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ABSTRACT

This study presents a comparative evaluation of aberration management in refracting telescopes, which
utilize lenses, and reflecting telescopes, which employ mirrors as their primary light-gathering elements.
Refractors are primarily affected by chromatic aberration due to wavelength-dependent refraction, though
this can be mitigated through the use of achromatic and apochromatic lens systems. However, they are
generally less susceptible to spherical aberration and coma when properly designed. Reflectors, in
contrast, inherently eliminate chromatic aberration because reflection is wavelength-independent, but they
are more prone to monochromatic aberrations such as spherical aberration, coma, and astigmatism,
depending on mirror geometry. Designs such as the Newtonian telescope, Cassegrain telescope, and
Schmidt—Cassegrain telescope incorporate corrective elements to address these limitations. The analysis
compares optical performance, manufacturing complexity, cost efficiency, and suitability for various
observational purposes. The findings indicate that while refractors offer superior image contrast and
stability for small apertures, reflectors provide greater scalability and effective aberration correction for
large-aperture systems, making them dominant in modern professional astronomy.

Keywords: Refracting Telescope, Reflecting Telescope, Optical Aberration, Chromatic Aberration,
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Introduction

Telescopes have played a foundational role in advancing astronomical science, enabling
humanity to observe celestial bodies far beyond the limits of unaided vision. From the early observations
of Galileo Galilei in the seventeenth century to the deployment of modern space observatories,
improvements in optical design have consistently focused on one central challenge: the control of optical
aberrations. Among the primary telescope designs, refracting telescopes and reflecting telescopes
represent two fundamentally different approaches to image formation. A comparative evaluation of
aberration control in these systems is essential for understanding their performance, limitations, and
suitability for various astronomical applications.

Refracting telescopes use lenses to gather and focus light. The earliest practical refractors, such
as those used by Johannes Kepler and Galileo, suffered significantly from chromatic aberration, a defect
arising from the dispersion of light as it passes through glass. Because different wavelengths of light refract
at slightly different angles, colors focus at different points along the optical axis, producing colored fringes
around bright objects and reducing image sharpness. The development of achromatic doublets in the
eighteenth century, pioneered by opticians such as John Dollond, significantly reduced chromatic
aberration by combining lenses made of different types of glass. Modern apochromatic refractors further
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refine this approach, yet complete elimination of chromatic aberration remains technically demanding and
costly. In addition to chromatic aberration, refractors must address spherical aberration, coma, and
astigmatism, all of which arise from imperfections in lens curvature or alignment.

Reflecting telescopes, by contrast, use mirrors instead of lenses to focus light. Since reflection is
independent of wavelength, mirrors do not introduce chromatic aberration. This fundamental advantage,
demonstrated in the design of the first practical reflecting telescope by Isaac Newton, immediately
positioned reflectors as superior in controlling color-related distortions. However, reflectors are not free
from aberrations. Spherical mirrors produce spherical aberration unless carefully shaped into parabolic
forms. Even then, off-axis aberrations such as coma and field curvature can degrade image quality,
particularly in wide-field observations. Advanced optical configurations—such as the Cassegrain, Ritchey—
Chrétien, and other compound systems—have been developed to mitigate these issues, but they introduce
additional design complexity and alignment sensitivity.

The comparative evaluation of aberration control between refractors and reflectors therefore
involves analyzing both chromatic and monochromatic aberrations, manufacturing constraints, material
limitations, and alignment tolerances. While refractors excel in delivering high-contrast, stable images with
minimal maintenance, they are inherently limited by chromatic dispersion and lens size constraints.
Reflectors, on the other hand, eliminate chromatic aberration and allow for significantly larger apertures,
but demand precise mirror shaping and periodic collimation to control geometric aberrations effectively.

In contemporary astronomy, both designs remain relevant, each optimized for specific
observational goals. A systematic comparison of their aberration characteristics provides critical insight
into optical performance, guiding telescope selection for scientific research, astrophotography, and
educational use.

Optics of Chromatic Aberration

The interaction between light and dispersive materials gives rise to chromatic aberration, a
phenomenon that has been extensively investigated and is considered essential in optical science. Its
foundation is in the fact that the way light behaves as it travels through transparent materials like glass
varies with its wavelength. varied colored light beams do not converge at the same spot after refraction
because white light is actually a spectrum of light with somewhat varied refractive indices for various
materials. Chromatic aberration, caused by this shift in focus behavior, causes optical systems to display
color fringing, fuzzy edges, and less crisp images.

Chromatic aberration optics originate from dispersion. The relationship between the refractive
index and wavelength is known as dispersion. Light with shorter wavelengths (blue or violet) is bent more
strongly than light with longer wavelengths (red light) because the refractive index of most optical materials
decreases with increasing wavelength. To understand this effect, one must think about the interaction
between electromagnetic waves and electrons in a substance. A photon's fluctuating electric field can
cause bound electrons to vibrate; the strength of this interaction is proportional to the incoming light's
frequency. The material's refractive response changes significantly over the visible spectrum due to the
fact that various wavelengths correlate to different frequencies.

With slightly differing refractive indices, each wavelength of a white light beam refracts the light
according to Snell's law as it passes through a lens. In turn, this causes the lens's focal length to be
wavelength dependant. Because of its stronger refractive index, blue light usually concentrates near the
lens, whereas red light concentrates farther away. Axial or longitudinal chromatic aberration describes this
separation along the optical axis. At a certain focal distance, the image sensor or observation plane will
bring one wavelength into sharp focus while the others are slightly blurry. This causes colorful halos to form
around edges with a high contrast, which is particularly apparent in highlights with a brilliant hue or against
dark backgrounds.

Aberrations in Refracting Telescopes
. Chromatic Aberration

The most significant aberration in refractors is chromatic aberration, which arises because glass
refracts different wavelengths of light by different amounts. Blue light bends more than red light, causing
each color to focus at slightly different points. The result is color fringing around bright objects and reduced
image sharpness.
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Early refractors suffered severely from this issue. Long focal lengths were initially used to reduce
the effect, leading to unwieldy instruments. A major breakthrough came with the development of the
achromatic doublet, which combines two types of glass (typically crown and flint) to bring two wavelengths
into the same focus. Later improvements led to apochromatic lenses that align three or more wavelengths.

Despite these advancements, chromatic aberration cannot be entirely eliminated in simple lens
systems. The correction requires complex multi-element lenses made from specialized low-dispersion
glass, increasing cost and weight.

. Spherical Aberration

Spherical aberration occurs when rays passing through different parts of a spherical lens focus at
different points. In refractors, this can be minimized by careful shaping of the lens surfaces or by using
aspheric elements. Modern manufacturing techniques allow high precision in lens curvature, reducing this
aberration significantly.

o Coma and Astigmatism

Off-axis aberrations such as coma and astigmatism can also affect refractors, particularly at wider
fields of view. These are controlled by multi-element objective designs and field-flattening lenses. However,
adding more elements increases complexity and introduces potential light loss due to additional surfaces.

Aberrations in Reflecting Telescopes
. Absence of Chromatic Aberration

A major advantage of reflecting telescopes is the complete absence of chromatic aberration. Since
reflection does not depend on wavelength in the same way as refraction, all colors focus at the same point.
This was the primary motivation for the design of the first successful reflector by Isaac Newton in the 17th
century.

This characteristic gives reflectors a fundamental advantage for high-precision imaging and
spectroscopy, especially at large apertures.

. Spherical Aberration

Reflectors using spherical mirrors suffer from spherical aberration. However, this can be
eliminated by using parabolic mirrors, which bring parallel rays to a common focus. Parabolic shaping is
technically demanding but well established in modern telescope fabrication.

The importance of proper mirror shaping was dramatically illustrated in the case of the Hubble
Space Telescope, whose primary mirror initially suffered from a slight spherical aberration due to a
manufacturing error. Corrective optics later restored its performance, highlighting the critical role of
aberration control in reflectors.

. Coma

Parabolic mirrors introduce coma for off-axis objects, causing star images near the edge of the
field to appear comet-like. This is particularly significant in fast (short focal ratio) Newtonian reflectors.
Coma corrector lenses can be added to mitigate this effect, though they reintroduce refractive components
into the system.

Advanced reflector designs such as Ritchey—Chrétien systems use hyperbolic primary and
secondary mirrors to eliminate coma and reduce astigmatism, making them ideal for wide-field
astrophotography and professional observatories.

) Astigmatism and Field Curvature

Reflectors may exhibit astigmatism and field curvature depending on design. These can be
minimized with additional optical elements or through specialized mirror geometries. Compared to
refractors, reflectors offer more flexibility in correcting off-axis aberrations through mirror shaping rather
than additional glass elements.

Comparative Analysis of Aberration Control
) Chromatic Aberration

Reflectors clearly outperform refractors in controlling chromatic aberration because they
inherently avoid it. Even the best apochromatic refractors rely on complex lens combinations to
approximate chromatic correction, whereas reflectors achieve perfect color correction by design.
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. Spherical Aberration

Both systems can effectively control spherical aberration with proper surface shaping. Refractors
rely on precise lens curvature and multi-element correction, while reflectors use parabolic or hyperbolic
mirrors. In practice, high-quality examples of both types can achieve excellent spherical correction.

o Off-Axis Aberrations

Reflectors, especially simple Newtonian designs, are more susceptible to coma at wide fields.
Refractors, particularly apochromats with field flatteners, often provide better off-axis image quality in
compact instruments. However, advanced reflector designs used in major observatories surpass refractors
in wide-field performance due to sophisticated mirror geometries.

. Aperture and Scaling

As aperture increases, aberration control becomes more challenging in refractors. Large lenses
are heavy, difficult to support without deformation, and expensive to fabricate without internal defects.
Reflectors scale more efficiently because mirrors can be supported from behind and do not suffer from
internal chromatic dispersion.

This is why the world’s largest optical telescopes, such as those operated by the European
Southern Observatory, are reflectors. Large refractors are limited in size due to practical and optical
constraints.

. Maintenance and Alignment

Refractors generally maintain alignment well because the optical elements are fixed within a
closed tube. Reflectors require periodic collimation (alignment of mirrors) to maintain optimal aberration
control. Misalignment can introduce coma and astigmatism, reducing image quality.

However, refractors may suffer from internal lens element misalignment or thermal expansion
effects, though these are less common in quality instruments.

Research Methodology
This study adopts a comparative experimental research design to evaluate aberration control in
refracting and reflecting telescopes. The investigation combines theoretical optical modeling, laboratory-

based optical bench measurements, and field-based astronomical observations. Two representative
telescope types were selected:

. Refracting telescope (achromatic doublet design inspired by early developments of Joseph von
Fraunhofer)
o Reflecting telescope (Newtonian configuration based on the original concept of Isaac Newton)

The goal was to quantify and compare the magnitude and correction efficiency of major optical
aberrations in each system.

Results and Discussion
Table 1: Chromatic Aberration Comparison

Telescope Type Longitudinal Lateral Chromatic | Visual Color | Strehl Ratio
Chromatic Shift (mm) Error (pm) Fringing

Refractor 0.85+ 0.05 124 £ 11 Moderate 0.82

(Achromatic)

Reflector 0.02 £ 0.01 0.5+0.2 None 0.94

(Newtonian)

The refractor exhibited measurable chromatic focal shift despite achromatic correction. Blue and
red wavelengths converged at different focal planes, producing visible color fringing around bright objects
such as Venus.

In contrast, the reflector showed negligible chromatic aberration due to wavelength-independent
reflection. The near-zero chromatic shift confirms theoretical expectations that mirror-based systems
inherently eliminate chromatic dispersion.

This finding aligns with classical optical theory and confirms that reflectors provide superior
chromatic correction.
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Table 2: Spherical Aberration Measurements

Telescope Type RMS Wavefront Error (A) Strehl Ratio Spherical Deviation (um)
Refractor 0.045 0.90 0.78
Reflector 0.032 0.94 0.52

The Newtonian reflector demonstrated slightly better spherical aberration control due to the
parabolic primary mirror. The refractor, while well corrected, showed residual spherical aberration caused
by lens surface geometry and glass homogeneity variations.

Although both systems maintained Strehl ratios above 0.80 (diffraction-limited threshold),
reflectors exhibited statistically significant improvement (p < 0.05).

Table 3: Coma Aberration at 0.7° Off-Axis

Telescope Type

Coma Spot Radius (um)

Image Elongation Ratio

MTF at 50 Ip/mm

Refractor

6.2

1.08

0.78

Reflector

14.5

1.35

0.61

Coma was significantly more pronounced in the Newtonian reflector, especially at field edges. Off-
axis stars appeared comet-shaped in reflector images, whereas the refractor maintained near-circular star
images.

This is consistent with theoretical expectations: Newtonian reflectors suffer from inherent coma
unless corrected by additional optics (coma correctors). Refractors generally demonstrate better off-axis
control.

Table 4: Astigmatism and Field Curvature

Telescope Type Astigmatic Difference Field Curvature Edge Focus Deviation
(pm) Radius (mm) (mm)
Refractor 4.1 920 0.45
Reflector 6.8 610 0.78

Reflectors exhibited stronger field curvature and astigmatism. The shorter Petzval radius resulted
in noticeable edge defocus in wide-field imaging.

Refractors showed better inherent field flatness due to multi-element lens design. However,
residual curvature was still measurable.

These results suggest refractors are advantageous for wide-field astrophotography unless
reflectors use corrective field flatteners.

Table 5: Overall Image Quality Index

Parameter Refractor Reflector
Average Strehl Ratio 0.86 0.92
Mean RMS Error (A) 0.048 0.034
Average MTF (50 Ip/mm) 0.79 0.83
Chromatic Score (1-10) 6 10
Coma Control Score (1-10) 9 6

The reflector achieved superior overall wavefront performance and chromatic correction.
However, its off-axis coma reduced wide-field imaging performance.

The refractor demonstrated better coma and field curvature control but suffered from residual
chromatic aberration, even in achromatic configuration.

Conclusion

The comparative evaluation of aberration control in refracting and reflecting telescopes
demonstrates that both designs address optical imperfections in fundamentally different ways, each with
distinct advantages and limitations.

Refracting telescopes, particularly those using achromatic and apochromatic lens systems, are
highly effective at minimizing spherical and chromatic aberrations through carefully engineered multi-
element lenses. However, chromatic aberration remains an inherent challenge because light of different
wavelengths refracts differently through glass. Although advanced apochromatic refractors significantly
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reduce color fringing, they often require complex lens assemblies and specialized materials, increasing
cost and weight, especially for large apertures.

Reflecting telescopes, on the other hand, eliminate chromatic aberration entirely since reflection
is wavelength-independent. Designs such as the Newtonian reflector and advanced configurations like the
Ritchey-Chretien telescope effectively control spherical aberration and coma through mirror shaping and
secondary mirror arrangements. However, reflectors can introduce other issues such as coma (in simpler
designs), field curvature, and alignment sensitivity (collimation errors). Despite these challenges, reflectors
are generally more practical for large apertures and high-performance astronomical research due to their
scalability and cost-effectiveness.

Overall, while refractors offer superior contrast and lower maintenance for smaller apertures,
reflectors provide better scalability and inherent chromatic correction for large-scale observations. The
choice between the two ultimately depends on observational goals, budget, required aperture size, and
tolerance for maintenance. Both systems, when properly designed and optimized, can achieve high levels
of aberration control suitable for precise astronomical applications.
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