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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 by 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 area 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

Science interest in the deep ocean has given rise to demand for new methods and capabilities for in situ analysis [1].  Acquiring data from deep sites without having to bring up samples from every dive, while ensuring that the data is calibrated and true, presents new challenges to the technical oceanographic community. Examples are hot vent fluids, lava flows, clathrates, deep sea gas vents and analysis of geologic materials in general create a broad spectrum of requirements.  Many of interesting science goals are not stable when removed from the pressure, depth, and chemical regime they are found in. Other samples are dynamically changing in situ and the ultimate goal to be observe the process and recorded the changes over time. To address these requirements Laser Raman Spectroscopy was selected by the scientists and engineers as a potential solution. 

Raman spectroscopy, when using a well selected excitation frequency, allows for the in situ analysis of a large variety of species in the water or on the ocean floor. Configuration of a Raman Spectrometer requires a series of modifications and alterations to prepare the system for operation at depths of 4000 meters and temperatures often below 2º Centigrade. Corrosive conditions, large thermal gradients, and a host of other environmental issues must be addressed to maintain the proper optical alignment and instrument sensitivity for a functional system. This was accomplished by developing the Deep Ocean Raman In Situ Spectrometer (DORISS). 

Analysis of liquids, gases, and dissolved species is easily obtained due to the lack of requirement for precision focal points. Additionally, custom collection tools mounted to the basic Raman probe head allow for gas samples to be captured for analysis. Collecting Raman spectra for solids placed additional requirements on the system due tot he need for sub millimeter precision focusing of the laser excitation beam. To accomplish collection of Raman spectra on solids a supporting positioning device was developed, the Precision Underwater Positioner (PUP). PUP makes it possible to accurately place the laser focal point within the defined working volume to 0.1 millimeter precision in three axes. 

Within this paper the development, integration and successful deployments of the DORISS and PUP systems are outlined. Detailed specifications, design challenges, and science results outlined along with discussion of future plans and challenges. 

II. RAMAN SPECTROSCOPY

Raman spectroscopy [2] lends itself to a large number of targets for ocean science. Carbon dioxide (CO2), methane (CH4), along with numerous other gases have very good Raman scatter signals.  It is also possible to distinguish between sI and sII hydrate lattice structures.  For targets with stability zones confined to the deep ocean such as hydrates it is important to analyze them in situ. 

Minerals and other solid targets can also be analyzed in situ using the same 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. 

The concept behind Raman signal is dependant on some amount of inelastic scattering from a sample excited by a mono-chromatic light source.  The Raman effect occurs when the molecule in question is excited and the vibrational state is altered slightly causing the scattered light to return at a different wavelength, this is called the Raman shift, as seen in Fig. 1. 
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Fig. 1 - Raman Scattering [3] 

Often the structure as well as the elemental make-up of the sample can be determined because of the molecular motion causing this effect. The shifted light is very weak however, approximately 1 in a million photons are shifted and this is prior to the inefficiencies of the collection system are accounted for.  At this point the excitation frequency (or Raleigh scattered light) is filtered out and resultant photons are collected. 

The photons are collected over a time period ranging from seconds to minutes depending on the conditions and the state of the collection system. Shift and intensity, based on counts at a the spectrum of sensed wavelengths, are then used to categorize the sample in question, as see in Fig. 2. 
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Fig. 2 - Sample of Raman Spectra collected by MBARI during the system testing of DORISS

There are a host of advantages to using Raman spectroscopy in the ocean.  The first is little or no sample preparation making for a relatively rapid analysis result. Sea water, or for that matter fresh water too, do not present a problem since the spectrum is well defined for those. The technique is predominantly non-destructive, although care must be used with samples such as hydrates not to alter the in situ state. This is accomplished by limited the power or exposure time to the excitation laser.  the technique is applicable to solids, liquids, and gases with a large volume of defined spectra already in place. 

Although Raman spectroscopy will not analyze every substance, it is a powerful tool for a large number of interesting targets. Additionally, the techniques are proven in the laboratory and the supporting technology for those applications is readily available. This allows for academic as well as industrial support to be easily obtained. 

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. 
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