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1. Introduction

Terahertz radiation source is actively studied since it plays a
vital role in terahertz applications', and high-efficiency terahertz
radiation device is pursued in any terahertz wave systems®”’. We
proposed a configuration of slit-array with the dielectric
substrate to effectively generate terahertz radiation®. The novel
radiation mechanism is different from the well-known Smith-
Purcell effect and has been demonstrated to be potential in
developing terahertz radiation sources. For further
understanding the radiation physics happened in a radiation
scheme, we build a THz-TDS measurement system to observe
the radiations. With this system, we hope to get the waveform
in the time domain, and then we can further understand the
characteristics of the radiation physics that we are interested in.
In this report, we introduce our experimental setup and the

recent progress.

2. Features of novel radiation

The model of the configuration consisted of a metal slit-array
on a dielectric substrate 2 as shown in Fig. 1. We designed the
structural parameters as £=0.2 mm, W=0.1 mm, /=04 mm,
and the permittivity &,=11.7 (Silicon) is used for the dielectric
substrate. We focus on the dispersion relation of this grating
configuration, and our attention is confined to transverse
magnetic (TM) waves, for which the magnetic field in the z
direction vanishes. By making use of the boundary conditions,
the dispersion relation between angle frequency w and
wavenumber k, can be directly derived®. With the parameters
given earlier, we numerically solved the dispersion equation and

obtained predicted a TM mode as shown in Fig. 1. The light line

in vacuum f =ck,/2m , and in the dielectric f =
k, c/2m+[€, are also plotted for comparison. It is shown that
this mode exists above the light line of dielectric but below that
of vacuum, which means that they can radiate in the dielectric
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Fig.1 Dispersion relation of the two-dimensional grating
configuration with a dielectric substrate. (resonance
occurs at the intersection of the beam line with the curve

of mode)

side and operate as surface waves in the vacuum region. A 35-
keV electron beam is assumed to travel near the surface of the
grating, and we also plotted the electron beam line f =
k,cB/2m for comparison. From Fig.l we know that the
electron beam can excite radiative waves in the dielectric region.
At the intersection of the beam line with the curve of the mode,
resonant frequency 0.21 THz and the radiation angle 34 degrees
can be predicted. According to these predictions, we designed a
substrate with the form of wedge to output the radiation. The
direction of the radiation can be designed as expected by
adjusting the angle of wedge. A simulation example of radiation

pattern is given in Fig. 2, where the radiation goes in the forward
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direction.

Fig. 2 Magnetic field in y direction of electromagnetic

wave to show the radiation pattern. (The wedge angle is

designed to make the output wave go in the forward
direction)
3. Waveform measurement system

We have developed a compact electron gun based on a 40-
kV DC photo-injector to produce ultrashort, high-charge
electron bunches. A frequency-tripled Ti:sapphire laser beam
(A=266 nm, i=4.7 V) irradiates a magnesium photocathode
(work function=3.64 eV) installed in the diode-type DC gun to
produce photoelectrons. The repetition rate of the laser was 1
kHz, and its pulse width fluctuated slightly in 95-105 fs range.
The laser beam is focused on the cathode, which is 20 mm in
diameter. The cathode is connected to a high-voltage DC power
supply with a maximum voltage of 40 kV. The DC electric
field accelerates the photoelectrons toward the anode electrode,
and a dumper electrode placed immediately behind the anode
electrode, at which a radiation structure for generating terahertz
radiation is installed.

Based on the electron gun, we are developing a THz-TDS
measurement system as shown in Fig. 3. The laser generated
from the Ti:sapphire is divided into three beams, denoted as
beam 1, beam 2 and beam 3, respectively. The beam 1 is
focused by a lens placed outside the vacuum vessel to irradiate
the cathode. The beam 2 is used to irradiate a ZnTe crystal
(denoted as ZnTe 1) to produce THz wave through rectification

effect. We use this THz wave to examine whether the

measurement system works well or not. The beam 3 goes
through a delay device and is focused on another ZnTe crystal
(denoted as ZnTe 2). When the THz wave irradiates ZnTe 2
simultaneously, the polarization of beam 3 is changed, and we
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Fig. 3 Schematic of the experimental setup including
the generation of terahertz radiation through electron

bunches and THz-TDS measurement system.

can know the intensity of THz wave at that moment by
measuring the changes of polarization through two photodiodes.
By adjusting the temporal delay, we finally can get the
waveform of the THz wave in the time domain. After we
determine that the measurement system works normally, the
beam 2 will be shut down, and let the THz radiation generated
from the electron bunches irradiate the ZnTe 2 to perform the
actual measurements.

We have finished the measurement and the examination
systems, and the examination experiments have been carried
out. The terahertz wave generated by the optical rectification
effect was observed by the measurement system, and the
waveform in the time domain is shown in Fig. 4. It is shown that
the measurement system works well, and the experiments for

electron bunches are underway.

4. Conclusion
We found that a slit-array with dielectric substrate was
possible to provide a radiative electromagnetic mode that could

be resonant with an electron beam. From the resonant



mechanism we predicted a special radiation much stronger than
the Smith-Purcell radiation, which is a powerful alternative in
developing terahertz radiation sources. And it can be expected
that an initially continuous beam could be bunched due to the
resonance and emit coherent radiation at the resonant frequency.
‘We have developed an experimental setup to further understand

the electromagnetic properties of the configuration.

Amplitude (arb.unit)

Time (ps)
Fig4 Terahertz wave generated by the optical
rectification effect through the irradiation of beam 2 on

crystal ZnTe 1.
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Lasing Characteristics of Axicon Retro-Reflector Resonator

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 specific
applications® requiring unique 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,
corner-cubes and metallic W-shaped reflective axicons (also
called Waxicons) have been used as reflectors in solid-state?
and gas” lasers, respectively.

Corner-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 AL with 90
degrees apex angle) is reflected 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 for AL and briefly described
in its caption. Various properties of the CCR have been
already addressed theoretically in numerous previous
publications®. CCRs have been also used as total-reflecting
mirrors in laser resonators®. Recently we have suggested that
ALs 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 tangen-

tial 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.

Output Coupler
@ [l PUEEGIN  ——— —_— .
Mirror
| — . —_—
2
Laser Medium
Output Coupler
(b) — — >
siem A
2
Laser Medium

Fig. 1 Comparison between (a) FP and (b) AL 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.

So, in one of our previous reports”, we have presented
experimental and calculated results on the basic polarization
and reflection properties of the CCR and AL reflectors. Near-
and far-field intensity distribution profiles for depolarized, p-
and s- polarized outputs were also presented and analyzed. We
have performed also case-calculations for several polarization

states based on Fresnel equations and compared them with the



experiments. Furthermore, the lasing performance of the CCR
based resonator has been addressed in our last report'® in
comparison with conventional Fabry-Perrot (FP) resonator.
Laser threshold, slope efficiency, near- and far-field intensity
distribution profiles have been monitored. Passive CBC effect
inside the CCR resonator was demonstrated based on
experimental results and mode calculations.

In this report, the lasing performance of the AL based
resonator has been addressed in comparison with
conventional Fabry-Perrot (FP) resonator at cryogenic and
ambient temperatures. Lasing threshold, slope efficiency,
near- and far-field intensity distribution profiles have been
monitored. Furthermore, lasing mode selection under high
thermal load conditions for FP and AL resonators are also
discussed together with the possibility of passive CBC effect

inside the AL resonator.

2. Total internal reflection based Axicons

Axicons 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), characterized by critical incidence
angle 8, = arcsin(n,/n,), where n; > 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 used an uncoated
AL with 90 degrees apex angle (fused silica, n = 1.45 at 1030
nm, 6, = 43.6 degrees) where reflection is based on the TIR
phenomenon. 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 incidence angles 8 above

the critical angle ., the phase shifts are nontrivial.>'" When
the light rays enter the AL perpendicularly to the anti-reflection
coated base surface i.e. at 0 degree to the surface normal, the
TIR angle 6 for each 2 reflections in AL for axial rays is 45
degrees (Fig. 2). Furthermore, an AL made by fused silica at
each reflection will produce phase shifts of &, =49.8 and &
=24.9 degrees for p- and s- polarized lights, respectively.

Fig. 2 (a) Photograph of the AL with 90 degrees apex angle
(b) Cross-section of the AL retro-reflector in XY plane
showing also the azimuth angle o; and the incident
Gaussian-beam cross-section perpendicular to the
propagation direction Z with two reflection points A and
B in the AL for a given ray; (¢) Same as (b) in 3

dimensions.

It can be shown that in AL resonator a linearly polarized
light ray after retro-reflection will be elliptically polarized and
cannot keep its polarization invariant 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 (55 = 0) metal coated reflection
surfaces. Indeed, 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, in AL resonator a radial polarized beam
after retro-reflection 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 (5 s = 0) metal coated



reflection surfaces, i. ., a radial polarized beam is invariant
after retro-reflection from the polarization maintaining metal

coated AL.

3. Experimental results and discussion

The experimental resonator setup used in this study is

schematically illustrated in Fig. 3.
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Fig. 3 Experimental setup diagram for comparative

D w@:’

investigations of lasing characteristics for resonators
with conventional high-reflecting mirror and an AL:
DM - dichroic mirror, W1, W2 - cryostat windows,
OC - output coupler, TRAM - total reflection active
mirror, d - Yb doped layer thickness. The cryostat
perimeter is marked with the dotted line.

Composite YAG total reflection active mirror (TRAM)
with 9.8 at % Yb doped and d = 0.2 mm thickness was
used as an active medium at cryogenic (LN,) temperatures.
The total length of the resonator was set to be 460 mm while
the LD excitation (Prax ~ 200 W) spot was kept at ~ 1.8 mm in
diameter. Conventional 100 % reflective mirror (Fabry-Perot
(FP) resonator) and an AL were used as high reflective
elements in the resonator, respectively. On the other hand,
9.8 at% doped Yb:YAG TRAM with d = 0.6 mm
thickness was used as an active medium in lasing
experiments at ambient temperature. The LD excitation
(Pmax ~ 600 W) spot was kept at ~ 5 mm in diameter.

In Fig. 4 (a) a snapshot of the experimental laser setup is
presented. Fig. 4 (b) and (c) show the interchangeable
high-reflective mirror and AL elements used in FP and AL

resonators, respectively.

Cryostat

(.

\

Mirror |

|
)
|

Fig. 4 (a) A snapshot of the cryogenic Yb:YAG laser system.
The resonator is shown by a red solid line. (b) FP
resonator with conventional 100 % reflective mirror.

(¢) AL resonator with 100 % reflective axicon lens.

In Fig. 5 the laser output power versus the absorbed pump
power for both FP and AL resonators at cryogenic
temperatures are presented. The result for CCR resonator is

also included for refence purposes.

50
0.C.R=80 %

40+ O Mirror; slope - 50 %
O Axicon; slope - 40 %
O CCR; slope-33.2 %

30

Laser Output Power (Watts)

T T T T T T T
0 20 40 60 80 100 120

Absorbed Pump Power (Watts)

Fig. 5 Output- vs. absorbed pump power dependences for
lasers with conventional- (mirror), AL and CCR

high-reflective elements, respectively.

In these experiments the same 80 % reflective output
coupler (OC) was used. The laser threshold and the slope
efficiencies were measured to be about 0.7 kW/cm? and 0.5 for



the FP resonator, 1.15 kW/cm? and 04 for AL, and 1.5
kW/em? and 0.33 for the CCR resonators, respectively. The
obtained slope efficiency for FP resonator matches well with
our previous result of 0.525 using 84.6 % reflective OC'?. An
AL or CCR laser based on TRAM was constructed for the
first time, so no effective comparisons can be made at this
stage. Marked increase of the laser threshold and decrease of
the slope efficiencies for AL and CCR resonators are
explained by the small beam diameter on those elements,
incurring fractionally large losses due to scattering on the tip of
the AL and three corners of the CCR, respectively.

One of potential merits using AL or CCR instead of a
mirror in the resonator was based on the earlier observations
that at higher excitation powers the FP laser output undergoes
a thermal roll-over, so application of AL or CCR could
possibly improve that detrimental thermal effect. In Fig. 6, NF
and FF output intensity distributions of AL and FP resonators
for two absorbed pump power cases are shown. It is seen that
thermal effects up to 90 W absorbed pump power hardly affect
the main features of the beam profiles. This is probably due to
the fact, that in the available TRAM sample (d = 0.2 mm) the

FP AL

Absorbed power
55w 0w 55W 20 W

Absorbed power

Fig. 6 NF (top) and FF (bottom) intensity distribution patterns
of a FP (right) and AL (left) laser beams for 55 W and
90 W absorbed pump power cases, respectively.

pump power (Prax ~ 200 W) absorption ratio was only 0.45
and the thermal roll-over effect has not appeared at cryogenic

temperatures. To explore potential benefits of the AL and

CCR resonators, we have performed also lasing experiments at
ambient temperature. The resonator configuration was similar
to the case when cryogenic cooling was applied (Fig. 2),
however, in experiments at ambient temperatures the cryostat
was removed, and the TRAM was installed on a water jet
impingement cooling system. In Fig. 7 (a) and (b) snapshots of
the experimental laser setups for FP resonator with
conventional 100 % reflective mirror, and AL resonator with

100 % reflective axicon lens, respectively, are presented.

Fig. 7 A snapshot of the Yb:YAG TRAM laser system with
water jet impingement cooling. (a) FP resonator with
conventional 100 % reflective mirror, and (b) AL

resonator with 100 % reflective axicon lens.

In Fig. 8 the laser output power versus the absorbed pump
power for both FP and AL resonators at ambient temperatures
are presented. We have done also lasing experiments using a
CCR resonator, but no lasing was observed up to the
maximum (~ 600 W) available pump power (~ 3 kW/cm?). In
all experiments at ambient temperature the same 90 %
reflective OC was used. As it can be seen from the Fig. 8, the
laser threshold and the slope efficiency for the FP resonator,
both can be only roughly estimated to be larger than 720

W/em? and 0.3, respectively. This uncertainty is due to the



nonlinear dependence of the output- vs. absorbed pump
powers caused by the reabsorption effect of Yb*" ion at around

1030 nm lasing wavelength.'?
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Fig. 8 Output- vs. absorbed pump power dependences for
lasers with conventional mirror and AL high-reflective

elements, respectively.

On the other hand, for the AL resonator, even rough
estimation of the lasing slope and threshold could not be made
due to the inefficient and weak laser output. The reason for
marked increase of the laser threshold and anticipated decrease
of the slope efficiency for AL vs. FP resonators at ambient
temperatures can be only partly explained by the fractionally
large losses due to scattering on the tip of the AL. Additional
experiments are required for understanding the true nature of
the lasing efficiency drop in AL resonator case. Lasing
performance comparison between cryogenic (Fig. 5) and
ambient temperature (Fig. 8) cases reveals that the lasing
efficiency, as expected, is lower for the later case due to
regressive material properties of Yb:YAG and reabsorption
increase from low- to higher temperatures.'¥

Concerning the beam quality, we have tried measuring the
beam quality factor M? for FP and AL resonator outputs (4-c
ISO-standard method, measured by BCI106N-VISM
(Thorlabs) instrument). For FP resonator at ~ 8 W output, the
M? factor for X- and Y- directions were 11.84 and 8.32 (M?

mean ~ 9.92), respectively. As the laser pump/output power

increased, the multi-mode operation of the laser dominated and
no reasonable measurements of M? factor could be performed.
In case of the AL resonator, unfortunately, M> factor
measurements were unsuccessful. This could be caused by the
donut-like beam profile of the AL resonator output. To
compare qualitatively the beam qualities of FP and AL
resonator outputs, an indirect method was adopted. Namely,
beam profile changes in near- and far-fields at increasing pump
powers (increasing thermal load in TRAM active medium)

were monitored and compared (Fig. 9).

Pump 175w 25w 250W 300 W 350w 400W

" -

Pump
power

450 W 500 W 550 W

400 W
--
’ ---

Fig. 9 (top) NF and FF profiles of laser beam from FP

NF

resonator at different pump powers; (bottom) NF and

FF profiles of laser beam from AL resonator at different

pump powers.

Based on resonator configuration (no mode selection elements
involved) one can deduce that the FP resonator will operate at
multi-mode regime as the pump power increases. Indeed, at
increasing pump powers (Fig. 9, top raw), the NF and FF
profiles continuously change, indicating that the resonator
enters a multi-mode regime (higher order resonator modes are
not suppressed). On the other hand, for AL resonator even at
higher pump powers the NF and FF profiles do not change,
indicating that intra-resonator mode selection occurs, and high
order resonator modes are suppressed (Fig. 9, bottom raw).

Unfortunately, the coherence properties of the AL



resonator output cannot be studied for the particular case of
TRAM active medium configuration. This is because the
output beam polarization for TRAM configuration cannot be
controlled due to the phase jumps caused by total internal

reflection.

5. Summary and Conclusions

Lasing properties of axicon lens (AL, fused silica, n = 1.45
at 1030 nm) retro-reflector based resonator in comparison with
conventional Fabry-Perot resonator have been studied for the
aim to characterize intra-resonator passive coherent beam
combining (CBC) phenomenon. At cryogenic temperatures,
The laser threshold and the slope efficiencies were measured to
be about 0.7 kW/ecm? and 0.5 for the FP resonator, 1.15
kW/cm? and 04 for AL, and 1.5 kW/cm? and 0.33 for the
CCR resonators, respectively. The maximum output power
achieved from the AL resonator was ~ 24 W. At ambient
temperatures, although lasing for FP and AL resonators were
observed, the laser threshold and slope efficiencies could not
be accurately estimated due to the insufficient pump power.
No lasing could be observed for the CCR resonator.

Near-field and far-field intensity distribution profiles for FP
and AL resonator outputs have been monitored and compared.
At cryogenic temperatures, thermal effects for applied pump
powers hardly affected the main features of the beam intensity
profiles. On the other hand, at ambient temperatures the NF
and FF profiles of FP resonator changed at increasing pump
powers indicating that the resonator enters a multi-mode
regime. On the other hand, for AL resonator even at higher
pump powers the NF and FF profiles did not change,
indicating that intra-resonator mode selection occurs, and high
order resonator modes are suppressed.

Although several characteristics of resonators with
retro-reflective elements have been already recognized, more
detailed investigations using CW systems are hindered by
insufficient pump power densities. Potential benefits of AL

and CCR resonators could be further investigated in laser

systems with pulsed regime operation.
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Laser-based remote nondestructive inspection of metal water-pipelines

Laser measurement team

0. Kotyaev, Y. Shimada, S. Kurahashi

1. Introduction

In this report, experimental results on laser-based technology for
remote nondestructive measurement of metal pipe wall thickness
are presented. Moving fluids always affect the inner surface of
pipeline. For example, boiling water flowing inside the pipeline
erodes the metal surface; or mixed liquid containing solid elements
scratches the inner surface, as shown in Fig.1. As aresult, pipe wall
thickness will be reduced. Preventing dangerous situation caused
by thinner walls, periodical evaluation of wall thickness is
important. Laser-based inspection is considered as a promising
technique of remote nondestructive high-speed inspection for

metal pipes [1].

Fig. 1. Metal pipe with rocks-in-water inside.

In the present report, principle possibility of pipe wall thickness
measurement by laser vibration meter is demonstrated. Influence
of inner water on measurement results and problems of pipe

damage caused by laser impact are considered.

2. Idea of thickness measurement

The measurement procedure is based on laser initiation and laser
detection of resonant acoustic waves between inner and outer
surfaces of pipe wall [2]. Figure 2 shows general principle of laser-
based thickness measurement. Impact laser hits outer surface of
pipe wall and initiates acoustic wave inside the wall. This wave is
reflected by inner surface of the pipe wall and comes back to outer
surface.

Inner surface

Vibration detection System

Fig. 2. Laser-based evaluation of metal wall thickness.

The approaching wave will be reflected again and again by outer
and inner surfaces. Multiple reflections of initiated acoustic wave
will be detected. Resonant frequency of acoustic multiple
reflections in pipe wall is given by F,,- = V/2d, where V' is sound
velocity in pipe material, d is pipe wall thickness. If pipe is made of
material with sound speed of 6 knv/s, and wall thickness is 5 mm,
then F,,,- = 600 kHz. If pipe wall becomes thinner, then F,,,- will
increase. Detection of increased frequency of multiple reflections
in inspected pipe will reveal potentially dangerous situation.

It should be noted that, during actual inspection procedure, pipes
are supposed to be filled with water. Presence of water inside pipe
should result in decreasing amplitude of initiated resonant vibration
but its frequency should remain the same. This effect will be

demonstrated experimentally.

3. Experimental setup

A pulsed Nd:YAG laser was used as a source of laser impact.
Output laser energy is up to 1J and pulse duration is 8 ns. Detection
of initiated vibration was performed by commercially available
laser vibrometer OFV-505 manufactured by Polytec Co.



Fig. 3. Metal pipes used in the experiments.

Three pipe samples were provided for the experiments (Fig. 3).
These are 1-meter long pieces, 165.2 mm in diameter. The pipes
are made of steel. Pipe wall thickness: 7.1, 5.0 and 3.7 mm. Outer
surface is covered by protecting paint.

In these experiments, pipe samples were installed on separate
table 6 meters away from the inspection system. From this distance,
probing radiation scattered by original pipe surface and used as a
working signal appeared to be very low. To increase signal power,
counter-reflecting tape was used in the probing point in most part
of the experiments. However, in reality, only original surface is
supposed to be used. So, for the final system design, special
experiments have to be carried out with original pipe surface
without using counter-reflecting tape to find maximum inspection
distance, where signal-to-noise ratio is still acceptable.

Mainly, impact beam size was 5 mm in diameter (square was
about 0.2 cm?). With the use of 1-J laser pulses, energy density and
intensity of laser impact beam on pipe surface was 5 J/em? and 625
MW/en?, respectively. In these conditions, ablation took place on
pipe surface producing strong acoustic noise in air. To avoid
influence of acoustic noise, impact/probe distance was set to be 40

mm (Fig. 4).

U Impact beam spot

Probing beam on
counter-reflecting tape

Fig. 4. Impact/detection configuration on pipe surface.

4. Pipe wall thickness measurement

Signal waveforms detected with the use of the impact/detection
configuration described above look complicated. For example,
Figure 5 shows waveforms and spectra detected in the pipe sample
with 3.7-mm wall. Moment of impact takes place at t =0 ps. The
wave signal appears at 13 ps after laser impact. This delay
corresponds to surface wave propagation time over 40-mm
distance between impact and probe points. If sound velocity in steel
is 5900 m/s, then surface wave velocity is about 3000 mys,
propagation over 40-mm distance will take about 13.3 ps which
agrees with the observed delay.

The signal between 13 ps and ~ 30 ps (hereafter we call “signal
beginning”) contains mixture of surface wave and non-stationary
multiple reflections. It was found that clear stationary resonant
reflections appear about at 30 pis after laser impact. It lasts about 50
us until strong oscillation starts at ~ 80 ps after laser impact. Impact
by Nd:YAG laser induces surface ablation as mentioned before,
and shock wave in air is produced by laser ablation. The strong
oscillation after ~ 80 ps (hereafter we call “acoustic noise”) is due
to acoustic vibration in air caused by shock wave. Speed of the
shock wave seems to be supersonic: about 500 nmvs.

Both non-stationary signal beginning and acoustic noise
influence on spectra of detected signals, which makes extraction of
useful information (here, frequency of multiple reflections) difficult.



One can see the whole waveform spectrum shown in Fig. 5-a has
a peak at 800 kHz which corresponds to multiple reflection
resonance. However, the peak is surrounded by high-amplitude
spectra of the signal beginning (Fig. 5-b) and acoustic noise (Fig. 5-
c). The clearest recognition of resonant multiple reflections is
possible in the 50-ps waveform cut between signal beginning and
acoustic noise (Fig. 5-d).

Figure 6 presents waveforms and corresponding spectra detected
for pipes with wall thicknesses of 7 mm (a) and 5 mm (b). All

OFV-505 signal amplitude, mm/s

waveforms are results of 10-record averaging. To illustrate
influence of non-stationary vibration acoustic noise, two
waveforms are demonstrated for each pipe: whole detected
waveform and 50-pus waveform cut between 30-th and 80-th pis.
The 50-ps cuts without initial non-stationary vibration and acoustic
noise are most useful for measurement of frequency of multiple
reflections in current conditions. Actually, all whole waveform
spectra have peaks corresponding to multiple reflections frequency.

However, spectra of 50-ps cuts have the clearest peaks.
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Fig. 5. Waveform and spectra detected in tests of the pipe sample with 3.7-mm wall: a) - whole waveform, b) - signal beginning, c) -

acoustic noise, d) - 50-ps cut between signal beginning an acoustic noise.

Pipe wall thickness — 3.7 mm,; detected resonant frequency of multiple reflections — 800 kHz.
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a) Pipe wall thickness — 7.1 mm; detected resonant frequency of multiple reflections — 420 kHz.
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b) Pipe wall thickness — 5.0 mm; detected resonant frequency of multiple reflections — 610 kHz.

Fig. 6. Waveforms (whole waves and 50-ps cuts) of detected resonant vibration and corresponding spectra (scales in spectra are varying).

Table 1. Multiple reflections in steel pipe samples.

Expected multiple reflections | Detected multiple reflections
Thickness, mm Detection/expectation ratio
frequency, kHz frequency, kHz
7.1 415 420 1.011
50 590 610 1.034
3.7 797 800 1.003

As mentioned above, the provided pipes are made of steel. If detected frequencies of multiple reflections. So, laser-based
sound velocity in steel is 5900 mvs then frequency of multiple evaluation of metal pipe wall looks reliable and should be used in
reflections should be as shown in Table 1. real applications.

One can see there is good accordance between expected and



5. Influence of inner water on pipe wall thickness
measurement

As mentioned above, a pipe under inspection in real conditions
will be filled with water. The presence of water should affect
amplitude of initiated resonant reflection. So, it is important
information whether it is possible to detect multiple reflections and
evaluate pipe wall thickness at the presence of water.

To measure pipe wall thickness in water-filled conditions, a 20-
cm piece of the pipe with 3.7-mm thickness was used (Fig. 7). One
end of the pipe was sealed with plastic plate; and the resulting pipe
“cup” could be filled with water.

Figure 8 presents comparison in whole waveforms and spectra

between the two cases: empty pipe and pipe filled with water.

OFV-505 signal amplitude, mm/s

Fig. 7. Water-filled piece of pipe under testing.
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Fig. 8. Waveforms and spectra of multiple reflections in pipe wall: empty pipe (top) and water-filled pipe (bottom).

As it was expected, spectral amplitude of detected signal in
water-filled pipe is lower than in case without water. Difference is
about 2 times. This difference is caused by difference of acoustic
reflectivity from steel/air and steel/water boundaries. Actually, the
experimental configuration was not intended for studying acoustic
properties, so correct quantitative evaluation of acoustic reflectivity
here is not possible. Good news is that detection of multiple

reflections in water-filled condition is still possible.

6. Non-destructive impact with the use of CO: laser

Laser ablation produced by Nd:YAG laser impact does not

destruct pipe wall, however it produces damage of protection
painting covering outer surface of pipes. The damaged spots are
clearly seen in Fig. 4. Even with the use of bigger impact beam size
and decreased pulse energy (producing practically non-detectable
vibration signal) painting damage takes place (Fig. 9). Moreover,
applying multiple impact in one and the same position (10 shots,
mainly) for data accumulation and averaging to improve signal-to-
noise ratio results in just painting removal. This effect probably is

not acceptable in real inspection.



Fig. 9. Pipe painting damage produced by 10-mm impact beam
and 0.5 J energy: left — single shot, right — 10-shot accumulation.

Pipe under test

Fig. 10. Test of CO; laser impact.

To check possibility of really nondestructive pipe inspection, a
CO; laser was used instead of the Nd:YAG laser. The CO; laser
generates pulses with 5 J energy and 90 ns duration. It should be
noted the available model of CO; laser is not designed for long-
distance operation. So, to check CO; laser impact, shorter distance
(about 1 m) was used (Fig.10).

It was found that CO laser impact beam with 35 x 30 mm size
produced noiseless thermal impact and did not make any
noticeable damage on pipe painting, even in 10-shot accumulation
(Fig. 11). Nevertheless, it initiated detectable resonant multiple
reflections which allow to measure pipe wall thickness. Figure 12

Fig. 11. CO; laser beam spot on thermal paper (top) and pipe

surface after 10-shot impact accumulation.

presents waveforms and spectra of multiple reflections detected in
the three pipe samples. It was found that with the use of thermal
impact produced by COz laser, initial non-resonant vibration
(““signal beginning”) is shorter than in the experiments with ablation
impact produced by Nd: Y AG laser. Here, only 6-ps parts of signal
waveforms with initial non-stationary vibration are cut off.
Thermal mode of laser impact does not produce acoustic noise, so,

the rest waveforms can be used without additional cuts.
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Fig. 12. Waveforms and spectra of resonant multiple reflections in metal pipe walls obtained with the use of CO; laser impact. Pipe wall

thickness and corresponding resonance frequency: a) 7.1 mm and 420 kHz, b) 5 mm and 610 kHz, ¢) 3.7 mm and 800 kHz.

The results of pipe wall thickness measurement obtained with the
use of the CO, laser are similar to ones summarized in Table 1. So,
CO; laser is probable alternative of Nd:YAG laser as a source of
laser impact in real nondestructive inspection. However, CO, laser

should be properly designed for long-distance operation.

7. Discussion and conclusions

The experiments have verified principle possibility of remote
laser-based inspection of metal pipes. In real inspection, it will be
necessary to provide appropriate level of signal power for
acceptable signal-to-noise ratio. As well, it will be necessary to
optimize impact/probe configuration to minimize influence of
initial non-stationary vibration and possible acoustic noise
produced by ablation impact.

Another important effect which should be taken into account is
about 50% decrease of laser-initiated vibration amplitude when
inspected pipe is filled with water. So, when developing real system,
itwould be a good idea to have some reserve in signal-to-noise ratio.

Ablation impact produces damage of protection painting. If it is

not acceptable, the real inspection system should be equipped with

impact source providing really nondestructive impact. Possible
candidate is CO, laser with pulse energy about 5 J and pulse
duration about 0.1 ps. It has been demonstrated, if impact beam size
square is about 10 cm? then this kind of laser is capable to initiate
detectable resonant vibration without noticeable painting damage.
So, safe parameters of energy density and intensity of CO; laser
impact are 0.5 J/em? and SMW/cm?, respectively.

According to Fig.1, thinnest part of long time used pipe will be
on the pipe bottom. That means, if there is no clear space under
inspected pipe, it may be technically difficult to deliver laser beams
to pipe bottom. In this case, another physical phenomenon could be
used for pipe inspection, for example, initiation and detection of
eigenmodes in inspected pipes. This idea will be one of the topics
of further study.

This research was supported by the Obayashi Corporation.

8. References
1) Nondestructive testing hand book. ASNDT, 1991,

2)  C.B.Scruby. Laser Ultrasonics. Technique and Application, 1990.



R DL — —Et R EHEBHE DAL (FIVR

LY S AT — b BAIRZER

saEB. Ny azo—r 7o Hprk?

1. [XL®IC

ABFFET— LTl BREAOISHRHERENESR - DBR%E
Z ¥R L. BRI TRk A 7ot 2 7o T B E MR HD
AEPRBREWE Ok 7 A T X 7 AT JOSEHIIROS A
T =R W SV A L— 7 R R e HRIE
(ZR VAN DHFEAAT> TE T, AR Tl AAW
TDARDT X WA RS DRkREZ Rt MEKD-
T2 %S (human D-amino acid oxidase, hDAAO)
(ZOWT, ZOYEIRFRIMREICS A T 7 A& B BH)
HEEPRERIC L0 T L7 BT 2,

2. EFEXEDAAO DEXFAFIUR

D-7 2 HBUEEE (DAAO) 1%, 77T 7=y
X7 VAT K (FAD) ZARFICFF>7 7 BV REEO—
FiC, FAD O—#8Ch DA VT uaFxH U 8 (so, X1 (b)
() NOHGY ITE AN UskasEk (530 nm
i) OEEEFET D, DAAO 1Tt M EETfF EOR RS
fHi, EEC S <IFHEL, D-7 2 eEsfit (R +5
HREARON (M 2) . ZOEMNZEENTE < HhoT
WD T, THUTK IR, fEHs (ER) 13Hak
ARPELE DI D-7 X/ BEIREEDY DAAO DIFTEMEIC K
DI LY BICFLTWD Z EaoX L, HERERIIAD
B 5D DAAO DOFIREMEZ I L (3) | D
TERCAN T B L LT M2, ZOWE, Bk olii
FBICKI T D IRRERBR O RN L7225 &\ ) HIRCH
e A RO, Fox . DAAO B X OBIHIFIAIIRE &
A L— 3RS L V85 2 & T, 2 ORSRENIH
AR = AN DFAATGFCTE D &5 %, RHd i
JEEHANE (H—YerEHdE) 2T Mk DAAO

(human DAAO,hDAAO & 330) & 5 FROHHI 2480
LTz BOYERE 24 F- 2 7 ZA0FHE T-7= (K 4) Y,
ZOFER, hDAAO DHOCITZRHEREI TR L, &
INCERT 4 T 4 7B 4T ps, 235ps. 1.17ns, 4.5ns

NH,
OH L\N N
o=r—o o
c" H H
=p-on OH OH
YY)
HO- H
H- OH
O H
HsC. N. /NYO
i |1so
HaC N
o

1 (a) b hHED-7 X /(%% (human
DAAO) Dttt (4 FfA, PDBID:2E48) |
b) fiR 77 e TTF=0 X LAF R
(FAD) 0431

D-FE /B D-1/S/fk D-7 Bk
T A H,0 i
Cru, ‘
O - “coon
H

FAD-{_DAAO l DAAO )-FADH,

Hloi OZ

2 DAAO DUGAF—L

D-73/8
R

|
o G-
™ \ "IGOOH HNY \
2T Ay
DAAO )=FAD \
1734

\ HIFISF 1
S ’

______

""COOH

3 HIHIENC L5 DAAO OHERERIHIZNE

D 4 DDA HNGF B IV, I 2N L 736 Tl
ZOREIEITIE UC 47 s, 235 ps DFFRITOIAELLAME T
L7=7=, #5775 hDAAO &#tA L CsAA TR LIk
BEMIHIR A R LIz b L B X B Y, —J7 2 fHHy
FRATIZON TR, JelciliE Blh d 5 7 2 gtk DAAO

(PkDAAO) DA FF Y & DL D, 4Tps, 235ps 4%
FHNE) % F U hDAAO 2 BIK, BE(RDhAFhIC
Jit@ L7273, hDAAO O X #ftididiiti L 4 &K T1 2=y



PR L TEY (X 1@) . @ikl &
CHLEARMFE L TOD 0 E D NI Tl e\, ANHF
ZETIE, DAAO OB = OO EER TH 5 Iso L&
HEIZEHFENLT v Y (Tyr) 72ED7 I/ BEIEOM
T Z D NFHEE BRI A, RAEMEORIA &7
2 B ORFRE A EN 72 EOBRAERES 25
JE LT B AR U O &1 TV, PERmiE & =

BRE & Hlge % = & TRHIZEISIT A hDAAO DIR(EIRAESS,

TR D OB A& DUV Tt a1 T o 7,
M

(2) 3)
Y f”@* o
(5)

(1) 3-hydroxycoumarin

(2) Imidazo [1,2-a]pyridine-6-carboxlic acid

(3) 3-thiophencarboxylic acid

(4) 5,6-dihydro-4H-cyclopenta[b]thiophene-2-
carboxylic acid

(5) Sodium Benzoate

Log (Fluorescence) (a.u.)

| | | |
0 200 400 600 800 1000

Time ( 4ps/channel )
4 human DAAO 35 X UM (1)~ () (o
v R MiREOL T — 4 (LR 520nm)

3. BFBERICDERAZHT
3.1 EFBEEEER

DAAO 72 £ FAD ZMR AR >EREIT 7 7 &
VEABLWHINTEBY, 7I EUEARITHEGILCL
Iso 2SR &AL OthEDIRAES Tso &350 | Iso JAPHICE
T AR OERT I gL (Favr (Tyr) £
TNV T h7 7 (Tp) ) DSEECE IS ET D
rals, 220 Tyr BL O Tp MO 2SS K

& OFE RS 2T, BRSO
Iso & Tyr (F7zidIso & Trp) MIOBEECRLA), 714
HAEHEICRAF LT L, BB N RE LS 2D &

HOCFIEL e B0, ZBOFTIZ X v . HHKFE
VORI EARSS (7 3 EEoRE) 1< 55
RAEoins,

FRAZ BRI T, Marcus |2 X 0 B Sz
D, ZOBRRA IIFRIZ I VEENNZ BN TN D, AT
ZE G, Kakitani, Mataga 12 & 0 AL X7 TR ELEE
Ham KM 207z XD o KM AUEE B ahE

B BET N — — 7727 ¥ —OERHK % F
FTATH DD, WiEkds JOIEEE\DOE FREEFL @ T
&, NF— = 777y R AR S ERE
BOMHTIZ b FTRE T 2,

2
{AG0 - /)R + A+ E}W}
47k,T

Y kT

0 B

1+exp{ﬁ (R —RO)} 4mA

O

exp

KM=

ko VIEAFBENRIE, Re 13 K)— — 7777 —RHHE

(center-to-center) . vy, A, RolTEAVEI, WiEMREEL,
ET i@Bf4R5. WiE—JEliEAD ET SBERIEECH D, £72.
AG’ 1% ET RUNERA & BOSH O B TR F—%,
—e2 /el Rel3A A RO ET AL —, A ITAEEFn
Eng (3ROSR (Iso — Tyr E£721% Iso — Trp
MDA AL %f) L X RTENHFET DI NE I Y
TEDA T AT X BRI O ET LY —Th
Do

TRLF—,

3.2 hDAAO D FrE&E

BT R — - 77 v 2 —HOlEEs L OB ORE
(21X, hDAAO DOfEiAEE (PDBID:2E48) % iz, A
SRR ST HHEEE VDN E TH D, IRiEHO
& 2N E TSI SR, fidE TR
L7z, hDAAO (Hf5EHCld 4 SOV 7T 2=v h)MEE Y
4 BIEZRE (KM 1) LTW5, M52, $7=2=v |
@ FAD (Iso) JERA Dt a9, Iso DJEFHIZIL, Tyr224,
Tyr228, Tyr314, Tyr55, Tp52 D 5 DOWERET 2 J k%
FAEE SN TERY | Iso OMIEIZ LY Zhd DT



EAABERISIEZ 5 L& 2 HIVD, BERFThDAAO 73
2 BIRTHIET D EAGE L, 4 BlRkD 5 LT 5 2 >0
BTy FEBRL, ZHEI subA, subB & L7z, &
11, ARG S ZNENOTELET I/ BERIEE Tso
FOEEEE (Re: center to center, Re : edge to edge) ZHHI L
IR ET T, 2 SOV T a=y FOMEIIHER—TH
V. EREECRCAN R & ZENT R B,

5 hDAAO (28T 2% Iso ERADBENET 2/ BidE
(PDB ID : 2E48)

1 Iso EJEPHDOT X g orhifE

Amino acid Rc (nm) Re (nm)
SubA SubB SubA SubB
Tyr224 0.79 0.79 0.71 0.72
Tyr314 0.87 0.87 0.58 0.58
Tyr228 0.92 093 0.76 0.76
Tip52 1.15 1.15 0.66 0.66
Tyr55 1.20 1.19 1.03 1.03

3.3 BFBIEEORH

hDAAO DY ENE, Tso DLIREE (so) &
BHERT X OB BRI HS L TR 5720
WFFIENZENDIso — 7 X/ WO (- REERE Ok
FOWE L L TR S41H, hDAAO2 BATIL2 DO%7 =
=v MA, BN L QD 72, 7=y METHE
TR EAEL Z 2 (1 21 F SubA D Iso & SubB 0 Tyr224)
EIGE L, 2 BRI 5 ERBEE (k) (38 QTE
FLI,

k, = %E(kf” +k ke +ka) )

kA4 kB IXTHZIL SubA O Iso & subA NS
/1%, SubB WO EWRT X/ kL O B 2 kP4
kPP 1% SubB O Iso 7> B DRSO E FRBRE 27T, /1%
B N —TChOHTEET IV EERERL, £1 TR
L7=SEOT R FEOMIDAAO .= NNIZIFET 5 17
OFFEET 2 /18 G 22 ) 2 CoE FREhdE 2= (1)
WZE D ZENENEE L, ZORMEROTZHDOTHD, —
J7. hDAAO NH&ERE UTIHET 2581, ==y &

BOBEB BN EOL L, BIBEEE () 13X (3)
TEHLT

22
%2(1{;“ +k™) 3
J=

Z DM EFBENRE OFRI LB RT A—52 (vy, B,
Ry AG'. —e?/eB4Rc, L. Eng) ORHFEHONT
1, Box ORGSR BIRS 0,

hDAAO 2 &R, HEKRIT HE% DET RF—D 9

ERBENEENRE OGO 5 FOHRRIR AR 2 [OR

T2 ERICRBW TR bIEEARE ) R —E Tyr314 T,
RUNT Tp52 Tlho7o, TrpS2 1 Tyr224 <0 Tyr228 12k
Re lTREVN, Tyr K0 & Tip D05 AGC IR E N0
A RBEREEIER LT EB 2 6ND, 2 IR HEkE
g5 & A R —OfE L EEONER IR —Th D
W, % DA RS —THHT % & 2 BIEO )3 R L

HEFBEMENRE S RoTND Z &bl

#2 Iso LfEx OET F—ROE FREBEEE DL

Electron Dimer Monomer
Donor Ky (ps™) Ky (ps™)
Tyr 314 1.82 x 107 3.86 x 107
Trp 52 8.85x 107 1.62 x 10™
Tyr 224 1.86 x 107 1.11 x 10
Tyr 55 8.67 x 107 1.06 x 10™
Tyr 228 1.86 x 10 1.18 x 107

3.4 HHR{E & EEREDLE
hDAAO 2 &k KLU EIROTE R EREE AT 5 R
H U7 & A e L2 (3% 3) o kITTEhZ



N QB LUK B HROEKET FF— Tyr BLO
Trp. 7t 22 ) OFEFREEREEORFNT, 1,03 1V kDR
DN FFROHRIE T D, 2 BAROHN O
1347 ps, HERTIZ 235 ps LRD DI, FEHbELR
T2 2 FDF MKy @ps, 235ps (1) ) BT 5
ZENRbinoT, ZORFIE. hDAAO AVKESHRHTT 2 &
R & BEADNRA LTIRIECHAF L CHs Y 47 ps. 235 ps
DHESCFFMMEAEN 2 Bk L OB RRORhEEm R
BTEDZ &, KT TORDAAO @ (FAD JEPHD) #iE
DI & —EL HDOVIEPMSIEEIC SN L AR
L2,

K3 AOCFMOFEIE () &FEBE (r,,) O

Protein k (ps?) T (PS) Tos (PS)
Dimer 2.13 x 107 47 47
Monomer 426 x10° 235 235
4. FLHESHE

ARFFETIE, & FHK DAAO (hDAAO) DYkiL7E 1-
BEIRIGIZ OV T, fhdiiss K OE sy =0a o
TSR 24T O 2 & THOEEMA R L, B
RO HICIG DA 7= HBRE & e LTz, 2 OFER,
SR & SR IIER IS RO 5% R L, hDAAO VK
T 2 BfR & HEARDNES LIRRECIF L, SR Cig
DHAVIZ 47 ps, 235 ps DHINFFMMEIEI 2 EiRIS LM
BIROREHMITRTE D Z &, IR TDhDAAO ©

(FAD JEHD) HEdEnSiiiiiG & —5, & 2DVNIEEMEN
FEFITENZ ERDoTe, LLERND, 2 b OfET
FAT D T2DITIIASK, TR COBIMEEE VWD 2 &3
HETHD, WRTOEAEMELIGDT2DOFETIL,
X HREGELZ AW CIRIR R O 2 SRR LI 2 THESC,
53 T BN O QORI A 2 BRI T 2 T
BB 2 Hid, BEHRHOEMMWEEE FRT5FEE LT
BIE, X BvIMAEELE (SAXS) MNEH SHTWD, =

DOFETREH COBEBHEREOYA A0 L, KE
DSR2 OB L CE 0 | BURCIE X Sk T
EEEREOBINIITETOARY, —F, ST EIHER
RN FETIEARRNCEERE TR Ch 5 T it R & R
\HGIET 2 2 EE L 72D, ZHUSKE L, Fox DA
TIF-T-FiEE MD 28I & AHETRIOREREE LT
FIATE D LEZ TS, MD I X 0 7R ot
Wi AW CERABEONSIEZ BRI TR L, R iR
JEEHANT 12 580E & i g2 Z & CL FRIShEiR
DEAEDEBEO LD TH DM E I DDIHFRETE 5,
Fex Xz ETICT 2 ElHK DAAO % IVt A i
HTEEMY R, 51T hDAAO O MD FHRIC X Ak
ST & ZORERAE A= BT BEISUSORTET D
& EBIT, AERNTER A Z2RE A T2 L T D fthidZ <
77 EVEAEAOmEME BIE L TR EED T T
ETHD,
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ECEGIENTRY, 77—y a U TERSND 4
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HChH D, FHT, T 23—l TR AR T
Z &R b {El 2 —7 Y MSROBLE D b,
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2. DMC i%xIZ & % FIL—LEILDEEOFHE

F = = NOB BRI OEZAUBI L, DSMC
FEERANCY R 2 b—a v a{To7, k05
12 DAy TR ORTIZI N TIL, Boltzmann 572
NEffE BN DD, RURERERCT D4 % D3O
T, IEES &4y S A EREER S DSMC

(Direct Simulation Monte Carlo, BT 7 /L) i
VL PURMEDSE < | Ay FAURDIENTI 6\ VTR
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