
LLNL-JRNL-858118

The Application of ATONA Amplifiers to
the Measurement of Uranium Isotopic
Ratios by Thermal Ionization Mass
Spectrometry

A. Reinhard, J. Inglis, M. Singleton, A. Kara, R.
Steiner, S. LaMont

December 7, 2023

Analytical Chemistry



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



The Application of ATONA Amplifiers to the Measurement of 
Uranium Isotopic Ratios by Thermal Ionization Mass Spectrometry 
Andrew A. Reinhard1*, Jeremy Inglis 1, Michael J. Singleton2 Azim Kara1, Robert Steiner1, Stephen P. 
LaMont1 
1 Nuclear and Radiochemistry group, Los Alamos National Laboratory, Los Alamos, NM, USA, 87545 
2 Environmental Isotope Systems group, Lawrence Livermore National Laboratory, Livermore, CA, USA, 94550 
* reinhard@lanl.gov 

ABSTRACT: Uranium isotopic composition can provide valuable information about the history and provenance of a nuclear 
material, therefore uranium isotopic analyses are frequently made in the nuclear forensics, safeguards, and environmental monitoring 
communities.  These measurements have always presented challenges due to the extreme variability in the relative abundance between 
the major (235U, 238U) and minor (233U, 234U, 236U) isotopes of uranium. The recently developed ATONA amplification system paired 
with Faraday cup detectors has a large dynamic range and low noise floor making it ideal for measuring uranium isotopic ratios in 
materials of both natural and anthropogenic origin. A wide variety of certified reference materials were analyzed to investigate the 
utility of the ATONA amplification system for determining uranium isotopic composition in samples ranging from highly depleted 
to highly enriched. The ATONA amplifiers provide nearly an order of magnitude improvement in external reproducibility over 1011 

Ω amplifiers when measuring the minor 234U/238U ratio in isotopically natural and depleted samples and when paired with a secondary 
electron multiplier can measure very low relative abundance uranium isotopes (i.e. 236U).

Introduction 

Uranium isotopic composition is measured widely in 
nuclear materials for both quality control purposes across the 
nuclear fuel cycle and in the fields of nuclear safeguards, 
treaty verification, and nuclear forensic investigations1–3. 
Additionally, uranium isotope measurements are a central 
component to many geochronology, geochemistry, and 
environmental studies 4–9. Frequently these applications 
require high precision measurements of both the major (235U, 
238U) and minor (233U, 234U, 236U) isotopes. Several different 
analytical techniques are regularly utilized to measure 
uranium isotope compositions including; gamma 
spectrometry10,11, inductively coupled plasma mass 
spectrometry (ICP-MS)12, secondary ion mass spectrometry 
(SIMS)13,14, accelerator mass spectrometry (AMS)15,16 and 
thermal ionization mass spectrometry (TIMS)2. The broad 
utility of uranium isotopic composition data has created a 
demand to measure isotopic ratios with increasing precision 
for small sample sizes while maintaining or increasing sample 
throughput. This demand has pushed recent innovations in 
multi-collector mass spectrometry, particularly in detection 
systems2,17–20. One of the most promising recent developments 
for uranium isotope measurements is the ATONA capacitive 
transimpedance amplifier developed by Isotopx Ltd., which 
can accurately measure extremely low signals without 
sacrificing the dynamic range inherent to Faraday-based 
detection systems18,19.  

Here we report on the utility of the ATONA system for 
providing rapid and precise uranium isotope measurements 
across the range of sample sizes typically measured by TIMS. 
To achieve this, we detail a series of experiments conducted 
to determine the optimal measurement parameters for U 
measurements with the ATONA amplifiers. Through Monte 
Carlo simulation the optimal integration time for small (20 ng) 
loads is determined, the results of which are applicable to U 

analyses of all load sizes. A modified data processing method 
is presented to improve the reproducibility of replicate 
measurements using the ATONA amplifiers. Additionally, we 
demonstrate the capability of the ATONA amplifiers for U 
isotopic analyses of both large (1 µg) and relatively small 
loads (10 & 20 ng), for reference materials with U isotopic 
compositions ranging from highly depleted to highly 
enriched. The modeling results coupled with experimental 
analysis results provide a broad foundation that can be used as 
a starting point for future work utilizing the ATONA 
amplifiers for the analysis uranium and other elements of 
interest.  
Uranium isotope measurements by TIMS 

Multi-collector TIMS instruments, which have been used to 
measure uranium isotope ratios for decades, currently 
represent the state-of-art in precision and accuracy for the 
analysis of many types of uranium samples including 
characterization of bulk uranium materials, certification of 
reference materials, and U-Pb geochronology 2,21. However, 
the measurement of uranium isotopes by TIMS is not straight 
forward. One challenge is the inherent mass fractionation that 
occurs due to the thermal ionization process, in which lighter 
isotopes are preferentially desorbed from the filament, 
isotopically fractionating the sample reservoir remaining on 
the filament22. For most elements this is corrected by 
normalizing the ratio of interest to a known natural isotopic 
ratio (e.g.87Sr/86Sr ratios are corrected for mass fractionation 
using 86Sr/88Sr). However, many samples analyzed for U 
isotopic composition do not have natural U isotopic ratios that 
can be used to correct for mass fractionation. To circumvent 
this limitation the “Total Evaporation” (TE) measurement 
technique was developed23. In a total evaporation method all 
masses of interest are collected simultaneously21,24,25 until the 



sample is exhausted and the sum of the ion beam intensity 
collected at each mass is used to calculate isotope ratios. This 
summation of intensities effectively corrects for thermal mass 
fractionation during ionization. The TE method is well 
established for U isotope ratio measurement and is broadly 
accepted as an accurate method that addresses the issue of 
thermal mass fractionation 21,24,25. More recently the modified 
total evaporation (MTE) technique has also been utilized in 
which a total evaporation analysis is periodically interrupted 
to perform a gain calibration on the ion-counting detector(s) 
and refocus the ion-beam2,26,27 

A more persistent challenge in measuring precise and 
accurate U isotopic ratios by TIMS, particularly in smaller 
samples, is the relative abundance of the different U isotopes. 
For example, in natural uranium 238U is the most abundant 
isotope (99.27%)28, while the 235U is more than two orders of 
magnitude less abundant than 238U and the 234U is more than 
four orders of magnitude lower abundance than 238U. 
Anthropogenic nuclear activity can produce long-lived 233U 
and 236U isotopes that can be even less abundant than 234U. 
Additionally, isotopically enriched or depleted uranium 
materials can have relative abundances of both major and 
minor uranium isotope ratios that are perturbed by orders of 
magnitude from natural uranium. For example, uranium 
reference material U0002, representative of the highly 
depleted tails from a uranium enrichment process, has a 
234U/238U ratio of 0.0000016 29 which is more than an order of 
magnitude lower than the natural 234U/238U ratio 
(0.0000549)30. The minor isotope ratios of uranium are 
particularly important for nuclear forensic investigations and 
treaty monitoring because they provide critical information 
about the provenance and processing history of a nuclear 
material. Given that relative abundances of uranium isotopes 
can vary by more than eight orders of magnitude, detector 
systems with a large dynamic range are required for U isotopic 
analysis by TIMS. 

In order to achieve the large dynamic range required by 
many U isotopic measurements, TIMS instruments have 
historically been outfitted with two types of detectors, ion-
counters (either secondary electron multiplier [SEM] or Daly 
type) and Faraday cups paired with high ohmage resistors. 
These detector types each have their benefits and limitations.  
Ion-counters are very low noise but have a smaller dynamic 
range and are generally less stable, while Faraday cups are 
very stable and can measure large ion-beams but have 
significantly higher baseline noise. Due to the noise 
characteristics and dynamic range of the TIMS detector types, 
the requisite dynamic range for U isotopic analysis has been 
overcome using mixed arrays of ion-counters for measuring 
the very small ion beams of the minor U isotopes (233U, 234U, 
236U) and Faraday cups paired with high-ohmage resistors 
(1010-1013 Ω) to measure the larger ion beams (235U, 238U) 
2,21,27. This approach does suffer from some inherent 
challenges, however. First, the gain between the ion 
counter(s) and Faraday(s) must be calibrated regularly as the 
gains can drift over the course of a single sample analysis, 
limiting the accuracy and precision with which an isotope 
ratio can be measured. Second, ion counters suffer from a 
relatively short lifespan, and require consistent monitoring of 
performance making their use comparatively labor intensive. 
Previously published studies have investigated the use of a 
single detector type be utilizing a multi-ion counting array to 
measure all U isotopes on ion counters 31. This approach is 
time consuming because gains between all ion counters must 
be calibrated. Additionally, their use is limited to only the 

smallest samples where large ion beams are not possible 
because ion counters have relatively small dynamic ranges 
(six orders of magnitude or less) and can easily be damaged 
by high ion beam currents. Other work has utilized collector 
configurations with only Faraday cups paired with resistive 
amplifiers of varying ohmage (1011 and 1013 Ω resistors) to 
achieve a larger dynamic range using a single collector type 
26, the precision and accuracy of measurements on these TIMS 
collector configurations are limited by the variable settling 
times associated with amplifiers with differing ohmage. 
Existing TIMS detector and amplification technologies are 
very well suited for measuring large ion beams or very small 
ion beams however a technology gap exists for a single 
amplifier-collector combination that provides a large dynamic 
range, long term stability, and high precision that is optimal 
for measuring uranium isotopic compositions.  

Recently Isotopx Ltd® (Manchester, UK) developed the 
ATONA™ ( Atto- to Nano- Amp) amplifier system which 
utilizes capacitance based amplification, replacing the 
traditional high ohmage resistor amplifier used with 
traditional Faraday-based detection systems 18,19,32. This new 
technology allows a Faraday cup to have an extremely large 
dynamic range (10-9 A to 10-18 A), with very low dark noise 
(10-18 A). The fundamental physical properties of capacitors 
provide an advantage in dark noise over resistors; capacitor 
noise scales as the inverse of time, whereas with a resistor 
noise scales as the inverse of the square root of time19. The 
amplifier response time (tau time) for capacitance-based 
amplifiers is also significantly shorter (< 200 ms)19 relative to 
high-ohmage resistors (> 3 sec for 1013 ohm resistors)17.  
Additionally the ATONA amplifiers have very stable long-
term gains (<1 ppm33) and require only occasional calibration, 
whereas high ohmage resistors (1013

 Ω) require frequent gain 
calibrations. The new ATONA capacitance-based 
amplification technology requires the reexamination of TIMS 
measurement conventions which have been established based 
upon resistance-based amplification.  
Experimental Section 

Modeling  

Conventional TIMS analytical routines collect many 
repeated data cycles with 1-10 second integration times with 
the intent of maximizing the number of cycles in a 
measurement to minimize the standard error and achieve an 
accurate mean isotopic ratio. However, in the case of 
capacitance-based amplification such short integration 
periods fail to take advantage of the fact that amplifier noise 
scales inversely with time19 where long integration periods 
(>100 seconds) can result in dark noise (~25 cps) that 
approaches the dark noise levels  of ion counters (< 1 cps). 
However, there is a tradeoff between longer integration times 
and the resulting number of measurement cycles, requiring the 
optimization of an analytical methodology that balances 
increasing integration time to reduce noise with the statistical 
advantage that comes with accumulating a large number of 
ratio measurements. To determine the optimal analytical cycle 
time empirically would require an unreasonably large number 
of sample analyses performed across a large range of 
integration times, isotope compositions and signal sizes. 
Monte Carlo Method (MCM) simulations, which have 
previously been used to rapidly model mass spectrometry data 
34–36, offer a useful alternative to time intensive empirical 
techniques.  



In Fig. 1. (and Fig. S1) the results of a MCM simulation are 
plotted to illustrate the trade-off between the longer 
integration times of the ATONA system and the reduction in 
the number of measurement cycles as the integration time is 
increased. For each simulated “measurement”, a random 
number generator was used to generate synthetic U ion beam 
data with a normal distribution. The standard deviation for the 
synthetic data was calculated as 0.05% of the signal intensity 
with a baseline noise of 500 cps based on ATONA 
measurements of large U loads analyzed at constant beam 
intensity for long durations with different integration times. 
For this model, the measurement length was set to 330 
seconds (5 and half minutes) and the isotope signal intensity 
set to 30,000 cps.  This was chosen to mimic a low intensity 
ion beam (235U or 234U) in a small load U measurement of 
approximately 10 ng. Note that at low integration times (2 
seconds and 10 seconds), the relative noise on the collector 
produces a large amount of scatter around the mean signal 
intensity and thus a high standard deviation. At 30 seconds 
integration the reduction in peak noise produces a 
significantly improved standard deviation in the 
measurement, and in this case the most precise data. While in 
principle longer integrations will produce a further reduction 
in on peak noise, the 100 second model integrations indicate 
that there is no significant improvement in the standard 
deviation of the measurement and the low number of 
measured ratios has a negative effect on the measurement 
statistics. This tradeoff is further illustrated in Fig. 1 wherein 
the expected precision (standard deviation) of the 234U/238U 
ratio is mapped across a range of integration times for a 
natural uranium analysis with a 238U signal intensity of 0.5V 
(< 2000 cps of 234U) and an analysis duration of 330 seconds, 
based on 50,000 simulated analysis runs. This mimics the 
signal intensity and analysis duration observed in 20 ng loads 
of U. The conclusion from data presented in this plot is an 
optimal integration time of approximately ~30 seconds. 
Longer integration periods, beyond 30 seconds, offer little 
improvement in precision. Using the MCM to simulate ratio 
measurements at larger sample sizes and analysis durations, 
we found that integration times beyond 30 sec (50-100 s) 
result in little improvement to the precision of an individual 
cycle and yield significantly fewer cycles. For samples where 
larger major-isotope ion beam intensities (e.g. 10 V) are 
achievable the 30 second integration time still provides 
significant benefits for the analytical precision of the minor 
isotope ratio measurements (e.g. 234U/238U). Therefore, an 
integration time of 30 s was selected for all U TE 
measurements in this study. 

 

Figure 1. Data density heat map of modeled 234U/238U 
measurement standard deviation as a function of integration time 
in a simulated 20 ng natural U sample, with a 238U ion-beam 
intensity of 0.5 V and total analysis duration of 330 seconds.  The 
blue line shows the 95th percentile for all model results at each 
integration time. 

Amplifier gain and noise 

As discussed in Reinhard et al.18 the amplifier gains for the 
ATONAs show excellent long-term stability, with less than 1 
ppm gain variability over the course of more than 2 years for 
all amplifiers. Given the long-term gain stability of the 
ATONA amplifiers, gain calibrations for the ATONA 
amplifiers are performed only periodically (every 2-3 months) 
or anytime vacuum is broken on the amplifier housing for 
instrument service or repair.  

An experiment was executed to characterize the baseline 
noise levels of the ATONA amplifiers. The TIMS used in this 
experiment has nine Faraday cups paired with ATONA 
amplifiers. For this experiment 20 repeat baseline 
measurements were made at each of the following baseline 
measurement durations: 30, 60, 120, 240, 480, and 960 
seconds. The average and standard deviation of the 20 
measurements was calculated at each measurement duration 
for each of the nine ATONA amplifiers. In Fig. 2 the average 
noise for each baseline measurement duration is plotted. The 
standard deviation of the measured baselines decreases 

exponentially with increasing baseline measurement duration. 
Based on this experiment, a baseline measurement duration of 
300 seconds was selected to minimize uncertainty on 
baselines measurements without reducing sample throughput. 
For all analyses presented in this study a 300 second baseline 
was measured prior to each analysis with the line-of-sight 
valve closed; no inter-block baselines are measured as TE 
measurements cannot be interrupted to measure baselines.   

Figure 2. Plot showing the 2 SD and % 2 SD from 20 replicate 
analysis of baseline measurements displayed as the average 
values of the 9 faraday cups for each of the selected measurement 
durations (30, 60, 120, 240, 480, and 960 seconds). 

Tailored data reduction method 

Uranium isotopic data collected by total evaporation TIMS 
typically undergoes only minor processing, because a true 
“total evaporation” measurement requires all cycles be 
summed to negate the effect of mass fractionation as a sample 
ionizes. However, examination of initial TE data collected for 
this study revealed the occurrence of extreme outliers in the 
cycle ratio data (Fig. S2).  These outliers most commonly 
occur at the start and end of the TE analysis and are associated 
with periods of rapid change in signal intensity during an 



individual measurement cycle integration. It was determined 
that certain cycles must be rejected to improve data accuracy 
and external reproducibility. Based on a previously published 
method for data reduction for TIMS37,38, a weighted average 
data processing approach was selected and combined with 
outlier rejection for post-analysis reprocessing of data. 
Weighting of cycle data was based on the intensity of the 
major isotope in a given cycle (i.e. 238U in natural U) relative 
to its total accumulated intensity over the entire analysis. 
Outliers were rejected using raw cycle-by-cycle isotope ratio 
data. This rejection can be complicated by isotopic 
fractionation during the analysis (Fig. S2), as software-based 
rejection techniques can fail to identify outliers when the 
fractionation slope is steep.  The most conservative approach 
is to only reject data with known performance issues (in this 
case those associated with rapid change in signal intensity).  
While this rejection can be achieved manually, an automated 
rejection technique was also developed in python, using linear 
regression of the data.   
Materials and methods 

A variety of certified reference materials were analyzed for 
this study. Analyses have been made of NBL CRM U0002, 
U005, U005A, U010, U200, U500, U850, U930, CRM 112-
A and U970 which span from highly isotopically depleted to 
highly isotopically enriched.  Also analyzed was NBL CRM 
129A, which is an isotopically natural uranium standard that 
contains a very small proportion of 236U (9.7 x 10-6 atom %)39.  
Instrumentation and loading 

 All uranium isotopic measurements presented in this study 
were performed on either an IsotopX Iso-probeT (LANL 
TIMS 1) or IsotopX Phoenix (LANL TIMS 2). Both 
instruments have been upgraded with new collector blocks 
and ATONA amplifier systems consisting of 9 moveable 
Faraday cups. Each instrument also features a rear secondary 
electron multiplier and rear Daly ion-counter positioned 
behind a wide aperture retarding potential (WARP) energy 
filter. The WARP acts as a filter for ions with disturbed 
energy, such as those resulting from the tailing from higher 
mass peaks. Energy filters such as the WARP improves the 
abundance sensitivity of the TIMS instrument by over 2 
orders of magnitude to < 0.1 ppm, measured at 1 amu either 
side of 238U. In addition, both instruments have been outfitted 
with a 300L-s turbo pump in the collector vacuum region to 
further improve the analyzer vacuum and abundance 
sensitivity.  

All filaments used in this study were made using zone 
refined Re ribbon (99.999% H. Cross Company). Large 
samples (2 µg) were analyzed using a triple filament 
configuration with the samples loaded on the side filaments. 
Prior to loading samples, the side filaments were degassed and 
then carburized using hexane in an IsotopX DG-60 degasser34. 
After carburization filaments are stored in a vacuum oven to 
minimize exposure to atmosphere. The center filaments used 
for triple filament configurations are only degassed prior to 
analysis. Samples were loaded directly onto the carburized 
side (50% of the sample on each side) filaments and then dried 
down at 1.5 A prior to analysis. Smaller samples (10  and 20 
ng) were analyzed using a single center filament 
configuration. These samples were loaded using a “graphite 
sandwich” technique 40,41, in which 1 µL of colloidal carbon 
(suspended in 18.2 MΩ water) is dried on the filament at 0.8A, 

the 1 µL of sample solution is loaded and dried down at 0.8 
A, then an additional 1 µL of colloidal carbon is loaded on top 
of the sample and dried down at 1.4 A prior to analysis. 
Analytical procedure 

All samples were measured using the “total evaporation” 
technique (TE) in which the sample is run to exhaustion and 
the total number of counts collected at each mass is used to 
calculate U isotopic ratios. The total evaporation method 
corrects for mass fractionation by using time integrated 
isotopic ratios and assuming that the entire sample is 
volatilized from the filament24. The ramping of the filament 
current was controlled using the TE control function built into 
the IsotopX Isolinx software, this feature ramps the 
filament(s) current up or down to maintain the ion beam 
intensity selected by the user for a particular mass (e.g. a 10 
V ion beam on mass 238). For large samples (2 µg) a target 
intensity for the largest ion beam was between 10 V and 20 V 
based on the isotopic composition of the sample and the 
observed ion beam behavior during an analysis. The smaller 
(10 & 20 ng) samples were analyzed using the same TE 
technique however the target intensity for the largest ion beam 
(mass 238) was set to between 0.5 V and 1 V. This intensity 
was chosen to balance achieving a measurable 234U signal (> 
1500 counts per second [cps]) and extending analysis time to 
yield more measured ratios. These analytical procedures 
mirror established procedures for measuring U samples at 
LANL using traditional resistance-based amplifiers, by 
mirroring established TIMS analysis methods the capabilities 
of the ATONA amplifiers can be accurately assessed versus 
traditional resistance-based amplifiers. 
Results and discussion 

Analysis of large loads of uranium reference materials 
Routine operational work at Los Alamos National 

Laboratory requires high precision analyses of uranium with 
broad isotope compositions. However, some of the most 
challenging analyses are of materials that have isotopic 
compositions close to natural U, where small deviations away 
from a natural composition can point to anthropogenic source 
terms, and the abundance of the minor isotopes are too small 
for typical amplification technologies paired to Faraday 
detectors. In the past, such analyses would be performed using 
a time intensive peak hopping routine where the m/z = 235 and 
m/z = 238 ion beams would be measured on Faraday cups 
paired with high ohmage resistance amplifiers and the minor 
m/z= 234 and 236 ion beams would be peak hopped onto an 
axial ion counting detector which precludes the use of total 
evaporation routines. For this study, natural and depleted 
compositions were measured using a static collector 
configuration, with the intent of investigating the performance 
of the ATONA amplifiers to precisely measure the small 234U 
ion beam, negating the need for peak hopping allowing for a 
total evaporation analysis.  

An example of the ATONA amplifiers performance is 
highlighted in Fig. 3, where replicate ATONA measurements 
of the 234U/238U ratio in CRM 112-A are compared against 
analyses using only a Faraday cup paired with a high ohmage 
resistor and analyses using a secondary electron multiplier 
ion-counting detector for 234U with a standard Faraday cup 
measuring 238U. In addition, the results of ATONA 
measurements with and without the weighted average data 
reduction are also plotted for comparison. 



 

Figure 3. A comparison of various TIMS collector configurations for measuring 234U/238U in the natural uranium reference material CRM 
112-A. The data labelled “ATONA amplifiers” (orange circles) was reprocessed offline and the reprocessed data is labeled “ATONA 
amplifier outlier rejected, and abundance corrected” (dark blue circles).  The methodology for outlier rejection (dark blue circles) is described 
in “Tailored Data Reduction Method” section. Error bars are 2 SD of the replicate analyses. The solid red line is the certificate isotope ratio 
from CRM 112-A and the dashed red lines are the upper and lower bounds of the certificate uncertainty.

The measurements were made over the course of two 
analytical sessions as QC material measured in conjunction 
with other samples and are representative of the long-term 
external reproducibility for all 234U/238U measurements made 
on CRM 112-A using the ATONA amplifiers. More than 100 
analyses of CRM 112-A performed over more than 2 years 
demonstrate the long-term stability of the ATONA amplifiers. 
The averages of 10 early 234U/238U measurements of 
CRM112-A using ATONA amplifiers and 10 measurements 
performed more than 2 years later are only different by 0.03% 
which is well within the observed external reproducibility of 
~0.17 % (2 RSD) for 234U/238U.    

The performance advantage of the ATONA is clearly 
highlighted in Fig. 3. where, even without the application of 
the weighted average outlier rejection, the ATONA 
amplification shows nearly an order of magnitude 
improvement in external reproducibility relative to the 
measurements made using traditional 1011 Ω resistors for 
amplification (4.14% vs 0.34% 2 RSD respectively). 
Similarly, the unweighted ATONA measurements also 
outperform the external reproducibility of measurements of 
234U on the SEM ion counter (1.51% 2 RSD). In addition, 
while a positive bias is clearly discernable in the data from the 
1011 Ω resistor measurements the same bias is not observed in 
the ATONA measurements. The best performance is 
displayed by ATONA measurements incorporating the 
weighted-average outlier-rejection data processing protocol. 
By reprocessing the data, the external reproducibility of the 
234U/238U ratio was reduced from 0.34% (2 RSD) to 0.15% (2 
RSD), a two-fold improvement in external reproducibility. It 
is important to note that the data reprocessing does not 
negatively affect the accuracy of the measurement, both the 
“raw” TE data and the reprocessed data overlap within 
uncertainty with the certified 234U/238U ratio of the CRM 112-
A reference material42 which was certified using a combined 
TE and MTE method.  When compared to larger loads (2–
6µg) of natural uranium reference materials analyzed using 
the current state of the art high-ohmage resistor amplifiers 
(1012 Ω and 1013 Ω)43 the ATONA data yields comparable 
external reproducibility for natural uranium 234U/238U ratios.  

 Weighted-average outlier-rejection data reprocessing has 
also been applied to several other reference materials that 
have been analyzed in replicate and yielded improved external 
reproducibility, for all analyses less than 10% of the data was 
rejected, however for the majority of analyses less than 5% of 
the data is rejected. For example, the highly enriched U 
reference material SRM U-930 was analyzed repeatedly 
(N=9) as a QC, for the 234U/238U ratio, reprocessing the raw 
TE data reduced the external reproducibility from 0.30% (2 
RSD) to 0.07% (2 RSD) while the average 234U/238U ratio was 
only shifted by 0.02%.  Similarly, for the same nine replicate 
measurements of SRM U-930, reprocessing the data improved 
the external reproducibility of the 235U/238U ratio 
measurements from 0.18% to 0.07% (2 RSD), while the 
average 235U/238U ratio for the replicates was shifted by only 
0.01%. 

Taken as a whole, the 2µg natural and highly enriched 
uranium isotopic data indicate that combining a 30s 
integration method with weighted-average outlier-rejection 
data reprocessing, can significantly improve the precision and 
accuracy of uranium isotope measurements. However, the 
large signal size makes the measurement of these isotope 
compositions relatively straight forward, as the ion beam 
intensities of the minor isotopes do not significantly challenge 
the noise floor of the ATONA amplifiers. Therefore, to test 
the limits of the ATONA amplifiers, a series of three 
isotopically depleted U reference materials were analyzed. 
These three reference materials have a range of 234U/238U 
ratios that span more than an order of magnitude from 
0.0000016 ± 0.0000001 for CRM U0002 to 0.00003417 ± 
0.00000070 for CRM U005a 29,44, and represent a significant 
challenge for Faraday based measurements of 234U/238U.  

As illustrated in Fig. 4, initial measurements of two of the 
three depleted uranium reference materials, U0002 and 
U005A, exhibited a positive bias of 9.1% and 0.60% 
respectively, such that the measured values do not overlap 
within analytical uncertainty of the certified 234U/238U. In the 
third depleted uranium reference material (U005) the average 
234U/238U was biased high (0.61%) but overlapped just within 
the larger analytical uncertainty of this older uranium isotopic 
standard 



 

Figure 4. Accuracy of the average value of replicate analysis of U reference materials relative to the certificate values, demonstrating the 
effect of the abundance sensitivity correction on the 234U/238U ratios in depleted and natural uranium samples. Error bars are 2 SD of the 
replicate analyses.  The dashed black line represents the certificate values for the reference materials analyzed. The dashed grey lines 
demonstrate the relative biases imparted by different levels of abundance sensitivity (0.1 ppm, 0.15 ppm, 0.2 ppm, and 0.25 ppm)

reference material. The observed biases increase with 
decreasing 234U/238U ratio, and no bias is observed in samples 
that have enriched 234U/238U indicating that the bias is not an 
amplifier gain issue. If the bias were related to amplifier gain 
inaccuracy the ratios would all be biased by the same 
percentage and the bias would also be observed in samples 
with enriched isotopic compositions. In addition, the 
consistency of bias for replicate analyses of the same CRM 
across multiple analytical session makes it unlikely that an 
interference at mass 234 is the cause. A more likely cause for 
the bias is peak tailing from the larger 235U and 238U peaks. 
This is supported by the observation that a correction which is 
proportional to the 238U ion beam intensity brings all the 
depleted and natural CRMs into agreement with their certified 
values. The need for an abundance sensitivity correction is 
especially apparent in U0002, in which the 234U/238U was 
biased 9.1% high. For these analyses the major ion beam 238U 
was measured at a maximum intensity of ~15V (1011 
equivalent), which equates to a count rate for the minor 234U 
peak of ~1600 cps (0.026 mV), an exceptionally low count 
rate for a Faraday detector to measure precisely. Based on 
twelve replicate measurements of 234U/238U in U0002, an 
abundance sensitivity of 0.15 ppm was calculated. This 0.15 
ppm abundance sensitivity value equates to a correction of 
~140 cps when the major ion beam has an intensity of 15 V.  

The need for an abundance sensitivity correction on 234U in 
has  previously been identified21,45 however with the advent of 
more advanced amplification technologies the need for small 
abundance sensitivity corrections becomes more relevant.. To 
empirically test the calculated abundance sensitivity 
correction, it was applied to the U005, U005A, and CRM 112-
A data collected as part of this study. The results of this 
abundance correction are shown in Fig. 4. The accuracy of the 
234U/238U data improves significantly with the abundance 
correction applied to samples with natural or depleted U 
isotopic compositions. 

To independently test the need for an abundance correction 
seven replicate measurements of U0002 were made using a 
second TIMS (LANL TIMS 2) instrument equipped with 
ATONA amplifiers, the average of these 234U/238U 
measurements was biased high by 14.75%. When the 0.15 
ppm abundance correction calculated using the LANL TIMS 

1 is applied to the data from LANL TIMS 2, the average 
234U/238U ratio falls within the certificate uncertainty for 
U0002. While the correction calculated on LANL TIMS 1 was 
sufficient to bring the average 234U/238U ratio from TIMS 2 to 
within uncertainty of the certified value, it is possible TIMS 
instruments with different vacuum pump configurations (i.e. 
those with an rear ion pump instead of a turbo pump at the 
analyzer) will likely need to have their own abundance 
corrections calculated. The abundance sensitivity is highly 
dependent on the vacuum pressure and instruments with 
different vacuum pump configurations will achieve different 
vacuum pressures. 
Rapid TE routine for small samples 

Outputs from the MCM simulations, together with the 
analytical strategies discovered from the larger load tests, 
provided the basis for the development of an ATONA Faraday 
based routine for measurements of smaller load sizes (<50 
ng). These smaller loads, typical of environmental samples, 
represent an additional analytical challenge, due to the lower 
signal intensities that can be expected. This issue is most 
prevalent for the minor isotopes, where signal intensities are 
below the limits of conventional resistor-based amplification 
technologies. Therefore, these types of samples are typically 
analyzed using a multi-static routine that peak hops individual 
masses onto a single SEM ion counter. ATONA amplifiers 
paired with Faraday cups make it possible to develop a TE 
routine to measure small U samples, in which 234U, 235U, and 
238U can be measured on Faraday cups and 236U measured on 
a SEM. This configuration is especially advantageous for 
environmental analyses, as it allows the center ion counter to 
be employed exclusively to monitor for low-level 236U (sub-
ppm). In addition, the static measurement configuration 
allows for a rapid TE analysis in which the signal is quickly 
ramped to maximize the signal intensity.  



To test this rapid analysis routine 10 & 20 ng loads of 
CRM129-A were loaded and measured. The CRM129-A 
reference material has natural 234U/238U and 235U/238U isotopic 
compositions, but contains a small amount of 236U (236U/238U 
= 9.7 x10-8

 ± 1.2 x10-8)39, this unique U isotopic composition 
makes it an ideal reference material for testing the limits of 
the ATONA amplifiers for both Faraday/Faraday 234U/238U 
and SEM/Faraday 236U/238U measurements. For these tests, a 
target 238U beam intensity of 0.5 to 1 V was selected to ensure 
that a measurable 234U beam was present, while also aiming to 
measure as many cycles as possible with the 30 second 
integration time that was employed. These beam intensities 
are significantly higher than those used with traditional peak 
hopping routines and have a much shorter duration before the 
sample is exhausted (<15 min). Analysis duration was found 
to be dependent on filament loading, with most samples 
yielding between 10-20 cycles at their maximum intensity. 
During post-processing, the 0.15 ppm abundance correction 
and weighted-average outlier rejection discussed above were 
applied. In addition, all cycles with 238U intensities less than 
1.0 x 107 cps were excluded. Excluding these cycles 
significantly improves the accuracy and precision of the 
measurement, since signals below 1.0 x 107 cps of 238U result 
in the 234U signal size (<500 cps) approaching the noise floor 
of the system.  

Despite the small number of measurement cycles that are 
achievable with this rapid analysis technique, remarkable 
levels of accuracy and precision were attained (Fig. 5).   No 
discernible difference was observed in the 235U/238U ratios 
measured at the 10 and 20 ng load sizes. The average 235U/238U 
value for these measurements of  0.007252 ± 0.000012 (2 SD) 
is within analytical uncertainty of the certified value of 
0.0072614 ± 0.0000039. Likewise, the average measured 
234U/238U was 0.00005381 ± 0.00000068 (2 SD) which lies 
within uncertainty of the certified value of 0.000053350 ± 
0.000000039 39 (Fig. 5). This result again highlights the ability 
of the ATONA amplifiers to measure precise isotopic ratios 
when one of the ion beams reaches a minimum peak intensity 
of <2000 cps.  A small positive bias in the 234U/238U is 
apparent in the data (Fig 5). This may be attributable to either 
imprecision in the abundance correction, or the need for an 
additional instrumental mass bias correction associated with 
the rapid TE technique that was employed.  We note that this 
bias represents <50 cps on the ~2000 cps 234U signal intensity 
employed in these measurements and further experiments are 
planned to investigate the cause. Notably, the average 
measured 236U/238U was 9.83 x 10-8  ± 8.9 x10-9 (2 SD) is in 
excellent agreement with the certificate value of 9.7 x 10-8  ± 
1.2 x10-8 (Fig 5) the certification measurements were made 
using a combination of TE and MTE methods39. The 236U/238U 
measurement is of particular interest because a small 236U/238U 
ratio similar to CRM129-A is below the limit of detection by 
the current peak-hopping TIMS method and multi-collector 
inductively coupled plasma mass spectrometry (MC-ICP-
MS). 
Conclusions 

The data presented here demonstrate the capability of the 
ATONA amplifiers to make precise and accurate 
measurements of U isotopic ratios in materials ranging from 
isotopically depleted to isotopically enriched. The ATONA 
amplifiers provide a unique advantage over high-ohmage 
resistor amplification.  because their large dynamic range 
allows for the major ion beam to be measured at high intensity 
>10 V and the low noise of the amplifiers allows for small ion 

beams (< 1500 cps) to be measured on a single detector-
amplifier combination rather than requiring multiple different 
ohmage resistors (1011, 1012, 1013). This negates the need for 
ion counter-faraday peak hopping routines for 234U/238U 
measurements for most analyses. The drastically shorter 
amplifier response times of capacitors versus resistors also 
presents the opportunity to reduce instrument idle time during 
MTE routines where 1013Ω resistors require long (10+ sec) 
settling times43. These shorter amplifier response times also 
provide a significant benefit for small samples where the ion-
beams are less stable and the long settling times of high-
ohmage resistors can limit precision. As a result of the 
ATONA amplifier’s ability to process signals associated with 
small beams very precisely, abundance sensitivity issues were 
observed for 234U and a correction factor was calculated 
increasing the accuracy of 234U/238U measurements in natural 
and isotopically depleted U materials. Finally, we find that the 
rejection of outlier ratios while using a weighted average 
improves the external reproducibility of U isotope ratio 
measurements without negatively affecting the accuracy of 
measurements.  

Figure 5.  Replicate measurements of 10 & 20 ng loads of CRM 
129-A. Dashed red lines are the uncertainty on the certificate 
value and the solid red line is the certificate value. Error bars are 
2 SD of the replicate analyses. The 235U/238U from the same 
analyses are presented in Fig. S3 

Supporting Information 

Additional figures that provide more detail on modeling results, 
example analyses, and expanded data. 
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