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High-power coherent beam combining (CBC):
Beam quality and coupling efficiency in CBC

Laser Process Research Team

Haik Chosrowjan

1. Introduction

Interest in coherent beam combining (CBC) has been
motivated by the desire to obtain CW as well as pulsed laser
beams with higher power, intensity and brightness not
achievable from a single laser source. Different phase
stabilization techniques for CBC like heterodyne, LOCSET
(Locking of Optical Coherence via Single-detector Electronic-
frequency Tagging), SPGD (Stochastic Parallel Gradient
Descent), interferometric, frequency shift techniques etc. have
been developed and successfully implemented. To date,
experiments demonstrating multi-channels, multi-kilowatts
combined beam power with good beam quality have been
performed”. For material processing applications, we have
also developed and coherently combined single mode, ~ ns
pulse duration, high repetition rate (~ 1 MHz), high average
power (~ 150 W) laser amplifier units based on Yb-doped,
LMA (large mode area) PCFs (photonic crystal fibers)”. In our
CBC implementation, binary-tree FA (filled-aperture) CBC
design was preferred, because FA combination is side lobe
free hence, SH and TH (second- and third harmonics) can be
also efficiently generated, which are indispensable for some
specific material processing applications. Previously, we have
presented the principle of the phase-locking method for
high-repetition rate, ~ ns pulse beams and several phase
control algorithms. We have also carried out proof of principle
experiments using low-power beams and demonstrated first
application of the presented CBC method on high
average-power ~ ns pulse beams>?. Summarized, we have
obtained more than 400-W average output power with 75%
combining efficiency in terms of combined power. There are,
however, other CBC efficiency definitions in the literature, so

the need arose to discuss different approaches and their

interrelation qualifying the CBC performance.

Excellent review papers on CBC covering various aspects
of solid-state, fiber, semiconductor laser and MOPA (Master
Oscillator Power Amplifier) beam combining approaches are
available'?¥. So, the aim of this report is not to review the CBC
system implementations, scaling laws, sensitivity analysis or
methods and techniques, but specifically to address different
approaches qualifying the CBC performance. Here, laser beam
quality (BQ) and CBC efficiency metrics are summarized and
discussed. Interrelations between laser BQ, CBC efficiency
metrics and phase wavefront rms deviation  (or variance c°)
are elucidated. CBC efficiency degradation sources are
discussed. Examples of CBC efficiency dependence on some
misalignments like optical path mismatch and phase difference,
pointing instability, aberrations as well as the number of
combining beams, are presented. Total efficiency of the CBC

is discussed.

2. Laser beam quality definitions

A widely used metric for laser BQ is the M? parameter. It
is defined as the ratio of the beam parameter product (BPP =
By, where 0 is the beam divergence and « is the spot radius
of the beam in the focus) of an actual beam to that of an ideal
Gaussian beam (BPP = A\/r) at the same wavelength A. Note
that the M? definition does not involve the beam power or
intensity. Higher M? only implies that the second moment of

the beam expands faster. M? is always > 1.
Strehl ratio (S) is another metric for a laser BQ

characterization. It is defined as the ratio of a far-field, on axis
intensity of a real beam propagating from a near-field hard
aperture to that of an ideal, equal power flattop beam filling the

same hard aperture. S is always < 1.

_9_



There is no exact mathematical transformation between
these two BQ metrics. This basic difficulty can be explained
by the fact that only one number in either definition is used to
characterize a beam with spatial distribution of amplitudes and
phases. Furthermore, an ideal Gaussian beam is infinite in
lateral direction whereas S is defined for a finite aperture.

A generalized Strehl ratio for a beam with an arbitrarily
waveform propagating from near field plane to a focal plane,
can be defined without including a hard aperture®. For

Gaussian phase noise distribution one obtains:

S(0) = exp [-(2m0)?] Q)

Here ? is the Gaussian phase noise distribution variance. This
is the well known expression first introduced empirically by
Mahajan®. In Eq. (1) & is expressed in A units. In radians it will
be expressed as 6,= 271G. For 6 << 1, Eq. (1) yields other well
known approximations for S such as S(c) = (1 — 2nc)¥2)?
(Maréchal approximation) or S(c) = 1 — (2rnc)>. Eq. (1) holds
quite well not only for uniform flattop beams but also for
beams with Gaussian and super-Gaussian intensity distribution
profiles. S is also insensitive to most amplitude variations and
is primarily dependent on phase variations.

Although for small c values (< 2/10) the S calculated by
Eq. (1) describes rather well other aberration cases with
non-Gaussian phase noise distributions (including also Seidel
and Zemike aberrations), for larger o it often underestimates
the Strehl ratio for low-order Seidel and Zemike aberrations.
This is because Eq. (1) is strictly valid only for random,
uncorrelated Gaussian phase noise.

There are also other BQ metric definitions: (a) Power in
the bucket (PIB) BQ metrics is defined as the ratio of the
power within a given area (circular, rectangular or other
subjectively chosen shape and size) in the far field plain to the
total power of the laser; (b) BQ metrics defined as a square
root of the Ppi/P ratio, where Ppr and P are, respectively, the

fractions of laser power contained within a far field radius of

/D for the actual beam and for a diffraction limited beam with
a spatially uniform intensity and wavefront profiles. Here D is
the near field dimension of the beam, i.e. the exit aperture of
the laser. These BQ definitions are mostly used in specific
applications or required for engineering and design purposes,

so further details of these metrics will be not discussed here.

3. CBC efficiency
3.1 CBC efficiency definitions

Several metrics are used to characterize the CBC
efficiency. Most widely used ones are the combined power 1,

and the far field on-axis intensity 1, defined respectively as

P,
m = NCBCP (2a)
n=1"'n
Ieae (2b)

bl
L L L)

Here P,, and I, are the power and the far field on-axis intensity
of the n beam, Pcac and Icpc are the power and the peak
intensity of the combined beam, and N is the number of the
beam channels.

Other metrics like FOM? (figure of merit) or IFCY
(interference figure contrast) are also used, but they will be not
discussed here, because they are linearly related to Eqs. (2a)
and (2b) metrics, respectively. Eq. (2a) efficiency definition is
often used for filled aperture (FA) CBC, where combining
efficiency decreases due to losses on combiners because of not
absolute destructive interference in the secondary (loss) arms.
For tiled aperture (TA) CBC there are no combiners in the near
field, so ) is always 1. On the other hand, Eq. (2b) is used for
both FA and TA CBC cases.

Brightness (B) is another metrics for CBC efficiency
evaluation. It is defined as B = PAAM?), where P is the beam
power, A is the wavelength and M? is the laser BQ. Brightness
accounts for both laser power and beam quality, so for
physical understanding of CBC scaling laws it is helpful to

think about beam combining as a brightness combining of the



individual beams. However, knowing the M? values for
individual beams does not allow to calculate or even predict
the M? parameter for the resulting beam, so the brightness (or
M?) of individual beams is poorly suited for quantitative

estimation of the CBC efficiency in real systems.

3.2 CBC efficiency degradation sources

Most CBC techniques in active feedback phase control
systems deal exclusively with the piston-phase difference
correction between individual beams. Although the
piston-phase correction is the most critical requirement
necessary for successful CBC, it is not sufficient for obtaining
high CBC efficiency. Fig. 1 shows a schematic diagram
describing the general CBC system with an active phase
feedback control loop.

The system can be hypothetically divided into three key
subunits, which have to be integrated with great care and
accuracy for efficient CBC. First subunit includes seed laser
power amplifiers (Fig. 1 (a), rectangle (I) shown by a broken
line). This part should provide high gain, high power, high BQ,
power-balanced, spatial mode-matched, co-polarized beams
with preserved coherence properties of the master oscillator.
The second subunit includes optical components and
alignment of amplified beams (Fig. 1 (a), rectangle (IT) shown
by a solid line). This part should consist of optical elements
manufactured with diffraction limited accuracy and provide
precise geometrical alignment of the beams in the near- and far
fields. The third subunit includes piston-phase control system
(Fig. 1 (a), rectangle (IIT) shown by a dotted line). This part
should compensate the optical path length mismatches and
lock the phases of individual amplified beams with high
precision. In real MOPA systems the amplifier arrays are not
uniform (existing power variations, phase jitters, array element
pointing non-uniformity, etc.). The optical elements, especially
coated surfaces contribute to wavefront aberrations, and beam
alignments are not perfect. So, the CBC efficiency degradation

sources, even with the excellent relative piston-phase control,

are errors in relative amplitude control, relative polarization
control, relative element beam pointing, wavefronts of
individual beams, less than unity fill factor (in TA CBC), less
than ideal near field overlap (in FA CBC), etc.

(1) ()]

N Phase
(a) | Actuators : :
| > ! ()
>
|

Master 1xN Nx1 —
3 I% - ¢ I ’ i
Oscillator Splitter } | Combiner CBC output

beam

Phase control loop

Filled-aperture CBC
(C) (n

( ) Tiled-aperture CBC
ear field combination)

(far field combination)

— P

Fig. 1 (a) Schematic diagram of a multichannel MOPA system

#\

S

Nbeams
Nbeams

%A\

with active phase feedback control loop CBC, (b) TA CBC

and (c) FA CBC geometries, respectively.

The effects of the phase noise and other errors on TA CBC
implementation have been discussed and analyzed elsewhere”,
so here the example analysis will be restricted only to the FA
CBC scheme. Let’s consider a FA CBC case of pulsed beams
with temporal overlap mismatch and piston-phase error. In that
case, the CBC efficiencies in terms of m, and mi are

respectively given by the following expressions®

N(N - 1)

1
(00,0, N) = Nz N+ ———=exp [—o2] (3a)
[1+ ain2 %

1 N N(N-1)
T]I(O't,o'(p,N)=m< +

: ewl-oil | (3b)
1+ gn2%y 1+4n27y

In Egs. (3a) and 3(b) 1 is the Gaussian pulse FWHM, 7 and
o’ pare the pulse delay time variance and piston-phase variance
(in radians), respectively, and N is the number of channels. For
o= 0 (perfect temporal overlap of the pulses) or in CW case (t
— ), M, and mi coincide. For pulse beams, m, and
11 generally differ (Fig. 2). Egs. (3a), (3b) and Fig. 2 also show

that as shorter the pulses as higher requirements on temporal



overlap accuracy (i.e. optical path length o; = co; adjustment,
where c is the velocity of light) of the pulses. CBC efficiency
degradation examples calculated numerically for four pulse
beams (Fig. 2(b)) also indicate that the CBC efficiency
measured in terms of energy (1) will be always higher and
degrade more gently compared to the efficiency in terms of far
field on-axis intensity (1)) measured for the same system.

Let’s consider another case example for FA CBC -
pointing instability. For FA combining, pointing errors result in
phase difference changes across combiners and consequent
energy losses. In case of the pulsed Gaussian beams with
negligible temporal overlap- and piston-phase errors, the CBC
efficiencies for o= 0 (perfect pointing), 1, and m: coincide,

otherwise 1, and 1 differ (Fig. 3).
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Fig. 2 (a) CBC efficiency (1) degradation for N = 4; 1 ns
FWHM pulse beams; (b) comparison between CBC
efficiencies (N =4, 5,=0) for 1 ns ("™ and '™n,) and
3 ns (™ and *™n,) pulse beams, respectively.

CBC efficiency 5

Fig. 3 Comparison between CBC efficiencies m; and 1y, for N
= 8 pulse beams vs. the root-mean squared (rms) error
oy of the beam pointing, respectively. 0 is the FWHM

beam divergence for a Gaussian beam.

As in the previous example, in this case too, the CBC
efficiency measured in terms of energy (m) is always higher
and degrades more gently compared to the efficiency in terms
of far field on-axis intensity (1) measured for the same system.
For Gaussian beams, the FWHM beam divergence is given by
0 = 4In2/(koDy), where ko is the wave number and Dy is the
FWHM of the beam diameter in the near field. From Fig. 3
one can conclude that as larger the collimated beam diameter
(smaller divergence), as stricter requirements on pointing
stability, i.c. smaller instability (o) is required. Hence, beam
pointing stability is one of the most critical parameters for high
power, high efficiency CBC implementation.

Aberrations (beam wavefront distortions) are another
source of CBC efficiency degradation. Usually, decomposition
of wavefront distortions on Zemike polynomials are used to
analyze their influence on CBC efficiency. It is important to
note that errors in relative piston phase and far field beam
pointing already discussed above, are equivalent to first three
Zemike polynomials: piston, tip and tilt wavefront
deformations in the near field. Hence, these distortions can be
expressed also in terms of wavefront rms error 6. Generally,
influence of aberrations on CBC efficiency is analyzed
numerically in case by case bases, because in each given
experimental setup the Zemike polynomial terms and their
amplitudes in different channels may considerably differ from
each other. CBC efficiency calculation examples for individual
Zernike terms (coma, astigmatism, etc.) i.e. identical aberration
types but with different amplitudes in each channel, different
channel numbers and intensity profiles (Gaussian,
super-Gaussian, flattop) were presented by Leshchenko®.
Rather large discrepancy between CBC efficiency (both ),
and 1) dependences on phase wavefront rms deviation G, for
different types of aberrations was recognized. For instance,
irrespective of beam intensity distribution profile, the CBC
efficiency degradation on ©, is more severe for spherical
aberration compared with astigmatism. On the other hand, for

large channel number N>>1 and small 6,<<1, irrespective of



aberration type the CBC efficiencies 1, and mr both can be
expressed by 1 —c,2

Finally, the phase noise aberrations due to the combining
optical components have to be considered. For high average
power CBC case, together with the phase-front deformations
caused by amplifiers and scattering losses, all optical
components such as beam splitters, polarizers and mirrors,
could also introduce wave-front distortions, further reducing
the combining efficiency. This was analyzed for binary-tree,
FA CBC case. For instance, two beams passing through the
same beam splitter or reflected by the same mirror will see the
same phase front deformation (correlated case). On the other
hand, two beams combining at a beam splitter, where one is
transmitted and the other one is reflected, see different phase
front deformations (uncorrelated case). The analysis below is
restricted to the second scenario, and the CBC efficiency in

that case is expressed by the following relation:

ney=1- ("t )o@
Here n = logoN, N is the number of the beams and &, is the
wavefront deformation variance. Examples of CBC efficiency
11 dependence on o, for N =4, 8 and 16 beams are presented
in Fig. 4. One can see that the CBC efficiency at constant G,
reduces as the number of beams increases. Hence, for large

number of beams it is critical to use high quality optics for FA

CBC.
~ 1
=
2 09
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208
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=
s 07
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&}
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o, (inA units)
Fig. 4 CBC efficiency mi dependence on phase wavefront rms
deviation o, induced by optical components for N=4, 8
and 16 beams, respectively.

Optical components will induce not only wavefront
distortions, but also pointing mismatch due to imperfect
alignment of the beams. Hence, for a given setup and
alignment, using Strehl ratios of individual beams measured
before the CBC unit will always overestimate the CBC
efficiency, while individual beam diagnostics (S ratio
measurements) at the output of the CBC optical system will
allow more accurate calculation of the CBC efficiency.

The natural goal of each CBC system is to achieve highest
possible combining efficiency, so in practice efforts are made
to obtain quite similar MOPA channels in their characteristics,
in addition to low level of errors and misalignments in each
channel. So, for quantitative estimation of the CBC efficiency,
it is sufficient to deal with the cases where o for each
parameter is small and approximately equal for each channel.
In this case, the total CBC efficiency under the presence of all
mismatches becomes a product of the individual impacts of
those instabilities: Mo = IMi[n(ci)]. For achieving highest
possible CBC efficiency, even small misalignments have to be

controlled and minimized.

4. Discussion

As it was shown by several examples presented in the
previous Section, CBC efficiency defined in terms of energy
and far-field on axis intensity, both can be expressed by the
misalignment variance of the given parameter. On the other
hand, recalling the M? parameter, we note that in contrast to
Strehl ratio S, there is no mathematical relation between M?
and the phase wavefront deviation rms (or variance). That
means that using M? parameters of individual beams for CBC
efficiency calculation is impossible. For example, combined
BQ of FA CBC of two beams with the same M? will be
always better or at least equal to the input beams M?, because
FA CBC process itself constitutes a “spatial coherence filtering”
process. However, FA CBC efficiency of two beams with the
same M? cannot be predicted; it may result unity of CBC

efficiency in terms of energy if fully correlated common path



aberrations are present, or another value smaller than one,
depending on the type of non-correlated aberrations present in
each channel. Similarly, CBC efficiency in terms of far-field
on axis intensity will be unpredictable if only M? parameters of
individual beams are knows. In contrast, knowledge of
individual beams S ratios makes possible predicting the CBC
efficiencies, because generalized Strehl ratio S, which is
identical to CBC efficiency definition n;, can be expressed by
the wavefront deformation variance. Qualitatively, efficiency
of CBC decreases as S decreases (o increases). Quantitatively,
the CBC efficiency degradation can be estimated in case by
case bases. Most parameter mismatches (except for piston
phase error) can be expressed by corresponding beam
wavefront deformation components. Hence, Eq. (1) describes
11 for small ¢ quite well irrespective of the aberration type,

while for larger o different aberrations contribute differently to

the n1 degradation.

5. Conclusions

In conclusion, it was shown that for CBC purposes,
characterizing the beams with generalized Shrehl ratio is more
appropriate because it is related to the phase wavefront
deformation variance and accounts for both beam quality and

CBC efficiency. In contrast, M? parameter is not related to

phase wavefront variance, characterizes only the beam quality
in terms of divergence angle and cannot be used for CBC
efficiency estimation. CBC efficiency degradation sources
were discussed. Examples of CBC efficiency dependence on
some misalignments were presented. In particular, for large
diameter beams often used in high average power lasers,
except for piston phase correction, pointing stability is one of
the most critical parameters for high efficiency CBC

implementation.
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Laser technology for remote inspection of highway bridges.

Laboratory and field tests
Laser measurement group

0O.Kotyaev, Y.Shimada, S.Kurahashi

Institute of Laser Engineering, Osaka University

1. Introduction

The inspection system being developed within the A-step
project is supposed to be used for location of defects (bad
contact, detachment) in metal-concrete interface on the bottom
side of highway bridges. 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. Heterodyne interferometry does not have
this problem; however, here is difficulties in working with
frequency shifted reference beam and demodulation of
resulting signal. Our system uses homodyne interferometry
with two-beam probing'?. Scattered radiation of the two
probes is collected producing two beams which are used like
working signals and reference beams for each other.

In the present report, experimental tests of two-beam probing
technology are described. The main attention will be focused
on using the algorithm of automatic scanning and real-time
data processing as the main goal of the current stage of the
A-step project.

2. Experimental conditions

In Figures 1 and 2, laboratory installation is presented. Two
probe beams are generated by CW laser Verdi-2, 532 nm
wavelength. Output power used in the experiments did not
exceed 500 mW. Source of impact beam is CO2 laser
generating pulsed with 100 ns duration and 5 J energy. Output
aperture of the impact laser is imaged to the target surface with
scale M =-1. Resulting beam spot size on the target is 35 x 25
mm. In these conditions, impact in thermal mode is realized

providing real nondestructive inspection.

Two-beam probing
interferometer

Fig.2 Impact laser unit. Big mirror is part of image relay.

The target is concrete sample with metal plate simulating
bottom part of real highway bridge spans. The sample size is
450 x 450 x 150 mm. Distance from the interferometer is 7 m.
The main difference of the present-day system design from

previous one? is implementation of the scanning/processing
algorithm. To realize the algorithm, the system is equipped
with combining and scanning mirrors shown in Figure 3.
Combining mirror combines impact and probe beams: impact
beam propagates through the mirror made of ZnSe, and probe
beams are reflected by the mirror. As a result, after the

combiner all beams propagate in one and the same direction.



Fig.4 The system control.

The scanning mirror reflects all three beams and controls their
direction. The control may be taken both manually and
automatically. Automatic control is performed by specially
designed hardware and software (by Tecall Inc.). In Figure 4,
the control computer with special board and software is

shown.

In Figure 5, the main window of the control software is
demonstrated. In Figure 5-a, two-dimensional map of
inspected area is displayed. The map is real-time result of
scanning the sample. Scanning area — 400 x 400 mm, scan
points — 3 x 3, scan step — 200 mm. The sample center has
inner defect. Its size is 300 x 300 mm. The central scanning
point is located over defect area and the other 8 points are over
no-defect area. In the resulting map, green field represent
no-defect situation, red field — defect.
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Fig.5 The main window of scanning/processing algorithm.

Defect recognition criterion is the presence of detectable
standing Lamb wave initiated by laser impact. Spectra of
waveform before (Figure 5-b) and after impact (Figure 5-c) are
analyzed. Comparison of between resulting spectral
amplitudes gives information of the defect presence. In Figure



5-b the signal obtained in no-defect area is displayed. The
signal waveform amplitude is near noise level and
corresponding spectral amplitude is practically zero. In contrast,
Figure 5-c presents waveform and its spectrum of vibration
initiated in the defect area. In this case, vibration signal is
clearly seen after moment of impact (vertical yellow line), and
its spectrum has high spectral amplitude.

The control system allows to select inspected area (scan start
and scan finish), scanning resolution (scan step number in two
scanning directions), impact shot number (if data averaging is
desired), waiting time after scanner movement (if necessary),
trigger level. Single-shot mode is also available.

2-D map can be saved along with waveforms obtained in

each map nod for further processing.
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d) One-beam probing, shaken sample, one-shot impact.

3. Experimental results

In the experiments, both two-beam probing and
conventional one-beam probing techniques were tested.
During scanning process, the inspected sample was kept still or
it was shaken with simulating bridge spat vibration of 3 Hz
with about 1-mm amplitude. The recorded waveforms are
results of one-shot impact or averaging of three-shot impact. In
each condition set, three records of initiated vibration were
made.

Figure 6 demonstrates examples of waveforms recorded in
all conditions. Spectra next to the waveforms correspond to
laser initiated signal (spectra of waveforms after impact).

Figures 7-10 show two-dimensional maps made in all sets of
experimental conditions. In each sets of condition, three 2D
maps were created including in total 3 points in defect area and
24 points in no-defect area.

Signal amplittude, mV Spectral amplittude, linear units
04 H

NN 4

3

Pk
¥

= | 8 L] ! 1 ¥

'°‘A10 =3 0 H 10 15 20 23 OO 1 2

Time, ms

345678 910
Frequency, kHz

¢) Two-beam probing, still sample, three-shot impact.

Signal amplittude, mV Spectral amplittude, linear units
04 I H

-02 l w | 4 1

=10 -5 o 5 10 15 20 25 o1 2
Time, ms

f) One-beam probing, still sample, three-shot impact.

Signal amplittude, mV Spectral amplittude, linear units
04 H

1 I 11 1 4

3

345678910
Frequency, kHz

02

] H

=02 I [r] ' ] 1 vy

A s o 5 10 15 20 25 % 1 2
Time, ms

345678 910
Frequency, kHz

g) Two-beam probing, shaken sample, three-shot impact.

Signal amplittude, mV Spectral amplittude, linear units
04 5

Pl V'M%‘% ’J.‘.lw T

=10 -5 o s 10 15 20 25 % 1 2
Time, ms

345678910
Frequency, kHz

h) One-beam probing, shaken sample, three-shot impact.

Fig. 6. Waveforms and spectra of laser-initiated vibration in the sample center (over defect). Moment of impact — 0.



Fig.7. 2D maps. One-shot impact, still sample. Fig.9. 2D maps. Three-shot impact, still sample.
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Fig.8. 2D maps. One-shot impact, shaken sample. Fig.10. 2D maps. Three-shot impact, shaken sample.



The experiments have proved that idea of two-beam probing
is promising. In all conditions, recorded waveform is more
stable and the signal of laser-initiated vibration looks much
clearly when two-beam probing is used, especially it is noticed
if the sample is shaken.

Ideal result of scanning is shown in Figure 5-a: central part is
red, surrounding area is green. However, if the signal is
unstable, sometimes data of real laser-initiated vibration may
be lost and, opposite, fake recognition of no-defect area as
defect situation may happen. In this case, central part of 2D
map will be green and edge part will be red.

In the scanning results (Table 1), the use of two-beam
probing provides much more reliable data. Defect situation is
always recognized and fake recognition of no-defect as defect
(red area in no-defect situation) happens seldom. In contrast,
one-beam probing technique frequently misses the defect

situation and frequently recognizes defects in no-defect area.

Table 1. Summary of scanning experiments

Two-beam One-beam
Conditions Defect | No-defect | Defect | No-defect
1-shot, still 3/3 24/24 1/3 22/24
1-shot, shaken 3/3 23/24 0/3 23/24
3-shot, still 3/3 24/24 2/3 2024
3-shot, shaken 3/3 24/24 0/3 24/24
Total % 100 99 25 93

5. Conclusions

Mobile prototype of the laser-based inspection system has
been assembled and tested in laboratory.

The system is equipped with new algorithm of automatic
scanning and real-time data processing.

In laboratory, the two-beam probing system has
demonstrated good performance with significant benefit over
conventional one-beam probing technique. All defect cases
have been recognized reliably, fake recognition of no-defect
case as defect happened only once from 24 attempts.

Waveforms of detected signals are much more stable.
Two-dimensional maps generated by the algorithm of
automatic scanning and real-time data processing over
laboratory sample look correct.

The next step is testing the system in field conditions (for
example, under real working bridge). For that purpose, the
system should be equipped with protection against sunlight,

wind and acoustic noise.
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Carbonyl motion of the photoactive yellow protein (PYP)
chromophore probed by ultrafast circular dichroism

Laser Biochemistry Research Team

Haik Chosrowjan and Seiji Taniguchi

1. Introduction

Mimicking the capabilities of biomolecules to convert light
into energy for engineering artificial nano-devices is a current
scientific challenge”. This goal however requires a previous
detailed understanding of the natural transduction mechanisms
at work on molecular scale. Over the past decade, photoactive
yellow protein (PYP) has become a model system for studying
light conversion processes in biological photoreceptors.
Moreover, PYP has been also used for development of new
protein labeling probes for fluorescence imaging”. PYP is a
photoreceptor involved in blue light negative phototactic
response of several halophilic bacteria. The photoresponse is
mediated by the deprotonated #ans-p-coumaric acid
covalently linked to the protein via a thioester bond (Fig. 1).

Upon blue light irradiation, the protein undergoes a
photocycle which triggers a signal transduction. It is known
that the first step of the photocycle involves the trans-cis
isomerization of the chromophore through the flipping motion
of the thioester carbonyl group (C=0O) on the

femto-picosecond time scale, leaving intact the geometry of

phenolate side. This reaction leads to formation of the first
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Fig. 1 Schematic representation of the PYP binding pocket

photocycle intermediate with a yield of about 0.3. On the other
hand, UV-VIS and IR time-resolved absorption spectroscopic
studies show that blue light absorption actually opens two
competitive channels: a reactive channel mentioned above and
a non-reactive one which restores the initial ground state (pG)
through the formation of ground state intermediate (GSI).
Although the existence of GSI is well established, its nature
remains disputed: has it a distorted vibrationally hot trans-, or
cis-like conformation?

Although the UV-VIS transient absorption spectroscopy
allows characterization of different electronic states involved in
the PYP photocycle, it does not provide direct structural
information on the chromophore. In contrast, circular
dichroism (CD), the difference in absorption for left- and right
circularly polarized light, is very sensitive to the molecular
structure (geometry), hence can provide sensitive information
on molecular conformation on sub-picosecond time scale. In
particular, it is well known that the sign of CD signals
associated with the absorption bands of carbonyl groups can
reveal precise information about their environments®.

In this report, we present first results of transient CD on
wild-type (WT) PYP and its R52Q mutant (arginine at 52
position was replaced by neutral glutamine) and identify the
origin of GSI in the non-reactive channel of excited PYP’s

deactivation process.

2. Experimental Section

WT-PYP and R52Q were produced as previously
described”. Samples were prepared in Tris-HCI buffer (10
mM) at pH 8.1. Steady-state CD spectra were measured with
a Jasco J710 spectropolarimeter. Subpicosecond time-

resolved experiments were carried out with the setup



described elsewhere?. Briefly, the pump beam (~ 420 nm)
was directly obtained by frequency-doubling a 1kHz
Ti-sapphire laser. The pulse energy was about 1 pJ. The
pulses were focused to a 208137 um? elliptical spot in a
1 mm path length silica cell. The probe, tuned between 300
and 355nm, was generated through optical parametric
amplification of a white-light continuum followed by
second-harmonic generation stage. It was focused to a
83x34 um? elliptical point on the sample. The two laser
beams passed through a common polarizer to ensure exactly
parallel polarizations and their superposition was assured
with a 50 um pinhole at the sample position. Pump-probe
cross-correlation (instrument response function) has been
measured to be about 800fs. Time resolved CD
measurements were performed by evaluating the variation of
the laser beam ellipticity with a Babinet-Soleil compensator
and a crossed analyzer, as a function of the pump-probe
delay. Measurements were conducted with- and without the
pump to extract the CD changes (3CD) and absorption
changes (8oL =In(10)x30D, where dOD is the optical
density change) induced by the excitation. In the following,
we note that §CD = (8o, — Sag)L, where S0y, and
dog are the absorption coefficient changes for left or right
circular polarization, respectively, and L is the cell optical
path length. Note that daL and 5CD are unitless quantities.

3. Results and discussion

Interestingly, the steady-state CD spectra of WT-PYP and
R52Q are identical®, emphasizing the fact that this mutation
neither brings any dramatic change to the chromophore
electronic state nor to its conformation. Hence, in the following
mainly the results of R52Q mutant will be displayed and
discussed. Comparison with the apoprotein showed that the
negative CD signal below 300 nm arises from the protein
backbone whereas the positive signal above 300 nm is due to
the chromophore itself (Fig. 2). Specifically, the CD structure
in the 300 - 320 nm range has been assigned to the
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Fig. 2 Absorption and CD spectra of R52Q mutant

chromophore C=0O group based on the following
observations:

(a) In this spectral range, strong CD signal associated with a
weak absorption is known to be a typical feature of nr*
transitions of C=0 groups, and (b) the positive sign of the CD,
in accordance with the octant rule”, is associated with the
presence of N atom (N69) borne by the nearby Cys69 residue.

Time-resolved experiments on both WT-PYP and R52Q
mutant yielded comparable results. The photo-physical
processes at work in both proteins are essentially the same.
The main quantitative difference is that the absence of arginine
in R52Q) slows the excited-state deactivation and decreases the
isomerization quantum yield of the chromophore. The
non-reactive branch of the photocycle was found to be
reinforced in R52Q): about 80 % of the excited chromophores
restore the ground state (pG) without initiating the photocycle,
versus 70 % in WT-PYP.

We carried out time-resolved measurements in 300 — 355
nm spectral range. It corresponds to the spectral domain
relevant for the chromophore C=0 transition. Two types of
experiments were carried out. First, a "regular" pump-probe
transient absorption experiment was performed to obtain the
excited state absorption (ESA) relaxation time of the protein
32+ 0.6ps). Next, time resolved CD experiments were
performed. A typical result for R52Q at 332 nm, displaying the

change of CD signal (6CD) as a function of pump-probe
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Fig. 3 Transient 6CD in R52Q at 332 nm. The inset
compares wavelength dependence of the absorption

maximum and CD changes in arbitrary units.

delay, is shown in Fig. 3. It gives the amplitude and sign of the CD
changes induced by the pump at positive delays. Immediately after
the excitation, a large negative signal with an average
relaxation time of 2.1 + 0.8 ps was observed. Although this
time constant slightly differs from that found for dolL, a direct
comparison of both signals on a normalized scale confirms
that the relaxation times are indeed comparable. Another
interesting feature, shown in the inset of Fig. 3, is that the
amplitudes of SoL. and SCD display similar wavelength
dependence immediately after the excitation. These two
observations clearly indicate that both signals stem from the
same electronic state.

The most striking feature of R52Q transient CD is the
large negative value of the signal observed immediately after
the excitation in the whole 300 — 355 nm spectral region. We
calculated the CD contribution of the pG* state (CDjyg+) to
OCD of R52Q) at 332 nm for the following two cases: (a) the
excited-state is considered to be structurally homogeneous,
while in the case (b) the excited state is assumed to be
structurally heterogeneous. We found that CDyg+ and the
average of CDpg+ (<CDys=>) for homogeneous and
heterogeneous cases, respectively, both have about — 0.015
values. Namely, the CD of pG* state is not only of opposite
sign compared with that of the initial ground state pG

(CDy=2.7x10%, but also much larger in absolute
amplitude. It is well established that CD signals are closely
connected to the C=O environment. The octant rule allows
obtaining the absolute sign of the CD by considering the
environment of a C=0 bond. The principle of the octant rule
is the following: given an atomic group A located in the
vicinity of the C=0O bond and defining its position relative to
the middle of the C=O bond with a vector R ac > 1ts
contribution to the CD is given by

-Xyz

® =

Fic W
Here © is the contribution of the atomic group A to the
CD, Ry isthe distance between A and C, and x, y, z are
the Cartesian coordinates of the normalized vector
R ac/Rac- The product xyz expresses the "octant rule",
which assigns a different sign for various octants. The inverse
dependence with the fourth power of the distance implies that
only the closest groups play a role. To investigate the CD in
the ground state of WT-PYP, we examined its
crystallographic structure (1lUWN) obtained from the Protein
Data Bank (PDB). Two main contributors to the CD of the
ground-state were recognized. The dominant one comes
from the N69 atom, yielding a positive contribution to the
CD. The second contribution comes from the S atom of
Cys69 (S69), giving a negative contribution to the CD. The
N69 contribution, however, is found to be stronger. The total
steady-state CD of WT-PYP is thus expected to be slightly
positive, as experimentally observed. Since the R52Q
mutation has no effect on the steady-state CD spectra of the
protein, it can be deduced that the local environment of the
chromophore C=0O remains similar to that of WT-PYP. This
is consistent with the X-ray structure of R52Q (PDB, 2D02).
To determine the role of the C=O group’s relative
position with respect to the protein backbone, we computed
the CD by summing the contributions of N69 and S69 atoms
as a function of the C=0 rotation about the C,~Cs axis. The
result is displayed in Fig. 4, where 0° corresponds to the
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ground-state configuration. Two observations are worthwhile.
First, the strong negative CD signal, when the chromophore
C=0 is rotated by about 30°, was observed. As shown in the
inset of Fig. 4, this rotation corresponds to a motion of the
C=0 towards the reader; it leads to a decrease of the distance
between the chromophore C=0 and the Phe96 residue, in
agreement with photoisomerization trajectories®. Contrary,
the rotation in the opposite direction induces significantly
smaller variations of the CD signal, the larger ones associated
to positive signals. In order to reach quantitative conclusions,
the calculated CD amplitudes of Fig. 4 have been scaled so as
to yield a value of 2.7x10* for an angle of 0°, which
corresponds to the #rans structure of pG. CDyg+ at 332 nm,
estimated considering a structurally homogeneous excited
state, is indicated by the solid gray line. It crosses the
calculated CD curve at 6 =+22° and +45°. Next, we took
into account both the error on the experimental determination
of CDy+ and the error on the calculated CD by allowing an
effective tolerance of +15 % on the level of CDyg+ in Fig. 4,
the calculated CD curve being kept fixed. The dotted gray
lines thereby obtained cross the calculated curve at values
which define a confidence interval for the torsion angle: +17°

< 0<+53°. The remarkably large negative average value of

CDy+ (<CDyz=>) found considering a structurally
heterogeneous excited state can be reached only if the
distribution of the chromophore C=0 angles is located in the
same confidence interval. It can be inferred that upon
excitation the main part of excited-state population undergoes
the same structural changes. The excited state can be thus
considered as structurally homogeneous. Interestingly, this
flipping motion of the chromophore C=0O has two effects.
First, it drives N69 further away from the chromophore C=0O
and it puts S69 in a more favorable position for the octant
rule, increasing its negative contribution to the CD signal.
Second, one can see in Fig. 4 that a large rotation of the C=0
group (> 90°) is not expected to have a significant effect on
the CD signals. The 8CD associated to the chromophore in
the full cis conformation (0 = 180°) is therefore expected to
be very small. On the contrary, a partial flipping of the
chromophore C=0 (+17° <0 <+53°) yields a large negative
SCD. Hence, the strong negative SCD observed immediately
after the excitation is due to a fast (<< 0.8 ps) unidirectional
partial flip of the chromophore C=0 group in the excited
state.

To explore the C=O motion following the excited-state
deactivation, we compared the kinetics of the daL. and SCD
for the following two cases: (1) the CD associated with GSI
has the same value as that of the excited state (CDgs; = CDy+,
i. . the chromophore C=0 remains twisted in GSI) and (2)
the CD associated with GSI has the same value as that of the
PG (CDgs=CDy, 1. €. the chromophore C=0 recovered its
original position in GSI).

In Fig. 5, simulated transient absorption (a) and CD (b)
curves for both hypotheses have been plotted. Each
hypothesis predicts different behavior for the relaxation of the
transient CD signal. If the geometry of the chromophore
C=0 in GSl is close to that of pG, there is no clear difference
between the transient CD and transient absorption kinetics. In

contrast, the transient CD is expected to exhibit a much
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slower decay than the transient absorption if the geometry of
the chromophore C=0 in GSI remains close to that of the
excited state; a CD relaxation time of about 9 ps is obtained.
Such a slow decay, and significant difference with the
transient absorption decay, is not compatible with our
experimental findings (Fig. 5). We therefore conclude that
the conformation of the chromophore C=O in GSI is very
close to that of the pG.

4. Conclusions

Motions of the frans-p-coumaric acid carbonyl group
following the photo-excitation of the R52Q mutant of photo-
active yellow protein have been investigated for the first time
by ultra-fast time-resolved CD spectroscopy in near UV region.
Quantitative analyses based on the octant rule and a kinetic
model developed previously allowed following the
photoinduced motion of the chromophore’s carbonyl group.
We suggested a description of the initial events occurring in
the non-reactive part of the PYP photocycle. Immediately after
the excitation, the transient CD showed a large negative peak,
indicating that the carbonyl group undergoes a fast (<<0.8 ps)
and unidirectional flipping motion in the excited state with an
angle of about 17°-53°.

For the proteins that do not enter the signaling photocycle,
transient CD provides strong evidence that the carbonyl group
moves back to its initial position, leading to the formation of a
nonreactive GSI of trans configuration. The initial ground-state
is then restored within 3 ps. Comparative study of R52Q and
WT PYP provided direct evidence that the absence of arginine
at 52-position has no effect on the conformational changes of

the chromophore during those steps.
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