
Study of the SCIDAR 
on
ept for adaptiveopti
s appli
ationsA.A. TokovininMar
h 26, 20021 Introdu
tionRapid developement of adaptive opti
s (AO) systems has been made possi-ble through deep understanding of opti
al turbulen
e e�e
ts. It is now 
learthat for the optimization of AO operation a rather 
omplete knowledge ofopti
al propagation parameters is needed, in parti
ular the altitude distri-bution of C2n must be known. The appli
ability of the SCIDAR te
hniquefor this purpose is studied here. A stand-alone system 
apable of measuringthe C2n pro�le (hereafter - pro�le) at any given instant during night time is
onsidered.In Se
t. 2 we des
ribe the prin
iple of the te
hnique and determine themost important system parameters. A dete
tivity analysis is given in Se
t.3, and the availability of suitable target stars is dis
ussed in Se
t. 4. These
onsiderations lead to the spe
i�
ation of major system 
omponents whi
his given in Se
t. 5. Se
t. 6 
ontains our 
on
lusions and a brief review ofalternative approa
hes.2 The prin
iples of SCIDAR and GeneralisedSCIDARThe prin
iples of SCIDAR are des
ribed in [1,2℄. Re
ently the GeneralizedSCIDAR (GS) was proposed [3℄: instead of fo
using on the teles
ope pupil,the dete
tor is displa
ed so that the s
intillation from the lowest atmospheri
1



Figure 1: Opti
al s
heme of SCIDAR. The re
e
ting teles
ope 1 forms imageof a double star in the fo
al plane with �eld stop 2. The beam is then
ollimated by a lens 3, passes through the �lter 4 and falls on the dete
tor6, whi
h is pla
ed some distan
e behind the exit pupil plane 5 (in GS mode)or in the pupil plane (CS mode). Dete
tor signal is pro
essed by 
omputer7 with digital signal pro
essor (DSP) board inside.layers be
omes measurable. The GS will be 
onsidered here, be
ause the
lassi
al SCIDAR (CS) is just a parti
ular 
ase of GS.The s
heme of SCIDAR is given in the Fig. 1. The whole instrument
onsists of the folowing major 
omponents:1. Teles
ope2. Opti
al assembly3. Dete
tor4. Signal pro
essor5. Computer6. SoftwareThe SCIDAR operation resumes in the following. Teles
ope is pointedon a bright double star with angular separation � of 300 � 1000. The imagesof atmospheri
 shadow bands (or spe
kle) produ
ed by the turbulen
e are2



taken by the dete
tor with short exposure time (typi
ally 1 ms). The auto-
orrelation (AC) of these images is 
omputed in real time and averaged overintegration time (typi
ally 1 min). The normalized AC of double star C(~r)is 
omputed as C(~r) = I(~r1)I(~r1 + ~r)=I2; (1)where I(~r) is the intensity distribution over teles
ope pupil. The statisti
alaveraging is performed over spa
e (ve
tor ~r1) and time. The AC of doublestar 
ontains 3 terms:C(~r) = Z hmax0 C2n(h)[A C0(~r; h) +B C0(~r � �h; h) +B C0(~r + �h; h)℄dh;(2)where C0(~r; h) is the AC produ
ed by a single turbulent layer at altitudeh with C2n = 1. The 
oeÆ
ients A and B depend on the intensity ratio� = 10�0:4�m of double star 
omponents:A = (1 + �2)=(1 + �)2; B = �=(1 + �)2 (3)In the most favorable 
ase of �m = 0 we have A = 0:5 and B = 0:25.The two last terms in Eq.2 
ontain the useful information on the C2n(h)pro�le: they are proportional to the pro�le itself 
onvolved with C0 (stri
tlyspeaking it is not a 
onvolution be
ause the kernel C0 depends on h). Theequivalent width of C0 is L = 0:70p�h, and it de�nes the intrinsi
 altituderesolution of SCIDAR whi
h is equal to L=� (2.5 km for � = 400, h = 10 kmand � = 0:5 nm).The Eq.2 is valid for a sour
e at zenith. At non-zero zenith distan
e zthe s
intillation in
reases as 
os z�11=6 [8℄, and the distan
e of a turbulentlayer from the teles
ope in
reases as 
os z�1. Thus, h in Eq.2 must be in fa
trepla
ed by hse
z. Consequently, with a star of given separation away fromzenith, still larger teles
ope is required to rea
h a given altitude. At the sametime the verti
al resolution in
reases as well. Also, the small-perturbationapproximation is no longer valid for z > 60o [8℄, so large z must be avoidedto ensure 
orre
t data interpretation.The 
lassi
al SCIDAR (CS) is insensitive to low-altitude turbulen
e fortwo reasons: i) the fun
tion C0(~r; 0) = 0, and ii) the terms in Eq.2 begin tooverlap for �h < L. In the GS, the virtual observing plane 
an be pla
ed3



Figure 2: Displa
ement x of auto
orrelation peaks in fun
tion of altitude anddouble star separation in a GS with altitude o�set H0 = �5 km. The widthof shaded bands depi
ts the FWHM of the 
orrelation. The auto
orrelationat x = 40 
m (horizontal line) 
orresponds to di�erent altitudes for doublestars of di�erent separations, and altitude resolution is also di�erent.at some altitude �H0 below the ground, and the physi
al altitude H of aturbulent layer is repla
ed in Eq.2 by h = H�H0. (It is possible to make H0positive, but this 
ase is of little pra
ti
al interest and will not be 
onsideredhere.) Altitude o�set H0 
an be optimized; in the following, we will assumeH0 = �5 km, so that the terms in Eq.2 are safely separated even for groundlayers.To measure the turbulen
e at altitude h, we must measure the AC fordispla
ement x = �h. In Fig.2 x(h) is plotted for various double star sep-arations �. The width of the shading depi
ts the width of AC. If a widerdouble star is sele
ted, the altitude resolution in
reases, but larger teles
opeis required. Unfortunately, the 
hoi
e of available stars is very limited, andwe have to work with separations as large as 1000 (see below). Thus, a tele-s
ope diameter of at least D = 1:2 m is required to measure the pro�le upto H = 20 km. Larger teles
ope also provides better dete
tivity.If we were free to sele
t a double star separation for a given teles
opethat would provide highest altitude resoltion while rea
hing the maximumspe
i�ed altitude, the number of resolution elements in the pro�le 
ould be4



estimated as Nmax = D=0:7p�H0. In the real life the number of resolutionelements will always be less than Nmax.Fo
using the dete
tor on the virtual plane whi
h is not 
oin
ident withpupil plane introdu
es di�ra
tion near pupil edge. The width of this zoneis about p�H0. In the edge zone the s
intillation intensity is distorted, andmust not be used in 
al
ulation. So, in a GS the e�e
tive pupil diameter isredu
ed by 2p�H0 = 8 
m for H0 = �5 km. Similarly, the pupil zone nearthe shade of se
ondary mirror and spiders must be avoided in GS.The 
hara
teristi
 size of s
intillation pattern produ
ed by the turbulen
eat the distan
e H0 = �5 km is equal to 0:7p�H0 = 3:5 
m, and somewhatlarger at greater altitudes. To sample this pattern with 2 dete
tor pixels, we
hoose pixel size of 2 
m. The number of photons re
eived being very limited,pixel size 
an not be redu
ed without loss of dete
tivity, so the adopted pixelsize of 2 
m must not be 
onsidered as a free parameter.The s
intillation pattern moves a
ross the pupil with e�e
tive wind speed.Taking it to be 20 m/s (or 72 km/h), in 1 ms exposure time the pattern willbe smeared by just 2 
m, whi
h is barely noti
eable. The experien
e of J.Vernin group shows that in some extreme situations (wind up to 50 m/s) theexposure times as short as 0.5 ms may be required to "freeze" the s
intillation.However, in the following we adopt exposure time of 1 ms whi
h is likely tobe used most of the time.If the s
intillation image produ
ed by a single star is 
orrelated withdelayed image, the peak in AC that 
orresponds to a parti
ular turbulentlayer is displa
ed. The amount and dire
tion of displa
ement are dire
tlyrelated to the wind speed of a layer. Thus, a possibility exists to measurethe wind velo
ity in upper atmosphere with SCIDAR, as demonstrated in [2℄.However, there is yet no general solution whi
h permits to extra
t wind pro�lefrom su
h data: the problem is evidently related to the fa
t that displa
edpeaks in the 
ross-
orrelation 
an overlap. It is not ex
luded that a methodof wind extra
tion pro�le be elaborated in the near future. For the moment,we do not 
onsider GS as an instrument for wind pro�le measurement. Asystem studied here 
an however be used for wind pro�le measurement whena suitable data pro
essing te
hnique be
omes available, be
ause no additionalhardware 
omponents are needed for 
ross-
orrelation 
omputing.The s
intillation pattern is 
aused by di�ra
tion of light waves, and thusis wavelength-dependent. The 
hromati
 de
orrelation was studied in [1℄: fora bandwidth of ��=� = 0:25 whi
h 
orresponds roughly to the un�ltered S205



photo
athode spe
tral response the 
orrelation remains as high as 86%. Thisloss will be larger for a wider bandwidth, but in prin
iple it 
an be takeninto a

ount in the data pro
essing.A more serious problem whi
h forbids the use of large spe
tral bandwidthis related to the 
hromati
 refra
tion. The angular distan
e between red andblue stellar images for a zenith distan
e z is approximately equal to 100tgz.Thus, a layer at 20 km would give red and blue spe
kle patterns smearedby 10 
m at the teles
ope pupil for z = 45o (in fa
t thisdispla
ement will beless be
ause most of refra
tion o

urs at lower altitudes). This smearing is
omparable to the Fresnel spe
kle size and somewhat degrades the altituderesolution when double star 
omponents happen to be viewed in the verti
aldire
tion. In the following we assume that zenith distan
e will not ex
eed45o.The possibility of in
reasing the s
idar altitude resolution by de
onvolu-tion is sometimes dis
ussed (it must be noted that Eq.2 is not a 
onvolution,but a Fredholm Type 1 integral equation, of whi
h a normal 
onvolutionis just a spe
i�
 
ase). J. Vernin and his 
ollaborators routinely use themaximum entropy te
hnique whi
h seems to take advantage of the inherentpro�le positivity and its typi
al multi-peaked shape. A gain of 2 
an be thusa
hieved in the verti
al resolution for good S/N data. However, the S/N ratioin the input data may be very low, and it is known that in these 
onditionsno 
onsiderable gain in resolution is possible by aposteriory data pro
essing.We do not 
onsider here any de
onvolution te
hniques, assuming that theireventual use will not 
hange major system 
hara
teristi
s.3 Dete
tivity analysisAs explained above, the output of SCIDAR is a C2n(h) pro�le 
onvolvedwith instrumental response fun
tion. In what follows the smoothed C2n arethus 
onsidered. The pro�le is estimated from the auto
orrelation fun
tiona

umulated during the time T . The rms error of C2n depends on the errorof AC measurement. It was estimated in [2℄. Here we repeat this derivationwith the following generalizations:1. It is known that opti
al turbulen
e is usually 
on
entrated in very thin
6



layers. The strength of ea
h layer is 
hara
terized by the integralJ = Zlayer C2n(h)dh; [m1=3℄ (4)whi
h is 
alled turbulent opti
al fa
tor and is dire
tly 
omparable to theintegrated e�e
t of opti
al propagation through whole atmosphere (for r0 =20 
m at � = 500 nm J = 2:19 � 10�13m1=3 ).A

ordingly, the dete
tivity in terms of J is estimated. The 
orrespondingerror on C2n is then obtained by dividing the error on J by the verti
alresolution (see formulae below). Both errors have di�erent dependen
e onaltitude.2. The number of spatial samples of 
orrelation fun
tion is estimatedas qs=S(x), where s = 0:355�h is the s
intillation 
oheren
e area [2℄, andS(x) = 2S0=�(ar

os� � �p1� �2) is the overlap area of pupil shifted byx = �H (� = x=D, S0 = �D2=4). In 
ase of GS, the physi
al altitude Hmust still be used here, and not the virtual altitude h, be
ause additionalaltitude o�set H0 provokes only pupil displa
ement on the dete
tor but doesnot redu
e the number of 
orrelated spe
kles. The dependen
e of spatialsamples number on x was not taken into a

ount in [2℄, but it is importantwhen x is 
omparable to D.3. In [2℄ the statisti
al spe
kle noise only was 
onsidered. However, forfaint stars the photon noise and dete
tor readout noise be
ome important.The problem of estimating the image 
orrelation fun
tion in the presen
eof photon and dete
tor noise is well known in spe
kle interferometry. Thespe
kle noise term (C��(0) in notation of [2℄) must be repla
ed by the sumof noise dispersions due to spe
kle, photon and readout noise. Photon noiseis equal to 0:25=Æ, and readout noise is equal to 0:5(n=Æ)2, where Æ is themean number of photons per pixel dete
ted in ea
h exposure and n is therms readout noise in ele
trons. The spe
kle term C��(0) = A�2I is relatedto the usual s
intillation index for single star �2I = �I2=I2 (s
intillationprodu
ed by all atmospheri
 layers), while A (Eq.3) takes into a

ount thesour
e binarity.The 
al
ulation of errors on J and C2n is given in the Appendix, and �nalresults are: �J = A�2I + 0:25=Æ + 0:5(n=Æ)22:25Bk7=6h5=6 s s�
TS(x) ; [m1=3℄ (5)7



�C2n = �J=p0:355�h; (6)�C2n = �A�2I + 0:25=Æ + 0:5(n=Æ)23:96Bk2=3h4=3 s s�
TS(x) ; [m�2=3℄: (7)where k = 2�=�. Eq.7 is very similar to the formula (34) in [2℄. The param-eter �
 is time interval between su

essive frames.It 
an be noted that dete
tivity dependen
e on sour
e magnitude anddete
tor (via Æ and n), on one hand, and on altitude and teles
ope, on theother hand, are 
ombined in a multipli
ative manner, and so 
an be anal-ysed separately. In the following, we adopt some typi
al values of relevantparameters:� = 500 nmD = 1:12 m (1.2-meter teles
ope redu
ed by edge di�ra
tion e�e
t)T = 60 s�
 = 20 ms (it 
an be as small as 1 ms, but is limited by signal a
quisitionand pro
essing rate; standard TV rate is assumed)�2I = 0:1 (this parameter is known to be highly variable, and its typi
alvalue is taken here)�m = 1 (more realisti
 than �m = 0 and still tolerable be
ause noisein
reases by only 50%)H0 = �5000 mIn 
al
ulating the photon 
ux, we assume pixel size of 2 
m (as related topupil plane) and exposure time of 1 ms. The wavelength band of 100 nm isalso assumed. Combined transmission of atmosphere, teles
ope and opti
alassembly is taken to be 0.5.Two dete
tors are 
onsidered: the intensi�ed CCD (ICCD) with quantumeÆ
ien
y of 10% and no readout noise, and fast CCD with quantum eÆ
ien
yof 50% and readout noise of 1 and 4 ele
trons. In the latter 
ase, the numberof photons Æ = 10 for a 
ombined sour
e magnitude 5.In Fig. 3 the �C2n is plotted versus sour
e 
ombined magnitude for h = 10km and � = 400. The advantage of CCD over ICCD in the relevant magnituderange is evident. The readout noise of CCD dete
tor a�e
ts the dete
tivity forfaint sour
es, where the performan
e of both dete
tors be
omes 
omparable.The performan
e is similar for bright sour
es, too, where the spe
kle noisedominates photon noise. On the other hand, dete
tivity depends on �2I ,i.e. on the pro�le itself: for a stronger turbulen
e noise is also stronger.8



Figure 3: Error �C2n at h = 10 km for double star with � = 400 and �m = 1for di�erent dete
tors: CCD with readout noise 1 e� (full line), CCD withreadout noise 4 e� (dahsed line) and ICCD (dotted line), in fun
tion of the
ombined sour
e magnitude mAB.Dete
tivity of GS is lower than that of CS be
ause the total s
intillation isin
reased for H0 < 0. In situations with high wind speed the exposure timewill be redu
ed to 0.5 ms, whi
h is equivalent to the 2 times 
ux loss: the
urves on Fig. 3 will be displa
ed 0:75m to the left.The dependen
e of dete
tivity on altitude and double star separation isillustrated in Figs. 4 and 5. The 
al
ulations are made for a star of magnitude5 and a CCD dete
tor with 1 e� readout noise. From Fig. 4 is is 
lear that�C2n is proportional to �: for larger � the altitude resolution is in
reased,and the pro�le is spread in more AC pixels. The e�e
t of redu
ed numberof spatial samples is very pronoun
ed for � = 800, but it will be mu
h less forlarger teles
ope aperture.As shown in Fig. 5, the �J is pra
ti
ally independent on h and �. Al-though the s
intillation produ
ed by a given layer is stronger at higher alti-tudes, this is almost entirely 
ompensated by resolution de
rease and redu
ednumber of spatial samples. A given layer produ
es a peak in the AC of thesame width, independent of �. This is why the layer dete
tivity dependson � only weakly via spatial sampling term. Here again, this dependen
ewill be mu
h less for a teles
ope of larger size. The turbulent layer with9



Figure 4: Dependen
e of C2n error on altitude for double stars with sepa-rations 400 and 800. A CCD dete
tor with 1 e� readout noise is assumed.Teles
ope diameter D = 1:2 m, 
ombined sour
e magnitude mAB = 5.

Figure 5: Altitude dependen
e of "layer" dete
tivity �J for the same instru-ment parameters as in Fig. 4. 10



Figure 6: Relative noise in
rease in fun
tion of magnitude di�eren
e forbright and faint sour
es.J = 1 � 10�15m1=3 
ontributes some 0.5% to the total seeing at a good site(r0 = 20 
m), so the dete
tivity seems adequate.The noise dependen
e on sour
e magnitude di�eren
e enters via the fa
-tors A and B. Noise is proportional to A=B for bright sour
es (Æ >> 1) andto 1=B for faint sour
es where photon and readout noise dominate spe
klenoise. In Fig. 6 the normalised noise in
rease is plotted against �m forboth 
ases (the real situation is somewhere in between). As stated above,magnitude di�eren
e up to 1m or slightly more is a

eptable.The possible ways of improving the dete
tivity are listed below:1. In
rease of integration time T redu
es noise as T�1=2.2. In
rease of teles
ope diameter redu
es noise at least as D�1, and mu
hmore in the poor spatial-sampling 
ase (when �H � D).3. Frame rate �
 
an be in
reased up to 20 times, be
ause it is limited bysignal a
quisition and pro
essing speed. Photon and readout noise 
an thusbe redu
ed by 5 times. The redu
tion of spe
kle noise would be less be
ausespe
kles in 
onsequtive 1 ms exposures would remain partially 
orrelated.4. For ICCD dete
tor the bandwidth is limited by the photo
athodespe
tral sensitivity, and no additional �lter is used. On the other hand, thegood sensitivity of dire
t CCD in the red and NIR en
ourages to in
reasebandwidth and to use � > 500 nm. However, noise also in
reases as �7=6 or11



�2=3 (Eqs. 5,7). If no �lter is used in front of a CCD, the dete
tivity would bethe highest, but the e�e
tive � and bandwidth would depend on the sour
espe
tral type. This must be properly taken into a

ount in signal pro
essing.Also, for large zenith distan
e the verti
al resolution would be degraded by
hromati
 refra
tion. We re
ommend to limit the band to 100 nm by a �lter.4 List of double starsThe 
omputer version of the Washington Double Star 
atalogue (WDS) [5℄whi
h 
ontains some 70000 entries was s
anned. Di�erent sele
tion 
riteriawere tried. It turns out that the total (whole-sky) number N of doublestars with both 
omponents brighter than a given visual magnitude m in theseparation range from �1 to �2 ar
se
onds 
an be estimated by the formulaN = 100:43m�0:47(1=�1 � 1=�2): (8)For example, the formula predi
ts that there are only 20 sour
es with both
omponents brighter than 6m and separation 400�1000 (a
tually, the number ofsu
h sour
es is 16). The inverse proportionality of sour
e number on angulardistan
e must be noted: it is easier to �nd 
loser double stars!The �nal sele
tion of southern double stars with separations from 2:500 to1000, with both 
omponents brighter than 7:5m and magnitude di�eren
e lessthan 1:5m is given in the Table. Some manual editing was needed to deletestars with multiple 
omponents of 
omparable brightness.In the WDS the �rst and last measurements of � are usually given downto �0:100. We 
al
ulated the rate of distan
e 
hange in ar
se
onds per yearand extrapolated the distan
es to the epo
h 2000.0. These extrapolateddistan
es are listed in the Table, together with rate and the year of lastmeasurements. For a few systems with 
omputed orbits we used the orbitalelements instead to 
ompute the predi
ted position for 2000.0 and the rate(orb in the "last year" 
olumn). The only ex
eption is HR 7948, for whi
h avery long-period and probably wrong orbit predi
ts a 
onstant separation of13:7700, in
ompatible with re
ent measurements.The obje
ts were identi�ed with the 
atalogue of Bright Stars (BS) [6℄,and the HR numbers of the primary/se
ondary 
omponents are also given.We took from BS the equatorial 
oordinates for 2000.0 (in the format hh:mmssfor right a
sention and dd:00"" for de
lination), the photoele
tri
 V-magnitudes12



Figure 7: Zenith angle of the sele
ted SCIDAR target stars in fun
tion oflo
al siderial time. Dashed line indi
ates the adopted limit z < 45o.of both 
omponents and spe
tral type of the primary. Combined magnitudesVAB are 
al
ulated. For some systems the 
omponents are listed under asingle HR number, and separate photometry is not available; individual mag-nitudes are then taken from WDS and given with one de
imal, the 
ombinedmagnitudes are still from BS. A few sour
es have 
omponents of signi�
antlydi�erent 
olors (HR 1212, 1771, 4652, 6730).In the "*" 
olumn the re
ommended sequen
e of best sour
es that provide
ontinuous sky 
overage is given. By far the best SCIDAR target is HR4730/31 = � Cru. For these sour
es the zenith angles were 
al
ulated forany lo
al siderial time ST (�g. 7). The duration and position of dark nighttime with respe
t to the ST 
hanges during the year. Continuous 
overageis provided when at least 1 sour
e is available at any given instant of ST. It
an be seen that most of the time there are at least 2 sour
es.The strategy of target sele
tion may be developed given the sour
e listand the preferen
es. For example, if at any given moment the brightest tar-get above 45o is sele
ted, we obtain the dependen
e of 
ombined magnitudeand separation on ST (Fig. 8). It 
an be seen that the separations andmagnitudes vary signi�
antly, with attendant variation of resolution and de-te
tivity. If z up to 50o is admissible, the target sele
tion is easier and thefaintest sour
e in Fig.8 (HR 9002) 
an be avoided.13



Table 1: List of SCIDAR target double stars in the southern hemnisphereR.A. De
. VAB VA VB �; 00 _� Last * HR Sp.(A)1.5332 19.1737 4.04 4.75 4.83 7.63 -0.005 1969 546/45 A1p2.5816 -40.1817 2.91 3.24 4.35 8.32 0.001 1975 * 897/98 A4III3.4836 -37.3714 4.26 4.73 5.40 8.13 0.005 1975 1190/89 B9V3.5417 -2.5717 3.97 4.79 4.65 6.80 0.000 1966 * 1212/13 G8III5.2146 -24.4623 4.70 5.06 6.09 3.53 0.002 1983 1771/72 G7II+A77.2021 -52.1842 5.54 6.05 6.60 9.05 -0.006 1960 2813/14 F0IV7.2851 -31.5054 5.94 6.38 7.13 8.90 0.000 1968 2870/71 B3V7.3419 -23.2825 5.10 5.83 5.87 9.68 0.002 1965 2909/10 dF47.3849 -26.4806 3.81 4.50 4.62 9.90 0.000 1964 * 2948/49 B6V9.1231 -43.3649 5.57 6.2 6.9 2.80 0.000 1977 3661 B8Vp9.3046 -31.5322 5.76 6.18 7.00 8.00 0.000 1977 3781/80 A0V10.1958 19.5030 2.30 2.61 3.80 4.41 0.003 orb 4057/58 K1III11.3216 -29.1540 4.97 5.64 5.81 9.30 0.000 1967 4444/43 F8V12.1403 -45.4326 4.92 5.31 6.22 2.80 0.000 1963 4652/53 K3III12.2636 -63.0557 0.76 1.33 1.73 4.01 -0.009 1979 * 4730/31 B0.5IV12.4116 -13.0054 5.28 5.98 6.08 5.40 0.000 1980 4822/21 F5V13.4145 -54.3336 5.01 5.7 7.1 5.40 0.000 1963 5141 B8Vn13.5150 -32.5940 4.32 4.56 6.06 7.82 -0.003 1975 5210/11 B5IIIp14.2323 8.2648 4.92 5.12 6.86 6.22 0.001 1973 5386/85 A0V14.4044 16.2506 4.56 4.94 5.88 5.57 -0.001 1977 5475/76 B9p15.3448 10.3221 3.05 3.80 3.80 4.29 0.008 orb * 5789/88 F0IV16.2440 -29.4217 5.41 5.84 6.63 4.60 -0.018 1966 6106/05 G0IV16.2535 -23.2650 4.63 5.02 5.92 2.94 -0.007 1975 6112/13 B2IV17.1521 -26.3605 4.34 5.07 5.11 4.91 0.015 orb * 6402/01 K0V18.0130 21.3544 4.31 4.96 5.18 6.33 0.001 1974 6730/29 A5IIIn18.4528 5.2959 5.83 6.2 6.6 2.54 0.002 1979 7048 A1V+A1V20.4640 16.0727 3.87 4.27 5.14 9.22 -0.016 1976 * 7948/47 K1IV21.0405 -5.4923 5.63 5.89 7.31 2.46 -0.001 1973 8059/58 G4III22.1418 -21.0427 5.32 5.7 7.2 5.10 0.000 1975 8480 K0III+F223.0715 -50.4111 5.83 6.1 6.8 8.81 0.004 1975 8793 F6IV-V23.4601 -18.4041 5.29 5.8 6.8 6.78 0.007 1975 * 9002 F2III+F214



Figure 8: The 
ombined visual magnitude V (full line) and angular separation(dashed line) of the brightest SCIDAR target with z < 45o against lo
alsiderial time.The sour
e sele
tion strategy depends also on the desired system parame-ters. It may happen that the maximum altitude is limited by a teles
ope sizefor a too wide double star. Then a 
loser star may be sele
ted to measurethe high-altitude turbulen
e with redu
ed resolution, and then a wider starwill be used to measure the low and medium altitude turbulen
e with betterresolution. This is why it is important to have a redundant sour
e list.5 System spe
i�
ationsThe spe
i�
ations on system 
omponents are given here after some pra
ti
al
onsiderations. It is assumed that C2n pro�le must be measured at any givenmoment during the night without human assistan
e. Maximum altitude is20 km, altitude resolution is 1-2 km, depending on the sour
e.A major issue in de�ning system parameters is the 
hoi
e between 
lassi
aland generalized modes of operation, CS and GS respe
tively. Both CS andGS look very similar, but the system parameters are di�erent:i)GS requires a teles
ope with reasonably good opti
al quality (100 FWHMor less) and good tra
king a

ura
y. This stri
t toleran
e is be
ause GS usesthe image-forming 
apability of a teles
ope. Teles
ope aberrations be
ome15



visible in the defo
used pupil image, and they must be less than randomatmospheri
 aberrations. A CS is in prin
iple insensitive to teles
ope aber-rations. The only potential problem is a sky ba
kground: for a worst-
aseba
kground of 16m per sqare ar
se
ond (full-moon sky) the sky 
ux in a 6000aperture is equivalent to a 7:37m star, i.e. the ba
kground would 
ontribute28% of the 
ux for a 6m target. Thus opti
al quality spe
i�
ation for a CSis 10.ii) The tra
king a

ura
y of �500 or better is needed for GS, be
ause defo-
used pupil moves on the dete
tor when sour
e is displa
ed in the �eld. WithH0 = �5 km the image displa
ement due to tra
king errors would be�12 
m,or 6 pixels. Sour
e position in the �eld 
an be updated between exposures,so tra
king error must not ex
eed the limit only during data a
quisition (say,10 min). On the other hand, CS may have mu
h greater tra
king errors,be
ause pupil image on the dete
tor is stable.iii) The GS has a redu
ed dete
tivity in 
omparison with CS, be
ause thelower layers with strong turbulen
e 
ontribute to the s
intillation, in
reasing�2I . It is diÆ
ult to estimate the exa
t amount of dete
tivity loss, be
ause itdepends on C2n pro�le and on the 
hoi
e of H0.iv) A maximum altitude of GS is slightly less than that of CS, due topupil edge di�ra
tion.In what follows we list the system spe
i�
ations for CS:1. Teles
ope with mirror diameter D = 1:2 m. Teles
ope 
an be themost expensive part of the whole system.Opti
al quality: FWHM image size on axis of 3000 or less.Tra
king errors of �3000 or better during 10 minutes. A simple autoguideroption may be 
onsidered.Blind pointing a

ura
y of 10 for initial sour
e a
quisition in the �eld.Pre
ise sour
e positioning 
an be made with the help of SCIDAR dete
tor.Teles
ope operation (pointing, dome and mirror opening and 
losure, fo-
using) must be remotedly 
ontrolled by a 
omputer.The 
onsiderable experien
e in automated teles
ope design and operationhas been a

umulated by the Automated Photometri
 Teles
ope group whi
hhas a fa
ility on Mt. Hopkins (Arizona). A 
omplete automati
 teles
opemay be pur
hased there.2. Opti
al assembly is rather simple and inexpensive. In its simplestform it must 
ontain a positive lens, �lter and �eld stop (Fig. 1). The fo
allength f of a lens is 
hosen in fun
tion of teles
ope e�e
tive fo
al length F16



so that a dete
tor pixel must proje
t to 2 
m at the pupil. With pixel sizeof 20 �m a demagni�
ation G = 1000 is needed. With F = 10 m we havef = F=G = 1 
m. A 1.2 m pupil will proje
t on 60 dete
tor pixels, or 1.2mm. The displa
ement of dete
tor from the pupil plane is equal to H0=G2,or 5 mm for H0 = 5 km.For pointing it is desirable to have a 10 �eld image on the dete
tor. It 
anbe obtained if a lens of 4 mm fo
al length is inserted in the parallel beamjust in front of the dete
tor (for G = 1000). At the same time the �eld stopin the fo
al plane must be removed. So, the opti
al assembly must providefor remotedly-
ontrolled in-out motion of additional a
quisition lens. If forreasons of insuÆ
ient spa
e it will be diÆ
ult to insert additional lens infront of a dete
tor, the whole opti
al train in
luding �eld stop, lens and �ltermay be removed from the beam and repla
ed by a
quisition train with �eldre-imaging lens and, possibly, a neutral density �lter.3. Dete
tor of 
hoi
e is a fast-readout CCD with low readout noise (lessthan 2 e�). Minimum number of pixels is 64x64. Pixel size is irrelevant (onlyf depends on it). It is important that exposures as short as 0.5 ms 
an berealized, and that exposure start and end be syn
hronous for all pixels. Ifshort and syn
hronous exposure 
an not be realized by the dete
tor itself,a me
hani
al shutter is ne
essary. It may be a rotating-se
tor type shutterin the fo
al plane, with a slit of variable width. CCD readout and shutterrotation must be syn
hronized. If the frame a
quisition rate is limited bysignal pro
essing speed, the dete
tor readout need not be made in 1 ms, but
an take up to 20 ms. This may help to redu
e readout noise.Intensi�ed CCD 
an also be used, with some loss of dete
tivity (Fig. 3).In this 
ase an ele
troni
 shutter must 
ontrol the intensi�
ation stage. Theproblem of intensi�er remini
en
e exists, so the phosphor must be a rapidone with de
ay time of few millise
onds. If ICCD is 
hosen, the maximumpossible photo
athode quantum eÆ
ien
y is imperative.4. Signal pro
essor digitizes the video signal from the dete
tor, 
om-putes the auto
orrelation (AC) fun
tion on 64x64 pixels (as well as someadditional quantities to take into a

ount 
at �eld and bias non-uniformity,see [7℄) and a

umulates it in the 
omputer memory. Video signal has lowinformation 
ontent, its digitisation into 8 bit is more than adequate (4 bitswould be enough). AC 
al
ulation is done by 2D fast Fourier transform(FFT) algorithm whi
h requires a few (N log2N)2 
oating point operations,N being the number of pixels (a few 3.7 M
ops for 64x64 pixel format and17



20 ms frame rate).Fast real-time signal pro
essing steps are summarized in the 
ow-
hartbelow. The FFT of the auto
orrelation is taken, its square modulus is 
om-puted and a

umulated in real time. The inverse FFT to obtain the ACis done after end of a
quisition. Also in real time the average intensity isa

umulated for 
orre
tion of dete
tor non-uniformity.I(i; j) ! FFT; ~I ! sq:modulus; j~Ij2 ! sum; < j~Ij2 >64x64; 8bit 64x64; 
omplex 64x64; real 64x64; real! sum; < I >Signal pro
essing is best done by spe
ialized digital signal pro
essors(DSP). They are optimized for high-speed FFT 
omputation. For example,the DSP TMS320C30 (Texas Instruments) takes 1D FFT of real 64-pixelve
tor in 0.075 ms (with 60 ns pro
essor 
y
le time). Thus, a 2D FFT wouldtake 4.8 ms. More powerful DSPs exist a
tually on the market. It must benoted that the 
omputing power of DSP 
an hardly be estimated in M
ops,be
ause 
omputing algorithm and data transfer optimization are equally im-portant for fast pro
essing.An option for 
omputing 
ross-
orrelation of an image with a delayedimage is very desirable for eventual wind pro�le measurement. The delay offew ms is required, so a memory bu�er of 1 frame is adequate for this task.Frame rate of 20 ms is a bit too slow for wind measurements, and must bein
reased to 5-10 ms. Anyway, in
reased frame rate is very desirable for noiseredu
tion. An option of parallel pro
essing with several DSP may be worth
onsidering.5. Computermay be a Penthium PC 
omputer interfa
ed with the DSP(a DSP signal a
quisition board will be pla
ed on the 
omputer bus). Com-puting power would be more than adequate for instrument 
ontrol (in
ludingteles
ope 
ontrol either dire
tly or interfa
ed with dedi
ated teles
ope 
ontrol
omputer), qui
k-look data analysis and data storage. A suitable mediumfor data ar
hiving is ne
essary (DAT tape or opti
al disk), as well as networkinterfa
e for data transfer and remote instrument 
ontrol.6. Software. The major 
ost of signal pro
essing may be not the 
ostof DSP per se, but the asso
iated 
ost of software developement. We suggestthat J.Vernin group from the Ni
e University be 
ontra
ted for software de-velopement, due to their unique experien
e in SCIDAR data pro
essing. The18



software in
ludes DSP programming and the extra
tion of C2n pro�le fromAC. Wind pro�le extra
tion software developement may also be 
onsidered.6 Con
lusionsThe evaluation of SCIDAR feasibility and 
ost must begin with its 2 most
riti
al 
omponents, teles
ope and dete
tor. A teles
ope size 
hoi
e is drivenby required altitude resolution and, to lesser extent, required dete
tivity. Itmust also be de
ided whether the measurement of C2n pro�le in the �rst 2 kmabove the ground is needed: if not, a 
lassi
al SCIDAR must be preferredto GS, with attendant relaxation of teles
ope opti
al quality and tra
kingspe
i�
ations. On
e the teles
ope is sele
ted, the list of target sour
es 
anbe established.The availability of fast-readout CCD must be 
he
ked, and maximumreadout rate known. The ne
essity of a me
hani
al shutter in the opti
alassembly also depends on the dete
tor properties.For maximum a
hievable pro
essing speed the J.Vernin group must be
onsulted.Given the teles
ope and dete
tor parameters and frame rate, the dete
-tivity and altitude resolution 
an be 
al
ulated for ea
h of the sele
ted targetsour
es.A brief review of other possiblities to sense and measure the high-altitudeturbulen
e must be given here. A major restri
tion of the SCIDAR te
hnique
omes from the use of double stars, limiting the 
hoi
e of bright sour
es andpre
luding the use of small teles
opes. So, alternative opti
al te
hniqueswhi
h use single stars as light sour
es deserve some 
onsideration.The s
intillation index �2I is known to be proportional to R C2n(h)h5=6dhfor a very small teles
ope (D < 2 
m), and to R C2n(h)h2dh for a medium-sizeteles
ope (D > 10 
m) [8℄. The R C2n(h)dh 
an be 
al
ulated from the seeingFWHM or r0. Thus, 3 integrated moments of C2n(h) pro�le 
an be obtainedquite easily with a small teles
ope, and 
an give a quantitative measure ofthe strength of high-altitude turbulen
e.A generalisation of this approa
h 
onsists in measuring �2I with aperturesof di�erent size and in re
onstru
ting the pro�le from these data [9℄. Su
hdata must be taken simultaneously, and one 
an envisage a system whereteles
ope aperture is divided in few 
on
entri
 zones, with light from ea
h19



zone dire
ted to separate dete
tor.A viable approa
h may 
onsist in measuring the �2I in a defo
used pupilplane at di�erent H0. Turbulent layers are thus 
ombined with di�erentweights, and the pro�le 
an be re
onstru
ted by matrix inversion. The anal-ysis of this te
hnique in terms of resolution and dete
tivity has not yet beendone.A 
ommon feature of all "single-star" methods is their poor altitude res-olution. However, in the worst 
ase of "e
onomi
" SCIDAR (D = 60 
m)with 2:500 double star the altitude resolution is only 4 km, i.e. only 5 pointson the C2n(h) pro�le. This resolution may be 
omparable to single-star te
h-niques performan
e, while these latter methods must be 
heaper and easierto realize. The potential of SCIDAR for wind pro�le measurement is howeverdiÆ
ult to rival with single star methods.Referen
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intilla-tions. Appl. Opt., 1976 V. 15, P. 2504-2510.7 Appendix: Cal
ulation of SCIDAR dete
-tivityThe 
al
ulation of errors on the �nal quantities like the C2n pro�le and thelayer integral J 
onsists of 2 parts. First, we evaluate the error of auto
orre-lation �C(�h), and then relate it to the �nal errors.The rms dispersion of the spe
kle image auto
orrelation (AC) in presen
eof poisson photon noise is 
al
ulated in the 
ontext of spe
kle interferometry[4℄. For one image it is proportional to the sum of intensity dispersion andphoton dispersion (in our 
ase these are relative dispersions, be
ause the ACis normalised by the square of mean intensity):�C = (C(0) + 1=K)M�1=2; (9)where K is the mean number of photons per spe
kle. The �rst term isequal to the s
intillation index �2I = �I2=I2 for a single star, and must bemultiplied by the fa
tor A in 
ase of binary star, to take into a

ount theredu
ed spe
kle 
ontrast (for equal 
omponents A = 0:5, and 
ontrast isredu
ed by 0.5 due to the superposition of two similar un
orrelated spe
klepatterns).As shown above, the Nyquist 
ondition requires that there be 2x2 pixelsper spe
kle. So, K = 4Æ, where Æ is the number of photons per pixel.The dete
tor readout rms noise n (in ele
trons) 
an be taken into a

ountas well by adding its normalized value, 0:5(n=Æ)2. Evidently, it is un
orrelatedwith both spe
kle and photon noise. The fa
tor 0.5 takes 
are of the Nyquistsampling, as above.The total number of spe
kles M = S=s is equal to the ratio of imagesurfa
e S to the equivalent spe
kle size s = 0:355�h (
f. [2℄). Only theoverlapping portion of pupil 
ontributes to the auto
orrelation for a given21



shift x. Thus, S(x) = 2S0=�(ar

os� � �p1� �2), where � = x=D, S0 =�D2=4.Finally, the total number of pro
essed images is T=�
, where T is theintegration time and �
 is frame rate. The noise of the a

umulated AC isestimated as �C = (A�2I + 0:25=Æ + 0:5(n=Æ)2)s s�
TS(x) : (10)Now we 
ome to the se
ond part of the derivation. Let us 
onsider thesingle turbulent layer at altitude h with C2n integral equal to J . The C2npro�le 
an be approximated by the Dira
 delta-fun
tion:C2n(h1) = JDira
(h1 � h): (11)The resulting AC would 
ontain 3 peaks, one at the origin and 2 at ��h.Considering only one peak at x = �h whi
h gives the useful information onour layer, the Eq.2 gives the AC C(x) of the formC(x) = JBC0(x� �h; h) = JBC0(0; h): (12)The integral equation kernel C0(~r; h) is given by a rather 
omplex integral:C0(~r; h) = 8�k20:033 Z jKj�11=3 sin2 hjKj22k e�i( ~K~r)d ~K: (13)For r = 0 the integral 
an be expressed through �-fun
tion, 
f. [2℄, andwe �nally obtainC0(0; h) = 8�k20:033 �2(k=h)�5=64�(11=6) sin(5�=12) = 0:25k7=6h5=6: (14)Using Eqs.12,15 the AC error �C (Eq.10) 
an be related to the J error,leading to Eq.5. The error on C2n is obtained from the error on J if we divideit by the equivalent width of C0(x; h) kernel (Eq.6), thus obtaining Eq.7.
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