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Development of laser-based system for remote inspection of

unstable structures like highway bridges
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Development of laser-based system
for remote inspection of unstable
structures like highway bridges

O. Kotyaey, Y. Shimada, S. Kurahashi
Laser measurement team

1. Introduction

Laser-based inspection of civil structures is one of the
main research directions of the Laser Measurement Team
[1, 2]. Initially, the main research interest was attracted
to the development of a laser system for inspection
of transportation tunnels. The use of photorefractive
laser interferometry has demonstrated very promising
performance in this filed [3]. In 2011, our team opened
another direction - inspection of highway bridges. It
turned out that reliable inspection of bouncing structures
like bridges with the use of conventional homodyne
or photorefractive laser interferometry was hardly
possible. In this case, interferometry is strongly affected
by instability of interference pattern, which is caused by
irregular bouncing of the inspected bridge, especially
under heavy traffic conditions.

Possible decision of the instability problem is switching
from homodyne interferometry to heterodyning. However,
this decision is complicated by using frequency-shifted
laser beams and necessity of demodulation of resulted
signals.

Another way to get more stable signal is employing the
idea of two-beam probing [4]. Two closely (about 5-10
cm) distanced probing points on a bouncing bridge span
are moving almost synchronously. As a result, interference
between two signals from the probing points should be
more stable than in case of conventional single-probe-
beam sensing. In this case, interferometry is homodyne,
nether frequency shift no further demodulation is needed.

The present report describes 5-year progress in the
development of laser-based inspection system with the

use of the two-beam probing idea.

2. Preliminary tests

2.1. Verification of the basic idea

Corner cubes
on moving stage
NI Nl
T
Photodetector
: p il
HWP
QWP Probe laser
& n (¥
\§ o
ow |
S 7

Fig. 1. Interferometer setup for verification of the two-beam
probing idea. HWP and QWP are half- and quarter-wave

plates. Dotted corner cube is on the interferometer table.

To verify the main idea, a simple interferometer with
two corner cubes was used (Figure 1). The cubes were
set on a moving stage simulating bridge span bouncing
under heavy traffic. To compare with a conventional
single-probe-beam interferometer, one of the cubes could
be installed on the interferometer table and produce
conventional reference beam.

In Figure 2, two detected signals (intensity fluctuation
in moving interference pattern due to phase changing)
obtained with the use of one- and two-probing
interferometry are presented. In both cases, the moving
stage was bouncing with 10-Hz frequency and 0.1-mm
amplitude. Significant decrease of interference pattern
instability is clearly visible. With one-beam probing,
maximum rate of phase changing is more than 10 kHz.
Time windows with comparatively low phase change rate

are too short (less than 5 ms) for reliable inspection.
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Fig.2. Phase change rate signals obtained with one-beam (top)

and two-beam probing (bottom).

In contract, in two-beam probing interferometry, maximum
phase change rate is about 200 Hz. It is not perfectly stable;
however there exist long time windows (about 20 ms) with
low phase change rate where reliable inspection is possible.

With these results, the basic idea of interference pattern

stabilization via two-beam probing has been verified.

2.2. Detection of vibration — simulation of inspection
procedure.

It should be reminded that laser-based inspection is based
on laser initiation and laser detection of vibration in the
inspected area. Defect recognition is based on big difference
in vibration spectra obtained in healthy and defected cases.
So, vibration detection is crucial.

To verify possibility of vibration detection, one of the
corner cubes was replaced with a piezo-oscillator with
metal membrane whose vibration simulated laser-initiated
vibration over defect area. The second corner cube was
replaced with a piece of metal. In these experiments, both
probes were not reflected but scattered by rough surfaces.
Resulting speckled signals were “cleaned” by a spatial
filter.

In Figure 3, three records of detected piezo-oscillator
vibration are demonstrated. Pre-set vibration frequency is
2 kHz.

Top: conventional one-probe interferometry; piezo-
oscillator is not moving; 2-kHz vibration is clearly
detected.

Middle: conventional one-probe interferometry; piezo-
oscillator is moving; 2-kHz vibration is not detected.

Bottom: two-probe interferometry; piezo-oscillator is

moving; despite of this 2-kHz vibration is clearly detected.
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Fig.3. Detection of piezo-oscillator vibration (see text).

So, possibility of vibration detection under unstable

conditions has been verified in these tests.

2.3. Field tests under real highway bridge — detection of
vibration over defect area.

As the next step of the research, we delivered our
two-beam probing interferometer under real highway
bridge (Figure 4). The corner cubes were fixed on the

bridge span.

Fig.4. First field tests under real highway bridge.

The bridge has known defects in metal/concrete
interface where metal plate, usually fixed with epoxy on
bridge span bottom, is detached from concrete. In these
experiments, two corner cubes simulating probing points

were used in various configurations with defect area; a
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light hammer was used as a source of impact. Following
figures present results of detection of moving interference
pattern. The defect area boundary is indicated by chalk
line with shading over defect situation. Red four-beam star
indicates place and time of the hammer impact.

If two probe points are located in no-defect area, then
no vibration will be initiated and detected. Interference
pattern behavior is not changed (Figure 5). However, if at
least one of the probe and impact point are located over
defect, then significant change of interference pattern

movement character will be observed after moment of

0z
0.1
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-0.1
-0.2

Signal ampiitude, V/
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0.1 \ - \{ hﬂ'
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Fig.6. Corner cube CC1 and impact position area over defect
area. Corner cube CC2 - in no-defect area.

Signal amplitude, V/

o LI

Time, ms

Fig.7. Both corner cubes are set over defect area.

impact (Figures 6 and 7).
This step of the research has finalized preliminary study.

After that, we started the system prototype development.

3. Development of the system prototype

3.1. System layout.

Interference channel 1: Ap = - n/2

£ ——
Piezo-mounted Bhatodetectors
p,obe mirror
—B—*—‘r—'D
i Signal 2 == == Interference channel 1: A¢ = + 7/2
Probe 2 _ '. (Phase --: =
:._ modulated) =+ Signal 1
Laser impact *:,':f-
L Spatial ‘;?' s_" Spatial
. ) 4 filter 41 14 filter
Inspected object with
an inner defect
[\
/1 QWP HWP= =HWP HWP
(Nt @B Probe laser
| Tawe PBS |P
% I Pﬂ f HWP- Half-wave plate

QWP - Quarter-wave plate
PBS - Polarizing beamsplitter
IBS - Interferometer beamsplitter

Fig.8. Optical setup of the system prototype. Detection unit.

In Figure 8, optical layout of the detection part is
presented. CW Nd:YVO4-laser with output power up
to 2 W is used as a probe/detection laser. Its radiation
is split into two beams producing the Probes: Probe-1
will be used as a source of “reference beam”, Probe-2 is
positioned close to impact point and is used as a source
of the working signal. Scattered radiation of the probes is
collected and two corresponding signals are formed. The
signals interfere and interference result is detectied by
two photodetectors. One of the interferometer mirrors will
be mounted on piezo-actuator for stabilization of optimum

phase shift (+ t/2) in interference patterns.

Two-beam probing
interferometer

Fig. 9. Laboratory setup. Interferometer and concrete sample.
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Fig.10. Impact laser unit.

In Figure 9, laboratory system is shown. The two-beam
probing interferometer is set on a vibration-proof table.
A laboratory sample representing typical defect situation
in highway bridges is located 7 meters away. Alltec CO2-
laser (Figure 10) generating 5-] pulses (duration is 100 ns)
is used as a source of laser impact. Actually, various lasers
have been tested. However, only the CO2-laser produces
effective but non-destructive impact. The other lasers
(Ho:YAG and Na:YAG laser) damage protection paint, that
is not acceptable.

Output beam of the CO2 laser has very poor divergence.
So, in the first version of the system prototype, the impact
beam path used an image relay to realize compact impact
beam.

Impact beam and two probes are combined; and
direction of all three beams is controlled by a specially

designed scanner simultaneously.

3.2. Laboratory tests.

In laboratory, the system prototype was tested with the
use of concrete/metal samples provided by KomaiHaltec
company within A-step project. The samples are 450 x
450 x 150 mm concrete blocks with 5-mm thick steel plate
fixed on concrete by epoxy (Figure 11). The samples have
defects of metal/concrete interface. These defects are
supposed to be detected by the laser-based system.

CO2 laser beam initiated vibration in the defect area and
the two-beam probing system detected initiated vibration.

Result of detection is shown in Figure 12.

Fig. 11. Laboratory sample under inspection. Two green
points are probe beams. Small red point is impact beam

position. Four black points are corners of inner defect.

Signal amplitade, ml
04

[ & 6 B 0

Vs, Frri Frosgmnsy, kH:
Fig. 12. Typical waveform and its spectrum detected in the
laboratory sample center.
If positions of the probe and impact beams are changed
over the inspected area, various modes of vibration can be
initiated. Figure 13 presents result of moving probe and

impact beams from the sample center to no-defect area.
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0 :%ﬁ&.——g
0 5 10 15 20
Distance from sample center. cm
—_r—660 Hz - 1.3 kHz ——2 3 kHz

Fig.13. Initiation and detection of different modes over defect

area in the laboratory sample.

The most important fact is that all the vibration modes
are detected over defect area only. Beyond the defect edge,
no vibration is detected. This fact provides criterion of
defect recognition in the inspection procedure: presence

of detectable vibration initiated by laser impact indicates

L A SIS 30 i



possible defect situation.

3.3. Field tests under real highway bridge.

The first version of the system prototype was delivered
for field tests under real highway bridge [4]. It was the
same bridge mentioned in chapter 2.3. Several small

locations over the big defect area were used for the tests.

Following figures present various modes of vibration

Fig. 14. Big defect area in the highway bridge span (within

light-grey boundaries). Dotted chalk oval and small squares with

numbers - chosen locations for the system tests.

f W-'*,,
]| T T e T ———5'—:"“'
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Fig.15-a) Vibration in the center of the dotted oval area.

Titmsd vl

Fig.15-b) Vibration in chalk square number 1.
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Fig.15-c) Vibration in chalk square number 5.
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Fig.15 Laser initiated and detected vibration in the real
highway bridge defect.
initiated and detected in the selected locations over the

real bridge defect.

3.4. Algorithm of real-time data processing

Using the criterion of defect recognition, a special
algorithm of real-time data processing has been developed
and put into operation [5]. Th e algorithm software was

designed by Tecall company.
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Fig.17-b) Spectrum of waveform of vibration in no-defect case.
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Fig.17-c) Spectrum of waveform of vibration over defect area.

Fig.17. The main window of the scan/processing algorithm.

With the use of the algorithm, it is possible to set the
inspected area coordinates, start automatic scanning of
the inspected area, and produce a 2-dimensional map
of the inspected defect situation in real time with the
scanning procedure. Figure 17 shows main windows of the
algorithm software. This is the result of 9-point scanning (3
x 3 points, 10-cm steps) of the laboratory sample. Red area
indicates defect situation. Green area is produced in no-
defect case.

Spectra of waveforms before and after impact are
analyzed. Comparison between resulting spectral
amplitudes (both averaged and maximum) gives
information of the defect presence. In Figure 17-b the
signal obtained in no-defect area is displayed. The signal
waveform amplitude is near noise level and corresponding
spectral amplitude is practically zero. In contrast, Figure
17-c presents waveform and its spectrum of vibration
initiated in the defect area. In this case, vibration signal is
clearly seen after moment of impact (vertical yellow line),
and its spectrum has high spectral amplitude.

Produced 2-D map and waveforms obtained in each map

nod can be saved for further analysis.

4. System tests on KomaiHaltec site

4.1. Impact system modification

In the first version of the system prototype, the impact
beam path was equipped with an image relay producing
image of the CO2 laser output aperture to the inspected
area surface. As it was mentioned in chapter 3.2, the CO2

laser used as an impact laser has poor quality of output

beam. It is multimode, not homocentric and cannot be
focused or collimated. Only imaging of output aperture can
provide as compact as possible impact beam size. However,
in this case, overall dimensions of the system become too
big. Usual distance between laser-based inspection system
and inspected bridge span is about 10 meters. That means,
the shortest possible image relay (with 1:1 scale) will be
20 meters long. It is necessary to use imaging 5-meter-
focus mirror or lens installed on the ground level in 10
meters after laser output. To realize all of this, the first

mobile system prototype used two vehicles (Figure 18)

F

Minivan with
impact laser

st g owl e L
T AT el
o A WA i

Eig.18. Two-carrier mo

£

! -
bile system prototype.

This setup was not attractive for possible system users
(like KomaiHaltec company). Fortunately, it was found
that CO2 laser impact can be used without image relay
with practically similar efficiency. So, the image relay was
removed and all the system could be loaded on a single
truck (Figure 19). The interferometer table is protected
by a specially designed cover against sunlight, wind and

acoustic noise.

Interferometer under
protection cover

Fig.19. One-carrier mobile system prototype.
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4.2, Test with a bridge sample

The mobile system prototype was delivered to KomaiHaltec
site for field tests. A huge piece of an old deconstructed bridge
(Figure 20) was used for the experiments. In Figure 21, two-

beam probing system is inspecting the bridge sample.

Sqeal mmpiinuds, proceiang, V Spectnl amgliiude, baear urils
LR [T
005 o2
o B8 f———+—
5]
it (1]

Fig.20. Bridge sample on the KomaiHaltec site.
b}

-1 - o 5 0 B 2 4 8 8 W
T, Frisquancy, ki
Fig.22 One of the bridge sample defect and vibration detected

in this area.

Fig.23. 2-D map of one of the bridge sample defects. Black

Fig.21. Two-beam probing system inspecting the bridge sample arrows indicate direction of scanning.

on the KomaiHaltec site.

It was found that defects in this bridge sample were
quite difficult to recognize. In these experiments,
amplitude of laser initiated vibration in the bridge sample
defects is lower and vibration life-time is shorter than in
experiments with the laboratory sample. However, it was
possible to recognize defect situations with the use of our
system in most cases.

In Figure 22, the bridge sample defect vibration with the
longest life-time is presented. Life-time of laser initiated

vibration here is about 6 ms. In the other defects, vibration

life-time is even shorter. In contrast, vibration in the

laboratory sample lives about 200 ms.

Fig.24. The defect area and its 2-D map.
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With the use of the real-time data processing algorithm
it was possible to produce 2-dimenstional map of one of
the defects (Figure 23). Overlapping the defect location
by the generated map shows quite good correspondence
between the defect and its map (Figure 24).

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.

5. Brief conclusions.

During the last 5 years, the promising laser-based system
for remote non-destructive inspection of civil structures
was proposed, developed and tested. Its mobile prototype
has been assembled and tested in the field conditions.The
system uses two-beam probing homodyne interferometry.
The technique has demonstrated promising results in
inspection of bouncing structures like highway bridges.
It may be a good alternative to much more complicated
heterodyne interferometry.

The next step of the research is active stabilization

of interference pattern for keeping high sensitivity

conditions.
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Haik Chosrowjan

L—Y—RiF

Frontiers of High Power Lasers:

Coherent Beam Combining

Laser Process Research Team

[ have joined the high power laser development research
group about six years ago, and the 30th anniversary of
ILT’s establishment is a good opportunity to rethink and
reevaluate our groups and also my individual results and
achievements during that period.

Powerful lasers with high brightness and good beam
quality are increasingly required for many real world
applications. To reach higher intensities, one needs to
increase the output power of the laser beam and at the
same time keep or improve the beam quality. There are
several possibilities to obtain high power, single-mode
laser irradiation: (i) build a single source high power laser,
(ii) coherently combine multiple low power laser beams
or (iii) construct a multi-pass master oscillator power
amplifier (MOPA) amplification system. In recent years
we have pursued all three of these possibilities. We have
studied temperature distribution, amplification and lasing
characteristics of cryogenically cooled Yb:YAG laser active
medium and demonstrated more than 1 kW continuous
wave (CW) regime laser performance as well as 1.2 kW single
pass amplification performance in 2015. "

Back in 2012 we have suggested a novel coherent beam
combining (CBC) technique for tiled-aperture beams called
interferometric phase shift compensation (IPSC) technique
(Fig. 1). On January 20th of 2012 a patent application was
submitted7) and on April 26th of the same year it was
presented at a prestigious international conference held in
Yokohama®. In April 2013 the details of the IPSC technique
have been published in an international academic journal.”

In the IPSC technique, we had set a goal toward scaling
peak and average brightness of the laser beam beyond
the limitations of any single source technology - develop
a method for coherent combination of multiple kilowatt
class laser beams in parallel (tiled-aperture design) using
a simple, effective approach without complicated phase

retrieval algorithms and control electronics.

— i R :

Fig.1 A snapshot of the apparatus setup for “Interferometric
Phase Shift Compensation” technique demonstration;
Two channels and the reference beam paths are
shown respectively by red, yellow and blue dotted
lines for clarity.

As a proof of the principle, using a photodiode pair
coupled piezo-actuator mirrors we demonstrated robust
beam locking bandwidth (~ 1 kHz) and accuracy (~
A/25) for two beam channels. We estimated that the
performance of the technique can be further enhanced
in terms of operation bandwidth and rms (~ 1/100)
phase locking accuracy. This technique is not limited
by single beam power or channel number restrictions,
can be integrated into various MOPA architectures and
perform with high speed and accuracy. It does not require
frequency shifter (AOM) and explicit phase knowledge
(phase retrieval algorithms are obsolete), hence is quite
simple in implementation.

Another CBC technique based on a spatial filter, single
detector and stochastic parallel gradient descent (SPGD)
algorithm was suggested in 2013 (Fig. 2).

On June 19th of 2013 a patent application was submitted®’
and in January of 2014 the technique was presented at

34th biannual meeting of the Laser Society of Japan.*
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Schematic diagram of the multi-channel CBC
technique based on spatial filter, single detector and
stochastic parallel gradient descent (SPGD) algorithm
(top); snapshot of the apparatus setup (bottom). Four
channels and the reference beam paths are shown by
color lines for clarity.

Details of this CBC technique with some application
examples have been described in ILT’s 2013 annual
progress report and in other academic publications.*?**

In the second technique, our goal was employing just a
single photo-detector (PD) for all channels together with a
simple phase control algorithm, because in some specific
applications like in coherent LIDAR, employing just a
single photo-detector (PD) for all channels together with
simple phase control algorithm is desirable.

We proposed a simple solution to this problem by
introducing a spatial modulator between the beam splitter
and collimating optics in the path to the single detector.
The idea was simple: dividing the N number of beams into
clusters and doing CBC in sequence, with as small number
of beams as possible. As a proof of a principle experiment,
we constructed and demonstrated the new technique for
5 beams. The sensitivity for the constructed experimental
set-up was estimated to be A/30.

Although these techniques were intended for high-power
laser CBC, there were only proof-of-principle experiments
and no real applications could be done until the NEDO
project “High-power laser development for efficient
material processing applications” started. The goal was
to develop single mode, 400 ps ~ 10 ns adjustable pulse
duration, high repetition rate (500 kHz - 1 MHz), tunable

(1040 nm ~ 1060 nm) high average power (~ 150 W) 12
laser amplifier units based on ytterbium (Yb) doped, large
mode area (LMA) photonic crystal fibers (PCF).

In the final design of the laser system with kilowatts
class average power, beam combining concept has been
introduced as a practical mean to increase the output
power and brightness of the laser system. We were

Pre-amp. Main Amp.
(PCF -55 um) (PCF - 85um) ﬂ
PA

w -e=shie=s
80w n
e

300ps-70ns
150 kHz-5 MHz

~ 165W

Front-end unit

Bs| | ~a20W

B s

SMF LmMA a e
~130W

PA
1045 nm SO (—W n PA
3w

—J ~10w

Fig. 3. Laser system design and basic architecture for four ns-
pulse beam, single detector, filled aperture coherent

beam combining

entrusted with the third unit of the four amplifier beams
working at 1045 nm wavelength (Fig. 3).

Our goal within the project was coherently combining
these four beams and delivering it to the neighboring room
for further wavelength combining with other two units
emitting at 1035 nm and 1040 nm, respectively.

From the very beginning of the project several problems
emerged: First, our original CBC techniques were
developed for tiled aperture design, while in the NEDO
project, due to required second- and third- harmonics
generation, filled aperture (FA) CBC was mandatory.
Moreover, our techniques were intended for CW mode
applications while in the NEDO project high repetition
rate pulsed beams combination was required. For
compactness of the system, single detector based feedback
control was required, and finally, it should have at least
1 kHz bandwidth for fast and effective phase locking
performance.

We carried out detailed quantitative analysis of pulsed
beams interference visibility and coherence length
influence on beam combining efficiency. The system
stability and required phase-lock bandwidth tests have
been performed as well. We modified the CW mode CBC
technique into the pulsed mode CBC by simply employing

a narrow bandwidth (low speed) photo-diode detector.
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We consequently and persistently addressed all those
challenges and a prototype CBC system based on binary-
tree diffractive optical elements (in our case beam
splitters) configuration was built. An algorithm based
on the Bernoulli discrete probability distribution was
developed, and proof of the principle experiments were
successfully performed and demonstrated.*®

The final problem was still unsolved: Although the
applied piezo-actuators had ~ 6 kHz bandwidths, the
SPGD algorithm was running on a PC, and PCs have
inherently slow latency time. After some consultations, we
found a simple solution to this problem by introducing a
field-programmable gate array (FPGA) unit with several
kHz bandwidth resolution. First high-power (~ 50 W)
CBC demonstration was successful.'®, 1® Afterwards,
we carefully studied all FA CBC degradation sources and
optimized the system performance where possible.'?, 1
High combining efficiency (~ 76 %) acceptable for the
project was achieved. Finally, we got permission to use
four laser amplifiers built by the ILE researchers.

The final system, shown in Fig. 4, was built and ready

for integration into the wavelength beam combining

MOPA Pre-amplifier Unit

-]

-
)

Spot size (pm)

400

300

210 270 330 390 450 510

Distance (mm)

system. To do that, we had to transfer the beam about 25
meters to the main experimental room. All precautions
handling the high-power (~ 500 W average power) laser
beam were met but... a curiosity was in the play. Namely,
the combined beam power measured in the main room
was always significantly lower than the beam power
measured immediately after the CBC unit. We checked
the mirrors used for beam propagation, measured the
beam scattering losses in the air, etc. but during the
whole day could not find the main reason for the ~ 100
W power loss. Clueless, desperate and tired, we did
not know what to do and how to proceed, when a co-
researcher discovered that the day before a new dichroic
mirror at a different wavelength, just before the power-
meter, was tested... well, eventually the problem was
discovered and solved.

The NEDO project was successfully completed. More
than 1.5 kW, ~ MHz repetition rate, ~ ns pulse infrared
beam for advanced material processing applications such
as cutting of thick carbon fiber reinforced plastics (CFRP)
sheets, was obtained.'®-2Y) Moreover, second harmonics

(green) and third harmonics (blue) were also successfully

e

—

Main Amplifier Unit

CBC Unit

Fig. 4. Snapshots of high-power MOPA and CBC system: (clockwise from the top) MOPA pre-amplifier unit, main amplifier

unit, CBC unit and the resulting beam’s M2 beam quality parameter measurement example.
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generated and applied in material processing field.

In summary, the NEDO project was an example of
cooperation between ILT and ILE. For me personally
it was a challenge, a challenge never to give up! The
accumulated knowledge and learned lessons will always

accompany and help me in my future work.
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