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Research and Development Frontiers of High Power Lasers:
Coherent Beam Combining (CBC)

Laser Process Research Team

Haik Chosrowjan

Though I am working at ILT since 1996, I have joint
the high power laser development team only recently —
about two years ago. Generally, high average and peak
power lasers are increasingly required for many
applications. However, in many specific cases like in
material processing, inertial fusion, as a neutron source
or in space applications, not only the output power but
the obtained high radiance (brightness) and/or far-filed,
on-axis intensity of the beam are essential. Unfortunately,
as we all know it well, lasers cannot be scaled to
arbitrarily high power while maintaining their beam
quality simply by supplying them with more pump
power. Equally, they cannot be focused to arbitrarily
small size. Hence, various concepts have been developed
to circumvent the power/brightness scaling limitations.
To obtain ultra-high intensities from multi-kilowatt class
laser systems, beam combining concept emerged as one
of the viable choices. Coherent beam combining (CBC)
(coherent addition of multiple laser beams) is a relatively
new research direction in beam control/laser physics
field. To understand the importance of laser beam
combining (BC) in simplified terms, an analogy between
laser BC and parallel computing seems to be appropriate.
When the speed or capacity of one computer is not
enough for solving a given problem, N computers are
used in parallel configuration to reduce the workload of a
single unit. Similarly, when a given laser source does not
deliver sufficient power and/or brightness for a given
application, N number of similar laser beams are
combined to achieve the required power and/or
brightness level of the given application. There are
different BC types (coherent, incoherent, filled aperture,

tiled aperture, etc.). For far-field, on axis applications,

however, tiled-aperture CBC is better suited, because in
contrast to other beam combining techniques, in this case
the central lobe intensity I is proportional to the ~ N?,
where N is the number of combining beams (Fig. 1). The
most difficult part of successful CBC is the need to
control and lock the phases of individual beams. Many
implementations of CBC exist, but most of them have
limitations on single beam power, number of beam
channels, material damage threshold, etc. We had set a
goal toward scaling peak and average brightness beyond
the limitations of any single source technology — develop
a method for coherent combination of multiple kilowatt
class laser beams in parallel (tiled-aperture design) using
a simple, effective approach without complicated phase

retrieval algorithms and control electronics.

)

Fig. 1 Comparison between (a) tiled- vs. (b)
filled-aperture near field output designs in NV
channel CBC system, and corresponding far-field

on axis intensity I dependence on beam number N

7
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Week after week I was drawing and offering strategies
for CBC, but all my efforts were in vain — the ideas I
thought and came with were either done, unrealistic or
physically wrong.

Back in 2010 I was often talking about CBC problem
with my colleague Dr. Oleg Kotyaev, who is an excellent
specialist of remote control non-destructive laser

diagnostics. 1 was always impressed by video

demonstrations of phase stabilization techniques he use
in his research. And one day, during our regular
laboratory meetings an idea came — why not expand the
phase stabilization technique in remote sensing (usually
applied for single laser beam phase stabilization) to a
case of many beams and control/lock the phases of
individual beams by a

simple  analogue

negative-feedback  technique? Several rounds of

discussions with Prof. Izawa, Prof. Miyanaga (ILE)

followed, and finally a new technique called

Fig. 2 A snapshot of the CBC apparatus layout

Fig. 3 Far field images of single beams (a) and (b), and

their incoherent (c) and coherent (¢ ~ 0) (d)

combinations

interferometric phase shift compensation method
emerged (Fig. 2).

The reference beam in the new technique is not

frequency shifted and it does not require explicit
knowledge of the optical phase (phase retrieval
algorithms are obsolete), hence is quite simple in
implementation.
Recently we experimentally demonstrated, as a proof of
principle, this novel concept for applications in high
power multichannel laser amplifier systems with tiled
aperture design.

Using a photodiode pair coupled piezo-actuator
mirrors we demonstrated robust beam locking bandwidth
(~ 1 kHz) and accuracy (~ A/25) for two beam channels
(Fig. 3). We estimate that the performance of the
technique can be further enhanced in terms of operation
bandwidth and rms (~ A/100) phase locking accuracy if
diffraction limited optical components are used. This
technique is not limited by single beam power or channel
number restrictions, can be integrated into various
MOPA architectures and perform with high speed and
accuracy. In our future works, we plan to apply this CBC
technique to cryogenic Yb:YAG total reflection active
mirror (TRAM) amplifiers also under the development at
ILT and investigate its performance potential in more
detail.

We have started investigations on CBC using four
channel amplified beams. Other CBC concepts are also
under the consideration at our institute. For instance, the
viability of a concept using only a single diode detector
for all beam channels is under investigation, etc.

In conclusion, I would like to note that various BC
methods and techniques are becoming a new trend in
high power solid state laser physics. I expect more
breakthroughs in this area in terms of new laser sources
based on BC concepts with record brightness and high-/
average power generation, and I will do my best to keep
in ILT at the forefront of these

the activities

developments.
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Development of Laser-based System
for Remote Non-destructive Testing

Laser Measurement Research Team

Oleg Kotyaev

1. Introduction

The development of laser-based system for remote
non-destructive inspection in cooperation with JR West
Company was started in ILT in 2004.

JR West Co was looking for a new technology of
Shinkansen tunnel inspection after the accident which
happened in 1999 in Sanyo Shinkansen line tunnel, when
226-kg concrete chunk
fell from the Shinkansen

tunnel wall (Fig.1).

The new technique
should replace
conventional methods
based on hammering

(Fig.2) and piezo-testing.

The most attractive

Fig.1 Bi; : piece  of advantage of laser-based

concrete fell down from
tunnel wall (Mainichi
news paper)

technique is really remote
character of inspection.
By that time we had

some experience in laser interferometry and dynamic

Fig.2 Hammering - wusual procedure of tunnel

inspection  (Mainichi news paper)

holography. So, we proposed to adapt the idea of
photorefractive interferometry and homodyne detection

for laser-initiated vibration in concrete.

2. Principles of laser-based inspection

Figure 3 shows the basic idea of the proposed
technique. A pulsed laser is used as a source of laser
impact. Its pulse hits the inspected area and initiates
vibration in concrete. A CW laser is used for probing the
inspected area and for detection of initiated vibration.
The detection is realized via interferometry of speckled
radiation: two-wave mixing in photorefractive crystal

and homodyne interferometry (Fig.4.).

Concrete wall with
an inner defect

|

|

|

I
Photorefractive |
Laser '"‘;’—“!.l E - Ll
impact Ll - Sl I

‘

Pump Wave |~ Pt Hu;udyne I
ignal |
vya — I
CW probe!
detection |
laser |
|

1Scattered
radiation

Scattered
Signal

- -

-

Phase modulated .
signal from %
inspected object \

Homodyne signal (speckled) -

1 result of interference between

Monochromatic signal from inspected object
pump wave and diffracted pump wave

(high-quality) ____-~

Fig.4 Two-wave mixing in photorefractive crystal
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Fig.5 The presence of standing Lamb wave is criterion

of defect recognition

The main criterion of the defect location is the
presence of detectable natural vibration - standing Lamb
wave in concrete layer between surface and inner defect.
If there are no defects in the inspected area and
corresponding concrete layer is thick then no detectable
Lamb wave will be initiated. Lamb wave spectral power
will be very low and its spectrum will have no detectable
peaks. However, if there is an inner defect, Lamb wave
will have much higher power which can be detected

easily (Fig.5).

3. Experiments: from laboratory to real tunnel.
The system was assembled and tested in the laboratory

conditions (Fig.6). Concrete samples with various types

of defects were provided by JR West Co. The laser-based

inspection technique has demonstrated very promising

Photorefractive
interferometer

Fig.6 Test of concrete sample in laboratory

Fig.7 The first mobile prototype of the inspection

system

results of defect location. Signal spectra shown in Figure
5 are real typical spectra of vibration signals obtained in
these experiments.

After that, the system was loaded on the small track
(Fig.7); and the first mobile prototype of the laser-based
inspection system was put into operation.

The main experimental sites where the mobile
prototype was used are:

- testing site of the Tokyo Railway Technical

Research Institute — the first field experiments;

- an old small tunnel in Takarazuka area, where real
defects in tunnel walls were tested by our system
for the first time;

- JR West testing site in Suita, where capability of
laser-based inspection was examined in the
long-distance conditions (more than 5 meters —
radius of real Shinkansen tunnel);

- under a bridge between two Shinkansen tunnels in
Kobe area, where more advanced version of the
mobile prototype was tested — with stabilization
system, automatic 2-dimensional scanning and
real-time data processing.

Everywhere, the laser-based inspection system

demonstrated very promising results; and finally it was
decided to prepare the system for field tests in real

Shinkansen tunnel.

However, the first tests in Shinkansen tunnel using the
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Fig.8 The “Silver Wagon” with the system prototype

first mobile prototype were not successful. The real
tunnel conditions appeared to be very unfriendly: strong
mechanical vibration and very loud acoustic noise (more
than 95 dB) affected the inspection performance and did
not allow detecting vibration in real defect areas. As well,
we found that recognition of real defects in Shinkansen
tunnels required higher impact energy.

The system was modified and the second generation of
mobile prototype was developed. The system was
assembled on a flat-wagon using a 3-tonn table with
sophisticated isolation from mechanical vibration. More
energetic impact system was introduced into the system.
And sound-proof walls and ceiling or so called “Silver

Wagon” was built around the overall system (Fig.8).

In this system version, three laser units are used for
producing laser impact: two CO, lasers and one Nd:YAG
laser. Total energy of two CO, laser pulses is 8 J, pulse
duration is 100 ns; and the Nd:YAG laser generates 1.5 J
in 10 ns pulse. All lasers strike an inspected area of about
3x6cm’.

To direct impact beams to the inspected area, special
scanners are used. The same scanners are used for
directing the probe beam together with the impact beams,
simultaneously.

A CW Nd:YVO, laser with 2-Watt power is used as a
probe/detection laser.

As usual, the laser impact was used for initiation of

vibration in the inspected area, and photorefractive

homodyne interferometer with BSO crystal was used for
detection of initiated vibration. Spectral analysis of
detected vibration gives information of defect situation:
if spectral power after impact is much higher than before,
then there is a defect in the inspected area. A laser
photorefractive  interferometer installed on the
vibration-proof table was covered by sound-proof
shield-box.

Before going to the tunnel with the laser system, we
explored the tunnel walls and ceiling with a hammer.
The tunnel hosting companies (JR West and RailTech
Co) provided information of known defect locations; and
we chose the most interesting defects. In total, 27 defect

locations have been chosen, and 68 defect points have

been selected for tests.

4. The main experiment in Shinkansen tunnel

After preliminary testing the system in the maintenance
box culvert on the main base depot, the system was
delivered in the Shinkansen tunnel. Figure 9 shows the
system prototype inspecting the Shinkansen tunnel
ceiling. Detection distance is about 6 ~7 m.

The use of sound-proof wagon and cover decreased
acoustic noise. As a result, influence of acoustic noise on

photorefractive interferometry was reduced; and
laser-based detection of laser-initiated vibration in

concrete was possible and reliable.

Figure 10 shows typical waveforms and corresponding

Fig.9 Mobile prototype of laser-based system in

operation
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spectra in defect and no-defect areas. Moment of laser
impact is set in the middle of the waveform. Difference
in waveforms and spectra between defect and no-defect
situations is very clear: waveform in the defect area has
the vibration signal with high amplitude and
corresponding spectrum has high level of averaged

spectral power.

5. Experimental results

During the set of the experiment, we spent 15 nights in
Shinkansen tunnels and tested 27 defect locations,
previously chosen. The results of defect and no-defect
recognition are shown in Table 1. Good and excellent
recognition had been observed in 63 from 68 defect
points (93%).

Only one defect point was not recognized and
recognition of four defect points was not reliable. Those
defect points are difficult to recognize even with
hammering. Moreover, it should be noted that the defect
locations with these five non-recognized defect points
have the other defect points where the laser-based system
demonstrated good and excellent recognition capability.
That means, during real inspection those defect locations
could be detected quite reliably.

And we should not forget that hammering will be
always more sensitive than laser detection because it is
the contact method with the use of much stronger impact.

It should be noted, in these experiments, we did not use

full-spec system: stabilization of interference pattern was

Table 1. Results of defect and no-defect recognition

Recognition Defect points %
Excellent 57 83.82
Good 6 8.82
So-so 4 5.88
Bad 1 1.47
Total 68

not perfect. In future, the use stabilization system will

make laser-based inspection more reliable.

6. Conclusions

The main results look very promising. The general
summary is that the final verification of defect
recognition capability of the laser-based inspection
system was very successful: all 27 defect locations tested
in Shinkansen tunnels have been recognized with good
and excellent capability. Modified criterion of defect
recognition based on comparison of averaged spectral
power is more reliable.

We made certain that the use of vibration isolation and
sound protection reduces influence of strong acoustic
noise on the detection performance. The final version of
the system should be equipped with vibration and sound

protection.

Despite of the fact that more energetic impact is still
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Fig.10 Waveforms and spectra in a defect (top) and no-defect (bottom) areas
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desirable, the system can be used reliably for location
actually dangerous defects and for their more detailed
remote inspection.

The next step — industrial design of the inspection
system. The most promising and most probable variant
of the system will be designed for using the system not
on the Shinkansen train lines but in the gutter between
train lines. In this case, it would be possible to use the
system not only in night time when Shinkansen traffic is
stopped but also during day time at the presence of
Shinkansen trains. So, the real industrial design is not so

far from reality.
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Fluorescence Dynamics and Electron Transfer Phenomena in Photoreceptor
Proteins: Early Studies and Recent Developments

Laser Biochemistry Research Team

Haik Chosrowjan

When I joined the Institute for Laser Technology
(ILT), Prof. Noboru Mataga was just establishing a
laboratory to study light driven processes and
phenomena in various native and mutant proteins and
fundamental problems connected with charge transfer
reactions in condensed media. Our initial goals were to
answer questions like — What is the primary mechanism
of light triggering in photoreceptor proteins responsible
for mammalian vision (rhodopsin) or bacterial sensing
(PYP - photoactive yellow protein)? How fast the protein
reacts to absorbed light? What cascaded processes are
triggered by light and how are they interconnected? Can
these processes be controlled and manipulated? At that
time, main techniques used in our studies were
conventional fluorescence up-conversion, single photon
counting and steady state absorption/emission
spectroscopy applied exclusively on liquid phase protein
samples. First several years were quite productive. By
investigating wavelength, temperature, environment
dependences of ultrafast fluorescence in various native,
denatured and mutant proteins, we have observed and
explained many fundamental transient phenomena in
photoreceptors (Fig. 1). For example, first-time direct
measurement of rhodopsin chromophore’s (protonated
Shiff base 11-cis retinal) isomerization time ~150 fs,
explaining the effect of H-bonding network on the
reaction rate, coherent origin of reactions in native
proteins, absence of dynamic Stokes shift, narrowing of
fluorescence spectra within first few picoseconds of the
reaction, coupling of intra-chromophore vibrations to the
reaction, etc.

These results have been summarized in J. Phys.

Chem. B, 108/8, 2686 (2004) paper and references

therein.

Around 2003, however, we slowly understood that
investigations only in liquid phase are not enough,
because quite valuable and complementary information
could be obtained from solid-state proteins — protein
single crystals! At that time Dr. Y. Imamoto (Kyoto
University) has established a new method for growing
large protein single crystals. By direct measurements we
wanted to compare photo-isomerization rate of PYP’s

chromophore (trans p-coumaric acid) in liquid vs. single

Protein
hv ( <

S
0 photo- S
isomerization
/] ——( ©
fluo-
rescence
O

Trans~ Cis
Fig. 1 Crystal structure of Photoactive Yellow
Protein (PYP) obtained by X-ray
crystallography (top) and the reaction
scheme of initial photo-isomerization of PYP

chromophore (p-coumaric acid) (bottom)
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Fig. 2 Time- and space resolved fluorescence up-conversion apparatus and malachite

green (top left) and PYP (bottom left) crystals under laser irradiation

Fig. 3 PYP single crystals (right) and the photocurrent measurement system under the microscope (left)

crystal states. Are the dynamics of proteins in solution
and single crystals similar or not? Such comparison was
important because most experimental observations on
proteins were made in solution, but explained using
structures determined by X-ray crystallography on
protein single crystals. We questioned that approach in
general. However, there was one problem, namely no
experimental device could measure photo-dynamics of
protein crystals in femtosecond time precision. After
several tries and failures, in around 2005 I have finally
built a femtosecond time resolved fluorescence
microscope system and successfully performed first
experiments on malachite green dye micro-crystallines.
The system consisted of an inverted microscope
fluorescence

integrated into the  conventional

up-conversion system with refractive geometry (Fig. 2).

At present the system utilizes ultra-low excitation
conditions (~ 60 femtoJoule per pulse) for applications
on solid protein materials. The time and space
resolutions of the system have been estimated to be ~
200 fs and ~ 2 um, respectively. Recent successful
measurements of ultrafast fluorescence dynamics of PYP
and its R52Q mutant single crystals (P65 symmetry) and
FMN BP crystal have been performed and summarized
in The Rev. of Laser Eng. 39/12, 931 (2011).

Since 2007 we have worked also on an even
challenging measurement system based on optical Kerr
effect. The results are not yet satisfying and much work
has to be done. However, I will continue perfecting the
method, because if successful, it will allow ultrafast and
space resolved broadband spectral measurements on light

sensitive solid materials.
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Another challenging problem we have addressed
since 2009 was the signal transducing mechanism of PYP.
Unlike in the case of bacteriorhodopsin (bR) which
functions as a light driven proton pump in purple
membrane of Halobacterium salinarium, PYP’s exact
role in signal transduction cascade, the receptor body and
signaling mechanism are not established yet. Our
primary aim was to check a hypothesis that the signaling
process from PYP to the next signal transducer occurs
via a charge transfer mechanism. To check this
experimentally, we have attempted measuring
photoconductivity effect in well oriented PYP single
crystals, like it was done in case of bR membranes. If
such an effect exists, then there is a quite high possibility
that the phototactic signal transduction from PYP starts
via charge transfer or charge shift mechanisms. This

project was generously supported by the Kurata

Foundation for the basic research.

To reach above stated objective, we have constructed a
simple but highly sensitive measurement apparatus.
Briefly, a tiny electrode was positioned under the
inverted microscope and PYP single crystals were
positioned on it (Fig. 3), gently covered by a thin glass
plate and a bias voltage (0—10V range) was applied. A
weak current difference (several tenths of picoA) could
be measured when an incident laser light (15 mW at 415
nm) was turned on and off. The measurements were
successful! We believe that these initial experiments will
be the starting point for disclosing signal transduction
cascade in PYP’s host organism. Moreover, just a year
ago we have started also a cooperation project with
French scientists from ENS and Ecole Polytechnique,
Paris, related to ultrafast time resolved circular dicroism
(CD) of biomolecules. By implementing CD in
pump-probe experiment, we will be able to measure
conformational changes (folding) of proteins

At the end of this essay I want to mention Prof.
Mataga’s (1927 ~ 2011) contribution to ILT and the

investigations described above. I will never forget how

passionately he explained me complicated reaction
dynamics schemes and how patiently listened to my
opinions and reservations. He was an excellent scientist,
excellent teacher, but most of all a nice person. I will

always remember Prof. Noboru Mataga.
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