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A series of recent technical notes and memoranda" have discussed 
Various aspects of temperature control of the Two-M$le Accelerator. 
It is the purpose of this note to attempt to clarify some of the 
questions which have beea raised in the reference studies and thereby 
to proceed further along the path lead&n& to the final. design .of this 
important sub-system of the accelerator complex. 

REYXEWCIF BASXCPRXX!~IRS 
To obta3.n maximum electron energy from each accelerator section, 

it is necessary to maintain its temperature at that value which will 
cause the section to assume the design dzimensions, i.e., the Physical 
size which will result in rf wave propagation at the vel6city of light. 
A teqerature deviation 6T from the design temperature wiZi cause 
a phase velocity deviation 8v 

P given by 

whese g fs the linear coefficient of e.xpn&ion of the accelerator 
structure material (g for Cooper = 1.6 X loo5 per degree C> and 

2 is the group velocity in ths accelerator structure. This change 
3.n phase velocity causes a phase shift 84, of the rf wave with respect 

.L 0. q. Rogers, *Accelerator Cooling and Temperature Contol", TY 62-20, 3/27/62 
A. V. 33.si.11, "Tentative Water-&&et %&es Requirements", TH 62-23, 4/g/62 
F.HaI!.l, '"Status of Cooling Wkter Studies" J memoranda to R. l3; Real, 4/U/62 
Go @ . RdgE?x3, 'ICtoollng k?ater Studies" , memorandum to R. B. Reti, 4/18/&i? 
C. H. EQhar, "Cooling water sys tez?' ) memorsnduti to R. B. Meal, 4/19/62 
A. v. x&al, ?kolSng the Akzlerator and Waveguide by a Series 

Flow Arrangemen%s', TE 62-21, 4/62 
J. Jurow, P'~~~lera-lmr CooUng and TemPeratura Control (XI)", memorandum 

t0 35 ml, $4b9~%2 



to the elec'cron bunches (assuming electron velocity = c) which is given 
by: 

%v z 
%gl = - 2a 4, (r%.dians 4 (21 

v x 
P “3 

where z is the distance along the accelerator axis and Xo fs the 
free space wavelength. 

The fractional beam-energy loss in the constant impedsnoe acceler- 
ator structure caused by the &bove phase shfft is given by': 

where ‘t is the attenuation constant of the accelerator structure in 
nepers. 

Insert&g the appropriate values for the M Accelerator Za Eqs. (l>, 
(2)# (31, we obtain the results 

81p r~ - 0.234 %T (radians) PO 

SL,.. 
vO 

8.1 x 10-~(6T)" (51 

where %T is the tewerature error in degrees C. For exanpl,e, to obtain 
%V -p- < .OOgl the temperature deviation %T must not exceed f 0,8"c (k 1.4'~) 

0 
and the resulting phase shtit in this case would be 10.7 degreeso 

EFKWTS OF ~~~ DEX3lAZLONS 
Temperature deviatiosls have two effects on the output hem 

char'acteristics: 
(1) They cause a reduction Sn beam energy as indicated in Eq* (3); 
(2) They may result in a broadening of the energy spectrum 

'Ideal, MoL. Report 1815, pp# X5-57, February 1953. [The fractional 
energy loss ina the constant gmdient structure is samewhat less than 
that given in Eq. (3) - see Neal, Report No. ~-1.65, MRY 196.0 
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The second effect does nOt occur if the teqerature deviations of the 
accelerator sections have a random dM&.%xtion such that the algebraic 
sum of the phase shifts in all the sectfons fs zero* 321 thfls case, the 
electrons are ahead of the wave crest as much on the average as they are 
behind the crest during their transit through the accelerator and the 
percer&qp spectrum width remains unchanged. 

DXSCUSSXIX OF3ZECmRC03STROL 
Fh the case of sector control of cooling water teqerature, the 

teqerature deviations of individual sections are the sum of three 
separate components: 

(1) The error in the determinatfon of %he 's~~rre~t" temperature 
at which the sector should be maintained; 

(2) The error in the temperature of the water to the eat%re sector; 
(3) The error in the temperature of the n&al structuresof 

individual sections. 
The "correct" base temperature for the sector cooling water depends 

upon the average power level. Xn this d$scussion, it is presumed that 
the klystrons 3.n the sector are all operated at the same nomtial. besm 
voltage, pulse length, and pulse repetition rate. IIt is desired to 
maintain the accelerator sections at a constant temperature at $1 
power levels. To accomplish this, the input cooling w-&er Mqerature 
must be lower than the temperature of the metal structure of the accel- 
erator section by an amount pwportional to the average rf power input 
to the sect%on. Among the several ways by which the correct input water 
tqerature msz be determined are the following: (a) by monitoring the 
temperature of the metal. of the accelerate r structure using apDragriate 
sensing devices and maSnta3.ting the meen metal temperature constant' by 
ad,justing the‘input cooling water temperature (for -roved accuracy, 
the average temperatu2e of all the sections comprls%ng the sector should 
be maintained constant; the average might be determined, for exmqJ.e, 

'33 is important to t&e into account the temperature drag across 
the metal waJ.l of the accelerator structure. For copper walls and for 
the parameters of the M Accelerator th%s Wqerature drop is given by 
%T 9 0.023 t I!&, where t Is the wall thickness in inches and PKW 
is the average rf power input in kilowatts to the accelerator section. 
At the maximum Stage LX power level of 21.6 kw and for t = 318 inch, 
%T = 0.43%. The pertbent temperature drop governing cavity dimensions 
is approximately %T/2 which has a maximum Stage IX value of 
0.22oc(o.3g~). 
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by connect;lng all. the aensiing devices attached to the individual aceel- 
erator sections of the sector in series) (b) by monitoring the average 
output power of the do supply connected to the se&or modulators and by 
multiplying this output by the known klystron efficiency factor; (c) by 
measuring the water temperatures in the supply and return manifolds of 
the accelerator sector and by maintaining the &put water temperature at 
a value determined f'rcm this difference; (d) by monitoring the rf phase 
difference between the input end output of the "control" accelerator 
section and by adjusting the input water temperature to keep this phase 
difference constant. Of 'che,%four methods outlined here, method (d) should 
be most accurate and has the advantsge that the temperature drop across the 
accelerator wall Ss automatically tslsen care of; however, it w-ou3d probably 
be more expensive to Instrument than the others. Method (a) would probably 
give sufficient accuracy with reasonable cost. The accuracy of methods 
(b) and (c) is affected by besm 1oadLng variations but they might still 
be adequate. 

93.~ magnitude or errors in class (2) depend upon the accuracy to 
which temperatures csn be maintained in economicaJ&'feasible control 
systems. Rogers in 334 62-20 states that a control system has been 
developed which can easily maintain water temperatures tithin ;t 0.2%. 
For the purpose of this note, it ttill be assumed that the sum of'errors 
in classes (19 and (2) can be held to 3~ O.&OF, except during transient 

@2ricds l 

Errors in class (3) arise primsrily from var;lations in the average 
output power of tidividual. klystrons. S%nce the difference in'the 
temperature of the metal accelerator structure and the input cooling 
water temperature is proportional to the average rf power input, a 
deviation of iqut pomr from the standard value on which the input 
water tewerature is based Will result in a deviation in the temperature 
of the metal 14.1 from the $&rect va&aa. At the maximum Stage EX power 
level, spprox%mately 13 kw df rf power is diss2pated in each accel.erator 
section (in the absence of besm loading). 

kbin' has cslcutited and exper%nent&&y verified the temperature 
difference between the input &o.dling water and the metal accelerator 

,structure at various values of power dissipation aud water flow rates 

'A. V. Usin, Tentative water Jacket kequfrements", TII 62-23, 
Supplement NO. 1, 4/lg/62. 
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for a lo-foot acceLerator structure equipped xLth 16 - 0.43 3.nch 
inside d&meter pipes carrying cooling water in a cour?"er-floe 
.aTaugem%nt * He finds, for exsmple, that for a power dissipation 
of 15 kw and a flow rate of 20 gaUons/mixxute the tenqerature d&ffer- 
ence is 10.4*$!. At a given flow rate, the temperature difference is 
propCPtionE&a. to power dissipation. However, for a i@vc.m power d&ssipa- 
tion, the temperature difference does not increase proportionally %-hen 
the flow.rate 1s decreased (e#g., at 15 kw dissipatSon and 20 gaJ./min 
flow "I;he difference is 16.2~~). Fmm the above results it is cJ.eer 
that, at a flow rate of 20 galimin, vsriations of f ZG$ in the &Qut 
of individual klystrons (due to manufacturing 2;o3erazxes, ag%ug, vasia- 
tion in rf drive, etc.) frcrm the nomAnal value xould (at max3zm~ Stage EE 
poz*r Xevel) cause 9: 1°F variations in the temperature of the acceder- 
ator sections receiv%ng the power frapn the affected k3ystrons. The 
corresponding temper&m vsziations in the c~~+e & 10 g&L/tin flop 
rate would be; P LGoF, etc, 

33' the output of all. k3ystrom in the sector fall tith%n a 2@$ 
band and if the correct sector ~&es tarpmature can be determined 
and maintaf8ar3d tithin 2 0.4?P, then, for a cooking wat63r flow rate 
of 20 gal/mZma to es&2 accelerator sectdm, the reduction in electron 

energy g&n from temperature effects ti the case of sector control of 
cooling water temperature will not be greater thm 0.5% for the msx- 
imum Stage XX power input. For a flow rate of 10 gal/m$n and. tith 
other ass?z4xqtkons tfd~! ssme as above, the electron emrgy reduction 
frost temperature effects till not be gaater t&n l.C$. At lowx 
values of average power input the percentage reduction in energy 
-will be even less. 

23' the variatim sin klystroza pox&r ou%puts are raaw distr%buted 
with respect to the %om" used as the basis fop sector water i;c;qpsraWre 
detomination, the energy spectrum width wi3.L not be Increased by the 
spread in rf power outputs. 

'Xf the taperat-we accuray assuqM.ons made in this note can be 
reelized AXI an econtical2y feasible control system it wxz&d qpear 
that sector control of cooling water tezqerature is practicable under 
both Stage P and Stage &I conditions and that it shouJ.d be adopted* 
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