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Abstract

Accelerator mass spectrometry is an established technique for the detection of long-

lived radionuclides at environmental levels.  At LLNL, planned facility upgrades and

advances in detection techniques are allowing us to explore the applicability of AMS to

isotopes not previously pursued.  One such isotope is technetium-99.  We have performed

a number of preliminary tests to examine the technical feasibility of AMS for the detection

of 99Tc.  The questions addressed were negative ion production in the cesium sputter

source, transport efficiency for the ions through the spectrometer, and detection efficiency

for 99Tc ions after the spectrometer.  Based on the positive results of these tests, we have

begun to develop a measurement protocol.  Technetium is co-precipitated with rhodium,

added as a carrier, which provides a sample form appropriate for sputtering and an isotope

for AMS normalization.  The 99Tc is determined from the measured 99Tc/103Rh ratio. To

reduce interference from the isobar 99Ru,  an oxidation/distillation method was employed to

lower ruthenium in the rhodium stock solution.  Characteristic projectile L x-rays are used

for ion detection to allow further subtraction of 99Ru.  Results for a series of standards

demonstrated linearity and reproducibility.  A sensitivity of ~500 fg 99Tc was obtained in

this preliminary work, and indications are that a sensitivity in the low femtogram range

should be achievable.

                                                
*  This work performed under the auspices of the US Department of Energy by Lawrence Livermore National

Laboratory under contract W-7405-Eng-48.



2

1. Introduction

Technetium-99 is an abundant product of the nuclear fuel cycle, is a major component of

nuclear waste streams, and has been widely distributed in the environment.1  Because of its

presence in the environment, long half-life (2.1×105 y), and high mobility, studies of the migration

of this radionuclide are important.  

Several methods exist for the detection of 99Tc, the most sensitive of which are atom counting

techniques with sensitivities in the low femtogram range.  These methods are thermal ionization

mass spectrometry (TIMS),2 high resolution inductively coupled plasma mass spectrometry (ICP-

MS),3,4,5,6 and resonance ionization mass spectrometry (RIMS).7 The purpose of the present work

was to explore whether accelerator mass spectrometry (AMS)8 could be competitive with these

other techniques in sensitivity, sample throughput, ease of sample preparation, and/or analysis

cost.  The motivation for this work is to include 99Tc in a study of the migration of a suite of

radionuclides in semi-arid soils.

The lack of a stable technetium isotope presents a number of challenges for AMS

measurements.  In the AMS detection of other isotopes, such as 14C or 129I, the stable isotopes of

the element of interest serve as the yield monitor, chemical carrier, and sample matrix.

Radioactive-to-stable isotope ratios (e.g., 14C/13C) are then measured, correcting implicitly for time-

and sample-dependent variations in a number of factors such as chemical recovery, ionization

efficiency, acceleration efficiency, and ion transport through the spectrometer.

To allow AMS measurement of 99Tc, some other element (or collection of elements) must be

used as a sort of proxy, assuming the various roles normally filled by the stable isotopes.  The
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requirements of this proxy are: a stable isotope near, but not at mass 99; reasonable negative ion

production; good thermal and electrical conductivity; and a chemistry as near as possible to that of

Tc.  Overall, the best candidate available for this is rhodium, which has only one stable isotope,

103Rh, and a number of other technically attractive features.

A further challenge is presented by interference from 99Ru, a stable isobar of 99Tc with an

abundance of 12.7% of natural Ru.  This interference cannot be removed using the spectrometer,

and must be chemically separated from the technetium in the sample and from the matrix material.

An advantage of AMS in this respect is the high energy to which the ions are accelerated, which

allows the use of nuclear physics particle detection techniques for post-spectrometer particle

identification.  This enables additional rejection of certain interferences, including atomic

isobars, easing the requirements for the chemical separation and reducing the ambiguity present in

identifying ions by mass only.

In the present work, a number of preliminary tests were performed to address the following

questions: 1) the behavior of technetium and rhodium in the ion source, including the intensity and

efficiency of the negative ion production; 2) the charge states and energies accessible for mass 99

using the LLNL AMS spectrometer; 3) the detection efficiency for mass 99 ions and the rejection

of 99Ru using characteristic projectile x-rays; 4) the potential existence of unanticipated

interferences; and 5) the reproducibility of measured 99Tc/103Rh ratios.  These tests demonstrated

the technical feasibility of AMS for the detection 99Tc.  We are now developing protocols for

sample preparation and purification of the rhodium stock material, and are working to determine

the sensitivity and accuracy which can be achieved.

The following sections describe the feasibility tests, the protocols being developed, our first

measurements using blanks and standards, and the present status of our methods.
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2. Feasibility tests

Accelerator parameters

Measurements were performed using the 10 MV FN tandem accelerator at the Center for

Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory.9  At a terminal

potential of 9.0 MV and using a 5 µg/cm2 carbon stripping foil, yields for  99Ru- ions were

measured to be 9%, 9%, 9%, and 7% to the 10+, 11+, 12+, and 13+ charge states, respectively,

with an approximate uncertainty of ±1%.  Lower charge states are not accessible at this terminal

potential using the present AMS spectrometer.  The measured yields are consistent with expected

stripping values based on a calculation from Ref. 10.  For the 99Tc measurements reported here, the

12+ charge state was selected, for an ion energy of 117 MeV.

Detection of 99Tc ions using characteristic projectile x-rays

For 99Tc measurements, characteristic x-ray detection is used for post-spectrometer ion detection

and identification, replacing the standard gas ionization detector which is used for lighter isotopes.

Following analysis in the AMS spectrometer, the ions are incident on a thin foil.  As the ions lose

energy in the foil, there is some probability for electron vacancies to be produced in the ions,

inducing x-rays.  The energy levels, and hence the x-ray energies, are atomic number dependent

providing an identification of the ion by element.  This technique has been successfully applied at

LLNL to the detection of the long-lived isotopes of nickel.11  A diagram of the setup used for 99Tc

detection is shown in Fig. 1.

X-ray yields for 117 MeV 99Ru ions on a variety of targets were measured to provide an

estimate of the efficiency which could be obtained for 99Tc ions.  Target foils were placed 80 cm

from the x-ray detector, and the Ru x-ray count rate was compared to the Ru12+ current measured

in a Faraday cup immediately in front of the foil.  Measured yields for Ru Kα  x-rays on a variety
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of targets with atomic numbers Z=40-49 (Zr to In) were in the range 0.002-0.006 x-rays (into 4π)

per incident ion, with the peak value being Pd.  These yields were deemed too small to be practical

for AMS.  Cross-sections for the production of L x-rays are substantially higher, so additional

measurements were made, this time with a scandium foil (2 mg/cm2).  In this case, the measured

yield was ~4-5 x-rays per incident ion, when corrected for solid angle and attenuation in the target

and Be foils.  For the setup shown in Fig. 1 (foil approximately 1 cm from the detector crystal),

the ion detection efficiency can then be estimated to be ~0.06 measured counts per incident 99Ru

ion, which is sufficient for AMS measurements.

The drawback to the use of L x-rays is the limited isobar rejection which is obtained.  Because

of the number and spacing of the L lines, combined with Doppler and atomic level broadening and

the finite resolution of the detector, the peaks for Tc and Ru x-rays are poorly resolved (see Fig. 2).

The separation is only about one half-width at half maximum.  The line shapes however are very

stable and can be well-determined from measurements of blanks and standards, allowing the two

peaks to be unfolded.  With proper background subtraction and sufficient statistics, the detection

limit for 99Tc can be on the order of ~1% of the 99Ru level.  For 99Tc levels above this, the

characteristic x-rays provide unambiguous identification and quantification of the 99Tc.

Tc negative ion production

The cesium sputter ion sources typically used in AMS require solid sample matrices which are

thermally conductive, have low vapor pressures, and have melting points of at least a few hundred

degrees Celsius.  Pressed rhodium powder satisfies these requirements, and produces 103Rh-

currents of greater than 20 µA.  (For 99Tc measurements the source was typically run at a reduced

output, 2-4 µA 103Rh- , to extend sample lifetime.)  

For measurements of the Tc negative ion production, a set of samples was prepared containing

elemental 99Tc in a Rh matrix.  Dissolved Tc and Rh were converted to elemental form by
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electrodeposition in a sulfuric acid medium.  Removal of the Rh and Tc from the solutions was

quantitative, and the result was a fine black powder which was dried and packed into a standard

AMS cathode made of aluminum alloy. The  99Tc- current was estimated using the ratio of the 99Tc

Kα  count rate obtained on a Zr target to the rhodium current measured after the accelerator.  This

ratio was converted to an effective  99Tc- current using the measured x-ray yield for a Zr target and

the known 99Tc/103Rh ratio in the samples.  Relative to a 103Rh- current of 3.5 µA, the effective  99Tc-

current (i.e., the current that would be expected from a pure 99Tc target) was estimated to be ~0.5-

0.6 µA.  Combining this value with the expected lifetime of a sample, it was estimated that an

efficiency for conversion of sample 99Tc atoms into 99Tc- ions of 0.4-1×10-3 could be obtained.

With the ion source run at full output, a current of several µA could presumably be obtained, but

this would lead to a lower overall ionization efficiency.

3. Measurement of 99Tc by AMS

The results of the feasibility tests indicated that a total system efficiency (defined as the number

of detected 99Tc counts divided by the number of 99Tc atoms in the sample) of 2-8×10-6 could

potentially be achieved, implying >100 detected counts for a sample containing 10 fg of 99Tc (6

µBq, or 6×107 atoms).

Determination of the sensitivity and accuracy of the method requires two further developments:

a sample preparation procedure and a means to remove ruthenium from the rhodium stock

solution.  To realize a detection limit of ~10 fg, total Ru in the prepared sample, including Ru from

the Rh carrier, must be reduced to less than ~10 pg.  For 1 mg Rh carrier, this corresponds to a

Ru/Rh ratio of < 10 ppb.
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Sample Preparation

To obtain reliable 99Tc/103Rh ratios, the 99Tc must be homogeneously distributed throughout the

rhodium (a necessary, but not sufficient condition).  As an alternative to electrodeposition,

chemical reduction using borohydride was applied to convert dissolved Tc and Rh to the metals.

In the sample preparation, aqueous samples containing 99Tc as pertechnetate are combined with

rhodium stock solution which had been purified of Ru as discussed below.  A 2% solution of

sodium borohydride is added dropwise, resulting in a fine precipitate which can be kept in

suspension with shaking until the sample is centrifuged.  Following centrifuging, a few more

drops of borohydride are added to verify complete precipitation, then the supernatant is removed

and the sample washed.  Liquid scintillation counting of the supernatant was also employed in

some instances to verify the quantitative precipitation of 99Tc.  The precipitate is then dried and

packed into an AMS cathode for measurement.

Chemical removal of ruthenium from rhodium stock solution

Solutions of ruthenium can form a volatile oxide (RuO4) when treated with strong oxidizing

agents.  To remove the ruthenium traces present in the Rh stock solution, aliquots containing 1 to 5

mg of Rh were treated with 10 ml of a saturated potassium peroxydisulfate solution and

evaporated nearly to dryness.  The residue was dissolved in ~5 ml of deionized water.  The

procedure reduced the Ru/Rh ratio from ~70 ppm to ~80 ppb as measured by AMS.  This is a

very significant reduction of the Ru interference and it appears that the desired Ru/Rh ratio of 10

ppb can be attainable with improvements to this method.  Also, it is important to point out that

throughout the procedure no special purity reagents or materials were used.

Measurement of 99Tc standards and blanks

The methods described above were applied to a set of 99Tc standards and blanks to determine

the linearity and reproducibility of 99Tc/103Rh ratios.  For these runs, the foil was set at 3 to 10 cm
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from the detector crystal.  The results of this first test are shown in Figs. 3 and 4.  The rms relative

deviation of the measured points from the nominal values was ±15%.  The measured ratios for

individual samples were observed to drop slowly (typically within 5%) for most of the

measurement time, but dropped significantly toward the end of the sample lifetime.  This would

seem to indicate that the variation in the ratios is largely due to depletion of Tc relative to Rh caused

by differences in the sputtering rates, and that this depletion becomes more enhanced when only a

small amount of sample is left.  Given this explanation for the variation, it should be possible to

reduce the effect by using larger sample sizes.    For the samples shown in Figs. 3 and 4, the total

Rh in each sample was ~3 mg.  From Fig. 4, the detection limit can be establish between 5-7 pg.

However, ruthenium levels in these samples were relatively high (~1 ppm).  In a subsequent run,

the detection limit observed was between 500 to 600 fg.

Measurement  of spiked and unspiked soil samples

The measurement of Tc requires separation and concentration from the soils.  This can be done

using a TEVA-spec column (Eichrom Industries).  Preliminary tests using LSC were performed

on spiked soil samples.  The soils were leached with deionized water overnight and then filtered

with a 0.22-µm disposable filter.  After the addition of 10 ml of 30% H2O2, the filtrates were

boiled for about 2 hours to ensure the oxidation of Tc to TcO4
-.  After cooling, the filtrates were

passed through the TEVA-spec column.  The column was rinsed with diluted HNO3 (0.1 to 1 M).

Subsequently, the Tc was eluted with 10 ml of 6 M HNO3 and measured by LSC.  It was found

that 90 - 95 % of the Tc was recovered.

In our first attempt to measure Tc in spiked and unspiked soil samples by AMS, the

sensitivity was impaired by an interfering x-ray line from sulfur.  This could be explained by the

formation of a stable molecular ion of mass 99 between 63Cu and 36S.  In the future, this

interference could be avoided by switching to a 10+ charge state in the AMS determination.  The
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spiked sample showed a recovery of ~60 %, which is lower than the previous tests but can be

explained by experimental losses with this particular sample. The results for the unspiked samples

were inconclusive because of the sulfur interference.

4. Conclusions

This study demonstrates that it is feasible to measure 99Tc using AMS.  Preliminary work

already show a sensitivity of ~ 500 fg and good linearity.  In the future, we plan to move the foil to

1 cm from the detector crystal to increase the solid angle, and thus increase the sensitivity.  Also,

switching  to charge state 10+ should avoid  sulfur interference.  Further work will focus also on

reducing ruthenium levels in the sample matrix and optimizing x-ray production and ionization

efficiency.
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Figure Captions

Fig.  1.Detection of 99Tc ions using characteristic projectile x rays.  Following analysis in the AMS

spectrometer, the ions are incident on a target foil.  The induced x rays are detected with a

HPGe detector.  A Be absorber is included to stop the ions and to attenuate low energy x

rays.

Fig.  2.Characteristic projectile x-ray spectrum for 99Tc and 99Ru ions.  Spectra taken for 117 MeV

ions incident on a 2 mg/cm2 scandium foil.  By summing the counts in separate Tc and Ru

windows, the contribution of Ru counts in the Tc window can be subtracted.  A detection

efficiency of 0.06 measured counts per incident 99Tc ion is obtained under these conditions.

Higher efficiencies may be obtained with optimum choice of target material and thickness.

Fig.  3.Measurement of 99Tc in standards by AMS — first attempt.  The rms relative deviation of

the measured values from the nominal was ±15%.  The observed variations are thought to

be caused largely by fractionation between Tc and Rh in the sputtering process as samples

reach depletion.  This effect can be minimized by changes in the sample matrix and

packing.

Fig.  4.Measurement of 99Tc in blanks and standards by AMS — first attempt.  The minimum

detection limit in this case, based on the typical statistical uncertainty for the blanks, was

approx. 5-7 pg.  Ru levels in these samples were 1.5-2 ng per sample.  The detection limit

obtained in a subsequent run was 0.5-0.6 pg.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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