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• Mount	Stromlo	home	to	EOS	Space	Systems	laser	ranging	facility	
• 1m	for	satellite	laser	ranging	
• 1.8	m	with	high	power	laser	for	debris	ranging	
• RSAA	is	collaborating	with	EOS	to	develop	AO		enhanced	debris	
ranging	and	satellite	imaging	systems

Satellite	Tracking Stromlo EOS tracking station & AITC
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• 2016	deliverables:	
• AO	for	satellite	imaging	on	1	m	telescope	
• Upgrade	to	Gemini	south	AO	system	

• SERC	AO	for	satellite	imaging:	
• Satellite	imaging	in	LEO	
• GEO	debris	tracking	

• SERC	AO	for	remote	manoeuvre:	
• 10	kW	CW	laser		
• Photon	pressure	to	nudge	object	in	orbit	

• Other	AO	research	
• AO	for	laser	communications	
• Compact	AO	systems	
• AO	for	GMT	&	first	light	instrument	
• Site	atmospheric	measurement	
• Detector	characterisation

RSAA	AO	research

Figure 5: An illustration showing the arrangement of on- and off-axis components involved in AOTP, including the
GSL, the HP laser and the reflected sunlight from the object, with the ‘true’ location of the debris object also shown.
The HP laser beam is propagated along the optical axis of the system.

loss in on-axis intensity, defocusing and/or an asymmetric beam profile, depending on the dominating mechanism of
heat transfer [12]. All of these effects will lead to a loss in Strehl, thereby lowering the on-target photon flux. Thermal
blooming effects are expected to be most significant in the Coudé path (see Fig. 2) due to its length (⇠ 20 m) and
a lack of ventilation. Modelling is being carried out to determine whether or not any changes to the design will be
required.

Fast acquisition. At LEO altitudes, targets will only remain in view of the telescope for several minutes. Moreover,
AOTP will be unable to engage targets with an elevation higher than 76� due to vignetting of the GSL by the telescope
dome, shown in Fig. 1a. After an object passes above this elevation, the system will be unable to track it, and will have
to reacquire the target after it passes through this ‘keyhole’, representing an additional loss in engagement time.

Before a target can be engaged, however, the AO loops must be closed. This in turn requires any differential
pointing between the telescope and GSL to be compensated for, which can be achieved by scanning the GSL within
a small window via a fast-steering mirror in the LGS facility (detailed in [11]) until it is acquired on the LGS WFS.
Minimising this acquisition time is vital in maximising the length of the engagement period, and in turn the orbital
perturbation, that can be effected.

Fig. 6 shows the sequence of steps that are required to acquire the LGS on the LGS WFS prior to tracking a
target. Following system start-up and target selection, the target is located using a wide-field camera (WFC) to within
its field-of-view (FoV) and the telescope track is set accordingly. The AO control loops are then closed in sequence,
starting with the NGS TT loop, followed by acquisition of the LGS on the LGS WFS, after which the LGS TT loop
and finally the high-order LGS WFS loop can be closed.

For typical SC LGS AO systems, it is common for this process to take longer than the entirety of the engagement
window as high-speed acquisition is generally not a key design requirement. For example, manually-operated LGS
AO systems typically require up to 35 minutes for acquisition; however, the fully-automated Robo-AO system has
demonstrated that this process can be carried out in a mere 42 seconds if automated [13].

4 TARGETS

Suitable engagement targets will be identified from publicly available databases, and their tracks estimated using two-
line elements (TLEs) and other available data. Targets that have first been characterised using the AOI system may also
be selected. The range of target altitudes which can be tracked with AOTP is expected to be limited to between roughly
700 km and 1000 km. At low altitudes, the quality of the AO correction diminishes due to the effective increase in
wind speed. Meanwhile, the maximum altitude is constrained by the need to maintain TT correction, which requires
that reflected sunlight from the target is sufficiently bright to measure atmospheric tip and tilt with the TT WFS. The
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2.5 Technical Overview 

2.5.1 Primary Segments and Optics 

GMT is designed around the primary mirror segments that SOML can produce.  As shown in 
Figure 2-2, GMT uses a single on-axis segment surrounded by six identical off-axis segments.  
The primary mirror array spans just over 25 meters at its widest point, and GMT will have an 
effective collecting area of ~380 m2.  With a Gregorian secondary producing a final focal ratio of 
f/8, GMT will have a focal plane scale of 1 mm arcsec-1. 
 
GMT is designed from the outset around adaptive optics (AO) with the goal of producing 
diffraction limited images at 1 ȝm and longer wavelengths.  The segmented deformable 
secondary mirror, based on the adaptive secondary mirror pioneered at the MMT, will be the first 
element in all GMT AO systems.  GMT will use aplanatic Gregorian optics, analogous to 
Ritchey-Chretien optics in a Cassegrain telescope.  
 

 
Figure 2-2.  CAD model of the GMT.   The seven primary mirrors are part of a single parent surface. 

 
The stressed lap technology developed at the SOML allows us to consider extremely fast and 
aspheric primary segments, an important consideration in designing a compact and stiff structure.  
As telescopes become larger and larger, their lowest resonant frequencies drop, rendering them 
increasingly vulnerable to wind disturbance.  Since we are aiming at diffraction limited 

2-4 
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• Deformable	mirror	
• Reflective	face	sheet	deformed	
• Corrects	wavefront
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• Deformable	mirror	
• Reflective	face	sheet	deformed	
• Corrects	wavefront

• Wavefront	sensor	
• Measures	turbulent	wavefront	
• Needs	a	guide	star	
• Shack-Hartmann,	pyramid,	shearing	
interferometer,	focal	plane…
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• Deformable	mirror	
• Reflective	face	sheet	deformed	
• Corrects	wavefront

• Wavefront	sensor	
• Measures	turbulent	wavefront	
• Needs	a	guide	star	
• Shack-Hartmann,	pyramid,	shearing	
interferometer,	focal	plane…

• Control	system	deforms	mirror	to	
compensate	
• Corrected	wavefront	measured	again	
• ->	Closed	loop	AO	system
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Adaptive	Optics:	Astronomy
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• AO	system	for	1	m	telescope	
• Korean	Astronomy	and	Space	Institute	
(KASI)	

• Designed	to	image	satellites	in	orbit	
• Resolution	of	0.18	arcsec	(~90	cm	@	1000	
km)	

• Shack-Hartmann	wavefront	sensor	
450-800	nm	

• Imaging	camera	800-900	nm	
• AO	loop	runs	at	up	to	2	kHz	
• Imaging	camera	captures	images	at	up	to	
60	Hz	

• Image	rotation	and	tip-tilt	removed	in	
post	processing

KASI	AO

Calibration source

Deformable mirror

Wavefront sensor

Imaging camera

Dichroic

Beam expander

Light from telescope 
Coudé path
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• Good	correction	on	bright	objects		
• first	Airy	ring	visible	

• Resolved	double	star	with	separation	of	~0.3”	
• Resolved	several	large	satellites

First	on-sky	results:	stars

(a) (b)

2”

(a) (b)

151211_24star155FB_img18 (CL, SR33%)
151211_23star155F_img5

 

2” 0.3”

(a) (b)
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https://en.wikipedia.org/wiki/Resurs-DK_No.1

160912 138-29228 frame 6, 15, 29. Stacked top filtered bottom
 

(a) (b) (c)

t=0s t=15s t=30s

(a) (b)

118-swarmc frame 18, http://sci.esa.int/cluster/56098-seven-esa-satellites-team-up-to-explore-earths-magnetic-field/

2”

2”

Swarm	-C	
FWHM	size	1.2	x	9	m
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https://en.wikipedia.org/wiki/Resurs-DK_No.1

160912 138-29228 frame 6, 15, 29. Stacked top filtered bottom
 

(a) (b) (c)

t=0s t=15s t=30s

(a) (b)

118-swarmc frame 18, http://sci.esa.int/cluster/56098-seven-esa-satellites-team-up-to-explore-earths-magnetic-field/
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Current	development:	AO	Systems	for	SSA

M.	Copeland
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• AO	for	satellite	imaging	
• Updated	system	design		
• 1.8	m	telescope	gives	~2x	resolution	
• Ability	to	operate	in	natural	or	laser	guide	star	modes	
• Resolve	features	of	50	cm	@	1000	km

Current	development:	AO	Systems	for	SSA

M.	Copeland
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• AO	for	satellite	imaging	
• Updated	system	design		
• 1.8	m	telescope	gives	~2x	resolution	
• Ability	to	operate	in	natural	or	laser	guide	star	modes	
• Resolve	features	of	50	cm	@	1000	km

• GEO	tracking	
• Unique	method	of	using	Gaia	astrometric	catalogue	with	AO	
• AO	reduces	size	of	star	and	object,	and	stabilises	differential	
image	motion	

• Positional	measurement	accuracy	of		<2	m	@	GEO	for	
magnitude	15	object	(approx.	1	m2)

Current	development:	AO	Systems	for	SSA

Fig. 2: GEO imaging operational concept. The satellite will be imaged while it is within 15 arcseconds of the reference
star. The satellite passes within 5 acrseconds of the reference star during the imaging period.

We will use stars from the Gaia catalogue, which will have its first data release in September 2016, as the reference
stars for GEO measurements. The Gaia catalogue will provide reference stars with a positional accuracy of up to
20 microarcseconds allowing for positional measurements on objects brighter than magnitude 15. This magnitude is
equivalent to a 1 m2 object at GEO.

3 OPTICAL DESIGN

The design of an AO system is influenced by the telescope size and atmospheric conditions at the site. The wavefront
sensor (WFS) is a Shack-Hartmann featuring an OCAM2k EMCCD camera. The specifications of the AO system are
summarised in Table 3.

Table 3: AO Specifications

Parameter Specification
DM actuator grid 17⇥17
WFS subapertures 16⇥16
Pixels per subaperture 12
WFS loop rate 2 kHz

We have chosen an ALPAO DM277 deformable mirror (DM) with actuators in a 17⇥17 grid. The choice of DM
was based on simulations to measure performance of the AO system with different configurations. These simulations
showed that a larger number of DM actuators would result in decreased performance because of a lower signal to noise
ratio at the wavefront sensor. An AO system with Fried geometry would require the light to be split between more
subapertures, hence decreasing the amount of light available to each subaperture. We have balanced the wavefront
error introduced by the DM and wavefront sensor to obtain the best possible performance in the design conditions of
2 arcsecond seeing.

The optical layout of the AO system is shown in Fig. 3. Light collected by the telescope is collimated by the secondary
mirror and is directed to the AO system via a 20 m long Coudé path. A beam expander resizes this beam with a
parabolic mirror and two collimating lenses to 24.5 mm, the DM aperture size. The DM is placed in a conjugate pupil
plane to the telescope primary mirror. The beam reflected off the DM is passed to a dichroic beamsplitter. In NGS

M.	Copeland
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• Use	a	higher	power	laser	to	track	uncooperative	targets	
• Adaptive	optics	corrects	atmospheric	turbulence	to	reduce	the	beam	size	on	sky	
• AO	provides	higher	photon	density	required	to	track	smaller	uncooperative	
targets	

• System	requires	laser	guide	star	-	which	also	needs	to	be	pointed	ahead	
• 10’s	kW	CW	laser	for	remote	manoeuvre	

Adaptive	Optics	for	Laser	Ranging	&	
Photon	pressure

SH-WFS

Tip-tilt detector

Focus compensating 
trombone

Deformable 
mirror

Outgoing!
probe laser

Telescope 

Incoming 
visible 
light

Laser 
dichroic 
beamsplitter

Light tight box

Figure 5: An illustration showing the arrangement of on- and off-axis components involved in AOTP, including the
GSL, the HP laser and the reflected sunlight from the object, with the ‘true’ location of the debris object also shown.
The HP laser beam is propagated along the optical axis of the system.

loss in on-axis intensity, defocusing and/or an asymmetric beam profile, depending on the dominating mechanism of
heat transfer [12]. All of these effects will lead to a loss in Strehl, thereby lowering the on-target photon flux. Thermal
blooming effects are expected to be most significant in the Coudé path (see Fig. 2) due to its length (⇠ 20 m) and
a lack of ventilation. Modelling is being carried out to determine whether or not any changes to the design will be
required.

Fast acquisition. At LEO altitudes, targets will only remain in view of the telescope for several minutes. Moreover,
AOTP will be unable to engage targets with an elevation higher than 76� due to vignetting of the GSL by the telescope
dome, shown in Fig. 1a. After an object passes above this elevation, the system will be unable to track it, and will have
to reacquire the target after it passes through this ‘keyhole’, representing an additional loss in engagement time.

Before a target can be engaged, however, the AO loops must be closed. This in turn requires any differential
pointing between the telescope and GSL to be compensated for, which can be achieved by scanning the GSL within
a small window via a fast-steering mirror in the LGS facility (detailed in [11]) until it is acquired on the LGS WFS.
Minimising this acquisition time is vital in maximising the length of the engagement period, and in turn the orbital
perturbation, that can be effected.

Fig. 6 shows the sequence of steps that are required to acquire the LGS on the LGS WFS prior to tracking a
target. Following system start-up and target selection, the target is located using a wide-field camera (WFC) to within
its field-of-view (FoV) and the telescope track is set accordingly. The AO control loops are then closed in sequence,
starting with the NGS TT loop, followed by acquisition of the LGS on the LGS WFS, after which the LGS TT loop
and finally the high-order LGS WFS loop can be closed.

For typical SC LGS AO systems, it is common for this process to take longer than the entirety of the engagement
window as high-speed acquisition is generally not a key design requirement. For example, manually-operated LGS
AO systems typically require up to 35 minutes for acquisition; however, the fully-automated Robo-AO system has
demonstrated that this process can be carried out in a mere 42 seconds if automated [13].

4 TARGETS

Suitable engagement targets will be identified from publicly available databases, and their tracks estimated using two-
line elements (TLEs) and other available data. Targets that have first been characterised using the AOI system may also
be selected. The range of target altitudes which can be tracked with AOTP is expected to be limited to between roughly
700 km and 1000 km. At low altitudes, the quality of the AO correction diminishes due to the effective increase in
wind speed. Meanwhile, the maximum altitude is constrained by the need to maintain TT correction, which requires
that reflected sunlight from the target is sufficiently bright to measure atmospheric tip and tilt with the TT WFS. The
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• ANU	developing	AO	systems	for	SSA,	including	laser	ranging
• Demonstrated	satellite	imaging	of	several	large	satellites	on	1	m	telescope
• Currently	developing	AO	systems	for	1.8	m	telescope	

• Resolve	small	objects	in	LEO	
• Positional	accuracy	of	<	2	m	in	GEO

Conclusion

Fig. 2: GEO imaging operational concept. The satellite will be imaged while it is within 15 arcseconds of the reference
star. The satellite passes within 5 acrseconds of the reference star during the imaging period.
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