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Abstract: In contemporary optics, the spatial light modulator (SLM) is
effectively used as a flexible optoelectronic device playing the key role in a
number of experiments of science and technology. Its operation is optimal
when using almost monochromatic light but an extremely strong diffractive
dispersion occurs when white light is applied. In this paper, the design
concepts are proposed resulting in optimization and implementation of a
refractive corrector cooperating with the SLM. The corrector maintains
the operation of the SLM unchanged for the central wavelength of light
and ensures an achromatic dispersion compensation throughout the visible
region in applications based on a lens-pattern formation. A significant
improvement of the imaging performance of the achromatic SLM was
proved by the computer simulation and measurement of the chromatic focal
shift and the image contrast of the resolution target.
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1. Introduction

The SLMs are devices using MEMS (Micro Electro Mechanical Systems) or LCD (Liquid
Crystal Displey) technology for a real-time amplitude or phase modulation of optical waves in
space. The SLM can flexibly fulfill the role of conventional optical elements or replace the func-
tion of several elements at once. It may even provide operations inaccessible by other optical
means. For the versatility and simplicity of integration, the SLMs were successfully deployed
in diverse areas of optics and enabled a variety of important applications including structured
illumination [1] and novel imaging techniques in microscopy [2], holographic optical tweez-
ing [3], adaptive correction of aberrations [4], point spread function (PSF) engineering [5],
spatio-temporal vector shaping of laser pulses [6], particle localization and tracking by a spi-
ral modulation in optical systems with the rotating PSF [7], adaptation of reference wave in
interferometry and digital holography [8] or light splitting and shaping in Fresnel incoherent
correlation holography (FINCH) [9]. Quite recently, the SLM was used as an intra-cavity holo-
graphic mirror enabling on-demand generation of laser modes in the digital laser [10].

The LCOS (Liquid Crystal On Semiconductor) SLM discussed in this paper uses optical and
electrical anisotropy of liquid crystal (LC) materials to modulate transmitted or reflected light
waves. The optical properties of the device depend on the alignment layers of the LC cells. The
most important cases include parallel or vertical aligned cells or twisted cells. Depending on
the polarization configuration, amplitude or phase modulation of light may be achieved apply-
ing voltage to the LC cells. Since our aim is to improve the imaging performance of the SLM,
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the phase modulation is crucial. The phase-mostly operation accessible in twisted cells will be
excluded from the discussion and only the phase-only modulation implemented with linearly
polarized light will be considered. In this case, the action of the SLM can be defined by the
functiont ∝ exp[iΦ(r⊥,λ0)], wherer⊥ determines the position on an active surface of the SLM
andλ0 is the chosen design wavelength. The phase map addressed on the SLM is controlled by
the spatial variations of the refractive indexn achieved by the applied voltage. The refractive
index is adjusted in order to achieve the desired phase profile for a fixed thickness of the LC
layer d and the design wavelengthλ0, Φ(r⊥,λ0) = 2πdn(r⊥)/λ0. If the SLM is illuminated
by the monochromatic light with the wavelengthλ0, a perfect phase modulation is performed.
When using the broadband light with the central wavelengthλ0 and the spectral bandwidthδλ ,
dispersion effects must be taken into account. The refractive index is no longer constant at the
given position, but becomes dependent on the wavelengthλ due to the normal dispersion of
the LC material. As will be shown later, the material LC dispersion is not significant in com-
parison with the diffractive dispersion. The dispersion associated with the diffraction effects
becomes apparent when the spectral component with the wavelengthλ is phase modulated and
monitored during free-space propagation. Its complex amplitude at the positionr ′ can be for-
mally written asψ(r ′,λ ) ∝ FrTλ {exp[iΦ(r⊥,λ0)]}, where FrTλ denotes the Fresnel transform,
whose kernel depends on the wavelength of the modulated wave. As a consequence, the spatial
distribution of the complex amplitudeψ(r ′,λ ) is different for the separate spectral components.
This effect is known as the diffractive dispersion. In order to operate the SLM in an optimal
mode when using the broadband light, a corrective transformationT(r ,λ )must be add to the de-
sired phase modulation. Due to this action, the dispersion is eliminated,ψ(r ′,λ ) =ψ(r ′,λ0), so
thatψ(r ′,λ0) ∝ FrTλ {T(r ,λ )exp[iΦ(r⊥,λ0)]}. The difficulty of implementation of the proper
dispersion compensation is given by the desired phase modulation. The diffractive dispersion
was successfully corrected for a linear phase modulation required for angular deflection of light
beams. In the spiral phase contrast microscopy [11], the dispersion correction was assured by a
double phase modulation of light at the SLM, whose display was divided into the working and
correcting area. In another experimental configuration of spiral microscopy [12], the dispersion
caused by the linear phase mask addressed on the SLM was compensated by the additional
grating inserted into the system.

In this paper, the correction of the diffractive dispersion of the SLM is for the first time
demonstrated in applications, where the SLM is addressed by a lens-like pattern and illuminated
by a broadband light. In this case, the phase functionΦ is quadratic in|r⊥|. In previous papers,
the spectral change of the focal length of the lens function was compensated for three selected
wavelengths by an exchange of the phase patterns on the SLM performed synchronously with
the switching of a tunable spectral filter [13]. The correction proposed in this paper is based on
a mutual elimination of the material dispersion of the corrector and the diffractive dispersion of
the SLM. Even in a cooperation with the corrector, the SLM works as an independent device. Its
initial operation is maintained for the central wavelength, and only other spectral components
are influenced. To achieve such a regime, the corrector is designed in such a way that its optical
power is zero for the central wavelength. The quadratic phase modulation with the dispersion
correction is useful for imaging applications, optical manipulations or digital holography, but
an exceptional impact can be expected in the FINCH experiments [9]. This promising method
allows the holographic reconstruction of objects recorded in spatially incoherent light and its
application potential has been demonstrated by a number of experiments involving a violation
of the Lagrange invariant [14,15], an exceeding of the diffraction resolution limit [16] or a spiral
edge contrast enhancement of 3D objects [17]. In the current FINCH experiments, the light
with an extremely narrow spectrum of several nanometers must be used, which deteriorates the
signal to noise ratio. Compensation of the diffractive dispersion moves experiments closer to
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the physical limits found in [18], that allow the white light high-resolution correlation imaging.
In the paper, the characteristics of the material and diffractive dispersion are briefly summa-

rized and basic design concepts of the dispersion compensation outlined. Subsequently, com-
puter simulations of the chromatic focal shift and the imaging performance of the implemented
achromatic system are presented and compared with the results of measurements.

2. Characteristics of material and diffractive dispersion

2.1. Material dispersion of a singlet lens

The material dispersion is characterized by the Abbe number, which can be easily introduced
for a singlet lens. If the lens optical power is evaluated for light with the wavelengthλ0, it can
be written asK(λ0) = [n(λ0)−1]C, wheren(λ0) is the refractive index of the lens glass andC
is a shape factor given by the radius of curvature of the surfaces,C = 1/R1−1/R2. Nearλ0,
the optical power changes with the wavelength as

dK
dλ

|λ0
=

K(λ0)

[n(λ0)−1]
dn
dλ

|λ0
. (1)

When light with the spectral rangeλ ∈< λ1,λ2 > is used, whereλ1,2 = λ0∓δλ/2, the change
of the power in this interval,δK(λ1,λ2) = K(λ1)−K(λ2), can be written as [19]

δK(λ1,λ2) =
K(λ0)

VM
, (2)

whereVM is the Abbe number that defines the material dispersion of the lens as

VM =
n(λ0)−1

n(λ1)−n(λ2)
. (3)

For the normal material dispersion, the Abbe number is positive and its value depends on the
type of glass and the evaluated spectral interval. For the visible spectral region represented by
the Fraunhofer lines D, F and C, the Abbe number with values from 20 to 65 is available for
common optical glasses.

2.2. Diffractive dispersion of the SLM

In this paper, the dispersion compensation is examined in applications, where the SLM works as
a diffractive lens with the desired focal lengthf0 ≡ f (λ0). By applying voltage to the individual
LC cells, such a change of the refractive index across the SLM surface is set to get the local
changes of the optical path given asdn(r⊥) ∝ mod

[

λ0, |r⊥|2/(2 f0)
]

, whered is the thickness
of the LC cell andλ0 denotes the design wavelength. For light with the wavelengthλ0 diffracted
in the first order, changes of the optical path correspond to the SLM function with a quadratic
phase

t = exp[iΦ(r⊥)], where Φ(r⊥) =
π
λ0

|r⊥|2

f0
. (4)

The diffractive dispersion can be assessed assuming that the plane wave with the spectral band-
width δλ is phase modulated by the SLM functiont. To exclude an influence of the mate-
rial LC dispersion at this moment, we assume that the refractive index does not vary with the
wavelength. Using the Fourier decomposition, the phase modulation and subsequent free-space
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propagation of spectral components can be described by the Fresnel transform asψ ∝ FrTλ{t}.
After performing the Fresnel transform, we get

ψ(r ′,λ ) ∝ exp

(

i
π |r ′⊥|

2

λz′

)

FT

{

exp

[

iπ |r⊥|2
(

1
λ0 f0

−
1

λz′

)]}

, (5)

where FT denotes the 2D Fourier transform performed with the spatial frequenciesr ′⊥/(λz′),
and the used position vectors are defined asr⊥ = (x,y) andr ′ = (r ′⊥,z

′). At the propagation
distance given as

z′ ≡ f (λ ) =
λ0

λ
f0, (6)

the quadratic term in (5) vanishes and the Fourier transform results in the Dirac delta function,
δ (r ′⊥). As is evident, each spectral component having the wavelengthλ is focused to the point
lying at the distance (6) from the active surface of the SLM. These distances represent the focal
lengths of the SLM lens for individual wavelengths of the used light. As in the case of the
material dispersion, a change of the optical power in the interval of wavelengths< λ1,λ2 > can
be evaluated. By using (6) and withK(λ0) = 1/ f0, we obtain

δK(λ1,λ2) =
K(λ0)

VD
, (7)

whereVD represents the Abbe number for the diffractive dispersion [20] given as

VD =
λ0

λ1−λ2
. (8)

If the Abbe number is evaluated for D, F and C lines, the extremely strong negative dispersion
of the SLM is revealed,VD =−3.48.

Combination of material and diffractive dispersion of the SLM

In real conditions, the material dispersion also occurs and its impact must be assessed in a
comparison with the diffractive dispersion. In this case, the refractive index is not determined
only by the applied voltage, but its value at the local position depends also on the wavelength
of incident light. The phase function of the SLM (4) then must be modified to the form

t(λ ) = exp[iΦ(r⊥,λ )], where Φ(r⊥,λ ) =
π
λ0

n(λ )
n(λ0)

|r⊥|2

f0
, (9)

where n(λ ) ≡ n(r⊥,λ ) and n(λ0) ≡ n(r⊥,λ0). If the SLM is illuminated by a broadband
light and propagation of the spectral components is described by the Fresnel transform,
ψ ∝ FrTλ{t(λ )}, the reduction of a quadratic phase term resulting in the Dirac delta function
gives the focal length of the SLM as

f (λ ) =
n(λ0)

n(λ )
λ0

λ
f0. (10)

The change of the optical power for the wavelengthsλ1 andλ2 can then be written by the
corresponding refractive indicesn(λ1) andn(λ2) as

δK(λ1,λ2) =
K(λ0)

VMD
, (11)
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whereVMD is the Abbe number of the SLM including both the material and diffractive disper-
sion. It can be written in the same form as in the case of the diffractive dispersion (7), but the
modified wavelengths must be used

VMD =
Λ0

Λ1−Λ2
, (12)

whereΛ j = n(λ j)λ j , j = 0,1,2. The refractive indices of the LC materials used in display ap-
plications were measured in dependence on the temperature for the wavelengths related to D,
F and C lines [21]. The Abbe number calculated for ordinary or extraordinary refractive index
corresponds to valuesVM ≈ 40 for LC materials with a small birefringence while the materials
with a high birefringence show the greater dispersion withVM ≈ 17. If the Abbe number in-
cluding both material and diffractive dispersion (12) is calculated for the lines D, F and C using
the refractive indices of the LC material withVM = 40 and 17, we obtainVMD = −3.57 and
−3.77, respectively. The inclusion of the LC material dispersion only very weakly reduces the
diffractive dispersion for which the Abbe numberVD =−3.48 was previously established. Two
conclusions arise from the analysis: - the diffractive dispersion of the SLM cannot be signifi-
cantly reduced with the available LC materials and an external corrector must be used for its
elimination, - the material LC dispersion can be disregarded and an approximationVMD ≈ VD

adopted in the corrector design.

3. Design concepts for compensation of diffractive dispersion of the SLM

The Abbe number characterizing the material and diffractive dispersion takes positive and neg-
ative values, respectively. This fact is well known and has been successfully utilized in hybrid
achromatic doublets [20, 22–24], where the diffractive surface has been used to compensate
the chromatic aberration of the refractive surface. In this paper, the reverse problem is solved.
The diffractive surface is not used as a compensating element but on the contrary an extremely
strong diffractive dispersion of the SLM lens is compensated using the refractive dispersion.
In the proposed design, the SLM is retained as an independent device cooperating with an ex-
ternal refractive corrector. When using the corrector, the SLM operation remains unaffected
for the central wavelength and the diffractive dispersion is eliminated for the other spectral
components. The basic idea of the dispersion correction is shown in Fig. 1. The refractive cor-
rector illustrated in Fig. 1(a) eliminates the diffractive dispersion and its action has no effect
on the spectral component of light corresponding to the design wavelength of the SLM. Light
with the central wavelengthλ0 and the spectral bandwidthδλ is collimated and directed to-
wards the two-component corrector. While the central wavelength remains unchanged behind
the corrector, the spectral components of shorter and longer wavelengths become convergent
and divergent waves, respectively. By this way, the diffractive dispersion of the SLM shown
in Fig. 1(b) can be compensated. When the chromatic aberration of the corrector is properly
implemented, an achromatic operation of the SLM illustrated in Fig. 1(c) can be achieved.

3.1. Achromatic SLM correction by a two-lens afocal system

Design of the corrector is based on the achromatic elimination of the diffractive dispersion
of the SLM for the boundary wavelengths of the used spectrumλ1 and λ2. Assuming that
the corrector is composed of two lenses, the spectral change of the optical power of the
SLM, δKD(λ1,λ2), must be compensated by the changes of the optical power of the lenses
δK1(λ1,λ2) andδK2(λ1,λ2), so that∑ j δK j (λ1,λ2) = 0, j = 1,2,D. In order to maintain op-
eration of the SLM unaffected for the central wavelength, the total power of the corrector must
be zero. It is achieved, if it consists of a positive and negative lens, whose focal lengths for the
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Fig. 1. Concept of the dispersion compensation of the SLM: (a) material dispersion of the
afocal refractive corrector, (b) diffractive dispersion of the SLM, (c) achromatic correction
of the SLM.

wavelengthλ0 are fL(λ0) and− fL(λ0), respectively. Using (2) and (7), the condition ensuring
the achromatic correction of the SLM by means of the afocal corrector can be written as

1
V1

−
1
V2

+
1

κVD
= 0, (13)

whereV1, V2 andVD denote the refractive and diffractive Abbe number of the corrector lenses
and the SLM, respectively. The coefficientκ is an important design parameter defined as

κ =
fD(λ0)

fL(λ0)
, (14)

where fD(λ0) is the focal length of a diffractive lens displayed on the SLM. Graphical illus-

Fig. 2. Combinations of the Abbe numbers of the corrector lenses providing an achromatic
correction of the SLM for different values of the design parameterκ.

tration of the condition (13) providing the achromatic correction is in Fig. 2. For low values
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of κ , the choice of the Abbe numberV1 is strongly reduced and only glasses that have small
V1 may be used. For higher values ofV1, the achromatic correction requires extremely large
V2, which is not possible with conventional glasses. Whenκ is increased, the glasses with the
Abbe number lying in a wide range of values can be combined. In the design of the corrector,
the coefficientκ ≈ (20− 50) is applicable. Forκ < 20, the choice of glasses is problematic,
and forκ > 50, a correction of monochromatic aberrations becomes very difficult.

3.2. Secondary spectrum and restrictions for apochromatic correction of the SLM

As was demonstrated, the achromatic correction of the diffractive SLM lens with the focal
length fD(λ0) can be achieved for light with the wavelengthsλ1 andλ2. This is possible if
the Abbe numbers of the corrector lensesV1 andV2 are appropriately adapted to their focal
lengthsfL(λ0) and− fL(λ0). For application of the achromatic system, estimation of the parax-
ial secondary spectrum is also important. The secondary spectrum fromλ0 to λ1 is defined as
δ f (λ0,λ1) = f (λ0)− f (λ1), where f (λ0) and f (λ1) is the focal length of the achromatic sys-
tem composed of the corrector and the SLM for the related wavelengths. When the change of
the optical power of the achromatic system is obtained as a sum of the changes of the optical
powers of the individual components,δK(λ0,λ1) =∑ j δK j (λ0,λ1), j = 1,2,D, it can be related
to the focal length of the system as

δK(λ0,λ1) =
1

f (λ0)
−

1
f (λ1)

≈−
δ f (λ0,λ1)

f 2(λ0)
. (15)

The chromatic focal shift then can be obtained as

δ f (λ0,λ1) =
f 2(λ0)

fL(λ0)

[

P1

V1
−

P2

V2
+

PD

κVD

]

, (16)

where fL(λ0) and fD(λ0) are the focal lengths of the first corrector lens and the SLM lens for
λ0, andκ is given by (14).P1, P2 andPD denote the partial dispersion ratio for the corrector
lenses and the SLM, respectively,

Pj =
n j(λ1)−n j(λ0)

n j(λ1)−n j(λ2)
, j = 1,2, (17)

PD =
λ1−λ0

λ1−λ2
, (18)

wheren1 andn2 are the refractive indices of the corrector lenses for the specified wavelengths.
When the chromatic focal shift is applied together with the condition of the achromatic correc-
tion (13), the paraxial secondary spectrum is obtained as

δ f (λ0,λ1) =
f 2(λ0)

fL(λ0)

[

P1−PD

V1
−

P2−PD

V2

]

. (19)

To achieve the apochromatic correction of the SLM withδ f (λ0,λ1) = 0, the partial dispersion
ratio of the corrector lenses and the SLM must be adapted to each other,P1 = P2 = PD. Another
condition of the apochromatic correction requiresV1/V2 = (P1−PD)/(P2−PD). For the visible
spectral region, optical glasses having the desired partial dispersion ratio are not available,
so that a nonzero secondary spectrum must be accepted. In the infrared spectral region, the
situation is much more favorable. For the central wavelength about 1.4µm, the partial dispersion
ratios of the available glasses and the SLM are very close, so the apochromatic correction of
the SLM operating with the wavelength 1.55µm is possible.
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4. Optimized design of the corrector for achromatic operation of the SLM

A possibility of implementing the achromatic correction of the SLM by a two-component re-
fractive system was demonstrated by the condition (13) that determined a connection between
the Abbe number of the corrector glasses and the geometrical factorκ . The two-lens system
was used to simplify demonstration of the achromatic operation of the SLM, but in the opti-
mized design, the three-lens system was applied. Distribution of the optical power into three
lenses resulted to a reduction of the coefficientκ , which allowed an acceptable correction of the
monochromatic aberrations. In the first stage of the design, a selection of glasses and factorsκ
was performed using the achromatic condition obtained by a straightforward generalization of
(13) for the three-lens system and consequently the final optimization of parameters was carried
out in Oslo Premium software.

When addressing a lens-like pattern on the SLM, the focal length cannot be arbitrarily chosen
but the smallest possible value is determined by parameters of the device. A quadratic phase of
the lensΦ is reduced to the interval< 0,2π >, so that a quasi-periodic pattern with the highest
spatial frequencyνm at the edge of the SLM is obtained,

νm =
1

2π
∂Φ(r⊥)
∂ |r⊥|

||r⊥|=R, (20)

where 2R is the size of the SLM display. If the Nyquist-Shannon sampling theorem is respected,
the shortest focal length that can be addressed on the SLM is given as

f ≥
2∆rR

λ
, (21)

where∆r denotes the pixel size of the used SLM. For example, for 2R=15mm,∆r=15µm and
λ=500nm, the shortest addressable focal length isf ≈ 450mm. In the design of the corrector,
the focal length of the SLM lensfD(λ0)=500mm was taken for the design wavelength corre-
sponding to the D line,λ0=589nm. The achromatic correction was required for F and C lines,
λ1=486nm andλ2=656nm. If the uncompensated SLM was used, the diffractive dispersion re-
sulted in the chromatic focal shiftδ fD(λ1,λ2) =− fD(λ0)/VD. For D, F and C lines giving the
Abbe numberνD = −3.5 and fD=500mm, an extremely large focal shiftδ fD ≈ 143mm was
obtained. With the designed three-lens system, the achromatic correction for the F and C lines
was reached and the secondary spectrum was reduced to an acceptable level.

When using white light, the diffraction efficiency of the SLM lens is also affected. An
ideal diffractive lens with the quadratic phase reduced to the interval< 0,2π >, Φ =
mod[2π ,π |r⊥|2/(λ0 f0)], focuses all the light into the first diffraction order related to the fo-
cal length f0. This happens only if the monochromatic light with the design wavelengthλ0 is
used [25]. If the diffractive lens is illuminated by light of a different wavelengthλ , unwanted
diffraction orders are created and multiple foci appear. The diffraction efficiency in them-th
order depends on the wavelength detuning and can be written as

ηm(λ ) = sinc2
[

π
(

λ0

λ
−m

)]

, (22)

where sinc(x) ≡ sinx/x. For light with the central wavelengthλ0 and the spectral rangeλ ∈<
λ1,λ2 >, the polychromatic integrated efficiency [26,27] can be defined by

ηm =
1

λ2−λ1

∫ λ2

λ1

ηm(λ )dλ . (23)

For the spectral interval specified by the lines D, F and C, the integrated efficiencyη1 ≈ 0,97
is obtained in the first diffraction order. This means that 97% of the energy of input poly-
chromatic light is concentrated in the first-order focus, while the remaining energy is divided
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into the higher-order foci. Light in the higher diffraction orders creates a bright background
deteriorating the image contrast. In [26], an influence of the integrated diffraction efficiency
on the modulation transfer function was examined showing that only lower spatial frequencies
are slightly affected by the background-order light. White light diffracted into the first order is
not still focused into a single point specified by the focal lengthf0, because the focal length
becomes a function of the wavelength,f = f0λ0/λ . This diffractive dispersion causes deterio-
ration of the image quality, which is much stronger than the reduction of the contrast due to the
polychromatic diffraction efficiency. When designing the refractive corrector, the main atten-
tion was focused on the achromatic correction of the diffractive dispersion of the SLM without
considering changes in the diffraction efficiency.

An apparent increasing of the optical performance of the corrected SLM was demonstrated
by the measurement of the system implemented in a cooperation with Meopta Přerov company.

5. Experimental testing of the achromatic SLM

5.1. Measurement of the chromatic focal shift

To verify the spectral properties of the examined systems, the chromatic focal shift of the un-
corrected SLM and the secondary spectrum of the SLM supplemented by the afocal corrector
were measured by means of the Shack-Hartmann (S-H) wavefront sensor. The used experimen-
tal setup is shown in Fig. 3. The laser beams with the wavelengths 532nm, 472nm and 632.8nm
approaching the Fraunhofer lines D, F and C were coupled into the single-mode fibers and se-
quentially collimated by the achromatic lens and directed toward the SLM. In all measurements,
the SLM was addressed by a fixed lens-like pattern providing the focal lengthfD=500mm for
the design wavelength 532nm. The position of the focal point behind the SLM was determined
from the wavefront measurement carried out by the S-H sensor. The wavefront diagnostics was
implemented in a reference mode to avoid imperfections of the used optical elements, adjust-
ing inaccuracies and an influence of the secondary spectrum of the achromatic lens. The initial
reference measurement was carried out without the corrector using only uninitiated SLM oper-
ating as a plane mirror. After that calibration, the lens phase was displayed on the SLM and the
focused wave captured by the S-H sensor. The same measurement was repeated with the correc-
tor placed in front of the SLM. The detected wavefronts were processed relative to the reference
wavefront and the focal points determined. From the positions of the focal points assigned for
three wavelengths, the chromatic focal shift was evaluated. In Fig. 4, the measured values are
compared with the results of calculations. The chromatic focal shift of the SLM caused by the
extremely strong diffractive dispersion is illustrated in blue. The secondary spectrum of the
SLM cooperating with the afocal refractive system is shown in red. In this case, the operation
of the SLM was achromatic and its secondary spectrum was reduced to an acceptable value of
25 mm.

5.2. Evaluation of the imaging performance

To evaluate the imaging performance of the uncorrected and achromatic SLM, the modulation
transfer function (MTF) was calculated for broadband light and compared with the contrast
of the USAF resolution target measured for the selected spatial frequencies. The used setup is
shown in Fig. 5. Light from a halogen lamp was transmitted through the hot mirror and the green
filter (532nm, FWHM 80nm) and coupled into a liquid light guide. Light emerging from the
fiber guide was used for illumination of the USAF resolution target and after passing through
the beam splitter it was collimated by an achromatic lens with the focal length 100mm. When
testing the uncorrected SLM (Hamamatsu X10468, 800x600 pixels), the collimated beam was
directed toward the SLM addressed by the phase function of the lens with the focal length
fD=500mm forλ0=532nm. The polarizer and iris diaphragm were inserted in front of the SLM
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Fig. 3. Experimental setup for measurement of the chromatic focal shift of the SLM and
the secondary spectrum of the corrected SLM by means of the S-H sensor: L ... laser, MO
... microscope objective, AL ... achromatic lens, AC ... three-lens afocal corrector, BS ...
beam splitter, P ... polarizer.

Fig. 4. The measured and calculated chromatic focal shift for the uncorrected SLM with
extremely strong diffractive dispersion (blue) and the achromatic correction of the SLM
carried out by a three-lens afocal system (red).
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to reach the phase only modulation and to control the size of the numerical aperture. Image of
the USAF target was detected at the focal plane of the SLM lens by means of the CMOS camera
(uEye ui-641). The detected image was processed and contrast of the groups of the target with
10, 20 and 40 cycles/mm evaluated.

Fig. 5. Testing of the imaging performance of the uncorrected and achromatic SLM by
means of the USAF resolution target: HL ... halogen lamp, HM ... hot mirror, GF ... green
filter, ... LG light guide, L ... laser, MO ... microscope objective, BS ... beam splitter, AL ...
achromatic lens, AC ... afocal corrector, P ... polarizer, ID ... iris diaphragm, C ... CMOS
camera.

In the subsequent measurement, the refractive afocal corrector ensuring an achromatic oper-
ation of the SLM was used. Before the measurement, a laser beam with the wavelength 532nm
coupled into the single-mode fiber and collimated by the microscope objective was used to
achieve a precise alignment of the system. The image contrast of the selected groups of the
USAF target was evaluated for two different diameters of the iris diaphragm 4mm and 12mm,
corresponding to the numerical aperture of the collimating lens NA=0.02 and 0.06, respectively.
The measured data are shown in Fig. 6 together with the MTF calculated in Oslo Premium soft-
ware. In the calculations, the theoretical design parameters of the corrector were used, and the
SLM lens was defined as a diffractive surface (symmetric CGH) of the second kinoform con-
struction order. Weights of the wavelengths used in the calculation of the polychromatic MTF
were adapted to the transmission of the green filter. Results in Fig. 6(a) correspond to the small
aperture, NA=0.02, for which the achromatic SLM reached the diffraction imaging limit. As is
evident, a strong diffractive dispersion of the uncorrected SLM apparently degraded image even
when a small aperture was used. The surprising fact that the measured data slightly exceeded
the theoretical values can be explained by differences in the evaluation of the image contrast.
While the demonstrated MTF calculations were performed with the cosine gratings, the image
of the rectangular gratings of the resolution target was processed in the measurement. A slight
improvement of the image contrast is well known, in this case. In Fig. 6(b), the results of the
contrast measurement and the MTF calculations are illustrated for the numerical aperture of
the collimating lens NA=0.06. The achromatic correction significantly increased the imaging
performance of the SLM compared to the uncorrected state. According to both the theoretical
and experimental results, the image contrast was increased nearly four times for higher spatial
frequencies. Even with the achromatic correction, the image performance was still reduced due
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Fig. 6. Measured contrast (10, 20 and 40 cycles/mm) and the calculated modulation trans-
fer function for the imaging implemented by the uncorrected and achromatic SLM: (a)
NA=0.02, (b) NA=0.06.
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to the secondary spectrum. To reach the diffraction limit with the high numerical apertures, the
apochromatic correction is required. Image frames of the USAF target acquired by uncorrected
and achromatic SLM are compared in Fig. 7.

Fig. 7. Snapshots of the USAF resolution target taken in the broadband light (532 nm,
FWHM 80 nm): uncorrected SLM (left), achromatic SLM (right).

6. Conclusions

In the paper, the SLM working as an imaging element in the broadband light was investigated
and the elimination of degradation effects caused by the strong diffractive dispersion proposed.
As the main result, the refractive corrector was designed and implemented, that enabled the
achromatic operation of the SLM in the entire visible spectral region. Specifically, the following
results were obtained:

• The Abbe number involving material and diffractive dispersion was derived and used for
analysis of the SLM action in white-light illumination.

• Optical system having zero optical power for the central wavelength and providing an
achromatic correction of the diffractive dispersion of the SLM was designed, manufac-
tured and successfully tested in imaging experiments.

• Apochromatic correction of the SLM was discussed and a possibility to reach it in the
infrared spectral region outlined.

Although the correction of the diffractive dispersion can be useful for variety of applications
in imaging and metrology, its main significance can be expected in the FINCH experiments,
where the SLM operates as a beam splitter ensuring holographic recording of 3D objects in
spatially incoherent light [9]. The achromatic compensation of the diffractive dispersion and
successfully elaborated apochromatic correction of the SLM in the visible region represent
an important progress on the pathway towards the white light high-resolution correlation mi-
croscopy outlined in [18].
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