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- systems.. Following fundamentals of mechanical design and .
. construction, maintenance procedures. are studied to give 'a general

“and bearimg .circles, sextants, stadimeters, telescopic lidades,

rating-structure. is ‘also provided. (CC)
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Personnel Program Support Activity, washington, D.

Theories and practical skills for use in optical
shops . are presented in this rate training manual, prepared for ]
regular navy and naval reserve personnel. Light theories are analyzed
in connection with mirrors, prisms, lenses, .and basic optical . -

4 Py

knowledge of optical repair. Special descriptions are made of such
instruments as spyglasses, telescopes, magnetic compasses, azimuth

binocdulars, submarine periscopes, and night vision sights. To give
enough background for readers, operations of -lathes, grinders, ., .
milling machines, and drill presses are also discussed. Besides -
illustrations for explanation purposes; information on- the opticalman
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This tralnlng manua.l was: prepared for the Bureau of Naval Personnel

‘by the Training Publications Division, Naval Personnel Program Support

Activity, Washington, D.C. It is intended to serve as an aid for men of
the U.S. Navy and Naval Reserve who are studying to acquire the theo-
retical knowledge and practieal skill required for recommendation for
advancement to Opticalman 3 and Opticalman»2, .

Chapter 1 presents information on the enlisted rating structure, the

Opticalman rating, requlrements and procedures for advancement, and’
references which will be helpful in studying for advancement. A de- -

scription of how this text may be used to the best advantage is also
included.

‘Chapters 2 through‘ 10 contain information on the thgory “of llght _as
well as the principles of optics and the skills used in optical repair.

The theory of light and optical elements is presented in a manner that

will give the reader a égmplete understanding of how light is controlled
and used to produce a magnified image of an object.

. Chapters 11 through 14 contain descriptive matter and illustrations
sufficient toprovide a general knowledge of the instruments that Optical-
man 3rd and 2nd class are required to maintain.

Technical assistance in preparing this manual was provided by the
Service School Command, Naval Training Center, Great Lakes, Illinois;
the Naval Examining Center, Great Lakes,- I1linois; and the Naval Ship
‘Systems Commnd Wzshington, D.C.

First Edition 1966
Revised 1970

T

Stock Ordering No.
0500-073-7010

L

For sale hy the Superintendent of Documents, U.8. Government Printing Office, Whashington, D.C. 20402 - Price $3.30 (sirie copy),
| Subsecription price : $14.00 per year ; $3.50 additional for foreign malling. ) .
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THE UNITED STATES NAVY
GUARDIAN OF OUR COUNTRY:

The United Stdtes Navy ts responsible for malntaining control of a

“and-is a ready force orywatch at home-and overseas, capable of strong

action to preserve the peace or of instant offensive action to win |n war.

It is upon the maintenance of this control that our country s glorvous

future depends; the United States Navy exists to make it so.

WE SERVE WITH HONOR

Tradition, valor, and vic/tory are the Navy's heritage from the past. To
these may be added dedication, discipline, and vigilance as the watchwords

of the present and the future —

At home or on distant stations we serve wuth pride, confidentin the respect

of cur country, our shlpmates, and our famllres ,

Our responsrbmtles sober us; our adversutles strengthen us.

Service to God and-Country is our special pnvnlege. We serve with honor.
- ) - c ' '

- THE FUTURE OF THE NAVY

The Navy will always employ new weapons, new techniques, and
greater power to protect and defend the United States on the sea, under
the sea, and in the air.

- Now and in the future, control of the sea gives the United States her/

greatest advantage for the ‘maintenance of peace and for victory |n war

"~ Mobility, surprise, dispersal, and offensive power are the keynotes of

the new Navy.. The roots of the Navy lie in a strong.belief in the
future, in continued dedication to our taz's, and in reflection on our
heritage from the past. _ ; <

Never have our opportunities and our responsibili_ties_heen greater. .
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CHAPTER )

;

This training manual is designed to help you
meet the occupational qualifications for advance-
ment to Opticalman Third Class Opticalman

" Second Class. Information presented is based

on the June 1970 edition of the Manual of Quali-
fications for Advancement NavPers 18068-B.

ENLISTED RATING STRUCTURE - ]

The two main types of ratings in the present

ADVANCEMENT

OPTICALMAN BILLETS

Opticalmen generally are assigned duty in
optical shops aboard repair ships or‘tenders,
and stateside or overseas ship repairfacilities.:

Occasionally,however, they are assigned duty

~ashore as instructors in Opticalman schools.

" Some Opticalmen are assigned to recruiting
duty; others are assigned to Naval Reserve:
training units. . ‘

Other duty assignments include the U.S,

enlisted rating structure are general ratings  Naval Examining Center, Great Lakes, where

amd service ratings. ‘ :

GENERAL RATINGS identify broad occupa- .

tional fields of related’ duties and functions,
Some general ratings include service ratings;
others do not. 'Both Regular Navy and Naval
Reserve personnel may hold general ratings,

SERVICE RATINGS identify subdivisions or

specialties within a general rating, Although
service ratings can exist at any petty officer
level, they are most common at the PO3 and
PO2 levels. Both Regular Navy and Naval Re-
serve personnel may hold service ratings.

THE OPTICALMAN RATING

Opticaimen maintain, repair, and overhaul
telescopic alidades, azimuth and bearing cir-
cles, binoculars, compasses, gunsights, sex-
tants, and othér optical instruments. This
includes inspection, casualty analysis, disas-
sembly, repair, replacement or manufacture of
parts, cleaning, reassembly, collimation, seal-
ing, drying, gassing,and refinishing of surfaces.

_The Opticalman rating is a general rating
ONLY—there are no service ratings. The work
of an Opticalman requires a high degree of
intelligence and mechanical aptitude. Optical
instruments are technical in nature, expensive,
and delicate, For these reasons, just ANYONE
cannot - perform satisfactorily the work of an
Opticalman, Intelligence is required to under-

stand the principles of operation; and mechani-

cal aptitude is necessary-in order to repair and

- Administrative Responsibilities

the servicewide advancement ‘examinations are
prepared and scored; the U.S. Navy Training
Publications Division, Naval Personnel Program -
Support Activity, Washington, D.C. (This train-
ing manual that you are now.studying was re-
vised by a Master Chief Precision Instrument-
man while he was assigned to an instructor
billet at Training Publications Division.) Re-

. ‘gardless of location, all Opticalmen are assigned
. by the Bureau of Naval Personnel, Washington,

D.C. : .

Keep in mind that the men of your rating
like all other ratings, perform unique and im

. portant roles toward the fulfillment of the over- .
all mission of the Navy. You must, therefo
avail yourself_to evii'y source and opportu
to improve your skills as an Opticalman,

L ]

[ .

" At the third or second class level,
men generally do not have the responsibility for
.administering an optical shop; but an/Optical-

also for the mairtenance of records/and logs in
the shop..Opticalmen on duty at the/3 or 2 level
shouid therefore observe the woyk of Optical-
men at- the first'class and chi¢f levels, and
learn as much from them as pogsible about the
work of a shop supervisor. /This is the only
way to develop to the maximu your usefulness
to the Navy as an Opticalm Be prepared for

-

 greaterresponsibility when/t is assigned toyou.
1

6
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OPTICALMAN 3 & -2

Sho.pv safety is something you should always

. | emphasize. 'When using tgols and operating
. machines, it is easy-for one to injure himself. -
This not only ecauses personal discomfort but

results in a pecuniary loss to the Navy during

" ‘absence from work. Opticalmen should keep -

. the shop in excellent working shape and hazard-
free, and work individually and collectively in
a manner which minimizes pérsonal injury.

REWARDS .

Some of the . rewards of advancement.are

easy to see. You get more pay. Your jobas-

signments become more interesting and more
challenging. You are regarded with greater
respect-by officers and enlisted.personnel. You
enjoy the satisfaction of getting ahead in your
chosen Navy career, - -

But the advantages of advancing are not
yours alone. The Navy also profits. Highly
trained personnel are essential to the function-
By each advancement, you
increase your value to the Navy in two- ways.
First, you become more valuable as a technical

specialist in your own rating. And second, you

become more valuable as a person who can
train others and thus make far-reaching con-
tributions to the entire Navy. : .

'HOW TO QUALIFY" FbR ADVANCEMENT

What must you do to qualify for advancement?

The requirements may change from time to.

time, but usually you must:

1. Have a certain amount of time in your
present grade. . -

2, Complete the required military and occu-
pational training courses, based on training
manuals. A

3. Demonstrate your ability to perform all

the PRACTICAL requirements for advancement
by completing the Record of Practical Factors,
. ~NavPers 1414/1. .

"~ 4. Be recommended by your commanding
officer, after the petty officers and officers
supervising your work have indicated that they
.consider you capable of performing the duties

of the next higher rate. ' . .
5. Demonastrate your KNOWLEDGE by Ypass-
ing a written examination on (a) military re-

" quirements and (b) OCCUPATIONAL qualifica- .

tions, .
Some of these general requirements may be
3 n_aodifie_d in certain ways. Figure 1-1 gives a

,Medals and awards

more detailed view of the requirements for \d-
vancement of active duty personnel; figure 1-2
gives this information for inactive duty r--
sonnel. . -
Remember that the qualifications for ad-
vancement can change. Check withyour division
officer or training officer to be sure that you v
know the most recent qualifications. ‘
Advancement is not automatic. Even thoygl

. you have met all the requirements, including

passing the written examinations, you may not
be able to "sew on the crow' or "add a stripe."
The nymber of men in each rate and rating is
controlled on a Navywide basis. Therefore, the
riumber of men who may be advanced is limited
by the numher of vacancies that exist. ‘When
the number of men passing the examination ex-
ceeds the number of vacancies, some system

"must -be used to determine which men may be

advanced and which may not. The system used
is the "final multiple" and is a combination of
three types of advancement systems.

Merit rating system
Personnel testing system
Longevity, or seniority, system

p

The Navy's system (provides credit
formance, knowledge,~and seniority,
it cagnot guarantee that any,o
advanced, it does guarantee that

* a particular rating will have equal

opportunity. ‘
The following factors are considere
puting the final multiple: '

Factor | Maximum Credit

‘

Examination score /' .. 80
Performance factor / 50

(Performance evaluation) /
Length of service (years x 1) , ' 20.
Service in pay grade (years X 2 20

< " 15

- / -

/ 185

All of the.above infé‘rni'ation (except the ex-
amination score) is submitted to the Naval Ex-
amining Centér with your examination answer
sheet.  After grading, the examination scoreés, ,
for those passing,are added to the other factors
to arrive at the final -multiple. A precedence -

- list, which is based ¢gn final multiples, is then
prepared )ﬁxf%gh pay grade within eaelf rating.

<
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_Chapter 1-ADVANCEMENT
| ME) | AEA. | t65 | tB | t; | 168
| REQUIREMENTS ™ E1 0 E2 6210 B3 o §i | vo g5 1o 6 | o7 | tofh | to 9
4 mos. ' 36 mos.
| seice- | , . |z e
SERVICE | comple. | 6 m0s. | 6 mos. |12 mos.|24 mos. |8 years|
ion-of | 4 E2. | as €3 |as E4 | as £5. | total- 136 Wes | 24 mes.
ool * | ealisted | 35 £, | as £,
- Service.) 8 of 11 | 10 of 13
years | years
— | ftotal total
Class B | service sen{ice
: : for-AGC._| be | must be
SCHOOL | T M, et | thistet
NC.tt
Locally o R
PRACTICAL  |prepared Record of Practical Factors, NavPers 1414/1, must be
FACTORS cllél:k‘- " completed for E-3 and all PO advancements.
. . n s. . oo
[~ Specified ratings must compiete
PERFORMANCE applicadle performance tests be-
TESS fore taking examinations.
ENLISTED | As used by CO Counts toward performance factor mdit in ad-
PERFORMANCE | when approving
EVALUATION - | advancement, vancement multiple.
Locally | §p0 | way-wid i - Navvwide |
. vy-wide examinations rmini\ Navy-wide, |
EXAMINATIONS e'fg;“ bOW. | for all PO advancements.  {selection. board.
' Required for £-3 and all PO advancements | Comespondence |
::Jﬁl{'awnfn unless waived because pf school comple- | - courses 3;“
ING NILIFARY tio, but meed not be répeated if identical “*:f“"s" el
REQUIRENENTS) course has already been completed. Seo\\""‘ i_'l- meo'sz
. NavPers 10052 (carrent edition), . — | Mavwers 1003
. __L{current edition).
AUTHORIZATION |  © n"'f‘:.‘,"; Naval Examining Ceater

= All advancoments require commanding otﬁcer s fecommendation.
t 1 year obligated service reuired for E-5 and E-6; 2 years m k], EB alll 3.
# Wilitary leadership exam requited for E-4 and E-5.
#+ For £-2 to E-3, NAYEXAMCEN exams or locally prepared tests uuy he used
t1 Waived for qualified EOD persoanel.

Figure 1-1.—Active-duty advancement requirements.
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T EVto [E2to [ E3to

service

' *- BHto|Et
| REQUIREMENTS B B 1) I B | B 1] £9
T 36 mos.|36 mos.|24 mos.
TOTAL TIME . ' with | with | whtn
' GRADE | 4 mes.[6 mos. |6 mes: |12 mes.|24 mes.| wtal | total | tota
' R R Byrs [ 1 yrs |13 y1s
service {service

TOTAL TRAINING
DUTY IN" GRADE |

14 days |14 days

14 days |14 days (28 days

42 days

e -

42 days| 28 days

| . PERFORMANCE Specified ratings must complete applicable
TESTS performance tests oefore taking uamination.m
DRILL Satisfactory naﬂicinatinu as 2 member of a drill unit
I’AII_TIBIPAI_INI ==

in accordance witn BUPERSINST. 5400.42 series.

PRACTICAL FACTORS
(INCLUDINE MILITARY
REQUIREMENTS)

for all advancements.

Record of Practical Factors. NavPers 1414/1, must be comp'leted‘.

RATE TRAINING .
MANUAL (INCLUDING

MILITARY REQUIRE

MENTS)

Completion of applicable course er courses must be eatered
. service record.

__ EXAMINATION

Standard Exam

.- Standard Exam
required for all PO
Advancaments.

Also pass

Military Leagership Exam - -

for £4 and E-5.

LN
% -

Standard Exam,
Selection Board.

AUTHORIZATION -

"~ Officer

Commanding |.

Naval Examining Center

* Recommendation hymm'a]liug officer f¥quired for"all alvancements.
T Active duty -periods may be substituted for training duty. o

- Fiéure 1-2,~Inactive duty advancement requirements.
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Advancement authorizations are then issued,

‘beginning at the top of the list, for the number

of men needed to fill the existing vacancies.

. 1
HOW.TO PREPARE FOR
ADVANCEMENT

What must you do to prepare for advance-
ment? You must study the qualifications for

advancement, work on the practical factors, -

study the required Navy Training Manuals, and
study other material that is required for ad-
‘vancement in yqur rating. To prepare for ad-
vancement, you will need to be familiar with
(1) theggs Manual, (2) the Record of Practical
: Factors, NavPers 760 (3) a NavPers publica-
tion caued Training Publications for Advance-
ment, NavPers 10052, and (4) applicable Navy
Training Manuals.
The following sections describe them ‘and
give you some practjcal suggestions on how to
use them in preparing for advancement.

The Quals Manual

The Manual of Qualifications for Advance-
ment, NavPers 18068B (with changes), gives the
minimum requirements for advancement to
each rate within each rating. This manual is
usually called the 'Quals Manual,''and the qual-
ifications themselves are often called "quals "
The qualifications are of two general
(1) military requirements, and (2) occupational
or technical qualifications.

MILITARY REQUIREMENTS apply to all
ratings rather than to any one particular rating.
Military requirements for advancement to third
class and second class petty officer rates deal
with military conduct, naval organization, mili-
tary justice, security,watch standing, and other
subjects which are required of petty officers in
all ratings,

.\\ ‘

GCCUPATIONAL QUALIFICATIONS are "

2 technical or professional requirements that are
directly related to the work of each rating.
Both the military requirements and the pro-
fessional qualifications are divided into subject
matter groups; then, within each subject matter

TORS and KNOWLEDGE FACTORS. Practical
factors are gs you must be able to DO.
Knowledge factors are things you must KNOW
in order to perform the duties of your rating.

The written examination you will take for

the practical factors and the knowledge factors

N e T e R T

“of both the military requirements and the pro-

fessional qualifications. If you are working for
advancement to second class, remember ihat
you may be examined on third class qualifica-
tions as well as on second class qualifications.

The Quals Manual is kept current by means
of changes. The professional qualifications for
your rating which are covered inythis training
manual were based on change 5 to the quals..
By the time you are studying this. course how-
ever, the quals for your rating. may have been
changed Never trust any set of quals until you
have checked it against an UP TO-DATE copy
in the Quals Manual. ’

Record of Practical Factors

Before you can take the servicewide exami- .
\nation for advancement in rating, there must be
an entry in your service record to s:»w that
you have qualified in the practical factors of
both the military requirements and the profes-
sional qualifications. A special form known : as
the RECORD OF PRACTICAL FACTORS, Nav:
Pers 1414/1, is used to keep a record of your
practical factor qualifications., This form is
available for each rating. The form lists all
practical factors, both military and profes-
sional. ]
perform each practical factor, appropriate en-

~ tries are made in the DATE and INITIALS
<olumns.

Changes are made periodically in the Manual
of Qualifications for Advancement in mng, and
revised forms of NavPers 1414/1 are provided
when necessary. - Extra space is allowed on the
Record of Practical Factors for entering addi-
tional practical fastors as they are published in
the changes to the Quals Manual, “ The Record
of Practical Factors‘\also provides space for
recording demonstrated proficiency in skills
which are within the general scope of the rating;
but which are not identified as minimum quali-
fications for advancement.

If you are transferred before you can qualify
in all practical factors, the NavPers 1414/1 .

* form should be forwarded with your service

group, they are divided into PRACTICAL FAC- -

advancement will contain questions relating to .

5

record to your next duty station. You can save
yourself a lot of trouble by making sure that
this form is actually inserted in your. service
record before you are transferred. If the form
is not inyour service record, you may be re-
quired to start -all over again and requalify in
the practical factors which ‘have already been
+checked off.

(5]

/0 g :

~As you demonstrate your ability to
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NavPers 10052

Training Publications for Advanceinent Nav-,
Pers 10052 (ravised), is a very important pub-

."lication for anyonz preparing for 2dvancement..
This bibliography lists required and recom- E

mended Rate Training .fanuals, and oiher
reference material to be used by personnel
working for advancement. NavPers 10052 is
revised and issued once each year by the -Bu-
reau of Naval Personnel. Each revised edition
is identified by a letter following the NavPers
Nnumber. When using this publication, be SURE
that you have the most recent edition. -
If extensive changes in qualifications occur

.in any rating between the annual revisions of
‘NavPers 10052, a supplementary list of study

material may be issued in the form of a BuPers
Notice. When you are preparing for advance-.

" ment, check to see whether changes have been

made in the qualifications for your rating, If
changes havebeen made, see if a BuPers Notice
has been issued to supplement NavPers 10052
for your rating, N

The required and recommelged references
are listed by rate level in NavPers 10052. If
you are working for advancement to‘third class,
study the material that is listed for third class.
If you are working for advancement to second

class, study the material thaf is listed for sec- -
. ond class;- but.remember that you arealsore-

sponsible for the references listed at the third
class level. ' _

* Inusing NavPers 10052, you will notice that
some ‘Navy Training Courses are marked with
an asterisk (%), Any.course marked in this way
is MANDATORY—that is, it must be completed
at the indicated rate level before you can be
eligible to take the servicewide examination for
advancement in rating. Each mandatory course
maybe completed by (1) passing the appropriate
enlisted correspondence covise that is based
on the training manual; (2) passing locally pre-
pared tests based on the information given in
the training manual; or (3) in come cases, suc-
cessfully completing an appropriate Class A
school. o

Do not overlook the sections of NavPers

10052 whichlists the required and recommended
references relating to the military require-
ments for advancement. Persovnel of ALL rat-
ings must complete the mandatory military
requirements training course for the appro-
priate rate level before they canbe eligible to
advance,

-~

¢

S 71

-t

The references in NavPers 10052 which are:
recommended but not mandatory should also be
studied carefully. ALL references listed in

" NavPers 10052 may be used as source material

for the written examinations; at the appropriate
rate levels. .

* Rate Training Manuals

There are two general types of rate training
manuals. The first type includes RATING man-
vals (such as this one) which are prepared for
most enlisted ratings. A rating manual gives
information that is directly related to the occu-
pational qualifications of ONE rating. The sec-
ond type includes SUBJECT MATTER manuals
or BASIC manuals which! give information thai
applies to more than one rating, )

Rate training manuals are revised from time
to time to keep them up to date technicslly.

" The revision of a rate triining manual is iden-
tified by a letter following the NarBers number,
fﬁten whether dny particula: copy of a
ing manual is thelatest editjon by checking
-ths NavPers number and the lettér following
this- number.in' the most recent edition of List
of Training Manuals" and -Correspondence
Courses, NavPers 10061. (NavPers 10061 Is
actually a catalog that list all current training
manuals and correspondence courses; you will
find this catalog useful in planning your stdy
program.) _ L

Rate training manuals are d:s'gisa to help
you prepare for advancement. ' The f{ollowing
suggestions may help you to make the best use
of this.course and other Navy training publica-
tions when you are preparing for advancement..
© 1, Study the military qualifications and the
occupational qualifications for your rating be-
fore you study the training manual, and refer

i tothe qualsfrequentlyas you study. Remember,

you are studying the manual primarily in order
to meet these quals. '
2, Set up a regular study plan. It will prob-

- ably be easier for you to stick to a schedule if

you can planto study at the sametime each day.
If possible, schedule your studying for the time
of ‘day when you will not have too many inter-
ruptions or distractions. ,

.. Before you begin to study any part of the

—"manual intensively, become familiar with the

entire book. Read the preface -and the table of
contents. Check through the index. Look at the
appendixes, Thumb through the book without
any particular plan, looking at the illustrations
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Chapter 1-ADVANCEMENT

and 'reading bits here and there as you see the
things that interest you. . -

4. Look at thetraining manual in moredetail
to see how it is organized. - Look at the table of
contents again. Then, chapter by chapter, read
the introduction, the headings and the subhead-
ings. This will give you a pretty clear picture

f the scope and content of the book. As you
ix through the book in this way, ask yourself
some questions:

. @ What do T need tb learn about this?
® What do I already know about this?
¢ How is this information related to infor-
/mation given in other chapters?
¢ How is this Information related to the
qualifications for advancement?

S. When you have a general idea of what is
in the training manual and how .. is organized,

fill in the details by intensive study. In each ~

study period, try to cover a complete unit—it
may be a chapter, a section of a chapter, ora
subsection.
can cover at one time will vary. If you know
the subject well, or if the material is easy, you
can cover quite a lot at one time. Difficult or
1€mfamiliar material will require more study
time.

6. In studying any one unit—chapter, section
or subsection—write down the questions that
ocour to you, Many people find it helpful to
make a written outline of the unit as they study,
or at least to write down the most important
ideas.

7. As you study, relate the information in
the training manual to the knowledge you al-
ready have. When you read about a process,

. a skill, or & situation, try to see how this in-
formation ties in with your own past experience.

8. When you have finished studying the unit,
take time out to see what you have learned.
Look back over your notes and questions. Maybe
some of your questions have been answered,
but perhaps you still have some that are not,

The amount of material that you

answered. Without looking at the training man-

ual, write-down the main ideas thdat you have . -

gotten from studying this unit. Don't just quote
the book. -If you can't give these ideas in your
own words, chances are that you hav'e not really
mastered the information. .

9. Use enlisted correspondence courses
whenever you can. The correspnndence courses
are based on rate training manuals or on other
appropriate texts.

Taking a correspondence course helps you
to master the information given in the training
manual and also helps you to see how much you
have learrad.

10. Think of your future as you study rate .
training manuals. You areworkingfor advance-
ment to third class or secongd.class right now,
but someday 11 be working toward higher
rates. Anyth extra that you can learn now
will help you both now and later.

SOURCES OF INFORMATION

One of the most useful things you can learn
about a subject is how to find out more about it. -
No single publication can give you all the infor-
mation you need to perform the duties of your
rating. You should learn where to look foriac-
curate, authoritative, up -to-date informatio
all subjects related to the military requirements .
for advancement and the occupational qualifica-
tions of your rating.

Some of the publications described here a\re -

subject to change -or revision from time to

time--some at regular intervals, others as the
need arises. When using any publication that
is subject to change or revision, be sure that
you have :the latest edition. When using. any
publication, that is kept current by means of
changes, be sure you have a copy ip which all
official changes have been made. ying can-
neled or obsolete information will not help you
to do your work or to advance, it is likely to be
a waste of time, and may even be seriously
misleading. _
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- CHAPTER2 |
O THE NATURE or LIGHT

Since the dawn ofcivilization, the real nature

.of light and the way it travels has been a con-

stant source of intrigue to man. ' The answer to
the question '""What Is Light"hasc ged several
times in the past 300 years and tb this very
day man is still experimenting, looking for the
scientific facts that will give a true answer.

THEORY AND SOURCE OF LIGHT

‘Since there is no true answer that explains -

all of the characteristics of light, we can only

study some of thetheories of lightand the known

facts of light behavior.
Space in this manual does not permit a dis~
cussion on all theories of light, but ‘some of

them are considered briefly in order to give .
you an idea concerning their impact on the de-/

velopment of current theories,

' LIGHT THEORIES

- Scientists havé always been interested in the

_properties of light, and because of their inquis-

itive minds and expériments, they developed
various theozles concerning light, The ancient

. Greeks, for example, believed that light was

generated by streams of particles ejected from
the eyes, and then reflected back into the eyes
by objects they struck. This theory did not last
long becatse
could not see as wc!! by night as by day.

S

Particles and Waves

In addition to the Greek theory of generated
particles, Issac Newton believed light to be a
flight of material particles originating froma
source of light, It was during Newton's time
that Christain Huygens and other physicists
developed the theory that light energy was-a
product of wave motion. The argument between
supporters of the particletheory and supporters
of the wave theory has continuedinto our modern
times.

e it did not explain why a person.

Corpuscular Theory

In"1704, Newton published his bock cailed
"OPTICKS'" in which he described light as a.
stream of particles he called corpuscles. From
this, Newton's theory became known as the
corpuscular theory. One of the primary argu-

.ments that supported the particletheory uf light

was the fact that light traveled in a straight
line. Since waves created on water cause a
disturbance around an obstacle and sound can
be heard around the corner of a building, parti-
cle supporters would not believe that light was
a wuve phenomenon.

Huygens is generally considéred to be the
Tounder of the wave theory. of light, and his
basic concept is still very useful in predicting
the behavior of light. “Although Huygens' theory
of wave motion appeared to be the logical ex-
planation for some phases of 1i behavior, it
was not accepted ‘for many yedrs. Huygens
could explain the passage of waves through wa-
ter, but he did not know how light waves passed
through space when coming from the sun. In
order to explain this mystery, he proposed that
light passed through a medium that occupied all
space which he called ETHER, He assumed
that ETHER even occupied space that was al-

~ ready occupied by matter.

About 50 years after Huygenb announced his

_ theory of wave motion of light, Thomas, Young,

Fresuel, and others, supported the wave theory,
and Newton‘s corpuscular theory was virtually
abandoned. These three scientists accepted the
ETHER theory and assumed that light was -
waves of energy transmitted by an elastic me-
dium designated by Huygens as ether.

Electromagnetic Theory

Three other scientlsta (Boltzmann, Hertz,.
and Maxwell) conducted experiments which
proved that light and electricity are similar in
radiation and speed. As a fesult of their ex-
periments, they developed the ELECTROMAG-
NETIC theory. They produced alternating elec-
tric currents with short wavelengths whicliwere

'
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/Chapter 2—THE NATURE OF LIGHT

undoubtedly of electromagnetic crigin and had
(/the properties of Light waves. This theory
etimes called the Maxwell theory) held that
energy was given off continuously by the radiat-
ing body.
{ For some years after promulgation of the
Msxwell théory of light, scientists thought the
[puzzle of light was definitely solved. In 1900,
{ however, Max Planck rejected the electromag-

/ netic theory. He did not hold the view that en-

/

ergy from a radiating body was given off con-
tinuously. His contention was that the radiating
body contained a large number of tiny oscil-
lators, possibly resulting from electrical action

of atoms in the body. His idea was that the en-

ergy given off by the body could be of high fre--
quency and have high energy value, with all
__possible frequencies represented. Planck ar-
gued :that the higher the temperature of the-
radiating body - the shorter the wavelength of
most energetic radiatton would be,

»

Quantum Theory !

In order 10 account for the manner in which
radiation\frora a warm, blackbody is distributed-
among th different wavelengths, Planck found
an equation to fit the experimental curves, which
were based on lightwaves of different length.

, He then came-to the conclusion that the small
icles; of radiated energy were GRAINS of
energy like grains of sand. He therefore called
these units quanta and named his theory the
QUANTUM THEORY. He assumed that when
quanta wére set free they moved from their
source iniwaves.

Five years later, Albert Einstein backed up
Planck with some complex mathematical equa-
tions. He showed that quanta somehow manage

to have a Irequency, like waves. But the quanta

are particles, just the same.

Experiments by R, A, Millikan showed that
- Einstein's| equations were correct. In 1921,
‘A, H. Compton studied the motion of the elec-
tron and the light quantum, both before and after
their collision. He found that particles of light
have momentum and kinetic energy, just like
particles of matter. And that brings us right
‘back to the corpuscular theory again,

Knowledge gained later by scientists from
the study of diffraction, interference, polariza-
“tion, and velocity - (explained later) proved-the

- corpuscular theory of light untenable. More .

recently, however, phenomena of light have been
discovered which are not accounted for by the

<= ¢

wave theory, so many scientists now accept

' Maxwell's electromagnetic theory.

Spectroscopy-and the birth of the larer have
given scientists valuable tools to experiment
with, \and the results of these experiments are
causing scientist toreview all previoustheories
of lighf. Although.not conclusivéthere is strong
evidence to support the belief that light is a
combination of the QUANTUM THEORY and the
ELECTROMAGNETIC THEGRY.

Inorder for a theory concerning light prop-
agation to be acceptable, it must prove all the

" phenomena of light propagation. Since we lack

a provzatheory, we have no choice but to accept
-the theory that best explains the passage. of
_ light through an optical instrument. .This is the

wave theory and it will be used for all discus-

sions of light in this manua.l.

SOURCE OF LIGHT

. Whether we have previously realized it or
not, all of our lives we have been aware of the
greatest source of light known to man. This is
the Sun, The sun and all other sources of ligit,
regardless of the amount that they give off, are
considered to be luminous bodies because they
emit energy in the form of visible light. All
luminous bodies are placed in.one of two cate-
gories, natural or artificial.

Natural
The only sources of natural lightare the Sun,

which is 93,000.000 miles away, and the stars. -

Although we receive light from the moon, it is
merely reflected - light that comes originally
from the Sun.

Artificial

From the previous statement, it is-easily
understood that all light not coming from the
. sun and stars is artificial light, This covers
all light from the first firc on earth to the mod-
ern laser. Man has made many artificial light
sources since Thomas Edison invented the first
incandescent bulb and with today's neon and
fluorescent lights we have a wide variety of
colors and intensities to choose from.

Ilumifited Bodies

. Any object that we are able to see, because
of the light energy reflected from its surface,

9 -
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v " 18 called an illuminated body. The moon, be-  body and observe the movement of the hand.

- cause it reflects light from the sun, is an_illu- Although the meter has no internal source of
minated body. The book that you afe now power, and despite the fact that the hand has a )
reading is an-illuminated body because it re- spring acting agninst it, the hand will move.
fle'gts light energy, whether it is from the sun, when light strikes the sensing element. THis is -

~ a natural source, or an artificial source, such a good indication of the energy of light,
as fluorescent light fixtures. : The unit used for measuring the luminous

: _ . . intensity of light is called CANDLEPOWER. If

Intensity of Illumination ' _ a luminous gource, for example, gives ten times

. : T as much illumination as a standard candle, it
Illumination ean simply be stated as the act  has the luminous intensity of 10 candlepower.

of casting light energy and the intensity of the Because "of the difficulty of getting exact
amount .of light energy that is given off is a measureéments witha standardsuch as a candle,

major factor in determining how weli we are  the National Bureau of Standards maintains a -
able to see an object. We know very well that  §Foup of incandescent electrie lights which ful-
at night when there is little light available it is  fill certain conditions as standards of measure-

- difficult to distinguish objects. ment, Sécgndary standards can be calibrated
In determining the intensity of illumination, = from thesé sta.ndard. lamps by any laboratory.
we measure the light energy coming from the . The intensity of light which falls on a non-

luminous or illuminated body. One way to do “~luminous source is generally measured in
- this is with the exposure meter used by photog-  FOOT-CANDLES, S . ‘
. raphers (fig. 2-1). All you need to do is turn The surface of an object is illuminated by

the metertoward alightsource oranilluminated , one foot-candle when its light source is one
_ . . candlepower at a distance of one ‘foot. The

X , . : formula for this is: o ‘ s
. . - . - . //'
: - e
~ Foot Candless = (E'Pdlep—wzer . // R
(Distance) . 7

~Hislon ~Dosil 17 . . <
LR e e Look now at figure 2-2,.-If the object i o
feet from the light sourceé, the light frora the
candle covers four timés the area it covered
after traveling one foot. The illumination at

vlﬁé\‘f"g R /# o this point is ONLY éne-fourth of a foot-candle.
4

Py

—_
javioxo SN N1

Ilamination provided by a candle is therefore
inversely proportional to the SQUARE OF THE
DISTANCE between the candle and the object.

TRANSMISSION OF LIGHT , | .

We know now that all forms of light-obey the

. 8ame general laws. When light travels in a
medium or substance of constant optical deiisity,
it travels in waves in straight lines and at a
constant speed. When light strikes a different - N .
medium from the one in which it is traveling, it :
is either reflected from or enters the medium. !
"Upon entering a transparent medium;”~ the speed =
of light is slowed down if the medium is MORE
dense, or increased if the medium is LESS
dense. Some substances of medium density
have abnormal optical properties and, for this

¢ ) reason, they ‘may be designated as optically
&) : 137.3 dense. If the light strikes the medium on an
o Figure 2-1.—~Electric exposure meter. angle, its course is bent (refracted) as it enters
Iy : - -
i 10
¢ .

& ;
Q. /5




!

. Chapter 2—THE NATURE OF LIGHT

137,12
Flgure 2-2, -The lgverse squa.re law of light.

the medium. NOTE Reflection and refrsction
are discussed fully later in this chapter, '

When discussing the characteristics of nght
however, we must-use and explain these and
other terms to the-extent necessary for you to
understand the discussion.

After you learn the characteristics of light
and the types and function of various optical
elements, you will then experience less diffi-
culty in understandlng image formation—the
prlme purpose of optical instruments.

——

Wave Energ

The pictures in illustration 2-3 were taken a,
fraction of a second apart. Note in part A that
the pebble made a dent in the solution (milk)
and that the surface is recovering its natural
position and is rising. Part B shows that the
surface of the milk has begun to rise and that
the original wave is beginningto spread. Energy

is spreading eut in theform of little waves from

the source of the disturbance :: the-surface of
the milk by the pebble; and the waves are cir-
cles which get bigger and bigger as the amount
of energy (wave motion) created by the pebble

_ causes.them to expand—the bigger the pebble,

the greater thyslze of the waves and circles.
When all the‘energy produced on the -milk by
the pebble 18 absorbed by the waves, they stop
formin as illustrated,
rmal radiation and light waves are of
same nature and exhibit similar properties.
ike light waves, thermal radiation normally
travels in straight lines and can be reflected
from a mirror or polished metal. Thermal
radiation is not heat; it is energy in the form
of wave. motion.

During the latter part of the 18th century,
scientists recognized that radiations from hot
bodies. consisted of electromagnetic waves (not
mechanical) of the same fundamental nature as
light waves, Luminous light sources such as

. the sun or the glowing filament of an electric:

light bulb act as oscillators in radiating energy
in-the form of light waves, and these waves
spread aut in all directions from their sources.
The sun pours forth radiant energy from its
e at the rate of 70,000 horsepower for
We yard of its surface,
Because light travels outward in all direc-
tions from its source, the waves take the form

_of growing spheres (fig. 2-4), the lumlnous point -
“of which is theec{agiz:. :

To understand physical nature of elec-
tromagnetic waves, refer to figure 2-5, in which
the transverse nature of electromagnetic waves
is illustrated. \

E and H denote the electric and magnetic
vectors, respectively, The electric and mag- -
netic vectors are ordinarily perpendicular to
each other and to the direction of _propagation,

The magnetic vector (H) oscillates along the
Y axis while the electric vector oscillates along
the X' axie and the direction of propagation is
along the Z axis.

he reader thus must visualize light waves
as traveling outwardas illustrated infigure2-4,

. and at the same time moving as illustrated in
7 figure 2-5, : .

. Light Rays - -~

A basic problem in the design of optical sys-
tems is the calculation of wave surfaces as they
progress through the various optical media. In
optics, this calculation is approximated by

> .
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Figure 2-4, —Light waves created by a light,

considering a relatively small number of rays,

and then tracing these rays through the system.

. Single rays of light do.not exist; but the term

light ray is used thrgughout this manual for the

sake of clarity and convenience in showing the

direction of travel of the wave front. Light is

indicated by one, two, or more, representative
~ light rays in white lines, with arrow heads to
. indicate the direction of travel.

Refer now to illustration 2-4 again and ob-
serve that light is moving in all directionsfrom
the light bulb. Then study figure 2-8, which
shows lines with arrow heads to indicate that
the direction of travel of the light is along the
radii of the sphere of light and at right angles
to the fronts of the waves. The light which
travels along these radii i designated as light
rays.

A wave front which rhdiates from a light
source is curved when it is near the source and
the radii of the waves diverge or spread.

As these waves move outward, however, the
wave front becomes 1éss curved and eventually
almost straight, as indicated in figure 2-17,
After traveling a distance of 2,000 yards from
p S A their light sources, wave fronts are considered

N ' . - to be parallel to each other.

' 1374 - A pinhole camera (fig. 2-8) is a good exam-
Figure 2-3.—Creation of waves in a liquid ple of the manner in which light travels outward
by a dropped pebble, from its source. Such a camera is merely a

~ 12
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Figure 2-5.—'1}e electromagnetic nature of a light wave.

137.8

Figure 2-6,—Direction of travel of light waves.

box with a sheet of film at one end and a tiny
pinhole instead of a lens at the other end. Note
that the camera is taking a picture of an arrow

DIRECTION OF
PROPAGATION

137,493 /

Figure 2-7.—Waves and radii from
: a distant light,

‘by light reflected from some-luminous source

and that each point on the arrow is sending out
light rays in a dispersed manner,

One ray of light from each point onthe arrow
enters the pinhole in the front of the camera

"and lands upon the film. Since light travels in

-
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Figure 2-8,—~Light rays creating an image
- onthe film of a pinhole camera.

straight lines, no light reaches a given point on1
the film except the ray which comesg from the
corresponding point on the arrow. 'The rays of 137.14

, light which pass through the pinhole of the cam- Figure 2-9.~Measurement of a wavelength,

N era form an inverted arrow on the film, . . ) Y

WAVELENGTH AND FREQUENCY

\

; The action of waves onthe surface of aliquid
- " (fig. 2-3) helps to understand the wave motion .. -
¥ of light but in order to uAderstand fully the
speed at which light travels you must compre-
hend the length of a wave and its frequency.
+ A wavélength is the DISTANCE BETWEEN
the crest of one wave and the crest of the next
(adjacent) wave, as illustrated in figure 2-9.
The best way to measure a wavelength is by the
FREQUENCY—the number of waves which pass
a point in one (1) second. You can determine
this by putting a stake in water and counting the
number of waves which pass the stake per sec-
ond, See figure 2-10.

: If waves are moving at a speed of 3 feet per

second and have a frequency of 6 waves per
second, you can determine the wavelength by
using the formula that shows the relationship
which exists between the speed, frequency, and

137.15
Figure 2-10, —Determination of wave frequency.

By applying the formula to the above problem,

 wavelength of light. we get
‘ The formula is: . . ' . 3=6a
' c =1a 3/6 = A —
c-= speed of light in a .vacuum, A =.5

f = frequency of waves
- Light waves, in contrast withwaves on water,

A = (Greek letter "Lambda’") wavelength are much too short to be measured in inches or

i 14
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* millimeters. (A millimeter is about 1/25th of

an inch. A light wavelength is sometimes
measured in microns, represented in formulas
by 4. A micron is one-thousandth of a milli-
meter.) For measuring a minute wavelength of
light, a shorterunit than a miicron must be used.-
This unit is the MILLIMICRON, which repre-
sents one one thousandth of a.micron and is
abbreviated my.

. Another important unit used for measuring

* wavelengths is the ANGSTROM UNIT (AU),

which is 1/10th of a millimicron, or one ten-
millionth of a millimeter. Because these units
are still inconveniently long for measuring the
shortest electromagnetic waves, the X-ray unit
{XU) is used for this purpose. It is one one-
thousandth of an Angstrom nnit.

ELECTROMAGNETIC SPECTRUM

The ELECTROMAGNETIC SPECTRUM may

be divided into nine major regions of radiation,
depending onthe general character of the waves:
(1) long electric waves, (2) r-adis waves, (3) ra-
dar, (4) infrared, (5) visibic light, (6) ultra-

violet, (7 x-rays (8) Gamma, and (9) Cosmic "

rays. Together, all of these form the electro-
magnetic spectrum, illustrated in figure 2-11.
The visible portion of the electromagnetic
spectrum consists of wavelengths from ,00038
The different wave-
lengths represent different colors of light. Note
the arrows which point tothe wavelengths of the

colors of the rainbow in the spectrum. Observe . -

also that the wavelengths in this part of the
spectrum (vision and photography) are in milli-
microns of wavelengths. Wavelengths in the
electromagnetic spectrum (extreme left) are in
microns.

Note in illustration2-11 that the wavelengths
we call light are between 400 and 700 milli-
microns, each spectral color has its own small
range of wavelengths, If light around 660 milli-
microns of wavelengths, for example, reaches
your eyes, you see RED (sensation of red on

the retina). Around 460 millimicrons the wave-

lengths of light which reach your eyes are
BLUE; so the red waves are therefore much
longer than the blue waves.

When light with a wavelength of 300 mmi-
microns reaches your eyes, you receive no
-sensation of color. Radiation of this wavelength
is generally called ULTRAVIOLET LIGHT.
Ultraviolet Tays (radiation) from the sun cause
sunburn and sometimes blisters. CAUTION:

All short-wave radiations can do some damage
if you get too much of them. A prolonged dose
of strong X-rays, for example, causes irrep-
arable damage to the body. Gamma rays are
deadly short wave radiation given off by atomic"
particles. ’

Note that the infrared light rays are between
1 micron and . 100 microns in the electromag-
netic spectmim. These rays are called HEAT
rays. We cannot see infrared rays; but if we
could Bee them, everything would 1ook different. -
Study illustrationa 2-12 and 2-13. Figure 2-12
shows a photograph taken by visible light; fig-
ure 2-13 shows a picture of the scene.in figure
2-12 taken with infrared film with a red fjlter
over the lens. )

Infrared light is used also for signaling be-
tween ships at night, Ir aerial reconnaissance,
too, we use infrared photography to get more
and better details of the area photographed. A
camouflaged object, for example, may blend
with its surroundings and be invisible from the
air; but if it does not reflect the same amount
of tntrared as its surroundings, an infrared
photograph makes the carouflage stand out
clearly.

- During World War II SNOOPERSCOPES with
powerful spotlights which sent .forth beams of
invisible infrared light were used to watch the
enemy at night, When the infrared beams sent
out by the spotlight struck an objget and re-
flected it back to the snooperscope; the scope
changed thé infrared to visible wavelengths,
SNIPERSCOPES used on rifles in the Pacific
during the war- work on the same principle as
the snooperscope

Obaérveinngurez -11 that RADAR waves
are adjacent to the infrared rays in the electro-
magnetic spectrum-and have wavelengths alittle
longer than infrared. We know that these wave-
lengths travel at the same speed as light be-
cause they have been sent to the moon and re-
flected back in about 2.8 seconds. Because the
distance of the moon from the earth is approxi-
mately 240,000 miles (in round numbers),
2 x 240,000 + 2.6 seconds = 184,515, the speed
of radar in miles per seconds.

-

SPEED OF LIGHT

The difference in the speed of light through
air, glass, and other substances accounts for
the bending of light rays. Without this charac-
teristic of light, a glass lens could not bend
light rays to a focus, as you will learn later in
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Chapter 2—THE NATURE OF LIGHT

was not successful; and he concluded that the
speed of light was too great to be measured by
this method. His final thought relative to the _——

Figure 2-12.—Photograph of scene in

137.18
illustration 2-13 taken by visible light,

137.17

_ Figure 2-13, ~Photograph taken by
infrared light.

this text, The length of all waves inhe electro-

Because light travels withsuch high velocity,
it was years before any one could measure its
speed. Galileo tried to measure it by having
two men in towers on hills gsome cistance apart

flash lights at . Each person flashed
his light as 8 he saw the light signal of
the other. Galileoreasoned that he could deter-
mine the speed of light by dividing thetotal dis-
tance the light triveled by the time required

e
" for the transmission of signals, His experiment

22

speed of light was that its transmission through -

space was perhaps instantaneous.

Roemer's Measurement

" Olaus Roemer,.a Danish astrono:mer;-in 1675

‘calculated the speed of light by observing the

irregularities in the times between successive
eclipses of the innermost moon ot Jupiten by
that planet.

Roemer observed the position of Jupiter's

" moofis revolving around the planet. The moons

appeared on one side and then moved across in
front of the planet and -disappeared behind it.
Hé could cdlculate accurately when one of the
moons .- would be eclipsed by the planet. When
hetried to calculate ahead six months, however,
he learned that-the moon eclipse occurred about
20 minutes later than he had calculated. He
therefore concluded that the light had taken this
amount of time to cross the .diameter of the
earth's orbit, which is approximately 186,000,000
miles. The dlmculty was that Roemer did not

. correctly evatuate the speed of light; later

measurements- showed that the time was about
1,000 seconds, which gave 186,000 mués per
second as the velocity of light,

Michelson's Measurements = -

~—

--—~The most accurate measurements of the
speed. of light were made after 1926 by A, A.
Michelson, - a distinguished American physicist,
and his colleagues. Professor Michelson used
an octagonal mirror in af apparatus illustrated

" in figure 2-14, He measured the speed of light

in air over the exact distance betweenq Mt, Wil-"
son and Mt. San Antonio, California. The light
source (mirror) and the telescope were located
on Mt. Wilson and the concave and plane mir- -
rors were located on Mt. San Antonio, about 22
miles distant, ~
Study the ulustration. Mirrer M is stati
ary, and Professor Michelson passed a pe
of light through a slitand a lens to the octagoﬁ
mirror. NOTE: A pencil of light is a narrow
group of light rays which come from a point
source, or converging toward a point. A pinhold
opening produces a pencil of light rays. Mirror
M then reflected the light from positicn 1 to
Mirror M', which (in turn) reflected the pencil
dnghtbacktopotnts ontheoctagunalmirror.
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LENS LIGHT REFLECTED FROM

OCTAGONAL MIRROR

> =

OISTANCE
22 MILES

—

~
LIGHT RAY REFLECTED
EROM THE MIRROR AT
MOUNT-SAN ANTONIO

LENS .

V EYE

MOUNT
WILSON

137.13
Figure 2- 14 ~Michelson's mirror method
for measurlng the speed of light. -

The octagonal mirror was next put into motion '
and increased in speed enough to move position -

2 on the “octagonal mirror " into the position
formerly occupied by position 3 during the time
required for the light to travel from position 1
on the-octagonal mirrozf to Mt. San Antonio and
return. After sever
with his apparatus, Professor- Michelson con-
cluded that the speed df light in air was 299,700
kilometers (a ‘kilomgter is .6214 mile) per
second. . :
Sometime -later, Professor Micheison used

e mile long to measure the
ACUUM.. The vacuum tube
in air depsity and haze
from the test, and the experiment showed-that

speed of light in a

" the speed of li@t in a vacuum was slightly

higher than in air. The velocity of light ina
vacuum is generally accepted as 300,000 kilo-
meters per second, or 186,000 miles per second.

Modern physicists compute the speed of

_ light with great accuracy. Some of their meas-

urements, are based on light interference. For
all practical purposes, however, the speed of

‘light in air or in a vacuum is considered as

186,000 miles per second.- In media more dense

years of observation .

than air, the speed of light is slower, as indi- °

cated by the speed of yellow light in the follow-
ing substarees:

- Quartz .+ ... 110,000 miles per second

Ordinary .
crown glass,
Rock salt . ..
_. Boro-silicate

crown glass,

122,691 miles per sécond
1;0,000 miles per second

122,047 miles per second

~ Carbon :
disulfide. . . 114,000 miles per second
Medium flint -

* glass . 114,320 miles per second
Ethyl alcohol‘ 137,000 miles per second
Water .. ... 140,000 miles per second -
Diamond es. 11,000 miles per second

NOTE° All golors of light travel at the same
speed in
the vel

COLOR OF LIGHT -

Because sunlight includes whole range of
wavelengths between 400 mp and 700 mpu it is a

mixture of all visible colcrs b&étween red ‘and ™.

violet. Illustration 2-15 showg how you can
prove this. Whenthe sun is s g, put a prism
on a table in a room with one ow and cover
the window with dark paper or cloth., Then cut
a horizontal slit about an inch long and 1/16th
of an inch wide in the paper to admit a small
quantity of light. Hold the prism close -to the
slit to ensure passage of sunlight onto one -of
the long faceés of theprism. (Lenses and prisms
are discussed in detail in chapter 3 and 4. At
the same time, hold a ground glass screen or a
sheet of white paper on the other side of the
prism, 6 to 8 inches away. When- the sunlight
passes through the prism, wavelengths of vari-
ous colors refract at different angles.toward
the base of the prism and produce the colors of
sunlight (the rainbow) on the glass screen or
sheet of white paper. This breaking up of white
light into its component colors is called DIS-
PERSION.

SELECTIVE REFLECTION
AND ABSORPTION

If you look at a piece of red paper in the
sunlight, you see red; but this does not mean
that the paper is making red light. What it does
mean is that the paper is reflecting a high per-

". centage of the red light which falls on it and is

18
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absorbing a high percentage of all other colors.

When you look through yellow glass, you.see
yellow, because the glass is transmitting yellow
light and is absorbing most of the other colors.
Usually, yellow glass absorbs violet, blue, and
some green; but it transmits yellow, orange,
and red. When yellow, orange, red, and a little
green all enter your eye at the same time, how-
ever, the color you see is yellow. -
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SCREEN WITH SLI
ADMITTING RAYS
OF-SUN_ LIGHT

Selective absoxrption of light is what takes
_ place when a color, filter is used on an optical
instrument. An image may be blurred by haze
or fog, but when a yellow filter is put into the
line of sight the imdge becomes sharper. The
reason for this is that a thin haze permits most
of the light to pass through, but it scatters some
of the blue and violet light in all directions.
Haze is therefore visible because of the scat-
tered blue and violet colors. The yellow filter
absorbs blue and violet and the haze becomes
" almost invisible,

COLOR VISION

A pure gpectral color is composed of light
of one wavelength, or a very narrow band of
wavelengths, - When this light enters your eyes,
it gives a sensation of color; but you cannot
judge the wavelength of light from color sensa-
tion, Most of the colors you see are not pure
spectral colors but mixtures of these colors.
The sensation you get from these mixtures
are therefore not always what you may expect,

\ Figure 2-15.—~Dispersion of light into a spectrum by a prism,
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VISIBILITY OF OBJECTS

In .order to fully understand our ability to
see an object, we must understand what light is
and how it reacts with matter. Just to be sure
you understand let's recap what we have studied:

-

e Light is a form of energy. '

¢ Experiments show that light has the nature
of particles and is propagated in waves.

e Visible objects give off light that enters
our eyes,

o Luminhous objects are a source of light,

¢ Nonluminous objects reflect light from

. another source,

o Light travels in straight lines as rays of
light,

e Only the energy of a wave travels,

o The intensity of light is measured in candle
power,

o Wavelengths is the distant between two
successive waves,

e Frequency is the number of waves passing
a fixed point in one second.

e Visible light is a relatively small range of
the electromagnetic spectrum,

B 24
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e The speed of all electromagnetic waves is
the same in a vacuum.

® The speed in more dense media is less,
and varies with the wavelength.

o White light is made up. of a mixture of
wavelengths between about 400 and 700
millimicrons (mu).

® When an object reflects some of the wave-
lengths of light, but absorbs' others, it
gives a sensation of color.

We see things. because of reflected light.
Objects look different because they reflect light
in a different manner. The difference in.‘the
intensity of light makes a difference inthe visi-
bility of an object. Color, likewise, makes a
difference in the visibility of objects. - If. one
object absorbs. twice as much color as another
object, you have no difficulty in differentiating

between them. You can therefore judge the size _j

and shape of an object because of the difference
in color or intensity of reflected light.

Refer now to illustration 2-16, one part of
which is an egg and the other part is a piece of
white cardboard cut to the approximate' dimen-
sions of the egg. You can easily distinguish
each by the way light is reflected from them,
All parts of the cardboard reflect light equally,
because all rays of light fall on it at the same
angle, Rays of light on the egg, however, strike
the shell at different angles; and the amount of
light reflected from any surface depends upon
the angle. of incidence (explained later) with
which the rays of light strike the shell,

" Another way to tell the difference between
the egg and thé piece of cardboard is by the
shadows cast by the egg. Observe the right

,side. of the egg. Because of the difference in
" the angles with which the light strikes the egg,

you can detect roughness in the shell. This
roughness indicates texture, which causes an
object to show minute differences in color or
shape all over the surface.

FOr the sake of convenience, we can divide
objects into three different classes, according
to the reaction of light when it falls upon them:
OPAQUE, TRANSLUCENT, AND TRANSPAR-
ENT.

OPAQUE OBJECTS

All the light which falls upon an opague ob-
ject is either reflected or absorbed—none of
the light passes through, This is important,
because most objects are opague, No object,

20

7 aa, 24
Figure 2- 16.—Vlaual determination of
difference between objects.

however, is completely opague. If it is thin

. enough, you can see through anything. Even
heavy metals such as silver and gold allow
some light to pass through them when they are
painted in a thin film on glass. When this film
is made a little thicker, it pertnits light to pass
through, but you cannot see through the film.
It is translucent, not opaque.

Tubes which hold lenses and prisms in opti-
cal systems are opaque, to prevent entrance of
light into the system except through the front
lens. These tubes are painted a dull or flat-
black color inside, 8o that they will absorb and
not reflect light which falls on them.

TRANSLUCENT

When light falls upon a translucent object,
some of it is absorbed and reflected; but MOST
OF THE LIGHT is transmitted throughthe ob-
ject and diffused or scattered in all directions,
This is what happens, for examplp, when light
passes through ground glass plate,/stained glass
windows, or a thin sheet of paraffin. If you hold
these items in front of a strong light, you can
see that much of the light passes through, even
though you are unable to see a clear image of
the source of light. .

Transparent

A transparent object reflects and absorbs a
small amount of the light which strikes it; but
it permits most of the rays to pass through.

- Refléction and absorption are prime factors

in determining the quality of optical glass used

A5
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in the manufacture of instruments. This will
be discussed in greater detail later in -the

. A window pane is a good example of a trans-
parent object. Clear glass is considered to be
transparent, tut the thicker the glass is the

.- greater the loss of transparency.

~ REFLECTION

You know from experience that a mirror
reflects light. If you experiment with a plane
mirror in a dark room with a window through,
which you can admit light, you will find that you
can reflect a beam of light to almost any spot

in the room. When you hold a mirror perpen-

dicular toa beam of light, you can reflect the
beam back along the same path by which it en-

" tered the room, Figure 2-17 shows how to do
this, .

et

= ' T 131,25
Figure 2« l’l -Reflection of a beam of light
~ ~back’on its: normal or perpendicular.

I you ghift“the infrror to an angle from its
petpendicular position, the reflected. beam is
shifted at an angle from the incoming beam
twice as great as the angle by which you shifted
the mirror: Study figure 2-18, If you hold the
mfrror at a 45° angle with the incoming beam,
the reflected beam is projected at an angle of
90° ‘to the .incoming beam. Remember this
characteristic of light. .

Figure 2- 18 —Reflection of beams of light
at“different angles,

The simple experiments just discussedil Se

_trate one of the dependable actions of light,/ You
here -

can reflect light precisely to. the point
you want it, because any kind of light reflected
from a smooth, polished surface acts in the
same manner, This prope}-ty of light is put to

use in many typ instruments,

Refer now to figure 2-19, the ray of light
which.strikes the mirrér is ca.lled the INCI-
DENT ray, and-the ray which bounces off the

mirror is known as the REFLECTED ray. The

imaginary line perpendicu.lar to the mirror at
the point where the ray strikes is called\ the
NORMAL or PERPENDICULAR. The dngle he-

tween the incident ray and the normal is the.

ANGLE -OF INCIDENCE; the angle between the
reflected ray-and the normal 18 the ANGLE OF
REFLECTION -

Law of Reflection

The law of reﬂectlon is covered by three -
- basic statements: .

-

o The angle of reflection equals-the angle of
_incidence. * .
e The incident ray and the reflégted ray lie
on opposite sides of the normal.

e The incident ray, the reflected ray, and
the normal, all'lie in the same plane.

[N
°
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Figure 2-19.—Terms used for explaining : "
. reflected light, .

- {
By applymg the law of reflection, you can . , ]

see that in all cases of reflection the angle of i /- ' _
reflection can be plotted as long as the angle of . . ~ ; 1
incidence “is known, or vice versa. To illus- .137.29 /
trate, study figure 2-20. In this instance you Figure 2-20, —Application of the law of '
desire to put the No. 4 ball in the nearest * teflection onapool table,
pocket; but your cue ball.is behind the 8 ball.’ -

If you are an expert pool player, you know-
where to strjke the right side of the pool table
with the cue ball in order to have it reflect on
.a line which will enable it to hit the No. 4 ball

and put it in the pocket Angl_e b must equal
angle a. -

Regular Reflecticn oo ~_
. Whenever there is mirrorlike reflection in
which  the angle of reflection is equal to. the
angle of incidence, you have speculor or com-
monly called, *'regular reflection." Speculor
reflection can'only come from a plano polished
surface, and, if the incident light is parallel,
the reflected light will be parallel as shown in
figure 2-21, It also stands to reason that if the
" incident light is diverging or converging then
\the reflected light will be travelmg in a like
Inanner. .

Difque Reflection

. 137 30
) Figure 2-21,~Regular reflection,
" The antithesis of speculor reflection is dif- gur gul :

fuse retlectiop and it will occur when light is

reflected from” a rough surface, or an object

that has an irregular surface. Diffuse reflec- -

tion is defined as a ra.ndom distribution of

included angles for a series of rays traveling

-from the'same source. As shown infigure 2-22,

diffuse reflection is a scattering of the 1nc1dent '
light and it accounts for our abllity to see all
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Figure 2-22,—Diff
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. nonluminous objects as weu as distinguish
‘shape and texture.., The surface of the paper in
this manual is essentially rough and the light
that is reflected t‘rom it is diffused.

REFRACTION )
As you study.-the meaning of refraction, re-
fer to figure 2-23, which shows what happens to
rays of light as they pass through a sheet of
" glass, Both plane surfaces of this, glass plate
are parallel and air contacts both surfaces,
Glass and air are transparent but the glass is
optically more e than air;>so light travels
approxi one-third slower in Elass than in

; air, '
- _—~"Observe the dotted lines (N & N') in ‘the_
" illustration, These are the pormals erected
for the.incident and refracted rays. When a
.light ray (wave front) strikes the surface of the
. glass at right angles (parallel to the normal),

- 137,31 it is not bent as it passes through thW
reflection,. This is true because each wave fron rikes

NORMAL

LA

I

Figure 2-23.—Refrastion of light beams %y a sheet of glass.
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"

~ the surface squarely. The wave front is slowed
~ down when it strikes the surface of the glass,

but it- continues in the same direction it was
When it
squarely strikes the other surface of the glass,
it passes straight through without deviation

. from its course.

If a wave front strikes the first surface of
the glas$ at an angle, as illustrated in part B of
figure 2-23, one edge of the first wave front
arrives at the surface—an instant before the
other edge; and the"edge which arrives first is
slowed down as it enters the denser medium
before the second edge enters. Observe that
the second edge continues to travel at the same
speed, also, until it strikes the surface of the
glass. Thls slowing down of one

causes the front to PIVOT
NORMAL.

The information just given rélativeto a wave

front which strikes' glass plate is applicable
FOR ANY FREELY MOVING OBJECT. When
one side of the object is slowed down as it hits
something, the other, side continues to move at
the same speed and direction-until it also hits
something. This action causes the object to
pivot inthe direction of the side which hits first
and slow‘down. Pivoting or bending- of light
rays (wave fronts) as just explained, -is called
REFRACTION; and the bent (pivoted) rays are

labeled REFRACTED RAYS.

If the optical density of a medium (glass in

‘this case) remains constant, the refracted light

rays continue to travel in"a straight line, as
shown in part B of {igure 2-23, until the surface
from which they emerge (glass-to-air surface)
causes interference, At this point, an:opposite
effect occurs toa wave front, As one edge of
the front reaches the surface (glass-to-air), it
(186,000 miles per second at which it entered
.. the glass). :

Speeding up of one edge of a wave front be-
fore the other edge speeds up, causes the front

to pivot again; but this time it pivots toward the -

-edge of the front which has not yet reached the
surface of the glass. Again, THIS BENDING OR
PIVOTING OF THE WAVE FRONT IS’ CALLED
REFRACTION.

If the élass plate has parallel surfaces, the

.emergent light ray (ray refracted out of the

glass) emerges from the second surface at an

‘angle equal to the-angleformed by the incident

ray as it entered the glass. If you draw a dotted

line along the emergent liéht ray (fig. 2-23),

‘straight back to the apparent source of the ray,
-you will find that the emergent ray is parallel '

to the incident ray.

If the optical density of a medium entered by
a light ray (wave front) is constant, the light
follows its coursein a direct line, as illustrated
in part B of illustration 2-23,

Laws of Refracti on

You should understand thoroughly. all laws of
refraction. Briefly stated, they are as follows:

1, WHEN LIGHT TRAVELS FROM A ME-
DIUM OF LESSER DENSITY TO A MEDIUM OF
GREATER DENSITY, -THE PATH OF THE
LIGHT IS BENT TOWARD THE NORMAL,

2, WHEN LIGHT TRAVELS FROM A ME-
DIUM OF GREATER DENSITY TO A MEDIUM
OF LESSER DENSITY, THE PATH OF THE
LIGHT IS BENT AWAY FROM THE NORMAL.

3. THE INCIDENT -RAY, THE NORMAL,
AND THE REFRACTED RAY ALL LIE IN THE
SAME PLANE,

4, THE INCIDENT RAY LIESON THE OP-

POSITE SIDE OF THE NORMAL FROM THE
REFRACTED RAY.

Study illustration 2-24 and then review care-

“fully all laws of refraction. Note the NORMAL, .

the ANGLE OF INCIDENCE, and the ANGLE OF
REFRACTION, :

The amount of refraction is dependent upon
the angle at which light strikes a medium and
the density of the new medium~—the greater the .
angle of incidence and the more dense the new
medium, the greater the angle of refraction. If
the faces of the medium are parallel, the bend-
ing of light at the two faces is always the same.
As illustrated in part A of figure2-25,the beam
which leaves the optically more dense medium

. is parallel to the incident beam. An important

thing to keep in mind in this respect, however,
is that the emergent -beam must emerge from
the more dense medium into a medium OF THE
SAME INDEX OF REFRACTION AS THE ONE
IN WHICH IT WAS ORIGINALLY TRAVELING;

~ that is, air to glass to air, NOT air to glass to

water (as an example).

You can demonstrate refraction visually by
placing the str edge of a sheet of paper at
an angle under the edge of a glass plate held
vertically (part B, fig. 2-25), Observe that the

. ‘straight edge of the sheet of paper appears to
‘have a jogin it directly under the edge of the
~ glass plate. The portion of the paper on the

24 L
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other side of the glass appears dlsplaced as a
result of refraction. If you move the sheet of
paper in order to changethe angle of its straight

edge, the amount of refraction is increased or

decreased.

Study figure 2-26, which shows a straight
stick in a glass gf water, Note that the stick
appears bent at the surface of the water. What
you-see here is an optical illusion created by
.. refraction. When a ray of light passes from
air into water, it bends; and when it- passes
from the water into the air, it also bends. This
"illustration shows why a fish in water is NOT
WHERE HE SEEMS TO BE—he is much deeper,

137.33

Figure 2-26,~Optical illusion caused
by refraction;

The angle between the refracted ray of light

and a straight extension of the incident ray. of

light through the medium is called THE ANGLE
OF DEVIATION, This is the angle THROUGH"

WHICH THE REFRACTED RAYIS BENT FROM

ITS ORIGINAL PATH BY THE OPTICAL DEN-

SITY OF THE REFRACTING MEDIUM,

Now observe figure 2-27, This, illustration

shows how light is effected by a medium whose
/eﬁtrance and emergence faces are not parallel

to each other. In this illustration all laws of
refraction still apply.

miles per second.

) 110,32
Figure 2-21, -Passage of light rays
through a prism,

Index of Refraction -

As ycu read earlier.in this chapter, the
speed of light in a vacuum is about 186,000
Its speed through ordinary’
glass, however, is about 120,000 miles per sec~
ond. This ratio between the speed of light in a
vacuum and the speed of light in a transparent
medium is known as the INDEX OF REFRAC-~

. TION for that medium, On optical drawings and

in optical text books, the index of refraction is
designated by the letter n. It is written as a

~number and applies tothe relation between the

angle of incidence and the angle of refraction
when light passes from one medium to another,
or frcm a vacuum to a medium.

The index between two media is called the

""RELATIVE INDEX" while the index between a

medium anda vacuum is called the "ABSOLUTE
INDEX." The index of refraction expressed in
tables is the absolute index while in practice
the relative: index is figured. When working
with optical drawings of instruments, the rela-

‘tive: index must be figured because you will -

i
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have light passing from one medium to another.

(AIR TO GLASS, GLASS TO GLASS, and GAS
. TO GLASS),

When deterrrxining the absolute index the
formula is:

INDEX OF REFRACTION = _ Velocity in Vacuum

Velocity in Medium

Now apply-the' formula when figuring the abso-
lute index of a diamond in which light travels at
77,000 miles | per second.

186,000 _ 5 415

" = =000

If you need to determine the relative index of a
diamond in water, you need only substitute the
velocity in water for the velocity in a vacuum,

140,000 _y g0 —
= 7,000

Following is a list of absolute indices of re-
fraction for some materials;

vacuumlqlllll llllQ_llooo

Airll.llllllllllll. 1.0003
_watereoo'llllllllllle 1.33
F‘lseth‘artz l"lllll;l. 1.46
- CrownGlass ¢.oo oo 00s., 1,52
Canada Balsan ........ 1.53
Light Flint . ,......... 1,57

NOTE: For most computations the index of air:

is considered to be the same as vacuum (1.000).

Since the -index of -refraction of transparent -

materials of high purity shows a constant rela-
tionship to the physical properties of the mate-
rials, you can therefore determine the identify

of transparent materials by measuring their .
indicus of refraction,

Angle of Refraction

The amount that a ray of light is refracted

(angle of refraction) in a transparent medium

- depends on two factors:

® The angle at which light strikes the sur-
face (ANGLE OF INCIDENCE),

e The density of the medium. (INDEX OF
REFRACTION, )

.When light from the same source strikes

" two different media at the same angle, the light

striking the medium with the highest index of
refraction is refracted the most,

In 1621, Willebrord Snell, a Dutch astron- |

omer and mathematician at the University of
Heyden, found the correct relation between the

angle of incidence _and. the- angle of refraction..

SNELLdeveloped a formula for determining the
angle of refraction. known as SNELL'S LAW,

n sineé = n' sine §'

-

In this formula n is the index of refraction

in the first medium, n' is the index for the sec-
ond medium, sine is a trigonometric function,
and # (the Greek letter, theta) refers to the
first angle, while 0' refers to the second angle.

™ Simply stated, SNELL'S law says: -

e THE INDEX OF REFRACTION OF THE
FIRST MEDIUM, TIMES THE SINE OF
THE ANGLE. OF INCIDENCE, IS EQUAL
'TO THE INDEX OF REFRACTION OF
THE SECOND MEDIUM, TIMES THE SINE
OF THE ANGLE OF REFRACTION.

NOTE: In order to find the sine of an angle,

you must refer to a table of natural trigono-
metric functions.

A very important thing for the reader to

remember is, ALWAYS MEASURE THE ANGLE

OF INCIDENCE BETWEEN THE INCIDENT
RAY AND THE NORMAL, 'LIKEWISE THE

ANGLE OF REFRACTION IS MEASURED BE-

TWEEN THE NORMAL AND THE REFRACTED
RAY,

In order to apply the formula toa practical
problem let's assume that the ray light in figure
2-24 is contacting at an angle of 45°, a plate of
glass,-whose index of refraction is 1,500, Ac-
cording to Snell's law, the index of refraction

(n) -of the first medium (AIR = 1,000) times the -

sine of the angle of incidence (45° = .7071)

- equals the index of refraction (n') of the second
. medium (GLASS =1,500) times the SINE of the

angle of REFRACTION.

1,000 X .7071 = 1,500 X sine '

~,.7071 = 1.500 X sined!'
.\ ) .
5 (11 QP
4TS =

sineg’'




s

- TR TY
e T e Y ST e T RN 1OV e Y R Y T AR 2L Lo

e b e i

T TS

s

.

OPTICALMAN 3 & 2

By reierrxng once again to the natural trigo-
nometric tables, we find that .4714 is the value
of the angle 28°-7' 30", the angle of refraction
in the second medium,

If you now reverse the direction of.the light
ray to where the first medium is glass, and the
second medium is air, and the angle of inci-
dence at the surface of the glass is 28° 7' 30",
you will find the angle of refraction is 45°

This may seem strange, but by application of
Snell's law the formula will be:

1.500'X .4714 = 1,000 X sine of '

.7071 = 1.000 X sine of 6'
1_60'0'7071 = sine 6'
" r0m = 45°

What you just proved by solving the last
equation is known as the LAW OF REVERS]-
BILITY, scmething you should remember. "The
law means that if the direction of a ray of light
AT ANY POIN'I‘ IN AN QPTICAL SYSTEM IS
REVERSED, THE RAY TRACES ITS PATH
- BACK. THROUGH THE SYSTEM regardless of

the number of prisms, mirrors, or lenses in
- the system.

A}

Reflection and Re@ction Combined ' |

Smooth glass reflects part of the light which
falls upon it, about 4 percent (more if the angle
of incidence is large): but most of the 1i
which enters the glass is refracted. Figure
3-35 shows a ray of light passing through plate
glass. The dotted lines aré the normals. The
white arrow to the right of the first normal line .
indicates reflected light. The line of light which
.extends upward from the second normal repre-
_ sents the amount of light reflected back into the
" glass.when the light strikes the lower surface..
This is called INTERNAL REFLECTION. An
internally reflected ray of light is refracted at
the upper surface of the glass and emerges
" parallel to the reflection from the incident ray.

Study next illustration 2-28, <which shows
reflections from both surfaces of 2 glass plate.
Note the two images. If you have several plates:
of glass in a stack. with thin layers of air be-
tween the plates on the inside, you can seetwice
as many reflections as the number of plates of
glass. NOTE: You will occasionally find a
-condition such as this in optical instruments.

.28

‘93

Figure 2-28.—~Reflection and refraction
.. combined
A\

- 131,36
Fig'ure 2-29,—Reflectionfrom the surfaces

of a glass plate.

If you have five lenses in a system, you have
ten faces; and each face reflects part of the
light: The image you see when you look through

the instrument is fromed ONLY by the light

which passes through the lenses.” A complex

o
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Chapter 2—THE NATURE OF LIGHT

instrument such as a submarine peristonrc may
have many surfaces which reflect part of the

- light, and the lenses and prisms must have a

coating or film applied to them to eliminate
reflection and prevent loss of light in the in-
strument, -

You know that optical glass is highly trans-
parent, but it is still visiblebecause of reflected
light from its surface. Other glass objects are

visible partly because of refraction. You can

\see part of the background through the glass,

but the glass bends the rays from the back--

ground before they reach your eyes..In ac-\

cordance with the angle at which it strikes the\

surface of the glass, each ray bends at a dif-
ferent angle. The background, therefore, ap-
pears distorted when you see it through the
glass, As in figure 2-30,

‘ g 137 37
Figure 2-30, —Visibility resulting from
combined reflection and re:raction.

Reflection can take place ONLY at a surface
between two media with different indices of re-
fraction. Because the rod in figure 2-30"1s in
air, the difference between the two-media is
tairly large and the rod is visible. This same
rule applies to refraction, as you can prove by
Snell's law. If the indices of refraction of the
two media are identical, the angle of incidence

29

~equals the angle of refraction and there is NO

refraction,

Illustration 2-31 is tbe same as figure 2- 30
except that water has been put into the glass
beaker, and the appearance oi the part of the
glass rod IN THE WATER looks different from
the part OUT OF THE WATER. The reason for
this is that the index of refraction between the

two media 18 now much smaller, so there is

less reflection and less refraction.

N

137.38
Figure 2-31, -—Eﬁect of visibility by the
. reduction of reflection and refraction.

\

If the water in the glass beaker is-replaced
‘with a solution of the same index of refraction
as glass, there is no reflection or refraction
and the end of the glass rod in the solution is
invisible, See figure 2-32,

Total Internal Reflection

You have learned that a small amount of
reflection occurs when light passes from one
transparent medium to another as in figure
2-28, When light passes from a more dense
medium to a lesser dense medium there is one
special angle of incidence which will not pro-
duce refraction nor reflection as we have thus
far studied., This special angle of incidence is
called the CRITICAL ANGLE and when an

3¢
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Figure 2-32,—Elimination of visibility by
eliminating reflection and refraction,

- 137,40
" Figure 2-33.--Angles of light rays from
an underwater source. .

incident ray strikes the surfacebetween the twc\i'\\
-media at this angle, it will be transmitted along " -

the media's surface as shown in figure 2-33.

Should ssray of light strike the surface at an
angle.of incidence greater than the CRITICAL
ANGLE, TOTAL INTERNAL REFLECTION will
occur (fi 2-33), This phenomena of total in-
ternal reflection is very useful. and will be

i

discussed further in chapter 3 when PRISMS
are covered, -

.Study figure 2-33 carefully, this shows that
rays of light from an underwater. source are
incident at various angles to the surface. You
will notice that” as the angle of incidence in-
creases, the angle of refraction becomes pro-
portionately greater, until you reach. the critical
/angle, ;When you reach the critical angle, and

' the ray’is refracted along the surface, the angle
of refraction is 90° to the normal, Always bear
in mindthat the critical angle can only be shown
when light is traveling from a more dense 40 a
less dense medium, Remember that for all

.angles of incidence greater than the critical
angle, total reflection will result.

The actual critical angle of an optical me-
dium depends upon the index of refraction of
that medium, The higher the index of refrac-
tion, the smaller the critical angle,

‘One example of total int reflection at
the surface of water i own in figure 2-34,
Rays of light fro e sand and the fish strike
the upper surface of the water at an angle’
greater than the critical angle and are reflected
downward into the water. The reflected rays,
however, strike the end of the aquarium at LESS
THAN the critical angle, so they pass through
and you can see an image of the fish reflected
by the upper surface of the water. The path of
‘a reflected ray is illustrated in figure 2-35.

N\ 18741
Figure 2-34,~Total internal reflection
i ~at the surface of water. '

]
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Figure 2-35,—Effect of total internal reflection, on light rays,

. . ™
Suppose you desire to calculate the critical  back and fo many times before it emerges to

angle of a med!:ia when the other medium is produce bypight, multiplé” reflections.
air, How can you do this? Use water as one )

. medium, 28 an example, and air as another; - ATMOSPHERIC REFRACTION . .
then make proper s)lf?stitutions'in the formula '
(Sne'l's law) and solve the equation. The index
of refraction of water is 1,333; when the angle
of incidence.is the critical angle, the‘angle of
refraction is 90 degrees. The procedure for
salving the problem-follows: : ’

At a surface which separates two media of
difterent indices of refraction, the direction of
the path of light changes abruptly when it passes
- through the surface, If the index of refraction
- of a single medium changes gradually as the ’
light proceeds from point topoint, the path of -
light also changes gradually and is curved. ‘
Although Wwhen air is most dense it has a
refractive index of only 1,000292, the index is >
sufficient tobend light rays from the sun toward

/ASnell'a laﬁ: nsine d = n' sine §
1.333 sine 6" = 1,000 sine 90° -

sine g = 1.000x 1.000 _ 1,000

=. _ the earthwhen these rays strikethe atmosphere

. 1.333 L. at an angle. E -

) N ‘The earth's atmosphere is a medium which

slie§ = ,750817 . . becomes more dense toward{lie surface of the
' 6 = 48° 36 . ] . earth, As a result, a ray of light traveling

through the atmosphere toward_the earth at an .
angle does not ‘travel in a straight line but is.

'Critical angles for various substances (When  refracted and follows a curved—path, From

the external medium is air) are as follows: * points near the horizon, in fact, the bending of &
Water ' o . 48° 36" light is so great that the setting sun is visible
Crown él;s.s. ' 41° 18' even after it is below the horizon (fig. 2-36).
L] : * &9 . LI .- .. o & 9 0 0 0 0 @ 4o° 22' - . R -; .
ant glass e & 0,00 86 06 0 0 500 00 . 37.0 34' Mirages . .\
Diamom‘ e & & 0o & .. [ ] ‘. e 9 & 00 0 0 0 24° 26'

: i Over large areas of heated sand or water
. The small critical angle of a diamond ac-. there are layers of air which differ greatly in
ounts for its brilliapce, provided it is a well--  temperature and refractive indices, Under such
cut diamond, The brilliance is-due to total  conditions, erect or inverted (sometinies much
internal reflection of light; thelight is reflected distorted) images are formed which are visible

31 .. - . oo
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from great distances. These images are MI-

" RAGES.

Observe the apparent lake of water in a
desert in illustration 2-37. _This looks like a
real lake but it is ONLY a-mirage caused.by .
the refraction of light over the hot sand. The
sand heats the air directly above it, though the

. alf at a higher level remains comparatively

cool;” Because cool air [is more dense than hot
air, the index of refracting is fairly low at.the
surface and gradually increases at higher‘and
higher altitudes. : ~

Study illustration 2-38.to learn what huppens -

to light rays in a mirage. Light rays in cobl
air do not bend, a shown, but the ray which
travels downward toward the hot air curves
upward. When an observer looks at an object
along the hot air ray, he thinks he sees it along
the dotted line in the-illustration, '

You perhaps have observed mirages on as-
phalt highways on cléar, hot days. When the
highway rises in front of you and then flattens.
out, its surface forms a small angle with your

-~ line of sight ‘and you see reflections of the sky.
These reflections look like puddles of water in
the road. Under proper conditions of the at-

mosphere and light, you can. even see an ap-
proaching car reflected in the mirage.

Figure v2-36.-\/"isibility of the sun below the horizon as a result of refracted light.

. 137.44 \\/

Loominé Vo

Looming is the exact opposite of a mirage.
Ships, lighthouses, objects, and islands some-
times loom—they appear to hang in the sky
above their real locations. On some bodies of
‘water (Gulf .of California and Chesapeake Bay,
for example) ldoming is common, Figure 2-39 -
shows the path of light rays in looming."

The reason for looming is that air is cooled
at the water's surface and the index.of refrac-
tion of the air decreases higher up causing the
rays of light to bend downward,-as shown in the
illustration. This explains why a lighthouse
appears to hang in the sky. '

Heat Waves

On a hot day the columns of ‘heated air which
rise from the earth are optically different from

the surrounding air and rays of light are irreg-. .

ularly refracted. The air is turbulent and con-
ditions under which observations are ~made
change constantly. An object viewed through
such layers of air therefore appears to be in
motion and the air is BOILING, or the image is
DANCING BECAUSE OF HEAT WAVES, This
condition is particularly bad for using a high--
‘powered telescope, one of mo&hm 20 power,

32
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b Figure 2-38,—Path of light rays Figure 2-39,~Path of light rays
in a mirage. from a looming object, ) .
b The heat waves are caused by the refraction of  combined. Before we can see a rainbow, how- /
3 light waves at various changing angles thereby ever, several conditions must be ideal. First A
creatmg a distortion, * of all, you must be looking toward a point where
K Rainb ) . v the atmosphere holds millions of drops of water, '
ndows ! either in the form of mist or falling rain, The
3 The formation ofa rainbow is a good example sun must be shining from a point behind the -

of refractlon, reflection;-. and dlspersion all

33
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: viewer, and it must be fairly 19w m the sky.
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_ (When standing on the ground you can never see

Figure 2-40.—Formation of a rainbow. .

" a_natural rainbow at-noon.)
~Rigure 2-40 illustrates what takes place in'
the formation of a rainbgw, Of course, it takes:
millions of.drops of water and you can see six
colors, but,“for simplicity, the diagram_only
shows three drops_of water and three. colors.
Rays of light aré striking at many points on
‘the surface of each , ‘but the rays that < again.

137,48

R ]

strike at certain poigts, as shown in the dia- -
gram, are the only ones that can'be seen, When ' -
the ray enters the drop of water, it is immedi-
ately refracted and dispersed. The light is then
reflected back toward the surface due to inter- -
nalreflection and is refracted again as it leaves |
“the drop of water, continuing to be dispefsed

into speétral-color as it enters the atmosphere
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CHAPTER 3
MIRRORS AND PRISMS

The following chapter wiil be devoted pri-
marily to describing plane mirrors and prisms,
and the effect they have on light transmission,
However, before we get into the discussion of
mirrors and prisms, it is best to explain two
other basic knowledge factors. These are
measurement gsystems used in opt}ly; sand image

descriptions.' .
. "’h,-. .,,.-.-"‘!

~ MEASUREMENTS IN OPTICS

An Opticalman at various times works with

at least four systems of measurement: tlie.

English system, metric system, degree sys-
tem, and the mil system. You are already
familiar -with the English system where the
basic unit of length is the foot. The basic unit,
the foot, can be converted to smaller or larger

units by multiplying or dividing by known con- -

version factors. The English system is not en-
tirely satisfactory for optical measurements
because it is complicated and cumbersome.
The lack of simple relationships between units
makes it very difficult to carry out computa-
tions.
are sometimes more desirable.

.
~

" METRIC SYSTEM '

Sxortly after the French Revolution, near
the end of the 18th century, the National As-

sembly of France decided to appoint a commis- .

sion for the purpose of developing a more logi-

. cal measuring system than those that were
current at that time. The product of that com-
mission was the "metric system," which has
been adopted by most civilized countries except
the United States. -

In 1960, the Internatlonal Conference nn
Weights and Measures adopted. 2 modernized
version of the metric system called the Inter-
national System of Units. Officially abbrevi-
atetl SI, #t was establlshed by international
agreement to provide a logical interconnected
framework for all measurements in- science,
industry and commerce. The six base units of
,measure under-SI are: -

/2

Hence, other systems of measurement -

‘ . Length = Meter - m

Mass-= Kilogram - k
Temperature = Kelvin - k

Time = Second - 8

Electric Current = Ampere - A
Lumlnous Intensity = Candela - cd

In your work as an- opticalman, you will use
the metric system of measuring as well as the
English system. The diameter and focal length
of lenses are usually-stated on optical drawings,
for example, in millimeters—not in inches. In
addition, with some experience, you will find
the metric system much easier to use than the
English system,

Decimals are basic in the metric system of
measurement. You can easily convert from
one unit to another. Suppose you know that an
object, for example, is 0.67 meter long and you
desire the arswer in decimeter. All you need
do is multiply by 10 and you get .an answer of
6.7 decimeters in length. If you wish the an-
swer in-centimeters, multiply by 100, and you
get 67 cm. For an answer in millimeters,
multiply by 1,000 and you get 670 mm. B

Suppose you desire to use'the English sys-
tem of measurement to get 'in feet an object
which is 0.67 yard long. You must multiply

‘by- 3 to get the answer in feet, and by 36 to get

the answer in inches.
What, then, is the difference in using the

‘English or metric system of measurement?

The English system has sgeveral ‘conversion -
factors, whereas, in the metric system, all you
need do is move the decimal point.

--The unit of length in the metric system is

_the METER, which is equal to 39.37 inches, A

meter is dlvlded into 100 equal parts called
centimeters' and each centimeter ‘is divided
into ten parts called a millimeter,. because
each millimeter is 1/1,000 part of a meter. All
units of linear measurement -of the metric sys-

‘tem are multiples or fractlonal parts of a meter

in units of 10, ,

Following is a table of metric unltss, pwlth
their equivalents in inches, yards, and miles:

TR s ametur I SAMT
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S : \ 1 millimeter=  ,03937inch Meter ....... ee.em -

10 millimeters =1 centimeter= .3937 inch Centiméter . ........cm e s
| ¢ 10 centimeters =1 decimeter = 3.937 inches Millimeter ... ... .... mm : T~
R ; -10decimeters =1 meter ~ = 1.0836 yards . Liter... e e e e 1 .

) 10 meters,  =1ldekameter = 10.936 yards  Milliliter .......... ml - o
10dekameters = lhectometer=109.36  yards Cubit centimeter . .. .. ccC —

10 hectometers = 1kilometer 6214 .. . Gram e o oo co0seansd 'g '

o N ~Kilogram ..........kg \

i The names of multiples in the metric sys- Milligram ., ...... e . Mg’

tem are formed by adding the Greek prefixes: ' N

i DEKA (ten), HECTO (hundred), KILO (thousand), DEGREE SYSTEM . —

; and MEGA (million). Sub-multiples of the sys- : .

tem are formed by adding LATIN, PREFIXES: ~ _The degree system is a means of measguring
DECI (tenth), CENTI (hundredth), MILLI (thou- , and designating angles or arcs. A degree is
sandth), and MICRO (millionth). " 1/360th of the circumferénce of a circle, or the

. For ‘quick, approximate con fi value of the angle formed by dividing a right

inches to the metric system units, or vice angle into 90 .equal parts. Each degree is di-

' versa, refer to a metric unit inch conversion vided into .60 -parts- called minutes, and each
. table, which your optical shop will have. For

- more exact conversion, and for conversion of Y
' large units, use the following table: S I)I’AV’Y ‘MIL
T _ _From - To Multiply - . . A Navy mil is a unit of measurement for .
. - I N — angles, much. smaller than a degree— 176,400
Milli- ~ Milli- - ===~ gof the circumference of a circle. ~~
meters. . inches . . . metoarsby . 03937 A mil is the value of the acute angle of £

Inches .. Mijlli-_

) meters.
Meters. .. Inches . .
Metérs. .. Yards . .
Inches ... Meters. .
Yards ... Meters. .

) L e : triangle whose height is 1,000 times its base.
Inches bx .., 254 ____TFer-example, whenyou look at an object 1,000
‘Meters by, .. 39.37  meters distant and 1 meter wide, the object in-
Meters by. . . 1.0936 tercepts a visual angle of 1 mil. other way
Inchesby . .. .0254 ~ tc say thisis: A-mil is.an angle hose" sine or
Yardsby ... 9144 tangent is 1/1,000. NOTE: Fgr very “small

i
o o o o o |

- Kilo- - Kilo- - angles, the sine and tangent are racticall\y\/the :
} + ‘meters Miles meters by. . . .6214 same. . . - ‘
i "~ .Miles. Kilo- ' : o :
\ ~ 'meters. . Milesby ... 1.609 - IMAGE DESCRIPTION® M
The unit of volume in the metric system is An image is'a rep resentation or optical

light rays. An image-forming-optical element - i
of a meter on.each side. A liter is_e‘qg_al;_,gg,_m_/j 5 o
11000 oublc. centimeters which is equivalent to  10Tme an fmage by. collecting 2 Budte »of lient
.~ —T1057 quarts, ' . rays diverging from an object point and trans-
e unit of mass in the metric system is the  rming them intoa bundle of rays Which cob-
GRAM, the weight of one millimeter of distilled  VSYE OF diverge from ajother PNt qoe.
+ water_at 4°C. For allpractical purposes, a eam:actually converges to a pbnt,:
. gram may be considered as the weight of one 'IMAGE of the object is produced. If the beim
" cubic centimeter (cc) of water. . diverges from a point, it produces a VIRTUAL
. The three standard %nits of the metric sys- IMAGE of the °b“3°°t° .- :
tem (meter, liter, and gram) have decimal o o
, multiples an’d sub-multiples which make it easy REAL IMAGE o T

Lo et

- to use for all purposes. Every unit of length,” - A real image is one that actually exists and
vofume, or mass is exactly 1/10th the size of  is produced when the rays of light coming. from .

;5 the next larger unit. . _ . an object converge at a common point. The I

v standard abbreviations for principal metric image formed by the lens of a camera on the

; units are: _ / ‘ ~ ground glass plate, as illustrated in figure 3-1, ;
| | 36 i
Q 1

jooo

~

minute is divided into 60 parts called seconds.. . -- .- - -

the LITER,which is thie volume of a cube 1/10th: ~ ‘counterpart of an object produced by means of . - -
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"137.49 -

Figure 3-1.—Real image of a sailor on .
photographic plate., ’

is a real image. ‘A real image can be projected
on a screen as with a movie projector.

Refer now to figure 3-2 and trace the inci-’

dent light rays from the object to the ground
glass of the caméra where the real image is
formed. The plane in which the image lies is
called the image plane and is the plane where
all of the converging light rays intersect.

A virtual image is an irhage in effect only,
and not in fact animage. A virtual image has
no existence and cannot be projected on a

- the virtual image. The image of

"by the eye in contrast with the real image that

. use the terms invert and revert. Invert means
- to turn over or upside down. - Thus, for objectR,

it is:-

1

screen. When a bundle.of rays having a given

divergence has no real-orphysical point of in-

tersection of the rays, theri.the point from

which the rays APPEAR to proceed is called
%.Hy\ real ob-

ject produced by a. plane or convex mirror or

negative lens is always virtual. '

A virtual image is so called because it doe
not have a real existence. It exists only in th:\

. mind and is ugparent only to the eyes of the '

observer. A good example is the virtual image
seen by the sailor in figure 3-3. The image of
the sailor looking into thé mirror appears to be
on the other side of the mirror, a distance
equal to the distance between the sailor and'the
mirror,

A virtual image exists only whenit is viewed

‘\‘

actually exists and can be reproduced by film -
or projected on a’screen,

IMAGE ATTITUDE |

" One of the~most important features a de- .
signer must consider when designing an optical
system is "IMAGE ATTITUDE." In fact, the
position of the image in relation to the object is
often the primary reasonfor employing an opti-
cal system. In describing image attitude, we

the inverted image is 8. Revert means to turn T
the opposite way so that right becomes left and
vice versa. Thus, for object R, the reverted
image is f1. - ‘
When you desire to describe an image—any T
image with its actual object—you can say that

1. Real or virtual. . /
"2. Erect or inverted. \

Y

—

' 137.494

Figure 3-2.—Formation of a real image by a positive camera lens.
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you because your image is reverted. If you

. hold a cut out of the letter F up to a mirror, it
would be reverted and erect as illustrated in B
of figure 3-4.

Normal and Inverted

The image of an object that is upside down
__only istermed normaland inverted (C, fig. 3- 3).
- An example of how an image can be normal yet

inverted is shown in figure 3-5, where you view
a barn reflected on the surface of water.

Reverted and Inverted

Refer again to illustr_atioh 3-1. The image
- . of the sailor in this illustration is formed on a
137.50 photographic plate (ground glass).by the lens of

oa o e
. . - . ) AR
- - DG - N

1 I : T
Figure 3-3.—Virtual image of a sailor -  a camera. The image is inverted (upside-down)
formed by a mirror. and reverted (left to right). You know this is
1 . ~ true because the sailor is the object, which is
: 3. Normal or reverted. erect; and his picture on the ground glass is
4.. Of the same size as the actual object, or the image (upside-down). NOTE: ALWAYS
- _, . larger or smaller than the actual object. +~ COMPARE THE IMAGE WITH THE ACTUAL R
L S . OBJECT. ‘ - ' .
Normal and Erect . . - The rule of describing an image, in com-
.- , parison with the object which formed.it, is as .
4 When we describe the attitude of an image, follows: STAND BETWEEN THE OP"I‘IC L
L we are always making a comparison of the
3 - ELEMENT AND THE OBJECT AND LOOK AT
E image with the object. If the image has the THE OBJECT. Then stand .so that you ma
i = -—identicdl attitude as the object, it is said to be jew the ima ; hich is f rbs d and yo may
¢ NORMAL AND E,RECT"‘TMS is illustrated by ::’ompare the gttirude of tzheoin“:a‘.age withyttlxle waz
' 3 the letter F shpwn in Aﬁgur? 3-4. * the.object looks. : _
‘ Reverted and Erect ' : . . Take another’ look at illustration :}-1, in
e . _ which you see the image as it appears wnen you
When you look in a mirror as the sailor in look toward the lens which forms it; and you
figure 3-3, you don't see yourself as others see gee the object‘ (sailor) as he looks when you
‘ N . . .
i : n. . B - : D
¥ ‘ . :
§ . .
{ »/ i . -
‘ / ."A . » »:.":f"v‘ .
| : R | .
! B .
! .

. NORMAL REVERTED - NORMAL REVERTED
§ ERECT ERCCT ’ INVERTED INVERTED

\
' P 137562

Figure 3-4.—Positions of images of the létter\F created by a small ‘mirror,
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Figure 3-5.—Normal and inverted reflected image.

* gtand between/ him and the lens and observe

him from that point.

Now study illustration 3-6, part A of which
shows where to stand to view an object itself,
and also where to stand to view the image
created of that object by a mirror. Note the

position of the OBJECT and also the pesition
of the IMAGE, which is seemingly bzhind the -

mirror.

Part B of figure 3-6 shows the position to
stand for viewing an object » and then the posi-

tion to stand for viewing on plate glass or—a-

screen the image of that object created by a
positive lens. (The straight line through the
center of the lens is the optical axis; positive
lensesconverge light rays to a point, Lenses
are discussed in detail in chapter 4.)

IMAGE TRANSMISSION

Image transmission by use of a mirror or
prism is, in fact, light reflection put to practi-
cal use. The mirror or prism is mounted so
that it will transmit light from an object to
whatever point is desired,

PLANE MIRRORS

In a dark room, a tiny point of light viewed
in a mirror appears to be located behind the:

mirror and on the other side of the room from ’

39
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where it actually is. The observer sees aiong
the path of the reflected ray to the point where

the incident. ray is reflected by the niirror

(eye A, fig. 3-7). His line of sight is extended
in his mind in a direct line through and b'eyond
the mirror. The apparent position of the point
of light in the mirror is located directly across
the room from the light source and at the same

distance behind the mirror as the light source

is in front of the mirror,

As long as the observer can see the reflec-
tion of the point of light in the mirror, regard-
less of his location in the room, its apparent
position is unchanged. Observe.the line of; sight
of eye B in illustration 3-7. The source ot' light
(object) is reflected, and the apparent position
of its reflection is changed only when the posi-
tion of the'object or the mirror is changed,

If the point of light (source) is replaced by a
letter covered with luminous paint (F, fig. 3-8),

light from every point on the letter sends out
incident rays whichare reflected by the mirror.

Each' incident ray and/or reflected ray obeys
the laws of reflection and their paths can there-
fore be plotted accordingly. The entire jmage
formed by a combination of an infinite number
of images of individual points of -light is conse-

As the observer looks along the paths of the
reflected rays, he sees the image formed by

—

/quently reflected to the eye of the observer,

—
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LENS _

VIEW OBJECT
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~“STAND HERE TO
\ THEN -

\ JUMAGE!

STAND HERE TO
VIEW IMAGE

A. POSITION TO STAND FOR VIEWING AN OBJECT ITSELF, AND THE POSITION TO STAND

FOR VIEWING THE IMAGE CREATED OF THAT OBJECT BY A MIRROR.

B. .POSITION TO STAND FOR VIEWING AN OBJECT, AND THE POSITION TO STAND FOR
VIEWING THE IMAGE OF THAT OBJECT CREATED BY A POSI'_TIVE'LENS.

Figure 3-6.-—Viewing objects and images created of them by optical elements.
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Figure 3-'8.'-Apparent position of anxgject reflected by a plane mirror,

the points of light (seemingly back of the mir-

ror and in an erect, reverted position).

A single mirror can be so mounted that it
will reflect light (image) for a practical pur-
pose. An adjustable mirror on a car fender is

Figure 3-7.—~Apparent pds{tion of a virtual image formed\‘by a plane mirror.

a good example of such reflection. If the imgge

41
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_ ca\hnot be reflected satisfactorily with a single

mirror, a second mirror can be so placed that
it will reflect light from the first mirror and
retransmit it, Ilustration 3-9 shows how mir-
rors can be arranged so that they will change
the line of sight.
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Figure 3-9.—Apparent attitude of an object '
produced by two plane mirrors placed at
right angles. .

The two mirrors shown in the illustration
are placed (mounted) together in such a manner
that the angle they form is 90°; as illustrated.

' .Light from an object (F) strikes.the reflecting

surface of one mirror after which light rays
from every point on F are reflected by the first
mirror to the second mirror, which reflects
them again in rays parallel to the original rays

_(incident rays to the face of the first mirror).

The light reflected by the two mirrors is,
therefore, reflected a total of 180 degrees.
Also, since the two mirrors are mounted so
that the observer is looking at the back of the
object (F), the image attitude is unchanged in

_relation to the object. If you were to stand be-

tween the mirrors and the object (F), the object
would appear as (1), which is exactly what is

. geen as a result of the two reflections. from the

mirrors.

s
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NOTE: Review the information given earlier
in this chapter concerning the comparison of
images with their objects.

REFRACTING PRISMS

A prism is a plece of glass whose surfaces
ARE FLAT BUT AT LEAST TWO OF WHICH
ARE NOT PAR::}LZ{ Prisms are generally
made from’ borosilicate crown glass, because
it his*htg‘h-/resistance to abrasion and damage
by atmospheric elements. Some prisms are
used for both refraction and reflection in mili-
tary optical instruments. Much of your-re€pair
work id the optical shop coneeris them and,
therefore, you should—understand fully how
- pris ACP-IN CONTROLLING TRE DIREC-
ONOF LIGHT. :

Unlike a lens, a prism is a block of glass
bound by plane surfaces, and it can be designed
to refract and reflect light in numerous ways.
The use of prisms in optical instruments,

“*therefore, permits variations in design which
otherwise would be impossible. Plane mirrors,
-for example, are sometimes used to change the
angles of light rays, but the silvered surfaces
tarnish and cause loss of light—which becomes
more serious as the instrument becomes older.
A prism, on the other hand, can be mounted in
a simpler and more permanent mount and used
for the same purpose. " ,

The surfaces of a prism are not easily dis-

turbed, and it can produce more numerous re-
flection paths than a mirror. Prisms are used
singly or in pairs for changing the direction of
light from a few seconds of arc (measuring
wedges) to as much as 360 degrees.

' Review illustration 2-27 which shows how
" light is refracted by a prism. Note that the in-
cident ray of light is bent toward the NORMAL
of the front face and away from the normal of
the rear face (surface). Observe, also, the
angle of deviation which is a measure of the
amount of change in direction of a light ray
caused by a prism.

Wedge

Prisms with two plane surfaces at slight
angles which divert.the paths of light through
angles by refraction instead of reflection are

- called optical wedges. Optical wedges are used
in fire control instruments; they may be used
where the angle of .deviation required is a
matter of fractions of seconds.

' 47 . ' R 9
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light depends upon the angle between the en
trance and emergence faces and the index of
refraction of the glass. ° T

Some wedges employed in fire control in-

; struments appearto be disks or plates of glass
' with el surfaces, because the angle be-
fen the surfaces is so slight it cannot be

detected except by actual measurement. All
wedges cause a certain amount of deviation in

the path of light which passes through them.
Some instruments which use wedges are there-

L s e e < e -
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initial deviation of a ray of light when it enters
the wedge. This deviation is called CON-
STANT DEVIATION, WHICH MAKES IT POS-
SIBLE FOR THE WEDGE TO NEUTRALIZE
the deviation in the path of light, or divert the
light at a negative angle. '

It i3 possible to change the path of light

. Another method for changing'the path_of light
by prisms is through the use of pairs of wedges
geared to rotate in opposite directions. Two or
four elements are usedand they are referred to
as ROTATING WEDGES OR RCTATING COM-
PENSATING WEDGES. Part Y of figure 3-11

e 137.112
Figure 3-10.—Direction of light changed
' by a rotating wedge.

i fore designed to create a definite amount of -

passing through a wedge by rotating the wedge. |
See illustration 3-10. The extent to which a;
wedge diverts the path of light may also be °
_ varied by changing the position of the wedge in
relation to the other elements of the optical
system, as shown in part X,&f illustration 3-11,

43 )
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~ The angle at which a wedge diverts a path of hows how light is refracted by wedges in three

ifferent positions. !

Prism Diopter

The dioptric strength of a prism is a MEAS-

UREMENT OF THE DISTANCE THE RE-
FRACTED RAY OF LIGHT DEVIATES FROM
THE PATH OF THE INCIDENT RAY AT ONE
METEF ¥ROM THE PRISM. Study illustration
'3-12. A prism of one diopter bends light to
Buch.an extent that when a refracted ray travels
/one meter beyond the prism it deviates a dis-
/tance of one em from the path-of the incident
{ ray. If a prism has a power of two diopters,
/‘ for example, the deviation of the refracted light

i passing lthrough it is 2 em at a distance of

1 meter from the prism, and so on.
REFLECTING PRISMS,

Most of the prisms used in optical systems
are reflecting prisms. Deviation of light by a
-reflecting prism is brought about by intérnal;”
regular reflection. Some of ‘the most common
types of reflecting prisms are discussed”in the

following pages.

- e

Right- Angled Prism

A right-angled prism (fig. 3-13) isa prism
whose shape, from a side view, resembles an
isosceles right-angled triangle. Prisms with
this basic shape are used in many ways in opti-

~ cal instruments. ’

The name of a right-angle prism implies
that it gives reflections of 90° only, but the
prism can actually be used to give -reflections
at a great number of different ‘angles. If a
right-angle prism is rigidly mounted and only
rays of light parallel to, the normal on a side
opposite the hypotenuse are permitted to enter
it, the rays are not refracted upon entering and
leaving the prism-—they are merely reflected
by the hypotenuse at a true 90° angle: :

When a right-angled prism is mounted so
that the reflecting hypotenuse can be tilted at
varicus angles, it can be used to elevate and
depress the line of sight as illustrated in fig-
ure 3-14. This arrangement is used in optical
periscopes and the angular displacement of the
line of ‘sight is double the angular tilt of the
prism. With the prism used in this manner,
the incident light may strike the reflecting sur-
face at an angle less than the critical angle and

-
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Figure 3-11,—Path of light-changed by pairs of prisms
rotating in opposite directions.

VERTEX

1 METER

INCIDENT
RAY

'

i lcm.
)

"REFRACTED RAY

BASE

137.114
Figure 3-12.—Prism diqpter.
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. 137.115
Figure 3- 13.-Right-angled reflecting prism.

emerge from ‘the prism. For this reason, the
reflecting surface is silvered so that all light
striking the reflecting .surface will be usable.
If you hold a right-angle prism so that your
line of sight is deviated 90° to the left or right,
~ all the objects you observe will appear ERECT
| "and REVERTED (reflection in the horizontal
plane). When you hold the right angle prism so

that your line of sight is deviated 90° up or-

(down, all objects that you observe will appear
NORMAL and INVERTED (reflection in the
vertical plane).

Porro Prism .
A porro/prism is actually a right-angled

o prism used in a different manner. When the
S hypotenuse of a right-angled prism is used to

~ ' . - T
A

137.495
Figure 3-14,—Right-angled prism as )
, elevation prism.

\
receive incident rays of light and exit. the same
rays after the other two faceés of the prism re-
flects them TWICE, the prism is called a Porro
prism. - Study figure 3-15, and observe that the

_ line of sight is reflected a total of 180%,. Note

also that the image of F appears reverted; but
when we apply the IMAGE ATTITUDE RULE
to it, we find that it is NORMAL. You can
prove this is true by using the experiment ex-
plained next,

Porro prisms are never used singly, they
are mounted in pairs as ‘shown in figure 3-15B,
This arrangement is. called a porro prism
cluster and an object viewed through it will ap-
pear inverted and reverted, The porro prism
cluster is used effectively as an erecting sys-
temr in many optical instruments such as binoc-
ulars and gunsights.

* An interesting experiment can be performed
with a single porro prism. Hold a bock so the
printed pages are facing away from'you. Hold
a porro prism in the horizontal plane as in

figure 3-15 and lay the hypotenuse face on a

page so that half the prism is extended over the
edge of the book. When you look into the ex-
posed face of the prism, the printing you-see is
completely normal. ‘Now rotate the prism-90°

AL
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' 137.116:110.38.1
"Figure 3-15.—Image formed: by a
reflecting prism.

Kl

so that half the prism extends over the top of
the book.. When you view the printing in this
manner everything appears to you inverted and -
reverted.

The surface of porro prisms act.as plane
mirrors and transmit images in practically the
same manner as two mirrors placed at right
angles, as you saw in figure 3-9. The surfaces

‘require a silver coating ONLY when the angle

at which light strikes them is less than the
critical angle of the material from which the
prisms are made.

Dove Prism

A Dove prism (fig. 3- 16) resembles a right-
angled or porro prism with its 90° angle sliced
off. Light rays which enter one end of the
prism are refracted to the longest face and re-
flected to the opposite face, from which they
are refracted out of the prism in the same di-
rection they were traveling before they entered
the prism.

An object viewed through a dove prism,
the base (reflecting surface) is down, will ap-
pear INVERTED. When the prism is rotated
90° in either direction, the same object will
appear ERECT and REVERTED. If the 'prism
is now rotated 90° so the base is up, the object
will again appear INVERTED. Notice that the
prism has been rotated through 180° and at the
same time the attitude of the object has changed
360°. Any object viewed through a rotating
dove prism will appear to rotate twice as fast
in the same direction. To provide the best
possible view of an object, the reflecting sur-
face of the dove prism is silvered

RHOMBOID PRISM

A Rhomboid prism consists of two right-
angled reflecting prisms built as one piece.
You may also consider it as a block of glass
with the upper and lower and opposite faces cut
at an angle of 45° ahd parallel to each other.
‘Study illustration 3-17. :

A rhomboid prism has two parallel reflect-
ing surfaces which provide two reflections in
the same plane and transmit the image un-
changed. It does NOT INVERT OR REVERT
THE IMAGE OR CHANGE THE DIRECTION
OF LIGHT RAYS, but it OFFSETS the light
rays from their original direction. This action
results from double reflection without reversal
of the direction of light.

46
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\ Figure 3-16.—Dove prism. _ : :
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. Figure 3-17.—Rhomboid prism. e ——
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Regardless of the manner in which you hold

r rotate a Rhomboid prism about the line -

ok sight, the image it produces is ALWAYS
E CTAND NORMAL. The only purpose this

_prism\serves is to OFFSET the line of sight,

in order to make the new line of sight parallel
to the olt\line of sight.

PENTA PRISM

A penta pfi'sm ,‘s'hown ia figure -3-18,reflects
light from two reflecting surfaces by an amount

equal to twice the angle between the reflecting

surfaces. See figure 3-18B. If the angle be- .
tween the .silvered surfaces is 45° (prism
angle), the deviation will be 90°, if the prism
angle 'is 43°, then the deviation of the prism -
will be 86°. (Remember thatdeviation'is meas-
ured from where the incident light would have
gone to where the emerging light goes.) When
a penta prism is held so that reflection takes
place in the horizontal plane or vertical plane,
all objects viewed will be NORMAL and ERECT.'

SILVERED

'SILVERED
v/
\"DEG
B\
v v )
137.119
90°
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0 . The prism may even be rotated” slightly without
. - changing the apparent position of the object
o viewed. This is called Constant Deviation. The

R S constant deviation feature of the penta prism is

i ‘very useful in-rangefinders which rely on opti-
of sight, . _ .

‘ Roc;f Edgé Prism
\

be easy to uriderstand by referring to Part A of

_ haves as if it were composed of two right-angle
e}, prisms, as shown in Part A and Part C of fig-

cal wedges to measure the deviation of the line

"+, The construction of the roof edge prism wi’ll.

figure 3-19. Basically the roof edge prism be-

ure 3-19. Light enters perpendicular  to one

surface, reflects 1eft to right and right to left
from the roof edge, and is also reflected to
emerge perpendicular to the second surface.

- Light reflected from the roof edge in this

manner will cause objects to appear INVERTED
and REVERTED..

The roof edge prism may be ground so that .

deviation of the line of sight is 90° (Part C,

fig. 3-19) or 60° (Part B, fig. 3-19). Whatever

the deviation of the prism; light will always

enter and leave the prism perpendféular to the -

entrance and emergence faces.

The reflecting surfaces are not silvered, but
the roof edge of the reflecting surface must be
protected against chipping. Any chips to this
edge will show up in. the line of sight. .
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The basis for the construction of all optical
instruments is to control the.light traveling - -
from an object, 8o that we may view the object
more effectively with the instrument than we
can with our nakéd eye. Of all the various opti-
cal elements uged to control light, LENSES are
the most important and most -widely used. Like
the prisms and mirrors that "you studied in the
previous chapter, lenses are made from high
quality optical glass, - _ ) .

Ordinary and optical glass differ greatly in
their chemical composition, and also in the
manufacturing process. The only common
.characteristic of all glass is that it is AMOR-
PHOUS. This means that glass does not have
a definite or crystalline structure as solid

- bodies do..

The properties of glass are explainable only
by assuming that they have the same molecular
arrangement as a LIQUID. When a crystalline
body passes from the/liquid to the solid- state,
the transition takes placeat a definite tempera-
ture and is accompanied by considerable heat
-which temporarily halts solidification. With
glass, on the other hand, -the transition from
the liquid to the solid state is so continuous and”
gradual that the most delicate instruments have
failed to record either evolution of heat or re-
tardation of the solidifying process, which is a
GRADUAL STIFFENING - WITHOUT CHANGE
OF STRUCTURE. All glass, however, assumes
a crysialline structure (devitrification) if while
in the vitreous state the temperature is main-
tained tob long at the critical state (crystalliza-
tion point). Crystalline glass gives DOUBLE .
refraction, and a lens made from it forms TWO
SEPARATE IMAGES at the same time.

. Glass has NO melting point, When heat is
applied to it gradually, it gets soft and can be
molded - into a thread; when it is red hot, it
flows in a thick mass. A temperature of several
‘thousand degrees turns glass into a fluid.

 In a liquid state, glass is a MIXTURE of cer-

tain chemicals in solution. The most common
+_chemicalsused for thispurposeare the silicates .

‘and borates. Under ordinary conditions of

50
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_ which scientists generally describe as AMOR-

5
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cooling, these chemical solutions remain mutu-
ally dissolved. ) s

- Although- glass is a liquid, it is also a solid,

PHOUS. Solids jare characterized by definite
shape and volumL. Crystalline solids, for ex-
ample, have a regular arrangement of particles;
amorphous solids, on the other hand, have a
random arrangement of particles—large, long-
chain, entangled molecules. ” CTe
You perhaps wonder how anything as SOLID T -
as glass canbe a LIQUID or.in an AMORPHOUS
state. The reason for this condition of glass is
that the molecules are held together in crystals

by VAN DER WAALS FORCES, which means

that the electric field of the atoms of one mole-
cule causes a similar variation in the electric
field of the atoms of another molecule to gen-
erate attraction between them. -. -

You can prove for yourself that GLASS IS AN
AMORPHOUS STATE by placing a thin-walled
glass tube five feet long (approximately) on two
nails ‘driven equidistant from the deck on the ,
bulkhead of your shop and observing the bénd in ' ~

"the tube during a five or six/ months' period.

Hold the glass tube against the bulkhead and
mark its original position with a pencil, so that
you will be able to measure the amount of bend
which develops during the period:

One interesting thing about this test is that
when you first place the tube of glass on the
nails it shows a slight bend, which immediately
disappears if you then remove it from the nails, -

. At the end of -your test, however, the bend will ~ -
. remain in the tube when you remove it from the

nails; because the liquid glass has ACTUALLY.
FLOWED tb its new position.,

The PURELY OPTICAL PROPERTIES which

~.directly influence light as it passes through

glass include: (1) homogeneity, (2) transpar-
ency, (3) freedom from color, (!4) refraction,
and (5) dispersion. o
_Hpmogeneity is the most important property -
of optical glass. If you examine a thick plece

“of ordinary glass, you™ will find that the layers

of difference densities show clearly in the form -
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of internal irregularities, known as VEINS or.

lenses reject lenses with more tﬁn\'\l‘HREE
STRIAE, little streaks with a higher or lower

bubbles; and they also reject a lens with ONE

g
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index of refraction (bending) than the other part
of the glass. Many-times the striae are also so
small that they cannot be detected until the glass
is ground (as a lens, for example) and polished,
Because these strlae affect the sharpness of an
~ image formed by the lens, it cannot be used in
an optical instrument. e

You can test a lens for strlae in the manner
illustrated in figure 4-1. If you place a ligit (S)
behind ‘a screenwith a hole'in it directly in front
of the light and then hold a lens (L) with one
hand and a knife blade (K) at the point indicated
in the other hand, you can look along the optical
axis (central polnt) of the lens and detect the
absence or presence of striae, If the lens has
no striae, the field appears dark (part B, fig.
4-1); if striaeare PRESENT ,they show as brlght
lines (part C, fig, 4-1).

Tobe homogeneous a lens must also be free
of dust, dirt, aud bubbles. A few ‘bubbles in a

lens stop the passage of light through,thsleng‘

at their location,but they do not hurt the quallty
of the image. The best lenses may have ONE-
or TWO bubbles, but inspectors of precision

A. Testing procedure.
B. No striae present.

. C. Striae present (white line)

137.1

Figure 4-1,~Testing a lens for striae., |
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bubble as BIG as half a millimeter in dla eter,

The degree of absorption of light by glass
varies with the color of the light. Optical glass
must be free from color.- When white light -

.passes through glass, the glass absorbs more

of one of its component colors than the other

- colors, thus causing the emergent light to have

a slight color tint. In thick pieces, purest and
whitest glasses always show a distinct blue or
green tint,

Refraction and dlsperslon of- light are two of
‘the most important properties of any optical
element, Refraction is the bending of a ray of
light when it enters a lens or prism; dispersion
is the separatlon of light into its component

"~ colors as it passes through a prlsm or lens.

This occurs in an uncorrected lens or prism,
.because the index of refraction (ratio of- speed

of n/l;?t fn a vacuum to speed of light in a

medidm) of glass is dlfferent for each wave

-length

Chemical stability. ls an essential feature of
optical glass, because the best lenses would
soon be useless if they were affected by mois-
ture and traces of chemical fumes inthe atmos-
phere. Condensed water on glass.absorbs
carbon dioxide and forms carbonic acid, which
dissolves glass. Distilled water, fo: example
must be kept in specially made glass containers
or bottles; because it dissolves ordinhry glass,
High-quality optical glass (HARD CROWN and
BORO SILICATE CROWN) resists chemlcals
and is therefore durable,

ANOTHER IMPORTANT FEATURE OF OP-
TICAL GLASS IS MECHANICAL HARDNESS
(generally accompanied by a low refractive in-
dex) because lenses must be HARD ENOUGH

- to resist the effects of cleaning, which must be{

accomplished as necessary,

You will learn a little later in this chapter
that HARD CROWN GLASS isharder thanDENSE
FLINT GLASS. This difference in degree of

t hardness is necessitated by the elements ised

by the manufacturér in order to get desired
OPTICAL QUALITIES in the glass.

Although ~ desirable, ENTIRE FREEDOM
from internal strains is essential ONLY for
special optical purposes. Marufacturers of
glass know from experience the amount ' of
STRAIN PERMISSIBLE in glass intended for
various purposes.

Strains in glass result from annealing (cool-
ing and settlng) When glass cocls, it contracts;

..5»;:;»«54,’.9;-/;:.,: P
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and if it cools. TOO RAPIDLY, the surface be-
comes cool while the center is still hot, result-
ing in strains which usually cause breakage
during grinding and polishing.

Strains in optical glass cap be detected by
polarized light. Perfectly annealed glass en-
tirely free from internal strains, produces no
effect on a beam of polarized light which passes
through it. A serious amount of double refrac-
tion indicates strain in the glass..

You can test for strain in optical glass by
doing the following: (1) mount ‘two polaroid

- filters in line with a light, one inch apart; (2)

look through the filters toward the light and

‘turn one of the filters until the field is dark;

P

and (3) while looking-into the dark field, hold -

the glass you desire-to test between the two
polaroid filters. If the field remains dark, the
glass is free from strains. Strained glass, on
the other hand, rotates the plane of polarization,

- causing you to see RINGS or BANDS of colored

light,
Because the transparency of glass enables

one to see in the finished products defects of-

COLOR and QUALITY raw materials selected

for making optical glass mustbe PRACTICALLY .

FREE from impurities.
combustible substances are usually compietely
eliminated (by high temperature) during the
melting step, all FIXED (stable) substances
which compose the mixture appear inthe finished
glass. The selection. of raw materials for
optical glass is therefore most important.

Although volatile and

One thing to remember about optical glass

components is: CROWN GLASS—fairly low
index of refraction and dispersion—contains
phosphorus, barium, or boron, but NO lead;
FLINT GLASS—higher index of refraction and
dispersion than crown glass<=may contain a
small quantity of barium or boron, but it DOES
contain lead—the greater the amount of lead

used, the higher the index of refraction of the
glass

TH.IN LENSES
Optical lenses are grouped into three cate-

(3) compound lenses. Basically stated, a THIN
lens is one that is so constructed as to make its
thickness unimportant in measuring the dis-
tances from the lens to the image and to the
object. A THICK lens is one that, because of
its thickness being so large, allowances must
be made when measuring the .distances to the

(1) thin lenses; (2) thick-lenses; and

image and the object. A COMPOUND lens is -
one that is composed of two or more separate
optical lenses.

There are several more technlcal considera-
tions made in the grouping of lenses, but only
those affecting yourr work as an optical repair-
man will be discussed in this manual.

PHYSICAL DESCRIPTION

" Alens is a transparent optical element that
has two polished major surfaces opposite to
each other, One of which is CONVEX or CON-
CAVE in shape and usually spherical.

Some types of thin lenses are illustrated in
figure 4-2. -Note the shapes of the opposing
surfaces of ‘these lenses and also observe that
they are divided into two groups. A convergent
lens is one which will add convergence to inci-
dent light rays by refraction. Convergent lenses .
are thicker at the center than at the edge.’

A divergent lens is one that adds divergence
toincident light rays and they are always thicker
at the edge than at the -center.

One important rule to remember when de-
scribing'a.lens is: READ THE SURFACES OF
THE LENS ACCORDING TO THE DIRECTION
OF THE INCIDENT LIGHT. Inthis manual, we
always illustrate the path of light as going from
left to right and in our discussions it will be
assumed that light initially travels the same.

LENS TERMINOLOGY

Befdre we go on with the study of lenses it is
important that you understand some of the terms
and phrases that apply to lenses and their use
in optics Refer frequently to the illustrations
that are listed in these discussions.

OPTICAL AXIS.—Line AB in illustration 4-3
As the optical axis (principal axis), which is an
imaginary straight line passing through the
centers of curvature of both surfaces of xlens.
Point A is the center of curvature of curve ab;
point B is the center of curvature of curve a'b’.

PRINCIPAL PLANE.—Both thin and thick
lens¢s have two principal planes which are in
fact imaginary planes at the point where the
incident ray, if prolonged, would intersect the
prolonged emergent ray. Ina thin lens theé two

. planes are so close that they are considered as -

oneplane. Infigure 4-3-thisplaneis represented
by line CD. Observe that incident ray B, parallel
to the optical axis, is.refracted upon entering
and:leaving the lens. If both the incident ray
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PLANO-CONVEX

CONVEXO-CONCAVE
MENISCUS CONVERGING

CONVERGING LENSES

DCUIBLE CONCAVE

and the emergent ray are extended,as indicated
by the dotted lines, they would lntersect at "d"
on the principal plane.

OPTICAL CEN']:E R.~The point in a lens
through which light ruys pass without deviation
is the optical center, In thinlenses the optical
center is located on tihe optical axis, HALFWAY
BETWEEN.THE TWO CURVED SURFACES OF
~ THE LENS. This is indicated by the letter O

in figure 4-3 and in a thin lens the optical cen- -

ter will be interseéted by the principal plane,
PRINCIPAL FOCAL POINT (Principal Fo-

cus),~The principal focus is the point where

parallel incident rays converge after they pass
through a convergent lens, Ev onvergent
lens has two points of p pal focus, one on
each side, The point of principal focus on the
left side of the lens is the PRIMARY FOCAL
POINT, (Fi-fig. 4-3); the point of principal
focus on the right of the lens is the SECOND-
ARY FOCAL POINT (Fg). The incident ray (B)
is parallel to the optical axis and, a.fter it is

PLANO-CONCAVE
. DIVERGING ' LENSES

Figure 4-2,—Types of thin lenses.

CONCAVO.-CONVEX
MENISCUS DIVERGING

- 137,69

refracted by the lens, passes through the SEC-
‘ONDARY focal point (Fg). Ray (C) passes
through the optical axis at the primary focal
point (F1), and is refracted by the lens and be-
comes parallel to the axis,

This may seem confusing but if you refer
back to Chapter 2 where you studied the LAW
OF REVERSIBILITY the fact that a lens can
have two principal focal points is understandable.

.PRINCIPAL FOCAL PLANE.~The principal

~ focal plane is an imaginary line (HI and H'I') -

- perpendicular to the optical axis' at the points

of principal focus, (Fig. 4-3.)

PRINCIPAL IMAGE PLANE.-The principal
image plane is an imaginary line (LM, fig. 4-3)
perpendicular to the optical axis at the point
wherethe image is formed. The principal image
plane may be located anywhere along the optical
axis of the lens from its focal point to infinity.

Curvature

The amount of departuyre from a flat surface,
as applied to lenses, is termed curvature.
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Figure 4-3.—Lens terminology.

When we speak of the curvature of a lens,
we are referring to the curve that the surface
of the lens has, Refer again to figure 4-2and -

, Note the curvature of the lens surfaces. In this

curved lines but in effect lens surfaces are '
spherical in shape. In order to visualize more
clearly the surface of a lens, refer to }igure,

; . 4-4 which illustrates a segment of a sphere.
| If you consider this segment as being a lens,

" you would describe the two surfaces as being
- Plano on the flat surface and convex on the
spherical surface. The curvature of a lens sur-
face is describedas convex or concave, Convex
surfaces are rounded like the exterior surface
of a sphere and concave surfaces are_ réunded

inward like the interior surface of a sphere.

Radius of Curvature

In optics, the term "radius of curvature" is
. _used to describe the amount of curvature a lens
i surface has, The radius is a ‘line segment

54
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extending from the center of the sphere to the
curved surface.

Refer again to figure 4;4 which illustrates a

'/ sphere with a diameter of 3 inches. The line
illustration, the surfaces appear to be only

segment, as measured from the center of h the
sphere, is 1.5 inchesand the radiusof curvature
is also measured as 1.5 inches, The radius of

curvature is the primary factor in determining
a lens refracting ability.

Focal Length .

As shown in figure 4-3 the focal length of all
lenses is the distance from the principal focus
(F1 or F9) tothe principal plane (CD). Nlustra-
tion 4-5 shows the focal lengths of a convergent
lens; figure 4-6 givesthe focal length of a diver-
gent lens. '

You can determine approximately the focal
length of a convergent lens by holding the lens
as necessary .in order to focus'the image of an
object at infinity on a sheet of paper or ground
glass. When the image is CLEAR and SHARP,
you have reached the point' of principal focus;

.
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: o - Positive Lenses ’
- .
SEGMENT Referagain to the group of converging lenses . —

in figure 4-2, These lenses are commonly re-
ferred to as POSITIVE lenses because they will
produce an enlarged virtual image when the
incident rays of light are parallel. Included in.
the group of positive lenses is the DOUBLE-
CONVEX (both opposing surfaces curved like
the exterior of a sphere), PLANO-CONVEX
(the left surface plain or flat and the opposing
surface convex), and CONVEXO-CONCAVE (the
left surface convex and the opposing surface
hollowed or rounded inward).

Refer now to illustration 4-7, which shows
light rays passing through two prisms of the
same size and shape, placed base-to-base. Ob-
serve that the rays of light pass into the prisms
and bend toward the bases of the prisms as they

B
AT |

pass through, After the light rays emerge from
the prisms they cross at the points- indicated.
A convergent lens may be thought of as two

' prisms (fig. 4-7) arranged so that each directs.
rays of light to the same'point,” The lens bends

e e et

3" pla, ———————of. light rays in the same manner as a prism; but,
) unlike a prism, it bringsthe light raysto a §ingle
1317.4917 point, Picture a convergent lens, therefore, as
Figure 4-4.—Sphere and segment, two prisms with surfaces rounded into a curve. -
l PARALLEL RAYS "
oL OPTICAL CENTER
— '—‘_‘“»:;, — — o —— .
POINT OF
PRINCIPAL
FOCUS A
—
—
~ - ’
PRINCIPAL
e m — ___45__.. —_—
FOCAL LENGTH f [FOCAL LENGTH 1]
) . : 137.717
Figure 4-5.—Focal lengths of a convergent 1ens, -
; . y
and if you then measure the distance from the _ Observe, next, in illustration 4-8 how a con-
image to the optical center of the lens, you get vergent lens deviates light rays. When parallel

the focal length. rays of light strike the front surface (left) of a
55 "

Go n "._
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PARALLEL RAYS

POINT OF
PRINCIPAL FOCUS

PRINCIPAL PLANE

o . 137.78

110.33

Figure 4-1. -Deviation of light rays by prisms,

convergent lens, they pass through the lens and
CONVERGE AT A SINGLE POINT.

If you apply the law of refraction to the ray
in figure 4-9, you can understand what happens
when ‘it passes through a convergent lens,
When an incident light ray enters the top of a
convergent lens (a medium more dense than
air), it bends toward the normal; when the re-
fracted ray (emergent ray) goes back into the
air, it bends away from the normal.

Incident light rays which enter the bottom of
a convergent lens bend toward the normal. The
two sets of light rays (top and bottom) which
enter a convergent lens therefore cross AFTER

b/

12,234
Figure 4-8.—Deviation of light rays by a
) convergent lens.

THEY EMERGE from the lens. If the incident
rays are parallel when they enter the lens, they
cross the optical axis at a single point called
the focal point.. ‘

Negative Lenses

The diverging lenses shown in figure 4-2 are
called NEGATIVE lenses because they produce
a diminished virtual image when the incident
light is parallel.

Take another look at the different types of

simple divergent lenses shown in illustration
4-2,
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Figure 4-9,—Refraction of light rays by a convergent lens.

Suppose that we now take two prisms like
those shown in figure 4-7 and piace them apex-
to-apex, inthe positionillustratadin figure 4-10,
What we do here {s consiruct u different type of
lens, a divergent lens, When raysof light strike
the front surfaces (left face) of the prisms, the

rays pass through in the manner illustrated, in

accordance with the laws of refraction,

137,72
Figure 4-10.—Deviation of rays by two prisms
placed apex-to-apex.

Observe tiut the light rays in the top prism
refract away from the normal; whereas, the
light rays which pass through the bottom prism
refract toward the base, away from the normal.

If you now assume that the front and rear
surfaces of these two prisms have been ground
into spherical surfaces, you have a simple
divergent leng, Study illustration 4-11,

Divergent-1€énses are always thinner in the
middle than at the. edges, just the opposite to
convergent simple lenses. The optical center

S BT
o AWAY FROM |-
‘-f*\fs\s /

137.71

REICROSS SECTION OF LENS

1317.73
Figure 4-11.—Deviation of rays by a
divergent lens.

of a divergert simaple lens is at the thinnest
point of the lens,and the lens causes convergent
light to be less converging, parallel rays to
diverge,and divergent light to be more diverging.
. The two surfaces of a divergent simple lens
may differ in shape. Both surfaces maybe con-
cave (double concave), one surface may be plane
and the other concave (planoconcave), or one
surface may be concave and the other convex
(concavoconvex) meniscus diverging.

To learn how the law of refraction applies to

~ a divergent lens, study illustration 4-12. Ob-

gerve the one incident ray used to illustrate the
refraction of light as it passes through the top
of a divergent simple lens, and the manner in
whichit is bent on both faces—toward the normal
on the first face, away from the normal on the
second face, /

e
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'Elg‘t’n‘e 4-12.— Application of the law'of refractl?n to a divergerit lens.

Light rays which pass through divergent

lenses off the optical axis ALWAYS -refract,

toward the thickest part of the lenses.

_ IMAGE FORMATION

As you know, light rays in the form of pencils
emanate from all points on an object and pass
through a lens to a point of convergence behind
the lens. Thispoint is called the IMAGE POINT
WHEN THE OBJECT IS AT A DISTANCE
GREATER THAN THE FOCAL LENGTH OF
THE LENS. h
_ Review at this time illustration 4-9, for it
shows how the laws of refraction may be applied
to plot the path of any light ray through any
types of lens. Then study illustration 4-13,

which shows how light rays pass through a con- .

vergent lens and converge at a single point.

Millions of light rays may come from every
point of lighton an object, but weuse in illustra-
tion 4-13 only three such rays to show how they
pass through a convergent lens. As you learned
previously in this chapter, the light rays which
strike a convergent lens on either side of the
optical axis bend toward the thickest part of the
lens, and bend again toward the thickest part of
the lens when they emerge from'it. As shown
in the illustration, they converge at a single
point, *

A light ray which passes along the optical
axis through a lens does not bend, because it

;i ﬁh
i

strikes the surfaces of the lens at and parallel
to the normal.

Study illustration 4-13 carefully. The central

. ray in the top portion (A) of this illustration

passes through the optical center and does not
refract as it continues through the lens. The
other light rays (2) refract toward the thickest
portion of the lens as they enter it, and as they
emerge, and form an INVERTED and RE-
VERTED image (F) at the IMAGE PLANE. The
other part of F is on the optical axis.

" The image is inverted and reverted because
two similar rays from a point at the bottom of
the object form a point of the image correspond-

ing to the bottom of the object; and every point

on the -object forms its point of light on the
image in the same manner. Rays from the
upper part of  the object form points of light on
the corresponding image, thereby causing the
image to be transposed diametrically and sym-
metrically "across the optical axis from the
object. THIS IMAGE IS REAL. :

Principal Rays

Refer now to illustration 4-14 which shows
the FOUR PRINCIPAL RAYS of light which
pass through any lens, THICK or THIN. When

.these light rays pass through a lens, they AL-

WAYS follow the rules which pertain to each.

- Line XY in the illustration is the optical axis

(sometimes called principal axis) of the lens.

3 —

o
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, Figure 4-13.—Image formation by a convergent lens.

The optical axis passes through the center of a-
lens and perpendicular to its principal plane

(lustrated).

LIGHT RAY A.—An incident ray (one enter-
ing a medium) passes throughthe optical center
(0, fig. 4-14) of a lens and emerges from the
lens without deviation from the path it was fol-
lowing before entering the lens. This is true
because the incident ray strikes the surface of
the lens parallel to/the normal. (The normal of
an incident ray at any point on a lens is an im-

" aginary line at right angles to the surfaceof the

lens at the point where tHe ray enters.) When

- the ray reaches the second surface of the lens,

it is still traveling parallel to the normal,

-(The normal of an emergent light ray is an

imaginary line at right anglesto the surface of

the lens at the point where the ray emerges
from the lens.) ~ ’ '

When an "A'' light ray passes through a lens

t an angle to the optical axis but through the

A ]

NG
sy,
N
. optlrefraction or deviation,

ptical center, it is slightly refracted before it .

6¥

: ot

137.79

reaches the optical center, After it passes

throughthe optical center and strikes the second
surface, it is slightly refracted again,but at the
same angle at which the incident ray struck the
first surface. The emergent ray is parallel and
offset to the incident ray, but it is offset so
slightly that in actual theory the ray is said to
have passed directly. through the thin lens with-

e

LIGHT RAY B.—-Any incident light ray which
travels parallel to the optical axis of a lens
strikes the lens and is refracted to the principal
focal point, the one behind the lens.

LIGHT RAY. C.—Any . -fay which passes

lens- is refracted and.#merges parallel to the
optical axis. NOTE: The C ray is the opposite
of ‘ray B, because it enters the lens from the

wposite edge, through the principal focal point,

and does not pass through the principal focal
point behind the lens, as does ray B. -

-

' through the principal focal point and strikes the ?

-

-~
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|e——rRINCIPAL PLANE

i Figure 4-14.—Principal light rays.

LIGHT RAY D.—Afy ray which passes
through a point two focal lengths in front of a
lens and strikes the lens is refracted and con-
verges to a point two focal lengths behind the
Iens. In accordance with the Law of Revers-
ibility, this ray (and all other rays) could be

reversed ln direction.

NOTE: " The four principal light rays just
discussed can travel tothe lens in any direction
or angle, as long as they follow the rules which
pertain individually to them. '

Observe in illustration 4-14 that refraction
appears to takeplace in the lens atthe principal
plane, but this is true for illustrative purposes
only. A light ray refracts toward the normal as
soon'as it strikes the surface of the lens, and
away from the normal as it leaves the surface
of the lens. .

Ilustration 4-14  is important to you pri-
marily because you can use rays A, B, C, and
D to PLOT ANY IMAGE OF AN OBJECT WITH
GREAT ACCURACY, provided your measure-
ments are accurate. _

Positive Lenses

When an object isata greatdistance (infinity),

incident rays of light from it are parallel

and the image is real, inverted, reverted, and -

80
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1317.70

diminished; and it is formed by the light rays
at the secondal}y focal roint, as shown in part A
of figure 4-13.

If the object is at a DISTANCE BEYOND
TWO FOCAL LENGTHS BUT LESS THAN IN-

" FINITY (fig. 4-15), a real, inverted. image is

formed by light rays from the object between

the secondary focal point and 2F on the opposite--

side of the lens. Note the size of the image in
each illustration shown, as compared with the
object. .When the object is brought .closer to
the lens, the image formed by it is larger than
images formed by the object at greater distances
from the lens; but the image is-still smaller
than the actual object.

In illustration 4-16 you see an object placed

at two focal lengths in front of the lens; so the s

image formed of this object Bjrthe lens.is real,
inverted, reverted, equal in size, and located at
2F on the other side of the lens.

When an object is at a distance between one
and two focal lengths from a lens,as illustrated
.in fig'ure 4-17, 1 1/2F, the IMAGE IS REAL

AND LARGER THAN THE OBJECT, inverted,
reverted, and at a distance of 3F on the other
side of the lens.

Nlustration 4-18 shows an object at the prin-
cipal focusof a lens, in which case the emerging
light from the leris is parallel and therefore
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Figure 4-:5.—Position of an image formed by a convex lens when the okject.
is more than two {ocal lengths distant.
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Figure 4-16.- -Position of an image formed by a convergent lens when the
o object is at a distance equal to twice the focal length.
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Figure 4-17.—Position of an image formed by a convex lens when ‘i.e r

object is between the first and secon focal lengths,
A1
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Figure 4-‘18.—Image formation ny a.convergent lens when .

N .
IMAGE IN TRANSITION

'137.498 « |

the object is at the principal focus. .

cannot converge to form an image. The image

in the illustration is IN TRANSITION AT IN-.

i FINITY. A .searchlight is an example of this
f type of image formation,

; When an object is closer to a lens than the
principal focus, divergence of the incident light
: is so great that the converging power of the
: lens is insufficient to converge or make it
5 parallel. The emerging - light is therefore
i . merely less divergent than the incident light,
; and the rays appear to come from an object at

ot object. See figure 4-19, These rays thus ap-
. pear to converge behind the object to produce
an ERECT, NORMAL, ENLARGED, and VIR-

: : ' :\\\
: N

.and it becomes increasingly largeras it moves. K

a great distance than the actual distance of the °

)

TUAL IMAGE, located on the same side of the
lens as the object

From this discussion of images created by
objects, we derive the following conclusion: As
you move an object closer to a lens, the image
created by the object movesaway from the lens;

When you move the object to the prinecipal fodal
point of the lens,the image BECOMES vnmfAL
AND IS FORMED AT INFINITY,

Negative Lenses

Refer again to illustration 4-2 and study the
types of simple divergent lenses. .

e et T,
N
m
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© 137,84

Figure 4-19.—Formation of a virtual image by a convex lens when the
object is closer to the lens than the focal point,

. -
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Divergent lenses have negatlve' dioptric’

strength, and they-are always thinner in the
middle than at the edges. The optical center of
a divergent lens is at the thinnest:point of the
lens,and the lens diverges parallel rays of light.

The point of principal,focus, focal.points,"
and focal planes resulting from the nearness-of
an object or light source to a simple divergent
lens dre located on the:side of the lens toward
the light source or object. The paintof principal -
focus and other focal points are located where .
the emergent rays should intersect.gn the,
optical axis if they were extended backward as

'imaginary lines toward the side of the lens or *
-which the light strikes, ,
some terminology and focal length of a slmple '

divergent lens.” .

If you use a page of this book as an object-ﬁ*
at arm's length—and look at it through b. leer-
gent lens, this is what happens:

1. When the lens is in contact wlth the page

" (object),,the image you_ seg is erect, normal,

and slightly smallér “than the ob‘ject !
» 2, If you move the lens closer to your eye,
the image becomes even smaller.

3. When you have the lens quite close to

“your eye,you can see only a blyr, REGARDLESS
. OF THE POSI[TION IN WHICH ¥OU HOLD THE

OBJECT, .

You will understand what took place when
you held the divergent l& ns in the positions.just
described and looked at the page after you study
the next'{ew pages,dealingwith the, construction

'of a divergent lens and image formation by it...

Suppose, now, that we construct a divergent
lens like the one shown in‘figure 4-6. Proceed

" as follows:

1. Sketch the double’t:oncave lens on paper,

2. Draw a dotted line through the middle of
both ends of the lens, to represent the PRINCI-
PAL PLANE, .

3. Then draw a stralght line through the
OPTICAL CENTER of the lens, PERPENDICU-
LAR TO THE PRINCIPAL PLANE to represent

- the OPTICAL AXIS,

4, Next, draw two llnes to represent rays.
of light, near theends of the lens tothe left face, -
through the lene (refraction indicated), and out

" into space. )
5. With your “suler, draw the dotted lines

along the straight portion of the emergent light
ray to the optical axis. Where the two dotted
lines intersect the optlcal axis is the POINT OF

- PRINCIPAL FOCUS, as lndlcated by the termi-

nology-and : arrow.

Review figure 4-6 for

6, Draw a dotted line downward from the

POINT OF PRINCIPAL FOCUS, and then draw

the t‘ho arrows in theposltlons lndlcated and in-.

-sert FOCAL LENGTH.

kY —Now sketch another double concave lens on

.-paper (fig. 4-20) and draw a line through the

OPTICAL CENTER, perpendicular with the

' PRINCIPAL PLANE, to represent the OPTICAL

13

“AXIS, Then draw’ two other lines (parallel)
.above and below the optical axis, as shown, to
'represent FOUR LIGHT RAYS. ,

The light rays you just drew show the
PROCEDURE
THROUGH A 'DIVERGENT LENS.-Rays which
pass along the optical axis and through the
optical center do not refract (deviate), as you
know; rays which pass through the lens at points
other than through the optical center are deviated
in the marner shown in the illustration. .

When you Jook through a divergent lens (fig.
4-20), extensions of the-refracted rays of light
appear to converge at a polnt (POINT OF
PRINCIPAL FOCUS) on the same side of the
lens as the object, as shown in illustration 4-6,
In order-to learn how an image is created by a
dlvergent lens of this type, draw (sketch) the

" lens on paper and then do the following:

\
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1. Draw a dotted line through the middle of
each end of the lens to represent the principal

“plane,

2. Draw another dotted line perpendicular to
the ci;\‘rlnclpal plane and through the optical
center to represent the optical axis. See figure
4-21,

8, Using a focal length of 2 inches, put a dot
on the. optlcal axis to’ repre?ent the focal polnt
(F).
4, Next "draw 8 arrows 1 inch high on the
optical axls in the positions indicated by O3,
Oy, and Og. Obeerve that one arrow is INSIDE

THE FOCAL POINT (F), one arrow is ON THE'

FOCAL POINT,and the third arrow is BE YOND
THE FOCAL POINT

5. Along the tips of the arrow heads draw'
a line to the principal plane to represent a.

parallel ray' of light (parallel to the optical
axis). Note how this ray diverges up after it

contacts_the principal plane. If youwere to look

at this ray from the opposite side of the lens,'it
would appear to emerge from the first focal
point; so extend thls line (dotted portion) to the
focal point (F),

6. At the point where the ray of light which
passes through the optical center from arrow

O intersects the. dotted extension to the focal

for TRACING LIGHT RAYS

Coaes




‘ ‘ ' T 137,88 -
. _ Figure 4-21,—Image formation by a divergent lens, o ‘

o » - '
. - -

point of the refracted ray you drew along the ~ I3, and I to represent the other. images made
tips of the arrow heads, construct an arrow by the objects (01, O3, and O )
(erect) between this point and the optical axis. - SIZE OF IMAGE, —Observe that the images

This arrow is designated 1 TLen draw arrows you constructed in illustration 4-21 are erect
. . o 64 : 7
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SMALLER THAN THE OBJECTS WHICH CRE-
. ATED THEM, and VIRTUAL, ' .

o

y CYLINDRICAL LENSES —,—

} \ * A cylindrical lens is a lens whose surfaces

: power of this lens to converge light rays when

, S itg axis is in a vertical position is in the hori-

' : zo meridian-only; no refraction is produced

in the VERTICAL PLANE. When the game lens

: is turned througha 90° angle, the axis is hori-

{ zontal and its power to converge light rays is

exercised ONLY IN THE VERTICAL PLANE,

' There are two typesof cylindrical lenses, posi-

i tive and negative, or convergent and divergent.

t -\ Convergent—cylindrical lenses are used

; rather extensively for magnifying vernier scales

.f on instruments and also for eyeglasses and the
C azimuth circle in the 90° prism housing,

A convergent cylindrical lens. is shown in

part X of illustraticu 4-22.’ The shaded portions

and normal, between the lens and its focal point, -

; (one or both) are portions of a cylinder. The.

of the illustration represent planes. In planes.
which pass through the object point (0) and
parallel to the cylindrical surface of the lens,
there is NO CONVERGENCE OF LIGHT RAYS.
In planes perpendicular to the central plane
through the genter of the object point (0)xlight
rays are refracted as they pass throughthe lens
and converge at a point beyond the lens with the
plane through the middle of the lens. .
Observe A, B,and C onthe lens. They repre-
sent the points at whichthe planes emerge from

. the lens, Ray OB in this lens passes straight ’
' through the center «of the lens and is not re-

Lx;acted; rays OA and OC are refracted as they
88 through and converge at I, the focal point,
All light rays which come from point O and are
refracted by the lens as they pass through it™..
also pass through line I,I,, which is a real
image of O, '

If the. refracted light rays were projected
back through the lens (dotted lines), they would
pass through line Il and create a virtual

"image of object O.
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Refer now to part Y of illustration 4-22 to
learn what happens to light rays as they pass

. through a divergent cylindrical lens, Note the

object (), the plane through the lens at B, and
also the planes through A and C. Rays of light

.incident through plane O and B are not re-

fracted, Rays of light incident through points
OA and OC are diverged toward the edge of the

lens and do not converge to any central point
on the central plane, as did the rays through A

and C in the convergent lens,

If the rays of light from O through A and C
were projected back throughthe lens, they would
pass through the central plane at I and Iy, re-
spectively, and create” virtual images where
they intersected line 1314.

SPHERICAL- MIRRORS

You perhaps have -been at an amusement

parkwhere a building designatedas FUN HOUSE

had curved mirrors used to.make you lpok
ridiculously tall or disgustingly fat. Convex
rear-view mirrorsare alsoused on automobiles

. and trucks to give the drivers a wide view (field

of vision),

A curved mirror either increases or de-
creases a wave front and changes its curvature.
Such a mirror is called a SPHERICAL-MIRROR
(oﬁts;de‘,‘ convex mirror; inside, concave

mirfor), : \

. ''Concave Spherical Mirrors

It"is important at this time that you learn
the procedure for constructing a concave mir-
ror, Refer to illustration 4-23 as frequently as
necessary during/your study of the following
discussion, : .

The shape ¢f the curvature of a,spherical

mirror v,a;ie in accordance with the purpose . -

for which \it is intended, The procedure for
making one must therefore be made accurately
in accordance with a specific formula,

Begin : construction by measuring the
length of radius of a circle which will pro-
duce the desired curvature of the surface of the
mirror, Line CV in figure 4-23 represents the
radius of the size of a circle necessary to pro-
duce the reflecting surface of the mirror you
are constructing, Draw this line after you make
the circle with a compass. Point C, where you

CONCAVE MIRROR

/ .

CENTER OF CURVATURE

<

137.56

Figure 4-23.—Construction of a concaye mirror,

66
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.. N
placed the metal point of the compass, IS TI
CENTER OF“_ CURVATURE OF THE SPHERE
OF WHICH THE SURFACE OF THE MIRROR
IS A PART. Line CV (Radius of the circle) IS
THE OPTICAL AXIS OF THE MIRROR.

In order to locate the focal point of the con-
cave mirror you just constructed, bisect line
CV, represented by F (focal point) in the illus-
tration. The focal point of a concave mirror is
halfway between the center of curvature and the
vertex (V) of the mirror. The focal point, or
PRINCIPAL FOCUS, IS THE POINT TO WHICH
PARALLEL RAYS ARE REFLECTED WHEN
THEY STRIKE THE SURFACE OF THE
MIRROR. '

- THE NORMAL OF A CONCAVE MIRROR IS
A RADIUS drawn fromthe CENTER OF CURVA-
TURE, tothe point of contact OF THE INCIDENT
RAY ON THE SURFACE OF THE MIRROR.
Observe that the angles between an incident ray
of light parallel’ with the optical axis form an
angle withthe normal which ig equal tothe angle

formed by the reflected ray and the normal
e

(angles a and a"). _

Regardless of the number of parallel inci-
-dent rays which strike the-surface of a concave
mirror, their reflected rays always converge at

the principal focus (focal _point). Observe that

: CENTER OF CURVATURE

angle b equals angle b'. As you know, the angle
of reflection(b') equalsthe angle of incidence (b).
These angles are measured FROM THE RE-
FLECTED RAY TO THE NORMAL, and FROM
THE INCIDENT RAY TO THE NORMAL.

The normal is erected perpendicular to the
surface of the mirror by drawing a straight,
dotted line from the center of curvature to the
point of contact of the incident ray. '

- To learn how the law of reflection applies to

" a concave mirror, study'illustration 4-24. The
. center of curvature of this mirror is in front.

Note alsothe PRINCIPAL FOCAL POINT where
the reflected rays converge. If imaginary lines -
are run from this center to the points of inci-
dence of the incident rays, they indicate the
NORMALS of individual light rays. Observe the

. N's on the edge of the lens. When these lines
-are drawn, the reflected rays can be so plotted

that each forms an angle of, reflection equal to
the angle of incidence of the corresponding ray.
When diverging rays of light strike a concave
mirror, they come together or converge; but the
rays of light reflected from a concave mirror
are more convergent than the incident rays.
The outer surface of a concave mirror-is a
part of the arcof a sphere,and the centerof this
sphere is the CENTER OF CURVATURE OF

PRINCIPAL FOCAL POINT

CONCAVE 'MIRROR '

137.57

Figure 4-24.—Reflection of parallel rays of light from a concave mirror.
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THE MIRROR. The distance from the center of
curvature to the surface of the mirror is the
RADIUS OF CURVATURE. Take another look
at illustration 4-24. Note that the focal point is
exactly halfway between the center of curvature
and the surface of the mirror.

If you place a small source of light at the
focal point of a concave mirror, the light which
strikes the mirror is reflected in a narrow
beam of parallel rays. For this_reason, a
curved mirror is used as a reflector in a flash-
light, or in a searchlight which throws an intense
beam of light.

Refer now to figure 4-25 which shows how

rays of light from an object-form-an-image-—--—

- when they are reflected from the surface of a

concave mirror, The object (located between
the center of curvature and infinity), arrow AB,
actually transmits billions of rays of light in all
directions; but for our purpose, a few rays of

light are sufficient to give you a general under-

standing of image formation by a concave
mirror.

e

The formationof images, by concave mirrors"

may be grouped by cases as explained next, with
the object at varying distances from the surface
of a mirror.

OBJECT AT INFINITY.—When an object is

at infinity (fig. 4-26), light rays from it are

diverging in all directions; but before they ar-
rive at the mirror, they have become so nearly

parallel that we may say they are parallel.

The surface of the mirror converges the rays
of light to the focal point to form a real, normal,

~and inverted image of the object (diminished
" in size). ‘

PRINCIPAL b :

TTAXIS

‘ A ’ - 137.58
Figure 4-26.—Position of image formed by a
concave xxiirror f';lhen the object is at infinity,

OBJECT BETWEEN INFINITY AND CEN-
TER OF CURVATURE —When an object is
placed at somé point between infinity and the

/ center of curvature of the mirror, the image is

. 137.58 <

Figure 4-25.—Image formation of an object by
reflected rays of light from a concave mirror.

Ray BH travels parallel to the axis (OV) and

strikes the surface of the mirror at H, from
which point it 'is reflected through the focal
point (F). Ray BCK, drawn through the center
of curvature (C), intersects the reflected ra
from ray BH at E. Since ray BCK is drawn
through the center of curvature, it coincides
with the normal to the mirror and is therefore
reflected back in the same direction. Where

_ thereflected rays of ray BH and ray BCK inter-

sect (E) is the location of the image of the top
of the arrow. In the same manner, the reflected
rays AK and ACH give the location of the bottom
of the image at D. Note that this image is
located between C and F.

real, normal, inverted, and diminished in size;
and it is located between the center of curvature
and the focal point of the mirror, as shown in
figure 4-27. NOTE: In this case, the image IS

- LARGER THAN the image formed in illustration

4= 26 but it is still smaller than the actual object.

Because this image is formed by an actual -

intersection of reflected rays of light, it is
considered a real image (smaller than the object,
normal, and inve/rted)

0

PRINCIPAL
AXIS C 4

1317.60

Figure 4-27. -Position of image formed by a
concave mirror when the object is between
infinity and center of curvature, p
OBJECT AT CENTER OF CURVATURE.—-If
an object is located at the center of curvature

!
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of a concave mirror, the mirror forms a real,
- inverted, normal image of the same size as the
object, at the center of curvature. See figure
4-28. .

PRINCIPAL
AXIS

137.61

Figure 4-28.—Position of image formed by a

concave mirror whentheobject is at the center
of curvature. '

t

i

OBJECT BETWEEN CENTER OF CURVA-
TURE AND FOCAL POINT.—When an object is
placed between the center of curvature and the
focal point of a mirror; the image formed by
the mirror is real, inverted, normal, and en-
‘larged (larger than the object), and it is located
betweef the center of curvature and infinity, as
shown/in illustration 4-29, : {

..
L

_PRINCIPAL
TTAXIS

ne
-

137.62

- Figure 4-29. —Position of image formed by a
concave mirror when the object is between
the center of .curvature and the focal point,

[

OBJECT AT FOCAL POINT, ~If an, object is
placed at the focal point (fig. 4-30) of a concave
mirror, ﬁécted rays from the mirror are

- parallel and a real image IS NOT FORMED. X
an eye in the front’ area before the mirror
catches the reflected parallel rays, they appear
to be coming from infinity behind the mirror;

d the eye sees a virtual, erect, reverted, and

rged image at infinity.

o
4
-~ |
- |
”
l
PRINCIPAL L
AXIS |
/e |
o IMAGE
& IN
TRANSITION
! 1317.63

Figure 4-30, -Position of an image formed by
a concave mirror when the object is at the
focal point.

OBJECT BETWEEN FOCAL POINT AND
REFLECTING SURFACE,-When an object is
placed between the focal pointand the reflecting
surface of a concave mirror, the reflected rays
are divergent, Study illustration 4-31, As seen -
by an eye in frontof the mirror, the rays appear
to meet a short distance behind the mirror to
form a virtual, erect, reverted, and enlarged
ihage of the object. NOTE: The closer _the

bject is moved toward the mirror, the larger -
is the image formed; and the image moves
farther away from,the mirror until the object
reaches the’ principal focus. After passing this _
point, the image changes from- REAL-to VIR-
TUAL and decreases in size as the object ap-
proaches the surface of the mirror. The virtual
image of a concave mirror is never smaller
than the object,

R /’i/’
=

|

- |

|

/ ]
C ~ ' pRincPAL
gv / AMST

137.64

Figure 4-31 -Position of an image formed by a
concave mirror when the object is between -
the focal point and the reflecting surface.

24
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" Convex Mirror

Illustration 4-32 shows the procedure for
constructing a convex mirror. Note the angles
of incidence and the angles of reflection formed
by the parallel rays of. light which strike the
mirror. These angles are equal, as you know;
and°the normals from the center of curvature
-of the mirror bisect these two angles. Observe
the radius of the circle; all normals to the face

of the mirror are actually radii of the circle. .

THE PRINCIPAL FOCUS OF A CONCAVE
MIRROR IS REAL; THE PRINCIPAL FOCUS
OF A CONVEX MIRROR IS VIRTUAL,

AL CENTER
VIRT -
) IMAGE //a OF

- - CURVATURE

-
(- GOV

- 13767
Figure 4-32.—Procedure for constructinga
convex mirror,

| Dlustration 4-33_shews how rays of light
_strike and reflect from the surface of a convex
" mirror. Note the angles formed by reflected
~ rays, the radius to the center of curvature, the
normals in relation to the radii, and the posi-
tion of the virtual image formed by the exten-
sions behind the mirror of the reflected rays
of light. Now-take another look at illustration
4-33, which shows rays of light striking dif-
ferent portionsof the surfaceof a convex spher-
ical mirror. The principle of reversibility is
Allustrated by the central ray,

The law of reflection holds true for all'

surfaces—convex, concave, and plane. The
amount of reflected light from curved surfaces
depends upon the distance of the light sourceand
theamount of curvature of the reflecting surface.

137.499

. Figuré 4-33.—Reflection of light rays by a

spherical mirror,

If light from a distance source such as the
sun strikes a convex mirror, the rays are re-
flected in a convergent manner. The reason for

this can be determined by plotting the angles of

reflection of individual rays in relation to their
angles of incidence and the normals for each
light ray. In this case, the normal for each ray
isan imaginary linedrawn FROM THE CENTER
OF CURVATURE OF THE MIRROR TO THE
POINT OF INCIDENCE OF THE RAY.. ' The
angle of reflection, of course, is equal to the
angle of incidence for each ray.:

When a light sourceis close to a mirror, the
rays are divergent when they strike the mirror
and are also reflectei™in a divergent manner.
In this case, the rays gfe reflected at different
angles from parallel rays of light which strike
the mirror, but always equal to the angle of
incidence, : '

Study illustration 4-34, which shows three
objects (arrows 0,, 0y, and 04) of the same size.
butof different distances from a convex spheri-
cE.l mirror. These arrows are of the same
height ,because they are constructed between a
line parallel with the optical axis, The ray of -
light which passes along the tips-of -the three
arrows" strikes the mirror and is reflected in
the manner indicated by arrow AF. The dotted
extensionof this linebehind the mirror contacts

. the optical axis at the focal point,

Rays of light from the three arrow heads to
the CENTER: OF CURVATURE OF THE MIR-
ROR ARE SECONDARY_ AXES, and the image
formed by each lies between.them and the
optical axis. (Any straight line which passes

7
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through the center of curvature of a mirror to

.its surface is called a normal.) Object 0y

- will be convergent.

creates Iy, and so forth. Observe that the size
of the image is larger when the object which
formed it is moved nearer to the mirror,but an

image can NEVER BECOME AS LARGE AS IT

OBJECT. .
As you can see, these images are virtual,
erect, reduced in size, and located behind the
mirror between the principal focus and the
vertex. I

The radius of curvature of a convex mirror
is negative and the image is® always virtual,
The focal length (F) and the image distance (Di)
are therefore negative quantities. -

A spherical mirror will, in effect, produce
the same convergence or divergence in light
transmission as a lens. ‘A concave spherical
mirror is considered to be a positive mirror
and the reflected light from a parallel beam
Study figure 4-35 which
illustrates a comparison -of virtual images
formed by a concave mirror (A) and a positive
lens (B).. Concave mirrors will form an image
in the same MANNERas a convex lens, but the

/

n

- . K | 137.68
. Figure 4-34.—Image formation by a convex mireor.

E : 137.500
Figure 4-35.—Virtual image comparison with
concave mirror and positive-lens.
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image formed by a mirror is located on the
opposite side of the element,

A negative or convex spherical mirror will
have the same effect on light rays as a negative

.lens, It will form a virtual erectand diminished

image. Study figure 4-36 which shows a com-
parison of virtual images.fo¥med by a negative
lens (A) and a convex mirror (B).

137.501
Figure 4-36. -Virtual image comparison with
n gative lens and convex mirror.

Parabolic Mirrors

If a very small luminous source is located

- at- the principal point of focus, light rays are

almost parallel after they reflect from a
mirror—provided the curvature of the mirror

is VERY SLIGHT. The rays actually have a
. -slight convergence, particularly those reflected
near the' edges of the mirror (fig, 4-33). For--

this reason, a parabolic mirror is used when-
ever parallel reflected rays are desired. Study
illustration 4-317.

A parabolic mirror is a concave mirror with
the form of a special geometrical surface—a
paraboloid of revolution, Light rays which
emanate from a small source at the focal point
of a parabolic mirror are parallel after they

A reflect from its surface.

137.66
Figure 4-37,—Reflection of light rays by a
parabolic mirror.

The sourde of light (usually a filament or
arc) is located in the principal point of focus
and the rays diverge, because THERE IS NO
TRUE POINT SOURCE, All rays which strike
the parabolic mirror (except those which are
diffused or scattered) reflect from the mirror
toward the focal point and nearly parallel with
each other, thereby providing for the formation
of a powerful beam of light which diverges only

A

slightly. Most searchlights have parabolic mir-, -

rors, as do automobile headlights,

Spherical mirrors are generally used for
ordinary purposes because the grinding process
is easy; but other typesof mirrors are used for
special purposes. A CYLINDRICAL MIRROR is
part of a cylinder—not part. of a sphere. When
parallel rays reflect from a concave spherical
reflecting surface, they form a CONE-SHAPED
BEAM which converges to a point., When paral-
lel pays of light reflect from a concave CYLIN-
DRICAL reflecting surface, they form aWEDGE +
SHAPED BEAM which converges to a line; and
when light converges to a line, it is called
ASTIGMATIZED LIGHT. Thinkof a CYLINDRI-

---CAL MIRROR as a silvered portion of the in-

side of an ordinary tin can. If you silver the
ingide curved surface of the can-and then split
the can lengthwise, you have an example of a
concave cylindrical mirror.

' LENS FORMULAS

So far inthis chapter,wehave been primarily
concerned with describing lenses and spherical
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mirrors and how they form images. At this To find the image distance for arrow Oqg (ob-

point, we will study the set rules (formulas) ject) drawn at the focal point some substitutions -

that ‘are used 'to determine FOCAL LENGTH, must be made "in the formula (lens law), as °
MAGNIFICATION, IMAGE SIZE, IMAGE DIS- follows: 4
TANCE, and RELATIVE APERATURE 1 1. 1 :

FOCAL LENGTH o : =2 2 D : ~

We have previously discussed a way to ap- 2Dy =.-2Dy - 4

proximate the focal length of a convergent lens

by measuring the distance from the lens to the . D = -4 T
real image formed with an object at’ infinity, . -
The relationship between the image and the Dy = 1, image distance for arrow Oy _
focal length of a lens is expressed in a formila The answer you got by solving the formula
called the lens law: _ means that the image is 1 inch from the princi-
0 , pal plane of the lens, but is ON THE SAME
Vi 1 _ 3 . 1 . SIDE of the lens as the object,
P F D, " D o . * You can calculate the distances of the other .
P .. . images in illustration 4.21 in the manner just ;
‘,‘ F = focal length. ' described. :
D0 = i)istance of_object ' v ~ MAGNIFICATION o : . .
Dy = Distance of image : Magnification is the app'arent enlargement of X
If you have a lens with a focal length of 4 an object by an optical element. This can be

. easily understood when we consider a single
mﬁft&';d til:le °§:°tf;ﬁ:;iimmﬁya§:g r yox;q\gruﬁl:ti positive lens that is used as a simple magnifier,
WHEN THE DISTANCE 3%. THE Ol‘BJECT IS A positive lens works as a magnifierbecause

& ) it makes the light rays subtend a larger angle
NFINITY () 1/D'o 15 CQNSIDERED As 0. at an observer's eye than is possible with the

\
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1 1 - . unaided eye. -
r ol 0+ b ' This is shown infigure 4-38 which illustrates
: - i : an object viewed by an unaided eye, (A)andan . .
D; = 41n. ST object viewed through a magnifier, (B). — N
1 . : . ) . i
. - Thus, you have just proven that witﬁ' an object
at infinity the focal length of the lens is the -~
same as the image distance,
H CALCULATING IMAGE POSITIO .~Nowuse
| the lens formula to calculate the positions of
! the images you constructed in illustration 4-21. L i
.. The lens formula is: R r T
T 1 1
F = D'—o + D—i /
; The focal length of a divergent lens is nega- - N
i tive, because the image is on the same side of ) - \
: the lens as the object and the image distance is 137.502
! negative, .+ .Figure 4-38,—Object viewed with the unaided
! The focal length of the lens used in the illus- L eye and through a magnifier, .
{  tration is 2 inches TO THE LEFT of theprinci- ’
i pal plane of the lens, so the focal length of tbe/ When we technically define magnification by ~—
I lens IS MINUS 2 INCHES, e an optical element, we must consider it undeg/'

-
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two conditions of magnification: LATERAL and
ANGULAR.

Lateral Magnification

The ratio of the linear size of the image to
that of the object is LATERAL MAGNIFICATION.

Lateral magnification of/'m image isa varia-
ble amount controlled by the. distance of the
object to the lens anq./fhe focal léngth of the
lens. The numerlcal relationship between lat-
eral magniﬂcatlon and the lens or mirror is—
expressed in the following formula: ‘

S D

= i i
M =g = o
- 5, - D,

/.

This /formula shows that lateral magnification

(M) 1s equal to the size of the image(Si) divided
by the size of the object (So) and also equal to
the distance. of the imagé (Di) divided by the
./ distance of the object (Do).

In order to firmly fix the formulas and the
relationship between focal length magnification,
the size and distance of object and image, let's

/

You know, of course, that each point on ihe '

arrow is radlatlng llght in all directions, and
that many of the rays will strike the lens. And
you know that all the rays that reach the lens
from any point on the object will bend and meet
at a corresponding point on the image. So to
plot the image of any point on the object, all
we'll have to do is draw two rays, and find the
~emepgint-where—they-cress: - Then we'll have the-
corresponding point on the image.

To find the image of the arrowhead, draw a

~ ray from the arrowhead to the principal plane

put the formulas to use by coustructing a con- _

vergent lens on paper.
‘Draw a convergent lens that is 3 lnches high

with,the optical axis and the principal plane.

shown by dotted lines. Next, measure off 2
inches along the axis on each side of the optical
center and mark them with the letter "F" to

- remind you that they are the focal points. Your

drawing should now look like figure 4-39. Now
draw an arrow one inch high, with its tail on the
optical axis and placed 3 lnches to the left of
the principal plane, /

—_—— e e et ———

: . 137.503
gure 4-39.—Convergent lens,

74

of the lens, and make the ray parallel to the
optical axis. What do we know aboiut rays
parallel to the optical axis? We know that they
bend as they pass through the “lens, and after
they leave the lens they pass tlirough the prin-
cipal focal point on the other side. From the
point where your first ray meets the principal
plane, it will pass through the second focal
point. So add that refracted ray to your draw-
ing. We know that the image of the arrowhead
is somewhere along that ray. Your drawing
should look like figure 4-40.

137 504
Figure 4-40.~Convergent.lens with ray passing
through focal point.

Now, for your other ray, use the one that
passes through the first focal point. Draw a
ray from the arrowhead through the first focal
point, and continué the ray until it meets the(
principal plane of the lens,
below the lens you've drawn, don't worry about
it. This plotting method will work anyway. Just
continue the line that represents the prinecipal
plane until it meets the ray.) What do we know
about rays passing through the focal point? We
know-that they bend when they pass through the
lens, and that they emerge parallel to the axis.
So, from the point where your secondray meets
the principal plane, draw the refracted ray on

77
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the right side of the lens, and make it parallel

to the optical axis. The image of the arrowhead

is at the point where that ray crosses the first
one you drew, T

There's another ray you can plot, if you want
to. Any ray passing through the optical center
of the lens will be refracted at each surface
(unless the ray is traveling along the axis),
But the two refractions will be equal, and they'll
be in opposite directions. So for a ray passing
through the optical center, the total deviation is
zero, When you're plotting images, ycu can
draw any ray that passes through the optical
center of a lens as if it went throygh the lens
in a straight line. So now add this /third ray to
your drawing: Draw a line from the arrowhead

. to the optical Genter and continueit in a straight

line on the other side of thelens. If you've made
your drawing carefully,all three rays will meet
at the image point.

You've found the image of the arrowhead.
You know, of course, that the.image of the tail
is on the optical axis, because rays traveling
along the axisare notrefracted. Since the arrow
is at a right angle to the axis, the image will be
at a right angle to the axis too. So draw a line
from the image of the arrowhead to the axis,
and there's your image of the arrow. Your
drawing should look like figure 4-41, ° '

110.35
Figure 4-41.—Convergent lens with object
and image.

Now \let's try it again. Use the same focal
length, 2 inches, but this time put the arrow 4
inches to‘the left of the principal plane. And
this time- let's make the arrow 2 inches long,
with part of it above the axis, and part of it
below. Now locate the image. Find the point
that's the image .of the arrowhead, and then-*
find the point that's the image of the tail,
When you connect the two, there's the image of
your arrow. Remember that for each point
there are three different rays you can plot,

75

Any two of them will locate the image. Use
whichevertwo raysare mostconvenient for you.
When you've finished.your drawing, it should
look somethins; like figure 4-42, :

Y

N
=
h . ~
137.505

Figure 4-42.—Convergent lens with object
4 inches to the left of principal plane,

Now you've plottcd two images formed by a
convergent iens. If you've m:de the drawings
carefully, you can use them to check the for-
mulas for image size and distance. In your first
drawing,you have anobject 1 inch high,3 inches

.from a lens of 2-inch focal length. Let's use the
.LENS LAW to find the image distance. -

The formula is:
’ S

1,11

. - DO ’ DI F
Substitute: '

S R
. 3 Dy T2
Solve for DI:

'l 2D1q+ 6 = SDI '
cL D =76 " ’ T

So, inyour first drawing, the image should

" be 6 inches from the lens. Measure and see if

it is. Hold the ruler on the optical axis, or
parallel to the axis, and measure the distance
from the image to the principal plane of the lens.
The more careful your drawing, the closer the

Now use the same drawing to-check the
formula for magnification, The formula is:

distance will be to f}:‘nches., . ’ a

n L SI DI ‘e
M=5% = —
S0 ~ D
Substitute:- - .
. s; 8
1 ~ 3

v
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Solve for Si: | ' s
o ' 381 =

S1 =3 =2

The image is 2 inches high. Does that ¢check with
your drawing? If not, look the drawing over
carefully to see what's wrong with it, If it
checks, then use both formulas to test the
accuracy of your second drawing—the one with
the object 2 inches high. -

‘Now you know two meéthods for finding the
distance and size of the image formed by a con-
vergent lens: A graphic method, in which you
make a scale  drawing to plot the image, and a
mathematical method in which you use formulas
to calculate the distance and size of the image.

So far, we've been talking. about objects a

.short distance outside the focal point of thelens,

Before we go on,let's work out a more practical
problem, Suppose you're looking at a ship
through a telescope. The objective lens of your
telescope (that'sthe one in front—the one nearest
the object) is a convergent lens. Let's say that
the objective lens hasa focal lengthof 10inches.
Let's say that the ship you're looking at is 200
yards long, and that it's 5,000 yards from your
telescope. Then how far from the objective lens

of the telescope is the image of the ship? And

how long is the image? Before we can substi-
tute in the formula, we have to get all the dis-
tances in the same units. Since we want the

answer to be in inches, let's get the other units

in inches too., The ship is 200 x 36-inches long,
or 7,200 incheslong. Andits range is 5,000 x 36,
or 180 ,J0C inches, Now use the lens law:

: -1 1- ’

1
IT(-)".DI F

Subsitute: _
1 1 1

Smm—— m— —— 0

180,00 1

[

‘Splve for 1] )

10D + 1.800,000:= 180,000D]
179,990D] - 1,800,000°

1,800,000 _

~I79 990 = 10,00055 inches.

DI =

The distance of the image is just a trifle
over 10 inches, And the fo.,él length of the lens
is 10 inches. So.you can Bfa that the image of

a distant object is practically in the principal

focal plane. What abodt the length of the image? '

The formula is: |
/i
So _ Do
. : S1 FI
s ' _
Use 10 inchesfor the distance of the image, and
substitute:

7,200 _ 180,000
SI .10
Solve for Sy: ‘
’ /’ 72,000 .= 180,000S]
72,000
S1 = 1800000 -4 inch,

The image of the ship is just four-tenths of an
inch long,

Here's another case we haven't considered
yet. Suppose the object is at one of the focal
points of a-convergent lens. Then where's the
image?, You won't need pencil and paper, or
even a formula to answer that one,. You know
that if the object is at infinity, then all its rays
will be parall ?1 ,and they'll bend and meet at the

- focal point after they pass through the lens. If
the object is at infinity, its image is at the focal _.
point, So you know that if the object is at the
focal point, its image is at infinity, That's the
law of reversibnity again, -

\ Angular Magnification

Angular magnification is the ratio of the ap-
parent size of the image seenthrough an-optical
element to that of the object viewed by the un-

-aided ‘eye, when both the object and the image

are considered to be at the distance of distinct -

vision,

In order to fully understand this, let's re-
consider the single positive lens used as a
magnifier. Without a magnifier, an observer’

" can make anobject appear larger only by bring-
ing it closer and closerto his eye. As an object
is moved closer to an observer's eye, it is
necessary for the eye to increase its refractive
power in order to continue to focus the image.
The minimum distance at which the eye can in-
crease its refractive power to its maximum
capability is called "the.-distance of distinct
vision" and for the average observer to make -
an object appear larger, it is necessary to add

% .

g
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re{ractlve power to the eye. The'magnlﬂer pro-
vides the éxtra refractive power required.

We have seen where lateral magnification is
a variable that will change as the object and
image distance changes. When we consider
-angular magnification, we find that the object

;and image distance are fixed at the distance of.

" .distinct vision (10 inches). At this distance, we -

- have, in effect, reached:the PRACTICAL LIMIT
‘OF MAGNIFICATION for the optical element
and it is commonly referred: to as the MAG-
NIFYING POWER.

When computing the magnlfylng power of a
lens the following formula.is used° -

10 inches

MP = 1 inches

R R

If you have a lens witha focal length of 5 inches -
and you want to find the magnifying power, you

would substitute in thé following manner:

metrlc system of measurement, All optical
diagrams give focal lengths and diameters of
lenses in millimeters,

A lens with a focal length of 1 meter has the
refractivepower of 1 DIOPTER. Study illustra-

tion 4-43, The refractive powerofa converging :

lens is POSITIVE; the refractive power of a
diverging lens in NEGATIVE .

"The refractive power of lenses whlch do not
have focal lengths of 1 meter is the reciprocal
of the focal lengths in meters, and it varies
inversely as-the focal length, This means that
a ‘converging lens with ‘a focal length of 20

‘centimeters (1/5 -meter) .has a power of +5

diopters; whereas, a diverging lens with a focal

length of 50 centlmeters (1/2 meter) has a

- power of -2 diopters. A lens with the shortest

focal length has the greatest positive or nega-

tive dloptlc strength.

‘A lens with a focal length of 25 centimeters

has a positive idoptric strength of 4 diopters,

‘3

', e e When converted'to meters, the 25 centimeters
. MP 10" equal .25 meter. The reclprocal of .25 meter
v e e .". 5" eguals 4 diopters. The equatlon for thls is as
o I s follows:
5 > .MP = 2.. ,‘b. ' . DlopterS' = _f_ (ln-metel_‘s)
' ..LEN’S."DIOPTER—(generally'callea.adoﬁter) .
: - 1
A lens diopter is the UNIT OF MEASURE OF | ‘Diopters = -z meters
' THE REFRACTIVE POWER (dioptric strength) - . R
~ofalens ora lens system. It ls based on the Diopters: =/_~4 : = T e~
L e \ 5
. o e <FOCALLENGTHS. L oL
." K R ,_,'!:J oA ., . ‘ ._ . \ :
o . e - —I METER : —
e L . . ) F50 - o ey | L o ’ .
PARALLEL RAYS / \ :
- 3 —
PRINCIPAL
AxIS
“
OPTICAL , Co
. CENTER ,\ :
. . Figure 4-43.—Lens diopter, .~~~ 131.86
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‘Another formula fordetermining the dioptric
strength of a lens ‘when its focal length is in

millimeters ist \ - !

1 000 millimeters (mm)
(in millimeters mm)

Dioptric strength =

If the focal length ofa lens is in inches, the

formula is: .

39,37 (or 40) inches

Dioptric strength = ~"F (in inches) -

RELATIVE APERTURE : '

- ]
= The aperture of a lens’ is the largestdiameter
through which light can enter a lens, The light-
gathering ability of a lens is determingd by (1)
its aperture, and (2) its focal length,

/" diameter) of both lenses.

Take a look now at the lenses in/illustration -

4-44, both of which have the same diameter but

left, the objects, have the same ize, and both
lenses receive the same amount pof light from
the objects, because their ape ur:s are equal,

—— — i -~ —

) i 13109
Figure 4-44, —-Passage of light through
-lens aperture. _

BN
te .

Study next illustration 4- 45 whiech “shows two'

lenses with the same focal lengthbut of different
diametérs. “The larger lens at the top. therefore
forms a brighter image of the object, becduse it
has 4 greater aperture than the botto lens and
re éives more light from the object.

/When you comparethe light-gathering ability
of ofie lens with another, take into consideration
Ahe relative :aperture (foca'l length divided by
To find the elative
“aperture of a leng, divide its focal len by its
diameter. For example’ the formula fo finding
__the rélative aperture of a lens with a djameter
of 2 inches anda focal length of 8 inches is:

Relative aperture = g Fé

L———

diameter =

137.98

LR

Figure 4-45,—Image brxghtnes,s increased by .

-

. enlarged lens aperture.

" The relative aperture ‘of this.leps is.there-

. fore, generally written as f:4.

The bottom lens in the iliustration, however, )

has a longer focal length than the top lens and
therefore makes a larger :image of the arrow,

. because the light it receives is spread over a -
' larger area. If the diameters of the two lenses

were equal the lens with the shorterfocal-length _

-would form a brightef image than the lens with

the longer focal length, because the\light it re-

. ceives is concentrated ina ‘smaller area.

If you have two lenses with different relative
apertures, you can tell whlch one will form the
brighter image by using the formula; Suppose,

for example,that you have two lenses with rela-"
tive .apertures of f:4 and f: 2 respectively, If

both lenses have the same diameter the focal
-length of the f:4'lens ‘is ‘twice that of the f:2

“lens. -Use F for the focal length of the f:2lens

and Fg2 for the focal length of the f: 4 lens in'the
formula and solve and you get:

L ‘.

b
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F

. \Relative apertur_g = Jlameter
' F," F
: 1 2
2 = T,and-i '= e

k '
-

) Fl =.2d,and§‘2 = 4d

" If the focal.lengths-cl:fthese two lenses were -
equal, the f:2 lens would be twice the diameter

- of the f:4 lens. Letd; represent the diameter
- of the 'f:2 lens and dg represent the diameter of

the f:4 lens in the formula and solve andyou get:

- F o, 4 _ F
& 2=-—& 4 = —~
s dy
F T F . o
, d = — &d =
L N T

RELATIVE IMAGE BRIGHTNESS
In both exampl'es,'the f:2 lens forms the

* brighter image; because BRIGHTNESS OF THE
.. IMAGE -is proportional to the 1light-gathering’
© ability of the lens,and the relative image bright-

-ness of two lenses is inversely .proportional to
the square of their relative apertures.

"~ The relative -image brightness of the two
lenses just considered (f:2 and f:4) may be de-
termined by using the formula, as follows:

g
(4) 16

| @2 * .
This means that the image formed by the f:2

lens is four times as bright as the image formed
by the f:4 lens, S

- Relative--it.nage—'brightness' =

LENS ABBERATIONS .

berration in alens isan image imperfection

..\ ]
Mch/prevents. the lens from forming a true
" reprdduction of an object,because thelight rays -

do not converge to a single focus. Aberrations
result from a variety of conditions, some of

-*which.you studied in chapter 2, Nature of Light.

The general fypes of aberration are: (1) chro-
matic, (2) spherical, (3) astigmatism, (4) coma,

(5) curvature of the field, and (6) distortion,
S . . 4 .
CHFOMATIC ABERRATION
B 2 ? . :

: You learned in chapter 2 that whenwhite light_

‘18 refracted. through a.prism. it disperses the

light into rays-of different wavelengths to form

N SRR B E

SN

3
e

a spectrum. The rays of different colors are

" refracted to different extents, as illustrated in

figure 4-46. Observe that violet rays are re-

» fracted most @d that red rays are refracted

least.

r—VIOLET

! ~INDIGO

r [fBLUE . -
[GREEN ".:~
| YeLLow

, . 137.99
Figure 4-46.—Chromatic aberration in a lens.

Because a lens méy be con’sidered as com-
posed of an infinite number of prisms,;as shown

_ in figure 4-47, dispersion also occurs in a lens

when light passes through it. Dispersion in a
lens produces an optical defect known as.chro-
matic abérration, which is present in every yn-
corrected single lens, - The violét rays foqus
nearer to the lens than the req rays, and the
other rays focus at intermediate points. . The
lens therefore had different focal lengths for

by the lens is fringed with color; :
Chromatic aberration may be corrected/ by

proper spacing between lenses, and also by jad-

justing the curvatures of the lenses. See figure

- different colors of light and an image crja ed

. 4-48, part A of which shows<how a portion of

the aberration can be diminished by equalizing
the deviation at the two surfaces of a lens.
Part B of this.illustration shows how chromatic

-aberration in. a lens can be corrected by a

compound ‘lens, one part of which is positive
(convergent) and the other part of which is

- negatjve (divergent). As you learned previously ‘

in this training course, a lens'with positive
dioptric strength is made of crown glass and a
lens with negative dioptric strength is made of - .

" flint glass. '

-8ince crown glass.ié more stfongly ‘conver- .
gent for biue rays than for red rays, and the
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Figure 4-47,—Lenses constructed from prisms varying in number, ize, and shape

137.100

(principle of refraction ‘shown).

flint glass is more strongly divergent for blue
-rays than for red rays (fig. 4-46), the high color
- dispersion of the flint_divergent lens sufficient
to compensate for the loweyr color dispersion of
the crown convergent lens;” without c¢omplete
. neutralization of its refractive power.; Note in
part B of illustration 4-48 that the two°rays

come to a focus. A compound lens dasigned in

- this manner is called an achromatic lens.

SPHERICAL ABERRATION | R %

Spherical aberration is a common faultin all—
slmple lenses. In a convergent lens, refracted
light rays_through its center do.not intersect

- rays refracted through.other portioMs of the

lens at a single point on the optical axis. Study
figure 4-49, A

[

a convergent or divergent lens is

{

. The outer rays of light in illustration 4-49
intersect the optical axis closer to the lens; the
more central rays intersect the optical axis at
a eater distance from the lens. Failure'of the

fracted rays passing through the lens to inter- .
sect the optical axis at-a central poin\t causes a
‘blurred image. . .

Take a look now at illustratior{ 4 50, which '

- shows rays of light'passing- throu%h a divergent
lens and the imagina xtension of {the refracted
rays. Intersection of outer and Iinner rays,of
e optical axis of this lens is opposite

of refracted rays from a col ivergent lens.

. The amount of spherical aberration in either

luenced by:
‘(1) thickness of the lens, and (2) its focal.length,
A thinlens witha longfocal lengthhas less aber-
ration than a thin lens with a short focal length _
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ANGLE 1 = ANGLE 2
FOR LEAST CHROMATIC
ABERRATION

A. Correction for least chromatic aberration
by curvature of the lens.
B. Correction for chromatic aberration by a

137.101 -
Figure_ 4-48, -Correction of chromatic
aberration in a iens.

.One method of reducing spherical aberration,
at the expense: of light intensity, is to test a lens

" to find out how much of the area around the -

optical axis (where the lens is most free of.

‘aberration) may be used to form a sharp image,
and then to mask out with a field stop all rays
which pass through the lens beyond this circle.
* Study illustration 4-51. -

Observe in figure ;4-51the rays blocked by
_the field stop from passage through the lens.
This fie]d stop is'aflat ring or diaphragm made
-.of metal (or ‘other suitable opaque material) to
mask the outer portion of the lens. The stoppre--
vents rays fronj striking the lens and thus re-
duces the amouxlit of light which passesvthrough it.

L4

. . « 81

137,102
-49,—Spherical aberration in a
convergent lens.

Figure

137.103
Figure 4-50. —Sphericai aberration in a
divergeit lens,

Spherical aberration in a lens can be mini-
mized also by. BENDING THE LENS, which can
be accomplished by increasing the curvature of
one surface and decreasing the curvature of the
.other ‘surface. This process retains the same
focal length of the lens but reduces the amount
oi aberration.

Intellescopes spherical aberration is reduced .

by placing. the greater curvature of each lens
- toward the parallel rays to make the deviation
of the raysat eachsurface nearly equal. Inorder
" to reduce the amount of sphericai aberration to
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_ IF_ANGLE i = ANGLE @
SPHERICAL_ABERRATION :
IS MINIMIZED. B

Figure 4-51.—Reduction of spherical
aberration by a field lens.”  137.104

Flgure 4: 52 —Elimination ct spherlcal
aberration by a compound lens.

\_

. a minimum, the angle of emergence of a ray (e,

. 'COMA

/" fig. 4-51) must equal its angle of incidence {i).

In keeping with this rule, telescope objectives
are assembled with the crown side facing
forward.

Spherical aberration in fire control instru-

‘'ments is generally eliminated by a compound

lens (fig. 4-52). The concave curves of the
divergent lens neutralize the spherical aberra-
tion of the convex curves of the convergent lens.

Proper refractive power of the compound -lens, - .

however, is retained by selecting two single
lenses with correct indices of refraction to
form the compound lens. /

CURVATURE OF FIELD ! _

Even with the absence of spherical aberra-
tion, coma, and astigmatism, the point images
of point objects can lie on a curved surface,
instead of a plarie. This aberration is called
“curvature of field" and is illustrated in figure
4-53. Curvature of field can be detected in an
instrument or element by checking the sharpness
of an image at its center and also the edges.
When curvature is present, the center of the
image will be sharp and the edges blurred.

- Conversely, .if we adjust the element to bring
. the edges into sharp focus, the center will be
" blurred.

The most common method of correcting this
aberration is by using a suitable combination of
lenses called "field {latners."

. . . . N

\ .
N
N .
coma is caused by unequal refractmg power
of concentric ring surfaces or'various zones of
a lens for rays of light which’ comefrom a point.
a distance off the optical is. Rays from
various surfaces come ty a focus at slightly
different points, resulting in a lack of super-
1mpos1tmn’ of the rays.  Goma appears as blur-

..ringof the’ image for points off the optical axis.

The image of a point of light is formed by a
'cone of light raysrefracted through a relatively.
wide portion of a lens. In order for them to
form a sharply defined pomt of light, the rays

which pass. through the concentric circular ' '

zones (or rings of varying thickness of the lens)
must come to a focus at exactly the same place
in the focal ‘plane. , .

Ina lens which is producmg coma, rays of

137 105 light or;gmatmg ata pomt located off the optical .

,/
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VIRTUAL
IMAGE

A, Cﬁrvature of real i'n;age.
B. Curvature of virtual image.

axis and refracted“th;rvoﬁrgii the ﬁin;ef' zone form
. @ well-defined image of the point. Rays re-
fracted through the next zone, however, form a

‘larger, less-defined image of the point, which.

is offset slightly from the first. The image
‘formed by each successive zone is larger, less-
defined, and farther removed from the initial
point of light, .as illustrated by part A of figure
- 4-54. Displacement of the successive images
is in a direction TOWARD OR AWAY FROM the
center of the lens. - . . '

[

. The tofal image of the point dffset from the
/ tical' axis may be a blur in any of a wide
iety of patterns—egg, pear, or comet. See

/ gt‘t B of illustration 4-54. The name COMA

h Figure 4-53.;Cu;'vature of the image:

83 .

137,111

COMES FRO:! the resemblance of the blur to
" acomet.

When viewed under a microscope, a point of

. light influenced by - coma may have a very fan-

tastic shape, as a result of the effects of all
types of aberration upon it. Because coma
causes portions of points of light to overlap
others, the .result is BLURRED IMAGES OF
OBJECTS IN THE PORTION OF THE FIELD

‘AFFECTED BY COMA.. :

Coma can be corrected by, compour_l& lenses

made of the proper type of glass for each part -

and with correct curves of the faces. A lens

. which has been corrected for chromatic and '
.-spherical aberration, plus coma, is called an
- APLANATIC LENS. : .
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! .o A. Formation.

» \

‘B. Appearance after formation.

Figure 4-54.—Cor'na. - - e .

ASTIGMATISM

' . Astigmatism is a} lens aberration -which

makes it impossible|to get images of lines
equally sharp when the lines run at angles to
each other. This optical defect is found.in
practically all lenses except some relatively

complex lenses designed .to eliminate ‘this

condition. : .
.A perfect lens would refract rays from a

point of light to a sharply defined point of light’

on' the image—Rays—of light which form the
image are refracted as a cone (fig. 4-55).

.Cross sections of these cones are circular; and
successive circlesbecome smaller and smaller .

yntil the focal point (illustrated) is reached.|

' A lens with properly ground spherical or :
-plane faces DOES NOT show astigmatism for:
points near the optical axis, but it DOES show

astigmatism for points at a considerable dis-
tancefrom the axis. The face of the lens is then

" atan obliqueangle to incoming lightrays. Cross -

sections of cones of light refracted by the lens
become successively narrow ovals until they

are a line in the vertical focal plane. They then

are broader ovals and eventually are circular,

at which time they again bedome a line ir the ' -
- horizontal focal plane at right angles to thefirst -
_line. Study illustration 4-56 carefully. Between’

4

the two focal planes (horizontal and vertical) is

an area known as the CIRCLE OF LEAST CON~ .

" DiSTORTION

FUSION, in which plane the MOST SATISFAC-

TORY IMAGE is formed, =~ -

-~ T

137.106

- The best way TO REDUCE ASTIGMATISM in
a lens is through the use of a ¢ombination of
several lenses, in the same manner explained

" for eliminating sphericaland chromaticaberra-

tions. When lenses made of optical glasses with
different indices of refraction.are ground todif-
ferent curvatures, the varjous types of aberra-
tion CANCEL EACH OTHER. , '
A lens designer-has a difficult task in his
endeavors to eliminate aberration in a lens.
Anything he does to correct one type of imper-
fection usually affects other typesof aberration.
He must consider many variables, including:
" 1. Index of refraction of different kinds of
glass. * : ’
- 2. Differencé in dispersion in various types -
of optical glass. . ’
3. Curvature of refracting surfaces. :
4. Thickness of/ lenses and distance between -
them, ' o .
5. Position of -stops ‘along the optical axis. -

All of the Gther aterration affect the sharp-
ness of the imaze, but an image can be perfectly
sharp in all respects and still be DISTORTED.
This is' caused imperfect- centration or irregu-
larity of optical surfaces’and produces a change
in magnification from the center of the field, to

any other point inthe field, as measured ina

radial direction. Thus objects off the optical
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ENLARGED VIEW OF PERFECT
CONE OF IGHT

/

/ .
axis will - have a different’ magnification than
objects on the optical axis.

If magnification i less for objects off the
axis, you have BARREL distortion (A of Fig.

4-57). I magnification increasesias you leave
the axis you have PIN/CUSHION distortion (C of
Fig. 4-57). g

. A single, thin len
image, but when you must puta stop on the axis,
you will introduce distortion: Placing the stop
in the front of the lens wili cause the image to
have barrel distortion and placing the stop be-
hind the lens will cause pin cushion distortion.
When a stop' must be used in an instrument the
manufacturer will use a compound lens;’ with
the stop placed betweenthe two elements, letting
the distortions cancel each other. . ’

-

/

Figure 4-55.—Refr"action of light by a perfect lens. -

8 will form an undistorted '

NEWTON'S RINGS - .

)54 convergent and d1vergent lenses of slightly
unequal curvature are . pressed against each
other, irregular COLORED BANDS or patches

color appear between the surfaces. See
figure 4-58. = The pattern you see in this illus-
.tration is called NEWTON'S RINGS, after Sir
Isaac’ Newton, who first called attention to it.
-These rings copstitute a defect in a compound
lens; but the rings can be used advantageously
for: testingthe accuracy of grinding and polishing
lenses. .

Light waves from an object never focus per-
fe/ui at a corresponding point on an image

eated by them~they form instead a ‘diffused
image with a central white spot surrounded by

. : Wi o '

*
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B ' ) Figure 4-56. —Astigmatic refraction of light. L '
. -a series of ‘concentric rings of light which fall we explain the diﬁerence in i ght tra.nsmission
a off rapidly in intensity. THIS IS CALLED A through a thick lens. .
_ DIFFRACTION PATTERN. See illustration Because light is refracte at both surfaces’
© 4-59, raction ¥sets the final limit to the  of a lens, all lenses have two principal plane§.
A lens is considered thick when its axial thick-

-sharpnesq of the image formed by a lens,. re-
sulting from ' the natural spreading tendency of
‘light wav s, and it occurs in images formed by
, regardless of the perfection with '
The diffracti h -

THICK LENSES
our discussion on lenses has dealt

= vwill be concerned with in the Navy

ness is so large that the principal plane/s and

optical center ca.nnot be considered as coinciding

at a single point on the axis. - / e R
" There arethree types of thicklenses that you . © T

' o SINGLE THICK'LENSES . ,
o 'COMPOUND LENSES "’ ’ o AR
.6 TWO THIN . LENSES COMBINED TO . .

_MAKE A THICK LENS . _ P

Two equi-convex lenses ‘are illustrated in =~
ilgure 4-60. Both lenses have the same index o e



/

/

(o), IMAGE ﬁAS BARREL OR NEGATIVE DISTORTION
(b). IMAGE 1S FREE FROM DISTORTION\:
(e), IMAGE MS CUSHION OR POSITIVE DIS"ORTION

’
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Figure ,'4-57.-Images,\formed by a lens.

o , i 7°135
. Figure 4- 59 —Diffraction pattern 3
e '.,’_/ : . o : ' (greatly magnifxed)
“of r\h;action and radius of curvaturg, their '
diameters are equal but their, thicknesses are - -As?ou ,know, an A ray is any ray which
- _ passes j;hrough the- optical center of a lens and (
' -
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emerges from the lens paral 1l'to the incident .the optical axis, or travel in the direction of the
ray without deviation. This rule applies to first principal point (where the principal plane
. BOTH THICK AND THIN LENSES; but note the. - intersects the optical axis).. When it strikes
difference in the A rays of the two lenses in the lens,-it is refracted in accordance with the .
mustratigrx{i—(io.. In the thin lehs in part A, thel~ laws ofrefraction and passes through eoptical’ -
" A ray is tfaveling toward the o[ lcal center and center. Upon emerging 'from the gécond sur-
“passes directly through ‘without refraction or.< face, the emergent ray appears to have come - = <
deviation. /.- LT _ —frem the second principal point (A') and is R
- In order/for a ray of light to pass through ‘ax parallel to the.incident ray, slightly offset (NOT . - .. ~ = = .
thick leng/without deviation, it ‘must travelalong - DEVIATED) from its original-path.-~ - et el T
y _ _ o . _
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Chapter 4—LENSES .

If a lens.is VERY THICK, the degree of con-
: vergence or divergence of rays is changed by
" the DISTANCE the raystravel through the glass.
R | § the light .is converging after passing ‘through
the first sirface of the lens, the degree of con-
’ the second surface
of the lens is reached. If the lens is thick
enough, the light could converge to'a focus on
the second surface, or within the lens itself. -
Obseérve that the refraction of the B rays in
the two lenses in figure 4-60 ig'the’ same; but
the ray }1 the thicker leqs.*convgrges-v more and
travels a greater distance than the ray in the
thinnpf lens. Observe algo that the principal
plané (P') of the B ray is ngw located to the
" right of the optical .center W(ix:'thick lens.
- Now compare the b rays of the two lenses’
The refracted ray in the ﬂ(iﬁ lens appears to be
R I{refracted at the sime plane w ere the B ray
k \refracted; “but ray b of th

_ appear to be refracted at the,. same point.ag the
© . .B ray—it traveled a greater distance ang is,
i more convergent than ip thé thin léns. The*
i ,lgcation of the principal plane/‘ (P)\for the b ray "’
i8 to the left of the optical center.

B T
s ‘

B n s o a

- EXACT CENTER -of the thick'lens ag it does in
; thinlepses.. = , : ]
. Observe in (fig. 4-60) that the A ra deviates
; slightly as jt strikes the face of the len's, passes. .
'+ "through the optical center, and then REFRACTS
f, AGAIN\ as it leaves the.left face of the lens.

. tly .the
Same amounf’ as the b ray ag it strikes' the left

ugh, ‘and as it
. leaves the face of the lens. ‘Both of these rays
P88 through the” optical axis
EXACTLY_.THE SAME DISTANCE' FROM THE
LENS, |7 . T
.~ Becaude the principal planes of a thin fens -
. bisect the optical ,axis_' in the center of the lens,

-

P ‘ s

o .

o !

e thick lens .does not——princip

. Refraction, - -
- | therefore, 'DOES NOT TAKE PLAGE IN THE

“"made from different types of
- Preseat in a gingle lens,
- _com
~ to be classified as a thick lens (fig. 4-61),

- with ;?eir optica'i
sl

" DIALYTE

S o 'Fig'ure 4-61.—~Compo d lenses.

; ."~\8_9
gy

*'We measgured the focal,length as the distance *
from the principal ‘plane to the prin"c’lpal focus,
As shown in figure 4-60, the principal plages of
a-thick lens do not lie in the cehter, so we must
consider the focal length as three separate
factors: ' (1) front focal length; (2) equivalent

.focal length; and"(3) back focal length, 4

: ) . , . B C
" SFRONT FOCAL LENGTH . : '

/. ' ‘
; Abbreviated FFL, the- distance measured '%
‘from the. principai focal point in the front space
to the vertex uf. the front surface is the FRONT
* FOCAL LENGTH (Fl;to V.in fig. 4-60). -

EQUIVALENT FOCAL.LENGTH

" Abbpeviated EFL, the

;diétan'ce measuxed
+ from

Principal plare to its corresponding
Al focal point {s the EQUIVALENT
-FOCAIé LENGTH {P1 to F1 and ‘P2 to F2 in
. fig. 4-60). - 2 N

BACK FOCAL LENGTH "

~ Abbreviatdd. BFL, ‘the " distance measured .
from the vertex ‘of the back surface of the lens ) ‘e
to the focal point in &he back space is the BACK » S

FOCAL LENGTH (V1'to F2 in fig, 4-60).

e ) '
.

coxv;ng:uﬁn LENSES

Because an ."opti.cally

perfect lens cannot be.
produced ag'a single len

8, two or more lenses

glassare frequently ., e f
combined as g, unit to. conceal defects-that are - '

. These are called -
ind lenses and ‘will often be thick enough . . .

'I‘wp_ elements that-are ceménted together. : . *
3l axis in alignment are called

- -
' .

TRIPLET

137.95
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a doublet, Three plements cemented togéther
are called a tripket, ..~
- Cementing

desirable, because it helps to maintain the two
elements in alignment under sharp blows, keeps
out dirt, and decreases the loss of light as a

. result of reflection where the surfaces contact.
NOTE:, The lenses of DOUBLETS TOO -
LARGE in diameter to be cemented together .

°(even if their inner surfaces match)form a lens
combination called an AIR-SPACED or UN-
.CEMENTED DOUBLET.- ° 1 ,

. ,In a dialyte compound lens, the inner sur-
faces of the two elements do not have the same
curvature, which means they cannot be cemented
together, The two lenses are separated by a
thin spacer ring, or tin foil shims, and are se-
cured in aﬂthreaded cell or tube. ‘

LENS COMBINATIONS

jf you arrangé two thinlenses in proper posi-’
- tion. they will perform as a single thick lens,

Study figure 4-62 which illustrates two symme-

" trical thin lenses used as'a thick lens, All the

laws of refraction apply here as they did in

figure 4.60. The only variation in thg two

<@ 0
e contact surfaces of lenses
. used in a compound lens is generally‘donsidered

systems is the way you measure focaldistances.
Because the two lenses are very thin, the prin-
ciple plane of*each lens lies in the geometrical
center and for this reason we must measure the
focal distance for each lens from the individual
principal planes. The equivalent focal- length
is measured from the principal plane of the
combination. o .

When thin lenses used in. combination are
identical in optical characteristics, FFL "and
BFL are equal; but if the focal length of one

lens differs from that of the' other, the FFL ".'

and BFL are unequal. When the thin lenses
differ optically, the equivalent focal on each
side will still be equal becanse of the prineipal-
planes in the combination. P

The formulas for computing the three focal’
distances are: - ’

F F ~,
U 1 X2 '
EFL = ———— |
F F1+F2'S N
. '(lez)-(Ssz)- "
BFL=‘F : ' )

[(Fy + Fg) - (Sx Fy) '

F; + Fp - §

§ e
b -
I
_ ., } 1 |
e ' I
- Ve b 4 b~ -
' AN { - .
e VA ( .| secono ermcieaL | | ) v | , “
) < ! T - et I PLA'.‘E ¢ MU Lt " . ' o ! /
= i 4 . | FIRST PRINCIPAL . o s/
FIRST JFOCAL . . . PLANE o SECOND FOCAL i '
: P7NE ; - . - B P PLANE{_ - T i Ve
. Lo S “137.507 |
_ Figure 4-62,—Symmetrical thin lenses used in combination as a thick lens. ~ .. [
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'z
—
i

focal length of lens A (in combination)

el
(X}
n

focal length of lens B (in co:ni)ination)

[45]
"

separationof the two lenses X&Y,or
left and right) in a combination, meas-
ured from their principal planes,

Refer now to figure 4-63 which illustrates the
use of two thin lenses in combination when
making an eyepiece of a telescope. You will
study eyepiece systems in detail in chapter 5,

but the application is very appropriate at this
point,

OBJECTIVE

lens is necessary at the point where a reticle
is generally mounted and the markings are
therefore engraved on it. The function of a
reticle is to SUPERIMPOSE reference marks
on the view of a target.

Colored Filters

Filters (sometimes cailed ray filters) are
colored glass disks (with plane parallel sur-
faces) placed in the line of sight in optical in-
struments to reduce glare and light intensities,
Theyare separate elements and may be attached
or detached (A & B of fig. 4-64), or they may

FL

axis e . / |
d

ey 1
H

]
—

EFL ' -]

Figure 4-63.—Two thin lenses used as an eyepiece.

As you study the illustration, you will notice
that lens X is within the focal length of lens Y
and it makes the diverging rays from focal
plane F2 less diverging. Also notice that the
focal length of lens Y is longer ihan the EFL,
This helps to illustrate the fact that each thin
lens in a combinationhas a definite focal length,
but when used together the resulting EFL of the
combination is shorter thanthe F1of either lens.

MISCELLANEOUS OPTICAL ELEMENTS

In addition to the optical elements studied
thus far there are three additional elements that
have an effect onlight transmissionir aninstru-
ment, These elements are RETICLES, COLOR
FILTERS, AND POLAROID FIL TERS.

Reticles

Most reticles used in optical instruments
are glass disks witk plane parallel surfaces, on

one of whichappropriate markings are engraved
or etched.

In some instances, a planoconvex

137.508

be mounted on a rotating disc which makes in-
sertion and removal from the path of light easy.
Part C of figure 4-64 shows a disc with three
colored and one neutral filter mounted.

Some of the different types of colored filters
employed in optical instruments in order to im-
prove visibility under varying conditions of
light and atmosphere are amber, blue, green,
red, smoke, and yellow,

Amber and red filters are generally used
under varying conditions of fog and grcund haze.
Red filters are also employed for observing
tracer fire. Amber and yellow filters protect
the eyes from reflections of sunlight on water
and glare from various sources. Blue filters
are helpful in determining when objects and/or
areas camouflaged.

Greenish-yellow filters have both green and
yellow colors in their composition,and they can
serve the same purpose as amber and smoke,
A smoke filter is a dark filter used to protect

the eyes from a bright sun or a searchlight,

This type of filter is usually too dark for other

purposes.
91
76
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Figure 4-64.—Color filter mountings.

Polaroid Filters

Polaroid iilters can do three things: (1) in-
crease image contrast; (2) cut glaring reflec-
tions; (3) control the amount of light passing
throuagh the optical system.

To understand how they work, we'll have to
go back to the wave theory of light. We showed
you how to make wave motion in a rope by
securing one end, and shaking the other end up
and down. But that doesn't represent the wave
motion of light. You'd get a clearer picture of
light waves if you had a number of parallel
ropes, and shook some of them up and down,
and some of them sideways, and some at various
angl:s in between. Light waves vibrate in all
possible directions at right angles to their line
of travel.

Let's suppose you're shaking a rope to make
a wave motion in it. Let's say that somewhere
along its length, the rope passes between two
vertical slats, an inch apart. If you shzke the
rope up and down you'll make vertical waves in
it, and these vertical waves will pass easily
between the vertical slats. But if you shake the
rope sideways, you'll make horizontal waves.
And the vertical slats will stop them dead.

Now let's suppose you have a number of
piarallel ropes, passing between a whole series
of parallel vertical slats. Let's say that you
shake some of the ropes up and down, some of

them sideways, and some of them at angles in
between. Then your ropes, like light, will have
wave motions in all directions atright angles to
the line of travel. What happenswhen your rope
waves reach the vertical slats? The vertical
waves will pass through, and the horizontal
waves will stop. What about the "diagonal"
waves? A part of the wave energy will pass
through, the waves on the other side will be
smaller, and they'll be vertical. Beyond the
slats, all the wave motion will be in one direc-
tion. When wave motion is all in one direction,
we say it's POLARIZED.

Ordinarily, light waves vibrate in all direc-
tions. But when light strikes a series of micro-
scopic parallel "slats,” all the light that passes
throughwill be vibrating in one direction. We'll
have POLARIZED LIGHT. Polaroid filters po-
larize the light that passes through them. Look
at figure 4-65.

Polaroid filter s containa microscopic ''grid"
to polarize the light. Figure 4-65(A) represents
a polaroid filter with the grid vertical. The
light that passes through it will be polarized in
a vertical plane. If we turn the filter through
90 degrees the grid will be horizontal, as in
figure 4-65(C). Then all the waves that pass
through will be polarized in a horizontal
plane.

In figure 4-65(B) we have a beam of light,
vibrating in all directions, striking a polaroid
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Figure 4-65.—The polarization of light.

filter with a vertical grid. (In this diagram, the
light is coming from right to left. ‘To keep it
simple, we've shown only {he vertical and hori-
zontal waves.) All the light that passes through
the filter will be polarized. and its vibrations
will be vertical. What happens when this
Efolarized light strikes a second polaroid filter ?

the grid of the second filter is vertical, the
light will pass through. If the grid is horizontal,
as in the diagram, the light will stop. If you
turn tke grid to some angle in between, a part
of the light will go through. .

A polaroid filter is a film of plastic, either
by itself or cemented between thin sheets of
glass. Suspended in the plastic film are millions
of tiny crystals of a dichroic mineral (iodoquinine
sulfate). Since all these crystals are lined up
in the same direction, they polarize all the light
that passes through the film.

By now, you've probably figured out why a
polaroid filter is useful on a telescope. Sup-
pose your target is still a gray ship against a

background of sea and sky. The light from sea
and sky is partly polarized; the light from your
target is not. If you look through a polaroid
filter, and turn it so its grid is vertical, you'll
reduce the brightness of your target to about
half. But you'll reduce the brightness of sea
and sky to much less than half. You'veincreased
the contrast of your target, and cut down the
glare on the water.

Héré's your last experiment for thischapter.
Put tWo polaroid filters together, and look
through both of them. Hold one of them still,
and turn the other. When the two grids are
parallel, the two filter: will transmit about half
the light. When you get the grids crossed, the
filters will absorb practically all the light. By
turning one of thefilters tothe proper angle, you
can get any intensity of transmitted light you
want—between 50 percent and less than 1 per cent.

That arrangement comes in handy on an in-
strument like the sextant, where you have to
look at an image of the sun.




CHAPTER 5

BASIC OPTICAL SYSTEMS

Inprevious chapterswe discussed the forma-
tion of images through the use of various opti-
cal elements. We will now combine some of
those elements into basic optical systems. An
optical system as defined by MIL-STD-1241A
is, "A COMBINATION OF OPTICAL COMPO-
NENTS ARRANGED SO AS TO PERFORM ONE
OR MORE OPTICAL FUNCTIONS." Of all the
optical systems that we will come in contact
with, the most important is the HUMAN EYE,
and an understanding of its function will there-
fore help you to comprehend more clearly the
operation of optical instruments in the Navy.

THE HUMAN EYE

A complete study of the human eye involves
physiological and psychological aspects since
any image formation must be interpreted by the
human brain, The human eye is in effecta phys-
ical image-forming system that has lenses of
certain curvature and measurable indices of re-
fraction. The eye conforms to the usual laws of
image formation when producing an image on a
sensitive screen in theback of the eye known as
the retina (fig. 5-1). To see an object, light of
suitable quality and intensity from the object
must form an image on the retina which trans-
forms the light energy to nerve energy, and the
nerve impulses are then conducted to the brain
by the optic nerve. Thus we are able to dis-
tinguish the object.

EYE STRUCTURE

The human eye, as illustrated in figure 5-1,
is a nearly spherical organ held in shape by a
tough, outer, whitish sclerotic coat, called the
sclera, and the pressure of its viscous content.
The cornea, the transparent front part of the
sclera, protrudes slightly as it has a greater
curvature. Inside the sclera is the choroid con-
taining blood vessels, the opaque pigment (not
shown), and the ciliary process. The ciliary
process includes the iris and the muscles which
focusthelens of the eye. The pupil isthe opening
in the center of the iris. The retina covers the

inside of the choroidup near the ciliary muscle.
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Figure 5-1.—Construction of the humar eye.

The space between the cornea and the iris is
called the anterior chamber and between the
iris and the lens is a posterior chamber. Both
are filled with a fluid called the aqueous humor.

The space back of the lens and the ciliary
process is filled with the vitreous humor. The
lens is attached to the ciliary muscle by many
fibers called suspensory ligaments (fig. 5-2A).
Except for the opening in the iris, called the
pupil, the pigmentation of the sclera and iris
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137.123

Figure 5-2,—Suspension and action of the lens.

normally makes the eye light tight. Without
proper pigmentation, vision is impaired by glare
from light leakage onto the retina.

AN OPTICAL INSTRUMENT

The German astronomer Johannes Kepler is
credited with being the first man to compare the
eye to an instrument like a camera. In 1604 he
wrote, '"Vision is brought about by pictures of
the thing seen being formed on the white concave
surface of the retina." The eye has been com-
pared to the camera in numerous textbooks
throughout the world. This comparison has
been misleading and often gave the wrong im-
pression of how the eye functions, Figure 5-3
illustrates the human eye superimposed on a
camera,and we suggest thatyou study this illus-
tration as you read this section,

The camera is a completely physical optical
instrument that forms an image on the sensitized
film which, when processed, becomes a photo-
graph. The formation of an image by the human
eye is a physical optical instrument only to the
point of refracting light. From the formation of
an image on the retina of the eye, the balance
of seeing is a psychological processing dealing
with nerve impulses and the brain,
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The only comparison of physical properties
of the eye that can be made with the camera
are LENS with LENS, IRIS with DIAPHRAM,
and SCLERA with LIGHTPROOF HOUSING of
the camera,

REFRACTING MECHANISM

The cornea and the lens act together as a
convergent lens system toform a real image on
the retina of the eye. The cornea (fig, 5-1) is
the first refracting surface for light entering
the eye and is responsible for about 75 percent
of the refracting power of the eye, The cornea
is transparent and the refracting power is due
to its curvature and refractive index difference
between it and air on one side, and the aqueous
humor on the other. The two surfaces of the
corneausually are of similar curvature, Changes
in focus to adjust the eye for various object
distances are made by the lens which changes
to make the adjustment, The lens is a trans-
parentelastic body with a less dense outer layer
and a denser inside core. The lens changes
curvature to focus light from near and far points
onto the retina brought about by action of the
ciliary muscle changing the tension of the sus-
pensory ligaments. Figure 5-2 shows the ciliary
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Figure 5-3.,~Comparison of the eye and camera.

process in detail with the eye focused on a near
object in B, and the eye relaxed and focused on
a distant object in C, Notice the difference in
the curvature of the two lenses. The process of
changing focus from a near point to a far point
isreferred toas accommodation,and the normal
eye has the ability tofocus on an objectat a near
point of about 5.9 inches and afar point of infin-
ity. This decreases with age,as a result of loss
of elasticity of the lens.

IRIS FUNCTION

Built into this optical system named the eye,
is an adjustable diaphragm designated as the
iris, It acts as an aperture stop for the lens,
just as the diaphragm of a camera does (fig. 5-4).
The iris opens and closes automatically, con-
tracting under very bright light and expanding
indim light. The opening in the center of the
iris (fig. 5-1) is called the pupil. The size of
the pupil will vary in young eyes from 8mm in
dim light to about 2mm in bright light. The iris
is composedof radial and circular muscle fibers,
over which we have no control. The opening and
closing of the iris is an automatic function of
the nervous system and it thus tends to hold the
illumination on the retina constant regardless
of image brightness,
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VISION

Light energy striking the retina of the eye
enables us to see, but the optical image formed
on the retina is only the starting point of a
complicated process of visual perception and
visual memory. The fact is that you do not see
the retina! image; you see with the aid of this
image. The incoming light forms a pattern
that gives information for the nervous system
to pick up. This information is then used by
the viewer to guide his movements, to antic-
ipate events, and to construct a mental experi-
ence. The visual process is then supplemented
by our memory which stores the information
in the brain. The retinal images are constantly
changing in position, size, and shape as the
viewer moves his eye or theobject being viewed
is moved. Usually we are not aware of our
eye movements as they are moved by the con-
traction of one or more pairs of opposed mus-
cles triggered by the nervous system. Such
eye movements are necessary because the area
of clear vision avallable to the stationary eye
is severely limited. To see this for oneself
all one needs to do is fixate on a point of some
unfamiliar picture or printed page. Only a
small region around the fixation point will be
clear. Most of what is being viewed will be
hazily visible. This is due to the structure of

/’
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Figure 5-4.~Iris and diaphragm of a camera.

the retina and the placement of its sensitive ele-
ments. The retina which covers most of the
area behind the ciliary process,translates light
energy into nervous energy and containsthefirst
coordinating nerve cells in the visual system.
The front part facing the lens is composed of
blood vessels, nerve cells, enrve fibers, and
connective tissues.

"B'" of figure 5-1 shows a cross section of
the human retina, magnified about 500 times. In
this picture, light is coming from the left. The
light-sensitive elements are specially developed
nerve cells, of two different kinds, Because of
their shape, we call them RODS and CONES.
The light-sensitive layer of rods and cones lies

at the BACK of the retina. Before light can
reach that layer, it must pass through several
layers of tissue, containing a network of nerve
fibers and blood vessels. These layers are
extremely thin, so they don't absorb much
light. But, they do affect the sharpness of the
image,

In some of the lower animals, the sensitive
layer is at the front of the retina,with the nerve
and blood supply behindit. Those animals prob-
ably see more clearly than we can. But the
human retina has this advantage: the sensitive
layer is in contact with the rich blood supply of
the choroid. That helps to keep the efficiency
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of the retina at a high level, over a long period
of time.

As illustrated in figure 5-1, the entrance of
the optic nerve means a disc that is a blind
spot where there are no light sensitive cells.
The retina thins at the visual axis because there
are no blood vessels or nerve fibers over the
fovea, The fovea is the most sensitive part of
the retina. The center of the fovea contains only
cones that are longer, thinner, and more densely
packed than cones elsewhere in the retina.
From here to the edge of the retina the number
of cones per unit area decreases and the num-
ber of rods increases. The sensitivity of the
retina to light varies, and since the fovea is the
most sensitive, it is used to see fine detail and
color. The cones of the fovea are individually
connected to a single nerve fiber and have a
direct path into the optic nerve. Because the
fovea is highly sensitive and small, we must
constantly shift our eyes when we look at an
object in fine detail.

Animals with non-foveated eyes, such as
horses, do not fine this necessary. It is also
the reason why the eye must make several fixa-
tions on each line while reading and why our
eyes rove widely over pictures.

The overall condition of the eye deter-
mines the degree of sharpness of vision. Eye
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specialists have devised a means of measuring
the sharpness of vision called visual acuity.
Various charts are used for measuring vision.
They usually consists of letters of different
sizes. The standard is a 5-minute square letter,
the individual details of the letter subtending at
the observer's eye 1 minute of arc, Figure 5-5
gives an illustration of this. The reference line
on the chart is normally constructed of details
for viewing at 20 feet. Other lines on the chart
have graded sizes of letters for various dis-
tances. For example, the line marked 40 feet
would subtend an angle of 2 minutes,and the line
marked 10 feet would subtend an angle of 1/2
minute.

1 MINS F e I’
en
\5_ MINUTES OF ARC
[a o e o ROFEET .. o 4
137.510

Figure 5-5.—Standard 5-minute
square letter,

VISUAL ACUITY is expressed as a fraction,
the numerator of whkich is the design distance
for the chart and the denominator is the line
which can be read at that distance. With sucha
chart,20/20 visionwould be normal, 20/15 would
be better than normal, and 20/30 would be sub-
normal, Vision 20/30 would mean that the ob-
server can only read at a distance of 20 feet the
line normally read at a distance of 30 feet; and
20/15 vision means the observer can read at 20
feet the line normally read at 15 feet.

Night Vision

Cones appear to be a factor inacute vision,
as the eye tends to rotate in order to bring the
image nearer to the area where cones are most
concentrated, It also appears that the rods in
the retina are associated with night vision. Some
facts that support these statements are:

e Animals that hunt at night and sleep in the
dayiime (such as bats) have retinas composed
almost entirely of rods.

e Animals that go to sleep as soon as it gets
dark (such as pidgeons) have retinas composed
almost entirely of cones.

¢ Humansbeings whoget around both day and
night have retinas composed of both.

The structure of the rods and cones is com-
plex and the exact mechanism of vision is not
fully known. We do know that the retinal rods
contain a red colored photosensitive pigment
called RHODOSPIN, which is bleached when ex-
posed to light. The product of this bleaching is
a stimulation of the nerve cells in the eye mak-
ing the rods sensitive to very small amounts
of light.

The retinal cones contain a violet-colored
photosensitive pigment called IODOPSIN that is
similarto rhodospin but more capable of under-
going physical change. Even though the cones
respond more quickly to light, it takes.a greater
amount of intensity totrigger this response. An
example of the change taking place in the eye is
when a person goes from bright sunlight into a
darkened room, it takesthe eye several minutes
to adjust to the lower illumination level. It is
because the retinal rods, even though they are
more sensitive to low illumination, do not re-
spond as quick as the cones. The reverse pro-
cedure holds true when we again emerge from a
darkened room into bright sunlight.

Color Vision

We know that white light is a combination of
all the wavelengths of the visual spectrum, and
when we see an object in color we know that the
object is reflecting or emitting waves of a cer-
tain range. As an example, red objects reflect
wavelengths greater than 640 angstrom units
(mu) and blue objects reflect wavelengths be-
tween 410 and 480 mu.

Aside from the cone cells being less sensi-
tive than the rods, the cones are also the sen-
sitive cells in color vision. This is proven by
tne fact that at very low levels of illumination
all radiation regardless of wavelength give rise
to colorless sensations. The normal human eye
can match any color with a mixture of three
primary colors; red, green, and blue. The
brightness of color in the objects that we see
depends on the radiant energy in the light.

Color Blindness

The inability of a personto distinguish colors,
that is, having only gray visual sensations, is
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called color blindness and is very rare in
humans. More common is the condition of
deficient color vision. One in ten men and
one in one hundred women have various de-
grees of color deficiencies. The most common
deficiency is poor red-green discrimination,
and relatively rare are defects in blue-yellow
vision.

With a color deficiency,one is unabie io dis-
tinguish certain colors, and the type of color
confusion indicates the kind of irregularity. A
person who has red deficiency would see red,
brown, dull green,and bluish green as the same
color when they have the same brightness. A
person withgreen deficiency would confuse pur-
vlish red, brown, olive,and green. A mild defi-
ciency isonly a small handicap and may not even
be known by the person. Medium deficiency
would exclude a person from working where
medium color diserimination is important, and
seriously deficient individuals should be ex-
cluded from all occupations where color recog-
nition is important.

Resolving Power

The RESOLVING POWER of the eye or an
optical system is its ability to distinguish be-
tween two adjacent points. It is often expressed
as the ability to distinguish between small lines
and fine angles. Since resolving power is a
measure of the ability of an optical system to
distinguish fine detail, it is an important prop-
erty of the system. After all, what good would
an instrument be inthe Navy if we had a magni-
fied image, but we could not distinguish any of
the details in the image ?

Figure 5-6 illustrates what we mean by two
adjacent points forming an angle with the eye.
The average eye can resolve details subtending
1 mintue of arc. This is brought about by the
image falling ontheretina and stimulating more
than one cone, with a separation of at least one
unstimulated cone between them. So we can see
that the normal eye can distinguish between two
equally bright objects, separated by an angle of
only 1 minute.

NEAR OBJECT

RETINAL IMAGE
SAME SIZE
(FOR EACH OBJECT)

A—APPARENT SIZE

POINTS

10—

206

LEAST ANGULAR SEPARATION

1 MINUTE OF ARC

B—LEAST ANGULAR SEPARATION

137,127

Figure 5-6.—Visual limitations.
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The rods and cones give the retina a mosaic
structurethat determines resolution. Maximum
resolution depends on three factors: (1) retinal
location of the image, (2) the nature of the image,
and (3)adequate time for stimulation. Now let's
break this down into more detailed terms.

By 'retinal location of the image,” we mean
that theimage must fall on the fovea of the retina
where vision is mostacute, The resolving power
of the eye decreases as the image moves away
from the fovea.

By "nature of the image,"we meanits bright-
ness. Brightness isthe light necessaryto stim-
ulate the retina. The smallness of a light or
bright spot that can L. seen will depend solely
on its brightness.

The final factor is '"adequate time for stimu-
lation." This means simply that an image must
fall on the retina long enough to cause stimula-
tion of the nerve cells. Bright objects will
stimulate quicker than dim objects.

All of these factors canbe fully realized when
we look out to sea at night. If we see a small
but very bright light, we have quick stimulation
and the light is very noticeable. If, when look-
ing out,we see a dim light,we must concentrate
for a much longer period of time in order to
discern it.

STEROSCOPIC VISION

The fact that we have two eyes to guide us is
a decided advantage in seeing,and both eyes act
as a team tofeed information to the brain where
it isfused into a single mentalimage. Both eyes
usually operate under the same light conditions
and converge on the same object for binocular
vision. One of the advantages of two eyes, or
binocular vision, is the apparent increase in
brightness of about 20 percent above that of an
object viewed with just one eye. Figure 5-7
shows the normal field of view with both eyes
and also the binocular field. The field of view
with both eyes is normally about 160° on the
horizontal, and 70° on the vertical. This in-
cludes the area seen by the left eye, the right
eye, and that seen by both eyes. The binocular
field exists only in that area of the field of view
where the fields of the separate eyes overlap.

Another and more important advantage of
binocularvisionis the experience of depth, which
is called stereoscopic vision. The basis of
stereoscopic visionis horizontal dissimilarity
of retinal images on corresponding points of the
two retimas.

OF
RIGHT EYE

137.128
Figure 5-7.~Field of view with two eyes.
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B80TH EYES
c

137.129
Figure 5-8.—Stereoscopic vision.

Figure 5-8 shows a cube demonstrating the
stereoscopic effect when looking at a near ob-
ject. In studying this illustration we can see the
difference inthe retinal images of the two eyes.
This difference is brought about by the spacing
of our eyes,which allows usto see objects from
slightly different angles. The spacing between
the human eyes is measured from the pupil and
is called INTERPUPILLARY DISTANCE (IPD).
Normally in humans, it is about 64 millimeters.
Stereoscopic vision can be stated as the ability

105




Chapter 5—BASIC OPTICAL SYSTEMS

to see in depth or inthree dimension. When you
view an object inthree dimension, you seeheight,
width, and depth,

In a like manner, when you observe two ob-
jects simultaneously, stereoscopic vision en-
ables you to judge the relative distance of one
object from the other, in the direction AWAY
FROM YOU. -

Your ability to distinguish the relative posi-
tionof twoobjects stereoscopically depends upon
the interpupillary distance of your eyes,the dis-
tance of the object from you, and their distance
from each other (see fig. 5-9). Other factors of
depth perception being equal, the wider your
interpupillary distance,the better the apprecia-
tion of depth perception you secure through
stereovision, In orderfor you to distinguish the
position of two objects stereoscopically,thedis-
tance of the second object frora the first object
must be approximately equal to the distance of
the first object from you.

When you look at two objects and attempt to
determine which is farther away, the lines of
sight from both eyes converge TO FORM

A—INTERPUPILLARY DISTANCE
8—DISTANCE FROM OBSERVER
C-—DISTANCE BETWEEN O

137.130
Figure 5-9.—Distinguishing the distance
between two objects.

ANGLES OF (ONVERGENCE ON BOTH OB-
JECTS (fig. 5-5). If the angles of convergence
to both objects are identical, the ohjects appear
to be the same distance away, bu if there is a
difference in the angles of convergence to the
two objects, one objec: appears more distant
than the other.

Even though the distance between angles of
coavergence is slight, the brain has the ability
to distinguish the difference. Your ability to
see stereoscupically, therefore, depends upon
your capacity to discern the difference between
these angles. Figure 5-10A shows graphically
thedifference betweeuthe angles of convergence
shown in figure 5-9.

Angles of convergence become smaller, and
the difference between them becomes less dis-
cernible, as the objects are moved farther away
from you, .r as the distance between them is
decreased. THIS DIFFERENCE IS KNOWN AS
DISCERNIBLE DIFFERENCE OF CONVER-
GENCE ANGLE (fig. 5-10B), AND IT IS MEAS-
URED IN FRACTIONS OF MINUTES AND SEC-
ONDS OF ARC, STEREOSCAIIC VISION FOR
THE UNAIDED EYE IS EFFECTIVE UP TO
500 YARDS ONLY. This distance, however, can
be increased through the use of binoculars or
rangefinders, which increase the interpupillary
distance between the eyes and therefore in-
creases stereoscopic vision.

STEREOACUITY, IN CONTRAST WITH
VISUAL ACUITY, Is SHARPNESS OF SIGHT IN
THREE DIMENSIONS, OCR THE ABILITY TO
GAGE DISTANCE BY PERCEPTION OF THE
SMALLEST DISCERNIBLE DIFFERENCES OF
CONVERGENCE ANGLES, The minimum dif-
ference whichyou candiscernbetween two angles
of convergence is dependent upon your quality
of vision, your training, and conditions which
affect visibility.

A well-trainedobserver candiscern an aver-
age difference of about 12 seconds of arc, at
times, under excellent conditions of observa-
tion, thisdifference may be reduced to 4 seconds
of arc for a series of observations. An aver-
age, untrained observer should be 2'le to dis-
tinguish a minimum difference <{ ii* seconds of
arc between two angles of convergence under
normal visibility conditions.

ABERRATIONS OF THE EYE
The optical system of the eye suffers from

some of the same aberrations as anoptical sys-
tem made up of glass lenses. The eye is partly
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A GRAPHIC VIEW OF DIFFERENCE BETWEEN CONVERGENCE

ANGLES SHOWN IN X AND Y

SUBTRACT TO OBTAIN
DISCERNIBL E DIFFERENCE OF
CONVERGENCE ANGLES

RIGL'T
B
THE ANGULAR DIFFERENCE BETWEEN t D
ANGLE OF COMVERGENCE A AND
ANGLE OF CNVERGENCE B

IS KNOWN AS THE

ANGULAR
DISCERNIBLE
DIFFERENCE

LEFT
A EYE

OBJECT

OBJECT

‘ &>

B CONVERGENCE ANGLES IN STEREOSCOPIC VISION

137.131

Figure 5-10,—Angular discernible difference.

corrected for spherical aberration because its
refracting surfaces (especially the front surface
of the lens) are not quite spherical.

The eye has a strong curvature of field, but
that is an advantage because of the curvature of
the retina,

The chrematic aberration in the human eye
is much wo: ;e than you might think. When you
look at an object, you automatically focus the
green and yellow light on your retinas, but the
blue light falls short of the retina, and ths: red
light falls beyond it.

If y~u have divergent lens of about minus 2
diopter. 4nd a good blue light, it is very easy to
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demonstrate the chromatic aberration in your
eyes. Just turn out all but the blue light in the
room. When the blue light is on an object it ap-
pears to be wrapped in a fuzzy blue blanket.
Because of the chromatic aberration in your
eyes, you cannot focus the short blue rays, and
the image falls short of your retinas. Now look
at the object through the divergent lens and see
how much clearer the object is,

The normal aberrations of the eye do not
cause any significant problems in life but there
are three chief defects that must be corrected
with eyeglasses for comfortable vision. These
are ASTIGMATISM, MYOPIA, and HYPEROPIA,
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Astigraatism in the eye is caused by a defect
of the cornea whereby the surface is more
strongly curved in one place than in another.
For an example let's say that your cornea has a
normal curve in the vertical plane, but is more
strongly curved in the horizontal plan. You will
be able tofocus clearly on vertical lines,but the
horizontal lines will be refracted too much and
their image will fail iz front of the retina,

Corrective eyeglasses for astigmatic condi-
tions must be worn over long periods of time for
comfortable vision. In recent years,optical de-
signers have made instruments with the eye
point far enough away from the lens so that the
whole field can be seen with the aid of correc-
tive eyeglasses,

M opiz

In nearsightedness, or myopia, the image is
formed in front of the retina because the re-
fractmg mechanism of the eye is too strong.
Figure 5-1:1 shows how the image plane fails
to fall on the retina. The defect is corrected by
placing a minuslens infront of the eye as shown
in figure 5-11B.

Hyperopia

Farsightedness,or hyperopia (fig. 5-12A), is
caused be the refracting mechanism being too

NEAR-SIGHTED
A

weakand the image plane fallsbehind the retina.
This is corrected by placing,infront of the eye,
a plus lens of proper strength to replace the
image on the retina (fig. 5-12B).

Usually in the case of only nearsightedness
of farsightedness, eyeglasses are removed
when an optical instrument is used and the in-
strument is refocused to correct for the eye
defect. Focusing eyepieces should have suffi-
cient range to take care of this defect. A range
of -4 diopters will cover about 98 percent of
eyeglass prescriptions.

Eye Strain

Optical instruments may be classified as:
(1) monocular, for use by one eye; and (2) binoc-
ular, for use by both eyes. Because optical in-
struments affect functioning of the eyes, cer-
tainadjustments must be madetothe instruments
in order to accommodate them to each eye. A
mionocular optical instrument, for example,
must be so focused (proper positioning of
eyepiece) that the amount of light enters the in-
strument from an object is sufficient to form a
distinct image onthe retina without undue effort
by the muscles of the observer's eyes. The
exit pupil (rear opening of eyepiece, illustrated
later) must be large enough to admit a maxi-
mum amount of light to the pupil of the eye; and
stray light niust be kept out of the eye.

—

— -
-
-
—

CORRECTED NEAR- SIGHTED

137.511

Figure 5-11.—Nearsighted vision and correction.

FAR-SIGHTED
A

—_—
-_—
—_—
—

CORRECTED FAR-SIGHTED
B

137.512

Figure 5-12.—Farsighted vision and correction.
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Adjustment of a binocular optical instrument
requires that the two optical systems of the unit
be properly aligned with each other and conform
to the interpupillary distance of the eyes of the
observer. Precise focusing of the instrument
changes the position of the eyepiece so that it is
in correct relationto the focal plane of the objec-
tive and the angles at which the light rays are
brought to a focus. The eyepiece of a focusing-
type telescope, for example, is generally de-
signed to accommodate the refracting qualities
of the eyes of an observer.

Because telescopes with a magnifying power
of 4x or less have a sufficiently wide range of
accommodation, a single-focus setting is satis-
factory. These telescopes have fixed-focus
eyepiece which cannot be adjusted during op-
eration; hence the name FIXED-FOCUS TELE -
SCOPES, usually with a minus 3/4 to minus 1
dioptric setting.

Eye tension or fatigue causes the eyes to
blink,which is muscular rather than retinal ac-
tion and is least apparent when the eye is re-
laxed, as when accommodated for distant ob-
jects. In most telescopes, the eyepiece mount
is adjustable; and by adjusting the position of
the eyepiece you can adapt the instrument to
compensate for the inherent refractive errors
of the eye. If a person has perfect vision, the
light rayswhich leavethe eyepiece of atelescope
must be parallel and enter the eye parallel; but
the rays which leave the eyepiece must be
SLIGHTLY DIVERGENT before entering the eye
of a person who is slightly nearsighted. The
eyepiece of a telescope for the person must
thereforebe moved in (toward the objective lens)
to bring the final REAL image of the telescope
within the focal length of the eyepiece, and
moved out (away from the objective) for a far-
sighted person.

IMAGE AT ™

INFINITY

ACCOMMODATION
NOT REQUIRED

-~

REMEMBER: You CAN SOMETIMES bring
the viewed object within focus on your retinas
by accommodation of your eyes, as well as by
adjusting the eyepiece of the instrument (fig.
5-13). A serious error often made by a novice
is accommodating with his eye.

When you allow your eyes to accommodate
on an object before the instrument is set for
proper focusing, the eyes will be under a con-
stant strain. Focusing the eyepiece from the
PLUS to the MINUS setting prevents the eye
from accommodating on the object before the
eyepiece is properly set.

The correct way to focus an instrument with
an adjustable eyepiece is:

e Allow your eye to become completely re-
laxed by viewing a distant area.

® Move the eyepiece to the extreme PLUS
diopter position (all the way out).

e After placing theeye ina comfortable view-
ing position, move the eyepiece slowly in until
the image of the target is sharply defined. If
you go past the point of sharp definition to a
point where the image becomes blurred, DO
NOT attempt to refocus from this position. In-
stead, back the eyepiece out again to the full
PLUS position and start over.

e When you are focusing an instrument, DO
NOT squint your eye or in any way put a strain
on its muscles. If you do, errors in setting the
eyepiece will result and cause eye strain all the
while the instrument is being used.

EYEPIECE SYSTEMS

As we learned in chapter 4, a positive lens
forms a real image at its focal plane by con-
verging the light rays to a focus. This image
is rather small and usually too close to the eye

RAYS DIVERGING
~ - _ IMAGE CLOSER
S —~— -~

ACCOMMODATION REQUIRED

137.132:.133

Figure 5-13.—Eye accommodation.
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to be clearly seen. Thus we must add extra
lenses to magnify the objective image and form
an image far enough away from the eye to be
seen. The lens or combination of lenses that
are added to dothis are called the eyepiece sys-
tem of the instrument. The eyepiece works sat-
isfactorily if it will form a virtual image be-
tween the point of the most distinct vision of the
eye (asually 10 in.) and infinity. Figure 5-14
shows the construction of a simple telescope
with the eyepiece placed in a position where the
focal plane of the objective and the focal plane
of the eyepiece coincide.

OBJECTIVE
EYETIECE

A OLAN
v G[' - ; RAYS PARALLEL—
CAN BE VIEWED

WITHOULT

ACCOMMODATION

o

t OBJECTIVE _.*.o EYEPIECED]

137.145
Figure 5-14.—Simple telescope.

BASIC FUNCTION

In general,the eyepiece hasthiree basicfunc-
tions in a visual instrument (fig.‘4):

e It must, with the objectiveYiorm a good
image of the object being viewed.

e It must serve as a magnifier if the instru-
ment has a retical.

RFIELD LENS I :
e ,
,:\'fvv Bl IMAGE I

[P

o It must be designed so that the observer's
eye can be placed in the exit pupil. Hence the
exit pupil must be lccaied at least 10mm to
12mm away from the )z ;¢ glass surface, this
being the nearest the normal eye can approach
the eyepiece surface with comfort.

The objective takes nearly parallel light from
a distant object and converges it {o a focus,
turning it into diverging rays. The eyepiece
takes these diverging rays and directs them as
a parallel beam into the entrance pupil of the
eye. The eyepiece forms an image of the ob-
jective at the point at which the eye is placed.

NOMENCLA TURE

The simplest and most common forms of
eyepieces usually consist of one, two, or three
lenses, of which any or all may be compound
lenses. The lens nearest to the eye is known as
the eyelens. The element that is nearest to the
objective is called thefield lens and its purpose
is to gather light rays from the objective and
divert them to the eyelens (fig. 5-15). If it were
not for thefield lens, much of the marginal light
gathered by the cbjective would not be brought
into the field of the eyelens.

TYPES

General types of eyepieces used in optical
fire control instruments will be discussed in
the following paragraphs, however, the student

137.137

Figure 5-15.—Path of light through eyepiece lenses. .
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must bear in mind that when working on an opti -
calinstrument he will oftenfind modificationsto
these eyepieces. The designer of instruments
will use the basictypes as they are shown inthis
chapter, but he will often find it necessary to
make some modifications to them in order to
produce a quality instrument. One of the prime
concerns ofaninstrument designer isthe elimi-
nation of aberrations in an instrument. The
proper design and use of the eyepiece can be
very useful inthis function and will be discussed
under the separate types of eyepieces.

Huygens

The HUYGENS EYEPIECE (fig. 5-16) is made
of two single lenses. (Usually they're both
convexo-plano, and both made of crown glass.)
The diagram shows three rays converging to-
warda real image. Thefield lens deviatesthese
rays slightly, and sends them toward the eye-
piece. You can see that without the field lens,
some rays will miss the eyelens entirely. In
any eyepiecz, an important function of the field
lens is to collect the rays and send them to the
eyepiece. This ensures that all the light pass-

ing through the system will be used to form the
final image.

The Huygens eyepiece minimizes chromatic
aberration, in a way we mentioned in an earlier
chapter,by making the distance between the two
lenses equal to half the sum of their foez!
lengths. The Huygens eyepiece has some spheri-
cal aberration, but it isn't very noticeable at
relative apertures less than about f:7. If you
want to use it at an aperture greater than £:7,
you have to overcorrect the objective to com-
pensate for the spherical aberration of the
eyepiece.

The Huygens eyepiece can be made entirely
free from coma. It shows some pin-cushion
distortion, but in many instruments that isn't
objectionable. It has a NEGATIVE astigmatism,
which helps correct the astigmatism of the
objective.

This eyepiece has one outstanding disad-
vantage: since the image is insidethe eyepiece,
you can't use a reticle. The aberrations of the
ocular as a whole are corrected, but those of
the eyelensalone are not. Soif you puta reticle
inthe image plane, its image would be distorted
and show color fringes.

The magnifying power of the Huygens eye-
piece is limited to about 10. (If you made the
focal lensth shorter than about 1 inch, the exit
pupil is too close to the eyelens.)

i EYELENS

¢ « >

le— FIELD LENS SHIFTS IMAGE

e —————— . »

3

REAL
IMAGE

FIELD LENS

B ey 's U

b————— . —

N
EYELENS EYE

137.141

Figure 5-16.—Huygenian eyepiece.
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Ramsden

Figure 5-17 shows the RAMSDEN EYEPIECE,
It's made of two plano-convex lenses of equal
focal length., The distance between them is
equal to about two-thirds of that length. The
arrow is the real image formed by the erecting
lens. As you can see,the eyepiece forms an en-
larged virtual image at infinity.

FIELO LENS

EYELENS

EYE
REAL . E l

EAL IMAG|
ANO RETICLE
I.:/A [} ..‘_!/3 § EITHER LENS—-I

137.138
Figure 5-17.—Ramsden eyepiece.

The Ramsden eyepiece has one outstanding
disadvantage: its chromaticaberrationis rather
serious. It has no coma, and all its other aber-
rations are less than those of the Huygens eye-
pivce. Besides controlling all the aberrations
except color, the Ramsden has this advantage
over the Huygens: since the real image 1s out-
side the eyepiece, you can put a reticle in the
image plane.

Except for its chromatic aberration, the
Ramsdenis adesirable eyepiece. For any given
focal length, its eye distance is about 1.5 times
that of the Huygens, so you can use a higher
magnifying power. And the aberrations of the
Ramsden are increased less than those of the
Huygens by slight variations in the focal length
of the objective. But the only way you canelim-
inate the chromatic aberration is by forming
the image inside the eyepiece,and then you can't
use a reticle.

Kellner

The Kellner eyepiece is a modification of the
Ramsden. Figure 5-18 will serve to illustrate

the Kellner; the only difference is that the eye
lens is a doublet. The Kellner keeps most of
the advantages of the Ramsden, and reduces the
chromatic aberraticn. Spherical aberration is
slightly gre .ter, but distortion is less. To
eliminate the chromatic daberration completely,
you'd have to pv* the {ield lens in the plane of
the real image. And then you couldn't use a
reticle. Most instrumeits that use a Ramsden
eyepiece have the field lens a short distance
beyond the image plane. They sacrifice a part
of the color correction in orderto use a reticle.

Symmetrical and Two Doublet
Eyepieces

Symmetrical and two-doublet eyepieces are
constructed of two cemented, achromatic doub-
lets (fairly close together) with their positive
elements facing each other. If the doublets are
identical in every respect (diameters, focal
lengths, thickness and index of refraction), the
eyepiece is symmetrical, If the doublets differ
in one respect or another, however, they are
considered as a TWO-DOUBLET eyepiece. The
eyelens of the two-doublet eyepiece is gen-
erally slightly smaller in diameter and has a
shorter focal length than its field lens. Doub-
lets in a symmetrical eyepiece, on the other
hand, ARE ICENTICAL IN EVERY RESPECT

"AND CAN BE INTERCHANGED (fig. 5-19).
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Symmetrical and two-doublet eyepieces are
often used in fire control instruments which
recoil. The eye distance on these instruments
must be fairly long, to prevent the eyepiece
from striking the gunner's eye. These eye-
pieces may alsobe used interrestial telescopes
(not only in gunsight telescopes), or in any
other telescope designed to carry them.

A symmetrical eyepiece provides long eye
relief, because it has a large exit pupil and low
magnification, qualities whichensure eye relief.
For this reason, symmetrical eyepieces—along
with Kellner—are used extensively in optical
instruments, particularly rifle scoped and

gunsights.
Orthoscopic

The orthoscopic eyepiece is illustrated in
figure 5-20. It employs a planoconvex triplet
field lens and a single planoconvex eyelens with
the curved surface of the field lens facing the
curved suiface of the eyelens. It is free of dis-
tortion and is useful in high-power telescopes
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Figure 5-18.—Kellner eyepiece.

because it gives a wide fieldand high magnifica-
tion with sufficient eye relief. It is also a very
useful eyepiece for rangefinders because it per-
mits the use of any part of the field. It was
named ORTHOSCOPIC because of its freedom
from distortion.

Internal Focusing

Very often it is mandatory that an instrument
be completely sealed to keep out moisture and
dirt. Iz order to do this and still be able to ac-
commodate for the visual variations between
different observers, designers have developed
several typns of internal focusing eyepieces.
These usually consist of three elements, and
one type is illustrated in figure 5-21. The eye-
piece has a field lens, intermediate lens, and
eyelens, all of which are cemented doublets.

The field lens and intermediate lens are
mounted in a cell which can be moved longitu-
dinally by rotation of the focusing knob. The
eyelens is fixed and acts as a seal for the
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eyepiece. Figure 5-22 is a mechanical sche-
matic of the focusing operation.

Internal focusing eyepieces are not limited
to the three doublet combination as used in
telescopes Mk 102 Mods 2 and 4. In fact, the
Mk 102 Mod 3 telescope employs a triplet field
lens, doublet intermediate and singlet eyelens.
The basic principle is the same inall combina-
tions; the field lens converges light rays which
otherwise would miss the intermediate lens,and
the intermediate lens converges light which
would otherwise miss the eyelens. The eyelens
converges light to the exit pupil.

Moving the lens cell along the optical axis
towaid or away from the fixed eyelens allows
the operator to adjust the focus of the eyepiece
to suit his eye requirements.

SIMPLE TELESCOPE

Atelescone is an optical instrument contain-
ing a system of lenses or mirrors, usually but
not always, having magnification power greater
than unity, which renders distant objects more
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Figure 5-19,~Symmetrical eyepiece.
FIELD LENS EYELENS a lens or mirror, called the objective, and an

eyelens or eyepiece.

The function of the objective is to gather as
much light as possible from the okject and con-
verge it to form a real image of that object. In
some telescopes, the objective does not form a
real image, and this will be explained lzter in
the chapter.

FIELD LENS

INTERMEDIATE LENS
FYE LENS

EVE
] |

§YEPO|N1’

— - N\

REAL
IMAGE [

FIELD LENS  EYELENS

137.143
Figure 5-20.—Orthoscopic eyepiece.

clearly visible by enlarging or accentuating
their images on the retina of the eye. In its 137.513
simplest form,a telescope consists of two parts; Figure 5-21.-~Internal focusing eyepiece.
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Figure 5-22.—Mechanical schematic of
focusing eyepiece.

ASTRONOMICAL

One of the most important branches of sci-
ence is astronomy. Our interest is spurred dur-
ing the modern age by our country's efforts in
the space program. When man first started to
study the celestial bodies, little did he realize
that someday he would be placed onthe moon.
The ancient astronomers could observe the
moon, sun, stars, and planets with the naked
eye only and record their relative positions.
The invention of the telescope, about 1600 AD,
was a major breakthrough which has lead to the
highly technical instrumentsthat are used today.

In the process of refraction and reflection by
a telescope system, the imagebecomes inverted.
With astronomical bodies, it makes little dif-
ference whether or not the object is viewed up-
side down, which is true for some telescopes.
Telescopes that give the observer an inverted
view are named astronomical telescopes. Since
they need no erecting system, they are thereby
optically simpler, and for this reason we study
them first in our attempt to understand the gen-
eral nature of the telescope.

Reflecting

In chapter 4 we studied the effect that con-
cave mirror has on light. In most astronomical
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telescopes—especially the big ones—the objec-
tive is a concave mirror instead of a lens.
There are several reasonsfor this. Wheayou're
looking at distant stars, you want the image to
be as bright as possible. And the brightness of
an image depends onthe diameter of the lens or
mirror that forms it.

There's a practical limit to the diameter of
a lens. The biggest refracting telescope we
know about is at the Yerkes Observatory; the
diameter of its objective is 40 inches. You
couldn't make a lens much bigger than that and
mount it in a telescope barrel. In the first
place, you'd have a hard time casting a big
enough piece of good optical glass. And in the
second place,a lens bigger than 40inches would
sag under its own weight. (Remember, glass is
a liquid.) The lens would have to be extremely
heavy, and it would be supported only at its
edges. It could easily sag 20 or 30 millionths
of aninch. And that's all the sag you need to
ruin the image.

And another thing: an objective lens must
have at least two elements, to correct its aber-
rations. That means youhaveto grind and polish
at least four surfaces. But with a mirror, you
have to grind and polish only one surface. And
of course a imirror has no chromatic aberra-
tion. And since the light doesn't pass through
the mirror, the glass doesn't have to be opti-
cally perfect all the way through.

The biggest reflecting telescope in the world
is inthe observatory on Mt. Palomar, in south-
ern California. Its objectiveisa concave mirror
200 inches—almost 17 feet—in diameter. The
Corning Glass Company, at Corning, N.Y., made
the blank for it out of Pyrex glass. (Pyrex ex-
pands and contracts less than ordimary glass
when the temperature changes.)

To keep it from developing strains, the
Corning Glass Company annealed the mirror in
an electric furnace. Tney reduced its tempera-
ture just one degree a day. Interesting enough,
the Cohocton River runs right beside the glass
works, and in 1936 the river flooded. It didn't
reach the mirror, but it took out the power line
and cooled the annealing furnace. They had to
start all over with a2 new mirror.

The California Institute of Technology spent
four years grinding the mirror. Thenthey were
interrupted by World War II. After the war they
finished the grinding and polishing, and plated
the reflecting surface with a thin film of alum-
inum. Theyalso completed the telescope mount.
The mount supports the weight of the objective,
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and the platform the observer stands on. It auto-
matically—and very accurately—tracksthe stars
as they move across the sky.

A study of figure 5-23 shows that before the
reflected rays of the concave mirror inthis fig-
ure are brought to focus, a 90° prism is placed
in the converging rays tc deviate the rays at an
angle 0of 90°,as shown. The purpose of this devi-
ation is to prevent an observer who is viewing
) the image from cutting off a large part of the
light before it reaches the mirror.

An eyepiece is placed at the point where the
real image if formed to magnify the image. If
you look through the eyepiece of a reflecting
telescope,you see a VIRTUAL,INVERTED, EN-
LARGED image.

Whenthere is a need for lengthening the focal
length of a concave mirror, or when the design
of a telescope is altered (Cassegranian reflect-
ing telescope, for exampl+), a small convex

P

PRISM

P

FYEF’VIECE B
I

EYE

CONCAVE MIRROR

137.147
Figure 5-23.—Reflecting telescope.

mirror can be used with the concave mirror
(fig. 5-24).

The concave mirror ina Cassegranian tele-
scope has a small hole ground through the mid-
dle (center), and the convex mirror is placed
in the converging rays in place of the 90° prism
to reflect the rays and make them less diver-
gent and focused at a point greater in distance
thanthe original focal plane of the concave mir-
ror. Study illustration 5-24 carefully.

When the rays are reflected from the convex
mirror, they pass directly through the hole in
the concave mirror and come to focus to pro-
duce an image like the one produced by the
doublet lens. The eyepiece is placed behind
the reflecting surface of the concave mirror
to magnify the real image and give '« VIRTUAL,
INVERTED, and ENLARGED image ¢ { the object.

Converging mirrors with long focal lengths
are used in telescopes as objectives to form
real images. The light in this type of mirror
is incident on the same side as the center of
curvature of the sphere. The focal point is
halfway between the center of curvature and the
reflacting surface.

A real image created by a convergent mir-
ror used as an objective in a telescope can be
viewed through a magnifying eyepiece or photo-
graphed by a camera attachment.

Refracting

In a refracting telescope, the lens nearest to
the object is called the objective lens. The

CONCAVE MIRROR

|
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MIRROR IF THE RAYS
WERE NOT INTERFERRED
WITH BY THE CONVEY

CONVEX MIRROR
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EYEPIECE
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137.148

Figure 5-24.—Cassegranian reflecting telescope.
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majority of objective lenses are constructed of
two elements, a double-convex positive lens of
crown glass and aconcave-plano negative lens
of flint glass. When the elements are not too
large in diameter and the curvatures are the
same, the elements are cemented together
(fig. 5-25-A).

When the elements cf the objective are large
in diameter or when the faces of the elements
are of different curvature, the elements are not
cemented but areheld intheir relative positions
in a cell by separators and a retaining ring (fig.
5-25B). This construction permits giving the
inner surfaces of the two elements different
values and allows greater freedom in the cor-
rection of aberrations. An objective of this type
is called 2a DIALYTE or GAUSS objective.

Certain objectives are composed of three
elements (fig. 5-25C). This type of objective
can have all three elements cemented together,
or it can have two elements cemented with one
mounted separately, or it can have all three
elements mounted separately. Such objectives
afford a total of six surfaces for the designer
to work with in order to obtainthe best possible
correction for aberration.

A positive objective lens alone forms only
real images of distant objects, but such real
images in space cannot be brought to focus by
the eye (fig. 5-26). In order for an eye to bring
an image to a focus, the rays of light from the
object which enterthe eye MUST BE PARALLEL
OR ONLY SLIGHTLY DIVERGING, as if from
an object no closer than the near point (10
inches) of the eye. If another positive lens,

POSITIVE
LENS

OBJECTIVE

IMAGE PLANE

RAYS CROSSING—
CANNOT BE FOCUSED
BY EYE

137.144
Figure 5-26.—Passage of refracted rays
from an objective lens.

however, is placed between animage and an eye,
and the real image is at the primary (first)
focal point of the eyepiec., the eye can see
(without accommodation) a virtual image of the
object picked up by the objective lens (see
fig. 5-14).

Figure 5-14 also shows the position of an
objective lens in relationtothe eyepiece in tele-
scope construction. Such an arrangement of
optical elements is the simplest form of a re-
fracting astronomical telescope. Observe that
the parallel light rays entering the objective
lens are refracted and converge to the focal
planeof the lens. (The image plane and the focal
plane coincide when parallel rays are refracted
by any lens.) In the focal plane of the objective
lens a real, inverted image of the object is
formed. The eyepiece is so placed that the
image formed by the objective lens is located
on the primary focal point of the eyepiece. The
diverging rays, diverging from the real image,

NEGATIVE
LENS

A
DOUBLET

N

B
DIALYTE

C
TRIPLET

137.136:.95

Figure 5-25.—Types of objective lenses.
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enter the eyepiece, are refracted, and emerge
parallel to the optical axis of the telescope.

Since the real image formed by the objective
lens islocated at one focal length (at the primary
focal point) of the eyepiece, the eyepiece acts
as a magnifying lens to magnify the real image.
If you look through the telescope eyepiece, you
see a VIRTUAL,INVERTED, ENLARGED image
which is formed at infinity.

In an astronomical telescope, in which the
focal points of the objective lens and the eye-
piece lens coincide, the length of the telescope
is the SUM OF THE FOCAL LENGTHS OF THE
TWO LENSES,

Before you can fully understand the telescope,
you must have a thorough knowledge of several
other optical terms.

o ENTRANCE PUPIL: This isa term used
to denote the aperture of the objective and is
limited by the diameter of the objective or the
inside diameter of eitherthe lens cell or the re-
tainer ring asindicated infigure 5-27,and desig-
nated AP. The entrance pupil can be viewed as
such from the objective end of the instrument
and it can be approximated by measuring with a
scale directly across the objective.

¢ EXIT PUPIL: This is a term given the
diameter of the bundle of light leaving an opti-
cal system. This small circle or disk of light
can be seen by looking at the eyepiece of an
instrument that is directed at an illuminated
area. The diameter of the exit pupil is equal to
thediameter of the entrance pupil divided by the
magnification of the instrument. The exit pupil
is designated EP in figure 5-27.

o TRUE FIELD: The true field of view in a
telescope is the width of the target area or field
that can be viewed. More specifically, it is the
maximum cone or fan of rays subtended at the
entrance pupil that istransmitted by the instru-
raent to form a usable image (fig. 5-28).

o APPARENT FIELD: The apparent field of
view is the size of the field of view angle a3 it
appears <o the eye. It is approximately equal to
the magnifying power of the instrument times
the angle of the true field (fig. 5-28).

o EYE DISTANCE: Often called eye relief,
this is a term given to the numerical measure
of the distancefromthe rear surface of the rear
eyelens to the fixed position of the exit pupil
(fig. 5-29). In Galilean telescopes, the exit
pupil is in the interior of the instrument, and
its eye distance is a negative quantity.

TERRESTRIAL TELESCOPES

A terrestrial telescope gets its name from
the Latin word terra, which means earth. A
terrestrial telescope is used to view objects as
they actually appear on earth.

Any astronomical telescope canbe converted
to a terrestrial telescope by inserting a lens or
prism erecting systembetween the eyepiece and
the objective to erect the image. Figure 5-30
shows the optical elements of the simplest form
of terrestria) telescopes. Note the position of
the RE/.L IMAGES.

A lens erecting system requires such posi-
tioning of the objective and the eyepiece that the
erectors are between the focal point of the ob-
jective and the first principal focus of the
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Figure 5-27.-Entrance and exit pupils.
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Figure 5-28.~True field and apparent field.
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Figure 5-29.—Eye distance and exit
pupil plane.

eyepiece. A prism erecting system, on the
other hand, must be placed between the objec-
tive and its focal point.

You will learn more details about the use of
erecting systems when you study magnification
of images in telescopes later in this chapter.
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Galilean Telescopes

The first telescope Galileo made had a power
of 3, but later he made one with a power of 30,
It makes use of an eyepiece consisting of a nega-
tive eyelens positioned a distance equal to its
focal length (fe, fig. 5-31B) in front of the ob-
jective focal point. Such positioning of the nega-
tive eyelens makes converging rays from the
objective parallel before they ccnverge to form
a real image; so no real image exists in this
optical system. The light rays do not converge
to a point to form a real image; but if you look
through the negative lens you see an enlarged,
virtual image of the object, which appears to be
at a point between 10 inches and infinity.

The virtual image viewed through the nega-
tive eyelens is therefore at infinity and can be
viewed by the eye without accommodation.

The relation of the optical elements in a
Galilean telescope (fig.5-31B) is referred to as
the ZERO DIOPTER SETTING, which means
that ALL LIGHT RAYS FROM ANY POINT
SOURCE LOCATED AT INFINITY EMERGE
FROM THE EYEPIECE PARALLEL, If the
eyelens is moved in and out, however, the
emergent light rays converge or diverge and
the instrument can therefore be adjusted for
farsighted or nearsighted eyes, and also for
distance.

The INVERTING EFFECT of the objective
lens in a Galilean telescope is canceled by the

9
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Figure 5-30.—The terrestrial telescone.
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Figure 5-31.—Galilean telescope.

negative eyelens, because the real image is not virtual image of the object viewed is there-
allowed to form; that is,the emergent raysfrom fore ERECT.

the negative eyepiece arerefracted farther away The principle of the Galilean system is dia-
from the axis instead of recrossing it. The metrically opposite to that of the astronomical
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system with a positive lens, which causes the
emergent rays from the positive eyelens to re-
crosstheaxisand form anINVERTED, VIRTUAL
IMAGE of the REAL IMAGE formed by the ob-
jective lens.

A Galilean telescopic system is one in which
thediameter of the objective controlsthe field of
view (width of visible area),because the objective
is both the field stop and the entrance window.

Single Erector

A lens erecting system is employedin an in-
strument to give the viewer an erect normal
image. In additionto erecting the image, proper
positioning of the erector system can also have
a direct effect on the magnifying power of the

instrument. The arrangement of optical ele-
ments in a single eractor telescope is illus-
trated in figure 5-32A. Observe that the paral-
lel rays entering the objective lens from an
infinity target are refracted to form a real in-
verted image in the focal plane of the objective
lens. Rays which leave the real image are di-
verging as though the image itself were an ob-
ject. When we place an erector lens two focal
(2F) lengths from the objective image, the
erector receives the diverging rays and re-
fracts them to form an image two focal lengths
(2F) behind the erector. The image formed by
the erector is the same size as the image
formed by the objective. We can prove this by
applying the formula for magnification of an
image studied in chapter 4.
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Figure 5-32.~One erector telescope.
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Suppose we give the erector (fig. 5-32A) a
focal length of 1 inch. Magnification,as you re-
call, is Mag = Di/Do and since the object dis-
tance (in this case the image formed by the ob-
jective) is 2F or 2 inches,by substituting we get
Mag = 2/2 = 1. Since there is no magnification,
the image formed by the erector is the same
size as its object.

Now let's change the position of the erector
and move it further back from the objective
(fig. 5-32B).

Our answer shows that the image formed by the
erector is one-half the size of the object.

Now let's position the erector closer to the
object as in figure 5-32C.

We now have a magnification of two power and
the size of the image is twice as large as the
object.

137.153
Figure 5-33.—Conjugate points.

Observe in figure 5-33 the original position
of the lens (C),the optical axis of the lens (AB),
rays of light (white lines) from point A to the
lens, and the refracted rays to point B. Asil-
lustrated,the distancethe lens is from the object
is 1 1/2 F, and the distance of the image from
the lens is 3F.

When the lens is moved to position D, the
distance of the object (A) from the lens is 3F,
and the distance of the image from the lens is
11/2F.

According to the law of reversibility, you
know that if the object were at B, itsimage would
be at A. Points A and Bare therefore conjugate
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points, because each is the image of the other.
Suppose that the lens is 3 inches from point A
and 6 inches from point B and you move the
lens to D, 6 inches from point A and 3 inches
from point B. POINTS A AND B ARE STILL
CONJUGATE POINTS.

This lens, therefore, forms an image of A
at B WHEN IT IS AT TWO DIFFERENT PO-
SITIONS. If you place a real object such as an
arrow in the plane at A, its image will be in
plane B, regardless of whether the lens is at
C or D; but WHEN YOU MOVE THE LENS
FROM ONE POSITION TO ANOTHER, YOU
CHANGE THE SIZE OF THE IMAGE. As you
know, the relative size of the object and the
image depends upon their relative distances.
When the lens is at C, the image is TWICE AS
BIG AS THE OBJECT; when the lens is at D,
the image is ONLY ONE-HALF THE SIZE OF
THE OBJECT.

If lenses in an erecting system are moved
closer to the focal point of the objective lens
and farther from the eyepiece, magnification is
increased but the field of view is decreased. If
the erecting lenses are located at the same
distance from the focal points of the objective
and the eyepiece,there is no additional magnifi-
cation of the image. This method of changing
the degree of magnificicion is used in optical
instruments which have a change of power.

At this point, it is best that you learn the
distinction between VARIABLE MAGNIFICA-
TIONand CHANGE OF MAGNIFICATION, Vari-
able magnification is obtained in an optical sys-
tem when the image STEADILY BECOMES
LARGER AND LARGER throughout movement
of the erecting lenses. Change of magnification
in an optical system is obtained ONLY WHEN
the instrument is changed FROM ONE POWER
TO THE NEXT POWER. Between positions, the
image is badly blurred.

Two-Erector

Refer now to figure 5-34 to see how a ter-
restrial telescope with two erecting lenses is
constructed. The erectors (lenses) shown are
SYMMETRICAL; that is, they are IDENTICAL
in every respect—diameter, thickness, index of
refraction, and focal lengths, ASYMMETRICAL
erectors (with different focal lengths) may also
be used in this type of telescope for design
purposes or to help increase magnifying power,
which the objective and eyepiece alone could
not do.
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As is true for all objective lenses, parallel
rays from an infinity target are refracted and
converge to the focal plane of the objective lens
to form an INVERTED, REAL image. The first
erecting lens is so positioned that the real image
is in its focal plane. (The image is one focal
length from the first erecting lens.) The diver-
gent rays which enter the erecting lens are re-
fracted and emerge parallel to the optical axis.

Since the rays which emerge from the first’

erecting lens are parallel, the second erecting
lens may be placed at any reasonable distance
from the first erector, because the rays which
enter the second erecting lens are ALWAYS
PARALLEL, regardless of the umount of lens
separation. Separation of the erectors in fixed-
power telescopes is generaily THE SUM OF
THEIR FOCAL LENGTHS, which is sufficient
to ensure good eye relief. As separation of the
erectors varies, eye relief of the eyeplece also
varies,

Parallel rays which enter the second erect-
ing lens are refracted and converge to the focal
plane to form a REAL, ERECT image. If the
erectors are SYMMETRICAL, the image pro-
duced by the second erector is of the same size
as the image produced by the objective lens.
If the erectors are ASYMMETRICAL, the size
of the image produced by the second erector
variesdirectly in proportionto itsfoca! ! ength—
the longer the focal length of the second erect-
ing lens, the larger the image produced by it.

The eyepiece of the telescope is again posi-
tioned as necessary in order. to have the image
of the second erector at its focal plane. When
the eyepiece is placed one focal length from the

OBJECTIVE E,

image, divergent rays from the image are re-
fracted by the eyepiece and emerge parallel to
the optical axis, If youlook throughthe eyepiece
of the telescope, you see a VIRTUAL, ERECT
ENLARGED image formed at infinity,

A two-erector telescope can also be con-
structed as a change of power instrument, by
moving the erectors together as a unit in the
same direction (with their separation fixed).
Their distance from the real image formed by
the objective lens must be 1 1/2 EFL,or 3 EFL
of the erectinglens combination, The two erect-
ing lenses FUNCTION together as a single thick
lens to produce an image in the same manner
as the one-erector lens used for the same
purpose.

You cannot continuously vary the power in
a two-power telescope, because there are
ONLY TWO positions of the erecting lens (one-
erector lens, or a two-erector lens used as a
unit) for which the TWO IMAGE PLANES ARE
CONJUGATE,

’

Variable Power

In the two-power telescope (fig. 5~34), there
are only two positions of the erecting lens for
which the two image planes are conjugate, That
means you can't vary the power continuously,
because the image will be out of focus when the
erecting lens is in an intermediate position.
The only way to keep the two image planes con-
jugate throughout the travel of the erector lens
is to change its focal length continuously while
you move it. And thatis exactly what a variable
power telescope does. ‘
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137.155

Figure 5-34.~Two erector telescope.
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How can you change the focal length of the
erector? Ifit'sa single lens, you can't change
its focal length without changing its shape, But
instead of a single lens,you can use a combina-
tion of two lenses for an erector. As you know,
the focal length of a combination of lenses de-
pends on the distance between them., So we can
make a variable power telescope if we can fig-
ure out a mechanical arrangement that will
change the distance between the two erector
lenses when we move them, Asyou can prob-
ably guess, the mechanical system ig pretty
tricky,

With a VARIABLE POWER TELESCOPE,
you can change the magnification

itsmagnification, you'll get the same effect that
a television or movie

Even the simplest home
movie cameras have this feature,

Variable-magnification eérecting systems
used in variable-power telescopes provide two
to three times as much power in the high-power
position as in the low-power position,

Magnification of an erecting system composed
of a COMBINATION OF LENSES can be varied
by doing the following simultaneously:

1. Varying the position of the erecting sys-
tem from its object,

2. Varying the separation between the opti-
cal elements of the erecting system.

Now study figure 5-35A, which shows two
asymmetrical erectors in the low-power posi-
tion. When these erectors are shifted toward
the object, the position of the image shifts to-
ward the eyepiece (fig. 5-35B),and magnification
of the telescope is inereased,
between the two erectors in the forward
Position (toward object) is decreased by
the second lens toward the first lens, magnifi-
cation is slightly decreased and shifting of the
resulting image Position is also decreased
(fig. 5-35C).

The image position CAN BE THE SAME for
all possible magnifications produced by the op-
tical system of 3 variable-power telescope,
Separation between the erectors in a variable-
magnification telescope is always such that the
IMAGE POSITION REMAINS FIXED (tig. 5-35C).
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Figure 5-35.—Variable magnification in
two erector teles cope,

GUNSIGHT TELESCOPES

The Navy employs a wide variety of terres-
trial telescopes as gunsights, some of which
are very complicated in theis- construction,
This section will give the student basic knowl-
edge needed to understand the function and de-
sign principles of the telescope used as a fire
control instrument. Some of the simple gunsight
telescopes are covered in more detailin another
chapter of this book. When the opticalman is
engaged in repair or overhaul of a particular
gunsight, or any optical instrument, he must
always use the technical manual that applies to
that instrument,

The gunsight telescope is used to improve
the observer's view of distant targets as fol-
lows: They gather and concentrate upon the
lens of the eye a greater quantity of light from
the target than the unaided €ye can gather, thus,
rendering the target more distinct, They erect
the target image and superimpose a reticle upon
it, thus sharply defining the line of sight to the
target, They magnify the target image so that
the distant target appears closer. These tele-
Scopes, in many instances, have the eyepiece
inclined at an angle with respect to
sight, sothat the observer can comfortably view
targets at various angles,
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137.139

Figure 5-36.—Examples of reticle patterns.

Reticles such as those shown in figure 5-36
are used in fire control instruments for super-
imposing markings or a predetermined pattern
of range and deflection graduations on a target.
When the reticle is placed in the center of the
field of view, it represents the axis of the gun-
sightand then canbe aligned with the axis of the
bore of the weapon for short range firing, or it
can be fixed at a definite angle to the bore for
long range firing. A reticle is used as a ref-
erence for sighting or aiming, or it can be de-
signed to measure angular distance betweentwo
points. Since the reticle is placed in the same
focal plane as a real image, it appears super-
imposed on the target. In a gunsight employing
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a lens erecting system, there are two possible
locations (fig. 5-37) where the reticle can be
placed. If the erecting system increases mag-
nification and the reticle is placed in the image
plane of the objective, the reticle lines will ap-
pear wider than they were when placed at the
focal point of the eyepiece. When aprism erect-
ing system is used,the reticle usually is placed
behind the erecting system.

Parallax
Parallax in an optical instrument is a defect

of primary importance. In a correctly adjusted
instrument, the image of the viewed object is
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Figure 5-37,.—Reticle location in telescope with two erector lenses.

formed in the same plane as that in which the
reticle lies. If this does not occur (fig. 5-38),
parallax is said to be present and it can be de-
tected by moving the eye back and forth across
the eyepiece of the instrument. The appear-
ance of relative motion between the reticle and
the field of view indicates the presents of
parallax (fig. 5-39).

The procedure for correcting this defect is
to shift the optical elements of the telescope
until the reticle lies in the precise plane of the
real image. The technical manual for each
type of instrument gives detailed procedures.

e N N
IMAGE FORMED BEMIND RETICLE .
4 PARALLAX EXISTS P

IMAGE FORMEO IN FRONT OF RETICLE
PARALLAX EXISTS

NO PARALLAX

IMAGE FORMEO IN SAME PLANE AS RETICLE

137.517
Figure 5-38.—Optical parallax.
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TELESCOPE MAGNIFICATION

The formula for computing the magnifying
power of an astronomical telescope which has
no erecting system is:

_ {o (focal length of objective)
fe (focal length of eyepiece)

This means that you can DETERMINE THE
MAGNIFYING POWER of an astronomical tele-
scope by dividing the focal length of the objec-
tive by the focal length of the eyepiece, pro-
vided the virtual image is at infinity, or the
emergent light rays fromthe objectare parallel.
Remember thetwo conditions when this formula
can be used for measuring magnifying power in
an astronomical telescope, If the image is
moved to the near point of the eye (10 in.), it
increases slightly in size.

This formula can be used also for determin-
ing the amount of magnifying power produced
by terrestrial telescopes which have PRISM
ERECTING SYSTEMS; but it cannot be applied
to terrestrial telescopes which have LENS
ERECTING SYSTEMS, because such erecting
systems can (and usually do) contribute to the
power of the optical system.

Magnifying power in a one-erector optical
system for a telescope is equal to the distance
of the focal length of the objective divided by
the focal length of the eyepiece, multiplied by
magnification of the erecting lens.

You learned previously in this chapter that
magnification in a variable-power telescope is
accomplished by moving the erectors. When

’2¢
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Figure 5-39.—Relative motion in parallax.

the erectors are moved forward as a complete leaves an optical system. The exit pupil is
unit to increase magnification,or when the rear actually AN IMAGE OF THE OBJECTIVE LENS
erector element only is moved forward, the PRODUCED BY THE EYELENS,

image formed by the erectors moves back. This You can measure the diameter of the en-
is the only case when the image position is not trance pupil with a transparent metric scale—
the same for all magnifications produced by the directly across the objective. This method of

optical system of a variable-power telescope. measurement is sufficiently accurate for most
Power in an optical instrument is denoted by purposes.

the letter x; for example, a 7 x 50 binocular is You can d-iermine the diameter of the exit

a 7-power instrument with an entrance pupil or pupil of a telescope by: (1) pointing the instru-

objective size of 50 millimeters. ment toward a light soures (out a window, for

Another method fordetermining the magnify- example), (2) inserting a piece of translucent
ing power in all types of telescopes is this: material in the plane of the exit pupil, and (3)
DIVIDE THE DIAMETER OF THE ENTRANCE measuring the diameter of the exit pupil on
PUPIL BY THE DIAMETER OF THE EXIT the paper.

‘ PUPIL. The formula to use in doing this is: The best way to measure the diameter of an
' exit pupil, however, is with a dynameter. See
: MP. or P = AP figure 5-40. This dynameter is essentially a
i ¢ EP magnifier or an eyelens with a fixed reticle on

a frosted glass plate, both of which move as a
AP is the diameter or aperture of the entrance unit within the dynameter tube.

pupil, and EP is the diameter of the exit pupil To measure the exit pupil with a dynameter,
(fig. 5-217). Observe the position of AP and also place the dynameter between the eye and the
the position of EP. You will recall that EN- eyepiece of the instrument and focus the dynam-
TRANCE PUPIL meansthe CLEAR APERTURE eter until you have the bright disk of the exit
OF THE OBJECTIVE; and that the EXIT PUPIL pupil sharply defined on its frosted reticle.
is the diameter of the bundle of light which Then measure the diameter of the exit pupil
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Figure 5-40.—Dynameter.

on the dynameter reticle (usually graduated in
.5mm)and read the eye distance on the scale on
the dynameter tube. This means that in order
to keep the image in focus the eyepiece must be
moved a distance equal to the amount of shift of
the image.

You will learn more details concerning the
positioning of elements in the optical system of
a telescope (and measuring magnification) when
you study chapter 7, which deals with mechani-
cal construction and maintenance of optical
instruments,

Diameter of entrance pupil
Diameter of exit pupil

MAG =

Suppose that the entrance pupil of an instru-
ment is 50mm and the exit pupil diameter on
the dynameter is 10mm. If vou substitute these
numbers in the formula and solve for MAG,
you get 5, which is the magnification of the
instrument.

You have already learned that the TRUE
FIELD of anoptical instrument is the width of
the target area,or field,which you can see when
you look through the eyepiece, expressed as
either angular true field or linear true field;
and youknowthat the objects you see are greatly
magnified.

APPARENT FIELD is the opposite of true
field, and it is the width of the target area, or
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field, which you can see when you look through
the objective end of a telescope, expressed in
either angular apparent field or linear apparent
field. The objects you see through the objective
end of a telescope are greatly MINIFIED; that
is, they are not as large as they would be when
viewed with the naked eye.

The apparent field is always larger thanthe
true field, provided the optical instrument's
original purpose was to magnify targets. You
can therefore determine the angular magnifica-
tion of an optical ins‘rument by COMPARING
THE RATIO BETWEEN the angular apparent
field and the angular true field.

To determine the angular apparent and true
field of an optical instrument, you must have
some means for measuring these angles directly
with the instrument. This you can do by plac-
ing the instrument on an angle-measuring in-
strument such as a bearing circle (chapter 10),
or some other instrument by means of which
you can measure the angular movement of the
instrument ‘when you have it positioned horizon-
tally.

Place the instrument you are chekcing on the
angle-measuring instrument inthe normal view-
ing position (eyepiece toward you), and focus
the instrument on a distint object (flag or tele-
phone pole, for example). Then turn the meas-
uring instrument (with the telescope on it) as
necessary in order to have one side of the pole
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at one extreme edge of thefield of view and take
a reading on the measuring instrument. Next,
turn the measuring instrument (with pole still
in view) until you have the SAME SIDE OF THE
POLE on the OPPOSITE EXTREME EDGE of
the field of view and take another reading to
find out how many degrees you moved the instru-
ment to get from one reading to the other read-
ing. This measurement is the TRUE FIELD.

Now turn the telescope around on the angle-
measuring instrument, with the objective end
toward you, and look through the objective lens
at the same object. The object is MANY TIMES
SMALLER than when you were looking at it
through the eyepiece. Finally, turn the meas-
uring instrument and telescope (with it) as
necessary to have the same side of the pole on
the same extreme edge of the field of view.
When you now repeat the same steps you follow
in measuring the true field, you will find that
your measurement is much larger than the true
field. This larger measurement in degrees is
the APPARENT FIELD of the telescope.

—x
/

To determine the magnification of this in-
strument, divide the apparent field by the true
field. The formula follows:

_ Apparent Field
MAG = —Trve Field

Now use the formula to determine magnifi-
cation of an instrument with an apparent field
of 50 degrees and a true field of 5 degrees.
Substitute the measurement for each field in
the formula and solve for MAG and you get 10,
which means that the telescope is 10 power.

THE MICROSCOPE

An instrument that is used to produce an en-
larged image of very small nearby objects is
called a microscope. Microscopes are of two
types, simple and compound. A simple micro-
scope produces but one image of an object and
consists of a convergent lenslocated at thefirst
focal plane of the eye. In effect, this is just a
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Figure 5-41.-Image creation by a compound microscope.
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simple magnifying lens as covered in chapter4,
A compound microscope first forms an image
by the objective lens, and this primary image
is further magnified by an eyepiece.

You perhaps used a compound microscope to
look at minute plants and animals whenyou were
in high school. Such anoptical instrument so
magnifies small objects that it increases the
usefulness of the eyes at short distances. The
eyes, by nature, are long-range optical instru-
ments of high acuity.

Refer now to figure 5-41, which shows one of
the simplest types of compound microscopes.
Study all details and the nomenclature. Note
the position of the ey, the eyepiece, the ob-
jective, and the object. Then observe the posi-
tions of the real and virtual images.

Rays of light from the object strike the ob-
jective (closest lens to the object) and then
strike the eyepiece, which refracts them in the
direction of the eye. The objective of a micro-
scope has an extremely short focal length, to
ensure enlargement of the image formed on
the retinas of the eyes. The image it forms is

real, enlarged, and inverted, as shown. THE
EXTREMELY SHORT FOCAL LENGTH OF
THE OBJECTIVE IS REPRESENTED BY fo; the
SHORT FOCAL LENGTH OF THE CONVERG-
ING EYEPIECE IS REPRESENTED BY fe.

If the realimage is at the first principalfocus
of the eyelens,the eyes seethe image at infinity
and no accommodation is necessary. The final,
virtual image (large, broken arrow) may be
formed at any distance which exceeds the short-
est distance of distinct vision (about 10 inches).
In this casc, the image formed by the objective
must be within the principal focus of the eye-
piece, fe (fig. 5-41). Magnification in a micro-
scope depends upon the focal lengths of the
objective and the eyepiece, and the distance be-
tween these two optical elements. A compound
microscope can magnify an object about 2,000
times (diameters); but little increase, if any, in
the details of an object is obtained after the ob-
ject has been magnified 400 times. Magnifying
power of a compound microscope is equal tothe
magnification of the objective lens multiplied by
the magnifying power of the eyepiece.
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CHAPTER 6

DESIGN AND CONSTRUCTION

MECHANICAL FEATURES

Optical instruments used in the Navy are
complicated, delicate, PRECISION instruments.
A small error in alignment, a foreign particle,
or a trace of moisture can reunder such an in-
strument ineffective or useless. These delicate
instruments get almost constant use and are
subjected to all kinds of weather conditions and
rough treatment. To keep them in working con-
dition, the Navy depends on your skill as an
Opticalman and the mechanical design of the
instrument. The mechanical design is impor-
tant to the instrument's effectiveness because
it controls the stability and cleanliness of the
optical elements.

BODY HOUSING

The design of an instrument housing is in-
fluenced by three factors: the location of the
instrument when in use; what the instrument is
used for; and the location of the optical elements
within the housing. The housing of a pair of
binoculars is not subjected to the same pres-
sures that a submarine periscope is, and a bin-
ocular's line of sight is not offset as much as
that of a periscope.

Figure 6-1lillustrates a MK 74 gunsight whose
housing is rather smalland simple in construc-
tion. The housing weighs about 15 pounds and
houses 11 optical elements, in aline of sight that
is deviated 90°.

Figure 6-2illusirates a MK 67 gunsight whose
housing islarge and very complex. The housing
of the MK 67 gunsight weighs about 135 pounds,
and houses 17 optical elements. These large
telescopes, when fixed in position on a gun
mount, offset the line of sight about two feet and
enable the observer to follow fast-moving tar-
gets without changing body position. Elevation
and deflection of the line of sight are accom-
plished by rotating prisms that are driven by
shafts and gears in the sight mechanism.

Observe the differences in the housing of
figure 6-1 and 6-2 and note the location of the
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Figure 6-1.~Housing features of
MK 74 gunsight.

optical elements in the two gunsights. All of
these elements must be positioned and se-
cured in the housing so that they will remain in
place under normal circumstances and not im-
pair the effectiveness of the instrument.
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Figure 6-2.—The Mark 67 telescope.

Material

The material used to construct the body hous-
ing is selected with reference to the specific
instrument. If the instrument is to be hand held,
and portable, the material must be lightweight
and yet strongenough to withstand the shockand
abuse it may be subjected to. Cast aluminum
and magnesium alloys are usually used for bin-
ocular bodies and some portable straight line
telescopes.

Gunsight telescopes are mounted directly on
turrets and gun mountswhere they receivelarge
degrees of shock. Most housings of gunsight
telescopes are made from cast bronze or steel
alloys that have the strength to support and
protect the optical and mechanical components
of the telescope. The material specifications
for a telescope housingis shown on the appro-
priate drawing, and the repairman should know
the type of material he will be working with be-
fore he attempts any repairs to the housing.

Arrangement

The location of the optical and mechanical
components of an instrument is a prime factor
in determining how ahousing must be arranged.

Figure 6-3 is a cutaway view of the MK 102
Mod 2 telescope and is used to illustrate the
complexity and importance of housing arrange-
ment. Refer to this figure often as you study
the description that follows.

The telescope housing assembly is cast
bronze and finish-machined with great precision
and is open at the front and back. The front of
the housing is closed by a window and the rear
by a metal cover plate. The interior of the
housing isdivided, by an irregular verticalwall,
into an optical chamber and a servo chamber.
The gas-tight optical chamber is in front of the
dividing wall and the water-tight servo chamber
is to the rear. A square box shaped section
lisestoward the rearfrom the topas anintegral
part of the housing to position and support the
optical tube, headrest assembly, and focus as-
sembly. The housing is cast with four mounting
pads, two on each side, which provide a vertical
mountingsurface; and four mounting pads onthe
bottom which provide a horizontal mounting
surface. Both of these mounting surfaces are
precision machinedand located to provide accu-
rate alignment of thetelescope on the gun mount.

The front window of the telescope is secured
bya window retainer and sealed by two gaskets.
Stuffing tubes on the right side of the housing
allow for passage of electrical cables without
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Figure 6-3.—~Telescope Mk 102 Mode 2; cutaway view.
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loosing the water-tight seal inthe servochamber.
The focusing knob and filter knob are sealed by
a packing gland where the shaft passes through
the housing.

The optical tube assemblyis a brass cylinder
about 12 incheslong, which houses ti:¢ cujective
lens, filter assembly, and reticle in position
within the body housing.

The elevation mirror and skew pents prism
assemblies are positicned in the optical chamber
by brackets. Two s2rvo assemblies mechanically
connected to the mirror and prism allow the
line of sight to be elavated and aeflected.

Access and Adjustment

We have seen how the design of a housing is
affected by the positioning of the instrument
components, but another problem that adesigner
must consider is accessibility. A body housing
must be made in such a way that all of the parts
enclosed in the instrument can be assembled
and adjusted in a convenient manner. This is
accomplished by providing a number of access
holes and cover plates. The number ofopenings
in any instrument housing is always kept at a
bare minimum, since each opening is a source
for gas to escape and moisture or dirt to enter
the instrument.

Refer now to figure 6-4 which shows a rear
view of the MK 102 gunsight withthe rearaccess
cover removed. Notice how the servo chamber
is exposed allowing the repairman to adjust or
repair the electrical system of the sight.

When it is necessary to gain access to the
optical chamber, the repairman would remove
the front window shown in figure 6-3.

SHADES AND CAPS

When an optical instrument is not in use, it
should be placed in a case that will protect the
exposed optical elements such as objective and
eyelenses. If the instrument is mounted in such
a manner that using a case is not feasible, then
some other form of protection is provided.

Lens Caps

Avery effective and convenient way to protect
an eye lens or objective lens is to use a lens
cap. These caps are made of metal with a fric-
tion fit over the area to be protected or threaded
onto the telescope. "A" of figure 6-5 illustrates
a slip-onobjective capfor an azimuthtelescope,
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and '"B" shows a threaded cover for a ship's
telescope eyepiece. When a ship is at sea, the
external optical surfaces are exposed to salt
water spray, stack soct, and grime which will
damage optical elements very easily. For this
reason, the protective caps should always be
utilized when the instrument is not in use.

Sun Shades

Anoptical instrument that is used extensively
in sunlight will have a sunshade to reduce glare
caused by sunlight directly striking the outer
face of the objective lens. Sunshades, as illus-
trated infigure 6-5 are usually tubular sections
of metal fitted around the objective, with a lower
portion cut away. A sunshade will also protect
the objective from falling rain and heat from the
sun that would harm the thermosetting cement
used to cement elements of acompound objective.

Eye Guards

Eye guards similar to those illustrated in
figure 6-6 are used extensively on optical in-
struments. These guards are made from plastic
or rubber and protect the observer's eye from
gun fire shock or similar disturbances. In ad-
dition, an eye guard will maiatain proper eye
distance and keep out stray light rays.

DIAPHRAGMS

Diaphragms are rings of opaque material
placed in an optical system so that the passage
of light is limited to their center. When a dia-
phragni is used in this manrer. it is referredto
as a stop. Study figure 6-7as various stops are
discussed.

Field Stops

A diaphragm that is positioned so that it
limits the field of an instrument to that area
which is most illuminated, is called a 'field
stop.”" A field stop is placed at the image plane
and helps produce a sharply focused image by
eliminating the peripheral rays that cause poor
imagery because of aberrations. Placing the
field stop at the image plane aot only limits the
field, but also sharply defines the edge of the
field and prevents the observer from viewing
the inside of the instrument. V.r:en a field stop
is used at each image plane, the second and
succeeding fieldstops arelarger than the image
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Figure 6-4.—Telescope Mk 102 Mod 2; servo chamber.

of the first so that slight inaccuracy in size or
positioning will not conflict with the sharply de-
fined image of the first.

Aperture Stop

A stop that is so positioned as to limit the
size of the aperture of alens is calledan "aper-
ture stop."” In most telescopes this is usually
the objective lens mount or retainer rirg as
there is no reason for reducing the size of the
aperture of the single compound objective lens
used in such an instrument. A stop, in close
proximity to a single compound objective, will
only reduce the illumination and exit pupil size
without reducing lens aberrations. In the event
an instrument has an objective so complex that
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two or more separatelenses are used, an aper-

ture stop located between the elements may
serve to reduce aberrations.

Antiglare Stops

Diaphragms are placed in optical instruments
within the focal length of the objective to pre-
vent ray's exterior from reflecting off the in-
terior of the instrument and causing glare.
These are called "antiglare stops' and are fin-
ished with nonreflecting paint or oxide coatings.

In straight line telescopes, the stopscould be
merely washers on disks with a hole in the
center. In the construction of a binocular, the
prisms shelf is designed to act as a stop for
stray light.
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OBJECTIVE CaAP

37.2

Figure 6-5.—Lens caps.
MOUNTING OPTICAL ELEMENTS

After a designer of optical instruments has
decided where an element must be positioned,
he must also solve the difficult problem of de-
signing the proper mount for the element. The
lens or prism must be held securely in place
without putting a strain on it that will cause a
distorted image or break the element. If the
element is to be adjustable, he must design the
mount so that it can be adjusted without loose-
ness or play. The following discussion will
cover the most common mounts that you will
be working with as an opticalman.

LENS MOUNTS

After a lens has been ground and polished to
the proper curvature, the lens is then ground on
the edge to its final diameter, Since the edge of
the lens will be used to position it inits mounting,
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the optical axis of the lens must coincide with
its mechanical axis. Occasionally it is possible
to machine the housing of an instrument so that
a lens can be mounted directly in the housing.
This is the case of the objective lens of the
Mark 75 Mod 1 boresight telescope shown in
Figure 6-8. The objective lens is mounted in a
fixed position at the end of thebody tube, against
a geat ring, and held inplaceby a retainingring.

When two or morelenses are positionednear
each other, the designer will use a lens cell
similar to that shown in fig. 6-9. The lens cell
is made of tubular metal precisely machined to
hold the lenses, separated by spacers, in apre-
determined position. The spacers are machined
with a bevel where they make contact with the
lens and provide a snug fit with no sharp edges
to mar the lens. The optical and mechanical
parts are then securedin the cell by a retaining
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Figure 6-7.—Diaphragm locations.

B0DY TUBE

OBJECTIVE LENS
84.207
Figure 6-8.—Cutaway view of a Mk 75 Mod 1, boresight telescope.

ring. Lenses mounted in a cell can be adjusted they are veryimportant to an instrument. When
and placed in the instrument as an assembly. a retainer comes loose, the lens will be loose

In order to mount a single lens in an instru- and the instrument's effectiveness impaired or
ment so that it may be axially adjusted during lost.
assembly, an adjustable mount like that shown You will be working with rings that range

in figure 6-10 is often used. The lens is fitted from small and delicate to large and cumber-
: snugly against a shoulder in the mount and held some, but they all must be handled carefully so
; in place by a retainer ring. The mount is ex- as not to damage the fine threads or distort
ternally threaded so that it can be screwed into their shape. Most retainer rings and other
the telescope housing to its proper position, and threaded mechanical parts are locked in place
locked in place by a lock ring or set screw. by a set screw or locking compound that hardens
when dry such as shellac. BE VERY SURE
THAT ALL SET SCREWS AND LOCKING COM-
Retainer Rings POUNDS ARE REMOVED BEFORE TURNING
THE RING. If not, you will damage the threads
In our discussion of lens mounts, we have on the mount and the retainer, which will cause
frequently illustrated and referred to retainer added repair work or ruin the part. Note fig-
rings. We have seen how they are used to hold ures 6-9 and 6-10 which illustrate set screws
a lensin a mount and how they are usedto secure used to lock the retainer. Not all locking screws
a mount in place. Every instrument that you are so predominately located, so examine the
workon in the Navy will have retainer rings and retainer carefully for hidden locks.
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LENS CELL:

137.165

Figure 6-9.—Lens cells, lenses, separator, and retaining ring.
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136.166
Figure 6-10.—Adjustable lens mount.

Screw Adjusting Mounts

Occasionally it is necessary to have an ele-
ment placed in an instrument in such a way that
it can be adjusted after the instrument is

assembled. For this you will find a serew ad-
justing mount similar to that illustrated in fig-
ure 6-11. This mount hasfour adjusting screws
at 90degree intervals for adjusting horizontally
and vertically. The adjusting screws extend
through the telescope body and can be either a
slotted head (illustrated) or a thumb screw type.
By letting out on one screw and taking up on the
other, the element can be positioned with great
accuracy. Care must be taken when tightening
the screws so that no undue strain is placed on
the mount or element.

Eccentric Mount

We have seen where the optical axis of an
instrument must coincide with its mechanical
axis if the instrument is to be in alignment. In
ordertoassurealignment, lenses are sometimes
placed in an adjustable eccentric mount that
allows the lens and its optical axis to be moved
in a plane perpendicular to the axis of the in-
strument. Figure 6-12 illustrates the eccentric
objective mount of a binocular; refer to it as
you read the following description. The eccen-
tric mount has a concentric bearing surface
(fig. 6-12) so machined that it is offset from the
mechanical axis of the mount. A ring (fig.6-12),
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Figure 6-11.—Adjustable
recticle mount.

whose inner and outer surfaces are eccentric
to each other, is placed over the bearing sur-
face of the mount to act as a bushing to hold the
assembly in the binocular body. By rotating the
lens mount in the outer ring or by rotating the
outer ring around the mount, the optical axis of
thelens canbe moved to any desired point within
a relatively large area. Some additional move-
ment may be obtained by rotating the objective
lens in its mount since most lenses have some
inherent eccentricity. The objective assembly
is thenlocked in place by a combination of set
screw and retainer ring.

PRISM MOUNTS

As with other optical elements, a prism in
an optical instrument must be correctly posi-
tioned with respect to all other elements in the
system. The problem of positioning a prism is
compounded by the bulkiness and the varied
shape of prisms. Practically all lenses are
round and so the designer uses tubular mounts
for most lenses, but prism mounts must be in-
dividually designed to fit the shape of the

A. TOP VIEW
= —
RING=—>], I |
[ M |
BEARING ;
SURFACE ™| ! I
' |
MOUNT = i 4
N |
U | I J
[
B. SIDE VIEW

137.521
Figure 6-12.—Eccentric lens
mount assembly.

particular prism that is used. Space does not
permit a fulldescription of all the prism mounts

used in Navy instruments, buta few are explained
briefly.

Roofedge

The ROOFEDGE prism mount illustrated in
part A of figure 6-13 consists of a right angled
bracket on which the prisin rests. Shoulders
ground on the frosted sides of the prism act as
mounting surfaces which are used to secure the
prism in the bracket.

Two prism straps (one on each side) are
placed against the prism shoulders, and then
secured by screws to the bracket. The bracket
isfastened tothe telescope body with four screws
which can be loosened when it is necessary to
adjust the prism mount. Part B of the illustra-
tion shows disassembled parts.
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Figure 6-13.—Roof-edge prism mount.

Right-Angled

Mounts for right-angled prisms vary inde-
sign in accordance with needs. One mount (fig.
6-14) holds the silvered or reflecting surfaces
of prisms securely in place and properly aligned
on bearing pads which prevent the surfaces
from touching the base of the mount. Four
prism straps, two on each side, hold the prisms
in position. The straps also contain bearing
pads which help to keep the prisms properly
aligned without chipping.

Porro Prism Mounts -

Aporro prism mount (fig. 6-15) consists pri-
marily of a flat metal plate shaped to the in-
terior of a telescope body. It is machined to
hold one prism on each side of the plate. The
hypotenuse surfaces of the prisms are mounted
parallel to each other, and they are set over
holes machined in the plate to xllow light to
pass from one prism to the other.

In order to maintain the APEX surfaces of
the two mounted prisms at 90° angles with each
other, a rectangular, metal adjustment ring
(prism collar) is placed snugly around each
prism. I the two prisms are NOT AT 90°
ANGLES with each other, an effect CALLED
LEAN IS CREATED IN THE PRISM CLUSTER,

which means that the IMAGE APPEARS TO
LEAN AT AN ANGLE IN COMPARISON WITH
THE ACTUAL OBJECT.

Each prism is secured to the mount with a
spring clip or prism strap, pressed against the
apex of the prism. The strap itself is secured
to two posts, one on each side of the prism; and
the posts, in turn, are screwed into the prism
plate. A metal shield placed over each prism
under the prism strap prevents stray light from
entering the other prism surfaces. These
shields must be so placed that they do not touch
the reflecting surfaces of the prism 8; because
if they touch, total internal reflection does not
take place and some of the light is refracted
through the reflecting surface and absorbed by
the light shields.

FOCUSING ARRANGEMENTS

The majority of focusing arrangements that
an opticalman comes in contact with are eye-
piece assemblies, since most instruments must
te adjustable to the individual observers eye.

Lenses in an eyepiece usually are secured
ina tubular type mount. The field lens and the
eyelens may be fastened separately, each with
a retainer ring; or they may be secured together
by the same retainer ring, with a separator
placed between the field lens and the eyelens
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Figure 6-14.—Right-angled prism mount.

to hold both at the correct distance from each
other.

Thedistance between the reticle and the eye-
piece in an optical instrument must be so ad-
justed to the observer's eye that the reticle and
image of the object are sharply defined and eye
1atigue is eliminated. In order to provide this
adjustment, the lenses (2 or more) of the eye-
piece are mounted in a single lens cell or tube,
whosedistance from the reticle (also focal plane
of the objective) can be adjusted by a rack and
pinion, a draw tube, or by rotation of the entire
eyepieceduring adjustment of the diopter scale.

Some of the focusing arrangements used on
eyepieces are shown in figure 6-16.

Draw Tube

A draw tube focusing arrangement E of (fig.
6-16) consists of a metal tube carrying the
lenses and their retainer ring. The tube is
focused manually by sliding it forward or back-
ward in a guide tube at the rear of the telescope
body or housing. The draw tube can be secured
to the guide tube or withdrawn completely from

it. This type of eyepiecefocusing arrangement,
however, is not widely used in the Navy, be-
cause the draw tube focus can be disturbed by
a slight jar.

Spiral (Helical) Keyway

A spiral keyway focusing arrangement (fig.
6-17) is a modification of a riraw tube. It is
similar in construciion to a draw tube, but has
the additional followi.'g cor.ponents: (1) a fo-
cusing key or shoe, (2) a focusing ring, (3) a
retainer ring, and (4) a diopter-ring scale.

A straight slot which guides the focusing key
is cut through the guide tube parallel to the
optical axis of the telescope. The focusing key
is fastened to the draw tube and protrudes
through the straight slot to engage a spiral
groove or Kkeyway in the focusing ring. The
focusing ring is permitted to turn on the guide
tube, but it is prevented from moving along the
optical axis by a shoulder on the guide tube and
the retainer ring on the opposite side. The
diopter-scale ring is mounted on the shoulder
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Prism clip.

Prism clip screw.
Prism shield.
Prism clip pad.
Porro prism.
Prism collar.
Prism collar screw.

e

137.170

8. Prism post A.

8. Prism post B.
10. Prism post C.
11. Prism post D.
12. Left prism plate and dowel pins.
13. Right prism plate and dowel pins.
14. Prism plate dowel pin.

Figure 6-15.—Porro prism mount.

of the eyepiece guide tube and is read against
the index mark on the focusing ring,

The diopter scale is graduated on either side
of 0 DIOPTER TO READ FROM PLUS TO
MINUS DIOPTERS. The number of plus or
minus diopter graduations depends upon the de-
sign of the instrument, but it usually runs from

137.170

+2 to -4 diopters. When the focusing ring is
turned either way, the focusing key follows the
spiral keyway and moves the draw tube in or
out to focus the eyepiece. If an operatoxr focuses
the eyepiece to his eye and notes the diopter
scale reading, he can save time by adjusting to

that reading each time he uses the optical in-
strument.
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Figure 6-16.— Focusing arrangement,

Multiple Lead Thread

A multiple-thread eyepiece lens mount (fig.
6-18) is a tubular type with external multiple-
lead threads, and it screws into a guide tube or
eyepiece adapter with multiple-lead threads.
When the eyepiece mount is screwedall the way
into the adapter, it is stopped by a shoulder in
the adapter. A stop ring is then screwed into
the top of the adapter, which prevents extraction
of the eyepiece mount when the threads reach
the stop ring as the mount is screwed all the
way out. A focusing ring with a diopter scale
engraved on it is attached to the top of the eye-
piece mount.
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Internal Focusing Mount

An internal focusing eyepiece mount shown
in figure 6-19 consists of a housing secured
and sealed to the rear of the telescope body.
The housing contains an eyelens secured by a
retaining ring; and in the housing a movable
lens mount or cell containing the field lens and
an intermediate lens is free to move forward
or backward when the focusing knob and shaft
are activated. As the focusing knob rotates, it
turns the focusing shaft and rotates an eccen-
trically mounted actuating plate which, in turn,
slides the movable lens mount toward or away
from the eyelens during focusing for individual
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Eyeguard

Eyeguard clamp.

Eyeguard clamp ring screw.
Eyepiece collective retaining ring.
Eyepiece collective lens.

Eyelens retaining ring.

Cemented doublet eyelens.

Eyepiece focusing assembly.
Focusing ring stop ring.

CEIP P

. Stop ring lock screw.

- Knurled focusing ring.

. Focusing shoe.

. Focusing key.

. Focusing key screw.

. Eyepiece lens mount.

. Diopter ring,

. Diopter ring lock screw.
. Eyepiece diopter.

137.174

Figure 6-17.—Spiral keyway focusing arrangement.

eye corrections. The dioptric scale is on the
focusing knob and the index mark is on the fo-
cusing shaft housing. .
Focusing-type eyepieces are mechanically
designed to provide fi.st focusing with minimum
turning of the focusing ring or knob. This de-
sign permits the eyepiece (when turned com-
pletely out) to stopon the plus side of the diopter
scale; and to be focused all the way in to the
stop on the minus side of the scale, with one
rotation (or less)of the focusing ring. Muitiple-
lead threads of eyepiece mounts, because of
their long lead, are responsible for this type of

139

focusing. In internal focusing eyepieces, the
eccentric plate slides the lens mounts from
maximum to minimum thr¢w with a haif turn
(or 1ess) of the focusing knoh.

The lenses of the spiral keyway and internal
focusing eyepieces do not rotate when they are
focused, and thisis an advantage over a multiple-
lead-thread eyepiece. When multiple-lead-
thread eyepieces are rotated, eccentricity in
the lenses or their mounts (if present) causes
the image of a target to appear to rotate in a
small circle. For this reason, eyepieces with
draw tubes which slide in and out without rotating
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Eyepiece cap.

Collective lens retaining ring.
Collective lens.

Eyepiece lens spacer.

Cemented doublet eyelens.
Eyepiece clamp ring.

Eyepiece clamp ring lock screw.
Knurled focusing ring.
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137.175

9. Left cover and eyepiece

mount assembly.
10. Right cover and eyepiece

mount assembly.
11. Right eyepiece stop.
12. Eyepiece lens mount.
13. Right cover with eyepiece

adapter.

137.175

Figure 6-18.—Multiple-thread eyepiece lens mount.

are generally preferred in instruments with
reticles. NOTE: The reticle must be super-
imposed ON THE SAME SPOT OF THE TAR-
GET ALL THE TIME, REGARDLESS OF THE
MANNER IN WHICH THE EYEPIECE IS FO-
CUSED. If the eyepieces or lens mounts rotate
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with eccentricity in a telescope which has a
reticle, the image of the target appears to move
under the reticle image in a small circle.

One advantage internal-focusing and fixed
eyepieces have over spiralkeyway and multiple-
lead-thread eyepieces is that they can be sealed
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Figure 6-19.—Internal focusing
eyepiece mount,

well enough to prevent entrance of foreign matter
and mojsture, Telescopes with these eyepieces

they will not leak.

Spiral keyway and multiple-lead-thread eye-
pieces cannot be submerged under water, and
they also BREATHE DURING FOCUSING; that
is, WHEN YOu FOCUS THEM IN, THEY COM-

PIECES ,
INTO THE TELESCOPE. This breathing action

telescope diminish or obliterate visjon through
the instrument.

Multiple-lead-thread eyepieces have few
mechanical parts ang are therefore light in
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weight. Another advantage they have over some
other types of eyepieces is that theip threads
reduce backlash, hold eccentricity to a tolerable
minimum, and provide smooth focusing action.

On some optical instruments, fixed-type
eyepieces must also be capable of withstanding
a hydrostatic pressure test (subjected to water

pressures applied externally) prior to approval
for service in the fleet.

piece housing is part of the maijn
housing, thelenges and the spacer slide into the
eyepiece housing from the rear and are secured
in place with a retaining cap screwed onto the
rear of the housing,

Because thjg eyepiece cannot be focused for
individual eye correction, the light rays which
leave it are slightly divergent, with a value of
-3/4or-11/2 diopters. It is set at thjg value

disadvantage to a slightly farsighted Operator
who requires that convergent rather thandiver-
gent light rays leave the eyepiece.

No two individuals, however, with or without
éyescorrected by glasses, have the same diopter
Setting. An individual's setting can change from
hour to hour during the day, in accordance with
the amount of time Spent looking through optical
instruments,

BEARINGS

When a shaft jg mounted in a device to nold
it during rotation, friction develops at the con-
tact point of the shaft with the device. Friction
develops heat, and the amount of friction pro-

Devices which reduce the amount of friction
produced by shafts in their housings are called
BEARINGS, A bearing may also be defined as 3
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device usedto guide and support RECIPROCAT-
ING and ROTATING elements which may be
subject to external loads resolved into compo-
nents possessing normal, radial, or axial direc~
tions, or two-dimensional loads in combination.

Unless it is a simple type such as a single
lens reading glass, an optical instrument has
many moving parts. Movement of these parts,
however, must be so restricted that motion
takes place. ONLY IN THE DIRECTION DE-
SIRED. Freedom of movement is also essential,
and it can be attained by reducing friction be-
tween moving parts. Movable parts of an optical
instrument must therefore be supported and
retained by some suitable means, so that friction-
free movement in a specific direction may be
obtained.

Before we get into the discussion of differ-
ent types ofbearings, it is a good idea to explain
the different types of loads which bearings must
carry, as follows:

1. NORMAL LOAD.—A normal load is one
applied TOWARD and PERPENDICULAR to the
bearing surface.

2. RADIAL LOAD.—A radial load is a load
directed AWAY FROM a surface, the opposite
of a normal load. Rotation of a wheel or object
on an axis is an application of radial load.

3. AXIAL LOAD.—An axial load is one di-
rected along the axis of rotation or surface of
an object.

ANGULAR LOAD.— An angular loadis acom-
bination of the other loads just described.

SPHERICAL
BEARING

Bearings are generally classified as: (1)
SLIDING SURFACE, and (2) ROTATIONAL
(sometimes called rolling contact bearings).

Sliding Surface Bearings

A sliding surface bearing usually has a sta-
tionary member which forms the base on which
its moving part slides. A lathe, for example,
has this type of bearing in the holding and guid-
ing of the carriage, and tailstock on the lathe
bed. The sliding surfaces are not always flat,
they may be square, angular, or circular. The
piston and cylinder bore of an internal combus-
tion engine constitute a circular sliding surface
bearing.

There are many variations of sliding surface
bearings used in optical instruments, some of
the more common of which are:

1. Cylindrical

2. Spherical

3. Square (quadrangular)

Cylindrical and spherical sliding surface
bearings are used to mount some of the smaller
gunsights in order that they may be easily bore-
sighted (aligned with the gun). Refer to illus-
tration 6-20 which shows these two bearings
used in an assembly. The cylindrical sliding
surfacebearing is secured in its mating surface
on the gun mount. The function of the spherical
sliding surface bearing is to hold the front of
the gunsight securely in the cylindrical sliding
surface bearing; and at the same time to allow

QUADRANGULAR
BEARING

137.178

Figure 6-20.—Cylindrical sliding surface bearing and square
bearing in an instrument assembly.
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radial movement of the rear end of the gunsight
(within certain limitations imposed by the con-
struction of the spherical sliding surface bear-
ing).

The purpose of the SQUARE BEARING (quad-
rangular)is to move and tohold the rear portion
of a gunsight. Study illustration 6-20 again, and
then study figure 6-1 which shows the position
of a spherical bearing and a quadrangular
(square) bearing in an optical instrument. The
bearing surfaces inthis instance are subjected
to NORMAL LOADS by four ADJUSTING
SCREWS in an adjusting-si.rew mount. Each
adjusting screw exerts pressure on its respec-
tive bearing surface; and by loosening and
tightening opposing screws, as necessary, you
can boresight the telescope. Adjusting-screw
mounts are also good for holding and adjusting
reticle mounts.

Although not a sliding surface bearing, the
square bearing is used as a LOCATING BEAR-
ING SURFACE, with little sliding motion (if any)
exerted upon it. When accurately machined, a
square bearing is used as a bearing pad for
holding large gunsights in gun mounts anddirec-
tors, and for locating and holding parts inside
optical instruments. During overhaul of a gun-
sight telescope, bearing pads become reference
surfaces,

A rotational bearing generally has a station-
ary member for holding the rotating member.
The stationary member is called the BEARING.
The rotational member is usually in the form of
a shaft, whose precision-finished surfaces are
called TRUNNIONS and rotate in the stationary
member. Trunnions are by necessity circular
in cross section, but their profile may be cylin-
drical, conical, spherical, or an even more
complex form. The most common TRUNNION
PROFILE in use is cylindrical,

Trunnion bearings (fig. 6-14) such as those
on the ends of a Mark 61 telescope, right-
angled prism mount are used on MANY KINDS
of telescopes. A trunnion is a shaft which ro-
tates around a true horizontal axis in order to
keep the optical axis of a telescope or prism
mount in a true vertical plane during elevating
or depressing operations.

Trunnions are attached permanently to the
body casting at the central point of a telescope
or mount; but they may be part of the body cast-
ing. The trunnions make it possible to rotate a
telescope (or mount) during elevation or de-
pression; and if the telescope is stopped at any
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position, it remains in that position, PROVIDED
THE TELESCOPEIS PERFECTLY BALANCED.

Ball Bearings

Because their resistance to rolling friction
is much less than for sliding friction, precision
BALL BEARINGSare usedextensivelyin optical
instruments. Precision ball bearings in self-
contained units are classifiedin accordance with
design. Differences in design in ball bearings
are generally not apparent externally, When
making a design of these bearings, the QUTER
RACE, the INNER RACE, and the STEEL BALLS
(which roll between the races) must be taken
into consideration,

As you study the most common designs of
self-contained precision ball bearings in the
following paragraphs, refer to illustrations 6-21
and 6-22 to determine their differences.

Radial ball bearings (part A, fig. 6-21) are
designed to carry loads applied to a plane
perpendicular to the axis of rotation in order
to prevent movement of the shaft ina RADIAL
DIRECTION. Thrust ball bearings (part C,
fig. 6-21) are designed totake loads applied in
the SAME DIRECTION as the axis of the shaft
in order to prevent free ENDWISE MOVEMENT.

Radialand thrust ball bearings are therefore
designed to carry loads in a specific direction:
PERPENDICULAR OR PARALLEL TO THE
AXIS OF SUPPORTED SHAFTS.

An angular ball bearing (part B, fig. 6-21)
supports an ANGULAR LOAD-a load which has
components of radial and axial thrust—and it
is exemplified by the bearing in the front wheel
of a bicycle. Angular ball bearings are NOR-
MALLY USED IN PAIRS, in a manner which
enables the ANGULAR CONTACT SURFACES
of the outer and inner race of ONE BEARING
to oppose the ANGULAR CONTAC7T SURFACES
of the OUTER and INNER RACE &f the OTHER
BEARING. This arrangement of tie bearings
provides a technique designated as PRELOAD-
ING, which REMOVES what is called GIVE or
SOFTNESS before the bearings are subjected to
their normal loads.

The principle of PRELOADING is illustrated
in figure 6-22. Preloading can be obtained (and
normally is) by subjecting the inner races to a
STATIC THRUST directed axially TOWARD the
angular contact surfaces of the OUTER RACES.

In some cases, individual precision steel
balls are used as a bearing between two parts.
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Figure 6-21.—Different types of ball bearings.

When this is true, the parts themselves act as
the BEARING RACES, with the desired number
of steel balls rollingbetween them. Such abear-
ing is used between polaroid filter plates in
optical instruments, in order to secure SMOOTH
and FREE rotation.

The RAY FILTER ASSEMBLY in a ship's
telescope uses ONLY ONE precision steel ball
as a detent, which starts or stops the move-
ment. The steel ball in this assembly is held
against the ray filterplate by a recessed spring
and iollower. When each glass filter is cor-
rectly positioned in the line of sight, the detent

ball is thrust into a groove on the plate to hold
the desired filter in the line of sight.

CAUTION: Dry metallic surfaces under an
appreciable load, though smoothly machined,
will not slide over each other without abrasion;
so they must be kept covered CONTINUALLY
with an approved lubricant, which actually keeps
them separated and prevents abrasion and fric-
tion. Like metals do NOT RUB TOGETHER
WELL unless completely covered with a film
of lubricant. If properly lubricated, precision-
made ball bearings wear very little. When wear
does occur in ball bearings, replace them. Ad-
justment is impossible.
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Figure 6-22.—Preloading produced by
pairs of angular ball bearings.

OPTICAL INSTRUMENT GEARS

Aninstrument designer must know what types
of gears to use for a specific function in order
to provide the TYPE OF MOTION and SPEED
required. Because you must work with these
gears in optical shops, knowledge concerning
the basic types will be beneficial to you.

Spur Gears

Some spur gears are shown in figure 6-23
(from a Mark 74 gunsight), and they are used
more than any other type of gear in optical in-
struments to transmit power from one shaft to
another,

Teeth on spur gears vary in size (in accord-
ance with requirements), stated in terms of
QUANTITY as PITCH, or DIAMETRAL PITCH
(number of teeth per inch of pitch diameter).
This means that a spur gear with 16 pitch and
a pitch diameter of 1 inch has 16 teeth, and so
forth. The FACE OF A GEAR is its thickness,
measured across the base of its teeth. A gear
with a face of 3/4 inch, for example, is 3/4 inch
thick at that point.

Speed ratios between shaftshaving spur gears
is important, and ratio is defined as the RE-
CIPROCAL OF THE RATIOOF THE QUANTITY
OF TEETH OF THE TWO GEARS, or reciprocal
of the ratio of their pitch diameters.

Metals generally used in small spur gears
are brass and steel; but cast iron is widely used
in large spur gears. Spur gears, however, are
also made of non-metallic substances.
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Figure 6-23.—Types of spur gears.

Bevel Gears

Bevel gears used in optical instruments can
be put on shafts which intersect at desired
angles, provided the angle of the teeth is cor-
rect in relation to the shafts.

Bevel gears are made with straight or curved
teeth, but they CANNOT BE INTERCHANGED
WITH SPUR GEARS. By using the proper type
of bevel gear, however, you can get a different
speed ratio, as desired. When these gears are
used to change the direction of motion 90°, with
no change in speed, THEY ARE CALLED MITER
GEARS. NOTE: If lapped pairs of bevel gears
are used in an optical instrument (and others),
almost perfect quietness of operation is ob-
tained.

The shape of bevel gears, especially those
with spiral teeth, causes them to exert much
thrust. For this reason, the end of a shaft which
contains the gear is generally supported by an
angular ball bearing, and the other end has a
radial ball bearing.

When one component of a pair of gears which
mesh together is bigger than the other (B, C,
and D, fig. 6-24) THE BIGGER COMPONENT
IS USUALLY CALLED THE GEAR AND THE
SMALLER COMPONENT IS CALLED THE
PINION.
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Figure 6-24.—Types of bevel gears.

Spiral bevel gears (part B, fig. 6-24) are
used in optical instruments (and others) because
they are interchangeable for varying the speed
ratio andcan be used indifferent ways, asillus-
trated. They are cut right- and left-hand, and
they are specified like spur gears with refer-
ence to face, pitch, and pitch diameter.

Spiral bevel gears which have the same cut
(right or left hand) operate at right angles;
those which have opposite cuts are used on
parallel shafts. Because the teeth of spiral
bevel gears slide over one another, bronze or
hardened steel is used in their manufacture to
make them more durable.

Worm Gear and Worm

Study part Aof illustration 6-24, the top part
of which is called a WORM, and the bottom part
of which is called a WORM GEAR. Worm gears
and worms are used extensively in instruments
because they provide an effective means for
reducingvelocity and transmitting power. Study
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the worm and sector gear from a gunsight ele-
vator shaft in illustration 6-25,

If a worm has ONLY ONE continuous thread,
it is called a SINGLE-THREAD worm; but more
than one thread may be cut on a worm. Two
continuoug threads on a worm constitute a
DOUBLE-THREAD worm; three continuous
threads on a worm are called a TRIPLE-
THREAD worm.

Single-thread and double-thread are terms
which indicate the TOTAL NUMBER of con-
tinuous threads, NOT number of threads per
inch. Pitch of a worm means linear distance
from a specific point on one thread to a cor-
responding point on the adjacent thread, meas-
ured parallel to the axis of the worm. The pitch
can also be determined by dividing one (1) by
the number of threads per inch.

Pitch is therefore the RECIPROCAL of the
number of threads per inch; and LEAD is the
axial distance (parallel to worm axis) moved by
the worm threadupon completion of one revolu-
tion of the worm. On a worm with a single
thread, lead and pitch are therefore equal; but
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Figure 6-25.~Sector gear and worm.

the lead is TWICE the pitch on a double-thread
worm and THREE TIMES the pitch on a triple-
thread worm,

As is true for spur gears,worms are speci-
fied in DIAMETRAL PITCH and PITCH DIAM-
ETER; because they must be so machined that
they fit the worm gears with which they mesh.
This means that such factors as thread number,
threads per inch, face length, and pitch diameter
must be taken into consideration.

Rack and Pinion

Some fire control equipment and optical in-
struments use a rack and pinion suchas the one
illustrated in figure 6-26. The rack gear moves
in alinear motion, as indicated; and it is simply
a straight bar into which the gear teeth have
been cut. The pinion, of course, moves in a
rotary motion.

INSTRUMENT SEALING METHODS

To maintain the cleanliness of the optics in
optical instruments, the instrument bodies are
sealed to keep out moisture and dirt. All opti-
cal instruments are sealed but they are not
necessarily waterproofed to stand submersion
in water.
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Sealing is effected by closing all openings
with sealing compound or gaskets. A combination
of both is often used. The gaskets may be made
of rubber, plastic or of a metal such as lead.

Waterproofing is accomplished by using
gaskets on all outside joints or, where a gasket
cannot be used because of physical limitations,
sealing compound is applied as a seal. A well-
designed waterproof instrument would have
gaskets for all seals except for such small,
non-flexing joints as a set screw going through
the body.

The primary job of waterproofing or seal-
ing must be done by the designer. The repair-
man's responsibility is to do his job of sealing
with care and precision. The standard tech-
niques for performing water proofing and sealing
operations are set forth in the following para-
graphs,

WAX

Sealing procedures making use of compounds
naturally fallinto two categories: Sealinglenses
in lens mounts and sealing mechanical parts.
The following procedure is applicable to sealing

lenses, reticles and windows. The shape is of

no consequence. The common elements in all
classes of this work is the joint of glass to a
metal shoulder in a mechanical part.

The actual seal is provided in a space be-
tween the lens and its mount. The lens seating
shoulder in the mount is beveled or the wall
around the shoulder is undercut. Also, the edge
of the lens is beveled. Figure 6-27 shows the
cross-sections of two typical mounts with the
lenses in place. Note the clearance space for
the sealing compound.

The procedure for sealing lenses is for the
use of a sealing compound that is plastic for all
atmospheric temperatures. No heat is required
for its application.

NOTE

The diameter of the sealing compound
string is determined by the size of the
lens and the width of the shoulder. A uni-
versal size of 1/16-inch diameter is gen-
erally useful for lenses in navigational in-
struments,

¢ Place a string of sealing compound around
the entire circumference of the lens shoulder
of the lens mount. The string must be cut to
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Figure 6-26.—Rack and pinion.

size to go around once and have its ends just
meet without stretching or overlapping.

e Use a 1/8 inch diameter hard wood stick
with a smooth end to pack the string into the
recessed corner of the shoulder which is de-
signed as space for the sealing compound. See
figure 6-28.

o Excess sealing compound caused by uneven
thickness of the string or overlapping may pre-
vent the lens from seating down evenly against
the shoulder. Too little compound at any one
point will provide a poor seal. Fit the length to
just go around the shoulder.

e After setting thelens in the mount, against
the sealingcompound press thelens down on the
sealing compound to seat it evenly all the way
around. Sufficient pressure should be applied
to make the lens seat firmly against the mount-
ing shoulder. See Fig. 6-27. An even bulge of
wax will indicate an even seat and seal.

e Screw thelens retainer ring gentlyinto the
mount, up against the lens. Use the tool desig-
nated in the instrument manual.
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CAUTION

If the retainer ring is screwed in with too
much pressure, it may crack the lens.
Even if not, excess pressure will produce
strain in the glass, which will cause dis-
tortion of the image. Temperature varia-
tions may cause contraction of the mount
and ring, resulting in strain and possible
damage to the lens. Too little pressure
may leave the lens loose or the lens may
not be properly positioned.

e To set the retainer ring to the correct
pressure, tighten it up snug. Then back off the
retainer ring slightly (1/16 of a turn). This
should release any strain in the lens.

¢ In loosening the retainer ring to eliminate
strain, be careful not to loosen it beyond what
is needed to release the strain. For lenses not
mounted in sealing compound, shake the mount.
A loose lens will rattle. Those in sealing com-
pound will appear tight because they are stuck
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Figure 6-27.—Space for sealing compound
in lens mounts.

LENS MOUNT

137.195
Figure 6-28.—Pressing sealing compound
into the recess of a lens mount.

in the sealing compound. However, they will
come loose eventually if the ring is not snug
against the lens.

The sealing of mechanical parts does not
resolve itself into a series of step-by-step op-
erations which can be used in all situations.

Closing an opening is the basic purpose of
sealing. This sounds simple and obvious, yet
it must be kept in mind constantly. Each seal-
ing operation must be studied to determine
where the opening is and where to apply the
sealing compound.

There are two varieties of sealing com-
pounds and their use is dependent upon the job
to be done.

The first type is plastic at all atmospheric
temperatures. It is used for joints between
parts where it is protected from removal by
casual handling. Itis readily applied in its
natural state. When extruded in string form,
it is most convenient for application to ring-
type joints.

The second type of sealing compound is used
for sealing openings in external fillets or
grooves, and plugging openings such as space
over external screws. These compounds are
almost hard at normal temperatures and harden
with age when exposed. Hence, heat is neces-
sary to soften them for application. They are
usually colored to match the finish of the in-
strument. Being hard, they resist abrasion and
are quite permanent. A convenient applicator,
a waxing pencil complete with stand and alcohol
lamp, is illustrated in Fig. 6-29. The brass
chamber on the pencil is filled with compound
and held over the alcohol lamp to soften the
compound sufficiently to make it flow out of the
end. The pencil must be heated repeatedly but
not too much, as the compound will smoke if it
is overheated.

PREFORMED GASKETS

The most widely used method of sealing an
optical instrument is "Preformed Gaskets."
They provide the best seal and are used exten-
sively when an instrument must be watertight
or pressuretight. Two types of preformed gas-
kets are used on Navy instruments; flat gaskets
of irregular shape as shown in figure 6-30, and
round ""O" rings as shown in figure 6-31.

When sealing an instrument with flat gaskets
the following rules should be strictly adheredto:

¢ Use the proper gasket for each joint.
¢ Use new gaskets. They go far to assure a
watertight instrument.

/8¢
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o The gasketed surfaces of the parts and the

WAXING PENCIL gasket itself must be clean. Foreign mat-
ter may cause a gap in the seal.

® Place the gasket in the correct position
and make sure it will be flat between the
parts it is sealing.

¢ The parts to be sealed must be tightened
sufficiently to squeeze the gasket; how-
ever, excess pressure may cut the gasket.

e Examine a gasket joint, if possible, after
it has been reassembled, to check the
gasket for proper position.

An "O" ring seal on an optical instrument is
engineered to meet a set of standards that apply
to all "O'" ring seals. The dimensions of the
"O" ring groove (seat) and the size of the "O"
ring must be exact if the seal is to function
properly. Unlike the flat gasket which seals as
a result of the squeeze from the two parts, the
"O" ring seals as a result of distortion caused
by pressure. Notice figure 6-32 which shows

the proper installation of an "O" ring. The

ALCOHOL LAMP clearance for the "O'" ring in its seat is less

137.522 than the free outer diameter and the 'O" ring

Figure 6-29.—Heating hard wax is slightly squeezedout of round (A of fig.6-32).
for sealing. The seal is so designed that when pressure is

RIGHT BODY EYEPIECE and COVER
ASSEMBLY

— COVER GASKET —COVER SCREWS

137.461
Figure 6-30.—Eyeplece and cover assembly gasket,
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Figure 6-31.—-Eyepiece "O" ring seal.

Figure 6-32.—Properly installed O-ring.

applied to the "O" ring it moves away from the
pressure into the path of leakage, thus, com-
pletely sealing the passage. (B of fig. 6-32).

All O-rings are molded and trimmed to ex-
tremely close tolerances in cross-sectional
area, inside diameter, and outside diameter.
The O-ring is generally fitted into a rectangular
groove machined in the mechanism to be
gealed.

The greater the pressure applied, the tighter
the seal becomes. When the pressure is de-
creased, the resiliency and elasticity of the
seal results in the O-ring returnirgz to its
natural shape.

The first step in replacing an O-ring isto
identify it both as to size and material. The
size is indicated by a dash number,which always
follows the part number of the O-ring. For
example, in the part number MS28778-6, the -6
indicates the size.

After determining that the replacement seal
is made of the correct material and is of the
proper size, the seal should be inspected visually
for cuts, nicks, or flaws and discarded if any
defects appear.

When installing an O-ring, use extreme care
to prevent scratching or cutting the seal on
threads or sharp corners. Also make certain
that it is not installed in a twisted condition, for
it will not function correctly if twisted.

Individuals working with optical systems
must be able to positively identify, inspect, and
install the correct size and type O-ring for
every application .n order to insure the best
possible service.

The task of procuringand positively identify-
ing the correct seal can be difficult since part
numbers cannot be put directly on the seals.
This situation is further confused by the fact
that there is a continual introduction of new
types of seals and the obsolescence of others.

Because of the difficulties with color coding,
O-rings are made available in individual her-
metically sealed envelopes, labeled with all
pertinent data. It is recommended that they be
procured and stocked in these envelopes.

When selecting an O-ring for installation,
information printed on the envelope should be
carefully observed. If an O-ring cannot be
positively identified, if should be discarded.

Almost all kinds of O-rings are similar in
appearance and texture, but their characteris-
tics may differ widely. Here again the basic
part number on the package label provides the
most reliable identification.
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To identify O-rings, some manufacturers
provide a color code. However, this is not a
reliable or complete means of identification.
There are several limitations to the color cod-
ing. Some coding is not permanent, while on
others it may be omitted due to manufacturing
difficulties or interference with operation.
Furthermore, the color coding system provides
no means to establish the age of the O-ring or
its temperature limitations. When selecting an
O-ring for installation, the basic part number
on the sealed envelope provides the most reliable
and complete identification.

Although an O-ring may appear perfect at
first glance, slight surface flaws may exist.
These are often capable of preventing satis-
factory O-ring performance under the variable
operating pressures of fluid power systems,and
O-rings should be rejected for flaws that will
affect their performance.

By rolling the ring on an inspection cone or
dowel, the innerdiameter surface canbe checked
for small cracks, particles of foreign material,
and other irregularities that will cause leakage
or shorten the life of O-rings. The slight
stretching of the ring when it is rolled inside
out will help to reveal some defects not other-
wise visible. A further check of each O-ring
should be made by stretching it between the
fingers, but care must be taken not to exceed
the elastic limits of the rubber. Followingthese
inspection practices will prove to be a mainte-
nance economy. It is far more desirable to take
care identifying and inspecting O-rings than to
repeatedly overhaul components because of
faulty seals.

PACKING

Asused in mechanics,theterm packing refers
tothe materialused to sealan openingwhere the
two component parts are not stationary and move
in relation to each other. The type of material
used depends on several factors as temperature,
pressure, and type of motion. The most com-
monly used packing materials for optical instru-
ments are natural rubber, plastics, flax and
synthetics such asneoprene and koroseal. These
packing materials come in wide ranges of den-
sity, tensile strength, and shape. Packingcan be
in either preformed shape as shown in figure
6-33, or in bulk sheet and spools.

Unfortunately, the length of time that a seal
will function properly depends on many factors;
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Figure 6-33.-Packing rings.

many of them unpredictable. Therefore, it is
almost impossible to say that a seal will wear
out in a specified time.

Each time 2 ‘component or unit is disassem-
bled the seals should be carefully inspected. If
there is any doubt as to their condition, they
should be replaced. In most cases, automatic
replacement of the seal is standard procedure.
The manufacturers' recommendations along
with the previous experience of the personnel
repairing the unit or component should be the
main criteria for determining when to replace a
specific seal. Installation of seals should be
carried out as specified in the Maintenance In-
structions Manual, manufacturers' publication,
NavShips Technical Manual.

It has been found with experience that pack-
ings deteriorate with age. Therefore, knowing
and understanding packing shelf life will save
many hours of unnecessary toil experienced
in repacking a unit and having it still leak be-
cause the packing was defective due to age.

Prior to the installation of natural and syn-
thetic rubber packings, a check must be made
todetermine whether these parts are acceptable
for use. All natural and synthetic rubber pack-
ing containers are marked to facilitate an age
control program. This information is available
for all packings used, regardless of whether the
packing is stocked on shipboard at stock dis-
tribution points, or furnished as an integral
partof a component. Positive identification, in-
dicating the source, "cure date," and "expira-
tion date' must be made of packings.
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The age control of all natural packings is
based upon the cure date stamped on the manu-
facturer's unit package, intermediate package,
and shipping container. Shelf life control of all
packings is governed by the expiration date
stamped beside the manufacturer's cure date on
each package.

Expiration date is the date after which a
packing CANNOT be used in service, and time
of delivery means the date of acceptance by the
purchaser. All packing is scrapped if not put
into use by the time of the expiration date.

Cure date means the time the packing was
manufactured and is designated by the quarter
of the year and the year of manufacture. Pack-
ings manufactured during any given quarter are
considered one-quarter old at the end of the
succeeding quarter. For purposes of explaining
the coding used by manufacturers to designate

the cure date, each year is divided into quarters
as follows:

1. First Quarter:
March.

2. Second Quarter: April, May, and June.

3. Third Quarter: July, August and Sep-
tember.

4. Fourth Quarter: October, November, and
December.

January, February, and

To identify the age of natural or synthetic
rubber packing, use the following procedrre:

1. On the manufacturer's containers, stamp
the cure date by quarter of the year and the
year in accordance with Specification MIL-STD-
129. The quarter of the year should be sepa-
rated by the letter "Q" to indicate whether first,
second, third, or fourth quarter. Containers of
packings from manufacturers marked with an
illegible cure date are cause for rejection of
delivery.

2. An expiration date should also appear on
the manufacturer's unit package to facilitate
scrapping. The date should be specified by
monthand year, 2 yearsafter the manufacturer's
cure date, using the last month of the quarter.

EXAMPLE: 1Q66 Expiration Date: March
1968.

1Q66 means a cure date of the first quarter
of the calendar year 1966. Expiration Date:
March 1968 indicates the time when the use-
fulness of the packing expires.

Natural or synthetic rubber packing must
not be removed from the manufacturer's unit
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package until ready for use, and should be
stored in an area protected from sunlight and
drafts. The storage temperatures, also ap-
plicable to components in which these packings
are installed, should normally range from 60°F
to 100°F, and must not exceed 125°F.

LUBRICATION

Proper lubrication, using only authorized
lubricants, is an important part of optical in-
strument repair. It is a matter which has been
regarded toolightly in the past, the theorybeing
that any grease or oil would do. Experience
proves that such an idea is detrimental to the
best performance of the instrument.

A lubricant may work perfectly in temperate
zones, but stiffen up to the extent of rendering
the instrument uselessincolder climates. Like-
wise, a lubricant suitable for use in temperate
and cold climates may be entirely unsatisfac-
tory for use inhot regions, where the heat could
soften the lubricant to the point of flowing into
locations where its presence would impair the
functioning of the instrument.

The foregoing facts, while generally true,
are particularly of importance in the case of
optical instruments where even a very thin film
of grease or oil on an optical surface would
render the instrument absolutely useless. Since
the Navy must use its optical instruments in
climates from one extreme to the other, the
lubricants used must perform properly under
widely varying conditions and in no way impede
the functioning of the instrument.

The use of an excessive amount of lubricant
is a waste, and often is as bad as or worse than
not erough, Where closely mated parts that re-
quire only a very thinfilm of lubricant are con-
cerned, an excess can introduce errors in the
readings of the instrument; in other cases, the
functional accuracy can be impaired if too much
oil or grease is employed.

Excess oil or grease on optical instruments
may eventually find its way onto optical sur-
faces and render the instrument useless. There-
fore, you must use great care in performing
what seems to be relatively simple work. Apply
only a thin, even coating to the surfaces and
remove any excess before assembling.

The primary purpose of lubricants in optical
instruments is to provide smoothness of action.
Lubrication is not used to prevent wear, as is
oil in an automobile engine. Thus, only a little
will go a long way.
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TYPES OF LUBRICANTS

The Navy has adopted the procedure of buying
ready made lubricants which have been found to
be satisfactory in every respect for use on
optical instruments. These lubricants, trade
named LUBRIPLATE and designated by number,
are manufactured by the FISKE BROS. REFIN-
ING CO., New York City and may be purchased
through the Navy supply system.

These recommended lubricants are mamu-
factured in several different g:zades adaptable
to all types of applications and temperature
ranges. The repairman should be thoroughly
familiar with the temperature ranges of all
lubricants before using them.

INSTRUMENT SPECIFICATIONS

At all times, the optical repairman should
follow the specifications of technical manuals
when lubricating an optical instrument. When
specific instructions are not available, the fol-~
lowing general recommendations should be
followed (see table below).

If the above lubricants are not available, an
eyepiece grease can be made by slowly heating
and blending 5ounces of Japan wax and 5 ounces
of white vaseline.

A good hinge grease can be made by heating
and blendiag 4 ounces of beeswax, 2 ounces of
rosin, 2 ounces of raw rubber, and 1 ounce of
white vaseline.

To make 2 lubricant fro:.n a general formula
is an art in which considerable experience is
required in order to obtain a consistently uni-
form product. The above formulas are for
EMERGENCY USE ONLY,and whenever possible
the recommended products should be ordered
ready made.

To apply grease to a surface, use a round
hardwood stick which has a chisel point on one
end. Dip the end of the stick into the container
and pick up a small amount of grease on the
end.

Apply the greaseto the surfaceto be greased,
smoothing it out withthe stick so that the entire
bearing surface is covered with a thin film of
the grease.

Fit the greased parts together and run them
in; or in the ca.e of a screw, turn it in and out
a few times to distribute the grease evenly over
its entire working area. Then remove the ex-
cess grease that is forced out, using the stick
to pick off the bulk of the unneeded lubricant.

Wipe grease from areas where none should
remain, using a clean lintless cloth moistened
with solvent.

Keep the oils in small individual instrument
oil cans fitted with a cap for protection against
dirt. Greases must be kept in clean jars or
cans, and be kept covered when not in use, to
prevent contamination by dust, grit and dirt.
All containers should be properly labeled with
the name of the lubricant and also the material
specification number.

Source Use

Lubricant

Ordnance Pamphlet

No. 463 - pg. 35*

Worms and gears
(1st Rev.)

ilar assemblies

Ball and plain bearings
Eyepiece draw tubes and
similar assemblies

Binocular hinge and sim-
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Lubriplate No
Lubriplate No

. 210)

. 220) Fiske Bros.
Refining Co.,

. 310) N.Y.C.

. 320)

Lubriplate No
Lubriplate No
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CHAPTER 7
MAINTENANCE PROCEDURES—PART |

This chapter will provide you with informa-
tion on repair and maintenance of optical in-
struments. It will also stress the importance
of careful handling and cleanliness of, not only
the instruments, but, also, the tools that you
work with,

Optical instruments are expensive precision-
built instruments and care in maintaining them
cannot be overemphasized. If you handle an in-
strument roughly or drop it, the shock may re-
sult in misalignment or breakage of the optical
and mechanical parts. When this happens, you
have only one choice—REPAIR. This means
that you must unseal the instrument, disassem-
ble it, make repairs, reassembly and collimate.
This is a lot of work caused by thoughtlessness
and negligence in handling.

Optical instruments are shipped in specially
constructed containers designed for adequate
protection during transportation. When you re-
ceive optical instruments in the optical shop,
check their containers for damage and cleanli-
ness; then, if there is no reason why you should
remove the instruments from the containers,
stow them in clean storage cabinets or spaces
provided for them. CAUTION: When you MUST
MOVE AN INSTRUMENT from one location to
another, if possible, move it in its container.

Most containers for optical instruments have
catches or locks for securing the instruments
in position; so when you put an instrument in
its container, place it GENTLY INTO POSI-
TION and carefully close the lid, DO NOT
TRY TO FORCE AN INSTRUMENT INTO ITS
CONTAINER OR SLAM THE COVER SHUT.
The contour of the interior of the case was
made in the best manner possible by the manu-
facturer to hold the instrument snugly in place
to prevent damage during handling. If the in-
strument does not go into its case without dif-
ficulty, check for an extended drawtube or
something else which is hindering smooth en-
trance into proper position. CAUTION: Always
secure the cover to the container with the
catches installed by the manufacturer.
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INSPECTION AND TESTING

The duties of an opticalman will always call
for him to inspect and test optical instruments.
The inspection may be held aboard ship before
the instrument is delivered to the shop or it
may be held by the repairman just before he
begins the repair work. In any case, the in-
spection and testing of an optical instrument is
vital and the opticalman should have a thorough
knowledge of the instrument and procedures.

INSPECTION OF INSTRUMENTS

There may be occasions when you will be
given full responsibility for inspecting all opti-
cal instruments aboard a ship. By carefully
inspecting the instruments and taking care of
little troubles, you will be able to save yourself
and your repair activity much work. Make
notes on your inspection of each instrument and
recommend appropriate remedial action,aboard
your ship or at a repair facility.

CAUTION: When you inspect an optical in-
strument in uge aboard ship and follow up with
minor repairs, do NOT DISTURB the optical
system unless it is required.

When you are assigned duty in a repair ac-
tivity afloat or ashore, inspect every instru-
ment gent to the optical shop for repairs. If an
instrument is anfamiliar to you, get all infor-
mation concerning it from Ordnance Pamphlets
(OP's), NavOrd publications, NavShips Man-
uals, and blue prints. Never attempt to dis-
assemble and repair an instrument until you
fully understand it.

During your predisassembly inspection of an
instrument, try to locate difficulties. Inspect
the physical and mechanical condition of the in-
strument and also its optical system. Use a
casualty analysis inspection sheet and record
all your findings on it.

The defects to look for when inspecting an
optical instrument are: dents; cracks; and
breaks in the housing, mount, and bearing
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surfaces. Unless they are on a bearing sur-
face, snall breaks are generally not serious,
but they still require immediate attention. A
crack in the housing (or a loose or broken seal),
for example, soon causes condensation of mois-
ture within the instrument.

Inspect assembly screws for tightness. If
retaining rings are exposed at the end of the
tube of an instrument, check them also for
tightness, by applying light pressure with your
fingers.

CAUTION: Do NOT TOUCH the lens with
your fingers, and do NOT USE a retainer ring
wrench to test the rings for tightness. The set-
screw of the ring (or the ring itself) may be
sealed with shellac; and if you attempt to turn
the ring with a wrench, you may break the seal.

Take a close look at the condition of the
paint on exposed metal parts. To prevent cor-
rosion, cover worn or cracked and chipped
paint with a thin film of approved oil. As soon
as possible, send the instrument to the shop for
repainting.

Mechanical Condition

Carefully examine mechanical adjusting
screws, and check knob and gear mechanisms
for slack or excessive tightness. If the instru-
ment moves on bearings, test them for binding
or looseness.

Try the focusing action of the eyepiece to
find out if you can focus it (in and out) without
binding or dragging. If binding or dragging
exists, the eyepiece adapter or the drawtube is
eccentric, which condition is generally caused
by dropping or jarring.

Backlash in the focusing action of an eye-
piece is usually caused by a loose stopor a re-
tainer ring; but it may be caused by a loose key
and its screws in the spiral keyway assembly.

Check the mechanical, 0 diopter setting of
the eyepiece to determine whether the index
mark points to 0 diopters when the eyepiece
drawtube is at mid-throw (halfway in and half-
way out). The focusing action should be such
that the index mark clears all diopter gradua-
tions (plus and minus) during full travel of the
drawtube.

If the instrument has turning shafts (ray fil-
ter or input), check them by turning the shafts.
If rotational action of the ray filter shafts does
not turn the color filters in or out of the line of
sight, the cause is most likelyimproper meshing
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of gears, or detachment of the gear itself from
the shaft. If the shaft does not rotate, it is
corroded or bent.

All mechanisms must move freely, without
binding, slack, backlash, or lost motion. Mov-
ing parts should be just tight enough to keep
them in proper position.

Check for missing or broken parts—retainer
rings, set screws, and so forth. You can locate
loose or broken internal parts by shaking the
instrument.

If the instrument is gas sealed, CHECK ITS
GAS PRESSURE by attaching a pressure gage
to the gas inlet fitting. Then crack the valve
screw and read the pressure on the gage to find
out if it is correct. Correct pressure in most
nitrogen-charsed optical instruments is ap-
proximately wwo pounds per square inch, or as
indicated in the manufacturer's technical man-
ual for a particular instrument. If the gage in-
dicates NO PRESSURE in the instrument, thes«
is a bad gasket,a loose fitting, or aloose screw.