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Frequency Bands for Household Electronics

AM broadcast band: 535-1605 kHz
Shortwave radio: 3-30 MHz

FM broadcast band: 88-108 MHz

VHF TV (channel 2-4): 54-72 MHz
VHF TV (channel 5-6): 76-88 MHz
UHF TV (channel 7-13): 174-216 MHz
UHF TV (channel 14-83): 470-890 MHz

Microwave Bands

L-band: 1 - 2 GHz K-band: 18 - 26.5 GHz
S-band: 2 - 4 GHz Ka-band: 26.5 - 40 GHz
C-band: 4 - 8 GHz U-band: 40 - 60 GHz
X-band: 8 - 12 GHz V-band: 60 - 80 GHz

Ku-band: 12 - 18 GHz W-band (IEEE): 80 - 100 GHz



Field Theory of Guided Waves - 1. Modes in a Waveguide

Consider a hollow conductor of infinite length and uniform cross
section of arbitrary shape (see figure). This 1s a structure which can
be used to transport high-power EM waves, and hence 1s called a
waveguide. Assume a uniform, linear, and isotropic filling medium

E(x,7) = E(x)e and {B(x) = yH(x)
B(x,?) = B(x)e D(x) = ¢E(x) ’
are 1n general complex numbers. Usually, the filling medium 1s air
(¢ =&y, 1= I,). For now, we assume infinite wall conductivity. As
before, E(x) and B(x) are complex phasers, and E(X,7) or B(x,7) 1s
the real part of the RHS. Under these assumptions, Maxwell egs. are

and let { where £ and u

(VxE(x) = iwB(x) _ (8)
V xB(X) = —i uswE(X) @ No = ©. . 9)
1V-E(x)=0 ) (10
V-B(x)=0 (11)




Modes in Waveguides (continued)

VxE =iwB (3)

] VxB=—-iusokE ~ 9)
Rewnte 1¢ g @ . (10
V-B=0 (11)

Vx(8) = VxVxE=iwVxB
— V(V-E)-V°E = ucw’E

= V?E + uew’E =0 (122)
Similarly,
Vx(9)= V’B+ ucw’B =0 (12b)

(12a,b) have the same form as the wave equations in infinite space.
However, (12a,b) are now subject to boundary conditions on the walls.
Most wave problems involving a boundary do not have exact solutions.
The waveguide structure offers a rare case where exact solutions are
possible (in particular, for rectangular and circular cross-sections). The

structural uniformity in z suggests a solution with et ih=? dependence.



Modes in Waveguides (continued)

Lot JE®=E(x,)e"" 13
et B(x) = B(x )e_zk ,Z X,: coordinates transverse to z, (13)
t

e.g. (x,y) or (r,0)
then {E(X’t) :E(Xt)e_lkzz ol k, here <> k in Jackson

B(X, t) — B(Xt)eiikZZ—ia)f
where, in general, @ and k, are complex constants. To be specific,

we assume that the real parts of w and k_ are both positive. Then,
ik, z—iwt
e z

and ¢ =" have forward and backward phase velocities,
respectively. As will be seen in (30), €27 and e "*:*7'*" also have

forward and backward group velocities, respectively. Hence, we call

"7 o forward wave and e *z* 7' 3 backward wave, both of
which are traveling waves. With the assumed z dependences, we get
(A2 2 (A2 2 .
Ok O+ Cartesian
) Oz Vz _ ox~ Oy
2 2, 2 2 42 Lo 2
=V:i+ o = — 10 ( 0 ) 1 a
kV V; . Vi —k; o Tar) , cylindrical
6




Modes in Waveguides (continued)

Thus,
V'E(X) + 0 B(x) =0 e {E<xt>}
{VZB(X)+A¢8@2B(X):0 (V + pew” k ) B(x,) 0 (8.19)
2 2\ 1 £:(X)
(V +ﬂ5a) —k; ){B (Xz)} 0 (14)

It 1s 1n general not possible to obtain from (8.19) a simple equation
like (14) for the other components of E(x,) and B(X,) [such as E,(X,),
see Exercise below]. So our strategy here 1s to solve (14) for £_(x,) and
B_(x,), and then express the other components of the fields [E,(x,) and
B,(x,)] in terms of £, (x,) and B, (x,).

Exercise:

Writing E(x,) = E.e, + Egey + E_e_. and e,
using the cylindrical coordinate system, derive Ne,
the equations for E, and E, from (8.19). J 7

(hint: Se.=ey, Se,=—e,)



Modes in Waveguides (continued)

E(x;)=E,(x,)+ E.(X,)e, ( e, 86 +e aa Cartesian
Let { B(x,)=B,(x,)+B,(x,)e V=<
o B =B, () + B (x,Je, t e, 5 +ey L, cylindrical
V=V,+e, L=V, tike,
VxE=iwB = (V,tike, )x(E,+E,e,)=iw(B,+B.e,) (15)
VxB=—iwucE = (V, tike, )x(B,+B,e,)=—iouc(E, + E.e,) (16)
V,xE .
Using the relations:{gvi i E: i'zl)ej_ ez} on (15), (16), and write down
the transverse components of (15) and (16):
V.xE_ e, ik e xE, =iwB, (17)
V,xB.e_tik.e xB, =—iusok, (18)

forward

| ] upper| .
Note: In (15)-(18), the { } sign. —> {backward

} wave and the
lower

the real parts of w and &, are both assumed to be positive. 3



Modes in Waveguides (continued)
V,xE_ e tik e xE, =ioB, (17)
V,.xB.e, tik e xB, =—-iuswk, (18)
Assume E_, B, have already been solved from (14), then (17), (18)

are algebraic (rather than differential) equations. We now manipulate
(17), (18) to eliminate B, and thus express E, 1n terms of £, and B..

Rewrite {

_Et
e, x(17)= e_x(V,xE_e, ) tik, éz x (e, xEtj =iwe, x B,
V,E_x eZY+ E_V, xe,
0

Vxwa=Viyxa+yVxa
If v, a are both independent of z, then
V., xya=V,yxa+yV,xa

= iwe,xB, =V E_Tik E, (19)



Modes in Waveguides (continued)

Sub. iwe_xB, =V, E_Fik E, [(19)] into

V.xB.e, tik e, xB, =—iuswkE, (18)
= V,xBe, +ik, L(V,E, Fik,E,)=—ipsok, (20)
VtB X€,

Multiply (20) by iw: iwV,B, xe, £ik V,E_ + kZZEt = ,uga)zEt
= (uew* —k2)E, =i(wV,B,xe, +k,V,E.)

= E,(x,)= > |tk V,E, (X))~ we, xV B (x,)] (8.26a)
UED™ — K
Similarly,
B,(x,)= [k V,B_(X,)+ pcwe, xV,E_(x,)] (8.26b)

pew” — kZ2
Thus, once £, (x,) and B_(x,) have been solved from (14), the
solutions for E,(x,) and B,(x,) are given by (8.26a) and (8.26b). 10



Modes in Waveguides (continued)

Discussion:
(W E,B, E_, B_in (8.26a) and (8.26b) are functions of x, only.
(i1) € and u can be complex. Im(¢) or Im() 1implies dissipation.
(1) By letting B, = 0, we may obtain a set of solutions for £, E,,
and B, from (14), (8.26a), and (8.26b), respectively. It can be
shown that 1f the boundary condition on E_ 1s satisfied, then
boundary conditions on E, and B, are also satisfied. Hence, this
gives a set of valid solutions called the TM (transverse

magnetic) modes. Similarly, by letting £_ = 0, we may obtain a

set of valid solutions called the TE (transverse electric) modes.

(1v) E, 1s the generating function for the TM mode and B_ 1s the

generating function for the TE mode. The generating function
1s denoted by ¥ 1n Jackson.

11



Modes in Waveguides (continued)

TM Mode of a Waveguide (B, = 0): (see pp. 359-360)

(V +7?)E, =0 with boundary condition E \ =0 (21)
E, = kZ V.E, Assume perfectly (21a)
7/ conducting wall.
H =+ xE, =+ e xE, (21b)
k Z :
5 o, ~JZ, =k, /ew, wave impedance
(V" = Hew” —k; of TM modes (21c)
TE Mode of a Waveguide (£, = 0): (see pp. 359-360)
(V2 +y?)H, =0 with boundary condition 2 (22)

ik
H, =+ 2V,H

Z,=uowlk,, wave

z{1impedance of TE modes

57 i’l —>€, (2221)

/4

Et=$’L]z—a)eszt

z

7 = pse® —k;

\

b.c. n-H| =0
nle =n-H,J =0 (22b)
(22a) =>n-V,H_| =0

o | =0 |(220)

12



Modes in Waveguides (continued)

Discussion:

(1) Either (21) or (22) constitutes an eigenvalue problem (see
Electrodymanics (I) lecture notes, Ch. 3, Appendix A). The
eigenvalue 2 will be an infinite set of discrete values fixed by
the boundary condition, each representing an eigenmode of
the waveguide (An example will be provided below.)

(11) (21b) and (22b) show that E 1s perpendicular to B (also true in
a cavity).

(11) (21b) and (22b) show that E, and B, are in phase if u, &, o, k,
are all real (not true 1n a cavity).

(1v) (21c¢) [or (22¢)] is the dispersion relation, which relates @ and

k, for a given mode.
(v) The wave impedance (Z, or Z;) gives the ratio of E, to H, 1n

the waveguide. 13



Modes in Waveguides (continued)

TEM Mode of Coaxial and Parallel-Wire Transmission Lines

Rewrite -

-

(£, = BZ =0): (see Jackson p. 341)

2

E, = 5|tk V,E, —we,xV B, | (8.26a)
UED™ — Kk

B, =

s 5 |tk VB, + pswe, xV E |  (8.26b)
HED™ —k

These 2 equations fail for a different class of modes, called the
TEM (transverse electromagnetic) mode, for which £, = B, =0.

However, they give the condition for the existence of this mode:

),

2 kZ [Equations in rectangular boxes are

ﬁ basic equations for the TEM mode] (8.27)

(8.27) 1s also the dispersion relation in infinite space. This makes

the TEM mode very useful because it can propagate at any frequency.
To calulate E, and B,, we need to go back to Maxwell equations.

14



Modes in Waveguides (continued)

E,=0 E(x)| _ [Eqgy(X;) +ik_z Erpv(x;) Le,
ket {Bz = O} and {B(X)} - {BTEM (Xt)}e | Brew (X)) Le,

With B, =0, the z-component of V x E(x) =iwB(x) gives

Vi xEppy (X)) =0= |Eqpy (X,) = =V, Dy (X)), mﬁ?

[Note: V,xA,(x,) =0 A, (x,)=-V,0(X,)]

With £. =0, V-E(x) =0 gives W
2 ®=0

Vi Empy(X) =0= Vi O, (x,) =0 coaxial cable

The transverse component of V x E(x) =iwB(X) gives

kZ
By (X)) =% e, xEqgy, (X,)|

=0 ("tan": tangential) on the surface of a perfect

Because E,

conductor, we have @, ,(on the boundary) = const. This gives @y,
= const. or E,, = 0 everywhere, 1f there i1s only one conductor. So,

TEM modes exist only in 2-conductor conﬁgurationsl, such as coaxial

and parallel-wire transmission lines. I5




Modes in Waveguides (continued)

In summary, the TEM modes are governed by

. SIS
Vi Dy (x,)=0 BN/ (23)
¢ Pren (X,) = RS AR
PN INLG—L X m ﬁ
[ S S YA} A \
Erpv ==V Pren (X)) B~ {\\ ‘x;'fl "_‘7,;' ] @ (23a)
k ‘\Bin;‘:?//'/w\‘*\fwx’ﬁ? %
_ z LI i
< BTEM =X w €z % ETEM ::;::3;,’%_'/}\{{\};1\*5 g (23b)
k g
(or Hypy =% a)—itez X Eppy = i\/_ez XErpy =1Ye, xEqgy)
2
2k
0= (23c)

where YV (= \/%) 1s the (intrinsic) admittance of the filling medium,

which is defined in Ch. 2 of lecture notes following Eq. (26).
Since E;,, and B,, are both L e_, the Poynting vector, <S >,
= 1 Re[E gy x Hipy ], is in the e, direction.
Question: If an electron moves from @, =0 to D\, =V},
does its energy change by el/,? 16



Modes in Waveguides (continued)

Discussion:
(1) For the TEM modes, we solve a 2-D equation VtZCI)TEM (x,)=0
for @y, (X, ). But this 1s not a 2-D problem because @, 1s not the

E, (x, t)} _ {ETEM (Xt)} ik, z-iot
B,(x,t)) (Brgm(X;)

: k
with Eqpy, (X)) ==V, Dy (X,) and Brgy (X,) =+ =€, xEqpy (X,).

full solution. The full solution 1s {

For an actual 2-D electrostatic problem [®D(x) = D(Xx, )], we have
Vtzcl)(xt) =0, which gives the full solution E, (x,) = -V, D(x,).

(11) Note the difference between the scalar potential discussed here
and those defined in electrostatics and electrodynamics.

-

E v (X)) =V, D, (X,), regard @, as a mathematical tool.

N

E(x) = -V®(x) [electrostatics], regard @ as a physical quantity.
OA(X,1)

E(x,t) =-VD(x,?) - 5 regard @ and A as mathematical tools.

17



Modes in Waveguides (continued)

Example I. TE mode of a rectangular waveguide

Rewrite the basic equations for the TE mode:

((Vtz + )/2 )H . (x,) = 0 with boundary condition =
lk

H,(x,) =+ "2 V,H,(x,) y — (22a)

4 7 X
_HOW _

Et(xt):+k—erHt(Xt):+Zhez xH,(x,) (22b)

7/2 = ,uga)z —k2 (22c¢)
Rectangular geometry = Cartesian system = V? 52 + ;2

x* Oy

Hence, the wave equation in (22) becomes:

[a@}a@; + uE® —kz}H (x,7) =0 (24)

18



Modes in Waveguides (continued)

Rewrite (24): [ 52 n 52 + ue@® —k }HZ (x,7) =0 (24)
X Y

. ik x+ik .
Assuming gy dependence for H_(x, y), we obtain

[yng N —kzz]HZ(x,y):O

%Z

In order for H ,(x,y) # 0, we must have

pew’ —k; -k, —kZ =0,

which is satisﬁed for k., *k,, +k,. Since (eikxx, e_ikxx)

x> — ”

(eiky Y gl M), and (™%, ¢ ™*:7) are all linearly independent pairs,
the full solution for H, 1s

HZ(X,I) :e—ia)t [Alezk X _|_A2 —ik, x:||:B1€lkyy + Bye —ik,y :|

- [(;e"kzz 4 c_e""‘zZ] (25)

19



Modes in Waveguides (continued)
Applying boundary conditions [see (22)] to H ,(X,?) 1n (25):
H = it [ Aleikxx N Aze—ikxx } [ Bleiky v, Bze—ikyy } [ C+eikzz N C_e—ikzz:|

z

( Y

LB (x=0)=0=ik A ~ik A =0=>4 =4 1

J

\%Bz(yzo):OjikyBl_iksz:0:>Bl:B2 0 a

= H,(x,t) =cosk,xcosk,y [C Y ol a ity ]
f%BZ(x:a):Ojsinkxa:O:kx :mﬂ'/a, m:O,1,2,...
4

%BZ(y:b):O:sinkyb=O:>ky =nx/b, n=0,1,2,...

- o s
:Hz(x,t):cosmecosTy[C+el 2t +Cz_e Hzs ’”t] (26)

. J/ J/

forward wave backward wave

Sub. k, ="% k ="7 into uew’ —k; —k, —kZ =0, we obtain

yga)z—kf—nz('g—j+z—§):o, mon=0,1,2,... (27)
20



Modes in Waveguides (continued)
Rewrite ,uga)2 —kZ—x? (””’—22 + Z—i) =0[(27)]as
a
pew” — k> — pew’, =0 | for complex u and ¢], S (28a)

where ., \/E mz +n2)1/2, m,n=0,1,2,. [~ e >k, (28Db)
a

(28) 1s the exact expression of the TE, , mode dispersion relation

for a rectangular waveguide with infinite wall conductivity and a
uniform dielectric filling medium of (in general complex) ¢ and p.

Each pair of (m, n) gives a normal mode (TE,,, mode) of the

waveguide. The mode indices m and n cannot both be 0, because
that will make the denominator 1n (22a) vanish.

Special case: Untilled waveguide (1.e. ¢ = &y and u = y)

1

We have ue = yyey = -, and (28a,b) can be written

w” —kZc” - Cmn =0 [for unfilled waveguide], (292)

where @ =7zc(m2 +ZZ)1/ 2 mn=0,1,2,... (29b)
a 21

cmn




Modes in Waveguides (continued)

o’ —kch2 —a)czmn =0 'V l|/ \!} : : : :TEmn wave
Rewrite < N st ™ ] —
B b7 i |
a)cmn — ﬂC(IZ—z T Z_Z)z ¢
N__~ T evanescent fields
Definitions and terminology : A > A p.
(w >, = k, =real = propagating waves
< . )
o< a,,, =k, =1maginary = evanescent fields. “oom
. >
. z
A = free space wavelength = 27c | wavelength of an EM
@ | wave in free space

A = guide wavelength = k, | wave in the waveguide

_ o [Wavelength of the TEan

.

r

cm

lowest @ allowed to enter the waveguide }

@, = cutoff frequency [as aTE, wave,i.e. whenk, =0 (,1g = o0)

A, = cutoff wavelength

.

@emn | waveguide as a TE, | wave

_ 27mc FOIlgeSt A f allowed to enter the}
22
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Modes in Waveguides (continued)

2

2 2
® —kZc” —a)cmn—O AVIVAY; N\ : ™~ :TEmnwave

I
0 m> 2 A - —_!
cmn —7Z'C( 2) | f: f< ﬂ‘g I

Ar= 2—0750 [Wavelength of an EM wave in free space]

Ay = % | wavelength of the TE,,, wave in the waveguide]

4 _ 27 [bngest A, allowed to enter the Waveguide}

¢ Wemn |asa TE,  wave

- TEIO (ﬂ‘c — 261)
Llemm-mmmmmmm |
L Use (223, bk /—

usable bandwidth (a <1, <2a)

TE,, mode >k

z

Question 1: Why a typical waveguide has a = 25?7 (discussed below)

Question 2: Can we use a waveguide to transport waves at 60 Hz?

23



Modes in Waveguides (continued)

Other quantities of interest:
(1) Rewrite (29a): w” —kZc* — >, =0 [for unfilled waveguide]

cmn

=v,;, = >c [phase velocity] @
Z
d dw _ 2 _ @
k. (29a) :>22a) dk. 2k_c” =0 ] k¢
k.c . DOcmn
= Vg = Z:g = =2~ | group velocity] >k,

Vpp —> 0 a8 @ —> Ogyp

vy > 0as @ = oy,

(2) The remaining field components (£,., £, H,, and H ) can

= () v, <c; (i) vy, =% (i) {

be obtained from H _(x, y) through

_ 4tk - 2 "
Ht ()C, y) = 7/2 Vl‘[{z (X, y) 7/2 — Iuogoa)z —kzz — —a)zgm (228)
| see (22c¢) and (29).

E,(x,) =%/ €. xH,(x.y) 1 (220)

Note: The upper (lower) sign = forward (backward) wave. We have
assumed Re[k, |>0. Since there is no loss, &, is a real positive number,,



Modes in Waveguides (continued)

(3) Wall current

There are currents 1n the conductor flowing within a skin depth.
When we apply boundary conditions to calculate the fields, effects
of the wall currents are automatically accounted for

The wall current 1s given by

\
J, =nxH,(on the wall surface) %1 H, (on the wall
See lecture notes, Ch. 2, Eq. (29) surface)
or Jackson Eq. (8.14)

For infinite conductivity, the skin depth 1s zero. Hence, the wall
current 1s a surface current.

25



Modes in Waveguides (continued)
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Modes in Waveguides (continued)

TM mode field patterns of rectangular waveguide
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Modes in Waveguides (continued)

Discussion: waveguide and microwaves
If b < la, there is a maximum usable bandwidth (a < A ¢ <2a) over
which only the TE,, mode can propagate (no mode conversion). A

typical waveguide has b == a for maximum power capability & usable

bandwidth. Microwaves are normally transported by the TE;, mode
in the usable bandwidth. Waveguides come in different sizes. Usable
bandwidths of practical waveguide dimensions (0.1 cm <a <100 cm)
cover the entire microwave band (300 MHz to 300 GHz).

The waveguide 1s capable of handling much higher power than the

coaxial transmission lines. In a high-power radar system, for example,

it %s used to transport AD . TE (4, =09a)
microwaves from the

generator to the antenna. &1 /@-—T Ep (4, = 2a)

‘usable bandwidth (a < 4 r <2a)

%Z
a > k_

IR
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Modes in Waveguides (continued)

Some Standard Size Waveguides

Guide Size (inch) Rec. (GHz) fo (GHz) Band (GHz)

WRG650 6.500x3.250 1.12- 1.70  0.91 L (1.0 - 2.0)
WR284 2.840x1.340 2.60- 3.95  2.08 S ( 2.0- 4.0)
WR187 1.872x0.872 3.95- 585  3.15 C (4.0 - 8.0)
WRI0  0.900x0.400  8.20 - 12.40  6.56 X ( 8.0 - 12.0)
WR62  0.622x0.311 12.40 - 18.00  9.49 Ku  (12.0 - 18.0)
WR42  0.420x0.170  18.00 - 26.50  14.05 K (18.0 - 27.0)
WR28  0.280x0.140  26.50 - 40.00  21.08 Ka  (27.0 - 40.0)

Whittum, D.H. (1999). Introduction to Microwave Linacs. In: Ferbel, T. (eds) Techniques and Concepts of
High Energy Physics X. NATO Science Series, vol 534. Springer.

(=) B 37 5 8B 8371 5T P

National Synchrotron Radiation Research Center




Modes in Waveguides (continued)

TM Waves 1n a Circular Waveguides

Consider TM waves of a circular waveguide in vacuum with inner diameter :

V477 e =0

, Lo o 1 &
Vis——| P |T 252
pop\ Op) p 0¢

Solutions for £, are:

E(p.$)=E.J,(y,,p)" e/

2.4048 3.8317 5.1356

r=a

and the corresponding eigenvalues are:

¥ 2 5.5201 7.0156 8.4172

nm

Y HE Dy, 3 8.6537 10.1735 11.6198

o, are the cutoff frequency of the TM,, waveguide modes,
X, are the roots of the Bessel function



Field Theory of Guided Waves — 2. Modes in Cavities

We consider the example of a rectangular cavity (i.e. a rectangular
waveguide with two ends closed by conductors), for which we have
two additional boundary conditions at the ends: z =0 and d.

RCWI‘lte (27): HZ — COS mZ.x COSmey[C_i_elkZZ—la)l‘ 4+ C_e—ikZZ—ia)t:|

b.c.(1):H,(z=0)=0 = C, =-C_

A a rectangular cavity
:HZ:Hzoe_iwt costx cos%sinkzz b /’,,,,/";ﬂ
b.c.(): H,(z=d)=0 == . > X
=sink,d =0 = k, =% 1=12,. (32)
_ —iwt MITX nry . Iz m,n=0,1,2,...
= H,=H_ye ™ cos— ~cos—7=smn-—, L 10, (33)
2.2 2 2 2 1
Sub. (32) into »” —kic" -w.,, =0, where @, A = 7Z'C(’Z—2—I—Z—2)2
2\1/2 | @, : resonant frequency
©= Dmni 7zc( b ) { of the TE, mode} (34)

31



Modes in Cavities (continued)

TM Modes in a Cylindrical Cavity

E.=E.J, (k, r)cosmOcoskze'™ d

k . -
E = ]i LE J' (k. r)cosm@sin k,ze’™ 4

k, . — 28
E,= s e E_J (k, r)sin m@sin k,ze’

r

mn v

B = c;)m E_J (k, r)sin m6cosk,ze’™
KT End wall b.c. E =FE, =0, atz=0,d
Sid Ilb. =0,atr=

B, = JO g J' (k, r)cosm@cosk,ze’™ e wan o “re

Wherekl:lﬂ/d 120’1’2,... andkmn:a)mn :xmn

c a _I_) the n" zero of J (x)

2 2
Jomi = 2C \/( l:;j +(xm”j for TM,),-modes x,,,=2.405
7T a




Modes in Cavities (continued)

TE Modes 1n a Cylindrical Cavity

B.=B.J (k, r)cosm0Osin k,ze’™

B, = kk—lézJ,; (k, r)cosm@ cosk,ze™™
k m . jor
B, = k2 B J (kmnr)sm mocosk,ze
E =1?" B j (k. r)sinmOsink ze
k. cr

mn

E, = JO B.J! (k, r)cosm@sin k,ze'

E. =0

d
<+—>

2a

\4

End wall bc. : B, =0, atz=0, d
Side wall bc.: OB./0B. =0,at r=a

where k, =Ilx/d 1=0,1,2,--- andk, =x /a
_|_> the n" zero of J! (x)

¢ |(izY xmn2
fm”l_zn\/(dj+(aj



Modes in Cavities (continued)

Higher Order Modes for a Cylindrical Cavity

20 % 108

2a 5% 108

10x 108

(2af)?, (MHz — cm)?

TMp;0

Sxmﬂ'V

=
o
N
o)

(2a/d)?



Cavity Power Loss and Q

Definition of Q : Waves propagates in a waveguide. Hence, its
attenuation 1s represented by a complex k_. Since fields are stored
in a cavity, any loss results in damping in time. The damping 1s then
represented by a complex w. We consider only the wall loss for now.
Assume fields at any point in the cavity have the time dependence:

Eoe—la)ot , O = o0

—i(a)0+Aa)—ia)0)t —i(a)O+Aa))t—a)Ot (8’88)
Eqe = Eje , O #©

E(t) =+

where o, 1s the resonant frequency [e.g. (34)] without the wall loss.

(8.88) assumes that the wall loss modifies @, by a small real
@Dy

20° where Aw and Q are to be

part Aw and a small imaginary part
dertermined.
Physical reason for Aw : Effective cavity size increases by ~ o

(skin depth ). A larger cavity has a lower frequency. Hence, Aw < 0.

Physical reason for QO : Ohmic dissipation on the wall 15



Cavity Power Loss and Q (continued)
) " 2 a)ot
. . —iot It w;t 0
U = stored energy in the cavity [ oc|E|” ace™ ™™ '@ ="' =¢ 2]

Y, /

=U 0 —i(o, +Aa))t—@t
0¢ E(f) = Eoe 20
0)
= 0= stored energy [time-space definition of O] (8.86)

power loss

(8.88) represents a damped oscillation which does not have a
single frequency. To exame the frequency of £(¢). we write

E(t)= —\/;_ | ® E(w)e " do,
TP
Use (8.88), assume E(f) =0 fort <0

where
| [ ot J z‘+z(a) wy—Aw)t
E(w)= N | E@)edt = EO [ e 0 € dt
_ Ly
NGY @

36



Cavity Power Loss and Q (continued)

The frequency spectrum 1s best seen form the field energy
distribution in w-space

of the cavity 1n the absence of any loss.

, i ‘max, @=w, +Aw
E(0) « = . @ (890)
(0— ) —Aw)’ + (59 ) zMmax, =, +Aot;
Sop — full width at oy
- | half-maximum points | €
|
= 0= g)—g) [frequency-space definition of O] | (8.91)
|
Note: w, is the resonant frequency { Fig. 8.8
I
|

@, +Aw 1s the resonant frequency 1n
the presence of losses. In most cases,
the difference 1s insignificant.

+
wp + Aw/ \wg “
37



Cavity Power Loss and Q (continued)

Physical Interpretation of Q :
stored energy

(1) Use the time-space definition: Q = @,

power loss
_ _ 27
@y =27 fo = To<— wave period
stored energy ;
power loss T ;< decay time of stored energy
__ stored energy T,
= Q= power loss 27 7o (48)

(48) shows that O, which results from the power loss, 1s
approximately 27z times the number of oscillations during the decay
time. A larger O value implies that the field energy can be stored
in the cavity for a longer time. Hence, O is commonly referred to as
the quality factor. However, in some cases such as high-power

microwave generation, a low O value may often be desired. This 1s
arranged not by increasing the Ohmic loss, but by a structure which

couples the wave out of the cavity.
38



Cavity Power Loss and Q (continued)

(1) Use the frequency-space definition: QO = % (see Fig. 8.8)

For a lossy cavity, a resonant mode can be excited not just at
one frequency (as is the case with a lossless cavity) but at a range
of frequencies (0w). The resonant frequency (w,+Aw, see Fig. 8.8)
of a lossy cavity is the frequency at which the cavity can be excited
with the largest inside-field amplitude, given the same source
power. The resonant width 6w of a mode
1s equal to the resonant frequency divided
by the O value of that mode (see Fig. 8.8).
Note that each mode has a different QO value.

Figure 8.8 can be easily generated

|

|

|

|

|

I

|

: : |
in experiment to measure the O value. |
1

wo + Aw/‘ \wo “
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Cavity Power Loss and Q (continued)

___ stored energy
Q= a, power loss

Using the results of Sec. 8.1, we can calculate Q (but not Aw)
due to the ohmic loss. We first calculate the zero order E and H of
a specific cavity assuming o = oo, then use the zero order E and H

to calculate U and power loss,

. 3 2 3
; 2| wd x:ng\ d x
stored energy = jv (w, +w, )d x =+

( 3 2 43
B15) 2], Wpd ngfv\H\ d x

(6.133)

power loss ! % I ? da

| 2
= H
/ 2(75455‘11>< ‘ da

(8.14)
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Cavity Power Loss and Q (continued)

Formulae for O (due to ohmic loss) for rectangular and
cylindrical cavities can be found in Collin, p. 503 and p. 506.

O due to Other Types of Losses :

If there are several types of power losses 1n a cavity (e.g. due
to a lossy filling medium or leakage through a coupling structure),
O can be expressed as

0 stored energy (49)

~ D Y (power loss),,
n

1 1
= =3+
0~%0,
where O, (Q due to the n-th type of power loss) 1s given by

n-th type of power loss

(50)

___ stored energy
O = @ (power loss),,

41



Parameters of an Open-End Cavity

In Ch. 3, we analyzed a simple, fully closed

(1deal) cavity. The modes are standing waves, AT TE
each characterized by a resonant frequency (@, ) SHHHE L
and a quality factor (Q, due to power losses). An 1deal cavity

In reality, a cavity 1s alway connected to the outside in some way.
Furthermore, 1t often has a complex shape to optimize its function.

Fig.1shows a commonly used cavity. It
has a narrow channel for charged particles 1 \
(but not waves) to pass through, and 1s = h -
shaped for the electric field to concentrate
around a narrow gap, where the field either \ W< O

absorbs the electron energy (as in the
klystron) or delivers energy to electrons
or 10ns (as in an acceleration cavity). In this chapter, we put our focus

on this type of cavity. However, the theory 1s general to all cavities. 42

Fig.1. An open-end cavity.



Parameters of an Open-End Cavity (continued)

Gap Voltage and Shunt Impedance: Cylindrical
: : cavity
Assume a mode is present in the Fig. 1
cavity in Fig. 1, the voltage difference W< Oc

N a -ull-.'l.: " f > } D » Z

across the gap 1s a parameter of interest. )
Define the gap voltage J" as Fringe field ' Sﬁﬁiﬁe?fy
b (negligible)
V=-| E,(z)dz [Gap voltage], (1)

where the integration is along the z-axis.
Question: Can there be a voltage difference on the same conductor?

In (1), V and E, are phasors (@-space complex quantities), 1.€. 1n
t-space, we have V(¢t) = Re[Vej “7 and E ,(z,t)=Re[E Z(z)ej “.

When V' 1s defined as in (1), the reference polarity [direction of
positive V' (¢)] is shown in Fig. 1. Let P be the total power loss in

the cavity (e.g. Ohmic loss). In terms of V' and P, we define a
2
v
shunt impedanceas R = Z‘P‘ [Shunt impedance] (2) 3

Incoc



Parameters of an Open-End Cavity (continued)
J and R are two new parameters not applicable to a fully closed
cavity. On the other hand, the quality factor QO are defined in two
consistent ways as for a closed cavity (Lecture Notes, Ch. 3, Sec. 4):

( won .
O =—p5—L |[t-space definition] ‘ \ 3)
loss

= b Tp-space deﬁnition -----
LQ S p
where Wf is the field energy in the cavity. \

Parameters V', R, and Q each gives a key property of the cavity:

N\

1. The gap voltage V' (=— jf E_(z)dz) gives the maximum energy
a charged particle can gain or lose in passing through the cavity.

2. Assume an RF power (P) 1s injected into a cavity to set up a gap
voltage V. In the steady state, P 1s lost in the cavity. So, we have

P=P . and hence R = |V| /2P, )= |V|2 /(2P). Thus, R gives the

loss
magnitude of the gap volatge |V| for a given input power P.

3. The Q factor gives the resonant bandwidth ow through (4). 44

loss




Parameters of an Open-End Cavity (continued)

Transit Time Factor:

In an accelerator, the RF power is fed ‘ I \

into the accelaration cavity to maintain a i >z
gap voltage. For simplicity, we assume that Ij T :‘ |
the electric field in the gap is uniform over Fig. 1
a distance d and zero elsewhere (Fig. 2), E,
E —-d<z<0
E.(2)=1 & » (5)
0, otherwise I N
Thus, the electric field is —d 0 Fig. 2
: E { —d<z<0
E_(z,t)=Re[E,(2)e’” ] = gtoOse@ Z. (6)
0, otherwise

Assuming that an electron has a constant velocity v e, and it passes
the middle plane (z = —%) at time ¢,, we can write its orbit as

z=-%4vt-1) (7)

or ¢ as a function of the electron position z: ¢ =¢ + VZO + 2“{ (8)
0 45




Parameters of an Open-End Cavity (continued)

E.(z.0) Egcosa)t —d<z<( 6)
zZ,t) = .
Rewrite < - 0, otherwise
\ =VZO+2‘£O+t1 (8)

Sub. (8) for 7 in (6), we obtain the gap electric field £, seen by

a charged particle:

. E Dz4d 1y —d<z<0
E,(on particle) =4 8 cos| o E+7+v, D) Z.
0, otherwise

©)

Thus, due to the time variation of £, (z,¢) during the particle's
passage time, the particle does not see a constant £, although £,
in the gap 1s spatially uniform at any instant of time.

Lo -
-




Parameters of an Open-End Cavity (continued)

The work done by E_(z,7) on the particle during its passage
through the cavity gap 1s

W = —ejf)d E,(on electron)dz = —ek, I_Od cos[v—ag(z + % +v,t,)]dz
sm@d
2Vy
wod
2VO

=—eE,d cost, = —eE ,dM cos o, (10)

sm
2 [Transit time factor | \: J (11)
where ¢ % ==
0, = wv% [Transn angle] ‘ \ (12)

0, 1s the total phase variation of E_(z,t)
during the particle's transit time ( ) Since

0, >0, we always have |M|<]1.

5
For present-day accelerators, v, = c. —d 0 o



Parameters of an Open-End Cavity (continued)

Rewrite

W =—eE ,dM cos o,

(10)

Since |M | <1 (see Fig. 3), the maximum energy gained or lost

by the particle, eE,dM (when cos wf, =£1), i passing through the

cavity 1s always less than the instantaneous maximum value: eE d.

For this reason, 1n accelerator literature, effective values of gap

voltage and shunt impedance are defined and often used:

Veﬁ, =MV ,
J Vv
_a2p_
Reﬁ =M*"R = 2P
L (OAN)
siné;g
where M = ) 1s the -
g
=

transit time factor.

1

0.8

o
®

\

g

g
o
ho

sin(e /2)/(6 /2)
o
i =N

M
o

1
<
%]

/

1
<
=

(en]

17

2

Vil R AT

o, (tran51t angle)

ré

8

(13)

Fig. 3
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Parameters of an Open-End Cavity (continued)

An Example of Open-End Cavity : the DORIS I Cavity
Used in the NSRRC Storage Ring

Dimensions: Parameters: DORIS I cavity
60kW £, =500 MHz il
coaxial line
I O = 37000

_ 6

— Reﬁ =3x10" Q
—

E-field lines —> e, P =60 kW

v,y =600 kV
M =0.587

<27.6 cm—>

If 60 kW 1is input into the empty cavity to excit the mode. Then, in

the steady state, all 60 kW 1s dissipated on the walls (£, =60 kW),
2

[

Thus, Ref]‘(‘ = m

B — Maximum energy
[(13)]=7V,, =600 kV [ gained by an electron} 49



Equivalent Circuit for an Open-End Cavity

- 51 |

Fig. 1 Fig. 4

Cavities like the one in Fig. I are often too complex to be examined
analytically. Instead, 1t can be described by an equivalent circuit, which
yields the parameters of interest : @,, O, and R.

Fig. 4 shows a commonly used equivalent circuit (Collin, Sec.7.1).
The equivalent circuit has a resistance R, a resonant frequency @, and
a quality factor O [w, and Q are derived below and also in Lecture
Notes, Ch. 3, Appendix A, Egs.(10) and (13)]. Thus, what we need are
the proper values of R, C, and L to give the equivalent circuit the same
R, w,, and Q as those of the cavity. This is done below. 5



Equivalent Circuit for an Open Cavity (continued)

v

L =

A

g2z

'F1g4

For the circuit in Fig. 4, let W, W, be the average E- and B-field
energies, /- be the power dissipation, and Q be the quality factor.

Then,

For the cavity, we have R = %‘V‘z /P

_ 1 2
We —ZC‘V‘ )
11 M
Win _ZL"zL‘ ~ 427
1M
Ploss ~—2 R
_ wa _ OWetWy,
_PZ — B
0SS loss

v= jwLi,, where joL
1s the impedance of L.
[Lecture Notes, Ch. 3,

Appendix A, Eq. (14)].

(AN

(14)
(15)
(16)
(17)

[(2)]. Comparing this with

(16), R of the equivalent circuit 1s to be specified at the same value.

51



Equivalent Circuit for an Open Cavity (continued)

Fig. 1 ‘ \ | Fig. 4
it of
2 . - .12 _ -
| We=3CM [AD Wy =g Lli[ =557 [(15)]
Rewrite < ‘2 )
_ - a -+ - -
})loss %T (16) ; - Pe = (17)
loss
At w = a)o, we have W, =W, [Lecture Notes, Ch. 3, Appendix A,
(14),(15)=> @ =7 (18)
Eq. (12)]. Thus, -
4 (12)] (14), 16), (18) = 0==Me_yrc=LR_ (19)
loss 0

Thus, using @,, QO of the cavity, we get L, C from (18), (19).
With R, L, and C specified in this way, Figs. 1 and 4 have the same
R, w,, and Q. As shown next, the equivalence goes beyond this. -



Critical Coupling, Undercoupling, and Overcoupling

Z
\ a
:izxt:g T % % J—C Fig. 14. Exciting a cavity
coaxial line a' cavity
( 2
4+ 2
| = T i (45)
Rewrite < (RytRexr) 1+(2QL
AP _ RO ext 49
P T Ry R 1120, 57 @)
= e.Aw=0 50
Under the conditions: {Z)n q Z‘: S;m ©=0) ((SOab))

2 +12 . 2 +12
(45)= V| =|V"*| and (49) = AP = P. Either [V =/ or AP=P
implies that the incident power has all entered into the cavity (i.e. a
perfect match). This 1s called critical coupling.




Critical coupling, Undercoupling, and Overcoupling (continued)

é!
L, N v T é %
=R,
v o- T Fig. 14. Exciting a cavity
coax1al line a' cavity

Eq. (36) gives O, = w,R,C and Q,,, = o,R,,,C. Thus, one of the

critical coupling conditions, R, = R,, [(50b)], can also be expressed

as 0. =0, 1e. [External 0]=[Unloaded Q] (51)

A coupling coefficient (£) is often used to characterize the degree

of matching with a cavity. It is defined as b= Q (52)
ext

( P<1, the cavity 1s said to be undercoupled to the feeding line
[ =1, the cavity 1s said to be critically coupled to the feeding line
[ >1, the cavity 1s said to be overcoupled to the feeding line

/-
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Critical coupling, Undercoupling, and Overcoupling (continued)

IIlKZ Rextﬂ“_

“JProbe |V T~ Loop
\ L N

7 < 7 <
Fig. 17
Question: Fig. 17 shows 2 coaxial feeding line with a probe or a
loop at the end. What parameters are being changed when we "tune"
the coupling strength by varying the probe length or loop orientation?

Rewrite P, , = ‘V‘ - [(34)]; R, = LVIL [(35)]; Qext=a1)3—Wf [(32)]

Let's assume the same field energy (W) and @,. Then, £, (Ohmic

loss) and O, (=@, / F,) are the same. Also, R,, (R, of the coaxial
line) 1s fixed. When the probe or loop 1s tuned, the (local) gap voltage

V' can vary a lot. Hence, by (34) and (35), P, ., and R, can be changed

a lot. As a result, by (32), 0,,, can also be changed a lot. This makes

it possible to achieve critical coupling: Q,, =0, (= R, =R,,,). 55

ext



Critical coupling, Undercoupling, and Overcoupling (continued)

A
[ ]

avity

" “ 7
» ) $'-/

Fig. 18

loop coupling

Significance and Example of Critical Coupling:

In feeding a cavity, reflections can cause interferences with other
signals. In the case of high input power (e.g. 60 kW for the NSRRC
cavity), reflections can also waste energy and, worse, damage the
power generator. Thus, the coupling structure needs to be tuned to
minimize the reflection.

For the NRSSC cavity, loop coupling is used (Fig. 18). Critical
coupling (i.e. no reflection) can be achieved by rotating the coupling

lOOp to Vary Qext U.Iltﬂ Qext — QO [(5 1)] 56



Critical coupling, Undercoupling, and Overcoupling (continued)

A Physical Picture of Critical Coupling:

In Fig. 13, there are two sources for P~: (1) Reflection of P* at
the port; and (2) Energy leakage from the cavity to the coaxial line.
How can there be no P~ under critical coupling? The reason i1s that

there are rwo sources for P . When the critical p- T L pt
coupling conditions are met, the fields of the I Z.=R,

two sources are equal in amplitude, but 180°

out of phase. Hence, they cancel exactly (no P ). Voﬁzlg) \
From another point of view, if the gap

voltage 1s V' and there is no V. Then, at the i :‘
gap, V~ +V " =V reduces to ¥ =V, which Fig. 13

implies a power of |V|2 /(2R,.,) 1s fed 1nto the cavity. Then, in order to

maintain a steady state, this power must equal the power dissipated in

o

the cavity: 5 Row ~ 2R or R, ; = R, (the crirical coupling condition).

o7



Cavity application — 3GHz chopper of TLS LINAC

HVPS

Gun_Voltage
Gun_ Current
Interlock

Prebuncher

Chopper | (TMyy0)
(TMyy0)

Lens

GPGLC

[llustration of the 3GHz chopper operating at
TM110 mode is shown in figure-4. The applied rf
magnetic field, shown in the figure, compensates

WG Corrector Q.2 MW

Water Cooled e

RF Load Bending
Magnet

Solenoid Solenoid  Solencid Solenoid

Lens L3 #1 #2 H3A #3B  Solenoid #4

50 MeV Linac
Comeciorn Comechor
:5l:"|". :H-‘ \‘llﬂ e - ['Oi;‘rl-egtnr "4' -~
- Klystron Modulator (KMOD) " i Slits 5,
B BM;
KFPS — s Reset
L — HV
KMPS agnpy  Pulse Width .
I - Interlock BI!.‘J{!SFLI‘
Injection

the DC-biased magnetic field at 3GHz and chops Chopper cavity (a) Longitudinal
the DC electron pulse into 3GHz bunch train. electric and (b) transverse magnetic

field distribution of the TM,,, mode.
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Cavity application — SLED

SLED = SLAC Energy Doubler
*A method of achieving RF pulse-compression
through the use of high-Q resonant cavities.

*The cavities store klystron energy during a
large fraction of each pulse and then discharge
this energy rapidly into the accelerator during
the remainder of the pulse.

WATER COOLING

T T T T [
6 — —y
FINE TUNING
MECHANISMS
5 ]
4 - .
@
w
z Ters CAvTES
Q3 - POWER OUT——a] —J ors SRV
STAINLESS ——
STEEL RINGS
2 —
POWER IN
I K_’:—__“ 1 —
0] } 2 3 4 5 6
TIME ( usec) rastas

SLED output power waveform

Z. D. Farkas, et al, HEACC74, 1974

SLED Water Header
(newly installed)

480V Disconnect to
be relocated
(previously existing)

SLED

T PHASE
SHIFTER

COUPLING APERTURES

1,

COUPLER

WAVEGUIDE
BENDS § VACUUM

CAVITY
*|

CAVITY
*2

3dB
GOUPLER

SLED Waveguide
Output Coupling
Piece (water temp
stabilized)

AS&E SLED
(ser no.004)

E 42[,}.5

————— ’VO.B,u.s

/

ACCELERATOR

Rt
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Cavity application - DAWON(KOREA) SLED

[ [ I \' '_1 ;: T T T T T
Grw -
Cav | ,‘,' e | :: o il »
Grd ! ." l
L = 4L 428085 MHz
—_ ' -0.61 dB
SLED cavity 4 %
Iris Iris_cr :
| H @2
Iris.t i e
| = ! 12 i
I vagew =y 3t TEo15 H
trises { C ) (€ 5 o ;
gnide 1 : e - TEns H 4 .238?166212"“2
$ 1 1 1 N 1 1
© 2820 2840 2860 2880 2900

Frequency [MHz]

Table 2. Results of the analytical calculation and the MWS simulation of several resonant modes around 2856 MHz for the

SLED cavity.

Without groove

With groove

Resonant Calculation MWS Simulation MWS Simulation

mode Frequency Frequency Q-value Frequency Q-value
(MHz) (MHz) (MHz)

TEL116 2811.22 2811.34 46411

TE413 2813.11 2813.21 36781

TE123 2818.76 2818.9 84572

TM115 2856.02 2856.15 50794 2838.7 49641

TEO015 2856.02 2856.16 106550 2856.13 107290

TMO023 2896.32 2896.46 50679 T

TMO16 2901.90 2902.04 51260

TE315 2966.38 2966.53 46168

https://doi.org/10.1016/;.nima.2016.11.005
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Cavity application — SLED Flat Pulse Operation

Diamond Light Source
> o - ¢ Standard "SLED" RF phase Flat pulse.
R | i Pulse modulation
e Resonant cavities 6 I 200 — : 3
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Cavity application — SLED-II BOC (Barrel Open Cavity)

C-band BOC of Swiss FEL
Single cavity, no power hybrid

Table 1: Main Parameters of BOC

350
Pulse compressor Design parameter
- —Model
Type Barrel Open cavity 300 . Measurement
Frequency 5.712 GHz |
Resonant mode TMig1.
Diameter 492 mm g 200
Number of coupling slots 70 ;
2 150+
Q 216000 o
Coupling factor (3) 10 100
Max. input power S0 MW ]
RE input pulse length 3 s 50\.\ I SN IS U SN S _
RF compressed pulse length 330 ns 0\..___ ‘ | : l , \ . ;
. 0 0.5 1 1.5 2 25 3 35 4 45 5
Energy multiplication factor (M) 2.13 Time [us]
Repetition rate 100 Hz

Figure 8: Compression of a 50 MW, 3 s rectangular
R. Zennaro, et al. IPAC 2013, WEPFI059 . pulse. 62



Cavity application — SLED-III SCPC (SPHERICAL PULSE

COMPRESSOR)

TE10 Mode input from
WR90 Waveguide

TE10 Mode output to
Deflectors via WR90
Waveguide

T

Phase | (90 MW)
Rep. Rate: 50 Hz
Start Date: 06-12-2022
End Date: 21-12-2022
Output power: 90MW, 700 ns
Input power: 26 MW, 4000 ns
Operating temperature: 32.25 °C

(m

Phase Il (100 MW)
Rep. Rate: 50 Hz
Start Date: 23-03-2023
End Date: 31-03-2023
Output power: 100 MW, 700 ns
Input power: 29 MW, 4000 ns
Operating temperature: 31.47 °C

J.W.Wang, et al. PRAB 20, 110401, 2017.

[y

HFSS Fabricated
Courtesy Ping Wang
8 . " ; T : 7 . -
Input e | NPUL
Output 6 Output
=6 - —
3 g5t
) 5]
2 =4}
Q4 a
_g o3t
8 =
@ 2| e 2f
f\ 1 |
0 1 L L& 0 ——-'-"'l"——--l--.‘ L L§=
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
t [ns] t [ns]

Elettra SCPS Test Results

.“\

——

2?‘

=) L RF Water Load #2 ' = ‘ ’w:ﬁ

,g!!!!l!!miiiilil

MTITIITTII LTt

Output RF pulse

Siitiiiciinii

Input RF pulse

Reflected RF pulse

L= é s ! S
FROVRRRRNE CRhgdaancRninini

m
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Cavity application —- NSRRC Photocathode RF Gun

Solenoid

Chamber

Photocathode
Gun

Laser YAG
Screen

Faraday
cup

Frequency
Qo
Coupling coefficient
Peak field at the cathode
Beam energy after gun

UV laser pulse duration
(FWHM)

Cathode quantum
efficiency

Cu cathode

2.99822 GHz (@55°C)
~8000
0.7
50 MV/m
2.5 MeV

3 ps

~1x10°

Power (MW)

Er/r (MV/m/cnm)

(MV/m) ;

Ez

= N w B o
o o o o o

e
o

oy
w«

Position {cm)

= ForwardPower (MW)

= ReverssdPower (MW)

1.0

1.4 1.8 2.2 2.6 3.0

Time (us)
Forward and reverse power of the Gun
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Vacuum Electronics

Vacuum electronics addresses electron-wave interactions in a
vacuum, usually for radiation generation. It involves a much broader
frequency range than the microwave band (e.g. X-ray free electron
laser, FEL). This chapter covers only the microwave regime.

Conventional Relativistic
Microwave Electronics Electronics
Examples, TWT, Klystron, Magnetron ECM, FEL
Frequency < 10! Hz 101" Hz — X-ray
Power <10®W 104 W - 1010W
Electron Energy <10°V 10°V-1010V
Beam Current <10% A 1 A-10°A
Basic Circuit equations Maxwell equations

Equations + Fluid equations + Relativistic particle egs.



Power Capabilities of Laser and Microwave Tubes

One photon per  Multiple photon per Multiple photon per

excitation, electron, excitation,
Large interaction Large interaction space Interaction space
space J ~ wavelength

ECM Devices /

&'

b
o
")
!

-
"

Lasers Conventional
Microwave

Tubes
- —

—

o
—
L}

102 101 1 10" 102
Wavelength (mm)

Average Power (Watts)
=
w

The figure above compares the power capabilities of lasers and
microwave tubes. Lasers are quantum mechanical devices, while the
conventional microwave tubes and ECM (a new type of microwave

tubes) are vacuum electronic devices. The term "microwave tube"
refers to microwave generators requirng a vacuum environment for
the electron-wave interaction
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Introduction of Microwave Tubes

i87 0.1m 10 cm 1.0 cm 1.0 mm 0.1 mm 10.0 Y
(Single Devices)
106 ——
\ [ Kystror \
105 F{Gridded Tube |- - gac‘.‘"m g
\ Gyrotron evices
g 104 § PPM Focused \
= Helix TWT \
g %
2 10% | BJT -
8 ] & Solenoid Focused
8 102 P Eae A Co-TWT
<) : [ :
g 7§ e YEAN
) - FE R
® 0 INEET N —
< N—— \\ BWO]
1 [ 1 Fuitsu-GaAsMESFET I\ \
| 3. Toshiba - GaAs MESFET LA (EET) TR
10-1 f{4. Raytheon - GaAs PHEMT — S Solid State -
[ 5. TRW - GaAs PHEMT IMPATT Devices
10-2 PSSV U A AP | PSRN RG]
A 1 10 100 1,000 10,000 100,000
Frequency (GHz)

R. J. TREW, “SiC and GaN transistors - is there one winner for microwave power applications? ”, Proceedings of the
IEEE , Vol. 9, Issue: 6, 2002, pp. 1032-1047.



An Overview of Microwave Tubes

Microwave tubes (or stmply "tubes") are the main subject of this
chapter. They have a long histroy of research and are still being

enriched by new physical insights and the discovery of novel types

of tubes. Microwave tubes are widely used 1n our daily life.

Tubes are bulkier than solid state microwave devices, but they

generate much high

er power. The basic types of microwave tubes

are listed below (and will be discussed later).

Conventional Microwave Tubes: matured in the 1960s

Cornerstones:-

1. Traveling Wave Tube (TWT)
2. Klystron

3. Magnetron

Relativistic Microwave Tubes: 1970s-present

Cornerstone: Gyrotron [a device based on a relativistic effect

called the electron cyclotron maser (ECM)] 68



An Overview

of Microwave Tubes

Amplifier Oscillator Interaction Process
Gridded Tube Gridded Tube Grid control of the beam current
Klystron 1.Two Cavity Oscillator Velocity Modulation with resonant

2.Extended Interaction Oscillator cavities

3.Reflex Klystron
1.Helix TWT Backward wave Oscillator Velocity Modulation with traveling
2.Coupled Cavity TWT wave structure

Crossed Field Amplifier 1.Carcinotron(M-type BWO)

2.Fixed Frequency Magnetron
3.Coaxial Magnetron

4.Voltage Tuned Magnetron

Crossed Field

Gyrotron

Gyrotron

Spiraling beam

X Linear beam tubes are called O-type devices.

X Crossed-field tubes are called M-type devices.
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Conventional Microwave Electronics

microwave
radiation™\ ‘\\\ T //'

magnet

cavities
RF fields

®© 2004 Encyclopadia Britannica, Inc.

RF input

buncher cavity

collector

Magnetron

electron-emittin focus ,
cathode 9 electrode RF input RF output
5 de /helix
ll
) = electron beam \magnetic field

heater electron gun

© 2004 Encyclopadia Britannica, Inc.

Helix TWT

multistage
depressed
collector

© 2004 Encyclopzdia Britannica, Inc.
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Microwave Source R&D

Neodymium-Iron-Boron magnets

axial magnet

!

/\ Engineering Precision EIKA Hot
Machining

Drawing

s ceramic 2
‘magretic field profiles P

ceramic 1

= I
"~ focusing
xm anode electrode
cathode
B
heater
o lead gun
™ envelope
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Conditions Required for the Generation of Coherent
Radiation - Common to All Types of Microwave Tubes

1. A mechanism for the RF fields to bunch a DC electron beam into
an AC electron beam (Microwave tubes are distinguished by their
bunching mechanisms).

2. Synchronism between the bunched electrons and the RF fields.

( J, [DC]

Jysimnawt [AC]

| E (wave electric field) = £, sin wt

JoE,sinwt [DC]

J,E,sin” ot [AC]

Let <J (electron current) :{

Then, P (power) = JE = {

— <P>, =0 [DC], no energy exchange
# 0 [AC], energy exchange
sinwt sin’ @t

} ZAVAVAVA
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Waves in Periodic Structures

weak periodic loading
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Klystrons

The Stanford “Model A” klystron

Table 1: Typical 5045 Operating Parameters

Operating Parameter Value
Frequency 2.856 GHz
Beam Voltage 350 kv
Perveance 2.0 pA/vV*?
Peak Output Power 65 MW
Average Output Power 41 kW

RF Pulse Width 35ps
Pulse Rep. Rate 180 Hz
Gain 50 dB

3 dB Bandwidth 20 MHz
Saturated Efficiency 45%

Cathode Current Density ~ 8 A/em’

The SLAC S-band klystron
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Design Principle of the Klystron

Principle of the klystron amplifier:

/.

(velocity modulation

in buncher cavity

|

electron bunching
in the drift space

|

density
modulation

|

See Ch. 7, Sec. 5 for cavity excitation by external coupling.

wut signal

Output signal

EIZ%trr"on See Ch. 7, Sec. 3 for
Y Buncher Catcher | Cavity excitation by
cavity cavity | AC beam current
Anode :
collector
Cathode B
L eam
1 i
R
DC J

wt

A two-cavity klystron amplifier.
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Design Principle of the Klystron

Elements of a Three-Cavity Klystron Amplifier

Input  RF Input RF Output

Gap
Modulating

Element

Output Gap

“f:‘l : Jj/Electrons

P g ~—Collect
g (M G or

Heater
Cathode

Last Cavity

! \
First Drift Intermediate
Anode  Cavity Tube Cavity

center of bunch

deceleration
—

o

acceleration

axial electric force

DC beam under a HF electric field

Plasma Frequency

47n.e2 3. rad
— _0 o— 4 3 2 _‘ -
Dy =,/ i, | =3-64x10 n,(ecm™) =
i =

drnge? _ [m,
(l)p T [ = Tli(l)pc’ < (I‘)pe]

For (18) to have a non-trivial solution (£, #0), @ can only have

- : ~ 53 2 _ 3
a single frequency given by @ = @y, + ®;,; = @, (19)
2 2 2
where W)y = Op, + @y (20)
@, 1s called the plasma frequency. It is a characteristic frequency

of the plasma most frequently encountered in plasma studies.

Log Current

|
!
I
1
I
1
!

0 Aq
4

m|5t

Axial Distance

RF Current Growth in Beam in a
Three-Cavity Klystron Amplifier
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Klystron Assembly

input window cavity ‘?ssembly output window
magnetic
Z .
= = focusing system
electron gun
g | . k
Z w2
2 =

depressed collector

Interaction Circuit

input cavity output cavity

» d
P «

R
IO IC

< >

buncher cavities
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Tuning of the Multi-cavity klystron

(1) Synchronously tuning (for maximum gain)

All cavities are tuned to the same frequency, which is also referred to as gain tuning. Generally, each
cavity provides a gain of about 15-20 dB, so a klystron amplifier with four resonant cavities is expected
to offer a total gain of over 50 dB.

(2) Efficiency tuning (for maximum efficiency)

The penultimate cavity ( i.e. next-to-the last cavity ) is tuned upward in frequency ( making it
inductive at the operating frequency ) o If the resonant frequency of the penultimate cavity is increased,
the bandwidth will be widened. Although the gain will decrease by about 10 dB, efficiency tuning will
enhance the bunching efficiency of the electron beam, resulting in a 15-20% increase in power output.

(3) Broadband tuning (for wide bandwidth )

A klystron is typically a narrow-bandwidth microwave source. Usually, stagger tuning is employed,
sacrificing high gain to achieve a wider bunching bandwidth. Stagger tuning involves adjusting the
resonant frequencies of different cavities above or below the center frequency to increase the overall
bandwidth. o l

Operating
Bandwiath

—
f, Penultimate

Cavity 78



Thales TH2100 Klystron

RF performance

Frequency 2998.5 29985 MHz
RF output power
* peak 37 451 MW
° average 17 20 kw
Peak RF drive power 200 200 W
- 1 dB bandwidth 10 10 MHz
RF pulse duration 4.5 45 s
Saturated gain 53.5 55 dB
Efficiency 45 43 %

Electrical characteristics

Anode voltage 279 307 kV

Beam current 295 340 A

Heater voltage 30 30 V
A

Heater current 28 28

0 el 1

7

9.
—

>

N\

max.

min.

max.

typ.
typ.

typ.
typ.

max.
max.
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Canon E37310A Pulsed Klystron

Typical Operation

Frequency 2998 MHz
Peak beam voltage 293 kV
Peak beam current 320 A
Beam pulse width 6.2 us
RF pulse duration 4.0 us
Drive power 374W
Peak output power 35.5MW
Efficiency 38.8%
Gain 49.7dB
Filament voltage 18.3Vac
Filament current 18.4Aac




Design Principle of the Klystron

' AT
B ETTALL \ /S GUAF?I:TED 6 dB
@
S ) SIGNAL _,,
._ ;'NEAR OVERDRIVE —»
> R REGION
= LINEAR —»
3 DYNAMIC
. RANGE SATURATED
y POWER
o OUTPUT
a TUBE REGION OF
EIOG'S;:E < NONLINEAR ——»
— 4B OPERATION
BANDWIDTH
-dB
Q—l —
-~ SIGNAL
THERMAL | —"
NOTEE T THRESHOLD
LEVEL 1
TOTAL NOISE
INPUT POWER
"T¢ POWER INPUT —dBm
-114 dBm/mc

Transfer Curve of rf amplifier




Small-Signal Analysis

Vo = 14000 Beam \oltage (V)
Io=05 Beam Current (A)
=35 Center Freqency (GHI)
a=0000575 Tunnel Radius (m)
5=0.000225 Beam Radius (m)

Remember to update the shape fador
d2 if the fill-factor chamges.

Pe= 3212 x 10° bq = 169200 y-a = 1.173

Empirical expresion
for Qe of the cutput
cavity - not used in £=15
the gain calculation: =

Vo
Io

Ry (T 4
QQ.\- - 176.205

Number of Klystron Cavities N=§

Gun Micopaveance (uA/V°1L5) K - 0302
Brillouin Field (@us9  Bbr= 2.307 x 10°
Beam current densify (A/cm?) Jbeam= 314380 Cathode current density (A/cnf) Jeathods = 5

- 63

Joeam
Gun convergenc
Z Jeathode

Cavity R&/'Q  Extemal Q and Qo Cavity Frequency Gap-Gap L

(Ohnx)
RQ; =128 Qe =350 Qo, = 2000

RQ,=128 Qy=x Qo,=2000
RQ; =128 Qe =«x
RQ=128 Qe =w Qo,=2000
RQ;=128 Qe =nx

RQg=218 Qe

Ka-Band Klystron
P3 = PPmax - 3 Pl = PPmax - 1
Number of Data Paints npoints = 256
Calculation Bmdwidth (GHz)

Plot Marlers 4 - 34886 th-35088 PPmax- 352633 dB
Gain at eenter frequency

1dB Bandwidth (GHr) Badwthdb - 0.179 9% BW{1dB) ®Hwl - 0.512
9% BW{3dB) %w3 = 0.576

3dB Bandwidth (GHr) Badwth = 0.202

PPD- 52002 dB

5
00 LS = 0.0047 8= 0.0004 MA6 = 02019

a
51,3....r—m-_—¢:’: - pr
49.61—4 P3
474 rE R
452 ; N
Gain, 43l J1i i \
sslf :
386f— i \\
64—
42f + \
11557489340134593497 35 35.03350635.0035.1235.15
o,
Coupling Total coupling
Gap Length coeffident at =a coefficent
(m) (m)
£,23498 L;Z0 ¢, 200004 Ma =0919 f0.711)
£,2349 L,=0.005 4,20.0004 Ma,= 0919 0.711
23500 Ly=0005 4;500004  Mag=0919 0.711
09 L,=0005 ;200004 Ma,= 0919 o
17 L.=0005 6.=00004 Ma =0010 0.711
> > \0.711

“ZmINCO mwr»IT o

<-H-00rm<

Big-Signal Analysis

e %
e
=
e
e
P | e —————
=
-1 Distance (mm) x1/Step 23
20
1.6
1.0 \/ \/,\
05 \'\
-1 Distance {(mm) x1/Step 23
13
1.1
0.9
0.7
0.5
-1 Distance (mm) x1/Step 23
0.5
0.4
0.3 [ |
02 | H |
0.1
[—| ,_| == == ===
0.0 Energy/Eo
2.50 0.0372
6.0000
128 0.7360
% 4.5206
%0 0.2764
-1.26 0.2675




Principle of Beam-Wave Interaction
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Principle of beam-wave interaction

Llamp to

range: (Hin: 6/ Max: 3e+887)

Powerflow
Honitor power {t=8._end(8.25)) [pic]
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Simulation of the Klystron

Tgpe Energy
Tine 05

vvvvv

zero mode

VSWR =5.07

-5

w
w
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Interaction Structure

Sy (dB)
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G e 22 ]

Collector Simulation
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Frequency (GHz)
Pillbox Window
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Line-type Modulator of Klystron

1 l (|

| | i() = Yo {1 —U(t —268) — Zo — R [U(t — 25) — U(t — 48)]

( \ - ZO + Rl ZO + Rl
Switch Zy— Rl)z
Ut—46)—-U(lt—66)] — -
Lossless Transmission Line of I (ZO + R I [ ( ) ( )]
Characteristic Impedance Z, R;
U(At) =1 forAt >0
U(At) =0 for At <0
impedance R = \/% At = (t — nd), n=246,-
L L L IicVr
o
T ¢ ==g = '
Vo r¥% |
22,2 |
Guillemin E type ;
pulse forming networks =
Yo I Vol
4z, 4 ;
l
Gt
- - r—‘--j

| e L 1 \ -
S ¢ 00 26 0 286 45 66 85 O 26 46 658
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Thales and Canon Klystron comparison

Thales TH2100 klystron Canon E37310A klystron
| ' Thales TH2100 Canon E37310A |
Frequency (MHz) 2998.5+ 1 2.997.5~2.999.5
Peak Cathode Voltage (kV) 300 (276) 295 (291)
Peak Inverse Beam Voltage (kV) 70 80
Peak Cathode Current (A) 310 (281) 345 (315)
Peak Drive Power (W) 400 1000
Peak RF Output Power (MW) 37.5(35.1) 36 (35.6)
Pulse Width (duration) (ps) 7 (75%, 6.5 us) 7.5 (75%)
Pulse Width (duration, RF) (us) 45%+0.5 4.5 (-3 dB)
Pulse Repetition Rate (Hz) 100 120
Ex‘ Gain (dB) (55.1) (48) s‘ . .5
Efficiency n (%) (45.2) (39)
Oil Tank Turn Ratio TLS:20, TPS:13 New Oil Tank : 14
Klystron Impedance (€2) TLS:2.419 (2.46), TPS:5.7 3.8 (4.11)
Focusing magnet (solenoid/set) 3 6
Charging Voltage (kV) 46.2 (42.5) 39.3(38.8)

3% The black value is the official specification.
D RO ) The FAT data are in red brackets. THALES : No. 2100-018, CANON : S/N 21E002A

HBI Modulator PFN Impedance : 1.14 ~4.123 Q)
(each capacitor set : 0.1 pF, each inductor (tuning range): 130 nH ~ 1700 nH)

TPS PPT Modulator PFN Impedance : 5.5 ~ 6 Q
(each capacitor set : 0.025 pF, each inductor : 800 nH ) 87



TPS LINAC Klystron Modulator analysis

Thales TH2100 Klystron : PPT (RI) Modulator (18 sections):
#210-113, V 4100 = 272 kV, 1 ihoqe = 286.2 A, Impedance = 950 _
catode cathode LO — 800 TLH . . . .

Q (secondary side) C=2cnp O Primary side impedance:
® Pulse transformer turns ratio 1:13 — Primary side cc

impedance Ry;3=5.62 Q {LO __ 252nTIL?H — Primary side impedance:

L 420 nH . C

Canon Klystron E37310A Impedance : _ 9 p  Primary side impedance:
SN21E002A, V 04 = 291 KV, I 1104 = 315A, Impedance =
923.8 € (secondary side) {L - 2205313;,1{ — Primary side impedance

® Pulse transformer turns ratio 1:14 — Primary side
impedance R,,=4.7 Q

® Pulse transformer turns ratio 1:15 — Primary side
impedance R;5=4.1 Q

® Pulse transformer turns ratio 1:18 — Primary side
impedance R;3=2.85 Q

Charging 43 kV

70 —Rpo 3% _ g5 vy oV, =1:1= (Ist) 215 kV = (2nd) 279.5 kV
Rpo+RT13  5.66+5.62

2 —Reo 580 _ 55 =y :V, =1:083= (Ist) 19.5 kV = (2nd) 273 kV
Rpo+Rc1a  5.66+4.7

3 —Beo 500 _ 58 = 1 : ¥, =1:0.72= (1st) 18.0 kV = (2nd) 270 kV
Rpo+Rc1is  5.66+4.1

g4 —Bro 5% _ 067 =y :V,=1:05= (1st) 143 kV = (2nd) 257 kV
Rpo+Rcig  5.66+2.85

5 —Lfer %7 _ 062 =V, : V,=1:061= (1st) 163 kV = (2nd) 293 kV

Rpi+Rcig  4.7+2.85

RPO == 566 Q
Rp, = 4.7 Q
Rp, = 4.1 0

. RP3 = 285 Q
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TPS Modulator PFN Analysis (matching design)

L1 L2 13 L4 s L6 L8 L1 L12 113 L4 L1s 116 s
) JU—e— YU~ J U~ JU YV —3 \—p PP —a— Y YY" J )\ Y —e— Y PP
800n 800n 800n 800n 800n 800n aoon aoon ‘ 800n 800n 800n 800n 800n 800n 800n D2
e Ve c1 c c3 c4 cs |c6 o ct0 Jen ez c13 c14 lets c16 ar e
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TPS LINAC Klystron Modulator analysis
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Modification of the TLS Pulse RF System
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