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Abstract

1. Introduction


Raman spectroscopy is particularly well suited to support in situ research in the deep ocean.  The technique generally does not require sample preparation to be carried out, is non-destructive, and obtains chemical and structural compositional information about a sample.  It is essentially a remotely controllable, “point and shoot” measurement technique.  Most molecular diatomic pairs are Raman active resulting in the Raman analytical technique having a very wide range of applicability in the area of molecular speciation and species quantification.  The instrument described in this paper has been used on our remotely operated vehicles (ROVs) (Figure 1) to obtain Raman spectra of molecular species at ocean depths of up to 3600 meters.  

1.1. Background on Raman spectroscopy


The Raman effect was first postulated, studied, and verified by C. V. Raman in the 1920s for which he was awarded the 1930 Nobel prize in physics.  As part of his lecture accepting the award, Raman gave the following description of what had originally inspired his research: “A voyage to Europe in the summer of 1921 gave me the first opportunity of observing the wonderful blue opalescence of the Mediterranean Sea.  It seemed not unlikely that the phenomenon owed its origin to the scattering of sunlight by the molecules of the water” (Raman, 1930).  Raman showed that in addition to elastic Rayleigh scattering, some photons incident on a sample of interest are inelastically scattered and the shift in wavelength is related to the discrete quantum energy vibrational state(s) of the molecule(s) causing the scattering.  When a monochromatic source of photons is used as the illuminating source, the corresponding Raman scattering occurs at wavelengths offset from the incident illumination which is characteristic of the diatomic molecular pairs causing the scattering.  As a result, spectra are obtained which can be used to verify the molecular species present in the sample and to determine the relative concentrations of those molecular species.


The major challenge in building a Raman spectrometer, derives from the instrument sensitivity and wavelength resolution required to observe the effect.  Only approximately one in ten to the eighth photons incident on a sample of interest result in an observable Raman scattered photon.  Until very recently, optical components of reasonable sizes and capabilities were not available to support the implementation of viable laboratory instruments let alone an instrument useable in the field.  However, the past ten years has seen the development of sufficiently high power solid state lasers, holographically based optical filters and dispersive gratings, and thermoelectrically cooled charge-coupled device (CCD) detectors.  It is these recently developed optical components that have allowed the realization of a Raman spectrometer usable in the deep ocean.  It is especially fitting that the effect that C. V. Raman discovered is now being applied to research the entity that inspired him to discover it in the first place.

1.2. Uses of Raman spectroscopy in the ocean


The laser Raman spectrometer (LRS) is a useful in situ tool for studying a variety of processes in the ocean.  Laser Raman spectroscopy is capable of analyzing species such as CO2, CH4, and H2S (Seitz et al., 1993; Seitz et al., 1996) either as gases or dissolved in seawater (although it may be necessary to use techniques such as liquid core optical fibers to obtain the instrument sensitivity needed).  Basalt and hydrothermal minerals such as anhydrite, sphalerite and pyrite can be identified (Pasteris, 1998; Wang et al., 1999).  Laser Raman spectroscopy has also been used in the laboratory to analyze bacterial mats from Monterey Bay (Pasteris et al., 2001).  An ocean-deployable LRS should allow such measurements to be made in situ.  

2. Spectrometer selection process


Rather than designing our own ocean-going spectrometer, it was decided to obtain an off-the-shelf version that could be modified for ocean use as a proof of concept.  

2.1. System Requirements


We developed a set of requirements that would meet our performance and functional needs for a basic Raman spectrometer.  These requirements were based on the environmental conditions, operational issues, and spectral quality.

Environmental conditions:

· Tolerant to moderate vibrations during movement

· Tolerant to temperature changes (down to 3°C; stable during analysis)

Operational issues:

· Stable, sturdy, solid state 532 nm excitation laser

· Fixed grating (to eliminate moving parts)

· Fiber optic cable and sampling head

· Several millimeter focal distance

· 10 to 100 micron diameter beam spot when focused

· Immersible head

· Video-imaging capability for optical head

Spectral quality

· Spectral coverage from 100 to 4000 ∆cm-1 

· Spectral resolution of 1-2 cm-1
· High throughput for spectrometer, optic head, and cable

2.2. Selection


A vendor survey was conducted with three potential vendors being down selected for further on-site discussions.  Visits were subsequently made to Kaiser Optical Systems Inc. (KOSI), InPhotonics Inc., and Instruments S. A. (now Jobin Yvon Inc.) in order to evaluate their respective candidate spectrometer designs.  The final spectrometer selection was based on the ability of the respective designs to meet our requirements, on the amount of effort that was required to repackage the spectrometer for deployment on our ROVs, and on the flexibility of the system to accommodate future changes and adaptations.  The KOSI HoloProbe spectrometer was determined to best satisfy our overall needs. 

3. System Description

3.1. System overview


The MBARI laser Raman spectrometer (LRS) consists of a Kaiser HoloSpec f/1.8 spectrometer with an Andor Technology 2048 x 512 front illuminated CCD, a 100 mW 532 nm Coherent Nd:YAG laser, and a Kaiser Mark II holographic filtered probe head which is capable of being fitted with different focal length sampling optic assemblies.  A shipboard PC controls the system and collects and displays the spectral data using the KOSI HoloGRAMS software package.  The basic LRS configuration is shown in Figure 2.  The LRS was adapted for use in the ocean by dividing the components into three pressure cases, building penetrating fiber optic cables, and developing an Ethernet interface to control the system from the shipboard PC.

3.2. Optical probe head


The probe head is deployed off the ROV by the ROV manipulator arm to observe the sample of interest  The probe head is connected back to the remainder of the spectrometer mounted on the ROV using 8 m long, high-pressure tolerant fiber optic cables.  The laser excitation fiber (which connects the probe head to the laser source) and Raman signal collection fiber (which connects the probe head to the spectrograph) have diameters of 62.5 microns and 100 microns respectively.  Figure 3 shows the details of the probe head optical configuration.  The laser excitation signal from the fiber optic cable passes through a grating and spatial filter to narrow the bandwidth of the excitation signal and remove the silica Raman signal generated in the fiber itself.  The excitation signal is then redirected by a mirror and notch filter to the external sampling optic.  Up to ~30 mW of laser excitation exits the probe head and is available for illuminating the sample of interest.  The Raman wavelength-shifted back-scattered signal is collected by the external sampling optic and passes through two notch filters which attenuate the back-scattered laser excitation (Rayleigh scattering).  The Raman signal is then focused onto the fiber optic cable connecting to the imaging spectrograph.  


A wide range of external sampling optics are available ranging from a very small spot size, short focal distance microscope objective, to a larger spot size, 18 inch focal length telescope configuration.  We currently use an “immersion optic” and a “stand-off optic”.  The immersion optic has 2 mm focal length lens at the end of a 10 inch long tube with a pressure-tolerant sapphire window.  This allows the optic to be placed in a fluid stream.  The stand-off optic is a short telescope-type optic with a focal length of 2.5 inches in air.  


The sample being measured must be essentially at the focal point of the instrument.  The depth of focus of the LRS optics was determined by  obtaining spectra from an opaque polished silicon wafer.  Figure 4 shows the change in signal intensity as a function of displacement from the focal point for our two sampling optics.  The depth of focus was taken to be the full width at half maximum of the silicon peak   The depth of focus of the immersion and stand-off optics are ~0.2 mm and ~1.0 mm in air, respectively.


A diamond chip has been placed in the path between the first notch filter and the sampling optic.  The diamond provides a spectral line standard (1332 ∆cm-1) that is independent of environmental effects and is present in all recorded spectra.  It serves as a quality control marker and can be used to correct the measured data if needed (Zheng et al., 2001).

3.3. Spectrometer optical bench


The spectrograph optical path contains the following elements:

An input lens to collimate the incoming Raman optical signal

A notch filter to further reduce the unwanted laser excitation signal

A lens to focus the Raman signal on a replaceable slit

A mechanical shutter used to obtain dark noise signal level data

A lens to recollimate the optical signal after passing through the slit and shutter

A HoloPlex transmissive holographic grating.

A lens to focus the spatially dispersed signal on the CCD detector

An Andor Technology 2048 x 512 TE cooled front illuminated CCD 


The replaceable slit determines the spectral resolution of the spectrometer, but it also inversely affects the sensitivity of the system.  Based upon pre-mission science data needs, a slit width is chosen and installed making the resolution and sensitivity parameters constant over the duration of a mission.  


Kaiser’s HoloPlex holographic grating creates two horizontal lines of spatially dispersed and vertically separated spectral lines which are imaged on the CCD camera face.  This technique divides the measured spectral range into two segments (a low wavenumber shift stripe and a high wavenumber shift stripe) thereby effectively doubling the spectrometer resolution.  The spectrometer therefore has the equivalent of 4096 resolution cells (pixels) giving a one wavenumber spectral resolution over a 4000 wavenumber range.  The vertical extent of the individual spectral stripes is typically 40 pixels high with the two stripes of spectra being separated vertically on the CCD by approximately 200 pixels.  Random noise is reduced by binning (combining) the pixels that form a line normal to the spectral stripe (a spectral resolution cell).  Pixels outside of the software-selectable vertical binning range are not counted and thus to not contribute to excess noise.  For a given exposure time, the maximum signal count level spectral resolution cell before saturation is 65536 counts.  It should be pointed out that using a CCD camera as the detector allows all of the spectral resolution cells to be measured simultaneously during each measurement cycle.  

3.4. Electronics and power


The on-board computer electronics consist of a Pentium based single board computer (SBC) with non-volatile flash memory containing the software necessary to communicate with and to operate and control the remote functions of the spectrometer.  The flash memory cards are field replaceable and are programmed using a programmer installed in the system desktop computer.  The SBC assembly also contains the Andor camera controller card and an Ethernet communications card.  Both MBARI ROVs (Tiburon and Ventana) provide an Ethernet telemetry channel for communications to the ship.


The ROV Ventana provides 120 VAC single phase at 2.5 kW prime power, while the ROV Tiburon provides 48 VDC at 200 W and 240 VDC at 5 kW.  Since the LRS requires 110 VDC, a 240 VDC to 48 VDC Vicor converter and a 48VDC to 120 VAC 250 W sine wave inverter are used to supply instrument prime power when the spectrometer is deployed on the ROV Tiburon.  The ROV Ventana provides the 110 VAC needed without having to adjust the power input.  The CCD array in the camera is thermoelectrically cooled with the temperature being remotely controllable from ambient to –80°C.  A separate TEC power supply and controller are part of the support electronics. 
The maximum internal power dissipated by the support electronics in the spectrometer pressure vessel does not exceed 35 watts.  The laser, SBC, and support electronics in the electronics pressure vessel dissipate a maximum of 115 watts.

3.5. Instrument modifications


The KOSI Raman spectrometer was originally designed to support the real-time control of continuous chemical processes.  It was intended to be installed in a nearly constant environment at a chemical plant where it would be used as an in-process sensor and where under normal circumstances there would be little need to interact with the instrument after it was initially aligned and installed.  Because we are constantly changing the configuration of the instrument to meet varying science experiment protocols and because the instrument is subjected to operating ambient temperature changes of greater than 20°C in less than an hour, it has been necessary to modify two of the instrument alignment mechanisms.  First, a precision three axis micrometer driven lockable alignment stage has been added to facilitate the alignment of the 62.5 micron excitation fiber optic cable to the laser output port.  This alignment is critical to achieving the maximum laser power on the sample of interest and correspondingly the maximum instrument sensitivity.  


Second, the alignment of the lens which focuses the collected Raman signal on the slit (which determines the spectrometer resolution) is also critical.  Mechanical shock, or temperature or orientation deviations could cause the lens-to-slit alignment to degrade.  The original KOSI slit alignment mechanism used a manual knob to translate the spot across the slit.  We have replaced this mechanism with a motor driven stage.  The stage translates the lens focused spot across the slit in 0.0005 mm increments.  The stage is remotely controllable which allows the Raman system operator to optimize the observed sensitivity of the instrument an individual measurement basis to compensate for shock, orientation, or temperature induced changes in the lens/slit alignment.

4. Packaging for ocean use

4.1. Pressure housings


The spectrometer components used on the ROV are packaged in three separate pressure vessels that are capable of withstanding 6000 psi with a 20 percent safety margin.  The probe head is contained within a 14 inch long by 5.5 inch diameter titanium pressure vessel which has a removable end cap to accommodate a variety of sampling optic configurations.  Presently two end cap configurations are used; one utilizing a 0.5 inch thick glass hemispherical dome internally accommodating the stand-off optic (Figure 6A) and a second with a compression fitting through which the immersion optic is fitted (Figure 6B).  Both probe head configurations weighs 40 pounds including frame and T-handle used for off-vehicle deployment.  High-pressure tolerant fiber optic cables connect the laser excitation and the Raman scatter signals to the electronics and spectrograph pressure vessels respectively.


The electronics pressure vessel is 39.5 inches in length, 10 inches in diameter and weighs 138 lbs.  The cylindrical portion of the vessel is a monofilament wound fiberglass reinforced plastic (FRP) one inch thick layup design.  1.75 inch thick removable aluminum endcaps complete the assembly.  Figure 7 shows the electronics pressure vessel and its contents.  All electronic units are mounted on an internal central aluminum web.  A wheel structure is mounted on each end of the web to position the assembly inside of the pressure vessel.


The spectrograph pressure vessel is “L” shaped in order to accommodate the CCD camera which is mounted at a right angle to the longitudinal axis of the optical bench.  The primary structure is 30.0 inches long including the hemispherical end caps by 12.75 inches in diameter.  The camera extension housing is 8.75 inches long and 8.0 inches in diameter.  Total weight of the spectrograph pressure vessel is 173 pounds.  The vessel was machined out of 7075 aluminum and has been hard anodized to retard corrosion.  Figure 8 shows the optical bench removed from the pressure vessel.  The optical bench is held in place inside of the pressure vessel by an internal jack screw clamp.  Electronic components are mounted in the smaller hemispherical end cap and on the bottom of the optical bench.

4.2. Temperature and humidity


The Raman spectrometer is designed to operate over an ambient temperature range from 0°C (the ocean is approximately 1°C at 4000 m) to 50°C (ship deck temperatures in the tropics).  Temperature and relative humidity in each of the two major equipment pressure vessels is monitored and the data incorporated into the data stream sent topside over the Ethernet communications link.  The temperature inside the spectrometer pressure vessel when it is deployed and operating in the ocean runs 2 to 3°C above ambient ocean temperature.  At 3600 meters depth where the ocean temperature is approximately 1.5°C, the measured ambient temperature inside the spectrometer pressure vessel was ~4°C.  When operating in the laboratory, with the spectrometer pressure vessel sealed, the inside temperature stabilizes at 5 to 7°C above laboratory ambient.  The temperature inside the electronics pressure vessel when it is deployed and operating in the ocean stabilizes at 5 to 10°C above ambient ocean temperature.  When operating in the laboratory, which the electronics pressure vessel sealed, the inside temperature stabilizes at 7 to 13°C above laboratory ambient.  Both pressure vessels are packed with 4 to 5 small packages of standard clay based desiccant before the vessels are sealed in preparation for a dive.  With the desiccant, the internal ambient relative humidity of both sealed pressure vessels runs less than 10 percent at 2°C ambient internal vessel temperature and less than 20 percent at 20°C ambient.

5. Operations

5.1. Integration with ROV


MBARI utilizes two ROVs on which the spectrometer is deployed to support in situ research efforts in the deep ocean.  The ROV Ventana is rated to a depth of 1500 meters and has a useful science payload of 600 pounds in air.  The ROV Tiburon is rated to a depth of 4000 meters and has a useful science payload of 600 pounds in air.  A noted above, Ventana provides 120 VAC at 2.5 kW, AND Tiburon provides 48 VDC at 200 W and 240 VDC at 5kW.  Both ROVs communicate science data topside using an Ethernet telemetry channel.  Since the Raman spectrometer must be usable with both ROVs, it has been designed to accommodate the most demanding requirement as derived from each of the vehicles.  


For use with our ROVs, the electronics and spectrograph pressure vessels are mounted in an aluminum frame drawer which has slides on its sides and has a single cable interface to each ROV.  The drawer and cabling can be completely installed on or removed from an ROV in less that 15 minutes allowing quick reconfiguration of science experiments at sea.  The drawer assembly is shown in Figure 9.  The probe head pressure vessel is carried to the measurement site on the front work area of the ROV and is deployed off-ROV by the ROV manipulator arm for an actual measurement.    The total weight for all three pressure vessels, all interconnecting cables and the drawer is 465 pounds.

5.2. Data acquisition and processing


A standard desktop PC with Ethernet communications capability is used topside as both the controller for the remote hardware and to analyze, display and store the spectral data being measured.  The data ca also be exported to GRAMS, Microsoft Excel, and Matlab software packages for further analysis and manipulation of the data.


The exposure time for each measurement is software selectable from milliseconds to hours.  Multiple accumulations (up to ~50) can be acquired for post detection summing or averaging to reduce noise.  Dark signal accumulations are also acquired and subtracted from the measured Raman signal data during post detection signal processing in order to increase the sensitivity of the instrument.  

6. Deployment

6.1. Scattering/fluorescence issues


The ocean contains a great many suspended particles (“marine snow”) and there was concern that scattering from these particles could cause both a significant reduction in signal level and also result in “snow” caused artifact spectral lines being present.  Experience has shown that the “snow” has very little effect because of the very rapid decrease in signal strength of the Raman scattered signal when a scattering source is outside of the instruments small focal volume (see Figure 4).


Many marine organisms – especially those that contain chlorophyll – will, depending on the excitation wavelength, fluoresce.  Fluorescence generally occurs over a broad wavelength range and manifests itself as an increase in the background/noise level of the instrument potentially masking the signal of interest.  Our instrument uses a 532 nm excitation source which is capable of causing a great deal of fluorescence.  However, chlorophyll producing organisms do not exist below the phototrophic zone where most of our research interests lie.  To date, we have not seen any fluorescent effect in our measurement which have taken place at depth exceeding 200 meters.  Spectra obtained above 200 meters depth do show strong fluorescence.  Fluorescence can also be a problem in seafloor sediments and on some rocks.  In the future, if Raman measurements are going to be made in areas affected by fluorescence, the effect of fluorescence on Raman spectral measurements will need to be characterized and understood.

6.2. Spectra obtained


At this point in time, the spectrometer has been deployed in the ocean on 7 separate occasions on both the ROV Tiburon and ROV Ventana with quality in situ spectral data being obtained during very dive (cite Appl. Spectrosc. paper in press).  Figure 10 shows examples of the in situ Raman spectra of liquids that we have measured with the instrument.  Figure 10A shows the expected O-H “stretch” line at ~3450 cm-1 and the H-O-H “bend” line at ~1640 cm-1 of seawater measured at an ocean depth of 400 meters.  Figure 10B shows the characteristic ~1285 and ~1388 cm-1 lines for liquid CO2 measured at an ocean depth of 3607 meters.  Spectra have also been obtained  of gases (Figure 11) at shallower depths (down to 400 m), and of solid phases such as calcite at 663 meters (Figure 12).

7. Future additions


Initially we have concentrated on demonstrating the viability of the Raman measurement technique in situ by observing relatively homogeneous and optically clear samples.  The positioning of the focal point on/in these samples is not critical.  However, in order to make measurements of optically opaque samples, the extremely small focal volume of our Raman spectrometer requires the ability to position the spot precisely on the surface of the sample of interest.  Since the laser spot diameter is on the order of tens of microns and the depth of the focused field is ~0.2 mm (for the immersion optic), the spot itself will need to be able to be positioned with a resolution of 0.1 mm or less in all three orthogonal spatial axes.  A remotely controllable and deployable precision positioner capable of moving the optical head over a 15 cm range with 0.1 mm resolution in three orthogonal axes is being designed and fabricated to satisfy this requirement.


In the laboratory, it is relatively easy to observe and document what sample and where on that sample a Raman measurement is being made.  However, when using the spectrometer in the ocean, the observation must be made remotely and because of the small laser spot diameter it must be made very accurately.  A “through the lens” visualization system is being designed and fabricated to perform this function.  This system will be inserted in the probe head optical path between the notch filters and the external sample optic.  Because any element inserted in the instrument optical path will reduce the instrument sensitivity and because there is no need to simultaneously measure and observe the sample, and externally controlled beamsplitter will be used.  The beamsplitter will redirect the optical path to a CCD video camera for sample viewing.  The beamsplitter will be removed from the optical path during spectral acquisitions.  White light illumination of the sample will be provided.


The Raman technique is generally considered to be a non-destructive measurement modality.  However, with our current instrument design, the sample is continuously illuminated with light energy levels that can cause the sample physical, chemical and physiological properties to change with time.  For example, we have found that when observing CO2 hydrate over tens of seconds, the ice crystals trapping the CO2 gas tend to melt under the continuous laser illumination in effect destroying the hydrated structure.  We also believe that photo bleaching of certain biological samples can occur changing both the chemistry and physiology of an organism being observed.  Since these effects are related to the length of time that a sample is exposed to the laser light, it has been determined that some form of exposure time control will be required.  A remotely controllable mechanical laser shutter is being added to the spectrometer.  The time of the laser excitation exposure will be synchronized with the actual Raman measurement cycles.  This capability will minimize sample laser exposure time and help to avoid any sample degradation problems.

8. Conclusions


We have successfully fielded a laser Raman spectrometer for measurements in the deep ocean and have used it to obtain high quality in situ spectral data.  The Raman technique is especially applicable to ocean research because it normally does not require any sample preparation, because it is usually non-destructive and because measurements can be made remotely.  The spectrometer has been packaged so that it is both usable in the laboratory to develop science experimental protocols and deployable by our ROVs to make in situ measurements.  We are currently augmenting our Raman spectrometer capability by adding a precision optical head positioner, a “through the lens” visualization system and a laser shutter.  Future targets to be analyzed include gas vents, bacterial mats, and hydrothermal vent systems.
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Figures

Figure 1.  ROV Tiburon – side view with spectrometer in place

Figure 2.  Laser Raman spectrometer schematic

Figure 3.  LRS probe head optical configuration

Figure 4.  Probe head sample optics depth of focus plot

Figure 5.  LRS packaging schematic

Figure 6.  Probe head dome pressure vessels configuration pictures: (A) dome window, (B) immersion optic with compression fitting

Figure 7.  Electronics pressure vessel and contents picture

Figure 8.  Spectrometer pressure vessel and contents picture

Figure 9.  LRS installed in ROV drawer

Figure 10.  Raman spectra of liquids (A) seawater (B) liquid CO2
Figure 11.  Raman spectra of gases

Figure 12.  Raman spectra of calcite
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