


recent review of the application of fibre optics for Raman spectroscopy can be found in a

recent paper by Lewis and Griffithsb.
We have constructed several fibre optic probes capable of measuring Raman spectra of

secondary-side deposits, in an on-going program to develop and demonstrate fibre-optic

Raman spectroscopy for in-situ deposit analysis.

EXPERIMENTAL

In Raman spectroscopy, a sample is irradiated by a monochromatic light source

(typically from a laser) and the scattered light is collected and analysed by

spectrophotometer. Most of the incident light is elastically (Rayleigh) scattered without

any frequency change. However, a small portion of the light, typically 1 photon in 106, is

inelastically (Raman) scattered by the material, the frequency shift of the light (normally

measured in units of inverse centimetres, cm-]) is proportional to the transition energy

between vibrational energy levels of the molecules or crystal structures in the sample. The

frequency, width, and relative intensities of the spectral peaks can be used to determine the

identity and quantity of the compounds in the sample.

There are two major problems in obtaining Raman spectra of solid metal oxide samples

using fibre optics. The first is preventing the Raleigh scattered light in the total scattered

signal from entering the spectrometer so that the detection system is not swamped. The

second is the removal of the silica (or glass) Raman spectra produced by the fibre as it
transmits the laser energy to the sample and the Rayleigh scattered light from the inspection

area. The principal bands of silica Raman spectrum occurs between about 100 to 600 cm-’,

the same region as the bands of most of the oxides found in SG deposits.

A demonstration Raman illumination and collection optical system that addresses these

problems has been fabricated (see Figure 1). At its core, a holographic notch filter (Kaiser

Optical HSPF-647- 1.0) is used both as a reflective optical component for the incident laser

light and as a notch filter for the Raman scattered light. Holographic notch filters reflect
almost 10OOAof the design wavelength while transmitting more than 80 0/0 of light with

longer or shorter wavelength. Typical filter rejection bandwidth around the central
wavelength is 600 cm-’

The optical assembly is approximately 200 mm long and 40 mm in diameter. The

input laser beam, steered directly from the laser as shown in the figure, or carried by an

optical fibre, enters near the base of the assembly at right angles to the vertical optical axis.

The beam is reflected up by an adjustable mirror onto the centre of the notch filter, which is

set at 5 degrees off-normal to the optical axis. The position and angle of the mirror is
adjusted so that the laser beam is reflected by the filter down the centre of the optical axis

through a 0.4 numerical aperture (NA) long working distance microscope objective (Leitz

H32X/O.60). When the laser light is transmitted by an optical fibre, the silica induced
Raman spectrum is removed from the laser beam because the frequency shifted light is

transmitted through the holographic filter.

A sample is placed at or near the focal point of the beam, and scattered light from the

sample is collected and collimated by the objective and directed back up to the notch filter.

Raleigh scattered light is reflected by the notch filter, whereas wavelength-shifted light is

transmitted through the filter. The filtered light is concentrated by a condenser lens onto

the end of a fibre optic bundle and transmitted to the spectrometer. The use of a single

objective to both focus the laser beam and collect the scattered light significantly reduces



the alignment complexity as compared to a two

laser beam and one to collect the scattered light.

lens optical arrangement, one to focus the
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Figure 1: Schematic of the fibre optic Raman collection system

The fibre optic bundle consists of 7 step-index multi-mode fibres having 200 pm pure

silica cores. The bundle is 3 meters long and terminated at each end with modified standard

fibre optic couplers. At the collection end, the fibres are arranged in six-around-one close-

packed geometry while at the other end, used as the source for the spectrometer the fibres

are arranged in a close packed line. The output of the fibre bundle is focused on the

spectrometer slits. Both ends are polished flat.
Raman spectra were measured using a SPEX 1000M single monochromator with a

charge-coupled device (CCD) detection system. The detector integration times and the

number of signal-averaged acquisitions were optimised to give the best signal-to-noise ratio

for each sample. Typical values were 10 to 40 second integration times and 4 to 16

acquisitions. The 647.1 nm line from a Krypton ion laser was used for excitation; laser

plasma lines were removed using a bandpass filter (10 nm bandwidth) centred at the laser

frequency. The laser power incident on the samples was approximately 30 mW.

Raman spectra were acquired over the range 200-1600 cm-’ in several overlapping

windows which were then spliced together. Data manipulations such as baseline correction

and spectral splicing were carried out using a spectrum analysis software package

(GRAMS/386, Galactic Industries Inc.)



RESULTS

The Raman spectra of the various iron oxide phases expected in these deposits have

been well documented in the literature7’8’9. The Raman spectra of the three most common

iron containing phases found in CANDU (CANada Deuterium Uranium) SG deposits,

magnetite, hematite and nickel ferrite, are shown in Figure 2 over the spectral range of 150

to 840 cm-’.
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Figure 2: The Raman spectra of the three most common iron oxide phases found in the CANDU deposits.

In mixtures of particles of strongly absorbing oxides such as magnetite, Raman band

intensities do not vary linearly with the concentration of the oxide phases present due to

scattering and light absorption by the particles. Quantification of the composition of such a

mixture therefore requires the use of suitable calibration mixtures. Calibration mixtures of

magnetite and hematite as well as magnetite and nickel ferrite were prepared by

mechanically mixing the pure powders to produce a homogeneous mixture. Raman band

intensities were then plotted against concentration, and an empirical calibration curve fit to

the data.

As the concentration of magnetite in the deposit samples increased, it became

increasingly more difficult to obtain a Raman spectrum as a result of the strong absorption

of the laser light by magnetite. Sample degradation often occurred unless care was taken to

optimise the focus of the laser. This degradation was usually indicated by the appearance

of strong hematite bands in the Raman spectrum after short exposure of the sample to the

laser, a result of oxidation of the surface of the magnetite to hematite. A red coloured

damage zone could often be observed visually at the spot where the laser beam had struck

the sample. These factors made it much easier to obtain Raman spectra from the samples

which contained low concentrations of magnetite. Recognizable spectra from samples

containing large amounts of nickel ferrite or hematite could be obtained with an integration

time of about one second, while samples consisting mainly of magnetite required integration

times of about 10 seconds.

The three samples investigated had been removed from steam generators by
waterlancing. Two were in the form of loose powders, and the third was a millimetre-sized

flake. The samples had previously been examined by X-ray diffraction (XRD), and the



first sample had been extensively characterised by Mossbauer spectroscopy and other

analytical techniques.

Raman spectra of the three secondary-side deposits are shown in Figure 3, over the

200-800 cm-’ spectral region. The spectrum in Figure 3a contains a strong band envelope in

the 640-710 cm-’ region characteristic of nickel ferrite (NF). The strongest magnetite band

is also observed, at approximately 665 cm-’, and is marked with an M in the figure.

Although the nickel ferrite and magnetite bands overlap in this spectral region, the

intensities of the magnetite and nickel ferrite peaks under the band contour can be used to

estimate the relative amounts of magnetite and nickel ferrite. It was estimated that 65°/0

+5°/0 of the total spinel phase present was nickel ferrite and 35°/0 i5°/0 was magnetite. For—

comparison, the composition determined by X-ray and Inductively Coupled Plasma-

Atomic Emmission Spectroscopy (ICP-AES) indicated 15% magnetite and 85?40 nickel

ferrite, while Mossbauer spectroscopy suggested the composition is 44% magnetite and 47

YOnickel ferrite, with the remainder being zinc ferrite. The Raman results are therefore
intermediate between these two analyses.

The Raman spectrum of the deposit in Figure 3b clearly shows the presence of both

hematite and magnetite. Based on reference mixtures of these two materials, the ratio of

magnetite to hematite is estimated to be 5:2. Analysis by XRD gave an estimate of the

magnetite to hematite ratio of 3:1, in good agreement with the Raman data. The Raman

spectrum in Figure 3c, contains a band due to magnetite at 684 cm-’, and also bands at 490,

634 cm-’.
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Figure 3: Representative Raman spectra of waterlanced CANDU secondary-side deposits

CONCLUSIONS

The work presented here demonstrates that good quality Raman spectra of steam

generator secondary-side deposits can readily be obtained using a fibre optic based Raman

spectrometer. The major chemical phases, other than metallic copper, can be readily



identified, and a semi-quantitative estimate of the composition can be made, as verified by

comparison with deposit analyses performed using other techniques. This work suggests

that in-situ characterisation of secondaty-side deposits using fibre-optic Raman

spectroscopy is feasible.

Laser-induced decomposition was noted for samples containing large concentration of

magnetite. The decomposition usually resulted in the formation of hematite, and an

increase in the intensity of hematite bands with time was a good indicator for

decomposition. This decomposition could be minimised by working at low laser powers

and using a slightly defocused laser. The presence of water with the samples did not

adversely affect the spectra, but rather improved the quality of the spectra obtained from

the powder samples by minimizing laser-induced decomposition.

The spectra obtained from the flake samples clearly illustrate the heterogeneous nature

of these deposits. Several Raman bands were found which could not be definitively

assigned to a particular chemical species.
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