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ABSTRACT
A numerical approach for the solution of M axwell’s equations is presented. Based on a finite difference Yee lattice the 
method transforms each of the four Maxwell equations into an equivalent m atrix expression that can be subsequently  
treated by m atrix m athem atics and suitable numerical m ethods for solving m atrix problems. The algorithm, although 
derived from integral equations, can be considered to be a special case of finite difference formalisms. A large variety 
of two and three-dimensional field problems can be solved by computer programs based on this approach: electro­
statics and m agnetostatics, low-frequency eddy currents in solid and lam inated iron cores, high-frequency modes in 
resonators, waves on dielectric or m etallic waveguides, transient fields of antennas and waveguide transitions, transient 
fields of free-moving bunches of charged particles etc.

IN TRO D U CTIO N
The field of accelerator physics largely deals with controlled application o f electrom agnetic forces to  

charged particles. These forces occur in various parts of an accelerator at different levels of com plexity: 
M agnetostatic and electrostatic fields are used to steer, focus and accelerate particle beam s. RF-fields in 
m etallic resonators are the m ost common type of accelerating devices. C W -transm itters in the UHF range 
of more than 1 MW output power are used in large numbers, pulsed tubes are being built up to 100 MW  in 
the S-band. Transient fields are excited by charged particles when passing accelerator structures and cause 
difficult nonlinear problems (collective effects).

In the field of elem entary particle physics accelerators as large as 27 kilom eters in circumference are 
com m issioned and plans for m achines beyond 180 kilom eters have been presented. The cost of these front­
line accelerators is enormous. Thus it is extrem ely im portant to ensure, prior to construction, that such 
a device will work as planned. In order to predict the behaviour of charged-particle beams in accelerators 
one has to solve a variety of field problems for realistic structures such as those m entioned above. This has 
occasioned the developem ent of algorithm s and program system s, which have already proved dependable 
and useful in many areas of physics and engineering.

T H E  M E T H O D

In order to avoid specializations of M axw ell’s equations prior to numerical solution it is advantageous 
to solve M axw ell’s equations directly, rather than solving a partial differential equation derived therefrom. 
Using SI units, E  and H  for the electric, and m agnetic field strength, D  and B  for the flux densities and J
for the current density the equations to solve read as:

L Eds =  -J(1)
L * - ds = / / , ( f +j) - dA’ (2)

J J B  ■ d A  =  0 , (3)

/ X ( w +J) ' d A = o ’ (4)



with the following relations:
D = Æ, (5)
B = /rH, (6)

J  = kE + pv. (U

A grid G is defined in the orthogonal coordinate system  r  =  r (u,v,w)  as:
G  =  { (u t-, V j , w k ) ;  u i  <  Ui < « / , *  =  2 , -  1;

vi <  vj <  vj, j  =  2 , J  -  1;
w\ < Wk < w k , k = 2, -  1}.

All nodes of G  are num bered linearly by:

n  — 1 + (i — 1 ) M U -f (i ~ 1 ) M V + (fc — 1 ) MW , 
n =  =  I J K .

(8)

(9)
(10)

Usually one uses M u =  1 ,M V =  I , M W =  I J  or any perm utation of these three assignm ents. F igure 1 shows 
such a three-dim ensional grid.

■ W,

Figure 1 : Three dim ensional grid in the orthogonal 
not necessarily cartesian system  (u ,v ,w ).

Figure 2: A llocation o f unknown field com ponents 
in the grid G  showing the indexing.

G

Figure 3: Two neighbouring mesh cells showing the 
allocation of the electric and m agnetic field com po­
nents in G and G .



The functions which describe the field distribution in the volume under consideration are replaced by 
discrete field values in each cell of the grid. Thus one has to allocate com ponents to grid nodes, lines, areas 
or elem entary volum es. We will not choose the obvious allocation of calculating all six field components 
at the grid nodes. Such an allocation would cause serious problems at surfaces of m aterials where some of 
the field com ponents are not continuous. Instead, the com ponents of E  are placed at the m id-points of the 
edges of the grid cells and the com ponents of B  at the centre of each face, as shown in Figure 2, extending  
the Yee Algorithm  [1] to more general field problems [2, 3, 4].

This kind of allocation has the distinct advantage that the transition from one cell to the next involves 
only continuous com ponents, tangential E  fields and perpendicular B fields (see Figure 3); thus M axw ell’s 
equations are always satisfied, in this respect, even when different m aterial fillings are involved. We now 
apply a first-order integration formula in order to approxim ate the left hand side of equation ( 1 ) and obtain 
the following algebraic expression replacing the integral along the border of an elem entary cell:

f d A u,,„ E  • =  + ( w + l  -  U i ) E u<n +  ( V j + 1  -  V j ) E Vin + M u

( m  + i — Wj) E U'UjrMv ( v j -)_i Vj ) E v<n T 0((uj-j-i  iL{) ) +  ) )•

?or the light hand side of that equation, we obtain (again by the lowest-order integration formula):

f f —J JAu,n dt
dA. — B u/)1l( u , ' ) ( C j - ) _ i  vj) F 0  I ((wi-f-i Wj)(üj-|_i w)) ( 12)

Equating the two expressions yields a discrete replacement for the first M axwell equation on each surface of 
the grid cells and thus on every area composed of mesh cell surfaces. In order to describe all these equations 
for all surfaces we introduce a basic discretization m atrix with only two bands and with elem ents taking 
only the values 0 , + 1  or - 1 :

- 1  ] p  =  m

P u  ( P u )7;i)p — \ +1 ; p  =  Til +  M u m,p= l
0  ; e l s e

(13)

Out of such sim ple matrices we combine the matrix C that replaces the contour integral operator in equation 
( 1 ) for all mesh points:

1 0 p± 1U P y \
c  = P u , 0 - P u (14)

{ - P u P u 0

All unknown com ponents of the electric field E are put into a vector of dimension 3N = 3(IJK ) :
e = ( EUi\, E Ui-2 , •••., E wj^Y (15)

and we replace D  by d, B  by b, H  by h and J by j respectively. The topological part of the contour integral 
(cu r l)  is represented by the m atrix C . The actual length of the integration path is put into a diagonal
mat rix:

D s =  D ia g (A m  , . . ,  Awyv, A u j ,. . ,  A v n , A -uq,.., A uiat), (16)

A ILfi — <
d r ( u ,  v j ,  Wk)  

du
11 d u

0

; 1 < i <  I -  1 
; 1 < j < J  
; 1 < k < K

;* = /•

(17)

Ac,, and A trn are defined accordingly. The surfaces of the grid cells com pose the diagonal matrix:

P A  — D i a g ( 4 u , i  i ■•■AUi/ v , - 4 ^ ,1 ,  ■ ■ i -4-10,1 ; • • ■> -4io,A^)? (18)

4.-u,?i —  A  un A  w n , 

4(̂ 71 — A w n A u n , 

A Wtn =  A u n A v n .

(19)
( 20 ) 

(21)



Finally we can give a m atrix equation using all these definitions that replaces the first M axwell equation on
all cell surfaces:

C D s e =  —D A b ( 22)

The special allocation of field com ponents in the grid generates a second, dual grid G in which the magnetic  
flux densities are allocated as are the electric field com ponents in the original grid G , see Figure 3.

The dual grid is defined by:
G =  { ( u { , V j , W k ) ]  u j  <  u t <  u j ,  i — 2 , /  — 1 ;

V\ <  Vj <  V j ,  j  =  2 , J  — 1; (23)
uq <  w>k <  w k , k  =  2 , I (  -  1},

U{ =  ( u j-+i +  U { ) / 2; 1 <  i  <  I  -  1; u j  =  0, (24)
Vj =  ( v j + 1  +  v j ) / 2 ; 1 < j  <  J  -  1; v j  =  0 , (25)

Wk =  ( w k + 1  +  w * )/2 ; l <  k  <  I (  -  1; w K  =  0 . (26)
We can also define matrices that hold the mesh step sizes and cell areas as for the original grid G:

D s = D i a g f A u i , A n / v ,  Avi,.., A v N , A w i ,..,Aw n ), (27)
i ( A u n +  A u u - m u ) /2  ; 2 <  i <  7 — 1

Awn =  < A u n / 2  ; i =  1 (28)
f A uu-m u /2 ) f — -A

D a  =  D i a g ( i 4 u , i , 2lu,yv, i4Wti , A v (29)

A u tu — Av-ii A  Wji, (30)
■ 'dv,7i — Avi f i  A u i n  (31)

— A u n A v n . (32)
W hen solving the second M axwell equation in a way similar to the first one, we have to face the fact that 
the m agnetic field H  is not defined and thus has to be calculated from the flux density piecew ise along the 
integration path. A lso, the integration over the electric flux density is no longer a sim ple product of an area 
with a com ponent but the sum over four parts on each of which the flux has to be determined from the 
defined E and the material constants. Finally we obtain:

(33)

Note that the contour integral operator on the dual grid, C , (cu r l)  is related to C sim ply by
C =  C ‘ . (34)

C D s D p b  =  D A ( d  +  j )

The diagonal m atrices which take care of the piecewise different values for the m aterial constants are given
ciS!

(DJn A U n- M u

2/̂u,?i — Mu
A  u n

2/̂U,7l
(35)

(1-̂ >. )'2 ;V+7i — (1 /  (4 A w n ) ) Mu T -diu,n—M v ^w,n—M v T -^w,n ^w,n T M u —M v ^w,n—M u — Ai v ^ 5  (36 )

( f-Fc )'2/V+7i (1 /  (4 A tV)7l)) (^Au>,n — M u ^xu,n — M u T Ĵ -vj,n—M v ,̂w,n—M v T T
(37)

while , c and k  may have different properties in the directions u ,  v  and w .  A lthough not originally defined 
in the grid, one may relate the field strength, flux density and current density and form ally define a magnetic  
field and an electric flux density by:

cf11
¿a ( B = mH ), (38)

d ^ E h e  , (D  =  fE ). (39)
j = D Ke +  D pv  , (J =  acE -f p v ) . (40)



In order to com plete the transform ation of M axw ell’s equations to the grid space, we approxim ate the 
divergence equation by integrating B  over surfaces of each mesh cell of G . We can then write this equation
by defining the discrete d iv  operator on G as:

S =  (Pu|Pv |Pw) ' (41)
and obtain: SDAb = 0 (42)

This equation allocates the (non-existent) m agnetic charges to nodes of G . The corresponding m atrix on 
the dual grid G  is sim ply given by: S = (P ‘ |P ‘ IPi,). (43)
So the continuity equation in the grid space reads as:

SDA(d + j)=  0 (44)
Thus electric charges are defined on nodes of the original grid G .

PROPERTIES OF THE GRID EQUATIONS
One of the outstanding properties of M axw ell’s grid equations is that properties of analytical solutions 

have their exact analogues in the grid space. The analytical identity div curl = 0 reads in the grid space
as:

div curl e O ^ S C e S C e O. (45)
This identity in grid space can easily be proved by showing that:

s c  = ( 0 10 10) = (PVP W -  P wPv|PwPu -  PuPwlPuPv -  PvPu). (46)
Thus the proof reduces to the equivalence of interchanged partial differentiation:

p p _ p p  „ ( d 9 _ 9 9 )
r  V —  r V r U EV V7T~7r- —  7T- •ou ov Ov ou

(47)
This m atrix identity can easily be verified. The analytical property that scalar potentia l fields are curl free 
is also found in the grid space as:

curl grad = 0 Ct St E C S t E 0. (48)
The proof of this identity is found by sim ply transposing the identity (div curl = 0) equation (54). Thus 
the source-freeness of the “curly” field is in that sense equivalent to the fact that the scalar gradient held is
irrotational.

These properties of the Maxwell grid equations not only offer a unique tool to test num erical results for 
their physical correctness but also avoid the occurrence of incorrect solutions in the calculation of three- 
dim ensional eigenm odes in resonators, or at least their identification [3] . This is quite im portant since 
numerical errors in the m atrix algorithm s may occur and cannot generally be detected. In the held of 
accelerator physics, one often investigates unknown phenom ena by using such codes, so that an incorrect 
solution could lead to physical m isinterpretations.

THE MAXWELL GRID EQUATIONS
W ithout specifying anything about the shape of materials nor the tim e dependence of the helds, we have 
obtained a set of m atrix equations that approxim ate M axw ell’s equations on a double grid {G,G} ( R3



and R 3yV represent the physical spaces and R + the time):

>3A

H  - d s  =

R e a l S p a c e  <q> G rid  S p a c e
R 3 0  R + R 3N 0  R +

C D se  =  —D A b (49)

/„(§ A “ * C D s h =  D A (d +  j) (50)

J j  B  • d A  =  0<s> S D A b =  0 (51)

—---- f- J • dA  =  0<s>
a t  J

S D A ( d + j > 0 (52)
D = e E  <£> d = D £e (53)

B  =  f i H o b =  D Mh (54)
J =  kE  +  pv<q> j =  D « e  +  D  pv (55)
d iv  cu r l — 0<!=> s c  =  S C  =  0 (56)

cu r l g ra d  =  0<̂ > c fc =  C fc S fc =  0 (57)

SPECIAL CASES OF MAXWELL EQUATIONS
In order to solve these equations one has only to perform m atrix m anipulations and then solve the estab­
lished m atrix problem numerically.

a) S tatic fields
In the case of sta tic  fields it is in general not necessary to describe the problem by vectors. Gradients of a 
scalar potentia l are used to derive the Poisson equation:

E  =  -  grad </>E , 
div ( <? grad </>E ) =  - /> .

(58)
(59)

Instead of num erically solving M axw ell’s equation we define the electric potentials on nodes of G as:

$ e  =  (<5&E,i> 0E.2) 0E .3 ,..... (60)

and derive the corresponding equations only by m atrix m anipulation:
e  =  - S ‘ D - 1 $ e , (61)

S D . D a D j- ' S ' # «  =  - q . (62)
The latter equation is of the order N and is the “Grid Potential Equation” . The right hand side contains 
all charges on the nodes in the vector q of dim ension N.

For the m agnetostatic field the procedure is similar except that the “curly” part of the m agnetic field 
has to be taken out in order to allow the use of a scalar potential:

H  =  H c -  grad^H , (63)
curl H c =  J , (64)

d iv(/i grad <̂ h ) =  d iv (/zH c ). (65)
Here the right hand side is given by “m agnetic charges” which result from the curly field but have otherwise 
no physical m eaning. Equation (65) is equivalent to (59) where /¿, H  and d iv(/rH c ) correspond to e, E



and p.  One obtains the same m atrix equations by allocating H  com ponents on the grid and calculating D M
similarly to D £:

h =  h c - S t D - 1 'J>u , (66)
C D s h c =  j ,  (67)

S D ^ D a D ^ S 4 # , ,  =  S D MD A h c . (68)
This allows the use of the same iterative algorithm  for solving electro- and m agn etostatic  problems.

b) T im e harmonic and resonant fields
The electric fields sim ultaneously have to obey the following two equations, that can be directly derived 
from M axw ell’s equations

curl —curl E  =  u 2e E  — ito kE — iw J ,
At

(69)

div e E —  ( div k  E  -j- div J ). 
1 to (70)

The numerical formulation can be derived again by m atrix m anipulation:
( C D S D “ 1 D a ‘ C D s +  i u D A D s -  w2 D A D £ ) e  =  - ¡ w D A D , v ,  (71)

SDa D, e = r— ( §Da D,; e + SDA Dpv). (72)
\U)

Equation (71) represents a 3N x 3N equation system , which can usually be solved unless the stim ulation  
frequency u  corresponds to a system  resonance frequency. The resulting m atrix, however, has a m ultiply  
vanishing eigenvalue for u  =  0 as the existence of static solutions cannot be excluded by curl operations only. 
Positive frequencies yield eigenvalues with a negative real part, which create problems for many algorithm s 
for the solution of equation system s. T hat is why the com bination of equation (71) with derivations of 
equation (72) seems to be advantageous so that a better distribution of eigenvalues can be achieved. A 
variety of com binations is possible; e.g: with any diagonal m atrix D y  which vanishes for every point where 
equation (72) does not, the following 3N x 3N system  can be derived:

SfcDy SDA Dt e = 0. (73)
Equation (72) vanishes for all grid-points which are not on a surface where m aterial properties change and 
for which the current density is source free. In order to convert the algorithm  to a sym m etric form we 
must perform a diagonal transform ation, which physically replaces the field strength by the root of the local 
energy density (except from a scalar factor):

e  = (Df DA Ds )1/2e, (74)

( (D C D ) ( D C D ) i +  i u ' D n ' D ~ 1 -  u 2 l )  e' =  - ¿ c o D D A D pv , (75)
D ~ 1 S t D y S D ~ 1 e' =  0. (76)

W ith the matrices
D  =  ( D a 1 D s D “ 1 )’/ 2, (77)
£> = ( D p  Ds D 71 E 2- (78)

Solving a com bination of these linear system s for a given driving current d istribution yields the field at 
all locations in G . Further specialisation to e.g. low-frequency eddy currents invokes m ixing o f scalar fields 
and vector fields [6]. For a loss free medium with no driving current one obtains an eigenvalue equation, the 
eigenvalues of which are the resonant frequencies squared [3]:

(D C D )  (D C D )' e' =  u 2 e .  (79)

The above m entioned m ultiple eigenvalue at zero can be avoided by combining equation (79) with (76). As 
the total number of eigenvalues remains at 3N, unphysical eigenvalues appear, which can be identified easily 
by resubstituting the eigenvectors in equation (79) and (76).



The analytical analogue to this com bination of equations (75) or (79) with (76) is the equation curl curlE =  
grad divE  -  V 2E and d ivE  =  0 thus solving V 2E.

c.) Fields in the tim e domain
For transient fields w ith a central tim e difference formula , step size St ,  no currents and no losses, one obtains 
the Yee-algorithm [1]. In the presence of free m oving charges the algorithm  has more constraints to ensure 
charge conservation [5j. The upper index n denotes the tim e in units of St .  These recursive form ulae allow
the easy calculation of transient fields of antennas, particle beams in accelerators [5] or wave propagation
problems even in the lossy case:

b»+i = bn -  At D ^1CD sen+0'5, (80)
e" + 15 = D „ e n+05 + ( l - D a) D , r 1D i , CD sD ;1bn+1 - ( l - D 0) D V 1j"+1 (81)

with
Da = e ip (-D e_1D„ At). (82)

The detailed setting up of the final m atrix problem to be solved depends too much on the specific problem  
to be explained here for all possible cases. We refer to the literature [3, 4] and will dem onstrate the wide 
applicability of this m ethod by means of a few exam ples.

DESCRIPTION OF THE MAFIA PROGRAMS
The M AFIA programs are a set of two and three-dim ensional computer codes based on the M axw ell’s 

Grid Equations. They were developed for use in the computer-aided design of particle accelerators and are 
now finding wider applications in other fields such as tomography, filters, integrated circuits and resonators.

Module Description Special Features geom etry

M
mesh generator, translates 
the physical problem into 
mesh data

many predefined shapes, interactive  
remeshing (x,y ,z), (x ,y ), (r,z)

S sta tic  solver, electro- and 
m agnetostatic problems

open boundary, nonlinear m agnetic m ate­
rial properties, advanced m ultigrid solver 
for very large meshes

(x,y ,z), (r,z)

R
E

m atrix generator, eigen­
value solver for resonator 
and waveguide problems

periodic boundary conditions, resonance 
frequencies (several hundred m odes), 
waveguide modes and propagation param ­
eters v

(x,y,z), (x ,y ), (r,z)

T 2
T 3

tim e domain solver
losses, open boundary, stim ulation by: 
in itial field, current, waveguide, incident 
waves; wake potentials

( f z )
(x,y,z)

T S 2
T S 3

particle in cell code, cal­
culates equation of motion  
for free m oving charges

losses, stim ulation by initial field, calcula­
tion of trajectories, velocities, charge den­
sities etc.

(r >z)
(x,y,z)

W 3 eddy current solver, fre­
quency domain losses, current stim ulation (x,y,z)

P
post processor, displays re­
sults and calculates sec­
ondary field quantities

1,2 and 3-D graphics of scalar and vector  
fields, power loss integrals, field energy, far 
field pattern, shunt impedance

(x ,y ,z), (x ,y ), (r,z)

The acronym M AFIA stands for the solution of M A x w e ll’s equations by the F in ite  Integration A lgorithm . 
Figure 4 shows the interconnections between the various programs ot the third release. The second release of 
the M AFIA Programs, com prising M3, R3, E31, E32 and P3, has been distributed to over 120 installations  
worldwide including m ost countries of Europe, USA, USSR, China, Japan, India and Brazil. The programs



have already proved their worth through comparison with theoretical calculations and by the successful 
design of accelerator com ponents. The M AFIA codes are written in standard FO RTR AN 77 and currently 
on IBM , CRAY, VAX, APO LLO , HP, SUN , CO N V EX , AM DAHL, FU JIT SU , HITACHI and STELLAR  
com puters, am ong others. The distribution center for codes and userguides is the Technische Hochschule 
D arm stadt, for inform ation contact Prof. Dr.-Ing. Thom as W eiland.

Figure 4: The M AFIA System  with its Inter-relationships.

APPLICATIONS
The applicability of this method and of the computer codes based on it is alm ost unlim ited. In this short 
presentation we can only give a few typical applications from the area of electrical engineering and accelerator
physics.

The first exam ple is an application of the M AFIA m agneto- and electrostatic module S. Relays are 
electric sw itching devices. The design goal for such a device might be to reduce its weight, the needed 
driving current or to minim ize the force at the m oving armature. This nonlinear m agnetostatic problem has 
been calculated with our static  m odule and also com puted with the well known PRO FI. The comparison 
has been performed for the achievable accuracy and the com putational effort. The agreement in the results 
was reasonable. S has the advantage, that the use of open boundary conditions allows a description of 
this structure with less unknowns than is necessary when using standard Dirichlet or Neumann boundary  
conditions. Here a possible reduction in the number of unknowns of 10% reduced the needed c.pu tim e by 
about 20%. Figure 5 displays the relay and the /¿-distribution inside a cut through the central plane of the 
relay. One can clearly see the saturation effect at the bottom  of the structure and inside the top armature, 
that indicate the necesity of redesigning the relay in order to obtain reasonable behaviour.

The next exam ple is a radiofrequency quadrupole (RFQ ) that has been calculated with the M AFIA  
frequency domain m odule R /E . The device might be tuned for a certain m inim um  eigenm ode or in order 
to m inim ize the losses. Three, dim ensional calculations are im portant especially for the end region of such 
a RFQ. A careful design using the M AFIA mesh genarator has been carried out, using about 75,000 un­
knowns. The lowest eigenm ode calculated, 344.78 MHz is in good agreement with m easurem ents and other 
calculations. Figure 6 displays the power loss. This loss is strongest on the outside wall. The power loss 
can be calculated by the M A FIA-postprocessor from the field solutions.



Figure 5: N etplot of the field dependant ¡i in the sym m etry plane of the relay.

Figure 6: The left of this figure shows a 3D perspective of the end region of the RFQ. Only one quarter of 
this structure needs to be calculated, due to existing sym m etries. For this structure the power loss in a cut 
plane at the and of the structure is displayed.



Different special approaches exist for the analysis of the eigenvalues and field com ponents of dielectrically  
loaded waveguides. It is necessary to know these values to be able to estim ate the influence of mechanical 
tolerances and to design filters and resonators. The following table compares semi analytical results for the 
phase constant 0  of a calculation sim ilar to [12] with the values achieved by our m ethod. Figure 7 shows 
the electric vector com ponents of the third mode (£o i-in o d e).

M ode solution [12] 
0  (1 /m )

numeric solution  
0  (1 /m )

1 5.649 5.649
2 5.648 5.641
3 4.204 4.19
4 3.079 3.082

Figure 7: Arrowplot of the electric field of £ o r mode in a circular waveguide with asym m etrically placed
dielectric rod.
(Geom etry: R = lm , r /R = 0 .5 , o ffset/R .=0 .1 , €r  =  1, er =  8, f=  119.36 MHz)

A typical problem for nondestructive testing (N D T ) is the detection of cracks and holes by means of 
eddy currents. For exam ple a tube can be tested by m oving a coil through the tube and measuring its 
im pedance. M aterial defects in the conducting tube are detected by the change in the im pedance. In the 
following exam ple the azimuth ally oriented coil excites an azim uthal current density field, which is shown 
in figure 8. The z-coordinate axis is coincident with the axis of the tube and the coil, the x-coordinate axis 
here corresponds to the radial coordinate. In a second calculation a hole, in the tube wall was m odelled. The 
resulting current density d istribution in the plane normal to the hole is shown in figure 9. The electric fields 
induce a voltage in the stim ulation coil, the. difference of the fields with and w ithout the hole is p lotted in 
figure 10.
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Figure S: Nondestructive testing of a tube by inducing an azim uthal eddy current by means of a si 
coil at the position z= 0 .
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Figure 9: Same tube and sam e stim ulation as in figure 8 but the tube has a radial hole at z= 0 .



Figure 10: Difference of the electric fields of the tube with and w ithout the hole.

A far field calculation exam ple is shown for the electrom agnetic field generated by a A /2-dipole. The 
left m etallic stub is coated with a m aterial with the parameters er =  2, f ir =  2. The dipole is excited by 
a current connecting both m etallic stubs. Figure 9 shows an arrowplot of the electric field. The far field 
characteristic can be seen in figure 12.

Figure 11: Electric field of a A /2-dipole with an unsym m etric coating. Since the geom etrical variation  
of the fields is sm all, only a mesh sized A x 0.75A had to be com puted.
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Figure 12: Far field diagram for the field distribution as shown in the last figure. The m axim um  of the far 
field am plitude is shifted towards higher values of 0.

The last application examined the influence of a human test body in a three-dim ensional nuclear reso­
nance spectrom eter, as seen in figure 13. The rf stim ulation structures are the two strip lines, m ounted on 
dielectric, supports at each end, on either side of the test person.

Figure 13: Human test body in a three-dim ensional nuclear resonance spectrom eter.

Figure 14 and 15 show the calculated field (T 3) for a 90 MHz driving current in a cut plane through  
the body and the antennas, first the electric field as an arrow p lot, then the absorbed power density as a



contour plot. The held of a A/2 antenna resonance can clearly be recognised. The weak held density within  
the body is a consequence of absorption and reflection caused by the conductivity and high perm eability of 
biological tissue. M ost of the power is absorbed at the part of the body closest to the antennas. The area 
of the neck shows a local m aximum, which indicates body resonance.

Figure 14: Arrow plot of electric held in a cross section of the nuclear resonance spectrom eter. (Due 
to sym etrie the half structure was calculated.)
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Figure 15: Absorbed power density in the same cross section as figure 14.


