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This invention relates to telecentric lens sys 
tems and more particularly to such lens systems 
constructed and arranged for use in contour pro 
jectors and like precision optical measuring in 
struments. 

Telecentric lens systems have particular utility 
in contour projectors and the like wherein it is 
desirable that the contours of various tools, work 
pieces and such may be projected as enlarged 
images upon a viewing screen at exact prede 
termined magni?cations for measurements or 
comparison against standard patterns or graphs 
thereon. Such comparisons can easily be made 
between or following fabrication steps in the 
manufacture of tools and the like with much 
better product control and e?iciency being ac 
complished than is possible otherwise. 
A telecentric lens system in a simple form may 

consist of a positive component and a telecentric 
stop or diaphragm located at the principal focus 
of the system on the long conjugate or image 
side thereof. Thus when an object is positioned 
for magni?cation at an object plane on the short 
conjugate side of the system and illuminated by 
collimated light substantially paralleling the axis 
of the system, each principal ray thereof will be 
caused to pass through the center of the dia 
phragm aperture and together with the small sur 
rounding bundle of rays coming from the object 
point of said principal ray at the object plane and 
passed by said diaphragm aperture will be caused 
to come to focus upon a viewing screen at the 
conjugate image plane, there forming an image 
of predetermined magni?cation of the object 
point. The use of such a lens system allows dif 
ferent parts of the tool or workpiece being imaged 
to appear upon the screen at the same mag 
ni?cation notwithstanding the fact that these 
parts may be disposed slightly forwardly or rear 
wardly of the true conjugate plane on the short 
conjugate side of the system. This is because 
each telecentric lens system has an unchanging 
magni?cation resulting from the fact that the 
entrance pupil thereof is located at in?nity on 
the object side of the system and the principal 
rays on that side extend parallel to the optical 
axis thereof. Such systems, however, are often 
susceptible of objectionable errors in distortion, 
particularly when an object ?eld of appreciable 
size is being considered, and curvature of ?eld. ; 
The present inventionv embodies a telecentric 

lens system which is highly corrected for distor 
tion and curvature of ?eld as well as being well 
corrected for astigmatism, coma spherical and 
chromatic aberrations. Furthermore, the lens 
system has a relatively long working .distance in 
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the object space, a condition which is highly de 
sirable in instruments of the type described, and 
provides at a preselected image plane an image 
of exact predetermined magni?cation. The lens 
system has relatively few elements which are of 
comparatively ?at curvatures and therefore is less 
expensive to manufacture and may be easily as 
sembled and adjusted, consisting of only front 
and rear positive components in axially spaced 
relation and a diaphragm or stop spaced rear 
wardly of said components and positioned at the 
principal focus of the system. The front com 
ponent in turn consists of a biconvex front ele— 
ment and a negative meniscus rear element spaced 
slightly axially therefrom. The rear component 
consists of a biconvex front element and a bi 
concave rear element spaced slightly axially 
therefrom. 
With reference to‘ the front component, it 

should be noted that the small axial spacing be 
tween the adjacent surfaces on the front and 
rear elements of these surfaces is such that slight 
amounts of axial adjustment may be employed to 
advantage in controlling errors of distortion, in a 
distortion corrected system. which may be intro 
duced into the system during the manufacture 
and assembly of the elements thereof. By using 
air spaced doublets a sumcient number of sur 
faces were provided in the system to afford con 
venient control of the aberration of the system. 
It was desirable for reasons of design to keep 
these air spacings of the doublets small while 
allowing, with reference to the front doublet, for 
the required ?nal adjustment when necessary for 
distortion correction in the manufactured ob 
jective without having the centers or the edge 
portions of the elements touch and limit such 
adjustment. In this manner, slight variation in 
thicknesses, radii and optical properties which 
might occur during the manufacture of the com 
ponents of the objective and which might intro 
duce distortion into the system may be compen 
sated for. Also the system is such that the spac 
ing between the front and rear components may 
be varied slightly while the preselected long con 
jugate is maintained ?xed to adjust the magni 
?ed image to the predetermined magni?cation re 
quired upon the viewing screen of the instrument 
with relatively little influence upon the distor 
tion of the system. Actually, with the long con 
jugate of the system maintained at its preselected 
value, the spacing between the elements of the 
front component and the spacing between the 
front and rear components mutually e?ect both 

’ magni?cation and distortion in the system. How 
ever the ?rst spacing has great effect upon dis 
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tortion with only slight e?ect upon magni?ca 
tion while the spacing between the components 
has a material effect upon the magni?cation and 
very little eifect upon distortion. of course such 
changes will have an effect, but only slightly, upon 
the working distance or short conjugate distance 
of the system. The importance of such condi 
tions in a lenssystem such as is employed on a 
contour projector is that the problem of adjust 
ing the system to its ?nished working condition 
is greatly simpli?ed. Instead of having to at 
tempt the simultaneous balancing of the adjust 
ment of the spacing between the components 
and the spacing of the elements of the front com 
ponent, one may initially adjust the spacing of 
said elements to adjust distortion to its minimum 
value and then may carefully adjust the spacing 
between the components for correct screen mag 
ni?cation, after which only a very slight read 
justment of the ?rst spacing may be needed to 
produce an acceptable ?nished objective. 

It is accordingly an object of the present in 
vention to provide a telecentric lens system for 
use in contour projectors and like instruments 
which is composed of relatively few optical 
elements of types that are relatively easy to 
fabricate and assemble while providing a system 
which is highly corrected for distortion and 
curvature of field and well corrected for astig 
matism, coma, spherical and chromatic aberra 
tions, and which has a relatively long working 
distance on the short‘ conjugate side of the 
system. 

It is a further object of the invention to pro 
vide a lens system in which the pre-assigned 
long conjugate distance may be maintained while 
allowing slight adjustments to be made for ob 
taining predetermined magni?cation with very 
little effect upon distortion and for obtaining 
thereafter in a simple manner minimum distor 
tion with substantially no material effect upon 
magni?cation to thereby compensate for inac 
curacies in the physical or optical properties of 
the lens elements which might be introduced into 
the system during the ordinary commercial 
methods of fabrication and assembly used, to be 
made in a simple manner. 
Other objects and advantages of the invention 

will become apparent from the detailed descrip~ 
7 tion which follows when considered in conjunc 
tion with the accompanying drawing in which: 

Fig. 1 is a diagrammatic side view of a lens 
system embodying the invention; 

Fig. 2 is a table illustrating an embodiment of 
the invention; ' 

Fig. 3 illustrates a second embodiment of the 
invention; and 

Fig. 4 illustrates a. third embodiment of the 
invention. 
In each of the embodiments of the invention, 

it will be noted a lens system has been shown 
which consists of a front positive component 
and a rear positive component arranged in axially 
spaced relation and rearwardly thereof is a tele 
centric diaphragm or stop. Each component is 
an air spaced doublet, the front component hav 
ing a front biconvex element and a rear nega 
tive meniscus element closely ?tting the front 
element, the rear component having a, biconvex 
front element and a biconca-ve rear element 
slightly spaced therefrom. 
In each embodiment, based upon a focal length 

of 100 mm. for the system, a space of approxi 
mately 1 mm. has been allowed between the ele 
ments of the front component to allow an axial 
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4 
adjustment thereof if such is necessary for dis 
tortion correction in the system. Normally no 
more than one quarter to one half millimeter 
adjustment in either direction from this pre 
ferred spacing will be required for reducing the 
distortion to a minimum value. Since the spec 
ing between the components in the several ex 
amples lies between 30 to 40 mm., adequate ad 
justment for manufacturing errors for effecting 
predetermined screen magni?cation while the 
long conjugate remains unchanged may be had 
by 21/2 to 3 millimeters of movement of the front 
component in either direction from the preferred 
spacing thereof. 
A preferred embodiment for a telecentric lens 

system having a 1.6x magni?cation and ?gured 
on the basis of a focal length of 100 mm. is as 
follows: 

Lens N V Radii Thicknesses 

R1= 65. 8 
I _______________ .._ 1. 517 64.4 t|==15.0 

Rz=— 52. 8 
$1: 1.0 

R3=~ 50. 9 
II ______________ -. 1.649 33.8 ig= 6.0 

Rl=- 500.3 

III _____________ -_ 1. 518 59. 5 i3=11. 0 
Ra= -" 113. 9 

IV ............. _- 1. 584 46. 0 l4‘ 4. 5 
Rub-1833.2 

and wherein N is the index of refraction, V is 
the index of dispersion, R1 to Rs are the radii, 
ti to t4 are the thicknesses and $1’ to s: are the 
spaces between the elements of the system taken 
from front to rear thereof. In this system when 
a negative lineal ?eld up to 13.08 mm. was meas 
ured on the short conjugate side and the short 
conjugate measured 143.7 mm. from the surface 
R1 the distortion measured on the screen at 
1.603x paraxial magni?cation was between 
+_002 and -—.009 mm. The long conjugate meas 
ured 217.1 mm. and the diaphragm distance 
measured 56.9 mm. from the rear surface Ra of 
the system. . 
A second preferred embodiment for a telecen 

tric lens system having a 10x magni?cation and 
?gured on the basis of a focal length of 100 mm. 
is as follows: 

Lens N V Radii Thicknesses 

R1= 69. 1 
I _______________ -_ 1.517 64. 4 11-15. 0 

R2=~ 61.2 
Si- 1.0 

R3= — 59. 2 
II .............. -_ 1.649 33.8 lg= 6.0 

R4=-500. O 
S1=39. 7 

R|= 51. 1 
III _____________ _. 1. 518 59. 5 t3=ll.0 

Rs=—l01. 3 
SP 0.6 

R1= —- 79. 3 ' 

IV ............. -- 1. 584 46. 0 t4- 4. 5 
RF! 165. 1 

In this system when a lineal ?eld up to +19.95 
was used on the short conjugate side and the 
short conjugate measured substantially 90.4 mm. 
from the front surface R1 the distortion meas 
ured on the screen at slightly less than 10X 
paraxial magni?cation was between +.07 mm. 
from exactly ten times the object size. The long 
conjugate measured substantially 1050 mm. and 
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the diaphragm distance measured 49.8 mm. from 
the rear surface RI. The paraxial magni?cation 
in this instance was taken at slightly less than 
10X magni?cation because the true distortion 
error was outwardly over the entire ?eld and 
when added to the ideal magni?cation height 
gave screen image heights whose deviations from 
ten times the object height were a minimum. 
A third preferred embodiment for a telecen 

tric lens system having a 20x magni?cation and 
?gured on the basis of a focal length of 100 mm. 
is as follows: - 

Lens N V Radii Thicknesses 

Ri= 68.0 
I ............... .. 1.517 64.4 t1=l5.0 

Rs-- 62.2 

H .............. .. 1.649 33.8 l1= 6.0 
R¢=~51~L7 

S1838.‘ 
Be! 53.8 

111 ............. ._ 1. 518 59. 5 i3=11. 0 
ReI- 91.2 . 

IV ............. .. 1.584 46.0 tu- 4.5 
Ra= 186.4 

In this system when a lineal ?eld up to +1843 
mm. was used on the short conjugate side and 
the short conjugate measured substantially 85.6 
mm. from the front surface R1 the distortion 
measured on the screen at slightly less than 
20x paraxial magni?cation was between +.10 
mm. from exactly twenty times ‘the object sizes 
The long conjugate measured substantially 2051 
mm. and the diaphragm distance measured 50.7 
mm. from the rear surface Rs of the system. It 

-is interesting to note that the focal length of 
the front component in all three modi?cations 
given above was taken at 154 mm. and for the 
rear components was taken at 202 mm. 

It should be noted that in the modi?cations 
given above the short conjugate (based upon an 
EFL of 100 mm.) falls between approximately 85 
and 144 mm. which distance will be useful in pro 
viding a relative long working distance for in 
struments of the character described. Also it will 
be seen that the spacing provided between the 
elements of the front component in the examples 
given is approximately between 1% and 5% of 
the spacing between the front and'rear com 
ponents, 2.5% being preferred. While the same 
glasses have been employed as a matter of con 
venience in the three preferred embodiments 
given above, it should be noted that the inven 
tion is not limited to the use of such glasses. 
Other known glasses could have been similarly 
employed with suitable allowances being made in 
the computations therefor. The important fac 
tors of the invention are, however, that the long 
conjugate of the system may be predetermined 
and may remain ?xed, after which the spacing 81 
adjusted to give minimum distortion, the spacing 
s: adjusted to give correct image magni?cation 
with very slight effect upon the distortion and 
?nally the spacing s1 readjusted only slightly to 
return the distortion of the system to a minimum 
without material eifect upon the magni?cation. 
Having described the invention, I claim: 
1. A telecentric projection lens system of pre~ 

determined magni?cation and relatively long 
working distance and highly corrected for distor 
tion and curvature of ?eld, said lens system con--: 
sisting of a front positive component, a rear posi 
tive component in axially aligned spaced relation 

space r arwardly of -= 
“loca- : ma 9. 

6 
relative thereto, and a telecentric diaphra 

5...! g, r - . tan ‘between said rear m, the ~ 
5 mm diaphragm being between substantially 
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49 and 57 percent of the focal length of said sys 
tem, and the distance between said front and rear 
components being between substantially 30 and 
40 percent of the focal length of said system, said 
front component being a doublet consisting of a 
biconvex element and a negative meniscus of 
higher refractive index rearwardly thereof, the 
adjacent surfaces of said element and said menis 
cus being of closely matching curvatures allow 
ing a nesting thereof, said rear component being 
a doublet consisting of a biconvex element and a 
biconcave element of higher refractive index ad 
jacent the rear thereof, the spacing between said 
front and rear components being of a predeter 
mined amount and axially adjustable slightly 
relative to each other to provide said predeter 
mined image magni?cation while the rear con 
jugate distance remains substantially unchanged, 
the elements of said front component being 
spaced between substantially 1 and 5 percent of 
the distance between said front and rear com 
ponents from each other and axially adjustable 
slightly in either direction relative to each other 
so as to reduce distortion to a minimum, when 
errors of magni?cation and distortion occur in 
the system due to manufacturing inaccuracies or 
the like. 

2. A telecentric lens system according to claim - 
l in which the radius of curvature of the front 
surface of the meniscus element of the front com 
ponent is substantially equal to the radius of 
curvature of the rear surface of the biconvex ele 
ment adjacent thereto. ' ‘ 

3. A telecentric projection lens system of pre 
determined magni?cation and highly corrected 
for distortion and curvature of ?eld, said lens 
system consisting of a front positive component, 
a rear positive component in axially aligned 
spaced relation thereto, and a telecentric dia 
phragm spaced rearwardly of said‘ rear com 
ponent and located substantially at the principal 
focus of said system, said front component be 
ing a doublet consisting of a biconvex element 
and a negative meniscus of higher refractive in 
dex rearwardly thereof. said rear component be 
ing a doublet consisting of a biconvex element 
and a biconcave element of higher refractive in 
dex adjacent the rear thereof, the spacing be 
tween said front and rear components being 
substantially between 0.3 and 0.4 times the focal 
length (F) of the lens system, and the diaphragm 
distance from the rear surface of said rear com 
ponent being substantially between 0.5 and 0.6 
times the focal length of said system, the ele 
ments of said front component being spaced a 
relatively small predetermined distance from 
each other so as to allow small amounts of axial 
adjustment therebetween for removing distor 
tion from said system when such occur therein 
due to manufacturing inaccuracies or the like. 

4. A telecentric projection lens system of pre 
determined magni?cation and highly corrected 
for distortion and curvature of ?eld, said lens sys 
tem consisting of a front positive component, a 
rear positive component in axially aligned and 
predetermined spaced relation relative thereto, 
and a telecentric diaphragm spaced rearwardly 
of said rear component and located substantially 
at the principal focus of said system, the distance 
between said rear component and said diaphragm 

i 
| 
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being between substantially 49 and 57 percent of 
the focal length of said system, and the distance 
between said front and rear components being 
between substantially 30 and 40 percent of the 
focal length of said system, said front component 
being an air spaced doublet consisting of a bi 
convex element and a negative meniscus of 
higher refractive index spaced between substan 
tially 1 and 5 percent of the distance between said 
front and rear components for allowing slight 
axial adjustment therebetween in either direc 
tion, said rear component being a doublet con 
sisting of a biconvex element and a biconcave ele 
ment of higher refractive index adjacent the 
rear thereof. 

5. A telecentric lens system according to claim 
4 in which the adiacent surfaces of the elements 
of said rear component are air spaced and are of 
closely matching curvatures allowing a nesting 
relation therebetween. 

6. A telecentric lens system according to claim 
4 in which the object plane on the short con 
jugate side of said system is spaced between ap 
proximately .8 and 1.5 times the focal length of 
said system forwardly of the ?rst lens surface 
thereof thus providing a relatively long working 
distance for said system. 

7. A telecentric lens system according to claim 
4 in which the elements of said rear component 
are separated a relatively small predetermined 
distance from each other. 

8. A telecentric lens system according to claim 
4 in which the radius of curvature of the front 
surface of the meniscus element of the front com 
ponent is less than the radius of curvature of the 
rear surface of the biconvex element adjacent 
thereto. 

9. A telecentric lens system of predetermined 
magni?cation and highly corrected for distor 
tion and curvature of ?eld, said lens system be 
ing substantially in accordace with the specifi 
cation shown in the following table: 

Lens N V Radii Thicknesses 

R1=+ 0.7 F 
I _______________ __ 1. 52 64 l1=0. 2 F 

Rz= —O. 5 F 
81=0. 01 F 

R3= —O. 5 F 
H ______________ ._ 1.65 34 iz=0.06 F 

R4= -— 5. O F 
s:=0.3 F 

R5=+0. 8 F 
III _____________ .. 1.52 59 i3=0.l F 

Rs=-1. 1 F 
83:0. 01 F 

R7== —O. 9 F 
IV _____________ ._ 1.58 46 i4=0.05 F 

Rs>+l0 F 

and wherein N is the index of refraction, V is the 
index of dispersion, R1 to Rs are the radii, tl to t4. 
are the thicknesses and $1 to ss are the spaces 
between the elements of the system taken from 
front to rear thereof. 

10. A telecentric lens system of predetermined 
magni?cation and highly corrected for distortion 
and curvature of ?eld, said lens system being 
substantially in accordance with the speci?ca 
tion shown in the following table: 
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Lens N V Radii Thicknesses 

R|=+0. 7 F 
I _______________ _. 1.52 64 h-O. 2 F 

RgI-O. 6 F 
81:0- 01 F 

Rg?-O. 6 F 
II ______________ __ 1.65 34 tz=0. 06 F 

R4=--5.0 F 
8:=0. 4 F 

Rs=+0.5 F 
III ............. ._ 1.52 59 t3=0.1 F 

I R|--—l. 0 F 
a3=0.0l F 

R1=—0. 8 F 
IV ............. __ 1. 58 46 i4=0.05 F 

lav-+1.7 F 

and wherein N is the index of refraction, V is the 
index of dispersion, R1 to Re are the radii, t1 to t4 
are the thicknesses and s1 to so are the spaces 
between the elements of the system taken from 
front to rear thereof. 

11. A telecentric lens system of predetermined 
magni?cation and highly corrected for distor 
tion and curvature of ?eld, said lens system being 
substantially in accordance with the speci?ca 
tion shown in the following table: ' 

Lens N V Radii Thicknesses 

R|=+0. 7 F 
I _______________ ._ l. 52 64 l1=0. 2 F 

Rz= —O. 6 F 
S1=0.01 F - 

R3= —O. 6 F 
II ______________ ._ 1.65 34 iz=0.06 F 

R4==--5. 2 F 
8z=0. 4 F 

Rs=+0. 5 F 
III _____________ ._ 1. 52 59 f3=0. 1 F 

R5=—0. 9 F 
83=0. 01 F 

R:=—0. 8 F 
IV _____________ -- 1.58 46 l4=0.05 F 

R3=I+L 9 F 

and wherein N is the index of refraction, V is the 
index of dispersion, R1 to Rs are the radii, t1 to it 
are ‘the thicknesses and $1 to s: are the spaces 
between the elements of the system taken from 
front to rear thereof. 

ROBERT M. MULLER. 
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