Light & Telescopes

Salisbury University

The most exciting phrase to hear in science, the one that heralds the most

discoveries, is not "Eurekal," but "That's funny..." - Isaac Asimov

The Electromagnetic Spectrum

In the 1860s, the Scottish mathematician and physicist James Clerk Maxwell was able to
conclude that light is a form of electromagnetic radiation. Other forms of electromagnetic radiation
include radio waves, microwaves, infrared radiation, ultraviolet rays, X-rays, and gamma rays. All

of these, known collectively as the electromagnetic spectrum, are fundamentally similar in that they

move at 186,000 miles per second (3.0x10%m/s), the speed of light. The only difference between
them is their wavelength (1), which is directly related to the amount of energy the waves carry. The

shorter the wavelength of the radiation == the higher the energy.

First, a bit on waves and how we describe them physically:

A (Wavelength)
A

A (Amplitude)

v (velocity)

Figure 1: A typical wave pattern with its features labeled and defined.
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Wavelength (1): The distance between two successive wave crests is called
the "wavelength."

Frequency (f): The "frequency" of light is the number of wave crests that pass
a given point in one second.

Amplitude (A): The maximum displacement from the equilibrium point. (The

equilibrium point is the dashed-line in the figure.)

Velocity (v): The velocity of a wave is given by a simple formula. | v = 4f

Caution: You may associate the term radiation with radioactive materials like
uranium, but this term refers to anything that radiates, or spreads away, from its
source. For example, scientists sometimes refer to sound waves as "acoustic

radiation." Radiation does not have to be related to radioactivity.

Most celestial observations are collected in the form of light (electromagnetic radiation).
Astronomers have devised many techniques and practices to decrypt much of the information that
is encoded in the often extremely faint objects that emit light. This information can help deduce
ideas about the object's temperature, motion, chemical composition, surface gravity, shape,

structure, and more!

The first major breakthrough in understanding light came from a simple experiment performed
by Isaac Newton around 1670. He passed a beam of sunlight though a glass prism and spread it

out into many colors. Up until Newton, it was thought that a prism somehow added colors to the

white sunlight. The spreading out of light into all of its constituent parts is called spectroscopy (The

rainbow spectra of visible light!).

Red
Orange

White Light Yellow
Green

Blue
Violet

Figure 2: The visible spectrum of colors. White light is a combination of colors that can
be dispersed using a prism.
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A Prism and a Spectrum:

When a beam of white light passes through a glass prism, the light is broken into a rainbow-
colored band called a spectrum. This is called refraction and depends on the prism's material and
the wavelengths of light. Notice longer wavelength of red is "bent" less while the shorter

wavelength of violet is "bent" more.

The word 'spectrum’ (the plural of which is 'spectra’) comes from a Latin word, spectare, which
means 'to make a display out of something'. In astronomy, the thing we often make a display of is
radiation. In particular, we spread out radiation into tiny increments of energy (or wavelength) in

order to examine all of its pieces.

Aside: How about a little on Sound Waves? Sound waves are density waves
(compressed air wave passing by observer). Velocity of Sound in "air" is about

330 m/sec.

>

H_/

A
Audible Spectrum: (Lowest f= 20 cps : A = 16m) (Highest f = 20,000 cps : A = 16cm)

Light is a little paradoxical. You see, depending on the experiments run and the observations
made, will determine if you think if it behaves "wave-like" or "particle-like." Huh? Light is more
subtle!! We seem to be in a dilemma. Some experiments indicate that light behaves like a wave;
others indicate that it behaves like a stream of particles. These two ideas only seem to be
incompatible, but both have been shown to have validity. Physicists have finally come to the
conclusion that this "duality" of light must be accepted as a fact of life. It is referred to as the

"wave-particle duality." Apparently, light is a more complex phenomenon than just a simple wave

or a simple beam of particles. (Wavicle? Partave?)
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Some "wavy" things: What is color?

o Diffraction: waves ability to "bend around corners."

¢ Interference: the ability of two waves to reinforce or cancel each other! (Constructive or

Destructive Interference)

e Absorption: Light is absorbed by an object.
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Visible portion is very narrow! Only a small slice of the entire electromagnetic spectrum.
All E.M. radiation, but interactions with matter varies.

1. Radio Waves reflected by wire mesh.
2. Light reflected (visible) by flesh
3. X-Rays absorbed by bone, but pass through flesh.

Atmosphere transmits (allows through) visible, radio, some I.R.
1. Some |.R. absorbed by Hw0 and Co2

2. U.V. heavily absorbed by O3 (sun-burn?)
3. X-Rays and y-Rays totally absorbed by many things (molecules).

Why are our eyes sensitive to visible? Why not radio?

1. Sun is brighter and less variable in visible wavelengths.
2. For directionality (resolution) you need an "eye" that is >> A

3. .. if we had evolved radio eyes, we would have fuzzy vision and very big eyes

(survival)

Blackbody Radiation

A dense object emits electromagnetic radiation according to its temperature. The simplest and
most common way to produce electromagnetic radiation, either on or off the Earth, is to heat and
object. The hot filament of wire inside an ordinary light bulb emits white light, and a neon sign has a
characteristic red glow. In a like fashion, almost all of the visible light that we receive from space

comes from hot objects like the Sun and the stars.

The hotter the object, the more energy it emits and the shorter the wavelength at which most of
the energy is emitted. Colder objects emit relatively little energy, and this emission is primarily at

longer wavelengths.

To better understand the relationship between the temperature of a dense object and radiation

it emits, it is helpful to know just what "temperature” means. The temperature of a substance is

directly related to the average speed of the tiny atoms that make up a substance. If something is

hot, its atoms are moving at high speeds; if a substance is cold, its atoms are moving slowly.
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Caution: Despite its name, a blackbody does not necessarily look black. How

bright and what colors it appears to be is intrinsically linked to the temperature of

the blackbody object.

Note: An important attribute of blackbody radiation is that it depends only on the
temperature of the object emitting the radiation, not on the chemical composition

of the object.
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Figure 3: Blackbody Curves: Shows the intensity of light at every wavelength (1) that is emitted by a

blackbody at a particular temperature.

The Doppler Effect

The wavelength of light is effected by the relative motion between the source and the observer.

Christian Doppler (1803-1853), a professor of mathematics in Prague, pointed out in 1842 that

the observed wavelength of light is affected by motion. The Doppler effect is an apparent change in
the frequency of a wave, such as sound or light, when the source of the wave and the observer are
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in motion relative to one another. The frequency increases when the source and observer are

approaching each other, and decreases when they are moving away from each other.

[[ Key: Redshifted =» away // Blueshifted =» toward ]|
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Figure 4: The doppler effect causes the observed wavelengths to be altered because of

the relative motion of the observer and/or the object. This effect occurs with anything
that exhibits wave behavior.

Telescopes

For millennia, cultures have been looking at the sky with only the "naked eye." This careful
and long process of observing the heavens has brought Earth some of the most profound ideas
and views of our own cosmos. However, it wasn't until Galileo trained a telescope to the heavens
that modern astronomy was born. Although the telescope was most probably invented to help
naval navigation (around Holland 1600s), it use became the most popular and useful tool to
explore the visible light of the night sky. Much later, around the 1930s, it was possible to use
telescopes to explore even the non-visible wavelengths of the electromagnetic spectrum in a

further pursuit in understanding the objects, structures, and events of the night sky.

Until very recently, our knowledge of the universe was based solely on the visible light
gathered by telescopes. But, we already know that other forms of electromagnetic radiation exist
and need to be explored.

First we will discuss the two major types of telescopes: refractors and reflectors. Then we will
learn about and explore the more exotic telescopes that detect radio, X-ray, and other wavelengths
that arrive at the Earth. Finally, we can take a look at some of these modern devices and how they
are employed to explore the cosmos today.
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Types of Telescopes

Telescopes are differentiated by how they gather light to analyze. The part of a telescope that
gathers light is called the "objective." If the objective is a lens (made of glass or some other type of
material that allows light to pass physically through it) then the telescope is said to be a

"refracting” telescope. If the light is gathered by a mirrored surface that allows light to be

"bounced off" on the objective then the telescope is said to be a "reflecting" telescope.

The Powers (Yeah, Baby! Yeah!) of a Telescope

o Light Gathering Power: Astronomers prefer *large* telescopes. A large telescope

can intercept and focus more starlight than does a small telescope. A larger
telescope will produce brighter images and will be able to detect fainter objects.
The L.G.P. of a telescope is directly related to the area of the telescopes primary
mirror. Thus, if you double the diameter of the lens (or mirror), the L.G.P.
increases by a factor of 4. (Remember, the area of a circular region is ntr2.)

Resolving Power: A large telescope also increases the sharpness of the image

and the extent to which fine details can be distinguished. With low resolving
power, images are fuzzy and blurred together. With high resolving power, images
are sharp and crisp.

¢ Magnification: The magnifying power is the ability of the telescope to make the
image appear large in the field of view. The M.P. is the ratio of the object's angular

diameter seen through the telescope to its naked-eye angular diameter.

Caution: Many people think that the primary purpose of a telescope is to give
magnified images. While magnification can be important, it is not the most
important power of a telescope. Astronomers put much more importance into light
gathering and resolving power. What good is a large image if it appears fuzzy and

dim?

Lecture Five




Light & Telescopes

Refracting Telescopes

o Arefracting telescope uses a lens to concentrate incoming light.

Galileo's telescopes (as well as the first ones made) were refractors. They all used glass
lenses to collect and focus the light of distant objects so they could be more carefully observed.
Quite often refracting telescopes employ not one, but many lenses to help facilitate the
observation. There will be a primary lens that gathers the light and a secondary (or more) lens that

brings the objects image into focus.

Disadvantages:

o Refracting telescopes suffer from Chromatic Aberration. As light passes through a lens,
just as a prism will disperse light, the lens will focus bluer wavelengths differently than the
redder wavelengths. The longer wavelength light (redder color) is bent less than the

shorter wavelength light (bluer color) as it passes through the lens.

Objective Lens Eyepiece Lens

— . J
—~— Y

Focal Length Objective Focal Length
of Eyepiece
Figure 5: A simple schematic of a refracting telescope.
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Red Focus

Figure 6: Chromatic aberration occurs with refracting telescopes. Wavelengths of
different colors will have different focal points causing many color images all blurred
together.
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o |tis also very hard to make a perfectly matched lens. You need to focus as much of the
light as you can a one focal length. If the lens is not perfectly symmetric it can lead to
unfocused imperfections in the image clarity.

It is very hard to make very large refracting telescopes. The lenses would have to be
extremely large and heavy. A glass lens can "sag" and "flow" under its own weight, thus
ruining the lens and telescope.

e Also, since light must actually pass through the lens, the lens must not be too thick. The

amount of light that transmits through the lens goes down as a function of thickness.

2f4 | l ] 1
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Images: Courtesy Yerkes Observatory

The world's largest refractor you ask? In 1890, the Yerkes Observatory refracting
telescope began construction, and it was planned to be the world's largest telescope. It was, in
fact, the world's largest telescope from 1897 (when it was commissioned) to 1909, and it is still the
world's largest refractor. The lenses started as glass disks cast by Mantois of Paris and were
polished into 40-inch lenses by Alvan Clark and Sons in Cambridgeport, Massachusetts. Warner
and Swasey of Cleveland built the mounting for the telescope and a 90-foot diameter dome to
house it. They also constructed a 75-foot diameter movable floor that raises astronomers to the
telescope eyepiece.
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Reflecting Telescopes:

o Areflecting telescope uses a mirror to concentrate incoming light.

Almost every modern telescope forms an image using the principle of reflection. The following
figure illustrates the principle of reflection: the angle of incidence (measured from the perpendicular

to the reflecting surface) is equal to the angle of reflection. (61 = 62)

To make a reflector, astronomers grind and polish a large slab of material into an
appropriate concave shape. The material is then coated with silver, aluminum, or a similar highly
reflective substance.

Focal Length
A

-

Light Rays \'<]
|

Focus Mirror

Figure 7: A reflecting telescope uses mirrors to reflect and focus the light to view.

Newtonian Focus
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Figure 8: Newtonian Focus.
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Advantages:

Reflecting telescopes do not suffer from Chromatic Aberration. All wavelengths will
reflect off the mirror in the same way.

Reflecting telescopes can be made very large because the mirrored surfaces have plenty
of support. Thus, reflecting telescopes can greatly increase in light gathering and resolving
power.

Reflecting telescopes are often cheaper ($$$) to make than similarly sized refracting

telescopes.

Figure 9: Images courtesy of Hale & Palomar Observatores.

Disadvantages:

Reflecting telescopes can suffer from Spherical Aberration. A reflector must be designed

to minimize this problem. The problem lies in the precise shape of a mirror's concave
surface. A spherical surface is easy to grind and polish, but different parts of a spherical
mirror have slightly different focal lengths. This too can result in a fuzzy image. (Hubble

Telescope suffered from this problem early in its history.
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From a remote outpost on the summit of Hawaii's dormant Mauna Kea volcano, astronomers at
the W.M. Keck Observatory probe the deepest regions of the Universe with unprecedented power

and precision.

Figure 10: Image courtesy of Keck Observatory & Richard Wainscoat, IfA

Their instruments are the twin Keck Telescopes, the world's largest optical and infrared
telescopes. Each stands eight stories tall and weighs 300 tons, yet operates with nanometer
precision. At the heart of each Keck Telescope is a revolutionary primary mirror. Ten meters in
diameter, the mirror is composed of 36 hexagonal segments that work in concert as a single piece

of reflective glass.

Note: All ground based telescopes must worry about "Seeing."

e Stars "twinkle" because of the motions in the atmosphere of the Earth. "Seeing" is used to

describe this effect upon observations using telescopes (visual or otherwise.)
Cool, cloudless, elevated telescopes help get around this problem, but all Earth-ground

based telescopes are limited by the Earth's own atmosphere.
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Radio Astronomy - Low energy light, long wavelengths. (Since 1950s)

e (Can observe 24 hours a day! (through clouds, rain, etc)

o The sky and objects may "look" strikingly different in radio wavelengths than in visible
wavelengths.
Disadvantage: Very poor resolving power because the wavelengths of light under
observations can be on the same scale as the radio telescope's major collecting objective!
(Remember the "objective" is the mirrored collecting surface which for radio telescopes

only needs to be a wired mess.)

Figure 11: A radio telescope uses computers to create images
of the firadi od universe.
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Figure 12: Arecibo Radio telescope in Puerto Rico. The radio dish is built into a valley
between mountains. (Image courtesy of Arecibo Observatory & David Parker.)

Arecibo

The radio telescope is astounding in the
enormousness of the reflecting surface, or
radio mirror. The huge "dish" is 305 m (1000
feet) in diameter, 167 feet deep, and covers
an area of about twenty acres. The surface
is made of almost 40,000 perforated
aluminum panels, each measuring about
3 feet by 6 feet, supported by a network of Figure 14: Image courtesy of VLAINRAO

steel cables strung across the underlying

valley. It is the largest curved focusing antenna on the planet, which means it is the world's most

sensitive radio telescope.

Lecture Five




Light & Telescopes

The Very Large Array (VLA)

The VLA is one of the world's premier astronomical radio observatories. The VLA consists of
27 antennas arranged in a huge Y pattern up to 36km (22 miles) across -- roughly one and a half
times the size of Washington, DC. Each antenna is 25 meters (81 feet) in diameter; they are
combined electronically to give the resolution of an antenna 36km (22 miles) across, with the
sensitivity of a dish 130 meters (422 feet) in diameter. The VLA is an interferometer; this means
that it operates by multiplying the data from each pair of telescopes together to form detailed radio

image maps.

Figure 15: A small portion of the radio telescopes at the VLA. (Photo: Courtesy of Randall
Roberts/Albuquerque Tribune)
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InfraRed Astronomy

Most IR is absorbed by H20 in the Earth's atmosphere. Infrared Astronomy is the detection and
study of the infrared radiation (heat energy) emitted from objects in the Universe. Every object that

has a non-zero temperature radiates in the infrared.

Figure 16: This is an infrared image
of a Jet Propulsion Lab engineer
holding a burning match. The image
is color-coded to show differences in
temperature: note the white and deep
red in the flame and the engineers
palm (where his warm blood vessels
are close to the surface of the skin)
and the blue of his cool glasses. This
picture demonstrates that infrared
images predominantly show heat
energy and its distribution. (Courtesy

of SIRTF)
Figure 17: These IR images of the central

region of our own Milky Way Galaxy show
how areas, which cannot be seen in
visible light, show up very brightly in the
infrared. The top row shows the region in
visible red light. At this wavelength we are
seeing the light from billions of stars,
particularly the largest, brightest ones.
Note the dark bands where vast clouds of
dust block our view of more distant
objects. The middle row shows the same
region in near infrared light. This light is
generated by smaller-cooler stars. Notice
that the dust lanes are partially
transparent. ~ The bottom image (far
infrared  light) shows light mostly
generated dust clouds and not stars.
(Courtesy of SIRTF)

Far-Infrared
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Ultraviolet Astronomy

Almost all U.V. is absorbed and filtered out by the Earth's ozone (o3) layer. This is good for

preserving life on Earth but poor for observing the ultraviolet sky from ground based telescopes.

o Astronomers must get out from below the Earth's atmosphere in hopes to observe large
percentages of ultraviolet light.

e Baloons, satellites, rocketséet c.

International Ultraviolet Explorer (1978) o Until 1999

Wow!! This is still managing to survive and function even though it is down to 2? gyros and is
nearly tumbling out of control.
(Programmers earning their pay!)
(Did it get shut down? Recently? --
YES) The IUE satellite was a joint
project by NASA, the European
Space Agency, and the United
Kingdom's Particle Physics and
Astronomy Reseach Council. Its
mission was to obtain ultraviolet
spectra of a variety of astronomical
objects, from comets to active Figure 18: The IUE. This telescope was just recently shut
galactic nuclei. The satellite was down permanently. (Image: Courtesy of AURA/STSci)
launched on January 26, 1978 and

operated until September 30, 1996.
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