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Summary

The objective of this project is to develop a technique by which to
observe and characterize the behavior of uranium in unsaturated
groundwater flow systems, particularly with regard to unstable "fingered"
flow which could dramatically reduce groundwater travel times. This
paper focuses on the background and experimental considerations of the
first stage of this project.

In this experiment, a high power UV laser is used to excite aqueous
uranyl in a wet sand mixture. The characteristic green phosphorescence
emitted in the decay transition is detected by a photomultiplier tube; the
amplified signal is sent to an oscilloscope in communication with
Macintosh data acquisition software. The phosphorescence signal can be
used to determine the uranyl concentration in solution. Time resolution of
the signal allows background fluorescences (from sand, trace organics,
structural materials, etc.), most of which are are short-lived (nsec)
relative to uranyl phosphorescence decay time (usec), to be accounted for
in the signal analysis. A green colored glass filter in front of the
photomultiplier tube face provides frequency selectivity.

Similar techniques have been sensitive enough to detect uranyl at
the parts per billion and parts per trillion levels in carefully controlled
solution conditions, using considerably lower excitation energy than that
available in this project. Initial experiments have demonstrated the
feasibility of detecting trace amounts of uranyl in a sample of opaque
ground material. Eventually a scheme will be developed for imaging the
behavior of uranium in unsaturated flow systems. This would be
accomplished by monitoring spatial and temporal concentration profiles,
using the same technique but with a position sensitive detection system,
possibly employing fiber optic light transmission to achieve spatial
localization.
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Background

In order to assess the health risk that would result from geologic
burial of spent fuel, it is important to be able to predict the travel times
for hazardous, long-lived radionuclides from a repository to the
accessible environment. The mostly likely release scenario is thought to
be groundwater infiltration resulting in dissolution of the waste form and
migration of radionuclides with the water. It is expected that many of the
dangerous, long-lived isotopes, particularly uranium and the transuranics,
will migrate slowly due to sorption by zeolitic clays and other sorptive
materials in the rock surrounding the repository. Connecting fractures of
various sizes may be the dominant flow path through the unsaturated layer
from the repository to the aquifer, and these fractures are also thought to
contain sorptive substances that will retard the movement of relatively
dilute contaminants in the groundwater.

Predictions of radionuclide migration time often take the form of
calculating the groundwater velocity and some form of retardation factor
for a particular element in a particular ground material. Typically this
factor is calculated from a partition coefficient which is found
experimentally by looking at the equilibrium distribution between
dissolved and sorbed amounts of the element in batch or column systems
with various water to solid ratios. The validity of this method is
difficult to test, and more realistic data has not been obtained, due in part
to the extremely long times and large distances in question.

Furthermore, recent work at Sandia National Laboratory has
demonstrated that downward flow under certain unsaturated conditions in
a fracture, simulated by crushed rock between glass plates, can deviate
strongly from uniform flow [1]. When the ratio of total flux to saturated
conductivity is less than one, flow instability results in the growth of
"fingers" or preferred hydraulic pathways. This fingered flow results in
increased water velocities at the fingertips, and drains the bulk of the
flow from the overlying layer. The question arises as to whether, under
such conditions, a contaminant would tend to move with the fingers or
stay behind with the bulk water front, since the former could
significantly reduce radionuclide travel time from a repository to an
aquifer located somewhere beneath.

The experimental technique (described below) for detecting minute
uranium quantities in a wet sand mixture could be adapted to examine the
behavior of aqueous uranyl in a simulated groundwater flow system. It
seems particularly worthwhile to investigate uranyl movement in fingered
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fiow; data in the form of uranyl concentration profiles at several
locations could be taken in conjunction with observations of the flow
field, allowing characterization of "fingered migration" under various
conditions of flow rate. pH, ground material, ionic strength, and so on.

While there are many non-uranium radionuclides of concern
regarding long-term geologic burial, the motivations for using uranium in
this experiment are the following:

(1) uranium decay chains include daughters important for health
risk assessment, particularly Ra-226 and Ra-222, which remain
in secular equilibrium with U-238
(2) uranium movement in groundwater is thought to be
representative of the actinides, possibly faster (which provides
an element of conservatism)
(3) under most conditions uranium forms uranyl (UC>22+) in
aqueous solution, which can be detected by its characteristic
green photophosphorescence upon excitation by ultraviolet light.

The spectroscopic properties of uranyl are well known, and several
researchers have shown the high sensitivity capable with a luminescence
technique involving intense UV excitation (from a flash lamp or a laser)
[2-5]. One of the most important considerations for achieving this
sensitivity is separation of the phosphorescence signal from other induced
fluorescences, from such sources as the sample ground material, trace
organics (particularly hurnic acid), and structural materials like the
sample container. This is accomplished in a straightforward manner by
time-resolution of the signal, aided by the relatively long excited uranyl
decay time for radiative transition. Fluorescence lifetimes for most
materials tend to be on the order of nanoseconds, while the uranyl
phosphorescence decay time is on the order of microseconds, as shown in
Figure 1, a plot of luminescence intensity versus time [4]. Using time-
gating and controlled solution chemistry, uranium levels on the order of
parts per trillion have been monitored [5].

Figure 2 shows the typical uranyl emission spectrum [4], with peaks
occuring at about 494, 516, and 540 nm. The light collected is passed
through a green colored glass filter in order to block out the bulk of the
stray light, any remaining (non-green) fluorescence, and most of the
reflectance from the UV excitation light (which only lasts a few
nanoseconds but should be isolated from detection equipment).
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There are two key considerations regarding solution chemistry that
can strongly affect uranyl- phosphorescence intensity; one is the
enhancement effect of certain acids, the other is the "quenching" effect of
certain common ions. The single most potent enhancer and the one most
commonly used is phosphoric acid at about10% (volume). The phosphate
ligands are believed to prevent, to a large degree, quenching of the
phosphorescence, which short-circuits the excited uranyl ions by
providing a nonradiative path to the ground state. Some such deactivation
may occur due to interactions with surrounding water molecules,
especially in the absence of phosphoric acid, but more noticeable is the
effect of strong quenchers such as iron, manganese, iodine and chlorine
when they are at levels above a few parts per million [4]. While acid
enhancement can aid in investigation of the proposed detection technique,
realistic groundwater systems of interest are not acidic and cannot
benefit from this phenomenon. Nevertheless the possible effects of
quenchers must always be considered.

Experimental Setup

The excitation source is a Spectra Physics GCR-3 tripled Nd:YAG
laser of up to 200 mj per 8 ns pulse. Initially the illuminated sample
consisted of a saturated mixture of coarse all-purpose sand and 10 ppmw
uranyl in 10% phosphoric acid, held in a methacrylate cuvet. Later a
similar sample with no acid and 2 ppmw uranyl, held in a borosilicate
glass test tube, was used. The change of sample holder material helped
reduce background. Emission light is collected by a Hamamatsu R1924
photomultiplier tube (PMT) of 8 MHz bandwidth; the amplified signal is
sent to an HP 54200A digitizing oscilloscope (20 MHz). Data acquisition
and analysis is performed by Labview2 on a Macintosh, which features a
graphical interface and high-level programming for instrument and
information control.

The experimental configuration is shown in Figure 3. The laser beam
illuminates a slice of the sample at one face; beam penetration depth is
expected to be on the order of a few grain diameters (1-2 mm). Some of
the uranyl phosphorescence will reach the active area for light collection
by the PMT. A run consists of a single shot from the laser, which sends a
synchronous trigger to the oscilloscope, which can be programmed to wait
a specific delay time before data collection. All runs with uranyl are
duplicated without uranyl to account for background.
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There are several important experimental considerations. In
addition to varying the uranyl concentration, samples can be altered with
regard to particle size, porosity, and composition of the sand, water
content of the mixture, type of acid, pH, and concentration of quenchers.
Cooling substantially reduces quenching effects, so temperature is an
important factor as well. Damage thresholds for the cuvet and sample
material under intense UV laser light must be observed.

Experiments using optical fibers for light collection and
transmission to the PMT are planned; one end of the single fiber would be
inserted directly into the sample. By varying the position of the thin fiber
(400 micron outside diameter) along the beam axis, beam penetration can
be compared for various pulse energies and sample conditions.
Illumination and collection via optical fibers could provide and effective
way to observe uranium concentrations at localized spots within the
sample.

The preliminary objective of this work was to demonstrate the
feasibility of the proposed detection technique. A more sophisticated
sample configuration is under development for flow imaging of uranium as
discussed earlier.
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Figure 1: Luminescence Decay of Uranyl
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Figure 2. Time-Resolved Emission Spectra of Uranyl Ion
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ALUMINUM HOUSING

SAMPLE:
4 mi BSG Tube

UV EXCITATION BEAM:
355 nm, 7 mj, 8 nsec

1" COLORED-
GLASS FILTER

WOODEN HOUSING

\ PMT Assembly:
M" Head-On Type

Figure 3: Sample Configuration


