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AN OPTICAL COINCIDENCE GAGE

By I. C. Gardner and F. A. Case

ABSTRACT

A new type of optical instrument is described wliich enables ono to make
measurements in a direction normal to the surface viewed. Furtlicrnioro, tlio

method of operation is sufficiently simple to permit its use for routine industrial
measurements. The instrument is similar to a miUtary range finder except that
the two telescopes forming the optical system of the range linder are replaced by
two miscroscopes. In the instrument which has been constructed at the National
Bureau of Standards, the magnification is approximately 85 and, undrr fav()ral)lo

conditions, the probable error of a single reading is approximately ±0.001 nun
(±0.00004 inch). As the settings are made without mechanical contact the
instrument is particularly well adapted for measurements where all danger of

deformation of the object should be avoided. It can also be used for making a
measurement which terminates at an optical image, and this possii)ility has bcfii

realized in a second optical coincidence gage which was built for the pur|K)se of

adjusting the sound reproducing mechanism of a motion-picture projector.
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I. INTRODUCTION

The micrometer microscope is particularly adapted for the compari-

son or measurement of lengths which are hniited by fiducial marks and

which are parallel with the surface imaged by the micro.-^cope. Such

an instrument is therefore weU fitted for use m connection with lino

standards, and finds numerous apphcations on coniparatois, goniome-

ters, and other measuring instruments. The comparison or measure-

ment of end standards and the routine gaging of parts, surli as is

accomplished by the snap gage or micrometer ^«.iM;/^I^ nHpHrcs t u

measurement of a length which hes nornial to and is linutcd pan

of surfaces. The requirement that such measuremeii s ^^
" >

an optical method and ^^ithout mechanical ^^.^^act with hejiinu
,

surfaces presents a problem enthely diiTercnt from that .olved by tiu

micrometer microscope. , . , ^„o„^nr^-,nnf U th«
The most ob^nous means for making such a

''^«f"^^™^"^,'^4ne
ordinary microscope, the position of the o>'J''J l«"^„r" ^.^•"^f'^,'^';',^

determined by the sharpness of the imaso. Uplcs^ ob o tno. o Ian-

numerical aperture are employed, the lack oprcw.n «"^; V
^

.'.

the depth of focus is commonly » isadvan p and
,

if an "' J'
"

of large numerical aperture is used, the working distance, •»r^"'a"J'

30894°—31 i
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purposes, becomes inconveniently small. The best results in usingsuch

focusing methods for measurements of this character, that is, measure-

ments made nonnal to the surface imaged by the instrument, have
probably been achieved by Arnulf, Van Heel, and Perrin.^ The pre-

cision which they obtained leaves little to be desired, in fact, it is

almost of the same order as that of the interferometer, but measure-
ments can be made only to an optically regular, polished surface; a

limitation not so serious, perhaps, in laboratory work, but probably
an important obstacle to its introduction for industrial purposes.

Interferometric methods constitute a second means for measuring
lengths in the direction along which the light is traveling, but their

great precision and sensitivity are accompanied by difficulties which
have made it somewhat impracticable to apply such methods to

measurements of intermediate accuracy.

In the instrument to be described a new means has been developed
for making measurements in a direction normal to the surface ob-
served, which permits measurements to be made with a precision

intermediate between that of the usual screw micrometer and the
interferometer. In this case, the operation is so simple that it may
be used for routine industrial purposes whenever conditions make
the use of an optical system necessary or advisable. There is no
mechanical contact between the gage and the surface observed, and
worldng distances as large as 50 mm can be consistently used with a
probable error for a single setting not greater than ±0.001 mm.
The use of this instrument for industrial purposes offers advantages

other than those of a favorable degree of precision. For measure-
ments of high precision by mechanical methods the accuracy of a
deterniination is always hkely to be affected by deformation of the
material at the point of contact even though the measurement is

made to a surface of a most substantial object whereas, with the optical
system to be described, the absence of mechanical contact permits
measurements to be made on the most fragile of objects without the
slightest danger or inaccuracy from deformation. The possibility of
eliminating mechanical contact also enables one to make measure-
ments of rotating parts in a lathe, of hot bodies without local cooling
at point of contact, or of electrically charged bodies. A further
advantage of an optical method is that measurements may be made
to internal surfaces which are inaccessible to mechanical methods of
measurement. For this purpose the instrument may be made in
the form of a modified periscope, and may be so designed that the
flexure of the parts forming the tube of the periscope does not affect
the accuracy of measurement. Furthermore, one important indus-
trial application of this instrument has been the measurement to an
miage formed by an optical system instead of to a material object,
a measurement quite outside the range of a mechanical method.

II. THE THEORY AND USE OF AN OPTICAL COINCIDENCE
GAGE

The basic principle of the optical coincidence gage will be under-
stood by reference to Figure 1. Two microscopes are shown with
their axes crossmg at the axial object point. If each microscope is
provided with a fixed cross hair it is evident that they may be so

> Cotuptes Rendus, 188, pp. 8C0-861: 1929.
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adjusted that an object nlarpH of fi.« • .

appear.in coincidence v^h,t*™l "^^^^^^^^ '-" ''^•- -iH
object IS displaced in a direction a vim.

""'' '"''''• '^ '"«• "'"
bisector of the axes of the CrX,A ','""''•"'''"''' '"""""I '" "'"
depart from the cross hair in

"
e or h^wu

'' """"" """^' "'•'•«>ssarilv

of this departure will be a mea"m-e nf , T'T''"^"'^ "'"' " '""""^'"'

The instrument nwy be iZrovo. L T
'^'^I^'"''"""'n<."f 'l.c object.

mDitary, eoincidencltype LTfVon/^L 7'T""'"- ^
'''''" f'""> "'"

fields of the two rr^^rd^^::^:^J;;t::^^^;-^ i^^

Figure 1.

—

Diagrammatic sketch illustrating method of operation

piism system so that both fields arc seen at once tIiroun:h one ocular.
With this prism half of each- field is suppressed so tfiat, on lookinj^

through the ocular one sees a circular field divided by a sharj) dia-
metrical dividing Hne, ^vith the image on one side of the line formed
by one objective, and that on the other side by the second.^ The
prisms connecting the two systems are so arranged that the two
fields are perfectly symmetiical and consequently corresponding
parts match on the two sides of the diWding line when the object is

in the plane w^hich makes equal angles with the two axes and con-

2 The ocular prism from a range finder of the "inverting typ" can be used, in which caae the np)« half

of each field is suppressed. One field, however, is inverted thus making the two baJves of the fleJd sym-
metrical about the dividing lice.
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tains their intersection. (The matching of the two fields can not be
perfect at the edges because the object plane can not be normal to

both optical axes at the same time, but with the relatively low magni-
fication employed this introduces no appreciable difficulty, even at

the edges of the field.) If now the object is displaced through a
distance d, in any direction such as AB in a plane at right angles to

the bisector CD of the angle between the two axes of the objective,

then the image shifts bodily in both fields, without any disturbance

of the symmetry, through the distance Md, where M is the magni-
fication. If, however, the displacement is through a distance d
along CD, the halves of the field move in opposite directions and fail

to match by the distance 2Mdifi. sin ^' The ratio of the sensitivities

of the instrument to displacements in the two directions is therefore

2 sin ^* which, when a equals 25° (the value in the present instrument)

O/ b
Figure 2.

—

Field of view of optical coincidence gage

a, Coincidence established; 6, coincidence not established.

reduces to 0.43 ; that is, the error of measurement for a displacement
along the bisector of a wiU be approximately 2.5 times the corre-
sponding error for a displacement normal to the bisector.
The appearance of the two fields, as viewed through the instru-

ment will be made clear by reference to Figure 2. In the first sketch
(a) the two fields match and the object has been brought into the
position at which the reading is taken. In the second sketch (b) the
adjustment has not been completed and the image is broken at the
dividing line.

It is evident that the surface to which the measurement is to be
made must possess ''landmarks,'' such as tool marks, scratches or
other markmgs on the surface, which can be readily identified. (This
IS not^a severe restriction as few siu-faces fail to show such marks when
smtably magnified. By a simple modification,^ however, the instru-

taL^oUr.noT,nr.!i"on".h''"''f"^/'''?''^'''';
'"^"^^^ting surface an illuminntod slit or other brightly illuminated

rSeSior o n .n
!:'.?';^"'''^ coinculeiico gaRo. The setting is made on the imago of the target formed by

o?Kv« hi i imn P v-,t V'^''''*'-
^^ ''^'^ '•''" ^''^^•^<'^''' betwoon which the measurement is to be niade are plane

?urfRr^s h.lvn rf?nrlnf n
'''

I""
corrcctiou necd be applied for the use of the reflected image. If the twosurfaces have different curvatures an easily evaluated constant must be applied to the result obtained.
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ment may be adapted for measurino. lengths torniinnt.d l.y opii.Hllvregular reflecting surfaces which cany no surface markings.) tously, It IS advantageous to so orient the surface that tJie hufmo^ ofthese markings he with their longer dhnensions approxiniat.lv normal
to the dividmg Ime m the field of the instrument as illusira(<.l
Figure 2.

From the above discussion it is evident that there exists a reference
plane having a fixed relation to the instrument, into which, a surface
must be brought if the two halves of the field are to match A\'hen
the surface departs from this reference plane the lields fail to nuitcli
and it has been found that this failure ju-ovides a convenient nutans
for measurmg a departure as small as ±0.001 nmi. It follows tliat
the optical system, as described, functions as a sensitive indicator, for
determining the position of a surface or its departure from a standard
position, but it difters from other indicators m that no mechanical
contact with, or particular quahty of, the given surface is reciuired.
''Optical contact'' is substituted for mechanical contact and dilFust^

rather than specular reflection can be used. Moreover, these ad-
vantages are combined \vith high sensitivity m an instrument adapted
for industrial apphcations. This optical system has been devised for

use as part of an instrument which is being developed for gaging
internal threads and w^hich will be described in a later paper.
A dimension to be gaged by the optical coincidence gage must pos-

sess the characteristics of an end standard rather than of a Hne stand-
ard; that is the dimension must be terminated by two surfaces which
are normal to the dimension or which have two tangent planes normal
to it. The micrometer cahper, snap gage, and sunilar devices deal

with lengths of this character, and the measiu-ement of such lengths

constitute a large portion of the gaging operations in industrial estah-

Kshments. For one method of using the optical coincidence gage for

a measurement of this natiue a suitable mounting must be provided

having an anvil which can be translated thi'ough a measured distance.

The anvil is first brought into the reference plane and coincidence

estabhshed. The object to be gaged is next placed with one of the

fiducial surfaces in contact ^vith the an\'il which is then translated

until the second fiducial surface is brought into the reference plane

and the distance through which the anWl was translated is the required

measurement.
With tliis method of measurement there is mechamcal contact be-

tween the anvil and the lower fiducial surface. However, there is no

mechanical contact at the upper surface and the object is under no

stresses other than those mtroduced by its own weight. Por tliosc,

cases in which entire freedom from mechanical contact is required

two complete optical systems, one directed at each surface, may be

^"^InTnother method of appUcation of the gage the test surfaces rc-

mam fixed and the translation of a pnsm of small angle along the axis

of one of the microscope svstems shifts, with respect to the inst rumen ,

the location of the reference plane for which coincidence is obtained

The scale for measm-mg this prism translation may be graduated to

read directly the amount of this reference-plane shif and a very open

scale may be secured by a smtable choice^of relrac ing
;^"f';

''^
''

prism. This method, however can not
^'^J^^^'^'f^Tth^Xn^

ment of lengths greater than the distance tlirough >Nhich the object
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can be displaced without the necessity of changing the focus. This

is the method of measurement used on the instrument described in

Section IV.

III. DETAILS OF CONSTRUCTION OF THE INSTRUMENT
BUILT AT THE NATIONAL BUREAU OF STANDARDS

1. OPTICAL DETAILS

The arrangement of the optical parts in the initial instrument
which has been constructed by the National Bureau of Standards
is illustrated by Figure 3. The locations of the two objectives and
the paths of the light rays through the several reflecting prisms to

the common ocular are clearly indicated. The ocular prism is of the
standard type used in a 1 m base military range finder. This prism

Figure 3.- -Optical system of coincidence gage

was selected because of its availability although a prism of simpler
and less expensive construction would have served quite as well for
the present purpose. In order to obtain satisfactory results it is
necessary that the two halves of the optical system be so adjusted
that the two exit pupils are in coincidence. If this adjustment is
not secured the relative brightness of the two halves of the field will
vary m a distiirbmg manner as the position of the eye is changed.
I he mechanism for fine adjustment of the reflecting prisms (which
is described in Section III, 2) was very useful in securing this coin-
cidence of the exit pupils.
To measure with precision it is necessary that the images in the

two halves of the field be magnified to the same scale, that one field
show no parallax with respect to the other, that the two fields match
when in the position of best focus, and that the dividing line cut the
image ot a fine lying transverse to it at exactly the same point in the
two liclds. These conditions are easily maintained when they are
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once established, but suitable fine adjustinout mechanism must ho
provided for such purposes. To make the two imnires tlic same sizo
one objective is shifted in its tube to hrim,- it farther from or dosrr
to the object. After this has been done, the two imnirrs, in croncral,
will not he m the same plane and there will be parallax. To remove
this the ''parallax adjustment lens," a weak supplem^ritary lens
located back of one of the objectives, is displaced alon*,' the axis.
If the required correction for parallax is large it may be necessarv
to readjust the objective and make a second adjustment for parallax
in order to secure both equality of magnification and freedom from
parallax. The ''parallax adjustment lens" is given its correct posi-
tion by a rack and pinion movement operated by a key which (its

over the end of the pinion shaft. When this key is removed all

parts are flush and there is but slight danger of an accidental dis-

placement. After equal magnification and freedom from parallax
have been secured the object is brought into the plane of best focus
by displacing the instrument or the object. In general, the two
fields mil not match nor will they be s^mimetrically placed witli

reference to the dividing line. To remedy these defects the "halving
adjustment wedge" and the "coincidence adjustment wedge" are

provided and they also are movable along the axis by means of the

key and suitable rack and pinion movement. The first mentioned
wedge has its refracting edge parallel to the plane of the drawing

and when it is moved it shifts one image in a direction at right angles

to the dividing line, thus enabling a symmetrical appearance of the

two fields to be obtained. This is analogous to the "halving adjust-

ment" of the range finder. The "coincidence adjustment wedge"

has its refracting edge normal to the plane of the drawing, ami by

its movement one field is caused to shift relative to the other in a

direction parallel to the dividmg fine thus enabhng the two fields to

be brought to a match when the object is in the position for best

focus. This adjustment is analogous to the "infinity adjustment"

of the range finder.

For this instrument the magnification is approximately 85jiiam-

eters, the angle between the axes of the two objectives is 25 ,
and

the working distance, measured from the front surface of the ohjiu-

tive to the object surface is 50 mm. The precision of setting (lq)('nds,

as is to be expected, upon the character of the target. With a Imo

opaque we, against a bright field, it is not difhciilt to obtain sct-

tixigs for which the probable error of a single deterimnation is

±0.001 mm.
^ ^^o^ATTc

2. MECHANICAL DETAILS

Figure 4 is a reproduction of the compk^xMl (.,in('i(lence c>plical

gage as constructed at the National Bureau of
^^^'^^l^'J^!'^^^^^

of the instrument is composed of two aluminum ^;^^^tnigs one f i ^

the suDDort the other the cover for the optical parts.
^

ilie pe( uliai

ormTertotL system, .^th the two objectives earned in the nose

piece projecting to the right, was ^^1^?^^,^ ^^Jf ^^^^^^^

mu-Doses for which the instrument was designed. Ihe l)iniiia\

^S?^ntW' -<! the "coincidence a<ljustment wedge m.hcaU.

in Figures, are located in the nose piece and do not show
"^J

^nj^^re^

The extension to the nose piece shown m Figures 4 an j o a

added for this same purpose.
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These parts are adjusted by a key which enters the instrument

from the back. The other prisms are clearly visible and may be

readily identified by reference to Figure 3. Each of the four reflect-

ing prisms is mounted on a small turntable held snugly in its seat by

a nut and a spring washer on the back of the instrument. For each

turntable two screws enter the edge of the base of the instrument and

bear against two faces cut on the turntable in such a manner that

when the two screws are alternately tightened they tend to rotate

the turntable in opposite directions. These screws provide a means

for orienting the prisms precisely. After such an adjustment has

Figure 5.

—

Mechanical details of optical coincidence gage

been made the heads of the adjusting screws are covered with a strip

of metal which is secured in place to prevent the accidental disturb-

ance of the adjustment. This construction is clearly shown in

Figure 5.

IV. DETAILS OF A SECOND INSTRUMENT WHICH HAS
BEEN BUILT

A prol)lem encountered by the Baush & Lomb Optical Co. was
so1v(mI at the bureau's suggestion by the adoption of the optical system
of the coincidence optical gage. Figure 6 is an illustration of the
instrument which they have built for use in the assembly and adjust-

ment of a portion of the sound-reproducing device on a motion-
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Figure 4:.—View of complete instrument with the cover removed

built by the Bausch ct Lomh Optical Co.

'"-^:a'£iz:t::'^^vro^^^^ '"—•^'"- ""-™""

'
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picture projector.
^
A smaU ima-o of a slit i. produroa hy a wc^ll-

corrected condensing s^^stcm of large angular aportui-o/and this
'^^^^

'Au""' ^% ^^J^ist^^.t^, f^U ^^O^ precisely in the plane of the
film Obyioiisly, an optical method must he used to fix the nositi.>n
of the slit image. The image may be observed i)v a micr(>s<'<>po
focussed on the plane to which the slit is to be adjusted but if tho
magmfication employed is suflicicnt to give the desirod i)!r'isi«.n th(>
aberration of the image is made so evident that consiih-rahlc skill' and
judgment must be acquired before a satisfactory adjustment can ho.
made. It happens that the angular aperture of the cone of rays f(»rni-
mg the image is large and permits the image to be observed sinud-
taneously through two microscope systems, such as those of tho
coincidence gage. It seemed, therefore, that his type of instrument
would serye as an excellent indicator for fixing the position of the slit.

A trial ^vith the instrument built at the National Bureau of Standards
demonstrated that the gage could be appUod satisfactorily and tho
Baush & Lomb Optical Co. accordingly built the instrmnent illus-

trated in Figiue 6. SmaU displacements'^of the slit are measured by a
measming wedge or prism, which, by its displacement along the optical

axis, shifts the axis of one-half of the optical system shghtly, and thus
displaces the point of mtersection of the two axes. This is substan-
tially the same measuring deyice that is employed in one type of range
finder. The scale parallel to which the measuring wedge moves is

clearly sho\\Ti in Figure 6, and is graduated to read directly in terms

of the displacement of the object. The numbers for the scale, as can be

seen from the illustration, are reyersed in order that they may read

correctly after a single reflection in a mirror, which enables the scale

to be conyeniently read by the observer when in a position to look

through the eyepiece. The support for this mirror can be seen on

the coyer of the instrument. The use of a measuring wedge with a

small refracting angle enables a yery open scale to be secured. Tho

entire scale sho^\^l in the illustration corresponds to a motion of tho

object of only 0.006 inch and the probable error for a single setting

is of the order of ± 0.00002 inch.

Washington, October 1, 1930.


