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Abstract: The main focus of this paper is on the application of adaptive optics elements in vario-
optical systems of optoelectronic sensors. The aim is to provide vario-systems with variable
values of their external paraxial parameters and characteristics under the condition of immobility
of the system components. The basics of preliminary design of optical autofocusing systems,
zoom-afocal systems and zoom-relay systems have been developed, which allow to synthesize
such systems taking into account the requirements to their external characteristics and
parameters. The results of studies of two-component vario-systems of these types with the use of
liquid vario-lenses functioning on the effect of electro-wetting or on the use of elastomeric
membrane, the shape of which is regulated by external mechanical pressure, are presented. These
are the products of Corning® Varioptic®,. Optotune®. Studies of auto-focusing systems,
Galileo- and Kepler-type zoom-afocal systems, and zoom-relay optical systems have shown the
influence on their external paraxial parameters and on the size of their field of view of the
working ranges of the optical power of vario-lenses and the diameters of their apertures. It is
shown that it is possible to create zoom-optical systems of all the above-mentioned types using
only two liquid vario-lenses. The influence of functional parameters of these liquid vario-lenses
on the dimensions of optical systems is also shown. The materials of the article are addressed to
specialists who create zoom-optical systems of optoelectronic sensors.

Keywords: liquid vario-lens, zoom-afocal system, zoom-relay system, auto-focus lens, zoom
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AHoTtanis: OcHOBHA yBara B Lii CTATTI NPUIUIIETBCS 3aCTOCYBAHHIO €JIEMEHTIB aJalTHBHOL
ONTHKM y BapiOONTHYHMX CHCTEMAaX ONTOEICKTPOHHHMX CEHCOpiB. MeTorw € 3abe3mnedeHHs
BapiOCHCTEM 3MIHHUMH 3HAYEHHSIMH X 30BHINIHIX MapakCialbHHUX IapaMeTpiB Ta XapaKTePHCTUK
3a YMOBH HEPYXOMOCTiI KOMIIOHEHTIB CHCTeMHU. PO3p0O0IICHO OCHOBH IOIEPEIHBOrO IIPOSKTYBAHHS
OITHYHUX CHUCTEM aBTO(OKYCYBaHHS, 3yM-a)OKaIbHIX Ta 3yM-PEICHHIX CUCTEM, SIKi JO3BOJISIOTH
CHHTE3yBaTH TaKi CHCTEMH 3 YPaXyBaHHSIM BHMOT 0 iX 30BHILIHIX XapaKTEPUCTHK Ta [1apaMeTpiB.
IpencraBneHo pe3ynbTaTH JOCTIIKEHb JIBOKOMIIOHCHTHHMX BapioCHCTEM LHUX THIIB 3
BUKOPUCTAHHSAM PiIJMHHUX BapioiiH3, M0 (QYHKUIOHYIOTh Ha €(EeKTi eJIEeKTPO3MOUyBaHHS abo Ha
BUKOPHCTAHHI €IIaCTOMEpHOI MeMOpaHH, (opMa SIKOI PErylIOeThCs 30BHINIHIM MeXaHIqHHM
tuckoM. Ile  mpomyktm  Corning®  Varioptic®.  Optotune®.  JlocmiKkeHHS — CHCTEM
aBTO(OKYCYyBaHHs, 3yM-adokaiapHuX cucteM Tumy Galileo Ta Kepler, a Tako)x ONTHYHHX CHCTEM 3
3yM-pelICiHIM KepyBaHHSAM IOKA3aJli BIUTMB POOOYMX Ziara3oHIB ONTHYHOI CHJIM BapioiiH3 Ta
JiaMeTpiB IX amepTyp Ha iX 30BHIIIHI NapakcialbHi MapamMeTpy Ta Po3Mip IXHBOTO IOJISI 30Dpy.
Tloka3aHO, IO MOXIHMBO CTBOPIOBATH 3YM-ONTHYHI CHUCTEMHM BCIX BHINIE3TaJaHUX THUIIB,
BUKOPHCTOBYIOUH JHINE MBI piaki BapiomiH3d. Takox IOKa3aHO BIUIMB (YHKITIOHAIBHUX
rapaMeTpiB IUX PiIKHX BapioJliH3 Ha PO3MIPH ONTHYHMX CHUCTeM. Matepiaiu CTarTi ajpecoBaHi
(axiBLsIM, SIKi CTBOPIOIOT 3yM-ONTHYHI CHCTEMH ONTOEIEKTPOHHHUX JaTUHKIB.

KawuoBi cioBa: pinka BapioniH3a, 3yM-aQOKallbHa CHCTEMa, CHUCTEMa 3yM-pelelHOro
KepyBaHHs, 00'€KTHB 3 aBTO(OKYCYBaHHIM, CHCTEMHU 3yMyBaHHS 3 HEPYXOMHMH KOMIOHEHTAMH

DOI: 10.31649/1681-7893-2025-50-2-251-268

1. INTRODUCTION

The rapid development of microelectronics has led to the emergence of numerous sensors in which
optical systems fulfil an important auxiliary and sometimes the main function.

Optics in sensors are used for transmission and formation of radiation streams that arrive to
photoelectric analysers and carry information about the state of objects under observation.
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This information is then used in automated process control systems, in measuring equipment, in systems
of automated observation and control of the physical state of the surrounding space. Machine vision with
functions of autofocusing on observation objects, optics of flying drones, sophisticated techniques of telescopies,
microscopy, endoscopy, optical distance measurement, optical coherence tomography and many other technical
means increasingly contain zoom optics, which significantly expands the functionality of these means.

In zoom-optical systems such as zoom lenses and pancratic lenses, which use optical components with
fixed values of their optical forces, mechanical displacements of the components along the optical axis according
to predetermined dependencies are required. The number of components in such systems is at least three or more
and each of them has its own individual movement dependence. Most often these dependencies are essentially
non-linear, which requires for their execution corresponding mechanisms that complicate the optical part of
sensors, increase their size and cost. The need to eliminate this disadvantage has led to the development and
appearance on the market of adaptive optical elements, which have the property to change the focal length within
large limits under the action of external, more often electrical control. This provides conditions for the creation
of zoom optics with fixed components, which significantly simplifies their design and eliminates the need for
additional mechanisms for moving the components. At present, several principles of vario-lenses functioning are
known [1].

Among them, liquid vario-lenses, operating on the basis of the electro-wetting effect, and liquid lenses
in which two liquids with different refractive indices are separated by an elastomeric membrane, have been
practically implemented. The shape of the membrane is controlled by over- or under-pressurisation of one of the
fluid chambers [1].

These lenses are widely used in optical and optoelectronic devices [2- 24].

The currently known manufacturers of these lenses are Corning® Varioptic® and Optotune®, [25-26].
Corning® Varioptic® specialises in electrowetting vario-lenses. Optotune® specialises in elastomeric membrane
variolenses. The main optical parameters of vario-lenses are the range of variation in optical power and the
diameter of the window (light diameter) through which light passes in the lens. Lenses based on the electro-
wetting effect have a relatively small light diameter but a relatively large range of optical power variation. They
are also easy to control by applying electrical signals to the lens electrodes from a driver, providing optical
power change times in milliseconds.

A-16F A-25H A-39N A-58N
[+15+5]dptr  [+13+—5]dptr  [+15+—5]dptr [+10+—5]dptr
1.6 mm &2 .5mm 3. 9mm 5 8mm

Their high degree of electronic integration is evidenced by the exterior view of the Corning®
Varioptic® series of A-PE liquid lenses shown in the figure.

Below are liquid lenses from Optotune®, which have a significantly larger luminous diameter due to
their membrane construction

b' %’ b‘ | .’ b.
EL-3-10 EL-12-30 TC  EL-16-40 TC  EL-10-42 OF ML-20-37

[—13++13]dptr [—6++10]dptr [—10++10]dptr [—2++2]dptr [—18++18]dptr
3 mm &12mm &1 6mm &8 mm A20mm
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Only one of the ML-20-37 lenses shown here is mechanically controlled by an external toothed ring,
which can be rotated by a stepper rotor micromotor controlled by a microcontroller.

The above presented vario-lenses allow to synthesise practically all types of optical systems - lenses,
zoom-afocal systems (telescopic with variable angular magnification), zoom-relay systems (projection systems
with variable transverse magnification). The basic and fundamental requirement for such systems is mutual
immobility of their optical elements.

A specific feature of liquid variolenses is that, as can be seen from the above, they have a limited range
of variation of optical power and relatively small diameters of apertures free for the passage of light. This
circumstance limits the main optical characteristics of systems assembled from such lenses - equivalent focal
length, transverse or angular magnifications, the size of the field of view. In this connection, it seems reasonable
to make a theoretical analysis of the functional capabilities of optical systems assembled on liquid vario-lenses
and, on this basis, to propose working formulae for estimating the external functional parameters of such
systems, which may be useful for developers of optoelectronic sensors.

2. MATERIALS AND METHODS

2.1 Vario lenses in the autofocus system

Figure 1 shows an optical system in which there is an objective lens with focal length fixed. In the
following, such a lens will bewill be called a fixed lens.

fix-lens  vario-lens

obiect plane A oA image plane,
——l__ photodetector plane
v .
” d »le avar Al
L ,
—a a'

Figure 1 — Vario lenses in the autofocus system

There is an Object Plant (OP) in front of the fix-lens, the image of which must be accurately focused on
the photodetector at any distance of the OP from the fix-lens.

If the distance from the fix-lens to the OP varies between infinity and the front focus of the lens, the
image plane formed by the fix-lens moves from the photodetector plane to infinity.

With such a large range of movement of the OP, it is not possible to focus the image by changing the
distance between the fix-lens and the photodetector.

The use of a pancratic lens instead of a fixed lens in this case, with its unchanged position relative to the
photodetector, is a difficult task because of the need to keep its back focal length constant at large focal length
changes.

The problem can be solved by installing a vario-lens behind the fixed lens, as shown in figure 1. A
vario-lens can change its focal length under the control of external devices, which allows all elements of such an
optical system to be stationary. An example of a vario-lens is the Optotune ML-20-37 lens [26], figure 2.

It is capable of changing its focal length between —oo 50 —56mm and +56mm no +oo - At the same

time, its optical power varies within +18dioptres. The light diameter of this lens is 20 mm.

The optical power of the vario-lens is controlled by mechanically rotating its gear wheel using a
miniature electric rotary stepper motor.

For this purpose, a gear with the same modulus as on the vario-lens is provided on the motor output
shaft in contact with the gear with of the lens. In this case, the focal length adjustment of the vario-lens can be
automated.

The mechanism for rotating the variolens gear with low torque to ensure reliable motorisation and
repeatability of 0.1 dioptres. The dependence of the optical power or focal length of the vario-lens on the
distance to the object whose image is to be focused on the photodetector is found under condition 7, = F/;x .
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Gear wheel

/

Figure 2 — Vario-lens Optotune ML-20-37

Then at infinite distance to the plane of objects, the vario-lens must have zero optical power or, what is
the same, infinite focal length FV'aI =00 .
According to the Gauss formula, when moving the subject plane to the fix-lens, the image moves away
from it by the distance
a-F)
a+ F e
This primary image serves as the object for the vario-lens. The distance from this image to the vario-
. o
lens is a,=a-— d
where d is the distance between the rear principal plane of the fix- lens and the front principal plane
of the vario-lens.

In this case, the segment aLar should provide the position of the secondary image formed by the vario-

lens in the plane of the photodetector. Then the rear focal length of the vario-lens is determined by expression (2):

L d[Fila-d)-ad ,
(o=l e zad], “
(£5.)
and the optical power of the variolens in diopters:
2
—1000( F}
Dvar [dptr] = ( /M) (3)

\,/ar I:ij,lx ((l - d) - (ld:'
Since the working range of the optical power of the vari-lens is limited, the desire to extend the working
range of distance d , as can be seen from formulas (2) and (3), requires a decrease in distance d , which is

accompanied by an increase in distance a} . Thus, under conditions d =0 and a'Var =F }lx, formula (3)

takes the following form
—-1000

D, [dptr] =
a

from which we can find the limit value of the segment

1000
o [rm] =-—100_ @
D, [dptr]
where a [mm] is the minimum distance between the fix-lens and the subject plane D’Vkar [dptr], is

the maximum possible value of the optical power of the vario-lens.
The Optotune ML-20-37 lens has D:ar[dpt}"]zlg , while according to formula (4)

a.. [mm]:_55‘555mm , and the entire working range of the distance from the lens to the OP

ae[-o0...—~55.555|mm -
The minus sign indicates that the origin of the segment « is at the front main point of the fix- lens.
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Figure 3 shows a graph illustrating the relationship between the distance value and the optical power
of the Optotune ML-20-37 vario-lens.

a[mu]
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Figure 3 — Graph of dependence of the optical power of the vario-lens on the distance to the object

The graph in figure 3 is obtained under conditions: Ff’iY =50MM, d =0 (the rear main principual

point of the fix-lens is aligned with the front principal point of the vario-lens), a) =50mm (the distance

between the rear principual point of the vario-lens and the photodetector plane
The value of D_ [dptr] asymptotically approaches zero as the OP moves away from the fix- lens.

’
Linear magnification of the system shown in figure B= Y, , where is the size of the object in object

y
plane , ' is the size of the image of the object in image plane.

If the field aperture of the optical system is the boundaries (b x ¢) of the photosensitive zone of the

photodetector located in the image plane, then in this case the dimensions of the field of view in OP

Bxc=0x9
B

Where
ﬂ — Fv/ix : E/ar . (5)
(Fop—d)Fp +a)+Fj -a

’
var fix
Figure 4 shows a graph of the paraxial magnification versus the distance between the optical system and
the OP.

Ba)

\

-08 \

-1
3 2
- 1x10 -800 -600 -400 -200 G[MM]

Figure 4 — Graph of the dependence of paraxial magnification on the distance
between the optical system and the OP
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The graph in figure 4 is obtained under the same conditions as the graph in figure 3. As can be seen, as
the OP moves away from the optical system, the size of the field of view increases nonlinearly with respect to
distance @ . Asdistance @ increases, the value of p asymptotically approaches zero.

If the OP contains an element whose linear dimensions Y are known a priori, then by estimating the

dimensions of the image Y’ after its autofocusing in the plane of the photodetector, it is possible to determine
!
the value g as aratio [ = L . Taking into account the focal length of the vario-lens Fv'ar at the moment of

measuring the distance to OP, by formula (6) it is possible to determine the distance a( ,B ) :

Fy  Fo = B —d)Fy,

P oy var
Ty = g

var

(6)

It goes without saying that distortion, if present in the optical system, must be taken into account when
determining the size Y’ .

Thus, the optical autofocus system investigated here, equipped with a matrix photodetector and a
system for controlling the optical power of the vario-lens, can serve as a sensor of distances to objects.

2.2 Zoom Afocal Systems

Zoom-afocal - telescopic systems with adjustable angular magnification. Such systems are used in laser
beam expanders, transfocators, sensors, and other devices in which optical telescopic systems are used.

In zoom-afocal systems, where optical components with fixed optical forces are used, variable
angular magnification is achieved by moving the components along the axis according to predetermined
relationships. Such movements require special mechanisms. Here we consider the possibility and conditions
for creating zoom-afocal systems with fixed components. As components of such systems it is supposed to
use vari- lenses.

It is known that telescopic systems are of two types - the Galileo system and the Kepler system, [27].
Galileo systems, in which components have opposite signs of optical forces, create direct images. This is their
essential advantage. The aperture diaphragm in them is the entrance pupil of the lens following the afocal system
or the frame of the matrix photodetector [28,29].

The disadvantage of such systems is the absence of a real intermediate image OP, where the field
aperture is installed, which provides a sharp limitation of the field of view. In these systems, the field of view is
limited by the vignette aperture, due to which the field of view is not sharply limited. The angular size of the
field of view of Galileo systems is considerably inferior to that of Kepler systems at the same angular
magnification [30,31,32].

Kepler systems contain components with positive optical forces. For this reason, they form an inverted
image. In these systems there is a valid intermediate image OP in which a field aperture can be set and thus a
sharp limitation of the field of view can be achieved. In addition, the frame of one of the system components
serves as an aperture diaphragm. This ensures that the entrance and exit pupil are independent of the existence of
external components [33].

In connection with the above, it is reasonable to separately analyse the properties of zoom-afocal
systems functioning according to the Galileo scheme and according to the Kepler scheme under the condition of
immobility of their optical components.

2.2.1 Galileo zoom-afocal system

Figure 5 shows a Galileo telescopic system in which the first component has positive optical power (

<0).

D1 var > 0) and the second component has negative optical power ( D2 var
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1var

o

Figure 5 — Galileo optical system in thin variocomponents

The figure 5 shows that
1 1
L=F _-F _=F _+F =——+ (5)

lvar 2 var 1var 2var D

1var 2 var

Angular magnification of the afocal system, [27]:
F!

lvar __ _

F!

2var

D 2var (6)
D 1var

The system composed of equations (5) and (6) has a solution with respect to the optical forces of the
components :

V==

D, = r-1 7
var j/L

D, = r=1. (8)
var L

In diopters, the optical powers of these components:

1000(}/—1), 1000(1—7/)
yL

Dlvar [dptr] = DZvar [dptr] =

Figure 6 shows graphs of dependences D, (y) and D, () obtained at different values of axial

length L . If the Galileo zoom-focal system is composed of two identical Optotune ML-20-37 vario-lenses,
which have an operating range of optical power of +]8dptr, then the achievable values of angular magnification

depend on the axial length of the system. Expansion of the angular magnification range, as can be seen from
formulas (7), (8) and graphs in Fig.6, is possible by increasing the axial length of the system and extending the
working range of the optical power of the vario-lenses.

[dptr]
18 -

Dvar() 5 — |

Tva \V i; P -

D) 7 m | Do) | 5u0)
6 //.-«—"'" 100 | —— —_—
ﬂ// I 200 ———
’ 500 | — ———
On\
30
-6 ‘.‘
-9 ‘.'
12—
.15 ".‘ k
-18— —
1 2 3 4 5 6 7 s 9 10 V

Figure 6 — Graphs of dependence of optical power of variocomponents
on angular magnification of zoom-afocal system
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The size of the field of view of Galileo systems is determined by the size of the vignetting aperture,
which is usually the frame of the first component - the first variolens. If behind the Galileo system there is a fix-
component, the frame of which serves as an (STOP) aperture, then the angular size of the field of view of the in
the absence of vignetting in the visual field [27]:

Za)[rad] = 2arctg®]L,®ST0P ©)
2y ( yt'+ L)
at full vignetting outside the field of view
20[rad]= ZaFCIgM . (10)

2y ( yt'+L )
where @1 is the light diameter of the first component,
t' - removal of the STOP aperture from the second component of the Galileo system.
Formulas (9) and (10) show that at fixed values of diameters @1 and @ ., an increase in the axial
length of the system L and angular magnification y is accompanied by a narrowing of the field of view.

2.2.2 Kepler's zoom-afocal system

Figure 7 shows Kepler's zoom-afocal system in thin components.

D

Lvar
N A

v F' -F

1var 2var v

Figure 7 - Kepler's zoom-afocal system in thin components

According to this figure

FI'VEII‘ _F‘Zvar :Fi’var +F‘2'Var =L, (11)
T (12)
f‘Zvar
From the system of equations (11), (12):
F.=—t-L. (13)
y—1
1
F‘Z’Vﬂl’ :_L. (12)
I-y
Optical powers of variolenses in diopters:
1000(y -1
D, () [dpir] =222 =D (15)
yL
1000(1 -
D2var(}/)[dptr]=¥' (16)

In formulas (13) to (16), the angular magnification » has a negative sign because the Kepler system
forms an inverted image.
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Figure 8 shows the graphs of functions Dnvar(7)[dpf”] and DZVar(y)[dptr] , for example, adapted to

the parameters of the Optotune ML-20-37 vario-lens, which has the largest range of variation of optical power
and the largest luminous diameter.

(dptr]
ls \‘ ~\ ‘\
D, (7) “.‘ \‘.‘ ‘-‘/
D, (7) / L
12 _____-—‘ O / “ om Dl\z' (}() DZ\: (}()
) s y 50 | ——
T [, 100 | —— —--
RN 200 | — -
T 400 | — ——-
s

0
10 -9 -8 -7 -6 -5 -4 -3 -2 -1 Y

Figure 8 — Graphs of dependences of optical power of components on angular magnification

It follows from the above plots that the possible range of values of angular magnification is significantly
limited both by the range of the optical power of the second vario-lens and by the axial length of the optical
system. This is due to the fact that in the Kepler system, in contrast to the Galileo system, both components have
a positive optical power. The range of angular magnification of the Kepler system is limited by the maximum
value of the optical power of the second component.

For the Optotune ML-20-37 vario-lens, which has D,, =18dptr , even to obtain an angular
magnification of y = —1 according to formula (16) requires an axial length of the system of at least 111.11 mm.

If the value L is given, the maximum possible magnification of the Kepler system can be determined from

formula (16)
L(Dzvar )max (17)

1000

where ( D, ) is the largest dioptre value of the optical power of the second vario-lens
max

Vim =1-

Formula (17) indicates that at a fixed value of the maximum optical power of the second vario-lens the
growth of the value | 7nm| is possible only when the length of the system is increased L . The above also shows
that at the same axial length of the Galileo and Kepler systems the latter has smaller limits of providing the
required values y .

In those cases when, due to dimensional limitations of axial length, the Kepler system composed of two
variolenses does not provide the required range of values y , the extension of this range of values can be

achieved by installing an additional lens with a fixed value of optical power D e in the vicinity of the second

variolens. Such a method may be rational for compensation of aberrations of the vario-lens. In this case, the total
optical power of the double component [27]:

Divar(}/):Dﬁx +D2var()/)_d.Dﬁx .D2var(}/)’ (18)

where d is the distance between the rear principal point of the fix-lens and the front principal point of
the vario-lens. Since the front principal point of the variolens is always inside the lens, the special shape of the
fix-lens allows its rear principal point to be moved outside the lens and aligned with the front principal point of
the variolens, thus ensuring the condition ¢ = 0. In this case

DZvar(}/):Dﬁx +Dvar(}/)' (19)

In this way, the range of variation in optical power of vario-lenses in other optical systems can be
shifted as needed.
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2.2.3 Field of view of the zoom-afocal system according to Kepler's scheme

In a conventional afocal system according to Kepler's scheme, the field of view is limited by a field
aperture, which is located in the plane of the combined focal points FI' F. , Fig. 7. As the optical forces of the

component optical forces vary, the points E' F, are displaced along the optical axis. This requires moving along

the axis of the field diaphragm, possibly changing its diameter, which contradicts the initial condition of
immobility in the system of all its components. It follows that the presence of a field diaphragm in a zoom-
afocal system according to the Kepler scheme with stationary components is impossible. In this case, the field of
view can be limited by a vignetting aperture.

If the zoom-focal system is composed of a vario-lens with a rear lens having a light diameter not less
than the light diameter of the front lens, and the zoom-afocal system operates in mode | 7| >1 , then the front lens

barrel serves as an aperture diaphragm and the rear lens barrel as a vignetting diaphragm. In this case, the size of
the field of view is determined taking into account the value of the vignetting coefficient & .

Fig. 9 shows the angles @, , ., @,_,of inclination of two beams of rays, at which one beam has no
vignetting of rays (k =1) , Fig. 9 (a), and the second beam has full vignetting of rays (£ =0) , Fig. 9 (b).

The condition of absence of vignetting of the beam of rays filling the light aperture of the front vario-
lens is complete passage of this beam through the aperture of the rear vario-lens. The greatest inclination of the
unvignetised beam of rays at the entrance to the system takes place when the ray with number 1, in Fig. 9 (a)
passes through the lower edge of the rear lens aperture. In this case, the angle of the field of view in the space of
objects in the absence of vignetting:

22{05(Mﬂﬂ 20
L Fivar

The condition of complete vignetting of the beam of rays filling the light aperture of the front vario-lens
is complete non-passage of this beam through the aperture of the rear vario-lens. The greatest inclination of the
fully vignetted ray beam at the entrance to the system occurs when the ray with number 3, in Fig. 9 b) passes
through the lower edge of the rear lens aperture.

In this case, the angle of the field of view in the space of objects at full vignetting:

20, = Zarctg{o.S[M+&H~ 21
L K

lvar

Figure 9 — Passage of edge ray beams through the Kepler system:
(a) with no vignetting, (b) with full vignetting

According to expression (17) the length of the system

L= (1 - }/lim)F;,min ’
where y,. - is the limiting value of angular magnification,
F, . - limit minimum value of the back focal length of the second vario-lens.
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Substituting this expression into (20), (21), we obtain the dependence of the angular size of the field of
view of the system on the limiting value of angular magnification:

2w, , =2arctg 1, Dy Vim T |, (22)
2F, i L (1= 70)7im

20,_, =2arctg L | 97 =9 |1 (23)
2}72!min (1 - ylim)}/lim

Figure 10 shows graphs of the dependence of the angular size of the field of view on the limiting value
of the angular magnification of the Kepler system. For the example, the Optotune ML-20-37 vario-lens is again

taken, which has a light diameter of 20 mm and a minimum focal length value of 55.(5)mm  ((J, :®2 =20
= 55.(5)MM).

i
mm, F‘Z min

2o [ gradus |

20

2 (Vi)

15

20,_o(7g,)

) %

g /
L1
| gt
0
-10 -9 -8 -7 -6 -5 -4 -3 -2 -1

}’lllll

Figure 10 — Graphs of dependence of the size of the field of view
of the Kepler system on the angular magnification at k=1 and at k=0

The graphs presented in Fig. 10 show that as the absolute value of angular magnification y increases,

the size of the field of view decreases, which is caused by the growth of the axial length of the system at constant
light diameters of the variolenses. Moreover, the sizes of the field of view without vignetting of rays and with
full vignetting of rays asymptotically converge.

2.3 Zoom-relay lenses

Figure 10 shows a zoom projection optical system in which the intervals g, ,dl ,a; are fixed and

unchanging. The transverse magnification £ in the optically conjugate object (OBJ) and image (IMA) planes

is intended to be variable over a specified range. Vario-lenses 1 and 2 are designed to vary their optical powers
D,..(B) and D, (/) to provide the desired magnification value 3 .

OBJ < 2 N

. L .

Figure 11 — Two-component relya lenses system consisting of two vario-lenses
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Paraxial magnification of the image formed by lens 1,

!
a
ﬂlz_l

a,

From the Gauss formula [27],

'
r_ al i F;var thus:

a - !
al + Fivar
ﬁl — Evar , (24)
al + FY\/ar
where ' is the back focal length of the vario-lens 1.
Transverse magnification of the secondary image formed by the vario-lens 2 ,
a, ,ata
By=—
a,
given fixed value of the segment and
!
a,=a —d ="t g, 25)
al + E'var
is defined by the formula
B, = ay(a, +F\,) (26)
2

(d,-L)F,, —ad

var

In this case the required transverse magnification of the zoom-relay lenses is

ﬂl'ﬂzzﬂ > @7

Substituting (24) and (26) into formula (27) allows us to find the function:

, a,d

Fl(p=—20 . 8)
(al - d)ﬁ )

The dependence Fl’var( p) after its substitution into the formula (25) establishes the dependence a,(/3)

. In this case, the back focal length of lens 2, providing the required value £ , is determined by the expression:

oy @(B)-d (29)
FuP =20

Formulas (28) and (29) allow not only to find dependences F’

1var

(B), F,,.(B) ,in the range of

possible changes of optical forces of specific models of vario-lenses, but also to establish those specific values of
a,,d, ,a; ,L , at which it is possible to provide the required range of changes of value /3 .
Fig.12 shows as an example the graphs of optical powers of lenses 1 and 2 in dioptres:

D]var(ﬂ)=1,OA’ Dmr(ﬂ):l,oi , obtained at g =-80mm., d =100mm, a,=80mm using two
Fu(B) £ u(B)

identical Optotune ML-20-37 vario-lenses in the zoom-relay lenses, the working range of which +18dptr is

marked on the plots by horizontal dotted lines.
The graphs show that the operating range of the first lens limits the range of linear magnification g to

values —0.5 =+ —2.2. If the range of lens 1 is shifted by an additional lens of fixed optical power by +2 dptr , the

range of values £ , as can be seen from the graphs, expands to values —0.5+-4 .
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Figure 12 — Graphs of values of optical power of vario-lenses
at change of paraxial magnification relay-lens system

The linear character of the function [, vm( [3)is easily realized by means of a stepper rotary motor, on

the shaft of which there is a toothed wheel forming a kinematic pair with the outer toothed ring of the ML-20-37
lens.

2.3.1 Maximum field of zoom-relay lenses

In the zoom projection systems shown in Fig. 10, there is no intermediate real image, which does not
allow to have a stationary field aperture in the system, unless it is the frame of the matrix photodetector mounted
in the IMA plane, Figurel1 In the zoom projection systems shown in Fig. 10, there is no intermediate real image,
which does not allow to have a stationary field aperture in the system, unless it is the frame of the matrix
photodetector mounted in the IMA plane, Figurell.

Therefore, in such systems one of the frames of variolenses serves as an aperture aperture diaphragm,
the other - as a vignetting diaphragm, which limits the field of view of the system. But the roles of frames in
such systems can change depending on the value of 3 In confirmation of this, Figure 13 shows the

course of two axial fan of rays - axial and off-axis in the zoom-relay lens, which consists of two identical ML-
20-37 vario-lenses at the values of intervals a, ,d ,a; ,L , specified above.

As will be shown below in this zoom-relay lens, for a range of values g from -0.5 to -1, the aperture

diaphragm is the frame the second lens, Figures.13 (a), (b), the frame of the first lens acting as a vignette.

In the range of values g from -1 onwards, the aperture diaphragm is the frame of the first lens, Figures
13 (c), (d), the frame of the second lens is the vignette diaphragm.

In Figsures 13 (a) and (c), the peripheral fan of rays is not vignetted. This means that its vignetting
factors is k=1 .

In Figures 13 (b), (d), the peripheral fan of rays is fully vignetted, which means that the vignetting
factors for fans ray is k =0.

We will define the field of view of the system in the OBJ plane for values k=1 , within which there is
no vignetting. And also for value k=0, when outside such a field the image is completely absent due to
complete non-passage of rays.

The aperture diaphragm of the system (STO) is not difficult to detect by determining the height of the
beam on the second lens, provided the beam leaves the axial point of the plane OBJ and passes through the edge
of the frame of the first vario-lens, Figure 14.
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b)
l 2
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—
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| 2
STO
0.5 i 1o
d)

Figure 13. Course of the axial beam of rays (red) ; /
off-axis beam of rays (blue):
a), c) off-axis beam without vigniting;
b) , d) off-axis beam fully vigniting.

At the exit from the first lens the ray, depending on the value of its focal length, can follow the

trajectory 1, Figure 14, then the frame of the first lens limits the axial fan of rays and it is aperture (STO), and
the frame of the second lens serves as a vignetting.

In the case when the ray will follow the trajectory 2, Figure 14, the axial fan of rays is limited by the
second aperture and it acts as an aperture diaphragm, while the frame of the first lens is a vignetting.

OBJ

F 3

A 4
F 3

Y

Figure 14 — Toward the identification of STO of the diaphragm

result:
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ad

F' =
lvar(ﬂ) > @2
If a 1—5 —-d (30)

where F (B is the focal length of the first lens, @1 , @2 are the diameters of the apertures of the

frames of the first and second lens, respectively, then the aperture diaphragm (DSTO) is the frame of the second
lens, and the frame of the first lens is the vignette diaphragm.
In the case when £’ () is less than the right part of formula (30), the role of the aperture diaphragm

(STO) is transferred to the frame of the first lens, and the frame second lens becomes a vignetting diaphragm.
The problem is considerably simplified when ¢, =¢J, . Then F]’Var (f) need only be compared with the

segment —q, .

If the aperture diaphragm serves as an aperture frame lens 1, the diameter of the maximum field of
viewat k=1 :

1 1
D fie s =2 (Ql—gz)—gld(—jt’—J . 31)
d @ Fu(p)
If the aperture diaphragm (STO) is the frame of lens 2, the diameter of the maximum field of view at :
- : ! 32
D pesa =—| (D, = D))+ Dd| —+——— || (32)
d al Evar (ﬁ)

In both cases, when the aperture diaphragm is the frame of the first or second lens, the diameter of the
maximum field at is determined by the formula

1 1
D=2 @d(—+,—]— D+ } (33)
fie,k=0 d|: 1 al Fivar(ﬂ) ( 1 2)

Fig. 15 shows graphs of the diameter of the field of view of the zoom relay lens , calculated by formulas
(31) - (33) for the system with vario-lenses ML-20-37 at values of intervals a,=—-80mm, d =100mm,

a, =80mm-
mm
50
gﬁe(ﬂ) /
40 /
30 F=0 //
___.-—F-ﬂd-.‘-/,
[ B
20—
ot k=1
\‘H‘
0 s
-4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5
STO: lens 1 lens 2

Figure 15 — Graphs of maximum field sizes in the absence of vignetting
and at full vignetting of the outermost ray beam
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The graphs show that as the absolute value of 3 decreases, the diameter of the field of view in the OBJ
plane in the absence of vignetting (k =1) decreases to zero at #=—1 and then increases. The diameter of the

maximum field, limited by full vignetting of the ray beams
(k =0), increases monotonically, at that it considerably exceeds the field diameter at (k =1).

3. CONCLUSIONS

The material presented here shows that the main types of optical systems - lenses with image
autofocusing, zoom-afocal optical systems, zoom-relay optical systems can be created by two immobile vario-
lenses. External paraxial parameters of the specified zoom systems, their dimensions are essentially limited by
the range of optical powers of the applied vario-lenses, as well as by the diameters of their aperture diaphragms.
The degree of these limitations is shown on examples of creation of the considered zoom-optical systems with
application of one of the best vario-lenses of Optotune ML-20-37. The operating range of optical power of this
lens and the diameter of its aperture diaphragm of 20 mm are currently close to the physically maximum
possible. The results of the analysis of zoom-afocal and zoom-relay optical systems show that the expansion of
the range of paraxial and angular magnifications requires both an increase in the axial dimension of these
systems and an increase in the optical power of variolenses. It is shown that in case of need to have a value of
optical power of variolens, which is beyond the working range, it is possible to shift the range of optical power
in one or another direction by using an additional lens with a fixed value of optical power, installing it next to the
variolens. The fact of the influence of the displacement along the optical axis of the interface between two liquid
media in vario-lenses at variations of their optical power requires additional study. This displacement leads to an
axial displacement of the principal planes of the variolens and a possible small change in the parameters of the
optical system, which needs to be taken into account when forming the control actions of the drivers of these
lenses.
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