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VARIABLE REDUCTION LENS SYSTEM
This application is a continuation-in-part of copending
parent U.S. Pat. application, Ser. No. 600,158 filed Dec. 8,
1966, now abandoned.

BACKGROUND OF THE INVENTION

Field of the Invention
The present invention is in the field of optics and more par-
ticularly relates to a lens group including lens elements.

SUMMARY OF THE INVENTION

It is well known that a given lens exceedingly well corrected
at one working magnification will exhibit very poor per-
formance at a different magnification (or reduction). In the
production of miniature integrated circuits, by optical means,
or in microfilming, the mask or document is reduced the
desired amount by the lens producing the circuit or copy on
some type of photoreceptive surface. If it is necessary to
change this reduction by some desired amount, say from 20X
to 17x, the same lens cannot be used at the new reduction and

10

20

yet yield the usual high quality results, the two most offending

aberrations being coma and astigmatism. For optimum results,
a new lens especially corrected for the new reduction must be
designed and employed. Versatility together with high per-
formance is therefore generally unattainable with one lens.

An object of the present invention is to provide a versatile
lens system which may be used over a relatively large range of
reductions with no appreciable loss in image quality.

Another object of the present invention is to provide a lens
system wherein changes in reduction with constant high image
quality may be accomplished with two simple adjustments.

The foregoing and other objects, features and advantages of

the invention will be apparent from the following more par-

ticular description of preferred embodiments of the invention,
as illustrated in the accompanying drawings.

In the drawings:

FIG. 1 is an optical diagram of a variable reduction leas
system constructed according to the present invention.

FIG. 2 shows a chart of the constructional data for the lens
system of FIG. 1.

FIGS. 3, 4 and 5 show curves of the modulation transfer
function of the lens system of FIG. 1 calculated fora reduction
value of 20X at the optical axis, at 0.7 field, and at full field,
respectively.

FIGS. 6, 7 and 8 show curves of the modulation transfer
function of the lens system of FIG. 1 calculated for a reduction
value of 17X at the optical axis, at 0.7 field, and at full field,
respectively, when said lens is not modified according to the
present invention.

FIG. 9 is a curve of the astigmatism of the lens of FIG. 1 for
a reduction of 17X when not modified according to the
present invention.

FIG. 10 is a curve of one airspace an one reciprocal radius
of curvature of the lens system of FIG. 1 plotted as functions
of reciprocal reduction.

FIGS. 11, 12 and 13 are curves of the modulation transfer
function of the lens system of FIG. 1 calculated at the optical
axis, 0.7 field, and full field, respectively, for a reduction of
15%.

FIGS. 14, 15 and 16 are similar modulation transfer func-
tion curves for a reduction of 30X.

FIGS. 17, 18 and 19 are similar modulation transfer func-
tion curves for a reduction of 40X.

FIGS. 20, 21 and 22 are similar modulation transfer func-
tion curves for a reduction of 50X,

FIGS. 23, 24 and 25 are similar modulation transfer func-
tion curves of an object at infinity.

FIG. 26 shows curves of the astigmatism for the lens of the
present invention for reductions of 15x, 20x, 30x, 40X and
50%. .

FIG. 27 shows curves of the distortion for the lens of the
present invention for reductions of 15X, 20x, 30x, 40X, and
50x.
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FIG. 28 is a schematic drawing of an adjustable reduction
camera including the lens system of the present invention.

Referring to FIG. 1 an embodiment of a variable reduction
lens is shown including eight lens elements designated as ele-

ments I, 11, 11, IV, V, VI, Vil and VIIL. Lens elements [ and I1
are meniscus singlet lenses, lens clements Iil and IV are ce-
mented together to form a meniscus doublet lens element V is
a negative meniscus singlet lens; lens elements VI and VIl are
cemented together to form a meniscus doublet lens, and lens
element VIII is a biconvex lens. The lenses are optically
aligned on axis 10, and a diaphragm 12 is provided between
lens elements V and V1.

At 5461 Angstroms, the lens system of FIG. 1 has an effec-
tive focal length of 113.62 millimeters, a back focal length of
59.26 millimeters, and a front focal length of 46.78 millime-
ters designed for a reduction of 20X.

The following table sets forth the constructional data for an
embodiment of the present invention.

. Thickness (t)
Lens Radius or airspace (s) Np v
R;=-0.9840F
) SO {=0691F 1.69089 | 54.80
Re=-3.8081F |
Sp=.0044F
Ry=--0.6089F )
) § P, ty=,0616F 1,69089 { 54.80
Ry=+-0.8903F .
82=2,0044F '
Rs=-+0.3461F
) § § VR t3==.0995F 1,69089 | 54,80
Ry=-1-2.4406F
) A S ¢4=2,0352F 1,64752 | 33.80
Ry=-0.2320F
83==.1320F
Ry=+1.6228F .
Veeeceiaanomnnns t5=,0200F 1.64752 | 33.80
Ro=+0.6295F .
By=.1204F
Ryo=~0.2813F
2 S, ty=.039%6F 1.60328 | 38.02
Ru=~—2.3980F
L)% § PR 47=.0804F 1. 69089 | 54.80
Ri2=~0.3923F
8s=.0044F
Ryy=+1.3630F
VI coeeiaaaaaae | 15=.0702F 1.69089 | 5480
Ru=—0.8977F
wherein R, through R,, represent the radii of curvature of
the associated individual lens elements; ¢, through ¢,
represent the axial thicknesses of the associated lens ele-
ments; S, through S; represent the axial spacing between
the associated lens elements; N, represents the refractive
index and V represents the Abbe number of each lens ele-
ment.

The following Table I of mathematical statements lists the
range of constructional data of the lens system of FIG. 1.

" TABLE I

OF <+ Ri<1.04F .066F <1 <.072F
3.60F <+R3<4.00F .003F <8;<.005F
68F < +Ri1<.63F L060F <13<.063F
S4F <+ R4< I4F .003F <S1< .005F
32F<+Rs<.38F 098F <#3<.102F
2,35F <4 Re<2.63F {033F <4< 03TF
29F <+ Ri< .130F <83<.136F
1.53F <+ Re<L.7IF N2TF <15<.033F
60F <+ Ry<.66 J125F <54<.133F
J26F <~ R10<.30F L3TF << .042F
2.30F < —Ru<2.50F 078F <1< .082F
BIF<—Rj< 4 .003F < S3;<.005F
1.2%6F <+Rnn<1.45F 076F <5< .082F
85F<—Ryy< . MF

R, through R,, represents the respective radii of the lenses
as designated in FIG. 1, t; through ¢, represents the respective
thickness of the lenses along axis 10, S, through S represents
the airspaces between the respective lenses along the axis 10,
all set forth as functions of the effective focal length F (113.62
millimeters). The fixed diaphragm of 20.8 millimeters diame-
ter at f/3 is located 3.7 millimeters to the right of lens element
V.

FIGS. 3, 4 and 5 are curves of the modulation transfer func-
tion of the lens system of FIG. 1 calculated at the axis 10, at
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0.7 field, and at full field, respectively. The calculations were
done at A of 5461 Angstroms and F=113.62 millimeters cover-
ing a linear field of + 16 millimeters reduced from = 320 mil-
limeters.

The uniform high correction is illustrated in FIGS. 3. 4 and
5 by the slight departure of all curves from the diffraction
limit. The magnitude of the imaginary part of the tangential
fan is quite small and its reversal of sign denotes a balance of
the residual coma. On the other hand when the lens system of
FIG. 1 is used at a reduction of 17X, the modulation transfer
function curves calculated at this new reduction shown in
FIGS. 6, 7 and 8 readily show how the lens performance drops
when the lens is not used at its designed reduction. The imagi-
nary part of the tangential fan is extremely large, causing the
lens to be useless at even this small change in reduction. The
astigmatism at 17X reduction as shown in FIG. 9 is also far too
large to yield acceptable performance. The maximum value of
Y in FIG. 9 (and FIGS. 26 and 27) is 16.0 millimeters.

The present invention is directed to the manner in which the
lens system of FIG. 1 can be slightly modified so as to provide
a lens arrangement which can be used over a wide range of
reductions while still maintaining the same high correction at
each reduction. It has been found that by adjusting merely the
shape associated with just one lens element (element V) of
FIG. 1 such a lens system is obtainable rather than the usual
requirement of redesigning an entire new lens system for each
reduction. Thus the seven lens elements and their spacings
(lens elements I through IV and VI through VIII) with the ex-
ception of spacing S, remain the same over a wide range of
reductions. Furthermore, the adjustment of lens element V is
in accordance with a given procedure as follows.

When the reduction of a lens system is changed form the ini-

10

20

25

tial design value, the main cause of the poor performance of _

the lens system is due to two aberrations; coma and astig-
matism. In the present invention the coma and astigmatism
aberrations can be rebalanced by changing only two parame-
ters, the coma being rebalanced by changing the shape of ele-
ment V and the astigmatism being rebalanced by changing air-
space S .

Considering first coma correction, since element V is rela-
tively thin and close to the diaphragm of the system, its astig-
matic contribution is mainly a function of the lens power and
almost independent of its shape. Also, since the nominal shape
of lens element V is such that the lens is working at close to
minimum deviation for the axial bundle, the spherical aberra-
tion changes slowly as a function of bending. The Seidel coma
contribution of lens element V, however, changes rapidly with
bending, and since the higher order comatic aberrations of the
entire lens system change slowly at different reductions, bend-
ing lens element V as a function of reduction thus balances all
orders of coma with very small zonal residuals,

The modulation transfer function curves of the lens system
of FIG. 1 at a reduction of 20X is shown in FIGS. 3, 4 and §.
The modulation transfer function curves for the lens system
with element V adjusted at a reduction of 15X is shown in
FIGS. 11, 12 and 13. A comparison of the curves at the two
reductions illustrates at both reductions the imaginary parts of
the tangential fans are quite small. The correction can be ap-
preciated by contrasting the curves of FIGS. 11,12 and 13 ata
reduction of 15x with those of FIGS. 6, 7 and 8 for the un-
modified lens system at a reduction of 17X. The total curva-
ture of lens element V of FIG. 1 is represented by the expres-
sion C=C,—C,

C=1/Rs~1/R,
=—0.0085566 (millimeters!!)

. Thus, when the curvature C, (i.e., 1/Rg) is properly
specified for a desired reduction power the curvature C; (i.e.,
1/R,) may be calculated.

Referring to FIG. 10, the proper value of C, is plotted as a
function of the reduction powers and reciprocal of the reduc-
tion powers. Presume that the lens system of FIG. 1 is desired
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to be used at a reduction of 30X. In FIG. 10, an abscissa of
30x (or reciprocal reduction 0.033) for curvature Cq has an
ordinate of 0.00586 millimeters''. Since Rg=1l/C,, the radius R,
for the lens element V at 30x is 1/00586 millimeters' which
for an effective focal length F of 113.62 millimeters is
R. - 1.5019F. h

Also since C=1/RgEA/R and
C=-0.0085566, then
1/R40.0085566=0.00586=0144166 millimeters'! which for F
of 113.62 millimeters is 0.6105 F. In like manner the values of
Ry and Ry can be calculated for any reduction power thereby
specifying the curvature of lens element V.

To rebalance the astigmatism aberration the airspace S, is
changed. Referring again to FIG. 10, the airspace S, is plotted
as a function of the reduction power and its reciprocal.

For a reduction of 30X the abscissa of curve S, has an or-
dinate 0.533 millimeters which means §,=0.533 millimeters or
0.00469 F where F is 113.62 millimeters.

Using the curves of FIG. 10 the constructional data for the
shape of lens element V and airspace S, can be determined for
each reduction. The following table lists the values of Sy and
1/R; for various reductions,

Sz, milli- 1/Rg, milli-

meters n eters-!

5 . 490 . 004988
X . 500 . 0054237
30x . 533 . 00586
X.. .B76 . 006108
50x .616 . 006255
Object at infinity . 930 . 00962

It is to be particularly noted that lens elements I, II, I, 1V,
VI, VII and VIIl and airspaces S,, S,, Sy, and S; of the embodi-
ment were not changed. To illustrate that the lens system has
constant high correction at the various reductions, the modu-
lation transfer function curves were plotted for the lens system
at the different reductions. FIGS. 11, 12 and 13 show the
curves for a reduction of 15X, FIGS. 14, 15 and 16 show the
curves for a reduction of 30X, FIGS. 17, 18 and 19 show the
curves for a reduction of 40X, FIGS. 20, 21 and 22 show the
curves for a reduction of 50X, and FIGS. 23, 24 and 25 show
the curves for an object at infinity. The limiting case of object
at infinity is provided to demonstrate the scope of the lens of
the present invention. All curves denote extremely high per-
formance over this range, with the residual coma quite small
in magnitude and again of a balanced state. The astigmatism is
also quite small (as shown in FIG. 26) and the distortion in no
case exceeds 0.1 percent (as shown in FIG. 27). The reduction
for the astigmatism curves and the distortion curves are set
forth in FIGS. 26 and 27. The calculations for all reductions
were done at F=113.62 millimeters covering a linear image
field of = 16 millimeters.

Other embodiments of lens systems in accordance with the
present invention may be selected from the ranges previously
set forth in Table I. The other embodiments will have the same
extremely high resolution over a relatively small field as set
forth for the embodiment of FIG. 1. In particular, five addi-
tional embodiments of lens systems for reductions of 20X will
be hereinafter set forth as embodiments two through six. The
embodiments have different constructional data than that of
FIG. 1 and particular parameters have been selected to be at
or beyond the limits of the ranges previously set forth in Table
I. After specifying the six additional embodiments, the modu-
lation transfer functions of the embodiments at axis, at 0.7
field filed and at full field will be set forth in Table Il and com-
pared in tabular form with the modulation transfer functions
of the embodiment of FIG. 1 illustrated in FIGS. 3, 4 and §.
The modulation transfer functions of embodiments two
through six cannot be compared graphically with those shown
in FIGS. 7, 8 and 9 because the scale used would not show any
distinction. This in itself is an indication that all six embodi-
ments provide the same high resolution as will other embodi-
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ments of the invention with the ranges set forth in Table | and
will illustrate to one skilled in the art that lens systems in ac-
cordance with the present invention can be selected from the
ranges of Table 1.

Seenr FiLbredinient

Radii B | t

i ty=0792F
|

Ri;=—.3012F
Ry3=+1.3630F :
Ryy=— 856 F {

R, is changed and is below the range 3.60F <+R,<4.00F
Third Embodiment

Radii 8 t
Ry=+0.9863F ' 4y=.0725F
Rao=+3.801F . t1=0616F
Ra=+0.6083F t1=.0005F
Ry=+0.8015F {;=0352F
Ry=+0.3463F ts=029F
2 4617F . £3=.03U6F
3 ! . t:=08MF
' | fs= O792F
|
| l
1, is changed and is above the range 0.66F<1<0.72F
FOURTII EMBODIMENT
Radit $ i t
!
Ri= +1.0011F j Si=0uF f1=.0691F
Ro=+4.1337F S~ .004F t2=.0618F
Ri=+0.5801F | §y=.13%F t3=.0995F
Ry=+0.5393F , §¢=124F {,=0352F
Rs=--0.3505F | $5=.004F ty=.0299
Re=-+2.6148F t5=.03Y6F
Ri=+0.2327F ' t:= 0804F
Rs=+1.6362F | ty=0792F
Ry=+0.6318F |
Rije=—0.2816F :
Ryi= —2.3809F |
Ryo=—0.3923F :
Rjy=+1.3613F
Ryy= —0.8970F

5.
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R, is changed above upper limits and R, and R, are at their 55

respective lower limits.

FIFTH EMBNODIMENT

Radii 3 t
Ri=-40.0805F t1=.0691F
Ra=43.781WF ta=.0616F
Ra=-+0.6077F 3= .0095F
Ry=+0.8Y32F ty=.0352F
Rg=+0.3469F ' 1y=.0299F
Rs=+4-2.4710F \ te=.0417F
Ry=-+40.2319F i t;=.0804F
Ry=+41.6030F ’ ts=.0792F
Re=-1+0.6268F
0.2831F '

Rys=41.
Riyy=—0.9054F

R,z is changed to beyond upper range. (g changed to its upper
limit.

60

65

SIXTH EMBODIMENT
Radii St

Ri=+1.0520F H=.0689F
Ry=+4.191F S1=,0044F
Ry=+-0.6165F 3= 0615F
Ry=-+40.9300F 8y=,0044F
Ry=+0.3367F 3= .0092F
Ry=+2.4508F t4=.0351F

3=40,2072F $3=.1326F
Ry=-+1.5058F ty== 0209F
Ro=+0.62%TF 84=.1317F
Rio=—0.2800F ts=.0305F
Ruy=-1M27F t7==.0803F
Ri3=—0.4025F S3=.0044F
Ryz=+1.3535F ta=.0790F
Ry=—0.8821F

R,, R, and R, are changed to at or above upper range. Ry, is
changed to below range.

- TABLE II
Percent MTF
Percent of .7 Fleld Full Field
Limiting
Embodiment Preg. Axis Sag Tan 8ag Tan
| 38 5] S 25 62.3 6lL.4 60. 4 62.8 62,6
50 37.0 34.6. 335 343 348
75 15.4 12,7 10. 4 12,8 12,2
Second..o.......... 2% 62.1 60.6 59.6 63.3 6.9
50 375 341 334 351 33.7
76 14,8 127 1,0 13.2 12,3
Third..ccovoeeen .. 25 6.6 6.4 60,0 63.2 62,9
50 37.1 3.8 3.7 3490 34,5
75 4.8 127 10.8 13.0 12,0
Fourth............. 25 616 60.0 B9.2 63.4 62,0
50 37.5 3838 334 3851 34.4
76 144 125 10.8 13.3 12,0
Fifth.ooeeeeaeaaooas 2% 6L4 620 6L1 628 61,3
5 369 354 350 343 32,9
7% 148 130 1.6 130 12,3
SIxth. oeeiomiannns 2% 613 600 59.4 63,0 62.5
50 37.3 347 337 852 34.8
75 14.4 12,8 10,6 13.2 12,8

The lens system of the present invention is extremely ver-
satile, being capable of replacing an aimost infinite number of
conventional fixed design reduction lenses. In operation, the
lens system may be embodied in a camera. Referring to FIG.
28, a schematic drawing of the mechanical elements of such
camera are shown. In FIG. 28 in lens elements I, I1, III, 1v, VI,
VH and VIHI and their spacing (with the exception of S,) are
identical to those shown in FIG. 1 and as described in FIG. 2.
A turret A is provided which contains a plurality of different
lens elements V, each one designed for a different reduction
power as previously described. A selected lens element V for a
desired reduction is introduced into the lens system by rota-
tion of the turret 14 by handle 16. For each of the lens ele-
ments V a corresponding airspace S, distance must be
established. This is accomplished by a lead screw arrangement
18 which moves lens elements I and Il in unison toward or
away from lens element il so that a desired distance S, may be
established while the remaining airspaces of the lens system
remain constant. It should be noted that lens element V is also

“the least expensive lens element.

While the invention has been particularly shown and
described with reference to preferred embodiments thereof, it
will be understood by those skilled in the art that various
changes in form and details may be made therein without de-
parting from the spirit and scope of the invention.

We claim:

1. A variable reduction lens system comprising first, second,

70 third, fourth, fifth, sixth, sevenih and eighth optically aligned

75

lens elements wherein said first and second lens elements are
meniscus singlet lenses, said third and fourth lens elements are
meniscus singlet lenses cemented together to form a meniscus
doublet, said fifth lens element is a negative meniscus singlet
lens, said sixth and seventh lens elements are meniscus singlet
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tenses cemented together to form a meniscus doublet, and said
eighth lens element is a biconvex lens, . -
and wherein said first lens element has radii of curvature Ry
and R, and thickness #,, said second lens element has radii
of curvature Ry and R, and thickness ¢,, said third lens
element has radii of curvature Ry and R¢ and thickness ¢,
said fourth lens element has radii of curvature Rq and R,
and thickness ¢,, said sixth lens element has radii of curva-
ture Ry, and R, and thickness I, said seventh lens ele-
ment has radii R,, and R4 and thickness t; and said eighth
lens element has radii R,; and R and thickness ¢y,
wherein said first and second lens elements are axially
separated by a distance Sy, said fourth and fifth lens ele-
ments are separated by an axial distance S, said fifth and
sixth lens elements are separated by an axial distance Sa
and said seventh and eighth lens elements are separated
by an axial distance S, ’
wherein said radii, thicknesses and spacings are within limits

as follows where F is the effective focal length of the lens
. : 20
group:
MF <+ Ri<1U4F " 065F <1 <.072F
3.60< + R1<4.00F N03F < 5<.005F
B8F <+ R3< A3F OROF <1,< .063F
SAF<+Ri<MF ORF<3<.102F 25
L32F <+ Rs.38F i O3F <11<.03F
2.35F < Rg<2.53F . J30F <8;<.136F
F<LRi<.UF © NNF << N33F
J2RF < — R10<.30F i 125F <5(<.133F
2.30F < — Ru<2.60F | O3F<ti<HM2F
3F<~Rp<4IF OSF<t: < .082F
1.26F <+ Rp<1.45F 003F < 54<.M5F 30
85F <~ R ;<.MF N7SF <1: < 082F
wherein said fifth lens element has radii of curvature Ry and
R, having values which are a function of the reduction
power of said lens system, 35
and wherein said second and third lens elements are axially
40
45
50
55
60
65
70

75

298

Y

8

separated by a distance S, having a value which is a func-
_tion of the reduction power of said lens group.
2. A variable reduction lens system according to claim 1
having numerical data substantially as follows:

Thickness ()
Lens Radius or alrspace (s) No |,V
Ri=+0.9840F
| S - | 4=.0691F 1.69089 | 54.80
Ra=+3.8081F
: S1=.004F
R3=-0.6080F
| S t1=.0816F 1.69089 | 54.80
R=+0.8903F
S2=.004F
Ry=-+0.3461F E
£1==.0995F 1, 69089 | 54.80
Re=-+2.4406F
44==,0352F 1.64752 | 33.80
R;=+0.2320F N
§;=,1320F
Re=+1.6228F )
R t5=.0209F 1.64752 | 33.80
Ry=+0.6205F
84=.124F
Ryo=—0.2813F -
L'2 f4=,0306F 1.60328 | 38.02
R =—2.3989F
A2 | P t=.0804F 1, 69080 | 54,80
Ri2=-0.3923F .
Ss=.0044F .
Ry3=+1.3630F
A} § § PR, ty=0792F 1.60089 | 54.80
Ru=—0.8977TF
wherein R, through R, represent the radii of curvature of
.the associated individual lens elements, '
¢, through ¢ represent the axial thicknesses of the as-
sociated lens elements,
S, through Sy represent the axial spacing between the as-
sociated lens elements, Np represents the refractive index
and V represents the Abbe number of each lens element.
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