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INJRODICTLON

The automatic phasing systew for the Stanford two-mile linear electron
accelerator is designed to be capable of adjusting the phases of 240 high
power klystrons so that they each contribute maximum energy to the bunched
electron beam being accelerated. The two-mile linear accelerator is at
present being built by Stanford University, under contract with the U. S.
Atcmic Energy Commission. A recent aerial view of the site is shown in
Fig. 1. The most prominent building is the two-mile long Klystron Gallery
which contains the 240 high power klystrons and modulators and all the rf
drive and localcontrol equipment together with the electrical, vacuum and
water systems. The 10,000 ft. accelerator structure is housed in a rein-
forced concrete building lying 25 feet below the Klystron Gallery. (See
Fig. 2.) It consists of a cylindrical disk-loaded waveguide whose dimensions
have been chosen so that it propagates a TMOl wave with a phase velocity
equal to the velocity of light at 2856 Mc/sec (10.5 cm wavelength). The
machine comprises 960 sections, each 10 ft. long, individually supplied
with rf power by means of a rectangular waveguide. They are grouped Into

30 sectors, each containing 32 sections and a special 10 foot "drift section”
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in which the functions of beam steering, focusing, current monitoring and
position monitoring are performed. The accelerator is preceded by an
injector, which contains an electron gun and special "buncher" sections
for initial capture, bunching and acceleration of the electron beam. At
the end of the machine there is an elaborate "switchyard" through which
the beam may be channelled to various exneripeant=l end-stations. Initial
‘gperation will be witn the machine equipped accoraing to the "Stage 1"
design i.e., with one 24 megawatt klystroﬁ driving four 10-foot sections,
making a total complement of 240 xlystrons. The rf drive system and all
control systems - including the phasing egquipment to be discussed - have
been designed so that the number of klvstrons may be progressively increased
in the future to a maximum of 960. ("Stage 2".) Electron beam currents
will be up to 300 milliamps peak, and electron energies will be as high as
20 GeV (Stage 1) and 40 GeV (Stage 2).

After a few feet of acceleration, the electron beam has for all
practical purposes attained the velocity of light and is therefore in
synchronism with the traveling wave in the disk-loaded waveguide. For
maximum energy transfer, the phase of each klystron must be adjusted so
that the electron bunches, upon entering the corresponding abcelerator
sections, ride the crest of the axial electric field wave, EZ . (See
Figs. 3 and 4a.) In a perfectly phased accelerator, qach electron bunch
will maintain this position relative to the rf wave in every section,
arriving at the end of the machine with a maximum possible energy

il
VMax - 2J Vn (l)v
n'_—.
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where N 1s the number of accelerator sections and Vn is the maximum
energy available fram section n. (Fig. Ib.)

If the field is at an incorrect phase, P, when the electron bunch
enters section n such that it is displaced from the crest, Ez max

by a phase angle @r , the accelerating force acting upon the electron
1

Tunch, and conseguently tle energy agiced by it, will e decreased by a

factor cos P, - In general, the total energy gained in the accelerator
will be
X
Voot = 24 vV, ocos @, . (2)
n=1

For small values of ®, we may approximate this to

2

N
= P
_ 1
VTot—ZVn(l_E : (3)
n=3

Assuming that the rf power into each section is the same, this becomes

1S |
T

e = 1

Tot <h)

where % is the average value of @i .

From Eq. (4) it is apparent that if we require the electron energy
to be not less than 99.5% of the maximum value, than <;5/2 must be less
than 0.005, or the RMS phasing error must be Zess than 5 degrees. This
phasing tolerance was initially adopted for the two-mile machine.

In addition to the stringent requirement that it shall be capable of
adjusting the phase of the rf wave within + 5 degrees of the electron

beam phase at any point on the accelerator, the ideal phasing system must
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function rapidly and reliably, with the minimum interference with accel-

erator operation.

Early Methods Proposed, and Their Limitations

Several methods for phasing the accelerator were considered in detail
before the final choice was made. These will be reviewed very briefly,
before proceeding tc a detailed discussion oi tu= adopted method.

The first method suggests itself immediately upon examination of
Fig. 4b: it is simply to rotate the phase of the rf wave in each section
to maximize VTot . Unfortunately, its lack of sensitivity for a long
accelerator with large N is also apparent. If we are to detect a change
in phase of + 5 degrees about the optimum for one klystron in 240 then we
must be prepared to measure an energy change of one part 270, From this
it is clear that beam energy maximization is not a very good way of phasing
a long machine. The sensitivity can be improved by observing the current
in part of the electron beam after dispersion by a spectrometer magnet.
The change in current in a certain energy width is observed as the rf
phase is rotated. However, this method, which is known as the "current
variation detection (CVD) technique"l is also insufficiently sensitive,
and interferes with the beam available for physics experiments.

Another method is to make direct phase comparisons between the rf
feed-lines from adjacent klystrons. However, in<grder to be sure that
the waves in successive accelerator sections are cor;e;£ly phased within
the allowed tolerance, the electrical lengths of all rf lines involved must
be known very precisely, not only at the time of installation, but subse-
quently when the temperature has changed and building movements may have

occurred. In any case, such a direct comparison ensures only that all
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the rf waves are correctly phased with respect to each other, and not at

all with respect to the beam. The latter phase alignment has to be achieved
by another method, such as the "ovD" technigque mentioned above. (It should
be remembered that the CVD technique has a workable sensitivity when 1t ig
applied to whole sectors of the machine, instead of to individual klystrons.

Two further mechods of phasiag will BHe touched upon. For a detailed
discussion, the reader is referred to the relevant reports.2 -7  These two
methods depend upon measurement of changes in resistive and reactive beam
loading as the relative phases of beam and rf wave are changed in an accel-
erator section.

The resistive beam loading method corsists of adjusting the phase of
each klystron until the rf power remaining at the output of the correspond-
ing section is minimized. Unfortunately, its sensitivity is extremely low,
and percentage changes in cutput power are proporticnal to the sine of the
phase error, so that the sensitivity tends tc zero as the phasing approaches
the optimum value.

The reactive beam loading method is based on the fact that when the
electrons are in the correct position on the rf wave, 1.e., "riding the
crest" as shown in Fig. 3a, the phase of the ocutput from the accelerator
section is the same with4the beam on or off. That this is so can be seen
from Figs. 4 and 5.

When the electron bunches are correctly-phased with respect to the
high power accelerating rf wave, the rf wave induced in the accelerator by
the electron bunches is such that the fundamental space harmonic of the
accelerating and induced waves are 180 degrees out of phase. (Fig. 3b.)

Thus the resultant wave, Et s (Fig. 5a) is in phase with the accelerating
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(klystron) Qave, E, . When the bunch "slips" with respect to the klystron
wave, a phase shift develops between the klystron and resultant waves, as
shown by the vector diagram (Fig. 5b). Thus, by installing a phase bridge
between the input and output of the accelerator section, the phase differ-
ence between the output wave with the beam off and the output wave with the
beam on may be measured and reduced to zero, c¢litler manielly or automatically.
This method of accelerator phasing is quite feasible, but the sensitiv-

ity depends on the beam current and the klystron power, and 1t does require

that the beam be turned on and off, thus interfering with physics experiments.

SELECTED METHOD OF PHASING

Phasing by the "Beam-Induction Technigue"

Examination of the latter method of phasing, which involves an indirect
measurement of the phase of the beam-induced wave in an accelerator section,

leads us to the beam induction method which has been chosen for the two-

mile machine.

The principle of the beam induction technique is as follows:

1. With the klystron wave turned off, the phase of the beam-
induced wave in the particular accelerator section to be
phased is compared with a coherent reference signal of the
same frequency.

2. The phase of the reference signal is adjusted to be the
same as the beam-induced signal at the place where the
comparison is made. (Fig. fa.)

3. The phase of the reference signal is then locked.

4., The klystron is turned on, and the phase of the klystron wave

in the accelerator section is compared with the reference signal.
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5. The phase of the klystron signal is adjusted to be 180 degrees

away fram the phase of the reference signal. (Fig. 6b.)

For the reasons explained above and illustrated in Figs. L and 5,
the klystron is then optimally phased.

For clarity in the statement of the principle of operations, one
over-simplification of the system was made wnich requires immediate
correction: when the phase comparison between beam-induced and reference
signals is being made, there is no need to turn the klystron off. Indeed,
to do so is very undesirable because removal of rf power from an accelerator
section allows it to cool down, with a consequent change in its dimensions
and propagation characteristics. Since, for many other reasons, the accel-
erator is a pulsed machine (rf pulse length approximately 2—1/2 micro-
seconds, pulse repetition frequency 60 to 360 pulses per second), it is
only necessary to delay the klystron pulse by a suitable interval, typically
50 microseconds, during the phasing operation, instead of turning it off.

The delayed position of the klystron pulse with respect to the beam
pulse is referred to as the "standby" position. Normally, all klystrons
being run up to power after repair or replacement will be left operating
in the "standby" position, and will be brought to the "accelerate"
position (i.e., synchronism with the beam pulse) as additional energy is

required for the physics experiment.

Advantages and Problems of the Beam-Induction Technique

There were a number of problems associated with the beam-induction
technique which had to be overcome before a workable system was evolved.
In this section we shall start by mentioning same of the obvious advantages

and then pass to a more detailed discussion of the problems and the
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solutions found in each case. As advantages, we can list the following:

1. Of all the methods meking use of the beam, it has the best
sensitivity, particularly when the beam current beccmes very
small.

2. The beam and klystrcn signals are sampled directly at the
accelerator, and are “ransiitted alcnz ¢ cormon csble to the
phase detection circuit in the Klystron Gallery. The phase
camparison is therefore essentially direét; the length of the
cable does not need to be known, and the attainable sensi-
tivity and accuracy are good.

3. There need be very little interlerence with physics experi-
ments, because only one klystron at a time need be "set to
standby" as the phasing operation progresses along the machine.

4, Klystrons which are placed on "standby" for reasons other
than phasing can be maintained correctly phased with respect
to the beam, so that they are instantly available for
acceleration, on demand.

5. In Stage 1 operation, only eight cables per sector are re-
guired to be run from the accelerator housing to an instru-
mentation and control alcove in the Klystron Gallery.

The first problem to be considered is probably the most serious. It
reiates to the very large difference between the power levels of the beam-
induced and the klystron signals. We have to consider the extremes of the
specified operating conditions under which the phasing system will be
required to operate, viz., a beam current pulse as low as 1 milliamp, and

a klystron peak power input to one 10-foot accelerator section as high as
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2L megawatts. The attenuation per 10-foot section is approximately 5 4B,
and the beam-induced power is 26 watts per milliamp?, so that the largest
power ratio of the two signals at the end of the 10-foot section is roughly
54 4B.

Well known devices such as the slotted line, "magic T" and hybrid ring
are normally used as networks for *ne rpuas~ comparison of two signals.

A minimum or a null in the detected output from one arm of these devices
indicates a given phase relationship between the two signals. A null is
obtained only if the two signals are of equal amplitude. As the differ-
ence between the amplitudes of the two signals increases, the phase-
indicating null 1s replaced by a broad minimum, and the balance point
becomes increasingly difficult to detect. The method s unreliable when
the signals differ by more than 10 dB. Moreover, we require an overall
phase detection system which will develop an error signal depending only
upon the phase difference between the two input signals. Considering
the phase comparison network as just a part of the overall system, we
shall show later that its error signal can be permitted to vary by not
more than 4 to 1 over the entire range of input signal levels.

Let us consider then the performance of a hybrid ring used as a phase
comparison network (Fig. 7). The signals to be compared are applied to
arms 1 and 2, arm 3 is terminated in a matched load, and a detector is
placed on arm 4., TIet the electiric field amplitudes of the input signals

e El and E2 . Then the output to the detector is given by

E2 E2
E§=—l+—-2—-E E cosp (5)
2 2 1



where @ 1is the phase difference between El and Eg at arms 1 and 2.
Let E2 represent the reference signal and El either the beam-
induced or the klystron signal.

If we use a square-law detector, the detector voltage Vp 1is

_ 2
vy = kl L (6)
so that
E2 E° EZ  ES
BV = V -v.] =k (—i +—=+EE cos@) - (—i +-2 -EE cos@>
i DLp 1 [ 2 T2 2 T2 1z
(7)
or
8V =2k E E cos® (8)
1 12
i.e.,
Voay = BREE_ (9)

Thus, with a square-law detector, the difference in voltage output for a given
‘phase error ig proportional to both El and E2. We have seen that we can
expect Ei to vary over a range of 54 dB, so that a square-law detector

is very unsatisfactory.

Now, consider a linear detector, for which

vy = k2 Ep (10)
From Eq. (5),
El Ez
ER(max) - Qg [l * E:]" (1)

It follows that

| B Ez Ee
VD(max) f VD(min) - 6V(max) - VZ 1+ E: -\ E:



(12)

. . 1 . . . 1t . "
This result is much more promising, since the voltage 'swing as

the relative phase angle of *he two signals as

amplitude of E2

&V is plotted as a function of the

, walch can ze kept co

stated depends only on the
stont.

phase difference, ©® , in two cases

in Fig. 8. These are
a. E > H®
1 2 -
b ¥ = E .
1 2
In case a., Eq. (5) becomes
Ei 2F_
a  — - —
Ex > |t 5 Cos® (13)
1
so that 1
E { 2E 1°
V.~kx —= |1 - —=2 cos '
D2 3 E, @
B [ E ]
~k —= |1 -=2 cosp (1)
2.5 El
Therefore
E2 \ / Ez
vy - VD\ =V = H1+5 cos@i - |1 - g cosp (15)
Q47 ¢ 1 1
i.e.,
3V = 2 kx E coso (16)
2 2
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In case b.,

Ve

vy = k2 E‘2 (1 - cosyp)” (17)

and

I

Both cases give the same Svmax .
The sensitivity, o(8V)/dp , is - V2 k2E2 singp in case a. , so
that as ©®V —0 , the sensitivity is - V2 szD;

In case b., O(dV)/d¢ is
V2 k E - 1 sin 2. 1 cos 9]
2 2 2

so that as ©®V — 0 , the sensitivity becomes - k2E2 . In other words, as
we permit El to decrease from very large values to equality with E2 s
the sensitivity of null detection decreases only by a factor 7% .

We do not know of the existence of a detector which will remain
perfectly linear over the specified range of input powers. The best
approximation presently avallable is a coaxial thermionic diode, which main-
tains an index of less than 1.2 over the required range. In Appendix I
we show that, if the detector has an index of 1.25 over a 50 dB power range,
then the detected output voltage will vary by 4 to 1 over that range. It
is concluded, then, that the coaxial thermicnic diode is adequate. BExperi-
ment confirms that this is so.

The detector used is an RCA Type 6173 coaxial thermionic diode mounted

in a special housing (Fig. 9). The anode is held in position by spring
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fingers and connected to the center conductor of the Type N input rf con-
nector. The detected ocutput is taken from the cathode to a TNC connector
on the side of the diocde housing. The filament power is supplied via a
separate twinaxial connector.

Equation (11) shows that the diode output has a large component,
kgEl/ JE snd a very small carnone~t, k_Ea/ V2 cosp which contains the
phase error information. We can "cancel out" the unwanted large component
by putting a second detector, identical to the first, on arm 3 of the
hybrid ring and taking the difference between the two outputs.

The diode resistive loads are connected in opposition by a balancing
potentiometer, the wiper of which may be adjusted to offset asymmetries
in the hybrid ring, diodes and diode loads, reducing the El component
to zero. At the same time the amplitude of the E2 cos® camponent is
doubled.

In theory, the differential diode output as described contains the
required phase information. If the diodes are balanced, then as the phase
angle ¢ vrotates, the differential output will oscillate about zero, passing
through zeroc when @ = (n + %)n . The direction from which zero is approached
with increasing @ may be used to avoid = ambiguity in phase setting.
However, such a system, depending on dec balancing, is impracticable to the
extent that it presents the second serious problem in the development of
the beam-induction phasing system. The long-term stability required of
the diodes and the following dc amplifiers would be very difficult to

achieve. The problem is avoided by the use of a technique which has

become known as 'phase wobbling."
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The Principle of "Phase Wobbling"

The dc phase-detection system described above is converted to an ac
system by phase-modulating the reference signal, E2 . This artifice
immediately removes most of the problems of drift in dc levels, and provides
a method of instructing the automatic servo system whether the phase of El
is lea?ing or lagging the phase of the refzrance, E:

Phase wobbling is achieved by the use of a three-port switching
circulator in the reference line (see Figs. 10 and 11). The reference
signal enters through one port and propagates to the output port either
directly or via a third port, depending upon the polarity of the field
used to magnetize the ferrite material. The third port is terminated by
an adjustable short-circuit, so that the difference between the two path
lengths to the output port can be made one half wavelength. The direction
of current-flow in the magnetizing coil is reversed hefore the arrival of
each successive beam-induced or klystron rf pulse. Hence the cw reference
signal, E2 , is "square-wave" phase-modulated at 30 c/s so that successive
beam-induced or klystron pulses are compared with reference signals which
differ in phase by =« .

The principle of the phase wobbling technique is essential to the
autcomatic phasing system which has been developed, so that a description
of the former introduces the main features of the latter.

A block diagram of the system is shown in Fig. 1l. The cw reference
signal E2 is transmitted to the wobbler via a Fox rotary phase-shifter.
This type of phase shifter was chosen because the phase shift it introduces
is a linear, monotonically increasing function of the angle of rotation

of the phase-shifter drum. There are no discontinuities or end-stops.
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The wobbler is driven by a 30 c/s square-wave generator, synchronized by a
60 pps trigger. The wobbler output is connected to the hybrid ring, where
the accelerator signal El interacts with E2 as described above. The
output ports are terminated by the two thermionic diode detectors, and
the differential output is fed into a gated voltaeter.

To understand the'operation nf the systen so far described, we refer
to both Fig. 11 and Fig. 12 . Let the Fox phase-shifter be slowly rotated,
so that the phase difference ¢ between E:L and E2 at the hybrid ring increases
fran O to 2n in a time 2Tp , Where ETP is a few seconds. (Fig. 1l2a and
12b.) The wobbler is phase-modulating Eg iy + ﬂ/E at 30 c/s, so that the
phase of E2 at the hybrid ring changes by = every l/60 second. Tulse:
of signal El are arriving from the accelerator at the rate of 60 per
second, the pulse length being 1 tc 2.5 microseconds. Tuae trigger for the
wobbler driver assures that E2 changes phese in the interval between the
arrival of El pulses.

We nave seen (Eq. (1L)) that the output from a single linear diode is
k2/ J? [El - E2 cosp], so that the balancecd differential output from two
diodes will be VE k2E2 cosp . It follows that, as Eg is wobbled, the
differential diode ocutput pulse amplitudes will change from
V2 k2E2 cos (@ + %) to V2 kgEa cos (9 - %) in a time Ty = 1/60 second.
(For clarity, the "wobbled" time scale in Fig.ilQb has been expanded.)

To see what happens next, the output pulses ére further expanded in
the top line of Fig. 12c¢. For reasons which will be discussed later, the

" 0.2 microseconds wide. The

pulse amplitudes are sampled by a "gate,
sample is held until the next pulse arrives, so that a 30 c/s sguare wave

is formed, with amplitude proportional to cos (p + %). This wave is
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amplified and fed to the control winding of a 2-phase motor which drives
the Fox phase-shifter.

Going back to the wobbler driver, part of the square wave output is
fed toc a 90O delay circuit followed by an amplifier stage, giving a square
wave output which is in guadrature with the wobbler drive signal. This
energizes the reference winding of t+~ 2- hase rotrr, Under these condi-
tions the motor will develop a torque proportional to the amplitudes of the
applied square waves. The direction of rotation will depend upon whether
the control wave leads or lags the reference wave.

From Fig. 12a and b, when 0 <¢ <=1 ,

X

E2 cos (9 + 5

) < O<E cos (¢ - %) . (1)
2 .

Therefore we connect the motor so that, under these conditions, the phase
shifter rotates towards ¢ = O.

It follows that when n < o< 2n ,

7 7t
E + =) >0 > - =
o cos (@ 2) E2 cos (@ 2) ( 5)

and the phase shifter rotates towards ¢ = 2rx, which is identical with
¢ = 0.

The system always drives away from the unstable null at ¢ ==«
towards the stable null at @ = O.

Before proceeding to a description of the complete automatic phasing
system, we shall digress briefly to point out further properties of the
wobbler technique.

First, it is easy to show that errors which would otherwise be intro-

duced by differing diode characteristics are eliminated by phase wobbling.
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This is an important advantage, because it is not possible to obtain a
perfectly matched pair over the entire range of signal levels.

Let the output voltages of the two diodes, A and B, on the hybrid

ring be
Vy =k By

and B (16)
Vg = kg By

where EA and EB are the electric field amplitudes of the resultant rf

waves in the output arms of the hybrid ring.

Then, with the wobbler in one position,

kA r ﬂw
vy =— |E + E cos (¢ + =) (17)
G [T 2
and
v, = B E -E (o + )]

With the wobbler reversed,

Vi o= Eé E +E cos (9 - E)-
A \/'2' 1 2 2‘
k r 1
-2 |g -E cos (o + Iy
V2 1 2 2’|
and similarly,
!:k_]i ‘o + 5
Vi = [E1 + Eg cos (P + 2,‘ . (18)

The autcmatic system indicates a phase balance when the difference between

the detected outputs in the two wobbler positions is zero, i.e.,

(v, - Vg) - (V3 - VL) =0 (19)
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From Egqs. (17) and (18), this condition occurs when
Tr s
\/§E2(kA+kB)cos<cp+—2-)—o. (20)

This will be so when ¢ = O + nw, independently of the values of kA and

kg -

The second point to t= made is that imperfections in the switching
circulator do not affect pnasing accuracy. In Appendix 2 it is shown
that if the phase difference introduced by switching from one path to the

other is not exactly = , or if the two paths have different insertion

losses, no phase error is introduced.

Overall Description of the Autcomatic Paasing System

We are now in a position to complete the description of the automatic
phasing system being installed in the two-mile machine.

A sector has been chosen as the sub-division of the machine for the
purpose of phasing. This is a convenient choice since all the necessary
status signals concerning the modulators and klystrons are available at
the "instrumentation and control" alcove located approximately in the
middle of a sector. This reduces the distance for the transmission of
control signals necessary in an automatic system. In addition, it means
that rf cables are kept short, reducing attenuation and phase drift.

Figure 13 is a schematic of the rf Drive System in one sector. The
474 Mc/s main drive signal is multiplied to 2856 M:/s, at which point
-10 dB of the power is coupled off to provide the reference signal, Ea y
for the phasing system. The remainder of the signal is used to drive the
sub-booster amplifier, which feeds pairs of pulses (each 2.5 microseconds
long and separated by 50 microseconds) at 360 pulse-pairs per second into
the sub-drive line of which 60 are used for the phasing system.
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The sub-drive line runs the length of one sector. DPower is coupled
from it at eight points, each coupler feeding one main klystron through an
isolator, phase-shifter, attenuator unit. The phase-shifter in this unit
is of the type already described. It is coupled to the automatic phasing
system, and will be referrea o as the "klystron phase—shifter? mk . The
ri output from each xiystion .ceds Ffour .O0-.00t accelerator sections, as
shown. The lengths of waveguide runs between the klystron and the four
sections are carefully‘controlled to give the correct phase relation
between each section at the design frequency and temperature. No adjust-
ment of the relative phases within each group of four sections is possible
after instailation. Of course, a change in frequency results in a rhase
shift between sections, but this is negligible. In addition, it can be
shown that the loss of beam energy due to a frequency change is a minimum
if the phasing signal is taken fram the second or third section of each group
of four sections. A 20 dB cross-guide coupler is placed in front of the
matched termination at the end of the second or third 10-foot section, and
is used to sample the klystron wave and beam-induced wave for phasing
PUTPOSES .

Figure 14 is a block diagram of the automatic phasing system for an
entire sector. The outputs from the third section of each group are
transmitted to an eight-positicn switch which selects one channel at =
time and transmits the El gsignal to the hybrid ring - wobbler - detector
system which has been described previously. The switch, wobbler and phase
detector are housed in the "RF Detector Panel." The phase-shifter in the
1

reference line to the wobbler is known as the "control phase shifter,’

P
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The gated voltmeter, servo amplifier, wobbler drivez;900 delay and
amplifier are housed in an "electronics panel” together with a "null
detector" which determines when the phasing operation is complete by meas-
uring the servo control voltage. The function of the "electronics panel”
has also been described in connection with phase-wobbling. The programmer

+ +he
L T

B Ai0l awd o s
1 a specClad SW1 0€ sug Pl U

"n

previous section are carried out in sequence, and repeated "down the line"
until all eight klystrons in one sector are properly phased.

The operation of the complete system is as follows:

1. When the programmer "start” button is pressed, klystron No. 1
is set to the "standby" pulse position (i =., delayed 50 micro-
seconds with respect to the beam pulse). Switches i, the rf
detector panel connect the appropriate accelerator section out-
put to the hybrid ring, and the phase of the beam-induced wave
is compared with the reference signal. A typical CRO trace of
the video signal at the output of the dicde network before
phasing is shown in Fig. 15a.

2. The control phase-shifter, Py rotates toward a stable null
until the servo amplifier output drops below 2.5 volts. The
motor then stops and the null detector indicates that the
programmer may advance to the "klystron-phase" position.

3. A brake is applied to Po -

4. Provided that klystron No. 1 is operating properly, the "gate"
of the gated voltmeter shifts to sample the standby klystron
pulse, so that the phase of the klystron wave 1s compared with

the reference.
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The kiystron phase-shifter, @k , preceding klystron No. 1 is
connected to the electronics - panel by the programmer and
rotates to a stable null which is made to be =« away from

the stable null of @c by simply reversing two of the leads

to the (’Dik motor.

A typical CRU trace c1 the video siznal at *tue output of the
diode network after phasing is shown in Fig. 15b.

When the null detector indicates that the phasing error is
within the accepted tolerance, the programmer switches to
klystron No. 2, setting it to standby and returning No. 1

to acceleréte. The phasing cycle is then repeated.

The phasing operation continues until all eight klystrons

are phased.

When the null detector indicates that the last klystron in the
seétor has been phased, the programmer energizes switches in the
rf Detector Panel, connecting a sample signal from the sector
sub-drive line to the control phase shifter, P (Fig. 11). At
the same time, the other input arm of the hybrid ring géts
connected to the output of a "reference cavity' located in the
drift section at the end of the previocus sector (shown schemati-
cally in Fig. 14). This referénce cavity is a re-entrant cavitj
resonant at 2856 Mc/sec whose axis is collinear with the accel-
erator axis, so that the bunched beam passes through it. Part

of the beam-induced output signal from the cavity is used as a

vnormalizing signal for the beam position monitoring system (not

part of this system), and part is used to provide a sector phase

reference signal.
- 21 -



The phases of the cavity and sub-drive line signals are ccm-
pared at the hybrid ring, =nd the autamatic servo system rotates
the control phase shifter, ¢, , until a stahle null is reached
with the servo amplifier ocutput voltage below.2.5 volts. At
this point, the brake is applied to lock the position of @,
and the ~rogramme. swiicher its.1f off. Howcver, the electronics
and rf detector panels are unt de-energized, sc that the phase
halence between the cavity and sub-drive line signals continues
to be monitored. If a phase drift occurs such that the servo
amplifier output voltage exceeds 2.5 vclis, a red warning-light
appears in the sector instrumentation alcuve and in the central
control display. The phase drift may be corrected either by

automatically re-phasing the sector, or by rotating the phase-

shifter preceding the sub~booster (Fig. 13).

DESCRIPTION OF COMPONENTS

Cables for Transmission of Phasing Signals

In order to transmit the rf signals from the section to the rf
detector panel with the minimum of loss and yet with some flexibility in
installation, a T/8" coaxial cable is being used. This is a 50 ohm cable
with an attenuation constant of 2.8 dB/lOO ft. and a peak power handling
capacity of over 60 kilowatts. The line will be pressurized with dry air
at 5 lbs/square inch above atmospheric pressure and sealed off.

The variation in phase shift through the cable due to ionizing
radiation has been calculated and has been shown to be negligible for the
radiation levels anticipated in the\accelerator housing and for the
lengths of cable which will be exposed.
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The RF Detector Panel

The wobbler and phase detection components of the rf detector panel
have already been described. The 8-position selector switch is actually
made up as a tree of coaxial switches. Eight SPST switches feed two SPLT )
switches which are linke¢ by cne SP2T switch. This c¢bain has the advan-
tages that 1t can be consirucuved fram readily availeble commercial switches,
and gives an inter-channel cross-talk isclation of about 100 dB, which is
in excess of this system's requirements.

In the rf detector panel, provision is also made for manually switch-

ing to any klystron, and for monitoring rf and video signals.

The Phase-Shifter Units

The characteristics of the klystron and controcl phase shifters, @k
and P s have already been discussed. ZEXach phase-shifter drum has an

electromagnetic brake which is applied when the 2-phase motor is de-energized.

In addition, the klystron phase-shifters have isolators and two attenuators
built into an integral unit (Fig. 15). One attenuator is manually controlled
and is used to set the klystron drive level; the other is controlled by a

dc motor and is automatically inserted if a fault appears in the klystron.
There is a dual directional coupler on the output, for monitoring the power

transmitted to and reflected from the klystron.

The Electronics Unit

The Square-Wave Generator

The square-wave generator actually consists of a divide-by-two circuit
and a reference amplifier which provide a master time and phase supply for
the automatic phasing system. A trigger pulse, selected by the programmer,

is used to trigger a divide~by-two multivibrator. The output of this
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multivibrator drives an amplifier to provide power to operate the phase
wobbler and the 90O delay and servo reference amplifier. These units are
of the printed circuit type of construction, as are all other electronic

devices described in this section.

The 90° Delay and Amp.ifier

These units provide a quadrature reference voltage to operate the two-
phase servo motors used to drive the klystron and control phase shifter.
The unit consists of two monostable multivibrators and an amplifier identical
to the reference amplifier. The first multivibrator is triggered by a
signal from the master "divide-by-two" and acts as a quarter cycle time
delay. At the end of one gquarter cycle, the circuit emits a pulse to
trigger the second multivibrator. The second multivibrator drives the
servo amplifier, the output of which is essentially a 30 cps square wave

delayed by one quarter of a cycle fram the master sguare wave.

The Gated Voltmeter

If the accelerator is operating at the incorrect frequency of if the
section is at the wrong temperature, a phase change will occur across the
transient part of the beam induced pulse. In order to minimize any phasing
errors which could occur as a consequence of this transient, it is necessary
that the phase comparison be made only in the steady state condition. For
tuis reason a gated voltmeter has been developed wnich samples only a 0.2
microsecond portion of the pulse. The gated voltmeter is basically a
sample and hold circuit with a 0.2 microsecond sample time. The position
of the sample gate is determined by a trigger selected by the programmer.
Once a signal is sampled, the voltmeter retains the information, subject
to a decay determined by the 10 second time constant of the hold circuit.
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A gain of ten is provided by a pre-amplifier within the voltmeter to
amplify low level signals. The time constant of the sample circuit is Lo
nanoseconds, so that signals of different levels can be sampled each gate
time and the hold circuit will be charged to over 90% of the level of each
sample.

The ser-o control amp.itie: is Iriver from tuac output of the gated
voltmeter and amplifies this signal to the level necessary to drive the

control winding of the servo motor.

The Null Detector

The null detector is used to determire the end of each phasing opera-
tion. As the phase shifters rotate to bring the system to an in-phase con-
dition, the signal from the servo control amplifier decreases in amplitude.
This decrease in amplitude is detected by a diode bridge. When a null is
reached, a relay in the programmer is released, allowing the programmer

to advance to the next step.

The Programmer

The programmer is basically a switching system which selects the
klystrons in numerical order, within a sector, and steps through a sequence
of events with the final objective of adjusting the phase of each klystron
correctly with respect to the electron beam in the accelerator.

The programming is accomplished by a sinsle stepping switch and a
subprogram, consisting of two relays. Three auxiliary relays are used
to determine the klystron status and the end of each step. A stepping
generator provides pulses to operate the stepping switch used for the
klystron selector. A completed programmer is shown in Fig. 19. Despite

its camplex function, the unit occupies only 3-1/2 inches of rack space.
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Experimental Results Obtained So Far

The automatic phasing system has been operating in the first two
sectors of the machine since early February. These two sectors, comprising
660 feet of the 2-mile accelerator, are being used to evaluate the basic
design of the accelerator and ancillary equ*pmeﬁt while the rest of the
machine is being built.

Initially, same trouble was experienced with the thermionic diode
detectors. Attenuators.in the rf detector panel were set such that the
level of accelerator signal powers was too high. Under these conditions,
the diode plate voltage exceeded the specified maximum value when the kly-
stron signals were being detected. This caused rap.d drift of the diode
balance point, which could not be accepted by the gated voltmeter. We found
that it was possible to reduce the rf power level such that the power per
dicde from a 1 milliamp accelerator beam was as low as 1 milliwatt. At
this power level, the departure of the diode level from linearity was not
sufficient to cause the gated voltmeter input to exceed the b to 1 voltage
ratio limit.

Since these adjustments have been made, the automatic system has
worked very satisfactorily. The average time taken to phase a sector
which is initially random-phased is about one minute. A sector which has
been previously phased can be "trimmed" in 43 seconds.

Recently tests were performed to determine the resetting accuracy of
this Automatic Phasing System. All phase shifters were marked after being
automatically set. The entire sector was randomly phased manually and then
automatically rephased. The worst error measured was 30, with most phase

shifters returning to within 1° of their previous positions.
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In addition to performing the essential function for which it was
designed, the phasing system is beginning to be recognized as a very
useful diagnostic tool. For instance, if the beam-induced pulse is ob-
served as phasing proceeds down a sector, sudden decreases in the pulse
amplitudes between adjacent tes: points immediately indicate loss of beam
due to local mis-steering. Sub-drive line an’ klystrcn phase jitter,
and a variety of other mal-functions in the drive system can be easily

recognized.
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APPENDIX T

It was shown in the text that, if two signals El and E2 were
fed into arms 1 and 2 of a hybrid ring, the output voltage from a de-
tector placed on arm 4 (with erm 3 matched) would be proportional only

to the nhase diff»rence heweern E and £ , ~nd the smplicude of E ,
1 2

-
<

if the detector were linear and El >> E2.

In this appendix we consider the effect of increasing the index of
detection to values greater than unity.
As before, the resultant signal at the detector 1is
EZ E°

E§=—j+—2§—ElEzcosq) (5)

so that
o E ] |
ER(max) =\/—_2—}_ 1+ f (21)
and i
E E
ER (min) =\;§ 1- f (22)

Let the detector have an index n, so that
vy =k E;‘ . (23)
Then

k' E 1+E—2 (ok)
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and

. 5 I
Y 1
VD(min) =k E? L El (25)
where
b4
k' = . (26)

Again assuming El >> E2 » we can sxpand equations (24) and (25), giving

] . . 2
N | 24 2n-i) 2
Vb(max) k El 1+n 5 + S = 0. (e7)
o
1
and
n E2 n{n-1) B
= k' -n == 4 M\ 2
VD(mln) = k El 1 n i3 + 51 E2 « o e (28)
1
i
letting
VD(max) D(min) ~ 6Vmax (29)
we have

E E?
o ng[_E__i__u_az_} (30)
1

The series converges rapidly for E >> E2 and 1 <n <2, so that
the above two terms are sufficient for practical purposes. Iet El vary
between a lower limit Eb and an upper limit Ea’ and let the values of

OV ax &0 these limits be SVb(max) and 6Va(max) respectively.
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Then

[ E n(n-1)(n-2) E°
. n n=2+ ——— =
5V (max) E E 3! ED ,
——-%(—-——7 =R=—2. L2 2 (31)
SV, (max n i ’ Vi ) T3
B E nin-1){n-2) 831
P o L2 RARNNRY
. ! 57
- E-b - :3.]
b
or
i (n-1)(n-2) E=]
o — . =2
n-i | = 5
E 31 5
R=——0 ¢ (32)
- (1-1)(n-2) EZ]
l + — —g'
i 3! EF |
We assume that E >> E  even at its lower limit, Eb’ so that the
1 2
right hand terms are vanishingly small, and Eq. (32) reduces to
Rt

As the phase angle between El and E2 rotates, R 1is the ratio of the
detector voltage "swing" at the extremes of the given range of El ampli -
tudes, for a detection index n.

Equation (33) may be written

20 5,

(D) log R = 20 log B . (34)

This expression is plotted in Fig. 16. The right hand side of Eq. (34)

gives the power range in dB for signal El .
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It can be seen from Fig. 16 that if an output voltage variation,
R, of 4 to 1 is permitted for a 50 dB range of signal levels, the de-

tector can have an index of detection as high as 1.25.
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APPENDIX IT

This appendix examines the effect of using a wobbler in which the
lengths of the two paths do not differ by exactly one half a wavelength,
and the insertion losses of the two vaths arc not exactly equal.

Rererring to Tig. 18 arnl Eq. (5),

k 3
v, =2 |gF + B2 + 2E © L
[yl LA B cos (0 -3 (35)
and
kz 2 2 i %
V,=-2 [E° + E - 2E E - =
B \/gll 2 B cos (@ - 3) (36)
for the first wobbler path, using linear diodes.
Similarly,
k[ 13
V' -2 |g2 4+ (AE )2+ 2AE E cos (¢ + = + 4)
va |t 2 12 2
L .
(37)
x [ 13
=2 |g2 + (AR )2 - 2AE E cos (9 - 3 + &)
vz | ? 2 12 2
and
k 3
V% = £ lEE + (AE )® + 2AE E cos (9 - g + Ai] (38)
VBt 2 12 i

for the sgecond wobbler path.
If we assume that A is small, and that phase balance will occur

around @ = O (see text), then the above equations may be reduced to
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k 1 EE cos(¢ - g)
v, = -2 |(g® + E2)2 + L= - (39)
val r 2 (2 + B2)2
1 2
k I ., EE cos(p - g)
vp = -2 |(8% + E2)2 - 22 = (ko)
\/2 L 1 2 (E2 + E2)2 -
1 2
k[ 1 AEE cosip - =+ 4)
VL = £ &% + (AE )2l2 S SR 2 T ] (41)
vz |l 2y {E2+(AE e
_ 1 2
k T 1 AEE cos(p - g + A)
vy = = %EE + (aE )37+ —=-2 T (k2)
vzt 2 E2 + (AR )2l
1 2
Phase balance is indicated when the diiference between the detected
output in the two wobbler positions is zero, i.e.,
1 1y

which is Egq. 19 in the text.

Substituting, we find that

cos (p - g) - A cos (9 - % + A)

T = T (k)
(2 + E®)2 EZ + (AE )=(2
1 2 1 2
By expanding cos(p - g-+ A), Eq. (44)may be written as
1
{Ez + (4B )212 1

tan (q)—%)=cotA+ = 2’ | (15)

A(ER + g2)z  sina
2

It can be seen from Eq.(L45)that when A = O (i.e., the phase differ-

ence between the two paths is exactly =) then ¢ - g = (2n + 1) g, and
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® = 0+ nnx for all values of El, E2 and A. Consequently nc phase

erroy arises.
If A =1, so that the insertion loss is the same for the two paths,:

then

1
sin &

tan (p - g) = cot A +

This is independent of E:L and E2. Therefore, although a shift in
the position of the null occurs, it is not a function of the signal level

so that no phase error is introduced.
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Tllustrating the application of phase wobbling to an automatic phasing
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Block diagram of automatic phasing system for one sector.

Typical CRO trace of the video signal at the output of the diode network.
An isolator, phase shifter, attenuator unit.

Illustrating the effect of increasing the diode index of detection.
Illustrating the effect of an imperfect wobbler.

Phasing programmer.
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Fig.17--ILLUSTRATING THE EFFECT OF INCREASING THE DIODE INDEX
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FIG. 18 - ILLUSTRATING THE EFFECT OF AN
IMPERFECT WOBBLER.
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