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Broadband focused waves with compensated
spatial dispersion: transverse versus axial balance
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We determine the constraints an ABCD optical system must verify to achieve, at the focal region, broadband
waves with compensated spatial dispersion either along the optical axis, called on-axis isodiffracting fields,
or in the lateral direction, here named in-plane isodiffracting beams. An optical configuration is identified for
generating both types of achromatic broadband focused wave fields. An experimental verification is also
provided. © 2007 Optical Society of America
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Light diffraction and interference are dispersive by
nature. When a polychromatic plane wave impinges
normally onto a diffracting screen, the redder spec-
tral components are diffracted with higher angles
than the bluer components. If diffracted light is gath-
ered by a converging spherical lens, the three-
dimensional (3D) focal irradiance distribution suffers
from both lateral and axial chromatic dispersion.
Compensation of spatial chromatic dispersion effects
in broadband focused beams is mandatory in several
diffraction-based optical applications. Some arrange-
ments have been proposed to compensate for lateral
chromatic deviations. In this respect we point out the
implementation of 2D image-forming systems with
an achromatic,1 or even apochromatic,2 point spread
function, and the focusing of temporally incoherent
light with a high degree of chromatic correction at
the back focal plane.3 Other chromatically compen-
sated optical configurations were developed for pre-
cise ultrashort microprocessing of materials at mul-
tiple points by use of grating-based beam splitters4

and when acousto-optic deflectors of ultrafast laser
pulses are used for multiphoton laser-scanning
microscopy5 or micromachining.6 In general, the
above optical systems use a certain combination of
refractive elements and high-dispersive components
as diffractive lenses and gratings.

Spatial locking of the spectral components at a
transverse plane goes with chromatic uncoupling
along the optical axis, and then the above setups ex-
hibit limited 3D achromatization capacity. In this pa-
per we determine the ABCD-system requirements to
achieve either lateral or axial chromatic compensa-
tion within a focusing geometry. Next we go one step
further and we recognize that the system reported in
Ref. 3, which was designed to carry out lateral chro-
matic compensation, may be adapted, under minor

transformations, for spectral correction along the op-
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tical axis. Finally, some experimental results are pre-
sented to verify the validity of our approach.

Under the paraxial regime, the spectral compo-
nents of the scalar wave function of a polychromatic
field satisfies the free-space wave equation

���
2 + 2i��/c��z�U��r�,z� = 0. �1�

In Eq. (1), z represents the axial spatial coordinate
along which the optical beam is propagating, r� are
transverse coordinates, � is the angular frequency,
and c is the speed of light in vacuum. As usual, we
have omitted the term exp�i�z /c�. Full chromatic
compensation is attained when the 3D complex-
amplitude distribution of a given time-harmonic
wave field is invariant under a change of frequency.
Of course, chromatically independent wave fields
propagating in vacuum are not solutions of Eq. (1). In
other words, diffraction is a typical dispersive phe-
nomenon. Alternatively, we focus our attention on
two types of wave fields. The first one has the spec-
tral dependence

U��r�,z� = S���U�0
���/�0r�,z�, �2�

where S��0�=1. It satisfies the paraxial wave equa-
tion whether U�0

�r� ,z� does. The reference frequency
�0 commonly denotes the carrier frequency of pulsed
beams or the peak component of the power spectrum,
�S����2, for incoherent broadband light. When r�=0,
the local spectrum for on-axis points remains invari-
ant, except to a constant. Accordingly, any spectral
component of the field shows the same axial pattern.
For this reason, such a wave is hereafter called an
on-axis isodiffracting (OAID) field, though some au-
thors simply speak of isodiffracting beams.7,8 In-
stead, at a fixed z, the transverse pattern at different

frequencies is shape invariant but scaled by a spec-

2007 Optical Society of America



854 OPTICS LETTERS / Vol. 32, No. 7 / April 1, 2007
trally discriminating lateral magnification, �t

=��0 /�.
The second type of wave field under inspection is

U��r�,z� = S���U�0
�r�,��0/��z�, �3�

which implies that the diffracted field at the refer-
ence plane, z=0, is invariant on frequency. We name
this sort of chromatically balanced field in the lateral
direction as in-plane isodiffracting (IPID) beam. In
this case, the 3D wave field is affected by a longitu-
dinal magnification, �l=� /�0. Out-of-plane field pat-
terns are scale invariant at the cost of undergoing a
frequency-dependent axial displacement.

Let us next investigate the trade-offs for a
diffraction-limited ABCD optical system to produce
wave fields with invariant chromatic response
around the focal volume, as those described above.
With this goal in view, we consider that the input
complex amplitude emerging from the aperturing
screen is denoted by U�����. If the incident broad-
band illumination is uniform over the entire input
aperture, U����� may be separated into two func-
tions. The first denotes the spectral distribution of
the incident radiation, S0���, whereas the second is a
function of the spatial coordinates, which is com-
monly called the pupil function, P����. Any parabolic
phase term accompanying the input complex ampli-
tude is treated within the ABCD-matrix computation
as a fictitious lens. In this diffraction problem we ex-
amine spectrally invariant pupil functions, which
hold for purely absorbing diffracting screens.

Furthermore, under the assumption that the out-
put field is localized in the vicinity of focus, we may
use the Debye representation. We consider a lens
combination of nondispersive objectives and diffrac-
tive lenses in a manner such that the focal plane of
the optical arrangement is located at the same posi-
tion for any spectrum. Accordingly, we fix the refer-
ence plane, z=0, as the Fraunhofer plane of the opti-
cal setup. In mathematical terms, we set the matrix
element3 A���=0. In this case, the diffraction inte-
gral in the Debye representation is given by9

U��r�,z� =
�

i2�c

1

B � U�����exp�− i
�

2c

z

B2��
2 	

�exp�− i
�

c

1

B
r���	d2��, �4�

where, obviously, the diffracted field U��r� ,z� satis-
fies the paraxial wave equation (1). Here B repre-
sents the corresponding element of the transfer ma-
trix between the input aperture and the reference
plane, and, in general, it depends upon frequency.

From Eq. (4) some constraints should be accom-
plished to meet full chromatic compensation along ei-
ther the axial, Eq. (2), or the transverse, Eq. (3), di-
rection. On one hand, taking into account the
quadratic phase factor inside the integral symbol, it
is apparent that a pattern of nonchromatic shape de-
pendence is found at any z-plane of the focal region

2
when � /B ��� is constant. In this case we have an
OAID focused field. Interestingly, the on-axis spec-
trum differs from that of the incident radiation be-
cause S���=�� /�0S0���, assuming S0��0�=1, which
is inferred from combining Eqs. (2) and (4).

Conversely, the diffraction-induced realization of
IPID beams, as in Eq. (3), is achieved when the term
� /B��� is spectrally invariant. In this particular
case, the spectral amplitude of the focused field is
preserved, i.e., S���=S0���. We point out that it is not
possible to fulfill frequency invariance for the terms
� /B and � /B2 simultaneously. Based on the ABCD-
matrix approach, this is the key argument by which
to recognize that full 3D chromatic compensation in
the focal volume is not physically feasible by free-
space propagation.

We emphasize that angular dispersion is manda-
tory for generating OAID and IPID beams via diffrac-
tion, which is accomplished by inserting dispersive
elements in the ABCD optical system. Otherwise,
nondispersive arrangements, where B���=B��0�,
give rise to focused waves showing 3D focal patterns
that vary with frequency in both the axial and the
transverse directions and, as a consequence, the
spectra also change locally.10 In contrast, this sort of
wave experiences a characteristic angular spectrum
that is independent on � and, therefore, may be la-
beled an iso-angular-spectrum (IAS) wave fields. For
a review of the above three types of wave fields, see
Ref. 11 and references therein.

Let us consider an optical system composed of a
nondispersive objective coupled with a pair of
kinoform-type diffractive lenses,3 as depicted in Fig.
1. A first diffractive lens, DL1, of focal length Z���
=Z0� /�0, where Z0 denotes the focal length for �0, is
placed in front of the nondispersive objective, L, at a
distance s. A second diffractive lens, DL2, of focal
length Z0� for �0, is located behind L at a distance s�.
Under the constraints (1) s−1+s�−1= f−1, which is the
lens formula for the objective L, of focal length f, and
(2) Z0�=−�s� /s�2Z0, the optical arrangement verifies
A���=0. Moreover, by inserting an aperturing screen
at a distance a from DL1, the matrix element B is
given by

Fig. 1. (Color online) Optical focusing system under

consideration.
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B��� =
f�a + d�

d − f + s
−

fad�0

�d − f + s�Z0�
. �5�

In Eq. (5) d is the distance from the point source to
DL1. We note that d�0 leads to a virtual focal plane,
as depicted in Fig. 1.

Unfortunately, neither � /B nor � /B2 is invariant,
regardless of the value of the axial parameter a. Al-
ternatively, a less-stringent condition of achromatic-
ity may be required. Concretely, the reference fre-
quency �0 is imposed to be stationary for either � /B
or � /B2. In Ref. 3 it is demonstrated that, when a
=dZ0 / �2d−Z0�, the term ���� /B� vanishes for �0 and,
therefore, the Fraunhofer intensity pattern is achro-
matic, which was also experimentally verified. Re-
cently, we recognized that, in the Debye approxima-
tion, the amplitude distribution is also achromatic.9

As a consequence, such a scheme produces an achro-
matic version of IPID focal waves.

On the other hand, to create achromatic OAID
fields in the focal volume, we set ���� /B2�=0 for �0. A
solution is found if

a =
dZ0

3d − Z0
. �6�

Consequently, a simple axial displacement of the dif-
fracting aperture switches the achromatization mode
from in-plane to on-axis dispersion compensation.
Moreover, the angular dispersion produced by the dif-
fractive lenses may be counterbalanced if a=0, which
yields an IAS focal wave.

Next we implement the optical device in Fig. 1 to
test its axial chromatic compensation capabilities.
We choose the focal distances Z0=−Z0�=150 mm, for
�0=3.34 PHz, and f=100 mm. The axial distances
were selected as d=100 mm, s=s�=200 mm, and, in
accordance with Eq. (6), a=100 mm. A spherical
white-light beam, created from a high-pressure xe-
non arc lamp, acts as the illumination beam. Finally,
a circular aperture of 0.8 mm of radius was located at
the input plane. The circular aperture generates sev-
eral zero-axial irradiance dots for monochromatic il-
lumination. This out-of-focus behavior should be pre-
served for the generated OAID polychromatic field.
The axial irradiance in the region of interest is plot-
ted in Fig. 2(a) for the red, green, and blue (RGB)
channels. A picture of the transverse irradiance dis-
tribution at the plane marked with an arrow, corre-
sponding to the second zero-axial irradiance point for
the green component, is shown in Fig. 3(a). For com-
parison, Figs. 2(b) and 3(b) illustrate the same ex-
periment when the diffracted field is focused with
only the objective L. In the latter case, the zero-axial
irradiance dot is clearly blurred.

A second experiment was performed with a zone
plate as the input aperture. Here, we emphasize the
spectral invariance of the focal-spot axial position ob-
served in the setup depicted in Fig. 1, in contrast to
the linearly dispersive focal position commonly
achieved under parallel broadband illumination [see
Figs. 3(c) and 3(d)].
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Fig. 2. (Color online) On-axis normalized irradiance for
the RGB chromatic components generated by a circular ap-
erture and focused by (a) the achromatic setup in Fig. 1 and
(b) an ordinary refractive focusing lens.

Fig. 3. (Color online) Transverse patterns corresponding
to the position of the green component of the second zero-
axial irradiance spot produced by a clear circular aperture
and the first focus of a zone plate, generated, respectively,
by (a) and (c) the setup sketched in Fig. 1 and (b) and (d)
without axial achromatic compensation.


