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ABSTRACT 

The optical path difference model (OPD model) determines where to position the delay lines in order to compensate for on­
axis delay as seen from an astronomical object of known coordinates. This model is equivalent to a pointing model but 
applied to the interferometric delay. The objective is to reduce the time to search for fringes and to improve the delay lines 
blind tracking accuracy. This aspect is of prime importance not only when considering the overall operational efficiency of 
the interferometer but also its ability to quickly observe a set of program objects even after relocation of the auxiliary 
telescopes. 

The optical path difference model is based on a precise knowledge of the interferometer configuration by including a set of 
calibration measurements. This paper describes the main characteristics of the model and includes the results of a 
simulation developed to fit telescope axis misalignments which contribute to optical path difference errors. 

Keywords: Long baseline optical interferometry, Optical path compensation. 

1. NEED FOR A GOOD ACCURACY ON FRINGE POSITION 

In order to obtain fringes from an astronomical source with an interferometer consisting of several independent telescopes, 
the optical paths propagating from the object, through individual telescopes and towards a common beam combiner must 
be equalised. Thus, depending on the sky coordinates of the object, its diurnal motion, and the selected baseline of the 
interferometer, an internal delay must be continuously adjusted to balance the optical paths. This will be performed by 
moving delay lines along a 60m track. 

In acquisition phase, the delay lines will be positioned according to a theoretical model where fringes are expected to be 
detected. A supplementary scan of the delay line may be necessary to detect fringes and then start a tracking procedure. 
Therefore, errors introduced in this predicted position will directly affect the time needed to acquire the interference signal. 

A good accuracy on the fringe position will help (i) to have a quick access to a set of program stars even after 
reconfiguration of the auxiliary telescopes; (ii) to improve delay lines tracking accuracy especially in blind mode when no 
fringe tracking signal is available; (iii) to increa~e the overall operational efficiency of the interferometer. 
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2. CLASSICAL MODEL 

2.1. Description 

The fundamental equation which gives the OPO to be created as a function of time is given by: 

OPO = S.B+OPO int ( 1) 

where 

S is the unit vector pointing towards the object under study at a given time 

B is the vector Baseline defined in 3 dimensional space. 

S. B is also known as vacuum delay. OP0inl is the internal OPO when the delay lines are at their mechanical 
reference positions. It corresponds to an offset of the Zero Path Difference position. 

The ultimate accuracy on OPD is imposed by the star coordinates' accuracy. The external optical path difference can be 
written OPD=B".sine, where B" is the projected baseline and e the object's zenith distance. The angular position accuracy 
of an object taken from the Hipparcos catalogue wilJ be 2mas . Thus an OPO error of fJOPD =1 ~m is expected for a star 
at zenith and a projected baseline of 100m. For sources taken from the FK5 catalogue, fJOPD =25 ~m in the same 
conditions. This numbers also apply for a 2° star switching. This paper does not take into account these errors. 

Equation 1 relies on a good knowledge of the vector Baseline defined as the vector joining the intersection points of the 
altitude and azimuth axis of each telescope. The initial accuracy can be improved by astrometric calibration [1,2]. Starting 

from a set of reference stars Sj and an assumed vector baseline Ba the theoretical delays OPO j , calculated with (I) are 

compared to the real fringe positions,OPOr• i • A ,mean vector baseline :Sm can be defined by writing 

OPDi - OPDr• i = Si '(:Sa -B m ) ( 2) 

which can be solved for 8m , 

2.2. Limitations 

The method illustrated by equation (2) has been used in existing interferometers operated with siderostats [1,2]. In these 
cases systematic OPO errors due to siderostat axis misalignments or run-outs were not taken into account. One relied on the 
intrinsic stability of the siderostats and further scanned the delay lines to acquire fringes. 

When siderostats axes do not intersect, a mean pivot point can be defined [3] and a dedicated metrology monitors its 
movement. This is of importance when considering astrometric applications for which the knowledge of the baseline vector 
directly influences the final astrometric precision. 

In the case ofVLTI, axis misalignment and run-outs are expected to be equal to few 100).lm and the monitoring of a mean 
pivot point cannot be practically implemented. While sufficient accuracy may be obtained for fringe acquisition on bright 
stars, for which fringes position wilJ be servoed during observation, axis misalignments may have a serious impact on the 
fo]]owing two aspects. Firstly, on the blind tracking accuracy which requires an exact fringe position computation as a 
function of time. Secondly, on the VLTI astrometric mode. 

It is therefore important to identify and model sources of systematic errors to improve the operation of VLTI. As an 
example, we studied the effect of telescope axes misalignements and run-outs on OPO errors. 
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INFLUENCE OF TELESCOPE'S AXIS MISALIGNMENT ON OPD ERRORS FOR 
3. VLTI 

3.1. Configuration 

Figure1 shows both azimuth and altitude axes whose mean separation is Em· Zenith and azimuth angles are respectively 

noted Tl and ~. In order to simplify our discussion, we only considered circular runouts, Raz and Rail. Runouts can further be 

described by phase angles q>z and q>a which define the instantaneous location of the two axes when Tl=~=O. The projection of 

when 'T\=~=O. This point is then considered to be linked to the 

the altitude axis on the azimuth axis is defined by 10 

I(l1,~) when the telescope is pointing a given direction in the sky. Figure 2 

telescope's tube and will move to a point l(Tl,~). The 

illustrates the effect of the imperfections described above by showing the 3 dimensional displacement of 

parameters were Raz=250 Ilffi, Rail =100 Jlm, em =0, <pz =100 and <Pa =200. 
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Figure 1: Telescope's axis configuration. 
of I(T),~ ) in microns

Figure 2: Displacement 

for O<~ <360 and 0<11 <60. 

3.2. Computation of OPD errors 

b'
The quantity to be computed is defined as the OPD error Eo 

~~ween a paIr of teI:scopes whIch
'.

contams one telescope
~,

characterised by the misalignement described above and'
a pair of perfect telescopes (all parameters equal zero). 

tical . . 
w"e used the concept of sensitivity matrix to compute the 0 

path dIsturbance mduced by the 3D movement of each 

mIrror of the telescope with respect to a referential II'nked t
o 

Pth
e ground. 

In order to simplify our discussion, we considered the rim . 

telescope's tube. S.imiJarly, the Coud6 train mirrors ~erea~~~~~~o;dary and .t~rtlary mirrors as a rigid body linked to the 

Therefore, we studIed, as a function of (11, S), the dis lacement e ed as a ngId body attached to the telescope's fork. 

. of the tube and the fork due to axis misalignment, with 

respect to the referential [West, South, Zenith]. Equ:' 3 
gives the OPD error as a function of (n r) d' I

IOn • l'~ an IS potted
figure3. 
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Figure 3: OPD error for O<~ <360 and 0<11 <60. 

3.3. Consequences according to observing sequence 

We considered 3 different scenarios, namely fringe acquisition, star switching and blind tracking. Fringe acquisition is the 
procedure followed to find the central fringe after pointing towards any object in the sky. Star switching is the action to 
blindly move the delay lines from a position where fringes are detected from a bright reference star to a position where 
fringes are expected to be detected from a nearby faint object. Finally blind tracking is an observing mode where tracking 
is performed on a faint object without any feedback from the fringe phase but according to theoretical laws. 

Table I summarises the OPD errors obtained with the parameters of section 3.1. For fringe acquisition, the maximum OPD 
errors is directly given by Figure3. Then we looked at the derivatives as a function of zenith and azimuth angles. A two 
degree star switching represents the expected maximum angular separation between a bright reference source, used for 
fringe acquisition, and a program source observed in blind mode. 

The OPD errors as a function of observing time is given by 

de opd aE opd a1'\ dE opd a~ --=--.- +.--.­
dt a" at as at 
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where dll /dt= -COo. sin (~) cos(<!» and d~ /dt= -COo. ( sin (cj» + l/tan(Tl) . cos(~). cos(cj»]. 
COo is the earth rotation rate (7.27.10-5 rad/s) and <!> the site's latitude (-24 °for Paranal). 

T . I' h that I'n the worst case, an OPD error equivalent to the expected 20~m rms atmospheric error will be hIS ana ySIS sows� 
reached only after 5min of blind observation.� 

Max. OPD error in fringe aEopd max-850 ~m 

acquisition 

Max. OPD error for a 2° switching 

altitude switching d£opd -4 
--max= 15.10 aE opd =50 ~m 

all 

azimuth switching a£opd -4 
--max=8.10 a£opd =30 I-lm 

a~ 

Blind mode tracking accuracy a£opd ·8 
--max= 7.10 m1s after 5min dEopd =20 11m 

at 

Table 1 

3.4. Consequences for Astrometry 

The angular separation between two stars is directly related to the optical path difference offset between their respective 
fringe packets. While tracking on a reference star of well known angular coordinates, the position of the program star's 
fringes is recorded from which the astrometric information is derived [1,5]. (11 ,~) are the coordinates of the reference star 
and (ll+A11 ,~ +A~) those of the program source. 611 and 6~ are assumed to be small, 30 arcsec maximum. The angular star 
separation is determined from: 

( 3) 

Astrometric accuracy at the 10J,Larcsec level requires that the baseline shall be determined within 50Jlm [5]. The baseline 
defined as intersection point between axis cannot be practically measured with few tens of microns accuracy. The notion of 
instantaneous baseline as seen by the star must be used. Otherwise the ultimate astrometric accuracy will be limited to the 
amount of axis runouts and misalignment. 

4. OPD MODEL FOR VLTI 

The Optical Path Difference Model is part of the general OPD compensation problem whose objective is to adjust the delay 
line position to minimise the OPD rms error over various exposure times. 

It comput~s a val~e. of the,OP~ to be created by the delay lines as a function of time, in order to be as close as possible to 
the rea.) fnnge posItIOn W~lch IS a.f~ected by. atmospheric, vibration and thermal effects. A fringe tracking control loop will 
be avaIlable when observmg suffiCiently bnght sources to reduce atmospheric effects. OUT contribution is to includ t 
l-" • f . e ermslor correctlOn 0 systematic errors such as those presented in part 3. 

We pro?ose to consider the OP~ model as the general telescope pointing mo~el. Indeed, the telescope pointing model 
deals with errors on telescope aXIS and encoders which influence the pointing and tracking accuracy. By observin a set of 

o 
reference stars, this model provides a two dimensional correction (altitude and azimuth) which finally reducesl:pointing
errors from several arcmin to some arcsec [6]. 
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By comparison, the OPD model will improve the acquisition and tracking accuracy by reducing the OPD errors. The time 
needed to acquire fringes with the OPD model can be seen as the time needed to lock on a star using a pointing model. 

The parameters of the OPD model are: 
- mean baseline coordinates: [Bx, By , Bz J 
- internal optical path difference: OPDint 
- residual source of systematic errors: for example [Raz, R'Il> Em, <P., <pz ,...J which contributes to the OPD by the 
amount E(T\,~). 

Other terms such as axis wobble which influence the OPD error could also be implemented. All the parameters will be 
fitted to sky observations. For a set of calibration stars, the delay line metrology will measure the necessary OPD which has 
been created to centre fringes. Then an appropriate algorithm will determined all parameters in order to fit the 
measurements to the equation: 

OPD(T\,~) = S(T\,s).B m +OPD int +E (T\,S) ( 4) 

E(T\, ~) is a function of the parameters [PJ=[ Raz , Rallo Em, <pa, <pzJ. The coarse geometry of the array will provide a first 
guess of the baseline whereas the internal OPD will be measured from the Interferometric Laboratory to a retroreflector 
located on M2 or to a flat mirror located at the folded Nasmyth focus. 

5. SIMULATION 

5.1. Data flow 

We performed a simulation to investigate how to determine 
the axis misaligment parameters from sky calibration and to 
assess the final OPD accuracy achievable. 

First we selected from the FK5 catalogue a list of about 200 
stars observable at a given date, equally distributed in the 
sky and with a maximum zenith angle equals to 60°. 

Figure 4 shows the different steps followed to simulate a 
calibration run. Given a set of parameters, [P], and using 
equation (3), we calculated the "theoretical" ?PD.error that 
would occur by observing several cahbratlOn stars1-----*-----1 ModelFittill& 
homogeneously picked up from the star list. This measur~ is 
degraded by atmospheric and delay line metrology nOIse 
which is expected to be around 20J.lm rms. Thus, we 
obtained a file containing calibration star coordinates and 
"measured" OPD error. Secondly, based on a "simplex" 
algorithm, we estimated a set of parameters [P*) that best 
fits the measurements. 

In order to evaluate the fitting performances, we used again 
the initial 200 stars. For these stars, we com~ared the 
"modelled" OPD error, using [P*], to the theoretJ~al OPD 
error which initially occurred with [Pl· The dIfference 
between these two quantities is the "residual" OPD error 

..~ ...lIIcIua" orD.... which is an indication of the final accuracy of the OPD 
model fitting process. 

Figure 4: Simulation data flow� Finally the effect of the number of calibration stars on the 
final OPD accuracy has been studied. 
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5.2. Results 
Figure 5 presents the residual OPD error after correction computed for the initial list of stars sorted by azimuth. Three 
cases are displayed. First, the curve with the maximum amplitude shows OPD error when no attempt to fit telescope 
misalignment is undertaken. Then the number of calibration stars is increased to respectively 10 and 20. 

Figure 6 shows the mean and rms residual OPD error as a function of the number of calibration stars used to evaluate the 
parameters. In this way, we found that the optimum number of calibration stars is between 10 and 20. 

The input parameters were Ru,=100f.lm , R,ul=200llm, Em=300llm, CPI =10° and CP. =20° which represent realistic values. 
Starting with a mean OPD error of 150±IOO /lm, the application of the OPD model with 20 calibration stars reduced errors 
to 3±31lm rms which lead to a gain of about 50. 

We also implemented and tested a genetic algorithm but it did not perform with sufficient accuracy. A possible reason is 
that the maximisation process involved in the fitting of the parameters did not suffer from local minima. Raft and CPa were 
always difficult to guess because the possible observed altitude angles are restricted between 30 and 90°. 

50'~--~---.....-----r-----~----, 501r-----r---~-~__.__-__,...--_r_-_r_-___,
)0 calibration stlrs 

e 
o

c: e o 
.~'E E 

.E .S; 

50 100 150 200 250 o 5 10 15 20 25 30 
star index sorted by azimuth Number of calibration stars 

Figure 5: "residual" OPD error as a function of the Figure 6: mean "residual" OPD error for the initial 200 
initial 200 stars. stars, as a function of the number of calibration stars. 

6. CONCLUSION 

In ord~r to impro~e the p~~ormance of the ~LTI blind mode (i.e. when no fringe tracking signal is available) and its 
potential astrometnc capabl.hty, we propose to llnplement an Optical Path Difference model, similar to a telescope pointing 
m?de~. The OPD model WI]) allow to trace and reduce systematic OPD errors. As an example, the influence of axis 
mlsalIgnmen.t on OPD e~ror~ were presented. In this case, a simulation of a possible OPD model scheme has shown that 
after evaluatIOn of the mlsahgments with 20 calibration stars, the OPD error was reduced by a factor 50 and brought down 
to a mean value of 311m. 
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