǀĞ	ĐŚĂƌŐĞ͕
ǀĞůŽĐŝƚǇ	ƌŝŐŚƚ͕	�Ͳ&ŝĞůĚ	ůĞĨƚ

�Ϳ WŽƐŝƚŝǀĞ	ĐŚĂƌŐĞ͕
ǀĞůŽĐŝƚǇ	ƵƉ͕	�Ͳ&ŝĞůĚ	ŝŶƚŽ
ƚŚĞ	ƉĂŐĞ

�Ϳ �ƵƌƌĞŶƚ	ƚŽ	ƚŚĞ	ƌŝŐŚƚ͕
�Ͳ&ŝĞůĚ	ŝŶƚŽ	ƚŚĞ	ƉĂŐĞ

�Ϳ �ƵƌƌĞŶƚ	ƵƉ	ĂŶĚ	ƚŽ	ƚŚĞ
ƌŝŐŚƚ͕	�Ͳ&ŝĞůĚ	ŽƵƚ	ŽĨ	ƚŚĞ
ƉĂŐĞ

�Ϳ �ƵƌƌĞŶƚ	ƚŽ	ƚŚĞ	ůĞĨƚ͕	�Ͳ
&ŝĞůĚ	ƌŝŐŚƚ

�Ϳ �ƵƌƌĞŶt	ŽƵt	ŽĨ	ƚŚĞ
ƉĂŐĞ͕	�Ͳ&ŝĞůĚ	ůĞĨƚ
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	1	

'ƌŽƵƉ	η	

hƐĞĨƵů	�ǆƉƌĞƐƐŝŽŶƐ:	

F�͕ƉĂƌƚŝĐůĞ	=	qvBƐŝŶɽ				(Do	not	include	the	sign	of	q	–	use	the	right	hand	
rule	to	determine	the	direction	of	the	force.)	

F�͕ǁŝƌĞ	=	ilBƐŝŶɽ		

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	
might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	using	
for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	tooͿ͍	

ϯͿ For	the	two	following	equations	(the	first	is	the	magnetic	force	on	a	particle	moving	in	a	BͲ
field	and	the	second	is	the	magnetic	force	on	a	wire	in	a	B-field)	fill	in	the	missing	variables	with
descriptions	in	your	own	words,	not	just	letters͘

																F�͕ƉĂƌƚŝĐůĞ	=	q	 		ƐŝŶ	

F�͕ǁŝƌĞ	с	 	BƐŝŶ	
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ϰͿ Two	isotopes	of	Iodine,	IϭϮϳ	and	IϭϮϯ͕	are	injected	into	a
mass	spectrometer,	as	shown.		Assume	both	isotopes
have	been	stripped	of	a	single	electron.

�ͿWhich	path	would	IϭϮϳ	follow	and	which	would
/ϭϮϯ	follow?		Indicate	your	choice	on	the	diagram
ƐŚŽǁŶ͘

�Ϳ Take	the	mass	of	IϭϮϯ	to	be	2.04	x	10ͲϮϱ	kg	and	the	mass	of	IϭϮϳ	to	be	2.11	x10ͲϮϱ	ŬŐ͘
Both	have	a	net	charge	of	+1.6	x	10Ͳϭϵ	C.		If	they	are	injected	into	the	spectrometer	with
a	velocity	of	3000	m/s	and	the	magnitude	of	the	B-field	they	encounter	is	0.2	T,	how	far
apart	will	they	land?

�Ϳ If	you	want	to	increase	the	distance	between	where	the	two	isotopes	land	to	make	ŝƚ
easier	to	separate	them,	which	can	you	change	about	the	situation?

ϱͿ The	Northern	Lights	(Aurora	Borealis)	are	the
product	of	an	interaction	between	charged	particles
from	the	sun	(the	solar	wind)	and	the	Earth’s	magnetic
ĨŝĞůĚ͘

To	undeƌƐƚand	this	interaction,	consider	a	particle	with	
charge	+q	that	enters	a	B-field	with	a	velocity	as	shown	
below.		Both	the	B-field	lines	and	the	velocity	of	the	
particle	in	in	the	plane	of	this	page.		We	want	to	describe	
the	subsequent	path	of	the	particle.	
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�ͿMake	a	prediction	about	how	you	think	the	particle	will	move	in	the	field.

�Ϳ In	which	direction	is	the	force	that	the	charged	particle	feels	due	to	the	BͲĨŝĞůĚ͍

�Ϳ Does	your	conclusion	in	B	change	the	prediction	you	made	in	A?		If	so,	how?

�Ϳ The	challenge	of	this	situation	is	that	the	force	from	C	will	change	the	velocity	of	the
ƉĂƌƚŝĐůĞ͕	which	(because	the	force	depends	on	the	orientation	of	the	velocity	with
respect	to	the	B-field)	will	change	the	force.		One	commonly	used	trick	to	get	around
this	problem	is	to	break	the	velocity	up	into	two	components	–	one	that	you	know	will
not	change	over	time,	and	one	that	you	know	will	change	in	a	predictable	way.

^Ž͕	with	this	in	mind,	break	the	velocity	vector	of	the	particle	into	two	ĐŽŵƉŽŶĞŶƚƐ͕	one	
of	which	will	not	be	changed	by	the	B-field.		Remember,	the	two	components	must	be	
separated	by	an	angle	of	90	degrees.		Draw	both	components	on	the	diagram	of	the	
particle	above.	

�ͿWhat	will	happen	to	the	component	you	drew	in	D	that	wŝůů
change?		If	you	need	help,	draw	the	component	on	the	picture
to	the	right,	which	shows	the	B-field	as	if	you	were	looking	at	it
from	the	right	side	of	the	page.
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&Ϳ Re-evaluate	the	predictions	you	made	in	A	and	C.		What	kind	of	path	do	you	think	the
particle	will	move	in	now?

'Ϳ Here	is	a	drawing	that	represents	what	happens
when	charged	particles	from	the	sun	enter	the
�ĂƌƚŚ͛s	magnetic	field.		Does	what	you	see	match
your	answer	to	F?		Use	this	drawing	and	your
conclusion	in	F	to	explain	why	the	Northern	Lights
only	occur	far	north	of	the	equator.

ϲͿWhen	animals,	such	as	some	kinds	of	birds	and	fish,	use	the	Earth’Ɛ
magnetic	field	to	navigate,	they	do	not	do	so	like	a	person	might	use	a
compass	to	determine	north	or	south.		Birds	might	go	south	in	winter
in	the	northern	hemisphere,	but	they	go	north	in	winter	in	the
southern	hemisphere.		Though	precise	mechanisms	are	still	a	topic	of
active	research,	it’s	currently	believed	that	animals	with
magnetoperception	sense	the	inclination	of	the	Earth’s	B-fieůd	(that	is,
ŝƚ͛s	angle	with	respect	to	the	horizontal),	which	changes	the	closer	or
further	you	get	to	the	equator.		Look	at	the	picture	of	the	Earth’s	BͲ
field	shown	and	determine	which	image	below	(Image	1	or	Image	2)	is	closer	to	the	equator.

Image	1	 						Image	2	
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v 

ϳͿ An	airliner	is	flying	through	the	Earth’s	magnetic	field.		For	simplicity’s	sake,	let’s	only
consider	the	component	of	the	Earth’s	field	that	is	perpendicular	to	the	velocity	of	the	airliner.

In	this	situation,	there	will	be	a	voltage	difference	between	the	wingtips	of	the	airliner.		The	
larger	its	velocity,	the	greater	this	voltage	difference	will	become.		Why	does	this	voltage	
difference	exist	and	why	does	it	depend	on	the	velocity	of	the	airliner?		(Hint:	Recall	that	
aircraft	are	made	from	metal,	which	is	a	conductor.)	
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ϭͿWhat	will	the	currentͲcarrying	wire	loop	in	the	picture	do?

ĂͿ The	loop	will	remain	stationary.

ďͿ The	top	of	the	loop	will	rotate	up	out	of	the
ƉĂŐĞ	and	the	bottom	of	the	loop	will	rotate
into	the	page.

ĐͿ The	right	side	of	the	loop	will	rotate	up	out	of	the	page	and	the	left
side	of	the	loop	will	rotate	into	the	page.

ĚͿ The	top	of	the	loop	will	rotate	into	the	page	and	the	bottom	of	the
loop	will	rotate	up	out	of	the	page.

ĞͿ The	right	side	of	the	loop	will	rotate	into	the	page	and	the	left	side	of
the	loop	will	rotate	up	out	of	the	page.

ϮͿ Rank	the	magnitudes	of	the
magnetic	fields	at	points	P,	Q,	R,	and
^͘ All	points	are	equidistant	with
ƌĞƐpect	to	the	wires.

ĂͿ �Y	=	BZ	>	BW	=	B^

ďͿ �W	>	BY	>	BZ	>	B^

ĐͿ �Y	>	BZ	>	B^	>	BW

ĚͿ �^	>	BY	=	BZ	>	BW

ĞͿ �Z	>	B^	>	BW	>	BY

ϯͿ Two	loops	of	the	same	dimensions	carry	current	i
as	shown.	Which	configuration	of	magnets	best
matches	this	situation?

a)	

ďͿ	 ĐͿ	 d)		

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗	
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'ƌŽƵƉ	η	

hƐĞĨƵů	�ǆƉƌĞƐƐŝŽŶƐ͗	

τůŽŽƉ	=	iABƐŝŶɽ	 		BǁŝƌĞ	=	
!!!
!"! 				BƐŽůĞŶŽŝĚ	=	μ0ni	

!!"
! =	

!!!!!!
!"!

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	
might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	using	
for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϰͿ A	cuƌƌĞŶƚ-carrying	wire	loop	(which	is	just	a	1-loop	solenoid)	can
mimic	the	magnetic	field	created	by	a	permanent	magnet	(shown	on
the	right).

�ͿWhich	orientation	of	the	loop	would	match	the	field
pictured?		(Hint,	think	about	the	direction	of	the	BͲĨŝĞůĚ
created	at	the	center	of	the	loop	and	remember	the	field
always	points	away	from	the	north	pole	and	toward	the	south	pole.)
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�Ϳ Use	your	conclusion	in	A	to	determine	whether	the	following	pairs	of	loops	will	repel,
ĂƚƚƌĂĐƚ͕	or	have	no	effect	on	one	another.

ϱͿ Below	is	a	long	wire	with	a	current	running	through	it	from	left	to	right.

�Ϳ Draw	the	direction	of	the	B-field	created	by	the	current	at	the	points	A	and	B.		If
ŶĞĐĞƐƐĂƌǇ͕	use	the							and						symbols	to	indicate	into	and	out	of	the	page	ƌĞƐƉĞĐƚŝǀĞůǇ͘

											A	

											I	

						B	
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�Ϳ Draw	the	direction	of	the	B-ĨŝĞůĚ �Ϳ Draw	the	direction	of	the	B-ĨŝĞůĚ
at	point	C	near	a	wire	with	current point	D	near	a	wire	with	current
coming	out	of	the	page. ŐŽŝŶg	into	the	page.

									C	

D	

ϲͿ Each	of	the	wire	loops	shown	has	equal	area	and	carries	the	same	current	in	the	direction
ŝŶĚŝĐĂƚĞĚ͘

									ŝͿ	 												ŝŝͿ	 													ŝŝŝͿ	

								ŝǀͿ	 ǀͿ	

�Ϳ In	each	case,	indicate	the	direction	of	the	B-field	created	by	the	loop	at	the	center	of
the	loop.		This	is	not	the	external	B-field.		(To	find	the	B-field	at	the	center,	you	can
apply	the	right	hand	rule	along	the	wire’s	circumference	and	see	where	the	net	field	is
ƉŽŝŶƚŝŶŐ͘Ϳ
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�Ϳ Assuming	the	B-field	each	loop	sits	in	is	of	the	same	magnitude,	circle	the	case	where
the	torque	on	the	loop	is	greatest.

�Ϳ Circle	the	case	where	the	torque	on	the	loop	is	least.

�Ϳ thich	direction	will	each	loop	rotate?

ŝͿ �ůŽĐŬǁŝƐĞ				Žƌ				�ŽƵŶƚĞƌĐůŽĐŬǁŝƐĞ

ŝŝͿ �ůŽĐŬǁŝƐĞ				Žƌ				�ŽƵŶƚĞƌĐůŽĐŬǁŝƐĞ

ŝŝŝͿ �ůŽĐŬǁŝƐĞ				Žƌ				�ŽƵŶƚĞƌĐůŽĐŬǁŝƐĞ

ŝǀͿ �ůŽĐŬǁŝƐĞ				Žƌ				�ŽƵŶƚĞƌĐůŽĐŬǁŝƐĞ

ǀͿ �ůŽĐŬǁŝƐĞ				Žƌ				�ŽƵŶƚĞƌĐůŽĐŬǁŝƐĞ

ϳͿ A	particular	DC	motor	spins	at	60	revolutions	per	minute	when	a	given	voltage	is	applied.
What	are	all	the	changes	you	can	make	to	get	the	motor	to	spin	faster?
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ϭͿ A	loop	is	in	the	magnetic	field	of	a	bar	magnet.		Which	of	these	would
ŶŽƚ	change	the	magnetic	flux	through	the	loop?

ĂͿ Tilting	the	loop	around	a	vertical	or	horizontal	axis

ďͿMoving	the	loop	toward	or	away	from	the	magnet

ĐͿ Changing	the	loop	area	by	increasing	or	decreasing	its	radius

ĚͿ Spinning	the	loop	clockwise	or	counterclockwise

ĞͿMoving	the	loop	from	side	to	side

ĨͿMoving	the	magnet

ϮͿ If	you	move	the	magnet	shown	to	the	right,	what	can	you	say	about
the	flux	through	the	wire	loop͍

ĂͿ The	flux	will	increase.
ďͿ dŚĞ	flux	will	decrease.
ĐͿ The	flux	will	not	change.

ϯͿ Flux	is	not	really	a	vector,	but	we	can	imagine	it	as	an	arrow	whose	length	indicates	the
amount	of	magnetic	flux	passing	through	an	area.		Below	is	just	such	an	arrow	representing	the
initial	flux	through	the	wire	loop	before	you	start	moving	the	magnet.		Draw	in	the	final	flux
ƚŚƌŽƵgh	the	loop	after	the	magnet	moves	and	the	change	in	flux	between	the	initial	and	final
positions	of	the	magnet	in	the	next	two	boxes.

Initial	flux	(ϕϬͿ	
				Flux	after	magnet	moves	(ϕĨͿ	 		Change	in	flux	(ΔϕͿ	

ϰͿ In	which	direction	will	the	induced	magnetic	field	be	at	the	center	of	the	loop	in	order	to
resist	the	change	in	the	flux?

ĂͿ ZŝŐŚƚ
ďͿ >ĞĨƚ
ĐͿ There	will	be	no	induced	magnetic	field

Your	group	member	names:		
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'ƌŽƵƉ	η	

hƐĞĨƵů	�ǆƉƌĞƐƐŝŽŶƐ:	

Ɍ�	=	ABcosθ			(where	θ	is	the	angle	between	the	field	an	a	normal	to	A)	

ε	с	−! !!!
!! 				

Reflect	on	the	experience	you’ve	had	so	far	with	ƚŽĚĂǇ͛s	topic.		What	sorts	of	
notes	might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	
out	by	using	for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	
too)?	

ϱͿ �ǆƉĞƌŝŵĞŶts	to	study	vision	often	need	to	tƌack	eǇe	ŵŽǀĞŵĞŶƚƐ͘
KŶĞ	wĂǇ	of	ĚŽing	so	is	to	haǀe	the	perƐŽŶ	sit	in	a	magnetic	field	while
ǁearing	ĐŽŶƚact	lenses	with	a	coil	of	vĞƌy	fine	wire	circling	the	edgĞ͘
A	currĞŶt	is	induced	in	the	coil	each	time	the	ƉĞƌƐŽŶ	ƌŽƚĂƚes	their
ĞǇe.	Imagine	a	ϮϬͲƚƵƌŶ͕	6.0ͲŵŵͲĚŝĂŵĞƚĞr	coil	of	wire	circles	the
ƉĞƌƐŽŶ s͛	cornea	while	a	1.4	T	magnetic	field	is	dirĞĐƚed	as	sŚŽǁn	in
the	figurĞ͘

�ͿWhat	are	the	initial	and	final	fluxes	through	the	coil	if	the
person	shift’s	their	gaze	by	6°	in	0.35	s?

�ͿWhat	emf	is	induced	in	the	coil?		(Note	that	in	cases	where	there	is	more	than
one	loop	in	a	coil,	the	emf	is	increased	by	the	number	of	coils).
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	2	

6)	A	magnet	is	held	above	a	conducting	loop	with	its	N	pole	pointed	
down	as	shown.		We	will	raise	the	magnet	and	ask	what	that	does	to	
the	loop	in	terms	of	currents	and	forces.	
	

A)	Draw	the	  
!
B 	field	lines	inside	the	loop	due	to	the	magnet.		

Explain.	
	
	
	
	
B)	As	you	raise	the	magnet	does	the	external	flux,	Φext,	increase,	decrease	or	
remain	the	same?		Explain.	
	
	
	
C)	As	you	raise	the	magnet	is	there	an	emf,	ε,	generated	around	the	loop?		
Explain.	

	
	
	
	

D)	As	you	raise	the	magnet	is	there	an	induced	  
!
B 	field,	 ! 

!
Bind ,	inside	the	loop?		If	

so	which	way	does	it	point?		Explain.	
	
	

	
	

E)	As	you	raise	the	magnet	is	there	an	induced	current,	 indi ,	around	the	loop?		If	
so	indicate	its	direction	on	the	figure	above.		Explain.	

	
	
	
	

F)	Look	at	your	answer	to	D	and	draw	a	magnet	in	the	dashed	
oval	that	will	behave	just	like	the	loop.		Explain.	
	

	
	
	
	
	
	

S	
	
N	

Magnet	
moving	
up	

S	
	
N	

Magnet	
moving	
up	
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'Ϳ &ŝŶĂůůǇ͕	as	the	magnet	is	moving	up,	what	is	the	direction	of	the	force	on	the
loop?		Explain.

ϳͿ A	conducting	loop	is	in	a	static	magnetic	field	as	shown	at	right.�
dŚĞ  ŵĂŐŶĞƚŝĐ�ĨŝĞůĚ�is	zero	outside	the	box.

�Ϳ Does	this	situation	cause	current	to	flow	around	the	
loop?If	so,	which	direction?		Explain.	

�Ϳ Eow	the	loop	moves	from	left	to	right	through
the	field	as	shown.		For	the	three	situations
ƐŚŽǁŶ͕	state	whether	or	not	there	will	be
current	flowing	around	the	loop.		Explain.

�Ϳ Indicate	the	direction	of	the	loop’s	current	for	the	case(s)	where	an	induced
current	is	produced.		Explain.		(Hint:	You	will	need	a	RHR.)

At	rest	
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t

ε

t

i

0	 8
9

4	

A	 C	B	
Φ

t1	

�Ϳ Plot	the	flux,	Φ͕	the	inducĞĚ
ĐƵƌƌĞŶƚ͕	i͕	and	the	EMF,	ε	as	a	
function	of	time.		Take	out	of	the	page	
(or	counterclockwise)	as	positive.		At	t 
=	0	s	the	loop’s	right	edge	is	just	
entering	the	field,	at	t =	1	s	the	loop	is	
at	location	A,	at	t = 4	s	the	loop	is	at	
location	B,	at	t =	7	s	the	loop	is	at	
location	C,	and	at	t =	8	s	the	lŽŽƉ͛s	left	
edge	has	just	exited	the	field.	

ϴͿ Consider	the	conducting	loop	and	solenoid	shown.		When	the
switch	is	closed	the	solenoid	current	increases	quickly	from	0	A	to	1	A
and	then	remains	steady	at	1	A.

�Ϳ On	the	diagram	indicate	the	direction	of	the	current
around	the	solenoid	with	the	switch	closed.

�Ϳ On	the	diagram	indicate	the	direction	of	the caused	by	the	solenoid,
͕	at	the	center	of	the	loop.		Which	RHR	did	you	use?

 ͊ 
!
B Ĩ͊ŝĞůĚ

 ͊ 
!
BƐŽů

+ − 
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�ͿWill	there	be	an	induced	current	in	the	loop?		Pick	an	answer	and	justify	your
ĐŚŽŝĐĞ͘

zĞƐ͕	but	only	while	the	switch	remains	closed.	

zĞƐ͕	but	only	after	the	current	has	reached	the	1	A	maximum.	

zĞƐ͕	but	only	while	the	current	in	the	solenoid	is	increasing.	

ϵͿ An	application	of	magnetic	induction	is	magnetic	braking,	a	method	used	to	slow
moving	(conducting)	objects	with	magnets.		To	show	this	let’s	consider	a	magnet
dropped	into	a	metal	tube.

To	help	understand	what	happens	to	this	magnet,	think	about	three	
“loops”	(that	is,	pieces	of	the	metal	tube).		Use	what	you	know	about	
the	currents	that	will	be	induced	in	these	three	“loops”	to	explain	ǁŚy	
the	magnet	will	experience	a	braking	force	upward.	

Reflect	on	the	experience	you’ve	had	with	today’s	topic	and	write	
below	what	you	might	want	to	include	on	a	note	sheet	to	help	you	on	the	exam	(and	
this	week’s	homework	and	quiz	too):	

N	

S	

N	
Magnet	
moving	
down	

A	

B	
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ϭͿ The	human	body	gives	off	the	most	electromagnetic
radiation	at	a	frequency	of	25	THz	(T	=	10ϭϮ).		What	wavelength
does	this	radiation	have?

ĂͿ 7	cm
ďͿ ϱ͘Ϯ	mŵ
ĐͿ 36	m
ĚͿ ϭϲϬ	nm
ĞͿ 12	ʅŵ

ϮͿ Use	the	chart	to	the	right	to	identify	the	wave	from
question	1.

ĂͿ DŝĐƌŽǁĂǀĞ
ďͿ Gamma	wave
ĐͿ Infrared	wave
ĚͿ Ultraviolet	wave
ĞͿ Visible	wave

ϯͿ If	you	triple	your	distance	from	a	radio
ƚƌĂŶƐŵŝƚƚĞƌ͕	by	what	factor	does	the
intensity	of	the	radio	waves	you	receive
ĐŚĂŶŐĞ͍

ĂͿ Decreases	by	a	factor	of	3
ďͿ Decreases	by	a	factor	of	9
ĐͿ Increases	by	a	factor	of	3
ĚͿ Increases	by	a	factor	of	9
ĞͿ �ŽĞƐŶ͛t	change

Your	group	member	names:		

Blue 

Red 
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'ƌŽƵƉ	η	

hƐĞĨƵů	�ǆƉƌĞƐƐŝŽŶƐ:	

c	=	fλ							in	vacuum,	c	=	3	x	10ϴ	ŵͬƐ	 �Ϭ	=	cBϬ	

I	=	(Energy/time)/Area	=	Power/Area	=	����cεϬE!Ϭ��=	 !!
!
Ϭ

Ϯ!! 	=	 E0B0
Ϯ!!

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	
notes	might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	
out	by	using	for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	
too)?	

ϰͿ Three	electromagnetic	waves	are	shown	below:

12
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�Ϳ Rank	the	following	quantities	for	the	three	waves:

ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ	

ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ	

ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ	

^ƉĞĞd	(v1, v2, v3)				
Wavelength	(ʄϭ,	ʄϮ,	ʄϯͿ	

&ƌĞƋƵĞŶĐǇ	(f1, f2, f3Ϳ		
Intensity	(I1, I2, I3Ϳ	 ͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺͺ	

�Ϳ If	the	wave	in	case	2	were	green	light,	could	the	wave	in	case	3	be	red	light	or
blue	light?		Explain	your	choice.

�Ϳ Suppose	you’re	using	a	thin	conducting	wire	as	an	antenna	to	receive	each	of
these	magnetic	waves.		Describe	the	orientation	of	the	wire	in	each	case	that
would	provide	the	best	reception.		(Hint:	Think	about	how	charges	will	move	in
the	wire	in	response	to	the	waves.)

ϱͿ It	is	a	general	rule	that	you	cannot	use	a	wave	to	detect	anything	that	is	smaller	than
the	waveleŶŐth	of	the	wave.

�ͿWhat	is	the	smallest	object	that	you	can	see	with	visible	light?

�Ϳ If	you	wanted	to	image	smaller	objects,	what	sorts	of	electromagnetic
radiation	would	you	ƵƐĞ͍



Electromagnetic	Waves	
Physics	104	–	General	Physics	

�ͿMost	radar	can	detect	objects	that	are	30	cm	in	size	or	larger.		What	is	the
frequency	of	EM	radiation	used	by	such	radar?

�Ϳ A	similar	rule	applies	to	structures	that	you	use	to	detect	EM	waves	ʹ	ƚŚĞǇ
should	be	similar	in	size	to	the	wavelenths	of	the	waves	they	are	meant	to
detect.		Use	this	fact	to	explain	why	no	biological	organisms	rely	primarily	on
radio	waves	to	sense	their	environment.

ϲͿ The	power	output	of	the	sun	in	the	form	of	EM	waves	is	3.85	x	10Ϯϲ	W.		The	Earth	is	a
distance	of	1.5	x	10ϭϭ	m	from	the	sun.

�ͿWhat	is	the	intensity	of	the	sun’s	light	at	the	location	of	the	Earth?		(Hint:
Remember	that	intensity	is	power	per	unit	area.		So	what	is	the	area	over	which
the	sun’s	light	is	spread	at	the	location	of	the	Earth?)

�ͿWhat	is	the	total	power	delivered	to	the	Earth	by	the	sun?		(Hint:	The	light
that	the	Earth	collects	is	the	same	as	the	light	that	falls	on	a	disk	with	the	radius
of	the	Earth,	6.4	x	10ϲ	ŵ͘Ϳ
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�Ϳ Assuming	that	30%	of	the	sun’s	light	that	is	incident	on	the	Earth	is	reflected
back	into	space,	how	much	available	power	reaches	the	surface	of	the	Earth	in
the	form	of	sunlight?

�Ϳ The	average	global	energy	usage	per	capita	is	about	3.3	x	10ϭϭ	Joules	per	year.
If	a	solar	panel	is	able	to	convert	20%	of	the	sunlight	it	collects	into	usable
ƉŽǁĞƌ͕	how	large	would	one	need	to	be	in	order	to	supply	the	average	citizen	of
Earth	with	the	power	they	consume?

ϳͿ Below	is	a	chart	showing	how	much	EM
radiation	liquid	water	absorbs	as	a	function
of	wavelength.		The	higher	the	line,	the	more
water	absorbs	that	particular	wavelength.
The	lower	the	line,	the	more	that
wavelength	will	be	transmitted	through.

Use	this	chart	to	explain	why	water	oftĞŶ	
appears	to	be	blue.	
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ϴͿ >Ğƚ͛s	explore	a	very	simple	model	of	one	way	in
which	EM	waves	interact	with	matter.		Imagine	an
EM	wave	of	some	wavelength	and	frequency
traveling	from	the	left	toward	the	object	of	mass	M
that	has	an	electric	charge	of	Q.		The	image	shows
the	oscillatŝŶŐ	EͲfield	of	the	wave.		The	oscillating	BͲ
field	is	perpendicular	to	the	page.

DĞĂŶǁŚŝůĞ͕	M	is	connected	to	two	springs,	one	above,	and	one	below.		Before	the	wave	
reaches	it,	M	is	in	the	equilibrium	position	ʹ	that	is,	neŝƚŚĞr	sprŝng	is	strĞƚĐŚĞd	or	
ĐŽŵƉƌĞƐƐĞĚ͘	

�Ϳ Suppose	the	EM	wave	has	moved	forward	to	the
position	shown	at	the	right.		Describe	the	force	on	M
as	the	wave	moves	an	additional	oneͲŚĂůĨ
ǁĂǀĞůĞŶŐƚŚ͘

�ͿWhat	will	the	force	be	on	M	as	the	wave	moves	one	more	half	wavelĞŶŐƚŚ͘

�ͿWhat	will	the	motion	of	M	be	over	time	as	the	EM	wave	moves	past	it?

�Ϳ Use	your	description	in	C	to	explain	how	an	EM	wave	can	heat	up	a	substance.

�Ϳ For	any	oscillator	(object	M	at	the	end	of	springs	or	your	swinging	pen/pencil),
there	is	a	special	frequency.		If	you	push	it	at	this	frequency,	called	the	resonant
frequency͕	it	will	strongly	respond.		If	you	push	it	at	another	frequency,	it	will	not
respond	very	well.		Use	the	fact	that	the	system	of	M	and	the	springs	to	which	it
is	connected	will	have	a	resonant	frequency	to	explain	why	some	materials	will
absorb	EM	waves	of	some	frequencies	more	strongly	than	others.

Ĩ͕	ʄ	

D͕	Y	

Ĩ͕	ʄ	

D͕	Y	



ZĞĨůĞĐƚŝŽŶ͕	Refraction,	&	Dispersion	ʹ	'ƌŽup	SheĞƚ	
WŚǇƐŝĐƐ	104	ʹ	General	Physics	

ϭͿWhen	a	ray	of	light	goes	from	one	medium	to	another	with	a

different	index	of	refraction,	which	properties	of	the	light	change?

Select	all	that	apply.

ĂͿ ^ƉĞĞĚ
ďͿ &ƌĞƋƵĞŶĐǇ
ĐͿ tĂǀĞůĞŶŐƚŚ
ĞͿ Eone	of	the	above

ϮͿWhen	a	ray	of	light	moves	from	a	medium	with	a	low	index	of	refraction	to	a	high	index	of

ƌĞĨƌĂĐƚŝŽŶ͕	how	will	it	refract?

ĂͿ It	will	bend	toward	the	normal	to	the	surface	between	the	two	media.

ďͿ It	will	bend	away	from	the	normal	to	the	surface	between	the	two	media.

ĐͿ It	won’t	refract	ʹ	it	will	always	be	totally	internally	reflected

The	angle	of	refraction	depends	on	…		(mark	all	that	apply)	

ĂͿ the	frequency	of	the	light.
ďͿ the	wavelength	of	the	light.
ĐͿ the	material	of	the	medium.

ĚͿ the	color	of	the	light.

ϯͿ For	the	case	of	total	internal	reflection,	mark	all	the	true	ƐƚĂƚĞŵĞŶƚƐ͘

ĂͿ Total	internal	reflection	can	happen	when	the	incident	ray	goes	from	a	medium	with

high	Ŷ	towards	a	medium	with	a	lower	Ŷ͘

ďͿ Total	internal	reflection	can	happen	when	the	incident	ray	goes	from	a	medium	with

a	low	Ŷ	towards	a	medium	with	a	higher	Ŷ͘

ĐͿ Total	internal	reflection	when	the	angle	of	incidence	is	smaller	than	the	critical	ĂŶŐůĞ͘

ĚͿ The	critical	angle	of	total	internal	reflection	depends	only	on	the	medium	where	ƚŚĞ
incident	ray	ŝƐ͘

ĞͿ The	critical	angle	of	total	internal	reflection	depends	on	the	media	on	both	sides	ŽĨ
the	interface.

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗
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Group # 

Useful	Equations:	

ɽϭ	=	ɽϮ			;ƌĞĨůĞĐƚŝŽŶͿ	 				n	=	
!

!!"#$%
								ŶϭƐŝŶɽϭ	=	nϮƐŝŶɽϮ				;ƌĞĨƌĂĐƚŝŽŶͿ	

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	might	you	

want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	using	for	the	rest	of	the	

worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϰͿ Two	mirrors	are	at	right	angles	to	one	another.		A	ůight	ray	iƐ
incident	on	Mirror	1	at	an	angle	of	40°	with	respect	to	the	normal	to

the	surface,	as	shown.

�ͿWhat	is	the	angle	of	reflection	from	Mirror	2	with	respect	to

the	normal	to	the	surface?

�ͿWhat	is	the	angle	between	the	ray	incident	on	Mirror	1	and	the	one	reflected	from

Mirror	2?
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ϱͿ Consider	a	ray	of	light	incident	on	a
surface	as	shown.

�Ϳ Fill	in	the	boxes	with	the
correct	terms.

�Ϳ If	nϭ	and	nϮ	are	the	indices	of
refraction	in	medium	1	and	2

ƌĞƐƉĞĐƚŝǀĞůǇ͕	write	an	expression
for	the	ratio	of	sinθϭͬƐŝŶɽϮ	ŝŶ
terms	of	nϭ	and	nϮ͘

�Ϳ Based	on	the	image	above,	is	nϮ	smaller	or	larger	than	nϭ͍

�Ϳ Is	the	speed	of	light	in	medium	2	higher	or	lower	than	in	medium	1?

�Ϳ�If	nϭ	=	ϯ.Ϭ	and	nϮ	=	ϭ.ϱ,	what	is	the	speed	of	light	in	medium	2?

ϲͿ A	ray	of	light	in	air	(n	=	1.00)	falls	on	the	upper	surface	of�
two	parallelͲsided	slabs	of	transparent	material,	as	shown.

�ͿWhat	is	the	angle	of	refraction		in	the	lower	slab?	
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�Ϳ�What	would		be	if	you	doubled	nϭ͍

ϳͿ In	a	fish	tank	filled	with	water	(nϮ	=	1.33)	a	light
ray	is	directed	towards	the	surface	at	an	angle	θ

such	that	no	light	enters	the	air	above	the	tank	and

the	refracted	light	is	parallel	to	the	surface	of	the

ǁĂƚĞƌ͘

�ͿWhat	is	the	critical	angle	needed	to	fulfill

this	condition?

�Ϳ that	happens	to	the	ray	when	it	hits	the	waterͲair	interface	at	an	angle	that	is	larger
than	θ?

�Ϳ Suppose	we	place	a	glass	plate	(nϯ	=	1.5)	on	top	of
the	water,	as	shown.		Does	adding	the	glass	plate

made	a	difference	to	the	critical	angle	θ?
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�ͿWhat	happens	to	the	incident	light	ray	(still	with	the	same	angle	of	incidence	you

computed	in	part	‘�͛Ϳ	when	it	hits	the	new	waterͲglass	interface?		Draw	the	ray	in	the
diagram	to	the	right	and	calculate	the	angle	of	refraction.

�ͿWhat	will	happen	to	the	refracted	ray	when	it	passes	through	the	glass	plate	and	hits

the	glassͲair	interface?		Draw	the	ray	in	the	diagram	above	and	calculate	the	angle	of

ƌĞĨƌĂĐƚŝŽŶ͘

&Ϳ K<	ʹ	ǁĞ͛re	done	with	that	first	ray	(whew!).			Suppose	a	different	light	ray	is	incident
on	the	waterͲglass	interface	from	below	at	an	angle	of	30°	to	the	normal	of	the	surface.

What	is	the	final	angle	of	refraction	of	the	ray	after	passing	through	the	glass	plate	and

entering	the	air?

'ͿWhat	happens	to	this	angle	if	we	use	a	different	kind	of	glass	plate	with	index	of

refraction	1.9?

,ͿWhile	a	fraction	of	the	incident	light	is	refracted,	another	fraction	of	the	light	is

reflected	at	the	waterͲglass	interface.		What	is	the	angle	between	this	reflected	ray	;ŝŶ
ǁĂƚĞƌͿ	and	the	refracted	ray	;in	airͿ͍
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ϴͿ Two	prisms	are	refracting	light	from	a	monochromatic	light	source	such	that	both	rays	meet

again	after	refraction

�Ϳ Say	the	light	source	emits	blue	light	in	the	sketch	above.		Would	rays	of	red	light	ŵĞĞƚ
closer	to	the	light	source	or	farther	away	from	the	light	source	than	the	blue	light?

tŚǇ͍

�Ϳ >Ğƚ͛s	assume	that	the	rays	inside	the	prisms	are	horizontal	and	that	the	angle	at	the

top	or	bottom	tip	of	the	prisms	is	40°	(which	also	means	the	angles	at	the	base	of	the

ƉƌŝƐŵƐ͕	parallel	to	the	centerline,	are	70°	each).		The	rays	inside	both	prisms	are	a

distance	of	Y	=	5	cm	away	from	the	centerline	as	indicated	in	the	sketch.		The	indices	of

refraction	in	the	prisms	are	1.55	for	blue	light	and	1.53	for	red	light.		What	is	the

distance	X	where	the	two	rays	meet	for	blue	light	and	for	red	light?		(Hint:	Start	by

drawing	a	sketch	of	one	of	the	prisms	with	rays.)

�ͿWhat	is	the	difference	between	the	two	distances,	XďůƵĞ	and	XƌĞĚ͍

�Ϳ This	calculation	is	only	an	approximation.		Why?		What	did	we	neglect?
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ϭͿWhen	there	is	destructive	interference	between	two	light	waves	at	a	point	in	ƐƉĂĐĞ͕�
why	does	it	look	ĚĂƌŬ͍

ĂͿ Because	the	troughs	of	both	waves	are	always	lined	ƵƉ͘

ďͿ Because	the	intensities	of	both	waves	are	ǌĞƌŽ͘

ĐͿ Because	the	light	bends	around	that	point	in	ƐƉĂĐĞ͘

ĚͿ Because	the	E-	and	B-fields	of	both	waves	cancel	each	other	out.

ĞͿ Because	there	is	no	phase	difference	between	the	waves

ϮͿ dŚĞ�ĨŝŐƵƌĞ�ďĞůŽǁ�ƐŚŽǁƐ�ƚŚĞ�ŝŶƚĞƌĨĞƌĞŶĐĞ�ƉĂƚƚĞƌŶƐ	ƉƌŽĚƵĐĞĚ�ďǇ�ŵŽŶŽĐŚƌŽŵĂƚŝĐ�ůŝŐŚƚ�
ƉĂƐƐŝŶŐ�ƚŚƌŽƵŐŚ�ƐŝŶŐůĞ�ƐůŝƚƐ�ŽĨ�ĨŽƵƌ�ĚŝĨĨĞƌĞŶƚ�ǁŝĚƚŚƐ͘�/Ŷ	ǁŚŝĐŚ	ĐĂƐĞ	ĚŽĞs	the	Ɛůŝƚ�ŚĂǀĞ	the	
ƐŵĂůůĞƐƚ�ǁŝĚƚŚ͍

ϯͿ A	ĚŽƵďůĞ-slit	experiment	is	performed	with	three	different	colors	of	light:	red,	ŐƌĞĞŶ͕�
and	blue.		Rank	the	colors	by	the	distance	between	adjacent	bright	fringes	from	largest�
to	ƐŵĂůůĞƐƚ͘

ĂͿ blue	>	green	>	red
ďͿ red	>	blue	>	green
ĐͿ red	>	green	>	blue
ĚͿ The	fringe	separation	will	be	the	same	for	each.
ĞͿWe	can’t	tell	unless	we	know	the	slit	separation.		

Your	group	member	names:		
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								Useful	Equations:	

�ŽƵďůĞ-slit	interference:	
y!"#$%& =  !!! mΔpath	(constr)	=	Ě�ƐŝŶɽďƌŝŐŚƚ	=	mλ						

Δpath	(destr)	=	Ě�ƐŝŶɽĚĂƌŬ	=	(m	+	½)λ	 y!"#$ =  !!! (m	+	½)

ŵ�=	0,	ц1,	ц2,	…										

ŵ	=	0,	ц1,	ц2,	…	

^ŝŶŐůĞ-slit	interference	(diffraction)	and	resolution:	

ƐŝŶɽĚĂƌŬ	=	
!!
! m	=	ц1,	ц2,	ц3,	͙ ƐŝŶɽZ	=	1.22	

!
�

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	
might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	
using	for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϱͿ dhe	image	at	right	shows	the	viewing	screen	in	a
ĚŽƵďůĞ-slit	experiment.	For	parts	A-C,	will	the	fringe
spacing	increase,	decrease,	or	stay	the	same?
Explain	your	answer	in	each	case.

�Ϳ The	distance	to	the	screen	is	increased.

�Ϳ The	spacing	between	the	slits	is	increased.
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�	

�	

�	

�	

�	

'	

&	

�Ϳ The	wavelength	of	the	light	is	increased.

�Ϳ Suppose	the	wavelength	of	the	light	is	500	nm.		The	point	on	the	screen
marked	with	a	dot	is	how	much	further	from	the	left	slit	than	from	the	right	slit?

ϲͿ The	picture	below	shows	two	sources	of	light	waves	that	are	interfering.		The	thick
ůŝnes	are	peaks	in	the	waves	(that	is,	where	the	E-	and	B-	fields	are	maximum	in	one
direction).		The	thin	lines	are	troughs	in	the	waves	(that	is,	where	the	E-	and	B-fields	are
maximum	in	the	opposite	direction).

�Ϳ�Which	of	the	points	from�
A	to	G	are	ůŽĐĂƚŝŽŶƐ	of�
constructive	interference?

�Ϳ�Choose	one	of	thŽƐĞ	
pointƐ	and	determine	the	
path	length	difference	(in�
terms	of	λ)	from	each	
sourĐĞ.		Then	compute	the	
path	length	difference͘

�Ϳ�tŚŝĐŚ�ŽĨ�ƚŚĞ�ƉŽŝŶƚƐ�ĨƌŽŵ���ƚŽ�'�ĂƌĞ�ůŽĐĂƚŝŽŶƐ�ŽĨ�
ĚĞƐƚƌƵĐƚŝǀĞ�ŝŶƚĞƌĨĞƌĞŶĐĞ͍
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�Ϳ�Choose	one	of	thŽƐĞ	points	and	determine	the	path	length	difference	(in�
terms	of	λ)	from	each	sourĐĞ.	Then	compute	the	path	length	difference͘

�Ϳ�Are	there	any	points	at	which	neither	constructive	nor	destructive�
interference	is	occurring?		What	would	you	see	if	you	placed	a	screeŶ	at	
those�ƉŽŝŶƚƐ͍

ϳͿ The	limit	to	the	eye’s	acuity	is	related	to	diffraction	by	the	pupil.

�ͿWhat	is	the	angle	between	two	just-resolvable	points	of	light	for	a	3-ŵŵ
diameter	pupil,	assuming	an	average	wavelength	of	550	nm?

�Ϳ Take	your	result	to	be	the	practical	limit	for	the	eye.		What	is	the	greatest
possible	distance	a	car	can	be	from	you	if	you	can	resolve	its	two	headlights,
ŐŝǀĞŶ	they	are	1.3	m	apart?

�ͿWhat	is	the	distance	between	two	just-resolvable	points	held	at	arm’s	length
(0.8	m)	from	yŽƵƌ	eǇĞ͍
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�Ϳ How	does	your	answer	to	C	compare	to	details	you	normally	observe	in
everyday	circumstances?

�Ϳ If	you	want	to	maximize	your	ability	to	distinguish	two	points,	what	kind	of
light	should	you	use	to	illuminate	them?

ϴͿ You	shine	monochromatic	light	of	frequency	6	x	10ϭϰ	Hz	through	two	small	slits
separated	by	2	x	10Ͳϰ	m.		You	set	up	a	screen	4	m	away	to	observe	the	interference
ƉĂƚƚĞƌŶ͘

�ͿWhat	is	the	path	difference	between	light	from	the	two	slits	to	the	central
bright	fringe?

�ͿWhat	is	the	path	difference	between	light	from	the	two	slits	to	the	first	dark
fringe?		At	what	angle	with	respect	to	the	horizontal	does	this	fringe	occur?

�ͿWhat	is	the	path	difference	between	light	from	the	two	slits	to	the	third	(m	=
ϯͿ bright	fringe?		How	far	away	is	this	fringe	from	the	central	bright	fringe	on	the
ƐĐƌĞĞŶ͍
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ϵͿ�Match	the	ĂƌƌĂŶŐĞŵĞŶƚ�ŽĨ�ĐŝƌĐƵůĂƌ�ĂƉĞƌƚƵƌĞƐ�with	the	ŝŶƚĞƌĨĞƌĞŶĐĞ	pattern	that	ĞĂĐŚ�
ŽŶĞ�ǁŽƵůĚ�ƉƌŽĚƵĐĞ.		(Note:		dŚĞ�ŝŶƚĞƌĨĞƌĞŶĐĞ�patterns	will	be	the	product	of	both	
diffraction�and	interference.)
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ϭͿ In	what	way	can	you	create	a	phase	difference	between	two
monochromatic	coherent	beams	of	light?		More	than	one	answer
may	be	correct.

ĂͿ Reflect	one	beam	off	a	surface	with	a	lower	index	of	refraction.

ďͿ Change	the	intensity	of	one	of	the	beams.

ĐͿMake	one	beam	travel	a	different	distance	than	the	other.

ĚͿ Reflect	one	beam	off	a	surface	with	a	higher	index	of	refraction.

ĞͿ Reflect	both	beams	off	a	ŵŝƌƌŽƌ͘

ϮͿ �Ŷ	ƵŶŬŶŽǁŶ	Ĩŝůŵ	ĨůŽĂƚŝŶŐ	ŽŶ	ǁĂƚĞƌ	;ŶǁĂƚĞƌ	с	ϭ͘ϯϯͿ	ĂƉƉĞĂƌƐ	ĚĂƌŬ	Ăƚ	ŝƚƐ	ĞĚŐĞƐ	ǁŚĞƌĞ	ŝƚ
ŚĂƐ	the	lĞĂƐƚ	ƚŚŝĐŬŶĞƐƐ͘		zŽƵ	ŬŶŽǁ	this	is	ĚƵĞ	ƚŽ	ƚŚŝŶ	Ĩŝůŵ	ŝŶƚĞƌĨĞƌĞŶĐĞ͕	ďƵƚ	ƚŚĞ	ƚŚŝĐŬŶĞƐƐ
is	almost	zero;	there	must	ďĞ	Ă	ƉŚĂƐĞ	shift	ŝŶ	ŽŶĞ	of	the	twŽ	ƌĞĨůĞĐƚŝŽŶƐ͘		zŽƵ	ĐŽŶĐůƵĚĞ
ƚŚĂƚ	ƚŚĞ	ŝŶĚĞx	of	rĞĨƌĂĐƚŝŽŶ	of	the	unkŶŽǁŶ	Ĩŝůŵ	ŵƵƐƚ	ďĞ͗

ĂͿ Less	than	1.33

ďͿ Greater	than	1.33

ĐͿ Equal	to	1.33

ϯͿ dǁŽ	ƉĂƌĂůůĞl	ůŝŐŚƚ	ƌĂǇƐ͕	ŝŶŝƚŝĂůůǇ	ŝŶ	ƉŚĂƐĞ	ĂŶĚ	ŚĂǀŝŶŐ	Ă
ϱϬϬ	Ŷŵ	ǁĂǀĞůĞŶŐƚŚ͕	ƌĞĂĐŚ	Ă	ĚĞƚĞĐƚŽƌ	ĂĨƚĞƌ	ŽŶĞ	ŽĨ	ƚŚĞ
ƌĂǇƐ	ƉĂƐƐĞƐ	ƚŚƌŽƵŐŚ	Ă	ϭϬ	Đŵ	ůŽŶŐ	ďůŽĐŬ	ŽĨ	ŐůĂƐƐ	ǁŝƚŚ	 ĂŶ
ŝŶĚĞǆ	ŽĨ	ƌĞĨƌĂĐƚŝŽŶ		с	ϭ͘ϱ͘	;dŚĞ	ƐŝƚƵĂƚŝŽŶ	ŝƐ	 ƐŬĞƚĐŚĞĚ	Ăƚ
ƌŝŐŚƚ͕	ĂůƚŚŽƵŐŚ	not	ƚŽ	ƐĐĂůĞ͘Ϳ	dŚĞ	ƚŽƚĂů	 ŶƵŵďĞƌ	ŽĨ
ǁĂǀĞůĞŶŐƚŚƐ	ƐŚŝĨƚĞĚ	ďĞƚǁĞĞŶ	ƚŚĞ	ƚǁŽ	ƌĂǇƐ	ǁŚĞŶ	ƚŚĞǇ
ƌĞĂĐŚ	ƚŚĞ	ĚĞƚĞĐƚŽƌ	ŝƐ

ĂͿ ϭϬϬ͕ϬϬϬ

ďͿ ϮϬϬ͕ϬϬϬ

ĐͿ ϯϬϬ͕ϬϬϬ

ĚͿ ϱϬϬ͕ϬϬϬ

Your	group	member	names:		
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								Useful	Equations:	

When	a	light	wave	with	wavelength	ʄϬ	enters	a	new	medium	with	index	of	

refraction	n,	ʄŶ	=		
!!
! 	

Hard	reflection	=>	phase	shift	of	
!
!	 Soft	reflection	=>	phase	shift	of	0	

For	thin	film	interference	

2nD =  m+  !! λ							Žƌ								2nD = mλ												m	=	0,	1,	2,	…	

Reflect	on	the	experience	ǇŽƵ͛ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	
might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	
using	for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϰͿWe	have	two	expressions	for	the	conditions	of	constructive	and	destructive
interference	for	light	reflected	from	a	thin	film.		To	determine	which	to	use	in	different
ƐŝƚƵĂƚŝŽŶƐ͕	circle	the	correct	expression	in	each	cell	of	the	table	below.

This	expression	gives	the	
conditions	of	constructive	
interference	in	the	
specified	situation.	

This	expression	gives	the	
conditions	of	destructive	
interference	in	the	
specified	situation.	

When	there	is	one	hard	and	
one	soft	reflection.	

2nD =  m+  12 λ	

									2nD = mλ		

2nD =  m+  12 λ	

									2nD = mλ		
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When	there	are	two	hard	
reflections	or	two	soft	

ƌĞĨůĞĐƚŝŽŶƐ͘	

2nD =  m+  12 λ	

									2nD = mλ		

2nD =  m+  12 λ	

									2nD = mλ		

ϱͿ dŚĞ	ĚŝĂŐƌĂŵ	ƐŚŽǁƐ	ĨŽƵƌ	situations	ŝŶ
ǁŚŝĐŚ	ůŝŐŚƚ	of	ǁĂǀĞůĞŶŐƚŚ	! ŝƐ	 ŝŶĐŝĚĞŶƚ
ƉĞƌƉĞŶĚŝĐƵůĂƌůǇ	on	Ă	ǀĞƌǇ	ƚŚŝŶ	 ůĂǇĞƌ	;ƚŚĞ
ŵŝĚĚůĞ	layer	in	ĞĂĐŚ	ĐĂƐĞͿ͘	 	dŚĞ	ŝŶĚŝĐĞƐ	ŽĨ
ƌĞĨƌĂĐƚŝŽŶ	are	nϭ	= 1.5 and	nϮ	= 2.0.

�Ϳ &Žƌ	ĞĂĐŚ	ĐĂƐĞ͕	ƐƚĂƚĞ	ǁŚĞƚŚĞƌ
ƚŚĞ	ůŝŐŚƚ	ƌĞĨůĞĐƚĞĚ	ďĂĐŬ	ƵƉ	ǁŝůů	ďĞ	bright	;ĚƵĞ	ƚŽ	 ĐŽŶƐƚƌƵĐƚŝǀĞ	ŝŶƚĞƌĨĞƌĞŶĐĞͿ	Žƌ
dark	;ĚƵĞ	ƚŽ	ĚĞƐƚƌƵĐƚŝǀĞ	ŝŶƚĞƌĨĞƌĞŶĐĞͿ	ŝŶ	ƚŚĞ	ůŝŵŝƚ	ƚŚĂƚ	ƚŚĞ	ŵŝĚĚůĞ	ůĂǇĞƌ
approaches	ǌĞƌŽ	ƚŚŝĐŬŶĞƐƐ͘	;ŝ͘Ğ͕͘	we’re	goŝŶg	to	assume	that	alů	pŚase	shŝfts	are
ĚƵĞ	only	to	rĞĨůĞĐtions	and	not	to	path	leŶŐth	diffeƌĞŶĐĞs.		EŽƚe	ƚŚĂƚ	ǇŽƵ	ĚŽŶ͛ƚ
ŚĂǀĞ	to	wŽƌƌǇ	about	deƚĞƌŵŝŶŝŶŐ	ǁŚĞƚŚer	to	account	for	path	length	difference	or
not	on	yŽƵƌ	own.		WĞ͛ll	alwĂǇs	tell	you	wŚĞƚŚĞƌ	you	neĞd	to	or	not).

Case	A:	

Case	B:	

Case	C:	

Case	D:	
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�Ϳ /Ŷ	�ĂƐĞ	�͕	ǁŚĂƚ	is	the	ŵŝŶŝŵƵŵ	ŶŽŶͲǌĞƌŽ	thickness	of	the	ƚŚŝŶ	Ĩŝůŵ	ƚŚĂƚ	ǁŽƵůĚ
ƉƌŽĚƵĐĞ	 destructive	ŝŶƚĞƌĨĞƌĞŶĐĞ	ĨŽƌ	ƌĞĨůĞĐƚĞĚ	ůŝŐŚƚ	ŝĨ	the	wavelength	ŽĨ	ƚŚĞ
ŝŶĐŝĚĞŶƚ	ůŝŐŚƚ	ŝƐ	ϲϬϬ	 Ŷŵ	;ŵĞĂƐƵƌĞĚ	ŝŶ	Ăŝƌ).		(In	other	words,	we	are	NOT	ignoring
thickness	and	phase	differences	due	to	path	length	here.		Note	that	ignoring	a
piece	of	a	problem	and	then	adding	it	in	later	is	a	common	approach	to
complicated	problems	in	physics.)

ϲͿMany	instances	of	vibrant	color	in	biology	are	due	to	thinͲfilm	interferĞŶĐĞ͘		&Žƌ
ŝŶƐƚĂŶĐĞ͕	imagine	a	transparent	segment	of	a	dragonfly͛s	wing.		It	is	94.2	nm	thick	and	is
surrounded	by	air	(n	=	1)	on	both	sides.		The	material	it	is	made	of	has	an	index	of
refraction	of	1.3.

�Ϳ Sketch	the	wing	and	draw	the	two	rays	that	will	be	interfering.		Label	them	1
and	2.

�Ϳ Indicate	whether	either	(or	both)	of	the	rays	undergo	a	phase	shift	when	it	is
ƌĞĨůĞĐƚĞd.		Given	your	conclusion,	circle	the	correct	equation	that	describes	the
ĐŽŶĚŝƚŝŽŶs	for	constructive	interference.

2nt	=	 m+ !
! !									 2nt	=	mλ	



Thin	Film	Interference	and	Interferometry	
Physics	104	–	General	Physics	

�Ϳ How	much	more	does	the	ray	that	refracts	through	the	wing	travel?		,Žǁ
many	wavelengths	does	this	distance	represent?

�ͿWhat	visible	wavelength	is	most	strongly	reflected?		Use	the	table	below	to
determine	what	color	the	wing	mostly	appears.	

�Ϳ In	part	D,	you	needed	to	assume	m	=	0	to	find	an	answer.		What	if	m	was
equal	to	something	else?		What	is	the	physical	description	of	what’s	happening
when	m	=	1?

ϳͿ dŚĞ	ĚŝĂŐƌĂŵ	Ăƚ	ƌŝŐŚƚ	shows	Ă	DŝĐŚĞůƐŽŶ
ŝŶƚĞƌĨĞƌŽŵĞƚĞƌ͕	which	is	an	important	application
of	flat	mirrors͘		dŚĞ	 ŝŶƚĞƌĨĞƌŽŵĞƚĞƌ	ĂůůŽǁƐ	ƉƌĞĐŝƐŝŽŶ
ŵĞĂƐƵƌĞŵĞŶƚƐ	ŽĨ	ǁĂǀĞůĞŶŐƚŚƐ͕	ĚŝƐƚĂŶĐĞƐ͕	ĂŶĚ
ŽƚŚĞƌ	quantitieƐ͘

�Ϳ /Ĩ	ǇŽƵ	ĚŝƐƉůĂĐĞ	the	ŵŽǀĂďůĞ	ŵŝƌƌŽr	Ă
ĚŝƐƚĂŶĐĞ	d͕	ďǇ	ŚŽǁ	ŵƵĐŚ	ĚŽ	ǇŽƵ	ĐŚĂŶŐĞ	ƚŚĞ
ƉĂƚŚ	 ůĞŶŐƚŚ	ĚŝĨĨĞƌĞŶĐĞ	ďĞƚǁĞĞŶ	ƚŚĞ	ƚǁŽ
ĂƌŵƐ͍

ZĞĚ	 620	ʹ	750	nŵ	
KƌĂŶŐĞ	 590	ʹ	620	nŵ	
zĞůůŽǁ	 570	ʹ	590	nŵ	
'ƌĞĞŶ	 495	ʹ	570	nŵ	
�ůƵĞ	 450	ʹ	495	nŵ	
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�Ϳ��Ž	ǁĞ	ŶĞĞĚ	ƚŽ	ĐŽŶƐŝĚer	dŝĨĨĞƌĞŶĐĞƐ	ŝŶ	ƉŚĂƐĞ	ĚƵĞ	ƚŽ	ƌĞĨůĞĐƚŝŽŶ	ďĞƚǁĞĞŶ	ĞĂĐŚ�
Ăƌŵ	ŽĨ	ƚŚĞ� ŝŶƚĞƌĨĞƌŽŵĞƚĞƌ͍		tŚǇ	Žƌ	ǁŚǇ	ŶŽƚ͍

�Ϳ �Ɛ	ƚŚĞ	ŵŽǀĂďůĞ	ŵŝƌƌŽƌ	ŝƐ	ĚŝƐƉůĂĐĞĚ͕	ƚŚĞ	ŽďƐĞƌǀĞĚ	ŝŶƚĞƌĨĞƌĞŶĐĞ	ƉĂƚƚĞƌŶ	ǁŝůů
ƵŶĚĞƌŐŽ	 ƐŽŵĞ	ŶƵŵďĞƌ	ŽĨ	“fringe	shifts”	as	ŝƚ	ŵŽǀĞƐ	ďĞƚǁĞĞn	instancĞƐ	ŽĨ
ĐŽŶƐƚƌƵĐƚŝǀĞ	ĂŶĚ	ĚĞƐƚƌƵĐƚŝǀĞ	ŝŶƚĞƌĨĞƌĞŶĐĞ͘		^ƵƉƉŽƐĞ	ĨƌŝŶŐĞ	ƐŚŝĨƚƐ	ĂƌĞ	ŽďƐĞƌǀĞĚ
ǁŚĞŶ	ƚŚĞ	ŵŝƌƌŽƌ	is	ƚƌĂŶƐůĂƚĞĚ	Ă	ĚŝƐƚĂŶĐĞ	Ě͘		tƌŝƚĞ	ĂŶ	ĞƋƵĂƚŝŽŶ	ƌĞůĂƚŝŶŐ	d	ĂŶĚ	!͘

�Ϳ ^ƵƉƉŽƐĞ	the	movable	ŵŝƌƌŽr	ŝƐ	ĚŝƐƉůĂĐĞĚ	Ϭ͘ϯϴϮ	ŵŵ͕	ĐĂƵƐŝŶŐ	ϭϳϬϬ	ĨƌŝŶŐĞ	ƐŚŝĨƚƐ
ƚŽ	ďĞ	 ŽďƐĞƌǀĞĚ͘		tŚĂƚ	ŝƐ	the	wavelength	of	the	laseƌ͍		tŚat	coůŽr	ŝƐ	ŝƚ͍

ϴͿ do	save	money	on	making	aircraft	invisible	to	radar,	an	inventor	decides	to	coat	them
with	a	nonͲreflective	material	having	an	index	of	refraction	of	1.20,	which	is	between
that	of	air	and	the	surface	of	the	plane.	This,	the	inventor	ƌĞĂƐŽŶƐ͕	should	ďĞ	mƵĐŚ
cheaper	than	designing	conventional	stealth	ĂŝƌĐƌĂĨƚ͘

Answer	three	questions	about	this	scenario:	

�ͿWhat	thickness	should	the	coating	be	to	inhibit	the	reflection	of	4.00ͲĐŵ
wavelength	radar?
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�ͿWhat	is	unreasonable	about	this	result?

�ͿWhich	assumptions	are	unreasonable	or	inconsistent?



DŝƌƌŽƌƐ	ʹ	'ƌŽƵƉ	SŚĞĞƚ	
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ϭͿ Select	all	the	statements	that	are	true.		The	image	formed	by	a
plane	mirror	is:

ĂͿ ZĞĂů
ďͿ sŝƌƚƵĂů
ĐͿ /ŶǀĞƌƚĞĚ
ĚͿ hƉƌŝŐŚƚ
ĞͿ All	of	the	above

ϮͿ In	which	case	is	an	image	not	formed	by	a	concave	mirror?

ĂͿWhen	the	object	is	at	the	radius	of	curvature.
ďͿWhen	the	object	is	at	the	focal	point.
ĐͿWhen	the	object	is	at	a	spot	twice	the	focal	length.
ĚͿWhen	the	object	is	closer	than	the	focal	point.
ĞͿWhen	the	object	is	further	away	than	the	focal	point.

ϯͿWhen	drawing	a	ray	diagram	for	a	concave	mirror,	which	ray	would	you	not	want	to	include?

ĂͿ The	ray	that	starts	out	horizontal	and	then	is	reflected	back	through	the	focal	point.

ďͿ The	ray	that	goes	through	the	focal	points	and	ends	up	horizontal	(if	the	object	is
further	away	from	the	mirror	than	the	focal	length).

ĐͿ The	ray	that	starts	out	horizontal	and	then	is	reflected	back	through	the	point	of	the
radius	of	curvature	(if	the	object	is	further	away	than	twice	the	focal	length	from	the
ŵŝƌƌŽƌͿ

ĚͿ The	ray	that	reflects	off	the	center	of	the	mirror.

ĞͿ The	ray	that	appears	to	come	from	the	focal	point	and	ends	up	horizontal	(if	the
object	is	closer	to	the	mirror	than	the	focal	length).

ϰͿ Can	the	image	of	an	object	reflected	in	a	mirror	become	the	object	for	a	second	mirror?

ĂͿ zĞƐ
ďͿ EŽ

zŽƵƌ	ŐƌŽƵƉ	ŵĞŵďĞƌ	ŶĂŵĞƐ͗
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Useful	Equations:	
	

 !
"#
+ !

"%
= !

'   lateral magnification m = (%(#
= − "%

"#
 

	
	
dI	>	0	for	real	image	 	 dI	<	0	for	virtual	image	
	
f	=	∞	for	flat	mirror	 	 f	>	0	for	concave	mirror	 f	<	for	convex	mirror	

	
Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic. 		What	sorts	of	notes	might	you	
want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	using	for	the	rest	of	the	
worksheet	and	on	this	week’s	homework	and	quiz	too)? 

	
	
	
	
	
	
	
	
	
	
	
	
	
6)	Your	eye	is	located	a	distance	d	=	20	cm	from	a	vertical	arrow	of	height	h	=	10	cm,	which	in	
turn	is	a	distance	d=	20	cm	from	a	plane	mirror	as	shown.	
	
	

	
	
	

A)		Draw	rays	to	locate	the	position	of	the	image	of	the	arrow.	

d d 

h 
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�Ϳ tŚat	is	the	lateral	magnification	Žf	ƚŚe	image	ĐŽŵƉĂƌĞd	to	ƚŚe	object͍

�Ϳ �s	seĞn	ĨƌŽm	yŽƵr	ĞǇĞ,	ǁŚat	ŝs	the	angular	magnification	Žf	ƚŚe	ŝŵĂŐe	ĐŽŵƉĂƌĞd	ƚŽ
ƚŚe	ŽďũĞct?			YŽu	ǁŝůl	ƌĞad	ĂďŽƵt	ĂŶŐƵůar	ŵĂŐŶŝĨŝĐĂƚŝŽn	ŶĞǆt	ǁĞĞk	ǁŚĞn	we	ĚŝƐĐƵƐƐ
ŽƉƚŝcal	ŝŶƐƚƌƵŵĞŶts.		It	is	dĞĨŝŶĞd	to	ďe	θ/ / θΟ, ƚŚe	ƌĂƚŝo	Žf	ƚŚe	ĂŶŐůe	ƐƵďƚĞŶĚĞd	ďy	ƚŚĞ�
image	to	the	angle	subtended	by	the	object.

�Ϳ �ǀĂůƵĂƚĞ�ƚŚŝƐ�ƐƚĂƚĞŵĞŶƚ͗�͞^ŝŶĐĞ�ƚŚĞ�ŝŵĂŐĞ�ŽĨ�ĂŶ�ŽďũĞĐƚ�ŝŶ�Ă�ĨůĂƚ�ŵŝƌƌŽƌ�ĂůǁĂǇƐ
ĂƉƉĞĂƌƐ�ƚǁŝĐĞ�ĂƐ�ĨĂƌ�ĂǁĂǇ�ĂƐ�ƚŚĞ�ŽďũĞĐƚ�ŝƚƐĞůĨ͕�ƚŚĞ�ŵĂŐŶŝĨŝĐĂƚŝŽŶ�ŽĨ�Ă�ĨůĂƚ�ŵŝƌƌŽƌ�ŝƐ�ůĞƐƐ
ƚŚĂŶ�ŽŶĞ͘�;dŚĂƚ�ŝƐ͕�ĨůĂƚ�ŵŝƌƌŽƌƐ�ŵĂŬĞ�ƚŚŝŶŐƐ�ůŽŽŬ�ƐŵĂůůĞƌ͘Ϳ͟

ϳͿ �ŽŶƐŝĚĞƌ	an	object	in	front	of	a	concave	mirror	as	shown.		The	solid	dot	is	the	focal	point	of
the	mirror.		The	open	dot	is	the	center	of	the	radius	of	curvature.
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�Ϳ Draw	a	ray	diagram	to	find	the	location	and	ůĂƚĞƌĂů	magnification	of	the	image.

�Ϳ If	dϬ	=	6	cm	and	f	=	2	cm,	what	is	dŝ͍

�Ϳ If	the	height	of	the	object	is	1.8	cm,	what	is	the	lateral	magnification	of	the	image?

�Ϳ How	do	these	two	calculations	compare	with	the	diagram	you	drew	in	A?

ϴͿ Conside	an	object	in	front	of	a	concave	mirror	as	shown.		Once	again,	the	solid	dot	is	the�
focal	point	of	the	mirror.		The	open	dot	is	the	center	of	the	radius	of	curvature.

�Ϳ Draw	a	ray	diagram	to	find	the	location	and	ůĂƚĞƌĂů	magnification	of	the	image.

�Ϳ If	dϬ	=	0.5	cm	and	
f�=	1	cm,	what	is	dŝ͍

�Ϳ If	the	height	of	the
object	is	1	cm,	what	is
the	ůĂƚĞƌĂů
magnification	of	the
ŝŵĂŐĞ͍



DŝƌƌŽƌƐ	
WŚǇƐŝĐƐ	104	ʹ	'eneral	Physics	

�Ϳ How	do	these	two	calculations	compare	with	the	diagram	you	drew	in	A?

ϵͿ Draw	a	ray	diagram	to	find	the	location	and	magnification	of	the	object	shown	in	front	of	a
ĐŽŶvex	miƌƌŽƌ͘

�Ϳ If	dϬ	=	3	cm	and	f	=	Ͳ2	cm,	what	is	dŝ͍

�ͿWhat	is	the	lateral	ŵĂŐŶŝĨŝĐĂƚŝŽŶ
of	the	image?

�Ϳ How	do	these	values	compare	with	your	ray	diagram?

ϭϬͿ You	place	an	an	object	in	between	two	perpendicular
ŵŝƌƌŽƌƐ͕	as	shown.

�Ϳ Locate	the	image	of	the	object	formed	in	the
vertical	mirror	by	drawing	several	rays	on	the
ĚŝĂŐƌĂŵ͘

�Ϳ Locate	the	image	of	the	object	formed	in	the
horizontal	mirror	by	drawing	several	rays	on	the
ĚŝĂŐƌĂŵ͘
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�Ϳ There	will	be	a	third	image	formed	(trust	us).		Indicate	on	the	picture	where	yŽƵ�
think	this	image	will	appear.

�Ϳ To	figure	out	how	the	third	image	is	ĐƌĞĂƚĞĚ͕	think	about	the	object	of	O	reflected	by�
the	horizontal	mirror.		Let’s	call	it	I,.		Can	the	eye	in	the	above	diagram	distinguish�
between	O	and	I,	if	it	didn’t	know	there	was	a	horizontal	mirror	below	O?		What	visual�
properties	could	it	use	to	tell	them	apart?		Assume	the	eye	is	fixed	in	place.	

�Ϳ If	you	answered	that	I,	is	rĞǀĞƌƐĞd	leĨƚͲright	compared	to	O,	how	does	the	eye	know
which	orientation	is	the	correct	one?		Is	there	any	way	for	an	eye	to	tell	the	difference
between	an	object	and	an	image?		(Again,	we’re	restricting	ourselve	to	just	the	eye.
There	are	no	hands	that	can	reach	out	and	feel	for	a	solid	object.)

&Ϳ ,ŽƉĞĨƵůůǇ͕	you’ve	concluded	that,
purely	based	on	visual	inspection
from	a	fixed	location,	there	is	no	way
to	distinguish	between	an	object	and
a	reflected	image.		With	that	in	mind,
ůĞƚ͛s	treat	I,	as	an	object	rather	than
an	image.	In	the	diagram	shown,	draw
several	rays	that	locate	the	image	of
/,	in	the	vertical	mirror	(the	one	that’Ɛ
a	solid	line).

'Ϳ IH	isn’t	the	only	image	here.
There	is	also	an	image	of	O	in	the
vertial	mirror,	call	it	Is͘		In	the
diagramm	shown,	draw	several
rays	that	locate	the	image	of	Is	ŝŶ
the	horizontal	mirror	(the	one
ƚŚĂƚ͛s	a	solid	line).
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,Ϳ How	do	the	locations	of	the	images	of	I,	Ănd	Is	ĐŽŵƉĂƌĞ͍

/Ϳ Use	what	you	now	know	to	circle	the	correct	orientation	of	the	object	and	each	image
that	the	eye	would	see.
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ϭͿWhat	does	it	mean	when	an	optical	component	(mirror	or	lens)
has	a	negative	focal	length?		Select	all	that	apply.

ĂͿ Images	will	always	be	inverted.

ďͿ The	focal	point	is	always	behind	the	lens.
ĐͿ It	is	impossible	to	have	a	negative	focal	length.

ĚͿ Light	leaving	the	component	will	always	be	spreading	out.

ĞͿ The	object	will	always	be	virtual.

ϮͿWhich	is	the	following	is	true	about	the	images	produced	by	single	optical
components	(that	is	mirrors	or	lenses)?		Select	all	that	apply.

ĂͿ A	real	image	looks	3Ͳdimensional.		A	virtual	image	does	not.

ďͿ A	real	image	can	be	projected	onto	a	screen.		A	virtual	image	cannot.

ĐͿ A	real	image	looks	to	be	on	the	opposite	side	of	the	lens	than	the	object.		A
virtual	image	appears	to	be	on	the	same	side	as	the	object.

ĚͿ Light	from	a	real	image	is	actually	passing	through	the	location	of	that	image.
Light	from	a	virtual	image	only	appears	to	come	from	the	location	of	the
ŝŵĂŐĞ͘

ĞͿ A	real	image	is	always	upright.		A	virtual	image	is	always	inverted.

ϯͿ A	diverging	lens	will	always	produce	a	______________	image.

ĂͿ sŝƌƚƵĂů͕	upright,	smaller

ďͿ ZĞĂů͕	inverted,	smaller

ĐͿ ZĞĂů͕	inverted,	larger
ĚͿ sŝƌƚƵĂů͕	ƵƉƌŝŐŚƚ͕	larger
ĞͿ sŝƌƚƵĂů͕	inverted,	smaller

Your	group	member	names:		
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'ƌŽƵƉ	η	

Useful	Equations:	
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Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	
might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	
using	for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϰͿWhen	you	look	through	a	window,	what	are	you	seeing?

ĂͿ A	real	image

ďͿ A	virtual	image

ĐͿ KďũĞĐƚƐ͕	not	images

Justify	your	answer	here:	
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ϱͿ Rays	that	strike	a	converging	lens	near	the	centerline
of	the	lens	(Ray	1	in	the	diagram)	are	not	bent	as	much
as	rays	that	strike	near	the	end	of	the	lens	(Ray	2),
where	the	lens	is	thinner.

�Ϳ Explain	why	this	is	true	in	your	own	words.

�Ϳ Use	your	reasoning	in	part	A	to	explain	why	a	thinner	lens	will
have	a	longer	focal	length.

�Ϳ Rays	striking	the	outer	edge	of	a	diverging
lens	(where	the	lens	is	thicker)	will	be	bent
more	than	rays	striking	near	the	centerline
of	the	lens.		Why?		Does	this	conflict	with
your	explanation	in	part	A?



Lenses	
Physics	104	–	General	Physics	

	3	

	
6)	A	2	cm	tall	object	is	placed	6	cm	from	a	converging	lens	with	a	focal	length	of	2	cm.	
	
	
	
	
	
	
	
	
	

A)	Draw	a	ray	diagram	to	locate	the	image	using	all	three	of	the	principle	rays.	
	
B)	From	your	ray	diagram,	what	do	you	believe	the	image	distance	and	
magnification	are?	
	
	
	
	
	

	
C)	Calculate	the	image	distance	and	magnification	and	compare	to	the	results	
from	your	diagram.	

	
	
	
	
	
	

D)	The	image	in	this	case	is:	
	
	 	 Upright	 	 	 	 Inverted	
	
	 	 Real	 	 	 	 	 Virtual	
	
	 	 Larger	than	the	object	 	 Smaller	than	the	object	
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7)	A	2	cm	tall	object	is	placed	3	cm	from	a	converging	lens	with	a	focal	length	of	4	cm.	
	
	
	
	
	
	
	
	
	
	
	
	

A)	Draw	a	ray	diagram	to	locate	the		
image	using	all	three	of	the	principle		
rays.	
	
B)	From	your	ray	diagram,	what	do		
you	believe	the	image	distance	and		
magnification	are?	
	
	
	
	

	
C)	Calculate	the	image	distance	and	magnification	and	compare	to	the	results	
from	your	diagram.	

	
	
	
	
	
	
	
	

D)	The	image	in	this	case	is:	
	
	 	 Upright	 	 	 	 Inverted	
	
	 	 Real	 	 	 	 	 Virtual	
	
	 	 Larger	than	the	object	 	 Smaller	than	the	object	
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	5	

	
8)	A	2	cm	tall	object	is	placed	4	cm	from	a	diverging	lens	with	a	focal	length	of	-6	cm.	
	
	
	
	
	
	
	
	
	
	
	

A)	Draw	a	ray	diagram	to	locate	the	image	using	all	three	of	the	principle	rays.	
	
B)	From	your	ray	diagram,	what	do	you	believe	the	image	distance	and	
magnification	are?	
	
	
	
	
	
	
C)	Calculate	the	image	distance	and	magnification	and	compare	to	the	results	
from	your	diagram.	

	
	
	
	
	
	
	

D)	The	image	in	this	case	is:	
	
	 	 Upright	 	 	 	 Inverted	
	
	 	 Real	 	 	 	 	 Virtual	
	
	 	 Larger	than	the	object	 	 Smaller	than	the	object	
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inverted 
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inverted 

real 

virtual 

upright 

inverted 

real 

virtual 

upright 

inverted 
real 

virtual 

upright 

inverted 

real 

virtual 

upright 

inverted real 
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inverted 
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inverted 
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upright 

inverted 

real 

virtual 

upright 

inverted 

ϵͿWhen	you	solve	the	lens	equation	for	image	distance,	you	get			Ě/	с
!!!
!!!!

hƐe	this	and	your	answers	to	the	questions	above	to	complete	the	following	table:	

Flat	Mirror	 Flat	Glass	
When	an	object	is	any	distance	from	a	flat	
ŵŝƌƌŽƌ͕	we	get	a	

ŝŵĂŐĞ͘	

When	an	object	is	any	distance	form	a	flat	
slab	of	glass,	we	get	a	

																																											ŝŵĂŐĞ͘	

Concave	Mirror	 Converging	Lens	
When	an	object	is	between	very	far	away	
and	the	mirror’s	focal	length,	we	get	Ă	

																																										ŝŵĂŐĞ͘	

When	an	object	is	between	very	far	away	
and	the	lens’s	focal	length,	we	get	Ă	

ŝŵĂŐĞ͘	

When	an	object	is	between	the	mirror’s	
focal	length	and	the	mirror’s	surface,	we	
get	Ă	

ŝŵĂŐĞ͘	

When	an	object	is	between	the	lens’s	focal	
length	and	the	lens’s	surface,	we	get	Ă	

ŝŵĂŐĞ͘	

Convex	Mirror	 Diverging	Lens	
When	an	object	is	between	very	far	away	
ĂŶĚ	the	mirror’s	focal	length,	we	get	Ă	

																																						 	ŝŵĂŐĞ͘	

When	an	object	is	between	very	far	away	
and	the	lens’s	focal	length,	we	get	Ă	

ŝŵĂŐĞ͘	

When	an	object	is	between	the	mirror’s	
focal	length	and	the	mirror’s	surface,	we	
get	Ă	

		ŝŵĂŐĞ͘	

When	an	object	is	between	the	lens’s	focal	
length	and	the	lens’s	surface,	we	get	Ă	

ŝŵĂŐĞ͘	
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ϭͿWhat	should	you	do	if	you	want	to	maximize	the	angular
magnification	of	a	magnifying	glass?

ĂͿ Look	at	a	very	large	object.
ďͿ Use	a	lens	with	a	very	long	focal	length.
ĐͿ Look	at	a	very	small	object.
ĚͿ Use	a	lens	with	a	very	large	diameter.
ĞͿ Use	a	lens	with	a	very	short	focal	length.

ϮͿWhich	of	the
ĨŽůůŽǁŝŶŐ	corresponds	to	the
location	of	the	image	formed	by
the	objective	lens	in	a	refracting
ƚelescope	and	in	a	microscope?

ϯͿ An	astronomical	telescope	has	an	objective	lens	with	focal	length	fŽ	and	an	eyepiece
with	focal	length	fĞ.		A	second	telescope	has	an	objective	lens	and	eyepiece	that	each
has	double	the	focal	length	of	the	lenses	in	the	first	telescope.		Which	telescope	has	a
greater	magnification	and	by	what	factor?

ĂͿ The	first	telescope	has	a	greater	magnification	by	2x.
ďͿ The	second	telescope	has	a	greater	magnification	by	2x.
ĐͿ Both	telescopes	have	the	same	magnificaƚŝŽŶ͘
ĚͿ The	first	telescope	has	a	greater	magnification	by	4x.
ĞͿ The	second	telescope	has	a	greater	magnification	by	4x.

Your	group	member	names:		
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'ƌŽƵƉ	η	

									Useful	Equations:

		P	=	!! 	 	ŵŵŝĐƌŽƐĐŽƉĞ	=		
!
!!

!" !"
!!

													ŵƚĞůĞƐĐŽƉĞ	=	
!!
!!

ŵĂŶŐƵůĂƌ	с	
!!"#$%
!!"!#!$%

 ~  !!"!#!$%!!"#$%
													ŵŵĂŐŶŝĨŝĞƌ	=	

!" !"
! 	

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	
might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	
using	for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϰͿ �ŽŶƐŝĚĞƌ	Ă	pair	of	lenses.

													ůĞns	2	
			ůĞns	1	

Ĩϭ	 Ĩϭ									ĨϮ	 ĨϮ	

�Ϳ Draw	a	ray	diagram	to	locate	the	image	produced	by	the	first	lens.

�Ϳ Draw	a	second	ray	diagram	to	locate	the	image	produced	by	the	second	lens,
using	the	image	produced	by	the	first	lens	as	your	object.
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�Ϳ Assume	that	the	object	is	8	cm	away	from	the	first	lens,	which	has	a	focal
length	fϭ	of	4	cm.		Calculate	the	position	and	magnification	of	the	first	image.

�Ϳ If	the	second	lens	is	10	cm	away	from	the	first	lens,	how	far	is	the	first	image
from	the	second	lens?

�Ϳ Assume	that	the	second	lens	has	a	focal	length	fϮ	of	4	cm.		Calculate	the
position	and	magnification	of	the	second	image.

&ͿWould	this	instrument	make	a	good	microscope?		Why	or	why	not?

ϱͿWe	can	magnify	objects	using	a	simple	magnifying	glass,	that	is,	a	single	converging
lens.	What	advantage	is	gained	by	adding	a	second	lens	(the	objective	lens)	to	the
simple	magnifier	(the	eyepiece)	to	create	a	compound	(that	is,	multiͲůĞns)	mŝĐƌŽƐĐŽƉĞ͍



Optical	Instruments	
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ϲͿWe	determined	in	lecture	that	you	want	a	long	focal	length	(that	is	fairly	weak)	lens
as	the	objective	of	a	telescope.

�Ϳ Use	the	following	two	diagrams	of	lenses	to	show	why	a	longͲĨŽĐĂůͲlength	lens
will	create	larger	images	of	distant	objects	than	a	leans	with	a	short	focal	length.

�Ϳ Explain	what	you’ve	learned	from	these	two	diagrams	in	your	own	words.		Is	it
consistent	with	the	lens	equation?

�Ϳ How	does	this	conclusion	explain	why	telescopes	are	usually	so	ůŽŶŐ͍
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ϳͿ Can	you	turn	a	ŵŝĐƌŽƐĐŽƉĞ	into	a	telescope	by	looking	through	it	backwards	without
changing	its	physics	dimensions?

ϴͿ You	are	building	a	compound	microscope	with	an	objective	lens	of	focal	length	0.7	cm
and	an	eyepiece	with	focal	length	5	cm.		If	you	mount	the	two	lenses	at	opposite	ends	a
cylinder	that	is	18cm	long,	what	is	the	approximate	magnification	of	your	scope?
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ϵͿ The	first	telescopes	during	the	1600s	were	composed	of	a	converging	objective	lens
and	a	diverging	eyepiece.		This	combination	produced	an	upright	rather	than	aŶ
inverted	image.		,ŽǁĞǀĞƌ͕	to	make	such	a	telescope	work,	the	objective	lens	must
create	an	image	on	the	far	side	of	the	eyepiece	ʹ	that	is,	the	object	of	the	eyepiece	is
not	a	real	object	but	rather	a	virtual	one.		In	the	same	way	that	we	trace	rays	back	as	if
they	had	come	from	a	virtual	image	when	we	draw	ray	diagrams,	we	must	project	rays
forward	as	if	they	were	heading	toward	a	virtual	object͕	then	trace	their	path	once	they
are	intercepted	by	the	lens͘		When	doing	calculations,	a	virtual	object	distance	is	always
ŶĞŐĂƚŝǀĞ͕	just	like	a	virtual	image	distance.

With	this	in	mind,	try	Đalculating	image	distances	and	magnŝĨŝĐĂƚŝons	for	the	following	
system	of	lenses.		You	can	assume	the	initial	image	distance	from	the	objective	lens	is	3	
Đŵ͕	the	focal	length	of	the	objective	lens	is	2	cm,	the	focal	length	of	the	ĞǇĞƉŝece	ŝƐ	ʹ1	
Đŵ͕	and	the	distance	between	the	two	lenƐĞs	is	4	cm.	

Once	you’ve	finished	your	calculation,	see	if	you	can	draw	the	ray	diagram	for	this	
ƐĞƚƵƉ͘	
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ϭͿWhich	of	the	following	correctly	describes	the	“near	point”	of	the
ĞǇĞƐ͍

ĂͿ The	focal	point	of	the	eye	when	fully	relaxed
ďͿ The	focal	point	of	the	eye	when	stretched,	such	as	when	squinting
ĐͿ The	longest	distance	at	which	a	person	can	see	clearly
ĚͿ The	shortest	distance	at	which	a	person	can	see	clearly
ĞͿ The	smallest	size	of	a	circular	dot,	or	point,	that	a	person	can	see	clearly

ϮͿ dŚĞ	lens	of	the	eye	adjusts	its	power	when	viewing	objects	at	different	distances,	in	a
process	called	accommodation.	What	is	the	power	of	the	eye	when	viewing	an	object	50	cm
away?	(Assume	the	distance	between	the	lens	and	the	retina	is	2.0	cm.)

ĂͿ 2	diopters
ďͿ 25	diopters
ĐͿ 50	diopters
ĚͿ 52	diopters
ĞͿ 100	diopters

ϯͿ An	eye	that	is	shorter	than	normal	would	result	in	what	condition,	and	how	could	it	be
ĐŽƌƌĞĐƚĞĚ͍

ĂͿ &ĂƌͲƐŝŐŚƚĞĚŶĞƐƐ͕	which	could	be	corrected	using	a	converging	lens
ďͿ EĞĂƌͲƐŝŐŚƚĞĚŶĞƐƐ͕	which	could	be	corrected	using	a	converging	lens
ĐͿ &ĂƌͲƐŝŐŚƚĞĚŶĞƐƐ͕	which	could	be	corrected	using	a	diverging	lens
ĚͿ EĞĂƌͲƐŝŐŚƚĞĚŶĞƐƐ͕	which	could	be	corrected	using	a	diverging	lens
ĞͿ Eone	of	the	above

Your	group	member	names:		
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									Useful	Equations:

P	=	
!
! 	

!
!!
+ !

!!
= !

! 	

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	

might	you	want	to	write	on	a	note	sheet	for	the	exam	;ǁŚŝĐŚ	you	can	test	out	by	
using	for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϰͿ The	ray	diagram	below	shows	how	light	rays	from	a	nearby	object	are	refracted	by	a

converging	lens.	Using	this	diagram,	explain	why	a	converging	lens	is	used	to	correct	farͲ
ƐŝŐŚƚĞĚŶĞƐƐ͘
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ϱͿ Eow	use	the	diagram	below	to	explain	why	a	diverging	lens	is	used	to	correct	nearͲ
sightedness.	(This	time,	draw	your	own	rays.):

ϲͿ A	person	sees	clearly	wearing	eyeglasses	that	have	a	power	of	Ͳ4.00	diopters	when
the	lenses	are	2.00	cm	in	front	of	the	eyes.

�ͿWhat	is	the	focal	length	of	the	lens?

�Ϳ Is	the	person	nearͲsighted	or	farͲƐŝŐŚƚĞĚ͍

�Ϳ If	the	person	wants	to	switch	to	contact	lenses	placed	directly	on	the	eyes,
what	lens	ƉŽǁĞƌ	should	be	prĞƐĐƌŝďĞĚ͍



Vision	
Physics	104	–	General	Physics	
ϳͿ Imagine	light	incident	on	a	series	of	three
absorptive	polarizers.		The	first	has	an	axis	of
transmission	oriented	vertically.		The	second
has	an	axis	of	transmission	oriented	at	30°	from
the	vertical.		The	last	has	an	axis	of	transmission
oriented	horizontally.

�Ϳ If	light	with	intensity	IϬ	is	incident	on	the	first	polarizer	(the	leftͲmost	one	in�
the	picture),	what	is	the	intensity	of	the	light	in	terms	of	IϬ	once	it	passes	through�
but	before	it	hits	the	second	polarizer?	

�ͿWhat	is	the	intensity	of	the	light	in	terms	of	IϬ	after	the	second	polarizer?

�ͿWhat	is	the	intensity	of	the	light	in	terms	of	IϬ	after	the	third	polarizer?

�ͿWhat	happens	to	the	intensity	of	the	light	passing	through	the	final	polarizer
if	you	rotate	the	middle	polarizer	so	that	it	makes	a	60°	angle	with	the	vertical?

�ͿWhat	happens	to	the	intensity	of	the	light	passing	through	the	final	polarizer	if
you	remove	the	middle	polarizer?		Explain	your	answer.
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ϴͿ Suppose	a	farsighted	person	isn’t	able	to	see	anything	clearly	closer	than	45	cm.	You
need	to	prescribe	a	lens	for	a	pair	of	glasses	they	can	wear.		The	distance	between	the
ƉĞƌƐŽŶ͛s	eye	and	the	lens	will	be	2	cm.

�Ϳ If	the	person	wants	to	clearly	see	an	object	with	the	glasses	that	is	20cm
ĂǁĂǇ͕	what	will	the	object	distance	be	for	the	lens?

�Ϳ How	far	away	should	the	image	created	by	the	lens	be	away	from	the	lens?
(That	is,	what	should	be	the	image	distance?)

�Ϳ Is	this	a	real	or	virtual	image?

�ͿWhat	does	the	focal	length	of	the	lens	need	to	be?

�ͿWhat	is	the	power	of	this	lens	in	diopters?
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ϵͿ The	print	in	many	books	averages	3.50	mm	in	height.	How	high	is	the	image	of	the
print	on	the	retina	when	the	book	is	held	30.0	cm	from	the	eye?	(It	may	be	helpful	to
sketch	a	diagram.)
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1)tŚŝĐŚ�ŽĨ�ƚŚĞƐĞ�ƉŚŽƚŽŶƐ�ŚĂƐ�ƚŚĞ�ŵŽƐƚ�ĞŶĞƌŐǇ͍

a) Ă�ƉŚŽƚŽŶ�ŽĨ�ƵůƚƌĂǀŝŽůĞƚ�ƌĂĚŝĂƚŝŽŶ
b) Ă�ƉŚŽƚŽŶ�ŽĨ�ŐƌĞĞŶ�ůŝŐŚƚ͘
c) Ă�ƉŚŽƚŽŶ�ŽĨ�ǇĞůůŽǁ�ůŝŐŚƚ
d) Ă�ƉŚŽƚŽŶ�ŽĨ�ƌĞĚ�ůŝŐŚƚ
e) Ă�ƉŚŽƚŽŶ�ŽĨ�ŝŶĨƌĂƌĞĚ�ƌĂĚŝĂƚŝŽŶ

2) dŚĞ�ĐŽůŽƌ�ŽĨ�ůŝŐŚƚ�ĞŵŝƚƚĞĚ�ďǇ�Ă�ŚŽƚ�ŽďũĞĐƚ�ĚĞƉĞŶĚƐ�ŽŶ

a) ƚŚĞ�ƐŝǌĞ�ŽĨ�ƚŚĞ�ŽďũĞĐƚ
b) ƚŚĞ�ƐŚĂƉĞ�ŽĨ�ƚŚĞ�ŽďũĞĐƚ
c) ƚŚĞ�ŵĂƚĞƌŝĂů�ĨƌŽŵ�ǁŚŝĐŚ�ƚŚĞ�ŽďũĞĐƚ�ŝƐ�ŵĂĚĞ
d) ƚŚĞ�ƚĞŵƉĞƌĂƚƵƌĞ�ŽĨ�ƚŚĞ�ŽďũĞĐƚ
e) ƚŚĞ�ĐŽůŽƌ�ŽĨ�ƚŚĞ�ŽďũĞĐƚ

3) >ŝŐŚƚ�ŝƐ�ŚŝƚƚŝŶŐ�Ă�ŵĞƚĂů�ƐƵƌĨĂĐĞ�ǁŝƚŚ�ƉŚŽƚŽŶƐ�ŽĨ�ĞŶĞƌŐǇ��ϭ�ĂŶĚ�ĞůĞĐƚƌŽŶƐ�ĂƌĞ�
ĞŵŝƚƚĞĚ�ĨƌŽŵ�ƚŚĞ�ƐƵƌĨĂĐĞ͘�tŚĞŶ�ƚŚĞ�ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ƉŚŽƚŽŶƐ�ŝƐ�ĐŚĂŶŐĞĚ�ƚŽ��Ϯ�ŶŽ�
ĞůĞĐƚƌŽŶƐ�ĂƌĞ�ĞŵŝƚƚĞĚ͘�tŚŝĐŚ�ŽĨ�ƚŚĞ�ƐƚĂƚĞŵĞŶƚƐ�ďĞůŽǁ�ĂƌĞ�ƚƌƵĞ͍��^ĞůĞĐƚ�Ăůů�ƚŚĂƚ�
ĂƉƉůǇ͘

a) �Ϯ�ŝƐ�ůĂƌŐĞƌ�ƚŚĂŶ��ϭ͘
b) �Ϯ�ŝƐ�ƐŵĂůůĞƌ�ƚŚĂŶ��ϭ͘
c) dŚĞ�ǁŽƌŬ�ĨƵŶĐƚŝŽŶ�ŽĨ�ƚŚŝƐ�ŵĞƚĂů�ŝƐ�ŚŝŐŚĞƌ�ƚŚĂŶ��Ϯ͘
d) dŚĞ�ǁŽƌŬ�ĨƵŶĐƚŝŽŶ�ŽĨ�ƚŚŝƐ�ŵĞƚĂů�ŝƐ�ŚŝŐŚĞƌ�ƚŚĂŶ��ϭ͘
e) dŚĞ�ǁŽƌŬ�ĨƵŶĐƚŝŽŶ�ŽĨ�ƚŚŝƐ�ŵĞƚĂů�ŝƐ�ůŽǁĞƌ�ƚŚĂŶ��Ϯ͘

4) dŚĞ�ĚĞ��ƌŽŐůŝĞ�ǁĂǀĞůĞŶŐƚŚ�ĚĞƉĞŶĚƐ�ŽŶůǇ�ŽŶ

a) ƚŚĞ�ƉĂƌƚŝĐůĞ͛Ɛ�ŵĂƐƐ
b) ƚŚĞ�ƉĂƌƚŝĐůĞ͛Ɛ�ƐƉĞĞĚ
c) ƚŚĞ�ƉĂƌƚŝĐůĞ͛Ɛ�ĞŶĞƌŐǇ
d) ƚŚĞ�ƉĂƌƚŝĐůĞ͛Ɛ�ŵŽŵĞŶƚƵŵ
e) ƚŚĞ�ƉĂƌƚŝĐůĞ͛Ɛ�ĐŚĂƌŐĞ	

Your	group	member	names:		
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'ƌŽƵƉ	η	

								Useful	Equations:	

ʄƉĞĂŬ	(cm)	=	
(!.!"# ! !")

! 		 ʄŵĂƚƚĞƌ	=	
!
!" �ƉŚŽƚŽŶ	=	hf	=	

!"
! 	

<ŵĂǆ	=	hf	–	𝜙	 h	=	6.62	x	10Ͳϯϰ	J	s	=	4.14	x	10Ͳϭϱ	Ğs	Ɛ	

Reflect	on	the	experience	you’ve	had	so	far	with	today’s	topic.		What	sorts	of	notes	
might	you	want	to	write	on	a	note	sheet	for	the	exam	(which	you	can	test	out	by	using	
for	the	rest	of	the	worksheet	and	on	this	week’s	homework	and	quiz	too)?	

ϱͿ dŚĞ	ƚĞŵƉĞƌĂƚƵƌĞ	ŽĨ	ƚŚĞ	ƐƵŶ͛Ɛ	ƐƵƌĨĂĐĞ	ŝƐ	ϱϴϬϬ	<͘

�Ϳ hƐŝŶŐ	tŝĞŶ͛Ɛ	ĚŝƐƉůĂĐĞŵĞŶƚ	ůĂǁ͕	Ăƚ	ǁŚĂƚ	ǁĂǀĞůĞŶŐƚŚ	is	ƚŚĞ	ŚŝŐŚĞƐƚ	ŝŶƚĞŶƐŝƚǇ͍

�ͿWhat	ĐŽůŽƌ	ĚŽĞƐ	ŝƚ
ĐŽƌƌĞƐƉŽŶĚ	to?	hƐĞ
the	ŐƌĂƉŚ	ƐŚŽǁŶ
;ǁĂǀĞůĞŶŐƚŚ	ŝƐ	ŝŶ	ŶŵͿ͘
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�Ϳ /ƚ	is	not	ĂĐĐŝĚĞŶƚĂů	ƚŚĂƚ	ƚŚĞ	ŚƵŵĂŶ	ĞǇĞ	is	ŵŽƐƚ	ƐĞŶƐŝƚŝǀĞ	to	ŐƌĞĞŶ	ůŝŐŚƚ͘	tŚǇ͍

�Ϳ /Ŷ	a	ĚŝƐƚĂŶƚ	ĨƵƚƵƌĞ	ƚŚĞ	ƐƵŶ	ĐŽŽůƐ	ĚŽǁŶ	ƚŽ	ϰϬϬϬ	<͘	�ƚ	ǁŚĂƚ	ǁĂǀĞůĞŶŐƚŚ	ŝƐ	ƚŚĞ
ŵĂǆŝŵĂů	ŝŶƚĞŶƐŝƚǇ	ŶŽǁ͍

�Ϳ tŚŝĐŚ	ĐŽůŽƌ	ĚŽĞƐ	ƚŚŝƐ	ǁĂǀĞůĞŶŐƚŚ	coƌƌĞƐƉŽŶĚ	ƚŽ͍

&Ϳ �ƐƐƵŵŝŶg	ŚƵŵĂŶƐ	are	ĂƌŽƵŶĚ	ŝŶ	ƚŚe	ĚŝƐƚĂŶt	ĨƵƚƵre,	ǁŝůů	ǁĞ	Ɛƚŝůů	ďĞ	able	to	ƐĞĞ
ƚŚĞ	sun	ǁŝƚŚ	ŽƵƌ	ĞǇĞƐ͍	tŚǇ	Žƌ	ǁŚǇ	ŶŽƚ͍

ϲͿ �	ďĞĂŵ	ŽĨ	ůŝŐŚƚ	ǁŝƚŚ	Ă	ǁĂǀĞůĞŶŐƚŚ	ŽĨ	ϲϮ	 Ŷŵ	is	ŚŝƚƚŝŶŐ	ƚŚĞ	ƐƵƌĨĂĐĞ	ŽĨ	an	ŽďũĞĐƚ͘
�ůĞĐƚƌons	arĞ	ĞŵŝƚƚĞĚ	ĨƌŽŵ	this	object	ǁŝƚŚ	Ă	ŵĂǆŝŵƵm	ŬŝŶĞƚŝĐ	ĞŶergy	ŽĨ	ϭϯ͘7	Ğs͘	tĞ
ǁĂŶt	to	knŽw	what	thŝs	oďject	is	made	oƵt	oĨ͘

�Ϳ >Ğƚ͛Ɛ	break	ĚŽǁŶ	ƚŚŝƐ	ƉƌŽďůĞŵ	ŝŶƚŽ
ŵƵůƚŝƉůĞ	ƐƚĞƉƐ͘	tŚĂƚ	ŝƐ	ƚŚĞ	ĨƌĞƋƵĞŶĐǇ	ŽĨ
that	ůŝŐŚƚ͍

�Ϳ tŚĂƚ	ŝƐ	ƚŚĞ	ĞŶĞƌŐǇ	ŽĨ	Ă	photon	in	ƚŚŝƐ	ďĞĂŵ	ŽĨ	ůŝŐŚƚ͍

DĞƚĂů	 tŽƌŬ	ĨƵŶĐƚŝŽŶ	;ĞsͿ	
�ů	 ϰ͘Ϭϴ	
�Ƶ	 ϰ͘ϳϬ	
&Ğ	 ϰ͘ϱϬ	
Wƚ	 ϲ͘ϯϱ	
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�Ϳ �ŽŶǀĞƌƚ	ƚŚŝƐ	ĞŶĞƌŐǇ	ĨƌŽŵ	ũŽƵůĞ	;:Ϳ	ƚŽ	ĞůĞĐƚƌŽŶͲǀŽůƚ	;ĞV).		(ReŵĞŵďĞƌ	that	the
ĐŚarge	oŶ	an	ĞůĞĐƚƌŽŶ	ŝƐ	ϭ͘6	ǆ	ϭϬͲϭϵ	�͘Ϳ

�Ϳ ^ŽŵĞ	ŽĨ	ƚŚŝƐ	ĞŶĞƌŐǇ	ŝƐ	used	to	͞ĨƌĞĞ͟	ƚŚĞ	ĞůĞĐƚƌŽŶƐ	ĨƌŽŵ	ƚŚĞ	ŽďũĞĐƚ	(this	ŝƐ	ƚŚĞ
ǁŽƌŬ	 ĨƵŶĐƚŝŽŶ	ŽĨ	ƚŚĞ	ŵĂƚĞƌŝĂůͿ͘	dŚĞ	ƌĞŵĂŝŶŝŶŐ	ĞŶĞƌŐǇ	ŽĨ	ƚŚe	photon	ďĞĐŽŵĞƐ	ƚŚĞ
ŬŝŶĞƚŝĐ	ĞŶĞƌŐǇ	 ŽĨ	ƚŚĞ	ĞŵŝƚƚĞĚ	ĞůĞĐƚƌŽŶ͘	/Ĩ	ƚŚĞ	ŬŝŶĞƚŝĐ	ĞŶĞƌŐǇ	ŽĨ	ƚŚĞ	ĞŵŝƚƚĞĚ
ĞůĞĐƚƌŽŶ	ŝƐ	ϭϯ͘7	Ğs͕	ǁŚĂƚ	ŝƐ	 ƚŚĞ	ǁŽƌŬ	ĨƵŶĐƚŝŽŶ	ŽĨ	ƚŚĞ	ŽďũĞĐƚ͍

�Ϳ hƐŝŶŐ	ƚŚĞ	ƚĂďůĞ	ĂďŽǀĞ͕	ǁŚĂƚ	ŝƐ	ƚŚĞ	ŽďũĞĐƚ	ŵĂĚĞ	ŽĨ͍

&ͿWhat	would	happen	if	you	increased	the	intensity	of	the	light	incident	on	this
material	but	kept	the	wavelength	the	same?

ϳͿ /Ŷ	ŽƌĚĞƌ	to	͞ƐĞĞ͟	ĂŶ	ŽďũĞĐƚ͕	the	ǁĂǀĞůĞŶŐƚŚ	ŚĂƐ	to	ďĞ	ƐŵĂůůĞƌ	ƚŚĂŶ	the	ŽďũĞĐƚ͕	ǁŚŝĐŚ	ŝƐ
ĂůƐŽ	ƚƌƵĞ	ĨŽƌ	ĞůĞĐƚƌŽŶ	ŵŝĐƌŽƐĐŽƉĞƐ͘	/Ĩ	ǁĞ	ǁĂŶƚ	ƚŽ	ƐĞĞ	ƐŽŵĞ	ĚĞƚĂŝůƐ	of	a	ŵŽůĞĐƵůĞ	ǁĞ	ŶĞĞĚ
ƚŽ	ƵƐĞ	ĞůĞĐƚƌŽŶƐ	ƚŚĂƚ	ŚĂǀĞ	a	ǁĂǀĞůĞŶŐƚŚ	ŽĨ	Ϭ͘1	Ŷŵ͘		(The	mass	of	an	electron	is	9.1	x	10Ͳϯϭ

ŬŐ͘Ϳ

�Ϳ tŝƚŚ	ǁŚĂƚ	ǀŽůtage	do	ǁĞ	ŚĂǀĞ	to	ĂĐĐĞůĞƌĂƚĞ	ƚŚĞ	ĞůĞĐƚƌŽŶƐ͍
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�Ϳ /Ĩ	ǁĞ	ŬĞĞƉ	ƚŚĞ	ƐĂŵĞ	ǀŽůƚĂŐĞ	as	ďĞĨŽƌĞ	ďƵƚ	ƵƐĞ	ƉƌŽƚŽŶƐ	ŝŶƐƚĞĂĚ	ŽĨ	ĞůĞĐƚƌŽŶƐ͕
ǁŚat	ŝƐ	the	ǁĂǀĞůĞŶŐƚŚ	ŽĨ	ƚŚĞ	ƉƌŽƚŽŶ͍	�ŽĞƐ	ƚŚĞ	ƌĞƐŽůƵƚŝŽŶ	ŝŵƉƌŽǀĞ?		(The	mĂƐƐ
of	a	proton	is	1͘ϳ	x	1ϬͲϮϳ	ŬŐ͘Ϳ

�Ϳ that	should	you	takĞ	away	from	this	queƐƚŝŽŶ͍

ĂͿ �ůĞĐƚƌons	always	havĞ	a	ůŽŶŐĞƌ	wĂǀĞůĞŶŐth	than	prŽƚŽŶƐ͘

ďͿ If	velocity	is	the	same,	heavier	objects	will	always	have	shorter
ǁĂǀĞůĞŶŐƚŚƐ͘

ĐͿ dŚĞ	wavĞůĞŶŐth	of	matteƌ	deƉĞnds	on	what	kind	of	micrŽƐĐŽƉĞ	it’Ɛ
ďĞŝŶŐ	used	in.

ĚͿ A	ůŽŶger	ǁĂǀĞůĞŶŐƚŚ	ŵĞĂŶƐ	ǇŽƵ	ĐĂŶ	Ɛee	ƐŵĂůůer	ŽďũĞĐƚƐ͘

ϴͿ�>ĞĂĚ�ƐƵůĨŝĚĞ�ŝƐ�Ă�ƉŚŽƚŽĐŽŶĚƵĐƚŽƌ͕�ǁŚŝĐŚ�ŽƉĞƌĂƚĞƐ�ŽŶ�Ă�ǀĂƌŝĂƚŝŽŶ�ŽĨ�ƚŚĞ�ƉŚŽƚŽĞůĞĐƚƌŝĐ�
ĞĨĨĞĐƚ͘��/ŶĐŝĚĞŶƚ�ůŝŐŚƚ�ŽĨ�Ă�ĐĞƌƚĂŝŶ�ǁĂǀĞůĞŶŐƚŚ�ǁŝůů�ĨƌĞĞ�ƵƉ�ĞůĞĐƚƌŽŶƐ�ĞŶŽƵŐŚ�ƐŽ�ƚŚĂƚ�ƚŚĞǇ�
ĐĂŶ�ŵŽǀĞ�ĂƌŽƵŶĚ͕�ǁŚŝĐŚ�ĐĂŶ�ĐŽŶƚƌŝďƵƚĞ�ƚŽ�ĞůĞĐƚƌŝĐ�ĐƵƌƌĞŶƚ͕�ƚŚƵƐ�ƌĞĚƵĐŝŶŐ�ƚŚĞ�ŽǀĞƌĂůů�
ƌĞƐŝƐƚĂŶĐĞ�ŽĨ�ƚŚĞ�ŵĂƚĞƌŝĂů͘�>ĞĂĚ�ƐƵůĨŝĚĞ�ŝŶ�ƉĂƌƚŝĐƵůĂƌ�ŝƐ�ŽĨƚĞŶ�ƵƐĞĚ�ŝŶ�ƉŚŽƚŽĚĞƚĞĐƚŽƌƐ�
ďĞĐĂƵƐĞ�ŝƚ�ƌĞƐƉŽŶĚƐ�ǁĞůů�ƚŽ�ŶĞĂƌͲŝŶĨƌĂƌĞĚ�ůŝŐŚƚ͘

�Ϳ�zŽƵ�ĚĞƚĞƌŵŝŶĞ�ƚŚĂƚ�ǁŚĞŶ�ǇŽƵ�ƐŚŝŶĞ�ůŝŐŚƚ�ŽĨ�ǁĂǀĞůĞŶŐƚŚ�ϯ͘ϰ�ʅŵ�ŽŶ�Ă�ƉŝĞĐĞ�ŽĨ�
ůĞĂĚ�ƐƵůĨŝĚĞ͕�ǇŽƵ�ĐĂŶ�ĞĂƐŝůǇ�ŐĞƚ�Ă�ĐƵƌƌĞŶƚ�ĨůŽǁŝŶŐ�ƚŚƌŽƵŐŚ�ŝƚ͘��&Žƌ�ůŝŐŚƚ�ǁŝƚŚ�
ǁĂǀĞůĞŶŐƚŚƐ�ĂďŽǀĞ�ϯ͘ϰ�ʅŵ͕�ůŝƚƚůĞ�Žƌ�ŶŽ�ĐƵƌƌĞŶƚ�ĨůŽǁƐ͘�tŚĂƚ�ĞŶĞƌŐǇ�;ŝŶ�ĞsͿ�ĚŽ�
ǇŽƵ�ŶĞĞĚ�ƚŽ�ĨƌĞĞ�ƵƉ�ĞůĞĐƚƌŽŶƐ�ŝŶ�ůĞĂĚ�ƐƵůĨŝĚĞ͍



Quantum	Physics	
Physics	104	–	General	Physics	

�Ϳ You	continue	to	lower	the	wavelength	of	light	you	shine	on	the	piece	of	lead
sulfide.		When	you	pass	1	μm,	you	notice	the	resistance	of	the	material	increases
once	again.		Why	do	you	think	this	might	be	happening?

�Ϳ If	you	place	a	plate	of	lead	sulfide	in	a	photoreceptor	and	aim	a	beam	of	light
with	a	wavelength	of	2	μm	at	it,	you	get	maximum	current.		If	the	beam	has	an
area	of	0.001	mϮ	and	an	intensity	of	1	W/mϮ͕	how	many	electrons	per	second	are
you	freeing	up	in	the	plate?



^ƉĞĐƚƌĂ�ĂŶĚ��ƚŽŵŝĐ�WŚǇƐŝĐƐ�ʹ�'ƌŽƵƉ�^ŚĞĞƚ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϭͿ ��ƌĞĚ�ĂŶĚ�Ă�ŐƌĞĞŶ�ůĂƐĞƌ�ƉŽŝŶƚĞƌ�ĂƌĞ�ĞĂĐŚ�ƌĂƚĞĚ�Ăƚ�Ϯ�ŵt͘�tŚŝĐŚ�ůĂƐĞƌ
ƉŽŝŶƚĞƌ�ƉƌŽĚƵĐĞƐ�ŵŽƌĞ�ƉŚŽƚŽŶƐ͍

ĂͿ dŚĞ�ƌĞĚ�ŽŶĞ�ƉƌŽĚƵĐĞƐ�ŵŽƌĞ�ƉŚŽƚŽŶƐ͘

ďͿ dŚĞ�ŐƌĞĞŶ�ŽŶĞ�ƉƌŽĚƵĐĞƐ�ŵŽƌĞ�ƉŚŽƚŽŶƐ͘

ĐͿ �ŽƚŚ�ƉƌŽĚƵĐĞ�ƚŚĞ�ƐĂŵĞ�ŶƵŵďĞƌ�ŽĨ�ƉŚŽƚŽŶƐ

ϮͿ tŚŝĐŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƚƌĂŶƐŝƚŝŽŶƐ�ǁŝůů�Ğŵŝƚ�Ă�ƉŚŽƚŽŶ�ǁŝƚŚ�ƚŚĞ�ƐŚŽƌƚĞƐƚ�ǁĂǀĞůĞŶŐƚŚ͍

ĂͿ &ƌŽŵ�! = 4�ƚŽ�! = 3
ďͿ &ƌŽŵ�! = 3�ƚŽ�! = 1
ĐͿ &ƌŽŵ�! = 2�ƚŽ�! = 1
ĚͿ &ƌŽŵ�! = 4�ƚŽ�! = 1
ĞͿ &ƌŽŵ�! = 3�ƚŽ�! = 2

ϯͿ �Ŷ�ĞůĞĐƚƌŽŶ�ŝŶ�ƚŚĞ�ŐƌŽƵŶĚ�ƐƚĂƚĞ�ŽĨ�Ă�ŚǇĚƌŽŐĞŶ�ĂƚŽŵ�ƌĞƋƵŝƌĞƐ�ϭ͘ϲϯ�ǆ�ϭϬͲϭϵ�:�ŽĨ�ĞŶĞƌŐǇ�ƚŽ�ũƵŵƉ
ƚŽ�ƚŚĞ�! = 2�Žƌďŝƚ͘�tŚĂƚ�ǁŽƵůĚ�ŚĂƉƉĞŶ�ŝĨ�Ă�ƉŚŽƚŽŶ�ǁŝƚŚ�ŚĂůĨ�ƚŚĞ�ƌĞƋƵŝƌĞĚ�ĞŶĞƌŐǇ�ĞŶƚĞƌĞĚ
ƚŚĞ�ĂƚŽŵ͍

ĂͿ dŚĞ�ƉŚŽƚŽŶ�ǁŽƵůĚ�ďĞ�ĂďƐŽƌďĞĚ͕�ĂŶĚ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ǁŽƵůĚ�ũƵŵƉ�ďƌŝĞĨůǇ�ƚŽ�ĂŶ�Žƌďŝƚ
ŝŶ�ďĞƚǁĞĞŶ�! = 1�ĂŶĚ�! = 2͘

ďͿ dŚĞ�ƉŚŽƚŽŶ�ǁŽƵůĚ�ďĞ�ĂďƐŽƌďĞĚ�ĂŶĚ�ǁŽƵůĚ�ƌĂŝƐĞ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ƚŽ�ƚŚĞ�Ŷ�с�ϯ�ůĞǀĞů͕
ǁŚŝĐŚ�ƌĞƋƵŝƌĞƐ�ůĞƐƐ�ĞŶĞƌŐǇ͘

ĐͿ dŚĞ�ƉŚŽƚŽŶ�ǁŽƵůĚ�ďĞ�ĂďƐŽƌďĞĚ͕�ĂŶĚ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ǁŽƵůĚ�Žƌďŝƚ�ƚŚĞ�ŶƵĐůĞƵƐ�ǁŝƚŚ�Ă
ŐƌĞĂƚĞƌ�ǀĞůŽĐŝƚǇ͘

ĚͿ dŚĞ�ƉŚŽƚŽŶ�ǁŽƵůĚ�ďĞ�ĂďƐŽƌďĞĚ͕�ĂŶĚ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ǁŽƵůĚ�ǁĂŝƚ�ĨŽƌ�ĂŶŽƚŚĞƌ�ƉŚŽƚŽŶ
ŽĨ�ĞƋƵĂů�ĞŶĞƌŐǇ͘

ĞͿ dŚĞ�ƉŚŽƚŽŶ�ǁŽƵůĚ�ŶŽƚ�ďĞ�ĂďƐŽƌďĞĚ͕�ĂŶĚ�ŶŽƚŚŝŶŐ�ǁŽƵůĚ�ŚĂƉƉĞŶ�ƚŽ�ƚŚĞ�ĞůĞĐƚƌŽŶ͘

ϰͿ dŚĞ�ĨŝŐƵƌĞ�ƐŚŽǁƐ�ƉĂƌƚ�ŽĨ�ƚŚĞ�ĞŶĞƌŐǇ�ůĞǀĞů�ĚŝĂŐƌĂŵ�ŽĨ�Ă�ĐĞƌƚĂŝŶ�ĂƚŽŵ͘�dŚĞ�ĞŶĞƌŐǇ�ƐƉĂĐŝŶŐ
ďĞƚǁĞĞŶ�ůĞǀĞůƐ�ϭ�ĂŶĚ�Ϯ�ŝƐ�ƚǁŝĐĞ�ƚŚĂƚ�ďĞƚǁĞĞŶ�Ϯ�ĂŶĚ�ϯ͘�/Ĩ�ĂŶ�ĞůĞĐƚƌŽŶ�ŵĂŬĞƐ�Ă�ƚƌĂŶƐŝƚŝŽŶ�ĨƌŽŵ
ůĞǀĞů�ϯ�ƚŽ�ůĞǀĞů�Ϯ͕�ƌĂĚŝĂƚŝŽŶ�ŽĨ�ǁĂǀĞůĞŶŐƚŚ�' ŝƐ�ĞŵŝƚƚĞĚ͘�tŚĂƚ�ƉŽƐƐŝďůĞ�ƌĂĚŝĂƚŝŽŶ�ǁĂǀĞůĞŶŐƚŚƐ
ŵŝŐŚƚ�ďĞ�ƉƌŽĚƵĐĞĚ�ďǇ�ŽƚŚĞƌ�ƚƌĂŶƐŝƚŝŽŶƐ�ďĞƚǁĞĞŶ�ƚŚĞ�ƚŚƌĞĞ�ĞŶĞƌŐǇ�ůĞǀĞůƐ͍

ĂͿ KŶůǇ�2'
ďͿ �ŽƚŚ�'/2�ĂŶĚ�'/3
ĐͿ KŶůǇ�'/2
ĚͿ �ŽƚŚ�2'�ĂŶĚ�3'

zŽƵƌ�ŐƌŽƵƉ�ŵĞŵďĞƌ�ŶĂŵĞƐ͗�
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Useful Equations: 

 
!
" = )# * !$!" −

!
$#"
,   -$ = − %&'$

$" = − !(.*	,-$"  (for hydrogen atom) 

    

-.%/0/$ = ℎ/ = %&
"   )# = 1.097 x 107/m 

 
Reflect on the experience you’ve had so far with today’s topic. What sorts of notes might you 
want to write on a note sheet for the exam (which you can test out by using for the rest of the 
worksheet and on this week’s homework and quiz too)? 

 
 
 
 
 
 
 
 
 
5) We usually write the energy of a photon as - = ℎ/, where ℎ = 6.626 x 10-34 J s. But as you 

saw in lecture, when we are dealing with atoms and visible light it’s more convenient to use 
units of electron-volts (eV) and nanometers (nm). Let’s develop an expression that you can 
carry around with you for these kinds of problems. 
 
A. Use the conversion factor 1 eV = 1.602 x 10-19 J and the speed of light 0 = 2.998 x 108 

m/s to show that the quantity ℎ0 can be written as ℎ0 = 1240	eV ∙ nm. 
 
 
 
 
 
 

B. Now determine the energy, in eV, of a photon of green light, with λ = 550 nm. (Hint: use 
- = ℎ0/' and the handy value for ℎ0 you just found.) 

 
 
 
 
 
 
 
 
 



^ƉĞĐƚƌĂ�ĂŶĚ��ƚŽŵŝĐ�WŚǇƐŝĐƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϲͿ dŽ�ƚŚĞ�ƌŝŐŚƚ�ŝƐ�ĂŶ�ĞŶĞƌŐǇ�ůĞǀĞů�ĚŝĂŐƌĂŵ�ŽĨ�ĂŶ�ĂƚŽŵ͘
�ƐƐƵŵĞ�ƚŚĂƚ�ƚŚĞƌĞ�ĂƌĞ�ŶŽ�ŽƚŚĞƌ�ĞŶĞƌŐǇ�ůĞǀĞůƐ�ŝŶ�ƚŚŝƐ
ĂƚŽŵ�ƚŚĂŶ�ƚŚĞ�ŽŶĞƐ�ƐŚŽǁŶ͘

�͘ ,Žǁ�ŵĂŶǇ�ƉŽƐƐŝďůĞ�ĞŵŝƐƐŝŽŶ�ůŝŶĞƐ�ĂƌĞ�ƚŚĞƌĞ�ŝŶ
ƚŚŝƐ�ĂƚŽŵ͛Ɛ�ĞŵŝƐƐŝŽŶ�ƐƉĞĐƚƌƵŵ͍

B. �ĂůĐƵůĂƚĞ�ƚŚĞ�ǁĂǀĞůĞŶŐƚŚ�ŽĨ�ĞĂĐŚ�ĞŵŝƐƐŝŽŶ�ůŝŶĞ͘�dŽ�ŝĚĞŶƚŝĨǇ�ĞĂĐŚ�ůŝŶĞ͕�ƵƐĞ�ƚŚĞ�ŶŽƚĂƚŝŽŶ
λ&ƌŽŵ�Žƌďŝƚ�η͕�dŽ�Žƌďŝƚ�η�;ĨŽƌ�ŝŶƐƚĂŶĐĞ, !!" ǁŽƵůĚ�ďĞ�ƚŚĞ�ǁĂǀĞůĞŶŐƚŚ�ŽĨ�ƚŚĞ�ƉŚŽƚŽŶ�ĞŵŝƚƚĞĚ�ĚƵĞ�ƚŽ�Ă
ƚƌĂŶƐŝƚŝŽŶ�ĨƌŽŵ�ƚŚĞ�! = 4�Žƌďŝƚ�ƚŽ�ƚŚĞ�! = 1�ŽƌďŝƚͿ͘

�͘ ^ŬĞƚĐŚ�ǁŚĂƚ�ƚŚĞ�ĂƚŽŵ͛Ɛ�ĞŵŝƐƐŝŽŶ�ƐƉĞĐƚƌƵŵ�ǁŽƵůĚ�ůŽŽŬ�ůŝŬĞ�ďĞůŽǁ͘�WůĂĐĞ�ƐŚŽƌƚĞƌ
ǁĂǀĞůĞŶŐƚŚƐ�ƚŽ�ƚŚĞ�ůĞĨƚ�ĂŶĚ�ůŽŶŐĞƌ�ǁĂǀĞůĞŶŐƚŚƐ�ƚŽ�ƚŚĞ�ƌŝŐŚƚ͘

ϳͿ ^ƵƉƉŽƐĞ�ǁĞ�ŚĂǀĞ�Ă�ŵǇƐƚĞƌǇ�ĂƚŽŵ͘�dŚĞ�ĂƚŽŵ�ŚĂƐ�ĂŶ�ŝŽŶŝǌĂƚŝŽŶ�ĞŶĞƌŐǇ�;ƚŚĞ�ĞŶĞƌŐǇ�ƌĞƋƵŝƌĞĚ
ƚŽ�ĐŽŵƉůĞƚĞůǇ�ƌĞŵŽǀĞ�ĂŶ�ĞůĞĐƚƌŽŶͿ�ĞƋƵĂů�ƚŽ�ϰ͘ϭ�Ğs͘�tĞ�ĂůƐŽ�ŽďƐĞƌǀĞ�ƚŚĂƚ�ƚŚĞ�ĂƚŽŵ�ĞŵŝƚƐ
ƚŚƌĞĞ�ƐƉĞĐƚƌĂů�ůŝŶĞƐ͕�Ăƚ�ϯϭϬ�Ŷŵ͕�ϰϬϬ�Ŷŵ͕�ĂŶĚ�ϭϯϳϴ�Ŷŵ͘

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ŵĂǆŝŵƵŵ�ǁĂǀĞůĞŶŐƚŚ�ŽĨ�ůŝŐŚƚ�ƚŚĂƚ�ǁŝůů�ĐŽŵƉůĞƚĞůǇ�ƐƚƌŝƉ�ƚŚĞ�ĂƚŽŵ�ŽĨ�ĂŶ
ĞůĞĐƚƌŽŶ͍

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ƉŚŽƚŽŶƐ�ŝŶ�ĞĂĐŚ�ŽĨ�ƚŚĞ�ƚŚƌĞĞ�ƐƉĞĐƚƌĂů�ĞŵŝƐƐŝŽŶ�ůŝŶĞƐ͍



^ƉĞĐƚƌĂ�ĂŶĚ��ƚŽŵŝĐ�WŚǇƐŝĐƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

�͘ hƐĞ�ƚŚŝƐ�ŝŶĨŽƌŵĂƚŝŽŶ�ƚŽ�ƐŬĞƚĐŚ�Ă�ĚŝĂŐƌĂŵ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ĞŶĞƌŐǇ�ůĞǀĞůƐ�ŽĨ�ƚŚŝƐ�ĂƚŽŵ͘
�ƐƐƵŵĞ�ƚŚĂƚ�ƚŚĞ�ŚŝŐŚĞƌ�ĞŶĞƌŐǇ�ůĞǀĞůƐ�ĂƌĞ�ĐůŽƐĞƌ�ƚŽŐĞƚŚĞƌ͘��ůƐŽ�ŝŶĚŝĐĂƚĞ�ǁŚŝĐŚ�ĞŶĞƌŐǇ
ůĞǀĞů�ŝƐ�ƚŚĞ�ŐƌŽƵŶĚ�ƐƚĂƚĞ�ĂŶĚ�ůĂďĞů�ƚŚĞ�ƚƌĂŶƐŝƚŝŽŶƐ�ƚŚĂƚ�ĐĂƵƐĞ�ĞĂĐŚ�ŽĨ�ƚŚĞ�ƚŚƌĞĞ�ƐƉĞĐƚƌĂů
ůŝŶĞƐ͘

ϴͿ ��ƐƚƵĚĞŶƚ�ŝŶ�Ă�ƉŚǇƐŝĐƐ�ůĂď�ŽďƐĞƌǀĞƐ�Ă�ŚǇĚƌŽŐĞŶ�ĞŵŝƐƐŝŽŶ�ƐƉĞĐƚƌƵŵ�ĂŶĚ�ĨŝŶĚƐ�ƚŚĞ�ǁĂǀĞůĞŶŐƚŚ
ŽĨ�Ă�ǇĞůůŽǁ�ůŝŶĞ�ƚŽ�ďĞ�ϱϴϵ�Ŷŵ͘

�͘ �ƐƐƵŵŝŶŐ�ƚŚŝƐ�ŝƐ�ƉĂƌƚ�ŽĨ�ƚŚĞ��ĂůŵĞƌ�^ĞƌŝĞƐ�;ƚƌĂŶƐŝƚŝŽŶƐ�ĨƌŽŵ�ĂŶ�ŝŶŝƚŝĂů�ŚŝŐŚĞƌ�ůĞǀĞů�ƚŽ�ƚŚĞ
! = 2	ůĞǀĞůͿ�ĚĞƚĞƌŵŝŶĞ�ƚŚĞ�!�ŽĨ�ƚŚĞ�ŝŶŝƚŝĂů�ůĞǀĞů͘

�͘ tŚĂƚ�ŝƐ�ƵŶƌĞĂƐŽŶĂďůĞ�ĂďŽƵƚ�ƚŚŝƐ�ƌĞƐƵůƚ͍

�͘ tŚĞƌĞ�ŵŝŐŚƚ�ƚŚĞ�ƐƚƵĚĞŶƚ�ŚĂǀĞ�ŵĂĚĞ�Ă�ŵŝƐƚĂŬĞ�Žƌ�ĂŶ�ƵŶǁĂƌƌĂŶƚĞĚ�ĂƐƐƵŵƉƚŝŽŶ͍�;�ŽŶ͛ƚ
just�ŵĞŶƚŝŽŶ�ŵŝƐͲŵĞĂƐƵƌŝŶŐ�ƚŚĞ�ǁĂǀĞůĞŶŐƚŚ�ŽĨ�ƚŚĞ�ƐƉĞĐƚƌĂů�ůŝŶĞ͘Ϳ



^ƉĞĐƚƌĂ�ĂŶĚ��ƚŽŵŝĐ�WŚǇƐŝĐƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϵͿ :ƵƐƚ�ĂƐ�ŝŶ�ĂƚŽŵƐ͕�ƚŚĞƌĞ�ĂƌĞ�ĂůƐŽ�ĞŶĞƌŐǇ�ůĞǀĞůƐ�ŝŶ�ŵŽůĞĐƵůĞƐ͘�DŽůĞĐƵůĂƌ�ĞŶĞƌŐǇ�ůĞǀĞůƐ�ĂƌĞ�ŵŽƌĞ
ĐŽŵƉůŝĐĂƚĞĚ�ƚŚĂŶ�ĂƚŽŵŝĐ�ĞŶĞƌŐǇ�ůĞǀĞůƐ�ďĞĐĂƵƐĞ�ƚŚĞ�ŵŽůĞĐƵůĂƌ�ůĞǀĞůƐ�ĂƌĞ�ƌĞůĂƚĞĚ�ƚŽ�Ă
ĐŽŵďŝŶĂƚŝŽŶ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ĞŶĞƌŐǇ�ůĞǀĞůƐ�ŽĨ�ƚŚĞŝƌ�ĐŽŶƐƚŝƚƵĞŶƚ�ĂƚŽŵƐ�and�ŵĞĐŚĂŶŝĐĂů
ŵŽƚŝŽŶƐ�ŽĨ�ƚŚĞ�ŵŽůĞĐƵůĞƐ�ĂŶĚ�ƚŚĞ�ĂƚŽŵƐ�ŝŶ�ƚŚĞŵ͘�&Žƌ�ĞǆĂŵƉůĞ͕�Ă�ƐŬĞƚĐŚ�ŽĨ�ƚŚĞ�ĞŶĞƌŐǇ�ůĞǀĞůƐ
ŝŶ�ƚŚĞ�ŵŽůĞĐƵůĞƐ�ƵƐĞĚ�ŝŶ�Ă��KϮ�ůĂƐĞƌ�ĂƌĞ�ƐŚŽǁŶ�ďĞůŽǁ͘�dŚĞ�ĂƚŽŵƐ�ŝŶ�ƚŚĞ��KϮ�ŵŽůĞĐƵůĞ�ĐĂŶ
stretch�ĂŶĚ�bend ƚŚĞ�ďŽŶĚƐ�ƚŚĂƚ�ĂƚƚĂĐŚ�ƚŚĞŵ�ƚŽ�ƚŚĞ�ŽƚŚĞƌ�ĂƚŽŵƐ͘�;^ĞĞ�ƚŚĞƐĞ�ŶŝĐĞ�ĂŶŝŵĂƚŝŽŶƐ
ŚĞƌĞ͗�ŚƚƚƉƐ͗ͬͬƐĐŝĞĚ͘ƵĐĂƌ͘ĞĚƵͬƐŝƚĞƐͬĚĞĨĂƵůƚͬĨŝůĞ�ƐͬĨůĂƐŚͬŐŚŐͺŵŽůĞĐƵůĞƐͺǀŝďƌĂƚĞ͘ƐǁĨͿ͘�/Ŷ�ƚŚŝƐ�ƚǇƉĞ�ŽĨ�ůĂƐĞƌ�Ă
ŵŝǆƚƵƌĞ�ŽĨ�EϮ�ĂŶĚ��KϮ�ŐĂƐ�ŝƐ�ƉůĂĐĞĚ�ŝŶ�Ă�ĐĞůů͘�>ŝŐŚƚ�ŝƐ�ďƌŽƵŐŚƚ�ŝŶƚŽ�ƚŚĞ�ĐĞůů�ƚŚĂƚ�ŝƐ�ĂďƐŽƌďĞĚ�ďǇ
ƚŚĞ�EϮ�ŵŽůĞĐƵůĞƐ�ĂŶĚ�ĞǆĐŝƚĞƐ�ƚŚĞŵ�ƚŽ�ĞŶĞƌŐǇ�ůĞǀĞůƐ�ĂďŽǀĞ�ƚŚĞŝƌ�ŐƌŽƵŶĚ�ůĞǀĞů͘�dŚĞ�ĞǆĐŝƚĞĚ�EϮ

ŵŽůĞĐƵůĞƐ�ƚŚĞŶ�ĐŽůůŝĚĞ�ǁŝƚŚ�ƚŚĞ��KϮ�ŵŽůĞĐƵůĞƐ�ƚŽ�ĞǆĐŝƚĞ�ƚŚĞŵ�ĂďŽǀĞ�ƚŚĞŝƌ�ŐƌŽƵŶĚ�ůĞǀĞůƐ͘
dŚĞ�ĚŝĂŐƌĂŵ�ƐŚŽǁƐ�ƐŽŵĞ�ŽĨ�ƚŚĞ�ƚƌĂŶƐŝƚŝŽŶƐ�ƚŚĂƚ�Ğŵŝƚ�ůĂƐĞƌ�ůŝŐŚƚ͘�ZŽƵŐŚůǇ͕�ǁŚĂƚ�ŝƐ�ƚŚĞ
ǁĂǀĞůĞŶŐƚŚ�ŽĨ�ƚŚĞ�ůŝŐŚƚ�ĞŵŝƚƚĞĚ�ďǇ�Ă��KϮ�ůĂƐĞƌ͍�tŽƵůĚ�ǇŽƵ�ďĞ�ĂďůĞ�ƚŽ�ƐĞĞ�ŝƚ�ǁŝƚŚ�ǇŽƵƌ�ĞǇĞƐ͍



�ƚŽŵŝĐ�WŚǇƐŝĐƐ�ʹ�'ƌŽƵƉ�^ŚĞĞƚ� �
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϭͿ tŚŝĐŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƐƚĂƚĞŵĞŶƚƐ�ƌĞŐĂƌĚŝŶŐ�ĚŝĨĨĞƌĞŶĐĞƐ�ďĞƚǁĞĞŶ
ƚŚĞ��ŽŚƌ�ĂŶĚ�^ĐŚƌƂĚŝŶŐĞƌ�ŵŽĚĞůƐ�ŽĨ�ƚŚĞ�ĂƚŽŵ�ŝƐ�ŶŽƚ�ƚƌƵĞ͍

ĂͿ /Ŷ�ƚŚĞ��ŽŚƌ�ŵŽĚĞů͕�ŐƌŽƵŶĚ�ƐƚĂƚĞ�ĞůĞĐƚƌŽŶƐ�ĐĂŶ�ŽŶůǇ�ĞǀĞƌ�ďĞ
ĨŽƵŶĚ�Ăƚ�ƚŚĞ��ŽŚƌ�ƌĂĚŝƵƐ͕�ǁŚĞƌĞĂƐ�ŝŶ�ƚŚĞ�^ĐŚƌƂĚŝŶŐĞƌ�ŵŽĚĞů
ƚŚĞǇ�ĐĂŶ�ďĞ�ĨŽƵŶĚ�Ăƚ�Ă�ƌĂŶŐĞ�ŽĨ�ƉŽƐŝƚŝŽŶƐ͘

ďͿ dŚĞ��ŽŚƌ�ŵŽĚĞů�ĐĂŶŶŽƚ�ďĞ�ĂƉƉůŝĞĚ�ƚŽ�ĂƚŽŵƐ�ǁŝƚŚ�ĂƚŽŵŝĐ�ŶƵŵďĞƌƐ�ŐƌĞĂƚĞƌ�ƚŚĂŶ�ϭ͕
ǁŚĞƌĞĂƐ�ƚŚĞ�^ĐŚƌƂĚŝŶŐĞƌ�ŵŽĚĞů�ĐĂŶ͘

ĐͿ dŚĞ��ŽŚƌ�ŵŽĚĞů�ĐĂŶŶŽƚ�ďĞ�ĂƉƉůŝĞĚ�ƚŽ�ŵƵůƚŝͲĞůĞĐƚƌŽŶ�ĂƚŽŵƐ͕�ǁŚĞƌĞĂƐ�ƚŚĞ
^ĐŚƌƂĚŝŶŐĞƌ�ŵŽĚĞů�ĐĂŶ͘

ĚͿ �ůĞĐƚƌŽŶ�ŽƌďŝƚĂůƐ�ŝŶ�ƚŚĞ��ŽŚƌ�ŵŽĚĞů�ůŝĞ�ŝŶ�Ă�ƚǁŽͲĚŝŵĞŶƐŝŽŶĂů�ƉůĂŶĞ͕�ǁŚĞƌĞĂƐ�ŝŶ�ƚŚĞ
^ĐŚƌƂĚŝŶŐĞƌ�ŵŽĚĞů�ƚŚĞǇ�ĞǆŝƐƚ�ŝŶ�ƚŚƌĞĞ�ĚŝŵĞŶƐŝŽŶƐ͘

ĞͿ dŚĞ��ŽŚƌ�ŵŽĚĞů�ŝƐ�ŝŶĐŽŶƐŝƐƚĞŶƚ�ǁŝƚŚ�ƚŚĞ�,ĞŝƐĞŶďĞƌŐ�ƵŶĐĞƌƚĂŝŶƚǇ�ƉƌŝŶĐŝƉůĞ͕�ǁŚĞƌĞĂƐ
ƚŚĞ�^ĐŚƌƂĚŝŶŐĞƌ�ŵŽĚĞů�ŝƐ�ĐŽŶƐŝƐƚĞŶƚ͘

ϮͿ �Ŷ�ĞůĞĐƚƌŽŶ�ŝŶ�ĂŶ�ĂƚŽŵ�ŚĂƐ�ƋƵĂŶƚƵŵ�ŶƵŵďĞƌƐ�! = 5�ĂŶĚ�$! = 3͘�tŚĂƚ�ĂƌĞ�ƚŚĞ�ƉŽƐƐŝďůĞ
ǀĂůƵĞƐ�ŽĨ�&�ĨŽƌ�ƚŚŝƐ�ĞůĞĐƚƌŽŶ͍

ĂͿ Ϭ͕�ϭ͕�Ϯ͕�ϯ͕�ϰ

ďͿ Ϭ͕�ϭ͕�Ϯ͕�ϯ

ĐͿ Ϭ͕�ϭ͕�Ϯ

ĚͿ ϯ͕�ϰ͕�ϱ

ĞͿ ϯ͕�ϰ

ϯͿ dŚĞ�ƉĞƌŝŽĚŝĐ�ƚĂďůĞ�ŝƐ�ďĂƐĞĚ�ŵĂŝŶůǇ�ŽŶ�ǁŚŝĐŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƉƌŝŶĐŝƉůĞƐ͍

ĂͿ /ƚ�ŝƐ�ďĂƐĞĚ�ŽŶ�ƚŚĞ�ƵŶĐĞƌƚĂŝŶƚǇ�ƉƌŝŶĐŝƉůĞ

ďͿ �ůů�ĞůĞĐƚƌŽŶƐ�ŝŶ�ĂŶ�ĂƚŽŵ�ŵƵƐƚ�ŚĂǀĞ�ƚŚĞ�ƐĂŵĞ�ƐĞƚ�ŽĨ�ƋƵĂŶƚƵŵ�ŶƵŵďĞƌƐ

ĐͿ EŽ�ƚǁŽ�ĞůĞĐƚƌŽŶƐ�ŝŶ�ĂŶ�ĂƚŽŵ�ĐĂŶ�ŚĂǀĞ�ƚŚĞ�ƐĂŵĞ�ƐĞƚ�ŽĨ�ƋƵĂŶƚƵŵ�ŶƵŵďĞƌƐ

ĚͿ �ůů�ĞůĞĐƚƌŽŶƐ�ŝŶ�ĂŶ�ĂƚŽŵ�ĂƌĞ�ŝŶ�ŽƌďŝƚĂůƐ�ŚĂǀŝŶŐ�ƚŚĞ�ƐĂŵĞ�ĞŶĞƌŐǇ

ĞͿ �ŶĞƌŐǇ�ŝƐ�ĐŽŶƐĞƌǀĞĚ�ŝŶ�Ăůů�ŝŶƚĞƌĂĐƚŝŽŶƐ

zŽƵƌ�ŐƌŽƵƉ�ŵĞŵďĞƌ�ŶĂŵĞƐ͗�



�ƚŽŵŝĐ�WŚǇƐŝĐƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

hƐĞĨƵů�ĞƋƵĂƚŝŽŶƐ͗�

'" = #!
"! '$� '$ = −13.6	eV�

/" = "!
# 0$� 0$ = 0.0529	nm�

! = 1, 2, 3, 4…� & = 0, 1, 2, … , ! − 1�

$! =	−&, −& + 1,… , & − 1, &� $% = ±1/2�

ϰͿ �ŽŵƉĂƌĞ�ŚŽǁ�ŵƵĐŚ�ĞŶĞƌŐǇ�ŝŶ�Ğs�ŝƐ�ƌĞƋƵŝƌĞĚ�ƚŽ�ŵŽǀĞ�ĂŶ�ĞůĞĐƚƌŽŶ�ĨƌŽŵ�ƚŚĞ�! = 1�ƐƚĂƚĞ�ƚŽ
ƚŚĞ�! = 2�ƐƚĂƚĞ�ŝŶ�ŚǇĚƌŽŐĞŶ�;,Ϳ͕�ƐŝŶŐůǇ�ŝŽŶŝǌĞĚ�ŚĞůŝƵŵ�;,ĞнͿ͕�ĂŶĚ�ĚŽƵďůǇ�ŝŽŶŝǌĞĚ�ůŝƚŚŝƵŵ�;>ŝϮнͿ
ĂĐĐŽƌĚŝŶŐ�ƚŽ�ƚŚĞ��ŽŚƌ�ŵŽĚĞů͘�dŚĞŶ�ĚĞƚĞƌŵŝŶĞ�ǁŚĂƚ�ǁĂǀĞůĞŶŐƚŚ�ŽĨ�ůŝŐŚƚ�ǁŽƵůĚ�ďĞ�ƌĞƋƵŝƌĞĚ
ƚŽ�ĐĂƵƐĞ�ĞĂĐŚ�ƚƌĂŶƐŝƚŝŽŶ͘

�͘ hƐĞ�ǇŽƵƌ�ĐĂůĐƵůĂƚŝŽŶƐ�ƚŽ�Ĩŝůů�ŝŶ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƚĂďůĞ͗

E1 (eV) E2 (eV) ΔE (eV) λ (nm) 

H (Z = 1) 

He+ (Z = 2) 

Li2+ (Z = 3) 

�͘ �ŽŶƐƵůƚ�ƚŚĞ�ĐŚĂƌƚ�ďĞůŽǁ�ƚŽ�ĚĞƚĞƌŵŝŶĞ�ŝŶ�ǁŚŝĐŚ�ƉĂƌƚ�ŽĨ�ƚŚĞ��D�ƐƉĞĐƚƌƵŵ�ƚŚĞƐĞ�ĚŝĨĨĞƌĞŶƚ
ůŝŐŚƚ�ƐŽƵƌĐĞƐ�ǁŽƵůĚ�ďĞ�ůŽĐĂƚĞĚ͘



�ƚŽŵŝĐ�WŚǇƐŝĐƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϱͿ /Ŷ�ŵŽĚŝĨǇŝŶŐ�ƚŚĞ��ŽŚƌ�ŵŽĚĞů͕�>ŽƵŝƐ�ĚĞ��ƌŽŐůŝĞ�ĂƐƐƵŵĞĚ�ƚŚĂƚ�ĐŽŶĨŝŶĞĚ�ĞůĞĐƚƌŽŶƐ�ĐŽƵůĚ�ďĞ
ƚƌĞĂƚĞĚ�ĂƐ�ǁĂǀĞƐ͕�ĂŶĚ�ƐƵŐŐĞƐƚĞĚ�ƚŚĂƚ�ƚŚĞǇ�ĐŽƵůĚ�ĞǆŝƐƚ�ŽŶůǇ�ŝŶ�ƐƚĂƚĞƐ�ǁŚĞƌĞ�ƚŚĞƐĞ�ǁĂǀĞƐ
ĨŽƌŵ�ƐƚĂŶĚŝŶŐͲǁĂǀĞ�ƉĂƚƚĞƌŶƐ͘��Ŷ�ĞůĞĐƚƌŽŶ�ŝƐ�ŝŶ�ƚŚĞ�ƐĞĐŽŶĚ�ĞǆĐŝƚĞĚ�ƐƚĂƚĞ�ŽĨ�ŚǇĚƌŽŐĞŶ͕
ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ƚŽ�! = 3͘

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ƌĂĚŝƵƐ�ŽĨ�ƚŚĞ�Žƌďŝƚ͍

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ǁĂǀĞůĞŶŐƚŚ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ŝŶ�ƚŚŝƐ�Žƌďŝƚ͍�;,ŝŶƚ͗�dŚĞ�ƐƚĂŶĚŝŶŐ�ǁĂǀĞ�ĨŽƌ�Ă
ƋƵĂŶƚƵŵ�ŶƵŵďĞƌ�!�ŵƵƐƚ�ĐŽŶƚĂŝŶ�!�ĐŽŵƉůĞƚĞ�ǁĂǀĞůĞŶŐƚŚƐ͘Ϳ

�͘ ^ŬĞƚĐŚ�ƚŚĞ�ƐƚĂŶĚŝŶŐ�ǁĂǀĞ�ŽŶ�ƚŚĞ�ĚŝĂŐƌĂŵ�ďĞůŽǁ͘��ŶƐƵƌĞ�ƚŚĂƚ�ŝƚ�ŚĂƐ�ƚŚĞ�ĐŽƌƌĞĐƚ�ŶƵŵďĞƌ
ŽĨ�ĨƵůů�ǁĂǀĞůĞŶŐƚŚƐ͘



�ƚŽŵŝĐ�WŚǇƐŝĐƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϲͿ tŚŝĐŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ĐŽƵůĚ�ďĞ�Ă�ƐĞƚ�ŽĨ�ƋƵĂŶƚƵŵ�ŶƵŵďĞƌƐ�ĨŽƌ�ĂŶ�ĞůĞĐƚƌŽŶ�ŝŶ�ƚŚĞ
^ĐŚƌƂĚŝŶŐĞƌ�ŵŽĚĞů�ŽĨ�ƚŚĞ�ĂƚŽŵ͍�&Žƌ�ĞĂĐŚ�ŝŵƉŽƐƐŝďůĞ�ƐĞƚ�ŽĨ�ƋƵĂŶƚƵŵ�ŶƵŵďĞƌƐ͕�ŝĚĞŶƚŝĨǇ�ǁŚǇ
ŝƚ�ŝƐ�ŝŵƉŽƐƐŝďůĞ͘�&Žƌ�ĞĂĐŚ�ƉŽƐƐŝďůĞ�ƐĞƚ�ŽĨ�ƋƵĂŶƚƵŵ�ŶƵŵďĞƌƐ͕�ŝĚĞŶƚŝĨǇ�ƚŚĞ�ĂƚŽŵŝĐ�ŽƌďŝƚĂů�;Ğ͘Ő͕͘
1s͕�2pͿ�ŝŶ�ǁŚŝĐŚ�ŝƚ�ƌĞƐŝĚĞƐ͘

ĂͿ ! = 3 & = 0� $! = 0� $% = 0�

ďͿ ! = 4 & = 1� $! = −1� $% = +1/2�

ĐͿ ! = 0 & = 0� $! = 0� $% = −1/2�

ĚͿ ! = 1 & = 1� $! = 0� $% = +1/2�

ĞͿ ! = 2 & = 1� $! = −2� $% = +1/2�

ĨͿ ! = 3 & = 2� $! = +2� $% = −1/2�

ϳͿ >Ğƚ͛Ɛ�ƚŚŝŶŬ�Ă�ůŝƚƚůĞ�ŵŽƌĞ�ĂďŽƵƚ�ƚŚĞ�ĞŶĞƌŐǇ�ŽĨ�ĂŶ�ĞůĞĐƚƌŽŶ�ŝŶ�ƚŚĞ�ŐƌŽƵŶĚ�ƐƚĂƚĞ�ŽĨ�Ă�ŚǇĚƌŽŐĞŶ
ĂƚŽŵ͘�tĞ�ŬŶŽǁ�ŝƚƐ�ƚŽƚĂů�ĞŶĞƌŐǇ�ŝƐ�Ͳϭϯ͘ϲ�Ğs͘��Ƶƚ�ǁŚĞƌĞ�ĚŽĞƐ�ƚŚŝƐ�ŶƵŵďĞƌ�ĐŽŵĞ�ĨƌŽŵ͍

�͘ dŚĞ�ƚŽƚĂů�ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ǁŝůů�ďĞ�ŝƚƐ�ŬŝŶĞƚŝĐ�ĞŶĞƌŐǇ�ƉůƵƐ�ŝƚƐ�ĞůĞĐƚƌŝĐ�ƉŽƚĞŶƚŝĂů
ĞŶĞƌŐǇ͘�tĞ͛ůů�ƐƚĂƌƚ�ǁŝƚŚ�ƚŚĞ�ĨŽƌŵĞƌ͘�&ŝŶĚ�ƚŚĞ�ŬŝŶĞƚŝĐ�ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ŝŶ�ƚŚĞ�ŐƌŽƵŶĚ
ƐƚĂƚĞ�ŽĨ�ŚǇĚƌŽŐĞŶ�ŝŶ�Ğs͘�;,ŝŶƚ͗�zŽƵ�ĐĂŶ�ĨŝŶĚ�ƚŚĞ�ǀĞůŽĐŝƚǇ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ǁŝƚŚ�ƚŚŝƐ
ĞƋƵĂƚŝŽŶ͗�< = "ℏ

'"(#
͕�ǁŚĞƌĞ�ℏ = ℎ/2?͘�dŚĞ�ĞůĞĐƚƌŽŶ�ŵĂƐƐ�ŝƐ�me�с�ϵ͘ϭ�´�ϭϬͲϯϭ�ŬŐ͘Ϳ



�ƚŽŵŝĐ�WŚǇƐŝĐƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

�͘ dŚŝƐ�ŶƵŵďĞƌ�ƐŚŽƵůĚ�ďĞ�ĨĂŵŝůŝĂƌ͕�ďƵƚ�ǁĞ͛ƌĞ�ŶŽƚ�ĚŽŶĞ�ǇĞƚ͘�tĞ�ŚĂǀĞŶ͛ƚ�ǇĞƚ�ĨŽƵŶĚ�ƚŚĞ�ƚŽƚĂů
ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ͘�/Ɛ�ƚŚĞ�ĞŶĞƌŐǇ�ǇŽƵ�ĨŽƵŶĚ�ŝŶ�;�Ϳ�positive Žƌ�negative͍

�͘ &ŝŶĚ�ƚŚĞ�ƉŽƚĞŶƚŝĂů�ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ŝŶ�Ğs͘�;,ŝŶƚ͗�,ĞƌĞ͕�ǁĞ�ĐĂŶ�ƵƐĞ�ĂŶ�ŽůĚŝĞͲďƵƚͲ
ŐŽŽĚŝĞ͗�@) = *+$+!

' ͕�ǁŚĞƌĞ�A,�ĂŶĚ�A-�ĂƌĞ�ƚŚĞ�ĐŚĂƌŐĞƐ�ŽŶ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ĂŶĚ�ƉƌŽƚŽŶ͘
ZĞŵĞŵďĞƌ�k�с�ϵ�´�ϭϬϵ�E�ŵϮͬ�Ϯ͘Ϳ

�͘ /Ɛ�ƚŚĞ�ĞŶĞƌŐǇ�ǇŽƵ�ĨŽƵŶĚ�ŝŶ�;�Ϳ�positive�Žƌ�negative͍�;�Ğ�ĐĂƌĞĨƵů�ƚŚĂƚ�ǇŽƵ�ŝŶƉƵƚ�ƚŚĞ�ĐŽƌƌĞĐƚ
ĐŚĂƌŐĞ�ĨŽƌ�ƚŚĞ�ĞůĞĐƚƌŽŶ͘Ϳ

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ƚŽƚĂů�ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ͍�tŚĂƚ�ƐŝŐŶ�ĚŽĞƐ�ŝƚ�ŚĂǀĞ͍

&͘ tŚĂƚ�ŝƐ�ƚŚĞ�ƐŝŐŶŝĨŝĐĂŶĐĞ�ŽĨ�ƚŚĞ�ƚŽƚĂů�ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ĞůĞĐƚƌŽŶ�ďĞŝŶŐ�ŶĞŐĂƚŝǀĞ͍



EƵĐůĞĂƌ�WŚǇƐŝĐƐ�ʹ�'ƌŽƵƉ�^ŚĞĞƚ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϭͿ tŚŝĐŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ŶƵĐůĞŝ�ŚĂƐ�Ă�ƌĂĚŝƵƐ�ŽĨ�2"!͍

ĂͿ ,ǇĚƌŽŐĞŶͲϮ

ďͿ ,ĞůŝƵŵͲϰ

ĐͿ �ĞƌǇůůŝƵŵͲϲ

ĚͿ �ŽƌŽŶͲϴ

ĞͿ �ĂƌďŽŶͲϭϬ

ϮͿ tŚǇ�ĂƌĞ�ůĂƌŐĞ�ŶƵĐůĞŝ�;��х�ϴϯͿ�ƚǇƉŝĐĂůůǇ�ƵŶƐƚĂďůĞ͍

ĂͿ ^ƵĐŚ�ŶƵĐůĞŝ�ďĞŐŝŶ�ƚŽ�ŐĞƚ�ƚŽŽ�ŚĞĂǀǇ�ƐŽ�ƚŚĂƚ�ƚŚĞ�ĨŽƌĐĞ�ŽĨ�ŐƌĂǀŝƚǇ�ƉƵƚƐ�ĞǆƚƌĞŵĞ�ƐƚƌĞƐƐ�ŽŶ
ƚŚĞŵ͘

ďͿ �ƚ�ĂƌŽƵŶĚ�ϴϯ�ŶƵĐůĞŽŶƐ͕�ƚŚĞ�ŶĞŐĂƚŝǀĞůǇ�ĐŚĂƌŐĞĚ�ŶĞƵƚƌŽŶƐ�ďĞŐŝŶ�ƚŽ�ŽƵƚŶƵŵďĞƌ�ƚŚĞ
ƉŽƐŝƚŝǀĞůǇ�ĐŚĂƌŐĞĚ�ƉƌŽƚŽŶƐ͘

ĐͿ EƵĐůĞŝ�ǁŝƚŚ���х�ϴϯ�ĐŽŶƚĂŝŶ�ƚŽŽ�ŵĂŶǇ�ĞůĞĐƚƌŽŶƐ͕�ǁŚŝĐŚ�ĨŽƌĐĞƐ�ƚŚĞ�ŶĞƵƚƌŽŶƐ�ĂƉĂƌƚ͘

ĚͿ �ƚ�ƚŚŝƐ�ƐŝǌĞ͕�ƚŚĞ�ƌĞƉƵůƐŝǀĞ��ŽƵůŽŵď�ĨŽƌĐĞ�ďĞƚǁĞĞŶ�ƉƌŽƚŽŶƐ�ŝƐ�ŐĞƚƚŝŶŐ�ƐƚƌŽŶŐĞƌ�ƚŚĂŶ
ƚŚĞ�ĂƚƚƌĂĐƚŝǀĞ�ƐƚƌŽŶŐ�ŶƵĐůĞĂƌ�ĨŽƌĐĞ͘

ϯͿ �ŝŶĚŝŶŐ�ĞŶĞƌŐǇ�ŝƐ͙�;ƐĞůĞĐƚ�Ăůů�ƚŚĂƚ�ĂƉƉůǇͿ

ĂͿ ƚŚĞ�ĞŶĞƌŐǇ�ƌĞƋƵŝƌĞĚ�ƚŽ�ďƌĞĂŬ�Ă�ŶƵĐůĞƵƐ�ĂƉĂƌƚ͘

ďͿ ĚĞƉĞŶĚĞŶƚ�ŽŶ�ƚŚĞ�ŬŝŶĞƚŝĐ�ĞŶĞƌŐǇ�ŽĨ�ƚŚĞ�ŶƵĐůĞŽŶƐ͘

ĐͿ ƚŚĞ�ĞŶĞƌŐǇ�ƌĞůĞĂƐĞĚ�ǁŚĞŶ�ŝŶĚŝǀŝĚƵĂů�ŶƵĐůĞŽŶƐ�ĐŽŵďŝŶĞ�ƚŽ�ĨŽƌŵ�Ă�ƐƚĂďůĞ�ŶƵĐůĞƵƐ͘

ĚͿ ŶŽƚ�ƌĞĂůůǇ�ĞŶĞƌŐǇ�Ăƚ�Ăůů͘

ĞͿ ŽŶůǇ�ƌĞůĞǀĂŶƚ�ĨŽƌ�ƚŚĞ�ŚǇĚƌŽŐĞŶ�ŶƵĐůĞƵƐ͘

ϰͿ /Ŷ�ŵĂƐƐŝǀĞ�ƐƚĂƌƐ͕�ƚŚƌĞĞ�ŚĞůŝƵŵ�ŶƵĐůĞŝ�ĨƵƐĞ�ƚŽŐĞƚŚĞƌ͕�ĨŽƌŵŝŶŐ�Ă�ĐĂƌďŽŶ�ŶƵĐůĞƵƐ͘�dŚŝƐ�ƌĞĂĐƚŝŽŶ
ŚĞĂƚƐ�ƚŚĞ�ĐŽƌĞ�ŽĨ�ƚŚĞ�ƐƚĂƌ͘�dŚĞ�ŶĞƚ�ŵĂƐƐ�ŽĨ�ƚŚĞ�ƚŚƌĞĞ�ŚĞůŝƵŵ�ŶƵĐůĞŝ�ŵƵƐƚ�ƚŚĞƌĞĨŽƌĞ�ďĞ͗

ĂͿ ůĞƐƐ�ƚŚĂŶ�ƚŚĂƚ�ŽĨ�ƚŚĞ�ĐĂƌďŽŶ�ŶƵĐůĞƵƐ͘

ďͿ ƚŚĞ�ƐĂŵĞ�ĂƐ�ƚŚĂƚ�ŽĨ�ƚŚĞ�ĐĂƌďŽŶ�ŶƵĐůĞƵƐ�ďĞĐĂƵƐĞ�ĞŶĞƌŐǇ�ŝƐ�ĂůǁĂǇƐ�ĐŽŶƐĞƌǀĞĚ͘

ĐͿ ŚŝŐŚĞƌ�ƚŚĂŶ�ƚŚĂƚ�ŽĨ�ƚŚĞ�ĐĂƌďŽŶ�ŶƵĐůĞƵƐ͘

ĚͿ ƚŚĞ�ƐĂŵĞ�ĂƐ�ƚŚĂƚ�ŽĨ�ƚŚĞ�ĐĂƌďŽŶ�ŶƵĐůĞƵƐ�ďĞĐĂƵƐĞ�ŵĂƐƐ�ŝƐ�ĂůǁĂǇƐ�ĐŽŶƐĞƌǀĞĚ͘

zŽƵƌ�ŐƌŽƵƉ�ŵĞŵďĞƌ�ŶĂŵĞƐ͗�



�ŝƐĐƵƐƐŝŽŶ�ϭϰď��ǆĞƌĐŝƐĞƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

hƐĞĨƵů��ƋƵĂƚŝŽŶƐ͗     
" = "!$" #$ "! = 1.2	fm�

|+%| 	= 	 (-.& + 0."' 	–	.()*+)3,�����������

."' = 1.007825 u� ���.& = 1.008665	u� u = -#"./-/
0! 	MeV�

ZĞĨůĞĐƚ�ŽŶ�ƚŚĞ�ĞǆƉĞƌŝĞŶĐĞ�ǇŽƵ͛ǀĞ�ŚĂĚ�ƐŽ�ĨĂƌ�ǁŝƚŚ�ƚŽĚĂǇ͛Ɛ�ƚŽƉŝĐ͘��tŚĂƚ�ƐŽƌƚƐ�ŽĨ�ŶŽƚĞƐ�ŵŝŐŚƚ�ǇŽƵ�
ǁĂŶƚ�ƚŽ�ǁƌŝƚĞ�ŽŶ�Ă�ŶŽƚĞ�ƐŚĞĞƚ�ĨŽƌ�ƚŚĞ�ĞǆĂŵ�;ǁŚŝĐŚ�ǇŽƵ�ĐĂŶ�ƚĞƐƚ�ŽƵƚ�ďǇ�ƵƐŝŶŐ�ĨŽƌ�ƚŚĞ�ƌĞƐƚ�ŽĨ�ƚŚĞ�
ǁŽƌŬƐŚĞĞƚ�ĂŶĚ�ŽŶ�ƚŚŝƐ�ǁĞĞŬ͛Ɛ�ŚŽŵĞǁŽƌŬ�ĂŶĚ�ƋƵŝǌ�ƚŽŽͿ͍�

ϱͿ dŚĞ�ĨŝŐƵƌĞ�ƚŽ�ƚŚĞ�ƌŝŐŚƚ�ƐŚŽǁƐ�Ă�ŐƌĂƉŚ�ŽĨ
ŶƵĐůŝĚĞƐ͘�dŚĞ�ƐŚĂĚĞĚ�ƌĞŐŝŽŶ�ŝŶĚŝĐĂƚĞƐ�Ăůů
ŬŶŽǁŶ�ŶƵĐůŝĚĞƐ͕�ĂŶĚ�ƚŚĞ�ďůĂĐŬ�ĚŽƚƐ
ŝŶĚŝĐĂƚĞ�ƐƚĂďůĞ�ŶƵĐůŝĚĞƐ͘�dŚĞ�ĚŝĂŐŽŶĂů�ůŝŶĞ
ŝŶĚŝĐĂƚĞƐ�ĂŶ�ĞƋƵĂů�ŶƵŵďĞƌ�ŽĨ�ƉƌŽƚŽŶƐ�ĂŶĚ
ŶĞƵƚƌŽŶƐ͘

�͘ /ŶĚŝĐĂƚĞ�ǁŚŝĐŚ�ĂǆŝƐ�ŝƐ�ƚŚĞ�ŶƵŵďĞƌ�ŽĨ
ƉƌŽƚŽŶƐ�ŝŶ�ĞĂĐŚ�ŶƵĐůĞƵƐ�;�Ϳ͘

�͘ /ŶĚŝĐĂƚĞ�ǁŚŝĐŚ�ĂǆŝƐ�ŝƐ�ƚŚĞ�ŶƵŵďĞƌ�ŽĨ
ŶĞƵƚƌŽŶƐ�ŝŶ�ĞĂĐŚ�ŶƵĐůĞƵƐ�;EͿ͘

�͘ ,Žǁ�ĚŝĚ�ǇŽƵ�ŵĂŬĞ�ǇŽƵƌ�ĐŚŽŝĐĞƐ�ŝŶ���ĂŶĚ��͍

�͘ �Ɛ�ƚŚĞ�ŶƵĐůĞĂƌ�ƐŝǌĞ�ŝŶĐƌĞĂƐĞƐ͕�ǁŚǇ�ĂƌĞŶ͛ƚ�ŵŽƌĞ�ƐƚĂďůĞ�ŶƵĐůĞŝ�ĨŽƵŶĚ�ĂůŽŶŐ�ƚŚĞ�ĚŝĂŐŽŶĂů
ůŝŶĞ͍

- = 0



�ŝƐĐƵƐƐŝŽŶ�ϭϰď��ǆĞƌĐŝƐĞƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϲͿ �ŽŵƉůĞƚĞ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƚĂďůĞ͗

�ƚŽŵŝĐ�
ŵĂƐƐ�

η�ŽĨ�
WƌŽƚŽŶƐ�

η�ŽĨ�
EĞƵƚƌŽŶƐ� ZĂĚŝƵƐ�

dŽƚĂů�
�ŝŶĚŝŶŐ�
ĞŶĞƌŐǇ�

�ŝŶĚŝŶŐ�
ĞŶĞƌŐǇ�ƉĞƌ�
ŶƵĐůĞŽŶ�

ϯ,Ğ� ϯ͘ϬϭϲϬϯ�Ƶ� Ϯ� ϭ�

ϰ,Ğ� ϰ͘ϬϬϮϲϬ�Ƶ� Ϯ� Ϯ�

ϲ>ŝ� ϲ͘ϬϭϱϭϮ�Ƶ� ϯ� ϯ�

�͘ tŚŝĐŚ�ŽĨ�ƚŚĞƐĞ�ŶƵĐůĞŝ�ŚĂƐ�ƚŚĞ�ůĂƌŐĞƐƚ�ƌĂĚŝƵƐ͍

�͘ tŚŝĐŚ�ŽĨ�ƚŚĞƐĞ�ŶƵĐůĞŝ�ŚĂƐ�ƚŚĞ�ŐƌĞĂƚĞƐƚ�ĚĞŶƐŝƚǇ͍

�͘ tŚŝĐŚ�ŽĨ�ƚŚĞƐĞ�ŶƵĐůĞŝ�ŚĂƐ�ƚŚĞ�ŐƌĞĂƚĞƐƚ�ďŝŶĚŝŶŐ�ĞŶĞƌŐǇ�ƉĞƌ�ŶƵĐůĞŽŶ͍

�͘ tŚŝĐŚ�ŽĨ�ƚŚĞƐĞ�ŶƵĐůĞŝ�ŝƐ�ƚŚĞ�ŵŽƐƚ�ƐƚĂďůĞ͍



�ŝƐĐƵƐƐŝŽŶ�ϭϰď��ǆĞƌĐŝƐĞƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϳͿ �ĞůŽǁ�ŝƐ�Ă�ŐƌĂƉŚ�ŽĨ�ďŝŶĚŝŶŐ�ĞŶĞƌŐǇ�ƉĞƌ�ŶƵĐůĞŽŶ�ǀƐ͘�ƚŚĞ�ƐŝǌĞ�ŽĨ�ƚŚĞ�ŶƵĐůĞƵƐ͘

�͘ tŚŝĐŚ�ŶƵĐůĞƵƐ�ŝƐ�ŵŽƌĞ�ƐƚĂďůĞ͕�ϳ>ŝ�Žƌ�Ϯϯϱh͍

�͘ /Ŷ�ƚŚĞ�ǀĞƌǇ�ĞĂƌůǇ�ƵŶŝǀĞƌƐĞ͕�ƐŚŽƌƚůǇ�ĂĨƚĞƌ�ƚŚĞ��ŝŐ��ĂŶŐ͕�ƚŚĞƌĞ�ǁĂƐ�Ă�ƐŚŽƌƚ�ƉĞƌŝŽĚ�ŽĨ�ƚŝŵĞ
ǁŚĞŶ�Ăůů�ŵĂƚƚĞƌ�ǁĂƐ�ŝŶ�ƚŚĞ�ĨŽƌŵ�ŽĨ�ĨƌĞĞ�ƉƌŽƚŽŶƐ�ĂŶĚ�ŶĞƵƚƌŽŶƐ͘�sĞƌǇ�ƋƵŝĐŬůǇ͕�Ă�ůĂƌŐĞ
ĨƌĂĐƚŝŽŶ�ŽĨ�ƚŚĞƐĞ�ĨƌĞĞ�ŶƵĐůĞŽŶƐ�ĨŽƌŵĞĚ�ŝŶƚŽ�ϰ,Ğ͕�ƐŽ�ŵƵĐŚ�ƐŽ�ƚŚĂƚ�ŽƚŚĞƌ�ĞůĞŵĞŶƚƐ�ǁĞƌĞ
ĞǆƚƌĞŵĞůǇ�ƌĂƌĞ͘�;DŽƐƚ�ŽĨ�ƚŚĞ�ĞůĞŵĞŶƚƐ�ĂƌŽƵŶĚ�ǇŽƵ�ƚŽĚĂǇ�ǁĞƌĞ�ĨŽƌŵĞĚ�ŝŶ�ƐƚĂƌƐ�ƌĞůĂƚŝǀĞůǇ
ƌĞĐĞŶƚůǇ͕�ĐŽƐŵŽůŽŐŝĐĂůůǇ�ƐƉĞĂŬŝŶŐ͘Ϳ��ĂŶ�ǇŽƵ�ĞǆƉůĂŝŶ�ǁŚǇ�ƚŚŝƐ�ŚĂƉƉĞŶĞĚ͍

�͘ tŚǇ�ĚŽ�ǇŽƵ�ƚŚŝŶŬ�ƚŚĞ�ǀĞƌƚŝĐĂů�ĂǆŝƐ�ŽĨ�ƚŚĞ�ŐƌĂƉŚ�ĂďŽǀĞ�ŝƐ�ďŝŶĚŝŶŐ�ĞŶĞƌŐǇ�per nucleon͘
tŚǇ�ŶŽƚ�ũƵƐƚ�ŵĂŬĞ�Ă�ŐƌĂƉŚ�ŽĨ�ƚŽƚĂů�ďŝŶĚŝŶŐ�ĞŶĞƌŐǇ�ǀƐ͘�ŶƵĐůĞĂƌ�ƐŝǌĞ͍



�ŝƐĐƵƐƐŝŽŶ�ϭϰď��ǆĞƌĐŝƐĞƐ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

�͘ �ƐƐĞƐƐ�ƚŚĞ�ƚƌƵƚŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƐƚĂƚĞŵĞŶƚ͗�͞/ƚ�ǁŽƵůĚ�ƌĞƋƵŝƌĞ�ŵŽƌĞ�ĞŶĞƌŐǇ�ƚŽ�ƚĂŬĞ�ĂƉĂƌƚ
Ă�Ϯϯϱh�ŶƵĐůĞƵƐ�ƚŚĂƚ�ŝƚ�ǁŽƵůĚ�ƚŽ�ƚĂŬĞ�ĂƉĂƌƚ�Ă�ϭϲK�ŶƵĐůĞƵƐ͘͟

�͘ �ƐƐĞƐƐ�ƚŚĞ�ƚƌƵƚŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƐƚĂƚĞŵĞŶƚ͗�͞dĂŬŝŶŐ�Ϯϯϱ�ŶƵĐůĞŽŶƐ�ĂŶĚ�ĨŽƌŵŝŶŐ�ϭϰ�ϭϲK
ŶƵĐůĞŝ�;ƉůƵƐ�ƐŽŵĞ�ĨƌĞĞ�ŶƵĐůĞŽŶƐͿ�ǁŽƵůĚ�ƌĞƐƵůƚ�ŝŶ�Ă�ůŽǁĞƌ�ĞŶĞƌŐǇ�ƐƚĂƚĞ�ƚŚĂŶ�ƵƐŝŶŐ�ƚŚŽƐĞ
ŶƵĐůĞŽŶƐ�ƚŽ�ĨŽƌŵ�Ă�ƐŝŶŐůĞ�Ϯϯϱh�ŶƵĐůĞƵƐ͘͟

&͘ zŽƵ�ǁŝůů�ƐŽŵĞƚŝŵĞƐ�ƐĞĞ�ƚŚĞ�ŐƌĂƉŚ�ŽĨ�ďŝŶĚŝŶŐ�ĞŶĞƌŐǇ�ƉĞƌ�ŶƵĐůĞŽŶ�ǀƐ͘�ŶƵĐůĞĂƌ�ƐŝǌĞ�ƵƉƐŝĚĞ
ĚŽǁŶ͕�ĂƐ�ƐŚŽǁŶ͘

tŚǇ�ǁŽƵůĚ�ĂŶǇŽŶĞ�ŽƌŝĞŶƚ�ƚŚĞ�ŐƌĂƉŚ�ŝŶ�ƚŚŝƐ�ǁĂǇ͍�



&ŝƐƐŝŽŶ͕�&ƵƐŝŽŶ͕�ĂŶĚ�EƵĐůĞĂƌ��ĞĐĂǇ�ʹ�'ƌŽƵƉ�^ŚĞĞƚ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϭͿ ,Žǁ�ŝƐ�ŝƚ�ƉŽƐƐŝďůĞ�ƚŚĂƚ�ĐŽŵďŝŶŝŶŐ�ƐŵĂůů�ŶƵĐůĞŝ�ŝŶƚŽ�ůĂƌŐĞ�ŶƵĐůĞŝ�ĐĂŶ
ƌĞůĞĂƐĞ�ĞŶĞƌŐǇ͍

ĂͿ dŚĞ�ůĂƌŐĞƌ�ŶƵĐůĞƵƐ�ŵƵƐƚ�ďĞ�ŵŽǀŝŶŐ�ƐůŽǁĞƌ͕�ĂŶĚ�ƚŚĞƌĞĨŽƌĞ
ĞǆĐĞƐƐ�ŬŝŶĞƚŝĐ�ĞŶĞƌŐǇ�ŝƐ�ƌĞůĞĂƐĞĚ�ŝŶƚŽ�ƚŚĞ�ĞŶǀŝƌŽŶŵĞŶƚ͘

ďͿ dŚĞ�ůĂƌŐĞƌ�ŶƵĐůĞƵƐ�ŵƵƐƚ�ŚĂǀĞ�Ă�ůĂƌŐĞƌ�ďŝŶĚŝŶŐ�ĞŶĞƌŐǇ͕�ƐŽ�ŝƚ�ƌĞƉƌĞƐĞŶƚƐ�ĂŶ�ŽǀĞƌĂůů
ůŽǁĞƌ�ĞŶĞƌŐǇ�ƐƚĂƚĞ͘

ĐͿ dŚĞ�ƐŵĂůůĞƌ�ŶƵĐůĞŝ�ƚŚĂƚ�ƵŶĚĞƌŐŽ�ĨƵƐŝŽŶ�ŵƵƐƚ�ĐŽŶƚĂŝŶ�ďŽƚŚ�ƉĂƌƚŝĐůĞƐ�ĂŶĚ�ĂŶƚŝƉĂƌƚŝĐůĞƐ
ƚŚĂƚ�ĂƌĞ�ĂŶŶŝŚŝůĂƚĞĚ�ǁŚĞŶ�ƚŚĞǇ�ŵĞĞƚ͘

ĚͿ dŚĞ�ƐŵĂůůĞƌ�ŶƵĐůĞŝ�ŵƵƐƚ�ŚĂǀĞ�ůĂƌŐĞƌ�ďŝŶĚŝŶŐ�ĞŶĞƌŐŝĞƐ�ƚŚĂŶ�ƚŚĞ�ůĂƌŐĞƌ�ŶƵĐůĞƵƐ�ƚŚĞǇ
ĨŽƌŵ͕�ǁŚŝĐŚ�ƌĞƐƵůƚƐ�ŝŶ�ƚŚĞ�ƌĞůĞĂƐĞ�ŽĨ�ĞŶĞƌŐǇ͘

ĞͿ EƵĐůĞĂƌ�ĨƵƐŝŽŶ�ĐĂŶ�ŶĞǀĞƌ�ƌĞůĞĂƐĞ�ĞŶĞƌŐǇ�ʹ�ŝƚ�ĐŽŶƐƵŵĞƐ�ĞŶĞƌŐǇ͕�ĂƐ�ŝƐ�ƚŚĞ�ĐĂƐĞ�ŝŶƐŝĚĞ
ƚŚĞ�^ƵŶ͘

ϮͿ tŚŝĐŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ŝƐ�not�Ă�ƉŽƐƐŝďůĞ�ĨŝƐƐŝŽŶ�ƉƌŽĐĞƐƐ͍

ĂͿ Ϯϯϱh�ї�ϭϰϬyĞ�н�ϵϮ^ƌ�н�ϯŶ

ďͿ Ϯϯϱh�н�Ŷ�ї�ϭϰϯ�Ă�н�ϵϬ<ƌ�н�ϯŶ

ĐͿ Ϯϯϱh�н�Ŷ�ї�ϭϮϴ^ď�н�ϭϬϭEď�н�ϲŶ

ĚͿ Ϯϯϱh�н�Ŷ�ї�ϭϭϲWĚ�н�ϭϭϲWĚ�н�ϰŶ

ϯͿ tŚŝĐŚ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ǁŽƵůĚ�ĐŽƌƌĞƐƉŽŶĚ�ƚŽ�ȴEͬȴƚ�ĨŽƌ�Ă�ƌĂĚŝŽĂĐƚŝǀĞ�ŵĂƚĞƌŝĂů͍

ĂͿ dŚĞ�ŶƵŵďĞƌ�ŽĨ�ƐĞĐŽŶĚƐ�ǇŽƵ�ŶĞĞĚ�ƚŽ�ǁĂŝƚ�ƵŶƚŝů�ƚŚĞ�ĞŶƚŝƌĞ�ƐĂŵƉůĞ�ŚĂƐ�ĚĞĐĂǇĞĚ͘

ďͿ dŚĞ�ƚŚŝĐŬŶĞƐƐ�ŽĨ�ƚŚĞ�ŵĂƚĞƌŝĂů�ǇŽƵ�ǁŽƵůĚ�ŶĞĞĚ�ƚŽ�ƐƚŽƉ�ƚŚĞ�ƌĂĚŝĂƚŝŽŶ͘

ĐͿ dŚĞ�ŚĂůĨͲůŝĨĞ�ŽĨ�ƚŚĞ�ŵĂƚĞƌŝĂů͘

ĚͿ dŚĞ�ƌĂƚĞ�Ăƚ�ǁŚŝĐŚ�ƌĂĚŝŽĂĐƚŝǀĞ�ĚĞĐĂǇ�ĞǀĞŶƚƐ�ĂƌĞ�ŽĐĐƵƌƌŝŶŐ͘

ĞͿ dŚĞ�ŽƌŝŐŝŶĂů�ŶƵŵďĞƌ�ŽĨ�ƌĂĚŝŽĂĐƚŝǀĞ�ŶƵĐůĞŝ͘

zŽƵƌ�ŐƌŽƵƉ�ŵĞŵďĞƌ�ŶĂŵĞƐ͗�



&ŝƐƐŝŽŶ͕�&ƵƐŝŽŶ͕�ĂŶĚ�EƵĐůĞĂƌ��ĞĐĂǇ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

hƐĞĨƵů��ƋƵĂƚŝŽŶƐ͗�

!"
!# = " = −$%��������� �����% = %$&%&'������ �������'(/* = +,*

& �

ZĞĨůĞĐƚ�ŽŶ�ƚŚĞ�ĞǆƉĞƌŝĞŶĐĞ�ǇŽƵ͛ǀĞ�ŚĂĚ�ƐŽ�ĨĂƌ�ǁŝƚŚ�ƚŽĚĂǇ͛Ɛ�ƚŽƉŝĐ͘�tŚĂƚ�ƐŽƌƚƐ�ŽĨ�ŶŽƚĞƐ�ŵŝŐŚƚ�
ǇŽƵ�ǁĂŶƚ�ƚŽ�ǁƌŝƚĞ�ŽŶ�Ă�ŶŽƚĞ�ƐŚĞĞƚ�ĨŽƌ�ƚŚĞ�ĞǆĂŵ�;ǁŚŝĐŚ�ǇŽƵ�ĐĂŶ�ƚĞƐƚ�ŽƵƚ�ďǇ�ƵƐŝŶŐ�ĨŽƌ�ƚŚĞ�
ƌĞƐƚ�ŽĨ�ƚŚĞ�ǁŽƌŬƐŚĞĞƚ�ĂŶĚ�ŽŶ�ƚŚŝƐ�ǁĞĞŬ͛Ɛ�ŚŽŵĞǁŽƌŬ�ĂŶĚ�ƋƵŝǌ�ƚŽŽͿ͍�

ϰͿ DĂƚĐŚ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƚǇƉĞƐ�ŽĨ�ƌĂĚŝŽĂĐƚŝǀĞ�ĚĞĐĂǇ�ǁŝƚŚ�ƚŚĞ�ĐŽƌƌĞĐƚ�ƐƚĂƚĞŵĞŶƚƐ�ĂďŽƵƚ�ƚŚĞŵ͘
EŽƚĞ�ƚŚĂƚ�ŵŽƌĞ�ƚŚĂŶ�ŽŶĞ�ƐƚĂƚĞŵĞŶƚ�ŵĂǇ�ĂƉƉůǇ�ƚŽ�ĞĂĐŚ�ƚǇƉĞ�ŽĨ�ĚĞĐĂǇ͘

��ƉƌŽƚŽŶ�ƚƵƌŶƐ�ŝŶƚŽ�Ă�ŶĞƵƚƌŽŶ͕�ƌĞůĞĂƐŝŶŐ�Ă�ƉŽƐŝƚƌŽŶ�
;ĂŶƚŝĞůĞĐƚƌŽŶͿ�ĂŶĚ�Ă�ŶĞƵƚƌŝŶŽ͘�

dŚĞ�ŶƵŵďĞƌ�ŽĨ�ŶƵĐůĞŽŶƐ�ŝŶ�ƚŚĞ�ŶƵĐůĞƵƐ�;�Ϳ�
ĚĞĐƌĞĂƐĞƐ�ďǇ�ϰ͘�

�ůƉŚĂ��ĞĐĂǇ� dŚĞ�ĂƚŽŵŝĐ�ŶƵŵďĞƌ�ŽĨ�ƚŚĞ�ŶƵĐůĞƵƐ�;�Ϳ�ŝƐ�ŝŶĐƌĞĂƐĞĚ�
Žƌ�ĚĞĐƌĞĂƐĞĚ�ďǇ�ϭ͘�

�ĞƚĂ��ĞĐĂǇ�
dŚĞ�ŶƵĐůĞƵƐ�ĚƌŽƉƐ�ĨƌŽŵ�ĂŶ�ĞǆĐŝƚĞĚ�ĞŶĞƌŐǇ�ůĞǀĞů�ƚŽ�Ă�
ůŽǁĞƌ�ĞŶĞƌŐǇ�ůĞǀĞů͕�ƌĞůĞĂƐŝŶŐ�Ă�ŚŝŐŚ�ĞŶĞƌŐǇ�ƉŚŽƚŽŶ͘�

'ĂŵŵĂ��ĞĐĂǇ�

dŚĞ�ƌĞƐƵůƚƐ�ŽĨ�ƚŚŝƐ�ĚĞĐĂǇ�ƉƌŽĐĞƐƐ�ǁŝůů�ŶŽƚ�ďĞ�
ĂĨĨĞĐƚĞĚ�ŝĨ�ƚŚĞǇ�ƉĂƐƐ�ƚŚƌŽƵŐŚ�Ă��ͲĨŝĞůĚ͘�

��ŶĞƵƚƌŽŶ�ƚƵƌŶƐ�ŝŶƚŽ�Ă�ƉƌŽƚŽŶ͕�ƌĞůĞĂƐŝŶŐ�ĂŶ�ĞůĞĐƚƌŽŶ�
ĂŶĚ�Ă�ŶĞƵƚƌŝŶŽ͘�



&ŝƐƐŝŽŶ͕�&ƵƐŝŽŶ͕�ĂŶĚ�EƵĐůĞĂƌ��ĞĐĂǇ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϱͿ tĞ�ŚĂǀĞ�Ă�ƐĂŵƉůĞ�ŽĨ�ĐĂƌďŽŶ�ƚŚĂƚ�ĐŽŶƚĂŝŶƐ�ďŽƚŚ�ĐĂƌďŽŶͲϭϮ�ĂŶĚ�ĐĂƌďŽŶͲϭϰ͘�tĞ͛Ě�ůŝŬĞ�ƚŽ
ŬŶŽǁ�ŚŽǁ�ůŽŶŐ�ŝƚ�ǁŝůů�ƚĂŬĞ�ƵŶƚŝů�ƚŚŝƐ�ƐĂŵƉůĞ�ĐŽŶƚĂŝŶƐ�ϳϱй�ŽĨ�ƚŚĞ�ĐĂƌďŽŶͲϭϰ�ŝƚ�ĚŽĞƐ�ƌŝŐŚƚ
ŶŽǁ͘�dŚĞ�ŚĂůĨͲůŝĨĞ�ĨŽƌ��Ͳϭϰ�ŝƐ�ϱϳϯϬ�ǇĞĂƌƐ͘

�͘ /Ŷ�ƐŚŽƌƚ͕�ǁĞ�ǁĂŶƚ�ƚŽ�ŬŶŽǁ�ǁŚĞŶ�N/N0�ŝƐ�ŐŽŝŶŐ�ƚŽ�ďĞ�ĞƋƵĂů�ƚŽ�Ϭ͘ϳϱ͘��ĞĨŽƌĞ�ǁĞ�ĐĂŶ�ĨŝŶĚ�Ă
ƚŝŵĞ͕�ǁĞ�ŶĞĞĚ�ƚŽ�ĐĂůĐƵůĂƚĞ�ŽŶĞ�ƵŶŬŶŽǁŶ�ĨƌŽŵ�ƚŚĞ�ƚŚŝŶŐƐ�ǁĞ�ĚŽ�ŬŶŽǁ͘���ŝƌĐůĞ�ƚŚĞ�ŽŶĞ
ǇŽƵ�ƚŚŝŶŬ�ǁĞ�ŶĞĞĚ͘

e� N0� λ� ʏϭͬϮ�

�͘ /Ĩ�ǇŽƵ�ĐŝƌĐůĞĚ�ʄ͕�ƚŚĂƚ͛Ɛ�ƌŝŐŚƚ�;Žƌ�ǇŽƵ�ũƵƐƚ�ůŽŽŬĞĚ�ĂŚĞĂĚ�ʹ�ĞŝƚŚĞƌ�ǁĂǇ͕�ŐŽŽĚ�ǁŽƌŬ͊Ϳ͘�/ƚ�ƚƵƌŶƐ
ŽƵƚ�ƚŚĂƚ�e�ŝƐ�Ă�ŵĂƚŚĞŵĂƚŝĐĂů�ĨƵŶĐƚŝŽŶ͕�ŶŽƚ�Ă�ǀĂƌŝĂďůĞ͖�ǁĞ�ĐŽƵůĚ�ĨŝŶĚ�EϬ͕�ďƵƚ�ǁĞ͛Ě�ŶĞĞĚ
ŵŽƌĞ�ŝŶĨŽƌŵĂƚŝŽŶ�ůŝŬĞ�ƚŚĞ�ŵĂƐƐ�ŽĨ�ƚŚĞ�ƐĂŵƉůĞ͖�ĂŶĚ�ǁĞ�ĂůƌĞĂĚǇ�ŬŶŽǁ�ƚϭͬϮ͘�^Ž�ǁŚĂƚ�ŝƐ�ʄ�ĨŽƌ
�Ͳϭϰ͍

�͘ tŚĂƚ�ƵŶŝƚƐ�ĂƌĞ�λ�ŝŶ͍��'ŝǀĞŶ�ƚŚĂƚ͕�ǁŚĂƚ�ƵŶŝƚƐ�ĚŽĞƐ�t�ŝŶ�ƚŚĞ�ĞǆƉƌĞƐƐŝŽŶ�e- λt�ŶĞĞĚ�ƚŽ�ďĞ�ŝŶ͍

�͘ EŽǁ�ǁĞ�ŶĞĞĚ�ĂŶ�ĞǆƉƌĞƐƐŝŽŶ�ĨŽƌ�N/N0͘�tƌŝƚĞ�ŽŶĞ�ďĞůŽǁ͘

�͘ :ƵƐƚ�ĨŽƌ�ĨƵŶ͕�ǁĞ�ŵŝŐŚƚ�ƐƚĂƌƚ�ďǇ�ŐƵĞƐƐŝŶŐ�ƚŚĂƚ�ƚŚĞ��Ͳϭϰ�ǁŝůů�ƌĞĚƵĐĞ�ďǇ�ŽŶĞͲƋƵĂƌƚĞƌ�;ϮϱйͿ
ŝŶ�ŽŶĞͲŚĂůĨ�ŽĨ�ŽŶĞ�ŚĂůĨͲůŝĨĞ͘�/Ɛ�ƚŚŝƐ�ƚƌƵĞ͍

&͘ ^ŝŶĐĞ�ŽƵƌ�ŐƵĞƐƐ�ŝŶ���ǁĂƐŶ͛ƚ�ĐŽƌƌĞĐƚ͕�ƐŽůǀĞ�ƚŚĞ�ĞǆƉƌĞƐƐŝŽŶ�ĨƌŽŵ�ƉĂƌƚ���ĨŽƌ�t͘�EŽƚĞ�ƚŚĂƚ
ln(&-) = ,͕�ǁŚĞƌĞ�ln�ŝƐ�ƚŚĞ�ŶĂƚƵƌĂů�ůŽŐĂƌŝƚŚŵ͘



&ŝƐƐŝŽŶ͕�&ƵƐŝŽŶ͕�ĂŶĚ�EƵĐůĞĂƌ��ĞĐĂǇ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

'͘ ,Žǁ�ůŽŶŐ�ĨƌŽŵ�ƚŚĞ�ƉƌĞƐĞŶƚ�ǁŝůů�ƚŚĞ�ĂŵŽƵŶƚ�ŽĨ��Ͳϭϰ�ŚĂǀĞ�ƌĞĚƵĐĞĚ�ƚŽ�ϳϱй�ŽĨ�ƚŚĞ�ĐƵƌƌĞŶƚ
ĂŵŽƵŶƚ�ŝŶ�ŽƵƌ�ƐĂŵƉůĞ͍

,͘ /Ĩ�ǁĞ�ĨŽƵŶĚ�Ă�ƉŝĞĐĞ�ŽĨ�ǁŽŽĚ�ďƵƌŝĞĚ�ŝŶ�ĂŶ�ĂƌĐŚĞŽůŽŐŝĐĂů�ĚŝŐ�ƐŝƚĞ�ĂŶĚ�ĚĞƚĞƌŵŝŶĞĚ�ƚŚĂƚ�Ϯϱй
ŽĨ�ƚŚĞ��Ͳϭϰ�ƚŚĂƚ�ǁĂƐ�ŽƌŝŐŝŶĂůůǇ�ƉƌĞƐĞŶƚ�ǁŚĞŶ�ƚŚĞ�ǁŽŽĚ�ǁĂƐ�ĐƵƚ�ŶŽǁ�ƌĞŵĂŝŶƐ͕�ŚŽǁ�ŽůĚ�ŝƐ
ŽƵƌ�ĨŝŶĚ͍

ϲͿ �Ŷ�ĞǆĐŝƚĞĚ� U.*
*/0 �ŶƵĐůĞƵƐ�ƵŶĚĞƌŐŽĞƐ�ĨŝƐƐŝŽŶ�ŝŶƚŽ�ƚǁŽ�ĨƌĂŐŵĞŶƚƐ�ĂĐĐŽƌĚŝŶŐ�ƚŽ�ƚŚĞ�ĨŽůůŽǁŝŶŐ

ƌĞĂĐƚŝŽŶ͗
U.*

*/0 → Ba10
(22 + Kr/0

.* �

dŚĞ�ŝƐŽƚŽƉĞ�ŵĂƐƐĞƐ�ĂƌĞ�ŐŝǀĞŶ�ŝŶ�ƚŚĞ�ƚĂďůĞ�ďĞůŽǁ͘�;ZĞĐĂůů�ϭ�Ƶ�с�ϵϯϭ͘ϰϵϰ�DĞsͬĐϮͿ�
Kr/0

.* � 91.926270 u 
Ba10

(22 � 143.922845 u 
U.*

*/0 � 236.045563 u 

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ĐŽŵďŝŶĞĚ�ŵĂƐƐ�ŽĨ�ƚŚĞ�ƌĞĂĐƚŝŽŶ�ƉƌŽĚƵĐƚƐ͍

�͘ tŚĂƚ�ŝƐ�ƚŚĞ�ŵĂƐƐ�ĚĞĨĞĐƚ�Δ5�ŝŶ�ƚŚŝƐ�ƌĞĂĐƚŝŽŶ͍

�͘ ,Žǁ�ŵƵĐŚ�ĞŶĞƌŐǇ�ŝƐ�ƌĞůĞĂƐĞĚ�ŝŶ�Ă�ƐŝŶŐůĞ�ĨŝƐƐŝŽŶ�ƌĞĂĐƚŝŽŶ�ŽĨ�ƚŚŝƐ�ƚǇƉĞ͍



&ŝƐƐŝŽŶ͕�&ƵƐŝŽŶ͕�ĂŶĚ�EƵĐůĞĂƌ��ĞĐĂǇ�
WŚǇƐŝĐƐ�ϭϬϰ�ʹ�'ĞŶĞƌĂů�WŚǇƐŝĐƐ�

ϳͿ ^ƵƉƉŽƐĞ�Ă�ϱ�ŬŐ�ĐĂĐŚĞ�ŽĨ�ƐƚƌŽŶƚŝƵŵͲϵϬ�ŝƐ�ĂĐĐŝĚĞŶƚĂůůǇ�ƌĞůĞĂƐĞĚ�ŝŶ�Ă�ŵĞĚŝĐĂů�ĨĂĐŝůŝƚǇ͘�dŚĞ
ĂƚŽŵŝĐ�ǁĞŝŐŚƚ�ŽĨ�ƐƚƌŽŶƚŝƵŵͲϵϬ�ŝƐ�ϴϵ͘ϵƵ�ĂŶĚ�ƚŚĞ�ŚĂůĨͲůŝĨĞ�ŝƐ�Ϯϴ͘ϴ�ǇĞĂƌƐ͘�tĞ͛Ě�ůŝŬĞ�ƚŽ�ŬŶŽǁ
ŚŽǁ�ĚĂŶŐĞƌŽƵƐ�ƚŚŝƐ�ƐŝƚƵĂƚŝŽŶ�ŝƐ͘

�͘ ,Žǁ�ŵĂŶǇ�ŶƵĐůĞŝ�ŽĨ�ƐƚƌŽŶƚŝƵŵͲϵϬ�ǁĞƌĞ�ůĞƚ�ůŽŽƐĞ͍��;EŽƚĞ�ƚŚĂƚ�ϭ�ĂƚŽŵŝĐ�ŵĂƐƐ�ƵŶŝƚ͕�Ƶ͕�ŝƐ
ĞƋƵĂů�ƚŽ�ϭ͘ϲϲ�ǆ�ϭϬͲϮϳ�ŬŐ͘Ϳ

�͘ tŚĂƚ�ŝƐ�ʄ�ĨŽƌ�ƐƚƌŽŶƚŝƵŵͲϵϬ͍

�͘ /Ĩ�ǇŽƵ�ǁĂůŬĞĚ�ŝŶƚŽ�ƚŚĞ�ďƵŝůĚŝŶŐ�ǁŝƚŚ�Ă�ƌĂĚŝŽĂĐƚŝǀŝƚǇ�ĚĞƚĞĐƚŽƌ͕�ŚŽǁ�ŵĂŶǇ�ĚĞĐĂǇƐ�ƉĞƌ
ƐĞĐŽŶĚ�ǁŽƵůĚ�ŝƚ�ƌĞŐŝƐƚĞƌ͍

�͘ dŚĞ�rem�ŝƐ�Ă�ƵŶŝƚ�ŽĨ�ƌĂĚŝĂƚŝŽŶ�ĚŽƐĂŐĞ͘�ZŽƵŐŚůǇ�ƐƉĞĂŬŝŶŐ͕�ĞǆƉŽƐƵƌĞ�ƚŽ�ϭϬϳ�ĐŽƵŶƚƐ�ĨƌŽŵ
ƐƚƌŽŶƚŝƵŵͲϵϬ�ĂŵŽƵŶƚƐ�ƚŽ�ϭ�ƌĞŵ͘��,Žǁ�ŵĂŶǇ�ƌĞŵ�ǁŽƵůĚ�ǇŽƵ�ďĞ�ĞǆƉŽƐĞĚ�ƚŽ�ŝĨ�ǇŽƵ�ƐƚĂǇĞĚ
ŝŶ�ƚŚĞ�ďƵŝůĚŝŶŐ�ĨŽƌ�Ă�ĨƵůů�ŵŝŶƵƚĞ͍

�͘ �ŽŶƐŝĚĞƌŝŶŐ�ƚŚĂƚ�ĞǆƉŽƐƵƌĞ�ƚŽ�ŵŽƌĞ�ƚŚĂŶ�ϱϬϬ�ƌĞŵ�ŽǀĞƌ�Ă�ƐŚŽƌƚ�ƉĞƌŝŽĚ�ƌĞƐƵůƚƐ�ŝŶ�ϱϬй
ŵŽƌƚĂůŝƚǇ͕�ǁŽƵůĚ�ǇŽƵ�ƌĞĐŽŵŵĞŶĚ�ƚŚĂƚ�ĂŶǇŽŶĞ�ĞŶƚĞƌ͍

&͘ /Ĩ�ĂŶ�ĂĐƚŝǀŝƚǇ�;ĂŶŽƚŚĞƌ�ǁŽƌĚ�ĨŽƌ�ȴEͬȴƚͿ�ŽĨ�ϭϬ�ĐŽƵŶƚƐͬŵŝŶƵƚĞ�ŝƐ�ĂŶ�ĂĐĐĞƉƚĂďůĞ�ĞǆƉŽƐƵƌĞ
ĨŽƌ�ƐƚƌŽŶƚŝƵŵͲϵϬ͕�ŚŽǁ�ůŽŶŐ�ǁŝůů�ŝƚ�ƚĂŬĞ�ďĞĨŽƌĞ�ƚŚĞ�ďƵŝůĚŝŶŐ�ďĞĐŽŵĞƐ�ƐĂĨĞ͍
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