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RESUMEN

Un SCIDAR Generalizado esta siendo desarrollado en la Universidad Nacional Autonoma de Mexico, para
el monitoreo de per les de turbulencia optica y de velocidad del viento en sitios astronomicos. Se reportan

las especi caciones, disero y estado del proyecto. Los aspectos innovadores de este instrumento consisten
principalmente en: 1) la utilizacion de un detector CCD de bajo ruido de lectura y alta e ciencia cuantica

sin intensi cador de imagen, lo cual aumerta el cociente seral a ruido y la magnitud | mite de las fuentes
obsenables con respecto a otros instrumentos tip o SCIDAR operacionales;2) el processamieto de imagenes
gue serealiza en tiempo real en una computadora personal bajo el sistema operativo Linux. Paralelamerte

al desarrollo instrumental, un simulador numerico esta siendo programado. El objetivo de dicho programa es
investigar posiblesefectosinstrumentales. Se describe el Simulador de SCIDAR y sepreseran algunosde sus
resultados.

ABSTRACT

A GeneralizedSCIDAR is being deweloped at the UniversidadNacional Aut onomade Mexico, for the monitoring
of optical-turbulence pro les and wind velocity pro les at astronomical sites. We report the speci cations,
design and state of the project. The innovative aspects of this instrument consist mainly in: 1) the use of
a low{noise and high{quantum{e ciency CCD without image intensi er, which increasesthe signal to noise
ratio and the limiting magnitude of the obsenable sourcescomparedto other operational SCIDAR instruments;
2) the image processing,which is performed in real-time on a PC under Linux operating system. Along with
the instrument, a numerical simulator is being deweloped. The aim of this code is to investigate possible
instrumental e ects. The SCIDAR Simulator is described and the results obtained so far are presened.
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| METHODS: NUMERICAL | SITE TESTING | TECHNIQUES: HIGH ANGULAR
RESOLUTION

1. INTR ODUCTION

The principal purpose of the dewvelopmen of a
Generalized SCIDAR (GS) at the Instituto de As-
tronom a de la Universidad Nacional Autonoma de
Mexico is to obtain a better knowledge of atmo-
spheric turbulence, by means of the monitoring of
the optical-turbulence-strength proles C3(h) and
the velocity of the optical-turbulence layersv(h). Of
special interest is the characterization of the atmo-
spheric turbulence at the Obsenatorio Astronomico
Nacional at San Pedro Martir (OAN-SPM), Mexico.
Sud a study provides valuable information for the
developmern of future telescope projects.

CZ(h) and v(h) are the main physical parame-
ters that describe the e ects of atmospheric turbu-
lenceon electromagneticwaves. From thesepro les,
one can compute other parameters that character-
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ize the wavefront and determine the performance of
high angular resolution systems.

The turbulence and wind proles can be mea-
suredin situ using balloon soundings. Howewver with
this technique it is not possibleto follow the tem-
poral ewlution becauseonly very few balloons can
be launched per night. For the same reason one
can hardly undertake a statistical study using bal-
loon data. It is then advisableto useremote sensing
technigueslike SCIDAR. The SCIDAR technique al-
lows usto obtain CZ(h) and v(h) from the statistical
analysis of the scirtillation pattern cast by a binary
star on the pupil plane. To our knowledge,there are
only three operational GS instruments, which have
been deweloped at Nice University (France), Impe-
rial College(UK), andthe Large Binocular Telescop
(USA-Italy-Germany). The Nice-University GS has
beenusedat the OAN-SPM in 1997and 2000,during
atotal of 27 nights. The results, which are presened
by Avila, Vernin, & Cuevas (1998) and Avila et al.
(2003), show excellert turbulence conditions at the
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site, however a more complete data set is of interest
to investigate, for example, seasonaltrends in the
turbulence pro les.

An important aspect of the dewelopmert of our
GSisto investigatepossibleinstrumental e ects. For
this purposethe SCIDAR simulator is also being de-
veloped. This is the rst publication on a simulator
of a GS. The code is programmedin IDL. Preserily,
the physical conceptsinvolvedin the simulation of an
ideal GS have beentested and the e ect of the tele-
scope aberrations has been investigated (Gonzalez
2002). In the future we will incorporate telescope
vibrations, intensity uctuations and other aspects.

In x 1.1to 1.3 the principles of the classicaland
generalizedSCIDAR conceptsare explained. The in-
strumental developmert and the SCIDAR simulator
are preseried in x 2 and 3. The summary and nal
remarks are givenin x 4.

1.1 SCIDAR Principle

The conceptof the SCIDAR Tednique was pro-
posed by Vernin & Roddier (1973) followed by in-
teresting dewelopmens during sewral years (e.g.
Rocca, Roddier, & Vernin [1974]) and more recertly
by Fuchs, Tallon, & Vernin (1998) who settled the
basis for the GS, which was dewveloped and tested
by Avila, Vernin, & Masciadri (1997) and nally ex-
ploited by Avila et al. (1998) and Kleckers et al.
(1998). The rst monitoring of velocity pro les us-
ing a GS was published by Avila, Vernin, & Sanchez
(2001).

1.2. Classi@l SCIDAR Concept

Suppose,for the sake of simplicity, a unique tur-
bulent layer at height h. A binary star with angular
separation projects two scirtillation patterns sepa-
rated by a distanced = h on the pupil plane of the
telescope (Fig. 1). To determine the distance d in
order to retrieve h, we compute the averageautocor-
relation function of the scirtillation imagesacquired
on the pupil plane. This autocorrelation is consti-
tuted by a certral maximum peak and two smaller
lateral peakslocalizedat r; = handr, = h,
respectively. The expressionof the autocorrelation
in the realistic caseof multiple layersis:

C (r)= , dhC{(h)faC(r;h)+ Eg;

1)
E = b[C(r h;h)+ C(r+ h;h)];
2 .
where a = (11:—)7 b = = = 10 04 m

and m is the dierence of the stellar magnitudes.
C (r;h) is the autocorrelation of single-star scirtil-
lation imageswhich can be calculated theoretically.
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Fig. 1. Principle of Classical and Generalized SCIDAR

Notice that one of the lateral peaksis enough for
retrieving C3(h). The CZ(h) prole is retrieved
from the autocorrelation using an inversion algo-
rithm based on maximum ertropy. The classical
SCIDAR is insensitive to telescope aberrations and
low turbulent layers. The scirtillation variations pro-
duced by a layer at altitude h are proportional to
h5=6. For that reason,if imagesare acquired at the
pupil plane, then a layer at ground level will not be
detected.

1.3. The Genemlized SCIDAR concept

In the GS, the plane of the detector is made the
conjugate of a plane (analysis plane) at a distance
hgs, of the order of a few kilometers, below the tele-
scope pupil (Fig. 1). In this casethe distance rele-
vant for scirtillation produced by a turbulent layer
at an altitude hisjh hgsj>~°, which makesthe tur-
bulence at ground level detectable. The separation
of the scirtillation patterns projected on the anal-
ysis plane by a double star is jh hgsj , which is
also the separation of the lateral peaksin the au-
tocorrelation. The expressionof the autocorrelation
becomesin this case:

C —RldhCth b
s (N =3 i (hfA+b[B+ D]g

A=acC(r;jh  hgs) (2)
B=C(r jh hgsj;jh hgsj)
D=C(r+ jh hgsj ;jh hgsj)

The image processingis identical to that applied
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in the Classical SCIDAR case. The inversion algo-
rithm delivers C3 (h + hgs), from which the actual
pro le is deduced.

1.4. Determination of the velaity displacement of
the turbulent layers

Imagine again a single turbulent layer at an al-
titude h, which is moving at a horizontal velocity
v (h). Double-star scirtillation-images are taken ev-
ery t time, in the GS con guration. The spedle
patterns move a distance equalto v (h) t from one
image to the next. The mean cross-correlation of
consecutive imageswill be constituted of the same
triplet as explained above, but displaced a distance
v (h) t from the correlation certer ( Fig. 2). As t
is a known parameter, the layer velocity is deduced
straightforwardly.

In the realistic caseof multiple layers, the posi-
tion of ead triplet givesthe velocity of the corre-
sponding layer. Sometimesthe triplets are superim-
posedwhich di cult the data reduction.

BJA
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v

/\f\/
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Fig. 2. Method for retrieving the velocity displacemert.

2. THE GENERALIZED SCIDAR
INSTRUMENT

2.1 Genenlities

The IA-UNAM GSis basedon the sameconcept
asthat of the Nice University GS (Avila et al. 1997),
but usesup-to-date technology.

It consistsbasically of an image-acquisition sys-
tem and computer processing.The principal require-
ments are: Short-exposure-time frames (1 ms ap-
proximately), low read-out noise, fast image trans-
fer, near-real-time computation of the image corre-
lations. The optics form imagesof a virtual plane
located a few kilometers below the telescoge pupil.

The imagesare acquired with a Marconi CCD of
80 80 pixels organizedin 4 quadrants of 40 40
pixels. The quadrants are readin parallel mode. The
imagesare digitized at 8 bits per pixel. The acquired
quantity of information is equal to 6400 bytes per
image organizedin 32-bit words.

The information ux is basically the following
(Fig. 3): The CCD clock signalsare generatedby a
TexaslInstrument Digital Signal Processor(TI-DSP)
C31. The CCD pixel levels are pre-ampli ed, con-
verted to digital signalsand read by another TI-DSP
C31. This procedureis performed simultaneously for
the 4 quadrants of the CCD. The image is recon-
structed by the TI-DSP C31 and sert to the main
computer where the correlations are computed in
near-real-time. The resultant correlations are sert
via Ethernet to the obsenation computer.

The main computer is an SBC IBM PC-
Compatible-Advantech equipped with an Intel Pen-
tium N@800MHz processor,120 Mbytes of mem-
ory, Flash Disk, video card, Ethernet card and the
basic ports. The whole is assenbled in a panel and
a Mother board with 4 ISA pipelines,in agreemen
with the requiremerts of communication, cortrol and
processingspeed. A minimized version of Linux op-
erating systemis used.

The dewelopmen of the systemis divided in two
main sections: 1) Electronics and computation; 2)
medanics and optics.

2.1.1 Electronics and Computation

The electronicsand computation phaseis consti-
tuted by the acquisition system, data transfer, data
processingand user interface. The acquisition sys-
tem consist of the CCD detector and data transfer.
It can be subdivided in:

Pixel CCD level: Each pixel is coded in 1 byte.
One pixel per quadrant is read simultaneously by
the DSP. The DSP words are 32 bits long. There
is a perfect match betweenthe DSP words and the
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Fig. 3. Information ux diagram (Seetext).

4 pixels read at a time, which allow us to store the
information of these4 pixels in one DSP word.

Data processing: A certain number of consecu-
tive imagesare acquired in series. The number de-
pendson the processingspeedand the available fast-
accessmemory. As imagei arrives,its Fast Fourier
Eransform Fi is computeq3 The power ghectrum

jFij2 and crossspectra  FjF,,; and FF,,
are then accunulated. Figure 4 shonvs a ow dia-
gram of the computations.

Data transfer: Once the computation of the
correlationsis completed, the data is transferred and
stored in the main computer.

User interface: It consistsof graphical display
from which the user cortrols the instrument param-
eters, its adjustment, the data acquisition and stor-
age. The software is developed under Kylix. It is
hosted on the main computer but displayed and con-
trolled on the obsener computer via an Ethernet
connection.

2.1.2 Mechanics and Optics

Mechanics: The medanical system is shawn in
Figs. 5 and 6. It is constituted by: the CCD sup-
port which is mounted on a motorized sliding plat-
form with precision positioning; a lens wheel where
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Fig. 4. Flow diagram of the data processingfor the GS.

the di erent options for the collimating lens are in-
stalled; a Iter wheel; an ocular for the adjustment;
a support that is attached to the telescope, a cover
with openingsand a fan to evacuate the heat gener-
ated by the Peltier cooling system of the CCD. One
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Fig. 5. Perspective view of the complete mechanical sys-
tem

Fig. 6. Perspective view of the main functional medcan-
ical pieces

of the constraints was that the evertual vibrations
induced by the fan do not a ect the obsenations.
This requiremert has beenmet by doing a nite el-
emen analysis of the mechanical structure.

Optics: It consistsof a collimating lens (achro-
matic doublet), eld lens, Iter wheeland an ocular
for adjustment. The collimating and the eld lens
can be changed according to the telescope and ex-
perimental setup.

2.2. Presentstatus
2.2.1 Electronics and Computation

Detector: The detector hasbeentested (Fig. 7).
The pre-ampli cation stepis completedand the cor-

Fig. 7. The CCD detector being tested

responding printed circuit is in design. The four ana-
log/digital corverters are about to be incorporated.
Acquisition: The designand test of the acquisi-
tion board is completed (Fig. 8). The corresponding
printed circuit is in the manufacture queue.
Processingsoftware: This softwareis completely
designed. It is in the implementation phase.

2.2.2 Mechanics and Optics

Mechanics:  The design has been completed.
The technical drawings of somepiecesare ready and
those of the rest are beengeneratedto start the fab-
rication.

Optics: All the optical componerts are ready to
be mounted.

3. SCIDAR SIMULATOR

The SCIDAR simulator (SS) has the ability to
model the GS as well as the classical SCIDAR and
someof the most important instrumental e ects. It
is programmed in IDL. Its code has 21 subroutines
assenbled in a modular form. The main program is
in charge of the control of all the processand calls
every subroutine.

The SSprocessesundreds or thousands of am-
plitude and phase screens, generated by an at-
mospheric turbulence simulator called TurbulLenz,
which was developed at the Max Planck Institut fer
Astronomie in Heidelberg (Germany) by Weisset al.
(2002). A large number of input imagesN (in the
order of sewral hundreds or a few thousands) are
necessaryto reducethe numerical noise R which is
proportional to N 172,

3.1 General Characteristics

Using Turbuluenz, 1-ms-exmsure-time ampli-
tude and phase screensat the telescope-pupil level
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Fig. 8. Acquisition data board tested and working, nal
design.

are generatedfor two stars. One star is located on
the optical axis and the other is displaced an angle

. The number of turbulent layersand their charac-
teristics (h, C3 and v) can be chosenat will. The
screensare temporally separatedby a time step of
20 ms. Many other parameters- like the pupil diam-
eter, screensize, secondarymirror size, wave ampli-
tude - can be modi ed but have beenkept constart
in our simulations. Each pair of phaseand amplitude
screensis then propagated a distance hgs below the
pupil using a routine basedon Fresnel propagation.
The resultant amplitude screensare usedto calcu-
late the mean autocorrelation and cross-correlations
of the scirtillation images. So far, only the e ects
of the telescope aberrations have beenstudied. The
aberrations are introduced as a phaseterm on the
pupil plane. The details of the complete procedure
are explained below.

3.2 Theoretical basis
3.2.1 Scintillation images

The algorithm calculatesthe complexwave at
the pupil plane for eat star and for ead time step
from the amplitude Ay and phase o screensdeliv-
ered by TurbuLenz:

(n Ao(r)exp(i( r)); 3)
(r) o(r)+ 1(r); 4)

where 1(r) represens the rst 15 Zernike polyno-
mials of the optical aberrations of the telescope. The

complexwave gs(r) on the analysisplane (situated
a distance hys below the pupil) is given by the con-
volution of ( r) with the Fresnelpropagator:

r2

hgs '

1 .
()= (1) ———exp |
ihgs
where is the wavelength.
The overall inclination of the o -axis wavefront
manifestsitself asa phaseterm equal to:

n=2 6)

As the distance r from the certer increases,
rapidly reaces values much higher than 2 radi-
ans, which induceserrors in the computation of the
Fresnel propagation (Eq. 5). To avoid these errors,

(r) issubtractedto ( r) prior to the application of
the Fresnelpropagator. This removed overall tip-tilt
is recovered on the propagated imagesby properly
shifting the scirtillation pattern corresponding to the
0 -axis star. The scirtillation pattern of ead star is
obtained by computing the squared modulus of the
corresponding complex wave. The simulation of a
GS-imageis the sum of the scirtillation patterns aris-
ing from ead star. The actual physical phenomenon
consistsof the sum of the complex waves. In reality,
the light coming from both starsis incoheren, which
prevents from any interference e ect. Howewer, in-
terference e ects may appear in the simulations as
monochromatic light is considered. To avoid these
arti cial e ects, we add the intensities and not the
complex wavesfrom ead star.

3.2.2 Autocorrelation
Oncethe imageson the analysisplane have been
obtained, we calculate the mean autocorrelation as
" #
X 5
JEI° (7)

1
Ai(r)= WF !

Where F denotesthe Fourier transform. The auto-
correlation of the averageimage is calculated simi-
larly:

2 # 53

Ani(ry=F "4 F li(ry S:  (8)

i
Finally, the normalized autocorrelation is calcu-

lated as:
Ai(r) Ahli(r):

aln) = Api(r)

(9)
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Fig. 9. Mean autocorrelation of simulated scintillation
images (seetext for details).

a (r) is theoretically equal to Cgy (r), dened in
Eq. 2.

An example of an autocorrelation map is shavn
in Fig. 9. It was obtained simulating a single turbu-
lent layer at an altitude h = 10 km above the pupil.
The corresponding Fried parameter (Fried 1966)is
ro=15cmat = 0.5 m. The analysis plane is
located at hgs = 3 km. The pupil sizeis 2.1 m,
and the star separationis = 10°0 The gray scale
of the map is chosensud that the spedle noiseis
evident but the correlation peaksappear saturated.
The distance betweenthe certral peak and either of
the lateral peakscorrespondsto (h  hgs), which is
the expectedvalue. We have performed se\eral tests
on the simulated correlations. For example, we have
veri ed that the amplitude of the correlation peaks
areproportional to (E] hgs)>8C2 (h) and their width
are proportional to (h hge).

3.2.3 Crosscorrelations

The mean cross correlation of imagesis calcu-
lated as

1o

G()=SF FIOi(MOIF [ies(n)] 5 (10)

Z|

where s represerts the time step(s= lands = 2
for time lags of 20 and 40 ms, respectively), and
represens the complex conjugate.

The normalized crosscorrelation is given by:

Fig. 10. Mean crosscorrelation of simulated scintillation
images (seetext for details).

G(r) Ani(r),

Ani(r)

An exampleof a meancrosscorrelation map for a
time lag of t = 40msis shown in Fig. 10. Two tur-
bulent layers have beensimulated with the following
characteristics: hy = 5km, h, = 20km, rg = 15cm
for both layers, v, = 0, jvoj = 20 ms 1, v, makes
an angle of 45 with the horizontal axis. The alti-
tude of the analysisplaneis hgs = 3 km, the pupil
sizeis 2.1 m, and the star separationis = 10°
Two triplets are identied. The separation of the
lateral peaksin ead triplet is consistert with the
corresponding layer altitude. It is alsoveri ed that
the positions of the certral peaksare equalto v, t
and v, t, for layers 1 and 2 respectively.

c(r) = (11)

3.3. Further developmentsof the SCIDAR
simulator

Instrumental e ects such as telescope guidance
problems and vibrations, pupil distortion, border
diraction, video noise, photon noise and dynami-
cal aberrations can be programmed and added to
the SS.Ead instrumental e ect will be coded asan
independert module.

4. CONCLUSIONS

The GS project underway at UNAM involvesin-
strumental developmert and numerical simulations.

The instrumental concept follows that of the
Nice-University GS, but usesup-to-date technology
as a low-noise and high-quantum-e ciency CCD, a
specially designedCCD cortroller and real-time im-
ageprocessingon a PC under Linux. The UNAM GS



Editors: Irene Cruz-Gonzalez, Remy Avila & Mauricio Tapia

San Pedro Martir: Astronomical Site Evaluation (México, D. F. and Ensenada, B. C., México, April 3-4, 2003)

DEVELOPMENT OF A GENERALIZED SCIDAR AT UNAM 51

is fully designedand is in the implementation phase.

The rst light is scheduled for Decenber 2003. The
instrument will be used mainly to monitor turbu-
lence and wind pro les but can also serwe as a tool
for testing new techniquesor perform particular ex-
perimernts.

The dewvelopmert of the SS has been useful for
testing our knowledge of the physics involved in a
GS experiment. The basemets of the SShave been
tested and well established. The most interesting
simulations are to come: the instrumental e ects,
which can hardly be investigated analytically.

Funding for this project hasbeenprovided by the
grants J32412Efrom CONACyYT and IN118199from
DGAPA{UNAM.
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