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In planning eny methed of radio freguemey accdleratiom, s number of
faotors must be considered im additiom te the ususl phese space considers-
tioms. Among these factors are the problems of seattering by the residual
gas, the limitetions caused by space charge, resonances caused by eoupling
of the RF cavity te betatrom oscillatioms, and the restrictioms saused 1
the prastieal limitations om the oseillators. Thus, although it seems
desirable at first glance to stask particles at low emergy, -‘yno‘ohquo
and gas soattering limitations rule out this procedure.

Gas Scattering _

Betatron oseillatioms are indueed im particles due te co'nl-" ssat~
tering by the residual ;n.l The importence of this phencmenom deoreases
strongly with emergy, so that it beoomes importent te scecslerate particles
rapidly at the low emergies. Im particuler, "buoket lift" arrangements,:
in whioh particles slip from harmonie to harmonic as they are acselerated,
are deficient im this respect. Gas scattering alse imposes a limitatioa
on how lemg perticl:.s ean be stacked at a given energy; a goed eriteriom -
to use is that the amplitude of oscillations built up while particles are
stacked sheuld be smaller than the ogsillations imdused while the particles

are beimg accelerated., Oas scattering questions become rapidly lesa w

#fork supperted by the Atomie Emergy Ccamissienm.
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as the pressure in the vaowsm chamber folls belew 10”9 ma,
Bpaso Chpage
Carl Mielaen has ealoulated the effest of spase Ms in ehasg-
ing the froguemey of betatron eveillaticms.® If we imposs the esaditiem
thet the chamge i betatrom oseillation frequemsy due te beem apaoe
chafige bo po greater at amy time then at injecticn, we get

ko @

where N is the number of particles that cen be stacked gt any emergy

B (imoludimg the rest emergy), and P is the corresponding mementwm. The
subseript § refers to the value at imjecticon. Byvatiem (1) impludes the
effect of adiabatie damping.

Elegtrons captured by the besm will also change the fyequemsy of
botatron oseillaticns. 4s lemg ag particles are in buokets, eleetrems
ean osoape from the boem, snd their effost will be smell, Im ptacked
Doams, howsver, eleetrens can besome importemt, sud 1% may be Reseseary
to have additional osoillaters rumning tumed to the stecking freguemoles
to prevent the eellestien of eleetrema,

Heleen has pointed cut that the lomgitudinal repulaics of tho beem
space ohaiige may Lave a sericus effect o symohroteon oscillaticms, Simee
the effest 1s proporticmal to the harmemic mamber of the oseilleter, it
is deairable te operate the oseillater om the fundamentel freguemey.

If lengitudinal spsce chapge repulsiem is the facter that limite the
e of particles that ean be held in p bucket, we mat agtdely the

ralatica :
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RF Knookout™>

It is olear that particles in eymchremism witk an EF voltege cannet
be given excessive betatrom oseillatioms by this veltage. This ie true
because on RF bump will net be differemt from o magnetio bmmp im ite
effeot upon betatron oseillations, For particles mot im buckets, how-
over, the effeot of am oscillator is like that of a bump whoee frequensy
can be differemt frem the going aroumd freguemecy of the particles. Ia
fact, the partioles will experiemce s whole series of frequemeies mw 1)),
where w is the particle frequency, ), is the eseillater ‘troqnny, and = 10
any imteger. If), is the number of radial cseillatiocns around the machine
and vy the munber of vertiscal oseilletioms, them there is a possibility

for rescmance whanever

T (newy + nywuy) = minw £ V,) , M thn, <Y
where m, my and By are integers. This cam be writtea

MY fw = Nt (nay +ong W) (3)
as the eomdition for pessible resomamce. From thie equation it ean be
seon that the fewest resomances will be orosgsed for any givem percemtage
frequensy modulatiom of ), if /mmi . Thés again we seo that it is
desireble to operate om the fundamental. It will require additiomal study
to see whish of the resonamces of By (8) ere important., However, Jomes
and Torwilliger in experiments with the Michigen model, have found RF

knockout when

W/ wsn £y, w n oY, (6)

"80 that these resememces, at least, ars importamt.



Oseillater Limitatioms

The accelerating seheme whieh is chosom will depend om the rﬁ;o over
whieh an oseillator sam be freguemsy modulated and em the repetitiom rate
or' the oseillater. If an eseillater operates om the fundamental (50-8500 ke),
it is mot umressomable to expeet to frequemey medulate by a faetor 2 or ¥
with a repetiom rate of more tham 100 per seoond.* Provided sueh an
oscillator is not objestiemmble Bar extrameous remsoms (such as imterfering
with radio broadeastimg), it sheuld be possible to design a simple RF
scheme to accelerate memy partioles (of the erder of 100 bmokets per
second) to an emergy of 156 Bev, Twe such schemes are eomsidered in the
next seetion.

RF Schemes

We ohooss to desigm en asesleratiom seheme for the machine of the MURA
p'mlwnll..‘Y We axpress all omergies in units of Ky = 938 Mev and all fre-
quemeios in terms of the tramsitiom frequemey wg = 630 x 10% see~}, We
demote kimetio emergies by r and total emergies by E. The subsoript i
will imdicate the walue of amy gquantity at imjeetion and the subscript
k(k 2 1, 8:-2¢ ) will indicate the walue after being accelerated by the
k-th eseillator (there beimg 3\ oseillators im all).

The besic ides will Be te rum the esseillaterc im relay, cach ecselillater
bhanding a bucket of particles to the mext ome and returninmg te get another
bwoket frem the provioue oseillater (er from the imjeetor). We arditrarily
choese an injeetiom smergy T; = .008 (4.7 Mev) correspondimg te a pertiocle
froquemsy (W5 = .11, and let Vo 6 10'} (47Kev) be the maximmm emergy

*This statement is s result of comversatioms with several members of the
WRA teehmical greup.
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per turn supplied by all eseillatore.b
We nev make uwes of o mumbw of results obtaimed by Symom amd Sessler.®
Defining a quantity W ¢ {d ®/& , these euthors show that
Tg ¥V (s)
where
=W/ ¥ (B)
and the dot indisatos the time derivative, The fumstion Y(E) o WY 1
plotted in Fig. 1, referamse 8.7 If we scoslerate perticles et ccnstamt ¥,
K. (5) becomes
LER AR (e)
80 that we ocan give essillaters equal duty factors by letting them
sccelerate particles over equel imorements of W. The fumetien W is
plotted agaimet T im Fig. 1
¥e assume that we injoet partieles mmtil the space sharge limit is
roashed. In Bshame He. 1 wo assume that the number of buekets that ean
be stacked at amy givem emergy is limited by Bg. (1). Im Scheme Ne. 2
we asoume that the limitetiom is BEg. (2).
We try te avoid RF Imoekout by satisfying the reguirement that am
oseillater which stacks particles mmet met be freguemecy modulated by
more them 10%. This requirememt prevemts orossimg the obvious resomamees
ef By, (¢) and prevemts ercseimg a mumber of additjomal recomamces of
K. (3). If Curther study sheuld revsal that impertant resemances are
8till ereesed, it will be mecessary to add a "stackimg oseillgtor" at
cash stacking pesitiom whose emly Tumstiem will be te remove partioln
frem the influemcs of the preceding eceillater. These stackiamg eseillaters

need to be freguemoy modulated omiy o megligible emoumt,
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Acecleration sehemo No. 1 is shown im Table 1. Gas seatterinsg
is unimportant feor this prepesal, simee particles are accelerated
rapidly at low emergies. The feet that 10 buskets ere stecked by
oseillater Ho. 7 and 7 by cscillater He. § eames frem the speee
charge limitation of Bg. 1. Only two buckets are stasked by cseillater
Bo. 10 beeause mo more are needed. If more buckets were stacked it
would omly mean a lewer duty eyele on the last oseillator. The ¥'s
are chosem from the requirement that buckets be large emough te hold
all the partioln.. These ealeulations are based om the sssumptiom
that the ares im phase spaee osccupied by the particles at injeetiem
1s Aj=aTM AW, = 3% j0°Y . This is substantially the same mumber as the
ome given im the MURA proposal.

The time required for the first eseillator to aseelerate partieles 1s
given by By. (6). It is t = .0037 ses. If we give the cseillaters a
duty fastor of .4 so that no osoillater will imterfere with particles beimg
scselerated by meighbering eseillators, we get t =« 0092 sec. for the
ef festive time to aceelerate a pulse. This means that 108 pulses can
be eceelerated per secomd. If the spece sharge limitation at imjestion
is 6 x 1.0“z partieles per pufl.u, this accelerationm scheme will brimg
of the order of 5 x 1014 partiecles per secomnd to 15 Bev fimal emergy.

Aoeeleration scheme No. 2 is shown im Table 2. The limitatiem givem
by Bg. (2) is mmoh more severe than that of BEy. (1), simee the reductiom
of the lomgitudinmel spece charge effect is a purely relativistie phenam-
enon. Wo have assumed that the first oseillater cam be frequency medulated
by a fastor 3. This sehemeo is a factor 2 slewer tham scheme No. 1 so
that 64 pulses are secelerated per second. To aveid RF kmockout im this

scheme, we have impcosed the restrietiea that a staoking oscillator ean be
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frequency modulated by no more than 2%. An attractive feature of the
schemes proposed here is thet buckets can be transferred adiabatically
from osolllator to oscillator with very small loss in phase density.
This means that a high current densities ocan be aochieved in the final
ciroulating beam, a condition which ies important for oolliding beams.
The author would like to express his appreciation to Professor
Keith R. Symon and to Professor Carl E. Hielsen for providing him with

very helpful ipformation.
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FOOTHOTES

See D. B. Lichtenberg, MIRA DBL-1 for a further discussion of
gas scattering.

Carl Nielssn, privete communicatiom. Moat of the imformation on
space shange im this seetiom wes pointed cut to me by Professor
Nielgen,

Much of the material in this seetion evolved from conversations
with Professor Keith Symoz.

Progrem and Proposal For MURA High Energy Research Facility
(Apr. B, 1956) Appendix k.,

Sinoe the proposals givem here are for illustrative purposes
only, the numbers which are quoted were computed only roughly.
E. R, Symon and A. M. Sessler, MIRA-KRS/AMS-1.

The motation of Ref., L is Y(E)= ('*JJ‘K/E) Eo/”tl-

See Ref. 8 for e» imfermation about buckst areas.



BR. F., Acoceleration Scheme No. 1

T, = .005 W, z .1l
Oscillator Finel Fingl ¥ No. of pulses
Fumber Frequenoy Energy stacked
w/we /8, : |
1 .2l .020 -8 3
2 .31 « 045 8 1
) o4l .081 N 1
4 +48 .12 8 1
8 _ +53 .18 -8 1
[ .60 +21 .8 1
7 +65 27 8 10
8 .87 1.0 .8 1
] -1 1.8 -8 7
10 1.0 6.8 8 2

11 1.0 16.0 6



R. F. Accesleration Sgheme No. 2

Ti = -005 UJi = 011 XI .8

Osoillator Final Finagl Ho. of pulses
Frequenoy Energy stacked

1 .32 « 048 1

2 «49 13 1

3 .62 24 1

4 -T2 0 38

3 .73 .54 T

8 .82 « 70 2

7 .88 1.0 1

8 .89 1.5 1

8 ) 1.8 : 2
10 .98 2.6 ==
11 «99 d.4 4
12 1.0 6.6 3

13 1.0 18,
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