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Lenses & Ray Diagrams for Telescopes

* Alensis a piece of equipment that forms animage by refracting light
There aretwo types of lenses:
o Aconvex, orconverging lens
o Aconcave, ordiverginglens
Note: inthe Astrophysics module, only converging lenses will be discussed

* Inaconverginglens, parallelrays of light are brought to a focus along the principal axis
o This pointis called the focal point

Thedistance fromthe centre of the lens to the focal point is called the focal length
o This length depends on how curved, or how thick, thelensis
o Themore curved (thicker) thelens, the shorter the focallength
o Theshorter the focal length, the more powerful the lens

FOCAL LENGTH

PRINCIPA F——"
AXIS 5 FOCAL
POINT

LONGER FOCAL LENGTFI SHORTER FOCAL LENGTH

—>
FOCAL LENGTH

= LESS POWERFUL = MORE POWERFUL

The focal lengthis shorterin alens that is thicker and more curved. This makes for a more
powerfullens

Real & Virtual Images

* |Images producedby lenses can be eitherreal or virtual

Real image Virtual image

light converges towards a focal point light diverges away from a focal point
alwaysinverted always upright
canbe projected onto a screen cannot be projected onto a screen

intersection of two dashedlines (or a dashed and

intersection of two solidlines Lo
asolidline)
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| REAL IMAGE

WIRTUAL IMAGE

example:image from a projectorontoa

screen

ll\
example:imagein a mirror
Constructing Ray Diagrams
arevery thin

* When constructingray diagrams of refractors, itis generally assumedthat the lenses used

o This simplifies the situation by reducing the amount the incidentrays of light refract
undeviated

* As aresult, the three main rules for constructingray diagrams are as follows:

1. Rays passing through the principal axis will pass through the optical centre of thelens

CONVERGING LENS
=
PRINCIPAL AXIS

point f

2. Rays that are parallel to the principal axis will be refracted and pass through the focal

CONVERGING LENS
L]
PRINCIPAL AXIS

3. Rays passing through the focal point f will emerge parallel to the principal axis

CONVERGING LENS

PRINCIPAL AXIS T

~

~—

T

Image Formation by a Converging Lens
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* |mages formed by lenses can be described by their
o Nature: Real orvirtual
o Orientation: Inverted orupright (compared to the object)
o Size:Magnified (larger), diminished (smaller), orthe same size (comparedto the
object)

Drawing ray diagrams of real images

» Foranobject placedatadistance greaterthan 2 focallengths...

OBJECT DISTANCE > 2f

OBJECT

* Theimage that forms willhave the following properties:

Theimageforms... between fand 2f
The nature of theimageis... real

The orientation of theimageis... inverted

The size of theimageis... o . diminished

» Foranobjectplacedat adistance equalto 2 focallengths...

OBJECT DISTANCE = 2f

OBJECT

» Theimage thatforms willhave the following properties:
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Theimageforms... at 2f
The nature of theimageis... . real
The orientation of theimageis... inverted
The size of theimageis... thesame

» Foranobjectplacedatadistance betweenland 2 focallengths

OBJECT DISTANCE BETWEEN f AND 2f

OBJECT
@ O
2f f

* Theimage that forms will have the following properties:

Theimageforms... beyond 2f

The nature of theimageis... real
Theorientation of theimageis... = inveted |
ﬂésizeoftheiﬁ:g?s..._ A= ma—gniﬁg h v

Drawingray diagrams of virtual images

« Foranobject placedatadistanceless than the focallength (i.e. a magnifying glass):
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OBJECT DISTANCE < f

VIRTUAL | /™ VIRTUAL
IMAGE | | ™. RAYS
| ‘\\\\

: \\\ \\\

: \\ \\\

: .
: G
: 3

i OBJECT

o o

2f f

* Theimage that forms will have the following properties:

g at 2f (on the same side as the
Theimage forms... i
object)
The nature of theimageis... , virtual
The orientation of theimageis... upright
The size of theimageis... magnified
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‘) Worked Example

Draw aray diagram to show how a converginglens canbeusedtoforma
diminishedimage of a real object.

Labelthe object,image and principal foci of thelens on yourdiagram.
Answer:

Step 1: Start by drawing and labelling a principal axisand thelens asalineora
very thinellipse

W. CONVERGING LENS
PRINCIPAL AXIS |
|
W

Step 2: Mark and label the focal points on each side of thelens

T CONVERGING LENS

[ Tl

PRINCIPAL AXIS E i

Step 3: Draw and label the object at a distance greater than the focallengthon
theleft side of thelens

OBJECT A\
|

]. CONVERGING LENS
PRINCIPAL AXIS Filk J/

F

« Tip:the objectshouldbe placed a distance of atleast 2F away from the lens

Step 4: Draw aray through the optical centre of thelens

OBJECTA——u
- o

PRINCIPAL AXIS F =

COMNVERGING LENS

Step 5: Draw a second ray from the object to thelens whichis parallel to the
principal axis

Page 6 of 52
For more help, please visit www.exampaperspractice.co.uk




=

EXAM PAPERS PRACTICE

CONVERGING LENS

Step 6: Draw the continuation of the ray passing through the focal point on the
right side of thelens

OBJECT e

e

PRINCIPAL AXIS

CONWVERGING LENS

OBJECT

PRINCIPAL AXIS F \

Step 7: Draw and label theimage at the point where the rays meet
/N CONVERGING LENS
‘-\.-ﬁ F

F Tl

OBJECT -

e

PRINCIPAL AXIS
[ IMAGE

Step 8: Check your finalimage and make sure everythingis included to gain the
marks

CONVERGING LENS

OBJECT
—-..,_\_x_‘

F

mne

PRINCIPAL AXIS
IMAGE

¢ Forathree-mark question, examiners will be looking for:
o Oneraydrawnthrough the optical centre of thelens
o Asecondraydrawn which produces a diminished (smaller) image (which
must pass through a labelled focal point)
o Boththeobjectandtheimage mustbe drawn andlabelled correctly
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() ExamTip
' When drawingray diagrams, convex (converging) and concave (diverging) lenses
can be simplified using the following symbols:

CONVEX LENSES CONCAVE LENSES

\ !f\l ‘i"{f
° :[
"\ :’f_\.':.

]
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The Lens Equation & Magnification
The Lens Equation

* Thelens equationrelates the focallength of a lens to the distances between thelens and
theimage and the object

LI
f u v

¢ Where:
o f=focallength(m)
o v=distance of theimage fromlens (m)
o u=distance of the objectfromlens (m)

Lens Equation for a Real Image

W
o =
A .=
AT s f‘_;::_'""
[oBvEeTy— Yol
: f \ REAL IMAGE

. [
,LENS EQUATION: &= "+ ©

All values are positive for arealimage

» This equation only works for thin converging (or diverging) lenses
o Iftheimageisreal, thevalue of vis positive
o Iftheimageis virtual, the value of vis negative

Lens Equation for a Virtual Image

—

1 . TENEGATIVE]
¢‘:t:-‘_ " e
mdecccaaaa e e

VIRTUAL IMAGES— [OBJECT

[LENS EQUATION: 1 =

ANl
f u v

Avirtualimage forms on the same side as the object making the value of v negative

Magnification as a Ratio of Heights
e Magnification, M, is the ratio of theimage height to the object height

 Where:
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o M =magnification
° h“,zimageheight(m)

° bo = object height (m)

Magnification as a Ratio of Distances

¢ Adiagram of an object andits realimage will produce similar triangles
* Therefore, magnification can be determined by comparing the distances from the lens to
theobjectandtheimage

Magnification Ray Diagram for a Real Image

ho

Magnification forarealimage can be derived using similar triangles
e This alsoworks forvirtualimages

Magnification Ray Diagram for a Virtual Image

%\

Magnification for a virtualimage canalso be derivedusing similar triangles

» Asmagnification canbe described using theratio of the two opposite sides hiand ho ,the

sameratiomust apply to the two adjacent sides vand u

» Therefore, magnification can alsobewritten as:

M=

=<

¢ Where:
o M =magnification

Page 10 of 52
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o v =distancefromlenstoimage(m)
o u =distance fromlens to object(m)

+ Sincemagnification is a ratio, it has nounits

‘, Worked Example
®

Amagnifying glass has a focallength of 15 cm. Itis held 5 cm away from a
component which is being examined.

Determine the magnification of theimage.

Answer:

Step 1: Write the known values

* Focallength,f=15cm
+ Distance betweenobjectandlens,u=5cm

Step 2: Use thelens formula and rearrange to make v the subject

* Thenegative signindicates avirtualimage is formed (expected fora
magnifying glass) and can beignored for the nextstep

Step 3: Use the magnification formula to find the magnification of theimage
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Ray Diagram for a Refracting Telescope

» Arefractingtelescope, orrefractor, utilises two converging lenses to projectimages of

distant objects

* Oneofthelensesis called an objectivelens
o This lens collects the light from stars and brings it to afocus at its focal length fo

* Theotherlensis called an eyepiecelens
o Thislensis placed at a distance of its focal length fe away fromtheimage and

produces parallel rays of lightto be analysed

|OBJECTIVE LENSW

Ray Diagram for a Refractor

EYEPIECE LENS|

PARALLEL =
LIGHT RAYS

FROM A =5 BN
DISTANT

OBJECT —a_.____U

=
' BZ

VIRTUAL
IMAGE AT
INFINITY

-22-"" [OBSERVER:

Ray diagram of a refracting telescopein normal adjustment showing axial andnon-axial rays

* Asimplerefractoris usually adjusted so that the finalimageis atinfinity
o Thisis known as normal adjustment

+ Forarefractortobeinnormal adjustment
o Bothlenses mustbe arranged so that their focal points meet in the same place
o Thefocallength of the objectivelens must belonger than the focallength of the

eyepiecelens, i.e. fo > fe

* Note: inthe exam, you will be expectedto draw this ray diagram with at least 3 non-axial
rays - see the worked example below

Page 12 of 52
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‘, Worked Example
o
Draw aray diagram for an astronomical refracting telescopein normal adjustment.

Yourdiagram should show the paths of three non-axial rays passing through both
lenses.

Labelthe principal foci of thetwo lenses.

PRINCIPAL
AXIS

Answer:

Step 1: Start by drawing and labelling the two lenses

OBJECTIVE LENS
EYEPIECE LENS

PRINCIPAL
AXIS

o |fthequestion does notinclude a principal axis, make sure to draw this first!
e Youcandraw thelenses as lines with arrows orvery thin ellipses

Step 2: Mark and label the common principal foci

/N OBJECTIVE LENS

EYEPIECE LENS
|OBJECTIVE FOCAL LENGTH— ¢ ¢

&
PRINCIPAL
AXIS |EYEPIECE FOCAL LENGTH

Page 13 of 52
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* Theobjective focallength must be longerthan the eyepiece focallength
(f = )
o e,
* You couldalso mark a single point and labelitF

Step 3: Draw an off-axis ray through the centre of the objective to the eyepiece

OBJECTIVE LENS
EYEPIECE LENS
fo fe
= __ A
PRINCIPAL
AXIS
4

¢ Therays must be off-axis (non-axial), meaning drawn at an angle to the
principal axis

Step 4: Draw an arrow to show the intermediate image from the common
principal foci to thisray

ey

P OBJECTIVE LENS
EYEPIECE LENS

PRINCIPAL 'l'
AXIS
|INTERMEDIATE IMAGEH—J\

* Youdon'thave to do this step, butit will help the examiner to clearly see your
working

Step 5: Draw a constructionline from the end of theintermediate image through
the centre of the eyepiece

Page 14 of 52
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[CONSTRUCTION LINE

\ OBJECTIVE LENS
EYEPIECE LENS

fﬂ e .‘"
e 'f o
PRINCIPAL ! S
AXIS =

* Youdon'thaveto do this either, butit willhelp the examiner to clearly see your
working

Step 6: Draw tworays to the eyepiece, crossing at where the focal lengths meet

ICONSTRUCTIDN LINE

OBJECTIVE LENS

EYEPIECE LENS /

PRINCIPAL
AXIS

-

Step 7: Draw the continuation of the threerays fromthe eyepiece, parallel tothe
constructionline

| CONSTRUCTION LINE

OBJECTIVE LENS

EYEPIECE LENS

N
=

PRINCIPAL
AXIS

|
N

Step 8: Check your finalimage and make sure everythingis included to gainthe
marks
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['_CONSTRUCTlON LINE

\ OBJECTIVE LENS
o S

EYEPIECE LENS

- S
PRINCIPAL

AXIS
—.é*\___

* Forathree-mark question, examiners will be looking for:
o Bothfocal points are marked and labelled at the same point on the
principal axiswith £ > [
o Three off-axis rays drawn through the objective lens
o Threerays drawnthrough the eyepiece lens parallelto a constructionline

@ Exam Tip

-
Itisimportant that you get lots of practice drawing this diagram, it's a common

exam question, and examiners can be extremely meticulous when it comes to
marking them

Make sure to avoid these common problems when drawing the diagram:

e Drawing axialrays (parallel to the principal axis) rather than non-axialrays (at an
angle to the principal axis)

+ Bendingthe centralray at the objectivelens

* Bendingtherays attheintermediateimage(i.e.at , )

« Notdrawingtherays parallel to each other, or the constructionline, at the
eyepiecelens
» Labelling the principal fociwhere therays cross, ratherthan on the principal axis

Page 16 of 52
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Angular Magnification

» Theangle, inradians, subtendedby an object of height h, ata distance daway is given by:

9 h
d
* Thisis alsoknown as the angular size of an object
* Note: thisis the angle between therays seen at the extremities of the object to the eyes or
telescopelens

Angular Size of the Moon

ANGLE (IN RAD)
SUBTENDED
HEIGHT, h BY THE OBJECT

-———

—
p—
-

e e

DISTANCE, d

ANGULAR SIZE: ©

L]
d

How to calculate the angle subtended by an astronomical object

» Forastronomical objects that are very distant, essentially at infinity, itisn't easy to directly
measure their size orthe distance tothem
» Therefore, it makes more sense to use angularmagnification, which is defined as:

B angle subtended by image at eye p

angle subtended by object at unaided eye  «

» Like magnification, angularmagnificationis aratio and has no units

Angles Subtended by the Object & the Image

Page 17 of 52
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ANGLE SUBTENDED
BY THE OBJECT

VIRTUAL
IMAGE

ANGLE SUBTENDED
BY THE IMAGE

The angle subtended by an astronomical object and the angle subtendedby the image
producedby the telescope

* Telescopes magnify the angular size of distant objects, this means that:
o Thetelescopeproduces animage which subtends a larger angle than the object
o When viewed by the naked eye, the angle subtended by the object @is much less than
the angle subtended by theimage f when viewed through a telescope

Angular Magnification of a Refractor

OBJECTIVE LENS

EYEPIECE LENS

I 1
: |
|
m I
: :
1 | i
* 1 g
I n| BT
1 -
~ | : .
t? fo i fo |
< > =
ANGULAR MAGNIFICATION = g = :_
e

How to determine the angular magnification of arefracting telescope in normal adjustment
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When looking at theray diagram of a refractorin normal adjustment, therays of lightinside
the telescope can be seen to formsimilar triangles
The angle subtended by the object (a) can be described as:

h

h
tan o = = a=—-
fO

(4]

The angle subtended by theimage (ﬁ) canbedescribed as:

(an h - B h
anff = — = —
fe fe

Where:
o h=theheight of theimage(m)
o fo =focallength of the objectivelens (m)

0 fe =focal length of the eyepiece lens (m)

o tan 0 = 0 whentheangleis very small (rad)

Combining these equations leads to the following expression for angularmagnification:

This equation tells us that:
o To achieve greater magnifications, longer objective focal lengths (FO) and shorter

eyepiece focallengths (fe) arerequired

o To achieve this, refractors mustbe verylong, as thelengthis equalto fo - fe

Page 19 of 52
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> Worked Example

]
Astudentislookingfor suitable lenses to usein a simple refracting astronomical

telescope.

The student sets out to measure the focal length of a converging lens by placing an
object andscreen at a fixeddistance of 300 cm apart.

Asharpimageis observed on the screenwhen thelensis placed between the
objectandthescreen atadistance of 207 cm fromthe object.

(a)

Calculate the focallength of thelens.

(b)

State whetherthe lens formed the eyepiece or objective, giving reasons foryour
answer.

Answer:

(a)

Step 1: Sketch a quick diagram to visualise the scenario

. —

BN\ /S a
207 em (300 - 207 =)83 em

< > >
i i 1= SCREEN]

i ‘ \ CONVERGING LENS |

OBJECT T? - — :

B i

— \ . |

PRINCIPAL AXIS F e AN
' T IMAGE

-
-

300 em

Step 2: Writedown the lens equation

| .
ens equation: 7 m v
e Whereu=207cmandv=%23cm
Step 3: Calculate the focal length of thelens
i_t+r . 1
£ 207 93
f= [L " wiod
“\207 " 93) T M

(b)

You couldeitherargue...
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The eyepiece forms a virtual, inverted, magnifiedimage
The objective lens forms areal, inverted, diminished image of a distant object
very nearthe focal point of the eyepiece

Theimage formedby thelensin (a)is real, inverted, and diminished
Therefore, the lens must be an objective lens

Or, you could argue...

f

o
e Inarefracting telescope, angularmagnificationis givenby: M = T

(<)
* Hence, the eyepiece musthave a shorterfocal length and the objective must
have a longer focal length: fo > fe

» Forthebest possible magnification, theimage due to the objective lens, which
acts as the object for the eyepiecelens, must belocated at the focal point of
the eyepiece

. Hence,thetwolensesmustbeseparatedbyadistancefo + fc(i.e.the

telescopelength)

e Therefore, thelens mustbean objectivelens

Page 21 of 52
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9 Worked Example

e}
An astronomical refracting telescope whichis 1.23mlong and has an angular

magnification of 200 is usedto ocbserve Neptune atits closest approachto Earth.

« distancefrom Earth to Neptune at closest approach = 4.3 x 109 km
« diameter of Neptune =4.9 x 104km

(a)

Calculate the focallengths of the objective lens and eyepiece lens.

(b)

Calculate the angle subtended by theimage of Neptune when viewed through this
telescope.

Answer:

(@)

Step 1: List therelevant equations and known quantities
Telescope length: fo + fe =1.23m

i

Angularmagnification: M = ?o = 200

[=
Step 2: Write an expression for one of the focal lengths in terms of the other
f =200f
(8] e
200f + f =1.23m
€ €

201 f, = 1.23m

Step 3: Solve todetermine the focal lengths of thelens

1.23

e Focallength of the eyepiece: fe = S0l - 6.1 X 1073 m = 0.0lm

» Focallength of the objective: fo =200 x (6.1x1073) = 1.22m

(b)

Step 1: Recall the equations for angular size and angular magnification

h
Angularside: 0 = rl

« Where diameter, h = 4.9 x 104 km and distance, d=4.3 x 109 km

8=

Angular magnification: M =

Page 22 of 52
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* Where o =angle subtended by Neptune atunaided eye and f=angle
subtended by theimage of Neptune ateye

Step 2: Determine the angle subtended by Neptune at unaided eye

_49x10%

- = b -5
13 % 10° 1.14 X 103 rad
» Theangle subtended by Neptune with theunaided eye: a=1.14 x 10-5rad

Step 3: Determine the angle subtended by theimage of Neptune at the eyepiece

M=§ = fpf=aM

B =MI1.14x1073) x 200 = 2.28 X 1 rad

« Angle subtended by theimage of Neptune at eyepiece: f=2.28 x10~3rad

Page 23 of 52
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The Cassegrain Telescope

* Reflectingtelescopes, orreflectors, utilise parabolic (curved) mirrors to collect and focus
light fromdistantobjects
o Themostcommon type of reflectoris known as a Cassegraintelescope
» Reflectors work because of the law of reflection where the angle of incidence, iis equal to
the angle of reflection, r

The law of reflection on aray diagram

/EM':RHOR
|Le
V

INCIDENT REFLECTED
RAY RAY

Reflecting telescopes work through the law of refiection

Instead of two converginglenses, areflectoruses a primary mirror and a secondary mirror

The primary mirroris large and concave
o Here,incidentlight reflects towards a focal point which is behind the secondary mirror

The secondary mirroris smaller and convex
o Here, lightreflects again to form areal, magnifiedimage at the eyepiece

Therays are directed through an aperture towards an eyepiece lens whichis located
behind the primary mirror

Ray Diagram of a Cassegrain Reflecting Telescope
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PRIMARY
CONCAVE

MIRROR
LIGHT FROM
A DISTANT
OBJECT
el A

PRINCIPAL iy =y
AXIS o

SECONDARY EYEP&ECE>

CONVEX

MIRROR

"

Ray diagram of a reflecting telescopeina Cassegrain arrangement

* Theimportant features of the ray diagramfora Cassegraintelescope are:
o Therays enterthe telescope parallel to the principal axis
o The curvature of the mirrors does not have to be the same
o Therays do not cross before the secondary mirror, they only cross in the aperture of
the primary mirror
o Shading(orthelines onthemirror) indicates the non-reflective side of the mirrors
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*9 Worked Example

@
Draw aray diagram to show the path of tworays, parallel to the axis, through a
Cassegrain telescope, as far as the eyepiece.
Answer:

Step 1: Start by drawing and labelling a principal axis, a primary concave mirror

and aneyepiecelens
‘Kg
=
%_:
PRINCIPAL AXIS = T
.I':
E

* Make suretoinclude the aperture (gap) at the centre of the primary mirror

Step 2: Draw and label a secondary convex mirror

) FRIMARY MIRROR
&

[SECONDARY MIRRORS o

PRINCIPAL AXIS j7

+ Uselines orshadingtoindicate the non-reflective side of each mirror

Step 3: Draw tworays parallel to the principal axis

=
= PRIMARY MIRROR
‘%

PRINCIPAL AXIS ﬁ

Step 4: Draw thereflection of therays by the primary mirror onto the secondary
mirror
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PRIMARY MIRF!DR
[SECONDARY mnnon ) %

PRINCIPAL AXIS

Step 5: Draw thereflection of the rays by the secondary mirror towards the

eyepiece
PRIMAH\' MIRHDR
%%% m\

* Make sure therays do not cross until they reach the aperture

Step 6: Check your finalimage and make sure everything is included to gain the
marks

= PRIMARY MIRROR
&

EYEPIECI E}-\

| SECONDARY MIRROR = — % Y
e~ >

FRINCIPAL AXIS

=

» Foratwo-mark question, examiners will be looking for:
o Thecorrect curvature of the mirrors, i.e. a concave primary mirrorand a
convex secondary mirror
o Theprimarytolooklike onemirrori.e. it shouldlook like a continuous
parabola
o Tworays entering the telescope parallel to the principal axis
o Therays crossingin the aperture of the primary mirror
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() ExamTip

Make sure toavoid these common problems when drawing the ray diagram of a
Cassegrain telescope:

« Drawingthe two halves of the primary mirror with different curvatures soitlooks
like two separate mirrors
o Make sure to draw these with a pencil. You could always draw the full
curvature of the mirror then just rub out a gapin the centre of the drawing
* Drawingthe secondary mirror as a straightline, oreven concave
* Forgetting toinclude the eyepiecelens
« Drawingtherays as crossing before hitting the secondary mirror

The Cassegrain arrangement is the only reflector you must learn aboutin this
course.

You will notice that light rays from distant astronomical objects are always drawn as
parallel. This is because the object is so faraway, that by the time it reaches thelens,
therays are parallel, evenifit's anirregularly shaped object.

There's a common misconception associated with the secondary mirroris that it
blocks the light (which it does) resultingin the central portion of the image being
missing (which is notthe case). There willbe a slight reduction in the amount of light,
but the lightrays from a distant source are parallel so that even light from a source
on the mirror axis willreach the secondary and be collected.
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Minimum Angular Resolution

Acircularaperture, such as alensin a telescope, is designed so that a cone of light can
enterinto a region behind it
o This allows light to act like a point source onceit passes through

When two point sources are placed near each other, orviewed from a large distance, they
willappearto be a single unresolved source of light
o Forexample, two distant carheadlights may initially appear as a single point source
until the carmoves close enough for your eyes to resolve theminto two individual
headlights

Light from any object passing through a circularaperture, including the human eye, will
diffract and createinterference fringes upon the detector inside

o The patternis circular andis an approximate pattern fora circularaperture
The large central maximumiis called an Airy disc and is twice as wide as the further maxima
inthe pattern

= AIRY DISC

AN AIRY DISC CAN BE SEEN WHEN LIGHT
DIFFRACTS THROUGH A CIRCULAR APERTURE

Diffraction of Light using a Circular Aperture
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INTERFERENCE

PATTERN
CIRCULAR APERTUHEQ\\
NARROW BEAMM
OF LIGHT
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Acircularinterference patterncanbe seen whenlight is diffracted through a circular
apertureinstead of arectangular slit

Diffraction also affects how well a telescope canresolve fine detail
Theresolving power or minimum angular resolution of a telescope can be determined
using the Rayleigh criterion

The Rayleigh criterion states that:

Two sources will be resolved if the central maximum of one diffraction pattern
coincides with the first minimum of the other

Theresolution, or resolving power, of a telescope can be increased by reducing the amount
the light diffracts, forexample, by:

o Increasing the diameter of the aperture

o Operating at a shorterwavelength of light

Variation of intensity with separation

INTENSITY (W m2)

T
DISTANCE SEPARATED {m}

Two sources (red & blue curves) that aretoo

A.Two sources that cannot beresolved close togetherappearas one single source
(purple curve)
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INTENSITY (W m
1.0

DISTANCE SEPARATED (m}

B. Two sources that can onlyjustbe
resolved, as defined by the Rayleigh
Criterion

Two sources (red & blue curves) which do not
overlap significantly, but just aboutappear as
two sources (purple curve)

INTENSITY (W m?)
12 -

= | F
DISTANCE SEPARATED {m)

C.Two sources that are clearly resolved

Two sources (red & blue curves) which are far
apartenoughtoappearas twodistinct sources
(purple curve)

@ Exam Tip

The terms 'resolution" and 'resolving power' are often both usedinterchangeably to
describe the quality of a telescope in terms of the minimum angular separation it can

achieve

Forexample, saying

« Atelescope has aresolution (orresolving power) of 0.005 degrees

Is the same as saying

« Atelescope canresolve two stars which have an angular separation of at least

0.005 degrees

Remember that the 'Airy disc’ is just the central maximum of the interference
pattern, not the name of the whole patternitself.
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The Rayleigh Criterion

¢ The Rayleigh Criterion can be mathematically described by considering angular separation
andsingle-slit diffractionthrough a circular aperture

* Angularseparation canbe calculated using the equation:

S
=g
* Where:

o @=angularseparation (rad)

o g =distance between the two sources (m)

o d=distancebetween the sources and the observer(m)

4

S

i

g
=]
S
i
I

:
(]

i

! OBSERVER
:E
I

I

I

i

I

I

d

Angular separation, 6, is equal to the separation, s, of two sources divided by thedistance,
d, between the sources and the observer

 Insingle-slit diffraction, minimain the pattern appear at angles given by:

) B nA
sin 6 = )
+ Where:
o f=theangle of diffraction (rad)
o n=theorderoftheminimum(1,2,3 etc)
A=thewavelength ofthelight (m)
D =the slitwidth (m)

[s]

o]

Intensity Pattern from a Circular Aperture
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CENTRAL MAXIMUM ‘
INTENSITY 1 I

[38]

|
|
o
/\/ \L/FIRST MINIMUM
B =
—28 -A 4 24

D D D D

1_'_1
MINIMUN ANGULAR //\‘
RESOLUTION =

The minimumangular resolution of a telescope can be determined using the angulz
separation between a source's central maximumand the first minimum

e Foratelescope, the first minimum (when n =1) occurs when the angle of diffraction is:

in ¢ A
sSin ¢ = ——
D
¢ Usingthe small-angle approximation (Sin 0 =~ 9) , we obtain an expression forthe
minimum angularresolution of the telescope (The Rayleigh Criterion)

()%B

* Where:

o @#=minimumangularresolution of the telescope (rad)
o A=operatingwavelength of the telescope (m)
o D=diameterof thetelescope's aperture (m)

+ The Rayleigh criterion can therefore be written mathematically as follows:
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1. Sources areresolvable when

0 > A
D

2.Sources are justresolvable when
9 A
D

3. Sources are notresolvable when
0 < a
D

« With the circular aperture, the value is multiplied by a factor of 1.22

1.224
D

which explains the "approximately equals” sign (=)
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9 Worked Example

sl
The supermassive black hole at the centre of the Milky Way galaxy is 25,000 light

years from the Earth. It has a Schwarzchild radius of 1.2 x 10'© m and emits radio
waves at a frequency of 230 GHz.

The Event Horizon Telescope (EHT) is an array of radio telescopes which has the
sameresolution as a single radio telescopewith a diameter of 8000 km.

(a)
Calculate the minimum angular separation which could be resolved by the EHT.

(b)
Deducewhether the resolution of the EHT is suitable to obtain a detailed view of the
supermassive black hole. Support your answer with a calculation.

Answer:
(a)
Step 1: List the relevant quantities

* Frequency of theradiowaves, f = 230 GHz =230 x10° Hz
+ Speedoflight,c=3x108ms"!
+ Diameter of EHT, D =8000km=8000 x103m

Step 2: Write down the equation for the minimum angular separation and
substitutein the wave equation

&
» Wave equation:4 = T
Mini | tion: @ = - 5
inimum angularseparation: § = = = —-

Step 3: Calculate the minimum angular separation the EHT canresolve

3x 108

= =1.63x10"%rad
(230 x 10°) x (8000 X 10°) Mo

0

» This means the EHT can obtain a detailed view of objects down toanangular
size of 1.63x 10" rad

(b)
Step 1: List the relevant quantities

 Schwarzschild radius of theblack hole,s =1.2x 100 m
o Lightyear,1ly=9.46 x 10" m(included in the data booklet)
+ Distancetoblackhole,d=250001ly

Step 2: Writedown the equation for angular size
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* Angularsize = angle subtended by the black hole (i.e. its Schwarzchild / event
horizon radius):

s
s=do = 9=E

ANGLE SUBTENDED
BY BLACK HOLE, 6

RADIUS
OF EVENT -
HORIZON, s

DISTANCE TO
BLACK HOLE, d

Step 3: Carry out a supporting calculation and write a conclusion
You coulduse...
Method 1: Calculate the angle subtended by the black hole

s Atadistance of 25 000y, the black hole subtends an angular size of:

g = S
d
1.2 x 108

= =5.07x10"rad
¢ 25000 X (9.46% 1015) ©

s Comparewiththeresolution of the EHT:

1.63 x 10~10

F—e-=—i=ail @ <3
5.07x 10~
 Conclusion:

The angle subtendedby the blackhole, 5.07 x10"'rad, is approximately 3
times greater than the limit of the resolution of the EHT, 1.63 x 10~ rad.

Therefore, it willnot be able to suitably resolve detail in animage of the black
hole.

Or, you could use...

Method 2: Calculate the size of anobject that could just beresolved at this
distance

e Atadistanceof 25000 ly, the smallest object the EHT could resolvein detail is:

s = db
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s = 25000 x (9.46x1015) x (1.63x10710) =3.85x10°m

* Comparewith theradius of the black hole:

3.85x 1010

Taxigo -~ 2 =3

¢ Conclusion:

The smallest object the EHT could justresolve at this distance, 3.85 x 109 m, is
approximately 3 times greater than the Schwarzchild radius of the black hole,
1.2x100m.

Therefore, it willnot be able to suitably resolve detail in animage of the black
hole.

@ Exam Tip

¥ ltisbetterto say that @is the 'minimumangularresolution’ of the telescopeinstead
of 'resolving power', as this implies that @is a power (in Watts) instead of an angle.
However, if you are asked for the resolving powerin the exam, it means to
calculate 6.

Remember the wavelength and diameter must be in the same units.
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Collecting Power

* Telescopes aredesignedto gatheras muchlight as possible
o Themorelight energy a telescope can gather, the brightertheimages it will be able to
produce
o This can be measuredby a telescope's collecting power

* Thecollectingpower of a telescopeis defined as:
A measure of the amount of light energy it collects persecond

» Thisis equivalenttothe power perunit area, orintensity of the incident radiation collected

Differencesin Collecting Power

TELESCOPE APERTURE

250 mm

The telescope with the larger apertureis able to produce a brighterimage

» Thecollecting power of a telescope is directly proportional to the square of the diameter
ofiits objective

collecting power « D2

e Thisis because:
o Intensityis proportional to surface area

Page 38 of 52
For more help, please visit www.exampaperspractice.co.uk




=

EXAM PAPERS PRACTICE

nD?
4

o Thesurface area of a circularobject of diameterD is equalto

* This means that objects at greaterdistances can also be seen
o Theintensity of light from a point source decreases inversely with the square of the
distance from theinverse square law

Large Diameter Telescopes

« Largeraperture diametertelescopes are advantageous fortwo mainreasons:
o Theyhave a greatercollecting power soimages are brighter
o Theyhave a greaterresolving power so images are clearer

* Thecollectingpower of two telescopes can be calculatedusing theratio

collecting power of telescope | D, i

collecting power of telescope2 | D,

* Theresolving power of two telescopes operating at the samewavelength can be
calculatedusing theratio

A
resolving power of telescopel Y D, 2
resolving power of telescope2 0 A

D
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9 Worked Example

Thelargestrefracting telescope stillin operationis the Yerkes refractor. The
construction of this telescopelater paved the way for the Otto Struve reflectorto
be built. Both telescopes detect optical wavelengths of light.

The table below summarises some of the properties of the two optical telescopes.

Telescope ' Type Objective diameter /cm
Yerkes _ refractor 102
Otto-Struve _ reflector 208

Compare the two telescopes in terms of their collecting powerandresolving
power.

Answer:
Step 1: Compare the collecting power of the telescopes

« Since collecting power, orintensity of light collected « area « (diameter)?

collecting power of reflector LB ool

collecting power of refractor

refractor

-\ 102

collecting power of reflector 208 \2
. =4.16 = 4
collecting power of refractor

* Thecollecting power of the Otto-Struverefiectoris 4 times greaterthan the
Yerkes refractor, meaningit will produce brighterimages

Step 2: Compare theresolving power of the telescopes

1
» Resolving power, or minimum angular resolution: § « D (forthesame

wavelength)

reflector Dmf‘mcmr

. D
refractor reflector

Qref?ecmr _ 102 _
T 208

0.49 = 0.5

reftactor

* TheYerkesrefractorcanresolve detail half as wellas the Otto-Struve reflector
» Therefore, theresolving power of the Otto-Struve reflectoris twice as great as
the Yerkes refractor, meaning it will produce clearerimages
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¢) ExamTip

Remember: the smallerthe value of ¢, the greater the resolving power
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Non-Optical Telescopes

* An optical telescopeis one which detects wavelengths of light from the visible part of the
electromagnetic spectrum
+ Telescopes thatlook at other parts of the electromagnetic spectrum are known as non-
optical telescopes, such as
o Radiotelescopes
o Infrared (IR) telescopes
o Ultraviolet (UV) telescopes
o X-raytelescopes

* Beingableto collectradiation from all parts of the electromagnetic spectrum opensup a
whole world of new information forastronomers
o Forexample, differentareas of a supernova remnant (the Crab Nebula) are found to
emit strongly at allwavelengths
o Inparticular, radiowaves, X-rays and gamma rays all appear to originate from the
neutron star atits centre, whilst the infrared, visible and ultraviolet wavelengths
appear to come from the nebula that surrounds it

* Note:images of astronomical objects are often given 'false colour' to help us visualise
wavelengths the human eye cannot see

Crab Nebula at Different Wavelengths
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| CRAB NEBULA|

[VISIBLE LIGHT]|

ULTRAVIOLET GAMMA RAYS

The different wavelengths detectedin the Crab Nebula tell astronomers a lot about the final
stages of amassivestar's lifecycle

¢ Many telescopes are designedto detect arange of wavelengths that span multiple regions

of the electromagnetic spectrum
« However, the operating wavelength range of a telescope is greatly limited by the

absorption of certain wavelengths by the Earth's atmosphere

Absorption of Wavelengths by the Atmosphere
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VISIBLE LIGHT - RADIO WAVES -

OBSERVABLE FROM EARTH OBSERVABLE

(SOME ATMOSPHERIC DISTORTION) FROM EARTH

GAMMA, RAYS, X—-RAYS AND INFRARED SPECTRUM —

ULTRAVIOLET LIGHT — BEST BEST OBSERVED LONG WAVELENGTH
OBSERVED FROM SPACE FROM SPACE (MOSTLY RADIO WAVES
(BLOCKED BY UPPER ABSORBED BY (BLOCKED BY
ATMOSPHERE) ATMOSPHERIC GASES ATMOSPHERE)

100 %

50 %

ATMOSPHERIC OPACITY

oz

0Anm 4nm 10nm 400 nm Apm A0pm 400 pm 4mm 4em 40cm “Im 10m 100m 1km
WAVELENGTH

Gamma-rays, X-rays, ultraviolet andinfrared wavelengths are best observed from space

« The graph of atmospheric opacity againstwavelength shows that large ranges of
wavelengths are partially, or completely, absorbed by ouratmosphere
« This means that ground-based telescopes are able to observe:
o Allvisible wavelengths (although there is often somedistortion)
o Verynarrow ranges of infrared wavelengths
o Mostmicrowave & radio wavelengths

* Whereas, above the atmosphere, space-based telescopes are able to detect all
wavelengths, making it possible to access:
o Gamma rays, X-rays & ultraviolet rays
o Allinfrared wavelengths (usually splitinto near-IR, mid-IR and far-IR)

Ground & Space-Based Telescopes
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GAMMA X—-RAY ULTRAVIOLET WISIBLE INFRARED MICROWAVE RADIO
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Some of the ground-based and space-based telescopes currently in operation

« Themain benefits of putting telescopes into space are to eliminate:
o The absorption of electromagnetic waves by the atmosphere
o Light pollution and otherinterference at ground level
o Atmospheric effects, such as scattering or scintillation (i.e. twinkling) of light

Radio Telescopes

e Location: ground-based
* Wavelengthrange: Tmmto10 m
« Typicalresolution:10~3rad

Structure of aRadio Telescope
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< ——PARABOLIC DISH]

The radio telescopeis made up of a detectorandparabolic dish

Similarities with optical telescopes Differences with optical telescopes

* Radio uses a single primary reflector,
¢ Both useparabolic surfaces to opticaluses two mirrors

Structure reflect waves + Radio dish does notneedtobe as
smooth as optical mirrors

¢ Opticalmust be placed high up (to

* Both canbe ground-basedas avoid atmospheric distortions) and
the atmosphereis transparent to away from cities (to avoid light
Positioning most radio and optical pollution)
wavelengths ¢ Radio mustbe locatedremotely

(away fromradio sources)

» Both areusedto detect « Radio waves arenot absorbed by
hydrogen emission lines (radio at dust, whereas opticalwaves are, so
Uses 21cm,visibleat 410 nm, 434 nm, radiotelescopes are used to map
486 nmand 656 nm) the Milky Way
. * Radiowaves arelongerthan optical waves, soradio has a much lower
Resolving . _3
S resolving power (~107>rad)
P s Opticalmorelikely to produce detailedimages
* Radioarelargerin diameter, so they have a greater collecting power than
Collecting opticaltelescopes
power s Therefore, radiois morelikely to produce brighterimages (although many
radio sources are weak)
Infrared Telescopes

» Location: predominantly space-based, butsome ground-based observatories exist
* Wavelengthrange: 700 nmtoTmm

Page 46 of 52
For more help, please visit www.exampaperspractice.co.uk




=

EXAM PAPERS PRACTICE

« Typicalresolution:10~¢rad(ground) to 10~ rad (space)

Similarities with optical telescopes Differences with optical telescopes

* Both IR andoptical telescopes

are constructed using a primary
Structure concave mirror and a secondary
convex mirror

e Mirrorsin IR telescopes must be kept
very coldto avoidinterference from
surrounding heat

* |Rradiationis strongly absorbed by
watervapourinthe atmosphere, so
* Many ground-basedtelescopes they must be builtin dry, high-

are able to detect both optical altitude locations, orabove the
andnear-IR wavelengths aslong atmosphere
Positioning as they are positioned awayfrom| e Theatmosphereis transparentto

cities and are high above the most optical wavelengths but

ground blocks most IRwavelengths, so
space-based IR telescopes are
preferable

* Mostobjects thatemitvisible * IRtelescopes candetectwarm
light also emit IR radiation, so objects that do not emit visible light,
Uses valuableinformation can be such as dustin nebulae and brown
obtained from both dwarfs

Resolving * |Rtelescopes have alowerresolving powerthan opticaltelescopes of the

power same size due to having alongerwavelength
Collecting + The collecting power of IRand optical telescopes are similar as their
power diameters are similar

Ultraviolet Telescopes

* Location:space
+ Wavelengthrange: 10 to 400 nm
« Typicalresolution: 10~ rad

Similarities with optical telescopes Differences with optical telescopes

« Both UV andopticaltelescopes

are constructed using a primary
Structure concave mirror and a secondary
convex mirror

« Mirrorsin UV telescopes must be
smootherthan thoseusedin optical
telescopes
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¢ AllUVwavelengths are strongly
absorbed by the atmosphere
e Manyspace-basedtelescopes 4 -
ble to detect both optical (ozone) so UV telescopes must be
Positioning arr-;auve 2 el‘ - tho QRsea locatedin space
an s s Space-basedUV telescopes canbe
inconvenient to maintain
¢ Both canbeusedtodetermine
the chemical composition and
p. * UVtelescopes can detectobjects
temperatures of objects .
: e notvisible at otherwavelengths,
Uses * Manyobjects thatemit visible
: : S suchas hot gas clouds nearstars,
light also emit UVradiation, so
, , supernovae and quasars
valuable information canbe
obtained from both
Resolving * UVtelescopes have a higherresolving power than opticaltelescopes of the
power same size due to having a shorterwavelength
Collecting . The collecting p.oviver of UV and optical telescopes are similar as their
power diameters are similar

X-Ray & Gamma Telescopes

e Location:space
¢ Wavelengthrange: X-rays =0.01to 10 nm, gamma <10 nm
+ Typicalresolution:10-rad

Similarities with optical telescopes
* X-raytelescopes are madefroma
: combination of parabolic and
+ X-ray & optical telescopes both - g )
use BEabdtothir Bt BT 1 hyperbolic mirrors, all of which must
Structure P be extremely smooth
andfocus waves ) .
» Gamma telescopes don't use mirrors
atall, they use specialised detectors
. » AllX-ray & gamma wavelengths are
» X-ray,gamma andoptical y&9 g
strongly absorbed by the
telescopes all perform best
when Beshisnedin SBace. aWa atmosphere sothesetelescopes
Positioning P s p ’ y mustbelocatedinspace
from therestrictions imposed by
, » Space-basedtelescopes canbe
the Earth's atmosphere : , L
inconvenient to maintain
, s X-ray & gamma telescopescan
» X-ray & gamma can provide . .
. ) ) observe otherwise non-visible
valuable additionalinformation , _
Uses . , objects and energetic events, such
aboutvisible objects, such as
as neutron stars, black holes, pulsars
supernova remnants
and gamma-ray bursts (GRBs)
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Resolving X-ray & gamma telescopes have a much higherresolving power than
power optical telescopes of the same size due to theirshorter wavelengths
The collecting power of X-ray & gamma telescopes is much lower than
Collecting optical telescopes are they have smaller objective diameters
power However, X-ray and gamma sources tend to be extremely bright
O Exam Tip
-

You need to learn the key points for each type of telescope, so you canback up your
arguments for comparisons between them. This could be useful information fora 6
mark question.
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Charge-CoupledDevices (CCDs)

* Acharge-coupleddevice (CCD)is a detectorwhichis highly sensitive to photons, making
itideal forusein the detection system of modern telescopes

o Incident photons cause electrons to bereleased
o The number of electrons releasedis proportional to theintensity of the incident light

o Animageis formedonthe CCD, which can be processed electronically to give a

digital image

A charged-coupled device

Acharged-couple device has hada huge impact on modern astronomy

Quantum Efficiency

¢ Quantum efficiency (QE) is defined as

The percentage of incident photons which cause an electronto bereleased

¢ |tcanalsobewrittenas

NRS— number of electrons produced per second 100%
quantum efficiency - number of photons absorbed per second ’
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* |naperfectdevice, the quantum efficiency willbe 100% if every photon generates a
photoelectron
o However, in practice, the quantum efficiency will be less than 100% since there will
usually always be unavoidable losses

« Somevalues of QEfor different devices are shown in the table

Quantum efficiency (%)
human eye 1-4%
photographic film 4-10%
CCD 70-90%

* Comparison of theeyeanda CCD:
o CCDs arerenowned for achieving high values of quantum efficiency, generally
upwards of 80%, whereas ahuman eye is only capable of achieving around 1%

Resolutionof aCCD

« Theresolution of a CCDisrelated to the total number of pixels perunit area, and their size
o The smaller the size of the pixel, the better the resolution, hence the clearer theimage
willbe
« Thetypicalresolutionof a CCDis about10 um
» Incomparison, the typical resolution of the human eyeis about 100 um, butit canvary
widely

* Inmostcases, the overallresolution of a telescope is limited by the diameter of the
objective
o Hence, theresolution of the CCD (orthe eye) is not likely to make a difference to the
finalimage observed

Convenienceof aCCD

¢ CCDs have anedge over the eyein terms of convenience because:
o The number of images capturedin a time period and exposure time can be easily
adjusted
o Theinformation stored ona CCD can be accessed remotely
o The generatedimages canbe stored and analysed digitally
o They can detect a larger range of wavelengths, including beyond the visible spectrum

Comparison of a CCD with the human eye

¢ The main comparisons between the eye anda CCD are summarisedin the table
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Device Quantum efficiency (%) Resolution Convenience of use
S » Typicalresolution * Noadditional
human eye L4 ~100 um equipment required

. R -
¢ Typicalresolution ~10 =

* Veryhigh70%+ * Images canbestored
um -
» Abletodetect _ and analyseddigitally
CcCD , * Resolution canbe :
much fainter , , ¢ Longexposure times
, increased by using :
objects ) e Candetectawider
smaller pixels
range of wavelengths

¢) ExamTip
*  You may see past exam questions on the operation and structure of the CCD, but
this knowledge s no longerrequired - the focus is now on the comparison between

the CCD andtheeye.

Page 52 of 52
For more help, please visit www.exampaperspractice.co.uk




