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Abstract

We present design methodology for active rf magnetic
components which are suitable for pulse compression
sysems of future X-band linear colliders. These
components comprise an array of active eements
arranged together so that the total electromagnetic field is
reduced and the power handling capabilities are
increased. The active element of choice is a magnetic
materia (garnet), which can be switched by changing a
biasing magnetic field. A novel design alows these
components to operate in the low loss circular waveguide
mode TEg;. We describe the design methodology, the
switching elements and circuits.

1INTRODUCTION

Because of the requirements of the Next Linear
Collider high-power rf systems, passive microwave
components have developed considerably during the last
few years [1,2]. The power handling capabilities of these
components have increased considerably [3]. This has
been achieved by increasing the size of these components
with respect to the operating wavelength, i.e, by
overmoding these components. Similar attempts have
been made to increase the power handling capabilities of
acti ve semiconductor components. A switch made from a
PIN diode array has been developed to operate in an
overmoded waveguide carrying the TE;; mode [4].
Optically controlled semiconductor switches operating in
overmoded waveguides have also been reported [5].

In this spirit we suggest geometries that alow
nonreciprocal devices to operate in an overmoded
waveguide structures. We present the theory for a
nonreciprocal device that operates in the coaxia circular
waveguide mode TEg. This device has the potential of
handling tens of megawatts at X-band. It could be used as
acirculator or as aswitch.

2DEVICE GEOMETRY

The implementation of a circulator or a switch can be
achieved using a two-port nonreciprocal network plus a
3dB hybrid and a splitter, see Fig. 1. The smplest
implementation of the nonreciprocal element in an
overmoded waveguide using the TEy; mode is shown in
Fig. 2. This implementation depends on the so-called
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wrap-around mode converter [3]. In this system a mode
converter launches the TEy; mode, which has both axia
and radiad magnetic fields. At the end of the mode
converter the coaxial guide becomes narrow and only the

Nonreciprocal

Splitter Element 3dB Hybrid

\1 Port 2
Port 1 + ><
Port 3
Figure 1. The three-port network will work as a circulator
if the phase shift through the two-port nonreciprocal
element is different by 180 degrees for different

propagation direction. The system would work as a switch
if one can control the phase shift through the element.

coaxiad TEM mode can propagate, see Fig. 2. A pulsed
current signa could be launched from that narrow port
(port-A in Fig. 2) This pulse would have only azimuthal
magnetice field. Thisfield is used to bias a piece of garnet
wrapped around the center conductor of the coaxia
structure.  This structure has severad advantges for
handling high power rf signds:

1- Since we are operating with an overmoded
waveguide that has a larger cross sectiona area
for agiven wavelength, the device should be able
to handle more power.

2-  All rf dectric fidd lines are pardlel to the
interface between the garnet materiad and
vacuum; see the theory section bel ow.

3-  The center conductor could be used to cool the
garnet material. It could be made as a tube with
water flowing in the middle.

Garnet Material
Port A (Bias) Port B (Bias)

Wfarz Coaxial TEOL

aroun mode propagate
m“rqogfer in this coaxial

\
Port1(f) ~ Strucre Port 2 (tf)
Figure 2. Nonreciproca two-port device employing the

TEo; mode.

Severa variations on this geometry are possible. To
implement the system shown in Fig. 1 eegantly we
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suggest the geometry shown in Fig. 3. In this geometry
the splitter is realized by dividing the power between the
TEp, and the TEy, modes. These two modes interact with
the garnet coated section in different manners. To
implement the circulator, one could design the system to
make the phase difference between these two modes in
the forward direction differ from that of the backward
direction by 1t To implement a switch, one can control
that phase shift by varying the current in the center
conductor.

Garnet Material
Port A (Bias)
Coaxial TEy,
Port 3 (rf) and -l-E02 mode Port 1 (tf)
propagate in this
Wrap-around  Port 2 (rf) coaxial structure
Mode converter

Figure 3. Implementation of the overmoded
circulator/switch.

In the reminder of this paper we will analyze and
present a theory for propagating modes with no azimuthal
variaion in the coaxia structure coated with a layer of
garnet.

3THEORY

Consider the waveguide structure shown in Fig. 4. We
assume a DC current in the center conductor. Using
cylindrical coordinates, the magnetic permeability tensor
of the garnet material is given by:

u 0 —jk
:ng = :LlO 0 1 0 . (1)
jk 0 u

Here, U, isthe free space permeability and [ and k are

complex parameters tha depend on the biasing current.
For adetailed derivations of thistensor see, for example,
[6]. Consider a solution for the time harmonic Maxwell’s

equations in which thereis no variation with the azimuth;

ie ai =0,and E, =0;i.e aTE mode.

@

Biasing
magnetic field

Garnet Material

Figure 4. Geometry of the overmoded waveguide.

These two conditions immediately imply that H , =0,

and even, when applying Eq. (1) it follows that E, = 0.
Maxwell’s equations inside the garnet region reduce to
the following set of equations:

oH .
P =-j(weE, + H,), @)
B e = ikH, - H,, 3
Wiy
E, OE
L Cea Sy -, @
Wy r or
where wand [ ae the angular frequency and
propagation constant respectively, and €£is the

permitivity of the garnet material. Solving Eq. (2) and (3)
foo H, and E, and substituting in (4) one get the
following second order deferential equation for H, ,

2

0°H, , 0H,
ar?  or
where y =\ B2 +K2(K* = 12 11, K = 00ttt
and g=k/u. Here we make the simplifying
assumption that the permeability tensor is independent of

radius. Solving Eq. (5) while using Egs. (2) and (3) yield
an expression for the radia impedance,

r

~(@B+ry*H,=0; &

E j Wt
z, ="t= 0
o, T E ey

U(,,)and M(.,.,.) ae the confluent

T

hypergeometric functions, ( ) means a derivative with
respect to the third argument,d =1+9gB/y, and C is
a constant. Eqg. (6) becomes vdid aso for the vacuum

where
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_ACM(8/212ry) +U'(31 20.2ry),
CM(3/212ry) +U(3/212ry) "

(6)

region if one lets 4 —» 1 and kK — 0. The resultant
simplified equation is _

Z = Wi, Kl(yor)—gll(yor) ,

° Yo Ko(Vor)+Clo(yor)

v
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where K and | are the modified Bessd functions,

Vo S/ B% K, K2 =Wl E,, &,isthe free space
permittivity, and C isaconstant.

The boundary conditions of the problem can now be
applied by setting both Z and Z,equa to zero a the
inner and outer radii respectively. This would yield the
two Constants Cand C . Now, equating Z,and Zyat

the interface between the two media, at I = Iy, yield the
required equation for the propagation constant 3.

4 RESULTS

For a proof of principle numerica experiment we
considered the properties of calcium vanadium doped
garnet [7]. We choose this materia because of its narrow
line width. The calculated values for 1 and K are shown

in Fig. 5 and 6. The operating frequency used to generate
these curvesis 11.424 GHz. The dielectric constant of this
material isabout 14.
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Figure 5. Variations of the diagonal elements of the
rel ative magnetic permeability tensor, 1/ , with magnetic

fied.
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Figure 6 Variations of the off diagona e ements of the

relative magneti c permeability tensor, k, with magnetic
fied.

The biasing magnetic field was chosen so that the

materia would operate bel ow the resonance frequency.
Figure 7. Shows the required garnet thickness and

length for a 71 phase difference between forward and

backward TEgy mode waves. For the optimum thickness,

the rf losses are less than one percent. Thisisa

manageabl e losses level, which be cooled through the
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center conductor.
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Figure 7. The required dimensions of the garnet material
for a 71 phase shift between forward and backward waves

for the TEgy,.

5 CONCLUSION

We presented a novel design for circulators and
switches in an overmoded waveguide. These designs
increase the power handling capabilities of these devices.
We aso presented a theory for the design and estimated
the dimensions of the nonreciprocal material and rf losses
for these devices.
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