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The automatic phasing system 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. 

Atomic 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 Tool 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 special10 foot "drift sectionll 

(Paper presented at 1965 G-MTT Symposium, May 5-7, 1965, Clearwater, Florida.) 
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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 exr.zrin.an+?l Fnd-ststions. Initial 

operation will be witn the machine equipped accoraing to the "Stage 1" 

design i.e., with one 24 megawatt klystron driving four lo-foot sections, 

making a total complement of 240 klystrons. The rf drive system and all 

control systems - including the phasing equipment to be discussed - have 

been designed so that the number of klystrons may be progressively increased 

in the future to a maximum of 960. (UStage 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 accelerator 

sections, ride the crest of the axial electric field wave, EZ . (See 

Figs. 3 and 4a.) In a perfectly phased accelerator, each 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 

N 

V Max = 'n 

. 

(1) 
n=l 
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where N is the number of accelerator sections and Vn is the maximum 

energy available from section n. (Fig. 4b.) 

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 (p, , the accelerating force acting upon the electron 

Yjnch, and consequent1.y tke cnc.rgy <ci,ed by it-, vi11 :>e decreased by a 

factor cos 'p, . In general, the total energy gained in the accelerator 

will be 

N - 
V Tot = z 

vn cos cp . c (2) 

n=l 

For small values of (pn we may approximate this to 

(3) 

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

V Tot (4) 

where -2 cp is the average value of cp2 . n 

Frcm Eq. (4) it is apparent that if we require the electron energy 

-2 to be not less than 99.5% of the maximum value, than q /2 must be less 

than 0.005, or the RMS phasing error must be less 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 



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 wi.11 be reviewed very briefly, 

before proceeding to a detailed d:scllssioC ok tl!- adapted 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 'Tot ' Unfortunately, its lack of sensitivity for a long 

accelerator with large N is also apparerr'v. 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 2750. 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 spectrameter 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 
1 

variation detection (CVD) technique" 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 order to be sure that _- 

the waves in successive accelerator sections are correctly 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 "CVD" tec'hnique mentioned above. (It should 

be remembered that the CVD technique has a workable sensitivity when it is 

applied to whole sectors of the machine, instead of to individual klystrons.) 

Tvro further meLhods of phasL]g w;ll 3~ --Lx.cL<d 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 corlsists of adjusting the phase of 

each klystron until the rf power remaining at the outgut of the correspond- 

ing section is minimized. Unfortunately, its sensitivity is extremely low, 

and percentage changes in output power are proportionai to the sine of the 

phase error, so that the sensitivity ten ds to zero as the phasing approaches 

the optimum value. 

The reactive beam loading method 

electrons are in the correct position 

crest" as shown in Fig. 3a, the phase 

is based on the fact that when the 

on the rf wave, i.e., "riding the 

of the output from the accelerator 

section is the same with the 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 , (Fig. 5a) is in phase with the accelerating 
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(klystron) wave, Ek . 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, citi,?r zzn-leily 3r automatically. 

This method of accelerator phasing is quite feasible, but the sensitiv- 

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

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

SELECTED METHOD OF PHGm7 - 

Phasing by the 'Beam-Induction Technique" 

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. 6a.) 

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 canpared with the reference signal. 
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5. The phase of the klystron signal is adjusted to be 180 degrees 

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

For the reasons explained above and illustrated in Figs. 4 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 wiiic.h 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 marly other reasons, the accel- 

erator is a pulsed machine (rf pulse length approximately 2-l/2 micro- 

seconds, p ulse 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 Tecihnique 

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 some 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 making use of the beam, it has the best 

sensitivity, particularly when the beam current becomes very 

small. 

2. The beam and klystron signals are sampled directly at the 

accelerator, and are ",rlns-litted hlon.;; c common csble to the 

phase detection circuit in the Klystron Gallery. The phase 

comparison is therefore essentially direct; 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 interrerence vfth 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 tlstandbyn 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- 

quired 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 seriolls. It 

rtiates to the very large difference between the power ievels 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 lo-foot accelerator section as high as 

-8- 



24 megawatts. The attenuation per lo-foot section is approximately 5 dB, 

and the beam-induced power is 26 watts per milliamr2, so that the largest 

power ratio of the two signals at the end of the lo-foot section is roughly 

54 dB. 

Well known devices such as the slotted line, 'magic T" and hybrid ring 

are normally used as networks for tile gIlas+ zx!p?rison 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 is replaced by a broad minimum, and the balance point 

becomes increasingly difficult to detect. The method 5s 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. Let the electric field amp?;it.udes of the input signals 

be E and E Then the output to the detector is given by 
1 2 * 

E2 E2 
E2 = 1+2- 

R 2 2 El E2 coscp (5) 
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where cp is the phase difference between E and E at arms 1 and 2. 
1 2 

Let E represent the reference signal and E either the beam- 
2 1 

induced or the klystron signal. 

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

VD = k E2 
1 R 

so that 

6V = VD lq+n - VDiq = kl [($ + $ + E1E2 COST) - ($ + 5 

or 

6V = 2ki EIEa coscp 

i.e., 

6Vmax =2kEE . 
112 

(6) 

E1E2cos~ 
) 

(7) 

(8) 

(9) 

Thus, with a square-law detector, the difference in voltage output for a given _ 

phase error is proportional to both El and E . We have seen that we can 
2 

expect ET to vary over a range of 54 dB, so that a square-law detector 

is very unsatisfactory. 

Now, consider a linear detector, for which 

VD = k2 ER (10) 

From Eq. (5>, 
E 

ER( 
I. 

max) = $ (11) 

It follows that 

'D(max) - 'D(min) = "(max) = 



i.e., 

"JIllax 
= @ k2 E2 (12) 

This result is much more promising, since the voltage 'swing' as 

the relative phase angle of the two sig;lals as stated depends only on the 

hinplitude of E 
2 

, %Aich can ze kt$t cc7' ;-t:rltC 

6V is plotted as a function of the phase difference, rp , in two cases 

in Fig. 8. These are 

a. E >>E 
1 2 

b. ?A -: E 
1 2 

In case a., Eq. (5) becomes 

so that 

EZ 2E 
F.g g- z=z- 1 - + coscp 

1 

E f 2E 1 
+ 

1 - $ coscp 
1 

(1-3) 

(14) 

Therefore 

vD I - 'D 
I 

= fjv = ( 15 1 
cp+fl cp 

i.e., 
6V = fi k2 E2 coscp 06) 
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In case b., 

- 
I 

vD = k2 E2 (1 - co& 

and 

1 1 
-I- coscp)2 - (1 - cosrp)z 1 

= 

(1-r) 

08) 

Both cases give the same Wmax . 

The sensitivity, a(SV)/&p , is - fi k2E2 sincp in case a. , so 

that as 6V -+O , the sensitivity is - fi k2E2: 

In case b., a(GV)/acp is 

if- 2 kE 1 
22 

- - sin $ - $ cos 51 2 

so that as 6V -+O , the sensitivity becomes - k2E2 . In other words, as 

we permit E to decrease from very large values to equality with E 
1 2 ' 

the sensitivity of null detection decreases only by a factor 6. 

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 available 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 thermionic diode is adequate. Experi- 

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 output is taken from the cathode to a TNC connector 

on the side of the diode housing. The filament power is supplied via a 

separate twinaxial connector. 

Equation (11) shows that the diode output has a large component, 

k2El/ fi eqd a very small cm?one-t, 1; 3 ; $5 ,-os.;p which contains the -2 

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 oFposition by a balancing 

potentiometer, the wiper of which may be adju,ted 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 coscp component 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 cp rotates, the differential output will oscillate about zero, passing 

through zero when cp = (n + $)fi . The direction from which zero is approached 

with increasing q may be used to avoid 71 ambiguity in phase setting. 

However, such a system, depending on dc 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 ltphase 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, E . This artifice 
2 

immediately removes most of the problems of drift in dc levels, and provides 

a method of instructing the au-Somatic servo system whether the phase of El 

is leading or lagging the phase of the refexnrc, E 2 

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. ?I& thirCL 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 before the arrival of 

each successive beam-induced or klystron rf pulse. Hence the cw reference 

signal, E 
2 ' 

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 7[ . 

The principle of the phase wobbling technique is essential to the 

automatic 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. 11. The cw reference 

signa. E is transmitted to the wobbler via a Fox rotary phase-shifter. 
2 

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 E as described above. The 
2 

output ports are terminated by the two thermionic diode detectors, and 

the differential outFit is fed into a gated voltmeter. 

To understand the operation of th?- s:~&:B sc, far described, we refer 

to both Fig. 11 and Fig. 12 . Let the Fox phase-shifter be slowly rotated, 

so that the phase difference cp between El and E2 at the hybrid ring increases 

Pram 0 to 2~ in a time 2Tp , where 2Tp is a few seconds. (Fig. 12a and 

12b.) The wobbler is phase-modulating En T;:,r 2 X/ '2 t!t 30 C./S, so that the 

phase of E2 at the hybrid ring changes by n every l/60 second. Fl;ls r3 ; 

of signal El are arriving from the accelerator at the rate of 60 per 

second, the pulse length .being 1 to 2.3 microseconds. Ti;e trigger for thr? 

wobbler driver assures that E 
2 

changes phase in the interval 'retireen thy 

arrival of E 1 
pulses. 

We have seen (Eq. (14)) that the ~U-LIJIAC from a single linear diode is 

k4 fl CE, - E2 coscpl, so that the bala:?cnd differential output from two 

diodes will be fi k2E2 coscp . It foll_ows that, as E2 is wobbled, t.he 

differential diode output pulse amplitudes will change from 

fi k2E2 cos (cp -t 2) to fi k2E2 cos (cp - $-) in a time TW = 14'60 second. 

(For clarity, the "wobbled" time scale in Fig. 12b has been expanded.) 

To see what happens next, the output pulses are further expanded in 

the top line of Fig. 12~. For reasons which will be discussed later, the 

pulse amplitudes are sampled by a Ugate," 0.2 microseconds wide. The 

sample is held until the next pulse arrives, so that a 30 c/s square wave 

is formed, with amplitude proportional to cos (cp + ;, f 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 to a 90' delay circuit followed by an amplifier stage, giving a square 

wave output which is in qlladrature with the wobbler drive signal. This 

enei.gize; the reference win,Ling of tLi 2-,hasz r,Aotcr. &de?- 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 < cp < fl , 

E2 cos ('9 + z) < 0 < E2 cos (q - ;) . (14) 

Therefore we connect the motor so that, under these conditions, the phase 

shifter rotates towards cp = 0. 

It follows that when 5[ < cp< 217 , 

E cos (cp + ;) > 0 > E 
2 

2 (20s (cp - ;, (15) 

and the phase shifter rotates towards rp = 2x, which is identical with 

cp = 0. 

The system always drives away from the unstable null at cp = fl 

towards the stable null at cp = 0. 

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. 

- 16 - 



I - 

This is an important advantage, because it is not possible to obtain a 

perfectly matched pair over the entire range of signa. levels. 

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

ring be 

VA = kA EA 

and 0.6) 

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 positix, 

kA VA = - 
iii 

El + E2 cos ('p + 5) 1 
and 

FE3 
vB = - El - E2 cos (cp + g) . 

lE 1 
With the wobbler reversed, 

kA 
5 = - 

lE I 
El + E2 cos (Cp - ;) 

I 

I 

a.nd simila.rly, 

1 El + E2 cos (9 i- $1 . 

07) 

The automatic system indicates a phase balance when the difference between 

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

(VA - VB) - (vi - v.g = 0 (19) 
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From 4s. (17) and (18), this condition occurs when 

I 

EE (kA f kB) cos (Cp +$ > = 0 . 
2 

(20) 

This will be so when cp = 0 + nJr, independently of the values of kA and 

The second point to 'c? made is that impcrfect~ons 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 fl , or if the two paths have different insertion 

losses, no phase error is introduced. 

Overall Description of the Automatic Psas&n&&Smm 

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 a.pproximately 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 

$75 MC/S main drive signal is multiplied to 2856 IG/s9 at which point 

-10 dB of the power is coupled off to provide the reference signal, E2 , 

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. Power 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 referred to as t:-le "klystrx phase-shifter; C& . The 

rY output from each tiystl-on LCeds lo;;r lJ-J*~ot 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 installation. Of course, a change in frequency results in a phase 

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 from 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 lo-foot section, and 

is used to sample the klystron wave and beam-induced wave for phasing 

purposes. 

Figure 14 is a block diagram of the autcmatic phasing system for an 

entire sector. The outputs frcm the third section of each group are 

transmitted to an eight-position switch which selects one channel at a 

time and transmits the El signal 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 

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

% O 
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The gated voltmeter, servo amplifier, wobbler driver,gO' delay and 

amplifier are housed in an Melectronics 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 panell' 

has also been described in connection with phase-wobbling. The programmer 

is a special switching unit which ensures tha.t the sc;ti.ps described in the 

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 tlstandby' pulse >osiM.on (i e., delayed 50 micro- 

seconds with respect to the beam pulse). Switches L, 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 CR0 trace of 

the video signal at the output of the diode network before 

phasing is shown in Fig. 15a. 

2. The control phase-shifter, 'p, , 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 'p, . 

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 is compared with 

the reference. 
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5. The klystron phase-shifter, 'pk , preceding klystron No. 1 is 

connected to the electronics panel by the programmer and 

rotates to a stable null which is made to be ZI away from 

the stable null of (PC by simply reversing two of the leads 

to the 'pIk motor. 

A Q-pica.1 @.L, trace ~1 the v!rie:c, s-;<nal at trie output of the 

diode network a.fter phasing is shown in Fig. 15b. 

6. When the null detector indicates that the phasing error is 

within the accepted tolerance, the programmer switches to 

klystron No. 2, setting it to stand'by and returning No. 1 

to a.ccelerate . The phasing cycle is then repeated. 

7* The phasing operation continues until all eight klystrons 

are phased. 

8. When the null detector indicates that the last klystron in the 

sector 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, (PC (Fig. 11). At 

the same time, the other input arm of the hybrid ring gets 

connected to the output of a "reference cavity" located in the 

drift section at the end of the previous sector (shown schemati- 

cally in Fig. 14). This reference cavity is a re-entrant cavity 

resonant at 2856 MC/ set 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 

normalizing signal for the beam position monitoring system (not 

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

reference signal. 
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The phases of the cavity and sub-drive line signals are com- 

pared at the hybrid ring, end t'he automatic servo system rotates 

the control pha.se shifter, qc , until a stable null is reached 

with the servo amplifier output voltage below 2*5 volts. At 

this point, the brake is appli_ed to lock the position of (pc 

and the ;rogramme- swi;:chep its- 11' sff, i-Eox JP~, the el.ectr;nics 

and rf detector panels are t,::t. de-energized, SG that the phase 

balance 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 vclts, a red warning-light 

appears in the sector instrumentation alcdve and in the central 

control display. The phase drift may be corrected either by 

automatically re-phasing the sector, or by rota.ting the phase- 

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

DESCRIPTION OF CCBlPCNENTS 

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 scme flexibility in 

installation, a 7/8” coaxial cable is being used. This is a 50 ohm cable 

with an attenuation constant of 2.8 dR/lOO ft. and a peak power handling 

cqacity 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 SP4T - 

switches which are linked by cne Sp2T switch. This chain has the advan- 

tages that it can be consiruc~,ed frm re,.&y avail&le commercial switches, 

and gives an inter-channel cross-talk isolation 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 control phase shifters, qk 

and 9, , have already been discussed. Each 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 isola.tors 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 autcmatic 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 90' 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 99' 3elay 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 frcm the master "divide-by-two" and acts as a quarter cycle time 

delay. At the end of one quarter 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 frcm the master square 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 

tnis reason a gated voltmeter has been developed wnich sllrnples 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. 

- 24 - 



- 

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 40 

nanoseconds, so that signals of different levels can be sampled each gate 

time and the hold circuit will b, P charged to over 90% of the level of each - 

sample. 

The ser;? control amp.~if'ie * is !ri\er from tz olltput 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 determine 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 single 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 ccmplex function, the unit occupies only 3-l/2 inches of rack space. 
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Experimental Results Obta.ined 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 a ccillary equipment while the rest of the 

machine Ls being bhilt. 

Initially, some 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 max-imum value when the kly- 

stron signals were being detected. This caused rapid 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 

diode from a 1 milliamp accelerator beam was as low as lmilliwatt. At 

this power level, the departure of the diode level from linearity was not 

sufficient to cause the gated voltmeter input to exceed the 4 to 1 voltage 

ratio limit. 

Since these adjustments have been made, the automatic system ha.s 

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'l 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 

a.utoma.tica.lly rephased. The worst error measured was 3’, with most pha.se 

shifters returning to within lo of their previous positions. 
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In addition to performing the essential function for which it was 

designed, the pha.sing system is beginning to be recognized as a very 

useful diagnostic tool. For instance, if the beam-induced pulse is ob- 

served a.s pha.sing proceeds down a sector, sudden decreases in the pulse - 

amplitudes between adlacent tes:; points immediateijr indicate loss of beam 

due to loca.lmis-steering. Sub-drive line arln? klystron phase jitter, 

and a variety of other mal-functions in the drive system can be easily 

recognized. 

The authors are indebted to Dr. R. B. Neal and Mr. 3. J. Goerz for 

their initial contributions in formulating the idea of beam-induction 

phasing, and to Messrs. G. Jackson, Jr., J. R. Bordenave, P. V. Lee and 

K. E. Holladay for their assistance in developing and testing the proto- 

type system. 
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APPENDIX I 

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 arm 3 matched) would be proportional only 

to the phase difference helween J3 and ~3 , *.nd the amplitude of E 
1 2 2’ 

if the detector were linear and E >> E . 
1 2 

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 is 

E2 E2 
g = $ + ; - El E2 cos Cp 

so that 

%(max) => 

and 

[ 

E 
l+$ 

1 I 
E 

s(min) =$ 1-q 
[ I 

Let the detector have an index n, so that 

VD=k$ . 

Then 

VDC,,, = k' E: 

(5) 

(.a 

(23) 



and 

V D(min > 
= 

where 

k' =--$ 

1 
n 

(25 > 
(26) 

Again assuming El >> E 
2 

, we caz expand equations (24) and (25), giving 

'D(max) = k' E; 

and 

V D(min 

Letting 

we have 

[ 

E 8 ; i E2 
'l+n$+q; /2+. . . 

i ": 

E 
$+ n(n-1) "Z 

2! 
1 F"' I 

1 

'D&LX) - 'D(min) = "max 

"max 
E3 n(n-l)(n-2) 

3! A+. . . 
-13 h I 

1 

(27) 

(28) 

(29) 

(30) 

The series converges rapidly for El >> E2 and 1 < n < 2, so that 

the above two terms are sufficient for practical purposes. Let E 
1 

vary 

between a lower limit 
% and an upper limit E a' and let the values of 

"max a.t these limits be GVb(max) and GVa,(max) respectively. 
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Then 

GVa(max) 

?Epzq 

or 

E: = =- R 
Bn -73 

. 

n-i 
Ea 

R=v 

n(n-l)(n-2) E3 
2 

3: F a I 
n(n-1){7-?) E37 

2g -4-A - .- 
3: J 

2 

F + 
(n-l)(n-2) Ez 1 3! 3; 
(Ii-l)(n-2) E2 

+ 2 

I 3! l g 

(31) 

(32) 

We assume that El >> E 
2 

even at its lower limit, %, so that the 

right hand terms are vanishingly small, and Eq. (32) reduces to 

n-i 
Ea 

R=Ebn-l ’ 
(33) 

As the phase angle between E and E rotates, R is the ratio of the 
1 2 

detector voltage rlswingU at the extremes of the given range of E ampli- 
1 

tudes, for a detection index n. 

Equation (33) may be written 

E 
log R = 20 log 2 . 

% 
(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 II 

This appendix examines the effect of using a wobbler in which the 

lengths of the two paths do not diffe- r by exactly one half a wavelength, 

and the insertion losses of the two Daths erc not exactl-y equal. 

Reierring to Eg. 18 ar,L Eq. (51, 

k 

vA =$ 

and 

+ E2 + 2ElE2 cos (cp - $) I 3 
2 

2E1E2 cos (cp - $) 1 4 
for the first wobbler path, using linear diodes. 

Similarly, 

k 4 “A = 2 -t (AE )2 + 2AE E cos (cp f 
; 

+ A) 
vz 2 12 1 
k 1 $ 

= 2 
XQ 

+ (AE )" - 2AE E cos (Cp - ; + A) 
2 12 

and 

k 
v; = 2 I- (AE2)2 + 2AE1E2 cos (9 - $ i- LJ) 1 

3 

v2- J 

(35) 

(36) 

(37) 

(38) 

for the second wobbler path. 

If we assume that ~3 is small, and that phase balance till occur 

around Cp = 0 (see text), then the above equations may be reduced to 
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+ EE)* + 

k 
'B = v$ 

Elf2 cdcp - ;, 
1 

(E2 + E2)z 
1 2 

I 
+ (a 

(39) 

(40) 

(40 

Phase balance is indicated when the difference between the detected 

output in the two wobbler positions is zero, i.e., 

(VA - VB) - (“6 - v;, = 0 

which is Eq. 19 in the text. 

Substituting, we find that 

cos (cp - ;) - A cos (g - $ + A) 
I= 
(E2 + E2)3 

1 2 I 

(43) 

(44) 

By expanding cos(cp - $ + A), Eq.(@)m.ay be written as 

tin (9 - g, = cot a + 
(E: + (x2?;/+ . iis; n 

A@: 2) + E2 ?? 
(45) 

It can be seen from Eq.(45)that when n = 0 (i.e., the phase differ- 

II 
ence between the two paths is exactly fl) then cp - $ = (2n + 1) zJ and 
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cp = 0 f n31 for all values 

erroti arises. 

If A= 1, so that the 

then 

of E E and A. 
1' 2 

Consequently no phase 

insertion loss is the same for the two paths, 

tan (cp - $) 1 = cot a + - sin n 

This is indexndent of El and E . Therefore, although a shift in 
2 

the position of the null occurs, it is not a fum-kion of the signal level 

so that no phase error is introduced. 
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FIGURE CAPTIONS 

1. Overall view of the accelerator, showing two-mile long service building. 

2. Accelerator cross section; looking east in direction of beam. 

3. RF field and electron bunch distribution in accelerator structure. 

4. Illustrating the effect of imperfect p&sing. 

5. Vector di+Pram illustrat4.ng p?-inciplc of phzsln, m accelerator section 

by reactive beam loading method. 

6. Illustrating beam-induction method of phasing accelerator. 

7. Hybrid ring phase comparator. 

8. 

9. 

10. 

1.11. 

12. 

13* 

14. 

15. 

16. 

17. 

18. 

19. 

6V vs $ for linear diodes. 

Thermionic diode and housing. 

Switching circulator used as phase wobbler. 

Block diagram of phase-wobbling system. 

Illustrating the application of phase wobbling to an automatic phasing 

system. 

Drive system schematic for one section of the machine, showing how the 

signals for the phasing system are derived. 

Block diagram of automatic phasing system for one sector. 

Typical CR0 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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