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Introduction

In 1986, E.M. Reimer of Canpolar Inc., who was reviewing various techniques for
measuring the thickness of oil slicks, contacied the Industrial Materials Institute of the
National Research Council of Canada regarding the use for this purpose of
laser-ultrasonics, a novel technique developed for the non-destructive evaluation of
materials. A rapid verification of the validity of this idea was made with the laser ultrasonic
system existing at that time. It was laier followed by a more in-depth study carried by J.-D.
Aussel and J.-P. Monchalin, which concluded that a laser-ultrasonic system using a CO,
laser for ulirasound generation and a YAG laser probe for detection coupled to a confocal
Fabry-Pérot receiver appeared promising. This study recommended that large scale tests
be performed o establish the impact, if any, of the large distance needed between the oil
surface and the system in the case of airborne operation. These tests were later
undertaken by M. Choquet et al. during the summer of 1990. These tests demonstrated the
measurement of the thickness of a layer of oil on top of water at a distance of 97 feet. They
also showed that the measurement rate was dependent upon the orientation and
roughness of the probed surface (presence of waves and type of waves). This limitation
was later evaluated by numerical simulations and by airborne testing in actual sea
conditions near Halifax with a reduced system. This work showed that a measurement rate
of the order of one per second should be expected in actual field conditions, which is an
acceptable rate for this technique to be useful. |

The next step was then to demonstrate that a complete system could be mounted on
an airborne platform and could be used to measure from the air the thickness of a
controlled oil slick. These tesis were made in the first week of May 1993. During these
tests, several problems were observed in mounting the laser-ultrasonic system on board
the selected platform, a DC-3 aircraft. These problems were severe enough to make this
demonstration essentially unsuccessful.

In this report we describe the work undertaken to mount a complete laser-ultrasonic
system on board a DC-3, describe the tests and analyze the various difficulties.

Inception of phase Iil

In January of 1992, a meeting was held to define the continuation of the project
following the satisfactory results obtained during the large scale tests and the preliminary
airborne tests with a reduced system. At this meeting, IMl was mandated to draft a
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proposal for the development of an airborne prototype for demonstration of the technigue
from an aircrait. Previous tests had made us aware of several limitations of the system and
of the improvements needed to make a reliable prototype. These improvements were taken
into account in the system described in the proposal.

The probe beam laser was to be redesigned to shorten its rise-time. The preliminary
airborne tesis had shown that the window of observation for a typical sea condition would
be, on average, 250 psec. The existing probe beam sysiem had a rise-time, from trigger
onset to operational ouiput value, of at least 175 psec. This would leave only 75 psec for
actual thickness measurement. Also, the electrical requirement of the present YAG laser
could exceed the amount available in the chosen airplane. A diode pump system, instead
of flashlamp pumping appeared very atiractive for airborne use because of compactness
and efficiency. However, a system based on diode pumping would be very costly and was
ruled out for this reason in this initial prototype. We proposed instead to develop, at a much
reduced cost, an optimized flashlamp pumped system. This system was to be studied and
realized by the section of Laser engineering of NRC in Ottawa headed by Dr. J. Alcock.

A redesign of the optical system was also proposed. Tests of the airborne system used
in Halifax had shown that strong optical aberrations were introduced when a simple dual
lens telescope was used for focusing the laser beams at large distances (greater then 150
feet). Since with the DC-3 airplane, the minimum flying altitude is 300 feet, a simple dual
lens system would be inadequate. We proposed instead a multiple lens system mounted in
compact way in order to reduce the impact of in-flight noise and vibrations.

Only minor modifications to the generating laser were suggested, essentially limited to
slight changes to maintain the power density of the beam at a level comparable to the large
distance laboratory tests, in spite of the increase of distance.

The confocal Fabry-Pérot used in the large distance laboratory tests had been basically
developed for industrial inspection. Neither its size nor its weight were appropriate for
airborne use. We proposed to design a more compact and sturdy unit, more adapted to this
application. This unit would be easier to install in the airplane. However, reducing the
Fabry-Pérot cavity length also changes the optical throughput and reduces its field of view.
This limitation would have been acceptable with the sturdy structure design planned for the
whole system.

Finally, the mechanical structure used io hold the reduced system of the Halifax tests
was found inadequate for a complete system. Major modifications were necessary to
mount the two additional lasers and their associated focusing optics. This work was
proposed to be performed with the assistance of Optec Inc. of Toronto, which has
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experience in mounting laser systems on board airplanes, or with the assistance of
Innotech Aviation Inc. of Dorval, which has also periinent experience.

The proposal included tesis of the complete system in the large scale laboratory at IMI.
The final airborne tests would be conducted over a controlled oil spill in the Ottawa region.
It was suggested, at that time, that the old test pool on NRC grounds in Ottawa could be
used. The total cost of this proposal was estimated at $620K.

Later in February 1992, a second meeting was held to study the proposal from IMI.
ESSO indicated that the cost of this proposal was too large at this stage of demonstration
of the technique. Funding members were also impatient to see a demonstration test from
an airplane and were not yet ready to invest any significant funding in the construction of a
prototype. Only limited modifications to the existing laboratory system were to be
considered. IMI accepted io drait a new proposal following these guidelines.

The new proposal included only the construction of a new support structure, a limited
modification to the probe YAG laser to shorten the rise-time, testing in the laboratory at a
large distance and airborne testing. The minor changes to the probe laser were planed to
be performed with the collaboration of Ultra Optec Inc.

The construction of a dedicated Fabry-Pérot for airborne use was abandoned due the
cost involved in such a development. However, IMI built, at its own expense, an additional
Fabry-Pérot detection system, of same size as the one used previously, so that operation
of other projects would not be hindered by this project. This additional system included also
its own electronic conirol system. This was necessary since the original system used during
the Halifax tests contained borrowed components that were no longer available. This
electronic control system was also improved to eliminate the electronic noise problems
observed during the Halifax tests.

This new proposal, to a cost of $178K, was accepted by ESSO and signed by mid-April
1992. The airborne test was schedule for early September 1992.

Design of the support structure

The first stage of the project involved essentially the development of a support structure
to hold securely and efficiently the laser-ultrasonic system on board a DC-3. The design of
the support structure was based on the approach used for the Halifax tests. In this
approach, the structure is attached to the cabin floor by the mounting rails or tracks that are
available in the DC-3 (see figure below). These rails are ordinarily used to hold the
passenger seats. When these rails are used, aitaching to the airplane becomes standard
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and straightforward. However, only one set of these tracks was available near an open bay
(aperture in the floor of the airplane needed for the output of the laser beams). They are
located in the aft section of the airplane, behind an electronic rack. By using this approach
the available surface of the base of the structure is limited to about 3 feet by 5 feet.

Forward

: ' X
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SEeNSor ba}’\[:::? electronic rack

seat rails

Detail of the mid-section of the DC-3 for installation of the laser-ultrasonic system.

One way to increase the overall surface was to extend the base of the support over the
bay in a bridge-like structure. This was the approach used in the reduced test system.
However, we had noticed during the Halifax tests that this type of structure could induce
mechanical stresses in the optical system resulting from the weight hanging over the bay.
This weight caused distortions in the optical plane and introduced some difficuities in
keeping the various optical componenis aligned. The use of stiffer material such as
stainless steel instead of aluminum, and adding strategically placed angles couid reduce
this problem, however, to the detriment of increasing the total weight.

The Halifax experience had also shown that the use of a large folding mirror to redirect
the beam towards the ground and to collect the reflected beam from the target surface
introduces a fair amount of optical distortions due to the general low optical quality of
commercially available mirrors of the required size. This could affect seriously the
performance of the technique. Eliminating this folding mirror would then lead to mounting
vertically, over the bay, the mirror telescope used for the reception of the reflected probe
beam. This would significantly increase the weight of the over-hanging section of the
structure and, hence, increase the internal stresses. Again, this could be dealt with by
stiffening the structure with the penalty of increasing the overall weight of the system.
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First design of the airborne laser-ultrasonic system for remote sensing of oil on water.

In March of 1992, a new structure was drafted to accommodate the addition of the two
lasers and their focusing optics. If the Halifax approach for mounting the system were kept,
the addition of the lasers would require building a two-level structure, since not enough
floor space was available between the electronic rack and the output bay. The top level
would hold all three lasers while the bottom level would hold the focusing optics. The
collection telescope would be mounted vertically over the bay. The figure above shows a
draft of this support system with the lasers and the collection telescope. The focusing
optics was located in the lower level to reduce the amount of folding mirrors and also to
make better use of the optical base plate at the botiom of the structure. However, with this
design, access to the focusing optics was limited. This would seriously complicate the
alignment procedure. Also, mounting the lasers on the top section would produce a
structure with a center of gravity relatively high above the floor. This could lead to some
difficulties in reaching the safety standards for airborne installation. Mounting such weight
on top of the structure would also require a fairly strong and heavy structure. Considering
the stiffness requirement for the over-hanging section and the added weight on the top
level, the iotal weight of the structure could be too important for easy manipulation and
installation on board the airplane.

An important problem observed in the preliminary test flights was the difficulty in
keeping a steady optical axis of the focusing telescope given the large optical distance
needed beiween the two lenses for focusing at 300 feet. Analysis of the structure showed
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that even small distortions of the oplical base plate could result in significant angular
displacement, and hence significant misalignment. To alleviate this problem, this optical
system should be mounted on an optical bench which is more or less independent of the
support structure. In the Halifax airborne tests, the optical base plate acted essentially as
the main structural load bearer. Siresses in the support structure would directly have an
impact of the optical base plane. Using an independent structure would also mean that the
focusing optics could be manipulated as a single entity. This would simplify the design
stage of the support structure. Such optical benches are commercially available. We set
our choice on the Macrobench system which allows the use of fairly large optics, up to 3
inches in diameter (required for the focusing the generation beam). This system is based
on metal optical plates held together by cylindrical rods. It provides a wide variety of
adjustments in all linear and angular directions. This system facilitates the alignment of the
optical componenis even for large distances between them (over 1 meter) as needed for
our focusing optics. It should be noted that, with the Macrobench, the focusing optics no
longer needs to be mounted horizontally.

Given the several problems encountered with the bridge structure approach (weight
and limited access for alignment), this design was abandoned by late March 1992. A
second design based on vertical mounting of the components was adopted instead. An
L-shape structure would hold the lasers and the Macrobench elemenis while a second
independent structure mounted inside the bay would hold the collection telescope. Using
both sides of the vertical plane of the L-shape structure would allow easy access to both
the lasers and the focusing optics in the Macrobench system. The telescope optical axis
and the output laser axis would be aligned using high quality 3 inch diameter aluminum
mirrors, limiting the amount of distortions introduced in redirecting the beams towards the
target surface. All structures would be mounted on shock mounts to reduce the impact of
the vibrations of the airplane. By mid-April 1992, the basic design of the complete structure
had be determined.

By late-April 1992, some concerns were expressed regarding the probe laser
considered for airborne testing. From the inception of the project, it had been decided that
the probe beam would essentially consist of a low power stabilized continuous YAG laser
source with a single stage flashlamp amplification. This would require dismantling the
present system used at IMI and designing a complete enclosure for this new probe laser. In
effect, this would have led to the design of a complete new probe laser. This YAG laser
had also the drawback of having a very bulky power supply that could prove difficult to
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mount in the airplane. By this time, however, IMI was awaiting the delivery of a new more
compact probe YAG laser. This laser was then allotted to the project.

Second design of the airborne laser-ulirasonic system for remote sensing of oil on water.

By mid-May 1992, the design of the complete system had been made using Autocad
and is shown in the figure above. Contacts were then made with Innotech Aviation Inc. of
Dorval to study and modify these plans for proper and safe operation on board a DC-3.
Innotech was awarded a contract, by the end of May, to make a stress analysis of the
complete system, to make any modifications they deemed necessary and to fabricate both
structures. Their analysis was intended to address two issues. First, the structure should be
ceriifiable for airborne use. Secondly, the optical base plane of each structure, i.e., the
support plane of the Macrobench and the top plate of the telescope, had to be sufficienily
rigid surface to avoid the introduction of distortions to the optical systems. Delivery of the
structures was scheduled for mid-July 1992.

A few modifications to the structures were made by Innotech following the stress
analysis. They consisted in the addition of support angles to rigidify the structures. Innotech
also suggested the removal of the shock mounts. They considered that, with these shock
mounts, the alignment between both systems would be difficult to maintained. Since no
direct mechanical link was possible between both structures, given the optical path on the
vertical plane of the L-shape structure, the floor of the plane would be use to maintained
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ihis link. Note that slight misalignment between the two structures during flight is tolerable
by the principle of Fabry-Pérot detection.

In the summer of 1992, awaiting reception of the structures from Innotech, IMI
continued the design and construction of the optical support components needed to hold
the lens and mirrors in the Macrobench system. No adequaie commercial parts were
available for these supporis from Spindler & Hoyer, the supplier of the Macrobench. Each
support had to be individually designed and fabricated by the machine shop at IMI. The
complete optical focusing system was ready for testing by the end of August 1992.

In the summer of 1992, the holding structure for the secondary mirror of the telescope
was also designed and fabricated at IMIl. The secondary mirror would be held by a ring
shape part attached to the top platie of the telescope structure by long cylindrical rods.

By late-August 1992, Innotech informed IMI that there would be some delay in the
delivery of the structures. The material received from their supplier did not satisfy the
needed specifications. They indicated that delivery would be delayed until mid-September
to early October. Following this information, and due to added problems regarding the
electrical supply on board the airplane (see below), the airborne test was postponed to the
spring of 1993. The main support struciure was actually received in early October of 1992,
while the telescope support structure was received in November.

In January 1993, the various components of the laser-ultrasonic system were mounted
in the L-shaped structure. No particular problems were encountered. At the same time, the
mirror telescope was assembled in its support structure. It was then notice that the ring
holder used for attachment of the secondary mirror was not sufficiently rigid. This could
lead to amplification of vibrations during flight. Aluminum bars linking the rods to the
support structure were added to eliminate this problem.

By late February 1993, the complete system was ready for tests at a large distance.
The system was then mounted on a special cart to facilitate its motion in our large scale
laboratory.

Reduction of the rise-time of probe beam

By early June 1992, the final design of the support structures was now at the hands of
Innotech Aviation Inc. We then undertook the study of the rise-time of the YAG probe
beam, as described in our proposal. The Halifax tests had shown that a limited window of
observation was available for remote thickness measurements. Given the actual
characteristic of the probe beam, this would leave, on average, about 75 psec for the
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actual observation of the signal, which may seriously limit the measurement rate. To
increase this window, a better understanding of the operation of the probe beam laser was
needed.

The YAG probe beam used for monitoring the oil layer surface is provided by the pulse
amplification of a low power frequency stabilized continuous YAG laser beam. The delay
observed between the initiation of the amplification of the continuous beam and an output
of workable intensity originates from several factors : flashlamp discharge circuit, streamer
(or arc) growth within the flashlamp, thermodynamics of the flashlamp emission, absorption
process in the amplifying YAG medium, activation of the amplifying medium, and finally
amplification of the continuous laser beam itself. The only components that can be
modified without major changes to the system are the flashlamp discharge circuit, known
as the pulse forming network or PFN, and the flashlamps themselves.

In June 1992, P. Bouchard of Ulira-Optec Inc. studied the small scale gain of the
activated medium and the light emission of the flashlamp to determined the possibility of
reducing the time delay by making modifications to the PFN. His data showed that
reduction of the inductance in the PFN contributed to a significant reduction of the rise-
time. He also observed that the maximum intensity of the small scale gain occurs with
some delay compared to the flashlamp emission. At this time, it was still not clear if further
reduction could still be made.

In July 1992, we developed a program to simulate the flashlamp process in our
amplification stage. Comparison of the model with data acquired by P. Bouchard showed
good agreement. Using this model, it was determined that the observed delay could not be
reduced further than the value obtained by P. Bouchard without major changes to the
present laser system. Substantial shortening of the rise-time of the flashlamps would also
lead to a rapid reduction of the pulse width. We would be gaining in a faster turn-on but not
in a longer interval of observation. The model showed that a multiple mesh PFN could give
a better result but would require the acquisition of a new more powerful electrical supply to
drive it. Given that not enough current was available to run the present power supply on
board the airplané (see below), it was very unlikely that a bigger power supply could be
used.

During the same period, we contacted Analog Modules, a company specializing in
power supply and PFN for solid state lasers. We submitted to them the problem of the
reduction of the delay. By late November 1992, they suggested using a series of fast rise-
time trigger circuits mounted in parallel. Each circuit would be an independent PFN. From a
cascade iriggering of the parallel circuits, this would allow combining a rapid rise-time and a




page 10

large pulse widih. However, this would multiply the number of PFN and would therefore
increase the cost of the whole system. Also, the electrical charging of these parallel PFNs
would probably require a more powerful electrical supply, or significantly reduce the rate of
firing of the system. Given the time and the cost needed for the development of this
solution, it was not implemented.

Preparation for airborne testing

In June of 1992, we contacted Innotech Aviation Remote Sensing Division in
preparation of the test flights scheduled for late-September. At this time, the main question
to be resolved was the electrical requirement of the laser system on board the airplane.
Rapidly, it was found that the airplane could not supply enough current to run the complete
system and it was essentially missing a source of 30 Amps at 60 Hz and 208 V for
operation of the YAG probe laser. Two solutions were then proposed: bringing on board
the airplane our own electrical supply such as batteries or a generator, or using part of the
available power at 28 V DC and trying to run the probe laser using inverters. The personnel
of Innotech were skeptical that authorization could be obtained for using batteries or a gas
generator in flight given present air safety standards. The use of inverters seemed more
promising although the amount of power required could still exceed the available power of
the airplane.

After some investigation, we found that the inverter solution was impractical since no
airborne inverter could supply 30 Amps at 60 Hz and 208 V. Modifying the YAG power
supply to function at lower voltage or a different frequency was also found to be not readily
possible. The only solution available was to use batteries.

The main problem with using batteries is their limited time of operation, which depends
upon system consumption. Siudying more closely the power consumption of the probe
laser in operation, it was found that the system needed a peak of 30 Amps only during a
small time interval of approximately 1 msec, each time the main capacitor of the flashlamp
PFN was being charged. Apart from this peak, the system required only approximately 2
Amps for running the general control circuits. Battery operation of the probe beam seemed
therefore feasible.

However, there was siill the problem of finding such a battery system that could be
mounted on airplane. After several inquiries, we consider using an UPS system. UPS
(Uninterruptible Power Supply) systems are used to protect computer system against line
power failure. They consisted of backup batteries with a controller circuit. They are usually
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very flexible and can operate at a variety of frequencies and voltage levels. Our choice was
rather limited since few suppliers were ready to rent such systems, and the purchase cost
was relatively high.

Fortunately, by December 1992, Stanex 1984 Inc. of Montreal was willing to rent us iis
demonstrator UPS for these tests. The performance of the probe laser with the UPS was
then evaluated at IMI. It was found that the probe laser could operate with an autonomy of
a few hours, clearly enough for a flight over a test pool. However, baiteries recharging on
ground between flights would be needed.

It should be noted that airborne recharging was not possible. While recharging, these
batteries tend to emit non-negligible quantities of hydrogen. The use of the UPS was
authorized by the engineers of Innotech with the condition that only ground charging will be
performed.

Another problem regarding the use of this UPS system was their weight of nearly
550 Ib. Any structure mounted in an airplane must be able to sustain a force of 9 g in the
forward direction and 4.5 g in the upward direction. This meant that the support designed
for holding the UPS in the airplane should be able to support a weight of nearly 5000 Ib. in
the forward direction and 2500 Ib. in the upward direction. A special base siructure was
designed and built by Innotech Aviation in April of 1993 for such a purpose.

In early March 1993, a last meeting was held to solve any last minute problems for the
May test flights. The attachment in the airplane of the gas bottles needed for the
generation CO, laser was raised during this meeting. Only two boitle holders were
available while three were needed. Also these bottle holders could only support small size
pressure botiles. The use of a premixed gas could solve this problem but no such premix
had ever been used previously by us. In April 1993, a premixed gas was tested at IMI and
showed very good laser characteristic output. Single bottle operation would pose no
problem.

Choice of test site

In mid-July 1992, a meeting was held in Ottawa in preparation of the September flight
tests. At this meeting, some concerns were expressed by Innotech by the safety of the
laser-ultrasonic system. Although the system only fires when the optical axes of all three
lasers are known to be safely collected within the airplane, they feared that one of the high
power laser beams might accidentally be deflected in an unknown direction (actually this
could only occur if their is an accidental firing on a reflecting surface on the ground or by
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reflection on a smooth surface of the aircraft). This concern was heighten by the fact that
the proposed tesi site on the NRC grounds in Ottawa was near a heavily populated area.
They also expressed some concern that low level flying of the DC-3 (altitude of 300 feet)
near ihis populated area could rapidly lead o some complaints being address at the
Ottawa airport. In their opinion, under such pressure from the area residents, the Ministry of
Transport might cancel the test over that area. Innotech estimaied that, in their opinion, no
more than a couple of hours of flight time would be possible. However, since the test was
still scheduled for September, there was not enough time to change the test site. Some
precautions would be taken to reduce the risk of accidental illumination outside the test
area.

After visual inspection of the proposed site, some concerns were also expressed
concerning the possibility of actually collecting a signal. The dimensions and orientation of
the NRC test pool would lead to an over-flight time of less then one second. It was then
decided to arrange a pre-test flight to determine the rate of acquisition of the system over
this test pool. By mid-August, we had prepared the system used in Halifax for such a test.
However, due to the delay in the reception of the support structure and the problem with
the electrical supply in the DC-3, the flight tests of the complete structure were postponed
until the spring of 1993. After some discussions with Environment Canada, it was agreed
by all parties to use this time to find a beiter test site.

In order to better determine the safety requirements for the test site, we undertook in
September of 1992, a study of the eye safety issue. It should be noted that, at present,
there are no legislation in Canada regulating the safe use of lasers. The generally adopted
procedure is to follow the ANSI laser safety standard guidelines. Using this standard as
basis, we calculated that, given the minimal velocity of the airplane, the trigger HeNe laser
beam was eye safe for direct observation and the reflection of the generation laser off the
oil layer or water surface was also eye safe. The reflected probe beam, however, was not
eye safe even after reaching the height of the airplane. The safety distance required by this
type of laser beam was of the order of a few kilometers. To reduce the possibility of
accidental eye injury, Environment Canada proposed to locate the test pool in a restricted
area in such a way that no direct observation of the test pool, and hence of any reflected
beam, could be made outside the test area.

Following these conditions, three sites were considered in replacement of the NRC test
pool: the OHMSETT facility, a quarry near Ottawa, and a military base. Of the three sites,
only the military based presented the best alternative. The OHMSETT test site, a site jointly
administered by American and Canadian agencies for the development and testing of oil
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spill technology, presented several difficuliies conceming low flying altitude and spill
dimensions. The quarry near Ottawa had already been used for testing the Environment
Canada laser fluorosensor system. However, the test pool could not be placed in such a
way it could not be seen by an ouiside observer. This was estimated to be a potential
safety hazard, especially since low level DC-3 flighis have tendency of atiracting curious
bystanders.

The military base was, by far, the best choice. Petewawa, a military base near
Pembroke, had an artillery practice field that could be use to setup the test pool. Given the
restrictive nature of this facility, the area around the test pool could be severely controlled,
bringing the potential hazard of eye injury near zero. Authorization to used the base was
obtain in February 1993. The tests were then scheduled for the first week of May 1993.
This date could no be changed due to scheduled training operations on the base. It should
be noted that the use of Petewawa as test site would require to move the base of operation
for airborne testing to be moved from Ottawa to Pembroke to reduce flight cost.

Laboratory test at a large distance

By mid-March 1993, a complete laser-ulirasonic system for airborne use had been
assembled in our laboratory. Tests were then undertaken in our large scale laboratory to
align the system for operation at 300 feet and to verify the performance of each
component. During these tests, we developed a procedure for the alignment of the different
beams at 300 feet. This work was slowed down by the fact that only night work was
possible since, for security reasons, the test required restricted access to the large scale
laboratory of IMI.

It should be noted that, uniil now, the optical system for both the generation CO, laser
and probe YAG laser had been used only for distances of approximately 100 feet. After
some investigations, it was found that the lens used for the YAG probe beam in the
previous system was not appropriate and had to be changed. After a few ftrials, a
replacement lens was found and required the construction of a new optical mount within
the Macrobench structure.

Analysis of the generation beam also showed that a significant amount of light was lost
by the system. For optimal focusing of the CO, laser at 300 feet, an output aperture of at
least 4 inches would be necessary, but this would have required substantial modifications.
The three-inch aperture system causes a reduction of power of the order of 50%, which is
still tolerable for adequate generation on oil as shown by the tests (see below).
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We also install, during these tests, an opiical fiber to provide the reference signal for
stabilization of the Fabry-Pérot. This optical fiber transmits a small fraction of the light from
the continuous low power YAG laser inside the probe laser system and couples it through
the telescope aperture. This light is then transmitted to the confocal Fabry-Pérot by the
large core opiical fiber. A feedback loop is used to adjust the Fabry-Pérot cavity length to
optimum funing at mid-height on the slope of a transmission peak. In our pervious
experiments, a series of mirrors was used to re-inject this stabilization beam into the
collection telescope. This approach was judged inappropriate to the airborne environment,
especially since boih structures (lasers support structure and telescope) are not
mechanically linked. A commercial fiber illuminator was used for the stabilization fiber link.

In parallel to these tests in late March 1993, a two-channel acquisition program was
developed. This program would allow simultaneous observation on different time scales of
the laser-ulirasonic high frequency signal (ultrasonic signal from the target) and the low
frequency signal from the collected probe or trigger beams (intensity variation).
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Laser-ulirasonic signal of an Alberta crude oil layer on water for a distance of 300 feet

right: high frequency ultrasonic signal
left: low frequency intensity variation of corresponding probe beam

By early April 1993, the complete laser-ulirasonic system for airborne use was
operational. A series of long distance data acquisition on all three oils scheduled for testing
in the controlled spill were made. These data provided the first laser-ultrasonic
measuremenis of the thickness of oil layers on water for distances greater than 100 feet.
The figure above shows a typical signal obtained with the two-channel acquisition program
fora sample of Alberta crude oil on water. Data was collected either in presence of waves
(wind generated) or on undisturbed flat surfaces. Very good signal to noise ratio was
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observed. In the case of a flat oil surface (no wind), the intensity of the reflected probe
beam had to be aitenuated in order to protect the detector. In some circumstances, even
with the presence of waves, the detector received sufficient light to be saturaied. These
resulis gave us a good confidence to be able to measure with this system the thickness of
oil on water from an airplane at an altitude of 300 feet.

Airborne Testing

By mid-April 1993, the sysiem was moved to Ottawa for installation on board the test
plane. Many on-site modifications had to be made in order to satisfy airborne safety
standards. These modifications involve essentially to build support side rails for each of the
electrical systems mounted in the electronic rack. These side rails could not be built
previously since the airplane racks do not have standard dimensions. The laser support
structure was mounted inside the airplane using the seat rails set behind the elecironic
rack, as planed. This structure was difficult to manipulate given its total weight, in particular
when fitting it into the restraining screws. The telescope was mounted directly in the bay.
The Fabry-Pérot was installed with shock mounts in the tail section of the airplane. The
pressure bottle with the premixed gas was placed at its side using the seat rails in the tail
section. Also, upon request of the inspection engineer of Innotech, all electrical cables and
gas tubes laying outside of the electronic racks were wrapped with a fire retarding tape.

It should be noted that the installation work was slowed down due to the fact that the
hangar in Ottawa is within a restricted area. IMI personnel could not have access to this
area without supervision from someone from Innotech. This resulted in added cost as well
as shorter work days when no supervision personnel was available. Innotech did, however,
do the maximum to help us considering their limited number of personnel available.

The installation of the YAG power supply was much more arduous than expected. It
was thought that the elements of the power supply were designed around standard rack
mount dimensions. This was not the case. The interconnections inside the power supply
box were intricate and complicated so that modular installation was not possible. The
power supply was moved in the electronic rack in a single block with the use of temporary
side rails. The installation was made with the help of A. Aucoin of Lumonics Lid., which is
the manufacturer of the YAG laser amplifier. It should be noted that, after the airborne
tests, removal of this power supply required the same amount of effort.

Mounting the UPS in the airplane also posed some problems. On site, the engineer of
Innotech requested modifications to the restraining structure, principally the addition of an
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aluminum angle beam at the base of the batteries. A long aluminum angle beam of
aeronautic grade had to be order from the USA. Fortunately, within two days, this problem
was solved.

All major mechanical components were ready for installation by Saturday, April 24,
1993. However, mounting in the airplane was delayed since a training run was needed to
certify one of the pilots required for the test flights. The engineer of Innotech did not want
our system on board for these training runs. Certification of the system would only be
issued for a small number of flights, not including the training runs.

On Sunday, April 25, after a test run of the motor, it was found that the right motor of
the DC-3 had to be changed. Innotech mechanics had to work late until Friday, April 30, to
install this new motor. This meant that the alignment of the laser-ultrasonic system could
not be started before that date. For security reasons, the high power lasers could not be
fired in the presence of the mechanics without them wearing safety goggles. Unfortunately,
not enough of these goggles were available. By May 1, a preliminary alignment of the
system had been made.

On Sunday, May 2, after the pilots training runs, a trial flight was made in the afternoon
to verify the status of the laser fluorosensor system. We used the occasion to verify the
in-flight operation of the Fabry-Pérot. It was then observed that the system was unable to
lock itself at a specific level of transmission. The peak intensity on the stabilization detector
of the Fabry-Pérot was very low, indicating a misalignment of either the output lens of the
fiber illuminator or of the collecting fiber of the Fabry-Pérot. At this time, it was thought that
this was the only problem with the Fabry-Pérot system and this one was easy to correct.

After spending a few nights working on the system, by May 4, the laser-ultrasonic
system was fully operational on board the airplane. C. Padioleau of Ultra Optec Inc. and
R. Héon of IMI had proceeded with a complete test of the system and measured oil layer
thickness on water at a distance of 300 feet using folding mirrors. The signal obtained
showed a very good signal to noise ratio, even if the use of folding mirrors resulted in an
non-negligible attenuation of both the probe and generation beams. At this point, we were
confident that some signal acquisition would be done on the test site later in the same day.

On the first test day, it was observed in flight that, as in the trial flight, the feedback loop
of the confocal Fabry-Pérot was unable to lock at the given transmission level. The
vibration and noise from the airplane induced a scanning of the transmission mode of the
interferometer. This meant that, in most situation, the transmission of the interferometer
was zero, and hence, no signal was received by the detector. Some triggering did occur
over the test pool but no relevant signal was observed. It was also noticed that the intensity
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on the stabilization detector was fairly low. This would indicate a probable misalignment of
the fiber illuminator or of the collection fiber of the system.

After the first series of passes, the plane landed at Pembroke airpori where the fiber
illuminator was readjusted to optimize the stabilization beam iniensity on the detector.
During the later flight on that day, it was observed that the peak intensity on the
stabilization detector kept a value close to the one adjusted on the ground, but the
feedback loop was unable to correct for the vibrations and noise in the Fabry-Pérot system
produced by the airplane. Given these results, the plane was flown back to Oitawa so that
some correction could be atiempied. Once in Ottawa, the Fabry-Pérot was encased in a
sound insulating material to reduce the impact of acoustic noise on the detection system.
A significant reduction of sensitivity to ambient noise was observed.

On the second test day, a low cloud ceiling over the test site resulted in the cancellation
of the test flights. The plane was unable to land in Pembroke and the system was brought
back to Ottawa. This day was then used to verify all the components of the laser-ultrasonic
system. The alignment of the system had not changed, even after some hours of flight and
a take-offs and a landings on that day. Some problems were observed with the intensity of
the probe YAG laser. The beam showed a significant reduction of its output power,
probably caused by the relatively high temperature in the cabin of the airplane at that time.
After cooling with a fan, the intensity returned to normal. We did not consider that this was
a major problem since the cabin of the airplane is generally cool in actual flight conditions.

On the third test day, the base of operation for both the laser fluorosensor system and
the laser-ultrasonic system was moved from Ottawa to Pembroke. To fully used the last two
available days, it was decided that, on this day, we would monitor simultaneously the low
frequency output of the Fabry-Pérot detector, in order to get the reflected intensity of the
YAG probe beam, and the HeNe trigger beam amplitude collected by the system. This
would allow us o verify that both beams are actually collinear in flight and that the window
of observation is large enough to received the probe beam in spite of the YAG laser delay.
A large time scale of acquisition was used to monitor these beams and to observe their
temporal shapes. This meant that the system was no longer in a mode to directly acquire
the high frequency ultrasonic signal, and hence to measure the oil layer thickness.

During these flights, the system did trigger over the test pool. Unfortunately, no signal
from the reflected probe beam was collected. This may be a consequence of the inability of
the Fabry-Pérot to lock at a set level. Since the length of the cavity was constantly
changing, the interferometer was mainly in a configuration where no light was transmitted
to the detector, and hence no signal recorded by the system. It should also be noticed that,
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in the afternoon ilight, the plane was submitied to very rough jolis that could have
displaced some optical components in the laser head, resulting in low output power of the
probe beam.

Aiier these test flighis, we verified on the ground in Pembroke the alignment of the
optical system by placing a retro-diffusion target at 300 feet. Only a slight misalignment of
the generation laser had to be corrected. The probe beam output power was measured
and found to be very weak. Since the airplane was scheduled for a night flight test of the
fluorosensor system, we decided to correct the probe beam problem early next morning.

The last day was intended to be specifically devoted to the laser-ultrasonic system. We
planed to verify the alignment and test the sysiem first on the ground. When optimal
conditions would have been obtained, we would have rapidly flown over the test pool to get
some oil thickness data. Unfortunately, we were unable to correct the problem associated
with the amplification stage of the probe laser. Later analysis, back at IMI, showed that the
problem was a combination of misalignment of an internal mirror (probably jolted out of
place during the rough third day flight) and of sensitivity to temperature. Without the probe
beam, the system could not operate. After a last flight over the test pool in order to give the
fluorosensor system one last occasion to get some data from this test site, the system was
flown back to Otiawa.

During the whole airborne testing, some data was gathered by the system, principally
during the first day and the third test day. Unfortunately, we are unable to observed any
unequivocal signals allowing the measurement of oil thickness. Firing of the system did,
however, occur over the test pool, which indicates that the system was actually collecting
light from the target and that the two-part mounting structure was sound.

Conclusion

In this report, we have described the work done by the Industrial Material Institute to
mount on board a DC-3 a laser-ultrasonic system for remote sensing of oil on water.
Although the actual airborne testis have not produced any signal allowing the measurement
of ail thickness, we are confident that the technique is sound for such an application. A
successful demonstration will however required additional work, which undoubtedly has to
be based on the various findings and on the experience gained throughout this airborne
testing phase.




