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This report describes the new CERN RF-separator 
that came into operation in January 1965. It 
is intended as a survey article for all those 
who are working with the RF separated beams, and 
has been written mainly because most of the ideas 
underlying this separator are spread throughout 

a large number of internal reports or unpublished 
notes. 

The paper is divided into a theoretical part and 
a technical description of the apparatus. A 
final chapter is devoted to tolerances and 
particle losses. 
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TEE CERN RF-SEPARATOR _ .. .,----

Aiming at higher and higher energies of secondary beams, modern 
accelerator physics has reached the upper energy limit of electrostatic 
separators which lies at about 6 GeV for kaons and 12 GeV for antiprotons 
and pions. Therefore, in several high-energy laboratories there has been 
a search for devices enabling particle separation to be achieved up to 
much higher energies. We will not discuss in this paper the different 
solutions given to this problem 1) but conc~ntrate on the CERN RF­
separator built by a group of AR Division 2), 3), 4) and based on a proposal 
made in 1959 by Panofsky at CERN (unpublished note). 

1. Separation Factors 

It is useful to look at the relative number of particles produced by 
high-energy protons impinging on atarget. Taking a typical case of 
10 GeV/c secondaries produce~ by 23 GeV/c protons in a Be-target, at o0 

production angle we obtain 5) 

n K p = 308 11 : 1 
+ K+ = 27 9.6 1 p n : 

Decay of pions and kaons in a 180 m long beam transform these ratios to 

-n K p = 220 1 : 1 
+ K+ = 300 77 1 p n : 

If these strongly interacting particles are used for taking bubble 
chamber photographs the number of unwanted particles should not exceed a 
few percent of the number of wanted particles. This requires separation 
factors Yls ranging from about 5000 - 10000 

number of wanted particles at bubble chamber 
) 

number of unwanted particles rejected by the separator 

A different problem i~ the contamination of such beams with muons 
produced by.th~ decay of pions and kaons in the beam. Due to the small 
mass.difference between pions and muons it is nearly impossible to separate 
the muons and pions at high energies by a "mass-spectrometer", but a 
careful design of the beam transport system can limit their number to a 
tolerable level. As muons are not strongly interacting particles their 
number can be near or even exceed the number of wanted particles although 
this makes scanning and reconstruction of events more diffibult. 

A continuous beam of particles of momontum p passes successively 
through two regions ~f RF-fields which exert a deflection force on the 
particles. The first one impresses onto the beam a high frequency 
structt).l'e which is analysed in the second field. The overall deflecting 
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force on the particles is dependent on their time of flight between the two 
fields and thus on their rest-mass, thereby enabling the separation of 
different kinds of particles to be.obtained. 

Before describing the operation of the separator in some detail, we 
note that the deflection is produced by a linearly polarised travelling 
wave (A = 10.5 cm) supported by waveguides~ similar to those used in linear 
electron accelerators. The RF-power needed to deflect high energy particles 
(p >10 GeV/c) by an angle of about 1 mrad lies in the region of 10 - 20 MW. 
With current RE' generators such high powers can only be achieved for pulse 
durations of some µsoc. As the beam pulse passing through the separator 
must obviously be shorter than the RF pulse duration, only fast ejected 
beams of the CPS (having a pulse duration of 10 nsoc to 2·µsec) can· be used 
in conjunction with RF-separators. 

These beam bursts are still long compared to the period of the RF­
fie lds whose frequency lies around 3000 MHz. 

Fig.l illustrates the principle of operation of nn RF-separator with 
two deflecting structures. A momentum analysed beam passes successively 
through two deflecting waveguides. The distance between the waveguides is 
large compared to their length. For simplicity we assume that the beam has 
negligible angular divergence. The relative phase of the RF-fields in the 
waveguides RF 1 1 HF 2 is kept constant and can be adjusted to any value. 
Midway between the two waveguides there is a beam-optical system which 
images the centre of RF 1 with unity magnification into the centre of RF 2. 

Imagine a beam of kaons and pions of same momentum p passing RF 1 
along the o.xis. The particles recieve a deflection cp sinwt_ depending 
on the fiold araplitude and on the entry phase wt ( cp : maximum deflection 
in one cavity, w ~ angular frequency of RF-fields) 

Behind-RF -1 -too beam has a farI..;.shaped forin with half opening angle cp 
and is modulated in angle as sin wt (cf. Fig. la where the trajectories 
of particles with different wt are represented). If we make the cavities 
short enough the transit time difference of the two kinds of particles will 
be very small 0.nd the deflection is practically independent of thE; particle 
rest-mass. (This is in contrast to the electrostatic separator where. 
spatial sepnration is achieved by the difference in transit time of two 
kinds of particlos in a "long" electrostatic field) 

The bo~ optical system transforms the deflections to -cp sin wt. We 
adjust the relative phasing of RF 2 with respect to RF 1 in such a way that 
the entry phase of a pion (unwanted particle) is the srune in RF 2 as in 
RF 1. Then it's second deflection will cancel the first one, provided the 
field-amplitudes in RF 1 and RF 2 are equal. All pions will then be brought 
back to the axio, j.ndependeptl.:z of their entry phase wt. In Fig. lb we have 
represented the case wt= 90°" 

:lf We often use the term "cavity" instead of waveguide or structure 
although we work with travelling waves. 
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A k2on, passing RF 1 Dt the samu momont a.s a }lion will arrive at RF 2 
with o. time dolc.,y corresponding to a phase difference T because of it 1 s 
greater rost-mc.1.ss. It's final deflection will be 

U;( (t) = 
•w 

- 'P sin wt + v.1 sin (wt + t ) 
,, .1: ft'!;') "- <.p sin 2 cos \ w + 2 ( 1) 

The deflection of tho kaon beam is thus modulated as sin wt, the maximum 
value being I.(>_ = 2 <p sin ( 't / 2), and the lmons em0)rge from RF 2 again in 
a fan-shaped dfstribution. At some distance behind RF' 2 there is a 
centrally placed beam-stopper whose thickness is chosen to intercept all 
pions ( unwm1tod p'::'.rticles). It also inte:rcopts sof'l.e of the kaons (wanted 
particles) which are swept acroBs it. However, if the peak deflection lfw 
is big enough moBt of them will p[rn:J the beam-stopper and thereby spatial 
soparation is Dchieved. The most favourable case is obtained for 't = 180°, 
then the doflection <.pis just doubled in RF 2. (cf. Fig. lb) 

The a.ccuracy of this time of flight method is gi vun ossenti1:lly by 
the frequency of the RF-fields, half n period correBponding to about 
0.15 nciec. 

:1:: C If the bemn opening - o at the entry of m~ 1 is not neglible, the 
rnaximurn doflection of the wc..ntud pn.rticlel> behind RF 2 is 5 + 2 ip whereas 
the diverge11ce of the unwanted-particle-beam is again ::: 6. 'I'he thickness - . . - + 
of the beeJn-stopp,:;;r has to be made corresponding at least to - & in order 
to stop c:.11 unvnmted particles. (cf. nlso I. 7) 

Th<3 loss of wanted pa:rticl,:s on the bee.m-stopper could be avoided by 
using circulc-crly polnrized wcrvos ns originally proposed by Panofsky. Then 
the wanted W'l~ticles are deflected on o. conical surfnco of semi apex­
angle 2 'P J whoroas tho unwanted particleEJ Eire brought back to the axis. 
A drawback of circular polarizod wc1ve~1 is that two linenrly polarized 
modes 90° out of phccso must bE' excited thus requiring double RF power. 
Furthermore, w:Lth linenrly polarized waves, the momentum anr1lysis can be 
done in the horizontGl plane and naEJs analysis in the vertical plane, 
this ec:LsG,'3 considerably the tolerances on lens n.bcrrations and isochroniBm 
in the plane of mom en hrrn · analysi El. 

3. 

Fig.2 is t?.\ schorn.ntic layout of RF-sermrated beam. 6 ) Sc;condaries 
are produced :fast ejected beam and the cicceptance of the beam is 
defined in the vertical and horizontal planes by two collimators followed 
by a mome:nht1] enalyser in the horizontal plane. 

This :i_s vory similar to an electrostatically separa.ted boam, the only 
differenco being the collimntor C5 (angle defining slit) which defines the 
angular intervnl in the vortical (r~E.css separation) plane that is accepted by 
the RF-separator. (Unlike electrocJtatic sepa:rc.tors which work with nearly 
parallel bec:',ms, the HF-separator c1m c.ccept an angular interval of Eieveral 
mrad). Aft<:Jr the momentum analysis the beam is focussed in both plc~nes to 
the centre of RF 1. A Bymraetrical system of two doublets or one triplet 
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of quadrupoles then images the centre of RF 1 to the centre of RF 2 with 
unity magnification. Behind RF 2 the beam is again focussed and the 
unwanted particles are intercepted by a beam-stopper (which corresponds 
to the mass-slit in an electrostatically separated beam) whereas the 
wanted pa.rticles pass on either side. They enter a second momentum 
analyser which is intended mainly to reduce the µ-contamination. Finally 
a berun-shaping·optical system makes the beam nearly parallel in the 
vertical plano and brings the particles to the Bubble chamber. 

In order to reduce the µ-background the phase space occupied by tb~ 
beam is several times rigorously defined. This explains the large number 
of collimators used in the beam. 

We note that the vertical acceptance of the beam before the separation 
stage is about 3 times smaller than the horizontal acceptance, since the 
former must allow for the increase in angle that occurs for the wanted 
particles behind RF 2 in the vertical plane. 

In calculn.ting the energies of separation we have to distinguish 
between separation of ono kind of wanted particle from .Q._ne or t'l:lQ. kinds 
of unwanted partielos. 

Inspection of the particle ratios quoted in 1., shows that in general 
·two kinds of pnrticles have to be rejecfad, but in the case of n+ separation 
at 10 GeV/c for example, it is sufficient to reject only the p because the 
number of rr is about 80 times smaller than the number of n+. 

In the following we characterize unwanted particles by subscripts a, b, 
and wanted ptCrticles by a subscript w. 

By proper choice of the phnse. between RF 1 and RF 2 the final 
deflection of unwanted particles can be made zero at all times, whilst the 
maximum deflection of the wruited particles is given by 

'f'w = ( 2) 

't being tho :phase shift between the two kinds of particles over the 
d .awt 1 b J RF is ance o cwoon 1 and RF 2. 

't' can be calculated for two relativistic particles a, w of momentum p aw using tho forr.mla 
= nLf ~~ - M~ ) c4 

2c p2c2 "t 
aw. 

(3) 

rest-masses 

f = ~ frequency of RF fields ( 2855 MHz) 
2 2 pc>:> Mac , Mbc 
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This shows the.t sepr.ration of one kind of pD.rticle from one other kind is 
possible for c-: continuous !110montum rangE";, except for those r:Jomont:1 where 
1:'.~ . = 2Nn:, J\J = 1, 2,... 'l'he higlest value of •DTT is ·Jbtrcined for '\:' = 
( '"w) r,~ :.::w 

2N-l n. We; call "design-momentuJ'Yl11 p0 the momenta given by the 
d ' t·· ,,., t :::: con i io,.1 . ,r>;rd n. 

In To.blo ltc we h:we listed tho sepnration momentn corresponding to 
't' aw = n:, )n, c.nd somo related qucmti ties. 

If two kindu of un1nmted pnrtichrn , b havo to bo separated 
from a third one w, the final ckfloction of the most abundant particle, 
sr:ty a, ce.n be 'll:tdo 2;ero by choosing tho right phase between R,4' 1 
and RF 2. 'rho final deflection of particle::.1 b can also be made zero if 
the condHion holds 

L' = 2Nn: 
ab 

N=l, 2, •..• 

Por the wanted p11rticlos we obtain again 

''t" C•T,J 

= 2(f' sin ;· 

which is n::txhmm for 
\'.' -- (2N - l)'n: 

aw 

(4a) 

(4b) 

As we will see:; 12ter, the I1.10st important condition is ( 4a) because 
deviations from (4a) influence strongly the width of the beal11 of unwanted 
p3-rticles. 

Obviously (4n) can only be fulfilled for sooe well-defined no!11enta. 
Thus, in contrast to the one p1crticlG rejection, i;_w9_ particle re;jec_tion 
is not "Q,O_§.sJ.bJo. J.:tLl'.L co.:rr.ttµuo_ll_s momcntur:t interval, (using only 2 cavities). 

The design momentmn of the CERN fill'-separo.tor (for K±) is p0 = 10.32 GeV/ c 
("t' n:K = 180°) :md WCcEi choson sufficiently abovu the prrictical limit for K:t 
separ.?.tion vith olectrostatic separntors. 

The upper lini t of the useful momentum band is g;iven by the flight-
pCt th length, the z~vai.lable R"F' power .'lnd the beam transport hcmdling 
momenta up to 20 GeV/ c. Tlir:; lowor limit is deter:o1ined by r:nisochronism 
due to finite momentum bi hi and also by µ-conb.nirn~t:Lon, it lies around 
7 GeV/c. 

The ,wa:Lle,ble flight-p;:;.th length in the Eru:rt Arun of CPS is up to 
50 m. It crJ1 be rmde smallar, but for Qc(JD opb ct-,1 reasons the lower limit 
is about ~~O m. 

In TD.ble lb we have listod th\; ,'::e"Di:tr<ltion mornmt:1 und some rc;latod 
quantitios for two-particle rejection :ui.d for thrc:o values of L. 

We do not consider higher v1:lues of T t than 211 and 4n because phaso 
stability tolerances bocoae impractically ¥ight. 

PS/4999/dmh 



CERN/TC/BEAM 65-4 

- 6 -

The case of p -separation above 12 GeV/c needs special nttention. 
The phase difference between 1C and K- becomes mu.ch snaller than 2n at 
these momenta. One therefore tries to cancel exactly the deflections of 
then- and has then to deal with a non-zero deflection of the K- : 'f'K = 
2 cp sin 5JK . 

2 
To stop all K-, one has to increase notably the beam-stopper thickness, 

at the sn.me tine increasing considerably the losses of p on· the beam-stopper. 
In Section III we give an analysis of these losses. 

Length 

50 rn 

28 m 

22 m 

n 

Length 

50 ill 

28 m 

22 m 
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NoTientum 
· 'ci;v/c~-

20.5 

11.7 

15.1 

8.72 

13.4 

7.75 

Separation 

Momentum 
··G~V/c. 

10.32 

7.72 

6.85 

'1:" aw 

T np 

180° 

540° 

180° 

540° 

't'nK 

180° 

180° 

180° 

. ab I ""C"" I .sin·7 

I "t' p Rejection only l.~ 
1 I sin ~P I j sin ~ ~K 

1 

1 

1 

1 

1 

1 

K 

I ~Kl sin ~ 

1 

1 

1 

0.928 

0.320 

0.920 

0.375 

0.920 

0.370 

Rejection only 

lsin ~~pl 
0.970 

0.970 

0.970 
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50 m 

28 m 

22 D1 

50 m 

28 m 

22 m 

50 m 

50 m 

28 m 

22 m 
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14.3 

10.10 

10.7 

7.56 

9.47 

6.7 

1t ,Se para ti on 

12.3 

8.7 

8.15 

p (p) Separation 

7.30 

-· 
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0.73 

o. 997 

0.72 

0.99 

0.71 

0.99 

0.895 

0.78 

0.85 

0.9 

I T I 
I . 21 sin 2 

0.445 
L' ab 

p Sepf>ration, wi ti:, sil 2 
·!sin ~1l 

18 0.915 

20 0.999 

20 0.784 

18 0.897 

J.4 o. 964 

20 0.65 

J.5 0.95 

12 0.92 
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(n-, p Rejection) 

360° 

720° 

'"(' . rep 
sin 2 

0 

0 

0 

0 

0 

0 

(K-, p Rejection) 

'( tK 
sin 2d2. Kp 2 

160° 0 

720° 0 

360° 0 

360° 0 

(K, re Rejection) 

~ 0 
__ , 
\. 
Kn 

h9 '7-0 J • ::> 

48.1° 

26. 9 
0 

33.2° 

54. 9° 

210 

37.5° 
58 c:;O 

'• J 

'l 
sin Kn 

2 

0 

I 
~r I 

. Kn 
·s1n2I 
I ' 

0.495 

0.407 

o. 233 

0.286 

0.461 

0.182 

0.320 

0.448 
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5. 

The :.~wo-cc,v:L ty system described hns an important 'lrr~wback: it is not 
possible to sepe,r·:.te two kind;3 of unwanted particles fror;1 third one in a 
continuous interval. 

This can be overcome by a three-cavity system proposed by 
Sehnell ?) • 

rrhero c:c:cc thrc'e identical cavities sepnrated by drift spaces 11 and 12 
and by lens like tho ones described above. One can show that by 
energizing sj_nul taneously the three cnvi tiof> arnpli tudes and re la ti ve phases 
CElll be in such n way that the final deflections for both unwanted 
pe:crticlos «::Tc L<ero. Generally the deflection of tho wanted particles is 
then differc:nt from zero. We wi.11 not go into the dE"tailr:i of this device 
which will be subject of further work. 

As one wil1 not vo up the possibility of s,;parating pnrticl:Ji:i 
en(~rgizing only two out of three c1wi ties tlw distances 11 and 12 should bo 
different. that IJ1 + 12 . .,,,,:.c,50 n nnd 11, 12 )" 20 r1 n reasonable 
choicu is 11·~·20 n, 12 "~:.30 n. 

J~or the operil ti on of Panofsky-type JUi'-~:lop~1ra tor we nood structures 
that crm high-frequency fidds with deflecting proporties. 

We first estirn1to r',t which we should At :rn energy of 
10 GeV / c the time del«::,Y of TI, K 11nd p with same ViOncntun over 50 n flight 
path is some tenths of n nsec. This has to corrf;spond. to a few periods of 
the high fields used, thus giving frequencier3 in the GHz-rogions. 

Cavi tie,s or waveguides supporting RF fields fYtUst hccVE:! transverse 
dimensions of' the order of the free space wavt:lengths involved, To rncke 
the openings not too m:cc::cll~ the wavel(mgths should not be smclller thrm a 
few cm. 

As the hj_gh-frectuency powen~ needed Cl.re in the rc1ngc of oany M\1'1 we 
have to look for H.F. generators of this power range. A suitL-:.ble choice 
seer;ied to be ,S-brmd frequencies (/\ ""'''' 10 cc), because there clrG 20 MH 
Klystrons avcjJ.ablG. The final choice of frequency w12s :iround f = 2855 MHz 
(/\ = 10.5 

To SUJJ;Jort the H. 81. fields 0ne can use either cnvi ties in 11 standing 
wave mode or in stc.nding or tre,velling wnvG nodes. In a single 
st:1nding we.vc' c::wi ty the deflection of lYtrticlcs is dependent on a transit 
time f:J_cto.r, thus one is linited in length cmd thereby in de>flecting «::x1gle. 
This is r~·:ther serious for particles of rrnmy Ono can ovorcoFJe this 
by a series of cavi tio.s coupled togethc?r but the problon of corroct phasing 
being tccliovB, one is lead to with trEtvclling wavo-oodes. Wave­
guides c ·.n be: o;x::ca cod in stcrnding-wave mode but electrical fiold~i nre 
doubled, highly the} of electric:cl bre~1kdowns. 
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Clearly tho interaction between particles o.nd travelling waves will 
be highes'. if the particle velocity v equals the pha Je velocity vcp of the 
wc;,ve. For the momentu::i :;_c:~~1g0, \dl.c:J.'G ~:no ;::;;.:;_parator is expected to work 
( rJlO GeV/ c) we have v '"'°" c, 

One can show S) that the deflection force for a particle in synchronism 
with 11 wave is equal to 

e charge 

Q_ 
211 

!.... free spaco wi·velength of the field. 

(5) 

From (5) orn1 concludes that for TE-modes where Ez ;; O, the electrical 
forces are compensated ex0,ct1y by the EJ.agnetic forces. Tbis is valid for 
all v 'i' • 

Vi.o 2 
For TM-modes the deflection force is proportional to l - 2 , and 

be cones very Si'1all for highly re la ti vis tic particles. Thus nei ~hc.'r TE nor 
TM-modes 21,I'G suited for the deflection of highly relativistic particles. 

B. !.Montc:,gue 9) at CICiu'J, following a suggestion of Walkinshaw showed 
that there exist other types of deflecting nodes, calll:;d hybrid modes, whose 
deflection forces do not tend to Z(~ro for vw _,,_ c. 

l 

These Dodos hrwo been extensively studi0d in soveral laboratories 
8)- 12) 

and it was shoun that -

1) Hybrid nodes form a sot of independent solutions of Maxwell's equation, 
having Ln gmwral'"" ~ongi tudinal e, _d tr(illsver~a~)E a~d H coEJponents ( hencE' 
the nomenclature .!1,h·-r:Jodes adoptou by lio.1cwl c ·· which we follow). 

2) One can consider those modes as a mixture of E and H modes (nane!) 

3) Unlike E n.nd H modes they do not lose their doflection properties at 
v<p = c. 

4) The simplest modes have deflection properties and are those of order 1 
(with dipole symmetry). Higher order modos have quadrupole, sextupole ••• 
etc. syr:JJnetry and corresponding properties. 

5) Hybrid modes do not fulfill boundary conditions in smooth waveguides but 
they can be supported by iris-loaded waveguides. (Fig. 3) 

The exact field distribution in an iris-loaded guj_de cannot be expressed 
in closed form and it is therefore custonary to develope the solution in the 
form of 2n infinite series, as is done for linac structures. 

However one can got n very good knowledge of the field properties in 
cc~lculatj_ng then in a simple approximntion, tho so-c;tlled "small pi tch 11 

approximntion. One obtains it by supposing that there is an infinite 
number of infinitely thin irisos loo.ding tho waveguide. This permits 
neglecting all space harnonies not corresponding to thQ principal deflecting 
mode (EH)11 cmd one obto.inc:: for the fiold conponents 9) in a cylindrical 
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waveguide at v zp = c 

Er == Eo [(~r)2 + (~a)2-lco:o G 

Eg Bo [ (1~·)2 - (l~a)2lsin G 

E 
z 

Z H 
o r 

-- E .kr.cos Q 
0 

-E [(kr)2- (ka)2 
0 2 2 

+ 

= -E [(kr)2+ (l~a)2 _ 
0 2 c'_ 

Z H - -E .kr.sin G 
0 z 0 

lJ 

11 

sin Q 

cos Q 

where E = maximum deflecting field strength 
0 

Z ·=wave impedance of free space 0 - . 

k = ~~ (free space propagation constant) 

a = inner radius of waveguide irises 
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~ 
1 

(6) 

I 
I 

I 
) 

One cc::n easily show that the force acting on a particle travelling 
parallel to the z-axis and in synchronism with the wave is given by 

F = E ,sin Q l r 0 

F = E cos G I 
Q 0 ) 

(7) 

The deflection force thus does not vanish and is of the order of E • 
Furthermo:ce (7) shows that it is uniform over the cross-section and thug 
free of aberration, a very important property for a separator. 

The force is linearly polarised in the Q = ~ direction and has no 
accelerating effect on the particles travelling along the axis. 

For 

Finally, one can look at the enerf.zy flux P, it is given by 
2 

p = -2nE0 re;:a)4 _ i (l<:a)2 l (a) 
k2Z0 L2 3 2 _1 

given k the sign of p is fixed by the inner radius a because 

ka = )3"" ,/ p = 0 (zero group velocity) 

ka '.). 
/z·-~ ,, ) p '> 0 (forward wave) 

ka < /~---
3 p < 0 (backward wave) 
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"" 11 ... 

modes cannot have" infini tly 
irises of finite thicknes.s and spacing (Fig.3) 

in the loading region and one must 
the boundary conditiorn3, This was done 

c3tudies, extensive model 
of an iris-loaded 
hybrid mode with vlf = c. 

short i:Lscussior1 of the waveguide parameters 

0 1rnd tlw ratio a/D (cf. Fig 3) are 
approximation. The same 
( 12). As the higher 

d:i..ffenmt velocity 
deflection force. Hence, 

cJ_i_::taj_Jcd slcetc}1 of the acttlal 
One notes two flats that fix 

are liste! together (cf .Appendix II) 

o:f 3 m and an inner diameter 

this is to put a beam focus in 
sy ,stec:m in the centre of 

bc=;bre(Jn RP 1 and Rf' 2 

( 9) 

In the vertical (mass separation) 
plane we (X ":.: 0 
cancellation of 

to 1 : 1 imaging which gives 
blc; a·;JeTrD_t:;_on;:; ir1 t110; RE1 dr.;flQet~.o.n stI'Ltctures _ 

There :Ls ~1nothor of the ' .J.. 

shown that thti (C:J'Yc;ct of' a cav~' 

deflection 
assume that has cor1sta11t 

PS/4999/dmh 

15) 
13, 1!, Montague he,s 

equi va1(?Yl t to a 
ccntro of the cavity. If we 

and velocity throughout 
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Separator and structure parameters 

Design momentum p (K - n) 
0 

" II Po (p - n) 

Cavity spacing L 

RF-pulse length 

repetition rato 

peak power per cnvity 

peak transverse momentum 

frequency f 

wave length A = Ag 

co.vity length ,C 

cavity half aperture 

cavity acceptance (vertical) 

II (horizontal) 

number of cells/structure 

number of cells/wavelength 

phase shift per cell 

dispersion D 

filling time 

v /c 
IP 

Q~value (measured) 

Voltage attenuation coefficient 

PS/4999/dmh 

10,32 GeV/c 

20,5 GeV/c 

20 - 50 m 

8 µsec 

rv 1 pulse/ sec 

20 MW 

rv 17 MeV/c 

2854,75 MHz 

10,5 cm. 

3 m. 

2, 75 mm. 

4,20 mm mrad 

4,60 mm mrad 

114 

4 

21 
2 

0,0189 

52 

0,53 µsec 

1 

rv 9500 

0,17 Neper/m 
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the structure thG effective peak deflection I.Pe and the peak displacement 
x are given by 

"Pe :::: 
sin llh. 

lp '!£/2 (10) 

x = 'Pl .l.. ( Te sin 1 Lz ) 
2 1e cos 2 - '"'i /2 (11) 

where 1i is the phase shift between particle and wave over the cavity length ~ 
and ip the maximum deflection for a particle with v = T..p • One will try to 
make 't'<! = 0 for the particles because this gives tpi, = 'fl and x = O. If, 
however, zt f 0 particles undergo a reduced deflection and a finite displacement. 
Both effects will be exactly cancelled if we use a 1 : 1 imaging system between 
RF 1 and RF 2. 

Having fixed the lens system between the two cavities we look now for 
optimum acceptance conditions. This can be conveniently done by conside~ing 
the phase plano of mass separation. 

Fig. 5 shows the phase plane diagram in the centre of the first cavity. 
Transformation of the output and input aperture limits gives two pairs of 
limiting lines inside which the beam must remain. (We assume that acceptance 
is limited by the square inscribed in the circular iris section). 

The incoming beam (angular opening 26) is shnpod by collimators and a 
quadrupole doublet to occupy a rectangle i;11i th. orc.o side parallel to tho x-axis*. 

This is done by imaging the target (or C4) by a lens doublet in the centre 
of RF 1 and by putting the "cngle defining" slit (C5) at the focus of the same 
doublet, thus imaging it to infinity (cf. Fig. 2) 

After deflection in RF 1 the beem occupies a rectangle corresponding to a 
beam opening 2(b + 'fJ) the particles being spread over this area independently 
of their rest mass. This configuration is transformed by thG r:iatrix (9) 
without changing its form. The deflection in RF 2 cancels the deflection of 
unwanted particlos; they are brought back to a rectangle with opening 2b. 
The deflection of the wanted particles is increased to 1fJ w = 2 cp sin ('1;'aw/2); 
they occupy now a rectangle with opening 2(6 + Y,~). 

The beam is then projected by another lens system on a beam-stopper whose 
thickness is adjusted, just to stop all unwanted particles. If one transforms 
the beam-stopper back to RF 1 it just covers the area occupied by the unwanted 
particles. 

Obviously maximum acceptance is reached if the beam half-width d is: 

d = X max/2 (12) 

:t One can imngino unsymmetrical beam-shapes that give higher acceptance. 
As they nro not ~sed in the new u1 beam we don't discuss them here, 
(cf. Montague 16J). 
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and if with X, = 2if> 
Taw 

sin --
2 

Maximising of the flux of wanted po.r '~icles passing the beam-stopper gives 
another relationship bet1·c-c:cr:. (; :::~·;i_ j'.I" 

Optimum cond:Ltions ln'e thus obtained if the beam half opening is 

3 

and .if the maximum deflection in both cavities is 

:D = .. -...,.-c--··c-··· 
f 

sin ... ;lE. 
2 

(13) 

(14) 

( 15) 

For an electrostatic separator the difference in deflection angle for 
two particles of different rest masses m1 , m2 and momentum p is given by 

e : charge of particle, 
separator. 

pc 
6 (l'i ril 

\-!--.I/ 

E : electrostatic field strength; 

J_ -· J __ 
!31 !32 

for ul tra~rclativistic particles th:Ls can be written 

"''" ·,) ') 4 
8:•1!.~ ( <'.- '-) c 

s = 2(~)~)"'.3" m1 - m2 

(16) 

length of 

( 17) 

For ths RF sepa:::·atcr \ve get instead for the deflection angle of unwanted 
particles zero ancl for +;hs i:rc1nted pPrtiC'les 

l'"' 
~ "'avr 

1-'.r = sin -··· r vr pc · 2. 
(18) 

where E is an 11 cguiv-alent" electrical field strength that can be made at least 
as high as E in the electroatatic case. 

For design moaentum 1Je h'we 

(;"'aw 
sin -2 1 

Comp~rison of (17) and (18) shows that the small term 6(1/p) which gives rise 
to a l/p3 law is abs,.;;ni; i.n the Rl?-seuarator case (near design momentum!) 

It is mainly this l/p3 law that limits the electrostatic particle separation 
at high energies, 
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From and (18) one can deduce that for e.s. separators the separation 
is determined a in deflection angle and is proportional to the 
.Qiffer.§DQ§. i11 ti.me of the t;m particles over +-he separator length l, 
whereas for the R.F-·separator the separation is determined by the deflection 
angle of uantsd and dependent on the time of flight over the cavity 
length 5-t::e1f o 

If i·~e do rot Vvork '.·rith t:'.le RF-separator under optimum condition, i.e. 
near desic;n c.JmontJ_m ".,,i;:e can introduce the p-dependence of-Caw and obtain 

. th _, i / ') 
Wl l.aw Cf. 1 I''· 

thus introluci.i1g ( 19) in ( 15) 

1 ,,. 

/'VT pc 

for p 

yr ";T 

r 2 -
• l1 j \I };Q.) 21 l SL 2 

l p -

"Jen by the condition 't'aw = n, thus 

2) 2nL) m~, (~~ 

( 19) 

(20) 

Thus :'..n this ca.se the deflection shows as in the e. s. deflection case, 
a 1/ p3 beh[:r'r_: oc,n" ~ hut of ( 20) and ( 17) shows that in the RF-
deflection fo.i~nula the:~e is BXl additional factor (..?~1 ) which, using microwaves, 
can be mc:tde very big. :c2:1 ovr case its value is about 3000. 

A draw:xJ,c\: of -:~he 1;:c"· ,v.1~ :::-~-:?--.:00_cJcu_cL-~v~ id .i. L · s small pulse duration. Due 
to the high n;_crc,;:ave :i;:;)WeJ~ needed (about 10-20 MW) the pulse length can only 
be made a few µcoec,, The:rofore~ the HF-separator is interesting mainly for 
Bubble C:02mbe:c physic;_:, 'J:he sho:::>t i)ulse length also implies that it must work 
with a fast-e;juction system of the P,S. 

Currently there are s1,;::ierconducting RF cavities 17 ) 'lS) ' 19 ) in different 
laboratories cc.:lcr study, ma~:ing possible much longer RF-pulses. This could 
extend the f5.e1d ::n to counter physics and to energy regions above 
100 GeV/c.20) 
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In Fig. 6 we have represented a functional diagram of the RF' system of 
one RF-separator station. 

The heart of this layout is a 20 MW-klystron amplifier (Thomson­
Houston 2011 C) with four cavities. The internal electron-beam is focused 
by coils surrounding the cavities. An active getter ensures sufficiently 
good vacuum inside the klystron. The high tension for the klystron is supplied 
as a 240 kV negative, 8 µsec pulse to the cathode. It is produced by a pulse 
forming network (delay line) feeding into a pulse transformer and discharged by 
a triggered spark switch. 

In its prescmt form the charging circuit of the delay line produces one 
pulse per second. It could, however, be changed to give a train of several 
pulses with ::1ome millisecond spacing, useful in multi-expansion operation of 
the 200 HBC. 

The high tension is stabilized to some 0,2 % by a magnetic amplifier 
system. 

The HT circuit :Ls protected against over-voltage by an additional safety 
spark gap followed by an interlock system to switch off the HT charging circuit. 
A similar interlock protects the charging circuit against over-current. 

The lower part of the klystron. the charging circuit, delay line, pulse 
transformer and the heate:r supply aie immersed in an oil tank. 

The HT Modulator and its control system were built by Vickers Research 
Ltd., (England). 

b) 'rhe_fil'.::-QQJ1eJ:.sliQ1:.JJJ1giu 21) 

RF is generated a.t a frequency of rv2855 MHz with a C.W~-Pound­
klystron geriorator stabilized by an invar cavity to !:J.f/f l'>:f 3, 10-6. 

This signt"-1 is amplified in a two stage modulated klystron amplifier 
which supplies a 10 kW RF'-pu:se of variable length ( 6 - 12 µsec). 

The outm1t is fed through a three-way power divider and a 30 m. HF cable 
(drive cable) into the 20 l'II\!J klystron. 

A variable attenuator enables the klystron to be run with saturated input 
so that output power is substantially independent of input power. 

A phase shifter in the drive line (which forms part of the phase system 
described below) permits changing the relative phase between the two cavities 
of the separator. 1''requency can be measured and monitored by a high precision 
wavemeter. 
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c) The _IlJ£Jl. J19wer Chain 

The amplified RF power is taken out from the klystron by two wave­
guide channels and afterwards recombined in a hybrid transformer (circular . 
magic-tee). A remote controlled phase shifter makes it possible to change the 
distribution of power between the cavity and a 10 MW matched load, ·thus 
enabling amplitude changes to be made in the cavity without touching the HT 
applied to the klystron. This is desirable because the klystron should be 
operated at maximum power level where its phase stability is best. The wave­
guide system between klystron and cavity is pressurized to about 3 atm. (air) 
to minimize the risk of RF breakdown. Separation of this pressurized part 
from the klystron and from the cavity which are both under high vacuum is 
ensured by ceramic windows. The output. end of the cavity is closed by a matched 
water load where the absorbed power can be measured. 

2. The Tri~ger~- Timing S:vstem 

The drive chain and the HT spark gap are triggered by a "Master trigger 
generatorn that can operate with a\l internal time base of l or 10 pulses/sec 
or with an external timing unit 22). . 

As the klystron modulator should work at a repetition rate of about 
1 pulse/sec and as the PS cycle is generally longer (2 - 5 sec) this timing 
unit has two functions. 

1) It must produce a trigger pulse related to a PS pulse (or more exactly to a 
pulse triggering the fast ejection kicker) in synchronism with the 
beam passing the separator. 

2) It must produce "fill-in" pulses between the PS pulses of about 1 
··second time interval. 

It also supplies gate pulses for the different counters used in the RF 
separated beam. 

3. (Fig. 7) 

Each structure is made up of 3 sections of iris-loaded waveguide supported 
on a rigid girdqt to prevent mechanical deformation. Facilities for lining up 
the structure'in a "beam and for taking it out rapidly are foreseen. 

To avoid as nmch as possible breakdowns due to high electrical :fie;Lds, each 
cavity is evacuated to about 10-8 Torr by cold-cathode ion pumps. Outgassing 
is reduced by using mainly metallic joints (indium or gold) or baked-out Viton 
joints. The initial pumping-down to around 10-4 Torr is made by a Roots-pump 
backed by a rotary pump. 

· Isolation from rough vacuum in the beam tubes is provided by 6 micron 
thick mylar-windows that withstand 1/3 of an atm. Two 90° degree valves make 
it possible to isolate completely the cavities from the beam transport system 
without affecting the high vacuum. During runs these valves are opened to· give 
free.passage to the beam. 
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An interlock system closes them automatically if the pressure in the 
beam tubes rises abovci lo-1 Torr. At the same time a by-pass valve opens 
equalizing pressure on both sides of the mylar-window. 

Rough vacuum at both ends is measured by thermocouples, high vacuum 
inside by an ionization gauge that.can be set to switch off at a given maximum 
pressure. It is combined with an interlock system that switches off at the 
same time the klystron HT, thus protecting the system against electrical 
breakdown inside the structure, caused by bad vacuum. 

4. Jnterlock :?yptems 

Besides the vacuum interlock system, protection against electrical 
breakdown in the pressurized waveguide system is ensured by photodiodes looking 
at the ceramic window that isolates the pressurized part from the structure. 
As breakdowns are generally accompanied by a visible glow of light on these 
windows, the output of photodiodes can be fed to the interlock system that 
switches off klystron HT. This protects the ceramic windows of the klystron 
against overheating by repeated electrical breakdowns. 

Several pick-up probes are installed on the input and output side of the 
structure to detect a lack of RF pulses. Thi.s occurs if there is an electrical 
breakdown or if HT and/or RF input signal is missing. Their output is fed 
into a veto system that prevents the Bubble Chamber flashes from being 
triggered if RF pulses are missing or if they are deformed. 

Some other interlocks protect the system against water failure (cooling 
of klystron anode and focus coils) and compressed air failure (pressurized 
waveguides and spark switch). 

5. 

As the operation of an RF. separator requires a phase stability between 
the cavities of a few degrees, changes of phase during operation should be 
corrected. 

'rt1e RF system (Fig. 8) is made up of a common RF generator whose output 
signal is fed via a transmission cable (drive cable) to the 20 MW klystron. 
A waves-'1.1.ide system connects the klystron with the structure. 

'I'he relative phase of two cavities can be held constant by picking up 
signals from the two cavities (actually from.the input couplers) and comparing 
them in a phase bridge whose output is used to adjust a phase shifter in the 
drive line of one of the klystrons. 

Such a system cannot correct phase errors within one RF pulse (8 µsec 
long), but will correct slow phase drifts. The main causes of such slow phase 
drifts are temperature changes in the drive transmission line and in the wave­
guides, frequency changes of the generator and changes in klystron high tension. 

The phase _9.Q.L1llJ.arison circuit (phase reference) involves a transmission 
line, connecting tho two cavities of about 60 m length (l"'V 600 wavelengths). 
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If we need a phase stability better than 2°, the relative phase constancy 
in the reference phase cable must be better than one part in 105 and can only 
be achieved by temperature stabilizi~g. We use a helic~l-membrane cable (UR79) 
which is essentially air spaced (v~/c = 0.96). Phase changes are then due 
mainly to changes in length of the inner and outer conductors with temperature 
and to changes of dielectric constant of air with pressure. The temperature­
stabilizing system keeps T constant to a few tenths of a degree by ineans of 
a sampling circuit which uses the outer ·Al-conductor as both heating and 
temperature sensing element. The outer conductor of the drive cable is used 
as a return conductor. 

The phase bridge is placed midway between RF 1 and RF 2 so that the phase 
changes due. to air pressure variations are nearly cancelled. 

In one of the phase reference cables there is a remote controlled phase 
shifter (reference phase-shifter) that can be set to any value between o0 - 360° 
and allows any wanted phase setting between the two cavities. 

The phase bridge is a coaxial-line hybrid ring having in its two output 
channels crystal detectors. The mean rectified signal can be made independent 
of field amplitudes in the cavities. It is amplified, gated so as to use only 
the middle part of the RF-pulse which is independent of built-up effects in 
the cavities, and fed into a pulse-lengthener whose output voltage is proportional 
to the phase deviation from the chosen reference phase. 

This pulse-lengthener feeds a small DC motor which adjusts the position 
of the (drive) phase shifter in the drive transmission line until the correct 
phase between RF 1 and RF 2 is established. 

We note the importance of a high phase stability in the phase reference 
cable. Any phase error in the reference system is automatically corrected by 
a corresponding phase shift in the drive system, thus giving an error in the 
relative phase of RF 1 and.RF 2. 

6. Water Cooli].,g_ System and Power Measurement System 24 ) 

Due to its high dispersion the RF structure used has a large temperature 
dependence of freg_uency(-50 kHz/0 c)and it is important to hold the temperature 
of the disc-loaded waveguides at constant an~ uniform temperature. 

At a.:repetition rate of .1 pulse/sec, 20 MW input power and 8 µsec pulse. 
length, the mean power deposited in the structure and in the matched load is 
only 160 Watt. Therefore, the cooling does not present a problem and is do:q.e 
by a water jacket surrounding the structure. This water is held at constant 
temperature by a thermostat with cooling loops. (Fig. 9) 

Small differences of the frequencies corresponding to v. = c in the 
different structures due to small dimensional differences c~ be corrected by 
different water temperatures. 

The power measurement. is done with a matched water load at the.output end 
of the structure. One measures the increase in temperature of water flowing 
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through a quartz pipe inside the load. This is done by temperature dependent 
resistors and conventional bridge techniques. As there is some heat loss 
through the walls of every load and :'_ t is difficult to reduce this, we made it 
constant and independent of outer temperature by surrounding each load by a 
water jacket hold at the same temperature as the structure. Each load was 
calibrated by de-heating of the water inside the quartz tube at a known flow 
rate. 

We get a constant flow rate by using a volumetric pump of membrane-type 
that is triggered by a P.S. pulse. Therefore, we are independent of the 
repetition rate used. 

The bridge output is fed into a magnetic amplifier and then recorded 
continuously on a recorder. The whole system has an accun1cy of some percent. 

The water is continuously deionized and there is a water flow indicator 
combined with an interlock system protecting the measuring system against 
water failure. 

7. 

The beam-stopper is made of two wedge-shaped brass plates of 1 m length 
which can be moved parallel or anti-parallel against each other by remote 
controlled motors (see Fig. 10). The thickness T can be ad.justed between 0 
and 40 mm. as well as the height relative to the beam (at least 2: 5 mm.). At 
maximum opening tho stopper clears completely the beam tube. A high energy 
particle traversing the brass wil1 suffer an energy loss by ionization 
of about 1.5 GeV/c. This is more than enough to remove it from the beam in 
the momentum analyser following the beam-stopper. 

To enable an easycentering and monitoring of the stopper two scintillator 
counters of 10 rnm thickness are fixed at the end of the two brass plates. They 
thus count particles that do not hit the beam stopper. The stopper is placed 
inside a dural-box that can be fixed to the beam tubes and evacuated. 
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III. TOLERAlJCES AND PARTICLE LOSSES ON THE BEAM-STOPPER 

We remember the phase space considerations of chapter I, 7, where we found 
that the beam-stopper thickness had to be made to correspond exactly to the 
beam opening 26 in the centre of HF 1. In this case it intercepts all 
unwanted particles provided the final deflection of unwanted particles can be 
made equal to zero. Every departure from this exact cancellation blows up the 
beam of unwanted particles and rnalrns necessa.ry 1 therefore, an increase in beam­
s topper thickness. As we will see below, this increases the losses of wanted 
particles. For the wanted particles fluctuations in the final deflection are 
harmless because they are anyway spread over the total phase space available 
to them. 

Cancellation of deflection of unwanted particles can be affected by: 

a) errors in the phasing system between HF 1 and RF 2. 

b) field-amplitude fluctuations in HF 1 and ID., 2, 

c) errors due to a phase-slip between particles and waves. 

d) aberrations in the cavities, 

e) anisochronism due to lens aberrations and fini tG beam openings. 

f) errors due to finite momentum bite. 

Let us discuss first in some detail these errors and then discuss how they 
must be combined to find the increase in beam-stopper thickness. 

1) These can be due to frequency fluctuations M during one HF pulse, 
changing the wavelengths in the drive cable and waveguides between HF generator 
and structure. 'l'he length of these cables and wavf:,guides is around 300 wave­
lengths; we get for tho phase change IJ.:; ( f) 

T.L:tJ. = 2n 
300 /J./I. == 

/I. 
300 M 

f 

Our RF generator has a stability M/f = 3.10-6 

thus 0 = 0.)2 

2) Ripples on the HT-pulse applied to the klystron affect the velocity 
of the internal electron beam and therefore the phase. 

For the klystron chosen, it is about a0/kV, we can reduce the phase 
error due to ripples to less than~ 20. 
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3) Errors in the reference system controlling the relative phase between 
RF 1 and RF 2 can be due to inaccuracies in the feedback loop or to temperature 
effects in tho phase cables between structures and phase bridge. They can 

+ 0 probably be made smaller than - 2 . 

Adding these· errors as statistically independent we get for the total 
error in the phasing system 6'\: (Ph)~± 3°. 

b) Fiel§~,§Jllp)..~~JJ-de Fluctuations in the Cavities 

+ OJ The power input P0 to the cavities can be controlled to better than - 5 ;o 
accuracy. As P0 a ~2 (~ g maximum deflection in one cavity) this corresponds to 
deflection fluctuations of ± 2.5 <J'o. 

c) Errors tj_ll_e __ to a Phase Slip between Wave and Particle 

If the phase velocity of the wave inside the cavities is different from 
the particle velocity, there occurs a phase slip ·re over the length t between 
particle and wave, and the deflection is reduced by a factor sin 't:l /2 (cf. ( 10)) 

'"'d2 

As there is a symmetric 1 : 1 lens system between RF 1 and RF 2, this effect 
cancels exactly if it occurs in the same way in both cavities. 

It is nevertheless worthwhile to look at the values for 'L't because they 
cause a reduction in deflection that should obviously not be too big. 

'fo first consider phase slips due to v<P ~ c. v'P can be changed mainly 
by frequency changes and temperature changes in the waveguides. 

In a waveguide with dispersion c 
D = - - 1 we get 

'Vg 
df 

dvtp /v'P = -D f 
The phaso slip between a particle with velocity 
given by 

M 't'e = 2n. D. n. f 

(cf. Appendix I) 

( 21) 

c and the wave is 

(22) 

where n is the number of wavelengths of the structure. 

We lv:we n = 29~ D = 52, M/f < 3.10-6 

thus 

The reduction in amplitude corresponding to this is negligible. 

For our structure we get 
6T 

-50kHz 
oc ( 23) 

As a temperature stabilization to 1°C can be easily achieved we 
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. -r:£/2 
sin - 0 999 ·r: /2 - . . , cf, , 

CERN/TC/BEAM 65-4 

So, even if thiR offoct 

occurs only in one cavity it can still be neglected. 

Another phas(o slip between particles and wave or;curs at lower momenta 
because the p2,rticle velocity is appreciably different from v if> = c. It is 
highest for protons at the lower limit of separation momenta \about 7 GeV/c). 

Here we get "le,/2 = 50° giving 

~ ·- 0.74 
e 

This s not negligible, but again it has no effect on the deflection 
cancellation of unwanted particles because it occurs in both cavities. 

I + sin rce12 
For 7 GeV c K- we get already fl/2 = O. 99 

d) Errors due to aberre,tions in the cavities can be neglected and even if 
they would happen they are cancelled by the 1 : 1 lens system between RF 1 
and RF 2. 

e) Anisochronism due to lens aberrations and finite beam openings can be 
neglected in a two cavity separator, but in a'three cavity separator with 
larger openings this should be studied in some detail. 

As the phase difference~b of two particles is proportional to l/p2 (cf.(3)) 
we can put 

-2 Q.12. 
p 

( 24) 

thus relating the momentum bite to a phase shift fluctuation between the two 
unwanted particles. 

Some of the tolerances obtained in the actual layout are listed in Table 3. 

If the phase difference between two unwanted particles is exactly 

T ab = N = 1, 2, •.• 

we can always cancel the mean final deflection of the two unwanted particles 
but the beam is blown up by phnse errors and field amplitude variations to 
2(6 + 66) (26 : beam divergence in the centre of RF 1). We only retain phase 
errors in the phasing system, phase errors due to finite momentum bite and 
errors due to field amplitude fluctuations, since all others are small enough 
to be neglected. 
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For the final deflection of particles a or b we get 

YJ b(t! = ('P + LIVJ1 ) cos wt - (tp + 6~'J2 ) cos (wt + L\1] (25) 
a, 

6tp l' ll 1.f 2 0 errors of field amplitudes in RF 1 and RF 2. . 
LI/: . total phase error; we put LI""( = J 6-C: (Ph) 2 + 6i;2 (26) . ab 

For the fluctuations in the amplitude of 1-f"" b ( t) we obtain 26 ) (to first 
order) ~, 

( 27) 

We remornbor that the condition for best use of cavity rrcceptance is given 
by 

If the phase slip between the unwanted and wanted partjcles is 'l:'aw and 
the phase sli:p between the wanted particle and the deflecting wave is 'L.e 
we get 

........, 

2 . 1,c.w = rp sin - 2-
sin !:'l/2 

'te/2 = 2b 

The relative increase in beam-stopper thickness needed to stop all 
particles a and b is then given by 

/~ .• = 6 Vab 
~~ = 6 Y{i. b 

b b Y~/2 

(28) 

( 29) 

sin l'e/2 ]-l [ . T'aw /(6LfJ1)2 (6tfJ2/ + (61')2 = sin--
·<:1/2 ·J T + . 2 \{) 

The necessary increase in beam-stopper thickness can be very big if the 
condition "Cab = 2Nrc is not exactly fulfilled because the mean final deflection 
of only one kind of p&rticle 9 sny a, can be made zero. For th.e other one b, 
we get for the maximum final deflection 

Li" ' 
>ub = 2'P sin ~b. f- o 

this has to be n,dded to 6 y.r nnd we get now for the relative i,ncrease in 
beam-stopper thickness a 9 b 

6b ::::: 
b 

For design momentum the factor in front of the square bracket equals 1. 
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The maximum errors on 6tp , 6(f',.., 6 T (Ph) are fixed by the actual layout 
of the separator and are Hste1d in rfafile 3. Ln;b is fixed by the momentum bite 
accepted by the beam because 

6~b I ~'"b = -2 6p/p 

From ( 30) one c21n however 
of ~b than by the errors 
the condition (4a) 

deduce that 
611) , 1s1: • 

~b is much more affected by the values 
0 This shows clearly the importance of 

l 

in the case of two particle re,jection. 

. 6'o 
We now m1lculate :for a g2.ven b the percentage nBs of wanted pnrticles 

that pass the beam-·stopper. 

First wo renmmber that the .deflection of the wanted po.rticles behind RF 2 

is modulated as sin ult and has a maximum value given by 

1/r -
Tw 

We assume uniform distribution of the particles in the beam and Y"w 4 26, the 
optimum condition being given by y; w 26 

If the beam-stopper width corresponds to a half opening of the unwanted particle 
beam b + t::ib we g(Jt for tho percentage of wanted particles passing the beam­
stopper (cf. Fig.11) 

& 
1 f 

'ilBS = 2nb J b + - Y1w (
TC - 2 nrc sin 

60 
and Yw 4. 0.25 one can put in good approximntion 

•/f w 
::::: n& 

-x') dx' 

(31) 

(3la) 

:B"'or non-uniform distribution, e.g. triangular distribution of particles 
in the beam one gets values for YJBS smaller by some percent. 

Under optimum conditions Y.rw = 26, 6b = 0 one gets 

2 0 
YJ,~,~ = - ~ 64 /o 

JXi TI . 

In Table 4 we have 1istod values of !.ib/o and nBs for some separation cases 
and two different values of momentum bite Llp/p. We take into account the 
tolerances given n.tlovo and assume always 1lr- = 2b. lw 

Ono notes tho very low values of YJBS in the case of p separation at 
18 - 20 GeV/ Co They are due mainly to tho values of 't"ab = nK being widely 
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different from 2Nn: (cf, Table lb) 

One concludes from Table 4 that in the actual layout, best separation 
of antiprotons at 18 - 20 GeV/c is obtained for a flight path of 22 - 28 m. 

It is a pleasure for me to thank cordially my colleagues from AR-Division 
Peter Branham, Ron Fortune and Bryan Montague, for the close co-operation they 
have offered me during my stay in their group. 

I would also like to thank the technicians involved in the construction 
and running of the RF-Separator, 
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Table 3 . 

. 'l'OLER~IQJJS OF ACTUAL LAYOUT 

M/f 

il T(Ph) 

61h lip = 6 lf>2 /If> 
6T 

Table 4 

3.10-6 

! 30 

:: 2.5% 

1° C. 

Values of 66/b and r1BS 
<,_,_ .. -· -· _,__,......,.._ ______ 

Momentum @tic]&_ ~ 
~r;;;v;-;: ... % 

+ 
10 y± - 0.25 

\._ 

:!: 0.50 

14 K± :!: 0.25 

! 0.50 

18 
! 0.25 

p 
:!: 0.50 

! 0.25 
20 p + - 0.50 

! 0.25 
18 p 

:: 0.50 

! 0.25 
20 p ! 0.50 

+ - 0.25 
20 p 

::: 0. 50 

-~~L.9- 11BS 
\y-· 1o 

0.14 57 

0.26 51 

0.12 58 

0.19 54 

1.17 17 

1.17 17 

0.86 26 

0.87 26 

0.67 34 

0.67 34 

0.71 32 

0.71 32 

0.65 35 

0.65 35 
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J!PPENDIX I 

Definitions and relations for electromagnetic fields in waveguides 

We introduce: 

z 

input power 

voltage attenuation coefficient 

electrical field 

coordinate of the axial direction 

group velocity of a wave 

phase velocity of a.wave 

free space wavelength 

wavelength in the guide 

frequency 

for a waveguide with losses we get E(z) = E 
0 

-Iz 
e 

P(z) = P 
0 

and -2Iz 
e 

(la) 

(lb) 

The definition of shunt impedance (resistance per unit 

(electrical field) 2 Q 
power lost/unit length m 

length) is 

r = 

For a linear accelerator structure this is proportional to 

ienergy gained/unit length) 2 

power lost per unit length 

and is one of the figures of merit of a waveguide because it gives the 
efficiency of a waveguide for transmitting energy to a particle. 

An analogous quantity can be defined for a deflecting waveguide. 

The deflecting force on a particle in synchronism with a wave is given by S) 

e 
FT = k gra~ Ez ( 2) 

~ 
/I. 

e : charge, k : 

for a wave that is linearly polarised in x-direction we get 

F(x) e "'OE - - z 
- k rx (2a) 

now we can define a transverse shunt impedance rT by 

[1.. C>Ez -J 2 
r T ( x) = .,..k--..::Cl~x;.......= __ 

- dP/dz 
(3) 
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( dP from lb) we get ~ = -21 P(z) 
dz 

thus 

··-···· 
l "'OE 2 - __ z 
k ox 
21 P(z) 
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(3a) 

The stored energy/unit length w(E) is related to the power by 

P(z) = w(z) vg (5) 

assuming that the group velocity vg is equal to the velocity of energy 
transport. 

The quality factor of a waveguide is defined 

Q = 2n energy stored/unit length 
energy dissipated/unit length per cycle 

with (4) and (5) we get·· 

Q = 2n w(z) 
dP. l 
dz f 

= _w_ 
21 Vg 

Combining (3a) and (6) we get 

l'T fl °?Ez J-2 
= k-ox vg 

Q P(z).w . . : 
···-·~-·-·--··--· 

(6) 

(7) 

as oEzl = oEzj . 8 -Iz 
ox z ox z=O ' . . 

of losses and .only dependent 

and as P(z) a. Ez2 , this quantity is independent 

on th.e geometry of the waveguide. 

(7) can be written for z = 0 
' · .... 2 ... · 

fi oEz 11 = p .1 . rT {ki)x o_ o vg Q w 
(?a) 

and shows: for a given input power P the deflection force increases with 
d . 0 ecreasing vg. 

The filling time of a. waveguide 
group velocity v is given by 

g 

1-
tf = vg 

of lengt.11 { supporting a travelling wave with 

(8) 

thus combining (7a) and (8) we can state also that for given input power P 
.. 0 

the deflection force increases with filling time. 

tf affects the dimensional and frequancy tolerances of a structure. This can 
be seen by introducing the dispersion D of a waveguide. 
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We define D =· .£ - 1 
Vg 

c.tf 
= -r- 1 

and use the definition vg 

(k = 2n ; 
A. 

one gets easil" for v = c ,y cp 

DQ!=-~ 
f Vcp 

= 'Okg 
'1>k 

- ~ 
- 'Ag 

thus, in a waveguide with dispersion D changes of 
D times higher than in free space. 

CERN/'rc/BEAl"VI 65-4 

(g) 

(10) 

v with frequency are 
cp 

The same applies to dimensional changes 6r/r caused by temperature changes 
which can be related to changes in frequency by 

6r = _ 6f 
r f 

(11) 

Finally we can get the change in phase 
using the relation 

¢ due to a change in frequency by 

Ai= 
2n 
~ A. .n g 

where n is the number of wavelength corresponding to e. 
Combining (g) and (10) one gets 

rl. 6f 
6p = 2n.D ""f" n 

indicating that a phase change is also directly proportional to 
depending on the filling time. 

(12) 

(12a) 

D and thus 

A more deta~led discussion of these relations can be found in a paper of 
Montague.27) 
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We discuss briefly the choice of tho waveguide dimensions finally adopted 
and some of its properties. (notation from Appendix I) 

Adjustable parameters of the waveguide (cf. Fig. 3) are a, b, d and D 
(which corresponds to th::; number of cells per wavelongth) and tho length !. 
They are closely related to some clmracterif3tic quantitios of the waveguide 
like phase and group velocity Vm and v§) fillin,:; time tr, vol ti.>"go attenuation 

( I . '):, ) 
coefficient I and Q-value \Cf. also c... • 

We recall that the frequ10ncy was chosen around 2855 J\!J:Iz. 
approximately tho radius b of the disc-loaded waveguide which 
equal to the cut-off radius of an unloaded (smooth) wuveguide. 

This fixes 
must be nearly 

Ono of the; most important cond:L tions being Vcp == c the first computations 
were all done under this EcSSLL'll1)tion. 

A basic quantity of a structure is th,3 filling time tf given by tf 

As for a given inrut power, tho deflection forco is proportional to the 
filling time (cf. Appendix I, 7a), tf .shou1d be long. However, for long tf, 
dimensional and frequency to1erancer3 necessary for the high stability 
needed in a R}i'-Separo.tor become vor;;1 tight and an upper limit on tf which 
lies 0,round 0. 5 µsec. 

For the determination of .i we note the?,t th0 deflection angle of wanted 
particles is given by 

(cf. ( 13)) 

Au 1:c; :ffe limited in input pm\Ter (ancl thus in the deflection :field strength 
E) to about 10 ~ 20 MVv, and as the deflection angles should be around 1 mrad at 
p = 10 - 20 GeV/c, (18) :fixes a lower limit for e. 

Tho fiml choice ·was p = 3 m. 

v 
Once tr and e are fixed we have also fixed J:£ ~ 

c 50 

One knows that the value of v::J, is mainly dependent on the coupling 
b t t l :1. ff' t 11 ~ t' f:, • l tl t 1 - • f e ween .no r.i cren J ce s 01 · 110 waveguic e, ms ne choice o · 
to a large extent the value of the inner radius a. It is still 

v13 fixes 
slightly 

affocted the of vg 1Jeing somewhat higher for positive Vg• 
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The final choice was done by computing v (a) for different values of 
tho cell pitch D (number of cells per wavelen~th) and the disc thiclmess d. 
A positive vg was chosen on the grounds of higher acceptance although the 
deflectiori force is somewhat smaller for the same input power. For the same 
reason the number of cells per wavelength were chosen to be 4 whilst the 
maximum for deflection force was around 3. 

Finally, as can be seen from the relation 

wtf = 21 Q l (cf. Appendix I, (6) and (8)) 

I is fixed by the choice of tf. 

The parameters chos{n ;re listed in Table 2 and Fig. 3. They are partly 
obtained by measurements 12 on models and actual waveguides made to guiqe ) 
and underly the computer studies. Fig. 12 shows the dispersion diagram \ll 
of the waveguides. Tho slope of the curves is proportional to .the group 
velocity. One notes that the EH11 deflecting mode can only be excited in 
a narrow frequency band and that its wavelength (or phase shift per cell) is 
a complicated function of frequency. The phase shift .per cell which is fixed 
by the number of cells per wavelength can range from 0 (for Ag = oo) to n 
(for Ag= 2D); higher phase shifts being physically indistinguishable from 
a corresponding phase shift in this range. 

The •::orking frequency is given by the intersection of the curve with tlE 
line v~ = c (which passes through the origin of coordinates). At this frequency 
there are however two modes (with different guide wavelength~ possible. The 
unwanted one is eliminated L'Y correct design of the coupler 9) (mode ~ransformer) 
between the rectangular waveguide feeding the HF power and the structure. 

In Fig. 13 we have represented this coupler ana a part of the waveguide 
with a sketch of the field configuration inside. 
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