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A Deformable Mirror Operation Control Model using the Influence
Function (IF) Approach: Experimental Verification
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1. Introduction

Many optical systems suffer performance degradation due
to light wavefront (WF) distortion. When an optical wave
propagates through an inhomogeneous medium such as a thick,
low-quality glass or turbulent atmosphere, refractive index
differences in the lateral cross-section of the optical beam along
the propagation path cause optical phase distortions. Various
Adaptive Optics (AO) techniques are often used to compensate
for such phase aberrations. AO systems often consist of an
active optical element such as a deformable mirror (DM) to
correct the dynamic WF distortions. While AO has its roots in
astronomy?), it is currently used in a wide variety of medical and
industrial applications as well?.

There are two main AO approaches for the optical WF
correction. Indirect approach: in this case a WF corrector, but
no WF sensor is used. A performance metric (M2, Strehl ratio,
or PIB (power in the bucket)) is defined, and stochastic
optimization methods are used to improve the performance
metric hence, indirectly correcting the WF distortions. Direct
approach?: it is implemented with a WF corrector, a WF
sensor to measure the aberrations present in the incoming beam,
and a feedback control algorithm to link these two elements in
real-time. Both approaches are based on a ‘“closed-loop”
negative-feedback technique hence, they are relatively slow
because of convergence time requirements for multi-channel
DMs. In specific AO applications with the DM corrector where
fast (~ 10 ps) convergence is required, ‘“closed-loop”
approaches are often not applicable. In contrast, by an “open-
loop” approach high operation bandwidth could be achieved if
accurate WF measurement, data transfer, and exact control of
the DM response are fulfilled.

In our previous report”, a control model for hexagonally

arranged 61 piezo-actuator (PA) DM was described
theoretically for “open-loop” applications. The control was
achieved by a prior displacement mapping of each individual
actuator in the DM along the normal to the thin mirror surface,
while all other actuators were constrained at their nominal
positions, and determining the effect of that displacement on the
shape of the whole DM. We have described physical principles,
mathematically characterized, and compared two model cases,
namely, with- and without crosstalk between the neighboring
PAs in the DM. Calculation examples for WF distortion
compensation with- and without crosstalk between the
neighboring PAs were presented and the importance of taking
into consideration the crosstalk effect in the DM control
procedure was unambiguously shown both qualitative and
quantitatively.”

In this report, experimental verification of the DM “open-
loop” operation control using the influence function (IF)
approach is presented. Although we have designed and built
several DMs with 3 (tip/tilt control only), 7 (focus/defocus
control only), and 19 PA DM, for space limitations, results for
only 19PA DM are presented here.

2. 19PA DM and its 19 influence functions
In Fig. 1 the arrangement, numbering, and distances

between 19PAs spiraling from the center are shown in the
frontal (X, Y) profile of the DM. The coordinates of each PA
are known. Here we remind that the normalized shape of the
DM when poking a single actuator is called influence function®
(IF) for that specific actuator. Each DM with N number of PAs
will have N IFs. In general, the IFs can be determined by ab-
initio calculations, modeling, and/or direct measurements. Due

to the complexity of the DM and materials used (thin mirror



substrate, special glue, PAs, precision screws, a metallic base,
etc.), we determined the IFs for all 19 PAs by direct
measurements using the ZYGO interferometer Verifire

Dynaphase (AMETEK).

50.8 mm

Fig. 1. The positions, distances, and numbering of 19PAs (small
red-yellow dots) in the DM.

The mirror substrate of our 19PA DM is 1 mm thick,
double-site high-reflection coated [1064 nm & 633 nm] quartz
substrate with 50.8 mm diameter. In Fig. 2 (a) the DM substrate
flatness (RMS =~ 0.455 pum) prior to installation is presented. In
Fig. 2 (b) the same substrate flatness (RMS ~ 0.075 pum) is
presented after the installation and approximately ~ 5V bias to
each PA.

Fig. 2. (a) The DM mirror substrate flatness prior to installation;
(b) The DM flatness after the installation and ~ 5V bias
to each PA. The color code for =1 um displacement

interval shown in the middle is the same for both (a) and

(b) cases.

As it can be seen from Fig. 2, the slight curvature and Ast45
astigmatism of the DM substrate is almost compensated after

the installation, and an optical quality (RMS <2/10; A = 1064
nm) mirror surface flatness is achieved.

To obtain the IF of a given PA experimentally, one
maximally displaces that single PA while no voltages are
applied to other actuators. Then the whole shape of the DM,
which is related to the IF for that given PA, is measured. For a
DM with 19 PAs, 19 IFs must be determined. Often, the
displacement of a given PA affects only its closest neighbors, so
the IF can be determined around the immediate vicinity of the
given PA. This is clearly seen from the measurements shown in

Fig. 3 for 3 PAs (PA1, PA2, and PA12).

PA1 (-5V/+5V) PA2 (-5V/+5V) + PA12 (-5V/+5V)

Measurement
start state:

~5V biasto
each PA

Fig. 3. Measurement’s procedure and some results for
determining the IFs for I9PA DM. (a and a’): views of
the DM when %5 V are applied to PA1; (b and b'):
views of the DM when =5V are applied to PA2; and
(cand ¢'): views of the DM when 5V are applied to
PA12, respectively. On the bottom panel (left) the
surface flatness prior to each measurement cycle is
shown, while on the bottom (right) the color code for
= 9 um displacement interval, common for all

measurements, is shown.

The DM displacement Zx, ) for i PA is related to the



corresponding influence function /Fj(x, y) by the following

equation:

Zi(x,y) = C;*V;xIF;(x,y) 1))

Here the C; [um/Volts] is the i PAs response constant, V;
[Volts] is the externally applied voltage to the i PA, and IF;(x,
) is the unitless normalized influence function of the i" PA. For
each PA at (x;, yi) coordinates, the corresponding value of the IF;
at (x;, yi) is unity, i. e, the IFi(x;, ) = I. Hence, from each
measured Zx, y) both C; and IFy(x, y) for the i PA can be
determined if the value of the externally applied voltage Vi is
known. As an example, in Fig. 4 the measured displacements
of the 5% (red), 9" (black), and 14" (green) PAs vs. the voltage
applied only to the 5" PA are presented. For clarity, in Fig. 4 we
omit the measured displacements of the other 16 PAs. From the
linear-fit slope, the Cs coeficient can be determined to be ~ 1.56
[um/Volt]. Moreover, it is clearly seen that while the 9" PA is
not influenced by the 5 PA movement, the displacement of the
14" PA, even without direct voltage applied to it, slowly
increases as the voltage to the 5" PA increases. This is a direct
demonstration of the crosstalk effect existence in our 19PA DM.
It originates mainly by the DM material parameters such as the

stiffhess, roughness, aspect ratio, number-, position-, and distan-

O PAS

PA Displacement (um)

Voltage applied only to the 5“l PA (Volts)

Fig. 4. An example of the crosstalk (influence) of the PAS onits
two selected neighbors PA9 and PA14. Measured
displacements of the 5" (red), 9" (black), and 14"

(green) PAs versus the voltage applied only to the 5% PA.

ces between the individual PAs, etc. For a given DM, these
parameters cannot be changed by applying an external voltage.
From the linear-fit slope, the crosstalk component for the 14"
PA can be determined to be ~ 0.2 [um/Volt] or ~ 12.8 %. For
precise control of the DM operation, the crosstalk components
larger than 3 % cannot be neglected and should be incorporated

into the procedure for determining the DM control voltages.

3. Procedure for determining control voltages for a DM
with crosstalk components

We have accurately measured influence functions and C;
components for all 19 PAs in the DM and experimentally
confirmed that only the closest neighbors of the i PA contribute
a crosstalk component to its displacement. To consider the
crosstalk contributions from the neighboring PAs for the
reproduction of a given wavefront, a set of linear equations must
be composed and solved. This is illustrated in Fig. 5 for 2 PAs
(numbers 1 and 8) and the group of 19 linear equations (Eq. 2).

Fig. 5. Illustration of the crosstalk contributions of the
neighboring PAs on PA1 and PA8 in a 19PA DM,

respectively.

Z1(x1,y1) = CV1 + GV IFy(xq,y1) + C3V3IF3(xq, y1) +
+C4V4IF4(x1, y1) + CsVsIF5(xq, y1) + CeVeIFg(xy, y1) +
+C7V71F7(xq, y1) *

L]

. €))

Zg(xg,yg) = CgVg + C3V3IF5(xg,y5) + C7V71F7(xg,yg) +

CoVolFq(xg,¥g) + C19V19IF19(Xg, ¥s)



In the group of Egs. 2, the Zx;, ) are the resulting
displacements of 19 PAs (referred to as Z — displacement
vector). Vi(x;, y;) are the voltage signals to 19 PAs (referred to as
V —voltage vector). Let us look at the first equation in the group
of Egs. 2. The total displacement of the PA1 results from the
applied voltage to the PA1, and contributions from the 2™, 3%,
4 50 6" and 7" PAs, respectively. In Fig. 5 it is illustrated by
a black dotted circle. Similarly, the total displacement of the
PAS8 results from the applied voltage to the PAS8, and
contributions from the 2™, 7% 9%, and 19" PAs, respectively. In
Fig. 5 this is illustrated by a black broken ellipse. In analogy, the
total displacement of any i PA results from the applied voltage
to the i"" PA, and contributions from the neighboring PAs. As a
result, one will get a set of /9 linear equations with /9 variables
Vi, (i=1...19), and by solving it, one will get the values of the
V;voltages required for reproducing a given DM surface Z(x, y).
Itis very convenient to write the system of linear equations (Eqs.

2) in a matrix formalism, 1. e.

Z=MXxV R)]
1 2 3 4 - 19
e CIFY) CaIFs(x,y)) GIF(xLY) .0 ) vy z,
2| IRy € CIF;(ay;) © e Crol Froxz, 72) v, z,
3 | CIF (x5, 73) ColFy(x3.y3) Ca CylFy(x3,y3) .. O Vi Z
o | CuF e,y 0 CIFL ey G .0 :: Z
5 | CuIF ;) © o CIF (X5, ¥s) .. O v, z:
M=° | CIFixy 0 0 0 0 vy, | 2=z,
7| CF (x5, ¥7) ColFy(x5,y7) O [} ] Vq 2
8|0 CyIF,y(xg, ¥g) 0 0 .0 Vo z
s fo Cal Fy(X, Ya) Cal Fy(Xo ¥s) O -0 " )
. .
19 |0 CoIFy(x19,¥10) O 0 o € J Vg 2

Here Z is the displacement vector, Vis the voltage vector and
M = M= G * IF; (x;, )y is the DM response (influence)
matrix of the 19x19 size. M is a unique matrix for our 19PA
DM incorporating all crosstalk components between individual
PAs. Note that the structure of the M matrix depends on the
geometry of the DM, the line-up, and the numbering of the PAs.
The physical meaning of the M matrix structure is easy to
comprehend. On the i column (% row) are all those
components that are affected by (affect) the displacement of the
i" PA (i PA). The M component of the M matrix shows the

influence component of the i PA on the j* PA.

Finding the solution of the Eq. 3 is straightforward:

V=M1x2Z @)

Here M " is the inverse matrix of M. Summarized, when M
matrix is known, for each given Z — displacement vector
(wavefront) it is straightforward to determine the " — voltage

vector.

4. Experimental setup and results

To determine the " — voltage vector, one needs to know the
influence matrix M. We have measured all nonzero
components of M for I9PA DM (quartz substrate, double-site
HR coated [1064 nm & 633 nm], with 1 mm thickness and 50.8

mm diameter) using ZYGO interferometer (Expression 1).

Expression (1)
Influence matrix M for home-made 19PA DM

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
T TR T %
2| 0.057 155 0.02 0 0 0 0065 0.047 0.03 o 0 0 L] 0 0 ] o 0 o
3| 0053 0.038 156 0.028 0 o L] 1] 0 002 002 0 0 0 o [ ] 1] [] 0
5| 0.057 0 0 0033 156 0.057 o o 0 o 0 0 0 002 0.046 L] L] 0 o
6] 0.081 0 o 0 0051 1488 0067 L] 0 o 0 0 0 0 0 0047 005 0 o
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‘We will not carry out quantitative analyzes of the M matrix here.
‘We only mention that the crosstalk components with lesser than
1 % contributions have been omitted in M.

We have constructed an experimental setup to obtain the
performance characteristics of the I9PA DM (Fig. 6(a)). Briefly,
an FPGA (field-programmable gate array) system and
corresponding software controlled by the PC were introduced
in front of the 19 PA amplifiers (Fig. 6 (b)). A desired optical
wavefront was created by a PTC Mathcad software and the Z=
Zi(x; y) (1= 1...19) displacement vector was calculated. Using
the M matrix and Z, the V' vector was calculated and applied to
the corresponding PAs. The DM surface shape was measured



and characterized by the ZY GO interferometer (Fig. 6(c)).

Amplifier Units
4== for 19 PAs

Fig. 6. FPGA-based 19PA DM control system. (a) Frontal view
of the DM; (b) an FPGA system, a PC for software
control, and 19 PA amplifiers; (c) DM in front of the
ZY GO interferometer.

First, we have performed experiments to reproduce the
individual Zemike polynomials for two cases: with- and
without taking into consideration the crosstalk components
between individual PAs. In all examples, the Single Index
Zemike polynomials are used according to the definition of the
ANSI 7Z80.28/ISO 24157 standard®, hence they have not
redefined again in this report. All calculations were performed
using a code written for PTC Mathcad Prime 3.0 software. The
results are presented in Fig. 7 (the figure caption is given on the
next page). In the left column, the calculated Zemike
polynomials with all C; coefficients equal to 4 pum are presented.
In the middle column, the measured Zemike polynomials are
presented when applying the V; voltages to corresponding i
PAs taking into consideration the M matrix. In the right column,
the same is done with neglected crosstalk components in the M
matrix (all non-diagonal elements in M are set to zero). We note
that in Fig. 7 the color codes for calculated (Mathcad) and
measured (ZYGO-AMETEK) Zernike polynomials differ.

Tet Y
(C.i)

SAst_Y r 1
(C12) L




Fig. 7. (This figure starts from the previous page) Lefi column:
Calculated Zemike polynomials with C;=4 pm; i =2
...15; Middle column: Zemike polynomials reproduced
by the DM using M matrix; Right column: Zemike
polynomials reproduced by the DM without M 1. e.,
crosstalk components are neglected (all non-diagonal
element values are set to zero). Note that the color codes
(top row) for the calculated (Mathcad) and measured
(ZYGO-AMETEK) Zemike polynomials differ.

Although the appearances of both sets of measured data in
Fig. 7 are qualitatively satisfactorily, a closer inspection of the
measured data reveals that quantitatively the case when non-
negligible crosstalk effect between the neighboring PAs exists
but is neglected, erroneous sets of V' — voltage vectors are
obtained. As an example, this is demonstrated in Fig. 8 for
Tip Y (Cy), Tilt X (C3), Defocus (-Cs), and Focus (Cs) cases,
respectively.

In Fig. 8 one can clearly see that when the crosstalk effects
are not neglected in V vector calculations, the resulting PA
displacements and hence, the DM surface deformation
quantitatively reproduces the given desired shape well. On the
contrary, when the crosstalk effects are neglected in V vector
calculations, the generated voltages often overshoot.

Consequently, PA displacements become larger, and the DM

surface experiences about 1.5 times larger deformation than

desired.
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Fig. 8. Quantitative comparison examples between calculated-
(IG| =4 um) and measured surface profiles with-
(IG|* 4 pm) and without (| Gi| ~ 6 pm) taking into
consideration  the  non-negligible  crosstalk
components in the M matrix for Tip Y, Tilt X,

Defocus, and Focus, respectively.

Let us now assume that wavefronts with randomly
distributed Zemike components are detected and should be
reproduced by our 19 PA DM. In these experiments, we will
consider only the case when the crosstalk components in the M
matrix are not neglected. Three “detected”” wavefront patterns
were created by a PTC Mathcad software and corresponding Z
= Zi(x;, y) (1 = 1..19) displacement vectors were calculated.
Using the M matrix, the V vector for each Z vector was
calculated and applied to the corresponding PAs in a similar
manner described above. The results are summarized in Fig. 9.
The reproduced shapes of the DM surface overall positively
correlate with the desired (calculated) wavefront shapes.
However, a closer comparison between achieved- versus
desired wavefront profiles in horizontal/vertical directions (Fig.
9, bottom row) reveals that in quantitative terms the quality of
the reproduced shapes is not satisfactory yet. The main reason
for this has been identified to be the insufficient number of PAs
covering the DM surface. The fewer number of PAs (just 19) in



our DM does not allow full reproduction of the desired
wavefront. For instance, in horizontal and vertical directions,
only one and three PAs, respectively, encounter for direct
reproduction of the Z. In conclusion, we note that the present 19
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PA DM was constructed and characterized only as a prototype
for 61PA DM, which is the primary goal of our research and

development within the scope of the present project.
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Fig. 9. Examples of the random wavefront distortion compensation by the 1I9PA DM. Top row: calculated random wavefront pattemns;

Middle row: measured wavefronts. Note that the color codes in desired- and achieved wavefronts differ. Bottom row: (broken

lines) calculated- and (solid lines) measured horizontal (red) and vertical (blue) profiles of each wavefront pattern investigated.

6. Summary and Conclusions

A deformable mirror (DM) control model based on the
prior determination of the Influence Functions (IF) of individual
piezo-actuators (PAs) in the DM is described for “open-loop”
applications. Two control cases, with- and without neglecting
the crosstalk effects between the neighboring PAs in the DM,
are elucidated. A 19PA DM, a prototype for 61 PA DM, has
been built, experimentally characterized by the IF control model,
and demonstrated by reproducing the individual Zemike
polynomials and synthetically generated random wavefronts. It
was experimentally demonstrated that when the crosstalk
between the neighboring PAs is not negligible, it must be taken
into consideration for successful control and operation of the
real DML

For the lower-order polynomials up to Cj;, the quantitative

reproducibility of the wavefronts by the 19PA, 5 cm diameter
DM is quite good. However, the reproducibility of higher-order
Zemike polynomials, as well as randomly generated
wavefronts, is not satisfactory yet. The main reason for this has
been identified to be the insufficient number of PAs covering
the DM surface. At present, efforts are made to build and
characterize a 61PA, 10 cm diameter DM for high-power laser

beam transmission applications in turbid media.
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Reliability of using pipe eigenmodes for non-destructive laser-based
inspection of metal pipelines

Laser measurement team

O. Kotyaev, Y. Shimada, S. Kurahashi, M. Fujita

1. Introduction.

The use of laser-based initiation and detection of pipe
eigenmodes could be a promising method of remote non-
destructive inspection of metal pipelines. In this approach,
frequency of initiated eigenmode provides information of pipe
conditions and potentially troublesome pipe degradation in real
time: the thinner pipe wall the lower eigenmode frequency [1].
In the previous report [2], principle capability of pipe
degradation recognition with the use of laser systems was
demonstrated experimentally. Quantitative evaluation of
reliability of the method will be given in the present report. For
this purpose, eigenmode simulation will be made for various
degrees of pipe degradation. Some of the simulation results will
be proven experimentally.

2. Metal pipe samples used in the tests.

For reliable evaluation of the presented method, two pieces of
real pipes were used (Fig. 1). These are the same samples for
“unused”” and “used” cases described in the previous report [2].
However, the unused sample was slightly modified: the rims
were removed from its ends (Fig. 2). It was done for correct
comparison between the two samples because the used sample
has no rims. As well, it helped to verify actual dimensions of the
samples and to measure sound speed in pipe material directly.

First of all, it should be noted that previously reported
dimensions of the unused sample are not correct. Actual
dimensions are following: outer diameter is 355 mm, wall
thickness is 10.9 mm. These parameters will be used for
eigenmode simulation.

The second important fact is that removing rims resulted in
noticeable change of eigenmode spectrum. So, eigenmode

comparison between the two samples should be repeated and

Fig. 1. Original pipe samples used in the tests. The “‘unused”

sample has rims on its ends.

Fig. 2. The “unused” sample before (left) and after removing
rims (right).

corrected, if necessary. In the next chapter, corresponding
results will be presented.

Experimental setup is the same as in the previous report. The
CO; laser is used as a source of laser impact for eigenmode
initiation. Impact energy is 5 J, pulse duration is 100 ns, beam
size on the sample surface is about 50 x 40 mm. In these
conditions, no surface damage is produced by laser impact.
Vibration meter PDV-100 (Polytec Co.) is used for vibration
detection. Probe beam is set on original surface without any
counter-reflecting tape. Inspection distance is about 3 meters.

The probe beam is set in the center of the impact beam. To



minimize edge effect, impact and probe beams were placed in
the middle of the samples.

3. Initiation and detection of pipe eigenmodes.
Figure 3 shows waveforms and spectra of eigenmodes
initiated in the “‘unused” sample before and after removing its
rims. It clearly seen that the presence of rims affects the
eigenmode spectrum quite noticeably. Table 1 summarizes the

frequency comparison for the first four eigenmodes. Removing

PDV-100 Signal amplitude, mm/s

rims results in eigenmode frequency decrease up to 25% for the
first eigenmode. The decreased eigenmode frequencies of the
modified “unused”” sample may be too close to ones observed
in the “used” sample. So, the eigenmode comparison between
used and unused cases, which is the base of pipe damage
recognition in the presented technique, becomes crucial. It must
be considered again and corresponding conclusions about the
technique reliability probably will be changed.
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Fig.3. Waveforms and spectra of eigenmodes in “unused”” pipe sample.



Table 1. Change of eigenmode frequency in the “unused” pipe sample after removing rims (Hz).

eigenmode-1 eigenmode-2 eigenmode-3 eigenmode-4
"Unused" pipe sample with rims 320 810 1430 2210
"Unused" pipe sample without rims 240 670 1275 2150
Frequency decrease 0.75 (25%) 0.83 (17%) 0.89 (11%) 0.97 (3%)
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b) Corrected comparison of pipe sample eigenmode spectra: red — “unused’” sample, black — “used sample.

Fig. 4. Waveforms and spectra of eigenmodes in “unused” and “used” pipe samples.

Table 2. Comparison of eigenmode frequencies between “unused’” pipe sample without rims and “‘used”” sample (Hz).

eigenmode-1 eigenmode-2 eigenmode-3 eigenmode-4
"Unused" pipe sample without rims 240 670 1275 2150
"Used" pipe sample 225 605 1160 1860
Frequency decrease 0.94 (6%) 0.90 (10%) 0.91 (9%) 0.87 (13%)




Figure 4 presents the results of correct eigenmode comparison
for “unused” and “used” samples. Fortunately, eigenmode
frequency difference between “unused” and “used” samples is
still detectable: all four first eigenmodes are shifted by about
10% (see Table 2).

This fact allows to state that the idea of using laser initiated
and detected eigenmodes for pipe inspection is still promising.
However, it would be worth to evaluate reliability of this
technique via evaluating the eigenmode frequency shift
depending on degree of pipe degradation. For this purpose,
simulation of various degrees of pipe degradation is desirable.

4. Direct measurement of pipe wall thickness and
sound speed.

To measure degree of degradation in the available “used” pipe
sample, conventional contact thickness measurement was
performed. TI-56 ultrasonic thickness gauge, manufactured by
JFE Advantech Co. Ltd., was used for this purpose (Fig. 5).

Wall thickness of both “unused” and “used” pipe samples
was measured. Thickness of the “unused” pipe wall is
practically uniform with average value of 10.9 mm. However,
the “used” sample definitely has thick and thin wall parts
parallel to the sample axis on opposite sides of the pipe.
Corresponding thickness is 10.4 and 8.5 mm, respectively. We
can suppose that these situations could happen in a horizontally
installed working pipe line. Hereafter, thicker and thinner parts
of the “used” sample are considered as real pipe “top” and
“bottom” parts, respectively. So, we assume that, during pipe
operation, both top and bottom parts of working pipe suffer
from some degradation resulting in the fact that pipe wall gets
thinner. Degree of bottom part degradation is significantly
higher than degradation of top part. Actually, the pipe piece was
taken from horizontal pipe line used to transfer water with mud
and rocks. The sample condition demonstrates real pipe wall
damage happening during pipe operation. So, our assumption is

correct and it can be taken for the eigenmode simulation model.

Fig. 5. Pipe wall thickness measurement with the use of

contact ultrasonic gauge.

Before performing the eigenmode simulation, sound speed in
the pipe material was measured with the use of Q-switched laser
impact and piezo sensor. Laser impact was applied to fresh
surface appeared on the “unused” sample end after the rim
removal. The piezo sensor was attached on the opposite fresh
end of the sample. Resulting sound wave path length was 367
mm. Taking into account Q-switch pulse delay and piezo sensor
response time, we observed delay of the sound signal
propagating along pipe wall equal to 62 microseconds.
Correspondingly, sound speed was measured to be 5919 m/s.
As it was expected, this result corresponds to carbon steel, actual
material of the pipe samples. So, the physical parameters of

carbon steel were loaded in the simulation procedure.
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Fig. 6. Simulation of “unused”’ pipe eigenmodes (linear units are meters).
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Fig. 7. Simulation of “‘used” pipe eigenmodes (linear units are meters).
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Fig. 8. Correspondence between experiment and simulation (red arrows) data.

5. Eigenmode simulation for steel pipes with wall
degradation.

Eigenmodes were calculated by FEM (Fine Element
Method) simulation. In total, thirteen variations of pipe
degradation were considered for the simulation as shown in
Table 3. Wall thickness in the top and bottom parts were varied
in following ranges: from 10.9 to 9.7 mm and from 10.9 to 5.0
mm, respectively.

Eigenmode simulation results #1 and #6 in Table 3
correspond to available pipe samples. The eigenmode shapes
are presented in Fig. 6 and 7. Good correspondence between
simulation and experimental results is demonstrated in Fig, 8.

The results of pipe eigenmode simulation are summarized in

— 44

Table 3. Red columns contain degree of bottom part
degradation in millimeters (Bottom A (abs.)) and thickness
change related to initial 10.9 mm (Bottom A(rel)). Blue
columns show corresponding frequency of eigenmodes. Data
corresponding to available pipe samples are marked by bold

font.

6. Discussion and conclusions.

Figure 9 shows eigenmode frequency depending on bottom
degradation. As expected, further degradation of pipe wall
results in further decrease of eigenmode frequency. Relatively,
the first four eigenmodes decrease within simulated degradation

range approximately with the same rate.



Table 3. Eigenmode frequencies in pipe with wall degradation.

Wall thickness, mm Eigenmode frequency, Hz Frequency decrease
# Top Bottom | Bottom | Bottom 1-st 2-nd 3d 4-th 1-st 2-nd 3d 4-th
A(abs) | A(el) | mode | mode | mode | mode | mode | mode | mode | mode
1 109 109 0.0 0.00 243 684 1307 2100 1.00 1.00 1.00 1.00
2 10.8 10.5 04 0.04 239 674 1282 2065 0.98 098 098 098
3 10.7 10.0 09 0.08 235 659 1256 2022 097 0.96 0.96 0.96
4 10.6 9.5 14 0.13 231 643 1231 1978 095 0.94 094 0.94
5 10.5 9.0 19 0.17 225 629 1206 1940 0.93 092 092 092
6 104 85 24 0.22 219 615 1175 1890 0.90 0.90 0.90 0.90
7 103 8.0 29 027 213 601 1151 1847 0.88 0.88 0.88 0.88
8 102 7.5 34 031 208 587 1121 1813 0.86 0.86 0.86 0.86
9 10.1 7.0 39 0.36 202 572 1093 1759 0.83 0.84 0.84 0.84
10 10.0 6.5 44 040 197 562 1065 1721 0.81 0.82 0.81 0.82
11 99 6.0 49 045 191 545 1036 1665 0.79 0.80 0.79 0.79
12 9.8 55 54 0.50 186 530 1007 1619 0.77 0.77 0.77 0.77
13 9.7 5.0 59 0.54 180 515 971 1570 0.74 0.75 0.75 0.75
2500 detected clearly. In this case, we can expect reliable detection of
13% of pipe wall thickness change. For the pipe lines where the
2000 "LO_._. “used” sample was taken from, it will correspond to about 1.4-
°
T ®e, .‘ mm absolute decrease of pipe wall thickness. If critical
- °
>
2 i ‘ %o ° thickness change is bigger, then eigenmode frequency shift also
s .
-
= oo will be bigger and its detection will be clearer and more reliable.
- LY °
9 ’ oo, s So, the presented research has provided correct verification of
S 1000 120 o4
§ pipe inspection method based on laser initiation and detection
[
o0
i 00, .I ®ceqe, . of pipe eigenmodes. Eigenmode simulation is in a good
500 — ¢ . . . .
agreement with experimental data. This technique looks very
00000 oeoe o‘ XXX promising and needs to be examined in the field conditions with
0 full-scale pipes.
0.0 2.0 40 6.0 8.0

Bottom wall thickness change, mm

@ 1-st mode @ 2-nd mode @ 3-rd mode @ 4-th mode

Fig. 9. Eigenmode frequency vs pipe bottom degradation.

Probably, data from Table 3 and Figure 9 could be used as
eigenmode “calibration” in actual pipe inspection. If initial
eigenmode spectrum on new pipe is known, then eigenmode
frequency change could be interpreted in terms of pipe
degradation degree.

For evaluation of the technique reliability, we assume that 5%

decrease of eigenmode frequency (or 0.95 in Table 3) can be

6. Acknowledgements.

Part of the presented research has been carried out with
support from Obayashi Corporation. We would like to thank
our colleagues from Obayashi Corporation for providing

necessary materials and participating in useful discussions.

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

2)  O.Kotyaev, Y. Shimada. ILT Annual Progress Report, 2020.



L—H—EtRIc &5 BEAEOMEEAD=X L DR

L= S AT — A | BRI 2

KOG "V azxro—bE T2 | rk?

1. [FCHIC
SARIRN I D HREHRE T, BEHGR I
(PSI) M5 b a ks b EEERET L TOEERGR |
(PSD) ~EEFIMmESND Y =7 EHrzE (X1 1)
&L VNI B A b AR LOVPSI OA3 595
A7 Uy rEHEE X1 T) BMHET D, HERER
b, E& UTHREPEREDENC L ZDFREE 2L
SHD T EDHDIVTWEN, I, ZETHRHTH
ST A 7Y » I BARENEZ 5 A =KL
INZ S ERZEDTZY, YA 7V v 7 EHRETIL
¥ N8 L b A (b) EICAGR DSBS A (CEF
A 2R L 2, JCERGR T TR L7203 b
bfHTDOTTA X ) IUARESNDZ L TATP &

ROAZERZ D (X1 F)

—H T, WELICHHETIIZRNEB X DNDON, ¥
A7V I BEAREFD T = L R NADPHE T
# CUFFNR EFRS, ) OEITHD, BRI~
BAIHOT IV BEBSTT RiEG LT X e
BRI AL SO 2 s 2 IR - & T 2 40 F- Ok
A, TR FEBHA MR TR B PAT e X D 2SR RO,
FNR |3 SRR DAL 23w TR iR T
ISE T DR C AR 7 T e T T =YY
LAF K (FAD) 2Ff2>7 7 EURO—FETHS (X
2) . FNRIL, V=7 EHRECEERRI NG T =
U RF U SRESE 2 25T . NADP'
0> NADPH ~Di&E 4 flliid 2 = & THHI D3, YA

CF,F,-ATPase
ATPzan

NADPH <.

G

L SEARMICET 2 BEAREICORAN (1) U =7 B HxE,

CEFB#E &K

(F) A2V v rEHsE PSIE &

G I GEAEES) | LCHIL M 7 FHEEIRL. Otbs > N7 v b b A, PST AR
% I, LCHL: $ME7 7 HEAIRL, PQ: FTARF /2, PC: TTA YT =0 Fd: 7=L R¥FY
Y FENR: 7= L R332 L NADP S ORER, S0 & 0 AERcT 2 olith., sidfd7 e koo
Tiasd, U =7 EHECIE PSIL PSI MO ENEIVERT 8 %M1 L NADPH Z, 7= k>
EEFHL ATP 26T %, V17 U v 7 EARETIL, Qb VAEMRES 288 L C PST & CEF #EA

BERR L. ATP SRROLHILEZ 5,



7V v 7 BAREIZIT D FNR OEEN I TIE/e0,
ZIVETOME TR, U =7 8 FEERHZIL FNR (X PSI
HIZREL, A7V v 7 BBEROT by F721%
CEF AR LIZRHEL T D L OWEINH 5720,
FNRIZ7 = L K% & b D HAEmFR B - L
TWAHHDEEZHND, LLeRb, V=TEHE
X2 E A7) vV EHEET L BT OREE
ThDH72h, FNR ORENIMHEHFE CHRAR 5 FIREMED R
VY, ENR OFEIDNR2 2D SAFUE LTre, £ OZR E L
T, ENENDOEARERUN IR TR G 2>
HFED FNR DMAET D, 5 DUNL by O PCT L[AERIZ,
BRI G CRINCAR] & 725 19 FNR DR
SR LT D, RENEZOLNDN, Zhbg
SN H720121E, FNR OSSR LOVENR 78
BRET DTGB N 2 5 2 L AR5
EREETH D,

2. hUEEIVERSEFNR O (5) fifiidEi,
) HHK+FAD 041X

FROULTZ KD RO TR AR & A
WIES B LC0D Z LI L ST
Zemb, I X MRS T A PV TRk % 73
FOAMEEZBA LN L L D & T DM EE AT
PITE T, L LSS Z OFEClalsE el 2
b3 2D DT, TR RERDWERE T DEEE Ch
2 AR RO R R & (IS B IRANE 7 2 WTREMED M
TSN TND, DFEY | BEROBEEEA J1 =X b EHEED
BRI 2R 2 72 DI T, R OfSARIE ClaZe <R
R COREEZ B DINTT D HE R B 5,

R OO IS 2 A A AT L~ L T BT
T W TR IBIRE R CIHIFE LN E S
STROD, Falf KRB 5005 1E17)F (MD)

BV R 2 b—v 3 K EAESEE TS
FEIThHD, ZOFEIEEE LB 2R DR
F—o—DZBE L., R B LORT v L EHK
ZIEF LTk, TN TN 2 iU ) A S&—
RN XD, ZOAT v 7 HMED IR AT, BER IR
A2 G R RN FF O L= BAKL 72 DT
BLEZRET D Z & CLRIRICIS 1T DR O e
PPHITE D, FaltDZ LW EHEESMEREDM EIZ &V |
JRAEDIEF VROV R 2 L— 3 b ATRE
2o TCND, 7221, b RIEH < £ THEMRE
ThoH12D, ZOTHIZIRE RS DIZT D701, 1]
DODFER X DRI T D, ZHUTKE LAIIE
F— LT, PRSI RETFRI S VLA L—
P—IZ L DM CEHANEZ N D 2 & 2138 L
TW%, FNR 137 7 EUBERO—FETH LN, 77
BEE TIXFAD NEENAZWIN L, JEAFAHET 5%
THLEMEOT X BRI Frry (Tyr) . R R
7 (Tip) ) &OMTEHEE IS ZT ST
379, FAD OFE {HEEIHEI X FAD & Tyr 7203 Tip M
DORFEEAFCANARAT L CRE < B kT 572, FHRI L 72
AT —4F  BLOZEDHITNC L V5L LETBER
FEIXFNR OIS 2 SR LT= b D L 70D, 2D Enb,
MD ¥ a2 b—y g UInBELNAEE W TE T
BahdE A #ERmA A L, R & 5 2 & T
B C D FAD JEFHO TS SERA7 RS FTRE
2725 LZZ HIVD, ARETIL, 7= b M L—H—
Z PR R R R K 0 | RO FNR
MRHEE S A F= X 7 ZADBHNZAT - ToAE RIS OV TG
T2,

2. =R
L— =GR, X SRS Z 0 A IS Vi
HINTWD FrEra EERRK FNR, AV LYY
FH2 FNR O 2 flZfH L7z, WA MVOBIANC
(RSN EERER Usbest 50 JASCO) % FiV . H#0:
AT SV O FHNIC IR Sy S O FEEF F-2700
(HITACHI) %V, 7 =2 MYEEOFHANC I, Ti:



+7 7 A7 L—%— Mira-800 (Coherent) ZHIZH
T-BYEDEET v Far =2 g U AT A DEAE]
L7z, JibEEIERIE 400 nm, 2 A7 LORFRYMRREITH
120 fs TH D, K312, HY L 7N FNR Offih
HED 5B, FAD IEOMEZ AR LT- b D%~ T,
oD Iso I, FAD ZAk S 5500+ T oA VT
U (M2 ) . BAFIso &FRS, ) ZoRL
THEY, HONEWRLTHDIEZ O TH S, Tso D
TRUMEC, BT R OF v (Ty314, Tyr95: Tyr
DOBOFITT 2/ BEHOHR) 5 OFFINEZ 7R LT
%) ERUTRT77r (Tipss) HWCESILTEY ., Iso
OIHEIZLDY, Iso T, NI N7 7 D]
RO E FREBIIGONE 2 5 AR &V Y, b T
= 2 L HEHR FNR O Tso 0507 </ FldiEl L, A Y
LYY THBRFNR OO L [RRETH D,

3. WMREER

412, AU LY UHBRFNR OKERHIZRT %
WFS LU AAY M LA7d, 380, 460nm fF3T
FAD 1 Iso OWICHATER W E— 2 HMEHH &
NTW5, X4 12E, FNR OEEARY MLVEHET
Y (RhEHR 390nm) , 525 nm AT B —7 2R
OO T DB S, Z4UL FAD H1oD Iso D
JilELREE N D DO EFE 2 HiD, ST, ALY
VBRI TER R FNR O 7 = L MR Y
fir R A, BRI TE e O v — 7 K (525
nm) T2, bUERIEERDRFNR TIIF#HmK 170
fs OEFLHRERMEBI SN -, Z ORET Iso DJih
ECRREN DR D Iso EJAPHOT X/ FESE (Tyr314,
Tyr95, TrpS8) N FREEUN RS 5 & D
LB R BIVD, WEFFMSIERI A B RN K
TN ED, Frir, MITR77 Ul DI
IHCEIE L QD LB biILd, BEHLL hUER =
HERSR FNR VAR PIZIW C b At & Ak
WEERObDEEZDND, AU LY THRD FNR
[ZBW T B[RRI 170 fs ORGS0,

7 Tysia y

K/ES ;\FAD’ (Iso) ’
R e

3. AR LY SR FNR O FAD STEeoftiits

Tyr95

Absorbance (a.u.)
™
i
1
(‘n"e) @ousosalon|4

L
300 350 400 450 500 550 600
Wavelength / nm

4. AR L2 Y M ENR ORI, dEA~ Rv

e T oy o

Fluorescence (Normarized)

0.0%sms .

T
-0.5 0.0 0.5 1.0 1.5 2.0 25
Time /ps

X5 (@ hveEueatiEmk O Avirvy
HEFNR O 7 = A Mt @A 525 nm)

fir 10 ps LA EDIREEE B[R S TV D, 20
FERNDAT LY THEFNR T, AR
T2 FEOEAMSEARD, RAMEEERE A~ 1%
7 = I MEE A R T Iso & Tyr, Trp D
FREED SN P B L TS A RO b D EE XD
ND, 1220, ZD XD IeRIFAHEOGHEIL FNR 7357
fRLCT 2/ WSEDMIRT FAD AVKIRIEHICEEH L=
PRAE CR) 23— L QD 2 SRS % FTHE
MRSV . ZOEEFF L FAD O3k & [Alkk
DRI G 100ps) &78D, 7 = MbaoE!



HIOFHARERG X 0~10ps LI EOHOEHEIHIHE T L
DO, T H N H T 4 T EO Y afER T
DHENFHUNZ L DHREEAT D TE Th D, 44T FNR
D MD R 2 b—3 3 AL BKERIR T T T
& Va2 b—ra ARV BLNIAEEE WO
R REEE OFERE A ATT O 70 & & HITERAIZR
iR A ED TN,

4. £

AWFGE T AREIGDY A 7 U v 7 8RR
(7% FNR OEENZOUNTHIT= 2 EN R AAG D728, IR
SRS HINEA VT b r o ARk, AT L
Y T HBRO FNR D7 = I MUHOEZFHIIL 7=, D
FESR, Miskh & b AR BB 2 5 2 LT
K45 B2 BIAHE 170 fs ORBE B B &
Az, F7oART LY THBK FNR TlddFn 10 ps BLE
DY EOEIREE DN FIRA B S, KESPIZIn T 2
FELL oS & RO RTREMED VR SV, A 5%ITE 128
FREBEEE OBERRE LR & 24TV, FNR DK

RS L YA 7 ) o 7 B niEink & OBHEMEC
DUWTEEI LT 2AT 5 TRE T %,

AFZEDO—ERIRVF I TEAB A GERZE (O | 3R
REES 18K05050) DFED T 147,

!

SETR

1) W Yamori, T. Shikanai et al., scientific reports, 5, article
number: 13908 (Ipages) (2015).

2) M. lwaietal., Nature 464, pp.1210-1213 (2010).

3)  G.Kurisuetal., Science 302, pp.1009-1014 (2003).

4)  A. K Hochmal et al, Nature Commun., 7, article number
11847 (14pages) (2016).

5)  A. Nueangaudom et al., Phys. Chem. Chem. Phys., 16,
pp-1930-1944 (2014).

6) N. Mataga, H Chosrowjan et al., J. Phys. Chem. B, 106,
pp-8917-8920 (2002).

7)  H. Chosrowjan, S. Taniguchi et al., J. Phys. Chem. B, 108,

Pp. 26862698 (2004).



EXthRAOERBEEFEE (TEC) REHEROAEHR

P e 32l —T g rF—A

EAR L T ST 2

.

URBRRSERAFBEAER ERE, 2 (BR) = 2 R U BFERT

1. FC®HIC

L — P —HAR AT Tlx, KIKE R TP
HUEERFZERE, (B =3 R U aFgERT & LR T, M
R IR E H B EREE I RT T REOE
ZAT>TW5, 2011 43 A 11 B o FALHT K
PEMHITE (Mw=9.0) 123\ T, JbiBE K% H &
kb HIERA 40 R b EIR RO EHEE
#2772 (TEC : Total Electron Content) D K73
bol-Z LngEEIN D, —ikic, BN E
(GNSS) 2 b Hh BRI T THT 2 E A, EhE
JEEFICL > TRBIEZZT 52 L 2FIH L, £0
B ST I OFE FHax B N3 2 FiE% GPSTEC
HEEMDR, ZOFEEZHAWTRWEENZBSRT
b5, HiEIE, 1994 FFE025 2015 H£FE TO Mw=8
LA EDOHIFRIZ DU TREJR EZ200 TEC Z f#HT L |
SRR DR A RN T, i 18 [T oH
THUEFE A B AT ANIZ BT TEC #E N
otz L &R LI, Z® [Heki-TEC i Hl
51 1E, WO TR P ERD & 2 R A TS
TRV, EBXLIUADTND, ZOBR%E
FHHATELIYHET VTELEHFELTEBLT, R
WE R DET NVOMENPRDHNLTND

Heki-TEC %3 B4 | 7S HIFRIG Bh & B~ 5 /e

HiE, #EORBEBE SRS L B LN D,

HEO BRIV T, BRI
et GRIAEEZED |

PSRNV
T DOREEENES D

ﬁ'ﬂﬁﬁ"ﬁunﬁﬂ’j o TV &%Z%ﬂé ZZ T,

JEAZEA (BB E) I D Hgk o
bIVE, HERBNDO IR, DMRERIC
RN Z Y | EHEE OB TS
2D LNBETE D, Hxld E
DA[ReME 2 PR D 72O, HIER LI E &
L BRI AE LT, LA R - 22 B E

DER TR B )

v
)
i)

1:/.5 S
(R

(@]

2

4

(B

&
oA

~EZ DB ETMET S 2 BT

2019 FFEEIT BEIIBS AT 72 05 [ D' i D &) e
2D ANDT2OIZ,
— RZERBE L, /NT A—X—%Z 272135, Heki-
TEC DOBHIT — % — L DA ZE 2 -7 %
Fhi L 7o, 2020 4EEE 1T, 2019 FEFEE TICBAR L7
B LT, =R
HETVOZEEOKRFTO—>o L LT, 2 iRy
2 b= g VIROERISEE DTG A 1TV IRI
ET VL DERICEE L O EIT T2, £ D
fEid, 2019 FEEETICBAFE L 2 AT I 2L
—Yara— Rk, 2 HETERIN
BRASEEIX, IRI 7V IZX D2 ERUREE
AR 100 T ERE WV, EWIORERE ST,
FRAEZT, BRI, BT A D
EROET VORE LEZITV, 2 ik I 2 b—
vara— RKRO%RZ{To7-, R L 2 K
YIalb—vara—RFrEHOTERBEE %
KDL IRI BT ML D BRI & FIFLE
OIERF BT, @ 600km 7>5 800 km FfE
DOFPIZ, Fr7oiZ 2 EE OB T E MR E
E Tz, ZORERIZ, £V Heki-TEC DOFER &
TNWHD &7z,

2 RS 2L —v g o

2 IRV I 2L —vgra— R

2. BF—HHF. EF—AFTVOERODET

LOBE
MRS Tl RERE T8 EIC KBRS
THT L IEA A ACEEES DB 720, Hik 1%

—HHHBAETHEENESVER CTH D, A— LDk
BINIZIERL O SEo08, FERUSE 1T IS R D%
TIHFEGITRY T, ~F—t | F—1D 3
CEENERNRREE S L TERIND,



OVATARESE (Parallel conductivity)

W 1B AT 72 [~ D BRARE L % SPAT5
LSV, NN EEOREELFELTH
%o > 2 SDOBERUSEE LY bRE < FFITE
HiEfE L8 T BT LA LR & < 72 D,

ORZ—+ ‘/{Ei’%f# (Pedersen conductivity)

(a1 IREHIC L DB T A~DER
CEEL, " —vUEEL VD,

Oki —/I/EKQEFF“F (Hall conductivity)

WM R E RS K D, B & BRI

Lﬁﬁ“@%%hﬁg%\$—Wh%W&Wﬁo

B OE R R L ET-A A D
B2 DTN ve 1T, ATIRELE 2 FV TR
TRIND,

v, = en (1
nie CTO

1 13, IRI E7 /M KV ROT-ERZE LD
BMESMTH D, oo (THATREE, o 1334 —
TUAREE, o IR MBEETH D,

1000

800

z (km)

200

| I | |
10% 10° 10* 107
o (S/m)

10

107

M 1 IRl EF MK VRDI-ERIRE
Sl

3. 1AV EHURFOEEDHRDEA
REHF, KOEBEHR Clx, 77 XA~721F Tk
SHHSTFHIFELTEY,, A4 &y
EROFITEH TE RV, TS &2, P
DOHIETH L Ll T5 &, A F 2 LHMn+0
ERE RN L, kA TR SN D,

v =n,(z) 7rrf| \4 | ()
ZIZTom(2) 1T, TS FEEORESMTH
D, MSIS EF /LD IZLVkdbND, X2 I
MSIS BT /ML VRO, S THE DR E
ST D,

1000

10" 10" 10"® 10 10
Number Density (m™)

10 14 26

MSIS T /MIZ XV RDI=ZHFES T BED
1 B A

4. MIRBIGICR S -ERROEA
X 3 1%, #HERRSG OB E & HERRSGIZIh -~ 72
JEAZ R OBEEM TH B,

HERFE IS DIEE =1945°

it

X 3 HUEREES OME & L HERRGS I - 72 JHEAE

ENRL N

Heki-TEC |ZHSWTHONIZ NES T 7 4 —
DFER & T D 7280, AWFZETIL, FfiE 45° @
AT/ =Fa—K9 OMENREZ /=, &
REL, YIal—ar&fTo7,



5. 2 kY TalL—2 a3 DERR

WAFDe TEF. 1 TA A ERT, HER
i, kTR D,
on, . 0n, ., 0On,_ [0V +6vj
or oy 7oz oy oz
(3)
on, , 0On, , On, (6\/ 8vJ
—L +v + =-n
ot Yoy 7 oz "oy o7
“)
W IR SEAT 2 7 i oo ED U E . (5) K- (7)
ATRIND,
aV;/ e av; e tot e
Y o ayl :—m—eEy, -V, Vy’ (5)
ovl, oV, o
v}’ + Vl,r . v)’ — iEtft _ VI;VI Vl,r (6)
or "oy om m T
vi"=n,(z) v, | ©)
W IR R EL e S5 OB O L, (8) L &
VO RNTERIND, BEAIBICEERTMOA A

OHFEE, (10) X, KU1 XTRsh D,

2
. e EZ,By, +eE m,v,
Ve =~ 2 2 2 2 ®)
e B, +m;v,

E
V= Ty ©)
B, eB,

. —ezEB +em, E v."
v’_ 2 i-n _ i-n (10)

* eBZ+mV v

E m v

=g —?v; (an
EEMEE j 1%, BLFICE VRO D,
j=env,—en v,=6( E+vxB) (12)
eI BRAT AT 72 05 100 D R FE WL E & SPATAR
FEOBRNG HTEEER RO L S ITRO bR
2,
o _en v —en v (13)

BT R, LT ko175,

& &\ | OJ
S B = Y (14)
oy? oz ot

2 2 tot a',
O D 2 LOP T )
oy”? o0z7%) " g 0) ot

2 2 1 a tot a 'V’
A o) S T
oy” 0z ) 7 g 0) ot

6. MR ELDEEESBEROREETIL
BEZ) t IR DM FoOERE Q) X, LLT?D
FRRAUTHED & Lz, © 13, FRAIC L D EMMY
WOFFMTH 5,

—dQ( ) :—Q‘""X _LQ t<t, 17)
dt t, T

dQ_(t):_g t>t (18)
dt T

17) &, (18) HiE. FTHIICRED K E D,
Q(t)zf?ﬂ{l—exp(—iﬂ t<t, (19
T

c

0()=0(t exp %

T

7 O {1 exp [—t—‘ﬂ t>t,
t, T

AWFFETIX, Q  =0.01C, t =40 5, t=4 %
LT,

4 4 1%, HiBk EOIEEF RER OREET L
OIS TH Y | X5 1%, O EEROBED
T TH D, Lo TG ROERBIKORK S (575
km), Wo [Z3FE 1A OEPIKOE (144km)TH

%, BIFRESIX 24km & L7, EEM (EFL) 28
X DIED ST (B) ITBE§ OEEIX Wo /t &
L7z, BZ) =0 TRAEL-ABMN (B 3.
méh%#@w&btoﬁﬂu4o\ﬁ AL

IR D RO EET 5, T EORE 2L

(=N m»(M)t® D ThHD,

2P 5

A )
T |

X ¥
EEH
Ly W,

X4 FFLOHIEEK
&8E® (EE)

(20)
o1, ) ===

88w (BEE)

__wEa
t ¥
—>Y i Wo

¥X

Lo

X 5 HiFOEEMOBEIORET



7. YSalb—YariER

4 6 13 WIHEFEED S S S MDA T D,
1000

11 12

10° 10" 10

neO (m3)
FEE D S J7 T D53

10
X 6 w#WIHE T

X 7 1%, #RWMOEMEEOE—27 L% 40
SRS D, ETEENM SN G OE(LET
HD. EE 600 km 25 800 km FRE DOHEIFHIZ,

iz 2 BEEOEBEFBEESMNER I N,
Z ORE BB YofEE & —FT 5,

1000

z (km)

0 Iy
575440 km | 575.440km | 575440 km

[ ]
-1 pn —n, (m3) 107

X 7 HEMOBMRBEEOE—7 LD 40 48
B A, EEEN AL DA L E

< 8 I&, 40 RO ESIREE M ThH H, IRI
TV L RIRRE OB RAREE OE NS 5T,
1000 @

0 L,
575.440km | 575.440km | 575440 km

C T
0 o, (S/m) 300

X 8 40 4B ESAREE AR

9 I, B (0<z<1000km) TS L

BT OB MR & HF D43 HRE O R %%
@T%50¥9¢®ciy=u/2@kﬁf@%
MEEFLTHEY, LA 13 0<y<Lo ® %2 To
O EE Ly CEl->7-bDERLTND M FOE
i Q) PHRITIEL CETHOELNSH D Z
&L Q) DI LSy LB O OFFH A
—HLTWDZ ENnmnsd, B YT, &7
DORFHRIBICE D EEORFBENLRAE LT TV D

0.025 110°
= 0.02 810"
=
=
Q 0.015 610"
= =
H =
=
5 0.01 410" O
N’
@
z -4
0.005 210
0 0
0 10 20 30 40 50 60
Time (min)

B4 9 YELEEI ORI LICE ORI RE & |
R Do FRER ORFFEFE R, Mo c Ty
=Lo/2 OLEZETORGME, LA & 0<y<

D _EZETORIIEEZ Lo THIS T2 H D,

8. 8. RUSHRDFEE

BAf—HMER A, B A A DOEEOET L
DRELEITV, 2 Wik Iab—vara—F
DEBREIToT-, KR LE 2 ik I 21—
aya— REAWTBREEEZ KOS &, IR
ET ML DERLEE L RIBREOMEBELI
7=, EFE 600km 70 800 km FEEEDHIFHIZ, H
7ol 2 JEREE DB T EESMNER ST, Z
OFENTELR YOMm & —ET 5,

B S J7I (0 <z <1000 km) TRE4Y L7
OISR & | HUT O FER ORI FE i 2 5K
T2, T DR Q(t) DHKRITIL U TEFHEDE
B2 % 2 L. Q) DI & Fiy LT T DM
FORFHN—H L TS Z &R nnbd, Bl DT

. ORI R B R O R R A
CTW5b, ZOEDIREORRENZ FH$ 572

:\ﬁ%wwﬁﬁﬁﬁ%ﬁﬁ®ﬁﬁﬁﬁ%ﬁz



leyIab—vary&2in, BT 5 TETH S,
bz, HIER & Bk < ik S D hBUEHEME
EMEEIEELEIS Y ICX > TTEC RENiEZ5Z
EMH BTS2, BIRIYIZIT Heki TEC S
& DXRBINRES TIER, Ko THE SN E
BEPREEL (MSTID) DY Ial—i 5 tDkk
WA GDIMNREFEMT D TETH D,

SE X

1) K. Heki, Geophys. Res.Lett. 38. L17312. (2011)

2) K. Heki and Y. Enomoto, J. Geophys. Res. Space
Phys., 120, 7006-7020, (2015).

3) K. Heki, 2018, Parity, 33, No.2. (in Japanese).

4)

5)

6)

)
8)

He,L.and K. Heki; J.Geophys.Res. Space Phys.,
122,8659-8678, doi:10.1002/2017JA024012, 2017.
wdc.kugi.kyoto-u.ac.jp/ionocond/signal/index-j.html
FEEEE R RURE R S /34T 7 /b - IRI2016 fift -
(kyoto-u.ac.jp).

Maeda, K., Conductivity and drift in the ionosphere,

J. Atmos. Terr. Phys., 39, 1041-1053, 1977.
cohoweb.gsfc.nasa.gov/vitmo/msis_vitmo.html
Yokoyama, T., D. L. Hysell, Y. Otsuka, and M.
Yamamoto, ‘Three-dimensional simulation of the
coupled Perkins and Es layer instabilities in the
nighttime midlatitude ionosphere’, J. Geophys. Res.,

114, A03308, doi:10.1029/2008JA013789, 20009.



Bk L—F—DHEEERICET 5BEFHFEHER

PG - V32l —T g rF—A

wi ez, RSO, ZMPAE Y RAE 1
MR L — T,
S S

1. [FLHIC
KIS L—Y—RIEES AT & OFEFIZE Tl IR
N OV A L——% Wi T v 20

VR 2 b—ra UREOEE LA D TS AR,

HFEWIZEOBMR & BEL £ L Db D TH D,

L—HP—IITTIXHMIIGE LT, L—Y—DR, /3
JVANERL— P —TREDEREND, ~ 1 7 B A—HF—
OINTHREE 2T 512, L—Y—TIHEASNIZ= 3
IR — DB L DI R 2 2 L DT
Bb, A 78 AL —DZEF AT — )V TIIEMBEE DR
AT — I 2 TH Y |~ A 7 1 A—F—DfH
IMTHL—F—0 VAR, Eafbd L7 e =
s,

oy LT T amo LA L—F =TT

I3 L= DRI IE S AT A—2—DETAL,

R TR AT AR UAUA « IR - [EHAFH DAl
DHEEECHE T 52 & L0 N LHEEE 2ot —4
—TET DK - K - [EROIRFRIEI 72D, Lo T,
PADRER L L—F—DHEEH b ED, 20X 578,
TRFEIRAE LB LA L—— L O EAERAZ2ET )V
b L, 72 L— YN DRFRZERZ A S R 2 b—
A TR D 2 L SEETH D, 2020 FEEIHRAZ,
[l L L—F—DF EAER OW IR OfFIN R L
THFIEEAToT,

[ & L——DFH EAEFRFFEOR IR & LT,
FHFBIDOBEEE N A TR T 2 o VO
Wer 5z 57 n—=vt « X=—F7 /1,21 H
T, JAER T OEF ORI A KD, S HITA
R34 2 VT, FECE R E B AR
b, L——i5 LERPOE O E/ER 250
FHm L, ARAREZ RO, PR TDDFT (Rt

BN [5] CROIEERICT L ISR
DFEFRFELRD D Z L3, B2 A TH D, £
DIZDOUEFE LT, BRI DA ER
KO 2 FELRES D720, EBHLE LT, 7 r—
=v b s Re—ETU L DB Ao T AL
DAL W EFFHEL R OO ER ISR T
e, Flo, BFEBZRODIZHT>TUITAID
e EsEF E LTI BT,

2. EfFRD Maxwel | HFEK

L——3 x HRICEET S  EEEASCEIT L7
V) ERE L, L —TREEDOZER AL, Maxwell 5
G a0 L ked5, SI HAART Maxwell

JiFEAE T,
OB
VXE=-"— 1
X Py M
VxH=j+ 2D @
ot
D=¢, ¢cE=5E+P 3)

P |30 CHD, (HEENREE j 20 &L, FHES
BRSO I L ——D A R o (ZHe~1-55
hENET D, (D-Q)RED., BADBEFHND,

O*E

87+kL28E:0 kL=27r/ZL (4)

e [FERFEVERTHD, L—Y—0 s @t Th
5L, E=(0,0,E) &£35L, @) NIRDEHITE

7%,
O’ E, (x,t)
ox’
) Roff L, ABNIFTKRD L ST T D,

E_(x,t)=A, (x,t)exp ( ik, J‘;x/gdx’ )
+ A4 (x,1) exp(—i k, j;«/gdx' )

+kEEE. (x,0)=0 ®)

©)



3. EFPOEFORERM. XU\ FiEE[6]
BT, R REaSE 2 A CRY | B ORE)

BT ED FAL, TR N M A TR D, #E

e P OETOWERHEL, KORT v vrvUg, 7ay

AROEHCHRSNDBPI AR, t 13T~ b

vy KT BLVTh D,
p(r—t,)=exp(ik-t, )o(r) @)
V(r=t,)=exp(ik-t, )V (r) ®)
t, =na +n,a, +na, ©
K, =mb, +m,b, +m,b, (10
b,-a, =273, (1)

Genrhe | TOWBEIL. Sa LT —
B CES B,
{-"’—vz +V(r)}o(r)=E(p(r) (12)

2m

e

PHRBRERA &AL Y | EARRRIILA T O L 91
T D

o (r)=2 ck expli(k+K,)-r] (13)

TRV —EAED kK DR L 72 D720,
B O M) 2R,

4. FRECHESSER (6]

5RO LB BRI T, AR
THEE BT A BRI IR E A B 72 5 LT, L
BHECHRRIC & 0 | BROFHERIRAED =L — )V 4
JEDOPBHLE U T—ERNIIRE D Z EMRESHL, &5
2 1 B, KON BB A RO 2R 0352
b D

EETROTRLX—F, KATHEZLND,

E[n,(r)]=T[n.(r)]+U[n (r)]

+E,. [ne (r)] + jdr v, (r)n,(r) (9

1 . (r)n, (r)
U[ne(r)]:EJ‘er‘er 15)
IITT IHEE L —, U 1A REE A E
FIm = v IHMIRT v, E 1SRN

B ¥— Thd, FICREOE FHEIL (14) X
IZBWT E SR MEZID L9 ITRESD,

BTN, BRE LS 1 E IR
WT, IO EDITET B LGET b,

n(r)=2 o (r)[ (16)

N B IEEREE D A L— X —fTHIRCEIT B &
X3, (16) RIFIE LV, BURE SO F0(14) R0%E

25E4TH Z & T, Kohn - Sharm DOFFERDME S5,
1
H, = —Evz +v,, (1) (17)
HKS Dy (r):gk Dy (l‘) (18)
n, (r')

o )= 0 [ pese) 9

ZIZT, Ve [ FBAR 1 ATV, vy TR
HEAT vl ISHFHRIART v L, T
Hv . FERTEEATRTTEEND,

3

)= [2n.0)] s

T

5. ARBH[E, 412k HERFRCERMOTHH
BHEFHBIERT, ERERREEZ VT
TEREND,

B _ol(a))

¢ (w)=1 o @
o, (o)

& (w)= . (22)

BRERSEEL, ARAAZHANT, Joltks
ns.
2re’ i’
(@)= Trar

Np  Np

X Zk: jz:l: ; [F(gi’k)— F(Sj’k )] )
x; < !//j’k(r)| 0/0x, |l//1k(r)> ’
><6(gj’k —&, —ha))

o, (o) :_2750 P| V?—(:ol dv (24)



I S
-
1
+ eXp [ kB T ]
BEEPEBIEGIC LY 1| BOWRBEEIE A R,
1) FH25) A& THEFFEERS A KD D,

ROTAEHEIEE L Z(5) NTRAL, @ETOE
GHRE AR, L—— L @B A/ 2Rk 5,

F(g)= (25)

6. FHHKTFR R ARSI (5]

BRI RTE T DRI LRI R
I, L= —ERE T MURT UYL At) TRol
L. A(t) ZETEIED Y = LT ¢ o — %
fift | IENBHRORHHZE R A SR, EHREL Lok
WE % ED LT 2 D0, 70 DE
DEATINF—=DATS DRk -2 3K6D 5, WD
BRI L, BEEVLBEEGRIC KV kD D, ERRAZERIA
= TONHE AR T D Maxwell 7RISR 5
IFEIREIE 1 (FDTD H)&. X7 nigAr— /L0
THAF I ARRERES LTow VT A —1 s 3
o b= a3 AEEFTTHENL L IV & [EROF A,
TERIZEET 208D & B2 3¢ Ra it T g, X1
VR IR A B O & Maxwell JifEaZ 8T
S SO T & WU BT DT AAT O 55
BOBIEHTH 5,

T, @b lXb<<a 9%,

TRILF—
V,

(JFF L)
a b | a

o]

0 x (U HAT)

2 HFRIOREEER L ORT v L

2 DIRT 2 VT, ETHIIC conduction band
(E>Vo) OB A RDDZ LN TE D, BT DY =
LT o I —IRERIILL T O L5 12T B,
_ 7 da(x)
2m,  dx’

e

0<x<a

= Eg,(x) (26)

2m, dx

e

nod?
|0 Eal) -psaso

(27;_ D, WEBHEIL, RO X H12722,
p(x)=Cle™+Cle’™  0<x<a
28
@, (x)=Cre” +Ce"” —b<x<0
29)
a=y2E (30)
p=J2(E-V) 31)

SRS L 7 0 IROERND, IROBHFEED

— WREE, L O
|l/—‘ﬁ' EHPOEFREORTE H S B e D P gpﬁéo
(B8 0~ 2% = A SRR, BHERE | 1 1 -1 -l ¢
a -a -p g Cr 0
eiaa e*iaa _/flefiﬂb _Aeiﬂb C2+ - (32)
1 FFRIEA R R & Maxwell ez Qe — e~ JBe P )Rt c;
VLS DRSO L U AR Lt .

AT O St OB

7. YA—=vk - R=—FTFIL[, 2]

(32) APHBERAFST-OITIE, ITHIRN 0 TR

TIUS R B0,
L— i L H AR 5 B TR A Tk A 5 1 1 -1 -1
EFLE LT, [2 DX RO SETI a -—a -p B
WATRT S MFORTRIEEE T, #5575 Vo R

T EA b, B L=a+b OHFMDORT v /L

aeiaa _aefiaa_ﬂﬂefiﬁb lﬂeiﬂb

G4



34) KBE5) & (S IS 2ELIS, o(x)=0, (x)zclzL‘iz(efauc;em)
e @3)
0<x<a
cosv2Ea-cos,|2(E -V, )b
(x)=0,(x)=ce™ + ;™
E—V 4 ) 2 2 (44)
- ———C—sinv2Ea-sin,[2(E-V,)b ~-bh<x<0
2JE(E-V,)
skl (35 c__1+i,8/a
-8 'T-ifla
(32) XA Z LIk | HEREME HALD, _2ifla
1-if/«a
+ _ 2iaa ( - —fb+iaa .
_ GG s i L (ifla—1)+22e -1-if/a
o(x)=a(x) e (¢ +ere™™) 2¢“ (if3 | a cosh b —sinh Bb)—2if3 | a
0<x<a (36 @5)
o(x)=¢,(x)=ce” +ce™ 37 L2
_bh<x<0 1 ifla
. _1-pla 1+ifla
"1+ pla 1-if] a
L 2Bla (il a—1)+24e " ~1-if
X -
I+fla 2€““ (i8 | a cosh Bb—sinh Bb)—2if} | a
y ﬁ/a_l_eZiaa _ﬂ/anz’aa +2ﬂe—iﬂb+iaa (46)
2B/ a—22e""" (B acos fb+isin Bb) ‘ _
e (ifla-1)+24e "M —1-if ] a
Cc, = -
) (38) > 2é“ (i / acosh b —sinh fb)~2if |
i pla “7)
1-pla w(x)=Agp(x)
1+f4/a
48)

" ﬂ/a_l_ezwza _ﬁ/aniaa +2ﬂ,e_iﬂb+iaa
2B/ a—21e'* (ﬂ / acos b + isin,Bb) Z T, @8) HD A IFHILEE TH D,

(39
BlEE LT3 Tl TAI = AOK T L &

. pla — 1= pHaa —,B/ae”““ 12 Qe i Priaa FAVY, b=0.1165L, Vo= 7L = LDT =)L I TRV

Cc, = -
' 2Bla-2e" (B acos b +isin Bb)

F—Z N TROTZ A FEEE R,

(40) W
t//(x) = A(p(x) conduction
1) _
S 2T @) Ao A EEIMLECH S, d
Valenceband (A RIS LT, <2 FHES ) >
B SR BB, =
valence r 1
cos\/Z_EacoshJZ(Vo—E)b _20:‘” H‘_H_H_H:
. [/0_2E Sin\/ﬁasinhmb 0 0.2 0.:(L/(;1;6 0.8 1
2E(V,-E) @)
=coskL B3 g ik



4 1, SRR OB,

400 -

300
200 -

100 £

o

B

-100

200 -

300 ot -
0 1 2 3 4

HFIRILT— (eV)
4 ROIAGHRFEIEBL

=P —DRARZIATROT,

c

olw)= (49)
(@)=— (@)
Z 2T, (o) IMERRITEROETHY . FHEINER
B Tt SN D,

1 3 5 1/2
n(0)=7= (Jel (@) +ei () -4 () 60
513, ROEZL—F—DIRAETH D,

30

RILE (nm)

0 1 2 3 4

KFIRILT— (eV)
X5 skdizL—HP—DRFARE

X 4 DEFRFHBEERE LY  BRERDO L—P—D
FEERIFRAIC L v ko b5,
R(0)= |n(a)) - IE _ [77, (w)- 1:|z +n} (o)
|n(a))+1| [n},(a))Jrl] +n} (o)
Q)
22T n(o) [ FERETTER, nlo) 1 FEREITEROIE
ThY, FEVERE RV TRTTR SN,
n(w)=n,(0)+in (o) (52)

1, (w)= % (’/gf (0)+& (0)+¢, (co))]/2 (53)

6 1., FEBROT-OOHIEE L TRdTZ, L—
P—DEGHERTH S,

0.95 a

0.85 [

08l v v v

HFIRILF— (eV)
X 6 sRbiz L—W—DhR

8. #&5

[ & L——DOF E/EIRIFEOYIIBEE & LT, H:
FHIDERED SN A TERT % AR OFE IR
Brhzx5/n—=yt - _=—FE7 VE AT, 5
B OB OB A R T, IRARE T,
IR AE BT IR, L— 1 L [E A
DFEA-OF A/ Z SN L ARARSE 2 KT,
IR AR EE N B R Tl L, L— Y& E 7 b
JVIRT b At) TRoR L, A(f) ZETelikrED
v LT o VIR R | E B ORIz
JBZRSD, RHRE VA WE A E D L9 B
+

DN D DE P OE AT TR F DT
T RO D, EARZERAr— N CONEHEE
Lk

3% Maxwell J7FExi 32 RifilfEcEs 1% (FDTD
BE. SRR —)VOEFHA T I 7 ZEHEEE
ALl TF A r—)b s VR al—va  EEHTIC
WL L, 7 IV 206 & RO EAEFIZ BT 201%En & &
IR HFRAMED TND, BIE, FAEGIZE Y | REEAF
LB R =T L S =0 AR E)E R
LOHBEDKEINATON QD EEREFT7) & Dk
W, I eiamm) S ARROEHET T ThIL T\ D,
AfOFEE LTI, TDDFT ¥ 2 L—y 3 TR
DI L— DI - &, 7 r—=vk - =



EBT ML D L—F IR - fRE L DR « W5
T BiID,
SEHER
1) L.L.Chang, L. Esaki, and R. Tsu :
Appl. Phys. Lett. 24 (1974) 593-595.
2) J.J.Ritsko, D. J. Sandman, and A. J. Epstein :
Phys. Rev. Lett. 34 (1975) 1327-1330.
3) R.Kubo: J. Phys. Soc. Jpn. 12 (1957) 570-586.

4) B.Holst, et. al : Phys. Rev. B 90,035121 (2014).

5) AL 5 L— B9 44(2016) 789-793.

6) BRIFUGEIS, [EAE LR, PIHEERE (2015),

7) Igor Zoric, Michael Zach, Bengt Kasemo, and Christoph
Langhammer : ACSNANO 5 (2011) 2535-2546.



SH2 EEL—T—HEBELEMET—2R—RLHBRER
—248nm FAYEFRF 1000-on-1 FHER—

L — P — B =

ZN (N NS

1. [FCHIC

L— P —2EE S O OISR, I 7L
RTp 8 S OHFFEFIMER SN TND, ZIDIF
FImHhL— RS ns &, UXUITHRE

(L——515) 25| &k 297, HRE A L7501,

MHNOHNFEREDFF DALRNET Tlde< | FHEEIC X
DB TR T ORIGOEIRIZ b 725, Z072, fEH
TONFHRFOL—P— G L SVEAREL, LEW
ELLF O FNF—FEHEC L — WU 25859 5 dh
ERH D,

L—F—HARAIIZTET ILT) T, P17 KL
0 N T O L—P—BE L& MEEHmEBR A BAA L
A 50 HONFSE T ORBREA T TN D, Fio,
R 20 FFEEE L Y L— G L &\ MET— 2 — 2K
BR (LLF, 72— 2{ba) #17-oC& 7o, Zhud
FHT 2 YR T OHERE DD, SHMEZEN DAL L T
THZ, FICHFCHRRETTO DO THD, ZHET, |
J% 1064nm, 532nm, 355 nm, 248nm O L——4EE | Z
FAWDIF TR U CGRBRZA T > TE T, 02D
SN EFER O L—P— G L 2 W lTxEnT
NORFETHET D73, [FIRAC, 2 CORBRfERE L —
PRI L EVMEOHE M & LT ILT OFR—AL—
T ETHRIZABRL TS Y,

ZHETORRIL 1 79LAD L—P—MBEIT LT
BEOFERAHET S, 1-on-1 EFEINDaREREZE W
T&iz, — 0, L—V—FIHOZ 1L, d#aEhlEy, i
R VLVABECH D, ZD72h, Mk L YL A HiRE
DNFFHEA- O L—P— G L S UMERHENZE E T
7%

1R 1930m O L—H— YL 2 8 LIRS L
T & EDERMRATN T ZADOFTMFEI AT 2, BRA

JeA) T ADWHHERL L EVMET 1-on-1 3B THI 4 Jem?
THDHOIZH LT, K 1/3 D 1.3 Jom? sk LR L7-
& & AR U T U CGREBRE FIkE < oo
T2, Eio, ZNENORER U CEEE» I
T LHEBr L T2 0l WE TR RAELTZZ L%
RLTWD, ZDE T, MR LV ADRI ORI
W 17V ABBERH AT 7 )b— U A THRIEA S
570, %L Da—P—Z L > TR L VLA
RO L— 55 L &\ MERSEEfH S 5 2.5,
BN 2 BT — Z = 2R & LT, IR 248nm
BN K OSSPSR 255 1000-on-1 38R %
1oz, #sk USRS % 100Hz (ZEE L, B 1
2 A L CReR 1000 2 VLA % FRs RIS O A T4 1l
BB LT X VG LS WMEZDE L, AR T
1000-on-1 FERDOWERERZ F & 0, oAk 23 HHETHE L
7R 248nm FYEFFE 1O 1-on-1 T—H ~_— 2[R
OFER LT 2 Z L IC k0 s L YLV ABRHZ X 5

Fluence: 1.3 [J/lcm?]

:)- I

Z 09 [N

3 10Hz

c

ke

= 08 o

£ 80Hz

S

S o7 L 100Hz
0.6

0 2000 4000 6000
Shot number

1 JE 193nm #K L L—3— L 2 RES
DB RN T ADTERIAY,



L L 2 M FOBI o BT,

2. Bl
AN 2 AV, 26 21 [5] 248nm AESCRE (R 7 —) |

5522 [5] 248nm FABURBA IIEA TR & Lz, ZhE
NOHERIISER 1 ITE LT, @REIIETIE, L——4E
BN TEH 2 < SIUTODAGHE 450, SUHEE 99%
LLE (P k) OifERSEIES 7 — 23 x5 s L,
FEHRENHTE L Uiz, PARETIE, SIRGICHATE
WU < — S, STBC~TRE L&
UMEDMEN Y, — 7, SEBAIEBEOFMAEH I, TR 2R
e LTSN D BTN T A WS Z &

£1 T —AMGERBEEOMER

(e Ui, SRR IR Crditham & < L——)evE
<OT, 22— MIOREMHEL Y —=0 7 OHRRED MR
B LEVMHIS A KIET, 2070, KRS DL
EL, 7 V==V 7 b Eb iR IAR E L, £
7o BT L b1 v M ThHUETRNE
D& LT,

F21 AR LU 2 MOSNMRESIT EHH E 74T,
AR EN I 26 fH & 21 ETh -7,

3. FHlE<E &A%

L— 5 L &\ MERHlRRE O A 2 12
AT, FHIA L— B, JE 248nm, YL AR
10ns O KrF =% 3~ L—H— (Lambda Physik 1) %
AL, b— =@ o i) Sz b—— LA,

w21 %220 TRV Al o 7%, BRI S00mm O L

= RAE RERy LS R LB T Lz, B LD B =Dt X3,
® K [nm] 248 Lo A—5 k] & [R] CREBEOATIEI R E LTSNV E
POV sl 1 —BTHT 74T (OMOS A7) ZTRHBILIE,
ASHEE [ ] 45 0 . . . -
% o E =LA Y ZIZE D L—P D% S S,
REtE  [% >99 <0.5 TRNNF— AL T/ YVAT IV —2E LT, B
R EELSL BEHSR TRV T — P —EEEORERINET & =L¥%
IR E KB ST E RMS<10A T T O TR LT
EEHEKE BELZL FE LR
SNt EH 7 7
BT {4 26 21 4. 248 FmRAHET—5 A—RLHEER

3 TR EEH AU N T T5 72 1000-0n-1 34ER
// KrF excimer laser (248nm, 10ns, 100Hz)

Energy meter

N/
N7
Attenuator

Lens
f=500

Splitter

CMOS camera

Sample  Damper

Digital
microscope

2 A5 LV MERHR A L— S ED R



DFERAF LD, BT L— 5 L3 M, i
IIRREHA R L Q0D BIMBIER T #1326 12
%L, AR L& WL 7.6 em?, B MBS L E W)
fElX 0.9 Jem? TH Y | G L7=38400Z < 23 2~4 Jen?
ThDHZEPHoTz, BRRBAEERT L. KR
248nm =X < L— =Tk, &1 Jem® L FDO7/L—
T ATHET 20 B D,

5. REWAIEIET—45 R—R{LEHER

TR SCER I & [AIRRL R A L 7 S B 1EA%E0D 1000-0n-1 3K
B R AN 4 1R T, SO 7 fh Bk 21 1kt
L, BARHBRE L XML 266 Jem?, MBS L &\
i3 1.6 Yen? Th-o7z, SEHBPIIEBEOEAIZIE, @il
SIS &g, AR, BRI TR E < L&V MIITIEY )3
Btz F7-mbED L&\ MEIHAT, A,
KIEE HIT 3 FFRESWVLEVETHD Z L Hono
72, Pk 248nm LISLD ZiE TOT—H ~_— 2R
VRSB V& @SR ST D3 E L& A
HOFERIMGF LI CND, ZOHEL, FREREOIRE
N L—H— 5 L & MEARET HREZRERTH Y |
FRrRm A e < BURBAIEBE TR L&V ME S 72
L EMESNTWS, L, 248nm OEETIE, K
BRI &L D & R E B DU MBS L &\ MEZRE S
B EBE A D AR L, W e~ Ty
72 EHTERED VD TR OB C b kG IS ATRE T
%o ZDTDESGINEL Y bBGEIOBHERH Y | K&
7B L XV MEDEWNTE R 7= 2 EZ HLD,

6. BE—/SRIZKEL——EHELEMET—HR
—R EDHEE
W 248 nm FAEFEE AT OWTIE, Pk 23 4EEEIC
l-on-1 FERDT —H _—2{ERA I L T 53, £
DORFOFER L 5 2 12X 0, 248 nm FFET

DINSZA R L L AR DRI DN TELR LT,

5 123K 23 4R 1-on-1 7 —Z ~_— 2R OfE R A
SR BRI TR EFE TR IAE LR U Th
0 [ S@I NS 457 ORI, [ Sy ARk

10 T T T T T T T T T

Number of samples

Damage threshold [J/cnf]
3 248nm FEISEHIED L—H—HB{5 L &\ Vi

Number of samples

0 10 20 30

Damage threshold [J/cnf]

4 248nm AFEHBLLERED L——815 L &\ i

T A ISR DOFER Tl 5, TIVENDSINESE
R E, 11426 oLl 114829 LT
BT,

ESED 1-on-1 5 — X _—ADFKRFEE L&\ VE
1E83 Jem?, HHHLL &V MEIL 3~4 Jem? Th D, Jed
3 LT 5 &L Aald 1000-on-1 748k & IHEF LT
HDZEDGIND, ARL, T—H R ADB A% b
#9725 & 1000-on-1 FABRTIE 1.5~3 Jem? CHEEA N
LTW%, ZDZ LD b Tl L VL A g
WL VENTHRE LEVMER T35 EE 2D,



Number of samples

Number of samples

16 T T T T T T

14 +

T T T

00 mAvoIn | |

W sy I | |

Damage threshold [J/cm 2]

(@) R

10 T T T T T T T T T

W smy>In

0 2 4 6 8

10 12 14

Damage threshold [J/cm ]

(b) SHBAIER

5 248nm FAYFSE T 1-on-l T—HN—R

ERlBRTR Y

— 7 RBHIEIECI, 1-on-1 T— X ~—AD A8
LEUMEIT 135 Jen?, AL & MEIL 3~4 Jem? T
B | JeDIX 4 DEFIEE L X\ ME, Btk L X\ e
BIZ2 A S T2 o TD, MR L VAR T HER
HLEVMED SN &5, 1-on-1 38R CIEEICHIM)
(2725 TND E TAENDDT, AL 23 DB RE
R HEDHEATE & B 2 BB, RO SR &
FERTA LR Gt M EATZDIL, BRkaIeT 7 A%
ORI, Peg ke ERRE L BESNTZb D EE X
bivD,

7. £¥&O

A2 ERE, 5521 [B], 22 A L—P 5 L&\ vl
T =2 R E LT, IR 248mm AP S
FOBEBA IR Z5%6F L C 1000-on-1 7 FARRRER 2 266 L 7=,
FURBAIEREORE L =y Ml mbdiEo L&\ MED 2
B BN & 2R LT, ZAUTH BRSO Mg
OWINDPHEED EHER T D Z L ZEHR L TND, -
PRk 23 AFHEIC N L 7= 1-on-1 AHHRRBROME R & Bl L,
Fen OB il U FRER OSSR K 0 AN L & MED
IKTFRRLND DI LT, SR IR R <Mt
MELTWDHZ EEIRLTZ,

Lt Wt LT — X 2 ERT 5 & & BITREEROfiE
B LOEIM A ED T,

SEH
1) http://www.ilt.or jp/testing/kenkyukai html
2) S Motokoshi, te al., Proc. of ALPS’17 (Yokohama, 2017) APS17-7.

3)ILT2012 4Fft (2012) .



F R G

=
i

) X bk






REWLYU R b

OV —F—XNVF—FFREF — 24

% 3 |Y.Nakata, E. Hayashi, K. Tsubakimoto, N. Miyanaga, A. Narazaki, T. Shoji, and Y.Tsuboi
EOH Nanodot array deposition via single shot laser interference pattern using laser-induced forward
transfer
“nw-=1 4, |International Journal of Extreme Manufacturing, 2 (2020) 025101 (5pp),
i doi.org/10.1088/2631-7990/ab88bf
¥ 3 |H.Daido, T. Yamada, C. Ito, M. Miyabe, T. Shibata, H. Furukawa, and S. Hasegawa
[ Geperation of partic.les and fragments by ql?asicontinuous wave fiber laser irradiation of
stainless steel, alumina, and concrete materials
i SCRE44 |J. Laser Appl. 33, 012001 (2021)Open Access; https://doi.org/10.2351/7.0000190
% & | XAEM{T
B BRI e T — L — =R AR O BUR LR
aCEES |EERGEE R 5568275 (B 105°& %55 875) pp.9-17(2020)
& (BN —, KEMEAT, (LmEn, G ERL EEE S, SR EIR
B H =PI R0 AE T D0k O ff AT LEZFE R & 15D B 38
i CEE4 | JAEA-Review 2020-031 DOI:10.11484/jaea-review-2020-031
OL—H =7 RFFEF — b
 F (s
B R —Y—=x ¥ —nit i)
W OCEE4 | AR, 105, 875, pp.7-8. (2020)
& A |gkmEs
w g |11 CFRP. CRRTPO® R - BTFDEN OB -HEA AT 88 S5/ 1AL — 4%
- CFRPORGHIIN T4 Ay
i L aE40 |CFRP/CFRTPO S il ), s IN T4k ffr & E A4 IE H (2020)
B Y. Maeda, Y. Hirogaka, T Iwasaki, K. Kawasaki, Y. Saka\x{a, T. Izumi,M. Ota, S. Egashira,
Y. Nakagawa, N. Higashi, Y. Sentoku, R. Kodama, N. Ozaki, T. Matsuoka, T. Somekawa,
&  H |Observation of ultra-high energy density state with x-ray free electron laser SACLA
A SCaE44 |High Energy Density Physics, 36, 100813, (2020)
O —¥P—FHHBIFEF — 2
¥ 3 |T._Somekawa, J. Izawa, M. Fujita, J. Kawanaka, and H. Kuze
& H |Remote detection of oils in water using laser Raman spectroscopy
7 CEk 44 |Opt. Commun. 480, 126508, (2021)
E I - EILESEIN
B H |Tvr I8 I KB
4 |BERGEER. 105%8, 8%, pp.30-37, (2020)
e NP IIESEIR
BB RO
A OSCEEA [L— Y —AIFFE, 48, 1175, pp. 573, (2020)
E I - EOLESTIN
R I R S N G s 3 ¢ L ILI LA S o e
R OCEEA | — R, 485 115 pp. 574, (2020)
e P IIESEIR
B |y IA8 =R LK== 7 FIEORSE
R OSCEEA [L— AR, 48 1175, pp. 599-603. (2020)




% & | QAL
I I A O Al (3 e e O e/ s T )b
R OSCEEA [T TAT AL 31, 1275 pp. 57-60., (2020)
OV —HF— AL FFET — A
2 2 |H. Chosrowijan, S. Taniguchi
#  H [Photoluminescence Up-Conversion Spectroscopy
Ff CEE4 [Encyclopedia of Applied Physics (EAP)1-21, (2020)
% 3 |T.Saiki, S.Taniguchi
o[ Production of Reduced Al Nanoparticles from Al Oxide by Applying High Voltage Pulses to
Solutions
fm a4 |Journal of Nano Research, Volume 63, pp.76-88, (2020)
¥ 4 |K.Lugsanangarm, F.Tanaka, S.Kokpol, N.Nunthaboot, S.Taniguchi, H.Chosrowjan
Effects of protein association on the rates of photoinduced electron transfer from tryptophan
B H |residues to excited flavin in medium-chain acyl-Co A dehydrogenase. Molecular dynamics
simulation
a2 4, |JOurnal of Photochemistry and Photobiology A: Chemistry, Volume 407, pp.113039-113049,
ﬁFH]jCE:DZI
(2020)
¥ 3 |ANueangaudom, S.Pianwanit, H.Tamaoki, Y Nishina, F.Tanaka, S.Taniguchi, H.Chosrowjan
Interactions between isoalloxazine and o-aminobenzoate in o-aminobenzoate-d-aminoacid
MOH | ) . )
oxidase complex. Molecular dynamics and molecular orbital studies
a2t |JOurnal of Photochemistry and Photobiology A: Chemistry, Volume 408, pp.113090-113100,
ﬁFH]jZﬁﬂDZI (2021)
e N.Nunthaboot, F.Tanaka, K.Lugnangarm, A.Nueangaudom, S.Pianwanit, S.Kokpol,
= A o .
S.Taniguchi, H.Chosrowjan
Protein dynamics of five FMN binding protein isomers revealed by residue electrostatic
wo . of five FVIN & : .
energies between ionic residues: Correlation Coefficients
fm L at44 |Chemical Papers (CHPA - Springer Journal), 74, 2901 - 2915, (2020)
% 3 |N.Nunthaboot, S.Taniguchi, H.Chosrowjan, F.Tanaka
Equivalence between inverted region of energy gap law and inverted region of donor-acceptor
BOH | : . . )
distance in photoinduced electron transfer processes in flavoproteins
fm a4 |Royal Society of Chemistry Advances (RSC Adv.), 11, 8821 - 8832, (2021)
o K. Lungsanangarm, H. Tamaoki, Y. Nishina, M. Kitamura, N. Nunthaboot, F. Tanaka,
E S )
S. Taniguchi, H. Chosrowjan
Simultaneous analyses of the rates of photoinduced charge separation and recombination
B H [between the excited flavin and tryptophans in some flavoproteins: Molecular dynamics
simulation
ffm a4, |American Institute of Physics Advances (AIP Adv.), 10/10, 105224 (1-14), (2020)
OV —F—HEIFBAFE=E
ST K.Mikami, M.Ishino, T.-H. Dinh, S.Motokoshi, N.Hasegawa, A.Kon, Y.Inubushi, S.Owada,
H.Kinoshita, M.Nishikino
5 Laser-induced damage thresholds and mechanism of silica glass induced by ultra-short soft
= x-ray laser pulse irradiation
G SCEE4 [Optics Letters, Vol.45, No.8, pp.2435-2438, (2020)
% 3 |Y.Honda, S.Motokoshi, T.Jitsuno, K.Fujioka, T.Yamada and M.Y oshida
u Concentration-dependent fluorescence decay and energy transfer in Cr3+ and Nd3+ co-doped
i H :
Y3AI5012 ceramic powder
Fi a4 |Japanese Journal of Applied Physics, Vol.60, No.032001, 032001-1 - 032001-6, (2021)




EEFRRERY X b

OV —H—x N LT —L
% & |H.Daido, T. Yamada, C. Ito, M. Miyabe, T. Shibata, H. Furukawa and S. Hasegawa
B H |Invited talk at the Web Conference of Laser Solution for Space and the Earth 2020,
2ik4 |OPTICS & PHOTONICS International Congress 2020
% ¥ |H.Daido, T. Yamada, C. Ito, M. Miyabe, T. Shibata, H. Furukawa and S. Hasegawa
M H |Production of fine particles and fragments emitted from laser ceramic and concrete interactions
ik4 |Web Conference of Laser Solution for Space and the Earth 2020, web
EASRELD A b
OV —HF—XNFX—fFF — L
% & | BT, (s, GRS EEE S SRE R, s RE)FH—
WA V~*f:7JDIQ:&@%%?%%*ﬁ%@ﬁ’fﬁ‘ﬁHﬁilﬁlE?Yﬁ@ﬁﬁ%ﬁ@)@) L—F— 54
B BTy I A, A7) — MBI AL I DB R
KA | AR I)FR20200 8D K42 (WEB Meeting) 7 % 52D17, 20204:9 H 17H
o g%ﬁi‘; L i, G R, B S SR LR, A #R 2 | Stephen Robert Wells,
WA T/~*f~ﬁﬂI&:i?%i?“é%*ﬁ%@ﬁ%ﬁ&&@lﬁlE%’i?ﬁ@%‘%%ﬁ@) () L—HF =g
=TT Dk FE A iR
KA | AR FER20214E R OF 2 (WEB Meeting) a1 # 52712, 20214:3 H 18 A
OL—#—FutXF—A
* B |BEEHL . B A so, RETH
B OH | — BN R D A D & A B O (R
S | B4R T H A HANE S TS 20206F10 28 H , AT A
Ol — ¥ —FH M F — b
E # |AfEEE, ABh | B HFA KRFEEIT. BIRE ., 22 2L
O LWk s — ME SRR BT 0O B %
D | P ERPINERH S 4 BEE RS 20204F1H 200 A1 B
EH QI OL, GHEE, e | R | A
BB |L— ¥ Tr s R LK oD o B
DA [FBIEL— R ST UYL 202069 H 3 H L AT A
EFH (YR Mrazxa—ET A SR
BOH |7~ T A =S T RIRIME R AT 2RO E 7 UV T L SV A
Dk 8IS AR KA S 20204F9 A8 A [RIEAERS: AT 1
* & |AiEEA
BOE | VPR AW BT S A R E OB %
e s |20204FFE HEHL- BV T 47 A b =7 AWFE S 2[E RS L 20204£10H 9 H
REN )5 7 @Y AS L (R SFREEED
e N O LI TINE e RNy 3 | AN (IR C IR /N ||
BB (L= —=T~ AR LK R o0 R E I 00 B 2%
Bk |V P PR PIEHSB4RIER RS 202141 H20H , AT A
& B (BB Mrara—E T A O
R BT~ TAS IS TR AN R A TSV — — OB E TV T AL VA
Dk [FHo8lS MR FF AN S 202143 16 H A T4




OL—% —HIifBIR=E

& (MDA, Al | E RIS
A V=Y —3DTV T A TN LDH T AT DA%
Dkt WP RIS 202143 16H A TA




= ST






B X W F #
(&Fn 2 £ )
B

L— P —HIAe e 7Emit, L —— Rk OZ OBEEREOIRI A0 | A ED
TR SRR ORBICAMRT 22 L2Rm8BL L, L—Y—LZOSHICHE
THOMIERAFE ., A, HWMOE - /. AMBERZR EOHEEZGIEHEET ~E
LTS, FM2EEICBWTHREREMOW 25T, Bastm &R {EHE 7
HZLENRTER,

[0 2 D72 75E)]

FEERLV—F—BR T =7 FTIE, A=V X —ENHFI NG L —F—
MTHETORBIZET A0, EEXRL—F—0 M L 7o A3 i H i s L ovh
e JmHRUV L —Y— DR EZIT - 72,

VW —E o rae =7 FCTiE, BT R AR L TR AEE
WEDWEEZFHEECTHRET2ZE2HME LT, BEAETORETNEL —F—D
EH A L S 2 BT o T

L= — XN F—H T, V==X VX —DFH LWISHZBH O % B
BL. 7R 00 8 CHER STV B L — W — B Al O ifF 22 B 5% & #E
HE L7,

L—H—7 vt X538 TIL, bOIK DA /) R—=varrmzETHL—F—Tn
B R R o F A - IS BRI 21T o T2,

U—H =308 Tk, b— =3 - AT o @ rERE LI E 3 o AR EN &
LC, FEMEZEHETOEENL, L—VF—@BEHREOH LW DE~0m A, Rt
B DBRFE 24T > 72,

L= A AL BT, A - BER - QRSB ~OISHEZREL, BERE
RO OREE L & EBEMEOBEMEZ A O NS T D720 00 e D, F
oo 2T WRIGERE 2RI L7230y, RIRMEREEY sBEEORB 2 ED -,

B - v Ial—va BT LY LOWEMHICET 5720, L—
P—LWEOMAEFERICEA L TEFHFNEER YT -, £, IEXITHEHSNE
B 2 T R 2 B BRI L 72,

U— P —H B E T, A FHRCFMEIORBEED 5 & &b, FEFE
ORI L U CEEROEIMNBRZ K L, S, HHh. AMEORK%E
1T-7,

W N EFIEE) T, PR ARE S ORERS L OERRE~OHREQL A), #EEEE
(L= =27 a2 ORITHFD, F—2 =V B LA = VEIEIC X D ERERE
72 8RR L ., RIS ORI 72 BB I DT,



1.

ZEZED R
(H )

FHH gt AT B AT

R2.4.28 = R KW 1EX
R2.7.2 (i) EA ARIR(FHE)
R2.7.2 (i) i F%n(ﬁ@)
R2.7.2 (M) % R (FHE)
R2.7.2 (247%) H ﬁéf‘%(%ﬂi)
R2.7.2 (M) b %m(ﬁ@)
R2.7.2 (%) b & S(FAT)
R2.7.2 (&%) FRE T%(EE)
R2.7.2 (¥#) W AT (FHE)
R2.7.2 (M%) g R (L)
R2.7.2 (&%) F% = (L)
R2.7.2 (&%) R Vi (F-1T)
R2.7.2 (i) B8 R (L)
(B )

FHH AT BT
R2.7.2 (247%) PR IHE(FT)

R2.7.2 () H AR B 3 = (FHT)
R2.7.2 (%) w2 ()
(FEB)

FHH gt AT B AT
R2.7.2 (M) )N e w(HAE)

R2.7.2 (i) N k(AR TE)
R2.7.2 (i) e 2 RZE R (F5-1T:)
R2.7.2 (%) Ve A LT T)
R2.7.2 (%) mA BIT(FHE)
R2.7.2 (&%) PE N BAGRES)
R2.7.2 (%) Ji 0 (F31T)
R2.7.2 (M%) H H R (FHT)
R2.7.2 (&%) B R (FHT)
R2.7.2 (i) e GRS
R2.7.2 (i) YH  FEE(FMT)
R2.7.2 (i) I A2 (FHE)




2.

B’EXEF ORI

(1) EFES
BT ES (G244 H6H ALk
R FIE
- EEER O 28 MBS OHER AN T % FHIESE

%38 MBS (B2 6 A 15 H Al Lk
R IH

- SR E REEREE

- A FNOLAE I S RE R

- ERFOFH29MFHRESOHEL PNEN TH 5 FH

W39 MFIHS (HFM2METH20H KLk
S
-HHEE, BIBEEERONEGEEORE

H40 HIFELES (B 2410 4 6 H Web 23#%)
R I

< FEAR PE 0O JE

E R A

- BB HUT IR L O s

s IR TR KD REEIZHONWT

A1 mFES (B34 3 H 11 H Web 23#)

R IH

o 450 B4 FE o S R i

« DN EIN T E L OVE AT 2 I OV i B D LA F
- BLEMA O S E

ot HIH

- BB AT IR L DS

(2) FF#EE =
o8t ES (G244 A28 H KLk
Rk F I
- HEF OB

H2oMFERS (BM2ETH2HR AR LRE

B B0
- 4 B B R B

- B B ORI BT D B O E



- BOEMICHE D HFEOEME
&@%1&5W$@@E

- SGEBNCHE O RERE B O

i IH
- I ANTCAR R S

. BB=BR%R

T2 FEERE B

L ERB L URAFER
e
K

. FEFEHEA K
w2 A K
oA 2 AR EEOR R IR A 1 5K

36 ft 78.5 1

12 4 (EWN 10, B4 2140
22 = (W : 9k, EH : 13 1)

9 ff
4178 Ok 20, AR @ 81k, @ 13 1)



I MR LXOREF X

WFZEBRIE OHEME & R DL 2K D720, WM TIZLL T LB HEFH %
EhE L7,

1. FERAEEE

[EXAV—V BTV 1]
BIZFXNFX=RPHFHEND V=Y =N TEIRORRICE T D720, FEEMAL
— Y — D IR & 72 W R T R KOV R UV L — Y — DB & (T o7,

(1) ¥ m sl B3 5 iFe

L= —bE— 20 HELZMELELEE— L2 2R TE 25 HIETE R 2
BRI T B 72 O EM ZERL U, Wi ER L OVE KB BRI X 2 MEREFEAN 2 47 -
776

(2) EmMERE UV L—Y — SR OBAF
H 0.1W-UV L—%—7 8 N2 A 7O — LM EONEEZKY . M251.2 2%
E‘ZLT«_O 17’;7 = }\§47%$/ﬁj\j‘%w \—FIX L:r‘\__h‘,j:h_njf:,fﬂﬁ%ﬁﬂﬁb\bf;o

(B4 % TRt - LFRNFSE]
E%ﬁﬁ’)d\’*” EmANHR UV L — % — RO BA %
RS BV R~ O3 FREE - SR B DEARTE 0 72 3D o 1 B I8 T I AE o0 A 2

[V—Y—WESTHRETn T =7 ]
G T < A RZFH L TRATAEREDE 2 S RETRHT 222 L
L“C RSN T DR R AL V=Y —omt b & v 2{b 217 - 72,

(B4~ 2 L7255t - HFMFIE]
S 7 ~ BRI KD R T IR EAH W B 1z b 5+ Bty o BR %8

[V—PF—= XX —IFEF— 1]
L= =X F—DOFH LWSHSHEOREE B L., R S0FRL AR 980 B
THER I TWD U— W —BEE i O MF 8B 56 & e L 7=,

(DEFIFRE L E BT D L — Y —Is H oWt

V==Yl i3, B PRI E IS TR A FE L TV o —o
TH D, fMx O T 5 L— P —UITRIEOMRIAC, VISRV RE AT 2 Bk



T HORBEPGIE L BN HELRRETH D, ZORICEHR L, fa DRE S ORKE
T H DR 2 T,

(2) “HEAR— X AEER CTLER L —Y — DB RS

=a— MU 2 Lo ZEHA— X RO IEIZ L E 7R 18Ca ORMEZ B 5 L.
BEOER L —Y— (LD) OFEARBICELY @H T, iEOFLEOL —F —%
B L C\Wd, 71 0.1W @ LD (Z2>W\W T, FEARM o2 e (B2 H) : OMHz,
Frgi el - 3 WEfE]) ZSERE L 7=,

[BH#E 32 7525t - LRI ]
s L—WF—INTIC K0 RAET DKL DO RENT & B2 FE R E T35 0 B3
c8Ca VW= — U =3 T FVEOWIZE & YA SRR b B A BE

[V—F—F ot xiFeF—21]
LD DA ) R—v g aXETH LV —T ot A SO - 5B
I 1T -T2,

(D E VR L —H—INTICBET 505
T oA NS F ) REBEOE SV A L —F—F W AE - FEK - FERE
FAEt O I TR BT 2 217 - T,

(2) A 7 THEEM ~D L — — I T A B3 2 g8

AR BEEER~O LV —HifoELkEZEEL, B TOL—F—FHICET
HEEHNA RTAVIREOEERIEI 2 HEMET 5 L3, HEFERD O EE .
B AR DO EKE OB IEICE T 2 L —W — I L oM OB 217> 72,

(3) L —H—IC X BF J EEEERRENT O
L —H—T7 T L — g 2k b848T ki HEREMRICHOWT, eRE S
\Z X DRI EAL I EA~DEEBIZONWTHFT 21T - 7=,

[BHE T~ % F 72525t - LIRMFSE]
L=Vl BEET R RYEL G
CFHZEMCTORER THFICBIT D L—Y —HiF oIk AiFsE
- U—F—INEIZ X D E MR A BRI I BT A A
« XU — L —H—OiE HICBT % A2

s L—W—INTIC X 2 #EE KT H IO

[v—H—FRIBTZETF — 4]
L= —5HH - ST EA O S rERE LIS E 3 0 B EIN & LT JEMIERZ Wil o



mEAL, L= BEBIEOR LW B~ BREEFHEAT OB 21T o 72,

(1) FEMEEZ Wiy O & B iF 58

M L — P — T EMREEE OB 21TV, i b o robk L UNE K EZRE I
BWTHEERRZ L L7z, £72. b2 R YPTOEA RN A 7= e 25 &
BABICBWTEBL., KAMMHAOT VI XLAOBEED -, XbIC, #il-
IR BRI E BRI S F LT,

(2) L — W — 5 i ¥ o i PR e
ENERICBWT, AAaHOMEREHE %2 =R THMEI L, SO TEEZR =
EAEFEFEL T2,

(3) L — W —IZ & 2 BREEFHI Il D WF 5
T IA I XD PREOERAM, V- —FET L —r X Ttk
CEDLZREMEYMOGH, WtV 7Y A ) —IC X5 TORMBHRED
%W PR FE A7 2 FEHE L 7,

[%L?éiﬁi% e [FHFSE]
==l k b ar s U — b REaREICET 05

%E&ﬁ?%@%%
'ﬁﬁﬁ%ﬂﬁﬁé%%%gﬁﬁ [T TRk T A F— 2T LDBSE

-ﬁwwwm%mchﬁxTﬁmﬁwWD%%

[L—F— /S AR T — 2]
A - B - AR BF ORI & B L. ETORER DS L £ AR
ML DT B CT B 1 DR A D 7o, F 125K FIRAGBR % AU L= %)
A SRR BN TN Y R O BB 2 D 7

(1) PSR DO RESNHI 20 R D HFFE
HADFICE D7 T U BEAOKERIEICBE L, 70 & ORGICHE O BERBIE O
AL & R KOG RIC LD THIL 72,

(2) NV AVL—=F—IZXDWRT T % ) A4 FAF 2O EbET O
KEBETEY) Gy BE BN (2 3 2 Ml N B L. IS X D OB e R oA b &g
{E DFHWFIE Z Bl i L 72,

(B4~ 2 E72 55t - HFMFFE]

s 7L MREHINICE DS T 2L RE T U-NADPHIR (L. Z DORIEE X A F 3 7 A
c WWR AR A A DY eERbIE T I BT D ISR



[z - Ial—varF—a]

LI T O WM E T D7, L —F— & WE DM EIERICB L TR
NFMEREAT T, 7, HEEBSATH SRS EHEG 2 RIE T8 5 % & R I FPAT L
720

(1) v—Y =T L ZoIEAICrET % iR 5E

FIZEAL, PB4k, IS4 7 EEE D, RRFKFO L —F — Tt %
LR T 5y Ialb—vara— NOWREZITW, V=P —INTRMEZFEM L7z, £
2. L—Y—OEEERTORIICE L TR HIFEHEREIT- T,

(2) MIEBIATHEOMIE X I = X LHFSE
VIial—Vvarya— RREHRE L, HRZENT XV AU 5 0 mE w2 EREE I 5
2 DB L TN LT,

i}

(B4~ 2 L7255t - HFMBFIE]
- WEREATHROWHE A T = X LR

[v—F —EIFHAREE]
B EM B ORR 2D D L &b, EFREEO T RFE L L TE
EROBANBRIE 2 >R L, i, 1§, AMEORZRE1T - 72,

(1) ST 00 T L
ST - D L — AR OFF JE 210 | KA B IE = — 35
F OS5 B B2 — b RPN & O R & 17 - 7.

(2) L —Y — G
U—H — G RBREE OBHE 2 ED . EERR END OHIFEG. FEMmaER
REM LU, £/, F21E, 22BN FER T L—F—BET —Z X— 2L AT

> 77,
(3) AL BT D B F WF 7

L SR O R TR E B, HR LD v ) s — o
1N S ORIER EEE ST,

2. HEMFETEE

Y HFFERT D HFFEBR FETE B & 2D KA - ERAICHEE ST 2720 BIESROER - 1F
WL DY & LTRD & 9D e Z2 Bl L ST FEpt O S OfE ML &2 X - 72,



[FhE L= Erms
« WA L — Y — S A g S
- BN E TR

3. ERXEFEEOHHE

R—L_X—=2 FOFNMMHRBNE T ITMIT72, BEOHEME - LBICKT D
PR, S OBEREM, M T, BMEREZW e L 33 ok - BEITXF L,
FERREJIZE D A TE,

TR EOEEE T, RIRKRF L —F =R 2R E & ORFFEZ I T D, EN
DR & FEMRAITEEE 2 XV 7205 B 24T - 72,

PESE OEEETIE, ¥, RESLHEELZXY 20806, EEHT= R /¥ — -
PEXEHINRA R (NEDO) 2 EN H¥E 3 2P EEEE Y 02 = 7 MERICSH
L7,

4. BAEMK L DEE

(E) B A7 052 B 3 i (JAEA) . () & B2 H AT iF 78 B 3 A% (QST) . ()
L 7E T (RIKEN) ()52 5 i 28 iF 7% B 78 A A% (JAXA) . (— BF) S pE FE R fiT iR B {2
(OITDA). (—Hh) KBE 8kt o % —(OSTEC), (—Whirsém — %L — 1 Tkl
FZEFT(AMPD), (ARDF B = % VX —Hf5tt > % —(WERC), (—f) L —¥—%%
(LS, v —¥ 7T v bF—2WHiESLPF), GFEHBART7 + =7 A#ESH
PE S IPC BETE) ., IRV T T4 7 v A7 PRAEEIA & b BMRA I H R TR0
AN ZXD . 26 OFE L #HE L THONEO L —Y —EiToRE &% KIZ w55
T HIEEN A HEEE L 72,

5. AW

[E SN ABEZAT 2 T DA B IIF IR G 4 O RIS S5 0 . AR IZLL T OERIR
AREIZS N LTz,

(1) EHrm0/ NV - @3 UV Lb—H LR O BRR(E)HT = 1L X — « EEFINR A BRI S
PR - BRI L— W — AR B 3E)

(2) 15T < U h U K D KA PR B i i O Bl 58 (2 AR B S i e e
1] )

(3) EmHBEMIR~D iz EREE - 550 AR D 72 8 O -7 A9 I i A8 O BF 78 (Z2 2R
B ART AT ST I )

(4) ZEMICFTRAFIT 2 1 A2 AR O EEE 7 7 A ~S— YR 0 ERE((E) B 5
WRELEAE A-STEP FEHFWFZE X A )



(6) L —H—INTIZ LV FAET 2 Wb 7 O AT & B2 FE R & F 1% 00 B %6 ((F) B AR+
TR G2 B FE R )

(6) L —H —INEIC L 5 HEM B O A RN B9 2 iF 78 () 5 il 22 00T 2 B JE B
1)

6. ZFEHFFE

BRE, A—LAX—UR E %l U TRt DIRHm 21T, FA R O
AT, L—F—HEBEIRR S 20 31 FOZW R4 Efm L7-, (BREI
HDEFREL)

7. fHBIEHE

SCERRL A O R EF e E A B A R A O IEB sk 215 L. L F O X 9 228
Ie e Fihm LTz,

(DR FCO T T X~ « JRIR4A 8 F B VEH R ZE A)
(2) MFIER S IC BT D BREREMICH T ZAkFL—Y =Y ET— L v T FikE
O B3 (GEAR P 5E B)
B BEHL—F—3HIckD 7= Fxr : NADP & oclEHE oM E Tl & G
i A (FEAR A 52 C)
(4) 7z A MRSV RA L =Y —IZ XD AETT A ZIRITHEE E R o Bl % CR 1 Y
[ — s AJF 22 BR 5% Bh k)
(B)48Ca x HWim==— VU /<3 F7FHEONIE & KA & R H T B 7% (B2 9T 2
HIBh A Al pE I AT 7 (BF 7 B ek 42 22 1Y)

oI % Kk F ¥ & B = %

=Y =5l O fEEEE & LT, HHOREE - 12 AMZiRREDOFEE
LITFD &k I LT,

1. AMORERK

R, BIEMFZERERE. 370 L L OLRPFFECHAN R 2z 8 U, B FER D
WHREZ1T 5 ZLI2& D L= —HINICBET 2 AMBERICEBR L 7,



2. BrEEpkR

I T, DT O TR & #2552 A 98k F i 25 = (TILT2020) & BAféE L |
FIFFIC A T A X DEME bITo 72, 2B, KR COBE®T AN, Hiflan v
4 VARG PE R D 7= Ik L=,

- 11 A 11 B WA EEE S o & — AT fE R R)

3. HEEEZEORIT

HBESEE TLaser Cross] ORITB L OVE A — /L TOBEHREGEIZL Y, YHFEFTO
MR R U —H — 2B 2 EANAN ORI E ) 72 & TBIAWEH ORIt 217 -
77

4. Brae~0HE

BEIGR RS 3 2 e dffro L — Y — (23 2 B aS ~FEBRIC R L, 45t
T O N RIEENC 07—, 7. L—Y—EXPOMA A . #ik), St - L—PF —B41E 2020
(7 A, KBR) OEREIE, Fillav Tt o 0 VABGIERGIEO = F IR & 7257,

L L—F—0RFHEN T =7 2020 11 A 11 A~13 B B EHSLFEEE S &
VA — s AT (AR
5. EER
WOV —F —H OB M -CEEZSAICEE LEREZINET D L LI
L— W — B RO BRI SRR & DR - AM R EK D72, 2 OEE

Kﬂ&/\?/){j\]u L/f\_.o

(1) OPIC 2020 (4 H, BHA : A 74 )
(2)41th Fusion Power Associates (12 A . K[E : > 7 1 i)

m z O f F=H

1. IFE (B#E@A = %/ X — : Inertial Fusion Energy) 7  — 7 LG E)

L— P — AT L B T R L F— BT T A R RO Al & AT S



BEE#H R 2 HE LT,

2. WEYOTIT

B2 FEEOMIERELFERICE LD, FIUTLT,
- [TLT2020 44| (2019~2020) (5F0 2 4F 9 H ¥&1T)

(Bt 8 FH A B2 > C)

[ AT 3 AN B OV I 3 B9 2 T A ) 26 34 448 3 THIZHE T
L EHMEIC S W, [FEREONRLZMET HDEERFIR] N H, {E
% L7200,



H kB K
BERE—E







W

%

+

g | || | AW
B ¥

%

s H D

REEIRE:

L—H—T RV F T — A

L —Y—7 ot AT — A

L— P FHMBF S T — 2

L LR T — A

Mg v Ialb—varF—»L

O =
i |
- | AT
&’
R
L A
| B
J&
E

L — Y — B R
W B




mEAE— K

HERE AR
B FE R HBE5Fn
Cigs ik HRAR R T
OWFFEER prE HBEFn
[L—P -V F—HFFETF— 4] F—b Y —H— R GE%)
R B B K
FERIAFTE B K& AT
[L—Y—TFa& 2T —2] FEER R (F—2 ) —H—)
BRI A= A L ki Gies)
FEMER Y& 5L GRES)
B FAERFZE S INA Y aAn—ET L GEE)
e T R s
[L—%—FHr7E T — L] BRI A= YL (F—n ) —F—)
FIERERT R Fvy aFyxrz
e AiEEE
[L—H— g e T — 4] BRI A= KOG (F—HY —H—)
I EXERTIE = INAY aAR—ET
[Bigh-> I 21—y arF—A] F—b Y —H— HEEER GF%)
WM E R
[ L—V —HIRB R =] EX RIS A — (EE)
iiH= NS
O ER FHRE HRAR R TS
e THIB S R R TS GRESS)
R et AR
TR —T ¥ — /N B R
F— Ji& FH LT
FHE VNS
FHE Jr e
(EEFULTIEAH=) JC HArER RS BT
“HIRNFEERY: LFEER LIS S
TEHR TR Heddz FEA L —
RIINERS:  FeEd= 515
NN I ko R IE K
KRR AEH Bk &
gt B AR - )05 B R A K& AT
(450 3 4 6 HHIE)



[SLRbrEE]

PN TN A R SR 2 )
KBRKF L — —FLE A JE A
KBRKFL — —F 2R 2E A
KBKFL — —FL 2R 2E A
KK ZFL— — R 2R 22 A
KRR — W — B A 5E i
KIRKZF L — —FL 2 5E
KRR FL — —FL 2R FE A
KPR L — — R 2R 22
KRR F L — —F 2 JE A
KR — W — B2 28
PN TN A R SR S S
KBRKZF L — —FL 2 JE P
KIRKF L — —FL 2R 2E A
KRR FRZFBE LA 9ok
NNy NE S N R R
KRR P KB BRI S0 R

N TNE= RS
KRR FHEAFH S8R

KIR TR T

KPR PE SR T2

N IRV NE Y N S e DI
fif] [ R R F SRR FFE R
A B A SE T
A R SE T

B8 PG 2 RSB T 52

BEPE K57y AT LB T 5%
BHVE S AT AP T 44

b R TEERFETH

TR AL ZE
KSR BRIRPE H A 2945 R
T EE K T 5250

ITEE K H T 5250

PR N2 R

TR KA F T 52
BEENL AR

[EINLAFZEBR 6 1 N EARRFZERT e - ARRF TR
THERFBRE)E— e o I 2 —

THERFPR T T 5EbT
THEILHERS

(Rl PN N S T e e 2
ARt E A L

TR TRERZERZGR G B T 205
FORTERFEREE AR T
HALRZER e T 708
FALRZER BB A 505

H A - ) W 5 B e A
JEPESEAIRR R FBER T
RBRPEZER

INSPNE SR e
INSPNES (2R S e
R PR B Lo R P Lk
fi ] T2 R AR i

I LR T R T L
ALHRE KRR P TR 5l

A&
Atz
Az
Hifz
Hifz
Atz
Hif%
W=
HEHH2Z
Gl
Bh#
(AR e
RT3
R THdR
Hif%
Hifz
HEHZ
Hifz
Hifz
Hifz
Atz
Hifz
Bh#
ez
W
Hif%
Hifz
%
W
FEE R
Ry E B
Atz
Hifz
Hifz
Bh#
FEALLELE 5
WHFEE
IR T xa—
ez
Atz
Hifz
s IR
archl
Hifz
Hif%
2z
% BNIEE
Az
Hifz
iz
Atz
Hifz
Hifz
iz
Atz

T =
JER i B
W —
I A
5 FH At
FARZETR
W 72
FANFEAT
- LU=VN
THA S
CEN
(L T
i —
BN
[ESESS
RS
I\ RGN g
wmin =
ARG
IR 5
T 1 B
B Bk
ST
R
1 H E st
7 H v 22
HHE K
T —
L PN
= EFK
R 7
B2
A7 B
HEA 1
A U
v —
LN SR
A fét
JE W —
H 75k
eH OB
FEAREE-TIN
JBE F R
WA
1o R IR
e SIES
Koe
HRRHE S
[EERpitis

RV



ALHRE R PR TRk 5l

IR RSP - Mo v 2 —

HIZL IR R B B IS E D

RE VNG VN o e X e

AR AR U T

AR R R B B A BN AT FERE A

SRR FEBR FEMAE BT — DR P B PR R RO R AR SR AT
SRR ZE B SR i — DR B PR AR SEOL e R RR SRR
BB A ERIT TP S B B - — LR B M P P e R AT TR B R AT T R
BB BRI TE B S B B - £ — LB M B PR A SERT G B R A R

BRI B SRS B - — LR SR ER P B TR DR AT E AT AT JE 4 T =
BA PR BT e PR A B - — AR R P B L B AR SR BT e A 2R

Atz

HEHIZ

iz

HEZZ

Bz

% BHE
TN—=T =K —
R
FirbtE B
TN—T =K —
El
T A

FA )k
R EA
AR BRI
FEANAT
[ IR S
L HIFH]
=z —
12 2 ACHH
FEA)E
ELLg NS
AT RRE ]
i K

(T FI34ET A BIAE)



=

i

O
o g

i






i Tk

1A

LIPS

R

ES =l

BHFz

I A8 Z

= # A

(BRI
NPV =y IRt 47V ) a—a Xt
HOSL Y FFAH AESINE 4 — TR

ESLAFFERASE TR N B R A BT 72 BE JE B A

A E— AREER R BRI R

— MRSt St BANRe B ERT AT
EAER TR At WIEBRREAR ik

— R AR IR A ildfre o 7 — SRR
AR b =27 AA St WHBIWR  PROZEITE
FERT: B HIR

BBt AR A 7 V=R

— MR NE S RARTERT R R

=
==
=)

fil

LEEHRSTE BET T NIERE TR
WERE R TR

e (4 F3¢E6 F HHE)



B E-BEF

(BRI )
HER AR PP ARt YT

HoOoH o R NS HREN U —Y =i G FIERT BTk « RIRORY 48 8d%
AR NARMEEN U —F —Hdfie S OT9EET W54

FIRRH WEZ TR X — 2T A ARt
TRNF— AT AR Z —
BF VAT LRER =T —Vv—
JIy  =F I RSt BINBERAE Bl s R
FUH ) SERETENRSH Frhe 7 A0 b BEA S E
b 5 v s HWRBNIR—NVT ¢ 7 AR SHE
WAV oYy - XS YUy r Fudel MNMEEEE
L E T 4A KRRV —F—B2afb e i ik - 2d%
TE RN TS ARSI Bt BAEERE
WAEE —SZEBEASE S BAVE SR SRR R 7 R

(C P B LBt B EER R

ORI W MR IHEREYT KBRS S MR
MRS KRAY 2R

ARE =  HREBARIGFLFEET R

e (42346 5 BLAE)



EM=8
(505 JI8)
Stt-FHiE4
— AR R AR BRRL 8 o & — ERER T ERREH
MREEA DN T T2 HREL A~
HREA T A2 — PRV B ) R AR ST
JE R iR R A s A HE T RNF— VAT DAL
RS A T SR TOWAL —H—7 > Mt
KR EHKANSOT 7 /A H AR SR At
— M EIE B e 2 — RV =y RSt
B VE kAt kAR h =2 2R A A
B 75 AN Bl P B ik s A — PR RR N PE S BT AR L B 2
BB 7T Mk At RS AL A SR ERT
HAREHEATA B hEER A
B SHEREA AT FE % T3k At
S T 3Rt RS = I E AR T
PR A R T ZEEE MRS
VA~ Ty 7R AL =AM
Rt B R ERT AL AL — =
IEFISE T gr Saveagan
A5k33tk
(45 F34E6 H BLEE)




ILT2021 4E¥:

2021 £ 7 H AT

DEHHEAN L — W — PR S e i

T 550-0004 KK PE XA 1T H 8% 4%
KPR #Hdai € > =¥ 4 F

TEL (06) 6443-6311 (%)




aupEEA L —Y — e SRR

RIRFF R

SORRE

HRIEE APRTHHEXMAI1TE8HEA4S T550-0004
KEREIF > 2—EIV4F
TEL.06-6443-6311 (X)

FAX.06-6443-6313

BB At
FAMTERSEFR

H3RER EEHEEF3ITEH11E205 T565-0871
BEES () KRR
TEL.06-6492-7613
FAX.06-6492-5641

KERXFL—HY—R 2R

- AN
NS

HIHER

R FEehsk - ok - okl
/LI AR SHES 59
-8 () gt FEHE209

HEMZEE HEELEE 2% 65 7565-0871
KIRAZEL — — B ZHEHR
TEL.06-6878-1264
FAX.06-6878-1568



-l o —- 5 ANONO—~ANON T+ WEHEEHR< A—P —R=JNOERIT

Institute for Laser Technology

=




	ILT年報2021
	はじめに
	目次
	研究報告書
	レーザーエネルギー研究チーム
	レーザー加工により発生する各種微粒子の観察とメカニズムの考察
	48Ca濃縮のための峡線幅・高出力青紫色レーザーの開発

	レーザープロセス研究チーム
	月の模擬砂を用いた建設材料の作製
	高速・高光耐性可変形鏡の開発
	A Deformable Mirror Operation Control Model using the Influence Function (IF) Approach：Experimental Verification

	レーザー計測研究チーム
	ラマンライダーを利用した水中油の遠隔計測技術の開発
	現場適用を目指したレーザーによる浮石検知技術の開発
	Reliability of using pipe eigenmodes for non-destructive laser-based inspection of metal pipelines

	レーザーバイオ化学研究チーム
	レーザー計測による蛋白質の機能メカニズムの解明

	理論・シミュレーションチーム
	巨大地震前の電離層電子密度 (TEC) 異常現象の解明
	固体とレーザーの相互作用に関する量子力学的考察

	レーザー技術開発室
	令和2 年度レーザー損傷しきい値データベース化試験結果

	発表論文リスト
	事業報告書
	組織図
	構成員一覧
	評議員
	理事･監事
	賛助会員




