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ABSTRACT

A new technique has been developed that allows acquisition of
samples from matrices difficult to access. While the examples
given in this paper are from the nuclear field, the technique is
readily modified to address other areas. The technique involves
obtaining samples on resin beads; each bead then comprises a
sample for mass spectrometric analysis. Through the application
of isotope dilution, concentrations of the target elements can be
obtained in addition to their isotopic compositions. Examples of
application of this technique are given for U, Pu, and Nd.

INTRODUCTION

Operation of reactors generates situations in which it is very
difficult to obtain an analytical sample due to the radioactivity
of the matrix. Such situations arise, for example, in the
nuclear fuel cycle, where it is important to obtain samples from
all stages to establish a material balance for fissile compo-
nents , and in evaluating reactor performance by determining burn-
up. The conventional analytical approach involves time-consuming
and costly elemental separations to obtain uranium and plutonium
individually. Most of the chemistry involved must be carried out
in a hot cell due to the intense radioactivity of the sample
matrix. It is highly desirable, therefore, to develop a tech-
nique that both simplifies and expedites sample acquisition.

Two major areas benefit from such a technique: various safeguards
programs that are charged with monitoring fissile components in
the nuclear fuel cycle, and programs that monitor reactor
performance. Safeguards programs must follow the course of
uranium and plutonium through the fuel cycle from mining to
reprocessing; it is at reprocessing plants that the new technique
has had its greatest impact. Reactor operation is monitored by
measuring the concentration of a fission product; we have used
neodymium for this purpose. The sample matrix is fuel that has
been burned in a reactor and is thus highly radioactive.

We have developed a technique involving adsorption of target
elements on anion resin beads.1 Each bead comprises a sample for
isotopic analysis via mass spectrometry. Although any amount up
to a microgram or two of analyte can be adsorbed on each bead,
most of our work has been in the range of 1-3 nanograms. This
quantity of material raducas radiation hazards and greatly
simplifies shipping since the quantities involved do not require
the costly shielding otherwise necessary.

MASS SPECTROMETRY

Because the amount of sample is small, a highly sensitive mass
spectrometer is required. At "the time we were first working on
developing the technique, specialized instruments were required,



such as the ORNL multi-stage mass spectrometers.2 These instru-
ments are equipped with pulse-counting detection systems that
count each ion individually; one nanogram of uranium is adequate
sample for an analysis. They also have high abundance sensi-
tivity to allow measurement of isotopic abundances in the part-
per-million range. Another requirement is high sample through-
put, since the areas to be monitored generate large numbers of
samples. This is usually addressed by mounting a number of
sample filaments on a carousel and mounting it in the ion source
chamber of the mass spectrometer.3 This provides the capability
of analyzing each sample on the carousel without breaking vacuum;
capacities of these carousels range from six to sixteen. An
alternative approach is to use a sample insertion probe that
allows introduction of the sample through a vacuum lock, but this
system is extremely difficult to automate and its use has been
limited.

Since the time of our original work (1974), commercial instru-
ments have appeared on the market that have the sensitivity, both
with regard to sample size and to abundance, to perform these
analyses; they operate under computer control and have throughput
superior to that of the specialized, custom-built instruments
originally used. VG Isotopes and Finnigan MAT both market
instruments with these properties.

DATA REDUCTION

The calculations required for analyses of the sort under consi-
deration here demand automatic execution by a* computer. Some of
the operations are logically complex, and the speed of a computer
is necessary to avoid having manpower tied up in routine manip-
ulation of data. Extensive FORTRAN programs have been written to
allow automatic processing of data and production of a report of
results.* All the operations described below are incorporated in
these programs.

Uranium and Plutonium

Processing data from these two elements requires a correction to
be applied to the 238 mass position to subtract the contribution
of the contaminant element from the analyte element. Thus
uranium and plutonium from resin beads are treated in pairs, one
analysis for each element. Approximate values for the mass 238
position are obtained with no corrections applied. Then, using
the 235/238 ratio from the uranium analysis as a basis, 23*u is
subtracted from the plutonium data, and the plutonium data
reprocessed to arrive at a composition for the final report. The
corrected 238/239 ratio for plutonium is then used to correct
2 38U position for plutonium; the uranium data are reprocessed and
a final report generated using the corrected values.

Neodvmium

Neodymiura has interferences from cerium. Samarium also caused



problems until a satisfactory separations scheme was developed;
it is described below. Cerium contributes to the 142 and 144
mass positions of neodymium. Mass 142 is used to subtract the
contribution of natural neodymium (a contaminant in this case)
from the fission product isotopes. Mass 144 is used only if a
total neodymium concentration is required. The program first
processes the uncorrected neodymium data and then processes the
cerium. After the cerium results are available, correction is
applied for that element to the neodymium results obtained
earlier, and the natural neodymium correction is applied. A
report sheet of the corrected composition is produced, and burn-
up calculations are performed according to a standard ASTM
protocol.5

Isotope dilution

Isotope dilution is widely used in mass spectrometry to determine
the concentration of the analyte element. A known amount of an
isotopically enriched isotope is added to a known amount of the
sample. Knowledge of the isotopic compositions of the spike, the
unspiked sample, and the mixture of spike and sample, together
with the weights of spike and sample, allow calculation of the
concentration. The program thus requires access to the isotopic
compositions of spike and sample when a mixture is being ana-
lyzed. When this requirement is added to that of analyzing mixed
beads of uranium and plutonium, a program of some complexity is
required. We most often use spikes of 233U, 242pUf and isofld.

Internal calibration * *

Using a double spike for internal calibration improves precision
by a factor of five or more.6 In this technique, a spike
containing two enriched isotopes whose ratio is known to high
degree of accuracy and precision is added to the sample. By
comparing the measured value of this calibration ratio to the
known, a bias can be calculated that is applicable to the
analysis in question. An average bias is applied if internal
calibration is not used; experience has shown that such an
average does not usually reflect the conditions of the individual
analysis. The resin bead technique is fully compatible with this
technique; all that is necessary is to implement the necessary
calculations in the software.

SAMPLE ACQUISITION

Uranium and Plutonium

Spent reactor fuel is highly radioactive, being comprised of
fission products, transuranium elements (including plutonium),
and unburned uranium fuel. Because of the importance of safe-
guards programs and because of the number of samples that need to
be analyzed, the resin bead technique has had its greatest impact
in this area.



To obtain samples of uranium and plutonium from solutions, the
fact that these elements form stable anions in nitric acid
solution is exploited. Figure 1 shows the adsorption curves of
various elements of interest from 8M nitric acid.7 The elements
that adsorb appreciably are U, Pu, Th, and Np. Most fission
products and actinides higher than neptunium remain in solution.
Neither neptunium nor thorium interferes with subsequent mass
spectrometric analysis: neither has an isotope that overlaps one
from uranium or plutonium, and neither is radioactive enough to
cause problems on that score. Indeed, if a thorium-based fuel
cycle is ever implemented, it will be advantageous to have that
element already on the bead.

To obtain samples, an aliquot of sample solution is adjusted to
8M in nitric acid. A number of resin beads is introduced to the
solution; the number will depend on the application. For
operations at reprocessing plants, where large quantities of the
analyt-e elements can be expected to be in the environment, we
have modified our original technique to accommodate 1000 beads by
sampling a solution containing 1 mg of uranium.8 Even though it
is difficult to envision a scenario where 1000 samples would be
needed, this greatly reduces the effect of contamination. The
solution-bead mixture is agitated on a vortex mixer for 10-20
minutes; this is long enough to allow adsorption of 1-3 nanograms
each of uranium and plutonium on each bead. The beads are then
separated from the solution. The level of activity on the beads
is low enough that they can now be removed from the hot cell.

This work is expedited by use of specialized equipment we have
had constructed to our specifications. Figure 2 is photograph of
this equipment. The beads are caught on a filter inserted in the
small funnel; this apparatus is removed from the hot cell and
sealed at each end with plugs. It is then a convenient package
in which to ship the samples. Because such small quantities of
uranium and plutonium are involved, no special shielding is
required. It is legal to ship such samples by mail as long as
the number of beads is not too great; this results in great
savings in safeguards programs where several thousand samples are
analyzed annually.

Neodymium

Unlike uranium and plutonium, analysis of neodymium for reactor
burn-up measurements is usually done at a laboratory near the
site of the reactor. Other elements can be used for this
purpose, the choice being dictated by the nature of the reactor;
we have used zirconium to monitor burn-up in HTGR operation.9

One of the major difficulties in using neodymium or any other
rare earth element for this purpose is the presence of isobaric
interferences; for neodymium, these arise from the presence of
samarium and cerium in the sample: they, too, are fission
products and are produced in the reactor simultaneously with
neodymium. By extracting neodymium on anion resin beads by



agitating them with a methanol-nitric acid medium (90% methanol,
10% 1:1 HNO3-water), separation from fission products heavier
than neodymium is achieved. This eliminates samarium from the
sample; this is the most troublesome contaminant because its
ionization characteristics are similar to neodymium. Cerium
still remains and must be corrected for in the data-processing
step; this requires measuring the isotopic composition of cerium
at the conclusion of the neodymium measurements.

LOADING SAMPLES ON FILAMENTS

As mentioned previously, each resin bead constitutes a sample for
mass spectrometric analysis. We have found the optimum bead size
to be in the range of 150-250 Pm. Beads of this size are
difficult to see with the unaided eye, so we perform bead
manipulations under microscopes. Single beads can be identified
and picked up on sharp needles; these are made of tungsten or
stainless steel to prevent chemical attack by nitric acid
adhering to the bead. The bead is then transferred to a mass
spectrometer filament; filaments are canoe-shaped, and touching
the bead to the desired spot on the filament effects the trans-
fer. The filament is then crimped to help hold the bead in
place, although this is not strictly necessary.

ISOTOPIC ANALYSIS

Uranium and Plutonium

We have developed a technique of analyzing platonium and uranium
sequentially from the same filament. This involves applying a
correction to the 238 mass position for each element, which of
course degrades the result for this isotope somewhat. Because
238 is the major isotope for uranium, this correction has little
effect on the quality of the result for that isotope. The
uranium correction is often significant for the 2 3apu> however,
since this isotope is almost always a minor constituent of
Plutonium. If results of highest, accuracy and precision are
needed for 23epu> it is necessary to separate the two elements by
washing the beads with water or dilute HNO3 to remove the
uranium. Mass 235 is monitored during plutonium analysis and
mass 239 is monitored during uranium to provide reference
isotopes to use in correcting the 238 mass position.

Since it ionizes at a lower temperature than uranium (1450-
1550°C), plutonium is analyzed first. Care must be exercised to
avoid raising the temperature too fast; doing so apparently
causes the bead to explode with some violence and often results
in excessive loss of sample. With reasonable caution, however,
this problem is eliminated: a rise in pressure signals the onset
of bead disintegration, and carefully raising the temperature in
small increments through this region is all that is needed to
assure sample integrity. To avoid excessive uranium contamin-
ation, the count rate for Pu+ is kept in the neighborhood of
100,000 counts per second*, temperatures above 1600° C are to be



avoided.

One of the problems encountered in the isotopic analysis of
plutonium is the accumulation of 24 1 Am from the decay of 2 4 1Pu
(half-life of 14.3 years). This causes no problem it the beads
are fresh since complete separation of plutonium form americium
is achieved in the sample-taking process. If, however, the beads
are several months old, significant amounts of 241 Am will have
accumulated. It is then necessary to burn off americium until a
stable mass 241 signal is achieved. This is determined by
monitoring the ratio of 241 to a convenient plutonium isotope.
Since americium ionizes more readily than plutonium, this problem
is usually dealt with fairly easily.

When enough data have bean accumulated for plutonium, the
remainder of this element is burned off by raising the filament
temperature to about 1700°C. This usually takes about ten
minutes, but can require longer if the bead was too heavily
loaded with plutonium. Excessive burn-off times are to be
avoided if possible; we have found that, since 238 is a minor
constituent of plutonium and the major for uranium, data-taking
for uranium can commence when the 239Pu/2 38{j ratio reaches the
range of 1-10; the value in this range to be used as a criterion
is a function of the isotopic compositions of uranium and
plutcnium. Uranium data are accumulated at ac .count rate of
about 300,000 counts per second on the major isotope."

If its desirable, uranium can be separated from plutonium by
washing the beads with dilute nitric acid; 'each element can be
analyzed individually.

Neodymium

Because burn-up calculations require that natural neodymium be
subtracted from tha fission product component, an accurate
measurement of 1 4 2Nd must be made. Since cerium also has an
isotope of this nominal mass, its relative abundance at this mass
position must be determined so that the appropriate correction
can be made.

The same precautions taken on initial heating for uranium and
plutonium must be observed for neodymium analyses. A small
signal from samarium at mass positions 148 and 150 is usually
/5Bs>erved; these must be burned away before data accumulation for
jneooyTniunr=ean be started. Neodymium runs at about 1500° C; like
mostVaMe earth elements, it is extremely well behaved under
thermal/ionization conditions. When enough data for neodymium
have been collected, the temperature is raised to burn off the
excess. Cerium is run at about 1700°C; a complete isotopic
composition is not necessary since only the 142 and 144 positions
are of concern; only masses 140, 142, and, if total neodymium is
required, 144 are monitored. Mass 140 is monitored during
neodymium analysis to provide a reference for cerium corrections.



Ionization from resin beads

Early in the development of this technique, we observed that
performance characteristics during isotopic analysis were
improved when samples were loaded on resin beads in comparison to
samples loaded as solutions. An order of magnitude more sensi-
tivity in collection efficiency was observed. To investigate
this phenomenon, a secondary ion mass spectrometric analysis of
resin beads was performed.10 We found that, during analysis,
uranium stayed in the carbon skeleton of the bead and did not
migrate to any appreciable extent into the rhenium of the
filament. The bead thus served as a point source of ions,
enhancing the collection efficiency of the ion source, whose
lensing action is designed to operate on a point source.

It is known that a rhenium-carbon mixture has a higher work
function than pure polycrystalline rhenium.11 Ionization occurs
with about a factor of ten higher efficiency from such a surface.
The interface between the bead and the rhenium filament forms a
composite of this nature and thus ionization will take place
largely in this region. We found, in addition, that the carbon
skeleton of the bead slowly dissolves into rhenium substrate;
rhenium and carbon do not form a stoichiometric compound but are
mutually soluble. Figure 3 contains three electron micrographs
showing a pristine bead and two beads heated for -30 minutes at
1700°C. Dissolution of the beads from the side in "contact with
the rhenium is readily apparent; this was confirmed by elemental
distributions determined by secondary ion mass spectrometry.
Thus the carbon matrix serves as a reservoir of sample, de-
livering it to the ionization region as it dissolves in the
rhenium. This allows for more controlled evaporation of the
sample. An additional benefit is gained from the reducing nature
of the carbon matrix. With solution loadings, loss of sample as
oxide species (e. g., U0+, U02+) is an ever-present problem.
Using resin beads virtually eliminates evaporation as oxides,
contributing to enhanced ionization efficiency.

Ionization efficiency can be further enhanced by judicious
overcoating of the sample. While colloidal graphite (aquadag)
has the desired effect, greater benefit can be derived by
overcoating with rhenium, either by electrolytic deposition12 or
by depositing it as a finely divided powder as a slurry in
sucrose solution.13

RESULTS

A study of the comparative efficiency of plutoniuin ionization is
summarized in Table I. As can be seen, efficiencies of about 1%
can be realized, making possible acquisition of quality results
from analysis of subnanogram samples. Because of the dangers of
Plutonium to human health, it is desirable to minimize the
quantity of sample necessary for analysis. Table II presents



results for all three elements under consideration here to give a
unified example of the technique's performance.

One of the requirements of a new technique is that it yield
results at least as good as the one it is trying to replace.
Table III summarizes results from an international experiment
involving the International Atomic Energy Agency, the Power
Reactor and Nuclear Fuel Development Corporation of Tokai, Japan,
and ORNL.li Resin bead results are comparable to those obtained
from solutions; IAEA and PNC interaction has continued with a
series of similar experiments. A resin-bead sample round robin
administered by the U. S. National Bureau of Standards15 yielded
results that were, on the average, better than those obtained for
IDA-80, an international round robin using solution loadings.16

CONCLUSIONS

We have had more than ten years' experience now using resin bead
sample loading. The benefits are so great, and the implemen-
tation so simple, that it is now the method of choice for
introducing any sample into our pulse-counting mass spectro-
meters. If the analyte element is not amenable to separation by
resin bead methodology, we introduce a cation resin bead to the
filament to absorb the solution containing the analyte. In this
way, we can exploit the benefits accruing from thermal ionization
from resin beads without having to perform any separative
chemistry with them. We know from experience that the operations
involving the use microscopes tend to intimidate prospective
users. Their use is, however, much less formidable than it
appears: any technician can learn the necessary procedures in a
few days, and, with experience, introducing samples to filaments
on resin beads becomes quicker than as solutions, taking only a
few seconds.

We have used the technique in many applications other than those
described in this paper. These include support for the Three
Mile Island incident*? and determination of technetium in the
environment.18 A comparative study of the uptake of uranium,
thorium, and plutonium by plants and animals has been pub-
lished, is The three elements were analyzed sequentially from the
same filament; thorium was analyzed after uranium The range of
applications covers a wide variety of elements and sample
matrices and provides a convenient shipping medium as wall as a
handy vehicle for introduction of samples into the mass spec-
trometer. Other major advantages of the technique are simplified
sample preparation, both with regard to time and chemical
operations; improved mass spectrometric performance due to
enhanced ionization efficiency; reduction of contaminant species
such as 241 Am due to the separative powers of the beads; elim-
ination of loss of sample as volatile oxide species; and the
ability to run both uranium and plutonium.from the same filament.
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These are powerful arguments for widespread adoption of the
technique.
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FIGURE CAPTIONS

1. Curves for adsorption from 8M HNC-3 of various elements on
anion resin beads.

2. Resin bead separations and shipping apparatus.

3. Electron micrographs of resin beads before and after heating.

TABLES

I. Ionization efficiency of plutonium.

II. Pu-U-Nd results.

III. Result of joint IAEA-PNC-QRNL resin bead experiment.
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ORNL
ORNL
ORNL
ORNL
LANL
LLNL
KAPL

TABLE I. Comparative Ionization Efficiency for
Puz'e Pu Standards

Filament loading
Technique
Solution
Resin bead
RB/Re-C overcoat
Sol/Re-C overcoat
Re electrodeposit
Solution
Solution

Amount
Loaded, ng
1.0
1.0
1.0
1.0
10.
0.000125
1.0

% Efficiency
0.01-0.05
0.10-0.20
0.5-1.5
0.02-0.05
0.014
0.05
0.04

ORNL: Oak Ridge National Laboratory
LANL: Los Alamos National Laboratory
LLNL: Lawrence Livermore National Laboratory
KAPL: Knolls Atomic Power Laboratory
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TABLE II. Isotopic Compositions from a
Single Reactor Run (Atom %)

Starting Fuel
234 235 236 238

U 0.360 45.20 0.430 54.01

Spent Fuel
142 143 144 145 146 148 150

Nd 1.27 8.32 42.43 14.86 19.32 9.055 4.754

238 239 240 241 242 244
Pu 13.85 42.47 18.33 10.60 14.71 0.0023

236 238
0 0.296 1.578 11.128 86.998
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TABLE I I I . Results of Joint IAEA-PNC-ORNL
Resin Bead Experiment

Concentrations in Pg/g
Lab
PNC
IAEA
IAEA
ORNL

Lab
PNC
IAEA
IAEA
ORNL

Lab
PNC
IAEA
IAEA
ORNL

Technique
Conventional
Conventional
Resin bead
Resin bead

Isotopic
Technique
Conventional
Conventional
Resin bead
Resin bead

Isotopic
Tech 238
Conv 1.458
Conv 1.369
Bead 1.375
Bead 1.366

Total U
164.7
164.8
164.7
164.0

Composition,

Total Pu
1.507
1.492
1.498
1.492

, weight % U
234 235
0.0191 1.
0.0211 1.
0.0201 1.
0.0201 1.

Composition,
239
60.178
60.301
60.171
60.232

.0942

.0873

.0905

.0905

236
0.3746
0.3718
0.3699
0.3722

, weight % Pu
240 241
22.
22.
22.
22.

623 ir.
,642 11.
599 11.
635> 11.

238
98.
98.
98.
98.

515
433
624
529

512
519
519
511

24
4.
4.
4.
4.

2
227
206
231
239
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