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ABSTRACT

Within a Technology Research Programme funded by the European Space Agency, a team led by Alenia Aerospazio has
investigated and started the development of some technologies which are considered fundamental for the achievement of
the scientific objectives of the future astrometric mission GAlA. The activities have been focused on the design of a two-
aperture optical interferometer and of a system for the active stabilisation of its configuration within few picometers. A
laboratory prototype of the active stabilisation system has been implemented and tested. The results achieved in the
laboratory tests proved that the very challenging requirements imposed by the GAlA astrometric goal of 10 rnicro-arcsec
accuracy can be fulfilled.
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1. THE GAlA MISSION

The Global Astrometric Interferoineter for Astrophysics (GAlA)1 , candidate cornerstone mission of the ESA's Horizon
2000 Plus scientific programme, has the objective to determine the star positions, annual proper motions and parallaxes
with an accuracy of 10 bias (microarcscc) at the 15th magnitude (Hipparcos, the previous ESA astroinetric mission,
achieved —1 mas accuracy for stars 0f10th magnitude), and to measure up to 1 billion stars.

The proposed measurement principle is similar to that successfully adopted for Hipparcos: the position of stars belonging
to two widely separated sky regions (of the order of 1 rad) are simultaneously measured one relative to the other while the
sky is continuously scanned according to a law characterised by a constant spin of the line of sight (120 arcsec/s one
great circle scanned in 3 hours), a constant angle between the spin axis and the Sun (SAA. Sun Aspect Angle =55°) and
a constant precession rate of the spin axis relative to the Sun direction (0. 17 arcsec/s 4. 14 revolution/year) (see figure 1).
A post-flight global reduction of all these measurements allows to solve for the positions of all the stars in an absolute
reference frame determined by all the observed stars themselves. The wide angle measurements are crucial for the
determination of the stars absolute parallaxes.

The spacecraft which has been designed to accommodate this payload is shown in figure 1 in its operational attitude. The
spacecraft body has a 4.6 in diameter and is 4.8 m in height, compatible with an accommodation into the ARIANE V
lower compartment (SPELTRA), utilised for dual launches. A 12.5 in diameter shield is incorporated in the solar array to
prevent direct sunlight illumination of the payload module, for maximum thermal stability of the optical system. Its orbit
will be a geostationary one or a libration orbit around the Lagrangian point L2 in the Sun-Earth system. The satellite
should be launched in 2009 with Ariane 5in a dual launch; the expected nominal lifetime is 5 years.

The Astrometric Instrument designed for GAlA consists of two elements (figure 2 a and b): a two-arm Fizeau-type optical
interferometer (01, composed of 6 mirrors), and a Beam Combiner (BC, composed of 4 flat mirrors), to endow the optical
interferometer with two lines of sight (LOS) separated by a large basic angle (54°).

The images of the stars coining from these two FOVs are formed on the same focal plane where the relative separation is
measured. The knowledge of the absolute value of the basic angle between the two lines of sight (including its variations
occurring on time scales larger than three hours) can be determined a posteriori by exploiting the closure condition over
the scanned great circles. But any variation of the basic angle on time scales smaller than the spin period must be
controlled at the level of the astroinetric accuracy target. Thanks to the BC, the movements of the mirrors of the optical
interferometer induce image shifts on the focal plane which are mostly common to the stars of the two FOVs. Thi5 relaxes
by about two orders of magnitude the stability requirements applicable to the interirometer mirrors, while all the
criticalities are concentrated on the BC flat mirrors. which represent the physical realisation of the basic angle.
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spin axis

The main parameters of the GAlAAstrometric Instrument (defined using the optical design software Code V) are:
- interferometer baseline = 2.45 m
- diameter of each aperture = 0.65 m
- focal length F =40 m
- size of the coherent field of view (dedicated to astrometry) =0.8° (along scan)xl .4°
- residual field distortion SF/F � 0.3% across the coherent field of view

The optical interferometer (figure 2a) consists of two elliptic primary mirrors (Ml+, Ml -),an hyperbolic secondary mirror
M2, an elliptic mirror M4 and two flat mirrors M3, MS. The mirrors M2 to MS are monolithic and lie on the optical axis of
the interferometer. The optical system has been optimised to work in a 200 nm spectral band, centred at 7 =750nm.
The Beam Combiner consists of four flat mirrors placed in front of the primary mirrors (figure 2b). They intercept the light
coming from two direction separated by the basic angle (54°) which is defined by the angle between the normal to the four
BC mirrors surfaces and reflect it toward the interferometer aperture. This solution is similar to that adopted for the
Hipparcos mission. The image of a star produced by this system (see figure 3) is an interference pattern formed of fringes
that modulate the overall light distribution described by the Airy disk corresponding to each aperture. The principal Airy
disk diameter is 581 mas while the fringe period is 63 mas, corresponding respectively to 112.2 tm and 12.2 pm linear size
on the focal plane.

••

•NLNN LOS2

32

Figure 2a) Optical Interferometer Figure 2b) Beam Combiner
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Figure 1 : The GAlA spacecraft following its nominal scan law

2. TELESCOPE OPTICAL DESIGN
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A proper sampling of the fringe pattern requires at least 3 pixels for each fringe, so a Charge Coupled Device (CCD)
detector with 4 im pixels in the along scan direction is required. Although pixels with even smaller sizes have already been
produced, the combination of this feature with other specifications (quantum efficiency � 0.6, charge transfer inefficiency �
l06, readout noise � 3 e- at 100 kHz, anti blooming), imposes a dedicated technology development for the CCD to be used
in conjunction with this Astrometric Instrument.

The whole focal plane is functionally subdivided in 3 parts (see figure3):

- Astrometry area (located in the focal plane zone where the fringe pattern visibility is higher), dedicated to the high-
resolution measurement of the star position, up to the 18th magnitude.

- Photometry area (located at the two sides of the Astrometry area), for the measurement of the star light flux in different
spectral regions.

- Star Mapper area (located at one edge of the focal plane), dedicated to the detection of the stars entering the focal
plane, and to the measurement of the astrometric parameters for the faintest stars (up to the magnitude).

The total area covered by the detectors is about 0.75 m2. The Astrometric Field has an extension of 1.4° in the cross-scan
direction and an average extension of 0.8° in the along-scan direction, for a total area of about 1 .1 deg2 . The two obscured
zones in the focal plane (O.31°xO.32°) are due to the two holes pierced in the mirror M3 for the passage of the light reflected
by M4 towards the M5 (see Figure 2a). The fringe pattern visibility map on the Astrometric Field is shown in Figure 4. It has
been computed for a central wavelength 2 = 750 nm and a bandwidth & = 200 nm. The mean value of the polychromatic
fringe visibility over the AF is 0.77.

The tiling of the Astrometric Field by the CCD detectors is driven by the residual field distortion FfF which causes a non-
constant star image transit velocity across the CCD, even for a constant scan rate of the telescope line of sight (see the
velocity map on the focal plane shown in Figure 5). Because of the scanning operational mode of the GAlA telescope, the
CCD must be driven in TDI mode, i.e. the electrons accumulated on the illuminated pixels up to a given time must be
transferred to the adjacent pixels along the CCD columns, at the same rate of the star image transit velocity in the scan
direction. In this way the electrons are piled-up on the same potential wells during the integration time, thus avoiding image
smearing. Considering that the electron transfer in each CCD can be clocked at a uniform velocity only, the field-dependent
star transit velocity distribution implies that, in general, only in one point of the CCD the TDI mode can be perfectly
synchronised, while in the other points a discrepancy exists between the electron drift velocity and star image velocity. This
implies that there is a upper limit to the chip size in the various focal plane regions, which is determined by the distortion
and by the tolerable velocity discrepancy caused by this source, compatibly with the astrometric error budget allocation -

20 mas/s 1, for an integration time = 0.75 s,
- 15 mas/s 1cr, for an integration time = 1 s.

To fulfil these requirements, the AF must be tiled with 632 CCDs of the following sizes
- 23.3 x 70 mm 0.033° x 0.1° —> integration time = 1 s (104 chips)
- 17.5 x 70 mm 0.025° x 0. 1 0 _> integration time = 0.75s (144 chips)
- 17.5 x 35 mm 0.025° x 0.05° —> integration time = 0.75 s (384 chips)

3. OPTICS STABILITY REQUIREMENTS

The Astrometric Instrument has been submitted to an extensive tolerance analysis (performed using Code V), in order to
assess the impacts of the mirror movements on
- the fringe pattern visibility degradation
- thedifferential centroid shift in the along-scan direction of the FOV1 stars relative to the FOV2 stars on the focal plane
- thebasic angle between the two FOVs defined by the BC mirrors.

To achieve the astrometric performance of 10 jias at V = 15 magnitude, the following requirements must be fulfilled:
- fringe visibility degradation � 5% w.r.t. to its nominal value
- differential centroid shift � 10 pas
- basic angle variation � 5 Jias.

The first requirement must be always fulfilled during the mission. The other two requirements apply on time scales between
0.75 s (image minimum integration time) to 3 hours (scanning of a complete great circle).

33

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/12/2013 Terms of Use: http://spiedl.org/terms



34

Figure 3: focal plane configuration The X and Y axes indicate respectively the cross-scan and along-scan direction. Samples of
interferometric fringe patterns in some points of the focal plane are also shown.

Figure 4 - Fringepattern visibility map
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The tolerance analysis pointed out that:

- The fringe visibility degradation limit imposes movement boundaries at the level of 100 nm, 100 nrad on the mirrors of the
Beam Combiner and on the primary mirrors of the interferometer, with respect to their nominal design position (for the
other interferometer mirrors, M2, M3, M4, M5, the requirement is relaxed by at least one order of magnitude).

- The image differential shift limit imposes a stability limit of 50 prad on the rotation of the BC mirrors about the axis
perpendicular to the interferometer baseline, and of the order of 1 nm and 1 nrad on the movements of the primary mirrors
of the interferometer (again for the other interferometer mirrors the limit is relaxed by at least one order of magnitude).

- The basic angle variation limit imposes on the BC mirrors a stability limit of 17 prad on the rotations about the axis
perpendicular to the interferometer baseline.

The most challenging requirements are concentrated at the level of the Beam Combiner, which represents the physical
realisation of the basic angle. This makes simpler the implementation of a monitoring and control system of this critical
parameter.

The GAlA satellite has been designed trying to remove as much as possible the internal sources of vibrations (reaction
wheels, gyros, fluid sloshing), thus the main perturbation of the optical system comes from the thermal-elastic deformation
of the payload module. To assess this effect, a thermo-elastic analysis has been performed, taking into account the thermal
environment of the geostationary orbit, and the maximum expected variation of the power dissipated by the various
equipment (the main disturbance source). Considering a payload module structure made by honeycomb platforms and panels
with aluminium alloy core and CFRP (Carbon Fibre Reinforced Plastic) skins, the maximum amplitudes of the mirror
movements obtained from the thermal elastic analysis are of the order of 100 nm and 100 nrad, compatible with the fringe
visibility requirement, but almost four orders of magnitude larger than the BC mirror stability limit.

These results give a strong indication of the need for an active control system to bound the movements of the mirrors of the
GAlA Astrometric Instrument.
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Figure 5: Map of the star transitvelocity in the scan direction across the Astrometric Field
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4. OPTICS ACTIVE CONTROL SYSTEM

The basic elements for the active control of the GAlA optical configuration are 1 5 interferometers (Fabry-Perot type)
measuring the variation of the distance between pairs of reference markers placed on the most critical mirrors of the 01 and
of the BC (i.e. placed on those mirrors for which the tolerances are smaller than the expected displacements) and 5tip-tilt
mechanisms operated in closed loop with the laser interferometers to compensate for the detected distance variations (see
figures 6). In particular the arrangement of the reference markers and the tip-tilt mechanism is such that, in closed loop
operation, the BC moves almost as a rigid body, a kind of motion to which the basic angle is insensitive.

In order to stabilise the basic angle within 17 prad, the distances (max. = 0.76 m) between the reference markers of the BC
mirrors must be kept stable within 6 pm. The Fabry-Perot laser interferometers must therefore be able to measure the
distance variation with a relative error L/L < 8.1012, over 0.75 s to 3 hour time scales This requires a laser frequency
stability Sv/v < 8.1042 over the same time scales.

Absolute measurements are needed just to support the initial co-phasing of the astrometric instrument. The accuracy
requirement applicable to the absolute measurements is —10 nm.

The operating principle of the Fabry-Perot laser interferometer is shown in figure 7. As one marker (a small spherical mirror)
moves relative to the other an output signal is generated like the one shown in the picture. A steep zero crossing occurs every
time the distance between the markers is a multiple of ?J2, being the laser wavelength. In a very narrow region (few
nanometres) around the zero crossing, the interferometer signal is nearly linear. Therefore around the zero crossing the
sensitivity of the interferometer to distance variation between the two markers is maximum. The tip-tilt mechanism stabilises
the distances so that the laser interferometer output signal is always close to zero, in the region of maximum sensitivity: this
realises the principle of the "null measurements".

The 1 5 Fabry-Perot interferometers are fed by a diode-pumped Nd:YAG laser with 13 1 9 nm wavelength (that is chosen to
be well separated from the sensitivity region of the CCD detector of the Astrometric Instrument. Since the required
frequency stability cannot be achieved by the free-running laser, it is stabilised using the Pound-Drever method2, locking its
frequency to a resonance mode of a high finesse reference cavity. It consists of two high reflectivity spherical mirrors
separated by a spacer made by very low thermal expansion material (like the ULE®, with a coefficient of thermal expansion
of 108 1K). The temperature of the cavity must be controlled with a stability <81O K over periods of 3 hours, in order to
meet the frequency stabilisation requirements, a value already achieved during laboratory tests. The stabilised laser beam is
routed to the 15 interferometers by optical fibres. Frequency shifter devices are utilised to move the null measurement set-
points of the interferometer to the desired positions and to perform absolute distance measurements through the
measurement of the free spectral range of the interferometer cavities formed by the reference markers (see figure 8 for the
metrology system configuration).

The mirror tip-tilt mechanism is shown in figure 9. The mirror motion is accomplished by three single-axis linear actuators
with the thrust axis along the normal to the mirror surface. Each linear actuator is composed by two stages:

- a "fine stage" consisting of a piezoelectric translator to move the mirror with 20 pm resolution (compatible with a
1 8-bit Digital-to-Analogue Converter) up to a maximum stroke of 3 micrometers

- a "coarse stage" consisting of a stepper motor, which covers the stroke range from —1 jim to 100 tim.

The piezoelectric translators are operated continuously, in closed ioop with the laser interferometers, to stabilise the optical
configuration up to the required picometric level, compensating the thermo-elastic deformations of the structure. The
stepper motors are operated from time to time to recover the long-term deformations of the structure due to ageing, moisture
release, radiation effects, etc..

The mirror is supported on three equally spaced points (isostatic mount) by means of flexible blades made by low thermal
expansion coefficient material (Invar®). The blades (thickness = 0.5mm) are connected on one side to the mirror
circumference by three machined elements glued to the mirror lateral surface and on the other side to the support panel by
means of other three machined elements. The blades restrain the in-plane motion of the mirror and allow small
displacements in the out-of-plane direction (i.e. the tip-tilt motion of the mirror).
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Figure 6: Optical Interferometer and Beam Combiner with position of reference markers and tip-tilt mechanisms (active mirrors)
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Figure 7: Operating principle of the Fabry-Perot laser interferometer, and example of output signal

37

active

MBC2_

F'a, D
laser beams

Optical Interferometer Beam Combiner

polarising
phase beam matcMng reference markers

modulator splitter A14 optics —" NN
Laser

ase shifter

output signal

1.1 1.2 125 13 1.35 1.4 1.45

[jim]
output signal generated by the laser interferometer when the two
markers moves one relative to the other

1.226 1.227 1.228 1.529 1.23

[jim]
1.231 1.232 1.233 1.234

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/12/2013 Terms of Use: http://spiedl.org/terms



38

Control Electroric
Un! t

A suitable testbed (named Control Optics Structure Interaction Testbed) has been designed and implemented in order to
verify the performances of a laboratory prototype of the active stabilisation system. It consists of a triangular bench insulated
from the laboratory floor vibrations by three pneumatic suspensions, an optical bench suspended below the triangular bench
and a bell-shaped vacuum chamber supported by the triangular bench and endowed with flanges for the passage of cables
and for the connection of a vacuum pump (figure 10).

Two mobile plates (57 cm in diameter) are installed in the vacuum chamber at a distance of 0.5 m. They simulate two
mirrors of the GAlA Beam Combiner (an active and a passive one), to be controlled in distance and orientation one relative
to the other. The active element simulator (upper plate) is connected to a fixed upper platform (supported by three columns)
by a prototype of the tip-tilt mechanism. The distance between the upper and the lower plates is measured in three points by
three Fabry-Perot interferometers, the output signal of which are utilised to command the linear actuators of the tip-tilt
mechanism. The interferometers are fed by a Nd:YAG laser source with 1064 nm wavelength, frequency stabilised against a

rrequency on
Phase Driver

Unit
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Refe rence

Laser frtferferomefe
op F c

Beam Splitting and
P h a s c/F r eq u e ri c y
Modulation Unit

Figure 8: Components of the GAlA laser metrology system

: The mirror tip-tilt mechanism

5. PERFORMANCE TEST IMPLEMENTATION AND RESULTS
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reference optical cavity with an ULE spacer, using the Pound-Drever method-.

Fabry-Perot
interferometer

displacement
control
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from
frequency stable

laser platforms
control system

Figure 10: The COSI Testhed and the scheme of the test set-up
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Figure 1 1 shows the scheme of the set-up utilised to test the frequency stability. It has been performed by recording the beat

frequency between the Nd:YAG laser locked to the optical cavity (metrology laser) and the 1064 nm outputof a frequency
doubled Nd:YAG laser (reference laser), which, in turn, is locked in frequency offset to another frequency doubled Nd:YAG
laser, stabilised against a molecular transition at 532 rim of the 12712 molecule . This choice is related to the method selected

for the verification of its stability.

The laser stabilisation chain based on the Pound-Drever method which has been implemented, has been working without

problems (i.e. without any laser unlockings) for some months . Figure 12 shows the time history of the beat frequency
between the metrology laser and the reference laser, together with the temperature of the optical cavity (which,for that test,

was controlled only in a passive way) recorded over the same time period. The variances ofthe two measures as function of

the time scale are provided in Figure 13. These results show that the stability level required by the GAlAmission (öv/v <

8 1012) is fulfilled up to few seconds only, while a value Sv/v = 2 10b0 over about 10 minutes has been observed. This is

clearly related to the temperature drift of the optical cavity (see Figure 12), which must becontrolled in an active way. A

temperature control of this kind (based on the utilisation of an heating ribbon wrappedaround the ULE® spacer, commanded

by a PD (Proportional-Integrative-Derivative) digital controller fed by the thermistor measurements) has already been
implemented and tested. The recorded time history of the optical cavity temperature activelycontrolled is provided in Figure

14a. Its standard deviation is � 81O K over three-hour periods, a value which, coupled with the thermal expansion

coefficient of a premium grade ULE® spacer (108 fix) is sufficient to guarantee the laser frequency Sv/v < 8.1012.

Distance stabilisation tests between the three pairs of reference markers placed on the upper and lowermobile plates have

been performed by applying, in addition to the laboratory disturbances, sinusoidal displacements in two points of the lower

plate with 45 5 period and amplitude = 0.5 and 1 pm respectively. The output signal generated by one of the laser
interferometer when a movement with an amplitude of a fraction of micron is applied between the referencemarkers is

shown in Figure 14b. After the closure of the three digital control loops, the distance between thereference markers was

maintained bounded around the zero value of the signals of the three laser interferometers (see Figure 15a),while the three

piezoelectric translators of the tip-tilt mechanism applied to the upper plate the displacements shown in Figure 15b in order

to compensate the disturbances.
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The stabilisation has been maintained for a period of about 10 minutes (limited only by the static vacuum conditions, since
the mechanical pumps of the COST Testbed had to be switched off to avoid the generation of excessive disturbances). The
standard deviation of the output signals of the three laser interferometers (after the closure of the control loops) is 1 pm, 1.2
pm and 2.1 pm over 0.75 s ÷ 10 mm. time scales, compatible with the GAlA requirements.

2000 4000 6000
time Is

x 18.7' —

873

8.72

8.71

67

8.69

8.68

0_ 14000

21.21 —

21.205

) 212
21.195

. 21.19
E

.21.185

(5° 21.18

21.175

21.17 —
0 2000 4000 6000 14000

8000 10000 12000

time /S
8000 10000

Figure 12: Time histories of the beat frequency (above)and of the optical cavity temperature (below)
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Figure 13: Standard deviation optical cavity temperature (left) and of the beat frequency (right)
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