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Abstract  -  Engineers and scientists at the Monterey Bay Aquarium Research Institute (MBARI) have successfully developed instrumentation for performing laser Raman spectroscopy in the deep ocean.  Laser Raman spectroscopy is a type of vibrational spectroscopy that is capable of performing rapid, non-destructive, in situ geochemical analyses.  The Deep Ocean Raman In Situ Spectrometer (DORISS) is based on a laboratory model laser Raman spectrometer from Kaiser Optical Systems, Inc.  The sample is interrogated by a 532 nm laser and the Raman backscattered radiation passes through a holographic grating and is recorded on a CCD camera.  Laser Raman spectroscopy is capable of analyzing a variety of solid, liquid and gaseous species. Due to the strict requirements for positioning the laser focal point when analyzing opaque samples, a Precision Underwater Positioning (PUP) system was built to position the DORISS probe head with respect to the sample.  PUP is capable of translating the DORISS probe head in 0.1 mm increments with 1 mm repeatability.

DORISS and PUP are deployed by MBARI's remotely operated vehicles - ROVs Tiburon and Ventana - and are controlled by a scientist aboard the surface ship.  DORISS and PUP have been deployed a number of times in Monterey Bay, the Gulf of California, and  Hydrate Ridge, Oregon for testing and analyses of natural targets of interest. The development of smaller, second generation systems will allow DORISS and PUP to be carried on other deep submergence vehicles for use by the greater oceanographic community.

I. INTRODUCTION

Advancements in deep submergence technologies (e.g., ROVs, AUVs, and observatories) and new discoveries in the deep ocean have given rise to demands for new methods of in situ analyses.  Acquiring data from deep sites without having to recover samples from every dive presents a new challenge to the technical oceanographic community.  Many interesting science targets are not stable when removed from the pressure and temperature regime they are found in, such as high-temperature hydrothermal vent fluids, and gas hydrates.  Other samples are dynamically changing and the goal is to observe the process and record the changes over time.  Laser Raman spectroscopy is a technique capable of performing in situ geochemical analyses, which can analyze solid, liquid, and gaseous targets, as well as dynamic chemical processes in the deep ocean. 

This paper will discuss the development, integration and successful deployments of a sea-going laser Raman spectrometer (DORISS – Deep Ocean Raman In Situ Spectrometer) and positioning system (PUP – Precision Underwater Positioner).  DORISS and PUP have been deployed a number of times on MBARI’s ROVs Tiburon and Ventana (Figure1).  Detailed specifications, design challenges, and science results are discussed along with future plans. 
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Fig. 1 – DORISS/PUP Being Deployed on ROV Ventana in Monterey Bay

II. RAMAN SPECTROSCOPY

Raman spectroscopy is a type of vibrational spectroscopy based on Raman scattering – the inelastic scattering of monochromatic light from a target molecule [1].  An incident photon exchanges energy with the molecule and is scattered with lower or higher energy than the incident energy (Figure 1).  The change in energy is equal to the change in vibrational energy of the molecule.  The Raman spectrum therefore provides information about both the composition and the structure of the molecule.  
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Fig. 2 – Energy Level Diagram of Raman Scattering 

Despite the fact that Raman scattering is a very weak effect (only 1 in 108 photons are Raman scattered), it is a potentially powerful analytical tool for deep ocean geochemistry.  Raman spectroscopy is rapid, non-destructive, and little to no sample preparation is required.  Unlike IR spectroscopy, water does cause major interference.  The Raman spectrum of seawater is shown in Figure 3.  Most importantly, Raman spectroscopy is capable of analyzing solids, liquids, and gases.  
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Fig. 3 – Raman Spectrum of Seawater

Raman spectroscopy lends itself to a large number of targets for ocean science. Carbon dioxide (CO2), methane (CH4), and other gases have very good Raman scatter signals.  They can be analyzed, as gases, in dissolved form or incorporated in clathrates.  It is possible to distinguish between sI, sII and sH hydrate structures by observing the partitioning of gases into the different lattice cages (large and small).  For targets such as hydrates, with stability zones confined to the deep ocean, it is important to be able to analyze them in situ. 

Minerals and other solid targets can also be analyzed in situ using Raman techniques. Sulfides, anhydrite, calcium carbonates, silicates, feldspars, magnetite, hematite, are just some of the substances that are easily identified.  This prevents the needs for ponderous numbers of samples brought to the surface for later analysis. 

III. DORISS DEVELOPMENT

Based on the investigations of MBARI scientists, the possibility of Raman techniques in the deep ocean were determined to be possible. The scientists, with the assembled team of MBARI engineers, set about to outline the conceptual design of a deep ocean Raman spectroscope system.  The decision was quickly reached to reduce risk the team should use off-the-shelf technology to the fullest extent possible. 

Two concerns became project drivers early in the system development: Raman systems are expensive and a shore based system would be required to verify initial results. To address the issue a teaming arrangement was made with Dr. Jill Pasteris of Washington University who would equip and set up a laboratory to be using the same equipment as the DORISS system. 


[image: image4]
Fig. 4 - The conceptual configuration for DORISS

The system selected to be the core of the DORISS was developed by Kaiser Optical Systems Incorporated, KOSITM. The particular unit selected was the HoloProbeTM Spectrometer using a 532 nm Nd:YAG laser. The system was divided into three sections to accommodate  interfacing with the remotely operated vehicles,  Fig 4. This was combined with the holographic filtered probe head with interchangeable optics and the HoloPlexTM duplex holographic grating specified as a 100-4400 Dcm-1 range. The camera for collection of the photons had to be very sensitive and due to the possibility of heat building up in the pressure housing an AndorTM front-illuminated 512 x 2048 CCD camera was selected which included the option for additional liquid cooling should the thermal electric cooling provided have proven insufficient. 

The system electronics (Fig. 5) and Raman spectrometer optical bench (Fig. 6) are carried in two separate housings which are co-located in a toolsled drawer. The toolsled drawer forms a stand alone module which conforms to the requirements of the remotely operated vehicles used at MBARI, as seen in Fig. 6. In this manner the system is carried to the sites of interest and operated in the deep sea. This configuration allows for rapid setup of the DORISS system, usually the evening before a morning dive. 

The electronics housing contains the single board computer, the power components and the 532 nm excitation laser. Additional environmental sensors are carried also such as relative humidity and temperature that are monitored continuously during a DORISS mission. The housing is a glass filament reinforced epoxy that has proven very reliable, however the thermal capabilities limit the power on time when the outside temperature is above 27° C.  The benefit of this approach comes from the pressure housing being slightly lighter and cheaper than a conventional aluminum or titanium design for the same 4000 meter depth rating.
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Fig. 5 - Electrical housing configuration of DORISS

The optical bench and camera elements of the system are located in a separate housing for two reasons. Primarily thermal considerations for the CCD camera were of concern and effects that may have on the stability of the optical path.  Since it is a requirement to place the excitation laser output at the target, likewise the collection optics for accumulating the resultant Raman scattered light, fiber optic cables were needed to enable remotely placing that portion of the system.  This in turn results in an overall power loss. To make up for this the thermal electrically cooled camera was placed such that use of the oceans thermal capacity could be maximized. This prevented the need for a liquid pump that would cause vibrations, which in turn would require being addressed to maximize the return signal.  This housing was constructed of 7075 grade aluminum to keep the weight at a minimum while taking advantage of the ocean environment for cooling. 


[image: image6]
Fig. 6 - Optical  housing configuration of DORISS

The final element making up the DORISS system is the remote head. This part of the system allows for the accurate placement, focusing of the excitation laser on the target of interest, and the subsequent filtering of the excitation frequency and transmission back of the Raman scattered light to the CCD camera. 

The probe head contains a compact optical bench that can accommodate two lens styles, as seen in Fig. 7. The Stand Off Optic, as the name implies, allows for the system to not touch or enter into the target media. The Immersion Optic is purpose built for immersing into the target media. The Immersion Optic is very useful for working with clear liquids and gases that present a depth of field such that the DORISS system doesn’t have to focus accurately therefore the user can be much quicker taking the resultant Raman spectra. 


[image: image7]
Fig. 7 – Probe Head with alternate optics

The Probe Head housing is constructed from 6AL-4V titanium. This material was selected because of anticipated operations in and around thermal vents or other possible other corrosive environments. 

Several modifications were required to be made to the system beyond packaging for the deep sea. All of the adjustments that would normally be easily made in a laboratory environment had to be automated. The automation was also required because unlike the laboratory situation this device is mobile and is constantly subjected to shock and vibration situations a laboratory Raman spectrograph would never see.  Therefore all of the optical adjustments within the system were remounted on precision optical stages with position control and feedback. The injector slit, focus stage, and shutter are a few of the devices required modifications as outlined.  Fig. 8 shows the slit stage motor drive, interface board, temperature and humidity monitoring, and associated wiring modifications for the front end of the optical bench. 
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Fig. 8 – Optical bench front stage modifications
Additionally custom cabling and noise protection was incorporated to keep the low level CCD camera signals from being degraded. Custom fiber optic penetrations were also design and manufactured at MBARI to facilitate the schedule and stay within the budget resources allocated for the project. 

Power and communications for DORISS also required some customization to accommodate the two ROVs MBARI uses for field experiments. The ROV Ventana (Fig. 1) distributes 110 VAC for payloads while the deeper diving ROV Tiburon offers 240 VDC. Commercially standard Ethernet communications were added to the older Ventana system part of (as general upgrade and maintenance prior to the DORISS project). 10BaseT is now available on both vehicles making off-the-shelf components readily available for this application. MBARI engineering created a common connector in-house standard that allows for all payloads to safely connect to either ROV system. The electronics on the payload side are more complex as a result but the need for reconfiguration each time has been eliminated. To accomplish this the laser power system was modified and a solid-state wide range voltage converter from Vicor™ was incorporated.  Taken together this solution has proven very effective and reliable. Since most components are quickly available direct from vendors the design makes maintenance and alterations or upgrades very quick and easy. 

IV. PUP DEVELOPMENT

The Precision Underwater Positioning system was developed as a standalone entity.  The requirements for the PUP system are the result of the Raman spectrograph system need for high precision focusing of the excitation laser when working with opaque and solid targets. The precision requirements were the result of the  science staff laboratory experiments for sensitivity as seen in Fig. 9.  The red curve in the graph was established using the stand-off optical configuration. The vertical axis is the Raman intensity that can be correlated to time for a sample. This is also important for weak Raman scatter materials, without signal optimization some analysis may not be accomplished. It can easily be seen that sensitivity drops sharply at any focal distance beyond +/- .5 millimeters.  Other testing also showed a sensitivity to incident angle on some minerals. 

[image: image9.png]——Immersion Optic

~=-Stand-off Optic

0.2mm FWHM

Raman Intensity at 520 cm
a
s
3

1.0mm FWHM

3 2 A 0 1 2 3
Distance from Center of Focus (mm)



 

Fig. 9 – Focus sensitivity analysis to establish PUP requirements.

Further requirements were established with the need for scanning operations on in situ samples. This capability allows the system to perform repeatable scans within in a single setup, no requirement was given for being able to breakdown and return later with the same precision.  Using general engineering principals and working with the scientists the requirement was established for absolute positioning of 0.1 mm or better. 

The useful working volume for the PUP was specified at 15 cm wide x 15 cm long with a 6 cm height. The system also has a requirement to adjust the probe head 10 ( off axis from the PUP vertical center in a conical rotation to maximize the return from opaque samples.  The top level requirements are outlined in Table 1. 
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Table 1: PUP Functional Requirements
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The final conceptual design accounted for there requirements by having a vertical Z axis, R extension, and ( sweep of 70 ( which with a base leg for R of approximately 23 cm yields a larger working volume than required. Due to the remote operational situation, where the PUP is placed at a distance away from the disturbances of the ROV, several aids were included to assist with positioning. A simplified listing of the PUP concept is outlined in Table 2. 

Table 2: PUP System Concept Requirements

Following the same philosophical approach as the DORISS system, the decision was made to use off-the-shelf components to the fullest extent possible. The project benefited by savings on engineering time, easy of replacement parts and maintenance, and earlier deployment of the system for science. The impacts of the decision were limited ability to optimize power consumption, size and weight increases, and inefficiencies suffered by having components that either offer useless features for out application or worse performance limitations due to the marketplace needs not matching the exact requirements of our system. 

The critical components for this system were the positioning devices, controller, and the housings to make the system watertight. The selected position motors came from Exlar™ who manufactures oil cooled highly accurate motors with integral positional feedback. Selecting these limited the number of modifications required to go to sea. A custom manifold was designed and manufactured at MBARI that integrated the three standard connector openings from the manufacturer. The manifold allowed for a single connector thereby reducing the overall cost for underwater connectors, increasing the reliability by limiting the number of wet connections, and minimized the number of cables between the various moving stages of the PUP.  The controller selected came from Galil™. The controller was selected for two features: First, the match to the power rating for the Exlar™ motors and Second, Ethernet communications. This along with an off-the-shelf terminal server made the connectivity from shipboard to the PUP very straightforward and made implementation of the requirement for a scientist to have direct control straightforward. The PUP system uses a Benthos™ glass sphere for a pressure housing. The glass sphere was selected because of cost primarily but it also assisted with the stability of the system by assisting with creation of a large meta-centric height. The PUP system with the DORISS Probe head mounted from a previous deployment on a slope of soft mud is seen in Fig. 10. 

Fig. 10 – The PUP system as deployed currently (this configuration shows a custom tool for Hydrate manufacture which is not part of the PUP
Due to resource limitations the DORISS and PUP system have progressed in scheduled phases. Currently the PUP has the Z, R, and axes in place. These elements have been incorporated, fully tested, and deployed in science applications. The off axis 10 ( conical motion requirement has not been addressed at the time of this writing. Although to complete the PUP the current design concept calls for implementing a pan and tilt mechanism that task has been put on hold. New technologies have developed quickly in the Raman spectroscopy field to reduce size and further limit the need for cumbersome calibrations. Since the DORISS and PUP development team are one and the same, the decision has been made to pursue possible reduction in scale prior to further PUP development. It is possible, with additional resources, the closed loop control transform function development will continue. A matrices transform is required to maintain the center of focus without having to make multiple adjustments regardless of size. The PUP also has not implemented the adaptable stabilizing legs as yet. To date the applications have not driven the need so resources have been focused on more important tasks to further the overall system development. 

V. DORISS and PUP DEPLOYMENTS

Several test deployments took place during the development for engineering purposes. Although some success was had these were primarily engineering test dives to gain experience and learn the important lessons towards making the system robust. 

The first accepted significant deployment for science and engineering was accomplished in April of 2002 at a depth of 3607 meters in the Monterey Bay Canyon.  Successful spectra of isopropanol, seawater, and calcite were taken and verified by the standards already set in surface laboratories performing Raman spectroscopy.  The team then performed further experiments in conjunction with CO2 sequestration studies. Spectra of liquid CO2, dissolved CO2 were taken from a prepared test site. This is the first in situ experiment performed by MBARI using laser Raman spectrographic techniques, as seen in Fig. 11. 
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Fig. 11 – DORISS performing in situ CO2 sequestration studies (note: this image was taken with lights on to show the configuration)

The next series of deployments occurred in Fall of 2002. DORISS successfully performed an in situ gas dissolution experiment @ 300 m depth of a 50%-50% CO2-N2 gas mixture. The DORISS system observed preferential dissolution of CO2 into seawater. 

Further demonstrations resulted in data samples of Methane peaks collected by DORISS, as seen in Fig. 12. The graph also shows the diamond peak in all DORISS data. The DORISS system has a diamond chip placed in the optical path but out of focus. The diamond provides a very strong Raman signal that is well established and used to correct any drift from the pre-dive calibration. 
[image: image15.jpg]
Fig. 12 – DORISS data Sample

The next deployment for DORISS was part of a larger expedition to the Gulf of California in May of 2003.  DORISS was deployed with on the ROV Tiburon from the R/V Western Flyer in the Sea of Cortez. DORISS took the first in situ Raman spectra of natural targets in the deep sea at a site named the Pinkie vent.  This location is in the Guaymas Basin at a depth of 1582 meters.  Gas was collected from the natural vent along a transform ridge north of Guaymus. A special apparatus was used to collect the gas and samples were collected for lab analysis to verify the performance of the DORISS system.  The apparatus and DORISS Probe Head are shown in Fig. 13. 
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Fig. 13 – The gas collection cube and DORISS deployment in the Gulf of California
The next deployment was specifically designed to test PUP with DORISS. The system was tested in December of 2003. The goal was to test measurement of hydrates and solids in preparation for the next field expedition to Hydrate Ridge off the coast of Oregon.  A sample of methane hydrate was prepared and placed at the test site in advance to let the hydrate solidify and better imitate the anticipate conditions expected off of Oregon.  

PUP was outfitted with a platform to hold the hydrate canister. The canister was placed in the holder and the spectra were collected per plan, as shown in Fig. 14. 
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Fig. 14 – DORISS and PUP combine to collect hydrate spectra in preparation for field expeiditions

During a Spring 2004 cruise PUP was tested with prepared solid samples which could be used to verify field performance against laboratory data sets.  Several samples were used to establish the signature and return strength of a variety of materials. Fig. 15 shows a data set from granite as scanned by DORISS with the PUP system moving in defined increments. The experiment was run several times successfully to verify the repeatability of the PUP system. 
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Fig. 15 – DORISS working in conjunction with PUP scanning across a granite sample

Recently the team has returned from Hydrate Ridge and the Gorda Ridge regions off the coast of Oregon.  Data was collected from in situ samples of hydrate and from hot vents. Methods developed over the course of the projects worked extremely well and cruise is widely regarded by the science team as a very big success. 

Fig. 16 shows one of the techniques used for capturing natural hydrates that are then analyzed in situ by the DORISS system.  Resulting data from the Hydrate Ridge cruise are being analyzed in the lab and the raw data is being processed for publication. 
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Fig. 16 – Natural Hydrate sample illuminated the excitation laser by DORISS and PUP

VI. CONCLUSIONS & FUTURE WORK 
DORISS and PUP to date have proven to be useful and capable science tools. DORISS in particular has accomplished numerous firsts in the field of Raman spectroscopy by taking spectra of sample in situ at depths up to 4000 meters. 

Likewise the PUP system is working well and providing the first elements of precision positioning for DORISS in the deep sea. So far the system has performed extremely well and allowed the DORISS system to accomplish the first Raman spectra of a natural solid target in the deep ocean. 

Both DORISS and PUP are considered to be prototypes and as such incomplete. PUP hasn’t completed being built, with 2 more axes to still be implemented. DORISS is a large and heavy system due to the choices made to get in the water as quickly as possible versus system optimization. The results of which are the PUP too is larger and heavier than desired. 

Currently the team PUP/DORISS design team is pursuing a decrease in overall system size. The goal is to reduce the DORISS system to one housing with careful thermal management and new optical components.  Also to reduce the remote Probe Head that would result in corresponding reduction of the PUP system. 

The team is working with the various vendors towards these goals. Particularly MBARI is working with Kaiser Optical Systems Incorporated (KOSI™) on specific modifications to the DORISS supporting components. KOSI is constantly aware of the industrial market and making advances that enhance their product line that often benefit both institutions. Some of these are already available from KOSI and in-house at MBARI for incorporation into DORISS. Namely the new Probe Head designs are much smaller, new immersion optics are also available. MBARI is now working to reduce the number of electronics and the optical bench size. Once fully integrated these elements will produce a much smaller system with an estimated weight saving of at least 30% but with a goal of 50% for the overall PUP and DORISS combined systems. 

Currently underway at MBARI is the replacement for the single board computer. The deployed system will be replaced using Embedded XP™ on a PC-104 stack. The board stack includes environmental monitoring, USB functionality, flash disk storage, more computational capability, and in a smaller footprint. Thus several components that were added can be deleted since they are now part of the computer stack. This has also been enabled by the some functionality of vendor components being enhanced thus freeing up the demands and form factors previously imposed on the DORISS design team. 

DORISS and PUP also have deployments this year to complete in the Monterey Bay area. The next field expedition currently in planning is to go back to the Gulf of Califronia and do further work in Carbon Sequestration, Natural Gas Vents, and prove out the newest capabilities of the DORISS / PUP system. 
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Functional Requirements


Off-loadable from ROV


Precision of 0.1 mm


Stable through out full range of motion and on varying seafloor surfaces


Can pivot the sensor head about a point


Controllable by a shipboard scientist


Stand-alone system


Able to accommodate other 


instrumentation











Concept design


5 DOF system


Z, R, (, pan & tilt


Adjustable tripod legs


Color camera and crossing lasers for positioning


Control GUI 


Web-server camera


Electronics housed in a Benthos glass sphere
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