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In considering -the design of multica';;lty, high current lmacs, the 
effects of beam loading on the callHy gradl.e~12t are matters of greater 
concerr:. as the beam currents becomE: increasingly large. Pres(;cted in 
this discussion will be observations of the se effects made orr the ZGS~ 
50 MeV injector. Also some comments wi.ll be made on observatiors of 
group velocity and cavity phase acceptar:ce. 

Beam Loadin~ 

The 50 MeV beam from the ZGS LEiector is bent Ido the synchrotron 
through a 1070 achromatic magnet syste~. At the cent,er of the secord 
beLding magnet of the system there is a focus at the same poi::.t where the 
energy dispersion is greatest. 1 The!'efore, by arranging to have a narrow 
(0.010") vertical slit (i. e., a s11t which corof:.nes the beam to a verhcal 
Jme} which can be positioned at aGY poY.rn ir: ih"" transverse plane across 
t}1e cedf;r of this magrle-i:, i.t is pOS81bl~~. to makiCo aYlalysis. of the di"s :',,-lb':­
'-1'01' OIC' onprgl'es l'n the beam 'T'l--.", dl""p"Y.~iOY' ai thl"" posit'on l'S l},E," 4 6 ',,-~~I, ',,-,1.':'-....,. ..J. ~ .. ,.I; l~,-, ~~ ..... :~ <:",1 •• ~ .... __ Ol.> <..' ,C 1', .... _ .. ~ .~~> .0 

E 
per inch. Since the absoh.ii-,e valuf; o~ the fh:;}:ls in the magnets have not 
b';en precisely determined, onlyr'elati"e observalions caE be made. 

In using this slit for orbit rnc::as J,:r''cn1.er;,s ir:, the synchrotron under 
conditions of limited eEergy spread in the ied.ed b~am, it had been roted 
that there was a distinct: var~ac;()r of energy lNu,h time during the pl.i~se 
11~,der conditio12s of large beam loading as showy; in Fig. 1. 

This observatioE led to:n\"e~;tiga+'ion" of the variation of the mea::-: 
E'Eergy and energy spread with rf gradlent in the cavit~y. Figure 2 is a 
typ:\'al energy distriblJ:;ior; as df'terml.ned by swc,2ping the slit under a 
given set of conditions. Thee rc;sults of thest':: measurements of the energy 
d~str~b'ltj,ons at various ~~£' } ev<:Js axe sho-Nn IcI Fig. 3, 

By observation of th:, high energy and lOW (~::'iergy exlremes of the 
distriubtions (see Fig. 1) measured at each rf h~'iel, OEe can obsen,;:: the 

ariatlOn of total energy spread with cavity gradie~d;. ThlS variaLlon is 
shown in Fig. 4. 

The operating conditio]Cs of the ertire linac system wer'e ma~nta:p2.d 
COHetan! while taking the data ['epr::-sented in Figs. 3 and 4; that IS, thr,~re 

were no changes of preaccelerator conditions or focusln.g magnp7.s Ina.'J.':, to 
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Beam pulse through slit on 
High Energy side of energy 
distribution. 

Beam pulse through slit on 
Low Energy side of energy 
distribution. 

Expanded rf pulse under heavy 
beam loading condition. 
20/0 of rf gradient/ em, 
100 p. sec/em. 

Fig. 1 Time Variation of Beam Energy Under 
Condition of Large Beam Loading 
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adjust the iejection matching conditions at the various rf levels. Howe-ver, 
the cavity rf level was adjusted for each measuY'ement so that there was r..o 
beam Joading present. 

We do not as yet understand the reasons that the mea."1 energy and 
8f'.ergy spread vary as observed, but will continue experiments to deter­
mine the reasons for this behavior. 

Beam Loading Compensation 

2 '~ 
The ZGS injector' rf system ,'-" was designed with a series, hard 

tube modulator for regulation of the plate voltage to the output stage of the 
driven amplifier. This provides a means for delivering a variable amount 
of power to the linac cavity during the rf pulse for cavity voltage stabiliza­
tion and beam loading compensation. 

Ideally, the comper!sation is provided by a feedback system which 
reg 1.11ates the power amplifier output for a constar!t rf cavity voltage 
through a closed loop servo system. Unforhlr..ately, the servo loop of 
this system must ir!c1ude the final amplifier stage of the rf system ar.d 
the characteristics of this stage are var:'able depeEding on tuning of tb:; 
rf circvits. For this rEason, the se1"70 loop on the ZGS injector, as of 
this time, has beEn closed oni.y ur.deJ:' test conditior..s a2,d not ur_de~ operat­
ing conditions where its effects could be F\' aluated. This is not to imply 
that there is anythi.0g impossible about the task of establishing closed loop 
operation but rather that the tuning con::htions of the power amplifier and 
the matching power amplifier t,o the ca7ity must be established as fixed 
conditions for the closed loop system to be satisfactory. This condition 
is being approached hut h:;:,s not yet been reached on the ZGS inJector. 

Bearn loading is :Gow compensated by ~'l open loop system shown in 
the block diagram of Fig. 5. The operation of this opsn loop system is 
shown in th'? scope pictures of Figs. 6. 1 thr ough 6.8. 

Measurements of P1A1.S"';: compensation voltages required for a cavity 
envelope which is flat during the tim2 of the beam plllse with 50 mA of 
50 MeV beam indicate thai this should be within the capability of the system 
when such beam currents become a\railable from the ZGS preinjector. 

Questions had been rais'2d from time to time of the ability of the 
beam loading compensatior.. system to correct all parts of the cavity 
properly for beam loading. Figure 7. 1 shows ihe ca'\/i'ty eni/elope near 
the low energy end, center and high energy end of the cavity Ul~der condi­
Lion of heavy beam loading aEQ Fig. 7.2 shows the same output loops vnder 
operation with the open loop correction of Fig. 5. These scope pict'cu'es 

Proceedings of the 1964 Linear Accelerator Conference, Madison, Wisconsin, USA

386



+.3 

+.2 

+.1 

o 
~(%) 

E 

-.2 

-.4 

-.6 

-.8 

1000 

> 
III 
X 

0 
900 

c( 

iii 
a:: 
4. 
en 

>- 800 
(!) 

a:: 
III z 
III 

J 700 
c( 
I-
0 
I-

600 

500 

/ 
V -- r--...... 

/ ~ 
/ '" V ~ 

J " 
/ 

v 
/ 

.; / 

2.2 2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6 
R F LEVEL (VOLTS) 

FIGURE 3 - VARIATION OF MEAN ENERGY WITH RF GRADIENT 

~/ 

2.2 

v ~ 
7 

V· 
/ 

/ 
2.3 2.4 2.5 

RF LEVEL (VOLTS) 

FIGURE 4 - VARIATION OF TOTAL ENERGY SPREAD 
WITH RF LEVEL 

~ 

2.6 

2.65 

~ 

Proceedings of the 1964 Linear Accelerator Conference, Madison, Wisconsin, USA

387



+ 50 kV 

From Storage 
Capacitor 
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Fig. 5 Beam Loading Compensation Pul se Block Diagram 
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indicate that the cavity envelope is compensated everywhere, minor 
differences in the corrected waveform are due to the fact that they are 
not taken on the same pulse and there is some pulse-to-pulse 'variation 
when operating with the open loop system. 

The group velocity, or ra:e of transfer of rf energy from the 
coupling loop to the extreme ends of the cavity, was observed in the 
fonowing way. Using a dual beam scope, the output of the monitoring 
loops at the high and low energy ends of the cavity were compared at 
the time of initial cavity build-up 'vvith the rectified rf signal from aC;l 
ldentical loop at the center of the cavity. (In this linac the rf feed 100p 
is located at the center of the cavi.ty. ) 

Figures 8. 1 and 8.2 show the build-up of rf at the inif>ial rise of 
the pulse. Figure 8. 1 compares the center of the cavity {upper trace) 
with the low energy end. It is noted that the build-up of the field in the 
center of the cavity is very small metil the rf energy has been propagated 
to the ends of the cavity where the initial build-up is much more rapid. 
The length of cavity between the two loops is 17.3 mf..::t>:."rs arId the delay 
to start of build-up at the low energy loop is 9 f.L. seconds, glvLng a group 
velocity of 1. 9 meters I f.L. second. 

No explanation for the appa:n.'n.t initial r.egative slope of the center 
loop has been fot~nd; ChaY1ging detectors, cables, e:'c., has not shown the 
reason to lie in the detection equipment:. 

Figure 8. 2 compares sLm~J.ar wav~'forms at the high energy er.d. 
Thc~ length of cavity between lo(~ps is 15.7 meters and the delay of build­
Lip to the high energy loop is 3 fL se~;o'J.ds. This ,-'esults In. a group velocity 
in this e'l.d of the cavity of 5. 2 meters! fL SE condo 

~~rhese observations r,;;L~~~: trte question of 'whether"' or flot these 
numbers ar'e characterlsLc of aYJ. unfilled cavity or if they do indeed 
:r'emain the same in a cavity which is already excited. To observe this, 
the compensating pulse was applied ~o the power a:r.nplifier plate voltage 
after accelerating gradient in the caT,·ity has been achieved and similar 
obse t~··.Tations are then made of the changing rf level in the cavity due to 
the in.creased drive power. Figures 9.1 and 9.2 show the same loops as 
in Figs. 8.1 and 8.2 under excited cavity conditions using high gaili, 
:;::e::o suppression plug-in. units with dc::layed sweep. 

These pictures indicate a delay of at most 2 f.L.seconds at the 10N 
er"lE":-rgy end and about 1 fLsecond at the high energy end which would 
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indicate group velocities which are greater by about a factor of 5 
(8.6 meters/ J-Lsecond) at the low energy end and 3 (15.7 meters/!J- second) 
at the high energy end ur.der the condition where the cavity is excited . 

. Lir~~ Phase Acceptance. 

Phase acceptance measurements are made as the ratLo of the peak 
beam current entering the bore of the first drift tube, as measured by a 
shielded toroid which measures o:",ly those particles which enter the bore 
of the first drift tube, to the peak beam current accelerated through the 
linac (as measured by e.ither stopping the beam or by a toroid). ThE' 
e'!.:pected phased acceptance without bunchkr at 6he design synchronous 

phase angle and accelerating gradient is ~t:~ or 22.60/0. This phas,,-~ 
ac(;eptance, or transmission efficiency, is observed at an r£" level 0:: 
2.35 volts (see Fig. 1) and the threshold for acceleration is 2.15 volts. 
Raising the rf level beyond 2.45 volts has not ever been obserc·led to 
raise the transmission efficiency without buncher beyond 25%. One would 
expect it to continue to rise as the gradier1t is increased, provided appro~ 
priate compensation of quadrupole focusing fields were made. Efforts to 
achieve this have not been successful. 

Measurements of phase aCl:~eptance as a fcjc:.ct.lon of preacrelerator 
~Ejpdion energy have confirmed thOSE: measurements miidf at BNL.4Us p 

of the first harmonic buncher has yielded transmission effl.clfDcies as high 
cit 65% (68% is the design expectatior) but 55% to 60% is the US1Jal day~to~'day 
operating condition. 

These phase acceptance measuremEcnts make no correc~:ion for prot.o::1. 
peY'centage. In the ZGS system the two sets of triplet quadrupole matching 
lenses serve to separate such a large percefltage of the molecular hydrogen 
and other heavy ions which are produ.:ed In. the ion source that orcl.y a 
r>egligible amount of these lons aye ir:jE:cted into the linac, 

(.onclusions 

These observations show that very preci se rf level control is 
necessary to meet the design requiremer:'cts of a multicavity system to 
mamtain the required injection energy as the beam progresses from 
section to section, In conn.ection with the USf; of this particular linac as 
the injector for the ZGS, the data shows that by an appropriate program­
ming of the rf leve], it may be possible to 11 se the changing energy 
characteristic to an advantage by providmg an increasing injectIon energy 
with pulse length. 
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Beam loading control with long pulse ler;gth at high beam cur::'ent is 
cE:rtain~y feasible but all of the engir.ee ring problems on our particular 
machi:r..e are not as yet solved. 

SHAYLOR: I presume you are using a Tektronics 555 Scope for the 
double display work. 

LIVDAHL: That is correct. 

SHAYLOR: Until recently I was at Birmingham (England) and there 'Ne 

.have very great difficulties with earth loops, due to certain peculiarities 
of our synchrotron. The 555 is particularly difficult to use in this respect 
since you can't selectively earth both signal inputs simultaneously unless 
you are using differential input amplifiers. So now one question is: Are 
you using differential input plug-ins? If not, what is the voltage you have 
at your probes so as to give us a feel for your pickup problems. Another 
question is, have you tried testing with the offending loop that goes 
negative short circuited, but still earthed in the normal way? I am look­
ing for cross talk or trouble between the amplifiers. I am deeply sus­
picious of the negative-going curve, and if in fact the kick--off point is 
not where it starts to go negative but where it starts to go positive, -then 
the time schedules of all these th~ngs are going to be sig.r..ificantly dIfferent. 

LI'IDAHL: In answer to your first question, differential plug-in units were 
not llsed. As a matter of fact, type Z, ze:::o suppression plug-in uEits 
were llsed. I am not sure what type of units were used for the initial build­
upo 

CASTOR.: They were the type Z used without the slide back. 

LI\/DAHL: In con'::1ection with the cabJing to the loops, neither loop is 
grounded anywhere in the system. There is a teflon shield around the 
loop where it penetrates into the cavity so that there are no ac or 
grounding problems. It is a floating system all the way to the scope. 

SHAYLOR: The type Z unit, the slide-back unit, has in fact a lot of hook 
diodes on its input, and I thir:l.k that feeding a bit of the 200 Mc rf into it 
may produce some interesting effects. 

ROWE: I would like to make a couple of remarks on this--an old user of 
Tektronics Scopes--I never noticed this particular difficulty with th'? type 
Z plug-in, but the CA plug_oiD, has an obnoxious habit of ringing at ve::y 
high frequency, far beyond the response of the scope proper. This seems 
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to be associated with the input attenuator and the first stage of the ampli­
fier. And you can get some truly magnificent results under some cOEdi­
tim'}; I was thinking along the same lines this gentleman was and 1 was 
wonder=ng if maybe that might be the trouble. We got around some of 
these problems once by hc:.ying intentionally a poor scope. 

LIVDAHL: Nevertheless, I be~.iev2 that where you saw this negative­
going trace was the point at wh:Lch the pedes:al was placed on the plate 
voltage waveform. For this reason. I dldr, 't worry abo 1]! H:is b"'ca-c:.s8 
that was not what I was attempHng to look at. The fact that thE top trace 
came up at a delayed time relatLve to the lowel~ trace and i,hat we knew 
that this was synchronized within less than a microsecond w~th the pl?destal 
on the waveform just did not seem like there was any reason to wo':'-v:y 1DO 

much about the negative undershoot. 

SHAYLOR: You were not trying to interpret anythingf'c'om thE: point where 
the top trace rose above the base line? 

LIVDAHL: That is correct. An of the numbers that J gale YOlI wt:re 
from this point to this point. 

KEANE: I might have a different explanation on this 2.amf top:c. I th:':;:k 
I have seen the sa.me thing and I think it is rnoding. We have scallopipg 
on our waveform. I am goirig to talk about this next, but essentially 
because you have a ~variance from prob;:'; to probe, I fee] :t is !Jot the 
scope itself but rather the existing modes in the taLk. 

PRIEST': If. that is the case, \\itat Sbaylor suggested would provE' it, woujrj 
it Eot; if you short circuit the Iocp 01:' rotate it so t.hat it doesr' t couple, 
this negative thing will disappear whE:ther :it 5s a mode or not, if His Cl.L 

rf effect, it will disappear, h:'Jt H it is.:;omE. kind of an E'xtl'aneo:)s spuJ:'i-
01.1.S cffec t, it won't disappear. At least it ,,,;ould, b,,; a check. 

LEISS: We are probably PllShLy,g thi.s a IHtJ.e bit wo much. However it 
is 'p)Lte possible that it actually t'Epr,::;sen:,s onf~ 0: th\:: things which;f,iC 
ha,' e calculated in the extrelne tc'aEsit behavjoc of' the rnach:E.,.. This is 
the following. YO~l probably have before Y(1)r main puIs'::', for ,x&.nlp!e 
through the grid drivp, a small am01:rnt of rf ir: th,:; cav~ty. Now w h(-;)] you 
tLH'E the pulss OE, you get some very interesting transients and phase 
osci:'Jations. Whai you dett3ct in your diode is the totb.'_ fie~d \'ector', wh . .('h 
can have oscillaiio:1s on ::.t aLd these osciHat',oY.'-s h2:~ e a';t::aEy be <-:e Y

: ob·~ 

served. I would suspect that this is acL.:tally a 2eal phc~r5.onH::la that or:,''::-
can predict in the extreme transient behavior on th',g ma,:;h~rH,; as yo.). 
start filling it. 
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LIVDAHL: I just cannot believe this, Jim, because this is nothing but 
the rectified output of an rf envelope and this says that this loop has got 
to be taking power out of the ca'7ity. 

LEISS: Well, the point is that if you have a small amount. of rf in there, 
which I suspect you do, because your grid drive is probably on before 
t,he plate voltage, then you have an offset zero and it really has not gone 
negative; it has just gone down closer to true zero. 

LIVDAHL; Yes, the drive does come on about 10 microseconds before 
the plate pulse and I do not know that we have looked for this. 

LEISS: There is another interesting example you can predict and which 
has been observed on a lot of machines. When you turn the rf off, i[1-
stead of the detected rf signal going down it initially has a rise. This 
is again precisely the same thing. This is the phase oscillation that is in­
duced when you make a sudden change in the rf level of the cavity. 

JAMESON: I might comment on this last statemenL We did some meas­
urements on a cell iris-loaded structure in which we put in a square 
wave input and looked at the build-up with a sampling scope. We took 
the pictures and measured the 63Cj7o rise time, and these indicated that 
the structure filled from the back end first. We also saw the transient 
that you spoke of at pulse turn -off. This effect was greater the further 
away you got from the drive. Now, these measurements that we did 
WEre done at signal generator power levels and I have some reserva:ions 
about the techniques as far as quantitative results are concerned. One 
thing was that we were coupling out more than we should have been with 
the measuremelCt loops. Howe"rer, the obsf~!'ved results were qualitatively 
exactly as predicted by the equivalent circuit theorem. 

VAN STEENBERGEN: May I make one comment on the clOSlEg of the loop? 
Mr. Otis, together with John Keane, has worked on the rf stabilization 
10')p at Brookhaven. So far he flaB succeeded in closing the loop and kec;p-. 
jug a s table system for the cl1t-()ff frequen.cies up to 20 kc and loop gains 
up to 5. When he exceeded these limHs of cut-off frequency and loop 
gain,he saw strong excitation of extramoding of the tank. We just could 
pot work with a loop stabiliz ation system which had a widf'r frequency 
band which means that if there were to be any corrections~ they had to 
be of a very slow variety in our particularly long tank. 

F'EA THERSTONE: I think everybody here who is interested in rf sys terns 
would like a status report on life and performance of 7835:s. 
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LIVDAHL: I knew that question would be asked, so I looked at the clock 
last week. At the present time our mode of operation is to start up at 
midnight on Wednesday night and rlJn th'Cough the following Friday 
morning, a period of 25 shifts, with operation on the succeeding days as 
we need for maintenance, obser,,-ation, de-y-elopment, etc. At this rate 
we build up a maximum of 500 hC)'Jl'S per month, so we really do not haVE 
an awful lot of data on it yet. Hmvever, last November 21, we put a 7835 
in the power amplifier; it has been in there since. The power amplii'ler 
has not been apart in that time and we have operated for 4,400 hours in 
that time and the tube had a litth~ over a 100 hou:.s on it before that. The 
other two tubes that we own have 2, 000 ar:d 2, 200 hours on them. The!Oe 
is no reason to believe that any of thF.: tbl'ee tubes have cha~ged character­
istics in that time. 
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