
Turbolenza atmosferica: seeing
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Astronomical Seeing and Adaptive Optics 
 
As a plane wavefront passes through the Earth's atmosphere it gets distorted by inhomogeneities 
in the index of refraction of air due to variations in temperature, pressure, and humidity 
(precipitable water content) in the different layers of the atmosphere.  The sources of these 
inhomogeneities are convection cells, wind shear, and other hydrodynamics instabilities in the air 
above the telescope.  The net result is that by the time the wavefront reaches the telescope the 
wavefront will be significantly distorted on the scale of the turbulent field it passed through.  
This graphic, taken from Roddier's book, shows an illustration of the basic process: 

 

Each circle represents a region with a higher (blue) or lower (red) index of refraction than the 
average air at that layer.  The diameter represents the size of the inhomogeneity.  As the 
incoming plane wave propagates downward through this model atmosphere, the wavefront is 
substantially distorted.  We call the overall degradation in image quality due to random phase 
aberrations of the wavefront "seeing". 

To a good approximation, the random variations in the atmospheric index of refraction are well-
described by stationary Kolmogorov Turbulence.  Two size scales are used to describe 
Kolmogorov turbulence in a fluid: 

x Outer Scale of Turbulence (L0), which defines the largest eddies in the flow introduced 
by bulk wind shear.  This scale varies widely, but a good astronomical site will have L0 of 
order 10s of meters.  Nobody knows what sets the outer scale, but the usual explanation is 
that it is about the vertical thickness of the wind-shear layer at the Tropopause. 

x Inner Scale of Turbulence (l0).  Larger scale eddies cascade downward in size in a 
scale-invariant way until they become so small that viscous dissipation of the turbulent 
energy halts the cascade.  In air, the inner scale l0 varies from a few millimeters near the 
ground to a few centimeters at high altitude. 

The main effect of variations in the index of refraction is to introduce a random phase shift in the 
wavefront passing through the medium.  The phase shift at between two points separated by 
distance r in the sky plane produced by a fluctuation in the index of refraction n in a layer 
between heights (h,h+dh) above the ground is given by 

 2( ) ( , )
h dh

h
r n r z dzSI

O
�

 ³  

56
0

3
5

0

     88.6)(

l

f

µ

÷÷
ø

ö
çç
è

æ
@

r

r
r

rD
!

!

( ) ( )[ ]2)( xrxrD !!!! fff -+@ Kolmogorov

Per fluttuazioni gaussiane

Strumentazione Astronomica 15 - 2021

Densità spettrale delle fluttiazioni di fase



La turbolenza si innesca a diverse quote

stratosfera

tropopausa

Sorgenti di calore interne alla cupola

boundary layer
~ 1 km

10-12 km

Vento sopra la cupola
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Turbolenza atmosferica: seeing
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La regione di cielo che e’ interessata dalla medesima cella di
turbolenza atmosferica si chiama area isoplanatica e puo’ essere
piccola  qualche secondo d’arco

Si usa una
stella guida
nel campo
per correggere
la turbolenza
atmosferica
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Ottica adattiva

Si analizza il fronte d’onda con un array
bidimensionale di sensori che in tempo reale
attuano delle deformazioni su degli specchi
sottili che riportano “puntiforme” l’immagine
di stelle di riferimento
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Come si implementa:
-Specchi deformabili
-Tip-Tilt
-Specchi segmentati
-Bimorfi

7

Strumentazione Astronomica: Seeing, Ottica Adattiva e Attiva

Strumentazione Astronomica 15 - 2021



Strumentazione Astronomica: Ottica Adattiva
TNG

8Strumentazione Astronomica 15 - 2021



Strumentazione Astronomica: Ottica Adattiva

NGC 7469

9Strumentazione Astronomica 15 - 2021



Adaptive secondary in LBT

See 4837-15, J. Hill

2x8.4m mirrors

Each AdSec:
672 actuators
911mm diam.
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From MMT336 to LBT672
LBT: Gregorian
672 actuators

911mm

MMT: Cassegrain
336 actuators

642mm
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LBT672 layout
Hexapod

Interface flange and
structural support

3 cooled electronics
boxes

Fixed hexapod
Cold-plate and

actuator support

Astatic levers
50mm thick Zerodur

reference-plate

1.6mm thick deformable
Zerodur shell 12
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Stelle laser

Se nel campo di vista non e’ presente una 
stella sufficientemente brillante la si
produce con un laser che eccita il sodio
nell’alta atmosfera (~90 km)
Ci sono pero’ dei problemi…
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Ottica attiva

Da non confondere con quella adattiva.
Questa deforma il primario per compensare

le deformazioni dovute
allo stesso peso dello 
specchio primario del
telescopio. La regola
classica era un rapporto
Diametro/Spessore
pari a 5…

Lo specchio di VLT e’ spesso 175 mm!
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stiffness to maintain the surface figure to within the necessary fraction of  
the operational wavelength. Unfortunately, the raw gravitational deflections 
of  a structure increase rapidly with size, making this approach impractical 
for all but the smallest telescopes.

To address this problem, Von Hoerner1 proposed the use of  “homologous” 
design for radio telescope reflectors. In a homologous design, the structure 
is not optimized to minimize absolute deflection. Rather, it is optimized 
so that deflections away from an ideal parabolic shape are minimized. In 
a perfectly homologous system, the reflector shape is always parabolic for 
any elevation angle, though the focal length of  the parabola may change. 
Since changes in the focal length of  the primary reflector can be corrected 
by repositioning the secondary mirror, any such deflections have almost no 
effect on telescope performance. Of  course, real telescopes cannot attain 
perfect homology, but proper design can reduce the effective surface errors 
by more than a factor of  five.

While telescopes have been designed using the principles of  homology for 
many years, the approach is not sufficient for the LMT. The raw deflec-­
tions of  the primary reflector as the elevation angle changes from zenith to 
horizon are on the order of  several millimeters. Even the deflections with 

respect to the best-­fit parabolic figure are a few 
hundred microns RMS. Since this is much larger 
than the total error budget for the primary mirror, 
another approach was needed.

Even though it would be impossible to design a 
steel reflector structure for the LMT that could 
meet the required gravitational performance, the 
gravitational deflections are extremely repeatable. 
This implies that if  a system can be designed that 
could alter the position of  the individual reflec-­

tor panels, then the deflections could be continuously corrected by using a 
computer. This approach allows the structure to be optimized with respect 
to weight and stiffness rather than for homology, and shifts the burden of  
maintaining the accuracy of  the reflector from the passive structure onto 
an active control system. That is, it applies a “smart structure” approach 
to make use of  a few ounces of  silicon in a computer chip, together with 
a collection of  actuators, to accomplish a task that is impossible even for 
many additional tons of  steel.

Figure 7.2  One approach to 
constructing an LMT surface 
panel. 

SRT

LMT
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