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INTRODUCTION

Microwave modes in the beam pipe of the 4-8 GHz Debuncher Upgrade pickup
and kicker arrays are attenuated with absorbing slabs placed on the sides of the beam pipe
walls. Adding an additional layer of material with different microwave properties behind
the absorbing slab can enhance the attenuation of the absorber. This note describes how
to calculate the attenuation of rectangular waveguide modes with multi-layer absorbers
placed on the top and side walls of the waveguide.

ABSORBER ON THE SIDE-WALLS OF THE WAVEGUIDE

The geometry of the problem is shown in Figure 1. Without the absorber, the
dominant mode in the waveguide will be the Transverse Electric to Z 1,0 mode (TE“1).
With the introduction of the absorber, the waveguide modes can no longer be classified
astransverse to Z (TE?, TM?) but can be classified as transverse to X (TEX, TM*).! Since
the TE*10 mode is the same as the TE?;, mode in the absence of absorber, and the
incident mode on the absorbing section of waveguide will be TE%y , we will consider
TE* modes which are even in X only. TE* modes can be derived from a x-directed
electric vector potential:

F(x,y,2) = xR (x,y)e" # 1)
The electric field is given as:
E=- 2R F )
e
The magnetic field is given as:
=R E ©)
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The magnetic field is:

! Time Harmonic Electromagnetic Fields, R.F. Harrington, McGraw-Hill, Inc., 1961, pg. 158
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To meet the boundary conditions in Region | of Figure 1, the electric vector potential
must be of the form:

Fe(x,y) = R cos{fyx)coslkyy) (7)
The electric field in Region | is:
Ex(X,y) =0 (8)
Ey(x,y) = % cos(flx)cos(kyy) 9)
E,(x,y) =- @k—ycos(flx)sin(kyy) (10)
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The magnetic field in Region | is:
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To meet the boundary conditions in Region Il of Figure 1, the electric vector potential
must be of the form:

Fx(x,y) = F cos{f x +dp) coslkyy) (14)
The electric field in Region 11 is:
Ex(x,y)=0 (15)
Ey(x,y) = g ;:i ﬂgﬁ cos(fzx + dz)cos(kyy) (16)
Ez(x,y)=- g&% 9:1 e COS(f X+ d2) (kyY) (17)
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The magnetic field in Region 11 is:
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To meet the boundary conditions in Region I11 of Figure 1, the electric vector potential
must be of the form:

Fx(x,y) = Fasin(fa(as - x))coslkyy) (21)
The electric field in Region 111 is:
Ex(x,y)=0 (22)
Ey(x,y) = ?1_%_@ a3 x cos(kyy) (23)
E,(x,Y) = %2?1 F Ky sin(fa(a - x)sinfky) (24
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The magnetic field in Region 111 is:
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For electric boundaries at both the top and bottom of the waveguide:
P
k., =n= 28
y ="y (28)

where n is an integer. For an electric boundary on the bottom of the waveguide and a
magnetic boundary on the top of the waveguide:
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At the interface of x=a; E,, E, must be continuous:
F 0
cos{fyay) = ?ﬁicos(fzal +dy)
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At the interface of x= & Hy, H, must be continuous:
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Dividing Equation 31 by Equation 30 resultsin:

fysin(fiay) = 03 +dy)

fl tan(flal) = %fz tan(f 281 + d2)

or:
d, =tan” 1?“2 -1 tan 1a1 - foqy
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At the interface of x=a E,, E, must be continuous:
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At the interface of x= & Hy, H, must be continuous:
1
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Dividing Equation 35 by Equation 34 resultsin:
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The solution to the Helmholtz wave equation requires:

2_1,2. ky2 +wlme; =0
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Subtracting Equation 38 from Equations 39 and 40 resultsin:
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Subtracting Equation 37 from Equation 33:
1&1’}2 f3 1

g”b fo tan(fs(az - ay))
The attenuation is:

O=tan”
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The ratios of the vector potential amplitudes are:
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Figure 1. Geometry for sidebar absorbers.

ABSORBER ON THE TOP AND BOTTOM WALLS OF THE WAVEGUIDE

The geometry of the problem is shown in Figure 2. Without the absorber, the
dominant mode in the waveguide will be the Transverse Electric to Z 1,0 mode (TE“1).
With the introduction of the absorber, the waveguide modes can no longer be classified
as transverse to Z (TE?, TM?) but can be classified as transverseto Y (TEY, TM"). Since



the TM "0 mode is the same as the TE%;;, mode in the absence of absorber, and the
incident mode on the absorbing section of waveguide will be TE%y , we will consider
TM" modes which are even in Y only. TMY modes can be derived from a y-directed
magnetic vector potential:

A(x.y,2)=JAy(x,y)e ¥ (46)
The magnetic field is given as:
A=—R" A (47)
m
The electric field is given as:
E:_LN' H (48)
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From Equations 46-48, magnetic field is:
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Figure 2. Geometry for absorber on the top and bottom of the waveguide.



Electric Boundary at y=0

If the array is operated in the difference mode for transverse cooling, the
horizontal plane in the center of the aperture can be replaced with an electric conductor.
To meet the boundary conditions in Region | of Figure 2 with an electric boundary for
y=0, the magnetic vector potential must be of the form:

Ay (x,y) = Ag cos(kyx)cos(ay) (51)

The magnetic field in Region | is:

Hy (x,Y) = 9:11 cosky x)cos{ayy) (52)
Hy(x,y)=0 (53)
H,(x,y) =- % é‘ n(k,x)cos(ayy) (54)
The electric field in Region | is:

Ee(y) = o I a; X sin(k,x)sin(aqy) (55

j9 A1 g% - ky”
Ey (X, y)—We mll gzx cos(k , x)cos(ayy) (56)
E,(x,y) = ijl 9:11 L oosfi)sin(ary) (57)

To meet the boundary conditions in Region Il of Figure 2 with an electric boundary for
y=0, the magnetic vector potential must be of the form:

Ay(x,y) = Ay coslkyx)coslagy +dy) (58)

The magnetic field in Region 11 is:

Hy (X,y) = ?ﬁtAzlgg:llcos(k x)cos(a,y +d,) (59)
Hy(x,y)=0 (60)
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Hz(x,y) = gmzAlgnl g sin(kyx)cos(azy +d;) (61)

The electric field in Region 11 is:
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To meet the boundary conditions in Region |11 of Figure 2 with an electric boundary for
y=0, the magnetic vector potential must be of the form:

Ay (x,y) = Agcoslkyx)cos(ag(y - bs)) (65)

The magnetic field in Region 111 is:

Ez(x,y) = -E?_Z

_amA; 00 ]
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Hy(x,y) =0 (67)
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The electric field in Region 111 is:

6@1(?39&'6\29 j9 %A1 agky sin(kXX)Sin(a3(Y' b3)) (69)
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At the interface of y=b; Hy, H; must be continuous:

cos(aghy) = EEQAAZ %705(32 by +d>) (72)
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At the interface of y= b, E4, E; must be continuous:

alg'n(albl)=ﬂ85'rlA2 Saz sin(ayhy +ds) (73)
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Dividing Equation 73 by Equation 72 resultsin:

ay tan(agb; ) = % a, tan(a,b; +ds)
or:

d, = tan’ aE"’B——tan(albl)—.- ayby
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At the interface of y=b, Hy, H, must be continuous:
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At the interface of y= b, E4, E; must be continuous:
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Dividing Equation 77 by Equation 76 resultsin:

e
- agtan(ag(bs - by)) = e—zaz tan(aghy +d;)

or:
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The solution to the Helmholtz wave equation requires:

2_ a2 k,2
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Subtracting Equation 80 from Equations 81 and 82 resultsin:

a,2 = a2 +wlme 22 - 12 12=0
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Subtracting Equation 79 from Equation 75:
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0=tan & &2 tan(a3(b3 bz))_' tan” 1802 & tan(albl)_.' as(by - by) (85)
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The attenuation is:

az‘lMgﬁ/wznlel- kX2- alzg (86)

To satisfy the boundary conditions that the Ey, E, vanish at x= +a/2 and Hy, H, vanish at
x=0:

ky =(2m +1)§ (87)

The ratios of the vector potential amplitudes are:

WHAZ - Cos(albl) (88)
mpA;  coslazby +ds)

mA3z _  coslaby)  coslash, +dp) (89)
mgA;  cos(azhy +ds) cos(ag(bs - b))
Magnetic Boundary at y=0
If the array is operated in the sum mode for longitudinal cooling, the horizontal
plane in the center of the aperture can be replaced with a magnetic conductor. To meet

the boundary conditions in Region | of Figure 2 with an magnetic boundary for y=0, the
magnetic vector potential must be of the form:

Ay(x,y) = Aj cos{kyx)sin(agy) (90)

The magnetic field in Region | is:

H, (x,y) = 9:11 cos(k . x)sin(agy) (91)
Hy(x,y):O (92)
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0y =- S sin(kyx)sin(agy) (93)

The electric field in Region | is:
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E,(XY) = J—g A cos(k ,x)cos{a;y) (96)
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At the interface of y=b; Hy, H; must be continuous:

sin(aghy) = scos(agby +dy) (97)
gmzAl 2
At the interface of y= b, E4, E; must be continuous:
- ag cosfagby ) = e ‘az sin(aghy +dy) (98)
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Dividing Equation 98 by Equation 97 resultsin:

il _©&
- tanla-b 99
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Subtracting Equation 100 from Equation 75:

dy = ayhy (100)
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The ratios of the vector potential amplitudes are:
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A SAMPLE DESIGN

The design parameters of a sidebar waveguide absorber (as shown in Figure 1)
operating between 5-7 GHz in the difference mode will be explored in this section. The
width of Region | is 40 mm. The materia in Region Il is aferrite from Trans-Tech called
TT2-111R% The materia in Region Il is alumina with a dielectric constant of 10.
Figures 3-5 are contour plots of the attenuation as a function of the thickness of Regions
Il'and Ill a 5, 6, and 7 GHz, respectively. Figure 6 shows the product at 5, 6, and 7 GHz
of the attenuation as a function of absorber thickness.

2 PBAR Note 594, "Analysis of Microwave Properties for Various Absorbing Materials', Dave McGinnis,
June 30,1998



The average attenuation in the band is defined as:

1
L) ==(loss + loss + loss
< > 3( 5GHz 6GHz 7GHz) (104)

To design an absorber that has flat attenuation over a wide bandwidth, the following
function is defined:
3L)

\/(|OSSSGHZ - <L>)2 + (lOSSGGHZ - <L>)2 + (|0557GH2 - <L>)2 (105)

This function is plotted in Figure 7.

c=

Comparing Figure 6 and Figure 7, the best set of parameters for large attenuation and
wide bandwidth is to have the thickness in Region 11 to be 1.9 mm and Region 11l to
be 1.6 mm.

If Region Il and Region Il both consist of TT2-111R, the optimum combined
thickness for maximum attenuation at 6 GHz is 2.8 mm.

To have the maximum attenuation at 6 GHz, Region Il should be 1.86 mm and
Region |11 should be 2.3 mm.

Figure 8 is the attenuation as a function of frequency for the three different absorber
designs. Figures 9 through 11 are the electromagnetic fields at 6 GHz as a function of
position in the waveguide.
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Figure 3. Attenuation at 5 GHz for a TT2-111R/Alumina sidebar absorber as a function
of material thickness. Dimensions are in mm.
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Figure 4. Attenuation at 6 GHz for a TT2-111R/Alumina sidebar absorber as a function
of material thickness. Dimensions are in mm.

N
w

Region Il Thickness

N
0

w
N

0.5 1.0 1.4 1.9 2.3 2.8 3.2 3.7 4.1 4.6 5.0
Region Il Thickness
Figure 5. Attenuation at 7 GHz for a TT2-111R/Alumina sidebar absorber as a function
of material thickness. Dimensions are in mm.
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Figure 6. Product of the attenuation at 5,6, & 7 GHz for a TT2-111R/Alumina sidebar
absorber as a function of material thickness. Dimensions are in mm.
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Figure 7. Equation 105 as a function of material thickness. Dimensions are in mm.



dB per cm

0 1 1 1 1 1 1 1 1 1
5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7

Frequency (GHz)
— 1.90mm TT2-111R - 1.6mm Alumina
— 2.80mm TT2-111R
— 1.86mm TT2-111R - 2.3mm Alumina

Figure 8. Attenuation as a function of frequency for three different sidebar absorber
designs.
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Figure 9. Magnitude of the electric field in the y direction at 6 GHz as a function of

position in the waveguide. X=0 is the center of Region I.
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Figure 10. Magnitude of the magnetic field in the x direction at 6 GHz as a function of
position in the waveguide. X=0 is the center of Region I.
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Figure 11. Magnitude of the magnetic field in the z direction at 6 GHz as a function of
position in the waveguide. X=0 is the center of Region I.







