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Tasks	of	WFC	at	E-ELT	

•   Help	System	Engineering	develop	and	
maintain	the	technical	budgets	

•   Develop	Control	Strategy	
•   Define	WFC	I/F	to	instruments.	
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How	we	do	it	
•   Define	a	WFC	plan,	describing:	

–   how	we	phase	M1	
–   how	we	maintain	the	telescope	collima;on	
–   how	we	reject	the	dynamic	perturba;ons	

•   Evaluate	error	propaga;ons	->	Simulate	
–   FEM	
–   Dynamic	simula;ons	
–   Ray	tracing	of	segmented	model	
–   AO	simula;ons	

•   Wide	range	of	spa;al	and	temporal	;me	scales	
–   No	end	to	end	simula;ons	
–   Simula;on	tools	are	customized	and	interfaced	to	one	another	
for	each	ques;on	addressed	by	the	team.	
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WFC	Products	
•   Sensi;vity	analyses	

–   Provides	the	connec;on	between	sub-systems	
requirements	and	error	budget.	

•   Calibra;on	and	wavefront	control	baseline	
•   WF	interfaces	

•   Requirements	to	control	equipments	
–  Wavefront	Sensors	
–  Metrologies	(e.g.	Edge	Sensors)	
–  Actuators	(stroke,	resolu;on,	…)	
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Differences	VLT	vs.	E-ELT	

•   The	wavefront	delivered	by	the	VLT	is	seeing	limited:	
–  Wavefront	errors	created	by	the	telescope	are	con;nuous	
and	slow	

–   Always	a	minor	distor;on	to	the	power	spectrum	of	the	
free	atmosphere.		

–   Outstanding	excep;on	=	vibra;ons	
•   10	to	15	mas	rms	of	;p-;lt	at	a	few	harmonic	frequencies.	

•   VLT	has	few	sensors	and	actuators	
–   Failure	of	an	equipment	=	down	;me	

•   E-ELT	is	not	like	this.	
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Wind	shake:	Al;tude	Structure	

•   From	VLT	to	E-ELT:	
–   Larger	structure	

•   Lower	eigen	frequencies	
•   Higher	sensi;vity	to	dynamic	perturba;ons	

–   K	band	diffrac;on	limit	from	56	to	12	mas.	
•   Large	effort	invested	during	all	design	

phases	
–   Driver	to	Main	Structure	requirements	
–   2	stage	control	strategy	(M4	+	M5)	with	

enhanced	rejec;on	at	low	frequency	
•   Resulted	in	sa;sfactory	performance	

–   1.6	mas	rms	in	standard	condi;ons	
•   E-ELT	is	VLT-like	in	this	respect.	
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Wind	Shake:	M1		
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Telescope	collima;on	
•   M2	

–   High	op;cal	sensi;vity	
–   Large	iner;a	

•   Resolu;on	of	posi;oning	system	
incompa;ble	with	AO	performance	

•   Phase	B	design	conducted	under	
constrained	that	M2	would	not	be	
reposi;oned	during	observa;on	(1	
hour).	

•   Studies	concluded	that	this	was	not	
doable	

•   L1	requirement	relaxed	to	1	
reposi;oning	every	5	minutes.	
–   Performance	and	stroke	budgets	

now	ok	
–   20	mas	(post	AO)	transient	at	low	

order	op;miza;on.	
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for the active model and at ~9.5Hz for the passive one) which are peculiar feature of 
the ELT not present in the VLT DSM test bench and therefore do not reproduce exactly 
all the features of the response observed in Figure 4. Moreover a dead band controller 
has been included to avoid chattering around the target position. Such a solution is a 
standard measure against friction induced perturbations such as hunting (see RD5) 

 
Figure 6: Simulated step response of the ADS HP 

This hexapod model is used with two different M2 models representing both the 
passive and active M2 unit solution. 

6 Observation Scenario 
This section is about the impact to the image quality of the dynamic performance of the 
2 models. 

The problem is the transient perturbation caused by a repositioning of M2. We consider 
the scenario where this is done every 5 minutes. This time scale is a compromise 
between 2 needs: 

- It needs to be shorter than the current 1 hour baseline, which does not work. 5 
minutes is about 1/10th of an hour. 

- the low order optimization of the telescope will run at the same rate as the VLT 
active optics (cycle duration ~30 sec). However, the transient perturbation 
induced by a repositioning of M2 may induce a temporary degradation of the 
wavefront quality (after AO correction) larger than the specified optical quality. 
We hope that a cycle of 5 minutes will be suitable for all applications: 
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Figure 12: tip-tilt (top) and high order wavefront errors (bottom) time series after the execution of 
the M2 corrections generated by the Low Order Optimization. The responses to all commands 
generated during the scenario (tracking at maximum altitude rate from zenith to 30 degrees 
elevation) are superposed in one plot. The results are evaluated at the science focal plane after AO. 
The scaling between wavefront slopes and wfe is shown in Table 3. 

 WFE Slopes  
 rms mean Peak Deviation 
Tip-tilt 1 µm 20 mas 0 
Focus 1 µm 0 77 mas 
Coma 1 µm 37 mas 200 mas 

Table 3: relation between slopes and wfe for low order aberrations. 

The maximum excursion in tip-tilt is 12mas, well within the FOV of the wavefront 
sensors (3 arcsec). 

The high order wavefront error is also negligible (3 mas peak value, assuming that the 
peak at 15nm is pure coma) in comparison to the FOV of the WFS. 

Conclusion: this hexapod model is compatible with the scenario of one M2 correction 
every 5 minutes, if the AO runs continuously during the correction. 

For information the tip-tilt PSD after AO computed over the first 18 seconds after the 
command was sent are shown in Figure 13. 
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Plate	Scale	/	field	rota;on	

•   The	goal	is	that	CCS	holds	the	plate	scale	for	1	
hour.	

•   Field	rota;on	may	not	be	predictable	at	the	
diffrac;on	limit.	

=>	Instruments	may	need	to	incorporate	
secondary	guiding	for	plate	scale	/	field	rota;on.	
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M1	
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Phasing	

•   Phasing	procedure	
demonstrated	at	
GTC.	

•   Baseline:	
–   update	of	phasing	
solu;on	every	2	
weeks.		

–   Local	metrologies	
(Edge	Sensors)	
maintain	the	phasing	
between	calibra;ons	
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Op;cal	Phasing	

Measured OPD (nm)
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Error	Budget	alloca;on		
Ø   based	on	100nm	OPD	

measurement	noise	
Ø   WFE	compensated	by	SCAO	
Ø   Low	order	offloaded	from	M4	
Ø   Residual	WFE	=	35nm.	

GTC	performance	es;ma;on	(July	2010)	
Ø  measurement	noise	~	40nm	
Ø  OPD	residual	~40nm	
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Scalloping	
•   Scalloping	is	the	result	of	a	large	

focus	error	in	M1	compensated	
elsewhere	(e.g.	with	M2).	

•   Consequence:	mismatch	between	
radii	of	curvature	of		
–   Segments		
–   Segments	assembly		

•   High	order	wavefront	error	with	first	
order	discon;nui;es.	

•   Scalloping	budget	~35nm	but	this	is	
considered	a	technical	risk.	

•   Risk	mi;ga;on:	
–   Make	Edge	Sensors	sensi;ve	to	M1	
focus	mode	(PSG	sensors).	

–   Guide	Probe	WFS	capable	of	observing	
scalloping	at	preset.	
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Segment	in	plane	displacements	
Piston	–	Shear	–	Gap	Edge	Sensors	
 Op;cal	calibra;on	(Phasing)	every	2	weeks	
 PSG	features	

Ø   Full	observability	of	mirror	state	
Ø   Performance	against	gravity	and	thermal	perturba;ons	

limited	by	moun;ng	errors.	
 Installa;on	Accuracy	

Ø   Rota;on	Error	=	1	mrad	
To	be	measured	with	an	accuracy	of	0.1	mrad	

Ø   Transla;on	Error	=	100	µm	
Driven	by	capture	range	budget	

Gravity: Zenith to 45deg

Impact	of	differenQal	gravity	
load	from	zenith	to	45	deg		

Impact	of	20K	ambient	
temperature	change	

amplitude	

Correc;ons	

Error	
Op;cal	
Phasing	

Warping	
Harness	 SCAO	

Integra;on	 1mm	/	1mrad	 ✗	 ✗	 ✗	 4	nm	

Gravity	 from	FEA	 ✗	 8	nm	

Ambient	
Temperature	

seasonal	 6K	 ✗	 ✗	 ✗	 2	nm	

2	weeks	 4K	 ✗	 6	nm	

Temperature	gradient	 1K/42m/axis	 ✗	 3	nm	

Total	 11	nm	

 Shear−Gap compensation OFF: 100 nm 

 Shear−Gap compensation ON: 10 nm 

1	mrad	clocking	error	on	segment	#429	



Phasing	
•   Difficul;es:	

–   Large	number	of	DOF	
–   In	plane	mo;ons	(PSG	sensors)	
–   Coupling	between	in-plane	mo;on	and	ES	signals.	
–  New	segments	every	day	(re-coa;ng)	
–   Shape	of	segments	behind	the	spider	poorly	
observable	

–   Local	vibra;ons	
=>	Locally	large	discon;nui;es	in	the	wavefront.	

 Diffrac;on	effects	in	WFS?	
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Spider	

•   Shape	of	segments	hidden	by	spider	
are	poorly	observable	
–   Surface	discon;nui;es	at	the	edges	of	
these	segments	

–   Propaga;on	of	phasing	error	

•   Spider	width	=	530mm	>	r0	
–  Fragmenta;on	of	AO	pupil	
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3.4 Results 
For each case 10 random realization were made with 5 phasing iterations for each case. 

Figure 5 shows an exemplary phasing solution for each of the two cases. 

 

 
Figure 5: Exemplary phasing solution for Case A (left) and Case B (right). 

 

The table below reports the mean and the standard deviation of 10 Monte Carlo realizations 
with 5 phasing iterations each. These values are before AO correction.  

 

 Residual RMS WFE (mean / std) 

Case A 61 nm /  29 nm 

Case B 142 nm / 40 nm 

 

4. Conclusion 
It shows that with an increase of the spider widths to a level where the next additional inner 
subapertures are vignetted the noise propagation in the phasing control results in solutions 
that are fragmented along the petals of M1. Consequently, there are considerable optical 
discontinuities between the M1 sectors that are left uncorrected. 
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Opera;onal	incidents	

•   ES	/	PACT	failures	
•   Missing	segments	
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