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Abstract A laboratory Raman-set-up is used to demonstrate the feasibility of deep ocean measurements using 1000 m
long low OH optical fib res for the excitation of the substances under study and the collection of the Raman photons. As
excitation laser a 785 n m broad area distributed feedback (DFB-BA) high-power d iode laser with an optical power of 1.25 W
and a spectral emission width below 0.6 n m suitable for Raman spectroscopy was used.After passing beam shaping and
focusing optics, a 1000 m long fiber, and a pressure-resistant optode275 mW of optical power were available at the samp le.
The optode also collects the Raman photons and focuses the light into the second 1000 m long fib re, which transfers the
light into a spectrometer. To determine the reachable signal-to-noise ratio, Raman spectra were taken fro m natural minerals
(sulfates, carbonates, sulfur). Even for weak Raman-signal and short integration times of 0.5 s per spectrum, the
signal-to-noise ratio of 60 would be suitable for the in-situ Raman spectroscopy in deep ocean applications. Even longer
optical fibres would increase to integration time up to 60 s. The shown set -up offers the opportunity to used different laser
sources and spectrometers on board of a ship, only the fibres and the optode had to be suitable for deep sea conditions.
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1. Introduction
Since decades considerable attention has been given to
Raman spectroscopy as a reliable and effect ive tool for
remote sensing and in-situ applications in various fields e.g.
ocean science. Vital to this process are continous
developments in laser sources (compact diode lasers) and
high performance CCDs. Due to its non-invasive and
non-destructive character and the fact that water produces
only weak Raman signals in the fingerprinting range,Raman
spectroscopy is introduced as an important technique for
potential investigation of geochemical materials on the sea
floor.
Due to the special environmental conditions in the deep
sea, co mprisinghigh pressures and extreme temperatures,
measurements are often restricted in taking samples followed
by laboratory analyses.However, insitu investigations are
desirable in order to monitor the specimensin their ambient
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surroundings. For that purpose, a pressure-compensatedspectrometer system for deep-ocean investigations has been
tested successfully on a remotely operated vehicle ROV for
measurements o f gas hydrat es[1],[2] and at hyd rothermal
andcold seep systems[3]. Furthermore, hydrothermal and
cold seep minerals have been averifiedusing a laboratory
setup[4] and a deep sea Raman probe for measurements of
pore water geochemistry was developed recently[5].
Nevertheless, immersion of the whole Raman equip ment in
the deep sea has some limitations. In that way, it is difficu lt
to use large laser system and spectrometers with h igher
sensitivity improving the spectral qualitydue to the
space-limited pressure-resistant housings.
In earlier worksit has been demonstrated that fiber optic
probing for remote Raman spectrometry over a few meters
has several advantages for many application areas[6-8]. In
that context, Myrick and Angel[9] showed that it was
possible to perform Raman measurements using a 100 m
optical fiber for conventional Raman spectroscopy and a 250
m fiber for surface enhanced Raman scattering. Additionally,
a long fiber-optic remote Raman probe with a length of 100
m for the detection and identification of weak Raman
scatterers was discussed by Schoen et al.[10].

133

M arine Science 2012, 2(6): 132-138

All of these studies applied Kr+ and Ar+ lasers as
excitation light sources using emission lines in the visible
spectral region. Th is choice offers a limitation, due to the
increased fluorescence interference, e.g. by impurities in
natural substances, which can co mp letely obscure the Raman
signals of the sample. To reduce this undesired
fluorescence,the excitation wavelength can be shifted to the
near-infrared region, e.g. at 785 n m. Fu rthermore, this
excitation wavelength offers the advantage of being outside
of the water absorption band which limits the application of
Fourier transform IR instruments operating at 1064 n m[11].
After successfully realizing a 785 nm d istributed feedback
diode laser[12] with 200 mW of optical output power, a 1.5
W high power broad area (BA) d istributed feedback (DFB)
diode laser emitting at 785 n m[13] was developedrecently.
Due to its small spectral bandwidth belo w 0.6 n m (10 cm-1 ),
this laser is well suited as excitation source for Raman
spectroscopy.
In this work,we present a combination of the high power
BA DFB and two 1000 m optical fibers in order to realizea
laboratory Raman setup suitable for insitu experiments over
long distances. This approach provides the possibility to
separate the marin ized optical sensor head from the on-board
component containing laser and spectrometer. Hence,
different laser sources and high-resolution spectrometers on
board of the ship can be applied and different kinds of targets
like minerals, fluids, and gases can be probed by exchanging
the optical sensor head according to the measurement task. In
addition, investigations in space limited areas like drilled
holes are possible by mounting the optical sensor head on a
flexib le arm.
Beside deep ocean usage,the presented experimental
configuration might be also of interest forfurther applications
where a spatial separation of spectrometer and laser fro m the
target is necessary. This co mprises harsh (high pressure, high
or low temperatures, aggressive or explosive targets) or
space-limited (e.g. boreholes)measurement conditions.

2. Materials and Methods
2.1. Laser Source
For Raman measurements under deep sea conditions using
long excitation and collection fibers ,the light sources must
fulfill two preconditions. On the one hand, the spectral line
width of the laser source has to be adapted to the typical
bandwidth of the substances under study as well as to the
spectral resolution of the spectrometer. In our case, the
targets are sub-marine minerals present in the deep sea
environment typically having a spectral width of
characteristic Raman bands of 10 cm-1 [14]. In co mbination
with the spectrometer resolution of 10 cm-1 this requires a
laser emission width of 10 cm-1 or below, corresponding to a
spectral width of  = 0.6 n m at a wavelength of  = 785 n m.
On the other hand, the output power fro m the diode laser
has to be largeenough to ensurean excitation power ex fiber
of at least 50 mW to enable reasonable measurement times .
For this reason, standard ridge waveguide (RW) DFB lasers
cannot be used asthey have typical maximal output powers
of about 200 mW as reported by Wenzel et al.[12]. Taking
into account the typical attenuation of fibers in this spectral
range, a min imu m output power of 1 W is required for deep
sea applications. Hence, the capabilit ies of a broad area (BA)
DFB diode laser offer the potential to meet these
requirements. The laser devicehas a stripe width of 50 µm
and a length of 1.5 mm. It was grown with a t wo-step metal
organic vapor phase epitaxy and the internal grating for
frequency stabilizat ion was manufactured by holographic
exposure. More details about the device structure and the
manufacturing processcan be found in Maiwald et al.[13].
The diode laser is mounted p-side down on a C-mount. The
power-voltage-current characteristic at an operat ional
temperature of T= 25℃ is shown in Figure 1 exh ibiting a
threshold current ofIth = 290 mA and a slope efficiency of S =
0.85 W/A. The maximu m optical output power at an
injection current of I = 2 A amounts to P = 1370 mW.

Figure 2. Optical spectra versus injection current of the BA DFB diode laser
at T = 25℃

Figure 1. Optical power-current and voltage-current characteristic of the
BA DFB diode laser at 25℃

Figure 2 shows the spectral tuning of the DFB BA laser
fro m the threshold at 290 mA up to 2 A (i.e. 1370 mW ). It
can be seen that the laser spectrally tunes from 783.1 n m to
784.5 n m. Although at injection currents larger than 400 mA
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two modes occur, the spectral width in the whole working
range does not exceed 0.5 n m. Hence, in any case the spectral
emission width remains below the maximu m acceptable
value of 0.6 n m. Accordinng to its output power and spectral
width, the BA DFB laser is well-suited as excitat ion light
source for Raman measurements through long optical fibers.
To design a proper optical focusing system, the beam
quality of the device was measured. Figure 3 shows the
lateral near field (top) and far field (bottom) p rofiles at
output powers of 1000 mW and 1250 mW at anoperation
temperature of 25℃. The beam widths with 95 % power
content at the near field are about 48 μm and 46 μm at P =
1000 mW and P = 1250 mW , respectively. The far field
angle measured at 95 % power content is 14°at 1000 mW
and amounts to 15° at 1250 mW. The full width at half
maximu m (FWHM) o f the vertical far field profile is 22°.
This allows a highly efficient coupling of the BA DFB diode
laser output beam into an optical fiber.

For the Raman setup, a low OH optical fiber cable (AS
105/125) with a length of 1000 m was used to transfer the
excitation laser radiation to the samp le. According to the
manufacturers specifications ,the fiber has an absorption of
about 42 % at 785 n m[15]. Due to the fiber d iameter of 100
μm and a nu merical aperture of NA = 0.22, the maximu m
collection angle of the fiber is 25.4°. Based on the laser beam
characteristics,we have used the simu lation program
winA BCD[16] to determinesuitable lenses to efficiently
couple the laser beam into the optical fiber. As a result, an
aspherical lens with f = 8 mm was applied to collimate the
laser beam and a lens with f = 16 mm was used to focus the
beam into the fiber. Using this configuration and according
to the near field and far field profiles, we expect spot widths
of about 96 μm and 92 μm at 1000 mW and 1250 mW,
respectively. The convergence angles of the focused beam
are expected to be 9°at 1000 mW and 10°at 1250 mW.
To prevent the laser diode from back-reflections, an
optical isolator (Gsänger DLI-1) was used. Applying alaser
output power of 1250 mW , an optical power of665 mWwas
obtained after the isolator correspondingto apower loss of
about 47 % caused by the isolator. After passing the 1000 m
optical fiber cable , we obtained 345 mW , i.e. the losses due
to the coupling and the attenuation of the fiber at 785 n m are
48 %. To determine the coupling losses into the fiber,
measurements with a fiber length of 1 m were carried out.
This 1 m fiber (AS 105/125) has a transmiss ion of about
100 % at 785 n m[15], which means that any losses in the
laser power with this arrangement are due to the coupling.
The laser power ex 1 m optical fiber amounts to 610 mW,
indicating a coupling loss of 8 %. According to this value the
transmission efficiency of the 1000 m optical fiber was
calculated to be 52 % which is in accordance with the
transmission properties given byFiberTech[15].

Figure 3.Lateral near field (top) and far field (bottom) profiles at T = 25℃
and optical output powers of 1000 mW and 1250 mW

Figure 4. Raman signal of the 1000 m optical fiber cable without using a
bandpass filter (BPF) (a) and with using a BPF (b
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Figure 5. Scheme of the experimental setup suitable for Raman investigation in the deep sea; (1) 1.25 W BA DFB diode laser emitting at 785 nm, (2)
aspheric lens, (3) optical isolator, (4) lens, (5) 1000 m optical fiber, (6) lens, (7) band pass filter, (8) dielectric mirror, (9) achromatic lens, (10) sample, (11)
Raman edge filters, (12) achromatic lens, (13) 1000 m optical fiber, (14) spectrometer and (15) CCD

In order to measure the Raman signal originating fro m the
fiber itself, the laser beam was coupled into the fiber using
the configuration mentioned above and the output radiation
fro m the fiber was collimated by a lens with f = 16 mm.
Subsequent application of two Raman edge filters rejects the
laser light and only transmits the Raman Stokes radiation
which was then focused into the spectrometer by another
lens with f = 16 mm. The recorded Raman spectrum of the
optical fiber is presented in Figure 4 (a). Here, pro minent
silica bands are dominant in the range up to 800 cm-1 and
could overlap with sample Raman signals, thus disturbingthe
measurement. Therefore, a 785 n m band pass filter with a
transmission of 91 % at 785 n m and a bandwidth of 8 n m at
FWHM was placed after the excitation fiber to efficiently
reject the Raman scattering radiation arising fro m the quartz
fiber (see Figure 4 (b)).
2.2. Experi mental Raman Setup
In order to transfer the excitation laser rad iation to the
target and the backscattered Raman signal to the
detector,two low OH fiber optic cab les (AS 105/ 125) with a
length of 1000 m each, provided by FiberTech GmbH,
Germany, were used.
The laboratory setup, which should prove the capability
for deep sea Raman investigations, is schematically shown in
Figure 5. The output beam of the 785 n m diode laser (1) with
an optical power of1250 mW is collimated by an aspherical
lens (all lenses were purchased from ThorLabs, Germany) (2)
and then passes through an optical isolator (Gsänger DLI-1,
60 d B) (3) to prevent back-reflections into the laser diode.
Using a lens with f = 16 mm (4), the laser beam is coupled
into the1000 m excitat ion fiber (5). A lens (6) with f = 16 mm
serves for co llimat ion of the output beam fro m this excitation
fiber. A band pass filter (Quarterwave, Germany) (7) was
used to spectrally clean the laser radiat ion and to eliminate
the frequency shifted radiation arising fro m Raman
scattering inside the 1000 m quartz fiber. The laser beam is
reflected by a dielectric mirror (ThorLabs, Germany) (8) to a
Raman edge filter (Quarterwave, Germany) (11) which
guides the radiation to an achromatic lens (9) with f = 8 mm.
This lens serves for focusing the laser beam onto the sample
(10) as well as for collecting the backscattered radiation. In

this case, the focused beam has a spot diameter of 50 μm and
the convergence angle is equal to 28°. On ly the Raman
Stokes radiation passes through the two Raman edge filters,
while the Ray leigh and anti-Stokes co mponentsare blocked.
By means of an achro mat ic lens (12) with f = 16 mm, the
Raman Stokes radiat ion is coupled into the 1000 m
collection fiber (13) with a spot width of 100 μm and a
convergence angle of 14° resulting in a high
efficientcoupling. By means ofthis fiber, the Raman
scattered radiation of the sample is transferred into the
spectrometer (Princeton Instrument PI 320) (14) and the
spectra were recorded with a back-illu minated
deep-depletion CCD (DU420-BR-DD, Andor) (15)
thermo-electricalycooled down to an operation temperature
of -60℃.
The optical components which have to be integrated into a
pressure-resistant optode for deep ocean measurements are
included in the dashed rectangle in Figure 5. A prototype of
such a device was already developed by our group and tested
up to a pressure of 20 MPa which is equivalent to a water
depth of 2000 m[17].
As mentioned above, we obtained a laser power of 345
mW before the optodeusing the BA DFB diode laser and a
low OH fiber as excitation fiber.In that way, the optical
power at sample position amounts to 275 mW which was
sufficient large to realize short measuring times of 0.5 s for
one Raman spectrum. For the investigationsof the minerals,
10 spectra were averaged each for 5 different points on the
sample.
2.3. Materials
To test the capability of our setup for deep sea
investigation, selected natural mineral samples as sulfates
which are produced by hydrothermal vents, carbonates
which can be found in shells, and sulfur which is produced
by bacteria[18], were used (see Tab. 1). The samples are
provided by the geoscientific collection of the Department of
Geological Sciences, University of Bremen.

3. Results and Discussion
3.1. Data Treatment
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To obtain Raman spectra suitable for the identification and
to study the minerals, the fluorescence background from all
Raman spectra has to be removed. Fo r this purpose, we used
SOLIS software (Andor), wh ich records the data and
subtracts the backgroundof the spectra usinga cubic spline
fitting. Characteristic points of the signal background were
selected to obtain a continuous baseline curve wh ich was
then subtracted from the Raman data resulting in an
essentially fluorescence-freeRaman spectrum.
Table 1. Investigated mineral samples
Chemical
formula

Crystal structure

Anhydrite

CaSO4

orthorhombic dipyramidal

Gypsum

CaSO4 ·
2H2 O

Barite

BaSO4

Aragonite

CaCO3

orthorhombic dipyramidal

Calcite

CaCO3

trigonal hexagonal

S8

orthorhombic dipyramidal

Mineral

Sulfates

Carbonates

Sulfur

monoclinic prismatic
orthorhombic dipyramidal

As an examp le for this data treatment, the unprocessed
Raman spectrum of anhydrite is displayed in Figure 6
(A).Here, the dotted line refers to the baseline curve
indicating a high signal background. Thus e.g. the very weak
anhydrite Raman signal at 499 cm-1 is masked. After baseline
correction,majo r and minor anhydrite signals can be
recognized in Figure 6 (B), e.g. the small band at 676 cm-1
and the strong bands at 1019 cm-1 and 1131 cm-1 . Hence,
direct intensity calculation of the Raman signals can be done
after baseline correct ion.
Beside the characteristic Raman signals, theanhydrite
spectrum in Figure 6 exh ibits several peaks above 1200 cm-1
which originate fro m lu minescence. Previous studies have
shown that the presence of Mn and rare earth elements could
produce these luminescent bands in natural anhydrite[4, 19].
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3.2. Sulfates
Anhydrite (CaSO4 ), gypsum (CaSO4 ·
2H2 O), and barite
(BaSO4 ) which include the sulfate ion (SO4 2-) within their
structure (see Table 1) were used for our investigations. The
Raman spectraof these minerals are characterized by specific
vibrations of the sulfate ion. Due to structural differences of
these materials, slight energy shifts of the peak position can
be recognized in their Raman spectral signature. Figure 7
exhibits the Raman spectra of anhydrite, gypsum, and barite.
According to these spectra, the minerals can be identified
with data fro m the literature[20]. The Raman signals of these
three sulfate minerals are reproducible and the signal
positions as well as their vibrational assignments are
indicated in Figure 7. Here, the minor Raman bands can be
recognized with signal-to-noise ratios ranging from 20 to 60.
Hence, applying a 1000 m optical fiber,measurement times
of only0.5 s enablesufficient signal-to-noise ratiosof the
Raman signals suitable fo r detection and identification
purposes of these mineral species . To co mpare our study
with the previous study from White 2009[4], the relative
intensities of minor Raman bands with respect to the major
Raman signals were calculated. In that way, the relative
intensity values were in the range fro m 0.03 to 0.33 wh ich is
in good agreement with White`s study.

Figure 7. Raman spectra of anhydrite (top), gypsum (center) and barite
(bottom), 275 mW optical power at the sample, 0.5 s integration time,
average of 10 spectra each, the anhydrite sample shows several
luminescence bands above 1200 cm -1; gypsum spectrum shifted by 28000
counts and anhydrite spectrum shifted by 55000 counts for clarity

3.3. Carbonates

Figure 6. Anhydrite Raman spectra: (A) raw data and baseline correction
curve (dotted line), (B) baseline corrected spectrum

As examp les of carbonates , we selected aragonite and
calcite, which are two poly morphs of calciu m carbonate.
Despite oftheir identical chemical co mposition (CaCO3 ),
both minerals have different crystal structures (see Table 1),
which cause slight differences in their Raman spectra. Figure
8 presents the Raman spectra of both carbonates together
with the corresponding assignment of their vibrat ional
modes[21]. The signal-to-noise ratios of the minor Raman
bands vary fro m 20 to 44, i.e. these small signals can be
clearly detected after transmission through the 1000 m
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optical fiber. The relative intensities of the minor Raman
signals range from 0.01 to 0.1 wh ich is in good conformance
with the data presented in the literature[4].

3.5. Esti mation for Deep Sea Experiments
Based on our investigations using 1000 m optical fibers ,
we can estimate the experimental conditions for deep sea
measurements requiring longer optical paths. Appling e.g. a
4 t imes longer optical path the integration t ime necessary to
record spectra of co mparab le quality increases to about 16
s.Regarding connection losses , integration times of less than
1 min would occur, still enabling in-situ deep-sea
measurements in the presented configuration.

4. Conclusions

Figure 8. Raman spectra of aragonite (top) and calcite (bottom), 275 mW
optical power at the sample, 0.5 s integration time, average of 10 spectra
each, aragonite spectrum shifted by 38000 counts for clarity

3.4. Sulfur
Elemental sulfur in the S8 configuration is also a molecule
of great interest which can be found in the deep ocean.
Filamentous sulfur is produced by sulfur-o xid izing
bacteria[18] which provide a base for the chemosynthetic
food web in the deep sea. Due to the transmission
characteristics of our Raman edge filter with a cut-on
wavelength at 400 cm-1 fro m the laser line, only two Raman
signals of sulfur in the region between 400 cm-1 and 500 cm-1
can be observed whereas the signals located in the 20 - 300
cm-1 region are blocked. Hence, in Figure 9 t wo Raman
signals due to S–S stretching can be identified at 434 cm-1
and 472 cm-1 . The minor Raman band (434 cm-1 ) can be
detected with a signal-to-noise ratio of 35 and its relative
intensity amounts to 0.04. The results of our study using the
low OH optical fiber fo r Raman signal collect ion are in good
accordance with the literature data[3],[4].

Figure 9. Raman spectrum of sulfur, 275 mW optical power at the sample,
0.5 s integration time, average of 10 spectra

We presented a Raman setup combining a 1.25 W high
power BA DFB d iode laser and two 1000 m low OH fiber
optical cables (AS 105/125)suitable for insitu experiments
over long distances. One optical fiber was used to transfer
the excitation laser light to the sub-marine mineral sample,
whereas the second fiber serves to transfer the back-scattered
Raman Stokes radiation fro m the sample to the spectrometer.
Both fibers are connected to a specially designed
optoderealizing optical powers of 275 mW at the sample
position and enabling efficient spectral filtering.
With this setup, Raman spectra of selected sulfates,
carbonates, and sulfur can be detected and identified with
extreme short measurement times of 0.5 s only which are
well suited for in-situ deep sea investigations. Even small
Raman bands of the minerals can be recognized with
signal-to-noise ratio up to 60 showing the capability of the
configuration with two 1000 m optical fibers and a BA DFB
diode laser for in-situ deep sea investigations.
For a further imp rovementof the signal-to-noise ratio,it
would be interesting to incorporate other Raman techniques
like shifted excitation Raman difference spectroscopy. For
such experiments diode laser with high optical power within
two slightly shifted excitation lines are required.
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