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Filled-aperture coherent summation technique for
multiple high average power laser beams

Laser Process Research Team

Haik Chosrowjan, Seiji Taniguchi, Masayuki Fujita, and Yasukazu Izawa

1. Introduction

Powerful lasers with high brightness and good beam
quality are increasingly required for many appli-
cations in material processing, medicine, environment
monitoring, etc. To reach higher intensities, one needs
to increase the output power of the laser beam and at
the same time keep or improve the beam quality.

Within a “High-power laser development for efficient
material processing applications” project of NEDO (New
Energy and Industrial Technology Development Organization
of Japan), we are developing single mode, 400 ps - 10 ns
adjustable pulse duration, high repetition rate (500 kHz -
MHz), tunable (1040 nm - 1060 nm) high average power (150
W - 200 W) laser amplifier units based on Yb-doped LMA
(large mode area) PCFs (photonic crystal fibers). For final
design of a desired laser system with 1.5 kW average output
power, beam combining concept seems to be one of the viable
choices. The motivation behind it is simple; to achieve higher
power, intensity and brightness than is obtainable from a single
laser source. A number of coherent, incoherent and spectral
beam combining techniques have been already proposed".
Theoretically, for far-field on axis applications, TA
(tiled-aperture, side by side alignment of the beams) CBC
(coherent beam combining) is better suited, because in contrast
to FA (filled-aperture) beam combining techniques, in this
case the central lobe intensity / is proportional to ~N?, where N
is the number of amplified beam channels. However, in
practice this method is often impaired by an important factor f
- aperture fill-factor, which is in most practical cases
remarkably smaller than unity. As shown in Fig. 1 (a), the
appearance of side lobes in far-field (beam focus) due to /< 1

makes TA designs disadvantageous for precision cutting and

drilling applications on CFRP (carbon fiber reinforced plastics)
or applications in MEMS (micro-electro-mechanical systems).
For such cases, FA CBC designs are preferred, because FA
CBC is side lobe fiee (Fig. 1 (b), bottom), hence better suited
for the precision material processing. Additionally, using side
lobe free beam profiles, SH (second harmonics) and TH (third
harmonics) can be also efficiently generated, which are
indispensable for some specific material processing
applications.

Basically, there are two modes for FA CBC: polarization
additon and DOE (diffractive optical eclement) based
combinations. Several FA CBC implementations have been
already proposed and realized>?. In polarization combination
technique, for addition of each 2 beam pairs, 2 detectors, a
polarizer cube and a A/2 wave-plate are required, making the
scaling of the number of beams quite challenging. In single

DOE based FA CBC technique, the requirements on DOE are
very strict (diffraction limited), making DOE fabrication

(b)
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Fig. 1 (From top to bottom) Near-field, far-field and (x, 0)
intensity distribution profiles for (a) tiled- and (b)

filled-aperture CBC cases.



challenging and very costly. Moreover, in single DOE based
CBC the number of beams is fixed, i.e. to increase the number
of the beams by just one beam, one needs to manufacture a
new DOE suitable for that number. Hence, simple scaling of
the beams number in CBC based on a single DOE is
impossible. Finally, when multiple DOEs (50/50 beam
splitters) have been used, multiple detectors have been often
employed, like in the case of polarization addition. Here we
propose a single-detector, FA CBC geometry based on half
mirrors design and use of simple “climbing hill” or SPGD
(stochastic parallel gradient descent) algorithms for phase
locking. As a proof of a principle, it is demonstrated for four
low power beams in CW regime. In the final laser system
design, 3 CBC units combining four beams each (~600 W
total power per unit) at slightly different wavelengths has been
planned. In the final stage, outputs of those three CBC units
will be combined by SBC (spectral beam combination)
technique, eventually delivering more than 1.5 kW average

output power beam for material processing applications.

2. Experimental

Laser beam from a master oscillator (1064 nm, d ~2 mm)
was split into four channels and aligned again in FA design as
shown in Fig. 2. All four beams imitate “amplified” beams to
be combined coherently. The “amplification process™ in each
channel will induce independent time variations of beam
phases due to thermal, mechanical and non-linear optical
effects. To compensate and lock the phases between the beams,
a single photo-detector (PD) was placed in the path of the
diagnostics (<< 1%) beam after the last beam splitter. The
signal captured by the fast PD was used as a feedback control
signal to piezo-actuators (PM1 - PM3) located on the paths of
three beams. The fourth channel was used as a reference beam
and its phase was not controlled. The PD signal was
maximized by a feedback loop to PMs using simple “climbing
hill” algorithms. In contrast to TA CBC?, no aperture in front
of the PD is required for the presented FA CBC method.

>| PD
< oM o~ —
U =
g E @ g' g E Algorithm
b b (=] L L
£ | 2 €

[
l

<
[
1
S

PM2 |<

Reference
channel

PM3 |

x4 input 1
beams

Fig. 2 Schematic diagram for 4 beam FA CBC apparatus.

PM1 - PM3 - phase modulators, BS - beam splitters, PD

- photo-detector.

We have tested two algorithms; one is based on discrete
Bernoulli distribution with zero mean value dithering SPGD,
and another is based on quasi-two dimensional diagonal
climbing hill logic on the power-phase map. Here we will
describe only the Bernoulli distribution based algorithm.
Briefly, Bernoulli distribution is a discrete probability
distribution which takes value 1 with success probability and
value 0 with failure probability. At an arbitrary starting point,
we supply small voltage with the same amplitude (|0V]) to all
three piezo-actuators (PM1-PM3, Fig. 2). The voltage sign to
each PM, however, is applied in such a way, that the mean
value of the applied voltage to each PM over many iteration
steps remains zero. For the three PMs (V = 3), there are eight
possible combinations (2¥ = 8) and four possible dithering
pairs ensuring zero mean values. After the first dithering step,
the PD signals for positive (P+) and negative (P.) movement

directions are captured. For the next step, the control algorithm



uses the following recurrent formulae (1) and makes a guess
for the magnitude and direction of the “Bernoulli voltages” to
be applied to each PM.

Vi =Vinoa +v % 8Vix (P = P) M

Here, V; , is the “Bernouilli voltage” applied to the i PM at the
n'" iteration. y is the gain constant, 8V is the dithering voltage
for the i PM and P:and P. are the PD readings for positive
and negative movement directions, respectively. In this way
the PD signal is maximized and the (P: — P) difference is
minimized. Eventually, the system converges and reaches the
maximum PD value. It is kept there as long as the algorithm is
running. The whole described process continues indefinitely.
As a result, the phases of all beams are locked and the output

formed by them behaves as a single coherent beam. Figure 3
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shows an example of the phase locking convergence, stability
and bandwidth for four beams CBC in CW regime. Typical
values for piston phase RMS deviation and phase locking
convergence time were estimated to be ~A/100 and ~0.1 s,
respectively. The same CBC scheme and algorithms can be
used also for high repetition rate (> 500 kHz), sub-ns or longer
duration pulse beams. This can be achieved by adjusting
temporal overlaps of the pulses in all four beams and by
simply keeping the bandwidth (A®) of the single
photo-detector well below the pulse repetition rate, averaging
the captured signal over many pulses and maximizing it by
SPGD algorithms.

The CBC efficiency S (Strehl ratio) for the present system
was estimated to be ~0.9 (Fig. 4). The RMS deviation of the
piston phase was roughly estimated to be ~A/100, which
accounts for less than 1% of the CBC efficiency drop. The
remaining drop was caused by the power imbalance between
individual beams, divergence, pointing, overlap mismatches
and wavefront distortions of the individual beams. Several of
these factors causing the efficiency drop in binary-tree FA
CBC have been analyzed theoretically. As an example, two
typical results describing the efficiency drop due to the beam
splitter imbalance and wavefront deformation (small,

non-correlated wavefront RMS deviation (G) case) are

o
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m— Maximum possible output
s (Coherent combination

| s Total power loss
300 Single Beam

200

100
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Fig. 4 (bottom to top) Far-field intensity distribution
profiles on a (x, 0) horizontal axis shown for total
power loss (gray), single beam (black), coherent
combination (red) and maximum possible output

(blue), respectively.



presented in Fig. 5. The contribution to the efficiency drop
from the BS imbalance, as seen from Fig. 5 (a), is quite
manageable. For example, even for 70% transmission (30%
reflection) values for all BSs, the Strehl ratio can be kept
greater than 0.9, if no other efficiency drop sources exist.
Similarly, calculations confirm that contributions to the
efficiency drop from the power imbalances, spot-size
mismatches and lateral shifts of individual beams are not
critical (not shown here). However, as shown in Fig. 5 (b), the
steepest drop in CBC efficiency is expected from the
wave-front phase deformations of the individual beams.
Namely, to achieve 0.9 or higher Strehl ratio, one needs to
keep the o values of individual beams at A/20 or smaller. It is
also important to note, that for high average power CBC case,
except phase-front deformations caused by amplifiers, all
optical components such as BSs and mirrors could also
introduce wave-front distortions, further reducing the
combining efficiency”. This, however, is not a CBC-method
specific efficiency drop, but caused by the FA CBC nature
itself, which can be essentially considered as a “spatial
coherence filter”.
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Fig. 5 Analysis of beam combining efficiency S (Strehl
ratio); (a) No wavefront distortions; S dependence
on the beam splitters transmission (or reflection),
(b) No power imbalance; S dependence on non-

correlated wavefront RMS deviation ©.

3. Conclusions

For industrial applications of high average power laser
beams in precision machining like cutting/drilling on CFRP
materials, a simple and cost effective CBC scheme using
single-detector, filled-aperture coherent beam combining
technique for CW and high repetition rate ns pulse laser beams
has been proposed and demonstrated. Proof of principle
experiments and efficiency calculations have been performed
for four beams coherent combination. The combining
efficiency for the present laser system was experimentally
estimated to be ~0.9. The proposed CBC technique can
accommodate kW level average power beams, be integrated
into various MOPA architectures and perform with high speed
and accuracy. The phase RMS deviation (combining
sensitivity) for the present laser and experimental set-up was
estimated to be ~ 4/100. Due to the pieso-actuator bandwidth
of ~1 kHz, at present we can reach only ~100 Hz phase
locking bandwidth at best. In real amplifier systems the phase
drift will be faster, so using piezo-actuators is not practical for
single diode CBC and faster phase shifters like electro-optical
modulator (EOM) units have to be employed.

References

1) T. Y. Fan: IEEE Joumal of Selected Topics in Quantum
Electronics, 11, 567-577,2005.

2) A. Klenke, S. Breitkopf, M. Kienel, T. Gottschall, T. Eidam, S.
Hédrich, J. Rothhardt, J. Limpert, and A. Tiinnermann: Opt. Lett.,
38,2283-2285,2013.

3) E.C. Cheung, J. G. Ho, G. D. Goodno, R. R. Rice, J. Rothenberg,
P. Thielen, M. Weber, and M. Wickham: Opt. Lett. 33, 354-356,
2008.

4) T. Weyrauch, M. A. Vorontsov, G. W. Garhart, L. A. Beresnev, A.
P. Rostov, E. E. Polnau, and J. J. Liu: Opt. Lett. 36, 44554457,
2011.

5) W. Liang, N. Satyan, F. Aflatouni, A. Yariv, A. Kewitsch, G.

Rakuljic, and H. Hashemi: J. Opt. Soc. Am. 24,2930-2939, 2007.



{E:8:4%) Yb:YAG TRAM L—H—D BB Z{L51:HI

L —H—7 ot A5 F— A

BUERYE, A 2

aIAa—E7T . AH

Ak TfREE T EOKEI L A A

RRHREZ . JERE AN
LT L — P — T R L F—2 e o &7 —
P S ZEH TR

1. [FCHIC

R L — BT H EEEDO—DIL,
— P DHHEAN T D, Yb:YAG 1E, Nd:YAG
(CHARTRFIHEIVNE L, NERIS, BRhEE, 1EEL
BRI CE DEIRL—P bR L V2 D, DI,
IRIRAEAUZ, RV VFHREAT) TR & 22515
D, BMSERMEN N BT D720, L— I DIR
BEERAMZ 235, K0 @R L e A
AIREL 725, MAFFTATCIE, Yb:YAG % MV - 4sdht
T U5 473 5—HRD TRAM (Total Reflection Active
Miror) L—H—" Z42E L, @t L——nBi%
AT T2, TRAM TiE Yb:YAG ZEHaiAZEE
THER 5 IRARH LD,

—J T, YOYAG POt ENDEEART FLD
TERDSREE &AL T35 Z & A FIF LT, LD Ji
B SN2 Yo YAG DIREEAFHIT 5 FEZBRE L, L
— P —IENOZERNREE R OMEZEAT S & & HIZ,
TRFERRTRER & OHIEAT>C&E 2 7, WEEREIZZ O
FUEAYBREL, IREORHEARIE CE 5 K HIcA
~7 MVERIBRZSR Lz, AR TR Yb:YAG HiED
R L HARE U DN TR 5,

2. REFHEORIE & RERA R

Yb:YAG #OEAAY N VOIRFE R 2 X 1R,
IR CIIEARO v — 2 S S 508, IRE R & &
HITE—ZTENFD L, RIEHIRANT MR
£ D, X213, 1022nm DOE—2 & 1027 nm DDA
B COENGRELLDIE I T 2, ZOATE
THZ LY YhiYAG OFHEEAZ T CE 52 &
D305,

TREEFHUIEODT= D DE ALY VIR 4 X

3N, BRI 3kW DA% 7 LD Y%A TRAM (9.8

1.0 T 1 T 1
| — 300K
240 K 270K

s |
L L
>

o 05F
c N
9

I= N

1820 1025 1030 1035

wavelength (nm)

K1 Yb:YAG DHEAAT NVOIREE RN

180

160 -

140 -

Temperature (K)

120 -

100 . . I )
0.8 1.0 1.2 1.4 1.6 18

Fluorecence intensity ratio (1022nm/1027nm)

X2 #HAT MVOSEEL (1022 nm/1027 nm)
LIREDRR

at% Yb:YAG, 06 mm J5) (2R L7, Yb:YAG Jilteif
TOLD DY A ZX 10 mmX 11 mm TH D, [t
D DEIEE T 7 A N TEE SRR (Oceans
Opt. HR4000., I E-4515:920—1080 nm, 43 f%HE :0.2 nm)
WCAS LT,



Fiber coupled LD '

B3 HOEARZ MVEHIFERANL

SR IBO Y 7 Ny = 7 EFIH L CHEA S B
DRFRZ b AR U CRAF Lo, FEBROFHIITIE. 10
ms FHZFHAI S U2 AR ML 3 T — 4 O % B
HURGTFCEX DL ITRE LT, AT MLT—H D
H735 1022 nm & 1027 nm 2 HU0 &353R 0.05 nm
WOT—Z 234 UL 2 WRITIT 20 b Aok
W5HY 7 BT L

3. Yb:YAG DR bR &BAZERD FhsTHi

412, AR DR DI Yo YAG IREDRF
W2 ka4, JAbEH LD 27 —23331 W LA Tl
Yb:YAG DIREET LD BRI D 10 FPLANIC s
EEETERL, TORIIEEMEEHR->TNHD, F
HAREEIL LD U —DHgR & & HIZ9SK FREEE T LS
LTCW5, —J5, LD 7XU—73331 W LY KREWVEE
T, TR OS K ARG 10K FEEE ¢, AUl
W EFTDBENRROND, LD T —DVRE {72512

120 T T .‘.

LD power
(1)60W
i —— (2)268W
— (3)331W
(4)352W
““““ (5)372W

=
o
i
z
EL

L

4

/
®) <4’>

(6)393W

Temperature (K)
)
o

/
)
0 10 20 30 40 50 60 70 80 90

Time (sec.)

X4 HIEART FVOSBELL LR L7
Yb:YAG R DIRFHEZH b

s
27 Fec 10atm /]

i

F 10n
E [
= D
e
w0
fig
& B LN
wil L
_/ LEHRGANGS HANDBUCH KRYOTECHMIK
A
-3
10
' 10° 10' 107 108

TUFIEBE LN DIREE 4T ()
5 RIREROBBIIIRL A-C : BbshER,
C-D : EuhiEiEk, D-F : Episneik

OIT, SHITREN ERT 554 I 7R e
T3,

95 K [t b RO DR EFIXYb:YAG %
IHHEIL TN DIRIRZE TS DI~ T35
ZEIZEDbDEERX BND, K5 I THERAIRT 5K
REROWIBIRCH S, Sk de, oo

EOERILYDYAG) LIRIFEHRDIREAN 20K £
TOM] (XHD A 56 C ROM) 1%, Y7 /UEE)
DRI~ OB BERT 5203, C Raiiz b L3
TAITER I D35, Z AU THRIAREETRD ST )~ DI
WIE~ATT D2 Lk D, CREBRIZEZAT
Yb:YAG L RIRZEFRO S R ADEDP R S
CHRESIHED M AR N5 2 L1872 D,

3x10°

)

. 2x10° ‘

2.70x10°

Intensity (a.u

x
[S)
>
T —
L 2
&
2.
o
H
2
L EiN
7
o L L
=]

2.60x10°

2.50x10°

L 2.40x10°
20 30 40 50

Time (sec)
X6 HIART MVOREMEORHEZE L, T
PERIXZ T, U7 ESRER A RED
(1) Trd (M4 ORI LITHIE LT D)



6 VTHIE LT-# AT MLVT—H 23R 1020
nm 75 1035 nm OFEEk TSy L 7o a0 DORFRZY b
T b, KFRREITR LR CHOBREE D)0
RS ALOND, ORI, (X 4 [ R IREEDREH]
ZMEC, BZRIRE ER RN DRER & R LRI
b, B 3 TR UIZERENI T 7 4 2NE, YB:YAG
D7 7 A 7 GIAN S D HOER Y & TRIAEESR
P SRz & Yo:YAG Fuii Chdit SHURE-
TL DU BT L TG, TiRZEE) i)
DI AT % LHRIAZESR L Yb:YAG S TR
SERDET D,

TR EROFIEE npo= 12, EHEAA N, OJET
Fmp= 10003, YAG DR nyag= 1.82 ZBE LT
Yb:YAG—LN, SUEOSHTRE (R) 13, AR
FE% Tgu & L,

IEV? /1iotal = [(nyag — Ninz)/ (Myag + Din2)]?

THEILEND, S COEHTHREIT L0 #EIeH S
SNDHN, & LN, (2RI D5 (IN2/1RN?) 130.085
10.042=2.01 T 5, Sl CORS %GO RDE
SRELEI(140.085),/(140.042) = 1.041 THV, 2584
ADL TR R DA T 41%8075, 5
BRCIFONINIERIT 44% TH Y | I RFHFIEE 3
LCW5, T7bb, 2MARRE EFE®%ICBITD
Yb:YAG S Cld, ik Ny T3 &k (Ny) 23
ERINAERL SN TN D, RIREROBISIRIECH

LHEEZBND,

4. F&&H

L— P OYEEGhE A T LS D 2 L DSETE)
) L— B CIIEE R BRI & e D, 22T
AHFFETIE, LD FhERHZIST D Yb:YAG IR DI
ZMAFHI LTz, ZORER, LD /3T —DRERIZHAN,
IREEDS 95K 75 110K FREEE CRic AT 281508
BIN ST, IRIREFROUSIIRE | SP7RRE B
MBI S VDR COROEREEOZ LY | Z DR
PRI R EE R ) DI ~A T35
CLITERLTWD EHENE D, ISR Tl
FEUIBIRIE L 0 BIRIREROREYHEN ST D720,
FEHNEED ST, K& 2SR
FFCX DMABAROBFENEE TH 5,

BEGER

1) HHEE) Y ILT2010 458, L——BliaamigeRT, 2010.
2)  HMEANILT201 14EHR, L—Y—EdReAHISERT, 2011.
3)  EEEHY ILT2012 4R, L——Edfae S BT, 2012,
4)  HHEHILT2013 4R, L— kS HIEIT, 2013.
5)  HFuruseetal.: Opt. Lett, 34, 34393441, 2009.

6) H.Furuse etal.: Opt. Express, 20, 2173921748, 2012.

7 BUHIHYILT013 454, L——EdlieAhIoET, 2013.

8)  http:/frontier.ltm.kyoto-u.ac. jp/kouginote.html




L= =S U8 REICKBPEEF/HP I IS —ILOH

L —H—7 ot AT — A

IR CINGE

Ak KB R

YIZATh =T T

1. FLHIC

P ERRI TR A 2R L THBEHI X T D 72Tl
M SN T %, FEFERT TR ST IFEERT
WODZEHEZHT K > CHEIZRBEICHE L GREL, &
DEBFITPTEGMDRE L T DA T DOE
JEICREE L TR SV TN D, 207, A EasikiE
AR LS 2 RIS % 2 L3, B RO EH
MEARERT D DITRAIR T D Y,

P QI I L RO RE S LW D8k &5
MRS Tl 7= SIS T v 28
JERREIRDK) 90%% DTN D, iR P OZE AR
TIFAE TR FEFERT, SRR CCHikim
FITHERHD RS, R DI ARG, MDTRL
DTHLHENT—=ANGR LT TINT T —/VHFAT
Do VG OYIEIAERRN MRS D720,
OB Z ot % 2 LIT K 0 RO
LWL EnTED (K1) o WP OS5

(I, RS O AR T VT T — L Z R L
TR, HA Ry o~ v 777 4= X IET D
713, ZERZRD B DB G E Ofhi 72 SRR OD7) )
DAMPRTIRAZ VB L2, 22T, b A&
T2 &L L= —F W CHEZEN O REREY
BOSNTTREERFF LD, ZIE T, Hihmsk
DFUINE Co BT BT L HAD T~ 3 HEES
FToTEE D, THF Lo HAIIHEI L M3
FEFITERIC S B SIRHIRAET B 70, AT dN
R AW DT DICEEMEN A & Sh, AFE
TIE 037%DIRHBRF Tt D7 & F L o 0OFHhi23 AT
HECTH -T2,

AREETIR, 2V E TR i S BRI D
T ARG TR MR Vo3 fif ST BT AR 5
TINT Tk LT T2 72 7 < U  EE DRSS
WET 5, 7NVT T MIHD T~ AT ML LT
THZLRIRHTE D Z ERDh T

| an-gECsIEELRN R LREDIOR |

EEBAERTE

ﬁm ';‘_. C2H6 ,
L
C2H4 "

7 Zaeniz
R C2H6 B .

| mmm | | wes |
. B - =
j’;ﬁﬁﬁt HRER;
ey B
gy e
FHFLY i
iy TNTF—I
JoEry
K

ko3 [OFPY:

(RIE. ARER) (AR-BIEIOTNT5T74—%)

AT |:> HHHYE |:> REEE
WE Ot DT =il

X 1

LR OREFINAAT A A % AT AR FEE WA



2. HEFIINII—IDITU5IEH
21 2)ILI75—)L

TNT7 T 2 OFABRNR T & 9 ZekisEAs
LTRY, Ta—l, =—F /7 EOFERAICITS
IECTHDHN, KT NV ANIETH D, bbbl
EBEHOWIE T B D73, KSZEKUZ L0 3 <ITE b LA
BT ET D, FTo, AFBRCHEA L7z AT
A P=T Y v SO A — B A A )L MU TH
%o #ARITT 7T L RRACKTED 41.6%, 73T 7 4 2 F
PRAVIKTRDS 50.0%, FHEWERAKTED 84% ThD, *
7o WEOUY N TV v BTA) 2 E LT
G TND,

2ITHRME TV T F— IV OFRARY MVETRT,
FHARY MVOREIZIE, R U4100 2 H
7= (At R 10mm) , HIEDIE e
nm ThD, FHAKIITEEZATSI2 TNV T T —V AR
T, INVT T —UIRETHL Z b bbnb K51
BT, F~kd I L 5412, 850 nm
R HND UZFHIGHOCEERTOSER AT 0 R 2 DB
WZRBN ) A A TH D,

2.2 WMBEFINIS—ILDTI HHEER

31T~ IR 2T, BRI AR R
T L7203 cm O TV AN, R Lz L—
P TPHE 532 nm, 2L ATE 10ns, #: VDI L 10 Hz,
SVVAZFR—100 m] THD, ZOL—P—%E),
BN TV L, 255025 OAHENS T

o
T

o
T

o
T

o
T

Transmittance (%)
w b 8 N

N
o
T

=
o

o

250 400 550 700 850
Wavelength (nm)

1000

2 i, VTS5 OFEmARY ML
FFAK : 77 F—nofiE 7V EE)

HOIILT5—IL

Spectrometer+CCD

IO+ IFILILE—

=—/

E— LB

532 nm, 100 mJ, 10ns 7/ ” N /

[ Surelite 20 1w, 1002 |/ M2 $57

X3 WA ETEF L DT~ 5 tEitEX

~ UBELATIE LCWA, B RITIE 532 nim D=
VT ANE—b ) TFT g NE—EREAL, Bt e
ROWR SR m DA Y=l a Ty FLTWD, 77
AN=TIPERETHE | RIRERNAICCD AT T
HIE L=, CCD A 7 OFNFHIL 90ms Th D,

4 (@i, B)TNT TNDT AN ML
7597 500 [EIFERIE 5% 5 BREE) LTz AT FLTH Y |
WERRREIX 027 nm TH D, (@IHTIE, ~1450 cm’
|2 CH-CH, DZEAT— RORX 72F 5D 5, ~1302,
1350 e IZRLBND —ODfEEIE CH R UhE— R
EEZBND, Fiz, IR BNDIEFITS
FIHRD C=C Ofiffie— R TH Y, ~2725em’ 1L C-H
DIFfFE— REBZ BN,

2B 7 NVT T/ U TR 532 nm (DRI B S T
OIZHIEMN D T E N TARRENZDS, 7V 7 T — UK
£ 532 nm TENAEFHELRNZ L3005, (b)7/V7
F—LTHE~1372 em™ 12 H-C-C/O OZEfE— RN D
AL, ~1398 em’ A C-C DffEE— RTh D, Fiz, ~
1478, ~1573 e [ 5D T~ AFEIE C=C DA
(ZROND T~ A EH C=0 Dff
fie—RTHD Y, LEd->T, @lnT~r A~ k
NEHEST D L TN T T USROG 5 & I
TEDH~6T5em’ DT~ G555 ERNDID,

WITMZ TNV T T =NV E B ST T VB0 7
VYA MVEK 5 TR, AT MUTERER
3000 [EFEFAE S R 190 ms) D 5 [BREEE & D) |
WRRAEL 023 nm Th D, 7/V7 77— VIR THRIK
ryua~ N7 4 —CRlEIEL,
1106ppm TH 5,

~1610 cm’

E— R, ~1675cm’

104, 251, 415, 900,

N



=

(a) Oil

o
o

o
)}

°
'S

Intensity (count arb. unit)

o
[N

!

k=]

(b) Furfural

:

1100 1300 1500 1700 1900 2100 2300 2500 2700
Raman shift (Acm™?)

B4 (i, ©TNVTT—ADTI AT L

o
o0

o
o

I
IS

o
N

Intensity (count arb. unit)

0

1
Zos8
=)
2
506
=t
g
=04 1106W/\)
S00ppm_ )\
£02 475pm /J\J
I TR S T
1100 130671500 1700 1900 3106-.2300 2500 2700
Raman shift (Acm) e,
14
1612 cm? 1707 cm?
12 |
= 1
c
=)
£
T 08
g [
S 1106ppm
= 0.6
Zz A 900ppm
o 415ppm
i 251ppm
3 104
02 | w
— — Oppm |
0

1500 1550 1600 1650 1700 1750 1800
Raman shift (Acm-1)

X5 WMEETNT T—INDT L AT R

A3 1100~2800 e DJEHFHI2 AT ML THY |
TENTNTTFT—=NDT AZERRLND 1500~
1800 e DILRXTIH 5, ~1707 cme1 (27 VT F—)L

D C=0 DfFTE— RAERTE, JHkD T~ 5%
EXBILTHIETE A Z ENbnd, 2T, ~1707
e IZRBND TV T T VDI FAIKA R LIRS
& AT MV R 2> TND Z E DD, 2D
VG2 ADE— I BNERDHH T Ly hTHY, 7
NT T =) LB E OIREDBIRIC L > TINVT T —
NOBMAROEEDIALL 2 RO —7 @S HELL
TWbEEZ NS,

2.3 tRHERROBRE

T VAT IERFD L— iR D 5 50X R0,
SEFEOIRREIZ L > T T~ A IREDEA LT D721,
TE R LRI B U7 IR DS —E T Do Z
~ ERE & DA WD, 70T T — /L ORI
ORRFHTIAX 5 1R LiziliskO~1612 em! DT~
Bl INTT—L (~1707 em?) DT~ AZEHE L
DT~ ASHRELAFIH L

X6 (27/L7F—/L (~1707cm’) Eif (~1612cm™)
DT~ AFHIREL L PEORRE 7~ T, EDRRAEL
5 [ERAEDNAHE D OFRZE TR L THD A5, SR
JUZBEN DR T 5, Oppm O 1675~1720 e DIEHRE
R OFNOERERFE 0 D 3 0 THRHIRA 2 5
95 & 144ppm (0.00144%) THDH I ERHh -T2,

TIVT T —)VEFREE L LT kO Ls B IR
LoYLT 15ppm, fEBRL-LC 15 ppm (0.0015%) T
559 LizhoT, ATETHERL~LTOT LT
T —IVOREILFTRE TIEH 505, LV FRHBEE DA B3
VEETH D,

025

o
N

Raman peak intensity ratio

0 200 400 600 800 1000 1200
Furfural concentration (ppm)

6 TVUAEBIMELL L 7T T — VR ORHR



3. F¥&b

EIEERDO I W5 T DR CSIAT ) FEE LT
L— T < Lo EE O T T O TR
DEPEEAT > TS, ZALE TITPE 532 nm D/ VLA
L—HP—Z& Gt O e T 57 F L
> DOIAPRIETD 7~ A Z ORI LTI Y |
ARG IR iR LT T D 7 VT T—)L
DA EREE CORITRED LT=,

AFEEFAT IR, L= — 2T 57209 ¢
Z DY CHtitai - MR OB ERR O R AW 5 2 &
WHRE L 725, BURD 7 L7 5 — Lo HIRRIE
14.4ppm & fElR L~ L CORENIFTRE TH D03, 41
S OITHES AT LORHEEE AR | L £ DTk

BERAHIRIE 1A TTE AT 5 TRE T D,

BEH

1) AR BRI  R7 Y 7, Sk, 1987,

2) T. Somekawa, M. Kasaoka, F. Kawachi, Y. Nagano, M. Fujita,
and Y. Izawa: Opt. Lett., 38, 1086-1088,2013.

3) YuIPEL, SRk, N TS0 KB, R, R
SERLILT A5, L—Y—HAi AT, 2013.

4) T.Kim, R. S. Assary, L. A. Curtiss, C. L. Marshall, P. C. Stair: J.
Raman Spectrosc., 42, 2069-2076, 2011.

5) G. Allen and H. J. Bemstain: Can. J. Chem., 33, 1055-1061, 1955.

6) S. Okabe, G. Ueta, T. Tsuboi: IEEE Trans. Dielectr. Insul., 20,

346-355,2012.



L—Y—ZRAWE=ary ) — MEHRAHRIL FD
f& = v aT il H fiT D bR 5

LB — &

BHEA, aF v L7 Ml — ' @isEey | RS
"I A AR SRR A S

1. FLC®HIZ

AR, B AR NS iR S T & D 45
fEBREREEMEE o> TS, BRETIE M
INDBET a7 U — NDSHE L TH@RO S
VR T TR ARG LI Hie, mEtER T
Lm0 RHEDBRE LIFR R ENREZ > TR,
&) DM %2 2h 3 X < BT & 5 Bl o B
HENDBETHD,

BUE, ERVEOFHMTICITITEREE FTHE)
DREICHNON TS, Ny~ —TiEEY R
Tlolo & R & HLEROEHE AT RV OEND

MO ERET 2D THD, ZOFEICIE.

ARB LORFBRE T X ERNRNDL T LR
BHNT — 2122 L\\WZ & BICRIORE & ik
L= AR (REES L) MEREEETH 2
LR EOMERS L, DD, KA, &
W, FRE TRAETE 28 LWRAFIEOBRREN
RO LTV D,
HEEICRbImEFEE LT, b= —%
AWk (L—=%—18) B’dd, 7WLAL—H
—%ar s — FPEREICRE L CEHZHERZ L,
KERE % L — P — TG CTEHRI L TXRIEZR L

T 2 FE T, EROIEEM THRAENMT A,

fi D J5 KU He A~ THRA & T~ O = B 8) 55 AT HE
ThrZ e, 207 ) — MIEOFHDBESIZ
ITADREONEN B D, G NV—TTlI LV
—YF—IEOEMAE B L T, AT 2
HLREER AT, EEOREEED TE Y,
NETIT, 2 OHEMZ (LGEEs ~ o )5
LT, R E A5 2 L 2R LTz, %
7oy MRS AT L 0/NVRYEIZER Y M2, Briesk b

VXV OFREE A ETL TR R AVEBE LI
7V — MREEITZ DEEORIEEITo72 7,

L—H =B bR VBTLa 7 ) — MRAE
DHIRHT PRV NO TRPHBEE . A
B EEEETAEODr I AT AR R
DRIEFAEIC S EH TE D ATREMEN H D, M
I N—=TTREL—F—EEZ VTR FED
RS AN 2 Nt 5 72 O\ FE M FEBR 2 B AA L T=,
ARTIEHAV N7 )V — NEEEIED
rIANVEREEESEEar s ) — MER
KA VERL L CRIfaAR LV h OB EREZIT-> T %
DOFFEMEEZMER LY, Z 0ROV TR,

2. R MEDHRAA O Y 1) — MR L FHARER

2 BRI OEWLCHI LN E RS 5
REgAR/ b E3FEEO a7 ) — MK E H
B L, 3SFEEORL FOENWERNIIRT, AL
R IX24mme, HIFLIE S 1EX360mmTH /L k&K E
THRA L7z, AL b1 73360mmDEIFLATIZ 7
SN EZTEAN LICERAR LV N Th D, ARV b
“C2NLT I ANVBIIEEAREZ a7 Y — NED D
RE30mmE T & LIoBREA RN R KGR b
T D, R R37IROI7 R % E o CTHIFLAE
AR LB T, BE S M OHIFLIZO AL b
ERAL., BIALETIZr I WA EEALTH
D,

IXCOIZ, A 287 v~ —%2HNTHET
E—EL LIELAOERN NOIEREIAT ML
ML, M2hIic=ar 7 U — MR E B
o RIEBEREZRT, ARDARL R37 AN



<< 1 > L1 2” < 3 ”»

T

= EIEEAED HIADSER
30mm

30mm

O 7oh—HIiLk
B 7shHLBEIAS

RILME M-24
HIfLZERS 360mm

M1 7 IANBIREARSSAL MIOIAAR S LS Eoa s 7 Y — MG

AV he27Thsb, H/V b EHOMmEZTEL,
vyt —%AR/L NOEIZEY FiF e, K2
ERIZARL R 3 ORERFNETE & 2 O JEHERE A~
7 RMVEIRT, AL 37 EEER L Rl b
U 1kHz D R EHREE & & DJE A <7 b L&
AL, ZOREREID, AL he17ERL 37
WEEBE AT b VTR 20T HI LN
BTHREDINE L RT Z LD hoT,

F7o, KR2FENCANL b2 DRRFNERE & %
DA MVETRT, R he27FZ <O

HEEIREH A FFORE BN AR Lc, 2 kY
I HNVBIIRIEANBE RO R L MEEEAR L K
EXBITHZEMARETHD Z LR ghoT,
R L—P =& FHWIEHRE R e~ 3, L—F
—dEEN a7 ) — MEREE TO BB
75mTh 5, K3HRIZ=r 7 Y — MERKE L
— PR S D B D A FE T, AR
AL b2 HRINRL h“37TH D, HEERILE
B L — =T DRIE T A L —H —% Hiz,
U—H—% AL MIERRR T 5 LENKD 2

5, 0.1

=01

A o3
L
=
E5) | | %:’ o4
= | ) %/ 03
[}
— ]il hl
02
= _ | =
— 0l
o
5 ] 5 10 15 0 5 0 35 0 w = %0 1 23 45 & 7 8 910
Time, ms Frequency, kHz

O 7 h—AHk
] B yshLBEEZAR

RILEE M-24
HIFLRE  360mm

-
in

-
-

-
o

) Fdd

-
- b

(me) BER=

35 & a3

o

4 1 ¥ 3 4 5 4 T K & WO

Time, ms Frequency, kHz

2 FIEWAEE -SRI



0z

A
= o
£ o1 ?_' :
E 15
— e
.:: gﬁ 1
o
-1 = .
bs
2 bbb
02 = 0 e
3 o r o 13 ) ] ) 3 m ph S % 1 z 3 45 67 8 98 10
Frequency, kHz

) e

A os

s

A st - I-

[

9 0z t 1

= |'

0l

o
L -] £ %e 1 203 4 5 & 7T 8B ¥ W
Time, ms Fraquency, kHz

K3 L% = E SR

B, B AEA30mmIRE ST TR Lz, £
BIOAR L he2”1C L—WF—BEHIEZ RS, R
kSE8m 2 520mm T 23 > 72 A8V MAlE (2SR B R
AL —%—2WRE L7, 72, £D20mm NI
B L — Y — 2 R LT,

RERANMETE & JE I A~ FARER A3 |k
X3 L OVTFRICRT, R b« 3”1%1kHzIZ 5LEHE
BB, ARV he2734, 5.5, 7.5 kHzfHTIZ
B O SBIRBED BN, Z ORI, L—F
—ETH, fIEREEE LB 27 FLREL
e I ANVBIBEA R AR R ORIV b & SEA R
VR ERBITHZENARBETHDLZ EE2RLT
Wb EEZ D,

3. F¥&H

L—W—iExE a7 U — MEDIALR L
s D7 I VIR EIEAR R KM E T 5 Z
EMARETHHZ L &R LT,

SE

D) BHEZBAL, AL aF vy 7 BRI SmGE
pp.1192-1197, (2009).

) BHFEA, AL aFrT: L—HF—F5E,

129-C,

38(10),
pp.749-753, (2010).

3) Oleg Kotyaev: ILT 4, L ——Hiii A5, 2013.

4) SR, fth: 55 69 BIEAPESFRAINGHEES TR, Tobe
published, (2014).



Two-beam probing interferometry: bridge inspection

Laser measurement team

Oleg Kotyaev and Yoshinori Shimada

1. Introduction

The Laser Measurement Team has gained wide experience
in laser-based inspection of civil structures . Photorefractive
laser interferometry has demonstrated very promising
performance in the inspection of transportation tunnels .
However, reliable inspection of bouncing structures, like
transportation bridges, with the use of conventional or
photorefractive laser interferometry is hardly possible. In this
case, interferometry is strongly affected by instability of
interference pattern, which caused by irregular bouncing of the
inspected bridge, especially under heavy traffic conditions. If
total displacement of the probing point on the bouncing bridge
is about 3 mm and bouncing frequency is about 3 Hz, then the
conventional interference pattern will be moving with phase
change rate up to 100 kHz. It is quite difficult to recognize
laser-initiated vibration in the range of several kilohertz over

this background.

2. Two-beam probing idea
Interferometry based on two-beam probing of inspected
area can reduce influence of bridge span bouncing on stability

of interference pattern. In Fig. 1, the idea of two-beam probing

is illustrated.

In this idea, interference occurs between two signals formed
from scattered radiation of the two probe beams. If the distance
between the two probing points is much less than size of
bouncing bridge span then these points will be moving almost
synchronously. As a result, interference pattern will be much
more stable and measurement of laser-initiated vibration will
be much easier.

Actual laser-based inspection system is supposed to be used
for location of defects in the metal-concrete interface on the
bottom side of the bridge span. Impact beam initiates vibration
in metal plate and probe beams are used for vibration detection.
Useful distance between the probe beams is found to be 5 - 20
cm. It is much smaller than bridge span; and when the span is
bouncing the movement of the two probing points is
practically synchronous.

Probe-1 is used as a source of reference wave in
interferometry. Probe-2 is located close to the point of impact.
If there is no defect in the inspected area then laser impact will
not initiate detectable vibration. However, if some defect exists

in the position of impact beam and Probe-2 then vibration will

be initiated just over the defect area. During the laser-initiated

Bridge span bouncing:
Frequency ~ 3 Hz

Wl Ly

Proba Proba Impact
beam 1 beam 2 baam

Laser-initiated vibration

over defect area:
Fraquancy ~ 2 kHz
Displacement ~ 10 nm

Fig. 1 Two-beam probing inspection of highway bridge.




vibration, probing points will have different character of
movement: Probe-1 will not move and Probe-2 will move
with vibrating surface. This difference in movement can be
easily recognized by detection of resulting interference pattern
which will move with frequency of laser-initiated vibration.
Actually, power of interference signal in the detection channel
will be fluctuating with frequency of laser-initiated vibration.
This fluctuation can be used as a criterion of defect
recognition.

It should be noted that both signals from two probing points
will have speckle character. For effective interferometry it is

necessary to use spatial filtering of the two signals.

3. Laboratory and field tests

The two-beam probing system has been designed
assembled and tested both in laboratory and field conditions. In
Figs. 2 and 3, laboratory setup and one of samples are
demonstrated. Green (bright) points on the sample surface are
probe positions and red (dim) point indicates impact position.

In this design, CO, laser impact in thermal mode is
preferable. Pulse duration of 100 ns, impact energy 5 J, and
impact beam spot of 35 x 25 mm were used. In this case, no
laser damage of metal painting takes place.

‘When impact position and at least one of the probes position
is located over defect area, detectable vibration can be initiated
and detected. In no-defect area, no detectable vibration is

observed. Figure 4 demonstrates waveforms and spectra of

laser signals obtained in the defect and no-defect cases.

After successful laboratory tests, the system was prepared
for the field experiments under real highway bridge. The
system table was installed on the small track and delivered to
the test site. Figure 5 shows the system under real highway

bridge.

Fig. 3 A sample with metal/concrete interface.
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Fig. 4 Waveforms and spectra obtained in the defect (top) and in no-defect area (bottom).



Fig. 5 Two-beam probing system under highway bridge.

Like in tunnel experiments, previously discovered defects
were used for the system tests. During the experiments, the
bridge was open for traffic and was heavy loaded all the time.
As a result, field conditions were much more extreme than in
laboratory. However, two-beam probing technique allows to
operate even under these tough conditions. Figure 6
demonstrates waveforms and spectra obtained in real defect of
metal/concrete interface of the highway bridge bottom side.
Like in laboratory, vibration signal can be initiated and
detected in real defect situation. In no-defect case, no vibration
is detected. Only some signal instability is still observed.

In these experiments, 6 defect locations were inspected and
all of them were recognized using the two-beam probing
system. The results are considered to be very promising.

Moreover, additional impressive benefit was revealed: the

system was capable to run inspection procedure without
removing the special protection net which is usually stretched
under the bridge spans. It was found that despite of 30% loss
of impact energy and power of signals after passing through
the net it was still possible to detect laser-initiated vibration and

locate defect areas.

4. Discussion and conclusions

The two-beam probing technique of laser-based inspection
of civil structures has been presented.

Sensitivity of detection is acceptable for the location of
dangerous defects. Reliable location of real defects in the field
conditions has been demonstrated.

The technique provides really remote and non-destructive
procedure of inspection. The technique does not require
assembling and disassembling special scaffoldings which are
necessary for hammer-based inspection.

In contrast to piezo-based inspection, laser-based technique
requires very short time for changing impact/detection position.
In principle, it is possible to develop inspection system with
high-speed automatic scanning of inspected area and real-time
processing of obtained data.

The main problem of the laser-based inspection is keeping
signal stability. Many factors affect the system performance.
The environment and the system itself should be as quiet as

possible. Otherwise, protection against mechanical vibration
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Fig. 6 Waveform and spectrum obtained in real defect (top) and in no-defect area (bottom).



and acoustic noise is necessary.

Comparison between the two-beam probing technique and
photorefractive interferometry allows to say that the main
advantage of photorefractive over two-beam probing
interferometry is possibility of working with speckled laser
beams. This fact leads to comparative simplicity of the system
alignment. To realize interference and to record the dynamic
hologram it is necessary just to intersect two signals in
photorefractive crystal. In contrast, the two-beam probing
requires spatial filtering of both interfering signals. That means
it is necessary to take care of very accurate alignment of beam
paths through spatial filters, and to keep this alignment in the
field conditions.

The main disadvantage of photorefractive interferometry is
non-linear character of laser beam mixing inside
photorefractive material. Recording the dynamic grating with
high diffraction efficiency takes certain time: for example,
1520 ms in BSO crystal. This fact limits the field of
application of this technique. For example, it is practically
impossible to use photorefractive interferometry for the
inspection of highway bridges under heavy traffic conditions.
The two-beam probing technique is free of these problems.
And it can be used effectively for inspection of unstable
structures.

As well, it should be remembered that one of the most
important conditions of realization of reliable photorefractive
interferometry is forming the signal with intensity which is
enough for recording the efficient dynamic grating. In field

conditions, when the inspection distance is 5-10 meters,

collected power of probing radiation scattered by inspected
surface may be too low and not sufficient for the recording the
efficient dynamic grating. In two-beam probing technique,
signal power is limited only by dynamic range of
photodetectors.

Finally, two-beam probing technique is still affected by
speckled character of working signals. In spite of the fact that
both signals are spatially filtered, signal intensity after spatial
filters is randomly fluctuating. This leads to narrowing the time
windows where it is possible to collect and process the
inspection data.

Generally, both techniques can find their appropriate
applications. Our team keeps working in both directions. Now,
one of the main tasks is development of inspection algorithm
with automatic scanning, real-time data processing and reliable
defect recognition. Another task is speeding up the inspection
procedure.
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Ultrafast fluorescence up-conversion technique
and its applications to flavoproteins

Laser Biochemistry Research Team

Haik Chosrowjan and Seiji Taniguchi

1. Introduction

Time resolved fluorescence spectroscopy is one of the
widely used techniques for studying the structure, function and
reaction dynamics of macromolecules in chemistry and
biology. Fluorescence is often sensitive to small environmental
changes of chromophores — small molecules embedded in
proteins and absorbing light, hence responsible for proteins
color. So, fluorescence measurements could reveal ligand-
induced conformational changes in proteins, origins of charge
transfer reactions, solvent relaxation phenomena and local
conformational changes in- and around the chromophore in
proteins. Most fluorescence decays occur in the time window
of ~ 100 fs to nanoseconds, measurements thus require short
light pulses and high temporal resolution instrumentation.
Many different techniques have been developed to obtain time
resolution in fluorescence spectroscopy. For instance,
photo-cathode based techniques like TCSPC (time-correlated
single photon counting)” and streak camera® allow detecting
weak time-resolved fluorescence signals, however, very
careful de-convolution procedures are needed to get
picoseconds time resolution. At sub-picoseconds resolution
level these techniques become both expensive and labile, and
system maintenance for day to day reproducibility of sensitive
sample measurements is challenging and often impossible. In
recent years, a number of advanced and stable ultrafast lasers
(primarily Ti:Sapphire based lasers with ~ 100 fs or shorter
pulse widths) and associated optoelectronic instruments have
emerged and are commercially available. Hence, as a matter of
fact, to obtain time resolution comparable to excitation laser
pulse width, nonlinear laser sampling techniques could be the
best choice. The use of an optical Kerr effect as an optical

shutter was first proposed in 1968V, It makes use of the

transient birefringence (3rd order nonlinear effect) induced in a
medium with high nonlinear susceptibility y* by an intense
laser pulse to create an ultrafast shutter. Liquids (CS,, benzene,
toluene) or solid state materials (glasses, fused silica doped
with gold nano-particles) have been used as a gate and
instrument response function as fast as ~ 200 fs was
demonstrated”. However, the Kerr shutter contrast is
inherently poor due to the nuclear motion induced slow
birefringence recovery component. Furthermore, low
sensitivity and spectral restriction to a visible range limit the
applications of this technique.

Another nonlinear sampling technique is based on a
phenomenon of sum frequency generation of light (2nd order
nonlinear effect) in a non-linear crystal (KDP, LiNbO;, BBO,
etc.), thus being an intrinsically high resolution spectroscopic
technique. Because the emission signal is generated at the sum
frequency (higher photon energy), this technique is called
“fluorescence up-conversion”. In regard to time resolution,
measurement sensitivity and accuracy, the fluorescence
up-conversion technique is ultimately the most competitive
one. In Section 2 of this report, the basic principles of the
technique, requirements to the non-linear crystals, mixing
spectral bandwidth, acceptance angle, etc. have been
summarized. We have developed conventional- and
microscope based fluorescence up-conversion techniques for
studies of protein reaction dynamics and other ultrafast
phenomena in solution and solid state phases, respectively.

Flavoproteins contain FAD (flavin adenine dinucleotide)
or FMN (flavin mono-nucleotide) as a cofactor (Fig. 1 a, b)
and play an important role in oxidation, oxygenation and ET
(electron transfer) reactions. Applications of fluorescence
“non-fluorescent”

up-conversion technique to various



flavoproteins - RBP (Riboflavin binding protein), MCAD
(Medium-chain acyl-CoA dehydrogenase), FD (Flavodoxin),
DAAO (d-amino acid oxidase), etc., have been performed in
our laboratory and some results related to solution phase
dynamics are presented here. Briefly, the flavin enzymes (Fig.
1 ¢) are especially interesting model systems for elucidating
ultra-fast ET reactions taking place in chromophore binding
pockets. When the flavin chromophore is in the oxidized form,
it acts as a strong electron acceptor, therefore, if such aromatic
amino acid residues as tryptophan and/or tyrosine are in close
proximity to flavin, strong fluorescence quenching via ET on
ultrafast time scale (104 - 10 s) occurs. In Section 3, we will
present and discuss effects of ES (electro-static) charge
variations in proximity of donors and acceptor on ultrafast ET

dynamics of FBP (FMN-binding protein).
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Fig. 1 Molecular structures of flavin chromophores; (a) FAD
(flavin adenine dinucleotide) and (b) FMN (flavin
mono-nucleotide), (¢) The ribbon diagram of the
chromophore binding pocket of FBP enzyme.

2. Fluorescence up-conversion technique
2.1 Basic principles

The time resolution mechanism underlying the
fluorescence up-conversion technique is illustrated in Fig. 2.
The up-conversion is actually a cross-correlation between the
fluorescence and a probe laser pulse. At time ¢ = 0, the sample
is electronically excited by second (in some cases third)
harmonics of an ultrafast laser pulse with frequency e, The
collected incoherent fluorescence (wy) and the probe laser pulse
oy arriving at time ¢ = t are co-focused in a non-linear optical
crystal oriented at an appropriate angle with respect to the
fluorescence and laser beams. Sum frequency photons are
generated only during the time that the probe laser pulse is
present in the crystal, acting as a “gate” — thus keeping the time
resolution within the laser pulse width. The time evolution of
the fluorescence may then be traced by varying the delay t of
the probe laser beam. It is easy to show that the intensity of the
signal beam at sum frequency and at a given delay time T is
proportional to the correlation function of the fluorescence
with the probe laser pulse. Main features for successful
up-conversion measurements are briefly summarized below:
Polarization; The up-conversion process (sum frequency
generation) is intrinsically a polarization selection process (for

example, O + O — E conversion in Type [ NLO crystal).

Phase matching
angle ©

Fluorescence o .

Up-conversion
signal oy

NLO crystal
Laser pulse @, ¥

Excitation
laser pulse o,

/ Fluorescence o

PR >l / Delayed probe

laser pulse @,

0 T t
Fig. 2 Schematic diagram describing the basic principles of the

fluorescence up-conversion technique.



Hence, for collection of different polarized emission
components, rotation of excitation pulse polarization with a
thin half-wave plate is required.

Phase matching condition; The up-conversion process is
efficient only when condition for phase matching is satisfied.
This happens for a narrow band of wavelengths centered at a
wavelength determined by the phase matching angle 6 of the
NLO crystal. The conditions for the involved frequencies
o and corresponding wave vectors k (21n/)) are ms = r +o,
and ks = kr + kp, respectively. Here the indexes S, f and p
denote the up-converted signal, fluorescence and probe laser
beams, respectively. In practice, the angle between krand kj is
kept constant (~ 15° in our apparatus). For BBO (B-barium
borate) crystal, which is well suited for the up-conversion, the
phase matching angle (the angle between crystal optical axis
and vertical axis) is about 30° for 800 nm and 400 nm mixing
(signal at 266.7 nm). For other monitoring wavelengths, the
crystal angle can be gently tuned. For the probe wavelength at
~ 800 nm, the BBO crystal can cover 250 — 2000 nm broad
mixing spectral range.

Acceptance angle; The acceptance angle is the angle where
the phase mismatch is less than 90°. This is another important
factor in up-conversion experiments. Since the fluorescence is
spontaneous, it is emitted in all directions from the excited spot
of the sample, then collected and refocused onto the NLO
crystal in a broad cone. Hence, the larger the acceptance angle
that can be phase matched by the crystal, the larger the
up-conversion efficiency. Roughly, the acceptance angle ¢
increases inversely with the crystal length L. Thus, for thinner
crystals the focus can be tightened due to larger acceptance
angle. As a result, the total up-conversion signal will stay
relatively constant for thinner crystals in addition to better time
resolution. For L = 0.4 mm BBO crystal the acceptance angle
is estimated to be ~ 8°.

Spectral bandwidth; The up-conversion spectral bandwidth
is estimated by the spectral position difference when the

quantum efficiency drops to 50%. Additionally, there is a

complicated interplay between the NLO crystal thickness and
fluorescence spectral bandwidth. For L = 0.4 mm BBO crystal
at 820 nm/500 nm mixing, the spectral bandwidth is less than
I nm. Up-conversion is an intrinsically high-resolution
spectroscopy.

Quantum efficiency of up-conversion; Quantum efficiency
of up-conversion can be estimated for “small signal”” condition,
i.e. no depletion of the fluorescence and probe pulse powers.
For example, for 100 fs probe pulse, 0.5 W average power at
820 nm, 0.1 mm spot diameter and 76 MHz repetition rate it is
about 0.001 % for L = 0.4 mm BBO crystal. This is, however,
more than enough for monitoring by average UV photo-
multipliers. The obtained S/N ratio is routinely 107,

Group velocity mismatch; In non-linear processes such as

sum frequency generation, the mismatch between the group
velocity of ultrafast probe pulse and fluorescence may lead to a
temporal broadening of the generated up-conversion signal.
This restriction is more severe than the one imposed by phase
mismatching discussed above. This broadening effect can be
pre-compensated by a pulse compressor and/or minimized by
a proper choice of optical elements by using refractive optics

and thinner NLO crystals.

2.2 Home-made fluorescence up-conversion apparatus
As it was presented above, ultrafast fluorescence up-

conversion technique has many peculiarities, that’s probably

why it is not available commercially. We have built a reliable

system in our laboratory (Fig. 3) with high temporal resolution
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Fig. 3 Schematic diagram of the fluorescence up-conversion.



and sensitivity, briefly described below.

A Ti:Sapphire laser system (Verdi-V8 pumped Mira 900,
Coherent, Inc.) was used as a light source (120 fs, 76 MHz,
800 mW at 820 nm). The pulses were further compressed up
to ~ 70 fs fwhm using a prism pair compressor. The second
harmonic (~ 20 mW) was generated in a 0.1 mm thin BBO
crystal and focused onto the sample circulating in a flow cell
(50 ml/min) with 1 mm light path length to generate the
fluorescence. It is then collected with a pair of parabolic
mirrors and focused, together with the residual fundamental
laser pulse, on a 0.4 mm BBO type I crystal to generate the
up-converted signal at the sum frequency. After passing
through a grating monochromator (1200 g/mm, Acton
Research Corp.), the fluorescence is detected by a photo-
multiplier (R1527P) coupled with a photon counter (C5410)
system (both from Hamamatsu Photonics K. K.). The
fluorescence decay curves can be obtained by varying the
optical path length of the computer controlled delay stage for
the fundamental laser pulse. Ten scans (~6.67 fs or 20 fs steps)
in alternate directions are usually accumulated to obtain a
single transient with acceptable S/N ratio. As an instrument
response function, the cross-correlation signal between the
fundamental and its second harmonic pulses is used (fwhm ~
130 fs). All measurements are usually carried out at ~ 20°C. In
the experiments described below, the optical density per 1 cm

path-length was ~ 3 at 410 nm.

3. Applications to flavoproteins

As an application example, here we present our recent
studies on wild type (WT) FBP (flavin binding protein) and its
six point mutants W32Y, W32A, E13R, E13K, E13Q and
E13T. Generally, proteins including also FBP, contain many
ionic groups which may influence the intra-protein ET rates.
The specific purpose of this study was to understand and
elucidate the role and influence of ES (electro-static) charges
and corresponding energies on the ET rate. Many details of

this study can be found elsewhere®. Briefly, FBP from

Disulfovibrio vulgaris (Miyazaki F) is one of the smallest
flavoproteins (122 amino acids, 13 kDa) and contains FMN as
a cofactor. It is thought to play an important role in ET
processes in the bacterium, however, the whole picture of the
electron flow and coupling to the redox proteins is not clear yet.
According to the three-dimensional structures determined by
X-ray crystallography, there are 3 potential quenchers located
close to the Iso (isoalloxazine) rings of the FMN (Fig4, top):

Fig. 4 Chromophore binding pocket structures of WT FBP,
E13K and E13R point mutants determined by X-ray

crystallography.



tryptophan at 32 position (Trp32), Tyrosine at 35" position
(Tyr35) and another tryptophan at 106" position (Trp106).
Corresponding center-to-center distances from Iso to Trp32,
Tyr35 and Trpl06 were 0.71 nm, 0.77 nm and 0.85 nm,
respectively. Firstly, to determine which amino acid is the
dominant quencher in this protein, fluorescence dynamics of
two point mutations W32Y (Trp at 32™ position was replaced
by Tyrosine) and W32A (Trp at 32™ position was replaced by
Alanine) were studied and compared with the dynamics of
WT FBP (Fig. 5).

It is important to note, that fluorescence up-conversion
technique can experimentally determine if there is substantial
amount of water involved in the chromophore surroundings or
if the protein binding pocket structure is flexible. Such
information can be obtained by spectral measurements. In the
present study, transient fluorescence decays were measured at
several observation wavelengths between 480 — 600 nm and
no dynamic Stokes shift or other marked wavelength
dependences were observed in all seven proteins examined.
Furthermore, the time-resolved anisotropy was ca. 0.4 and
constant for all systems, further confirming that neither
rotational motions nor changes in electronic state of Iso take

place. Hence, we can safely conclude that the protein binding
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Fig. 5 Fluorescence decay curves of WT FBP, W32Y and
W32A point mutants at steady state fluorescence
maxima (~ 530 nm) with ~ 170 fs, ~ 11 ps and ~ 40 ps

average lifetimes, respectively.

pocket structures are sufficiently rigid in all systems and
further discussions are carried out for the single wavelength
measurements at emission maxima (~ 530 nm) of these
proteins. For comparison, the ET rate in W32A, where
tryptophan is replaced with neutral alanine possessing no
quenching capability, is more than 200 times lower compared
with the ET rate in WT FBP, indicating, that the ET
contributions from two other quenchers Tyr35 and Trp106 are
negligible. Even when the tryptophan at 32™ position is
replaced by potential quencher tyrosine in W32Y, the ET rate
is about 65 times lower vs. the WT FBP. Hence, Fig. 5 clearly
shows that the main fluorescence quencher in FBP is
tryptophan at 32 position due to its close proximity to Iso and
higher (~ 8 eV) ionization potential. Next, to elucidate the
effect of electrostatic charge distribution in the protein on the
ET rate, we have investigated four single-substitution
isomorphs: E13K, E13R, E13T and E13Q. In all these
systems the negatively charged glutamic acid at 13% position
was replaced by positively charged lysine (E13K) or arguinine
(E13R), and neutral threonine (E13T) or glutamine (E13G).

Interestingly, according to X-ray crystallographic structures of
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Fig. 6 (bottom to top) Fluorescence decay curves of E13R,
E13K, WT FBP, E13T and E13Q isomorphs at steady
state fluorescence maxima (~ 530 nm). The dotted line
represents the instrumental response function. The
fitting curves to experimentally obtained data have

been omitted for clarity.



these mutants, the distances between the Iso and all three
quenchers Trp32, Tyr35 and Tip106 were almost unchanged
(Fig. 4). Moreover, the hydrogen bonding network between
Iso and Gly49, Pro47, Thr31 in WT FBP was unaltered in all
other systems as well. Hence, one would expect the same ET
rate as in the WT FBP for all four mutants. However, as
presented in Fig, 6, the experimentally obtained ET rates
varied for these systems. The observed fine tuning of
fluorescence decay curves describing the ET rate changes
could be ascribed to the ES charge redistribution in the protein
binding pocket. Indeed, ET rate calculations using Kakitani —
Mataga ET model theory®” confirmed that the main reason for
the observed rate changes is the change in net ES energies of
Trp32 in each system. For reference, the net ES energy of
Trp32 in WT FBP was ~ 0.026 eV, however, in E13K and
E13R it increased to ~ 0.29 eV; in E13T and E13Q it was ~
04 eV. Calculations of the total free energy gap (-4G %)
showed that its value was smallest for E13T and E13Q (ca.
0.065 eV), followed by E13K and E13Q, and then by WT
FBP, which has the largest value equal to ~ 045 eV.
Interestingly, the ET rates from Trp32 to excited Iso” were
fastest in E13K and E13R, followed by WT FBP, E13T and
E13Q, respectively. This seemingly inconsistent result is

clarified in Fig. 7, where ET rate (kzr) dependence on total free
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Fig. 7 Trp32 to excited Iso” ET rate dependence on total free
energy gap, —AG % Donor-acceptor distances were
similar in all five FBP isomorphs. The main reason for
the observed ET rate changes is the net ES energy
differences of Trp32 in each system.

energy gap (—A4G %) is plotted. The observed bell-shaped ET
rate dependence explains why for WT FBP the ET rate
decreases while the total energy gap increases. This is one of
the rarely observed cases when the ET process in a native

protein occurs in the inverted region of the energy gap law.

4. Conclusions

We have discussed time-resolution potential of existing
transient fluorescence spectroscopic methods and presented
basic principles of the ultrafast fluorescence up-conversion
technique. Details of our home-made femtosecond up-
conversion apparatus have been presented and its application
on flavoproteins was demonstrated. Effects of ionic charges on
ultrafast fluorescence dynamics were investigated.

We have shown that replacement of ionic amino-acid
Glul3 and resulting modification of the electrostatic charge
distribution in the protein binding pocket substantially alters
the ultrafast fluorescence quenching dynamics and ET rate in
the FBP. We have concluded that together with
donor-acceptor distances, electrostatic interactions between
ionic photoproducts and other ionic groups in the proteins are

important factors influencing the ET rates in proteins.
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