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1 Introduction

1.1 Program function

HiPhi calculates electrostatic �elds in arbitrary three-dimensional systems.
The program generates eitherdielectric or conductivesolutions. In dielectric-
type solutions, regions in the solution-space may represent electrodes, di-
electrics and space-charge density. In conductive-type solutions, the regions
correspond to electrodes or resistive media. You can include upto 127 ma-
terial types in a solution. HiPhi has several advanced technical capabilities:

� High accuracy using �nite-element techniques on conformal hexahedron
meshes.

� Unmatched computation speed through unique structured meshes, op-
timization for Windows PCs and full FORTRAN95coding.

� Dynamic memory allocation for large mesh capacity (20-50 million el-
ements on a standard PC).

� Advanced techniques to assign continuous spatial variations ofpoten-
tial, dielectric constant, conductivity and/or space-charge density to
regions from mathematical speci�cations.

The HiPhi package includes two programs:

� HIPHI.EXE{ generates electrostatic solutions interactively in a window
or automatically under batch �le control

� PHIVIEW.EXE{ generates plots and calculates �eld quantities from
HiPhi solution �les.

MetaMesh , the AMaze universal conformal mesh generator, is required to
prepare input geometry �les.

HiPhi has the power to address the full range of your applications and
keep pace with your growing expertise. Nonetheless, learning the program
can be relatively painless if you proceed in manageable steps. We suggest
the following sequence of activities:

� Follow the walkthrough example in the next section. This willgive you
quick introduction to the programs.

� Section 1.3 gives a brief review of electrostatic theory and introduces
important terms.
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� Read Chap. 2 to understand the procedure forHiPhi calculations and
the organization of data �les.

� Try some of the ready-to-run solutions supplied in the example library.
The examples illustrate many important techniques and may serve as
templates for your applications.

� Chapters 6 through 9 gives detailed descriptions of the capabilities of
the PhiView postprocessor.

� Tackle advanced topics when you have some experience with thepro-
grams. Chapter 3 describes how to modifyHiPhi scripts to invoke
advanced functions. Other topics include creation of microscopic solu-
tions to model small details (Sect. 3.3), de�nition of continuous spatial
variations of potential and material properties (Chap. 4) and auto-
matic operation of programs in the background under batch �le control
(Sect. 5.2).

� Chapter 11 describes theHiPhi output �le format. The information is
useful if you want to port data to your own analysis programs. Finally,
Chap.12 reviews techniques for calculating mutual capacitances in a
multi-electrode system.

1.2 Walkthrough example

A quick way to understand the solution procedure is to step through a simple
example. TheWALKTHRUcalculation describes �elds created by a spherical
high-voltage electrode on a dielectric support at an o�set position inside a
grounded box. Move the �leWALKTHRU.MIN(supplied in the example library)
to a working directory. Table 1 shows a portion of the input �leto de�ne the
system geometry. TheMetaMesh manual describes the format and logic
of the script. The listed parts are: 1) a box representing vacuumthat �lls
the entire solution volume, 2) the cylindrical dielectric support and 3) the
spherical electrode. To ensure the proper assignment of node region numbers,
the dielectric regions appearbefore the �xed-potential electrode region. Not
listed are �ve parts that set a �xed-potential condition on the boundaries
of the solution volume at +y, � x, + x, � z and +z. Because the system is
symmetric about y = 0:0, we leave the boundary� y unassigned. Therefore,
the boundary automatically assumes the special Neumann condition (i.e.,
electric �elds parallel to the surface).

To begin, we shall useGeometer to check the geometry of the assem-
bly. Run the program, choose the commandFile/Load script and pick
WALKTHRU.MIN. Figure 1 shows views normal to they and x axis. The display
was created by modifying the default view with the followingoperations:
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Figure 1: Orthographic views of theWALKTHRUgeometry. Left: view normal
to y axis. Right: view normal to x axis.

� Click on View/Toggle parts/regions to display objects by their region
number.

� UseView/Displayed parts/regions to bring up the view settings dialog.
To see the internal parts, uncheck theSolid box for Region 4 so that
the boundary is displayed as a wireframe. (Note that Region 1 isnot
displayed by default.)

� Click the View/Grid control command and uncheck theDisplay grid
box.

� ChooseView/X normal axis or View/Y normal axis.

You can also set up three-dimensional views like that of Fig. 2 byclick-
ing the View/Orthogonal/perspective command. The �gure illustrates the
use of clipping inMetaMesh . Although we de�ne a full sphere, only the
portion of the electrode inside the solution volume is represented. Similarly,
MetaMesh clips the cylindrical dielectric support at the solution-volume
boundary. Exit or minimize Geometer and run MetaMesh . Choose the
commandFile/Load MIN �le and pick WALKTHRU.MIN. Then chooseProcess
mesh to generate the mesh of Fig. 3. Use the commandFile/Save meshto
create the �le WALKTHRU.MDF.

We are now ready to useHiPhi . Run the program fromAMaze , choose
the Setup command and pick the �le WALKTHRU.MDF. The program displays
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Table 1: Excerpts from �le WALKTHRU.MIN, input to MetaMesh

GLOBAL
XMesh

0.00 9.00 N 90
End
YMesh

0.00 3.00 N 30
End
ZMesh

0.00 6.00 N 60
End
RegName 1 Vacuum
RegName 2 Support
RegName 3 Electrode
RegName 4 Boundary

END
PART 1

Type Box
Region Vacuum
Fab 18.0 6.00 12.00

END
PART 2

Type Cylinder
Region Support
Fab 0.80 4.00
Shift 4.00 0.00 0.00
Surface Region Vacuum

END
PART 3

Type Sphere
Region Electrode
Fab 1.5
Shift 4.00 0.00 3.00
Surface Region Vacuum
Surface Region Support

END
...

ENDFILE
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Figure 2: Perspective view of theWALKTHRUgeometry. The boundaries of the
solution volume have been shaded.

Figure 3: Three-dimensional view of the completed mesh for theWALKTHRU
example,
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Figure 4: Dialog to setHiPhi control parameters and region properties.

the dialog of Fig. 4. Note that the grid contains a row for each mesh region.
There are four columns in the grid where you can enter values:Potential
(�xed voltage), EpsilonR (relative dielectric constant),Sigma(electrical con-
ductivity in S/m) and Rho (space-charge density in units of coulomb/m3).

The entries in the Control parameter section of the dialog have the fol-
lowing functions:

� DUNIT. Sets a factor to convert coordinate units used inMetaMesh
to meters. Pick conThe value is the number of mesh units per meter:
39.37 for inches, 100.0 for cm.

� RESTARGET. Accuracy tolerance for the iterative matrix solution of
the �nite-element equations.

� MAXCYCLE. Maximum number of cycles in the iterative solution.

� BOUNDARYand SUPERPOSITION. Advanced program capabilities de-
scribed in Sect. 3.3.

� OMEGA. A parameter in the range 0.0 to 2.0 to control the iterative
matrix solution.

The column options in the region grid box determine the material prop-
erties of the regions and the solution type (dielectric or conductive). An
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Table 2: HiPhi script WALKTHRU.HIN

Mesh = walkthru
DUnit = 1.0000E+02
ResTarget = 1.0000E-07
MaxCycle = 1000
* Region 1: VACUUM
Epsi(1) = 1.0000E+00
* Region 2: SUPPORT
Epsi(2) = 1.5700E+01
* Region 3: ELECTRODE
Potential(3) = 2.5000E+04
* Region 4: BOUNDARY
Potential(4) = 0.0000E+00
EndFile

entry in the Potential column speci�es that the region is a �xed-potential
electrode in both solution types. Entires in theSigma column speci�es a
conductive solution, while entries in theEpsilonR and/or Rho column signal
a dielectric solution. HiPhi issues an error messages if regions have mixed
conductive and dielectric properties. If onlyEpsilonR appears, the program
setsRho = 0:0 by default. Similarly, HiPhi assumes thatEpsilonR = 1:0
if only Rho is speci�ed. The values in Fig. 4 de�ne a dielectric solution with
the following region characteristics:

� Region 1. Dielectric (vacuum):� r = 1:0.

� Region 2. Dielectric (support): � r = 15:7.

� Region 3. Fixed potential (electrode):� = 2:5 � 104 V.

� Region 4. Fixed potential (boundary): � = 0:0 V.

Set up the dialog with the values shown and clickOK. HiPhi uses the in-
formation in the dialog to create the scriptWALKTHRU.HINshown in Table 2.
Chapter 3 reviews the script format and advanced program capabilities.

ChooseRun in the main HiPhi menu and pickWALKTHRU.HIN. The pro-
gram uses information inWALKTHRU.MDFand WALKTHRU.HINto create �nite-
element equations appropriate for the conformal mesh and material proper-
ties and then solves the equations. The complete procedure takes about 25
seconds.HiPhi creates the binary �le WALKTHRU.HOUwhich contains infor-
mation on the mesh geometry and the electrostatic potential atnodes.
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Figure 5: Slice plot normal to thex axis at position x = 4:05 cm.

To analyze the solution, startPhiView from AMaze . Pick File/Load
solution �le or click on the tool. Pick the �le WALKTHRU.HOUin the dialog.
PhiView can generate a wide variety of 2D and 3D plots. Chapters6, 7 and
8 give detailed information. Here, we shall look at two examples. To create
the 2D equipotential plot of Fig. 5, go to theSlice plot menu. On theChange
view popup menu, pick the commandSet slice plane properties. Click the X
Axis button, move the slider to x = 4:05 and then clickOK. Note the slope
discontinuity of equipotential lines at the edge of the dielectric.

To create a 3D plot, return to the main menu and click onSurface plots.
On the Plot control popup menu chooseSurface plot style. The default plot
shows the variation of electric �eld in a plane normal toz. Click the button
for the y axis, move the slider toy = 0:0 and click OK. Next, we shall add
the spherical electrode to the plot for reference. On thePlot control menu
click on Displayed regions. Activate Region 3 and clickOK. To get a better
view, we need to rotate the plot. On theAdjust view menu click on Set
surface view. Set the view angles to approximately� x = � 80:0o, � y = 0:0o

and � z = � 150:0o. With some tuneup using the zoom and displacement
tools, you should see the plot of Fig. 6. The �gure shows the variation of jEj
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Figure 6: Working environment of PhiView showing a surface plot ofjEj
in a normal plane.

over the symmetry plane. The dielectric support is at the bottom.
To illustrate the numerical-analysis capabilities ofPhiView , return to

the main menu, clickFile/Run script and chooseWALKTHRU.SCR. PhiView
carries out an extended analysis based on instructions in the �le. To view the
script, click on Edit script and choose the �le. The internal program editor
loads and shows the following content:

INPUT WalkThru.HOU
OUTPUT WalkThru
FULLANALYSIS
REGION 3
ENDFILE

The �rst statement ensures that the proper solution �le is loadedwhile the
second statement opens a data �le to write the results. The command Full-
Analysis instructs the program to take volume integrals over all regions of the
solution volume, while the commandRegion 3 initiates volume and surface
integrals over the electrode region. To inspect the output �le WALKTHRU.DAT,
use the commandFile/Edit data �le . Table 3 summarizes results listed in
the �le. PhiView has computed the volume of regions by taking Gaussian
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integrals over individual hexahedron elements. The computed volume of the
spherical electrode (Region 3) is 7:066� 10� 6 m3, close to the theoretical
value of the half-sphere of radius 1.5 cm: 7:069� 10� 6 m3. The computed
total electrostatic �eld energy is 7:0204� 10� 04 J at an applied potential of
2:5 � 104 V. Using the expressionU = CV2=2, we �nd that the capacitance
of the half-assembly is 2.247 pF. Next consider the surface integral values de-
termined in response to the command Region 3. The calculated surface area
is 1:427� 10� 3 m2 while the theoretical prediction is 1:414� 10� 3 m2. We
can also double-check the capacitance calculation using the surface charge
value determined by integrating the normal electric �eld over the surface of
the electrode. The calculated result is 5:658� 10� 8 coulombs. The formula
C = Q=V gives the capacitance as 2.263 pF, within 0.7% of the volume
integral result.

1.3 Theoretical background

This section discusses dielectric and conductive electrostaticsolutions and
reviews the nature of boundary conditions. To begin, considera volume
with electrodes and ideal dielectrics (i.e., zero conductivity). If we apply
a pulsed voltage, the distribution of charges on electrodes (and hence the
�elds in the volume) is determined by capacitive coupling. The �elds for the
dielectric-type solution are given by the Poisson equation

r � (� r r � ) = �
�
� 0

; (1)

where � is the electrostatic potential, � r is the relative dielectric constant,
� is the space-charge density and� 0 = 8:854� 10� 12 F/m. Next consider a
system with imperfect dielectrics with non-zero conductivity. If we apply a
rapidly-pulsed voltage, the charge distribution on electrodes early in time is
determined by capacitive coupling. Later the initial charge relaxes by 
ow
through the conductors and the distribution is determined entirely by the
media conductivities. Therefore, we seek a dielectric-type solution when 1)
media in the solution volume have zero conductivity or 2) the voltage pulse
is short. The resistive relaxation time for a material with relative dielectric
constant � r and conductivity � is given by

� RC =
� r � o

�
: (2)

As an example, consider water with� r = 81:0 and a volume resistivity of
1 M
-cm ( � = 10� 4 S/m). Equation 2 implies a relaxation time of 7� s.
Therefore the dielectric model would be justi�ed if we apply a200 ns voltage
pulse to a small volume of water.
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Table 3: Contents ofWALKTHRU.DATproduced byWALKTHRU.SCR.

---------- Global analysis of the solution volume -------- --

Fixed-potential and void regions
NReg Potential Volume

(V) (m3)
=============================

3 2.50000E+04 7.06572E-06
4 0.00000E+00 0.00000E+00

Dielectric regions
NReg Epsilon Rho |E|(min)

(relative) (c/m3) (V/m)
==========================================

1 1.00000E+00 0.00000E+00 1.23057E+01
2 1.57000E+01 0.00000E+00 1.08600E+05

|E|(max) Energy Volume
(V/m) (J) (m3)

=======================================
2.93209E+06 4.26957E-04 1.53312E-04
2.20694E+06 2.75078E-04 1.61892E-06

Global field energy: 7.02035E-04 J
Global volume: 1.61997E-04

---------- Analysis of Region Number 3 ----------

Fixed potential: 2.50000E+04
Volume integral quantities
Volume: 7.06572E-06 (m3)
Surface integral quantities

Surface area: 1.42714E-03 (m2)
Induced change: 5.65788E-08 (coulombs)
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Figure 7: Example of a mixed dielectric-conductive electrostatic solution.

Conductive e�ects always dominate over long time scales. We need to
qualify this statement for the special case of a conductive systemthat in-
cludes regions of ideal dielectrics as in Fig.7. We can determine the static
�eld solution in the conductive regions by treating the dielectrics as perfect
insulators (� = 0:0). On the other hand, the �eld solution inside the dielec-
tric region depends on the spatial variation of dielectric constant. Here the
conductive solution determines a �xed-potential conditionalong the dielec-
tric boundary. We solve for the �elds inside by applying Eq. 1 with a given
potential distribution on the boundary (Dirichlet condition).

For a dielectric-type solution with no space charge,HiPhi solves the
Laplace equation:

r � (� r r � ) = 0 (3)

In a conductive medium, the current density is related to the gradient of
potential by:

j = � r �: (4)

Conservation of charge in the medium implies that:

r � j = 0; (5)

or
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Table 4: Material types in dielectric and conductive solutions

Object Dielectric Conductive
Electrode Fixed potential Fixed potential
Insulator � � 1
Floating electrode � r � 1 � � 1

Figure 8: Special Neumann boundaries.

r � [� r � ] = 0: (6)

Equation 6 has the same form as Eq. 3 with the substitution� r ! � . Table 4
reviews how to represent materials in the two solution types.. Note that
a 
oating electrode has zero internal electric �eld and an initially-unknown
potential determined by the dielectric or conductive properties of surrounding
materials.

The boundary is the outer edge of the solution volume. For electrostatic
problems, node potentials on the boundary can be set to one of two condi-
tions.

� Dirichlet . Boundary points have a �xed potential that is not a�ected
by the potential at neighboring nodes. A region of uniform-potential
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nodes represents an electrode (equipotential volume). Electric �eld
lines are normal to such a surface.

� Neumann . The normal derivative of the potential is speci�ed. The
boundaries inHiPhi are limited to the special case where@�=@n=
0. The special Neumann condition implies that the electric �eld is
parallel to the boundary. One of the advantages of the �nite-element
method is that all boundaries that are not �xed automatically satisfy
the special Neumann condition, even if they are slanted or curved.
Neumann boundaries are often used to reduce computation time for
symmetric systems. For example, Fig. 8 shows an equipotential plot for
a solution of the �elds between two spherical electrodes with adielectric
inclusion. By utilizing automatic Neumann boundaries at the top and
bottom, we can limit the section to a fraction of the interelectrode
volume.
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2 Organizing HiPhi calculations

2.1 Procedures and �les

The HiPhi package consists of the programhiphi.exe that computes the
physical solution andphiview.exe , a post-processor for analyses of the re-
sults. The solution program can run in two modes: interactively in a win-
dow or autonomously in the background under batch �le control. Similarly,
PhiView can run as an interactive application under user control or au-
tonomously under script �le control. The autonomous modes allow auto-
matic processing of large or repetitive data sets.

Two input �les are required for a HiPhi solution:

� A MetaMesh output �le ( MPrefix.MDF) that describes the conformal
hexahedron mesh. The �le contains node coordinates and the region
numbers of elements and nodes.

� A HiPhi script (FPrefix.HIN ) that sets control parameters for the
solution program and describes the physical properties associated with
regions.

The HiPhi �le is usually prepared with the dialog described in Sect.1.2.You
can use an editor to compose a script or to add advanced features (Chap. 3).

A HiPhi calculation generally consists of the following steps:

1. UseGeometer or an editor to prepare aMetaMesh script with a
name of the form MPREFIX.MINthat de�nes the solution space and
describes the division into spatial regions.

2. Run MetaMesh to create a �le MPREFIX.MDFof standard mesh infor-
mation. This �le could be used as input for multipleHiPhi simulations
or for other AMaze programs.

3. Use the theSetup of HiPhi to prepare a script (FPREFIX.HIN) that
sets control parameters and de�nes the material properties of regions.

4. Use theHiPhi Processcommand to create a solution �leFPREFIX.HOU.
This �le contains information on node spatial coordinates and electro-
static potential.

5. (Optional) Prepare a standardAMaze analysis script (SPREFIX.SCR)
to control a PhiView analysis session.

6. UsePhiView to create plots or to generate numerical data using the
information in FPREFIX.HOU. The analysis can be performed interac-
tively or automatically under the control of a script.

Table 5 summarizes the input and output �le used inHiPhi .
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Table 5: HiPhi �le types

Name form Function Status
MPREFIX.MIN Simulation geometry, input toMetaMesh Required
MPREFIX.MDFOutput from MetaMesh , input to HiPhi Required
FPREFIX.HIN Material properties, input to HiPhi Required
FPREFIX.HOU Output from HiPhi , input to PhiView Required
SPREFIX.SCR Analysis control, input to PhiView Optional
PREFIX.DAT Analysis data output, from PhiView Optional

2.2 Script conventions

The HiPhi input script is a text �le with data lines containing commands
and parameters. The script must end with theEndFile command. The
programs make no distinction between upper and lower case. Entries on a
line can be separated by the following delimiters:

Space, blank
Comma [,]
Tab
Colon [:]
Equal sign [=]
Left parenthesis [(]
Right parenthesis [)]

You may use any number of delimiters in a line. This means that you can
add indentations and customize the appearance of the script. For example,
the two lines

Epsi 2 5.56
Epsi(2) = 5.56

have the same e�ect.
HiPhi ignores blank lines and comment lines. Comment lines begin with

the symbol [*] (asterisk). Most parameters are real numbers. The following
formats are valid.

1.000
5.67E6
6.8845E+09
5
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The �nal number is interpreted as 5.0.
HiPhi accepts commands in any order. The program reads and analyzes

all commands before starting the solution. Generally, it is good practice to
put control commands at the beginning and to group commands that set
material properties by region. The following example illustrates a complete
script for HiPhi:

* File XFORM01.HIN
DUnit = 39.37
ResTarget = 5.0E-8
MaxCycle = 1000
NCheck = 1
Omega = 1.80
* Region assignments
* 1: Solution volume, oil
* 2: Casing, ground
* 3: Dielectric coil support
* 4: Oil penetration
* 5: High voltage electrode
Epsi(1) = 2.1
Potential(2) 0.0
Epsi(3) = 5.3
Epsi(4) = 2.1
Potential(5) = 380.0E3
EndFile

You may place any amount of text in any format after theEndFile command.
Therefore you can add extensive documentation that can be helpful when you
return to a simulation after a long period of time.
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3 Script commands

3.1 Program control

This chapter reviews the full set of commands that may be included inHiPhi
scripts. The �rst group, discussed in this section, controls program operation.
Each command is shown symbolically and in a form that it might assume in
a program.

MESH MPre�x
MESH = TriggerCon�g
The pre�x of the MetaMesh output �le ( MPrefix.MDF) to use for the de�-
nition of the solution geometry. If the command does not appear in a script
FPrefix.HIN , HiPhi searches for the default �leFPrefix.MDF.

DUNIT DUnit
DUNIT = 100.0
Use this command to set the units used in MetaMesh to create the input
mesh. The real-number quantityDUnit is the number of working units per
meter. For example, if you used dimensions of centimeters in theMetaMesh
script, set DUnit = 100:0. The quantity DUnit is recorded in the output
�le and is used in PhiView for the input and output of positions. Default:
DUnit = 1:0.

RESTARGET ResTarget
RESTARGET = 5.0E-6
The numerical calculation of electrostatic �elds requires the solution of a
large set of coupled linear equations, one for each active nodein the solution
volume. HiPhi uses an iterative technique based on corrections that reduce
the error in electrostatic potential at a point compared to predictions from
values at neighboring nodes. Theresidual is an average of the relative errors
over all nodes in the solution space during an iteration. This command sets
a target value for the residual. The program stops if the error drops below
the value. For good accuracy, the relative residual should be less than 10� 6.
If the value of ResTarget is too low, the program may not converge because
of roundo� errors. In this case, you can terminate a solution manually if you
running HiPhi in the interactive mode by using theStop command. Default
value: ResTarget= 5:0 � 10� 7.
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MAXCYCLE MaxCycle
MAXCYCLE = 2500
The integer parameterMaxCycle is the maximum number of iteration cy-
cles. HiPhi saves the solution and stops when it reachesMaxCycle even if
ResTarget has not been attained. Default value:MaxCycle = 2500.

OMEGA Omega
Omega = 1.92
The real-number parameterOmegais the over-relaxation factor used to cor-
rect potential errors during the solution. This quantity mayhave a signi�cant
e�ect on the run time. If this command does not appear,HiPhi picks val-
ues that vary with the iteration cycle following the Chebyshev prescription.
With this command, you can set a value manually. The value must be be-
tween 0.0 and 2.0 for numerical stability. Higher values generally give faster
convergence.

The remaining control commands serve specialized functions and are used
infrequently.

NCHECK NCheck
NCHECK = 20
The operations to calculateResTarget take time; therefore,HiPhi usually
does not make a check on every iteration cycle. The integer parameter is
the number of relaxation cycles between convergence checks.Default value:
NCheck = 50.

FORMAT [Text, Binary]
Format = Text
By default, HiPhi creates output �les FPREFIX.HOUin binary format. This
format can be loaded quickly and occupies minimal disk space. Abinary
output �le is required if you want to use PhiView to analyze the solution.
Chapter 11 describes the binary �le structure.We have included an option
to create output �les in text format to make it easier to port results to your
own analysis programs. The string parameter can assume the valuesBinary
or Text.

INITVAL FPre�x
INITVAL = DistortionSwitch
In some circumstances, you can reduce the solution time for largemeshes by
using precomputed initial values of potential. In normal operation, HiPhi
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initializes value of electrostatic potential to � = 0:0 at all nodes that do
not have a �xed potential. When this command appears, the program sets
initial values at variable nodes equal to those in the �leFPrefix.HOU. One
application for the command is to run additional relaxationcycles to improve
the accuracy of an existing solution. You can also use the commandif you
make small changes to applied potentials or the geometry of electrodes or
dielectrics. The solution �le FPrefix.HOU should be available in the work-
ing directory and must have the same foundation mesh as the input�le
MPrefix.MDF. A necessary condition is that the values ofI max , Jmax , K max ,
xmin , xmax , ymin , ymax , zmin and zmax must match. Within this limitation,
there may be small geometric di�erences between objects in the two �les. If
there are large di�erences, the procedure may not signi�cantly reduce the
solution time.

INTERP [Linear, Spline]
INTERP = Spline
Set the interpolation method used when spatial variations of� , � r , � and/or
� are de�ned from data tables. Use theLinear interpolation method for
noisy or discontinuous data. The default isSpline.

3.2 Basic material properties

Material properties in electrostatic solutions are relatively simple so only a
few commands are required.HiPhi handles either dielectric solutions or
conductive solutions (Sect. 1.3). In a dielectric solution you can set both
the relative dielectric constant and space-charge density of a�lled region.
In a conductive solution you can specify the conductivity of a �lled region.
HiPhi issues an error message if you mix quantities in a script. The basic
commands of this section set properties that are uniform throughout a region.
Chapter 4 describes how to de�ne material properties that vary according to
a mathematical expression over the region volume.

POTENTIAL RegNo Phi
POTENTIAL(5) = 2500.0
This command sets all elements or nodes associated with a regionnumber to a
�xed potential condition. The integer parameter is a regionnumber de�ned
in MetaMesh . The real number is the value of electrostatic potential in
volts (V). The �xed-potential condition may be applied to both �lled and
open regions.
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EPSI RegNo EpsiRel
EPSI(4) = 12.6
This command sets a relative dielectric constant for all elements associated
with a �lled region. The integer parameter is the number of a region de�ned
in MetaMesh . The second parameter is the value of relative dielectric
constant � r = �=� 0 (dimensionless). To model a 
oating electrode (conducting
object whose potential is not previously know), assign a relatively large value
of dielectric constant (i.e., � r

�= 104) to the region. Note that excessive values
(� r

�= 108) may slow the solution convergence. The default for all unspeci�ed
regions is� r = 1:0.

RHO RegNo ChgDens
RHO 3 4.5E-10
This command assigns a space-charge density to elements within the speci�ed
�le region. The real-number parameter is the value of� in coulombs/m3. A
script may contain both Rho and Epsi commands for the same region. The
default for all unspeci�ed regions is� = 0:0.

SIGMA RegNo Cond
SIGMA(5) = 0.682
This command assigns a conductivity to elements within the speci�ed �lled
region. The real-number parameter is the value of� in siemens/m. To model
a 
oating electrode, assign a relatively high value of conductivity. The default
for all unspeci�ed regions in a conductive solution is� = 1:0 S/m.

VOID RegNo
VOID (4)
A void material has the property � r = 0:0 or � = 0:0. Electric �eld lines in
the medium adjacent to a void are parallel to the boundary andequipotential
lines are normal. Voids can be used to de�ne symmetry boundaries that are
not parallel to one of the axes. For example, Figure 9 shows a simulation of
a 3-wire probe array in one sextant of thex-y plane. Internal voids can also
be used to represent ideal insulators of any shape in conductive solutions. As
shown in the �gure, PhiView does not calculate or plot electrical quantities
inside a void.

3.3 Modeling small details in a large-scale solution

HiPhi incorporates a powerful feature that enables accurate calculations
of �elds near small features in a large solution space. Suppose wewanted a
precision calculation of the �elds on a �eld emission tip. The radius of the tip
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Figure 9: Use of a void to de�ne a slanted Neumann boundary.

is much smaller than the scale size of the electrodes that createthe �eld and
hold the tip. We need to do a large-scale calculation to �nd themacroscopic
�elds ( Solution 1 ), but we would need very small elements near the tip
to resolve the curvature. One approach is to use variable mesh resolution
to create small elements near the tip. A limitation to this technique arises
from the structured mesh used in theAMaze programs - the region of small
elements must extend the full length of the solution volume.

Figure 10 illustrates an alternate approach. We create a second solution
that extends over a small subregion of the original solution (green outline).
The microscopic solution contains any electrodes that are located within the
subregion. The di�erence is that the electrode shapes may be resolved in
much greater detail. The question is how to incorporate the macroscopic
�elds correctly into the microscopic solution. One resolutionis to enclose
the second solution in a variable-potential Dirichlet boundary. Values of �
on the boundary are calculated by interpolation at the corresponding point
in the macroscopic solution (dashed red line). The total solution will be
approximately correct as long as new features (such as the rounded tip) are
well-removed from the variable-potential boundary.

De�nition of the variable Dirichlet boundary is controlled by the following
command that appears in the script ofSolution 2 :
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Figure 10: Creating a microscopic solution using theBoundary command.

BOUNDARY FPre�x [BScale] [BStatus]
BOUNDARY FEmitMacro 1.0 101111
The string quantity FPre�x is the pre�x of the output �le for Solution 1 .
The real-number quantity BndScaleis an optional scaling factor applied to
potential values transferred fromSolution 1 to Solution 2 . The default is
BndScale = 1:0. The optional parameterBStatus is a string with six char-
acters, either '0' or '1'. It can be used to control whether a speci�c boundary
is assigned the computed Dirichlet condition. The order of boundaries in the
string is XDn , XUp, Y Dn, Y Up, ZDn and ZUp. An entry of 1' indicates
that the Dirichlet condition should be applied. The default is BStatus =
'111111'.

In response to theBoundary command, HiPhi loads Solution 1 into
memory and sets up the apparatus for making second-order interpolations
of potential in the solution. Next, the program loops through all nodes of
Solution 2 . If the node is on the boundary of the solution box,HiPhi
marks it as a �xed-potential point and sets the potential equal to the in-
terpolated value calculated at the position inSolution 1 . HiPhi issues an
error message under the following conditions: 1) the output �lefor Solution
1 is not available in the working directory, 2)Solution 2 does not �t com-
pletely insideSolution 1 or 3) an interpolation failed. The program makes
no further validity checks. You must ensure that the geometry ofSolution
2 represents a correct microscopic section ofSolution 1 .

The example library contains �les to illustrate the process. The �le set
BOUNDTEST01.MINand BOUNDTEST01.HINdescribes a large-scale solution,
while BOUNDTEST02.MINand BOUNDTEST02.HINdescribe a microscopic so-
lution, a subset of the �rst. Figure 11 shows the large-scale solution which
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Figure 11: Equipotential lines and element resolution in thelarge-scale so-
lution BOUNDTEST01. The dashed line shows the boundary of the small-scale
solution.
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covers a volume extending from -10.0" to 10.0" inx and y and from 0.0" to
15.0" in z. A shaped electrode creates a �eld on a 
at grounded plate. We
want to �nd precise �elds near a small protrusion on the plate. The protru-
sion is smaller than the scale size o� elements in the large-scale mesh (0.5").
The microscopic solution covers a portion of the original solution volume ex-
tending from -2.5" to 2.5 in x and y and from 10.0" to 15.0" in z. (dashed
line in Fig. 11). The element scale size is 0.25" in the bulk of the solution
and 0.05" in the region of the protrusion. The scriptBOUNDARYTEST02.HIN
has the following content:

* File BOUNDARYTEST02.HIN
* NReg RegName
* =============================
* 1 VACUUM
* 2 PROTRUSION
RESTARGET = 5.0E-8
MAXCYCLE = 2500
DUNIT = 39.37
NCHECK = 10
BOUNDARY BOUNDARYTEST01
EPSI(1) = 1.0
POTENTIAL(2) = 0.0
ENDFILE

Figure 12 shows equipotential lines and the element division of the protru-
sion in the microscopic electrostatic solution, a subset of the original. The
surface of the protrusion is well-resolved and electric �eld interpolations in
the vicinity will be accurate. The process is valid because thepresence of
the small protrusion does not signi�cantly in
uence values of potential at the
boundary of Solution 2 .

In response to theSuperpositioncommand,HiPhi adds values from one
solution (Solution 1 ) to another (Solution 2 ). The following statement
may appear in the command script forSolution 2 .

SUPERPOSITION FPre�x [SScale]
SUPERPOSITION UniField
The string FPre�x is the pre�x of the output �le for Solution 1 . The restric-
tion is that Solution 1 must �t inside Solution 2 . The real quantity SScale
is a scaling factor applied to potential values transferred from Solution 1 to
Solution 2 . The default is SuperScale= 1:0.

In response to theSuperpositioncommand,HiPhi opens the solution �le
FPrefix.HOU after Solution 2 has been completed. The program performs
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Figure 12: Equipotential lines and element resolution in thesmall-scale so-
lution BOUNDTEST02.

an interpolation in the space ofSolution 1 to determine the potential � 1 at
each node location inSolution 2 and adjusts values according to

� 0
2 = � 2 + SScale� � 1; (7)

before writing the output �le. You must ensure that the superposition is
physically correct. In electrostatic solutions the presence ofelectrodes and
dielectrics in Solution 2 can make signi�cant local changes to the macro-
scopic �eld of Solution 1 , so that a simple superposition would be invalid.
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4 Variations of potential and material quantities
from mathematical functions and tables

4.1 Program capabilities

Section 3.2 covered commands to de�ne potential values or material prop-
erties (� r , � and/or � ) that are uniform throughout a region. This section
describes how to represent quantities that vary continuously in space fol-
lowing a mathematical prescription. It is straightforward to assign variable
region properties with following commands:

POTENTIAL RegNo > Function
POTENTIAL(5) > 1.50E04*cos($x/20.5)*sin($y/15.0) + 1.3E03
POTENTIAL(2) > 80.245*(1.0 - 0.0625*$z ^ 2)
Set values of� (in volts) at the nodes of a �xed-potential region according to
a speci�ed function of space. The keywordPotential followed by the region
number and the > symbol designates that a function string occupies the
remainder of the line. The function may be up to 230 characters in length
and follows the format described in the next section. The function de�nes
a variation in three-dimensional space:f (x; y; z). The parser uses the Perl
standard for variables where$x designates the variablex, $y stands fory, and
$z for z. The potential at a node equals the value of the function evaluated
at the node position.Note 1 : There is no limit on the number of functions {
any region may be associated with a function.Note 2 : Positions are passed
to the function in units set by DUnit (cm, inches,� m,...). Note 3 : You can
model discontinuous functions by dividing a volume into two or more regions.
Note 4 : Variations may be assigned to both �lled regions and contiguous or
disconnected line or surface regions.

POTENTIAL RegNo TABLE [x,y,z,r] TabName
POTENTIAL(3) = TABLE R ZUpBoundary.DAT
Set values of� (in volts) at the nodes of a �xed-potential region according to
a spatial variation speci�ed in a table. A table is a text �le available in the
current directory with format described in the following section. The keyword
Potential is followed by the region number and the keywordTable. Because
tables are one-dimensional, the command must a symbol that designates the
direction of the variation. The options arex, y, z and r , where

r =
q

x2 + y2: (8)

The string TabName is the full �le name of the table. The node positions
(in units set by DUnit ) are passed to the table-interpolation routine. The
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table should return potential values in units of volts. Tablesare particularly
useful when you want to add small three-dimensional details to aglobal two-
dimensional solution. A scan of potential values in anEStat solution may
be used to set boundary values in a microscopicHiPhi solution.

EPSI RegNo > Function
EPSI(7) > 1.0 + ($x - 0.25)/5.50
EPSI(4) > 1.0 - 0.625*$z ^ 2
Assign values of the relative dielectric constant� r to elements of the region
according to a speci�ed spatial variation. The spatial function is evaluated
at the center of mass of each element.HiPhi issues an error message if the
value of the function in any element gives� r � 0:0.

EPSI RegNo TABLE [x,y,z,r] TabName
EPSI(5) = TABLE Z GradedDielectric.DAT
Set values of the relative dielectric constant� r in elements of the region ac-
cording to a spatial variation de�ned by a table. The position of the element
center-of-mass (in units set byDUnit ) is passed to the table-interpolation
routine. HiPhi issues an error message if the returned value in any element
gives� r � 0:0.

SIGMA RegNo > Function
SIGMA(7) > 0.5 + 2.0*(1.0 - cos(3.14156*$x/15.0))
SIGMA(4) > 100.0 - 50*exp(($z/10) ^ 2)
Assign values of electrical conductivity to elements of the region according to
a speci�ed spatial variation. The spatial function is evaluated at the center
of mass of each element and should return values in units of S/m.HiPhi
issues an error message if the value of the function in any elementis � < 0:0.

SIGMA RegNo TABLE [x,y,z,r] TabName
SIGMA(5) = TABLE X SwitchBreakdown.DAT
Set values of the conductivity� in elements of the region according to a
spatial variation de�ned by a table. The position of the element center-of-
mass (in units set byDUnit ) is passed to the table-interpolation routine.
The table should return values of� in units of S/m. HiPhi issues an error
message if the returned value in any element gives� < 0:0.
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RHO RegNo > Function
RHO(5) > 5.235E-6 + 4.33E-6*($x/2.3E-6)
Assign values for the space-charge density in dielectric solutions to elements
of the region according to a speci�ed spatial variation. The spatial function
is evaluated at the center of mass of each element and should return values
in units of coulomb/m3.

RHO RegNo TABLE [x,y,z,r] TabName
RHO(2) = TABLE Y PulsedBeam.DAT
Set values of the space-charge density� in elements of the region according
to a spatial variation de�ned by a table. The position of the element center-
of-mass (in units set byDUnit ) is passed to the table-interpolation routine.
The table should return values of� in units of coulomb/m3

FLIST RegNo [Pot,Epsi,Sigma,Rho]
FList(2) = Rho
This command controls a listing you can use to check whether functions or
tables have been de�ned correctly. In response to the command,HiPhi
opens a text �le and lists the position and corresponding calculated values
of the quantity at all nodes or elements of the region. The string options
determine which quantity associated with the region is listed.The �le name
depends on the region number and function type. For example,the potential
function for region 19 is recorded in the �lePOT019.LST. Relative dielectric
constant and/or conductivity values are recorded in �les with names of the
form EPSI008.LST. You can inspect the �le with an editor or port it to a
plotting or mathematical analysis program.

4.2 Function syntax and table format

HiPhi features a 
exible and robust algebraic function interpreter. A func-
tion is a string (up to 230 characters) that may include the following entities:

� Spatial variables,$x, $y or $z.

� Real and/or integer numbers in any valid format (e.g., 3.1415, 476,
1.367E23, 6.25E-02, 8.92E+04,... ). Integers are converted to real
numbers for evaluation.

� Binary operations: + (addition), - (subtraction), * (multiplication), /
(division) and ^ (exponentiation).
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� Functions: abs (absolute value), sin (sine), cos (cosine), tan (tan-
gent), ln (normal logarithm), log (base 10 logorithm),exp (normal
exponent) andsqt (square root).

� Up to 20 sets of parentheses to any depth.

� Any number of space delimiters.

The parser conforms to the standard algebraic rules and features compre-
hensive error checking. Errors may include unbalanced parentheses, unrec-
ognized characters and sequential binary operations. To illustrate a valid
example, the expression

1 - exp(-1.0*(($x^2 + $y^2 + $z^2)/24))

corresponds to

1 � exp

"

�

 
x2 + y2 + z2

24

!#

: (9)

A table is a text �le that contains a set of data lines of the format

IndVar DepVar

followed by the EndFile command. The independent variable may bex, y,
z or r in units set by DUnit . In other words, if the mesh dimensions were in
centimeters, use the same units for the independent variable. Note that the
intervals between values of the independent variable need not be uniform {
values may be clustered near positions where there are large changes in the
dependent variable. The dependent variable may represent the potential (in
volts), the relative dielectric constant, the conductivity (in S/m) or the space-
charge density (in coulombs/m3). The entries may be in any valid 
oating
point format and may be separated by any of the standard delimiters listed
in Sect. 2.2. You may include comment lines that start with an asterisk and
text in any format after the EndFile command.

The table interpolation method may be linear or cubic spline,according
to the form of the Interp command. The default isSpline. The cubic spline
method requires a good data set with continuous values of the function and
its derivative. Use theLinear option for noisy or discontinuous data. The
interpolation routine returns a value of zero for out-of-range input values of
the independent variable.
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Figure 13: Geometry for theRHOTESTexample showing the element size.
Dimensions in cm.

4.3 Benchmark example

The RHOTESTexample (Fig. 13) illustrates the procedure to de�ne a con-
tinuous variation of space-charge density. We choose a simple geometry for
comparison with analytic results. The calculation determinesthe electro-
static potential generated by a symmetric charge distribution� (R) inside a
grounded metal sphere of radiusR0 = 2:0 cm. In this case, the potential is
determined by the Poisson equation:

1
R2

d
dR

R2 d�
dR

= �
� (R)

� 0
: (10)

If the space-charge density has the uniform value� 0, solution of Eq. 10 gives
the following expression for the potential at center of the sphere: � 0 =
� 0R2

0=6� 0. For � 0 = 1:0 � 10� 6 C/m 3 and R0 = 0:02 m, the potential is
� 0 = 7:529 V. If the space-charge density varies with radius as:

� (R) = � 0

"

1 �
� R

R0

� 2#

; (11)

then the potential at the center is� 0 = ( � 0R2
0=�0)(1=6 � 1=20) = 5:271 V.
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Figure 14: Variation of potential with R for the RHOTESTexample. Red:
uniform space-charge density. Blue: non-uniform space-charge density.

Figure 13 shows the geometry for the numerical solution. The element
size is approximately 0.10 cm. Region 1 is a volume of �xed-potential nodes
with � = 0:0 V that initially �lls the solution volume. Region 2 is a dielectric
with � r = 1:0 that carves out the spherical volume. To create a solution with
uniform charge density� 0 = 1:0� 10� 6 C/m 3, the HiPhi script contains the
following entry:

Rho(1) = 1.0000E-06

The red curve in Fig. 14 shows the calculated radial variationof potential.
The potential at the center is � 0 = 7:533 V, within 0.11% of the theoretical
value. To introduce the variable space-charge density of Eq. 11, we simply
change the above line to

Rho(2) > 1.0E-6*(1.0 - 0.25*($x^2+$y^2+$z^2))

The resulting variation of � is plotted as the blue curve in Fig. 14. The
calculated central potential is� 0 = 5:266 V, within 0.13% of the theoretical
value.
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Figure 15: HiPhi display during a solution.

5 Running the HiPhi program

5.1 Interactive operation

The programhiphi.exe can run interactively in a window. In this mode you
can perform several solutions in a session and temporarily leave the program
to work on other tasks. You can launch the program fromAMaze or create
you own shortcuts. Figure 15 shows the program window.

The program menu has four main commands:File, Setup, Run and Help.
The following commands appear in theFile popup menu.

EDIT SCRIPT
EDIT LISTING FILE
EDIT FILE
The commands call up the internal editor to inspect or to modify text input
and output �les for the solution program. With the Edit script command you
can work on �les with names of the formFPREFIX.HIN. With the Edit listing
�le command you can pick �les with names of the formFPREFIX.HLS. The
Edit �le command shows all available �les. Choosing a �le from an alternate
directory does not change the working directory of the program. Note that
the main program will be inactive until you exit the editor.

SETUP
In response to this command,HiPhi prompts for the name of aMetaMesh
�le and brings up the dialog of Fig. 4. Fill in values for control parameters
and material properties to create a basic script. You can use an editor to
modify the script or to add the advanced functions described inChap. 3.

The Run menu has three commands.
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START RUN
Pick an input �le with a name of the form FPREFIX.HINto start a solution.
The working directory changes if you pick a �le from an alternate directory.
The run begins if the requestedMetaMesh �le MPREFIX.MDFis available in
the working directory. HiPhi displays information in the window to show
the progress of program operations (Fig. 15).

PAUSE RUN
The intensive calculations ofHiPhi make demands on the resources of your
computer, possibly causing other tasks to run slowly. If you need to per-
form critical work, you can pause the solution program during the relaxation
process and restart it later without loss of data. Note that if youhave a
dual-processor machine, the Windows operating system will shunttasks so
that you have approximately the power of one processor whenHiPhi is run-
ning. To use the full power of the machine, you can launch two instances of
HiPhi to perform two independent calculations.

STOP RUN
This command terminates the program during the relaxation process and
saves output data. For example, you may want to stop a run at a moderate
value of convergence to check whether the problem has been correctly de�ned.

The Help menu has a single command.

HIPHI MANUAL
The command displays this manual using your default PDF viewer. The �le
hiphi.pdf must be in the same directory ashiphi.exe .

5.2 Automatic runs under batch �le control

Batch �le control is a useful option for running large technical programs
like HiPhi . You can prepare scripts to organize complex operations. The
sequenced programs run automatically in the background. This feature is
particularly attractive on dual-processor machines.

To run a singleHiPhi calculation in the background, go to the Command
Prompt from Windows and log to the data directory that contains the re-
quired MDFand HIN�les. For example, suppose the data �lesSWITCH.MDFand
SWITCH.HINare stored innAMAZEnBUFFERand that the program hiphi.exe
is in the directory nAMAZE. From nAMAZEnBUFFERtype

..\HIPHI SWITCH <Enter>
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The program runs silently, writing detailed information in the listing �le
SWITCH.HLS. If the solution is successful, the program creates the output �le
SWITCH.HOUin the data directory.

The main function of the command mode is autonomous operation under
batch �le control. As an example, suppose you have prepared the input �les
SWITCH01.MIN,...,SWITCH08.MINand SWITCH01.HIN,...,SWITCH08.HINin the
directory nAMAZEnBUFFER. Next you create the following batch �leSWRUN.BAT
in the data directory using a text editor:

@ECHO OFF
ECHO Main switch data run
START ..\METAMESH.EXE SWITCH01
START ..\HIPHI.EXE SWITCH01
START ..\METAMESH.EXE SWITCH02
START ..\HIPHI.EXE SWITCH02
...

START ..\METAMESH.EXE SWITCH08
START ..\HIPHI.EXE SWITCH08

Type

SWRUN <Enter>

to generate all solutions without the need for further keyboard input.

5.3 Calculations with large meshes

The best strategy for three dimensional calculations is to workwith the
smallest mesh consistent with the desired accuracy. There are several ways
to minimize the mesh size based on pre-analysis of the solution:

� Avoid representing details that do not contribute to �elds in critical
regions.

� Use variable element sizes and a coarse representation of remote ob-
jects.

� Exploit symmetries so that only a portion of the system is included in
the calculation.

� Use the Boundary command to create detailed microscopic solutions
inside a global solution.

38



If a large mesh (> 1 million elements) is necessary, you must ensure
that the computer has su�cient resources. The mesh size may be limited
by the installed RAM. HiPhi requires about 160 bytes/element. Multiply
by the number of elements to estimate the required memory. (Note, when
using the Boundary command, you must include the number of elements in
both the microscopic and macroscopic meshes.) It is important torecognize
that the 32-bit version of Windows XP may not allocate more than1.2 GB
of RAM to a task, no matter what amount of memory you have installed.
You can check the limit of allocatable memory on your system using our
utility memtest.exe. All memory is available when you run the 64-bit version
HiPhi under 64-bit Windows XP or Vista.
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6 PhiView { �le operations and plane plots

6.1 File operations

The function of the PhiView post-processor is create plots and to calculate
numerical quantities fromHiPhi binary solution �les. The program has the
following popup menus: File operations, Analysis, Plane plots, Slice plots,
Surface plotsand Help. Initially, only the File operations and Help menus
are active. You must load a data �le in order to create plots or to perform
analyses. This section reviews options in theFile operations menu.

LOAD SOLUTION FILE
PhiView displays a dialog with a list of solution �les with names of the
form FPREFIX.HOU. Changing the directory in the dialog changes the program
working directory. Pick an available �le and click OK. The program loads
the solution and updates the status bar. If data retrieval is successful, the
analysis and plot menus become active.

SOLUTION FILE INFORMATION
The command shows a message box with information on the currently-loaded
data �le.

SAVE REFLECTED SOLUTION
The use of a symmetry boundary saves considerable time in a large 3D sim-
ulation but produces half a solution. There are instances where it is useful
to have numerical values for the full solution volume (e.g., creating plots or
tracking orbits in OmniTrak or GamBet ). Use this command to create a
data �le for the currently-loaded solution that includes values of electrostatic
potential re
ected across a symmetry boundary. Click on the command and
use theSavedialog to specify an output �le name. The next dialog shows a
set of options for the re
ection. In aE normal type solution, electrode po-
tential at re
ected positions have equal magnitude but opposite signs above
and below the symmetry plane, while they have identical values for aE par-
allel type solution. In the second set of radio buttons, choose the re
ection
plane. Note that the plane must correspond to one of the six surfaces of
the solution box. You must ensure that the solution is appropriate for the
re
ection parameters that you choose.PhiView does not check the physical
consistency of the output values.
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ANALYSIS TYPE
Use this command to toggle between dielectric and conductive solutions. The
choice a�ects the plotting options and listed quantities in the data �le. For
example, in a conductive analysisPhiView performs integrals of resistive
power dissipation and total electrode current. The status bar shows the
current analysis type.

RUN SCRIPT
Sometimes you may want to perform complex or repetitive analyses on a set of
similar solutions. Analysis script operation is a powerful feature ofPhiView .
This command displays a dialog with a list of analysis scripts (su�x SCR)
that you have created. Pick a �le and clickOK. Changing directories in the
dialog changes the working directory of the program. The analysis script can
load data �les, open and close history �les, and perform any of thenumerical
functions described in this manual. Section 9.4 reviews the analysis script
language.

CREATE SCRIPT
Use this command to create scripts using the internal editor. A box requests
a �le pre�x. The resulting script �le will be saved as FPREFIX.SCR. Next, the
program opens the �le in the editor and writes the reference list of allowed
commands shown in Table 6. Enter commands in the space aboveEndFile.
After saving the �le, you can run it using the Run script command.

EDIT SCRIPT
Use this command to change an existing script �le. The dialog lists�les in
the current directory with the subscript SCR. Changing directories does not
change the working directory of the program.

OPEN DATA FILE
Several of the analysis commands likePoint calculation and Line scan gen-
erate quantitative information. You can automatically record the data gen-
erated during an analysis session by opening a data �le. Supply a �le pre�x
in the dialog or accept the default. The text data �le has a name of the form
FPREFIX.DATand will be stored in the working directory. You can use an
editor to view the �le or to extract information for mathemat ical analysis
programs or spreadsheets.
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Table 6: Create script - default �le content

* AMaze script file
* Insert commands here...
ENDFILE

--- Script command summary ----

INPUT FileName
[Close current solution file and load FileName]

OUTPUT FPrefix
[Close current data file and open FPrefix.DAT]

NSCAN 100
[Set the number of points in a line scan]

POINT xp yp zp
[Point field calculation at the given coordinates]

LINE xp1 yp1 zp1 xp2 yp2 zp2
[Scan along a line between the given coordinates]

FULLANALYSIS
[Write analyses for all region to the data file]

REGION RegNo
[Write an analysis for region RegNo to the data file]

MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
[Write a matrix of field values to the file FileName]

ENDFILE
[Terminate the analysis]
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CLOSE DATA FILE
Use this command if you want to start a new �le to record data. The data
�le is automatically closed when you exit the postprocessor. Otherwise, you
must close the �le before using theEdit data �le command or loading the
�le into another program. Failure to close the �le may result in a Windows
Resource Sharing Error.

EDIT DATA FILE
View or modify �les with names of the formFPREFIX.DAT.

EDIT FILE
Use the program editor to view or to modify any text �le.

The Help menu shows program information and contains the following
command:

INSTRUCTION MANUAL
Displays this document in your default PDF viewer. The �le hiphi.pdf
must be in the same directory asphiview.exe .

6.2 Plane plots

Plane plots (Fig. 16) are two-dimensional plots that show the variation of
quantities over a plane normal to one of the Cartesian axes. Plane plots
provide simple and quick views of the solution space. The technique is to
generate a rectangular mesh of values over a speci�ed planar region and then
to create plots in a variety of styles. No attempt is made to connect the plot
mesh with the conformal mesh of the simulation. Slice plots, discussed in
the next chapter, are also two-dimensional in a plane normal toan axis. The
di�erence is that slice plots are built using the computational mesh. They
show precise region boundaries and equipotential lines in true scale. Slice
plots are more di�cult to construct than plane plots.

SET PLANE
This command brings up the dialog of Fig. 17 to set the plane forthe plot.
Set the normal axis with the radio buttons at the top. For example, for a
choice ofz the plot will be created in the x-y plane. You can use the slider
bar to set the position along the normal axis or type a value in the box.
The range of the slider bar is automatically set to the limits ofthe solution
volume along the normal axis. The boxes at the bottom determine the plot

43



Figure 16: Plane plot of electrostatic potential - type3D �lled contour.

range in the normal plane. The default settings are the limitsof the solution
volume. Note that plane plots are constructed to �ll the maximum area.
They do not preserve scaling in the normal plane.

The following commands are in thePlot control popup menu:

PLOT STYLE
This command brings up the dialog of Fig. 18 to set the plot style. As an
example, Fig. 16 shows theFilled contours 3D plot style. The numbers at
the bottom give the resolution of the mesh used to create the plot. Higher
values give more detail but require longer regenerate times.The default is a
51� 51 mesh.

PLOT QUANTITY
Set the quantity to be plotted. For dielectric solutions the choices are� , jEj,
Ex , Ey and Ez. In addition, the quantities jj j, j x , j y and j z can be plotted
for conductive solutions. Note that electric �eld and current density plots
may appear jagged at discontinuities because of the limited resolution of the
mesh.
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Figure 17: Set plane dialog.

Figure 18: Plot style dialog.
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PLOT LIMITS
Set limits for the plotted quantity. When Autoscale is active, PhiView
automatically sets limits based on the range of values in the solution �le.

ROTATE PLOT
This command is active only for theFilled contours 3D and Gradient plot
3D styles. You can rotate the plot in 90o increments for the best view.

The commands of theExport plot menu are used to generate hardcopy or
to create plot �les.

DEFAULT PRINTER
With this command, aPhiView plot can be ported to any installed Windows
printer (including network printers, postscript drivers, PDF drivers...). You
can generate colored plots if you have a color printer. Note that the current
screen plot is sent to the default Windows printer. If necessary,change the
default using the Settings command of Windows before issuing the command.

PLOT FILE (EPS)
PLOT FILE (BMP)
PLOT FILE (PNG)
Use this command to make a plot �le of the current screen plot in either
encapsulated PostScript, Windows bitmap or portable networkgraphics for-
mats. Supply a �le pre�x in the dialog box. The plot �le will be c reated in the
current directory with a name FPREFIX.EPS, FPREFIX.BMPor FPREFIX.PNG.

COPY TO CLIPBOARD
The current plot is copied to the clipboard in Windows Meta�le format. You
can then paste the image into graphics software.
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Figure 19: Slice plot { �lled-contour plot style.

7 PhiView { slice plots

7.1 Setting the slice view

Slice plots are two-dimensional plots that show the variationof quantities
over a plane normal to one of the Cartesian axes. In contrast to plane
plots, slice plots are based on the structure of the mesh projectedto a slice
plane. This structure may be complex for a conformal mesh. To facilitate
the process, slices are constructed at discrete locations along the normal axis
corresponding roughly to the planes of the foundation mesh. The precise
rendering of mesh information enables point-and-click analysis operations
(point calculation, line scan, ...) in the slice.

The Change viewpopup menu contains commands to set the slice plane
and to adjust the dimensions of the plot.
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SET SLICE PLANE PROPERTIES
This command calls up the same dialog as theSet planecommand in the
plane plot menu (Fig. 17). You can change the normal axis, change the
position along the normal axis, and set plot limits in the normalplane.

SLICE NORMAL TO X
SLICE NORMAL TO Y
SLICE NORMAL TO Z
Quick commands to change the normal axis.

JUMP FORWARD
STEP FORWARD
STEP BACKWARD
JUMP BACKWARD
Move along the slice axis by small or large steps. The small step is approxi-
mately one layer of the foundation mesh and the large step is 5 layers. The
term forward implies motion toward higher indices of the normal axis. The
slider bar in the orientation area to the right of the plot (Fig. 19) shows the
current location.

ZOOM WINDOW
As an alternative to the entries in theSet slice planedialog, you can inter-
actively change plot limits in the normal plane using the mouse. Choose the
command and move the mouse pointer into the plot area. The status bar
enters coordinate mode. It shows the current mouse position in the plot. Use
the left button to pick one corner and then move the mouse to create a view
box. Click the left button again, and the plot regenerates. Onany coordi-
nate operation, press theF1 key if want to enter values from the keyboard.
Note that the normal plane box in the orientation area to the right of the
plot (Fig. 19) shows the dimensions of the slice plane and the outline of the
current zoomed view.

ZOOM IN
Enlarge the plot about the current view center.

EXPAND VIEW
Expand the plot about the current view center.

GLOBAL VIEW
Enlarge the plot boundaries to show the entire normal plane.
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Figure 20: Slice plot style dialog.

PAN
When the plot is zoomed, you can use this operation to shift the current view
center. Use the mouse to de�ne relative start and end points for the shift.

7.2 Setting slice plot properties

The commands in thePlot control popup menu are used to set the plot style
and mouse options.

SET SLICE PLOT STYLE
This command brings up the dialog of Fig. 20. TheRegion plot style is
a cross-section view of the mesh element divisions color-coded byregion.
In contrast to the logical plane plot of MetaMesh , PhiView attempts to
resolve the exact mesh structure in the plane. In theFilled contour style,
the program determines discrete bands of color coding according to values
of the current plot quantity. The Contour style shows lines of constant
values of the plot quantity. Finally, an Element plot has color coding by the
average value of the plot quantity in the element volume. When the Element
outline box is checked,PhiView includes facets in theRegion and Element
modes. In comparing relative advantages, theFilled contour plot provides
the most attractive and accurate display in extended �eld regions. Use the
Element plot for the best view of discrete �eld changes at the boundaries of
electrodes and dielectric materials. TheContour plot is useful for checking
�eld uniformity over a volume.

PLOT QUANTITY
Use this command to set the quantity for color-coding inFilled contour and
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Element plots and line values inContour plots. The choices depend on the
analysis mode. In the Dielectric mode, the choice is� , jEj, Ex , Ey and Ez.
The additional quantities jj j, j x , j y and j z are available in theConductive
mode.

PLOT LIMITS
In the Autoscale mode, PhiView chooses defaults for the minimum and
maximum values for colors and contours based on the range of values of the
current plot quantity in the displayed slice. DeactivateAutoscale to set the
values manually. The manual mode is useful for comparing �elddistributions
between di�erent slices.

NUMBER OF CONTOUR LINES
Change the number of lines forFilled contour and Contour plots.

TOGGLE SNAP MODE
Mouse coordinates for commands such asZoom window, Pan, and Scan in
slice may be entered in two modes. In the normal mode, the returned position
corresponds to the mouse position on the screen. In the snap mode, the
program picks a point at an even interval close to the mouse position. The
returned point depends on the value of the parameterDSnap. For example
if DSnap = 0:1 and the mouse is at position (6.2345,-5.6113), the returned
position is (6.2000,-5.6000). The status bar displays the actual or snapped
position of the mouse.

SET SNAP DISTANCE
Change the value ofDSnap from the default value determined by the pro-
gram.

TOGGLE GRID
A set of dashed grid lines can be superimposed on slice plots.PhiView
automatically chooses intervals and positions so that the lines occur at con-
venient values along the horizontal and vertical directions (for example, 0.01
rather than 0.01153). Listings of the grid intervals are included in the axis
labels. Grids corresponding to the normal plane axes are plotted as solid
lines.
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7.3 Analyses in a slice

You can determine �eld values at points and along scan lines with the com-
mands of theAnalysis popup menu.

POINT CALCULATION
This command is useful to make quick checks of �elds in the solution volume.
After you click the Point calculation command, move the mouse into the plot
area. The mouse pointer changes to a cross-hair pattern and the status bar
enters coordinate mode. Click the left button to specify a point or press the
F1 key to enter the coordinates from the keyboard. Note that mousecoor-
dinates will shift between discrete values if snap mode is active. PhiView
calculates potential and �eld values at the point in the normal plane given
by the coordinates. The included quantities depend on the solution type.
The results are recorded if a data �le is open.

LINE SCAN
Line scans are one of the most usefulPhiView capabilities. After clicking
on the command, supply two points with the mouse to de�ne a scan line (or
press theF1 key to enter coordinates manually). The snap mode is useful
in this application (for example, you may want the scan to extend from
0.000 to 5.000 rather than 0.067 to 4.985.) The program computes a series
of values of �eld quantities in the normal plane at equal intervals along the
line. Complete information is recorded if a data �le is open.The program
also makes a screen plot of the currently-selected quantity versus distance
along the scan and activates theScan plotdisplay (Fig. 21). PhiView adds
�ducial lines to the plot using intelligent grid selection. This means that the
plot is adjusted to �ll the screen and grids are drawn at useful intervals (i.e.,
0.05 or 2.00).

SET SCAN QUANTITY
With this command you can pick the quantity that will be displayed in screen
and exported plots of line scans. Pick the quantity from the listbox and click
OK. The listed quantities depend on the solution type. This setting has no
e�ect on the data �le listing which includes all �eld quantiti es.

SET NUMBER OF SCAN POINTS
This command sets the number of line scan points in the screen plot and
data �le listing. The default value is 50 and the maximum number is 250.
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Figure 21: Scan plot display.

In addition to the standard Export plot options, the Scan plot menu
contains the following command:

OSCILLOSCOPE MODE
In oscilloscope mode, a scan plot assumes characteristics of a digital oscil-
loscope. PhiView superimposes a cross-hair pattern on the graph. Plot
values at the intersection are displayed in the information window. Move
the marker along the plot by moving the mouse. If you click the left mouse
button at a point, the program records information when a data �le is open.
Press the right mouse button to exit the oscilloscope mode.

Click Return to exit the scan plot and return to the slice plot mode.
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Figure 22: Tools to display vector information in the slice plot menu.

7.4 Slice vector tools

PhiView has useful tools to display the direction of the vector quantitiesE
and j in slice plots. Figure 22 shows the corresponding entries on the toolbar.

E PROBE
This feature was inspired by the familiar Magnaprobe illustrated in Fig. 22.
When you click on the tool and move the cursor into the slice-plot area, it
changes to a semi-transparent probe that rotates about a pivotpoint to show
the direction of the electric �eld. The direction also applies to the current
density which is parallel toE in isotropic media. The probe functions in all
plot styles and may be combined with �eld-line traces and scatter plots. The
status bar shows the coordinates andjEj at the pivot point.

FIELD LINES AT POINTS
Use this command to add lines ofjEj projected to the slice plane. The pro-
gram enters coordinate entry mode when you click the command. Move the
mouse to a point in the solution volume and click the left button. PhiView
calculates the three-dimensional path of an electric �eld line that passes
through the point and plots the projection in the slice plane.You can con-
tinue to add any number of lines. Click the right mouse button orpressECS
to exit coordinate mode. The lines are not included in hardcopy or plot �le
exports and disappear if you change the slice view. Use a screen capture
utility to record them. It is important to recognize the nature of the plots.
The lines are three-dimensional curves projected to the sliceplane. They
may be di�cult to interpret if the line does not lie close to the slice plane.
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Figure 23: Element plot with electric �eld vectors.

For full three-dimensional �eld line plots, see theField line plot �le command
in Chap. 8.

VECTOR SCATTER PLOT
Superimpose a uniform distribution of vector arrows pointingin the direction
of B and H in the slice plane (Fig. 23). Arrows may be added to any of the
plot types, including Region. They are included in hardcopy and plot �le
export. The arrows are preserved and adjusted if you change theslice view.

REMOVE VECTORS
Use this command to turn o� the vector scatter plot mode and to remove
vector tool displays from the current plot.
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Figure 24: Three-dimensional surface view of region boundaries with color
coding by electric �eld magnitude.

8 PhiView { surface plots

Surface plots are three-dimensional views of the solution space (Fig. 24).
Three types of information can be displayed: 1) boundaries ofregions color
coded by region number and shaded with distance from the view, 2) region
boundaries color coded by the values of computed quantitieson the surface
and 3) computed quantities in a slice plane normal to one of theCartesian
axes. Slice plane plots may be superimposed on either of the region boundary
plot types. Surface plots are created from the conformal mesh and preserve
true spatial scaling.

The method to control the three-dimensional display with the mouse is
identical to that used in MetaMesh . Figure 25 shows the active areas of
the screen. The central zone (A) is used for zooming in (left button) and
out (right button). Hold down the left mouse button in zonesB; C; D and
E to walk around the object. Hold down the right mouse button in zones
B; C; D and E to move the viewpoint to the right, upward, to the left and
downward. Note that changes are re
ected in the orientation box in the
upper-right portion of the screen. The plot is updated when you release the
mouse button. You can control additional aspects of the three-dimensional
view with the commands of theAdjust view popup menu.
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Figure 25: Active areas for mouse control of the 3D view.

SET VIEW DIALOG
This command brings up a dialog (Fig. 26) where you can set speci�c view
angles, displacements and the relative distance to the viewpoint, DV iew.
The parameterDView controls perspective. Set it to a large value (DV iew �
1:0) for an orthographic view. The minimum value is 1.5.

RESTORE DEFAULT VIEW
This command is useful if you loose your orientation after several rotations
and translations. The view is returned to the default:� x = � 30o, � y = 0o

and � z = 45o with the origin at the center.

+X VIEW
+Y VIEW
+Z VIEW
Rotate to views from the +x, + y or + z directions. Origin shifts are not
a�ected

CENTER VIEW
Remove shifts by setting the origin to the center of the solutionvolume.
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Figure 26: Dialog to set the three-dimensional view.

The commands of thePlot control popup menu control the appearance
of the plot.

SURFACE PLOT CONTROL
This command brings up the dialog of Fig. 27. The group of commands on the
left-hand side controls the plot style. A three-dimensional plot is constructed
from color-coded facets. There are two types of facets: 1) element facets on
the boundary of a region with color coding by region number orthe selected
computed quantity and 2) rectangular facets comprising a slice plane with
color-coding by the values of the computed �eld quantity. Slice plane and
region boundary information may be superimposed. TheFacet style radio
buttons control whether the facets of region boundaries areplotted as solid
plates (hidden surface) or wireframe outlines. TheInclude facet boundaries
check box determines whether the boundaries of region facets are plotted
in the hidden-surface mode. (Note that the facets of the slice plane are
always plotted as solids with no outline). PhiView plots a reference grid
along the boundaries of the solution volume when theInclude reference grid
box is checked. The group of commands on the right-hand side controls the
slice plane. TheInclude slice planebox determines whether a slice plot is
included. The radio buttons determine the axis normal to theslice plane.
You may move the plane along the chosen axis by entering valuesin the box
or moving the slider.
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Figure 27: Surface plot control dialog.

DISPLAYED REGIONS
The command brings up the dialog of Fig. 28 where you can pick region
boundaries to include in the plot. Depress a button in theDisplay column
to activate a region. The buttons in the column markedjE j determine the
presentation style for boundary facets. If the box is uncheck, PhiView colors
facets by region number. If one or more buttons are depressed inthe jE j
column, color code is by the computed �eld quantity. The information win-
dow shows the correspondence between color and the quantity. ChoosejEj
to identify hot spots in high-voltage systems. Note that the �eld quantity is
always calculated at a point near the facetoutside the chosen region. If the
region is a �xed-potential electrode, the color coding gives the surface �eld in
the adjacent vacuum/dielectric region. If a boundary separates two dielectric
regions, the �eld values depend on which region is chosen for display.

SET CUT PLANES
In a hidden surface plot, internal details may be obscured by surrounding
parts or regions. This command brings up a dialog that allows you to adjust
the displayed area along thex, y and z axes. PhiView does not display
facets that lie outside the limits. With this feature you can create cutaway
views. The default is that cut limits are set equal to the dimensions of the
solution volume so that all facets are included.
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Figure 28: Region display dialog.

SET SURFACE PLOT QUANTITY
Set the quantity to be plotted on a slice plane or region facets.The choices in
the Dielectric analysis mode are� , jEj, Ex , Ey, Ez. The additional quanties
jj j, j x , j y or j z may be plotted in the Conductive mode.

SET PLOT LIMITS
By default the limits of the plotted quantity are automatically computed by
PhiView . With this command you can set limits manually. Facets where
jEj is outside the set range are plotted in gray. The feature is useful for
emphasizing a certain range of values (i.e., portions of an electrode surface
where jEj exceeds a value). The command is essential on occasions when a
distorted element on a region surface leads to a inaccurate �eld interpolation,
skewing the plot range.

FIELD LINE PLOT FILE
You can add true electric �eld lines to three-dimensional plots with this
command. To use it, you must prepare a text �le that contains anynumber
of point coordinates. PhiView reads the �le an adds �eld lines that pass
through each point. The �le consists of data lines, where each line contains
three real numbers (x, y, z) separated by any of the standard delimiters.
Enter the coordinates in units set byDUnit . The �le may contain comment
lines that start with an asterisk and should end with theENDFILE com-
mand. Lines are not plotted for target points within �xed-potential regions
or outside the solution volume.
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RECORD FIELD LINE PLOT
Use this command to record calculated �eld lines.PhiView prompts for the
name of an output text �le with a name of the formFNAME.FLP. A �le extract
is shown below. The command functions only if a �le of starting points has
been opened with theField line plot �le command.

Electric field line plots for file: walkthru.HOU
DUnit(unit conversion factor): 1.00000E+02

Start point
X: 8.00000E+00
Y: 2.50000E-01
Z: 3.00000E+00

Forward
8.00000E+00 2.50000E-01 3.00000E+00
8.00599E+00 2.50385E-01 3.00003E+00
8.01197E+00 2.50768E-01 3.00006E+00
8.01796E+00 2.51151E-01 3.00009E+00
8.02395E+00 2.51532E-01 3.00011E+00
8.02994E+00 2.51912E-01 3.00014E+00

CLOSE FIELD LINE PLOT
Close the �eld line plot �le and remove �eld lines from the current plot.
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9 PhiView { numerical analysis

The commands of theAnalysis popup menu are used to determine numerical
values for the solution. In the interactive mode, the menu is active only when
a data �le is open.

9.1 Point calculation - interpolation method

The Point calculation command brings up a dialog where you enter thex,
y and z coordinates of any point in the solution space. In contrast to the
Point calculation command of theSlice plotsmenu, the point is not limited
to a slice plane. When you clickOK, PhiView displays an information box
and also writes the results to the data �le in the following format:

--- Point Field Analysis ---
Position: [ 0.0000E+00, 2.0000E+00, 3.0000E+00]
Region number: 1
Phi: 3.0572E+03 (V)
Ex: 9.5810E+01 (V/m)
Ey: 3.4628E+04 (V/m)
Ez: -5.3599E+03 (V/m)

|E|: 3.5040E+04 (V/m)

PhiView must performs the following sequence of operations to make
the calculation:

� Estimate the indices of the element that contains the target point.

� Check this element and its neighbors using a normal coordinate inver-
sion to determine the precise element that contains the targetpoint.

� Collect the nodes of the target element as well as neighboring nodes
that border on at least one element with the same region number as
the target element

� Fit a three-dimensional, second-order function to the electrostatic po-
tential values of the data set using a least-squares method.

� Find the potential at the target point using the interpolation function.

� Find the electric �eld values by taking derivatives of the interpolation
function.
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Figure 29: Orthographic view of the mesh used for theSpaceChargeexample
(z = 0:0).

Although the process sounds complicated,PhiView performs it with high
reliability. The e�ort pays dividends in the accuracy of the interpolated
values. The second-order least-squares method gives electric �eld estimates
that are substantially better than those derived from the direct use of the
quasi-linear �nite-element form functions. Furthermore, the requirement that
the nodes of the data set border on elements of the target region ensures
that data points will be collected from one side of a dielectric boundary.
Therefore, PhiView correctly handles the discontinuity in electric �eld at
such a boundary.

A example will serve to demonstrate the accuracy ofPhiView interpo-
lations. Consider a grounded sphere of radiusR0 = 0:05 m �lled with a
uniform space charge density� 0 = 1:0 � 10� 5 coulombs/m3. Solving the
spherical Poisson equation (Eq. 10), we �nd that the potential at the center
of the sphere is� (0) = � 0R2

0=6� 0 and that the electric �eld at the wall is
ER(R0) = � 0R0=3� 0. Inserting numerical values, we �nd that � 0 = 470:587
V and ER(R0) = 1 :88235� 104 V/m. We simulate one octant of the sphere
with the moderately-coarse mesh shown in Fig. 13.1. There are about 20
elements over the radius of the sphere. The numerically calculated volume
of the faceted sphere is 65.3843 cm3 compared to the theoretical value of
65.4498 cm3.
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The PhiView interpolation of the HiPhi solution gives a potential of
470.68 V at the center of the sphere, an error of only 0.02%. Thecalculated
electric �eld near the wall (x = y = z = 2.8867 cm) isER = 1:9046� 104

V/m, in error by about 1%. The larger error re
ects the fact that wall is
faceted and there is some ambiguity making a comparison with a perfect
sphere. In contrast, the calculated �eld away from the wall atR = 3:0 cm is
1:1293� 104 V/m, within 0.01% of the theoretical value.

9.2 Line scans and matrix �les

In the Analysis menu scans may be performed along arbitrary straight lines
between any two points in the solution volume. When you click the Line
scan command a dialog appears where you can specify the start and end
points. Enter values in units set byDUnit . In other words, if you used
dimensions of cm inMetaMesh and theHiPhi script contains the command
DUnit = 100:0, then enter the dimensions in cm. In the interactive mode,
PhiView creates a screen plot of a selected quantity determined by theSet
scan quantity command. The command has no e�ect on the data �le listing
which contains all calculated quantities. The following is an example of a
listing.

------- Field scan between points -------
XStart: 0.0000E+00 YStart: 0.0000E+00 ZStart: 0.0000E+00

XEnd: 2.8867E+00 YEnd: 2.8867E+00 ZEnd: 2.8867E+00

X Y Z Phi Ex
=============================================================

0.0000E+00 0.0000E+00 0.0000E+00 4.7068E+02 9.9926E-03
5.7734E-02 5.7734E-02 5.7734E-02 4.7049E+02 2.1736E+02
1.1547E-01 1.1547E-01 1.1547E-01 4.6992E+02 4.3470E+02
1.7320E-01 1.7320E-01 1.7320E-01 4.6898E+02 6.5205E+02
...

Ey Ez |E| NReg
==========================================

4.7400E-03 -1.4593E-03 1.1156E-02 2
2.1735E+02 2.1735E+02 3.7647E+02 2
4.3470E+02 4.3470E+02 7.5292E+02 2
6.5205E+02 6.5205E+02 1.1294E+03 2
...

The Create matrix �le command controls a feature that is useful if you
want to write your own analysis routines or port results to mathematical
software. In response to the command,PhiView performs interpolations
over a speci�ed box region on a regular grid of values. It is mucheasier
to use results in this form than to deal with the conformal mesh directly.
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Figure 30: Create matrix �le dialog.

Clicking on Create matrix �le calls up the dialog of Fig. 13.2. Specify the
dimensions of the box along each axis (in units set byDUnit ) and the number
of calculation intervals. To illustrate, calculations are performed at positions
with x coordinates given by

x = xmin +
n (xmax � xmin )

nx
; (12)

wheren = 0; 1; 2; :::; nx . For example, if you setxmin = 0:5, xmax = 1:5 and
nx = 10, the calculations are performed at points withx = 0.5, 0.6, ..., 1.4,
1.5. You can also specify an output �le name. The text �le is created in the
standard AMaze �eld-exchange format (Chap. 11). The stored quantities
depend on the solution type. You can inspect the �le with an editor.

9.3 Automatic analyses operations

In response to the commandFull analysis, PhiView performs volume inte-
grals over all elements of the mesh. For each element the program determines
the electrostatic �eld energy (in the case of a dielectric solution) or the re-
sistive power (in the case of a conductive analysis). The calculations are
intensive, so there may be a delay for large meshes.PhiView organizes
energy by region and writes the results to the data �le in the format shown
below. Fixed-potential regions are listed separately becausethey have zero
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�eld energy.

---------- Global analysis of the solution volume -------- --

Fixed potential regions
NReg Potential Volume

(V) (m3)
=============================

1 0.00000E+00 7.93184E-05

Dielectric regions
NReg Epsilon Rho |E|(min)

(relative) (c/m3) (V/m)
==========================================

2 1.00000E+00 1.00000E-05 8.15066E+02

|E|(max) Energy Volume
(V/m) (J) (m3)

=======================================
2.92211E+04 6.04156E-08 6.53844E-05

Global field energy: 6.04156E-08 J
Global volume: 1.44703E-04

You can use the energy values to determine capacitance in a dielectric solution
with a single electrode at voltageV0 from the equation:

U0 =
C V2

2
: (13)

In Eq. 13 the quantity U0 is the global �eld energy. Similarly, you use the
equation:

P0 =
V 2

0

2R
; (14)

to �nd the resistance (and hence the current) between the electrode and
ground in a conductive solution. Here the quantityP0 is the global power.

The volume integral method is not applicable to systems where there are
several electrodes. In this case, you can use theRegion command to perform
surface integrals over selected regions. In response to the command and a
speci�ed region number,PhiView performs the following operations:

� Take volume integrals over the region using the same routines as the
Full analysis command.

� Determine all element facets on the region surface, excluding those on
the outer surface of the solution volume.
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� Take a surface integral over each facet. At an integration point rep-
resenting a di�erential surface areadA, the program determines the
unit vector n normal to the surface.PhiView also calculates the elec-
tric �eld E at a nearby position in the adjacent element with relative
dielectric constant � r .

� Form the sum of� r E � n dA.

The end result is a calculation of the free surface charge on theregion which
can be used to �nd mutual capacitance. Chapter 12 discusses an alternate
method based on energy integrals that involves some e�ort but provides
increased accuracy.

To illustrate the accuracy of the technique, consider again the space-
charge example of Fig. 29. The theoretical total charge in the octant is
6:54498� 10� 10 coulombs. A numerical surface integral over the inside of
the grounded wall gives 6:56073� 10� 10 coulombs, an error of only 0.25%.
Despite the good agreement in this case, you must be cautious in applying
surface integrals. The accuracy depends on accurate �eld calculations and
will degrade severely if the surface has few facets. Results may be meaningless
if the surface has a sharp edges.

9.4 Using analyses scripts

You can create a script that will automatically call the commands of the
Analysis menu. PhiView scripts have names of the formSPREFIX.SCR.
You can initiate an automatic analysis using theRun script command in the
interactive mode or by startingPhiView from a batch �le with a command
of the form:

START \AMAZE\PHIVIEW SPREFIX

The allowed commands listed below are show in symbolic form along with
example of how they might appear in a script.

INPUT FPre�x.HOU
INPUT = WGUIDE1.HOU
Close the current solution �le and load a binary solution �le from the current
directory. The solution �le must be in the same directory as the script
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OUTPUT FPre�x
OUTPUT: WGUIDE1
Close the current data �le and open a new data �le. The data �le has a name
of the form FPrefix.DAT .

NSCAN NScan
NSCAN = 100
Set the number of intervals for line scans. The default value isNScan = 50,
the maximum value isNScan = 250.

POINT xp yp zp
POINT = (0.00, 0.05, 4.67)
Perform a point �eld calculation and write the result to the data �le. Enter
coordinates in the units set byDUnit .

LINE xp1 yp1 zp1 xp2 yp2 zp2
LINE = (0.00, 0.00, 15.00) (12.00, 0.00, 15.00)
Perform (NScan+ 1) calculations along a line in space and write the results
to the data �le. Enter coordinates in units set byDUnit .

FULLANALYSIS
Write volume integrals for the full solution space to the data �le.

REGION RegNo
REGION = 7
Write volume and surface integrals for regionRegNo to the data �le.

FORCE Reg01 Reg02 Reg03 ...
Perform an integral of the electrostatic stress tensor around the boundary of
one or more regions to �nd the total force. The integer parameters represent
a list of from 1 to 19 region numbers. The regions may be connected or
disconnected. In the �rst case,PhiView determines the net rigid-body
force on the assembly. In the second case the program calculates the sum of
forces on several objects. The Maxwell integral is valid only if the assembly
of regions or the individual regions are surrounded by elements with � r = 1:0.
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PATH PathName
It is often useful to make a scan of �eld calculations along paths other than
straight lines. With this versatile command, you can make a formatted list
of �eld values along any path in three-dimensional space. The �le contains a
set of data lines. Each line contains three real numbers in any valid format,
the coordinates of a calculation point (x; y; z). Enter values in units set
by DUnit . The list must terminate with the EndFile command. You may
include comment lines (that begin with an asterisk) and blank lines. The �le
may contain any number of calculation points. The set of calculated values
is recorded in the currently-opened data �le. The output table lists the
components of the electric �eld, the electrostatic potential and the dielectric
constant.

MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
MATRIX WGUIDE.MAT 1.00 1.00 10.00 2.00 2.00 12.00
Write solution values computed �eld values at an array of location to a data
�le in text format. The �le is named F ileName and is created in the current
directory.

REFLECT FPre�x [ENorm, EPara] [XDn XUp YDn YUp ZDn ZUp]
Save a re
ected solution in the �leFPrefix.HOU. Optionally, specify the re-

ection symmetry and re
ection plane. The string parameterENorm desig-
nates that the electric �eld is normal to the boundary, whileEPara designates
a parallel electric �eld. The defaults areENorm and ZDn. For a complete
description, see theSave re
ected solutioncommand in Sect. 6.1.

ENDFILE
Terminate the analysis
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10 Force calculations in PhiView

10.1 Introduction to the electrostatic stress tensor

PhiView calculate forces and torques on three-dimensional objects (elec-
trodes and dielectric). For these types of materials the internal alignment
of electric dipoles creates changes that reside in a thin layer on the surface.
Therefore it is impractical to perform volume integrals of the force density
f = � mE because the material charge density� m approaches a delta function.
The alternative is to carry out a surface integral of the electric stress tensor
over the boundary of one or more regions. The process yields good numerical
accuracy and can be performed automatically inPhiView , even for complex
geometries.

The reference S. Humphries,Field Solutions on Computers (CRC
Press, Boca Raton, 1998), Sect. 10.5 discusses the physical basis ofthe
electric force calculation. The derivation shows that the integral of f over a
volume can be converted to the following integral over the bounding surface
to give the total force F;

F =
I

S � n dA: (15)

The quantity S (the electric stress tensor) depends on values of electric �eld
on the outer side of the surface:

S = � 0

2

6
4

E 2
x � E 2=2 ExEy ExEz

EyEx E 2
y � E 2=2 EyEz

EzEx EzEy E 2
z � E 2=2

3

7
5 : (16)

The quantity E 2 in Eq. 16 is the �eld magnitude,

E 2 = E 2
x + E 2

y + E 2
z : (17)

Figure 31 illustrates the logic of the calculation. If we havean assembly
of dielectrics and electrodes surrounded by an air volume, then we can take
the integral of Eq. 15 over any enclosing surface. One choice isthe outer
boundary of the assembly components (designated surfaceA in Fig. 31a).
In this case, we evaluate electric �eld values in the air elements near the
surface to ensure that the integral encloses all material charge � m . We could
also de�ne an arbitrary surface by enclosing the assembly inside a special
diagnostic air region (� = � 0). The integral over the surface markedB in
Fig. 31a gives the same result (to within the numerical accuracy of �eld
interpolations). The B surface (where the �elds vary smoothly)is the better
choice when the object has sharp edges. Figure 31b shows a case where the
stress tensor integral does not give the correct result. In this case the integral
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Figure 31: Surface integral of the electric stress tensor.a) Valid surfaces for
an integral of electrically-active materials. A: region surfaces bounded by air
elements. B: surface of an air region that encloses the electricmaterials. b)
Invalid surface for an integral. The enclosed material current is unde�ned on
the common boundary.

extends over the surface of a dielectric/electrode regionA that is in contract
with another dielectric/electrode region (B). The �eld values inside regionB
along the common boundary include the e�ects of the surface charge of both
regions. The calculation gives the force on regionA plus an indeterminate
portion of the force on regionB. In summary, the following rules apply to
electric force calculations:

� Electric forces act on electrodes and dielectric objects with � 6= � 0.

� The surface integral of Eq. 15 over a region boundary gives thecorrect
forces only if the region is surrounded by air elements (� = � 0).

� Any integration surface in air that encloses the region (or assembly of
regions) yields the same net force.

When you click on theRegion propertiescommand of theAnalysis menu,
PhiView employs the following procedure to �nd the force on a single region.
The program locates all elements within the target region number and checks
the six bounding facets. If the element on the opposite side of facet has a
di�erent region number, then the facet lies on the region surface. (Facets on
the boundary of the solution volume or adjacent to an element with region
number 0 are excluded.) For each facet,PhiView performs a 3� 3 Gaussian-
quadrature integral using normal coordinates. At each point,the program
calculates electric �eld values at a nearby location (x; y; z) in the adjacent
element and determines the components ofS. The program sets an error

ag if any adjacent element has� 6= � 0. PhiView constructs a unit vector

70



normal to the facet that points out of the target region. The program then
forms the dot product for Eq. 15. Each segment of the integral gives an
increment of forcedF . The sum ofdF over the segments of each facet and
over all facets of the region surface gives the total force.PhiView can also
�nd the net force on assemblies of adjacent electrically-active regions. In this
case, the program identi�es all elements of the region set. Surface integrals
are performed only over facets that border on elements with region numbers
that are not part of the set. If the assembly is surrounded by air elements,
the procedure gives the total force.

10.2 Commands for force calculations

PhiView performs force calculations as part of the general analysis when you
click on the Region propertiescommand of theAnalysis menu. The program
lists force components in an onscreen dialog and will make a detailed record of
calculated quantities if a data �le is open.PhiView creates the same listing
under script control in response to theREGIONcommand. The program issues
a warning message if any facet on the region surface is adjacent to a region
with � 6= � 0. Section 10.3 shows and example of a force listings.

An alternative method to perform an automatic force calculation is avail-
able only in the script mode:

FORCE Reg01 Reg02 Reg03 ...

The main purpose of the command is to �nd the net force on two or more
connected electrically-active regions that share a boundary. The surface in-
tegral is taken over the external surface, excluding any shared boundaries
(Path A of Fig. 31a). PhiView terminates the calculation if it detects any
elements adjacent to the external surface with� 6= � 0. You can also use
the command to �nd the net force on a collection of disconnected regions
surrounded by air elements.

10.3 Example

Figure 31 shows an example to illustrate an electrostatic forcecalculation.
We want to �nd the force between the four electrodes and the dielectric block
(� r = 3:1) The dielectric has width in x of 70.0 � m and height in y of 60.0
� m. The electrodes have width 10.0� m and height 6.0 � m. The gap in
y between the electrodes and dielectric is 10.0� m. All objects have length
100.0 � m along z. A special diagnostic region (not shown in Fig. 31) has
been included. It surrounds the electrodes and has the properties of vacuum
(� r = 1:0). The function of the region is to provide a surface removed from
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Figure 32: Geometry of exampleFORCETEST. The diagnostic region is not
shown.
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the electrodes to perform the integral of the stress tensor (see path B in
Fig. 31a).

The input �les for the example areFORCETEST.MIN, FORCETEST.HINand
FORCETEST.SCR. Figure33 shows the calculated equipotentials in a plane nor-
mal to z at the midplane of the assembly (z = 0:0 � m). The analysis script
has the following content:

* File FORCETEST.SCR
* NReg RegName
* =============================
* 1 VACUUM
* 2 DIAGNOSTIC
* 3 DIELECTRIC
* 4 ELECT01
* 5 ELECT02
* 6 ELECT03
* 7 ELECT04
* 8 BOUNDARY

INPUT FORCETEST.HOU
OUTPUT ForceTest
* Dielectric
REGION 3
* Electrodes and diagnostic region
FORCE 2 4 5 6 7

ENDFILE

The commandREGION 3signals a stress tensor integral over the surface of the
dielectric body. In response to the commandFORCE 2 4 5 6 7, the stress
tensor integral is taken over the outer boundary of the diagnostic region (Reg
2), exluding the internal boundaries with the electrodes (Reg 4, 5, 6 and 7).

The results are recorded in the �leFORCETEST.DAT. The surface integrals
over the dielectric and diagnostic regions give the force components shown
in Table 7. As expected, forces in thex and z directions are e�ectively
zero, while the forces alongy on the dielectric and electrode have approxi-
mately equal magnitude and opposite directions. The second calculation is
more accurate because �eld values are continuous through thesurface of the
diagnostic region.
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Figure 33: Calculated equipotential lines for theFORCETESTexample in a
plane normal toz at z = 0:0 � m. Dielectric: tan. Diagnostic region: cyan.

Table 7: FORCETESTexample { results.

Force component Dielectric region Diagnostic region
Fx 1:58471� 10� 13 7:8566� 10� 12

Fy � 2:19684� 10� 8 2:3246� 10� 8

Fz � 2:07133� 10� 13 1:1085� 10� 11
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11 HiPhi �le formats

HiPhi creates output �les in binary or text format. The mode is controlled
by the Format command (Sect. 3.1). TheBinary mode must be used to
communicate results toPhiView . The Text mode is useful to transfer results
to your own analysis programs.

As in MetaMesh , nodes are referenced with the indices [I ,J ,K ] whereI
(the index along thex axis) extends from 0 toI max , J (y axis) from 0 to Jmax ,
and K (z axis) from 0 to K max . The number of elements is approximately
equal to the number of nodes. A single element (in the directionof positive
x, y and z) is associated with each node for storage. Nodes and elements
have integer region numbers to associate them with structures in the solution
space.

The format of the HiPhi binary output �le is simple and compact, mak-
ing it easy to transfer information to other programs. The code extract
shown in Table 8 comprises the entire output algorithm. In the header, the
quantities I max . Jmax and K max are 4-byte integers. The quantityDUnit is
a 4-byte real, andNCQuant is a 1-byte integer. HereNCQuant is the num-
ber of stored quantities for the solution program. InHiPhi , NCQuant = 1
and the recorded node quantity is the electrostatic potential � at the node.
HiPhi then records the name of the quantity as a string of length 12. This
information is used to create labels inPhiView .

The next step is to record information for each node. The quantities
RegNo (the region number of the node) andRegUp (the region number of
the adjacent element in the direction of increasingI , J and K ) are 1-byte
integers. The coordinates (X ,Y and Z) and the stored quantity are 4-byte
real numbers. Coordinates are recorded in units de�ned byDUnit . The
�nal step is to record region information. The quantity NRQuant , the num-
ber of physical quantities stored per region, is equal to 3 inHiPhi . The
quantities are the relative dielectric constant� r , the space-charge density�
in coulombs/m3, and the value of� for �xed-potential regions. The region
quantity names (RQuantName) are strings of length 12. The variableNF ix
is a 1-byte integer and the region quantities are 4-byte realnumbers.

PhiView program can create text �les in the standardAMaze �eld-
exchange format. The �le information can be ported toOmniTrak or to
your own applications. A sample is shown below. The header contains any
number of comment lines starting with "*" (asterisk) and two data lines:

IMax JMax KMax
XMin YMin ZMin XMax YMax ZMax
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Table 8: Code to create theHiPhi binary output �le

! --- Mesh size parameters
WRITE (OutField) IMax,JMax,KMax,DUnit,NCQuant
DO N=1,NCQuant

WRITE (OutField) CQuantName(N)
END DO
! --- Node and element properties
DO K=0,KMax

DO J=0,JMax
DO I=0,IMax

MC = M(I,J,K)
WRITE (OutField) &

C(MC).RegNo,C(MC).RegUp,C(MC).x,C(MC).y,C(MC).z, &
REAL(C(MC).Phi)

END DO
END DO

END DO
! --- Region properties
WRITE (OutField) NRQuant
DO N=1,NRQuant

WRITE (OutField) RQuantName(N)
END DO
WRITE (OutField) NRegMax
DO N=1,NRegMax

IF (Reg(N).Fixed) THEN
NFix = 1

ELSE
NFix = 0

ENDIF
WRITE (OutField) NFix,Reg(N).Epsi,Reg(N).Rho,Reg(N).P ot

END DO
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The coordinates in the second line are recorded in units of meters. The
header is followed by (I max + 1)( Jmax + 1)( K max + 1) data lines that contain
the information

Ex Ey Ez Phi EpsiR NReg

Electric �elds are in units of V/m and the potential is given in V. Data lines
are recorded in the order

DO K=0,KMax
DO J=0,JMax

DO I=0,IMax
...

END DO
END DO

END DO

The �eld value Ex (I; J; K ) is calculated at the position:

X (I ) = X min + I � x; (18)

Y(J ) = Ymin + J � y; (19)

Z (K ) = Zmin + K � z: (20)

where

� x = ( X max � X min )=Imax ; (21)

� y = ( Ymax � Ymin )=Jmax ; (22)

� z = ( Zmax � Zmin )=Kmax : (23)

The following in an extract from aPhiView matrix �le:
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* HiPhi matrix file: OutMatrix.MTX
DUNIT: 1.0000E+02
XMIN: 0.0000E+00
XMAX: 3.0000E+00
NX: 50
YMIN: 0.0000E+00
YMAX: 3.0000E+00
NY: 50
ZMIN: 0.0000E+00
ZMAX: 2.0000E+00
NZ: 10
* Ex Ey Ez Phi EpsiR NR
* ===============================================================

5.5134E+01 -5.4030E+01 -5.5219E+01 -1.6033E-02 1.0000E+00 1
4.3281E+00 -3.6656E+01 -1.4101E+04 -3.3871E-02 1.0000E+00 1
2.3263E+00 -8.7125E+01 -2.8274E+04 -6.4945E-02 1.0000E+00 1

-4.8884E+01 -6.8947E+01 -4.2382E+04 -5.0978E-02 1.0000E +00 1
-1.0418E+01 -1.3772E+02 -5.6693E+04 -1.0068E-01 1.0000E +00 1
-9.1809E+01 -1.1909E+02 -7.0933E+04 -7.0009E-02 1.0000E +00 1
...
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Figure 34: Benchmark example { geometry and de�nition of quantities (sys-
tem is uniform in z with a length L z = 0:02 m).

12 Calculating mutual capacitance

Finite-element programs for electrostatics are useful for calculating mutual
capacitance in a multi-electrode system.PhiView has several automatic
calculation routines to facilitate the process. Because the user must exercise
some care to ensure accuracy and physical validity, we shall review available
methods in this chapter and work through an example. Figure 34 shows a
benchmark calculation that gives good accuracy and runs quickly (input �les
MUTUALCAP.MINand MUTUALCAP.HIN). The geometry consists of two circular
wires inside a grounded outer conductor with a circular innerradius. The
enclosed volume is divided into two dielectric regions with� r = 4:0 and
� r = 1:0. In this case, there are three unknown capacitance quantities: C10

(capacitance between Wire 1 and ground,C20 (capacitance between Wire
2 and ground) andC12 (mutual capacitance between Wires 1 and 2). The
assembly is uniform along thez direction with length L z = 0:02 m.

One approach is to employ the automatic surface integral routines in
PhiView to calculate induced charge. To perform an integral, open a data
�le in the main menu and then go to the Analysis menu. Click on the
commandRegion propertiesand specify the number of the region over which
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Table 9: Calculated quantities for exampleMUTUALCAP.

Sol V1 V2 Q1 Q2 Q0 U
1 1.0 0.0 2:13� 10� 12 6:09� 10� 13 1:53� 10� 12 1:05� 10� 12

2 0.0 1.0 6:09� 10� 13 1:27� 10� 12 6:67� 10� 13 6:27� 10� 13

3 1.0 1.0 1:52� 10� 12 6:64� 10� 13 2:20� 10� 12 1:08� 10� 12

integrals will be performed.PhiView lists results on the screen and writes
a record in the data �le.

To illustrate, consider the capacitance quantities in the example of Fig. 34.
We create Solution 1 with Wire 1 set toV1 = 1:0 V and Wire 2 to V2 = 0:0 V
(Fig. 35). In PhiView we use theRegion propertiescommand for Regions 1
(ground electrode), 4 (Wire 1) and 5 (Wire 2). Table 9 shows thecalculated
surface charge values in coulombs. In the table,Q1 is the surface charge
on Wire 1, Q2 is the charge on Wire 2, andQ0 is the charge on the inside
of the ground electrode. Because we applied a 1.0 V drive, the numbers
also equal the capacitance in farads. From the table, we can determine that
C12 = 6:09� 10� 13 F and C10 = 1:05� 10� 12 F. To check accuracy, we can
verify that Q1

�= Q2 + Q0. We next generate Solution 02 withV1 = 0:0 V
and V2 = 1:0 V. The results (shown in the second data row of Table 9) imply
that C12 = 6:09� 10� 13 F and C20 = 6:65� 10� 13 F.

The surface integral method works well in the example because we have
used a �ne mesh for good resolution of the curved electrode surfaces. The
accuracy of the method declines signi�cantly when electrodes have sharp
corners where the electric �eld is e�ectively unde�ned. Forthese situations
we can get better results with volume integral methods that are less sensitive
to local �eld interpolation errors.

For a simple two-electrode system, the volume integral of �eld energy is
related to the capacitance by

Ue =
CV2

2
: (24)

We can use theFull analysis command in theAnalysis menu of to perform
a �eld energy integral. In response,PhiView lists the global energy and
components associated with di�erent regions. It is not di�cult to extend
this concept to multiple electrodes. For an applied voltage of 1.0 V, the
global electrostatic energyU1 for Solution 1 is related to the capacitance
values by

U1 =
1
2

(C12 + C01) : (25)
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Figure 35: Calculated equipotential lines for Solution 1.

Similarly, the �eld energy for Solution 02 is

U2 =
1
2

(C12 + C02) : (26)

We perform a third solution where a 1.0 V potential is applied to both Wires
1 and 2. Here, the �eld energy is related to capacitance valuesby

U3 =
1
2

(C10 + C30) : (27)

Using the three equations, we can solve for the capacitance values in terms
of the calculated values of �eld energy:

C12 = U1 + U2 � U3; (28)

C10 = U1 � U2 + U3; (29)

C20 = � U1 + U2 + U3: (30)

Table 9 shows �eld energy values for the three solutions. The calculated
values of capacitance areC12 = 5:98 � 10� 13 F, C10 = 1:51 � 10� 12 F and
C20 = 6:65 � 10� 13 F. These values are close to those determined by the
surface integral method.
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Table 10: Applied voltages for a three-electrode system with ground.

Solution V1 V2 V3
1 1.0 0.0 0.0
2 0.0 1.0 0.0
3 0.0 0.0 1.0
4 1.0 1.0 0.0
5 1.0 0.0 1.0
6 0.0 1.0 1.0

There are six unknown quantities for a system with three electrodes and
a ground reference:C12, C23, C31, C10, C20 and C30. We can generate a set
of six equations similar to Eqs. 30 with the set of voltages shown inTable 10.
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