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EXACT FOCAL LENGTH MEASUREMENTS
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ALL SIMPLE LENSES HAVE SPHERICAL
CURVES. THE RADIl DETERMINE THE..
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" FINDING F.L. of &. LENS

HOLD THE LENS IN SUNLIGHT AND
ALONGSIDE A RULER. MOVE LENS UP
AND DOWN TO FORM SMALLEST IMAGE
OF SUN. READ THE F.L. ON RULER

WHITE LIGHT

WHITE LIGHT IS COMPOSED OF ALL
THE COLORS. A NARROW BEAM OF SUN-
LIGHT DIRECTED THRU A PRISM WILL
EMERGE AS A COLORED BAND ~THE SPECTRUM|
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FOCUS CLOSER THAN RED. THE FAULT
IS CONSTANT OVER WHOLE FIELD
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FAILURE OF THE LENS TO FORM

SAME IMAGE SI1ZE IN ALL COLORS.
THIS FAULT INCREASES WITH FIELD
ANGLE... IS NOT PRESENT ON AXIS

SPHERICAL ABERRATION

AS SHOWN, A POSITIVE LENS IS
SPHERICALLY UNDER-CORRECTED.
S.A.VARIES WITH £/VALUE OF LENS
AND IS LESS FOR A SMALL APERTURE
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ACHROMATS ARE TWO-ELEMENT
LENSES CORRECTED FOR LONGITU-
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OPTICS is a big subject, Most beginners avoid
lens design, knowing very well that such work
is a mathematical jungle. The simpler approach
is to buy lenses, prismsand mirrors readymade
and take it from there, Then the math work re-
duces to simple lens equations, If you use stock
optics of good quality, you canbe assured of good
imagery. The problem of designing a telescope
is just a matter of getting light through the in-
strument to form an image of a certain size at
a certain location.

The astronomical telescope is a narrow-field
instrument of 1 degree or less. As a result the
objective is nearly immune to the off-axisaber-

rations--coma, distortion, field curvature and
astigmatism. The two axial faultsare chromatic
and spherical aberration. As you may already
know, chromatic aberrationis non-existent for
reflected light. In brief, if yourinterestisin re-
flecting telescopes, your only problem in image
quality is that of spherical aberration, Even when
you make your own mirror, the job of fashioning
and correcting a single surfaceis well within the
capabilities of the average person.

Where is the image ? Even in simple observing,
you sometimes wonder, All optical drawings of
telescopes assume the final image to be a virtual
one formed at infinity, As a matter of fact, most
persons will focus "in'' a little more than neces-
sary, causing the emergent light raystodiverge
slightly as required to form a virtual image at
20 to 40 inches, as shown in drawing below. In
any case it makes no difference in the magnifi-
cation, which is strictly a matter of angular sub-

tense which is the same at any distance,
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How the TELESCOPE
MAGNIFIES

When vou use aTeLESCOPE,
THE OBJECTIVE LOOKS AT THE
OBJECT AT EXACTLY THE SAME
ANGLE AS NAKED EYE .... \

SX TELESCOPE /7/
«VIRTUAL __Z~ .. Bur YOUR EYE
o5 |MAGE//// SEES THE IMAGE
OF THE OBJECT
AT A MUCH
GREATER ANGLE
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COMA 1S OBLIQUE SPHERICAL ABER- THIS FAULT SHOWS AN IMAGE POINT THE NATURALTENDENCY OF A
RATION, 1T OCCURS ONLY QFF-AXIS AS A SHORT LINE , WHICH C HANGES FROM LENS IS TO FORM A SHARP IMAGE
WHERE THE UNSYMMETRIC DEFOR- HORIZONTAL TO VéRHCAL POSITION ON A CURVED SURFACE RENT
MATION PRODUCES A COMET-SHAPE IMAGE. | ON EATHER S|DE OF BEST FOCUS TOWARD THE L.ENS
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1 = —Fr_% 3|>€.>s 24 ONE OF the first things you have to know about any telescope
o) is its magnification, Thisis easily calculated by the No, 1 equa-
2/ M= EP |/ =3x8 —7-4" tion in box at left, a formula well-knownto even the beginner,
Equations involving the field angle--Nos. 3, 8 and 9--can be
= TF 5 applied to a part of the field as well as all of it, For example,

M. MUST BE KNOWN FOR

OTHER cALCUlATIONS

4| FO=MxFrE| 24 x 1'% =36"
5| pe= £2 ’z/% =2 =1l
6 DO=MxEP | 24x /= 3"
1)ep= 52 |’J&=~F

[T A (T2
9| AF=MxTF | 24 x |12 =36°

if the separation of a double star is 6 seconds of arc (its true
field angle) and you want to seeitat 6 minutes of arc apparent
field angle, you use equation No, 3, first changing the 6 minutes
to seconds. Then by equation No, 3, M equals 360/8, equals
60x. Of course, you then have to find out what f.1, eyepiece will
give 60x, or, in other words, you have to find FE when M and
FO are known, The solution is equation No. 5.

The image diameter is easy to calculate if you know the ap-
parent field, equation No. 10, and a simple transposition of this,
No. 11, reveals the apparent field angle when the image size
is known., The linear field diameter for any normal focal
length can also be obtained directly from the Image Table
in the chapter on eyepieces,

CALCULATION OF IMAGE DIA. and ;- TABLE - DEGREES TO RADIANS
APPARENT FIELD by RADIANS* DEG.| RAD. |DEG. | RAD. | DEG.| RAD. |DEG. | RAD.
[10] ExAmPLE 5° | .0o7”| 25° | 42¢* | 41° | 716”| 57° | 995°
AF = 36° 10 |15 |26 | 454 [ 42 | 033 | 58 |l.onz
IMAGE = AF x FE .
WASF = A 3&’;65‘?_’-682';“:‘7’: [§ I‘ﬁtﬁ)" 1[92 [ 27 [4n [43 | 351 | 59 |lo30
- Co 12 | 20928 | 489 |44 | 768 | 60 |1.047
1] IMAGE | AF = 2% o e 13 [ 227 |29 | 506 | 45 | 185 | 61 | l.065
(gAﬂDF,A,T;, " FE @M‘)‘ _"5 o > 14 | 244 | 30 | 524 | 46 | .803| 62 | l.082
63 Rodians =36 (Iﬂﬂé—%, IS | 26231 | .54l | 47T | 820 | &3 | l.I0O
* YLAR . ONE 16 |.219[32 | .559 |48 | .838]| 64 | LII7
RADIAN EMBRACES AN ARC QF A CIRCLE
EQUAL TO ITs RADIVS. 1 RADIAN= S7.3°4" % Agf 17 | 257|323 | 516 |49 | .e55| 65 | i35
/ 18 | 314 |34 [ 5935 | .e13|66 |52
‘€/VALUE ... IS THE RATIO OF FOCAL 19 | 23235 ]| .6n |51 |.8%]| 67 1169
% FOL'ENGT" TO APERTURE 20 | 249 | 36 | 628 | 52 | 908 | 68 |I1.187
IVALue- ) “Eo = 4lvnwe Fo=f/ x DO 20 | 367 | 37 | 646 | 53 | 9251 69 |1.204
EYAMPLE AS ABOVE: 22| 284 138 | 662 |54 | 942 | JO |22
£l = __ & ={m| oo= _ =3" | FO=12x3=36" 23 | 40 | 39 | 681 | 55 | 960 | I | 1239
24 | 419 |40 | 698 | 56 | 517 | 12 | 1257




RETICLE
ENDPIECE

AN OPTICAL bench is the kind of equipment
which may cost $5 or $5000, You canbuy or build,
Fig. 1 shows an inexpensive hobby opticalbench
you can buy. It is mounted ona wood meterstick,
If you need a stronger or longer base, the con-
struction shown in Fig, 2 can be used,

A collimator consists of some kind of illumin-
ated reticle ortargetinthe focal plane of an ach-
romatic lens, Such an arrangement providesthe
equivalent of a distant target, A collimator canbe
built right on the optical bench as needed, In the
equipment shown, the end plate is perforated with
a vertical line of small holes, Thisisyour ''tar-
get." The collimator lens canbe any good-quality
achromat of 5 in, or more focal length, It is
mounted at exactly one focal length from the
reticle plate, a setting which is easily checked
by auto-collimation as described on a following

N-3C RETICLE
oo IS THIN METAL,
ng " Q[ﬂ.

HOBBY OPTICAL
BENCH

Optical Bench
and Collimator

TRACING
PAPER
SCREEN

SLIDING
ENDPIECE

N -

page. Fig, 1 setup shows a smallfinderscope be-
ing tested, the bench providing a means of hold-
ing the lenses while the collimator supplies the
equivalent of a distant target,

Fig, 3 shows a simple homemade optical
bench, The adjustable lens holders can handle
lenses to 2-1/8 inch diameter, and sizes over
this can be mounted in individual holders., The
sliding vee blocks which clamp the lens in the
grooved frame should be made of hardwood ply-
wood., The collimator is a military gunsight,
which requires only a simple conversionto110-
volt lighting, details of which are supplied with
the merchandise,

The obvious weakness of the optical benchand
collimator is that the equipment should be some-
where near the physical size of the largesttele-
scope you plan to test, Small equipment works

5
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fine for riflescopes, finderscopesand smallter-
restrial and astrotelescopes. Suitable equipment
to test a 6-inch reflector is somewhat of an over-~
size luxury, However, you can do manytestsand
operations with a small collimator.

HOMEMADE COLLIMATOR. You can house a
collimator in either a boxoratube. Fig, 4 shows
a typical box job. The collimator lens should be
a good quality achromat of fair size and focal
length--3 inches diameter and 24 inches f.l.isa
good size, suitable for some tests withtelescopes
as large as 6~inchaperture, Much smaller equip-
ment is perfectly satisfactory for some opera-
tions, The collimator target is drawn withinkon
tracing paper. The target is taped or cemented
to a piece of glass, as shown, Simple rules for
scaling the target to suit any focal length colli-

LENS
RETAINER

Yio RADIAN \
CIRCLE —»

mator lens are given in the drawing, Fig., 4.

Light from any distant object reaches your
eye in parallel bundles, In the same manner,
light emerges from the collimator in parallel
bundles. That is, a point at the center of the
target will send out a beam like A in Fig. 4; a
point at the edge of target will send out a beam
at some specific angle, as at B, All of the light
is in parallel bundles, but the whole light cone is
spreading, diverging. In other words, parallel
light does not mean quite the same thing as a
parallel ""beam' of light,

Any angle that the target makes with the col-
limator lens will be reproduced exactly by any
lens or telescope placed in front of the collima-
tor. Fig, 4C shows the situation as it applies to
the 1/10 radian circle, This particular unit is
used for the determination of focal length, The
image of the 1/10 radian circle produced by any
lens, eyepiece or telescope willbe 1/10the focal
length of said lens, eyepiece or telescope. In
other words, if you measure the image diameter
formed by any lens, you will know immediately
its focal length, which is simply 10 times the
image diameter. For short focal lengths under
5 in., a pocket comparator (measuring magnifier)
is ideal for measuring the image diameter,



: _Wn‘ w{_g??urw ;,u-gga»»,‘g; DR T ‘

 PROCEDURES

oh e B

5 .\..'a-—i» et

FOCAL LENGTH OF A LENS, Whenyoufocusa camera
or telescope on a distant object, the image forms at one
focal length behind the lens. So, if you have a lens of un-
known f,l., you simply focus on adistantobject and then
measure the distance from lens to image, which is the
focal length, Indoors, this is done with any bench colli-
mator, as shown in Fig. 1.

FIELD OF A TELESCOPE, If your collimator target
includes degree marks, the field of any telescope or
binocular can be seen directly on the target--just count
the number of degreesyoucan see. Thisis the true ang-
ular field, The Apparent Field is T¥ times M,

F.L. FROM IMAGE SIZE, This method is especially use-
ful for eyepieces and other combinationsoftwo or more
lenses., You need a 1/10 radian reticle target, as de-
scribed on a previous page. Set up the lens or eyepiece
to be tested in the usual manner, and then measure the
image it forms with a fine scale or with a direct-read-
ing magnifier, Fig, 2. The focal length is 10 times the
image diameter.

AUTO-COLLIMATION, The target for this isanopaque
material in which is cut a small hole, The target is al-
so a screen and should be white onthe side facing away
from the light. An ordinary flat mirror is held behind
the lens being tested. When properly focused the lens
will form an image of the target hole on the target it-
self, as shown in Fig, 3. The distance from target to
lens is the focal length,

PRINCIPAL PLANES, Make some kind of setup similar
to Fig. 4. The general idea isto juggle the eyepiece and
screen back and forth until the image on screen is ex-
actly in focus and exactly 1/2inchlong, the same as the
target, This is 1x spacing, indicating the PP's are lo-
cated two focal lengths from the object and image,

Alternately, PP2 can be located with a collimator,
Fig. 5. Reversing the eyepiece would locate PP1, but
usually the image will not be accessible. If the eyepiece
is symmetrical, PP2 is all you need.
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of SIMPLE POSITIVE LENSES

Usually it is close enough to set off the
focal length or other measurement from
the center of a lens, but if you want to be
exact, the proper measuring points are
the principal planes, as shown, When you

make light ray diagrams, the light goes
first to PP1, then parallel withaxisto PP2
and then to the image point.
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Ray Tracing from bench setups

IN designing a telescope, the first step isto se-
lect some suitable lenses for the objective and
eyepiece. Next, you do some paperwork to get
basic data. The third step is to''test' the design
in some fashion, usually with optical bench and
collimator target if the telescope isnot too large.
The end product of optical designing is some
kind of plan drawing, showing how light gets
through the system. The light pathdiagram, plus
the actual 'look and see' test on the optical
bench, gives ample assurance that the telescope
is AOK.

PAPERWCRK. An example of a small refractor
is shown on the opposite page. Instruments of
this size and power are commonly used as
finderscopes on larger telescopes, The pre-
liminary data is obtained by applying the formu-
las given on page 2; information about the field
angle and linear image diameter is given in the
chapter on eyepieces, The preliminary paper-
work reveals on overly large exit pupil of 1/2
inch diameter, Even inthe dark, the pupil of your
eye is not more than about 5/16 inch diameter.
In brief, the design wastes a lot of light, So, if
you were actually building this telescope, you
would probably substitute a 1-1/4-inchdiameter
objective of the same focal length. This would
assure better optical performance all around
while retaining the maximum useful diameter
of exit pupil.

BENCH TESTING, The first operation onthe op~
tical bench is to set up the objective and locate
the image plane, Fig, 2. You canworkin ordinary
room light, The image is not confined in any
manner at this stage and it will spread over a

congiderable area, Next, the eyepiece is mounted
behind the image and moved back and forth until
you see the image in sharpfocus, Fig, 3. In other
words, you focus the telescope--you make the
focal plane of the eyepiece coincide withthe focal
plane of the objective, Under such circumstance,
the emergent light is in parallel bundles. The
final bench operation is to locate the exit pupil,
Fig, 4,

LIGHT RAY DIAGRAM., From the bench setup, it
is easy to pick off spacing dimensions and dia-
meters, You can also check the angularfield and
linear diameter of image, The first stage in the
light path diagram is the light cone froma point
object atthe center of the field. This funnels down
to a corresponding point at the center of the im-
age, and then emerges from the eyepiece as a
parallel bundle of light rays, Fig. 5. The light
cone for an edge-of-field object point is drawn
next, Fig. 6. The most important light ray for
edge-of-field object point is the ray that passes
through the center of the objective. It is not de-
viated by the objective and goes directly from
the point object at edge of field to the point im-
age at edge of image, straight through to the
eyepiece. This light ray through the center of
the objective is called a principal or chief ray--
if you can get it through to the exit pupil you are
assured of no less than 50% lighting at the edge
of field, You can see thatforthis particular tele-
scope, the principal ray does get through, but
the marginal ray criss-crossing the axis fails
to strike the eyepiece. This instrument has a
little better than 50% lighting at the edge of field,
and such lightingis generally satisfactory, based
on the fact the eye is self-compensating for such

TRACING
PAPER

Field of an Eyepiece

You can measure the linear image field of FIELD
any positive eyepiece by introducing afold- DIA.
ed-over strip of tracing paper intothe open
end, Get the folded-over end sharply in
focus, Can you see the whole width of the ,
paper? More? Less? Don't crowd--your eye
should be at about the exit pupil position.
Once you know the linear field, a simple
diagram will reveal the Apparent Field.
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lighting, Your eye sees sharpest atthe center of
the field, but it detects light and movement more

readily at the edge of the field, Hence, if you lose FO 8

a little light at the edge of field, it will not be M= FE = =2 % 4x @
noticed. As a matter of fact, you can look as P = DO _ 2 _ "
closely as you like and you will not be able to see EP = ™M T 4 "~ 7

a 50% light loss at edge of field unless the overall AF = 20°

N
illumination is very dim, IMAGE DIA.= (1O (%6“) E’%
AE _ 20 - 500 moons)

TRACE THROUGH TWO-LENS EYEPIECE. A
two-lens eyepiece, Fig, 8, is set up in the same
manner as a single lens eyepiece, Youcanlocate
the exit pupil, You can check the angular and
linear field. From this incomplete data, it is
possible to draw light rays on either side of the
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eyepiece, Fig, 9., This is actually all you need
know since it can be assumed the light rays get
through, but just in case you want to trace the
rays in approved fashion, you can do it easy
enough if you do one lens at a time, Remove the
eye lens but keep the field lens in its normal
position, As before, you will pick up an image
of the objective some distance behind the lens,
Fig, 10, This is a little picture of the objective
as formed by the field lens., If you put a mark
on the objective, it will appear on the objective
image because the objective image is a picture
of the objective, If you can imagine light rays
making visible tracks throughthe objective, they
would make exactly the same tracks throughthe
objective image. In brief, if a light ray passes
through the center of the objective, it will also
pass through the center of the objective image.
Likewise, rays through the margins of the ob-
jective will go through the margins of the ob-
jective image, Thus, you have a simple and
accurate guide to put the light rays through the
field lens, Fig. 11. Then, putting the eye lens
in place, you repeat the operation withthe whole
eyepiece, the final objective image being of
course, the exit pupil, Fig, 12, Thisdiagramalso
shows the manner of drawing light rays if you
are using principal planes-~-you go first to PP1,
then parallel with the axis to PP2.

RAY TRACING TO PRINCIPAL PLANES, When
you are using a purchased eyepiece, it isincon-
venient to take the eyepiece apart for the lens-
by-lens trace just described. Instead, you find the

f"/:--
oI
(D LIGHT RAYS from FIELD LENS ALONE
[} P
IMAGE\)__ PPI PP PPl PP2. %ﬁ “>T,_ o
: —
i e
e X
- Ueeve LENS
() LIGHT PATH THRU EYEPIECE COMPLETED
PP2 PPl (ENTRANCE)
IMAGE_ + —
T
i [ i —
:h.___ & o — g /'-{-/
- =t — VM No7E: THE PRINCIPAL
_PLANES ARE CROSSED

(@ ALTERNATE RAY TRACE USING PRINCIPAL PLANES

principal planes of the eyepiece as a whole and
then draw light rays to the PP's, ignoring the
lenses entirely except for the single item of dia-
meter, The method of finding the PP's has al-
ready been described; the manner of makingthe
drawing is as shown in Fig, 13. Youdraw a light
ray to the image and keep right on going until you
strike PP1, From PPl to PP2, the rayis parallel
to the axis, From PP2, the light ray goes to the
corresponding part of the objective image, i.e.,
the exit pupil.



OBJECT-IMAGE

MATH

WHERE is the image? This is a basic problem
in all optical designing-~-you can't even get
started until you know the answer, The common
textbook solution is the classical equation:

11,1

F L L

The F, of course, means focal length, L. means
"length," the L without a prime mark being the
length to the object while the primed L is the
distance to the image. Other symbols are often
used, notably S (Space) instead of L (Length),
Some writers use the letter A for the object
distance, and B for the image distance, whichis
the system used inthisbook, Itis easily memor-
ized from the fact that you must first have an
object to look at before you can have an image;
hence, A (first letter of alphabet), is the object
distance, B is the image distance,

The numeral 1 above each quantity means that
the reciprocal of each quantity is used in the
calculation., The reciprocal of any numberisthe
number divided into 1, If you have a mirror or
lens of 50 inches focal length, its reciprocal is
1/50, Some simple problems can be worked with
the reciprocal in this fractional form, but usual-
ly you have to convert to the decimal equivalent,
which, for this example, can be calculated men-
tally: 1/50 is 2/100 or .02, In actual work you
must refer to a Table of Reciprocals, whichcan
be found in many math and engineering hand-
books. For the benefit of beginners who maynot

”_'—_ -
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SOLUTION: 7#/¢ (9 A CASE 1 PROBLEM (See pext page)
You kNow: F = 6"
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OBJECT-IMAGE MATH for o SINGLE POSITIVE LENS or CONCAVE MIRROR

OBJECT AT MORE THAN ONE OBJECT
FOCAL LENGTH FROM LENS CASE 2 BJECT AT LESS THAN ONE

FOCAL LENGTH FROM LENS

T~ ___ OBJECT F=6"
; ,F_ \
: ””” - 4" :
H — B;l?-" L_A__f M:S*
;x'nmn_[e
I | B=(M+I)xF | B=(2+1)x4=3x4=]2" \ B=(M=~1)xF | B=(3-1)x6=2x6=12"
EXA -4X6 _ 24 _ au - FXA _6X4 _ 24 4
2| B=y"F B2ga == 2| B=¢73 -z ~ 2 =
3| B=Axm B=6x2=|2" 3| B=AxM B= 4 x3=|2"
2
__E _2¢ - - Lt - F [ 6 L
S A—M+F A-7+4-z+4-6 S A'F-TA' A=6-3=6-2=4
ExB8 4x|12 _ 48
6 = A= =2 -¢" FxB8 =6x%12 _ 72 _ 4,
A=g=F z-4 -8 =6 6| A" 35 A=+ =78 =4
8 - 12 _
1| M=+ = 5= 2% 7| m=8 M='_42_=3,¢
F =4 _4_ . F - 6 6
| M=a—F |MEgg =% B Mg (M=giz =3
B-F - 12-4 _ 8 _ - B+F - 12+6 _18 _
9 M= € = 4 -4 = 2X 9 M T M= 6 -—6——3)(
- AxMm " 6X2 12 _,n =AXM 4 x3 12 ‘
0| FeggT |F2zzr=3=4 0| F=7g= Fe=3=F=7=¢
-_B =12 _ 12 _ a _ B 12 12, _
R = FerzrT=3=4 W F=m= F=g 4 =5=6"
=A‘B _6X|2_E_ " AXB 4x12 _48 "
N L Lot 1 |=E+k =2 |Yy ) -3._1_2
—_—l g = L P I iz =1z d_4t_ J_1r &
BlF=ats F et |r=-2-4" |Y(B|F=5a"B F°2"13 |F- 26"
b1 _1 ol _Llg=R-5=% |u Lo, Lo 0 |[t=2+1=F
'4 A F F A 4 12 A-‘-J%=6“ g“ |4 K- E“' E K-E"’l—i R=T§_I_Z4J:
S Lo i E=m-&=k |3 11 _ A1 _t|E=%5=
5| =€~ =& B4 €lg=2=p |§J|I5|BA"F B-476 |g= 22
'é" VIRTUAL
i IMAGE
M=3*
TWO CASES: WHEN THE OBJECT IS MORE THAN F BUT WHEN THE OBJECT-TO-LENS DISTANCE IS LESS THAN F,
LESS THAN 2F FROM LENS (SHoww), THE SYSTEM 1S THE IMAGE 1S VIRTUAL, ERECT AND MAGNIFIED. M IS
PROJECTION-~ THE IMAGE IS LARGER THAN OBJECT. NEVER LESS THAN |X ... IS GREATEST WHEN OBJECT
WHEN A IS MORE THAN 2F, B WILL BE LESS THAN IS JUST INSIDE F,'V p WED 20
2F AND THE IMAGE WILL BE SMALLER THAN OBJECT VIRTUAL | WO RROR
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form suited to simple arithmetical solution, as
shown in the Tables on the following pages.

FIVE OBJECT-IMAGE CASES, ACasel problem
concerns a single positive lens (or mirror) with
the object located at more than one focal length
from the lens, Fig, 1 is an example, You know
the focal length (F') of the lens and the distance
to the object (A), The problem is to find the image
distance, B, and this is easily calculated with
the second equation in the CASE 1 Table,

If the problem involves two or more lenses,
the image formed by the first lens becomes the
object for the second lens, as shown in Fig, 2,
This example is a continuation of Fig. 1 example,
with a second lens added, The problemisto cal-
culate the image positionasformed by the second
lens, using the image formed by the first lens
as the object, In this particular instance, the
second lens is a Case 4 problem, i.e., it is con-~
cerned with a virtual objecttothe right of a pos-
itive lens, You use Case 4 Table, Again you know
F and A, so B is found by using Equation No, 2,

Sometimes the first lens looks at an object at
less than one focal length, and this isCase 2, of
which Fig, 3 is an example, Fig 3 also shows the
situation where the virtual image formed to the
left of the first lens becomes the realobject for
the second lens,

Case 5 covers the situation of a negative lens
or mirror inside the focus of a primary lens or
mirror, a situation which many readers willim-~
mediately identify as the Barlow Case, because
this is the waya Barlow amplifying lens works in
a telescope, The five casescoveredby the tables
will handle practically any kind of object-image
problem, An important exception is the common
telescope situation where the objectisat infinity.,
For such a target, the equationsare useless, but
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THE IMAGE IS ALWAYS VIRTUAL, ERECT AND REDUCED,
B 1S ALWAYS LESS THAN A, AND ALSO LESS THAN
F. M 1S ALWAYS UNDER IX., WHEN THE OBJECT IS
AT INFINITY, THE EQUATIONS BECOME USELESS
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OBJECT-MAGE MATH for Second. of Two Lenses with Virtual Object
SECOND OF TWO POSITIVE THE NEGATIVE LENS OR MIRROR
m LENSES OR MIRRORS. VIRTUAL KERSISRN OF A POS-NEG COMBINATION.
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also unnecessary, For example, withanobject at
infinity, the image distance (B) is always one
focal length, and there is no need tomake a cal-
culation, Also note that an object atinfinity does
not permit the calculation of linear magnifica-
tion, For example, the moon at the focus of a
telescope of 50 in, focal length will show an image
about 1/2 inch diameter, Comparing this to the
actual size of the moon (about 2000 miles)is use-
less, The kind of magnificationused in such cases
is angular magnification, which compares the
apparent angular size of the object seenthrough
the telescope with the angular size of the object
as seen with the unaided eye, Differing from this,
linear magnification is the exact ratio of image
size to object size--it is B/Aforall cases. Usu-
ally, magnification is thought of in the sense of
being bigger, but linear magnification can indi-
cate same size (1x) or even minification, such
as 1/2x, as well as actual enlargement, like 2x,

OTHER CALCULATIONS, Quite often you will
have to figure the equivalent or effective focal
length of two positive lenses spaced a certain
distance apart. Eyepieces are common exam-
ples. The E.F.L, calculation is easily made with
the equation given in Fig, 4, which also shows
an example, The E,F.L, is shortest when the
lenses are close together, Fig, 6, increasing as
the spacing distance is increased, until "d" is
equal to the combined focal lengths, at which
spacing the system becomes an astro telescope
with virtual image and infinite focal length,
Fig, 7,

The calculation for the location of principal
planes of two combined positive lenses is shown
in Fig. 5, and will be found useful if you design
your own Ramsden and Huygens eyepieces, After
finding the E,F.L, and principal planes, the dub-
let is treated very much like a single thick lens,
Fig, 8 duplicates the example shownin Fig, 3 ex-
cept the two lenses are now treated as a single
unit, The object at same distance as before is
now more than one f,1. from PP1, making the
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graphical RAY TRACING
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Rule 2: A LieuT
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Rule 3: A LGHT RAY
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@ PARALLEL RAY METHOD for TWO LENSES

P < S

e MO iS5

i

ONE WAY of solving the various object-image
problems in opticaldesignisto make anaccurate
drawing of the system to scale, after which you
can run in the needed light rays graphically
by following a few simple rules,

PARALLEL RAY METHOD, You start with the
basic drawing shown in Fig, 1. Then, by follow-
ing the three simple rules shown, Fig, 2, you can
trace three light rays through the lens, any two
of which will locate the image position. The use

(@) PARALLEL RAY METHOD-NEGATIVE LENS

Rulel: A LIGHT
RAY PASSING THRU
THE CENTER OF LENS
IS NOT DEVIATED

Rule 2% A uGHT RAY
PARALLEL. TO THE AXIS
WILL, AFTER REFRACTION,
APPEAR TO COME FROM
THE FRONT FOCAL POINT

Rule 3: A RaY DIRECTED
TOWARD THE REAR FOCAL
POINT WILL BE REFRACTED
PARALLEL TO THE AXIS.

A-BACKURRD EXTENSION OF THLS
174 RY THE

THE INTERSECTION OF
ANY TWO OF THE THREE
RAYS SHOWN wiLL
LOCATE THE POSITION
OF THE IMAGE

(® NEGATIVE-AND-
POSITIVE




PP1| PP2

PARALLEL RAY METHOD
(@) POSITIVE (CONCAVE) MIRROR. NEGATIVE (CONVEX) MIRROR
PP1PP2

Rule 1 A LGHT rAY CENTER OF Rule 1: A ray CENTER OF
THRU THE CENTER OF N\ VRvATURE AIMED AT ThE § —>—s __ CURVATURE
CURVATURE IS NOT ~./ __LPOINT CENTER OF - B
DEVIATED - /1 /S e~ F CURVATURE IS F <
RBEELECTED BACK OVER [N OBIECT “_ NOT DEVIATED  |*-oBuecr
THE SAME PATH AN MIRROR

Rule 2: A ray
Rule 2! A ray PARALLEL TO AXIS oS
PARALLED TO THE WILL, AFTER RE- S~ X
AXIS WILL BE RE- FLECTION, APPEAR B F—
FLECTED THROUGH TO COME FROM

THE FOCAL POINT THE FOCAL POINT
Rule 3: A rAY
AIMED AT THE

FOCAL POINT WiLL
BE REFLECTED
PARALLEL 70O AXIS.
A _BACKWARD EX-

Rule 3: A rav 1
PASSING THRU THE
FOCAL POINT WiLL —
PE REFLECTED

PARALLEL TO AXIS

TH, S{TION OF 4 -

of an entering and emergent parallel ray gives @OBJECT AT LESS
this method its name, Fig. 4 explainsthe parallel THAN ONE F.L.

ray method as applied to a negative lens, while FROM A e’
Figs. 7 and 8 cover similar situations where a POSITIVE LENS F
mirror is the optical element, OR MIRROR

Once you have located the image, you can run .
in any number of additional light rays connecting TR

the object point to the image point, Fig. 3, This
is the basis for tracing light rays throughtwo or
more lenses. The general idea is to locate in
the light cone of the first lens, that ray which
passes through the center of the second lens,
Figs, 3 and 6 are examples, With one parallel
light ray already available, you can then plot
the image position as formed by the second lens.

pamssmanssgsmmnmn

If the first lens of a pair forms a virtual image oBJECT PPI*‘*_W pP2 FOCAL POINT OF
to the left, as in Fig, 5 example, the image itself 4 d COMBINED LENSES
immediately becomes the object for the second 2t \{
lens. Fig. 9 is another example where a virtual B i \k
image to the left would be immediately available %ORMAL ‘ e ~
as the object for a second lens, o

When two lenses are involved, it is often P92 = PP L (PRuvciPAL PLANES ARE

. .y - n  CROSSED)
simpler to calculate the e.f.l, and principal ) - FOCAL POINT
planes of the combo, after which it can be Gl 2 Ifop COMBINATION
treated very much like a single lens, Between Bl ) i 5
principal planes, all light rays are drawnparal- 1 CROSSED SRR
lel with the axis, You always draw to PPl Il

first, since this is the plane of admission, If CONSTRUCTION WITH PRINCIPAL PLANES
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OBLIQUE RAY METHOD  (il) with & POSITIVE LENS

e) M)RROR.

(2 with o POSITIVE (Concav

jl-\eApsoRgLe,g; LENS < m FocAL ANY INCIDENT RAW, -
NY RANDOM ] ;
LIGHT RAY N — - — 1 N, ——‘“"—/—C'—'

here does it go? >~ -+ SRR L

3he Solution: = AMirror Problem

AN IMAGINARY — IS WORKED IN SAME

PARALLEL BUNDLE OF ~———.
RAYS AT SAME ANGLE ————1
WOULD EOCUS AT THE

MANNER EXCEPT
THE PARALLEL T
CONSTRUCTION

| —
CENTER BAY AND GSINE s ERoM
FOCAL PLANE CURVATURE INCIDENT RAY. -
IN K . ——— "
o g—_ i et
CENTER BN e B R ST L2
FIRST LENS SECOND LENS the principal planes are crossed, this means
Problem: F=¢" / g F=4" you must then backtrack to PP2, as can be seen
MAKE A GRAPHICAL in Fig, 10B example,
RAY TRACE TO FIND - —t
PRINCIPAL PLANES o B OBLIQUE RAY METHCD. This is probably the
24" fastest way to trace a single ray through succes-
PQR%}'LEL sive lenses, The general idea can be seen in
STEP 1 y Fig. 11--you don't know where the light ray is
LOCATE PP2 FIRST - going, but you do know that an imaginary ray
i‘éﬁ; ABL{:EA“:"\:‘,G Tu=a = through the center of the lens would come to a
FROM LEET Fou "o focus at the focal plane, By making this ray
parallel to the incident ray, you establish a point
INCIDENT RAY through which the incident ray must pass.
STEP 2 CONSTRUCTION Fig. 12 shows the oblique ray method applied
USE OBLIQUE RAY ~—_LINE to a mirror. This is worked very much like a
gfmoo%-gf.mzu - \\7\5 'F4.. lens, the main difference being that the con-
SECOND LENS struction ray parallel to incident ray is drawn
EALS.M“‘ through the center of curvature, as shown, It
rd should be noted inboth casesthatthe intersection
EEE:T?E ' of the construction lines marks a point through

EMERGENT RAY
FROM SECOND
LENS

ENTERING
RAYy
STEP4
EXTEND

BOTH RAYS TO
LOCATE pPP2

_lf-"%-
STEP 5
DRAW A PARALLEL
RAY FROM RIGHT TO
FIND PPl IN SAME WAY

which the light ray must pass--it isnot the loca-
tion of an image,

PRINCIPAL PLANES, By tracing a single ray
from the left, you can locate the plane of emer-
gence (PP2) of a simple lens duplet, as shown
in successive steps in Fig. 13, It can be seen
that this graphical trace also gives the back
focal length and e.f.l., both of which can be scaled
from the drawing, The graphical trace itself
makes use of the parallel ray methodtotrace the
light ray through the first lens, Step 1, followed
by the oblique ray method for the second lens,
as shown in Steps 2 and 3.

The plane of admission, PP, is traced in the
same manner by running in a parallel ray from
the right, as in Step 5. If the two lenses have
the same f.l., the PP'8 are symmetrical,
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EYEPIECES

you can make

WHILE a few hardy amateurs grind and polish
their own simple lenses to make eyepieces, the
usual "homemade' eyepiece is one assembled
from stock lenses., Some common types you can
make are shown in Fig, 2, Exceptfor the modest
field of less than 40 degrees, homemade eye-
pieces perform practically as well as complex,
expensive oculars,

RAMSDEN, The Ramsden eyepiece is often made
of two identical lenses, Fig, 2, since this simpli-
fies construction, However, the eye lens can be
made much smaller and still pick up all useful
light rays, The original Ramsden is a 1-1-1de-
sign, fully corrected for lateral color, Fig, 4.
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TELESCOPE
OBJUECTIVE

/.

EDGE OF FIELD

OF QAlETIVE
(D OPTICAL SYSTEM OF TELESCOPE ~ 22keoey
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17




FIELD PP2, PPI
LENS

PRIMARY ApFs( EYE
M T |

PP2. pPP{

AGE\ Eel ;E.NS‘
=] =
y ) i

h—d.
E.F.L.=3/ F =%F¢L. :QE
1.4 @ (2
I-1-74 RAMSDEN Is sTtock
DESIGN WITH LENSES SAME F.L.
AND SPACE %4 F.L.OF SINGLE
LENS. SPACING LESS THAN K (F+F)

@ eFLel

I-1-1 RAMSDEN 1S CORRECTED
FOR LATERAL COLOR BUT EYE
RELIEF 1S ZERO,.. DUST CAN BE
SEEN ON FIELD LENS wHicH COIN-

LONGER F.L.FIELD LENS
IS BEST FOR POWERS OVER I0X

-+ GIVES BETTER i ;
COMA CORRECTION @Mﬂ@

10x% or LESS | 1 oR 1.1

CIDES WITH IMAGE PLANE CAUSES LATERAL COLOR ....ONGER EVYE 10% T0 40% [ 1.1 o 1.2
RELIEF 30X 0R MORE| 1.2 08 1.3
(D RAMSDEN Specifications
E.E.L. [IMAGE RATIO OF | RATIO oF LI RATIO oF |2 RATIO OF |.3
: 3SFIELDIFIELD | EYE [SPACE [FIELD | EYE [SPACE| FIELD | EYE [SPACE| FIELD | EYE [SPACE
v | g |28x 324 <200 v [25%.235",14 x,32" w [25%.37" A5x 31" 0 1.26%x.40" U5 ¥ .3}" !
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| 1] .6‘ 18 ¥ 1.301.32.x 1,30 9l Bt x140" 39« .7 ‘89 83%1.50"| 4 % |25" '8'7 _86x1.60° 43%1.2%" 86

20 33mM [0 X 33mm 2/ X 36mm| 10X 33mm 2/ % 38mu 1 X 32pwm 22X 3 um| 1l X 3/ am
1 | 69 | st nim] 02 |Sovtonlsixaon] V90 |oren o] 98 [T (AT o6
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LENSES ARE LISTED BY DIiA, AND Fill. i INCHES AND M,
ALl YAMETERS ARE APPROX. CLAPERTUCE PLUS Yi* For MouNziNG

Werthshut—

WANT 1"(25mm) F.L. RAMSDEN FOR 48x.

LOR F.L.NOT LISTED: USE VALYES FoR
LY El. FROM TABLE AND MUTIPLY 8Y EL.You tbNT

This construction is excellent for an erecting

PREFERABLE FIELD-EYE LENS RATIO IS 1.2 0R system or for a projecting eyepiece, but it is .
{.3 BUT YOU CAN USE WHOLE RANGE: poor for ordinary telescope use in that there is
E RATI0 oF { | Rario o |1 | RATIO oF | |RATI0 oF .3 no eye rel%ef. . .
FIELD LENS | 20%33mm| 2/ x 36 22 rdl) To provide eye relief and also move the image
~ | 2) X 3Bram)| 22 x4/ mn away from the field lens, a spacing of 2/3 the

2.5 x 35mml/§ég

LA x35 1435
F"F‘L"4|+3s-2|" s =26

%

EYE LENS [/0X33um|10x 33mm|/1 X 32 pum| /1 X3/ f.1. of the individual lens is often used, and this
MNaaBIE l.ZA»rox.@ is the standard Ramsden, Fig. 5. The eyepiece
GEDMUND(_-EZENQ)ES RATI0 = Slgls is improved slightly by making the field lens
FIELD: 60 a little longer focal length, Fig. 6. The specifi~-
é?.s"(x 38 mm SPACE = 35 ¢ .7.:24.5”“@” cations in Fig. 7 Table can be juggled a little
23 xg?/ - BEST 25 to suit, an example being as shown in Fig, 8.
19 x42 E,F,L;ﬂ%: 35—28,“ Spacing can be reduced to as little as 50% of
26 x 42 TRYLESS‘}H-BS‘ St ,54,0;“’, the f.l. of the eye lens without introducing an
%X/E:x 3/ SPACE 35 Y, 6= mm :ggév excessive amount of lateral color,
11x15 % 32 mm

HUYGENS. In Huygens' time, (Christian Huy-
gens, 1629-1695), the refractor wasthe onlytele-
scope of note, and this eyepiece was designed



(9) GENERAL FEATURES OF THE HUYGENS EYEPIECE
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! 2/x38uu| 9x19um]| VN2 | 53 2ead |gwia | 149 | 51 2}x46 soxg | 124 | 49 532\4;52'70 /%’;/'31. .33 | 47
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Example: I'F.L. ée’?’l"lpﬁfe FIELDLENS=166 X 8 = 133 'Rl | | EYE=Yheria it =Yin
FLEVE=34EFR =Yg x| =3, | RATIOoF 2.3 ENS= .72 x.8= .58"'F.L. | | pgipogerl=2x1=2"FL
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SPACE = I/BE.F.L. |8xl=|/a" ExE or 2 TMES EYE=2.% % = 155"
. - .33 .58 i
or 35 mes EYE =34 %3, = 1% ECK EFf.L= F+F-d  133+.58-95_ 77 +-.803] STOPM

solely for the refractor with which it functions
rather well, Specifically, the Huygens is intended
for use with telescopes of narrow aperture--
£/10 or higher f/number. The best feature of the
Huygens is that it can be fully corrected for
lateral color; in other respects it is slightlyin-
ferior to the Ramsden, The field lens is always
longer focal length than the eye lens, The ratio
to use is that which gives the best correction
for coma, this being dependent on the power
of the telescope, or, more exactly, the number
of focal lengths of the eyepiece contained in the
distance from eyepiece to objective, If you start
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out with the proper ratio for a certain power,
Fig, 9, the eyepiece will be well-corrected for
coma, Fig, 10 Table gives specifications for
various focal lengths., These are general calcu-
lated values which may be modified slightly to

suit such lenses as may be available. For astro
use, the field lens-eye lens ratio is preferably
2.3 or more for best coma correction, longest
eye relief.

ACHROMATIC DUPLETS, One of the more popu-
lar and practical homemade eyepieces is based

on the general idea of usmg two achromats. The
' u.'r
1
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*APPLIED OPTICS AND OPTICAL DESIGN — A.E. Conrady

construction is usually symmetrical, Fig, 11,
with the two lenses in contact or nearly so,
Many excellent eyepieces can be made in this
manner. Unsymmetrical construction, Fig, 12,
allows you to use a big field lens for light
pickup in combination with a smaller and
stronger eye lens, The ratio of focallengthsand
the spacing can be almost anything; specifica-
tions given in Fig, 12 are popular because they
are simple and result in a single principal plane
for the combination. In any case, the lenses
used should be good-quality, conventionalachro-
mats, i.e,, duplets designed for incident parallel
light, corrected for spherical aberration and
achromatized for the C (red) and F (blue) lines
of the spectrum, Not all war surplus achromats
comply with these basic specifications,

Deli:‘SIﬂ,ERQCEDURE. For conventional Huy-
ger’s or Ramsden eyepieces, the specific lenses
needed are given in the tabular data, For other
types, you can find diameter in a roundabout
way from Fig, 3 Table, which gives the image
size. For most eyepieces the field lens must be
a little larger than the image diameter, Note that
for the Huygens, the final image, which is also
the field stop, is slightly smaller thanthe prim-
ary image,

Specifications given in other optical books
may be followed if desired, and if radius only
is given you can readily convert to f.l. by using
the formula given in Fig, 14, When the f,1, speci-
fied is not what you want, it is easy to change
to anydesiredf,l, by the method shownin Fig, 13,
This can also be applied to any single lens, such
as a telescope objective, ortoanyoptical system,

zngAC‘T/f N

c ] /NGL,;:SOS e
onversion Formulas | %

{PLano-comvex evepiece
LENSES ARE OFTEN SPeciFiED | KNOWN | FIND 'ao'l.mu.[o.a émmﬁle
BY RADIUS orR CURVATURE R | Pre]
RATHER THAN F.L. " |t | nadius | curvature | ¢ = C= =g = W29 25
-C—QML‘&‘S—M@—QEDEU 2 | hadius | F.L. F.L.= h\")’t-— F.L.=T'§i-"-f‘—_|' = -}lé- = (.5"
BY USING THESE FORMULAS :
THE APPROX. conversion |3 | curvature| nadius | b = + n= i _-’”5 ,ﬁof/ﬁ f,:“,’;
OF RADIUS TO F.L.1S ' : - L5
S‘MPLY‘F.L. =2n 4 | curvature| F.L. F'L'-('—Y\.—-‘T)TE F.L.=5nl—x—|:2—9- 66‘!
85 pex oF 150 ones- || Tobe | Curuature C e | %" FmxTs g =129
ALISE, USE FORMILA NO. 2. |6 | F.L. hedius {[A=F x (w-1) | A=15x.517= 776"




The REFRACTOR

THE TYPICAL refractor objective is a broken-
contact or air-spaced style, usually purchased
complete with cell, Fig, 1, Sold unmounted, the
same lens has register marks to show how the
two elements should be put together, Adhesive
foil is supplied, from which you cut three pieces
about 1/16 x 3/16-inch, attaching these to the
concave side of the flint element, as shown, Prac-
tically all air-spaced objectives are now coated
on all four surfaces, practically eliminating the
18 to 20 percent light loss from four uncoated
surfaces,

Small achromats up to 2 in, diameterareusu-
ally cemented for convenience in handling and
mounting, An equi-convex front lens, identical in-
ternal radii and a flat-back flint are conditions
often specified for inexpensive achromats, Fig,
2, The same drawing shows the air-contacttype
used in many inexpensive telescopes, Over 3in,
diameter, air-spacing becomes almost neces-
sary to eliminate the risk of cement failure
caused by unequal glass expansion, In top-qual-
ity air-spaced objectives, the Fraunhofer-type
is a favorite of long standing. The Clark is
also excellent, Both of these are corrected for
coma, which is usually neglected in a cemented
achromat,

COLOR CORRECTION, With two glass elements
to work with, the lens designer can correct an
achromat for anytwo colors, Fora visualinstru-
ment like the telescope, the two best colors are
the F-line in the blue part of the spectrum and
the C-line in the red. These two lines bracket
that portion of the spectrum to which the eye is
most sensitive, There is, of course, a residual
of uncorrected color, Fig, 3, both between and
beyond the CF lines. This secondary color will
put a hairline of purple light around a bright
star, but unless you look you will rarely be a-
ware of the color fringe.

CF achromatism is quite satisfactoryfor ord-
inary photography on pan film, A yellow filteris
often specified, but this need is universal for
long-range daytime photography with any lens.
The ordinary photographic objective leans a bit
more to the blue end of the spectrum to favor a
wider range of film emulsions. An astrographic
object glass is often corrected for blue onlyand
can be used only with blue-sensitive, i.e., color-
blind film, Some aerial camera lenses are ach-~
romatized for the high red end of the spectrum
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for use with infra-red and other red-sensitive
emulsions, Such a glass is poor for visual use
because the blue rays are badly out of focus,

THE LIGHT CONE, The moon is 1/2 degree in
angular diameter, This is commonly takenas the
minimum fully-illuminated field of any telescope,
You can find what it amounts toinlinear size by
multiplying the f.1, of objective by ,009, The situ-
ation is shown in Fig, 4. The field will be fully-
illuminated if you can draw the three light rays
shown without obstruction. As a matter of fact,
the lowermost of the three rays is the only one
that matters--if you get this one through, the
others will clear automatically,

While keeping the minimum field in mind, most
builders try for a bit more, A common standard
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is a 3/4 in, linear image field, regardless of ob-
jective focal length. This particular diameteris
used because it is about the linear size of image
seen through a l-inch eyepiece, In most cases
you will have no trouble in lighting a 3/4 inch
image, Properly, the bottleneck should be the
eyepiece itself, but more often it is the focusing
tube that limits the light cone, Fig. 5 shows the
situation with 3 in, refractor--the focusing tube
can extend 10 in, forward from the image before
encroaching on the light cone,

Any light outside the light cone is useless
and should be blocked-off to eliminate glare,
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This is done with a set of 3 or 4 glare stops.
You are assured the glare stops are really
working if you can draw lines as in Fig, 6 with-
out striking the objective, This diagram shows
one glare spot at front of tube, which could be
eliminated with a narrow glare stop at that point,
Alternately, black flock paper offers fairly good
protection and is especially useful when glare
stops become too shallow,

Fig, 7 shows the case where the focusingtube
encroaghes on the light cone, How much light
does this cut off ? Make a condensed scale dia-
gram like Fig, 7. Draw a line from th= edge of
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objective at A, to edge of focusing tube at B,
finally cutting the image plane at C, This shows
the field of full illumination, Now, draw another
line fromm D through B, cutting the objective at
E. What you are drawing in each instance is the
outermost ray of the light cone, All other rays of
the cone will get through, meaning that all of the
objective above point E will contribute light to
point D at the edge of a 3/4in, image, As can be
seen, this isabout 90% lighting and entirely prac-
tical--in an actual telescope you can't see this
slight light loss even when you try.

LENGTH OF MAIN TUBE. The zero position of
the focusing tube, Fig. 8, is a matter of choice,
selected according to what accessories youplan
to use, Eyepieces alone need only ''out' focusing
movement from the zero position, as canbe seen
in Fig. 9, the distance being the same as the
flange focal length of the eyepiece.

Fig. 10 Worksheet shows the focusing tube
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zeroed at a distance of 1-3/8 in, "in" from the

maximum ''out' position, With a single focusing
tube, this position willaccommodate all ordinary
eyepieces and all accessories excepta big Porro
erector, The rest of the problem takes a little
thinking, but it is just a matter of simple arith-
metic to find the proper length of the main tube,
It is a good idea to check the exact back focal
length of your objective. A 3in,f/15 objective is
supposed to be 45 in, f.l., but may be as much as
1/2 inch more, If you do not check the objective
f.l., you can allow for this possible increase by
cutting the main tube about 1/2 inch longer than
calculated, An actual test of the telescope will
then show the exact situation and you cantake it
from there. A Porro prism erector requiresthe
use of either an extension tube or a draw tube,
An extension tube is simplest and cheapest, but
has the fault that the combined long length of
focusing tube encroaches to some extent on the
normal light cone,
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AN ERECTOR lens erects the image. It can also magnify.
Obviously it moves the image from one position to another

2 position. From these varied functions, anerector lens isoften
i ple: =={"EF.L
xampie: 2 - Febloe called an amplifier lens, or a relay lens, or a transfer lens,

Call it what you like, it isallone and the same optical system.
The magnification factor can be applied to either the objective
or eyepiece, Fig, 2, to get an equivalent focal length for the
combination, Unit or 1x magnification is obtained when the
erector lens is at adistance of two times its focal length from
the object, Fig. 3. Of course, the ''object' for an erector sys-
tem is simply the image formed by the telescope objective,
High M. is obtained by moving the lens closer to the object,
Fig. 4,

ERECTOR ARITHMETIC, First, decide what magnification
you want, It is then a simple matter to determine object and
image positions, using Case 1 equations, which are repeated
in Fig, 1 example, This isactuallyall you have to know, How-
ever, if you want to trace light rays through the system, you
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will have to locate the exit pupil, Looking at
Fig. 5, you can see that objective and erector
alone make up just like any ordinary astrotele-
scope. What would be normally the exit pupil of
such a combination now becomes the objective
stop. This is a picture of the objective lens as
seen by the erector lens. Anactual physical stop
is usually fitted at this point, The exit pupil of
the whole instrument is the image of the objec-
tive stop as seen by the eyepiece. The simple
arithmetical work is shown in Fig, 5, Note also
in this diagram how a simple graphical trace can
be used to determine diameters of both objective
stop and exit pupil, If you are making a bench
setup, no arithmetic is needed because all spac-
ing and stop dimensions are picked off directly
from the bench setup. However, it is always a
good idea to run through the math workin order
to become familiar with the procedure.

TWIN ACHROMATS, For good performance
while retaining simple design and construction,
a set of twin achromats in contact or nearly so
is the most popular, practical erecting system,
Fig, 6. The achromats range in diameter from
15 to 30mm and in f.1, from 30 to 100mm, The
odds are that a long focal length system will
perform better than a short one, butatthe same
time it is desirable to keep the system as short
as possible, 18x38mm is a nice size forerector
lenses where maximum compactnessisdesired.

An erector tube for use with any astro tele-
scope can be a very simple device, as shown in
Fig. 7. You can improve onthis by adding an ob-
jective stop, the location and size of which is
determined as already described. A stop at the
first image plane is often used, This is seen in
sharp focus when you look through the whole
erecting eyepiece.
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(D) WHOLE ERECTING EYEPIECE witn 2“F.L. HUYGENS (EF.L= = =

THE AFOCAL SYSTEM. This uses two achro-
mats, but of different focal lengths, Eachisused
in the afocal position, that is, at its own focal
length from the respective image, Magnification
is obtained by the difference in focal lengths,
Fig, 8, A system like this isusually wide-spaced,
Since the light emerging from the first erector
is parallel, the space between first and second
erector is free optical space which can be varied
as desired without changing the power of the sys-
tem, A practical minimum spacing is obtained
when the objective stop is located onthe surface
of the second erector. The practical maximum
spacing locates the objective stop midway be-
tween the two erectors, as shown,

SIMPLE LENS ERECTOR, Fig, § shows an ex-
ample and gives simple rules for making an in-
expensive erector from two identical plano-con-
vex lenses, Light rays can be traced throughthe
system lens by lens, but the more practicalway
is to treat the two lenses as a single unit with
symmetrical, crossed principal planes, as shown
in Fig. 10,

Traditionally, the eyepiece for a simple lens
erector is a Huygens, This is lower ratio and
wider spacing than normal, bothdeparturesaris-
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ing from the fact that the "object' for the eye-
piece now becomes the objective stop instead
of the objective itself, Huygens eyepieces made
for microscope use are suitable since the work-
ing conditions are quite similar, Specifications
for a suitable 2 inch f,1, Huygensfor use with an
erecting system are given in Fig, 11, You can
scale this up or down as desired by dividing the
desired new e. .1, or lens f,l, by the similar
specification given. This gives a factor whichis
then applied to all of the specifications given.
This process is illustrated in the chapter
dealing with eyepieces,

PRISM ERECTORS. The most practical way to
handle prisms in telescope design is by the
"equivalent air block' method, Fig, 13 explains.
If you compare the position of the image plane of
an objective with and without prisms, you will
find the prism setup forms an image closerto the
objective than when the objective is used alone.
The difference can be taken astheair equivalent
of the prisms--it is approximately two-thirds
of the glasspaththroughthe prisms, More exact-
ly, the equivalent air pathisthe glasspath divid-
ed by the index of refraction of the prisms. If you
don't know the refractive index you canapproxi-
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mate by the two-thirds rule, or you can deter-
mine air blocks exactly by making the simple
bench test shown, The glass path itself of any
prism is easily determined from a full-size
drawing of the prism. Often the corners of a
prism are cut off, When you are makinga draw-
ing, the corners should be restored to obtain
the full side or hypotenuse from which the glass
path is determined.

To design a prism erector attachment for an
astro telescope, you start by making a full-size
schematic diagram of the system, Fig, 14. This
is then redrawn in stretchout form, substituting
air blocks for the glass path, Measuring this
final diagram will show the amount of ""in'" focus-
ing movement needed. Itis excessive fora Porro
system of the first type, being a whopping 7-1/4
inches for the example shown, whichisanactual
commercial product, You can shorten the eye-
piece tube on this to about 1 inch and other-
wise "'squeeze'’ the assembly to cut the focusing
movement to about 6 inches, If youusea special
eyepiece mountedin 7/8 in, diameter tube, itcan
be worked alongside the prism, eliminating the
projecting eye tube completely. The second type
of Porro prism is more compact--4-3/4 inches
using the same-size prisms and mechanical di-
mensions, The Porro-Abbe is about the same.
A roof prism is treated as a simple right angle
prism of the same overall size; this takes less
than 3 in, "in'" movement, although some of the
gain comes from the fact that a roof prism with
overall size equal to a right angle prism will be
about 25% less in face width,

To see how the prismsfield the light cone, you
simply draw them into the system asair blocks,
Fig. 15. The width of the air block is the actual
face width of the prism; the length is calculated
as alreadydescribed. For most applications, 50%
edge-of-field lighting is satisfactory, meaning
that if you can get the principal ray through the
prisms, the lighting will be okay. Optically, the
effect of prisms is the same as a thick piece of
glass with parallel surfaces, Such a glass block
has optical characteristics similar to a weak
negative lens,
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plane of a telescope objective, Its normaldiverging action
reduces the convergence of the light cone, forminga larg-
er image at a slightly greater distance, All Barlow lenses
are designed for a certain magnification factor--usually
2x--but work well over a moderate range of powers.

TYPICAL BARLOW SYSTEM, A drawing of a Barlow

) system begins with the usual light rays from objective
@ 2x SETUP A‘ﬁ%«’%_ to image, except, knowing the Barlow will enlar?ge the
primary image, you make it just that much smaller, Fig, 1,
A and B spacing distances are then calculated for the de-
sired magnification, using Case 5 equations, The linear
field of eyepiece is set off at the final image plane, and
the light ray intercepts are extended from the Barlow
lens to edge of final image, Fig. 2, If you want to locate
the objective stop, it can be done graphically by extending
the light rays backwards, as shown in Fig, 2, As can be
seen, the objective stop is a virtual image; if calculated,
you use Case 3 equations, The position of objective stop
must be known if you want to calculate (Case 1) the exit
pupil position, In most cases, only the A and B spacing
distances are needed. Glare stops can be fitted anywhere
along the light cone,

BARLOW LENS
IN CELL

B

@ SPACING
FOR 2X

FOCUSING MOVEMENT, Normally a Barlow setup re-
quires ''out' movement of the focusing tube, A goodly a-

USING TU

gg;lﬂMoN as mount of "out'" movement is supplied by the Barlow tube

______ £lG. 6 _ gE itself, Fig. 5. The net result isthat'in'' movement of the
i R LL — e . focusing tube is needed for the popular 2x setup, Fig. 6.

@ EYEPIECE ALONE MUST MOVE OUT Fig. 7 illustrates in reverse fashion--with eyepiece alone
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you have to focus "out' about 1/2 inch, indicating
that the Barlow setup itself must focus "in,"

Increased M, pushes the image back and re-
quires more ''out" movement, The maximum
case for the equipment specified is shown in
Fig, 8, This takes actual ''out'" movement of the
focusing tube. To determine the focusing tube
movement on a drawing like this, you measure
from primary image plane to the position the
focal plane of the eyepiece would normally occupy
if used alone,

SPECIAL SETUPS. The parfocal Barlow, Fig, 9,
has the same focus for either eyepiece alone or
with Barlow--the focusing tube does not move,
For this kind of setup, you simply space A and
B distances fromthe primary image plane, which
is made coincident with the focal plane of the eye-
piece used alone,
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A Barlow system is sometimes built-in as a ’I:I:AP:-\%LE’\
permanent part of a telescope, Fig, 10 isan ex- T
ample. Because the diagonal is close to the pri- ‘ BUll:l"lN BARLOW .
mary image, which itself is reduced in size, it M=3x 3 4
is possible to field the full light cone of an f/8 (wHoLE ) !
mirror witha 3/4 inchdiagonal, For the arrange- SYSTEM: )
ment shown, spacing distance B is fixed at about EFL.=z 43"_3“44
8 in. You select some suitable magnificationand fl=flex3=F24
then calculate F as shown, A good-quality simple y
plano-concave lens of the specified focal length
will usually perform quite well.
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Reflecting TELESCOPES

A REFLECTING telescope uses mirror optics
instead of lenses, A big advantage isthata mir-
ror reflects all wavelengths of light equally--you
have no problem atall withfalse color, However,
the other axial fault--spherical aberration --is
still there, and, with the single surface of the
mirror, canonlybe corrected by making the mir-
ror surface aspheric (not spherical), The aspher-
ic curves used are the ellipse, parabola and hy-
perbola, The familiar sphere is also used,Inall
cases, the focal length of a mirror of any shape
is 1/2 the radius of curvature of its central zone,
Like lenses, mirrors are either converging or
diverging, A converging (positive) mirror has a
concave shape; adiverging (negative) mirror has
a convex shape,

IMAGE FORMATION, Normally a light ray dia~
gram is made with the light coming in from the
left, but if this procedure is reversed, the net
performance of a mirror is the same as a lens,
Fig, 1. The light cone from a point object at
edge of field is the only one you need draw. The
outer ray of this cone defines the limit of the use-
ful light, The principal ray (the one passing
through the center of the objective) neveractually
gets through in a reflecting telescope, but it is
no less useful as a guide line,

A common rule of thumb is that the secondary
flat for a Newtonian reflector should not obstruct
more than 6% of the incoming light. Some addi-
tional light is lost in a gray zone about twice the

diameter of the diagonal silhouette, Fig, 2, In
compound telescopes with secondary mirror, the
obstruction may be as large as one~halfthe pri-
mary diameter, resulting in a light loss of 25%,

NEWTONIAN REFLECTOR, The manner of mak-
ing a layout for a Newtonian reflector is shown in
Fig. 3, Steps 1 to 5 are obvious, Step 6 requires
the selection of some practical image size, which
can be 3/4 in, for anytelescope, althoughthe ex-
ample shown is somewhat larger, The edge-of-
field light cone missesthe diagonal slightly, Step
10, This isfairly standard practice, but the light~
ing should not fall below 50%. Step 11 shows that
about 70% of the objective diameter contributes
light to the edge of field, You will want to know
what size image gets 100% lighting, and this is
revealed by Step 12,

A final check is to see that the incoming light
clears the main tube. Steps 15, 16 and 17 show
that it does, evenasfaroutas6-3/4 in, from the
eyepiece centerline, However, to assure ade-
quate clearance, the front tube projectionisusu-
ally trimmed to 3-1/2 or 4 in, as shown,

COMPOUND TELESCOPES, All astro telescopes
are compound optical instruments in the sense
that an enlarged image is formed by the objec-
tive and this image is further enlarged by the
eyepiece, However, the accepted meaning of a
compound telescope indicates aninstrument with
a built-in secondary optical system which en-
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larges the primary image, Sodefined, a Newton-
ian is a simple reflector ratherthana compound
one, The Gregorian and the Cassegrain are the
two basic compound reflectors,

The GREGORIAN reflector makesuse of posi-
tive projection to erect and enlarge the primary
image, The primary image itself is formed by
a paraboloidal mirror, This image is thenmag-
nified and erected by a concave ellipsoidal mir-
ror, Fig. 4. The optical nature of an ellipsoidal
mirror is such that a light ray passing through
one of the conjugate foci is reflected without
aberration to the other, As showninthe drawing,
one foci is made to coincide with the focal plane
of the objective; the other coincides with the
final image,

You can calculate a variety of Gregoriantele~
scopes by the simple rules givenin Fig, 5, How-
ever, if youirytomake alow-power design, such
as 2x, you will find that the long throw and large
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Q) COMPLETE GREGORIAN LAYOUT

secondary mirror will make the design imprac-
tical, A performance fault is that straylight can
barrel right down the maintube and into the eye-
piece. If you want to use a Gregorianfor daytime
observing, you must use baffle tubes to limit the
light rays to exactly that cone of light which con-
tributes to the image,

As usual, you start the layout by drawing the
edge-of-field light cone from objective to pri-
mary image, Fig, 6, extending the raysto strike
the secondary mirror, The intercepts atthe sur-
face of the secondary mirror are thenhooked up
with the final image, Fig. 7, to complete the lay-
out of the optical system, Asusual, onlyone side
of the light cone need be drawn; the outer ray of
this is your guide for glare stops or baffle tubes.

A CASSEGRAIN telescope shows the usualin-
verted astro image, This system is more com-
pact than the Gregorian. I you understand the
Barlow lens, itis easyto visualize the Cassegrain
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as being a similar systemdone withmirrors, All
calculations are the same as for a Barlow (Case
5) except youneed one preliminary equationto in-
clude distance b, which is image distance behind
the primary mirror. This isgiven in Fig, 10, to-
gether with the two Case 5 equations needed to
complete the math work,

The drawing of a Cassegrain system is quite
simple after youhave determined the spacing. As
usual, a cone of light is drawn tothe edge of the
primary image, At the points where these rays
cut the surface of the secondary mirror, the rays
are reversed and drawn to the edge of the final
image, Fig. 8. The outer ray of the light cone is
your guide for =zll diameters along the light cone;
it tells you how big to make the secondary mir-
ror, hole in primary, glare stops, etc. Like the
Gregorian, the Cass needs glare stops or abaf-
fle tube to stop stray light.

Like any mirror, the hyperbolic secondary
may be used at various object-image positions,
but it has one specific set of conjugate foci that
give perfect imagery without spherical aberra-
tion. This pair of stigmatic foci are madeto co~
incide with the positions of the primary and final
images, as can be seeninFigs. 8and 9. The foci
should not be confused withthe focallength of the
mirror, which is, asusual, one -half the radius of
the center zone,

Both the Gregorian and Cass can be built with
unperforated primary mirrors. Amateurs often
favor this construction to get around the some-
times difficult job of cutting a hole in the pri-
mary., Fig. 11 shows atypicalunperforated Cas-
segrain. The right-angle bend in the light cone
can be handled with the diagonal and mechanical
parts used for a Newtonian reflector, The bend
in the light cone serves also as a light baffle, It
also erects the image but leaves it reversed left
to right, The Cass requires good optics and the
beginner should not tackle this work until he has
completed the simpler Newtonian reflector.
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EDMUND “"HOW TO MAKE IT" II.LUSTRATED BOOKLETS

ZALL ABOUT TELESCOPES

" This is the best illustrated and most easily
understood book about telescopes and astronomy,
6 books in one! Includes "Telescopes You Can
Build", "How To Use Your Telescope”, ""Home-
bujlt Telescopes', ''Telescope Optics'', "Photo-

%‘ graphy With Your Telescope', "'"Time In Astron-

omy" plus completely new material on collima-
tion and adjustment, observingthe sky, 182 pages;
plus cover, No. 3094

HOMEBUILT TELESCOPES

Better than any other book on mirror grinding
for the amateur, Profusely illustrated, easy to
understand. Covers grinding stand and stroke,

TELESCOPE OPTICS

Graphically clear book on optical design covering
focal length, image-object problems, graphical
ray tracing, homemade eyepieces and objectives
(mirrors and lenses) and more, Tables and dia-
grams. 32 pages, No. 9074

MOUNTING YOUR TELESCOPES

S S/ Easy-to-read book explains how to mount re-
_~ flectors and refractors, lllustrations help youto
c{ see and compare different types of mounts,.com-

ponents, &écb'ssories, drives etc. Coverstripods

Y pédestals, "floating" cradles, homemade
%terweights. 36 pages including covers,

No, 9082

forming curve, chamfering, testing, finding focal ¢ FUN WITH OPTICS
g N

length, correcting techniques, parabolizing, etc,
...also mechanical construction, 36 pages.
No. 9066

PHOTOGRAPHY WITH YOUR TELESCOPE

How to take exciting photos of moon, planetsand
stars; long distance shots of birds, animals, etc,
through the "big eye'" of your telescope. Youcan
choosge the power! Covers the refractor and re-
flector as cameras, using photographic optics,
mounting camera, auxiliary lenses, e*tc, plus
tables on spacing, image sizes, fields, etc. 36
pages. Most optics available from Edmund Sci-
entific. No. 9078

HOW 70 USE YOUR TELESCOPE

A down to earth introduction to astronomical
telescopes and the stars, In simple language,
profusely illustrated, Features moon map, se-
lected sky objects, etc. Covers selecting your
telescope, power, light gathering, field of view,
telescope performance, what eyepiece is best,
equatorial mounts, collimation and adjustments,

About Barlow lenses and power boosters, ob- °

serving and comparing the planets, observing the
sun, splitting doubles, telescope arithmetic, ete,
32 pages, No, 9055

TIME IN ASTRONOMY

About solar, sidereal, standard time,etc, Valu-

able charts and easy to understand illustrations.

Also tells you, in simple terms, other important

factors about time, How to use telescope setting

circles and how to adjust an equatorial mount,
No. 9054

TELESCOPES YOU CAN BUILD

How to make 27 different telescopes and 10 use-

ful accessories. Optical parts available from

Edmund Scientific. Nineteen astronomical tele-

scopes from a 1.6" equatorial refractor to 6"

reflector. Eight terrestrial scopes., 36 pages.
No, 9065

WRITE TODAY FOR YOUR FREE EDMUND CATALOG
EDMUND SCIENTIFIC CO

Dozens of optical projectsfor young or old, care-

. ~fully worked out and diagrammed. How to build
> telephoto lenses, astrotelescopes, closeup cam-

era lenses, microscopes, drawing projectors,
slide viewers, etc. with optice from Edmund,
32 pages, No. 9050

L]

HOW TO COMDENSE AND PROJECT LIGHT WITH LENSES

Explains various projecting systems as they

apply to photography and other subjects., 29 dia-

grammatic illustrations show types of project-

ing systems, lamps, condensers, etc. Also dia-

grams of ray paths, tables of data. Complete

listing of components for projection, 15 pages.
No, 9044

HOW TO BUILD OPAQUE PROJECTORS

Project magazine pages, photos, drawings,

charts, ete, in black and white or color, Detailed

designs for 8 different projectors, 18 pages,
No. 9314

ALL ABOUT MAGNIFIERS

How to make slide viewers, tripod magnifiers,
jeweler's eyepieces, illuminated magnifiers.
20 pages. No, 8002

COLLIMATION AND COLLIMATORS

Describes all types and covers: angleaccuracy,
tests for flatness, parallelism, alignment, dis-
placement, tilt, parallax, resolution, azimuth

(horizontal) angles, etc., plustest hints, Approx.

50 drawings. 36 pages. No. 9072

THE SCHENCE OF MOIRE PATTERNS

Written exclusively for Edmund Scientific Co. by
phyeaicist and OP artist Dr, Geral Oster of
Brooklyn's Polytechnic Institute, You need only
an understanding of high school mathematica to
enjoy it, Covers through experiments: Moiré
Patterns in Everyday Life, The Moiré Kit, Seeing
Moir€ with Screens, General Approach, Inter-
pretating Moiré& Patterns in Terms of Projective
Geometry, etc. 40 pages, 45 illustrations,

No. 9068

101 EAST GLOUCESTER PIKE

FIBER OPTICS IDEA BOOK

Completely illustrated booklet gives over 100
exciting design and application ideas for fiber
optics, Whether you're a designer, inventor,
artist or hobbyist you'll be amazed at the many
uses of fiber optics. Booklet includes important
facts about fiber optics plus many excitingideas
for unusual decorations, uses and gadgets for
home, school, industry and Science Fair projects,
No, 9085

SOLAR HOUSE MODELS

Demonstrates principles used infull size Thom+
ason homes; includes plans for building working
model 19" x 16" x 15", Construction kit avail-
able separately. Covers construction of 5 full-
size homes with sidelights on living in one. 32
pages, No. 9069

SOLAR ENERGY AND SOLAR FURNACES

How to make solar furnace with Fresnellenses,
Including solar cooking grille, how tofire jewel-
ry, etc, 14 pages, No, 9053

ALL ABOUT TELEPHOTO LENSES

Fascinating discussion of telephotography, Build
several telephoto attachments for use with any
camera, Compare favorably with commercial
telephoto attachments, 36 pages, profusely illus~
trated. No. 8036

ULTRA CLOSE UP PHOTOGRAPHY

How to stage and photograph insects, small anj~

mals, microscopic organisms, miniature

scenes. 16 pages, No. 9042 ;

BUILDING A CONDENSER ENLARGER

Factual, easy-to-follow instructions, 7illustra-

tions with dimensions, procedures, 18 pages,
No. 9038

HOW TG BUILD PRQJECTORS

Make apple-box projector, slide projectors,

35mm projector, opaque and film projectors.

Complete construction details and theory. Len

systems, unmounted, available from us, 1

pages. No, 9014

EDMUND UNIQUE LIGHTING HANDBOOK

Every day, new discoveries and developmentsin
the Unique Lighting field are hurling out of dis-
cotheques and light-show houses, bombarding
interésted individuals with bits and pieces of
"what it's all about"., Edmundhas gatheredthese

fragments of information and combined them witht -

their own ideas and techniques to bring you the
most comprehensive study on Unique Ligh

yet published, CoVers: black light; strobes; pro~

jectors; slides; color wheels; screens; color or-
gansy mirrors; light boxes; MusicVision; lumia;
movies; light sources; and more. Bound in 9 x
11-1/2" duo-tang "add-to" folder, pages are

punched to fit standard loose-leaf binder, Each
section is on adifferent color stock for easy ref~
rence, 106 pages, No, 8100

BARRINGTON, NEW JERSEY 08007



