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MlClIOWhVE PIIASE DE: PENDENCE OF THE ACCELERATOR 
SECTIONS AND THE WAVEGUIDE NETWORK 

I. INTRODUCTION 

The electrical phase lengths of the waveguide feed networks and the accelerator 

sections must be correct for optimum acceleration of the beam. The phase length 

is dependent upon the mechanical length of the microwave structure and its phase 

constant, which are in turn dependent upon temperature, the external (atmospheric) 

prcssurc, the frequency, the dielectric constant of the medium inside the structure, 

and the initial dimensional tolerances oi the components of the structure. 

Iluring “Stage I” operation a single, high-power, klystron amplifier will feed 

four, ten-foot, accelerator sections through a four-branched, rectangular wave- 

gujdc network. 1 Since each section is an independent microwave structure, it is 

necessary to adjust the phase of the wave in each section so that the beam sees a 

continuous wave traveling the length of the accelerator with the proper phase 

velocity. Phasing of the machine is accomplished in several steps as follows: 

1. The ten-foot sections are tuned’ to the desired electrical phase length, 

and four of them are accurately spaced (with a peri.odicity of twenty- 

nine wavelengths per section) and aligned on a forty-foot girder assembly. 

2. The waveguide feed network is installed, and the phase lengths of its 

four branches arc adjusted3 to differ by only integer numbers of wave- 

lengths. 

3. During accelerator turn-on, the forty-foot girders are phased relative 

to each other in sequence by an ,xutomatic phasing system4 that adjusts 

a phase shifter in each girder station’s closed-loop, klystron, phasing 

circuit. 

4. The closed-loop phasing circuit continues to monitor any phase drift 

which can be compensated for manually while the machine is operating 

or automatically while the machine is in standby. 

An expression is developed in Section II below for a change in phase length for 

rectangular waveguide and for the SLAC ten-foot, disc-loaded, circular waveguide, 

accelerator sections. Another technical note5 discusses the detailed temperature 

dependence of both structures and only the pertinent results are presented herein. 

Section III gives some values for specific cases. A list of symbols is given at the 

end. 
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II. GP:NICIU\L EXPItICSSIONS b’01-i PIlASE LENGTH 

‘l’hc ~‘h;tsc: Icng-th of ;I micrc’wavc structure can bc cxprcssed by 

where Q is the length and p is the phase constant, which is given by a dispersion 

relationship for the structure. For rectangular wavcguidc in the TEIO mode, the 

tiispcrsion rclationshil’ is expressed anal,ytically by 

For the disc-loaded, circular waveguidc that is used for the accelerator sections 

an exact expression for p is not available, and thus an experimentally determined 

w-i; clingram is used along with other experimentally determined coefficients. Since 

the fi tiependences arc different, the rectangular waveguide will be treated sepa- 

rately from the circular waveguide. 

A change in phase length can be expressed by the total derivative of 8 ; there- 

fort, 

(3) 

For the rectangular waveguide, the parameters in equations (1) and (2) have the 

following functional depcndcncies: I = L(T, M), ,!3 - (w, a, E’), E’ = 6’ (T, p, AC’) 

and a = a (T, p, Aa). It should be noted that the effects due to E’ and p are 

included for completeness only and during accelerator operation (E’ - 1) -0 and p-0. 

Figure 1 shows a piece of rectangular waveguide and identifies its dimensions. From 

the above functional expressions: 

(4) 
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da =: (8) dT + () dp + d(Aa) . (7) 

Combining equations (3) through (7) yields, 

:1ntl 

a= aO+aocyT + 3 o h’@9 + Aa, 
1-0 E’- 1 t- (6’ -1) - +AE’ e 

0 POT 

(9) 

(10) 

(11) 

Iprom equations (l), (2)) (!I), (lo), (1.1) mcl cxperirncntal data: 

afqp) Wp) _ 
0 ap ’ JP 0.85 x lo- ‘(Tor# 

I 



,jlso, (cl, -1) N 576 :< l.O-‘l To 273’)K and p, = 760 Torr. By substituting the 

:dx)vc vnlucs into equation (8) and by cxprcssing the change in phase length in 

clcctrical tlcgrccs per unit length, the following result is obtained: 

L 
frequency width and length dielectric 

thermal expansion temperature 

pressure dielectric diclectr ic width length 
defornmtion pressure composition tolerances tolerances 

During operation, as mentioned above, p W 0 and (E’ -1) N 0. Therefore, 

clp w (LA E’ N 0 zuntl cyu:Ltion (12) bccomcs 

15qu:Ltion (13) is the desired expression for the change in phase length due to 

Irequcncy ch:mgcs, tcmpcr:rturc changes, and dimensional tolerance, and it is 

cva1i1ntcd in Section III antI ‘J’ablc 1. 

For the disc-loaded circular waveguide, the paramctcrs in equations (1) and 

(2) hnvc the following functional dependencies: P -I a(T,AQ, P = P(E’, w,2a, 2b), 

E’ or E’ (T,p, AC’), 23 = a(T, A(Za)) , and 2h -= b (T, p, A(2b) ) 0 The variation 

of /3 with P and t is assumed second order and is neglected here. This can 

be shown by deriving the tcmperaturc dependence of the 6’ by frequency scaling 

and comparing the result with the result of the following derivation. Figure 2 

shows a typical cavity of the accelerator section. The phase length of each cavity 

is given by equation (1) and the total phase length of a section is 

816 

(O),,:, = c 8 -z 2 Plpn, 
11 1 nc-1 

whcrc a st:uldard ten-l’oot (1113.~4G5” @ 11.7. 0” 14’) section has 86 cavities. 



Equations similar to equations (4) through (7) can be written from the above 

limctional dependencies. 

#I (-$I d c1 + ($f-- do + (&) d(2a) + ($$-- d(2b) 

dc’ (5) (IT t (-$) dp -t ~(AE’) 

d(2a) = (F) dT + (-f$!$--- dA(2a) 

d(2b) rE (-f$?j dT -t [+)dp t- @-3-j do 

(1.5) 

Putting equations (16) through (20) into equation (15) yields: 

The cyuations for Ba and 2b are: 

(23) z= 2a. (l+@T) + A(24 (22) 

(214 -7: 2bo (1 -I- O!T) -t- 7r, (2bo) 3 A(2b) o (%; 

/- 
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‘l’ho p;lrli;Ll derivatives of equation (21) can be evaluated from equations (l), ill), 

(22) and (23) and from experimental coefficients. 
6 They are as follows: 

The terms (t&) and ig$$,, Inay be obtained by considerinr do> 

when dtiJ (1, which means for Cl/j 

a”i3 = ($) w+($gg) 
cd:-cd(P,b) that - --- :- -__ , 

d( 2b) d(W 
and therefore, 

aricl silnilarlp for (2a). 

l+~quation (21) can 11~ cval~tctl now in terms of known parameters and is given 

below without the E' ,a.nd p dcpendcnt terms, since final testing and operation are 

at p- 0 and (E’ -1)-i) . Care has been taken to use the appropriate average 

value when the quantity varies along the length of the section. 

d( 2bj 
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cffccls of P and 1 , thcr result is the same :XS equation (24), if (z)(ql) -I- (z)(l<)-zfo 

in cqualion (24) . In Section III this is shown to be a good approximation in practice; 

i.e., terms due to B and t are much smaller than those due to a and b. Thus the 

above derivation , giving specific dependence on(2a) and (211)) is approximately 

correct. 

III. SPECIFIC VALUES OF PHASE LENGTH DEPENDENCY 

Equations (13) and (24) may be expressed in terms of phase length coefficients 

as I’ollows : 

(25) 

+ ‘A(%,) tlA(2b) + 0 M Mzicc . 

These cocfficient.s are given in Tables 1 and 2 for: f. - 2856(MHZ), A, = 6.0239”, 
h 

A0 
7.: Lt. lyz”, h X 5. (jX()*‘, (y 9.3 x 10 

c: 
-” ((‘JjJpl, a z 2.~40”, (5) = 0.22X 109 (HZ).(in)-I, 

-~ 0.91 (in), and (%) = 3.25 (in). 

‘fh~ VtllllCS 01‘ “f ~Llld (‘i have been measured and agree with those given in 

Tables 1 and 2. The valncs 0 T -= -1 7. 9 (O$). (“I~> -1 and 0 ’ 

-- 0. 85 ((‘c$) - ((‘F)-l and 1. 0 (“41) * (“,3-l 
I- ._ 0.0144 (O~~).(OI~.ll)-l 

(or (jr1 for the network’s 59-foot and 70-Coot 

branches, rcspcctivcly) 31’~’ comparable to measured values, also. lt should bc 

noted that the only phase cocfficicnts that vary during accelerator operation arc of and 

0 r73 1 
since the effects of tiimensic;nal tolerances are adjusted to bc minimum during 

accclcrator fabrication ;~n:i installation. 
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to dAf in cyuation (261 is less than ? 0.020 inches for a ten-foot section, which 

mc:lns -‘1 1. iP$. 

In another technical notc5 the change in temperature of the network and the 

accelerator section is shown to be dependent upon the ambient temperature, the 

water flow rate, the pressure drops in the water lines, the thermal resistance of 

the structures, the mjcrowave power level and the stability of the water temperature 

rqu la tar . During accelerator operation the tcmpcrnturc variables that may change 

or bc chnngctl arc the ambient temperature, the water flow rate, and the microwave 

power level. The effect of the microwave power lcvcl can be divided into two parts. 

One is the sitnplc v;rriation of the operating lcvcl of a klystron, dq , and the other 

is the variation in the power actually absorbed, dAP, due to unequal power division 

and attenuation. The latter term is more or less constant during operation, as are 

the thermal resistance, water pressure change and the fluctuation in the water 

temperature out of the regulator, (dT,); therefore, these constants will all be lumped 

into a single nxrxitnum temperature difference term, dT x” 
The simplified expressions for the change in temperati;rc.: as given by Table 6 

of rclcrencc 5 arc: 

( w \v/” -I O.O12dT,. - w + 1.860 dq -t dTx OF 
1 

(27) h 

for a rctctang-ular wavcguitlc network branch and 

tlT, -f 0. 006dTl - 1.90 

I i 2.05 $ 1. 3. 500 dq + dTx OF 
I 

(28) 

for an accelerator section. The two values in the brackets are for difffercnt ambient 

temperature conditions (see Tables 5 and 6 of rcfcrcnce 5). Equations (25)) (26), 

(27) and (28) may be colnbincd to give 
(29) 



‘- “A( 2~1) 
tlAj2a) -i CIAtzb) dA( 2b) -I- OaEdAP;lcc . (3 0) 

1’1~~ additional phase coefficients 0 T1, Ilw and 0 , which pertain to the ambient ‘ 77 
air tcmpcr~turc, the w:itcr flow rate and the operating level, respectively, are given 

in T:ll~los 1 :lnd 2, :llSo. 

As in section III of rcfcrcnce 5, reasonable estimates can be made of the 

masi inu111 (10 untkr v:lrious conditions. It will bc assumed for the following 

cslini:lles th:kt df -10.5 (l;JJz), T ~-- 63’E’, :md q 1 (I? -1 21.6 kW). a A mbia1t 
t.c:mpctr:lture v:lriations from br;mch to branch or section to section are indicated by 

tl’l’;, . 1~'~ acLcc~lcr;ttor sections on the same girder, cyuation (30) and TatLIe 2 yield: 

thcl section tuning error is 1: 2.5’Q and the section length ib -1 1.8’4. For wnve- 

guide branches on the: s;~mc nc>twork, equation (29)) Table 1, and B = 70 feet yield: 

:tnd the branch is tuned lo ! 2. So+. For sections on diffcrcnt girders and branches 

on tlifCc>rent networks, the m3xinIunl phase length differcnccs arc: 

((IO) .-. -3 .15 xi C) 1 .Zh YIl 1.6 $- 2.8 4 2.5 ri 0 $ 1.s == 
LlCC 

rt 11.8o@ ---.---.a.’ 
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(I/j 1 
1 

IO ’ :lllti (1’1‘ I .(il’)i” . 
s 

I’or sctctions :und br;lnclics in tlifl’crcnt sectors, (IT, 11 ().l"l~, so J o.l?j'> :~nd 

11 . Ho+ shou1.d IX added to the branch and section errors, respectively. A 10°F 

change in the average ambient air temperature produces a phase shift of O.l2”(t, 

and 0.47”$ in the branches and sections, respectively. Furthermore, it should 

bc ren~crubercd that the cffcctivc misphasing of the wave with the beam is the 

sum of the branch error and half the section error. In the above analysis the 

total c’rrors arc the ma\;imum possible, since the individual errors were assumed 

to I)c atltliti vc and maximum. The actual cumulative error for the whole machine 

should IX consitlcrably less, if a more careful weighting of the errors or the rms 

error is considcrccl. 

‘L’hc cffccts of atmospheric pressure on the structures and the nature of the 

dicleclric inside the structures were brushed over in Section II because good 

cxpcrimcntal results arc i lOt available. However, it is intcrcsting to note that 

a ten-foot accclcrator section increases in phase length by about 280’$1 in going 

from VaCUUIll (< 25 x 10-:j Torr) to one atmosphere or dry nitrogen7. The wave- 

gui:le increases in length by about 0.8 (o@)* (ft)-l in going; I’rom vacuum to 

atmospheric prcssurc or about 1.05 x 10 -3 0 ( C#J) - (ft- Torr) --’ 
Changes in the barotnetric pressure can affect the relative phase lengths 

from branch to branch, as well as the absolute phase length of a branch, because 

of the differences in branch lengths and metal elasticity. ’ If the barometric 

pressure ch:lngcs -1_ 5’,7,, the phase length can change by as much as t_ 0.014 (OC$). (ft)-l. 

That corresponds to 2 1.0 (OC$) for a 70 foot branch or +_ 0.15 (‘$I) for the difference 

between a 70 foot and a 59 foot branch. Since 37 
-73 

is not known for the accelerator 
1’ 

scclions, nothing can be s:Cd about the effect of barometric pressure on them other 

than it is the s:~~ne,to firsi order, for all ten-foot sections. Therefore, the wnve- 

pide n&works generally have less than -L 0.1.5 (o@) error due to normal barometric 

pressure variations, if ali the waveguide branches are in the same state of anneal. 
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IV. CONC LIJSlON 

‘l’llc> I)lKLSc: lcnglh ol ;lIl :lccclcr;ttOr section is eight to Icn times more st:n:;iti\ic 

1.0 tc~nlI)c~raturcx :mt frcqtrcncy chnngcs thm a wnvqyido network branch. A 

l’rcquc~ncy incl,casc of 10 1~11~ 1cngLhcns a waveguidc branch by about 0.3o@ and an 

accclcr:~tor section by about 3.O(()q5) ; so the average phase shift the beam sees 

is: 0.2 -t 1.5 _ 1.8 (“$)-(10 kHz)-‘. The accclcrator operation level has the 

grcntcst cfl’cct on the phase length thru the temperature. As the accelerator goes 

from zero Inicrow:lve power t.o full Stage I power (7 ::: 1)) the branches increase in 

length by about 1. 8 “c/j and the sections by about 28 ‘)Q), which means an average 

phase shift. of about 16 O@. Variations in phase length due to the accuracy of the 

water temperature controller unit are less that i 1 ‘~qb. 
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I‘rccIuoncy-h[,lc-cli~lillot~r cocl’lic*ient I‘or accelerator discs - (Hz) * (mil) -1 

t:rcclucncy-cylinder-tli:Irnctcr cocrl’icicnt for accctcrator cylinder .- (IIz). (mil) -1 

lc ngth - (I‘t . ) 

air pressure - (Torr) 

temperature - (OF or OK) 

group velocity - (normalized with rcspcct to the velocity of light) 

water flow rate - (lb.). (hr.) -1 

thcrma.l expansion coefficient (‘I?) -1 

phase constant - (in.) -1 

used as a prefix to indicate dimensional errors or tolerance - (mils.) 

rclativc dialcctric constant 

I‘raction 0C Stage I i’ull power (21. 6 kw) 

clcctrical phase leilgth - (radian or 0 
(/),I 

elastic: pressure cotnl)rcssion l’nctor for \V;L / c ‘:r~~dc 

c~~tdi wavclcngth - (in. ) 

guide wavclcngth - (in. ) 

free space’ \vavelength -- (in. ) 

elastic prcssurc compression factor for accelerator section 

used to indicate degrees of electrical phase length 

frequency - (radian) 

rclatcs to wavcguide width tcmperaturc ex23ansion 

rclatcs to changes in waveguide width 

relates to disc hole diarnetcr tempcraturc expansion 

rclatcs to changes in disc hole dianlctcr 

rclatcs to cylinder in3idc tliamctcr tcrtipcrature cxpanbio:i 

rclatc~s to ch;l ngc:s ilk cylinder insick diameter 

rclntcts t.0 3 tt>n-foot accclcrator acr:C ior 

relates to frcqucncsJ 

(21) - 

(2b) - 

1’ 

(V 

P - 
a - 

c’ - 

II - 

0 - 

“p - 
h - C 
Ag - 
A0 - 
‘p - 
O9 - 
W - 

Subscript a 

Aa - 

2n - 

A(2a) - 

21, - 

A(b) - 

ace - 

- 13 - 



S - 

0 

r - 

I 7  1  - 
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1  

W  - 

iv/:: - 

11 
’ prime - 
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t*cl:ttcs to w:~vcg~icic~ length tctnpcrature trxpm-tsion 

rcl;~t~s to changes in lctqth 

relates to nonlid or initial value 

rcl:d.cs to tcrnpcraturc rcg-ulator 

rclatcs to colnhj nccl tcrnpcr:~tur*c cffcct 

relates to alnbicnt air tcmper:lturc 

rclfltcs to tcnlperaturc regulator tcmpcrature 

rclaks to water llow rnlc 

relates to w;tvcypitic 

rc I ates to J‘raction of Stage I M l power 

rcltltcs lo wxvcguitlc phase coefficients 

indicates :ivcr:qc v:lluc. 
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