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Dual	nature	of	light

Does	light	consist	of	particles	or	waves?	When	one	focuses	upon	the	different	types	of	phenomena	observed	with	light,	a	strong	case	can	be	built	for	a	wave	picture:	InterferenceDiffractionPolarization	By	the	turn	of	the	20th	century,	most	physicists	were	convinced	by	phenomena	like	the	above	that	light	could	be	fully	described	by	a	wave,	with	no
necessity	for	invoking	a	particle	nature.	But	the	story	was	not	over.	Most	commonly	observed	phenomena	with	light	can	be	explained	by	waves.	But	the	photoelectric	effect	suggested	a	particle	nature	for	light.	Then	electrons	too	were	found	to	exhibit	dual	natures.	There	is	a	considerable	amount	of	discussion	in	the	literature	about	whether	reflection
and	refraction	of	light	at	an	interface	where	the	medium	changes	can	be	described	in	particle	terms.	For	practical	applications	of	geometrical	optics,	treating	light	as	a	wave	phenomenon	is	adequate.	Newton's	corpuscular	theory:	Newton	proposed	that	light	was	composed	of	corpuscles	that	traveled	in	straight	lines.	That	worked	fine	for	reflection,
because	the	bouncing	of	either	particles	or	waves	off	a	planar	surface	follows	the	same	law	of	reflection.	But	to	explain	refraction,	he	had	to	presume	that	the	particles	traveled	faster	in	a	more	optically	dense	material.	But	Foucault's	1850	experiment	showed	that	light	traveled	more	slowly	in	such	media,	so	that	version	of	a	particle	theory	of	light	had
to	be	set	aside.	Huygens	wave	theory:	Presuming	that	light	was	composed	of	waves,	in	1678	Huygens	proposed	that	each	point	of	a	light	wavefront	could	be	considered	to	be	the	source	of	a	spherical	wave.	The	Huygens'	principle	helped	develop	the	wave	theory	of	light	and	it	was	further	developed	by	Fresnel	and	Kirchhoff.	Quantum	view	of	light:	The
photoelectric	effect	introduced	evidence	that	light	exhibited	particle	properties	on	the	quantum	scale	of	atoms.	At	least	light	can	achieve	a	sufficient	localization	of	energy	to	eject	an	electron	from	a	metal	surface.	So	it	might	be	implied	that	there	must	be	a	particle	treatment	of	refraction	of	light,	but	for	ordinary	optics	the	wave	view	of	light	is	the
practical	approach.	Dual	nature	of	light	describes	that	light	has	dual	nature.	It	behaves	as	both	particle	i.e.	corpuscles	nature	(Energy	particle	of	Planck)	and	waves	nature	i.e.	electromagnetic	waves.	In	phenomena	like	the	Compton	effect,	the	Photoelectric	effect	light	behaves	as	the	particle,	and	in	the	phenomenon	of	light	diffraction,	interference,
and	polarization	light	behaves	as	the	wave	because	they	are	explained	based	on	wave	theory.	In	the	microscopic	description,	if	the	light	is	propagating	in	the	medium	then	the	wave	nature	of	light	is	considered	and	if	light	mutually	interacts	with	the	matter	then	the	particle	nature	of	the	light	is	considered.	Basic	TerminologyPhoton:	According	to
Planck's	quantum	theory	of	radiation,	an	electromagnetic	wave	travels	in	the	form	of	discrete	packets	called	quanta.	This	one	quantum	of	light	radiation	is	called	a	photon.Photoelectric	Effect:	The	phenomenon	of	emission	of	electrons	from	a	metal	surface,	when	electromagnetic	radiations	of	sufficiently	high	frequency	are	incident	on	it,	is	called	the
photoelectric	effect.Compton	Effect:	The	scattering	of	a	photon	by	an	electron	is	called	the	Compton	effect.De-Broglie	Waves:	The	wave	associated	with	the	moving	particles	are	called	matter	waves	or	De-Broglie	waves.De-Broglie's	HypothesisAccording	to	De-Broglie	as	there	is	symmetry	in	nature,	particles	must	behave	as	waves.	For	light	radiation
of	wavelength	λ,	according	to	the	Planck	equation,	E	=	hc/λ,	where	E	is	energy,	c	is	the	speed	of	light,	λ	is	wavelength	and	h	is	Planck's	constant,	6.63×10-34	Js.	By	Einstein's	mass	energy	relation	E	=	mc2,	where	E	is	energy,	m	is	mass	and	c	is	the	speed	of	light.		From	equations	(1)	and	(2),	we	have										=>	mc2	=	(hc/λ)	=>	mc	=	(h/λ)	=>	λ	=	h/mc
According	to	De-Broglie		If	a	particle	of	mass	'm'	is	moving	with	velocity	'v',	then	the	wavelength	associated	with	it	is	given	by,		λ	=	h/mv	(as	p	=	mv)		λ	=	h/p		where,	p	is	the	momentum	The	Kinetic	Energy	of	the	particle	is	given	by	Ek	=	p2/(2m)																					[p	=√(2mEk	)]	then,		λ	in	terms	of	kinetic	energy	Ek	is	given	by,		λ	=	h/√(2mEk	)	If	the
charged	particle	q	is	accelerated	by	potential	difference	V,	then	the	wavelength	is	given	by,	Ek	=	qV	λ	=	h/√(2mqV)	If	the	electron	e	is	accelerated	by	potential	difference	V,	then	the	wavelength	is	given	by,	λ	=	h/√(2meV	)	Substituting	m	=	9.1	×	10-31	kg	,	h	=	6.63	×	10-34	J-s	,		e	=	1.6	×	10-19	C		λ	=	√(150/V)	10-10	λ	=	√(150/V)	A°	λ	=	12.27/√V	A°
Quantum	Nature	of	LightSome	phenomena	like	the	photoelectric	effect	and	Compton	effect	could	not	be	explained	by	the	Wave	theory	of	light.	The	quantum	theory	of	light	is	proposed	by	Einstein	who	extended	Planck's	hypothesis	to	explain	Black	Body	Radiation.	According	to	the	quantum	theory	of	light,	the	energy	of	an	electromagnetic	wave	is	not
distributed	continuously	over	the	wavefront.	But	Planck	proposed	that	an	electromagnetic	wave	travels	in	the	form	of	discrete	packets	of	energy	called	Quanta.	According	to	Planck,	"light	is	propagated	in	the	bundles	of	small	energy,	each	bundle	is	called	photon	which	possesses	energy".	This	energy	is	given	by,	E	=	hν	=	hc/λ	where,	ν	is	frequencyλ	is
wavelength	of	lighth	is	Planck's	constantc	is	speed	of	lightSolved	Examples	on	Dual	Nature	of	LightExample	1:	What	is	the	De-Broglie	wavelength	associated	with	an	electron,	accelerated	through	a	potential	difference	of	100	Volts?	Answer:	De-Broglie	wavelength	associated	with	an	electron	accelerated	through	a	potential	difference	of	V,	λ	=	12.27/
√V	A°	In	the	question	V	=	100	Volts	λ	=	12.27/√100	A°	λ	=	12.27/10	A°	λ	=	1.227	A°	Example	2:	Find	the	De-Broglie	wavelength	associated	with	an	electron	moving	with	a	velocity	0.5c	and	rest	mass	=	9.1×10-31	kg.	Answer:		De-Broglie	wavelength	associated	with	an	electron	moving	with	a	velocity	v	λ	=	h	/mv	In	the	given	question,	v	=	0.5c	=	0.5	×
3×108	=	1.5×108	m/s	λ	=		6.6×10-34/	(9.1×10-31×1.5×108)	λ	=	4.8	×	10-12	m	Example	3:	What	will	be	the	De-Broglie	wavelength	of	an	electron	of	energy	400	eV?	Given	h	=	6.6×10-34	J-s	,	e	=	1.6×10-19C	and	m	=	9.1×10-31	kg.	Answer:		De-Broglie	wavelength	λ	in	terms	of	energy	E	is	given	by,		λ	=	h/√(2mE)	λ	=	6.6×10-34/√(2×9.1×10-
31×400×1.6×10-19)	λ	=	0.611	A°	Example	4.	For	what	kinetic	energy	of	a	proton,	will	the	associated	De-Broglie	wavelength	be	16.5	nm?	Mass	of	proton	=	1.675×10-27,	h	=	6.63×10-34	J-s.	Answer:		De-Broglie	wavelength	in	terms	of	kinetic	energy	is	given	by,	λ	=	h/√(2mEk	)	Ek	=	h2/(λ22m)	Ek	=	(	6.63×10-34)2/[(16.5×10-9)2×2×1.675×10-27]	Ek
=	4.82×10-25	J	Concept	in	quantum	mechanics	Part	of	a	series	of	articles	aboutQuantum	mechanics	i	ℏ	d	d	t	|	Ψ	⟩	=	H	^	|	Ψ	⟩	{\displaystyle	i\hbar	{\frac	{d}{dt}}|\Psi	\rangle	={\hat	{H}}|\Psi	\rangle	}	Schrödinger	equation	Introduction	Glossary	History	Background	Classical	mechanics	Old	quantum	theory	Bra–ket	notation	Hamiltonian	Interference
Fundamentals	Complementarity	Decoherence	Entanglement	Energy	level	Measurement	Nonlocality	Quantum	number	State	Superposition	Symmetry	Tunnelling	Uncertainty	Wave	function	Collapse	Experiments	Bell's	inequality	CHSH	inequality	Davisson–Germer	Double-slit	Elitzur–Vaidman	Franck–Hertz	Leggett	inequality	Leggett–Garg	inequality
Mach–Zehnder	Popper	Quantum	eraser	Delayed-choice	Schrödinger's	cat	Stern–Gerlach	Wheeler's	delayed-choice	Formulations	Overview	Heisenberg	Interaction	Matrix	Phase-space	Schrödinger	Sum-over-histories	(path	integral)	Equations	Dirac	Klein–Gordon	Pauli	Rydberg	Schrödinger	Interpretations	Bayesian	Consciousness	causes	collapse
Consistent	histories	Copenhagen	de	Broglie–Bohm	Ensemble	Hidden-variable	Many-worlds	Objective-collapse	Quantum	logic	Superdeterminism	Relational	Transactional	Advanced	topics	Relativistic	quantum	mechanics	Quantum	field	theory	Quantum	information	science	Quantum	computing	Quantum	chaos	EPR	paradox	Density	matrix	Scattering
theory	Quantum	statistical	mechanics	Quantum	machine	learning	Scientists	Aharonov	Bell	Bethe	Blackett	Bloch	Bohm	Bohr	Born	Bose	de	Broglie	Compton	Dirac	Davisson	Debye	Ehrenfest	Einstein	Everett	Fock	Fermi	Feynman	Glauber	Gutzwiller	Heisenberg	Hilbert	Jordan	Kramers	Lamb	Landau	Laue	Moseley	Millikan	Onnes	Pauli	Planck	Rabi
Raman	Rydberg	Schrödinger	Simmons	Sommerfeld	von	Neumann	Weyl	Wien	Wigner	Zeeman	Zeilinger	vte	Wave–particle	duality	is	the	concept	in	quantum	mechanics	that	fundamental	entities	of	the	universe,	like	photons	and	electrons,	exhibit	particle	or	wave	properties	according	to	the	experimental	circumstances.[1]: 59 	It	expresses	the	inability	of
the	classical	concepts	such	as	particle	or	wave	to	fully	describe	the	behavior	of	quantum	objects.[2]: III:1-1 	During	the	19th	and	early	20th	centuries,	light	was	found	to	behave	as	a	wave	then	later	was	discovered	to	have	a	particle-like	behavior,	whereas	electrons	behaved	like	particles	in	early	experiments	then	were	later	discovered	to	have	wave-like
behavior.	The	concept	of	duality	arose	to	name	these	seeming	contradictions.	In	the	late	17th	century,	Sir	Isaac	Newton	had	advocated	that	light	was	corpuscular	(particulate),	but	Christiaan	Huygens	took	an	opposing	wave	description.	While	Newton	had	favored	a	particle	approach,	he	was	the	first	to	attempt	to	reconcile	both	wave	and	particle
theories	of	light,	and	the	only	one	in	his	time	to	consider	both,	thereby	anticipating	modern	wave-particle	duality.[3][4]	Thomas	Young's	interference	experiments	in	1801,	and	François	Arago's	detection	of	the	Poisson	spot	in	1819,	validated	Huygens'	wave	models.	However,	the	wave	model	was	challenged	in	1901	by	Planck's	law	for	black-body
radiation.[5]	Max	Planck	heuristically	derived	a	formula	for	the	observed	spectrum	by	assuming	that	a	hypothetical	electrically	charged	oscillator	in	a	cavity	that	contained	black-body	radiation	could	only	change	its	energy	in	a	minimal	increment,	E,	that	was	proportional	to	the	frequency	of	its	associated	electromagnetic	wave.	In	1905	Albert	Einstein
interpreted	the	photoelectric	effect	also	with	discrete	energies	for	photons.[6]	These	both	indicate	particle	behavior.	Despite	confirmation	by	various	experimental	observations,	the	photon	theory	(as	it	came	to	be	called)	remained	controversial	until	Arthur	Compton	performed	a	series	of	experiments	from	1922	to	1924	demonstrating	the	momentum
of	light.[7]: 211 	The	experimental	evidence	of	particle-like	momentum	and	energy	seemingly	contradicted	the	earlier	work	demonstrating	wave-like	interference	of	light.	Main	article:	Matter	wave	The	contradictory	evidence	from	electrons	arrived	in	the	opposite	order.	Many	experiments	by	J.	J.	Thomson,[7]: I:361 	Robert	Millikan,[7]: I:89 	and	Charles
Wilson[7]: I:4 	among	others	had	shown	that	free	electrons	had	particle	properties,	for	instance,	the	measurement	of	their	mass	by	Thomson	in	1897.[8]	In	1924,	Louis	de	Broglie	introduced	his	theory	of	electron	waves	in	his	PhD	thesis	Recherches	sur	la	théorie	des	quanta.[9]	He	suggested	that	an	electron	around	a	nucleus	could	be	thought	of	as
being	a	standing	wave	and	that	electrons	and	all	matter	could	be	considered	as	waves.	He	merged	the	idea	of	thinking	about	them	as	particles,	and	of	thinking	of	them	as	waves.	He	proposed	that	particles	are	bundles	of	waves	(wave	packets)	that	move	with	a	group	velocity	and	have	an	effective	mass.	Both	of	these	depend	upon	the	energy,	which	in
turn	connects	to	the	wavevector	and	the	relativistic	formulation	of	Albert	Einstein	a	few	years	before.	Following	de	Broglie's	proposal	of	wave–particle	duality	of	electrons,	in	1925	to	1926,	Erwin	Schrödinger	developed	the	wave	equation	of	motion	for	electrons.	This	rapidly	became	part	of	what	was	called	by	Schrödinger	undulatory	mechanics,[10]
now	called	the	Schrödinger	equation	and	also	"wave	mechanics".	In	1926,	Max	Born	gave	a	talk	in	an	Oxford	meeting	about	using	the	electron	diffraction	experiments	to	confirm	the	wave–particle	duality	of	electrons.	In	his	talk,	Born	cited	experimental	data	from	Clinton	Davisson	in	1923.	It	happened	that	Davisson	also	attended	that	talk.	Davisson
returned	to	his	lab	in	the	US	to	switch	his	experimental	focus	to	test	the	wave	property	of	electrons.[11]	In	1927,	the	wave	nature	of	electrons	was	empirically	confirmed	by	two	experiments.	The	Davisson–Germer	experiment	at	Bell	Labs	measured	electrons	scattered	from	Ni	metal	surfaces.[12][13][14][15][16]	George	Paget	Thomson	and	Alexander
Reid	at	Cambridge	University	scattered	electrons	through	thin	nickel	films	and	observed	concentric	diffraction	rings.[17]	Alexander	Reid,	who	was	Thomson's	graduate	student,	performed	the	first	experiments,[18]	but	he	died	soon	after	in	a	motorcycle	accident[19]	and	is	rarely	mentioned.	These	experiments	were	rapidly	followed	by	the	first	non-
relativistic	diffraction	model	for	electrons	by	Hans	Bethe[20]	based	upon	the	Schrödinger	equation,	which	is	very	close	to	how	electron	diffraction	is	now	described.	Significantly,	Davisson	and	Germer	noticed[15][16]	that	their	results	could	not	be	interpreted	using	a	Bragg's	law	approach	as	the	positions	were	systematically	different;	the	approach	of
Bethe,[20]	which	includes	the	refraction	due	to	the	average	potential,	yielded	more	accurate	results.	Davisson	and	Thomson	were	awarded	the	Nobel	Prize	in	1937	for	experimental	verification	of	wave	property	of	electrons	by	diffraction	experiments.[21]	Similar	crystal	diffraction	experiments	were	carried	out	by	Otto	Stern	in	the	1930s	using	beams
of	helium	atoms	and	hydrogen	molecules.	These	experiments	further	verified	that	wave	behavior	is	not	limited	to	electrons	and	is	a	general	property	of	matter	on	a	microscopic	scale.	Before	proceeding	further,	it	is	critical	to	introduce	some	definitions	of	waves	and	particles	both	in	a	classical	sense	and	in	quantum	mechanics.	Waves	and	particles	are
two	very	different	models	for	physical	systems,	each	with	an	exceptionally	large	range	of	application.	Classical	waves	obey	the	wave	equation;	they	have	continuous	values	at	many	points	in	space	that	vary	with	time;	their	spatial	extent	can	vary	with	time	due	to	diffraction,	and	they	display	wave	interference.	Physical	systems	exhibiting	wave	behavior
and	described	by	the	mathematics	of	wave	equations	include	water	waves,	seismic	waves,	sound	waves,	radio	waves,	and	more.	Classical	particles	obey	classical	mechanics;	they	have	some	center	of	mass	and	extent;	they	follow	trajectories	characterized	by	positions	and	velocities	that	vary	over	time;	in	the	absence	of	forces	their	trajectories	are
straight	lines.	Stars,	planets,	spacecraft,	tennis	balls,	bullets,	sand	grains:	particle	models	work	across	a	huge	scale.	Unlike	waves,	particles	do	not	exhibit	interference.	Classical	waves	interfere.	Particles	follow	trajectories.Wave	interference	in	water	due	to	two	sources	marked	as	red	points	on	the	left.Classical	trajectories	for	a	mass	thrown	at	an
angle	of	70°,	at	different	speeds.Line	trace	for	a	two-slit	electron	interference	pattern.	Compare	to	a	slice	through	the	image	of	the	water	wave	pattern	above.Curved	arc	shows	a	cloud	chamber	trajectory	of	a	positron	acting	like	a	particle.Both	interference	and	trajectories	are	observed	in	quantum	systems	Some	experiments	on	quantum	systems
show	wave-like	interference	and	diffraction;	some	experiments	show	particle-like	collisions.	Quantum	systems	obey	wave	equations	that	predict	particle	probability	distributions.	These	particles	are	associated	with	discrete	values	called	quanta	for	properties	such	as	spin,	electric	charge	and	magnetic	moment.	These	particles	arrive	one	at	time,
randomly,	but	build	up	a	pattern.	The	probability	that	experiments	will	measure	particles	at	a	point	in	space	is	the	square	of	a	complex-number	valued	wave.	Experiments	can	be	designed	to	exhibit	diffraction	and	interference	of	the	probability	amplitude.[1]	Thus	statistically	large	numbers	of	the	random	particle	appearances	can	display	wave-like
properties.	Similar	equations	govern	collective	excitations	called	quasiparticles.	See	also:	Double-slit	experiment	The	electron	double	slit	experiment	is	a	textbook	demonstration	of	wave-particle	duality.[2]	A	modern	version	of	the	experiment	is	shown	schematically	in	the	figure	below.	Left	half:	schematic	setup	for	electron	double-slit	experiment	with
masking;	inset	micrographs	of	slits	and	mask;	Right	half:	results	for	slit	1,	slit	2	and	both	slits	open.[22]	Electrons	from	the	source	hit	a	wall	with	two	thin	slits.	A	mask	behind	the	slits	can	expose	either	one	or	open	to	expose	both	slits.	The	results	for	high	electron	intensity	are	shown	on	the	right,	first	for	each	slit	individually,	then	with	both	slits
open.	With	either	slit	open	there	is	a	smooth	intensity	variation	due	to	diffraction.	When	both	slits	are	open	the	intensity	oscillates,	characteristic	of	wave	interference.	Having	observed	wave	behavior,	now	change	the	experiment,	lowering	the	intensity	of	the	electron	source	until	only	one	or	two	are	detected	per	second,	appearing	as	individual
particles,	dots	in	the	video.	As	shown	in	the	movie	clip	below,	the	dots	on	the	detector	seem	at	first	to	be	random.	After	some	time	a	pattern	emerges,	eventually	forming	an	alternating	sequence	of	light	and	dark	bands.	Experimental	electron	double	slit	diffraction	pattern.[22]	Across	the	middle	of	the	image	at	the	top	the	intensity	alternates	from	high
to	low	showing	interference	in	the	signal	from	the	two	slits.	Bottom:	movie	of	the	pattern	build	up	dot	by	dot.	Click	on	the	thumbnail	to	enlarge	the	movie.	The	experiment	shows	wave	interference	revealed	a	single	particle	at	a	time—quantum	mechanical	electrons	display	both	wave	and	particle	behavior.	Similar	results	have	been	shown	for	atoms	and
even	large	molecules.[23]	Photoelectric	effect	in	a	solid	Main	articles:	Photoelectric	effect	and	Compton	scattering	While	electrons	were	thought	to	be	particles	until	their	wave	properties	were	discovered,	for	photons	it	was	the	opposite.	In	1887,	Heinrich	Hertz	observed	that	when	light	with	sufficient	frequency	hits	a	metallic	surface,	the	surface
emits	cathode	rays,	what	are	now	called	electrons.[24]: 399 	In	1902,	Philipp	Lenard	discovered	that	the	maximum	possible	energy	of	an	ejected	electron	is	unrelated	to	its	intensity.[25]	This	observation	is	at	odds	with	classical	electromagnetism,	which	predicts	that	the	electron's	energy	should	be	proportional	to	the	intensity	of	the	incident	radiation.
[26]: 24 	In	1905,	Albert	Einstein	suggested	that	the	energy	of	the	light	must	occur	a	finite	number	of	energy	quanta.[27]	He	postulated	that	electrons	can	receive	energy	from	an	electromagnetic	field	only	in	discrete	units	(quanta	or	photons):	an	amount	of	energy	E	that	was	related	to	the	frequency	f	of	the	light	by	E	=	h	f	{\displaystyle	E=hf}	A
photon	of	wavelength	λ	{\displaystyle	\lambda	}	comes	in	from	the	left,	collides	with	a	target	at	rest,	and	a	new	photon	of	wavelength	λ	′	{\displaystyle	\lambda	'}	emerges	at	an	angle	θ	{\displaystyle	\theta	}	.	The	target	recoils,	and	the	photons	have	provided	momentum	to	the	target.	where	h	is	the	Planck	constant	(6.626×10−34	J⋅s).	Only	photons	of
a	high	enough	frequency	(above	a	certain	threshold	value	which,	when	multiplied	by	the	Planck	constant,	is	the	work	function)	could	knock	an	electron	free.	For	example,	photons	of	blue	light	had	sufficient	energy	to	free	an	electron	from	the	metal	he	used,	but	photons	of	red	light	did	not.	One	photon	of	light	above	the	threshold	frequency	could
release	only	one	electron;	the	higher	the	frequency	of	a	photon,	the	higher	the	kinetic	energy	of	the	emitted	electron,	but	no	amount	of	light	below	the	threshold	frequency	could	release	an	electron.	Despite	confirmation	by	various	experimental	observations,	the	photon	theory	(as	it	came	to	be	called	later)	remained	controversial	until	Arthur	Compton
performed	a	series	of	experiments	from	1922	to	1924	demonstrating	the	momentum	of	light.[7]: 211 	Both	discrete	(quantized)	energies	and	also	momentum	are,	classically,	particle	attributes.	There	are	many	other	examples	where	photons	display	particle-type	properties,	for	instance	in	solar	sails,	where	sunlight	could	propel	a	space	vehicle	and	laser
cooling	where	the	momentum	is	used	to	slow	down	(cool)	atoms.	These	are	a	different	aspect	of	wave-particle	duality.	In	a	"which	way"	experiment,	particle	detectors	are	placed	at	the	slits	to	determine	which	slit	the	electron	traveled	through.	When	these	detectors	are	inserted,	quantum	mechanics	predicts	that	the	interference	pattern	disappears
because	the	detected	part	of	the	electron	wave	has	changed	(loss	of	coherence).[2]	Many	similar	proposals	have	been	made	and	many	have	been	converted	into	experiments	and	tried	out.[28]	Every	single	one	shows	the	same	result:	as	soon	as	electron	trajectories	are	detected,	interference	disappears.	A	simple	example	of	these	"which	way"
experiments	uses	a	Mach–Zehnder	interferometer,	a	device	based	on	lasers	and	mirrors	sketched	below.[29]	Interferometer	schematic	diagram	A	laser	beam	along	the	input	port	splits	at	a	half-silvered	mirror.	Part	of	the	beam	continues	straight,	passes	though	a	glass	phase	shifter,	then	reflects	downward.	The	other	part	of	the	beam	reflects	from	the
first	mirror	then	turns	at	another	mirror.	The	two	beams	meet	at	a	second	half-silvered	beam	splitter.	Each	output	port	has	a	camera	to	record	the	results.	The	two	beams	show	interference	characteristic	of	wave	propagation.	If	the	laser	intensity	is	turned	sufficiently	low,	individual	dots	appear	on	the	cameras,	building	up	the	pattern	as	in	the
electron	example.[29]	The	first	beam-splitter	mirror	acts	like	double	slits,	but	in	the	interferometer	case	we	can	remove	the	second	beam	splitter.	Then	the	beam	heading	down	ends	up	in	output	port	1:	any	photon	particles	on	this	path	gets	counted	in	that	port.	The	beam	going	across	the	top	ends	up	on	output	port	2.	In	either	case	the	counts	will
track	the	photon	trajectories.	However,	as	soon	as	the	second	beam	splitter	is	removed	the	interference	pattern	disappears.[29]	Basic	concepts	of	quantum	mechanics	–	Non-mathematical	introductionPages	displaying	short	descriptions	of	redirect	targets	Complementarity	(physics)	–	Quantum	physics	concept	Einstein's	thought	experiments
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