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BEAM — CAVITY INTERACTION
BEAM LOADING

M.M. KARLINER
Budker Institute of Nuclear Physics
630090 Novosibirsk, Russia

The interaction of a beam with a cavity and a generator in cyclic accelerators or
storage rings is investigated. Application of Maxwell’s equations together with the
nonuniform boundary condition allows one to get an equivalent circuit for a beam
loaded cavity. The general equation for beam loading is obtained on the basis of
the equivalent circuit, and the beam admittance is calculated. Formulas for power
consumption by a beam loaded cavity are derived, and the optimal tuning and
coupling factor are analyzed.

1 Introduction

In this lecture we shall discuss the beam-cavity interaction in cyclic accelerators
or storage rings. One or more cavities are used to impart some energy to
particles during each revolution in order to accelerate them or to compensate
for radiation losses. In proton storage rings RF cavities are used mainly to
maintain bunching during collision (and acceleration during the process of
energy rise).

fo — particle revolution frequency,

f = h- fo — frequency of an accelerating field,
h — harmonic number,

fB = q- fo — recurrence frequency of bunches,
¢ — number of bunches.

The frequency of the accelerating field is usually a multiple of the recur-
rence frequency of bunches as well as of revolution frequency. As a limit, the
number of bunches can equal the harmonic number.

Further, we assume the bunches to be uniformly distributed along the
orbit. The beam at the cavity is seen as a succession of short current pulses.
In the simplest case all pulses are equally spaced and equal in amplitude (see
Fig. 1).

The frequency spectrum of such a current represents a sequence of harmon-
ics spaced at intervals equal to the recurrence frequency of bunches fg =g fy
(see Fig. 2). The upper limit of this spectrum is determined by current pulse
length.

The amplitudes of all harmonics having a time period much greater than
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Figure 1: Beam current.

qw

Figure 2: Beam current spectrum.

the pulse length are equal to I,,, = 21, where I; is the average current in an
accelerator.

Among the current harmonics is the one whose frequency is equal to the
accelerating frequency. The beam-cavity interaction occurs mainly at this
frequency.

The beam crossing the cavity induces some voltage on it. Thus the voltage
across an accelerating gap is the sum of the beam-induced voltage and the
voltage produced by a generator. The phase relation between these voltages
is determined by the condition that the energy gained by the particle during
each crossing is equal to a specified value eV. The last is equal to radiation
energy losses or an acceleration per revolution.

The object of the beam—cavity interaction theory is to establish an equa-
tion for an equilibrium in order to obtain relation that allows the calculation
and optimization of the basic parameters of a cavity and its coupling to a
generator.

2 Equivalent Circuit for a Cavity Exlted by
a Generator and a Beam

The electromagnetic field in a cavity is excited by a generator and by a beam.
In this case Maxwell’s equations and the boundary conditions are nonuniform;
they contain the current terms

rot = — jwﬁﬁ, rotH = ijE + J
> S K- on A,
an“{G onS—A . (1)

Here J is the beam current density, S is the surface enclosing a cavity, A is
some portion of S on which the so-called surface magnetic current K,, is given,
and 7i is the outside normal to surface S. Surface magnetic current is the way
to specify the tangential component of an electric field on a part of a surface.
In this way the action of a generator can be described.

The surface magnetic current is equal to K,, = —E'g X fi, where E“g is an
electric field produced on a surface by a generator. For example, if a cavity
is excited through a waveguide, then an electric field exists at its intersection
with a cavity surface. This electric field determines surface magnetic current
etc.

The excited electromagnetic field can be expanded into a series

= Y An-E, —gradp., H =Y B, -H, - gradgm . (2
Tt ]

Here En and H n are eigenfunctions of fundamental and higher modes; 4,, and
B, are unknown coefficients of expansion; and —grady, and —gradtpm are
potential terms that appear because possibly divE # 0 and divH # 0 in view
of the presence of electric and magnetic charges. Note that the potential terms
are orthogonal to all of the eigenfunctions.

To find A,, and B,, let us calculate the following expressions:

—

div (E;; x ﬁ)

H. rotE; - E; -rotH |
div (E X f};) = H: -rotf — E.rotH®, (3)
taking into account that E, and H, satisfy the equations

rﬁtﬁﬂ = — jun,u.ﬁ“, rotH, = jwnsﬁn (4)

and E and H satisfy Maxwell’s equations given above.



As a result we obtain

div (ﬁ;xﬁ) = jwnpﬁ,:-ﬁ' - jwsE-E; - fﬁ;,
div (E’xﬁ;) = — jupld B + juncB* B . (5)

Now let us integrate these equalities over the cavity volume. When we
integrate the left side, volume integrals of divergence convert into surface in-
tegrals:

$ (Bax ) -7ids = [ (jwnplly - 8 — jwe - By~ J-By) -av,

5 |4

)‘( (B x A;) - ds = f (~jwnfl - By + juncEy - E) -av. (6)
S 14

In place of B and H, their expressions through the series given above
should be substituted to the right side. Because of orthogonality, all volume
integrals that contain eigenfunctions with different indexes or potential terms
vanish. e 2

Tangential components of £ and E,, are equal to zero everywhere on S
except for portion A of the surface S, where E = Eg. Therefore the first
surface integral vanishes and the second would be taken over A only. As a
result we obtain rearranging terms in the left and right sides:

A,,-jwst"n-E’;dv--B"-jwnpfﬁn- g*dv #ff-E';dv, (7)
v v Vv

An -jwnng‘n-E';dv-Bﬂ -jwp/ﬁfn-ﬁ;dv = f (E’!r X I?,::) - 7idS.
v Vv A

As stored electric and magnetic energy for free oscillation are equal to each
other, eigenfunctions can be normalized so that

sf'*ﬁﬂ-ﬁgdvzﬂ/ﬁn,ﬁ;dv. (8)
v v
Substitution into the equations obtained above yields
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Jwn+ Ap — jwp-B, = by, (9)
where '
JJ-Edv [ (E, x #;) -5 ds
Qnp = -— = = H bﬂ. = 4 —= — . 1
P{[Hn'H;dV pfH, HdV (10)
v

Solving the system of linear equations relative to A, and B,, one obtains

i w-q.:;n — Wy - by, Wp Gp — W-b,
j(w? —wl) j(w? —w?)
In this way the amplitudes of all modes can be found.

For a lossless cavity w,, are real. Therefore Apn and B, grow to infinity
when w tends to w,, i.e. at resonance. In reality the growth of amplitude is
limited by losses in a cavity and radiation into the coupling line.

In the presence of losses eigenfrequency acquires an imaginary part

' Bn=

(11)

EA, J
Wi Tt @ f (1 + E) . (12)
and
w? — Wl o=~ 2 'M:‘z
n % .?'é: (13)

Therefore the denominator in expressions for Apn and B, cannot become
zero because w is real. At the resonance (w = ')

$i Qp — b'l"l. ay, — b
A, = Qn—r, B, &= Q“T._", (14)

L Ag =B,

From the relations obtained one can see that, if the frequency is close
to one of the eigenfrequencies, the amplitude of the corresponding mode is
especially large. Further we will assume that only the fundamental mode is
near resonance. As the quality factor Q,, is usually very large, all higher modes
and potential fields can be neglected in the vicinity of the resonance w,,. They
can, however, introduce some beam energy losses.



" Let us write the dependence of the amplitudes on frequency near the res-
onance. In this case it is possible to assume w = w/, everywhere except for the
frequency difference in the denominator. Then

w; (ﬂm e bn)
A, & B, & ——m—22 ; —
jw? —w?) + wi/Qn
Qnlan — bn) A Qnlan. — ba)/w;, (15)
T+ JQnfw (W - 02) T+ Qnz
where
: ; 2A
z = o - SR 2 (16)
Wy w Wa

is relative detuning.

This is the resonant dependence with the narrow bandwidth determined
by the @, value.

Let the frequency of the fundamental harmonic of the beam current be ex-
actly equal to the cavity eigenfrequency used for acceleration (wy for example).
Then

[J-E;av
A, = ... i EY : (17)

Wn Wn p [ Hy- Hz dV
4

If the beam is thin enough, one can assume that E,, = const in its cross
section. Then

/I-E’;dv.—_ /E’;fﬁdz, (18)
Vv L

where I = _f J - dS is the beam current (integral over the beam cross section).
Let us assume that the accelerating gap is so short that the beam current
can be considered as constant along it: Ig = const. Then

fﬁ;-fﬂdz;—fg-fﬁg-df: g (19)
E E
Here

ganst o /En-d* 20)
L

P e ———

-

15 a voltage at the gap for A, = 1.
As a result one obtains |

Qs e
e = : = -Ig .
Wy JMHHFW ” a%
The electric field is
E = A,-E, (22)
and the voltage across the gap is
- -/Ed =AH-U.,,,_2“ 'led 5.  (23)
7 n i!:.“f ﬂl |4
This result can be written as
) AN ' (24)

where R = @, - p, is the shunt impedance, @, is the unloaded quality factor

of a cavity, and p, = R/Q, is the characteristic impedance of a cavity. For p,
one can write

2
|Un| _ U

L U
wﬂ‘[ﬂ-iHﬂFW 2EII-“T*.l'll;';'r'.r:.

2w, W

P (25)

Here W, is the energy stored at A, = 1 and W is the stored energy at the gap
voltage U.

Shunt impedance can be calculated through the power dissipated in the
walls of a cavity (Qn = w,W/P):

W I g
B.= Ul Py = . ? -
@n-p P OSW T 3P (26)
In turn, power can be expressed through the shunt impedance
. 0L
B SR (27)

If our assumption about the length of a gap is not valid, then the béa.m
current at the fundamental frequency can be written as

Ip = Im'e_jk'z ) _ (28)
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where k. = w/v, and v, is the electron velocity.
The voltage across the gap is then

U =Rl a; (29)

where o is the transit time factor,

a = ; - (30)

In the simplest case E, = const along the gap. Then

sinf/2
g2 =

where 8 = k.d is the transit angle and d is the length of a gap.

To put the expression for voltage into the form of Ohm’s law, effective
voltage U.ss = U - @ and effective shunt impedance R.;y = R - o can be
introduced. In these terms

(31)

0. =

Uity = Repr-Im . (32)
Dissipated power also can be obtained in terms of effective values:
\Ues |2
P = —/—— . (33)
2Ress
The characteristic impedance also should be multiplied by a?,
Depy = praty (34)
so that i3
Retr = Qn-Pety. - (35)

From here on we will use effective values of impedances and voltages without
indexes. :

If the frequency of the current harmonic is not equal to the cavity resonance
frequency then the frequency multiplier appears

R
= i =\ Zo 1o . 36
U 1 +an‘$ Im C'im ( }
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Note that such an impedance Z- has a parallel resonant circuit. There-
fore a cavity with a beam can be represented by a resonant circuit with a
current source whose current is Ig (see Fig. 3). It is more convenient to use
an admittance Yo = 1/Z¢, Yo = G- (1 + j@Q, -z), G = 1/R instead of an
impedance. In Fig. 3 jB is the reactive part of the cavity admittance (sus-
ceptance): B = G - Q, - z. The resonant circuit may be characterized by
parameters Qn, Wy, and p, = R/Q,.

= iB gt

Figure 3: Equivalent circuit.

In reality a cavity is excited not only by a beam but also by a generator.
Its action is described by the term b, in Eq. (11). Since this term has the same
dimension as the beam term a,,, the generator can also be represented as some
equivalent current source I, with its intrinsic admittance ¥5. If the generator
is matched (for example, by a circulator) then Y; is a wave admittance of
the coupling line transformed towards an accelerating gap. It can be easily
calculated if the external quality factor of the cavity is known:

1

L Qemt ;

Keep in mind that the external quality factor is defined by the power radiated
into a matched line coupled to a cavity (at free oscillations):

Yo = (37)

waW
Qe:rt = P-rud E (38)
An important value is the coupling factor,
s Y
i e 0 el (39)

Pwau 3 Qemt 1l G '

Thus a cavity with a beam and a generator may be represented by the equiv-
alent circuit with two current sources (see Fig. 4).
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Figure 4: Equivalent circuit.

For this equivalent circuit a general equation can be written

I + I, =U-(G + jB + Y). (40)

3 Condition of an Equilibrium

It should be noted that {g and I, are not fully independent sources. They
are connected by the condition that, during crossing a gap the energy eV’ be
imparted to each particle, i.e. in the moment of crossing the voltage V' be at
the gap. This means that certain phase and amplitude relations exist between
these currents.

The best way to illustrate these relations is a vector diagram where com-
plex amplitudes of voltages and currents are depicted by some vectors.

The vector diagram in Fig. 5 is valid for energy above transition, but it
can be easily modified for the case of energy below transition.

The vector Ig represents the beam current; it is taken real for convenience.
Vector Ug represents the beam induced voltage. It lags in phase the beam
current because the cavity usually is somewhat detuned in the direction of
lower frequency (for energy above transition); its susceptance is capacitive.

Vector U, represents voltage created by the generator. Its phase is deter-
mined by the condition that a projection of the sum vector U = Ug + U, on
the direction of beam current should be equal to —V; V being accelerating
voltage per turn. The minus sign indicates the transfer of the energy from the
cavity to the beam. The problem of finding the sum voltage has two solutions,
as shown in the diagram, if the vector U, is large enough. Only solution U; is
stable. 3
The amplitudes of the sum voltage U; through the gap and of the accel-
eration voltage per turn V are usually specified on the basis of the condition
of an accelerator or storage ring operation. This determines the phase lag ¢,

12

Figure 5: Vector diagram. Ip — beam current vector; Up — beam induced voltage; Uy -
generator voltage; Uy, Uz — two solutions for cavity voltage; V' ~ acceleration voltage per
turn; ¢; — phase lag of U; relative to Ip.

of the gap voltage U relative to the beam current Ig (7/2 < @, < 7); ;5 i8
often called the equilibrium phase.

Let us return to the basic equation of the equivalent circuit

Ig+dy = U-(G # jB-+ Yo} (41)
From this equation the input admittance seen by the generator can be found:
I Ip
Y =2~V = B — — .
i 0 &F & 1 i (42)

Here an admittance introduced by the beam - “beam admittance” — is

I
7 B e | (43)

If the beam current amplitude is real, as assumed above, then the gap voltage

can be represented as Uy, - exp(—jy,), where Uy, is also real and positive.
The beam admittance is then -

Ip . I
Yp = - U—BE"”' = — —(cosp, + j-sing,) = Gp + jBp, (44)

m
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where

Gp = - f-rj—-cosws, By .= - E"Ei.ﬂ.fps. (45)
m Un

Note that cose, < 0 and therefore Gg > 0 corresponds to transfer of
energy from a generator to a beam; sing, > 0 and Bg < 0 means that the

beam-introduced susceptance is inductive.
It is worth noting that the beam admittance is not a true admittance,
because a beam really is represented by a current source. Therefore the beam
admittance depends on the voltage across the gap although the circuit is linear.

One can compensate for the beam susceptance by detuning the cavity to

B + Bp.=20 (46)
or
L
B = - Bgp = —-singy, . (47)
Umn

As required for compensation, B > 0 (i.e. capacitive) detuning should be done
in the lower frequency direction. Note that in the same direction the cavity
should be detuned to avoid phase instability (Robinson instability).

As seen from the above equation, after compensation is reached, the input
admittance of the beam-loaded cavity becomes real. Therefore such a process
can be easily monitored by a phasemeter of the tuning servo system which can
provide the tuning hold-up, necessary for compensation, automatically.

An important question is how to maintain the condition of equilibrium
during variation of the beam current. One should differentiate between slow
and fast variations.

Slow variation can be compensated by proper detuning of the cavity by
means of a tuning servo loop. Simultaneously the power of a generator must
be changed in accordance with the power put into the beam.

But this method is too slow for compensating fast variation of the beam
current (for example, at injection). The only method in this case is to change
the generator current to support an equality

Is + Ij = U-(G + jB + Y,) = const. (48)
In other words, for currex{t increments the condition
Bily =~ 28T R (49)
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should be fulfilled. This change can be made fast enough with the help of the
feedback loop that controls the voltage across the accelerating gap. For this
purpose the gap voltage should be maintained constant not only by amplitude
but also by its phase relative to some reference source. For speeding up this
process one can use a feed-forward circuit that should monitor the beam cur-
rent by amplitude and phase. The generator current needed for compensation
can be noticeably greater than the stationary-state one, when reactive beam
current is compensated by detuning a cavity. Thus for such a procedure the
generator must have a sufficient margin of a power. After some time the servo
tuning system tunes the cavity until compensation is reached, and then the
generator current decreases to its initial value.

4 Power Consumed by a Beam-Loaded Cavity
from a Generator

Let us calculate the power consumed from a generator by a cavity connected
to the generator through a circulator, so that a reflected wave comes to a
special load and is absorbed there. In this case the consumed power is equal
to the power of the incident wave. This power consists of the power imparted
to beam, the power dissipated in cavity walls, and the power reflected and
absorbed in the circulator load. -

The reflection coefficient can be calculated assuming the wave admittance
of the coupling line to be Yp:

Yo - Y
=% v (50)
Here Y is the input admittance of the cavity loaded by the beam
I, .
Y:E——%:G—PJB+YE- (51)

The total voltage on a cavity can be expressed through the incident wave

2Yo

= Uine (1 = Khner .
U ¢{l + L) =T r Y (52)
From this
U :
Uinc — e (KJ %4 Y) . (53)
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the power of the incident wave (the same as the power consumed from the
generator) is

3t lUl _“u U2

1
= 5 Uil Yo 57 Yo + Y[ = s Yo + YE (5]
Here
: PN
Yo + Y* = YG+G+33-§-@% : (55)

Now we express values that cannot be measured directly through values
that can be measured:

Yg_ SIS T |

where 3 is the coupling factor of the cavity, and R is the shunt impedance.
Substitution into Eq. (54) gives

1 -
P = —1(1 . LS S e
15 (1+73) 5p T (1+8):-V-Ih+
U2
213 - R+ﬁ (BR)? — 2U,, - Iy - BR - sin g, (57)

where —U,, cosp, is changed by V, the accelerating voltage per turn. For
short bunches one can assume that I, the average current in the accelerator
equals I /2.

At an empty cavity resonance (B = 0) the power consumed from a gen-
erator considerably exceeds the useful power spent on the beam and on the
losses to the cavity walls due to high reflection.

Consumption can be minimized by tuning the cavity and by adjusting the
coupling. Differentiating P with respect to B and equating the derivative to
zero shows that the optimal value of B is

21 | Iy -
= E;Smcpa — mﬁln{p, =
This corresponds to compensation of the reactive beam current by the cavity
susceptance, the beam-cavity system being tuned to a resonance. The power

taken from the generator is now

—.Ba . (58)
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P ———

: |
P = (1+5) U—+2(1+ﬁ}-V-In-i-?fS-R-cosﬂqa, : (59)

This power can be minimized with respect to the coupling factor 8. It
is clear that consumed power would be minimal if there were no reflection
from the beam-cavity system. As the susceptance of the beam-cavity system
is assumed to be zero (B + Bg = 0) full matching takes place if the following
condition is satisfied: '

G4 Gp- =Y (60)
or
X0 )i G
= I + G (61)
But
Yo i ' e IB = 210 Lo
G =B, G = Um “COSps; = Um‘msﬁf’s: E‘R' (62)
Thus the optimal coupling factor is
21
ﬁaptzl—RU—u-osqas}l (63)

(as cosp, < 0). Substitution into Eq. (59) yields, as expected,

UB

because reflection is absent.

Unfortunately, the coupling factor cannot be adjuned operationally in
accordance with the beam current. Therefore it should be established in the
best way beforehand. The most preferable is to design the coupling factor for
the maximal intended beam current. Then if the current should be less, the
voltage in the line never exceeds the limiting value.

An important case is a superconducting cavity. For such cavities losses in
walls can be neglected. Therefore the general formula for power calculation
can be used for a superconducting cavity if one goes to the limit with R — oo,
B — o0, R/B = 1/Yy = Zy = const.




Passage to the limit yields

1 [U? P ;
P.= 2 [EZEE+2VID +2[§Zg+ﬁ-(BZn}2~2UmIgBZumntp,]. (65)

Here Z, = 1/Y} is the wave impedance of the feeding line as transformed to-
wards the accelerating gap. This impedance depends on the coupling with the

ine and can be expressed via external cavity quality factor and characteristic
cavity impedance (R/Q):

Zy = szt P - ; (ﬁﬁ)
At the optimal tuning (B + B = 0), the above formula transforms to

= 1[££‘-+2-V—I.;+2F-Zg*cmﬂgo ; (67)
4|22, . i

This power would be minimal if

Um
Zy = -
P 21y - cos p, (68)
and this minimal power is equal simply to
P — V G Iﬂ {69)

as one would expect.

Up to now we considered the case of a generator matched by a circulator.
But sometimes the generator is not matched. As an example, consider a tube
amplifier mounted diggctly on a cavity. This can be approximated by a current
source in an equivalent circuit without shunting of wave admittance. All power
supplied by a generator in this case is spent by a beam and wall dissipation.
But an additional reactive current consumed by a beam-loaded cavity leads
to an increase of power dissipation on the tube anode. Therefore in this case
some margin of allowable cathode current and anode power dissipation of the
tube is required. )

In conclusion I list somé related topics that were beyond the scope of this
lecture: (1) beam loading at a partially filled ring; (2) beam loading with
several cavities in a ring; (3) beam loading with two counterrotating beams in
a storage ring; (4) feedback loop and feed-forward circuit operation.
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STANDING-WAVE STRUCTURES

E.V. KOZYREV

Budker Institute of Nuclear Physics
630090 Novosibirsk, Russia

The purpose of this lecture is to review the definitions of the main parameters that
describe accelerating structures in general and standing-wave structures in partic-
ular. The lecture also containes some deductions from the classical standing-wave
structure theory. Specific examples of structures developed at various accelera-
tor centers illustrate the widespread feasibility of their application in accelerator
physics.

1 Introduction

Basically all charged particles increase or decrease in kinetic energy when they
travel in the direction of an electric field; a magnetic field may be used for
deflection only. The acceleration can be along a straight path or along a closed
orbit. For the first, linear accelerators are used, with single-pass acceleration;
for the second, cyclic accelerators, with many-pass acceleration.

The simplest accelerators with constant electric field are used for low en-
ergy acceleration (a few tens MeV); these are Van de Graaff generators. In
these, a high voltage is shared between a set of electrodes, creating an electric
accelerating field between them, and the maximum energy of the particles is
limited by the discharge effects of the high-voltage source.

Much higher energies may be reached by accumulative processes, but in
this case the particle beam must be chopped into bunches. The beam will
then arrive at accelerating electrodes in a sequence of bunches with gaps of
comparable length between them. The gaps allow the polarity of the acceler-
ating voltages to be switched periodically while the bunches are screened by
a metallic pipe (drift tube) or similar device, so that the voltages applied to
the beam particles, will be multiplied by the number of beam passages. In
principle any periodic electric fields could be used, but because of the technol-
ogy derived from radio communications, sinusoidal radio-frequency fields are
used. The layout of this accelerator type (known as Widerde-type ') is shown
in Fig. 1.

The drift tube length L must satisfy the synchronism condition

A
r=5, ()
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symmetric line drift tube
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Figure 1: Wideroe-type accelerator.

where 8 = v/e, v is particle velocity, A is free-space wavelength of the RF field,
and c is the velocity of light.

Clearly the length of drift tubes for nonrelativistic particles will soon be-
come prohibitive at higher energies unless the input RF frequency is increased.
Higher-frequency generators became available only after World War 11, as a
consequence of radar developments.

At high frequency it is convenient to enclose the accelerating gap between
drift tubes in a cavity and to make the resonant frequency of the cavity equal
to that of the accelerating field. Figure 2 illustrates the simplest standing-wave
accelerating structure.

The accelerator can consist of a series of such cavities fed individually with
power sources. Also, several cavities can be coupled in single chain, forming a
structure with many accelerating gaps fed by a common RF power source. As
can be readily established, in this case for N cavities the full wall losses will be
N times less than for one cavity if the energy gain i1s equal for the two cases,
because the losses are proportional to the square of the accelerating electric
field strength. The main advantages of coupled structures are:

* the use of larger power supplies

* a reduced number of power feeds

* a reduced number of tuners, if the cells are coupled strongly

* a possible saving of precious space in the beam line of the machine.

All such systems are characterized by a set of fundamental parameters,
which may be introduced for a single right cylindrical cavity.

22
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Figure 2: Standing-wave single-gap accelerating structure.

2 Basic Parameters of Accelerating Structures

9.1 Pill-boz Cavity

Pill-box cavities are conventional for the accelerating structures in most cases
(Fig. 3). For acceleration usually the T'Mo10 mode is used. The field compo-
nents of 7'Myung modes are given by
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Figure 3: Cylindrical cavity.

Here vy, is the nth root of J,,, (z) = 0 and X is the free-space wavelength.
The T Mp10 mode has only two components:
< Vm

I,
E, = 22 Jy(—
: L U( a I‘) )

e -
__JZQJI( o 1"'],

Jo(z) = =Ji(z) . (3)

Thus we can see that for this mode the electric field does not depend on the
longitudinal coordinate z. The resonant frequency is given by vm, = 2.4:

H,

= ¢ — A= —
e : 9.4 4)

. 2.9 Transit Time Factor

Consider an accelerating gap and assume that the particle passes along the
axis. In this case for a pill-box cavity the electric field of the T"Mp;1o mode is
E. = Fgcoswt.

If the particle passes through the center of the gap at 1 =0 w1th a velocity
v its coordinate is z = vt. We assume that the velocity of the particle does not
change during the transit. Then the total energy gain is
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+1/2
Eo sin(8/2
de = qEp [ cos(§)dz = ‘II" Emg(/é ) = qur (5)
~ifa

where 8 = wl/v is called transit angle, U = E/l is the maximum voltage in the
gap, and

_ sin(6/2)
o7 (6)

is the well-known transit-time factor. The transit-time factor shows the amount
of energy gained when the particle travels in an electric field with a sinusoidal
time variation compared with the case when the particle travels in a constant
electric field. Usually the gap is chosen so that the value of T is about 0.8 to
0.9. In the more general case where the electric field is not homogeneous in
the gap, the transit-time factor is given by

[ E(2) exp(jwt) dz

i fE(zdz

(7)

2.8 Quality Factor

The most important characteristic of a cavity is its quality factor @, which is
defined as :

stored energy W, wW,
=T = 2% — :
energy dissipated per cycle 1ol Py

where 7. is the period of oscillation, Py is the average power loss in the cavity
walls, and w is the resonant frequency. If the cavity is coupled with external
systems, the loaded quality factor @ is used with the same definition ,but Fq
is the power lost in the cavity and external systems.

The stored energy W, in the resonant cavity is given by

W, i %leEEdw: %f;giﬁdw. (9)

Note that the ma,gnetm field induces a surface current in the walls with a
density k = H x i . Then for the power loss we obtain

1
Py = EfRBIHIEds ? (10)

S5
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where R, is the surface resistance, R, = \/uw/20, where o is the material
conductivity and u is the magnetic permeability. Then

w2 [lHPd  [|H[dy
Q=w- LA . =E.,V__,,._____ (11)
1/2 [R,|H|*ds & [|H|?ds’
s s

where § = /2/pow is the skin depth. |
It is also common to use the stored energy per unit length dW,/dz. Then
dW, [dz
s 7Y
where dP,/dz is the fraction of the power lost per unit length in the walls.
Considering the T'Mp;o mode in a pill-box cavity one gets

(12)

a

Q= A

(13)

=

2.4 Shunt Impedance

An important quantity characterizing the efficiency of a cavity 1s its shunt
impedance, as defined by

== (14)

The shunt impedance R is a figure of merit which relates the accelerat-
ing voltage U to the power loss Py in the cavity walls. The factor 2 in the
denominator is applied to keep the analogy to Ohm’s law UZ;; = RPq, with
Ueps =U/ V2.

Very often the shunt impedance is defined as a quantity per umt length,
and a more general definition 1s

E? R
Rr = T

where L is the cavity length, E, is the amplitude of the accelerating field and
P; = P4/L is the power dissipated per unit length. Sometimes an incorrect
shunt impedance Z is used where U is the integral of the field envelope along the
gap. Then, to take care of the transit time factor T', the true shunt impedance
becomes

ﬁ’.:IZ'_I_'2 ; (16)
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Also often used is the ratio of shunt impedance to quality factor,
R U?

s e g 17
Q= oWs (17)

Since W, ~ U? this expression depends only on the cavity geometry and
allows comparison of the effectiveness of different cavities and structures. For

a pill-box cavity one can get

2 [ :
g = ‘%- >~ 184.5. T (E) : (18)

3 Examples of Standing-Wave Accelerating Structures

Single-gap pill-box cavities with T"Mp; o mode of oscillation could be placed ad-
jacent to each other (Fig. 4). The coupling between cavities is obtained in this
case via drift tubes. Instead of capacitive coupling through the central passage,
one can use “inductive” coupling slots. To reduce the capacitive coupling and
increase the transit-time factor the small drift-tube nose is introduced. Thus
a simple periodic cavity chain is formed.

L

Figure 4: Simple cavity chain.

T

An analogy may be drown between a chain of coupled cavities and chain of
masses supported by springs. The excitation of this system may be described in
terms of normal modes of oscillation. When we speak of cavity-chain modes, we
refer to these normal modes, not to individual-cavity electromagnetic modes
such as the TMop1o mode. Each of these individual-cavity electromagnetic
modes has its own set of normal modes of oscillation. For a chain of N+1
cavities, there are N + 1 normal modes, one for each combination of phase
shifts down the chain yielding nr total phase shift, where n = 0,1, .. SN -1
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It 1s convenient to introduce here a mathematical model of the cavity
chain used by Nagle?. As a starting point it takes the lowest frequency mode
of an isolated cavity, and treats a tank as a chain of one-dimensional harmonic

oscillators coupled with strength k. Figure 5 shows schematically the model
considered.

et N n+1
K k
]
g @ - L LY w=——
124G
W S &
m m m

®000@000 @

Figure 5: Coupled resonator model for a chain of coupled cavities, a chain of coupled lumped
circuit constant resonators, or a chain of coupled masses.

The dispersion relation and amplitude of oscillation in cell n for a linear
array (in the lossless case) are

X = const - cds(%]exp(jwqt) g-mr= Qi NER (19)
wo

g : =010 N =1 20
: /1 + kcos(mg/N) : (20)
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where g is the number of the mode with ;esu.na,nt frejquency Wy, &[Ed Lu’(]l 53
the resonant. frequency of the individual circuits. It is clea:r from qt( )
that in the lossless case the phase shift betwee.:n fields in a,d_;ac,.ent cavli les 15f
restricted to 0 or = for any mode. The dispersion curve for a su_nplefc .aml f:-d
N +1 coupled cavities, which also describes the behaviour of a series o couple

lumped circuits, is plotted in Fig. 6.

i e S
(J‘;"n/v{‘l — k P S BRI et 71 & D__'E}
O
0
O,
5
=
W W L
2
&
o
o)
o
wﬂ/p‘i + k - Q akir = e
0 n/2 T

PHASE SHIFT PER RESONATOR

Figure 6: The dispersion curve for a simple chain of 10 coupled cavities.

The separation of the lower and upper cut-off frequencies (0 and = modes)l
defines the bandwidth Aw of the structure. From Eq. (20) for k < 1 (smal
coupling) this is found to be

N == k & . (21)

The separation of the zero and 7 modes from the ones nearest them 1S

2

~ k wos 22
.{éw =~k THy m ( ]
whereas the separation of the /2 mode from its nearest neighbors 1s
0
: Aw =k Wognr - (23)
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Thus, for a given structure, the separation of modes near the 7/2 mode
is 2N/m times as great as the separation near zero and 7 modes. Operation
at a particular mode without excitation of its neighboring modes requires that
the @) of the structure be sufficiently high to prevent overlapping of the mode
resonances. From Egs. (22) and (23) it is clear that

4N? IN |
Qo > Tz and Qnpp > et (24)
For example, if @ = 10* and k¥ = 10~2, the number of cavities in 0 or 7

mode structure cannot exceed ~ 16 without giving rise to concern about mode

interaction. For the same @ and k, the m/2 modestructure can have ~ 157
cavities without overlapping of modes. |

3.1 Zero-Mode Structures, Alvarez Structure

For zero mode (when ¢ = 0) all cavities are excited in phase and have equal
amplitudes of electromagnetic field. The distance between cavity centers, L
in this case must satisfy the synchronism condition

1

L=p\. (25)

The surface currents of the common walls between cavities are equal and flow
in the opposite directions. Therefore these walls may be removed.

+ -1+ -+ + = o+ -+ - + -
—— | S | e e e N e el
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Figure 7: Coupled cavities with zero mode and Alvarez-type structure.

Since the T'Mjy1o mode is consequently independent of the longitudinal
cavity size, the distance from one accelerating gap to the next is determinated
only by the particle velocities. A variant of zero-mode structure without the
common walls between cavities is shown in Fig. 7. This scheme consists of
placing the drift tubes in a single resonant tank such that the field has the
same phase in all gaps. Such a resonant accelerating structure was invented by
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Alvarez® and was followed by the construction of a 32-MeV proton drift-tube
linac powered by a 200-MHz source.

3.2 w-mode Structures

In the m-mode structures used for a wide range of synchmtrorils and stora:ge
rings (where the particle velocities are constant), the phase shift from cavity
to cavity is 7 radians in the lossless case (Fig. 8).
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Figure 8: Coupled cavities with m-mode and nose-cone structure.

However, in the practical case with losses, energy must be sufpplied through
excitation of adjacent modes to compensate the losses ea_.nd 1.31115 causes Phase
changes in the cavities. Thus, strictly speaking, ope:.ratmn in mode is nc;t
possible. The phase deviation from 7 radians per cavity was given by Nagle“,
Knapp ¥, and Smith® as

AYY.
BPhnat = L Q:}l 2IEN = %) : (26)

Thus, the phase shift over the entire length of the structure is

(1 k)!/?
Qk

For example, if () and k are the same as in the previous case and th'e
number of cells is N = 16, the net phase shift is & 2.5 radians, wh:ch_ is
obviously excessive. To reduce the phase shift to a tolerable level, the coupling
coefficient k of the structure would have to be increased; if this .t:annnt_ be
done, the number of cells must be decreased. Since it is technically impossible

Apor = NZw : (27)
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to increase the coupling coefficient k to a value higher than a few percent,
w-mode structures usually contain only a few cavities. .

Figure 9 shows examples of five-cell structures operating with « mode
(CERN, DESY).
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Figure 9: PETRA(DESY) and LEP(CERN) m-mode accelerating structures.

The low coupling coefficient, rather high quality factor, and proximity
of neighboring modes cause the m-mode structure to be sensitive to beam-
loading variations, and to heating and dimensional errors. To overcome these
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disadvantages, various technical solutions are used; an example is the “parallel
coupled” structure (Fig. 10).

notch filter
coupling line and tuner

quarter wave coaxial
transformer

cells ' coupling
aperture

Figure 10: Side sectional view of “parallel coupled” structure.

In the coaxial coupling line the TEM standing wave becomes established.
The coupling apertures with accelerating cavities are placed at points where
the coaxial line wall current is maximum (the distance between them is A/2).
Thus all of the accelerating cavities are excited by the same current amplitudes
with opposite phases.

The principal properties of this structure are as follow. The shunt impe-
dance is maximized by using optimized cell shapes. Only one feed point is used
for all cells. Overlap of the modes in the passband, a common problem when
many cells are incorporated in one r-mode cavity, is eliminated because there 1s
only one mode in the passband. A single mode occurs because the power does
not propagate serially through the cells in the usual fashion. Other modes do
occur in the coupling line, but their frequencies are sufficiently removed from
the cell resonant frequency that a negligible fraction of the energy appears in
the cells. The notch filter closely approximates a short circuit at operating
frequency. The tuning angle of the structure can be adjusted to compensate
for variations in the beam loading by moving the tip of the center conductor
of the notch filter parallel to the beam direction. This avoids the need for
mechanical tuners in each cell.
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Similar structures were made at Cornell University (USA, CESR) for use
in an ete~ storage ring and at Budker Institute of Nuclear Physics (BINP
Russia) for a racetrack microtron. Figures 11 and 12 show the 9-cell BINP
“parallel coupled” cavity structure and the interior of the coaxial line and
accelerating cavity. The parameters of this structure are listed below:

operating frequency - 915 MHz

number of cells 9

total structure length 1.5 wm
quality factor of coaxial Iine 5000

quality factor of accelerating cavity 18000

shunt impedance (R) 30 MQ/m
R/Q of accelerating cavity 213 - =81
R/@ of coaxial line 20 Q
coupling coefficient k 0.84 %
accelerating gradient 4 MV /m

Figure 11: General view of BINP “parallel coupled” structure.

3.8 «/2-mode Structures -

The advantages of these structures were shown by Knapp* and Giordano®. The
7/2 mode is much less sensitive to beam loading variations and to dimensional
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Figure 12: Inner structure of the coaxial line and accelerating cavity.

errors. For the /2 mode even cavities have the same amplitudes, odd cavities
are empty, and there is a w-radian phase shift between adjacent even cavities.
This is shown in Fig. 13(a). This geometry would be suitable for accelerator
applications if the synchronous condition were satisfied:

o) (28)
2
where @ is particle synchronous velocity in units of light velocity.

If this geometry were used directly, the efficiency of the system for particle
acceleration would be extremely poor, because half of the accelerator pro-
vides no energy transfer to the beam. However, the model developed here has
no restriction on the geometrical shape of the adjacent cavities. In fact, the
chain may look biperiodic (alternating-periodic structure —~ APS), as shown in
Fig. 13(b), and if the cavities are all tuned to the same uncoupled resonant
frequency, the m/2-mode characteristics will remain identical to that for the
periodic system. This observation allows consideration of a multitude of possi-
ble cavity configurations, all with the same mode characteristics. One possible
configuration, which has a high shunt impedance (up to 40 M£/m), is the
“gide-coupled” structure (SCS), shown in Fig. 13(c).

This scheme has substantional advantages over many of the others consid-
ered, namely:

a) Maximum length along the beam line is available for accelerating field,
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Figure 13: w/2-mode operation of a cavity chain: (a) periodic cavity chain; (b) biperiodic
cavity chain; (c) side-coupled chain.
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which leads to optimum shunt impedance.

b) Only small slots at the outer wall are required for coupling, allow-
ing almost complete freedom to design the on-line cavity for maximum shunt
impedance. For example, introducing capacitive loading near the beam line
by putting “mose cones” in the cavities increases the transit time factor 7" and
also the average axial electric field for a given stored energy. Curving the outer
walls also gives minimum power loss for a given stored energy.

c) The offset cavity stores very little energy even in a typically lossy case
and thus little attention need be paid to its  factor or geometry.

An example of a biperiodic structure is shown in Fig. 14. This structure
was developed at BINP (Russia) and used in an electron linear accelerator, the
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Figure 14: BINP biperiodic structure for injector nf VEF’P-&.
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injector of the VEPP-4 storage ring. The accelerator consists of two identical
sections fed by the high power pulse RF generator gyrocon (output power of
65 MW at pulse duration of 10 us). This accelerator operates in a high stored
energy mode and its filling time is rather short compared with the power
source pulse length. Therefore the value of the structure shunt impedance is
not critical. The main accelerator parameters are listed below:

operating frequency 430 MH:z
mode /2

number of structures 2

number of structure cells 19 (10+9)
quality factor of structure 20000
quality factor of accelerating cavity 22000

shunt impedance (R) 12 MQ/m
R/Q of accelerating cavity 200 Q
coupling coefficient k 10.6 %
accelerating gradient 8 MV /m
full energy gain 95  MeV
electron beam pulse éurrent 33 A

3.4 Disk and Washer Structures (DAW)

This type of structure, proposed by Andreev ’, represents a biperiodic struc-
ture with all the advantages described above, but, instead of a fundamental
T Moo pill-box mode, a higher mode similar to T"Mygo is used for acceleration.
Figure 15 shows the longitudinal section of a disk and washer structure and
gives the electric field maps of the accelerating and coupling modes in such a
structure.

The accelerating mode field is found by assuming that the electric field
is normal to the right and to the left of the boundary. The coupling mode is
found by assuming that the electric field is tangential to the right and to the
left of the boundary. Both boundary conditions give the same frequency and
we can consider the DAW structure as a variation of the biperiodic structure.

For the accelerating mode there is a distance from the cavity axis where
the longitudinal field E; vanishes and where it is possible to insert metallic or
dielectric rods to support the washers without disturbing the field apprecia-
bly. The full-circumference slot between the washers and the outer cylinder
produces a strong coupling between cells of about 40%. The theoretical shunt
impedance in this case i8 higher because of the lower current density on the
tank walls. However, in actual operation in many cases the supporting rods
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Figure 15: Disk and washer structure and electric field of the accelerating mode (left) and
that of the coupling mode (right).

produce such high losses that nearly all the gain in shunt impedance is com-
pensated.

Two of the most attractive properties of the disk and washer structures
are:

* the high degree of coupling between adjacent RF cavities,

* the high shunt impedance.

The first property is important for reducing the structure’s sensitivity to
tuning and assembly errors, beam loading effects, and transients. The second
is important for possible savings from reduced RF power and reduced heat
removal or higher average accelerating gradients for the same investment in
RF sources.

Two aspects of the DAW geometry identified as needing more investigation
were higher-order-mode studies and selection of a suitable support technique
for the washers that dissipate most of the RF heat. Because the operating
passband encompasses the frequency region from the T"Mojo-like mode to the
T Moag-like mode (a consequence of the DAW’s main asset — its high cou-
pling coefficient), it was obvious from published mode charts for right pill-
box cavities that the T'Ey;;-like, T'M110-like, T'E311-like and T'M3;1p-like mode
passbands would be in the vicinity of the /2 operating mode over the prac-
tical range of the geometric dimensions. Therefore, for any structure, 1t is
important to know the mode locations and their field distributions, mode RF
characteristics as a function of geometric changes, and mode influence on beam
transmission. With this information, geometries can be selected and methods
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can be employed to minimize or eliminate unwanted effects. Calculations using
newly developed computer codes make it possible to solve this problem.

Figure 16 shows two types of DAW structure (with twelve and nine cells)

that have been installed and tested in the TRISTAN accumulating ring. In ane
these structures the single radial stem support was used. The main parameters
calculated for the twelve-cell structure are shown below: 1 I'@l IQ:I_’ _ :
- | ' -.
operating frequency 500 MHz ! i
transit time factor 0.765 183
shunt impedance (effective) 44.76 MQ/m @ 'J )
@ (for copper cavities) 112500 :
R/Q 680 Q/m @ - o
length 37 m J_—f - % N BE
coupling coefficient 0.4 4 ?1\ | 'Jf i 1H_J_,,|t:§51
1
The achieved shunt impedance was approximately 0.6 of the calculated

one, apparently because of non-optimal length of the radial stem. This length
must be close to A/4 (quarter of free-space wave length). In this case the S. Inagaki / Disk-and-washer cavities
current distribution along the stem will be such that at the point where the 280004

stem is connected to the washer the current will be zero. The frequency of the
operating mode also will be the same as without stems.

An example of such a solution is the DAW standing-wave structure linac-

preinjector for the SIBERIA-2 SR complex (Russia) (Fig. 17). Each washer is
supported by three radial stems, and the length of each is close to A\/4. The
stems are dispersed homogeneously along the circle. =

As a result of numerical and experimental studies the optimal geometry 4
of the DAW structure provided a very high shunt impedance of 95 M /m and
the absence of high-order modes near the operating T'My» mode. The nearest 2
non-operating T'M;; mode has the 20 MHz higher frequency. The dispersion T L
curves of this structure are shown in Fig. 18 and its main characteristics are £
presented below:
operating frequency 2797 MHz
shunt impedance (effective) 47.5 MQ/m =
@ (for copper cavities) : 28000
R/Q . 1.7 kQ/m _ Figure 16: Two types of TRISTAN DAW structures.
length 6 m
coupling coefficient 0.4
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Figure 18: Dispersion curves of SIBERIA-2 DAW structure.
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OTHER RF POWER SOURCES

(i.Ya. KURKIN
Budker Institute of Nuclear Physics
630090 Novosibirsk, Russia

The main subjects discussed in this paper are as follows. Triode tube, main
characteristics of the equivalent schematic of the amplifving stage. Requirements
for operation of a triode stage loaded with an accelerating cavity. Influence of
parameters of the output stage and transmission lin¢ length on the output
impedance of RF system for the beam. Typical design of the power output stage.
Magnetron, travelling wave tube, principles of operation, main parameters.
Magnetron loaded with the cavity of microtron, methods of coupling,
requirements for stable operation. Magnicon - BHF generator with a circular
deflection of the electron beam, principle of operation, results of development.

I Triode tube

Klystrons have wide acceptance as an RF power source, but at frequencies lower
than 300 MHz they are not used. Therefore frequencies below 300 MHz are in the
domain of grid tubes - triodes and tetrodes. An RF system with lower frequency
has some advantages: reduced interaction with material structures (elements of
the vacuum chamber and cavity) because of larger bunch length, the possibility of
having a high peak current in one bunch and effective injection because of a
larger energy bucket.

The triode tube has an anode and a heated cathode (Fig.1). Electrons arc
emitted from the cathode and collected at the anode. The energy of the electrons
is a function of the voitage between the anode and the cathode. The grid is usually
a helix made of wire wound around the cathode. Since the grid is installed
between cathode and anode, its influence on the electric field near the cathode is
stronger. The voltage between grid and cathode determines the number of
electrons coliected at the anode, i.e. the electric current between the electrodes.
Variation of anode potential also influences the current, but by much less.
Negative voltage between grid and cathode holds up elecirons coming out of the
cathode surface; the space charge is increasing and the number of electrons going
through the grid is decreasing.

If a positive voltage is applied between grid and cathode, some electrons
get to the grid causing a grid current. A larger portion of the electrons go to the
anode, so the cathode current Ik divides into two components, forming the anode
current /o and the grid current /g:
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Figure 1: Triode tube.
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These current values depend on anode volta 1
' | ge Va and grid vol
triode behaviour can be described by 4 functions: ok i

la = {(Vy) V, = const, 2)
la = F(Vy) Vy = const, 3)
.fg a4 (VB) Va = CDHSI‘, (4)
lo = p1Vy Vy = const. (5)

All these functions are usually obtained direct mea

example, in order to get characteristic curve (2) :ﬁe varies gncslu :{ill:lt:[gl:a :1{1);
measures aﬂ{}flt‘ current with the anode voltage kept constant.  These functions
are called static characteristic curves. The typical triode characteristics (2) and (4)
are shm in Fig. 2a and characteristics (3) and (5) in Fig. 2b.

Buth‘ fanuh:cs of characteristic curves may show some variation depending on the
spacﬁ_"lr: design or the area of application of the tubes, but the same tendencies are
seen in the curves for any type of triode. Since either of the two families is a
graphic representation of Egs. (2) to (5), they are interdependant.
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Figure 2: Two families of anode-grid characteristic curves.

One can to transform the family of Fig. 2a into that of Fig. 2b by using another
coordinate systemnt.

These two sets of characteristics provide complete information about a
tube's parameters within the range shown. For quick estimation of the suitability
of a tube for a specific application, to compare {two tubes. the static characteristics
are often used. For example. Fig. 2 shows the dependence of the anode current on
the grid voltage is not uniform throughout the range of anode voltage. Usually
static characteristics show the behaviour of the tube in the most usable range of
paramcters or at some given operational point.

One of the most important characteristics is the transconductance S. [t

_shows the change in anode current per volt of grid voltage change:

dia

: (6
dVe (©)

i for Va = const

Often the anode current is measured in MA, then the dimension for the
transconductance is mA/V. Transconductanse is affected strongly by anode and
grid voltage, but only one value that is given in the tube data sheet: the average
value for the rising and sufficiently large and linear part of the anode and grid
curve. the part used as operational for amplifiers and generators. The
transconductance of power triode tubes is in the range 10 to150 mA/V.
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The second important characteristic is the anode resistance,

dVa

Ri = —— fﬂ?‘ Vg = const

dla (7)

The anode resistance determines the i |
‘ _ penctration of electric field from
anode thr?ugh grid and the influence of the field on cathode current. R; is the
output resistance of the tube for ac. |

The amplification factor is

__dVa
2 EVE Jor Ia = const (8)

A characteristic 4 shows the relative influence of anode and grid

potentials on the anode current. The value of 4 is di : s
range 10 1o 100, _ 4 1s dimentionless and is in the

Usually for practical calculations the curves in Fi
approximated by lines (Fig. 3 a,b): m Fig. 2ab are

n L/w . f
/ﬁ,‘.

/ 5 o

a) b)

Figure 3: Approximation of anode-grid characteristic curves.

tga - g Ala . jaua sk Ala
g = -2 9
. AVg Ri AVa &
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The error of approximation is not large and is compensated by
simplicity of calculation.

The parasitic capacitances between the tube's electrodes have to be taken
into account when designing at RF. At frequencies of several MHz and higher.
part of the output power would come through the capacitances back to the stage
input. The result could be distortion of the frequency response and even
oscillation of the stage.

Figure 4 shows capacitance from cathode to anode (Cys), from grid to
anode (Cga), and from cathode to grid (Cyy).

Cga == ——

_]_Cku

L

Chg =2

Figure 4: Capacitances of triode.

At lower frequency the common cathode configuration is often used. The
equivalent schematic of the stage is shown in Fig. 5.

Grid E;ﬁgﬂ Anode

Rdr 2 calihi
v %C } HR* “"Ckuﬂ Ri
9
Vdr = A Svg
Cathode

Figure 5: Equivalent circuit of a common cathode stage Rdr - output impedance of the
driver stage, Vdr - driver voltage., Rlo - load impedance.
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l.1 RF Common Grid Power Stage

Usually on power stages of RF generators the triode is in the grounded grid
configuration. This offers larger power gain because of smaller feedback through
the parasitic capacitance Cy..

Cka << Cga (IU)
If the frequency band in not large, the resonance circuits are used as anode load.

An example of the power triode stage coupled with the cavity through the
transmission line is shown in Fig. 6.

From driver cavity
{ stage -
Ty § gy ¢ U
== B ¢ Tk
L RF chokes f\RF short ciruit .
cathode A~ T L plate
bias A voltage

Figure 6: Schematic of the common grid power stage.

The equivalent circuit of the stage is shown in Fig. 7. For higher
efficiency the conductance angle of the tube may be 180 or less; therefore the
cffective S and R; should be calculated and used. The anode cavity is tuned so that
the ratio Vaa/la is maximum:

Y, (Y, +S+Y: +G;)+Y, (Y. +Gj) (11)

Vag= -

If the denominator of this Eq. (11) is 0, the stage will lose its stability. This may
be used as the condition for the stage oscillation. To increase the stage stability,
additional resistive loading of anode and/or cathode circuits is used.

J2

™ |

anode

r[ LI]Yk 1Ya

v _.
Vi |
E @w lf“‘r‘ Va

Grid

cathode

—
s

Vag

Figure 7: Equivalent circuit of common grid stage. Y - conductance of driver stage:
Y& - conductance of anode cavity together with external load; Y. = 1//Cie;

G;- effective anode conductance; S - effective tube transconductance;

Vi - DC cathode bias: Va - DC anode power supply: /s~ equivalent driver current.

1.2 Equivalent Circuit of the Output Stage

For matching the equivalent anode load with the impedance of the transmission
line, and the impedance of the transmission line with that of the cavity coupler.
transformers of various kinds are used.

The transformer can be represented by a reactive quadrupole (Fig. 8a).
The section "a" is a reference plane of the accelerating cavity or generator output
stage. and "b" is connected to a transmission line.

It is convenient to replace the reactive quadrupole with some uniform
network, i.¢. an ideal transformer and a piece of transmission line (Fig. 8b). The
replacement is possible if one of the clements of the reactive quadrupole is
dependent on others. It is convenient if the dependant element is b7, because then
its change can be compensated for by corresponding tuning of the anode or
accelerating cavity connected to section "a.” The length of transmission line piece
I and the transformation factor n are determined by b, and b; which are
normalised to the line impedance:
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b,/ b,
sin -g:—t—f = - '—lll_-;"_*_;’__._'__':". 3 (12)
M
yT+ {b2 +b )
2
b
n’= '”"“_z'—_:z (13)
1+(b, +b,)
The value of by is equal to
b,+b,
b - b Gl T L e 1- 14
: 2(21+(b2+bs)"’ (14)
l, Z0D
J (9‘_91
e
|
<)
b)

a)
Figure 8: Equivalent representation of reactive quadrupole.

These equations show that the coupling of the cavity with the output
| ; variati eters:
stage can be adjusted by variation of 3 param o sk
a) gm' - the transformation factor from anode to uansm@m_nn i%nc,
b) N2 - the transformation factor from cavity to transmission line,

- the equivalent length of transmission line. : ‘
ot Thrasq parameters of the whole network will not be changed if both

d accelerating cavity
ers are excluded and the parameters of the anodf: and a g cavity
;eanigrl;nced with ones that are normalised to the transmission line. Sections , ag’
and "a.* (Fig. 9) are the reference planes of the gencrator and cavity respectively,
and L, is the equivalent length of transmission line between sections. 1
This representation provides a simple model that describes the

interaction of beam with the RF system.
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Figure 9: Equivalent circuit of the output stage, transmission line, and accelerating cavity,

1.3 Requirements for RF power generator

1. The output power of the RF generator should be sufficient to
compensate for resistive losses in the cavity walls at the designated accelerating
£ap voltage.

2. The generator delivers RF power to the cavity, which is transferred
through the electric field to the charged particles to accelerate them or to
compensate their energy losses due to synchrotron radiation and other causes.

3. The reactive beam current through the cavity can be compensated for
by corresponding tuning of the cavity, but it changes quickly after injection. In
order to maintain the designated gap voltage until the tuner reacts, this reactive

4. The output impedance of the RF system transferred to the cavity gap
must satisfy certain requirements. Since the output stage and the power
transmission line are coupled to the cavity, the RF output impedance depends on
these elements, and this must be taken into account during RF system design.

5. The amplitude and phase modulations of the RF generator output
signal cause phase oscillation of bunches and growth of their length. This growth
should be much smaller than the normal bunch length defined by quantum
fluctuations of synchrotron radiation. :

6. The output stage of the RF generator may be coupled with the cavity
through a long transmission line. In that case the impedance of the anode cavity
has resonances near the generator frequency. The shunt impedance of those
resonances may be much higher than that of a working one. In this situation the
stable gain of the output stage will be smaller and special measures have to be
taken against oscillation.
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1.4 The Tuning Procedure.

1. The cavity loaded with a beam is tuned to a resonance.

2. The coupling coefficient of the cavity is fixed so that the cavity is
matched with the transmission line under maximum beam load condition.

3. The coupling coefficient of the output stage with the cavity is
arranged so that operational parameters of the tube are optimum for maximum
power in the transmission line.

4. The anode cavity is tuned to resonance, because the equivalent
impedance of anode cavity should be real for optimal operation.

1.5 Methods of RF Svstem Design.

Two methods of RF system design are possible.

I. The equivalent length of the transmission line is half wavelength
multiplied by an integer:

L g =i n=0.1,2,.:. (15)

&

The ratio of cavity gap voltage to anode RF voltage does not depend on
beam current and energy for this design. When the cavity load is growing, the
driver power is increased by the action of a feedback loop in order to keep the
cavity voltage constant. The efficiency of the output stage does not change. This
method of coupling provides optimum operational parameters of the output stage
when the real conductance of the load varies over wide range. Tuning of the
anode cavity and correction of coupling are not required during operation. The RF
system needs only one on-line tuner for the accelerating cavity

The impedance of the RF system for the beam is like that of one
resonance LC circuit. formed by summing the anode and accelerating cavity
conductances. Therefore, the tuning of the cavity down the frequency for reactive
beam current compensation provides for desirable frequency response and results
in damping of synchrotron oscillation. If the accelerating cavity is detuned. the
output stage is working on short circuit, and all power consumed from the DC
anode supply will be dissipated at the anode. Therefore the current in the cavity
coupling loop is limited by maximum ratings for anode dissipation.

The drawback of such a design is the possibility of sparking or overload
in the transmission line and cavity coupler when tuning of the cavity is wrong.
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If anode cavity is tuned to compensate for reactive impedance of the
accelerating cavity, the voltage and current in the transmission line and coupler
may rise beyond maximum allowable values. This disadvantage is corrected in the
next approach.

II. The equivalent length of transmission line is a quarter wavelength multiplied
by an odd number:

L,=(2n+1)-% 8=0,12, ... (16)

For this design the ratio of cavity gap voltage to anode current is constant
and does not depend on the beam load. An increase of cavity load under constant
gap voltage conditions results in an increase of anode ac voltage. The anode
current practically does not change. Power dissipation at anode drops and the
efficiency of the output stage grows. Thus the range of load variation is limited by
the maximum rating for output tube plate dissipation. The maximum current of
the coupling loop of the detuned cavity is equal to that of the matched
transmission line under maximum output power conditions. The amplitude of the
current:

Ia & Vamai: fzo: (17)

where V, .. is the ac voltage amplitude at anode reference plane for critical
mode of tube operation. For any tuner position of the anode or accelerating
cavities, the voltage in the transmission line can not exceed Vam and the
current in the line and coupler will not exceed V., / £p. Thus an emergency
situation is impossible in this RF system.

1.6 Example of RF triode power stage (Fig. 10)

Triode characteristics: Capacintances pF:
Amplifiction factor u= 40 Ckg=170
Transconductance S =50 mA/V Cga =47
Anode resistance Ri = 800 Ohm Cka=28

57



Operational parameters (design):
Frequency 181 MHz Anode DC voltage 5kV
Input power 6 kW Cathode DC bias 200V
Output power 39 kW Anode RF amplitude 3.6kV
Anode dissipation 37 kW Cathode RF amplitude 500 V
Anode current 14 A

Test results:
Anode DC voltage 5kV Output power 45 kW
Cathode DC bias 200 V Input power 8 kW
Efficiency 50 %

ey

l Magnetron
2.1 Magnetron operation principles

A magnetron is a cylindrical high-vacuum diode with a cavity resonator system
imbedded in the anode. In the presence of suitable crossed electric and magnetic
fields the magnetron can be used for generation of continuous-wave and pulsed
signal in the higher frequency band. A schematic drawing of the magnetron is
shown in Fig. 11.

The magnetic field in the magnetron is applied in parallel to the device
axis. The anode DC or pulsed voltage source is connected between anode and
cathode, so that magnetic and electric fields are crossed in the interaction zone.
The energy available within the zone is coupled out and launched in a coaxial line
or waveguide by means of the output probe or antenna.

The magnetron has no separate parts to bunch electrons. a drift space
and catcher cavity, as a klystron has. All processes take place in the interaction
zone. (See Fig. 12).

The anode DC power supply creaies an electric field Ea which, except
for a small areas near the cavity slits, is homogeneous. The magnetic field B is
perpendicular to the plane of the drawing. The cathode is heated and electrons are
emitted from it into the intetaction zone.

Suppose, that the magnetron does not oscillate and therefore an RF field
is zero. The emitted electron will be accelerated by the electric field Ea and start
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Figure 10 Schematig drawing of rf power stage.

1. Anode cavity _ 10. RF chokes
2. Anode n;:a;'t".'ittgr tuner 11. Low-pass ﬁl?ers o
3. Bypass capacitor 12. Cathode cavity resistive load
4. Triode tube GI-50 (Russia) 13. R.esmtwe load for damping
5. Cathode cavity. higher-order MS _
6. Input coupling capacitor electrode 14. Output coupling capacitance
7. Cylinder capacitance electrode R
8. Input transmission line 1156 QR_III?IITQ :’BIISII.‘I_ISSIDII ine
9. Variable capacitor of cathode cavity .16. RF choke :

tum;r = 17. Blocking capacitor
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I"igur::_ 11: ‘Schﬂmatic drawing of magnetron. 1. Anode assembly. 2. Cathode.
3. Cavity of slit-hole type. 4. Interaction zone.5 RF power output.

to move to the anode. At the same time a force induced by magnetic field B will
start to turn the particle to the right (in Fig. 12), If the rﬁagneﬁc field is strong
enough, the electron may not reach the anode. but will be turned back to the
cathode. The resulting electric current though the gap will be zero. The curve
described by the electron is called a cycloid.

If some electron happens to be at position A, it will start to move by the

chain of cycloids, arranged in parallel to the cathode (perpendicular to the electric
field). Its average speed will be

E
V. ow—3 (18)

aver B

The oscillation frequency is a cyclotron frequency o,

_ 68
m

D (19)

;]

where m is the mass of electron, e is the charge of the electron and the vertical
amplitude of oscillation is

A = 2ME,
v e B 2 {20)
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Figure 12: A developed view of magnetron interaction zone.

The cavities embedded in the anode have a strong coupling with each
other, The circuit has many resonance frequencies, and each frequency
corresponds to a specific mode of oscillation. The number of modes is equal to the
number of cavities. There are several strong reasons why only one of the modes is
widely used in magnetrons. That mode has a phase shift between neighbouring
cavities equal to 7 and is called the 7 mode:; its electric field is shown in Fig. 12.

Physically, this is a standing-wave oscillation. It is very important that
the field have a tangential component of finite magnitude near the cathode
surface.

The standing wave can be presented as a sum of 2 waves travelling in
opposite directions. The electric field of one, travelling to the right, is shown in
Fig. 13.

. A magnetron can be designed so that the average speed of an electron is
close to the speed of that travelling wave, Vph:

V =V (21)

ph~ "aver,
If an electron is moving in a phase of wave where the electric force is

opposite to the direction of electron speed, then for a considerable span of time
the electron will transfer its energy to the field's wave.
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Figure 13: Electric field of the travelling wave in the interaction zone of the magnetron.

That is electron #3 in Fig. 13. The electric field of the wave will be nearly
constant for this electron, and the total field that affects the electron's movement
can be found as a sum of Fa and the wave field. The corresponding vector
diagram for electron #3 is shown in Fig. 13. As mentioned above. the chain of
cycloids is arranged perpendicular to the electric field. so the electron will go up
the slope, until it hits the anode. The electric current start to flow though the
magnetron. The energy of the hitting electron is much lower than that of the
electron accelerated by total 17, in the absence of magnetic field. This difference in
cnergy goes to the electric field of the wave and determines the efficiency of
magnetron. Part of this energy is lost in cavity walls, but the major part goes to
the magnetron load. For electron #1 the slope will go down, so that the emitted
electron will return to the cathode. The direction of the electric field for the
particles #2 and #4 will not change, but its value will be different . Therefore, in
accordance with the formula for Viyer, both electrons will approach electron #3
and eventually will go to the anode. This focusing mechanism increases the
current of the magnetron and the output power.

In spite of progress in the design of other types of microwave generators.
magnetrons still maintain gne of the leading positions for efficiency. It is in the
range of 60-70% at a wavelength of 10 cm and 20-30% at 1 cm. Maximum
output power is in the 10's of MW in pulse mode.
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2.2 Load Characteristics of Magnetron.

The results of measurement in the magnetron are plotted usually as Va vs. f(1a).
The parameters for the measurement are magnetic field B, output power P
frequency £ and efficiency 7. The typical characteristics are shown in Fig, 14a.
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Figure 14: a) Example of load characteristics of the pulse magnetron; b) example of load
diagram of the pulse magnetron. 4 =3 em, B = 0.55 T. [,=10 A. The zero frequency
pushing curve corresponds io 9375 MHz.

For a constant magnetic field, the anode current grow rapidly with rising
anode voltage and eventually is limited by the emission of the cathode. Thus
small variations in applied voltage can cause appreciable changes in operating
current.

The constant output power characteristics are like hyperbolas, but the
curves are lified at lower anode voltage and higher current. because of the
decrease of the magnetron efficiency.

The load diagram of the magnetron is similar to that of other microwave
generators with an output resonance circuit, e.g. a reflex klystron. The data-sheet
value of the magnetic field and the anode current are used as fixed parameters for
the load diagram. The reference plane for the load diagram is usually the output
flange of the tube. A typical load diagram is shown in Fig. 14 b,

One of the important parameters for the magnetron is the pushing of
frequency as a result of variation of load. Usually it is given for VSWR=1.5,
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2.3 Magnetrons as a RF Power Source For Microtrons.

Magnetrons are often used as RF power sources for microtrons. As a rule, they are
pulse tubes with an output power of several megawatts. They are coupled with the
microtron cavity through a ferrite isolator or use a dissipative load. Pushing of the
magnetron frequency has a stabilizing effect on the whole system. If the
magnetron has fixed frequency, the system is adjusted by the cavity tuner. A
cavity with fixed frequency can be used with a tunable magnetron. The magnetron
is sensitive to the phase of the reflected wave. The whole system is more stable if
the reflected wave decreases the generator load.

A simple scheme (Fig. 15a) employs a dissipative load switched to the
transmission line. The distance between the load and the microtron cavity is equal
to an odd number of quarter wavelengths. For a detuned cavity or at the
beginning of the operational pulse, the load decreases the reflected wave coming
back to the generator. When the cavity is tuned, only part of the total power is
used in the microtron cavity. This method allows 50-70% of the available power
to be brought into the cavity.

Figure 15: Methods of coupling between magnetron and microtron cavity. C - microtron
cavity, M - magnetron.
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The coupling with the cavity is simple if a ferrite isolator or circulator is
used. Isolators are used for small machines and allow use of nearly 90% of the
output power (Fig. 15b). The isolator does not provide ideal decoupling of
generator from cavity, and the reflected wave still comes to the generator. If a
phase of the reflected wave unloads the magnetron, a pushing of frequency,
however small, has sufficient stabilizing effect upon the system.

For higher RF power a network employing circulators is used. In the
two-circulator design (Fig. 15¢), the first is operating at constant magnetic field
bias and provides practically ideal decoupling of generator from load, and the
second has a controlled magnetic field bias and works as a variable attenuator.
The magnetron is working at maximum output power and efficiency and its
frequency practically does not depend on load variations. Since the pushing of the
frequency is negligible, the requirement for stability of the difference between
resonance frequency and frequency of the magnetron will be higher.

3  The Travelling Wave Tube.

Of the many types of microwave amplifiers, the travelling - wave tube (TWT) has
gained wide acceptance because of its broad bandwidth, high gain, high power
capability, high efficiency, and good signal characteristics. Travelling - wave
tubes are used for communication transmitters and in many types of laboratory
equipment. The TWT consists of four major elements, shown in Fig. 16.
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Figure 16: Schematic drawing of the travelling - wave tube.
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They are an electron gun, a microwave interaction structure where the

electron beam and the microwave signal interact, a magnetic focusing structure
that confines the electron beam so that it moves through the interaction structure,
and a collector that dissipates the energy in the electrons which originates at a
heated cathode and is shaped by the electrostatic and magnetic focusing fields.
A stream of electrons is emitted by the cathode of the electron gun and
accelerated by a voltage Va of the regulated beam supply. A focusing magnet
forms a thin beam moving along the axis of the structure. Suppose the structure
has the form of a helix. The input RF signal creates a wave that moves along the
helix turns with a speed close to the speed of light. This wave produces a
travelling electric field at the helix axis.

The speed of this field Vph is much lower than the speed of light ¢
(usually around ¢/10) and is

S
Voh=Cr—n—— 22
ph J(2na )74 87 (22)

I  Where S is the helix pitch, and a is the helix radius.

The accelerating voltage }a is chosen so that the speed of the electrons is
close to V'ph. The condition for that is

2
Vo= - ﬁ ] (non-relativistic case) (23)
a e 2

where m and e are the mass and charge of a electron.

It follows from calculations that the speed of the clectrons should be

slightly higher then the speed of the wave if the input signal is to be amplified,
though in a "cold" (without beam) system exact synchronism is provided. This
assertion has a simple physical meaning: if the electrons are travelling at the
same rate as the wave, bunches are formed at the place where the electric field is
zero, and where a decelerating field is just ahead of the bunch.
The current induced in the wave propagation structure would have a phase shift
of /2 in relation to the voltage and would be reactive. This effect results in lower
wave speed in the structure, because the induced current, while going 772 ahead
the field voltage, creates a capacitance load of the structure. The speed of the
bunch will be a little higher than the speed of the wave and all electrons will be
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moving ahead in relation to a wave with a small speed equal to the difference.
As a result, the bunch center will come into a decelerating area of the wave and
start to transfer its kinetic energy to the electromagnetic field of the wave. The
wave amplitude will grow exponentially,

The gain is proportional to the tube length, but in reality it is limited.
One of the reasons is that the microwave signal at the tube output can be reflected
back by a mismatch on the output line. This can cause regenerative gain variation
or even oscillation. To avoid this condition most TWTs use an attenuator near the
center of the circuit length. The attenuator can include physical severence of the
circuit into two or more sections or only carbon attenuation to absorb any
reflected power. Usually the attenuation factor for a "cold" system is 10 - 20dB
higher then the total gain of the tube. The real gain of the TWT is in the range
30-50dB.

One of the important advantages of the TWT is that of great bandwidth,
which is 20-50% of central frequency and more. A typical frequency response of a
TWT with helix wave propagation structure versus relative frequency is shown in
Fig. 17.

.V rel. units

1 2 3
Figure 17: Frequency response of TWT with helical wave propagation structure.
It follows from experience that the frequency bandwidth is actually limited by

technical circumstances. Matching of input and output of the tube in a wide
frequency range is a difficult problem.
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While clectrons advance in a decelerating field, their speed drops and becomes
even smaller than the speed of the wave. Thus the condition for amplification of
the traveiling wave is violated. Electrons get back into the accelerating field and
start to take back the energy from the wave. Therefore the efficiency and tube
gain drop. Real efficiency of a power TWT would not exceed 30 -40%. It is
possible to increase the cfficiency by using wave propagation structures that vary
the wave speed along the circuit. This method and some others allow to
increasing the efficiency up to 50% and higher.

The noise facior is very important for amplification of low level signals. Special
types of TWT were developed that use various mechanical and electric
configurations and technology. The noise factor of these tubes may be 3dB and
less.

Amplitude characteristic curves showing the dependence of output power and
gain on input power are plotted in Fig, 18.
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Figure 18: TWT output power and gain versus input power,

At low input power the Pin vs. Pout curve is linear. and the gain is constant.
Then the output power saturates and the gain decreases. However, the point for
maximum efficiency is near the maximum output power.

The phase difference between input and output signals of the TWT depends on
the input power. It may be explained by a greater drop of the bunch's speed for a
higher input signal. This ,resuits in slowdown of the structure wave and an
increase of output signal delay. The data sheet gives this dependence as AM to
PM conversion. Typically it is 2-4° for 1dB of input power.
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4 Magnicon: Microwave Generator with Circular Deflection of
Electron Beam.

The magnicon design is shown schematically in Fig. 19. A Cﬂnﬁl'fuﬁus electrnfi
beam from the electron source 1 reaches the circular deflection cavity 2. when?: it
is deflected at an angle by an RF magnetic field rotai_ing'with a deﬂecm:_m
frequency . The field distribution in the cavity is s_hu“m in Fig. 20. In the drift
space, the electron trajectories separate from device axis, and then enter the
stationary inagnetic field B; of the solenoid 3. While entering the_ magneﬂc field,
the longitudinal velocity of the electrons is transformed into rnFatlona} transverse
velocity (Larmor motion). and the degree of the transt‘nnnangn is gharactensed by
the pitch angle a. Further on, travelling along helical trajectories and steadily
changing their entry point into the output
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Figure 19: Schematic of the magnicon: 1) source of electrons; 2) circular deflection
cavity, 3) solenoid; 4) output cavity; 5) collector.
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cavity 4, the electrons excite an RF wave in the cavity that rotates in synchronism
with the entry point of the elecirons ( TM;,, oscillation mode, Fig. 20) and
transfer their energy to this wave. If the cvclotron frequency £2 is close to the
operating frequency @ (i.e. to the circular deflection frequency, to which the
cavity is also tuned). and the direction of the cvclotron rotation coincides with
that of the deflection device, then the interaction can remain effective during
many periods of RF oscillation.

The particles’ energy is transferred to the electromagnetic field on the
magnicon oufput cavity because their fransverse velocity decreases, wile their
axial velocity remains almost constant. This can be easily explained by using as
an cxample the deceleration of a nonrelativistic electron rotating in a
homngeneous static magnetic field around the cavity axis. The fields in the cavity
are known to have the following relations: Ez= o r B . (r is the radius). When
the cyclotron frequency coincides with the operating frequency, and hence the
transverse velocity componentis V. =Qr=ro,
then F, =e(E + V.B.) =0

Thus the transformation of the transverse velocity into longitudinal
velocity. which takes place in the cavity under the action of B , is fully
compensated by the decelerating effect of E,. As a result, the limiting electron

Figure 20: Distribution of electromagnetic field in output and deflection cavities. (TMg
mode)
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efficiency is determined by the efficiency of the election energy transfer into
rotational motion at the entrance into the magnetic field (i.e. by the pitch angle o)
and is equal to 70 ~ sin a.

In a magnicon, the electrons are not rotating around the cavity axis, and
the longitudinal force is equal to zero "on average" for the period of the RF
oscillations. This nevertheless does not change the character and efficiency of the
interaction.

A long interaction and the resulting length of the output cavity lead to an
essential decrease in RF field strength, in ohmic losses and in specific heat
release. In addition, the large hole made for the beam in the center of the cavity
end walls combined with the "magnetic accompaniment” essentially eliminates
the problem of current interception. Thus, the magnicon can efficiently produce
high power in the short wavelength range.

This type of microwave generator was invented at the Budker Institute of
Nuclear Physic. Russia. Several magnicons were built and tested there. The main
experimental parameters of one of the magnicons are listed in below.

Operating frequency. MHz 915
Beam voltage, kV - 300
Beam current. A 12
Beam power, MW 3.6
RF pulse width. s 30
Output power, MW 2.6
Efficiency, % 73
Gain dB 30
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RF PULSE COMPRESSION

FOR THE FUTURE
LINEAR COLLIDER

- I.V.SYRACHEV
Branch INP, Protvino, 142284, Moscow reg., Russia.

RF pulse compression is a method of exchanging the long low-power RF pulse
by a short pulse of higher peak power. This is essential for the Future Linear
Collider, where the required peak power of about 100 MW per meter of accelerator
can not be produced with conventional RF sources. The most advanced methods
of RF pulse compression are described. Theories are briefly presented, with their
special features. Various schemes are illustrated with their specific designs and
compared for particular collider configurations.

1 Introduction

The Future ete~ Linear Collider is intended to be one of the most powerful
tools for detailed investigations in the field of elementary particle physics.
Several projects for such a machine with a center-of-mass energy of 500 GeV
to 1 TeV are under intensive development in different national accelerator
laboratories: NLC (SLAC, USA), JLC (KEK, Japan), VLEPP (BINP, Rus-
sia), TESLA and SBLC (DESY, Germany}, and CLIC (CERN, Switzerland).
Considering the costs of fabrication and operation of the Future Linear Col-
lider and the need to keep its total length to a reasonable value, much of
the international acceleration physics community has decided to aim for an
accelerating gradient of 50-100 MeV /m. To reduce the amount of pulsed RF
power required to reach these gradients, in most of the projects mentioned
(except TESLA and SBLC) it was decided to leave the S-band frequencies
that had been developed with linacs and to open up a centimeter-range X-
band, This has resulted in much R&D toward a suitable X-band RF power
source, which can produce pulsed RF power in the range 100 to 200 MW per
meter of accelerator.

Many exotic RF power source concepts for the X-band linear colhider
have been proposed during the last decade. However they were not likely to
produce practical, reliable devices on a reasonable time scale. Thus now the
most advanced approach is to:
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1. Develop conventional klystron tubes at X- band frequency capable of
producing 50 to 100- MW pulses lasting several times as long as the structure
filling time.

2. Use an RF pulse-compression scheme to exchange longer pulse length
for higher peak power. |

Modern experience indicates that the problem of an X-band klystron has
practically been solved. Such a device has already been manufactured at
SLAC and has demonstrated the 1.1usec x 75 — MW RF pulsel. In other
laboratories (KEK and BINP) R&D work in this field has also been quite
successful. '

"The history of the application of RF pulse compression to linear accelera-
tors covers more than 20 years. The basic idea of the method was discovered
in 1973 at SLAC by Z.D. Farkas and P.B. Wilson. They received a 1991
IEEE Particle Prize for their invention. The advantages of RF pulse com-
pression are many. The demand on the klystrons for peak power is reduced.
Consequently, the tube can operate at lower voltage and at lower perveance,
possibly allowing increased efficiency. Pulse compression devices are passive
microwave networks without a beam, and hence are not sensitive to peak
power problems as are RF power amplifiers based on beam-RF interaction.
Thus they naturally have lower capital, maintenance and replacement costs
then the tube. Also, the use of longer-duration pulses in klystrons reduces
the effects due to rise- and fall-times in the pulse modulators and in other
components of the RF system. _

This lecture reviews the present status of RF pulse compression in relation
to the design of the Future Linear Collider.

2 RF Pulse Compression Concepts

At present a few RF pulse compression schemes (RPC) are under develop-
ment. Their common principle of operation is as follows: delivered RF energy
builds up in some RF storage element during the major part of the klystron
pulse duration and then is largely extracted during the last fraction of the
pulse. RPC can be separated into two groups according to the means of RF
energy storage: high-Q resonators, or delay lines with low RF energy con-
sumption. The transformation in the RPC from RF energy build-up to RF
energy utilization also can be done in several ways:

(1) changing the coupling of the storage element,

(2) reversing the RF phase of the feeding pulse,

(3) combining these two methods.

74

T e e A e —————

2.1 RPC with Interference Switch (SPC)

Figure 1 is a schematic illustration of the basic idea®. A high-Q storage
cavity is coupled to an H-plane 7" that acts as the interference switch. In the
:-zitarage state (Fig. la), a standing wave is produced by reflection off a short
In one arm of the T. In this storage state, the cavity is filled with energy
from the RF source, and ideally no power is fed to the load. In the dumped
state (Fig. 1b), a fast RF switch moves the short position by ) /4 toward
the resonator. This couples the microwaves directly to the load.gNnte that
the output pulse is phase-locked to the drive,

If 74 is the decay time of the energy stored in the cavity in a dumped state
and 7, is the storage time, then in the ideal case the power gainis P, =7, /1y
Nevertheless, despite the simplicity of the idea, the real applicatiin oflthis;
method for high gradient linacs meets some problems:

- The need to use an RF-switch that must operate at a high level of RF
power (about 100 MW) requires that a very special device be designed. This
might turn out more complicated and expensive than the whole RPC system:.

Figure 1:' Scheme of microwave cavity and H- plane T showing the electric
envelope in (a) the storage state, and (b) the dumped state.
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- In the storage state, the switch is in a resonant circuit of the RPC.
This imposes very severe requirements for the stability of its parameters and
reduces the reliability of the system tuning and operation.

- The advantages of this scheme become evident if the pulse compression
ratio reaches 102 for cavities with normal conductivity, or 10° for supercon-
ducting cavities®. This is the principal feature of the method, because of
the weak coupling of the high-Q cavity to the RF source during the energy
storage period, and it limits its applicability for the future X-band linear
collider, where the compression ratio is less than 10 because of the RF source
peculiarity.

The compression efficiency in the method reaches 10 to 20%.

Therefore SPC is not considered now as a possible candidate for the RPC
for the Future Linear Collider. Below, other methods that seem more attrac-
tive for our purposes will be discussed.

2.2 SLED-type Pﬁise Compressors

Historically, the S-band SLAC Energy Doubler (SLED) was the first RPC
scheme applied to the RF system of the SLAC linac (SLAC, USA)?. The
SLED idea emerged from the observation in testing super-conducting cavities
that immediately after the input power is cut, the peak power emitted from a
heavily over-coupled cavity approaches four times the input power. Normally,
this power would travel back toward the source. In the SLED network, a
pair of resonant cavities are excited symmetrically through a four-port 3-db
directional coupler. This causes the power reflected from the resonators to
be directed away from the source, through the fourth port. Furthermore, it
was realized that reversing the RF phase of the input, rather than switching
it off, gave an even greater power multiplication, with a theoretical limit of
nine. Figure 2 is a schematic drawing of SLED system operation. Figure 3
shows the S-Band SLED microwave network. It should be noted, however,
that the increased peak power afforded by SLED is accompanied by a sharp
exponential decay, so that the average power within a compressed pulse is
generally much lower than the maximum.

In this scheme the phase reversal of the feeding pulse is organized with
the phase shifter placed before the klystron. Thus the klystron’s pulse ma-
nipulation can be done at a relatively low RF power corresponding to the
Jevel of the drive klystron’s power — less than 1 kW. This advantage of the
SLED over the above method simplifies the RPC operation significantly and
makes it very reliable. '

In order to understand the theory of SLED, it is helpful to consider the
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Figure 2: Graphical analysis of the S-band SLED.
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transient behavior of the reflected and stored fields in a single resonant cavity.
By conservation of power?:

dW,
Pr=P.+Pc+ df, (1)

where Pr is the incident power, Py, is the net reflected power, FP¢ is the power
dissipated in the cavity, and W¢ is the energy stored in the cavity at time
t. Using Pc = wWe/Qo, together with the fact that power is proportional
to the square of the field (P = kE? ), and denoting the amplitude of the
emitted wave as E,, the above rela.tion becomes

2

E; 2Q[} E, dE. ' (2)
3 wﬁ di :

A cavity coupling coefficient 3 has also been defined such thatkE2 = SP..
If at any instant the generator is turned off, 8 is given by the ratio of the
power emitted from the coupling aperture to the power dissipated in the
cavity walls. If we now introduce the cavity filling time Te = 3"%‘- — W%qu’
the preceding expression can be rearranged to give

dE,
dt

E% = (E.+ Er)* +

Te

+ E. = —aEp, (3)

where a = 28/(+1).

Equation (3) can now be solved for the generator wave-form Er shown
at the top of Fig. 2. For convenience we take Ep to be initially negative. At
time ¢, the phase of the generator wave is reversed, and Ep = +1. At time
t2 the incident power is turned off. By solving Egq. (3) the load waveforms,
given by E; = Ep + E,, are obtained:

Ef0<t<t))=-ae "+ (a—1)
Ep(ti <t <ty) =5e~(r-m) _ Ear -1) (4)

T—13)

EL(t > 1) = (ye(™2~™) — a)e~

where ¥ = a(2 — e™*/7) and 7 = t/T,. These equations for the field
describe the time plots of Fig. 2, where the lowest part shows the output
waveform.

As our interest is limited to RPC operation, we will not discuss the benefit
of SLED in terms of charged particle acceleration. Therefore we will define

the most important parameters of the RPC systems as follows: energy com-
ity

pression efficiency is nypc = [ Er(t)*dt/t; EZ and power gain is P; = 7,p.Cy,
t

with C, = t3/(t2 —1;) being the ratio of the output to input pulse durations.
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A SLED microwave network, attached to each klystron, has been in use
on the SLAC linac since 1979, boosting the linac energy by about 60%. It
utilizes cylindrical resonant cavities oscillating at 2.856 GHz in the TEos
mode, with a Qo of 10°. Each is coupled to a 3-db hybrid in a rectangular
waveguide through a circular aperture such that 8 = 5. Operating with a
3.5us input pulse for compression ratio C, = 4.27, SLED provides a com-
pression efficiency n a 70%. Implementation of SLED was a major step in
achieving the goal of 50 GeV per beam in the Stanford Linear Collider.

A similar system known as LIPS (LEP Injector Power Saver) serves the
injector linac of the Large Electron-Positron Collider (CERN). LIPS uses
double side-wall irises, rather than a single end-wall iris , to allow greater
peak power. In KEK (Japan) in a similar model with double side-wall irises
a power flow of 380 MW without an RF break-down was achieved®.

During RPC operation it is desirable to provide both efficiency and power
gain as high as possible. Following Eq. (4), the loaded Q- factor, i.e. the
coupling coefficient # must be optimized. In any given case this oeptimization
must be done individually. But for general purposes the following consider-
ation can be used as a good approximation. For a given storage period t; ,
the maximum RF energy will be stored in the cavity with unloaded quality
factor Q) if the coupling coefficient 3 satisfies the condition

1.26Q0
ﬁ'fi]
where ¢ is a compression factor and f is the operating frequency. If we
then define new dimensionless variables as

B = 1 ()

(6)

then the amplitude of the output signal (see Eq. 4) in the time interval
ty <1 < i3 can be rearranged to give

$'é e &1 |
Er(y) = 2(1 — =S )[ge—v 2= _1}+1,5~;:— <y<l (7)

z 1.26¢

By integrating this equation in accordance with the definitions of rpc and
Py, we get families of curves for these parameters (see Fig. 4). For practical
reasons, it is better to use other curves (see Fig. 5), that define x and ¢
parameters for the given values of rpc or Pg.

Figure 5 indicates clear limits for the design parameters of SLED-type
compressors. For example, if we try to obtain a power gain > 3.5 with
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Figure 4: Efficiency (solid line) and power gain (dotted linej v8, compression
ratio ¢ for different values of parameter z.
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Figure 5: Efficiency (solid line) and power gain (dotted line) level lines in
¢ — z coordinates
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efficiency > 0.7, the parameter z should be > 6.7 and the compression ratio
stays within the limits 4.5 < ¢ < 5.5 with the optimum at ¢ =~ 5. Adapting
this example to the design parameters of the accelerator, we can get the
requirements for the storage cavity Q-factor.

As an example, Table 1 presents klystron pulse durations f; and the Q-
factors for the cases of NLC and VLEPP X-band linacs, which we calculated
with the above assumption.

Table 1: Estimated Q-factor of X-band RPC resonant cavity.

F[}(GH.E} {tg = fl) (_ﬂs) tg(ﬂs) Qn
NLC 11.424 250 1250 3-10°
VLEPP 14.000 110 550 | 1.6-10°

In general, the @-factor frequency scaling law for the given oscillation
in the cylindrical cavity can be expressed as Q ~ A!/2R (R=cavity radius).
Thus if in the X- band cylindrical cavity we want to provide a higher Q- fac-
tor than was used in the original S-Band SLED, then we need to use a cavity
whose dimension-to-wavelength ratio is large. For example for the VLEPP
case (Table 1), the excess of this ratio compared to the S-band SLED will be
about 5. As a result, the spectrum of the oscillations in the cavity becomes
rather dense. This means that many parasitic modes that stay around the op-
eration frequency can be excited. This can have the following consequences.
The oscillations in the cavity with a dense spectrum can overlap, and thus
the cavity will lose its resonant properties. On the other hand, the non-ideal
shape of the real cavity and coupling slot itself can cause heavy coupling of
the operation mode with the neighboring parasitic modes that have small ex-
ternal radiation losses. This can significantly reduce the amount of RF power
extracted from the cavity and increase the probability of electrical discharge.
Also, the presence of parasitic frequencies in the output signal can distort the
designed energy distribution along the bunch during acceleration. To over-
come these problems, which are intrinsic to high frequencies, new technical
solutions were developed. The first one (by Shintake, KEK, Japan® ) used
the so-called Choke-Mode cavity, see Fig. 6. |

In this configuration of the cylindrical cavity all the modes that have
longitudinal currents are damped. But the operating mode Hy;,, is trapped
because of the special choke design, which is like a kind of quarter-lambda
radial waveguide mode filter. This renders the spectrum much sparser, but
it avoids dealing with the many Hp.m,, modes that would be predominant
parasitic modes in the axi-symmetric cavity.
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Figure 6: Axi-symmetric choke-mode cavity.

The VLEPP Power Multiplier (VPM), proposed in 1990 by Balakin and
Syrachev (BINP, Russia)’~®, is another attempt to create an effective X-
band SLED-type compressor. In this device the so-called Barrel-shape Open
Cavity (BOC) is used as an RPC rf storage element.

The shape of the BOC wall is chosen in such a way that only oscillations
with a large number of azimuthal variations can be excited. Being repeatedly
reflected from the cavity wall, the electromagnetic fields of the mode with a
large azimuthal index are concentrated close to the concave wall, so that
no end plates are needed to confine it. These modes have an exotic name,
whispering-gallery modes. The others modes, with weak azimuthal depen-
dencies radiate rapidly through the open cavity faces. Therefore despite a
relatively large cavity volume, the BOC spectrum is quite sparse. Figure 7
shows the 11.424 GHz BOC and its experimentally observed spectra for the
open cavity faces and shorted faces.

The theory of this cavity can be found elsewhere®. Here we will give only
the expression for the cavity Q-factor of the TM modes :

o

Qrm =~ (8)

where a is the cavity radius and ¢ is the penetration depth for the cavity
surface. It is easy to see that for the copper cavity the quality factor will
be > 100000, provided the ratio 2a/X is more than 5. A few samples of
the 11.424- and 14-GHz BOC were manufactured. Their parameters are
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Figure 7: General view of the 11.424 GHz Barrel-shape Open Cavity and its
measured spectra for open (upper) and shorted (lower) faces.

presented in Table 2. ;

A large number of azimuthal variations of the whispering- gallery mode
make it possible to use the traveling-wave regime of operation. In this regime,
the electro-magnetie field rotates in the cavity along the cavity surface. This
18 accomplished by feeding the cavity through many coupling slots that are
placed in the common wall of the cavity and waveguide. The feeding waveg-
uide lies around the cavity on its median plane. The VPM assembly is shown
in Fig. 8.

Figure 8: General view of the 11.424-GHz VPM. This is a version of the
» device for the RF high power tests.
Table 2:Parameters for the three types of the Barrel-shape Open Cavity.

Mode Diameter | Frequency | Qo/10° Qo/10°
(cm) (GHz) measured | calculated
TMs; 11 40 14 3.1 3.3
TM3z 1,1 26 14 2.0 2.1
T M 1,1 26 11.424 1.8 1.9
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The proper choice of waveguide width provides equal phase velocities in
the cavity and the waveguide. This, together with a slot-to-slot distance in
the waveguide equal to 1/4 wavelength at the operating frequency, provides
the best coupling and matching of the cavity and the waveguide.

The travelling-wave regime of the VPM operation has advantages over
the original SLED scheme. Because only one storage cavity is used, no 3-db
hybrids are necessary. Also, having a large number of coupling slots (more
than 100) solves the problem of the single-slot electrical strength at high
level RF power operation. The 11.424-GHz version of the VPM (Fig. 8) was
manufactured at BINP (Russia), and tested at KEK (Japan) at a high RF
power'®. The peak output power of 150 MW with the 110-ns compressed
pulse was successfully reached. The experiments showed good agreement
with the theoretical prediction.

The travelling-wave regime was also used in the S-band SLED-type com-
pressor designed at KEK(Japan) for the KEK B- factory project!!. In this
project the two-hole coupler and the TEgs9 mode with a coaxial cylinder as
a cavity were used.

2.3 RF Pulse Compressors with Delay Lines

A next-generation linear collider will require long trains of bunches per RF
fill to achieve sufficient luminosity while keeping space-charge effects down.
This, along with the very tight energy stability requirements of the final focus
system, makes a standard SLED scheme unusable. A flat RF pulse is needed.

SLED II is the first approach of this type we will discuss. Originally
conceived by Fiebig and Schieblich!? in 1988 and independently developed
by Farkas, Wilson and Ruth!® at SLAC, SLED 11 is an extension of the SLED
pulse compression technique. :

In SLED II, the resonant cavities are replaced by long resonant delay
lines. These can be lengths of low-loss waveguide, shorted at one end and
iris-coupled to adjacent ports of a 3-db coupler at the other. The SLED II
high- power system is shown in Fig. 9.

The length of the delay lines is determined by the desired width of the
compressed pulse and must be an integer number of the guide half-wavelengths.
As the wave emitted from the lines changes at discrete time intervals, given
by the round-trip travel time, a flat output pulse can be produced. This
makes SLED II useful for accelerating long trains of bunches. It also in-
creases the intrinsic efficiency and reduces the peak-to-average field ratio in
the compressed pulse.
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Figure 9: Schematic layout of high-power SLED II system.

Next, SLED II theory is briefly given. Let s be the reflection coefficient of
the coupling network when the line is terminated in a matched load, and let
r be its attenuation in nepers. After turning on an incident field of amplitude
E; , the emitted field after n round-trip passes in units of lines is given by!3

Ee(0), Ee(n) = Ei(1—8%)e™ x [14 86~ 4 s2%~47 4.4 s(n=1)g=(n=1)2r)

(9)
n=123,..
Since se~" < 1, these equations can be combined as
g ead)e at¢
E(n) = E; T ol e L6 La=1,12.5. (10)

Define an integer compression ratio Cr as the ratio of the input pulse
length to the delay time t; = 2L/vg , where L is the line length and vg is

the group velocity in the line. Superposition of the emitted field with the iris
reflection yields the output

Eout = Ee(n) — sE;,n=0,1,....C, — 2. (11)

At timet = (C, —1)t4, the phase of the input pulse is shifted by , so that

the waves add together, and we get a compressed output pulse of duration
t4 with amplitude
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Eout = E.n 4 sk (12)

For a given C, and 7, we can choose s to maximize the output amplitude,
which in an ideal case (7 = 0} has a theoretical limit of 3, as C;, —oc and s —
1. As with SLED, the inherent compression efficiency is also limited because
of power emerging before and after the compressed pulse. The attenuation
in the delay line and other component losses (3- db coupler, mode converter,
etc.) decrease additionally the overall efficiency of pulse compression. In
Table 3 are listed the optimized iris reflection coefficient for a lossless system,
power gain and compression efficiency for different delay line attenuations,

and several compression ratios.

Table 3: SLED Il power gain and efficiency as a function of compression factors
and delay line attenuation.

Cy 8 7=00 7=0.015]| =005 _
Py n(%) Pp n%)| Pg (%)
3 0.549 2.66 89 2.52 84 7 283< .74
4 0.610 | 3.44 86 3.21 80 | 2.77 69
5 0.651 4.02 80 3.72 74 3.12 62
6 0.685 | 4.49 75 4.08 68 | 3.36 56
8 0.733 5.14 64 4.60 58 | 3.64 46
10 0.767 5.62 56 4.90 49 | 3.78 38
{ 12 0.790 | 6.00 50 5.1 43 I 1325

To obtain the required attenuation in the delay line (say 7 < 0.015), a
circular waveguide with Hp; mode is used as a delay line of the X-band
SLED II. For the guided-wave transmission lines with normal conductivity,
this mode has the lowest ohmic losses. For the given delay time Ty = £4/2,
the Hol attenuation and the length of the copper circular waveguide with

diameter D are

3/2 :
re X, LeuTu=vi-(oDRTs (19

¥

Adjusting the desired attenuation of the delay line for the 11.424-GHz
NLCTA parameters (Ty = 125 ns) we get that the guide diameter must be
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> Tem. Thus the waveguide becomes overmoded, and special care must
be taken to prevent transformation of the operating mode into neighboring
waveguide parasitic modes. This is quite a severe problem as parasitic modes
become resonant because of their reflection from the input mode transducer.

The high power SLED II prototype was tested at SLAC!4. In Fig. 10 are
shown experimentally observed envelopes of input and output pulses. The
obtained parameters are as follows:

klystron pulse width 1.05 us

compressed pulse width  0.15 us (compression ratio C,=7)
klystron peak power 55 MW

compressed power 205 MW

SLED II power gain 3.73 (max. possible 4.84).

The difference between achieved power compression and the maximal pos-
sible is explained by the poor transmission efficiency of the mode transducer,
which )decreased the component efficiency from 0.9 (estimated) to 0.77 (ob-
tained).
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Figure 10: High power klystron and SLED II outputs.
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The flat output pulse of the SLED II makes it possible to upgrade the
system in order to increase inherent efficiency or to provide higher power
gain.

One way is to organize the cascading of the individual SLED II stages,
which gives a peak power gain > 10 with a reasonable compression efficiency.
A cascaded system requires special phase modulation of the input signalll.
The compression factor in this case is the product of ratios at each stage
(n1no), and does not depend on the relative values of n; and ng . The
power gain and compression efficiency also depend only on the product n;ng.
Therefore if ny # ng , then we should choose n; > ng if we wish to minimize
line length, and n; < n; if we wish to minimize switching transition.

As an example, let us examine a two-stage system using the data from Ta-
ble 3. Let the first stage have n;=4 and attenuation ,=0.05, and the second
np = 3,70 = 0.015. Then the power gain will be Py=T and the compression
efficiency =0.59, whereas in the single-stage SLED II, for compression factor
Cr = ninp = 12 and = 0.05, we have Py=3.9 and n = 0.32. However, the
large overall compression factor and the relatively low efficiency make this
method not suitable for close application in the linear collider RF system in
the near future.

Another idea for SLED II efficiency improvement is under development at
SLAC. The idea is based on the discrete changing of the reflection coefficient
at time intervals equal to the single delay time!S. If this changing can be
done on a time scale short compared to the delay time, higher gains become
achievable. For C, = 10, for example changing s once, before the last bin,
can raise the ideal gain from 5.6 to 8.3. If s is also changed after the first bin,
during which it should ideally be zero, this is further raised to 9.4. The main
problem in this method is the need for a fast and reliable high power RF
switch. The multi-megawatt X-band solid state microwave switch is under
R&D at SLAC'®. The switch is based on the excitation of a plasma layer
within a silicon wafer by either a laser or an electron beam.

Binary Pulse Compression (BPC) is another scheme that utilizes the
flat output pulse. This method was proposed at SLAC by Farkas in 1984.
The principle of BPC operation differs from SLED or SLED 11 operation and
is described in detail elsewhere!”. Conceptually, time-intervals of a klystron
pulse are separately delayed by different amounts, and then recombined into
a shorter pulse of greater amplitude, as shown in Fig. 11. A schematic of
a two-stage BPC is shown in Fig. 12. It works as follows: Two RF inputs
are phase-coded into four time-bins with phases 0 or m, denoted by “+” or
“”, respectively. A 3-dB coupler or “hybrid”, labeled H1 in Fig. 12, acts as
the “switch” in Fig. 11. The hybrid combines the two inputs and directs the
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combined power to either output port, depending on the relative phase of
the two inputs. In this way, the hybrid can produce output pulses with half
the pulse-length and twice the peak power of the input pulses (in the “ideal”
lossless case), properly phase-coded for the next stage. :

The compressed pulses are sequential, not coincident. They are made
coincident at hybrid H2 by delay D1. In the second stage, H2 again doubles
the peak power and halves the pulse length.

Figure 11: The concept of a BPC

__ TEw m -FFLDuIaq-‘f- 3 dB -ﬂ—mlaﬂi_
80* Ll I e ﬂ- P2 | i Power

nput _porvory fHybrid) 7] ] |Hybria Output
S o | H2 -

R vl

- o

Figure 12: Electrical schematic of a two-stage BPC.

The two compressed pulses again are made coincident by delay D2 (half
as long as D1). A “more”-stage requires more hybrids and delay lines, and
more complicated phase-coding. Thus, for the ideal case the power gain of an
N-stage BPC will be equal to 2¥. The two output pulses from any number
of stages may be used separately to energize a linac, or may be combined (by
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an additional hybrid) into a single high-power pulse.

In the real system, the same as for SLED II, the chief causes of inefficiency
are ohmic losses in individual components, reflections, and mode conversion,
where possible. Denote the average power-combining efficiency of a coupler,
or hybrid, and short connecting line as 5. Let one minus the additional loss
to a pulse traveling through delay line m be called n4,, . We then write the
following expression for the expected power gain of an N-stage BPC:

M
Po=ny T 1+ nm) ' (14)

m=1

and 74, can be approximate by
N-m
a2 (= o7 ) (15)

where a and v, are respectively the attenuation constant and group ve-
locity in the delay line, and T is the time bin duration. This reflects the fact
that the delay of the m-th line is 2Y~™T. Then the compression efficiency
is defined as . = P,/2".

In 1990, a three-stage, high-power binary pulse compressor'® was con-
structed and commissioned at SLAC. A circular waveguide of inner diameter
7.1 cm was chosen for the delay line. With Hy; mode this has a theoretical
loss of 1.08dD/us (or 4.x 1073 dD/m). In this configuration, the BPC was
operated with an input pulse of 500-ns duration and with a maximum in-
put power of 25 MW. A maximum output power of 120 MW was achieved
within 60 ns, rather than the ideal 70 ns. This shortening is mostly a result
of phase- switching rise-time finiteness. Thus, the achieved power gain and
efficiency were 4.8 and 60 respectively.

An ideal BPC scheme has a higher intrinsic efficiency than SLED II, as
no reflections take place while the compressed pulse builds up. But for the
same compression ratio 2V, the length of the delay lines for the N-stage BPC
is 2V¥-! times longer than for SLED II. This makes the BPC rather bulky
compared to SLED II. That is why BPC is best suited to high frequencies,
where accelerator section fill times are short. The physical length and losses
of delay lines become reasonable in such cases. BPC might not be appropriate
at X-band, but merits consideration at the higher frequencies of some Future
Linear Collider. '

Delay Line Distribution System (DLDS) is the last scheme from the
series of original methods to be introduced in this chapter. This method was
proposed by Mizuno (KEK, Japan) in 1994'°. Formally DLDS is a part of a

8
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single-stage BPC. The idea is to combine RF power from two klystrons with
a 3-dB coupler and use phase reversal in one klystron to direct the leading
half of the combined pulse into the Hy; mode delay line and the trailing half
straight to the accelerator. The novelty here is that rather than folding the
delay line back on itself, it is used to power a distant upstream section of the
linac. The delay time required is equal to half the sum of the section filling
time and the bunch train length. In Figure 13 the layout of the method is
shown. '

An equivalent system with a compression factor 2" can be constructed
using 2" independently phased klystrons. But for practical purposes (rea-
sonable length of the longest delay line) an equivalent scheme with a factor
less than 4 is preferable.

The DLDS scheme is the most effective compressor among all the pulse
compression schemes introduced above. Since it has an intrinsic efficiency of
100%, a realistic efficiency of about 98% can be achieved in an X-band DLDS
system. But for its operation, doubling or even twice doubling the total
number of klystrons compared to SLED II or BPC operation, is certainly

needed.
s
RF Reference Line
Phase switch 0-n
Klystrons \ /
< ~30m (100 ns) <& | 3dB Hybrid
Coupler
TEOI Waveguige
(A) (B) '
Beam |
—— | g .

Acc. Guide 200 ns(Tfill+Bunch Train)

Figure 13: A schematic diagram of the delay line distribution system.
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3 Other Approaches

The desire to operate with compact and effective pulse compressors (rather
than with delay-line compressors), capable of producing an output pulse suit-
able for the future collider, is reflected in much of the R&D on some new
approaches that use a SLED-type compressor as a base element. Wlth this
approach, RF pulse compressmn can be pursued in two ways:
“Passive”, supposing improvement of the SLED storage element. }
“Active”, externally modulating the klystron drive signal in some way, to .
compensate for the exponential decay of the standard SLED output pulse.
The=e two ways also can be combined. |
In this chapter, the most advanced methods for SLED improvement will
be briefly introducted. The main goal of these methods is to correct the
shape of the SLED output pulse; they are called Pulse Shape Correction
(PSC) techniques.

3.1 Passive PSC Methods

A chain of coupled cavities is well known in radio- engineering as an
analogue of the delay line. Thus it can be used in RF pulse compression to
provide a flat output. A coupled-cavities X-band pulse compressor, which
utilizes two “open” cavities operated in the traveling-wave regime, was pro-
posed and developed at BINP (Russia)?® in 1990. The S-band version of

the same device with cylindrical Hy,, cavities was independently developed Bl Ly ———————————
at CERN?!. The C-band version with 3 Ho;, cavities with “x/2” operating [ ]
mode for the C-band linear collider in KEK is under development??. & : m :
The transient processes in the coupled-cavity system can be studied in a4t VPM 2 output
terms of an equivalent circuit, where the cavities are presented with their g \
lumped R-L-C parameters. This approach is convenient, and is described in o3 [
detail elsewhere®'. Here we will only illustrate the properties of the multi- I:L.E .
cavity compressor using a two-cavity X-band VPM, see Fig.14. i Input
The coupling between the cavities in a two-cavity VPM (VPM-2) is orga- ' £ s Y ]
nized through their common open faces. The required coupling coefficient is g M areearnere! ‘L Tl
realized by proper choice of the cavities’half-height in a coupling area. The 0 100 ’Iginr?le ?ns 400 500

specific feature employed in the VPM-2 is that the cavities’natural frequen-
cies are slightly different. This makes possible the individual tuning of the
coupled- oscillation loaded Q-factors of the system, and thus provides an Figure 15: Low power VPM-2 14-GHz VPM. waveforms.
additional opportunity for the fine correction of a compressed output pulse
shape. In Fig. 15 the input and output pulses of the 14-GHz VPM-2 are
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shown. For the same parameters of a storage cavity the compression effi-
ciency of the VPM-2 is the same as for a single-cavity VPM.

Obviously, for further improvement of the pulse shape, more cavities in
the chain are needed. Then a rather flat pulse can be realized as the ripples
period and amplitude on the pulse top can be significantly reduced. But the
large number of high-Q coupled cavities requires very special tuning of each
cavity in the chain during operation.

Another means of achieving a flat compressed pulse has been proposed
at BINP (Russia) by Kazakov??. His idea is to use one main storage cavity
and several separate Correction Cavities (CC) coupled sequentially by
a wnveguide. The correction cavities are tuned independently at different
frequencies around the operating frequency so that, taken together, they

simulate a portion of the spectrum of a long delay line. Figure 16 shows the
compressor with correction cavities.

Storage
cavity

Correction
cavities
Input Q O - Qutput
pu 4 - Mo :_,J" M i - .~ o

Figure 16: The schematic lay-out of an RF pulse compressor with correction
cavities.

As an illustration, Fig. 17 shows the simulated compressed pulse of a
VPM with 16 correction cavities. The simulations were done for the VLEPP
RF pulse parameter.

The significance of this scheme is that each cavity can be tuned in fre-
quency and loaded @Q-factor independently from the others. This means that
not only a flat pulse can be constructed, but also a pulse of a given shape,
so that the necessary spectrum can be formed. The other important feature
of the scheme is that the'correction cavities contribution is needed only dur-
ing the compressed pulse. Thus, compared to the storage cavity Q-factor,
the unloaded Q-factor of such cavities can be reduced by a factor equal to
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the compression ratio. For example, the following parameters were used
for the simulation in Fig.17: for the storage cavity the unloaded Q-factor
@se = 2 x 10°, and for the correction cavities Q.. = 2.5 x 104, which is
smaller by a factor of 8. To avoid parasitic phase deviations of the output
pulse, the spectrum of the system was formed in the following way:

= Foki % Tos;$=1,2,..,Nec/2 (16)
5 i ¥ rTrT T ¥ ¥ I |
4 E Ncczlﬁ -
3 [ N
! !
2 1
= 2t i ;
c ~
TR TR gy
1 R e S T T — e . -

DD 100 200 300 400 500 600 700 800
Time (ns)

Figure 17: The simulated compressed pulse of a compressor with 16 correction
cavities. Dotted line - a signal after the last correction cavity. Solid line - an
output signal of the system.

The cavities frequencies were placed symmetrically around the operating
frequency. Tou¢ here is an output pulse width. The compression efficiency,
caiculated for the given parameters, was 0.99 the value for a single-cavity
VPM. As for SLED II, the flat output of the VPM plus CC makes it possible
to cascade the system in stages.

3.2 Active PSC Methods

Amplitude-modulated SLED, theoretically, is the simplest method for
achieving a constant amplitude output pulse from an ordinary SLED cavity?4.
The shape of the input pulse may be tailored so that the exponential dive of
the emitted field is canceled by a rise in the direct, or reflected wave. If we
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need a flat output pulse, the required input modulation is as shown in Fig.
18, where a negative field indicates a 7 phase shift with respect fo the initial
input. The standard SLED waveforms are also shown for comparison. The
calculations were done for VLEPP pulse parameters. :
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e
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|
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|
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e

0 100 200 300 400 500 600 700
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Figure 18: Input and output waveforms for amplitude- modulated SLED-
type compressor (solid). The dashed curves indicate the waveforms in normal
SLED operation.

The maximal normalized amplitude of the modulated input pulse in Fig.
18 does not exceed 1. This has a practical consideration as usually an RF
power source operates below its saturation, or maximum output, level. This
limiting condition for the VPM (VLEPP) case brings the efficiency down to
0.6 from 0.72 of standard SLED operation. Thus we see that a heavy price
1s paid for a flat output pulse. While perhaps of some theoretical interest,
amplitude- modulated SLED operation is probably impractical with current
microwave source technology.

Phase-modulated SLED is another approach to flattening the output
pulse of a SLED-type compressor?*~2%, If we replace the phase switch by a
continuous phase modulator, we can try to control the phase of the klystron
voltage such that the magnitude of the reflected wave remains constant. In
fact, this can be done by starting with a phase step smaller than 180°, which
yields a smaller reflected voltage, and then raising the phase continuously
until 180° is reached (Fig. 19). After this, of course, the voltage will decay
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as in the former case. The length of this flat top depends on its amplitude
and on the coupling and Q-factor of the storage cavities. If it is made as long
as the compressed pulse, a fully usable rectangular shape is achieved.

The simulation was done for the VPM (VLEPP) parameters. The com-
pression efficiency, for the case of an initial step equal to 90°, was 0.64 (with-
out modulation, 0.72), with 80% fully flat pulse top.

? 200
] 3 3
201 1 160

Rst [

Ciagl

Bl 1 glm
Ea: FES

- 1 EDL
Ee |
o I 40}
z1 hat

% 1mmm 600 700 BOO 90 "100 200 300 400 500, 60D 700 800

Time (ns Time (ns

Figure 19: The input and output waveforms of a phase-modulated 14-GHz
VPM calculated for various initial steps 0. On the left are envelopes of RF
output power. On the right are envelopes of input and output phases. Input
phase behavior in is optimized to produce the flat top of a compressed pulse.

Another problem with this approach is that the phase of the output pulse
also varies, whereas accelerator applications generally call for a constant
phase. Since a constant rate of phase slippage is equivalent to a lowered
frequency, the linear part of this variation may be compensated by using a
SLED-type system of slightly higher frequency?®. This frequency shift for
the phase slippage amplitude of the compressed pulse A,___ is expressed as

_ o
&f:ﬁFsinﬂusinE%, (17)

where AF is a passband of the acceleration structure, #y is phase advance
per cell, D and L are structure period and structure length. For the 14-GHz
VLEPP structure for the case of a phase-modulated VPM with initial phase
step 90°, the desired frequency shift is Af = 1.45 MHz. This reduces the
total phase variation from 45° to less than 8°.
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Further optimization might improve the situation slightly, but it is clear
that the efficiency and feasibility of this method depend strongly on how much
amplitude droop and phase variation can be tolerated for a given application.

Finally we will introduce the Hybrid method, which combines the fea-
tures of passive and active PSC approaches. As an example we present a
phase-modulated two-cavity VPM??. In this case the phase modulation is
applied to linearize not a sharp exponential dive of the compressed pulse,
but a spike followed by a hump. in Fig. 20 the output pulses for this ap-
proach are presented.
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Figure 20: The amplitude and phase waveforms of the two-cavity phase-
modulated VPM.

The compression efficiency of this method is 0.69, 3% less than for a
single-cavity VPM without modulation. Using frequency-shifting as in the
previous method, the phase variation of the output was suppressed to less
than 5°.

A hybrid method with an amplitude-modulated three-cavity SLED-type
compressor is intended to be used in C-band JLC (KEK, Japan) in order to
tune the shape of the compressed pulse in a special way?22
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