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Executive Summary
The diversion of special nuclear materials (SNM) and the monitoring of process conditions within
nuclear reprocessing facilities are of significant interest to international safeguards facility regulators
(e.g., the International Atomic Energy Agency (IAEA)) as well as nuclear material reprocessing facility
operators. For large throughput nuclear facilities, such as commercial reprocessing plants, it is difficult to
satisfy the IAEA safeguards accountancy goal for detection of abrupt diversion. Process monitoring helps
detect diversion by using process control measurements to detect abnormal plant operation. In recent
years, the Office of Nuclear Safeguards and Security (NA-241) at the National Nuclear Security
Administration (NNSA) has funded a Process Monitoring Working Group (PMWG) to study various
mechanisms for diverting nuclear material from spent nuclear fuel (SNF) reprocessing facilities. Common
approaches for diverting special nuclear material can occur via removal of separated bulk nuclear
materials, or more likely, from minor modifications to processing conditions. Therefore, there is a need
for technologies that are capable of detecting minor modifications to reprocessing solutions. To address
this need, the PMWG, in support of the Next-Generation Safeguards Initiative (NGSI), commissioned the
Pacific Northwest National Laboratory (PNNL) to demonstrate the efficacy of two technologies in
detecting minor diversions in process conditions analogous to those used in nuclear reprocessing
facilities: the Spectroscopy-Based Monitoring System and the Multi-Isotope Process Monitor (MIP).
The development of these technologies was sponsored by the Office of Nuclear Energy (DOE-NE) via the
Advanced Fuel Cycle Initiative (AFCI) Separations and Safeguards Campaigns, respectively. This report
describes the findings from the demonstration of these two technologies.
Demonstration testing of the Spectroscopy-Based Process Monitoring system included diverting a
sample from the aqueous feed while monitoring the process in every phase using the on-line
spectroscopic process monitoring system. The purpose of this demonstration was to test whether the
process monitoring system was able detect and quantify the diversion of material from the system during
a real-time continuous solvent extraction experiment. The system was designed to mimic a PUREX-type
extraction process with a bank of four centrifugal contactors. The aqueous feed contained neodymium
nitrate Nd(NO3)3 in aqueous nitric acid (HNO3), and the organic phase was composed of TBP/ndodecane. The amount of sample observed to be diverted by on-line spectroscopic process monitoring
was measured to be 3 mmol (3 x 10-3 mol) Nd3+. This value was in excellent agreement with the 2.9
mmol Nd3+ value based on the known mass of sample taken (i.e., diverted) directly from the system feed
solution. A paper discussing past work associated with this project has been submitted to the peerreviewed journal Radiochimica Acta; a copy of the paper is provided in Appendix A.
The Multi-Isotope Process (MIP) Monitor is a new approach to process monitoring in reprocessing
facilities under international safeguards. It uses gamma spectroscopy of spent fuel, product streams, and
waste streams combined with multivariate analysis to autonomously and automatically monitor process
conditions to verify nominal operations in near-real-time. In addition, the approach can potentially be
used to quantify process variables and fuel characteristics. Proof-of-concept simulations and experiments
to demonstrate the validity and partial application of this tool were performed in previous years. This
report details the efforts undertaken at PNNL during FY 2010 to further develop and demonstrate the
capabilities of the MIP Monitor and explore its application in a process monitoring system.
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Acronyms and Abbreviations
BWR

boiling water reactor

DOE

U.S. Department of Energy

Nd3+
Nd(NO3)3
Np

neodymium ion
neodymium nitrate
neptunium

HPGe
HNO3

high-purity germanium (gamma detectors)
nitric acid

ICP/MS

inductively coupled plasma-mass spectrometry

M
MIP

molar
Multi-Isotope Process (Monitor)

NA-24

DOE Office of Nonproliferation and International Security

PC
PCA
PLS
PNNL
Pu
PUREX

principal component
principal component analysis
partial least squares (analysis)
Pacific Northwest National Laboratory
plutonium
plutonium/uranium solvent extraction (process)

TBP

tri-n-butyl phosphate

U

uranium

vis-NIR

visible near-infrared (spectroscopy)
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1.0 FY 2010 Spectroscopy-Based Monitoring
1.1 Process Monitoring Demonstration Using Centrifugal Contactors
A flow test designed to demonstrate diversion of an aqueous component from a PUREX-type
extraction scheme was performed using the centrifugal contactor system at PNNL. The purpose of this
demonstration was to test whether monitoring is capable of determining the mass balance of metal nitrate
species involved in a cross-current solvent-extraction scheme while also diverting a sample from the
system. The test scenario involved diverting a portion of the feed from a counter-current extraction
system while a continuous extraction experiment was underway. A successful test would demonstrate the
ability of the process-monitoring system to detect and quantify the diversion of material from the system
during a real-time continuous solvent extraction experiment. The system was designed to mimic a
PUREX-type extraction system with a bank of four centrifugal contactors. The aqueous feed contained
neodymium nitrate (Nd(NO3)3) in nitric acid (HNO3), and the organic phase was composed of TBP/ndodecane.
The centrifugal contactor system was instrumented with spectroscopic probes at the feed, raffinate,
and organic product inlet/outlet lines of the contactor system. A schematic showing the bank of four
centrifugal contacts with associated points of spectroscopic sampling is shown in Figure 1.1. Visible
(vis)-near infrared (NIR) and Raman spectroscopic probes mounted within each inlet and outlet position
monitored the inlet and outlet streams during flow testing. A photograph of the assembled system is
shown in Figure 1.2, with the labels for feed and raffinate spectroscopic probes.

location of sample diversion (up-stream from feed inlet)

fm

fm

X

fm

fm

location of vis-NIR and Raman spectroscopic probes
Figure 1.1. Schematic of the centrifugal contactor system used in this study. The location of the feed,
raffinate, organic inlet, and loaded organic product are shown. The vis-NIR and Raman
monitoring probes are positioned on the feed, raffinate, and organic product streams. The
sample diversion location, designated with an “X,” is upstream of the feed inlet into the first
contactor. The flow meters are located on all inlet and outlet streams and are designated
with “fm” in the figure.
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feed stream
inlet
raffinate stream
outlet
location of fluid valve used
for diversion (upstream of
entrance into contactor)
Raman probe,
raffinate stream

Raman probe,
feed stream

flow meter,
raffinate stream
vis-NIR flow cell,
raffinate stream
(behind flow meter)

vis-NIR flow cell,
feed stream

Figure 1.2. Photograph of the centrifugal contactor system used in this study. The location of feed inlet
and raffinate outlet are shown. The vis-NIR and Raman monitoring probes are positioned on
the feed, raffinate (shown), and organic product streams (not shown in the figure).

1.1.1

Spectroscopic Monitoring of Neodymium Nitrate in an Extraction System

The concentration of Nd(NO3)3 can be determined quantitatively within a PUREX solvent system via
spectroscopic monitoring. For neodymium ions (Nd3+), the vis-NIR spectra have multiple bands suitable
for use in this regard. Figure 1.3 contains the vis-NIR spectra of different concentrations of Nd(NO3)3 in
4M NaNO3/0.1M HNO3 solution. The constructed spectral database was used for interpretation of the new
spectra acquired during a contactor run with different solutions and for the determination of Nd(NO3)3
concentrations in these solutions. Chemometric data analyses of Raman and vis-NIR spectra for the
quantitative determination of Nd3+ (from vis-NIR) were performed using a commercial software package
(MATLAB). Figure1.4 contains the calibration plots for Nd3+ based on the vis-NIR spectra using standard
solutions for the calibration method.
Solutions used for the contactor run were prepared as follows. The aqueous feed solution was
prepared to contain 20mM Nd(NO3)3 and 4.0M NaNO3 in 0.1M HNO3. The organic solvent used in this
demonstration was TBP/n-dodecane. Two liters (2 L) of feed and organic TBP/n-dodecane were prepared
for the experiment. The TBP/n-dodecane was water washed prior to use.
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Figure 1.3. Visible Spectra Used in Chemometric Analysis for Nd3+.

Organic Chemometric Model

Nd3+, Predicted, mM

Nd3+, Predicted, mM

Aqueous Chemometric Model

Nd3+, Measured, mM

Nd3+, Measured, mM

Figure 1.4. Chemometric Model for Nd3+ in Aqueous (feed and raffinate, left) and Organic Systems
(TBP/n-dodecane, right).

1.1.2

Diversion Demonstration

The centrifugal contactor system test was initially started with an aqueous feed composed of water
and an organic phase at flow rates of approximately 11 and 10.5 mL/min respectively. The centrifugal
contactor system was allowed to completely fill with the feed and organic solvent. At this point in time,
solutions started to flow from the raffinate and organic product stream outlets. When the aqueous
feed/raffinate and organic solvent/product flows reached steady state (i.e., the same volumes flowing in
and out of the system), the aqueous feed was switched from water to the solution, which contained 20
mM Nd(NO3)3 in 4M NaNO3/0.1M HNO3. Switching from water to the neodymium feed solution
signaled the start of the test.
Figure 1.5 shows the flow rates as a function of time for all four flow meters monitoring the inlet
(feed and organic solvent) and outlet (raffinate and organic product) streams. The system test was
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designed to run a total of approximately 160 minutes. After the steady state flow for both aqueous and
sustained for 87 minutes, a valve was opened at the entrance into the contactor feed inlet, and a fraction of
the feed solution was diverted at an average flow rate of 3.3 mL/min over the time of diversion. After
approximately 47 minutes, the diversion of material was stopped (i.e., 134 minutes after the start of
experiment), and the normal feed flow (i.e., with no diversion) into the contactor system was reestablished. The plot of the flow rates for the feed and raffinate during the entire continuous contactor run
shows the point at which diversion was initiated at 87 minutes and then stopped at 134 minutes from the
start of the experiment (Figure 1.5). The plot of feed rate versus time in Figure 1.5 shows a steady feed
flow rate into the contactor for the entire duration of the experiment. When the diversion was occurring
(between 87 minutes and 134 minutes, Figure 1.5), the feed rate remained similar to that prior to the
diversion because the diversion point into the feed inlet of the contactor was located downstream of the
feed flow meter. The raffinate stream recorded a difference in flow rate shortly (within 2 minutes) after
the diversion was started during this test. The flow meter located on the raffinate stream records the
aqueous stream leaving the contactor bank, and because the flow rate of the aqueous feed was reduced,
the aqueous (raffinate) stream leaving the contactor was also reduced. The average raffinate flow rate
during diversion was 8.1 mL/min, reflecting the diversion of ~ 3 mL/min at the aqueous feed. When the
diversion was stopped at 134 minutes, the raffinate flow rate returned to the pre-diversion rate of
approximately 10 - 11 mL/min. The flow rates for the organic solvent and organic product streams are
also shown in Figure 1.5. These streams maintain relatively constant flows (between 10 - 11 mL/min)
during the entire test, including the time when diversion was occurring. Table 1 contains a summary of
the flow data for the feed, raffinate, organic solvent, and organic product streams, taken during the entire
flow test throughout the three test regions for the flow rate: 1) before diversion started, 2) during
diversion, and 3) after diversion was stopped. The source of the noise within the flow data (Figure 1.5)
was identified and is associated with the inner diameter (ID) and material of piping used between stages
in the centrifugal contactor system. Improvements are being made to the system to resolve this problem.

diversion of 3 ml/min
started at 87 min

diversion stopped
at 134 min

Figure 1.5. Measured Flow Rates (mL/min) for Each of the Inlet and Outlet Streams.
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Table 1.1. Flow Rates and Amounts from the Diversion Experiment.
Flow Rates (mL/min)

Solutions
Feed
Raffinate
Solvent
Loaded Solvent
Diversion Stream

Initial
11.2
11.2
10.5
10.2
None

During Diversion
11.0
8.1
10.5
10.3
3.31

Density (g/mL)
After
10.7
10.2
10.5
10.3
None

1.205
1.202
0.808
0.816
1.204

Spectroscopic monitoring of the feed, raffinate, and organic product steams was conducted during the
entire flow test. Vis-NIR spectra were recorded every 15 seconds, and Raman spectra were recorded
every 30 seconds. Figure 1.6 contains the vis-NIR measurements of the aqueous feed during the
continuous contactor experiment. The characteristic absorbance bands for the Nd3+ ion are shown in this
series of spectra taken over the entire duration of the run (0 to 150 minutes). The location of the
spectroscopic probes on the feed inlet is upstream from the point of sample diversion during this
experiment, and therefore, the series of absorbance spectra for the feed did not change during the
diversion. This is not the case for the spectra associated with the organic stream. Figure 1.7 contains the
series of vis-NIR spectra measured at the organic outlet location during the extraction experiment. The
vis-NIR spectra show the typical absorbance spectra associated with Nd3+ in solution, the increase in Nd3+
in the extraction phase after the initiation of the experiment, and a plateau in absorbance after about 20
minutes following the start of the experiment. However, at the approximate point of diversion (87
minutes) the absorbance value for the Nd3+ band significantly decreased, and remained at a suppressed
level until the diversion was stopped (134 minutes into the run), after which time the measured
absorbance increased to its pre-diversion value. The raffinate stream also showed the affects of sample
diversion. Figure 1.8 contains the series of spectra taken using the flow cell at the location of the raffinate
stream. This series shows the characteristic absorbance bands for Nd3+ during the extraction experiment.
In general, the absorbance of the Nd3+ increased after the start of the experiment and remained relatively
constant until the start of the diversion at 87 minutes. At this point, the measured absorbance of the
Nd3+ bands decreased until the diversion was stopped at 134 minutes, after which time the absorbance
bands increased to approximately the pre-diversion values.
Concentrations of Nd3+ in the feed, organic product, and raffinate phases for the spectra from Figure
1.6, Figure 1.7, and Figure 1.8, respectively, are shown in Figure 1.9. These concentrations were
determined by employing chemometric analysis using Nd3+ standards measured in both the aqueous and
organic phases (see Figure 1.4 and related discussion). Figure 1.9 shows that the concentration of the
Nd3+ in the feed increased from ~ 0 to 20 mM immediately after switching from the water wash to the
Nd3+ feed solution. The amount of Nd3+ detected in the organic product and raffinate streams also
increased, but after an additional time lag because of the in-process volume of the contactor system.
Because the contactor system contained approximately 40 mL each of the aqueous and organic phases,
the time for the Nd3+ to enter the contactor system and emerge in either the raffinate or product stream
(flowing at ~10 mL/min) was ~ 4 to 5 minutes. The additional time observed for the Nd3+ to appear in
the product and raffinate stream after first detection in the feed stream was approximately 4 to 5 minutes,
as was expected.
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diversion of 3 ml/min
started at 87 min

diversion stopped
at 134 min

Figure 1.6. Visible Spectra Showing Nd3+ in the Feed Stream.

diversion of 3 ml/min
started at 87 min
diversion stopped
at 134 min

Figure 1.7. Visible Spectra Showing Nd3+ in the Organic Product Stream.

1.6

diversion of 3 ml/min
started at 87 min
diversion stopped
at 134 min

Figure 1.8. Visible Spectra Showing Nd3+ in the Raffinate Stream.

Nd concentration, mM

feed
organic

raffinate
Diversion of 3 ml/min
started at 87 min
Stopped at 134 min

time, min
Figure 1.9. Nd3+ Extraction and Measurement in the Contactor System.
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By combining the flow rate information (Figure 1.5) with the concentration of Nd3+ in each phase
(Figure 1.9), it was possible to determine the cumulative total (integrated amount) of Nd3+ detected in
each stream. Figure 1.10 shows the integrated total of Nd3+ measured in the feed, raffinate and organic
product streams during the entire experiment. The sum of the millimole values for the organic product
and raffinate steams (labeled “organic + raffinate” in Figure 1.10) should equal the total millimoles of
Nd3+ measured for the feed. The curve for the “organic + raffinate” is parallel to that for the feed
measurement prior to the diversion, which started 87 minutes into the experiment. The difference
between the “organic + raffinate” and the feed measurements is constant because of the in-process
amount of Nd3+ that is still within the contactor system and, therefore, has not yet been measured by the
spectroscopic probes on the outlet of the system. This difference in measurements, which is labeled
“delta from in-process” in Figure 1.10, is simply the difference in millimoles between the two curves
(delta-y on xy-plot). After the start of the diversion (i.e., at 87 minutes into the run), the “organic +
raffinate” curve further deviates from the “feed” curve, while during the time when the diversion occurred
(i.e., between 87 minutes and 134 minutes into the run) the two curves are no longer parallel. After
diversion was stopped (at 134 minutes) the “organic + raffinate” curve then becomes parallel with the
“feed” curve. By extrapolating a line from the “organic + raffinate” curve prior to diversion, we are able
to estimate the amount of Nd3+ material diverted by subtracting the extrapolated value (prior to diversion)
from the measured value after diversion. Based on this graphical analysis of the data in Figure 1.10, the
difference was determined to be 3 mmol (3 x 10-3 mol) Nd3+ diverted. This value is in excellent
agreement with the mass balance value shown in Table 1.1 (2.9 mmol Nd3+).

Nd integrated total, mmol

diversion of 3 ml/min
started at 87 min

diversion stopped
at 134 min

delta from
diversion ~ 3 mmol

feed
delta from
in-process
organic +
raffinate

organic
raffinate
time, min

Figure 1.10. Nd3+ Extraction and Measurement in the Contactor System.
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1.1.3

Conclusions

Our ability to identify material intentionally diverted from a liquid-liquid solvent extraction contactor
system was successfully tested using a centrifugal contactor system at PNNL instrumented for on-line
process monitoring. A portion of the feed from a counter-current extraction system was diverted while a
continuous extraction experiment was underway. The on-line process monitoring system simultaneously
measured the feed, raffinate and organic products streams. The system was designed to mimic a PUREX
type extraction system with a bank of four centrifugal contactors. The aqueous feed contained
neodymium nitrate in nitric acid and the organic phase was composed of TBP/n-dodecane. The amount
diverted determined by on-line process monitoring, which combines spectroscopic and flow rate
measuring techniques, was 3 mmol (3 x 10-3 mol) Nd3+, which is in excellent agreement with the 2.9
mmol Nd3+ value based on the known mass of sample directly taken (diverted) from the system feed
solution. We conclude that real-time process monitoring is a useful tool for the immediate detection of
diverted material.
A paper discussing our experimental work associated with this project has been submitted to a peerreviewed journal, Radiochimica Acta. This past work includes spectroscopic measurements of aqueous
and solvent PUREX simulant solutions containing U, Pu, Np, nitric acid, and/or TBP-dodecane.
Chemometric modeling using Raman spectral data for the quantitative prediction of UO22+, nitric acid,
and NO3- in PUREX feed simulant solutions was performed, as well as chemometric modeling using visNIR spectral data for predicting Pu(IV), UO22+, and Np(V) in PUREX feed simulant solutions.
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2.0 FY-2010 Multi-Isotope Process Monitoring
2.1 Introduction
The Multi-Isotope Process (MIP) Monitor is a new approach to process monitoring in reprocessing
facilities under international safeguards. It uses gamma spectroscopy of spent fuel, product streams, and
waste streams combined with multivariate analysis to autonomously and automatically monitor process
conditions (e.g., acid concentrations) to verify nominal operations in near-real-time. In addition, the
approach can potentially be used to quantify process variables and fuel characteristics (e.g., spent fuel
burnup). Proof-of-concept simulations and experiments to demonstrate the validity and partial
application of this tool were performed in previous years. This report details the efforts undertaken at
PNNL during FY 2010 to further develop and demonstrate the capabilities of the MIP Monitor and
explore its application in a process monitoring system. These efforts were funded by the U.S. Department
of Energy’s (DOE) Office of Nonproliferation and International Security (NA-24).

2.2 FY 2010 Overview of Tasks and Accomplishments
During FY 2010, the following tasks were completed at PNNL:
• Spent nuclear fuel samples from previous NA-24-funded reprocessing demonstration experiments
performed at PNNL were archived to maintain samples for future analyses and demonstrations. The
intent of this effort was to preserve resources for future technology development and demonstration.
The raw spent fuel used in the earlier demonstrations was slated for disposal during FY 2010.
• The PNNL research team worked with researchers at the University of Tennessee-Knoxville to apply
advanced multivariate techniques on the gamma spectra that were collected or simulated. The
purpose of this task was to improve the accuracy and increase the capability of the MIP Monitor.
This report is intended to give an overview of efforts that were focused on these tasks; however,
additional accomplishments were made during FY 2010. Two conference manuscripts giving an
overview of the MIP Monitor and reporting some results from initial experiments and simulations were
submitted. One of the manuscripts accompanied a presentation made at the Second Japan-International
Atomic Energy Agency Workshop on Advanced Safeguards Technology for the Future Nuclear Fuel
Cycle, which was held November 10-13, 2009, in Tokai-mura, Ibaraki, Japan [7]. The other paper was
submitted to accompany a poster presentation at the Symposium on International Safeguards: Preparing
for Future Verification Challenges, which was held November 1-5, 2010, in Vienna, Austria.
A journal article detailing the experimental demonstrations funded in past years by NA-24 is being
written. (An additional journal article detailing the proof-of-concept simulations was submitted in
FY 2010; however, the work was funded by the Fuel Cycle Research and Development Program of the
DOE Office of Nuclear Energy). The work is primarily based on the dissertation of Christopher Orton,
who finished his Ph.D. during FY 2010 and continues to contribute to the MIP Monitor project as a
PNNL staff member. A portion of Dr. Orton’s dissertation research was funded by NA-24, and he
is an example of efforts by NA-24 and PNNL to train young scientists in safeguards-related topics.
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Presentations describing the MIP Monitor were given at PNNL to foreign representatives on two
separate occasions. The first presentation was given in February 2010 to Michio Seya (Principal
Engineer, Nuclear Nonproliferation Science and Technology Center) and Soichiro Katsumura from the
Japan Atomic Energy Agency. The second presentation was given to Dr. Klaus Mayer (Nuclear
Safeguards and Security) from the European Commission, Joint Research Center, Institute for
Transuranium Elements.

2.3 Brief Overview of the MIP Monitor
Conventional approaches for safeguarding nuclear materials rely, in large part, on destructive
analyses to quantify the amount of nuclear material within bulk handling facilities and to verify the
location of all material within a significant quantity. Although the accuracies of destructive analyses are
superb, they are extremely resource intensive, have limited sampling rates, and are associated with a
significant time lag from sampling to final reporting. In addition, the error associated with these analyses
scales with the size of the facility [1]. As such, highly precise destructive measurements of special
nuclear material alone at large facilities may not be adequate to ensure that diversions have not occurred.
While it is not likely that more precise destructive measurement techniques will be developed in the near
future, intelligent integration of a variety of online process monitoring tools capable of near-real-time,
nondestructive measurements may be successful in adequately safeguarding even the largest envisioned
facility. A combination of these techniques could provide a more robust framework that would use both
material accountancy and augmented material control via continuous process flow sheet verification.
PNNL currently is developing and demonstrating the MIP Monitor, which is capable of monitoring
conditions at a nuclear reprocessing plant online, nondestructively, and in near-real-time. [2-7].
Modern industrial reprocessing techniques, including the PUREX and UREX+ family of separations
technologies, employ liquid-liquid extraction techniques to recycle spent nuclear fuel. The fuel is first
dissolved into an aqueous solution, and then, the products (e.g., actinides) are extracted by contacting the
fuel solution with an organic solution that preferentially (i.e., thermodynamically) removes them from
contaminants (e.g., fission and activation products) [8]. In these two-phase systems, small amounts of
both product and contaminants remain in the other phase. The distribution of each element between the
organic and aqueous phases is determined by major process variables such as acid concentration, organic
ligand concentration, reduction potential, and temperature. Hence, for a consistent industrial process
(i.e., steady-state and reproducible conditions), the distribution of each element between the organic and
aqueous phases should be relatively constant. Consequently, the pattern of elements distributing into
product and waste streams at each stage in the facility should be reproducible, within normal industrial
variations, resulting in a signature indicative of process conditions that can be considered “normal.”
Under abnormal conditions (such as those expected under some protracted diversion scenarios), patterns
of elements within the various streams would be expected to change measurably.
The MIP Monitor is designed to track changes in the distribution of gamma-emitting elements as
indicators that process conditions are changing. In-process surveillance by the MIP Monitor is
accomplished by coupling the gamma spectra recorded from constituent streams with multivariate
analysis, such as principal component analysis (PCA). PCA is a chemometrics tool that finds
combinations of variables (principal components or PCs) that best describe the variance between differing
datasets [9]. The MIP technique evaluates patterns of the gamma-emitting nuclides in near-real-time for
statistically relevant signs of significant process changes. By measuring the process against declared

2.2

parameters, the MIP Monitor can detect and warn of possible process migrations to undeclared
operations. Because the pattern comparison is automatic and autonomous, proprietary operational or fuel
information can be protected while assuring process integrity. However, if desired, process conditions
can also be quantified using a multivariate calibration technique such as partial least squares (PLS)
analyses [10].
Another advantage of the MIP Monitor is that gamma detectors could be placed throughout a
reprocessing facility. Gamma detectors can be small and easily collimated, thereby facilitating
deployment to locations in the process line where other monitoring systems might be restricted because of
their size, maintenance, or technical limitations. While high-purity germanium (HPGe) gamma detectors
provide superior resolution, they need cryogenic cooling and are relatively fragile, which make them less
desirable for deployment behind a biological shield where maintenance would be difficult. In addition,
data at the resolution they can provide may not be necessary for the MIP Monitor analysis techniques.
Multivariate analysis can be tailored to consider overall shifts in the spectra, as opposed to focusing solely
on isotopic analysis, to monitor changes even when peaks are not completely resolved. Medium
resolution gamma detectors require less maintenance and no cooling appendages, thus optimizing their
deployment and maintenance. Our initial experimental and modeling efforts indicate that the MIP
Monitor is capable of the described operations. More detailed overviews of the MIP Monitor can be
found in the technical literature [2-7].

2.4 Experimental Efforts − Sample Archival
Since 2008, extensive experimental efforts have been conducted at PNNL to test and improve the
MIP Monitor. Four different segments of commercial spent nuclear have been dissolved and separated
using the PUREX method. Variations in the acid concentrations were made to provide samples for proofof-principle measurements and analysis by the MIP Monitor. These samples also were used for testing
by the spectroscopic methods being studied at PNNL [11]. All of the fuel segments were from boiling
water reactors (BWR). Three segments originated from the same fuel rod, but were taken at locations that
had experienced different burnup levels. The reactor residence and cooling times for all the segments
were the same. The irradiation levels ranged from a low burnup of 16 MWd/kgU to a midrange burnup
of 30 MWd/kgU. The fourth segment was from a different commercial reactor and had a much higher
burnup of ~70 MWd/kgU and a shorter cooling time. These samples provided an excellent array of fuel
characteristics to test the MIP Monitor against different feedstock solutions. In addition, the dissolved
fuel, organic extract (containing mostly Pu and U), and aqueous raffinate (containing fission and
activation products) samples from extractions performed at different acid concentrations provided an
excellent selection of chemical conditions for testing.
During FY 2010, the samples from the experiments were reviewed and checked for sample and
container integrity. Duplicate samples were disposed of. In addition, general laboratory waste from the
hot cell dissolutions was packaged and half of it was sealed in a shielded drum that is ready for disposal.
Cleanup of the wastes generated during the dissolutions continues. Samples from all of the solutions
created during the experiments were preserved for future use. Containers that appeared to be degrading
from the high radiation dose were properly disposed of, and the liquid samples were moved to new
containers. The samples are inspected on a periodic basis and maintained as needed.
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2.5 Advanced Multivariate Analysis Methods
The PNNL research team worked with researchers at the University of Tennessee-Knoxville to
explore advanced multivariate analysis techniques to apply to the gamma spectra recorded from process
streams at a reprocessing facility. The FY 2010 effort of the University of Tennessee researchers to
improve on our initial multivariate efforts is described in the sections below.

2.5.1

Analysis Description

The MIP Monitor used an HPGe detector to perform gamma-ray spectroscopy on BWR fuel elements
dissolved in batch samples that represented different stages in a reprocessing stream. Spectra were taken
at three different stages in the reprocessing stream: 1) the aqueous feed material at the beginning of the
stream, 2) the organic product extract at the end of the stream, and 3) the aqueous waste, referred to as the
raffinate, at the end of the stream. The three BWR samples discussed in this work are ATM105P,
ATM105A, and ATM109. The ATM105A and ATM105P come from the same fuel rod, but from
different axial locations. Each sample had different burnup and cooling times. A summary of the burnup
and cooling times for the different fuels is provided in Table 2.1.

Table 2.1. Summary of BWR Fuel Properties
Fuel Type
ATM105A
ATM105P
ATM109

Burnup (GWD/MTU)
16
30
70

Cooling Time (Years)
26
26
16

Each fuel sample was initially dissolved and brought up into five different HNO3 concentrations: 0.3
M, 1.3 M, 2.5 M, 3.8 M, and 5.1 M. The 2.5M HNO3 concentration was considered the normal operating
condition [8]. Ten sample spectra were taken of the organic product from each of the separations
performed at the five acid concentrations, resulting in 50 samples per fuel or 150 samples total. The
spectrum was collected over 8190 channels, in approximately 0.5KeV increments, with a maximum
energy of 3.5 MeV. A sample spectrum from the ATM109 fuel dissolved in 2.5 M HNO3 is shown in
Figure 2.1.
The spectra were analyzed using PCA and PLS regression. Previous research used the entire
spectrum in developing the PCA and PLS models. This research developed the methodology to extract
relevant peaks above the Compton continuum, and then used only the peaks (instead of the entire
spectrum) to develop the PCA and PLS models. This research also developed meaningful statistics to
compare the performance of each model.
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Figure 2.1. Gamma Spectrum of the Organic Fraction of the ATM109 Fuel Dissolved and Separated in
2.5M HNO3.
2.5.1.1

Principal Component Analysis

PCA linearly transforms a data set into a set of orthogonal variables, called PCs, in which each
variable is optimized to capture the common variance in the original data set. The number of PCs is
generally limited to the number of variables or the number of observations, whichever is smaller.
However, generally only a few PCs are needed to capture the majority of the dataset’s variance, and the
other PCs are ignored. For instance, the BWR fuel spectra consist of 8190 variables (one variable for
each channel) and are generally compressed into less than five PCs. Figure 2.2 shows the first two PCs
when the 150 gamma spectra are transformed into the principal component space. In PCA, there is no
quantity being predicted; the PCs are used to group the data. The analysis of the PCs consists of two
steps: 1) unsupervised analysis and 2) supervised modeling. A complete explanation of PCA can be
found in reference [9].
In unsupervised PCA, all the spectra were used to create the PCs, and then the ability of the PCs to
distinguish the different fuel types was evaluated. To measure the ability of the PCs to groups the data,
the statistic D is used, where D is:
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Princpal components 1 and 2 for the measured fuel spectrums
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Figure 2.2. PC 1 and PC 2 of the Measured Fuel Spectra.
Ma and Mb are the mean of PC N for groups A and B, and σa and σb are the standard deviations of
principal component N for groups A and B. The D statistic, which is the ratio of the distance between the
mean of two clusters divided by the groups combined standard deviation, essentially provides a
quantitative way to determine how well each PC groups the data. In this analysis, the intrinsic grouping
of the data (i.e., grouping based on fuel type or acid concentration) was used to define each group cluster.
However, one limitation of the D statistic is that it evaluates each PC individually. For example, in
Figure 2.2 there would be three groups: 1) ATM 109 fuel, 2) ATM105A fuel, and 3) ATM105P fuel.
The D statistic can be interoperated as the ability to draw horizontal and vertical lines between the groups.
A higher D statistic means the clusters are well separated. Generally, a D value less than three means the
groups are not well separated.
In supervised PC modeling, spectra from the normal operating conditions (when the fuel is dissolved
in 2.5M HNO3) are used to develop the PCs. Then, the spectra from off-normal operating conditions are
projected onto the previously developed PCs for normal operating conditions, and the ability of the model
to distinguish between normal and off-normal operating conditions is evaluated. The standard statistics
for measuring the ability of a PC model to evaluate normal versus off-normal conditions and the Qresidual and the T2 variables. See references [9, 10] for explanations of these statistics.
2.5.1.2

Partial Least Squares Regression Analysis

PLS regression analysis, like PCA, is another technique that transforms a known data set into
orthogonal variables, called latent factors. However, with PLS regression analysis, two data sets are used

2.6

to develop the orthogonal variables: 1) a set of predictor variables and 2) a dataset containing the
quantities of interest. For the MIP Monitor, the predictor variables are the collected gamma spectra, and
the quantities of interest are the acid concentrations at which the liquid-liquid separation is performed.
With PCA, the principal components were optimized to capture the variance in the predictor data set
(because there were no quantities of interest). With PLS regression analysis, the latent factors are
optimized to not only capture the variance in the predictor data set, but to also correlate with the quantity
of interest. Once a PLS regression model is made, a query vector is applied to the model to predict a
quantity of interest. For the MIP Monitor, once a model has been created with known spectra and known
acid concentrations, the model would be applied to a measured spectrum to provide an estimate of an
unknown acid concentration. A more complete explanation of PLS regression analysis can be found in
references [9, 10].
2.5.1.3

Gamma Peak Extraction

Previous research with the MIP Monitor used the entire gamma spectrum to develop the PCA and
PLS models. The gamma spectrum spans 8190 channels with energy bins approximately 0.5KeV wide.
Because HPGe has such fine energy resolution, the gamma peaks are very narrow and the channels
between peaks (especially channels higher than the Compton continuum) generally have count rates
several orders of magnitude below the peak values. Including these superfluous variables in the
development of the PCA and PLS models could potentially make the models less robust.
Because the gamma peaks are narrow, they can be treated as noise spikes and extracted using
standard de-noising techniques, such as a median filter that extracts the median values through a moving
window of the raw data. Applying this filter to an HPGe gamma spectrum removes all the peaks above
the Compton continuum. The peaks then can be quantitatively defined as channels that have a threshold
number of counts above the extracted Compton continuum. To calculate the threshold, the measured
spectrum was converted from raw counts to a count rate by dividing by the measurement time. Then, the
standard deviation of each channel can be calculated using the following relationship [12]:

G is the gross counts in each channel of the measured spectrum, and T is the measurement time. Finally
by subtracting the filtered spectrum from the measured spectrum, and dividing the residuals by the
standard deviation, each channel can be expressed as the number of standard deviations above the
Compton continuum. Figure 2.3 shows the measured gamma spectrum expressed as the number of
standard deviations above the Compton continuum.
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Figure 2.3. Gamma Spectrum of the Organic Extract of ATM109 Fuel Expressed as the Number of
Standard Deviations Above the Baseline. The green dots represent channels that were at
least three standard deviations above the Compton continuum.
Figure 2.4 shows the results of the peak extraction algorithm. The blue line is the measured count
rate. The green line is the continuum extracted using the median filter and it is used to calculate the
standard deviations. The red dots represent the channels that were at least three standard deviations above
the continuum. For a single spectrum, the number of channels that were at least three standard deviations
above the continuum was generally around 400; when multiple spectra from all three fuel types were
included, the number of significant channels was about 1200. The number of significant channels is not a
representation of the number of gamma peaks. Because each gamma peak has a finite width and spans
multiple channels, the actual number of gamma peaks may only be on the order of 30. The PCA and PLS
models were developed using the entire spectrum and only using the channels that contained peaks
identified by a three standard deviations above the Compton continuum.
To provide further data reduction, a technique was investigated that reduced the number of channels
by extracting only the center channel of each gamma peak. This refinement further reduced the number
of channels to about 70. A sample spectrum with the peaks extracted is shown in Figure 2.5.
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Figure 2.4. The Measured Gamma Spectrum from the Organic Extract of an ATM109 Fuel Dissolved
and Separated in 2.5M HNO3, the Extracted Continuum, and the Channels at Least Three
Standard Deviations Above the Compton Continuum.
Spectrum of ATM109 fuel dissolved in 2.5 M Nitric Acid
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Figure 2.5. The Measured Gamma Spectrum from an ATM109 Fuel Dissolved in 2.5M HNO3, the
Extracted Continuum, and the Channels at the Gamma Peak Centers.
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Then, to calculate the integral of the peak, the peak width is calculated using the energy resolution of
the HPGe detector. The following relationship is used to make this calculation:
FWHM = 0.47* SQRT(EkeV)
For each extracted peak, the integral is summed over the calculated width. For example, the full
width at half maximum (FWHM) for a 100keV photon is 1.2 keV. The energy width of a channel is
0.4290 keV. The FWHM is about 2.3548 σ. The sigma is then 1.2 keV divided by 2.3548, which is 0.5.
Therefore, at 100 keV, the standard deviation of the energy resolution is about the same as the width of
the channel. To calculate the integral of the peak, we sum ±3 sigma of the peak center. In this example,
the peak is at 100 keV (corresponding to a channel number of 230), and the sigma is approximately one
channel, so the integral would be the sum of counts in channels 227 to 233.
This methodology could be expanded to handle different detector types, as long as the energy
resolution is known. Though this technique was explored, it was not used for the PCA and PLS analyses
in this report because of time and resource constraints. Further research is necessary to investigate its
potential utility for improving multivariate analysis.

2.5.2

Results

Previous research developed PCA and PLS models for three purposes: 1) identification of fuel type,
2) identification of off-normal operation, and 3) prediction of fuel parameters, specifically acid
concentration. Previously these models were developed using the entire gamma spectrum, and no
quantitative results were given from the PCA models. For this most recent research, each model was
made with the full gamma spectrum and with only the channels containing peaks at least three standard
deviations above the Compton continuum.
The input for the PCA models was every gamma spectrum from every fuel type (a total of
150 spectra). Model 1 used the entire spectrum consisting of all 8190 channels. Model 2 used only the
channels that were at least three standard deviations above the Compton continuum, thus reducing the
dimensionality of the spectrum from 8190 to 1142. For each model, two PCs were enough to capture
most of the variation in the spectrum. The variances captured by the first four PCs are summarized in
Table 2.2. The variances for PCs numbers 3 and 4 add little to the amount of variance captured;
therefore, they were attributed to noise in the spectrum and were not used for analysis.

Table 2.2. Variance Captured by the First Four PCs for the Unsupervised PCA Model to Determine Fuel
Type.
Model 1 − Unsupervised
Model 2 − Unsupervised
PC
Variance Captured
Cumulative
Variance Captured
Cumulative
by this PC
Variance Captured
by this PC
Variance Captured
Number
1
86.16%
86.16%
85.54%
85.54%
2
12.54%
98.70%
9.33%
94.86%
3
0.70%
99.40%
1.15%
96.02%
4
0.25%
99.65%
1.01%
97.03%
Note. Model 1 used every channel of the spectrum to create the model, while Model 2 used only the channels at
least three standard deviations above the Compton continuum.
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Figure 2.6 and Figure 2.7 plot the loadings on PC 1 and 2 for models 1 and 2, respectively. Both
plots show good separation between the ATM109 and ATM105A fuel and between the ATM105P and
ATM105A fuel. However, the ATM109 and ATM105P fuels are not well separated in either model. For
grouping purposes, group one was the ATM109 fuel, group two was the ATM105P fuel, and group three
was the ATM105A fuel. Table 2.3 summarizes the clustering performance of each model.
The D statistic in Table 2.3 shows that groups one and two are not well separated by either PC 1 or
PC 2. The D statistic also indicated that neither PC 1 nor PC 2 is enough to individually identify the
ATM109 and ATM105A fuel, which is somewhat counterintuitive to Figure 2.6. The ATM109 and
ATM105A fuels cannot be separated easily in Figure 2.6 by drawing a horizontal or vertical line, but they
could be separated easily by drawing a sloping line between the data set. The D statistic only identifies
the ability for a single PC to delineate data groups and is therefore unable to quantify to ability of several
PCs working together to delineate data groups. Therefore, the D statistic is a poor measure of clustering
when the data exhibits the kinds of trends shown in Figure 2.6. Table 2.3, Figure 2.6, and Figure 2.7
show that, in general, model 2 does a better job of separating the fuel types although neither model 1 nor
model 2 adequately separate the ATM109 and ATM105P fuel.
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Figure 2.6. Plot of the Scores of PC 1 and PC 2 for Unsupervised PCA Model 1. The input to the model
was the entire gamma spectrum.
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Figure 2.7. Plot of the Scores of PC 1 and PC 2 for Unsupervised PCA Model 2. The input to the model
was only the significant channels defined by having a count rate at least three standard
deviations above the Compton continuum.
Table 2.3. Summary of Unsupervised PCA Clustering Performance.
D Statistic
Model 1 − Unsupervised
Model 2 − Unsupervised
D121
0.45
0.78
D122
0.42
0.39
D131
4.94
63.71
D132
0.13
0.19
D231
27.33
54.41
D232
3.09
1.49
Note. In Model 1, every channel in the spectrum was used in the model, while in Model 2, only the
channels at least three standard deviations above the Compton continuum were used. D121 identifies the
separations for Group 1 and Group 2 by PC 1. A higher value indicates better separation; a value of three is
a minimum requirement. Groups 1, 2, and 3 are the ATM109, ATM105P, and ATM105A fuels,
respectively.

In the unsupervised PCA model, both normal (2.5M HNO3) and off-normal operating conditions were
used to make the model. One method to improve the model would be to use only the normal operating
data to create a PCA model. An assumption of this model is that the data is assumed to come from
normal operation. Figure 2.8 and Figure 2.9 show the scores on PC 1 and PC 2. Table 2.4 and Table 2.5
summarize the variance captured by each PC and the clustering performance of each model. Again PCs 3
and 4 add little to the amount of the variances captured; therefore, they are attributed to noise in the
spectrum and are not used for analysis. D122 has a value of 7.90 and 18.74 for models 1 and 2,
respectively, meaning that groups 1 and 2 are well separated by PC 2.
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Figure 2.8. Plot of the Scores of PC 1 and PC 2 for Unsupervised PCA Model 1. The input to the model
was the entire gamma spectrum for each fuel type assuming that the fuel was dissolved and
separated under normal operating conditions (2.5M HNO3).
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Figure 2.9. Plot of the Scores of PC 1 and PC 2 for Unsupervised PCA Model 2. The input to the model
was only the significant channels defined by having a count rate at least three standard
deviations above the Compton continuum. Each spectrum was assumed to be dissolved and
separated under normal conditions (2.5M HNO3).
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Table 2.4. Variance Captured by the First Four PCs for the Unsupervised PCA Model to Determine Fuel
Type.
Model 1 − Unsupervised
Model 2 − Unsupervised
PC
Variance Captured
Cumulative Variance
Variance Captured
Cumulative Variance
Number
by this PC
Captured
by this PC
Captured
1
95.92%
95.95%
95.30%
95.30%
2
3.65%
99.56%
2.50%
97.81%
3
0.17%
99.74%
0.79%
98.60%
4
0.11%
99.85%
0.31%
98.91%
Note. Model 1 used every channel in the spectrum to create the model, while Model 2 used only the channels at
least three standard deviations above the Compton continuum. For both models, only spectra resulting from normal
operation were used.

Table 2.5. Summary of Unsupervised PCA Clustering Performance.
D Statistic
Model 1 − Unsupervised
Model 2 − Unsupervised
D121
4.80
0.37
D122
7.90
18.74
D131
35.98
124.24
D132
2.93
13.14
D231
78.86
117.64
D232
5.24
8.04
Note. Model 1 used every channel in the spectrum to create the model, while Model 2 used only the channels
at least three standard deviations above the Compton continuum. For both models, only spectra resulting
from normal operations were used. D121 identifies the separation for Group 1 and Group 2 by PC 1. A higher
value indicated better separation; a value of three is a minimum requirement. Groups 1, 2, and 3 are the
ATM109, ATM105P, and ATM105A fuels, respectively.

2.5.2.1

Identifying Off-Normal Operation

If a fuel spectrum is known to come from normal operating conditions, it can be used to make a
supervised PCA model. Then, an unknown fuel spectrum can be projected onto that PCA space to
determine if the fuel spectrum was collected under normal operating conditions. Assuming the fuel type
is known, a separate supervised PCA model can be made for each fuel type. The Q-residual and T2
statistic are used to measure the ability of a supervised PCA model to distinguish between normal and
off-normal operating conditions. The Q-residual is related to the variation a query input has outside the
normal PCA model. A large Q-residual means that the data in the query vector do not have the same
internal relationships as the data that made the PCA model. The T2 statistic is related to the variation a
query input has within the PCA model. Therefore, a large T2 statistic means that the data in the query
vector may have the same internal relationships, but the data may be outside the training space of the
PCA model.
To make a supervised PCA model, the spectra of the organic extract from when the fuel was
dissolved and separated in 2.5M HNO3 were considered normal operating conditions. All other acid
concentrations were considered to be from off-normal operations. Supervised PCA model 1 used the
entire gamma spectrum, while supervised PCA model 2 used only the significant channels. Figure 2.10
and Figure 2.11 are plots of the Q-residuals and T2 statistics, and their 99% confidence levels, for model 1
and model 2, respectively.
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Figure 2.10. Plot of the Scores of Q-Residuals and T2 Statistics for the Supervised PCA Model 1.
The dotted lines are the 99 percent confidence intervals for the respective statistics.
Input for the model was the entire gamma spectrum for the organic extract of each fuel
type, assuming that the fuel was dissolved and separated under normal operating conditions
(2.5M HNO3).
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Figure 2.11. Plot of the Scores of Q-Residuals and T2 Statistics for Supervised PCA Model 2. The
dotted lines are the 99 percent confidence intervals for the respective statistics. Input for
the model were the significant channels defined by having a count rate at least three
standard deviations above the Compton continuum. Each spectrum of the organic extract
was assumed to be from a separation performed under normal conditions (2.5M HNO3).
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While both models were able to distinguish between normal and off-normal operating conditions
based solely on the Q-residual, model 1 (using the entire gamma spectrum) does a much better job
identifying the off-normal operating conditions. In model 1, all the off-normal spectra are beyond the
99 percent confidence level for both the Q-residuals and the T2 statistics, essentially meaning that the
PCA model is very sensitive to different acid concentrations. In model 2, all the off-normal spectra are
beyond the 99 percent confidence level for the Q-residuals, but the 1.3M and 3.8M HNO3 concentrations
are within the 99 percent T2 statistic. This means that the 1.3M and 3.8M HNO3 concentrations show
some of the same internal relationships as the 2.5M HNO3 concentrations, but their relationships different
enough to be separated by the Q-residual. A summary of each group’s average distance from the 99
percent confidence level is provided in Table 2.6. Although model 1 shows much better separation than
model 2, at the 99 percent confidence levels for both models were able to correctly classify normal and
off-normal operations. One possible explanation for the better performance of model 1 may be the
amount of data available when the model was developed using the entire gamma spectrum. Model 2
essentially only uses the gamma peaks to develop the model; therefore, it may be missing important
information that is captured in the Compton continuum, which is included in model 1. Another
possibility is that either model may be over-fitting the normal data. To correct over-fitting, a larger data
set would be required.

Table 2.6. Summary of Supervised PCA Clustering Performance.
Model 1 − Supervised
Model 2 − Supervised
Acid
(Q-residual)/(99%
(T2)/(99%
(Q-residual)/(99%
(T2)/(99%
Concentration
confidence level)
confidence level)
confidence level)
confidence level)
0.3 M
772.33
59.23
123.70
1.95
1.3 M
148.93
10.76
23.84
0.35
2.5 M
0.28
0.07
0.30
0.07
3.8 M
18.49
1.61
5.17
0.6
5.1 M
494.10
36.17
200.83
2.88
Note. Model 1 used every channel in the spectrum to create the model, while Model 2 used only the channels that
were at least three standard deviations above the Compton continuum. For both models, only spectra resulting from
normal operation were used to create the model. A value less than one means the data were within the 99 percent
confidence level, while a value larger than one means the data were beyond the 99 percent confidence level.

2.5.2.2

Quantitative Predictions

PLS models were developed to quantify distinguishing features of the fuel spectra. Only three
features were available: 1) HNO3 concentration, 2) cooling time, and 3) burnup rate. The training space
is not well populated because only five different HNO3 concentrations, three different burnup rates, and
two different cooling times (both the ATM105A and ATM105P fuels had the same cooling time) were
available. If the fuel type is known, then a separate PLS model can be developed for each fuel type;
otherwise, a single PLS model will have to encompass all the fuel types. Table 2.7 shows the percent
error of the prediction results when the fuel type is not known. Model 1 used the entire gamma spectrum
and model 2 used only the significant peaks. The percent errors are an average of using leave-one-out
cross validation. For every case, except for the ATM109 0.3M HNO3 and the ATM109 1.3M HNO3
cases, model 2 performed significantly better. In general, both models had difficultly predicting the lower
HNO3 concentration levels.
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Table 2.7. Summary of PLS Modeling Results.
Percent Error − Model 1
Percent Error − Model 2
Actual
ATM109
ATM105P
ATM105A
ATM109
ATM105P
ATM105A
0.3 M
28.40
80.46
60.73
120.30
89.02
52.17
1.3 M
11.31
77.34
34.03
26.64
52.62
15.26
2.5 M
13.32
21.22
16.69
6.00
21.05
5.49
3.8 M
5.54
17.70
16.72
1.78
4.71
16.22
5.1 M
12.41
28.50
9.53
3.22
17.63
12.84
Note. The percent errors are an average using leave-one-out cross validation. The input to model 1 was the entire
gamma spectrum for every fuel type, and the input to model 2 was only the significant channels. Only one model
that encompassed all three fuel types was developed.

If the fuel type is known, a separate PLS model can be developed for each specific fuel type.
Table 2.8 shows the results of the PLS model assuming the fuel type is known. Table 2.8 shows that, in
every case, the predictions provided by model 2 were better than those provided by model 1, except for
the 0.3M ATM105P, the 1.3M ATM105A, and the 2.5M ATM105P samples. Comparing Table 2.7 and
Table 2.8 shows that, in general, developing a model specific to each fuel type gives much better
performance that just using one general model.

Table 2.8. Summary of PLS Modeling Results.
Percent Error Model 1 − Supervised
Actual

ATM109

ATM105P

ATM105A

Percent Error Model 2 − Supervised
ATM109

ATM105P

ATM105A

0.3 M
50.35
89.18
64.02
19.80
135.96
48.98
1.3 M
8.00
54.85
10.48
3.77
39.57
14.86
2.5 M
9.33
15.90
7.17
4.58
19.12
6.92
3.8 M
4.93
9.88
14.96
2.25
4.97
14.28
5.1 M
3.66
13.27
11.14
2.14
12.14
10.89
Note. The percent errors are an average using leave-one-out cross validation. The input to model 1 was the entire
gamma spectrum for every fuel type, and the input to model 2 was only the significant channel. Three separate PLS
models were developed; one for each fuel type.

The predictions from the PLS models could potentially be improved by continuing to refine the data
preprocessing techniques and/or by using alternate multivariate methods, such as non-linear PLS analysis.
This research touched only on some of the methods to improve the analysis. Further study is necessary to
optimize the quantification of process variables.

2.5.3

Advanced Multivariate Analysis Conclusions

Different ways of building PCA and PLS models from measured gamma spectra were examined. The
PCA models were used to classify fuel type and identify normal versus off-normal operating conditions,
and the PLS models were used to predict distinguishing features of the spectrum, such as the
concentration of HNO3 at which the fuel was separated. Each model was built two different ways—
model 1 used the entire gamma spectrum, and model 2 used only the channels corresponding to peaks in
the gamma spectrum. The entire gamma spectrum has 8190 channels, and extracting the peaks generally
resulted in fewer than 1000 relevant channels. The primary reason for extracting only the peaks is that it
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reduces the dimensionality of the data, which in turn potentially increases a model’s robustness and
reduces the chance of over-fitting the data.
Model 2 was able to distinguish between the ATM109 and ATM105A fuel, and between the
ATM105P and ATM105A fuel. Neither model 1 nor model 2 was able to sufficiently separate the
ATM109 and ATM105P fuels. However, if the models were built to use only data from normal
operations, then all three fuel types would be well separated in both models. For identifying normal
versus off-normal conditions, model 1 performed better than model 2; however, both models were able to
correctly identify off-normal operating conditions at the 99 percent confidence level. The better
performance provided by Model 1may be partially explained by the amount of data available when the
entire spectrum is used instead of only the peaks. Specifically, the shape of the Compton continuum may
be a valid indicator of the acid concentration in addition to the peaks. Because model 1 includes the
Compton continuum as well as the peaks, it may provide a better data fit.
The PLS models were developed to use spectral data to predict the acid concentration of the
separation. The performance of the PLS models was evaluated using leave-one-out cross validation.
The following two types of PLS models were examined:
1. If one of the fuel types was unknown, one general PLS model was made for all three fuel types.
2. If the fuel types were known, a unique PLS model was made for each fuel type.
Both models were severely limited by the scope of the training space. Even though 150 spectra were
analyzed, the calibration spectra only corresponded to five different HNO3 concentrations. The testing
data also were limited to the same five different HNO3 concentrations. For most scenarios, PLS model 2
provided better predictions than PLS model 1. In addition, creating a specific model for each fuel type
generally resulted in much better predictions.

2.6 Conclusions
Liquid samples from previous spent fuel dissolutions and separations were maintained during
FY 2010. Advanced multivariate techniques were explored, and some limited advantages were found in
the tested techniques. Further study is necessary to consider other potential advanced techniques to
optimize the multivariate approach used by the MIP Monitor.
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A.1 Abstract
The potential of using optical spectroscopic techniques, such as Raman and Visible/Near Infrared
(Vis/NIR), for on-line process control and special nuclear materials accountability applications at a spent
nuclear fuel reprocessing facility was evaluated. Availability of on-line real-time techniques that directly
measure process concentrations of nuclear materials will enhance performance and proliferation
resistance of the solvent extraction processes. Further, on-line monitoring of radiochemical streams will
also improve reprocessing plant operation and safety. This report reviews current state of development of
the spectroscopic on-line monitoring techniques for such solutions. To further examine applicability of
optical spectroscopy for this application, segments of a spent nuclear fuel, with approximate burn-up
values of 70 MWd/kgM, were dissolved in concentrated nitric acid and adjusted to varying final
concentrations of HNO3. The resulting spent fuel solutions were batch-contacted with tributyl
phosphate/dodecane organic solvent. The feed and equilibrium aqueous and loaded organic solutions
were subjected to optical measurements. The obtained spectra showed the presence of the quantifiable
Raman bands due to NO3- and UO22+ and Vis/NIR bands due to multiple species of Pu(IV), Pu(VI),
Np(V), the Np(V)-U(VI) cation-cation complex, and Nd(III) in fuel solutions, justifying spectroscopic
techniques as a promising methodology for monitoring spent fuel processing solutions in real-time.
Quantitative evaluation of the fuel solution was performed based on spectroscopic measurements and
compared to ICP-MS analysis and ORIGEN based estimates.

A.2 Introduction
From an industrial perspective, spent nuclear fuel reprocessing facilities require the ability to
precisely monitor process stream constituents in order to achieve efficient separations that allow for the
future use of some components, like uranium, and the proper waste disposal of others, such as fission
products and actinides. Additionally, the International Atomic Energy Agency (IAEA) has established
international safeguards standards for fissionable materials at reprocessing plants to ensure that significant
quantities of weapons-grade nuclear material are not diverted from process streams. Because proliferant
diversions are possible via sometimes minor modifications of the flowsheet chemistry, it is necessary to
verify that a facility is operating under adequate safeguard-declared conditions.
In any reprocessing facility, variability in the process is expected under normal operations, and
currently, large deviations can readily be detected and measured. Small-scale deviations in large
facilities, however, are not easily detected. This is partly because many of the detection methods require
analysis of individual samples at a separate laboratory, which leads to a significant delay between the
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time of sampling and having the data needed to make an accurate assessment of process conditions [1].
In contrast, the availability of on-line monitoring capabilities can provide a unique ability to identify
suspect deviations from normal operating conditions accurately and in real-time.
Techniques for on-line control of nuclear fuel reprocessing streams have been investigated since the
1970s [2], and researchers have examined both the direct measurement of actinides via spectrophotometry
as well as indirect actinide accounting via physiochemical measurements such as temperature, density,
and dialectic properties. These methods can also be used to measure other solution components, such as
nitrate ions or organic solvents that control actinide behavior, providing additional methods for actinide
quantification.
Once spent fuel solutions are sampled from the various processing streams, they must be measured
for actinide and/or fission product content. Actinides are particularly well-suited for measurement via
spectrophotometric techniques as their f-orbital interactions provide a unique spectrum for almost every
actinide in various oxidation states.
Spectrophotometric techniques also allow for several other
advantages over other radionuclide measurement methods: many compounds have multiple bands that
can be used together for compound identification and quantifications; multiple compounds can be
measured simultaneously; and results can be obtained rapidly, on the order of seconds to several minutes
[1,3].
Ultra-violet, visible, and near-infrared (UV-Vis-NIR) spectrophotometry has been used for decades to
determine actinide speciation and concentrations in a number of aqueous media, such as the salts and
acids of ClO4- and Cl-, and the common NO3- reprocessing media [4-9]. Raman spectroscopy is also
useful for actinide measurements, and the Raman bands for the An(VI) (An = U, Np, Pu) and An(V) (An
= Np, Pu, Am) actinide species are well characterized [10-14]. For reprocessing schemes, actinides of
interest are U(VI), Np(IV), Np(V), Np(VI), Pu(IV), and Pu(VI), and changes in their spectroscopic
signatures with varying HNO3 concentrations are also documented in the literature [15-18]. The fission
product neodymium, which occurs in relatively high concentrations in spent fuel, contains several welldefined and suitable bands for quantification in the visible and near-infrared spectral regions [19].
Spectroscopic techniques can also be used to measure non-actinide solution components that have
appreciable absorption bands in the wavelength range of interest. For instance, successful determinations
of U(VI) and nitric acid concentrations were conducted via spectrophotometric measurements from 380500 nm (for U(VI)) and 260 - 302 nm (for nitric acid) and the use of partial least squares techniques for
data regression [8]. It was shown that the successive uranyl nitrate complexes from increasing nitrate
concentrations can be used to determine nitric acid concentrations in solution. Calibration and test
samples with U(VI) concentrations between 1-30 g/L (σ = 0.19 g/L) and 0.02-0.3 M nitric acid (σ =
0.067 M) were successfully measured [8].
By the late 1980s and early 1990s, multiple research groups had successfully constructed laboratory
scale systems for remote on-line photometric measurements of actinides with spectrometers that were
capable of quickly scanning the entire visible and NIR range [8]. More recently, a system was designed
on a larger scale, by Lascola and coworkers [20], for on-line measurement of uranium and nitrate from
tanks that held process solutions before and after a set of mixer-settler separators. Tank waste samples
were routed through an initial vial to ensure proper mixing and were then sent through a flow-through
optical cell connected via fiber optics to a diode-array spectrophotometer measuring in the 350-600 nm
range. Partial least squares models allowed for concentration estimates up to 11 g/L uranium and 6 M
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nitrate, as well as measurement uncertainties (2 σ; concentration dependent) no greater than 0.30 g/L and
0.32 M, respectively. Measurements were completed in less than one minute.
Bryan, Levitskaia, and coworkers have monitored oxyanions of sodium salts simulating Hanford tank
waste using a Raman spectrometer supported by a conductivity probe and a Coriolis flow meter [21].
Measurements were taken with a Raman probe directly inserted into a bend in the piping system, and
chemometric models were used for data processing. During large scale acceptance testing, the
concentration wt% measurements of all analytes (sodium salts of OH-, Al(OH)4-, CrO42-, NO2-, NO3-,
PO43-, CO32-, and SO42-) were within 0.5 % of the analytically determined values. This technology is
being extended to fuel reprocessing solutions by using a combination of Raman and Vis-NIR
spectroscopies [22].
On a smaller scale, Janssens-Maenhout [23] and coworkers demonstrated that neodymium
concentrations continue to follow Beer’s law when measured in microliter quantities. Absorbance
measurements from a 62 microliter sample passing through a 300 µm square and 18 mm long
microchannel showed a linear correlation factor greater than 99.9% for the 740 nm neodymium peak,
although sensitivity was reduced by a factor of about 20. Similar experiments were carried out with
UO2(NO3)2 and PuO2(NO3)2 in 3 M nitric acid, providing an overall detection range of 18 to 230 g/L salt
[24].
Investigations of spectrophotometric detection methods for on-line process monitoring of spent
nuclear fuel reprocessing streams have been limited up to now, in that testing solutions have been spent
fuel simulants or actual process streams with limited constituents (e.g., the uranium and nitrate
measurements [20]). To remedy this gap, this work used actual spent nuclear fuel and a simple
measurement set-up to determine if actual spent nuclear fuel solutions, with high radioactivity and
complexity of constituents, could be reliably measured via Raman and vis-NIR spectroscopy. The work
reported herein is a part of our ongoing research program for the identification and quantification of
actual spent fuel constituents in typical aqueous (HNO3) and organic (30% tributyl phosphate in
dodecane) reprocessing solutions via Raman, visible, and near-infrared spectroscopy.

A.3 Experimental
Aqueous solutions were prepared from distilled water deionized to 18 MΩ-cm with a Barnstead
Nanopure water purification system. Nitric acid solutions were prepared from concentrated nitric acid
(J.T. Baker, Ultrex II Ultrapure, or Fisher, reagent grade) and were base titrated to verify acid content.
Uranyl nitrate solutions were prepared from UO2(NO3)2·6H2O (National Biochemicals Corp.). Tri-butyl
phosphate (TBP, J. T. Baker, purified reagent) and n-dodecane (Sigma-Aldrich, 99.9% anhydrous) were
water washed prior to use.

A.4 Spent Fuel
The ATM-109 fuel sample consisted of six rods that were produced by General Electric (GE) [25,
26]. The rods were initially irradiated in the Quad Cities I reactor from February 1979 until September
1987 in a normal assembly, amassing an average exposure of 43 MWd/kgU. The rods were then moved
to a carrier assembly and irradiated from November 1989 until September 1992. When removed from the
reactor, the maximum burnup is thought to have reached 70-80 MWd/kgU. The rods spent a total of 3508
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on-power days in the reactor. Post-irradiation examinations were performed at GE’s Vallecitos Nuclear
Center before the fuel was transferred to Argonne National Laboratory (ANL) for characterization and
use in the evaluation of the post-closure Yucca Mountain Repository. ANL sent pieces of the ATM-109
fuel to the Pacific Northwest National Laboratory (PNNL), and the segment of fuel used in this work had
an initial enrichment of 3% and a burn up of approximately 70 MWd/kgM, a relatively high burn-up
value for a commercial spent fuel.

A.5 ORIGEN Calculations
Because the specifics of the initial composition, the irradiation periods and decay periods were not
detailed for the ATM-109, many of the ORIGEN-ARP default values were used. The GE 8 × 8 BWR
fuel bundle was used including its cross section libraries and fuel composition. The uranium composition
was slightly adjusted according to some reference data but the 235U enrichment remained 3%, keeping it
in accordance with the library options in ORIGEN. The moderator density was kept at the BWR default
of 0.7332 grams per cubic centimeter. The irradiation was split into two blocks representing the two
different periods the rods spend in the reactor. Due to the large exposure amount during each stint in the
reactor, the first block was split into four cases, the second irradiation period into two cases, and a decay
case was included between the two reactor exposures. The total exposure reached 70 MWd/kgU. This is
within the parameters listed for use of the Ge 8 × 8 fuel type (the maximum valid burnup is
72 MWd/kgU). The final decay was modeled through August 2008, the date the fuel was dissolved.

A.6 Spent Fuel Dissolution
Fuel solutions were prepared using segments of the ATM-109 commercial fuel. Fuel segments
underwent de-cladding, dissolution, acid variation, and separation procedures. The fuel segments were
cut with a diamond saw, allowing 12.4 g of fuel to be harvested. The harvested fuel was placed in 25 mL
of 16 M nitric acid, warmed for few hours to encourage oxidation and dissolution, and centrifuged to
remove non-dissolved residue. The fuel supernatant was heated to near-dryness on a hot plate, followed
by addition of 20 to 30 mL of 0.1 M HNO3. This solution was again heated to near-dryness and 0.1 M
HNO3, acid solution was added to adjust volume to 30 mL with creating a parent fuel solution.
The parent solution was used to make a set of dilutions containing the same amount of the dissolved
fuel in variable nitric acid. Five dilutions were made: 5 mL of the parent solution was brought up to
10 mL final volume with varying amounts of 0.1 M and 16 M HNO3, so that each set of dilutions had
identical fuel component concentrations, but HNO3 concentrations of 0.3, 1.3, 2.5, 3.8, or 5.1 M.

A.7 Batch Contact Experiments
Batch contact experiments were performed on spent fuel solutions (fuel feed solutions) and simulated
fuel feed solutions. The spent fuel solutions contained variable HNO3 concentrations as discussed above
and the fuel feed stimulants contained 0.60 M UO2(NO3)2 in 0.3, 1.3, 2.5, 3.8, or 5.1 M HNO3. All
aqueous feed contact solutions (4.0 mL each) were equilibrated with equal volume of water-washed
30 volume% TBP in n-dodecane using a vortex mixer at room temperature. The extraction mixtures were
centrifuged, and the aqueous (raffinate) and loaded organic phases were separated. Two milliliters of
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each phase (aqueous feed, aqueous raffinate, and organic extract) from each of the 10 spent fuel solutions
was placed in a glass 2-dram vial and transferred out of the hot cell for the spectroscopic analysis.

A.8 Spectroscopic Measurements
Raman measurements were performed with an InPhotonics RS2000 high resolution Raman
spectrometer containing a thermoelectrically-cooled CCD detector operating at -55 °C; a 670 nm 150 mW
visible diode laser as the excitation source; and an InPhotonics RamanProbe™ focused fiber optic probe
operated in a 180° back reflection mode. The laser beam focal point was 5 mm beyond the end of the
laser probe tip, and the measured laser intensity at the sample was typically 50 mW. An integration time
of 10 seconds was used for each acquisition, and 20 acquisitions were taken and averaged for each
sample.
Vis-NIR measurements were performed using a Mikropack HL-2000-FHSA Halogen Light Source
with attenuator, Ocean Optics fiber optic cables, and an Ocean Optics USB2000 Miniature Fiber Optic
Spectrometer (500-1200 nm wavelength detection range). Each acquisition had 100 scans, each with an
integration time of 12 ms. NIR measurements in the 900-1700 nm wavelength range were performed
using a Mikropack HL-2000-FHSA halogen light source with attenuator and a 0.3 neutral density filter,
Ocean Optics fiber optic cables, and an Ocean Optics NIR-512 Temperature-regulated NIR Spectrometer.
Each acquisition averaged 100 scans, each with 15 ms integration time. Deionized water or water-washed
TBP/n-dodecane solution was used to collect reference spectra for vis-NIR measurements of the aqueous
or organic solutions, respectively.
Spectroscopic measurements were performed on individual samples placed in 2-dram vials
(Opticlear, Kimble Glass Inc.) with an average inner diameter of 1.448 ± 0.005 cm positioned in the
sample holder that allowed for measurements using vis-NIR light source and the Raman excitation probe.
The sample holder set-up was placed in a lead cave to shield the researchers from the high radiation dose
from the spent fuel solutions.

A.9 ICP-MS Measurements
Metals analysis for Nd, Np, U, and Pu were performed using an inductively coupled plasma mass
spectrometer (ICP-MS) unit using high-purity calibration standards to generate calibration curves and
verify continuing calibration during the analysis run. Dilutions of 1000×, 500×, 200×, 100×, 50×, and
10× were made of each sample for analysis to investigate and correct for matrix interferences. This
method is similar to EPA Method 6020 [27].

A.10 Results and Discussion
The use of Raman spectroscopy to investigate the UO2(NO3)2/nitric acid system is well established
[3, 11-14, 28, 29] and experimental studies have indicated several solution species exist for uranyl nitrate
including, UO2(NO3)+ [14, 30-34], the neutral complex UO2(NO3)2 [14, 34, 35], and UO2(NO3)3- [34, 36].
We have measured solutions of spent commercial fuel in variable nitric acid solutions using Raman
spectroscopy in order to probe the UO2-nitrate interaction under fuel reprocessing conditions and identify
spectral regions that can be used for the on-line monitoring of uranyl nitrate.
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Raman spectra of the ATM-109 fuel solutions with variable HNO3 concentrations are shown in
Figure A.1 and Figure A.2. For comparison, Figure A.2 also contains spectra of 5.1 M HNO3 and fuel
simulant containing 0.6 M UO2(NO3)2 in 5.1M HNO3. The bands observed in 5.1 M HNO3 (644, 697,
718, 962, 1047, 1302, 1416, and 1650 cm-1) are assigned to HNO3 and nitrate. For nitrate ion in acid
media, the three major bands associated for the υ1 symmetric stretch (~1050 cm-1), υ3 asymmetric stretch
(~1350 cm-1), and υ4 in-plane deformation (~700 cm-1) modes are observed; the υ2 band for nitrate is
Raman forbidden and was not observed [37-39]. The 718 cm-1 band is assigned to the υ4 in-plane
deformation mode of the nitrate moiety, and has E’ symmetry in D3h; this band splits into A1 and B2 pairs
in decent in symmetry to C2v upon interaction with cations (such as H+, or UO22+); the two Raman bands
observes at 644 and 697 cm-1 are assigned to these modes in the 5.1 M HNO3 spectrum. The three bands
located at 1302, 1416 and 1650 cm-1 all associated with the υ3 asymmetric stretch of the NO3 moiety. The
unperturbed nitrate asymmetric stretch mode has E’ symmetry under D3h which is expected to gives rise to
a single band (assigned to 1416 cm-1), while in aqueous acid solution the degeneracy of the asymmetric
stretching mode is expected to be lifted resulting in two bands with A1 and B2 symmetry under the C2v
point group (assigned to 1302 and 1650 cm-1) [40]. The strong band located at 1047 cm-1 is assigned to
the υ1 symmetrical stretching mode for NO3- and has A1 symmetry under D3h [40].
A new set of bands is observed in the Raman spectra when 0.6 M UO2(NO3)2 is added to 5.1M HNO3.
In addition to the bands associated with HNO3 alone as described above, new bands (750, 870, 1539, and
1617 cm-1) are assigned to a combination of UO22+ and nitrate [14]. The band at 870 cm-1 is characteristic
of the υ1 symmetric stretch of UO22+, while the band at 750 cm-1 is due to the υ4 frequency of uranylbound NO3- (UO2NO3+) [14]. The two bands located at 1539 and 1617 cm-1 are attributed to the υ3
asymmetric stretch of the UO2NO3+ moiety, resulting in two bands with A1 and B2 symmetry under the
C2v point group.
Within the commercial fuel spectra (Figure A.2), the most prominent Raman bands are due to
symmetrical stretch of UO22+ (871 cm-1), NO3- (718, 1047, 1416 cm-1), HNO3 (644, 697, 962, 1302, 1416
and 1650 cm-1), and UO2NO3+ (750, 870, 1539, and 1617 cm-1). Comparison of the Raman spectra
acquired using fuel simulant solution of 0.6 M UO2(NO3)2 in 5.1M HNO3 and commercial ATM-109 fuel
solution indicates no appearance of new bands except the emergence of a small band located at 840 cm-1
for the ATM-109 fuel spectrum. This new band (840 cm-1) within the ATM-109 fuel is characteristic of
the PuO22+ ion in nitric acid solution [10] which is evident in the expanded spectra shown in Figure A.2,
right. The similarity between the fuel simulants and the commercial fuel spectra suggests that
UO2(NO3)2/HNO3 solutions can be used to generate Raman spectral datasets for the purpose of
development of quantitative methods for the measurement of the UO2(NO3)2 and HNO3 in the dissolved
commercial fuel.
Raman measurements of the organic extracts from batch contact experiments are shown in
Figure A.3. Comparison of the aqueous UO2(NO3)2 nitric acid solution and its TBP/n-dodecane extract
shows a shift of the Raman band for UO22+ located at 871 cm-1 in the aqueous phase compared to 860 cm-1
in the organic solvent, and that for NO3- shifting from 1047 cm-1 in aqueous HNO3 to 1030 cm-1 in the
organic solvent. The nitrate peak at 1030 cm-1 is seen only in solutions containing UO2(NO3)2 and spent
fuel.
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ATM-109 extract spectra, but not in the TBP/n-dodecane solution contacted with 5.1 M HNO3. The lack
of observance of the nitrate band in the TBP/n-dodecane contacted with nitric acid is presumably due to
the formation of the HNO3•n TBP complexes resulting in greater shift of the nitrate and possible
overlapping with TBP/n-dodecane bands. The Raman band at 1030 cm-1 is assigned to nitrate symmetric
stretch, υ1 as well as the additional bands associated with the TBP-UO2(NO3)2 extraction complex
assigned to the nitrate in-plane deformation υ4 (751 cm-1) and the nitrate asymmetric stretch υ3
(1226 cm-1, and 1539 cm-1) modes based on comparison to the aqueous system. Also present in the
Raman spectra containing TBP/n-dodecane, are the bands associated with the solvent (Figure A.3). The
strong bands due to the hydrocarbon backbone are observed between 1300-1450 cm-1, with the band at
~1300 cm-1 primarily due to -(CH2)n- in-phase twist and the 1430 cm-1 band assigned to the CH2
scissoring mode [41]. A strong band at 1170 cm-1 and a medium band at 850 cm-1 were observed in the
samples containing TBP and is assigned to the P=O and P-O-R stretching vibrations respectively [41].
Observed Raman bands characteristic of UO2(NO3)2, within the organic extract, are resolved from the
TBP/ n-dodecane bands, confirming the utility of the Raman spectroscopy for the quantification of the
uranyl and nitrate in the TBP/ n-dodecane solvent. The quantitative determination of the UO22+
concentrations in the aqueous feed solutions was performed by comparison of the Raman response of the
870 cm-1 band versus measurements of analytical standards of UO2(NO3)2 in similar nitric acid solutions.
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A.11 Visible and Near Infrared Spectroscopy of Commercial Fuel
Solutions
The visible-near infrared (Vis-NIR) absorption spectra of ATM-109 spent fuel feed solutions over the
nitric acid in 0.3 to 5.1 M range are shown in Figure A.4 and Figure A.5. Prominent features of this
series of spectra are the absorption bands associated with Pu(IV) (observed 648-662, 707, 790, 860, and
1075 nm) [15, 18, 42-44] and Pu(VI) (observed 625, 817, 831, 857, 948, 983, and 1160 nm) [44-46].
The absorbance bands associated with Pu(IV) are attributed to Pu(NO3)n4-n nitrato complexes determined
to be dominant below 5 M nitric acid [15, 46, 47]. The absorbance bands associated with Pu(VI) are
negligible at low HNO3 concentration and greatly enhanced for the nitric acid solutions of 3.8 and 5.1 M.
The absorbance bands at 831 nm and 815 nm are assigned to the mono- and dinitrato complexes
PuO2(NO3)+ and PuO2(NO3)2 (831 nm) and to the trinitrato complex, PuO2(NO3)3- (815 nm) indicating
that these complex ions of Pu(VI) are present in the fuel feed solutions. With the increase in acid from
3.8 M to 5.1 M HNO3, the increase in the 815 nm band is consistent with the dominant formation of the
trinitrato Pu(VI) complex at higher acid strength [46]. Characteristic Pu(VI) bands at 948, 983, and
1160 nm were also observed in the NIR spectra (Figure A.5) [44, 46]. At lower acid strengths (HNO3 =
0.3 – 2.5 M), the 983 nm Pu(VI) band is partially occluded by the [NpO2+], species in solution due to the
predominance of neptunium being in the Np(V) form in solution at these lower acid strengths, and the
prevalence of plutonium in the Pu(IV) oxidation state over Pu(VI). At higher acid strengths the 983 and
1160 nm Pu(VI) band is more evident in the NIR spectrum (Figure A.4 and Figure A.5). At the higher
acid strengths (3.8 and 5.1 M), the interference with Np(V) is decreased, since at the higher acid strengths
Np(VI) is the dominant neptunium species in these solutions and does not interfere within this region (see
discussion below).
The distribution of Pu(IV) from the aqueous phase into the organic phase was followed using vis-NIR
spectroscopy of both the aqueous and organic phases. Interestingly, only Pu(IV) was found in the organic
phases based on visible absorption spectroscopy. Figure A.6 shows the representative spectrum of
TBP/n-dodecane extraction phase from 5.1 M HNO3 solution of ATM-109 fuel. The characteristic
Pu(IV) bands in the TBP/n-dodecane solution were slightly shifted relative to those in the aqueous nitrate
solution, which reflects expected change in the inner coordination environment of the Pu(IV) ion upon
coordination with TBP and transport into the organic solvent. The organic extract of the fuel simulant
containing Pu(IV) exhibited nearly identical visible spectrum to that of the ATM-109 fuel (Figure A.6)
supporting the conclusion about absence of the Pu(VI) in the commercial fuel extracts. The absence of
the Pu(VI) in the TBP/n-dodecane phase can be in part attributed to the delay between extraction contacts
performed in the hot cell and collection of the optical spectra a few days later, possibly allowing reduction
of Pu(VI) to Pu(IV) to take place [48]. This reduction can be caused by presence of the organic reducing
impurities in TBP/n-dodecane and facilitated by stronger thermodynamic affinity of TBP to Pu(IV) versus
Pu(VI) [49], promoting the reduction reaction.
Neptunium is present in the dissolved spent fuel as Np(V) in the NpO2+ chemical form, as observed
by the presence of the 981 nm band within the aqueous phase (Figure A.5) for this species [50]. The
aqueous speciation of Np(V) is complex because of its coordination with nitrate anion and formation of
cation-cation complexes [9]. In nitric acid solutions of Np(V) containing high concentrations of UO22+
typical to the dissolved spent fuel streams, the cation-cation complex species [NpO2+•UO22+] is formed
and the band at 981 nm for the NpO2+ species is observed to split into two bands. This is the case in the
dissolved spent fuel measurements as seen in the NIR spectra within Figure A.5, where both the NpO2+
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Figure A.4. Vis-NIR spectra of ATM-109 high-burn-up fuel in variable HNO3.
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Figure A.5. NIR Spectrum of ATM-109 fuel feed in variable HNO3.
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Figure A.6. TBP/n-dodecane extraction phase of ATM-109 fuel and fuel simulant from 5.1 M HNO3
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(free) and [NpO2+•UO22+] (bound) forms are observed. It should be noted that Np(V) is present in the fuel
feed solutions at the lower nitric acid solutions (0.3 – 2.5 M HNO3, Figure A.5). For the higher acid
concentrations the Np(V) bands are less prominent (for HNO3 = 3.8 M), and non-observable (for HNO3 =
5.1 M) due presumably to the disproportionation of Np(V) into Np(IV) and Np(VI) that has been
demonstrated to be second order with respect to the proton concentration [51] or oxidation to Np(VI) as
the nitric acid concentration increases above ~3 M. Due to the low concentration and overlapping with
Nd(III) (740 nm) [52] and Pu(VI) (948 nm) [44] bands, the Np(IV) spectrum (723 nm and 960 nm) [53]
was not identified. The Np(VI) 1220 nm band [53] was observed in the NIR spectrum as a shoulder shift
of the water band, but quantitative determination was not possible due to the overlap with water bands,
which were themselves strongly influenced by changes in nitric acid concentration [54].
Figure A.7 contains a NIR spectrum containing the Np(V) region (970 – 1005 nm), for both the feed
and raffinate phases of the 2.5 M HNO3 fuel solution sample. As observed in this spectrum, the feed
solution contains two bands attributed to the NpO2+ (free) at 981 nm and [NpO2+•UO22+] (bound) forms of
Np(V) at 993 nm [55]. It should be noted that for feed solutions, the 981 nm Np(V) band nearly
completely overlaps with Pu(VI) 983 nm band (Figure A.5). However, equilibration with TBP/ndodecane phase preferentially extracts the U(VI) species, leaving the Np(V) complex in the raffinate
phase as NpO2+[56]. As can be seen in Figure A.7, the NpO2+ species in the raffinate phase is now nearly
free from the Np(V)-U(VI) cation-cation interaction and this spectral region is also free from Pu(VI)
bands, allowing for the unobstructed detection of the Np(V) complex. This allows quantification of
Np(V) in the solution since it is not extractable by TBP/dodecane [56].
Neodymium (III) ion was observed within the ATM-109 vis-NIR spectra shown in Figure A.4 for all
nitric acid concentrations. The absorbance bands located at 577-580 nm and 735-743 nm are consistent
with known aqueous neodymium nitrate solutions [57].
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Figure A.7. NIR Spectra of ATM109 Feed and Raffinate. Initial concentration of HNO3 in Feed was
2.5 M.

A.12 Analytical Results
The results from the ORIGEN calculation for the ATM-109 fuel are shown in
Table A.1 along with the ICP-MS and spectroscopic analyses. The ICP-MS and spectroscopic
analyses were performed on fuel feed samples dissolved in nitric acid unless otherwise noted. The
constituents of the spent fuel are displayed in molar quantities for uranium, plutonium, neptunium, and
neodymium.
In general, comparisons of the metal analyses results obtained by the various methods are in good
agreement. Starting with U, the highest metal component within the feed solutions, the predicted
concentration based on ORIGEN code is 0.72 M. This value is in excellent agreement with the average
values for the ICP-MS and spectroscopic methods of 0.721 M and 0.716 M respectively. The relative
standard deviation for the ICP-MS and spectroscopic values for U analysis is 7.7 % and 5.7 %
respectively, and represents the total deviation from all sources including instrument variability and
sample preparation, which can be quite variable within a shielded hot cell facility. The analytical results
for Nd from all methods are also in generally good agreement. The predicted ORIGEN code calculation
is 1.1 × 10-2 M, compared to 0.84 × 10-2 M and 1.1 × 10-2 M for the average values of the ICP-MS and
spectroscopic methods, respectively. Quantitative determination of neodymium by the visible
spectroscopic method was performed using 575 nm band of Nd(III), molar extinction coefficient
(ε)= 7.0 M-1cm-1 [57].
The comparison between the ORIGEN code and analytical results for neptunium is in good
agreement. The predicted ORIGEN code value of 4.6 × 10-4 M, compares well with 4.7 × 10-4 M for
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ICP-MS. However, the used spectroscopic method only yields the Np(V) value, and not the total Np
value, which is anticipated to be a sum of Np(V) and Np(VI) species in solution. At lower acid strengths,
the Np(V) concentration values are observed to be greater than at high acid strength, where at the highest
acid (5.1 M HNO3), the measured Np(V) observed in solution was zero (0 M). The lowest acid solution
(0.3 M HNO3) was determined to contain 4.7 × 10-4 M Np(V) by the spectroscopic method in good
agreement with the ICP-MS and ORIGEN code values. The Np(V) values were determined using molar
absorptivities of 297 and 180 M-1cm-1 for 980 and 992 nm bands, respectively [58].

Table A.1. Analytical Results for ATM-109 Commercial Fuel Sample. Comparison of ORIGEN Code
calculation, ICP-MS results, and Spectroscopic analysis. All sample quantities are in Molar
(mol L-1) units.
ORIGEN

ICP-MS

Spectroscopic

Fuel Feeda

Nd

Np

U

Pu

0.011

0.00046

0.72

0.0075

[HNO3]

Nd

Np

U

Pu

0.3

0.0082

0.00045

0.69

0.0086

1.3

0.0082

0.00045

0.67

0.0084

2.5

0.0079

0.00045

0.69

0.0089

3.8

0.0089

0.00050

0.81

0.0095

5.1

0.0087

0.00049

0.74

0.0094

Averageh

0.0084

0.00047

0.72

0.0090

Standard Deviationh

0.0004

0.00003

0.06

0.0005

[HNO3]

Nd(III)b

Np(V)c

U(VI)d

Pu totale

Pu(IV)f

Pu(VI)g

0.3

0.0077

0.00047

0.68

0.0069

0.0069

0.00001

1.3

0.0089

0.00035

0.69

0.0075

0.0075

0.00003

2.5

0.010

0.00037

0.71

0.0076

0.0075

0.00009

3.8

0.013

0.00033

0.71

0.011

0.0049

0.0058

5.1

0.016

0

0.79

0.012

0.0039

0.0076

Averagei

0.011

0.00030

0.72

0.0089

Standard Deviationi

0.003

0.00018

0.04

0.002

a.
b.
c.
d.
e.
f.
g.

Feed composition is based ORIGEN-ARP modeling of 12.4 g ATM109 fuel irradiated to 70 MWd/kgU.
Nd(III) determined by Vis-NIR spectroscopic method using 575 nm band, molar extinction coefficient (ε)= 7.0 M-1cm-1 [57].
Np(V) determined by Vis-NIR spectroscopic method using 980 and 992 nm bands; ε = 297 and 180 M-1cm-1 respectively [58].
U(VI) concentrations were determined by Raman spectroscopic method.
Pu total is sum of Pu(IV) and Pu(VI).
Pu(IV) was determined by Vis-NIR spectroscopic method using 640 nm band; ε = 25 M-1cm-1 [46].
Pu(VI) was determined by Vis-NIR spectroscopic method; ε (Pu(VI)O2(NO3)3-, 815 nm) = 118.5 M-1cm-1; ε (Pu(VI)O2(NO3)+,
Pu(VI)O2(NO3)2, 831 nm) = 158 M-1cm-1 [46].
h. The experimental precision of the ICP-MS values was estimated to be uniformly ±5% from a combination of replicate determinations,
volumetric error, and instrumental precision.
i. The values listed as “Average” and “Standard Deviation” for the ICP-MS and spectroscopic methods are the average values and standard
deviations of the five variable-acid feed measurements.

A comparison between methods for the plutonium analyses shows an approximate 20 % difference
between the ORIGEN value and those for the ICP-MS and spectroscopic methods. The ORIGEN code
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value for plutonium of 7.5 × 10-3 M is lower than the ICP-MS and spectroscopic values of 8.99 × 10-3 M
and 8.9 × 10-3 M, respectively. Additionally, the spectroscopic method shows the general trend that the
Pu(IV) species are dominant under low acid conditions (0.3 to 2.5 M HNO3) and the Pu(VI) species are
dominant under high acid conditions (3.8 to 5.1 M HNO3). The spectroscopic measurements are sensitive
to plutonium in both the Pu(IV) and Pu(VI) oxidation states; for comparison of the spectroscopic
measurements to ICP-MS and ORIGEN code values, the total Pu value, which is the sum of Pu(IV) and
Pu(VI), is used. Plutonium(IV) and Pu(VI) were determined by the spectroscopic method using the
following values of molar absorptivities; (Pu(IV) 640 nm) = 25 M-1cm-1 ; (Pu(VI)O2(NO3)3-, 815 nm) =
118.5 M-1cm-1; and (Pu(VI)O2(NO3)+, Pu(VI)O2(NO3)2, 831 nm) = 158 M-1cm-1 [46].

A.13 Conclusions
The potential applicability of optical spectroscopic techniques for on-line monitoring of reprocessing
streams has been demonstrated using spent nuclear fuel solutions, comprised of high burn-up
(70 MWd/kgM), metal commercial fuel, dissolved in 0.3 to 5.1 M HNO3, measured spectroscopically
without further modification (e.g., dilution, separation of fuel components, etc.). The spent fuel feed
solutions, equilibrium aqueous raffinates, and loaded TBP/n-dodecane organic fractions were subjected to
Raman and Visible/Near Infrared (vis-NIR) spectroscopic measurements. Concentration values obtained
using these methods for U(VI), Pu(IV), Pu(VI), Np(V), and Nd(III) were compared to ICP-MS analytical
results of the same solutions, and to ORIGEN code calculations for fuel of similar burn-up and
composition. The spectroscopic measurements were in good agreement with both the ICP-MS and
ORIGEN calculations. This result demonstrates applicability of optical spectroscopy for quantitative online determination of the dissolved spent fuel streams.
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