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ABSTRACT 

The 28-GHz microwave distribution manifold used in the ELM: Bumpy 
Torus-Scale (EBT-S) experiments consists of a toroidal metallic cavity, 
whose dimensions are much greater than a wavelength, fed by a source of 
microwave power. Equalization of the mixed mode power distribution to 
the 24 cavities of EBT-S is accomplished by empirically adjusting the 
coupling irises which are equally spaced around the manifold. The 
performance of the manifold to date has been very good, yet no analytical 
models exist for optimizing manifold transmission efficiency or for 
scaling this technology to the EBT-P manifold design. The present 
report develops a general model for mixed mode microwave distribution 
manifolds based on isotropic plane wave sources of varying amplitudes 
that are distributed toroidally around the manifold. The calculated 
manifold transmission efficiency for the most recent EBT-S coupling iris 
modification is 90%. This agrees with the average measured transmission 
efficiency. Also, the model predicts the coupling iris areas required 
to balance the distribution of microwave power while maximizing trans-
mission efficiency, and losses in waveguide feeds connecting the irises 
to the cavities of EBT are calculated using an approach similar to the 
calculation of manifold losses. The model will be used to evaluate 
EBT-P manifold designs. 

v 



1. INTRODUCTION 

Microwave distribution systems that require high power handling 
capability and good transmission efficiency relative to the dominant 
mode waveguide must employ an oversized waveguide. In addition, these 
requirements can be realized only if spurious propagating modes are 
controlled by careful design of system components to minimize spurious 
mode conversion and if mode-selective absorbers are used to damp out 
spurious mode resonances.1 This paper analyzes a new distribution 
system approach using a mixed mode microwave distribution manifold that 
has very good power handling capability and high transmission efficiency 
and yet does not require mode control. In fact, a large number of modes 
are intentionally excited to improve the distribution of power from the 
mixed mode manifold. 

The technique for distributing microwave power is to feed an 
oversized, low loss, metallic cavity with a source of microwave power. 
Distribution of the microwaves is accomplished by opening a number of 
holes or "irises" in the cavity wall. The dimensions of the cavity are 
much, much greater than a free space wavelength, and the cavity can 
contain a large number of possible modes. A large number of modes are 
excited by making the cavity shape irregular and by randomly scattering 
the incoming microwave power so that the incoming mode is severely 
distorted upon reflection from the scattering surface. The discrete but 
complex mode pattern within the cavity is continually perturbed, which 
gives a completely smooth frequency response. Examples of these kinds 
of systems are acoustic reverberation chambers,2 microwave untuned 
cavities,3 and the microwave distribution manifold used in electron 
cyclotron heating experiments on EBT-S4 (see Fig. 1). 

For simplicity, we shall first consider a weak coupling model and 
then generalize the weak coupling model to include strong coupling with 
a balanced distribution of microwave power. The strong coupling model 
is compared to data obtained on the EBT-S 28-GHz microwave distribution 
manifold for two different iris distributions. Also, the losses in the 
connecting feeds between the manifold and the microwave loads are cal-
culated. The results can be used to scale the EBT-S manifold to other 
geometries and frequencies. 

1 
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2. WEAK COUPLING THEORY 

The complex nature of the electromagnetic fields in such an irregular 
cavity does not lend itself to analysis on a mode by mode basis; however, 
the "randomness" of the mode distribution can be exploited in computing 
average quantities that describe the electrical behavior of the cavity. 
We approach the problem by expressing the microwave fields in the cavity 
as a sum of a large number of plane waves propagating in free space at 
all angles within the cavity. This can be done because any cavity mode 
can be expressed by a superposition of a number of plane waves. We 
begin by calculating the power in a single plane wave after a wall 
reflection as a function of angle of incidence 6 for both polarizations 
given by 

where 

P^ = average power reflected, 
dA = incremental surface area, 
n = surface normal, 
E = cavity electric field, 

and 

5 = cavity magnetic field. 

The r subscript refers to reflected quantities and the 1 and II subscripts 
imply fields that are perpandicular and parallel, respectively, to the 
plane of incidence (defined as the plane containing n and It , as shown 
in Fig. 2). Here, we assume that the surface is flat on a scale greater 
than a wavelength where tc is the unit vector in the direction of propa-
gation and the i subscript refers to incident quantities. The large 
number of mixed or scrambled modes in a cavity with small losses guar-
antees a uniform distribution of power over the surface of the cavity, 
and we can rewrite Eq. (1) as 

(1) 



4 

ORNL-DWG 8 1 - 1 9 3 3 2 FED 



where 

= cavity surface area, 
far 

n = impedance of free space 

cos 6 = n • k , 

yo = permeability of free space, 

and 

£q = permittivity of free space. 

We have made use of t/>e fact that for a plane wave 

-y 
-E , I 

H. = , (3) x n 

and 

E1 
h = 7 T (4) 

By the same method we can calculate the plane wave power incident prior 
to the reflection as 

A cos 6 ^ 
pi • " T S — <l*iil2 + l^iil2' • <5> 

The power lost in the reflection is 

P L = P i " P r , <6> 
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or 

A cos 0 c P L - i W . l H l - rf) + \ l u \ H l - r,f)] , (7) 

where r^ and r| are the power reflection coefficients given by Stratton5 

for a plane wave incident on a plane surface of a good electrical con-
ductor: 

|E |2 / 2eq(U 
r2 = — « 1 - 2 / cos 6 (8) 

l%i!2 * ° 

and 

I En | V2E0O>/CT 
4 s J ~ 1 - 2 , (9) 
" it J 2 cos 6 i' 

assuming 

y2EQll) 
— « 1, 

with 

a = electrical conductivity, 

and 

a) = 2irf = radian frequency. 

For a random mix of a large number of modes, we assume that the power in 
both polarizations is approximately equal so that 

: ! % i ! 2 = l^iiil2 = I 1 ' 2 J <10 ) 
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thus, 

A \/2e0U)/ct |£|2 
PL = — ~ ~ ( 1 + c o s 2 e> • (H) 

Now, we can average over half a spherical surface at the wall of the 
cavity, 

1 2TT IT/ 2 
PLAV = tf / / PL s l n 9 d 9 C l 2 ) 

0 0 

or 

8 R A |l|2 
PLAV " \ \ ' <13> 3n 

where Pjĵ y Is the average power lost to the walls and 

a. " (14) s 

is the surface resistivity of the metal. 
We can define the cavity Q (or quality factor) as 

Q H ^ (15) 
LAV 

where 

U = total energy stored in the cavity for both polarizations,1 

and 

u> • 2ir£ = radian frequency. 
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The stored energy can be written as 

U = EC[% ±1 2 + |£|,il2>Vc , (16) 

where V c = cavity volume. Then, assuming equal power in both polari-
zations, 

U = 2 e | l | Z V c , (17) 

and after some manipulations, 

3V 
Q - 2 A T ' <18> 

c 

where 

<5 = electrical skin depth = • . (19) 
Vnfuoa 

This result agrees with the results of Lamb,5 who uses a somewhat 
different photon model to calculate Q. 

The next step is to calculate the transmission efficiency for a 
cavity with weak coupling to microwave loads, subject to the constraint 
that the dimensions of each coupling iris be much greater than a free 
space wavelength. Tfc'.s allows us to neglect diffraction effects in 
connection with the coupling irises. Furthermore, the total iris area 
is much less than the cavity area in order to ensure weak coupling. If 
the iris area is made too large, we will spoil the uniform energy density 
in the cavity.. However, we shall-consider this case later when we treat 
strong coupling. 

The power coupled out of the ith iris is written as 

PiOUT " \ R e L 4
 X K\±> + * ' d Ai » • <20> iris 
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where dA^ = ith iris incremental area and I and 5 are the cavity electric 
and magnetic fields, respectively. However, 

•± ->* -v l % i l 2 
<% x Hj, ) • n • cos 0 — , (21) 

( ^ x H u ) • n = cos 6 , (22) 

and, as before, 

E, 'li1 12 = |^ ±|2 = |1|2 . (23) 

Thus, 

cos 0 A |e|2 
PiOUT ~ ? T ' (24> 

Mow, we average over all angles, and 

2tt TT/2 
PiOUT ' h i i PiOUTSin 9 d° ( 2 5 ) 

or 

AjE|2 

PiOUT = 2rj ( 2 6 ) 

The total power coupled out is 

POUT = PiOUT 
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or 

POUT 2TT" ' ( 2 8 ) 

where 

K 
A,j, = J A^ = total iris area, 

i=l 

A. = ith iris area, 

and 

K = total number of irises . 

The power balance is written as 

P = P + p (29) IN LAV OUT v 1 

and 

P 1 
T = -OUT ( 3 0 ) P 1 + P /P * k ; 

IN LAV' OUT 

where T is the transmission efficiency. Substituting Eqs. (13) and (28) 
into Eq. (30) we have 

/ 16R A \ -1 

1 • ( i + T a f ) <31> 

with X2 « A T « A c and A2 « k±. 



3. STRONG COUPLING THEORY 

If a mixed mode cavity is used as a distribution manifold, then it 
is highly desirable to increase the transmission efficiency by increasing 
the iris areas. Under these circumstances the energy density in the 
cavity will no longer be uniform but will begin to vary spatially 
around the cavity. Also, in order to maintain a balance of power 
distribution, the iris areas must change accordingly to restore the 
equality of power coupled out of the various irises. In EBT-S an 
oversized toroidal manifold is used to distribute power 24 ways (neg-
lecting unfed cavities) from a single input. The injected microwave 
energy is scattered roughly equally in both directions around the torus 
by employing a scattering wedge. To simplify the analysis we assume 
that the manifold has an axis of symmetry about the feed point. The 
manifold is shown schematically in Fig. 1. The energy density in the 
manifold is proportional to |E(i|/)J2, where is the toroidal angle. The 
measured manifold losses are about 10% of the input power to the mani-
fold, and the loss per section (which is just l/24th of the total 
losses) is 1/24 x 10% or 0.417%. This is much less than the power 
coupled out per manifold section (1/24 x 90%). We can therefore assume 
that the energy density in the individual manifold section is approxi-
mately constant and that the energy density drops in a stepwise fashion 
at each iris going away from the input feed. We can write the expression 
for the total manifold losses by summing the individual contributions in 
each section as 

PL = + 2 
*i-l + *i 

2 (32) 

where N is equal to half the number of irises. Using Eq. (13) we can 
express the power loss in each section in terms of an equivalent electric 
field or 
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8R A ^ N 8R A , / i , + 
P. --S-S. [ \ t w \ 2 + !«<•»)I2] + 2 £ * M = 1 
L 3n2K N 1=2 3n2K \ 2 / 1=2 3n2K 

(33) 

tfhere we have assumed that the manifold area per section is constant and 

1 3 ( ^ ) 1 2 + | E ( y 
2 

(34) 

Thus, 

8R A K 
P. I |*<*±>|2 . 

3n2K i=l 
(35) 

The power coupled out of the irises is given by 

OUT 
K A.|E0K)|2 

= 2 1 - TP 
1=1 2n IN * (36) 

and for a complete balance in power coupled out, we demand that 

TPIN A i |t<*±)| 
K 2n (37) 

Now, using Eqs. (30), (35), (36), and (37) we can solve for the trans-
mission efficiency given by 

T = II 
/ 16R A \-1 

+ • (38) 

where 

eff K 2 (kkr (39) 
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We can recover Eq. (31) from Eq. (38) If A g f f = A^, Implying that 
all iris areas are the same. Therefore, our model for strong coupling 
reduces to our first model for weak coupling if we fix all iris areas 
the same. Having all irises equal in area, given a balanced power 
distribution, is equivalent to a uniform energy density in the manifold, 
and this implies weak coupling. 

To solve for the iris areas we must write a recursion relation 
between the power transmitted into the ith manifold section and the 
power transmitted into the (i + l)th section as 

V W " W - W V - PL 
( H W ) (40) 

or 

A x l ^ W 2 

2n 

Ax|E(^)|2 AjEO^)!* 8 R A c i 

2n 2n 3n= 

(41) 

where A is the manifold cross-sectional area and A . is the area of the x ci 
ith manifold section. Solving for the ratio of the electric fields 
squared, we define 

E ( W 
E(i^i) 

Ax - (8RsAci/3"> - Ai 
Ax + ( 8 Rs Aci / 3 n ) 

(42) 

However, power balance requires that 

A j ^ ) ! 2 A±+1|S(*i+1)|* 
2n 2n 

(43) 

or 
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E < W 
E(^) (44) 

Substituting Eq. (44) into Eq. ( and solving for A., we get 

(Ax - 8RsAcl/3n)A1+1 

" A x + 8RsAcl/3r, + A ± + 1 
A, = (45) 

For an optimum taper, A^ is chosen to be as large as possible 
because the Nth iris is farthest away from the input. The remainder of 
the iris areas are determined by the above expression. 

4. COMPARISON WITH EXPERIMENT 

To analyze an arbitrary distribution of iris areas for the EBT-S 
manifold, we must go back to Eq. (35), but now we assume that the ith 
manifold section area varies around the manifold or 

8R K 
P - — J I A |t<* )|2 . (46) 
L 3n2 i=l 

Using Eq. (42) we can write 

J , A c i | E ( V | 2 " !*<*!>I* (Ac1 + I A c i £ Fj ) , (47) 

and 

J A.jidp.)!2 = |E(<h>|2 (Ax + I A, n 1 F ) . (48) 
1=1 1 1 \ i=2 1 j=l 3/ 

Substituting Eqs. (47) and (48) into Eqs. (46) and (36), respec-
tively, and substituting the resulting two equations into Eq. (30), we 
have 
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T = 1 + 

-1 

(49) 

Tabic 1 summarizes Che data from two different iris modifications 
used on the EBT-S microwave distribution manifold. 

The data from Table 1 were used in Lq. (49) to calculate the mani-
fold transmission efficiency for both iris modifications, and the 
results are compared to measured values using standard flow calorimetry 
techniques on the distribution manifold cooling. The results of the 
comparison are shown on Table 2. 

The errors in the calculated values for T are due to uncertainties 
in calculating A ^ for the various manifold sections, and the errors in 
the measured values, T , represent one standard deviation in the meas 
data. Considering the number of simplifying assumptions that have gone 
into Eq. (49), the results are quite good. Another test of the model 
would be to produce a distribution of iris areas according to Eq. (45) 
for optimum power balance and then to measure the resulting distribution 
of microwave power. Unfortunately, on EBT-S microwave power is not 
measured directly, and instead perpendicular stored energy of the hot 
electron rings formed by the microwave power input is measured as a 
substitute means of power measurement. 

5. CALCULATION OF. FEED LOSSES 

Once power has been distributed by a mixed mode manifold, it must 
be coupled to the loads by suitable lengths of oversized waveguide. The 
losses in the guide are a function of the mix of modes available for 
coupling, which in this case is a random mix of a large number of 
waveguide modes. If there is a sufficiently large number of modes 
available for coupling, we expect that a plane wave representation will 
suffice. Using an approach identical to the calculation of manifold 
wall losses, we can write an expression for the losses in the walls of 
the waveguide feeds using Eq. (11), which is repeated here as 
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Table 1. EBT-S microwave distribution manifold data 

EBT-S 
iris 

designation 
Iris 
No. 

A. for modification 
No. 5 (cm2) 

A. for modification 
No. 6 (cm2) 

Aci 
(cm2) 

W1 1 10.10 12.27 1524 
W2 2 11.20 13.81 2792 
W3 3 12.38 15.52 2792 
W4 4 13.61 17.32 4462 
W5 5 14.94 19.31 2792 
W6 6 16.40 21.38 2792 
N1 7 17.72 23.60 3359 
N2 8 19.33 25.97 2792 
N3 9 0 0 2792 
N4 10 22.28 31.14 4462 
N5 11 23.93 33.96 2792 
N6 12 25.65 36.94 2792 

A = 324 cm2 
x 

R = 3.17 x 10~7 Vf ohms s 
n » 376.734 ohms 
f = 2.786 x 1010 Hz 

Table 2. Comparison of theory and experiment 

T [see Eq. 
(%) 

(49)) T 
meas 
(%) 

Iris Mod. No. 5 87.1 ± 1 89.1 ± 0.95 
Iris Mod. No. 6 89.9 ± 1 89.9 ± 0.47 
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Af V2e0w/o |E|2 
(l + cos2e) , (50) n 

where 

A ^ = t tDZ , 

D = waveguide feed diameter, 
z = waveguide feed length, 

and 

A « D. 

If the loads are perfectly absorbing (nonreflecting), we have only a 
one-way power flow, which is equivalent to averaging over 0 from 0 to 
tt/2 and averaging over <fa from 0 to 7r. Therefore, 

Next, we calculate the total power transferred, which is given by 
Eq. (26) and rewritten here as 

P = (TD2/4)IE12 , 
T 2n ' v 

where the waveguide cross-sectional area is used as the iris area and 
a, the amplitude attenuation factor per unit length, is 

(51) 

or 

(52) 

(54) 
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The transmission efficiency T^ for the waveguide feed is 

j 32R z\ 
Tf = exp (-2az) = exp (- , (55) 

where we have made use of Eqs. (52), (53), and (54). The total trans-
mission efficiency from the input of_the manifold to a load is simply 
the product of the above expression and Eq. (38), giving the total 
transmission efficiency T as 

exp (-32R z/3nD) 
T - (56) t 1 + (16R A /3nA ,.) ' V 

s c eff 

where 
/itf 

R g = surface resistivity = . Q 

n = impedance of free space, 
z = waveguide feed length, 
D = waveguide feed diameter, 

A = manifold surface area, c 

0 

and 
-1 

Aej£ = K z I > t~ I = effective iris area. 

The above expression will be used to calculate manifold and feed 
transmission efficiencies for the EBT-P device, and the results will be 
written up in a later report. 
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