⊙

× ×

1

2

3

1 1 1 1 2

R l <

l , m l

g

2.1 Gener al c onc ept

2.2 T elesc op e

ABSTRACT

1. Intro duction

2. Design of the instrument

T.App ourchaux , U.T elljohann , D.Martin , J.Fleur and S.Ĺ ev̂ eque

THE LUMINOSITY OSCILLA

TIONS IMA

GER ON BO

ARD VIR GO:

DESIGN AND PERF

ORMANCES

Space Science Department of ESA, ESTEC, NL-2200 AG No ordwijk

Europ ean Southern Observ atory

, Karl Schwarzschild str. 2, D-85748 Garching

The Luminosity Oscillati ons Imager is a part of the

VIRGO instrument to b e flown ab oard the Solar and

Heliospheri c Observ atory (SOHO) in Oct-Nov 1995. The

main scientific ob jectives of the instrument are to detect

solar g and p mo des in intensity

. The instrument is very

simple. It consists of a telescop e making an image of

the sun onto a silicon detector. This detector resolves

the solar disk into 12 spatial elements allowin g the de-

tection of degree lower than 7. The guidin g is provided

by 2 piezo electri c actuators that will keep the Sun cen-

tred on the detector to b etter than 0.1”. The detailed

design of the instrument is presented, together with its

p erformance obtained with a ground-based version of the

instrument. Prelimi nary scientific results have b een ob-

tained showing that the instrument p erforms extremely

well (App ourchaux et al, 1995, A&A294, L13; and these

pro ceedings)

Keywords: solar oscillati ons - p mo des - g mo des - in-

strumentation - space

Helioseismol ogy is a p owerful to ol to infer the internal

structure of the Sun. In the past few years, a great deal

of information on the internal structure and dynamics of

the Sun have b een gathered by v arious instrumentati on

(Harvey

, 1988 and references therein). Thanks to the p

mo des, we have b een able, so far, to prob e down to 0.2

the solar internal rotation (T omczyk et al, 1994).

Unfortunately

, the structure and dynamics of the solar

core is not yet determined b ecause the g mo des have not

b een yet detected. This will b e the main challenge of he-

lioseismol ogy in the very near future. In 1995, the Global

Oscillatio ns Network (GONG) will come into op erations.

At the same time two others networks will b e op erating:

BISON (Birmingh am Solar Network) and IRIS (Interna-

tional Research on the Interior of the Sun); the all three

together might detect the elusive g mo des if they can

reduce the atmospheric noise.

The up coming satellite of the Europ ean Space Agency:

the Solar and Heliospheri c Observ atory (SOHO) will not

b e limited by this typ e of noise. Ab oard the spacecraft,

three heliosei smic instruments will join their force for de-

tecting the g mo des (Domingo and Poland, 1989; and

these pro ceedings). One of these is the VIRGO instru-

ment (V ariability of Solar Irradiance and Gravity Oscil-

lations). A sub-unit of VIRGO is sp ecially dedicated to

the detection of g mo des: the Luminosi ty Oscillatio n Im-

ager (LOI). In this article, we present the detailed design

of the instrument, and its p erformances obtained with

a ground-based version of the instrument. W e will con-

clude by lo okin g at the (bright) future of the LOI.

The design of the LOI instrument was an original idea of

Andersen et al (1988) (Figure 1). It consists of a telescop e

imaging the Sun through a narrow passband filter. The

image is pro jected onto a photo dio de array detector. The

detector is made out of 12 scientific pixels and of 4 guid-

ing pixels. The shap e of the scientific pixels is trimmed to

detect mo des for 7. The great adv antage of this con-

figuration is that we can isolate and identify indivi du al

mo des for up to = 6 (App ourchaux and Andersen,

1990); this will help to detect and identify the g mo des.

The error signals given by the guidin g pixels are used to

keep the Sun centred on the detector using piezo el ectric

actuators. The current of each scientific pixel is ampli-

fied and digitis ed using V oltage-to-F requency Converters

(VFCs). The 12 scientific pixel s are read simultaneous ly

while the 4 guidin g pixels are read sequentiall y

. The sam-

pling time of the instrument is 60 s. The integration time

of the scientific pixels is ab out 99% of the sampling time.

Thanks to a sun that never sets on SOHO, the temp er-

ature v ariation s of the spacecraft will b e minimal . That

is why the instrument is not thermally stabilise d. It is

b etter to have op en lo ops than closed lo ops. These latter

might mask the signal of the g mo des.

The instrument without its high voltage p ower supply

fits into a b ox of 9 9 30 cm . Its weight and p ower

consumption are 2.5 kg and 2.5 W att, resp ectively

. The

integration and testing of the instrument was p erformed

in ESTEC. The op erations of the instrument are almost

limited to the switch-on and observe mo des.

The telescop e is a Ritchey-Chŕ etien with a 1300-mm fo-

cal length. The effective diameter of the telescop e is 50

mm, with a central obstruction of 26-mm diameter. The

concave primary has a fo cal length of 289.63 mm and an

aspherisation of -1.02. The convex secondary has a fo cal

length of 70.30 mm and an aspherisati on of -2.7. The

intermirror distance is 235 mm. Both mirrors are made

out of Zero dur. T o minimise the effect of temp erature

v ariation the mirrors are mounted in an Inv ar tub e. The

primary mirror is registered on 3 small Inv ar pads of 2-

mm diameter; they are built in the Inv ar tub e. At the

back of the primary mirror, opp osite of the pads, 3 2-

mm diameter pins apply each a 10-N force; this insures

that the mirror is kept in place for accelerations up to 30

. The secondary mirror is mounted with 3 similar pads,

but instead of a known force, the ring supp ortin g the pads

is just lightl y clamp ed and its holdi ng screws are glued.

The secondary mirror is mounted in a gimbal allowing

to keep the Sun centred on the detector. The design is

such that the Mo dulation T ransfer F unction (MTF) of

the telescop e is not degraded even for a 10’ offset of the

Sun. The mirrors of the telescop es were made by SESO,

Figure 1: Cut-out of the Luminosit y Oscillations Imager.

+

μ a

a

±

± ±

±

2.3 Filter

2.4 Dete ctor

2.5 Guiding system

Figure 2: LOI detector optimised for the detection of low de-

gree mo des. The parameter is ab out half the solar radius

( =3.055 mm). The guiding pixels are 4 quadran ts of an an-

nulus with an inner and outer radius of ab out 0.95 and 1.05

solar radius, resp ectiv ely . The four black sp ots at the cor-

ners are the temp erature dio des. These dio des are b elow an

aluminium layer shown here in grey .

Aix-en-Provence, F rance. The Inv ar b o dy was made by

Brandt, Amsterdam, The Netherlands.

The sp ectral selection is p erformed by a 5-nm passband

interference filter at 500 nm, used as an entrance window.

It closes the Inv ar tub e and isolate the mirrors and de-

tector from the outside. The thermal design of the filter

insures that its temp erature is hotter that the VIRGO

structure by 10 K (App ourchaux and Cislaghi, 1992); it

will reduce the risk of condensing contaminants coming

from the spacecraft. The filter is made of 3 different sub-

strates, all are 3-mm thick and from Schott. The first one

is a BK7G18 glass, cerium dop ed and radiatio n resistant;

it is used to reduce the radiation dose and proton flux re-

ceived by the other substrates and coatings. The second

substrate is a GG475 coloured filter which absorbs ab out

20% of the incoming solar radiation, it is also used to

reduce the amount of blue light received by the coating.

The coatings making the sp ectral selection are dep osited

on the GG475. The last substrate is a BG18 heat ab-

sorbing glass, it is used as back-up in case the coatings

reflecting the infrared get degraded. Finall y an Inconel

coating is dep osited at the back of the BG18 glass for

getting a 7% transmission ; this low transmission insures

that the detector is used in a linear regime. Irradiation

tests of the filter confirmed its abili ty to resist the 6-year

SOHO radiation dose (App ourchaux et al, 1993; App our-

chaux, 1993). In addition , the filter after a 1-year dose of

UV irradiati on showed no significant sign of degradation

either in its absorptance (Marco et al, 1994) or sp ec-

tral characteristics. The filters were made by Andover,

Salem, New Hampshire.

The detector is a silicon photo dio de array (Figure 2). It

is made out of 12 scientific pixels and of 4 guiding pixels.

The photo di o des are deep diffused p-n junction with an

epitaxial substrate (low resistivi ty). In additio n 4 tem-

p erature dio des are built in the detector for having the

temp erature across the substrate. F or improving the def-

inition of the sensitive area of the scientific pixels, a layer

of alumini um is dep osited outside the pixels and over the

temp erature dio des. In addition, each pixel and each

temp erature dio de is surrounded by a n deep diffused

guard ring; this will minimi se the crosstalk b etween the

pixels. It will also insure that the signal of the pixels do

no get contaminated by a pixel for which the b onding

wire breaks; in this case the electrons flow to the ground

and not the other pixels. Each guiding pixel is made of

two indep end ent pixels that are connected to the same

output (Figure 2). In case one of these pixels would not

b e functional , we would still have guidi ng information

and the image of the sun would have a slight offset. The

detector is directly mounted into a Kov ar plate which is

b olted on the Inv ar structure b ehind the primary mirror.

The ground lead of the detector is connected to the Kov ar

plate, and this plate is isolated from the Inv ar using an

Ertap eek washer. The tests showed that the temp erature

dep endence of the quantum efficiency of the photo dio de

is less than 100 ppm/K @ 500 nm (App ourchaux et al,

1992). There are ma jor concerns that the measured de-

p endence might change with time. At the time of the

SOHO flight, the dep endence will probably need to b e

re-ev aluated and compared to the lab oratory measure-

ments. The measured crosstalk b etween pixels is smaller

than 0.01%. The detectors and their cases were made by

AME, Horten, Norway .

The guidi ng system is the critical part of the LOI. The

SOHO spacecraft is stable within a few arcsec over 15

minutes, in principl e this stabili ty is go o d enough for de-

tecting p mo des. Nevertheless, the noise at low frequency

will b e considerab ly reduced with a guiding system which

is crucial for detecting g mo des; in addition it is now

proven that a functionin g guiding system simpli fies enor-

mously the data reduction (App ourchaux et al, 1995).

The guidin g system provides b oth the coarse and the fine

guiding. This system is based on the following principl e:

2 piezo electric actuators rotate 2 lever arms that push

on a gimbal in which the secondary mirror is mounted.

The rotation of this mirror is done around its vertex.

Two spring arms opp osite of the two lever arms provide

a restoring force (ab out 20 Newton) and act as a lo cking

mechanism (Figure 3).

F or the fine guiding, the error signals, provided by the

guiding pixels, are fed back to the high voltage p ower

supply that drives the actuators. The guidin g regulator

is an integrator. The cut-off frequency of the complete

guiding system is 10Hz @ 3dB. The precisio n reached

from the ground is ab out 0.2”-0.4”, limited by the at-

mosphere. The exp ected in-flight guidin g precision will

ab out 0.1”.

F or coarse guiding , the total range needed is 7’. This

is for allowing for the long term drift of the spacecraft

( 5’), the temp erature setting of the actuators ( 1’)

and alignment errors ( 1’). This corresp onds to phys-

ical extension of the actuators of 80 m; this includ es.

the reduction effect due to the fact that a v ariable force

is applied onto the actuators (72%) by the spring arms

and gimbal.

A finite element analysis of the whole guidin g assem-

bly (gimbal+arms+actu ators) was p erformed. The main

goals of this analysi s was to verify the effectiveness of

/ν l l

2.6 Ele ctr onics

Acknowledgement.

3. Discussion and conclusion the lo cking mechanism when the guiding was sub jected

to the vibration s of the launch. It also help ed to ver-

ify that the first and second resonance frequencies of the

guiding system were high enough for not b eing excited

by the servo lo op. Vibration tests at qualifi cati on lev-

els confirmed the analysi s (i.e. it survived and stayed

aligned within 1’ !). The predicted resonance frequencies

of the system (250 Hz and 380 Hz), were found during

the b ench tests.

The critical comp onents of the guidin g system are the ac-

tuators. They are made of ab out 200 piezo electri c discs.

On each of these discs, a high voltage is applied (range:

0-600 V olt). F or increasi ng the redundancy

, each actua-

tor is made out of 12 separate stacks, each in series with

a resistor. If we would not have this feature, a single

failure of a disc (a short circuit) would destroy the high

voltage p ower supply

. The length of the 200-disc stack

is ab out 230 mm. T o avoid to break the stack during

launch vibrations , the middle of the stack is strapp ed

to the case over 10 mm; this design is qualifi ed for the

launch of SOHO. The actuators were built by Queensgate

Instruments Ltd, Bracknell , England.

The 12 scientific pixel currents are converted into volt-

ages by 12 low-noise op eration al amplifiers (AD-OP97) in

a zero bias configuratio n. This latter will minimi se the

1 noise. The analog-to-di gi tal conversion is p erformed

by synchronous V oltage-to-F requency converters (VFC)

(AD652). The VFCs are co-lo cated on an alumin iu m-

oxide substrate (hybrid technology) for improved thermal

stability

. The VFC outputs are accumulated into 24-bit

counter ASICs (Applicati on Sp ecific Integrated Circuit).

The integration time is 99% of the sampling time of 60s.

The ASICs are read by the VIRGO DAS (Data Acqui-

sition System) (F r¨ ohlich et al, 1995, these pro ceedin gs).

The resolution of the data chain is b etter than 0.1 part-

p er-milli on (ppm). The accuracy is b etter than 3 ppm

which was limited by the voltage standard used for cal-

ibration. The main source of drift is the temp erature

co efficient of the VFC which is ab out 1.5 ppm/K.

The guidin g pixels are amplifie d in the same way as the

scientific pixels. The North- South and East-W est guid-

ing errors are obtained using differential amplifiers. The

error signals are fed into servo regulators driving high

voltage output stages (bip olar discrete technology). The

high voltage amplifiers have a fixed gain. They are built

with high voltage DC/DC converters with a fixed output

voltage (600 V olt) and series regulator circuits. The neg-

ative lead of the actuators is kept at a constant voltage

of +150 V olt. The p ositive lead is v ariable b etween 0

and 600 V olt. If needed the servo lo op can b e switched

off and a fixed voltage can b e applied to the actuators.

The fixed voltages are selectable by telecommands. The

whole electronic system was built in ESTEC.

The scientific and technical p erformances of the instru-

ment were checked using the qualifi cati on version of the

instrument. This latter was install ed in T enerife on May

2nd, 1994. Since then it has b een op erating nominal ly

without any malfunction s. The scientific results are dis-

cussed in App ourchaux et al (1995) and in these pro ceed-

ings. So far only the atmosphere prevent us to reach a

b etter signal-to-noi se ratio in the p ower sp ectra, and a

more precise guidin g. In addition, the guiding effect as rep orted by App ourchaux et Andersen (1990) are much

bigger than effectivel y measured with the ground-based

instrument; the overestimation is ab out a factor 4. Apart

from this, the b ehaviour of the instrument follows the

theoretical prediction . Others articles using the LOI data

rep ort in these pro ceeding s on measuring the solar radius

fluctuations (Rab ello-S oares et al, 1995) and the solar

noise background in intensity (Jiḿ enez et al, 1995).

One of the authors (T

A) has great confidence that the

LOI will detect the g mo des. Using the capabili ty of the

instrument to isolate the 2 + 1 mo des of a given will

allow to reduce considerab ly the crowding of the g mo des

in the p ower sp ectrum. The future of the LOI can only

get brighter if the space instrument resists the v arious

hurdles of the launch, cover op ening...and op erations.

The buildi ng of the LOI would have

not b een p ossible without the contribution of the follow-

ing ESTEC p ersonnel : R.Schep er, A.Smit for the me-

chanical designs; J.Blommers, J.Postema, M.J.Kikkert,

K.F.F rumau, for the machining and the assemblin g;

K.Bouman, A.F ransen, J.Heida, L.Smit for the electron-

ics; T.Beaufort for the electronic design; additio nal con-

tributions were given by G.Gourmelon for the sp ectrome-

try , by B.Johlander for v arious irradiati ons, by J.M.Guyt

for checking the contaminati on, by A.Zwaal for the clean-

liness levels and by P

.Brault for the bakings; we also

thank R.Czichy for loani ng us the Zygo interferometer,

and D.Doyle for the technical assistance for this interfer-

ometer. The v arious part of the LOI instrument could

not have b een built without the help of the following in-

dividual s: T.E.Hansen at Ame, C.Shannon and T.Hicks

at Queensgate, and P

.Rob ert at SESO.

REFERENCES

1. App ourchaux, T., 1993, SPIE 2018, 80

2. App ourchaux, T. and Andersen, B.N., 1990,

Sol.Phys. 128, 91

3. App ourchaux, T. and Cislaghi , M., 1992, Optical

Engineerin g 31, 8, 1715

4. App ourchaux, T., Gourmelon, G. and Johlander, B.,

1993, Optical Engineering 33, 5, 1659

5. App ourchaux, T., Martin, D. and T elljohann, U.,

1992, SPIE 1679, 200

6. App ourchaux, T., T outain, T., T elljohann, U.,

Jiḿ enez, A., Rab ello -Soares, M.C., Andersen, B.N.

and Jones, A.R., 1995, A&A 294, L13

7. Domingo, V. and Poland, A., 1989, ’The SOHO mis-

sion’, ESA SP-1104, p. 7

8. Harvey

, J., 1988, ESA SP-286, Eds V.Domingo and

E.J.Rolfe, p. 55

9. Marco, J., Chourreau, A., Oscar, H., 1994, ESTEC

contract 10023/92/NL/NB, CER

T study 439700, In-

termediary rep ort 04 (R02)

10. T omczyk, S., Schou, J. and Thompson, M.J., 1994,

submitted to ApJ Letter

Figure 3: Artistic blow-up of the guiding system. The assembly of the 3 rings making the gimbal is very critical. F riction b etween

the rings mo dify the normal b ehaviour of the guider. The piezo electric actuators are longitudinally kept in place by back screws,

not shown here. F or each axis, the fine adjustment is made with a screw lo cated on the lever arm. The 20-N force is adjusted with

a screw lo cated on the spring arm.