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A summary of results from the solid samples run on our compact 1 MV AMS system over its 13.5 years of
operation is presented. On average 7065 samples per year were measured with that average dropping to
3278 samples per year following the deployment of our liquid sample capability. Although the dynamic
range of our spectrometer is 4.5 orders in magnitude, most of the measured graphitic samples had *C/C
concentrations between 0.1 and 1 modern. The measurements of our ANU sucrose standard followed a
Gaussian distribution with an average of 1.5082 * 0.0134 modern. The LLNL biomedical AMS program

Keywords: supported many different types of experiments, however, the large majority of samples measured were
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SSAMS derived from animal model systems. We have transitioned all of our biomedical AMS measurements to
Graphite the recently installed 250 kV SSAMS instrument with good agreement compared in measured '4C/C iso-

Biomedical AMS topic ratios between sample splits. Finally, we present results from replacement of argon stripping gas
l4c with helium in the SSAMS with a 22% improvement in ion transmission through the accelerator and

high-energy analyzing magnet.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Purchased in 1999, the LLNL 1-MV spectrometer was one of the
first of the new smaller AMS systems and was designed to serve
our biomedical research program |[1]. This system occupied
approximately 20% of the footprint, offered simplified operation
and maintenance and, hence, a lower cost of operation over our lar-
ger 10-MV EN tandem accelerator. The system was configured with
a copy of LLNL's high-output Cs sputter ion source coupled to an
NEC 3SDH-1 tandem accelerator and analysis beamline. Routine
operation for the analysis of 'C from graphite targets, prepared
from biomedical samples, began in April 2001. Analysis throughput
was approximately 100 samples per 8-hour day, achieving 3-5%
precision of the relative standard error of the mean of 3-10 mea-
surements, on samples containing carbon isotope concentrations
typically between 10~ '* and 10~ '° 'C/C. Routine *H-AMS analysis
capability was enabled in 2007 with the addition of a second ion
source and injection beam line. This second ion source is a heavily
modified NEC MCGSNICS and was designed to ionize both solid and
gaseous targets [2]. The injection beamline was configured to allow
either the simultaneous measurement of >H/'H ratios from solid

* Corresponding author. Tel.: +1 925 424 6266.
E-mail address: ognibenel@lInl.gov (T.J. Ognibene).

http://dx.doi.org/10.1016/j.nimb.2015.05.019
0168-583X/© 2015 Elsevier B.V. All rights reserved.

TiH, targets or the measurement of '“C/'2C from solid graphite
or CO, samples [3]. The gas-ionization capabilities of this ion
source were not fully exploited until the installation of a moving
wire interface in 2012 [4]. This interface enables the analysis of
small liquid samples, either as discrete microliter-sized drops or
directly coupled to the output of an HPLC [5]. We are further
expanding our Liquid Sample AMS capabilities by building two
more copies of our moving wire interface for deployment on a
recently installed 250 kV SSAMS. This new system has replaced
our 1-MV compact AMS for the analysis of '*C in biomedical
samples.

This manuscript presents a summary of the solid samples ana-
lyzed by the 1-MV AMS system and presents initial characteriza-
tion data of our recently installed Single Stage Accelerator Mass
Spectrometry (SSAMS) system.

2. Solid sample analysis

Fig. 1 plots the yearly totals of solid targets for *C-AMS, pre-
pared as graphite [6], and *H-AMS, prepared as TiH,. Also shown
are the major instrumentation developments in the year they were
deployed. Since routine operations began in 2001, 87,551 solid
samples have been measured, with graphite targets representing
the overwhelming majority (>98%). Most of these samples arose
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Fig. 1. Yearly totals for all solid samples measured on the 1 MV AMS system since
routine operations began in 2001 through final “decommissioning for bio” in 2014.
Samples were measured as either graphite for “C-AMS or TiH, for *H-AMS. Also
shown in the plot is the year in which major technological innovations were
deployed.

from research projects that were supported through our National
Institutes of Health funded Research Resource on Biomedical
Accelerator Mass Spectrometry (https://bioams.lInl.gov). In gen-
eral, the spectrometer was operated 2-3 days per week for approx-
imately 8-9h a day. We had flexibility to modify operations,
depending on the number of samples awaiting measurement as
the spectrometer sat idle most other times. The significant drop
in yearly totals after 2011 can be traced to the completion of sev-
eral projects that generated many samples, as well as an increase
in the use of the moving wire interface to measure liquid samples
directly. Operation of the 1-MV system for the measurement of
biomedical samples ceased on November 1, 2014 as we have suc-
cessfully transitioned over to the recently installed SSAMS.

Fig. 2 plots the fraction modern data for all graphitic samples
(excluding standards) measured on the 1 MV BioAMS spectrome-
ter. Samples with “C/C concentrations below 0.1 modern were
typically background materials or aerosol monitors which are
admixtures of iron powder and fullerene soot packed into sample
holders and deployed in laboratories and other workspaces to
assess for any potential contamination from volatile compounds
containing '“C [7]. Samples with '“C/C concentrations between
0.1 and 0.2 modern were typically aliquots of our carbon carrier
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Fig. 2. Distribution of fraction modern results for all measured graphitic samples,
excluding primary standards. Nearly half (47%) of all these samples had a fraction
modern of 1 modern or less.

samples. The routine preparation of graphitic targets from poten-
tially highly labelled biomedical samples requires a minimum
sample size of 0.5 mg carbon. Small samples, such as fractions col-
lected from a high performance liquid chromatography (HPLC) sys-
tem are bulked up with the addition of 1pl of tributyrin
(1,3-Di(butanoyloxy)propan-2-yl-butanoate), which provides
0.6 mg carbon to the sample. The proper analysis of these HPLC
fractions or other small samples requires the measurement of
these carbon carrier samples [8]. The number of samples in this
fraction modern bin is indicative of the large number of samples
that were processed with the addition of carrier carbon. The
14C/C concentrations of the individual HPLC fractions or other
small samples, such as isolated DNA or proteins, often fell into
the next bin of 0.2-1 modern. Similarly, unlabeled controls for
samples that provided sufficient carbon for analysis would have
fraction moderns between 1 and 2. The ideal range for bioAMS
samples in terms of measurement throughput and contamination
control falls between 1 and 100 modern. Above this level, correc-
tions for data acquisition dead times begin to get less reliable, as
well as increasing concerns regarding the potential for laboratory
contamination with 4C.

Biochemical AMS samples were typically measured to 3-5%
precision, with the exception of standards, which were measured
to 1% precision. Our most common standard used was ANU
sucrose. Fig. 3 shows a histogram plot of the results from 5097
samples of our ANU sucrose standards that provided acceptable
ion currents measured on the 1-MV AMS spectrometer over the
years of operation. Also plotted is a Gaussian fit, using a
Levenberg-Marquardt algorithm, of the data
(chi-squared = 0.0241). The average fraction modern and 1-sigma
standard deviation of the data is 1.5082 + 0.0134, which agrees
with the average and 1-sigma deviation of the Gauss fit,
1.5078 £0.0105. Our data agrees with the consensus value of
1.5081 + 0.0020, as published by Currie and Polach [9].

Table 1 shows the sample type breakdown for graphite samples
measured on the 1-MV AMS system along with examples of the
type of studies conducted. The most common sample type we mea-
sured is that derive from animal tissue samples; either an organ,
plasma or excreta. Such samples are crucial to understanding the
distribution and kinetics of a toxin or therapeutic. In addition to
measuring the entire homogenate, we may also isolate DNA or pro-
teins to assess chemical binding through the formation of adducts.
The isolation of metabolites is primarily accomplished by the use
of biochemical separatory instrumentation, such as high perfor-
mance liquid chromatography (HPLC). Often the entire chro-
matogram is collected as fractions, generating, on average, 30
individual samples. However, if there is interest in a few metabo-
lites, only fractions around the metabolite(s) of interest may be
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Fig. 3. Fraction modern distribution of nearly 5100 ANU sucrose standard samples.
The dashed line depicts the result of a Levenberg-Marquardt algorithm fit as a
Gaussian distribution.
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Table 1
Distribution of sample types prepared for analysis on the 1-MV AMS system, along
with examples of the typical studies conducted.

Sample type (%) Example studies

Nonhuman tissue sample or 22 Mass balance, biodistribution
extract

Nonhuman DNA or protein 16  Toxicology; DNA/protein adduct
isolate binding

Nonhuman HPLC fraction 16  Model system metabolism

Human tissue sample or extract 10 Pharmacokinetics, bioavailability

Human sample HPLC fraction 8 Human metabolism

Cell culture extract 7  Pathway analysis, binding studies

Swipes, aerosol monitors 13 Contamination checks

Methods development 7  Backgrounds, test solutions

Other 1  Soils, gases, plants, etc.

collected and converted to graphite, significantly reducing the total
number of samples submitted for analysis.

Plasma is the most common type of human sample that we
have processed, followed by excreta although, in a few instances,
we have analyzed samples obtained through a biopsy. These exper-
iments primarily investigate the pharmacokinetics and bioavail-
ability of test compounds, either drugs, toxicants or nutrients.
While the strength of AMS is in the capability to assess effects from
small realistic exposures in humans, animal models are still relied
upon for much of the work done through the bioAMS Research
Resource at LLNL.

In addition to human and animal studies, we processed samples
derived from cell cultures, from basic eukaryotes to human cell
lines. Such studies need to be carefully assessed for the suitability
in using AMS for C detection, for in general, one is not limited,
based on ethical grounds, to the amount of radiation or chemical
dose that may be used. However, in instances where the dose must
be limited to prevent perturbation of cellular metabolism or cell
culture volumes must be limited, AMS offered the only detection
method available. Most often, cells were processed to separate
specific organelles or intracellular metabolites, although whole
cells were sometimes analyzed.

All swipes sent to CAMS were measured on the 1-MV AMS sys-
tem after processing through our bioAMS sample processing labo-
ratory. We often requested swipes from new collaborators to
assess their laboratories prior to beginning any low dose experi-
ments. Additionally, swipes were requested following a contami-
nation event either to determine the source of contamination or
to assess the effectiveness of cleanup efforts. This assessment
was also extremely important for new investigators working with
natural abundance '*C who were moving into a recently refur-
bished laboratory, as large scale laboratory equipment, such as
fume hoods and benches, tend to be recycled and their history is
often unknown. Also, buildings have may have an unknown history
of past radiocarbon use and there could be existing '“C “hot spots”
that could lead to future contamination events.

We exclude from this table the several thousand human sam-
ples collected and measured from our “bomb pulse biology” inves-
tigations of cell turnover. The extremely small sample size and
higher precision requirements made them more amenable for pro-
cessing in the CAMS natural 'C sample preparation laboratory and
measurement on the larger 10 MV FN tandem [10].

3. Biodeck

In April 2014, we completed the installation of a 250 kV SSAMS
purchased from National Electrostatics Corporation [11]. Fig. 4
shows a schematic of our newly christened “BioDeck” laboratory,
which is configured with a 250 kV SSAMS with two MCGSNICS
gas-accepting ion sources, each with a copy of our moving wire
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Fig. 4. A schematic representation of our newly constructed BioDeck laboratory
consisting of a 250 kV SSAMS (1) with two gas-accepting MCGSNICS cesium sputter
ion sources (2), and two moving wire interface benches for the analysis of small
liquid samples (3). One bench is configured with a Hamilton NIMBUS liquid
handling robot (4) while the other is configured with a Waters Corporation H-Class
UPLC (5) and a Waters Corporation Xevo G2XS QTof/Tof mass spectrometer (6).

interface for the analysis of small liquid samples. This system has
been placed next to our biomedical sample preparation laborato-
ries to better connect the biomedical researchers to the spectrom-
eter. Importantly, this system has been placed in a laboratory with
Biosafety Level 2 controls [12], enabling the handling and direct
analysis of human tissue samples.

Our initial commissioning of this system consisted, in part, in
the preparation of duplicate graphite aliquots from the same sam-
ple with one measured on each spectrometer. Fig. 5 shows the
results of 193 samples. Good agreement over three orders in
dynamic range is observed, with the most significant differences
observed at the lowest fraction modern values. However, ion out-
put is approximately 3-4 times lower, significantly reducing
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Fig. 5. Fraction modern results for separate graphitic samples prepared from the
same material and measured on both the 1 MV AMS system and our recently
installed SSAMS. Error bars are smaller than the data points. The solid line
represents y = x. Good agreement is seen over three orders in magnitude, with the
largest discrepancies observed from samples with the lowest '“C/C concentration.



TJ. Ognibene et al./Nuclear Instruments and Methods in Physics Research B 361 (2015) 54-57 57

4 N T T T T T ’ T ’ T ’ T ’ T - 0-45
X * | Ar stripping :
3t ] 10.39
2f ... 0.33
9

—0.27
He stripping—0.45

i
i
i

wuorIssiusue.dy,,, 9[’:)ZI/M{:)ZI

14¢c/B3¢ (x1071% "Disassociation"

3f Wi J0.39
E L ]
b~ L] -
L 10.33
- mer% ;
1 T T I T I T T I T T I T T 3 0-27
1 2 3 4 5 6 7 8 9 10

Stripper Pressure
(x107° Torr, calibrated for N,)

Fig. 6. Variation in '4C/'3C (“disassociation”; e) and 2Cp,/'?Cj. (“transmission”; +)
ratios with respect to different stripper gas concentrations. The top plot shows the
results in which argon was used as the stripping gas medium while the bottom used
helium gas. The stripper pressure, which is a proxy for the stripper gas thickness, is
the value as recorded by the gauge, which is calibrated for N, gas, located above the
entrance of the stripper canal.

sample throughput. Further work will focus on improving ion cur-
rents and assessing background levels.

We compared the effect of stripping gas on molecular ion
breakup and ion transmission. Presented in Fig. 6 is data where
we varied the flow rate of either argon (top) or helium (bottom)
gas into the stripper canal. The measurement from the vacuum
gauge above the gas entrance was used as a proxy for stripper
gas thickness. In both plots, the closed circles are the results of
10-second measurements of '4C/'3C isotope ratios from a graphi-
tized sample of ANU sucrose. As expected, at lower stripper gas
densities, the *C/'3C ratio is artificially high due to incomplete
molecular ion disassociation. As the gas density increases, this ratio
decreases and eventually levels out to the true value of the sample.
For both gases, the final ratio of the ANU sucrose sample is the
same, however, that final ratio is achieved at a lower pressure
using helium as it is using argon as the stripper gas.

Also plotted in the two plots are measurements of the '2C ratio
as measured in the off axis Faraday cups either after the
high-energy analyzing magnet (12Cy.) or after the low energy injec-
tion magnet (12Cy.). The '2Cpe/'?Cie isotope ratio gives a measure of
the transmission through the acceleration tube. Here the benefits
of helium gas over argon gas are clearly seen with the ion trans-
mission approximately 22% greater using the lighter gas.
However, achieving sufficient molecular ion destruction requires
a significantly greater amount of helium than it does using argon.
We flow He at approximately 7.5 sccm/min while Ar was flowed at
0.7 sccm/min. Additionally, we found that the helium bottle must
be placed onto the high voltage platform of the SSAMS to prevent

electrical discharge along the helium gas line to ground. Despite its
higher consumption rate, helium gas will be regularly used for
future measurements as it enables greater ion transmission while
providing the same level of interfering molecular isobar destruc-
tion as argon gas.

4. Future directions

We have transitioned all of our '“C measurements from the
1 MV system to our new 250 kV SSAMS system. The 1 MV system
is presently undergoing modifications in which the hybrid source
will be connected directly to the low energy injection magnet,
effectively removing the LLNL ion source and 45° ESA. Initially, a
TDOC will be connected to the hybrid source and the CO, produced
by this instrument will be measured directly from natural '“C
abundance environmental samples for carbon cycle studies.
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