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of Science in Physics presented on 6 May 2014. Title:  Characterization of super-low frequency 
electromagnetic fields produced by an undersea transmission cable in a homogeneous fluid.
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Alexandre F. T. Yokochi

Offshore renewable energy, an untapped energy resource in the United States, has the potential to 
stimulate job creation and diversify the world’s energy portfolio.  Transmission cables are used to transfer 
electrical power to the mainland.  These cables carry a harmonic time-dependent current.  This current in 
turn generates both an electric and magnetic field.  Although the electric field can be shielded from the 
marine environment, it is not economically feasible to use high permeability materials to shield the 
magnetic field.  The magnetic field induces an electric field in the water surrounding the transmission 
cable.  The sensory perception and migration of fish and mammalian species can be caused by 
perturbations in the electric and magnetic fields.

This research focuses on determining the magnitude of both the magnetic field and the induced 
electric field.  It is hoped that through a better understanding of the fields created by these transmission 
cables, marine conservation can be promoted and renewable wave energy can be further developed.  
Several analytic models are compared for the radial and axial electric field. The magnitude of the 
magnetic field and its induced electric field in seawater are experimentally measured, and the ability to 
predict the electric field through a derivation of Maxwell’s equation similar to the statement by Shakur et 
al is evaluated experimentally. A derivation using polarization potentials (Hertz vectors) employed by 
Sommerfeld et al is used to model the induced electric field.  

The magnetic field is measured using a Hall magnetometer.  Electric fields are measured using 
standard reference graphite electrodes. The magnetic field is modeled using Maxwell’s equations; there is 
excellent overlap of the experimental data and theoretical model.  The traditional model of dealing with 
the fields directly fails to accurately model the data for a single copper conductor in both the near and far 
field regions. There is excellent correlation between the model proposed by Sommerfeld and the 
measured data.    

Keywords:  Electric and magnetic fields, polarization potential, under-sea transmission cable, offshore 
ocean energy, renewable, electric wave generation, marine life
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3. Introductory Material

In this section, the underlying physics behind the formation of waves and the use of wave generation as a 

means of renewable energy production is discussed.  The means of converting mechanical wave energy to 

electrical energy is examined.  Ocean wave energy technologies are compared and explained.  The 

impacts on marine life are considered, and regulation of commercial wave generation is discussed.  

3. 1 The Physics of Electrical Wave Generation

The sun’s thermal energy drives wind currents and patterns.  While the moon is responsible for 

tidal shifts in the ocean, wind currents are responsible for the mechanical energy in ocean waves.  

This oscillation through matter is responsible for the transfer of energy through the ocean.  There 

are a number of factors that contribute to the formation of ocean waves including:  the wind 

speed, the fetch (the uninterrupted distance over which the wind current flows without significant 

change in direction), the width of area affected by the fetch, the wind duration, and the water 

depth [1].  Figure 1 shows the important correlation between wind speed and wave height [2].

Figure 1:  The image shows the global distribution of wind speed as observed by TOPEX/Poseidon's dual-frequency radar
altimeter from October 3 to October 12, 1992 [2].
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The mechanical energy of the ocean can be harvested using wave generation technology.  It is 

estimated that if 0.2% of the ocean’s untapped energy could be harnessed, it could provide power 

sufficient for the entire world [3].  As Figure 1 suggests, the variability in wind speed will cause 

wave height differences throughout the oceans.  These height differences will determine the 

amount of wave energy that can be extracted from the ocean.  Figure 2 shows a theoretical 

prediction of the wave energy that could be harvested in each region of the world [4].     

Figure 2:  Shown is a topographical map of wave energy kW m  of wave crest capable of being harvested for the world [4].

A number of onshore and offshore devices have been developed to produce electrical energy 

from wave mechanical energy.  Onshore wave generators are either affixed to the seabed within 

50 meters of land or directly on land.  The LIMPET is probably the best known onshore wave 

energy generator [5].  It uses the mechanical energy from ocean waves to compress air which in 

turn produces electrical energy.  Offshore wave generators are typically installed 2-10 km off the 
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coastline.  The Pelamis is one type of offshore wave energy generator.  The Pelamis machine is 

made up of five tube sections linked by universal joints which allow flexing in two directions. 

The machine floats semi-submerged on the surface of the water and inherently faces into the 

direction of the waves. As waves pass down the length of the machine and the sections bend in 

the water, the movement is converted into electricity and power is transmitted to shore using 

standard subsea cables and equipment [6].  Oregon State University Wallace Energy Systems 

and Renewables Facilities in collaboration with Columbia Power Technologies have been testing 

offshore wave generation technology since 2008.  We will confine our discussion to the focus of 

our research: offshore electrical wave generation.  

3.2 Introduction to the Problem

Offshore wave generators require undersea (also known as submarine) cables in order to supply 

the mainland with electrical energy.  It is the method of electrical energy transfer that has kept 

wave generation largely in its infancy.  Many technical reports have found that electric fields 

interfere with a variety of marine organisms [7]–[9].  Further funding and development of 

offshore ocean wave generation technology depends on determining the extent to which marine 

life is indeed negatively impacted by electric fields generated by current in undersea cables.  

Since it has been discovered that marine organisms are negatively impacted, the cables could be 

buried under the seabed as long as the magnitude of the electric field drop off distance were 

known.  Much research has been done both theoretically and experimentally to determine the 

magnitude of the electric field in the ocean as well as the impacts on marine life [10]–[13].  

Measuring the electric field ex-situ has proved difficult for a variety of reasons.  The movement 

of waves and the inability to have easy access to the measurement setup have resulted in data 

that is difficult to interpret.  This research will focus on in-situ measuring of the magnetic and 
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electric fields from a single conductor in an inhomogeneous fluid.  Electromagnetic theory will 

be used to develop a model that will predict the magnitude of the induced electric field.

4. Theoretical Methods

Theoretical derivations for the electric and magnetic fields are formulated.

4.1 Theoretical Background and Derivations

The problem considered is a finite linear current source in an infinite conducting medium (although a 

finite conducting medium will also satisfy our initial assumptions assuming the boundaries of the medium 

are sufficiently distant from the current source) [14]–[20].  The geometry of the problem, as well as, a 

coordinate conversion from Cartesian to cylindrical is shown in figure 3.  

Figure 3:  Shown in the figure [14] is a finite current source oriented along the z axis and a source point P.  
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Displacement current in the medium can be neglected if σ / ωε >> 1  where σ and ε are the conductivity 

and permittivity of the medium while ω  is the angular frequency of the current source.  As long as the 

angular frequency is less than 100 MHz, electromagnetic fields will propagate in a medium with a 

wavelength given by λ 2πδ  where δ  is the skin depth of the conducting medium defined as

1/2δ (2 / σωμ)  [14].  The current has an exponential phase factor i tIe  .  The approach used by Wait 

[18] employs the Hertz vector Π .  For the chosen cylindrical coordinate system, the Hertz vector has only 

one component given by: 

γr

z
IeΠ d
4πσr



 l (1)

where 2 2 1 2r [ (z ) ]    l and 1 2)(i σ   .  The variable  is defined as the propagation constant for 

conducting medium.  Integrating equation (1) along 1l to 2l , the Hertz vector for a finite linear current 

source is obtained [14].

2

1

γr

z
I eΠ d

4πσ r



 
l

l

l (2)

The electric and magnetic fields, andE B , can be mathematically represented in terms of the Hertz vector 

using the following representations.

2   E Π Π∇∇ (3)

  B Π∇ (4)

Equation (2) can be inserted into equations (3) and (4) to determine the electric and magnetic fields 
respectively in all three cylindrical coordinates. 
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From equations (3) and (4), the electric and magnetic field components can be individually determined 

[18]. Equations (7), (8), and (9) show the radial and z components of the induced electric field and the 

angular component of the magnetic field from a finite current source. 
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l

l

l (9)

The parameters in the formulas (7) - (9) including the generalized sine and cosine integrals [21] 

c i s iE (a, x ) and E (a, x ) can be defined concisely below.

1 2

2 2 1 2
i i i i

(1 i) , a , ( 2) 1 ,
r (i 1, 2) [ (z ) ] , x (i 1, 2) (z )

          

        l l

 
i ix xu u 1 22 2

c i s i
0 0

1 e cos(u) e sin(u)E (a, x ) dx, E (a, x ) dx, u a x
u u
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The general formulas given by (7) and (8) can be simplified for the condition of low frequency; that is for

ir (i 1, 2) 1   [18], [20]. 

1 1z 2 1 1 2
3 3

1 2

E z z z zi sinh sinh
I 4 4 r 4 r

        
               

l l l l
(10)

3 3
1 2

E 1 1
I 4 r r
  
    

(11)

The induced electric fields in the radial and z direction can further be simplified if it is assumed that the 

observation point is near the source such that the end points of the current source are far away [18]. 

 z
0

E i K i
I 2


  


(12)

E
0

I
  (13)

From the simplified formulas (12) and (13), it is clear that there is only an induced z component of the 

electric field.  In formula (12), 0K is the modified Bessel function of the third kind of order zero [18], 

[21], [22]. 

A derivation of the effect of insulation around a current source of infinite length is undertaken by Wait 

[18].  From the derivation, the induced electric field from an infinite current source with insulation is 

given by the following:

 2z
0 2 2

E i K i
I 2


      


(14)

Since 2 is typically very small, for any reasonable frequency choice the insulation around the infinite 

current source will add only a small perturbation to the formula derived in equation (12).
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The magnitude of the magnetic field and its direction from a linear current source can be predicted by 

Maxwell’s equation shown in (15).

I
2 r





B  (15)

The determination of the surface or enclosed charge requires careful treatment and has been dealt with by 

A. K. T. Assis et al [23].  The model, used to predict the radial component of the electric field, is derived 

from Gauss’s Law. The enclosed charge (QB) is related to λ by the length of the wire and the surface 

charge density (σB). The value of the electric potential at the end of the wire (φR) can be set to zero for the 

point in time when the field is maximum.  The resistance of the wire is given by  . 

 
R

B o

I 2
2a ln L / a

   
     

 
 (16)

From equation (16), the charge can be calculated and used to determine the radial electric field.

B BQ 2 a L    (17)

o
rE

2 r





 (18)

The longitudinal electric field Ez can be derived using Maxwell’s equations as shown in equation (19).

d
t


  

 BE a  (19)

An integration constant is obtained and is usually considered to depend on the history of current as a 

function of time [24].  Inserting a sinusoidal current and taking the real part of the function allows the 

longitudinal electric field to be determined in an alternate manner.
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o
i t

z
rE i I e ln K

2 a
         

 (21)

  o
z

I rRe E ln K
2 a

       
 (22)

Equation (10) clearly has no singularities while equation (22) diverges at the origin and at infinity.  

5. Methods

The design and construction of the water containment unit is described in detail.  A thermal fan serves as 

a voltage generator that is placed outside the water containment unit.  The thermal fan provides 120 VAC 

from the electrical mains.  The measurement of the current drawn by the thermal fan is experimentally 

measured using a digital multi-meter.  The electric and magnetic fields from a single conductor in 

synthetic seawater are measured.  Magnetic field measurement techniques are introduced.  Electric field 

measurement techniques are described for both the direct electric field and the induced electric field.  The 

function and data output of the digital multi-meter used in the measurement of the electric field is 

explained.  

5.1 Setup of the water containment system

A water containment unit is constructed in order to provide an experimental environment without the 

electromagnetic effects that would be found in coastal waters.  The containment tank is LDPE (low 

density polyethylene) plastic.  Industrial grade HDPE (high density polyethylene) plastic is used for a 

rack that allows the sliding of measurement probes (magnetic sensor and the graphite rods) during 

experimentation.  To avoid electrical hazards during experimentation, a yellow plastic jacket 1.04 mm 

thick is fitted around the copper conductor.  The water containment system is setup such that the rack is 

free to slide along the long side of the plastic containment unit.  The dimensions of the tank are 61 cm 
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long, 47 cm wide, and 40 cm high. A conductivity probe is used to measure the salinity of the water to be 

30.2 parts per thousand NaCl to water.  

Figure 4:  The water containment unit in the laboratory setting.  The rack is free to slide in the horizontal direction.

5.2 Measuring the current drawn by the thermal fan

The current is measured for the thermal fan in order to determine the effect of electrical current on the 

magnetic field.  The thermal fan’s internal resistance decreases nonlinearly as the device heats up.  After 

several minutes, the device reaches an equilibrium temperature.  After the device has warmed up, the 

device is turned off, and the resistance is immediately measured using a digital multi-meter.  The thermal 

fan has three settings:  circulate, heat, and circulate with heat.   It is necessary to measure the resistance 

for each of these settings.  With three different resistances and thus three different currents drawn from 

the electrical mains, the impact of current on the magnetic field is able to be determined. 

5.3 Magnetic field measurement techniques

The Hall effect measures the magnetic field created by the alternating current through the conductor.  If 

current flows through a conducting material and is subjected to a perpendicular magnetic field, moving 
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charges are deflected.  Electrons and holes move in the same direction as dictated by the Lorentz force 

law, and therefore create opposite Hall voltages depending on the sign of the charge carrier.  This Hall 

voltage, created by the magnetic field can be measured.  The magnetic probe tip should be parallel to the 

field lines but perpendicular to the copper conductor to measure the maximum magnitude of the magnetic 

field at a given distance.  Figure 5 is a diagram of a single copper conductor (12 AWG) with magnetic 

field lines oriented in the angular direction.  The magnitude of the magnetic field diminishes radially.

Figure 5:  The blue radial field lines surrounding the wire correspond to the magnetic field.  The magnetic probe is shown above 
the wire.  The red, blue, and green arrows represent the standard basis in a Euclidean space.  The red arrow points in the positive 
z direction, the green arrow points in the positive y direction, and the blue arrow points in the positive x direction.

A Vernier magnetic probe is used to measure the magnitude of the magnetic field as a function of radial 

distance from the conductor.  Since the current flowing through the conductor has a frequency of 60 Hz, 

the magnetic field will also have a frequency of 60 Hz.  The magnetic probe is placed on the rack and 

held at a fixed location for twenty seconds.  The rack is then moved to a new radial distance and held 
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fixed for twenty seconds.  This process is repeated for each radial distance.  Data averaging over the 

twenty seconds is performed for each radial distance yielding the magnitude of the magnetic field for that 

radial distance.  This experiment is then reproduced in triplicate to ensure accuracy in the measurement.

5.4 Instrument analysis of the digital multi-meter

The digital multi-meter is capable of precision measuring of up to 6½ digits.  Thus, the multi-meter is 

capable of giving a measurement of 223 𝜇V with the 3 being a non-rounded number.  The multi-meter 

has a one hour warm up time.  During this time, any measurements will fluctuate significantly.  The 

multi-meter comes with its own probes for sensitive measurement.  These probes are attached to two 

graphite rods for measuring in the saline water.  The digital multi-meter is used for measuring the direct 

electric field and the induced electric field from the copper wire.  Like the Vernier probe, the multi-meter 

generates large amounts of data to be analyzed.  Because there is always a background electric field, the 

multi-meter samples the electric field for thirty seconds after which the thermal fan is then turned off for 

ten seconds.  During the ten seconds, the probes are moved to a new radial distance and the thermal fan is 

once again turned on.  In this way, there is always a background with which to compare the measured 

electric field.  The time averaged data taken with the thermal fan off can be subtracted from the time 

averaged data sampled with the thermal fan on.  Shown in Figure 6 is an image of the digital multi-meter 

used in the experiment.
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Figure 6:  Attached to the Keithley multi-meter are the two sensitive probes used to measure the electric field.  The device 
generates data in tabular format that is exported Excel or csv worksheets.

5.5 Direct electric field measurement techniques

The direct electric field is created by a potential difference.  This electric field can be measured by 

placing the two graphite rods which are connected to the multi-meter’s probes on a line perpendicular to 

the copper conductor.  The distance between the point half-way between the two rods and the center of 

the conductor is measured.  For a fixed radial distance, the electric potential can then be measured.  The 

electric potential is then divided by the distance between the two graphite rods to give the direct electric 

field.
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Figure 7:  Shown is the experimental technique used to measure the radial electric field.  The two graphite rods are shown on a 
line perpendicular to the wire.  

5.6 Induced electric field measurement techniques

Another electric field is induced by the radial magnetic field.  This electric field can be measured by 

placing the two graphite rods which are connected to the multi-meter’s probes on a line parallel to the 

copper conductor.  The distance between the point half-way between the two rods and the center of the 

conductor is measured.  For a fixed radial distance, the electric potential can then be measured.  The 

electric potential is then divided by the distance between the two graphite rods to give the direct electric 

field.
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Figure 8:  Shown is the experimental technique used to measure the induced electric field.  The two graphite rods are shown on a 
line parallel to the wire.  

6. Results and Discussion

The magnitude of the magnetic field in the angular direction is measured and plotted versus radial 

distance.  The direct electric field and the induced electric field are measured and plotted versus radial 

distance.  The possible impacts of these electric fields on marine life are discussed in detail.

6.1 The magnitude of the magnetic field 

The magnitude of the magnetic field is measured both in air and in saline water allowing for a comparison 

between the relative field strengths.  The purpose of this experiment was to determine if the magnetic 

field would be different in the two mediums.  Figure 9 shows the measured magnetic field in both air and 

the synthetic sea water as a function of distance from the copper conductor.   
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Figure 9: Shown in the figure is the experimental data that was measured using the magnetic field sensor in air and saline water.  

Figure 10:  A contour plot shows the theoretical magnetic field for a conductor carrying 10 Amps.  The model shows the angular 
component of the magnetic field due to a single current carrying conductor.  
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The current in a copper conductor generates a measurable magnetic field.  After about 5 centimeters, the 

contribution of the copper conductor to the magnetic field is about 25 µT.  This field strength is fairly 

constant for the next 10 centimeters.  The voltage generator was turned off after each measurement and 

the probe was zeroed after so that the contribution of the earth (about 25-65 µT) would not impact future 

measurements.     

6.2 The direct electric field from copper conductor 

A potential difference across the copper conductor creates an electric field.  This electric field is predicted 

to drop off in strength as a function of 1/r.  This electric field was measured and recorded for 7 Amps and 

10 Amps through the conductor.  The measurements were fitted to the theoretical trend using Gauss’s 

law.  The electric field magnitude, although fairly large, can be blocked from the environment using an 

appropriate knowledge of electromagnetic shielding.  Static (<100 kHz) magnetic fields could also be 

diminished but not blocked, by pulling magnetic field lines into the material, using materials with high 

magnetic permeability around the copper conductor such as Permalloy or Mu-Metal [25].  Although it can 

be quite practical to shield a conductor electrically, the magnetic field is rarely shielded due to economic 

constraints.  The importance of measuring the direct electric field is to show that the direct electric field 

should be shielded from the environment.  Figure 11 shows the experimental data that was measured 

using the graphite rods in a line perpendicular to the copper conductor.  Each data point represents the 

averaging of several data points taken at that distance.  As the radial distance increases, the measured data 

begins to diverge from the trend.  The sensitivity of the digital multi-meter limits the precision at 

distances far from the conductor.  The graphite probes can also only be brought to a specific distance 

from the conductor because of physical constraints.
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Figure 11:  Shown is the measured radial electric field for currents of 10 and 7 Amps.

6.3 Electric field strength induced by magnetic field

The magnetic field from the copper conductor induces an electric field.  The magnitude of this electric 

field exhibits exponential decay rather than 1/r dependence.  This induced electric field is difficult to 

model because of the global geometry considerations [26].  Although several models have been proposed 

for predicting the induced electric field, many models either diverge at zero or infinity.  The model 

proposed by Inan and Wait [14], [16]–[18] that shows powerful predicative behavior is plotted in Figure 

12.  Another model suggested by Shakur and introduced in most introductory electromagnetism textbooks 

[24], [27] is also plotted.  An exponential fit is also added to the graph to show how the electric field 

decays.  
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Figure 12:  Shown in the figure is the experimental data that was measured using the graphite rods in a line parallel to the copper 
conductor and theoretical models. 

The dipole model developed by Sommerfeld and examined in detail by Stratton, Wait, and Inan [14], 

[16]–[18], [20], [28] places the points of infinity (electric dipoles) away from the measurement point.  

Examining Figure 14, the electric field is measured along the axis z = 0 for R greater than 0 meters.
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Figure 13:  A contour plot shows the theoretical z component of the electric field.  The model is that proposed by Sommerfeld 
and Stratton.

The model proposed in most introductory texts on electromagnetism places the points of infinity at both 

the origin and at infinity.  While Maxwell’s equations can be represented using both vector and scalar 

potentials, these two methods of representing Maxwell’s equations are not the only possible choice.  The 

use of the Hertz vector potential allows the points of discontinuity to be placed a way from the 

measurement point; thus allowing for a continuous prediction of the field strength.  Figure 14 shows the 

electric field going to infinity at the origin and at infinity.  It was suggested by Shakur and Gauthier [27], 

[29], [30] that this divergence at the boundaries can be removed by employing suitable boundary 

conditions.  “The [scalar and vector] potentials are ‘more regular’ than the electric and magnetic fields, 

and this regularity can be enhanced further by introducing superpotentials [Hertz vector], from which the 

fields are obtained by higher order differentiation [31].”  
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Figure 14:  A contour plot shows the fall off of the radial component of the electric field.  There is divergence at the origin and at 
infinity.  

6.4 Electromagnetic impacts on marine life 

The impacts on marine life can vary depending on the organism and the strength of the field.  Certain 

planktonic organisms such as Daphnia give off static or quasi-static electric fields.  These fields can be 

dwarfed by larger fields created by underwater sea cables; thus inhibiting many different types of fish that 

rely on electromagnetic detection including the paddlefish Polyodon spathula [32].   Also sharks and rays 

are particularly adept at detecting small electrical signals and research suggests that this is their primary 

method of detection of prey [7].  Elasmobranches (sharks) are attracted to DC fields of 5 V / m  to 1 

1mV / m and are repelled by stronger fields of 10mV / m or more [33].  Low frequency electric fields 

have been found to be more easily detected by electro-sensitive species [34].  Magneto-sensitive species 

may also be impacted by the magnetic field from the underwater sea cable.  More than 45 different 
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species, including 5 mammalian species, have been shown to make use of an internal magnetic compass 

[35].  Through electromagnetic emission, underwater sea cables have the potential to impact a variety of 

marine life.

7. Conclusions

Measurement techniques were applied to determine the magnitudes of the magnetic field and induced 

electric field from a single conductor in an inhomogeneous fluid.  A model was constructed that would 

allow the induced electric field to be calculated from measurable parameters.  The impact of 

electromagnetic effects on marine life was considered.  There is a variety of research that is left undone 

that needs to be investigated to complete our understanding of how undersea cables effect marine life.  

Variable frequency measurements can be performed to determine at what frequency and distance eddy 

field effects occur as indicated by Inan [14].  The impact of the boundaries of the water containment unit 

on the induced electric field could also be investigated by varying the dimensions of the unit.  The 

experiment could be scaled up to a man-made aquatic pool.  A wave generator that could transmit wave 

pulses through the pool could be added to measure the impact of moving water on the induced electric 

field.  Also, a three phase cable could be modeled and used in the scaled up aquatic pool.  The final 

extension of this problem would be to perform in-situ measurements on underwater sea cables in the 

ocean.  The first step towards isolating the parameters that impact the induced electric field has been 

taken.  With continued work, the impacts of electric wave generation technology on the marine 

environment can be fully understood.     
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9. Appendices

The Python program used to create the density plots of two variables is included for future reference.  The 
original author is Roberto Colistete Jr.  The following website was used to seamlessly syntax highlight the 
code:  http://www.planetb.ca/2008/11/syntax-highlight-code-in-word-documents/

1. ## Example/template of density plot of two variables, f=f(x,y).   
2. ## The density plot can be shaded, have color maps, color bar, etc, and saved    
3. ## to a (PNG) file.   
4. ## Look at MatPlotLib documentation for more details about 'imshow' :   
5. ## http://matplotlib.sourceforge.net/api/pyplot_api.html#matplotlib.pyplot.imshow   
6. ## Author : Roberto Colistete Jr.   
7. #   
8. ## NumPy and MatPlotLib are loaded :   
9. from pylab import *   
10. from matplotlib.colors import LightSource   
11. ##############################################################################   
12. ## Personalize your plot parameters here.   
13.   
14. #define plot size in inches (width, height) & resolution(DPI)   
15. fig = plt.figure(figsize=(5, 5), dpi=100)   
16. plt.rc("font", size=24)   
17.   
18. a=0.4  
19. ## x values from xi to xf with numx points being sampled :   
20. xi = -a; xf = a; numx = 1000  
21. ## y values from yi to yf with numy points being sampled :   
22. yi = -a; yf = a; numy = 1000  
23. ## z = f(x,y), just change the expression after 'return' :   
24.   
25.   
26. sigma=4  
27. l1=-0.5; l2=0.5  
28.   

http://www.planetb.ca/2008/11/syntax-highlight-code-in-word-documents/
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29.   
30. def f(x,y):   
31.      return (x/(4*pi*10**-7)*((y-l1)/(4*pi*sigma*(x**2+(y-l1)**2)**(3/2))-(y-

l2)/(4*pi*sigma*(x**2+(y-l2)**2)**(3/2))))   
32. ## Interpolation method can be 'nearest', 'bilinear', 'bicubic', 'gaussian',    
33. ## 'lanczos', etc :   
34. # densityinterpolation = 'nearest'   
35. densityinterpolation = 'bilinear'  
36. ## Color map (type after 'cm.') can be jet, gray, binary, spectral, hsv, hot,   
37. ## cool, cooper, bone, autumn, winter, summer, spring, etc. Look at :    
38. ## http://www.scipy.org/Cookbook/Matplotlib/Show_colormaps    
39. # densitycolormap = cm.gray   
40. densitycolormap = cm.spectral   
41. ## Option (True/False) to use shaded relief density plot with light sources :   
42. densityshadedflag = True  
43. ## Option (True/False) to show color bar of the density plot :   
44. densitybarflag = True  
45. ## Labels for x and y axis :   
46. xlabeltext = r'R (meters)'; ylabeltext = r'Z (meters)'  
47. ## Plot title, here including TeX expressions (inside '$') :   
48. #titletext = r'$f(x,y)=\,\cos(\pi\,x\,y)^2 e^{-\frac{x^2+y^2}{2}}$'   
49. ## Option (True/False) to show a grid of dashed lines :   
50. gridflag = True  
51. ## Name of the file where the plot is saved (in current directory).   
52. ## Possible extensions : png, pdf, ps, eps and svg :   
53. plotfilename = 'densityfxy.png'  
54. ##############################################################################   
55. # Don't change the code below   
56. x = arange(xi, xf, (xf-xi)/(numx-1))   
57. y = arange(yi, yf, (yf-yi)/(numy-1))   
58. X,Y = meshgrid(x, y)   
59. z = f(X,Y)   
60. if densityshadedflag:   
61.     ls = LightSource(azdeg=120,altdeg=65)   
62.     rgb = ls.shade(z,densitycolormap)   
63.     im = imshow(rgb, extent=[xi,xf,yi,yf], cmap=densitycolormap)   
64. else:   
65.     im = imshow(z, extent=[xi,xf,yi,yf], cmap=densitycolormap)   
66. im.set_interpolation(densityinterpolation)   
67. if densitybarflag:   
68.     colorbar(im)   
69. xlabel(xlabeltext); ylabel(ylabeltext); #title(titletext)   
70. grid(gridflag)   
71. ## To show instead of saving the plot, just use 'show()' :   
72. show()   
73. #savefig(plotfilename)  
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NOTES


