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Optical	microscopy	is	widely	used	to	analyze	the	properties	of	materials	and	structures,	to	identify	and	classify	these	
structures,	 as	 well	 as	 to	 understand	 and	 control	 their	 response	 to	 external	 stimuli.	 The	 extent	 of	 available	
applications	is	determined	largely	by	the	resolution	offered	by	a	particular	microscopy	technique.	Here	we	present	
an	analytic	description	and	an	experimental	realization	of	interscale	mixing	microscopy,	a	diffractionǦbased	imaging	
technique	that	is	capable	of	detecting	and	characterizing	wavelength/10	objects	in	farǦfield	measurements	with	both	
coherent	and	incoherent	broadband	light.	This	technique	is	aimed	at	analyzing	subwavelength	objects	based	on	farǦ
field	measurements	of	the	interference	created	by	the	objects	and	a	finite	diffraction	grating.	A	single	measurement,	
analyzing	the	multiple	diffraction	orders,	is	often	sufficient	to	determine	the	parameters	of	the	object.	The	presented	
formalism	opens	the	door	for	spectroscopy	of	nanoscale	objects	in	the	farǦfield.			
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ϭ͘ IŶƚƌŽĚƵĐƚŝŽŶ The	detection	and	visualization	of	subǦwavelength	objects	has	numerous	applications	in	imagingǡ	spectroscopyǡ	material	scienceǡ	biologyǡ	healthcareǡ	and	securityǤ		)n	conventional	optical	microscopyǡ	the	fundamental	resolution	limit	is	often	associated	with	diffraction	criteria	by	Rayleigh	and	Abbe	ȏͳǡʹ ȐǤ	According	to	these	criteriaǡ	the	smallest	feature	one	can	optically	resolve	is	approximately	limited	to	ሺߣȀʹܰܣሻ	with	ߣ	being	vacuum	wavelength	and	ܰ 	still	is	resolution	subǦwavelength	deep	with	objects	unknown	of	imaging	The		ȀͶȏͳ͵ȐǤߣ	approximately	to	limited	fundamentally	is	techniques	these	of	resolution	the	imagedǡ	is	photoǦresponse	linear	a	with	object	an	When	ȋFSLȌȏͳͳǡͳʹȐǤ	superlens	field	far	the	or	ȋODTȌȏͻǡͳͲȐǡ	tomography	diffraction	optical	ȋS)MȌȏͺȐǡ	microscopy	illumination	structured	as	such	demonstratedǡ	been	have	object	the	of	components	frequency	highǦspatial	access	to	measurements	multiple	and	diffraction	firstǦorder	on	relying	techniques	imaging	optical	labelǦfree	several	yearsǡ	recent	)n	objectsǤ	fluorescent	of	study	the	to	limited	are	Ȅ	ȏȐ	techniques	superǦresolution	optical	other	as	well	as	Ȅ	methods	these	(oweverǡ		resolutionȏͶǡͷǡȐǤ	nanometer	with	imaging	achieve	to	property	fluorescence	the	used	have	state	fluorescent	moleculeǯs	a	of	control	the	on	rely	which	methods	recent	and	accuracyǢ	better	much	with	determined	be	can	object	isolated	an	of	position	the	howeverǡ	termsǡ	practical	)n	ȋFigǤͳȌǤ	objectiveȏ͵Ȑ	the	of	aperture	numerical	being	ܣ

predominately	performed	by	relatively	slow	nearǦfield	scanning	optical	microscopy	ȋNSOMȌ	ȏͳͶȐǤ			There	exist	several	theoretical	proposals	to	achieve	fast	imaging	with	subǦwavelength	 resolution	 in	 diffractive	 and	 tomographic	 setǦups	ȏͳͷǡͳȐǤ	)n	gratingǦassisted	ODTȏͳȐ	and	interscale	mixing	microscopy	ȋ)MMȌȏͳͺǡͳͻȐ	 a	 diffractive	 element	 is	 employed	 to	 outǦcouple	information	about	subǦwavelength	features	of	an	object	into	the	far	field	Ȅ	 similarly	 to	 S)M	Ȅ	 with	 the	 final	 image	 formed	 with	 the	 postǦprocessing	of	information	carried	by	multiple	diffractive	orders	ȋFigǤͳbȌ	by	analyzing	either	 full	electromagnetic	 field	ȋODT	ȏͳȐȌ	or	 intensity	ȋ)MM	ȏͳ ǡͅͳͻȐȌǤ	Although	 )MM	somewhat	 resembles	S)M	and	FSLǡ	 in	contrast	 to	 the	 latter	 approachesǡ	 )MM	 utilizes	 multiple	 diffractive	orders	of	the	grating	and	therefore	provides	a	resolution	that	is	limited	only	by	experimental	noiseǤ	(ere	we	report	an	experimental	realization	of	 the	 )MM	 with	 both	 coherent	 ȋߣ ൌ ͷ͵ʹ	݊݉Ȍ	 and	 incoherent	ȋͲͲ  ߣ  ͺͲͲ	݊݉Ȍ	 illuminationǡ	 achieving	 a	 resolution	 of	 the	order	of	Ͳ	nm	ሺ̱ߣȀͳͲሻ	with	farǦfield	measurements	which	do	not	require	pointǦbyǦpoint	imagingǤ	Moreoverǡ	we	present	a	simple	analytic	technique	to	postǦprocess	the	resulting	informationǡ	often	on	the	basis	of	 a	 single	 diffractive	 measurementǤ	 The	 formalism	 presented	 here	opens	 the	 avenue	 for	 farǦfield	 microscopy	 and	 spectroscopy	 of	nanoscale	objectsǤ		Mathematicallyǡ	the	process	of	imaging	is	equivalent	to	recovering	the	distribution	of	electromagnetic	waves	at	the	location	of	the	objectǤ		
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For	oneǦdimensional	objectsǡ	 this	distribution	can	be	described	by	a	planeǦwave	spectrum	parameterized	by	the	transverse	component	of	wavevector	 ݇௫	 with	 wavevectorǦdependent	 amplitude	 	ሬԦሺ݇௫ሻܧ ȋʹD	objects	 and	 combinations	 of	 small	 ͵D	 objects	 can	 be	 considered	similarly	ȏͳͻȐȌ	ࡱሬሬԦሺ࢘ሬԦሻ ൌ  ஶିஶ࢚࣓ሬԦି࢘ڄሬሬԦ	ࢋሻ࢞ሬሬԦሺࡱ ࢞ࢊ (1)	where	߱ 	is	angular	frequencyǡ	and	݇ሬԦ	is	the	wavevector	of	the	component	of	the	waveǤ		Since	the	components	of	the	wavevector	in	free	space	are	related	to	each	other	via	݇ ௫ଶ  ݇௭ଶ ൌ ͶߨଶȀߣଶǡ	and	since	information	on	the	lengthǦscale	ܮ	is	encoded	into	wavevectors	with	݇௫  		objectsǤ	ȋisolatedȌ	sparse	relatively	of	measurements	diffractionǦlimited	available	of	continuation	analytic	an	on	based	information	subǦwavelength	the	fillsǦin	ȏʹͳȐ	imaging	SparsityǦbased		measurementsǤȏʹͲȐ	the	of	ratio	signalǦtoǦnoise	the	to	related	directly	is	microscopy	optical	farǦfield	of	resolution	the	Thereforeǡ	noiseǤ	experimental	and	ǲbackgroundǳ	diffractionǦlimited	the	by	suppressed	exponentially	gets	features	subwavelength	the	about	ǲsignalǳ	the	increasesǡ	object	the	to	distance	the	As	sourceǤ	the	from	away	decay	exponentially	which	waves	nonǦpropagating	evanescentǡ	the	in	encoded	is	object	the	of	features	subǦwavelength	the	about	information	the	ͳȌ	ȋFigure	ǡܮȀߨʹ

	Figure	 ͳǣ	 Light	 scattered	 by	 an	 object	 ȋslit	 in	 this	 exampleȌ	 can	 be	represented	 as	 a	 collection	 of	 plane	 waves	 parameterized	 by	 the	transverse	wavevector	݇௫Ǣ	The	Fourier	spectrum	of	a	subǦwavelength	object	 is	dominated	by	evanescent	modes	with	ೣఠ  ͳ	ȋaǡbȌǤ	As	the	light	 propagates	 to	 the	 farǦfield	 of	 the	 objectǡ	 the	 evanescent	components	get	exponentially	suppressed	ȋcȌǤ	Attempts	to	optically	reǦconstruct	the	image	in	the	farǦfield	result	in	a	diffractionǦlimited	pattern	ȋdȌǤ	)MM	mixes	evanescent	information	into	the	propagating	part	of	the	spectrum	 ȏarrows	 in	 ȋbȌȐǡ	 enabling	 to	 distinguish	 information	 about	subǦwavelength	features	of	the	source	with	farǦfield	measurementsǤ		For	densely	placed	objectsǡ	several	techniques	aim	at	enhancing	the	signal	 carried	 by	 evanescentǦwavesǤ	 NSOM	 collects	 the	 nearǦfield	information	 directlyǡ	 at	 a	 cost	 of	 slowǡ	 pointǦbyǦpoint	 imagingǤ	 The	concept	 of	 superoscillations	 ȏʹʹǡʹ ͵Ȑǡ	 bandǦlimited	 functions	 which	oscillate	 faster	 than	 its	 fastest	 Fourier	 component	 have	 also	 been	instrumental	 in	achieving	subǦwavelength	resolution	 in	the	scanning	microscopy	regimeǤ	Superlenes	ȏͳͳȐǡ	hyperlenesȏʹͶǡʹ ͷǡʹ Ȑǡ	and	other	metamaterialǦbased	 direct	 imaging	 solutions	 have	 been	 used	 to	propagate	 evanescent	 information	 in	 a	 relatively	 narrow	 frequency	ranges	where	ȋa	component	ofȌ	the	permittivity	of	the	metamaterial	is	close	 to	 its	 plasmon	 resonance	 ȋsuperlensȌ	 or	 zero	 ȋhyperlensȌǤ	 )n	

additionǡ	 the	 metamaterial	 solutions	 that	 provide	 magnification	typically	have	rather	limited	field	of	viewǤ			Alternativelyǡ	information	about	݇௫ ب 	structures	periodic	of	use	The	scanningǤ	pointǦbyǦpoint	perform	to	need	no	with	field	far	the	in	measured	directly	be	thus	and	waves	propagating	the	into	diffracted	be	can	ߣȀߨʹ to	 achieve	 superǦresolution	 was	 first	 investigated	 a	 halfǦcentury	ago	by	using	multiple	gratings	in	order	to	generate	a	structured	light	beam	and	then	using	the	diffraction	of	this	beam	by	the	object	to	gain	access	 to	 the	evanescent	part	of	 the	 spectrumǤ	 	 ȏʹǡʹ ͺȐ	Todayǡ	diffractionǦbased	characterization	allows	the	analysis	of	the	profile	of	highly	periodic	diffracting	structures	with	a	resolution	of	the	order	of	single	nmǤ	ȏʹͻǡ͵ ͲȐ		Structured	illumination	microscopy	ȏ ǡͅ͵ ͳȐ	allows	the	imaging	of	unknown	objects	with	ߣȀͶ	resolution	at	the	expense	of	multiple	measurements	and	computer	postǦprocessingǤ	 	The	farǦfield	superlens	 ȏ͵ʹȐ	 uses	 near	 field	 excitation	 of	 an	 object	 along	 with	resonantly	 enhanced	 fields	 of	 surface	 plasmons	 to	 achieve	  	nonǦfluorescent	ȋfor	diffraction	order	first	only	utilize	FSL	and	S)M	both	Since	resolutionǤ	Ȁͷߣ samplesǢ	 higher	 order	 S)M	 is	 only	 possible	 on	fluorescent	 samples	 ȏ͵͵ȐȌǡ	 these	 resolution	 limits	 cannot	 be	 further	improved	within	the	existing	frameworksǤ			Optical	Diffraction	Tomographyǡ	a	technique	that	aims	to	analyze	the	internal	 structure	 of	 transparent	 objects	 based	 on	 multiple	measurements	of	the	light	scattered	by	the	object	is	becoming	powerful	for	 analysis	 of	 some	 biological	 samples	 ȏͳͲȐǤ	 (oweverǡ	 stable	 and	reasonably	fast	reconstruction	of	ODT	measurements	is	fundamentally	similar	to	resolution	of	S)M	and	is	applicable	primarily	to	analysis	of	lowǦscattering	ȋlow	index	contrastȌ	samplesǤ		Several	 extensions	 of	 ODT	 to	 twoǦdimensional	 tomography	 with	subwavelength	 resolution	 recently	 proposed	 theoretically	 ȏͳͷǡͳȐǤ	(oweverǡ	the	majority	of	these	techniques	requires	measurements	of	both	field	amplitude	and	phase	in	order	to	reconstruct	the	imageǡ	which	is	 accomplished	by	 fitting	measured	data	 to	 simulations	 ȏͳȐǤ	While	possible	in	theoryǡ	such	fittings	are	typically	prone	to	both	numerical	and	experimental	noiseǡ	 especially	 since	optical	phase	 can	 rarely	 be	measured	directlyǤȏͳͷǡ͵ ͶȐ	)t	is	likely	that	practical	realization	of	such	techniques	will	require	prohibitively	extensive	characterization	of	both	the	sampleǡ	the	scattering	environmentǡ	as	well	as	response	function	of	the	particular	optical	setupȏʹͻȐǤ	Even	thenǡ	recovery	of	optical	phase	may	be	a	great	challengeǤ	)nterscale	mixing	microscopy	ȋ)MMȌǡ	first	proposed	in	RefǤ	ȏͳͺȐ	relies	on	a	diffraction	element	Ȅ	positioned	in	the	near	field	proximity	to	an	object	Ȅ	to	fold	the	evanescent	information	into	the	propagation	zone	ȋFigure	ͳȌǤ	Such	folding	essentially	mixes	the	information	about	subǦwavelength	 features	 of	 the	 object	 with	 the	 information	 about	diffractionǦlimited	featuresǤ	Sinceǡ	in	contrast	to	S)M	and	FSLǡ	)MM	uses	multiple	 diffraction	 ordersǡ	 it	 can	 in	 principle	 achieve	 unlimited	resolutionǤ	)n	practiceǡ	the	resolution	of	)MM	is	limited	by	the	ability	to	resolve	highǦorder	diffracted	 signal	 among	 the	 zeroǦorder	 diffracted	backgroundǤ	)t	has	been	shownǡ	numericallyǡ	 that	realistic	diffracting	structures	enable	up	to	ߣȀʹͲ	resolution	that	is	limited	by	experimental	noise	and	instabilities	in	numerical	calculations	that	can	be	somewhat	mitigated	with	multiple	measurementsǤȏͳͻȐ	Several	algorithms	for	recovering	the	information	about	the	object	based	on	postǦprocessing	of	the	multiple	measurements	of	field	ȏͳȐ	or	intensity	ȏͳ ǡͅͳͻȐ	profile	have	been	developedǤ	)t	was	shown	that	when	the	scattering	by	an	unǦperturbed	diffraction	grating	is	characterized	well	enough	to	be	reproduced	numericallyǡ	image	recovery	can	then	be	mapped	 to	 an	 optimization	 problem	 that	 minimizes	 the	 deviation	between	the	predicted	optical	response	of	the	test	object	in	front	of	the	unperturbed	diffraction	element	and	the	measured	signalǤ	(oweverǡ	as	suggested	by	previous	experimental	studies	ȏʹͻȐǡ	such	characterization	provides	extreme	constraints	on	experimental	setupǤ	Analysis	of	our	experimental	data	is	consistent	with	these	assessmentsǤ		)n	this	workǡ	the	problem	of	image	recovery	in	)MM	is	addressed	by	the	 development	 of	 newǡ	 straightforward	 analytic	 signalǦprocessing	technique	which	allows	pinpointing	of	the	diffractive	signatures	of	the	object	 and	 isolate	 these	 signatures	 from	 the	 ȋrelatively	 strongȌ	



background	created	by	the	diffraction	elementǤ	As	resultǡ	we	show	that	only	a	single	measurement	may	be	sufficient	to	achieveǡ	theoretically	and	experimentallyǡ	deep	subǦwavelength	resolution	with	)MMǤ	
Ϯ͘ EǆƉĞƌŝŵĞŶƚĂů SĞƚƵƉ A	series	of	finite	gratings	ȋʹͷ	periodsȌ	were	fabricated	on	a	thin	ȋͳͲͲ	nmȌ	gold	film	on	a	glass	substrateǤ		Two	different	sets	of	samplesǡ	with	periods	Ȧ ൌ ͵ʹͷ	݊݉	and	Ȧ ൌ ʹͷ	݊݉ǡ	each	having	a	slit	width	of	ͳʹͷ	nm	were	fabricatedǤ	Each	set	contains	three	structuresǣ	ȋiȌ	a	referenceǡ	perfectly	periodic	gratingǡ	ȋiiȌ	a	grating	with	an	absent	slit	in	the	centerǡ	and	ȋiiiȌ	a	grating	with	a	slit	misplaced	by	̱ ȦȀͶ	ȋFigǤ	ʹ ȌǤ	Apart	from	the	scalingǡ	the	results	from	samples	of	two	different	periods	are	similar	to	each	otherǤ	(ere	we	present	results	for	the	set	of	samples	with	smaller	periodǡ	where	the	smallest	defect	was	on	the	order	of		̱Ͳ	݊݉Ǥ		The	samples	were	characterized	using	a	ͷ͵ 	ʹnm	CW	laserǡ	as	well	as	with	a	broadǦband	incoherent	whiteǦlight	illumination	ͲͲȂͺͲͲ	݊݉ǡ	putting	the	smallest	size	of	the	defect	in	the	range	of	ߣȀȂߣȀͳͲǤ		For	the	measurementsǡ	the	samples	were	illuminated	with	a	ͶͲx	objective	ȋͲǤͻͷ	NAȌ	using	a	quasiǦplane	wave	obtained	by	focusing	the	light	at	the	back	focal	plane	of	the	objective	ȋFigǤ	ʹ ȌǤ	The	incidence	angle	was	controlled	by	a	pair	of	galvanometric	mirrors	conjugated	to	the	focal	plane	of	the	illumination	objective	and	the	scattered	light	was	detected	in	transmission	using	a	ͳͲͲx	objective	ȋͳǤͶͻ	NAȌǤ	The	back	focal	plane	of	the	detection	objective	ȋwhich	corresponds	to	the	Fourier	planeȌ	was	then	directly	imaged	onto	an	imaging	spectrometerǤ	Coherent	measurements	were	performed	by	imaging	the	back	focal	plane	directly	onto	the	cameraǡ	while	whiteǦlight	measurements	were	performed	with	a	͵ ͲͲ	݉ߤ	wide	slit	used	to	select	only	the	specular	transmission	in	the	axis	perpendicular	to	the	gratingǡ	producing	farǦfield	diffraction	pattern	as	a	function	of	wavelengthǤ		

		Figure	 ǣʹ	 	 ȋaȌ	Experimental	optical	 imaging	 setupǢ	 ȋbȌǦȋdȌ	 fabricated	gratings	with	߉ ൌ ʹͷ݊݉ǣ	ȋbȌ	centered	defectǢ	ȋcȌ	offǦcenter	defectǢ	ȋdȌ	no	defects	
ϯ͘ TŚĞŽƌĞƚŝĐĂů ĂŶĂůǇƐŝƐ Numerical	extraction	of	information	about	the	unknown	object	was	suggested	as	a	basis	for	)MM	in	previous	studies	ȏͳ ǡͅͳͻȐǤ	(oweverǡ	it	was	shown	that	in	practice	the	implementation	of	such	algorithms	require	extreme	efforts	in	equipment	calibration	ȏͳͻǡ͵ ͲȐǤ	(ere	we	present	a	newǡ	analytic	implementation	of	)MMǤ	The	reference	diffraction	element	used	in	this	work	represents	a	finite	grating	with	ܰ ൌ ʹͷ	slits	with	width	ݓ	and	period	ȦǤ	The	field	generated	in	the	

nearǦfield	proximity	of	such	a	gratingǡ	illuminated	by	a	singleǡ	normally	incident	plane	waveǡ	is	given	by			࢟ࡴሺ࢞ሻ ൌ σ ࢚ࢉࢋ࢘ ቀ࢝࢞ቁ כ ࢞ሺࢾ	 െ షࡺୀିషࡺሻࢫ   (2) with	כ	denoting	the	convolution	operationǡ	rectሺߦሻ	being	the	rectangular	step	functionǡ	and	ߜሺߦሻ	being	the	Dirac	delta	functionǤ	The	ȋmagneticȌ	field	in	the	farǦfield	regime	is	wellǦapproximated	by	Fraunhofer	scalar	diffraction	theory	and	is	best	characterized	in	the	Fourier	domain	as	࢟ࡴሺ࢞ሻ ൌ ࢉ࢙࢝ ቀ࢝࢞ ቁ ࢫ࢞ࡺቀ࢙ ቁ࢙ቀࢫ࢞ ቁ     (3)	When	an	object	ȋeǤgǤǡ	grating	defectȌ	of	size	݈ 	is	added	to	the	gratingǡ	it	modifies	the	field	generated	by	the	grating	by	adding	ȋor	subtractingȌ	the	field	of	the	objectǡ	ܪ௬ௗሺݔሻ ൌ rect ቀ௫ቁ כ Ɂሺݔ െ ܽሻǤ	As	resultǡ	the	farǦfield	is	modified	as	wellǣ	
ሻሺ࢟ࡴ  ൌ ࢉ࢙࢝ ቀ࢝ ቁ ࢫࡺቀ࢙ ቁ࢙ቀࢫ ቁ   ࢉ࢙ ቀቁ  ࢇିࢋ (4)	The	 vast	majority	 of	 optical	measurements	 rely	 on	 detecting	 the	intensityǡ	 not	 the	 field	 itselfǤ	 	 The	 total	 intensity	 measured	 by	 the	detector	is	proportional	to			 ሻ࢞ሺࡵ ן ห࢟ࡴሺ࢞ሻห ൌ ࢫ࢙࢞ሻ࢞ሺࡵሻା࢞ሺࢊࡵሻା࢞ሺࢍࡵ 	 	 (5)	where	 ሻ࢞ሺ	ࢍࡵ ൌ ࢉ࢙࢝ ቀ࢝࢞ ቁ ࢙ ቀࢫ࢞ࡺ 	ቁ	 ሻ࢞ሺࢊࡵ	 ൌ ࢉ࢙ ቀ࢞ ቁ ࢙ ቀࢫ࢞ ቁ		 	 ሻ࢞ሺࡵ	(6) ൌ ࢝	ࢉ࢙ ൬࢝࢞ ൰ࢉ࢙ ൬࢞ ൰ ࢙ ൬ࢫ࢞ ൰	

			ൈ ࢙ ቀࢫ࢞ࡺ ቁ 	and	grating	ideal	an	of	spectrum	the	represents	terms	these	of	first	The	ሻࢇ࢞ሺ࢙ࢉ dominates	 the	 farǦfield	 intensityǡ	 especially	 in	 the	 proximity	 of	diffraction	 maxima	ሺ݇Ȧ  	ሻǤ݊ߨʹ The	 second	 term	 describes	 the	ȋrelatively	weakȌ	contribution	of	the	object	in	the	absence	of	the	gratingǤ		The	last	term	corresponds	to	the	interference	between	the	fields	of	the	ideal	grating	and	the	objectǤ		The	physics	behind	the	)MM	can	now	be	clearly	 seen	 from	analysis	of	 relative	amplitudes	of	 the	 three	 termsǣ	while	the	direct	scattered	contribution	to	the	signal	from	the	object	is	smallǡ	the	gratingǦobject	interaction	enhances	the	far	field	contribution	from	the	object	by	a	factor	of		ݓȀ݈ ب ͳǤ		The	equations	above	can	be	used	to	illustrate	the	difference	between	the	)MM	and	S)MǦlike	diffraction	techniquesǤ	)n	the	)MM	formalismǡ	the	sample	is	interrogated	by	a	single	plane	waveǡ	and	signal	processing	is	focused	on	the	cancellation	of	all	principal	diffracted	beamsǡ	analyzing	the	interference	in	the	ringing	tails	of	the	principle	ordersǤ	As	a	resultǡ	the	 information	 about	 the	 object	 can	 be	 extracted	 based	 on	 single	measurementǤ	 )n	 contrastǡ	 in	 S)MǦlike	 techniques	 the	 sample	 is	interrogated	 by	 multiple	 beamsǡ	 and	 the	 measurement	 aims	 at	detecting	the	zeroǦorder	interferenceǡ	which	needs	to	be	postǦprocessed	and	requires	multiple	measurementsǤ			On	the	implementation	levelǡ	the	signalǦcarrying	interference	term	can	 be	 enhanced	 by	 analyzing	 the	 product	 ሺ݇௫ሻܫ sinଶሺ݇௫ȦȀʹሻ	 that	suppresses	 the	 intensity	 around	 the	 diffraction	maxima	 of	 the	 ideal	gratingǤ	The	spatial	profile	and	the	position	of	the	object	can	be	analyzed	by	considering	the	Fourier	transform	of	the	power	spectrum	



ሻ࢞ሺࡵ ൌ ቚࡲሾࡵሺ࢞ሻ ࢙ ቀࢫ࢞ ቁሿቚwhich	formally	translates	the	spectrum	from	wavevectorǦ	into	realǦspace	domainǤ	

	Figure	͵ ǣ	)MM	signal	ȏEqǤȋȌȐ	for		a	point	object	that	is	being	moved	from	one	end	to	another	end	of	the	finite	diffraction	grating	ȏinset	in	ȋaȌȐǣ	ȋaȌthe	dependence	of	the	)MM	signal	on	defect	position	for	object	size	ߣ ൌ ͷ͵ʹ݊݉ǡ ݈ ൌ 		ȀʹͲߣ in	 ߉ ൌ ʹͷ݊݉Ǣܰ ൌ ʹͷ	 gratingǢ	 ȋbȌ	 the	dependence	of	the	)MM	maximum	at	ܽȀ߉ ൌ Ͳ	on	object	size	݈	ȋblack	lineȌǢ	red	line	in	ȋbȌ	shows	linear	dependenceǢ	ȋcȌ	)MM	signal	for	the	setup	in	ȋaȌ	for	defects	in	neighboring	apertures	ȏinset	shows	the	)MM	signal	of	 the	same	sample	 interrogated	with	ɉ ൌ ͺͲͲ݊݉	lightȐ	 ȋdȌ	)MM	signal	for	the	setup	in	ȋaȌ	for	objects	within	the	same	apertureǤ	ȏinset	shows	the	signal	in	logarithmic	scaleȐ		The	 use	 of	 the	 Fourier	 transform	 to	 postǦprocess	 optical	measurements	 is	 a	 common	 practice	 in	 ODTǡ	 S)Mǡ	 and	 now	 )MMǤ	(oweverǡ	we	note	again	that	the	implementation	of	)MM	proposed	here	is	distinct	from	both	ODT	and	S)MǤ	Thusǡ	ODT	explicitly	relies	on	small	index	contrast	between	the	sample	and	the	environmentǤ	S)M	and	)MM	do	not	have	this	limitationǤ	At	the	same	timeǡ	)MM	provides	significant	resolution	enhancement	as	compared	to	both	S)Mǡ	and	ODTǤ		FigǤ͵ 	 illustrates	 the	performance	of	 )MMǡ	as	defined	by	EqǤȋȌ	 for	several	representative	objectsǤ	The	operating	wavelengthǡ	geometry	of	the	 gratingǡ	 and	 data	 sampling	 rate	 reflect	 those	 used	 in	 our	experimental	 setupǤ	 Firstǡ	 we	 consider	 the	 evolution	 of	 the	 Fourier	spectrum	of	a	grating	with	a	single	object	as	the	object	is	moved	across	the	gratingǤ	For	a	fixed	position	of	the	object	ȋinset	in	FigǤ	͵aȌǡ	the	signal	ܫሺݔሻ	has	two	main	featuresǤ	The	first	is	a	maximum	located	at	ܰ߉	that	corresponds	to	the	period	of	the	grating	and	represents	the	contribution	from	 the	 main	 diffraction	 peakǤ	 The	 second	 feature	 represents	 the	interaction	of	the	object	with	the	gratingǤ	)ts	position	is	directly	related	to	the	position	of	the	object	with	a	resolution	of	the	order	of	the	slit	of	the	gratingǤ		)ts	intensityǡ	in	the	limit	݈ ا 	linear	a	from	deviates	slowly	size	the	on	dependence	intensity	the	slitǡ	grating	the	of	size	the	approaches	size	object	the	When		͵bȌǤ	ȋFigure	defect	the	of	size	the	to	proportional	is	ǡݓ relationshipǤ	 The	 signal	 from	 the	 object	 itselfǡ	 ȋן ݈ᇱଶ	 term	 in	EqǤȋȌȌ	is	not	seen	in	these	spectraǤ		Note	that	ȋiȌ	the	signatures	of	subǦwavelength	objects	can	be	clearly	resolved	 and	 ȋiiȌ	 the	 Fourier	 spectrumǡ	 constructed	 according	 to	EqsǤȋͷǥȌǡ	represents	a	direct	measurement	of	both	position	and	size	of	the	object	with	subǦwavelength	accuracyǤ		

The	product	ܫሺ݇௫ሻ sinଶ ቀೣ௸ଶ ቁ	ȏsee	EqsǤ	ȋͷǡȌȐ	determines	the	true	resolution	of	the	imaging	systemǤ		The	first	term	representing	the	ideal	grating	will	have	 its	 centroid	 located	at	double	 the	 frequency	of	 the	interference	term	due	to	the	square	of	the	dominant	sine	termǤ		The	secondary	peak	is	related	to	the	position	of	the	objectǡ	with		a	symmetry	about	ݔ ൌ ேஃଶ Ǥ	Taken	togetherǡ	the	positions	of	these	maxima	allow	a	precise	calibration	of	the	diffraction	element	and	a	measurement	of	the	position	of	the	object	with	relationship	to	the	diffracting	element	with	a	great	 accuracyǤ	 Separate	 calibration	 ȋfor	 exampleǡ	 using	 diffraction	grating	with	one	missing	slitȌǡ	can	be	used	to	determine	the	sizes	of	the	unknown	objects	as	well	as	their	positionsǤ		The	aforementioned	symmetry	about	ݔ ൌ ܰȦȀʹ	yields	ambiguity	of	the	sign	of	the	object	displacement	from	the	center	of	the	diffractive	element	and	thus	represents	a	limitation	of	the	current	implementation	of	 )MMǤ	This	 ambiguity	 can	be	 avoided	 in	 a	nonǦstatic	 arrangement	where	 the	 imaging	 targetǡ	 as	 moving	 the	 object	 over	 the	 periodic	apertureǡ	would	break	the		േݔ	symmetry	and	provides	unambiguous	position	measurement	of	the	objectǤ	Alternativelyǡ	the	ambiguity	can	be	avoided	by	restricting	the	operational	field	of	view	of	)MM	systemsǤ		The	proposed	recovery	procedure	allows	for	imaging	of	composite	objectsǤ	 Thusǡ	 FigǤȋ͵cȌ	 clearly	 shows	 that	 EqǤȋȌ	 can	 be	 used	 to	differentiate	between	an	isolated	ߣȀͳͲ	object	and	two	objectsǡ	ߣȀͳͲ	and	ߣȀʹͲǡ	positioned	in	the	neighboring	openings	of	the	gratingǤ	The	total	scattered	signal	represents	the	combined	size	of	the	objectsǡ	while	the	spatial	distribution	of	 the	secondary	diffracted	peaks	reflects	the	locations	of	the	parts	of	the	composite	objectǤ	Thereforeǡ	with	proper	calibrationǡ	it	is	possible	to	determine	both	the	size	and	the	locations	of	these	 objects	 ȋwith	 exception	 of	 the	 position	 ambiguity	 mentioned	aboveȌǤ	One	of	the	main	conclusions	of	the	proposed	theoretical	analysis	is	that	reducing	the	period	of	the	grating	represents	a	straightforward	way	to	improve	resolution	of	)MM	formalismǤ		FigǤȋ͵dȌ	compares	the	diffractive	signal	of	isolated	ߣȀͳͲ	and	ߣȀʹͲ	objects	 and	 two	 	ȀʹͲߣ objects	 within	 the	 same	 opening	 of	 the	diffraction	gratingǤ	)t	is	seen	that	with	further	signal	processing	it	may	be	possible	to	recover	the	composite	objects	located	within	the	same	openingǤ	We	defer	the	development	of	such	signal	processing	and	its	experimental	validation	to	our	future	workǤ	
ϰ͘ RĞƐƵůƚƐ The	diffraction	patterns	for	the	structures	under	consideration	were	experimentally	measured	and	simulated	using	EqǤ	ȋȌǤ	Two	different	types	of	measurements	were	analyzedǤ		)n	the	first	set	of	measurementsǡ	the	samples	were	interrogated	with	coherent	ߣ ൌ ͷ͵ʹ	nm	lightǡ	for	different	incident	anglesǤ	To	compare	the	 predictions	 of	 theoretical	 analysis	 to	 experimental	 spectraǡ	experimental	data	from	CCD	images	was	translated	to	superimpose	the	data	 corresponding	 to	 different	 incident	 anglesǤ	 The	 resultant	 ݇௫	spectra	were	FourierǦtransformed	to	convert	the	angular	information	into	the	realǦspace	domain	according	to	EqǤ	ȋȌǤ	FigǤ	Ͷa	illustrates	the	result	of	postǦprocessing	a	single	measurementǤ	FigǤ	Ͷb	represents	the	statistics	of	ͻ	measurements	corresponding	to	different	incident	anglesǤ	FigǤ	Ͷc	shows	theoretical	predictions	according	to	EqǤ	ȋȌǤ	)t	is	seen	that	experimental	data	are	in	good	agreement	with	theoretical	predictionsǡ	with	 positions	 of	 the	 diffracted	 peaks	 representing	 positions	 of	 the	objects	 in	 the	middle	of	 the	gratingǡ	 and	 the	ratio	of	 the	amplitudes	representing	the	ratio	of	the	dimensions	of	the	defects	Sample	ͳ	ȏ̱ͳ͵Ͳ	nmȐ	and	Sample	ʹ 	ȏ̱Ͳ	nmȐǡ	respectivelyǤ	)t	is	clearly	seen	that	)MM	can	resolve	 ̱ͲǦnmǦscale	 defectsǤ	 )nterestinglyǡ	 a	 single	 measurement	provides	enough	information	to	resolve	the	defectǤ		



	Figure	Ͷǣ	)MM	signal	based	on	ȋaȌ	single	experimental	measurement	corresponding	to	an	incident	angle	of		ʹ ͳ ǡ	ȋbȌ	postǦprocessed	experimental	data	of	ͻ	different	incident	anglesǡ	and	ȋcȌ	theoretical	predictions	of	ȁ࣠ሾܫᇱሺ݇ሻሿȁଶ	according	to	EqǤȋȌǤ	The	position	of	diffracted	peaks	and	the	ratio	of	their	amplitudes	represent	position	and	relative	dimensions	of	the	objectsǤ	Thick	lines	and	shaded	areas	in	ȋbȌ	represent	the	mean	and	standard	deviation	of	postǦprocessed	data	respectivelyǢ	in	all	panels	߉ ൌ ʹͷ݊݉ǡ ߣ ൌ ͷ͵ʹ݊݉Ǥ	)nset	in	ȋaȌ	illustrates	the	typical	imaging	processing	routineǣ	starting	from	the	raw	CCD	imageǡ	we	extract	the	transmission	perpendicular	to	the	gratingǡ	suppress	the	main	diffraction	peaks	by	multiplying	the	signal	by	sinሺ݇߉Ȁʹሻଶǡ	followed	by	Fourier	transformation	of	the	power	spectrumǤ		 )n	the	second	set	of	measurementsǡ	the	sample	was	illuminated	by	a	broadband	incoherent	sourceǤ	Prior	to	translationǡ	the	contrast	of	raw	CCD	 images	 was	 enhanced	 by	 subtracting	 the	 background	 and	 the	images	were	deǦskewed	to	compensate	for	misalignment	of	the	optical	setup	ȋthis	eliminated	a	smallǡ	̱ ͷȀʹͷͲ	drift	of	the	imageȌǤ	The	resulting	experimental	data	is	compared	to	theoretical	predictions	in	FigǤ	ͷǤ	Once	againǡ	it	is	seen	that	the	predictions	of	EqǤ	ȋȌ	are	in	agreement	with	experimental	data	and	that	both	halfǦperiod	and	quarter	period	defects	can	be	clearly	distinguished	from	the	ideal	grating	and	from	each	otherǤ		The	 spectrum	 of	 the	 defectǦfree	 grating	 has	 a	 single	 wavelengthǦ	independent	peak	representing	the	period	of	the	gratingǤ	The	spectra	of	the	two	samples	with	defects	contain	additional	featuresǤ	The	location	of	these	features	represent	the	position	of	the	defect	ȋcentral	slit	of	the	gratingȌǡ	while	their	structure	describes	the	characteristic	of	the	defectǣ	the	missing	 slit	 sample	 yields	 a	doubleǦpeak	patternǡ	 the	 shifted	 slit	yields	 a	 more	 complexǡ	 broader	 ȋbut	 lower	 amplitudeȌ	 spectrum	maximumǤ	Note	that	due	to	the	mutual	alignment	of	optical	elements	and	CCDs	the	broadband	spectra	provide	approximately	Ͷ	times	the	number	of	݇௫	datapoints	for	each	wavelength	as	compared	to	singleǦwavelength	setupǤ	As	resultǡ	the	fineǦstructure	of	the	)MM	signal	can	be	resolved	much	better	in	FigǤͷ	than	in	FigǤͶǤ	
ϱ͘ DŝƐĐƵƐƐŝŽŶ ĂŶĚ ĐŽŶĐůƵƐŝŽŶƐ We	have	demonstrated	that	by	using	multiple	diffractive	orders	of	a	grating	in	the	nearǦfield	proximity	to	a	nanoscale	objectǡ	it	is	possible	to	recover	deep	subǦwavelength	informationǡ	usually	lost	in	the	evanescent	wave	spectrumǡ	with	the	farǦfield	measurementsǤ	A	simple	analytic	technique	capable	of	predicting	the	position	and	size	of	the	opaque	object	in	close	proximity	to	a	diffractive	element	has	been	developed	and	validated	in	the	experimentsǤ	The	resolution	is	related	to	recovering	the	parameters	of	the	full	spatial	spectrum	of	light	diffracted	by	the	sample	and	grating	systemǤ	Resolution	of	the	order	of	̱ߣȀͳͲ	has	been	achieved	experimentallyǤ	Notablyǡ	the	developed	formalism	has	been	shown	to	work	for	both	coherent	and	incoherent	excitationǡ	opening	the	pathway	to	the	spectroscopy	of	nanoscale	objectsǤ		)n	practical	imaging	systemsǡ	the	period	of	the	grating	and	its	duty	cycle	need	 to	be	optimized	as	 smaller	period	generally	yields	better	resolution	while	at	the	same	time	potentially	decreases	signalǦtoǦnoise	ratioǤ	The	approach	presented	here	 for	oneǦdimensional	objects	 can	be	extended	 to	 the	 imaging	 and	 spectroscopy	 of	 twoǦdimensional	
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structures	with	the	help	of	ʹD	diffractive	elementsǤ	)n	order	to	achieve	reliable	recovery	of	twoǦdimensional	objectsǡ	future	studies	will	need	to	identify	the	stability	of	such	recoveries	with	respect	to	the	shape	of	the	diffractive	element	ȋcircular	vs	rectangular	vs	hexagonal	gratingsȌǡ	the	FourierȀBessel	transform	usedǡ	as	well	as	the	robustness	of	the	signal	recovery	with	respect	to	noise	and	imperfections	of	optical	setupǤ	These	studiesǡ	although	not	trivialǡ	are	fundamentally	similar	to	the	approach	used	in	this	workǤ		

	Figure	 ͷǣ	 )MM	 signal	 extracted	 from	 broadband	 experimental	 data	ȋaǡcǡeȌ	and	calculated	using	EqǤȋȌ	ȋbǡdǡfȌ	for	samples	with	missing	slit	ȋaǡbȌǡ	shifted	slit	ȋcǡdȌǡ	and	defectǦfree	grating	ȋeǡfȌǤ		Finallyǡ	we	note	that	in	realistic	objectsǡ	the	presented	formalism	will	measure	 the	 combination	 of	 the	 geometrical	 size	 and	 optical	transparency	of	 the	objectǤ	The	spectral	dependence	of	 this	productǡ	determined	 by	 the	 developed	 formalismǡ	 provides	 the	 direct	measurement	of	the	spectral	response	of	the	nanoscale	objectǤ				
Funding	This	research	was	sponsoredǡ	in	partǡ	by	NSF	ȋgrants	͓ 	͓ECCSǦͳͳͲʹͳͺ 	͵and	DMRǦͳʹͲͻͳȌ	and	EPSRC	ȋUǤKǤȌǤ	AǤZǤ	acknowledges	support	from	the	Royal	Society	and	the	Wolfson	FoundationǤ	The	data	access	statementǣ	all	data	supporting	this	research	are	provided	in	full	in	the	results	sectionǤ	
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ϲ͘ S͘T  ͘HĞƐƐ  ͕T͘P͘K  ͘GŝƌŝƌĂũĂŶ  ͕ĂŶĚ M͘D  ͘MĂƐŽŶ  ͘ΗUůƚƌĂͲŚŝŐŚ ƌĞƐŽůƵƚŝŽŶ 
ŝŵĂŐŝŶŐ ďǇ ĨůƵŽƌĞƐĐĞŶĐĞ ƉŚŽƚŽĂĐƚŝǀĂƚŝŽŶ ůŽĐĂůŝǌĂƚŝŽŶ 
ŵŝĐƌŽƐĐŽƉǇ͘ΗBŝŽƉŚǇƐŝĐĂů ũŽƵƌŶĂů ϵϭ  ͕ϭϭ͕ ϰϮϱϴͲϰϮϳϮ  ͕;ϮϬϬϲͿ  ͘

ϳ͘ S͘W  ͘HĞůů͕  ĂŶĚ J  ͘WŝĐŚŵĂŶŶ  ͘ΗBƌĞĂŬŝŶŐ ƚŚĞ ĚŝĨĨƌĂĐƚŝŽŶ ƌĞƐŽůƵƚŝŽŶ ůŝŵŝƚ ďǇ 
ƐƚŝŵƵůĂƚĞĚ ĞŵŝƐƐŝŽŶ͗ ƐƚŝŵƵůĂƚĞĚͲĞŵŝƐƐŝŽŶͲĚĞƉůĞƚŝŽŶ ĨůƵŽƌĞƐĐĞŶĐĞ 
ŵŝĐƌŽƐĐŽƉǇ͘Η OƉƚŝĐƐ ůĞƚƚĞƌƐ ϭϵ  ͕ϭϭ  ͕ϳϴϬͲϳϴϮ ;ϭϵϵϰͿ  ͘

ϴ͘ M͘G͘L  ͘GƵƐƚĂĨƐƐŽŶ  ͕ΗSƵƌƉĂƐƐŝŶŐ ƚŚĞ ůĂƚĞƌĂů ƌĞƐŽůƵƚŝŽŶ ůŝŵŝƚ ďǇ Ă ĨĂĐƚŽƌ ŽĨ 
ƚǁŽ ƵƐŝŶŐ ƐƚƌƵĐƚƵƌĞĚ ŝůůƵŵŝŶĂƚŝŽŶ ŵŝĐƌŽƐĐŽƉǇ͘Η JŽƵƌŶĂů ŽĨ 
ŵŝĐƌŽƐĐŽƉǇ ϭϵϴ  ͕Ϯ ϴϮͲϴϳ  ͕;ϮϬϬϬͿ  ͘ 

ϵ͘ A͘C  ͘KĂŬ  ͕M  ͘SůĂŶĞǇ  ͕PƌŝŶĐŝƉůĞƐ ŽĨ CŽŵƉƵƚĞƌŝǌĞĚ TŽŵŽŐƌĂƉŚŝĐ ŝŵĂŐŝŶŐ  ͕
;AĐĂĚ ƉƌĞƐƐ  ͕NĞǁ YŽƌŬ  ͕ϭϵϵϵͿ 

ϭϬ͘ T  ͘Kŝŵ  ͕R  ͘)ŚŽƵ  ͕M  ͘Mŝƌ  ͕S͘D  ͘BĂďĂĐĂŶ  ͕P͘S  ͘CĂƌŶĞǇ  ͕L͘L  ͘GŽĚĚĂƌĚ  ͕ĂŶĚ G͘ 
PŽƉĞƐĐƵ  ͘ΗWŚŝƚĞͲůŝŐŚƚ ĚŝĨĨƌĂĐƚŝŽŶ ƚŽŵŽŐƌĂƉŚǇ ŽĨ ƵŶůĂďĞůůĞĚ ůŝǀĞ 
ĐĞůůƐ͘Η NĂƚƵƌĞ PŚŽƚŽŶŝĐƐ ϴ  ͕ϮϱϲͲϮϲϯ  ͕;ϮϬϭϰͿ  ͘

ϭϭ͘ S  ͘DƵƌĂŶƚ  ͕)  ͘LŝƵ  ͕J  ͘SƚĞĞůĞ  ͕ĂŶĚ X  ͘)ŚĂŶŐ  ͕ΗTŚĞŽƌǇ ŽĨ ƚŚĞ ƚƌĂŶƐŵŝƐƐŝŽŶ 
ƉƌŽƉĞƌƚŝĞƐ ŽĨ ĂŶ ŽƉƚŝĐĂů ĨĂƌͲĨŝĞůĚ ƐƵƉĞƌůĞŶƐ ĨŽƌ ŝŵĂŐŝŶŐ ďĞǇŽŶĚ ƚŚĞ 
ĚŝĨĨƌĂĐƚŝŽŶ ůŝŵŝƚ͕Η J  ͘OƉƚ  ͘SŽĐ  ͘Aŵ  ͘B  Ϯϯ  ͕ϮϯϴϯͲϮϯϵϮ  ͕;ϮϬϬϲͿ  ͘

ϭϮ͘ )  ͘LŝƵ  ͕S  ͘DƵƌĂŶƚ  ͕H  ͘LĞĞ  ͕Y  ͘PŝŬƵƐ  ͕N  ͘FĂŶŐ  ͕Y  ͘XŝŽŶŐ  ͕C  ͘SƵŶ ĂŶĚ X͘ )ŚĂŶŐ  ͕
ΗFĂƌͲĨŝĞůĚ ŽƉƚŝĐĂů ƐƵƉĞƌůĞŶƐ͕Η NĂŶŽ LĞƚƚĞƌƐ  ͕ϳ  ͕Ϯ  ͕ ϰϬϯͲϰϬϴ  ͕;ϮϬϬϳͿ  ͘

ϭϯ͘ A͘S  ͘KĞǁŝƚƐĐŚ  ͕ĂŶĚ A YĂƌŝǀ  ͕͞ NŽŶůŝŶĞĂƌ ŽƉƚŝĐĂů ƉƌŽƉĞƌƚŝĞƐ ŽĨ ƉŚŽƚŽƌĞƐŝƐƚƐ 
ĨŽƌ ƉƌŽũĞĐƚŝŽŶ ůŝƚŚŽŐƌĂƉŚǇ  ͕͞ AƉƉůŝĞĚ PŚǇƐŝĐƐ LĞƚƚĞƌƐ  ͕ϲϴ  ͕ϰϱϱͲϰϱϳ ;ϭϵϵϲͿ 

ϭϰ͘  U͘DƵƌŝŐ  ͕D  ͘W  ͘PŽŚů ĂŶĚ F  ͘RŽŚŶĞƌ  ͕ΗNĞĂƌĨŝĞůĚ ŽƉƚŝĐĂů ƐĐĂŶŶŝŶŐ 
ŵŝĐƌŽƐĐŽƉǇ͕Η JŽƵƌŶĂů ŽĨ AƉƉůŝĞĚ PŚǇƐŝĐƐ  ͕ϱϵ  ͕ϯϯϭϴͲϯϯϮϳ  ͕;ϭϵϴϲͿ  ͘

ϭϱ͘ P  ͘S  ͘CĂƌŶĞǇ  ͕V  ͘A  ͘MĂƌŬĞů ĂŶĚ J  ͘C  ͘SĐŚŽƚůĂŶĚ  ͕ΗNĞĂƌͲĨŝĞůĚ ƚŽŵŽŐƌĂƉŚǇ 
ǁŝƚŚŽƵƚ ƉŚĂƐĞ ƌĞƚƌĞǀĂů͕Η PŚǇƐŝĐĂů RĞǀŝĞǁ LĞƚƚĞƌƐ  ͕ϴϲ  ͕ϱϴϳϰͲϱϴϳϳ  ͕
;ϮϬϬϭͿ  ͘

ϭϲ͘ A  ͘A  ͘GŽǀǇĂĚŝŶŽǀ  ͕G  ͘Y  ͘PĂŶĂƐǇƵŬ ĂŶĚ J  ͘C  ͘SĐŚŽƚůĂŶĚ͕ ΗPŚĂƐĞůĞƐƐ ƚŚƌĞĞͲ
ĚŝŵĞŶƚŝŽŶĂů ŽƉƚŝĐĂů ŶĂŶŽŝŵĂŐŝŶŐ͕Η PŚǇƐŝĐĂů RĞǀŝĞǁ LĞƚƚĞƌƐ  ͕ϭϬϯ  ͕
ϮϭϯϵϬϭ  ͕;ϮϬϬϵͿ  ͘

ϭϳ͘ A  ͘SĞŶƚĞŶĂĐ  ͕P  ͘CŚĂƵŵĞƚ ĂŶĚ K  ͘BĞůŬĞďŝƌ  ͕ΗBĞǇŽŶĚ ƚŚĞ RĂǇůĞŝŐŚ 
CƌŝƚĞƌŝŽŶ͗ GƌĂƚŝŶŐ AƐƐŝƐƚĞĚ FĂƌͲFŝĞůĚ OƉƚŝĐĂů DŝĨĨƌĂĐƚŝŽŶ TŽŵŽŐƌĂƉŚǇ͕Η 
PŚǇƐŝĐĂů RĞǀŝĞǁ LĞƚƚĞƌƐ  ͕ϵϳ  ͕Ϯϰ  ͕;ϮϬϬϲͿ  ͘

ϭϴ͘ S  ͘TŚŽŶŐƌĂƚƚĂŶĂƐŝƌŝ͕  N  ͘A  ͘KƵŚƚĂ  ͕M  ͘D  ͘EƐĐĂƌƌĂ  ͕A  ͘J  ͘HŽĨĨŵĂŶ  ͕C  ͘F  ͘
GŵĂĐŚů ĂŶĚ V  ͘A  ͘PŽĚŽůƐŬŝǇ  ͕ΗAŶĂůǇƚŝĐĂů ƚĞĐŚŶŝƋƵĞ ĨŽƌ ƐƵďǁĂǀĞůĞŶŐƚŚ 
ĨĂƌ ĨŝĞůĚ ŝŵĂŐŝŶŐ͕Η AƉƉůŝĞĚ PŚǇƐŝĐƐ LĞƚƚĞƌƐ  ͕ϵϳ  ͕ϭϬ  ͕;ϮϬϭϬͿ  ͘ 

ϭϵ͘ S  ͘IŶĂŵƉƵĚŝ͕  N  ͘KƵŚƚĂ ĂŶĚ V  ͘A  ͘PŽĚŽůƐŬŝǇ  ͕ΗIŶƚĞƌƐĐĂůĞ ŵŝǆŝŶŐ 
ŵŝĐƌŽƐĐŽƉǇ  ͗ŶƵŵĞƌŝĐĂůůǇ ƐƚĂďůĞ ŝŵĂŐŝŶŐ ŽĨ ǁĂǀĞůĞŶŐƚŚͲƐĐĂůĞ ŽďũĞĐƚƐ 
ǁŝƚŚ ƐƵďͲǁĂǀĞůĞŶŐƚŚ ƌĞƐŽůƵƚŝŽŶ ĂŶĚ ĨĂƌ ĨŝĞůĚ ŵĞĂƐƵƌĞŵĞŶƚƐ͕Η OƉƚŝĐƐ 
ĞǆƉƌĞƐƐ  ͕Ϯϯ  ͕ϯ  ͕ϮϳϱϯͲϮϳϲϯ  ͕;ϮϬϭϱͿ  ͘ 

ϮϬ͘ E  ͘E  ͘NĂƌŝŵĂŶŽǀ  ͕ΗTŚĞ ƌĞƐŽůƵƚŝŽŶ ůŝŵŝƚ ĨŽƌ ĨĂƌͲĨŝĞůĚ ŽƉƚŝĐĂů ŝŵĂŐŝŶŐ͕Η ŝŶ 
ϮϬϭϯ CLEO TĞĐŚŶŝĐĂů DŝŐĞƐƚ  ͕;OƉƚŝĐĂů SŽĐŝĞƚǇ ŽĨ AŵĞƌŝĐĂ  ͕ϮϬϭϯͿ  ͕ƉĂƉĞƌ 
QWϯA͘ϳ  ͘ 

Ϯϭ͘ A  ͘SǌĂŵĞŝƚ  ͕Y  ͘SŚĞĐŚƚŵĂŶ  ͕E  ͘OƐŚĞƌŽǀŝĐŚ  ͕E  ͘BƵůůŬŝĐŚ  ͕P  ͘SŝĚŽƌĞŶŬŽ  ͕H  ͘
DĂŶĂ  ͕S  ͘SƚŝĞŶĞƌ  ͕E  ͘B  ͘KůĞǇ  ͕S͘ GĂǌŝƚ  ͕T  ͘CŽŚĞŶͲHǇĂŵƐ  ͕S  ͘SŚŽŚĂŵ  ͕M 
)ŝďƵůĞǀƐŬǇ  ͕I  ͘YĂǀŶĞŚ  ͕Y  ͘C  ͘EůĚĂƌ  ͕O  ͘CŽŚĞŶ ĂŶĚ M  ͘SĞŐĞǀ  ͕ΗSƉĂƌƐŝƚǇͲ
ďĂƐĞĚ ƐŝŶŐůĞͲƐŚŽƚ ƐƵďǁĂǀĞůĞŶŐƚŚ ĐŽŚĞƌĞŶƚ ĚŝĨĨƌĂĐƚŝǀĞ ŝŵĂŐŝŶŐ͕Η NĂƚƵƌĞ 
ŵĂƚĞƌŝĂůƐ  ͕ϭϭ  ͕ϱ  ͕ ϰϱϱͲϰϱϵ  ͕;ϮϬϭϮͿ  ͘ 

ϮϮ͘ E  ͘T  ͘F  ͘RŽŐĞƌƐ  ͕J  ͘LŝŶĚďĞƌŐ  ͕T  ͘RŽǇ  ͕S  ͘SĂǀŽ  ͕J  ͘CŚĂĚ  ͕M  ͘DĞŶŶŝƐ ĂŶĚ N  ͘I  ͘
)ŚĞůƵĚĞǀ  ͕ΗA ƐƵƉĞƌͲŽƐĐŝůůĂƚŽƌǇ ůĞŶƐ ŽƉƚŝĐĂů ŵŝĐƌŽƐĐŽƉĞ ĨŽƌ 
ƐƵďǁĂǀĞůĞŶŐƚŚ ŝŵĂŐŝŶŐ͕Η NĂƚƵƌĞ ŵĂƚĞƌŝĂůƐ  ͕ϭϭ  ͕ϱ  ͕ ϰϯϮͲϰϯϲ  ͕;ϮϬϭϮͿ  ͘ 

Ϯϯ͘ M  ͘V  ͘BĞƌƌǇ ĂŶĚ S  ͘PŽƉĞƐĐƵ  ͕ΗEǀŽůƵƚŝŽŶ ŽĨ ƋƵĂŶƚƵŵ ƐƵƉĞƌŽƐĐŝůůĂƚŝŽŶƐ 
ĂŶĚ ŽƉƚŝĐĂů ƐƵƉĞƌƌĞƐŽůƵƚŝŽŶ ǁŝƚŚŽƵƚ ĞǀĂŶĞƐĐĞŶƚ ǁĂǀĞƐ͕Η JŽƵƌŶĂů ŽĨ 
PŚǇƐŝĐƐ A͗ MĂƚŚĞŵĂƚŝĐĂů ĂŶĚ GĞŶĞƌĂů  ͕ϯϵ  ͕ϮϮ  ͕ϲϵϲϱ  ͕;ϮϬϬϲͿ  ͘ 

Ϯϰ͘ )  ͘JĂĐŽď  ͕L  ͘AůĞŬƐĞǇĞǀ  ͕ĂŶĚ E  ͘NĂƌŝŵĂŶŽǀ  ͕ΗOƉƚŝĐĂů HǇƉĞƌůĞŶƐ  ͗FĂƌͲĨŝĞůĚ 
ŝŵĂŐŝŶŐ ďĞǇŽŶĚ ƚŚĞ ĚŝĨĨƌĂĐƚŝŽŶ ůŝŵŝƚ͕Η OƉƚŝĐƐ EǆƉƌĞƐƐ  ͕ ϭϰ  ͕ϴϮϰϳͲϴϮϱϲ 
;ϮϬϬϲͿ  ͘

Ϯϱ͘ A  ͘SĂůĂŶĚƌŝŶŽ ĂŶĚ N  ͘EŶŐŚĞƚĂ  ͕FĂƌͲĨŝĞůĚ ƐƵďĚŝĨĨƌĂĐƚŝŽŶ ŽƉƚŝĐĂů 
ŵŝĐƌŽƐĐŽƉǇ ƵƐŝŶŐ ŵĞƚĂŵĂƚĞƌŝĂů ĐƌǇƐƚĂůƐ͗ ƚŚĞŽƌǇ ĂŶĚ ƐŝŵƵůĂƚŝŽŶƐ͕ PŚǇƐ  ͘
RĞǀ  ͘B  ͕ϳϰ͕ ϬϳϱϭϬϯ  ͕;ϮϬϬϲͿ  ͘

Ϯϲ͘ )  ͘LŝƵ  ͕H  ͘LĞĞ  ͕Y  ͘XŝŽŶŐ  ͕C  ͘SƵŶ  ͕ĂŶĚ X  ͘)ŚĂŶŐ  ͕FĂƌͲĨŝĞůĚ ŽƉƚŝĐĂů ŚǇƉĞƌůĞŶƐ 
ŵĂŐŶŝĨǇŝŶŐ ƐƵďͲĚŝĨĨƌĂĐƚŝŽŶͲůŝŵŝƚĞĚ ŽďũĞĐƚƐ  ͕SĐŝĞŶĐĞ͕ ϯϭϱ  ͕ϭϲϴϲ  ͕;ϮϬϬϳͿ  ͘

Ϯϳ͘ M  ͘A  ͘Gƌŝŵŵ ĂŶĚ A  ͘W  ͘LŽŚŵĂŶŶ  ͕ΗSƵƉĞƌƌĞƐŽůƵƚŝŽŶ IŵĂŐĞ ĨŽƌ OŶĞͲ
DŝŵĞŶƐŝŽŶĂů OďũĞĐƚƐ͕Η JŽƵƌŶĂů ŽĨ ƚŚĞ OƉƚŝĐĂů SŽĐŝĞƚǇ ŽĨ AŵĞƌŝĐĂ  ͕ϱϲ  ͕ϵ  ͕
;ϭϵϲϲͿ  ͘ 

Ϯϴ͘ W  ͘LƵŬŽƐǌ  ͕ΗOƉƚŝĐĂů SǇƐƚĞŵƐ ǁŝƚŚ RĞƐŽůǀŝŶŐ PŽǁĞƌƐ EǆĐĞĞĚŝŶŐ ƚŚĞ 
CůĂƐƐŝĐĂů Lŝŵŝƚ͕Η JŽƵƌŶĂů ŽĨ ƚŚĞ OƉƚŝĐĂů SŽĐŝĞƚǇ ŽĨ AŵĞƌŝĐĂ  ͕ϱϲ  ͕ϭϭ  ͕;ϭϵϲϲͿ  ͘

Ϯϵ͘ R  ͘M  ͘SŝůǀĞƌ  ͕B  ͘M  ͘BĂƌŶĞƐ  ͕A  ͘RĂǀŝŬŝƌĂŶ  ͕J  ͘JƵŶ  ͕M  ͘SƚŽĐŬĞƌ  ͕E͘ MĂƌǆ ĂŶĚ 
H  ͘J  ͘PĂƚƌŝĐŬ  ͘ΗSĐĂƚƚĞƌĨŝĞůĚ ŵŝĐƌŽƐĐŽƉǇ ĨŽƌ ĞǆƚĞŶĚŝŶŐ ƚŚĞ ůŝŵŝƚƐ ŽĨ ŝŵĂŐĞͲ
ďĂƐĞĚ ŽƉƚŝĐĂů ŵĞƚƌŽůŽŐǇ͘Η AƉƉůŝĞĚ ŽƉƚŝĐƐ  ͕ϰϲ  ͕ϮϬ  ϰϮϰϴͲϰϮϱϳ  ͕;ϮϬϬϳͿ  ͘

ϯϬ͘ J  ͘QŝŶ  ͕R  ͘M  ͘SŝůǀĞƌ  ͕B  ͘M  ͘BĂƌŶĞƐ  ͕H  ͘)ŚŽƵ ĂŶĚ F  ͘GŽĂƐŵĂƚ  ͕ΗFŽƵƌŝĞƌ 
ĚŽŵĂŝŶ ŽƉƚŝĐĂů ƚŽŽů ŶŽƌŵĂůŝǌĂƚŝŽŶ ĨŽƌ ƋƵĂŶƚŝƚĂƚŝǀĞ ƉĂƌĂŵĞƚƌŝĐ ŝŵĂŐĞ 
ƌĞĐŽŶƐƚƌƵĐƚŝŽŶ͕Η AƉƉůŝĞĚ OƉƚŝĐƐ  ͕ϱϮ  ͕Ϯϲ  ͕ ϲϱϭϮͲϲϱϮϮ  ͕;ϮϬϭϯͿ  ͘ 

ϯϭ͘ E  ͘SĂďŽ  ͕)  ͘)ĂůĞǀƐŬǇ  ͕M  ͘DĂǀŝĚ  ͕N  ͘KŽŶĨŽƌƚŝ ĂŶĚ I͘  KŝƌǇƵƐĐŚĞǀ  ͕
ΗSƵƉĞƌƌĞƐŽůƵƚŝŽŶ ŽƉƚŝĐĂů ƐǇƐƚĞŵ ƵƐŝŶŐ ƚŚƌĞĞ ĨŝǆĞĚ ŐĞŶĞƌĂůŝǌĞĚ ŐƌĂƚŝŶŐƐ͗ 
ĞǆƉĞƌŝŵĞŶƚĂů ƌĞƐƵůƚƐ͕Η JŽƵƌŶĂů ŽĨ ƚŚĞ OƉƚŝĐĂů SŽĐŝĞƚǇ ŽĨ AŵĞƌŝĐĂ A  ͕ϭϴ  ͕ϯ  ͕
;ϮϬϬϭͿ  ͘ 

ϯϮ͘ )  ͘LŝƵ  ͕S  ͘DƵƌĂŶƚ  ͕H  ͘LĞĞ  ͕Y  ͘PŝŬƵƐ  ͕N  ͘FĂŶŐ  ͕Y  ͘XŝŽŶŐ  ͕C  ͘SƵŶ ĂŶĚ X͘ )ŚĂŶŐ  ͕
ΗFĂƌͲĨŝĞůĚ ŽƉƚŝĐĂů ƐƵƉĞƌůĞŶƐ͕Η NĂŶŽ LĞƚƚĞƌƐ  ͕ϳ  ͕Ϯ  ͕ ϰϬϯͲϰϬϴ  ͕;ϮϬϬϳͿ  ͘ 

ϯϯ͘ M͘G͘L  ͘GƵƐƚĂĨƐƐŽŶ͕ΗNŽŶůŝŶĞĂƌ ƐƚƌƵĐƚƵƌĞĚͲŝůůƵŵŝŶĂƚŝŽŶ ŵŝĐƌŽƐĐŽƉǇ  ͗
ǁŝĚĞͲĨŝĞůĚ ĨůƵŽƌĞƐĐĞŶĐĞ ŝŵĂŐŝŶŐ ǁŝƚŚ ƚŚĞŽƌĞƚŝĐĂůůǇ ƵŶůŝŵŝƚĞĚ 
ƌĞƐŽůƵƚŝŽŶ͘Η PƌŽĐĞĞĚŝŶŐƐ ŽĨ ƚŚĞ NĂƚŝŽŶĂů AĐĂĚĞŵǇ ŽĨ SĐŝĞŶĐĞƐ ŽĨ ƚŚĞ 
UŶŝƚĞĚ SƚĂƚĞƐ ŽĨ AŵĞƌŝĐĂ ϭϬϮ  ͕ϯϳ  ͕ϭϯϬϴϭͲϭϯϬϴϲ  ͕;ϮϬϬϱͿ  ͘

ϯϰ͘ W  ͘M  ͘J  ͘CŽĞŶĞ  ͕A  ͘TŚƵƐƚ  ͕M  ͘O  ͘DĞ BĞĞĐŬ ĂŶĚ D  ͘VĂŶ DǇĐŬ  ͕ΗMĂǆŝŵƵŵͲ
ůŝŬĞůŝŚŽŽĚ ŵĞƚŚŽĚ ĨŽƌ ĨŽĐƵƐͲǀĂƌŝĂƚŝŽŶ ŝŵĂŐĞ ƌĞĐŽŶƐƚƌƵĐƚŝŽŶ ŝŶ ŚŝŐŚ 
ƌĞƐŽůƵƚŝŽŶ ƚƌĂŶƐŵŝƐƐŝŽŶ ĞůĞĐƚƌŽŶ ŵŝĐƌŽƐĐŽƉǇ͕Η UůƚƌĂŵŝĐƌŽƐĐŽƉǇ  ͕ϲϰ  ͕ϭ  ͕
ϭϬϵͲϭϯϱ  ͕;ϭϵϵϲͿ  ͘


