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Abstract- Over the last several years, scientists and engineers at the Monterey Bay Aquarium Research Institute (MBARI) have successfully developed and deployed two generations of deep ocean laser Raman spectrometers.  There are many advantages to this type of spectroscopy: it is rapid, non-destructive, and can be used to analyze solids, liquids and gases. Unfortunately, one of the disadvantages of using Raman spectroscopy is that it is a very weak signal. Thus, it is difficult to detect dilute chemical compounds in solution, such as bicarbonate and carbonate ions at natural concentrations.  The challenge we face now is improving the sensitivity of the instrument. This paper will discuss the efforts we have made to increase the sensitivity of our second generation Deep Ocean Raman In-Situ Spectrometer (Doriss2).
In developing this second generation instrument, we incorporated new components which improved system performance.  These components include a ruggedized new U-shaped spectrometer and a back illuminated CCD camera which is much more sensitive than the original front illuminated CCD camera. The element which has had the most impact on system sensitivity is a set of new custom-made fiber optic cables. We had built several sets of custom fiber optic cables, but despite our efforts, their performance degraded substantially over time. Recently, we have produced a new oil-filled pressure compensated fiber optic cable which performs far better in pressure testing and is much more robust. At 6000 psig, this cable shows losses of only 2-3 decibels versus previous cables where losses of 25-30 decibels was common. This new fiber optic cable was field tested in May and showed markedly improved performance. 

I. Introduction

Raman Spectroscopy
Raman spectroscopy is based on the principle of Raman scattering. When light hits a target most photons are elastically scattered. A very small fraction of the photons, about 1 in 10,000,000, are inelastically scattered. The energy shift of these incident photons is equal to the change in the vibrational energy of the target molecule. This shift serves as a fingerprint of the target, providing information on the molecular structure and the atomic environment. This non-invasive technique makes it possible to conduct geochemical analyses in situ in the deep ocean. In addition to being non-invasive, Raman spectroscopy is rapid, non-destructive, and most importantly effective for interrogating liquids, solids and gases. One of the difficulties of Raman spectroscopy is that the signal is very weak. For this reason, much emphasis was placed on increasing instrument sensitivity.

Raman Spectroscopy in the Deep Ocean

By far, the greatest value that Raman spectroscopy offers is its ability to yield chemical information in situ with little or no sample preparation.  For ROV studies, this allows us to make measurements in situ, so samples can be measured undisturbed by temperature, pressure or red-ox changes which commonly affects recovered samples.  Examples of samples that are best analyzed in situ include venting hydrothermal fluids and methane clathrate hydrates.

II. Instrument development

Deep Ocean Raman In-Situ Spectrometer (DORISS) 
The idea of using a laser Raman spectrometer as an ROV deployable instrument was first proposed in 1999.  In order to demonstrate the "proof-of-concept," we decided that converting a laboratory instrument to this purpose made more sense than building a custom designed instrument specifically for this purpose.  Based upon specifications of size, weight, spectral resolution and ease of use, a Kaiser Optical Systems instrument was chosen for this work.  It was removed from some of its factory housings and repackaged into three separate pressure cases for use in the deep sea (Brewer et al., 2004).  Design of an L-shaped pressure case to house the optical bench and spectrometer camera provided the greatest engineering challenge.  While certainly not optimized for ROV operation, this configuration provided a successful demonstration of the usefulness of laser Raman spectroscopy in the deep sea (Pasteris et al., 2004).  However, despite these successes, considerable challenges remained before deployment of the instrument would become routine.  Any maintenance of the spectrometer required its removal from the pressure case.  This required disassembly of the camera from the optical bench and a loss of alignment and calibration.  Our fiber optic cables connecting the probe-head to the laser light source and returning the Raman scattered light to the spectrometer were not pressure tolerant and considerable loss of signal was experienced below 500m water depth.

Instrument Sensitivity Challenge

Laser Raman spectrometer sensitivity is a direct function of the number of photons delivered (output power) which excite the sample and return some fraction as frequency shifted light. The output power also has a direct relationship to the time spent exciting a sample to collect the desired spectra. Other than the obvious goal of making efficient use of expensive ROV time, there are some science experiments that require faster spectra collection times. For example, experiments have been conducted looking at CO2 equilibration rates which alter depending on depth, temperature and initial conditions of the sea water. As the reactions are studied shorter acquisition times can yield details otherwise invisible to the scientist. Similarly, DORISS has worked at hydrothermal vents where chemical changes can occur extremely fast. 
The DORISS II system corrected a number of technical deficiencies from the DORISS I prototype. The DORISS II internal components are mounted on vibration isolation pads and carried on a custom frame that eliminates the possibility of optical distortion from dimensional changes caused by pressure effects on the main housing. The new bench also delivers better thermal management further improving optical path integrity. Early tests of the DORISS II system however did not yield the expected gains in sensitivity and performance desired. The lack of sensitivity was quickly attributed to the fiber optic cables which had to be replaced regularly. Non-standard 100 um fiber is used to collect the returning spectra. The 100 um fiber is not a current industrial standard and therefore is unsupported by connector and cable manufacturers. The cables therefore were comprised of 2 single fiber lengths in an extruded plastic sheath for protection (Fig. X). The fibers are then bundled in a free flooding harshness. The fibers gave solid performance when newly assembled but are not robust enough to last more than a few dive series. Since connectors and off-the-shelf penetraters were not available this meant an excessive amount of maintenance and cost to the science user. A new cable design was thus required.
Science drivers for increased sensitivity
There are several immediate benefits to increasing the instrument sensitivity.  Most obvious is the concomitant decrease in analysis time.  Spectra are acquired in a mode where multiple scans are averaged to increase the signal to noise ratio.  The accumulation time per scan and number of replicate scans are balanced against the practical limits of detector saturation and time available to make measurements.  ROV time is precious, so the faster spectra are acquired, the more samples that can be analyzed.  Typically, sample analysis times are on the order of 5-15 minutes.  Reducing this to 1-2 minutes would greatly increase the number of samples analyzed or the number of data points collected during the course of an experiment.

A second benefit to increased instrument sensitivity is the detection and determination of trace components.  At present, DORISS has no problem determining pure gases (e.g., methane) or liquids (e.g., liquid carbon dioxide) but determinations of trace components in those gases or dissolved in liquids are limited.  At present, only sulfate can be observed at natural concentrations in seawater.  The highly important carbonate system is below our detection limits.  An increase of sensitivity on the order of twenty-fold is needed to detect bicarbonate and carbonate in seawater; an increase of fifty-fold is needed in order to make quantitative measurements from which the total CO2 concentration or pH could be calculated with the desired degree of accuracy to be useful.

In order to optimize the laser Raman spectrometer for use on an ROV, we established several re-design goals including: easy maintenance, robust operation, weight reduction, and pressure tolerant fiber optics. Ease of maintenance was an obvious re-design goal.  While the initial L-shaped pressure case was a major feat of engineering, the fact that we had to disassemble the camera from the spectrometer every time that we needed to work on it was a major problem: it was both time consuming and it required a pains-taking process of remounting the camera and realigning the optics.  The spectrometer itself was designed as a bench-top unit and as such was unprepared for the rigors of ROV deployment.  Simply putting the instrument on a cart and rolling it across the street to the dock was often enough to de-align the optics and require recalibration.  The solutions to these problems came in the form of a new U-shaped optical bench from KOSI.  Not only was the new bench more robust inside and out, but its elongated U-shape made it possible to use a cylindrical pressure case design.  This in turn led to a lighter pressure case made of titanium to better resist corrosion.  By attaching the end bell to the internal instrument support frame, we were able to avoid having to break connections (either electronic or fiber optic) whenever the case was opened to service the spectrometer.  Additionally, the larger pressure case allowed all of the components save the movable probe-head within a single container vastly simplifying the assembly.  The last two design goals are currently works in process.

III. DORISS II

A. Instrument Description

The Doriss II unit is comprised of a commercial spectrometer from Kaiser Optical systems, a PC104 processor stack, and a custom power supply (Figure 2). The spectrometer consists of a U-shaped bench, in which the light enters through one side of the “U” passes through filters, gratings and a slit, then is reflected by a mirror to hit the CCD chip of a science grade CCD camera on the other end of the “U”.  Our previous spectrometer was L-shaped, which made packaging it in a 4000-m pressure housing very difficult and awkward. The CCD camera from Andor Technology has a 2048x512 pixel array, is back illuminated, and has a USB interface. The excitation light is generated by a 532 nm wavelength 100 mW laser head. The laser and power supply are mounted on a large heat sink with fins that are actively cooled by a bank of fans. Temperature sensors are mounted within the spectrometer, on top of the computer stack, and near the laser head to monitor the environmental conditions. A bottom side computer running communicates with the laser, the CCD camera, and a top-side ship board computer via Ethernet.
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Figure 2. DORISSII internal chassis consists of a spectrometer, CCD camera, laser and computer.

All of these components are housed in a 4000-m rated titanium pressure housing. Our previous deep sea spectrometer system, DORISSI, consisted of 2 pressure housings. Reducing the system to only one housing resulted in a 90 lb reduction in wet weight. The system may now be deployed off of other vehicles with a more restricted payload.

B. Instrument Deployment 
The DORISS II system has been optimized for use on the MBARI ships and ROV’s, however the system would be compatible with any ROV that has suitable power and payload.  A standard SeaCon min-k-10 long connector and cable is used for interfacing with the instrument.  MBARI has in operation two ROVs:  Ventana is rated to a depth of 1800 meters and has a science payload of 272 kg in air. Ventana provides 2.5 kW at 120 VAC. Tiburon is rated to a depth of 4000 meters, has a science payload of 220 kg in air, and provides 200W at 48 VDC and 5 kW at 240 VDC.  Both vehicles provide instrument communications via 10BASE-T Ethernet.  DORISS 2 has been configured to accept either power source (AC or DC).

The DORISS 2 titanium pressure housing is mounted in an aluminum frame drawer that can be inserted into either ROV toolsled via sliding rails.  The drawer and cabling is easily integrated with the ROV in less than one hour.  The probe head is typically mounted forward of the vehicle in a horizontal or vertical orientation depending upon the target of interest.  Total weight of the DORISS 2 system (including probe head in pressure housing) is 340 lbs in air and 93 lbs in water.
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Figure 3. DORISSII deployed on the ROV Ventana. The electronics pressure housing is mounted in the drawer in the rear of the vehicle and the probe head is mounted from the vehicles swing arm. Our original fiber optic cables (green) are secured to the side of the vehicle.

Oil-filled Fiber Optic Cables
The Laser Raman requires an excitation fiber of 62.5/125 um (fiber diameter/outer diameter with cladding) and a collection fiber of 100/140 um. In addition there is a requirement for 12 Cu 28 gage conductors for delivering power and communications to a motor in the probe head.  The goal was to build a seawater tight, rugged, easily handled cable that had a depth rating of 4000 meters.  A rigorous vendor search yielded no such product, custom or otherwise. 


A prototype cable of fibers only was designed and fabricated.  Removing the outer jacketing from the fibers simplified the prototype cable’s construction by allowing easy oil pressure compensation within an oil-tolerant Tygon tube.  The cable consisted of 2 sets of excitation and collection fibers for redundancy.  During lab pressure testing the measured attenuation was only a few dB down to 4000 meters (6000 psi).  Our original cables had measured losses up 25-30 dB. These losses were likely a result of the non-oil-filled jacketing crushing down unevenly on the fibers. The prototype fibers performed well in sea trials so we started on our more robust consolidated design.  


The cable’s latest version is 10 meters long, has both 12 Cu conductors and 2 pair fibers.  We used flexible ½ inch diameter hydraulic  hose of steel mesh outer and Teflon inner tubing.  This was resistant to seawater, adaptable to standard hydraulic fittings and could stand up to the rough handling it might see on the ship’s deck or by the ROV’s manipulator arm during deployments.  One of the many challenges was running the delicate optical fibers through the hose with so many copper conductors.  We chose a ribbon style multi-conductor cut down to 12 conductors for this purpose.  This formed a neat, easily managed C shape in the tube which allowed the fibers to easily move around inside the cable assembly was in use. The fibers and wiring were split into 2 separate connectors at both ends of the cable using standard Swagelok fittings, in-house designed fiber penetrators and 12 pin SeaCon Min-K connectors (Fig. X). 
One end of the cable used a Swagelok cross to allow connection to an extra length of oil-tolerant Tygon to act as a reserve for the silicon compensation oil. Plastic spiral wire wrap was used to avoid accidental kinking of the Tygon tube. For the final assembly a slight overfill with silicon oil is used to maintain positive pressure against the water.

IV. Results

Lab and Field Testing

In order to optimize the use of the spectrometer while it was still in the design and re-build phase of its development, we took a staged approach to its deployment.  Along the way, we selected several simple experiments that would both help guide the development of the instrument and produce useful and cutting edge science.  Initially, it was not possible to have precision control over the position of the focal point of the laser beam, so we selected transparent targets that did not require fine focusing.  In this way, we were able to observe pressure and temperature effects shifting the position of the Fermi diad in liquid CO2 (Pasteris et al., 2004) and observe the disproportionate dissolution of artificial gas mixtures (CO2 & N2, CH4 & H2S) vs time in the deep sea (White, et al., 2006a; Dunk et al., in preparation).

As our observational capabilities increased, we pursued more ambitious targets. We looked for natural samples of methane hydrate in situ at Hydrate Ridge off the coast of Oregon (Hester, et al., in preparation), hydrothermal mineral formation on Gorda Ridge, also off the coast of Oregon, (White, et al., 2006b) and at a  barite formation in Monterey Bay (White et al., this volume).  

One example of the effects of the signal loss at pressure through our original fiber optic cables can be seen when comparing Barite spectra taken in the lab and taken in the deep ocean. Figure X. presents two Barite spectra. In both panels the units on the X-axis are Raman Shift (cm-1) and the units on the Y-axis are arbitrary relative intensity units. In panel B, the spectrum shown was collected with the same spectrometer at room temperature in the lab. This spectrum, in which multiple peaks are clearly visible, represents about the best we could hope to achieve. Panel B presents a Barite spectrum collected at Gorda Ridge at a depth of approximately 2700m. In this spectrum the 987 cm-1 peak is barely visible and the 457 cm-1 peak is not detectable. One way to increase the signal is to increase the accumulation time, however bottom time on the ROV is limited and very expensive, so this is not the best solution. With increased sensitivity we hope to improve the system performance at important sites such as these. 
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Figure 4. Comparison of lab and in situ Barite spectra. The X axis units are Raman Shift (cm-1) and the Y axis units are arbitrary relative intensity units. (A) Barite spectra collected at Gorda Ridge [REF]. Only the 987 cm-1 peak is visible and it is very small. (B) Barite spectra collected in the lab displays strong peaks at 987 cm-1 and 457 cm-1. 

New Cable Testing Results
The improvement in performance with our new oil-filled cables can be seen in Figure X. three acrylic spectra taken at different depths presented in Panel A illustrate the signal degradation as a function of depth with our original fibers. Panel B presents two acrylic spectra taken during a separate dive with our new oil-filled cables. In both cases a piece of Acrylic was mounted as close to the focal point of the laser as possible. These spectra were collected with our stand-off optic which has a long focal length, due to this fact there is also a large component of the seawater spectra as well as the Acrylic. The spectra displayed panel A and B were taken on two different ROV dives, overall differences in intensity result from multiple factors but the largest is probably the quality of focal point positioning. These differences are not important, what is really significant is the relative performance on each dive over a wide range of depths. Acrylic spectra were collected at depths of 500m and 1000m on both dives, the data set shown in panel A also contains an additional spectrum at 2000m. The majority of the signal loss occurred between 500m and 1000m, although the performance continues to degrade with depth. Although not shown in these figures, the signal does not degrade significantly between 0-500m.  
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Figure 5.  Comparison of Acrylic spectra during a descending ROV dive taken in situ with our original and new oil-filled cables. The X axis is Raman Shift (cm-1) and the Y axis is arbitrary relative intensity units. (A) Acryllic spectra taken with our original fiber optic cables illustrate the tremendous signal loss at depths greater than 500m. (B) Acrylic spectra collected with oil filled fiber optic cables show much better performance at depth.

The signal degradation is much less with the oil-filled cables. By comparing peak height, we estimate that with our original cables there is an approximately 70% loss in signal between 500 and 1000m. This loss is only 20% with the new oil filled cables. We still hope to achieve even better performance by optimizing cable design and manufacturing processes. 
V. Conclusion

Enter conclusion here..
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