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Performing mass spectrometry in a low-vacuum environment can markedly reduce the cost, size, and power consumption of
instrumentation by reducing the workload of the pumping system. Under a low-vacuum environment, ions in a quadrupole mass
filter do not have sufficient kinetic energy in the axial direction to reach the detector for mass analysis. To resolve this problem and
develop a mass spectrometer suitable for a low-vacuum environment, a mass analysis method is proposed where a drift gas is used
to supply energy to the ions. A simulation model was constructed in COMSOL Multiphysics, and a simple experimental device
was built to validate the proposed method. *e simulation results showed that this method effectively solves these problems, and
the obtained spectral peak was superior to that without drift gas flow regarding spectral peak intensity and width. *e ex-
perimental results showed that the proposed method separated ions with different mass-to-charge ratios at a pressure of 20 Pa.
*is work provides a theoretical foundation for the development of low-vacuum mass spectrometry, which will promote
portability, provide a lower threshold of use, and expand the fields of application for mass spectrometers.

1. Introduction

Performing mass spectrometry (MS) in a low-vacuum en-
vironment substantially reduces the cost, size, weight, and
power of instrumentation and expands its applicability,
making it more suitable for field applications [1, 2]. *is
strategy is important for handheld mass spectrometers.

In recent years, with the development of mass analysers,
ambient ion sources, atmospheric pressure interfaces, vac-
uum pumps, and electronic science, many remarkable
achievements have been made with miniature mass spec-
trometers [3–6]. However, few studies have examined how
to promote the portability of mass spectrometers from the
perspective of reducing the level of vacuum required. Mass
analysis in a low-vacuum environment can avoid the use of a
bulky turbo pump and allow a handheld mass spectrometer
to be developed. For a mass spectrometer, a high vacuum is
typically necessary, and changes in pressure seriously affect
performance [7]. For an ion trap, an increase in pressure
cools the ions, which improves capture efficiency and

resolution [8, 9]. However, as pressure increases, sample ions
collide with the background gas molecules, which extends
spectral peaks and lowers resolution and sensitivity,
resulting in poor mass spectrometry results [10, 11]. To our
knowledge, no study has outlined the methods for mass
analysis in a low-vacuum condition.

A quadrupole mass filter is one of the most mature and
widely used mass analysers that consists of four parallel
hyperboloid or cylindrical metal rods [12]. A quadrupole
field is formed inside the mass filter using radio frequency
(RF) voltages to the rods. After the sample is ionised using an
ion source, the ions are accelerated via an electric field into
the mass analyser with a specific initial velocity. Via filtration
by the quadrupole field, ions with different mass-to-charge
ratios are divided into twomotion states: stable and unstable.
Ions in stable motion can pass through the quadrupole
analyser to reach the detector, and the ions in unstable
motion hit the rods.

Based on the principle of the quadrupole mass filter, the
motion of ions in the quadrupole can be decomposed into
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radial and axial components. Radial motion occurs in the
direction of the cross section of rods, for which the quad-
rupole field supplies the energy to the ions. Axial motion is
the motion parallel to the rods, for which the accelerating
electric field supplies the energy to the ions. In general, when
using a quadrupole mass filter, the pressure in the chamber
must be maintained in the order of 10− 5 Pa. As background
pressure increases, ions collide with the background gas
molecules more frequently, and the energy of the ion’s axial
motion decreases gradually to zero. *us, mass analysis will
fail because the ions are unable to reach the detector located
at the end of the analyser.

For a quadrupole mass filter, increased pressures can
reduce kinetic energy along the ion’s axial motion to levels
that prevent analysis of the ions. To address this issue, a mass
analysis method is proposed in this study where a drift gas
flow is used to provide ejection energy to the ions. First, a
simulation model based on this method was constructed in
COMSOL Multiphysics. *en, a simple experimental plat-
form was built to validate the proposed method.

2. Method

*e core structure of the proposed low-vacuum mass
analysis system consists of an ion source, a drift tube, a mass
analyser, and an ion detector, as shown in Figure 1. *e ion
source is used to ionize the sample and is suitable for a high-
pressure environment. *e drift tube is a place where drift
air flows and is a semiclosed tubular structure with one end
open and one closed end with a suction hole. *e mass
analyser is installed inside the drift tube, and a quadrupole
mass filter with plate electrodes is used. A structurally
optimised Faraday cup is used as the ion detector.

*is core structure is placed in a vacuum chamber with a
specified background gas pressure. *e suction hole con-
nects to a vacuum pump. When the vacuum pump is turned
on, the drift gas flows in the same direction as the ions.

During mass analysis, the sample is ionised in the ion
source.*en, the ions shoot into themass analyser and travel
under the combined action of the quadrupole field and the
drift gas flow.*e drift gas flow imparts kinetic energy to the
ions for axial motion, and the quadrupole field selects ions
depending on their mass-to-charge ratio in the cross-sec-
tional direction. If the quadrupole electric field force is the
dominant factor, the function of the mass filter can be
described. *us, although in a low-vacuum environment,
ions in stable motion can pass through the mass analyser and
hit the ion detector, which provides spectral information.

3. Theoretical Modelling

3.1. Quadrupole Mass Filter Based on Rectangular Electrodes.
In the proposed mass analysis method, the axial movement
of ions requires energy from the drift gas.*erefore, a closed
airway with two ends open must be built for the drift gas to
flow properly. A quadrupole filter based on rectangular
electrodes [13] meets this requirement and is shown in
Figure 2. Experimental results suggest that the quadrupole
electric field remains dominated in this structure, allowing

mass analysis. In addition, the general mass filter with a
hyperbolic or cylindrical electrode can also be used. How-
ever, a closed drift tube is required, and the mass analyser
should be fixed inside it.

3.2. Ion Detector for the Homogeneous Drift Gas. A tradi-
tional Faraday ion detector is composed of a circular metal
plate. When installed at the end of the drift tube, as is shown
in Figure 1, the metal electrode becomes a barrier in the gas
path that increases turbulence in the gas flow nearby. To
ensure the homogeneity of the drift gas, a novel ion detector
was proposed [14], and results showed that this structure can
ensure the detection rate of ions and make the drift gas
homogeneous.

3.3.Modelling in COMSOL Multiphysics. In simulations, it is
assumed that the ion source and detector are ideal and that
the drift gas flow is homogeneous. *us, only the mass
analyser and ions moving inside it are simulated. Ions are
released from the start of the quadrupole analyser and travel
under the combined action of the gas flow and quadrupole
field.*e ions are stable and can be detected if they reach the
end of the analyser within a given period of time.

A quadrupole mass filter model based on rectangular
electrodes was created. *e length of the electrodes L was
80mm, and the distance from the electrodes to the centre
was 5mm. Because the analyser was within a closed
structure, a drift tube was omitted.

In COMSOL Multiphysics, modelling for multiphysics
problems is divided into three steps. First, the RF voltage
ϕ0 � − (U + V cosωt) was applied to the upper and lower
electrodes, and ϕ0 � +(U + V cosωt) was applied to the left
and right electrodes. *e electrostatics (es) interface and
electric current (ec) interface were used to calculate the
electrostatic field and RF electric field, respectively. Second,
the laminar flow (spf) interface was used to model the drift
gas flow inside the analyser. *e inlet boundary condition
was set to be “laminar inflow,” and the flow rate was V0. *e
outlet boundary condition was set to be “pressure” with a
value of p. Last, the computation results of the es, ec, and spf
were coupled to the particle tracing for fluid flow (fpt) in-
terface. At the entrance of the analyser, a circular region with
a radius of rsrc � 0.5mm was designated for ion release, and
ions were released at 0ms. *e mass of each ion wasmi, and
the charge was 1. *e initial velocity was along the z-di-
rection, and the kinetic energy was Ei � 5 eV. Ions were
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Figure 1: Schematic of the proposed low-vacuum mass analysis
system.
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released 10 times in the first RF cycle, where 50 ions are
released each time. A total of 500 ions were released in a
single simulation. In addition, the purpose of this simulation
was to verify the feasibility of the proposed method; thus, the
voltage difference between the front and rear ends of the
quadrupole was not set.

Because the ec, es, spf, and fpt interfaces were used, the
calculation was divided into two steps. First, the electrostatic
field and RF electric field are calculated in the stationary and
frequency domains, respectively. Second, the time-depen-
dent tracking of the ions was solved.*us, ion trajectory was
controlled by the electric field and gas flow.

*e ion transmission probability is the ratio between the
number of ions detected and the total number of ions, which
describes the signal strength of the spectral peak. Under the
same conditions, the larger the signal strength is, the higher
the sensitivity of the instrument is.

Simulation parameters are shown in Table 1. A high-
frequency RF voltage was used to prevent the stability re-
gions’ expansion in a low-vacuum environment [7, 15].
Under this condition, the Mathieu parameter was a� 0 and
q� 0.95, which were located within the stable regions.
*erefore, all ions should pass through the mass filter and be
detected.

4. Simulation Results and Discussion

4.1. Ion Motion without Drift Gas Flow. *e step of the
simulation was set to 0.1/f, and the length of the simulation
time was set to 100/f. When the drift gas flow rate at the inlet
was V0 � 0 L/min, there was no gas flow, and the environ-
mental pressure p changed. At the end of the simulation, the
ion motion state under different pressures is shown in
Figure 3, in which the colours describe the speed of ions.*e
simulation results show that when the pressure was 0 Pa,
nearly all ions can pass through the filter, and the trans-
mission probability was 0.96. As pressure increased, the
transmission probability decreased gradually. When the
pressure was 10 Pa, the transmission probability was 0.05
and dropped to zero as the pressure increased further.

In this simulation, the working point of the Mathieu
equation was located within the stable region. However, the
transmission probability decreased as the pressure increased,
which was caused by increased ion collisions with back-
ground gas molecules at higher pressure. In the x-y

direction, the ion trajectories gradually decreased and finally
focused on the center of the mass analyser. In the z-di-
rection, the ion kinetic energy was insufficient due to col-
lision and finally remained in the interior of the mass
analyser.

4.2. Ion Motion under Drift Gas Flow. To solve the problem
of insufficient kinetic energy for ion motion in the z-di-
rection under a low vacuum, a method was proposed
whereby the drift gas flow imparts energy for ion motion.
*e outlet pressure of themass analyser was set as p� 150 Pa,
and the remaining parameters were the same as in Table 1.
*e flow rate of the drift gas was also changed. *e cor-
responding transmission probability is shown in Figure 4,
and the ion states at the end of the simulation are shown in
Figure 5.

In Figure 4, as the gas flow rate increased, the trans-
mission probability gradually increased. When the gas flow
rate was greater than 6 L/min, the probability was stable and
fluctuated around 0.8. In Figure 5, the ions were still located
in the inlet area of the mass analyser at the end time of
simulation when the flow rate was 0 L/min, and the trans-
mission probability was 0. At a flow rate of 2 L/min, the
transmission probability was still 0; however, the ions moved
farther. When the flow rate was increased to 6 L/min, nearly
all the ions passed through the mass filter and reached the
detector. Few ions stopped at the inner wall of the electrodes
due to the higher-order electric field and collisions with
background gas molecules. *e simulation results showed
that the drift gas flow imparted sufficient kinetic energy to
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Figure 2: Schematic diagram of the quadrupole mass filter based on rectangular electrodes.

Table 1: Simulation parameters for low-vacuum mass
spectrometry.

Parameters Value
Length of the mass filter (L) 80mm
Radius of the mass filter (r0) 5mm
Ion mass (mi) 40 amu
Background gas molecular mass (mg) 10 amu
Background pressure (p) ——
Drift flow rate at inlet (V0) 0 L/min
Initial kinetic energy of ions (Ei) 5 eV
DC component of RF voltage (U) 85V
Amplitude of RF voltage (V) 1080V
Frequency of RF voltage (ω) 4MHz
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the ions for z-direction motion, allowing the ions to reach
the detector even under relatively high pressure.

Figure 6 shows a comparison of the transmission
probability in the absence of drift gas flow and under a gas
flow rate of 10 L/min when the pressure varied from 0 to
300 Pa. As pressure increased, the transmission probability
decreased to 0 eventually under both conditions. However,
in the absence of the drift gas flow, when the pressure
reached 15 Pa, the probability decreased to 0. Conversely, the
pressure was 250 Pa when the gas flow rate was 10 L/min.
Considering the transmission probability to be 0.2 as the
criterion for mass analysis, the maximum pressure can be
increased from 6 Pa to 225 Pa for mass analysis by intro-
ducing the gas flow.

In addition, when the pressure was below approximately
175 Pa, the transmission probability first decreased and then
increased as pressure increased because the pressure and
flow rate cannot be discussed separately even though the
pressure and gas flow rate can be set separated in multiple

physical simulations. Pressure describes the number of gas
molecules in a space: when pressure was too low, the number
of background gas molecules decreased, and a higher flow
rate could not be achieved, limiting the kinetic energy
transferred from the background gas flow to the sample ions.
When the pressure increased, the pushing effect of the gas
flow on the sample ions increased, and the probability
increased.

4.3. SpectraObtained underHigh Pressure. With the slope of
the mass-scan line equal to k� a/q� 2U/V� 1/3 and the
other parameters equal to those in Table 1, Figure 7 shows
the spectra obtained under three different simulation con-
ditions for the ion with mi � 40 amu. *e spectrum num-
bered (1) was obtained under vacuum conditions (i.e., no gas
flow was present). A clear spectral peak was obtained at m/
z� 40, and the maximum transmission probability was
approximately 0.46. *e spectrum numbered (2) was ob-
tained under a pressure of p� 150 Pa with no gas flow.
Results show that the ions did not have sufficient kinetic
energy to move in the z-direction and thus could not reach
the detector due to the effect of background gas molecules.
Consequently, the transmission probability was zero, and no
peak was generated. *e spectrum numbered (3) was ob-
tained under a pressure of p� 150 Pa with a gas flow. In
spectrum (3), a spectrum peak was generated at m/z� 40;
however, the peak was weaker and wider than that generated
under vacuum.

*ese simulation results show that the proposed method
using the drift gas can impart kinetic energy to ionmotion in
the z-direction. *e problem of ions not reaching the de-
tector due to a lack of kinetic energy under high pressure was
thus solved. Although the spectra obtained were weaker than
the results under vacuum in terms of peak intensity and
width, the spectra were markedly better than the result
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Figure 3: Ion states under different background pressures without drift gas flow: (a) p� 0 Pa, (b) p� 10 Pa, (c) p� 20 Pa, and (d) p� 30 Pa.
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without gas flow. Consequently, the proposed method is
suitable when high precision is not required.

5. Experimental Validation

5.1. VacuumSystemand Ion Source. *e vacuum system was
modified to achieve the drift gas flow, and its block diagram
is shown in Figure 8. First, a flow guide was installed between
the rear of the mass analyser and the vacuum pump. Second,

an inlet hole for the background gas was placed in the front
of the mass analyser, and a needle valve was mounted on the
gas path.

*e working principle of the electron ionisation (EI)
source is similar to an incandescent light bulb. Relevant
experiments have shown that the EI source could work in a
low-vacuum environment with an inert background gas.
*erefore, the EI source was used as the ion source for this
experiment.

5.2. Mass Analyser and Drift Tube. To build the mass ana-
lyser, four printed circuit boards (PCBs) were used as
rectangular electrodes, on which the top and bottom layers
were electrically connected by vias, as shown in Figure 9(a).

As described above, the drift tube is a tubular structure
with two ends open. *e machined drift tube is shown in
Figure 9(b) and was fabricated with a 3D printer using
polylactic acid (PLA). Four holes were left on each side to
connect electrical wiring, and slide rails were designed inside
the drift tube to install the plate electrodes.

5.3. Ion Detector. A double-layer plate structure in the ion
detector should be used to ensure homogeneous gas flow. As
shown in Figure 10, the detector was composed of two PCBs
that acted as electrodes and the corresponding fixed
structures fabricated by the 3D printer. Each electrode
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Figure 5: Ion states at the end of the simulation under different gas flow rates when the pressure was 150 Pa: (a) V0 � 0 L/min, (b) V0 � 2 L/
min, (c) V0 � 4 L/min, and (d) V0 � 6 L/min.
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10 L/min and 0 L/min.
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contained many staggered small holes through which the gas
could pass into the detector. *e spacing between the holes
was 100mil, and the diameter of the holes was 50mil.
However, the two electrodes were electrically connected by
an electrical wire to ensure they were equipotential.

5.4. Component Assembly and Electrical System. *e EI
source, mass analyser, drift tube, and ion detector were

assembled to comprise the core components of the mass
analysis experiment, as shown in Figure 11.

*e electrical system used for mass analysis consisted of
a current source, a signal generator (Agilent, 33250A), a
power amplifier (E&I, 1040 L), a voltage amplifier, a
picoammeter (Keithley 478), and several DC power sources.
*e circuit connection diagram is shown in Figure 12. In the
EI source, the current source exhibited a steady current to
the filament, and a DC power source exhibited a bias voltage
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gas

Vacuum chamber
Flow guide device 

Needle valve

Detector

Figure 8: Block diagram of a modified vacuum system.
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Figure 9: (a) Electrodes customised by the printed circuit board and (b) gas flow tube fabricated by the 3D printer.
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on the repeller. For RF voltage generation, the signal gen-
erator produced a low-voltage RF signal, which was then
amplified through the power amplifier and a voltage am-
plifier to create the high-voltage RF signal for the mass
analyser. In the ion detector, a picoammeter was connected
to the ion detector to measure the ion current. *e current
described the state of ion movement in the mass analyser.

5.5. Experimental Results and Analysis. *e mass analysis
device was installed in the vacuum chamber, and helium was
used as the background gas. *e vacuum pump was turned
on, and the pressure in the chamber was accurately con-
trolled by the needle valve to maintain the pressure in the
chamber at 20 Pa.

Due to the limitations of experimental conditions and
the machining precision of the mass analyser, we selected
several operational points to identity the state of ion
movement via the picoammeter instead of using mass
scanning. For the spectral peakm/z� 92 of methyl salicylate,
the selected operation points (a, q) in the stable region were
identified by adjusting theU- and V-values and are shown in
Figure 13. Measurement results are shown in Table 2.

*e experimental results show that when the pressure
was 20 Pa, the measured current was on the order of 10− 3 nA
if the traditional method was used, regardless of if the
operational point was located inside or outside the stable
region. *is value was nearly identical to that of the static
noise, indicating that effectively zero ions reached the de-
tector (i.e., the mass analysis failed). However, with the

Figure 10: Ion detector customised with printed circuit boards and fixed structure fabricated by 3D printing.

Figure 11: Mass analysis device used for high-pressure mass spectrometry.
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Figure 12: Connections in the electrical system used for low-vacuum mass spectrometry.
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proposed method, the measured currents at operational
points 1, 2, and 3, which were inside the stable region, were
significantly higher than those at operational points 4 and 5,
which were outside the stable region.*ese results show that
the ions can be separated by introducing a drift gas flow at a
pressure of 20 Pa.

6. Conclusion

Performing mass spectrometry (MS) in a low-vacuum en-
vironment can substantially reduce the cost, size, weight,
and power of the instrument. With quadrupole mass filter at
higher pressures, the lack of kinetic energy along the ions’
axial direction of motion prohibits mass analysis. *us, a
mass analysis method was proposed in this study where a
drift gas flow was used to impart ejection energy to the ions.
Simulations in COMSOL Multiphysics showed that the
proposed method is valid.

A simplified experimental platform was then built to
apply mass spectrometry at a spectral peak m/z of 92 for
methyl salicylate. *e results measured by using a
picoammeter showed that the currents at operational points
inside the stable region were significantly higher than those
outside the stable region, which showed that the ions can be
separated in a high-pressure environment using the pro-
posed method.

In this experiment, the analysis results at several oper-
ational points were also meaningful because the line is made
of points, despite mass scan not being performed. However,
what degree of resolution can be achieved and how to
improve it must be studied in future work.
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