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Four-dimensional light shaping: manipulating ultrafast
spatiotemporal foci in space and time

Bangshan Sun'2, Patrick S Salter!, Clemens Roider®>, Alexander Jesacher>*, Johannes Strauss>*,

Johannes Heberle?4, Michael Schmidt>* and Martin J Booth!*°

The spectral dispersion of ultrashort pulses allows the simultaneous focusing of light in both space and time, which creates so-
called spatiotemporal foci. Such space-time coupling may be combined with the existing holographic techniques to give a fur-
ther dimension of control when generating focal light fields. In the present study, it is shown that a phase-only hologram placed
in the pupil plane of an objective and illuminated by a spatially chirped ultrashort pulse can be used to generate three-
dimensional arrays of spatio-temporally focused spots. By exploiting the pulse front tilt generated at focus when applying
simultaneous spatial and temporal focusing (SSTF), it is possible to overlap neighboring foci in time to create a smooth intensity
distribution. The resulting light field displays a high level of axial confinement, with experimental demonstrations given through

two-photon microscopy and the non-linear laser fabrication of glass.
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INTRODUCTION

The control of light in the focal region of a microscope objective lens
is important in many different applications, ranging from imaging', to
optical trapping’ and laser fabrication®. Computer-generated holo-
graphy has become a widespread tool to provide such control,
particularly as it has developed in parallel with the increasing
performance of liquid-crystal spatial light modulators, to the extent
that the dynamic updating of complex light fields is now achievable in
real time*. However, the development of control of such complex focal
fields has mostly been confined to considerations of the three spatial
dimensions.

When focusing an ultrashort pulse, an additional degree of freedom
may be achieved. Dispersion of the spectral components of the light
can stretch the pulse temporally, after which it may be compressed
again to reconstitute the original short pulse. This process limits the
interaction range of a non-linear process, such as two-photon
fluorescence®™’. Such temporal focusing may be combined with spatial
focusing, for example, by using a grating followed by a positive lens,
but in general, the two phenomena can be decoupled. Previously, such
simultaneous spatiotemporal focusing (SSTF) was used to generate
widefield focal intensity distributions with high uniformity and strong
axial confinement, thus enabling rapid multiphoton imaging®!! with
the potential for use even deep inside scattering tissue'>!%. The
spectral spread prior to focus also alleviates problems related to

non-linear propagation, such as filamentation, which can prove
disastrous for laser processing through thick dielectrics!*!>. In
addition, SSTF offers several additional levels of control over the
ultrafast laser focus, including a controllable aspect ratiol®17
adjustable pulse front tilt (PFT)!820, leading to applications such as
processing glass for microfluidics'#'® and biomedical tissue ablation®.

Parallelization is already a common concept for using conventional

and an

focusing to increase the processing speed in applications such as
multiphoton microscopy?? and laser fabrication?*=2%. SSTF has further
advantages when generating such complex focal distributions. By
shaping the light through holography'>2°, projection?’~2° or general-
ized phase contrast®® prior to the dispersive element, a patterned SSTF
focus may be generated. Such continuous intensity distributions
typically display poor axial resolution, but including SSTF in the
optical system restores axial confinement at the focus. In this paper,
we demonstrate that it is also possible to holographically shape the
light after spectral dispersion of the pulse. We are able to create two-
and three-dimensional arrays of SSTF spots using a phase-only
hologram placed in the spatially chirped beam. In fact, using a
hologram in this configuration gives an additional level of control of
the light field. The inherent pulse front tilt associated with SSTF spots
can be exploited to overlap neighboring foci such that multiple spots
from a single pulse may overlap in space but be separate in time. Thus,
the conventional limitations on holographic spot spacing due to
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Figure 1 (a) Effect of a linear phase gradient on the SSTF focus. Images show simulated results of space-time (x, f) intensity variations of temporal foci. Left
to right: no phase gradient, linear phase causing negative shift, linear phase causing positive shift. (b) Plot of lateral spatial shift versus on-axis temporal
delay for an SSTF focus, with a varying magnitude of linear spectral phase applied. (c) Sketch illustrating the principle for creating a three-dimensional
multiple SSTF array. The zdirection is the optical axis (light penetrating into the sample). (d) Experimental system for four-dimensional light shaping (a full
diagram is provided in Supplementary Information Figure S1). (e) Sketch representing the relationship between ‘conventional focus’ and ‘SSTF’, as well as

‘single focus’ and ‘holographic 3D multiplexed’. SLM, Spatial Light Modulator.

mutual interference can be overcome through the simultaneous
control of the intensity distribution in four dimensions: three of space
and one of time.

MATERIALS AND METHODS

Holography in a spatially chirped beam

How can holographic elements be used to adjust the focus in the time
dimension? It is already known that applying group velocity dispersion
(GVD) to an ultrafast beam axially scans an SSTF focus®!. This can be
simply understood if the GVD corresponds to a quadratic spectral
phase (that is, the phase shift y at a frequency o is given by
w(w) x®?). In the pupil plane of the objective in an SSTF system,
there is a uniform spatial chirp (such that 7(w) « @, where r is the
radial position in the pupil of a spectral component). Hence, y/(r) <12,
which shows that the GVD is equivalent to applying a quadratic phase
in the objective pupil, which in the paraxial regime shifts the focus
along the optical axis?®3233, Recent work has also shown that applying
various phase-based aberrations in the pupil plane of an objective leads
to some familiar focal distortion with reference to conventional
focusing systems®*26. What is the link between these spatial manip-
ulations and temporal control?

It is instructive here to look at the application of a linear phase
gradient to a spatially chirped beam in the pupil of an objective lens
(in other words, w(r)r). Figure la shows the space-time (x, ?)
intensity variation of an example SSTF focus. There is a strong pulse
front tilt (PFT), which is characteristic of SSTF?. As should be
expected, the linear phase gradient causes a transverse shift of the
focus. However, this phase gradient is also equivalent to a spectral
phase w(w)xw. Therefore, from the Fourier shift theorem, one
should also expect a temporal delay in the focus. This dual
manifestation is apparent in the plot of Figure 1b, where we see that
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the combination of the lateral shift and the PFT leads to a temporal
delay on axis. Thus, we can see that it is indeed possible to translate a
single SSTF focus in both space and time, with an appropriate phase
applied to the pupil plane of the lens.

Since it is possible to translate an SSTF focus in three dimensions
using a phase pattern placed in the spatially chirped beam, it is an
obvious extension that a combination of gratings to direct foci to
different locations within the focal region should enable the generation
of multiple SSTF spots. The principle is illustrated in the sketch
included in Figure lc. The pattern displayed on the Spatial Light
Modulator (SLM) modulates the phases of all spectral components,
and each spectral component is diffracted by the unique local region
of the hologram and propagates along several different beam paths
into the focal region. The net effect of this is that there are several
parts of the focal region where all spectral components overlap with
the correct phase to form spatiotemporal foci. As a result, each
spatiotemporal focal spot is expected to contain contributions from all
spectral components across the whole pupil, thus confirming the
simultaneous spatial and temporal focusing property for all of the
spots. Furthermore, it should be possible within certain practical
bounds to introduce desired spatial and temporal shifts to the different
foci. The sketch in Figure le illustrates the relationship between the
conventional focusing and the SSTE. A single focus and holographic
3D multiplexed foci are compared. Note that the foci sketched here
would have circular cross-sections if viewed along the optical axis.

Experimental system

The experimental system is shown in Figure 1d. The ultrafast laser was
a OneFive Origami XP, with the wavelength of 1030 nm, pulse
duration of 350fs, spectral bandwidth of <4nm and tuneable
repetition rate from 50kHz to 1 MHz. The beam was spectrally
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Figure 2 Flow chart illustrating the two-stage process for updating the phase pattern in the hologram design.

spread using two blazed gratings (Thorlabs GR25-0610, 600 grooves
per mm, blazed for 1 pum wavelength light). The incident angle for
both gratings was aligned to approach the Littrow Configuration (17°
27'), giving a first-order diffraction efficiency of 85% per grating. The
spectrally dispersed beam was then directed onto a phase-only liquid-
crystal SLM (Hamamatsu X11840). The full width at half maximum
(FWHM) of the beam in the unchirped direction Dy at the SLM was
only ~3.1 mm, thus limiting the active area. This dimension Dy
determines the monochromatic beam size at the pupil, which can
be adjusted to control the lateral ellipticity of each SSTF focus'®!”.
A smaller Dy extends the dimensions of the spatiotemporal focus
axially and laterally (in a direction orthogonal to the spatial chirp)>*.
A 4f system was used to image the SLM into the pupil of the objective
lens (Zeiss EC Epiplan 50, 0.75 NA and a pupil diameter of
495mm). A 3D translation stage (Thorlabs 6-Axis NanoMax,
MAX607/M) was used to control the motion of the sample. An
LED-illuminated widefield optical microscope was integrated to image
the focal region. A CCD camera (Lumenera Lm075M) was used for
the detection of two-photon emission.

Hologram design

The phase patterns displayed on the SLM were designed by a Modified
Weighted Gerchberg-Saxton method (MWGS)¥3%. Two stages of the
algorithm were implemented to obtain the final phase pattern, as
shown in Figure 2. Stage 1 updates the phase pattern based on the
theoretical calculation of the intensity in the focal field. The phase
pattern in iteration p+1 is updated by

O = arg [i {eXP[iAm] x %X W{’n}] (1)

m=1

where weight factor w,, is defined as

wh :WP*IX( YII{{FI:"H)/H (2)
S ||

In the above equations, A, (x, y) is the propagator function relating
the spatial positions of each spot m in the focal field to pixels of the
hologram in the back focal plane of the lens, compensating for any
depth-dependent spherical aberration®. F?, is the calculated amplitude
of the field for spot m based on the phase in current iteration p, and n
is the total number of spatiotemporal focal spots.

In Stage 1, the focal amplitude calculations were based on Fourier
optics theory using practical parameters from the experimental system.
The simulations of multiple widefield SSTF spots considered both
phase modulation and spatial spectral chirp to increase the accuracy of
the hologram calculation*,

Stage 1 designs the initial hologram through pure theoretical
simulation. In practice, imperfections of the optical system make it
difficult to obtain a high-quality SSTF, as predicted by theory. We
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therefore introduced an additional stage to optimize the hologram.
Stage 2 of the algorithm updates the phase pattern based on the
experimental measurement of two-photon fluorescence from each
focus*®*!, We also introduced an intensity factor, Q,,, which allows a
different target intensity for each spot. Such an intensity factor could
just have been easily included in Stage 1 of the calculation?, but by
including it in Stage 2, it can remove any relation to the non-linearity
of the light-matter interaction. The measured two-photon fluores-
cence intensity of each spatiotemporal focus in iteration g is
represented as I9, for spot m. The phase pattern in iteration g+1 is
then updated by

n

FO
@1 = arg [ZI: {exp[iAm}xF—oz}x wfn}:| (3)
where FO, is the last spot field calculated in Stage 1. The weight factor
wi is defined as

= i (L) "

As shown in the above equations, in contrast to Stage 1, the phase
of each spot (which is determined by exp[iA,,] x %) is fixed in each

iteration of Stage 2. Only the weight factor w, is updated in Stage 2
until all spots reach the target values for the two-photon fluorescence
intensity. In our experiments, 1-5 iterations of Stage 2 were usually
required to obtain good uniformity, with the number of iterations
being dependent on the system configuration. As the purpose of Stage
2 is to resolve any problem resulting from system imperfections, this
stage only needs to be implemented once. The generated phase
correction could subsequently be used for most samples.

The calculation process of each stage is not particularly computa-
tionally intensive and typically takes less than one minute. The
duration is nearly independent of whether the array is 2D or 3D. By
implementing the algorithm on the GPU, the calculation speed could
be significantly enhanced to, in theory, allow the dynamic modulation
of the individual spots*. The time-limiting factor in updating the spot
pattern would then become the refresh rate of the SLM. Using our
technique here, a nematic liquid-crystal SLM is needed to achieve
grayscale phase control. Nematic liquid-crystal SLMs typically have a
refresh rate of 60 Hz, but it has recently been shown that by using
over-drive techniques, response times of ~1ms can be achieved®,
moving into a regime where high-speed dynamic updates of the spot
pattern are possible.

Measurement of focal intensity distribution

Two methods were employed to measure the focal intensity distribu-
tion of the generated spots. In the first, a mirror was aligned at the
focal plane of the objective lens and images were taken using the

Light: Science & Applications
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Figure 3 (a) The images of two-photon emission and fabrication in glass for a 2D 1x9 array and a 2D 5x5 SSTF multiple focal array. The images from left
to right: two-photon image of 1x9 array, single-exposure fabrication on the glass surface of 1x9 array, two-photon image of 5x5 array, single exposure
fabrication in glass with 30 pm depth of 5x 5 array. Scale bar is 15 um. (b) Left: Image of two-photon fluorescence arising from an SSTF array with designed
intensity variation between each spot. Scale bar is 20 um. Right: The line plots show an intensity profile along the central line of the left- and right-hand sets
of 5 foci. The constant background offset was subtracted in the plots. (c) 3D multiple focal array of 11 spatiotemporal spots that were distributed at three
different axial planes. The images of two-photon emission and fabrication in glass are presented. Scale bar is 15 pm. The SLM phases used to create these

temporal arrays are presented in Supplementary Information Figure S3.

integrated widefield optical microscope. These images were linear in
the focal intensity and hence did not reveal the temporal focusing
aspect of the arrangement. Therefore, we additionally probed the non-
linear response to the SSTF foci by monitoring the fluorescence
emission due to two-photon excitation of a uniform fluorescent
volume. The sample consisted of an aqueous solution of propidium
iodide (PI, Sigma Aldrich P4170) with a concentration of 10 mg/ml,
sealed between a microscope slide and a cover slip. The emitted
fluorescence was captured on the CCD, with an additional short-pass
filter inserted to block any back-scattered light from the laser. Due to
the well-confined excitation and high concentration of the PI solution,
the two-photon fluorescence emission was sufficiently strong to be
detected in standard video mode of the CCD camera. The two-photon
nature of the excitation was confirmed by the quadratic dependence of
the fluorescence intensity on the illumination power. The axial extent
of the foci was estimated by measuring the edge response obtained
by scanning the sample along the optical axis, so that the foci
traversed the interface between the cover slip and the PI solution
(Supplementary Information Figure S2).

For all of the following results, the system was configured such that
each of the SSTF foci had a lateral full width at half maximum
(FWHM) diameter of 2.5 pm, which was measured consistently across
all experiments. From the two-photon edge response, the axial FWHM
in water was estimated to be ~ 7.5 pm. These values can be compared
with calculations for an objective lens with an NA of 0.2 by using
conventional focusing: the lateral FWHM would again be 2.5 pm,
whereas the axial FWHM would be approximately eight times larger,
at 60 pm. The confinement of the non-linear effect along the axial
direction clearly shows the non-conventional and spatiotemporal
nature of the focus.

Due to the limitation on pulse energy from the laser source, we
opted for relatively small temporal foci in these demonstrations to
maximize the capacity for parallelization. However, we note that by
adjusting the beam size directly after the laser source, it is possible to
vary the spatial extent of the illumination at the pupil and hence
change the lateral size of the temporal foci. In such a manner, our
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experiments showed that the lateral size of the foci could be increased
to 10pm FWHM while still successfully generating an array of
temporal foci.

Direct laser writing
A further application that highlights the temporal compression of the
pulse in SSTF is direct laser writing inside transparent materials, which

relies on non-linear absorption at the focus*.

Fabrication was
conducted either on the surface or inside standard microscope glass
slides (CarlRoth 0656.1). A scan speed of 20 pm/s was used to draw
continuous lines within the glass with a laser repetition rate of 50 kHz.

The pulse energy was adjusted as necessary for each experiment.

RESULTS AND DISCUSSION

Holographically generated SSTF focal arrays

Figure 3 shows various demonstrations of holographically multiplexed
spatiotemporal foci in two and three dimensions. Figure 3a shows
images of the two-photon fluorescence and direct laser writing in glass
with 1x9 and 5x5 arrays of SSTF foci. The 1x9 SSTF array was
designed for fabrication on the glass surface, without the correction of
refractive index mismatch, whereas the 5 x5 temporal focal array was
designed for fabrication at a 30 pm depth inside the glass with an
incorporated correction of index—mismatch aberration. The intensity
factor Q,, (equation (4)) was set to be one to achieve high uniformity
for all of the SSTF foci. As a result, in both arrays, all of the SSTF spots
exhibited similar two-photon intensity and similar properties in
fabrication. It is notable that the zero order, comprising light that is
not modulated by the SLM phase pattern, becomes stronger when the
focal array stretches along both the x and y directions. To suppress the
intensity of the zero order, the hologram may be designed to generate
an additional spot that overlaps the zero order and leads to destructive
interference®. It is thus possible to reduce the zero order in the 5x 5
array such that the intensity of the central spot is not significantly
different than the intensities of the other spots (Supplementary
Information Figure S4).

doi:10.1038/1sa.2017.117



We demonstrate that the intensity of each SSTF spot can also be
individually controlled. This relies on the introduction of the intensity
factor in Stage 2 of the phase pattern design. We designed a 2 x5
temporal focal array to demonstrate this ability, as shown in Figure 3b.
The intensity factor Q,, (equation (4)) was set to [5, 4, 3, 2, 1] and [1,
2, 3, 4, 5] for the spot vectors on the left and right sides, respectively.
After a few iterations in Stage 2, the two-photon intensity of each spot
in the 2 x5 array reached the desired relative value. We note that the
spot intensities do not necessarily have to be linearly related. Any
combination of relative intensities can be achieved by adjusting the
intensity factor Q,,.

A three-dimensional spatiotemporal focal array was designed and
presented in Figure 3c. Similarly, the intensity factors Q,, (equation
(4)) were set to one to achieve high uniformity in two-photon
intensity. The 11 temporal foci were designed to distribute in three
different lateral planes, spaced axially by a distance of 15 pm. In the
nominal focal plane, three temporal spots are located along the y
direction. In the planes that were 15 pm and 30 pm below the nominal
focal plane, four SSTF spots were distributed in both the x and y
directions, as shown in Figure 3(c). The two-photon fluorescence
images in the z=15pm and z=30pm planes were captured by
refocusing the integrated inspection microscope independent of the
temporal focus system. The refractive index—mismatch aberrations
were all corrected in the hologram design for 11 SSTF spots, and the
array was designed for fabrication in glass at a mean depth of 30 pm.
As shown in the right images of Figure 3(c), with one single pass of the
glass sample, 11 lines with different starting points were fabricated at
three different depths at the same time.

In the design of a 3D SSTF focal array, it is notable that if several
spots have the same x and y positions, the spots had to have
considerable separation along the z-direction (at least 5-10 times the
FWHM axial resolution) to achieve distinct temporal foci with high
uniformity of intensity. The required separation is related to the
monochromatic beam size in the objective pupil (that is, the NA for
each spectral component) and, hence, the transverse size of the foci.
We note that this distance is greater than that needed in holographic
arrays using conventional focusing due to the reduced effective NA of
each spectral component in SSTF.

Interleaving foci in space and time

We have shown that it is possible to generate multiple SSTF spots in
3D by using a hologram in the spatially chirped beam. We now
explore how the additional consideration of the time dimension leads
to extra flexibility in the implementation of parallelized SSTF.

We first consider a linear array of nine SSTF spots arranged along
the direction perpendicular to the spatial chirp (i.e., parallel to the x
axis) with a separation of 4 pm. The experimentally measured spatial
intensity distributions are shown in Figure 4a along with the
theoretically calculated space-time distribution. As expected, there is
mutual interference between the spots, and the definition of the spot
array is lost because the light arrives simultaneously at each point
across the array. However, if we create another array, with the same
spacing but oriented along the spatial chirp direction (y axis), there is
minimal interference, and the array of nine spots is still clearly defined
(Figure 4b). The reason for this lack of interference can be explained
by the strong pulse front tilt (PFT) present in SSTF foci'®2°. The
space-time plot shows clearly that due to the PFT, there is no overlap
between the foci when considered in 4D. Instead, the foci are
interleaved in space time, and there is no interference between
the spots.

doi:10.1038/1sa.2017.117
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Figure 4 (a) Top: Image of nine spatiotemporal spots in an array orthogonal
to the direction of spatial chirp (x axis). Bottom: simulation of intensity
profile in the time domain (x-time profile). The distance between each spot
is 4 um. (b) Left: Image of nine spatiotemporal spots in an array along the
direction of spatial chirp (y axis). Right: simulation of intensity profile in the
time domain ()~time profile). The distance between each spot is 4 um.
(c) Left: simulation of time-averaged two-photon intensity for line temporal
focusing with nine spots, assuming the spots are separated by a distance of
3 pm. Middle: experimental two-photon image taken in the fluorescent dye
sample. Right: plots of the two-photon intensities along the x and y axes.
The RMS error of two-photon emission for the 30 pm uniform area along the
y axis is 0.046 in normalized intensity. (d) The application of the uniform
intensity temporal line to direct laser writing on the surface of glass. The
focal plasma is the white region. Inset: phase pattern used to create this
uniform intensity temporal line.

This space-time interleaving means that it is possible to generate an
extended line of approximately uniform time-averaged intensity using
multiple SSTF spots positioned along the direction of the spatial chirp.
This can be realized either by reducing the distance between each spot
or increasing the focal spot size by reducing the input monochromatic
beam size. In this way, adjacent spots can be spatially overlapped with
minimal interference between them, as demonstrated by the simulation
results in Figure 4c. In practice, we chose an appropriate spacing
distance of 3 pm, and the focal spots were made broader by the
inclusion of an adjustable iris before the gratings. On the one hand, a
small distance would introduce a larger number of focal spots, thus
increasing the difficulty in making sure all spots have the same intensity
within a complex SLM phase. On the other hand, a more extended
focal size does not necessarily bring better performance of a uniform
line (Supplementary Information Figure S6). Figure 4c presents the
two-photon fluorescence generated using the focal strip, which extends
along the spatial chirp direction (y axis) for more than 30 pm. This
remarkable result, where it is possible to spatially overlap several foci

Light: Science & Applications
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from the same pulse, is only possible due to spatiotemporal interleaving
at the focus. It is not possible to generate such a uniform line focus in
the orthogonal direction, in which there is no PFT.

One application of this uniform intensity line focus is in wide-area
laser machining, where ‘flat top’ beams are commonly sought. As
shown in Figure 4(d), a region with size 30X 200 pm was fabricated
with a single pass of the sample. We note that laser processing with a
conventional line focus that is generated by, for example, a cylindrical
lens tends to produce stronger material modification in the central
area, where the laser intensity is higher. In contrast, the spatiotemporal
interleaving method generates an intensity distribution with a flatter
top, leading to a fabricated region that is uniform across the whole
area, thereby maximizing the processing efficiency. SSTF itself should
theoretically not require any more laser power than conventional
focusing, although in practice, slightly more power is indeed needed
due to system imperfections. The added system complexity can be
offset by the additional benefits incurred by SSTF across the laser
processing and microscopy applications, and there should not be a
difference in laser material processing speed between the methods.

CONCLUSION

We have demonstrated that multiple SSTF foci may be generated in
2D and 3D through an appropriately designed diffractive holographic
element illuminated by a spatially chirped beam. The spatiotemporal
nature of these foci has been confirmed through two-photon imaging
and direct laser writing. Thus, it should be possible to combine the
known advantageous aspects of SSTF (e.g., reduced scattering effect,
non-linear effects, controllable aspect ratio, adjustable pulse front tilt)
with the ability to increase the process speed through parallelization.
In addition, we discovered a unique characteristic of multiplexed SSTF
foci: the spatiotemporal coupling may be exploited to interleave foci in
space time. This permits spatial overlap of adjacent foci with minimal
interference. It is thus possible to generate a uniform ‘flat top’ intensity
extended line focus based upon the inherent pulse front tilt present in
SSTF. This ability offers an additional degree of freedom over
conventional holographic spot arrays with conventional focusing,
where there is a limitation on how closely spaced the spots may
be®>. If they are positioned closer than ~ 3 Airy units of each other,
mutual interference causes significant distortion of the desired
intensity profile, in effect resulting in non-uniformity of the illumi-
nated area. Appropriate placement of the foci in 4D allows us to avoid
this problem, thus opening applications in non-linear imaging and
laser processing.
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