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1. Introduction

High power lasers with good beam quality are
increasingly required for many applications. To obtain
ultra-high intensities from multi-kilowatt class laser systems,
the concept of beam combining seems to be one of the viable
choices. The motivation behind it is simple; to achieve higher
power, intensity and brightness than is obtainable from a single
laser source. A number of coherent, incoherent and spectral
beam combining techniques have been already proposed”.
Most of these techniques require sophisticated electronics and
phase retrieval/control algorithms. Recently, we have proposed
and experimentally demonstrated a simple analogue coherent
beam combining (CBC) technique” employing a pair of
photodiodes for each beam channel. It does not require phase
retrieval algorithms and is simple in implementation. However,
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.
Several CBC techniques for multiple laser beams using a
single detector have been already proposed and implemented
(multi-dithering  technique”, stochastic parallel ~gradient
descent algorithm based technique”, etc.). However, with
increasing number of beams the mathematics behind these
algorithms becomes complicated. Successful implementation
of CBC strongly depends on initial phase values and intensities
of beams in used algorithms. Mathematically, for given N
number of beams, the problem is expressed by one equation
with /V variables (phases). If V is big, designing a successfully
converging algorithm and finding a single solution (set of N
independent phase values) within reasonable time becomes a

“trial and error”” process, which may or may not converge

successfully. 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 is simple: dividing the NV number of beams (the central
beam is used as a reference beam and is not numbered) into
clusters and doing CBC in sequence, with as small number of
beams as possible. If the number of beams within a single
cluster is #, the number of clusters will be N /n. An example is
illustrated for 9 beams (4 clusters) in Fig. 1.

As a proof of a principle experiment, we demonstrated the
new technique for a single cluster (3 beams including the
reference beam): N = 2, n = 2. Afterwards, we evaluated the
technique for the case of two clusters: N =4, n = 2. We
constructed the CBC apparatus and developed simple
algorithms for suggested cases. For the single cluster case, we
investigated linear and triangular geometries. Theoretical
calculations for 5 beam CBC and parameter estimations for

desired system resolution has been also performed.

Spatial filter positions
2 3 4

NF image of 9 beams

Fig. 1 Near-field (NF) and far-field (FF) patterns of four
clusters in single photo-detector CBC technique for 9

beams.



2. Experimental

Figure 2 describes the double cluster case (5 beams). The
laser (d ~ 2 mm) from the master oscillator is split into five
equal beams with ~ 4 mm distance between the neighbor
channels. All five beams imitate “amplified” beams to be
combined coherently. The “amplification process” in each
channel will induce independent time variations of beam
phases due to thermal, mechanical and non-linear optical
effects. To compensate and lock the phases of the four beams
to the fifth one, a signal from the center of the far-field pattern
(FFP) was picked up by a fast photodiode and used it as a
feedback control signal to piezo-actuators (PM1 — PM4)
located on the paths of four beams.

The fifth beam serves as a reference beam and its phase is
not controlled. Experimentally, it is done using a pin-hole (~
50 pm) placed in front of the photo-detector to pick up the
power of the central lobe of the FFP. To reduce the
computational burden, the beams are divided into two clusters
by a spatial modulator. For each cluster a simple “climbing
hill” algorithm is employed in consequent order to maximize
the far-field central lobe signal intensity. For the case, when the
spatial filter is a chopper, the relation between the required
beam combining bandwidth, spatial filter bandwidth and phase
shifter bandwidth is given in section 3.

Figure 3 describes experimentally obtained far-field
patterns of a single cluster for a triangular geometry taken by a
CCD camera (top) and calculated far-field interference patterns
(bottom). It is clearly seen that the calculated FFP patterns

quite well reproduce the experimental observations.

PM3 M4 Spatial modulator ———
o PM2 / Vo
p e // N ' - I\ |_|PIJ
AT 0 1
3 . % 3 i on/off Control
o / £ / system
20/80 50/50 ] : g I
/ {m 4 ' "M CCD1

.Iu
Master 2N

Oscillator Laser output

I PM1 PM2 PM3 PMA

Fig. 2 Schematic diagram for 5 beam CBC apparatus.

-1 0 1 -1 1]} 1 -1 o 1
{0,0,0) (-m, 0, m) (m,0,0)

Fig. 3 Measured and calculated far-filed pattems of 3 triangular
aligned beams for different relative phase shifts.

In Fig. 4, measured and calculated far field interference
patterns of 3 linearly aligned beams for in-phase (0, 0, 0) and
out of phase (—m, 0, —) cases are presented. It is clearly seen
that the calculated FFP patterns quite well reproduce the
experimental observations. Hence, using calculations and
test-experiments, we can predict the results and optimize the
CBC system for effective operation. In our experiments the
PD signal noise after amplification is estimated to be ~60 mV.
Hence, the minimum phase shift Ag, corresponding to AV, ~
60 mV was estimated to be ~0.2 rad or Ag~ 4/30.

3. Climbing hill” algorithm for single cluster (3 beams)
combination
Several modifications of “climbing hill” algorithm,

depending on phase shifters, channel numbers, PD bandwidths

measured

FE iy

calculated

T

Fig. 4 Measured and calculated far-field patterns of three
horizontally aligned and coherently combined beams
for in-phase and out-of-phase cases.



and calculation speed can be considered. Here we will describe
the simplest case applicable to our method. But before that, we
present calculated results of far-field intensity phase map (Fig.
5) at the central point of the detector for 3 beam coherent
combination (Eq. (1)), which is essential for the algorithm

description.

Exy ¢, @) =Eix y, ¢) + Ex(x, 3, 0) + Ex(x, 3, ¢)
10,0, ¢, #) = [E©, 0, ¢, $)T )

Here E is the combined electrical field, E; are the fields of each
beam, x, y are the Cartesian coordinates, ¢ are the phases of
the beams, / is the intensity at the central point (0, 0) of the
far-field pattern.

As shown on the intensity phase map in Fig. 6, from an
arbitrary starting point, we supply voltage (AV},ie,,) to only one
piezo-actuator (piezo 3). The piezo-actuator makes one step
forward. The PD signal is captured and saved. The
piezo-actuator makes another step forward. The new PD signal
is captured. It is compared with the previous value. If the new
value is bigger than the old value — the system remembers the
new value and the piezo-actuator goes another step forward.
However, if the new value is smaller than the old one, the new
value of the PD is discarded and the piezo-actuator makes a
step backward. In this way, the piezo-actuator reaches the
diagonal position shown with dotted line on Fig, 6. Then both

Mininonm Points {I= )
at{-2%/3,0,2x/3) and
{2x/3,0, -22/3) phase sets.

Fig. 5 Calculated far-field intensity phase map at the central

point of the detector for 3 beam combination.

+7

- 0 +n
L]

Fig. 6 The process flow of reaching the maximum on the

power phase map.

piezo-actuators move at the same time forward. The PD signal
is captured and saved. If the new value is bigger than the old
value — the system remembers the new value and both
piezo-actuators go another equidistant step forward. If;
however, the new PD value is smaller than the old one, the
new value of the PD is discarded and both piezo-actuators
make equidistant steps backward. In this way, the system
reaches the maximum position of the power phase map shown
by black-filled circle in the center of Fig. 6. The whole
described process continues indefinitely. Actually, using this
algorithm we have already succeeded coherently combining
and locking 3 laser beams.

If a chopper is used as a spatial modulator, the connection
between required beam combining bandwidth (@se =
2* W), NUMber of clusters (V/n), the bandwidth of the
phase-shifter (@) and the number & describing the number
of minimum steps required for successful convergence of the
used algorithm, will be expressed by the following simple

equation.

Ocpe = 2* Opopper = 1* Dt (25 *N) @)

Using Eq. (2) we can make several case estimations: For
coherent combination of N = 100 beams with as- =200 Hz
bandwidth in 50 clusters (z =2) and £= 100, one needs to use
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Fig. 7 (top) Calculated FFP images of five beams at different
relative phase settings, (bottom) corresponding intensity
distribution profiles on a central-horizontal axis (x, 0)
for above calculated FFPs. The red lines show the
profiles for 5 overlapping beams while the black lines

show corresponding single beam profile.

a chopper with 100 Hz resolution and a phase shifter with 2
MHz bandwidth. For N = 10 beams with axsc = 1 kHz
bandwidth in 5 clusters, taking again & = 100, one needs to use
a chopper with 500 Hz bandwidth resolution and a phase
shifter with 1 MHz bandwidth. The final example is, if we
want to use 1 kHz bandwidth resolution piezo-actuators as
phase shifters (e = 1 kHz) and combine 5 beams in 2
clusters, assume & = 10, we will get only asc =25 Hz (@sopper
must have 12.5 Hz or less bandwidth). In above examples, the
k=100 is just a subjective assumption. In the literature, for
three beam combination using SPGD algorithm, % is estimated
to be ~ 25. Above examples assume that the convergence
(successful CBC) occurs within a single exposure time period
(the maximum power on PD is reached and stabilized within
At = n/(&* Duogpe™N) time interval). The option when several
periods are required to reach the maximum PD power is not
addressed here. Experimental estimation of the total
convergence time will be one of our future project targets.

As a proof of a principle experiment, we are going to combine
S beams using a simple mechanical shutter. For a single cluster,
all descriptions and analysis given above for 3 beams CBC can

be used. The far field pattern of the five beams CBC will be

captured by a CCD2 (Fig. 2). The experiments are still in
progress, so in Fig. 7 we present calculated FFP for five beams
combination at different phase settings. From Fig. 7 (bottom
graphs) it is obvious, that when all phases are locked (far left
graph, (0, 0, 0, 0, 0) phase setting), the peak intensity of the
combined beam at (x =0, y = 0) coordinate is fog = 5* *ingie =
25% g, as expected for perfect beams and perfect coherent
combination. However, when the phases are not locked, the
L 1s smaller. For some anti-phase alignment (far right graph,
(-m, -7, 0, 0, ) phase setting), the Z is equal to L.

4. Conclusions

In conclusion, we have proposed a single PD, clustered
coherent beam combination method using spatial filters. We
have performed experimental and theoretical investigations on
3 beams (single cluster) coherent beam combination. The
sensitivity for the present laser and experimental set-up was
estimated to be 4/30. We have performed also calculations on
5 beams (two clusters) CBC. Experiments for 5 beams
combination using a mechanical shutter are in progress and
will be summarized and presented in a forthcoming report.
Due to the pieso-actuator bandwidth of ~1 kHz, we can reach
only ~ 25 Hz phase locking bandwidth at best. In real amplifier
systems the phase drift will be faster, so using piezo-actuators
is not practical for single diode CBC and faster phase shifters
like electro-optical modulator (EOM) units have to be used.
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Development of laser-based system for remote non-destructive inspection of
Shin-kansen tunnels

Laser measurement team

Oleg Kotyaev, Yoshinori Shimada

1. Introduction

The present report gives a brief historical review of
development and examination of laser-based system intended
for remote inspection of concrete structures. The research and
development in this direction was started in 2001. Since 2004
it has been supported mainly by the West Japan Railway
Company (JR West). Therefore, the main application of the
system is inspection of railway tunnels, especially, in
Shin-kansen bullet train lines".

Expected advantages of the novel technology are following;
real remote inspection, high sensitivity, insensibility to surface
roughness, high operation rate.

In cooperation with the JR West, the laser-based inspection
system was designed, assembled and tested both in laboratory
and field conditions. In this report, basic steps of this

development will be presented.

2. Principle of operation

Figure 1 shows the principle of the system operation. The
main units of the system are impact laser, probe-detection laser
and photorefractive interferometer. Laser pulse generated by

the impact laser initiates vibration in the inspected area. CW

Pulsed impact laser

Concrete wall with
an inner defect

o Photorefractive
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' beam beam | Signal

e e —————

Fig. 1 Principle of operation.

probe/detection laser illuminates the inspected area. Radiation
scattered by the inspected area is used as a working signal. Due
to initiated vibration, the signal is phase-modulated. Process of
two-wave mixing of the phase-modulated signal and
monochromatic pump in photorefractive material leads to
conversion of phase modulation into amplitude modulation.
This process results in forming the homodyne signal which
contains information of vibration initiated in the inspected area.
Laser impact initiates wide range of vibration frequencies. The
present system is supposed to work with low-frequency
natural vibration. If concrete layer in the inspected area is thick
(no-defect case), then initiated vibration amplitude will be
comparatively low (Fig. 2, top). However, if there is an inner
defect, then so called standing Lamb wave will be initiated in
the concrete layer between outer surface and inner defect. Its
amplitude will be much higher and corresponding spectrum
will have strong peaks (Fig. 2, bottom). So, the presence of
powerful standing Lamb wave can be used as a criterion of the

presence of inner defects.

P w——
Spectral amplitude, lin.

1 2 3 . 5 6 7 s

Frequency, kHz

Impact/detection position is over no-defect area.
No visible Lamb wave is initiated.

<=
Spectral amplitude, lin.
-

I ‘ 2 / 3 4 s j 6 ¥ 7 ] ﬂ\
o Frequency, kHz
Impact/detection position is over defect.

Lamb wave with frequency of 2.1 kHz is initiated.

Fig. 2 Ciriterion of defect location.



Using data of amplitude and spectrum of detected vibration
it is possible to conclude how dangerous the inner defects are.
The most dangerous defects are characterized by low
frequency (below 2 kHz) and high amplitude of initiated

vibration.

3. Laboratory tests.

One of numerous variants of laboratory layout is shown in
Fig. 3. In this layout, Nd:YAG laser is used as an impact laser.
Pulse energy is 0.4 J. Pulse duration is 10 ns. CW Nd:YVO
laser with 2-Watt output power is used as a probe/detection
laser. BSO crystal is used as a photorefractive material.

The system is equipped with 2-D scanner which allows to
control direction of both impact and probe beams
simultaneously. Concrete samples with various types of inner
defects were provided by the JR West.

At first, we completed basic research in the laboratory®: test
of various photorefractive materials, optimization of two-wave
mixing parameters, tests of laser impact on concrete,
evaluation of detectable vibration amplitude etc.

After the basic research, we tested the performance of our
system in laboratory conditions”. Figure 4 shows waveforms
and corresponding spectra (in linear scale) of vibration initiated
in three different points on the inspected concrete sample.

‘When impact/probe position is in the sample center (and in
the center of inner defect), the first fundamental mode of
standing Lamb wave is initiated with 3.1 kHz frequency (Fig.

Photorefractive 1 I'

|nterferometer T
’t

3, AN

Probel/detection laser \

Fig. 3 Laboratory setup.
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Fig. 4 Vibration signals detected in laboratory tests (see text).

4, top). When impact/probe is between the defect center and its
edge — the second “harmonic” is initiated with 5.8 kHz
frequency (Fig. 4, middle). When no-defect area is inspected,
then no detectable vibration is initiated (Fig. 4, bottom).

We tested numerous samples with different types of inner
defects and all detectable defects were recognized using our
system. The results were verified with the use of conventional
hammering at the presence of hammering expert from JR
West. Positive results of the laboratory tests aimed us at testing

the system in the field conditions.

4. The first tests in a real tunnel and the JR West testing
site.

In 2005, a mobile prototype of the system was assembled
(Fig. 5) and delivered to an old tunnel in Takarazuka area”. In
Figure 6, the system is during the inspection procedure.
Natural defect area in the real tunnel wall (inner void with size
of 20 x 20 cm) is inspected by laser system for the first time.

In the very first attempt, the vibration signal was detected.
Figure 7 shows the defect area, waveforms and spectra
detected in the defect center (top) and no-defect area (bottom).
Red ring indicates the impact/probe position.

The defect area was scanned in vertical and horizontal
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Fig. 8 Defect in the Takarazuka tunnel wall. Distribution of

spectral amplitude over defect arca.

directions. Vertical distribution of spectral amplitude over the
defect area in presented in Fig. 8. Three modes of standing
Lamb wave are shown.

The defect area had no surface cracks, so, the defect could
not be recognized visually. It was found during preliminary
exploration with the use of contact method - conventional
hammering. However, the laser-based system demonstrated
capability of remote reliable recognition of real inner, invisible
defects in the field conditions. Initiated standing Lamb waves
are detected within defect arca at 1-2 cm from actual defect
boundary. This accuracy of defect recognition is quite enough
for inspection of concrete structures.

It should be noted that the tunnel where the first tests were
carried out is comparatively small. Maximum detection
distance did not exceed 2.5 m. However, the system is
supposed to be used in Shinkansen tunnels with inspection
distance of 5 - 8 m. To verify capability of defect recognition
in this distance range, the system was delivered to the JR West
testing site in Suita city (Osaka pref). Figure 9 shows the
system and concrete specimens distanced 5 meters away.

Here, the specimen also has an inner defect without surface
cracks (inner 25 x 30 cm void at 2 em depth). Clear, reliable
recognition of this defect by the laser-based system has been
demonstrated even from inspection distance of 5 m which

corresponds to radius of actual Shin-kansen tunnel.
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Fig. 10 The defect area and vibration signals. Distance — 5 m.

Figure 10 shows waveforms and spectra of vibration
initiated in the defect area: in its center (top) and in to~defect
area (bottom). Here, like in the Takarazuka tunnel defect,
various modes of standing Lamb waves were detected. The
main components have frequencies of 0.8, 1.9 and 2.7 kHz.
Distribution of spectral amplitudes of these components over
the defect area (Fig. 11) allows to say that the defect is detected

Sample D-1, horizontal scan
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|<.. Inner defect boundaries - .|
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00.8 kHz w— 0 1.9 kHz

42.7kHz ‘

Fig. 11 Defected specimen in the JR Suita testing site.

Distribution of spectral amplitude over defect area.

with accuracy about 2 cm.
So, the system seems to be ready for going to real
Shin-kansen tunnel. However, some modifications are

necessary (see next Chapter).

5. The system with stabilization of interference pattern
and real-time data processing.

Sensitivity of the laser-based system for vibration detection
is pretty high. Direct measurement in the laboratory
demonstrated possibility of detection of vibration with total
displacement less than 1 nm. However, high sensitivity makes

the system to be sensitive to various noises. Mechanical



vibration produced by working engine or fans, various
acoustic noise results in parasitic modulation of laser signal. As
a result, interference pattern inside photorefractive crystal
becomes unstable making the vibration detection unreliable or
even impossible. To reduce this influence, the special unit for
stabilization of interference pattern has been developed and put
nto operation. Figure 12 shows optical layout with the
stabilization system.

Stabilization is realized by analyzing current position of
interference pattern and introducing necessary feedback to the
laser signal optical path with the use of specially designed
mirror mounted on piezo-actuator.

Stabilization of interference pattern is one of the functions of
new operation algorithm. As well, the algorithm controls
impact/probe positions over inspected area; produces the
start-command when mterference pattern is considered to be
stabilized; and carriecs out real time data processing with
recognition of detect situation. Qutput of the data processing is
2-D map of the inspected area.

Next figures show the results of testing the flawless concrete
sample (Fig. 13) and the sample with inner void (Fig. 14) with
the use of the new-design system. Concrete samples were
scanned in automatic mode and 2-D maps of the inspected
areas were produced in real-time. Green area means no-defect
situation; red area — defect case.

Each figure presents vibration signals obtained in three

Fig. 12 Laboratory layout with stabilization system.

points A, B and C over the samples.

As it was expected, no vibration was detected in the flawless
sample. However, in the defected sample, clear vibration
signals of various standing Lamb wave modes were obtained
and beautiful 2-D map was created.

We tried to simulate possible modes of standing Lamb
wave in this sample. Figure 15 shows the results of simulation.

The system can recognize mner defects which have quite
complex shapes. Figure 16 shows the sample with hidden “T”
and “R’ characters. 2-D map generated by the system makes

these characters “visible”.
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Fig. 16 Location of inner defects with complex shape.

6. Test of the system with stabilization of interference

pattern and real-time data processing in the field

conditions.

After the laboratory tests, the new system design was tested
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Fig. 14 2-D map and vibration signals in a defected concrete

sample.
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Fig, 18 Defect area on Shin-kansen line bridge and 2-D map.
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Fig. 19 Screenshots of the processing algorithm (see text).

of the 2-D map itself (top) and vibration data from one of the
map points (bottom): vibration waveform and its spectram. All
data were obtained in real-time, immediately after the scanning
procedure was finished.

One of the advantages of using the new control/processing
algorithm is possibility to choose proper moment for
generating impact laser pulse and starting the vibration
measurement operation (the start-command). Sometimes,

Shin-kansen trains were passing on the bridge; and the bridge

was bouncing making the defect inspection impossible.
However, the system automatically interrupted the vibration
measurement operation when the bridge bouncing is too
strong and automatically resumed the operation after the
bridge bouncing was relaxed.

After these test, it was decided to prepare the system for
going to real Shin-kansen tunnel.

7. Preparation of the system for going to real Shin-kansen
tunnel.

It should be noted the Shin-kansen line and its tunnels are
extremely restricted objects. To get the permussion for working
there, it is necessary to follow a lot of very strict regulations.
The first real prototype of our system was supposed to be
loaded on a railway flat wagon and a diesel locomotive should
be used as a system carrier. One of the regulations is that the
system carrier engine must be working all the time. Within
preliminary

environment in tunnel and found it to be very tough. The

experiments, we  investigated  vibration
working diesel produces strong mechanical vibration and very
loud acoustic noise. These factors affect the detection
performance significantly.

Just loading the small track with our system on a flat wagon
(Fig. 20) was not enough for acceptable operation in tunnel
conditions. Several attempts of using the system without

additional vibration and noise protection were not reliable.

Fig. 20 One of the first system prototypes on a flat wagon.



To protect our system against outer vibration, a special
3-tonn optical table with air suspension was designed (Fig. 21).
As aresult, influence of outer vibration was reduced by 25 dB.
For protection against strong acoustic noise, entire system was
covered later by specially designed sound-proof walls and roof
(Fig. 22). Resulting noise reduction was better than 15 dB.
Actually, we expected more effective sound protection, but it
is better than nothing.

Before going to real Shin-kansen tunnel, we tested the
system in a box culvert at the Shin-kansen line maintenance
site”. The box culvert had a small defect at the comer between
the culvert wall and ceiling, The defect arca was inspected by
the system (Fig. 23).

Figure 24 shows the defect area with its 2-D map produced by

our system. The defect was clearly recognized. Figures 25 and

26 show 2-D map screenshot and vibration signals in 6 points

of the scanned area.

Scanning was made with 25-cm steps. Approximately this
step size is supposed to be used during actual inspection.
Basically, the defect was recognized, the signals over defect
area have comparatively strong spectral amplitude. However,
the current algorithm of defect recognition should be modified
and improved. Pomt 6 is actually over the defect area. But it
was not recognized as defect. Vibration waveform in this point
has comparatively strong amplitude but its spectrum has no
high peak (like in Point 5). However, average level of spectral
amplitude is higher than in no-defect arca (Point 3). So, the
next version of the processing algorithm should use more

appropriate criteria of defect recognition.

Fig. 23 The system in a box culvert.

Fig. 22 The system with the sound-proof cover.

Fig. 24 Defect area in the box culvert.
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8. Test of the system in real Shin-kansen tunnel.

The main tests have been carried out in three tunnels of
Sanyo Shin-kansen line in November-December 2011. The
main goal of these tests is evaluation of defect recognition
capability provided by our system. One of the main conditions
of the tests is inspection of as many as possible defect locations
in tunnel walls and ceiling.

Before going to the tunnel with the laser system, we
explored the tunnel walls and ceiling with a hammer. The
tunnel hosting companies (JR West and RailTech Co)
provided information of known defect locations; and we chose
the most interesting defects. We selected both defect and
no-defect points. In total, 27 defect locations have been chosen,
68 defect and 35 no-defect points have been selected for the
tests. One of typical defect locations used in these tests is
shown in Fig. 27.

Here pink marks are the points chosen for the experiments:

Fig. 28 Mobile prototype of laser-based system in operation.

round marks — defect points, square marks — no-defect points.
In these experiments, we did not use 2-D mapping of defect
locations. To evaluate the defect recognitions capability, we
examined the certain points and compared our results with
conventional hammering data.

Here, three laser units were used for producing laser impact:
two CO, lasers and one Nd:YAG laser. Total energy of two
CO, laser pulses is 8 J, pulse duration is 100 ns; and the
Nd:YAG laser generates 1.5 J in 10 ns pulse. All lasers strike
an inspected area of about 3 x 6 cm”. A CW Nd:YVO laser
with 2-Watt output power is used as a probe/detection laser.

Figure 28 shows the system prototype inspecting the
Shin-kansen tunnel ceiling. Detection distance is about 6 m.

Figures 29 and 30 show typical waveforms and
corresponding spectra in defect and no-defect areas,
respectively.

This result looks very promising. The main summary is that
all 27 defect locations tested in the experiments in Shin-kansen
tunnels have been recognized using modified algorithm with
good and excellent capability.

9. New way of using the laser-based system for inspection
of Shin-kansen tunnel.
After the experiments described in the previous Chapter, the
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Fig. 30 Waveforms and spectra in a no-defect area.



JR West Company decided to change the way of using the
laser-based inspection system. The main idea is that the system
should be delivered to Shin-kansen tunnel without using
Shin-kansen train lines. In this case, the use of the system may
be more flexible and independent on the other working teams.
Even there is principle possibility of tunnel inspection during
day time. This 1s a great opportunity to remove usage
limitation, when the system loaded on a railway flat wagon

can be used only during night time (when Shin-kansen

transportation is stopped). Moreover, in this case, there will be

Fig. 31 New design of the system carrier.

no diesel producing strong vibration and big noise. That meant
there is no need to use very expensive vibration and noise
protection.

To realize the new idea, the maintenance gap between
Shin-kansen lines in tunnel can be used for the system
transportation. The size of the gap is about 1.5 m in width and
1 m in depth. So, the system design should be more compact.

For this purpose, the system design has been totally modified.
Now, only one laser impact unit is used — Nd:Y AG laser with
energy up to 1.5 I. Interferometer table and impact laser are
loaded on specially designed compact carriage shown in Fig.
31 (“The Yellow System”). Its size is about 3 m in length and
1 m in width. Another carriage of the same size is used for
moving electric batteries, laser power supplies and laser
cooling system. Two carriages are supposed to me moved by
specially designed electro-buggies. Two buggies for two
directions (Figure 31 shows only one buggy).

In the beginning of 2013, the new system was delivered to
Shin-kansen tunnel for the first tests.

Figure 32 shows the system inside the tunnel. Unfortunately,
because of the buggy faulty conditions, we had no permission
to go into the tunnel farther then 50 m this time. Initially, we
planned to test the system 2 km far from the tunnel entrance
where interesting defects are located. Near the tunnel entrance
where we were permitted to carry out our experiments, there
were no defect locations. We found that the defects used in the

previous experiments had been repaired. So, to test our system,

Fig. 33 The new system inspects concrete sample in tunnel.



Fig. 34 2-D map of concrete sample.
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Fig. 35 Waveforms and spectra of vibration initiated in the

center of concrete sample.

we used one of laboratory samples. Figure 33 shows the
system inspecting the sample. Acceptable 2-D map of the
sample inner structure was generated by the data processing
algorithm (Fig. 34). Figure 35 shows vibration waveform and
spectrum recorded in the sample center.

Actually, we tried to test repaired defect as well. Figure 36
presents waveforms and spectra recorded over former defect
area (top) and in no-defect area. Despite the repaired situation,

some difference in vibration signals is still visible.

10. Summary.

The presented report gives brief description of about 30 % of
experimental work carried out within the development of the
laser-based inspection system. A lot of experimental study and
many technical tests are not included in the report.

The main result of this big project is actual development,
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Fig. 36 Waveforms and spectra of vibration initiated in the
repaired defect location. Top— former defect area

(repaired), bottom — no-defect.

assembling, prototyping and testing the first in the world
laser-based system for remote inspection of concrete tunnels.
Very promising results with high reliability of defect
recognition allow us to consider this system to be an attractive
replacement of conventional contact inspection methods.

Now the project is on the stage of industrial design of the
system. The “Yellow system” is a real prototype of this design.
We hope that after some modification in the system carrier and
some improvement of real-time data processing, the system

will be put into real operation.
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glycine 46.6 071 619 029 - . 0.54
PfSHMT none 145 0.78 1086 022 - - -
L-serine 66.9 0.73 773 027 - - 0.74
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L-serine 16 0.77 81 0.2 1012 0.04 0.52
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glycine 19.2 0.75 115 024 1303 0.01 0.69
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1) JF. Ziegler, J.P. Biersack, M.D. Ziegler: SRIM-The Stopping and
Range of Tons in Matter, SRIM Co., 2008.

2) JF. Ziegler: Helium : stopping powers and ranges in all elemental

matter, Pergamon Press, New York, 1977.
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