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Appendix D

SHORT DESCRIPTION OF PROGRAMS CONTAINED IN FILE: “E_ProbeIVsolver1.xls” 
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1. Introduction 


An immediate practical application of a theoretical and experimental material presented in the book Langmuir Probe in Theory and Practice is problematic because of the complicated character of expressions and algorithms that must be applied for experimental data processing to determine the undistorted plasma parameters being distorted by the real probe in the general case. To provide a fast start of a probe I-V characteristics processing, ten separate programs (built with VBA6) corresponding to the eight most important probe application cases are presented in the file “E_ProbeIVsolver1.xls”. 


To protect the file “E_ProbeIVsolver1.xls” from accidental damage or corruption, please copy it with the different name in a separate folder and recopy it with the original name: “E_ProbeIVsolver1.xls” for operation upon request 

Before program operation, select “Add-Ins” on the Tools menu; and select the check boxes: “Analysis ToolPak”, “Analysis ToolPak – VBA”, “Conditional Sum Wizard”, “Internet Assistant”, “Lookup Wizard”,and “Solver Ad-in”; then click OK. 

2. Content of file “E_ProbeIVsolver1.xls” 


The file “E_ProbeIVsolver.xls” is an EXCEL Workbook as spreadsheets containing nine pages named according to the program operating with each page: “AfterglowElectrons,” “GENERAL,” “Glow_KnownE_Drift,” “Glow_UnknownE_Drift,” “Secondr_EmissDistrShD,” “Self_EmissMaxw,” “SelfEmissE_Flow_Istrp,” “MagntE_Flow_Istrp,” “ShiftMaxwellE_Flow,” “e_FreePath” along with the page named “Library.” 


Each page assigned to a corresponding program begins with two columns. The first of them is column A, containing a time array (or array of a probe voltage measured with respect to the grounded electrode or a metallic chamber contained plasma) having a green banner with the inscription “t, s; V, V” placed in cell A1; and the second one is column B, containing an array of the probe current expressed as voltage 
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 (on the equivalent load resistor 
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) having a green banner with the inscription 
[image: image3.wmf]Lz

Ri

´

, V placed in cell B1. The same format of the probe I-V characteristic is conventional for “Tektronix” oscilloscopes in the case of oscillograms written on floppy-disk (or flash-card) and copied to an EXCEL page. The polarity of array 
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, V and its arrangement (rising or descending function) can be chosen according to user convenience. However almost all the probe current arrays presented on the pages and in the Library have a negative symmetrical “triangle” shape: the negative magnitude of the voltage 
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 rises from about zero to its maximum located in the middle of the array and then descends to about zero value again. This shape of the signal from the probe was defined by a precisely symmetrical triangle shape of a voltage sweep in the probe circuit applied for probe activation by the author, and the same symmetrical shape is extremely practical for the Fast Fourier Transform if applied for signal analysis or improvement. 


Before copy of any new data in columns A and B, the previous data should be deleted completely! (by selecting and pressing button with inscription: “ERASE” with a cursor). 

The maximum capacity of one wing of the array accepted by programs is 5000 digits. 
The upper cells of columns C, D, and, E with the corresponding green banners contain the probe radius: 
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– cell C2; probe length: 
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– cell D2; sweep-generator voltage rate: 
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dUdt

– cell E2; equivalent impedance of the probe load: 
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– cell C4; probe circuit total impedance: 
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– cell D4; and quantity of the probe current array experimental points chosen by the user for data averaging: 
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  – cell E4. Some additional data necessary for proper operation of a specific program should be entered in corresponding cells with green banners. Thus the green banners are always associated with the data input. Note that the same “green passport” of the probe I-V characteristic should be broadened in practical applications to include the name of the device where this characteristic was measured, the probe position in the device, physical characteristics of the vacuum, electrical characteristics of a plasma generator, and date and time of the experiment. 

After program operation, the probe voltage array 
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, V and the probe I-V characteristic 
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, A with its first 
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, A/V, and  second 
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, A/V2 derivatives are presented in columns F, G, H, and E respectively, provided with red and pink banners. These arrays are supplied with pedestals and the scale coefficients 
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[image: image18.wmf]¢¢

i

C

 for their best representation in a single common graph shown on each page as Fig. 1. Thus the true value of the probe current is 
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, and true value of the second derivative is 
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. All plasma parameters obtained by the program operation (output data) are provided with banners of red, pink, or lavender color. 

To activate a sub responsible for calculation of plasma potential 
[image: image22.wmf]p
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, the column A should be filled with a real probe voltage or (if the column A filled with operating time) the cell corresponding to a probe voltage crossing a zero should be filled with a mark 0 (zero integer). Otherwise each of program would print in a cell below red banner with inscription “Vp, V” a reminder: “MARKER?”. 

Note that if the column A is filled with a real probe voltage array, the cell E2 below the green banner with inscription “dU/dt, V/s” should be filled with a quantity 1. And if, for some reason, probe currents in a column B array are given in microamperes, µA, the cell C4 below the green banner with inscription “RL, Ohm” should be filled with a quantity 1000000. 
Each page is supplied with a Brown Button decorated with a white tab saying RUN.  To run the assigned program, click the active brown field of the RUN button. 
For proper program operation, after filling or correcting the input data (provided with green banners), no one cell containing the input data should be selected. To avoid accidental selection of operating cells, please position the cursor on the cell named “PARK” and click it to be sure that only this free cell is selected before starting the program with RUN. 
If you forget to fill the important input cells with the necessary data, or fill these cells with physically inappropriate data, the program will stop and display a tab with a blue upper banner reading “Microsoft Visual Basic” and the buttons “Continue,” “End,” “Debug,” and “Help” below. To resolve this situation, click the button “End,” fill the input cells with appropriate data, click the cell PARK, and restart the program by clicking the active Brown Button. 

If by mistake you clicked on “Debug” on the “Microsoft Visual Basic” tab, the Window with the banner “Microsoft Visual Basic-E_ProbeIVsolver1.xls” with program codes will appear. To return back to the EXCEL page, click “Close and Return to Microsoft Excel” on the File menu. 

On fields of columns C, D, and E, below the input data, there is a yellow banner with a brief commentary on plasma and probe operation conditions corresponding to the assigned program physical structure. 

If you are going to safe existing at spreadsheets probe IV characteristics after your works completing, click “File”, “Close”, and on the icon with a question: “Do you want to save the changes you made to ShunkoE_ProbeIVsolver1?”appeared chose (press) the answer: “No”. 

3. GENERAL is the simplest of the programs presented in the “E_ProbeIVsolver.xls” Workbook. This program calculates the voltage applied to the probe 
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probe I-V characteristic 
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 and its derivatives 
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where 
[image: image27.wmf]g
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 is the voltage of the sweep-generator in the probe circuit, and 
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 is the total impedance of the probe circuit. Thus the first result of this program operation is a graph shown in Fig. 1 available for fast superficial analysis and for cutting non-informative wings of arrays presenting the probe I-V characteristic. The second result is a quantity of experimental points 
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 (cell E4) of a probe current array you should choose for proper data averaging at which the first 
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 and especially the second 
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 probe I-V characteristic derivatives are expressed distinctly enough for further processing. 


4. “AfterglowElectrons” is a program that processes the probe I-V characteristic electron branch measured in weak afterglow plasmas. For this program operation, the value of neutral gas pressure “
[image: image32.wmf],Torr
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” should be input into cell C6, the mass                         of plasma ion  “
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” (atomic units) into cell D6, coefficient “
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” defining the electron diffusion in the near-probe vicinity (
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 in Eq. (3.105)) into cell E6, the value of the kinetic cross-section of the operating gas for low energy electrons “
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” into cell C8, the first coefficient “
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” of the squared electron drift velocity Tailor expansion should be inserted into cell D8(see Eq. (2.94)),  the second coefficient “
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” of this expansion should be inserted into cell E8, and also the operating gas temperature “
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”should be inserted into cell C10. 


The program structure assumes isotropic Maxwellian electron distribution. 

The program finds a point of plasma potential 
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 as a point of the sharp interruption of the probe I-V characteristic second derivative (rising exponentially 
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) and calculates the electron temperature by the Equation 
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showing the value 
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 in cell J2. A fragment of the exponential part of 
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 is plotted separately in Fig. 2. 

The temperature of the electrons is calculated also independently by the Equation 
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and is revealed in cell J4. 


The electron concentration 
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 disturbed by the probe and exposed in cell K4 is calculated by the expression 
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where 
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The value 
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 is displayed in cell K2. The value 
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 shown in cell P2 is evaluated by the expression 
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because the direct measurement of this value is hampered due to the low level of the signal from the probe as well as the threshold characteristics of the amplifier in the probe measurement circuit. The value of the probe potential bias 
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is shown in cell R2. 

The value of the electron concentration restoration factor: 
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where the value of 
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see Table I, 
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while 
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 are the neutral gas concentration and temperature in the manometer. The ratio 
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 appears in cell L4. The value of the reconstructed electron concentration 
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 is shown in cell M4. 


The electron concentration undisturbed by the probe 
[image: image62.wmf]n

+

 is also calculated by a completely different method based on the Equation 
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where 
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and 
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The value of the probe potential 
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 entered in Equations (2.53) and (2.55) is measured from the special point 
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 on the probe I-V characteristic where the second derivative 
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 has the second sharp change in its behavior, while the value 
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 is measured after the potential 
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 and in the vicinity 
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. The values 
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 found by the program are displayed in cells L6 and L8 and plotted in Fig. 1 as colored points. The value 
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 is evaluated by the Equation 
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and where 
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In view of Equations (2.103) – (2.105), the value 
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 is calculated using an iteration procedure where the equality 
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 is applied at initialization. The iteration procedure provides a precision (in calculations) better than 0.1% of 
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 calculated. The value 
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 found in this procedure appears in cell N4. A value of plasma potential Vp is displayed in a cell O4. 
5. “Glow_KnownE_Drift” is a program that processes the probe I-V characteristic electron branch in plasmas of glow discharges where the electron drift velocity 
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 is measured in the probe vicinity or evaluated by some other method and should be entered in cell D6. The electron distribution function expected should be chosen (for comparison with the experimental one) by entering the upper-case (capital) letters MSD (Maxwell distribution shifted and diffused) or DSD (Druyvestein’ distribution shifted and diffused) into cell E6. 

For proper operation this program requires the probe I-V characteristic measured in the range 
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. The program calculates the voltage applied to the probe: 
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the probe I-V characteristic 
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, and its derivatives: 
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where 
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 is the voltage of the sweep-generator in the probe circuit, 
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 is the probe circuit total impedance, and the value of the virtual plasma impedance 
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 is calculated by the Equation (2.91). 
The start value 
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 is entered in the program for the first approximation. 


The position of plasma potential 
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 is defined as the point where the second derivative of the probe I-V characteristic crosses the abscissa 
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The value of the electron concentration disturbed by the probe 
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 calculated by the Equation 
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is revealed in cell J4; while 
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 is shown in cell P2. 


The value of the average electron velocity 
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 entered in the Equation (1.7) is calculated by the Equation 
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which follows directly from Eq. (1.6) (here the dimension of 
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 is given in Volts).


The value of the electron energy 
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 corresponding to the most probable electron velocity 
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 is found as the energy 
[image: image104.wmf]eV

 corresponding to the potential 
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The values 
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 enable us to calculate the electron concentration value 
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 undisturbed by the probe in the first approximation by solving the cubic equation (see Sec. 2.1a): 
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for the factor 
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where 
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while 
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and calculate the Debye length 
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which is substituted further in the equation 
[image: image116.wmf]/()

DzzD

xrr

l

=+

 (see Table I C) to find in this approximation the value
[image: image117.wmf]1

()

D

Rx

presented in Table I C ( incorporated in the program) to substitute it in the Equation  
                                       
[image: image118.wmf]1

-6

[m]

[]()

410[cm/s][cm]

z

pD

dz

r

RRx

l

pm

W=

v

, 
 and further to substitute the calculated value of 
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 in Equations (2.92), (2.92a), and (2.92b) to close by this method a loop of the iteration procedure until the difference between two consecutive calculated values of 
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The ratio 
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 obtained in the latest iteration is shown in cell K4, the value 
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 is in cell L4, the Debye length 
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 of  the near-probe plasma calculated in the latest iteration. The probe potential bias 
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If you enter the upper-case (capital) letters MSD into cell E6, the program compares the second derivative of the probe I-V characteristic 
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 (reconstructed in iterations) with the Maxwellian distribution function shifted and diffused (described in Appendix B.2), assuming a deduced theoretically second probe current derivative in the form of the Equation 
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The graph calculated by Eq. (B14), least square best fitted with the experimental second derivative of the probe I-V characteristic 
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is depicted in Fig. 2. The value of the V-scale coefficient 
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obtained in the fitting procedure enables one to calculate main energetic parameters of the electrons in the approximation 
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 defined by the form (B14) are displayed in cells O2 and O4 respectively. 

The threshold effects of the signal amplifier and electromagnetic interferences hamper a precise measurement of the high energy wings of the probe I-V characteristics in the glow discharge. To eliminate their influence on the results of calculation, the program reconstructs the probe current 
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 at the probe potential equal to the plasma by the equation 
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where 
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 = 0.91906 is the Gamma-function. 


If you enter the upper-case (capital) letters DSD into cell E6, the program  compares the second derivative of the probe I-V characteristic 
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 (reconstructed in iterations) with the Druyvestein’ distribution function shifted and diffused (described in Appendix B.3), assuming the theoretically deduced second probe current derivative in form 
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The graph calculated by Eq. (B17), least square best fitted with the experimental second derivative of the probe I-V characteristic 
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, is shown in Fig. 2. The value of the V-scale coefficient 
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obtained in the fitting procedure, enables one to calculate the main energetic parameters of the electrons in the approximation 
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 defined by the form (B17) are displayed in cells O2 and O4 respectively. 

The threshold effects of the signal amplifier and electromagnetic interferences hamper a precise measurement of the high energy wings of the probe I-V characteristics in the glow discharge. To eliminate their influence on the results of the calculation, the program reconstructs the probe current 
[image: image148.wmf](0)
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 at the probe potential equal to the plasma one by the equation 
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which is the consequence of Eq. (B17). 
Plasma potential value Vp is displayed in a cell Q2. 

6. “Glow_UnknownE_Drift” is a program that processes the probe I-V characteristic electron branch in plasmas of glow discharges where the electron drift velocity 
[image: image150.wmf]d

v

 in the probe vicinity is unknown. The electron distribution function should be chosen (for comparison with the experimental one) by entering the upper-case letters MSD (Maxwell distribution shifted and diffused) or DSD (Druyvestein’ distribution shifted and diffused) into cell E6. 
 
To operate this program, the entire probe I-V characteristic measured in the ranges 
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 and  
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 should be entered in columns A and B. The part of the characteristic ranged 
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This program calculates the voltage applied to the probe 
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probe I-V characteristic 
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, and its derivatives 
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where 
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 is the voltage of the sweep-generator in the probe circuit, 
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 is the total impedance of the probe circuit, and the value of the virtual plasma impedance 
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 chosen by the user is input into cell C6 to obtain least square best fitting of the second derivative  
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calculated from the second derivative 
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iV

+

¢¢

 (of the same probe I-V characteristic) defined at 
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. In Fig. 2 the graphs of 
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are shown for comparison. 


If the value entered into cell B6 is 0, the program calculates the charge compensated case that does not assume any corrections of the  probe I-V characteristic and its derivatives and where 
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The position of plasma potential 
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 is defined as the point where the second derivative of the probe I-V characteristic crosses the abscissa 
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The value of the electron concentration disturbed by the probe 
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 is calculated by the Equation 
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and revealed in cell J4, while 
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 is shown in cell P2. The probe potential bias 
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 appears in cell P4. 


The value of the average electron velocity 
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 entered in Eq. (1.7) is calculated by the Equation 

                                  
[image: image178.wmf]7

00

1

[cm/s]5.9310()()

ViVdVViVdV

¥¥

-

æö

¢¢¢¢

áñ=´

ç÷

èø

òò

v

, 

where the dimension of 
[image: image179.wmf]V

 is given in Volts (follows directly from Eq. (1.6)), and is displayed in cell K2.


The value of the electron energy 
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 corresponding to the most probable electron velocity 
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 is found as the energy 
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 corresponding to the potential 
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 at which the product 
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 enable us to calculate the electron concentration value 
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 undisturbed by the probe by solving the cubic Equation (see Sec. 2.1a): 
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while 
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and calculate the Debye length 
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which is substituted further in the expression 
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to calculate the value of the electron drift velocity 
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 shown in cell M4. The ratio 
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  (see Eq. (2.9a)) obtained by this process appears in cell K4 and the value 
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 evaluated with the electron concentration disturbed by the probe is displayed in cell L2, the Debye length 
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 obtained for reconstructed parameters is in cell M2, and the electron energy 
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 corresponding to the most probable electron velocity is shown in cell J2. 


If you enter the upper-case letters MSD into cell E6, the program compares the second derivative of the probe I-V characteristic 
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 with the Maxwellian distribution function shifted and diffused (described in Appendix B.2), assuming the theoretically deduced second probe current derivative in form of the Equation 
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The graph calculated by Eq. (B14), least square best fitted with the experimental second derivative of the probe I-V characteristic 
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, is shown in Fig. 3. The value of the V-scale coefficient 
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obtained in the fitting procedure enables us to calculate the main energetic parameters of the electrons in the approximation 
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.  The average electron velocity 
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 and the electron energy corresponding to the most probable electron velocity 
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 defined by the form (B14) are displayed in cells O2 and O4 respectively. 

The threshold effects of the signal amplifier and electromagnetic interferences prohibit a precise measurement of the high energy wings of the probe I-V characteristics in the glow discharge. To eliminate their influence on the results of the calculation, the program reconstructs the probe current 
[image: image211.wmf](0)
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 at the probe potential equal to the plasma one by the equation 
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which is the consequence of Eq. (B14). 


If you enter the upper-case letters DSD into cell E6, the program  compares the second derivative of the probe I-V characteristic 
[image: image213.wmf]()
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 (reconstructed in iterations) with the Druyvestein’ distribution function shifted and diffused (described in Appendix B.3), assuming a theoretically deduced second probe current derivative in form of the Equation 
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The graph calculated by Eq. (B17), least square best fitted with the experimental second derivative of the probe I-V characteristic 
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, is shown in Fig. 3. The value of the V-scale coefficient 
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obtained in the fitting procedure, enables us to calculate the main energetic parameters of the electrons in the approximation 
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 and the electron energy corresponding to the most probable electron velocity 
[image: image220.wmf],
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 defined by the form (B17) are displayed in cells O2 and O4 respectively. 

The threshold effects of the signal amplifier and electromagnetic interferences hamper a precise measurement of the high energy wings of the probe I-V characteristics in the glow discharge. To eliminate their influence on the results of the calculation, the program reconstructs the probe current 
[image: image221.wmf](0)
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 at the probe potential equal to the plasma by the equation 
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which is the consequence of Eq. (B17). 


In cell Q2 the ratio 
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 is displayed. At a presence of significant noises, to which a value of 
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 is extremely sensitive (see Eq. (3.36)), the ratio 
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 can be calculated with a very low precision and then its value could be corrected by entering manually assumed negative number in cell Q2. 

Plasma potential value Vp is displayed in a cell Q4. 

7. “Secondr_EmissDistrShD” is a program that process the probe I-V characteristic electron branch in plasmas of sputtering magnetron where a strong secondary electron emission from the probe surface perceptibly reduces the total electron current on the probe surface in a range 
[image: image226.wmf]0
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 and where the same secondary electron emission provides a charge balance assuming 
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. The electron distribution function should be chosen (for comparison with the experimental one) by entering the upper-case letters MSD (Maxwell distribution shifted and diffused) or DSD (Druyvestein’ distribution shifted and diffused) in cell E6. 

The value of the magnetic field 
[image: image228.wmf][T]
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 is entered in cell D6. 
Thus this program calculates the voltage applied to the probe 
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the probe I-V characteristic 
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 and its derivatives: 
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where 
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 is the voltage of a sweep-generator in the probe circuit, and 
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 is the total impedance of the probe circuit. The probe bias 
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 is shown in cell P4. 


The program compares the second derivative  
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calculated from the second derivative 
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 (of the same probe I-V characteristic) defined at 
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. In Fig. 2 the graphs of 
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is the electron concentration calculated from the probe current 
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 (shown in cell P2) collected in the range of the probe potential 
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 repelling the secondary electrons. The value 
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 calculated by Eq. (1.7) appears in cell J4, and the ratio 
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 can be realized only if the distortion of plasma potential in the probe vicinity induced by the electron loss in the probe circuit is negligibly small; that assumes the approximate equation 
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The value of the average electron velocity 
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 entered in Eq. (1.7) is calculated by the Equation 
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where the dimension of 
[image: image260.wmf]V

 is given in Volts  (which follows directly from Eq. (1.6)). The value 
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 calculated by this process is shown in cell K2. 


The value of the electron energy 
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 corresponding to the most probable electron velocity 
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 is found as the energy 
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is displayed in cell L2. 

The values 
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, and 
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 enables the possibility of calculating the electron concentration value 
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 presumably undisturbed by the probe in the first approximation by solving the cubic equation (see Sec. 2.1a) 
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while 
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and calculate the Debye length 
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shown in cell M2. The ratio 
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If you enter the upper-case letters MSD in cell E6, the program compares the second derivative of the probe I-V characteristic 
[image: image290.wmf]()
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 with the Maxwellian distribution function shifted and diffused (described in Appendix B.2) assuming a theoretically deduced second probe current derivative in form of the Equation 

                                     
[image: image291.wmf](

)

(

)

2

cos

2

0

()cos

x

MSD

A

ixed

x

p

j

p

jj

--

¢¢

=-

ò

x

.                         (B14)

The graph calculated by Eq. (B14) least square best fitted with the experimental second derivative of the probe I-V characteristic 
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is shown in Fig. 3. The value of the V-scale coefficient 
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obtained in the fitting procedure enables one to calculate main energetic parameters of the electrons in the approximation 
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.  The average electron velocity 
[image: image296.wmf]SD

áñ

v

 and the electron energy corresponding to the most probable electron velocity 
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 defined by the form (B14) are shown in cells O2 and O4 respectively. 

The threshold effects of the signal amplifier and effects of the secondary electron emission prohibit a precise measurement of the high energy wings of the probe I-V characteristics in the discharge plasma. To eliminate their influence on the results of the calculation, the program reconstructs the probe current 
[image: image298.wmf](0)
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 at the probe potential equal to the plasma by the equation 
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which is the consequence of Eq. (B14). 


If you enter the upper-case letters DSD into cell E6, the program  compares the second derivative of the probe I-V characteristic 
[image: image300.wmf]()
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 (reconstructed in iterations) with the Druyvestein’ distribution function shifted and diffused (described in Appendix B.3), assuming a theoretically deduced second probe current derivative in a form of the Equation 
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The graph calculated by Eq. (B17) least square best fitted with the experimental second derivative of the probe I-V characteristic 
[image: image302.wmf]()
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is shown in Fig. 3. The value of the V-scale coefficient 
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obtained in the fitting procedure, enables one to calculate main energetic parameters of the electrons in the approximation 
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 and the electron energy corresponding to the most probable electron velocity 
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 defined by the form (B17) are shown in cells O2 and O4 respectively. 

The threshold effects of the signal amplifier and effects of the secondary electron emission hamper a precise measurement of the high energy wings of the probe I-V characteristics in discharge plasma. To eliminate their influence on the results of calculation, the program reconstructs the probe current 
[image: image308.wmf](0)
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 at the probe potential equal to the plasma by the equation: 
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which is the consequence of Eq. (B17). 


Plasma potential value Vp is displayed in a cell P6. 

8. “Self_EmissMaxw” is a program that processes the probe I-V characteristic electron branch obtained in dense plasmas generated by inductively coupled plasma generators providing conditions for strong probe heating by plasma to temperatures assuming an intensive thermal electron emission from its surface. The thermal electron emission from the probe surface promotes a charge balance in near-probe plasma resulting in the approximation 
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 (that should be preliminary checked by a reasonable agreement of all plasma parameters obtained by two probes of different diameters). 

For program proper operation, the probe I-V characteristics second derivatives 
[image: image311.wmf]()

iV

¢¢

 processed should have in the range 
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 a clear expressed exponential form reflecting the Maxwellian distribution function of the electrons in plasma studied. 
Thus this program calculates the voltage applied between the probe and plasma: 
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the probe I-V characteristic 
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 and its derivatives: 
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where 
[image: image317.wmf]g
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 is the voltage of a sweep-generator in the probe circuit, and
[image: image318.wmf]c
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 is the total impedance of the probe circuit. 

The program finds a point of plasma potential 
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 as the point where the second derivative of the probe I-V characteristic crosses the abscissa axis 
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, and calculates the electron temperature by the Equation (see fragment of 
[image: image321.wmf]()
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plotted in Fig. 2): 
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showing the value 
[image: image323.wmf]kT

 in cell J2. 

The electron temperature is calculated also by the Equation 
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and revealed in cell J4. 


The electron concentration 
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 shown in cell L4 is calculated by the expression: 
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where 
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and the value of the average electron velocity 
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 is indicated in cell K4. The value of 
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 is shown in cell O2. The probe bias 
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 is displayed in cell O4. The value of the average electron velocity 
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 is calculated also by the Equation: 
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and is shown in cell K2. The value of the Debye length calculated on the base of the energy 
[image: image334.wmf]p
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 and the electron concentration 
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appears in cell L2. 


Assuming that a small part of the 
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 exponential form was extracted in the vicinity  
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 by the thermo-electrons leaving the probe surface at 
[image: image339.wmf]0

V

£

, the function: 

                                               
[image: image340.wmf]()(0)exp(/)()

t

iViVkTiV

¢¢¢¢¢¢

D=-

,
responsible hypothetically for the thermo-electrons distribution, is calculated and presented in Fig. 3 (arrays 
[image: image341.wmf]t
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 and 
[image: image342.wmf]t
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 are shown in columns L and M beginning with the fifth row). The energy 
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 corresponding to the most probable velocity for this function is displayed in cell M2, the equivalent electron concentration 
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 is in cell M4, the average electron velocity 
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 is in cell N2, and the average electron energy 
[image: image346.wmf]t
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 in cell N4. 


Plasma potential value Vp is displayed in a cell O6.


9. “SelfEmissE_Flow_Istrp” is a program that processes the probe I-V characteristic electron branch obtained in dense plasmas generated by the vacuum ark-type sources or by inductively coupled plasma generators providing a high temperature of the probe surface heated by plasma to temperatures assuming intensive thermal electron emission. The thermal electron emission from the probe surface promotes a charge balance in near-probe plasma resulting in the approximation 
[image: image347.wmf]0
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 (which should be checked by the reasonable agreement of all plasma parameters obtained by two probes of different diameters). 

The probe I-V characteristic second derivative 
[image: image348.wmf]()
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 processed by this program should contain a clear expressed fragment induced by the supersonic electron flows neighboring with a fragment reflecting a presence of the electron population with a spherically isotropic distribution in velocity space (double-hunch type of 
[image: image349.wmf]()
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); see Fig. 1. 
Thus this program calculates the voltage applied to the probe: 
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the probe I-V characteristic 
[image: image351.wmf]()
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 and its derivatives: 

                                                         
[image: image352.wmf]1

1

c

gg

iii

R

VUU

-

æö

¶¶¶

=-

ç÷

ç÷

¶¶¶

èø

 ,                              (2.92a)

                                                          
[image: image353.wmf]22

22

3

1

c

gg

iii

R

VUU

-

æö

¶¶¶

=-

ç÷

ç÷

¶¶¶

èø

,                             (2.92b)

where 
[image: image354.wmf]g

U

 is the voltage of the sweep-generator in the probe circuit, and
[image: image355.wmf]c
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 is the total impedance of the probe circuit. The probe bias 
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 is displayed in cell R4. 


The program analyzes the high energy fragment of the probe I-V characteristic second derivative 
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 by its least square fitting with the theoretically calculated function 
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where 
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in a procedure of variation of the Mach number entered in Equations. (1.79) and  (1.80) as parameter 
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. The result of the least square fitting is shown in Fig. 2. The value of the Mach number found by this process appears in cell J2, the value of the scale factor found in the fitting procedure (see Eq. (1.80)) 
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is displayed in cell K2, the value of 
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 which is the electron temperature in the reference frame of the electron flow (see Eq. (1.80a)) is shown in cell J4 , the average electron velocity corresponding to this temperature 
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 is in cell K4, and the velocity 
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 of the reference frame (electron flow) is in cell L2. The program subtracts the theoretically defined function 
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 (responsible for the electron flow) from the experimental second derivative 
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 responsible for isotropically distributed electron population: 
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An array of 
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 is presented in the N-column below cell N5 with a banner provided with the corresponding inscription. A graph of 
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 is shown in Fig. 3. 


Integrating 
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 twice with respect to the variable 
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the program calculates a partial probe current 
[image: image374.wmf](0)
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 shown in cell N4 induced by the isotropic part of the electron distribution. 

A subtraction: 
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enables us to determine the partial probe current 
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 shown in cell M4 induced by the population of the electrons flowing supersonically. A concentration of the electrons of this population is calculated by the Equation  
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and is displayed in cell L4. Here (see Eq. (1.65)) 
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and 
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, 
[image: image380.wmf]1
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 are the Bessel functions of the imaginary argument. 



The electron concentration of isotropically distributed electrons is calculated by the Equation 
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and the result is in cell O4, where a value of the average electron velocity 
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 entered in Eq. (1.7) is calculated by the Equation 
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where the dimension of 
[image: image384.wmf]V

 is given in Volts, and is displayed in cell O2. 


The value of the electron energy 
[image: image385.wmf],
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 corresponding to the most probable electron velocity 
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 for the isotropic electron population is found as the energy 
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 corresponding to the potential 
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at which the product: 
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is at its maximum and appears in cell P4. 

The value of the Debye length shown in cell R2 is calculated by the Equation 
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In cells J2 and K2, the values of 
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 and 
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  are displayed. At a presence of significant noises, the same values can be calculated with a very low precision and then thy could be corrected by entering assumed negative numbers in these cells manually. 

 Also, at the noise presence, a magnitude of 
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 can be corrected manually by a value of the coefficient entered in cell C6 variation. 

A magnitude of 
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 portion responsible for diffused electrons can exceed the magnitude of 
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 portion responsible for run-away electrons. Then, for improvement of a best fitting of experimental an theoretical curves, operator should limit area of search of 
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-maximum by entering manually in cell D6 a fraction of a total ordinate 
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 where 
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 portion responsible for run-away electrons is approximately expected. 
Operator has possibility to chose a quantity of calculated points 
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 of the theoretical function 
[image: image402.wmf]()

ix

¢¢

 by substituting chosen number in cell E6. Maximum 
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Plasma potential value Vp is displayed in a cell Q6 if applicable. 
10. “MagntE_Flow_Istrp” is a program that processes the probe I-V characteristic electron branch obtained in plasmas generated by inductively coupled plasma generators  in vacuum chambers with magnetic fields. The high temperature of the probe surface heated by plasma assumes a thermal electron emission from the probe surface promoting a charge balance in near-probe plasma resulting in the approximation 
[image: image404.wmf]0
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. However the “magnetic tubes” limit the delivery of the electrons to the probe surface, which induces electron deficiency effects. 

The value of the magnetic field 
[image: image405.wmf][T]
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 is entered into cell D6. 

The probe I-V characteristics second derivative 
[image: image406.wmf]()
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 processed by this program should contain the clear expressed fragment responsible for the supersonic electron flow neighboring with the fragment reflecting a presence of the electron population with a spherically isotropic distribution in velocity space; see Fig. 1. 
Thus this program calculates the voltage applied to the probe: 
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the probe I-V characteristic 
[image: image408.wmf]()
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 and its derivatives: 
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where 
[image: image411.wmf]g

U

 is the voltage of a sweep-generator in the probe circuit, 
[image: image412.wmf]c
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 is the total impedance of the probe circuit. The probe bias 
[image: image413.wmf](0)
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 is shown in cell T4. 


The program analyzes a high energy fragment of the probe I-V characteristic second derivative 
[image: image414.wmf]()
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 by its least square fitting with the theoretically calculated function 
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where 
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in a procedure of variation of the Mach number entered in Eqs. (1.79) and (1.80) as parameter 
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. The result of the least square fitting is shown in Fig. 2. The value of the Mach number found by this process is displayed in cell J2, the value of the scale factor found in the fitting procedure (see Eq. (1.80)): 
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appears in cell K2, the value of 
[image: image419.wmf]MS
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, which is the electron temperature in the reference frame of the electron flow (see Eq. (1.80a)), is shown in cell J4, the average electron velocity corresponding to this temperature 
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 is in cell K4, and the velocity of the reference frame (electron flow) is displayed in cell L2. The program subtracts the theoretically defined function 
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 (responsible for the electron flow) from the experimental second derivative 
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 and calculates the fragment of 
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 responsible for the isotropically distributed electron population: 
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An array of 
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 is presented in the L column below cell N5 with a banner provided with the corresponding inscription. A graph of 
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 is shown in Fig. 3. 


Integrating 
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the program calculates the partial probe current 
[image: image430.wmf](0)
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 shown in cell O2 induced by the isotropic part of the electron distribution. 

A subtraction: 

                                                         
[image: image431.wmf](0)(0)(0)

MSiso

iii

=-

 

reveals the partial probe current 
[image: image432.wmf](0)
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 appearing in cell M2 induced by the population of the electrons flowing supersonically. The value of 
[image: image433.wmf](0)
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 is shown in cell T2. A concentration of the electrons of this population is calculated by the Equation  
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and is displayed in cell L4. Here (see Eq. (1.65)) 
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and 
[image: image436.wmf]0
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, 
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 are the Bessel functions of the imaginary argument. 



The electron concentration of the isotropically distributed electrons is calculated by the Equation 
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and shown in cell O4, where a value of the average electron velocity 
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 entered in the Equation (1.7) is calculated by the Equation 
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where the dimension of 
[image: image441.wmf]V

 is given in Volts, and is displayed in cell P2. 


The value of the electron energy 
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 corresponding to the most probable electron velocity 
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 for the isotropic electron population is found as the energy 
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 corresponding to the potential 
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at which the product: 
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The electron concentration of isotropic population is reconstructed according to the Equation
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where 
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 is the electron gyroradius shown in cell O6, and where delivery of the electrons to the probe vicinity was presumably provided with the average thermal electron velocity 
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The electron concentration of the e-flow is reconstructed according to the Equation: 
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The Debye length 
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are virtual Debye lengths corresponding to each part of the electron population, is calculated and presented in cell S4. The values 
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 are used to calculate the electron concentration 
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 presumably undisturbed by the probe by solving the cubic equation (see Sec. 2.1a) 
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while 
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and calculate the Debye length 
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At the next step if  
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 make it possible to calculate the electron concentration 
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 presumably undisturbed by the probe in the first approximation by solving the cubic equation (see Sec. 2.1a) 
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while 
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and calculate the virtual Debye length of runaway electrons 
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and Debye length defined by the both electron populations 
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[image: image496.wmf]a

 and 
[image: image497.wmf]Vx
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 are displayed. At a presence of significant noises, the same values can be calculated with a very low precision and then they could be corrected by entering assumed negative numbers in these cells manually. Also, at a noise presence, a magnitude of 
[image: image498.wmf]()
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 can be corrected manually by a value of the coefficient entered in cell D6 variation.
A magnitude of 
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 portion responsible for diffused electrons can exceed the magnitude of 
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 portion responsible for run-away electrons. Then, for improvement of a list square fitting, operator should limit area of 
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-maximum search by entering manually in cell E6 a fraction of a total ordinate 
[image: image502.wmf]V

 where 
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 portion responsible for run-away electrons is approximately expected. 
Plasma potential value Vp is displayed in a cell S6 if applicable. 
11. “ShiftMaxwellE_Flow” is a program that processes the probe I-V characteristic electron branch in plasmas of vacuum ark sources where all plasma electrons are organized in a directed flow. 

The value of the magnetic field 
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 directed along the vector 
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 should be entered into cell D6. 

This program calculates the voltage applied to the probe: 
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probe I-V characteristic 
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 and its derivatives: 
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where 
[image: image510.wmf]g
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 is the voltage of a sweep-generator in the probe circuit, 
[image: image511.wmf]c
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 is the total impedance of the probe circuit, and the beginning value of the virtual plasma impedance 
[image: image512.wmf]p
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 is entered by the user into cell C6 for the first approximation. 
 If the value entered in cell C6 is 0, the program calculates the charge compensated case that does not assume any corrections of the  probe I-V characteristic and its derivatives and where 
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The program defines a position of the plasma potential 
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 at a slightly expressed second maximum of the second derivative 
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The program analyzes the probe I-V characteristic second derivative 
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 by its least square fitting with the theoretically calculated function: 
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where 
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in a procedure of variation of the Mach number is entered as parameter 
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 in Equations (1.79) and (1.80). The result of the least square fitting is plotted in Fig. 2. The value of the Mach number found by this process is shown in cell J2, the value of the scale factor (see Eq. (1.80)) 
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appears in cell K2, the value of 
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, which is the electron temperature in the reference frame of the electron flow (see Eq. (1.80a)), is displayed in cell J4 , the average electron velocity 
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 corresponding to the mentioned temperature calculated by the Equation (Maxwellian distribution) 
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is in cell K4, and the velocity of the reference frame (electron flow) 
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 is shown in cell L2.  

The electron concentration disturbed by the probe is calculated by the Equation 
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and shown in cell M4. Here (see Eq. (1.65)) the probe bias 
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 is shown in cell R2. 
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where 
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 and 
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 are modified Bessel function of the imaginary arguments. The value 
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i

 is displayed in cell L4. 
The values 
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 , 
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, 
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, and 
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 make it possible to calculate the electron concentration 
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 presumably undisturbed by the probe in the first approximation by solving the cubic equation (see Sec. 2.1a) 
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for the factor 
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while 
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and calculate the Debye length 
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shown in cell P2 . The ratio 
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 defined by Eq. (2.9a) appears in cell N4, and the value 
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 is in cell O4. 


If the value 
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, the program calculates the variable 
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 to evaluate further the plasma impedance 
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. However if 
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, the electron concentration reconstruction is performed by the Equation 
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the Debye length is calculated with the electron concentration reconstructed by Eq. (B34) to find further the variable 
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 by this method. 


At the next step, the variable 
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 is calculated to find the value 
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; see Table I C (which is incorporated in the program body). And after that substituting the values 
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 in the Equation 
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the program calculates the value 
[image: image554.wmf]p
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, which is substituted further in the Equations (2.92), (2.92a), and (2.92b) to close the loop of the iteration procedure until the difference between the values of 
[image: image555.wmf]p
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, calculated in consecutive iterations, becomes less than 0.1% of the value calculated. The final value of 
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R

 obtained in this procedure is shown in cell O2. 

The value of the electron gyroradius 
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is displayed in cell P4. 

In cells J2 and K2, the values of 
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 and 
[image: image559.wmf]Vx
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  are displayed. At a presence of significant noises, the same values can be calculated with a very low precision and then they could be corrected by entering assumed negative numbers in these cells manually. 


Plasma potential value Vp is displayed in a cell Q4. 

11. Library is the page containing nine groups of double-arrays (the array of time, 
[image: image560.wmf]t

, [s], and the array of the probe current measured as a drop in potential, 
[image: image561.wmf]zzL
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, on a load resistor 
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) of the probe I-V characteristics supplied with corresponding banners. These arrays can be copied and substituted in the corresponding programs as tutorials if you find it necessary. The sme page contains also corresponding output 
banners, which can be copied and developed as well. 


12. e_FreePath is the page containing two groups of double arrays written in columns A, B and columns C, D: array of electron energies ℰ  in eV  - in column A with array of corresponding cross-sections of the electron collision σ in 10-16 cm2 with atoms or molecules of a chosen gas – column B; and array of a second derivative of the probe current i", A/V2 – column D with array of corresponding voltage V, Volt - column C. If one can recognize that array of the probe current second derivative pertains to isotropically distributed electrons in velocity space, the average electron velocity 
[image: image563.wmf]áñ
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 and energy 
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 can be calculated by expressions: 
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and could be found in cells G3 and M4 correspondingly. 


A gas pressure 
[image: image567.wmf]p

 and temperature 
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 in operating chamber can be written in cells E3 and F3 that allows one to calculate concentration of neutral atoms in the chamber 
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 are they concentration and temperature in a manometer. Then the program can calculate an effective frequency of the electron collisions with a neutral plasma component 
                   
[image: image572.wmf]00

7

1

59310

.(/)()()

eff

NNeViVdVViVdV

nsnse

-¥-¥

-

æö

¢¢¢¢

áñ=áñ=´

ç÷

èø

òò


and the electron free path 
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which are displayed in cells H3 and I3. 

Substituting the probe radius 
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 and length 
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 in cells K2 and L2 correspondingly we obtain possibility to calculate the probe current at plasma potential 
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and the electron concentration 
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(where 
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 is the probe surface area) which values can be found after program operation in cells J2 and J4. 
The most probable electron velocity 
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 which can be found in procedure of a search of a magnitude maximum , along the 
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 characteristic, for the product 
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, gives us possibility to calculate the Debye length 
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and its value can be found in cell L4. 


If, for some reason, you need evaluate a value of a single electron free pass for the gas conditions preset in cells E3 and F3, please set a chosen value of the electron energy in eV in cell H8 and press button “RUN”. The result of calculation you can find in cell I8. 
Good Luck 
Evgeny Shun’ko 
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