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Introduction

The objectives of our research were to develop the first automated radiochemical process
analyzer including sample pretreatment methodology, and to initiate work on new detection
approaches, especially using modified diode detectors.

Early in the program we saw the opportunity to insert new technology into the decision processes
for the Hanford Waste Treatment Plant, provided that we could develop the first analyzer fast enough, and
do so for determination of total Tc in chemical processing streams at Hanford. Technetium-99 is a
radionuclide of significant concern in nuclear waste processing. It is important to immobilize it in stable
waste forms because of its high abundance in aged nuclear waste from weapons production, it long half-
life, and its mobility (as pertechnetate, **Tc(VII)) in the environment if not contained. Therefore, a large
portion of our effort in the first phase was to demonstrate and validate a total Tc analyzer approach. This
effort was successful, and this technology was selected in a competitive peer-reviewed process for the
Hanford Waste Treatment Plant, currently under construction on the Hanford site. Development of the
total Tc analyzer is therefore is a main topic of our final report. Our EMSP funding enabled development
of the analyzer concept and resolution of chemistry issues for sample pretreatment and Tc separation
within the instrument, while applied funding from the Hanford site supported engineering development of
the prototype and testing with full QA/QC documentation to support the decision process. In parallel we
also conducted research on detection methodology at PNNL and at Clemson.

Because of the close interaction between the two research groups and the over lap in some of the
methodologies used in the research, this final report is based on two joint EMSP projects conducted by
the Pacific Northwest National Laboratory and Clemson University. In total, these projects spanned six
years. The sections below summarize some of the outcomes of this collaborative research effort.

FUNDING

Radionuclide Sensors for Water Monitoring, proposal and renewal, 6 years total. This work could not be
renewed after FY05 due to the changed focus of the EMSP vadose zone program.
PNNL: FY00, 01, 02, $200K per year FYO03, 04, 05 $206K per year
Clemson: FY00, 01, 02, $75K per year FY03, 04, 05 $80K per year

Radioanalytical Chemistry for Automated Nuclear Waste Process Monitoring, proposal and renewal.
This work was canceled beyond FY06 with the elimination of the EMSP high level waste program.

PNNL: FY02, 03, 04 $233K per year FYO05, 06 $240K per year (2 yrs only)
Clemson FY02, 03, 04 $117K per year FY05, 06 $100K per year (2 yrs only)
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Integrated Analyzer Instrumentation

Overall approach. Using the approach given in Figure 1, we focused on automated sample
treatment necessary to convert nuclear waste process samples in the as-received matrix to samples
containing the analyte in a suitable speciation and matrix for the subsequent automated separation and
analysis. Focusing initially on the determination of total **Tc in caustic aged nuclear waste , we
developed fully-automated microwave-assisted sample acidification and oxidation procedures using
peroxydisulfate that enable rapid and reliable conversion of the reduced form of *Tc to *Tc(VII), i.e.
pertechnetate. Separation chemistries to quantitatively capture and purify total Tc require that the Tc be in
the pertechnetate state; nonpertechnetate species are not retained by anion exchange, extraction
chromatographic or sorbent extraction materials useful in the analytical separation of **Tc.[1-8] This
sample treatment system and separation is part of an integrated **Tc automated radiochemical analyzer
system that processes and analyzes nuclear waste samples in 15 minutes or less, using anion exchange
chemistry to separate Tc from other radioactive species and a flow through solid scintillator detector. The
effectiveness of the automated instrumentation and sample treatment procedures was demonstrated using
actual aged nuclear waste solutions with high content of organic and nonpertechnetate species.

Sample Matrix Modification and Speciation Control for Total Tc.
Approach

e Determine oxidizing conditions and matrix modification necessary to obtain rapid and effective
oxidation of Tc to pertechnetate and resulting in a matrix suitable for subsequent separation.

e Develop an apparatus for rapid automated sample pretreatment chemistry using microwave-
assisted digestion in an open vessel format.

e Overcome difficulties with uneven heating, violent bumping, gas evolution, foaming, and
precipitate formation in digesting these complex sample matrices.

Successes

e We selected peroxydisulfate chemistry with prior sample acidification and demonstrated rapid,
quantitative *’Tc speciation control in automated format.

e Sample acidification has a number of benefits including: the kinetics of oxidation of organic
compounds by peroxydisulfate are more rapid in acidic solutions.[9] Acidification provides
sample matrix compatible with subsequent separation procedures; acidification copes with
precipitates that would interfere with automated fluidic procedures; and using nitric acid
eliminates sample reduction capacity due to nitrite by converting it to HNO2 which is unstable in
acid media and rapidly decomposes at elevated temperatures.[10].

e An open vessel microwave digestion method was developed that allows multistep reagent
additions, provides for continuous sample mixing using a bubbling nitrogen stream, while
allowing evolved gases to escape. Without sample agitation, excessive violent boiling and
sporadic sparking were observed.

e Quantitative recovery of sample from the digestion vessel was demonstrated and effective
procedures to prevent carryover from sample to sample were developed.

e Microwave energy was precisely controlled using control software we developed to adjust
magnetron power at one second intervals.

e Quantitative oxidation to pertechnetate is obtained within 30 seconds of heating with
peroxydisulfate, and we determined that it is not necessary to completely oxidize the total organic
carbon (TOC) in order to obtain quantitative Tc oxidation

e  We determined that there is no significant losses of Tc analyte by volatilization under our
conditions.

o The procedure was successful in overcoming the difficulties noted above and rapidly oxidizing



the Tc in Hanford waste samples containing high organic content and a high proportion of
nonpertechnetate species.

e A detailed manuscript on this sample pretreatment chemistry and instrumentation has been
submitted to Analytical Chemistry and accepted with very favorable reviewer comments. [11]

Sample pretreatment and matrix modification procedures improve reliability in elemental and
radiochemical analysis by reducing matrix effects and by ensuring compatibility of the sample matrix
with subsequent separation and/or detection methods.[12-15] In the case of analytes with varying
chemical and oxidation state speciation (e.g. As(III)/As(V); Se(IV)/Se(VI); Cr(I1I1)/Cr(VI);
Tc(IV)/Tc(VID)), chemical reactions are typically required to convert the analyte to a desired chemical
form or fixed oxidation state prior to total analyte measurements. [1, 8, 16-24]

Sample matrices associated with the aged nuclear waste process streams are comprised of caustic
brine solutions where the speciation of **Tc is variable and dependent on the source of the waste.[2, 25] In
some wastes with high organic content, up to 60-70% of total *’Tc may be present as reduced
nonpertechnetate species of unknown chemical composition (to be referred to as “nonpertechnetate’).[2,
5, 6, 26] Recent studies indicate that nonpertechnetate may be associated with organic complexants such
as gluconate.[26]

Previous studies on the radiochemical determination of the total **Tc in nuclear waste samples with
high content of organic and nonpertechnetate species established that reliable and quantitative oxidation
to pertechnetate represented a significant challenge, even in manual laboratory procedures.[2, 6]
Oxidants such as Cr(VI) , H202and Ce(IV) added to acidified, heated samples were ineffective,[2] and
procedures required many hours. Studies by Schroeder et al. identified peroxydisulfate as a promising
oxidizing reagent in caustic samples, but reaction times were still 4 to 12 hours.[5,6]

Nevertheless, oxidation using peroxydisulfate was possible in matrices with stoichiometric excess of
nitrite and organic carbon, which represent major sources of reducing capacity in the aged nuclear waste.
Peroxydisulfate is a strong reagent that will oxidize both nitrite and organic compounds (E’=2.01 V for
the $20s>/SO4> pair)).[9, 27] On further investigation, we found conditions where we could obtain
successful oxidation of reduced technetium species using peroxydisulfate in diluted acidified samples
within ~5 minutes at 100°C. In caustic samples, however, we found that precipitates were formed that
would have precluded reliable automation in a flow format. Based on these considerations we selected
peroxydisulfate chemistry with prior sample acidification for investigation in an automated format.

We also developed a microwave-assisted method for performing this pretreatment. Because of
the rapid, uniform and well controlled heat delivery, microwave-assisted sample preparation offers
significant advantages in effectiveness, speed, and reproducibility relative to conventional sample
treatment techniques based on conductive heating.[12, 13, 15] . Closed-vessel digestion formats are not
ideally suited for sample treatment procedures that require sequential addition of multiple reagents or
generate significant quantities of gaseous species.[14, 28] Although microwave-assisted sample treatment
at low temperatures and pressures have been reported in a continuous, flow-through regime using coiled
tube flow reactors, which are functionally similar to closed-vessel reactors,[17, 21, 29-33] procedures that
generate gaseous species result in the formation of gas segments in the tubing. This leads to uncontrolled
and irreproducible flow behavior.[32,33]

In contrast, the open-vessel digestion format offers flexibility in the design of sample treatment
procedures that require addition of multiple reagents and venting of gaseous products .[14, 34]

However, the open-vessel format is more challenging for implementation in an automated flow format.
There have been few reports on open vessel microwave-assisted sample pretreatment with automated or
semi-automated fluid handling, and these have been concerned primarily with digestion of biological
samples for metal determinations.[32, 33]

We developed an open-vessel microwave procedure using STAR 2 open-vessel microwave
digestion system from CEM Corporation and replacing the standard digestion vessel with a vessel and



vessel holder of our own design. This vessel, shown schematically in Figure 1a, consisted of a small-
volume concave-bottom reaction vessel modified with one line extending to the bottom center of the
vessel for solution deliveries and sample retrieval. A second line was added as a vent for outgassing, and
a holder was designed to position the vessel in the microwave cavity. Using a fluidic system of pumps
and valves that we designed around this vessel, we obtained consistently reliable quantitative retrieval of
the digested sample from the reaction vessel for subsequent analysis. This flow-cell design is well suited
for automated processing of small samples, and represents an improvement in design relative to
previously reported flow cells for automated open-vessel microwave digestions.[32]

Using this instrumentation, we developed an acidification procedure with gentle heating as a first
digestion step. We determined a concentration of nitric acid that avoided the excessive foaming that
occurred with concentrated nitric acid. We determined an amount of nitric acid that would neutralize the
total base content, adjust the final acidity for subsequent separation (excess acidity interferes with
pertechnetate retention in the subsequent separation) and dissolves the AI(OH)s3 precipitate that formed as
acidification began. (Caustic nuclear waste sample matrices have a high content of dissolved Al from 4-
17 g/L).[35]
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Figure 1. a) Schematic diagram of the flow-through reaction vessel design for microwave assisted sample
treatment. A, concave-bottom reaction vessel; B, sample/reagent delivery line; C, vent line; D, microwave
cavity; E, reaction vessel holder. b) Plot of the relative total *Tc measurement (graph A) and the relative
TOC content in digested samples (graph B) as a function of digestion time. Amount of peroxydisulfate
added to the sample is 1.4 mmoles in both cases. and c) Plot of the relative total **Tc measurement
(radiochemical analysis/ ICPMS analysis) (graph A) and the relative TOC content in the digested sample
(graph B) as a function of peroxydisulfate mole quantity added to the acidified nuclear waste sample.
Digestion times are 60 and 90 seconds for the relative total **Tc and relative TOC results, respectively.

We studied the oxidation of reduced technetium species and organic carbon in detail, as shown
in Figures 1b and Ic, and developed an automated procedure for oxidation using peroxydisulfate as a
second digestion step. The percentage of the total Tc in the sample that is found by radiochemical
analysis of the digested samples is plotted in Figure 1b (graph A) as a function of the quantity of oxidant



added to the sample, where the total Tc was determined by ICPMS. These relative total Tc results
indicate that addition of peroxydisulfate reagent in excess of 0.5 mmoles (0.7 mmoles per 1 mL of the
nuclear waste sample) results in close agreement between the pertechnetate-specific radiochemical
analysis procedure and speciation-independent ICPMS techniques.

To provide an excess for reliability, we selected 0.7 mL of 2 M Na,S,0g (1.9 mmoles of
peroxydisulfate per 1 mL of the nuclear waste sample) for use in automated sample treatment procedure.
The relative total **Tc, obtained as a function of the length of the second digestion is shown in Figure 1¢
(graph A). Microwave-assisted Tc oxidation is quite rapid, providing quantitative results after ~30-
seconds under our selected conditions ( 5% continuous magnetron power level; gentle boiling under
continuous gas agitation).

TOC analyses were performed to determine the percent TOC remaining as the function of the
digestion time, as shown in Figure 1b, graph B, using 0.7 mL of 2 M Na,S,0s. No further reduction in
TOC content after 90 seconds of digestion is likely indicative of complete consumption of the oxidizing
reagent. Quantitative oxidation of the nonpertechnetate species was obtained with a significant fraction
of the TOC still present in the sample; complete destruction of the TOC is not a prerequisite for reliable
control of the *’T¢ speciation in aged nuclear waste samples.

Graph B in Figure 1¢ shows that the extent of the TOC oxidation is determined by the amount of
oxidant added to the sample and increases linearly with an increase of the amount of peroxydisulfate.
For the sample matrices and digestion conditions used in this study, 1.4 moles of S,0s> was required to
oxidize 1 mole of organic carbon to CO, in acidified aged nuclear waste sample.

From these and additional studies not described here, we developed a successful approach in
which we integrated matrix modification and speciation control chemistry, an open-vessel microwave
digestion apparatus, a fluidic system, and a detailed automated protocol.

Separation Chemistry for Total Tc.
Approach

e Investigate effectiveness of the uptake and chromatographic behavior of materials for the rapid
analytical separation of **Tc (VII) from interfering radionuclides in high-salt digested (oxidized)
sample

e Investigate sample loading and column wash sequences necessary for reliable removal of
interfering radionuclides and high analyte recoveries using spiked simulants and actual wastes via
fraction collection combined with nuclear spectroscopic and ICP MS analysis of the collected
fractions.

e Develop, optimize, and rigorously test automated separation procedures using spiked simulants
and actual nuclear waste samples in order to verify effectiveness of the analytical separation and
column longevities in varying sample matrices (Hanford waste Envelopes A, B, and C).

Successes

e Several sorbent materials (TEVA Resin, Superlig 639, MP-1M) were evaluated and compared

e Although the materials initially proposed (TEVA, Superlig 639) were not entirely satisfactory, the
strongly basic anion exchange sorbent material (MP-1M) was found that met all the requirements
for uptake, selective separations, adequate elution, and which demonstrated superior column life

e Reliable separation was possible at high flow rates (up to 7.5 mL/min) as required for the
development of rapid analytical procedures.

e Anisotope *'™Sn, previously undetermined in the aged waste matrices, was identified by us as a
significant interferent that can be present in aged waste at activity levels exceeding those of *Tc,
especially in waste with a high content of organics.

e A comprehensive separation procedure was developed that successfully addressed the challenge
of separating anionic radionuclides (isotopes of Sn, Sb, and Ru) which were found to interfere



with *’Tc analysis in aged wastes. The effectiveness of the separation procedure was verified in
the numerous experiments with actual Hanford nuclear waste samples.
e The separation sequence was successfully implemented in the automated format

Analytical separations are required prior to radiometric detection for the reasons cited in the
introductory sections. In the Phase 1 proposal, we identified two separation chemistries for the
development of rapid automated **Tc separations: extraction chromatographic material (Eichrom TEVA
Resin) and Tc(VII) specific solid phase extraction material (IBC Superlig 639). After careful
investigations, each of these was found unsatisfactory. The TEV A resin was not suitable for repetitive
column reuse under pressure and the SuperLig 639 released the analyte too slowly for rapid analyses. We
succeeded, however, in identifying a macroreticular strongly basic anion exchange material (MP-1M) that
provided effective separations, adequate elution kinetics for rapid procedures, and extended column
lifetimes under elevated pressures. This material provided excellent selectivity for the uptake of *Tc
relative to major radioactive constituents ('*'Cs, *’Sr/”°Y, U, Pu, Am) in dilute nitric acid media. A
comprehensive separation procedure was developed that comprises a sequence of multiple acidic,
hydroxide and complexant column wash steps for reliable separation of **Tc¢ from interferences using
anion exchange sorbent materials.

*Tc separation using extraction chromatographic sorbents. Based on previous literature data and
our past experience, we initially considered TEV A resin to be the preferred separation chemistry. This
extraction chromatographic material, based on the long-chain quaternary ammonium salt extractant
(Aliquat 336) immobilized in an inert polymeric support, is now commonly used in radiochemical
analysis of **Tc. Our own initial batch uptake and column experiments, confirmed its separation
effectiveness, with Ka values of ~1200 and 1600 ml/g for "Te uptake in acidified AN-105 and AW-101
nuclear wastes simulant matrices, respectively. The sharp drop in retention with increasing acid
concentration provided rapid *Tc elution with sharp elution profiles.

Nevertheless, column reuse more than 50 times was problematic, with reduced separation recoveries and
shifts in the position of **Tc elution peak upon continuous column reuse. We attribute this to the loss of
the stationary organic extractant phase, which represents a generic challenge for the implementation of
extraction chromatographic materials in automated radiochemical analysis systems for long-term
monitoring.
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Figure 2. a) Uptake of the *Tc (VII) from nitric acid media using candidate sorbent materials. b)
“Tc elution behavior from the SuperLig 639 column and strongly basic anion exchange (MP1)
column.



*Tc separation using Tc-selective solid phase extraction material. Superlig 639 material
comprises a proprietary pertechnetate-selective ligand covalently attached to a polymeric bead support.
Tc uptake was determined as a function of Na+ concentration and acid concentration. A low Kd of 3 ml/g
was found in DI water, increasing to 1000 in 1 M Na+. The *’Tc uptake as a function of nitric acid
concentration is shown in Figure 2a. In separate experiments we also determined the *’Tc uptake in
acidified digested sample matrix after microwave assisted sample treatment (Kd=63 mL/g). We observed
reduced Tc uptake in strong acid and resin discoloration, suggesting resin deterioration.

Column flow experiments with fraction collection and off-line analysis using actual Hanford
Envelope C waste samples (Tank AN-107 and AN-102) indicated that Superlig 639 material provided
excellent selectivity for **Tc (VII) over other radionuclide constituents of the aged nuclear waste samples.
Nevertheless, column experiments using on-line detection indicated slow elution kinetics and broad
peaks, as shown in Figure 2b. Broader elution peaks are disadvantageous as they lead to reduction in
detection limits using on-line radiometric detection.

*Tc separation using anion exchange solid phase extraction material. The issues identified above
prompted us to investigate alternative separation materials. Strongly basic anion exchange materials are
comprised of quaternary ammonium functionality covalently attached to the polymeric supports. The
uptake data for macroreticular material MP-1 and pellicular Dionex material are shown in Figure 2a. In
addition, batch contact studies indicated that both materials exhibited good affinity for *Tc(VII) from the
acidified oxidized nuclear waste matrices (Ka~100 ml/g). Flow testing with on-line radiometric detection
indicated that MP-1 material exhibited better elution kinetics and sharper elution peaks using 8 M nitric
acid.

Strongly basic anion exchange materials exhibit good selectivity towards **Tc(VII) over other
radionuclides commonly present in the nuclear waste. An initial separation procedure with uptake in
strong acid and elution using 0.2 M nitric acid and 0.2 M nitric acid-0.2 M oxalic acid enabled good
separation and accurate **Tc quantification in the low organic waste matrices containing radioactive
“Sr/*Y and "*’Cs. Nevertheless, subsequent analysis of the high organic waste Envelope C matrices
resulted in a positive bias, indicating presence of an interfering radionuclide species co-eluting with *Tc.

An extensive effort was made to identify this unexpected interference. Analysis of the Tc fraction
using ICP-MS indicated significant quantities of Sn isotopes that are produced in fission reactions.
Further analysis using Low Energy Photon Spectroscopy (LEPS) revealed the presence of X-rays
characteristic to the decay of isotope of '*'™Sn. In addition, this isotope is a pure beta-emitter with a
maximum beta energy similar to that of *Tc. It has not been previously detected or quantified in the
Hanford aged nuclear waste samples.
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Figure 3. a) Liquid scintillation spectra of the *Tc standard and Tc fraction separated from high-organic
Hanford tank using comprehensive separation sequence (1), and liquid scintillation spectrum of '*'™Sn
found to interfere with the *Tc analysis using initial separation procedure (2). b) Separation of '*'™Sn
interferents using 2 M nitric acid wash.

Additional experimentation revealed that incorporation of medium concentration nitric acid wash
(2 M nitric acid) enables removal of Sn, while Tc remains on the column. This separation is illustrated in
Figure 3b. This revised separation procedure removed the positive bias found previously.

These results prompted us to determine which radionuclides could be present in the aged nuclear
waste samples at levels comparable to that of **Tc. The abundance of fission products in aged wastes
was calculated based on their fission yields and radioactive half-lives. Additional criteria in this analysis,
was the tendency to form anionic species that may be retained on the anion exchange material. Our
calculations indicated that ''™Sn can be present in the aged waste at activity levels exceeding those of
“Tc. Additional identified radionuclides of concern that could be present at activity levels comparable
with that of Tc were isotopes Sb, Ru and Ru/Rh.

We set out to develop a comprehensive separation procedure that would enable complete and
reliable separation of *’Tc in all Hanford waste envelopes with the particular emphasis on high organic
samples. Using fraction collection, ICP MS, gamma and X-ray spectroscopy for analysis of collected
fractions, we developed a comprehensive separation procedure that consisted of wash sequences using 0.2
M HNO3, 6 mL of 1 M NaOH, 6 mL of 0.2 M HNO3-0.5 M H2C204, and 5 mL of 2 M HNOs .. In
extensive testing using Envelope A, B, and C samples this procedure was determined to enable reliable
separation of **Tc(VII) from '*'™Sn, '*°Sb, and '“Ru/'”Rh in the analysis of aged nuclear waste. The
comprehensive procedure enabled reliable and accurate quantification of >’ Tc in all types of Hanford
waste.

These results indicate that systematic scientific development is essential in order to address
previously undocumented challenges associated with actual waste samples and leads to new knowledge.
It is interesting to note that 12Img 1 has not been measured in tanks prior to this work. In addition tank
waste characterization reports indicate that up to 30% of tank waste activity is sometimes attributed to
unidentified beta emitters.



Integration, Automation and Quantification.
Approach
e Sample preparation, separation, and detection were integrated into a complete instrument and
fully automated.
e Performance was rigorously evaluated against standards and waste samples, and unexpected
interference issues were investigated and resolved.

Successes
o Flow-through solid scintillation detection provides adequate sensitivity to meet required detection
limits.

e Automated calibration approach using standard addition technique was developed and verified
using simulants and actual wastes samples.

o The instrument was extensively tested with all envelopes of Hanford waste using LAW simulants
and actual AN-107, AN-102, AZ-101, AZ-102, and AP-104 Tc¢ decontaminated LAW matrices.

e Automated unattended operation for over 40 hours continuous operation have been demonstrated

e The analyzer meets or exceeds all Hanford-specified requirements, with a total analysis time of
12.6 minutes per sample (see below)

e Tc analyzer development is complete.

The microwave-assisted sample digestion and subsequent analytical separation were integrated with a
solid-scintillator radiometric detector and fully automated. The detection module was configured with the
Beta-Ram 2B® flow-through scintillation detector (IN/US Systems, Inc. Tampa, FL). A solid scintillator
cell (Li glass) flow cell (1 mL volume) provided good detection efficiency (~65%) which is comparable
to that of liquid scintillation detection. Our studies indicated excellent stability of the glass scintillator in
the 8 M nitric acid used for *Tc elution. Detection is performed with flowing, not stopped flow, counting.

The instrument is shown in schematic and photographic form in Figure 4. Details will not be
provided here. Software was developed to process the detector data, using data smoothing and peak
search routines to improve quantification at low signal to noise.

A smart standard addition method was incorporated into the automated protocol for reliable
quantification. After running the sample once, the optimum amount of standard for addition is calculated
and spiked during the sample acidification step of the next run. . The difference in the responses between
two measurements is used to calculate instrument calibration parameter or overall analysis efficiency. In
order to provide statistically valid standard addition with minimal error, the instrument automatically
calculates the amount of standard to be added, so that the signal derived from the spiked sample exceeds
that of an unspiked sample by a factor of three. Standard addition calibrates the instrument, verifies
general instrument performance, and deals with variable sample matrices.
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The fully integrated and automated analyzer meets or exceeds Hanford-specified operational

requirements. The instrument has the following performance characteristics:
+

e Detection limit of 6.36 x 107 Ci/L of **Tc in LAW with 5 M Na concentration using 0.5 mL
sample volume. (Performance requirement is 1.0 x 10 Ci/L of *’Tc).)

e Rapid analysis time: analysis time of 12.6 minutes per sample. (Performance requirement is 15-
20 minutes per sample.)

e Analysis precision of better than 10% RSD at concentration above the quantification limit (10
times the detection limit or 1.0 x 10° Ci/L of Tc ). (Performance requirement is 10% RSD.)

e Analysis accuracy is better than 15% for the analysis of AN-102, AN-107, AZ-101, AZ-102, AP-
104 LAW matrlces at concentrations above the quantification limit (10 times the detectlon limit

or 1.0 x 10 Ci/L of *Tc). (Performance requirement is 15 % accuracy.)

After a comprehensive and competitive review, the automated radiochemical instrument was selected
for the use in the Hanford WTP with the contractor making provisions for the development of commercial
analyzer.[36] This represents a significant achievement in conducting cutting edge scientific
investigation, while addressing the real need at the DOE site with the simultaneous transfer of the
knowledge to the contractor. This success would have not been possible without extensive systematic
investigation of the scientific and challenging issues related to the total *’Tc analysis.

Radiometric Detection Methodologies

Introduction
The development of functional radiochemical analyzers capable of meeting analysis time and

detection limit requirements necessitates improvement in flow-through radiometric detectors. Improved
scintillation detection methodologies, light detection techniques and detector configurations are
required for quantification of beta emitting **Tc and *°Sr in the process analyzers using flow-through
radiometric detectors. In addition, the development of novel detection methodologies based on diode
and thin film scintillation detectors is necessary to enable rapid and sensitive analysis of alpha emitters/
Digital signal processing offers the potential to improve the sensitivity of scintillation and solid state
detectors

Both diode detectors and thin films scintillators were investigated as a means to detect alpha
emitters in thick liquid sources for process monitoring applications. Diode detection can be used for
total alpha analysis and provide alpha energy information to discriminate among individual
radionuclides. Scintillation can be used in total alpha analysis only. In addition, several instrumental
aspects of detection were investigated including digital signal processing for pulse shape discrimination,
light detection devices, and flow cell design.

Solid State Detectors for Quantification of Alpha-emitters in Liquids
Approach

o The detection of alpha emitters in /iguid samples using diode detectors was investigated.

e Sample geometries with the detector in direct contact with the liquid and with small separations
between the liquid and detector surface were examined, and models were developed for the
effects of sample geometry.

o Total alpha measurements were made, as well as alpha energy spectra with spectral
deconvolution to determine individual isotopes in mixtures.

e Sample/detector geometry effects, sensitivity, and interference issues were investigated in detail




Successes

e Although conventional silicon diode alpha detectors were unreliable in this application, modern
passivated ion implanted (PIPS) detectors were found that are robust and practical for operation
in contact with liquids or with a small spatial separation.

o Characteristic alpha energy spectrum information was successfully extracted from these
measurements, even though this measurement configuration corresponds to the analysis of
infinitely thick alpha sources

e Although detection efficiencies are low, and sensitivity varies with the alpha energy from the
dominant radionuclides, we found that total alpha analysis using diode detectors is feasible to
meet detection limit requirements in process analysis where sample composition is generally
known and consistent.

e Accurate analysis of total alpha activity was demonstrated for the actual Hanford and Savannah
River Site samples

e We developed spectral deconvolution algorithms for the direct analysis of liquid samples and
demonstrated it on a five component mixture.

Investigated beta/gamma interference issues
o Developed calibration strategies for direct analysis of liquid samples

Conventionally, diode detectors can be used for alpha energy analysis, provided that the
sample is thin and the gap between the sample is either gas or vacuum. We developed ways to use
diode detectors for total alpha analysis, as required for process analysis, on liguid samples. In addition,
we developed methods to obtain alpha energy spectral information from thick liquid sources. Modern
PIPS diodes were used.

As a practical matter, we determined that the measurements could be made without the
detector surface in direct contact with potentially corrosive solutions, using either an air gap or a thin
solid barrier (mylar film in our experiments). The effects of geometry were measured and
successfully modeled.
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Figure 5. A) Spectral responses of different alpha emitter obtained using direct analysis of liquid samples
using diode detector at a standoff distance of 0.5 cm. B. Spectral deconvolution and individual isotopic
analysis in the direct analysis of a liquid sample containing a mixture of **°Th, **U, **°Pu, **' Am, and
244

Cm.

In contrast to thin sources, the spectral responses in our experiments consisted of well-defined
high energy leading edges with tailing extending throughout the low energy region (see Figure 5). Thus
mixtures have extensive overlap rather than separate peaks, and the position of the leading edge is
characteristic of the alpha particle energy. The energy spectra for five individual alpha-emitters (*°Th,



Eo=4.688 MeV; **’U, Ea=4.821 MeV; *’Pu, Ea= 5.157 MeV; **'Am, Ea=5.486 MeV; ***Cm Eo=5.806
MeV) in liquid samples obtained using PIPS diode at a stand-off distance of 0.5 cm are compared in
Figure 5, plot A. The high energy leading edge of the liquid sample spectra were found to scale linearly
with the alpha particle energy. We also determined that the high energy spectral edges of liquid sources
align closely with those of electroplated thin sources measured at equivalent stand-off distances. Note that
the high energy edges of the **Pu and **' Am spectra in Figure 6 are well resolved (alpha particle energy
difference is 0.329 MeV). Hence, alpha energy (isotopic) information can be obtained from the liquid
sample, given sufficient signal to noise. The energy resolution and measurement sensitivity is enhanced
when diode detectors are placed in direct contact with solution.

The most sensitive alpha activity measurements can be obtained by integrating counts across the
full spectral range (200-900 channels, or 0.5-6 MeV), which extends above the low energy noise region
(0-150 channels). Nevertheless, we determined that the use of the higher energy window (550-900
channels) is typically required in order to eliminate interfering signals from high levels of beta and
gamma emitters which are highly abundant in the aged nuclear waste. For the alpha emitting
radionuclides in the energy range of ~5.5 MeV the observed counting efficiencies (expressed as counts
per second per Bq/mL of sample activity) are on the order of 0.1%. Relatively low counting efficiencies
observed in direct analysis of alpha-emitters in liquid samples were anticipated due to the short range of
alpha particles in liquids. Nevertheless, counting efficiencies are sufficient to enable rapid process
measurements at required detection levels. For example, the minimum detectable *Am activity level for
direct analysis of liquids sample was determined to be 23 Bqg/mL for 10 minute counting interval. These
detection limits are sufficient for typical analyses in support of process monitoring. Further reduction in
detection limit can achieved using longer counting times or using sample preconcentration.

Linear calibration plots were successfully obtained for direct analysis of alpha-emitting
radionuclides in liquids. However, unlike thin sources, the slopes of calibration plots were different for
radionuclides with varying alpha energy. This arises from the escape dynamics of the alpha particles
from thick liquid sources. Empirically, the relative portion of alpha particles escaping from the thick
liquid source increases with particle energy and is not a function of the diode detection, which is thick
enough to capture all alpha energy. Additionally, given the tailing in the lower energy range, the portion
of alpha particles detected above the low energy (beta) noise increases with the alpha particle energy.

As a result, total alpha analysis of mixtures is potentially problematic; to obtain quantitative
results, efficiency calibration must be carried out using a standard with the alpha particle energy
distribution similar to that of the sample matrices to be analyzed. In general, this issue is of less
significance for the process monitoring analysis where waste composition is known and consistent. For
example, significant portion of total alpha activity in Hanford is largely due to TAm (up to 50%). Using
1 Am as a calibration standard we demonstrated feasibility of accurate analysis of actual nuclear waste
samples with the total alpha results obtained by diode analysis being in close agreement with the reported
laboratory analysis values.

We further investigated the possibility of individual isotopic analysis, taking advantage of the
energy resolution capabilities of the diode detectors and characteristic shapes of the spectral responses
(Figure 5). A number of mathematical relationships were evaluated for the modeling and assay of alpha
spectra from diffuse homogeneous “infinitely” thick sources. The Bragg equation, based upon
fundamental principles, describes the energy deposition of ejected alpha particles as they travel through
material. Unfortunately, this multivarient differential equation does not have closed form solution for an
alpha energy spectra from infinitely thick sources. The most successful model which provided spectral
deconvolution was found to be a combination of linear, exponential and Gaussian functions used to
describe observed energy responses as function of energy:

£ () =As[g(x) +h(x) +(x)] (1)
where f(x) is the calculated spectral response, A is the total number of counts in the spectra, x is the
channel number, and € counting efficiency for the radionuclide. This model was used to provide accurate



description of the individual alpha particle spectra for direct analysis of liquid samples. Moreover, we
found that complex spectral responses of for samples containing multiple alpha-emitters could also be
accurately described by this model using a summation of the individual models for each radionuclide. The
feasibility of individual isotopic analysis of the liquid sample containing **' Am (15% total alpha activity),
9Py (50% activity), >**Cm (20% activity) and **U (15% activity) is illustrated in Figure 5B. Using our
model individual isotope quantification with the accuracy of 2 % was possible.

In summary direct analysis of liquid samples using diode detectors is a viable analytical
methodology for determination of alpha-emitting radionuclides in process streams. The use of
diode detectors in direct liquid measurement provides energy information that can be used for
identification of the individual alpha-emitters. Further improvement in selectivity, sensitivity,
and robustness can be achieved through appropriate design of fluidic interface, development of
digital signal processing and spectral deconvolution techniques.

Total Alpha Activity Measurements in Liquids Using Thin Film Scintillators
Approach
e Ag-doped ZnS, i.e. ZnS(Ag), thin scintillator layer coupled to a PMT detector was evaluated for
the purpose of total alpha analysis in liquid samples as an alternative to diode detectors
e Measurements were carried out by placing a scintillator disc close to the liquid sample surface.
e Energy discrimination settings were selected that minimize interferences from beta emitters

Successes
e Total alpha analysis using scintillation detection was demonstrated for detection of **°U in waste
simulant matrices containing *°Sr
o Experimental detection efficiencies for analysis of infinitely thick sources were compared with
the model values and were in satisfactory agreement

We conducted experiments on the use of scintillation detection as a potential alternative to diode
detectors for direct analysis of fotal alpha activity in liquid samples. A ZnS (Ag) scintillator layer was
coupled to a PMT detector and used in a measurement configuration similar to that described for the use
of diode detectors. Because of the fundamental limitation of scintillation detection this approach does not
provide energy resolution and does not discriminate between the individual isotopes. Nevertheless, in
contrast to diode detection, detection efficiency was not found to be strongly dependent on the alpha
particle energy. In this manner, scintillation detection may be advantageous for total alpha analysis.

ZnS scintillator exhibits much higher sensitivity for detection of alpha particles relative to beta
and gamma particles and energy discrimination was successfully reduce contribution from non alpha
emitters. Pulse height spectra for *°U and *’Sr/*Y sources were acquired and used to set the energy
discrimination threshold for elimination of beta interferences. Continuum pulse height spectra for *°U
was observed, as expected, in this thick liquid source geometry. Experimental detection efficiencies for
33U and "Np were determined to be ~17 % assuming detection from the sample depth of 35 pm. This
value is in close agreement with the model values.

Further studies are required to determine optimal measurement configuration and to compare
and contrast scintillation and diode detection for the purpose of direct total alpha analysis in liquid
samples. In general this approach appears promising for total alpha energy measurements in process
streams and may address the issues identified for diode detectors.



Advanced Photodetectors for Scintillation Applications
Approach
e Photon detectors other than photomultiplier tubes (PMTs) were investigated for detection of
scintillation light
e Compared to PMT detectors, solid state photon detectors offer higher quantum efficiencies,
smaller size and reduced power consumption

Successes
o A flow detection system using two silicon PIN-photodiodes (PD) operated in coincidence was
developed and demonstrated for detection of alpha and beta activities in liquids
e Digital signal processing of the PD was demonstrated for discrimination of alpha and beta events
e  Characteristics of the photodiode light detectors were compared with the PMT

Conventionally, PMT detectors are used for detection of the scintillation light in flow-through
and static scintillation detectors. Recently, solid state diode detectors have been developed for photon
counting and detection applications. Compared to PMT, solid state detectors can potentially offer higher
quantum efficiencies for better energy resolution, smaller physical size, lower power consumption and
more rugged designs. In addition, semiconductor detectors have wider spectral range and can be coupled
to scintillators with emission wavelengths greater than 500 nm. Nevertheless, because the PD detectors do
not provide intrinsic gain, electronic noise becomes a major consideration when using PD for light
detection.

We developed a flow-cell detector (shown in Figure 6) utilizing a flow cell packed with
microencapsulated granular CsI: Tl scintillator and using silicon PIN-photodiodes (PD) for detection of
scintillating light. Signals from the PDs were processed by charge sensitive preamplifiers and shaping
amplifiers then digitized by a GaGe CompuScope 8012A/PCI 12-bit dual channel 50-MHz digital
oscilloscope card residing in a personal computer. The digitized signal was processed by a LabVIEW-
based data acquisition program for pulse height and pulse shape analyses in conjunction with a software-
realized coincidence mode with a resolving time of 800 ns.

The detector system was used for simultaneous detection of alpha and beta radiation in liquids.
By setting an appropriate region of interest (ROI) for alpha events in a dual parameter histogram, the
spillover of beta events into alpha ROI was less than 3.9% as shown in Figure 6. The initial detection
efficiency for **U was 19.5%, which was lower than the PMT system in part due to the thicker
encapsulation layers on the scintillator. Despite the use of coincidence counting and careful optimization
of the pulse shaping time, we observed that the background count rate of the PD system was higher and
the spillover greater than the PMT system. These factors are attributed to electronic noise. Because of the
smaller physical size of the PD, the flow-cell volume was smaller (0.075 mL) than that of the PMT
system (0.15 mL) The alpha minimum detectable concentration of a CsI: T1 flow-cell was calculated to be
12.4 BqmL" and 2.5 Bq mL" for the PD and PMT systems, respectively, for a 120-s count time.

Initial results indicate that PD photon detectors do not offer immediate advantage to the PMT in
designing flow-through radiometric detectors. Additional work remains to be done using avalanche
photodiodes and hybrid PMT to determine full potential of solid state light detectors as an alternative to
the PMT in flow-through scintillation detection for process monitoring. Mitigation of the electronic noise
remains to be one of the key issues with these detectors.
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Figure 6. A. Schematic of the scintillation detection system using silicon photodiode detectors. B. Dual
parameter histogram of CsI: Tl flow-cell radiation detector excited by ***U (alpha) and *°Sr/*’Y (beta)
demonstrating simultaneous detection and separation of alpha and beta events.

Digital Signal Processing
Approach
e Digital data acquisition systems were used to record and process individual detection pulses
e Several software algorithms were developed and optimized to execute pulse shape and pulse
height processing of signals to separate individual radiation events.

Successes

e Using a combination of plastic and inorganic scintillators, a digital signal processing system was
successfully applied to the simultaneous detection of beta and gamma events.

o A new digital signal processing algorithm using an inverse of pulse shape parameter was
developed and successfully demonstrated that significantly improved pulse shape discrimination
capabilities relative to existing methods.

o This work is relevant to designing advanced flow detectors capable of detecting beta emitters in
the presence of a gamma radiation field.

Pulse shape discrimination (PSD) is an important method employed for identification of the
radionuclides of interest in the presence of unwanted background radiation. The information from the
shape of the pulse is used to discriminate between the pulses of interest from the background events.
Traditionally the discrimination is based on the difference in the shape of the analog pulse of different
radiations from a phoswich detector (two scintillators with large difference in decay times used



simultaneously) or by using an appropriate inorganic scintillator which has fast and slow decay
components.

Our current research is based on the use of the digital signal processing techniques to compare the
pulse shape discrimination methods and identify the best method for use in process analyzers. Moreover,
we were successful in developing new methods which provide improved signal discrimination
performance. Our work to date has been focused on using a BC400 (2.5 x 1.2 cm) plastic and bismuth
germanate (BGO) (2.5 x 2.5 cm) inorganic scintillator phoswich detector system for detection of beta
emitters in the presence of gamma radiation. The beta-gamma pulse shape discrimination is studied using
the phoswich detector system with '*’Cs (1 pCi) (Ey=662 keV gamma) and °Sr/*’Y (0.1 pCi)
(Epmax=546/2281 keV). The pulses are integrated by a voltage sensitive preamplifier with large shaping
time and then digitized at 40 MHz using a 4 Channel Digital Gamma Finder module (DGF-4C) from X-
Ray Instrumentation Associates.

PSD algorithms using rise time, zero-crossing, charge comparison, and constant discrimination
methods to obtain pulse shape parameters used for signal discrimination were investigated. A new
approach using inverse value of the pulse shape parameters was conceptualized and successfully
demonstrated that resulted in a 3 fold enhancement of the figure of merit for discrimination of gamma
events relative to existing methods. Digital PSD approach is particularly promising in designing efficient
guard systems for low-level detection of beta-emitters in the process analyzers that typically must operate
under elevated background conditions.

Simulation of the Solid Scintillator Flow Cells
Approach
e Energy deposition and light collection efficiency in solid scintillator flow cell was successfully
modeled to gain fundamental understanding of the processes that determine detection efficiency
e This information is important to optimize detection of *’Tc and *°Sr in process analyzer
instruments

Successes
e Energy deposition and light collection in solid scintillator flow cells were successfully simulated
using Monte Carlo methods.
e Simulation results were compared with experimental measurements
Important trade off parameters relevant to flow-cell design were identified

Understanding of the energy deposition and light collection efficiencies in the solid scintillator
cells is important to selecting optimal parameters for flow detection cells used in the process analyzers.
We conducted simulations of the energy deposition processes using Monte Carlo code as relevant for
detection of beta emitters in liquid samples. The effects of the scintillator particle size, scintillator density
and beta particle energy were successfully modeled and compared with the experimental data. Simulation
results showed that higher packing density and smaller particle size generally result in higher geometrical
detection efficiency. These effects were especially significant for the beta particle energies below 180
keV. Initial modeling of the light collection efficiency in solid scintillator cells was conducted using
Monte Carlo methods. Effects of index of refraction of the liquid sample and number of layers of
scintillator in the cell were investigated. Light collection efficiency decreased with the number of
scintillator particle layers. The discrepancies between experimental values and simulation results were
observed initially and are likely due to the current small scale of the simulation. A scale up of the model
using most recent version of the optical transport code DETECT 2000 remains to be performed and is
expected to result in better agreement between simulation and experiment.
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