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ABSTRACT

Isotopic measurements of the elements uranium and plutonium have been car-
ried out using laser-excited resonance ionization mass spectrometry (RIMS).
This technique makes use of the high elemental selectivity inherent in the res-
onance-ionization process which results in complete removal of isobaric (same-
mass) interferences. The requirements of the laser <cystem and atomization
source will be discussed with emphasis on maximizing the efficiency of temporal
overlap, thus increasing the sensitivity of the technique. Results will be
shown for resin-bead loaded samples containing a mixture of NBS standard refer-
ence materials of U and Pu at the nanogram level. Data will be presented which
demonstrate the selectivity, accuracy, and precision of RIMS compared to the
conventional thermal ionization technique.

INTRODUCTION

The technique of resonance ionization mass spectrometry (RIMS) has been
extensively studied in recent years (refs. 1-9). Work in our laboratory has
centered on understanding the physical processes involved in ionizing rare
earth (refs. 2,3) and actinide (ref. 4) elements using thermal filament vapori-
zation a.” pulsed dye lasers. This paper will describe the most recent results
for the elements uranium and plutonium, demonstrating the precision, accuracy,
and sensitivity achieved to date. The goal has been to make isotope ratio
measurements on these elements comparable to those obtained by the thermal ion-
ization method, incorporating the unique advantage of RIMS, namely its high
elemental selectivity which can reduce or eliminate isobaric interferences.

*Work sponsored by the U. S. Department of Energy, Office of Basic Energy
Sciences, under Contract W-7405-eng-26 with the Union Carbide Corporation;
J. P. Young received partial support from the Office of Health and Environ-
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DISCUSSION

Resonance ionization techniques are based on the photo-excitation of elec-
trons in free (gas-phase) atoms. Various schemes or excitation ladders, lead-
ing to ionization have been reported for nearly all, the elements proceeding
through one or more intermediate state and involving one or more wavelengths of
excitation energy (ref. 10). The simplest scheme (Scheme 1) involves absorbing
a photon of one wavelength, raising the electron from a low-lying energy level
(usually the ground state) to an allowed intermediate state. From this excited
state the atom can then be ionized by absorpiion of a second photon of the same
wavelength. This scheme can be applied to most of the ianthanide and actinide
elements.

In ciassical resonance ionization spectroscopy (RIS), the free electron
which 1s produced in the photo-excitation process can be multiplied and de-
tected in a gas proportional counter. However, more information can be ob-
tained by accelerating and mass analyzing the positive ion produced. The
hybrid technique of RIMS was developed to take advantage of the elemental
selectivity inherent in the resonance ionization process. This results in less
interference between elements having overlapping isotopes or isobars. An addi-
tional advantage is in the reduction of molecular ion interferences.

The 1isotopic analysis of U and Pu is important for fissile materials
accountancy and safequards. These two elements have an isobaric overlap at
mass 238 which degrades the accuracy of thermal ionization measurements. In
addition, 281py  suffers from overlap with its decay product 24]Am,
which grows in rapidly (ty/p = 14.3 years). These two interferences occur
when using the "resin-bead method" (refs. 11,12) of sample preparation, in
which both U and Pu are adsorbed onto anion resin beads which are then used for
the sequential mass spectrometric analysis of both elements. Americium is pro-
duced in situ and retained by the resin bead matrix. Delays of only a few
weeks between resin bead preparaticn and mass spectrometric analysis can result -
in a significant bias ir the 241py assay. '

OQur experimental set-up for RIMS consists of a flashlamp-pumped dye Tlaser
(Chromatix Model CMX-4, LCD/Milton Roy Co., Sunnyvale, CA) interfaced to a
2-stage magnetic mass spectrometer of ORNL design (ref. 13). The laser pro-
duces 5-10 mJ pulses of turnable radiation, 1 ysec in duration, with a 0.1 m (3
cm‘]) bandwidth. The pulses are directed into the ion source region of the
mass spectrometer by mirrors and a silica lens. The focused laser beam inter-
acts with a cloud of sample atoms produced by a heated metal filament in a man-
ner swmilar to tripie filament thermal ionization mass spectrometry. The laser
generated ions are accelerated and passed through two 90° magnetic sectors in



tandem (for abundance sensitivity of 1 x 106) and are collected by an elec-
tron multiplier detector operated in the current integration mode. Each bundle
of ions at a given mass produced by a single laser pulse is digitized and
accumulated in our computer (MINC-11, Digital Equipment Corp., Maynard, MA).
Typically, 7,000-10,000 pulses are accumulated during, an analysis for a major
ion species, with up to 30,000 pulses collected for a minor isotope. The total
number of ions collected for each isotope is approximately 5 «x 105, giving a
theoretical precision of +0.14%.

One problem associated with pulsed laser ionization is the poor temporal
efficiency. The laser is "on" for only 30 usec/sec, -for an efficiency of 3 «x
10°3. If the sample atoms are being produced continuously, there will be a
significant loss of sample during tha "off" time of the laser. Therefore, we
have implemented a pulser circuit to heat the sample filament briefly before
each laser pulse (ref. 14). It has also been found that the efficiency of this
pulser depends on the conduction of heat away from the filament between pulses.
Using heavy gauge Pt filament legs, it was found that sample utilization effi-
ciency was improved by a factor of 10 compared to continuous heating.

This pulser, along with optimization of the laser beam optics, has allowed
us to make high quality isotope ratio measurements with samples as small as 10
ng of U or Pu. The ratios shown in Tables | and 2 were obtained with samples
containing 10 ng of each element adsorbed on anion resin beads. The Pu and U
were analyzed sequentially from the same resin bead, with each analysis requir-
ing 15 minutes. The precision obtained for 240py/23%y s excellent,
+0.24%, and compares favorably with thermal ionization results for the same
size sample. Precision for the minor isotope 241py is not as good, reflec-
ting the smaller number of ions collected in the analysis. Results for
235y/238y from the NBS-500 standard are also quite good and compare
well with the +0.3-0.5% precision obtained by conventional single filament mass
spectrometry.

The analytical bias for these measurements appears to be a characteristic of -
RIMS, at least at the wavelengths used in this study. The U wavelendth, 591.5
nm, is known to be a three-photon scheme 1 process. This means that two trans-
jtions must match in energy closely enough to allow ionization with photons of
a single color (within the bandwidth of the laser). These three-photon transi-
tions seem to occur for many actinide elements due to their densely packed
upper energy levels. Since these processes originate at or near the ground
state, they are usually the most intense features in the ionization spectrum in
the wavelength range we used {R6G dye at 580-605 nm). The Pu wavelength used
was 588.1 mm and is also believed to be a three-photon transition.



TABLE 1 TABLE 2

RIMS - plutonium measurements RIMS - uranium measurements
Analysis 240Pu/239Pu 24]Pu/239Pu Analysis 235U/238U
] 0.2456 0.0353 1. 1.025
2 0.2471 0.0362 2 1.034
3 0.2467 0.0361 3 1.036
4 0.2460 0.0351 4 1.022
5 0.2469 0.0354 5 1.024
Avg. 0.2464 0.0356 Avg. 1.028
SD 0.0006 0.000% SD 0.0067
RSD 0.24% 1.4% RSD 0.65%
NBS Cert. 0.2414 0.0341 NBS Cert. 0.9997

Apart from the expected hyperfine splittings and isotope shifts of the
transitions involved, the three-photon excitation mechanism requires an exact
match of two transitions. The degree to which they match and the fine struc-
ture of each transition will result in more or less bias as a function of wave-
length for a given isotope ratio. The important consideration is, therefore,
how well can the wavelength (and thus the bias) be controlled from one analysis
to another. We have used a computer routine to locate the centroid of the U
Tine at 591.54 nm and that of a Ne line at 591.38 nm using the optogalvanic
effect in a U hollow cathode lamp. The computer automatically scans the Ne
line at the beginning of each analysis and sets the laser wavelength to the
same position on the U line with a precision which is better than the short-
term drift of the laser itself. The resulting precision in the isotope ratio
measurements can be seen in Table 2. )

The selectivity obtained for mixed U-Pu samples was determined from the
239p/235) ratio at both RIMS wavelengths and wusing thermal ionization.
At the Pu wavelength, 588.1 nm, a selectivity ratio of 200 was obtained for Pu
with respect to U, normalized to egual thermal ion signals. The selectivity
for U compared to Pu at 591.5 nm was found to be 3400. These values are not as
high as those reported elsewhere (refs. 5,7) for classical scheme 1 RIMS trans-
itions, but can be explained by non-resonant ionization processes, especially
for U, producing a "background" which is independent of wavelength.



Recent studies have sought to measure the ionization spectra of the actinide
elements Th, U, Np, Pu, Am, and Cm. Such studies provide information about
ionization routes {three- vs two-photon schemes) as well as help in the selec-
tion of analytical wavelengths for highest sensitivity and selectivity. It has
been found, for instance, that most actinide elements can be ionized via three-
photon processes originating near the ground state, and that these lines can be
the most intense in the spectrum. Other lines have been attributed to a two-
photon (scheme 1) mechanism originating from high-lying excited levels. These
excited states are probably populated by hybrid resonances occurring when small
molecular species such as dimers are photo-dissociated.

It was found that the analytical line of Pu, 588.1 nm, was close to a rela-
tively strong line of Am at 588.2 nm, thus potentially eliminating any selec-
tivity for Pu with respect to Am. However, in measurements of samples contain-
ing equal amounts of Pu and Am (verified by thermal ion signals), a selectivity
ratio for Pu of 15,000 was obtained at 588.1 nm. It appears that the Pu line
is a three-photon excitation process originating from the ground state, while
the Am line originates from a highly excited level and proceeds to ionization
via a two-photon process. The slight mismatch in wavelength between the Pu and
Am lines was responsible for the high selectivity observed.

SUMMARY

Laser-induced resonance ionization has been found to be a powerful tool when
ccupled with isotope ratio mass spectrometry. Our studies have shown that the
tonization process is frequently more complex than originally predicted. This,
however, provides the analyst with many possible routes, expanding the wave-
length range over which ionization can be accomplished. In addition, RIMS
represents a unigue tool for studying the processes of thermal atomization and
excitation of neutral atoms. In the future, we will continue to develop RIMS
into a viable analytical method, and to use it to probe physical anq chemical -

systems of interest.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed hercin do not necessarily state or
reflect those of the United States Government or any agency thereof.



