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ABSTRACT: A ma j or pr obl em in t he bui ld i ng up of in l ens e circu ­

l at i ng curre nt s in an FFAG ac ce l era tor i s t he eff ec t on the 

s tac ked beam of the r adi o fr equency vol ta ge acc ele r at i ng 

additional part i cl e s. When thi s accele ra t i ng f r equency i s 

i n re son ance with t he beta t r on os ci lla t i ons of th e s tac ked 

bea m, t he osc i ll a t i on ampl i t ud e ma y be dr i ven and t he beam 

de stroyed . Expe riment s have be en per for med wit h t he radial 

sector FFAG e l ectron mode l whi ch demon strate t ha t the qua n­

tita t ive magnit ude of t he effec t I s I n agr eement wlth cal ­

cula tions . 

* Suppor t ed by Cont r act AEC #At(1 1-1 )- 384 

** On l eave fr om t he Unive r sity of Mi chi gan 
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METHOD 

Whi l e I f knockout 15 an es tabli s hed and r el i abl e meth od of determin­

i ng betatron osc il l ati on freque ncie s 1,2 • t o date no quant itative mea sur­

rrent e had been made on the e ffe ct. Terwilliger 3 ha s ca l cu l ated the 

increa se i n be ta t r on osc i l l ation ampl i t ude of a s ta c ked beam to be e~ -

pee led when an If vol tage I s modulated t hrough a knockout f r equency 

knowi ng the parame t ers of t he r f and of the s t ac ked beam . Th e r ad i a l 

sec t or FFAG e l e ct r on mode12 Wil S used t o test thi s effect. A coas t i ng . 

circulating beam can be readi l y e s t a bl h hed , and the rf sys tem for If 

acceleration experIment 54 ca n be us ed to modu la te through the freque ncie s 

which aff ec t radial or vertical beta tron oscillations. 

First , the I f knOCK out f requencies a t t he t arget r adi us we re deter­

2mined with t he r f probes des igned for t hat purpose . Table I li s t s the 

knockou t frequencies thu s f ound and the result ant Vs . 
TABLE I 

f CI'l<) c na."'tk c..1::c,Y' 

f " 11. .1 + 't. 2. = 73.S 
, Z . / ue .... b c.o. l •� 

f ,, /5 . 'I + Sr .3 = 73.7� 
o 

I S. If ra.J ia,/ X. 73.3 r 73. 7 .. 7J.5 
z: 

v.=5 t . 9 5f ·3 ra.dia./ ~ 2. ", :J. . 7' 
73 ..5 

a : ~r: " f; c. .. / ~ , " ' ). + / :< 1. 63 
73" 

1 
r"'"'I 2Hammer , Pidd , and Terwil liger , R.S . l. ~. eee (l9!,)~) 

3MJRA -21 9 
MJRA-KMT -3 

4MURA _255 • MURA- 2!'J6 

- 2 • 



MURA- 260� 

The beam wa s t hen allowed to coas t fo r two mll li se conc.ll. a t an e n­

ergy of 300 kv co r r espond ing t o a circulating fr equ ency, £. . of about 

72 .2 Me . During thi s coas ting period the frequency modul ated rf oscil ­

la t or wa s pulsed on for a shor t time . This osci lla t or, tied across the 
t uned 

accele rati ng gap as f or rf acce l era t ion , wa s/to sweep the range ~~-6 l Mc . 

Effec ts on the coas t i ng be am were clea rly apparent when the frequency 

crossed ~~ . 9 Mc [z-ad La L K. O.) and 60.0 Mc ( ver ti ca l K. 0. 1. 

RESULTS: VERTl Cl\L K/IOCKOur 

Wh en th e rf was turned on at about ~ Me and the t urn off f requen­

cy, i T , var i ed , i t was f ound that the bea m subs equently accelera t ed by 

the se cond betat ron puks e wa s attenu ated par tly when f T" was ~9 . 8 Io'.c and 

was comp le te l y des t royed when it wa s extended to 60 .2 Me . 

With the gap vol t age r edu ced to about ~ vol ts and a rate of fre­
h ,~ 

quency modul ation of about 3 ""?, s the beam was red uced t o ha lf int en­

s ity by sweepi ng the n! to a f r equency we ll above 60 Mc . The at tenuat ed 

beam still app ea r ed at the same tirr~ on the sec ond beta t r on puls e and 

wi t h the sa me spread and s hape , i ndi cating no obs ervab l e change in the 

ener gy or r adial oscillation amp l itudes of the survi ving beam due to 
• 

the vertica l knockout. There s hould be no ver t i cal knockout if the 

field s ar e perf ec tl y s ymme t r ic tbeu't the medi an pl ane. However , in 

t his accele ra tor t he n.f i s appli ed to the t op of t he gap, whi ch has 

dime nsions not negligible compar ed to a wa veleng th. (The 2 rrm gap is a­

bout ten i nche s long) so tha t it i s unlikeiy that t hi s sy~met r y con di _ 

t Lcn i s met . and ver tica l M field s mi ght we l l e )fis t on the medi an 

pla ne . Since i t has not been pos sib l e t o de t ermine the se ver ti cal ef­

f ec t s quantit a ti vely , cal culat i ons were only made f r om th e radia l ex­

per iments. 
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RADIAL KNXKOUT 

With the rtf t crnon f r eque nc y a t "" ~~ Mc, f.,. WdSvaried about 56 Mc . 

The bea m was not destroyed comple te ly by t he nf but lt was a t t e nua t ed 

by as much as a fa c t or of three , a nd the character of beam as obs erved .. 
during the second betatron pu j ee was a Lt e r-ed , The be am s ha pe as de­

t e c ted by the photomultiplie r for s ucces s i ve l y hig her val ues of :fT" is 

i l l us trd t ed schematica l l y in figure 1. 

t , 
Jl f tur noff f requency, a) Beam unaffected. 

5T I low, 

, b)� l ead i ng edge of ,'v ,Increasing beam aff ec t ed 
Jt.J turnoff 

fr eq ue ncy 
c ) Center of beam af­

fec ted 

d )� Trailing edge of 
beam aff ec t ed 

Figure 1. 

Sinc e i t has been f ound t ha t the energy spre ad of t he be am i s 

quite s ma ll , the time s pr e ad of the beam has been interpre ted as due t o 

t he r ange of r adial be tatron osc i ll a tions ; the ea rlier par tic l es have 

t he l a rgest amplitude s a nd the la t er pa rticle s t he smal l e s t ampli tude s. 

It is als o known t hat dt this t uning of t he m,lc hl rP « (J~ ) i 7f ) V;;x. de­

creases wi th increa si ng a mpl i t ude . The interpretati on of the observed 

effect then i & t ha t a t a low f only the l arge amplitude pa rt i cle s dr e r 
affected, and as .TT is increased , s uc cessi vely s mal ler amplitudes of 
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osc i l la t ion ar e affec ted . From the f a ilure of the front edge to mo ve 

earlier and the a ttenua t i on of the be am, there a ppears to be a l imit­

i ng radia l ampli tude . The r ange of J re presented by the extreme 
r� 

cas es of fi gur e l is less th an 4 00 kc , corre s pondi ng t o a range of V",� 

values less th an 0.007 or a r ang e of OJ; values less than 0 .0018 , where 
'tr 

'V... =2 . 79 and !!" = .697. 
r 'lr 

A quanti tity which ca n be determined 15 the time Ii hif t , A 't of the 

t ai l o f th e puls e , cor r esponding t o the ampl I tude i ncrease of t he smal ­

l e st ampli tude par ti cles. Table II lis ts eee sureeent.e of .dt f or diff ­

erent n. f cond itions and t he correspond i ng radial amplitude i nc r e ase t.?C. • 

.ll.'?£. i s found from 4 C knowi ng the volt s pe r turn f r om the second be ta tron 

at the beam time, V; . the t arget f requency of t he machine , :f. • and the 

r a t e of energy inc re ase in the machine with r ad ius, dE/dr. Thus : 

t>t . 

TABLE II 

eye e s 
s econd cr ud e estimate 

9 .3 x 109 l' 1. 4 
8 x 109 11 1.0 

3 .8 l< 109 7. ' 0 .7 

These t.;t de te r mi na t i ons ar e quit e crude ( to a fac tor of two or so) s i nce 

they invol ve i nterpr e ting a time lih i f t and a liha pe chang e as some equi ­

val ent A 'X. . Calculations wer e made from t he fir s t dat a whe r e the g r eat­

e st effe ct was seen . 

Calcula ting the i ncre ase in amplitude ex pe c ted from the sweep of an 

Ai- pulse thr ough a be ta tr on re sonan ce. Ter wi lli ge r s how~ that t he <!olll ­

plitude ki ck s Dn s ucce6i ive revolut ion s <!o dd up to form a C l r nu spi ral . 

Fr om the nf volt age and t he machine par ame te r s t he ampl I t ude increme nt . 
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e:t". due t o one pe s s aqe acros s the gdp i s f ound . lhen from t he ra t e of 

fr equency modu l at i on (df!dt ) the cen t er - l o- cent er le ngt h of t he Cornu 

sp i ral is determined, expre s sed as an equival ent number ( Il'l.) of i n- phase 

kLcks . From r efer e nce 3, 

and n '= r:'~t~? " 
V ~f/..t 

whe r e : lr,,'" ~ ilJ/ ' wher e s... 15 ampli t ude ge ner ated from pea k /l-fvolt age . 

V "n.! vo lta ge '" 2 4 VQ1t s 

E = t ota l ener gy of elec t r on " 800 kv 

rtf '" electron veloc i t y = . 78 c 

r • orbit r adiu s f r om machine cen t er = 48 em 

or bit r adius of curva t ur e ", 19 .5 em 

t rans f er ma t r i x pa ra me t e r6 " . 72 

angl e between normal to gap and equi l i br i um orbl t-•, 20°. 

For t he cas e of interest, ht. ~ f OO ) 1).,.. =:. :3 X /0- If C;'WI. 

2 . 4 1I"IIl , as compar ed t o the va lue fr om t able II of 1.4 mm. Consideri ng� 

t he approximat e natur e of the e xper iment . the agreeme n t i s sa tis f ac t or y .� 

Nonllneariti es of t he os c i llations ha ve the ef fe ct of al t e r i ng t he e f ­�

fec tiv e df/dt since the par tic l e betatron osc illa t i on fr eque nc y c ha nges� 

as its ampl i t ude grow s . In t he pr e sent c ase t hi s e f f ect woul d r educe� 

t he cal c u laotltd ~x. .
 

5 Thi s e xpre u i on difhrs fr om t hat o f r e t e r e nce 3 i n t hdt f@> is s ub sti­�

:2:Q­t u ted fo r the mor e approx i ma t e ( see, f or e x ample , MlRA- iWJ - 13 ) 

~6MURA_203 
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RADIAL AMPLITUDE lIMITS 

I t has be en noted that there appea rs to be a l i mi t i ng ampli t ude 

of radial oscilla t i on whi ch ma y be conta i ned in the ma chine , and that 

the f r equency shif t be tween the s ma ll es t ampli t udes pr e sent and t his 

limiti ng amplitude is SMall ((ar t oo s ma ll to de t une t he oscil lations 

t o a known re sonance , such as cr,.=f')( ) ' A tempt i ng explan ation (or the 

r adi a l amp litude limit i s the coupling between r adia l and ver t ical 

oscillations. If an "energy" h co ns t antly be ing ex changed be t ween 

radial and ver tica l motion , t hen the lar ges t r ad ia l osc il lation i n t he 

machine may " corre spond · t o a ver tic al osc il la t i on whi ch j us t clear s t he 

vac uum tank. To see i f thi s i s ac t ua l l y the ca se, an "L" s haped probe6 

was us ed t o l i mit the vert ical aper t ur e a t one az i mu t h , and the detector 

pl aced to see x- r ays (rom it . The beam was se en t o s t r Ike t hi s pr obe 

when the r adi a l knockout freque ncy was cros sed , and in f act (rom t hi s 

probe the freque ncy determined t o be the knockout frequen cy cor r e sponded 

to that o( (igure l b, e.g. corre sponding t o the largest ampl i t ude pa r ­

ticles . It thus see ms t hat the us able r adial aper t ur e is determined by the 

vacuum t ank vertical he igh t . The machine tune i n thi s case is c l os e t o 

a difference "reecnence " ( )I,, -~ ; 1. ), whi ch may enhance t he effect . 
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