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Flux	calibra/on:	“Metrology,	Meteorology,	and	Mie	Sca@ering”	

	Five	aspects	to	the	photometry	calibra2on	challenge:	
		
1.  Determina2on	of	rela2ve	instrumental	throughput		
2.  Absolute	instrumental	calibra2on	(I	claim	this	this	is	far	less	important	for	cosmology)	
3.  Determina2on	of	atmospheric	transmission	(dedicated	facility	for	this,	Aux	Tel)	
4.  Determina2on	of	Galac2c	ex2nc2on	(most	stars	lie	behind	the	ex2nc2on	layers)	
5.  Correc2on	of	sensor	ar2facts	(BFE,	pixel	distor2ons,	crosstalk,	overshoot….).		

Historical	approach	has	been	to	use	spectrophotometric	sources	(known	S(λ))	to	deduce	the	instrumental	
and	atmospheric	transmission,	but	this	(on	its	own)	is	problema2c:	integral	constraints	are	
inadequate,	plus	we	don’t	know	the	source	spectra	to	the	requisite	precision.		

	

φ(i, j) = S(λ)A(λ)G(λ)T(λ) dλ∫
sources
∑

Source				Atmosphere			Instrumental	transmission	

Galac/c	sca@ering	



2006	Hoxton	Lecture	LSST	Director’s	
Review	

March	8-9,	2006	SLAC	
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Passbands	and	System	Sensi/vity	
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Frac/onal	change		
in	SN	brightness	

Precise	astronomical	flux	calibra/on	and	its	impact	on	studying	the	nature	of	the	dark	energy,	Stubbs	&	Brown,	MPLA		30,	No.	40	(2015)	

We	should	strive	to	achieve	mmag	precision	in	flux	determina/on	

σw/w	~	Δµ	
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Doing	so	requires	metrology	at	the	part-per-thousand	level		

Poten/al	flux	standards:	
	
1.  Theore/cal	models	of	DA	white	dwarf	stars	(The	CalSpec	approach)	
2.  Well-calibrated	detectors	(Stubbs	&	Tonry,	2006)	
3.  Well-calibrated	sources	of	illumina/on	(pure	blackbody…)		
4.  Sta/s/cal	aggregate	of	stellar	flux	models	(SLR-like	approach)	
5.  Calibrated	narrowband	celes/al	sources	(PNe,	emission	line	galaxies)		

Three	pathways:	
	
1.  Determine	T(λ)	directly,		in	the	dome,	using	laboratory	standards	
2.  Transfer	knowledge	of	terrestrial	standard	onto	celes/al	sources	(Vega	

approach)	
3.  Ab-ini/o	knowledge	of	celes/al	SED.	DA/Calspec	approach.	

Any	observa/ons	of	celes/al	sources	for	instrumental	calibra/on	will	require	
compensa/on	for	atmospheric	a@enua/on,	which	is	not	yet	a	solved	problem.		
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G191B2B-		white	dwarf	with	metal	pollu/on	

LSST		
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GD153		

LSST		
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GD	71		

LSST		
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Our	group’s	ongoing	calibra/on	efforts		

nm	

QE	

NIST-calibrated	Si	photodiodes	are	the	only	relevant	standards	at	10-3	level	
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Passbands	and	System	Sensi/vity	
From Tonry et al, ApJ 750, 99 (2012)  
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Precise	Filter	Determina/on	

red:	vendor	measurement	
black:	tunable	laser	in-dome	data	



Dome	Flats	
	
	
	
	

Each	element	of	area	dA	on	dome	screen	illuminates	every	pixel	so	if	we’re	only	
measuring	rela/ve	response	func/on	of	each	pixel,	uniformity	of	screen	surface	
brightness	is	irrelevant.	It	is	important	that	I(θ,φ)	be	wavelength-independent.	
	
	
	
	
	
	
	
	
		
	
	
	
Beware	of	differences	between	point	source	and	surface	brightness	response!	



Challenges	to	Using	Dome	Flats	are	well	known	

	
	
	
	

Problem	1:	diffuse	unfocused	light	sca@ers	onto	the	focal	plane		
	
	

	 	 	 		
	 	 	 		
	 	 		

	
	

	 	 	 	diffuse,												unfocused	stray	light	
	
	
	
	
	
Frac/onal	error	is	~(stray/focused)	surface	brightness.	Illumina/on	correc/ons	fix	this,	
in	the	standard	processing	chain.	Dome	flats	used	for	high	spa/al	Fourier	components,	
with	low	order	illumina/on	correc/on.		
	



Challenges	to	Using	Dome	Flats	are	well	known	
	
	
	
	

Problem	2:	backsca@er	and	ghos/ng	along	the	op/cal	path		

Ghos/ng	light	paths,	for	example	reflec/on	
from	detector	sca@ers	from	backside	of	filter.		
	
Frac/onal	error	in	flakield	is		
~(ghost/focused)	light	frac/on.		
	
For	broadband	flakielding,	also	taken	care	of	
with	illumina/on	correc/on.		
	
But	this	can	have	a	big	systema/c	effect	for	
monochroma/c	throughput	measurement	



Ghos/ng	is	especially	bad	on	filter	edges,	
in	monochroma/c	light.		

	
	
	
	

Problem	2:	backsca@er	and	ghos/ng	along	the	op/cal	path		

Say	we’re	at	the	50%	point	on	filter	skirt	
	
Take	80%	detector	QE	
	
20%	of	the	light	sca@ers	off	CCDs	and	then	
half	of	that	comes	back	off	filter!	
	
So	this	is	a	10%	systema/c	error	in	
throughput,	from	a	non-focusing	light	path.		
	



Collimated	projector	conceptual	design	
integra/ng				shu@er				filter						op/cal	assembly	
sphere																							wheel	

light	source,	broadband	or	tunable	laser	
	
Spa/al	mask	at	CBP	focus	is	re-imaged	onto	LSST	focal	plane.		

collimated	beam	is	brought	to		
a	focus	by	LSST	



Poten/al	Masks	at	Focus	of	Collimator,		
re-imaged	onto	LSST	focal	plane	

open,		
full	field	illumina/on	
	
	
one	spot	per	CCD,	for	
throughput	
	
	
Crosstalk	driver	
1	spot/amp	on	1	chip	
	
	
registra/on	pa@ern	

Ronchi	gra/ng	for	gradient	flats	
	
	
	
shape	calibra/on	mask	
	
	
	
	
?	
	
	
	
?	

3.5	degrees	



LSST	CBP	is	a	folded	Schmidt	design,	construc/on	completed.		

625	mm	focal	length	
120	mm	aperture	
	
magnifica/on	onto	LSST	focal	plane	is		
(8.4*1.2)/0.625=16.1	
	
Full-field	capability,	but	not	full	aperture	
	
Sub-arcsec	image		



Beams	are	very	small	in	extent,	effec/ve	f-number	is		
														D_CBP/LSST	focal	length=f/84.		

ghosts	are	PSF-like,	and	small!	
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Implementa/on	of	NIST-diode-based	flux	calibra/on		

All	we	need	to	do	is	measure	number	of	photoelectrons	captured	in	each	LSST	pixel,	
rela/ve	to	flux	normaliza/on	using	NIST	photodiode…..	
	
Ideal	calibra/on	beam:	
-  full	aperture	
-  uniform	surface	brightness	
-  temporally	stable		
-  monochroma/c,	tunable	
-  flat	wavefront,	adjustable	(θ,φ).		

We	don’t	know	how	to	produce	that,	so	we	use	two	light	sources	in	the	dome:	
	

Flat-field	screen	 Collimated	beam	projector	

full-pupil?	 Y	 N	

uniform	surface	brightness?	 N	 N*	

temporally	stable?	 N*	 N*	

monochroma/c,	tunable?		 Y	 Y	

flat	wavefront,	adjustable?		 N	 Y	
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U/lity	of	Collimated	Beam	Projector		

•  As	long	as	ghost/stray	light	is	not	superimposed	on	main	PSF,	can	discriminate	
focusing	light	path	from	stray	light	path.		

•  This	allows	for	higher	precision	determina/on	of	system	throughput	than	using	
dome	flats	alone.	

•  Ghost	reflec/ons	can	be	quan/fied	and	monitored	over	/me,	and	over	λ.		
•  stability	of	AR	coa/ngs	on	lenses	
•  stability	of	filter	interference	coa/ngs	

•  CBP	throughput	measurements	can	be	merged	with	dome	flats	to	get	the	best	of	
both,	we	think/hope.		

•  If	run	as	a	reverse-DIMM,	we	can	measure	dome	&	mirror	seeing	directly.		



Rela/ve	throughput	vs.	λ	measured	at	each	spot	
loca/on,	for	single	ray	pencil.		

LSST	focal	plane	



CBP	can	pivot	about	the	pupil,	to	send	different	pencils	down	same	path		

Each	pencil	beam	can	be	sent	
through	pupil	and	imaged	onto	
same	pixels	on	detector.		
	
This	will	allow	us	to	determine	
rela/ve	flux	in	each	pencil	
beam.				
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CBP	footprint	on	primary,	and	measurement	plan		

•  At	each	fixed	poin/ng,	map	out	throughput	for	single	sub-aperture	vs.	λ.		
	
•  Mul/ple	coordinated	poin/ngs,	move	illumina/on	around	on	primary,	and	shit	

angle	of	arrival	of	rays	at	interference	filter,	keeping	same	loca/on	on	LSST	CCDs		

Extent	of	spot	array	footprint	on	primary	is		
Z*sin(3.5)=0.061*Z	
	
For	z=10m,	this	footprint	is	0.61	m	in	diameter	
	
	
	
	
	
	
	
	
Each	collimated	pencil	is	0.12	m	diameter	

2.5m	
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CBP	footprint	on	primary,	and	measurement	plan		

•  Full-aperture	synthesis	with	100%	coverage	across	a	diameter	of	primary:		
									5m/0.1m	=	50	poin/ngs,	/mes	6	filters	/mes	120	wavelengths/filter=36K	images	
									This	is	the	equivalent	of	50	nights	of	observing.		
	
•  This	drops	a	factor	of	6	if	we	take	the	scans	with	no	filter	in	the	beam,	and	rely	on	

vendor	characteriza/on	of	filter	response.		

•  Other	sampling	schemes	are	also	possible,	of	course	
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Blended	flats		

•  CBP	provides	sub-aperture	throughput	determina/on	at	finite	number	of	focal	
plane	loca/ons,	with	no	stray	light	contamina/on.		

	
•  Dome	flats	are	complementary-	full	aperture	illumina/on	of	all	pixels.		
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Data	Product		

λ	

Data	cube	of	rela/ve	system	throughput		
	
																								T(I,j,λ)		
	
for	each	passband,	at	part-per-thousand	precision	



CBP	dome-DIMM		

differen/al	angle	of	arrival	maps		
to	differen/al	image	mo/on	

t	
beams	imaged	
onto	LSST	focal	

plane	
	

strip-chart	
readout	

1000	rows/sec	

dome	and		
mirror	seeing	

standard	DIMM:	

CBP-DIMM:	emit	two	beams	



Poten/al	Topics	for	DESC-Project	collabora/on:	
	instrumental	throughput		

1.  Detailed	plan	for	CBP	and	dome	flat	data	collec/on	
2.  Detailed	plan	for	CBP	and	dome	flat	data	analysis	
3.  Synthesis	of	mul/-poin/ng	CBP	data	to	produce	full-aperture	equivalent	
4.  Op/mal	combina/on	of	CBP	and	dome	flats	
5.  Achieving	throughput	determina/on	at	higher	precision	than	LSST	requirements	
6.  Absolute	calibra/on	of	system	throughput,	overall	scale/zeropoint	
7.  Merging	celes/al	and	laboratory	calibra/on	results	
8.  Determina/on	of	systema/c	uncertainty	in	rela/ve	system	throughput		
9.  Exploi/ng	GAIA	spectrophotometry	
10. Establishing	network	of	emission	line	spectrophotometric	standards	
11. …..	
	






