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THEORY OF THE rf MANIFOLD AND MEASUREMENTS
ON A MODEL MANIFOLD SYSTEM

Ferdinand Voelker

Lawrence Radiation Laboratofy
University of California
@ Berkeley, California

April 1967
ABSTRACT

We are proposing a system to distribute rf energy tc a linear accel-
erator from an adjacent manifold. This system 1s described and a simple
theory is developed to show that the voltage will be '"locked'" in the various
load cavities. A method is developed to predict the frequency of adjacent
modes, Various predicted values are compared with experimental results

from a model rf manifold.
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I. -INTRODUCTION

‘The source of radio-frequency power is one of the major parts of a
linear accelerator, and it is desirable to have an rf system that is reliable
and flexible without being unduly expensive. A 200 MeV proton linac, under
considerétion as part of the injeétion system for a 200.GeV 's;rnchr'otron, will
consist of a number of rf cavities. 'We have devised a system, an rf mani-
fold, that pools all the rf amplifiers to supply all the cavities as a common
load. The system uses a particular distribution network that holds the fiélds
in the rf cavities to close tolerances while the beam-loading changes. It
makes rf energy available along the linac, much as a water or vacuum
manifold provides water or vacuum along its length. This is in contrast-to
a system in which each linac cavity is powered from a separate amplifier,
each of which must have a separate fast voltage regulator and phase servo
to synchronize the amplitudes and phases of the cavity fields.

A significant advantage of a manifold is the increase in reliability
that it makes possible. For a 200 MHz linac, the unit of rf power will be
a 5- MW amplifier. Four to eight amplifiers will be needed, depending on
the beam loading. It is relatively inexpensive to include one or two more
amplifiers at the”matnifold as on-line spares. Then it would require only
a suitable disconnect switch in the coupling line to remove a faulty tube.

This could be done very rapidly with almost negligible down time, and without
affecting the rest of the system. If the on-line spares are deli&ering their
share of power, all the amplifiers normally operate at 75% of rated power,
and this also substantially increases reliability. There is additional inherent
reliability because the locking of amplifude and phase throughout the system
is achieved by a passive network that is as stable as the mechanical dimen-
sions, thus eliminating the complexity of a fast voltage regulator and phase
servo for each cavity, '

There is also much inherent flexibility in a manifold system. Power
can be removed or added along the length without affecting the operation,
There is a definite advantage in making the cavities short, because then
the nearest modes in the cavities are separated farther in frequency, which
relieves the mechanical tolerances in the cavities. Since the cavities do not
have to be tailored to the amplifier tube size, one amplifier can power sever-
al rf cavities. We are planning cavities approximately 7.5 m long. Without

beam, the power dissipated in the cavities varies from 0.4 MW at the input
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end to.1.4 MW at the output end. Conventional Alvarez linac cavities operate
at the cutoff frequency. On this cutoff mode, the amplitude and phase of the
rf fields vary with the distance from the rf feed point, and the amount of
variation depends on the beam current. 1.2 The 7.5-meter cavities proposed
are short enough that, with a single feed point in the center, the fields will
stay within tolerance over the length of the cavities for beam currents of the
order of 100 mA. 1If it is desired to use longer cavities, the field variation
along the length of the cavities can be held within acceptable limits either by
‘using several feed points connected to different points in the manifold or by
‘using one of the recently developed cavity structures that effectively operates
in the center of a passband, =

During the initial operation of a linég cavity it is desirable to have a
large amount of excess rf power available to break through multipactoring.
A manifold system allows several amplifiers to be connected to a single
‘cavity to provide as much excess power as necessary. In our linac we are
planning to use 5 MW amplifiers and 1 MW cavity loads; thus only one ampli-
fier is needed when the system is first being debugged. One cavity at a time
-can be coupled to the manifold and proceésed until it holds voltage. As more
rf power becomes necess.ary> to operate the first few sections of linac, more
amplifiers can be added, until eventually the whole 1inac"ibs in service. Then
as beam loading is increased, additional amplifiers can be connected to the
‘manifold.

There is a potential disadvantage to a manifold system for some
applications. Since all load points are electrically locked in amplitude, any
change ‘in .individual cavity voltage with respect to the system has to be ‘made
- mechanically by rotating a loop in the cavity. Similarly, since cavity fields
are locked with respect to phase, coarse changes in phase between individu-
al cavities and the beam must be made mechanically by moving the cavity
along its length, so that the beam enters the tank at a different electrical
phase. Fine phase adjustments can be made by changing the voltage level
in the -cavity. This precludes fast changes in one part of the system with
respect to the rest of the system. It does not present any difficulty, however,
in the linac we are planning. ' |

Obviously some kind of transmission line (or waveguide) is necessary
‘to carry rf power, and we next describe the constraints that make it behave

like a manifold. The length of the manifold must be an integral number of

o
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half wavelengths at the operating frequency. The manifold can be either

linear or inthe form of a ring, as is used on the DESY sy-nchrotr’on,,_6 Con-

‘nection to the 'manifold must be made only at certain points that we call mesh

points. ~Mesh points are defined as the positions along the manifold where

the voltage maxima would occur if the unloaded manifold were excited at the

operating frequency. At 200 -MHz these occur every half-wave length or

every 75 cm along-a coaxial line; loads and amplifiers are connected to the

‘neareéest convenient mesh point. We show in . Section II that if the loads are at

‘the mesh points, the voltages are locked in phase and in amplitude at the

operating frequency.

There are some other constraints on connection of loads and ampli-
fiers to the system. Both cavity loads and amplifiers are resonant circuits
which of necessity are somewhat distant from the manifold. The loads and
amplifiers must be connected to the manifold through coupling transmission
lines which are electrically multiples of A/2 in length. This means that the
detuned-short position of each coupling line must lie at the junction of the
coupling line and the manifold. The detuned-short position is the point on
the coupling line where one gets the tightest coupling to the cavity, and is
discussed in more detail in Section 1II. We shall also show in Section III |
that there is voltage lock between the manifold and the cavity fields.

The manifold system works only at the one frequency for which it is
designed, and must be driven from a crystal-controlled oscillator. Suitable

mechanical tuners are used to servc the individual cavity resonances to this

frequency. Since the beam is not in phase with th_e fields in the cavities,

appreciable reactive energy must be supplied by the manifold and ultimately

by the amplifiers., If-two cavities-are detuned.in opposite directions ..... " . .

from each other, each will supply reactive energy to the other through the

manifold, and only the difference has to be supplied by the amplifier. If the
prebuncher also is fed from the manifold, then the phase of the fundamental
component of beam will be locked with respect to the phase of the cavity fields,
and it does not matter that the phase of the system changes with respect to

the amplifier drive. The change of the system phase with respect to the
amplifier drive voltage causes the amplifiers to supply automatically whatever
reactive energy is necessary to keep the system in resonance at the cost of
additional anode dissipation in the -amplifier tubes. There are two alternatives

to designing additional peak anode dissipation into the system. One is to tune
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the system so that the amplifiers supply minimum reactive energy and maxi-
“‘mum resistive energy during the time that the beam is on, and to let the
system be detuned when the beam is off and the demand for resistive energy
is reduced. Another alternative is to servo the reference phase during the
pulse, which would require one fast-phase servo. These are alternatives of
efficiency versus complexity, and the choice may be determined by the amount
of beam loading.
The beam will extract stored energy from the cavity, which will-act’
"as a filter to smooth out the demand for new energy from the manifold. The
‘rate at which energy is needed at the cavities is small compared with the
-rate at which it can be propagated from the nearest amplifier, but there will
be transient voltages caused by shock excitation of the adjacent modes of the
system; this subject is dealt with in Section V. Since the extra energy being
extracted by the beam causes the system voltage to decrease, it must be
compensated for by a voltage regulator that controls the power output of the
amplifiers. A particular mesh point can be chosen as a reference, and the -
system can be regulated by controlling the voltage at this mesh point.
The basic theory of the rf manifold is explained in the first four

‘parts of this paper. Sections II and III deal with amplitude and phase lock
along the manifold, and between the manifold and the cavity fields, respectively.
Section IV deals with adjacent modes in the operating passband, and Section V
describes briefly the relationship between these modes and some of the trans-
ient phenomena. At Lawrence Radiation Laboratory we have set up a one-
tenth length rf manifold system feeding six cavity loads to check our theory
on a:working model. Section VIis a 'd.escription of the model manifold and
‘the operating procedure. Section VII deals with a comparison between the

theory and measurements that have been made on the model manifold,



-5- UCRL-17508

II. AMPLITUDE AND PHASE LOCK ON ‘THE MANIFOLD
Let us treat the manifold as a series of transmission-line sections

loaded at ‘each end. We shall consider the properties of one section; we can

then analyze the manifold section by section. First we find equatiéns in terms
¥ of an arbitrary load admittance, and then substitute an expression tc repre-
sent the cavity load. To simplify the algebra, the load is divided with the -
= same loading on both sides of the section, as shown in Fig. 1. The two ad-

jacent load points are m + 1 and m Writing a transmission matrix7 for

each element in the section and multiplying these together gives a product

matrix, which relates voltage and current at each load point:

: 4 . ]

Vm+1 ! 0 _COShYﬁ Y, sinhyf .] 1 0 | r v
Y : - Y o |
I L 1 Y, sinhy{ coshy/ L S R S
m+1 5 0 . 5 _J, Lom |

or :
I'Vm+1 coshyl + 2%, sinhyf Y, sinhy/ : {Vm“
= YLZ . YL g v ie
{ —_ 1 o ‘

VA_I‘m+1 | |_YLCOShY + YO+ 4Y0 sinhyf cosyJZI+ ZYO blnhyf ! ImJ

The line parameters are Y0 and y = atjf. The length o\f line between load
points is £ and the load admittance is YLu These do not have to be the

same for each section, but we will leave off identifying subscripts to simplify
the notation. ' Let us assume the losses are low, so that of < <1. The matrix

equation can be rewritten to give

Y
- ' L . 1 .
i Vo4t = <coshy£ + -2—?6 smhy1> Vm + (—Y—o Slnhyl) [rn’ (2)
W YLZ YL
I 17 YLcoshyﬂ T \Yy * ZTY_; sinhy{ Vm + {coshvyd +2YOS.th£ Irrl
(3)

Since the nominal distance between load points is nM\/2, the electrical length
is BL = nm+ 60nTT, where 60 is a small quantity representing errors in

length for a given section, and may be different for each section. Then to



UCRL-17508

=

Transmission line

yE(I+jBQ,,Yo

Fig. 1.

One section of manifold system.
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first order in 60,

coshyf ={1 +j of 60n1T) cos nm ,

sinhy{ = (od +j 60nTr) cos nT,

- - The factor cos nT is either +1 or -1 depending on whether the section is an
even or odd number of A/2 in length. We shall show in Section III that the

cavity load can be represented by the functional form

Y, =G(l+j28.Q),

where G is the real part of the shunt admittance, W, is the resonant frequency
of the load, and 26L =1 - wé/wz . Substituting YL and the above approxima-
‘tion into Egs. (2) and (3), we find

l Go6.Q G6.Q '
G L . L G
~ -nT = - ™ N T =
V 4= cosn {1+oz 60n 7 +J<a£ v +6O.n, ZY)}V

0 0

I .
+ {a/ﬁ +j 60.n1r}—?r§—i] , : (4)
0

GZ 5 2\ Go6_Q
G

G6&6.Q _ 6. Q
G_ L . L G

[y

0 0 0
(5)
Let us rearrange Eq. (4):
v . I ..

m+l ol .G m G Y

v m 0 m 0 0
+ 6 nmw C_:r + Im A (6
0 Y 2 \' : )

0 m

Both o and 60 are small near the operating frequency, .and terms that are
the product of these factors have been neglected. The cos nm factor can be

cancelled by the orientation of the coupling loop in the cavity. Equation (6)

A\
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is of particular interest because it shows the variation in voltage from one
‘load point to the next. Since the perturbing terms are quite small, t};e real
terms are the deviation in amplitude and the imaginary terms are the deviation
in phase.

The af or loss terms cause deviation in both amplitude and phase.
In general, o can be made smaller by increasing the cross section of the
manifold, but in a.200 MHZ coaxial line, we must restrict the diameter to
22 in. to prevent propagation of the next higher transmission-line mode.
Since the cavities are abbut 7.5 meters long, of = 10 -4 per section.

Similarly the 60 terms cause deviation in both phase and amplitude.
The quantity -60 is a measure of the error in electrical length in the mani-

fold, which is due to an error either in frequency or in dimensions. Normally

‘the operating frequency will be adjusted to make the average 60 equal to zero.

. Then any nonzero 6, terms are due to manufacturing or to temperature dif-

ferences along the r(l)‘xanifold. The manifold will be made of accurately ma-
chined sections, and if the manufacturing toclerances on the lengths can be
held to less than 0.006 in. then 60 < 10_4, The manifold must have its tem-
perature controlled to within several degrees C to keep 60 within tolerance.
. Let us consider the other parameters in-Eq. (6). We are planning a
mesh-point voltage of 30 kV on a 30-ohm coaxial line. With a 1-MW load,
G = ZP/V2 = 1/450 mho. The current flowing at a mesh point is proportional
to power flow. It is not neces sarily in phase with the voltage at the mesh
point, and will depend on the distribution of amplifiers and loads. However,
the power in the manifold should not exceed 15 MW in our linac, so lIn I
will be less than 500 A. The system will have a slow mechanical servo at
each cavity to keep 6. near zero when the beam is on. When the beam is

L
off, & Q will not exceed 3. With £ ® 7.5 m, n = 10, and Eq. (6) becomes

VY
m+i -4 1 1 -4 ) -4 '1
1i 1
+ 10 <4—-—(—) —6—>

= 1+ 1.62x 10 %4 j0.6x107% .

This corresponds to a.change in amplitude of about 1 part in 6 000 and a

change in phase per section of 0.0035 deg.

€)
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Voltage and current can be evaluated oh a complete manifold system -
by starting at one end and calculating section by section. It is not nécessary
to carry along fhe perturbations in current for this calculation, since there
is nothing analogous to voltage lock in the current equations, and Eq. (5)
reduces to . | |
.Im+1_z cos n‘m[G_(i +j ZSLQ) Vm +,Imj] . . (7)
Each section that is evaluated can have a different 1erigth or load admittance,

and in fact, some sections will have amplifiers instead of loads. Amplifiers

“are handled as loads with a negative value of G and a low value of Q cor-

responding to the amplifiér resonator. The calculation becomes rather
ted1ous if there are any detuned elements in the system, because at an arbi-
trary frequency, the boundary conditions are not necessarxly satisfied at the

end of the last section. One must keep repeating the calculation until a fre-

_quehCy is found that satisfies the boundary conditions. The only practical

way to carry out a complete calculation of a compligcated system is with a
c'omputér, and we have developed a program that enables us to calculate first
the frequency that makes a given system resonant. and then to calculate volt-
age, power, standing-wave ratio, etc. at this frequency. With. the computer
we can use the trigonqmetric and hypei‘bolic functions instead of the first

terms in the power-series expansion used to get the above equations, and

‘some of the restrictions (such as 60 < < 1) do not apply to the computer

solutions. This freedom makes the computer useful to search for other

resonances in the operating passband. The computer program allows a dif-

ferent resonant-frequency, power loss, and Q for each load, and it also

-allows different values of beam loading, and an arbitrary distribution of

power from the amplifiers.
III. THE CAVITY. LOAD AND COUPLING LINE
Next we want to show that there can be voltage lock between the mani-

fold and the cavity if the proper constraints are made. If the linac sections

~are long Alvarez cav1t1es w1th many resonarnces, the separation between

resonances near the operatxng frequency is inversely proportional to the
square of the length of the cavities. ‘In _Se‘c;,tmn IV we show that the operating
mode in a manifold system.is in the center of a narrow passband, It is

desirable to make the cavities short enough so that the next cavity mode is
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outside the operating passband. This requirement is e‘a"sy to satisfy because
rf power can be delivered in varying amounts along the manifold without
affecting the operation; thus there is considerable flexibility in choosing the
length of any linac cavity. We assume that the cavity acts like a single res-
onant circuit in the operating passband of the manifold. An equivalent 'c'ircuvit8
of the manifold is shown in Fig. 2, where R, L, and C are parameters de- .
fining the linac cavity, and L1 and M are parameters defining the loop.
The cavity is connected to the manifold through a length £ 1 of coupling line
with parameters Z'Oi and Yy =y + jﬁi . In this equivalent circuit VC is
the analog of the end-to-end voltage in the cavity. The beam is a repetitive .
current pulse that is shorter than one cycle of the rf drive frequency. Its
Fourier component at t.he drive frequency is called Ib The higher-frequency
~components will be swamped out in the large displacement current, and their
main effect will be to distort the wave shape of the cavity fields slightly, un-
less they happen to coincide with a higher-order resonance of the cavity.

We want to make the voltage ratio between the cavity.and the manifold
independent of I’b and of the tuning of the cavity. If we take the product of

the transmission matrices for the elements in Fig. 2, we get:

_ | 0T |
Vrn <:osh\(ili1 Z‘OislnhY1zi 1 SL, ||0 -SM 1 R+SL{|1 O C]
- (8)
. 1 I
I Zo, 51nhy1£1 cosh\(iﬂ1 0 1 M oo 1 i;SC 1]Lb
or ,
s A cliv.
m ' o
L B D||L
where
A= -s’Mc coshy,f, + & [ResL+ L (SL, coshy,2, + Z_, sinhy,Z,)
"1 ™ sC 1 Y1717 “o1 Y17 q)
2 SL
. s°Mc . L C |y 1 S
B = 7 sinhy, £, M (R+SL+ E_C) 7 sinh 1(11@1 + cosh y1£ 1) )
01 , 01 ,
- v ¢ . RiSL | : ,
C SM coshy £, + 3 (SL, cosh\(iﬁ1 + Zois1nhy1£ nE
SM . R+SL (SL4
D=- 55— y _— i
29 sinhy, 4, + =z (201 sinhy, 2, + coshy,f, ).
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Load is tied to a mesh point on manifold
l"./ L ‘ |

1\ Transmission line
Y= +ifB, Zol

-

i

'

1 Resonant cavity
: equivalent circuit

| o
{ R
\ - Coupling

loop

— s w0 wm oam e o - -

Mesh point

. XBL675-3103 .

Fig. 2. Equivalent circuit of cavity and coupling system.
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For the steady-state case s = jw. . If the losses are lowg,aili < <1, where

E - i - -‘ °
Y1£ 1 oziﬂ 4 t iByt, inthe coupling line. Then
COSh‘Y1£1 = cos Bili +j aeiiiamn (3121 )
sinh-yii’-1 mayt, . cos ﬁili +jsin B,L, .

: In;Equatidn (8) the expression
sL, cosh Yi'el + Z01 sinh v 4,

becomes

aiﬁi (Zo1 cos 6111 - wL, sin Biii)
+j (wLi cos 51‘2’1 + Z01 sin [3111) .

. We choose the length of the coupling line £ 4 so that the imaginary part of this
;expression is zero. This is the same as saying that the detuned-short posi-
tion on the coupling line falls at the junction of the ‘manifold and the line. We
shall see that this constraint causes voltage lock. We divide by cos ﬁili’

and define the parameter §, which measures how closely we have approached

the ideal detuned-short restriction,

£ =wl, + 7 tan‘ﬁiii—bo. (9)

1 01

Substitution of these expressions into Eq. (8) gives

.\[_m = ZMC { (1 + 1 ah ta i 1+ _LR.___.

v = @ MCcosp,ty jatytan B, ly) ToCV

C c

R + *—(‘&L‘i- = ) 1
+ [0‘11212‘01 —-———12 +j%| JZ 5 wC/ . ?:V . RZU“"ZL A, (10)
cos B4, w“M IWNVe WM

I : tan B,4 1

m 2 171

=B = w“MC cos B4 e, 2 +j————><1+.———-

VC_\ 171 {(1 1 Z01 ‘]c.oCVc

L _
R+j wl-— I LT
] . b R+jwl.
+ Jalﬁig:l [ wC. + . sz_w ]}.\(11)

wZMZ chvc w .MZ _l

1
¥ [Zoa. 20,
cos [31 1
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In these equations w MC cos Bi . is the voltage ratm between the manifold
and the cavity. The expression [R-i—_] (wl.- ————)]/ M is the admittance of

the cavity transformed by the coupling loop. The factors a1£1 and § are
small numbers that account for the loss and the misadjustment in length of
the coupling line. Now ijVC ‘is the displacement current across the cavity
gap, and it is of the order of . Q times I'b With Q > 40000, .Ib/ijVC is

negligible -except in the last term of each equation, where it is multiplied by

, _ 2
Q. Let us introduce Ei/(wZMC Cos‘ﬁif 1)3%; G = R/( wM cos B1f 1) s
Q= wL/R, L0y = 1/ v LC, and 2 6L =1 - woz/wz , to simplify the
equations. Then
Vm 4..._1:__{1.#_]'0[12 tan‘ﬁi +[£Z +j§coszﬁi}
VC ‘)7 L 11 .1 i 1717014 i1
le "
X G 1+‘]26L,Q+ —w—c—\“f—c }.- (12)

Now notice that if the losses in the coupling line are small (aiﬁ 1 << 1),
“and if the detuned-short constraint is met (§ < < 1), then we have voltage lock
between the manifold and cavity, since the ratio is only slightly affected by cavity

tuning (6 and beam current I However,_the value 6}’( can be changed

L) b’
mechanically by rotating the coupling loop so-that M varies.
The perturbations in the load. current at the manifold are relatively

small and Eq., (11) reduces to

1 ' tan [311 { IbQ
The coupling loop inductance L, is of the same order as the mutual inductance
M, and can not be made zerc. For the cavities on our linac, ltan [311 1| = mLi/Z01

< 0.2, and cos [311 =~ 1.

‘The beam current ]“b will have some phase angle with respect to the ‘
ca.v1ty fields, and so will in general contrlbute both a real and an imaginary
part to be added to 1 + j 26LQ° We can define G' and GL so that

S

1 3 1 = 3 p
G'(1+j26% Q)= G(1+J 26 Q+ Y
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This is equivalent to saying that the beam loads the cavity and detunes it.
Without beam the primed values reduce to the unprimed values. Equation (12)

can be rewritten as

v
m _ 1 _ 2 : ] 2 i
-V—(-:-~&—)7- {-1-#[011’21201G' G'26“LQ§cos ﬁiﬂJnLJ[G_é cos' B,Ly

+ ail 12012 5! QG'] } (14)
This is analogous to (13), and it is clear that the terms in brackets represent
the deviation in amplitude and in phase from perfect voltage lock. Note that
by a small adjustment in length of the coupling line, the parameter can make
either term in brackets zero at the expense of the other. For a Ipractical
coaxial line capable of carrying 1 MW, a typical value of a{121z 5><10‘4-. An
error of 1 mm in the adjustment of line length would give § ~6xX10"%  we
shall assume that with 100% beam loading and a 30-deg synéhronous phase
angle ’IbQ/wCVC =1 - j/2. Let the coupling line have a ZOi = 50 ohms, and
without beam G = 1/450 mhos and 26, Q= - 1/2. With beam loading let

G' = 2/450 and 26' Q=0. Without beam Eq. (14) becomes

g
|~

<

[1 +0.55X107 " - j o.z9><1o’4},

c 7
and with beam, Eq. (14) becomes

Vm 1 -
v S5 1 +1.1X10

c 7

Thus the voltage lock is good to about 1 part in 9000, and the phase lock to

% 45 0.027X 10'4].

about 0.002 deg despite -the detuning and the changes due to beam loading. It
should be emphasized that it is the fields within one cavity diameter from the
coupling loop that are locked this tightly. . If the cavity is too long, the fields
along its length will fall off from the value near the locp, and this is one
reason that it is desirable to have short cavities in a heavily loaded Alvarez
linac. 1 This effect can be further reduced by using two or more feed lines

‘from the manifold.
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The admittance at the load point on the manifold is the ratio of Egs.

(14) and (13),

—

m 1 | IbQ
Y = 5—=&j = tanB,l, +G{L +j286 Q+ . (15)

L Vm ZOi 171 L wCVC
The admittance at the load point is different from that at the loop because
the self-inductance of the loop requires the coupling line to be shorter than
a multiple of A\/2. The principal effect of the loop is to change the resonant
frequency slightly because of the reactive energy in the coupling line. We
can define a double-primed G" and 6'1‘4 to include both beam current and
loop inductance,

— i 3 T
YL:G (1 +j ZSLQ),

to justify the assumption that the coupling line and the cavity can be represented

by this functional form as assumed in Eq. (4).

IV. OTHER MODES IN THE OPERATING PASSBAND
Now that we have approximate equations which explain the manifold
properties for the operating frequency, let us study other modes that can be
excited on a manifold system. We shall show that the operating frequency in
a manifold system lies in the center of a passband, and that the mode separation
varies inversely as the length of the system. From the dia.‘gonal terms in the

matrix Eq. (1), we can define

il

cosh y. 4

L cosh yf + (YL/ZYO) sinh y{ , (16)

where y = « + jf and Yy, Sap BL are the propagation constants for the

L
unloaded line and for the loaded section of manifold. Using the approximations
from the previous section, we have v
, : G6. Q

cos PLAL + o S sin BEX| + L , (17)

2Y Y

0 ' 0
/ ‘ - G6.Q '

sinpBd X [af + G + cosBLX +———£——_— . (18)

ZYO YO

1

cosh aLI cos 6L£

Q

sinh a/Lf,X sin ﬁLI

Both 6L = (w - wo)/w and B = w/v are functions of w, where v is the velocity
of propagation on the manifold transmission line. The terms on the right-
hand side of the equations are known, and we can obtain BL and ap by

solving the two equations simultaneously. These parameters define a passband
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for a loaded section of manifold. The following approximations are an aid in
solving the above equations: In the passband cosh ozLﬂ ~ 1 and cos BLI <1,
while‘ in the stop band cosh ole >1 and cos [BLE = 1, If the losses are small,
the approximate half-width of the passband can be found by finding the fre-
quency for which the right-hand side of (C.2) has an absclute value greater than

unity.

‘ A
Then -1 =(cos Lw nn))( (1 + al Z(%-—>—/si_n —%Qi nT)X (EYC—) 5‘9—\
“0 0 \ 0 o “o )
ca - 1/2 1/2
or 2 + ol 5= 5
. Aw 0 - 0 (19)
wy nn  GQ = arGQ |
0 T + —
RS

where Aw is the half-width of the passband. For our linac the passband is
about 800 kHz wide, and it is symmetrical around the operating frequency.
There are other passbands near each cavity resonance. We have designed
our system so that the nearest cavity resonance lies outside this operating
passband, but if another cavity resonance did fall within the passband, it
would split the band in two with a narrow stop band between. The new oper-
ating passband would be unsymmetrical, with the modes on one side crowded
togéther.
For the remainder of this analysis we consider the loaded manifold

to consist of N identical sections so that we can study the modes in the pass-
band. At the operating frequency there is a phase shift of n7 between load
points, and the total phase shift from end to end is Nnm, The phase shift
due to the transmission line and cavity combination between two load points
can change as much as 7, The nearest modes on the manifold system occur
. when the total end-to-end phase shift is an additional +7, or when each cavity
has contributed an additional #7/N. This is shown on the w-BL curve in
Fig. 3. Additional resonances occur when the total end-to-end phase shift
is changed by #2m, #3m,... £N7m, We call this set of resonances the -N mode,
«++, -2 mode, -1 mode, zero mode (operating mode), +1 mode, +2 mode,

., +N mode. From our computer study, and also from measurements
that we have made on a model manifold, we find that at the *1 modes the
largest voltage is at the end loads, with very little at the center load; for any
mode the distribution of voltage along the load points approximates points on .

N
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Fig. 3. w-BL! for one section of the manifold system.
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a cosine wave with as many nulls as the number of the mode. It is difficult
to excite the *1 modes by driving near the center of the system, since this
is a nodal point for odd-numbered modes. In general, if there is a symmetrical
array of M amplifier drive points, the first #M modes (except the zero mode)
tend to be suppressed. This property is a good reason for distributing the
drive amplifiers along the length of the manifold instead of at one end. Distrib-
uting the amplifiers, so that the power source is near the load, also reduces
the perturbation in voltage from one end of the manifold to the other, since
the deviation from perfect voltage lock is proportional to the product of power
flowing times the length of manifold through which it flows.

The full-scale manifold does not have uniform loads, but fortunately
it is not difficult to put data for a nonuniform system into our computer pro-
gram and calculate the expected resonances, We compared resonant fre-
quencies from the cbmputer, using actual linac parameters, with frequencies

obtained from the w - curve, assuming uniform cavity parameters that

F3L
were the average of the actual values. In the center region of the passband
the distribution of modes agreed closely with the values from the more com-
plicated solution.

The most important modes are those near the operating frequency,

and an approximate method of predicting the separation of the nearest modes
is very useful. Let us make the approximation that cos ale =~ 1 in the middle

of the passband. Also let us assume that p{ = nw + 61n‘iT, where
615 (w1 "0)0)/(.01 is the incremental frequency to the nearest mode. t the

nearest mode BL = nw + /N for one section. Substituting into Eq. (17) gives

o G , GO
cos 3 = 1+ af ZYO + {51 pTTQJL1YO ?0_61>

If /N <0.3 or N >10, then cos m/N =1 - (—é—)l(ﬁ%/NZ), and since for most

practical cases wLiYO < < —?{E and of —g— < <1, this equation reduces to
0 0
2
1- 3 LFa-eian P
N 0

or

1/2

1 [n7Y
8, =% IN [ZGQ : (20)
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This equation gives the mode separation near the operating frequency. Notice
that since nN is proportional to the length of the whole manifold, this equa-

tion shows that the mode separation varies inversely as the first power of the

linac length in a manifold system. This is in contrast to a long Alvarez cavity

operating on TM mode without a manifold which has a mode separation

that varies as the?ia-;?;uare of its lengthu
V. TRANSIENTS

We expect the principal transient effects to be caused by excitation
of those modes in the operating passband that are nearest to the operating
frequency. In general, the nearer the mode is to the operating frequency,
the stronger its response to a sudden change in pov;fer level, The response
to a given mode is modified, however, by where the power level is changed
in the system. For example, when power is fed at the center of the system,
the odd-numbered modes tend to be suppressed. Similarly with a symmetri-
cal drive of M amplifiers, the first #M modes are suppressed (except for
the zero mode), and it is the differential change in power level that. tends to
excite the nearby modes. The transients typically appear as oscillations

superimposed on the leading or trailing edge of the rf envelope of the cavity

-voltage. The amplitudes of the oscillation are frequently larger on the

trailing edge, since power can be interrupted faster than it can be turned on
at the beginning of the pulse. Several frequencies can be present in the oscil-
lations, and these will be in different proportions in the various load cavities.

To find an analytic solution for the transient problem, we shall make
some simplifying assumptions that will allow us to solve a simpler problem.
The functional form of the solution gives us insight into the more difficult
problem, which is best solved on a computer. We assume the amplifier to be
located at one end of the system so that any pair of modes may be excited.
The impedance of the manifold at the amplifier location is assumed to consist
of the zero mode and two modes symmetrically spaced in frequency above
and below the zero mode. These normally would be the #1 modes, and they
would be symmetrically spaced if the manifold were properly tuned. Figure
4 shows a complex frequency plot of the impedance with zeros introduced
symmetrically as they seem to be in the .computer solutions for resonance.
For ease of calculation, we will assume the Q of all the modes to be the

same. This analysis neglects other nearby modes which also contribute
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Fig. 4. Complex frequency plot of the impedance.
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beat frequencies.. Several pairs of modes can be included, but the calculation
gets quite involved, and it is not a bad approximation to superpose the transients
calculated for each pair of mbdes one at a time.

The problem becomes much simpler if we can use a simple driving

function, so that the driving current from the amplifier is chosen to be

coy -kt, .
i(t) = 10(1 - e ) sin wot .

‘This assumes that if the modulator level is changed suddenly, the amplifier

responds in a time which is short with respect to the cavity time constant,

but is still an exponential function. The Laplace transform of the function

is
. (.oo wo
i(s) =i [—-——-—— - —-———-—1 ;
0 Sz+wg (S+ k‘_)2+wg |
then

V(S) = 1(8) . Z(S) s

where the poles and zeros of Z(s) are shown in Fig. 4 . It is not difficult
to get the inverse Laplace transform of V(s) as a sum of exponential terms
which can be reduced to sinusoidal functions by suitable regrouping. The
solution for V(t) is proportional to ‘ '

—

' 2 2 ~
Vi)« (L (1-e" % - 1 omat L [Afk-a)” +B0T | ke oy
Q .

koo k- k-o)® + D" |
ot ' _' _ )
+ e at [A_E:J ~ —6—A—%—_—_—Zj sinwt - e ot [——6(—1231__—2} cos Awty sinw
(k- @) “+ Aw (k-a)% + Ao I

where a = w/ZQ is t}ie time constant of the system, and where the various co-
efficients in brackets are related to the spacing between the zeros and the poles.
The value Aw is the difference in freqﬁency between the operating frequency
and the adjacent modes. There are no quadrature terms proportional to

and w_, . A.desirable condition

+1 1
would be for Aw > >k >>'a; Eq. (21) then reduces to

cos wyt because of the symmetry of w

1. - - -
)'--Ej(e . e kt) - 6k 5 € atcos Awt}sinw t.

)Laf ( Aw) 0

0

t,
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The first two terms are the normal response of a cavity to a sudden change,
and the third term is the effect of the nearby symmetrical modes. From this
equation it is obvious that the faster we try to drive the system (the larger k
becomes), the larger the beat-frequency term will be. ‘

In a linac with a large amount of beam loading, one needs to regulate.
the power being fed into the manifold during the pulse, and this requires an’
amplifier-modulator system with a high frequency response. The value of k
is related to the modulator frequency response, and if k approaches Auw,
the regulator can become unstable, and the beat-frequency terms become con-
tinuous oscillations. This problem exists for other systems as well as for

-the manifold system.

VI. DESCRIPTION OF MODEL MANIFOLD SYSTEM

The model manifold system shown in Fig. 5. consists of three parts:
a one-tenth-length manifold, six resonant-cavity loads with coupling lines,
and the amplifier drive system. The rf manifold is made of 18 accurately
machine sections of coaxial line that are each 5.7 cm in diameter and 75 cm
long. The characteristic impedance of the coaxial line is 35.5 Q. The inner
conductor is supported ona continuous Styrofoam insulator, and each section
is electrically connected to the next by rf spring fingers. A threaded steel
rod throuéh the center pulls all 18 sections of outer conductor together. The
two sections are short-circuited at the outer ends, making the manifold 18
half-wavelengths long at 195.770 MHz when the manifold is at 17°C. . The
overall length of nearly 50 ft has the same attenuation from end to end as the
full-scale manifold we have been considering. In the middle of each section
there is a provision to insert a fitting that allows electrical connection to the '
inner conductor through a GR 848 connector. These connections are the
mesh points of the manifold, and they are at the voltage maximum points of
the unloaded manifold.

The resonant-cavity loads are sections of a coaxial line which are
foreshortened by a gap that can be adjusted with a micrometer head. The
outer diameter is 6 in. and the cavity has an unloaded Q of approximately
5000. Electrically the cavity is a quarter wave long, and near the short-
circuited end are two coupling loops which have been rotated to give re-
spectively 50Q and 350 input impedance at resonance. Since the shunt

impedance of the cavities is about 500 k{2, this is equivalent to a turns ratio

&
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of 100 and 38 respectively between the gap voltage and the locps. The microm-
eter allows a fine adjustment of the unloaded resonant frequency of 575 kHz
with £50 mils of mection.

The cavities are normally adjusted to have the same resonant ire-
quency as the unloaded manifold. The next higher cavity resonance is al
585 MHz, and there are about 23 additional resonances below 2000 MHz.
Each cavity has six turns of 1/4-in. copper water tubing soldered to its
outer diameter, and the cavities are mounted in thick Styrofoam jackets so
that they will come to the temperature of the circulating water. The s1x
water circuits are connected 1n series =0 that all the cavities stay at the
same temperature. The cavities are connected to the manifold by an ad-
justable GR 50-Q coaxial line. During the process cf adjusting the coupling
loops, the length from the cavity to the detuned-short position on the coupling
line is determined., When the cavity 1s connected to the manifold the coupling-
line length is adjusted so that the detuned-short position falls at the center of
the manifold,

Figure 6 is a closer view of one end of the system, showing a cavity
load and an ampliifier connected to the manifold. The drive amplifiers are
transistorized and are built on printed-circuit boards. The drive-amplifier
board has two class-C radio-frequency stages with strip-line tank circuits.
There 1s also a modulator with a closed-loop regulator, so that the supply
voltage to the rf amplifier may be controlled in time and amplitude by a
low-level pulse. The low-level ri stage is furnished with a continuous-wave
drive voltage of about 1 V rms at the desired rf trequency, and the band-
width of the drive amplifier is about 5 MHz.

We postulate that the system is ideally tuned (a) when it is driven at
the resonant frequency of the unloaded manifold; (b) when the length of
coupling line is such that the detuned-short position on the line is connected
to the mesh point on the maniiold, and (c) when the cavity is tuned to mini-
mize the reactive energy exchanged between the cavity and the rest of the
system. This is most easily accomplished on the model by unloading the
manifold and tuning the drive frequency for resonance; then the cavities are
added (with the premeasured line length) one at a time. Each cavity is re-
tuned to bring the system to resonance before the next is added.

The amplifiers are connected to the system in one of two ways. When

going through the tuning-up procedure described above, the amplifier drives
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Fig. 6. One end of model manifold system, showing cavity
load and amplifier connected to manifold.
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a small loosely coupled loop at one end,and & similar loosely coupled loop at
the other end is connected to a 661 sampling scope to monitor the resonances.
When the system is correctly adjusted, the amplifier is coennected to a mesh
point through a half-wave-length coupling line. When the system is pulsed,
the rf envelope at several points is monitored by crystal detectors. By ob-
serving on the scope the pulse envelope at the amplifier tank circuit and at

a cavity simultaneously, one can easily adjust the amplifier coupling line for

the tightest coupling.

VIil. EXPERIMENTAL RESULTS

We shall discuss several experiments that were designed to check
the amplitude and phase lock when the cavity loads were detuned by an ex-
cessive amount to make the deviations easier to measure. In the first ex-
periments data were taken with a Hewlett-Packard Vector Voltmeter and
recorded directly on an X-Y recorder. These actual experimental graphs
are reproduced in Fig. 7 through 9. In each experiment the manifold system
was tuned as close to the ideal condition as possible. Then as the drive fre-
quency was swept through the operating frequency, graphs were made of the
voltage in two adjacent cavities and of the phase between them., These graphs
are labeled Case 1. The amplitudes of the voltage in the two cavities are
very nearly the same in the frequency range near resonance, and the re-
cordings look almost like a single pen line. The phase difference between
cavities is 180 deg at resonance because the adjacent cavities are separated
by 3\/2 on the manifold. In the first experiment (Fig. 7), Cavity 3 was de-
tuned + 50 mils by its micrometer. This corresponds to detuning the unloaded
cavity by 575 kHz or 11 Q-widths. Notice that this detunes the system by
about 125 kHz, since most of the energy is stored in the other cavities.

The experimentally determined unloaded Q for the cavities is 3770.
Measurements on the coupling line and loop indicate that the equivalent
a1£1 = 0.00475. The equivalent load resistance of the cavities was adjusted
(by rotating the loops) to be RL = 345 chms. To calculate the deviation from
perfect amplitude and phase lock between the two cavities, we first calculate
the voltage ratio between the detuned Cavity 3 and the maniiold from Eq. (14)

(see Fig. 10):

3

v
m3 1 2 2 .
= = 1 = 5 : CO% / Z 5é ¢
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Fig. 7. Graph of experiment No. 1 with model manifold system.

' MUB-12810

80GLT-T¥DN

_LZ_



Fig. 8. Graph of experiment No. 2 with model manifold system,
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Fig. 9. Graph of experiment No. 3 with model manifold systefn.
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Now 11 ‘= 52,9 cm, and [3111 = 124.5 deg, or cos?‘ﬁiﬁ1 =-0.32. " The measured

value of G = 1/345 = 0.0029. By the correct adjustment of coupling line

lengths we should get £ = 0. Actually the coupling line length for a given

.cavity was adjusted in small increments as the micrometer on the cavity

was rocked back and forth through resonance. An oscilloscope display of

- the six cavity voltages was observed, and the length 11' was assumed cor-

rect when the voltage in the cavity being adjusted deviated by a minimum

amount from the other cavities as the tuning passed through resonance.

. After the six coupling lines had been successively worked through several

‘times, £, for each cavity was probably within 0.5 mm of the ideal length.

The coupling lines were adjustable GR 50-{Q lines with arili Z'O1 = 0.237Q.
Substituting these values into Eq. (14) gives, for 6LQ = 11,

v £
22 . -1%{1+ 0.689X10 >
c3 | |

The voltage ratio between Cavity 4 and the manifold should be the same except

- 0.022 «‘;3 +j (0.001 §3 + 15.2><'1o"3)} .

that & = 0 for this cavity. Then

Vm4 _ 1 3
VC4 N |
Next we must include the voltage ratio along the manifold from Eq. (6). The

calculated value for « on the model manifold is 7.77)(10_49 £ = 2,25 meters,

and Y, = 1/35.5Q, so that 'al/YO = 0.062 Q. There are two more tuned

cavities beyond Cavity 3, making ‘In/Vn = 2G. By choosing the operating

{1 + 0.689X10 ~ + 3 0.001 24}.

0= 0, and we get

v 3 _
22 =1 4 0.54X10

Vm4

>4 1.8x107°2,

Then the calculated voltage ratio between the two cavities should be

1 -3 . L -3
Vos N [1+0.689X107° - 0.022 5 + j (0.001 &5 + 15.2X107 )]
V., -1 3 |
cs g [t+0.689x107° - j0.001¢,]

3

X[4 +0.54x1077 + 1.8x107 3]

-3 e g nn3 |
21+ 0.54X1077 - 0.0226, + (17 X1077 + 0.001 (§5 - £,)].

If the §€'s were zero, the amplitude deviation would be 0.54 X10-3 and the

phase deviation would be 0.97 deg. However, adjusting for the minimum is
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critical, and an error of 0.5 mm in £ could result in ’§_= 0.189Q, which

would make 0.022 6,3 = 4X 10-3 and 0.001 §3 = 0.2><10_3 in the above equation.
This would not affect the phase much, but it could make an order- of-magnitude
change in the amplitude deviation. The measured amplitude deviation, from
Fig. (7) is less than 1/4 division out of 124, .or less than 2X 10_39 and the

measured change in phase is 1.2 deg.

Deviation
Phase
Amplitude (deg)
Measured <z><10'3 1.2
Calculated 0.54X 10"3‘ minimum 0.97

The second experiment consisted of detuning Cavity-3 by +50 mils,
and then detuning Cavity 4 in the other direction to bring the system resonance
back to the original operating frequency. Figure 8 shows the correctly tuned
situation in Case 1, and both cavities detuned in opposite directions in Case 2.

. With both cavities detuned, we calculate

3

v |
Gt - 0.022 (£, - £,) +j 32.2X1077,

— 24 +0.54X10"
Ves

which corresponds to an amplitude deviation of 0;54:><:10—3 and a phase deviation

3

of 1.85'deg. From Fig. 8,we see an amplitude deviation of about 1/2 division

out of 114, or 4.4X_1O-3, and a change in phase of 1.65 deg.

Deviation
_ Phase
Amplitude {deg)
Measured 4.4%10°> 1.65
Calculated 0.54X 10> 1.85

Our measuring equipment had a sensitivity of about one part in a
thousand for amplitude deviation, and about 0.1 deg in phase. Our ability
to adjust £ toa mi.nimum value is related to the amplitude éensitivity. The
next two experiments were designed to perturb the amplifude lock by many
times the sensitivity of the measuring instruments, so that we could compare

the calculated and measured values.
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In the third experiment the coupling line on Cavity 3 was increased
in length by 2 cm. For this condition

és = wLi - Zg4 tan Byl =7.29Q.

The admittance of the load is given by Eq. (15):
Y —G+»'(26‘Q-—1—— t 1
IV e Zoga o° Byty)

and since 611 1 changes -from 124.5 to 129 deg, increasing the coupling line
length is equivalent to detuning Cavity 3 slightly, or so that 26L'QG‘= - 0.0029,

. )
m3 _ L )y 206x1073 45 20.9x107° .
Vc3 N :

The errors.in other §'s are neglected. Then the ratio of cavity voltages is

calculated to be

Vc4
Vv

c3

3

=1+ 21.4X407 2+ j. 22.7X10°

This:corresponds to .an amplitude deviation of 0.021 and a phase deviation of
1.3 deg. From Fig. 9 we see that t_hé measured amplitude deviation is about
1.5 divisions out of 120 or about 0.0125, and the measured phase deviétion is
1.23 deg.

Deviation
. Phase
’ Amplitude (deg)
Measured 0.0125 1.23
Calculated 0.021 1.3

In the fourth experiment we held the frequency constant and plotted
‘the voltage in two cavities and the phase between them when Cavity 5 had
‘its .coupling line 1 cm too long, and was also detuned. The graph of these
values is shown in Fig. 11. It is apparent from this figure that either
§5 or §4 was not zerpl for the control case, because VC4 and VC5 separate
as Cavity 5 is detuned. Increasing the coupling line length on Cavity 5 caused -

the voltages to separate farther. The calculated.ratio for the micrometer
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setting of 780 .mils is

3

3 +313.4X1077) .

Ve 3

—== =1 + (0.658X10

7 +0.148) +j. (5.77X40
C3

This corresponds to an»ampiitude deviation of 0.419. The phase deviation
will be broken into two parts. The £G = 5.,77><10-3 corresponds.to a phase
change of 0.33 deg due to increasing the cbupling line length, and

ai?ﬂ. Z01 ZSLQG = 13.4X-10-3'c0rresponds to 0.77 deg change in phase due
‘to detuning. This . may also be thought of as the slope of the phase curve
‘with respect to detuning. The corresponding measured changes in deviation

-are shown in the table below.

Phase jump Slope of

Amplitﬁ.de due to +1.cm phase curve

deviation (deg) (deg)
Measured 0.32 0.9
Calculated 0.119 0.33 0.77

We were able to sweep the drive frequency over a 5-MHz range,
and we obtained the response of the system for the adjacent modes; Figure
12 shows a typical recording for the voltage in Cavity 5. In order to preserve
the linearity on the graph paper, it was necessary to sweep the system several
times around a new center frequency, and to step the pen on the graph paper.
This accounts for the slight mismatch-along the curve at several places.
Calculated values obtained .from the simple theory in Section IVare plotted
on the curve to show that the agreement is very good for the modes adjacent

to the operating mode.

- Pulsed Operation

_ Because the Q of our model is about one tenth that of the full-scale
system, the rise times are of the order of 10 psec rather than 100 psec for
the full-scale case. Figure. 13 'shows'the: rf envelope of the v'oltagve"ivn -
Cavities-3 and 6-and the amplifier with rf level béing regulated. The
amplifier is tightly coupled tothe system, so that the amplifier voltage rises
at the same- raté as.that of the cavity. The principal difference between the

various voltages is in the phase-and amplitude-of the superimposed transient
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Fig. 13. (upper) rf Envelope with servo on (5 psec/cm);
{lower) magnification of trailing edge of pulse (1 nsec/cm).

Y

top: Cavity No. 3 voltage.
- middle: Cavity No. 6 voltage.
' bottom: Amplifier voltage.
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during the rise and fall time. The modulator voltage has a ripple that tends
to cancel the ripple on the amplifier output. In this case there is some over-
shoot on the front énd of the pulse. The lower figure shows the trailing edge
in more detail. The amplifier can interrupt the flow of power more rapidly
than it can start power flowing; therefore the transients are excited more
strongly. The principal frequency in the falling wavefofrn is about 2 MHz

in Cavity 3 and about 3.3 MHz in Cavity 6. This corresponds to the +2
modes and the %3 modes, respectively. Since the amplifier is located near
the center of the system, it does not tend to excite the ii modes. The
period of the overshoot on the front end of the pulse cor'resI;onds to the band-
width of the servo amplifier. This was made less than the frequency dif-
ference between the operating frequency and the nearest modes in an effort
to avoid exciting these modes. In Fig. 14 the bandwidth isb large enough

to cause continuous oscillation at a frequency which is the same as that ex-
-cited by the transients.

The transients can be generated either by changes in power from the
~drive amplifier, or by changes in power absorbed by the load. We were able
to change the load in one of the cavities during pulsed operation by putting a
microwave planar triode across the gap in the cavity. The anode was con-
nected to one side of the gap, and the g'rid to the other side. The bias level
between grid and cathode was changed during the pulse to bring the triode
out of the cutoff region. Since the anode voltage was about equal to the rf
voltage across the gap, the electron current flowing across the gap had a
200-MHz component that was in phase with the fields. This simulated beam
loading in one cavity lowered the level of the rf voltage in all cavities by an
equal amount, just as having an amplifier at one location brings all the cavities
to the same level. The beam-loading transient also caused oscillations to be
superimposed on the leading and trailing edges of the beam-loading pulse,
and it would be difficult to tell by observing the rf envelope of the cavity
voltage which transients were due to changes in amplifier level, and which
were due to changes in load. Figure 15 shows the rf envelope in one

cavity with beam loading in another cavity.
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: ZN-5812
Fig. 14, rf Envelopes with higher gain and more bandwidth.
top Cavity No. 3 voltage.

middle: Cavity No. 6 voltage.
bottom: Amplifier voltage; 5psec/¢m-.
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XBB 675-2956

Fig., 15. rf Envelope with beam loading in'Cavity No. 3
(30 psec/cm).
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VIII. COMPUTER RESULTS

" A full-scale system is much too complicated to analyze without the
use of‘a,cornputef, and we will briefly describe the computer program and
show the results for two problems. The computer program starts.at a short
circuit at the beginning of a manifold with an initial condition that will cause
a voltage maximum to occur a quarter wavelength away from the short circuit.

This voltage maximum is 30 kV in the two examples which follow. Data are

‘submitted in the form of an ' IBM card for each element of the system. An

integer in the first column identifies the element as a section of manifold
transmission line, a coupling line and cavity load, or an amplifier. The cards
for the'manifold sections specify the length (in meters) of the section. The
characteristic impedance and attenuation are specified in separate cards

along with frequency and other parameters. The load cards specify the power

loss in the walls of the cavity, the Q of the cavity, the resonant frequency of

the cavity, and also the energy gain of the cavity. The energy gain is used to

calculate beam losses due to a beam of a given current and phase angle which

is specified in one of the control cards. The load card also specifies the

length of the coupling line. The characteristic impedance and attenuation of
the coupling lines are assumed to be the same and are specified on one of the
control cards. An amplifier card specifies only the relative power of a partic-
ular amplifier.

The identifying number on the element cards causes the computer to

‘calculate the values for the particular type of scattering matrix that is appro-

priate, and it then calculates the forward and backward voltage wave on the
other side of the element. . From these it calculates and prints the magnitude

and phase of the voltage on the manifold, the standing-wave ratio in the mani-

-fold, and the power flow in the manifold. . If the element is a transmission

line it calculates the value of the'maximum voltage in the section, and the

distance to the:maximum. .If the element is a load or amplifier, it calculates

-the pbwer leaving or-entering the manifold. It also calculates the magnitude

and phase of the voltage across the cavity gap. . Figure 16 shows a typical

table of elements for the full-scale 200~-MeV linac, The first column is the

number of the element; the second is the identifying integer (1 = cavity load,

2 = amplifier, 3 = transmission line). The next four columns are load pé,ram~

eters--the copper loss.in watts, the QQ, the resonant frequency of the cavity
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€4
T =0% =0 , =0. IR 3. 72303E-01 =0,
2 1  4.2200CE+C5 9.000CCE+04 2.C125SCE+CE 9.75500E#0& 4. 46764E400 -0.
3 =0, =0, =U. =0, 3. 72303E+00 =0.
4 z -0. -0. -0. -0. -C. 1.05880
¥ 3 =0C. 0. =0. =0. 3. T2303E¢00 =0,
€ 1 3.85CCCE+C5 9.2CC00E+C4 2.C125CE4GE  1.01200E%07  4.46T64E+00 -0.
Y RO IS 1S = =0, =0, 3. T2303E00 =0-
£ 2 -0, -0. -0. ~0. . 2.72302€4+00 -0.
T T 3.FIUCCESUS . 7CUCCE+U4 — Z.UTZSCEVTUE T USUOOEFUT 4. 46 T6GEFU0 -0,
1¢ 2. -0, -0. -0. . -0. 3. 7123C3E+00 ~0.
T 7 =C. =u- =0, =T, -0, 1.¢5880
1z 3 -0, -0. -0. -G. 3, 72303E+00 -0.
12 1T 4.59CCCE+G5  #.30CCCE®CA 2.CI250E+CH  1.08TCCEI07T 4. 46 T64E+C0 =a.
14 i -0, -0, -G. -0. 3.72303E400 -0.
s 7 0. =T, =0. 0. 1. T723CIE+00 =0.
16 1 5.550CCE+C5 B8.10CCCE+04 2.01250€4C8  1.11000£207  4.46164E+0C -0.
T7 T 0. . =0, -0, 3.72303E%00 -0.
18 ¢ -C. -0. -0. -C. -C. 1.05880
IS T =0, 0. =T =0, 3. 72303E+00 =0,
2¢ 1 8.040C0E+05 7.20G00E+04 | 2.C1256E4CE] 1.1550CE+407 4. 46764E+00 -0.
T =0 =U, - =0, =0 T, 7Z3UIEF00 =0
iz 3 =04 ' -0. -0. ~C. _ 2. 723C3E+0C -0.
! 23 T T.44CCCE+CS T.50CCTE+04% Z-CIZ2S0E+CE  T1.15500E%07  4.46764E300 =0.
24 1 -0. -0. -0. -C. 3.72303E+00 -0.
33 T =T. =0, =T, =0, =T : T.C588
26 1 -0, -Ca -0 -C. 3,72303E+00 -0. -
2T T B.UKUUCEVCS — 7.20CU0EFU4 Z-0T2ZS0E¥CE Y. TSSOUEFOT 4 4ETEAEFUU =0 ;
8 2 -0, -0. -0. -0. 3.72303€+00 -0.
z5 T =0. - =0 =0. -0, _ 1, 723C3E+00 =0.
3¢ 1  8.890CCE+05 7.C0C00E+04 2.C1250E¢CE  1.15500E407  4.46764E+00 -0.
ER | 3 =0, =0. =6. =0. 3.72303E+00 =0,
32 z -C. -0. -0. ~C. -C. 1.05880
23 2 =U. ~-U. -U. ~Ue. 3., 123C3E+ -0
34 1 B.04CCCE¢CE  7.20CCCE4C4  2.C1Z5CE+CE . 1.1550CE407 | 4.47264€400 ) -0.
EL] =0, 0. = =0. 3. 72303E+00 =
2¢ T ~C. ) -g. -c. -0. 3.723063E+00 -0.
37 T 1.034C0E+06  6.60000E%0% Z.CIZS0E+CE — T.TSSCUEFCT  4.46TE4EF00 =T
28 1 -q. -0. -0. -0. 3.723C3E400 -0.
39 =0, e =U. =T =v. T-05880
4¢° 3 -0. -0. -0. -0. ‘ 3.72303€+00 -0,
T AT T TL.T34CCEYGE T 6.40CCUER0A 2. OTZSUERCE  T.ISSO0EF07T 4. 46764EF00 =0.
42 1 -0, -0. -0. -0. 3.72303E+00 -0.
§T T =T, =0 =0- =0 T, 7Z30IEFCT =0.
44 1  1.16300E406 6.300C0E+C4 2.C125CE+CE€ . 1.14000E407  4.46T64E+00 -0.
45 2 =Ue. ~Ua ~Use ) ~Ue 3o 1230C3E%0T -Ue
4€ 7 <0. -C. -0. -C. -0. 1.05880
57T T 0. = =0 =T, 3, 72303600 =0,
48 1  1.195C0E¢06 6.20C000E+04 2.C1250E4CE 1.125CCE907  4.46764E+00 -0,
%% T =0. =Ts =T> =T T, 72303E+00 =0%
5¢ 2 -Q. . -0. -C. : -0, 3,723G3E+00 -0
e 5T T T.236C00E¢0E  6.T0CCCET04 2. CTZS0EFCE T- TISCCEVOT 4, %6 T64E#00 = A
€2 2 ~C. -0. -0. . -a. 3,723G3E+C0 -0
7 T 7 =0, = =T, =0 =0. ; ~T.U5HBU
] 54 2 . -0. -0. -C. -c. 2,723C3E4+00 -0.
T TTTTTRY T TL.29S(CESCE  6.COUCUERUS 2 CIZS0E+0F T T.09S00EF0T 4. 46T64E400 ~ ~~=0e
56 2 -0 -0.: -0. -Q. 2,72303E+00 -0.
3 57T T =0. = — =T. 2, 723CIEF0T =0,
, 56 -1 1.329CCE+4CE 6.COOCCE+04  2.CIZ50E+CE  1.C850CE¢0T  4.46T64E+00 _ -0,
z L I S /A =0 =0% =0 3. 7Z303E+00 =0,
ec : -C. -0. -C. -0. -0. [ -500006 )
€1 i =0. -C. .- =0 -0. . 2,72303E+00 0.
62 1  1.37SCCE*06  6.00000E+04  2.CI12S0E+CE  1.0570CE*Q7  4.46764E+0 -G
€2 ¢ -06. -0c. -c. ~0. -0, o -0.
€4 z -0, -0. -0 -0, 3.723C3E-01 -0.
MANIFOLD o= 9.2 x 107 Zo = 35.5 ohms ; Vpean ot = 30000 volts

COUFLING LINE & = 9.2 x 10~

Fig. 16.

"

y 2= 50 ohms

Table of elements of the full-scale

XBL 675-4031

manifold system.
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in Hz, andthe energy gain in MeV, The seventh column is the length of the

-~-manifold section or coupling line in meters, and the last column is the relative

“power furnished by an amplifier in this location.

The data shown in Fig. 16 are for an ideally tuned manifold system
operating at 201.25 MHz except for the numbers.in boxes. Here element 30

has a.cavity tuned 6 KHz high (6LQ = 2), element 34 has a coupling line which

.is:0.5 cm too long, and element 60 is an amplifier which is furnishing only

‘half of its rated power.

The control cards specify a frequency range in which resonance is

-expected. The computer starts at an initial frequency and calculates through

.the 64 matrices summing the power loss and adjusting the amplifiers so that

the total power furnished equals the power lost in the loads and in the trans-

‘mission lines. In order to save computer time, element 63 (with identifying

integer 0) is a power balance card which furnishes or absorbs left-over power,
and it is equivalent to a load or amplifier in this location. Each end of the
manifold is assumed to be short-circuited, so the voltage at the last element
should be zero. If it is not zero, the computer steps slightly higher in fre-
quency and.calculates through the 64 matrices again, until it detects that the
end voltage has passed through zero. . At this time a subroutine causes it to
home in on the frequency for which the end voltage is nearly zero. It then
prints out the frequency and a complete table of values as shown in Figs. 17
and 18. It then resumes the search for another resonance until it has printed
a table of values for each resonance in the specified frequency range.

- Figure 17 is a table of values for an ideal tuning of the manifold
system, and Fig. 18 is a table of values for the set of elements shown in Fig.
16 in which one cavity is detuned, one coupling line is too long, and one ampli-
fier is delivering 50% of normal power. These tables are for a beam current
of 50 mA (200 MHz component) at 30 deg phase angle with respect to the volt-
age across the cavity gap. The converging sequence necessary to satisfy
the boundary conditions at the end of the manifold has reducedlthe voltage at
the short circuit to about 20 V out of 30000 V. Notice that in the column
headed - MANIFOLD, the mesh-point voltage ranges from 30000 to 29936V,
and the phase angle (in units of radians) has changed by 52 parts in 100000
along the manifold in Fig. 18. The voltage in the load cavities has not done
so well, since the cavities are not so tightly coupled, and the voltage ranges

from 29988 to. 29941V, with 58 parts. in 100 000 phase-angle change. Notice
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50mA
FREQ 2.01250293E+ 08 HZ
CAVITY MANIFOLD SHR POWER POWER VMAX XMA X
LE MAGNI TUDE ANGLE FLOW
1 0. 3. 0000E+0% = -~-1.00000 2.920E+0% O. 4.3418E+02 3.0000E+0% ~e 1446
2 2.9988E+04 . —1. 00000 3,0000E+04 -1.00000 1.500E+01 B8.4441FE405 B8.,4484E+05 0. ’ [
3 T Oe 3. 0001E+D% « 00000 1.493E+401 0. 8.49720E+05 3.0001E+0% -« 0004
4 0. Oe 3, 0001 E+04 «00000 <-6.706E+00 -2.7394E+06 -1.8902E+06 0. 0.
5 0. S 2. 9999E+ 04 1.00000 -6,721E+00 0. -1.8853E+06 2, 9999E*04 . e 1442
6 2.998BE+04 -1.00000 2.9999E+04 1.00000 -1.193E+01 B8.2316E+05 -1,0626E+06 0. 0.
T 0. 0. 2. 9998E+ 04 -.00000 -1.,198E+01 0. -1.0583E+06 2.9999E+04 - 0010
8 0. 0. 2.9997E+ 04 1.00000 -1.203E+01 O, -1.0539E406 2.9998E+04 « 7436
9 Z.9986E+0% ~T1. 00000 Z,995TE+ G4 T.00000 -5.B0%E+#01 8.3552E+05 -2.1837E+05 " 0. . 0.
10 0. O. 2. 9997E+04 -.00000 -5.922E+01 0. -2.1403€405 2 9998&'004 -+ 0019
11 0. 0. 2.9997E+ 04 ~.00000 -4.292E+00 —2»7388Ef06 —2.9528BE+06 Oe
12 0. . 2. 9995E+ 04 1.00000 —~4.298E+00 ~2.9483E+06 2 9996E+04 .« 7426
WWFOZ-"TOW-M—'_WOS -Z2.01B9E+06 0. [«
14 0. Oe 2.9993E+04 - —-«00001 -6,291E+00 0. —2.0144E406 2,9995E+04 -+ 0029
15 U Ve ~ 2« 99FZE+ TS « 39999 -5.,3024E+00 OU. -Z2.0100E+0%8  2Z2.939%34E+04 . 7417
16 2.9977E+04 1.00000 2,9992E+04 299999 -1.300E+01 1,0351E+06 -9.7493E+05 0. 0.
IT U, Ue T 2« 999TEFTH = 00001  -1.308E+01 7J. T—9.TOSTE+#05 2.,9994E+04 ~» 0034
18 0. . Oe 2. 9991E+04 -.00001 ~-3.417E+00 -2 T7376E+06 -3.70B2E+06 0. Oe
19 0. [ 2. 9988E+ 04 299999 -3.421E+00 -3.T035E+06  2.9991E+04 « 7409
20 2.99T2E+04% «99999 2,9988E+04 099999 -4,933E+00 1 1353E+06 —2+5682E+06 O, . 0o
21 U. Ue Z« 9IBEEF TG =+ 00001 ~%.93TE+00 De. ~-Z.553TE+D6  Z.9950E+0% —. 0040
22 0. Oe 2. 9984E+04 «99998 -4.949E+400 0. ~2.5592E406 2.9988E+04 . «T7406
237 Z.996TE+0% « 99999 2.99B4E+0% «39998 -9.622E+00 .Z428f06 -1.3164E+406 0. O.
24 0. Oa 20 9983E+ 04 —+00002 -~9.653E+00 0. —1.3120E+06 2.9987E+04 —+ 0042
25 U Oa 2.9983E+04 —.00002 -3.,129E+00 -2.7361E+06 -4,.,0482E+06 O, - O
26 0. Oe 2. 99 79E+ 04 299998 -3,132E+400 0. —~4,0434E+406 2.9985E+04 7400
ZT  Z.99862E¥08 « 99998 Z.,9979E+ 04 «99998 " -4.620E+¥00 T1.,3023E+06 -Z.74211E+06 O. 0.
28 0. : O 24 99TTE+04 -e00002 —4.627E4+00 O. -2.7365E+06 2.9983E+04 -+ 0047
29 Oe 2. 9975+ 04 «99997 -4.634E+00 D, ~2.71320E+06 2Z.9380E+04%4 « 7399
30 Z.9956E*04 « 99997 2.9975E+04 «99997 -9.411E+00 1.3868E+06 —1,3452E+06 0. Oe
31 0. . Ue Ze 9FTRER DG =« 00003 =9, 44TE#+00 Do — =1,3%0BE+06 2Z,9979E+0% -« 0045
32 0. 0. 2. 9974E+ 04 =+00003 -3,106E+00 -2,7345E+06 -4,0753E+06 0. [
33 U, Ue ZoI99TIEF TR «939997 =3.I0FE+00 O. -4, 0T06E+06 Z2.3577E+0% « 1395
34 2.9950E+04 «99997 2.99T1E+04 «939987 —4.BT5E+00 1.4742E+406 -2.5963E+06 0. 0.
35 Ue . Us 2. 9968BEF 04 = 0000% —4%4.8B82E+#00 O =Z.59T8E+06  2,9974E+0% =+ 0047
36 0. . Oe 24 9966E+04 99996 —4.890E+00 0. -2. 5873E006 2+9972E +04 « 1399
T 3T 2.99%5E¥0E - 99995 2.9966E¥04 99996 -l I97EF0L L .5I0TEFUS -1.0 .
‘38 0. Oe 2. 9965E+ 04 -«00004 -1.202E+01 9. -1. 05225*06 2.9971E4+04 ~o D044
37 Ue Ue Lo T700CF U =« UUUUT =2 e JRZEFUU =Ll T .55Ut*U§ =3« IGOIEFUD Ue Us
40 O.. Ow 249962E404 99996 =3,.346E+00 . -3.7805E406 2.996BE+04 « 7398
&1 Z.9930E¥035 « 99995 Z,9962E¥ 04 29999867 =5,.,88TE+00 1.6300E+406 -2Z2,.1I505E+086 U, Te
42 . 0. [+ 29 20 9961 E+04 -.00005 -5.893E+00 . -2.1460E+06 2.9965E+04 -+ 0042
43 Ul . Ue 24 9ISIEFDE TI9995 =5 ,905EF00 . =Z-1416E¥06 2 IT63E+04 « 1405
44 2,9936E+04 «99995 2.9959E+ 04 99995 -2,583E+01 1.6521E+406 -4,8947E+05 0. 0.
42 U. Ue - Ze FJIDTEF DR =« 000US  ~Z.806EF0T Ue =54.,8513%E%05 Z2+99062E+04G -« 0037
46 O. Oe 20 9959E+04 -e00005 -3.931E+00 ~2.7318BE+06 ~3.2169E+06 0. Oe
47T Ue Ue Zo 9956+ 0A 99995  =3,936E¥00 0. i =3 2ZI23E+06 2.9960E+04 . 71407
48 2.9933E+404 299994 2.9956E+04 ¢99995 ~—B84235E400 1.6772E+06 ~1.5351E+06 0. 0.
&9 U Ue 2e 9955EF¥ TG =« 0005 =8.258E¥0U0" U =T1.5307TE*0%5 2« FI5BEF+0T2 =+ U033
50 0. ' Oe . 2.9953E404 +99994 -8.281E+00 0. , -1.5263E+06 2.9956E+04 7413
51 2.9930E+0%2 ©99994  2.,9953E+04 +99994 6.751E+01 1.71356406 1.8720E+05 O. 0.
52 0. Oa 24 9954E+04 ~«00006 5.599E401 3. 1.9153€+05 2.9956E+04 -+ 0027
53 0O, O 2. 9954E+04 =e00006 <-4,9T7TTE+00 -2.7309E+06 -2.5393E+06 0. Oe -
54 0. . Oe 2« 9952500‘0 .99994 ~4.985E+00 0. ~2.5348E+406 2.9954E+04 +7418
E «64TE+D «T6T4E4+06 -TL.6739E+05 0. . [N
56 0. Oe Z.9951E+0‘0 .00006 —~1.,656E+01 0. —7.6305E405 2.9952E+04 -+0020
57 O.. Oa 2.9950E404 . 299994 ~1.665E+401 0. ~T«58T0E+05 2.9951E+04 « 7426
58 2.9926E+04- «99993  2.9950E+04 99994 1,222E+401 1.7929E+406 "1.0342E+06 0. 0.
59 0. [+ 2. 9951E+ 04 -.00006 1.217e+01 0. 1.0385E+06 2,9952E+04 -+0012
60 0. Oe 24 9951E+04 400006 -7,46BE+00 -2,7304E+06 ~1.,6919E+06 0. O
61 0, . 0. 2. 9950E+04 «99994 -~7,487E+00 D. ~1.6875€406 2.9950E+04 « 7434
62 2.9925E+04 299993 2. 9950E+04 99994 8.830E401 1.8306E+06 1.4308E+05 0. o2
63 0. Oe 2. 9950E+04 «99994 2.57T3E+14 -1.4308E+05 4.,0296E-08 0, 0.
64 0. . Qe 1, 7937€+01 + 99994 2.573E+14 0. 4.0296E-08 2.,9950E+04 -«3724
XBL 675-4032
Fig., 17. Table of values for the ideal full-scale mamfold

system.
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T FREQ Z.CTZECET4E+LE HI
T T T TRV TY T VENTFELT SWR™™ T TPOWER T T T UPONER T T TTWNEY T XM T
MAGNITUGE ANGLE MAGNITUCE ANGLE ) FLGW
1 C. C. 3.0CCCE+C4 -1.€00C0 2.92CE+C4 O. 4,3241BE402 3.C00CE+C4 -.7446
T2 U99B8ER04 T T TLGGG9 T 3L 000CERCHTTT TS IVEO00CT T TILSTYE4CT T8L 444 1TEFOS T EL4484EROS 0T T
3 C. 0. 3.0C01E+C4 .€0000 1.4S3E+C1 O, 8,492CE+05 3,CCOSE+C4
LR T~ T OCOTER TS T CO0C0 T E6, 1 EIER00T -2, 899IERCE <2, 050TE¥GE U0 T
5 . [ 2.9999E+C4 -1.CG0000 =-€.1S¢E+C0 O, © -2.0463E406 3.C0C04E+064
e TTZUSSEEE (S T T TTU59967 T T2 9999E4CATT =1, 00000 T S10038E 0 8L 2316605 S 1,2231E¥06 QLT T T T T TG
7 C. 0. 2.999€E+C4 .COCC1 -1.C41E+C1 O, -1.2187E406 3.0015E+404 0081
e, [V} 24995 TE#CG ™ 0699957 S 1L0458401 T Q. L =1 2149E¢06 TIICCIAER 0% T TTTTEUTIES T
S 2.9986E+04 +59558  2.9997E+C4 255959  -3.353E+401 B8.3550E+05 -3.7884E+405 0. 0.
R ¥ 2 Pt ¢ P A L L T I o oo S P L] X 7 ob B At S 11701 X 3o L Y e 11l P4 X 7 1 S 1§ 8 -
11 C. C. 2.9997E+C4 00001 -3,881E+00 -2,8991E406 -2,273€E+C6 O, C.
127 ¢, 0. Z9S5aE+ 4 U996y T A EEEEFCO 0. =4.2690E+06 2.0031E+04 B EYER
13 2.9981E+04 «59969  2.9994E¢C4 ~+5999G =-5.429E+C0C 9.2931E+05 -2.3397E+C6 O, 0.
T4 €. [ P 279992EFCY 00002 T=5T%4SEF00T 00 7T TTEELII52E4C6 3. CONEERCa 0151
15 C. C. 2.999CE+C4 -.59S8 -S.456E+C0 O, -2.3307E406 3.G054E+04 -.7289
TTET 25 9FTEEFCAT T T T 099968 2L, 9990E 04 T 20999987 <G UB44E400 1. 0350E#06 ST, 295 TE4CE QLT v g T
17 C. 0. 2.9985E+(4 »C00C3 -9.817E+4CC O. -1.2913€406 3.0092E404 .0198
18 ‘OT“‘—‘”*""_GT_“ TT2.9989E%CE T T T UC00 TIIVCUTELCC -2, RGTEERCE -4 THRYENCE 0. 7 0.
15 C. 2.5SE5E4(4 ~3,05CE+CC O, -4,1841E406 3.0L00E+04 -.7227
”“71:“‘2"99675'0’61. TTTTTEVY99 19T 2 9985 EXCA T TSR LVYITERO0T T UL 3C2SEVEE SRR IEFCE O o,
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Fig. 18. Table of values for the perturbed full- scale manifold

system,
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also that from Fig. 17 to Fig. 18 the perturbations in the system have pulled
the resonant frequency by approximately 300 Hz. The resonant frequency differs
from 2.0125000><'108 because the beam loading is at a 30-deg phase angle.

The voltage maximum is 31 743 V in the manifold adjacent to the detuned

cavity, and the position of the voltage maximum has moved about 8 cm from'’
the mesh point. The standing-wave ratio varies between about 3 and 30 along
the manifold, depending on the power flowing in a given section. The power
delivered to the cavities ranges from about 0.84 MW to 1.8 MW, which is

about 0.4 MW per cavity more than the copper losses.

There is a small error in these tables because the converging pro-
cedure doesn't reduce the voltage at the short circuit completely to zero.
However, one can compare the relative values of the ideally tuned case with
the case of a particular combination of perturbations to find the deviation
from perfect voltage lock that might result in a full-scale system. The de-
viations in amplitude and voltage lock are in good agreement with the theory

given in the first sections of this paper.
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