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• GDES Glow Discharge Electron Source

• l1 length of capillary (m) (between 7x10−2 to 50x10−2 m)

• d1 internal diameter of capillary equal to 6.3x10−5 m

• dA diameter of anode orifice equal to 3.3x10−4 m

• dAC distance between anode and cathode equal to 6.6x10−2 m

• OD outside diameter

• ID inner diameter

❊■✴❧❡♥s❡s✴▲■❚

• EI Electron Ionization

• LDe ion decelerating lens

• LEI ion extraction lens

• LEn entrance endcap lens

• LEx exit endcap lens

• LFo electron blocking/focussing lens

• LIT Linear Ion Trap

✼
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• Q1 capillary throughput or mass-flow(Pa×m3/s) (W)

• QA anode orifice throughput or mass-flow (Pa×m3/s) (W)

• QT turbo-molecular pump throughput (Pa×m3/s) (W)

• QL residual leak and degassing throughput (Pa×m3/s) (W)

• C1 conductance of capillary (m3/s)

• CA conductance of anode orifice (m3/s)

• ST turbo-molecular pump speed (m3/s)

• Sef effective pumping speed (m3/s)

• pa ambient pressure (Pa) or (torr)

• pGD pressure in GDES cell (Pa) (torr)

• pM pressure in vacuum chamber (Pa) (torr)

❊♥❡r❣② ❛♥❞ ❡❧❡❝tr✐❝✐t②

• vA electron velocity at anode orifice (m/s)

• vIC electron velocity in ion cage of EI (m/s)

• Ek,A electron kinetic energy at anode orifice (J) × 6.24150974 ×1018 (eV)

• Ek,IC electron kinetic energy in ion cage (J)

• Ep,A electron potential energy at anode orifice (eV)

• Ep,IC electron potential energy in ion cage (eV)

• VA anode potential (V)

• VC cathode potential (V)

• VAC potential between anode and cathode (V)

• VRE potential applied to repeller (V)

• VIC potential applied to ion cage or extract lens (V)

• VFL potential applied to ion focussing lens (V)
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• VDL potential applied to electron blocking/focussing lens (V)

• VEL potential applied to entrance end cap of LIT (V)

• VXL potential applied to exit end cap of LIT (V)

• UGD potential of the discharge sustaining power supply (V)

• UPP potential of the collection plate polarisation power supply applied across the collection

plate and anode, for testing GDES cell (V)

• UPA potential of the anode polarisation supply applied across the ion cage and anode, when

coupled to the EI source (V)

• UIC potential of the ion cage polarisation supply (V)

• IC current measured at cathode (A)

• IA current measured at anode (A)

• IP current measured at plate (A)

• Id discharge current (A)

• Ib electron beam current (A) measured at IC and LEI or emission current for filament

• Id′ undesired-discharge current (A)

• fe(Ek,A) kinetic energy distribution of electrons at anode orifice

• fe(Ek,IC) kinetic energy distribution of electrons in ion cage

• IRe repeller current

• IF filament current

• Vs Faraday cup signal at output of I/V converter (V)

• Is secondary electron current

▼❛ss ❛♥❛❧②s❡r

• QMF quadrupole mass filter

• ϕ initial phase of RF voltage (rad)

• Ω frequency of RF voltage applied to the rods (rad/s)

• V0 maximum amplitude of RF voltage applied to the rods
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• U0 amplitude of DC voltage applied to the rods

• Ue amplitude of DC voltage applied to the entrance and exit lenses of LIT

• L or 2z0 LIT/QMF rod length

• r0 closest distance separating the rods from the centre of QMF/LIT

• l0 location of the entrance and exit lenses from the centre of QMF/LIT

• ωx and ωy radial secular ion frequencies

• ωz axial ion frequency

• Rmax maximum resolution

• φQMF (x, y, t) quadrupolar potential of mass filter

• φe(x, y) DC potential of LIT induced by potential applied to the end-cap electrodes

• a and q reduced parameters of Mathieu equation

• aQMF
apex and qQMF

apex values at apex of reduced parameters for QMF

• aLITapex and qLITapex values at apex of reduced parameters for LIT

• SIM single ion monitoring

• u unified atomic mass unit

❈♦♥st❛♥ts

• e charge of electron = 1.602 ×10−19 (C)

• me mass of electron = 9.1093897 ×10−31 (kg)

• η air dynamic viscosity at room temperature = 1.85× 10−5 (Pa× s) or (kg/(s×m))
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1 The SNIFFLES Linear Ion Trap Mass Spectrometer device concept . . . . . . . . . . . ✷✶

1.1 Voltage-Current characteristics and regimes of DC low-pressure electrical discharge.

From left to right, (1) Dark discharges: Background ionisation, Saturation regime,

Townsend regime, Corona discharges, Electrical breakdown; (2) Glow discharges:

Normal glow discharge, Abnormal glow discharge; (3) Arc discharges: Glow-to-arc

transition, Non-thermal arcs and Thermal arc (From page 163 of [28]). . . . . . . . ✷✻

1.2 Principle of DC discharge plasma with behaviour of neutrals in ground state, excited

neutrals, electrons and ions for Ar gas[35]. . . . . . . . . . . . . . . . . . . . . . . . ✷✽

1.3 Schematic diagram of the spatial regions in DC glow discharges: (a) short cathode-

anode distance and/or low pressure; (b) longer inter-electrode distance and/or high

pressure (CDS = cathode dark space; NG = negative glow; FDS = Faraday dark

space; PC = positive column; AZ = anode zone). Potential and electric field distri-

butions. The cathode (left) has a negative potential, whereas the anode (right) is

grounded here. The solid line (left axis) represents the potential distribution, the

dashed line (right axis) the electric field distribution [35]. . . . . . . . . . . . . . . . ✸✵

2.1 GDES cell in the vacuum chamber, with gas inlet, power supplies and measurement

devices. Items shown not actual size. . . . . . . . . . . . . . . . . . . . . . . . . . . ✸✹

2.2 Photo of the GDES cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✸✹

2.3 Flange-mounted GDES cell assembly. . . . . . . . . . . . . . . . . . . . . . . . . . . . ✸✺

2.4 Paschen breakdown curve for air (on the left), from [39] with initially pd (mmHg x

cm), and for N2 (on the right), from [57] with initially pd (mbar x cm x 10−1), with

plane parallel electrodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✸✾

2.5 (Top) Electron kinetic energy distribution and (bottom) plate current obtained versus

potential applied between the plate and anode for (a) a uniform distribution, (b)

two adjacent uniform distributions with more electrons at higher energies and (c)

two separate uniform distributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✹✸

✶✶
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2.6 Experimental Paschen curve for N10 GDES cell with ambient airflow inlet. From left

to right, the capillary lengths are: l1 = 0.500, 0.330, 0.200, 0.165, 0.098 and 0.071

m. The error bar is ± 3 standard deviations around the mean value calculated from

10 measured values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✹✹

2.7 V-I characteristics of discharge after breakdown. Influence of the inner diameter of

the insulator is shown for N10, N15 and N20 GDES cells and capillary lengths: 0.33,

0.2, 0.165, 0.098 and 0.071 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✹✺

2.8 Time dependence of the cathode current at a discharge voltage of 420 V with capillary

0.165 m, for different material and diameter insulator: (circle Macor, (square) nylon,

(triangle) Teflon, and (black) 10−2, (grey) 1.5x10−2 and (white) 2x10−2 m. . . . . . . ✹✻

2.9 Picture of deposits for different insulator materials and under different gas flows.

From left to right: Cathode; insulator; anode after a run of six hours. 1st raw: Air

flow and Nylon; 2nd raw: Air flow and Nylon with silica gel ceramic coating; 3rd raw:

Air flow and Teflon; 4th raw: Argon flow and Teflon; 5th raw: Nitrogen flow and Teflon. ✹✽

2.10 Scanning Electron Microscopy picture of the deposit on the anode close to the aper-

ture (Top) . Energy Dispersive Xray spectrum of elements of the thickest deposit on

the anode electrode in the vicinity of the aperture for Nylon (Middle) and Teflon

(Bottom) insulator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✹✾

2.11 V-I characteristic of the discharge and main potential and current values used to

operate the cell in glow regime with stabilisation. . . . . . . . . . . . . . . . . . . . . ✺✵

2.12 V-I characteristic of the discharge for a new and aged cell with current limitation of

the power supply with N10 GDES cell (each I/V couple is measured 4 times). . . . . ✺✶

2.13 Evolution of the voltage and current of the discharge versus time with current limit-

ation of the power supply and N10 GDES cell (each I/V couple is measured 4 times). ✺✷

2.14 Evolution of the voltage and current of the discharge versus time with current limit-

ation of the power supply with N10 GDES cell. . . . . . . . . . . . . . . . . . . . . . ✺✸

2.15 (Top) Plate current versus potential applied between the plate and anode for VAC =

400 (triangle), 420 (bullet), 450 (square), 480 (diamond), 500 (black triangle), 520

(black bullet) and 535 V (black square). The operating conditions are: N10 GDES

cell and capillary length = 0.165 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . ✺✺

2.16 Plate current versus potential applied between the plate and anode for Macor with in-

ner diameter = 10−2 m (grey-square), nylon with inner diameter = 10−2 m (square),

nylon with inner diameter = 1.5x10−2 m (circle) and nylon with inner diameter =

2x10−2 m (triangle). The operating conditions are: N10 GDES cell, VAC = 420 V, IC

= 7x10−4 A and l1 = 0.165 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✺✻

2.17 Beam electron current versus power consumption (top) beam efficiency versus Beam

electron current (bottom) for an aged N10 GDES cell (each I/V couple is measured 4

times). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✺✽
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2.18 Cathode and anode currents versus potential applied between the plate and anode

(top); plate current and current conservation versus potential applied between the

plate and anode (bottom) for an aged N10 GDES cell. . . . . . . . . . . . . . . . . . ✺✾

3.1 Principle of the mass spectrometer. Coupling between GDES cell, EI source, and mass

analyser. Gas (blue arrow), LIT ion (yellow arrow) and electron (black arrow) flows. ✻✷

3.2 (Top) Picture of the open EI source and lenses. (Bottom) Scheme of GDES/EI coupling. ✻✷

3.3 Total electron-impact ionisation cross-section of N2 from [65]. . . . . . . . . . . . . . ✻✸

3.4 CPO 2D design with the electrode segmentation of GDES/EI/Lenses coupling in the

plane z0y. The number between the electrodes corresponds to the distance in mm.

From left to right: GDES: cathode and anode (orange); ion source: electron repeller,

ion cage and extraction lens (1) (black); focussing (2), blocking/decelerating (3) and

entrance lenses (blue) (4). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✻✻

3.5 Example of electron trajectories from GDES anode orifice to ion cage for: VRE = -

30, - 70, -100 and -200 V (from the left to the right, then from the top to the bottom). ✻✼

3.6 Number of electrons hitting the IC, graph a and hitting IC+LE , graph b at different

VRe potentials at EkA = 67 eV for 10 sequences with 100 electrons simulated. . . . . ✻✽

3.7 Number of electrons hitting the ion cage versus VRe varying between -150 to 0 V, with

Ek,A = 17, 27 and 67 eV. 500 electrons are simulated with sequence #4. . . . . . . . ✻✾

3.8 Distributions of kinetic energies of electrons at the ion cage for uniform distribution

of kinetic energies at the anode orifice. VRe = −27 V. . . . . . . . . . . . . . . . . . . ✼✵

3.9 Distributions of kinetic energies of electrons at the ion cage for a uniform distribution

of kinetic energies at the anode orifice. VRe = −37 V. . . . . . . . . . . . . . . . . . . ✼✶

3.10 Distributions of kinetic energies of electrons at the ion cage for a uniform distribution

of kinetic energies at the anode orifice. VRe = −80 V. . . . . . . . . . . . . . . . . . . ✼✷

3.11 Distribution of kinetic energy of electrons at the ion cage for a uniform distribution

of kinetic energies at the anode orifice and for VA = −17 V and VRe = −27 V. . . . . ✼✸

3.12 (Top) Mechanical design to test EI source with Faraday cup. (Bottom) Electrical

design to test EI source with Faraday cup. . . . . . . . . . . . . . . . . . . . . . . . . ✼✹

3.13 Evolution of filament current and emitted current according to time at pM = 3.99 ×

10−5 Pa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✼✻

3.14 Electron currents in the ion source according to the potential applied to the repeller

for three values of the potential applied to the filament. The potential applied to the

ion cage is 3 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✼✼

3.15 Faraday cup detector signal versus potentials applied to the lenses. . . . . . . . . . . ✼✽

3.16 Faraday cup detector signal versus electron current and pressure in the vacuum cham-

ber. (Top) Signal detected by the Faraday cup detector versus Ib. (Middle) Zoom of

the top curve for low values of Ib. (Bottom) Signal detected by the Faraday cup

detector versus pM when Ib = 10−5 A. . . . . . . . . . . . . . . . . . . . . . . . . . . ✼✾
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3.17 GDES-EI source coupling with Faraday cup detector. (Top) Scheme of testing device.

(Middle) photo of GDES and EI/lenses/Faraday cup mounted on a flange. (Bottom)

Electric testing device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✽✵

3.18 Electron currents measured at the ion cage (top) and repeller (middle). Faraday cup

detector ion signal (bottom) versus potential applied to anode for different values of

potential applied to repeller. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✽✷

3.19 Electron currents measured at the ion cage (top) and repeller (middle). Faraday cup

detector ion signal (bottom) versus potential applied to repeller for different values

of potential applied to anode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✽✸

3.20 Simulation: electron currents at the ion cage IIC , at the ion cage and extract lens Ib,

and at the repeller IRe versus the potential applied to the anode for different ranges

of electron kinetic energy at the anode orifice. . . . . . . . . . . . . . . . . . . . . . . ✽✺

3.21 Experimental and simulation data: . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✽✻

4.1 (Right) The ideal quadrupole mass filter electrodes having the hyperbolic cross sec-

tion and with the equipotential lines for a quadrupole field (From [58]). (Left) Mass

filter with cylindrical rod and potentials applied to the rods (From [76]). . . . . . . . ✾✵

4.2 (From left to right and from top to bottom) Three stability zones of the Mathieu

equation. Three stability zones of the Mathieu equation for the directions 0x (a) and

0y (b). First zones of stability of the mass filter. Zoom on the first stability diagram

(From [76]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✾✸

4.3 Principal stability diagrams of a QMF for m/z: 10, 50, 100, 200 and 300 in (U0, V0)

plane, for r0 = 4x10−3 m and Ω/2π = 106 Hz. . . . . . . . . . . . . . . . . . . . . . . ✾✹

4.4 Basic design of two-dimensional linear ion traps. On the left, the linear ion trap mass

spectrometer was created from a triple quadrupole mass filter [90]. On the right, a

quadrupole structure with hyperbolic rod cut into three axial sections [91]. . . . . . ✾✺

5.1 (Top) General CPO 2D (ZX plane) design with electrode location (in mm), includ-

ing, from left to right, GDES cathode and anode, repeller (Re), ion cage (IC), (1)

extraction lens, (2) focussing lens, (3) decelerating lens, (4) entrance lens, LIT-50

and (5) exit lens. CPO design 3D view including only entrance and exit lenses and

LIT. (Bottom) CPO 3D design with LIT, entrance (4) and exit (5) end-caps. . . . . . . ✶✵✵

5.2 Detail of the "single ion monitoring", SIM. . . . . . . . . . . . . . . . . . . . . . . . . ✶✵✷

6.1 Some ion trajectories for each Cartesian coordinate versus injection time for config-

uration #1 and different initial phases of the RF voltage (from left to right, the phase

equals 0 and π/2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✶✵✻

6.2 Some ion trajectories for each Cartesian coordinate versus injection time for config-

uration #3 and different initial phases of the RF voltage (from left to right and from

top to bottom, the phase equals 0, π/2, π and 3π/2). . . . . . . . . . . . . . . . . . . ✶✵✻
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6.3 Number of injected ions versus injection time for different initial phases of the RF

voltage. (Top) configuration #1, (middle) configuration #3, and (bottom) the av-

erage value for both configurations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✶✵✽

6.4 Injected ion density versus position x for two potential configurations and different

initial phases of the RF voltage. (Top) configuration #1, (middle) configuration #3,

and (bottom) average value for both configurations. . . . . . . . . . . . . . . . . . . ✶✶✵

6.5 Injected ion density versus position y for two potential configurations and different

initial phases of the RF voltage. (Top) configuration #1, (middle) configuration #3,

and (bottom) average value for both configurations. . . . . . . . . . . . . . . . . . . ✶✶✶

6.6 Injected ion density versus position z for two potential configurations and different

initial phases of the RF voltage. (Top) configuration #1, (middle) configuration #3,

and (bottom) average value for both configurations. . . . . . . . . . . . . . . . . . . ✶✶✷

6.7 Injected ion density versus velocity vx for two potential configurations and different

initial phases of the RF voltage. (Top) configuration #1, (middle) configuration #3,

and (bottom) average value for both configurations. . . . . . . . . . . . . . . . . . . ✶✶✸

6.8 Injected ion density versus velocity vy for two potential configurations and different

initial phases of the RF voltage. (Top) configuration #1, (middle) configuration #3,

and (bottom) average value for both configurations. . . . . . . . . . . . . . . . . . . ✶✶✹

6.9 Injected ion density versus velocity vz for two potential configurations and different

initial phases of the RF voltage. (Top) configuration #1, (middle) configuration #3,

and (bottom) average value for both configurations. . . . . . . . . . . . . . . . . . . ✶✶✺

7.1 Number of ions versus confinement time for two potential configurations. (Top)

configuration #1, (middle) configuration #3, and (bottom) the average value for

both configurations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✶✶✽

7.2 QMF and LIT main stability diagram. . . . . . . . . . . . . . . . . . . . . . . . . . . . ✶✶✾

7.3 Top: φe(z) computed by CPO for LIT-8, LIT-20, LIT-30, LIT-40 and LIT-50 and r0 =

4x10−3 m. Bottom: φe(z) for LIT-8 for 2rd, 4th and 6th orders of the polynomial

approximation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✶✷✶

7.4 Axial (top) and radial (bottom) trajectory spectra of LIT-50. The operating conditions

are: x(0) = 0.1, y(0) = 0.1 and z(0) = 2x10−2 m; vx(0) = vy(0) = vz(0) = 0 m/s;

m/z: 300; Ω/2π = 1 MHz and r0 = 4x10−3 m. . . . . . . . . . . . . . . . . . . . . . ✶✷✷

7.5 Axial period of LIT-50 versus z(0) position: in axial direction with x(0) = y(0) = 0 m,

and in radial and axial direction with x(0) = y(0) = 10−4 m, at different phases. . . . ✶✷✹

7.6 (Square): V LIT
0,max versus z(0) for the LIT-50 at different m/z: 50, 100 and 300. (Line):

V QMF
0,max , the theoretical maximal value for the quadrupole mass filter. . . . . . . . . . ✶✷✺

7.7 (Square): ULIT
0,apex versus z(0) for the LIT-50 at different m/z: 50, 100, 200 and 300.

(Line): UQMF
0,apex, the theoretical maximal value for the quadrupole mass filter. . . . . . ✶✷✻
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7.8 (Top) Potential curve φe(0, z) ( ) to axial position z0 of LIT-50, with according z0 =

25x10−3m and r0 = 4x10−3m, zmax,inj is the maximal axial extension at injection for

an ion source at 3 (×). zmax,nkT is the maximal axial extension for an ion thermalised

at nkT with n = 1, 3 and 10. zmax,conf maximal axial extension of the confined

ions when ULIT
0,apex = U

′

0 (LIT operated at apex). (Bottom) Expected maximal axial

extensions of the ion cloud versus LIT lengths (LIT-8, LIT-20, LIT-30, LIT-40, LIT-50

and LIT-60) with r0 = 4x10−3m. zmax,inj at 3 (×) and 5 (+) eV. zmax,nkT at nkT with

n = 1 (2) , 3 (◦) and 10 (△) . (⋆) zmax,conf . . . . . . . . . . . . . . . . . . . . . . . ✶✷✾

7.9 Signal intensity variation for Xe ions trapped within Liverpool’s LIT without buffer

gas (top) and with increase of He buffer gas pressure (bottom). (From unpublished

works with courtesy of University of Liverpool). . . . . . . . . . . . . . . . . . . . . . ✶✸✵

7.10 Adaptation of the Single Ion Monitoring sequence to increase sensitivity and resolu-

tion with DC confinement potential switched to zero during injection and ion cooling. ✶✸✶
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2.1 GDES cell references according to insulator materials and inner diameters. . . . . . . ✸✹

2.2 Length l1 and conductance C1 of capillary inlet according to glow discharge cell and

vacuum chamber pressures for d1 = 6.3x10−5 m and dA = 3x10−2 m. . . . . . . . . . ✸✽

2.3 Estimated pressure in GDES cell for six values of capillary length around Paschen

minimum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✹✵

2.4 Calculation of C1 the capillary conductance, Q1 the mass-flow in the capillary, pGD

the GDES cell pressure, CA the anode orifice conductance, and QT the throughput of

the turbo molecular pump from the measured pressures in the vacuum chamber, in

relation with l1, the capillary length. . . . . . . . . . . . . . . . . . . . . . . . . . . . ✹✵

2.5 Some operating points on the V-I characteristic of the GDES cell, corresponding

emitted-electron current intensity, power consumption and efficiency for VPA = 40 V

for an aged N10 GDES cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ✺✼
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80 V and VA = -57 V, corresponding to optimal operating conditions to have electron
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6.1 Number of ions reaching the entrance lens after a round trip in the LIT during in-

jection for two single ion monitoring (SIM) sequences, two confinement potential
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7.1 Identification of some measured peaks in figure 7.4 according to their magnitude and
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The work described in this thesis dissertation was undertaken during the European FP7 project

SNIFFLES (from January 1st 2012 to July 1st 2015) . “The concept of the SNIFFLES project is to

develop a state-of-the-art miniature and portable electronic gas sensor capable of detecting hidden

persons and illegal substances (drug, explosive), providing a cost effective and scalable technology

to complement the work of sniffer dogs”, for National security and border control. This project

involves a large consortium constituted by two academic and seven industrial partners.

Different techniques can be employed as drug or explosive detectors [1, 2]. The gas sensor used

in the project is based on mass analysis by means of a Linear Ion Trap (LIT). Mass spectrometry

is one of the most powerful analytical techniques among many others, as it is almost universally

applicable, chemically specific, sensitive and fast. More importantly, it is able to analyse samples

in complex matrices through tandem MS experiments. Generally these performances are obtained

with laboratory-scale instruments. In fact, it is complex to adapt such a device to obtain a port-

able mass spectrometer for in-the-field applications. Therefore, miniature mass spectrometers are

of growing interest due to their potential of realizing in situ chemical analysis. The initial construc-

tion and application of miniature mass spectrometers can be traced back to the ambitious Viking

project of NASA in 1970s [3], in which miniature gas chromatograph mass spectrometers (GC/MS)

were built and used to analyse chemical compositions of Martian atmosphere and soil [4]. More

applications of miniature mass spectrometers were implemented later in public safety and health,

environmental protection, industrial process monitoring and many other areas [5, 6, 7, 8, 9].

The proposed portable mass spectrometer is composed of two ionisation sources addressing two

kinds of samples: volatile compounds of ambient air and particles deposed onto solid surfaces (fig-

ure 1). For volatile compounds, an electron ionisation (EI) at 70 eV (or less) source is used in

the vacuum chamber (internal ion source). Examination of state of art reveals different kinds of

external desorption and ionisation techniques easy to implement in portable instruments, as they

do not require a sample preparation (for instance, [10] gives a large list of these techniques). In

the prototype, the partners (Q-Technologies Ltd and University of Liverpool) in charge of the ex-

✶✾



❈
♦♥
✜❞
❡♥
t✐
❛❧

■◆❚❘❖❉❯❈❚■❖◆ ✷✵

ternal ionisation have chosen the Desorption Atmospheric Pressure Chemical Ionisation (DAPCI)

technique, for direct analysis of compounds without sample preparation. In DAPCI, a corona dis-

charge is generated by applying a high DC voltage (3-6 kV) toward a sharp needle, using a carrier

gas. The analyte is desorbed and ionized directly from the surface [11, 12]. APCI produced more

effective ionisation for large mass-ranges (few thousands). With tandem mass spectrometry, DAPCI

greatly enhances the selectivity and information content of the experiment [13].

Gas samples are introduced by means of a pulsed inlet valve to reduce gas load for the pumping

system [14]. The gases are evacuated from the vacuum chamber by the coupling of a getter and

sputter ion pumps (SAES Getter Group is responsible for the vacuum system within SNIFFLES). It is

a system operated by battery and packaged into a convenient portable case. However, it requires a

docking station with a diaphragm pump and a turbo pump for device regeneration, i.e. gas removal,

getter reactivation and battery recharging.

The mass analyser is a LIT having hyperbolic shaped electrodes in order to increase resolution

and sensitivity. Typically, portable devices employ (for easy-fabrication) shaped electrodes, for in-

stance a rectilinear ion trap was proposed by Cooks laboratory [15]. The design of the University

of Liverpool describes a device with reduced-size electrodes and the fabrication involves digital

light processing (DLP) realised by TWI Ltd. A metal thin film is deposited at the electrodes by ink

printing technique (XaarJet AB). The realisation of the LIT is achieved and has been tested in a

vacuum chamber without significant desorption [16]. The design and the potentials applied to the

coupling of an open EI ion source with the LIT have been improved by numerical modelling of the

design and ion trajectories to increase sensitivity (by University of Liverpool, Q-Technologies Ltd

and Aix-Marseille Universtité) [17].

The Electronic Control Unit (ECU) schedules the mass analysis sequences while it delivers the

potentials to be applied to the electrodes (Q-Technologies Ltd and University of Liverpool are in

charge of ECU). TWI Ltd deals with the Graphical User Interface (GUI) that controls ECU. The

targeted compound to be analysed is chosen among a list of substances. Identification of the tar-

geted compound is based on the detection of 3-4 ion fragments, for instance with electron impact

ionisation, the LIT operated in Single/Selective Ion Monitoring mode (SIM).

Besides analytical work have been performed to define the human chemical signatures for a

rapid identification. University of Liverpool and Q-Technologies Ltd have shown significant de-

tection of NH3, CO2, water and volatile organic compounds using a portable quadrupole mass

spectrometer using a membrane probe [18, 19].

Da Vinci Laboratory Solutions conducts comparative studies of analytes by means of lab-scale

mass spectrometer and a SNIFFLES prototype, to perform comparative tests with detection dogs of

Wagtail International.

2013 is an important date for the mass spectrometry community as it marks the 100th an-

niversary of the publication of Sir Joseph John Thomson’s monograph “Rays of Positive Electricity
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and Their Application to Chemical Analysis”. Thomson started his investigation of electrical dis-

charges in gases in 1897, leading to the discovery of the electron (cathode rays) [20]. Later, in

1913, he observed that positive rays (ions) formed from residual gases in cathode was differen-

tially deflected depending on their mass by magnetic and electrostatic fields as they made diverging

traces on a photographic plate, providing the first mass spectrometer [21].

In this dissertation, electric discharge in gas and mass spectrometry are also combined. In

the first part, an electric discharge in a glow regime is employed to generate low temperature

electrons for molecule ionisation in an open electron impact ion source to operate at low vacuum.

In the second part, the simulation studies of ion injection and confinement in a LIT allow us to

propose solutions in order to improve both sensitivity and mass resolution of the analyser prototype

developed by the partners. The proposed devices and improvements must take into account the

portability of the instrument. The results of these works are input data for the ECU and the vacuum

system of the prototype and its future releases.
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Glow discharge electron impact ionisation
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✶✳✶ ❉✐s❝❤❛r❣❡

Faraday in the 1830 studied the discharges created in glass tubes filled with gas at a low pressure

(≈100 Pa) [22], and later, during the 1870 by Crookes [23]. Their investigations resulted in a

better understanding of the working principles and properties of gas discharges.

Paschen in 1889 investigated the minimum potential difference that was needed to create sparks

between two electrodes in a glass tube [24]. He found that this voltage depends on the type of gas,

the pressure in the tube, p, and the gap between electrodes, d. Moreover, the minimum breakdown

voltage was a function of the product between pressure and gap distance, pd. At this moment,

the breakdown voltage can be measured experimentally, without understanding of the breakdown

processes.

In 1909, Townsend proposed a theory that could explain the breakdown phenomenon, describ-

ing the microscopic processes such as ionization of atoms by electron impact, collision, and second-

ary emission at the cathode by ion impact [25].

Further studies showed that the gas discharges consist of ionized gas, containing neutral and

both positively and negatively charged particles. J. J. Thomson in 1913, developed a first ion source

for a mass spectrometer [21]. In 1928, Langmuir [26] introduced the word “plasma” to describe

the ionized gas that is created in a gas discharge.

A gas discharge can be created by applying a direct current (DC), capacitively coupled radio-

frequency RF (RIE, PECVD), inductively coupled RF (ICP, TCP, Helicon) and microwaves (ECR,

Surfatron). The technological applications of plasmas formed in these sources are numerous and

include thin film deposition, semiconductor processing, materials treatments (modification of sur-

face physics and surface chemistry, sterilization), lamps, light sources and displays, waste treatment

and materials analysis [27].

✷✺
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✶✳✷ ❱♦❧t❛❣❡✲❈✉rr❡♥t ❝❤❛r❛❝t❡r✐st✐❝s ❡t r❡❣✐♠❡s

✶✳✷✳✶ ❱♦❧t❛❣❡✲❈✉rr❡♥t ❝❤❛r❛❝t❡r✐st✐❝s

The figure 1.1 is an illustrative plot of the voltage versus current (or Voltage-Current characteristics)

of a DC electric discharge in a gas. On the curve describing a complex (non-linear) shape, three

main regions can be distinguished, which belong different types of discharge, as are many plasma

phenomena. The main characteristics of the discharge such as the breakdown voltage, the voltage

current characteristic and the structure of the discharge depend on the geometry of the electrodes,

the gas used, the pressure and the electrode material. It has to be pointed that all regimes have

found applications [28, 29].

✶✳✷✳✷ ❉❛r❦ ❉✐s❝❤❛r❣❡ r❡❣✐♠❡

The regime between A and E on the voltage-current characteristic is termed a dark discharge be-

cause the discharge remains invisible (except for corona discharges and the breakdown itself).

In the region of lowest voltages (A-C), the current depends on the concentration of charged

particles, which are produced by external sources like cosmic rays, radioactive minerals, and/or

by illumination of the cathode (photo-emission). There is only a small increase of current with
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increasing voltage, that is the background ionization stage (called also “Geiger regime”), then the

current saturates with increase in voltage.

The region (C-E) is called the “Townsend discharge”. In the region (C-D), the current increases

exponentially, the voltage is high enough for gas ionization and secondary electron emission leading

to an avalanche of electron and ion production. The discharge is still not self-sustaining, i.e. it exists

only because of an external ionisation source.

In the (D-E) region, the “Townsend discharge” is self-sustained, the current increases by several

order of magnitude almost at a constant plasma voltage value. An external resistance is necessary

to control the current in this regime, called “Corona discharge”. If the coronal currents are high

enough, corona discharges can be technically ’glow discharges’, visible to the eye. For low currents,

the entire corona is dark, as appropriate for the dark discharges. Related phenomena include the

silent electrical discharge, an inaudible form of filamentary discharge, and the brush discharge, a

luminous discharge in a non-uniform electric field where many corona discharges are active at the

same time and form streamers through the gas.

Beyond point E, the electrical breakdown occurs with the addition of secondary electrons emit-

ted from the cathode due to ion or photon impact, at the breakdown voltage denoted as VB. The

discharge currrent can be limited by the internal resistance of the power supply connected between

the two electrodes. The breakdown voltage, for a given gas and electrode material, depends on

the product of the pressure and the distance between the electrodes, as expressed in Paschen’s law

[24].

The initially homogeneous electric field becomes distorted because of the space charges accu-

mulated in the discharge gap and the “Townsend discharge”, changes to the “normal glow discharge”.

✶✳✷✳✸ ●❧♦✇ ❉✐s❝❤❛r❣❡ r❡❣✐♠❡

In the glow discharge regime the plasma is luminous. The gas glows because the electron energy

and density are high enough to generate visible light by excitation collisions.

After a discontinuous transition from E to F, the voltage is almost independent of the current over

two orders of magnitude in the normal glow discharge regime (F-G). The current density remains

constant with the discharge growing larger in size with increase in current [30]. This means that

the plasma is in contact with only a small part of the cathode surface at low currents. As the current

is increased from F to G, the fraction of the cathode occupied by the plasma increases, until plasma

covers the entire cathode surface at point G. From G, the voltage increases significantly with the

increasing current in order to force the cathode current density above its natural value and provide

the desired current, called “abnormal glow”.

Starting at point G and moving to the left, a hysteresis is observed in the voltage-current char-

acteristic. The discharge maintains itself at considerably lower currents and current densities than

at point F and only then makes a transition back to Townsend regime.

The applications of glow discharge include fluorescent lights, DC parallel plate plasma reactors,
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’magnetron’ discharges used for depositing thin films, and electron bombardment plasma sources.

✶✳✷✳✹ ❆r❝ ❉✐s❝❤❛r❣❡ r❡❣✐♠❡

The current increase from 0.1 to 1 A leads to an important decrease of the discharge voltage and

the transition to the arc discharge occurs. At point H, high current will result in the heating of

the gas medium and cathode. At increased cathode temperatures, the secondary electrons are

liberated by thermionic emission. In addition, the high discharge current induces a growth of the

gas temperature. If the DC power supply has a sufficiently low internal resistance, the discharge

will undergo a glow-to-arc transition. The voltage necessary to sustain the discharge will decrease

and will be up to 10 times smaller. After J, the voltage increases slowly as the current increases.

✶✳✸ ❉❈ ●❧♦✇ ❉✐s❝❤❛r❣❡

The glow discharge is suitable for most material processing applications. The Townsend discharge

regime is too weak and the arc discharge regime is too hot. It characterisation is generally done in

a closed glass tube at low pressure (133.32-1333.2 Pa), the simplest way to obtain regularities of

ionisation [31, 32, 33, 34].

✶✳✸✳✶ ❇❛s✐❝ ♣❧❛s♠❛ ♣r♦❝❡ss

When the DC potential applied across the cathode and anode electrodes of the discharge is suffi-

ciently high, the gas is ionised in electrons and positive ions. A schematic diagram of a DC discharge

plasma is presented in figure 1.2.
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In this example, the gas is argon (Ar). The electrons are accelerated by the electric field in

front of the cathode towards the anode and collide with the gas atoms, losing kinetic energy. The

collisions are elastic and inelastic. In elastic collisions, the kinetic energy of electrons is low: there

is conservation of both momentum and kinetic energy. Only deviation of particles with exchange of

momentum and kinetic energy occurs.

In inelastic collisions, a part of the kinetic energy is changed into internal energy of the atom

or molecule. The neutrals are excited by the electron collision (excitation), which is often followed

by a de-excitation with emission of radiation. That explains the name of the “glow” discharge.

Furthermore, neutral ionisation happens by inelastic collisions, creating new electrons and ions.

That makes the glow discharge a self-sustaining plasma.

Besides, the electrode plays an essential role to sustain the plasma by secondary electron emis-

sion. The argon ions, as well as fast argon atoms, which are carried off by ions, have sufficient

kinetic energy to give rise to sputtering on the cathode. Atoms/molecules (denoted as M) are ejec-

ted from the cathode, by diffusion they cross the plasma, then a part of them reaches the anode.

The sputtered atoms can also become ionized and/or excited in the plasma. The sputtering on the

cathode leads to deposit a thin film at anode, which is important for several applications [36], how-

ever interfering with the stability of the discharge operating point for our application. Moreover,

the use of air (see next Chapter) renders more complex the plasma behaviour due to additional

fragmentation and chemical reactions.

✶✳✸✳✷ ❉✐s❝❤❛r❣❡ r❡❣✐♦♥s ❛♥❞ ♣♦t❡♥t✐❛❧

The potential difference applied between the two electrodes is not linearly distributed between the

cathode and anode 1.3. The potential drops in a few millimetres after the cathode. The first region

adjacent to the cathode is the “cathode dark space” (CDS) or “sheath” where the electric field is the

strongest. The electrons are violently accelerated. The second region, which occupies the largest

part of the discharge, is the “negative glow” (NG). The potential is almost constant and slightly

positive: it is denoted as the “plasma potential”. In this region, the current is only induced by

electrons, which move faster than ions.

For short distances between the cathode and anode, the potential goes back to zero at the anode

across a short region called the “anode zone” (AZ). The sheaths fields are such as to repel electrons

trying to reach electrode [36].

When the distance between the cathode and anode is relatively long, there are additional re-

gions: the ’Faraday dark space’ (FDS) and the ’positive column’ (PC). The electric field is slightly

negative to conduct the electrons toward the anode.
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Low-pressure glow discharges operated with a DC supply are one of the most studied non equi-

librium plasma discharges of a simple mechanical conception. DC glow discharge operates at

room temperature reducing desorption phenomena in the vacuum chamber of a mass spectrometer

[37, 29, 38] and can generate either ion or electron beams [39, 40, 41, 42, 43]. So, a DC glow

discharge cell with a cold cathode can be used as a low power source of electrons, with reduced

out-gassing phenomena compared to a heated filament.

DC glow discharge can occurs with several configurations and shapes of the electrodes (anode

and cathode): two simple parallel plane electrodes [35, 27, 39, 44], plane anode-cylindrical hollow

cathode, hollow cathode with holes, hollow anodes [45]. Hollow anode have been employed in

mass spectrometer as electron source [46].

A simple plate DC glow discharge, denoted as Glow Discharge Electron Impact (GDEI), has been

proposed first in 2005 by Handberg (Phd thesis [47]) then by Gao et al. in a paper [48]. GDEI is

a source of electrons that are admitted into a (2D or 3D) trap where sample is introduced and

ionised (internal ionisation mode) by EI. GDEI has been coupled to Cylindrical Ion Trap (CIT) and

Rectilinear Ion Trap (RIT) mass analyser [47, 49, 8].

GDEI/CIT coupling has been employed in a Field-Portable Mass Spectrometer System, Chem-

Sense 600 of ICx Technologies [50, 51, 52].

In this work, a DC Glow Discharge cell with planar electrodes generating an electron beam,

inspired by Gao et al. [48], is tested using different materials and diameters of the cylindrical ring

insulator in typical operating conditions, i.e. with an inlet flow from atmospheric air. The charac-

terisation of the discharge is deeply investigated and the kinetic energy of the electrons available

for ionisation is approached. Contrary to that previous published works, in order to reduce the

dispersion of kinetic energy of electrons at impact, this Glow Discharge Electron Source (GDES) is

coupled to an open Electron Impact source in substitution of a filament unable to work at low vac-

cum (getter pump). The positive ions created in the ion cage of the source are then axially admitted

in a Linear Ion Trap with hyperbolic-shaped electrodes.
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The objective of these experimental works concerns the definition of the operating conditions of the

glow discharge, the characterisation of the discharge and the characterisation (intensity and kinetic

energy distribution) of the beam of electrons available for further ionisation.

✷✳✶ ❉❡s✐❣♥

✷✳✶✳✶ ●❉❊❙ ❝❡❧❧

The Glow Discharge Electron Source cell (denoted as GDES cell) is placed in a vacuum chamber

(figures 2.1 and 2.2). The cell consists of two disk stainless steel plate cathode and anode, which

are separated and fixed by a ring insulator. The cathode and anode electrodes are then separated

by a distance of dAC = 6.6x10−2 m. The external face of the cathode is drilled to receive a 1/4"

OD gas inlet tubing. The anode aperture has a diameter of dA = 3.3x10−4 m. Two Viton O-ring

seals between the cathode and insulator and between the anode and insulator are used to maintain

a higher pressure in the GDES cell than in the vacuum chamber.

This simple mechanical conception permits to employ different ring insulators. Three inner

diameters 10−2, 1.5x10−2, and 2x10−2 m and four different materials Teflon, Nylon, Macor and

Pyrex were tested insert (see table 2.1).

A disk stainless steel plate located in front of the anode aperture 2x10−2 m away collects elec-

trons emerging from the anode aperture (for characterisation of the electron beam, see later). This

plate is also denoted as the electron collection plate.

✷✳✶✳✷ ●❉❊❙ ❛ss❡♠❜❧② ❛♥❞ ✈❛❝✉✉♠ ❞❡✈✐❝❡

The figure 2.3 shows a picture of the GDES cell mounted on flange.

A 1/4" OD stainless steel tube passes through the flange. The tubes are connected with Swagelok

fittings. Inside the vacuum chamber, the assembly comprises a 1/4" fitting with a PTFE union to

ensure the electric insulation between the cathode, at a higher negative voltage, and the flange,

✸✸
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■♥s✉❧❛t♦r ♠❛t❡r✐❛❧
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10−2 ❚✶✵ ◆✶✵ ▼✶✵ ✴

1.5x10−2 ❚✶✺ ◆✶✺ ▼✶✺ P✶✺

2x10−2 ❚✷✵ ◆✷✵ ▼✷✵ ✴
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which is grounded. Outside, the assembly comprises a quarter-turn valves and a reducing union

with 7.94x10−4 m fitting for the capillary (not mounted in the photo). The capillary inlet is PEEK

tubing OD 1/32" and ID 6.3x10−5 m. The quarter-turn isolation valve at GDES inlet makes easily to

shut off gas flow when changing capillary tubing.

The pumping system is composed of a roughing (TriScrollTM 300 Series Dry Scroll Vacuum

Pump; Varian, Inc) and turbo-molecular pumping device (Turbo V250 Macro-torr; Varian, Inc).

Two types of vacuum gauge are used: Thermocouple and Bayard-Alpert gauges, to measure the

vacuum chamber pressure, pM , continuously from 1.01325x105 to 1.33322x10−7 Pa.

✷✳✷ ❋❧✉✐❞✐❝ s②st❡♠

There is a gas flow in the GDES cell from ambient to vacuum chamber. Gas inlet flow from ambient

room air passes through a capillary and enters in the cell by a centred cathode aperture. Then, the

gas effuses from the centred hole (dA = 3.3x10−4 m in diameter) in the anode toward the vacuum

chamber. Both the gas load for the pumping system of the vacuum chamber and the pressure inside

the GDES cell must be estimated to locate the operating point of the discharge.

✷✳✷✳✶ ❈❛♣✐❧❧❛r② ♠❛ss✲✢♦✇

The capillary inlet induces a pressure drop in GDES cell. The capillary has the lowest conductances,

while the other tubing and the orifice placed in series with the capillary have higher conductance.

For instance, between the capillary inlet and the enclosed volume of GDES cell there is a con-

striction. It is a short round tube of diameter 5x10−4 m and length 10−3 m in cathode. Its effect

can be neglected, as its conductance is larger than the capillary one. A laminar viscous gas flow

passes through the capillary. The Hagen-Poiseuille equation gives Q1, the mass-flow in capillary

[53, 54, 55]:
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Q1 =
π d41

128 η l1

pa + pGD

2
(pa − pGD) (Pa×m3/s) or (W) ✭✷✳✶✮

where pa the atmospheric pressure, pGD the pressure inside the GDES cell, η the air dynamic

viscosity at room temperature; d1 the internal diameter of capillary and l1 the length of capillary.

The fact that a medium density is introduced (in the above Hagen-Poiseuille equation for gas flows),

merely represents a linear approximation of the compressibility effect, which is sufficient for small

Mach number flows only [56].

For air at room temperature, Q1 is then expressed by:

Q1 =
663.3 d41

l1
(pa + pGD)(pa − pGD) ✭✷✳✷✮

Numerical application of Q1 on table 2.4 according to capillary length l1, pressure pGD and pM .

From the relation between the conductance and mass-flow, C1 can be expressed by:

C1 =
Q1

(pa − pGD)
=

663.3 d41
l1

(pa + pGD) (m
3/s) ✭✷✳✸✮

In normal operating conditions, it can be assumed that pa ≫ pGD. The conductance is then

approximated by equation:

C1 =
663.3 d41

l1
pa ✭✷✳✹✮

Numerical application of C1 on table 2.2 according to capillary length l1, pressure pGD and pM .

✷✳✷✳✷ ❆♥♦❞❡ ♦r✐✜❝❡ ❝♦♥❞✉❝t❛♥❝❡

The pressure inside the GDES cell is low enough to have a molecular flow passing through the anode

orifice, considered as a thin plate orifice. The conductance is then calculated from [56, 54]:

CA =
v

4

π d2A
4

(m3/s) ✭✷✳✺✮

where dA is the diameter of the anode orifice and v the average velocity of particles given by:

v =

√

8 k T

πm
(m/s) ✭✷✳✻✮

v is chosen equal to 463 m/s for air at room temperature and dA = 3.3x10−4 m. Numerical ap-

plication of CA on table 2.4 according to capillary length l1, conductance C1, pressure pGD and

pM .

✷✳✷✳✸ ❊st✐♠❛t✐♦♥ ♦❢ ●❉❊❙ ❝❡❧❧ ♣r❡ss✉r❡ ❛♥❞ ✈♦❧✉♠❡tr✐❝✲✢♦✇

For the GDES cell, the mass-flow conservation at equilibrium gives the following relation:
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Q1 = QA ✭✷✳✼✮

leading to:

C1(pa − pGD) = CA(pGD − pM ) ✭✷✳✽✮

where pM is the pressure inside the vacuum chamber. The capillary length l1 is then calculated

by:

l1 =
d41

16 η v d2A

(pa + pGD) (pa − pGD)

(pGD − pM )
(m) ✭✷✳✾✮

In typical operating conditions, it can be assumed that pa ≫ pGD and pGD ≫ pM . The capillary

length is then approximated by:

l1 ≈
d41

16 η v d2A

p2a
pGD

✭✷✳✶✵✮

The capillary length l1 and the capillary conductance C1 are calculated from equations 2.9 and

2.3, respectively, for the glow discharge cell pressure varying between 40 and 200 Pa and for four

values of the vacuum chamber pressure 1.333, 1.333x10−1,1.333x10−2 and 1.333x10−3 Pa and with

d1 = 6.3x10−5m and dA = 3.3x10−4 m (table 2.2).

The capillary length and conductance slightly vary according to the vacuum chamber pressure.

So, the capillary length can be calculated from the approximated equation 2.10. The conductance

of anode orifice CA, calculated from equation 2.5, is CA = 8.18× 10−6 m3/s.

The length of capillary inlet ranges between 2.6x10−2 and 1.3x10−1 for GDES cell pressure

between 40 and 200 Pa. The continuous inlet flow of ambient air in vacuum chamber is fixed by

the lowest conductance, which is the conductance of the capillary inlet C1, as 1/C1+1/CA ≈ 1/C1.

The value of the volumetric-flow entering the vacuum chamber ranges between 3 × 10−9 and

1.8 × 10−8 m3/s. In order to reduce gas load for the pumping system, capillary inlet flow can be

turned off by switching off the valve when mass analysis is stopped.

✷✳✷✳✹ ❈❤♦✐❝❡ ♦❢ ❝❛♣✐❧❧❛r② ❧❡♥❣t❤

Taking into account Paschen breakdown curve for air or N2 (see figure 2.4), six values of capillary

length are chosen around Paschen minimum.

The pressure (in Pa) in the GDES cell according to the length of capillary (in m) is estimated

(from equation 2.10) by:

pGD =
d41 p

2
a

16 η v d2A

1

l1
≈

13.0655

l1
(Pa) ✭✷✳✶✶✮

The characterisation of the discharge will be performed for six capillary lengths: l1 = 0.500,
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pM ✭P❛✮ → 1.333 1.333x10−1 1.333x10−2 1.333x10−3

pGD ✭P❛✮ ↓ l1 ✭♠✮

40.00 0.3391 0.3289 0.3279 32.78

53.33 0.2522 0.2465 0.2459 24.59

66.66 0.2007 0.1971 0.1967 19.67

79.99 0.1667 0.1642 0.1639 16.39

93.33 0.1425 0.1407 0.1405 14.05

106.7 0.1245 0.1231 0.1230 12.29

120.0 0.1105 0.1094 0.1093 10.93

133.3 0.0993 0.09.84 0.09.84 9.84

146.7 0.0902 0.0895 0.0894 8.94

160.0 0.0826 0.0820 0.0820 8.20

173.3 0.0762 0.0757 0.0757 7.57

186.7 0.0708 0.0703 0.0703 7.03

200.0 0.0660 0.0656 0.0656 6.56

pGD ✭P❛✮ ↓ C1 ✭♠3✴s✮

40.00 3.38x10−9 3.49x10−9 3.50x10−9 3.50x10−9

53.33 4.55x10−9 4.66x10−9 4.67x10−9 4.67x10−9

66.66 5.72x10−9 5.82x10−9 5.83x10−9 5.83x10−9

79.99 6.89x10−9 6.99x10−9 7.00x10−9 7.00x10−9

93.33 8.05x10−9 8.16x10−9 8.17x10−9 8.17x10−9

106.7 9.22x10−9 9.33x10−9 9.34x10−9 9.34x10−9

120.0 1.04x10−8 1.05x10−8 1.05x10−8 1.05x10−8

133.3 1.16x10−8 1.17x10−8 1.17x10−8 1.17x10−8

146.7 1.27x10−8 1.28x10−8 1.28x10−8 1.28x10−8

160.0 1.39x10−8 1.40x10−8 1.40x10−8 1.40x10−8

173.3 1.51x10−8 1.52x10−8 1.52x10−8 1.52x10−8

186.7 1.62x10−8 1.63x10−8 1.64x10−8 1.64x10−8

200.0 1.74x10−8 1.75x10−8 1.75x10−8 1.75x10−8

❚❛❜❧❡ ✷✳✷✿ ▲❡♥❣t❤ l1 ❛♥❞ ❝♦♥❞✉❝t❛♥❝❡ C1 ♦❢ ❝❛♣✐❧❧❛r② ✐♥❧❡t ❛❝❝♦r❞✐♥❣ t♦ ❣❧♦✇ ❞✐s❝❤❛r❣❡ ❝❡❧❧ ❛♥❞
✈❛❝✉✉♠ ❝❤❛♠❜❡r ♣r❡ss✉r❡s ❢♦r d1 = 6.3x10−5 ♠ ❛♥❞ dA = 3x10−2 ♠✳
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0.330, 0.200, 0.165, 0.098 and 0.071 m. These lengths lead to values of the product pGD × dAC

located around the Paschen minimum (table 2.3). As we will see, the corresponding (experimental)

values are slightly shifted toward lower values.

✷✳✷✳✺ ●❡♥❡r❛❧ t❤r♦✉❣❤♣✉ts

The mass-flow conservation at equilibrium gives the following relation:

Q1 = QA = QT = STefpM (Pa×m3/s) ✭✷✳✶✷✮

with Q1 the capillary mass-flow, QA the anode-orifice mass-flow, QT and STef the throughput and

effective pumping speed of the turbo-molecular pump, respectively.

The vacuum chamber pressure is measured according to five lengths of capillary and when the

quarter-turn valve is closed. The nominal speed of the turbo molecular pump is equal to 0.25 m3/s.

As the pump is connected to the chamber via a 0.25 m3/s, ST,ef = 0.125 m3/s. The throughput of

the turbo molecular pump is calculated from

QT = ST,ef pM

with measured values of pM (table 2.4). The anode orifice is calculated from: CA = C1 pa/pGD.

QT is slightly higher than Q1 due to a lower value of the effective pumping speed at the anode

orifice. When the valve is closed, the value of QT represents the throughput of the residual leak
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l1 pGD pGD × dAC

✭♠✮ ✭P❛✮ ✭P❛ ① ♠✮

✵✳✵✼✶ ✶✽✸✳✾✽ ✶✷✳✶✹✷

✵✳✵✾✽ ✶✸✸✳✽✵ ✽✳✽✸✵✽

✵✳✶✻✺ ✼✾✳✹✼✸ ✺✳✷✹✺✷

✵✳✷✵✵ ✻✺✳✺✺✺ ✹✳✸✷✻✻

✵✳✸✸✵ ✸✾✳✼✸✵ ✷✳✻✷✷✶

✵✳✺✵✵ ✷✻✳✷✷✺ ✶✳✼✸✵✽

❚❛❜❧❡ ✷✳✸✿ ❊st✐♠❛t❡❞ ♣r❡ss✉r❡ ✐♥ ●❉❊❙ ❝❡❧❧ ❢♦r s✐① ✈❛❧✉❡s ♦❢ ❝❛♣✐❧❧❛r② ❧❡♥❣t❤ ❛r♦✉♥❞ P❛s❝❤❡♥ ♠✐♥✲
✐♠✉♠✳

l1 C1 Q1 = QA pGD CA pM ✭♠❡❛s✉r❡❞✮ QT

✭♠✮ (m3/s) (Pa×m3/s) ✭P❛✮ (m3/s) ✭P❛✮ (Pa×m3/s)

✵✳✵✼✶ 1.49x10−8 2.74x10−6 ✶✽✸✳✾✽ 8.18x10−6 1.30x10−2 1.63x10−3

✵✳✵✾✽ 1.08x10−8 1.45x10−6 ✶✸✸✳✽✵✷ 8.18x10−6 9.59x10−3 1.20x10−3

✵✳✶✻✺ 6.42x10−9 5.10x10−7 ✼✾✳✹✼✸✹ 8.18x10−6 5.86x10−3 7.33x10−3

✵✳✷✵✵ 5.29x10−9 2.64x10−7 ✻✺✳✺✺✹✻ 8.18x10−6 4.66x10−3 5.83x10−4

✵✳✸✸✵ 3.21x10−9 9.69x10−8 ✸✾✳✼✸✵ 8.18x10−6 2.80x10−3 3.50x10−4

✵✳✺✵✵ ✷✻✳✷✷✹✺ 8.18x10−6

❝❧♦s❡❞ ✵ ✵ pM ✵ 1.57x10−4 1.96x10−5

❚❛❜❧❡ ✷✳✹✿ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ C1 t❤❡ ❝❛♣✐❧❧❛r② ❝♦♥❞✉❝t❛♥❝❡✱ Q1 t❤❡ ♠❛ss✲✢♦✇ ✐♥ t❤❡ ❝❛♣✐❧❧❛r②✱ pGD t❤❡
●❉❊❙ ❝❡❧❧ ♣r❡ss✉r❡✱ CA t❤❡ ❛♥♦❞❡ ♦r✐✜❝❡ ❝♦♥❞✉❝t❛♥❝❡✱ ❛♥❞QT t❤❡ t❤r♦✉❣❤♣✉t ♦❢ t❤❡ t✉r❜♦ ♠♦❧❡❝✉❧❛r
♣✉♠♣ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ♣r❡ss✉r❡s ✐♥ t❤❡ ✈❛❝✉✉♠ ❝❤❛♠❜❡r✱ ✐♥ r❡❧❛t✐♦♥ ✇✐t❤ l1✱ t❤❡ ❝❛♣✐❧❧❛r② ❧❡♥❣t❤✳

and degassing of the vacuum system.

✷✳✸ ❊❧❡❝tr✐❝ s②st❡♠

✷✳✸✳✶ P♦✇❡r s✉♣♣❧✐❡s ❛♥❞ ♠❡❛s✉r❡♠❡♥t ❞❡✈✐❝❡s

A power DC supply is needed to sustain the plasma discharge in glow regime. Another power DC

supply is used to polarize the electron collection plate to attract or repulse the electrons (figure

2.1).

The discharge sustaining power supply is a floating adjustable DC supply with active current

limiting capability, which is connected in series between the anode and cathode electrodes. The

voltage across the anode and cathode is denoted as VAC . The discharge current at the anode and

cathode electrodes, denoted as IC and IA respectively, are measured by means of an ammeter.

The DC polarization voltage supply is floating and adjustable. The polarization voltage, denoted

as VPA, is applied between the plate and anode. The electron current at the collection plate IP is
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measured by another ammeter, at ±10−8 A.

The undesired discharge current I ′d passing by vacuum chamber walls is limited by resistance R,

when undesired discharges are in an unstable regime. It is then reduced and measurements can be

performed in larger ranges of voltages.

✷✳✸✳✷ ❖r✐❣✐♥ ♦❢ ♠❡❛s✉r❡❞ ❝✉rr❡♥ts

An electrical consideration (electron flow) permits decoupling of currents, while the current balance

equation is maintained in the system. This balance equation for the measured currents is expressed

as:

IC = IA + IP + I ′d ✭✷✳✶✸✮

We defined the origin of the measured currents taking into account that the external side of

the anode electrode is conductive. The (main) discharge current (between anode and cathode) is

denoted as Id.

Initially it is assumed that the solely source of electrons (without creation of secondary elec-

trons) between the anode and plate is the electrons exiting anode orifice. This electron current is

denoted as Ib. A part of these electrons reaches the plate inducing the current Ib,P , while the other

part goes back toward the external side of anode inducing the current Ib,A, such as Ib = Ib,A+Ib,P is

constant. The values of Ib,P and Ib,A depend on the potential applied between the plate and anode,

and on the kinetic energy of electrons at anode orifice. The cathode current is the total current. The

measured currents in the system are expressed from:

IC = Id + Ib,A + Ib,P + I ′d

IA = Id + Ib,A ✭✷✳✶✹✮

IP = Ib,P

Besides, a possible creation of secondary electrons at the anode aperture source is taken into

account. It is an additional current source between the anode and the plate. The secondary electron

current is denoted as Is, with the part of the secondary electrons reaching the plate inducing the

current Is,P , while the other part reaching the anode inducing the current Is,A. The measured

currents in the system are then expressed from:

IC = Id + Ib,A + Ib,P + I ′d

IA = Id + Ib,A − Is,A ✭✷✳✶✺✮

IP = Ib,P + Is,A
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The undesired discharge current I ′d is induced by a leakage of electron at the insulator fitting,

other possible sources have been tested giving zero current. This fitting maintains the 1/4" stainless

steal tubes at a distance of 5x10−3 m. According to the capillary length, i.e. the pressure of the

flowing gas in this fitting, and the value of the discharge sustaining power supply, a weak discharge

can occurs.

✷✳✸✳✸ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❦✐♥❡t✐❝ ❡♥❡r❣②

If the only source of electrons is the anode orifice, the estimation of the electron current intensity

and of the distribution of kinetic energy of electrons at the anode orifice can be deduced from the

measure of the plate current versus the potential applied between the plate and anode.

A part of electrons can reach the plate according to the principle of the energy conservation

between the anode and plate, whatever the trajectory path:

Ek,A + Ep,A = Ek,P + Ep,P ✭✷✳✶✻✮

where Ek,A and Ep,A are the electron kinetic energies and potential energies, respectively, at the

anode, and Ek,P and Ep,P are the electron kinetic energies and potential energies, respectively, at

the plate.

Without secondary electrons, the distribution of electron kinetic energy at the anode orifice is

denoted as fe(Ek,A). The current IP is in proportion to the integral value of the kinetic energy

distribution for values of Ek,A ranging between qVPA and Ek,A,max according to:

IP (VPA) ∝

ˆ Ek,A,max

qVPA

fe(Ek,A)dEk,A ✭✷✳✶✼✮

where q = −1 is the charge of electron so that qVPA have dimension of energy in eV and Ek,A,max

is the maximum value of the kinetic energy distribution.

If it is assumed that the distribution fe(Ek,A) is uniform, the current is zero for negative values

of VPA then it increases from VPA = Ek,A,max/q until 0. For the positive values, IP is constant

(see curve (a) of figure 2.5). Two adjacent uniform distributions with more electrons at low or

at high energies give a dual-slope increase (see curve (b) of figure 2.5). Two separated uniform

distributions lead to a plateau between two linear increases (curve (c) of figure 2.5). The figures

2.15 and 2.16 show experimental results of electron kinetic energy distributions at the anode orifice.

✷✳✹ ❈❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ ❣❧♦✇ ❞✐s❝❤❛r❣❡

✷✳✹✳✶ P❛s❝❤❡♥ ❝✉r✈❡

The breakdown occurs when the voltage across the electrodes suddenly drops, followed by an

increase in the discharge current. The experimental points of the Paschen curve are obtained by
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❋✐❣✉r❡ ✷✳✺✿ ✭❚♦♣✮ ❊❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥ ❛♥❞ ✭❜♦tt♦♠✮ ♣❧❛t❡ ❝✉rr❡♥t ♦❜t❛✐♥❡❞ ✈❡rs✉s

♣♦t❡♥t✐❛❧ ❛♣♣❧✐❡❞ ❜❡t✇❡❡♥ t❤❡ ♣❧❛t❡ ❛♥❞ ❛♥♦❞❡ ❢♦r ✭❛✮ ❛ ✉♥✐❢♦r♠ ❞✐str✐❜✉t✐♦♥✱ ✭❜✮ t✇♦ ❛❞❥❛❝❡♥t ✉♥✐✲
❢♦r♠ ❞✐str✐❜✉t✐♦♥s ✇✐t❤ ♠♦r❡ ❡❧❡❝tr♦♥s ❛t ❤✐❣❤❡r ❡♥❡r❣✐❡s ❛♥❞ ✭❝✮ t✇♦ s❡♣❛r❛t❡ ✉♥✐❢♦r♠ ❞✐str✐❜✉t✐♦♥s✳

plotting the breakdown voltage Vb versus pressure-distance product pGD × dAC for different values

of the pressure in the GDES by means of six capillary lengths l1 = 0.50, 0.33, 0.20, 0.165, 0.098

and 0.071 m (figure 2.6). pGD × dAC is estimated from equation 2.11. Each point of the curve is

the mean value of 10 successive measurements. And the error bar is ±3 standard deviations.

The experimental curve shape fits a Paschen’s curve (see figure 2.4). The experimental curve

is slightly shifted on the left. The pressure estimation from the above equation leads to 1.5 times

lower pressure values and the discharge occurs at higher values of potential. That could be due to

the fact that the gas flow in the GDES cell and the pressure could be higher in the centre of the cell.

The other insulator materials and inner diameters lead to similar breakdown voltage values.

In order to have the lowest voltage values (for a lighter Electronic Control Unit), we chose to

operate at the Paschen minimum, i.e. for capillary length equal to 0.165 m.

✷✳✹✳✷ ❱♦❧t❛❣❡✲❈✉rr❡♥t ❝❤❛r❛❝t❡r✐st✐❝

Three main parameters characterise the discharge: voltage, current and pressure [58]. Additional

parameters can influence the discharge: an existing gas-flow [59], the temperature of the source

and the nature of the gas and electrodes. Also wall losses for constricted discharge can change

the voltage-current characteristic [60]. The voltage-current characteristic is established to check

the regimes of the discharge due to the use of inlet gas flow of air, a multi-compound gas having

different discharge characteristics if they are used separately.

The experimental protocol is as follows: gas flow enters into the GDES cell by means of differ-

ent capillary lengths to have different pressures. The experimental data was taken starting from

breakdown voltage to the glow discharge region until 10−2 A.
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After breakdown, in glow discharge regime, one can observe that both the discharge current

and discharge potential linearly increase (figure 2.7). Voltage slightly increases with current for the

highest pressures (l1 = 0.071 and 0.098 m). For the lowest values of the pressure, the potential

increases with current as in an abnormal glow discharge regime. Reducing the inner diameter of

the discharge increases the slope of the characteristics.

Several papers describe this behaviour for a normal glow discharge regime [35, 57, 58, 61].

The V-I characteristics established (not horizontal lines), show that the GDES cell operates in the

abnormal regime. Different plasma electrical resistances can explain the different slopes of each

approximately linear curve.

There are benefits to having greater slopes for discharge stability, as a small variation of the

voltage will induce a small variation of the current. The capillary length l1 = 0.165 m and a

reduced inner diameter of the GDES cell is suitable to attain a stationary current with lower values

to reduce the electrical consumption.

✷✳✹✳✸ ❚✐♠❡✲❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❞✐s❝❤❛r❣❡ ❝✉rr❡♥t

The time dependence of the discharge current was investigated to choose the material and inner

diameter of the insulator. The evolution of the cathode current is measured over a period of 240-300

min for the three inner diameters and the four insulator materials in figure 2.8.

Similar cathode current value evolutions were observed for the Macor and Nylon for the three
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diameters. Obviously, with larger diameters, the discharge occupies a larger volume and the cathode

current is higher. A steady discharge (cathode) current is obtained after 60-120 min running with

the cells in Macor and Nylon.

For the three diameters of Teflon insulator, the cathode current values are lower than those

obtained with Nylon and Macor. However, the cathode current always decreases during time and

particular strong discharge instabilities are observed after a run of about 600 min.

Also, for Pyrex insulator the cathode current never attains a plateau.

The best stable glow discharge regime and the lowest power consumption are achieved for

a M10 or N10 insulator (see table 2.1). As a consequence, the N10 GDES cell was used in the

following sections.

✷✳✹✳✹ ❈❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ❞❡♣♦s✐ts

The phenomenon of sputtering occurs in the GDES cell as the formation of a deposit (thin film

layers) at anode has been observed even when operating the GDES cell over several minutes in

typical operating conditions.

Figure 2.9 shows different deposits on the anode, cathode and insulator obtained for different

insulator materials and under different gas flows.

With Teflon and airflow, was observed a deposit on the anode and on the half-part of the insu-

lator close to the cathode. With the ceramic coating, the deposit takes place over the whole surface

of the cylinder. On the teflon insulator, no deposit is observed with the air flow, while a slight de-

posit is formed with the argon and nitrogen flows. Upon the anode, the most significant deposit is

observed with air and nitrogen flows.

The examination of the anode deposit by Scanning Electron Microscopy (SEM) combined with

Energy Dispersive Xray spectroscopy (EDX) gives, respectively, the surface topography, and the

elementary composition of the deposit merely.

An example of layers on the anode around the aperture observed by SEM is shown in figure

2.10. SEM reveals a ring-shaped deposit around the anode aperture thicker than elsewhere.

The Energy Dispersive Xray spectroscopy of the thickest deposit gives the elements sputtered

from stainless steel cathode, i.e. Fe, Cr and Ni (figure 2.10). Additional elements are measured

with the Teflon insulator: Fluorine (45%), from Teflon, and O (8%), from air; and with the Nylon

insulator: O (20%), from Nylon and air.

In addition, this deposit has been measured as electrically resistive. It seems to be less resistive

when using Nylon than when using Teflon. The resistivity of the thin film increases with the increase

of oxygen.

A temporal modification of the resistivity of the deposit affects the V-I characteristic of the dis-

charge.
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✷✳✺✳✶ Pr✐♥❝✐♣❧❡

The previous experimental results have been recorded with the current delivered by the discharge

sustaining power supply limited at 10−2 A and V AC chosen to optimise the operating point of the

discharge. The discharge current, IC , decreases continously due to deposits on the anode electrode.

However, the discharge current must be stable.

The DC value applied between the cathode and anode V ′

AC must be chosen higher than voltage

breakdown, VB: V ′

AC ≥ V B, in order to be able to start the discharge (figure 2.11). In the experi-

ment, VB is measured to be equal to 410 V. In this case therefore, V ′

AC is chosen equal to 450 V. As

the discharge tends to increase the current, the current delivered by the power supply is limited to

a value denoted as IC,lim. So, the supply adapts to the operating potential. Current and potential

of the supply will evolve within the grey area (see figure 2.11).

The V-I characteristic of the cell changes on the time. The full line (figure 2.11) represents the

V-I characteristic when the cell is new (without deposits on anode) at t=0. At the beginning, the V-I

characteristic changes quickly, then a stabilisation occurs after some hours (about 4h) and the V-I

characteristic tends toward a limit represented by the dashed line (figure 2.11). As the current is

limited to IC,lim, its value is almost constant and the potential applied to the cell varies from VAC,1

to VAC,2. As a consequence, the discharge currents are stabilised using current limitation of the

power supply.
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In order to obtain the V-I characteristic of the discharge, the current limitation of the discharge

sustaining power supply is varied by steps of 10−4 A. In figure 2.12, the V-I characteristic is plotted

for a clean cell at t = 0 (New) and after 420 min running (Aged) versus six different values of the

current. Each current value is measured four times by varying the current from 4x10−4 to 9x10−4

A then to 9x10−4 to 4x10−4 A, twice (each (V, I) couple is measured 4 times). The duration is

about 10 min. The potential of the discharge sustaining power supply is limited to 450 V. There is

a difference of about 20-30 V between the new and aged cells. The current remains constant, while

the voltage changes. The measured values of the current and potential are reproducible.

✷✳✺✳✸ ❚❡♠♣♦r❛❧ st❛❜✐❧✐s❛t✐♦♥ ♦❢ ❞✐s❝❤❛r❣❡ ❝✉rr❡♥t

The discharge potential and the current limitation of the discharge sustaining power supply are 450

V and 4x10−4 A, respectively. The evolution of the discharge characteristic versus time over a period

of 300 min is plotted in figure 2.13. The potential varies from 363 to 375 V (3.2%), while the

current varies from 4.04x10−4 to 4.025x10−4 A (0.35%). The characteristic of the discharge changes
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as VAC varies over a 12 V range. However, the discharge current can be assumed constant with a

decreasing only over a 1.5x10−4 A range.

Besides, in the case of a longer lifetime study, the discharge is turned on six successive days

during 240-360 min and turned off during the night (gas inlet, power supply and pumping device

are turned off) (figure 2.12). The discharge current is reproducible and varies over a 2x10−6 A

range at 8.5x10−4 A. The available electron current measured by the plate at VPA = 0 V is assumed

stable at 2x10−5 A, 5 min after the discharge is started.

✷✳✻ ❈❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❜❡❛♠

✷✳✻✳✶ ❊❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ❞✐s❝❤❛r❣❡

The potential is not linearly distributed inside the GDES cell. Due to the small cathode-anode

distance, typically it exists the cathode fall, negative glow plasma and anode sheath regions merely

[62, 35]. The cold cathode discharge works in abnormal regime confirmed by the shape of the

current voltage characteristics of figure 2.7.
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The cathode fall region is close to the cathode with the largest potential difference, while the

negative glow plasma region takes up the largest part of the cell with a quasi-constant positive

potential. The electrons are violently accelerated by the strong electric field into the plasma where

they lose kinetic energy through inelastic collisions with neutrals and ions.

The anode sheath region has a short distance where the potential plasma returns to zero, the

potential typically applied to the anode. The electrons are repelled in this region. However, the

voltage drop in the anode sheath is small, so electrons with enough energy can cross the sheath

loosing kinetic energy and then a fraction of them passes through the anode aperture. There is a

complicated electron energy distribution function in a negative glow plasma not easy to determine

[63].

✷✳✻✳✷ ❊❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ❜❡❛♠

The current measured at electron collection plate corresponds to the available electron current for

further ionization.

The variation of the plate current versus the potential applied between the plate and anode is

plotted in figure 2.15 for different values of the DC potential VAC applied between the anode and

cathode to sustain the discharge.

The plate current increases with the potential applied between the anode and cathode, as the

discharge current.

As the shape of the curves shows an increase of the plate current for positive values of the

potential applied between the plate and anode, another source of electrons exists between the

anode aperture and plate (see the curve given in figure 2.5 without secondary electrons). That is

confirmed by the difference of increase between IC and IP measured currents for a same range of

VAC . For an increase of VAC from 400 to 545 V, IC increases of 3.1 times while IP increases of

4.75 times. Due to gas effusion at the anode aperture, the local pressure is high enough to take into

account an additional source of secondary electrons outside the cell close to the anode aperture,

according to the kinetic energy of the primary electrons exiting from the anode aperture.

In figure 2.15, for the negative values of VPA until about -10 V, no electrons are detected by

the plate. The primary electrons have kinetic energies lower than 10 eV and are collected by the

outside conductive surface of the anode leading to IP = 0. For positive values of the potential

applied between the plate and anode, the plate current continues to grow in order to achieve a

plateau from VPA = 20-30 V until 200 V, the maximal measured value, not shown in figure 2.15.

That can be interpreted: no secondary electrons can reach the anode over this potential value,

leading to assume that secondary electron kinetic energy is lower than 20-30 eV.

Moreover, the two insulator materials tested (Macor and Nylon) give the same results (figure

2.16). A cell with larger inner diameter does not increase significantly the plate current.
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VAC IC IP PAC IP ✴PAC

✭❱✮ ✭❆✮ ✭❆✮ ✭❲✮ ✭❆✴❲✮

✸✽✷✳✹ 4.016x10−3 1.4x10−5 ✵✳✶✺ 2.1x10−6

✸✾✻✳✷ 5.027x10−3 1.6x10−5 ✵✳✷✵ 3.2x10−6

✹✶✵✳✷ 6.037x10−3 1.9x10−5 ✵✳✷✺ 4.75x10−6

✹✷✸✳✺ 7.009x10−3 2.2x10−5 ✵✳✸✵ 6.60x10−6

✹✸✻✳✼ 8.020x10−3 2.6x10−5 ✵✳✸✺ 9.1x10−6

✹✹✾✳✺ 9.027x10−3 2.9x10−5 ✵✳✹✶ 1.19x10−5
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The emitted electrons will be used to ionise neutrals at 70 eV. They have kinetic energies ranging in

a few tens of eV at the anode. So, they must always be accelerated by a positive potential, at least

40 V, under similar geometric and potential configuration (as we will see in the next chapter). As a

result, the maximal intensity of electron current available can be read from the asymptotic value of

the positive voltages in figure 2.15, for VPA ≥ 40 V.

The available electron current can be increased using higher discharge sustaining voltages (fig-

ure 2.15).

In table 2.5, the intensity of the emitted electron current is measured, and the power consump-

tion and electron beam efficiency are calculated for different V-I operating points of the discharge

at VPA = 40 V. The power consumption is calculated from: PPA = VPA IC , and the electron beam

efficiency from: IP /PPA. These values of the electron current intensity versus power consumption

and of electron beam efficiency versus electron current intensity are plotted in figure 2.17.

For VAC = 450 V, the emitted electron current IP = 4x10−7 A and the electron beam efficiency

is higher than 7x10−7A per W. The electron beam efficiency slightly diminishes, while the electron

current intensity increases.

✷✳✻✳✹ ❙t❛❜✐❧✐t② ❛♥❞ r❡♣r♦❞✉❝✐❜✐❧✐t② ♦❢ ♠❡❛s✉r❡❞ ❝✉rr❡♥ts

The potential applied between the anode and the plate is varied. The cathode, anode and plate

currents are recorded simultaneously for each value of the potential. The potential varies from +

200 to -200 V, then from – 200 to + 200 V, and finally from + 200 to - 200 V. The measurement

duration is about 15 min. The limit of the resolution of the ammeter is 10−7 A when measuring the

cathode and anode currents, and 10−8 A the plate current. The experimental results are shown in

figure 2.18.
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The measured currents are perfectly reproducible over the period of 15 min: only fluctuations

of the least significant digit of the ammeter are observed. The cathode current is extremely stable

during experiment according to balance equations 2.13 and 2.15. The current conservation is

calculated from: IC − IA − IP , as I ′d = 0. It is achieved by both the measurement system and the

GDES cell.

✷✳✼ ❈♦♥❝❧✉s✐♦♥

To operate the GDES an inlet gas-flows of about 7× 10−9 m3/s is necessary. This flow can be turned

off when electron beam is not required to limit gas load for the pumping system as the GDES cell

can operate 5 mn after it is turned on. The Macor and Nylon are recommended for the cylindrical

ring insulator, while Teflon is not, due to instabilities confirmed by Pavlik et al [64], and contrary

to the work pulished by Gao et al [48]. The cheapest and easy-to-shape material is Nylon. The

smallest tested inner diameter of the cell (10−2 m) was chosen. It is then possible to propose a

smaller (lighter) GDES cell.

Nylon insulator with 10 mm of inner diameter was chosen having best stability with time and

lower power consumption.

The principle of discharge regulation by limiting the current of the power supply allows us to

choose an operating point of the discharge and provides stable electron currents (5 min after the

discharge is started) suitable to be used as a source of electrons in a portable mass spectrometer. For

the conception of the Electronic Control Unit, the characteristic of the discharge sustaining power

supply must deliver DC potential values varying between 0-500 V and current values between 0-

1.5x10−3 A with limitation current capability.

The beam electron current is weak: 3x10−7 A at VAC = 450 V for an emission efficiency equal

to 7.1x10−7 A/W. However, with a narrow range of kinetic energy (10-20 eV) at anode aperture, it

will be then easy to have all the electrons available to ionise the molecules.
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In this chapter, the GDES cell, a source of electrons operating at lower vacuum than a thermo-

ionic filament, is coupled to an open Electron Impact ion source to create positive ions of targeted

molecules.

Simulation studies were necessary to define the potential to be applied to the repeller of the ion

cage and to the anode of the GDES cell to have the best electron focussing towards the ion cage of

the source.

The coupling GDES/EI was experimentally tested with a Faraday cup detector. Currents were

measured and the detected ion signal are compared when a filament and the GDES cell are used.

✸✳✶ ▼❛t❡r✐❛❧ ❛♥❞ ♠❡t❤♦❞

✸✳✶✳✶ ❉❡✈✐❝❡ ❞❡s❝r✐♣t✐♦♥

Figure 3.1 shows the coupling between GDES cell, EI source, and mass analyser (denoted as

GDES/EI/LIT coupling). We only consider the internal ionisation by electron impact.

The open ion source comprises an electron repeller, a filament, an ion cage and a set of lenses

(figure 3.2). The repeller focuses the electrons towards the ion cage. The ions created in the cage

are focused towards the LIT by the set of lenses; the others are attracted by the repeller. Each lens

has a function. The ion extraction lens, denoted as LEl, is at the same potential as the ion cage. The

electron blocking/focussing lens, denoted as LFo, is held at negative potential (typically, - 70 V) to

extract the ions from the ion cage and block electrons coming into the trap. The ion decelerating

lens, denoted as LDe, is held constantly at 0V to decelerate ions during injection. The entrance

end-cap lens, denoted as LEn, is switched between 0 V during injection and 15 V during trapping,

denoted LEn. A positive potential higher than those applied to the ion cage ensures that no ions

enter the trap. The coupling EI/lenses/LIT has been improved by simulation studies [17].

The GDES/EI source coupling is easy to implement: only the filament support is removed and

the GDES is located in front of the EI source at usual gas inlet (figure 3.2). The electrons emerging

✻✶
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from the anode orifice enter the repeller cylinder axially. The potential applied to the anode fixes

the energy of the electrons in the ion cage, while the potentials applied to the anode and repeller

have an effect on the electron focusing from the anode orifice towards the ion cage. The distance

between the GDES and the repeller influences the electron focusing according to the potentials

applied to the ion cage, anode and repeller. The potential applied to the ion cage was maintained

at 3 V in the experiments.

✸✳✶✳✷ ❊❧❡❝tr♦♥ ✐♦♥✐s❛t✐♦♥ ❛t ✼✵ ❡❱

Ionisation of atoms by electron impact produces single-charged or multi-charged positive ions, while

molecules are fragmented. The ionisation cross-section depends on the kinetic energy of the elec-

trons. For a large number of gases, the optimum ionisation efficiency occurs for energies ranging

between 50 et 200 eV [65, 66]. Large databases (for instance, NIST) of fragmentation patterns at

70 eV of molecules are provided. For instance, the EI at 70 eV of N2 (the major component of the

ambient air, at 78 %) gives the ion fragments: 14N+
2 at m/z: 28 (93 %), 14N+ at m/z: 14 (6 %),

15N14N+ at m/z: 29 (1 %) and 15N+
2 at m/z: 30. In figure 3.3, the total electron impact ionisation

cross-section is given for N2.

✸✳✶✳✸ P♦t❡♥t✐❛❧ ❛♣♣❧✐❡❞ t♦ ❛♥♦❞❡

The total energy of an electron is the sum of its kinetic and potential energies. The total energy of

the electron is conserved from the GDES anode to the ion cage, whatever the trajectory path, so:

Ek,A + Ep,A = Ek,IC + Ep,IC ✭✸✳✶✮



❈
♦♥
✜❞
❡♥
t✐
❛❧

✸✳✶✳ ▼❆❚❊❘■❆▲ ❆◆❉ ▼❊❚❍❖❉ ✻✹

Ek,IC ✭❡❱✮ → ✸✵ ✼✵ ✶✵✵

Ek,A ✭❡❱✮ ↓ VA ✭❱✮

✵ ✲✷✼ ✲✻✼ ✲✾✼
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✷✺ ✲✷ ✲✹✷ ✲✼✷
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❚❛❜❧❡ ✸✳✶✿ P♦❧❛r✐s❛t✐♦♥ ♣♦t❡♥t✐❛❧ ❛♣♣❧✐❡❞ t♦ ❛♥♦❞❡ VA ❛❝❝♦r❞✐♥❣ t♦ ❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ❛t ❛♥♦❞❡
♦r✐✜❝❡ Ek,A ❢♦r t❤r❡❡ ✈❛❧✉❡s ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐♥s✐❞❡ ✐♦♥ ❝❛❣❡✱ Ek,IC ✱ ✇✐t❤ ✐♦♥ ❝❛❣❡ ❛t
VIC = ✸ ❱✳

Ek,A + qVA = Ek,IC + qVIC ✭✸✳✷✮

where q = −1 is the charge of electron so that qVA have dimension of energy in eV; Ek,A and Ek,IC

are the kinetic energies of electrons at the anode and ion cage, respectively; Ep,A and Ep,IC are the

potential energies at the anode and ion cage, respectively. The polarisation potential of the anode

can be then expressed by:

VA = Ek,A − Ek,IC + VIC (V) ✭✸✳✸✮

For instance, for electrons emerging from the anode orifice at kinetic energy Ek,A and to have

the electrons at 70 eV in the ion cage at VIC = 3 V, the potential applied to the anode, is calculated

from:

VA = Ek,A − 67 (V) ✭✸✳✹✮

Table 3.1 gives the potential applied to the anode according to electron kinetic energy at the

anode orifice for three targeted values of electron kinetic energy in the ion cage, with the ion cage

at 3 V.
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The commercial software Charged Particle Optics (CPO) is used for the simulation studies [67]. In

the CPO the software, the device design is constructed from either predefined electrode shapes or

equations.

CPO employs a Boundary Element Method (BEM) to calculate the electrical potential and field

of conducting electrodes [68]. For the BEM, charges are distributed over the electrode surface,

according to the potential applied to the electrodes. Consequently, it requires a segmentation of

the electrodes for charge distribution. Adaptive surface meshes become smaller where accuracy is

required. Electrostatic field solving is done to high accuracy using the BEM rather than traditional

Finite Element Method (FEM) [69], like in SIMION software or Finite Difference Method (FDM).

Moreover, charge (electron, ion) trajectories between the electrodes can be calculated involving

space charge, collision with a background gas and relativistic effects (Bulirsch-Stoer), if any. CPO

software has a drawback when using a great number of ions: a large amount of time is necessary

to solve the problem.

✸✳✷✳✷ ❉❡s✐❣♥ ❛♥❞ s✐♠✉❧❛t✐♦♥ ❝♦♥❞✐t✐♦♥s

The CPO 2D design with the electrode segmentation of GDES/EI/Lenses coupling in the plane z0y

is given figure 3.4. In these simulations, the GDES cell is located at 10−3 m of the left edge of

the repeller. Close to the anode aperture, the segmentation is increased in order to have a better

accuracy in electron trajectories.

The potential applied to the cathode is VC = −500 V, to the ion cage and LEl is VIo = 3 V, to the

focussing lens is VFo = −100 V, to the decelerating is VDe = 0 V and to the entrance lens is VEn = 0

V. The initial positions of electrons are drawn uniformly in the circle defined by the anode aperture.

The initial velocities of electrons are drawn from an uniform 3D angular distribution with a constant

velocity module given by the electron kinetic energy at the anode orifice EK,A. Electron trajectories

are simulated from the anode aperture to the ion cage. The electron trajectory is stopped when the

electron hits an electrode.

✸✳✷✳✸ ■♥✢✉❡♥❝❡ ♦❢ t❤❡ ♣♦t❡♥t✐❛❧ ❛♣♣❧✐❡❞ t♦ t❤❡ r❡♣❡❧❧❡r

The influence of the repeller potential VRe has been tested for the following conditions: Ek,A = 67

eV; VA = 0 V and VIC = 3 V. Taking into account energy conservation: Ek,IC = Ek,A + qVA − qVIC

(with q = −1, for electrons), the electron kinetic energy in the ion cage is then: Ek,IC = 70 eV.

An example of electron trajectories from the anode orifice to the ion cage is shown in figure 3.5,

for four values of the potential applied to the repeller, VRe = - 30, - 70, - 100 and - 200 V. Only 20

electrons are simulated.
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The best focussing of electrons towards the ion cage occurs for VRe = −70 V.

The use of a low number of samples could induce a bias. For that reason, the number of electrons

hitting the ion cage is calculated for different values of the potential applied to the repeller and

for 10 different sequences of the uniform drawing of initial conditions at the anode orifice. Each

simulation involves 100 electrons.

The mean value of the number of electrons hitting the ion cage and each standard deviation

obtained are plotted versus the potential applied to the repeller VRe, chosen from -150 to 0 V in

increments of 10 V. (figure 3.6). As a result, the sequence #4 of CPO drawing is chosen for the

following simulations.

✸✳✷✳✹ ❘❡♣❡❧❧❡r ♣♦t❡♥t✐❛❧ ❛❝❝♦r❞✐♥❣ t♦ ❦✐♥❡t✐❝ ❡♥❡r❣②

The number of electrons hitting the ion cage is plotted versus the potential applied to the repeller

for three values of the initial kinetic energy of electrons at the anode orifice: Ek,A = 17, 27 and 67

eV, to obtain electrons at kinetic energy in the ion cage at Ek,IC = 20, 30 and 70 eV, respectively.

Each simulation involves 500 electrons (figure 3.7).

Each curve has an optimum value of about 100%. We obtain the largest kinetic distribution with

Ek,A = 67 eV. The maximum value are obtained with the three Ek,A for V Re =17, 27 and 67 eV.

For instance, the best focussing effect is for VRe = - 80 V for Ek,IC= 70 eV. A large range of

values for VRe is possible for the highest kinetic energies. In the following simulations, the potential
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repeller value will be then chosen at the optimal number of electron according to the desired value

of Ek,IC .

✸✳✷✳✺ ❉✐str✐❜✉t✐♦♥ ♦❢ ❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐♥ t❤❡ ✐♦♥ ❝❛❣❡

The electron kinetic energy distribution at the ion cage must be known and controlled, as it is the

main parameter that influences the positive ion creation and fragmentation.

The distribution of kinetic energies of electrons in the ion cage are calculated from many sim-

ulations performed for different values of the initial kinetic energy at anode and of the potential

applied at the anode, and for three values of the potential repeller, VRe = -27, -37 and -80 V, cor-

responding to the best focussing of electrons having a centred kinetic energy distribution at 20, 30

and 70 eV, respectively. Each simulation involves 100 electrons. The number of electrons hitting

the ion cage is then plotted versus electron kinetic energy at the anode orifice and in the ion cage

(figure 3.8, 3.9 and 3.10).

For instance, if the distribution of initial kinetic energy at anode is uniform between 0-20 eV, the

mean value is 10 eV. To have a distribution of kinetic energy centred around 30 eV in the ion cage,

the potential applied to the anode must be VA= -17 V and to have the best focussing of electrons
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VRe= -37 V (figure 3.11). The grey rectangle corresponds to the initial distribution of kinetic energy

at anode from 0 to 20 eV. The electrons having desired kinetic energies are transferred to the ion

cage with these applied voltages.

Other results show that it is always possible to find a pair of values for the potentials applied to

the repeller and between the anode and ion cage to have a kinetic energy distribution with a mean

value centred between 20 and 100 eV giving a maximal number of electrons.

✸✳✸ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ✇✐t❤ ✜❧❛♠❡♥t

First, experiments were performed with the coupling EI/Lenses/Detector for determination of the

general operating conditions and to have results with filament to compare with those obtained with

GDES.

✸✳✸✳✶ ❊①♣❡r✐♠❡♥t❛❧ ❞❡✈✐❝❡

The EI source and Faraday cup detector, provided by University of Liverpool, is flange-mounted.

The gas inlet is mounted on another flange located on the opposite side to the one supporting the

EI-lenses-detector assembly (figure 3.12). The gas inlet is adjusted by means of a capillary and/or

fine-metering valve. A 1/4” tubing carries the neutrals at the entrance of the filament support of

the EI source.

For the vacuum chamber, the mass throughput conservation at equilibrium is given by the fol-

lowing relation:

C1(pa − pM ) = SefpM ✭✸✳✺✮

where C1 (m3/s) is the capillary conductance, Sef (m3/s) the effective pumping speed, pa (Pa)
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the atmospheric pressure and pM (Pa) the vacuum chamber pressure. With l1 = 16.5x10−2 m, C1

= 7 × 10−9 m3/s (see previous chapter). It is assumed that Sef = 125 l/s with Varian Turbo V250

Macro-torr pump having 250 l/s pumping speed. The lowest value (measured by a Bayer-Alpert

gauge) for pM is then about 5.33× 10−3 Pa.

The measured currents of the system are conserved and satisfy the following equation (figure

3.12):

IbF = IRe + Ib ✭✸✳✻✮

The currents measured on lenses are null, whatever the potential applied on the lenses.

The current measured by the Faraday cup Is is expressed by:

Is =
N × e

t
✭✸✳✼✮

where N is the number of ions striking the cup in a time t (min) and e the elementary charge

(about 1.6 × 10−19 C). For instance, a measured current of one nano amp corresponds to about

6 × 109 ions striking the Faraday cup each second. A signal amplifier provides an output voltage

proportional to the current: Vs = αIs. The amplifier/converter factor α is unknown.

✸✳✸✳✷ ❊❧❡❝tr♦♥ ❝✉rr❡♥t st❛❜✐❧✐t②

The stability of the currents IF and Ib are achieved after 10 min the filament is turned on (figure

3.13).

✸✳✸✳✸ P♦t❡♥t✐❛❧ ❛♣♣❧✐❡❞ t♦ t❤❡ r❡♣❡❧❧❡r

The electron currents IbF , IRe and Ib are measured according to the potential applied to the repeller

VRe, for three values of the potential applied to the filament VFi = -67, -27 and -17 V, corresponding

to the electron kinetic energies in the ion cage of 70, 30 and 20 eV, respectively (figure 3.14).

As the filament is close to the repeller, the potential applied between the filament and repeller

influences the filament electron emission as well as the potential applied between the filament and

ion cage. As a consequence, the current collected by the ion cage and extract lens decreases for

the highest values of VRe, corresponding to IRe 6= 0. Hence, the potential applied to the repeller is

chosen for the highest value of Ib (the maximal value of the current collected by the ion cage) with

IRe = 0, i.e. VRe= -66, -26 and -16 V for VFi = -67, -27 and -17 V (Ek,IC = 70, 30 and 20 eV,

respectively). The more VFi is negative, the higher the currents are. The results on the figure 3.14

show the important space charge, because we doesn’t observe the negative value of current.
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The ion focussing and transmission towards the Faraday cup depend only on the potentials applied

to the ion cage and lenses (figure 3.15). VIC is fixed at 3 V. An optimal value is obtained for VFo =

-70 V , VDe = -10 V and VEn = -5 V.

✸✳✸✳✺ ❙❡♥s✐t✐✈✐t② ❛♥❞ ❞❡t❡❝t✐♦♥ ❧♦✇✲t❤r❡s❤♦❧❞

The sensitivity of detection is expressed as the capability to detect an ion current by the Faraday cup

detector according to the electron current at the ion cage (involved in the ion creation). The current

Ib is varied by means of IF , the current of the filament. The pressure value of the vacuum chamber

is varied by means of a fine-metering valve located at gas inlet and measured by the Bayard-Alpert

gauge. The value of pM = 4.66 × 10−3 Pa is obtained with the 1.65.10−3 m capillary at inlet.

Vs is plotted versus Ib for different values of pM , the pressure in the vacuum chamber (top-curve

of figure 3.16). The Faraday cup signal is measurable as much lower than 10−4 V with a negative

offset of about 2×10−3 V, measured when a positive voltage is applied to the focussing lens, so that

no positive ions created in the ion cage are detected.

The Faraday cup signal depends on the vacuum chamber pressure (middle-curve of figure 3.16).

The optimal value of the detected signal for low values of electron current is when vacuum chamber
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operates at a pressure value of about pM = 6.66-9.33 x 10−4 Pa (bottom-curve of figure 3.16).

✸✳✹ ●❉❊❙✴❊■ ❊①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts

✸✳✹✳✶ ❊①♣❡r✐♠❡♥t❛❧ ❞❡✈✐❝❡

The same vacuum chamber and flanges are used. The filament support is removed from the ion

source. The glow discharge cell is mounted on the flange supporting the gas inlet with the 1.65.10−3

m capillary (figure 3.17). The GDES cell is located 10−2 m away from the repeller.

To operate the Faraday cup detector at a higher sensitivity (bottom curve of figure 3.16), a lower

pressure value (two times lower) is then achieved by using another identical pumping system. The

experimental value pM = 2.26× 10−3 Pa is then measured by the Bayard-Alpert gauge.

The neutrals and electrons passing through the anode aperture are involved for ion creation in

the ion cage of the source. The ion signal measured is mainly due to ionisation of N2.

The kinetic energy of electrons in the ion cage is set by the voltage applied to the anode, with

respect to the voltage applied to the ion cage. The cathode, anode, repeller and electron beam

currents are measured. The measured currents of the system are conserved and satisfy the following

equation (bottom figure 3.17):

IC = IA + IRe + Ib ✭✸✳✽✮
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❋✐❧❛♠❡♥t ✶✳✼✺ ✷✳✸ ✹ ✶✳✺× 10−3 ✵✳✶ ✸✳✽×✶✵−4 ✷✺×✶✵−3

✭♦♣t✐♠❛❧✮
❋✐❧❛♠❡♥t ✶✳✺✻ ✷✳✸ ✸✳✻ ✶✵−5 ✺×✶✵−4 ✷✳✽×✶✵−6 ✶✹×✶✵−5

✭❞❡❣r❛❞❡❞✮
●❉❊❙ ✻✸✵×✶✵−6 ✹✷✵ ✵✳✷ ✶✳✷×✶✵−7 ✶✳✾×✶✵−3 ✻×✶✵−7 ✾✳✺×✶✵−3

✭♦♣t✐♠❛❧✮

❚❛❜❧❡ ✸✳✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ✜❧❛♠❡♥t ❛♥❞ ●❉❊❙ ♦❢ ❝✉rr❡♥ts ❛♥❞ ❞❡t❡❝t♦r s✐❣♥❛❧✱ ❢♦r VRe ❂ ✲✽✵
❱ ❛♥❞ VA ❂ ✲✺✼ ❱✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ♦♣t✐♠❛❧ ♦♣❡r❛t✐♥❣ ❝♦♥❞✐t✐♦♥s t♦ ❤❛✈❡ ❡❧❡❝tr♦♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐♥
t❤❡ ✐♦♥ ❝❛❣❡ ❝❡♥tr❡❞ ❛t ✼✵ ❡❱✳

The discharge sustaining voltage applied between the anode and cathode is VAC = 420 V, with

IC = 630.10−6 A and 1.65.10−3 m capillary inlet.

✸✳✹✳✷ ❊❧❡❝tr♦♥ ❝✉rr❡♥ts ❛♥❞ ❋❛r❛❞❛② ❝✉♣ s✐❣♥❛❧

The currents measured at the ion cage and repeller, and the Faraday cup detector signal are plotted

versus the potential applied to the anode for different values of the potential applied to the repeller

(in figure 3.18), and versus the potential applied to the repeller for different values of the potential

applied to the anode (in figure 3.19).

The maximum value of the current measured by the ion cage is about 2x10−7 A. The currents

measured have the same magnitude than those measured by the plate located in front of anode

aperture, when the GDES cell is tested alone. The optimal values of the current Ib are obtained for:

−40 < VRe(V) < −20 and −100 < VA(V) < −40. No current is measured at the repeller except

when the potential applied to the repeller increases from -20 to 0 V: few electrons are then attracted

by the repeller instead of the ion cage (see top and middle curves of figure 3.19).

The ion signal measured by the Faraday cup Vs and the electron current Ib have not the same

variations. A shape discrepancy exists between Vs and Ib when they are plotted versus VA, as

kinetic energy varies, due to the total electron ionisation cross-section function, while not when Vs

and Ib are plotted versus VRe, as VRe has only an effect on the focussing of electrons. In order to

understand these variations, further experimentation was carried out.

✸✳✺ ❘❡s✉❧t ❝♦♠♣❛r✐s♦♥s

✸✳✺✳✶ ❇❡t✇❡❡♥ ✜❧❛♠❡♥t ❛♥❞ ●❉❊❙ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts

The current Ib and IRe measured with filament (figure 3.14) and with GDES (figure 3.19) show the

same variation. The differences could be induced by the range of kinetic energies for GDES.

Although several operating conditions are different (the local pressure, the intensity of the emit-

ted electron etc), a comparison between filament and GDES is done and summarised in table 3.2.
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To conclude, the current Ib is four orders of magnitude smaller with the GDES cell than with a

filament, while the ion detected signal Vs is only two orders of magnitude smaller. If we compare

these two values per Watt, Ib/P is three orders of magnitude the smaller, while VS/P is only 2.6

times smaller.

✸✳✺✳✷ ❇❡t✇❡❡♥ ●❉❊❙ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts

Further simulations were performed with a distance separating the GDES and the EI source equal to

10−3 m as in experiment. This distance has a great influence on the electron focussing. We compute

the electron currents at the ion cage only IIC , at the ion cage and extract lens Ib (representing

the current Ib measured in the experiments), and at the repeller versus the potential applied to the

anode (figure 3.20). These currents are calculated by taking into account different ranges of kinetic

energies of electrons at the anode orifice.

The current at the repeller is null as in experiment only for the low values of the maximal kinetic

energy, i.e. for the ranges 0-10 and 0-20 eV.

In figure 3.21 experimental and simulation data are compared: the currents Ib and IRe and the

ion signal Vs versus the potential applied to the anode. The best fit is obtained for the low values of

the maximal kinetic energy, i.e. for the ranges 0-10 and 0-20 eV.

✸✳✻ ❈♦♥❝❧✉s✐♦♥

It is possible by adjusting the potential applied to the anode (with respect to the potential applied to

the ion cage) to have the all of the electrons in the ion cage with kinetic energies corresponding to

the maximal values of the ionisation cross-section of the targeted molecules. Comparisons between

experimental and simulation data confirm that the electron kinetic energy at anode orifice ranges

from zero to 10-20 eV.

An ion signal at the Faraday cup detector has been measured with high sensitivity, if we compare

the results recorded with the filament and the GDES cell. That confirms that the narrow dispersion

of kinetic energies makes the all of the electrons have the highest cross section for ionisation, in

spite of a small number of electrons available at the anode orifice of GDES and, consequently, at

the ion cage. Moreover, certainly the number of electrons available for ionisation is too important

in the source when using the filament and then impairs the detection.

In conclusion to experimental and simulation tests, the GDES/EI source coupling is operating.

This is a low-temperature (reducing desorption phenomena) and a low-power source of electrons

requiring 0.2 W to operate that a handled mass spectrometer can employ. Tests with a mass spec-

trometer will be done to investigate molecule identification, in the following.
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Ion injection and confinement in a Linear

Ion Trap
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❈❤❛♣t❡r ✹

❚❤❡♦r❡t✐❝❛❧ ❛s♣❡❝ts ♦❢ q✉❛❞r✉♣♦❧❡ ✜❡❧❞s

The linear ion trap (LIT) used consists of a quadrupole mass filter (QMF) and two lenses or elec-

trodes on both ends. We will separate the contribution of the potentials induced by rods of the mass

filter and by the two end-electrodes.

✹✳✶ ❚❤❡ ♠❛ss ✜❧t❡r

✹✳✶✳✶ ✷❉ q✉❛❞r✉♣♦❧❡ ♣♦t❡♥t✐❛❧ ❛♥❞ ♠❛ss ✜❧t❡r ❞❡s✐❣♥

A pure 2D quadrupolar potential is expressed by the equation [70, 71, 72, 73, 74, 75, 76, 77, 78]:

φ(x, y) = αx2 + βy2 ✭✹✳✶✮

This potential must satisfy the Laplace equation: △φ(x, y) = 0. As a consequence, α + β = 0.

The potential is then written:

φ(x, y) =
A

r20

[

x2 − y2
]

+B ✭✹✳✷✮

where A and B are potentials, and r0 is a distance.

With DC potential values, such a potential distribution is attractive one direction and repulsive

in the other direction for an ion. An RF potential is required to invert periodically the electric force

in each of the two directions of the radial plane. As a consequence, an ion can be maintained in both

directions of this plane around the centre of the radial plane. Under certain conditions (amplitude,

initial energy), ion can oscillate in x0y plane, with finite amplitude trajectories.

Furthermore, in the radial plane, the equipotential lines are hyperbolas. The inner side of

the four mass-filter electrodes are the four equipotential lines located at r0, the smallest distance

separating an electrode from the centre. So, the quadrupole mass filter consists of a set of four

electrodes, ideally of hyperbolic cross section, that are accurately positioned in the radial plane

(x0y) and arranged about the central axis, the 0z-direction (see figure 4.1).

✽✾
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r♦❞ ❛♥❞ ♣♦t❡♥t✐❛❧s ❛♣♣❧✐❡❞ t♦ t❤❡ r♦❞s ✭❋r♦♠ ❬✼✻❪✮✳

For mechanical manufacturing and also economic reasons, most mass filters employs four elec-

trodes (rods) of circular cross section, see figure 4.1, but with the hyperbolic electrodes, a better

resolution was obtained [79].

The parameters A and B are calculated from the potential applied to the four electrodes. For

instance, V (t) = U0+V0 cos(Ωt) is applied to the pair of opposite electrodes of the 0x-direction and

−V (t) is applied to the pair of opposite electrodes of the 0y-direction, with Ω, the frequency of RF

voltage in rad/s:

φ(r0, 0) =
A

r20

[

r20
]

+B = V (t)

φ(0, r0) =
A

r20

[

−r20
]

+B = −V (t)

✭✹✳✸✮

That leads to:

A = V (t)

B = 0

✭✹✳✹✮

The potential in the mass filter is then expressed by:
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φQMF (x, y, t) =
V (t)

r20

[

x2 − y2
]

✭✹✳✺✮

More generally, a 2D potential verifying the Laplace equation, can be expanded in multipoles as

[80, 81]:

φQMF (x, y, t) = V (t)

+∞
∑

j=0

Ajℜ

[

(

x+ ıy

r0

)j
]

✭✹✳✻✮

where Aj is a dimensionless parameter depending on the potential values at boundaries. The

geometric differences (desired or no) to the pure quadrupolar form are taken into account in this

equation.

✹✳✶✳✷ ❚❤❡ ✐♦♥ ♠♦t✐♦♥

The motion of a single ion is derived from the equation, assuming that the ion incurs only the

electric field from the electrical potential :

m−→γ = q
−→
E = −Ze

−→
∇φQMF (x, y, t) ✭✹✳✼✮

were γ is the acceleration, Z is the number of charge and m the mass of the ion.

The equations in each Cartesian direction are :

d2x

dt2
+

2Ze(U0 + V0 cos(Ωt))

mr20
x = 0

d2y

dt2
−

2Ze(U0 + V0 cos(Ωt))

mr20
y = 0

d2z

dt2
= 0

✭✹✳✽✮

In the radial plane, using appropriated reduced parameters:

ax = −ay =
8ZeU0

mr20Ω
2

qx = −qy =
−4ZeV0

mr20Ω
2

2τ = Ωt

✭✹✳✾✮

the motion equation becomes a Mathieu equation:
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d2u

dτ2
+ (au − 2qu cos 2τ)u = 0 ✭✹✳✶✵✮

where u is one of the 0x- and 0z-directions.

✹✳✶✳✸ ▼♦t✐♦♥ st❛❜✐❧✐t② ❛♥❞ st❛❜✐❧✐t② ❞✐❛❣r❛♠

The Mathieu equation leads to stable and unstable solutions for the ion motion. An ion has a finite

displacement with oscillations around the 0z axis if its motion is stable, otherwise its amplitude

have an exponential increase according a direction of the radial plane. The stable motion is effective

inside zones in the plane (ax, qx), see figure 4.2, [82]. The stability zones in the 0y-direction are

deduced from those in the 0x-direction by symmetry.

The ion motion must be stable in both directions. The intersections of the stability zones in

each direction give the stability zones of the mass filter. The first zone (or main stability diagram)

is interesting as lower amplitudes for the confinement voltages are required. The higher limit

of the main stability diagram is at ax = 0 and qx = 0.908 and the apex is at ax,apex = 0.237

and qx,apex = 0.707. Higher resolutions can be attained with the other zones (for example, see

[83, 84, 85, 86, 87, 88]).

Finally, even with a stable motion, the maximal extension of the ion radial displacement must

not exceed the limits of the mass filter fixed by the electrodes in order to be transmitted successfully

the ion motion. Motion extension depends on the initial conditions of the radial positions and

velocities of the ion when it enters the mass filter. So, the ions enter and cross in the z-direction,

and oscillate in the xy-plane. This oscillation is the property of the mass-to-charge ratio of ions, the

potential applied and the dimension of the mass filter.

✹✳✶✳✹ ❙t❛❜✐❧✐t② ❞✐❛❣r❛♠s ✐♥ (U0, V0) ♣❧❛♥❡ ❛♥❞ ♠❛ss s♣❡❝tr♦♠❡tr② ❛♥❛❧②s✐s

In (U0, V0) plane and under a set of same operating conditions (r0 and Ω), each masse-to-charge

ratio has a stability diagram (figure 4.3). The smallest mass has the smallest stability diagram. This

is the basis of operation of the mass analyser. With U0 = 0, it operates as a high-pass mass filter,

denoted as RF only mode. Near the apex, it operates in a selective ion mode, denoted as Single Ion

Monitoring mode (SIM). A scan line with an appropriate U0/V0 ratio passing by the apex of each

stability diagram is used for sequential mass analysis over large mass ranges [89].

There is a trade-off between sensitivity and resolution depending on where the scan line inter-

cepts the apex of the stability diagram. Closer to the apex the resolution is higher. The resolution

can be expressed by:

Rmax =
m/z

∆(m/z)
∝

L2.V0

Ze.vz.r02
✭✹✳✶✶✮

where Ze.vz represent the initial kinetic energy of ions according to Oz axis, L, the rod length and

V0, the maximum amplitude of the RF voltage. Typically, mass separation is about m/z: 1 over a
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❋✐❣✉r❡ ✹✳✸✿ Pr✐♥❝✐♣❛❧ st❛❜✐❧✐t② ❞✐❛❣r❛♠s ♦❢ ❛ ◗▼❋ ❢♦r ♠✴③✿ ✶✵✱ ✺✵✱ ✶✵✵✱ ✷✵✵ ❛♥❞ ✸✵✵ ✐♥ (U0, V0)
♣❧❛♥❡✱ ❢♦r r0 = 4x10−3 ♠ ❛♥❞ Ω/2π = 106 ❍③✳
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mass range of m/z: 200-300. The transmission is high, however it is a function of
m/z

△(m/z)
so it

rapidly decreases with increasing mass.

✹✳✷ ❚❤❡ ▲✐♥❡❛r ■♦♥ ❚r❛♣

✹✳✷✳✶ ■♥tr♦❞✉❝t✐♦♥

A linear ion trap or two-dimensional (2D) linear ion trap is a mass filter with at both ends two

end-electrodes. These end-electrodes can be either mass-filters of short length or simple lenses:

they are denoted as entrance and exit filters or lenses. The linear trap can confine ions radially by

DC and AC electrical potentials (as a mass filter) and axially by a static electrical potential applied

between the end-electrodes. The advantages of LIT include a reduced space charge effect, a better

ion trapping efficiency and a large ion storage volume, compared to the 3D Paul trap.

Hager et al modified the functionality of a triple mass filter instrument (figure 4.4). q2 or Q3

mass filter can be operated as linear ion trap using lenses at both ends and modifying the sequence

of applied potentials [90]. Schwartz et al. proposed a quadrupole structure with hyperbolic rod

profiles, each rod being cut into three axial sections (figure 4.4). The DC potential applied to the

front and back sections allow containment of the ions along the axis in the central section, avoiding

any possible fringe field distortions to the trapping and resonance excitation fields [91].

✹✳✷✳✷ ▲■❚ ❛♥❞ ▼❛ss s♣❡❝tr♦♠❡tr②

Mass spectrometry in a LIT can be performed in different ways. Fourier transform mass spectro-

metry was demonstrated by Senko et al. [92, 93]. The ions are excited into a coherent motion,

and then an image current induced by ion motion is detected for Fourier analysis. Detecting a weak
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image current in the presence of a high RF trapping field is challenging.

Schwartz et al. [91] described ion ejection out a slot in one of the rods using the mass selective

instability mode of operation. Resonance ejection and excitation are used to enhance mass analysis

and to allow isolation and activation of ions for MSn capability. Improved trapping efficiency and

increased ion capacity are observed relative to a three-dimensional (3D) ion trap with similar mass

range.

Later, Hager et al. [94, 95] proposed to apply this technique to a LIT. Mass-selective axial

ion ejection uses the coupling of the radial and axial motions in the exit fringing fields located

in the vicinity of the simulation studies of ion injection in the LIT entrance and exit lenses. The

fringing fields convert radial ion excitation into axial ejection. A further improvement uses an

auxiliary voltage applied in a dipolar manner that is ramped in concert with the drive RF voltage

for improving sensitivity (by increasing the number of ejected ions). Using this method, Qiao et

al. [96] proposed the application of quadrupole DC voltage that appears to increase the ion cloud

temperature, which lowers mass shifts measured on spectra due to space charge effects.

Moradian et al. [97] proposed the addition of octopole field to provide mass resolution and

ejection efficiencies when mass selective axial ion ejection is performed in linear quadrupoles.

A LIT can be used for ion fragmentation in MS/MS experiment. For instance, Michaud et al.

[98] showed that efficiencies (N2 collision gas) can be substantially higher with a linear ion trap

with a 4 % added octopole field than with a conventional rod set.

Douglas et al. [99] studied mass selectivity and resolution of a LIT operating with dipolar

excitation of ions for either axial or radial ejection. A short time later the same authors also proposed

the study the influence of the higher multipoles introduced to the electric potential by round rods

on the ion ejection process [100]. They have therefore investigated the optimum ratio of rod radius

to field radius for excitation and ejection of ions. Remes et al. [101] proposed a new methodology

accelerating ion trajectory modelling for the simulation of mass analysis of ions in RF traps. The

comprehensive characterization of the effects on peak shape and resolution of electrode features

was demonstrated. Simulation results were compared to those from a real commercial linear ion

trap instrument. Several of the modelled trap configurations indicated a possible improvement of

resolution.

✹✳✷✳✸ P♦t❡♥t✐❛❧

The potential in the LIT is the superposition of two potentials induced by four hyperbolic rods

φQMF (x, y, t) and two end-cap electrodes φe(x, y, z) :

φ(x, y, t) = φQMF (x, y, t) + φe(x, y, z) ✭✹✳✶✷✮

Considering its development to the quadrupole order and a value different from zero in the centre

of the LIT, the potential induced by the two end-caps can be expressed by [102, 103]:
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φe(x, y, z) = C +
kUe

z20

[

z2 −
x2 + y2

2

]

+ ... ✭✹✳✶✸✮

The constant potential is attractive in the axial direction while it is repulsive in the radial plane.

The motion equations become:

d2x

dt2
+

(

2Ze(U0 + V0 cos(Ωt))

mr20
−

ZekUe

mz20

)

x = 0

d2y

dt2
−

(

2Ze(U0 + V0 cos(Ωt))

mr20
+

ZekUe

mz20

)

y = 0

d2z

dt2
+

2ZekUe

mz20
z = 0

✭✹✳✶✹✮

and the Mathieu parameters are modified:

ãx =
8ZeU0

mr20Ω
2
−

4ZekUe

mz20Ω
2

ãy = −
8ZeU0

mr20Ω
2
−

4ZekUe

mz20Ω
2

ãz =
8ZekUe

mz20Ω
2

qx = −qy =
−4ZeV0

mz20Ω
2

2τ = Ωt

✭✹✳✶✺✮

The defocusing effect in both radial directions induced by the both end-electrodes leads to a

stability diagram different from that of the quadrupole mass filter [104].
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✺✳✶ ❉❡✈✐❝❡ ❞❡s✐❣♥

For a pratical LIT design, we take into account the geometrical optimisations of the lenses described

in a published work concerning the optimisation of the ion source lens system coupled to the LIT

[17]. The general CPO design of the device with electrode location is shown in figure 5.1. In this

case LIT-50 corresponds to z0 = 25x10−3 m, the half length of LIT, with r0 = 4x10−3 m, the smallest

distance separating an electrode from the centre, and l0 = z0 + 10−3 = 26x10−3 m, the distance

separating the centre of LIT to the end-cap electrode. Other LITs were also been simulated with

only different values of z0: LIT-8, LIT-20, LIT-30, LIT-40 and LIT-60.

Increasing the segmentation of the electrodes increases the accuracy of the Boundary Element

Method used by CPO to compute the potential. For that reason, depending on the simulation

studies, only the part of the device having an influence upon the electron or ion trajectories has

been simulated in order to have the highest number of segments imposed by the program.

✺✳✷ P♦t❡♥t✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥s ❢♦r t❤❡ ♠❛ss ✜❧t❡r ❡❧❡❝tr♦❞❡s

Different potential configurations can be employed to confine ions. The table 5.1 summarise the

potential applied to the electrodes of the mass-filter, the potential inside the mass filter and the

reduced parameters associated to the Mathieu equation for three different potential configurations.

The configuration #1 is the standard potential configuration, the potential V (t) = U0+V0 cos(Ωt)

is applied to the pair of opposite electrodes on the 0x-direction and −V (t) is applied to the pair of

opposite electrodes on the 0y-direction (see previous part).

With the objective of reduced power consumption and weight, in the final prototype, only one

AC RF power supply was used. In the configuration #2, the potential V (t) = U0 + V0 cos(Ωt) is

applied to the pair of opposite electrodes on the 0y-direction, while the pair of opposite electrodes

on the 0x-direction are grounded. This configuration is not interesting as the centre of the trap is

always at U0 leading to off-centring the ions at injection. In the configuration #3, the potential

✾✾
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①✲❡❧❡❝tr♦❞❡ −U0 − V0 cos(Ωt) 0 −U0

②✲❡❧❡❝tr♦❞❡ U0 + V0 cos(Ωt) U0 + V0 cos(Ωt) U0 + V0 cos(Ωt)

φQMF (x, y, t) [U0 + V0 cos(Ωt)]

[

x2 − y2

r20

]

U0 + V0 cos(Ωt)

2

[

x2 − y2

r20

] [

−U0 −
V0 cos(Ωt)

2

] [

x2 − y2

r20

]

+
U0 + V0 cos(Ωt)

2
+
V0 cos(Ωt)

2

❘❡❞✉❝❡❞ ax = −ay =
8ZeU0

mr20Ω
2

ax = −ay =
4ZeU0

mr20Ω
2

ax = −ay = −
8ZeU0

mr20Ω
2

♣❛r❛♠❡t❡rs qx = −qy = −
4ZeV0

mr20Ω
2

qx = −qy = −
2ZeV0

mr20Ω
2

qx = −qy =
2ZeV0

mr20Ω
2

❚❛❜❧❡ ✺✳✶✿ P♦t❡♥t✐❛❧ ❛♣♣❧✐❡❞ t♦ t❤❡ r♦❞s ❞✉r✐♥❣ ❝♦♥✜♥❡♠❡♥t✱ ✷❉ ♣♦t❡♥t✐❛❧ ❛♥❞ r❡❞✉❝❡❞ ♣❛r❛♠❡t❡rs
♦❢ ▼❛t❤✐❡✉ ❡q✉❛t✐♦♥s✳

V (t) = U0 + V0 cos(Ωt) is applied to the pair of opposite electrodes on the 0y-direction and the DC

potential −U0 is applied to the pair of opposite electrodes on the 0x-direction. In this manner, over

a period of the RF field, the average value of the potential in the centre of the trap is zero.

Simulations were performed at different initial phases, ϕ of the RF confinement field. So the

applied AC potential must be written as: V0 cos(Ωt+ ϕ).

The initial phases of the RF voltage are chosen equal to 0, π/2, π and 3π/2 for the configuration

#3; and equal to 0 and π/2 for the configuration #1 assuming that the drawings are statistically

the same on x and y-directions. Rather, these phases are related to the function V0 sin(Ωt+ ϕ) used

in CPO software.

The ion injection and confinement in the LIT are tested for the configurations #1 and #3 of

confinement potentials. To study the motion stability according to the potential configuration, a

same operating point must be chosen. For instance, at the QMF apex, the potential values UQMF
0,apex

and V QMF
0,apex are calculated by the formula:

UQMF
0,apex =

0.237r20Ω
2

8e
×

m

Z

V QMF
0,apex =

0.707r20Ω
2

4e
×

m

Z
for configuration #1

V QMF
0,apex =

0.707r20Ω
2

2e
×

m

Z
for configuration #3

✭✺✳✶✮
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The operating mode Single Ion Monitoring is employed in the prototype “LIT designed for the

SNIFFLES project”. As merely 3-to-4 ion fragments having apart mass values are targeted, a suc-

cession of Single Ion Monitoring sequences (one sequence per ion) can be used reducing analysis

time and increasing sensitivity [17]. The single ion monitoring sequence refers to: (1) Injection of

ions created in the EI source, (2) LIT confinement, then (3) total ejection of the ions toward the

detector. The LIT operates in a selective mode during injection, confinement and ejection. Some

appropriate values of U0 and V0 can be used in the vicinity of the apex to have the shape of a pic

associated to a targeted mass-to-charge ratio. Ion manipulation is performed by switching the DC

potentials applied only to the entrance and exit lenses. This operating mode is denoted as “single

ion monitoring” (SIM) operating mode (figure 5.2).

Typically, the ion source is coupled to a mass filter by means of an entrance lens having a smaller

inner diameter than the inner diameter of the filter. The transmission efficiency was demonstrated

by Brubaker and Tuul [105], and later, the filter acceptance was examined in term of phase space

dynamics by Dawson [71, 106]. In 1968, Brubaker proposed the use of a pre-filter operating in a
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RF only mode (i.e. with U0 = 0) to greatly increase the number of injected ions [107, 108].

In our device, the entrance lens has a larger inner diameter. Moreover, the ions cross an in-

stability zone between the lens and the trap reducing the injection efficiency. The LIT injection is

tested for two different Single Ion Monitoring sequences, as described in figure 5.2. The SIM se-

quence #1 refers to the sequence used in the prototype. This sequence has been implemented for

simplicity of manufacture, but it leads to a constant DC potentials applied to the electrodes during

injection stage. Moreover, the ions cross an instability zone between the lens and the trap reducing

the injection efficiency.

We propose to compare its injection efficiency results to those of the sequence #2 in which the

DC confinement potential is applied only during confinement and switched to zero during injection

leading to a RF only mode during ion injection stage (figure 5.2).

✺✳✹ ■♦♥ ✐♥❥❡❝t✐♦♥ st❛❣❡ ❝♦♥❞✐t✐♦♥s

The design used for testing injection is limited to the ion-blocking/decelerating lens, entrance lens,

LIT-50 and exit lens (5.1).

The injection stage is studied with initial conditions drawn at the ion-decelerating lens. The

total kinetic energy at decelerating lens is chosen equal to 3 eV, as the ion cage is at 3 V while

the decelerating lens is at 0 V. The ion direction at the decelerating lens is chosen in a conical

volume defined by the radius of the decelerating and entrance lenses equal to 10−3 and 2x10−3 m,

respectively. The total initial kinetic energy is mainly distributed along 0z axis.

The entrance lens is biased at 0 V and the exit lens at 40 V (see table 5.2). The confinement

potentials are applied on the LIT electrodes according to the configurations #1 and #3 during

injection stage.

The initial number of ions in the CPO simulation is 50. The calculations were done with a

constant temporal step. They represent a population of ions created at the same time. For that

reason, some initial phases of the RF confinement potentials are used in simulations.

✺✳✺ ■♦♥ ❝♦♥✜♥❡♠❡♥t st❛❣❡ ❝♦♥❞✐t✐♦♥s

Only one ion is simulated according to injection conditions (positions, velocities). The potential

applied to electrodes is summarized in table 5.3.
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▲❡♥s❡s ❆♣♣❧✐❡❞ ♣♦t❡♥t✐❛❧ ✭❱✮

❊①tr❛❝t✐♦♥ ✭✶✮ ✸

❋♦❝✉s✐♥❣ ✭✷✮ ✵

❉❡❝❡❧❡r❛t✐♥❣ ✭✸✮ ✵

❊♥tr❛♥❝❡ ✭✹✮ ✵

❊①✐t ✭✺✮ ✹✵

■♦♥ ❈❛❣❡ ✸

▲■❚✿ ❈♦♥✜❣✉r❛t✐♦♥ ★✶ ❈♦♥✜❣✉r❛t✐♦♥ ★✸

Ω/2π ✶ ▼❍③ ✶ ▼❍③

U0 ✵ ✵

V0 24.3 48.6

❚❛❜❧❡ ✺✳✷✿ P♦t❡♥t✐❛❧s ❛♣♣❧✐❡❞ t♦ t❤❡ ❡❧❡❝tr♦❞❡s ❞✉r✐♥❣ ✐♥❥❡❝t✐♦♥ st❛❣❡

▲❡♥s❡s P♦t❡♥t✐❛❧ ❛♣♣❧✐❡❞ ✭❱✮

❊♥tr❛♥❝❡ ✭✹✮ ✹✵

❊①✐t ✭✺✮ ✹✵

▲■❚✿ ❈♦♥✜❣✉r❛t✐♦♥ ★✶ ❈♦♥✜❣✉r❛t✐♦♥ ★✸

Ω/2π ✶ ▼❍③ ✶ ▼❍③

①✲❡❧❡❝tr♦❞❡ −U0 − V0 sin(Ωt+ ϕ) −U0

②✲❡❧❡❝tr♦❞❡ U0 + V0 sin(Ωt+ ϕ) U0 + V0 sin(Ωt+ ϕ)

❚❛❜❧❡ ✺✳✸✿ P♦t❡♥t✐❛❧ ❛♣♣❧✐❡❞ t♦ t❤❡ ❡❧❡❝tr♦❞❡s ❞✉r✐♥❣ ❝♦♥✜♥❡♠❡♥t st❛❣❡✳
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The aim of these simulations is to determine a potential configuration at injection leading to the

greatest number of injected ions to improve sensitivity. The portability of the mass spectrometer

is taken into account: the RF confinement potential remains turned on during injection to simplify

the realisation of the electrode supply device (ECU). The ion behaviour during the injection stage is

simulated for determination of the position and velocity distributions of the injected ions. As during

injection, on exit there is a continuous flow of ions, these distributions represent also the initial

condition distributions of the ion cloud at the beginning of confinement.

In addition, the injection time is also identified in order to reduce the duration of the mass

analysis sequence.

✻✳✶ ■♦♥ tr❛❥❡❝t♦r✐❡s

In this chapter, the simulations are performed with an ion cloud of 100 ions with m/z: 86 and

LIT-50. An example of trajectories of ions in the Cartesian coordinate system are shown in figures

6.1 and 6.2 for the two potential configurations and different initial phases of the RF voltage. The

duration of the round trip never exceeds 6x10−5 s for the set of electrical configurations. The axial

trajectories have large parts represented by a straight line over a range of about −2x10−2 to 2x10−2

m around the centre (with the LIT extremities at −2.5x10−2 to 2.5x10−2 m): the axial motion is

assumed to have a constant velocity, except close to exit end-cap where the motion is almost zero.

Velocity (slope) differences are due to non-linearity direction couplings at both end-cap electrodes.

As a consequence, motions are uncoupled over a large volume of the LIT.

✻✳✷ ❚❡♠♣♦r❛❧ ✐♦♥ ❞✐str✐❜✉t✐♦♥

Each curve of figure 6.3 represents the temporal evolution of a population of ions created at the

same time, at t=0. The function describing each curve is denoted as Fϕi
(t). The total number of

ions can be computed by (1) integrating the function for t varying from 0 to tinj (if we assume

✶✵✺
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that Fϕi
(t) is zero at t = tinj), (2) by integrating each function shifted to the right by u, for u

varying from 0 to tinj (to take into account all the instants of creation between 0 and tinj , and (3)

by summing the functions for the different RF phases.

The total number of ions at time tinj can be then calculated from:

N(tinj) ∝
∑

ϕi

tinj
ˆ

0

tinj
ˆ

0

Fϕi
(t−

ϕi

Ω
− u) dt du ✭✻✳✶✮

The number of injected ions is an integral function of Fϕi
(t). The maximal value is then obtained

when Fϕi
(t) is zero. As a consequence, it is not necessary that injection duration exceeds 0.06

ms. The total number of injected ions decreases quickly after about 0.03 ms (3 periods of the RF

confinement voltage) due to fringing fields between the lens and the LIT and in the LIT in the

vicinity of the entrance lens, leading to instabilities in the radial plane (figure 6.3). Then some

plateaus are observed corresponding to three types of ion losses: 1) in the region of the entrance

lens, 2) in the region of the exit lens and 3) in the region of the exit lens when ions leave the LIT.

The number of ions is generally greater for configuration #1 than #3.

At the bottom of the figure 6.3 the dashed line represents the number of injected ions by con-

tinous flow, it can be estimated by:

N(tinj) ∝

tinj,max
ˆ

0

f(tinj − u) du ✭✻✳✷✮

For a punctual injection, the number of injected ions tends to zero at 0.06 ms, the minimum

time required for injection.

✻✳✸ ■♦♥ ❞✐str✐❜✉t✐♦♥ ✐♥ ♣♦s✐t✐♦♥s ❛♥❞ ✈❡❧♦❝✐t✐❡s

The distributions in positions and velocities at the end of injection give a good estimation for the ion

initial conditions in the trap for confinement. The ion trajectories are calculated for a population

of ions created at the same time. It is assumed that the injection duration is sufficient to obtain a

constant number of injected ions. Then, each point of a trajectory calculated with a constant time

step can represent a set of ions present in the LIT. All the phases must be taken into account, as

potentials applied to the device are not static.

Figures 6.4, 6.5 and 6.6 give the distributions in position. Figures 6.7, 6.8 and 6.9 give the

distributions in velocity.

The radial distributions in position and velocity are zero-centred. The smallest dispersion is

obtained for configuration #1. The wide dispersion of ions will induce a significant ion loss during

trapping. The ion cooling by collision with a light buffer gas (He) can reduce this dispersion and

the radial distribution tends to a Gaussian function determined by: exp
(

−x−x̄
2σ2

x

)

with x the value of
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the position and x, the average value of ion density and σx = 0.2.10−3 m, the maximal radius of ion

cloud in x-direction, see the top of figure 6.4.

The axial position distribution is uniform excepted in the vicinity of the exit lens where the ion

density is greater as ion velocities tend to zero.

The axial velocity distribution has two bands centred on + 2 500 and − 2 500 m/s representing

an initial kinetic energy of 2.7 eV. The total initial kinetic energy has been chosen at 3 eV, due to a

radial dispersion and energy exchange between directions, the value of the axial kinetic energy is

then founded lower. The dispersion of velocity is about ± 500 m/s.

From distributions at steady-state of injection, the initial trapping conditions are obtained, as

there is between injection and confinement.

✻✳✹ ▼❛①✐♠❛❧ ♥✉♠❜❡r ♦❢ ✐♥❥❡❝t❡❞ ✐♦♥s

The total number of injected ions is calculated for two SIM sequences #1 and #2, and for two

configurations #1 and #3, with 0,
π

2
, π and

3π

2
.

It is also important to compare the number of ions reaching the entrance end-caps after a round

trip in the LIT. Indeed, these ions will be necessarily trapped when confinement is switched on. The

number of ions is compared for the two electrical configurations and the two SIM operating modes

in table 6.1.

Combining SIM sequence #2 and confinement potential configuration #1 gives the highest num-

ber of injected ions. However, the configuration #1 requires an additional power supply, and the

sequence #2 requires to switch to zero the DC potential during trapping. The number of injected

ions can be increased using a buffer gas by reducing the ion kinetic energy.

✻✳✺ ❈♦♥❝❧✉s✐♦♥

The distributions of positions and velocities of the ions at the beginning of confinement are estim-

ated. It is not necessary to have large injection times to increase the number of ions. The injection

time can be reduced to one hundred microseconds leading to shorter sequence times for mass ana-

lysis.

The potential of configuration #1 leads to higher numbers of ions than configuration #3 and

the single ion monitoring sequence #2, too. The number of ions can be increased by a factor 2 by

using either the potential configuration #1 or the sequence #2, and by a factor 3 by using both the

potential configuration #1 and the sequence #2.

It is recommended to use the single ion monitoring mode with sequence #2 and a confinement

of potential configuration #1 for the best improvements. However, the configuration #1 requires

an additional power supply and the sequence #2 requires to switch to zero the DC confinement

potentials during injection (RF only mode at injection).
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❚❛❜❧❡ ✻✳✶✿ ◆✉♠❜❡r ♦❢ ✐♦♥s r❡❛❝❤✐♥❣ t❤❡ ❡♥tr❛♥❝❡ ❧❡♥s ❛❢t❡r ❛ r♦✉♥❞ tr✐♣ ✐♥ t❤❡ ▲■❚ ❞✉r✐♥❣ ✐♥❥❡❝t✐♦♥ ❢♦r
t✇♦ s✐♥❣❧❡ ✐♦♥ ♠♦♥✐t♦r✐♥❣ ✭❙■▼✮ s❡q✉❡♥❝❡s✱ t✇♦ ❝♦♥✜♥❡♠❡♥t ♣♦t❡♥t✐❛❧ ❝♦♥✜❣✉r❛t✐♦♥s ❛♥❞ ❞✐✛❡r❡♥t
♣❤❛s❡s ♦❢ t❤❡ ❘❋ ♣♦t❡♥t✐❛❧✳

The initial injection conditions of the ion cloud at decelerating lens have been chosen with a

large radial dispersion with initial radial positions and velocities in the trap different from zero

as the initial conditions are drawn in the whole of a conic volume defines by the apertures of the

decelerating and entrance lenses. A smaller aperture in the entrance length can reduce this radial

dispersion. Moreover, the number of injected ions can be increased using a buffer gas, such as He,

by reducing the ion kinetic energy, providing that the number of ion/neutral collisions be sufficient

during injection. That depends on He pressure in the trap.
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❙✐♠✉❧❛t✐♦♥ st✉❞✐❡s ♦❢ ▲■❚ ❝♦♥✜♥❡♠❡♥t

It is difficult to develop the exact equations of the motion of an ion confined inside a LIT. It can

be assumed that the motion equations are uncoupled over a large region around the centre of the

LIT and the ion has a constant velocity along the axial direction. However, in the vicinity of the

entrance and exit lenses strong non linearities couple the ion motion according to the geometrical

dimensions of the lenses and of the LIT, and the potentials applied to the electrodes. The more

accurate way to study LIT ion confinement is to design the device and simulate ion trajectories.

✼✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♥✜♥❡❞ ✐♦♥s

Following the injection studies of the previous chapter, the same operating conditions are kept for

a population of 100 ions and the drawing of the initial axial conditions is performed according to

the axial distributions obtained for position and velocity. Elsewhere, the initial radial position is

chosen off centre at x(0) = 7x10−4 m representing 10 % of the injected ions according to the radial

distribution obtained from injection results (figure 6.4).

The evolution of the number of confined ions is tested at operating point ax = 0.116 ≈ ax,apex/2

(i.e. U0 = 2 V for m/z: 86) and qx = qx,apex = 0.706, for the potential configurations #1 and

#3 (figure 7.1). After a fast and large ion loss at the beginning of confinement, the two potential

configurations maintain a small amount of injected ions with a same efficiency at about 10 % of

injected ions at 5x10−4 s, even with an operating point far from the apex.

In order to understand and define the origin of ions lost, the following studies will concern the

behaviour of a single confined ion. In addition, some LITs will be compared with different lengths

z0 and an electrode separation r0 = 4x10−3 m.

✼✳✷ ▲■❚ st❛❜✐❧✐t② ❞✐❛❣r❛♠ ✐♥ (ax, qx) ♣❧❛♥❡

Let us assume that the DC potential induced by the end-cap electrodes is developed at the second

order (see the end of the chapter ”some elements of theory”). The LIT stability diagram in the

✶✶✼
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plane (ax, qx) is constructed taking into account: (1) the positive shift
4ZekUe

mz20Ω
2

of the 1D stability

zone for both radial directions, and then (2) the symmetry around the qx axis between the radial

directions, as with the mass filter. Figure (7.2) gives the comparison between the QMF and LIT

stability diagram in the (ax, qx) plane. For the LIT, a same diagram is plotted in the (U0, V0) plane

for each ion characterized by its m/z ratio. The area of the LIT stability diagram is slightly reduced.

The LIT apex location is shifted down and to the right due to the quadrupolar term of the DC

potential. The dimensions of the used LIT (z0>r0) do not introduce a significant shift of the stability

diagram by the quadrupole term.

✼✳✸ ❆①✐❛❧ ❉❈ ♣♦t❡♥t✐❛❧ ❛t r = 0

The potential induced by the two end-cap electrodes must be developed taking into account higher

order terms. For instance, this potential at r = 0 m, φe(0, 0, z) = φe(z), can be approximated by the

following polynomial development:
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φe(z) =
+∞
∑

p=0

a2pz
2p ✭✼✳✶✮

As the radial plane is assumed to be a symmetry plane for the device, the polynomial develop-

ment is limited to the even order terms.

The potential φe(z) can be computed by means of CPO and using a configuration of potentials

applied to the mass filter electrodes leading to φQMF (0, 0, z) = 0. The potential φe(z) is plotted for

LIT-8, LIT-20, LIT-30, LIT-40, LIT-50 and LIT-60, with z0 = 4x10−3 , 10x10−3 , 15x10−3 , 20x10−3 ,

25x10−3 and 30x10−3 m, respectively, in figure 7.3.

For instance, for LIT-8, using a polynomial mean square interpolation, φe(z) can be approx-

imated by a 6th order polynomial development with a0 = 9.997, a2 = 1.215, a4 = 0.00646 and

a6 = −0.00028, the other being neglected (see second curve of figure 7.3). The shortest LIT ap-

proaches an harmonic trap, however the potential in the centre of the trap is the highest: a0 =10.00,

0.444, 0.0382, 0.0217, 0.0058 and 0.0037 V for LIT-8, LIT-20, LIT-30, LIT-40, LIT-50 and LIT-60,

respectively.

✼✳✹ ❆①✐❛❧ ❛♥❞ r❛❞✐❛❧ ♠♦t✐♦♥ ❢r❡q✉❡♥❝✐❡s

To have a more accurate description of the potential, the expression must be developed taking into

account (1) high orders in the axial direction and in the radial plan and (2) coupling terms between

the directions. That renders the motion spectra complex.

To plot spectra, the confinement of a single ion has been simulated by CPO for LIT-50 with the

following operating conditions: x(0) = 0.1, y(0) = 0.1 and z(0) = 2x10−2 m; vx(0) = vy(0) =

vz(0) = 0 m/s; m/z: 300; Ω/2π = 1 MHz; and r0 = 4x10−3 m. The confinement duration has been

chosen in order to have a suitable peak width. The ion trajectory is multiplied by an apodisation

function to reduce the frequency peak ”wiggles” induced by finite-time observation of the temporal

signal. Zero-filling are added to the ion trajectory prior to Fourier transformation to reduce the

computed frequency steps.

The axial- and radial-motion spectra are plotted in figure 7.4 and the peaks are identified in

table 7.1.

In the axial direction, only the odd order frequencies of the axial motion are observed coming

from the even order terms of the potential (equation 7.1). The coupling between the radial and

the axial direction, for instance at ωx − ωz have not a significant magnitude due to the low value of

ratio between the maximal radial and axial motion extension used.

In the radial direction, the peaks ωx, Ω − ωx, Ω + ωx, ... are identified and also the coupling

peaks between the radial and axial directions ωx ± 2nωz. Only the frequency 2nωz is observed as

the axial period corresponds to a round trip in the trap.

With non-linearities, the frequencies depend on a2p factor of the potential development and on
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❛r❡✿ x(0) = ✵✳✶✱ y(0) = ✵✳✶ ❛♥❞ z(0) = 2x10−2 ♠❀ vx(0) = vy(0) = vz(0) = 0 ♠✴s❀ m/z✿ ✸✵✵❀ Ω/2π =
✶ ▼❍③ ❛♥❞ r0 = 4x10−3 ♠✳
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the maximal extension of the confined ion. The axial period of LIT-50 is computed for different

values of z(0), corresponding to the maximal axial extension of the ion as vz(0) = 0 (see figure 7.5).

The value of the period depends strongly on z(0), in contrast to the case for a quadrupole mass

filter. In addition the initial phase of the RF confinement potential slightly modifies the value of the

period, as well as the radial extension.

✼✳✺ ◆♦♥✲❧✐♥❡❛r✐t② ✐♥✢✉❡♥❝❡ ♦♥ ▲■❚ st❛❜✐❧✐t② ❞✐❛❣r❛♠ ✐♥ (U0, V0) ♣❧❛♥❡

In a pure quadrupole device, the stability diagram comes from the stable solutions of Mathieu equa-

tions in each direction. For a given LIT (depending on its geometric aspect and applied potentials)

with strong non-linearities, the term ”stability diagram” must address the confinement of a single

ion (that means that the ion remains inside the LIT) for given values of initial positions and velocit-

ies and a given confinement time tconf . As a consequence many stability diagrams can be defined.

In this section, the operating conditions are:

• the confinement time, tconf = 10−3 s.

• the initial radial positions x(0) = y(0) = 10−4 m for r0 = 4x10−3 m.

• the initial velocities vx(0) = vy(0) = vz(0) = 0.

• the initial axial positions z(0) is varied. The initial position z(0) can also be considered as the

maximal extension zmax, as vx(0) = 0 and if it is assumed that there are no couplings between

the axial and radial directions.
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✼✳✺✳✶ ▼❛①✐♠❛❧ ✈❛❧✉❡

First, the maximal value V LIT
0,max at U0 = 0 of LIT stability diagram is calculated by means of CPO

trajectory computation by varying V0 with steps of 0.1 V around V QMF
0,max the theoretical maximal

value for the quadrupole mass filter. The highest value of V0 at which the ion is confined during at

least 1 ms is V LIT
0,max. This value is plotted versus z(0) in figure 7.6 for m/z: 50, 100 and 300 and

LIT-50.

V LIT
0,max is lower than V QMF

0,max and it diminishes with the increasing of z(0) for the three mass-

to-charge ratios. The location of the maximal value of the stability diagram is shifted to the left

towards lower values leading to an area reduction of the stability diagram.

✼✳✺✳✷ ❆♣❡① ✈❛❧✉❡

The SIM operating mode requires to know accurately the value of potentials ULIT
0,apex and V LIT

0,apex to

be applied to the electrodes to operate the LIT at the apex of the stability diagram.V0 is chosen

equal to V QMF
0,apex and U0 is varied with steps of 0.1 V around UQMF

0,apex, the theoretical apex value for

the quadrupole mass filter. The highest value of U0 at which the ion is confined during at least 1 ms

is ULIT
0,apex. This value is plotted versus z(0) in figure 7.7 for m/z: 50, 100, 200 and 300 and LIT-50.

ULIT
0,apex is measured lower than UQMF

0,apex and depends on z(0). ULIT
0,apex remains constant at U

′

0

within 0.3 V from z(0) = 0 until 15x10−3 m, then a significant decrease is observed with the

increasing of z(0) for the four mass-over-charge ratios, about 10 V at z(0) = 23x10−3 m. From

z(0) = 0 to 15x10−3 m, only the quadrupolar term a2 is significant as there is no dependency with

z(0). Non-linearity higher orders become not neglectable with the increase of z(0) as their influence



❈
♦♥
✜❞
❡♥
t✐
❛❧

✶✷✺ ❈❍❆P❚❊❘ ✼✳ ❙■▼❯▲❆❚■❖◆ ❙❚❯❉■❊❙ ❖❋ ▲■❚ ❈❖◆❋■◆❊▼❊◆❚

0,0 5,0x10
-3

1,0x10
-2

1,5x10
-2

2,0x10
-2

2,5x10
-2

68

70

72

74

76

78
V

0,max
 (V) 

 

 

z(0) (m)

m/z: 50

0,0 5,0x10
-3

1,0x10
-2

1,5x10
-2

2,0x10
-2

2,5x10
-2

142

144

146

148

150

152
V

0,max
 (V) 

 

 

z(0) (m)

m/z: 100

0,0 5,0x10
-3

1,0x10
-2

1,5x10
-2

2,0x10
-2

2,5x10
-2

438

440

442

444

446

448
V

0,max
 (V) 

 

 

z(0) (m)

m/z: 300

❋✐❣✉r❡ ✼✳✻✿ ✭❙q✉❛r❡✮✿ V LIT
0,max ✈❡rs✉s z(0) ❢♦r t❤❡ ▲■❚✲✺✵ ❛t ❞✐✛❡r❡♥t m/z✿ ✺✵✱ ✶✵✵ ❛♥❞ ✸✵✵✳ ✭▲✐♥❡✮✿

V QMF
0,max ✱ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠❛①✐♠❛❧ ✈❛❧✉❡ ❢♦r t❤❡ q✉❛❞r✉♣♦❧❡ ♠❛ss ✜❧t❡r✳



❈
♦♥
✜❞
❡♥
t✐
❛❧

✼✳✺✳ ◆❖◆✲▲■◆❊❆❘■❚❨ ■◆❋▲❯❊◆❈❊ ❖◆ ▲■❚ ❙❚❆❇■▲■❚❨ ❉■❆●❘❆▼ ■◆ (U0, V0) P▲❆◆❊ ✶✷✻

0,0 5,0x10
-3

1,0x10
-2

1,5x10
-2

2,0x10
-2

2,5x10
-2-5

0

5

10

15 U
0,apex

 (V) 

 

 

z(0) (m)

m/z: 50

0,0 5,0x10
-3

1,0x10
-2

1,5x10
-2

2,0x10
-2

2,5x10
-2

5

10

15

20

25 U
0,apex

 (V) 

 

 

z(0) (m)

m/z: 100 

0,0 5,0x10
-3

1,0x10
-2

1,5x10
-2

2,0x10
-2

2,5x10
-2

25

30

35

40

45

50 U
0,apex

 (V) 

 

 

z(0) (m)

m/z: 200

0,0 5,0x10
-3

1,0x10
-2

1,5x10
-2

2,0x10
-2

2,5x10
-2

45

50

55

60

65 U
0,apex

 (V) 

 

 

z(0) (m)

m/z: 300

❋✐❣✉r❡ ✼✳✼✿ ✭❙q✉❛r❡✮✿ ULIT
0,apex ✈❡rs✉s z(0) ❢♦r t❤❡ ▲■❚✲✺✵ ❛t ❞✐✛❡r❡♥t m/z✿ ✺✵✱ ✶✵✵✱ ✷✵✵ ❛♥❞ ✸✵✵✳

✭▲✐♥❡✮✿ UQMF
0,apex✱ t❤❡ t❤❡♦r❡t✐❝❛❧ ♠❛①✐♠❛❧ ✈❛❧✉❡ ❢♦r t❤❡ q✉❛❞r✉♣♦❧❡ ♠❛ss ✜❧t❡r✳



❈
♦♥
✜❞
❡♥
t✐
❛❧

✶✷✼ ❈❍❆P❚❊❘ ✼✳ ❙■▼❯▲❆❚■❖◆ ❙❚❯❉■❊❙ ❖❋ ▲■❚ ❈❖◆❋■◆❊▼❊◆❚

depends on it.

The location of the apex value of the stability diagram is shifted down towards lower values with

the increase of z(0) leading to an area reduction of the stability diagram. If it is chosen ULIT
0,apex = U

′

0,

it can be considered that only the ions having a maximal extension lower than zmax,conf = 15x10−3

m are confined, the others are lost. In order to increase the number of confined ions, it is necessary

to reduce ion trajectory extension to use UQMF
0,apex or ULIT

0,apex could be chosen lower than U
′

0, however

the selectivity (or resolution) will be reduced.

In addition, according to results not shown in a figure, the shorter the length of the LIT z0, the

larger the shift down , the larger zmax,conf .

✼✳✻ ❈♦❧❧✐s✐♦♥❛❧ ❝♦♦❧✐♥❣

The value U
′

0 is computed and the corresponding average maximal extension zmax,conf (to have

the ion confined) is determined for other LIT lengths LIT-40, LIT-50 and LIT-60. The normalised

value zmax,conf/z0 (in %) versus z0 is plotted in figure 7.8. For instance, with LIT-50, if it is chosen

ULIT
0,apex = U

′

0, the confined ion cloud is limited at about 60 % of the trap. The more the length of

LIT, the more the relative size of the confined ion cloud.

Furthermore, let us calculate the maximal extension of the ion cloud at injection zmax,inj . Its

value can be approximated from the potential φe(z) given by CPO simulations (see figure 7.3)

. If we only take into account the potential in the centre of the trap, and consider a symmetric

configuration of RF potentials applied to the rods leading to zero at the centre of the trap, the

extension of the injected ions will not exceed zmax,inj such as: φe(zmax,inj) = Vs, where Vs (in eV)

is the initial kinetic energy of mono-charged ions in the source. In figure 7.8 (top) the potential

φe(0, z) is plotted versus the axial position of LIT-50. The maximal axial extension at injection for

an ion source at 3 eV is zmax,inj = 20x10−3m. If the ion is located at QMF,apex, the maximal axial

extension of the confined ions is zmax,inj = 15x10−3m. It is necessary to cool the ion to reduce

trajectory extension under 15x10−3m. At 3 eV, the cooling time is estimated at 0.5 ms.

In figure 7.8 (bottom), zmax,inj/z0 is plotted versus the five trap lengths for two ion source

energies 3 and 5 eV (typical values).

For instance with LIT-50, the injected ion cloud occupies about 80 % of the trap. If the operating

values are such as ULIT
0,apex = U

′

0 and V0 = V QMF
0,apex , ions will be lost as zmax,inj > zmax,conf .

In order to increase the number of confined ions, the initial axial extension should be reduced.

For instance, in 3D ion trap, an helium buffer gas is used to cool the ions to the centre of the trap in

order to greatly increase mass resolution and sensitivity in scanning operating mode. This cooling

process can reduce the kinetic energy of confined ions to the minimal value of 1/2kT (equal to about
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0.013 eV at room temperature) [109, 110, 111, 112].

Assuming a cooling buffer gas in the LIT that reduces ion kinetic energy to kT , 3kT and 10kT ,

and let us consider only the axial direction. Figure 7.8 gives the localisation around the trap centre

for five trap lengths (LIT-8, LIT-20, LIT-30, LIT-40, LIT-50 and LIT-60) of a cloud of confined ion

subjected to cooling collisions. The corresponding maximal axial extension zmax,nkT is calculated

from the potential previously computed and given in figure7.3, such as: φe(zmax,nkT ) = φe(0)+nkT .

To have a normalised value, zmax,nkT /z0 is plotted versus z0.

The more the LIT length, the more the relative size of the ion cloud. The cooling efficiency is

then higher in short LITs. As a consequence, due to the relative spatial extension of the cooled-ion

cloud, space charge effect is lower in large LITs. However, due to larger extensions in long LITs, the

ion cloud is more subject to non-linearities at both LIT ends. For instance with LIT-50, the cooling

effect will reduce at about 50 % the confined ion cloud, while at injection the ion cloud occupies

about 80 % of the LIT.

If the LIT is operated at apex, such as ULIT
0,apex = U

′

0 and V0 = V QMF
0,apex , the maximal extension for

the ion to be confined is given by zmax,conf . The determination of this value has been described in

the previous section; it has been found zmax,conf = 15x10−3 m for LIT-50. Many other simulations

have been performed to compute this value for LIT-40 and LIT-60 (Figure 7.8). Without buffer gas

cooling, an ion loss accurs as zmax,inj > zmax,conf . With cooling, a maximal number of ions can be

confined.

This approach concerns only the axial direction. Non linearity effects due to couplings between

axial and radial directions can induce an axial motion heating. However using a cooling gas, the ra-

dial trajectory extensions will also be diminished leading to more reduced energy exchange between

the directions as it depends on maximal trajectory extension.

✼✳✼ ❋✉rt❤❡r st✉❞✐❡s ❛♥❞ ♣r♦♣♦s❛❧s

It is evident that the ion cloud must be thermalised toward the centre of the trap by helium buffer

gas cooling. If the entrance air flow is pulsed, the cooling gas should be pulsed too.

Further studies have been performed by University of Liverpool using a pre-prototype mass

spectrometer including an EI open source and a LIT. The efficiency of helium has been proved in

experiment with confined xenon ions.

Figure 7.9 shows variation of relative intensity of trapped Xe ions within LIT without buffer gas

(top) and with increase of He buffer gas pressure (bottom). In buffer gas tests, partial pressure

for Xe is set to previously found optimal value (i.e. 4x10−3 Pa) and helium buffer gas was further

loaded in pressure steps up to 6.67x10−2 Pa. As an increase of the signal intensity is observed until

9.33x10−3 Pa, 80% improvement in sensitivity is obtained with a pressure of 8x10−3 of additional

buffer gas.
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Beyond that, sensitivity will be also increased, and resolution too, using a new SIM sequence

with LIT operated in RF only mode during injection. It requires to set to zero the DC confinement

potential during injection. This new SIM sequence including the ion cooling stage during trapping

is described in figure 7.10. The DC confinement potential must also be turned to zero during ion

cooling stage. However, the ions having the largest trajectory extensions can be lost at 0 V for

masses lower than m/z: 50 (see figure 7.7). A DC negative value should be applied for lower

masses.
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The work described in this dissertation address a mass spectrometer pre-prototype that is at Univer-

sity of Liverpool. An electron source has been proposed as well as improvements to LIT operating

mode for mass analysis, taking into account the portability of the device.

The Glow Discharge Electron Source (or GDES) cell is an interesting source of electrons for

handled mass spectrometry as it can operate at low vacuum values (1.333.10−1 Pa, typ.) and low

power consumption (0.3 W at 420 V, typ.) with stability, reproducibility and long lifetime. The

kinetic energy of the electron beam at the anode aperture of the GDES cell has been experimentally

measured: it ranges over a narrow range 0-20 eV. These works has been published in “Plasma

Sources Science and Technology” [113].

The coupling of that source of electrons with an open EI source is easy to implement: only the

filament support has to be removed. The electrons of the beam are focussed toward the ion cage

by means of an appropriate potential value applied to the repeller. The anode has to be polarised

according to the potential value applied to the ion cage in order to define the mean kinetic energy

of electrons for ionisation in the ion cage. The other supplies and applied potential values are the

same than those used with an EI source with filament.

The electron beam intensity of GDES is low: it has been measured less than 10−6 A. However,

according to the shape of the electron-impact ionisation cross-section curve of the targeted com-

pounds, with such a narrow kinetic energy range and the possibility to set the mean value of elec-

tron kinetic energy at the maximum of the cross-section curve, the cloud of electrons has optimal

ionisation efficiency. Experimental results given by the coupling have confirmed that. Furthermore,

the fragmentation pattern of the molecules depends on the electron kinetic energy at impact. The

fragmentation paths of the molecule are then well controlled and reproducible with such a narrow

energy range.

The spectra obtained with GDES/EI coupling will be of a great concern as they allow us to

identify the created ions and provide the EI fragmentation pattern information, which depends on

the initial electron kinetic energy. That will be done with the delivery of a flange-mounted prototype

including an open ions source, a LIT and an electron multiplier. An invention disclosure report is

being written on GDES/EI coupling.

✶✸✸
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The improvement of LIT operating mode aims the sensitivity and resolution. Ion injection and

confinement simulation studies led us to propose an adaptation of the operating mode of the LIT.

The LIT must be operated in an RF only mode during the injection and cooling stages. That

involves an additional functionality to ECU: the switching of the DC confinement potential applied

to the rods. A helium buffer gas cooling is necessary to reduce ion motion in both radial and

axial directions. As a consequence, the effects of the direction couplings due to non-linearities are

diminished. And the lowering of the axial trajectory extension allows us to gain an increase of both

sensitivity and resolution with LIT operated in Selective Ion Monitoring mode. However, the use of

the helium can be an issue for the chosen pumping system. The benefit of helium buffer gas has

been confirmed with experimental results obtained at University of Liverpool.

Other parameters must be tested in simulation, such as the DC confinement potential applied

to the end-cap electrodes and other dimension ratios of the LIT to reduce the non-linearity effects.

And comparative (experimental/simulation) studies can be performed with delivery of the mass

spectrometer prototype.

Furthermore, the effects of collisions with the residual gas (mainly N2 in portable device at low

vacuum) and a buffer gas are studied by the laboratory. A numerical tool based on the temporal

invariance method is being developed to study the statistical ion states (distribution functions of

positions and velocities) at equilibrium state[112]. It has been tested for 3D quadrupole ion traps.

It is now being extended to be employed for collision studies in 2D linear ion traps.

Modifications have been taken into account in the first mass spectrometer prototype with a

demonstration in May 2015. Others will be integrated in forthcoming releases of the device.
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Abstract

A dc glow discharge cell with planar electrodes operating at about 1 Torr has been

characterized with an inlet flow from ambient air. It will be used as a source of electrons to

further ionize molecules by electron impact in a portable mass spectrometer.

The Paschen curve has been measured for six values of the pressure around the minimum

of the curve. The voltage-current characteristic, observed until 7 mA for different values of the

pressure, increases with current in the normal glow regime. The temporal evolution of the

discharge current has been recorded over long periods greater than one day for different

insulator materials. The best stability has been obtained with Macor and Nylon. The available

electron current for ionization has been measured at about 0.6 µA and the electron kinetic

energy distribution has been found to be between 0 and a few tens of eV.

Keywords: dc glow discharge; electron source; atmospheric air characteristic;

portable mass-spectrometry

1. Introduction

Low power and reduced gas load, small size, lightness, long

lifetime and ease of care are the main requirements for a

portable mass spectrometer ion source. The operating pressure

(up to 10−3 Torr) in the vacuum chamber may prevent the use of

a thermo ionic filament. A dc glow discharge electron source

cell (GDES) with a cold cathode can be used as a low power

source of electrons, with reduced out-gassing phenomena

compared to a heated filament ion source [1–6].

Dc glow discharges can occur with several shapes, sizes

and relative locations of the anode and cathode electrodes:

e.g. two simple parallel plane electrodes, a plane anode-

cylindrical hollow cathode, a hollow cathode with holes, a

hollow anode [7], etc. Hollow anodes have been employed in

mass spectrometers as an electron source [8]. Glow discharge

electron impact (GDEI) with parallel plane electrodes was

first proposed by Handberg in a PhD thesis [9] and then by

Gao et al in a 2007 paper [10]. It was used as an electron

source for loading electrons into 2D or 3D ion traps where the

sample is introduced and ionized (internal ionization mode)

by electron impact. GDEI has been coupled to cylindrical

ion trap (CIT) and rectilinear ion trap mass analysers [11, 12].

GDEI/CIT coupling has also been employed in a field-

portable mass spectrometer system, ChemSense 600 from Icx

Technologies [13–15].

0963-0252/15/015001+08$33.00 1 © 2015 IOP Publishing Ltd Printed in the UK
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Figure 1. Experimental set-up for testing GDES cell.

In this work, a dc glow discharge cell with planar

electrodes as the electron source, similar to those proposed by

Gao et al [10], is tested with an inlet flow from atmospheric air

and using different materials and diameters of the cylindrical

ring insulator. The current intensity and kinetic energy

distribution of emitted electrons at the anode orifice are

estimated for a further use to ionize molecules. These

parameters are of interest as they influence both the quantity

of the created ions and the fragmentation pattern of molecules.

2. Description and modelling of the device

2.1. Device description

The GDES is placed in a vacuum chamber (figure 1). The cell

consists of a parallel planar stainless steel cathode and anode

separated and fixed by a ring insulator. The inner diameters of

the cylindrical ring insulator used are φr = 10, 15 and 20 mm.

The distance between the anode and cathode is dac = 6.6 mm.

Four insulator materials are tested: Macor, Nylon, Teflon and

Pyrex. Two Viton® O-ring seals are used to maintain a higher

pressure in the GDES cell than in the vacuum chamber.

2.2. Fluidic system

The gas inlet flow from the ambient room passes through

a capillary and enters the GDES cell by a centred cathode

aperture. The gas effuses from a centred hole (0.3 mm

in diameter) in the anode towards the vacuum chamber.

A combination of dry-scroll and turbomolecular pumps

(250 l s−1) is used to evacuate the gas from the vacuum

chamber.

The throughput of the capillary Q1 can be estimated from

the Hagen–Poiseuille equation by [16, 17]:

Q1 = C1(pa − pGD) =
πφ4

1

128ηl1

pa + pGD

2
(pa − pGD), (1)

where C1 is the conductance of the capillary; η = 1.85×10−5;

Pa × s is the air dynamic viscosity at 25 ◦C; φ1 = 0.063 mm

is the internal diameter; l1 is the length of the capillary; pGD

is the pressure in the GDES cell; and pa is the atmospheric

pressure.

The pressure inside the GDES cell is low enough to have

a molecular flow at the anode orifice, considered as a thin

plate orifice. The conductance of the anode orifice CA is then

expressed by [18, 19]:

CA =
v̄

4

πφ2
A

4
, (2)

where φA = 0.3 mm is the diameter of the anode orifice and

v̄ = 463 m s−1 is the mean velocity of air particles.

The mass flow balance equations at steady state are

expressed by:

C1(pa − pGD) = CA(pGD − pM) = SppM, (3)

where pM is the pressure in the vacuum chamber and Sp is the

pumping speed. It can be assumed that pa ≫ pGD ≫ pM, as

the pressure drops induced by the capillary and anode aperture

are important. Hence, the gas throughput balance equation can

be written as:

C1pa ≈ CApGD. (4)

The pressure inside the GDES cell according to capillary length

can then be estimated by:

pGD(Torr) ≈
φ4

1p
2
a

16ηv̄φ2
Al1

≈
0.098

l1
. (5)

The pressure varies in inverse proportion to the capillary length.

Capillary lengths are chosen to operate the discharge in the

vicinity of Paschen’s minimum, located at 1 Torr × cm for

enclosed air [1].

2.3. Electric system

The dc potential Vac applied between the anode and cathode

sustains the discharge (figure 1). The power supply operates

2
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Figure 2. Top: electron kinetic energy distribution and (bottom) plate current obtained versus potential applied between the plate and anode
for (a) a uniform distribution, (b) two adjacent uniform distributions with more electrons at higher energies and (c) two separate uniform
distributions.

as a voltage source with active current limiting capability. The

discharge current (between the anode and cathode) is denoted

as Id. The resistor R′ limits the current of undesired discharges

between the cathode and the walls of the vacuum chamber, if

any.

Some electrons created by the discharge pass through the

anode aperture. The electron beam current IP is measured

by means of a collection plate located in front of the anode

aperture 2 cm away. Initially it is assumed that the only source

of electrons (without creation of secondary electrons) between

the anode and plate is the electrons exiting the anode orifice.

This electron current is denoted as Ib. A part of these electrons

reaches the plate inducing the current Ib,P, while the other part

goes back towards the (not insulated) external side of the anode

inducing the current Ib,A, such that Ib = Ib,A + Ib,P is constant.

The values of Ib,P and Ib,A depend on the potential applied

between the plate and anode, and on the kinetic energy of the

electrons at the anode orifice. The cathode current is the total

current. The balance equations of the currents in the system

are given by:

IC = Id + I ′

d

IA = Id + Ib,A(VPA) − Ib,P(VPA)

IP = Ib,P(VPA) − Ib,A(VPA).

(6)

2.4. Principle of determination of electron kinetic energy

If the sole source of electrons is the anode orifice, the estimation

of the available electron current intensity at the anode aperture

and the distribution of the kinetic energy of electrons can be

deduced from the measure of the plate current versus potential

applied between the plate and anode. The distribution of

kinetic energies for electrons at the anode aperture is denoted

as fe(Ek,AN). The measured current IP is in proportion to the

integral value of the kinetic energy distribution for values of

Ek,AN ranging between qVPA and Ek,AN,max:

IP(VPA) ∝

∫ Ek,P,max

qVPA

fe(Ek,AN) dEk,AN, (7)

where q = −1 is the charge of the electron so that qVPA has

the dimension of energy in eV and Ek,AN,max is the maximum

value of the kinetic energy distribution.

If it is assumed that the distribution fe(Ek,AN) is uniform,

and the plate current is zero for lower negative values of VPA,

then it increases linearly from VPA = Ek,AN,max/q up to 0 V.

For the positive values of VPA, IP is constant (see curve (a)

of figure 2). Two adjacent uniform distributions with more

electrons at low or high energies give a dual-slope increase (see

curve (b) of figure 2). Two separated uniform distributions lead

to a plateau between two linear increases (curve (c) of figure 2).

3. Experimental results and discussion

3.1. GDES cell preparation

The formation of a deposit at the anode has been observed

even when operating the GDES cell over several hours in

typical conditions for a future use when coupled with a mass

spectrometer. This deposit has been measured as electrically

resistive. The examination of the anode deposit by scanning

electron microscopy combined with energy dispersive x-ray

spectroscopy has given the elementary compounds Fe, Cr and

Ni, sputtered from a stainless steel cathode, in addition to (1)

Fluor (45%), from Teflon and O (8%), from air, when using

the Teflon insulator, or (2) O (20%), from Nylon and air when

using the Nylon insulator.

For this reason, the anode and cathode are cleaned with a

little dilute hydrochloric acid. Then all the parts of the GDES

cell are cleaned with ethanol and rinsed with acetone. Finally

they are dried at 100 ◦C over 4 h at atmospheric pressure prior

to assembly.

3.2. Paschen curve

The breakdown occurs when the voltage across the electrodes

suddenly drops, followed by an increase in the discharge

current. The experimental Paschen curve is obtained by

plotting the breakdown voltage Vb versus pressure–distance

product pGD × dac for different values of the pressure in the

3
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Figure 3. Paschen curve for a Nylon insulator of 10 mm diameter with ambient air flow inlet. From left to right, the capillary lengths are:
50, 33, 20, 16.5, 9.8 and 7.1 cm. The pressure values are calculated from equation (4). The error bar is ±3 standard deviations around the
mean value calculated from 10 measured values.

Figure 4. Voltage/current characteristic for a Nylon insulator 10 mm in diameter with ambient air flow inlet. From left to right, the capillary
lengths are: (bullet) 20, (square) 16.5, (diamond) 9.8 and (triangle) 7.1 cm.

GDES by means of six capillary lengths: l1 = 50, 33, 20, 16.5,

9.8 and 7.1 cm (figure 3). Each point of the curve is the mean

value of 10 successive measurements. And the error bar is ±3

standard deviations. The other insulator materials and inner

diameters lead to similar breakdown voltage values.

In order to have the lowest voltage values, we chose to

operate at the Paschen minimum, i.e. for capillary length equal

to 16.5 cm.

3.3. Voltage/current characteristic

Three main parameters characterize the discharge: voltage,

current and pressure [20]. Additional parameters can influence

the discharge: an existing gas flow [21], the temperature of

the source and the nature of the gas and electrodes. Also

wall losses for constricted discharge can change the voltage–

current characteristic [22]. The voltage–current characteristic

is established to check the regimes of the discharge due to

the use of inlet gas flow of air, a multi-compound gas having

different discharge characteristics if they are used separately.

After breakdown, one can observe in the glow discharge

regime that both the discharge current and discharge potential

increase (figure 4). Voltage slightly increases with current

for the highest pressures (l1 = 7.1 and 9.8 cm). For the lowest

values of the pressure, the potential increases with current as in

an abnormal glow discharge regime. Several papers describe

this behaviour for a normal glow discharge regime [23, 24].

There are benefits to having greater slopes, as a small variation

of the voltage will induce a small variation of the current for

stability. The capillary length l1 = 16.5 cm is suitable to

attain a stationary current with lower values to reduce electrical

consumption.

3.4. Temporal evolution of the discharge current

The evolution of the cathode current is measured over a period

of 4–5 h for the three inner diameters and the four insulator

4
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Figure 5. Cathode current versus time for four insulator materials, (triangle) Macor, (square) Nylon, (circle) Teflon and (diamond) Pyrex;
and for three inner diameters of the ring insulator, φr = (white) 10, (grey) 15 and (black) 20 mm. The other operating conditions are:
Vac = 420 V, l1 = 16.5 cm.

materials (figure 5). The same cathode current value evolutions

are observed for the Macor and Nylon for the three diameters.

Obviously, with larger diameters, the discharge occupies a

larger volume and the cathode current is higher. A steady

discharge (cathode) current is obtained after 1–2 h running with

the cells in Macor and Nylon.

For the three diameters of Teflon insulator, the cathode

current values are lower than those obtained with Nylon and

Macor. However, the cathode current always decreases during

time and discharge instabilities are observed after a run of about

10 h. Also, for the Pyrex insulator the cathode current never

attains a plateau. The best stable glow discharge regime and

the lowest power consumption are achieved for a Macor or

Nylon insulator 10 mm in diameter.

Previous experimental results have been recorded with the

current delivered by the discharge sustaining power supply

limited at 10 mA. Here, this current is limited at 0.7 mA, a value

just lower than the asymptotic value obtained in figure 5 for a

Macor or Nylon insulator 10 mm in diameter. The discharge

starts when the power supply is turned on and the discharge

current is stationary 2 min after running and remains constant

over a long period of several hours.

3.5. Electron kinetic energy distribution

The potential is not linearly distributed inside the GDES cell.

Due to the small cathode–anode distance, typically merely

the cathode fall, negative glow plasma and anode sheath

regions exist [4, 25]. The cold cathode discharge works in

the abnormal regime confirmed by the shape of the current

voltage characteristics of figure 4. The cathode fall region is

close to the cathode with the largest potential difference, while

the negative glow plasma region takes up the largest part of the

cell with a quasi-constant positive potential. In the cathode fall

region, the electrons are violently accelerated by the strong

electric field into the plasma where they lose kinetic energy

through inelastic collisions with neutrals and ions. The anode

sheath region has a short distance where the potential plasma

returns to zero, the potential typically applied to the anode.

The electrons are repelled in this region. However, the voltage

drop in the anode sheath is small, so electrons with enough

energy can cross the sheath, losing kinetic energy, and then a

part of them passes through the anode aperture, so that in the

negative glow plasma there is a complicated electron energy

distribution function [26].

5
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Figure 6. Plate current versus potential applied between the plate and anode for Vac = 400 (triangle), 420 (diamond), 450 (square), 480
(bullet), 500 (black triangle), 520 (black diamond) and 535 V (black square). The operating conditions are: nylon ring insulator,
l1 = 16.5 cm and φr = 10 mm.

Figure 7. Plate current versus potential applied between the plate and anode for Macor with φr = 10 mm (triangle), Nylon with φr = 10 mm
(square), Nylon with φr = 15 mm (diamond) and Nylon with φr = 20 mm (circle). The operating conditions are: Vac = 420 V, l1 = 16.5 cm
and IC = 0.7 mA.

The variation of the plate current versus the potential

applied between the plate and anode is plotted in figure 6 for

different values of the dc potential Vac applied between the

anode and cathode to sustain the discharge. As the shape of

the curves shows an increase of the plate current for positive

values of the potential applied between the plate and anode,

another source of electrons exists between the anode aperture

and the plate. That is confirmed by the difference of increase

between IC and IP measured currents for the same range of

Vac. For an increase of Vac from 400 to 545 V, IC increases by

3.1 times while IP increases by 4.75 times. Due to gas effusion

at the anode aperture, the local pressure is higher enough to

take into account an additional source of secondary electrons

outside the cell close to the anode aperture, according to the

kinetic energy of the primary electrons exiting from the anode

aperture.

In figure 6, for the negative values of VPA up to about

−10 V, no electron is detected by the plate. The primary

electrons have kinetic energies lower than 10 eV and are

collected by the outside conductive surface of the anode leading

to IP = 0. For positive values of the potential applied between

the plate and anode, the plate current continues to grow in

order to achieve a plateau from VPA = 20–30 V up to 200 V,

the maximal measured value (not shown in figure 6). This can

be interpreted to mean that no secondary electrons can reach

the anode over this potential value, leading us to assume that

secondary electron kinetic energy is lower than 20–30 eV.

Moreover, the two insulator materials tested (Macor and

Nylon) give the same results (figure 7). A cell with larger inner

diameter does not significantly increase the plate current.

3.6. Electron current, power consumption and emission

efficiency

The available current of electrons can be increased using higher

discharge sustaining voltages (table 1 and figure 6). A positive

potential difference between the positive-ion creation zone and

anode greater than 20 V must exist when this cell will be used

6
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Table 1. Power consumption and emission efficiency versus
discharge sustaining voltage.

Vac (V) IC (µA) Pac (W) IP (µA) IP/Pac (µA W−1)

400 510 0.20 0.12 0.59
420 650 0.27 0.15 0.55
450 877 0.39 0.21 0.53
480 1140 0.55 0.32 0.58
500 1306 0.65 0.39 0.60
520 1478 0.77 0.46 0.60
545 1690 0.92 0.57 0.62

as an electron source coupled to a mass spectrometer with

similar geometric and potential configurations. This is because

the mean value of the kinetic energy of electrons reaching the

plate must be at the optimum of the electron-impact ionization

cross-section, typically equal to 70 eV.

As a result, the maximal electron current available can

be read from the asymptotic value of the positive voltages in

figure 6. A value of about 0.6 µA is attained with Vac = 545 V.

The power consumption is less than 1 W and the emission

efficiency is 0.62 µA W−1.

4. Conclusion

The GDES cell is an interesting source of electrons having

low kinetic energies ranging over a few tens of eV. Macor

and Nylon are recommended for the cylindrical ring insulator,

while Teflon is not, as previously reported in reference [27].

The electron current can attain 0.6 µA at Vac = 545 V with

an efficiency of 0.6 µA W−1. The stability of the discharge is

quickly observed and remains constant over several hours by

limiting the power supply current.

The coupling of this electron source with the mass

spectrometer requires a specific electrostatic attractive and

focusing device for the electrons. In the ion creation zone, the

electrons must possess a kinetic energy distribution centred

on 70 eV (depending on the targeted molecules), and a range

of optimal values for the electron-impact ionization cross-

section. With such a narrow range of kinetic energy at the

anode aperture, it will then be easy to have all of the electrons

available to ionize the molecules with an optimal cross-section

value.
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