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ABSTRACT 

The design of a separated antiproton beam for 0-50 GeV l c is sketched. It uti

lizes the dielectric-loaded waveguide separ-ator discussed by Sandweiss. i The beam 
5 6

has a momentum bite of ±i%, a solid angle of 5 X i 0 - sr, and yields about 5 X i 0
5

iilpulse at 20 GeV Ic and 5 X i0 iilpulse at 50 GeV Ic. An expensive AG.channel of 

quadrupoles is required to hold the beam together in the separator. 

I. NEED FOR HIGH INTENSITY 
2

H. Foelsche has designed an rf-separated beam for target-area 2 using three 

non-superconducting	 rf cavities operating in the 8 GHz (X -band ) region. The beam op
5 

erates between 20 and 40 GeV Ic and produces at most 2 X i0 antiprotons per pulse, 

using the full momentum bite of 2% (±i%). At low momentum the beam is limited by 

the solid angle of 5 X iO -6 sri at high momentum, the beam is limited by the rf cavity 

fields. The yield calculations assumed 3 X i Oi2 interacting protons per pulse on a 

tungsten target and seem to be consistent with the thermodynamic model predictions 

for lead. 3 

However, there are a number of good reasons for having, eventually, a sepa

rated ii beam with an order of magnitude more intensity. There are interesting low 

cross-section experiments with ii's which would be difficult to do in a finite time with 

the Foelsche beam. 4 A high-intensity ii beam would also be an excellent producer of 

a relatively clean n beam. 

This report explores the feasibility of gaining this factor of ten. It is distinctly 

a sketch, not a design, inasmuch as I have merely altered the critical elements of the 

Foelsche beam and then assumed that the rest of the beam would work with suitable 

small modifications. First, the solid angle has been increased by moving the initial 

triplet up as close to the target as necessary, thereby abandoning the target-area 2 

philosophy of numerous compatible beams. This beam is conceived of as a target

area 3 beam, although it might be compatible with one more beam looking at the same 

target. Secondly, the rf cavities have been replaced with the continuous-wave 
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dielectric-loaded waveguide developed by Dawson and Kustom and described in detail 
1

by Sandweiss this summer. Such a device, if it works, consumes far less power 

and removes the high-momentum limitations of the Foelsche beam. It also allows 

one to go to as Iowa momentum as desired. 

Front End 

For"standard" beam transport elements, I have assumed the same designs 

mentioned in SS-37 (1969), namely, quadrupoles with 8 kG/inch, 4in. inner diameter, 

10 it long, and 12 in. in overall width, and bending magnets with 20 kG, 10ft long, 

with a field region 3 in. by 4 in. By moving the first quadrupole up to 6.5 m from the 

target, a horizontal full-angle of 10 mrad is captured using only 8 ern of the 10 ern 

aperture of the quadrupole. Figure 1, which shows two possible layouts near the tar

get, indicates the possibilities for other beams looking at the same target. With a 

bending magnet immediately following the target, one could have beams at any angle 

on the other side, but not simultaneously operating. Alternately, one can have simul

taneously operating beams at 18 mrad or greater if the bending magnet is omitted and 

the P beam emerges at 5 mrad. (At 5 mrad, there is less than 200/0 loss of p intensity 

at 50 GeV l c, ) 

The first quadrupole forms part of a triplet (horizontally FDF) which if run 

symmetrically is only excited to 2/3 power at 50 GeV/c. Two bending magnets im

mediately following Q3 give a dispersion of 2 mm/% at the first focus, assuming again 

a symmetric triplet which gives a magnification of one. With a 1.6 mm target, this 

is not sufficient dispersion to make chromatic compensation and a sharp momentum 

cutoff at the first focus. One needs about twice as much dispersion at least which 

requires three bending magnets and a'ronger distance to the first focus. The details 

have not been worked out. 

The vertical full-angle transmitted by the triplet is 5 mrad, yielding a solid 

angle of 5 x 10 -5 sr. With a target of dimension 1 mm x 1.6 mrn, the horizontal and 

vertical emittances are 16 mm-mrad and 5 mm-mrad, respectively. 

Separator 

The three rf cavities of Foelsche's beam are replaced by 100 meters of a 

dielectric-loaded waveguide as described by Sandweiss. This device has an attenu

ation length of about 62 meters and a "good field" region of about 10 mm by 10 mm. 

At 10 GHz, the phase slips are given by: 

"''IT = 0.65 'IT L/p2 

2 
"'K=8.15'ITL/p (meters, GeV/c) 

'" = 29.4'ITL/p2
P 
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so that the ii-K phase slip is 0.85TT at 50 GeV/c and 5.3TT at 20 GeV/c. The phase 

slip at 50 GeV /c implies that at most 50% of the wanted particles can be separated 

from the unwanted particles. 

AG Quadrupole Channel 

In order to hold the beam within the 10 mm by 10 mm cavity for 100 meters, an 

AG channel is required. The transfer matrix from the center of a focusing quadrupole 

in the channel to the center of the next foc using quadrupole can be shown to be 

COS fL 
13 sin fL)

0M (1 ) 
ab . 

COSfL 
( 
-s~nfL 

For n such repeated sections, fL is replaced by n fl. In the thin lens limit, 

2D 2/2
COSfL 01 - L 

o ~ (1 + LD/2) 1/2 
13 D 1 - LD/2 

D 0 f1 
0 0.03 G l/p 

f 0 focal length (meters) 

G 0 gradient (kG/m) 

p = momentum (GeV/c) 

and Land 1 are defined in the following figure of the situation: 

I---L ----i 
0 010I FO~"5 I 1 <" 5 I 

a 

The emittance of such a system can be shown to be: 

2
TTa

E 

where a is the half-width of the channel, in our case,S mm in the horizontal plane. 

The maximum angle of a particle in the channel is then a/l3. 
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To transmit a horizontal emittance of 16 mm-mrad then requires that 13 = 5 

meters. Assuming conventional quadrupoles with a 4 ern diameter bore, 15 kG pole

tips, operating at 50 GeV I c, one then finds only unphysical solutions to Eqs. (3) and 

(4), in which 1 > L. Furthermore, the thin lens approximation is no longer valid. 

Therefore exact calculations of 13 were made, with the reasonable constraint that 

there be one meter at least separating adjacent magnets. The most economical solu

tion yields 1 = 1.2 meters and gives 13 = 5 m at 20 GeV Ic and 13 =8.4 m at 50 GeV Ic. 

'I'his implies around 45 magnets of length 1.2 meters. The full solid angle of the 

from end of the beam can be transmitted at 20 GeV Ic but only 36% of the solid angle 

at 50 GeV Ic. (The transmission is proportional to 13 
2 

since both vertical and hori

zontal planes lose intensity. ) 

Vertical Plane 

Separation of wanted and unwanted particles is done in the vertical plane in the 

channel. One cannot fill tr.e vertical phase space at the entrance to the channel since 

room must be allowed for the added electric deflection of the wanted particles. Sup

pose the unwanted particle s have a phase slip of 21T or' greater so that they receive no 

net electric deflection. Let the maximum electric deflection of the wanted particle be 

D Let the initial maximum angle of the beam be YO' Then at the end of the chan
m ax
 

nel, at a point where the unwanted particles have returned to their original phase
 

space, the wanted particles are spread over all angles up to yo + D The situation 
m ax'
 

is illustrated in the foHowing phase space diagram:
 

y' y' 

Before 
Separator 

y 

The intensity distribution of the wanted particles can be calculated analytically. The
 

maximum number of wanted particles are purified if one chooses:
 

yo = 0.3 y:nax 

Dm ax = 2 YO' 
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The fraction of the wanted particles which are separated is then about 500/0. 

In the above, it was assumed that one has a much bigger potential phase space 

before the separator than the above result, and that number of wanted particles going 

into the separator is therefore proportional to the value of y~ chosen. Aberrations 

have thus far been neglected. Values of some of the parameters resulting from the 

above calculations are given in the following table. 

p j3 Yo Dm ax PI = DmaxP E y Ex 60eff 
(GeV/c) (meters) _( m r a2.L- (MeV/c) (mm-mrad) ( sr ) 

~10-520 5.0 0.28 0.56 11.0 2.5 16.0 

50 8.4 0.17 0.34 17.0 0.7 9.5 0.45Xl0-5 

In the table, the vertical plane emittance, E ' is for separated, wanted particles. At 
y 

50 GeV /c, it includes not only the 500/0 stopper loss mentioned immediately above but 

also another factor of two loss since the unwanted particles also suffer a net electric 

deflection at the higher momenta. The effective solid angle at the target, M1 eff' 

includes all these factors. 

Power Consumption 

From Sandweiss, the transverse impulse given the particles (in MeV / c) is given 
1/2

by PI = 0.227 (P/250) ,where P is the power density in kW per meter, which 

leads to 135 kW total at 50 GeV /c. However, the 100-meter length would probably 

have to be fed three times, because of attenuation, so this estimate increases to 

400 kW. With conventional rf cavities, by way of contrast it takes 15 megawatts to 

obtain the same deflection in three rf cavities of seven meters length. 

Aberrations 

The chromatic aberrations in the AG channel have been calculated. At ±1% in 

momentum, the unwanted particles extend out to an angle of at most twice the initial 

maximum angle; that is, for complete removal of unwanted particles, one must con

sider the unwanted particle phase space doubled which would require another factor of 

two or three loss of intensity of separated, wanted particles. However, the intensity 

of unwanted particles is quite low at these edges. Secondly, chromatic compensation 

is possible at the first horizontal focus and is cheap to execute compared with the rest 

of the beam. 

Yields 
2

Yield calculations are based on the curves of Awschalom and White for lead. 
12 6

With 3 x 10 interacting protons, the yield ranges from 8 X 10 antiprotons at 20 
6

GeV/c to 0.6 x 10 antiprotons at 50 GeV/c. Inasmuch as the transmission through 
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the channel was assumed to be free of aberrations and no other losses in the beam 

were calculated, these yields are the most optimistic possible. Experience would 

suggest that a factor of two further loss from miaccllancous effects is realistic; this 

curve is also shown. The lowest curve on the graph is the intensity of the Foelsche 

beam assuming a momentum bite of ± 1%, a fundamental stopper loss of 50% and 

another 50% loss necessary to overcome chromatic aberration. 

Costs 

The special costs of this beam are the dielectric-loaded waveguide and its power 

source and the 45 quadrupoles necessary for the AG channel. Unconfirmed, hearsay 

extimates gathered at Aspen indicate that the AG channel magnets would cost around 

$300,000 and the rf tubes and power supplies (400 kW) about $200,000. The waveguide 

cost is impossible to estimate since a working model has never been tested in a beam. 

Nonetheless, 5andweiss guesses that the cost would be in the region of $100,000. The 

remainder of the beam would, I assume, cost the same as the Foelsche beam. This 

assumes that the parts of the beam which 1 have not reexamined handle the extra 

phase space without the addition of many magnets. 

It should be pointed out the cost of the AG quadrupole channel should really be 

counted as part of the cost of this new separator, as any beam using the separator 

will require such a channel. The problem which is unique to this device, and does 

not occur for conventional rf cavitie s, is that of keeping the beam in a 10 mm by 

10 mm hole for a full 100 meters. 

Further Thoughts 

The choice of using 100 continuous meters of separator was an arbitrary one 

and is clearly not optimum. As suggested by Sandwe i s s, at high energies one should 

revert to using several units separated by drift spaces in which the phase slip between 

wanted and unwanted. particles develops. In the beam sketched in this paper, the sep

arator need be only half as long at 20 GeV l e, with a resultant savings in power and 

the AG channel. At 50 GeV l c , however, a factor of two in intensity is lost because 

the phase slip is not yet 2". At both 20 and 50 GeV Ic the separator is not limited by 

the electric field limits but by the maximum deflection which can be contained in the 

phase space limit. These ideas should be explored in detail if the separator works as well 

as is hoped. 
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Fig. 2. Yields of separated antiprotons as a function of momentum. Based on the 

production rates of Ref. 2 for lead, 3 XiO i 2 interacting protons. and a momentum 
bite of ±io/,. 
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