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Polarization and Reflection Characteristics of an Axicon Lens

Laser Process Research Team

Haik Chosrowjan and Seiji Taniguchi

1. Introduction

The theory of laser resonator has been studied for many
years". Resonator stability conditions and different cavity
geometries tailored for different active media and operation
regimes have been analyzed as well”. Noteworthy, most laser
cavities are designed and constructed by combination of plane
and spherical mirrors. However, for some niche applications
requiring specific laser modes and polarization conditions such
as Laguerre-Gaussian modes and radial/tangential polarization,
respectively, or for reduction of thermally induced wave-front
distortions in solid-state lasers, non-standard resonators have
been used, too. For instance, comer-cubes and metallic
W-shaped axicons (also called Waxicons) have been used as
reflectors in solid-state® and gas® lasers, respectively.

Comer-cube retro-reflectors (CCR) and axicon lenses
(AL) are optical components with interesting reflective and
polarization characteristics. One of their properties is that the
collimated radiation incident on both elements (arbitrary
direction for CCR and normal incident for the axicon with 90
degrees apex angle) is reflected back in the direction that is
counter-parallel to the incident beam. Another common
property of both elements is that the reflected beam has
coherent properties, which could be used for passive
intra-resonator coherent beam combining (CBC). This process
is schematically shown in Fig. 1 and briefly described in its
caption. Finally, by rotation of the CCR one could compensate
the beam astigmatism induced by thermal load in the laser
active medium. For these reasons CCRs are already used as
total-reflecting mirrors in laser resonators”. Recently we have
suggested that axicons with 90 degrees apex angle can be also
used for such purpose. Moreover, using axicons as total
reflection mirrors, it seems to be possible generating beams

with radial- or tangential polarizations.

Detailed knowledge of intensity distributions of p- and s-
polarization components in retro-reflected beam is essential for
designing and building resonators with retro-reflective
components. Moreover, polarization  properties  of
retro-reflected beams are also essential for modeling laser
mode formation inside the resonator. So, we have studied
experimentally the basic polarization and reflection properties
of comercube and axicon retro-reflectors. Namely,
experimental results of near- and far-field intensity
distributions for depolarized, p- and s- polarized outputs of
these elements are presented and analyzed. We have
performed also case-calculations for several polarization states
based on Fresnel equations and compared them with the
experiments. In this report, however, due to space limitations
we present and discuss mainly results for an axicon lens,

because various CCR properties have been theoretically

addressed in numerous previous publications.”

Output Coupler

@ ([} - — —_— -
Total Reflection
Mirror B _— 5
(b) e Lo
Corner-Cube <
or AXicon  90° \(--{al |- -qmmame --nnee e — e
i 2

Laser Medium

Fig. 1 Comparison between (a) Fabri-Perot and (b) retro-
reflector based resonators. For large excitation spots
and multi-mode operation, in case (a) the areas in the
beam profile like 1 and 2 are not phase-locked, while in
case (b) the areas 1 and 2 are phase-locked because of
mutual injection in the resonator. As a result,

intra-resonator passive CBC may occur.



2. Total internal reflection based CCRs and ALs

CCRs and ALs are often fabricated using fused silica or
various glass materials. For achieving retro-reflection of an
optical beam, one can coat the reflective surfaces with different
metallic or dielectric substrates or simply use them with
well-polished but uncoated surfaces. In the later case the total
internal reflection (TIR) phenomenon, characterized by critical
incidence angle 8, = arcsin(n,/n,), where nqy > n,, is
used for the incidence beam retro-reflection. For high-power
laser beam applications retro-reflectors with coated surfaces
are not appropriate because of anticipated thermal degradation
and damage of the coated surfaces. Hence, we studied
polarization and reflection properties of a CCR (N-BK7 glass,
n=1.5071 at 1030 nm, 6, = 41.57 degrees) and an AL with
90 degrees apex angle (fused silica, n = 1.45 at 1030 nm,
0. = 43.6 degrees) based on the TIR phenomenon (Fig. 2).
Briefly, reflection of p- and s- polarized light at the interface
between two homogeneous and isotropic media is governed
by well-known Fresnel equations.” When both media are
transparent, the phase shifts that accompany partial external or
internal reflections assume the values of 7 or 0. However,
under TIR conditions at angles of incidence 6 above the

critical angle 6., the phase shifts are nontrivial and given by

the following equations:”
tan(6,/2) = NVN2sin?0 — 1/cos@ 1))
tan(6,/2) = VN%sin20 — 1/(Ncos0) ?)

Here &, and & are the phase shifts of p- and s- polarized
waves, respectively, 6 is the incidence angle and N =
ny/n, > 1 is the high-to-low ratio of the refractive indices of
the incidence and refraction (evanescent) media, respectively.
As it is shown in Fig. 2(c), the light rays enter both the
CCR and AL perpendicularly to the anti-reflection coated base
surface i.e. at 0 degree to the surface normal. Hence, the TIR

angle @ for each 2 reflections in AL for axial rays is 45

degrees while in the case of CCR, 0 for each of the 3
reflection faces is exactly 8 = arccos(1/v/3) = 54.7356
degrees. CCR made by N-BK7 glass, n = 1.5071, according to
Egs. (1) and (2), at each reflection will produce phase shifts of
8, =12378 and & = 78.986 degrees for p- and s- polarized
lights, respectively. On the other hand, AL made by fused
silica, n = 1.45, according to Egs. (1) and (2), at each reflection
will produce phase shifts of &, = 49.8 and &; = 249
degrees for p- and s- polarized lights, respectively. Interestingly,
it was previously shown that for the 45 degrees incidence
angle, the equality &, = 28, called also the Abelés condition,
is always fulfilled independent of N.® This relation, as
presented in the next section, makes obtained calculation
formulas describing reflected beam’s polarized E-field
components much simpler.

Finally, it is important to note that in both CCR and AL
based on TIR, the optical lengths travelled by rays at normal
incidence are equal and do not contribute to the phase shifts
between p- and s- polarized electric fields. The phase shifts
originate only exclusively from the TIR phenomenon.

Fig. 2 (a) Photographs of the CCR and 90 degrees apex angle
AL; (b) Cross-sections of the AL (right) and CC (left)
retro-reflectors in XY plane showing also the azimuth
angle o and rotation angle y for AL and CC,

(middle) incidence Gaussian-beam

cross-section perpendicular to the propagation direction

Z and two reflection points A and B in the AL for a

respectively;

given ray; (¢) Same as (b) in 3 dimensions.



3. Intensity- and phase difference distributions

We have performed several case-calculations for an axicon
lens with 90 degrees apex angle, but present results of only two
of them (p- and radial polarized cases) in this report due to the
space limitations. Consider p- (X direction) polarized plane
wave with Gaussian intensity distribution propagating in the Z
direction toward an AL (Fig. 2 (c)). It reflects from the AL
with no losses due to TIR and propagates backward in - Z
direction. We want to determine the reflected beam’s
polarization-selective  intensity and phase difference
distributions versus the azimuth angle o.. Egs. (3), (4) and (5)
express the E-fields of the incidence p- polarized wave (Ej")
and reflected wave’s p- (Ep**) and s- (E$") polarized

components, respectively.

Ejt = Egcos(kz — wt + @) %))

Ep't = —Egcos*a + cos(—kz — wt + @ + 48,) +

+Eysin*a  cos(—kz — wt + @ + 28,) @)

E" = —Eysin(2a) * cos(8,) * cos(—kz — ot +

+o +36) ®

Here E, is the E-field amplitude, k is the wavenumber, w
is the angular frequency, ¢ is the initial phase, &8 is the
phase shift of the s- polarized wave, and a is the azimuth
angle. Egs. (4) and (5) were derived by considering (i) two
consequent TIRs on the tangential surfaces at the points A and
B in the AL (Fig. 2), (ii) by performing Euclidean
rotation/reflection transformations of the Cartesian coordinate
system and (iii) by using the Abelés condition &, = 28
briefly mentioned in the previous section. From Egs. (4) and
(5) one can easily determine the spatial intensity distributions
of p- and s- polarized components of the reflected beam.
Calculated intensity distribution profiles of p- and s- polarized
components reflected from the AL for p- polarized incident
beam with Gaussian intensity distribution profile are presented
in the Fig. 3 (a).

In an analogous manner one can determine the reflected
beam’s polarization-selective intensity and phase difference
distributions versus the azimuth angle o for radial polarized
incidence beam. Egs. (6), (7) and (8) express the E-field
components E* and EX™ of the radial polarized incidence
wave and from AL reflected wave’s p- (Eg**) and s- (E2*)

polarized components, respectively.

E’;;" =Ej x cosa = cos(kz — wt + @) 6@)
E" = E, + sina * cos(kz — ot + @) 6(b)

E-;J,ut = —Eycosa = cos(—kz —wt+ @ +48;,) (7)

E%t = —Esina * cos(—kz — wt + ¢ + 48;)  (8)

From Egs. (7) and (8) one can easily determine the spatial
intensity distributions of p- and s- polarized components of the
reflected beam. Calculated intensity distribution profiles of p-
and s- polarized components reflected from the AL for radial
polarized incidence beam with Gaussian intensity distribution
profile are presented in the Fig. 3 (b).

Fig. 3 (a) p- polarized incidence beam intensity distribution
profile (left) and intensity distribution profiles of its p-
polarization (middle) and s- polarization (left)
components reflected from the AL; (b) Radial
polarized incidence beam intensity distribution profile
(lefty and intensity distribution profiles of its p-
polarized (middle) and s- polarized (left) components
reflected from the AL. Red arrows indicate the

polarization directions in each case.



In Fig. 4 (a) and (b) calculated p- and s- components
intensity distribution profiles and A, phase differences versus
the azimuth angle o in the 0 < o < /2 interval for p- and radial
polarized incidence beams, respectively, are presented. Note
that due to the axial symmetry of the AL, the rays entering, for
instance, the upper right quarter exit the AL from the lower left

quarter, and so on.
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Fig. 4 Amplitudes of the AL reflected beam’s p- and s-

intensity components (black) and phase difference
Ay, (red) dependences on the azimuth angle o in the
0<o<n2 interval: (@) The incidence beam is p-
polarized plane wave with Gaussian intensity
distribution profile; (b) The incidence beam is a radial
polarized beam with Gaussian intensity distribution
profile (see also Fig. 3). For both cases the incidence-
and emerging ray polarizations at (x, y) and (=x, -y)
points, respectively, are schematically shown on the

right panels of the corresponding figures.

From the phase relation shown in Fig. 4(a) (red) it is clearly
seen that in AL resonator a linearly polarized beam after
retro-reflection from the AL will be depolarized (become
elliptically polarized locally) and cannot be invariant (keep its
polarization) after a round trip. In other words, there will be

always both p- and s- polarized beam components in the

resonator and no polarization selection is possible. This
conclusion is also valid for ALs with polarization maintaining
(8 s=0) metal coated reflection surfaces. Indeed, from Egs. (3)
—(5) it follows that when & ;= 0, the linear polarization across
the beam is not invariant and the beam tends to become a
radial polarized one after many roundtrips.

On the other hand, from the phase relation shown in Fig.
4(b) (red) it is clearly seen that in AL resonator a radial
polarized beam after retro-reflection from the AL keeps its
polarization invariant (phase difference between p- and s-
components is zero) after a round trip. In other words, the
eigenmode of the resonator with AL has radial polarized
component. This conclusion is also valid for ALs with
polarization maintaining (5s = 0) metal coated reflection
surfaces, following from the Eqs. (6) — (8); a radial polarized
beam is invariant after retro-reflection from the polarization

maintaining metal coated AL.

4. Experimental results and discussion

The experimental setup used in this study is schematically
illustrated in Fig. 5. The p- polarized, TEMg mode, 5 mm in
diameter laser beam passes a beam splitter (BS) with 10%
transmission, then a polarization beam splitter (PBS) unit and
reflects from a retro-reflector element (CCR or axicon). The s-
polarized component of the reflected beam is diverted by the
PBS and monitored by the CCD2 camera, while the p-
polarized component passes the PBS without losses and 90%
of it is diverted by the BS to the CCD1 camera.

|Dumper l CCR
or

b BS Axicon
p- (10/90) PBS \
n I /i >, ‘\)Y
> p ®'s
Incident beam |
(p-polarized,
@ ~5mm)

A o
Fig. 5 Schematic view of the experimental setup for
investigating polarization properties of retro-reflective

elements (top view)



For depolarized monitoring, the PBS unit is removed from
the beam path and the retro-reflected beam intensity
distribution is monitored by the CCD1 camera. By inserting or
removing appropriate lenses in front of the CCD1 and CCD2
cameras, far-field (FF) and near-field (NF) intensity

distribution profiles could be monitored.
Some selected experimental results for AL and CCR are

presented in Fig. 6(a) and (b) — (), respectively. In Fig. 6(a), a
singularity observed in the center of the images is due to the
diffraction on the apex tip of the axicon lens not taken into con-

sideration in the calculations presented in the previous section.

LICIES

(a)

Fig. 6 (a) Intensity distribution profiles of p- polarized
incidence beam reflected from the AL: depolarized-
(left), p- polarized component (middle) and s-
polarized component (right) monitoring, respectively;
(b) — (e) Intensity distribution profiles of p-polarized
incidence beam reflected from the CC retro-reflector
positioned at different orientation angles y: depolarized-
(left), p- polarized component (middle), and s-
polarized component (right) monitoring, respectively.

Otherwise, comparison of the Fig. 6(a) with Fig. 3(a) reveals
that the calculations match quite well with the experiments,
hence the general conclusions of the previous section are
relevant.

Although in this report it was mainly dealt with the axicon
lens, we present also some experimental results on CCR due to
the fact that numerous theoretical works on CCR exist, but no
experimental visualization of the polarized retro-reflected
beam’s intensity distribution profiles are present in the
literature. Fig. 6(b) - (e) show the depolarized- , p- and s-
polarized intensity distribution profiles of p-polarized
normal-incident beam’s reflection from the CCR, positioned at
different orientation angles y. As in the case of the AL, a
singularity observed in the center of the images is due to the
diffraction on the apex tip of the CCR. One can also see 6
reflective segments separated by 6 comers of the CCR (3 real
and 3 imaginary) due to the 6 fold symmetry of the CCR.
Furthermore, it is clearly seen that in the depolarized
monitoring (first column) the retro-reflected beam is almost
round shaped, while in p- (second column) and s- (third
column) monitoring the beam shape and intensity distribution
changes in correlation with the CCR orientation angle . Note
that for the retro-reflected beam’s s- component monitoring,
the gain of the CCD2 (Fig. 5) was increased 5-fold. Finally, in
an ideal polarization maintaining CCR for p- polarized
incidence beam no s- component would be present in the

retro-reflected beam.

5. Conclusions

Polarization properties of comer-cube (CCR, N-BK?7 glass,
n = 1.5071 at 1030 nm) and axicon (fused silica, n = 1.45 at
1030 nm) retro-reflectors based on total internal reflection
(TIR) phenomenon have been studied experimentally and
theoretically for the aim to use them as novel total reflection
elements in laser resonators. Near field and far field intensity
distribution profiles reflected from the CCR at different

orientation angles and axicon lens with 90° apex angle for



depolarized, s- and p- polarized beams have been measured.
Phase and intensity relations for several cases (liner, radial
polarizations) have been calculated and compared with the
experiment. In retro-reflected beams the intensity distributions
generally are inhomogeneous and differ for different
polarization ~components. Taking into consideration
depolarization properties of retro-reflectors based on TIR
phenomenon is essential in resonator designs with CCR or AL
elements. Presently efforts are made to demonstrate and study
cryogenic Yb:YAG TRAM laser radiation characteristics

based on resonators with retro-reflective elements.
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Development of laser-based system for remote inspection of unstable
structures like highway bridges

Laser measurement team

0. Kotyaev, Y. Shimada, S. Kurahashi

1. Introduction

Laser-based remote inspection of civil structures, such as
transportation tunnels and highway bridges is one of the main
research directions of the Laser Measurement Team [1-3]. In
the inspection of highway bridges, the idea of two-beam
probing interferometry was proposed to provide more stable
homodyne interference pattern. Conventional probe-reference
technique for inspection of bouncing bridge spans cannot be
used due to very big displacement of probing point bouncing
with the bridge span. Usually, optical path of the single
probe/detection beam is changing by millimeters or thousands
of laser wavelengths. Resulting interference pattern has only
corresponding power fluctuations; detection of vibration is not
possible in this case. With two-beam probing, two probing
points on bouncing bridge span move almost synchronously,
mutual displacement and optical path difference is minimized.
As a result, interference pattern is more stable and vibration
measurement is possible. The prototype system has been
developed and successfully put into the operation both in
laboratory and field conditions [4, 5].

The system used for the inspection of highway bridge
consists of two vehicles as shown in Fig.1. One is for impact
laser and the other is for interference optics. The beam
divergence of the CO; laser used for laser impact is ~ 5 mrad,
and the image relay optics with 1:1 image scale was utilized to
produce an output beam image of CO, laser on the bridge
surface, which is ~ 10m away from the vehicle. This image
relay optics makes the whole inspection system size so large.

We have evaluated the vibration amplitude induced by the
CO; laser impact in a concrete sample with and without the
image relay optics. Without the image relay optics, it was shown

that the diverging CO, laser beam can produce enough

Minivan with
impact laser

System

control
= [
=® 1 T COzlaser |[<=
Green laser g pump
e —=
- B — = S |
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CM - Combining Mirror
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IM - Imaging Mirror

Fig. 1. The system under highway bridge and its layout.

large vibration. The compact inspection prototype using only
one mobile was constructed, and was used in the field
experiments. In this report, development and tests of compact
mobile full-spec prototype of the bridge inspection will be
presented.

2. Test of CO: laser impact with and without image
relay

The CO; laser impact was tested without image relay, and it
was found that it was possible to use it! Despite of the fact that
beam size became about 10 x 10 cm, amplitude of laser-initiated
vibration was practically the same as vibration initiated by
imaged impact beam. It was found that, in thermal mode, the
most important parameter is not impact energy density but
absolute laser energy delivered to a target. Influence of energy

density on initiated vibration is weaker.
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Capability of defect recognition with the use of non-imaged
impact beam was tested. A concrete/metal sample representing
structure of modern highway bridges was used in the
experiments. The sample was provided by KomaiHaltec. The
sample is 450 x 450 x 150 mm concrete block with 5-mm thick
steel plate fixed by epoxy. Central part of the sample has a void
without epoxy, which simulates defect of concrete/metal
interface. The “defect” size is 200 x 200 mm.

The sample was scanned with the use of imaged and non-
imaged beams. Both beams initiated various modes of vibration
of metal plate over the defect area.

Figure 2 presents comparison between imaged and non-
imaged impact beams. It is clearly seen that both impact beams
can be used for defect location with practically same defect
recognition capability.

So, CO; laser impact beam can be used without image relay.
That means, to assemble a mobile prototype of the bridge

inspection system, there is no need to use two system carriers.

Final layout of the system on single carrier is shown in Fig. 3.
Resulting mobile system prototype is definitely more compact
than previous one (Fig. 1). The prototype was assembled and
delivered for field tests to the KomaiHaltec site in Kimitsu-city,
Chiba prefecture.

Water
pump

=

Green laser
power supply)|

CO2 laser gasbag

l } i
Green laser

CO2 laser

Fig. 3. More compact mobile system prototype and its layout.

(SM — scanning mirror, CM — combining mirror)

3. Field test with a bridge sample

On the KomaiHaltec site, a huge piece of an old deconstructed
bridge (Fig. 4) is installed vertically for various tests. The sample
was used for the filed test of the bridge inspection system
prototype. In Fig. 5, the two-beam probing system is inspecting
the bridge sample.

It was found that defects in this bridge sample were quite
difficult to recognize. In these experiments, amplitude of laser
initiated vibration amplitude in the bridge sample defects is 4
times lower and vibration life-time is about 10 times shorter than
in experiments with the laboratory sample. However, it was

possible to recognize defect situations with the use of our



Fig. 4. Bridge sample on the KomaiHaltec site.

Fig. 5. Two-beam probing system inspecting the bridge sample
on the KomaiHaltec site.

system in most cases. Laser vibration meter PDV-100 was used

as a reference vibration measurement device.

In Fig. 6, one of the bridge sample defects and impact/probe
configuration is demonstrated. Probe-1 (right green point) is
used as a source of signal beam, it is covered by big non-imaged
impact beam (yellow rectangular); Probe-2 (left green point) is
used as a source of “‘reference” beam. Probe-2 is set aside of the
impact beam to avoid its influence. Probing beam of the
reference vibration meter PDV-100 (red point) is set next to
Probe-1. A piece of counter-reflecting tape was used in PDV-
100 probing point to increase signal power and detection
sensitivity (signal-to-noise ratio), correspondingly. Otherwise,
vibration amplitude was below noise level; and PDV-100 could
not detect initiated vibration. In contrast, the two-beam probing

system used only original surface.

PDV-100

Probe-1

Fig. 6. One of the bridge sample defect.
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Fig. 7. Vibration initiated in the defect area of the bridge
sample. Top: PDV-100, bottom — two-beam probing system.

In Fig. 7, waveforms and spectra of vibration detected in the
defect area are presented. On the top, data obtained with the
reference vibration meter PDV-100 are shown. Clear vibration
peak around 1.1 kHz is detected. The same vibration is detected
with the use of the two-beam probing system (on the figure
bottom).

Another defect area was inspected with the use of specially
designed algorithm of automatic scanning and real-time data
processing described in [4]. Immediately after scanning the
inspected defect area, a 2-dimensional map was produced by
the algorithm (Fig. 8).



Fig. 8. 2-D map of one of the bridge sample defects. Black

arrows indicate direction of scanning.

Fig. 9. The defect area and its 2-D map.

Overlapping the defect location by the generated map shows
quite good correspondence between the defect (chalked area)
and its map (Fig. 9).

The field tests have demonstrated principle capability of the
two-beam probing system with modified impact unit to inspect
old highway bridges having very rusty metal plates. Inspection
of actually operating higher-quality bridges should be less

complicated and more reliable.

4. Brief conclusions.
During the last year, the promising laser-based system for
remote non-destructive inspection of civil structures was

modified and tested. Its mobile prototype has been assembled

and tested in the field conditions. The prototype is much closer
to actual final design of the system: it is much more compact,
uses only one system carrier; the system is equipped with
working algorithm of automatic scanning and real-time data
processing.

The system wuses two-beam probing homodyne
interferometry. The technique has demonstrated promising
results in inspection of bouncing structures like highway bridges.
It may be a good altemmative to much more complicated
heterodyne interferometry.

As mentioned in Sec.2, the vibration amplitudes induced by
the imaged and non-imaged laser pulse are nearly same. And
also in Fig. 3, the spectral amplitude of the fundamental mode
at 660 Hz for the non-imaged case is ~ 2 times larger than that
for the imaged case, but at second and third harmonics, both
amplitudes are nearly same. The physical mechanisms for such
features are not clear. More detailed experiments will be
necessary.

The next step of the research is active stabilization of

interference pattern for keeping high sensitivity conditions.
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