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DIGITAL APPROACH TO THERMIONIC EMISSION CURRENT
TO VOLTAGE CONVERSION FOR HIGH-VOLTAGE SOURCES
OF ELECTRONS
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Lublin University of Technology, Department of Automatics and Metrology, Lublin, Poland

Abstract. The thermionic emission current is used in many vacuum devices such as evaporators, rare gas excimers, or electron beam objects for high-
energy physics. The stability of the thermionic emission current is a very important requirement for the accuracy of those devices. Hence, there is a number
of control systems that use a feedback signal directly proportional to the emission current in order to stabilize the thermionic emission current. Most
of them use feedback from a high-voltage anode circuit to a low-voltage cathode circuit. However, there is a novel solution that uses linear cathode
current distribution and processing of two cathode circuit voltage signals for converting the emission current to voltage. However, it is based
on old-fashioned analog technology. This paper shows the thermionic emission current to voltage conversion method with the use of a digital control
system. A digital realization of a multiplicative-additive algorithm is presented and proper work in closed-loop mode is confirmed.
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CYFROWE PODEJSCIE DO METODY KONWERSJI NATEZENIA PRADU TERMOEMISJI
ELEKTRONOWEJ NA NAPIECIE DLA WYSOKONAPIECIOWYCH ZRODEL ELEKTRONOW

Streszczenie. Prqd termoemisji elektronowej jest wykorzystywany w wielu przyrzqdach prézniowych takich jak ewaporatory, ekscymery gazow rzadkich
czy w fizyce wysokich energii. Stabilnos¢ natgzenia prqdu termoemisji elektronowej jest waznym wymaganiem w kontekscie doktadnosci tych przyrzqdéw.
Istnieje wiele ukladow regulacji natezenia prgdu termoemisji elektronowej, ktore uzywajq sygnatu sprzezenia zwrotnego wprost proporcjonalnego
do natezenia prqdu termoemisji elektronowej w celu jego stabilizacji. Wigkszo$¢ z nich wykorzystuje sprzezenie od wysokonapigciowego obwodu anody
do niskonapieciowego obwodu katody. Istnieje nowe rozwiqgzanie, ktore wykorzystuje liniowy rozktad prgdu katody oraz przetwarzanie dwoch sygnatow
z obwodu katody w celu konwersji natezenia prgdu termoemisji na napigcie. Niestety metoda ta bazuje na przestarzalej technologii analogowej.
W niniejszej pracy pokazana zostala konwersja natgzenia prgdu termoemisji elektronowej na napiecie z uzyciem cyfrowego ukladu automatycznej
regulacji. Cyfrowa realizacja algorytmu multiplikatywno-addytywnego zostala zaprezentowana, a poprawna praca w zamknietej petli sprzezenia
zwrotnego potwierdzona.

Stowa kluczowe: emisja elektronow, zrodla elektronow, synteza systemu sterowania, sterowanie cyfrowe

Introduction e NI USB-6251 data acquisition card from National
Instruments,
the main electronic system processing measurement and

control signals,

There are many vacuum devices that use thermionic electron .
sources operating under temperature or space charge limited
mode, such as electron beam objects for high energy physics [17], o controlled system — a hot cathode electron source.
water radiolysis [21], [23] integrated circuit manufacturing A PC is a platform for control algorithms implemented
process monitors [16], X-ray photoelectron spectroscopes [22],  in the LabVIEW environment. The algorithm’s more detailed
devices producing rare gas excimers [3] or evaporators [15]. description is in the next section below. The data acquisition card
The stability of the electron emission current is one of the most [24] offers 8 differential inputs or 16 inputs operating
important requirements for electron sources. Most thermionic in the common potential mode with a resolution of 16 bits.
emission current stabilizers use negative feedback loop control The maximum sampling rate is 1.25 MS/s for single-channel
systems where thermionic emission current is measured in a high- operation or 1 MS/s for multi-channel operation. In addition,
voltage anode supply circuit [1, 4-10, 12, 14, 15, 18, 19]  the card offers 2 analog outputs with a resolution of 16 bits
and transferred to a low-voltage cathode supply circuit. and a sampling frequency of 2.86 MS/s for single-channel
For relatively low values of electron accelerating voltage both, operation and 2 MS/s for two-channel operation. The analog
the cathode and the anode circuits, can be at a common electric inputs of measuring amplifiers of the data acquisition card were
potential. However, for higher values of electron accelerating  used in the differential configuration ensuring the reduction
voltage, some modifications are needed due to the limited of the common signal at the outputs.
breakdown voltage of semiconductor components, such as optical

isolation [15], [8], in order to safe signal transfer between s il
the anode and the cathode circuit. LabVIEW _Power Supply

An impediment to transferring feedback signal in high-voltage e ks
electron sources was a ground for a novel solution using cathode |:|] ’ Supply
circuit currents measurements to convert emission current into /R ZI0V/i5A = Vs
voltage [13]. This solution offers relatively high conversion S Electron
accuracy for low values of the electron work function of the ]'S_ - source
cathode material. However, it bases on old-fashioned analog ' 1, L . Conditioning | AT
technology. This paper shows the thermionic emission current to AOO =) OAy >— "y T e Al
voltage conversion method with the use of a digital control DAQ ' TN Ve
system. An implementation of a digital algorithm is presented, NI'USB-6251 Ve =il ’ e
and proper work in closed-loop mode is confirmed. All ’”:M | =

ATO —

1. Hardware design

A block diagram of control system hardware is presented
in Fig. 1. The control system hardware consists of several main
hardware components:

e a PC with the Windows operating system and LabVIEW
scientific and engineering software from National Instruments,

Fig. 1. A block diagram of control system hardware. OA; is the high-current
operational amplifier OPA 549, V, is the anode supply voltage, Vi is the cathode
circuit supply voltage, Vr: and Vg, are voltage drops across sensing resistors R; and
R, in the cathode circuit, respectively, I is a process value of the electron emission
current, | is the cathode heating current, C means the cathode, A means the anode
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The center of the test stand is an electronic system designed
to process measurement and control signals. There are 2 circuits:
cathodes one and anodes one.

Fig. 2 shows a schematic diagram of the electronic system.
The cathode power supply voltage V, is fed to the cathode through
the operational power amplifier OA,; (OPA549, Texas
Instruments) with a voltage gain of 1.2 VV/V. The current in the
cathode circuit also flows through the sensing resistors Ry and R,.
The signal V, fed from power supply unit constitutes the control
voltage of the anode. The emission current flows through the
anode, the cathode, and the resistor R, to the ground of the system.

=10V /5A
N

Rl [1:002%

Fig. 2. Detailed control system hardware diagram. Controlling signals: Vi
is the cathode power supply voltage, V. is the cathode voltage, V, is the anode supply
voltage; Vri and Vg, are voltage drops across sensing resistors R; and Ry,
respectively; Al0 and All are analog inputs of the data acquisition card, AOO
is analog output of the data acquisition card

The system uses two sensing resistors VPR221 (Vishay Foil
Resistors) [25] with a resistance of 1 Q, tolerance = 0.02%,
maximum temperature coefficient of +£5 ppm/°C, and power
of 8 W each. They are connected in series in the cathode circuit:
the resistor R, between the control voltage source Vy
and the cathode terminal; the resistor R; between the other cathode
terminal and the common reference potential — the ground
of the system. According to the analysis presented in [13],
the potential drop across the resistor R, is directly proportional
to the cathode heating current I,

Vrz = Rzl (1)
while the potential drop across the resistor R; is directly
proportional to the sum of the currents flowing through
the resistor.

Ve = Ra(lc + 1) (2)

Voltage signals from the terminals of the resistors are fed
to the inputs of the data acquisition card, where they are subjected
to analog-to-digital conversion. A high-voltage power supply
in the anode circuit supplies energy to the anode.

2. Algorithm

Data acquisition, analysis, and control algorithm
are implemented with the use of a PC with Windows operating
system and LabVIEW (National Instruments) environment.
The algorithm is presented in Fig. 3.

The algorithm begins with the initialization of the data
acquisition card. Moreover, the following properties are
configured: the source of the clock signal (internal clock signal),
the type of measurement (differential), the range of input values
(0-2Vor0-10V), and the sampling frequency (250 kSPS).
The next part of the process is reading the input signals.
The collected measurement data contains a noise signal.
Therefore, as part of digital processing, the data is averaged over
the iteration period of the algorithm, and then transformed
according to assumption R = R; = R, and formula (3).

I, = VRl;VRZ (3)
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The iteration period of the algorithm was determined as — Fig. 3.
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Fig. 3. The algorithm diagram

Ty = —Tos = 100 ms @)
where T is the iteration period of the control algorithm, and Tgs
is the settling time (until the step response reaches 95%
of the set value). Then, depending on the active mode, the value
of the control signal is calculated with the use of given parameters
(closed feedback loop) or the data, such as the cathode circuit
supply voltage V/, is taken from an user (open feedback loop).
In the case of the closed-loop operation, the user has to determine
the reference value of the electron emission current lg.f. Next,
the output signals of the data acquisition card are updated. At this
point, the control process can be completed, or the cycle starts
again, i.e. reading the input signals.

A block diagram of the developed of the electron emission
current control system is presented in Fig. 4.

As one can see, the controlled system covers two input signals
and three output signals. The thermionic electron source has a
higher-order inertia nature [20], [11]. Taking into account small
signal transconductance G(s) [13]

Go

G(s) = e~5To (5)
Tes+1
where G, is the DC transconductance, T, is the time constant,
Ty is the delay time, s is the Laplace operator, and the equation
derived in [13], which describes electron accelerating voltage V
V =V, = 3Rele — 3Rl ®)
where R; is the resistance of the cathode; the controlled system

transfer function H(s) (see Figure 4) can be described as a series
of two transfer functions, Hy(s) and H,:

Hy(s)
I Go  —sT,
] = [ |ma ™
¢ 1
Ry +Ry+R,
H, Va
— I
v [t —iRc+R —iR +R] ’ ®)
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Fig. 4. A block diagram of the electron emission current control system; I’ is the digital set value of the electron emission current, I is the process value of the electron
emission current, |’ is a digital value of the electron emission current, Aly’ is a digital value of an electron emission current error, V, is the anode supply voltage,
V is the accelerating voltage, Vi’ is the digital value of the cathode circuit supply voltage, Vi is the cathode circuit supply voltage, I. is the cathode heating current,
G((z), H(s) and Gzon(s) are transfer functions of the controller, the electron source, and digital to analog converters respectively. Koas is gain of the operational amplifiers OA;.
Vr1 and Vg, are the voltage drops across the measurement resistors Ry and R; in the cathode circuit, respectively, Vri’ and Vg’ are digital values of the voltage drops Vg;
and Vgy, block ADC is an analog to digital converter, block DSP is digital signal processing

3. Results

The controlled system is a hot cathode electron source.
A vacuum diode, 1B3-GT type [2], was used for the tests due
to the favorable ratio of the thermionic emission current
to the heating current. The rated value of the cathode current
is 200 mA, at which the value of the thermal emission current
is equal to 3.9 mA (the electron accelerating voltage is equal
to 60 V). The cathode has the form of a filament and has a length
of 6 mm and a diameter of 0.482 mm. The measurements
of the emission current and the cathode voltage were made using
HP 34461A multimeters. Type B relative standard uncertainty
values of voltage V. and current I, are less than 0.0028%
and 0.03%, respectively. Fig. 5a shows the static characteristic of
the investigated electron source, that is thermionic emission
current I, as a function of the cathode voltage V. for different
values of the anode supply voltage V, and Figure 5b presents
the thermionic emission current I, vs. the anode supply voltage V,
for different values of the cathode current I...

The measurements were performed at open-loop control
mode, for heating current I, up to 200 mA, the anode supply
voltage V, up to 65 V, measurements resistors R; and R, were
shortened (R; = R, = 0 Q). As one can see in Fig. 5a and Fig. 5b
the thermionic emission current is dependent on the cathode
voltage V. and the anode supply voltage V.. However,
for relatively low values of the anode supply voltage (V, <10 V)
and the cathode voltage more than 0.85 V, the electron source
operates in the space charge range. Then the thermionic emission
current remains approximately constant with the increase
of the cathode voltage V.. For higher values of the anode voltage,
the space charge range is more exiguous, and the emission current
saturation range is wider.

Fig. 6 presents the difference of voltage drops Vg; and Vg,
across measurement resistors R; and R, measured by data
acquisition card as a function of thermionic emission current I,
and also linear fitting. The linear function can be expressed
by the equation

Vi1 — Vg = 0.9993 -1, — 0.0035 9)
and a correlation coefficient is 0.99998. Relative nonlinearity
for emission current higher than 1 mA is lower than 0,01 %.

Fig. 7 shows the 20-minutes relative standard deviation
of the thermionic emission current for the closed-loop mode
operation of the thermionic emission current control system.
The anode voltage is set to 60 V to ensure that the electron source
operates outside the space charge area. The average value
of all relative standard deviation points is 0.18 % which confirms
the satisfactory stabilization of the thermionic emission current
and proper work of the control system using l.-V conversion
method in the cathode supply circuit.
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Fig. 5. a) The thermionic emission current I vs. the cathode voltage V. for different
values of the anode supply voltage V, b) the thermionic emission current
le vs. the anode supply voltage V, for different values of the cathode current I..
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Fig. 6. Difference of voltage drops Vgi and Vg, across measurement resistors Ry

and R, measured by data acquisition card vs. thermionic emission current I (dots)
and linear fitting (line)
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Fig. 7. The 20-minute relative standard deviation of the thermionic emission current
le for the closed-loop mode operation. The average value of the relative standard
deviation is 0.18 %. The anode voltage is 60 V

4. Conclusions

The implementation of the electron emission current to the
voltage conversion method in the digital control system
was presented. Moreover, the conversion of the emission current
to voltage with the use of vacuum diode and sensing resistors
in the cathode power supply circuit was successfully tested.
The results of experiments with the use of the data acquisition
card and digital signal processing of measurement signals confirm
high linearity of conversion for more than 1 mA of the thermionic
emission current. A relatively high value of the thermionic
emission current to the cathode heating current ratio contributes
to satisfactory stabilization of the thermionic emission current
control system. Moreover, the digital controller is easily tuneable
and offers system management or monitoring.
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