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INTRODUCTION

Of all the contaminants on DOE sites, radionuclides are the most vexing and those for which DOE
owns unique responsibility (i.e. the DoD and industry do not have these contaminants and are not developing
independent solutions). Typically, water samples are collected and transported to an analytical laboratory,
where costly radiochemical analyses are performed with sample turnaround times of weeks to months. To
support field studies, model validation, remediation activities, and long term stewardship, radionuclide
sensors are needed for use at-site or in situ to provide more frequent and less costly data on radionuclide
levels and migration. However, no radionuclide sensors existed for groundwater monitoring prior to this
team’s research under the EMSP program.

Nongamma-emitting contaminants present significant fundamental challenges for detection and
identification in the field. The B and especially a particles are characterized by short ranges and rapid energy
dispersion in condensed media. Furthermore, the energy spectra generally do not provide adequate selectivity
on their own. In addition, these contaminants must be determined to extremely low detection limits set by
regulatory requirements. Therefore, preconcentration and separation methods and long signal accumulation
or counting times are necessary.

In this EMSP work, PNNL and Clemson have developed the first radionuclide sensors for water
monitoring that address these challenging requirements.

This final report is based on two joint EMSP projects conducted by the Pacific Northwest National
Laboratory and Clemson University. In total, these projecte 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: FYO00, 01, 02, $75K per year FYO03, 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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TECHNICAL PROGRESS

This section only serves to highlight selected progress from work in our EMSP project,
“Radionuclide Sensors for Water Monitoring”, that are of particular relevance to a addressing the
need within DOE. This work has resulted in numerous publications which provide more details.[1-
35] PNNL and Clemson have both developed a number of sensing approaches for various
radionuclides using scintillating methods[2,4,7,14,21,23,25,30,31,34-36] and diodes[1,8,10,11]. The
scintillation-based sensors are described below. Treatment of diode-based sensors will be limited in
this Narrative. In parallel, Clemson has advanced the state of the art in radiometric detection, flow
cell design, and digital signal processing.

Radionuclide Sensors based on Combined Separation and Scintillation Approaches
(PNNL and Clemson)

If the radionuclides captured on an analytical separation column could be detected in place, the
column would become a sensor. We have successfully demonstrated this approach by combining scintillating
materials with separation materials, typically as preconcentrating minicolumn sensors.[2-4,7,13,14,16,21-
23,25,26,30,31,34,35] These columns perform both selective capture of radionuclides and transduction of the
presence of captured radionuclides into a measurable signal. The latter function is achieved by either
incorporating scintillating fluors into chemically selective beads (dual functionality beads), or as a mixture of
scintillating particles with chemically selective beads (composite beds). Light output is measured using

photomultiplier tubes (PMTs). The preconcentrating minicolumn sensor concept is shown in Figure 1.
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Figure 1. a) Schematic diagram of the preconcentrating minicolumn sensor concept where the transparent
column body is placed between two PMTs for light collection. The packing material in the column body
contains both selective separation chemistry and scintillating materials to generate a luminescent output. b)
Sensor response to injected aliquots of **Tc(VII) analyte and potentially interfering species (**’Cs) unretained
by the sensor material, which contained Aliquat 336 and scintillating fluors. c) Calibration traces showing
uptake and stopped flow counting in the quantitative capture analytical approach.

The chemically selective materials are typically extraction chromatographic resins, solid phase
extraction particles, or ion exchange resins. If so desired, renewable separation column techniques can be
used to deliver or renew the sensing material or mixture. [35,37-41] Planar and coiled tubing geometries
containing composite beds or dual functionality beads have also been examined, as well as planar geometries
with dual functionality cast membranes. The ability to design sensors in either column or planar formats
provides greater versatility in the development of sensors for field applications.

This sensing concept is designed to meet the challenging requirements for the sensing of o.- and 3
emitting radionuclides in water. These radionuclides emit particles with short penetration ranges in
condensed media and must be detected to ultra-trace analytical detection limits. The close proximity of
selective chemistries and scintillating materials in particles of the order of 10-250 microns in diameter enables



radiometric detection of a or B emissions from the captured radionuclides. Because of the relatively long
range of the P particles, this approach appears to be particularly suitable for detection of B-emitters such as
%Tc and *Sr. The ranges in water for B particles emitted by *°Y (Epa=2282 keV), *Sr (Epa= 546keV), and
PTe (Emax=294 keV) are 1.1 cm, 1.8 mm, and 750 um respectively. However, it can be used for actinides as
well, albeit with less detection efficiency. The range of a 5.5 MeV o particle emitted by **'Am is about 47
um in water.

This configuration meets all the functional requirements for these sensors. The packed column
format provides for efficient fluidic processing of the sample for preconcentration. The detection method
is radiometric via the process of scintillation. Selective chemistry is in very close proximity to the
scintillation material and retains the radionuclides for counting. These new preconcentrating minicolumn
sensors represent a novel and advantageous approach for detection of radionuclides when selective
preconcentration is required. For the analysis of important radionuclide contaminants such as **Tc radiometric
detection offers much lower detection limits than those possible by chemical sensing approaches. Figure 1b
illustrates the capture and retention of *Tc by such a sensor, while unretained radionuclides produce only a
transient signal. Signals from **Tc-contaminated groundwater analyses are showin in Figure 1c.

PNNL and Clemson have demonstrated radionuclide sensors for *’Tc and *°Sr, as well as actinides
and uranium, using the dual functionality bead and composite bed approaches. Accurate detection in
chemically untreated Hanford groundwater samples was demonstrated for *’Tc, and it could be detected to
below drinking water standard limits. Captured pertechnetate can be released from the column using
carbonate solutions, an environmentally benign reagent, since carbonate is already present in the subsurface.
Portable detectors were demonstrated in some cases.

Using composite bed columns, solid phase extraction materials that cannot easily be made into
dual functionality beads could be used for radionuclide sensors, broadening the range of potential
separation materials. These materials are also more stable than dual functionality beads based on extraction
chromatographic resins, which can leach the extractants over long periods of time, and where the fluor
molecules are unstable to some solution conditions.

The idea of combining scintillating properties with chemical interactions in microspheres, as we
describe, is not entirely new, but it had not been applied to radionuclide sensor designs before our efforts.
Preparation of polymeric ion exchange beads with scintillating properties was reported 30 years ago, but the
collection of radionuclides from the sample and subsequent counting were performed manually in separate
steps. [42] This work resulted in practically no follow-up work relevant to radiochemical analysis.[43] To
the best of our knowledge, the results from PNNL and Clemson University represent some of the first
chemically selective scintillating sensors for radiochemical analysis applications. Moreover, these sensors
have now been demonstrated for radionuclide uptake from chemically untreated groundwater matrixes,
and for detection to ultra-trace levels necessary to meet regulatory limits.

With parallel funding from the DOE-EM Advanced Monitoring Systems Initiative, PNNL has
developed engineered prototypes of the preconcentrating minicolumn sensor in form factors designed for
down-well applications. Some images are shown in Figure 2. Second generation prototypes in a smaller
simpler configuration are now being developed. However, it should be noted that these prototypes represent
the hardware component. The sensing functionality is critically dependent on the separation chemistry
installed, the method of combining scintillation and separation, and the analytical approach. These features
are the ones we have been developing under the EMSP funding and which we hope to continue developing in
the ERSP program. This prototype hardware was designed to implement an analytical approach we call
equilibration-based sensing, which is further described below.



b)
Figure 2. a) The sensor flow cell between two PMTs. b) Complete probe unit.

Equilibration-based Radionuclide Sensing (PNNL)

The preconcentrating minicolumn sensor was originally developed for quantitative capture of
radionuclides on the column, without breakthrough, and required reagents to regenerate the column. While
this approach represented a milestone in the development of radionuclide sensors for water monitoring, and
succeeded at meeting stringent detection limit requirements, the use of reagents to regenerate the sensor
column for each and every measurement is a potential drawback for in situ monitoring applications. We have
recently developed a new analytical approach for the preconcentrating minicolumn sensors that we call
“equilibration-based” sensing. (More details can be found in our accepted manuscript in the Appendices.)
The equilibration-based approach sets out to deliberately achieve full breakthrough conditions where the
analyte concentration exiting the column is the same as the analyte concentration entering the column. Under
these conditions, the sensing material in the column has equilibrated with the analyte concentration in
solution, and the extent of preconcentration is maximized. Under trace detection conditions, i.e. on the low
concentration, linear portion of the sorption isotherm, the amount captured on the column material is
proportional to the analyte concentration. Because capture is based on dynamic equilibrium, it is also
reversible. On re-equilibration to another sample or blank, the signal will go up or down accordingly. In
principle, no consumable reagents are required in this equilibration-based analytical approach.

Although delivery of sufficient sample through the sensor to achieve equilibration can be time
consuming, speed of response is not typically a requirement for an in sifu sensor for long-term monitoring.
Changes occurs slowly in the subsurface and monitoring intervals are long. A sensor could be equilibrated,
the signal determined, and then sealed using valves until the next measurement. Then a new sample would be
introduced and equilibrated to get another measurement. A reversible equilibration-based sensor requiring no
reagents could work in the field for tens of measurements or years of use.

This approach has been investigated in detail for *’Tc sensing (as pertechnetate), which can be
easily sensed to levels 10-fold lower than the required detection limits in chemically untreated Hanford site
groundwater. We have also demonstrated proof of principle for *’Sr sensing. The method can also be used to
detect hexavalent chromium, a metal contaminant of interest, using spectroscopic rather than radiometric
detection. Further details are in our manuscript in the appendices.
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Figure 3. Responses of the pertechnetate composite bed sensor to standards in 0.01 M nitric acid.



Equilibration-based sensing is illustrated in Figure 3, which shows sensor responses to pertechnetate
standards, where the lowest standard in 3c is at the drinking water limit, and is easily observable above the
noise. This sensor column contains a composite bed of AG 4-X4 weakly basic anion exchange resin and
Bicron BC-400 scintillating beads in a 1:4 dry weight ratio. Because the range of the *’Tc B-particles (~750
pum in water) is greater than the diameter of the sorbent bead (typically<150 pum), adequate scintillation
detection efficiency was anticipated in this configuration; the absolute detection efficiency of the retained
analyte was 38+1%. The AG 4-X4 anion exchange bead material, with dimethylaminomethyl functionality
covalently attached to acrylic beads, has good affinity and selectivity for uptake of pertechnetate from low
acid to slightly basic solutions. Use of anion exchange materials for pertechnetate separations is well
known.[35,44-51] Figure 3a,b illustrate the sensor response and % breakthrough for a single Tc standard
followed by a blank. A steady state signal is observed at full breakthrough, and the response is completely
reversible. Figure 3¢ shows step responses to multiple standards, and a linear calibration curve in the inset.
Although these experiments were done in weak acid, we have subsequently shown similar results in
chemically untreated Hanford groundwater.

We examined several ratios of scintillator beads to ion exchange beads (w/w ratios of 1.5, 4, 9 and
14) for their effects on pertechnetate retention volume V,, detection efficiency, £,, and measurement
efficiency E,, = V, E,. (This measurement efficiency is also the sensitivity for an equilibration-based sensor.)
For *Tc spiked into pristine Hanford groundwater, the smallest ratio gives the largest retention volume and
the smallest detection efficiency, as one might expect. More sorbent retains more analyte, and less scintillator
results in less signal. The measurement efficiency was best at the lowest ratio; in addition, the Figure of
Merit, (FOM) defined as measurement efficiency squared divided by the background count rate, was also best
at the lowest tested ratio. On this basis, in pristine groundwater, the 1.5 ratio is preferred. For Tc standards
from 0.033 to 0.73 Bq/mL, where 0.033 Bq/mL is the drinking water standard, 50 minutes of pumping a 2
mL/min was sufficient to equilibrate the column (at this 1.5 ratio). Counting for 70 minutes provided
sufficient precision that 10x lower levels than the drinking water standard should be detectable, for a total
measurement time of 120 minutes.

Equilibration-based Sensing Theory (PNNL)
It can be readily shown that the radiometric count rate, R, , in counts/second (c/s) of a sensor
column that is fully equilibrated with a sample containing an analyte activity, 4, , expressed in Bg/mL, is

R =FE, AV, ,where V,is the retention volume (i.e., the volume of sample that contains the same quantity

of analyte as the quantity of analyte captured by the sensor column at equilibration). The time- or volume-
dependent response of the sensor can also be modeled, although the derivation is not so simple, using theory
derived from frontal chromatography.[52-54] We have developed this theory for the equilibration-based
sensor and it is present in the manuscript in the Appendices.

Equilibration-based sensing theory is based on the fact the analyte ions enter and exit the column with
a distribution of individual velocities through the column (or equivalently a distribution of volumes that
eluted them.) Their velocities vary due to random diffusion, randomness in the length of time each is
captured on the stationary phase, and random travel around the column packing. In conventional
chromatography with a single injection, this distribution leads to a peak with a typically normal Gaussian
shape. In frontal chromatography, a step change in concentration at the input results in a sigmoidal profile in
the output as seen in Figure 3B, which is the integral of a normal distribution. The theory will not be
presented in detail here; it is in a paper in the Appendices. [3] It models the effluent concentration as a
function of volume resulting from a step change in concentration at the input. It further models the amount of
the analyte that has passed through the sensor column after delivering a given sample volume, as well as the
amount of analyte present on the sensor column after delivery of a given sample volume. Finally the sensor
count rate in counts/second (c/s) as a function of sample volume is determined. For columns with low plate
numbers, as may be the case with the radionuclide sensors, we described a Low Plate Model (LPM) based on
breakthrough profile equations proposed by Lovkist. [55,56]

cls,eq



The plots in Figure 3 show actual data as traces or data points. The model fits to the data are solid
lines, and clearly provide a very accurate fit. The fits to the models enable one to use experimental response
or breakthrough data to determine values for the column theoretical plates, &, the retention volume, V,, and
the detection efficiency, E;. The validity of these values from the model fits were confirmed by comparing
these values with independent values of N, determined from the breakthrough curve, E;, determined
independently, and the product of V, E, , determined from the slope of the calibration curve. Thus, the new
theory provides an accurate description of sensor behavior, and enables detailed characterization in terms
of chromatographic parameters. This characterization is useful when evaluating sensor behavior while
varying parameters in sensor construction or in response to different matrix conditions. We also found that
low plate number columns (e.g. down to 2 or 3) could make effective sensors.

By exercising these models, we can elucidate features of the chromatographic equilibration-based
sensing that are useful in understanding behavior and designing sensors. In general, the lower the column
theoretical plates, the less distinct the transition from linear uptake to steady state equilibrium as shown in
Figure 4a, and the larger the volume needed to achieve full equilibration (V) relative to the retention
volume (Figure 4b).
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Figure 4. a) Predicted responses for systems with increasing number of theoretical plates (V). b) Ratio of the
breakthrough volume at 99% response to the retention volume as a function of plate numbers.

However, the manner in which one changes the theoretical plates is important in understanding the
practical consequences of these observations. The theoretical plates of a radionuclide sensor can be changed
by changing the length for the same diameter and material packing, by changing the ratio of sorbent to
scintillator beads, and by changing the sorbent material. Further exercising the models, we examined the case
where the length of a column was varied to increase the theoretical plates and retention volume, while
keeping the diameter and column packing material constant. This analysis revealed that the volume in excess
of the retention volume (V¢4 - V;), that is needed to equilibrate the column, does not vary much. For low plate
number columns where Ve, and (V4 - V. ) are much greater than V,, increasing length is worthwhile, doubling
the amount of analyte captured (and hence doubling sensitivity) with a small penalty in terms of additional
volume that must be pumped. On the other hand if the column has a large plate number to begin with, where
Veq — V- 1s much less than V,, doubling the length nearly doubles the volume necessary to equilibrate. Thus,
these models allow one to rationally consider how various design changes such as column length will
affect important sensor parameters such as the sensitivity and the volume of sample required for
equilibration. We have only just begun to explore how this theory can be applied to characterize and direct
the design of radionuclide sensors.

Radiometric Detection Flow Cells, Modeling, and Digital Signal Processing (Clemson)

Radiometric detection and digital signal processing are an integral part of the overall scheme for the
quantification of radioactivity in solution. The flow-cell detector design is critical to the optimum detection

10



of the analyte of interest. In cases where the chemical separation is not ideal, the radiometric detector can be
designed such that it will preferentially detect the radionuclide of interest. Using techniques developed under
the previous EMSP, we have demonstrated the trade-offs of optimized detector geometry and the
advantages of digital signal processing. We have shown that digital pulse processing and digital pulse
shape discrimination can be utilized to enhance the signal to noise. The brief highlights of some of these
previous findings are presented below.

Planar flow-cell detectors based on a fountain cell design[57] were developed for simultaneous
concentration and scintillation detection of **Tc in water. (See the publication in the Appendices for more
detail.) The fountain flow-cell design, shown in Figure 5, is based on radial solution flow from the center of
the planar resin bed to the periphery, interfaced with a photomultiplier tube. It will concentrate most of the
initially retained activity in the center, where the PMT has the highest sensitivity. The sorptive scintillating
media investigated were 1) an extractive scintillator (dual functionality beads) combining a porous
polystyrene resin with the extractant Aliquat-336 and fluor 2-(1-naphtyl)-5-phenyloxazole - TcES, 2) a
composite bed of organic scintillator (BC-400) and Tc-selective resin (TEVA®) and 3) a composite bed of
inorganic scintillator particles (CaF,:Eu) with either TEVA® resin or strong base anion exchange resin
(Dowex”™ 1x8-400(Cl)). Technetium-99 detection efficiencies for the fountain flow-cell ranged from 10.33 %
for the TcES resin to 50.20 % for the CaF,:Eu /Dowex”. The loading efficiencies were all above 98%. The
background count rates ranged from 1.57 cps for the BC-400/TEVA® to 9.88 cps for the CaF,:Eu /Dowex".
The lowest MDA was predicted to be 2.97 Bq for the CaF,:Eu /Dowex” flow-cell. When preconcentrating
200 mL of solution, the lowest predicted MDC is 15.09 Bq L', which is significantly below the 33 Bq L™
drinking water level.
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Figure 5. a) Schematic diagram of a fountain cell flow cell design for radiometric sensing. b) Schematic
diagram of pulse shape discrimination between alpha and beta radiation.

An alternative flow-cell detection system used a Teflon®-coated passivated ion-implanted planar
silicon semiconductor diode detector for radiometric detection instead of scintillation. The detector was
coupled to a 20-mL flow-cell and 0.01 g of a strong base anion exchange resin (Dowex" 1x8-400(CI"), 3.5
meq/g capacity) was suspended in the aqueous solution contained in the flow-cell. The flow mode detection
efficiency for ’Tc was determined to be 17.66 %. The very low detector background resulted in a minimum
detectable activity of only 0.38 Bq, so that only a very small preconcentration volume is required for detection
at the regulatory level.

Thus, planar flow cell designs have been demonstrated for both scintillation and semiconductor
diode based radiation detection. Planar configurations offer flexibility in the geometry of the selective
materials and transducing materials, as well as creating opportunities for placing permeable membranes
between the groundwater and the separation/tranduction materials (to prevent some forms of fouling).
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Numercial modeling efforts have been approached from primarily two directions: charged particle
interactions and fundamental pulse shape discrimination capability determination. Heterogeneous flow-cell
detectors packed with scintillator granules were simulated with the Monte Carlo code, PENELOPE
(Version 2000), for the detection of beta particles in aqueous media. (See publication in the Appendices for
more detail.) The simulations were run for monoenergetic electrons at the average and endpoint energies of
common beta-emitting radionuclides. PENELOPE was used to simulate the electron interactions as a means
of investigating the effects of: packing geometry of scintillator granules, scintillator granule size, and the
energy and initial location of electrons within the flow-cell on the fraction of energy deposited in the
scintillator and the geometrical detection efficiency. Packing geometry (porosity) and scintillator material
have strong effects at all electron energies. Initial electron energy and location of radioactivity only have
strong effects at low electron energies. Scintillator sphere diameter has a greater effect on energy deposition at
low electron energy than at high energy. The results of these findings are important in the optimization of a
flow-cell for a particular radionuclide. For low energy (approximately less than 180 keV) radionuclides, the
scintillator should have low density to reduce backscattering, and small granule size (<100 um). For medium
energy (approximately between 180 and 550 keV) radionuclides, the scintillator should have high density to
reduce energy lost in the aqueous phase, and medium granule size (~100 um). For both low and medium
energy radionuclides, the radionuclides are preferred to be absorbed into the scintillator or on its surface. For
high energy (approximately above 550 keV) radionuclides, a higher density scintillator is preferred, while the
granule size and radionuclide distribution are not critical. For all energy radionuclides, higher packing density
is preferred.

Scintillators respond to energy deposition from ionizing radiation by emission of visible photons.
Some scintillators have the physical property which yields dual decay mode temporal light pulses with
varying characteristics of luminosities Ay, Ay, (fast and slow initial luminosities, respectively) and pulse decay
times 1¢, T, (fast and slow decay time constants). For investigation of the properties of pulse shape
discrimination, hypothetical Ay, A, ¢, and 1, parameters were applied to create a dynamic model within a
Monte Carlo simulation system, Crystal Ball . These temporal luminosity parameters thus defining the pulse
shape allow one to conduct pulse shape discrimination (PSD). Monte Carlo simulations were also used to
investigate the correlation between temporal luminosity parameters and pulse shape discrimination (PSD).
The PSD capability of a scintillator was measured using charge comparison (CC) and constant time
discrimination (CTD) PSD techniques, followed by quantification of the histogrammed pulse data (pulse
shape spectrum) with FoM and spillover. In addition to the above simulations, experimental Csl:T1 PSD
capabilities were compared with simulated values and were in good agreement. These studies successful in
providing a few of the essential guidelines required when selecting scintillators for the purpose of effective
radiation separation (i.c., for distinguishing different types or energies of radiation from one another, as may
be the case for mixtures of radioactive co-contaminants such as **Tc and '*I in certain locations on the
Hanford site.

Digital signal processing (DSP) and pulse shape discrimination (PSD) offers greater flexibility and
versatility in the analysis of scintillation pulses. Pulse shape discrimination is important in the
determination of the incident radiation type and/or in the reduction of background radiation. Comparison
of different pulse shape discrimination (PSD) methods was performed under two different experimental
conditions and the best PSD method was identified. Beta/gamma discrimination of *’Sr/**Y and "*'Cs was
performed using a phoswich detector made of BC400 (2.5 cm OD x 1.2 cm) and BGO (2.5 cm O.D. x 2.5 cm
) scintillators. Alpha/gamma discrimination of *'°Po and *’Cs was performed using a CsI:T1 (2.8 x 1.4 x 1.4
cm’) scintillation crystal. The pulse waveforms were digitized with a DGF-4C (X-Ray Instrumentation
Associates, XIA) and analyzed offline with IGOR Pro software (Wavemetrics, Inc.). The four pulse shape
discrimination methods that were compared include: digital constant fraction discrimination, rise time
discrimination, constant time discrimination (CTD), and charge comparison methods. Both the phoswich and
CsI: Tl detector configurations were optimized for each pulse shape discrimination method using both the
FoM and the spillover metric. For this detector and PSD method, the optimum integration window was
determined to be 0-3.0 ps for the FoM metric, resulting in a FoM of 3.72, and 0-6.75 ps by the spillover
metric, resulting in a spillover of 0.25%.The charge comparison method resulted in a Figure of Merit (FoM)
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0f 3.3 (9.9 % spillover) and 3.7 (0.033 % spillover) for the phoswich and the CsI: Tl detectors, respectively.
An example of pulse shape discrimination is shown in Figure Sb.

Clemson’s expertise in flow cell design, modeling, digital signal processing, and pulse
shape discrimination, as well as their contributions to the overall development of radionuclide
sensors that combine separation and scintillation materials, greatly contributed to the successful
development of sensitive and selective radionuclide sensors for subsurface monitoring.
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