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Controllable objective with deformable mirrors

V.V. Agafonov, A.G. Safronov

Abstract. A new optical device — an objective with
deformable mirrors and parameters controlled in the dynamic
regime is proposed. The computer simulation of the objective
is performed. The dependences of some parameters of the
objective on the control voltage are determined. The
simulation showed that the ranges of control of the rear
focal segment and the focal distance for the objective with the
focal distance 602 mm were 1057 and 340 mm, respectively,
which is substantially greater than in the control of an
equivalent deformable mirror.
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1. Introduction

Adaptive mirrors [1—3] have become firmly established in
modern optics. They are used to compensate for dynamic
aberrations in various optical schemes, for example, in
telescopes [4], which makes it possible to obtain nearly dif-
fraction quality images. These mirrors can be also used to
control various parameters, for example, the laser-beam
waist in a technological laser system [5]. They can be
employed as well as the end or deflecting mirrors in a laser
resonator for Q-switching, control of the output power and
optimisation of the laser parameters [6].

The parameters of deformable mirrors are varied during
control within a small range, which is often insufficient.
There exist many problems that can be solved only using
greater ranges, for example, the problem of controlling
parameters of an optical beam focused on a remote target of
a complicated spatial shape [7]. Modern deformable mirrors
can be employed in new optoelectronic devices, in partic-
ular, controllable objectives [8]. These devices are intended
to improve the efficiency of control compared to deformable
mirrors used outside an objective. They can be used instead
of deformable mirrors, increasing the possibilities of the
optical system. During control, the parameters of the
objective itself and of the optical beam will be varied.
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A controllable catadioptric objective with one deform-
able mirror was proposed in Ref. [9]. In this paper, we
consider a similar objective with both deformable mirrors.

2. Construction of a controllable objective

A controllable objective — in our case, a controllable
catadioptric inverted teleobjective consists of two deform-
able mirrors (7, 2) and optical lens (3) (Fig. 1). Lens (3)
located in the central hole of contrareflector ( /) allows the
optimisation of the objective parameters. The computer
simulation of the objective was performed using the
parameters of cooled single-channel deformable mirrors
from [2]. The controllable spherical deformations of these
mirrors allow us to change the parameters of the objective
(focal distance, rear focal segment, focal spot size, etc.) and
the optical beam (for example, its divergence) in real time.

The sensitivity (the ratio of the mirror sag to the voltage
producing this deformation) of mirrors used in calculations
corresponds to the sensitivity of cooled bimorph mirrors
[2, 10]. The sensitivity of bimorph mirrors depends on their
light diameter. The initial sensitivity of a deformable mirror
with a light diameter of 42 mm was taken to be
47 ym kV~!. The sensitivity for a mirror with a different
light diameter was calculated from the expression
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Figure 1. Controllable inverted catadioptric teleobjective (dashed and
dotted straight lines show the propagation of the aperture beam, thick
arrows denote the control of the curvature of deformable mirrors with
the help of the control voltage U: (1) contrareflector (secondary mirror);
(2) reflector (primary mirror); (3) lens; (4) control system; H, and F,,
are the rear principal and focal planes, respectively, for U = 0; H' and F’
are the rear principal and focal planes for U # 0; S{ is the reat focal
segment; ASY is the shift of the rear principal plane; f7, is the focal length
at U= 0; f' is the focal length at U # 0; d is the mirror separation.
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K, = K\ (Dy/D,)’, (1)

where K; is the initial sensitivity of a mirror with the light
diameter D; and K, is the sensitivity of a mirror with the
light diameter D,.

We calculated the controllable objective with parameters
listed below. A similar objective, but with one deformable
mirror, was proposed for the automatic system for correc-
tion of laser beam parameters [9].

Parameters of the controllable objective

Focallength f, /mm .......... ... ... ... ... ... .. ... 602
Rear focal segment Sf/mm............................. 1685.6
Aperture ratio O ... ..ot 0.03
Mirror separation d/mm. ............ ... .. .. ... -360
Lens focal length /§, /mm. . ............ ... ... .. —400
Lens light diameter Do/mm . ............... ..., 18
Initial reflector surface. . . .......... .. . flat
Reflector light diameter Dy /mm ........................... 34.2
Reflector sensitivity Kl/um KV 31.2
Contrareflector initial radius of curvature R, / mm........... 1345.8
Contrareflector light diameter D, / 1003 ) 50.4
Contrareflector sensitivity K, / pm KVl 67.7

3. Scheme for calculating a controllable
objective and the derivation of basic relations

To derive expressions for calculating the basic parameters
of the objective (the focal length and rear focal segment),
we write out the initial relations. The dependence of the
radius of curvature of a single-channel bimorph mirror on
the control voltage is described by the expressions

2 2
R:(D/Z;%’ )
w = wy + KU, 3)

where D is the light diameter of the bimorph mirror; w is
the sag of the biomorph mirror; w, is the sag of the
bimorph mirror in the absence of the control voltage; K is
the bimorph mirror sensitivity; and U is the control voltage.

Figure 2 shows the propagation of the aperture beam in
the objective. Taking into account the sign rule in optics
[11], we can write: R; > 0 (for U > 0, the mirror is convex),
R, (for U >0, the mirror is concave), R, >0, d <0,
S{ >0, hg>0, hy >0, h, >0, fii, <0, fo >0, a; <O,
>0, ¢ >0, y, >0, y, >0, ¢>0; the entrance pupil
diameter Dy = 2h;, and the reflector diameter D; = 24;.
From Fig. 2, we can find the following relations:
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Figure 2. Scheme for the calculation of a catadioptric objective (the
dashed straight line shows the propagation of the aperture beam): (/)
contrareflector; (2) reflector; (3) lens; Ay is the height of incidence of the
aperture beam on the entrance pupil; /4, is the height of incidence of the
aperture beam on the reflector; /4, is the height of incidence of the
aperture beam on the contrareflector; C; the centre of curvature of the
reflector; C, is the centre of curvature of the contrareflector; R; is the
radius of curvature of the reflector; R, is the radius of curvature of the
contrareflector; d is the mirror separation; f}, is the focal length of the
lens; S{ is the reat focal segment of the objective; F|;, is the rear focal
plane of the lens; F,, is the rear focal plane of the objective.

O =0y =7y =2y — 0o — )2, ®)
e=7— @ =20y, —7) + 0. )

By substituting (4)—(7) into (9), we obtain

e — 2{ arcsin {hl — dtan(2arcsin(h; /Ry) — o1)

R,
arcsin I + o
R, b

By using the paraxial approximation sinx = tan x = X,
we can simplify expression (10) to obtain

(10)

. 2h{Ry — (Ry +2d)[1 — (Ryo /2h)]}
R.R,

. (1D
In the case of the normally incident input optical beam with
a plane wavefront, we have

l’l() /’lo
o = —arctan (—) ~——.
ﬁin ﬁin

Therefore, the focal length of the catadioptric objective is

(12)

1= hy ho R\ Ry (13)
° tane 2 {Ry — (Ry +2d)[1 — (R /2hy)]}
By substituting (7) and (12) into (13), we obtain
/ R R, fiin
o= - . 14
S = AR, = Ry = 2 (fon — )~ Ri(Ry +2d) Y
The rear focal segment of the objective is
i (15)
taneg

By substituting (6), (7), (11), and (12) into (15) and making
some transformations, we obtain

[R fiin — 2d(Ry + fiin — d)| R,
2(Ry — Ry —2d)(fiin —d) — R{(Ry +2d)°

St = (16)
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Therefore, expressions (14) and (16) together with (2)
and (3) give the dependence of the focal length /! and the
rear focal segment S{ of the controllable catadioptric
objective on the voltage.

4. Graphic representation and discussion
of results

We developed the software to simulate controllable
objectives, which was used to obtain the results presented
below. Consider the dependences of the basic parameters of
the controllable objective on the control voltage applied to
deformable mirrors. For convenience of the analysis, we
compare the objective with an equivalent single-channel
deformable mirror with the same focal length, the light
diameter equal to the diameter of the entry pupil of the
objective, and the sensitivity equal to the initial sensitivity
(i.e., 47 pm kV~' for the light diameter 42 mm). Therefore,
the equivalent deformable mirror has the following
parameters: the focal length is 602 mm, the light diameter
is 18 mm, and the sensitivity is 8.6 um kV~!.

Figure 3 shows the dependence of the displacement of
the rear focal plane of the controllable objective on the
voltage. This dependence for the objective in the first
approximation is quadratic and linear for the mirror. As
follows from Fig. 3, the controllable objective has a wider
control range of the rear focal segment compared to the
equivalent mirror even when only one of the mirrors is
controlled (3.6 and 8.4 times greater by controlling the
reflector and contrareflector, respectively). When both
mirrors of the objective are simultaneously controlled,
the control range is substantially greater than that for
the mirror (by a factor of 13). By the control range of
the rear focal segment is meant the distance along the
optical axis between the rear focal planes for controlling
voltages —200 and 300 V.
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Figure 3. Dependences of the displacement AS{ of the rear focal plane
on the voltage U during the simultaneous control of the reflector and
contrareflector ( /), control of the contrareflector only (2), control of the
reflector only (3), and control of the equivalent deformable mirror (4).

Figure 4 shows the dependence of the focal length of the
controllable objective and the equivalent deformable mirror
on the voltage, which is quadratic for the objective in the
first approximation and is linear for the mirror. One can see
that, compared to the equivalent mirror, the range of
variation in the focal length of the objective is greater
when one contrareflector is controlled (by a factor of three)
and two mirrors simultaneously (by a factor of 4.3). When
the reflector is controlled, the ranges of variation in the focal
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Figure 4. Dependences of the focal length f’ on the voltage U during the
simultaneous control of the reflector and contrareflector of the objective
(1), control of the contrareflector only (2), control of the equivalent
deformable mirror (3) or only the objective reflector (4).

length of the objective and equivalent mirror virtually
coincide (70 and 79.6 mm, respectively). By the control
range of the focal length is meant the difference between the
focal lengths at the control voltages —200 and 300 V.

One can see from Figs 3 and 4 that, when the control
voltage is changed from —200 to 300 V, the focal length and
rear focal segment of the objective have different control
ranges (340 and 1057 mm, respectively). This is explained by
the fact that the rear principal and rear focal planes of the
objective are displaced differently during control (see
Fig. 1). Unlike the objective, the position of the rear
principal plane in the deformable mirror does not change
during control and, hence, the focal length and rear focal
segment change identically. This explains in fact a different
increase in the control ranges of the objective parameters
compared to the equivalent deformable mirror.

Under certain conditions, namely, if the reflector is
located at the focus of the contrareflector, i.e.,
d = —R, /2, the focal length of the objective does not change
when only the reflector is controlled. In this case, the rear
principal and focal planes of the controllable objective (see
Fig. 1) are displaced in the same direction by the same
distance. The rear focal segment will change. For
d # —R,/2, the focal length of the objective changes during
control.

Consider another parameter — the so-called compensated
divergence, i.e., the divergence of the input optical beam
that can be compensated by the controllable objective. This
means that, when the objective mirror or mirrors are
deformed, the image plane, in the presence of the divergence
of the input optical beam, coincides with the nominal rear
focal plane. The nominal focal plane of the objective is the
focal plane in the absence of control of mirrors.

Figure 5 shows the dependence of the compensated
divergence of the controllable objective and equivalent
deformable mirror on the control voltage. The beam
divergence compensated with the help of the controllable
objective is an order of magnitude greater than the
divergence compensated by the equivalent deformable
mirror (when both mirrors of the objective are controlled
simultaneously, it is greater by a factor of 11).

Figure 6 shows the voltage dependence of the focal spot
size taking into account spherical aberration and diffraction
(other aberrations are small) for the controllable objective
and equivalent deformable mirror. The control range for the
focal spot of the objective is four times greater (when the
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Figure 5. Dependences of the compensated divergence o on the voltage U
during the simultaneous control of the reflector and contrareflector of
the objective (), control of the contrareflector only (2), control of the
reflector only (3) or the equivalent deformable mirror (4).
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Figure 6. Dependences of the focal-spot size d; on the voltage U during
the simultaneous control of the reflector and contrareflector of the
objective (/), control of the contrareflector only (2), control of the
reflector only (3) or the equivalent deformable mirror (4).

reflector and contrareflector are controlled simultaneously).
Diffraction was calculated for a wavelength of 633 nm. The
focal spot size was calculated from the expression d; =
208 + rlz)l/z, where rq = 1.221/0 is the diffraction radius of

the focal spot; r; = Suml/O is the focal spot radius
calculated from the first Seidel Sum1 (spherical aberration).

Figure 7 shows the voltage dependences of the relative
spot size for the controllable objective and equivalent
deformable mirror taking into account spherical aberration
and diffraction at a wavelength of 633 nm. These depend-
ences are valid for the visible and IR spectral regions
because diffraction in these regions dominates over aberra-
tions. The relative spot size is the ratio of spot sizes in the
nominal rear focal plane for a given control voltage and for
U = 0. When the reflector and contrareflector are controlled
simultaneously, this ratio achieves 300.
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Figure 7. Dependences of the relative focal-spot size 6 on the voltage U
during the simultaneous control of the reflector and contrareflector of
the objective (7), control of the contrareflector only (2), control of the
reflector only (3) or the equivalent deformable mirror (4).

Table 1 presents some results of computer simulations of
the controllable objective and equivalent deformable mirror.
The focal length of the equivalent mirror coincides with its
rear focal segment. One can see from Table 1 that the rear
focal segment of the objective changes by 17.4% (for
U= -200 V) and 45.3% (300 V), while the focal length
changes by 15.7% (—200 V) and 40.9% (—300 V). The
focal length and rear focal segment of the equivalent

Table 1. Variations in the main parameters of the objective and equivalent mirror during control.

Control voltage (V) —200 300 Whole range
Variation in the rear focal segment of the objective during the control of:

reflector, AS{; /mm —-106.6 179.3 285.9

contrareflector, AS /mm -211.7 462.8 674.5

both reflector and contrareflector, AS fy, /mm -293.8 762.9 1056.7
Variation in the focal length of the objective during the control of:

reflector, Af; /mm —-26.1 439 70.0

contrareflector, Afz/mm -75.6 165.3 240.9

both reflector and contrareflector, Afsum/mm -94.4 246.0 340.4
Variation in the focal length and rear focal segment of the equivalent mirror 294 502 796
during the control of Af (Af = AS{)/mm : ) :
Divergence compensated by the objective during the control of:

reflector, o; /mrad -2.96 3.81 6.77

contrareflector, o, /mrad —7.30 7.17 14.47

both reflector and contrareflector, ocsum/mrad -11.25 9.96 21.21
Divergence compensated by the equivalent mirror during control, o / mrad —0.77 1.15 1.92
Size of the focal spot of the objective during the control of:

reflector, dpy /pm 51 57 -

contrareflector, dp /um 47 67 -

both reflector and contrareflector, dy,m / pum 46 74 -
Size of the focal spot of the equivalent mirror during the control of d; / pm 50 57 -
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deformable mirror change by 4.9 % (for U = —200 V) and
8.3% (300 V), ie., substantially weaker than for the
controllable objective.

5. Conclusions

We have performed computer simulation of a controllable
catadioptric objective, which is in essence a new optoelec-
tronic device. The parameters of the objective can be
controlled in real time. Our study has shown that available
deformable mirrors can be used to construct controllable
objectives of different types (Cassegrain, Gregory,
Schwarzschild, etc.) [11].

We have found that the controllable objective is much
more efficient than the equivalent deformable mirror. In
particular, the relative control range of the rear focal
segment for the objective with f; = 602 mm is 63 %, and
this range for the focal length is 57 %. The displacement
range of the rear focal plane of the objective is greater by a
factor of 13 than that for the equivalent mirror, the control
range of the focal length is greater by a factor of 4, and the
range of the compensated divergence is greater by a factor of
11. In addition, the position of the rear focal plane of the
objective can be controlled both by changing its focal length
and without it.

Analysis of the results obtained has shown that the
dependences of f, and AS{ on the control voltage are
quadratic in the first approximation, while similar depend-
ences for the deformable mirror (in the same
approximation) are linear. It is obvious that changes in
the objective parameters (focal length f,, mirror separation
d, rear focal segment S{ , etc.) will result in changes in the
control ranges of these parameters.
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