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THE	ORIGINS	



Prototype	VERITAS	Telescope		

The	Prototype	(June	2004):	
87	mirrors	(~1/4	full)	
240	chanels,	(~1/2	full	camera)	
PMTs	used	-	old	recycled	
VERITAS	DAQ	system	

Funded	by	NSF	MRI	Program	

Science	with	VERITAS	



James	Smithson	and	VERITAS	

"And	now...	my	mission	is	ended	and	I	deliver	into	
your	hands	...	the	remains	of	this	great	benefactor	of	
the	United	States.”	Alexander	Graham	Bell,	1904	

1765-1829	

Difficult	Zmes	before	2004.	
SAGENAP	Review,	Washington	DC,	2004	
	
Much	was	discussed	about	the	trade	offs	between	pixels	size,	
field	of	view,	telescope	aperture,	number	of	telescopes	etc.	to	
opZmize	VERUITAS	through	simulaZons	and		fit	the	budget.			
	
What	is	the	right	pixel	size?		 Whipple	10M	

Prototype	VERITAS	Telescope	

The	meeZng	place	cannot	be	changed…	

Referring	to	J.	Finley	talk:	“you	have	to	learn	this	mistake	twice”…	trice		



Perhaps	the	most	criZcal	decision	for	VERITAS	

VERITAS	was	delivered	on	
budget,	on	schedule,	and	its	
scienZfic	program	has	
demonstrated	tremendous	
success	during	last	10	years	
and	will	conZnue	to	do	so	for	
years	to	come.		
	
Yet	VERITAS	project		
evoluZon	and	experience	we	
gained	with	it,	has	started	
our	quest	for	“What	is	
Beyond	VERITAS?”	



Large	IACT	arrays:	The	Origins		
Mul$tudes	of	ideas,	which	collec$vely	contributed	to	
the	founda$on	of	CTA.	
	
Session	4:	The	future	of	ground-based	VHE	astronomy	
•  The	next	generaZon	of	IACT	arrays	F.	Aharonian	
•  MAGIC-II	M.	Teshima	
•  Performance	Limits	for	Cherenkov	Instruments	W.	

Hofmann	
•  High	Energy	All	Sky	Transient	RadiaZon	Observatory	

(HE-ASTRO)	V.	Vassiliev	and	S.	Fegan	
•  …	
Session	5:	Developments	in	instrumentaTon	for	
Cherenkov	telescopes	
•  The	Domino	System:	a	compact	low	power	sampler	

and	data	readout	for	Cherenkov	Telescopes	N.	Turini	
•  ApplicaZon	of	Silicon	photomulZpliers	in	IACTs	N.	

OAe,	R.	Mirzoyan,	M.	Teshima,	B.	Dolgoshein	
•  A	smart	pixel	camera	for	future	Cherenkov	

Telescopes	G.	Hermann	et	al.		
•  …	

	



Advantages	of	large	IACT	arrays		
(HE-ASTRO	Example,	2005)	

#1.	New	“event	containment”	operaZon	regime	is	realized;			



Advantages	of	large	IACT	arrays		
(HE-ASTRO	Example,	2005)	

#2.	Energy	threshold	decreases	even	IACT	aperture	remains	the	same;	

#3.	Enable	diverse	operaZon	modes:	CollecZng	area	<->	Solid	angle	(“divergent	mode”);	



Advantages	of	large	IACT	arrays		
(HE-ASTRO	Example,	2005)	

#4.	Triggering	and	imaging	are	different	funcZons	of	IACT	requiring	
significantly	different	opZmal	pixel	sizes	(0.08o,	<0.04o);		

#5.	Much	beoer	imaging	resoluZon	significantly	improves	gamma-ray	
angular	resoluZon;	
	
#6.	New	concept	of	array	trigger	(distributed	array	trigger)	may	be	
required	to	maintain	high	data	rates	(F.	Krennrich,		A.	Weinstein);	
	
#6.	“Cleaning”	methods	are	of	crucial	importance	to	fully	realize	low	
energy	operaZon	performance	potenZal;			
	
#7.	…...	To	be	discussed	later		in	the	context	of	AGIS	concept.	



New	Telescope	OS	
The	telescope	OS	used	in	HE-ASTRO	simulaZons	
studies	was	ideal,	and	once	real	OS	such	as	VERITAS	
was	used	many	important	conclusions	diluted.	
	
To	fully	uTlize	advantages	offered	by	a	
large	IACT	array	a	new	wide	field	high	
angular	resoluTon	telescope	with	
moderate	aperture	and	new	focal	plane	
photo-sensors	is	needed.	

AbbreviaZon	RC	is	for	Ritchey-ChreZen	telescope.	Will	be	important	later	(Author)		



AplanaZc	Telescope	OS:	
Schwarzschild-Couder	Telescope	(SCT)		

1)  Focal	length	F	is	fixed	
by	geometrical	and	angular	
pixel	sizes	of	SiPM;	

2)   α	and	q	parameters	are	
opZmized	for	maximal	light	
collecZng	area	with	
minimal	PSF	at	the	edge	of	
FoV;	

3)  Diameter	of	the	
primary	is	determined	by	F,	
α,	q	with	second	derivaZve	
being	zero	at	the	edge;	

4)  Diameter	of	the	
secondary	is	determined	
by	tolerable	vigneqng;	

5)  Focal	plane	is	curved	to	
minimize	asZgmaZsm.	

V. V. Vassiliev, S. J. Fegan, P. F. Brousseau Astropart.Phys.28:10-27,2007 

Both	spherical	and	coma	aberraZons	are	corrected	over	large	FoV.	



Genei	ler	Alladin	lamp	(2006)	
AplanaZc	Telescope	Paper	was	
reviewed		by		
	
Werner	Hofmann	
Tadashi	Kifune	
3rd	unknown	reviewer	
	
Amount	of	email	communicaZons	
significantly	exceeded	this	18-pages	
long	paper;	
	
ContribuZon	of	the	reviewers	to	the	
paper	must	be	recognized	by	making	
them	the	co-authors;	
	
..but,		
unknowingly	at	that	Zme,		
this	paper	may	have	started	the	
trouble	for	CTA.		

Disney.wikia.com	



SCT	IN	AGIS	



Here	comes	the	AGIS	

April,	2008	

First	vision	of	AGIS	concept,	telescope	array,	and		
maybe	Ritchey-ChreZen	or	Schwarzschild-Couder	Telescope			

By	local	ArZst	James	Buckley	



Advanced	Gamma-Ray	Imaging	System	
(AGIS)	

April,	2009	 By	local	ArZst	James	Buckley	

First	possibly	realisZc	concept		
of	Schwarzschild-Couder	Telescope			



Not	long	before	AADS2010	

By	the	same	local	ArZst	2009	



The	concept	presented	to	AADS2010	

#7	Advantage	of	large	IACT	array		



AADS2010	ReccomendaZon	



SCT	IN	CTA	



SCT	for	CTA	-	MRI	Success	!!!	

§  OpZcal	system:	f/0.58,	F=5.59	m	
§  S	Aplanats:	q=0.666;		α=0.666	
§  Primary	(M1)	diameter:	9.66	m	
§  M1	type:	aspheric	segmented	(16+32)	
§  Secondary	(M2)	diameter:	5.42	m	
§  M2	type:	aspheric	segmented	(8+16)	
§  Field	of	View:		8	deg	
§  Focal	plane	diameter:		78	cm	
§  EffecZve	collecZng	area:	>35	m2	
§  PSF	less	than:	<4.5	arcmin	(across	the	FoV)	
§  Photon	detector:	SiPM		
§  Number	of	pixels/channels	in	camera:	

11,328	
§  Angular	pixel	size:	0.067	deg	

Numerous	AGIS	R&D	and	MRI	proposals,	
although	rejected,	shaped	the	design	of	
the	SCT.			

The	US	NSF	approved	construcZon	of	
prototype	SCT	through	program	MRI	
starZng	September	2012!	



First	FrustraZon	and	Kaleidoscope	of	Memories	



“Combining….”	DC-MST	vs	SC-MST	
CTA	DC-MST:		
1.  Well	tested	low	risk	
DCT	technology;	
2.  Improved	angular		
resoluZon	(F=16m,	f/1.2);	
3.  RelaZvely	low	cost	
12m	aperture	segmented	
spherical	opZcs;	

1.  Very	large	(2.4m)	and	
expensive	PMT	camera;		
2.  Pixel	size	and	FoV	are	
limited	by	the	cost;	
3.  Doesn’t	fully	uZlize	
high	angular	resoluZon	of	
MST	array	in	CTA	

CTA	SC-MST:	
1. Excellent	angular	
resoluZon;	
2. Wide	field	of	view	
combined	with	high	
resoluZon	imaging;	
3. Small	plate	scale	(f/0.6);	
4. Low	cost	per	pixel	
uZlizing	SiPMs;	
5. OS	and	camera	costs	
are	balanced;	
1. Low	cost	aspheric	
mirror	technology	is	
criZcal;	
2. New	SC	technology		
represents	risk	and	
requires	prototyping.	

Trade	off		
Camera	cost	<–>	OS	cost	

If	SC-MST	is	implemented	in	CTA	baseline	configuraTon	it	will	
operate	nearly	at	the	limit	of	IACTechnology	

Berlin,	2016		 FLWO,	2017		



SC-MST	performance	benefits	for	CTA	
SimulaZons	

“When	considering	arrays	with	the	same	number	of	telescopes,	we	find	that	the	SC	
telescope	design	yields	a	30-40%	improvement	in	point-source	sensiTvity	over	the	
DC	telescope	design	because	of	its	superior	imaging	resoluTon.”	

M.Wood,	T.	Jogler,	J.	Dumm,	and	S.	Funk.	Monte	Carlo	studies	of	medium-size	telescope	
designs	for	the	Cherenkov	Telescope	Array.	AstroparZcle	Physics,	72:11–31,	January	2016.	

“The	gain	in	point-source	sensiZvity	
comes	primarily	from	the	improvement	
in	the	gamma-	ray	angular	
reconstrucZon	enabled	by	the	higher	
resoluZon	imaging	of	the	shower	axis.”		
	
Unless	SC-MST	is	more	than	~1.7	Tmes	
more	expensive	than	DC-MST	(unlikely	
at	this	stage	of	pSCT	progress),	it	will	
provide	sensiTvity	benefit	given	the	
same	cost	of	MST	array	construcTon.	It	
will	also	provide	superior	angular	
resoluTon	which	cannot	be	matched	by	
the	DC-MST	array.	
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O.	Hervet,	D.	Nieto,	GM
Last	CTA	
consorZum	
meeZng	
Rio	de	Janeiro,	
May	2017			

Discover	New	OpportuniZes	!	

Many	thanks	to	all	people	working	on	
simulaMon	studies	of	SCTs	in	CTA!	



Combining	the	best	features…		

MST	with	upgraded	OSS,		
Berlin,	2017	

Perhaps	the	most	important	collaboraZon	for	the	success	of	the	pSCT	
project	was	developed	with	the	DESY,	Zeuthen	group,	which	leads	the	
DC-MST	mechanical	structure	development	for	CTA.	
	
Early	in	the	pSCT	project	the	most	criZcal	decision	was	made	(with	a	lot	
of	pain)	to	use	nearly	idenZcal	telescope	posiZoning	system	so	that	
both	DC	and	SC	versions	of	MST	are	basically	idenZcal	from	the	point	of	
view	of	telescope	array	control.				

Tank	you,	DASY	MST	team!	



“InfecZng”	with	the	best	features	…	
CTA	SST	array	operates	in	the	regime	in	which	Cherenkov	light	detected	is	mostly	produced	
by	the	electrons	significantly	deflected	by	the	mulZple	Coulomb	scaoering	from	the	
direcZon	of	the	primary	photon.	In	this	detecZon	regime	the	reducZon	of	the	pixel	size	
doesn’t	lead	to	the	improvement	in	the	gamma-ray	PSF.		Although	SC-SST	doesn’t	provide	
γ-ray	angular	resoluZon	improvement,	it	arguably	provides	cost	benefit	for	SST	array	
sensiZvity	by	balancing	the	reduced	cost	of	the	camera	and	the	costs	of	structure	and	
opZcal	system.		It	also	enables	a	possibility	of	using	SiPMs	in	IACT	cameras.		

CTA	DC-SST	 CTA	SC-SST	
ASTRI	

<–>	

CTA	SC-SST	
GCT	



Prototype	SST-2M	ASTRI	inauguraZon		

The	prototype	SST-2M	ASTRI	is	installed	at	the	INAF	observing	staZon	‘M.C.	Fracastoro’	located	in	Serra	La	Nave	
(Mt.	Etna,	Sicily,	Italy),	at	1740	m	a.s.l.		

The	hail	with	the	size	of	
~½	inch	followed	this	
inauguraZon	event	in	
about	30	min.		ASTRI	
SST-2M	survival	
specificaZon	was	
naturally	verified.		

September	24,	2014	



SC-SST	in	CTA:	ASTRI		

§  OpZcal	system:	f/0.5,	F=2.15	m	
§  S	Aplanats:	q=0.72;		α=0.76	
§  Primary	(M1)	diameter:	4.3	m	
§  M1	type:	aspheric	segmented	(6+6+6)	
§  Secondary	(M2)	diameter:	1.8	m	
§  M2	type:	aspheric	segmented	(monolithic)	
§  Field	of	View:		9.6	deg	
§  Focal	plane	diameter:		36	cm	
§  EffecZve	light	collecZng	area:	6	m2	
§  PSF	(D80)	less	than:	<	9	arcmin	(across	the	

FoV)	
§  Photon	detector:	SiPM		
§  Number	of	pixels/channels	in	camera:	1,984	



SST-2M	ASTRI	Highlights		

ASTRI	SST-2M	project	demonstrated	for	the	
first	Zme	that	non-diffracZon	limit		
Schwarzchild	–Couder	OpZcs	does	work	in	
the	context	of	IACT	applicaZon!	
November,	2016	

ASTRI	SST-2M	project	achieved	first	light		
uZlizing	SiPM	as	photo-sensor	and	novel	for	
IACT	camera	electronics	design!	
June	14,	2017	

This	event,	however,	is	the	second	in	the	
history	of	SC	opZcs.		



Combining	the	best	features…		
ASTRI,	the	acronyms	…	
‘’Astrofisica	con	Specchi	a	

Tecnologia	Replicante	Italiana’’	
(Astrophysics	with	Mirrors	via	
Italian	ReplicaMon	Technology)	

Another	most	important	collaboraZon	for	the	success	of	the	pSCT	project	
has	been	developed	with	the	INAF	de	Brera	observatory,	which	started	
almost	immediately	arer	the	publicaZon	of	the	“AplanaZc	Telescope…”	
paper,	conZnued	through	AGIS	era	to	the	present	with	CTA.		

CombinaZon	of	SCT	ideas,	originated	in	the	US,	with	the	inexpensive	
replicaZon	technology	developed	at	INAF	de	Brera	and	Media	Lario	
Technologies	became	parZcularly	prolific	for	realizaZon	of	highly	aspheric	
segmented	SCT	opZcs.	

Tank	you,	INAF	de	Brera	team!	

All	P1&P2	panels	manufactured	and	delivered	to	UCLA.	
The	main	technological	risk	of	S1	and	S2	producZon	
reZred	and	these	panels	are	currently	under	producZon.	

Segmented	OS	of	pSCT		



 

1. Fabrication of all 
elements of panel-
to-panel alignment 
system (P2PAS) is 
completed 

2. The early results of 
integration of 
P2PAS with M1 
panels are 
excellent; 

 

Two primary mirror panels aligned by P2PAS at 
UCLA Lab 

MPM Assembly & Calibration 

Assembly of MPESs 

A	

B	

C	

D	

Panel	1	
	
Panel	2	
	
	
	
	
	
	
	
Alignment		
Edge	

pSCT OS integration team at work 



P2PAS Alignment Convergence 

P1 – P1 
A	

B

C

A	

B

C

+10 µm 
+5 µm 

+10 µm 
+5 µm 

Two – four  iterations align panels in both, X and Y, 
to better than 5 µm   



GAS Sub-system Implementation 

pSCT GAS Optical Tables on Calibration Stand 

pSCT GAS Optical Tables  Assembled calibration 

Global Alignment Specifications	

M2	PEDB	



Integration of MPMs (Workflow) 

Assembly of actuators,  
controllers, edge sensors…  

Assembly of  
panel modules 

Delivery of mirror  
panels & edge sensors 

Calibration of each panels 
(+ metrology) 

Custom  crates for  
shipment to FLWO 

Integration on OSS 



Shipping to FLWO 

Assembled calibrated MPM 

Custom made crate 

•  ~530 lb / crate; 12 crates per shipment (1/4 dish) 
•  6 shipments needed (4 for M1, 2 for M2) 
•  Direct line shipment from UCLA to FLWO 



  Prototype SST-2M GCT Inauguration 
 

December	1,	2015	

Paris	Observatory,	Meudon.			

There	is	a	special	meaning	of	the	Observatoire	de	Paris-Meudon	in	the	history	of	the	SC	design	



SC-SST	in	CTA:	GCT	
§  OpZcal	system:	f/0.58,	F=2.283	m	
§  S	Aplanats:	q=0.64;		α=0.78	
§  Primary	(M1)	diameter:	4	m	
§  M1	type:	aspheric	segmented	(6)	
§  Secondary	(M2)	diameter:	2	m	
§  M2	type:	aspheric	segmented	

(monolithic)	
§  Field	of	View:		8.5	-9.2	deg	
§  Focal	plane	diameter:		36	cm	(9	deg)	
§  EffecZve	light	collecZng	area:	6.8	m2	
§  PSF	(D80)	less	than:	<	9	arcmin	(across	

the	FoV)	
§  Photon	detector:	SiPM		
§  Number	of	pixels/channels	in	camera:	

2,048	



SST-2M	GCT	Highlights		

GCT	team	has	been	the	first	to	demonstrate	the	detecZon	of	Cherenkov	showers	
with	the	use	of	MAPMTs	and	SiPMS	uZlizing	TARGET	ASIC	(switched	capacitors	
array)	based	electronics.	In	a	way	the	project	disproved	the	common	knowledge	
that	one	needs	aligned	opZcs	and	moving	telescope	to	do	this.	Unlike	ASTRI	
project	the	detecZon	of	Cherenkov	images	happened	prior	to	inauguraZon	event.		



Combining	the	best	features…		

Tank	you,	GCT	team!	

Yet,	another	most	important	collaboraZon	for	the	success	
of	the	pSCT	project	has	been	developed	with	the	MPIK	and	
University	of	Erlangen,	which	started	since	early	AGIS	
Zmes	and		has	increased	at	present	with	CTA.		

The	TARGET	ASIC	technology,	and	the	trigger	backplane	
are	common	for	both	SCT	and	GCT-S	cameras.	Major		
camera	components	such	as	front	end	electronics	modules	
as	well	as	backplane	are	either	idenZcal	or	have	significant	
common	elements.		



Point	Spread	FuncZon	

The	lines	show	OSS	with	minimal	asZgmaZsm	(opZmized	FP	
curvature)	for	a	given	value	of α 

Preferred	soluZon	
for	use	in	IACT	
applicaZons	has	
α=0.700,	q=0.606	

SCT:	
α=0.666	q=0.666	
ASTRI:	
α=0.758	q=0.717	
GCT:	
α=0.777	q=0.641	
	q->1		
M2	is	closer	to	M1	
α->1	
Camera	is	closer	to	M2		

S	minimizes		
distorZon	
	
C	minimizes	
asZgmaZsm	



CollecZng	Area	and	FP	Curvature	
Light	
CollecZng	
Area	

Focal	
Plane	
Curvature	

Example	for	
F=500	cm	



SC	DESIGN	IN	HISTORY	



Schwarzschild	Telescope	(1905)	

Karl Schwarzschild (1873 -1916) 
 Found	exact	soluZon	for	figures	of		
two	aspheric	mirrors	which	corrected	
spherical	aberraZons	and	coma	

K.	Schwarzschild,	Astronomische	Mioheilungen	von	der	Koeniglichen	
Sternwarte	zu	Goeqngen,	10:3-28,	1905	

SecZon	5	–	“de-magnifying”	telescope		



“Miracle”	of	exact	soluZon	

Abbe	sine	condiZon	

Integrable	with	the	given	
specific	iniZal	condiZons	
which	of	parZcular	interest	
for	aplanaZc	opZcs	



Schwarzschild	telescopes	–	History	
K.	Schwarzschild,	Astronomische	Mioheilungen	
von	der		Koeniglichen	Sternwarte	zu	Goeqngen,	
10:3-28,	1905	
In	recogniTon	of	Karl	Schwarzschild’s	
contribuTon	to	opTcs	development	the	
analyTcal	soluTons	for	two-mirror	telescopes	
are	know	as	Schwarzschild	aplanats	

H.	ChreZen,	Revue	d’OpZque	Theorique	et	
Instrumentale,	1,	49-64,	1922	
	
Couder,	A.,	Compt.	Rend.	Acad.	Sci.,	Paris,	1926,	
1276,	pp	45-	
	
A	K	Head,	Proc.	Phys.	Soc.	B	70	945,	1957	“The	
Two-Mirror	Aplanat”-Finite	foci	system	
	
D.	Lynden-Bell	Mon.	Not.	R.	Astron.	Soc.	334,	787–
796	(2002)	–	claimed	discovery	of	“exact	opZcs”	
aplanaZc	soluZons.	



Karl	Schwarzschild	[1]	
(Oct	9,	1873,	Frankfurt	–	May	11,	1916,	Potsdam)	

•  Born	and	grew	up	in	Jewish	community	of	Frankfurt;	
•  Published	first	two	papers	on	the	theory	of	orbits	of	binary	

systems	(double	stars)	at	the	age	of	sixteen	while	sZll	at	the	
Frankfurt	Gymnasium	[influenced	by	Prof.	J	Epstein];	

•  Studied	at	the	University	of	Strasbourg	and	obtained	his	doctorate	
at	the	University	of	Munich	[DissertaZon	on	the	applicaZon	of	
Poincare’s	theory	of	stable	configuraZons	of	rotaZng	bodies	to	
Zdal	deformaZons	of	moons;	supervised	by	Hugo	von	Seeliger];	

•  Worked	at	Von	Kuffner	Observatory	(1896-1899)	and	at	the	University	of	Munich	
(1899-1901)	on	the	apparent	and	visual	brightness	of	stars	realizing,	correctly,	that	
this	was	due	to	changes	in	the	surface	temperature	and	the	radius	of	the	variable	
star	through	its	cycle;		

•  Discussed	the	possibility	that	space	was	non-Euclidean	at	a	meeZng	of	the	German	
Astronomical	Society	in	Heidelberg	in	1900	(the	radius	of	curvature	of	space	>	0.8	
kpc);	



Karl	Schwarzschild	[2]	
(Oct	9,	1873,	Frankfurt	–	May	11,	1916,	Potsdam)	

•  Was	appointed	as	extraordinary	professor	at	Göqngen	and	
also	director	of	the	Observatory	(1901-1909).	Published	on	
transport	of	energy	through	a	star	by	radiaZon	and	on	
radiaZve	equilibrium	(instability)	of	a	stellar	atmosphere	
and	fathered	exact	opZcs	(1905).	Collaborated	with	Klein,	
Hilbert	and	Minkowski.		
	“…	a	man	of	his	wide	interests	in	all	branches	of	
	mathemaMcs	and	physics	 	the		surroundings	must	have	
	been	very	congenial	...”	Eddington	

•  Was	appointed	as	director	of	the	Astrophysical	Observatory	in	Potsdam	(1909),	
the	most	presZgious	post	available	for	an	astronomer	in	Germany	at	that	Zme,	
and	studied	photographs	of	the	return	of	Halley's	comet	in	1910	taken	by	a	
Potsdam	expediZon	to	Tenerife;	

•  Elected	to	the	Royal	Astronomical	Society	of	London	(1909);	



Karl	Schwarzschild	[3]	
(Oct	9,	1873,	Frankfurt	–	May	11,	1916,	Potsdam)	

“MathemaMcs,	physics,	chemistry,	astronomy,	march	in	
one	front.	Whichever	lags	behind	is	drawn	aVer.	
Whichever	hastens	ahead	helps	on	the	others.	The	closest	
solidarity	between	astronomy	and	the	whole	circle	of	
exact	science.	...	from	this	aspect	I	may	count	it	well	that	
my	interest	has	never	been	limited	to	the	things	beyond	
the	moon,	but	has	followed	the	threads	which	spin	
themselves	from	there	to	our	sublunar	knowledge;	I	have	
oVen	been	untrue	to	the	heavens.	That	is	an	impulse	to	
the	universal	which	was	strengthened	unwiYngly	by	my	
teacher	Seeliger,	and	aVerwards	was	further	nourished	
by	Felix	Klein	and	the	whole	scienMfic	circle	at	GöYngen.	
There	the	moAo	runs	that	mathemaMcs,	physics,	and	
astronomy	consMtute	one	knowledge,	which,	like	the	
Greek	culture,	is	only	comprehended	as	a	perfect	
whole.”;	

•  Elected	to	the	Berlin	Academy	and	to	the	German	Academy	of	Sciences	(1913).	
Extract	from	Schwarzschild	admission	speech		



Karl	Schwarzschild	[4]	
(Oct	9,	1873,	Frankfurt	–	May	11,	1916,	Potsdam)	

•  Volunteered	for	military	service	in	August	1914	on	the	outbreak	of	WWI.	
Served	in	France	where	he	was	assigned	to	an	arZllery	unit	and	given	the	task	
of	calculaZng	missile	trajectories,	and	then	was	transferred	to	Russian	front;	

•  While	in	Russian	front	wrote	one	paper	on		quantum	theory	(Stark	effect)	and	
two	papers	on	Einstein’s	relaZvity	theory	(one	of	the	papers	provides	first	
exact	black	hole	soluZon	of	GR	equaZons	near	point	mass).	Schwarzschild	
made	it	clear,	however,	that	he	didn’t	believe	in	the	physical	reality	of	BHs;		

•  Contracted	a	rare	autoimmune	illness	while	in	Russia	(pemphigus),	was		
invalided	home	in	March	1916	and	died	two	months	later.		
“The	wide	range	of	his	contribuMons	to	knowledge	suggests	a	comparison	with	
Poincaré;	but	Schwarzschild's	bent	was	more	pracMcal,	and	he	delighted	as	
much	in	the	design	of	instrumental	methods	as	in	the	triumphs	of	analysis.	...	
his	joy	was	to	range	unrestricted	over	the	pastures	of	knowledge…”	Eddington	

Cited	from	hop://www-groups.dcs.st-and.ac.uk/~history/Biographies/Schwarzschild.html	



Andre	Couder	
(1897-1979)	

Andre	Couder	was	young	French	Physicist	who	was	
appointed	as	the	Director	of	the	Dina	Laboratory	of	the	
Paris	Observatory	in	1926	at	the	age	of	29.	In	the	same	
year	he	published	brief	paper	(Couder,	1926)	in	which	
he	started	with	Schwarzschild	telescope	(1905)	
opZmized	for	minimal	distorZons	in	the	flat	focal	plane	
and	derived	opZcal	system	(FoV	3	deg,	f/3	of	0.8m	
aperture),	which	minimizes	asZgmaZsm	(q=1/2)	at	the	
cost	of	introducing	a	curved	focal	surface.		
	
Couder	figured	both	mirrors	for	such	a	telescope	
(Fehrenbach	1980,	Obituaries	/	Andre	Couder)		but	
they	were	never	assembled	and	used	because	of	the	
length	of	the	tube	(6m)	and	consequently	expensive	
dome	required	for	such	an	instrument.	It	is	likely	that	
the	invenZon	of	the	Schmidt	camera	in	1930	
discouraged	Couder	from	further	work	on	this	system.				

Andre	Couder	appears	to	have	advocated	the	merits	of	his	telescope	only	in	the	
original	paper	(Couder	1926)	and	one	book	(Danjon	&	Couder	1935).	To	date	no	
example	has	been	successfully		built	in	opZcal	astronomy.		



Other	aoempts	of	Schwarzschild’s	design		
University	of	Indiana	Kirkwood	Observatory,		
W.A.	Cogshall	made	opZcal	parts	for	24-inch	Schwarzschild	reflector	in	1928.	Problems	with	the	
mounZng	have	never	been	solved.		
	
Ladd	Observatory	of	Brown	University,	Providence,	Rhode	Island	
C.H.	Smiley	made	12-inch	mirror	for	Schwarzschild	camera	with	f/3.5,	no	results	were	published.	
	
G.	W.	Ritchey	also	worked	at	the	Schwarzschild	photographic	reflector	with	aperture	raZo	of	f/3	at	
Mt.	Wilson	Observatory	(probably	with	CreZen)	but	this	work	was	never	completed.		

“The	principal	reason	for	the	neglect	of	the	[Schwarzschild]-Couder	telescope	must	surely	
be	that	astronomers	of	that	Mme	were	not	prepared,	mentally,	for	such	a	large	
improvement	in	opMcal	quality	and	focal	raMo,	nor	was	much	of	the	technology	available	to	
take	advantage	of	it.	This	must	be	a	notable	example	of	the	operaMon	of	the	Principle	of	
Unripe	Time	(Cornford	1908)”			R.	W	Willstrop	Mon.	Not	R.	astr	Soc.	(1984)	209,	587		
			

It	is	rather	remarkable	that	SC-SST	for	VHE	gamma-ray	astronomy	was	constructed	at	the	
Paris	Observatory,	the	place	where	one	of	the	first	aoempts	to	construct	Schwarzschild	
telescope	was	undertaken	by	A.	Couder	nearly	90	years	ago.		
In	fact,	there	is	more	to	this	story…	



RITCHEY-CHRÉTIEN	TELESCOPE	STORY	



Ritchey-ChréZen	telescope	story	

George	Willis	Ritchey		
(1864-1945)	

•  George	Ritchey	(American	astronomer)	
prominently	established	himself	in	the	
development		and	construcZon	of	60-inch	and	
100-inch	telescopes	of	Mt.	Wilson	Observatory,	
CA,	USA	as	director	of	Pasadena	opZcal	and	
mechanical	shops.	

•  Ritchey	met	Henri	ChréZen	(French	astronomer)		
in	1910	at	Mt.	Wilson	Observatory,	and	begun	
work	on	building	a	prototype	telescope	based	on	
the	“new	curves”	(M1	diameter:	27	inches,	M2	
diameter:	9	inches).		

•  In	1914	the	work	on	the	prototype	RC	telescope	
had	ceased	due	to	deterioraZng	relaZonships	
between	Ritchey	and	Hale	(Mount	Wilson	
Observatory’s	Director)	when	blueprints	of	the	
telescope	mounZng	were	nearly	completed.	In	
1919	Ritchey	was	fired.	

His	father	was	an	amateur	
astronomer	who	fled	
Ireland	for	America	during	
the	potato	famine	of	the	
mid	19th	century.	

60-inch	telescope		

100-inch	Hooker		
telescope		

Andre	Couder	was	appointed	as	the	Director	of	the	Dina	Laboratory	of	the	Paris	
Observatory	in	1926	to	replace	George	Wills	Ritchey	who	was	just	fired	from	this	posiMon.		

Cited	from	“Catchers	of	the	Light:	The	ForgoAen	Lives	of	the	Men	and	Women	Who	First	…”			



Ritchey-ChréZen	telescope	story	
•  Ritchey	conZnued	his	work	on	the	smaller	version		of	RC	telescope	in	his	own	workshop	

in	Pasadena	and	was	later	invited	to	conZnue	his	work	in	France	at	the	Paris	
Observatory	(arrived	in	1924).	

Cited	from	“Catchers	of	the	Light:	The	ForgoAen	Lives	of	the	Men	and	Women	Who	First	…”			

•  Within	a	month	of	his	arrival	Ritchey	decided	to	construct	the	
largest	telescope	ever	built	(5-6m	segmented	mirror	with	
new	“fixed	universal”	mount)	instead	of	104-inch	reflector	
originally	designed.	It	was	classic	case	of	running	before	you	
could	walk	and	everybody	ended	up	falling	over	Ritchey.	
Although	it	was	a	visionary	plan,	significant	fracZon	of	French	
astronomers	deemed	Richey	insane	and	crazy.	

•  French	“stakeholders”	of	RC	telescope	construcZon	ordered	independent	assessment	of	
the	project	in	1925	which	was	lead	by	Andre	Danjon	(his	colleague	Andre	Couder	
parZcipated)	esZmated	project	at	$350K	(!).	In	April	of	1926	project	was	closed	and	
Ritchey	was	fired.		

•  Ritchey	conZnued	to	work	on	0.5m	RC	telescope	design	now	in	compeZZon	with	
Andrew	Couder	who	iniZated	work	on	0.8m	RC	telescope	at	Paris	Observatory.		

•  In	1930,	arer	twenty	years	of	trying		the	first	RC		had	been	built,	but	had	only	produced	
results	far	inferior	to	those	produced	with	much	cheaper		telescopes	of	the	day.	



Ritchey-ChréZen	telescope	story	
•  Ritchey	returned	to	US	and	eventually	received	contract	to	build	a	

40-inch	RC	from	USNO.	Telescope	was	build	in	1934	in	the	area	of	
City	of	Washington	but	due	to	significant	light	contaminaZon	never	
produced	spectacular	results.	

•  Ritchey	died	in	1945	on	his	ranch	at	Azusa,	Los	Angeles	CA.		

•  In	1955	the	40inch	RCT	was	moved	to	Flagstaff,	AZ	from	
Washington	where	it	started	to	produce	spectacular	results	and	it	
is	sZll	in	operaZon	today.		

•  RC	opZcal	design	today	is	used	in	the	construcZon	of	the	world’s	
most	famous	telescopes.	

Cited	from	“Catchers	of	the	Light:	The	ForgoAen	Lives	of	the	Men	and	Women	Who	First	…”			

The	40inch	RCT	United	
States	Naval	Observatory	

Flagstaff	StaZon	

Examples	of	large	Ritchey–ChréTen	telescopes	
The	2.4	m	Hubble	Space	Telescope		
The	four	8.2	m	telescopes	comprising	the	Very	Large	Telescope	in	Chile	
The	two	10.0	m	telescopes	of	the	Keck	Observatory	
The	8.2	m	Subaru	telescope	at	Mauna	Kea	Observatory	
The	two	8.0	m	telescopes	comprising	the	Gemini	Observatory	
The	10.4	m	Gran	Telescopio	Canarias	at	Roque	de	los	Muchachos	Observatory	

10m	Keck	R-C	segmented	
telescopes	atop	Mauna	Kea	History	has	sided	with	Ritchey	



R-C	telescope	history	lessons	
There	are	at	least	three	lessons	to	learn	from	the	RC	
telescope	development	history:	

•  Lesson	1:	“Principle	of	Unripe	Time”	detrimentally	
affected	the	development	of	the	Ritchey-ChreZen	
design	primarily	due	to	the	resistance	of	peers	
who	didn’t	wish	to	change	and/or	could	not	
accept	a	promise	of	superior	performance	of	RCTs	
and	could	not	be		moZvated	to	take	the	risks.		SC-
MST	design	for	CTA	is	well	moZvated	by	
simulaZons	and	we	are	grateful	to	NSF	and	all	
contribuZng	funding	agencies	for	taking	the	risk.	

•  Lesson	2:	“Do	not	run	before	you	could	walk.”	
MRI	pSCT	is	considerably	ambiZous	project,	which	
aoempts	to	demonstrate	its	advantages	for	SC-
MST.	However,	pSCT	team	is	not	developing	this	
project	in	“vacuum”	we	are	eager	to	collaborate	
with	and	learn	a	great	deal	of	experience	from	
MST,	ASTRI	and	GCT	teams	to	make	the	pSCT	a	
success	story.			

•  Lesson	3:	Adequate	funding	is	essenZal	for	the	
success	of	the	projects	pioneering	the	field.		



FLWO	



Whipple	10m	is	the	first	mulZ-mirror	telescope	
(arguably)	

Unsuccessful	aoempts:	
•  William	Parsons	in	late	1800s	(two	pieces);	
•  G.W.	Richie	“crazy”	ideas	in	early	1920s;	
•  Arer	World	War	II,	G.	Horn-d’Arturo	

assembled	a	1.8m	Zenith	Telescope	at	the	
University	of	Bologna	with	mirror	
composed	of	61		8inch	segments.	(I	wonder	
if	this	has	anything	to	do	with	the	choice	of	
Bologna	as	CTA	HQ?...);	

•  Turku	University	Observatory	in	Finland,	
hosted	fixed	mount	telescope		which	had	6	
12.6inch	mirrors	mounted	on	a	single	rigid	
cell;	

First	successful	aoempt	of	moving	
telescope:	
A	giant	….,	10m	Whipple	telescope,	was	
erected	on	Mount	Hopkins	in	November	of	
1968.			



Whipple	10m	is	the	first	mulZ-mirror	telescope	
(arguably)	

“Since	1968	not	much	has	changed	-	10m	
DC	telescopes	sZll	rule	the	gamma-ray	sky!”	

by	the	same	local	ArZst	at	TrevorFest		

DC-MST	for	CTA	

First	successful	aoempt	of	moving	
telescope:	
A	giant	….,	10m	Whipple	telescope,	was	
erected	on	Mount	Hopkins	in	November	of	
1968.			



Whipple	10m	is	the	first	mulZ-mirror	telescope	
(arguably)	

“Since	1968	not	much	has	changed	-	10m	
DC	telescopes	sZll	rule	the	gamma-ray	sky!”	

by	the	same	local	ArZst	at	TrevorFest		

SC-MST	and	DC-MST		
for	CTA	

First	successful	aoempt	of	moving	
telescope:	
A	giant	….,	10m	Whipple	telescope,	was	
erected	on	Mount	Hopkins	in	November	of	
1968.			



Whipple	10m	is	the	first	mulZ-mirror	telescope	
(arguably)	

They	called	it	
	
“Non-coherent	mulZple-mirror	light-backet”	
	
Behind	the	back	they	called	it	
	
“Big	dumb	light-backet”	

In	Unusual	Telescopes,	P.L.	Manly	

First	successful	aoempt	of	moving	
telescope:	
A	giant	light	collector	was	erected	on	Mount	
Hopkins	in	November	of	1968.			

248	segments,	f/0.73,	PSF-	2.5	inch	



True	First	MulZ-mirror	Telescope		
Fred	Lawrence	Whipple	Observatory	
MulZ	Mirror	Telescope	(MMT)	
	
Rigorous	design	of	alt-az	mount		and	OSS	
was	done	in	1970s	to	assure	that	it	is	
possible	to	correct	gravitaZonal	load	
uZlizing	Serrurier	truss,	when	moZon	of	
OSS	elements	happens	but	nearly	
compensate	each	other.	Computer	
controlled	acZve	opZcs	was	employed	to	
adjust	each	mirror	for	coherency.	Special	
dome	was	constructed	to	control	thermal	
loads	
	
Re-alignment	was	required	every	few	
minutes	or	if	the	telescope	slewed	to	a	
different	part	of	the	sky.			

MMT	on	Mt.	Hopkins	was	completed	in	1978	
6	separate	72	inch	f/2.7	mirrors	(176	in	telescope	
equivalent).	F=194	in	

MMT	was	used	mostly	for:		
•  Spectroscopy	and	Photometry	in	Infrared;	
•  For	speckle	interferometry	of	space	satellites;	

•  During	the	dayZme	as	a	sub-millimeter	
wavelength	radio	telescope!		

Cited	from	“Unusual	Telescopes”	by	Peter	L.	Manly			



FLWO,	the	“cradle”	of	mulZ-mirror	telescopes		

Whipple	10m,	f/0.73	 pSCT	7.8m	equivalent,	f/0.57	 MMT	4.5m	equivalent,	f/2.7	

VERITAS	4x12m,	f/1.0	

EvoluZon	from	“	light-bucket”	to	telescope	



Will	be	used	for:	

•  Mostly	for	gamma-ray	Observatory;	

•  Intensity	Interferometry;	

•  SETI;	

•  Solar	ConcentraTon;	

•  Possibly	mm/sub-mm	radio		
						telescope	in	the	day	Tme.	
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To	Be	ConZnued…	

AcZon…	


