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Summary 

A design study of a superconducting RF beam 
separator suitable for counter beams is presented. 
A simple two-deflector separation scheme permits 
one-contaminant rejection in momentum ranges from 
8.5 to 19 GeV/c for P and n beams and from 4.5 to 
10 GeV/c for K beams. The operating wavelength 
4 = 24 cm was obtained by optimizing the transmis- 
sion of wanted particles. An interdeflector spa- 
cing of L = 33 m follows. The geometrical configu- 
ration of the lead-coated iris-loaded structure is 
selected for highest bandwidth which is obtained 
when the ratio of aperture radius and wavelength is 
close to 0.2. The maximum deflecting field in the 
3 m long resonant ring deflector is limited to a- 
bout 7 MV!m. The superconducting structure is ex- 
pected to have a shunt impedance of R e 1012 Cl/m 
and an unloaded quality factor of Q. a 1.5 X 109. 
The ensuing RF power requirements are discussed. 

I. Introduction 

The present RF beam separator at the Brook- 
haven Alternating-Gradient Synchrotron is well 
matched to bubble chamber experiments with kaons, 
pions, and prc;t;ns at selected momenta between 7 
and 18 GeV/c. The application of this device to 
counter experiments is, however, prevented by the 
demands for (1) a typical operational pulse length 
of 100 ms, (2) high fluxes resulting from an ac- 
cepted solid angle at the target of the order of 
several 100 usr, and (3) operation at continuously 
variable momenta. On the other hand, considerable 
simplification stems from the fact that no high 
beam purity is required and rejection of the pre- 
dominant contaminant suffices. 

The most difficult requirement is the pulse 
length, because the operation desired necessitates 
the use of CW power tubes. The state-of-the-art in 
S band amplifiers is represented by Raytheon's 
425 kW (CW) Super Power Amplitron. In combination 
with the BNL deflector, 5 one can in principle ex- 
pect a transverse momentum of about pT = 3.4 MeV/c. 
Since, typically, particle deflections of 1 mrad 
are considered necessary, the useful momentum re- 
gion for conventional, long pulse RF beam separa- 
tors lies below 3 or 4 GeV/c. In view of the tre- 
mendous engineering efforts involved in construct- 
ing an RF separator of this type, it must be con- 
cluded that dc separators are preferable in this 
range. In the momentum range where electrostatic 
separators become impractical, say above 5 GeV!c in 
the case of kaons, the natural and unique zpproach 
is to use superconducting (SC) deflectors. 

In SC cavities it is, in principle, possible 
to achieve the same deflecting fields as in normal 
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copper structures with considerably less RF power. 
The reduction in power is conveniently expressed 
by the improvement factor, which is defined as 
I = QSCiQCu(273'K). Theoretical improvement fac- 
tors for lead-plated structures at 2.856 GHz were 
calculated7 from the formulas for the surface im- 
pedance, given by Khalatnikov et a1.,8 to be about 
1.3 x lo4 at 4.2OK and 6.8 E lo5 at 2'K. Improve- 
ment factors close to the theoretical values were 
obtained experimentally with TED11 cavities by 
groups at Stanford,O ParislO and Karlsruhe.ll For 
the purpose of this paper we will take the optimis- 
tic attitude that the technological problems en- 
countered in fabricating complicated SC structures 
such as iris-loaded deflectors can be overcome, 
and that improvement factors in the order of lo5 
are attainable. It follows from $ estimates made 
by Wilson et al., that SC RF beam separators are 
then also economical.12 

Estimates of particle fluxes show that sepa- 
rated beams will be highly desirable for counter 
experiments, using the increased proton intensity 
expected after the AGS conversion. The ain of 
this paper is to present a design study of a SC RF 
beam separator which will demonstrate the adequacy 
of such a device. We concentrate our investiga- 
tions on the deflector design and the choice of a 
frequency optimized for maximum particle transmis- 
sion. Problems of beam optics are only marginally 
considered. Questions related to the microwave 
system are treated in a separate paper at this con- 
ference. 

II. Operating Momenta 

Counter beams require only rejection of the 
predominant contaminant, that is, $ions in the case 
of K and P beams, and protons in TI beams. rr- 
beams are possible without separation. One-contam- 
inant rejection can be achieved over relatively 
wide momentum regions by means of a linearly polar- 
ized two-deflector system. The momentum analyzed 
beam of wanted (W) and unwanted (U) particles is 
focused into the first deflector and receives there 
a sinusoidal deflection with peak value 8 . Due to 
their different rest masses, W and U particles ar- 
rive at the identical second deflector with a phase 
difference A$ relative to the circular frequency w 
of the deflecting fields. It is now always possi- 
ble to adjust the relative phase between deflectors 
so that the deflection of U particles cancel exact- 

lx, whereas W particles receive a net deflection 
286 , with the deflection efficiency G = sin h A$ . 
Operation will be possible around A+ = m n , with 
m = odd integer. All U particles are intercepted 
(or degraded) in the beam stopper, whereas the 
fraction of W particles passing the beam stopper 
depends on the intrinsic angular spread, 6~ , of 
the beam, the beam stopper size, the peak deflec- 
tion and the deflection efficiency. Typically, the 
beam stopper size is made equal to $ in order to 
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intercept all U particles (muon background will be 
disregarded) and 6V is made not larger than the net 
deflection 

6V<2GC . (1) 
The losses of W particles in the beam stopper are 
then s 36%. The separation scheme discussed has 
the inherent disadvantage of some beam stopper los- 
ses, but its simplicity makes it preferable to a 
lossless circularly polarized separator. Circular 
polarization requires in practice two additional 
deflectors rotated by 90' which would essentially 
double costs. 

To simplify the considerations, we assume a 
monochromatic beam of particles with rest masses 
mW and mU and momentum p . The transit time t for 
a particle to traverse the deflector distance L is 
in relativistic approximation 

The deflection efficiency of W particles may then 
be expressed by 6 = sin 4 u) (tW - tU) . It is con- 
venient to introduce a nominal design momentum p. 
by 

pot = mpc2 (L& (3) 

where mp = proton rest mass and A the wavelength in 
free space. Operation with maximum deflection ef- 
ficiency (e = 1) is possible at the momenta 

if-)2=xy-(~y) (4) 
0 

whence follows that P and n beams are possible, for 
example, at p = p. and 0.58 p. and K beams at 
p x 0.53 p. and 0.30 p. . Operation at neighboring 
momenta reduces E . The useful momentum bands can 
be found from the somewhat arbitrary condition that 
E 2 0.5. The resulting values based on a design 
momentum p. = 11 GeV/c are summarized in Table I. 
It is seen that this particular choice can provide 
useful beams (m = 1) at momenta just above the re- 
gion presently served by dc separators. Operation 
with m = 3 or higher is probably undesirable be- 
cause of chromatic aberrations. 

Table I. Useful momentum bands of two-deflector 
system with p. = 11 GeV/c. 

Beam Momentum (GeV/c) 

m=l m=3 

p, Tl 8.5 i 19.1 5.7 + 7.2 

K 4.5 + 10.0 3.0 f 3.8 

III. Deflector Design 

The design of a SC deflector differs in many 
respects from the conventional approach, 13 and be- 
cause beam loading can be disregarded, it is also 
distinct from the design of SC accelerators. How- 
ever, an iris-loaded structure still seems to be 
the adequate solution. To make full use of the re- 
duced losses in a traveling wave (IX) structure, 
that is, to operate with attenuation parameters 
close to crJ! = 1, it would be necessary to select 
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an unacceptably small group velocity. It is more 
natural to operate the deflector as a standing 
wave (SW) cavity. However, SW operation is compa- 
rable in efficiency to optimum TW operation only 
for structures with v = 0, in other words for n 
or 0 modes. These mo % es, on the other hand, are 
lacking the easy adjustability in phase velocity 
or in resonant frequency (which will be essential 
for synchronizing the two deflector cavities) and 
they are more sensitive to machining errors. Con- 
sequently operation with vg # 0 is considered man- 
datory. The disadvantage of doubled peak fields 
and RF losses (at given equivalent deflecting 
field, E,) inherent in SW cavities with vg # 0 
suggests the choice of resonant rings (RR), in 
which the versatility of Tw guides and the effi- 
ciency of SW operation are combined. The rest of 
this paper is based on the assumption that the 
enormous mechanical engineering problems expected 
in the construction of SC resonant rings can be 
overcome. Should this assumption turn out to be 
wrong, then the performance of the RF beam separa- 
tor, especially the acceptance figures, will be 
reduced. The deflector parameters, on the other 
hand, remain unaltered. 

The power gain of a RR is at resonance given 
by the apprytimation valid for small losses 
(we << 1) : 

P 
GA!$kea 4K2 

(2 + 2,*Q2 
(5) 

where x is the coupling coefficient of the direc- 
tional coupler (coupling in dB = 20 lg K) and P is 
the power delivered by the source. The maximum 
gain Gmax = (2&)- 1 is achieved at critical cou- 
pling Kcr2 = 2c/L . Because the unloaded 
Q. = IU/(~CY vg) , one obtains for the maximum gain 

G max 
A$. 

The transverse momentum, pT , of the particke 
after traversal of the RR is pT = qlE, = qR(ZGP)z . 
The series impedance, Z, is related to the shunt 
impedance, R, by Z = wR/Qovg . At critical cou- 
pling, one finds for the RR the expected expres- 
sion 

?T 
=q(RPR)' . (7) 

This should be compazed to a SW cavity with vg $ 0, 
where pT = q ('i RPJ?)Z . The power required by a 
SW cavity is twice that of a RR. 

The choice of the deflector length & depends 
on particle dynamics and acceptance considerations 
and it will be discussed later on. From (7) fol- 
lows that, contrary to the TW case, pT is independ- 
ent of vg . The choice of vg can thus be made 
without knowledge of the operating frequency or de- 
flector length. The group velocity is determined 
by the ratio C, = beam hole radius, a , divided by 
wavelength, )k . In a previous paper the shunt im- 
pedance and group velocity of5various structures 
as function of C, are listed. Backward wave oper- 
ation gives the highest shunt impedance to ether 
with nondegenerate operation. A large lVgf reduces 
the requirements on mechanical tolerances. It is 
suggested to use Ca yielding the largest lvgl , 
that is typically Ca zx 0.2. This results in higher 
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values of shunt impedance, but the aperture is 
smaller than for conventional deflectors. Adequate 
acceptance figures will be obtained by lowering the 
operating frequency (Fig. 1). 

Details of the deflector design, such as 
choice of the number of irises per wavelength 
(N = 3 or 4) or shape of irises will depend on the 
method of fabrication. It is anticipated to use 
copper structures coated with a SC material. The 
deposition of the surface sheet (about 10 um thick) 
could be carried out by electroplating, chemical 
and vapor deposition, or by any other procedure yet 
to be developed. If the complete structure can be 
coated in one step, then the larger slot width and 
higher shunt impedance of a 2~13 mode seem prefer- 
able. If the structure must be assembled from 
smaller pieces, then a n/2 mode (simple or biperi- 
odic) with zero currents in alternate cells should 
be preferred.l5 

In selecting the SC material one must consider 
its properties and the technological difficulties 
in producing good surfaces. SC deflectors are nev- 
er power limited, but the critical magnetic field, 
H c , entails an upper limit for E, and materials 
with large Hc are desirable. Because the struc- 
tures are cooled by evaporation of liquid helium, 
the transition temperature, T, , of the SC material 
must be > 4.2'K. Furthermore, operation with 
Tc >> operating temperature, T , results in large 
improvement factors and small sensitivity of the 
surface reactance (hence the resonance frequency) 
to temperature variations. A search in the list of 
23 metallic elements known to exhibit superconduc- 
tivity reveals two candidates, niobium and lead, 
with T, = 8.8 and 7.22OK and H, = 1960 and 800 G 
respectively. The present-day technology favors 
Pb, although Nb would have the more desirable pro- 
perties. Due to lack of sufficient information on 
their properties, SC alloys or compounds are pres- 
ently not considered. 

The equivalent deflecting field strength, E. , 
will be limited by the critical magnetic field or 
by field emission.16 The dc critical field is tem- 
perature dependent according to H,=Hc(0){1-(T/T,)21, 
whence follows that the peak RF magnetic field any- 
where in the lead cavity cf3 i c X 465 G = 14 l-IV/m . 
However, the highest magnetic fields reported9 so 
far are only c?i = c X 300 G = 9 MVfm . The peak of 
the electric field strength is limited to 
fi < 15 MV/m because of field emission. The approx- 
imation of the RR deflector by a loosely coupled 
chain of TM110 cavities permits to estimate the max- 
imum equivalent deflecting field: 

1 d '00 A 
E. c 2 ?; .Jl(jil) E 

and 

(8) 

(9) 

where Jl(j{l) x 0.582, Ji(O) = 0.5, h = pitch, 
d = slot width, and the transit time factor 

coo = (sin 'i B,d) / (4 Sod) , with PO being the 
wave number in the guide. It may be seen that a 
n/2 mode has a small advantage (about 8%) over the 
2rr/3 mode with respect to peak fields. For the BNL 
structure, a theoretical ratio i/E, = 1.55 compared 

to the experimental value of about 2.0 is found.13 
The theoretical ratio c$/E, = 1.35 was not verified. 
From these discussions follows that E. m 7 MV/m 
seems to be a practical limit. Note that operation 
as a SW cavity would halve this number. 

The deflector may be designed without consid- 
ering the operating frequency, which will be opti- 
mized for maximum transmission of particles. It 
should, however, be kept in mind that, in contrast 
to conventional structures, the shunt impedance of 
SC devices decreases with frequency according to 
the scaling law 

R= T 
u) e-A/kBT (10) 

ln (4 kg T/y h w) 

where A = half energy gap of superconductor, 
kg = Boltzmann's constant and y = ec a 1.78, C 
being the Euler constant. Lower frequencies are 
more economical in RF power and refrigeration re- 
quirements, but the physical dimensions impose a 
practical limit. 

IV. Optimization 

The operating frequency must be chosen to 
maximize the number of wanted particles, nw , 
available at the counters. The transmission ,.f 
particles with momentum p, rest mass m and life- 
time 7 , through the separator stage, depends on 
the accepted solid angle in the deflector (or the 
product of vertical times horizontal angular di- 
vergence) Ai2 ' = 6vh , and on the decay factor. 
Hence, nw is related to the wavelength )i according 
to -L/A 

"w 
=66 e 

VH (11) 

where the decay length A = T p/m and L is given 
by (3). The optimization can be carried out ana- 
lytically under the following assumptions:17 

1. The solid angle accepted at the target, 
~=Y~MH~V~H, is determined by the deflectors 
only and limitations of the angular acceptance due 
to the first set of quadrupoles or the interdeflec- 
tor system are neglected. 

2. The maximum magnifications, l$, and MH , 
from target to deflector are limited by chromatic 
aberrations to about 4 and 1 respective1 Since 
the spot size of the slow external beam, YE( in 
which the SC RF beam separator will be used, is 
foreseen to be about 1 mm x 1 mm, it can be as- 
sumed that the size of the target image in the de- 
flector, SH X SV , is much smaller than the deflec- 
tor aperture (inscribed square, /2 a x /2 a). 

3. The vertical angular divergence of the 
beam in the deflectors is limited, as discussed in 
Section II, by the maximum deflecting field: 

6"=2ie=2eqEoi/pc. (12) 

4. The horizontal angular divergence of the 
beam is limited by the deflector aperture only: 

sH 
6H=2J2%(1-/?_)FJ2/2ca~. a (13) 

Under the assumptions listed, (11) takes the form 
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qE c 
=4/2---e 

P’ m 
“w PC 

ca A exp - $ D ( 
P m; c 

) * (14) 

The transmission of particles will be maximum for 
anW/ah = 0 , whence the optimum wavelength 

x 
opt 

=TcE!g{!3} I 
0 0 

(15) 

To avoid unnecessary decay losses, it is desirable 
to optimize at the lowest operating momentum for 
particles with the shortest lifetime, that is, 
kaons. From Table I follows in the interesting 
case m = 1 that { ] = 0.78. The optimum wave- 
length now takes the value h,pt zz 24 cm. The op- 
erating frequency follows as f m 1.25 GHz, the 
interdeflector spacing L M 33 m and the beam hole 
diameter 2a s 9.6 cm. The transmission is insen- 
sitive to small changes in frequency and the pre- 
cise operating frequency will depend on the avail- 
ability of microwave equipment. 

It is interesting to note that nW in (14) is 
independent of the deflector length, and it would 
appear that the choice of .E is arbitrary. The 
price for the construction and operation of the 
separator increases with deflector length, and 
economical as well as technological arguments 
favor a short structure. However, a small &V 
must be compensated by a larger f~ and the beam 
optics will establish a lower bound on L . Fur- 
thermore, secondary particles are produced in the 
target with a pronounced forward peak, and an in- 
crease in $ may no longer be accompanied by a 
rise of the particle number. The conventional n 
specification that 0 2 1 mrad at all operating 
momenta satisfies gross0 modo both conditions. A 
deflector length of about 3 m, which is expected 
to impart a transverse momentum of 21 MeVic to a 
passing particle, is felt to be an adequate choice. 

The solid angle &q' follows to be 2 45 p,sr 
over the full momentum range. This result must be 
compared with the "intrinsic" value3 
AQ' = (2/3)(a/J) 2 , which is obtained from the 
condition that 3&,j = 6H = f2 a/i . It is achieved 
with a deflector length of 

We require a complete filling of the deflector 
under the most favorable conditions only, i.e., 
when p/(sp,) = mK/mP . 1' is then given by 

2 
'Kc "Kc q E (18) 

0 

whence 1' * 3.1 m in good agreement with the 
chosen value. Note that 1' from (18) is independ- 
ent of p. . 

The RF power requirements of a critically 
coupled RR deflector are found from (7) to be 
P = E; a/R . By applying well known scaling law~,~ 
the transverse shunt impedance of normal copper 
structures at room temperature and at the design 
frequency is typically R = 10 m/m , whence 

follows P = 15 MW. The theoretical improvement 
factors for superconducting lead surfaces at 1.25 
GHz were calculated and are listed in Table II. 
Improvement factors attainable in practice are 
hoped to be about lo5 when the structure is oper- 
ated at 2'K. This brings the RF power dissipated 
in each deflector to a 150 W level, if CW opera- 
tion is assumed. The entire power is dissipated 
in the structure and must be carried away by evap- 
oration of liquid helium. Pulsed operation with a 
duty factor of about l/3 will somewhat alleviate 
the refrigeration problem, but questions of filling 
time must then be considered. 

Table II. Theoretical improvement factors with 
superconducting lead at 1.25 GHz. 

T('K) I 

2.0° 1.9 x lo6 

4.2O 3.7 x lo4 

V. Conclusion 

In the preceding sections a design study for 
a superconducting RF beam separator was presented, 
and the principal parameters established are sum- 
marized in Table III. It may be concluded that a 
simple two-cavity system would be able to provide 
beams of kaons, pions and protons suitable for 
counter experiments. The high particle fluxes ex- 
pected after completion of the AGS Conversion will 
make purified beams a necessity and it appears 
that superconductivity provides the unique answer 
to this demand. However, it must be realized that, 
despite great progress, the problem of fabricating 
superconducting deflectors is at present not yet 
mastered, and considerable development work is 
expected. 

Table III. Principal parameters of superconducting 
RF beam separator. 

Design momentum, p. 11 GeV/c 
P, n beam 8.5 to 19 GeVic 
K beam 4.5 to 10 GeVic 
Design wavelength, h 24 cm 
Interdeflector spacing, L 33 m 
Solid angle at target, A!Z! 2 180 usr 
Beam hole diameter, 2a 9.6 cm 
Deflector length 3m 
Deflecting field, E, 7 W!m 
Shunt impedance, R (Cu, 273OK) 10 MA/m 
Circulating power, Pguide 15 MW 
Improvement factor, I 105 
Duty factor l/3 
Dissipated power at 2'K 2 x5ow 
Refrigerator input power 150 kW 
Unloaded quality factor, Q. 1.5 x 109 
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Fig. 1. Transverse interaction parameter and group 
velocity as fraction of beam hole radius. The 
results were obtained at h = 10.5 cm and cor- 
responding values at h = 24 cm may be ob- 
tained by using well-known scaling laws (R/Q 
c.r x-1; VP/C cc ho). 
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