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Abstract

:

Thermionic emission sources are key components of electron impact gas ion sources used in measuring instruments, such as mass spectrometers, ionization gauges, and apparatus for ionization cross-section measurements. The repeatability of the measurements taken with such instruments depends on the stability of the ion current, which is a function, among other things, of the electron beam current and electron accelerating voltage. In this paper, a laboratory thermionic electron beam current and accelerating voltage controller is presented, based on digital algorithm implementation. The average value of the percentage standard deviation of the emission current is 0.021%, and the maximum electron accelerating voltage change versus the emission current is smaller than 0.011% in the full operating range of the emission current. Its application as a trap current or emission current-regulated ion source power supply could be useful in many measuring instruments, such as in microelectromechanical system (MEMS) mass spectrometers as universal gas sensors, where a stable emission current and electron energy are needed.
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1. Introduction


The thermionic electron sources operating in the Schottky current range used in gas ion sources generate an ionizing electron beam with a specific intensity and energy. They are widely used in many measuring tools, such as apparatus for ionization cross-section measurements [1,2,3], ionization gauges [4,5], mass spectrometers, and in microelectromechanical systems (MEMS) technology [6,7]. Electron beam ion source technology has been applied in the Relativistic Heavy Ion Collider at Brookhaven National Laboratory [8].



The measure of the electron ionization process is the ion current I directly proportional to the concentration of the gas molecules. Assuming that all ions produced in the ion source are extracted from the source, the expression of I can be written as follows:


  I = n  I e  l Q  E   



(1)






  E = e V  



(2)




where n is the concentration of the gas molecules; Ie is the ionizing electron thermionic emission current, hereinafter referred to as the emission current or electron beam current; l is the effective ionizing path length; Q(E) is the total electron impact ionization cross-section function of the electron energy E; e is the electron charge; and V is the electron accelerating voltage. It was assumed that the initial energy of emitted electrons is negligible.



In ion source operating conditions, the emission current significantly depends on the changes in the cathode work function caused by adsorption-related phenomena on its surface. A method of dynamic measurement of work function variations of metal cathodes caused by adsorption of residual gases and results for tungsten and tantalum cathodes are presented in paper [9]. Variations of the electron beam current affect the stability of the ion current and decrease the repeatability of measurement results of a gas concentration or ionization cross-section (see Equation (1)). However, as the ratio of the ion current over the electron beam current is measured, the need for electron beam current stabilization can be eliminated, for example, in cross-section measurements [1,2,3]. In ionization gauges and mass spectrometers, for the high stability of sensitivity and repeatability of measurement results [4,5], the electron beam current and accelerating voltage should be maintained at preset constant values, and, therefore, both quantities must be perfectly stabilized, which complies with the concept of the cognitive process in metrology [10]. It should be noted that, in some instruments, such as mass spectrometers, the Klopfer ionization gauge [5], only a part of the electron beam current collected by a trap electrode, as a true ionizing current, should be stabilized [11].



Many control systems of thermionic electron sources established upon analogue [11,12,13,14,15,16,17,18,19] or digital [20,21] technology provide only emission or the trap current stabilization. The electron accelerating voltage is dependent on the cathode heating voltage and the voltage drop across the emission current sensing resistor (see Equation (3)). For this reason, the selection of optimal electron impact ionization conditions is difficult and time-consuming. Several circuits ensure the independence of the electron accelerating voltage from the voltage drop across the electron emission sensing resistor, but the effect of the cathode heating voltage is not reduced [19,22,23]. In the digital controller of the ionization vacuum gauge [24], to control the electron accelerating voltage, the anode voltage and the cathode biasing voltage are stabilized, but the influence of the cathode heating voltage still remains. The circuit presented in paper [25] allows independent setting and stabilization of the emission current and the electron accelerating voltage, but it is made with analogue technology without the abilities of proportional–integral–derivative (PID) controller tuning, system management, and monitoring.



This work describes a digital control system of thermionic electron sources operating in gas ion sources, which ensures the independent control of the electron beam current and accelerating voltage. The controller was developed to work with hot cathode electron sources with a heating current of up to 3 A, an emission current of up to 16 mA, and an accelerating voltage of up to 125 V.




2. Design


A simplified diagram of the control system electrical circuit is shown in Figure 1.



The control system consists of a National Instruments USB data acquisition card (NI USB-6251), a personal computer with Windows and LabVIEW authors software, the controlled system, and intermediary circuits. The data acquisition card uses a 16-bit, 1 MS/s analogue-to-digital converter and two 16-bit, 2.8 MS/s digital-to-analogue converters and is responsible for signal conversion between the control algorithm and the system.



The voltage drop that is developed across the R5 resistor by the flowing emission current is transferred as a negative feedback signal from the high-voltage anode circuit to the low-voltage cathode circuit by a precision unity-gain difference amplifier A3 (INA149 from Texas Instruments). The high-current operational amplifier A1 (OPA549 from Texas Instruments) controlled by the DAC0 card output voltage drives the cathode in order to obtain the desired emission current Ie.



The high-voltage power operational amplifier A2 (PA441 from Apex Microtechnology) is controlled by DAC1 card output voltage. Its output voltage serves to supply the anode circuit. According to the results shown in Figure 1, the electron accelerating voltage may be written in the following form:


  V =  V a  −  I e   R 5  − 0.5  V c   



(3)







According to above equation, the control system, for each value of the emission current Ie and the cathode voltage Vc over the whole operating range, automatically adjusts the anode circuit supply voltage Va to maintain a fixed value of the electron accelerating voltage, V and, finally, electron energy, E (see Equation (2)). Therefore, the proposed control system gives a precise value of the electron accelerating voltage, which is usually omitted in other reported circuits [11,12,13,14,15,16,17,18,19,20,21,22,23,24].



A block diagram of the designed control system is presented in Figure 2, where Ieref’ is the discrete reference value of the emission current, e’ is the error, Vc’ is the discrete value of the output voltage of the control algorithm, VR5 is the feedback voltage (the voltage drop across R5 resistance) proportional to the system output value Ie, and VR5′ is the digital value of the feedback voltage for an emission current control loop. Ie’ is the digital representation of the emission current Ie. Kp, Ti, and Td are the controller tuning values, and they are selected according to the emission current and a tuning values map. Vref’ is the digital value of the reference accelerating voltage, and Va’ is the digital value of the anode supply voltage. GPID(z) is the discrete transfer function of the control algorithm; GZOH(s) is the transfer function of the zero-order hold; KA1 = 1.2 V/V, KA2 = 13 V/V, and KA3 = 1 V/V are the pure gains of A1, A2, and A3 amplifiers, respectively; and G(s) is the transfer function of the thermionic electron source. The block named A/D realizes digital-to-analogue conversion.



The thermionic electron source is described by nonlinear static characteristics [26], and its dynamic properties can be expressed by first-order inertia with delay [17]. For this reason, a modified three-input and two-output signal transfer function equation of the thermionic electron source can be written as follows:


         I e       V      =         K (  I e  )   T (  I e  ) s + 1    e  − s  T 0  (  I e  )      0   0      − 0.5    1    − 1              V c         V a         V  R 5          



(4)




where K(Ie) is the gain, T(Ie) is the time constant, and T0(Ie) is the time delay dependent on the output value Ie [26]. The VR5 value, as shown in Figure 1, is a signal that decreases the electron accelerating voltage V.



Due to the nonlinear character of the electron source, the nonlinear form of the PID controller, GPID(z), is implemented:


   G  P I D    z  =  K p     I e      1 +    T s     T i     I e          z + 1   z − 1     +    T    d       I e       T s        z − 1  z       



(5)




where Kp(Ie) is the proportional gain, Ti(Ie) is the integral time coefficient, Td(Ie) is the derivative time coefficient, and Ts is the sampling period. The tuning parameters are dependent on the output value, Ie.



A general algorithm of the authors’ LabVIEW software is presented in Figure 3. It realizes proportional–integral–differential (PID) control to stabilize the electron beam current and a feedforward algorithm to make the electron energy and the electron beam current independently. The program applies the algorithm, which includes two modes of work: an open and closed loop. In the open-loop mode, the user determines only the cathode heating voltage Vcref’ and the accelerating voltage Vref’. These values are used as the heating voltage Vc’ and the anode supply voltage Va’. In the closed-loop mode, the voltage VR5 proportional to the emission current Ie is acquired, averaged, and recalculated to the discrete emission current value Ie’. Next, the discrete proportional–integral–derivative algorithm of the control is realized using PID tuning values dependent on the real value of the emission current to determine the heating voltage. The accelerating voltage is determined with the feedforward method using known values of the feedback voltage VR5′ and previously calculated heating voltage Vc’. The last part of the control loop sets the output values of the controller.




3. Results


The measurements of the emission current and the electron accelerating voltage were made for the electron source with a tungsten cathode (40 mm long, 0.1 mm in diameter) installed in a Bayard-Alpert gauge using HP 34461A multimeters. The total measurement errors of current intensity and voltage (including the reading error and the range error) are less than 0.027 and 0.0036%, respectively. Figure 4 shows the results of implementing feedforward control of the electron accelerating voltage, and Figure 5 presents the dependence of the emission current on the electron accelerating voltage V. The maximum percentage change in the electron accelerating voltage over the whole range of the emission current is smaller than 0.011%, which confirms that the implemented feedforward algorithm strongly reduces changes in the accelerating voltage during the emission current adjustment. This allows the electron energy, associated with the maximum value of the ionization cross-section Q, to be kept constant in the gas ion source while selecting the emission current to obtain satisfactory ionization efficiency. This property is also highly suitable to realize harmonic or pulse electron impact gas ionization at the given optimal electron energy. On the other hand, the experimental data presented in Figure 5 show that the emission current stays constant within a wide range of accelerating voltages, thereby confirming the proper operation of the control system as the accelerating voltage changes.



To show the stability of the emission current, its standard deviation was determined. The duration of the measurement for each value of the emission current was 180 s, which is longer than the usual measurement time for mass spectrometer isotope ratios. Figure 6 and Figure 7 show plots of the standard deviation and percentage standard deviation of the emission current, respectively.



The average value of the percentage standard deviation of the emission current is 0.021%, and the maximum percentage change in the electron accelerating voltage is smaller than 0.011%, indicating the high quality of the ionizing electron beam. The obtained two-hour standard deviation for 1 mA of the emission current and 100 V of the accelerating voltage was equal 225 nA (0.025%), which is comparable to the 180 s emission current standard deviation.



The presented system represents the next step after the simple digital thermionic PID controller described in [21]. Table 1 contains a comparison of both systems.



The proposed system is lab-friendly because it uses high-level programming language, a PC, a data acquisition card, and off-the-shelf components, which allows for the system to be easily built, run, and tested. Such a system also allows one to acquire the electron emission current, the electron accelerating voltage, and their statistics parameters. The current form of the control system is relatively expensive, but it can be realized with a microcontroller, thereby lowering the manufacturing costs and energy consumption.



The presented design applied as the emission current or the trap current controller in an embedded system could be useful in many measuring instruments with an electron impact gas ion source where a stable ion current and high repeatability of measurement results are needed. Additionally, in our opinion, part of the control system concerning only the feedforward control algorithm of the electron accelerating voltage can be used with an original vacuum gauge [27] where the emission current is a measure of cesium vapor pressure; however, further experiments are recommended.




4. Conclusions


Basic investigations concerning triple-input, double-output electron beam current and accelerating voltage control systems were carried out. The results of the investigations show that the feedback voltage that is directly proportional to the electron beam current and the cathode heating voltage obtained during PID running and used for feedforward control of the electron accelerating voltage allows for independent stabilization of the electron beam current and accelerating voltage. The emission current closed-loop system eliminates the need to annealing the cathode, makes the emission current more resistant to vacuum pressure changes, and offers easy monitoring and configuration. The presented digital control system that uses a PC and the LabVIEW software is lab-friendly; however, it can be easily implemented in an embedded system, making it a suitable sub-component of a low-cost MEMS mass spectrometer device–universal gas sensor, ensuring high quality of the ionizing electron beam.







Author Contributions


Conceptualization and methodology, J.S. and J.M.; software, investigation, and data curation B.K.; writing—original draft preparation, B.K. and J.S.; writing—revision, J.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Lublin University of Technology, Lublin, Science fund No. FN-18/2021.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bull, J.N.; Lee, J.W.L.; Vallance, C. Absolute Electron Total Ionization Cross-Sections: Molecular Analogues of DNA and RNA Nucleobase and Sugar Constituents. Phys. Chem. Chem. Phys. 2014, 16, 10743–10752. [Google Scholar] [CrossRef]

	



Märk, T.D.; Dunn, G.H. (Eds.) Electron Impact Ionization; Springer: Wien, Austria, 1985; ISBN 978-3-7091-4030-7. [Google Scholar]

	



Zawadzki, M. Electron-Impact Ionization Cross Section of Formic Acid. Eur. Phys. J. D 2018, 72, 12. [Google Scholar] [CrossRef]

	



Elkatmis, A.; Kangi, R. Remarks Concerning about the Characteristics of the Extractor Vacuum Gauge and the Quadrupole Mass Spectrometer. Measurement 2019, 131, 269–276. [Google Scholar] [CrossRef]

	



Jousten, K.; Boineau, F.; Bundaleski, N.; Illgen, C.; Setina, J.; Teodoro, O.M.N.D.; Vicar, M.; Wüest, M. A Review on Hot Cathode Ionisation Gauges with Focus on a Suitable Design for Measurement Accuracy and Stability. Vacuum 2020, 179, 109545. [Google Scholar] [CrossRef]

	



Tassetti, C.-M.; Mahieu, R.; Danel, J.-S.; Peyssonneaux, O.; Progent, F.; Polizzi, J.-P.; Machuron-Mandard, X.; Duraffourg, L. MEMS Electron Impact Ion Source Integrated in a Microtime-of-Flight Mass Spectrometer. Sens. Actuators B Chem. 2013, 189, 173–178. [Google Scholar] [CrossRef]

	



Syms, R.R.A.; Wright, S. MEMS Mass Spectrometers: The next Wave of Miniaturization. J. Micromech. Microeng. 2016, 26, 023001. [Google Scholar] [CrossRef]

	



Alessi, J.G.; Barton, D.; Beebe, E.; Bellavia, S.; Gould, O.; Kponou, A.; Lambiase, R.; Lockey, R.; McNerney, A.; Mapes, M.; et al. The Brookhaven National Laboratory Electron Beam Ion Source for RHIC. Rev. Sci. Instrum. 2010, 81, 02A509. [Google Scholar] [CrossRef]

	



Durakiewicz, T.; Sikora, J.; Halas, S. Work Function Variations of Incandescent Filaments during Self-Cooling in Vacuum. Vacuum 2006, 80, 894–898. [Google Scholar] [CrossRef]

	



Mroczka, J. The Cognitive Process in Metrology. Measurement 2013, 46, 2896–2907. [Google Scholar] [CrossRef]

	



Yinon, J.; Ganz, M. Trap Current Regulated Ion Source Power Supply for a Mass Spectrometer. Rev. Sci. Instrum. 1975, 46, 1707–1708. [Google Scholar] [CrossRef]

	



Chapman, R. Versatile Wide Range Electron Current Regulator. Rev. Sci. Instrum. 1972, 43, 1536–1538. [Google Scholar] [CrossRef]

	



Close, K.; Yarwood, J. A Precision Electron Emission Regulator. Vacuum 1972, 22, 45–46. [Google Scholar] [CrossRef]

	



Shaw, S.-Y.; Lue, J.T. An Integrated Circuit Based Vacuum Ionisation Gauge Meter. J. Phys. E Sci. Instrum. 1980, 13, 1150–1153. [Google Scholar] [CrossRef]

	



Watanabe, F.; Hiramatsu, S.; Ishimaru, H. A Modulated-Emission Pressure Gauge System. Vacuum 1984, 34, 673–674. [Google Scholar] [CrossRef]

	



Halas, S.; Sikora, J. Electron Emission Stabiliser with Double Negative Feedback Loop. Meas. Sci. Technol. 1990, 1, 980–982. [Google Scholar] [CrossRef]

	



Donkov, N.; Knapp, W. Control of Hot-Filament Ionization Gauge Emission Current: Mathematical Model and Model-Based Controller. Meas. Sci. Technol. 1997, 8, 798–803. [Google Scholar] [CrossRef]

	



Sikora, J. Method of Enhancing the Repeatability of Mass Spectrometer Measurement Results. Metrol. Meas. Syst. 2003, 10, 101–116. [Google Scholar]

	



Sikora, J. Dual Application of a Biasing System to an Electron Source with a Hot Cathode. Meas. Sci. Technol. 2003, 15, N10–N14. [Google Scholar] [CrossRef]

	



Flaxer, E. Programmable Smart Electron Emission Controller for Hot Filament. Rev. Sci. Instrum. 2011, 82, 025111. [Google Scholar] [CrossRef] [PubMed]

	



Kania, B.; Sikora, J. Thermionic emission controller with PID algorithm. In 2016 MIXDES, Proceedings of the 23rd International Conference “Mixed Design of Integrated Circuits and Systems”, Łódź, Poland, 23–15 June 2016; Napieralski, A., Ed.; Lodz University of Technology: Łódź, Poland, 2016; pp. 480–483. ISBN 978-1-5090-3099-6. [Google Scholar]

	



Durakiewicz, T. Electron Emission Controller with Pulsed Heating of Filament. Int. J. Mass Spectrom. Ion. Process. 1996, 156, 31–40. [Google Scholar] [CrossRef]

	



Herbert, B. A Circuit for Stabilizing the Electron Current to the Anode of a Hot-Filament Device. Vacuum 1976, 26, 363–369. [Google Scholar] [CrossRef]

	



Hansen, D.C. Ionization Pressure Gauge with Bias Voltage and Emission Current Control and Measurement. U.S. Patent 9927317, 27 March 2018. [Google Scholar]

	



Sikora, J.; Halas, S. A Novel Circuit for Independent Control of Electron Energy and Emission Current of a Hot Cathode Electron Source. Rapid Commun. Mass Spectrom. 2011, 25, 689–692. [Google Scholar] [CrossRef] [PubMed]

	



Kania, B.; Sikora, J. System Identification of a Hot Cathode Electron Source: Time Domain Approach. AIP Adv. 2018, 8, 105107. [Google Scholar] [CrossRef]

	



Shida, J.; Wu, F.; Spieglan, E.; Çalışkan, M. Tungsten Thermionic Emission as a Gauge for Low Pressures of Cesium Vapor. Instruments 2020, 4, 34. [Google Scholar] [CrossRef]








[image: Sensors 21 02878 g001 550] 





Figure 1. A simplified diagram of the control system electrical circuit. Vc is the cathode voltage, Ie is the emission current, Va is the anode circuit supply voltage, V is the electron accelerating voltage. R1 = 12 kOhm; R2 = 2.4 kOhm; R3 = 10 kOhm; R4 = 120 kOhm; R5 = R6 = 570 Ohm. The operational amplifier A1 and differential amplifier A3 are supplied from the voltage source of +/−12 V/5 A, and the operational amplifier A2 is supplied from the voltage source of 125 V/100 mA. All supplied voltage sources are referenced to the ground. 
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Figure 2. A block diagram of the designed control system. 
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Figure 3. The general algorithm of the presented control system. 
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Figure 4. Results of the feedforward control of the electron accelerating voltage V. 
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Figure 5. Plot of the emission current Ie versus the electron accelerating voltage V. 
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Figure 6. Standard deviation of the emission current versus its intensity; the accelerating voltage V = 100 V. 
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Figure 7. Percentage standard deviation of the emission current versus its intensity. 
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Table 1. Control systems comparison.






Table 1. Control systems comparison.










	
	Presented Control System
	Previous Control System [21]





	Controller hardware platform
	PC
	µC



	Programming language
	G (LabVIEW)
	C



	Control of emission current
	Yes
	Yes



	Control algorithm
	PID, gain scheduling
	PID, gain scheduling



	Feedback signal transferring from the controlled to the control circuit
	Instrumentation amplifier
	Current mirror



	Average relative standard deviation of emission current
	0.021%
	0.015%



	Control of electron accelerating voltage
	Yes
	No



	Maximum percentage change in

electron accelerating voltage
	0.011%
	Estimated 2.360%
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