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Aligning coherent beams with high angular precision: A new method for
pointing adjustment and control

Laser Process Research Team

Haik Chosrowjan, Seiji Taniguchi, and Noriaki Miyanaga

1. Introduction

The power scaling of single-laser systems has faced
fundamental
degradation, mechanical perturbations, and material

several limitations, including thermal
damage. In general, lasers cannot be scaled to higher power
while maintaining their beam quality simply by supplying
more pump power. Equally, they cannot be focused to an
arbitrarily small size. To overcome these limitations and
further increase the power, combining the output power of
multiple lasers has become the primary approach!”. Among
various combining techniques, the coherent beam
combining (CBC) of laser amplification channels is one of
the most promising approaches, enabling ultra-high-power
lasers with near-diffraction-limited beam quality.

To achieve high combining efficiency in the CBC,
strict conditions are required for the individual beamlets
and the CBC system’s overall stability. Some of the CBC
efficiency degradation sources are the piston phase error
between the individual beams, optical path length
difference (coherence mismatch), wavefiont distortions,
pointing mismatch, etc. Besides, depending on the system
architecture, beams’ diameter, etc., some conditions may
become looser while others may be much stricter. It is
beyond the scope of this report to discuss all those
degradation sources and their mitigations in detail.

In this report, we will briefly discuss the dependence of
CBC efficiency on beam pointing mismatch and present a
new method for laser beam pointing adjustment and
control. To indicate the severity of pointing mismatch for
large-diameter beams, we will also compare CBC cases
with small- and large-diameter beams, respectively. As an
example, we will show that the pointing mismatch

condition becomes looser for beams with ~ 2 mm diameter,

while for ~ 15 mm diameter beams, the pointing mismatch

condition becomes very strict.

2. CBC on a diffraction element

Here, we consider a CBC on a diffraction element
(50/50 beam splitter (BS)) as schematically illustrated for
the 2-beams’ case in Fig. 1. Let’s first assume that, except
for the pointing mismatch, all other CBC degradation
sources, including the piston phase error, do not contribute
to the overall efficiency degradation; in other words, the
system is ideal except for the pointing error.

Beam 1

Gain channel

I
I
I
I
I
\ 4

BS 50/50

Loss channel

Fig. 1 2-beam CBC scheme on a diffraction element (50/50
BS) with pointing mismatch angle ¢.

CBC efficiency (77) calculations for the pointing error
mismatch in 2-, 4-, and 8-beam binary-tree geometries
have been carried out using Eq. 1 for 50/50 beam splitters
and equal-power Gaussian beams of ~2 mm and ~15 mm
diameters (1/¢* definition), respectively?.

1
n(N,o) =

1
—[N+NWN-1)————
NZ( N ) ’1+(k*%*a)z) )



Here, N, k, o, and D are the number of beams, the
wavevector (2m/A), pointing mismatch error 7ms, and the
beam diameter (1/e%), respectively.

CBC efficiency dependence on the pointing mismatch
for 2-, 4-, and 8-beams is presented n Fig. 2. For
comparison, results of 15 mm (solid lines) and 2 mm

(dotted lines) beam diameters are summarized in the same
figure.

rms deviation o (urad)

CBC Efficiency

rms deviation o (A units)

Fig. 2 CBC efficiency degradation versus the pointing
mismatch error 7ms (o) for V=2 (green), 4 (blue),
and 8 (red) beams, respectively. Results of 15 mm
(solid lines) and 2 mm (dotted lines) diameter
beams are summarized for comparison and

discussion purposes.

In Fig. 2, it is seen that the pointing error related
degradation of CBC efficiency is severe for the case of a
larger 15 mm beam diameter compared with the case of 2
mm diameter beams. For example, at ~ 25 prad pointing
rms error, the CBC efficiency for a system with 8 beamlets
will drop by almost 20 %.

In high-power applications, where the laser beams have
larger diameters, the uncorrelated pointing errors in each
beam path due to vibrations, cooling, etc., should
preferably be kept within < 10 urad (~ A/10°). However,
minimizing the pointing error below < 10 prad by the
system alignment constitutes a challenge by itself. Firstly,
the angular resolutions of the mechanical screws on mirrors

and beam splitters hardly achieve such a resolution. For

that purpose, piezo-actuator-driven  mirrors  and

beamsplitters could be required. Secondly, the
conventional adjustment method, as discussed in the next
section, will remain a problem even when piezo-driven

mirrors are used.

3. Pointing- and piston phase errors

Let’s now consider a 2-beam CBC case with a pointing
mismatch (Fig. 1) together with a piston mismatch. For
simplicity, only the case when the pointing deviation
occurs in the x (tilt) direction (Eq. 2) is considered.

_8(%+y?)
I(x,y, 9, A0)=2e D?

(1+cos[ij*¢*x+ﬂﬂl)(2)

Here, I is the intensity distribution of the combined
beam, x and y are the lateral coordinates, A is the
wavelength, D is the beam diameter (1/e?), @ is the pointing
mismatch angle, and A48 is the piston phase mismatch
between the two beams, respectively. All calculations
below were performed using the PTC Mathcad Prime 3.0
software.

In Fig. 3 (a), calculated intensity distribution images
(“observed” in the gain channel; Fig. 1) of the perfectly
phase-combined (48 = 0) beams corresponding to 200
prad, 100 prad, 50 prad, 25 prad, 10 prad, and 0 prad
(perfect pointing case) pointing mismatch angles ¢ are
presented. The inset numbers in each image show the
calculated CBC efficiencies (central-lobe power ratios
relative to the total power) for each pointing-mismatch case.
In Fig. 3 (b), horizontal profiles of the intensity distributions
corresponding to the Fig. 3 (a) cases are also plotted. As
can be seen, at larger pointing deviation angles (above 50
urad), the beam shape in the intensity distribution pattern
changes. However, below 50 prad, the intensity pattem
remains nearly unchanged; the X-profiles change only
slightly in width, and recognition of the pointing mismatch
will constitute an experimental challenge. The differences
between the intensity profiles become indistinguishable as

_8_



the pointing-angle mismatch ¢ reduces. In real situations,
when environmental noise, intensity fluctuations, etc.,
adversely affect CBC images and profiles, measurements,
and control of the pointing angles for large-diameter beams

will be even more challenging.

200 prad 100 prad 50 prad 25 prad 10 prad 0.0 prad

(a)

—— 200 prad
—— 100 prad
—— 50 prad

25 prad
—— 10 prad
0.0 prad

(b)

Intensity (a. u.)
N

Near-field X profile

Fig.3 (a) Calculated near-field intensity distribution
images (gain channel; Fig. 1) of two perfectly
phase-combined (46 = 0) beams corresponding
to 200 prad, 100 prad, 50 prad, 25 prad, 10 prad,
and 0 prad pointing angles ¢; the inset numbers in
each image show calculated CBC efficiencies
(central-lobe power ratios relative to the total
power) for each pointing-mismatch case.

(b) Corresponding X-profiles of the intensity
distributions.

However, as discussed above, to achieve high CBC
efficiency for large-diameter beams, one needs to keep the
pointing mismatch angle below ~ 10 prad. To overcome
this problem, we introduced a new method based on
observation of the combining beams in the loss channel of
the diffraction element (Fig. 1).

Let’s now evaluate the calculated near-field intensity
distribution images “observed” in the loss channel of Fig. 1
for the same case corresponding to 46 = 0 (perfect phase

locked case). The results are summarized in Fig. 4 (a) and

(b). The images in Fig. 4 (a) are normalized for easy
recognition of the intensity distribution patterns, while in
Fig. 4 (b), the horizontal X-profiles of the intensity

distributions are presented in absolute values.
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Fig.4 (a) Calculated (normalized) near-field intensity
distribution images (loss channel; Fig. 1) of two
perfectly phase-combined (46 = 0) beams
corresponding to 200 prad, 100 prad, 50 prad, 25
wrad, 10 prad, and O prad pointing mismatch
angles @.

(b) Corresponding X-profiles of the intensity
distributions.

By comparing the intensity distribution profiles in gain
and loss channels (Fig. 3 (b) and Fig. 4 (b), respectively), it
is clearly seen that the changes in profile shapes and peak
intensities at small pointing mismatch angles are drastic in
the loss channel in comparison to the gain channel
observation.

The case for the pointing mismatch angle ¢= 0 (perfect
pointing) deserves special attention. From Fig. 3 (a) and Fig.
3 (b), one can see that in the gain channel, this would
correspond to a Gaussian intensity distribution with 100 %
CBC efficiency, while in the loss channel, there should be
no leaking light at all. In most CBC implementations,



however, perfect piston phase matching (46 = 0) is not

achieved, and some  uncompensated residual
phase-mismatch fraction remains. To evaluate this more
realistic situation, we performed calculations for the case

where the piston phase error is set to A/50 (7/25 rad).

200 prad 100 prad 50 prad 25 prad 10 prad 0.0 prad
] )
(a)
u 200 rad
— pra
100 prad (b)
Y 31 —— 50 purad
& 25 prad
edi 5l 10 prad
g 0.0 prad
e
= -
0- . s -
-10 -5 0 5 10
Near-field X profile
Fig.5 (a) Calculated intensity distribution images (gain

channel; Fig. 1) of two imperfectly phase-
combined (46 = w/25) beams corresponding to

200 prad, 100 prad, 50 prad, 25 prad, 10 prad,
and 0 prad pointing angles ¢; the inset numbers in
each image show calculated CBC efficiencies
(central-lobe power ratios relative to the total
power) for each pointing-mismatch case.

(b) Corresponding X-profiles of the intensity
distributions.

In Fig. 5 (a), calculated near-field intensity distribution
images (“observed” in the gain channel; Fig. 1) of the
imperfect phase-combined (A8 = 1/25) beams correspon-
ding to 200 prad, 100 prad, 50 prad, 25 prad, 10 prad, and
0 prad (perfect pointing case) pointing mismatch angles @
are presented. The inset numbers in each image show

calculated CBC efficiencies (central-lobe power ratio

relative to the total power) for each pointing-mismatch case.

In Fig. 5 (b), horizontal profiles of the intensity distributions
corresponding to Fig. 5 (a) are also plotted.

As can be seen, the overall dynamics in the gain
channel observation does not change in comparison with
Fig. 3. The only difference is the fractional decrease in the
CBC efficiencies.

On the other hand, calculated intensity distribution images

200 prad 100 prad 50 prad 25 prad 10 prad 0.0 prad

W [48]00s0] 0@

(a)

Intensity (a. u.)

Near-field X profile

Fig.6 (a) Calculated (normalized) intensity distribution
images (loss channel; Fig. 1) of two imperfectly
phase-combined (46 = 7/25) beams correspon-
ding to 200 prad, 100 prad, 50 prad, 25 prad, 10
prad, and O prad pointing mismatch angles ¢.

(b) Corresponding X-profiles of the intensity
distributions.

“observed” in the loss channel of Fig. 1 for the imperfectly
phase-combined (46 = 1/25) beams bear two distinct
features: (1) the images are asymmetric; (2) even at perfect
pointing, the loss channel will leak light with a Gaussian
distribution. Using these features, one can minimize and
control the pointing-mismatch error in the CBC systems.
Finally, as schematically illustrated in Fig, 7, observing
the gain channel image of the CBC on a diffractive optical
element (beam splitter) does not allow identification of the
spatial orientation of the incident surface created by two
beams with a slight pointing-mismatch error. However,
observing the loss-channel image of the CBC can identify

the orientation of the incident surface and hence predict the



magnitude and adjustment directions of the tip/tilt angles.

Gain Port

Loss Port

Schematic illustration of the gain- and loss-
channel images of the CBC on a diffractive optical
element (beam splitter). Identifying the spatial
orientation of the incident surface created by two
incident beams with a slight pointing-mismatch
error is possible only by observing the

loss-channel image of the CBC system.

In summary, by observing the loss-channel intensity
images and profiles, one can fine-adjust the pointing tip/tilt
angles to reach the highest possible CBC efficiency.

4. Experimental verification of the new method for
pointing adjustment and control

In this section, the experimental verification of the new
method for the pointing adjustment and control is
described.

NFP FFP
+ 103 nm
. N (+A/10)
T -103 nm
(- M/10)
M2 ~1.07 rms ~ 15 nm

D]Je: ~3.1 mm

Strehl~ 099 P/V~110nm

Fig. 8 The near-field (NFP), far-field (FFP) patterns, beam
diameter D2, beam quality parameters M? and the
Strehl ratio, as well as the wavefront (WF) quality
(peak to valley (P/V) and rms) of the used laser.

As a light source, a fiber-coupled laser diode (LD)
delivering 200 mW single-mode CW beam at 1030 nm
was used (Fig. 8).

The dynamic pointing of the laser beam was also
measured to be about 3.7 prad - sufficient for conducting
high accuracy CBC experiments and evaluation of the new
method. The experimental apparatus is shown in Fig. 9.
Briefly, the laser beam is split into two perpendicularly
traveling beamlets by the first beam splitter (BS). One
beamlet travels to the second BS while another one reflects
from a mirror, then a PA (piezo-actuator) driven mirror,
and crosses with the first beamlet at ~ 90 degrees on the
second BS. Because the two beamlets are coherent, an
interference occurs at the BS surface. Essentially, it is a
Mach-Zehnder interferometer with one moving arm. If the
phase difference between the beamlets is locked at ~ 0 rad,
the beamlets will constructively interfere in the gain
channel towards the power meter (PM), while the residual
light will leak from the loss port towards the beam profiler.

Profiler

Fig.9 The proof of the principle experimental setup of
the new method for pointing adjustment and
control verification. BS — beamsplitter, PA —
piezo-actuator, S — sampler, PM — power meter, L

— lens, and PD — photodiode.

The phase-locking feedback signal is picked up by a
sampler (S) and focused by a lens (L) on a photodiode
(PD). The PD signal drives the PA-mirror (phase shifter)
via an FPGA-based feedback loop. It is worth noting that
the pointing angle between two beamlets can be adjusted to



be close to 0, but the conventional method (observing the
gain channel) cannot achieve ~ prad accuracy. However,
the goal of minimizing the angle can be reached by
observing the intensity distribution pattern in the loss
channel. Some representative data measured by a beam

profiler at the loss port are presented in Fig. 10.

Fig. 10 2-beam CBC intensity distribution images/
pattems observed in the loss channel with
decreasing pointing-mismatch angle @ (clockwise
from the top-left image). The bottom-right
numbers in each frame (from ~ 59 % to ~ 98.8%)
correspond to the CBC power efficiency for each
pointing-mismatch case measured by the PM in
the gain channel (Fig. 9). The top-left numbers in
each frame indicate the accumulation time
required for obtaining the corresponding image in
the loss channel.

The images presented in Fig. 10 are measured for the
following conditions: beam diameter D¢ ~ 3.1 mm,
wavelength . = 1030 nm, piston phase rms deviation ~
M120 (~ /60 rad). The pointing angle @ was adjusted
manually using the tip/tilt screws on a PA-mirror.

We have also calculated the angular resolution
achievable with the described technique in the far-field
(FF) using the FFT (fast-Fourier transform) of the

near-field (NF) electric field distribution in the loss channel.
The angular resolution is estimated to be about 1/50™ of the
DLD (diffraction-limited divergence; DLD = (4/1)*A/D).
The DLD angle for the experimental case described above
was calculated to be ~ 423 prad. Hence, an angular
resolution of DLD/50 ~ 8.5 prad was achieved in the
experiments described above.

5. Discussion

In many advanced applications in fundamental physics
and quantum mechanics, such as aligning beams in linear
particle accelerators”, defining absolute axes in
optomechanical systems?, in applications of gravitational
waves research and space exploration”, applications in
atomic interferometers?, etc., aligning laser beams within a
restricted area with ultrahigh angular precision (~ prad) is
challenging. Although we discussed the new technique for
beam alignment and control related to CBC, the described
principle can be easily adopted to the fields listed above. In
the future, one of our goals will be to expand the new
technique to tiled-aperture CBC systems, as well as to other
areas where ultra-high precision of beam alignment is

necessary.

6. Conclusions

In conclusion, we have proposed a new method for
pointing adjustment and control of mutually coherent laser
beams with high angular precision. We have shown that by
observing the near-field image of the leaked light at the
dump port of the diffraction optical element (beam splitter),
the beam pointing angle can be adjusted with high
precision up to several prad.

A two-beam CBC experiment was conducted to verify
the principle. We demonstrated that this method can align
the pointing between two beams with ultra-high precision,
below 1/50th of the diffraction-limited divergence (DLD)
angle. The CBC power efficiency of two beams was
measured at ~ 98.8%, demonstrating extremely high



efficiency and stability of the output power.

The proposed method has the following distinct
advantages: (a) The adjustment accuracy of the method
improves inversely proportional to the beam diameter,
making it useful for pointing angle adjustment of larger
diameter laser beams; (b) The optical system is simple and
does not require expensive measurement instruments,

optical elements, or complex control methods.
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2. 2 BRAROEULHER

A CORIMZ REA . B DT RO
TV U T T R RARA AT A LR AR L U
RN AN RNETI T AR D BRI BT A
Z R D FBRAAT o7, 2 (THER L T2V AT LD
MR, VAT DI L—P N2 W Ui &
HRERT- 2 720 DRBGDIF R & | BRI S v 7t 2B
TOLTUETRNDIRD

MRAPE R 1T, B AR R IR L —H —

( coherent ff:, Verdi G5, 5% 532nm ) | ZEfH]7 4 /L
Z (B mR—U & 10pm) . L X (£f=200mm) . &L
TR & T7—TH SIS, X7 M1, M2 ZHNT
L— P IA 2T ¢ L2 NESE L Ry A D B
WCH DT =L a AR LT, 2507 4 V2 %
LIz L——% L R0 Iz L > T e —a8%
MELE2Smm O3 Y A—REE L, I 7—M3, E&
T —M4 %4 LT 3m ST E L7z A2 U — (Thorlabs
ft. EDU-VS2) ~fH L7z,

3m

[X]2. #EHEH ARGYLS AT DOFEEARCE:



A7 V= DFRHI 5 em OFLEIZEEHR T A5 EE L
Too BRI ANIH AR NINH LT 2 L—HIZED 2%
JEIZaEE Lotk TiaEst (v~ PREsEaatt, FS-10-
N2) 24 L., P 8mm D =—/LF 2 — T HEE L
72

FUICFRIT, B ABIHT 27200 7 —MS5,
TV UG (Thorlabs £, SI254) | A—AL X
#4572 CMOS 57 AZ (Thorlabs #1:, CS165MU) T
R LTm, A=A L A& HWTILR LT &
CMOS 71 AT O Y —HlTRtE S ED, ZDL &
HEOBEMBUI T ) I FUSHI Lo T L=+
WiEitg L LT —m ot g,

EFH ALY S T2\ B ORI O TG X 3
W7, L——OH)E 10 mW, CMOS 7 2 7 DFE
RN 10msec Thr D, Fdii s L CHWEAY U —
VORI CH D720, L——Na B2 L
ELLTSEDYEWNTTIR L, 7 & SeBEalbigk (A<
7)) L LTHERTCWD Z ERbnd, RO E —
RO CHAZERIIENENRIEE T )
TFUFHZ L VBTN LI IDEA R L, Zh bR
DR TR L 72 %, SO TR LY | T8H
WOIHRED G 7o TND Z EDVnD,

WIZ, BRI AL LTt LIRS 72V S O T
B Uz, FiEIT 10NLmin (/ /b~</vY » hL
IREE 0°C, ) 1 RUE, TBEE 0%\ 2RI 21 | L—
PF—DHIIE 10 mW, CMOS 7 A 7 OFENHHRIE 10
msec T D, BRI A% UISrEOT g ZX 4
(R, TIENOTHRENG) BIERBIFN A A DD
HEAE LT OIIREECH S Z Lvbind, £ZTC, &
T AL LT e L i S 72 A E A E VO T
BOZEME (ENENOBERIZIT HEBFROME D7
ORI A1 LT, SRS RON RS T 2 %80T
AEFSIRNGED ARy I N B— B Ed 5 2
& T, BRI AN KD NFREEZ DI %359~ HAAN T
B,

5 1TAF DAV 2 A T, B R MR
SHVAER, PO FEAI 3 TR T AT

3. EHRH ALS T2 NG E O TR

1022
767
512

256

4, ZEHENALEF UG O T

Fa—TJSEin
HEIFhLTWLS
=822RZ%%)

X5. X3 LXK 4 OFEHEE

LD TFUSERE DI R OND K Do T BT
LT 2oRRDF a—7Smeiveini bl L5



173 TNV IEEE O\ EIE)S L ST, 755310
FREEI X AR DR DO =DM TR SN D T2, HED
VR X EA RO T PO BRE O LEDO R E\ E
WCH Y | ZOMBERICER N ADMFET D ATREMIE
EHRHN ALY LTt & S 720 A ORISR 2k
L, TNOOZEMEEFAE LBiG A BT 5 2 L T,
METHIS D R A & A LR D AR LT,

X 6(a)-(d)ZFE7p DI CaEda N A% LT A i
DAV 2R, il T ZAE4Ua)10 NL/min,
(b)7NL/min, (c4NL/min, (d)] NL/min C, ZE5H A%
SRR DT IR & DB Tl 5, FaetEzm)
XD 7O DR L B MEAFR UIc7e D &9
IZHE L QD SR O FESEIBIZ I8 VT, it
F7310, 7. 4NL/min O HIHE ClITF = —7 Sl &
THEIZH ADMEE H L CO BRI ST, iER
Of Y TihD 1 NLimin O3 CIE,
FERDEIN DMODYE R D 225y &t~ G /e
PN AENTH 2N E H AR OB S io, AFikEE
FAWT, ] L7t Es t ok ME~ETEH 2 1 NL/min
TP D ZEFRI ADRH & EHT 2 “ Yotk AT
{EDSFIRECH D Z Lo T2,

3. F&®

PCV OXHRIZIST D ifmss L OVRRER TR - 1
TEDSRIREREIOBR 2 B LT o7 U 7/ Flita
P 2R T A D Y bkl I LT, L—Y—%
T D7 U 7 FREE, PCV ifFomZeiiiie:
(SRS D IBRMERC, SR T Sl 3 5%
[EofiRez A L, @ Cd £ 7 DINELIT R LIt
Th V) ZEFHUIOFB AT TE D8I Th 5,

VTV v TR RS A I T AR LR B AR
L IRA W R RS T AR - D LT 255
H A A % FREAT o 72, PCV SMEEEE IS
DIREEZAT 5 e FD B OBEL A WD LEED B
DI ANy I B — L DFDNS T ADRFHZET L
LT AR 2 REISRD b, T
ARER LTS LTS WA O TR A L, ¢

(2) 10 NL/min

(b) 7 NL/min

(c)4 NL/min

(d) INL/min
6. FIE TR DIVIED IR



N OEGEAFR LB A AT 5 2 &L TAR Y 7
NrRB— L DECEEARIR L M 2 %R A & R
D& L THYbI SR DA R LT, Fio, e Dl
B CEHRN AL LT ADOZE W5 i LI
B OFMERETH 2 1 NUmin THN DR AD
Bt & M2 “YOTRO P A PR D 2 L 2R
L7

ARG CUEHT ADIRSGEDOTURBIGERE L T AD
b DY E DTG L D5y &R DRI AT o7
W3, T I ADEIZ DL ORI T 572004
FEEZOEEMEAT 5 2 &L BHRDRPUIIRENT
b5 EBESND, BURCANL7=FEE LT, W&
ZEEGE ATEO 7 L—AEZDH%DT L—Lhh
TR A GRS D FEEMET L TVD, AT D0
AMFRNCZA T2 & 9 Thiu, 025358
SN TR O TIIZ2 ) EE Z TS,

ARG L, AAIG - ARTBRTEEAE [kt
B LT IRIAE - AMERdfEtER3E) 1ckoT
Fhi ST, ARERRIEEIFIE 7 v 7 F I TPCV A&
FEIRRATE & OVRREHEE D72 OOl CE D>
WFFERR%E ) (JPJA23P23813496) DEhk %321 T 7=, #f
TEDHTIZHTZY | wam, BIEVWZ2We, HAJEF-
JIRFFSCBRR AN T TG, TR FHEA SRR
2, AHHHR, TEERYREY T— Moo v 7
VI AN v/ 57 = o N A e D= S

BEX
1)) HIE RS L743E, vol.70, No.l1, 2004,
1343-1346

2) Hung, Y.Y: Shearography: a new optical method for
strain measurement and nondestructive testing, Opt.
Eng. 21 (1982), 391-395.

3) D.Malacara : Optical shop testing(3rd), John Wiley
and Sons, New York, NY (2007)
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P IHA, BREIEEL, Ge)I1 bl

1. [XC®IZ

2021 LEOXUZEEINZBE S 2 BURf#EY Sx/L (IPCC) (2
L oHEE G, ABTEEhD IR A D%
i U THIER AR L ST & 72 2 L2 T8 5 Axtdd7e)
EWIE LTS D, IR ADHTHRHT g bk
F (COp) XITRANEHEET, ORI AT CTHEFEOFIH]
DEH ST D,

—OOFEE LT HEETR LSOt SN D CO,
Z RN DR U, MR < WRTE
% CCS (Carbon dioxide Capture and Storage) 734 V) 2,
PIZISUNTIE 2012 0~ 5/ NS ORI COIELE
ARERAM TN TD Y, CCS DENEZIHT=->TiL, CO,
DUFH OB OBRFEOIRIRA O BB AG T
fili7g EAMLEAR AR Tl 5,

VAR, MK OOREZR 212 CO, 2RI S, [REDTFE
THERSELFENER SIVTND, 2D D 72RFRIT

[TN—H—Rr) EMHFEITND, BEEOBRL - R4E
ZIXY | RFEEERA E LR LT 72T, i
PEIC K DIRFBEED A F1 = K LSO E RO B
& 7R | MR TOD COL PRI DIKIR « 22T DR
TR RO HIL TN,

Z DX D\ THERAEFIF L= CO, HEHHEIREA 2
DT=OWTIE, WEFERPMEEEI T CO, IRIRCZED
T=H Y TP E 225, FERIE BOK A S HIER,
TE RBLRIRS a2 FEE L 72 B SR ATEKEE (AUV) 12
L BZFDEFHNC L AE=4U » TDMTHoiL QA8
FexlZL—V—2FHLCYE— hE=H U U IHA]
REZLHT LWTREDBI D T T,

7 A #— (Lidar: Light detectionand ranging) 1%, L—"
—&AW ) B— M TEITCH B, UL A L—
P—Z RGPS L, 2 ORI/ EL T
WD D OB TELDE A G5 L LTRINL G5

Frth & CORFEZIET 5 2 & TxiggEks 3 Kot
\ZE=Z ) T HZENREE 8D Y, 2T~
L2 TOF (Time of Flight) J7=GE 9, —fTICKRA
T CO, B=H Y U 7R, TN VT
ITOND DN, K3 FAIFINRE IR WIS 2 728D, 7KIZ
X3 DN NSRS Dk (FTR) O RAEISD
SAEFIRTS 9,

T~ UBEUIS A LD EBELEIS T, - OEATR
BT T AL 1382 DR 2 b O HELS LD,
BELDH MG T 505, WERIHIMA @V, ZavE Tk
FITCIE, AK~OZBEIED S EN RIS K ORI AR

(355nm BLUN532mm) DL—Y—ZFIFH LT, I~
Yo TR CO, DU E— b T~ AE
EAToTCES, ZNETO/BEND, 20m ek
AT COy DRBBIAFTRE T D Z L0, /KTAETE CO, D
AT CE D REMEDV RSN TD, LaaL, Vi
DA COp 1, EFFC X 0 HCOy, COHTZ Y
Do INHEEPET NEERE &V D, YKo pH
IEBIHTTH Y KRN S A T 7T L5 HCOs
DEGDHI0 % L e h 25 < 72D Z EFIHALTND 9,
ZDI=, WKFD CO, DR AT=2 Y 7
FHTZOIIE, CO 72T T2 < HCOs HlllE TE D8
DIWLEEL 72D,

AFaCIL, HEECORIAZ BRYE L, FZ HCOs 2
TET DI _FAD T~ 2T A A — O BRI
BT 5, 523 T, CCS (ZRSE LTk~
L7z CO, DitZ BEEL L TR L TWVD, firE L A
AT MVEFRAZTAIE TE D A /= AT ML T~
VAR=DTIGAL— (T T a T XA 1T
DUNT, 55 3 B CIRMAEIEE T COL PR DKEE - 22[H]
SfnattlET 5 2 LA AfEE LTI L T\D TOF 75
KDOT~ T A B—ZDNTHNT D,



2. IMIS—RARY BTG RUA A—=DT 54 F—
Z AL 00, 35 TF HO0, RIE—CCS =811 5iR
WE=A2 Y DJICAITT-RAR—

2.1. INIS—RARG FILSTA A

—Iz2L\T
LI A =AY NVT= oA A= T T4

F—DNFRLEX (a), FEEFE (b), BLOW 7T

L— =W LTV DT (&7, L— %

BRI > CTHE L. 6m BEL-ArE R =Y

T DR - BELDEZ ICCD 7 A 7 Clgattid 5, L

— P B3k E T LA\ 5320m & Lz, sVLAT

I UJEEEI T 10 Hz

—SV7S45

RLF—400ml, 2 YL AR 5 ns, 0
Thd, L——td, EAEE200mm D> > R
TN o Rl 2 LA L > CHE T ORI
25 AN 5 /N TN D A N ST T S I A B VA
ETOE—LDIKIE, K1 (IR & i, THE AN
(K150 mm O S T o7, Yo 7B OBEDEE,
1(@)D3 TR L2550 mm DT 7 4 )L — 532 nm
D) FT 4N — 575nm D/ R/SAT ()L —

CHEZEE : 80nm) A1 Y | ARAUHHE 250 mm D7 A
FLVRIZAND, Ty VT A NE =IO v TF 7 v
H—F532mm DA U—« I—¥iELE, Ny RS2 T
+ VB 3649 nm AT B XD HO0 OffatzEhh
ROFRNT ~ AELEBRES D72 AU TND,

INAIN=ARY NVH AT DR X] 2 107, HEL
WEFHE AT VAT A= T HamD AT
TR ESED, IERANIE E MO A Y v MASEIT
LIVTEY , AV v M TEBMRIZ RS TAE 5V
ZET 5 Z L2k AUy N EBEERATOES
A, ICCD W A TG S 41D, T1 A T OFEERIAE
TR, ACH R SFR S, A T DAy

(AHTEDREERIZIBNTIE, 1024 X 1024 BOFET) D
250« SRR DI D, AV v MK L CHEE TR
SV AT DEEETDHZ LIZE T~y B 7N AfRE
LB, ZOX D A, T~ T A X —DREITG
HALIZSDOPNANAIN—=ART NVTG A A=
TA X —Th b,

(a

Nd: YAG laser 2 M
(532 nm, 400 mJ, 10 Hz)
3 Sample
ICCD camera ﬂﬂ---_\_:. /(/( S
4 6m

1: Half wave plate 2: Polarizing beamsplitter 3: Plano concave cylindrical lens
4: 532 nm notch filter, 550 nm edge filter, 575nm bandpass filter
5: Camera lens  6: Imaging spectrometer

b
()v‘—‘ Nd: YAG L —+'—
¢ ®

2 NNAIR—ARY NLT A A= T TA R
—O (FREX, OEEETE, BLO (©6m
HRTERE LT v T~ L—— BRI OB -,

HELAEHD R Y v &Y

Yy b EEERACHE  ICDNAT

A by |
%E?‘j—ﬁh)(7‘//x

ICCDAH XS 0)CCDJ:L.¥*’:'E1§2

BhElt
1 NAIR=ART MV AT DJFH,

OxR¥E (R v hig:

T mm

3 NIRRT MVTRA AT T T A H—
2B D 0 PNDA A= TG, AV > Mg
(220 pm, DAY v MEIZIT HEHIHER L,
) 1mmX 150 mm TH D,



3N IN—ARYT NLTGZ oA A= T 54
=D 0 RHDA A—2 2 %7, AU > MEX
20 um T, ZORFOH 7L ECOBIARREA L, £ 1 mm
X150mm Th 5, 72k, K1 @ TrLizLoic v
RY L &R % 2 & CLr——ZEfiE
WRIZEIE L QD 00, o 7L ETo L—3—RfE
ka2 > SOBIIEEF & Sw 5 2 & TR
L— =D X —% R 5720 Th 5 19, ICCD
7 A (Intensified CCD 71 A7) ZHAN5HZ 212k b,
T BORHHIA— 2 —Ta~ R SFTREL 72V | BHEES
OIS B ATRE T D,

2.2, INMIS—RARY MLSRUA A—=DUTS544
—Z RV = 6m 5D C0, & & UTHCO; DAIE

P T UUE K (WR LT & 91T A% 2 B
AL THE L2 HOT, FEOIRIZIE 150 mmolkg D
NaHCO; K&, FEEOMIZITHI 150 mmolkg D7KIEAT
CO, (RIEEAK) % NIz, JREIROERI B A L X,
IR IEOTET D DFRELEABAZ,

4TI IR—AY NV TFG A A= T
A —Z X BHPETFHIZ ICCD 7 A T it 7177,
6m DALEIZ 8 2B E 5 OFENRRIT2 5 K9
(\ZICCD 71 A Z 04— NEERTHZFTHE L, 7 — MIEX
5ns TfTo72, ICCD /1 A 7 D7 A 2131000, FERIEEL
133000 [A1 T Y | e LC 5 [ARAIE L= Plitg 4=
LT\ D, BRI RGN ORE T B TR
L. BTMIRERECH D, EDEFHT v F7 41
2 —THRELEN TR LA Y — S —HELIC L B3k
T, ZONEDHE L— DR 5320m, T~
7k 0em! ITRIS LTS, T~ a7 MISTHR 10
DT —H &b IR =F L DT~ E—7 TIRIE
L7, WRESRREIL, He 7 v A X AIIEN D, 049+
007nm(7~> 7 h T 14E2cem’) THS & HFED
HiLd,

5IAIS—ART MLTGZ oA A= T T4
L =BG HIUTZ NaHCOs /KRR & IR DT ~ 2 A
AT MVEIRT, HRE0Y NaHCOs /KA, BRI/

LAY — . I —8EL

1000 2000 3000

Raman shift (cm™

4 INAIS—ARY WNVFG oA AU TR
—C ko> TEBND ICCD 71 A THi,

1.2
100 H5 =
i l

1030

0.8 [
H>O| 1648
0.6

04 r

02 | 1273

0 1 1 1 1
800 1000 1200 1400 1600 1800
Raman shift (cm™)

Relative Raman intensity (arb. unit)

5 NAIR=ARY MVT A A= T T A H—
12 &% 6m FElERE ST AKBAE CO,. BED
NaHCO; KRR D T~ 2 AT BL,

DTV AT MVThHD, ZTINHD T~ AT ML
I, X4 OEHECHAEIE 10 mm OfERAFTR L
=AY MV TH D, K5 12BVT, 1100em’ &
1648 c! D E— 71Xl HD AT RV CEIIIS LT
%o 1100 em™ (IO E—2 134 T AEO TG Th D
Si-O fHHFEBIERSR 1D, 1648 cm™ 13 HyO OZfAliREE—
ROE—2 Tl D, IR NaHCOs ZKIFIRD 7~ 2 A
7 MVIBIE 1030 em!, 1369 em™ (27 23HER S AL
72, 1030 co! O B—7 |3 HCO5 H33K0D> C-OH fHigHEEh£
— R, 1369 cm’! DB —72 L HCOsE3K0D C-O DxfFAif
MilEEhT— R THDH LRE LD, —J5, HRRORIBK



DT AT MLVBIE 1273 em!, 1378 em! D —
7 HER S, TIUDIIUKIEETF CO, D) & 254
EEROEEDE— RORD 7 = /L I BT X 245
KOE—2 ThDH LFE LD, 2D ORERD A,
fiirz VT L6 m SElZd S /KRR 0D CO,. 35 L UYHCOs
DRI TE D Z ED3DD,

ST 2 DETF CO,. 35 L UNNaHCOs /KK D
REAEZ THRE L, BRI Ak 5 & & biz, Bigs
U720 2 BRI SR C L M D OB A4 T T
{FETHD,

3. FRUSAHTHERERAL= HOO KBEDY
E— MUESEHAGHHTS 0, RESTER
[ZAltT—

HERGIEE CD CO RFEDKGE « 22BN S
72 TOF 7~ T4 =D ~>T, I~ T4
B —DHR% TV T 6.5 m 500 NaHCOs ZKIAIRIZ R
LVE— F I EE T, K6 I E— T
VU AT LD BN (), ZEETE ().
6.5m JEICERE SN0 22 mm, JEEEE 10 cm DA 5
BADFE (0)Z2~d, #EHIIE, /K. E721% NaHCO;
JKERHR (481 mmolkg) A At /U AIUTHIV YV, L—
PRl 532 nm, » YL ATRLE—F 240m), VL
AL 480 ps T, 0 IR UEEHIE 10Hz & L=, TOF
TA X =D DT> C, B R E mD DT,
7YV AR 480 ps O L—H—A Ve, BEEEfiRREIL, /S
VAR ¢, YoEiZ ¢ & LT, AR=c 2 ThHzbh,
#75em 725,

L— TR A EY . 65m oYV E
TIEESND, U IANEOT UBEDEE, HER
200 mm O CHED, LA U — - I—HiELA 532nm
DLy P T AN =TTy LI, stdsaimL <
CCD WA TG TT L AT MVERNE LT-, B
13000 [BIC, ZNEILS BT DAY MVEETF LT,
WESEREE, 040nm (T~ 7 F T 120em?) T
b7,

712 6.5 m JelZi%iE L= NaHCO; /KA & KD T~

(@) MAGNA | Wave length: 532 nm
Pulse energy: 240 mJ

24W, 10HZ | puise width: 480 ps
\ | N\ M Repetition rate: 10Hz
M A 6.5 m

Raman spectroscopy , =
system
Quartz cell (10 cm)

6 UE—hTwINIE AT LD () FRCEX,
bEEEE, (c)6.5m JGIIFHE S4/Z 10cm DA
L DFE,

WS AERE: 12.0 cm”!
TEHE[EI%: 3000

[N

01 L HCOs
§ 1016 1358 NaHCOs(aq)

H201 water
1644

H.O

PO 3419

800 1300 1800

500 1500 2500 3500
Raman shift (cm™)

Relative intensity (arb. unit)
o
wv

o

7 6.5m SEICERE LT~ NaHCOs KIRIK & kDT~

AT M,

VARG MV, IRERHY NaHCOs ZKIERIRD AT |
I, ERAVKD AT W VT D, WFORER D, H0
HIPRD 1644 emr! & 3400 ey (1D 7~ A2 S
AL, NaHCO; /KI5 0O A HCO5 O HH RSN T —
ROE—27 T2 1016, 1358 con! DT~ L AF B0 LM
SN2, ZORRNS, ARIDT~ T4 X =D
F KD HCOs DRENSFTRETd D Z L3 oTz,



A%, 1016 cm!, 1358 cm!, 3419 em! DT~ L AEE-
ZFVNZ TOF 7~ T4 X—N50%B0% L. 944
—RIEEFEiT D TETHD,

4 F&H

WK OWRERIEDT=42 ) 7 D=8 2 FREDZ
~UTAL—EBE L, TAIVEND T A B —F VR
7K. F6 LN NaHCOs AKESHEDHRIE % L, KT CO, &
HCOs Dl i Lz, A1&ld, ThthnT~r 7
A —DBIFE 2 D T RO HIRI ORI 24 T
U SR Sl s OV B OB A 52
T2 FETHS.

ABFEL, JST CREST @ JPMICR2413 D3B3}
72U DT D, ZHIINNZTN= 7 2100 & 0BG L
FFES

SE3
1) V. Masson-Delmotte et al., Eds., Climate Change

12)

13)
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(2013).
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1. [XLHIC

AN & > THRITUERRIR ThH D), HE L 72 M
EHEFD, ZORE7FIHEEINNT L% DNA OFET
&%, DNA |IRERRIEAKGEREEIZ L O REUMD<
ZETCTTELEAMEEE & DM, SN (R 200~300
mm) DRSNS & G D 2 SO (Y
UIPV) MEERISELC2 BbL, v u7x Al
VIVr2 &K (LT CPD L5EY) <064 MO X
D IRNAEPEMIDNERCS D 2 & 138 D, PEMIIVERK LT
oy CIERRI L DKFHEG S TE 72U Vs, DNA (2
BEEZS (X1) , DNA 2MEET 5 & DNA il
BT L7020 | SSRIERSHINABE, 73 Ak 0 EAER
IS ESEEELT I SEZTERE 2D, ZOXH 7
DNA &L, Ht (R 350~450 nm) 271
L CENSEEET DRERD AR ET D, 20
FERIIHEHERESE (Photolyase, LA T PL &5E9) LFEE
s,

[ 2 | R H3keD PL O FifEds L OHIRF—7 &
BV T T =0 UX 7 VAT R BUFFAD E589) 0%
FX%E7~9 2, FAD IL, FAD %4951 V7 ot
DB (LT Iso &509) ORMBETINIZE Y, L

aZT—EYT L N

FADH,) . # (FADH) 72 EDIRREZ IS Z L3 C
& EHEN COETBERCY 1 N OBBRIRIZE Y
FAZHEFTRE TS D (X13) . D PL X CPD %4
L CDIRBEIC RS (DNA %1E19 %) HREE >
EDFNOIVTIY D, EDONEREA I = A LZMFRT 5
WFFEDS T < DA BATIOI T 72, PL OEERIETIL, #)
HIRAE (RRRAE) TIX FAD 13 FADox & L CIHET S
N, HONEZRT D E FADH ~& 20 URISTEER
LD, ZORNT DEETIG] TG 9, K
ETEMEREED PL 13 DNA & ~&E) L, FADH 7%
B3 5 koI CPD ZBERINERICINT 2, £ DTk
FADH 73 & bIZHENEZZAT 5 &, FADH 7°5 CPD
~ENFHEETBEULEZ D, CPD 2EFICLD
53fif SAUDNA 2MEE S, U4 PL IZoufkiE

(FADox) ~E RV BRSNS, DT &BPLO
DNA EEI1372< & b 2 BT TREEIIE B 5
LTEY, DA N =X LEFRRT DT DO E i
DRI LTI T C& T,

FADH 7>5 CPD ~OE FREENBE LTI, i
5378 EOREER L — P —F R L D98 TR 49,
PL NCIZFAD D 1Iso & CPD OHIEICFAD DT 7 =2

B (FADox) . 7V WV (i34 MHER)  (FAD, (Ade, X2 ZM) MEEIILTEY, 355105 1HL
T
{ KEEES RIMR R
J/’;N e A
DNA VT Saeree® >§_/Z\ x HN)‘j:tLNH U T S eanen” A ) ~
BUgpae JOECX, fgpe
Wy A X1 : L v S
WRNLZ s o 4
(AT LHOTEUBEYS D28 1A /RS N ]
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