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Goals of Lecture 04

This session covers the fundamental physical principles of optics and how they dic-
tate the design, limitations, and modern advancements of astronomical telescopes.
By bridging basic geometrical optics with cutting-edge wavefront manipulation, we
understand how astronomers maximize light collection and spatial resolution. Its
primary objectives are to:

• Review the basics of geometrical and physical optics, including Fermat’s Prin-
ciple, diffraction limits (Rayleigh Criterion), and the mathematical framework
of wavefront errors.

• Formulate the optical properties of telescopes: focal length, light-gathering
power, and the étendue (AΩ product).

• Analyze the different optical configurations and focal stations of modern tele-
scopes, including Prime, Newtonian, Cassegrain, Nasmyth, and Coudé focuses,
alongside the Ritchey-Chrétien (RC) variant.

• Differentiate the physical principles, timescales, and applications of Active
Optics versus Adaptive Optics.

• Explore the mathematical mechanics of Shack-Hartmann wavefront sensing,
Laser Guide Star (LGS) challenges, and advanced 3D tomographic correction
architectures like Multi-Conjugate Adaptive Optics (MCAO).
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1 Fundamentals of Optics
While modern astronomy relies on multiple carriers of information (such as neutrinos,
cosmic rays, and gravitational waves), electromagnetic radiation remains a primary chan-
nel for studying the Universe. Consequently, optics is a crucial discipline in observational
astronomy. Building upon our discussion in Lecture 03 regarding the severe impact of
the Earth’s atmosphere on incoming photons (specifically through absorption, scattering,
and turbulence-induced degradation) we must first understand how light behaves when
it interacts with basic lenses, mirrors, and apertures before we can analyze the complex
opto-mechanical machines used at modern observatories.

1.1 Geometrical Optics: Fermat’s Principle and Wavefronts
Geometrical optics treats light as infinitesimally thin rays propagating in straight lines
through uniform media. The macroscopic behavior of these rays at the interface of dif-
ferent media is elegantly governed by Fermat’s Principle of Least Time, which states
that the path taken by a light ray between two points is the path that requires the least
amount of time to traverse.

If light travels through a medium with refractive index n = c/v (where c is the speed
of light in vacuum and v is the phase velocity in the specific medium), the optical path
length (OPL, often denoted by w) is defined as the integral of the refractive index over
the physical path length s:

w =
∫ B

A
n(s)ds (1)

Fermat’s principle dictates that the variation of the OPL must be stationary, typically a
minimum (δ

∫
nds = 0). From this single unifying principle of physics, we derive the two

fundamental empirical laws of geometrical optics, as visually demonstrated in Figure 1:

1. Law of Reflection: The angle of incidence equals the angle of reflection (θi = θr).

2. Law of Refraction (Snell’s Law): n1 sin θ1 = n2 sin θ2.

This concept of OPL is crucial for understanding wavefronts. A geometrical wave-
front connects all points that represent the same optical path length from a source (i.e.,
photons that left the source at the exact same time).

In a perfectly homogeneous medium (like a vacuum, where n is constant everywhere),
light travels the same physical distance in all directions over a given time t. Therefore,
the geometrical wavefronts expanding from a point source are perfect spheres, and rays
are straight lines.

However, in an inhomogeneous medium (such as the Earth’s turbulent atmosphere,
where n constantly fluctuates) the situation changes drastically. A light ray traveling
through a region with a higher refractive index moves slower, covering less physical dis-
tance s for the same travel time. Consequently, the rays bend and the geometrical wave-
fronts lose their spherical shape, becoming corrugated and warped (Figure 2). As we
saw in Lecture 03, this is the exact physical origin of the “seeing disk” that plagues
ground-based telescopes.
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Figure 1: Visualizing Fermat’s Principle of Least Time. (a) In reflection, the true path
traversed by light takes strictly less time than any alternative path, yielding the geometric
necessity θi = θr. (b) In refraction, the light ray deliberately travels a longer physical
distance to maximize its time spent in the faster medium, minimizing overall travel time
and yielding Snell’s Law.

1.2 Image Formation and the Focal Plane
An optical system takes parallel rays from a source located at an infinite distance and
converges them at a specific distance called the focal length (f). The plane perpendic-
ular to the optical axis at distance f is the focal plane, which is where we place our
astronomical detectors, such as CCDs or infrared arrays.

While a single star precisely on the optical axis acts as a point source that converges
to a single central focal point, astronomical targets like planets, nebulae, or galaxies are
extended objects. Light from different parts of an extended object enters the telescope at
slightly different angles.

If a beam of parallel rays enters the telescope at an angle θ relative to the optical
axis, the objective element will converge those rays to a point on the focal plane that is
displaced from the center by a physical distance y. This geometrical relationship is the
foundation of image formation (Figure 3).

1.2.1 Reflection from a Spherical Surface and the Mirror Equation

While Figure 3 illustrates a refractive lens, modern astronomical telescopes predominantly
use curved mirrors to form images, thereby entirely avoiding issues like chromatic aberra-
tion. To deduce how an image forms, consider a concave spherical primary mirror with a
radius of curvature R, as shown in Figure 4. Its optical axis passes through the mirror’s
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Figure 2: The relationship between rays and wavefronts (exaggerated for clarity). Left:
In a homogeneous medium, light travels at a constant speed, producing straight rays and
perfectly spherical wavefronts. Right: In an inhomogeneous medium like the Earth’s
atmosphere, turbulent cells alter the speed of light. The wavefront visibly lags (dents
inward) where the refractive index is high, and bulges outward where the refractive index
is low, violently destroying the theoretical diffraction limit.

geometric center (the vertex, V ) and its center of curvature (C).
To understand where a mirror forms an image, we trace a light ray from an object

point (O) located at a distance so on the axis. The ray strikes the mirror at a height h and
reflects to cross the axis at the image point (I), located at a distance si. A normal line
drawn from the mirror’s surface to C bisects the angle between the incident and reflected
rays, as the angle of incidence equals the angle of reflection (θ).

Using the exterior angle theorem on the triangles formed by these rays, we can relate
the angles the rays make with the optical axis (α, β, and γ):

α + θ = β and β + θ = γ =⇒ α + γ = 2β (2)

In observational astronomy, we typically deal with rays very close to the optical axis.
In this paraxial approximation, the angles are extremely small, allowing us to approx-
imate them using their tangents: α ≈ h/so, β ≈ h/R, and γ ≈ h/si. Substituting these
into our angle relation gives:

h

so

+ h

si

= 2 h

R
=⇒ 1

so

+ 1
si

= 2
R

(3)

By definition, the focal point is the location where parallel rays from an infinitely
distant star (so → ∞) converge. Setting so = ∞ yields 1/si = 2/R. Thus, the image
distance becomes the focal length (f), fundamentally revealing that:

f = R

2 (4)
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Figure 3: Image formation of an extended object. Parallel red rays from the center of the
target form the on-axis focus. Parallel blue rays coming from the edge of the target at an
angle θ form an off-axis focus at a physical height y. The focal length f determines the
scale of this projection (y ≈ fθ).

Substituting f back into our geometric relationship gives the fundamental Mirror Equa-
tion (which is mathematically identical to the thin lens equation):

1
so

+ 1
si

= 1
f

(5)

For astronomical objects (where so is effectively infinity), the image distance si exactly
equals the focal length f . This perfectly explains why the focal plane in a telescope sits
precisely at distance f from the primary mirror.

1.3 Physical Optics: Diffraction and the Airy Disk
While geometrical optics provides an excellent framework for understanding focal lengths
and image scales, it ultimately fails to describe the behavior of light passing through
finite apertures. Because light is an electromagnetic wave, it undergoes diffraction (the
bending and spreading of waves) when it encounters the edges of a telescope’s circular
entrance pupil (see Figure 5). This phenomenon is best understood through the Huygens-
Fresnel principle, which treats every point on an unobstructed wavefront as a source of
secondary spherical wavelets.

Consequently, even with a theoretically flawless optical system operating in a perfect
vacuum, the image of an infinitely distant point source (like a star) will never converge
to an infinitesimally small geometric point. Instead, the constructive and destructive
interference of these secondary wavelets creates a specific diffraction pattern on the focal
plane known as the Airy Disk.
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Figure 4: Paraxial geometry of reflection from a spherical concave mirror. A ray leaving
the object O reflects at height h to form an image at I. The normal to the surface
passes through the center of curvature C. Assuming small angles (α, β, γ), this geometry
seamlessly yields the mirror equation.

Visually, the Airy pattern consists of a bright central maximum (containing approxi-
mately 84% of the total optical energy) surrounded by a series of faint, concentric bright
and dark rings, as illustrated in Figure 6(a).

The angular intensity distribution I(θ) of this diffraction pattern is described mathe-
matically by a first-order Bessel function of the first kind, J1(x):

I(θ) = I0

[
2J1(x)

x

]2

where x = πD sin θ

λ
(6)

Here, I0 is the peak intensity at the exact center of the pattern, D is the physical diameter
of the telescope’s entrance pupil, λ is the wavelength of the incoming light, and θ is the
angular distance from the optical axis. This resulting intensity profile is shown in Figure
6(b).

1.3.1 The Rayleigh Criterion for Angular Resolution

The diffraction of light fundamentally limits a telescope’s ability to resolve fine spatial
details. If two stars in a binary system are separated by a very small angle, their individual
Airy disks will overlap on the focal plane.

The mathematically accepted standard for resolving two closely spaced point sources
is the Rayleigh Criterion. It states that two sources are considered “just resolved”
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Figure 5: Comparison of geometrical and physical optics for a telescope objective. (A)
In the ideal geometrical model, parallel light rays from an infinitely distant point source
are assumed to converge to an infinitesimally small, perfect mathematical point on the
focal plane. (B) The physical optics model accounts for the wave nature of light. As
the primary wavefront encounters the finite aperture, it undergoes diffraction. Following
the Huygens-Fresnel principle (inset), the unobstructed points act as sources of secondary
wavelets that interfere constructively and destructively. This produces a depth-limited
resolution pattern known as the Airy disk at the real focal plane, rather than a perfect
point focus.

when the central maximum of one Airy disk falls exactly on the first dark minimum of
the other.

The first dark ring (where I(θ) = 0) occurs at the first root of the Bessel function
J1(x), which is x ≈ 3.8317. Substituting this into our phase parameter x and solving
for θ yields the fundamental limit of angular resolution, corresponding to the distance
indicated in Figure 6(b):

πD sin θ

λ
= 3.8317 =⇒ sin θ ≈ θ = 1.22 λ

D
(7)

Therefore, the Rayleigh Criterion is given by:

θR = 1.22 λ

D
[radians] (8)

This equation dictates a hard physical reality in observational astronomy: to resolve
increasingly smaller details (a smaller θR), engineers must either design instruments to
observe at shorter wavelengths (λ) or build telescope primary mirrors with significantly
larger apertures (D).
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Figure 6: Two complementary views of the Airy diffraction pattern. (a) Simulating the
pattern on the focal plane, visualizing the central bright disk and concentric rings. The
majority of the optical energy (84%) is concentrated in the central disk, bounded by the
first dark ring. (b) The cross-sectional relative intensity profile. This plot illustrates
the mathematical relationship and the fundamental angular resolution limit θR (Rayleigh
criterion), defined by the angular distance from the center to the first minimum (dark
ring).

2 Telescopes

2.1 Basic Optical Anatomy and Terminology
Before analyzing telescope performance metrics or specific optical designs, it is essential
to define the fundamental vocabulary used to describe their anatomy. As illustrated in
Figure 7, these core elements include:

• Optical Axis: The imaginary, perfectly straight line passing through the geometric
center of the telescope’s lenses or mirrors. It defines the path of an un-deflected light
ray traveling straight down the center of the system.

• Aperture (D): The clear, unobstructed physical diameter of the main light-
gathering element.

• Entrance Pupil: The physical aperture that strictly limits the bundle of light
entering the optical system, as seen from the perspective of the star. For almost all
astronomical telescopes, the rim of the primary objective itself serves as the entrance
pupil.

• Primary Objective (or Primary Mirror, M1): The first and largest optical
element that starlight strikes. Its primary job is to intercept the planar wavefront
of light and begin converging it.
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• Secondary Mirror (M2) & Tertiary Mirror (M3): Smaller, subsequent optics
placed in the converging light path after the primary. They are used to correct
aberrations, fold the focal length into a more compact mechanical tube, or redirect
the light beam to massive scientific instruments.

• Focal Plane: The specific mathematical surface (ideally flat, though naturally
slightly curved in simple systems) where the converging light rays meet to form a
sharp image. This is precisely where scientific detectors or spectrograph slits must
be placed.

Optical AxisAperture (D)

Primary Objective
(M1)

Entrance Pupil
(Limiting Beam Diameter)

Secondary Mirror
(M2) Focal Plane

(Detectors/Spectrographs)

Figure 7: The fundamental anatomical elements of a reflecting telescope, illustrated using
a classic Cassegrain layout. Planar wavefronts (starlight) enter the aperture from the left,
are constrained by the entrance pupil, and reflect off the converging primary (M1) and
diverging secondary (M2) to form a sharp image at the focal plane.

2.2 What is an Astronomical Telescope?
In its most fundamental sense, an astronomical telescope is an optical instrument designed
to collect, concentrate, and resolve electromagnetic radiation from distant celestial objects.

While early terrestrial telescopes were designed almost entirely for magnification, the
primary purpose of a modern astronomical telescope is to act as a “light bucket”. The
human eye has a maximum pupil diameter of about 7 millimeters, severely limiting the
number of photons it can collect. By employing a massive objective element (either a
highly engineered refracting lens or a curved reflecting mirror), a telescope intercepts a
vastly larger wavefront of light. It then focuses these parallel rays down to a concentrated,
bright image on a focal plane detector, such as a CCD or spectrograph.

Consequently, a telescope performs three critical functions:

1. Light Gathering: Collecting enough photons from impossibly faint objects to
allow for quantitative scientific analysis.
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2. Resolution: Revealing fine spatial details by overcoming the diffraction limits of
smaller apertures.

3. Magnification: Using secondary optics to scale the focused image over the pixels
of a scientific detector.

2.3 Fundamental Telescope Metrics
Every astronomical telescope is defined by fundamental optical metrics that dictate its
scientific utility, its physical geometry, and the design of its instrumentation.

2.3.1 Light Gathering Power (LGP)

Because astronomical objects are incredibly faint, the total flux collected by a telescope
scales directly with the collecting area of the primary objective element:

A = π
(

D

2

)2
=⇒ LGP ∝ D2 (9)

where D is the aperture diameter. A 10-meter telescope collects 100 times more photons
than a 1-meter telescope in the exact same exposure time. This squared relationship is
the primary scientific driver behind the billion-dollar investments into modern Extremely
Large Telescopes (ELTs).

Consequently, if we want to determine the integration time (t) required for two different
telescopes (with apertures D1 and D2) to collect the exact same number of photons from
a given source, the required time scales inversely with the square of the aperture. Since
the total photons collected is proportional to D2 × t, the relationship is defined as:

t1D
2
1 = t2D

2
2 =⇒ t1 = t2

(
D2

D1

)2
(10)

Practically speaking, this means if a 1-meter telescope requires 100 hours of integration
time to achieve a specific Signal-to-Noise Ratio (SNR) on a faint galaxy, a 10-meter
telescope can achieve the exact same result in just 1 hour. This massive reduction in
required observing time is crucial for time-domain astronomy and for observing incredibly
faint cosmological targets before they set below the horizon.

2.3.2 Focal Ratio (f-number)

The physical diameter of the objective element (D) combined with the focal length (f)
defines the focal ratio or f -number (F ), which describes the “speed” of an optical system:

F = f

D
(11)

As illustrated in Figure 8, telescopes with a small focal ratio (e.g., f/2 to f/5) are referred
to as “fast” systems. They produce a smaller, highly concentrated image on the focal
plane. This results in higher surface brightness for extended objects, requiring shorter
exposure times to reach a specific signal-to-noise ratio. Conversely, “slow” systems (e.g.,
f/10 to f/15) spread the light over a larger physical area, which is ideal for high-resolution
observations of bright targets like planets or tightly packed star clusters.

AST-B09 | Course Notes | L04 | Rogério Monteiro-Oliveira, Ph.D. 11



A. Fast Optical System (e.g., f/4)
Short focal length concentrates light into a smaller, brighter image.
Objective Lens

Focal
Plane

Small Image
Aperture (D)

Short Focal Length (f)

B. Slow Optical System (e.g., f/10)
Long focal length spreads light into a larger, higher-resolution image.
Objective Lens

Focal
Plane

Large, Spread Image

Aperture (D)

Long Focal Length (f)

Figure 8: Comparison of “fast” and “slow” optical systems with identical apertures (D).
Off-axis parallel rays enter both systems at the same angle. Top: A fast system has
a short focal length (f), producing a smaller, highly concentrated image on the focal
plane (higher surface brightness). Bottom: A slow system has a long focal length (f),
producing a physically larger image that spreads the light over a wider area (lower surface
brightness, but higher spatial resolution).

2.3.3 Plate Scale and Field of View

Because the angular sizes of astronomical objects are incredibly small, we can use the
small-angle approximation (tan θ ≈ θ) to map the angular distance θ between two points
on the sky to the physical linear distance y between their focused images on the detector:

y = f tan θ ≈ fθ (12)

where θ must be in radians and f is the effective focal length of the telescope.
From this geometric relationship, we define the Plate Scale (or Image Scale), p, which
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dictates how much of the sky is mapped onto a single physical unit of our focal plane:

p = dθ

dy
= 1

f
[radians/meter] (13)

In practical astronomical units, astronomers multiply this by the number of arcseconds
in a radian (206, 265) to express the scale in arcseconds per millimeter:

p ≈ 206265
f (in mm) [arcsec/mm] (14)

A longer focal length results in a “smaller” (i.e., finer) numerical plate scale, meaning
the light is spread out over a larger physical area on the CCD. This grants higher mag-
nification and allows us to spatially resolve finer details. Conversely, a short focal length
yields a large numerical plate scale, which is mathematically ideal for wide-field surveys.

Defining the Field of View (FoV) and Geometric Limits The plate scale is the
critical link that defines the telescope’s total Field of View (FoV). If a scientific detector
has a physical width d (in millimeters), the actual angular field of view θFoV (in arcseconds)
captured in a single exposure is simply the physical size of the detector multiplied by the
plate scale:

θFoV = p × d ≈ d

f
× 206265 (15)

While it might seem counterintuitive, there is no direct physical law stating that a
large aperture telescope must have a small Field of View. However, substituting the focal
ratio equation (f = F × D) into the FoV equation reveals a strict geometric constraint:

θFoV ≈ d

F × D
× 206265 (16)

If we keep the focal ratio (F ) and the physical detector size (d) constant, increasing the
aperture (D) directly decreases the angular Field of View.

To maintain a wide FoV on a massive telescope, engineers are forced to combat two
extreme challenges. First, they must build massively wide, multi-element detector mosaics
(often hundreds of millimeters across) to capture the spread-out light. Second, beyond a
certain off-axis angle, the image will inevitably suffer from vignetting (physical blockage of
light rays) and severe off-axis aberrations (like coma and astigmatism) that geometrically
distort the star shapes, requiring massive glass corrector lenses.

Because of these engineering barriers, most giant telescopes are designed as targeting
instruments. As shown in Table 1, telescopes designed to probe individual faint targets
(like Keck) have tiny fields of view, while massive complex survey instruments (like the
Vera C. Rubin Observatory) are required to capture large swaths of the sky.

2.3.4 The Étendue (AΩ Product)

For traditional telescopes targeting individual objects, LGP is often the primary figure
of merit. However, for survey telescopes designed to map the entire sky rapidly, LGP
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Table 1: Comparison of typical Fields of View for major professional telescopes and
specific instruments.
Observatory / Telescope Location Primary Instrument Approx. Field of View
Swope (1m) Ground (Las Campanas) Direct CCD 29.8′ × 29.8′

OPD / Perkin-Elmer (1.6m) Ground (Pico dos Dias, BR) SPARC4 Imager 5.7′ × 5.7′

Hubble Space Telescope (2.4m) Space WFC3 (UVIS) 2.7′ × 2.7′

Nancy Grace Roman (2.4m) Space Wide Field Instrument 45′ × 22′ (∼ 0.28 sq. deg)
Víctor M. Blanco (4m) Ground (CTIO) Dark Energy Camera (DECam) 2.2◦ diameter (∼ 3 sq. deg)
SOAR (4.1m) Ground (Cerro Pachón) SOAR Optical Imager (SOI) 5.3′ × 5.3′

Magellan Telescopes (6.5m) Ground (Las Campanas) Megacam 24′ × 24′

James Webb Space Telescope (6.5m) Space NIRCam 2.2′ × 2.2′ (per module)
Gemini Observatory (8.1m) Ground (Maunakea / Cerro Pachón) GMOS 5.5′ × 5.5′

Subaru Telescope (8.2m) Ground (Maunakea) Hyper Suprime-Cam 1.5◦ diameter (∼ 1.7 sq. deg)
Vera C. Rubin (8.4m) Ground (Cerro Pachón) LSST Camera 3.5◦ diameter (∼ 9.6 sq. deg)
W. M. Keck (10m) Ground (Maunakea) NIRC2 (Narrow Camera) 10′′ × 10′′

alone is an insufficient metric. The true measure of a telescope’s “survey speed” depends
equally on its physical collecting area (A) and the solid angle of its field of view (Ω).

The product AΩ is known as the Étendue (often referred to as optical throughput or
the optical invariant). It mathematically quantifies how “wide and deep” a telescope can
see simultaneously:

E = A · Ω (17)
where A is the area of the entrance pupil (usually the primary mirror) and Ω is the solid
angle of the sky projected onto the focal plane detector.

Conservation of Étendue A fundamental principle of optics, derived from the Second
Law of Thermodynamics, is that the étendue of a bundle of light is strictly conserved in
any lossless optical system. As visualized in Figure 9, if light enters a system through
an area Apupil from a solid angle Ωsky, and exits to form an image of area Aimage via a
converging cone of solid angle Ωconvergence, then:

Apupil · Ωsky = Aimage · Ωconvergence = constant (18)

This thermodynamic limit dictates a direct physical trade-off: you cannot concentrate
light into a smaller area without proportionally increasing the angle at which the light
converges.

Maximizing the AΩ product is the ultimate goal in survey astronomy. A massive A
allows for the detection of faint, distant objects (depth), while a massive Ω allows vast
swaths of the sky to be captured in a single exposure (breadth). Because standard two-
mirror telescopes cannot maintain a sharp focus over a wide field, high-étendue survey
instruments require extraordinarily complex optical designs, often employing three-mirror
anastigmat configurations combined with massive refractive correctors just to maintain a
pristine focal surface over a large Ω.

2.4 Types of Telescopes: Refractors vs. Reflectors
Astronomical telescopes are fundamentally classified into two categories based on the
physical mechanism employed by their primary objective element to gather and focus
light: refraction via glass lenses or reflection via curved mirrors. While simple in
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Figure 9: Visualizing the conservation of étendue (A × Ω = constant). A large entrance
pupil area receiving light over a small field-of-view angle (left) is focused down to a small
image area with a proportionally larger convergence angle (right).

concept, the choice between these two approaches dictates the engineering limits, optical
performance, and spectral capabilities of the observatory.

2.4.1 Refracting Telescopes (Lenses)

Refractors utilize a specially shaped objective lens, typically positioned at the front of a
long tube, to bend (refract) incoming parallel light rays to a focal point. While historically
significant (forming the basis of Galileo’s discoveries) simple refractors suffer from severe
optical and mechanical limitations inherent to the physics of light propagation through
glass. These limitations effectively prevent them from scaling to diameters relevant to
modern professional astrophysics.

• Chromatic Aberration: This is the fatal flaw of simple lenses. Because glass
possesses a wavelength-dependent index of refraction (a phenomenon known as dis-
persion), different colors of light bend at slightly different angles. Consequently,
blue light focuses closer to the lens than red light, preventing a distinct, single focal
plane for multi-wavelength sources. This results in bright objects appearing with
distracting colored halos (see Figure 10). While compound “achromatic” or “apoc-
hromatic” lenses can mitigate this by combining different glass types, they cannot
eliminate it entirely and become prohibitively expensive at larger apertures.

• Gravitational Sag: A lens must allow light to pass directly through its center.
Therefore, it can only be physically supported by its extremely thin outer edge.
As lenses increase in diameter, they must also increase in thickness to maintain
structural integrity, leading to massive weight increases. Under gravity, the heavy
glass structural deforms (sags) over time, destroying the surface figure precision
required for diffraction-limited focusing. The largest successful refractor ever built
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Figure 10: Chromatic aberration in a simple refracting lens. Because the index of re-
fraction of glass varies with wavelength, shorter wavelengths (blue) are refracted more
strongly than longer wavelengths (red), preventing the light from converging at a single
focal plane.

is the 1-meter telescope at Yerkes Observatory (completed in 1897); attempting
to build significantly larger lenses that maintain optical quality is mechanically
unfeasible.

• Bulk Absorption and Spectral Window: Because light must propagate through
substantial thicknesses of glass, refracting elements absorb crucial ultraviolet (UV)
and infrared (IR) wavelengths. This restricts the observable electromagnetic spec-
trum of a refractor primarily to the visible window, severely limiting its utility for
comprehensive multi-wavelength modern astrophysics.

2.4.2 Reflecting Telescopes (Mirrors)

To overcome the scaling, chromatic, and structural limitations of lenses, modern profes-
sional astronomy is entirely dominated by reflecting telescopes. First devised by Isaac
Newton, reflectors employ a massive, precisely curved primary mirror (M1) to gather
incoming starlight and reflect it to a secondary mirror (M2), which then directs the con-
verging beam to a focal plane (see Figure 11).

Reflectors represent a definitive triumph of engineering over materials physics. They
completely eliminate chromatic aberration because light reflects off the front reflective
coating, never entering a dispersive medium. Since light does not pass through the mirror
bulk, it does not absorb UV/IR light (restricted only by the choice of reflective coating
and atmospheric transmission). Critically, a mirror can be supported across its entire
back surface via rigid structures or active actuators. This completely solves the problem
of gravitational sag, enabling engineering to scale up to massive monolithic mirrors (8
meters+) or segmented assemblies (30 meters+) that would be physically impossible with
lenses.
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Optical Axis
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Figure 11: Basic optical anatomy of a reflecting telescope (Cassegrain configuration). A
curved primary mirror (M1) gathers incoming light and reflects it toward a secondary
mirror (M2). M2 folds the beam back through a central aperture in the primary mirror,
focusing it onto the focal plane detector located safely behind the main assembly.

2.5 Comparative Analysis: Refractors vs. Reflectors
While professional astronomy exclusively utilizes large reflectors due to their scalabil-
ity and multi-wavelength capabilities, refractors maintain a specialized niche in ama-
teur astronomy and specific high-contrast imaging applications where perfect, central-
obstruction-free apertures are required. Table 2 summarizes the critical pros and cons of
each primary design type.

2.6 Optical Aberrations and Zernike Polynomials
While the shift to reflective optics elegantly solved chromatic aberration, all optical sys-
tems with curved surfaces still possess intrinsic geometric distortions. These distortions,
especially severe when imaging sources off the optical axis, are termed aberrations. They
arise from the inability of a single spherical mathematical surface to flawlessly converge
a planar wavefront from a distant object over a wide field of view.

Historically, these distortions have been described by the five Seidel Aberrations,
which quantify specific low-order geometric deviations from perfect focusing. The most
significant Seidel aberrations facing telescope designers include:

• Spherical Aberration: This occurs when rays striking the mirror’s extreme edges
(marginal rays) focus at a different point along the optical axis than rays striking
near the center (paraxial rays). Because these rays cross the axis at varying dis-
tances, there is no single plane of perfect focus. The best possible image forms at
the circle of least confusion, the specific point along the optical axis where the
overall diameter of the converging and diverging beam is at its absolute minimum,
resulting in the smallest possible blur spot (see Figure 12). In reflectors, this is
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Table 2: Comparison of Refracting and Reflecting Telescope Technologies

Feature Refracting Telescopes
(Lenses)

Reflecting Telescopes (Mir-
rors)

Scaling Potential Extremely poor (< 1m Yerkes
limit)

Excellent (8m+ monoliths,
30m+ segments)

Chromatic Aberration Inherent; requires complex
compound lenses

Fundamentally non-existent
(reflection)

Geometric Aberrations1 Coma, Astigmatism, Spherical Coma, Astigmatism, Spherical

Support Mechanism Supported only by thin edge
(Gravitational Sag)

Fully supported from behind
entire back surface

Optical Path Blockage Unobstructed clear aperture Partially obstructed by M2 as-
sembly

Contrast/Aesthetics Highest contrast; clean star
diffraction patterns

Reduced contrast; secondary
spider causes diffraction spikes

Spectral Window Narrows visible range; glass
bulk absorbs UV/IR

Broad spectrum (UV to Far-
IR); coating-dependent

Tube Size Long physical tubes (slow f -
ratios)

Compact, folded designs
(Cassegrain/Ritchey-Chrétien)

Maintenance Permanently aligned sealed
tubes

Requires frequent recollimation
of M1/M2 mirrors

Cost (per aperture) Prohibitively expensive at
larger sizes

Highly economical for large di-
ameters

1 *Note: While both suffer from these geometric errors, reflective configurations can mitigate
specific ones. For instance, the Ritchey-Chrétien (RC) reflector design corrects both spherical
aberration and coma.*

often mitigated by parabolizing the mirror, as a parabola focuses all paraxial and
marginal rays from an on-axis source to a perfect single point.

Marginal Focus
Paraxial Focus

Circle of Least
Confusion

Figure 12: Ray tracing of a spherical mirror demonstrating spherical aberration. Incoming
light at the extreme edges (red marginal rays) focuses closer to the mirror than light near
the optical axis (blue paraxial rays), preventing a single sharp focal point.
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• Coma: Unlike spherical aberration, coma only affects sources located off the optical
axis. This distortion arises because different zones of the mirror (the center versus
the outer edges) exhibit varying levels of transverse magnification. As a result, rays
do not converge at a single point on the focal plane but instead create a series of
displaced “comatic circles” of increasing size. This manifests as a characteristic
V-shaped, asymmetric smudge (resembling a comet) that radiates away from the
center of the field of view (see Figure 13).

Optical Axis

Primary Mirror

Off-axis Rays

Focal Plane

Comatic Blur
(tail points away
from axis)

Marginal Zone Focus

Paraxial Zone (Chief) Focus

Marginal Zone Focus

Figure 13: Geometric construction of coma aberration. Unlike spherical aberration, coma
is asymmetric; rays from the outer zones of the mirror focus further from the optical axis
and with a larger spot size than paraxial rays, resulting in the "comet" tail.

• Astigmatism: This aberration occurs when an off-axis source (like a star near
the edge of the field of view) sees a different mirror curvature along orthogonal
planes. Rays propagating in the tangential (vertical) plane are focused at a different
distance than rays in the sagittal (horizontal) plane. As demonstrated in Figure 14,
this prevents the formation of a point-like image. Instead, the focus splits into two
separate, mutually perpendicular focal lines: the Sagittal Focus and the Tangential
Focus. The best compromise, known as the “Circle of Least Confusion”, lies halfway
between them, often appearing as a generic, fuzzy oval rather than a sharp star.

• Field Curvature: This aberration arises when the locus of best focus is a curved
surface rather than a flat plane. As illustrated in Figure 15, a planar object results
in a distorted, curved image. Consequently, if the center of the image is in focus on
a flat detector, the edges will be blurred, and vice versa.

• Distortion: Unlike other geometric aberrations, distortion does not affect the
sharpness of the image; instead, it involves a variation of the magnification on
the image plane. As shown in Figure 16, this results in a geometric misshaping
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Figure 14: 3D visualization of astigmatism following the Roy & Clarke model. Rays
from the tangential and sagittal planes fail to meet at a single point, instead forming two
perpendicular focal lines (T and S). The best image quality is found at the circle of least
confusion.

Planar Object

Lens

Center Focus

Curved Image

Flat Detector
(Edges blurred)

Figure 15: Field curvature illustrating how a flat object is projected onto a curved Petzval
surface.

of the object, typically categorized as either pincushion distortion (magnification
increases with distance from the axis) or barrel distortion (magnification decreases
with distance from the axis).

2.7 Focal Stations and Optical Configurations
Reflecting telescopes direct light to various focal stations depending on the required instru-
mentation, the weight of the detectors, and the desired field of view (illustrated in Figure
17). Because different astronomical observations require different optical properties, most
large modern observatories are designed to switch between these configurations.
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Figure 16: Geometric comparison of pincushion and barrel distortion. The magnification
scales non-linearly with distance from the optical axis, bending the grid without blurring
the lines.

The Primary Focal Stations

• Prime Focus: In this configuration, light reflects off the primary mirror and con-
verges directly at the focal point situated in the middle of the telescope tube, prior
to any secondary reflection.

– Advantages: This provides an exceptionally “fast” focal ratio (often f/2 to
f/4), yielding a very wide field of view. Because there is only one reflection,
light throughput is maximized, making it ideal for deep-sky imaging and wide-
field surveys.

– Disadvantages: The detector and its housing sit directly in the light path,
causing a central obstruction. Consequently, instruments must be relatively
compact and lightweight.

• Newtonian Focus: Invented by Isaac Newton, this design intercepts the con-
verging beam from the primary mirror using a flat, secondary mirror angled at 45
degrees, directing the focal point out the side of the upper telescope tube.

– Advantages: Extremely simple and cost-effective to construct, as it only re-
quires one curved optical surface. It places the focal plane in an easily accessi-
ble location for small telescopes and avoids the need for a hole in the primary
mirror.

– Disadvantages: On large professional telescopes, the focal station is sus-
pended high in the air, requiring massive gantries or cherry-pickers for as-
tronomers to access. Instruments must be kept relatively light to avoid unbal-
ancing the tube.

• Cassegrain Focus: Here, light converging from the primary mirror is intercepted
by a convex secondary mirror, which reflects the beam back down through a central
hole in the primary mirror.

– Advantages: The convex secondary multiplies the focal length, creating a
very “slow” system (f/8 to f/15) that provides high magnification within a
short physical tube length. Placing the instrumentation directly behind the
primary mirror makes it easily accessible.
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(a) Prime Focus

Primary Mirror

Detector

(b) Newtonian Focus

Primary Mirror

Side
Inst.

(c) Cassegrain Focus

Primary Mirror
Instruments

(d) Nasmyth Focus

Primary Mirror

Heavy Inst.

(e) Coudé Focus

Primary Mirror
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Figure 17: (a) Prime Focus operates at a fast focal ratio for wide-field imaging. (b)
Newtonian Focus intercepts the converging beam with a flat mirror, sending light out the
side of the tube. (c) Cassegrain Focus uses a convex secondary, resulting in a compact
tube but a long effective focal length. (d) Nasmyth Focus intercepts the Cassegrain beam
with a tertiary mirror, sending light out the horizontal altitude axis. (e) Coudé Focus uses
multiple mirrors to direct the beam down the telescope’s mounting axes into a completely
fixed, stationary room.

– Disadvantages: Because the instrument package moves with the telescope
tube, it is subjected to changing gravitational vectors as the telescope tracks
across the sky. This can induce mechanical flexure in sensitive instruments.

• Nasmyth Focus: The Nasmyth configuration modifies the Cassegrain path by
introducing a flat, tertiary mirror angled at 45 degrees. Located just above the
primary mirror, this tertiary mirror redirects the descending beam horizontally out
through the telescope’s altitude bearing (the elevation axis).

– Advantages: The focal point is directed to a stationary platform on the side
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of the mount. Because the instruments do not tilt with the telescope tube, they
are completely immune to gravity-induced flexure. This allows for incredibly
massive, highly stable instruments.

– Disadvantages: Requires a third reflection, which slightly reduces the total
light throughput and introduces additional optical complexity, such as field
rotation.

• Coudé Focus: From the French word for “elbow”, this configuration uses a series
of mirrors (often three to five) to route the light path down through the telescope’s
rotational axes (usually the polar or azimuth axis) and into a completely separate,
fixed room.

– Advantages: The instruments never move, allowing for the ultimate in me-
chanical and thermal stability. This allows observatories to build room-sized,
ultra-high-resolution spectrographs necessary for precise radial velocity mea-
surements (such as exoplanet hunting).

– Disadvantages: The high number of mirror reflections severely degrades light
throughput and alters the polarization of the incoming light. Today, this con-
figuration has largely been replaced by running fiber-optic cables from the
Cassegrain focus down to the instrument room.

The Ritchey-Chrétien (RC) Variant

Regardless of whether a telescope uses a Cassegrain or Nasmyth station, the vast ma-
jority of modern professional telescopes (including the Hubble Space Telescope) use the
Ritchey-Chrétien (RC) optical prescription. As illustrated in Figure 18, in an RC de-
sign, both the primary and secondary mirrors are ground into hyperboloids. This highly
specific mathematical pairing eliminates both spherical aberration and coma simultane-
ously, providing pinpoint stars over a notably wide field of view without the need for
heavy, refractive corrector lenses.

2.8 Telescope Mountings
To keep a star precisely centered on a detector pixel, the telescope must counteract the
Earth’s rotation. The celestial sphere appears to rotate around the North Celestial Pole
(NCP) at a constant angular velocity (ω) of approximately 15 degrees per hour. Therefore,
the telescope structure must mechanically match this angular velocity to achieve precise
tracking. The engineering solution implemented largely depends on the mass and size of
the primary optics. A comparison of professional, observatory-class mountings is provided
below.

• Equatorial Mount: The traditional solution for large 20th-century instruments.
This design aligns the primary rotational axis physically to match the Earth’s axis
(as shown in Figure 19(left)).
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Figure 18: Ray trace of a Ritchey-Chrétien telescope illustrating the hyperbolic primary
and secondary mirrors. Both incoming light paths converge symmetrically at the focal
plane.

– Advantages: Tracking is conceptually simple: a single constant-rate motor
drives the Right Ascension (RA) axis at ω, while the Declination (Dec) axis
remains stationary. This configuration yields a static field of view, meaning
the orientation of the surrounding star field relative to the detector remains
constant throughout long exposures.

– Disadvantages: The structure is asymmetrical and inherently unbalanced.
As the telescope points to different celestial coordinates, gravity induces vary-
ing vectors on the mirror cell and support structures. This flexure is extreme
and cannot be easily corrected. While successful for mirrors up to the 5-meter
class (e.g., the Hale Telescope), it is engineeringly impossible and economi-
cally unsustainable to construct rigid equatorial mounts for modern 8-meter or
30-meter class telescopes.

• Alt-Azimuth Mount: Moves along two perpendicular local axes: Altitude (up/down)
and Azimuth (left/right). The structure (illustrated in Figure 19(right)) is analo-
gous to a camera tripod.

– Advantages: This design is completely symmetrical. The primary mechanical
advantage is that the entire mass of the telescope tube and optics is directed
straight down into the foundation, eliminating the structural overhang and
flexure inherent to the equatorial design. For modern telescopes exceeding 8
meters (like the Keck or GMT), where mirror cells weigh dozens of tons, this
mount is mandatory from an engineering perspective.
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Figure 19: Detailed comparison of professional, observatory-class telescope mountings. On
the left, the German Equatorial Mount aligns its tracking axis with the North Celestial
Pole, against a night sky background with counterweights and labeled celestial coordinate
axes. On the right, the massive Alt-Azimuth Fork Mount rotates on Altitude and Azimuth
axes against a clear daytime sky, emphasizing its symmetrical structure and massive
direct-drive motors distributing weight vertically into the concrete foundation.

– Disadvantages: Tracking is significantly more complex. Since the local axes
do not align with celestial axes, both Altitude and Azimuth motors must be
driven simultaneously by powerful computer systems at non-linear, continu-
ously varying rates to counteract the sky’s arc.

The Consequence: Field Rotation and Derotators

A critical geometric consequence of the Alt-Az mount is Field Rotation. Even if the
telescope’s computer control perfectly aligns the central target star on the detector pixel,
the surrounding star field is not static. The detector remains aligned relative to the local
horizon, but the sky is aligned relative to the Celestial Pole. As the sky moves through the
local coordinate system, the entire star field appears to rotate around the tracked central
star over time. This effect is shown contextually within the Alt-Az system of Figure 19.

To prevent surrounding stars from appearing as arc segments (trailing) during a long
exposure, the entire instrument package (which can weigh many tons) cannot be simply
bolted to the telescope. Instead, it must be mounted on a massive mechanical bearing
known as an Instrument Rotator (or Derotator). The computer calculates the exact
rate of the field rotation for the target’s current altitude and azimuth, and the Derotator
physically spins the camera in the exact inverse direction at that precise, varying speed.

This mechanical de-rotation is mandatory for virtually all modern, large professional
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ground-based observatories. Because structural considerations make the Alt-Az design
the standard for almost all telescopes with primary mirrors exceeding 8 meters, active
field de-rotation is employed by facilities such as the twin 10-meter Keck Telescopes in
Hawaii, the four 8.2-meter telescopes comprising the Very Large Telescope (VLT) in Chile,
and the 8.1-meter Gemini Telescopes. This solution is also central to the design of the
next generation of giant telescopes, including the 39-meter Extremely Large Telescope
(ELT) and the Thirty Meter Telescope (TMT).

2.9 Mirror Coatings
Before a telescope can collect light, its meticulously polished glass substrate (typically
cast from a near-zero thermal expansion ceramic like Zerodur to prevent the optical figure
from warping during nighttime temperature drops) must be made reflective. The massive
mirror is sealed within a multi-ton vacuum chamber, where a highly controlled physical
vapor deposition process lays down a metallic film only a few hundred atoms thick (roughly
100 nanometers).

• Aluminum (Al): The ubiquitous standard for professional optical astronomy. Alu-
minum is cost-effective, highly durable, and offers excellent broadband reflectivity
(∼ 90%) across both the visible and ultraviolet spectrums. Upon exposure to am-
bient air, bare aluminum instantly forms a microscopic, transparent oxide layer
(Al2O3). While this natural passivation protects the coating from rapid degrada-
tion, it does cause a slight drop in deep-ultraviolet performance.

• Protected Silver (Ag): The premium choice for infrared-optimized observatories,
such as the Gemini Telescopes. Silver vastly outperforms aluminum in the near- and
mid-infrared regimes (achieving > 98% reflectivity) and crucially emits significantly
less thermal background radiation, a vital requirement since the telescope’s own
heat can blind infrared detectors. However, bare silver is highly chemically reactive
and tarnishes rapidly upon exposure to atmospheric sulfur and moisture. To survive
the observatory environment, the silver layer must be sandwiched between complex,
multi-layer dielectric coatings (such as silicon nitride) to seal the metal without
compromising its optical properties.

2.10 Active Optics: Fixing the Telescope
Modern large-aperture telescopes (8-meter class and larger) utilize thin, lightweight pri-
mary mirrors, either thin-meniscus shells or segmented petals. Unlike the massive, rigid
mirrors of the early 20th century, these substrates lack the inherent stiffness to maintain
their shape under varying gravitational loads. Active Optics is the control system de-
signed to negate these low-frequency structural deformations.

• The Feedback Loop: A wavefront sensor (WFS) monitors a guide star at the
periphery of the focal plane. It detects low-order geometric aberrations (specifically
defocus, coma, and astigmatism) that arise as the telescope structure flexes
during tracking or shifts due to thermal gradients.
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• Actuation: A dedicated control computer decomposes the wavefront error into
Zernike polynomials and calculates a corrective force matrix. This matrix is sent to
a grid of hundreds of high-precision pneumatic or hydraulic actuators distributed
beneath the mirror cell. These actuators apply localized pressure to restore the glass
to its nominal paraboloid geometry.

• Dynamic Range: Corrections occur on a slow timescale (typically 0.01 to 0.1 Hz).
This ensures the telescope reaches its theoretical "seeing-limited" performance by
eliminating mechanical error, though it remains below the frequency required to
cancel atmospheric turbulence.

2.11 Adaptive Optics (AO): Fixing the Sky
While Active Optics fixes the telescope’s primary mirror, Adaptive Optics fixes the
atmosphere. It dynamically flattens the corrugated wavefronts caused by turbulence in
real-time, as illustrated in the closed-loop system of Figure 20. Because the primary
mirror is too heavy to move at high frequencies, AO correction is applied to a much
smaller, lightweight surface:

• Dedicated Deformable Mirror (DM): In most systems, the light from the tele-
scope is relayed to a small (typically 10–20 cm) dedicated DM located within the
science instrument.

• Adaptive Secondary Mirror (ASM): In state-of-the-art facilities like the VLT or
the LBT, the telescope’s secondary mirror is replaced by a thin, flexible glass shell
driven by electromagnetic actuators. This reduces the number of optical surfaces,
increasing throughput and decreasing thermal noise, vital for infrared observations.

2.11.1 The Shack-Hartmann Wavefront Sensor (SHWFS)

The SHWFS divides the incoming light into a grid of sub-apertures using an array of tiny
“lenslets”. If the wavefront is tilted by turbulence, the focal spot behind the lenslet shifts.
The Real-Time Computer (RTC) calculates the centroid of the intensity I(x, y):

∆x =
∑

x · I(x, y)∑
I(x, y) (19)

The shift is proportional to the local wavefront gradient:

∆x = flenslet
λ

2π

∂Φ
∂x

(20)

2.11.2 Timescales and Isoplanatic Angle

Atmospheric turbulence evolves rapidly. The coherence time (τ0) is the window in
which the atmosphere remains essentially frozen:

τ0 ≈ 0.314r0

v
(21)

Where:
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Figure 20: The AO Closed-Loop. By measuring phase errors 1000 times per second and
applying the inverse shape to a Deformable Mirror, the “twinkle” of the stars is cancelled
out.

• r0 is the Fried Parameter, representing the average diameter of the turbulent
atmospheric “cells” (typically 10 − 20 cm in the visible at good sites).

• v is the effective wind speed driving these cells across the telescope aperture
(typically 10 − 20 m/s).

In the visible, τ0 is only a few milliseconds, requiring the AO loop to run at frequencies
of 1 kHz or higher. Furthermore, the correction is only valid within the isoplanatic
angle (θ0), the small patch of sky where the light from the target and the reference star
pass through the exact same atmospheric cells.

2.11.3 Laser Guide Stars: Solving the Sky Coverage Problem

Traditional Adaptive Optics relies on a Natural Guide Star (NGS) to measure atmo-
spheric turbulence. However, because a suitable reference star must be both bright and
located within the tiny isoplanatic angle (< 20′′) of the science target, NGS AO is severely
restricted. In fact, relying solely on natural stars limits high-resolution observations to
roughly 1% to 2% of the night sky, effectively cutting off most deep-space and extragalactic
targets.
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Laser Guide Stars (LGS) were engineered to overcome this fundamental limitation.
Observatories project high-power 589 nm lasers to excite a natural layer of sodium atoms
in the mesosphere (∼ 90 km altitude). This creates a glowing artificial star exactly where
the telescope is pointing. By generating a guide star on demand, LGS systems push AO
sky coverage to nearly 100%, revolutionizing modern observational astronomy.

While LGS opens up the entire sky, creating an artificial star at a finite altitude does
introduce unique physical and geometric challenges, as illustrated in Figure 21:

• Tilt Indeterminacy: The laser travels up and down through the exact same col-
umn of atmosphere, meaning the global path distortions cancel out. Consequently,
the LGS cannot measure “tip-tilt” (the overall shifting of the image). A real, al-
beit much fainter, natural star is still needed somewhere in the field to stabilize the
image position.

• The Cone Effect (Focal Anisoplanatism): Because the LGS is at a finite alti-
tude (90 km), its returning light forms a cone rather than a cylinder. This leaves
a “sampling hole” at the edges of the high-altitude turbulence above the telescope,
meaning the outer edges of the primary mirror receive incomplete correction.

High-AltitudeTurbulence

Telescope Pupil

Natural Star Light (from Infinity)

LGS (90 km)

Sampling
Hole

Sampling
Hole

Figure 21: The Cone Effect (Focal Anisoplanatism). Light from a natural star at infinity
forms a perfect cylinder, sampling the entire column of turbulence. Light from the LGS at
90 km forms a cone, leaving a “sampling hole” at the edges of the high-altitude turbulence
which the wavefront sensor cannot see.

2.11.4 Multi-Conjugate Adaptive Optics (MCAO)

Traditional AO systems use a single deformable mirror to correct the entire atmosphere,
effectively compressing a 3D volume of turbulence into a single 2D plane. This approxima-
tion only holds true for a very narrow line of sight, which is why the standard isoplanatic
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angle (θ0) is so small (typically ∼ 15′′). If a science target is wider than this patch, the
edges of the image remain blurred.

To overcome the Cone Effect and drastically widen the corrected field of view, modern
observatories (such as the Gemini South telescope with its GeMS instrument) employ
Multi-Conjugate Adaptive Optics (MCAO). This technique shifts AO from a 2D
correction to a true 3D correction, as illustrated in Figure 22:

• Atmospheric Tomography: Instead of a single laser, the telescope projects a
constellation of multiple lasers (typically 4 to 5) into the mesosphere. Because these
lasers are spatially separated, their returning light cones overlap and cross through
the atmosphere at different angles. By combining the data from multiple wavefront
sensors, the Real-Time Computer performs a 3D tomographic reconstruction of the
turbulence, much like a medical CT scan maps the human body.

• Multiple Deformable Mirrors: Armed with a 3D map of the atmosphere, the
system does not just apply one generic correction. Instead, the light is bounced off
multiple Deformable Mirrors in series. Each DM is optically conjugated (focused)
to a specific altitude layer where turbulence is most severe. For example, DM1
might perfectly cancel the ground-layer turbulence (0 km), while DM2 cancels the
high-altitude jet stream layer (10 km).

By addressing the turbulence exactly where it occurs in the atmosphere, MCAO ex-
pands the diffraction-limited field of view by over an order of magnitude, delivering sharp,
uniform images across fields as wide as 2 arcminutes.

AST-B09 | Course Notes | L04 | Rogério Monteiro-Oliveira, Ph.D. 30



Upper Turbulence
(∼ 10 km)

Ground Layer
(0 km)

Telescope Primary Mirror

LGS 1 LGS 2 LGS 3

DM 2
Conjugated to
Upper Layer

DM 1
Conjugated to
Ground Layer

Figure 22: Multi-Conjugate Adaptive Optics (MCAO). Multiple Laser Guide Stars create
overlapping sampling cones. By measuring the light from different angles, the system
reconstructs the 3D turbulence volume (Tomography). Dedicated Deformable Mirrors
are then optically conjugated to cancel the specific errors at their respective altitudes,
vastly increasing the corrected field of view.
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These course notes were refined with the assistance of Gemini 3.1 Pro. Unless otherwise
cited, all figures were generated using this tool.
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