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MEASUREMENTS ON A MODEL RF MANIFOLD SYSTEM 

Ferdinand Voelker 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California· 

Abstract 

At Lawrence Radiation Laboratory, we have 
set up a one-tenth-scale rf manifold system with 
six cavity loads and several amplifiers operating 
at 200 MHz. The manifold is a 50-ft-long co
axial line, and the cavities are foreshortened 
quarter -wave resonators with about 25 higher
order resonances below 2GHz. The measure
ment program consists of three parts. The first 
part consists of steady-state measurements of 
amplitude and phase along the system in the prin
cipal pass-band. The second part consists of 
measurements during the rise and fall time in 
pulsed operation. The third part consists ofmeas
urement of higher -order modes of the system 
which are excited by very short pulses of current 
( -0.25 nsec) in the gaps of the cavities. 

Introduction 

We propose a system to distribute rf energy 
by a manifold .paralleling a linear accelerator. 
All the rf amplifiers will supply energy to this 
manifold, and all accelerator cavities will draw 
energy from it. This paper describes· measure
ments made on a model that has many of the same 
parameters as our full-scale device would have. 

Figure 1 is a schematic representation of a 
manifold system. In this case six resonant
cavity loads must be provided with rf energy. 
Paralleling these cavity loads is a transmission 
line with both ends short -circuited. Radio
frequency energy is supplied from a number of 
amplifiers distributed along the system. When 
the system is operated on the correct frequency, 
standing waves are set up in the transmission 
line with a voltage maximum every half wave 
length. Connection to the transmission line is 
allowed only at these voltage maximum points, 
and we refer to them as mesh points. 

The loads and amplifiers are connected to the 
transmission line (or manifold as we will call it) 
by additional transmission lines which are elec
trically a multiple of one-half wave length ( '1-../2) 
long. Power can be taken out or fed in at any 
mesh point in any quantity up to the capacity of 
the system, so that it is not necessary to have a 
uniform distribution of loads or sources. It can be 
shown that the voltages at the mesh points are 
nearly the same in amplitude and phase if the sys
tem losses are low compared to the power being 
transferred. (There is, of course, a phase dif
ference of rr between odd number and even number 
mesh points.) The amount by which the amplitude 

or phase of the voltage at the mesh points changes 
with various perturbations to the system is pre
dictable, and the model system was built to check 
that such a system would actually work as ex
pected, and also to look for any transient proper
ties that were not predicted. A description of the 
actual model (shown in Fig. 2A and 2B) is given 
at the end of this paper for those interested in 
details. 

The advantages of a manifold system can be 
summarized as follows. Since a number of am
plifiers can be conveniently connected at arbi
trary mesh points on the manifold, it is easy and 
not very costly to add an extra one or two for in
creased reliability. It is also simple to addmore 
amplifiers for more power later when the beam 
loading is increased. Similarly, since the linac 
cavities are divided into smaller units, it is 
simple to connect these a few at a time when they 
are first put into service, thus giving a huge sur
plus of rf power to get through multipactoring as 
the cavities are baked in. With a manifold sys
tern it is not necessary to tailor the individual 
linac cavity lengths to the size of the rf power 
package. Since all cavities are "locked" in 
phase and amplitude, an individual servo system 
is not necessary to control the phase and ampli
tude of each linac cavity. 

Gene.ral Observations 

When the system is pulsed, the rf envelope 
of the cavity voltage, the manifold voltage at an 
unloaded mesh point, and the tank voltage at the 
amplifier all have a very similar waveform if the 
system is tuned correctly. There is an exponen
tial risetime, a flat-topped region, and an expo
nential fall time. Typical waveforms are shown 
in Fig. 3, A and B. Our monitoring system has a 
sample and hold circuit which enables us to mon
itor the pulse at some particular time and to dis
play the amplitude of all six cavities at one time 
as shown in Fig. 4, A and B. 

If the system is correctly adjusted, we can 
detune the master oscillator or any of the six 
cavities, and the amplitude of the voltage in the 
six cavities decreases equally and together. 
The system can be retuned to resonance by tuning 
any other of the six cavities or the master oscil
lator, and the original adjustments can soon be 
lost even though the system is still tuned to res
onance. 

If the drive frequency is changed enough to 
reach the next resonant mode of the system, all 
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cavity voltages decrease together until they are 
nearly zero; then they increase separately as the 
next mode is approached. Figure 4 A and B shows 
the drive frequency adjusted to the next two res
onances (bottom traces.) 

If one o£ the lines coupling a cavity to the sys
tern is made too long or too short, the voltage in 
that cavity no longer is "locked" to the others and 
as any element in the system is tuned, the ampli
tude of this cavity voltage is no longer proportional 
to the others. Figure 5 shows this for the coupling 
line 2 em too long on cavity 3. 

Steady -State Behavior 

The steady-state measurements were of two 
kinds. The first was a search for all resonant 
modes we could find by using a loosely coupled 
signal generator and a type-661 Tektronix oscil
loscope. We were particularly interested here in 
resonances above ZOO MHz, and we were able to 
identify about 150 resonances below 2000 MHz. 

The second kind of measurement was made 
with an amplifier coupled to the system through a 
A./2 line. A Hewlett-Packard rf veCtor voltmeter 
was used to measure the amplitude apd phase of 
the voltage in the various cavities as a function of 
frequency for the "ideal" tuned situation, and for 
several kinds of mistuning. This information was 
plotted directly on graph paper by using an x-y re
corder. Case 1 in on Fig. 6 shows a typical graph 
of the voltage amplitude of cavities 3 and 4 and the 
phase of the fields between them as the frequency 
was varied. In this set of curves the amplifier 
was located at one end of the manifold and the two 
cavities at the center were being observed. Notice 
that the amplitude of the field in both cavities stays 
almost the same as the system is tuned through 
resonance, and that phase difference between the 
fields is not greater than 0.1 deg for frequencies 
±25kHz from resonance. Case 2 in this figure 
shows the amplitude and phase of the fields in 
these same cavities as cavity 3 is detuned by 50 
·mils on the micrometer. 

It can be deduced from this family of curves 
that the principal effect of changing the tuning of 
one cavity is to change the resonant frequency of 
the system. There is a change in phase of only 1 
deg because of this detuning. The cavities are 
3A./2 apart, which accounts for the 180-deg differ
ence in phase. Notice that, even in this extreme 
detuned case, the voltage amplitude of the cavities 
is "locked" together. Figure 7 shows the relation
ship between the fields in cavities 3 and 4, when 
cavity 3 is detuned and the system brought back to 
the original resonant frequency by tuning cavity 4, 
Adjusting one cavity ±50 mils on the micrometer 
will tune a cavity ± 550 kHz when it is not con
nected to the manifold. Since the Q of the unload
ed cavity is about 5000, this is equivalent to 
having the cavity tuning about 14 Q-widths from 
its unloaded resonant frequency. For this very 
extreme detuned situation, the amplitudes of the 
fields in the perturbed cavities were still within 
1o/oof each other, and the phase difference was 

less than 2 deg. 

The most critical adjustment of the system is 
the length of the coupling line between a cavity . 
and the manifold. Figure 8 shows the relation
ship between the fields in the cavities as one of 
the coupling lines is increased 2 em. The ampli
tudes now differ by about 1o/o, and the phase dif
ference between them is increased to 1. 5 de g. 
This was apparent in Fig. 5, where the amplitude 
in cavity 3 has changed, but the other five cavities 
are still "locked. " 

The spectrum of the adjacent modes is shown 
in Fig. 9 along with the values predicted from the 
computer simulation. The predicted values for 
the "ideal" condition are quite close. 

The more remote modes are difficult to mea& 
ure and are more easily perturbed. They do not 
show on this graph, because appreciable signal 
strength is required to actuate the servo system 
in the rf vector voltmeter. We expect 12 modes 
in this pass- band, but we have never measured all 
12 at once. The edges of the pass-band agree with 
the computed results, however, which increases 
our faith in the computer simulation. The com
puted data also show a set of modes, which we 
designate as ±i, ± 1i, etc. between the integer 
numbered modes, and which we have not been able 
to find on the model. These correspond to modes 
in which the voltage in the cavity at one end is 
high and the voltage in the cavity at the other end 
is low. (The integer-valued modes correspond to 
symmetry about the center.) 

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 f.1Sec rather than 100 f.1Sec for 
the full-scale case. Figure 3A shows the enve
lope of the cavity voltage in the upper trace and 
the envelope of the amplifier tank voltage in the 
lower trace. 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 cavity voltages is 
in the phase and amplitude of the superimposed 
transient during the rise and fall time. Figure 3B 
shows the rf voltage in one of the cavities in the 
upper trace, and the modulator voltage (going neg
ative) in the lower trace. The amplitude of the 
voltage is being servoed in this figure, so that the 
amplitude of the modulator voltage is reduced 
after the rf envelope in the manifold reaches the 
servoed level, which decreases the rise time. 
The modulator voltage has a ripple that tends to 
cancel the ripple on the amplifier output. Figure 
10, A and B, shows the rf envelope of the voltage 
in cavities 3 and 6 and the amplifier with a higher 
loop gain in the servo system. In this case there 
is some overshoot on the front end of the pulse. 
Figure 10B shows the trailing edge in more detail. 
The amplifier can interrupt the power being fed to 
the system more rapidly than it can start power 
flowing; therefore the transients are excited more 
strongly. The principal frequency in the falling 
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waveform 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± 1 modes. The pe
riod of the overshoot on the front end of the pulse 
corresponds to the bandwidth of the servo ampli
fier. 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. 11 the bandwidth is large enough 
to cause continuous oscillation at a frequency 
which is the same as that excited by the transients. 

Multiple Drive 

All data shown were taken with only one am
plifier driving the system. However, we have 
operated with an amplifier in the center and with 
additional amplifiers eight and nine half wave 
lengths on either side of the center one. There 
has been no difficulty in making them share the 
load, if the phase to the input of each drive ampli
fier is correct. If the phase of the drive of one 
amplifier is reversed, it then lowers voltage on 
the system. When the power- supply voltage of 
one of the amplifiers is changed, the voltage level 
on the system changes accordingly. With one am
plifier being servoed, the system level stays ap
proximately constant when the power- supply volt
age is changed on another one. 

We also have been able to operate the system 
with one amplifier being driven from the master 
oscillator and another amplifier being driven from 
an adjacent mesh point. This is particularly in
teresting, because it means that we may be able 
to operate the full-scale system with only one 
driver and with the other amplifiers driven from 
the manifold. 

Transient Phenomena 

We intend to do more work on the transient 
phenomena of a manifold system, particularly as 
it pertains to excitation of the adjacent modes by 
the servo system. Another phase of the study of 
transients is concerned with their excitation by 
the beam. We are now in the middle of an exper
iment in which we are mounting a small micro
wave triode across the gap of one of the cavities. 
The triode will be operated with the grid grounded 
to the inner conductor of the cavity and the anode 
grounded (for rf currents) on the other side ofthe 
gap. 

We have a small pulse generator using a snap
off diode at the cathode of the triode. With it we 
can turn on the triode for about 0.25 nsec at 200 
MHz and at an arbitrary phase, so that a short 
pulse of electrons passes through the gap, sim
ulating the beam loading in a linac cavity. We 
have already driven a loop in the cavity with this 
same pulse generator and have found, as one 
would expect, that several of the higher res- _. 
onances of the manifold system are strongly ex
cited. We hope to arrive at a suitable way to· 
suppress these without disturbing the 200-MHz 

properties of the system. Andris Faltens who is 
carrying out this part of the study will report on 
this work later. 

Description of Model Manifold System 

The model manifold system, shown in Fig. 
ZA consists of three parts: a one-tenth-scale 
manifold, six resonant-cavity loads with coupling 
lines, and the amplifier drive system. The rf 
manifold is made of 18- accurately machined 
sections of coaxial line that are each 5. 7 em in 
diameter and 75 em long. The characteristic im
pedance ofthe coaxial line is 35.50. The inner 
conductor is ·supported on a continuous Styrofoam 
insulator, and each section is electrically con
nected to the next by rf spring fingers. A 
threaded steel rod through the center pulls all 18 
sections of outer conductor together. The two 
end sections are short-circuited at the outer ends 
making the manifold 18 half-wave lengths long at 
195.770 MHz when the manifold is at 17°C, The 
overall length of nearly 50 ft has the same atten
uation from end to end as the full-scale manifold 
we have been considering. In the center of each 
section there is a provision to insert a fitting that 
allows electrical connection to the inner conduc
tor through a GR 848 connector. These connec
tions are the "mesh-points" of the manifold, and 
they are at the voltage maximum points of the un
loaded 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 un
loaded 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 500 and 300 0 input im
pedance respectively at resonance. Since the 
shunt impedance of the cavities is about 500 kfl, 
this is equivalent to a turns ratio of 100 and 41 
respectively between the gap voltage and the loops. 
The micrometer allows a fine adjustment of the 
unloaded resonant frequency of± 550 kHz with± 50 
mils of motion. 

The cavities are normally adjusted to have 
the same resonant frequency as the unloaded man
ifold. The next higher resonance is at 585 MHz, 
and there are about 23 additional resonances below 
2000 MHz. Each cavity has six turns of 1/ 4-in. -
diam 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 six 
water circuits are connected in series, so that all 
the cavities stay at the same temperature. The 
cavities are connected to the manifold by a adjust
able GR 50-0 coaxial line. During the process of 
adjusting the coupling loops, the length from: the 
cavity to the detuned short position on the coupling 
line is determined. When the cavity is connected 
to the manifold, the coupling -line length is adjusted 
so that the detuned short position falls at the 
center of the manifold. 



-4-

Figure 2B is a closer view of one end of the 
system showing a cavity load and an amplifier 
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 is 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 rf stage is furnished with a continuous
wave drive voltage of about 1 V rms at the de
sired rf frequency, and the bandwidth of the drive 
amplifier is about 5 MHz.' 

Tuning the Model 

We postulate that the system is ideally tuned 
(1) when it is driven at the resonant frequency'of 
the unloaded manifold; (2) when the length of 
coupling line is such that the detuned short posi
tion on the line is connected to the mesh point on 
the manifold, and (3) when the cavity is tuned to 
minimize the reactive energy exchanged between. 
the cavity and the rest of the system. This is 
most easily accomplished on the model by un
loading the manifold and tuning the drive fre
quency for resonance; then the cavities are added 
(with the pre -measured line length) one at a time. 
Each cavity is retuned to bring the system to 
resonance before the next is added. 

The amplifiers are conne~ted to the system 
in one of two ways. When going through the 
tuning-up procedure described above, the ampli
fier drives a small loosely coupled loop at one 
end, while a 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 connected to 
a mesh point through a half-wave -length coupling 
line. When the system is pulsed, the ·rf env·elope 
at several points is monitored by crystal detec
tors. By observing the pulse envelope at the 
amplifier tank circuit and at a cavity simulta
neously, one can easily adjust the amplifier 
coupling line for the tightest coupling, although 
this is not a critical adjustment. 
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Captions 

Schematic of a manifold system. 

One -tenth scale model rf manifold. 
Resonant-cavity load and amplifier connected to rf 
manifold. 

RF envelope. a. Cavity voltage, b. 
RF envelope. a. Cavity voltage, b. 
with amplitude servo. 

Amplifier mode. 
Modulator voltage 

Amplitude in all six cavities. a. Operating frequency, 
b. +1 mode. 
Amplitude in all six cavities. a. Operating frequency, 
b. +2 mode. 

Amplitude in all six cavities. a. Normal, b. Coupling 
line on cavity No. 3 two cm_too long. 

Amplitude and phase _of voltage as one cavity is detuned. 

Amplitude and phase of voltage as two cavities are detuned. 

Amplitude and phase of voltage as coupling line length is 
changed. 

Adjacent mode structure. 

RF envelopes with servo on. 
b. Cavity No. 6 voltage, c. 

Trailing edge of pulse. a. 
b. Cavity No. 6 voltage, c. 

a. Cavity No. 3 voltage, 
Amplifier voltage .. 

5 fl.sec/cm 
Cavity No.3 voltage, 
Amplifier voltage. 

1 fJ.Sec/cm 

RF envelopes with higher gain and more bandwidth. 
a. Cavity No. 3 voltage, b. Cavity No. 6 voltage, 
c. Amplifier voltage. 

5fJ.sec/cm 
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Resonant- cavit-y loads 

Voltage amplitude Rf amplifiers 
along manifold~ . 

(VVVVVV'v""'YYV'{max 
An arbitrary manifold system 

M U 8-12700 

Fig. i 
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ZN-5815 

Fig. Za 
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ZN-5814 

Fig. Zb 
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RF ENVELOPE 

a. Cavity Voltage 

b. Amplifier,Mode 

FIGURE 3A 

RF ENVELOPE 

a. Cavity Voltage 

b. Modulator Voltage 
with Amplitude Seryo 

FIGURE 3B 

ZN-5810 

Fig. 3 
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AMPLITUDE IN ALL. SIX CAVITIES 

a. Operating Frequency 

b. +l Mode 

FIGURE 4A 

AMPLITUDE IN ALL SIX CAVITIES 

a. Operating Frequency 

b. +2 Mode 

FIGURE 4B 

ZN-5811 

Fig. 4 
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AMPLITUDE IN ALL SIX CAVITIES 

a. Normal 

b. Coupling line on cavity No. 3 two em too long 

FIGURE 5 

ZN-5813 

Fig. 5 
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RF ENVELOPES WITH SERVO ON 

a. Cavity No. 3 Voltage 
b. Cavity No. 6 Voltage 
c. Amplifier Voltage 

5 fl.sec/cm. 

FIGURE lOA 

TRAILING EDGE OF PULSE 

a. Cavity No. 3 Voltage 
b. Cavity No. 6 Voltage 
c. Amplifier Voltage 

FIGURE. lOB 

ZN-5809 f 

Fig. 10 
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RF ENVELOPES WITH HIGHER GAIN AND MORE BANDWIDTH 

a. Cavity No.3 Voltage 

b. Cavity No. 6 Voltage 5 1-'sec/cm 

c. Amplifier Voltage 

FIGURE 11 

ZN-5812 

Fig. 11 
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