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Abstract	

To	 examine	 surface	 quality,	 five	 different	 pieces	 of	 glasses	 from	 different	

sources	 were	 examined.	 The	 glasses	 ranged	 in	 mean-square-roughness	 between	

7.31	±	0.05	nm	to	8.25	±	0.05	nm.	In	the	UV	region	of	150	nm	–	200	nm,	this	suggests	

a	reflectivity	of	70	–	85%.	
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Introduction	

	 As	part	of	the	12	GeV	upgrade	at	the	Jefferson	Lab,	the	University	of	Virginia	

physics	department	is	building	a	Cerenkov	detector	for	the	Super	High	Momentum	

Spectrometer	(SHMS)	in	Hall	C.	[1]	The	SHMS	momentum	analyzes	charged	particles	

up	 to	 11	 GeV/c	 from	 5.5	 to	 40.0	 degrees.	 [1]	Momentum	 analysis	 alone	 does	 not	

provide	 particle	 identification.	 In	 some	 of	 the	 kinematic	 regions,	 the	 pion	

background	rate	dominates	 the	scattered	electron	rate	by	more	 than	1000:1.[1]	A	

large	 portion	 of	 the	 particle	

identification	 will	 be	 attained	 by	

using	the	SHMS	Noble	Gas	Cerenkov	

Detectors,	 while	 at	 the	 same	 time	

suppressing	 the	 anticipated	 pion	

backgrounds.[1]	 In	 order	 to	 make	

sure	 that	 the	 pions	 do	 not	 produce	

Cerenkov	light,	we	need	the	index	of	

refraction	to	be	less	than	the	inverse	

of	the	minimum	velocity	of	the	pion	

as	shown	in	equation	1.		

n	<	1/βmax																																																																																																									(1)	

where	 β	 is	 v/c	 and	 n	 is	 the	 index	 of	 refraction.	 This	 means	 that	 the	 index	 of	

refraction	has	to	be	small	as	the	momentum	of	the	pions	increases.	It	is	also	noticed	

that	the	number	of	Cerenkov	produced	has	a	dependence	of	1/λ2	as	shown	in	Figure	

Figure	1		1/λ2	dependence	of	number	of	photons.	[1]	
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1.	 	[1]	The	number	of	photons	increases	strongly	as	the	wavelength	decreases	and	

gets	into	the	UV	range.			

	 Therefore,	to	take	advantage	of	this	wavelength	dependence	and	detect	more	

Cerenkov	photons,	a	good	reflectivity	is	required.	This	means	that	the	glass	must	be	

smooth	 so	 that,	 once	 coated,	 it	will	 provide	 good	 reflectivity	 and	 little	 scattering.	

Coating	 the	 glass	 means	 applying	 an	 Aluminum	 layer	 of	 the	 high	 purity	 and	

particular	thickness	for	a	high-vacuum	ultraviolet	reflectivity.	[2]	CERN	coated	glass	

blanks	have	attained	average	reflectivity	of	at	 least	85%	in	the	165-200	nm	range.	

[2]		

	 To	 examine	 the	 surface	 quality	 and	 estimate	 the	 reflectivity,	 five	 different	

pieces	 of	 glasses	 from	 different	 manufacturers	 were	 tested.	 We	 labeled	 these	

glasses,	 Schott	 Glass,	 Martin’s	 Hardware	 Glass,	 Rayotek	 Glass,	 Sinclair	 Glass,	 and	

Starphire	 glass.	 	 Martin’s	 Hardware	 glass	 is	 just	 a	 piece	 of	 normal	 window	 glass	

purchased	at	Martin’s	Hardware	in	Charlottesville.		Schott	glass	refers	to	a	sample	of	

their	 Borofloat,	 a	 borosilicate	 glass	 known	 to	 have	 a	mirror	 like	 surface.	 [6]	 The	

Rayotek	sample	was	part	of	the	slumped	glass	blanks	provided	by	Rayotek	Scientific	

of	 San	 Diego.	 [7].	 Its	 origin	 is	 not	 known	 but	 thought	 to	 be	 a	 borosilicate	 glass.	

Sinclair	glass	and	Starphire	glass	refer	to	two	samples	provided	by	Sinclair	Glass	[8].	

The	first	was	a	common	float	glass	and	the	second	was	a	glass	with	low	iron	content.		

The	 Rayotek	 glass	 was	 slumped	 over	 a	 mold	 in	 order	 to	 obtain	 the	 form	

desired	 (R	 =	 135	 cm).	 Unfortunately,	 imperfections	 of	 the	 mold,	 which	 was	 not	

super-polished,	were	transferred	to	 the	glass	 in	 the	process.	These	were	visible	 to	

the	eye	and	occupied	 less	 than	1%	of	 the	 surface.	One	piece	of	Rayotek	glass	was	
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sent	 to	 CERN	 to	 learn	 if	 the	mold	 imperfection	would	 reduce	 its	 reflectivity	 after	

coating.		

	 The	surface	quality	is	quantified	or	categorized	by	calculating	the	root	mean	

square	 roughness,	 δ.	 	 This	 means	 profiling	 the	 height	 variations	 on	 a	 surface	 by	

averaging	 over	 some	 area.	 [3]	 The	 average	 roughness	 Ra	 is	 another	 way	 of	

quantifying	surfaces,	as	it	is	the	average	of	the	absolute	values	of	the	surface	height	

variations	measured	 form	 the	mean	 surface	 level.	 From	 the	 roughness,	 the	Power	

Spectral	 Density	 (PSD)	 and	 the	 Autocovariance	 Function	 (ACF)	 can	 be	 calculated	

and	plotted	in	order	to	examine	and	categorized	the	difference	pieces	of	glasses.	The	

PSD	 function	 is	 the	 frequency	 spectrum	 of	 the	 surface	 roughness	 measured	 in	

inverse	length	units.		It	gives	information	about	the	surface	spatial	frequencies	that	

produce	scattered	light.	It’s	inverse	Fourier	transform,	the	ACF,	is	a	measure	of	the	

correlation	of	properties	of	the	surface	roughness.		It	is	the	product	of	two	copies	of	

the	same	surface	profile	as	one	is	shifted	relative	to	the	other.	The	roughness	is	also	

connected	 to	 the	 scattering	 of	 light	 off	 the	 surface.	 Using	 the	 theory	 of	 Total	

Integrated	Scattering	(TIS),	the	roughness	is	related	to	the	scattering.	TIS	is	defined	

as	 the	 ratio	 of	 light	 scattered	 into	 a	 hemisphere	 to	 the	 total	 light	 reflected	by	 the	

surface.	Equation	2	shows	this	relationship.			

	TIS	=	(Rd/R0	)	=	(R0	–	Rs)/R0	=	1	–	exp[-(4δ/λ)2]	=	[4πδ/λ]2														(2)	

where	Rs	is	the	specular	reflectance	of	a	surface,	R0	is	the	total	reflectance,	and	Rd	is	

the	diffuse	reflectance.	[3]	The	TIS	was	significant	in	analyzing	the	pieces	of	glass	in	

this	experiment.	This	is	because,	by	calculating	the	TIS,	the	reflectivity	of	the	pieces	

of	glasses	was	also	estimated.		
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Measuring	Surface	Quality	

There	 are	 two	 ways	 surface	 profiles	 can	 be	 measured.	 One	 is	 using	 a	

mechanical	 stylus	 like	 in	 Atomic	 Force	 Microscopy	 (AFM)	 and	 the	 other	 is	 using	

light	interferometry	[3]	like	White	Light	Interferometer	by	Zygo,	as	shown	in	Figure	

3,	which	was	 used	 in	 this	 study	 at	 the	 University	 of	 Virginia	 Nanoscale	Materials	

Characterization	Facility.	The	White	Light	 Interferometer	was	preferred	over	 than	

the	AFM,	because	stylus	probes	have	the	ability	to	damage	the	surface	if	the	loading	

is	 too	 large.		Also	 the	height	variations	of	 the	 stylus	must	be	calibrated	with	some	

independent	 length,	while	 the	 light	probe	 is	automatically	calibrated	because	 they	

are	measured	in	known	wavelength.		

	

Figure	2	Zygo	White	Light	Interferometer	at	the	University	of	Virginia	Nanoscale	Materials	
Characterization	Facility.	

	 White	Light	Interferometers	takes	advantage	of	the	wave	properties	of	light	

to	 analyze	 surface	 characteristics,	 including	 surface	 height	 variations.	 [5]	 They	
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separate	source	light	so	that	it	follows	two	independent	paths,	one	of	which	includes	

reference	 surface	 and	 the	 other	 the	 object	 surface.	 [5]	 The	 separated	 light	 beams	

then	 recombine	 and	 are	 directed	 to	 a	 digital	 camera	 that	measures	 the	 resultant	

light	 intensity	 over	 multiple	 image	 points	 simultaneously.	 	 The	 intensity	 of	 the	

recombined	 light	 exhibits	 high	 sensitivity	 to	 the	 differences	 in	 path	 lengths,	

effectively	comparing	the	object	surface	with	the	reference	surface	with	nanometer	

resolution.	[5]	

Results	

Using	the	MetroPro	software	with	the	White	Light	Interferometer,	all	of	the	

five	 pieces	 of	 glasses	 were	 profiled.	 Figure	 4	 displays	 the	 surface	 profile	 for	 the	

Martins	glass.	
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Figure	3	Surface	Profile	of	Martins	Glass.	Data	points	were	extracted	from	the	MetroPro	software	and	
plotted	in	Gnuplot.	It	can	be	seen	that	surface	variations	of	up	to	11	mm	at	70	microns	are	present	in	this	

piece	of	glass.	Such	variations	contribute	to	the	scattering	of	light.	

	 Using	the	Zygo,	the	surface	roughness	of	the	five	different	pieces	of	glass	was	

obtained.	Table	1	displays	the	root	mean	square	roughness	for	each	piece	of	glass.	

Table	1:	Root-Mean	Square	Roughness	Values	
	

Type	of	Glass	 Surface	Roughness	δ	(nm)	

Schott		 7.64	nm	

Martins	 7.78	nm	

Rayotek	 7.31	nm	

Sinclair	 8.25	nm	

Starphire	 7.89	nm	
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Qualitatively	all	of	 the	glasses	except	 the	Rayotek	Edge	glass	were	 flat.	The	

Edge	 glass	 was	 spherical.	 Because	 of	 this,	 when	 calculating	 the	 roughness,	 a	

spherical	 normalization	was	 utilized	 in	 the	MetroPro	 software	 to	 get	 an	 accurate	

measurement.		

Data	Analysis	

	 After	the	surface	roughness	for	each	glass	was	measured,	the	total	integrated	

scattering	was	 then	calculated	as	a	 function	of	wavelength.	The	TIS	values	 for	 the	

Rayotek	glass	as	a	function	of	wavelength	are	shown	in	Figure	5.		

	
	

	
Figure	5	TIS	vs.	Wavelength	Rayotek	Glass.	At	low	wavelengths,	the	total	integrated	scattering	increases.	

This	is	due	to	the	fact	that	light	at	low	wavelengths	can	easily	fall	into	blemishes	of	rough	mirror	
surfaces.	
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The	TIS	value	decreases	as	the	wavelength	increases,	therefore,	there	will	be	

more	 scattering	 at	 lower	 wavelengths.	 According	 to	 CERN	 [4],	 in	 order	 to	 get	 a	

reflectivity	of	80%	at	a	wavelength	of	160	nm,	a	surface	roughness	value	of	less	than	

1nm	is	needed.		

	 The	 glass	 samples	 measured	 in	 this	 effort	 gave	 surface	 roughness	 values	

between	7.31	±	0.05	nm	to	8.25	±	0.05	nm	as	shown	in	Table	1.		The	reflectivity	for	

the	glasses	was	determined	from	the	TIS	and	surface	roughness	and	plotted	against	

the	wavelength	as	shown	in	Figure	6.	

	

Figure	6	Wavelengths	vs.	Reflectivity	for	the	5	pieces	of	glass,	from	CERN,	and	a	theoretical	roughness	
value	of	5.2	nm.		Note	that	the	glasses	at	the	extreme	roughness	at	150	nm	have	potential	reflectivity	that	

is	different	by	10%	absolute.	
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Conclusion	

Compared	with	 the	 glass	 coated	 at	 CERN,	 the	 glasses	 in	 this	 study	 suggest	

low	 scattering	 and	 hence	 good	 reflectivity.	 In	 the	 150nm	 to	 200nm	 range,	 the	

glasses	 in	 this	study	have	reflectance	of	over	75%.	 	Even	the	Rayotek	glass,	which	

has	a	roughness	value	of	7.31	nm	and	coated	at	CERN,	is	still	within	the	same	range	

as	 the	Martins	Hardware	glass	 reflectivity.	Therefore,	 the	glasses	 studied	here	are	

sufficiently	 smooth	 enough	 to	 provide	 good	 reflectivity	 in	 the	 lower	 wavelength	

range	 of	 150	nm	–	 200	nm.	Results	 for	 test	 coating	 at	 CERN	of	 the	Rayotek	 glass	

shown	in	Figure	7	are	suggestive	of	this	conclusion.		

	

Figure	7	Test	results	from	CERN	for	uniformity	across	the	Rayotek	glass	UVa	provided.	[9]	

	 Figure	 6	 and	 Figure	 7,	 taken	 together,	 advise	 us	 that	 the	 surface	

measurement	we	have	made	could	be	an	over	estimate	of	the	roughness.	Using	TIS,	

our	results	suggest	reflectivity	at	150	nm	of	less	than	50%,	while	the	glass	(Rayotek)	

coated	 and	 measured	 at	 CERN	 shows	 a	 reflectivity	 of	 approximately	 75%.	 From	
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Figure	6	we	see	that,	according	to	TIS,	the	roughness	should	be	about	5	nm	in	order	

to	achieve	such	values.	Further,	one	cannot	expect	coating	the	glass	to	improve	the	

surface	quality,	but	rather	reduce	it.		

	 It	 would	 be	 useful	 to	 repeat	 the	 measurement	 of	 the	 glass	 samples.	 This	

would	 provide	 an	 understanding	 of	 potential	 systematic	 errors.	 Finally,	 a	

comparison	to	measurements	done	with	an	AFM	would	be	enlightening.		
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