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Microscopy with self-reconstructing beams

Florian O. Fahrbach?*, Philipp Simon? and Alexander Rohrbach?*

Although self-reconstructing beams have been the focus of many scientific studies over the past decade, hardly anything
is known about their propagation and self-healing behaviour in a three-dimensional, inhomogeneous medium. The
controlled reduction of scattering and beam spreading would enable a new illumination concept for light microscopes,
particularly for those designed to look deep into scattering tissue. By investigating three different classes of refractive
index inhomogeneity, using two large glass spheres, a cluster of smaller spheres and a piece of human skin, respectively,
we show that beam self-reconstruction is indeed possible. We demonstrate that a Bessel beam is unexpectedly robust
against deflection at objects, and we define measures for self-reconstruction in this context. We present a prototype of a
microscope with self-reconstructing beams (MISERB) and show that a holographically shaped, scanned Bessel beam not

only reduces scattering artefacts, but also simultaneously increases image quality and penetration depth in dense media.

phenomena in both basic and applied research, also providing

inspiration to writers of science fiction. In matter, self-healing
is dominated by the highly coupled diffusion of a complex system
in a multidimensional landscape of Gibbs free energy, but
self-healing of light beams requires the delocalized transport of
beam energy and momentum that can replace scattered photons
in the centre of the beam.

The idea of self-reconstructing beams originates with work on
phase axicons? and annular pupils®, resulting in beams with an
enhanced depth of field. The Bessel beams generated in this
manner were later termed ‘non-diffracting beams™. Their intensity
profile in free space does not change, because their plane-wave com-
ponents do not run significantly out of phase in the propagation
direction z, which would otherwise lead to beam spreading as in
normal beams such as Gaussian beams.

Self-healing or self-reconstruction of light beams may occur
behind a perturbation of the field by a scatterer, which locally
shifts the phase or absorbs energy. It has been shown in simple
experiments how a Bessel beam® or a vortex beam® can recover its
initial intensity profile after being obscured by a single obstacle.
This work was extended to other non-diffracting beams’™, in
both continuous-wave (c.w.) and pulsed forms!'®!!,

In one notable experiment, a Bessel beam was used to simul-
taneously manipulate several particles using optical forces'?. This
demonstrated the potential of self-reconstructing beams in future
applications in nano- or biotechnology. A few studies have shown
that beams can reconstruct, in principle, after propagating
through a plane of beads'? or a suspension of small beads®.
However, the behaviour of self-reconstructing beams in more
complex or even biological materials has not yet been explored.

A major problem in modern microscopy is the scattering of
both illumination light and light emitted from the object,
which degrades image contrast, particularly in thick media
with object sizes larger than ~0.1 mm. In the past, this
problem was described by photon diffusion'®, which considers
incoherent light propagation from a distribution of point
sources. However, modern microscopes use laser-scan tech-
niques, in which coherent illumination and light propagation
usually lead to specimen-induced beam aberrations'. Coherent
light scattering therefore also occurs in point-scanning systems

S elf-healing of matter and light beams have long been fascinating

such as confocal or two-photon microscopes, where scattered
point intensities are added. Coherent light scattering also
becomes more pronounced in line-scanning systems or plane-
scanning systems as a result of coherent field superposition.
Scattered illumination light can lead to strong image artefacts,
resulting in superposition of an uncorrelated ghost image over
the ideal image®®.

The effect of ghost images becomes apparent in a light-sheet-
based type of microscope, where the illumination lens and the
detection lens are arranged at 90° to one another. Illumination

Argon laser

CCD

Figure 1| Schematic of the set-up. An argon laser illuminates a spatial
light modulator (SLM), which is imaged into the focal plane of the
illumination objective (10) (LD Achroplan 20 x /0.4 Corr, Zeiss). The scan
mirrors (SM) enable a beam tilt in the back focal plane of the 10, leading to
a lateral scan of the holographically shaped beam in the x-direction. In the
time average, a light sheet is generated that illuminates only the part of the
object in the focal plane of the detection objective (DO) (W-Achroplan

63 x /0.95, Zeiss). Fluorescence light is detected in the orthogonal
y-direction and imaged onto a CCD camera.
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Figure 2 | Simulation of intensity distributions of Gaussian and Bessel beams scattered by two spheres. a,b, Intensity isosurfaces at 50%, 100%, 200%

and 300% of |

max

(z=-z,). The area shaded in light blue indicates the width 2x,, over which beam intensities are averaged in Fig. 3. c-f, Intensity

cross-sections I(x,y,z= —23 um) before (c,e) and I(x,y,z=+23 pum) behind (df) the two spheres. Linescans through the beam centre quantify beam widths
and intensities. The parameters are NA = 0.15 for the Gaussian beam (a,c,d) and NA = 0.3, e = 0.8 for the Bessel beam (b,ef). The spheres (radius
a=4pm, n=1.41) are displaced by a distance b (here, b=a) from the beam axis in the x-direction.

light penetrates the sample from the side and, being focused to a thin
light sheet, only excites fluorescence in that part of the object that is in
the focal plane of the detection lens. In contrast, in conventional and
confocal microscopes many more parts of the object are illuminated
(or fluorophores excited) than are detected. Furthermore, a light-
sheet-based type of microscope is faster in terms of image acquisition
than a point-scanning confocal microscope, because it can be driven
in a plane-scanning configuration by using a cylindrical lens!**° or in
a line-scanning configuration by using a laterally scanned Gaussian
beam?. Therefore, light-sheet-based microscopes have proven to be
very effective for the three- and four-dimensional imaging of large
biological specimens?!?2,

In this Article, we illustrate coherent light propagation and scat-
tering through inhomogeneous media by exciting fluorescence in a
plane parallel to the propagation axis using a light-sheet-based
microscope. We compare beam spreading and deflection of
normal and self-reconstructing beams when interacting with differ-
ent dielectric scatterers, covering three different classes of refractive
index inhomogeneity. We identify different measures of self-recon-
struction for a modified Bessel beam relative to a focused Gaussian
beam. We further show that a scanned Bessel beam generated by a
computer hologram can produce high-quality images in strongly
scattering media such as human skin.

Our imaging technique is called microscopy with self-recon-
structing beams (MISERB) and uses the abovementioned arrange-
ment with an illumination objective (IO) and a detection
objective (DO) oriented perpendicular to one another. As in other
approaches'®?, the object is illuminated from the side through
the generation of a thin light sheet. However, in our approach we
use a computer hologram generated by a spatial light modulator
(SLM, HOLOEYE LC-R 2500) (Fig. 1). The modulated Gaussian
laser beam (A =488 nm) obtains a special designed phase
brolo(,y) to generate a self-reconstructing beam with intensity
profile A, ;,(r) = |E; ;o(r)|*. This beam is designed to excite fluor-
escence light in the plane of focus of the DO, which is detected in
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the orthogonal y-direction. The object, embedded in a cylinder of
fluorescein-stained agarose gel, is then moved along y to obtain a
stack of N images p(x,y;,2) (j=1,..., N).

However, a real, non-idealized image is obtained by superposition of
unscattered illumination laser light and illumination light scattered at
the object, with total intensity

hyy(£) = |E(0)]* = [Byo(r) + Egiy (1)
= [Bo(0I” + (B (0I” + 2Re{Eyy (1) - B, (1))

= hholo(r) + hy, () (D

where E, |, and E_, are the unscattered and scattered fields, respect-
ively. Both intensities 4, (r) and h,(r) illuminate and excite a fluor-
ophore distribution C(r), which is then detected via a probability
distribution A, (r). Therefore, a three-dimensional image p(r) is
obtained by a convolution (denoted by *) with the detection point-
spread function h,,(r) according to"

P() = (Mo (1) + Iy (1)) - C(1))" Prgey (1) )

The second term, h_(r), can become negative, because it contains the
interference term and produces artefacts (h,(r)-C(r))*h4, (r) in the
image. These artefacts increase with h,(r) and propagation
distance z (ref. 15). A clear goal in the development of new microscopy
techniques must therefore be the reduction of light scattering inside the
sample, which until recently has been considered a hopeless task.

To answer the question as to what extent self-reconstructing
beams such as Bessel beams can help to reduce scattering artefacts,
one has to define measures for self-reconstruction in inhomo-
geneous media. Self-reconstructing beams must have the ability to
restore their initial intensity profile hy,, (r) after interaction with
scatterers. This means that the intensity difference |hy(r) —
hyo(x)| between the unperturbed beam h, ; (r) and the beam
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Figure 3 | Measurement of beam propagation in a fluorescing gel with two large glass spheres arranged consecutively at various beam distances.
a-h, Images for varying distances b between the spheres and the beam axis for a Gaussian beam (a-d) and for a Bessel beam (e-h). The non-fluorescing
spheres (diameter 2a = 8 um) are outlined by white circles. The white arrows indicate no (¢) and good (g) self-reconstruction behind the scatterers. All
images have the same dynamic range. ij, Intensity linescans /;,(z,b) along the dashed lines (width 2x,, = 4 wm) for the Gaussian beam (i) and the Bessel

beam (j). k, Standard deviations §(z) of I;(z,b) for each propagation distance z.

hy(r,b,) perturbed by any scatterer at positions b, must be minimal,
such that |h ., (r,b,)| = |y (1,b) Iy, (r)| = min. For a self-recon-
structing beam this requirement must be fulfilled for all distances
b= |b| from the scatterer position to the beam axis. The beam pos-
ition, and therefore b, is varied by the scan mirrors. Let I;(z, b) be
the intensity hy(x,2,b) of a beam at position b relative to a scatterer,
averaged laterally over a few micrometres. We now can derive the
standard deviation §(z) or the variance 3(z)* between the unper-
turbed beam intensity I, ,,(z) and the perturbed beam intensity
I (z, b) as a function of the propagation distance z:

1 [° - }
Sz = WJ (Toio @ — Iy(z.0))’db — min ~ (3)
holo

—00

To account for the natural beam spread or intensity decay of I, ;,(2)
along z, that is, a limited beam self-reconstruction in free space, we
use a normalized standard deviation 3(z) = s(2)/I,,,),(2) by dividing
by the averaged unperturbed beam intensity. The smaller 3(z) is for
every propagation distance z, the smaller is the beam deflection or
scattering by a particle. As outlined above, the beam intensities
hyoo and hy, along z were averaged over a region of width 2x,,
such that

' h(x,z)dx 4)

m

I(2) = (2x,) " j

—X,

The width 2x,, is at least twice the beam waist Ax~ 1.224/NA,
that is, 2x,, > 2Ax, and is indicated by the shaded area in Fig. 2.
This area comprises a large amount of scattered light, which deter-
mines the magnitude of 5(z).
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Results

To demonstrate the degree of self-reconstruction in inhomogeneous
media, we have compared a conventional Gaussian beam to a
self-reconstructing Bessel beam hy;(r) applied to exactly the same
refractive index distribution n(r) =n,+ An(r) and fluorescence
distribution C(r) = Cy(1 — An(r)/An,,,,). In all experiments, non-
fluorescing objects were embedded in a fluorescing gel to visualize
the spread of the illumination intensity h;(x,z). The angular spectrum
of the Bessel beam has an annular shape with outer radius NA4-k
and a ring thickness Ak =NA;5k-(1 -\/¢) with ring aperture ratio
€ =0.8-0.95. The depths of field Az of the beams were adjusted by
focusing the Bessel beam with a numerical aperture of the IO of
NA;;~ 0.2 and the Gaussian beam with NA;5~ 0.1. The beams
were continuously displaced along x in small steps, so that distance
b was varied in the lateral x-direction relative to the centre of the
image or to the scatterers at x = 0, respectively.

Self-reconstruction behind large scatterers. The first, well-defined
class of refractive index inhomogeneity was represented by two large
glass spheres of diameter 2a =8 um, which were located in a
fluorescing gel cylinder at a distance L =19 um along the optical
axis. Unlike the situation in previous studies®, these particles did
not block the beam, but scattered and redirected the whole beam or
parts of it. How much relative energy a scatterer removes from the
beam depends on its position b relative to the beam axis and on its
size and refractive index, which is characterized by the scattering
cross-section C,. The arrangements for self-reconstruction behind
the two glass spheres were measured and simulated.

First, the illumination intensity h,;(r) was computed using a vec-
torial beam propagation method (BPM)'® for both a Gaussian beam
and a Bessel beam. The results are shown in Fig. 2 for the case where
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Figure 4 | Images of a cluster of glass spheres. a-c, Three different beam types, propagating from left to the right, illuminate non-fluorescing spheres
(diameter 2a =2 um) in a fluorescing gel, yielding images p(x.z): a static light sheet (LS) formed by a cylindrical lens (a), a scanned Gaussian beam (b) and a
scanned Bessel beam (c). The plot insets show the standard deviation §(z) & §8"°%(z) of the increasing illumination inhomogeneity and line fits to §(z)

(red lines). d, Transverse intensity profiles of the images in front of (p(x,z,)) and behind (p(x,z,)) the scatterers, indicated by dashed lines at the left and right
edges of images a-c. (Ap(x)) denotes the mean intensity fluctuations. The grey shaded areas indicate the unique magnitude of the dynamic range of 30%p, ;..

the two glass spheres are displaced by b= a = 4 pm from the beam
centre in the y-direction. The simulation results show that the
Gaussian beam (Fig. 2a,c,d) is deflected at the edge of the first
sphere and penetrates the second sphere, nearly through its
centre. In contrast, the Bessel beam (Fig. 2b,e,f) scatters at the
edges of the first and second spheres, but does not change its propa-
gation direction. It recovers its profile to a large degree, as shown in
the cross-sectional plots in Fig. 2e,f.

In the corresponding experiments, the total intensity was imaged
according to equation (2) and could be compared to the simulation
because the point-spread function hgy,(r) is relatively small and
therefore does not alter the illumination intensity much, although
it blurs the rings of the Bessel beam. Images p(x,z) for four different
beam-to-bead distances b=7.0, 4.2, 2.8 and 0 wm are displayed in
Fig. 3a-d for the Gaussian beam and in Fig. 3e-h for the Bessel
beam (see also Supplementary Movie). The experimental con-
ditions in Fig. 3b,f correspond to the simulation shown in
Fig. 2, where b=a. Four intensity linescans I;(z, b) averaged
over a linewidth 2x,,=4 pm (equation (4)) are plotted in Fig. 3i
for the Gaussian beam and in Fig. 3j for the Bessel beam. Here,
a significant decay of I;(z,b) can be seen for the Gaussian
beam due to scattering at the two spheres. This is further mani-
fested by the standard deviation $(z) as defined in equation (3),
for both beam types. Figure 3k reveals two 8-pum-wide peaks
arising from the non-fluorescing spheres, but there is only a very
small intensity deviation along z for the Bessel beam, whereas
5(z) strongly increases for the Gaussian beam.

Self-reconstruction of beams in a cluster of spheres. The second
class of refractive index inhomogeneity was represented by several
hundred 2-pm glass spheres, which were distributed randomly in
a volume with a diameter of ~0.1 mm in a fluorescing gel.
Comparable scattering situations were simulated numerically®.
We tested three different beam types for their robustness against
scatterers: a static light sheet generated by a cylindrical lens, a
laterally scanned Gaussian beam and a laterally scanned Bessel
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beam. All beams had comparable depths of field along z. The
fluorescence images p(x,z) shown in Fig. 4a-c were acquired by
averaging over all beam positions along x for the two scanning
beams and by a single acquisition for the static light sheet.

The static light sheet from a conventional selective plane illumina-
tion microscope (SPIM)!® produced strong artefacts in the form of
bright stripes that resulted from diffracted and focused light
(Fig. 4a) Improvement can be seen for the scanned Gaussian beam?
(Fig. 4b). However, the least aberrated image resulted from the scan
with the self-reconstructing Bessel beam (Fig. 4c). As shown in
Fig. 4d, lateral intensity linescans are relatively flat for all three illumi-
nation types in front of the cluster of spheres, but reveal intensity vari-
ations behind the cluster, which are very pronounced for the SPIM
light sheet, smoother for the scanned Gaussian and nearly flat for
the Bessel beam. Self-reconstruction is further manifested by the inten-
sity standard deviations §89%(z), which are plotted as shaded curves
from left to right through the images (Fig. 4a—c), as well as by the
average slope of 5(z), indicated by red line fits (Fig. 4c). The total
intensity standard deviation can be separated into two terms,
3(z) & sdeal(z) 4 sghost(z)  (as  derived in  the Supplementary
Information, part II). The very small §9(z) is produced by the
unstained spheres, and defines the ideal contrast of the image.
38h9%(2) is produced by the stripe-like artefacts from the illumina-
tion, and should be minimized. Using the same dynamic range of
4§§2°St ~ 0.3 in all images, the Bessel beam is again least affected
by the scatterers and has the smallest and flattest 38"°%(z), as is
clearly visible from Fig. 4a—c. The intensity fluctuations (Ap(x,z,))
(s.d.) of the Gaussian beam are 1.9 times larger than those of the
Bessel beam. The intensity fluctuations (Ap(x,z,)) (s.d.) of the
light sheet are 3.3 times larger.

Self-reconstruction of beams in biological tissue. The third class
of refractive index inhomogeneity was represented by a piece of
fresh human skin several hundred micrometres in size. The outer
part of the skin consisted of the epidermis and the dermis,
separated by the basal membrane. The first stiff layer of dead cells
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Figure 5 | Maximum-selection images of human skin. a,b, lllumination by a conventional beam (a) or a self-reconstructing beam (b). The beams illuminate
the skin from left to right. Images from the Gaussian and Bessel beams at a single position are overlayed in orange-hot colours. Averaged intensity linescans
F(2) ~ Iy(2) show an exponential decay through the epidermis. ¢,d, Part of the epidermis close to the basal membrane, magnified and autoscaled (boxes with
dashed outline in ab), revealing single cells only for Bessel beam illumination. e f, Line scans F(x,z) normalized to F(x,z= 0) for x = x;,x, (indicated by
dashed lines in ¢,d), showing the strong increase in contrast for the Bessel beam illumination.

in the epidermis, the stratum corneum, can be distinguished from a
layer of living cells (keratinocytes), which in the following we simply
refer to as the epidermis. The laser beam propagated first through
the stratum corneum and then through the epidermis. Because
autofluorescence was very weak, a fluorescing eosine solution was
added to penetrate and stain the skin. The layers all have
different, non-homogeneous refractive index distributions n(r)
and different fluorophore concentrations C(r). A comparison
between a laterally scanned Gaussian beam and a laterally
scanned Bessel beam regarding their self-reconstruction ability
could be performed by analysing a distance-dependent Strehl
intensity ratio SR(z), which is the centre-of-mass intensity of the
focused beam along the propagation distance z for (further details
see Supplementary Information, part II). The results are shown in
Fig. 5, where the propagation image of a single beam hy(x,2,b,) is
overlaid in orange-hot colours on the grey-scale image of the
human skin. Using identical integration times in both images, the
12-bit dynamic range of the charge-coupled device camera was
fully exploited, demanding similar maximum intensities in both
types of beams. For image post-processing we used the standard
procedure of a maximum selection of each beam to enhance
image contrast (for further details of image acquisition see
Supplementary Information, part I). Again, the Gaussian beam
generated more illumination artefacts in the form of stripes, and
the Bessel beam enabled reduced scattering and a more
homogeneous illumination without stripes. In addition, the
reduced scattering of the Bessel beam at the densely packed skin
cells resulted in a 55% increase in the average penetration depth
d, as indicated by the fluorescence intensity linescans F(z) inset
into the images in Fig. 5a,b. We found values of d, = 50 pm
and dp, o = 77 pm in the epidermis (z = 138-225 wm). The axial
change of fluorescence intensities could be separated spatially in a
region of the stratum corneum (left) and epidermis (middle),
whereas the dermis (right) is hardly visible. Assuming a mean
constant fluorophore Eoncentlation_ﬁepid for z> z; and C,,, for
z<zy, we average F(z) = C(z)-Iy(z) over the image width
2x,,= 175 um. The axial decay of fluorescence can be written,
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corresponding to equation (4), as

Xm

F(z) = 2x,,)"" j C(x, 2) - |Ey (%, 2)[*dx

—Xm

~ { Cstrat ! Istrat(z) if z< Zg

6epid ) Tepid(ZE) ) CXP(—ﬁ ) (Esca + Eabs) : Z) if z> ZE

)

where the illumination intensity h(r) = |E,(r)|* separates into a
field E,(r) with an average and a fluctuating phase ¢(r) + 8¢(r)
(for further explanations see Supplementary Information, part III).
With increasing z > z; the number of diffusive photons increase
and the correlation of their phases decreases in the epidermis. In
other words, the root-mean-square (r.m.s.) deviation of the phase
d¢(z) = /—In(F(z)/F,) grows, while the intensity F(z) ~ Iy(z)
along the beam axis, that is, the number of non-scattered,
ballistic photons, falls off approximately exponentially. This is
indicated by the second line of equation (5), which is a heuristic
expression. The intensity F(z) increases at the beginning of the
epidermis at z;~ 120 um due to a higher fluorophore
concentration Qpid > Cy- For z>z, the imaged fluorescence

4(z) reveals a weak exponential decay through the

Cepid : Tepi
epidermis with decay constant (7, + 7). Because the mean

sca al
density p of scatterers and the mean absorption cross-section T,
are the same for both beams, the mean scattering cross-section
T,y > O, Wwhich should be called an effective scattering
cross-section, is significantly reduced for the Bessel beam. In other
words, the incident holographically shaped field E, ., determines
the effective scattering cross-section and the penetration depth in
dense media. This is indeed a remarkable result. Although suggested
by earlier studies?, the strength of this effect has been unexpected.
This effect is further manifested by the magnified and autoscaled
image areas and linescans of Fig. 5, which reveal structures on a
single-cell level with the self-reconstructing Bessel beam, structures
that are invisible with a Gaussian illumination beam.
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Discussion

We showed, using three different classes of refractive index inhomogen-
eity, that beam self-reconstruction is effective in inhomogeneous media.
Through this effect it is possible to construct a new type of microscope,
using self-reconstructing beams, a technique that we call MISERB.
In this study the aim was to minimize scattering artefacts by using holo-
graphically shaped beams, not to optimize the image contrast.

Why is a Bessel beam less affected by scatterers than a conven-
tional beam such as a Gaussian beam? Or, in other words, why
does the perturbed beam resemble to a greater extent the unper-
turbed beam as expressed by equation (3)? At this point one
should recall that a Gaussian beam transports about 85% of its
energy within its 1/¢* waist with radius R~ 0.6A/NA,, whereas
our modified Bessel beam transports only about 20% of its total
energy in its central lobe. The remaining energy is transported in
a delocalized manner; that is, energy is transported continuously
from the rings to the beam centre and therefore serves to reconstruct
the beam to its initial profile. However, this energy transport is
perturbed differently in the three classes of index inhomogeneity.

For the two big spheres, the most conspicuous case occurs when
both beams are shifted by a distance b= sphere radius a. Here,
nearly 50% of the Gaussian field hits the sphere under a small angle
and is scattered at the interface; the other half of the beam is nearly unaf-
fected. The scattered field interferes with the unscattered field, which
leads to constructive interference along the direction of beam deflection
and to field extinction along the optical axis. In the Bessel beam, only a
small energy fraction is conically deflected by the spheres, and the
remaining energy from the rings interferes constructively without
being perturbed along the optical axis. The energy decay along z at
the position of the first arrow in Fig. 3c,g is ~40% for the Gaussian
beam (Fig. 3a,c,i), but only 5% for the Bessel beam (Fig. 3e,g,j).

In the case of the cluster of 2-pum spheres, the conventional light sheet
illumination field scatters such that field amplitudes add coherently,
resulting in pronounced stripes and illumination artefacts (Fig. 4).
Beam scanning, on the other hand, results in an incoherent addition
of scattered light, such that the energy is symmetrically scattered due
to symmetric beam displacements b relative to the scatterer. However,
the main part of the Gaussian beam energy is effectively scattered by
the spheres in the forward direction. These diffraction effects result in
stripes, that is, a pronounced ghost image, which adds to the ideal
image. The Bessel beam has a large cross-section relative to the 2-pum
spheres, which means that although more spheres scatter, less energy
is effectively taken out of the beam than for the case of the Gaussian
beam. The Bessel beam scatters light in cones with angles sina =
NA,/1.33, generating an equally distributed haze, that is, a minimized
ghost image superimposed on the ideal image.

Human skin, which is a densely packed compound of different cell
types, locally shifts the phase of the incident wave, resulting in r.m.s.
phase deviations d¢(x,y,z) that increase with z. Because the cross-
section of the Gaussian beam is less than a cell diameter, the deflection
effect is similar to that of the 8-um glass beads, although the refractive
index change is much smaller. However, the slight deflection is
repeated hundreds of times, which leads to beam spreading or even
deflection of the Gaussian beam, resulting in a reduced penetration
depth. In other words, the averaged phase fluctuations of the propagat-
ing wave are significantly larger for a Gaussian beam than for a Bessel
beam. This results in an increase of more than 50% in the penetration
depth into human epidermis skin of the Bessel beam relative to the
Gaussian beam. This means that self-reconstruction in, and pen-
etration through, thick media can be steered by the phase of the inci-
dent beam, that is, by a computer hologram. This unexpected result
will hopefully enable new insights in medical and biological research.

In summary, Bessel beams have clearly proven their self-reconstruc-
tion ability in inhomogeneous media, and the near future will show
what other types of self-reconstructing beams are useful for microscopy
illumination of strongly scattering media. Another interesting challenge
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will be to reduce the negative influence of the Bessel rings on image con-
trast while maintaining their ability to transport beam-healing energy.
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