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1.0 Introduction

The Three Dimensional Characterization and
Archiving System (3D-ICAS)' is being developed
as a remode system to perform rapid in situ analysis
of hazardous organics and radionuclide contamina-
tion o structural materials. Coleman Research and
its subcontractors, Thermedics Detection, Inc. {TD)
and the University of Idaho (UT) are in the second
phase of a three phase program to develop 3D-ICAS
to support Decontamination and Decommissioning
(D&D) operations. Accurate physical characteriza-
tion of surfaces and the radicactive and organic is a
critical D& D task. Surface characterization includes
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identification of potentially dangerous inorganic
materials, such as ashestos and transite.

Reazl-time remotely operable characterization
instrurnentation will significantly advance the analy-
sis capabilities beyond those currently employed.
Chemical analysis 15 a primnary area where the char-
acterization process will be improved. Chemical
analysis plays a vital role throughout the process of
decontamunation. Befere clean-up operations ¢an
begin the site must be characterized with respect o
the type and concentration of contaminanis, and de-
tailed site mapping must clarify areas of both kigh
and low risk. During remediation activities chemi-
cal analysis provides a means to measure progress
and to adjust clean-up strategy, Once the clean-ugp
process has been completed the resulss of chemical
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analysis will verify that the site is in compliance with
federz] and local regulations.

The development of the field operable in situ
analysis capability of the 3D-ICAS will resnlt in a
significantly improved capability to perform analy-
ses for trace orgaric compounds and radicnuclides
by providing real-titne quantitative results on-site.
This will greatly improve the effectiveness of De-
partment of Energy (DCE) response to identified sites
by streamlining the entirs beginning-to—end process
from the initial contamination surveys, through moni-
toring the progress of site restoration efforts, and
determining when regulatory standards have been
met. The field operable remaotely directed analysis
mstcumentation of 3D-ICAS will have great impact
in terms of:

- Improving the quality and
efficiency of site clean-up activities

. Reducing health and safety risks to
the survey workers

. Reducing the associated cost and
tmme required for remediation

. Reducing waste generation

2.0 The Approach

The 3D-ICAS systern robotically conveys a
mitltisensor probe near the surfaces to be inspected.
The sensor position and orientation are monitored
and controlled nsing coherent laser radar {CLR)
tracking. The CLR also provides 3D facility maps
which establigh a 3D “world view” within which the
robotic sensor system can operate.

The 3D-ICAS fills the need for high speed
automated organic analysis by means of a gas chro-
matographs-fmass spectrometer sensor which can
process asample, withoui direct contact, accomplish-
ing detecton and fine grain analysis of regulatory
concentrations (EPA 1987 spill cleanup policy: 1jg/

10cm? for high use interior building surfaces) in ap-
proximately one minute, This compares with tradi-
tional GC-MS laboratory analysis methods which in-
volves sample preparation and waste generation, and
take howes per sample for analysis. The 3D-ICAS
GC-MS sensor extracts volatile organics directly
from contaminated surfaces withowt sarmple removal,
then uses multiple stage focusing to accomplish bigh
time resolution insertion into a high spead gas chro-
matograph, Det=ction and additional discrimination
are provided by a final stage time-of-flight mass spec-
trometer. This high speed process replaces sample
collection and transport and hours of solution prepa-
ration before injecticn into 2o ordinary GC-MS
which typically has a 45 minnte ;un time.

The radionuclide sensors of the 3D-ICAS
multisensor probe combines a, (), and g counting with
enerpy discrimination on the a channel. This sen-
sof combination identifies and quantifies isotopes of
specific DOE interest of uranium, plutoninm, tho-
rium, technetibm, nepumityn, and amerdeitm © rego-
latory levels in approximately one minute.

The Molecular vibraticnal spectrometry
(MV3) sensor of the multisensor probe 1s used 1o
characterize substrate material such as concrete,
wood or asbestos, The surface composition infor-
nation provided by the MV5S can be used to provide
estimates of the depth of comiamination and to opti-
mize the analysis performance of the other contami-
nation detection sensors. In addition, the materials
composition information, combined with the surface
geometry maps provided by the coherent laser ra-
dar, will provids a more complete three dimensional
world view (o be used to plan and execute robotic
Dé&D operations.

The 3D-ICAS will scan cperator designated
areas with a full sensor set or a selected subset at a
designated sample density. The 3D-ICAS will plan
and laser track the sensor trajectory to assure effi-
cient, close sensing withount snrface contact.




The 3D-ICAS sensor ontput and contaminas
tion analysis wdong with CLR position information
will be available for real-time monitoring immedi-
ately after each one minute sample period. Aftera

§ DOF Tracking Target

high bandwidth functions such as servo loogs, gas
chromography, and laser radar transmission and re-
Ceprion.

Figure 3-1. 3D-ICAS Phase JI Configuration

surface mappiag operation is compieted, 3D-ICAS
will provide thres dinensional displays showing con-
tours of detected contaminant concentrations. The
3D-ICAS will farther provide permanent measure-
ment data and contaminant Ievel archiving, assuring
data integrity and allowing straigbtforward regula-
tory review of the charactenzation process before
and after D&D operations.

The 3ID-ICAS Phase I demenstration con-
figuration is shown in Figuse 3-1.

Figure 3-2 shows the interconnection of the
major subsystemns. The links are a combination of
serial for slow speed command and centrol, TCP/IP
network for file based data file storage and comrmu-
nications, and dedicated analog and digital links for

The Integrated Workstation communications
with the TCP/IP network based link to the CLR con-
trol computer. This link provides all hardware ¢on-
ircl functions and database access for the Integrated
Workstation.

The CLR computer serves as a focal point
for hardware control. Serial links are wsed between
the CLR computer and the Moliisensor Probe elec-
tronics control computer to provide contrel and sta-
ws information. Data fyom the Mulitisensor Probe is
stored directly on 2 TCPAP network drive, Serial
links are aizo used 1o contsol the robot arm positiorn.
The 3D-ECAS Phase IT demonstration multisensor
probe is shown in Figure 3-3.




Figure 3-2. 3D-ICAS Phase II Demoustration Interfaces
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Figure 3-3. Block Diagram of the Phase I Demonstration Multisensor Probe

3.0 TheDevelopment Program cludes integration of the GC and MS subsystems,
integration of the multisensor probe with the rabot

The 3D-ICAS is being developed in a three  amv and the coherent laser radar tracker. The Phase

phase 32 month program. The current Phase Il in- A 3D-1CAS demonstration, invelving contamination




surface mapping with a CLR guided, robotically ma-
neuvered multisensor probe, will take place in No-
vember, 1993.

The Phase ITT development program will in-
tegrate and test the total sysiem in a mobile feld
prototype and demonstrate the systems at one or mone
DGE sites.

A substantial part of the Phase Il effort is the
integration of the 3D CLR mapping and robotic sen-
sor positioning and tracking capability with the sen-
sor data output in 2 common coordinate frame so
that 3D archiving of contimination surveys can take
place. This paper will not discuss detailed system
integration issues, but will discuss areas of davel-
oping technical performance of the GC-MS sensor,
the radionuclide sensor, the MVS sensor, and the
CLR 3D mapper and 6DOF end effector tracker
which are of interest to the 3D-ICAS user.

31 The GC-MS Sensor Subsystem

The 3D-ICAS GC subsystem consists of an
automated surface sampling, preconcentration and
transport subsytem, high speed GC separation capa-
hility, (greater than 100 peaks per minnta and fast
dewector electronics, These aspects of the high speed
GC technelogy were successfully demonstrated in
Phase I.

The high speed GC system consists of a fo-
cusing module and a chromatography module. The
focusing module consists of a short length of GC
column inside its metallic sheath, coupled to & cool-
ing scurce. The focusing module is maintained at
low termperatiire while the sample is introduced ina
streamn of air or carrier gas. At low temperature, the
analytes are reiained on the stationary phase of the
GLC column in the focusing module.

After sample Focusing, the sample is injected
by rapid heating of the focusing module. Sample

mjection is achieved with tight spatial coherance in
less than 30 inilliscconds, which helps to produce
sharp chromatographic peaks. The GC system uses
two sequential focusing stages, to provide additional
selectivity and tighter injection onto the chromato-
graph. Afier the sampie is injected from the second
focusing stage, the GC column is then heated diwough
a rapid, tightly-controlled temperature program.
Controlled heating rates in excess of 1000 C per sec-
ond can be achieved. With this techuology, the ac-
cessible heating rate s 0o longer a lirpitation 10 chro-
matographic performance. The speed and resolu-
tion of the chromatography is determined by pro-
cesses such as carmier gas flow ratz, and molecunlar
diffusion over very short distances, which are inher-
ently fast.

A GC breadhoard test system for the current
effort was developed to contain all the required ele-
menis, The breadboard system provided the
cryofocusing sfements (*cold spots™), sample switch-
ing valves, temperature controller, and analog and
digital electronics for high speed temperature pro-
gramming. Externally-mounted experirnental GC
columns were interfaced to the breadboard chassis.
The high speed temperature programining ¢lectron-
ics were modified extensively to accommodate col-
umn lengths vp to 7 meters, and chromatographic
elution times vp to 40 seconds.

In Phase [, the high speed GC was infegrated
with a time-of-flight mass spectrometer and analy-
sis software development to achieve rapid, defini-
tive quantitative measurement of trace leve! organic
contamination in the presence of a complex back-
ground, as can be expected in DOE facilities.

A block diagram of the High Speed Gas
Chromatograph/Mass Spectrorneter Sensor is shown
in Figurs 3-4.

A time-of-flight mass spectrotneter (TOF-
MS) system was chosen based on its ability to rain-
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Figure 3-4. Block Diagram of the High Speed Gas Chromatograph/Mass Spectremeter

tain a high data throughput. Early on it was deter-
muned that effective High Speed GC-MS would re-
quire a detector system capable of 10 millisecond
or less response time, The titne-of-fight system is
the only mass analyzer capable of such a data rate.

The TOF-MS is operationatly simple and re-
liable. All mass spectrometers have some form of
mterface to the ocutside world, all require high
vacuum chambers, all reguire icnization souree and
all reguirs detectors. In general what differentiates
mass spectrometers is the tecknology for mass analy-
sis. For 3D-ICAS, a very fast detector is requirs to
fully utilize the capabilities of the high speed GC
technclogy and hence be capable with the surface
contamination mapping fenction. A time-of-flight
mass analyzer was chosen because it can provide full
mass spactral scan (to 600 amu) for every iomization
event. Othertypes of mass spectrometers cannot gen-
erate full mass spectra at these high rates. The fufl
mass spectra is necessary for identification of the
unknown compeneants of a sample through library
searching. Additionally, existing TOF techrology

will allow high repetition scan rates for implement-
ing high duty cycle, high speed operation of the TOF
M35 detector when coupled to the High Speed GC.

Tonization events were generated by the MS
at a 10 KHz repetition rate, 128 events were summed
into one data point along the GC axjs. This GC sam-
pling period is suffictent to ¢learly distinguish the
GC peak and deconvelute peaks, if nacessary. Fora
GC peak that is 100 milliseconds full wide at half
height (FWHM) approximately 1000 fall scan mass
spectra are recorded across the full width at half
maximum. A signal to noise enhancement advan-
tage can be achieved by summing the mass spectra
into discrete sampling windows. For the current
system’s GC peaks on the order of 100 milliseconds
wide a data sample period of approximately 10 mil-
lisaconds will clearly defing the GC peaks. Other
mass analysis tecinologies cannot provide mags
spectra at these high repetition rates.

One of the most critical parts of 2 GC-MS is
the interface between the systems. The inteiface




plays the important role of accommeodating the pres-
surs drop from the GC column exit o the MS ion-
ization spurce and enriching the concentration of the
analyte In the carrier gas after passing through the
interface into the mass spectrometer. The require-
ments for a GC-MS interface are high transfer «ffi-
ciency, no impact on the GC separation, no degrada-
ticn of compounds, ne preferential removal of com-
pounds or chemica! functional groups. Of all the
techniques availabie the molecular beam interface
was chosen as optimal for this fast analysis system.

The directed beam of molecules has an ad-
vantage over conveational thermal, diffusive meth-
ods for introduction of the molecujes into the jon-
izatton source, The concentration of molecules
within the volume of space that the electron gun
molecular beam crosses is close to a maximum.
Thais, prebability of ionization per unit time is in-
creased, thereby increasing sensitivity.

3.1.1 GC/MS Processing

A block diagram of the GC/MS and radio-
nuclide sensor processor is shown in Figure 3-5. The
overall function of these components are to acquire
the time-of-flight MS data as a function of GC alu-
tion time, control the GC operation, control the ra-
dionuclide detactors for data collection and process-
ing, The acquired dats from the GC/MS sensor is
processed into mass spectra and total ion chromato-
gram. The GC/MS data are processed through a
National Institutes of Standards (NIST) Mass Spec-
tral Database, response factor calibration and sanmple
classification algonthms for further data reduction.

The electronics technology for the HSGC-
MS data acquisition and processing were the high
speed ransient digitizer, high speed data transfer bus
and high speed digital signal processors {DSP). The
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Figare 3.5, Block Diagram of the GC/MS and Radionuclide Sensor




MS avents occur on a nanosecond time scale. A mass
spectral scale from 35 to 600 amn requires approxi-
mately 40 microseconds of data. To achieve a rass
spectral resolution of one at 600 amu requires 3 to
10 nanosecond time discrimination.

31.2 GOC/MS Test Resulis

The tests were carried ottt using the bread-
board GC-MS to optimize the perforrnance charae-
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temperatirs to 280C in 17 saconds then hold at 230
C for 3 seconds. The overalt cycle time was 30 sec-
onds. About 35 peaks are resolved, the detected com-
posmnds tist indicates that chlorinated biphenyls com-
poands have been identified. Shown in Figure 3-7
is & portion of the list of compounds identified
through the NIST library search during the analyti-
cal rup. The list contains the retention thme the search
confidence level and the name of the compound iden-
tified. The list will be expanded to include the chemi-
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Figure 3-6. Totat lon Chromatogram for a Mixture of PCBs Analyzed using the High Speed Gas
Chromatograph/Mass Spectrometer

teristics and demonstrate overall function. The func-
tion included sampling from surface, GC separation
and MS detection, identification and quantification.

The results of a typical GC/MS ran are shown
in Figure 3-6. A 1 uL injection of a mixfure of PCBs
(arochiors 1221, 1248, and 1254) was vsed in this
test, The chromatographic conditions were as fol-
lows: & meter DB-5 and helium carrier gas at 100cm/
sec. The temperature program was as follows: room

cal classification and the amount of compound de-
tected as the software is completed in the project. |
is expected that the detection sensitivity of this in-
strumnentation will meet or exceed the reguiatory lev-
els of 1 pg/10 cm2 for high use interior building sur-
faces (EPA Spill Cleanup Policy, 1987). Fignre 3-8
shows the sass spectrum used in the library search
for the compound detected at 24.8 seconds. A com-
parison of Figure 3-7 and 3-8 indicages that the de-
tected compound was identified as trichlorobiphenyl
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Figure 3-7. Mass Spectrum Measured at 24.800 Seconds
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¥igure 3-5. A Portion of the HSGC-MS Processed Data
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Figure 3-9. HSGC-MS Analysis of Diesel Constituents Showing Total Ion Chromatogram, Mass
Spectrumn and Library Match

component of the PCB sample. These initial results
indicate both hardware and software are properly
functioning for the HSGC-MS. These data formats
are compatible with the archive and rapper systems.
The datafiles will be transferred over hardwire link
upon integration with the mapper subsystem.

In a separate experiment, 100 ng sample of
diese] range organics {DRO) were analyzed. The
data shown in Figure 3-9 indicates a close match be-

tween the measured mass spectram and the library.
The implication is that the HSGC-MS is operating
onder conditions which provide data that are com-
parzble to conventional GC/MS.

The tests indicated that the High Speed GC/
MS functions in a manner which allows effective de-
termiination of sample constituents in less than 40
seconds.




313 Sammary High Speed GC-MS
Analysis

The Phase Il objective was 10 develop the nec-
essary hardware and procedures {or hugh speed GC-
MS analysis of the toxic organics, using analog com-
poumds similar to PCBs. The goal was GC separa-
tion and mass spectrometer identification in one
minute to regulatory limits. The high speed GC-MS3
sensor is expected to accomplish GC separation, MS
identification, MS library database search for iden-
fification and quantitation in less than 60 seconds.
This capability wili satisfy the Phase II success cri-
teria of sampling analysis and data processing for
GC/MS. Coupled with the Multisensor probe for
automated sample extraction, preconcentration and
transport this subsystern has established a new bench-
mark for speed and perferrnance in organic analy-
sis.
32  Radionucide Sensors
For the majority of radioizotopes of DOE in-
terest two detactors were determined to best meet
the functional needs. This was becanse most iso-
topes were aipha emitters (Am, Th, Pu, U), and one
w3 2 beta emitter (Cs). The 3D-ICAS radionuclide
sensor system includes both an Eberline diffused
Junction silicon detector for alpha emitting isotopes
and a Eberline sealed gas proportional detector for
betafgamma emitting isctopes. A multichannel ana-
hyzer is integrated with the diffused junction detec-
tor for discrimination of the alpha isotopes. This
design ensures that 211 the isctopes of interest will
be identified.

The combipation of the two detectors wilt
ensure that the DOE specified types of radioactivity
will be detected. The specific alpha emutting iso-
topes U-238, U-235, Pu-239, Pu-242, Am-241 and
Th-230 are able to be identified and quantified. To-
tally beta/gamma activity will be reported as Te-99.
Both Tc-%9 and Cs-137 may be present as beta emit-

ters, but Cs is oot as irportant{toxic) as Te. Although
not dore in Phase T1, the gamma activity can be dis-
criminated from the beta activity by simple mechani-
cal shuttling of metal plate discriminators. A some-
what more complex, variable thickness shutter may
be ased to provide beta energy leve] discritnination.

3.2.1 Alpha Detection

The starting point for the alpha detection was
Eberiine’s existing commercial product, the Alpha-
6. This device is typically used in air monitoring
application for discritnination of low levels of air
bome alpha isotopes. The alpha isotopes are dis-
criminated on the basis of pulse height using a mul-
tichannel analyzer determined from the penetration
depth (“track’) of the particle throngh the silicon sub-
strate, The data are recorded as a function of energy
in the multichannel analyzer. The discrimination is
based upon “regions of interest” which are collec-
tien of chanrels summed together to give a response
for a particular isotope. A 1 inch detector was inte-
grated imo the MSP. The associated electronics were
integrated into the contro] sofrware for the sensors,

3.2.2 Beta/Gammna Detection

The starting point for the beta/gamma tech-
nology was Eberline’s Gas Froportional detector and
modular detector board used in varicus commercial
products.  The gas (argon-carbon dicxide mixture)
undergoes jonization by incident radiation, a chargs
is coliected on the anode which is capacitively
coupled to a comparator. Thresholds in the ¢om-
parator discriminate noise and high energy alpha
emission from the beta/gamma response. If gamms
radiation is expected a 1/16” plate can be placed in
front of the mbe to discriminate it from the bera. A2
inch diametar gas proportional tube swas integrated
into the Multisensor probe. The associatad electron-
ics were integrated into the control software for the

SCNE0rs.




3.23 Experimental Results embedded into concrete at Bg/em2 level (the regy-
latory level). The data show that within 60 seconds

Shown in Figure 3-10is an example of ade- on a medium rough concrete surface sufficient data

tector sensitivity testing. The sample is thorium 230 can be collected to identify the thorium 230, In an-
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Figure 3.10. Example of Data Measured from 1 Bg/cm® of Thorlum-230 Embedded on Concrete Surface
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Figure 3-11. Example of Resolution for Discrininating Thorium, Plutonion: and Americium using Stan-
dard Samples




other test standard samples of thomum, pintonium
and americium were analyzed. Shown in Figure 3-
11, is the datz from this experiment. It is clear thai
sufficient resolution exists to differentiate these iso-
topes. No experiments were conducted on mixtures
of these isotopes on concrete surfaces due (o the dif-
ficalty of obtaining long terrn storage for the samples
once the testing was complated. Based on the minor
¢hanges in the thorium standard and concrets samples
1t1s expected that this sensor systemn will be capable
of discriminating mixture of these isotopes on con-
crete.

Shown in Figure 3-12isan example of the
alpha spectrum recorded during a sinultaneous mea-
surement of GC/MS and radionuclide data. For this

tion health industries. The source was 0.5 mm from
the detector and the measeremant time was 30 sec-
onds. The data presented in Figures 3-8, 3-7, 3-8
and 3-12 indicate that the ssnsors system can make
simultaneous mezsurements in near-real time.

The sensitivity of the gas proportional tube
for beta and gamma detection was determined us-
ing 5 different isotopes of widely varying activity
{dpm). The data shown in Table 3-1 indicates an
acceptable level of sensitivity for several beta emit-
ting isotopes as measured in the background activ-
ity of the Eberline facility in New Mexico.

The final column of data is the 10 second
minimum detected activity (MDA) at the 95% con-
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Figure 3-12. Example of Therinm-230 Measured Simultaneously with the HSGC-MS Data

analytical run the sample was & mixnire of PCBs and
Thoriutn - 230 alpha standard. The comesponding
GC/MS dara is shown in Figures 3-6, 3-7 and 3-8
and the results for the PCB sample are described in
Section 3-1. The peak of the alpha spectrum oocurs
ai the energy level of 4.7 MeV indicating it is tho-
rium 230. The alpha source is 2 sample of thorium
embedded on a nickel substrate. These source are
typically used as check standards throngh the radia-

fidence level for the different isotopes. This data
indicate that the gas proportional tube is an effective
detector for beta activity from surface as measured
in air for short 10 second analysis times,

There results indicate that the radionuclide
detectors have the necessary sensitivity and discrimi-
nation ability {o detect the radionuclide of DOE in-
terest,




Table 3-1. Indicates an Acceptable Level of Sensitivity for Several Beta Emitting Isotopes

Isotope Activity (dpm) | Half Life (Yrs.) Current Gross Count
Activity Rate
SrY-90 6750 28.6 513t 1080
Ba-133 1410000 10.5 1311427 47300
0 7
Te-99 16320 213060 16320 4800
Pm-147 19296 2.6234 R435 977
C-14 4099 .2 3730 4097 328

33 The Molecniar Vihrational (MVS}
Sensor

The sensor for identification of base mater-
als of interest to DOE (concrete, transite, asbestos,
wood, 2nd other organics} is 2 combination of an IR,
reflection sensor and a Raman scattering sensor.

During Phase I it has been demenstrated that
the MVYS probe should be based primarily on an ex-
tended pear-infrared {ENIR ) spectrometer equipped
with a heavy metal finoride (HMF) fiber-optic probs
and secondanly on a 785-nm Raman spectrometer
eqitipped with a silica fiber-optic probe. High qual-
ity spectra have been obtained from most materialg
investigated within I minute for both probes.

In an extensive test of a mimber of Raman
spectrometers and laser wavelengths, it was shown
that excitation at a wavelength of 7835 nm gave the
optimal combination of fluorescence rejection, mini-
mal samaple heating, portability and low data acqui-
sition times to achieve a given signal-to-noise ratio

(SNR). The Raman probe arrangement has been
modified from the type studied in Phase I, in which
the probe-head inmvestigated incorporated ¢ collec-
tiort fibers around one excitation fiber (the socailed
G-around-1 amrzngement) with no optical filtering.
The optimurn probe configuration was fouznd to be 2
single input {iber with a notch filter mounted at the
end so that no Raman scattered radiation from the
silica fiber reached the sample. The radiation scat-
tered from the sample is then passed through 2 sec-
ond optical filter to remove the Rayleigh-scattered
light (at 7835 nm) and pass all the longer-wavelength
(Ramzn scattered) radiation which is then focused
into a single ontput fiber. The second filter prevents
the Rayleigh-scattered radiatiorn from giving rise to
Rarnan scattering in the output fiber. A comumercial
specirometer and probe head manufactured by Kai-
ser Optical Systerns, Inc. were identified as being
optimal for the measurement of the Raman spectra
of solid samples with a low Raman cross-section
{sch a5 asbestos). This nstrument 15 now in opers-
tion at the UL and will be incorporated into the Phase
1 musltisensor probe.




Two types of software for classification and/
of identification of the samples have been studied.
In the first, commonly known as spectral searching,
the measured spectrum is compared directly to a li-
brary of reference spectra and the absolute differ-
ence between these spectra is calculated and sommed
over all wavelengths. The reference spectruns yield-
ing the smallest sum is the best match to the spec-
trumn of the uveknown, This approach proves to be
most useful when the spectrum of the unkmown con-
tains several narrow bands that are easily distin-
guished from the spectral baseline. In this case, an
automated baseline comrection reutine that has been
developed at UT can be appiied prior to the applica-
tion of the spectral searching program, For mary of
the sarples, however, the spectra are not of the ideal
form for spectral searching, For such samples, othar
approaches must be appiied. Two such techniques
were investigated: arelatively well-known algorithm
known as principal compenents anaiysis (PCA}, and
a new form of spectral classification involving the
use of self-organized mapping (SOM) neural net-
warks. The latter approach has proved to be mars
robust than either spectral searching or PCA and will
form the basis of the classification software in the
final field version of the MVS probe.

The results obrained with the silica fiber-op-
tic probe analysis of the matenals of DOE inrerest
indicated that NIR diffuse reflectance {(DR) spec-
trometry with a silica fiber-optic probe can be used
to apnalyze all materials except those that totally ab-
sorb NIR radiation. It was also shown that NIR DR
specirometry could be nsed to distinguish between
the five major types of asbestos. However, the spec-
tral features that are of importance for distingvish-
ing asbestos from analogous samples such as bricks
and concretes are 50 weak that they can be lost in the
bascline noise if the comesponding measurements
are made using detectors operating at temperatires
appropriate for field measurements. For sech
samples, access w0 the much stronger fondamental

C-H and O-H stretching modes wonld be highly ben-
eficial. For this reason, we investigated the feasibil-
ity of extending the wavelength range of fiber-optic
DR measurements down to about 2500 em,

Experimentally, we have shown that, for
samples for which ENIR DR spectrz do not contain
encugh useful information to permit rapid identifi-
cation, Raman spectromelry often does.

Thus ENIR DR and Raman spectrometry
often prove te be highly complementary techniques.

33.1 Extended Near Infrared
Spectrometry

An expenimental fiber-optic probe for DR
measurements using heavy metal fluoride fibers and
incorporating a thermoelectrically-cooled mercury
cadmium telluride detector was purchased from
Galileo Electro-Optics Corp. and intarfaced to s AT
Mattson Genesis Fourder transform spectrometer
configured to cover the spectral region between 1
and 4 um. The combination of this spectrometer and
the heavy metal fiber DR probe enabled high qual-
ity spectra to be measured when the probe head was
in direct contact with the sample. Typical spectra
measured in a time of 45 seconds with this instru-
ment are shown in Figure 3-13.

For a fieldable ENIR probe, direct surface
conlact is undesirable because of possible probe con-
tamination. Therefore a second probe design was
tested which emploved a lens to focus on surfaces
spaced a 3mm distance, 'With this design thera is a
small change in refative band intensities in the ob-
served DR spectra. This effect ¢can be accomme-
dated by including appropriate reference spectra in
the database for spectral identification or through a
software comrection. The approach for this compen-
sation will be determined in the remaimder of Phase

II.
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Figure 3-13. ENIR DR Spectra of Actinolite, Concrete, Wood and Polystyrene Foam Measured in
the Contact Mode

3,32 Raman Spectrometry

Most CCD-Raman specira were acquired on
a Renishaw Raman spectrometer wtilizing a micro-
scope as the sampling device. The 785-nm diode
laser provided a maximum power of 2 mW at the
sarnple. Excitation with gas lasers emitting at 632.8
and 514.5 am was also tested but fluorescence over-
whelmed the Ramman spectrum features fox most ma-
terials of interest, Different lenses allowed standoff
distances beiween 1 and 10 mm to be tested. Single-
and multiple-scan accumulation spectra were col-
lected at approximately 6-cm' resolution using CCD
detector charge integration times from [ v 120 sec-
onds. Band positions are aceinate to within 2 cm'.
The resulis obtained with this spectrometer without
the fiber-optic probe were sufficiently encouraging
that we investigated other commercially available

Rarnan spectrometers to which fiber-optic probes had
been interfaced. Of these instruments, the one yield-
ing specira of solid samples with by far the highest
SNR was the Kaiser Optical Holoprobe Raman spec-
rometar

The Kaiser Holeprobe is 2 state-of-the art
NIR Raman spectrometer optinized for use with
785-nm excitation. The system comprises a 50-mW
exfernal-cavity-stabilized diode laser providing a
maxirmmn laser power at the sample of 20 mW, a
transmission grating, a CCD datector, and a state-
of-the-art fiber-optic probe packaged in 2 smaller vol-
ume than the Renishaw spectrometer. This systemn
offered a useable Raman shift wavenumber range of
50 - 3500 cm-1 with 785-nm excitation.




333 Tests for the Appropriate
Excitation Wavelength

When the 632.8-nm and the $14.5-nm laser
lines were used for excitation, the spectra are so se-
verely affected by tmolecular and/or atomic lumines-
cence that no Raman bands can be observed above
the background. Thus the wavelength for the exci-
tation laser for the MVS Raman probe had to be in
the near infrared; in practice the only two wave-
lengths between which a choice had 1o be made were
1064 and 785 nm (se= Table 3-2). The 785 nm exci-
tation was selected becanse of the greatar strength
of the Raman effect and shorter sampie time required
at that wavelength.

The filtered probe-head arrangement prevents
aoy Raman scattering from the fiber-optic cables

from obscuring the Raman signal from the sample.
The Kaiser Optical Systam® Raman probe, has been
identified as optimal for the 3D-ICAS application
based on the signal throughput of the fiber-probe,
the low Raman cross-sections of some of the samples
of interest in this project (especially, asbestos and
concrete), the wavenumber range (Av = 50-1000
¢’} needed to identify DOE materials of interest,

A recent study sponsored by the DOE at
Westinghouse-Hanford* has shown for non-reflec-
tive non-fluorescent samples that a 6-arcund-1 probe-
head with a flat-tip termination can yield up to an

Table 3-2, Wavelength for the Excitation Laser for the MVS Raman

Material Intersamipie Signal-to-Noise Racio
Variahility {degraded by Auovescence and
mmﬂ ]uzaﬁni}
5145 §32.3 TES 1054 5143 | 4328 785 1064
Cotwerste - | 4 | - VP M VF
Bricks - | 1 3 VF Va G
Asbestos ! 1 3 3 VP VP G M-F
Transite - 1 1 3 F P M-P
Porcelain - - i 2 - - VG G
Woods | i t 1 VB 2 P Vi
Azphalt - 1 | | VP VP VP
Polymers 4 3 2 1 G- G G G
_ngics - 3 2 ! - M G G

3.3.4 Probe-head Arrangements

The fiber-optic probe design for Raman spec-
troraelry has changed significaptly from the 6-
around-1 arrangement tested in Phase T to the fil-
tered probe-head now used.

order of magnitude more signal than the filtered
probe-head arrangement. Tt should be noted, how-
ever, that the filtered probe that was used for this
study had only a 10% throughput, The probe head
selected by U for the 3D-JCAS has a throughput of
approximately 30%; thas, all else being aqual, there
is only factor of two difference between using the
Kaiser probe and the Westinghouse tested design.




The reduced silica fiber scattering background for
highty reflective materials more than compensates
for this smail reduction in thronghput efficiency.

T has beea shown both at the Ul and in other
DOE funded efforts®® that if the background radia-
tion caused by the Raman spectram of silica in the
input fiber is not filtered out the Raman signal from
the samiple can be significantly degraded or com-
pletely obscured. In Figure 3-14, the Raman spec-

bands are observed between 200 and 1000 cm?. (Tt
should be noted that Balsa wood is not a particularly
weak Raman scatterer.)

In Figure 3-15 the Raman spectra of two as-
bestos minerals, chrysotile and crocidolite, are pre-
sented as well as the Raman sifica backgrommd from
the 2 meter 6-around-1 Raman probe. It can be seen
that the silica background will obscure the strong
vibrational bards of crocidolite (Figure 3-15b) and
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Figure 3-14. Typical Raman Spectroscopic Performance of an Unfiftered Fornsed Fiber-Optic
Probe

trum of balsa wood measured through a Z-meter un-
filtered 6-around-1 grobe-head is presented. A com-
parison of the resuitant balsa spectrum (Figure 3-
14¢) produced by subtraction of the silica background
from the onginal probe-recorded spectrom of balsa
with the baisa spectrum recorded in the macro-cham-
ber of the spectrometer (Figure 3-14d) shows that
the SNR. has been significantly degraded when na-
filtered fiber-optic probe-heads are used. Thas is es-
pecially obvious in the wavenwmber range below
1000 cm-~1 where spurious intensities for vibrational

that the chrysotile bands may also be lost ie the back-
ground. The asbestos minerals are very weak Raman
scatterers (at least one order of magnitude wealer
than the sampie of balsa wood shown in Figure 3-
14). Thus even though spectra measured with the 6-
around-1 fiber-probe have not begn obtained for the
asbestos minerals it appears clear that the noise as-
sociated with silica background which is left in the
resnltant spactrum after background subtractien will
totally obscure any asbestos signal from being ob-
served.
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In contrast, the fltered probe-head design of  ser power; the signal level of these specira is suffi-
Kaiser has been used t0 obtain Raman spectraofcro-  cient to allow the raineral to be identified, as shown
cidolite within two minutes using only 5 mW of la-  in Figures 3-16b and 3-16c. All the intenss features
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Fignre 3-16. Raman Spectra of the Asbestos Mineral Crocidolite Recorded




in the reference spectrum (Figure 3-16, measured in
about an hour) can be seen with a SNR of greater
than 3 in spectra measured in 2 minmres with the
Kaiger fiber-optic probe.

The schematic of the Kaiser holographic
probe (Figure 3-17) shows that the probe-head com-
puises (i) a laser bandpacs flter incorporated in the
probe-head case after the radistion has emerged form
the Hlwninatior fiber and (ii) hoiographic Rayleigh

possess crucial vibrational information in the region
§00-30 cm-1, the chisel-ip probe approach pioneesred
at Dow Chemic#ls9 and the flat-tip approach3 proved
to be unsuitable for the DOE's specific needs. They
have, therafore, not been adopted becanse both meth-
ods fail to meet the sample-dictated criteriz neces-
sary for routine analysis. The results of Phase Il have
shown that the Kaiser Holoprobe Raman fiber-optic
probe is the best available design for studies of
weakly Raman scattering solid materials, especially

Figure 3-17. Diagrammatic Re;:resenﬁﬂun of the Kaiser Holographic Probe-Head

noich filters which prevent refiected laser radiation
from enltering the collection fiber. These two com-
ponents satisfy the sitica backgroond rejection re-
quirement demonstrated above. A third important
component is an emission indicator built into the
probe bead. This indicator should aliow an untrained
operator of the Raman spectroscopic probe to venify
if the laser operation on a regular basis without the
need for expensive test equipmnent or extensive san-
sor down-time.

In ¢conclusion sings a number of materials of
interest in this project (most importanily ashestos)

when the wavenumber range below 300 ¢cm-1 is im-
portant {as it is for asbestos).

335 Software for Identification and
Classification

Two types of software for classification andf
of identification of the samples have been stadied,
spectral searching and self-organized mapping
(SOM) neural networks. In spectral searching, the
measyred spectrum is compared directly to a library
of reference spectra; the absolute difference between
the spectrum of the unknown and each reference




spectrum is calculated at each wavelength and
summed over all wavelengths. The reference spec-
trum yielding the smaliest sum is the best match 1o
the spectrum of the unknown, Spectral searching
proves 1o be most useful when the specirum of the
unknown contains several narrow bands that are ¢as-
ily distinguished from the spectral baseline. In this
cage, an automated basaline correction routine that
has beem developed at Ul can be applied prier o the
application of the spectral searching program.

Unforrunately, the spectra of many of the
samples encountered in this project are not of the
ideal form for spectral searchipg. For such samples
two other technigues were investigated: principal
components analysis (PCA), and self-organized
mapping (SOM) neura! networks. For both tech-

two-dimensicnal plot is produced in which it is hoped
that samples of a given type will form a cluster in 2
given région of the plot. In PCA, for example, the
ordinates of the plot are the scores of the first two
principal components (PC1 and PC2). When thwe
ENIR spectra of 2 number of samples of brick, con-
crate, asbestos and poiymers are subjected to the
PCA, quite poor clustering results (Figure 3-18).
With the use of SOM neural aetworks, on the other
hand, most sawmnples of a given type fell within wefl-
defined regions of the map (Figure 3-19). Neural
computing with self-organizing mapping has proved
10 be more robust than either spectral searching or
PCA and will form the basis of the classification
software in the final field version of the MVS probe,
using both Raman and ENIR reflectance data.
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Figure 3-18. Plot of PC1 vs, PC2 tor the PCA of the ENIR DR Spectra of Several Samples of

Ashestos, Polymers, Woed, Brick and Concrete

miques, the dimensionality of the input data is re-
duced from a fairly large number (the mmmber of data
points in each spectnizm, often several hundred) to a
much smaller susnber (usually two). In sach case, a

3.4  3D-ICAS Systemn Integration

The 3D-ICAS system Dses its coherent laser
radar {CLR) to obtain 3D facility maps, then wses
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Figure 3-19. Plot of Coordinate 1 vs. Coordinate 2 for a SOM

tha CLR to guide a robot arm borme muitisensor
probe along surfaces for contamination detection, 3D
mapping and archiving. A substantial portion of the
development effort has been devoted to obtaining the
integrated functionality of these shbsystems. 'We will
describe some of these subsystems and thelr inter-
action briefly. We will then provide performance
examples of the 3D-ICAS “eyes™ the CLR 3D Map-

per.
341 Rohot Arm

Robot arm controf and manipulation is an im-
portant part of the Phase [Iwork. Ititegration of con-
trel of the robot arm shows advancement towards a
fieldabie system. During Phase II 2 modal 465A
robot amm from CRS Robotics (CRS) was selected,
programmed and used to manipulate the sensor probe
in a limited area.

The CES 465 A robot armn has abous the same

reach as a human’s arm with more flexibility. The
arr i not operated at full speed. The CRS C300
controller is programmed in the Robot Applied Pro-
gramming Language, RAPL IT, a language devel-
oped by CRS which is a derivative of BASIC and C.
In Phase LII the robot arm wil) be attached to a mo-
hile platform allowing for fulf working space zccess.

3.4.2 Multisensor Probe

The Phase [l multisensor probe comprises the
GC sensor head, two radionuclide sensors, one for
alpha particles and one for beta/garnma emissions,
and four proximiry sensors. Three tetrahedron wack-
ing tarzets are mounted on the outside of the probe.
The probe is cube 6x6x6 inches and weighs 6 lbs.

The Phase III probe will be essentially the
sarme with three modifications. Ficst, several track-
ing targets will be added to provide compiete track-
Ing capability. Second, the MVS sensor will be in-




tegrated with the other sensors on the prebe. Third,
proximity sensors will be selected and mounted in
such a way that curved surfaces can be handled.

34.3 Proximiiy Sensor

The Phase I system used commercial prox-
imity sensors mgmntad at the four corners of the face
of the probe. These proximity sensors provide a ca-
pability {o move the probe up to a flat surface and
maintain a standoff distance of 1 mm or more.

34.4 Robot Arm Platform

The Phase IT system was nod required (o pro-
vide mobility for etiher the mapper or the robot arm.
Portability was provided by mounting eack unit on
a wheeled mripod and moving themy manunally. For
the Phase T demonstration the 3D-ICAS will ke
advantage of DOE developed mobility piatforms for
both the 30 mapper and the sensor robot arm.

J4.5 Control Sirategy

The muitisensor proba moves o each point
specified in the survey list in the order in which they
appear in the list generated by the integrated work-
station, Movement between points is along a stan-
dard sequence of steps. First, the muitisensor probe
moves from the rest position along a straight line to
a position near the next survey point, rotaiing along
the way so that the face of the probe is nearly paral-
lel to the surface at the end of the segment. Second,
the probe moves toward the surface until the prox-
imity senszors detect the surface. The final appecach
is accomplished in smalt steps under control of the
proximity sensors. The sensor system is cornmanded
0 acquire the contaminant sample and initiate pro-
cessing. Then the probe moves along a strazght line
to the arm’s zest position.

Whe the probe has settled at each point, the
CLR tracker is activated and a scan of the tacking
target is made. The scan data are processed to pro-

vide an accurats estimate of the probe’s location and
orientation.

The Phase 1T probe coatrol strategy moves
the probe up the desired spot and ail contaminant
sensing is done with the probe in one place. The
srface being sampled was assumed in Phase L to
be flat over the entire face of the probe so that mov-
ing the probe up to the surface with the face of the
probe parallel to the surface was an acceptable ap-
proach strategy. In Phase ITT a more robust approach
strategy will be implemented. First, one will be able
to mave the probe up to a single spot, or move ¢ach
of the four sensor heads in sequence to the same spot.
This wili aliow the probe to make contaminant mea-
surements at the samne spot. It also permits the sys-
ter to survey curved surfaces such as pipes. Finally,
with the sampling sequenced properly, i.e. with the
MVS and RN sampies taken first, the GC sampling
£an be suppressed if the MVS indicates that organic
contaminant levels are so high that the GC sensor
could be contaminated. In this cass the high sensi-
tivity of the GC-MS is not needed.

3.4.6 End Effector Tracking Function

CRC has developed an efficient approach for
the CLR for tracking location and orientation of a
robot end effector. Analysis, simulation, and labo-
ratory expenments demnonsirate the effectiveness of
this technigue. The tracking system has been inte-
grated with the 3D-ICAS Phase H system demon-
stration. The tracker pravides 6-DOF (X, Y, Z loca-
tion and Yaw, Pitch, Roli orientation) tracking using
a syinmetric wivabiedron target.
347 Trmcking Targets
The tracking target is a symmetric etrabe-
dron consisting of an equilateral trizngle base and
three identical faces: Figure 3-20. Reflective paint
is applied to the entire target except along the edges
between faces.




Figure 3-20. Tetrahedon Tracking Target

Target size was constrained by the size of the
prabe and the face angle was selected considering
location accirracy, orientation accuracy, and the nym-
ber of targets required for foll visibility, Targets with
110 degree face angle were specified for the Phase
H demonstratiou.

348 Position Fstimation Algorithm

The technique consists of scanning the CLR
beam in a circular pattern around the apex of the
target. The center and radius of the scan are presst
50 that the scan encircles the apex and remains on
the target for the entire scan. Since the approximate
location and onentation of the target are known, the
desired scan pattern is easily determinzd. The CLR
returns range, azimuth, elevation, and signal quality
for each meastrement point during the scan.

The first step of the position estitnation al-
gorithrit is to esttmate the three planes that best fit
the three data sets independently. The intersection

of the three planes determines the iocation of the apex
of the target. The vectors normal to aach plane are
immediately available. These vectors provide the
target’s orientation. The second step is to fit the in-
dependent normal vecters by a set of normal vectors
constrained in such a way that they correspond to a
tetrahedron target with the specified face angle. The
location of the apex is recomputed after the best fit
orieniation is determined. This estimate of location
and orientation wiil be used as the starting point for
4 steepest descent optimization in Phase II1.

3.49 Target Tracking Results

Two targets wers fabricated by a commer-
cial machine shop. Target 1 was specified with 2 90
degree face angle and target 2 with a 110 degree face
angle. Tests of the targets showed ihat the angles
between the faces ranged from 88.60 degrees to 91.31
degrees whereas they should have been 20.00 de-
grees. Corresponding angles for target 2 were much
more consistent, showing a spread of 0.03 degrees,




but they were over a degree different from the de-
sign value, Each target was evaluated by taking ten
concentric scang with different radii, estimating the
location of the apex and orientation, and computing
the root-sum-squared standard deviations. Table 3-
3 sumrarizes the resuifs.

Tabie 3-3. Root-sum-squared Standard Devia-

tion (rsssd} from Ter Scans
] T. 2
Design face 3 degrees 110 degrees
angle
Apey estimase 09Tmm d.63mm
rsssd
Direction angla 1.4% degreas 1.0 degraes
Estimabe ressd

The results indicate that the flatter target gives
better results and estimate accuracy on the order of
0.6 millimeters and 1.0 degrees should be possible.

31.4.10 Database Function

The database capability developed for the
3D-ICAS system serves as a repository for all of the
data collected by the system. As the data are gath-
ered, the system antomatically sorts, keys and ar-
chives it for easy retrieval and display by the Inte-
grated Workstation (TWOS). The data can also be
made aveilable for external clients as a server in an
overall facility contamination management system.

Data are recorded for each survey point. The
location of the zensor head is recorded precisely in
facility coordinates along with the entire data struc-
ture from all of the sensors. The data sticture in-
cludes raw data from the radionuciide (RN} and
High-Speed Gas Chromatograph/Mass Spectrograph
(HSGC/MS) sensors. Data from the Molecular Vi-
brational Spectrometer (MVS) will be incorporated

during Phase IT in accordance with the three phase
development schedule. The data structure also in-
cludes processed assigniments for four organic com-
pounds provided by the HSGC/MMS. Finally the da-
tabase holds any specific images generaied from the
raw 3D mapper data.

International Business Machine’s (IBM) in-
dustrial database DB2 was selectad for use in the
ID-ICAS system afier surveying the leading large-
scale commercial database vendors.

A priznary consideration in the selection was
the ability to directly support structared query lan-
guage {SQL) in multi-platforms. SOQL. is used in the
3D-ICAS access and storage of the data. This al-
Iows futare expansion of the system to provide the
database inforination to other users in a netwarked
environment. DB2 also runs on a wide variety of
computers incleding workstations, PCS, and main-
frames.

In 3D-ICAS DB2 will be run on the faser
radar control computer. Using the preemptive
moltitasking capabilities of O8/2, the database will
run in a separate session to ensure data integrity and
responsiveness. This configuration will be carried
over to Phase IT1.

3.4.11 Pata Archiving and Retrieval

Thie database is setup as a set of tables to store
the following information (see Tabie 3-4):

Queries can be made on all of the fields. The
defined primary key fields used for sorting are the
Facility Tdentification and Date, altbough any data
field may be selected and sorted.

Raw data from the Molecular Vibrational
Spectrometer will be integrated into the database
function during Phase IIT.




Tabile 3-4, Archival Data

Identification
* Faciltty Identification (A gency, Plant,
Building, Room)
. Date, time
Mapping
. Location of fiducial marks in room
coordinate frame

* 3D mapper data ip room coordinates

. Any generaied facility scenes

. Bouending box of coordinates for ach
3D mapping run

3D coordinates of each sample point

{in room coordinates}

. Gas chromatogram for each point

. Mass spectrogram for each peak in
each gas chromatogram

* Mass of each of five compounds at

each pomt (PCB, fuel, volatile organ

ics, explosives, other)

. 3D coordinates of each sample point
{in room coordinates)

. Alpha spectrum

. Beta-Gamona count

- Activity level of each: of six isctopes
(U235,U238,Pu239, Pu242, Am241],
Th230)

3.4.12 Data Display: Facility Scene

A facility scene image is generarted from the
3D facility freme mapper data by selecting the arca
to display and an optical viewpoint and converting
range from the viewpoint into a rendered image. The
facility scene is rendered in black and white 5o that
subsequent contamination overlays in color will be

highlighted.

3.4.13 Data Display: Contaminants

When a facility scene is displayed on the
TWOS, the database can be queried for related sur-
vey mformation. The data can be overlaid on the
facility scene as scarter contoor plots or displayed in
one of several different graphical or list windows,

Contaminant concentration levels are pre-
sented as thresholded scatter diagrams rather than
continuous line contonr piots because the interpola-
tion ingerent in constructing contimions contours
could preduce an ermoneous picture of the contami-
nation, especially when the survey points are widely
separated. Each contamivant is displayed in its own
window. The window contains the gray scale facil-
ity scene overlayed with contamination levels in
color. An asterisk is placed at each location where a
measurem=nt was made. The color of the asterisk
depends on the coaceniration of the contaminant.
Grreen, yellow, red, and blee indicate no, light, me-
divm, and heavy contaminabion respectively. De-
fanlt thresholds for defining the fonr contamination
levels are provided; the user may change the thregh-
olds.

More detatled displays of contamunation data
are keved from the facility scenes with ¢ontamina-
tion overlays on them. For any contamination éis-
play, the operator can select a location to get detailed
inforrnation about with the movse. Radiennclide ac-
tivity levels are displayed in tabular form. Gas chro-
matograms are displaved in graphical fosm. Masses
of the five organic compounds are displayed as 8 bar
graph. Secondary displays consisting of mass spec-
trograms are obtained by mousing on desired peaks
in the zas chromatogram; mass spectrograms are dis-
played as graphs end also in tabular form. An ex-
ample of these displays is shown in Figure 3-21. Dis-
plays of data fiom the Molecular Vibrational Spec-
trometer will be integrated into the display function
during Phase IIL.




Figure 3-21. Facility Scene Contamipant Data Display

35 The CLR 3D Mapper

The CLR 3D Mapper, which serves as the
robotic eyes for 3D-ICAS, has continued 1o be re-
fined with other program support during the 3D-
ICAS Phase IT development effort. A CLR 3D Map-
pes to be dedicated to 3D-TCAS is being completed
during Phase H. The accuracy of the CLR 3D Map-
per is critical to the development of reliable facility
maps and for accurate robotic sensor end effector
tracking and guidance. An example of the mapping
accuracy of the CLR 3D Mapper is shown in Figure
3-22, which shows a 3D image of a dime taken at
four meters range.

4.0 Application and Benefits

The completed 3D-ICAS will be direct]y ap-
plicable as a system to DOE facility characteriza-

tion decontammation and decommissioning. The
sensor subsystems of 3D-1CAS represent an advance
in portable real-time chemical analysis for chemical
constients and dangerous materials of interast to
DOE. The CLR 31 mapping subsystem, developed
outsida of the 3D-ICAS program, can perform as a
critical subsystemn on a wide rangs of DOE robotic
applications and I industrial metrology applications.

Benefits of 3D-ICAS High Speed Contami-
nant/Base Material Analysis for Overall Decontami-
nation and Decommissioning Operations

3D-ICAS site chemical analysis is expected
to umprove the technological capabilities of current
chenucal analysis methods by combining state-of-
the-art sample preparation technigues, High Speed
GC, time-of-flight mass spectrometry (TOF-MS),
meolecular vibrational spectrometry, and radionuclide




Figure 3-22. 3D Image of a Dime taken at Four Meters

analysis into 2 system that can be operated at a field
site to provide real-time, reliable gualitative angd
quantitative results. The availability of this technol-
ogy will positively impact DOE clean-up operations
in the following ways:

. Improved Performance (faster, more
accurate)

Cost Reduction

Raduction of Health Risks
Reduction of Environmental Risk
Improved Operations

Reduced Time for Remediztion
Whaste Minimization

Supporting Overall Institutional
Goals

* B - - » L]

*

Improved Performance: The quality of ana-
Iytical data generated by 3D-ICAS chemical analy-

sis Instrumentation will equal or exceed that curcently
being generated by coaventional Jaboratories.
Sarapie automation and elimination of the extensive
sample handling associated with off-site storage and
analysis will improve the reliability of the data as
well as significantly reduce sample preparation ttme.
High speed GC techniques will produce chromate-
graphic peaks more than 100 times sharper than con-
ventional separations and improve the detector per-
formance for a given mass of analyte. High speed
GC will also reduce the separation time from 20-43
min for 2 typical run down to 100 seconds or less,
resulting in faster analysis times. The Radionuclide
analysis may not provide more sensitivity than con-
ventional laboratory analysis, but the direct real-time
field resulis will certainly produce the required data
expeditiously. Molecular vibrational spectrometric
analysis will identify inorganic and organic surface
materials and moderate {(down to low parts per mil-




fion) levels of contaminstions, at high spatial reso-
lution, in sample titmes as short as five seconds.

Cost Reduction: Tire proposed technology
will reduce the overall cost of ¢lean-up operations,
Costs for chemical anatysis will be reduced because
the whole process from sample preparation to data
management ¢an be avtomated and performed on-
site. Operational cost benefits will result from the
availability of real-time apalysis. Manpower and
equipment costs would be reduced through the use
of the robot operated chemical instrumentation due
to improved operational efficiency.

Reduction of Health Risks: The antomation
of sample preparation steps and actual site mapping
would chiminate sample bandling by Jaboratory per-
sonnel. Further, survey worker exposure to hazard-
ous Jocations would be significantly rednced or elimi-
nated. Insurance premivms alope will be reduced
(it should be cheaper t0 insure robots than workers).

Reduction of Environmental Risks: On-
site, real-time analysis with the robot operated ana-
Iyzer would provide improved site monitoring dur-
ing decontarnination. Tsing teal-uime analysis, en-
gineers could monitor and respond to problems in
less time than is possible with conventicnal chermi-
¢al analysis.

Improved Operations: The robot operated
analysis instromestation would improve the capa-
bilities of DOE response in each of the three phases
of remedial efforts by providing a more efficient,
streamnlined beginning-io-end operational capability.
During the survey state worker exposure is reduced;
ark] mapping and characterization efforts proceed ef-
ficiently with the aid of real-time, remote controlled
mapping and analysis. For examiple, wheo mapping
out the contaminated area, engineers could review
anzalytieal results immediately and direct more in-
tensive efforts where they are needed most. Mo
accurate and detailed characterization of the waste

site would concentrate restoration efforts to contami-
nated areas and elirunaie nesdless efforts on areas
that are in compliance or pose minimum risk. Once
decontamination efforts are begun, removed materi-
als and remaining site locations could be continug-
ally monitored 4o measure the progress of clean-up
operations. Remediation operations would proceed
faster becanse field engingers could have near real-
time tesults indicatimg the status with respect to regu-
latory requirements.

Waste Minimization: Real-time monitoring
of decontamination operations would have a direct
impact on the amount of waste generated during
remiediation. Procedures could be halted as scon as
eompliance is achieved, preventing excess of removal
of otherwise clean material. More detailed mepping
and characterization of site would identify areas that
are in compliance and do not require decontamina-
tions, The analyses would be able o classify materi-
als as they are removed thus optimizing the handling
requiremsnts to be cogpsistent with their hazard level.

CLR 3D Mapper Advaniages over all
Other Carrent Technologies

Immunity to Ambient Lighk and Surface
Shading: The FM CLR i3 immune to ambient lighi-
jng conditions in an exactly analogous way that FM
radie is immune to the background amplimude bursts
in lightning. The other methods depend upon am-
plituds detection.

Lightweight Radiation Resistant Fiber
Optic Implementation: The high sensitivity of the
FM CLR detection process allows the use of a re-
mote scanner at the end of an optical fiber with no
solid state electronics. Becanse of the high afficiency
of the optical fibers, the remote scanner could, in
principle, be kilometers from the integrated work-
station.




Benefits of the CLR 3D Mapper Perfor-
mance Advantage: The fast CLE 3D Mapping ca-
pability will not impede or intecrupt D&D opera-
tions. Imfumity to lighting conditions means that
other D&D operations will not have to be disrupted
while lighting is controlled for 3D mapping opera-
tions. A more accurate 3D mapping capebility al-
lows robotic operations to praceed with less super-
vigion for characterization, decontamination, and
dismantling operations. Characterization benefits
from the high accuracy CLR 3D mapping are:

. Allows clear visualization of surface
and mors accurate planning and ex
ecution of surface contaminant map

ping operations

. Allows the sensor probe 1o follow a
surface at close proximity without
collision

- Supports object shape and texture de
termination and better contaninant
peoetration modeling

5.0 Foture Developments

The Phase HI 3D-1ICAS development is
aimed at demonstrating an fleldable contamination
3D mapping, analysis and archiving system to sup-
port D&D operations. Highlights of the 3D-ICAS
gystem capability and parformance improvements to
be accomplished in Phase I are as follows:

. Integration of the multisensor probe
and supporting robot armn 3D-ICAS
sensor subsystem) with a DOD pre
vided mobility platform

= Integration of the CLR 3D Mapper
subsystem with a DOE provided
mobility platform

. Reduction in size and weight and
field hardening of sensor subsystems
and analysis hardware

. Improvement in speed of the CLR
gnided 6DOF multisensor probe end
effector tracking and contral

. Increase in flexibility of senscr rowte
planning to allow a vaniety of map
ping coverages for sach sensor com
ponent

. Refinement of contaminant detection
and analysis software for all sensor

COMPONents

. Refinement of system conteol, dis
play, and other human interface soft
ware

- Adaptation of 3D-ICAS system mis
sion to evolving DOE site cleanup re
quirsments

Beyond the 3D-ICAS development effort the
sensor subsystem components may be adapied to
other DOE applications. For example the sensor
components may be applied to a floor survey robot
such as MAX developed by Savannah River Tech-
nology Center. The MVS sensor may be applied to
1dentify mixed waste chemical components stored
in glass or transparent plastic containers.

The CLR 3D mapping tecimology will be ex-
tended in performance by other government and in-
dustrial development applications to both higher
speed and greater accuracy for robetics and meiol-
ogy applications. A radiation hardened CLR 3D
Mapper is being designed as a Remote Metrology
Subsystem for the International Thermonuciear Re-
actor Subsystem. This development will take ad-
vantage of the compact no-moving-parts scanner




technology development by CRC now being spon-
sored by METC under contract DE-AC21-
94MC31190.
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