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Abstract. — A better understanding of the behavior of wavefronts perturbed by the atmospheric turbulence is vital
for. the progress in the High Angular Resolution (H.A R} cbserving techniques, namely long baseline interferometry
and adapiive optics. A new instrument called G.5.M. was built for the study of spatial and temporal properties of
wavefronts by means of angle of arrival fluctuation measurements in two (or more) spatially separated points. The
Fried parameter r,, the wavefront outer scale £y and the speckle lifetime 7 can be deduced from these data. In the
first part of this paper the instrument itself is described. It is based on the modulation of a stellar image formed in
a small telescope by a Ronchi grating together with a fast scanning mirror. High sampling rate (up to 5 ms), high
precision (rms photon noise 0.08"on & UMi) and the possibility to have long uninterrupted data sequence are achieved,

Examples of the first results include rs and 7 estimates.
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1. Introduction

Ground-based astronomical observations are known to be
severely limited by the atmospheric turbulence. Within
the usual theoretical framework, the size of a long-
exposure image in a large telescope can be character-
ized by a single turbulence parameter -the Fried param-
eter r, called also coherence radius. Various instruments
have been developed for its measurement. With the ad-
vent of new High Angular Resolution (H.A.R) cobserving
techniques, interferometry and adaptive optics, a better
knowledge of atmospheric turbulence is required. A single
parameter r, i3 no longer sufficient, because the perfor-
mance of H.A R methods depends also on temporal, spa-
tial and spatio-angular coherence properties of wavefronts
perturbed by the terrestrial atmosphere. These parame-
ters are discussed in some detail below.

In response to a need for the measurements of all
turbulence parameters relevant to H.A.R observing tech-
niques, we started a program for the development of a
seeing monitor of a new type that would be capable of
measuring not only the Fried parameter r, but also the
global outer scale of turbulence and its characteristic time
7. Our effort is based on a large previous experience of at-

atmospheric effects — turbulence — site testing — technique: interferometric — instrumentation:

mospheric turbulence measurements accumulated at our
laboratories. In this paper we describe our basic instru-
ment and its first results on measurements of r, and T.
The second paper will deal with the method of turbulence
outer scale measurements (Borgnino et al. 1992) and will
contain our estimates of this parameter.

Our approach consists in measuring the angle of arrival
fluctuations at several (at least 2) points on the wavefront
with a sufficient time resolution. The image position is
measured using Ronchi grating placed in the focal plane
of a small telescope, hence the device was baptized Grat-
ing Scale Monitor {G.S.M). The final results are obtained
by suitable processing of these data. A short review of
relevant parameters and existing techniques of their mea-
surement is presented in the next section.

2. Atmospheric parameters relevant to high angu-
lar resolution observing

2.1. Fried’s coherence length

It can be defined as the diameter of a wavefront area over
which the rms phase variations due to atmosphere are
equal to 1 rad. A more strict definition relates r, to the
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phase structure function Dg(r) (Tatarski 1961; Roddier
1981) which under Kolmogorov law must be of the form:

Dy(r) = 6.88 (i) 5/3,

Ty

(1)

where r = |r| denote the modulus of the spatial shift. The
relation of r, to the refractive index structure coeflicient
C%(h) and wavelength A for observations at zenith (Rod-
dier 1981} is:

9 2 oo
ro5/% = 0,423 (-;) f dhC% (R), (2)
1]

where h is the altitude of the layers. The angle of arrival
fluctuations measured at the focus of a small telescope
of diameter D are also directly related to r, (Fried 1966;
1975; Tatarski 1971):

0% = 0.179A%r 33 D713, (3)
where ¢% is the angular dispersion in one direction, ex-
pressed in radians. A number of devices has been con-
structed which employ expression (3) to estimate 7, from
0%, and G.S.M. can also be used for this purpose (see
Sect. 4.2). Yet another technique for measurements of r,
consists in direct evaluation of the atmospheric coherence
function by an interferometer attached to a telescope with
a suitably large aperture (D > r,) (Roddier C. 1976).
Both interferometer and ¢ monitors are sensitive to tele-
scope pointing errors that can hardly be distinguished
from atmospheric fluctuations. This consideration has led
to the development of Differential Image Motion Moni-
tors (DIMM), first pioneered by Stock & Keller (1960)
and nowadays used extensively in site testing campaigns
{e.g. Sarazin 1986). In this case the difference of angle of
arrival fluctuations as observed using two small circular
apertures of diameter IJ separated by a baseline d is mea-
sured. Its dispersion o%(d) (Sarazin & Roddier 1990) is
related to r, by:

oh(d) = 232 5/3(0.179D 1% —ad=1/%),  (4)
where o = 0.0968 for longitudinal motion (parallel to the
baseline) and a = 0.145 for transverse motion. The cur-
rent version of G.S.M. was also tested in a DIMM config-
uration (see Sect. 4.2).

2.2. Wavefront outer scale Lg

In the turbulence theory the outer scale Ly is consid-
ered as a parameter that defines the greatest size of ed-
dies. The phase structure function of a wavefront passed
through a single turbulent layer saturates at v > Lo. So
the Kolmogorov law (1) is valid only in the so-called in-
ertial range, for r € Lg. Various expressions for Dy(r)
that take into account its saturation at larger r can be
found in the literature (Lutomirski 1971). In reality the
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light passes through many turbulent layers of different
strengths and different Ly. Their combined effects on the
wavefront is characterized by a spatial coherence outer
scale of the wavefront (Borgnino 1990) called also wave-
Jront outer scale Lg. It is related to the geophysical outer
scale of different turbulent layers Lo(h) by a weighting
formula:

_ JedRLy Y (m)Ck(R)
— Jo dhCk(R)

'’ (5)

The parameter £y is relevant to the operation of long-
baseline interferometers because the atmospheric optical
path length variations depend on it. Thus it is very desir-
able to have a £5 monitor near the interferometers. Con-
versely, £y can be measured directly with an interferome-
ter. Such estimates have been published by Mariotii et al.
(1984), Colavita et al. (1987), and Busher et al. (1991).
The optical path length in an interferometer depends not
only on the atmospheric phase differences but also on the
instrument itself {thermal drifts, mechanical errors, etc.).
So direct interferometric measurements of £g is not a very
clear method, and also a very expensive one. A less direct
but more robust approach is the comparison of angle of
arrival measured at different parts of the wavefront. Sev-
eral attempts of this kind were made with wavefront sam-
pling on a telescope aperture (Tallon 1989; Rousset et al.
1991; Ziad et al. 1993). The extension of this technique
to greater baselines is the main task of G.5.M. We must
mention here an early attempt of this kind (Ataev et al.
1982).

2.3. Characteristic time 7

The temporal evolution of atmospheric disturbances
places severe limit on the exposure time of an interfer-
ometer or an adaptive optics wavefront sensor and hence
limits their sensitivity. If wind and turbulence altitude
profiles v(h) and C%(h} were known, 7 could be evalu-
ated theoretically (Roddier & Léna 1984a; Lopez 1992).
The corresponding expressions differ for different observ-
ing techniques. For speckle interferometry v = 0.36r, /Av
where Av is a measure of v(h) dispersion with a suitable
C% (h) weighting (Roddier et al. 1982). For small-aperture
interferometry and adaptive optics the characteristic time
is estimated as 7 = 0.31 r,/v*, where v* is some average
wind speed. In typical conditions both expressions for
lead to similar estimates. Unfortunately they cannot be
used in most cases because wind and C%(h) height pro-
files are not known. Direct optical measurements of 7 are
thus of great value. We shall not review here the numerous
estimates of speckle lifetime made at the telescopes with
interferometric instruments. G.S.M. data consisting of the
time series of angle of arrival measurements at two points
on the wavefront can be used to estimate the average wind
speed and hence 7.
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2.4. Isoplanatic angle and spectral bandwidth

For the sake of completeness we mention here two other
atmospheric parameters relevant to H.A.R observing. The
isoplanatic angle defines the usable field of view in stellar
interferometry and depends directly on C% (k) profile. The
(.5.M. is not easily applicable to such measurements. The
C%(h) profile can be measured by in situ soundings or
using SCIDAR, (i.e Scintillation Detection and Ranging)
(Vernin & Azouit 1983). The spectral bandwidth of an
interferometer is also related to atmospheric corrugations
of the wavefront (Roddier & Léna 1984b). Given r, and
Ly it can be calculated and hence no special monitor is
required for its measurement,

3. Description of the instrument
3.1. General features

The review of the measurement techniques presented
above clearly indicates that an instrument capable of mea-
suring angle of arrival fluctuations in two sufficiently sep-
arated parts of a wavefront can be employed for the esti-
mation of major atmospheric parameters relevant to the
H.A.R techniques: r,, £3 and 7. Qur desire to use the in-
strument for site testing and to avoid possible effects of
telescope dome has lead to a completely autonomous de-
vice. A major consideration is the need to have long time
series of angle of arrival measurements that would be free
of any guiding errors. We use the Polar star (@ UMi) as
light source and observe it with fixed telescopes. A rela-
tively wide field of view (20') permits uninterrupted data
acquisition during 40 minutes as the star drifts through
the field, due to its diurnal motion. Finally, the tempo-
ral spectrum of angle of arrival fluctuations observed with
small apertures extends to several tens of Hertz. A tem-
poral resolution of 5§ ms is adequate to sample frequencies
up to 100 Hz. This data rate is not very high by mod-
ern standards but it is incompatible with real-time image
processing. This is why we have chosen not to register
stellar images by a panoramic detector but rather to mea-
sure their coordinate in one direction directly with the
help of a grating. A Ronchi grating is placed in the fo-
cal plane of the telescope. Its period is greater than the
size of stellar image so that the transmitted light depends
on the image position. This image is rapidly moved back
and forth over one grating period in order to measure its
instantaneous position. A similar technique named Phase-
Measurement Interferometry is used to measure the phase
of interference fringes {Creath 1988). Of course the image
position is measured only within a fraction of grating pe-
riod. However an uninterrupted data sequence is sufficient
to reconstruct the image displacement over several grat-
ing periods by removing the discontinuities corresponding
to the passage from one period to the next. The use of
a focal plane grating in combination with rapid modula-
tion has for evident advantage that the displacement of
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the stellar image in one direction can be measured with
high precision over a large field of view in real time. The
instrument is not very complex, but the difficulties consist
in ensuring precise linear modulation of image with a well
controlled amplitude, and in eliminating other sources of
errors. The solutions proposed to overcome these problems
are addressed in the following sub-sections.

3.2. Image modulation

In our instrument the rapid scanning of the stellar image
over the grating is made by the tilts of a plane mirror ac-
tuated by a galvanometric coil. The formidable problem
of achieving high linearity and speed is solved in an un-
usual way. Instead of supplying a linear voltage to the coil
and making the mirror to follow it as close as possible, we
use natural inertia of the mechanical system that ensures
a perfectly linear motion in the absence of any external
forces. The positive and negative periodic current pulses
are injected into the coil (Fig. 1b). During the pulses the
angular velocity of the coil changes its sign, and between
the pulses the coil continues to turn with constant velocity
(Fig. 1a). The angle of the moving mirror as a function of
time is proportional to the integral of the current pulses.
In fact the integrating properties of our mechanical system
are not ideal since the coil with mirror is not completely
free form external forces. The most important of these is
the elastic force of the suspension. I the driving pulses
vanish, the mirror would not turn indefinitely but would
rather oscillate with its natural frequency f.. Tt is easily
shown that a 1% linearity is ensured il f/f, > 6.4 , where
f is the modulation frequency. In our case f, = 30 Hz
and f=200 Hz. Our experience has shown that the perfor-
mance of such modulator is indeed very high. Modulation
frequency of 1 kHz can be easily attained and it is in prac-
tice limited by the data acquisition rate rather than by the
modulator itself. The nice feature of this approach is also
the ease of the synchronization of modulation with the
data acquisition and the possibility to have several per-
fectly synchronized modulators. This last property will be
used in the future to operate simultancously several angle
of arrival sensors.

3.3. Data acquisition

The custom-made card for an IBM PC-AT compatible
computer controls the data acquisition and the modulat-
ing mirror. The computer clock is used as time base to
generate the pulses supplied to the mirror. Photon pulses
coming from photomultipliers are counted by 16 bit coun-
ters. Fach modulation period is divided into 10 intervals
by the pulses of frequency fy = 10f (Fig. 1d). These pulses
generate computer interrupts to read counters and to ac-
cumulate the counts into four channels A, B, C, D (Fig.
1c). In the current configuration we set f; = 2000 Hz,
s0 that 1 scan takes 5 ms (f = 200 Hz). The calculation
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Fig. 1. Modulation and acquisition time sequence. The image
position as a function of time (a) follows a triangular wave-
form determined by the current pulses of alternating polarity
{b). Each modulation half-period is divided into 4 intervals and
the signals 4, B, C, D are obtained by integration of photon
counts over these intervals (c). The counters are read at the
moments tg, t1, t3, ... marked by small arrows (d). One modu-
lation period (fo — s) is called scan and several scans (tp —ic)
are accumulated in a cycle of acquisition to provide the signals
A, B, C, D used for the calculation of image position

of the image position from A, B, C, D can be made by
several techniques as reviewed by Creath (1988). It gives
the stellar image displacement on the Ronchi grating. This
displacement can be monitored in real time.

3.4. Optical scheme

Our choice of the optical scheme was motivated by the
desire to measure simultaneously the image motion in two
beams with one telescope. The beams coming from the
stellar source are deflected by two plane mirrors and enter
the Schmidt- Cassegrain telescope {Celestron 8) as shown
in Fig. 2a. The size of each beam is limited by a 6x6 cm
mask and the beam separation is d = 14 cm. The base-
line can be changed by changing the separation of plane
mirrors. Alternatively the small mirror can be removed
and both beams are then reflected by a large mirror. In
this configuration G.5.M. is equivalent to a DIMM image
quality monitor with a fixed 14 cm baseline. The field lens
1 (Fig. 2b) is located near the focal plane of the telescope
and forms the image of its entrance pupil on the pupil
mask 4 with two rectangular openings that define the size
and separation of incoming beams. After collimating lens
2 the beams are parallel again. They are reflected by plane
modulating mirror 5 and the camera lens 6 reforms stellar
images on the Ronchi grating 7. The widths of its trans-
parent and opaque parts are equal and the grating period
is 40 microns. The Fabry lens & reimages the pupil mask
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in the vicinity of separating prism 9 with aluminized sides.
The modulated light corresponding to two channels is de-
tected by photomultipliers 10 and 11.

The period of Ronchi grating as projected onto the sky
has been chosen to be around 5 arcsec in a first step and
is now about 8 arcsec. This choice results from a com-
promise between the desire to increase the measurement
precision and the necessity to have a high contrast of light
modulation.

allMi

(b)

Fig. 2. The optical scheme of G.S.M-Grating Scale Monitor.
The part (a) shows how input beams coming from the stellar
source are directed into the telescope T by two mirrors M and
Mj. (b) Acquisition and detection module (see the text)

3.5. Analysis of the precision of measurements

The measured position of the star is affected by errors of
different kinds. In this sub-section they are analyzed in
turn.

3.5.1. Imperfect modulation

Creath (1988) has shown that the misalignment of the
modulation amplitude or the modulation non-linearity of
10% cause the errors on calculated positions of approxi-
mately 0.01 period. The magnitude of these errors depends
on the procedure used to calculate positions. The errors
are periodic with double grating frequency. The effect of
detector non-linearity was also analyzed, leading to sim-
ilar conclusions. In our case the non-sinusoidal character
of light modulation can also cause periodic position er-
rors with quadruple grating frequency. The linearity of
modulation is more or less ensured by the concept of the
modulator and a special procedure has been performed to
adjust or check the modulation amplitude with great con-
fidence. The final control of modulation errors was made
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in the laboratory by comparison of the position of an arti-
ficial star on the Ronchi grating with the value measured
by our instrument. The results are presented in Fig. 3
which displays the residuals between measured positions
and the linear fit to the data. The errors do not exceed
0.005 grating period. Thus the combined influence of the
modulation errors mentioned above is small.

+0.01
Z
g 0
£ / \/
8
P

-0.01

0 0.5 1
Artificial start Position
(Grating period)

Fig. 3. Test for the position measuring errors due to imperfect
modulation. Position errors are differences (in grating period)
between measured position of the artificial star and a linear fit

3.5.2. Photon noise

The limited light flux of the stellar source with the as-
sociated statistical noise is the main factor that defines
the measurement precision. A simple derivation based on
the Poisson law and the phase calculation formula leads
to the expression for o, (the rms position fluctuations in
the units of grating period):

1
Tp = )
P gy/N

where N is the average number of photons per acquisition
(i.e. the average of A, B, C, D) and

s T(A-CP+(B-D) =%
2 (A+B+C+D)?* 8N

(6)

(7)

is the square of the modulation contrast {(the measured
contrast is a factor sine(0.25)=0.9 less than ~ because the
signals are integrated over 1/4 period). This contrast es-
timate is unbiased becanse the photon noise contribution
is taken into account by the second term. The validity of
these formulae was proven by direct measurements of po-
sition fluctuations in stable laboratory conditions. With
the star o« UMI as a light source and in good transparency
conditions we have N = 400 (at 20 ms time resolution — 4
scans per cycle) and - = 0.6 which gives photon error of
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the order of 0.01 grating period or 0.08”, It is much less
than the atmospheric fluctuations.

3.5.3. Scintillation noise

The stellar flux received by a small telescope is known to
fluctuate due to scintillation (Roddier 1981). The effect of
this flux modulation must be considered. Indeed, the mea-
surements show that the dispersion of the signals A, B,
C, D is typically 3 times more than their photon disper-
sion V. However most of the flux changes occur on a time
scale greater than the scan time and hence do not influence
position measurements. To measure scintillation, a cylin-
drical lens is used (Fig. 2b) )which disperses stellar image
along grating ruling. Hence, when the grating is turned
the modulation is absent and the rapid fluctuations of the
flux only remains which can be measured directly. Our
measurements indicate that the influence of rapid scintil-
lation is negligible in comparison with the photon noise
(about 5 or 6%).

4. Results
4.1. Measured signals

The first measurements with G.5.M instrument were ob-
tained at Calern Observatory (Observatoire de la Cote
d’Azur - 0.C.A) in October and December 1993. The an-
gle of arrival fluctuations are simultaneously recorded on
the two acquisition channels. Figure 4a shows an example
of image motion in one channel as registered on October
20th with a baseline of 14 cm. Time resolution was 20 ms,
and the duration of acquisition 300 s.

One can see in Fig. 4a the slow drift due to the di-
urnal motion of the star. This drift was approximated by
a parabola and subtracted from the data to leave atmo-
spheric angle of arrival fluctuations. The comparison of the
fitted slope with its theoretical value is used to find the
angular period of the Ronchi grating. Such a calibration
based on 21 data sequences obtained in October leads to
the grating period of 5.16” + 0.063. The angles of arrival
obtained after the subtraction of diurnal motion are de-
picted in Fig. 4b. The rms photon noise estimated by for-
mula (6) is 0.07", with mean contrast of 47%. This noise
contribution was subtracted quadratically in subsequent
analysis. Our first data sets frequently presented disconti-
nuities of 1 grating period as shown in Fig. 5a. The plot of
corresponding modulation contrast is given in Fig. 5b and
shows that these phase jumps occur when the modulation
contrast is reduced by small-scale distortions of wavefront.
The jumps were observed to occur frequently on periods
of poor seeing and were practically absent when the seeing
was good. A a consequence of this experience the grating
period was increased to 8”. It seems to be a good com-
promise for the typical seeing conditions. The contrast is
better and phase jumps are rare. An algorithm was de-
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Fig. 4. Position of @ UMi image on the Ronchi grating as a
function of the time. a} The slow drift of the star superimposed

to the angle of arrival fluctuations is seen. b) The angle of
arrival only remains when the diurnal motion is subtracted

veloped to detect and correct the phase jumps as shown
in Fig. 5c. This algorithm is incorporated in the standard
data processing and eventually takes care of the remaining
phase jumps.

4.2. Estimation of Fried’s parameter r, from angle of ar-
rival observations

For the evaluation of the Fried parameter r,, G.S.M was
operated in the DIMM configuration. The values of r,
were deduced from the one dimensicnal variance of an-
gle of arrival fluctuations (3) with the size of the pupil
D = 6 cm. In fact, the experiment being a dual channel
one, the two values r,; and r,» were computed from the
variance of each channel. An example of typical results
is shown in Fig. 6 where the data obtained during 3 peri-
ods of observations on the same night are represented. The
Fried parameter ropivym was also computed from the vari-
ance of differential image motion measured simultaneously
with two sub-apertures. The expression {4) was used with
d = 1dcm and @ = 0.145 because in our experimental
configuration G.S.M. was sensitive to the transverse im-
age motion. As can be seen from Fig. 6 the values r,; and
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Phase Jumping correction

} (@ ]

50 100 150
Acquisition Time (s)

Fig. 5. Example of phase jumping. a) Recording of the position
of the star affected by a phase jump of one grating period. b}
Corresponding contrast (%). ¢) Recovered position obtained
by using appropriate algorithm

roz computed for the variance method are in very good
agreement with the values ronmvy. The agreement of the
T, values obtained in two different ways from our data is
an important step in the validation of the measurement
and reduction procedure. It indicates clearly the absence
of guiding errors and vibrations in the single-channel data,
at least down to the level of atmospheric angle of arrival
fluctuations.

4.3. Estimation of an average wind speed and speckle life
time from temporal cross-spectra

As another example of results deduced from our first mea-
surements on the sky, a temporal cross-spectrum for angle
of arrival fluctuations is presented in Fig. 7 with a sam-
pling time of 5 ms, and where the cut-off frequency is 100
Hz. This cross-spectrum is the average of 14 individual
cross-spectra computed on successive 41 seconds samples
of angle of arrival. Several authors have experimentally
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Fig. 7. An example of temporal cross-spectrum of angle of
arrival. The sampling rate for data acquisition was 5 ms

proved that the power spectra of the fringe position in an
interferometer {Colavita et al. 1987; Buscher et al. 1991)
or the power spectra of the atmospheric phase fluctua-
tions (Nightingale & Buscher 1991) show a typical behav-
ior characterized by two regions with different power laws.
The behavior is the same for the power spectrum of angle
of arrival: this power laws being f~2/% in the low frequency
domain and f~''/% in the high frequency one (Conan et
al. 1992; Ziad et al. 1993). The characteristic frequency f.
dividing the low-and high-frequency parts of power spec-

trum can be roughly estimated as f. = 0.3»*/D (Tango
& Twiss 1980; Conan et al. 1992) if Taylor's frozen turbu-
lence hypothesis is assumed. Here v* is the average wind
speed which determines the correlation time of the wave-
front corrugations (see Sect. 2.3) and D is the size of the
aperture. The modulus of the cross-power spectrum must
exhibit similar behavior, but the aperture size D in the
expression for f is to be replaced by the baseline d. Thus
in comparison with the single-channel power spectrum the
fe is shifted to the lower frequencies and can be measured
with much better confidence. An additional advantage of
cross-spectrum over power spectrum is to eliminate the
high frequency photon noise which is uncorrelated in the
two channels.

By fitting a f~2/% straight line to the low-frequency
part of the spectrum and a f~!1/3 one to its high frequency
region the value of f. = 2.5 Hz can be roughly estimated
from Fig. 7. This value corresponds to an average wind
speed of v* = 1.16 m/s. Taking into account the value
of 7, = 9 cm computed for these data a characteristic
time 7 of the order of 0.31r, /0" = 24 ms is deduced. This
coarse interpretation is only given here to indicate the
potential of G.S.M experiment in the field of temporal
characterization of atmospheric wavefront.

4.4, Discussion

When we decided to develop G.5.M our initial goal was to
build a small transportable instrument dedicated not only
to the measurement of the spatial coherence outer scale £g
but also to the Fried parameter r, and to characteristic
times of the turbulence. The first step of this program is
accomplished, and a two channel calibrated device is now
built to measure angle of arrival of the wavefront in two
points separated by an adjustable distance. This device
used with the star aUMi as a light source permits to make
such measurements with an angular precision of the order
of 0.08"and a sampling rate of 5 ms.

Using G.5.M in a first set of experiments in October
1993 at the O.C.A-Calern site has permitied to collect the
preliminary data. Processing of these data has given r,
values from variances and covariances of angle of arrival,
and a characteristic time 7 from the modulus of angle of
arrival cross-specirum. From the phase of the same cross-
spectrum it will be possible to estimate another important
parameter: the component of the average wind velocity in
the direction of the baseline. This is beyond the scope
of this paper and a study of the time constants will be
undertaken in the future when more data will be available.

Concerning measurements of the outer scale £y, the
necessary equipments to make an easy and fast change
of the baseline is now built at the O.C.A-Calern site and
the measurements have hegun. In a near future a second
paper will be devoted to the values of £y deduced from
G.5.M and to the related theory.
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