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ABSTRACT 

We are proposing a system to distribute rf energy to a linear accel

erator from an adjacent manifold. This system is 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 

mode 3. Various predicted values are compared with experimental results 

from a model rf manifold. 
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1. . INTRODUC TION 

The source of radio-frequency power is one of thell1ajor parts of a 

linear accelerator, and it is desirable to have an rf systell1 that is reliable 

and flexible without being unduly expensive. A 200 MeV proton linac, under 

consideration as part of the injection systell1 for a 200 GeV synchrotron, will 

consist of a nUll1ber of rf cavities .. We have devised a systell1, an rf ll1ani

fold, that pools all the rf all1plifiers to supply all the cavities as a COll1ll1on 

load. The systell1 uses a particular distribution network that holds the fields 

in the rf cavities to close tolerances while the beall1-loading chang'es. It 

ll1akes rf energy available along the linac, ll1uch as a water or vaCUUll1 

ll1anifold provides water or vaCUUll1 along its length. This is In contrast to 

a systell1 in which each linac cavity is powered froll1 a separate all1plifier, 

each of which ll1ust have a separate fast voltage regulator and phase servo 

to synchronize the all1plitudes and phases of the cavity fields. 

A significant advantage of a ll1anifoldis the increase in reliability 

that it makes possible. For a 200 MHz linac, the unit of rf power will be 

a S-MW all1plifier. Four to eight all1plifiers will be needed, depending on 

the beall1 loading. It is relatively inexpensive to include one or two ll10re 

all1plifiers at the 'll1anifold as on-line spares. Then it would require only 

a suitable disconnect switch in the coupling line to rell10ve a faulty tube. 

This could be done very rapidly with alll10st negligible down till1e, and without 

affecting the rest of the systell1. If the on-line spares are delivering their 

share of power, all the all1plifiers norll1ally operate at 75% of ratedpower, 

and this also substantially increases reliability. There is additional inherent 

reliability because the locking of all1plitude and phase throughout the ~ysterri 

is achieved by a passive network that is as stable as the ll1echanical dimen

sioris, thus elill1inating the cOll1plexity of a fast voltage regulator and phase 

servo for each cavity . 

There is also ll1uch inherent flexibility in a ll1anifold systell1. Power 

can be rell10ved or added along the length without affecting the operation. 

There is a definite advantage in ll1aking the cavities short, because then 

the nearest ll1od'es in the cavities are separated farther in frequency, which 

relieves the ll1echanical tolerances in the cavities. Since the cavities do hot 

ha~e to be tailored'to the all1plifier tube size, one all1plifier can power sever

al rf cavities. We are planning cavities approxill1ately 7.5 111 long. Without 

beam, the power dissipated in the cavities varies froll1 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 rnA. If 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 
3-5 

in the center of a passband. 

During the initial operation of a lina~ cavity it is desirable to have a 

large amount of exces s rf power available to break throughmultipactoring. 

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 1MW cavity loads; thus only one ampli

fierisneeded when the system is first being debugged. One cavity at a time 

can be coupled to the manifold and processed until it holds voltage. As more 

rf power becomes necessary to operate the first few sections of linac, more 

amplifiers can be added, until eventually the whole linacis 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 o~ the manifold must be an integral number of 
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half wavelengths at the operating frequency. The manifold can be either 
6 

linear or in the form of a ring, as is used on the DESY synchrotron. 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-wa.ve length or 

every 7 5cm along a coaxial line; loads and amplifiers are connected to the 

nearest 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 III. 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 servo the indivi'dual cavity resonances to this 

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

appreciable reactive energy must be supplied by the manifold and ultimately 

by the amplifiers. If two cavities are detun:ed,in op,posite' dire_ctions', , , 

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 dis sipation 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 ITlodes of the 

system; this subject is dealt with in Section V. Since the extra energy being 

extracted by the beaITl causes the systeITl 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 theITlanifold, and between the manifold and the cavity fields , respectively. 

Section IV deals with adjacent ITlodes in the operating pas sband, and Section V 

describes briefly the relationship between these modes and some of the trans

ientphenomena. At Lawrence Radiation Laboratory we have set up a one-

tenth length rf manifold system feeding .six cavity loads to check our theory 

on aworking'ITlodel. Section VI is a description 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 m.anifold. 
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II. AMPLITUDE AND PHASE LOCK ON THE MANIFOLD 

Let us treat the manifold as a series of transmission-line sections 

loaded at each endo We shall consider the properties of one section; we can 

then analyze the manifold section by sectiono First we find equations in terms 

of an arbitrary load admittance, and then substitute an expression to repre

sent the cavity load o To simplify the algebra, the load is divided with the . 

same loading on both sides of the section, as shown in Figo 10 The two ad

jacent load points are m + 1 and m" Writing a transmis ~ion matrix 
7 

for 

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

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

[OShYI 
1 

1 r 
Yo sinhy£ 

l:L 
0 

-i 

J 
I I 

Yo sinhy£ coshy£ 1 I 
I 2 -.I '-

or 

sinhy£ 

sinhyP. 

V 
m 

I 
m 

(1) 

The line parameters are YO and y == a+jj3o The length of i.ine between load 

points is P. and the load admittance is Y LO These do not have to be the 

same for each section, but we will leave off identifying subscripts to simplify 

the notation. Let us aSSUlTle the loss~s are low, so that CitP. < <1., The matrix 

equation can be rewritten to give 

V m+1 = (COShYI + :~ 0 SinhYI) V m + (~ 0 SinhYI) [m' (2) 

(3) 
. 

Since the nOlTlinal distance between load points is nAil, the electrical length 

is j3P. = n7T + 00n 7T , where °0 is a small quantity representing errOrs in 

length for a given section, and Inay be different for each section. Then to 
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first order in 6
0

, 

"" The factor cos n1T is either +1 or -1 depending on whether the section is an 

even or odd number of ).../2 in lengtho We shall show in Section III that the 

cavity load can be represented by the functional form 

Y L = G(1 + j 26 L Q) , 

where G is the real part of the shunt admittance, Wo is the resonant frequency 

of the load, and 26 L :;:: 1 - w~/ w2
, Substituting Y L and the above approxima

tion into Eqso (2) and (3), we find 

Let us rearrange Eq, (4): 

V m +1 
V 

m 
= it [~ (~+ I~J -DOn TI ~O OLQ]+ j [~lO GoLQ 

+ OO~: (~+ ~:)] 

(4) 

V 
m 

(5) 

(6) 

Both QI and 6
0 

are small near the operating frequency, .and tenTIS that ar.e 

the product of these factors have been neglectedo The cos n1T factor can be 

cancelled by the orientation of the coupling loop in thecavityo Equation (6) 
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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, the real 

terms are the deviation in amplitude and the imaginary terms are the deviation 

in phase. 

The a P. or loss terms cause deviation in both amplitude and phase. 

In general, a 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. 
··4 

Since the cavities are about 7.5 meters long, aP. l:::: 10 per section. 

Similarly the °
0 

terms cause deviation in both phase and amplitude. 

The quantity °0 is a measure of the error in electrical l:ength in the mani

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

the operating frequency will be adjusted to make the average °
0 

equal to zero. 

Then any nonzero °
0 

terms are due to manufacturing or to temperature dif

ferences along the manifold. The manifo.ld will be made of accurately ma

chined sections, and if the manufacturing tolerances on the lengths can be 

held to less than 0.006 in. then 00 ~ 1.0-
4

. The manifold must have its tem

perature controlled to within several degrees C to keep °
0 

within tolerance. 

Let us consider the other parameters inEq. (6). We are planning a 

mesh-point voltage of 30 kV on a 30 -ohm coaxial line. With a 1.- MW load, 

G = 2P/V
2 = 1/450 mho. The current flowing at a mesh point is proportional 

to power flow. It is not neces sarilyin 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 MWin our linac, so I I I n 
will be less than 500 A. The system will have a slow mechanical servo at 

each cavity to keep ° L near zero when the beam is on. When the beam is 

off, 0 L Q will not exceed t. With f. l:::: 7.5 m, n = 10, and Eq. (6) becomes 

Vmt1 
V 

m 
[ 

-4 ( 1 1.) -4 1. l 
l:::: 1. t 30 10 ,450 t 60 t iO X 1.0'Tr X 900 J 

-4 ··4 = 1 + 1 D 6 2 X 10 + j 00 6X 10 0 

-4( 1. 
t 10 \450 t io )] 

This corresponds to a change in amplitude of about 1. part in 6000 and a 

change in phase per section of 0.0035 deg. 

'; 
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Voltage and Current can be evaluated on a complete manifold system 

by starting at one end and calculating section by section. It is not necessary 

to carry along the perturbations in current for this calculation, sinc,e there 

is nothing analogous to voltage lock in the current equations, and Eq. (5) 

reduces to 

Im+1'" cos n1r ~(1 + j 25 L Q) Vm + 1m] • (7) 

Each section that is evaluated can have a different length 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 amplifier resonator. The calculation becomes rather 

tedious if there are any detuned elements in the system. because at an arbi-, 

trary frequency. the boundary conditions are not necessarily satisfied at the 

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

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

way to carry out a complete calculation of a compli.,fated system is with a 

computer, 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 trigon<;:>metric and hyperbolic functions instead of the first 

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

. some of the restrictions (such as 00 < < 1) do r~ot apply to the computer' 

solutions. This freedom makes the computer useful to search for ot:b.er 

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 arbitr'ary 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 m.ani

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

are long Alvarez cavities with many' resonances. the se-pa-rari-onbetween 

resonances near the operating frequency is inversely proportional to the 

square of the length of the cavities. In Se.Ction IV we show that the ope:rating 

mode in a manifold system.isin the center of a nat row passband. It is 

desirable to make the cavities short enough. so that the next cavity m.ode is 
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outside the operating passband. This requirement is easy to satisfy because 

rf power can be delivered in varying amounts along the manifold without 

affecting the operation; thus there is cbnsiderable 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 rrlanifold. An equivalent circuit
8 

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. 1 of coupling line 

with parameters Z01 and "1 == 0:'1 + jj31' In this equivalent circuit V c is 

the analog of the end-to-·end voltage in the cavity. The bearrl is a. repetitive 

current pulse that is shorter than one cycle of the rf drive frequency. Its 

Fourier component at the drive frequency is ca.lled ~. The higher -frequency 

components will be swamped out in the large displacelnent current, and their 

main effect will be to distort the wave sha.pe 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 ~ and of the tuning of the cavity. If we take the product of 

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

V cosh "i£'1 Z . h £. 'IA SL1 0 -SM 1 R+S~ 1 
o 1 cl m ot

sm 
Y1 i [ 

~J - 1 1 I 
Z01 

sinh Y r€ 1 cosh" f~ 1 0 1. 
SM 

0 0 1 i SC 11 m 
J , , 

or 

where 

A=-

B =: -

C = - SM cosh"f~1 + 

SM R+SL 
D = - Z01 sinh"t'£'1 + SM 

( 8) 
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/

Load is tied to a mesh ,point on manifold 

1m I L L R': Ib 
-- I 1 

Transmission line I 

Yj:: ex: I + j /3, lOI Ci')vc-

I 
Mesh 

1M 
I 
I 
I 
I 

1 I 
Coupling 

loop 

I 

I 
Resonant cavity 
e qui val en t c i rc u i t 

XBL675- 31 03 

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

Y/1 == a.111. + jf3 1
1

1 in the coupling line. Then 

where 

In Equation (8) the expression 

becomes 

We choose the length of the coupling line 11 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 thernanifold and the "line. We 

shall see that this constraint causes voltage lock. We divide by cos 13
1

1
1

, 

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

the ideal detuned-short restriction, 

Substitution of these. expressions into Eq. (8) gives 

V 
m 

Vc 

I 
m 

Vc 

2 = w MC cos 13111 {r111 + j 

lb 
+ jwCV 

c 

tan ~111) ( ~ 
Z 1 + jwCVc 01 

(9) 

R+jWL]} • 2 2 r' 
wM 

) 

( 10) 

+ [Z01 
1 

+ j "111 sJ 
[R + j wL- ~ lb o Rtjwt j}olH) . wC 

2 2 2 . + jwCV 
cos 13 1

1
1 

wM c wM _ 

'", 
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In these equations wZMC cos 13
1
1 i . is the voltage ratio between the manifold 

and the cavity. The expression [R+j(wL- w~~/WZMZ is the admittance of 

the cavity transformed by the coupling loop. The factors 0'11 1 and S are 

small numbers that account for the loss and the misadjustment in length of 

the coupling line. Now j wCV c is the displaceITlent current across the cavity 

gap, and it is of the order of Q times'~. With Q > 40000, . ~fjwcv c is 

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

Q. Let us introduce ~ ~1/(wZMC cos 13111)~;; G == R/( wM cos 13/ 1)Z, 

Q == wL/R, . wO= 1/ ;rLC, and Z 0L == 1 - wOZ /wZ , to simplify the 

equations. Then 

V 
m 

Vc 
+ j "/1 tan ~111 + ["11 t Z01 + j s cos2~111J 

r1' ~Q ] '} X G [ + J Z 0 L Q + wC V c . (1Z) 

Now notice that if the losses in the coupling line are small (0'111 < < 1), 

and if the detuned-short constraint is met (s < < 1), then we have voltage lock 

between the manifold and cavity. since the ratio is only sli.g,htly affected by cavity 

tuning (0 L) and beam current lb' Howeve r, the value crz can be changed 

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 

[
, Ib

Q 
] } + . G 1 + J Z 0 L Q + wCV c V C • (13 ) 

The coupling loop inductance L1 is of the same order as the mutual inductance 

M, and can not be made zero. For the cavities On our linac, \tan 13/ 1 \ = WL1/Z
01 

< O.Z, and cos 13111 :::::: 1. 

The beam current ~ will have some phase angle with respect to the 

cavity fields, and so will in general contribute both a real and an imaginary 

part to be added to 1 + j 20 L Q. We can define Gland 0 L so that 

G' (1 + j 26 'L Q) = G(1 + j 26 L Q + .l~ J . 
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This is equivalent to saying that the beam loads the cavity and detunes it. 

Without bealll the prillled values reduce to the unprillled values. Equation (f2) 

can be rewritten as 

: ~ - { {l t ["ll ZOI G' - G' 2 &' L Q s cos 2~11 ~ t j [G'S cos 2~111 

t "111 Z 01 2 &' QG'J }. (14) 

This is analogous to (13). and it is clear that the terlllS in brackets represent 

the deviation in amplitude and in phase irolll perfect voltage lock. Note that 

by a slllall adjustment in length of the coupling line, the parallleter can lllake 

either terlll in brackets zero at the expense of the other. For a practical 
-4 

coaxial line capable of carrying 1 MW. a typical value of a 1 i 1 :::: SX 10 . An 

error of 1 llllll in the adjustlllent of line length would give ~ ::::6 X 10 -4. We 

shall aSSUllle that with 100% be,alll loading and a 30-deg synchronous phase 

angle ~Q/wCVc::: 1 - j/2. Let the coupling line have a Z01::: SO OhlllS, and 

without bealll G ::: 1/4S0 Inhos and 2& L Q ::: - 1/2. With beam loading let 

G 1 
::: 2/4S0 and 2& IL Q ::: O. Without beam Eq. (14) becomes 

[ -4 -4J 1 + O.SSX 10 - j 0.29X 10 , 

and with beam, Eq. (14) becomes 

V 
In 

Vc 
1 [ ··4. -4l ::: 1( 1 + 1. 1X1 0 + J 0.027 X 10 J' 

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

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 diallleter from the 

coupling loop that are locked this tightly. If the cavity is too long. the fields 

along its length will fall off frolll the value near the loop, 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 lllore feed lines 

frolll the lllanifoid. 
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The admittance at the load point on the manifold is the ratio of Eqs, 

(14) and (13), 

I 
Y m ° 1 

L= VmzJ Z01 
(15 ) 

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 )"/2, The proincipal 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 II and Oil to include both beam current and 
L 

loop inductance, 

Y
L 

=' G II (1 + j 20lL Q), 

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 pas sband, and tha.t the mode separation 

varies inversely as the length of the system, From the dia\gonal terms in the 

matrix Eq. (1), we can define 

(16 ) 

where y == Q + j{3 and Y L == Q L + {3 L are the propagation constants for the 

unloaded line and for the loaded section of manifold, Using the approximations 

from the previous section, we have 

sinh Q
L 

lX sin {3 L 1 

'" cos j31+ t ",1 2~ J 
"sinj31 X ("'1 t 2~O) 

( 
GOLQ) 

- sin {31X + . YO' 

. Go Q t cos j31 X (t y ~ ). 

(1 7) 

( 18) 

Both 6 L =(w - wO)jw and {3 = 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 {3L and Q
L 

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 pas sband cosh Ql
L 

1 :::::: 1 and cos f3 L 1 < 1, 

while in the stop band cosh QlLl > 1. and cos f3
L

i :::::: 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 absolute value greater than 

unity. 

Then 

or 
1/2 

(19) 

where i:lw is the half-width of the passband. For our linac the passband is 

about 800 kH~ 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 

together. 

For the reluainder 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 n TI between load 

points, and the total phase shift from end to end is Nnn. The phase shift 

due to the transmission line and cavity combination between two load points 

can change as much as ±TI. The nearest modes on the manifold system occur 

when the total end-to-end phase shift is an additional ±TI, or when each cavity 

has contributed an additional ±TI/N. This is shown on the w- f3 L curve in 

Fig. 3. Additional resonances occur when the total end-to-end phase shift 

is changed by ±2n, ±3TI, .. ' ±Nn, 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 luade on a model manifold, we find that at the ±1 ill.odes 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 
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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 computer, using actual linac parameters, with frequencies 

obtained from the w - i3
L 

curve, assuming uniform cavity parameters that 

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 aLl. ~ 1 in the middle 

of the passband. Also let us assume that 131. = nn + 01niT, where 

01 == (w1 -w
O

)/w1 is the incremental frequency to the nearest mode. At the 

nearest mode !3 L1. = niT + n/N for one section. Substituting into Eq. (17) gives 

If iT/N < 0.3 or 

practical cas e s 

or 

cos n = 1 + al. G + 
N 2Y

O 
61 !'n0L 1 YO - ~~ 61 ) 

N > 10, then cos 
GQ 

wL t YO < < y 

1 ,2: 2 
n/N ~ 1 - (2:), (1\ ,iN ), and since for most 

and al. G < < 1, this equation reduces to 
YO 

2 GQ °1 n'TT YO 

o 
1 'TT2 -- 1 

1 - 2: N 2 

1 
nN [

n'TTYoJ 1/2 

2GQ 
(20) 



.. 

-19- UCRL-17508 

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 TM010 mode without a manifold which has a mode separation 

that varies as the square of its length . 

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 power 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 different~al 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 as sumed 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 w~re 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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heat frequencies.. Several pairs of modes can be included, but the calculation 

gets quite involved, and it is not a bad approximation to superpose tlie transients 

calculated for each pair of ~odes 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 

. '() . (1 - kt). t 1 t = 10 - e sIn Wo • 

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 

then 

V(s) = i(s) . Z(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 

{
i-at 

V(t)o:~ (1-e ) 

-at + e [,;: 

1 
k - a 

-at 
e 

6b.w ] 
2 - 2 

(k- a) + b.w 

__ 1_ 't4(k- a) 2 + &21 e -kt 
+ k - a 2-2 

(k-a) + b.w J 

sinwt - e- at 
[ 

6(k-a) J 
2 '2 

(k-a) +b.w 

(21 ) 

where a = w/2Q is the 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 b.w is the difference in frequency between the operating frequency 

and the adjacent modes. There are no quadrature terms proportional to 

cos wot because of the symmetry of w +1 and w -1' A desirable condition 

would be for b.w > >k > Ya; Eq. (21) then reduces to 
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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. FroTI1 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 ITlanifold during the pulse, and this requires an 

amplifier-modulator system with a high frequency response. The value of k 

is related to the ITlodulator frequency response, and if k approaches ~w, 

the regulator can become unstable, and the beat-frequency terms becoJUe coh

tinuous oscillations. This probleITl exists for other systeITls as well as for 

the ITlanifold system. 

VI. DESCRIPTION OF MODEL MANIFOLD SYSTEM 

The model manifold systeITl 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 ITlade of 18 accurately 

machine sections of coaxial line that are each 5,7 em in diameter and 75 CITl 

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 through the center pulls all 18 sections of outer conductor together. The 

two sections are short-circuited at the outer ends, ITlaking the ITlanifold 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 froITl end to end as the 

full-scale ITlanifold we have been considering. In the middle of each section 

there is a pr~)Vision to insert a fitting that allows electrical connection to the 

inner conductor through a GR 848 connector. These cqnnections are the 

mesh points of the manifold, and they are at the voltage maximuITl 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 ITlicrometer 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 50 fJ and 3500 input iITlpedance at resonance. Since the shunt 

impedance of the cavities is about 500 kO, this is equivalent to a turns ratio 



-2 3 - UCRL-17508 

Fig. 5. Model manifold system. ZN-58lS 
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of 100 and 38 respectively between the gap voltage and the loops. The rniC' l m 

eter allows a iine a.djustment of the unloaded resonant frequency of 5 7 5 kHz 

with ± 50 mils of mction. 

The cavities are normally a djusted t n have the same resonant ir e

quency as the unloaded manifold . The next higher cavity resonan c e i s ell 

585 MHz, and there are about 23 additional resonances below 2.000 MHz .. 

Each cavity has six t u rns of 1/4 - in. coppe r water tubing soldered to its 

outer di a meter , a nd the c avities are m .ounted in thi c k Styrofoalu j ac k ets ,,0 

tha t they will come t o the lemperatu re of the c i rc ulating water. Tb e " l X 

w a ter circlli t s are con nec t e d 111. Cie r!.e!o t-() that all the ca.vities stay <i t l), e 

san1.e ternpe rature . The CCi'Tilie.s a r- e nnnected to the manifold by a.n Lid

justable GR 5 0 - ~ c oaxial line. During the p r ocess of' adjus t ing the cotlpl ing 

Joops J the length fro m the cavity to the d etuned- ShO Tt position o n the coupli ng 

line is determined. When the cav ity is connected to the manifold the coupling 

line length i s adjusted so that the detuned-sho::-t position falls at the center of 

the manifold . 

Figure 6 is a closer vi e w o f o ne end o f the systelu , showing a cavity 

loa d a nd an ampliiie r connected t o the luanifold. The drive amplifiers are 

transist o Y'l ze d and ;:tre butlt on pnnted -c l r Cllit boards. The drive - aluplifier 

boar d h as two c l ass -C "radio-·frequency stdge!:> VI/lth strIp-line tank circuits . 

There 1S also a. ruodu.lator with a. closed - loop regulator , so tha t tl e ::;u pply 

voltage to the rf amplifier may be controlled 111. tilue and amplitude by a 

l ow - le ve l pulse. The low-level If stage is furmshed with a continunus -wav e 

drive v oltage o f about 1 V rms at the de siTed r f irequency, dnd the band 

width of the driv e amplifier is about 5 MHz. 

We postulate that the system is ideally tuned (a) when it is d r ive n at 

the resonant fre quency of the unloaded man ifold ; (b) w11en the length of 

coupling line is such that the detuned-shoI t position on the line is conne c ted 

to the mesh point on the manil:01d, and (c ) when the cavi ty is tuned t o mini 

mize the reac tive energy e xchanged between the ca.vity and the rest of the 

system.. This is most easil y accomplished on the model by unloading tIle 

manifold and tuning the dr-ive frequenc.y for resonance; then the cavities are 

added (with the p r emeasured line length) one at a time. Each cavity is re

tuned to bring t he system to resonance before the next is added. 

The amplifier.3 are connected to the eystem in one of two ways . When 

going thr o ugh the tuning -up procedure desc ribed above , the amplifier' drives 
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Fig. 6. One end of rrlOdel ITlanifold systeITl, showing cavity 
load and aITlp1ifier connected to ITlanifold. 
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a slnall loosely coupled loop at o ne end,and a similar loose l y coupled lo o p at 

the other end i.s connected to a 66 1 sampling scope to rnoni t or th e resonallces . 

When the system is correctly a djuste d , t he amplifier is connect ed t o a ulesh 

point through a hal£-wave-length coupling li ne. When the sy::o t em is pulsed , 

the rf envelope at seve ral points is rnonit ored by cr ystal d etectors. By o b 

serving on the scope the pulse envelope a t the arrlplifie r tan k circ 1.l it a nd at 

a cav ity s imultane ous ly , one can easily adjust the amplifier coupling line for 

the tightest coupling . 

VII. EXPERIMENTAL RE.:3U LT S 

We shall discuss several exper im.e nts th at we re designe d to c heck 

the amplitude and phase lock whe n the cavity loads were detuned by an ex

cessive amount to Inake the d eviati on s e as ier t o measu. r e. In tbe first ex-

periments data were take n with a He wle tt- Packard Ve c tor Voltlneter and 

recorded direct ly on an X- Y recorder . These actual experimental graphs 

are reproduced in Fig. 7 through 9 . In each experiment the m a nifold sys tern 

was tuned as clos e to the ideal c ondition as possible . Then as the driv e fre

quency was swept through the operating fr e quenc y, graphs were m.ade of t he 

voltage in two adj acent cavitie s and of the phase between thern. These graphs 

are l a beled Case 1. The amplitudes of the voltage in the two cav iti es are 

very ne ar l y the sarne in the freque n cy range near resonance . and the r e 

cordings look a lrno st like d s ingle pen line. The phase difference betwe e n 

cavitie s is 180 d e g at resonance because the adjacent cav ities are separat e d 

by 3 'f-/2 on the manifold . In the first experiment (Fig . 7) , Cavity 3 was d e -

tuned + 50 n'1ils by it s microm.eter. 

cavity by 575 kHz or 11 Q- width s . 

This corresponds to detuning the unloade d 

Notice that t his detunes the sys tem by 

about 125 kHz , since most of the energy i s s t o red in the o ther cavitie s . 

The experimenta lly determined unloaded Q for the cavi ti es i s 377 0 . 

Measur eme nt s on the coupling line and lo o p indicate that the equivalent 

a 1i 1 = 0.00 47 5 . The equivalent load r es is tance of the cav ities was a dj us t ed 

(by rota ting the loops) to be R L ::: 345 o hms . To calculate the d eviati o n fro rn 

perfect amplitude and phase lock between the two cavities , we firs t ca.l c ulate 

the voltage ratio betwee n the detuned C av ity 3 and the rnamlo ld irom. Eq . (14) 

(see Fig. 10) : 

= 
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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 system. 
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Alternate amplifier location' VC3 amplifier location 

H P Vector voltmeter 

XBL675-3106 

Fig. 10. Block diagram of the model manifold. 
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2 
Now i 1= 52.9 cm, and 13 1

1
1 = 124.5 deg, or cos 13 11 1 = 0.32. The measured 

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

lengths we should get £ = O. Actually the coupling line length for C?- given 

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

was rocked back andforth through resonance. An oscilloscope display of 

the six cavity voltages was observed, and the length 1.1 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, 1.1 for each cavity was probably within 0.5 mm of the ideal length. 

The coupling lines were adjustable GR 50-Q lines with a111 Z01 = 0.237 Q. 

Substituting these values into Eq. (14) gives, for ° L Q = 11, 

. V m3 1 r -3 . t . - 3 .} V- = N~ 1 + 0.689X10 - 0.022 £3 + J (0.001 '"'3 + 15.2X10 ). 
C3 t 

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

that 0L = 0 for this cavity. Then 

V m4 1 { -3. } V- = N 1+0.689X10 +JO.001£ . 
C4 4 

Next we must include the voltage ratio along the manifold from Eq. (6). The 

calculated value for a on the model manifold is 7.77 X 10 -4, 1 = 2.25 meters, 

and YO = 1/35.5 S), so that al/Y 0 = 0.062~. There are two more tuned 

cavities beyond Cavity 3, making I Iv = 2G. By choosing the operating 
n n 

frequency carefully, we have made 00 = 0, and we get 

V m3 -3 . -3 
V m 4 = 1 + O. 54 X 10 + j 1. 8 X :I. 0 . 

Then the calculated voltage ratio between the two cavities should b'e 

1 r -3 N L1 + 0.689 X 10 - 0.022 £3 +. j 
= 
~ [1 + O.689X 10-

3 
- j 0.001 £4J 

X [1 + 0.54 X :I. 0 - 3 + j 1,8 X 10- 3] 

-3 [. -3 ~ 
::::1 + 0.54X10 - 0.022£3 +j 17X10 + 0.001 (£3 - £4)J' 

If the £ f 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 1. could result in£ = 0.18 n, which 
-3 1 -3 

would make 0.022 £3 = 4X 10 and 0.001 £3 = 0.2X 10 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 -3, and the 

measured change in phase is 1.2 deg. 

Deviation 

Amplitude 

Measured <2X10- 3 

Calculated 0.54X 10- 3 minimum 

Phase 
(deg) 

1.2 

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 

VC4 -3 -3 
V-::::1 +0.54X10 - 0.022 (£3 - £4) +j 32.2X10 

C3 

which corresponds to an amplitude deviation of 0.54X 10-
3 

and a phase deviation 

of 1.85 deg. From Fig. 8,we see an amplitude deviation of about 1/2 division 
-3 

out of 114, or 4.4X10 ,and a change in phase of 1.65 deg. 

Deviation 
Phase 

Amplitude (deg) 

Measured 4.4X10- 3 
1.65 

Calculated O. 54X 10- 3 
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 £ to a minimum value is related to the amplitude sensitivity. The 

next two experiments were designed to perturb the amplitude lock by many 

times the sensitivity of the measuring instruments, so that we could compare 

the calculated and measured values. 

, .. "l 
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In the third experi:ment the coupling line on Cavity 3 was increased 

in length by 2 c:m. For this condition 

The ad:mittance of the load is given byEq. (15): 

and since 13
1

1
1 

changes·fro:m 124.5 to 129 deg, increasing the coupling line 

length .is equivalent to detuningCavity 3 slightly, or so that 25 LQG = - 0.0029, 

V:m3 

Vc3 
1 { -3 -3} = N ,1 + 21.6X10 +j 20.9X10 . 

The errors in other £ I S are neglected. Then the ratio of cavity voltages is 

calculated to be 

Vc4 -3 -3 
-- :::: 1 + 21.4X10 + j 22.7X10 
Vc3 

This corresponds to an a:mplitude deviation of 0.021 and a phase deviation of 

1.3 deg. Fro:m Fig. 9 we see that the :measured a:mplitude deviation is about 

1.5 divisions out of 120 or about 0.0125, and the :measured phase deviation is 

1. 23 deg. 

Measured 

Calculated 

Deviation 

Amplitude 

0.0125 

0.021 

Phase 
(deg) 

1.23 

1.3 

In the fourth experi:ment we held the frequency constant and plotted 

the voltage in two cavities and the phase between the:m when Cavity 5 had 

its coupling ,line 1 c:m too long" and was also detuned. The graph of these 

values is shown in Fig. 11. It is apparent fro:m this figure that either 

£5 or £4 was not zero for the control case, because V C4 and V C5 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 :micro:meter 
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setting of 7 SO mils is 

. VC4 = 1 + (0.65SX10- 3 + 0.11S) + j, (5.77X10-
3 + j13.4X10-

3
) 

VC3 

This corresponds to an amplitude deviation of 0.119. The phase deviation 
-3 

will be broken into two parts. The SG:: 5.77X10 corresponds to a phase 

change of O. 33 deg due to increasing the coupling line length, and 

Ql
i
i1 ZOi 20L QG :: 13,4XiO-

3
,corresponds 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 
Amplitude 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 neces sary 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 N are plotted 

on the curve to show that the agreement is very good for ihemodes 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 fJ.sec rather than 100 fJ.sec for 

the full-scale case. Figure, 13'showsthe ;rf envelope bf the voltage in 

'Cavitie.s3 and 6 and the amplifier with rf level being regulated. The 

amplifier is tightly coupled to the system, so that'the amplifier voltage rises 

at the'same rate-as that of the-cavity; The principal difference, between the 

various volt-ages i~ i~ the phase and ainplitudeof the sup'erimposed transient 
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ZN-5809 

Fig. 13. (upper) rf Envelope with servo on (5 f.Lsec/ cm); 
(lower) magnification of trailing edge of pulse (1 f.Lsec/ cm). 

top: Cavity No. 3 voltage. 
middle: Cavity No. 6 voltage. 
bottom: Amplifier voltage. 
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during. the rise and fall tiITle. The ITlodulator voltage has a ripple that tends 

to cancel the ripple on the amplifier output. In this case there is SOITle over

shoot on the front end of the pulse. The lower figure shows the trailing edge 

in ITlore detail. The aITlplifier can interrupt the flow of power more rapidly 

than it can start power flowing; therefore the transients are excited ITlore 

strongly. The principal frequency in the falling waveforITl is about 2 MHz 

in Cavity 3 and about 3.3 MHz in Cavity 6. This corresponds to the ± 2 

ITlodes and the ± 3 ITlodes, respectively. Since the aITlplifier is located near 

the center of the systeITl, it does not tend to excite the ± 1 ITlodes. The 

period of the overshoot on the front end of the pulse corresponds to the band

width of the servo aITlplifier. This was ITlade less than the frequency dif

ference between the operating frequency and the nearest ITlodes in an effort 

to avoid exciting these ITlodes. In Fig. ,14 the bandwidth is large enough 

to cause continuous oscillation at a frequency which is the saITle as that ex

cited by the transients. 

The transients can be generated either by changes in power from the 

drive aITlplifier. 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 

ITlicrowave planar triode across the gap in the cavity. The anode was con

nected to one side of the gap, and the grid 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 acros s the gap, the electron current flowing acros s the gap had a 

200-MHz cOITlponent that was in phase with the fields. This simulated beaITl 

loading in one cavity lowered the level of the rf voltage in all cavities by an 

equal aITlount, just as having an aITlplifier at one location brings all the cavities 

to the saITle level. The beam-loading transient also caused oscillations to be 

superiITlposed 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 aITlplifier level, and which 

were due to changes in load. Figure ,.15 shows the rf envelope in one 

cavity with beaITl 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: Am plifi e r volta ge ; 5 jJ.S e e / em. 



-40- UCRL-17508 

XBB 675-2956 

Fig. 15. rf Envelope with beam loading in Cavity No.3· 
(30 fJ.see/ em). 
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VIn. COMPUTER RESU LTS 

. A full-scale systelU is lUuch too cOlUplicated to analyze without the 

use of a cOlUputer, and we will briefly describe the cOlUlmter progralU and 

show the results for two proble:ms. The co:mputer progralU starts at a short 

circuit at the beginning of a lUanifold with an initial condition that will cause 

a voltagelUaxilUulU to occur a quarter wavelength away trolU the short circuit. 

This voltagelUaxilUulU is 30 kV in the two exalUples which follow. Data are 

sublUitted in the form of an IBM card ·for each element of the systelU. An 

integer in the first colulUll identifies the elelUent as a section of lUanifold 

translUission line, a coupling line and cavity load, or an amplifier. The cards 

for thelUanifold sections specify the length (in lUeters) of the section. The 

characteristic ilUpedance and attenuation are specified in separate cards 

along with .frequency and other paralUeters. 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 bealU losses due to a bealU 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 alUplifier card specifies only the relative power of a partic

ular alUplifier. 

The identifying .nulUber on the element cards causes the cOlUputer 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 elelUent. From these it calculates and prints the lUagnitude 

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

fold, and the power flow in the manifold. 1£ the element is a transmis sion 

line it calculates the value of the lUaximum voltage in the section, and the 

distance to the lUaximum. _ If the elelUent is a load or alUplifier, it calculates 

the power leaving or entering the lUanifold. It also calculates the magnitude 

and phase of the voltage acros s the cavity gap .. Figure 16 shows atypical 

table of elelUentsfor the full-scale 200-MeV linac. The first column is the 

nUlUber of the elelUent; the second is the identifying integer (1 = cavity· load, 

2 = amplifier, 3 = translUis sion line). The next. four columns are load param

eters--the copper loss in watts, the Q, the resonant frequency of the cavity 
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H 
1 3 -0. -0. -0. -0. 3.72303E-OI -0. 
2 1t.2200CEtC5 9.00()()OEtCIt 2.Cl25CE+C8 9.15500EtCt 4. 46164E+00 -0. 

" :: -0. -0. -0. -0. :3.7230:3e.OO -c. 
~ ~ -0. -0. -C. -0. -C. 1.05880 
:- 3 -0. -0. -0. -0. ---r.-12303E .00 -0. 
t I 3.85(CCEtC5 9.2CCCOE+C4 2.C1250EtC8 I.CI2CCE+Ol 1t.1t6161tEtOO -0. 

-----:-r--~r-=u_;;_ -0. --::u-;------ -0. ---------""3-~ iZ303HOO -0. 
E ;: -0. -0. -0. -0. 3.12303E+OC -0. 
~ 3.810(t{)HO: e ./oOOUE +.O,.---r. tI2:cn-n-- I.05000E+O 1 it. 46 '64E+oO -0. 

HI 3 -0. -0. -0. -0. 3. 12303E+00 -0. 
II £ -D. -0. -0.-------;;;0.----.--------::0.-------- 1.05880 
l~ 3 -0. -0. -C. -0. 3.12303E+00 -0. 
13 I 4.S9CCCE+05 f! .3IlCOOE+C4 2.1i 12 50 E + C a--l.OB'1OOEt07---T.-46 76 4E+OO -0. 
14 ;: -0. -0. -0. -0. 3.12303E+00 -0. 
IS 3 -0. -0. -0. - -0. -T.'i23 0 3 E +()O -0. 
16 1 5.55C()CE+OS 8.10COCEt04 2.012S0EtC8 1.11000E+07 4.46161tEtOO -0. 
n '1 -0. -0. -0. -0. 3.12303EtOO -0. 
IE £ -0. -0. -0. -0. -C. 1.05880 
1~ ! -0. -0. -C s --u-;-------,.,Z-rOT+ClJ -0. 
20 8.01t000E+OS 1.20COOE+01t I ~.012:tE+CEl 1.15500E+Ol 4. 4616ltEtOO -0. 
21 3 -0. -=u-;----.--. -tl. ~;--------T.TZ303E+OO -u-;---_._--
~~ 3 -0. -0. -0. -0. =.123C3E+Ot -0. 

.23 1.4nCoE+OS 1. 5 0 (ro tEt-04 2.Cr2""50EtGB 1. r5"500E~4.40,67iHuu---~---
ZIt :3 -0. -0. -0. -0. 3.12303E+00 -0. 
.t!: 2 -0. -0. -0. . -----:;;u-. ------·----::.If.----------------r,;-U5l!ll-O--
26 3 -0. -0. -0. -0. 3.12303E+00 -0. 
2' 8.0400oEi05 , .20000El04 2.01250ElOE -r.T5IjUUFTUT~n64E +00 =u; 
a 3 -0. -0. -0. -0. 3.12303E+00 -0. 
;g ; -0. -0. -<I. -0. 3.123C3E+00 -0. 
30 I 8.890CC,Et05 1.()OOOOEt04 2.012S0E+C8 1.1550ciE +0 1 4. 4616ltEtOO -0. 
31 3 o. -0. -0. -0. 3. 12303E+OO =0. 
32 ~ -0. -0. -0. -C. 1.C5880 
33 ;: -0. -0. ---=0-;--'- -0. -0-.-----
34 8.C4CGCE+0~ 1.20CClGE+C4 2.Cl125CE+c)€ 
35 ! -c. - . - . + 
3t - -0. -0. -c. -0. 3.12303E+00 -0. - 37 I t .OHOOE +06 6.6UOllllE+04 -r.1JT~tre--T;-r5·5UUF+lrT--lt;""lio767iE iUO -0. 
38 :3 -0. -0. -0. -0. 3.12303E+00 -0. 
39 c -0. -0. -0. ----'"--u-;----------;;:u-;---------,-;·C5990 
40 3 -0. -0. -0. -0. 3.12303E+00 -0. 
41 . 1.l34n·E+(jfi 6.400GOE+04 2.()1250E+Ce t.1550()E+Ol ~6164E+OO -0. 
1t2 ~ -0. -0. -0. -0. 3.12.303E+00 -0. 
43 :: -0. -0. -0. -0. 3.7nme+cr -0. 
~It 1 1.16~(lOH06 6.30Cc;CE+C4 2.Cl250Ett8 1.14000EtOl 4.4616ItE+00 -0. 
.. 5 3 -0. -0. -0. -0. --·---·-----"3;-7Z303E+C() -0. 
4t ~ -p. -(l. -0. -0. -0. 1.05880 
41 ~ -0. -0. -(1. ----ll. 3.1230n+oo -0. 
1t8 1.19500E+06 6.20000E+04 ~.012~0E+tE 1.12500EtOl 4. 46161tE+00 -0. 
4~ :: o. -D. -0. --':;'0.- ----r.'DlJ"3F+UO .0-;-

50 ~ -0. -0. -0. -0. 3. 123Cl3E+00 '-0. 
51 1.236(l""1J006 6 .1 OC1lUE+1!4 ".CI250EiCE 1. 115UlT.~- 4. 46164E+00 -0. 
52 ~ -0. -0. -0. -0. 3.12303EtOO -0. 

s 53 ; -0. -c. -0. -0. -0. '. 1.05880 
54 :: -0. '-0. -0. -0. 3.123C3E+()0 -0. 

4 5~ 1.29nOE+06 6~«mUUOI+~-Z.GI250E+~~U9500E+Ol 4.46~E+oO -0. 
5E 3 -0. -c .'- -(). -0. 3.12303E+00 -0. 

3 51_ :: -0. -0. -0. -0. 3. 123Cl3E+CO -0. 
5.£ 1.32CJ(C'E+()t 6.CO()COEt04 2. Cl~50E+()E 1.CS500E+Cl 4.1t6161tE+OO -0 •. 
se; :: -0. -0. -.0. ,=-0-;-- 3. '2303E+OO -0. 
f(l ~ -C~ -0. -0. -0. -0. 1·50()OO) --
ft , -0. -c. -O~ -0. 3.72303E+00 -0. . 
6~ 1 1.31.C;OtE+06 6.00000E+04 2.C1250E+OE 1.C5100E+Ol 4.46164E+00 -0. 
f3 ( -0. -0. -0. -c. -0. -0. 
tit :3 -0. :-0. -0. -0. 3.123C3E-O-l -0. 

-5 MANIFOLD aa 9.2 x 10 .Zo = 35.5 ohms • Vmesh pt .. 3000~_v:..:o:.::1:..:.ts=--_____________________ _ 

-4 
COUPLING LINE a D 9.2 x 10 • .Zo = 50 ohms 

~L 675-4031 

Fig. 16. Table of elements of the full-scale manifold system. 
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in Hz, and the energy gain ihMeV .. The seventh column is the length of the 

"in,anifold 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 ( 6 L Q = 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 r'esonance is 

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

. the 64inatrices summ,ing 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 th~ 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 acros s the cavity gap. The converging sequence neces sary to satisfy 

the boundary conditions at the end of the manifold has reduced the 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 29936 V, 

and the phase angle (in units of 'IT 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, 29 911 V, with 58 parts. in 100000 phase-angle change. Notice 
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'So ... " 
FREQ 2. 01250293E+ 08 HZ 

CAVITY MAN! FOLO SWR POWER POWER VMAX XMAX 
HAGN lIODE ANGLE HAGNI IOOE ANGLE FLOW 

.. 
1 O. O. 3. OOOOE+1J4 -1.00uon~~+04 O. 4.3418E+02 3.ooooE+04 -. 7446 
2 2.9988E+04 -1.00000 3.0000E+04 -1.00000 1.500E+01 8.44.41E+05 8.4484E+05 O. O. 
3 O. O. 3. 00 01E+ 04 • 00000 1.493E+ol O. 8.4920E+05 3.0001E+04 -.0004 
·4 O. O. 3.0001E+04 • 00000 -6.106E+00 -2.1394E+06 -1.8902E+06 O • O. 
5 0'. O. 2. 9999E+04 1. 000()() -6. 721E+00 O. -1.8858E+06 2.9999E+04 .1442 I-
6 2.9988E+04 -1.00000 2.9999E+04 1.00000 -1.193E+01 8.2316E+05 -1.0626E+06 O. O. 
7 O. O. 2.9998E+04 -.00000 -1.198E+Ol O. -1.0583E+06 2.9999E +04 -.0010 
8 O. O. 2.9991E+04 1.00000 -1.203E+01 3. -1.0539E+06 2.9998E+04 .7436 
9 2.9986E+04 -1. 00000 2. 9991 E+04 1.00000 -5. B04E+ol 8.3552E+05 -Z.1837E+05 o. o. 

10 O. O. 2. 9997E+04 -.00000 -5.922E+Ol O. -2.1403E+05 2.'l998E+04 -.0019 
11 O. O. 2.9997E+04 -.00000 -4.292E+00 -2. 7388E+06 -2.9528E+06 O. O. 
12 O. O. 2. 9995E+ 04 1.00000 -4.298E+00 O. - 2 .9483E+06 2. 9996E +04 .1426 
13 2 • 991rlE+07t -1.00000 2. 9995E+ 04 1. 00000 -6.Z17E+00 9.Z937E+05 -2.0189E+06 . O. O • 
14 O. O. 2.9993E+04 -.00001 -6.291E+00 O. -2.01lt:4E +06 2.9995E+04 -.0029 
15 O. O. 2. 9992E+o4 .q9999 -6. 304E+Ou tJ. -z.OIOJlf+06 Z.9994E+04 • 7417 
16 2.9977E+04 1.00000 2.9992E+04 • 99999 -1.300E+Ol 1.035IE+06 -9.1493E+05 O • o. 
11 O. O. 2. 9991E+04 -.oomn~~~ 9-;tlr5TE+!J5-.!. 9994E +04 -. 0034 
18 O~ O. 2.9991E+04 -.00001 -3.411E+00 -2.7316E+06 -3.1082E+06 O. O. 
19 O. O. 2. 998!iE+o4 .99999 -3.421E+00 O. - 3. 7035E+06 2.9991E+04 .1409 
20 2.9912E+04 .99999 2.9988E+04 .99999 -4.933E+00 1.1353E+06 - 2. 5682E+06 O. O. 
21 O. O. 2. 9986E+04 -. 0000 1 -4.941E+OO O. -2.5631E+o6 z.9990E+o4 -.0041) 
22 o. O. 2.9984E+.04 .99998 -4.949E+00 O. -2.5592E+06 2.9988E+04 .1406 
23 2.996 7E +04 • 99999 2.9984E+04 • 99998 -9.622E+00 1.2428E+06 -1.316'.E+06 O • O. 
24 O. O. 2.9983E+04 -.00002 -9.653E+00 O. -1.3120E+06 2.9981E+04 -.0042 
25 O. O. 2.9983E+04 -.00002 -3.129E+00 -2. 7361E+06 -4.0482E+06 O. O. 
26 O. O. 2. 9919E+ 04 .99998 -3.132E+00 O. -4.0434E+01> 2.9985E+04 .1400 
21 2.9962E +04 • 99998 2. 99 19E+u4 • 99998 =4.620E+oo I.30z3E+06 -z. 7411E+06 O. O. 
28 O. o. 2.9977E+04 -.00002 -4.1>21E+00 O. -2.131>5E+06 2.9983E+04 -.0041 
29 O. o. Z. 9975E+04 .99997 -4.634E+OO o. -2. 7320E+06 2.9980E+04 • 7399 
30 2.9956E+04 .99997 2.9975E+04 .99991 -9.411E+00 1.381>8E+06 -1.3452E+06 O. O. 
31 O. o. 2. 9914E+04 -.00003 -9. 44TE+O"O O. ,...1. 3408E+O~99/9E .. 04 -.O~ 
32 O. O. 2.9914E+04 . :-.00003 -3.106E+00 -2.7345 E+06 -4.0153E+06 O • O. 
33 o. O. 2.99 fIE+04 .9999' -3.io9E+uO j. -4.0 (abE+D6 2. 99' IE +04 • 7395 
34 2.9950E+04 .9.9991 2.9971 E+04 .99997 -4.815E+00 1.4142E+06 - 2. 5963E+06 O. O. 
35 O. O. 2. 9968E+04 -.OOOO7t~lf2F~OO o. -2.5918E+06 2 ;-997liETOli -. 004 r 
36 O. O. 2.996I>E+04 .99996 -4.890E+00 O. -2.5873E+06 2 .9972E +04 .7399 
31 2.Y945E+04 • 99996 2. 9966E+u4 .99996 -i.I9IE+OI 1.530fE+06 -1.0566E+06 O. O. 
38· O. O. 2. 9965E+04 -.00004 -1.202E+01 1. -1.0522E+06 2. 9971E +04 -.0044 
39 O. O. 2. 9c)65E+04 -.00004 -3.34ZE+OO -2. 7 330 E+06 -3. 1853E+06 O. O. 
40 O •. O. 2.9962E+04 .99996 -3.346E+00 1 • - 3. 1805E+06 2.9968E+04 .1398 
41 2.9940E+u4 • 99995 2. 9962E+04 • 99996 -5.881E+QO 1.6301fF+06 -2.1505E+06 O. O • 
42 O. O. 2.9961 E+04 -.00005 -5.893E+OO O. - 2 .1460E+06 2.9965E+04 -.0042 
43 O. O. 2. 9Y59E+04 .99995 -5.905~. - 2.1"7t-r6E+06 2.9"963E+04 • 1405 
44 2.9936E+04 .99995 2. 9959E+04 .99995 -2.583E+01 1.6521E+06 -4.8941E+05 O. O. 
45 O. O. . 2. 9959E+04 .00005 -2.606E+ul o. -4.8513E+05 2.9962E+04 -. 0031 
46 O. O. 2.9959E+04 -.00005 -3.9.31 E+OO -2.1318E+06 -3.211>9E+06 O. O. 
41 O. O. 2. 9956E+04 ."19995 -3.936E+00 O. -3.2123E+06 2.9960E+04 • 1407 
48 2.9933E+04 .99994 2.9956E+04 .99995 -8.23~E+00 1.6172E+06 -1.5351E+06 O. O. 
49 O. O. 2. 9955E+04 -.00005 -8.2s-8CTOO O. 1.530/E+u6 2.9958E+04 -. 0033 
50 O. O. 2.9953E+04 • 99994 -8.281E+00 O • -1.521>3 E+06 2.9956E+04 .1413 
51 2.9930E+Q4 .99994 2.9953E+04 .99994 1>.75lE+Ol 1.1l35E+06 1.8720E+05 O. O. 
52 O. O. 2.9954E+04 -.00006 1>.599E+01 O. 1.9153E+05 2.9956E+04 -.0021 
53 O. o. 2.9954E+04 -.00006 -4.977E+00 -2.1309E+06 -2.5393E+01> O. 0. ___ 
54 O. O. 2.9952E+04 .99994 -4.985E+00 O • - 2. 5348E +06 2.9954E+04 .1418 
55 2.992 7E+04 • 99994 Z. 9952E+04 .99994 -1.1>47E+Ol 1..1614E+01> -7.1>139E+05 O. O. 
56 O. O. 2.9951E+04 -.00006 -1.656E+Ol O. -1.6305E+05 2.9952E+04 -.0020 
57 O. O. 2.9950E+04 .99994 -1.61>5E+Ol O. -1.5810E+05 2.9951E+.04 .1426 
58 2.9926E+04 .99993 2.9950E+04 .99994 1.222E+Ol 1.1929E+01> 1.0342E+06 O. O. 
59 O. o. 2. 995IE+04 -.00006 1.217E+Ol O. 1.0385E+01> 2.9952E +04 -.0012 
60 O. O. 2.9951E+04 -.00006 -1.468E+00 -2.1304E+01> -1~6919E+06 O. O. 
61 O. O. 2.9950E+04 .99994 -1.481E+00 O. -1.68.15E+01> 2. 9950E +04 .7434 
62 2.9925E+04 .99993 2. 9950E+04 .99994 8.830E+Ol 1.830I>E+01> 1.4308E+05 O. O. 
63 O. O. 2.9950E+04 .99994 2.573E+14 -1.4308E+05 4.0296E-08 O. O. 
64 O. O. 1.7931E+01 .99994 2.573E+14 O. 4.0296E-08 2.9950E+04 -.3124 

XBL 675-4032 

Fig. 17. Table of values for the ideal full-scale manifold 
system. 
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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 res onartt frequency by approximately 300 Hz. The resonant frequency differs 

from 2.0125000 X 10 8 because the beam loading is at a 30-deg phase angle. 

The voltage maximum is 31 713 V in the manifold adjacent to the detuned 

cavity, and the position of the voltage maximum has moved about 8 ern 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 los ses. 

There is a small error in these tables because the converging pro

cedure doesn I 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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