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a b s t r a c t

We describe the design, operation, and performance of a new instrumental configuration capable of
quantitative determinations with sub-picomole accuracy of dilute concentrations of low mass species,

such as 4He, 3He, 20Ne, and 40Ar, in a balance of stable hydrogen (H2, DH, and D2) gas. This inexpensive
system may realize important applications in fields ranging from climate studies to hydrogen fusion
energy research, thereby providing an expanded availability of this diagnostic within emerging energy
systems research and development. These spectra, calibration curves, and determinations were obtained
by using a novel method for the purification and subsequent removal of the hydrogen matrix gas, and an
extensively modified commercial Fourier Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer
with an electron impact (EI) ionizer. These high-resolution FT-ICR mass spectrometers have routinely
achieved a resolution, R ¼m/Dm better than 10,000 Da at mass-3, with a mass resolution that scales as 1/

m. These devices have easily resolved D2 from 4He, and DH from 3He. The performance of this upgraded

instrument has demonstrated the ability to detect impurities from tiny air leaks, such as 40Ar and 20Ne, in
the presence of the hydrogen matrix gas. While no concentration measurements of radioactive species
have been attempted to date with this system, it is expected to easily resolve DT from D2H (a 0.0059 Da
mass difference) and HT from all other mass-4 species.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

We report on a new measurement system based upon an
inexpensive, custom-modified Ion-Cyclotron Resonance Mass
Spectrometer (ICR-MS) that is capable of quantitatively measuring

sub-picomole amounts of 4He and 3He in a hydrogen gas back-
ground. This measurement system is based upon a highly-modified
‘Quantra’ ICR-MS that was last sold by Siemens Industry, Inc.
(Process Analytics) in 2008, two of which we obtained from used
equipment marketers. We describe commercial, off-the-shelf
(COTS) modifications to these Quantra units that expand their ca-
pabilities into this low-mass range. The resulting system exhibits
adequate resolution and quantitative measurement capabilities to
contribute significantly as a diagnostic tool within climate and
.

r B.V. This is an open access article
energy research. The linearity and stability of this system is
demonstrated through repeated periodic calibrations against a
known dilute helium-in-balance-hydrogen external standard.
Numerous similarly-designed systems were calibrated and
compared to demonstrate unit-to-unit variability. This system has

also been used to measure 40Ar and 20Ne quantitatively, and these
measurements have provided real-time air invasion detection into
the sample and/or measurement system while helium measure-
ments were being made. As discussed in detail below, for accurate
quantitative measurements of light ions, such as helium, it is
essential that the partial pressures of all other atoms andmolecules
be reduced to exceptionally low levels, permitting ultra-high vac-
uum conditions to be maintained in the ICR mass spectrometer. In
order to develop an accurate method of measuring sub-picomole
levels of helium in a balance of hydrogen gas, it was essential to
measure sample volumes and pressures accurately, and then to
remove virtually all of the hydrogen matrix gas before the
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quantitative mass spectrometry measurement of the helium was
made. The helium impurity levels within the hydrogen matrix gas
must be reduced to less than 0.001 ppm to avoid quantitative
systematic errors, and this required improvements in hydrogen gas
purification technology that are described herein. Applications that
require accurate light isotope measurements are discussed first in
this introduction. This is followed by an introduction to the quan-
titative approach to measuring very small levels of helium in bal-
ance hydrogen using calibrated external manifolds. Then our
modified Ion e Cyclotron Resonance (ICR) method of mass spec-
trometry measurement is introduced, and measurements and the
stability and the unit-to-unit variation are documented in detail.

1.1. Applications of this technique

Accurate determination of the abundance of light-atom con-
centrations in the Earth’s atmosphere is an important application of
the technology discussed herein. Such measurements are impor-
tant to the study of the Earth’s dynamics, and potentially to timely
planetary concerns, such as the study of climate change. The
abundance of two stable noble gases within the Earth’s tropo-
sphere, helium and neon, was initially measured using quantitative
separation by fractional absorption in 1946 [1]. The currently
accepted (1976) standard atmospheric composition has a helium
concentration of 5.24 ppm by volume [2]. This helium composition
is a balance between generation from alpha decay within the
Earth’s radioactive core, input from the solar wind at the poles, and
subsequent degassing and thermal escape from the upper atmo-
sphere [3,4]. Nonthermal escape of helium has also been observed
[4,5]. The neon concentration in the atmosphere is 18.18 ppm by
volume, of which 90.48% of this neon concentration is the isotope
20Ne, 0.27% is 21Ne, and 9.25% is 22Ne [2].

The accurate determination of the ratio of the stable helium

isotopes, 3He/4He, is of current interest in the Earth’s troposphere
[6e14]. This interest was initiated by a study that showed that there

was a possible rate of change in the air 3He/4He ratio due to

anthropogenic activity, mainly the release of 4He through the
exploitation of fossil fuels [6]. However, these initial reported re-
sults have not realized wide-spread acceptance by the scientific
community, but they remain a topic for further study. Using a high-
resolution magnetic sector mass spectrometer, other researchers
concluded that there was no change in the atmospheric helium
isotope ratio [15,16].

Another source of 3He within the atmosphere is the beta

emitting decay of tritium, 3H, which has various sources on Earth.
Anthropogenic tritium sources include nuclear power-plants, and
residual levels from earlier nuclear weapons testing. The natural
cosmogenic source of tritium originates in the upper troposphere

and the lower stratosphere. Another natural 3He source is deep-
earth radioactive decay.

Similarly, the accurate determination of the ratio of the neon

isotopes, 21Ne/20Ne is of current interest in the Earth’s troposphere
[17e20], and the techniques discussed herein may be readily

expanded to measure and study the 21Ne/20Ne ratio in the
atmosphere.

Researchers studying hydrogen fusion have also used mass
spectrometry in efforts to detect the two stable helium isotopes as a
gaseous product of the nuclear reactions. These experiments
required an instrument with very high sensitivity, in addition to a
high resolving power. Early attempts to detect and resolve the
helium isotopes and other low mass species were based on the use
of two-quadrapole mass spectrometers (QMS) [21]. Other helium
measurements were performed using a double focusing
2

90�magnetic sector instrument [22e26]. An omegatron ICR mass
spectrometer with a high magnetic field has been in use at the
Alcator C-Mod tokamak magnetic fusion device for sampling the
plasma [27,28]. An ultra-high resolution quadrapole mass spec-
trometer, the Hiden DLS-20 (Hiden Analytical Ltd., Warrington,
Cheshire, UK) has been specifically designed for the analysis of
hydrogen and helium isotopes and applied toward fusion research
at the Joint European Torus (JET) tokamak [29]. It used a threshold
ionization mass spectrometry mode [30], in which the accurate
emission control of the ion source electrons was performed, so that

the DLS-20 discriminated between D2 and 4He. A similar quadra-
pole mass spectrometry method has been used at the DIII-D26,
EAST and the HT-7 tokamaks [31,32].

Other users for high resolution, low mass spectrometry include
national nuclear weapons laboratories within the U.S. Department
of Energy [33]. In this case, a Fourier Transform, Ion Cyclotron
Resonance (FT-ICR) mass spectrometer instrument, very similar to
the one described here, performed measurements for monitoring
the separation of hydrogen, deuterium, tritium, and helium. Prior to
the use of the FT-ICR instrument within national laboratories,
magnetic sector mass spectrometers, such as a Thermo Finnigan
MAT series mass spectrometer was used for hydrogen isotope ratio
monitoring [33e35].

The identification and quantification of an analyte, especially in
the presence of other analytes, is a primary goal of mass spec-
trometry. We focus on the primary benefits of this ICR mass spec-
trometer when coupled to a manifold designed for removal of
interfering species. They are: 1) the ultrahigh mass resolving power
at low masses, 2) the mass accuracy that is obtainable at low
masses, and 3) the very low analytically determined detection
thresholds and subsequent improved measurement concentration
levels that are obtainable.
1.2. Description of the modified Quantra FT-ICR mass spectrometer

We have substantially upgraded a commercial, compact, and
high-resolution FT-ICRmass spectrometer, named the Quantra, that
was manufactured by Siemens Analytical Products and Solutions
[36]. Although the manufacture of this instrument has been dis-
continued, it remains available today on the used equipment
market. It provided the user with a very high-resolution mass
spectrum from which the identification and quantification of the
sample components were obtained. Unlike most FT-ICR in-
struments that use strong, massive magnets for large molecule
analysis, the Quantra uses a smaller 0.9 T field strength permanent
magnet. This was better suited for confining the volatile, lower
mass ions, and it utilized modest voltages for lowmass ion control.
It was originally designed for measuring the mass range of
12e1000 Da, but we modified it to extend its measurements into
the mass range of m/z ¼ 1 to 12. We are currently replacing the
remaining legacy technology of the Quantra design with updated,
state-of-the-art measurement technology that may be readily
digitally reconfigured to optimize custom measurements. Another
compact FT-ICR mass spectrometer is manufactured by AlyXan
(Centre Hoche, 3 rue Condorcet, 91260 Juvisy sur Orge, France) and
is now commercially available. It uses a Halbach array 1.5 T per-
manent magnet [37,38]. It is based upon an earlier design that used
a 1.24 T field strength permanent magnet [39].

The original maximum 5 MHz data collection and pulse fre-
quency limited the measurement to masses above 12 Da. The in-
strument mass resolution was m/Dm ¼ 20000 at m/z ¼ 131. The
specified mass accuracy was 100 ppm or 0.004 Da at m/z ¼ 28. We
have modified it to extend its measurements into the lower mass
range of m/z¼ 1 to 12. There were twomajor challenges with using
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the unmodified Quantra for detection of low m/z species: First, the
5 MHz A/D converter sampling rate limited direct-mode detection
to species with cyclotron frequencies less than the corresponding
Nyquist limit of 2.5 MHz which corresponds to about m/z ¼ 5.6, so
much higher excitation frequencies were required to extend this
detection range to lower values of m/z. This higher excitation fre-
quency was provided by using a replacement arbitrary waveform
generator (AWG), Model DG1062Z from Rigol Instruments, as
described in the supporting information. Secondly, the original data
acquisition and control hardware and software that was provided
with the original Quantra performed well at this extended fre-
quency range, which was above its original designed range. Hence,
we have continued to use the original Quantra software, which was
written in a proprietary scripting language, to control most of the
instrument operating parameters over this extended frequency
range. However, the access to the critically timed events, such as in
triggering data acquisition, was needed. These modifications to the
timed events are also described in the supporting information.

2. Experimental

2.1. Overview of the vacuum system, sample purification, and
manifold operation

An internal diode element sputter-ion pump established the
ultra-high vacuum conditions in the ICR cell. Ultra-high vacuum
was a key required parameter so any ion-molecule reactions and
ion-neutral collisions that dampened the coherent ionmotionwere
minimized. This was especially crucial for helium ions because their
ionization potential of 24.59 eV, which is the highest of any element
[40], enabled rapid charge exchange reactions with any residual
atoms or other gases present in the FT-ICR cell.

Limiting the concentration of molecular nitrogen and other
gaseous species in the ICR cell results in a higher and more stable
helium cation population, resulting in a larger, more repeatable
signal. A sample preparation technique that removes the lower
molecular weight gaseous species was the key to obtaining an ac-
curate helium determination without systematic errors.

2.2. Description and operation of the manifold system

The Quantra sample inlet system as shown in Fig. 1 included a
front end manifold with multiple inlet ports, a sample loop of fixed
volume, and a manifold chamber containing the non-evaporable
getter (NEG) pump (CF16-MK2-172, SAES Group S.p.A., Milano,
Italy), for use before sample injection into the Quantra resonance
chamber It also included several pressure transducers, pneumati-
cally operated bellows valves, an activated charcoal cold trap, and a
calibrated leak valve.

The NEG pump was used to remove the deuterium ‘matrix’ gas
from the calibration and the sampled gases. This NEG pump utilized
a sintered porous getter based on a ZreVeFe alloy and had a high
pumping speed for H2 and D2 [41]. The NEG pump was regenerated
under heat and vacuum to restore its ability to absorb hydrogen
(protium and deuterium). Other diatomic and triatomic species,
such as nitrogen, oxygen, water, and carbon dioxide, were irre-
versibly absorbed into the alloy, vastly limiting the lifetime of this
pump. Hence, if these molecules were present in the sample, a
cryopumping procedure using the charcoal cold trap was used to
remove these species, thus preserving the activity of the NEG
pump.

The LabVIEW program controls the sequence of all pneumatic
valve opening and closing, other than valves 8, A, and B and the
calibrated leak valve. The procedure used to measure an aliquot of
gas follows. Gas was allowed into the front end volume where the
3

pressure was monitored by P1, a MKS 910 dual-sensor transducer.
The gas may either be condensed in the cold trap or an aliquot of
gas may be allowed into the sample injection volume. The charcoal
filled cold trap and cryopumping were used when measuring an
unknown gas that might contain high concentrations of Ar, Ne, N2,
O2, H2O or other contaminants. The getter manifold was also
attached to the turbomolecular pumping station so that the getter
material may be baked out and evacuated whenever the hydrogen
absorption rate was slow. The FT-ICR instrument was connected to
an external ion pump through valve 8 in case maintenance of the
ICR cell was required. The manifold operation began when an
aliquot of gas was isolated in the front end volume. The aliquot of
gas entered the getter manifold where the hydrogen matrix was
absorbed by the SAES CapaciTorr getter and helium was left in the
headspace gas. After 60 s of dwell time, the pressure reading of P2
was below 1 � 10�5 Torr. Then the remaining headspace gas passes
through the calibrated leak valve and enters the FT-ICR. The leak
valve knob was set to dispense the headspace gas over a period of
30 s. Table 4 in the supporting information shows the manifold
valve timing sequence.

If an initial wide mass spectral scan showed air intrusion into

the gas sample bottle, as evidenced by an 40Ar or 20Ne peak, an
additional sample purification step was required. This stepwas also
required if the sample matrix was not hydrogen or deuterium, or if
the sample was drawn from a moist environment. Although the
NEG pump can remove the nitrogen and the oxygen present in air,
these species should be removed from the gas sample before being
irreversibly absorbed by the NEG pump, which limited its lifetime.
This additional purification step was accomplished using a U-tube
cold trap that had been added to the sample inlet valve, typically
valve 5. Alternatively, it can be inserted between valves 1 and 2 in a
bypass configuration. It was filled with activated charcoal and a
getter (SAES Group getter type ST707). Once the sample was
admitted to this trap, the temperaturewas reduced toT¼ 77 Kwith
liquid N2 and it condensed and absorbed the species with higher
boiling points, such as Ar, CO2, H2O, N2, and O2. H2 and its isotopes
were absorbed primarily by the NEG pump. Ne, He, and their iso-
topes which have boiling points lower than liquid N2 were not
condensed or absorbed on the charcoal to any appreciable extent
[42]. Besides enabling the use of a higher sampling pressure, this
additional impurity removal trap also allowed the analysis of the
helium concentration within air samples, which served as a cali-
bration fixed-point reference at 5.24 ppm within this work [2].
3. Results and discussion

3.1. Calibration

After a determination of the background levels, the response of
the Quantra was calibrated using an external standard of known
4He or 3He composition. Either a 30-point, 20-point, or a 15-point
calibration for He was performed daily to ensure that there was not
a significant drift in the sensitivity. An automated sequence oper-
ated the manifold pneumatic valves to load the calibration gas into
the injection volume, then into the NEG manifold, and finally into
the Quantra inlet port (see Supporting Information). The same
calibration procedure described below has been used for the noble

gas species that have been analyzed (4He, 3He, 20Ne, and 40Ar). The
first acquired signal begins with a higher pressure in the front end,
typically P¼ 8e15 Torr when using a nominal 5 ppm He calibration
gas. The subsequent data points were obtained as the pressure was
reduced through the automated filling of the injection volume.

To ensure that therewere not any hysteresis effects, a calibration
experiment was performed where the injection volume pressure



Fig. 1. The Quantra sample inlet system and the pretreatment U-tube cold trap for removal of argon and other species.
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was first sequentially decreased, and then sequentially increased.
No hysteresis effect was observed. Furthermore, the instrument has
been exposed only to noble, monoatomic gases either of atmo-
spheric composition or of commercial calibration gases with con-
centrations of 10 ppm or less. When the measurements described
here were finished, noble gas exposure had occurred for less than
15 months. Because the daily measurements of the background
noble gas levels were constant (see Supporting Information), and
the instrument was routinely baked at T ¼ 180 �C and evacuated
with an appendage turbomolecular pump, instrument ‘memory’
(i.e. residual helium gas effects) was not observed. Residual
hydrogen gas effects were only observed when the CapaciTorr NEG
pump was not adequately thermally recycled between runs.
Routine bakeouts and the use of the CapaciTorr getter removed any
interfering hydrogen species including the potential spectral in-

terferences of 1HDþ and 1Hþ
3 which interfered with the 3Heþ signal

[43].
To calibrate the instrument, measurements of net signal and

loading pressure were gathered for a calibrant gas. For one such

instrument, the calibrant gas contained 6.52 ppm 4He in a deute-

rium balance, as confirmed against the 5.24 ppm of 4He observed in
an air sample measurement. The ideal gas law was used along with
the known He concentration to calculate the total number of pi-
comoles of He present in the sample loop, VSL. At a given pressure,
the total amount of picomoles of gas, nTotal(i), in VSL was calculated,

NtotalðiÞ ¼
PiVSL

RT
(1)

and the total number of picomoles of 4He, nHe, present was
calculated:

N½He�ðiÞ ¼
6:52
106

ntotalðiÞ (2)

At a given pressure, a known amount of 4He was allowed into
4

the instrument and the net signal, NSi, was measured. This process
was repeated several times to obtain a linear trend in the net signal
as a function of nHe(i). This trend was inverted so that the slope and

intercept may be used to determine [4He] for an unknown gas
sample. Let the calibration slope be denoted m, the calibration
intercept be denoted b, and an individual measurement for net
signal be denoted NSi. The standard error of the slope is sm, and of
the intercept, sb. The calibration equation is:

nHeðiÞ ¼ ðm± smÞ � ðNSiÞ þ ðb± sbÞ (3)

Fig. 2 shows the calibration curves for the helium species before
the trend was inverted. After inverting the calibration equation,

based on linear regression of the 4He data, would be

nHeðiÞ ¼ ð5:763±0:045Þ � ðNSiÞ � ð0:189±0:054Þ (4)

Assuming this equation will hold true for any unknown gas
sample, one may measure the net signal from the unknown gas
sample and calculate nHe(i) present in an aliquot of that sample.
3.2. Linear dynamic range, and limit of detection for 4He and 3He

As shown below for the 4He and the 3He calibration gases, the
Quantra responds linearly from 0.24 to 19.0 pmol (Fig. 2). From a
linear regression analysis of the data points, the calibration curve
statistics were determined including the standard error of the
slope, sm, and of the intercept, sb. The standard error of the intercept
gave the error structure used to determine the limit of detection,
LOD [44]. Using a 95% confidence limit and the number of data
points (degrees of freedom), the two-tail critical t-value, tcrit, was
first determined. From this value, the LOD[He] was determined:

LOD½He� ¼ ðtcrit � sbÞ=b (5)

For the data in Fig. 2, the limits of detection, LOD, were 0.12 pmol



Fig. 2. Typical calibration measurements showing the net signal versus the sample
amount of 4He and 3He. The 4He and 3He calibration gases had concentrations of 6.52
and 5.76 ppm respectively.
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4He and 0.25 pmol 3He. Next, the Lowest Level of Quantification,
LLOQ, values were determined using the International Conference
on Harmonisation (ICH) factor of 10:

LLOQ ½He� ¼ ð10� smÞ=m (6)

For the data in Fig. 2, the lower limit of quantification was

0.555 pmol 4He, which was typical of measurements taken at
various times on different machines. The LOD and the LLOQ varied
between the different Quantras and they were also dependent
upon the species measured. Table 1 below shows the values ob-

tained for four of the instruments when a 4He calibration gas was
used. Once a calibration trend has been obtained, the unknown gas
sample was allowed into the front end volume, VFE. The pressure
was recorded and used with the ideal gas law to calculate the total
amount of the unknown gas, n(total(j)). The gas was purified by
exposing the gas to a cold trap filled with charcoal and ST707 getter
material. Gas species with low boiling points remain in the head-
space gas. Any remaining headspace gas was allowed into the in-
strument for measurement.

This measurement was repeated for the aliquot of gas until the

amount of 4He in the headspace gas falls below the lower limit of

quantification. The amount of 4He present in the gas aliquot
admitted to the instrument for each jth measurement was calcu-
lated using the net signal with the calibration equation (Eq. (7)).

Summing the amount of 4He from these measurements, the n[He](j)
values, yielded the total amount of 4He inside the unknown gas
sample. The loading pressure was used with the ideal gas law to
determine the total moles in the gas aliquot prior to condensing.
Table 1
4He Calibration results for four FT-ICR mass spectrometers.

Parameter Quantra 1 Quantra 3 Quantra 4 Quantra 6

No. of Calibrations for 4He 474 254 76 35

Average Slope, Counts/pmole 0.286 0.165 0.333 0.142
Average Intercept, Counts 0.0087 -0.022 0.053 0.079
Average LOD, pmole 0.162 0.184 0.141 0.185
Average LLOQ, pmole 0.715 0.818 0.659 0.891

5

This amount of gas includes all gas species in VFE whether it be 4He,
D2, H2, or any impurities. Let this amount of gas be denoted ntotal(j).

The ratio of the total amount of 4He to ntotal yields the concentration

of 4He in the unknown gas sample, denoted as [He]:

½He� ¼
P

n½He�ðjÞ
nðtotalÞðjÞ

� 106 (7)

To test the lower limits of the instrument’s capabilities, this
experiment was repeated on an ultra-purified deuterium gas
sample. A description of the purification system and method is
given in the Supporting Information. This system resulted in an
extremely pure hydrogen gas with literally no moisture or oxygen
carry over. A purity more than 99.9999995% (eight 9s) was
routinely obtained. The research grade supply gas was tested before
and after this purification process.

The set of 4He measurements presented in Fig. 3 were made on
three separate aliquots of research grade deuterium gas after pu-
rification. The measurements were conducted using between 622
and 947 mmol of total gas resulting in an average concentration of

4.0 ± 1.3 ppb 4He in the ultra-purified deuterium gas. The con-

centration of 4He in the research-grade deuterium gas was
44 ± 5 ppb before the absorption-based purification procedure. The
purification process was successful in removing over 90% of the

residual 4He present in the original research-grade supply gas.
3.3. Detection and resolution for 3He

Experiments were performed using a 5.76 ppm 3He calibration
gas in a DH matrix to illustrate the excellent resolution obtained

using the upgraded Quantra. As shown below in Fig. 4, the 3He, DH,

and H3 signals are well resolved as are the 4He and D2 signals.
Notice also that the H3 peak, which is only 0.00155 Da above the DH
peak, is clearly resolved. The resolution of the ICR mass spec-
trometer is about 0.0003 Da in Fig. 4, resulting in a resolving power
in excess of 10,000 in this mass range.
Fig. 3. Calculated 4He amount versus measurement iteration number for three ali-
quots of the ultra-purified deuterium gas.



Fig. 4. Illustration of Quantra’s resolution at low mass. The excitation frequencies were
4.828 MHz and 4.8235 MHz for 3He and DH, respectively. The frequencies were 3.487
and 3.508 MHz for 4He and D2, respectively. Notice that the H3 peak at 0.0015 Da above
the DH peak is clearly resolved, demonstrating the instrument’s mass resolution.
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3.4. Calibration, linear dynamic range, and limit of detection for Ar
and Ne

Similar calibration curves, shown in Fig. 5, have also been ob-

tained for 40Ar and 20Ne. For the same EI source settings, the
sensitivity increased with the mass of the analyte gas. This was
primarily due to the effective ionization cross section [45]. How-
ever, for the Quantra the sensitivities for these two species were

similar to that for 4He. It should be noted that the internal ion pump
had a significantly slower pumping speed for Ar and Ne, and thus a
waiting period of greater than 5 min was required between the
acquisition of the data points. This was expected as helium has a
different pumpingmechanism than the heavier noble gases [46]. As
Fig. 5. Measured net signal versus the amount of argon or neon. The black data points
and regression line were obtained using the 5.02 ppm Ar gas in balance H2. The red
data points and regression line were obtained using the 5.06 ppm Ne gas in balance H2

and the cold trap.

6

with 4He, the calibration curves were obtained using an external

calibration gas and an electron beam energy of 70 eV. With 4He
cations generated by a Nier-type ion source, the ionization effi-

ciency peaks at 70 eV [47]. A typical LLOQ for 40Ar was 1.14 pmol

and for 20Ne was 1.48 pmol.

For quantitative analysis of 20Ne at m/z ¼ 19.9924, it was criti-
cally important to avoid potential isobaric interferences [17e20],

i.e., isotopes that share a common mass. For 20Ne, a significant

interference was the detection of 40Arþ2 at m/z ¼ 19.9812, which
was only 0.0112 Da lower. Peak separation required a resolution of
1777 [17,18] which was not attainable at this mass range by the

modified Quantra. This interfering 40Arþ2 signal was measured

with the same frequency (f ¼ 7.0 � 105Hz) as the 20Ne signal and
with a 70 eV electron beam used to ionize the gases. Residual argon
background signal has been detected in many mass spectrometers
after it has desorbed from flight tubes and ion sources [48]. If both

gases are routinely analyzed by the same mass spectrometer, 40Ar

will interfere with the 20Ne measurement, especially if the amount

of 20Ne is small and the mass spectrometer is operated in static
mode. Typically, argon can be separated from neon by a cryogenic
trap [49]. Thus, with the EI energy setting at 70 eV, the cold trap

was required to remove any 40Ar present in the sample and to

obtain an accurate determination of 20Ne. A single stage cold trap
was used, rather than a two stage charcoal trap system [49]. It was
held at liquid nitrogen temperatures. Another option to prevent

interference from 40Arþ2 was to reduce the energy of ionizing
electrons in the ionization source. However, the instrument sensi-
tivity suffers, and the instrument must be recalibrated for all spe-
cies at the new ionization beam energy. Four other isobaric

interferences for 20Ne are possible, H19F, C3H
þ2
4 , D16

2 Oþ, and H18
2 Oþ,

which can be removed only with the use of a cold trap.

Although 21Ne measurements have not been performed, one

expected isobaric interference was due to 20Ne-Hþ [17e20].

Quantitative 20Ar determinations were made in the presence of
20Ne without interference. Isobaric interferences for 40Ar, such as
200Hgþ5 and C3H

þ
4 were absent. It was also determined that the

signal from þ5Neþ5, does not appear at the 4He resonance
frequency.

As previously mentioned, this instrument has excellent resolu-

tion at lowermass ranges. Experiments have shown that for 20Ne at
m/z ¼ 19.9924 the FWHM resolution was 0.031 Da. It increases to

0.122 Da for 20Ar, which agrees with theory.
Linearity and dynamic rangewere determined for all 3 noble gas

species. Linearity for 4He was determined up to 28 pmole. This
calibration linearity was observed in the 3 other similar in-

struments. Linearity for 20Ne was determined from 6 up to 114

pmole and for 40Ar from 0.7 up to 32 pmole.

3.5. Atmospheric air analysis of 4He

Ambient atmospheric air was used to verify the composition of

the 4He calibration gases. The residence time of 4He in the Earth’s
troposphere is approximately 106 years [50], which is significantly
longer than themixing time [51]. Thus, on this basis of a very stable,
well mixed composition, most laboratories which are engaged in
4He isotope measurements use atmospheric 4He as an isotopic

standard [52]. The set of 4He measurements presented in Fig. 6

were made on 36.3 mmol of air resulting in 182 pmole of 4He and



Fig. 6. (Top) Measured net signal versus measurement iteration number. (Bottom)
Calculated 4He amount versus measurement iteration number for an aliquot of air.
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a concentration of 5.0 ± 0.5 ppm 4He in air [2]. This result was

commensuratewith the known concentration of 5.2 ppm 4He in air.

This measurement method slightly underestimated the 4He con-
centration of an unknown gas sample because measurements were

only iterated until the 4He amount decreased below LLOQ. Any

residual 4He gas below LLOQ was left unmeasured inside the front
end and U-tube volumes. This demonstrates that the instrument

was capable of quantifying 4He concentrations ranging from the
5.24 ppm found in air down to extremely low concentrations on the
order of parts per billion.

3.6. Air invasion analysis and efficacy of a layered cryotrap

Numerous additional experiments were performed to charac-
terize the efficacy of the layered U-tube cryotrap as a sample pre-
treatment method. As discussed in detail above, this additional
pretreatment step was necessary when unintentional air invasion
into a gas aliquot occurred, or when samples were taken from awet
aqueous sample environment.
7

These linearity and dynamic range experiments used four
different Air/He/H2 mixtures that contained 0.00, 0.50%, 1.00%, and
1.50% air. All four samples were prepared from as-delivered

hydrogen gas that contained 0.479 ppm 4He. After their make-up
manometrically, they were allowed more than 24 h of additional
mixing time before use to ensure homogeneity.

For this series of experiments, the mass spectrometer operating
parameters were optimized for highest sensitivity and then not
changed. Additional high mass scan background measurements
insured that no air was present in the regulators, in the transfer

lines, or in the manifolds. Daily calibration with a 5.2 ppm 4He
calibration gas in deuterium matrix showed no significant time
dependent change in sensitivity. The first set of experiments con-
sisted of injecting aliquots of these four different gas mixtures into
the modified Quantra ICR mass spectrometer and not using the
layered cryotrap.

The net 4He signal was determined as a function of sample
pressure. Initially, the net signal increased linearly until non-
linearity was observed. At this point, an oscillatory magnetron
waveform was observed in the time-domain signal. Allowing
additional time for reaction equilibrium with the CapaciTorr getter
did not significantly increase the upper pressure limit of the linear
regime. The results showed that the onset of non-linearity occurred
in direct relationship to the concentration of air introduced within
the mixtures. This relationship provides a very useful, independent
indication at the time of measurement of air invasion into samples,
providing a run-time diagnostic to detect tiny leaks in samples that
were initially thought to have been hermetic. Such a real-time
indication of tiny leaks into samples at the time of test may be a
very useful quality control feature of this method.

The second set of experiments included both the CapaciTorr
getter and the layered cryotrap, cooled with liquid nitrogen, for the
pretreatment of these gas mixtures before injection. The signal
linearity (dynamic range) increased substantially when the layered
cold trap was used as the results in Table 2 show. By using the
calibration curve, along with the volume and temperature of the

sample aliquot, the [4He] can be determined using the ideal gas law.

There was very good agreement between the actual [4He] and the

measured [4He] values when the layered cryotrap was used. As a
self-consistency check, Fig. 7 shows an extrapolation of the linear

curve fit of the measured [4He] as a function of the air content of
the gas mixture. The intercept value of 0.482 ppm shows excellent

agreement with the actual value of 0.479 ppm 4He.
3.7. Comparison with commercial instruments

High sensitivity and high precision mass spectrometers that are
applicable for noble gas analysis typically are magnetic sector in-
struments operated in a static mode, i.e., with the vacuum pump
turned off, which improves the sensitivity [53]. Numerous noble
gas mass spectrometers are commercially available: the NGX600
(Isotopx Inc., Chapel Hill, NC), the Noblesse HR (Nu Instruments,
Wrexham, UK), and the three different purpose built instruments
from ThermoFisher: Helix SFT Plus, Argus, and the Helix MC
(ThermoFisher Scientific, Waltham, MA) [45]. These all utilize a low
volume design and a variety of detector modules including Faraday
cups and secondary electron multipliers. All 3 instruments have a
mass range from 1 to over 140 Da. The Helix SFT Plus has a

120�magnetic sector with a dedicated 90�energy filter for the 3Heþ

channel. The NGX600 uses a 90�magnetic sector, while the
Noblesse uses a 75�magnetic sector. These high-resolution mass

spectrometers can now resolve the 20NeHþ isobaric interference to



Table 2
Comparison of dynamic ranges for 4He measurements with and without the layered cold trap.

Air Maximum Pressure Measured [4He], ppm Measured [4He] Actual [4He] Actual [4He]

Content, (CapaciTorr only), (with Cryotrap), (CapaciTorr only), (with Cryotrap),
% Torr ppm ppm ppm ppm
0.000 >80 >80 0.453 0.479 0.479
0.500 18 >55 0.529 0.509 0.505
1.000 12 >42 0.925 0.550 0.527
1.500 6 >65 1.685 0.571 0.550

Fig. 7. Extrapolation of the measured [4He] as a function of the air content of the gas
mixture. The intercept value was 0.482 ppm.
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21Neþ as well as the 20Ne isobaric interferences [18]. Older mag-
netic sector instruments, such as the VG 5400 (Isotopx Inc.), have
been able to resolve H3 from DH, Dm ¼ 0.00155 Da [54].

In comparing this modified Siemens Quantra FT-ICR to any one
of the double-focusing magnetic sector instruments, the main
disadvantage of magnetic sector instrument is its large footprint
and weight, whereas the foot print of the Quantra and its manifold
can be as small as 2 Ft by 5 Ft. Another advantage is that the no
maintenance, internal ion pump provides the high vacuum. And
over a broad mass range, a FT-ICR instrument provides the highest
mass measurement accuracy (MMA) [55e57]. One disadvantage of
the Siemens Quantra system is that it does not have multiple
ionization methods, as only an EI ionization source is currently
available [36]. A disadvantage of other FT-ICR mass spectrometers
with higher resolution is that the superconducting magnets require
maintenance using liquid cryogens.

4. Conclusions

Six Quantra FT-ICR mass spectrometers have been significantly
upgraded to enable the high resolution, high sensitivity measure-
ments of atomic and molecular species below 12 Da. As described
within the Supporting Information, the enhancements included an
external AWG and DSO, a cable panel, and an Arduino micropro-
cessor. A LabVIEW program has been used for both instrument
operation and spectrum acquisition. In addition, an all metal
sample preparation system, constructed to UHV standards, has
been developed that was also controlled by the LabVIEW program.

The calibration curves for 3He, 4He, 20Ne, and 40Ar show excellent
linearity and quantification capability down to a LLOQ of 1.5 pmole
and below. The addition of a layered cryotrap greatly improves the

dynamic range of the Quantra for 4He determinations if sampling
8

above aqueous solutions are involved, or if air intrusion into the
sample has occurred. Future enhancements and upgrades are
planned to improve the sensitivity, the resolution, and the
robustness of this mass spectrometer, and to extend into quanti-
tative measurements of tritium with sub-picomole sensitivity.
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