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Self-imaging of transparent objects and structures in focusing
of spatially phase-modulated laser radiation
into a weakly absorbing medium”

E.L. Bubis

Abstract. Self-imaging of transparent objects and structures
in focusing of a spatially phase-modulated laser beam into an
extended weakly absorbing medium is described. The laser
power level that is necessary for effective imaging corre-
sponds to the illuminating beam power when thermal self-
defocusing starts evolving in the medium. The effect can be
described in terms of the ideology of Zernike’s classical
phase-contrast method. Edge enhancement in visualised
images of transparent objects is experimentally demonstrated.
Self-imaging of a microscopic object in the form of trans-
parent letters and long-lived refractive-index fluctuations in
liquid glycerol is shown. Due to the adaptivity of the process
under consideration, unlike the classical case, self-imaging
occurs also in the situations where a beam is displaced
(undergoes random walk) as a whole in the Fourier plane, for
example, in the presence of thermal flows.

Keywords: Zernike phase-contrast method, nonlinear optics, laser
beam thermal self-action.

The classical phase-contrast method is widely used to
observe (visualise) transparent localised objects and struc-
tures [1—6]. To transform the phase modulation that is
introduced by the object studied into the illuminating beam
into amplitude modulation, a phase screen (Zernike filter) is
installed in the focal objective (Fourier) plane. This screen
introduces a selective phase shift 0 = +n/2 between zero
and higher spatial harmonics that are involved in the
formation of the object image. In the nonlinear phase-
contrast method spatial frequencies are misphased in a
cubically nonlinear medium (nonlinear Zernike filter), the
medium being also located in the Fourier plane, where the
spatial harmonics are separated [4, 7—16]. In comparison
with the schemes applying linear Zernike cells, this is a
more flexible adaptive scheme, where the necessary phase
shift is obtained by choosing the corresponding light
intensity at the input of the nonlinear medium.

Phase objects in schemes with thin photothermal filters
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were imaged in [9—14]. Here, we report self-imaging of
transparent objects that is based on the thermal mechanism
of nonlinearity, in a scheme with an extended (optically
thick) weakly absorbing medium. The Ilatter not only
decreases the laser power that is necessary to misphase
spatial frequencies but also makes the process completely
adaptive, i.e., independent of neither the angle of incidence
of the illuminating beam nor the position of the focal region
in the medium. This is especially important for imaging of
large phase objects, whose sizes are comparable with the
illuminating-beam diameter, and in the case of beam
random walk in the Fourier region. An effective trans-
formation of phase modulation, in combination with a good
quality of a visualised image of a transparent structure
occurs in a narrow range of illuminating beam powers. It is
no doubt that the self-imaging during propagation of light
beams in weakly absorbing extended media is a new effect.
In the region of small thermal changes in the refractive index
of the medium, the nonlinear phase delay is insufficient to
implement the desired phase mismatch (f = +n/2) and,
therefore, effective self-imaging. At large nonlinear phase
delays the visualised image quality is deteriorated because of
strong thermal self-action of the laser beam illuminating a
transparent object in the medium. By analogy with self-
action this effect can be referred to as self-imaging. When
propagating in a weakly absorbing medium, the beam that is
focused in it changes the phase relations between the spatial
harmonics involved in the image formation, as a result of
which the phase inhomogeneities (structures) present in the
beam are effectively imaged at a certain beam power
(energy). The imaging settling time t is determined from
the relation © ~ d? /4y, where d is the maximum diameter of
the heating beam in the medium and y is the thermal
diffusivity, which is equal, for example, to ~ 1.5x
1073 ecm? s7! for water and ~ 2 x 10~" ecm? s™! for air.

When technological lasers are used, the transformation
of phase modulation into amplitude can also be a minor
(accompanying the thermal-lens formation) negative effect,
which accentuates the inhomogeneities in the wavefront of
the initial beam and additionally deteriorates it in the plane
of the object processed due to the nonlinearity of the
channel through which radiation passes.

The scheme of the effect observation is shown in Fig. 1.
It is based on a simple single-lens system of image formation
with a photothermal cell located in the Fourier plane of the
system. An absorbing medium can occupy the entire space
between the objective and image plane.

The transparent objects located in the object plane were
illuminated by a Gaussian linearly polarised beam of a
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Figure 1. Scheme for observing the self-imaging effect [(7(r,z) and

n(r,z) are, respectively, the temperature and refractive index distribu-
tions in the medium].

single-mode He —Ne laser with a power P < 6 mW and the
wavelength 4 =0.63 um or by a beam of a green laser
pointer with 4 = 0.53 pm and P < 30 mW. The beam power
was controlled by rotating a Glan prism (not shown in
Fig. 1) around its axis and measured by an IMO-2M
calorimeter. The radiation transmitted through the object
was focused by the lens in the middle of the cell, which was
filled with ethyl alcohol or water, with absorbent added.

The absorption losses were chosen to satisfy the con-
dition o/~ 0.2 — 0.6 (o is the absorption coefficient of the
medium and / is the cell length). We used cells with lengths
/=1 —300 mm. The transparent objects under study were
imaged on a screen located in the image plane at a distance
up to 10 m from the lens and recorded by a digital camera
or (in the direct beam) by a camera without an objective.

According to [2], in a phase-contrast system containing a
phase object, which introduces a small local phase shift
¢(x,y) < 1 into the plane wave, the light intensity distri-
bution in the image plane at the phase shift 0 between zero
and higher spatial harmonics has the form

Ty < [1 4+ 2¢(x, ) sin0)]. (1)

It follows from (1) that small phase delays in the object
plane are linearly transformed into intensity changes in the
image plane. Depending on the phase sign, there may be
either positive (bright) or negative (dark) contrast. At large
phase shifts the linearity is disturbed; however, transparent
objects are nevertheless imaged.

Let us perform simple estimation of the energy (in case
of time-dependent illumination) and power (in case of
continuous illumination) at which the effect can be
observed.

A single-mode light beam with an energy F, focused into
an optically thick (infinite), weakly absorbing medium,
acquires an additional phase shift due to the heating of
the medium in the time-dependent case:

0=2n —,
where
E, - 221tpcp
ak*(0n/dT),

is the critical thermal self-action energy (see, for example,
[17]); p is the density of the medium; ¢, is its specific heat at
a constant pressure; k =2m/l is the wave number; and
(0n/0T), is the temperature derivative of the refractive
index (at a constant pressure). For water in the visible
spectral range, at o= 10°—-10"* cmfl, the necessary

energy is several tens of millijoules. In the time-dependent
case the phase shift for a rectangular pulse is a linear
function of time, and the required value 6§ = nt/2 is reached
only by the end of the pulse.

Under continuous illumination the necessary power P is
estimated from the relation [18, 19]

0 b alP
2 %i(0n/OT)’

where % is the thermal conductivity of the medium. Using
the tabulated data and assuming that o/ ~ 0.3, we have
P~ 1mW for alcohol, P~ 15 mW for water, and P~
150 mW for air. The temperature distribution in the
stationary case does not coincide with the thermal-source
distribution. However, as the shown in the calculations [13],
at least for a thin medium the nonlocality of the process
does not significantly affect the quality of the visualised
image in such schemes, except for some increase in the edge
sharpness, which occurs primarily for objects with sharp
edges, the sizes of which are comparable with the
illuminating-beam diameter. The experimental confirmation
of this fact is presented in Fig. 4.

Figures 2a and 2b show visualised images of refractive-
index fluctuations in glycerol caused by mechanical pertur-
bations [20]. The image in Fig. 2b was obtained for a cell
with an absorbing medium removed from the Fourier plane
and, therefore, in the absence of self-imaging.
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Figure 2. Visualised images of refractive-index fluctuations in glycerol,
which were caused by mechanical perturbations (a) in the presence and
(b) in the absence of self-imaging; (c) visualised image of a microscopic
object.

Figure 2c presents a photograph of a visualised image of
a phase microscopic object in the form of letters with a line
thickness of 10 pm. Here, we used a weakly absorbing (« ~
2 x 1072 em ™), optically thick (/ = 100/;) medium (/, is the
diffraction length of the illuminating beam in the medium).

Figure 3 shows the self-imaging evolution for two
crossed optical fibres placed in a cell with immersion oil.
The image in Fig. 3a was obtained for the cell removed from
the Fourier plane. Figures 3b and 3c demonstrate the self-
imaging effect at laser powers of 1.2 and 3 mW, respectively.
Figure 3c clearly reveals image inversion, with distortions
caused by the thermal self-action of the beam in the
medium. At a power P > 5 mW the beam broadening in
the absence of the object can be seen well in the far zone.
Thus, the main competing effect that impedes effective self-
imaging is the thermal self-action of the illuminating beam
in the absorbing medium.

Figure 3d demonstrates a visualised image of a phase
object: edge of a Fresnel biprism. In this experiment self-



570

E.L. Bubis

a b c

Figure 3. Images of two crossed optical fibres placed in a cell with
immersion oil, (a) in the absence and (b, ¢) in the presence of self-imaging
at laser powers of (b) 1.2 and (c) 3 mW; (d) a visualised image of an edge
of a Fresnel biprism

imaging occurred in the light of a green laser pointer with a
power of 25 mW in a cell 37 cm long, filled with unpurified
(raw) water. The image ‘development’ time was few seconds.
We also investigated the quality of a visualised image of
a transparent strip 120 um wide. Its photograph and
brightness distribution are shown in Fig. 4. One can see
that self-imaging enhances the sharpness of object edges;
this effect was theoretically predicted in [13]. It is also
pronounced in the visualised images in Figs 3b and 3c.
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Figure 4. (a) Visualised image of a transparent strip and (b) the
brightness distribution in it.

Thus, we presented the main characteristics of self-
imaging of transparent objects and structures when spatially
phase-modulated laser radiation is focused into a weakly
absorbing medium. The required power level for effective
imaging corresponds to the power in the initial stage of
evolution of thermal self-action of illuminating laser beam;
this is an important nonlinear optical phenomenon, which
has the lowest threshold; it occurs during propagation of
continuous and quasi-continuous laser radiation in natural
media. Since self-imaging is independent of the angle of
incidence of illuminating beam and of the position of the
focal region in the medium, it can be implemented under the
real atmospheric conditions even in the presence of thermal
flows, which displace the beam waist as a whole in the
Fourier plane. With allowance for the transformation
linearity (in particular, in photothermal processes [5]), the
schemes based on self-imaging can also be used in precise
diagnostics and measurements of weak density fluctuations
in gaseous (including plasma) media.
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