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In existing proton linacs, the maximum number of independent 
cavities is three. No serious problems have been encountered in adjust­
ing the field level in each cavity and the relative phases of the cavities 
to the proper values. However, the initial adjustment of the multicavlty 
linacs which are now being discussed 1 is a much more difficult problem. 
The reasons for this are clear. The effect of an improper adjustmfOni, at 
one point in the linac generally will not be observed until the beam has 
passed through several more cavities so that there is no direct way of 
determining the location of the improper adjustment. Furthermore, the 
adjustment of a particular cavity interacts with those for the followir..g 
cavities. Initially, the setting of the quadrupole magnets is Eot very 
critical and it will be supposed that they can be set to the calculated 
values with sufficient accuracy to assure reteLtion of the beam. Thus 
there are two major adjustments per cavity: t.he field level (Eo) in the 
cavity and its phase relative to the precer.ling cavity. ConsequentJy, for 
the new linac injector proposed by the Brook.haven National Labora-i,o:.-'y 
there are 122 adjustments. 

There are two important stages in the adju3i:mpnt. The first is an 
adjv stment which is sufficiently good to aSBe re the acceleration of t.ht-; 
entire captured beam without the l.oss of par'tic:es at hlgh energies. 
Numerical caJculations indicate tho.!: if t.he field 1 e'vel is heJd to + 10/0 and 
the inter'cavity phase to ± 2°, this -3 LtuatlOn win e)l,ist:. The sec;;;;--.:.d 3+,age 
of the adjust.ment involves reducing the beam energy spread and emHtance 
to the smallest values which can be Q.chievt,d. The success of these Iiriacs 
parti.cularly as inJectors wiD be determined by the exterct to which the ad­
justment errors can be reduced toward zero. It is generally agreed that 
the energy spread and emittance of a perfect} inac would be entirely ade­
quate for injection into a large synchrotron. 

If all of the characterisbcs of t:he beam coald be acct,ra!,fly meas­
ured at ihe end of each cavity, there w01.Jl,d be no difficulty .ir. adjustment. 
This unfortunately is impossible. The following quantities caE be meas~' 
ured as indicated. 

a) Wand IlW, the beam energy spread. 

These quantities can be measul"ed. by magrletic an.alysis. (~or.18PL= 

quently the me~surementB can or'ly be made at the injection pomt, aL -i:he 
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transition section and at the end of the accelerat or: Beams of less than 
full energy may be drifted through the accelerator t~ 'the magnets without 
destroying the desired information. Accuracies of about o. 10/0 can b e 
achieved. An alternative method involves tir:he~f-flight techniques but 
requires considerable equipment and spac e. 

b) I, the beam current. 

Absolute measurement of t he peak beam current is difficult but is 
not necessary for accelerator tune up. Relative measurements may be 
made with ease and considerable accuracy u sing beam current trans ­
formers. The transformer output is independent of energy and r elative 
readings can be accurate to better than 10/0 . Thus if several tr ansform ers 
are calibrated relative to each other at one point, they may then be dis -
tributed along the accelerator and the differential outputs from them will 
be a sensitive measure of beam loss along the accelerat or. ' However, 
the sensitivity of the transformers is only about 10 fLA so that a p eak beam 
current of at least 100 fLA is needed for good measurements. Another 
sensitive method of detecting beam loss is t o locate neutron or gamma 
detectors close to the structure to dete ct radiation due t o lost beam. This 
system gives somewhat more detailed information as to t he l ocation of the 
beam loss . 

c) The beam emittance. 

The beam emittances can be fairly readily measured at low energie s 
with cons iderable ac curacy. At higher energies , the measurement c an 
be done less readily. The measuring equipment is bulky and can be p ro­
vided only at the injection point, at the transition and at the end of the ac­
celerator. Some simpler systems which will give a r ough measure ment of 
x and y may be placed at more fre quent intervals between cavities . 

d ) Eo' the average accelerating fiel d in e a ch cavity and CPs' t he 
synchronous phase. 

An absolute measurement of Eo can be made t o between 5 and 100/0 
with carefully calibrated p ickup loops in the c aviti e s. A relative meas­
urement of Eo between two cavities can probably be made to a few p er­
cent, and Eo may be held stable t o 0.10/0. There is no direct measure­
ment of cPs. If the energy gain in a cavity can be measured, t hen 
Eo T cos cp s is known to the same a ccuracy. The transit tim e factor , T 
is fai rly well known from cavity calculations . If Eo i s de c reas e d until 

c::p =: 0, it is possible in principl e to measure the threshold value of Eo 
s -

for which particles just gain t he syn chronous energy. This inv olves meas '-
uring a very small current and consequently has limited accuracy. 
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e) 6.cf>, the phase spread of the bunch. 

The phase spread of the bunch can best be determined from a 
knowledge oflJ.W. The center of the phase bunch may be measured with 
poor accuracy by observing the phase of a small resonant cav ity betwe en 
the accelerating cavities. This cav ity will be excited by the b e am at a 
phase corresponding to the" center of gravity" of the bunch. 

f ) /::"d( f, the phase difference between a~j ac ent cavities. 

The phase difference between two cav iti es can be measured abso ­
l utely to a few degrees. The des ign value can be calculated accurately. 
The setting can be held to better than 10. 

The following general procedures will be followed in order t o tune 
up the accelera tor with a minimum of activation of the structure. Initially, 
short beam pulses and reduced repetition rate will be u s e d. The peak beam 
current will be limited to about 100 fLA to remov e t he beam loading prob­
l ems from the first tune -up attempt. The drift tube section should be com­
pletely tuned up before a serious attempt is made to tune the waveguide 
section. All measurements of t he output beam from the drift tub e a c cel­
erator will be done in the trans ition region b e twee n the two sections . 

In what follows, it will be assu m e d t hat the b eam from the drift tube 
section of the linac has be en adjus t e d for b est qu ality and that t h e trans­
verse focusing of the beam in t h e w a veguide section i s well enough ad <~ 

ju sted so that all particles which a r e longitudinally stable will b e r adi ally 
s t able. The following pro cedure i s suggested a s a poss ibl e method of ad .. 
justing the wavegui de section of t h e linac. V e r y extensiv e numeri cal 
c alculations are needed to demonstr ate that t h e procedure w ill a c tually 
lead to the desired result. Some preliminary c alculations h ave b e en made 
usin g a program2 which treats onl y the lon gitudin al. motion of t he a xial 
parti cle. 

If the field level (Eo ) in e a c h c avity an d the pha s e difference 
between c avities (lJ.~') are set by ab s olute m e asurement s t o the de s i gn 
values, it is to be expected that particles will be l ost at v ariou s points 
along the accelerator be c ause of the errors . However, if the size of the 
bucket in each cav ity is substantially in creased, the entire b e am c an b e 
retaine d in spite of sizeable error s in f:.cJl l. Since the initial t un e up 
will be carr ied out at low beam cu rrent , the amplifier ou tput, which will 
ultimately be transferred to the beam, is av aila ble to incr e ase Eo above 
t he design value. Calculati<;ms hav e shown t hat if Eo is incr e ased by 
150/0 , the entire beam can be retained for e r r o r s in ~cp I of ,±, 50 or mor e. 
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Since the design value of Eo should be well below the sparking limit, a 
15% increase in Eo is possible. This will increase the bucket width 
from about 770 to about l15°. Throughout this procedure, the beam cur ­
rent is carefully monitored at severai points along . the accelerator . 

.. . 

The next step is to gradually decrease Eo in the first cavity until 
a noticeable decrease in beam cur r ent occurs. It will be necessary at 
the same time to decrease Eo slightly in the next few cav iti es in order 
to prevent the recapture of the part icles whi ch have become unstable in 
the first cavity. When the bucket in the first cavity has been shrunk so 
that some particles are outside of the stable region in the fir s t c avity, 
the setting of t:.cP I for the first cavity is v aried to minimize the los s. 
Here, t:.cP I is the phase difference between the last 200 Mcl sec c avity 
and the first waveguide cavity. This centers the inj e c ted bunch optim ally 
in the first cavity. Now, Eo in the fi rst cav ity can be increased by a 
c alculated amount to the design value. This will only be approxim ate b ut 
the exact value is not important. It should be noted that changing Eo 
c auses the bucket to expand or shrink aroun d q> = 0 and not around cPs. 
Consequently, the value of flc::() I which was just determined i s n o longer 
c orrect. A reasonably good calculated correction can be set in ~! 
b e cause now we are making changes in the r elative (rather than absol ute ) 
v alu es of Eo and &:p' and this c an b e done with con s iderable a ccura cy 
for changes of this magnitude . 

At this point, all but t he fir s t c avity ar e tu rned off and the energy 
gain of that cavity is measured. If the av erage e n ergy gain doe s n ot 
cor respond to the calculat ed value, the cav ity f ield will hav e to b e tipped 
t o make it do so. 

The whole procedure is then r ep e ate d for sub s e quent caviti es in a 
s e quential fashion. When measuring t he b e am current de cre ase du e t o 
s h r inking the bucket in cav ities ne ar the high en ergy end, magnetic 
analys i s of the output beam will b e re qui r e d t o dis t inguish b etwe en p ar­
t i cles whi ch have become unstable and those which have n ot s ince all will 
emerge from the end of the a c c eler at o r . 

Repeating this entire per fo r m ance a se con d t ime s hould further 
imp r ov e the adjustment. Once value s of Eo and IJ.CP ' have been estab ­
lished for e:;tch cavity, it is the job of the lev el and phase s e rvos to hold 
the m there. 

Preliminary numeri cal c al cul at ions indi cat e that the phas e err o r s 
can be reduced by this procedure op t h e fir st attempt. Howev er, t h e 
measurement of beam loss is not extremely sensitiv e and it will be 
n ece ssary to examine t he beam quality in o r der to achieve better 
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adjustment. Nevertheless the procedure seems promising at first look 
and further computations will be carried out. 

Once the whole accelerat or has been tuned up in t he unloaded con ­
dition, the beam current can be increased until t he effects of beam load ­
ing are observ ed. The automatic level and phase control systems must 
be adjusted to maintain t he correct sett ings. At each stage th e necess ary 
adjustments can be made until the full beam current is (hopefully) reached. 

LEISS: In making this analysis, you have assumed that subsequent buckets 
are in t he correct place. Now, if you have a systematic deviation of the 
location of the subsequent buckets, h::we you as sured y ourself that in fact 
you are not building in systematic errors which you a re trying t o s atisfy 
r ather than putting the beam where you would like it? It se ems possible 
t hat t here i s a trap here. In other wo;rds, a r e you presupposin g t hat the 
p r oblem i s already solved? 

WHEELER: No, we hav e not p resuppose d a solution. It is true that we 
have used only random error s di s t ributed about the correct value and 
have not looked at the effect of gros s systematic errors . However , by 
increasing Eo by an amount which i s g r eater t han any re asonable sys ­
tematic error we can assure ours elves that Eo is well above t he des ign 
v alue . Our assumption of + 50 p h as e e r r or would account fo r a system ­
atic phase error up t o that value . A sys t e matic p has e error larger than 
thi s could be troublesom e but I t h ink that t he sys tem i s flexible enough 
to handle it . Let me emphasize that there i s a lot more w ork to do before 
w e fully understand how to appl y this m ethod of tune - up. 

BLEWETT: I should think t hat if you have a gr oss system at ic error, no 
beam w ill come out and you will say, " Ah ha, I have a s y stematic e rror " , 
and will look fo r it . 

WHEELER : Ye s . I think t hat t here are a number of ways that you c an 
detect gross systematic errors b efore you turn on t he b e am w hich 
implie s t hat such errors can be elim in ated . 

FEAT HERSTONE : There are at least two possible m ethods of controlling 
t he rel ative phase of th e cavities in a long s tring of c avities . One is t o 
r efer all the cavities t o a reference line and t he other is to refer each 
cavity to the preceding on e. Is there a p referred way of doing t his when 
you cons ider the actual tune-up process? 
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WHEELER: Yes, I think there is although I am not sure which it is. 
My own opinion is that it is better to measure the phase directly between 
two adjacent cavities. In either case you can have a systematic error 
in the phase detector. 

TAYLOR: For about 18 months, we have been trying to get a rather 
similar measurement to work but so far we have not gotten consistent 
results. We have tried the following measurements. You have the bunch 
coming from the first tank and then you collapse the bucket in the secoYld 
tar>.k until you· trap only a small current. You define this as a threshold 
and then you raise the level a little and shHt the phase of the second tank 
to get back to the threshold current. The lowest tank level achieved gives 
you approximately the CPs = 0 level and then the other levels can be con­
verted to the corresponding CPS- Making certain assumpt::'ons, the result 
should be two straight lines ( CPs :: cP and <PS:: dt/2) and thp intercepts 
give you the phase width of the bunch. We have tried this several times. 
The very first time, we got two straight lines which intercepted the axis 
and gave us a phase width which agreed quite well with simple theory. 
We repeated this later and got two more lines with differen: slopes which 
gave us different intercepts. We s till think that there is some way to go 
before you can use this technique as a meai,:r:lrement for setting phases 
but T agree with you that it could bl; llSeflJ1. 

CARNE: I think that the success of this technique depeEds on the beam 
performing many phase oscillatioEs in oce tank. 

WHEELER: This could be correct. We fled from our numerical 
calculaEons that we must shl'lr!l\. the buckets in a group of about four 
tanks at a time in order to gd a clear indication of particle 2.0.5s. This 
corresponds to about one phase os,~nj ation wavelengih near 200 MeV. 

DICKSON: One has to be careful. about the detector used heyp. A cur­
rent transformer will accept a11 energies. Some sort of threshold 
detector might be better. 

WHEELER: When a particle becomes unstable in phase at. an enprgy of 
about 300 MeV or more, it will emerge from the end of the accelerator, 
even though its energy is incorrF:cl.. Magnetic analysis can be used to 
determine when particles have not beiC'n fully accelerated, or Orie can use 
a threshold detector as you suggest. 

TAYLOR: I want to point out that th.Ls setup problem may be with us in 
5, 6 or 7 years but that in t~e meantime the methods of measuring beam 
properties may have advanced to I.he pOLnt where one can get all of the 
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information required for a rational setting up. It does make one wonder 
about the distance between the tanks and if there are some tricks that 
can be used such as changing the stability limit at the end of the previous 
tank, as Lapostolle has suggested, to allow a little more space between 
tanks. I think that this would payoff. 

PERRY: It seems to me that one might start at the high energy end to 
measure the E field level and determine from the energy whether or 
not you are above the accelerating gradient and then go progressively 
up the line toward the front end to determine what accelerating gradient 
you must have. 

WHEELER: I don't think you can learn much about the proper phase 
setting by this approach. 

PERRY: This is true, but it seems to me that knowing this gradient to 
begin with before you start worrying about phase you have an easier job 
in the phasing problem. You know how high you have to go to get 150/0 
above accelerating gradients, for example. 

FEATHERSTONE: Iwonder if Blewett's technique of using the upper tail 
of the fish as a rather precise probe could be adapted to this technique? 

WHEELER: I think that it can be done and could be of additional help. 
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