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Abstract

In this work we present a new configuration to achieve an achromatic all-optical Fourier transform
(FT) using two blazed diffractive lenses and one non-dispersive lens. Different configurations are
identified by imposing constraints on the ray matrix of the optical system, minimizing the
wavelength dependence of both the transversal location of the FT plane and the FT spatial scaling.
Experimental verification is carried out using geometric-phase (GP) flat diffractive lenses and an
achromatic refractive lens. Furthermore, one identified novel configuration is symmetric. This
symmetric triplet configuration enables a straightforward implementation in a reflective geometry
that reduces the number of elements to a single GP lens combined with a mirror, thus leading to a
highly-compact implementation. Experimental results are presented that validate the proposed
systems.

1. Introduction

Fourier optics provides the fundamental theoretical framework for understanding and manipulating
structured light [1]. A basic tool consists in performing the optical Fourier transform (FT) of the light field
generated by a diffractive optical element (DOE) in the back focal plane of a positive lens [2]. However, when
the DOE is illuminated with different wavelengths, the FT transform appears with a characteristic dispersion.
Typically, singlet refractive lenses present chromatic aberration caused by the dispersion of the refractive
index, which causes the lens focal length to depend on the wavelength. This aberration is typically corrected
by building doublet (achromatic) or triplet (apochromatic) lenses in which two or more optical elements
made of glasses with different dispersion properties are combined to bring two or three wavelengths to a
common focus. Thus, in practice, non-dispersive refractive lenses can be built where the focal length can be
considered constant in a wide spectral range [3], as it is the case of achromats and apochromatic lenses.
While such designs greatly reduce chromatic aberrations in imaging systems, they do not eliminate the
intrinsic wavelength dependence of the FT itself, because the scale of an optical FT is proportional to the
product Af. Therefore, a thin lens with an ideal constant focal length provides an optical FT in a fixed plane
for all wavelengths, but its size scales with wavelength. Namely, the longer the wavelength the bigger the size
of the optical FT. If the DOE is located a distance from the lens equal to the focal length (i.e. it is located at
the lens front focal plane) and it is illuminated with a collimated beam, an exact optical FT is obtained. If this
is not the case, a quadratic phase factor arises which also depends on the wavelength. This phase factor is not
relevant when only the intensity of the FT is of interest.

© 2025 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Illustration of the FT dispersion properties of a single lens: (a) a non-dispersive lens provides a common FT plane but a
wavelength-dependent scaling. (b) a diffractive lens provides a constant scale, but the FT plane appears dispersed longitudinally.
DOE: diffractive optical element, F’ indicates the lens back focal plane and H’ indicates the back principal plane, here located on
the lens plane and assuming a thin lens.

Diffractive lenses represent a widespread alternative approach to perform the optical FT, with
well-established fabrication technologies [4]. In a classical blazed diffractive lens, longer wavelengths are
diffracted at larger angles resulting in shorter focal lengths, in a way that the product Af remains constant (or
equivalently Po remains constant, where P = 1/f1is the lens optical power and o = 1/)) [5]. Therefore,
diffractive lenses perform optical FT with the same scale for all wavelengths, but now the optical FT is
focused on a different axial plane for each wavelength. In addition, only one wavelength can fulfill the exact
FT condition since the DOE is placed at the lens front focal plane, thus for the rest of wavelengths there is an
additional quadratic phase factor. Figure 1 illustrates these two properties of the optical FT obtained with a
non-dispersive lens and with a diffractive lens.

Achromatic diffractive lenses have been demonstrated in liquid-crystal spatial light modulators [6],
highlighting the important property of being reconfigurable. More recently, metalenses [7] and
geometric-phase (GP) lenses [8] provided new ultra-thin lenses with achromatic focal length. All these
designs are very useful in imaging applications [8] and ophthalmic optics [9] where chromatic aberration
must be compensated. But if these lenses are used for obtaining an optical FT, the situation is equivalent to
that provided by an ideal non-dispersive lens, i.e. the FT appears on the same plane for all wavelengths, but
with a different scale.

The compensation of the dispersion properties to achieve a broadband achromatic optical FT was
achieved by designing hybrid lens systems that cascade properly-separated diffractive and refractive lenses. In
[10], a diffractive lens in-between two achromatic refractive lenses brings to the same output plane the
longitudinally dispersed diffracted patterns generated by another diffractive lens, effectively leading to an
achromatic diffraction pattern with a four-lens system (two diffractive lenses and two refractive lenses).
Alternatively, a diffractive doublet illuminated with a converging beam having the same focus for all
wavelengths (thus requiring a previous non-dispersive lens) was demonstrated in [11, 12].

In this work, we bring this latter approach forward and apply the ray matrix formalism to devise a new
triplet-lens system that is highly advantageous in terms of simplicity and compactness. In contrast to [11,
12], it achieves achromatic performance with a simpler architecture: two diffractive lenses of equal focal
length and opposite sign, placed at the extremes of the system, and one central equidistant non-dispersive
lens of the same focal length. The experimental realization of such symmetric triplet-lens system is
demonstrated using two GP lenses, acting as the diffractive lenses, and one achromatic refractive lens. The
symmetry of this novel configuration enables a compact implementation in a reflective geometry that
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reduces the number of elements to a single GP lens combined with a mirror. This not only enhances
experimental simplicity but also opens the door to highly compact designs.

The manuscript is organized as follows: after this introduction, section 2 presents the formal analysis
based on the ray matrix formalism, where the conditions for achieving the achromatic FT and its different
solutions for a triplet-lens system are derived, including the solution reported in [11, 12]. Section 3 focuses
on the configuration we refer to as the symmetric triplet, whose experimental realization is demonstrated in
section 4. Section 5 introduces the compact reflective variation of the symmetric triplet system and, finally,
the conclusions of the work are provided in section 6.

2. Achromatic FT lens systems

Figure 2 illustrates the approach. We use the ray matrix (ABCD matrix) formalism to describe a compound
lens system. This mathematical framework is widely used to analyze ray propagation in optical systems [13],
and it is also very useful to analyze diffractive systems [14], including achromatic FT configurations [15].
The two basic building blocks are the free space propagation and the thin lens, represented respectively by the
ray matrices Mp and M, given by:

O I AR A m

where d and P = 1/f denote, respectively, the propagation distance and the lens power, f being the lens focal
length. When a lens system is built by cascading multiple lenses separated by free-space propagations, the
overall system is described by the ray matrix resulting from multiplying the individual elemental matrices.
This overall matrix takes the general form

(2)

MS:|:AS BS:|7

Cs Ds

where det [Ms] = AsDs — CsBs = 1.

Two parameters of the ray matrix are of relevance in this work. First, the parameter Cg is directly related
to the system’s focal length and optical power as Ps = 1/fs = —Cs [16]. Second, it is necessary to determine
the location of the system’s back focal plane (F’), where the optical FT is obtained. Therefore, a new free
propagation of distance z is added to the system, yielding a new ray matrix:

O P R - R e

The condition for having F’ at the output requires that the A element of the resulting new ray matrix
must be zero [17]. Thus, As + zCs = 0 leads to the condition z = —As/Cs to locate F'.

Thus, the following two ideal conditions must be imposed on the general compound system shown in
figure 2 to achieve an achromatic optical FT system:

1) Condition for constant scaling of the FT: the compound system must exhibit a wavelength dependence
of its focal length fs such that the product Afs remains constant (or equivalently the ratio Pso is
constant), and

2) Condition for a constant plane of the FT: all wavelengths must focus on a common back focal plane F’,
which must be real to be physically accessible (i.e. the distance z= —Ag/Cs must be positive).

Since the back focal plane F’ must be the same for all wavelengths, these conditions imply that the
system’s back principal plane H’ must change with the wavelength, the shorter the wavelength, the greater
the distance to F’ (see figure 2(a)).

To fulfill these two conditions, the compound lens system must be composed of lenses with different
chromatic dispersion properties. We consider ideal thin lenses that are either: (a) non-dispersive, whose focal
length is assumed constant with wavelength (P does not change with € = \/\g = 0¢/0 ), or (b) classical
blazed diffractive lenses, which typically exhibit an optical power that changes with wavelength as
P (&) = £ Py, where P, represents the power for a reference wavelength Ay = 1/0y. For the sake of clarity, we
use the same drawings as in figure 1 along the manuscript to describe the non-dispersive lenses and the
diffractive lenses. Also, we will henceforth refer to the non-dispersive lenses simply as ‘achromatic’ lenses,
although this term strictly refers to the achromatic doublet that brings two wavelengths to the same focal
plane and has a reduced (but not flat) wavelength dispersion between those two wavelengths.
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Figure 2. (a) Design of an achromatic FT system: a compound lens system described by its ray matrix is designed to have a back
focal plane F/ common to all wavelengths and a focal length f(\) that changes with wavelength such that Af remains constant.
The distance from the output surface to the back focal plane is indicated as z. (b) Scheme of a possible triplet system with a
non-dispersive lens between two diffractive lenses.

The two above-mentioned conditions for achieving an achromatic FT cannot be satisfied using only two
lenses. Thus, we directly consider a system composed of three lenses (figure 2(b)), with optical powers
Py =1/fa, Py = 1/fg and Pc = 1/fc respectively, separated by distances a and b. The ray matrix for this
triplet is calculated as:

10 1 b 10 1 a 10
vl L Y T e

which yields the following general matrix:

Mo — 1—(a+b)PA—bPB—|—abPAPB a+b—abPB (5)
ST Cs 1— (a+b)Pc — aPg + abPgPc |’
Parameter Cs in equation (5) gives the optical power Ps = —Cg of the triplet system, which is given by:
Ps = P4+ Pp+ Pc — ((l + b) P4Pc — aPsPg — bPgPc + abP4PgPc. (6)

Parameter Ag, together with the optical power Ps, provides the distance z = —Ag/Cs to the system’s back
focal plane F’ as

AS 1—(a+b)PA—bPB+abPAPB
Z=—= .
Ps Ps

(7)

Equations (6) and (7) provide the solution to find the configurations leading to an achromatic FT
triplet-lens system. Five parameters (three focal lengths and two inter-lens distances) can be set to meet the
required constraints.

The two constraints described above, expressed in terms of the triplet system optical power Ps and the
distance z, can be written as:




10P Publishing J. Phys. Photonics 7 (2025) 045032 I Moreno et al

1) Condition for constant scaling of the FT: the compound system must exhibit a power dependence
P (£) = £ Py where Py is the triplet optical power for the reference wavelength (£ = 1). This condition
can be written as

d [Ps(é )}
a4 -0 (8)
d¢ [ §
2) Condition for a constant plane of the FT: the distance z (£ ) must remain constant for all wavelengths,
Le.
dz(€) _
& 0. 9)

Since z(§) = As (€) /Ps (§), equation (9) can be rewritten as

dAs (€) dPs(§)
G PO () S =0 (10)
On the other hand, note that equation (8) can be alternatively written as:
dpPs(¢) _
e pie) o )
Hence dPs (§) /A = Ps(€) /€, which applied to equation (10) yields the following relation:
dAs (€) _
§ a As(§)=0. (12)

Equations (11) and (12) share the same mathematical form, and they represent the ideal conditions of
the ray matrix required to achieve an achromatic FT. However, as will be shown next, these two conditions
cannot be fulfilled simultaneously for all wavelengths. Therefore, following the approach of Lancis et al in
[11], we take a first-order approximation where the differential equations are considered exact for the
reference value Ay (£ = 1), i.e.

(5 4P ©) _p, <£))

i =0. (13)

£=1

—o. (5 - ast))
£=1

Next, it is shown that different solutions to these equations can be obtained using a triplet-lens system, in
which we consider two of the lenses diffractive and an achromatic refractive lens. In the following, we discuss
two possible designs depending on the position of the achromatic lens.

2.1. System 1: Achromat followed by a separated diffractive doublet

Figure 3(a) represents a first possible triplet design, where the first lens is an achromatic refractive lens
followed by a diffractive doublet, equivalent to the design proposed in [11]. The optical power of the first
lens P4 (§) = Py is constant, but Pz and Pc change with wavelength as Pg/c (§) = & Pgo/co> With Pag, Pgo
and P¢, denoting the power of each lens at the reference wavelength A\ (¢ = 1). Thus, the triplet optical
power, given by equation (6), reads:

Ps(&) = Pao + & Pso + EPoo — & (a+ b) PaoPco — £ aPaoPso — £ *bPpoPcy + & *abPagPsoPcy  (14)
Therefore, by inserting this function Ps (£ ) into equation (11), the following relation is obtained:
Pyo + bPgoPco > — abPagPpoPooé* = 0. (15)
Similarly, the matrix element Ag (£ ) in equation (5) is then given by
As(§) =1—(a+Db)Pao — bPpo€ + abPaoPpof, (16)

and equation (12) leads to

(17)
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—

a b |
Figure 3. Possible configurations for the achromatic FT system. A collimated input beam is considered in all cases. (a)
Non-dispersive lens followed by a separate diffractive doublet. (b) Non-dispersive lens between two diffractive lenses.

Now, considering this relation into equation (15), the following expression is obtained for the distance b
between the second and the third lens:

—1
£2PpoPcy’

Equations (17) and (18) provide the solution to achieve an achromatic FT system. Note that equation
(17) does not depend on & = A/ )¢ meaning that it can be fulfilled for all wavelengths. It also reveals that the
focal length of the first lens must satisfy fap = a + b. Therefore, a collimated input beam is focused by this
lens to the plane where the third lens is placed. The relation in equation (18) depends on £, meaning that it
cannot be accomplished by all wavelengths. As mentioned, we approximate the relations around the
reference value £ = 1, so equation (18) can be rewritten as b = \/—fgofco. This implies that the two
diffractive lenses must have opposite signs, one being converging and the other diverging. The above
conditions exactly reproduce the system originally proposed by Lancis et al in [11].

b= (18)

2.2. System 2: Achromat between diffractive lenses

In this work we propose a second possible triplet design, depicted in figure 3(b) that also enables the
realization of an achromatic FT. As it will be discussed, it allows to be implemented as a compact and simple
system. In this design the non-dispersive lens is placed between two diffractive lenses. Accordingly, the
optical power of the central lens is constant Py (£ ) = Pgy, while the optical powers of the first and third lenses
are Py /¢ (§) = £ Pao/co- Thus, the triplet optical power given by equation (6) is now

Ps (&) = EPao + Pgo + EPoy — €% (a+ b) PagPoo — £aPaoPro — EbPpoPcy + £2abPagProPco.  (19)
Therefore, equation (11) leads to the relation:
Pyo + PagPco (a+ b — abPpy) €2 = 0. (20)
In addition, parameter Ag (€ ) of the general matrix in equation (5) now reads
As(§) =1—(a+b)Pao§ — bPpy + abPyPpo€ , . (21)

And consequently equation (12) leads to

1
Ppy = 3 (22)
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i.e. the distance between the second and the third lens must be set equal to the focal length of the second lens,

b = fao.
Hence, inserting equation (22) in equation (20), the following relation between the powers of the three
lenses is obtained: P4, = —&2PoPcy. Since this relation depends on &, it cannot be fulfilled for all

wavelengths. Thus, once again we consider the first-order approximation by taking it at the reference
wavelength, £ = A/)\¢ = 1, leading to:

P}y = —PoPcy, (23)

which, written in terms of the focal length yields f5, = —faofco. This relation reveals that the first and third
lens must have opposite signs, one converging and one diverging. Equations (22) and (23) provide the
solution required to achieve the achromatic FT system with the configuration depicted in figure 3(b). When
setting the system’s parameters (three focal lengths and two inter-lens distances), it is worth noting that
besides fulfilling equations (22) and (23) an implicit third condition must be fulfilled: the parameters must
ensure a real FT plane (positive z in equation (7)). This is also the case of the configuration in figure 3(a),
with derived conditions equations (17) and (18). Therefore, both configurations have in principle two
degrees of freedom and different possible solutions. Obviously, they will all feature residual chromatic
aberration, since in both cases the first-order approximation was considered in deriving the condition
equations (namely, equation (23) and equation (18)).

3. The symmetric triplet configuration

The first system was experimentally verified in previous works [12, 15]. Thus, here we present the
experimental verification of the second configuration which, in turn, admits various solutions. Among them,
one is particularly simple and practical; we call it the symmetric triplet. It arises when the two diffractive
lenses have equal optical powers but with opposite sign, and the first one is selected as the diverging lens, i.e.
P4y = —Pcy = —1/f. In this situation, equation (23) leads to Pgy = 1/f, i.e. the achromatic lens must be
positive with the same focal length f. Additionally, from equation (22) follows that b = f. Finally, we choose
the remaining distance a (which is a free parameter) to be a = f. Introducing these parameters into
equations (6) and (7), the triplet optical power at the reference wavelength is Pgy = 2/f and the distance from
the last lens to the triplet back focal plane F’ (where the achromatic FT is focused) is z = f/2. This positive
value ensures that the FT appears in an accessible real plane. Thus, such configuration, where all distances are
the same, is very convenient in terms of simplicity and compactness, as will be shown in the next section.

This symmetric triplet is sketched in figure 4, together with the ray trajectories for an input collimated
beam. Green rays (indicated as G in the figure) represent the reference wavelength (), which typically
corresponds to the center of the spectral band. In this situation, the first diffractive lens (Lens A) makes the
beam diverge, giving a virtual focus Og a distance fleft to the lens. The achromatic lens (Lens B), which lays a
distance 2f from this virtual focus, then converges the beam to an image point O, located 2f behind Lens B.
Finally, the second diffractive lens (Lens C) further converges the beam, forming the FT at a distance f/2
behind Lens C. Intuitively, the symmetric triplet balances the opposite chromatic trends introduced by the
two diffractive lenses, so that the wavelength-dependent shifts are compensated to first order, leaving only a
small residual aberration.

The rays drawn as red lines in figure 4 (indicated as R) represent a longer wavelength and illustrate how
the triplet system maintains the achromatic performance. Due to the diffractive nature of Lens A, the red
beam is diffracted at a larger angle than the green beam, producing a virtual focus Og located closer to the
lens. Therefore, the achromatic Lens B provides an image point Of, located beyond Of;. When the beam
impinges on Lens C (the last diffractive lens) again the red beam is diffracted at a larger angle than the green
beam, such that both wavelengths converge towards the same output plane. For wavelengths shorter than the
reference one, the diffraction angles produced by Lenses A and C are smaller, and the locations of the
corresponding points O and O’ are just the opposite with respect to Og and O¢,, again leading to the
achromatic final spot F'. In fact, as explained in [11], the beam impinging on the last diffractive lens can be
viewed as forming a frustum of a cone, that forms the achromatic final image.

The triplet lens FT system exhibits a residual chromatic aberration, both in the transverse and
longitudinal directions. Since the FT scale is proportional to the product Afs (A), the transverse chromatic
aberration (TCA) can be defined as the ratio between the relative variation of this product over the spectral
range compared to its value at the central reference wavelength:

Tea = M= M (N ) EPs (24)

Aofso Ps(&)
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Figure 4. Scheme of the symmetric achromatic FT triplet lens system: Lens A is a negative diffractive lens with focal length —f,
followed by an achromatic lens (Lens B) of focal length +f separated a distance a = f, and another diffractive lens (Lens C) with
focal length +f separated a distance b = f. The FT plane appears at a distance z = +f/2 from Lens C and the effective focal length
of the triplet lens is f/2 for the reference wavelength.

Similarly, the longitudinal chromatic aberration (LCA) can be defined as the ratio between the variation
of z (&) over the spectral range with respect to the reference wavelength, i.e:

(o) =200

z
LCA = O) (25)

The chromatic aberrations of the triplet system are due to the individual lenses. The achromatic lens
causes TCA while the diffracted lenses cause LCA, as clearly illustrated in figure 1. Hence, it is relevant to
compare the TCA and LCA of the triplet system with that of an individual achromatic and diffractive lens of
equivalent focal length. Thus, figure 5 shows the functions TCA (A) and LCA () covering the visible spectral
range for a symmetric triplet-lens system with f = 100 mm and reference wavelength A\ = 550 nm. For
comparison, figure 5(a) includes the TCA for an ideal achromatic lens of 50 mm focal length (thus equivalent
to the triplet-lens system focal length f/2 = 50 mm at the reference wavelength), while figure 5(b) shows the
corresponding LCA for a diffractive lens with 50 mm focal length at the reference wavelength. As it is
observed, both TCA (\) and LCA () exhibit a reduced wavelength variation for the proposed triplet-lens
system, namely less than 6% in the 400—700 nm wavelength range.

This figure also includes the TCA (A) and LCA () curves for the configuration in figure 3(a), which is
equivalent to the design proposed by Lancis et al in [11] and was described in section 2.1. These curves are
calculated considering a first achromatic lens with focal length f4 = +75 mm, followed by two diffractive
lenses with focal lengths fs = —100 mm and fc = 425 mm at the reference wavelength. By setting the
inter-lens distances as 4 = 25 mm and b = 50 mm, the conditions given in equations (17) and (18) are
satisfied and the system’s focal length becomes also fs = +50 mm. This allows a direct comparison of the
chromatic aberration performance of both triplet designs. As shown, the proposed symmetric triplet exhibits
average TCA and LCA values below 1.34% in the 400-700 nm spectral range, with a slightly better
performance than Lancis’s triplet system, which shows TCA and LCA averaged values above 1.76% in the
same spectral range.

4. Experimental implementation with geometric phase lenses

We have experimentally verified this symmetric triplet achromatic lens system using two GP lenses and one
achromatic refractive lens. GP lenses are modern flat diffractive kinoform lenses consisting in
micro-structured half-wave retarders where the lens phase function is encoded on the spatial distribution of
the retarder’s optical axis. Therefore, a GP lens behaves as a converging lens for one circular polarization and
as a diverging lens with the same focal length but opposite sign for the orthogonal circular polarization [18].
Two GP lenses acquired from Edmund Optics (polarization-directed flat lenses, discontinued model
#34-466) are employed. They consist of polymerized liquid-crystal thin-films, approximately 0.45 mm thick,
with 2.5 x 2.5 cm? effective area and 100 mm nominal focal length. Although the half-wave retardance
condition of the GP lens is exactly fulfilled only at the central wavelength of 550 nm, the liquid-crystal layer is
a zero-order retarder, thus featuring a fairly flat retardance dispersion throughout the visible range. The
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Figure 5. Chromatic aberration performance in the visible spectral range (400-700 nm) of the new proposed symmetric
triplet-lens system (figure 4) and the triplet-lens system proposed by Lancis et al in [11] having equivalent focal length: (a)
transversal chromatic aberration (TCA) in the FT plane compared with an achromatic lens of equivalent focal length. (b)
Longitudinal chromatic aberration (LCA) in the FT plane compared with a diffractive lens of equivalent focal length. The
reference wavelength is 550 nm.

small retardance mismatch at other wavelengths causes a small reduction of the polarization-conversion
efficiency, which simply results in a weak background.

We built the triplet lens system in figure 4 with two such GP lenses and an achromatic refractive lens
(Thorlabs, AC508-100-A) of also 100 mm focal length and nominal wavelength range 400-700 nm. The
separation between lenses was 100 mm. The system was illuminated with a supercontinuum laser (Fianium,
SC400). The laser was first polarized with a Glan—Taylor polarizing cube (Edmund Optics, #89-547 model)
that provides a nominal extinction ratio below 5 x 10~ >over the spectral range between 50 and 2300 nm. An
achromatic quarter-wave plate (Thorlabs, AQWP05M-600) was aligned to generate circularly polarized light
across the visible spectrum.

The first GP lens was oriented such that it acts as a diverging lens on the input circular polarization (note
that if the GP lens is flipped, it behaves as a converging lens for the same input circular polarization [19]).
After passing through this first GP lens, the polarization state changes to the opposite circular polarization,
which remains unaffected by the achromatic lens. Therefore, GP Lens 2 (placed in the same orientation as
GP Lens 1) acts as a converging lens, thus completing the symmetric triplet configuration in figure 4. The
optical FT appears 50 mm behind the GP Lens 2, where a diffuser is placed. As diffractive element we use the
NEMO plastic card [20], which contains different DOEs. Figure 6(a) shows a photograph of the
experimental setup. A color camera (Basler scA1390-17 fc, having 1390 x 1038 square pixels of 4.65 ym side)
with an attached objective (Computer MLH 10X) captures the FT pattern.

It is worth noting that the symmetric triplet configuration can also be implemented with standard
polarization-independent diffractive lenses (instead of GP lenses), in which case the input beam does not
need to be circularly polarized. The use of planar GP lenses, though, offers the practical advantage of
facilitating a precise adjustment of inter-lens distances.

In our experiments we employ three different DOEs: a grating generating orders in diagonal directions,
and two computer-generated holograms designed to generate a flag and a rectangular grid in the FT plane.
Figures 6(b)—(d) show the FT results obtained using a single GP lens. As expected, these FT patterns exhibit a
significant dispersion. In contrast, figures 6(e)—(g) display the corresponding results obtained with the
achromatic symmetric triplet-lens system. Now the diffraction orders appear white (figure 6(e)) and the
holograms reproduce the FT pattern with slight chromatic dispersion (figures 6(f) and (g)). It is worth
noting that the scale of the patterns in figures 6(e)—(g) is half of those in figures 6(b)—(d) since the triplet
system has a 50 mm focal length, whereas the GP lens alone has a 100 mm focal length.
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Figure 6. (a) Photograph of the experimental optical setup. Experimental results for the FT of three different DOEs obtained with
((b)—(d) a single GP lens, (e)—(g) the achromatic triplet-lens system.

0.75

0.50
Achromatic Symmetric Triplet

Figure 7. Intensity profiles along a horizontal line of the experimental FT obtained for the grid DOE with: (a) a single GP lens
(figures 6(d)) and (b) the symmetric triplet (figure 6(g)). (c) Cross-correlation values obtained between the RGB channels of the
experimental images in figures 6(b)—(g), normalized to the autocorrelation of the G channel.

In order to evaluate the degree of achromaticity achieved, the above experimental FT images were
decomposed into their RGB components. Figures 7(a) and (b) show the intensity profiles in each color
channel for the rectangular grid in figures 6(d) and (g), respectively, along a horizontal line. The achromatic
correction is evident in figure 7(b), where the peaks of the three channels coincides, in contrast to the lateral
shifts observed in figure 7(a).

In addition, we have evaluated the correlation between the RGB channels for each of the six experimental
FT patterns shown in figures 6(b)—(g). The cross-correlation of the G-R, G-B and R-B channels of each
image was calculated and normalized to the autocorrelation G—G of the green channel, taken as reference.
These results are presented in figure 7(c), where ‘Achr’ denotes the FT pattern obtained with the achromatic
triplet. The correlation values confirm the achromatic performance of the triplet-lens system with respect to
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Achromatic P = 1
FTplane "¢~

(a)

Figure 8. (a) Scheme of the reflective geometry for the achromatic system, using a beam splitter (BS) a GP lens and a converging
mirror. (b) Photograph of the experimental optical setup, with f = 100mm. (c) Example of the achromatic FT obtained with a
diffraction grating.

the single GP lens. In all three cases, the achromatic version exhibits a significantly higher correlation
between color channels. The most notable improvement occurs for the grating, where the R-B correlation
increases by more than 100%. In the cases of the flag and the grid DOEs, the R-B correlation increases by
23% and 36%, respectively. For the grid DOE, the cross-correlation between all channels remains above 86%.

5. The compact reflective symmetric triplet configuration

The above demonstrated symmetric triplet configuration is particularly advantageous because it can be easily
implemented in a reflective geometry with a single GP lens, thus making the system more compact. GP lenses
exhibit two key properties when illuminated with circularly polarized light: (1) after transmission through
the GP lens, the polarization changes to the opposite circular polarization [18], and (2) the sign of the focal
length depends on the direction of incidence—specifically, a GP lens behaves as a converging or diverging
lens depending on the side from which the circularly polarized beam impinges [19]. Thus, if a circularly
polarized input beam traversing the GP lens in the forward direction experiences a focal length —f, when the
transmitted beam reflects back towards the GP lens, the beam propagating backwards experiences an
opposite focal length +f. This property enables the construction of a compact symmetric achromatic triplet
system.

Figure 8(a) shows a scheme of the proposed reflective geometry. Input circularly polarized light impinges
on a GP lens with diverging focal length of —100 mm. The achromatic lens in figure 4 is now replaced with a
spherical mirror of 4100 mm focal length. In practice, we used an achromatic refractive lens of focal length
-+200 mm placed together with a flat mirror. Upon reflection, the beam now experiences a focal length of
+100 mm in the backwards propagation through the GP lens. Finally, a beam splitter separates the output
beam from the input path. Figure 8(b) shows a photograph of the experimental setup built in the laboratory.
The DOEs card, placed just before the beam splitter, is illuminated with circularly polarized broadband light.
A diffuser is located in the output path, at the FT plane, whose diffraction pattern is imaged onto the color
camera. Figure 7(c) presents the achromatic FT obtained when using as DOE the same diffraction grating as
the one in figure 6(e). The results are equivalent, confirming the effectiveness of this compact reflective
system. Notably, the total length of the optical setup, from the DOE to the mirror, is less than 150 mm.

6. Conclusions

In summary, we have proposed and experimentally demonstrated a novel optical system to obtain
achromatic optical FTs. Two ideal conditions are identified on the ABCD ray matrix of a lens system to
ensure a wavelength-independent FT condition: equation (8) for achieving a constant scaling factor and
equation (9) for achieving a single axial FT plane. Following previous approaches [11], we consider less
restrictive conditions leading to an achromatic FT system which can be fulfilled by a triplet-lens system
composed of one achromatic lens and two diffractive lenses.
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While earlier works [11, 12] implemented the triplet system with the achromatic lens as the first element,
followed by a diffractive doublet, here we introduce a different configuration where the non-dispersive lens is
placed between the two diffractive lenses. We derive the conditions (equation (22) and (23)) to achieve the
achromatic FT and propose a symmetric triplet-lens system that holds significant advantages. This system is
experimentally validated using a supercontinuum laser source and (without loss of generality) employing GP
lenses as the diffracted lenses. Furthermore, a compact reflective configuration is demonstrated, which
leverages the unique polarization-dependent properties of GP lenses.

Although this proof-of-concept demonstration of the proposed system will require further
optimizations, like including the aberrations of the optical components—mainly the GP lenses—as well as
tolerances to imperfections in the system parameters—inter-lens distances—the proposed new configuration
could be relevant for different applications. One possibility is within the field of ultrashort pulsed laser
beams, where achromatic diffractive systems are required to minimize chromatic dispersion [21, 22]. The
chromatic control and compensation could be further exploited in Fourier systems to generate structured
spatio-temporal optical fields [23]. Also, the scalability of electromagnetic waves allows extending the
proposed system to other spectral ranges of interest, including infrared light [24], for applications such as
high-harmonics generation [25] and terahertz waves [26]. In all these cases, the rapid development of
metasurface technology [27] offers a path to integrate more compact, scalable and even tunable achromatic
optical systems.
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