








WHC-SD-TD-TI-003, Rev. 0

Summary ~eport of FY 199, Raman
Spec_rosco_y Taechnology
Dev-lopment

J. G. Do jlas
~.R.P~~h

Westinghouse Hanford Company

This document is available 1. _m the authors in WordPerfc ® 6.x format.



WHC-SD-TD-TI-003, Rev.0

This page intentionally blank






WHC-SD-TD-TI-003, Rev. 0

LIST OF FIGUF S

Figure 2.1. Probe (1): WSRC Prototype Raman Probe-Head Design for /n Situ Tank

Deployment with the Light-Duty Utility Arm. .............. .. ... . .o .t 2-2
Figure 2.2. Probe (1): Optical Design of the WSRC Prc type Raman Probe Head. . ....... 2-3
Figure 2.3. Probe (2): LLNL Flat-Face, 6-Around-1, Fiber-Optic Probe. ................ 2-4
Figure 2.4. Probe (3): LLNL Flat-Face, 6-Around-1 Fiber-Optic Probe with In-Line Optical

FIerS. .ottt 2-5
Figure 2.5. Probe (4): Diffuse-Reflectance Probe with In-Line Optical Filters. . . ... .. S 2-6
Figure 2.6. Optical Layout of Kaiser Optical Systems, Inc., HoloSpec /1.8 Transmission

Grating Spectrograph. ... ...t e 2-7

Figure 3.1. Probe Response as a Function of Probe/Target Separation Distance for Three Fiber-

OpticRaman Probes. . ... ... ... .. .. . 3-4
Figure 3.2. White-Light Spectra for 532-nm and 785-nm Gratings with LN/CCD-1024TKB

COD DeteCtOr. . v ot vttt et e e e e 3-11
Figure B.1. Neon Calibration Lines for Kaiser 532-nm Spectrograph (167-um slit). ....... B-2
Figure B.2. Neon Calibration Lines for Kaiser 785-nm Spectrograph (167-um slit). ....... B-3
Figure B.3. Spectrum of High-Pressure Sodium Vapor Lamp: 800 -920nm. ............. B-4
Figure B.4. Spectrum of High-Pressure Sodium Vapor Lamp: 910 - 1040 nm. ............ B-4
Figure C.1. Sodium Nitrate Raman Spectra Using 532-nm and 785-nm Excitation. . ....... C-2
Figure C setonitri Raman Spectra Using 532-nm and 785-1  cwcitatic  .......... C-2
Fig C.3. Cyclohexane Ran -~ Spec_.. Using 532-nm and 785 Xc ion........... C-3
Figure C.4. Sodium Nickel Ferrocyanide Raman Spectra Using 532-nm and 785-nm

EXCItAtiON .. ...ttt e e e e e C-3
Figure C.5. BY-104 Simulant Raman Spectra Using 532-nm and 785-nm Excitation. . ..... C-4
Figure C.6. In-Farm 2 Simulant Raman Spectra Using 532-nm and 785-nm Excitation. ....C-4
Figure C.7. SY-101 Simulant Raman Spectra Using 532-nm and 785-nm Excitation. ...... C-5
Figure C.8. T-Plant (Bottom Fraction) Simulant Raman Spectra Using 532-nm and 785-nm

EXCItation. .. ...ttt e e e e e e C-5
Figure C.9. T-Plant (Top Fraction) Simulant Raman Spectra Using 532-nm and 785-nm

EXCHAtION. ..o .it et e e e e e C-6






WHC-SD-TD-TI-003, Rev. 0

LIST OF TRADEMARKS

Trademark ..............ccc00aeen Owner
ASTPremmia4/33 ... AST Research, Inc.
CSMA ... Princeton Instruments, Inc.
GRAMS/386 . ... Galactic Industries Corp.
HoloGrams ....................... Kaiser Optical Systems, Inc.
Holoplex ............. ... ... Kaiser Optical Systems, Inc.
HoloSpec .......ccoovviniin. Kaiser Optical Systems, Inc.
ILX ILX Lightwave Corp.
SDL ..t SDL, Inc.
Super-notchPlus ....................... Kaiser Optical Systems, Inc.
WinSpec ...t Princeton Instruments, Inc.
Wordperfect ................ .. ..., Novell, Inc.

vi












W C-SD-TD-TI-003, Rev. 0

514.5-nm excitation; this interfering luminescence is likely to be greatly reduced with 785-
nm excitation. Since sample luminescence, when present, will likely determine the
detection limits of components in tank waste, we chose the 785-nm Raman system as the
optimal choice for hot-cell deployment.

We measured and compared several optical characteristics of four fiber-optic probes to determine
the optimal characteristics of a Raman probe to be used for tank waste measurements. The four
probes were: (1) a Westinghouse Savannah River Company (WSRC) LDUA prototype probe
with six-around-one fiber arrangement, conical tip, sapphire window, and optical filters; (2) a
Lawrence Livermore National Laboratories (LLNL) -supplied probe with six-around-one fiber
arrangement, flat-faced probe; no window or filters; (3) an LLNL-supplied probe with six-
around-one fiber arrangement, flat-faced, with filters; no window; (4) a Polytec PI, Inc., one-in-
one-out probe with filters; no window. The probe characteristics we measured for each probe
were: (1) probe silica Raman rejection, (2) “efficiency”, (3) overall signal-to-noise ratio, (4)
optimal probe-sample separation distance, and (5) probe excitation spot size.

Overall, the WSRC LDUA probe had a good combination of signal-to-noise ratio, efficiency, and
probe silica Raman rejection characteristics. However, the Polytec PI probe delivered better
signal-to-noise ratio and probe silica Raman rejection values. The responses of all the probes
exhibit a strong dependency on the probe-sample lift-off distance. The results of these probe
tests indicate that an ideal Raman probe design for Hanford-Site tank waste will have these
features:

(1) optical filters placed as close to the probe tip as possible to minimize the probe’s silica
response and thus improve signal-to-noise ratio,

(2) multiple return fibers to yield better collection effic icies,

(3) no probe window to degrade the silica rejection afforded by the optical filtering.

The probe should also have a spot size large enough to excite a representative area of the sample
(probably > 1 mm) and to minimize photo-induced damage to the sample. Finally, the probe
response either should exhibit little dependency on the probe-sample distance, or the probe must
be fitted withamec’  ism to reproducibly set the probe-sample distance.

We have some additional work to be perform before hot-cell deployment of the 785-nm system
in FY 1996. This work includes (1) testing a Kaiser Optical Systems, Inc., 785-nm Raman probe
for possible deployment in the hot cell, (2) finalizing and packaging the 785-nm system for hot-
cell deployment and (3) selecting the software for instrument control and data reduction.
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potential organic and ferrocyanide fuels mixed with oxidizers in tank waste raises the possibility
of unsafe conditions in the tanks (Postma et al. 1994). In the future, we will also need waste
characterization data to support technologies for retrieving, processing, and stabilizing
radioactive wastes.

To support these characterization data needs, a remote, fiber-optic, Raman spectroscopy probe
may provide both qualitative and quantitative data from radioactive tank waste both in the hot
cell 1 in the waste tanks themselves. Deploying remote Raman spectroscopy in a hot cell
serves two separate purposes:

(1) we must verify that remote Raman technology can provide useful information fre  actual
tank waste prior to attempting the expensive deployment of the technology in the tanks
themselves and

(2) we have the added benefit of using the Raman probe as a hot-cell screening tool to allow the
rapid collection of characterization data from hot-cell-extruded core segments, the reduction
or elimination of sample preparation steps, and the subsequent reduction in the number of
traditional chemical analyses.

In the current tank waste characterization process, waste core segments are extracted from a tank
and extruded in'a hot cell where sub-samples are selected for detailed chemical analyses. The
subsequent analytical tests performed on these samples require significant sample preparation
and pretreatment. These tests are labor intensive, time consuming, and result in the generation of
secondary waste. Use of a hot-cell Raman probe to reduce or eliminate some of these tests will
allow savings in cost, time, and personnel exposure. A hot-cell Raman probe may also quickly
provide species profiles along the axis of the core sample that are not possible with current
methods. These species profiles: 7 help reduce the number of sub-samples required for
subsequent laboratory che—"-al  alysis, thus reducing the total analysis cost for a core se_,_:nt.

We are also pursuing in-tank ' jloyment of remote, fiber-optic R n probes with the ™ ‘ght .
Duty Utility Arm (LDUA) and Cone Penetrometer. An -tank Raman probe could support both
qualitative and quantitative analysis and thus reduce the need for waste extraction from a tank
and subsequent hot-cell analysis. The use of remote, fiber-optic Raman spectroscopy as a
characterization tool for hot-cell and in-tank use offers significant reductions in time, cost, and
secondary waste generation; these potential benefits provide the principal motivation for the
development of remote, fiber-optic Raman spectroscopy. '
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Figure 2.5. Probe (4): Diffuse-Reflectance Probe with In-Line Optical Filters.
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. _5-nm System: The 785-nm system used an SDL, Inc., (San Jose, CA) model SDL-8630
tunable diode laser with a maximum output of ca. 500 mW at 785 nm. The laser’s power supply
and temperature controller was an ILX Lightwave Corp. (Bozeman, MT) model LDC-3900
Modular Laser Diode Controller equipped with a model 39032 thermoelectric temperature
controller and model 39400M current source. The output of the laser was first routed through a
200-pum diameter, 1-m long fiber-optic pigtail; the free end of the pigtail consisted of an SMA-
905 connector containing a 785-nm band-pass dielectric filter to reduce the super-radiant output
from the laser. The excitation fiber of the Raman probes tested with the 785-nm system were
then connected to the SMA-905/filter connector. The spectrograph was a Kaiser Optical
Systems, Inc., HoloSpec 1/1.8i NIR equipped with a “slant-fringe” grating and a Princeton
Instruments, Inc., LN/CCD-1024TKB CCD detector operated at -120°C. The spectrograph uses
a built-in collimated optical pre-filter stage containing a Kaiser Hi #-785AR-2.0 holographic
Super-notch Plus™ filter to reject the Rayleigh line. The detector was controlled by means of a
Princeton Instruments ST130 detector controller.

CCD Detec! 's: The LN/CCD-1024TKB detector contains an anti-reflection-coated, back-
illuminated CCD chip with a 1024x1024 pixel format; the chip active area measures 24.6x24.6
mm with a pixel size of 24x24 um. The TEA/CCD-1152EM/1 detector contains a front-
illuminated CCD chip with a 1152x298 pixel format; the chip active area measures 26x6.7 mm
with a pixel size of 22.5x22.5 pm. Both detectors are equipped with 16-bit analog-to-digital
converters and were operated at 50 KHz. Detector binning parameters were set to include only
those rows of the CCD that contained the fiber images.

Data Collection: The data-collection computer used with either system was an AST Premmia
4/33™ running either Princeton Instrument’s CSMA 2.4a software or Florida State University’s
F~ " ftware (Mann and Vickers 1994). Data collection and reduction procedures are

d lin Lopez et al. 1995.

Mater sai Sa e Preparation

Reagent-grade potassium chloride (used as the target to obtain the probe silica response) and
sodium nitrate were dried, milled and pressed into pellets approximately 1 cm in diameter and 1-
cm thick. Other reagents were used as received. Appendix A describes the tank waste simulants.
To avoid possible laser-induced sample damage, we mounted the sodium nickel ferrocyanide and
tank waste simulant samples on a rotating stage with a rotation rate of ca. two revolutions per
minute. After mounting the samples on the rotating stage, we used the edge of a rubber
policeman to smooth the sample to a uniform thickness, then mounted the fiber-optic probe to
allow a one-millimeter spacing between the end of the probe and the surface of the rotating
sample. Weol" ~ d™ spectra of liquid s )les by immer * g the probe directly into the
liquid.
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the laser was significant enough that we found it necessary to add a laser-band-pass filter to the
output of the laser to reduce laser-generated background the Raman spectra.

After approximately 12 hours of laboratory operation, the diode laser failed. The failure was
characterized by the laser power supply “pegging” at the current limit (1750 mA) and low power
output (2 mW). Consultation with SDL, Inc., indicated that the most likely cause of failure was
catastrophic failure of the laser diode itself, SDL attributed the failure to lack of optical isolation
between the laser and the fiber-optic interface. Consequently, we have designed and will install a
Faraday-rotator-based optical-isolator interface between the repaired laser and its fiber-optic
coupling. The interface will also incorporate a holder for a narrow band-pass laser filter, a
solenoid-operated shutter, and an XY-tilt fiber-optic positioner with an SMA-905 coupling.

Kaiser Spectrographs

The Kaiser HoloSpec f/1.8i spectrographs exhibited three advantages over previously used
Czerny-Turner (CT) spectrographs. (1) The Kaiser systems exhibited excellent wavelength
stability. This feature was most evident during spectral subtractions of probe-silica background
from non-silica-corrected Raman spectra; probe-silica backgrounds subtracted cleanly with no
residual features indicative of wavelength offsets between the probe-silica reference spectrum
and sample Raman spectra. Such offsets were common with the CT Raman systems. (2) The
HoloSpec spectrograph has a fast f/ number that more closely matches the f/ number of our silica
fibers; the low f/ number ensures that the solid-angle output of the { er-optic is well-matched to
the spectrograph. Properly matched optics will contribute to (a) minimal signal loss in the
optical system and (b) minimal stray light introduced into the detector. (3) The Kaiser systems
ha a smaller footprint than any of the previously used CT systems; this makes a much more
compact total Raman package.

We also noted two problems with the Kaiser spectrograp” (1) The wavelength calibration of
the Kaiser system is very non-linear. With the previous CT systems, we obtained excellent least-
squares fits of wavelength to pixel number using, at most, quadratic fits. The Kaiser
spectrographs required a cubic fit to obtain, at best, an adequate least-squares fit. Discussions
with Kaiser engineers revealed that the holog hic gratings used in these systems imposes a
sinusoidal variation in wavelength on the detector. Kaiser personnel claim that their
HoloGrams™ software can perform an adequate calibration with their hardware; we have not yet
tested this claim in our laboratory. In any event, proper wavelength calibration of the Kaiser
system may require more sophisticated calibration methods (e.g. higher-order least-squares fits
or piece-wise lower-order fits over short detector regions).
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We would also like a large excitation spot size (probably > 1 mm) to (a) excite a representative
area of the sample and (b) reduce possible laser-induced photo-damage to the sample.

Some trade-offs may compromise the final probe design. For example, if it is not feasible to
build a mechanism to accurately position the probe with respect to the sample in the hot cell,
then a sample-contacting probe with a window may be a necessity. A windowed contact probe,
however, generates additional problems besides increased window-generated probe backgrounds;

- a window that contacts the sample may chemically cross-contaminate the sample as the probe is
moved from site to site on the sample. Chemical cross-contamination may affect the accuracy of
the Raman data collected from the sample and will require either (1) washing the probe between
samples or (2) providing the probe with a protective cover that is disposed between sample
points. Either washing or disposable probe covers will generate an undesirable waste stream.
Cone penetrometer deployment of a Raman probe will obviously require the use of an optical
window; therefore, the issues of probe background response and possible sample carry-over as
the penetrometer is pushed into the waste will need to be addressed.

4.2 Future Work
A number of issues remain to be addressed before final deployment of a 785 1 Raman system. ~
These issues fall generally into four categories:
(1) final system optimization
(2) final selection of a probe design,
(3) packaging of the system for deployment, and

(4) selection of software to (a) operate the system and ) perform data reduction.

4.2.1 Final System Optimization

This task will entail testing two variations in the 785-nm system: (1) the use of the TEA/CCD-
1152EM/1 CCD detector and (2) the addition of a Kaiser Holoplex™ grating to the spectrograph.
Tests with the TEA detector will allow us to determine how severely the etalon effect evident
with the LN/CCD-1024TKB detector affects detection limits. The addition of the Holoplex
grating will allow us to gather the complete _ aman spectrum from ca. -50 to 3000 cm™' with no
change in grating and no loss of resolution. A

4-2
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The HoloGrams software has built-in wavelength calibration routines for use with the Kaiser
spectrograph, so that software will probably our first choice for Raman data collection.

To produce interpretable Raman spectra, several data reduction steps are required (Douglas 1994,
Lopez et al. 1995). The HoloGrams software is capable of performing most of these steps (e.g.
dark-charge correction, white-light ratioing, probe background subtraction, and wavelength
calibration). However, more advanced data manipulation techniques, e.g. removal of non-Raman
background features (luminescence), spectral smoothing, or factor analysis, are not immediately
available in HoloGrams. These advanced functions will require either (1) wr'*~g routines in
GRAMS/386™ or (2) exporting data to RCAL routines that can perform these functions.

4-4
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Figure C.5. BY-104 Simulant Raman Spectra Using 532-nm and 785-nm Excitation.
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Figure C.9. T-Plant (Top Fraction) Simulant Raman Spectra Using 532-nm and 785-nm

Excitation.
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