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A B S T R A C T   

Environmental detection of trace isotopes 233U and 236U are important forensic signatures for identifying ura
nium ore materials or tracking anthropogenic releases from weapons fallout or nuclear reprocessing. Currently, 
Accelerator Mass Spectrometry (AMS) is the only method sensitive enough to detect signatures of 233U/U and 
236U/U at the natural level due to the molecular interferences of 232ThH and 235UH, respectively, often present in 
conventional mass spectrometry. In this work, we detail the AMS capabilities of actinides developed at the 
University of Notre Dame’s Nuclear Science Laboratory (NSL). For the first time in our laboratory, we have 
measured isotopic ratios of 236U/U and explored additional signatures of 233U and decay chain products 231Pa 
and 230Th in both natural ore material and two National Bureau of Standards samples. In this work we estimate a 
system sensitivity for 236U/U of 1.4 × 10−11 and characterize the simultaneous detection of 233U, 231Pa, and 
230Th.   

1. Introduction 

The study of trace actinide isotope ratios within ore deposits pro
vides insight into potential conditions of geological repository sites 
[1,2]. More specifically, 236U/U signatures measured down to natural 
level (10−14 −10−10) that are a direct result of the neutron flux within 
the site [2]. Production of 236U (t1/2 = 23.42(4) Myr) [3] is dominated 
by neutron capture on 235U (t1/2 = 704(1) Myr) [4]. This production will 
be elevated in a high neutron flux environment and additional produc
tion channels are possible with fast neutrons via the (n, 3n) reaction. The 
detection of 236U has been closely studied with accelerator mass spec
trometry (AMS) as it is the only technique capable of measuring with a 
sensitivity that covers the aforementioned range of natural abundances 
[5]. 

Due to technological advances within AMS facilities, additional 

actinide isotopes down to ultra-trace levels have become accessible. For 
example, 233U, which is anticipated as several orders of magnitude 
below that of 236U, has been measured within water and air filter sam
ples [6–8]. The production of 233U (t1/2 = 1.592(2) × 105 yrs) [9] re
quires either sufficient 232Th content for neutron capture followed by 
the β− decays of 233Th and 233Pa or fast neutrons for (n, 3n) reaction on 
235U. Since this differs from that of 236U the combined 233U/236U 
signature is gaining traction for its use assisting with the identification of 
anthropogenic sources. 

Within uranium ores, additional actinide isotopes accumulate 
because of the uranium decay chains. Work by Zhao et al. 2019 sug
gested that simultaneous detection of decay products using AMS may 
provide several unique signatures. For reprocessed materials, chemical 
treatment may remove isotopes with characteristic efficiencies [10]. 
Similarly, non-purified ore will accumulate well within the range of 
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decay counting or commercial mass spectrometry techniques and both 
231Pa/235U and 230Th/234U ratios have been used for dating a variety of 
environmental materials [11,12]. The signature of a natural sample 
which has reached secular equilibrium will be observed with ratios of 
231Pa/235U = 4.65 × 10−5 and 230Th/234U = 0.307. Suppression or 
elevation of these ratios which deviate compared to a known age would 
indicate the sample was not sufficiently isolated in the environment. In 
the case of nuclear forensic applications, the study of 231Pa/235U and 
230Th/234U signatures have been used for dating of enriched uranium 
material since the time of chemical processing and may alternatively 
prove insightful as to the quality of the chemical purification. These 
previous studies required extensive chemical preparation to extract Pa 
and Th. For newly processed depleted material, these signatures are 
anticipated to be low enough that these techniques would require large 
sample sizes, making spectroscopic techniques unfeasible. Due to the 
high level of sensitivity of AMS, they could be added alongside 236U and 
233U [10]. 

In this paper, we present the measurement procedure used for acti
nide detection, which has been used for the first time in our laboratory. 
Since no standardized material within the natural 236U/U range of in
terest is commercially available, absolute measurements are reported 
and cross-referenced with material that has been measured at other fa
cilities and two 235U National Bureau of Standards (NBS) standard ma
terials. We detail the development of our actinide AMS capabilities, 
stating our determined sensitivities for 233, 236U/U, 231Pa/235U, and 
230Th/234U. To support our evaluations we compared our determined 
236U/U ratios with those previously measured and reported in literature 
and present values for materials for which, to our knowledge, have not 
yet been reported. Finally, we assess 231Pa and 230Th with what would 
be expected for natural material and the NBS standards. 

2. Experimental methods 

2.1. Sample selection and preparation 

Most of the ore materials used in this study were selected from the 
Ewing collection housed at the University of Notre Dame. This collection 
is the largest collection of radioactive rocks and minerals in an academic 
setting in North America, with more than 1,300 individual specimens. 
Previously material from this collection has been studied using a variety 
of measurement techniques; however, this is the first study of these 
samples using AMS. Aside from location and mineral form, other in
formation surrounding the sample collection process is unknown as 
many were collected decades ago. Additional samples used for valida
tion of our procedure were sent to us from the Racah Institute of Physics 
at the Hebrew University of Jerusalem, some of which are believed to be 
the same material measured in Berkovits et al., 2000 [13]. 

Samples were prepared by acquiring loose powder or small frag
ments of the larger specimens. Only a few mg of each was used, and 
these were ground into a fine powder with a mortar and pestle to ensure 
uniformity of the material. Between samples, the mortar and pestle were 
cleaned with 5 M nitric acid and rinsed with isopropyl alcohol. They 
were then placed in a sonic cleaner for 15 min and then baked at 120 ◦C 
to drive off any remaining liquid. A portion of sample material was 
pressed directly into a 40-wheel vacuum-cleaned aluminum cathode 
purchased from National Electrostatic Corp. The rest of the sample 
material was mixed with varying amounts of 97.5 % aluminum powder 
purchased from Alfa Aesar at roughly 1:1 by volume. Aluminum is used 
as a binder material to assist with conductivity and fill volume to permit 
the use of small quantities of sample material in the cathode holders. 
Since the material has not been chemically treated, the sample material 
were present in a variety of mineral forms including uraninite (UO2+x), 
boltwoodite ((K,Na)(UO2)(SiO3OH)(H2O)1.5, and clarkeite (Na(UO2)O 
(OH)n(H2O)). The processed material measured originated from the 
National Bureau of Standards, now the National Institute of Standards 
and Technology (NIST), and were in the form U3O8. 

2.2. Instrumentation 

A schematic of the relevant sections of the accelerator system are 
shown in Fig. 1. Negative molecular ions UO-, PaO-, and ThO- were 
produced from a multi-cathode cesium sputtering source (MC-SNICS) 
built by National Electrostatics Corp. Energy filtration was performed 
immediately following the ion source with a 45◦ Electrostatic Analyzer, 
followed by a 90◦ injection magnet for mass selection prior to acceler
ation. Slits located at the entrance of the injection magnet were posi
tioned at ±1 mm in the horizontal plane and ±3 mm in the vertical 
plane and, at the exit of the magnet, were ±0.5 mm in horizontal plane 
and ±3 mm in the vertical plane, resulting in a mass resolution of M/Δ 
M = 425. A mass scan of two different samples is shown in Fig. 2 and 
demonstrates the variable compositions of the material. Beam currents 
of 238U16O- were measured to be between 0.5 and 80 nA across the 
various sample materials. This selection of the single oxide molecular 
form is the most common selection for the actinides amongst AMS fa
cilities, although fluoride molecules have been suggested as a possible 
solution towards combating ion source memory effects and ionizer 
poisoning [14]. 

Using a terminal voltage of 4.42 MV and selecting the 9 + charge 
state resulted in a beam energy of 43.9 MeV for 238U, which was used as 
the initial tuning beam and as a reference point in which to scale the 
terminal voltage for other isotopes. These settings were a compromise 
between predicted charge state occupations, terminal voltage stability, 
and limitation of the maximum rigidity of the analyzing magnet 
(1.44 Tesla ⋅ m), which operated at 98 % of the maximum field. Despite 
successes of gas stripping at other facilities, foil stripping was found to 
be a more practical choice for our system. Even though gas stripping 
reduces angular straggling, our system currently lacks terminal re- 
circulation, which means the stripping gas must exit by traversing the 
length of the acceleration tubes. As has been identified by other facilities 
and confirmed with internal observation, secondary stripping within the 
acceleration tubes caused by bad vacuum may introduce additional 
background. Neighboring isotopes will strip somewhere within the ac
celeration tube and acquire a wide range of energies. Some of the 
resultant energy and charge state combinations will match the rigidity 
required to reach the detector system [15]. The expense of the selection 
of carbon foil stripping was that frequent measurements of the trans
mission and occasional changing of foils were required due to foil 
degradation. 

Following the analyzing magnet, a switching magnet steers the beam 
to the dedicated AMS beamline, described in Clark et al. 2023 [16]. On 
this beamline, a Wien Filter further suppresses neighboring contami
nants and was found to suppress neighboring actinide isotopes by a 
factor of ∼ 20 while operated at 95 % maximum field with vertical slits 
(positioned 4.1 m following the Wien Filter exit) with a slit gap of ± 1.5 
mm. Demonstration of the suppression of the Wien Filter alone is shown 
in Fig. 3. 

The final identification and detection of heavy-ions are performed 
using a combination of detectors which feature a Faraday cup, an ioni
zation chamber detector, and time-of-flight system. Further details 
about the ionization chamber (IC) detector and time-of-flight system 
which uses two microchannel plate detectors can be found in Clark et al. 
2023 [16]. 

2.3. Isotope identification 

2.3.1. U-236 spectra 
The identification of 236U was supported through the comparison to 

simulation described in Clark et al. 2023 [16] and is shown in Fig. 4. It 
was found that the resolution provided by the IC was critical to 
discriminate additional contaminants of 209Bi8+ and 186W7+ which had 
times-of-flight between the neighboring U isotopes. These additional 
contaminants have not to our knowledge been discussed in literature, we 
believe the presence of these contaminants are due to the lack of 
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Fig. 1. Schematic layout of the system for AMS at the NSL. Negative ions are injected into the tandem and stripped with a selection of gas or a carbon foil. Positive 
ions are selected by the analyzing magnet and sent down the beamline dedicated for AMS for further filtration and detection from either the time-of-flight system for 
heavy ions or the Browne-Buechner spectrograph operated in gas-filled mode for isobaric discrimination. See Section 2 for more information. 

Fig. 2. Mass scans recording the current following the injection magnet are shown. Spectra (a) is for a sample from Rabbit Lake, Sask., Canada and (b) is from the 
Oklo reactor site Zone 9 in Gabon, Africa to demonstrate the varied composition of non-treated material within the mass range of interest for UO- injection. Some, but 
not all, peaks have been identified which are suspected to contain measurable quantities of major uranium isotopes. 
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Fig. 3. The superposition of scans with normalized intensities shown for 234, 235, and 238U and 230Th with only the Wien Filter voltage varied. The projected peak 
positions for 236U and 233U are shown. The suppression factor of the neighboring isotope one mass unit below as determined by the 235U rate at the 236U voltage is 
124 and the FWHM of the distributions indicate a M/Δ M of 305 for the Wien Filter alone. 

Fig. 4. Experimental and simulated spectra for the mass 236. Spectra (a) show a 1.5 hr run from sample Ewing 508: Rabbit Lake with contaminant identifications and 
regions. In contrast, (b) shows a simulated spectra using a GEANT4 simulation. The identification of the simulated ions are labeled and demonstrate good agreement 
with the data. 

A.M. Clark et al.                                                                                                                                                                                                                                



Nuclear Inst. and Methods in Physics Research, B 548 (2024) 165253

5

chemical purification of the sample materials. Yet, due to the energy 
resolution of the detector system they were determined not to interfere 
with our measurements. Spectra gated by energy are shown in Fig. 5 and 
demonstrate the final spectra used for isotope ratio determinations. 

2.3.2. Additional actinide isotopes 
Additional isotopes 233U (see Fig. 6), 231Pa (see Fig. 7), and 230Th 

(see Fig. 8) were explored for this work. In each case, time-of-flight 
versus energy spectra demonstrate our capabilities and highlight the 
importance of refining the various slits along the system to optimize the 
mass resolution of each filtering element. 

2.4. Measurement procedure 

Due to variable ion source currents, as well as the total particle 
transmission through the accelerator system (0.04–0.06 % as measured 
from the NEC Faraday cup to the AMS Faraday cup), 238U9+ currents 
measured at the end of the beamline were typically less than 200 elec
trical picoAmperes. In order to reduce measurement uncertainties 
resulting from these currents, the method of measuring with respect to 
an attenuated 235U beam was adopted. The stability and accuracy of this 
method was determined through periodic measurements of the 
235U/234U isotope ratio. The attenuation factor of a mesh attenuator 
positioned at the exit of the Wien Filter was determined by comparing 
detector rates with and without the mesh attenuator. Beam intensity was 
reduced to rates safe for the detector system prior to acceleration. Since 
the attenuation factor can often depend on the beam tune, the attenu
ation factor was remeasured following any change to the focusing ele
ments. The result was found to be a factor of 136 ± 5 reduction in beam 
rate. 

The measurement procedure required periodic switching between 
several masses of interest. For each sample material, transmission 

measurements using 238U were performed at the beginning and end of 
the measurement cycle, followed by 5 minute measurements of the 
attenuated 235U and non-attenuated 234U. The 235U/234U ratio served 
both as a confirmation that the material reflected natural concentrations 
and to monitor for system stability. Next, a longer counting sequence of 
the rare isotopes was performed, 3 hours for 236U broken up into runs 
of, at most, 30 minutes, and ended with re-measurements of 235U and 
234U. The sequence either followed by another long measurement of a 
trace isotope of interest or ended with a final transmission measurement 
depending on the counting statistics or ion source output. During each 
run, 238U was recorded on an offset Faraday cup on the low-energy side 
due to the jumping capabilities of the injection magnet bias voltage. 

Switching between isotopes on our system requires several minutes 
to change the injection system, terminal voltage, Wien Filter voltage, 
and insert the proper attenuation and/or measurement system manually 
on the beamline. To avoid hysteresis within magnetic elements along the 
system, only electrostatic elements are scaled for each mass. These set
tings are first determined through calculation and then optimized by 
maximizing count rates within regions of interest on the detector system. 

In addition to measurements of 236U isotopic ratios, additional long- 
lived isotopes of 233U, which provides a strong indication of reprocessing 
activities, as well as 230Th and 231Pa were explored using the same 
procedure. 

2.5. Isotopic ratio determinations 

The determination of isotopic ratios for this study deviated from 
what is commonplace for most studied AMS isotopes. First, there was no 
true blank material that could be used for simplistic background cor
rections. The subtraction of background instead was performed through 
fits of the neighboring contaminant when possible. All remaining counts 
within the region of interested had to be regarded as true events. 

Fig. 5. Two example spectra from a subset of data collected for Ewing:453 and CC373 samples with an energy software cut applied using IC energy loss information. 
The identification of the particles remaining are shown and the counts attributable to 236U can be identified with the time-of-flight information. Regions have been 
circled here to guide the eye to anticipated energy and time-of-flight regions for each isotope of interest, but they do not explicitly represent the regions of interest 
used for analysis. 
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Additionally, an in-house calibration series was not produced as the 
chemistry procedures are not yet established within our laboratory. 
Therefore, the measurements of unprocessed material and their reported 
values serve as our point of comparison. The determination of the con
centration was performed via the following expression 

Trace
Utotal

=
Trace

235U

( 235U
Utotal

)

natural

=
Ntrace

A × N235

t235

ttrace

I235

Itrace

ε235

εtrace

( 235U
Utotal

)

natural
,

where Trace refers to the trace isotope being measured, Utotal is the total 
uranium content, 235U is the 235U content, N is the number of counts of 
the trace isotope or 235U, t is the counting time for the trace or 235U 
measurement, I is the averaged 238U current measured on the offset cup 
labeled as recorded during either the 235U or trace isotope run, ε is the 
efficiency for detection of 235U and the trace isotope, which incorporates 

electronic deadtime and transmission through the detection system, and 
A is the attenuation factor of the mesh attenuator. 

An assessment of 235U/234U was used as both a diagnostic tool of the 
accelerator system stability and a verification method to determine if the 
sample material composition was consistent with expected natural 
abundances. A plot of the determined 235U/234U ratios for each sample is 
shown in Fig. 9. These ratios are shown with a comparison to ‘natural’ 
abundances for 235U/U (0.7204(6)%) [4] and 234U/U (0.0054(5)%) [17] 
as reported in literature which suggest a 235U/234U ratios = 133 ± 12. It 
was found that the majority of the samples from this study were within 
good agreement to this ratio with notable exceptions being the Oklo 
samples and U-005 material. In the case of the Oklo material, it was 
anticipated that the 234U concentration would be in secular equilibrium; 
however, the depletion of 235U for these samples were not known. 

For the U-005 sample it is known that the 235U level is depleted and 
these values were compared to the certified values. The determined 
235U/234U ratio of 230 ± 12 was within good agreement of the expected 
value of 225 ± 4 using its reference certificate [18]. 

2.6. Cross-talk background 

In order to support validity of low statistics measurements, we 
investigated the possibility of background contamination due to the 
binder material and cross-talk within the ion source between samples. 
Measurements of samples of Al powder used as a binder yielded no 
background counts within the mass 236. Additionally, no observable 
discrepancy was found for measurements of uranium samples with and 
without the binding Al. To explore cross-talk, pure Al was sputtered 
immediately following measurement of a uranium sample. It was found 
that 238UO- current remained measurable (several nA initially) on the 
low energy Faraday cup for several minutes before falling below 
detection levels due to “ion source memory”. When sending mass 238 to 
the detector system, it was observed that the detectable 238U beam in
tensity continued to decrease before reaching a plateau of ∼ 300 counts/ 
s after ∼ 1 hr of sputtering. Therefore, in order to reduce cross-talk be
tween samples, each sample was sputtered for 1 hr prior to using data for 
analysis. Using this condition, we calculated that given the observed 
background rate of 238U on the detector the isotopic ratio within the 
aluminum powder or from the ion source cross-talk need to be on the 
order of 236U/U ∼ 10−3 to elevate a sample measurement (which is 
unlikely). 

A similar study was not performed to determine binder contributions 
to 230Th or 231Pa, but should be re-visited if further determinations of 
these isotopes are pursued. However, the measurements of the NBS 
standards indicate that the background level is no more than the lowest 
recorded values, and we calculate that the levels obtained are consistent 
with the expected orders of magnitude given the NBS sample ages, 
although it is acknowledged that these measurements have large, 
attributed uncertainties. 

3. Sensitivity determination 

Since no ‘blank’ 236U material exists, indirect determination methods 
through 239/238 mass ratio [19,20], or through Gaussian fitting and 
subtraction of contaminating 235U [21,22] are used to estimate system 
sensitivities. In this work, since we elected not to chemically process 
material, a sample known to be void of mass 239 was not available. 
Additionally, we found that an intense low-energy contaminant pre
vented a determination due to a similar time-of-flight and pile-up within 
the IC. Therefore, we systematically explored the suppression of the 235U 
current from the injection system, accelerator, Wien Filter, and the 
detection system. The resultant suppression factors are given in Table 1. 
From these factors we determine that the suppression of the accelerator 
system alone was estimated to allow for measurement of 236U/U = 5.9 ×

10−10. This, of course, is dependant on the level of the 235UH- formation 

Fig. 6. Spectra for mass 233. The top spectrum shows energy loss information 
from the two anodes of the IC, while the bottom spectrum shows the summed 
energy vs the time-of-flight. The data in these spectra are a sum of runs taken 
for an ore sample and a purified uranium sample found to be elevated in 233U. 
The ore material contributed contamination identified as 207Pb8+. The channels 
for energy and time-of-flight differ from other figures in this section due to 
differences in detector settings. 
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from the ion source. An additional factor of 75 was determined when 
using the detector system to remove ions well outside of the region of 
interest in energy and/or time-of-flight as the targeted ions. The resul
tant estimate of the overall system sensitivity is 236U/U = 1.4 × 10−11. 
This could be improved further with more restrictive cuts on the regions 
of interest or improvements to the detector system’s resolution but was 
estimated to be adequate for the samples studied. 

4. Results and discussion 

4.1. U-236 determinations 

The determined values for the isotopic ratios from this study are 
presented in Table 2 where uncertainties have been fully propagated to 
include other contributions beyond counting statistics. In cases where 
multiple independent measurements were possible, the listed uncer
tainty is either the error on the mean given by the standard deviation 
over the root of the number of measurements or the propagated un
certainty on the average, where the larger of the two was chosen. 
Validation of these values for 236U/U was performed through the mea
surement of uranium materials originating from previously measured 
locations, specifically Rabbit Lake (1.12 ± 0.06 × 10−10) [23], Cigar 
Lake (3.3 ± 0.5 × 10−10 [13], 5.6 ± 1.5 × 10−10) [24], Great Bear Lake 
(6.2 ± 2.2 × 10−10) [25], a depleted uranium NBS standard U-005 
(4.66 ± 0.05 × 10−5)) [18], and a “natural uranium” NBS standard 
(8.2 ± 0.6 × 10−6) [13]. It was found that our results for these materials 
were in good agreement with these evaluations at other facilities and our 

Cigar Lake value favored the more recent measurement. A plot of the 
evaluated isotopic ratio compared to values found in literature are 
presented in Fig. 10. 

The largest deviations followed from sample materials CC373, 
CC374, and Great Bear Lake. CC373 was believed to be the material used 
in the Berkovits et al. 2000 [13] study and CC374 was to be the same 
material but stored in separate vials. For this material, the Berkovits 
results were not reproduced and suggested sample contamination. It is 
possible that during the past 22 years of storage, which was near both 
the 950b and U-005 material, that cross-contamination occurred. 
Measurable contamination at this low level is easy and further demon
strated by an isolated sample of the CC373 measured which was 
believed to be contaminated from a mortar and pestle used for actinide 
target production performed in our laboratory. Although the source of 
contamination cannot be known for certain, if it came from either U-005 
or 950b then it would only take on the order of 0.1 mg to raise a 5 g 
sample of Cigar Lake material by one order of magnitude while having a 
negligible effect on the other ratios measured. In a report from Fields 
et al. 1976, it was even suggested that contamination was observed due 
to trace levels of airborne uranium which was measured to contain 236U/ 
U content on the order of 10−6 [26]. 

Similarly, the Great Bear Lake sample was measured lower than what 
has been reported in literature. In Rokop et al. 1971 [25], the material 
was described as processed ore. It is further described as being undoc
umented and identified only as from Port Hope and was “probably 
mined as pitchblende at Great Bear Lake”. Whether the material was 
elevated from cross-contamination, was irradiated, or was from another 
place of origin is unclear. 

Fig. 7. Spectra at settings for mass 231. (a) Shows a 5 min run from sample Ewing 508: Rabbit Lake while the system slits are wide open for tuning. In contrast, (b) 
shows 15 min of the Ewing 692: Oklo Zn. 9 sample with the slits in their final positions as described in the text. 
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Fig. 8. Spectra at settings for mass 230. (a) Shows a 5 min run from sample Ewing 508: Rabbit Lake while the system slits are wide open for tuning. In contrast, (b) 
shows 15 min of the Ewing 692: Oklo Zn. 9 sample with the slits in their final positions as described in the text. 

Fig. 9. The ratios for each sample demonstrate good agreement for ore samples which were anticipated as containing natural concentrations of the three primary 
uranium isotopes. Sample U-005 was consistent with its certificate value and the Oklo samples were consistent with being depleted in 235U. 
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The largest contributor to the uncertainty of the measured isotopic 
ratios was the statistical uncertainty. Due to the beam current output, 
accelerator transmission, and low 236U content, the count rate on the 
detector was limited. 

4.2. Pa-231 and Th-230 dating exploration 

The use of the high sensitivity and simplified sample preparation 
provided by AMS may allow for more sensitive applications of radio
isotope dating with 231Pa and 230Th. In natural materials where these 
levels have reached high isotopic ratios, current dating techniques of 
alpha spectroscopy or commercial mass spectrometry are sufficient. 
However, as inventories of processed uranium materials have aged since 
the beginning of the atomic age, the application of this dating technique 
could provide insight into when the uranium was last processed. This 
technique has been explored in several studies of enriched 235U mate
rials [27–29]. 

In order to explore the feasibility of multi-isotope determinations 
with our system, the electrostatic and magnetic elements were scaled to 
measure 231Pa and 230Th. The results are presented in Table 2 and shown 
in Fig. 11. As noted previously by Zhao et al. 2019, cross element AMS 
determinations are difficult to assess and, in many cases, should be 
viewed as neither precise nor accurate [10]. Reference materials to 
determine ionization efficiencies within the ion source were not avail
able for this study. However, it may be expected that the behavior will 

follow measurements with similar ion sources. Therefore, the presented 
values have been corrected for ionization efficiency using results from 
Fifield 1997 [30] and Christl et al. 2007 [31]. The relative ionization 
efficiencies for XO- formation were reported to be 2.87 ± 0.33 for U/Th 
and 2.15 ± 0.20 for U/Pa from these two studies respectively. Using 
these values, we aimed to assess observations of relative differences 
between the samples and compare with the expected secular equilibrium 
of natural materials. 

It was found that the levels for the natural material fall within 
agreement of secular equilibrium for the ore material and were much 
lower for the NBS standard material due to chemical purification. The 
content of 231Pa/235U for the NBS material was found within the correct 
order of magnitude corresponding to the listed ages for the material but 
improved statistics are required as only a single count was observed for 
each sample. This was not true for 230Th as the level for sample 950b was 
higher than expected by several orders of magnitude. Follow-up mea
surements would be required to improve the statistics; however, it is not 
expected to be the result of “memory effects” due to the high levels from 
the ore materials since 950b was measured directly after measuring U- 
005, which was found to be lower in 230Th/234U. The uncertainty values 
presented in this exploration are large relative to other techniques even 
for the ore samples. In this case, the largest contribution to the un
certainties is from the ionization efficiency corrections that were used. 
In future studies, cross-elemental standards must be produced, however, 
consistency compared to untreated material would need to be proven. 
Discussion by Zhao et al. for fluoride investigations suggest that this may 
not be a trivial task as a major limitation may be consistency of the 
ionization efficiencies from various sample materials [14]. It is clear, 
however, that had the samples been chemically treated for uranium 
measurements, these signatures would have been lost altogether. 

5. Conclusion and outlook 

Measurements of the uranium series for natural ore samples and 
elevated material provided a test of the newly developed actinide AMS 
capabilities at the NSL. Isotopic ratios for samples were consistent with 
values reported at other facilities for ores originating from select loca

Table 1 
Estimated suppression factors of various system components were deter
mined through systematic comparison of rates comparing the settings for 
235U and 236U.  

System Component(s) Est. Suppression Factor 

Injection System 173 
Terminal Voltage 565 
Wien Filter 124 
Accelerator System (Total) 1.21 × 107 

Detection System 41 
Total 5 × 108  

Table 2 
Measurements of measured isotopic ratios in both ore samples and processed uranium material. Uncertainties (1 sigma) are listed either as fully propagated including 
both statistical and experimental components or, if multiple measurements were made, as the error on the mean (whichever was larger). The presented values for 231Pa 
and 230Th have been corrected for ionization efficiencies within the ion source. Instances where uncertainties appear disproportionately large are the result of low 
statistics either from the observed ratio or low ion source current (<0.5nA).  

Sample Description 235U/234U 233U/U 236U/U 231Pa/235U 230Th/234U 

Natural Material       
Ewing:453 Clarkeite: Spruce Pine, NC, US. 139(4) 4.8(4.8)E-10 1.23(44)E-10 4.55(76)E-5 0.397(47) 
Ewing:507 Uraninite: Mi Vida, Mine, UT, US 142(5) N.A. 1.52(42)E-10 2.52(22)E-5 0.404(52) 
Ewing:508 Boltwoodite: Rabbit 

Lake, Sask., Canada 
139(4) N.A. 1.71(26)E-10 3.14(76)E-5 0.427(50) 

Ewing:651 Uraninite: Cigar Lake. 
Sask., Canada 

134(4) 1.9(1.9)E-11 2.78(75)E-10 4.39(43)E-5 0.400(47) 

*CC373 (1st exp.) Uraninite: Cigar Lake 
Sask., Canada 

144(3) 1.0(1.0)E-11 1.74(31)E-9 6.77(56)E-5 0.467(57) 

*CC373 (follow-up exp.) Uraninite: Cigar Lake 
Sask., Canada 

129(5) N.A. 1.75(15)E-9 5.29(58)E-5 0.397(57) 

*CC374 Uraninite: Cigar Lake 
Sask., Canada 

131(4) N.A. 1.81(20)E-9 3.89(21)E-5 0.441(63) 

Ewing:UNM-M-0907 Uraninite: Great Bear 
Lake, NWT, Canada 

133(6) N.A. 1.43(61)E-10 5.1(1.8)E-5 0.521(96) 

Ewing:692 Oklo Zone 9 
Gabon, Africa 

98(4) N.A. 1.66(55)E-10 5.94(29)E-5 0.470(55) 

Ewing:707 Oklo Zone 10 
Gabon, Africa 

108(4) N.A. 2.1(1.0)E-9 7.0(2.6)E-5 0.644(94)  

NDUNM 2 Silica-rich Sediment: 
Laguna, NM, US 

136(7) N.A. 5.8(5.8)E-9 5.3(1.1)E-5 0.759(95) 

Processed Material       
U-005 NBS Material (1971) 230(12) <6.0E-11 4.83(32)E-5 3.4(3.4)E-8 0.00011(6) 
950b NBS Material (1978) 134(6) 1.92(45)E-9 9.2(5)E-6 2.2(2.2)E-8 0.0024(4)  
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tions. During this measurement campaign, the lowest determined 236U/ 
U isotopic ratio was found to be 1.23(44) × 10−10. For practical pur
poses, we assess this to be our current sensitivity limit. Recalling that the 
range of natural material was estimated to be 10−14–10−10, our system 
has now been demonstrated to be capable for measurements at the high 
end of this natural range and is well suited to detect material elevated in 
236U. However, when projecting from the measurements of the sup
pression factors for 235U we estimate that a lower limit of ∼ 1.4 × 10−11 

may be achievable. At present we are limited by ion source output, 
accelerator transmission, detection efficiencies, and the possession of 
known low-level sample material. Still, we have successfully laid the 
groundwork for uranium-specific studies to be performed in the future, 
with improvements of the system efficiency underway. In addition to 
236U, the presented scaling method and detector system was demon
strated to allow for the detection of other actinide isotopes within a 
single sample. 

The omission of chemical processing of the uranium-rich sample 
materials allowed for simultaneous detection of other naturally occur
ring actinides, which may provide an additional distinguishing signature 
at the cost of consistency in output from the ion source. This could serve 
as a critical screening method for several signatures before more sensi
tive studies are conducted. When higher sensitive measurements are 
desired, smaller sample sizes are used, or material with low uranium 
content are to be measured, chemical preparation well established by 
other facilities will be implemented for future studies. Despite no 
explicit normalization procedure for cross-element measurements in this 
experiment, it provides further indication that additional actinides could 
be measured with this method to obtain a more detailed forensic 
signature. With our demonstrated capabilities, we were able to obtain 
231Pa/235U and 230Th/234U values from a few mg of a depleted uranium 
sample on the order consistent with an age of 53 yrs since the samples 
were created. Again, upgrades to both the scaling procedure to reduce 
measurement times, increase system efficiency, and efforts to implement 

Fig. 10. Determined values for 236U/U are plotted against values which can be found in literature. Good agreement can be seen compared to a 1:1 line with ex
ceptions being expected as the result of cross contamination in our laboratory or during storage. The values which disagree, namely the CC373, CC374, and Great 
Bear Lake are suspected to be the result of cross-contamination and/or misidentification and are discussed in the text. 

Fig. 11. Corrected values for 231Pa and 230Th determinations are plotted and 
compared with expected values for the age curve from build-in due to natural 
decay of uranium. Both age curves determine 231Pa/235U levels from the decay 
of 235U → 231Th → 231Pa, however the “Natural Age Curve” determines 230Th → 
234U levels from 238U → 234Th → 234U → 230Th while the processed Age curve 
only considers 234U → 230Th decay. Years 46 and 51 are indicated on the 
processed age curve corresponding to the known ages of the NBS materials. 
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a reliable method of normalizing cross-elemental samples will be 
required to achieve sufficient statistics and greatly reduce uncertainties 
before dating could be considered reliable. 

With the presented procedure, measurements were made relative to 
234, 235U instead of 238U. This allowed us to overcome the higher un
certainty inherent to sub-200 pA current measurements on the last 
beamline Faraday cup. This method works well for material within a few 
percent of natural abundances. In the instances where this isotopic ratio 
deviates, however, the picture was more complex. Until higher beam 
currents are achieved, further improvement of uncertainties and veri
fication of deviations in the observed 235U/234U ratios will require an 
independent verification using an additional measurement technique. 

Future explorations with these capabilities must resolve how cross- 
elemental normalization will be performed. Either compatible spike 
material will need to be selected on a case-by-case basis or a method of 
normalization with other techniques, such as alpha spectroscopy or 
gamma spectroscopy, will be necessary. If a reliable cross-elemental 
correction is obtainable with sufficient uncertainties, and higher effi
ciencies can be obtained with our system, the prospect is that sub- 
milligram amounts of depleted or even natural samples could be 
measured for age-determination with no chemical preparation. This 
would be a major improvement over techniques limited to large chem
ical reductions to obtain enough material for measurement. 

The capabilities demonstrated through this work were encouraging 
first results for our laboratory. We believe improvements to the effi
ciency for uranium measurements, namely standardized chemical 
preparation, as well as improvements to the detector system may result 
in an increase in a factor of 10 or more. Further improvements will 
require more drastic changes such as the selection of a different charge 
state to improve occupancy, or major upgrades to the gas stripping 
mechanism and analyzing magnet. For more drastic improvements to 
the range relevant for astrophysical 244Pu detection it is likely that a 
new, smaller system would be required. Encouraging results on ma
chines as small as 300 kV have been demonstrated at other facilities 
[32,33]. Yet, capabilities developed over the last several years in our 
laboratory allow for future assessment of some natural ore material to 
include 36Cl, 41Ca, 129I, and the actinides all on one system. 
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