EE

3.2 Microwave Tubes BT ations o

: to overcome the princi
¢ Microwave tubes are demgﬂed e i mmnm b

. : id electron tu g it S
il e e egdf for microwave Dscﬂlaﬂ;_.’

5 a . & JE,I"H".' = -
principle uses an electron beam on v-;fuvechﬂ'r". o5 to transfer eners
electromagnetic fields in the mMicrow 1654 o

i o
B >

output circuit of the cavity
two types of microwave

* There are basically
) 0-Type microwave tube |
meti .:' call

* Tubes in the O-type category 21€ {0

tubes in recognition of the straight Pats S
class of devicf; both velocity and density N
bunching effect. The electron bmdlés_ ool
microwave region. Examples of O-YFE
travelling-wave tubes (TWT): et

|
i
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i) M-Type microwave tube

* A principle feature of such tubes is that electrons travel in a curved pagy,

Those tubes were designated M-type. These are crossed field devices whepg
the static magnetic field is perpendicular to the electric field. e.g. Magnetrons,

* The O-type tubes differ from M-type in that electrons travel in a straight lipe
under the influence of parallel electric and magnetic fields.
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KLYSTRONS

The two-cavity klystron is a widely used microwave amplifier operated P}'ﬂﬂ-" princi-
ples of velocity and current modulation. All electrons injected from the cathode ar-

rive at the first cavity with uniform velocity. Those electrons passing the first cavity
gap at zeros of the gap voltage (or signal voltage) pass through with unchan yed ve-
locity; those passing through the positive half cycles of the gap vOili ge undergo an
increase in velocity; those passing through the negative swings of the gap Vo tage un-

dergo a decrease in velocity. As a result of these actions, the ¢
bunch together as they travel down the drift space. The variation in {
in the drift space is known as velocity modulation. The density Of
the second cavity gap varies cyclically with uime. The electron bea
component and is said to be current-modulated. The maximum bui
cur approximately midway between the second cavity grids du
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oo ervod etectrons 1o the ficld of the
s the kinetic eneTEY it ﬁmi:md cavity with reduced b
L s

the , Vel

od finally termin
:ﬂf._-r are a5 follows:

Poewer cubpals powect
i up fo 30 MW at 10 GHE.
1, Power Fi'": ghaut M0 dB. -sh H}I
the art for U.S. high-power klysiron,
Figure 9-2-1 shows the present siate of s hymeon iyl

matic diagram of & Iwo ; g L .
Fm?;;ﬁ::r:nﬁ:kmwn a5 the buncher cavity of Input cavity, which ve.
cavily

ather cavity is called the catcher cavity o

'-m‘ddﬂﬁﬂh‘-:ﬁﬂuﬂm.m o L
m cavity; it :amh:;:mq_r Tdnhut bunched m:m; iy .

the catcher cavity terminatesd quantitaing

m;ﬁw-mity klystron can be described in four parts under the followmg

1 Tlunlmrmh:miunumdmlmuuniﬁfm_'_w_in the cross sectios of
the heam. : Cl

2, Space-charge effects are neghigible, .

3, The magnitade of the microwave sgnal np
than the do accelerating voltage.

8.2-1 Reentrant Cavities

At & frequency well below the micTowave range
sented by a lumped-constant resonant circuit, 3
ereased to several tens of megabertz, both the |
be reduced 10 & minimum in order (o0 mainian
Ultimately the inductance is reduced to & s
recnlmant cavities are designed for use in
recnirant cavity is one in which the metallic
the cavity. Several types of reentrant cavities
commonky used reentrant cavities is the coaxi
It is clear from Fig. 9-2-4 that not only
decreased but the ressstance losses are mar
shielding enclosure prevents radiation los
frequency of the coaxial cavity, An approxi
:;mﬂli-ﬁl:ll-liﬂc theory, The characteristic |

Zo=-q[08

in E
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{a} Coaxial cavity (&) Crimi-sectson ol
il i

Figure -2 Coaxial casny and i3 cquivalend.

The coaxial cavity is similar 0 a coaxial line shorted at two ends and joined ar the
center by a capacitor. The input impedunce 1o cach shorted coaial line is given by
2o = jZiran{{) (9-2-2)
whete £ is the leagth of the coaxial line. v e
Substitution of Eq. (9-2-1} in (9-2-2) results in '

e N L
=l Ne
The inductance of the cavity is given by
L:E&-L Etn_-

i Tur ¥ @

and the capacitance of the gap by

At resonance the inductive reactance of the two she

equal in magnitude 1 the capacitive reactance of the
Thiss “a

"mﬁ f:' o I.:H]i fﬂu’ _-..

where = | e is the phase velocity in any medi

The solution 1o this equation gives the resonant:
Since Eq. 19-2-0) contains the tingent function, 'i['
tons with larger vilues of frequency. Therefore thi
support an infinite number of resonant frequencies of
shown thal & shorted coaxl-line cavily slores more
encrgy The balince of the cleciric stored energy oy
nance the magnetic and eleciric stoped ENCTH e LNg B
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The rudial reentrant cavity shown in Fig, 9-2-5 1 another comimonly used
rcentrant resonator. The inductance and capacitance of o radial reentrant cavity i

expressed bY

it gD 1927
297 i

C = [g-;j_“f 0.765 ]
b VO F - ar
The resanant frequency 1] is given by
- i
== lu!‘[vfn—ztn g7as ]tnE] 9-2-9)
"Vl LW T VER-al #
where ¢ = 3 % 10" mis is the velocity of light in a vacuum.

{9-2-8)

et

pe——0t—"] Pigure$1§ Radial reentrant cavity .

.—%:ﬂ_mﬂimﬁ
m
Jeave L ]
2.10) it is assumed that glecirons the
a0 0210 1 et B L
the buncher grids appears as

oy =

]I". -:'h";'ll.l'l[ﬂ-l}

ihe entering time f of the :
Fig. 9-22 1 1 ﬂ‘gﬂﬂ_ﬂﬁﬁ i D

indicated in FIE- ; -1 time through the Bl
i us?::yl % Vg, the average
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f
Bl | wol
\/ l:mlhI.rl e Signal voliags o s

The avernge gap transit angle can be expressed as
wd
8 = wr = wlt 1) = = 2.3
The average nﬁmmvﬂtnphﬂthndmﬁﬁnhlmmﬂp,m
way:

V)= —’r-f Vi, sinjut pdr = -%[wr{ml' ~ cosluwis]]

)

Let
m+£-.,|ﬁ+-§-:-!,,{
and
wd _ 8
F iz ok

Then using the trigonometric identity that cos (4 — B) —
sin &, Eq. (9-2- 14} becomes

_ o Sinfed/ 2] ol in i, /2
V) = Ve win (-Hl'u + E) = v,ﬂ‘ﬂjtzf_]'

It is defined as

. din |u.rd.|"h'!l:u!| _ sini@,/2)
wdl{ Zuy) 8,72 %

Note that 8, is known as the beam-coupli coeffic

Fig. 9-2-7). gl ootk

It can be seen that increasing the #8p transil o ]
berween the electron beam snd ihe buncher Cavily; Iﬁ‘ J

f
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0 ® W W & 52 b I

of the beam for a given microwave signal is decreased. Immediately after velocity
modulation, the exit velocity from the buncher gap is givenby

vin) = Jf[ﬁ+nﬁdn(m

2¢ v, .

= ‘J; 'ﬁ.[l +%m (u.u}.

where the factor B, V,/V, is called the depth of velocity m
Using binomial expansion under the assumption of
AV, 4V, '

Eq. (9-2-17) becomes
vin) = Il!:lm[l- + ;.L:m {ﬂ

ion (9-2-19) is the equation of velocity modulatio
of vlenky madultion can b given by

olr) = II-[1' + v (o =
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Bl
8-2-3 Bunching Process

Once the electrons loave the buncher cavity, they drift with a velocity Biven
(9-2:19) or (9-2-20) along in the fickd-free space between the 1w cavyie. 4
fect of velocity modulation produces bunching of the electron beam.— g, T g
modulmion. The electrons that pass the buncher at ¥, = 0 travel through with
changed velocity vs and become the bunching center. Those elecirons that Ilu“
buncher cavity during the positive half cycles of the microwave input yops.
travel faster than the electrons that passed the gap when V, = 0. Thﬂﬁ:rh:u-r k
pass the buncher cavity during the negative half cycles of the voltage V, trael .
than the electrons that passed the gap when V, = 0. At a distance nfu.::.“
beam from the buncher cavity, the beam clectrons have drifted into dense i
Filgur:_i-l-ﬂ shows the trajectories of minimum, zero, and maximum electrog .
Celeralion.

E

The distance from the buncher gri
for the eleciron af 1, is grid

AL = ufty
Similarly, the distances for the electrons i 3

M“L'ﬂﬂ‘:l_:uh. HOY
AL = "rull:i-l -l = "
From Eq. (9-2-19) or (9:2-20) the P @)

then = ru{l L.
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l‘-uq'lh(|+£1|_i_:p_) 367

substitution of Egs. (9-2.24) gy B2
rively, vields the distanc, wndt 9-2-25) in Egs. 9.2.22 J
= ' .'Iﬂ EH'E'HJI r'nw_
AL = ooty = 1) + v — o BM By
| 2 17 W - lh-i—! -.'_] (9
o Vs 2 -2-28)
dL'W{h"h!+L-r_‘E+w%ﬁm_m+ El_ﬁi']
b 0 9-2-17
The necessary condition for g,
ance AL 15 those electrons at 1 . and & 10 meet a1 the same dis.
m
T-'nE"’ﬂu [[.--f.':l-uu H-It
W, Wl L
and
T BV, AV
g u—-—rz.—;.H“ﬁEl:ﬂ (9-2-29)
Conseguently,
Ve
e o
and g

It should be noted that the mutual repulsio
but the qualitative results are similar to the prece
of repulsion are included. Furthermore, the dists
one for a maximum degree of bunching. Frgure
or Applegate diagram.

‘I'r’hg:shmlld the spacing be between Ihe
s achieve 3 maximum degree of bunching®

transit time for an electron 1o travel a distand

by .

where the binomial expansion of (1 %
T, = Ly is the de transil Hme. In terms of
Writtien

Wl =iy~ @h =
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Miceleration Chatpul-gap
visliage

P Ly e

Aceobrralon voblage = Fy == valtage

Figure %29 Applegaie diagram,

wherne

il
iy -;—L"m\" 9-2-34)

i the do transit angle between cavities, N is the : i

ediindie it i the number of electron transit cydes s
Hl lllI

X
g
s defined as the bunching parameter of a klystron,
s At the buncher gap a churge g, passing theg
ﬂ'ﬂl - ULt
M:rci.u:h:d:ﬂmm.ﬂ-muum " |
amount of charge dids also passes the catcher at |
where the absolute value signs are necessary bog
tio would indicate a negative current. Current
Rewriting Eq. (9-2-32) in terms of Eq. (9-2.19

Hy

l:=r.+r+r,[1 _ B
Almh'tlj;

where {wiy + 6,/2) is the buncher cavity depa
the catcher cavity arrival angle. Figure 9-2-10.

Scanned by CamScanner



Calcher cavily wrrmsl e

)

Ay
b i

waly — ['.‘ ™

= -3 ] T
: n . : = HE
A
Wiy + 7
Buncher cavity depariuse anghe

dy arrival angle as a function of the buncher cavity depan

bunching parameter X. ) .-
Differentiation of Eq, (9-2-38) with respect

d, ==+-:'rq[l - cos wa
ﬂ“mtlrﬁﬁngﬂth::ﬂi‘urnivhrinhnyl
irlhd =

In terms of 1, the current 15

i) =

=g+ TR
In Bq, (9-2-42) the relationsip of & = I + 7 %
T St et e
a5 & function of 1he catcher arrival
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Beam carrint iging)

Catcher eavity armval angles, iy = fﬂu % ;']

Figure %.2.11 Heam currenl iy wersus calcher cavily arrival angle

The beam current o the cascher cavity is a periodic waveform of period 2z,
about de current Therefore the current i; can be expanded in a Fourier series ms o

I;#u.+2[mnﬂ{!ﬂ{{1+hﬂniﬂﬂ1 .24
where ® s an integer, excluding zero. The ﬂﬁﬁMﬂh a., and b, = Eg

{49-2-43) are given by the integrals

Substitution of Egs. (9-2-37) and (9.2-3

n-——J Ty losig) = Jo
i, = %I'fqﬂﬂi[‘m + I'ﬂ. *

I -
i, =;J:‘f|| Ein [[WIJ + dp T ".
By using the trigonomeiric functions
ciA B =

siniA = o= i
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integrath ShOWn in Bgs. {9-2-40 G
o 10 o, Bk thim of 5 oty 41 gl
:ﬂs:l functions, These are

cos [-I sin (m., + f.j)] = 2yinX) 4 1[1,:.11; cas E{Nh + -"1—'}]

+ 1[1.:m r:-m-i{ur., + ?z-')]

cosines and i
miegrand contains an infinite number gfﬂ:;:[u:.

1okl (9-2-4%)
and
A 8 : 8
b | - =
sin [ﬂx sin (ﬁﬂu + I)] I[J.tnx}m (ﬂ. + 1)]
+ :[J,nm an s(m. + “—;}]
6 (9-2-49)

If these series are substituted into the integrands of Egs. (9-2-46) and (%-2-47), re-
spectively, the inicgrals are readily evaluated term by werm and the scrics
coefficients are

gy = s Ja(nX) cos (), + nfh) § 8250
b, = 2o JinX) sin (nf, + b (9-2-31)
where J.(nX} is the nth-order Bessel function of the first ki

0t
0582 ""P 'i kht; 3

Value of J, (nX)
N

Scanned by CamScanner



aTra ¥
. (248 19230 o0 B-2:51) {Hﬂ:".
J'lﬁ

Subseinutson o

the beam current f; 8% - e (f; — 7
e L} 2 - T
et S 2adulnk) 8| d 1

aw i

af the beam current al the calcher avity g,
[

The funduamental compoaen! i
h-k f.l g yn.h‘x]' Iq-
] ; }.
This fundamental component has [is maximum amplitude at !
X = |.841
“‘1"‘:'

_ £ at which the masimum fundamental compoge
The optimum distance (9-2-34), (9-2-35), and (9-2-54) a5 ey

occurs 18 computed from Egs.
Lopan = =SBV (g

It is interesting to node that the distance given by Eq. (9-2-31) is PP OXimatg,

fess than the result of Eq. (9-2-55). The discrepancy is due in part 1o the g '
fians made in deriving Eq. (9-2-31) and to the fact that the maximam £ ™
companent of current will not coincide with the max immun mwﬁﬁ“‘*‘

beam because the harmonic components exist in the beam,
8-2-4 Output Power and Beam Leading

letmﬂnmhmchh;m approximate
m-mlﬂuuuﬂhtmﬁdul:::w .I 7
hmﬁ{lm,n!wmwm
When the bunched electron beam _

. :

y T i’
where 8 iy the 7 P = B2, ) cox
Gatcher cavtieg e 1 S Pling coefficien; af
induced i he . 9entical, they g -t OF

FAlEher cavity then g f;‘ he

EHEH‘-—E.” m“ﬁq =Bl = g ‘-.
sfance i Cluivy ]
MsLange, |$;Th”: Eavity, -:‘:nll:-: h‘m:nl bry

eMective shung rﬂiﬂ:ll
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Rl |

where Ria 15 the total equivalent shunt resigiance of the catcher
jud, and V; is the fundamental wﬂtumwwﬁ{-ﬂ;

Efficiency of kiystron.  The electronic efficiency of the klysiron amplifier is
jefined as the ratio of the OUEpUL power 1o the input power:

including the

. P _ PalsVs
El‘ﬁ:umylp_ AT {9-2-39)

in which the power losses 1o the beam loading and cavity walls are included.

. If the coupling is perfect. B, = 1, the maximam hunm‘rm.qprudﬂ
Jiuw = 200101.582), and the voltage V; is equal 1o V5. Then the max; electronic
efficiency is about 58%. In practice. the electranic efficiency of a kiystron amplifice
is in the range of 15 to 30%. Since the efficiency is a function of the catcher gap
wansit angle B, , Fig, 9-2-14 shows the maximum efficency of a klystren as  fumc-
tion of catcher transit angle,

il

k11

Masumim efficiency {perceni b
=
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" ot Rystron B the o |
\ “Iﬂw K lysaron amplifier can be defincd 88 e :‘:
current mﬂ:.n:: voltage, THLEE 2o fo il X}
L “
|ﬂ-| o 0 Vi 1‘1!1
in lerms of fhe
voltage Vi can be expressod by
{9.2-35) the imput
From By o %
WE E;E {;,I_H:I

= .Wﬂqu.[g.Hl.
msq.:n-mn:mmﬂv sl ingy

|Gl
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- Lot
it can be seen from the curvey that, for & small signil, the normalieed

pascoduatance i maximum, Tha jy,
1Ga| _ pith
Gy Eih (9-2-83)

for # MARITUI CUIPUL At X = 1.841, the normalized mutual condictance s
O
1?.:." = 031681 6, (9-2-64)

fhe voltage gain of a klvstron amplifier 1s defined as

V| _ BaliRa _ Bl JiX)
A-.-. i = = 1
i"'r|| 'I-". HI:I- x R"

where Ko = Vo/lo is the de beam resistance. Substitwtion of v
9.2:61) in Eqp. (9-2-65) results in " Egs. (9-2:57) and

A = Ga R {9-2-66)

Power required 1o bunch the electron beam. A« described earlier, the
sanching action takes place in the buncher cavity, When the hnﬁﬁﬁﬁmh—
gle is small, the average energy of elecirons leaving the buncher cavity over a cyele
s pearly equal 10 the energy with which they enter. When the buncher gap transit
angle is large. however, the electrons that leave the buncher gap v
age energy than when they enter. The difference between the a
and the entrance energy must be supplied by the buncher cavity
ron beam. [t is difficult 1o calculate the power required 1o produce
tion, Feenberg did some extensive work on beam loading [6]. The mtio
required 1o produce bunching action over the de power required to
iron beam is given by Feenberg as

P 2V Eﬂ‘l_iﬁ'm(ln wi" @

(9-2-63)

whiere
Flo,) = -'i[ﬂi - B cos (%’)]
The de power is
Py = ViGe

Where GGy = fo/Vy is the equivalent electron beam conductance. Ti

e buncher cavity 1o produce beam hunching is

¥
ﬂp'_z'f'ﬂl
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$-3.2 Output Current and Output Power
of Two-Cavity Kiystron

are assumed to be identical and
jon is a maximum, the magni-
cavity klystron can

If the two cavities of a twu*cavity:}l:ﬁcﬁ mﬁm
are placed at the point where the : )
tudepql:f the RF ml:;gcﬁon current at the mltpul cavity for a two

be written from Eq. (9-3-17) as

-3-18)
L gyl 65
e itudes of the in-
. ; jtage. Then the magnitu 5
Where V, = magnitude of the input SIE&] S8TEE ) g i
duced current and voltage in the outpy T
= ‘—"‘!i'l-ﬁalﬂl (9-3- 10

|| = Bl 2 ~ 2 Vow,

1 L@ g2y, |Ron
|Vz| = |11|'R'”— ZVu‘-“lﬂ
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B is the beam coupling coefficient i _
total shunt resistance of the output cavity In a IWO-Cavity kiystro,
amplifier including the external load

The output power delivered to the load in a two-cavity klystron amplifier i
given by

where B
Ron

2
Pan = | 'R = %( o ) Bl Vi|'Raw (9-3-21)

Vﬂ ‘l'-l'q

The power gain of a two-cavity klystron amplifier is then expressed by
£ L '('“‘“)1 $Ra-R 9-3
1 = _HI- — i ol B _n
Power gain P.  TVil/Rw 4 \Vow, PoRux - Kani )

where R., = total shunt resistance of the input cavity. The electronic efficiency of 2
two-cavity klystron amplifier 1s

_ Pou _ Fou _ 1(’_‘*) (l vi l"’)jl iR 9-3-23
n= P. ILbVe 4\Vo/\Vow, BoR.wm ( )
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