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

The loads and aITlplifiers are connected to the 
transmission line (or ITlanifold as we will call it) 
by additional transmission lines which are elec
trically a multiple of one-half wave length ( \./2) 
long. Power can be taken out or fed in at any 
ITlesh 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 aITlplitude and phase if the sys
tem losses are low cOITlpared to the power being 
transferred. (There is, of course, a phase dif
ference of TT between odd number and even nUITlber 
mesh points.) The aITlount by which the amplitude 

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

The advantages of a manifold systeITl can be 
sUITlmarized as follows. Since a nUITlber of am
plifier s can be conveniently connected at ar bi
trary ITle sh points on the ITlanifold, it is easy and 
not very costly to add an extra one or two for in
creased reliability. It is also siITlple to addITlore 
aITlplifiers for ITlore power later when the beaITl 
loading is increased. SiITlilarly, since the linac 
cavities are divided into sITlaller units, it is 
siITlple to connect these a few at a tiITle when they 
are first put into service, thus giving a huge sur
plus of rf power to get through ITlultipactoring as 
the cavities are baked in. With a ITlanifold sys
tem 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. 

General 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 
aITlplifier all have a very similar waveform if the 
system is tuned correctly. There is an exponen
tial risetiITle, a flat-topped region, and an expo
nential fall tiITle. Typical waveforms are shown 
in Fig. 3, A and B. Our ITlonitoring system has a 
saITlple and hold circuit which enables us to mon
itor the pulse at some particular time and to dis
play the aITlplitude 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 ITlaster oscil
lator, and the original adjustments can soon be 
lost even though the system is still tuned to res-
0nance. 

If the drive frequency is changed enough to 
reach the next resonant mode of the systenl, 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-
0nances (bottom traces. ) 

If one of the lines coupling a cavity to the sys
tem 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 cm 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 200 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 
'-/2 line. A Hewlett-Packard rf vector voltmeter 
was used to measure the amplitude and 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 cavitie s 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 
±25 kHz 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 
3'-/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 
extr eme detuned situation, the amplitude s of the 
fields in the perturbed cavities were still within 
10/0 of 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 cm. The ampli
tudes now differ by about 10/0, and the phase dif
ference between them is increased to 1.5 deg. 
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 value s predicted from the 
computer simulation. The predicted values for 
the "ideal" condition are quite close. 

The more remote modes are difficult to meas
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 agreewith 
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 ±·L ± lL 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 flsec rather than 100 flsec 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 lOB 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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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 pe
riod of the overshoot on the front end of the pulse 
corresponds to the bandwidth of the servo aITlpli
fier. 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. 11 the bandwidth is large enough 
to cause continuous oscillation at a frequency 
which is the saITle as that excited by the transients. 

Multiple Drive 

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

We also have been able to operate the systeITl 
with one aITlplifier being driven froITl the ITlaster 
oscillator and another aITlplifier being driven froITl 
an adjacent ITlesh point. This is particularly in
teresting, because it ITleans that we ITlay be able 
to operate the full-scale systenl with only one 
driver and with the other aITlplifiers driven froITl 
the ITlanifold. 

Transient PhenoITlena 

We intend to do ITlore work on the transient 
phenoITlena of a ITlanifold systeITl, particularly as 
it pertains to excitation of the adjacent ITlodes by 
the servo systeITl. Another phase of the study of 
transients is concerned with their excitation by 
the beaITl. We are now in the ITliddle of an exper
iITlent in which we are ITlounting a sITlall ITlicro
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 of the 
gap. 

We have a sITlall 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, siITl
ulating the beaITl loading in a linac cavity. We 
have already driven a loop in the cavity with this 
saITle pulse generator and have found, as one 
would expect, that several of the higher res-
0nances of the ITlanifold systeITl are strongly ex
cited. We hope to arrive at a suitable way to 
suppress these without disturbing the 200-MHz 

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

Description of Model Manifold SysteITl 

The ITlodel ITlanifold systeITl, shown in Fig. 
2A consists of three parts: a one-tenth-scale 
ITlanifold, six resonant-cavity loads with coupling 
lines, and the aITlplifier drive systeITl. The rf 
ITlanifold is ITlade of 18 accurately ITlachined 
sections of coaxial line that are each 5.7 CITl in 
diaITleter and 75 CITl long. The characteristic iITl
pedance of the coaxial line is 35.5r.!. The inner 
conductor is supported on a continuous StyrofoaITl 
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 
ITlaking the ITlanifold 18 half-wave lengths long at 
195.770 MHz when the ITlanifold is at 17°C. The 
overall length of nearly 50 ft has the saITle atten
uation froITl end to end as the full-scale ITlanifold 
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 "ITlesh-points" of the ITlanifold, and 
they are at the voltage ITlaxiITluITl points of the un
loaded ITlanifold. 

The resonant-cavity loads are sections of a 
coaxial line which are foreshortened by a gap that 
can be adjusted with a ITlicroITleter head. The 
outer diaITleter is 6 in. and the cavity has an un
loaded Q of approxiITlately 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 50r.! and 300 r.! input iITl
pedance respectively at resonance. Since the 
shunt iITlpedance of the cavities is about 500 kr.!, 
this is equivalent to a turns ratio of 100 and 41 
respectively between the gap voltage and the loops. 
The ITlicroITleter allows a fine adjustITlent of the 
unloaded resonant frequency of ± 550 kHz with ± 50 
ITlils of ITlotion. 

The cavities are norITlally adjusted to have 
the saITle resonant frequency as the unloaded ITlan
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. -
diaITl copper water tubing soldered to its outer 
diaITleter, and the cavities are ITlounted in thick 
styrofoaITl jackets so that they will COITle to the 
teITlperature of the circulating water. The six 
water circuits are connected in series, so that all 
the cavities stay at the saITle teITlperature. The 
cavities are connected to the ITlanifold by a adjust
able GR 50-r.! coaxial line. During the process of 
adjusting the coupling loops, the length froITl the 
cavity to the detuned short position on the coupling 
line is deterITlined. When the cavity is connected 
to the ITlanifold, the coupling -line length is adjusted 
so that the detuned short position falls at the 
center of the ITlanifold. 
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Figure 2B is a closer view of one end of the 
systenl 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 connected 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 envelope 
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 tighte st coupling, although 
this is not a critical adjustment. 
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DISCUSSION 

F. VOEIKER, LRL 

SMITH, BOB, LRL: Ferd, one thing that would worry 
me on a manifold system like this is that, if you 
are operating at full scale with reasonable volt
ages on these drive lines and if a cavity became 
de tuned, is there danger of so shifting the stand
ing wave pattern that you would have serious 
spark-over problems? 

VOEIKER: In the cases I showed, "here the cavi
ties were detuned 14 Q-widths, the voltage be
tween mesh points becomes several times the volt
aee at the mesh points, and you certainly could 
not operate under those conditions. The line 
would spark every time, and so you have to re
strict your detunine; of the cavities to a fraction 
of a Q width. Under the latter condHions then, 
the voltage minimum never gets as high as the 
voltage at the mesh point, and the voltage maxi
mum on the transmission lines always stays the 
same. You would have to take care that you didn't 
get accidentally on another mode or that you 
didn't detune a cavity a very large amo~~t, as 
would occur, for example, if a servo were to run 
away. 

SMITH, BOB: Do you think that would be difficult 
or easy? 

VOEIKER: 1;Tell, we would .just have to have ade
quate protection so that you didn't get into a 
detuned situation like thiG at a high power. The 
crowbars would have to shut you off if you did. 

LAPOSTOLLE, CERN: I had a somewhat similar ques
tion about the use of an rf manifold. How ~ell 
will it work when you have different cavities to 
feed which are possibly operating at quite dif
ferent power levels, having different Q values, 
or things like that? 

VOEIKER: This makes no difference whatsoever. 
It's just like an ac power main--you can plug a 
heater in one socket or you can also plug in a 
light bulb, it doesn't matter. There is some 
effect due to power distribution which the com
puter shows up more clearly than the model, if you 
draw a large amount of power from one mesh point, 
or if you have some other large asymmetry. We are 
designing to hold the voltages to 1/10 of a degree 
in phase and 0.1% in amplitude. It looks like we 
can do this, even ,fith our linac cavities ,Thich 
vary in power required by 3 to 1 alone; the length 
of the linac. Symmetry is not required of this 
rf manifold system. 

KEANE, BNL: You have said that if the line length 
behTeen the manifold and the cavHy changed, that 
the voltage gradient in the cavity dropped. All 
the voltages at the output of the manifold are 
equal, but if there is a different input impedance 
from cavity to cavity, wouldn't this now force a 
different voltage in the cavities in a similar 
manner? 
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VOELKER: I didn't mention this, but the trans
mission line between each cavity (and each ampli
fier) is also a multiple of a half wave-length, 
so you also have phase and amplitude locking be
tween the manifold and the cavity fields. If, 
however, you did allow a coupling line to be the 
wrong length, the voltage would vary with change 
in loading "Ie are planning on 50-ohm lines in the 
coupling lines between cavities and m~ifold, but 
a 30-ohm line on the main manifold. The impe
dance doesn't matter as long as the lines are a 
multiple of half wavelengths. 

BROWN, Raytheon: What standing wave ratio do you 
have on the manifold? 

VOELKER: It varies from infinity near the ends 
to about 3 to 1 at the most heavily loaded point. 
This is a design value. The standing wave ratio 
inverts if we inadvertently load one cavity too 
much. I didn't mention it, but we can load a 
cavity down by inserting resistance into it, and 
we can actually invert the standing wave ratio. 
That is, the voltage becomes larger between mesh 
pOints than at the mesh points. The standing 
wave ratio is a measure of the power flow and the 
voltage at the mesh point stays constant under 
normal conditions. 

Resonant - cavity loads 

Voltage amplitude Rf amplifiers 
along manifold~ 

~Vmax 

An arbitrary manifold system 

Fig. 1. Schematic of a manifold system. 

Fig. 2a. One-tenth scale model rf manifold. 

Fig. 2b. Resonant-cavity load and amplifier connected to rf manifold. 
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