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crowave plasma source for in situ
spaceflight applications†

B. J. Farcy, *a R. D. Arevalo, Jr, a M. Taghioskoui, b W. F. McDonough, ac

M. Benna d and W. B. Brinckerhoff d

Noble gas plasmas are commonly used as ion and excitation sources in inductively coupled plasma (ICP)

optical emission and mass spectrometry for organic and inorganic chemical analysis. However, the high

power (�kW) and voluminous gas flow rate (�15 L min�1) of commercial plasmas limit their potential

deployment in remote terrestrial and planetary environments. Here, using argon and helium gas supplies,

we investigate the fundamental characteristics of low power and reduced-pressure microwave plasmas

for organic and elemental analysis. These plasmas require a fraction of the power (<25 W) and gas (<0.2

L min�1) compared to conventional ICP systems. Langmuir probe measurements were used to

determine electron temperatures and electron densities for both helium and argon plasmas under

a range of forward of powers and gas flow rates. Ionization efficiencies for select organic compounds

and elemental species were estimated from these results using the Saha equation. Our findings show

that at 23 W of forward power and 0.2 L min�1 gas flow rate, an argon plasma can fully ionize (>99%)

organic molecules or elements with high ionization potentials (e.g. glycine, 8.9 eV, or S, 10.4 eV); in

comparison, helium can achieve similar performance metrics with as little as 5 W of forward power.
1 Introduction

Constraints on planetary surface composition are obtained
through various analytical techniques, including ground-based
telescopes, remote sensing from orbiting spacecra, and in situ
measurements from landed platforms. In situ spectroscopic
techniques provide particularly valuable information across
a range of spatial scales, such as correlated measurements of
mineralogy, elemental composition, and biomarker detection,
as demonstrated by the Sample Analysis at Mars (SAM) instru-
ment onboard the Curiosity rover.1–3 Advances in laser
desorption/ablationmass spectrometry target the unambiguous
identication of potential biosignatures, and contextualize
geological relationships that inform on molecular provenance
and formation mechanisms.4 However, such techniques are
challenged tomeet the gures of merit (e.g., accuracy, precision,
and detect limits) required to provide quantitative bounds on
elemental composition and/or organic inventory, particularly
for refractory elements and macromolecular compounds.
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In the commercial realm, plasmas are routinely applied as
robust and reproducible sources for optical emission spectra,5,6

as well as ionized organic compounds andmonoatomic ions for
mass spectrometry.7–14 Commercial inductively coupled
plasmas (ICPs) operate at high power output (>1 kW) and ionize
desolvated solutions or ablated geologic material. Recent
advances in plasma technology demonstrate that low power
plasma sources, operating at ambient or reduced pressure,
perform direct desorption and ionization of molecular
compounds or geologic materials in their native state, although
the potential to atomize large particles remains poorly con-
strained.14 These sources typically operate at low power (3–30W)
and low gas ow rates (<1 L min�1), opening the potential for
them to be used as in situ instruments for spaceight. Despite
this progress, the ionization capabilities of these low power
plasma sources for organic or elemental analysis require further
characterization.

Here, we document the capability of microwave induced
plasmas (MIPs), operating at low power and low pressure with
argon and helium, to ionize refractory elements and macro-
molecular organics. We measured the fundamental parameters
of the plasma via Langmuir probe over a range of forward
powers and gas ow rates: specically, electron temperatures,
electron densities, and ion currents were recorded under each
set of analytical conditions. These data are used in conjunction
with the Saha equation to estimate the rst ionization capa-
bilities of these plasmas for molecular and elemental analyses
and can be applied to any specic analyzer. We dene the
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ja00198h&domain=pdf&date_stamp=2020-11-01
http://orcid.org/0000-0001-5159-6551
http://orcid.org/0000-0002-0558-5090
http://orcid.org/0000-0002-6345-7687
http://orcid.org/0000-0001-9154-3673
http://orcid.org/0000-0002-2770-4820
http://orcid.org/0000-0001-5121-2634
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ja00198h
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA035011


Paper JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 3
:5

5:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
performance capabilities of the plasma source, highlighting the
potential for this subsystem to serve as an effective spaceight
ionization source. Applications of this plasma source extend
from the ionization and controlled fragmentation (to derive
structural information) of organic compounds on ocean worlds,
to the quantitative analysis of trace elements on the surfaces of
rocky planetary bodies, to the derivation of radiometric ages via
the Rb–Sr and/or U–Th–Pb systems.
2 Methods
2.1 Experimental setup

Fig. 1 presents a schematic of our vacuum chamber to generate
a low pressure, low power plasma that can operate as an ion
source for a prototype spaceight chemical analyzer. The setup
in Fig. 1 is coupled to a Langmuir probe to characterize the
fundamental properties of the plasma, enabling quantitative
insights into the ionization efficiencies of different analytes.

We use a resonance cavity to produce a microwave plasma,
which is generated within a quartz tube (12.5 mm outer diam-
eter and 1.25 mmwall thickness) passing through the cavity.15 A
signal generator (Hewlett Packard, 8648C) produces a radio
frequency (RF) between 2.3–2.45 GHz, enhanced by a RF
amplier (Mini-Circuits, ZHL-30-252-s+) that provides
improvements in linear performance and gain. The amplied
RF signal is then fed into an Evanson microwave cavity16

(Opthos Instruments) via a bi-directional coupler. Two power
meters (ImmersionRC, 8452) are connected to the coupler to
monitor the forward and reected power in real-time.

In contrast to the Evanson microwave cavity employed here,
commercial inductively coupled plasma optical emission spec-
troscopy (ICPOES) or mass spectrometry (ICPMS) instruments
typically use a coil wrapped around a quartz tube. In these
systems, the frequency of RF frequency is generally 13.56, 27.12
or 40.68 MHz, and a capacitive network matches the impedance
Fig. 1 Schematic diagram a low power (<30W), low gas flow rate (<200 S
Langmuir probe (in blue) has been inserted in the setup to characterize t
identifies the site of plasma generation and sampling by the Langmuir p

This journal is © The Royal Society of Chemistry 2020
of the coil to the impedance of the RF power supply. Lower
frequency atmospheric pressure argon plasmas can be advan-
tageous, producing higher signal to noise ratios and analyte
excitation temperatures.17 However, high frequency microwave
plasmas (>100 MHz) generally produce greater ion beam
currents, lower beam energy dispersion, and better frequency
coupling to the plasma.17–19 Here, we use a high frequency
plasma for its enhanced coupling efficiency at lower power
outputs.

In order to maximize the forward power of the microwave,
the resonance frequency of the cavity is tuned using the cavity's
tuning rod tominimize the reected power, and then the output
frequency was further optimized to match the resonance
frequency of the cavity. A second resistive tuning element
allowed impedance matching to minimize reected power. This
tuning procedure is performed in all experiments to maintain
a reected power of <5%.

The quartz tube connects two vacuum chambers and argon
or helium is introduced via a mass ow controller (Alicat, MC-
500SCCM-D) into the rst chamber and subsequently pumped
downstream through the chamber using an oil-free roughing
pump. A 1 mm (�25 mm) laser-drilled conductance limiting
orice (Lenox Laser, SS-CF-2-1000) separates the pumping
chamber and the quartz tube in order to restrict gas ow and
enable differential pumping between the two chambers. The
plasma chamber is evacuated to a pressure of <100 millitorr (10
Pa) and back-lled with a controlled ow of plasma gas, ranging
from 200 to 10 standard cubic centimeters per minute (SCCM),
and supporting the characterization of plasma across a range of
pressures from 1–10 torr (�100–1000 Pa). The power is adjusted
from 5–23 W to maintain a stable plasma across these ow rate
and pressure parameters. A commercial Langmuir probe
(Impedans Inc.) having a 0.25 mm diameter and a 10 mm long
tungsten probe tip was inserted into the quartz tube to measure
plasma characteristics. Voltage on the probe was swept over
CCM, or 0.2 Lmin�1), plasma ion source operated at 10 torr (�1300 Pa).
he ionization properties of the plasma. The dashed box with pink color
robe.
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a range of �50 to 50 V and the resulting I–V curves were
recorded using the Impedans Langmuir probe soware.
2.2 Langmuir probe data processing

The Langmuir probe is a diagnostic tool used to measure the
fundamental characteristics of a plasma. The probe is a con-
ducting wire that is inserted into a plasma. An I–V curve is
generated by measuring the current resulting from an applied
or bias voltage. The values for plasma potential (Vp), oating
potential (Vf), electron temperature (Te), electron density (Ne),
and electron energy distribution function (EEDF) are calculated
from I–V curve measurements.20–22 Vp describes the electric eld
potential in the space in between the ions or electrons in the
plasma, and thus the potential of the plasma relative to ground.
Vp is dened by the voltage value at which the I–V curve shows

the greatest change in slope
�
d2I
dV2

�
, and Vf is dened as the

voltage value at which the ion and electron current are equal,
resulting in a net zero current.

Vp is determined by taking the natural log of the measured
current and tting a line to the region above and below the
change in slope, or the “knee” of the curve. The intersection of
these two lines identies Vp (Fig. 2).

The slope of the electron repulsion region can be used to
calculate electron temperature (Te) as:

q

kBTe

¼ ln
��Iprobe � Isat

��
3

(1)

where q is the electron charge, kB is the Boltzmann constant,
Iprobe is the probe current at Vp > Vprobe > Vf, and Isat is the
saturation current (dened as current at Vp), and 3 is the energy
given by Vp � Vf. Te is in units of electron volts (eV). Electron
density is subsequently calculated as:
Fig. 2 Example of relevant regions of an I–V curve as measured from
a He plasma at 11 W and 200 SCCM gas flow rate. Values for Vp, Vf, Te,
and Isat, as well as distinct regions of the curve, are identified. Terms
identified in the main text.

2742 | J. Anal. At. Spectrom., 2020, 35, 2740–2747
Ne ¼ Isat

qAprobee
�1
2

ffiffiffiffiffiffiffiffiffiffi
me

kBTe

r
(2)

where Aprobe is the surface area of the probe and me is the
electron mass. Ne is in units of m�3.

The electron energy distribution function (EEDF), for this
type of low temperature plasma, approximates a single Max-
wellian distribution of electron temperatures that are higher
than the bulk plasma temperature. The EEDF was calculated
using the second derivative of the I–V curve, with the ion current
subtracted, as:

nð3Þ ¼ 2I 00

qAprobe

ffiffiffiffiffiffiffiffiffiffi
2me3

q

s
(3)

where I00 is the second derivative of the current.
In addition to Te and Ne measurements, a static potential is

applied to the Langmuir probe and the ion current is measured
in the center of the plasma. The ion current is proportional to
ion density, so it is used to calculate changes in plasma ion/
neutral ratio with changing plasma input parameters. The
experiments are conducted for both argon and helium gases to
compare performance under a range of conditions. While the
physical characteristics of the plasma change laterally on either
side of the microwave cavity, the three dimensional nature of
the plasma was not investigated here. Instead, because the
probe is measuring the plasma at its hottest position, the ion
current, Te, and Ne values measured represent upper bounds of
the plasma state and we assume a drop off in values as the probe
position changes.
3 Langmuir probe measurements
3.1 The effects of plasma power on Te and Ne

A compilation of measured I–V curves taken over a range of
forward plasma powers is shown in Fig. 3. The gas ow rate was
maintained at 200 SCCM while power was varied in order to
study the effects of plasma power on Te and Ne. Ramping up the
plasma power (5–23 W) resulted in an increase in Ne by a factor
of 3 for helium and a factor of 5 for argon, as indicated by
increasing Isat, and only slight increases (a few percent) in Te
(Fig. 4a), due to a minimal change in Vp (Fig. 3a and b).

The trend in electron density with changing plasma power
(Fig. 4b) is due to a greater number of high-energy inelastic
collisions occurring with increasing forward plasma power.
Increasing power produces an increase in the amplitude of
oscillations, thus more energy per electron per oscillation.
Unlike low mass electrons, large atoms/molecules have insuf-
cient time to respond to changes in polarity in the resonance
cavity (which control directional changes in the plasma
magnetic eld) at microwave frequencies. This is corroborated
by similar increases in ion current (more below, Fig. 5).

This weak relationship between Te and plasma power is
consistent with measurements from other studies of inductively
coupled RF plasmas.23–25 The higher Te for helium, as compared
to an argon plasma, is likely due to helium having a higher
thermal conductivity than argon (0.151 and 0.018 W mK�1 at
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Composite of I–V curves taken over a range of plasma powers
for helium (a) and argon (b) plasmas at a constant gas flow rate.
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View Article Online
25 �C and 0.1 MPa, respectively).26 However, the response
difference in Ne follows from the differences in ionization
potential of argon versus helium (15.8 eV and 24.6 eV, respec-
tively) and ionization cross section (3 � 10�16 and 0.4 � 10�16

cm2, respectively).27

The plasma gas temperature (Tgas) was measured using
a hand held IR thermal imager (Keysight Technologies, U5850
series). The argon gas temperature measured over the range of
forward power increased from 340 to 380 K, while the helium
gas temperature increased from 380 to 510 K.

3.2 The effects of gas ow rate on Te and Ne

The plasma gas ow rate in the system also affects the physical
characteristics and ionization capabilities of the plasma. To
assess these responses, the plasma power was kept constant at
8 W while the ow rate of plasma gas was changed from 200 to
10 SCCM. Changes in Te and Ne as a function of gas ow rate is
shown in Fig. 4d and e. Both Te and Ne are inversely propor-
tional to gas ow rate, with their highest values being measured
at the lowest gas ow rates.

For both gases there is about a 40% increase in Te with
a factor of 10 decrease in gas ow rate. The relationship between
Te and gas ow rate is driven by the electron collision frequency.
This journal is © The Royal Society of Chemistry 2020
If electrons are borne with a set kinetic energy, then inelastic
collisions decrease that kinetic energy with each collision. A
decrease in gas pressure, and thus a decrease in electron colli-
sions, allows electrons to better retain their initial kinetic
energy.25,28

The mean free path of an electron in a plasma can be
calculated using the Debye length, or the distance a plasma can
shield from external charge.29 The Debye length is calculated as:

lD ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3okTe

Neqe2

s
(4)

where qe is the charge of an electron and 3o is the permittivity
constant. Langmuir probe measurements show Debye lengths
from 1–3 � 10�5 m from 10–200 SCCM gas ow rates. The
Debye number (ND) is the number of electrons within a sphere
with a radius of lD, calculated as:

ND ¼ 4p

3
NelD

3 (5)

With the electron mean free path calculated as:

lMFP � lD � ND (6)

This results in electron mean free paths of �tens of cm in Ar
plasma and �1 m in He plasma. A root mean square velocity
(VRMS) of the electron is calculated to be tens of km s�1, as:

VRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBTe

me

s
(7)

Thus, decreasing gas pressure decreases mean free path by
increasing electron density. The electron–ion collision
frequency is calculated as:

nie ¼ VRMS

lMFP

(8)

so increasing the gas pressure increases collision frequency,
which reduces the initial kinetic energy of the electron. The Ne

increases by less than a factor of 2 over the range of observed
gas ow rate. Similar to the trends of plasma power, argon Ne

increases at a steeper slope than helium, suggesting a sensitivity
to the lower rst ionization potential or larger ionization cross
section. Because higher energy collisions result in greater
electron density, and reducing the gas ow rate increases
collision energy, then the increase in electron density is due to
the increase in electron energy with lower gas ow rates. The
order of magnitude greater ionization cross section of argon
leads it to having a greater number of collision events than
helium, and thus a greater electron density as well. However, Ne

increases twice as fast over the range of observed forward power
than with changes in gas ow rates, which suggests that plasma
power has a stronger affect on electron density.

Changes in electron temperature and density are reected in
the calculated EEDF, where Te and Ne both affect the distribu-
tion of electron energy in the plasma. Based on their calculated
EEDFs, helium has a wider energy distribution and a greater
J. Anal. At. Spectrom., 2020, 35, 2740–2747 | 2743
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Fig. 4 Electron temperature (Te) and electron density (Ne) results of Langmuir probemeasurements as a function of plasma power (a–c) and gas
flow rate (d–f), as well as electron energy distribution (EEDF) measured for select values for plasma power and gas flow rate. Plasma power
measurements taken at a constant gas flow rate of 200 SCCM, and gas flow rate measurements taken at a constant plasma power of 8 W. Data
points are averages of 3 consecutive measurements, and uncertainties are calculated as 2sm. Observed differences in the electron density of Ar,
relative to He, at low forward power is attributed to minor variations in operational conditions following gas changes.

Fig. 5 Ion current versus forward power taken with a �20 V static
voltage potential applied to the Langmuir probe for 200 and 100
SCCM gas flow rates.
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population of high energy electrons than an argon plasma
(Fig. 4c and 4f). This “hot tail” of electrons has been previously
documented, and is generated from elastic collisions of helium
in metastable states.30 The mean energy of each distribution
2744 | J. Anal. At. Spectrom., 2020, 35, 2740–2747
shows little variation with changing plasma power, but shows
a systematic increase in energy distribution with decreasing gas
ow rate.

3.3 Ion current measurements

The measured ion current reects the overall population
densities, with changes in plasma power or gas ow rate
manipulating the plasma's ion and electron populations. Fig. 5
shows plasma ion current versus forward power for two different
gas ow rates and gases with a static potential of �20 V applied
to the Langmuir probe.

The measured ion currents for argon and helium show
markedly different behaviors. Regardless of the specic set of
conditions, argon plasmas have higher ion currents than
helium plasmas; further, argon ionization is more sensitive to
changes in gas ow rate. Thus, argon is more easily ionized by
a change in both pressure and power, which is again reective
of its lower rst ionization potential and greater ionization
cross section relative to helium. The different curves of ion
current for 200 and 100 SCCM are consistent with Ne

measurements, where electron density is inversely proportional
to gas ow rate.

The ion density of the plasma is related to the electron
density, assuming plasma quasineutrality and negligible
This journal is © The Royal Society of Chemistry 2020
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contributions from 2+ ions (Ne ¼ Ni, see ESI†). Thus, the
previously measured electron density can be used to estimate
the ion/neutral ratio of the plasma. We calculate the neutral gas
density (Ngas) using the ideal gas law (PV¼ nRT). The plasma gas
pressure was 10 torr (1300 Pa), the chamber volume was 3.3
cm3, and the maximum values for Tgas were 360 K for argon and
510 K for helium. From this, the total gas density within the
volume of the quartz tube is 7 � 1017 atoms. Assuming
a measured Ne value of 10

17–1018 m�3, this yields an ion/neutral
ratio of 10�5–10�6. This is two to three orders of magnitude
lower than commercial, high power plasmas with a typical ion/
neutral ratio of 10�3.31 A comparison of the characteristics of
this plasma to those used in commercial systems is found in
Table 1.

4 Estimates for analyte ionization

The plasma described here is being developed to ionize injected
samples for chemical and isotopic analyses. Therefore, steps
must be taken to estimate the ionization efficiency of the
plasma on individual organic (molecular) and elemental
(atomic) species. The ion/neutral ratio calculated in the
previous section is specic to the plasma gas itself, but the
parameters measured via Langmuir probe, namely Te and Ne,
can inform the ionization efficiencies of other elements using
the Saha equation.

The Saha equation31–35 is:

Kion ¼ NiNe

No

¼ 2
gi

go

�
2pmekBTe

h2

�3
2

e
�Ei

kBTe (9)

where Kion is the ionization constant, Ne, Ni, and No are the
electron, ion, and neutral population densities, g is the statis-
tical weight of an electron transition, h is Planck's constant, and
Ei is the rst ionization energy of an element. Values for g for
both ion and neutral species were taken from the NIST atomic
spectroscopy database.36 Niu & Houk reduced this version of the
Saha equation to eliminate the use of constants,31 and the log of
the equation can be written as:

logðKionÞ ¼ 1:5 logðTeÞ � 5040Ei

Te

þ log

�
gi

go

�
þ 15:684 (10)
Table 1 Summary of operating conditions and physical properties of
a commercial plasma (ICP) and the experimental microwave induced
plasma (MIP) investigated in this study. *Experimental plasma ion/
neutral ratio at Ne ¼ 1018 m�3

Operating Condition Commercial Experimental

Plasma gas Ar Ar, He
Forward power 1000–1300 W 5–23 W
Plasma gas ow rate 14–16 L min�1 0.01–0.2 L min�1

Frequency 13, 27, or 40 MHz 2400 MHz
Power coupler Inductor Microwave cavity
Max electron temp. 10 000 K 35 000 K (He)
Max gas temp. 10 000 K 510 K (He)
Electron density 1021 m�3 1018 m�3

Ion/neutral ratio 10�3 10�5*

This journal is © The Royal Society of Chemistry 2020
Using the ionization constant (Kion), the proportion of input
sample ions to neutrals (ai) is:

ai ¼ Kion

Kion þNe

(11)

In order to gain condence in our use of the Saha equation,
we performed an additional experimental check on the Saha
ionization of an analyte in a plasma environment. We per-
formed a series of ICP-OES measurements on the ion/neutral
ratio of three elemental samples (Mg, La, and Zn), as well as
on the Te and Ne values of the plasma itself. The values for Te
and Ne were input into the Saha equation, and the Saha-
predicted ionization efficiency was compared to the directly
measured ion/neutral ratio from line emission intensities. Our
results show that the Saha equation produces ionization effi-
ciency estimates within 2–5% of measured ratios, validating our
use of the Saha equation for these models (see ESI† for more
details).

Although our Langmuir probe measurements of plasma Te
range from 10 000–35 000 K (�1–3 eV), plasma Tgas measure-
ments are much lower, in the range of 340–510 K based on
measurements taken with the handheld IR thermal imager.
Because there is a divergence between gas and electron
temperatures, the plasma is not at a local thermal equilibrium
(LTE). Non-LTE plasmas are common in low pressure systems.
Previous estimates for Saha ionization, carried out by Niu &
Houk on a commercial plasma at atmospheric pressure,31

assumes a plasma at LTE where T ¼ Ti ¼ Te ¼ Tgas ¼ 7500 K.
However, Chen & Han assessed the Saha equation for a non-LTE
plasma,37 and found that Te is the appropriate temperature to
use as an input for the non-LTE Saha equation, as electron
collisions are the dominant mechanism of ionization. There-
fore, we use the framework of the Saha equation established by
Niu & Houk,31 (eqn (8) and (9)) with values of Te converted to K
(1 eV ¼ 11 600 K) input as the plasma temperature.

Because Ne and Te have been directly measured in the
plasma via Langmuir probe, we apply this data to the Saha
equation to calculate the change in analyte ionization. The
curves in Fig. 6 model the degree of ionization as a function of
rst ionization potential for a range of plasma power inputs.
These curves predict the ionization efficiency of an analyte as
a function of plasma power.

The estimated ionization models for this low power plasma
suggest equal, and in some cases better, ionization efficiencies
compared to commercial ICPMS plasmas.31 Commercial
plasmas at atmospheric pressure typically have Ne values of 10

21

m�3, whereas this plasma is measured to haveNe values of 10
17–

1018 m�3. This three to four order of magnitude lower electron
density, coupled with the higher electron temperature, leads to
higher energy collisions and fewer electron–ion recombination
events, thus leading to greater analyte ionization efficiency.
However, the higher gas temperatures and robust gas ow rates
in commercial plasmas can support greater mass loads and
more efficient atomization of large particle size distributions
than lower power/pressure plasma sources.
J. Anal. At. Spectrom., 2020, 35, 2740–2747 | 2745
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Fig. 6 Results of Saha ionization calculations for helium (a) and argon (b) gases at different values of plasma power. Data points are calculated
ionization efficiencies for all elements at each forward power condition.
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We have constructed a thermodynamic model to estimate
our low power plasma's efficiency of atomizing ablated geologic
materials prior to ionization. Given the measured temperature
of the plasma gas and the thermal properties of silica (SiO2), the
dominant component of most common rocks and minerals, we
estimate the maximummass load a 19W plasma can support to
be on the order of 2 � 10�6 kg s�1. This ux is similar to that
generated by laser ablation with a 40 mm diameter sample spot
and a repetition rate of 10 Hz (assuming 50 nm depth removed
per shot). The atomization efficiency of the plasma depends on
the introduced particle size distribution. We calculate
a maximum load capacity of the plasma of 31 000 particles of
a 50 nm diameter, or 1100 particles of a 300 nm diameter (see
ESI† for more details).

The Saha ionization models show that both argon and
helium plasma sources can be effective ionizers at low power
and gas ow rates. With a gas ow rate of 200 SCCM, organic
molecules and atomic species with a range of rst ionization
potentials, from radioactive Rb (4.2 eV) and radiogenic Sr (5.7
eV) to prebiotic amino acids (e.g. glycine, 8.9 eV) to biologically
and abiologically relevant S (10.4 eV), are calculated to achieve
up to 99% sample ionization in a 23 W argon plasma, or a 5 W
helium plasma (Fig. 6). Therefore, this plasma could serve as an
effective ion source adapted for spaceight, capable of investi-
gating the organic content, trace element chemistry, and
isotopic signatures (including the Rb–Sr chronometer) of
geological samples for in situ planetary exploration.
5 Conclusion

We have characterized the fundamental parameters of a low
power plasma and assessed its performance as an ion source for
a mass spectrometer. This plasma is estimated to be an effective
2746 | J. Anal. At. Spectrom., 2020, 35, 2740–2747
ionizer of organic and elemental analytes, with the reduction in
power and gas consumption leading to minimal loss in ioni-
zation efficiency. Helium is found to be amore efficient ionizing
plasma gas than argon, requiring only 5 W of power to ionize
fully organic (molecular) and elemental (atomic) species with
rst ionization potentials #10 eV, as opposed to 23 W of power
for argon. In either case, both of these plasma gases can be used
with applications to spaceight mass spectrometry. Future work
will examine possible designs to implement such plasmas onto
a prototype spaceight optical emission or mass spectrometer.
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