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ABSTRACT 

The Report gives a full description of an Antiproton Collector Ring 
which, placed around the existing Antiproton Accumulator at CERN, would 
enhance the antiproton flux available to both the SPS and LEAR by a 
factor of ten. The new ring and the focusing devices which precede it 
are designed to accept a much larger fraction of the antiproton produc
tion cone from the target. Each pulse of particles will be pre-cooled 
before being fed to the Antiproton Accumulator, where improved stochas
tic cooling systems will build up the stack. A full list of parameters 
is included. 
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There is a tide in the affairs of men, 
Which, taken at the flood, leads on to fortune; 
Omitted, all the voyage of their life 
Is bound in shallows and in miseries, 
On such a full sea are we now afloat, 
And we must take the current when it serves, 
Or lose our ventures. 

Julius Caesar, IV.iii 



- Vil -

CONTENTS 
Page 

FOREWORD v 

1. INTRODUCTION 1 

2. AC RING 2 
2.1 Lattice 2 
2.2 Non-linear dynamics 6 
2.3 Main magnet system 8 
2.4 The vacuum system 12 

3. RF SYSTEM 13 
3.1 Choice of rf frequency and circumference 13 
3.2 Bunch rotation and debunching 14 
3.3 Rebunching 16 
3.4 RF cavities 18 

4. ANTIPROTON PRODUCTION, INJECTION AND TRANSFER 19 
4.1 General description 19 
4.2 Lithium lenses 21 
4.3 Conducting target 22 
4.4 Antiproton production 23 
4.5 Injection and ejection transfer lines 26 
4.6 Injection into the Collector ring 28 
4.7 Extraction from the Collector ring 28 
4.8 Injection into the Antiproton Accumulator ring 29 

5. STOCHASTIC COOLING SYSTEM 30 
5.1 Introduction 30 
5.2 Betatron cooling 30 
5.3 Momentum cooling 31 
5.4 Stochastic cooling systems 33 

6. MODIFICATIONS OF AA COOLING SYSTEMS 38 
6.1 General description 38 
6.2 Stacking system design 39 
6.3 Hardware details 40 



- v i n -

7. INSTRUMENTATION AND CONTROLS 41 
7.1 Beam instrumentation 41 
7.2 Antiproton yield diagnostics 42 
7.3 Controls 43 

8. LAYOUT, BUILDINGS AND UTILITIES 43 
8.1 Site 43 
8.2 Buildings 44 
8.3 Electricity supplies 45 
8.4 Water cooling system 47 
8.5 Radiation shielding 47 

REFERENCES 52 

APPENDIX: PARAMETER LIST 53 



1. INTRODUCTION 
In 1978, the Antiproton Accumulator Project, AA, was approved on the basis of a design 

report 1 - 1 published in January of that year. The construction of the ring and its first ope
ration within two years of approval has been widely acclaimed a bold step, based as it was 
on the technique of stochastic cooling, then in its infancy. In the light of the remarkable 
success of the pp physics at the SPS collider we now propose an addition to CERN's unique 
facility, to make available ten times the present throughput of antiprotons to the combined 
antiproton physics community of the SPS collider and LEAR. The present daily production and 
accumulation rate of 1 0 1 1 antiprotons is insufficient to satisfy the needs of both these 
groups of users, each of which numbers 250 physicists. 

In December 1982 a Workshop, The Antiproton Collector Study 1" 2, was organized at CERN 
to see if, given the existing AA facilities of CERN plus an additional collector ring, we 
could gain at least a factor 10 in accumulation rate. The conclusions of this Workshop con
cerning the Collector, or AC as it is called, were very positive. The project was feasible, 
compatible both with the needs of SPS and with LEAR and valuable in the eyes of both groups 
of users in making possible a second generation of p physics at CERN. 

Encouraged by these findings, a Study Group was formed to prepare a detailed design 
study and to initiate research and development studies to ensure that the technology, parti
cularly in the realm of production targets and cooling systems, was equal to the challenge 
of the new Collector. At the same time methods of upgrading the AA cooling rate to handle 
the greater flux were studied. 

During the study, many sites were considered between PS and AA which would have made 
the construction and installation independent of the operation of the AA until the very last 
moment. However, the most economic site in terms of capital cost is that in which the AC 
fits tightly around the AA in its existing hall. This design report proposes an AC in the AA 
hall. Obviously, this choice implies careful planning and a reasonably lengthy shutdown for 
final installation, about two and a half years after the project approval date. Installation 
would need a minimum of nine months free access to the AA hall. Running in of the AA/AC com
plex could take as long as three to six months, so that antiprotons can be made available 
for physics again about three and a half years after project approval. 

The proposed Collector makes use of improved focusing systems. A current carrying 
target and a lithium lens, will direct a larger production cone of p's to the new ring. The 
Collector, designed with a much tighter strong focusing lattice than the AA, should collect 
four times as many antiprotons in transverse phase space as the AA. In the longitudinal 
plane, rf bunch rotation and adiabatic debunching of the five short bursts of antiprotons 
injected, allows an energy spread four times that of the AA to be collected. This enhances 
flux by a further factor of four. Following bunch rotation and debunching, longitudinal and 
transverse cooling systems will squeeze the six dimensional phase space of the Collector's 
beam into a volume which is small enough to be injected directly into the tail of the AA 
stack. This is made possible by using new high-frequency, high-power cooling systems which 
handle a much higher flux in a given time. Thus, instead of the two functions of the present 
AA, precooling and stack cooling, going on in the same vacuum chamber, the precooling will 
be performed in the much more effective Collector leaving the AA free to accumulate a higher 
flux. 
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The design aim of the AC is the collection of 1 0 8 antiprotons per pulse of 1 0 1 3 protons 
every 2.4 seconds. Allowing for an overall inefficiency of 50% between p's injected into the 
AC and p's accumulated into the AA stack, this yields an accumulation rate of 1.8 x 1 0 1 2 p's 
per day. This assumes that all available protons from the PS are dedicated to p production. 
Something that is rarely the case in present day operation. Nevertheless, with the achie
vement of the design aim it is reasonable to expect an accumulation rate of 1 0 1 2 p's a day, 
i.e. a good factor of ten gain in average daily accumulation rate. 

The chapters which follow represent a detailed study and optimization of the design 
carried out in the PS Division and with invaluable and substantial help both from other CERN 
Divisions and from outside CERN. 

2. AC RING 

2.1 The Lattice 

2.1.1 The Circumference 
The circumference of the AC is larger than that of the AA so that it fits around the AA 

at the same level and within the existing building (Fig. 2.1). The exact ratio of the cir
cumferences is chosen to allow the five bunches from the target to be rotated in the sixth 
harmonic rf system of the AC. 

2.1.2 IheFgçusingStruçture 
The lattice of the AC, like that of the AA, is of separated function type and F0D0 con

figuration. The focusing structure is a regular pattern of 56 quadrupoles, interspersed ei
ther by bending magnets or straight sections. The quadrupoles all have the same nominal 

Fig. 2.1 The new AC ring around the old AA 
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strength but are connected in three circuits which allow separate control of horizontally 
focusing and defocusing lenses plus a focusing trim which is to adjust dispersion. Some of 
the quadrupoles, placed where the dispersion function broadens the beam are of wide aper
ture, others are of a narrow aperture type. The wide and narrow types are not exclusively 
focusing or defocusing in their rôle so that each circuit will contain quadrupoles of both 
kinds and their integrated gradients must, therefore, be shimmed to match at the same 
current. 

2.1.3 The Long Straight Sections 
There are two superperiods, each with reflection symmetry about their mid-point. 

Originally the design was a simple racetrack but in order to fit it in the AA Hall it was 
necessary to make the figure more nearly a square. The 24 straight sections which form the 
sides of the square have almost zero dispersion, a condition achieved by first choosing the 
phase advance per period and then adjusting the quadrupole spacing in the two kinds of long 
straight sections. All 24 are reserved for cooling systems except those numbered 53 to 56 
which are for injection and ejection. 

2.1.4 Geometrica^Constraints 
The geometrical constraint of fitting snugly around the AA and within the building was 

satisfied by introducing further straight sections in the arcs. Although there is dispersion 
in these regions, the space can be put to good use for rf cavities, for the ejection kickers 
and for diagnostic devices. Another geometrical constraint was to centre straight section 53 
on the existing AA injection line. This will make it possible to inject and eject from the 
AC without too much modification of the existing layout. 

The present lattice is one of a number of patterns which satisfied all obvious cons
traints. Improvements continue and the one shown is merely a snapshot of development con
sistent with the rest of this report. 

2.1.5 TheOptics 
The AC lattice has more than twice as many periods as the AA, 28 compared with 12. The 

principal reason for this is to reduce the betatron functions drastically and hence to make 
it possible to accept 200n mm.mradians compared with the lOOumm.mrad of the AA. In spite of 
this larger acceptance, the apertures must be small to be commensurate with the dimensions 
of high frequency cooling systems. 

The large number of periods leads naturally to a higher Q, 5.42, compared with 2.26 for 
the AA but this has the convenient feature that it raises the y transition to 4.89, above 
the y = 3.94 of the 3.5 GeV/c antiprotons, and by just enough to give: 

il = i_ - _ L = 0.0225 . 
2 2 

Y Ytr 

This value is small enough to avoid overlapping of the Schottky bands within the band 
width of the AC'S high frequency cooling system. Table 2.1 summarizes the lattice parameters 
and Figures 2.2 and 2.3 show the beta functions and beam sizes for the design emittances. 
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Table 2.1 - Lat t ice and Orbit Parameters 

Nominal momentum 3.5752 GeV/c 
Nominal bending field 1.6 T 
Magnetic rigidity 11.9256 T/m 
Magnetic bending radius 7.453 m 
Bending angle 261.80 mrad 
Mean radius 29.035 m 
Major semi-axis 30.127 m 
Minor semi-axis 23.179 m 
Quadrupole gradient for F 5.82 T/m 
Quadrupole gradient for D - 6.09 T/m 
Quadrupole gradient for F x 7.02 T/m 
Magnetic length of quadrupoles 0.7 m 
Magnetic length of bending magnets 1.9513 m 
Length of gap between magnet ends 0.4 m 
Mean period length -6.9 m 
Structure of a period F0D0 
Number of periods 28 
Number of superperiods 2 
Gamma transition 4.887 
Nominal working point Q H, Q v 5.42, 5.43 
Phase advance per period -70 deg 
Maximum &, 17.03 m 
Maximum &. 12.63 m 
Minimum Pu 1.784 m 
Minimum R. 2.652 m 
Maximum of dispersion function 3.948 m 

4.40 180 

! 
D(m) 
3.52 1 M 

2.64 K» 

1.76 72 

88 36 . 

Jo.oo 

u-thO11—ndthjCP—IJOP-TT* 

0. 5. 10. 15. 20. 25. 30. 35. 40. 45. 50. 
m — » 

Fig. 2.2 Lattice functions F i g . 2.3 Beam s ize 
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2.1.6 Apertures 

As in the AA, there is a large disparity between the aperture requirements in the long 

straight sections where dispersion is zero and in the arcs where it reaches 3.9 m. For a 

momentum acceptance of ±3% before bunch rotation this difference represents 23 cm of extra 

aperture. We have introduced two kinds of quadrupole, wide and narrow, to cover this range 

of beam widths. 

Experience with the AA has shown that closed orbit distortions of a few imi are not un

common and that one cannot expect to fill the last few mm of vacuum chamber, especially when 

it is rectangular. We have therefore added a 20% margin to the transverse emittances in cal

culating beam dimensions and a further i5 mm horizontally and vertically for uncorrected 

orbit distortion scaled according to root beta. Figures 2.4, 2.5 and 2.6 show the variation 
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of beam size for this beam in the dipole and in the quadrupoles. The points refer to the ex
tremity of the beam numbered as in Fig. 2.1. 

Because straight-section space is very limited, the beam position sensors will be pla
ced inside the quadrupole vacuum chambers, and consequently the inscribed radii of the qua
drupoles are larger than they would otherwise have been. 

2.2 Non-Linear Dynamics 

2.2.1 Chromâticity 
The chromaticity of the AC should ideally be zero over the injected momentum acceptance 

of ±3%. Calculations of the uncorrected chromaticity taking into account the sextupolar 
effect of the fields between magnets give: 

Q^ = - 10.5 

Q v = - 3.6 

The AC lattice is much more densely packed with focusing elements than that of the AA 
and its dispersion function and betas are small in order to achieve a high acceptance. It is 
therefore necessary to use much stronger sextupolar fields to correct Q' than in the AA 
ring. Every means at our disposal must be used to correct the chromaticity including shims 
on the dipole ends, sextupole components in the profile of the quadrupoles and special sex
tupole magnets. There is also a significant sextupole component where the fringe fields of 
dipole and quadrupole mix at an angle. Fortunately this helps correct the chromaticity. 
Table 2.2 gives the strengths of these various sextupole families while Fig. 2.7 shows their 
distribution. 

Table 2.2 - Sextupole Components 

(B"X)/Bp) m " 2 

Sextupole in dipoles { SHB 
SVB 

- 0.15 
0.15 

Sextupole in quadrupoles { SHQ 
SVQ 

- 0.2791 
0.2667 

Sextupole due to end fields SVE 0.1 

Special sextupoles { SHM 
SVM 

- 0.15 
0.15 

2.2.2 Tracking_Particl_es 
The computer program PATRICIA has been used extensively to arrive at this sextupole 

pattern and to trace particles over hundreds of turns with amplitudes at the limit of the 
nominal acceptance in all three phase planes. Apart from a certain amount of "flutter" in 
the betatron motion of these particles, no undesirable non-linear resonances are seen provi-
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Fig. 2.7 Sextupole distribution in one quadrant 

ded the working point is correctly chosen. We hope that by adjustments to sextupole 
distributions with the program HARMON, even this flutter will be removed. 

As a further cross check, the program RACETRACK, developed at DESY, was used to track 
particles. A selection of 16 particles were tracked for 100 turns from starting locations on 
the boundary of the theoretical beam emittance. A preliminary optimization established a 
working point Q H = 5.41 and Q„ = 5.44 where the stable amplitude was largest. Figure 2.8 
shows the boundary of stability in the region within which particles survived the 100 turns. 
Outside this region they hit the walls of the machine defined in the same way as magnet 
aperture (§ 2.1.6). Removing the walls in the simulation gave a much larger stable area. 
Also shown is the rectangle representing the design acceptance of 200u mm.mrad. We interpret 
this figure as follows. Particles are in general stable within the design emittances but 
those with a large amplitude flutter by ±10%. In the case of particles with simultaneously 
large horizontal and vertical betatron amplitude this flutter or coupled beating of the el
liptical trajectory is large enough to provoke an encounter with the wall. 

This flutter phenomenon causes a small rounding off of the acceptance which is seen 
also in the AA. In the AC we have added a more generous aperture safety factor than in the 
AA to allow for this. 

Studies continue since we are aware that the above results are a necessary condition 
but not a guarantee of perfect optics. 

60 

40 

20 . 
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aperture stops. 
100revolutions x 16 particles 
A [mm] is betatron amplitude 

Theoretical dimensions of 
nominal emittance beam. 
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40 

Fig. 2.8 
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2.3 Main Magnet System 
The lattice design for the antiproton collector, to be sited in the AA Hall, includes 

24 dipoles and 56 quadrupoles. Although these magnets are somewhat smaller than those in the 
AA ring, the design and construction philosophy is very similar to that employed on the 
larger magnets 2 - 1. The cores will consist of low carbon laminated steel, stacked and 
compressed between thick end plates. Energizing coils are water-cooled copper, insulated 
with glass or glass-mica tape and vacuum impregnated with epoxy resin. 

2.3.1 Dipoles 
The effective length of the dipoles is 1.95 m and the required field is 1.6 T. Since 

the sagitta is only ±32 mm, it was considered worthwhile to widen the pole by this amount 
and thus avoid the expense and complication of having a curved magnet and coils. In order to 
maximize straight-section space the coils will have bent-up ends. The extra cost of this is 
compensated by the fact that the coils can now be placed on the magnets' median plane, with 
a consequent saving in magnet steel (see Fig. 2.9). 

Figure 2.4 shows the beam size in each of the 6 dipoles belonging to a quarter of the 
machine. Non-linear two-dimensional calculations, using the magnet code PE2D, were employed 
to determine the pole profile for a field quality of about 1 in 101*. The field in the return 
yokes is 1.6 T, at which level the mmf drop is expected to be ~1.4 %. Three-dimensional ana
lysis of the end field will be done later, as an aid to the fitting of shims which will pro
duce the required sextupole components. 

Table 2.3 gives the main parameters of the dipoles. 
1860mm 

I I 1 I 

Fig . 2.9 AC dipole 

2.3.2 Quadrupoles 
There are 56 quadrupoles in the AC lattice, half are horizontally focusing (F) and the 

other half defocusing (D). For economic reasons two different types of quadrupole will be 
used: wide (QW) and narrow (QN). 

Figures 2.10 and 2.11 show QW and QN respectively, with their parameters being given in 
Table 2.5. 
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Table 2.3 

Dipole 

Number 24 

Bending angle 261.80 mrad 

Field 1.6 T 

Effective length 1.9513 m 
Field * effective length 3.12 T.m 

Bending radius 7.453 m 
Core length 1.890 m 

Gap height 132 mm 
Overall length 2280 mm 

Overall width 1860 mm 
Overall height 1084 mm 

Good field width ± 186 mm 
Good field height ± 57 mm 

Nominal current 1838 A 

Nominal power 72 kW 

Coil 1 (2 off) Coil 2 (1 off) 

Number of turns 42 12 
Conductor sections 24 x 24 28 x 19 mm2 

Current density 3.54 3. 72 A/mm 2 

Hole diameter 8.3 7 mm 
Average length/turn 6.5 5. 7 m 

Temp, rise 20 20 °C 
Pressure drop 10.3 9. 2 bar 
Water flow/coil 22.8 6 Xjm 

Resistance/coil 9.5 2. 5 mû 
Copper weight 2.611 t 

Steel weight 24.75 t 
Total water flow 74.3 m 3/n 

Total power 1.73 MW 

Table 2.4 - Quadrupole Inventory 

Quadrupoles D 

Gradient 
(T/m) 

Size (wide 
or narrow) Number 

Quadrupoles D 6.08 W 8 
6.08 N 20 

Quadrupoles F 5.81 N 16 

7.02 W 12 
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f^ 

ft 

^ ==q^s ^—l a? 
Fig. 2.10 AC wide quadrupole (QW) 

Fig. 2.11 AC narrow quadrupole (QN) 650mm 

It is proposed to have just two main quadrupole power circuits (F and D), Table 2.4. 
Since each circuit contains both quadrupole types with different internal bore diameters, 
the diameters and turns/pole have been adjusted so that a given current will produce the 
same gradient in both the QW and the QN. Any small difference between the gradient-length 
integrals of the two types can be accommodated either by the use of end shims or by current 
shunting. 

In the F circuit two different gradients are required, and it is therefore proposed to 
have an additional trim power supply to feed the appropriate current into the 12 QWs. 

Two-dimensional calculations have confirmed the field quality required for both types 
of quadrupoles (Ag/g ~ 10" 3); future 3-D computations will allow end effects to be accommod
ated in the lamination profiling. Because of the relatively large length-to-aperture ratio 
of these magnets, end effects will be much smaller than for the AA quadrupoles, but a sextu-
pole term will again be included so that there will be a left-right assymmetry. Provision 
will be made for shimming the quadrupole ends so that higher-order field components may be 
incorporated at the measurement stage. 
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Table 2.5 

QW QN 
Number 20 36 
Gradient (D) 6.08 6.08 T/m 
Gradient (Fl) 5.81 T/m 
Gradient (F2) 7.02 T/m 
Eff. length 700 700 mm 
Core length 600 620 mm 
Inscribed circle radius 132 98.40 mm 
Overall length 820 840 mm 
Overall width 1280 760 mm 
Good field width ± 174 ± 82 mm 
Good field height ± 63 ±63 mm 
Nominal current (D) 1640 1640 A 
Nominal current (F) 1893 1568 A 
Nominal current ( F J R J M ) 325 A 
Nominal power 35.5 20.1 kW 
Nominal power F w 47.4 18.4 kW 
Turns/pole 27 15 
Conductor cross-section 20 x 17.0 20 x 15.6 mm2 

Current density 6.34 5.68 A / m m 2 

Coolant hole diameter 7 5 mm 
Average length/turn 2.04 2.0 m 
Temp, rise per coil 20 20 °C 
Pressure drop per coi1 10 10 bar 
Temper, rise per coil F w 27 °C 
Water flow per coil 6.3 3.6 Xjm 

Water flow per quadrupole 25.1 14.4 J!/m 
Resistance per quadrupole 13.2 7.47 mQ 
Copper weight 0.59 0.31 t 
Steel weight 5 1.4 t 
Inductance 30 5.4 mH 
Total power 1.549 MM 
Total water flow 61 m 3 / h 

2.3.3 Sgeçia^Magnets 

Solutions to the problems of in jec t ion and extract ion are possible with the aid of a 
modified dipole and eight special quadrupoles. The dipole w i l l be altered to allow passage 
of the incoming beam through the i ron yoke.The special quadrupoles are half-quadrupoles -
that i s , two poles of a QW with a mirror plate to take the return f l u x . Although only two of 
these are required for in jec t ion /ex t rac t ion purposes, pairs w i l l be inserted into each 
quadrant of the l a t t i ce in order to maintain symmetry. The special quadrupoles w i l l bend as 
well as focus the c i rcu la t ing beam, and allowance for th i s has been made in the geometry of 
the r ing and in the opt ics . 
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2.3.4 PowerDissigation 

Table 2.6 below gives the de ta i l s . 

Table 2.6 

Number Nominal power 
(kW) Total 

Dipoles 
Quadrupoles (D) w 

Quadrupoles (D) N 

Quadrupoles (F) w 

Quadrupoles (F) N 

TOTAL (kW) 

24 
8 
20 
12 
16 

72 
35.5 
20.1 
47.4 
18.4 

1728 
284 
402 
568.8 
294.4 

Dipoles 
Quadrupoles (D) w 

Quadrupoles (D) N 

Quadrupoles (F) w 

Quadrupoles (F) N 

TOTAL (kW) 3277.2 

The total power dissipation is "3.5 Mw. 

2.3.5 PowerSupplies 
Four power supplies will be necessary for the ring magnets (Table 2.7). Further 

supplies will be necessary for the injection/extraction systems. The required precision is 
AI/I = 10" \ 

Table 2.7 

Current 
(A) 

Voltage 
(V) 

Power 
(kw) 

Dipoles (BHZ) 1838 940 1728 
Quadrupoles (QDE) 1640 418 686 
Quadrupoles (QFO) 1568 488 765 
Trim Quad (QFT) 325 300 97.5 

2.4 The Vacuum System 
The vacuum requirements for the AC are not very stringent. The 1 0 8 particles of momen

tum 3.5 GeV/c have to survive for no more than a few seconds and are in addition being 
cooled. 

The engineering specification should aim at a vacuum system that is relatively cheap to 
construct and almost maintenance free. This means a stainless-steel chamber with metallic 
sealed flanges and an evacuation system based on sputter pumps. The roughing stations need 
to be oil-free and connected with the simplest manually operated valves. The exact details 



- 13 -

of the final system will depend primarily on economic considerations but experience at CERN 
shows that a pressure of about 1 x 10" 8 Torr after a few days of evacuation is almost un
avoidable if the system is optimally designed for operation with a minimum of personnel. 
This can be achieved without bake-out as long as components are carefully pre-treated so 
that on average the outgassing rate is in the range of 10" 1 2 Torr A.s - 1.cm" 2. 

An unbaked vacuum system operating at 1 x 10" 8will usually have a gas composition of 
about 50% water vapour with the rest mostly hydrogen. Given this type of vacuum the calcul
ations show that multiple Coulomb scattering on the residual gas molecules is the only sub
stantial heating phenomenon leading to a rate of 10"1* s" 1. The largest loss rate is due to 
single nuclear scattering on the residual gas and should be less than 3.2 x l o - 6 s _ 1 . The 
effect of neutralization is non-existent e.g.: a fully neutralized beam of 1 x 1 0 8 p, after 
cooling to a few it x i o - 6 mrad, can lead to an equivalent ion pressure in the beam of 3 x 
10" 1 1* Torr. The incoherent Q shift due to such fully neutralizing ions amounts to about 
10" 6, which is negligible. Thus, all the usual calculations indicate that a pressure of 
10~ 8, dictated by operational aspects, is generously sufficient. 

The vacuum chambers are large in cross-section so that high speed pumps can be used. 
About twenty-five 400 A/s ion pumps and six 500 l/s turbopumps may be needed. Turbopumps are 
not absolutely necessary and sorption pumps may suffice. 

The AC vacuum system should, of course, be free of leaks in the normal sense but care 
should also be taken to shield all feedthroughs and ports such that electromagnetic radia
tion can neither leak in nor out. In this way interference between cooling systems can be 
minimized. At the same time the inside of the tanks and chambers should wherever possible be 
lined with electromagnetically lossy material to minimize the propagation of unwanted wave
guide modes. Furthermore and for the same reasons, any structures inside the vacuum system 
should also be designed such as to be decoupled from the beam and not re-radiate electromag
netically. 

3. RF SYSTEM 
The Collector will have two rf systems, one to rotate the incoming bunches of. anti-

protons and reduce their momentum spread, and a second to bunch the cooled antiprotons into 
a length which fits the smaller AA machine. 

3.1 Choice of RF Frequency and Circumference 
The antiprotons entering the AC have the same time structure as the five proton bunches 

which produce them at the target. The parent bunches arrive at an interval which is the re
ciprocal rf frequency of the PS at 26 GeV/c, i.e., 9.53686 MHz. Their antiproton progeny are 
spaced in distance by this interval multiplied by their relativistic velocity, pc, which, at 
3.5752 GeV/c, is 0.9672 c. The momentum is that of the AA injection orbit onto which the p's 
are destined to fall after leaving the AC. We have chosen to make the AC circumference about 
16X larger than the AA for the reason mentioned in Section 2.1.1. To define the circumfe
rence more precisely we make its central orbit exactly six times this incoming bunch spacing 
so that the harmonic number of the rf is 6. 
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C A C = ftL h = 182.4329 m 
frf PS 

Of course only five of the six bunch locations will be filled with antiprotons but this 
allows the injection kickers to be designed with a more economic fall time which may be as 
long as the passage of the empty bunch. 

3.2 Bunch Rotation and Debunching 

3.2.1 General Description 
The first task of the Collector is to use rf gymnastics to reduce the wide momentum 

bite of antiprotons in the incoming bunch (± 33!) by a factor 4, such that longitudinal cool
ing systems can take over to perform the precooling presently performed in the AA. In this 
manipulation use is made of the fact that the PS bunch is rather short compared to its 105 
ns spacing. The bunch is injected into a waiting bucket and rotates in the longitudinal 
phase plane (Fig. 3.1) in a quarter of a synchrotron period until it extends over a larger 
fraction of the circumference but a smaller momentum bite. 

The rf voltage is then reduced rapidly until the bucket matches the rotated bunch 3" 1. A 
further adiabatic reduction to zero will debunch the beam completely. 
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3.2.2 Potential_Limits_of_the_Process 
A number of effects that tend to cause dilution of phase-space density during this 

process have been examined in detail. The results are briefly summarized here. 
a) During bunch rotation, particles with a large momentum deviation will rotate more slow
ly than the average particle due to the non-linearity of the sinusoidal rf waveshape. The 
resulting deformed bunch after rotation cannot be matched perfectly. With the rf 
voltage proposed (1.3 MV ) the bunch length after rotation will be half the bucket 
length and this effect will be small (Fig. 3.1). 
b) The rate of rotation also depends on momentum because of the non-linear lattice proper
ties. With the lattice proposed here, this effect is less than ±2%. 
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c) A slight additional distortion is caused by the finite fall-time of the cavity voltage. 

d) In any case, the injected particles occupy a rectangle in phase space; even after an 

ideal rotation such a rectangle cannot be properly matched to the bucket trajectories. With 

an optimum choice of matching voltage, this effect can be minimized. In fact, a matching 

trajectory can be found that has the same area as the rectangle and encloses 96% of the 

particles. This is so because the PS produces parabolic bunches (vs. time) to start with, so 

that the coçners of the rectangle are not densely populated. 

e) Some particles (a few %) will be lost during rotation because their momentum will ex

ceed the vacuum chamber acceptance. 

f) Some dilution may be caused during the adiabatic debunching. This may easily be avoided 

by choosing a long enough debunching time (< 10 ms). 

g) The rf voltage at the final turn-off should be low enough not to cause much dilution 

(~2 kV ). 
v p' 

h) A 20% dilution resulting from one empty bucket out of six is unavoidable; a first-

harmonic system could reduce this, but would be far too expensive (50-100 kV required). 

None of these effects except e) will cause any loss of particles; the only consequence 

is the appearance of low-density tails at the edges of the final momentum distribution. The 

subsequent momentum cooling is mainly power-limited; not much extra power is required by 

these tails and most of the particles in the tails will end up inside the final momentum 

spread of 2°/oo after the cooling process. 

3.2.3 Parameters_and_Perfgrmançe 

The momentum spread after debunching will depend on the PS bunch length. This depends 

on intensity (through instabilities at transition) and on the scheme used for combining the 

booster output into 5 bunches. Two possibilities exist. One scheme uses the rf dipole kicker 

proposed by Nassibian 3 - 2 to combine two rings at 800 MeV. In addition, the present scheme of 

combination at 26 GeV might be used. From reference 3-3 (assuming certain improvements) we 

get the results of Table 3.1. 

Table 3.1 

Bunch combination 
energy In tens i ty Bunch 

length 
Potential reduction 
of momentum spread 

Final Zp/p 
( f u l l width) 

800 MeV • 1 x i o 1 3 14 ns 0.133 0.80% 

800 MeV 1.5 x i o 1 3 17 ns 0.162 0.97% 

26 GeV 1.5 x 1 0 1 3 25 ns 0.238 1.43% 

26 GeV 2 x 1 0 1 3 30 ns 0.286 1.72% 

For the cooling design (§ 5) an initial ùp/p of 1.5% is foreseen. The best compromise 

between intensity and momentum spread will have to be established experimentally. 
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Table 3.2 summarizes the most important rf parameters. Figure 3.2 shows a practical 
voltage program. 

Table 3.2 

Voltage, rotation 1.32 MV p 
Bucket/bunch height 1.41 
Harmonic number 6 
Frequency 9.537 MHz 
Rotation time 60.5 ps 
Revolutions during rotation 96 
Matching voltage 
(for initial bunch length of 25 ns) 297 kV„ P 
Debunching time 10 ms 

.5-.4-.3-.2-.1 0 1 2 3 4 5 6 7 8 9 10 H|ns) 

F i g . 3.2 T y p i c a l v o l t a g e program 

3.3 Rebunching 
To obtain a practically loss and dilution-free transfer of the pre-cooled beam from the 

AC to the smaller AA while providing reasonable gaps for the AC and AA kickers a rebunching 
rf system with harmonic number one is provided. This system also serves to manipulate proton 
test beams to explore the momentum aperture. 
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3.3.1 Matching Voltages_and_Bunch_Length 

For AA injection kicker economy a kicker gap of 180 ns is required. This leaves 362 ns 

for the bunch length. To match a bunch of this length, requiring identical bunch lengths and 

heights in the two machines, we find V» c = 0.25 * V... 

To be able to transfer bunches up to 7.8 eVs corresponding to the available voltage in 

the AA (V.. = 14 kV ) we would need 3.5 kV in the AC. This is more than would be strictly AA p p 
necessary to capture the particles after cooling (95% will be within 4 eVs), but it seems 

reasonable to provide this reserve at relatively small cost. In addition, the handling of 

proton-test beams will then be as easy as it is in the AA. 

Although the phase-plane trajectories in the two machines will have four points in 

common, they have slightly different shapes and areas. Detailed calculation shows that the 

geometrical blow-up is 1.8% for a 362 ns bunch. The rms blow-up is much smaller because the 

bunch edges contain few particles. 

The bunch height during transfer will be /ç»/p = 4.2 /oo (full width), again correspond

ing to a phase-plane trajectory enclosing 95% of the particles. 

3.3.2 Adiabatic_Trap_p_ing in the AC 

With a bucket just surrounding the bunch before transfer, the synchrotron period will 

be 21 ms. By applying the isoadiabatic law with an initial bucket height equal to 1/5 of the 

final one and an adiabaticity equal to 0.5, we find for the required trapping time 167 ms. 

This is a somewhat large fraction of the machine cycle. The cooling will, however, 

still continue to be effective during the process, although the cooling rate will decrease 

because of the higher instantaneous current. The best compromise between adiabaticity and 

cooling will have to be found experimentally. 

3.3.3 AA and AC rf Synchronization 

The ratio between the revolution frequency of the AC central orbit and the AA 

injection/ejection orbit is: 

f M = 1846.1 KHz = 1 > 1 6 1 4 3 

f A C 1589.5 KHz 

To minimize blow-up during AC to AA transfer, it is required to phase the buckets in 

the two machines correctly prior to transfer. The lowest integer ratio, which gives an AA 

orbit sufficiently close to the injection orbit is: 

— = 1.16129 or f.. = i£ x 1589.5 KHz = 1845.9 KHz 
31 m 31 

The synchronization is accomplished by controlling the AA frequency so as to lock the 

31st subharmonic of the AC frequency (f = 51.2742 KHz) in phase with the 36th subharmonic 

of the AA frequency. The buckets in the two machines will thus be in phase every 19.5 us. 

When in lock, pulses will be issued every 19.5 us to be used as a trigger condition for the 

kickers. 
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3.4 RF Cavities 
3.4.1 BunchRotatorrf.System 
Our design study was based on the following design goals: 

Peak rf-voltage 1.5 MV 
9.55 MHz 

~20 MS 
Frequency 
Discharge time of the cavity 

Space is limited, the voltage is high but the pulse can be short. Ferrite-filled cavities 
were considered but rejected: the diameter of the ferrite rings has to be kept low in order 
to avoid circumferential modes, hence the necessary volume for 1 MV must be arranged in lon
gitudinal direction which leads to composite cavities in excess of 40 m total length. Two 
empty, low-inductance pill-box cavities delivering 750 kV each are therefore proposed. Inte
grated disks acting as rf capacitors load the structure to achieve a resonant frequency of 
9.55 MHz in relatively compact units (Fig. 3.3). Their rf performance had to be severely 
sacrified to fit within the length of 1900 mm allowed by the lattice: to keep the electric 
field gradient below the Kilpatrick-limit for sparking (~5.8 MV/m), the internal distances 
have to be much larger than optimum, with the consequence that the normalized shunt impedan
ce per unit length drops drastically. Assuming ideal copper conductivity and nominal rf 
voltage of 750 kV, the rf parameters predicted by SUPERFISH are: 

U2/2P = 428.2 [kQ] 

= 10 980 

= 39 [Q] 

656.8 [kW] 

rgy W = 120.2 [Ws] 

Q 
r/Q 
rf-power P 
stored ener 

The cavities are under vacuum and have to withstand the air pressure with small deform
ation. A steel body will be used, either copper clad or with a copper layer electrolytically 
deposited. Since the stored energy is considerable, the depth of the copper surface should 
be generous to avoid permanent damage in case of break-downs. As a serious alternative to 
the flat pill-box structure shown, there is the possibility to make the cavity in the form 
of a toroidal, sphere-like cell similar to a pressure vessel; the mechanical feasibility of 
this solution is presently under study. 

TT 

ID « 2500 mm Fig. 3.3 RF cav i ty 



- 19 -

Each cavity is driven by a separate rf chain. The final stage will be equipped with the 
water-cooled triode TH 170; it can deliver a peak power in excess of 3 MW with a gain > 10 
for the duty cycle considered. Although a super-power tetrode may seem better suited for the 
purpose, the triode is proposed because this type is extensively used in the CERN LINACS and 
therefore readily available with complete infrastructure. A line-type modulator is proposed 
for the plate-supply; the design is standard for the LINAC and can provide pulses up to 1 ms. 

The rise time of the cavity voltage is not critical. The exact shape of the envelope 
depends on the cavity-to-amplifier coupling and the ability of the latter to put energy into 
a mismatched load. With the large over-power available from the triode amplifier, it is safe 
to assume a 0-to-100% rise time of less than 250 \& so that the available modulator is well 
suited for the purpose. The required fall time of 20 \s, however, needs special precautions. 
Reversing the amplifier phase to invert the power flow and hence to accelerate the descent 
is not sufficient. A PIN switch is provided in addition which increases the cavity losses by 
a factor of ~20 to permit a faster decay. Although open during the filling time, this switch 
will dissipate about 203É additional power and will, together with the non-ideal copper con
ductivity, bring the power required for full field to about 1 MW. The high-impedance state 
of the PIN switch can also be reset after the programmed descent to implement a flat top 
with a much lower voltage for the adiabatic debunching; this is a distinct advantage of the 
PIN switch compared to other schemes considered, such as complete discharge of the cavity 
due to an induced spark. 

Driver stages with ancillary equipment, interlocks and low-level rf circuitry for 
closed-loop control of amplitude, phase and cavity tuning complete the rf chain. 

3.4.2 Bunching System 
3.5 kV at 1.589 MHz are needed to bunch the cooled beam for transfer to the AA. A 

single cavity, loaded by 10 water-cooled ferrite rings and equipped with a single ceramic 
gap is the most attractive solution for the resonator. A DC bias of about 50 A will be ap
plied to the ferrites, as a means of radial power equalization and for electronic tuning. It 
is planned to use an innovative design of a coaxial water-cooled choke for the simultaneous 
injection of this tuning current and of the HV-supply for the rf power tube. The overall 
output power is 10 kW. The chain includes servo-controlled settings of amplitude, phase and 
tuning, as well as the usual ancillary circuitry such as interlocks, etc. 

4. ANTIPROTON PRODUCTION, INJECTION AND TRANSFER 

4.1 General Description 
The position of the Collector Ring and a schematic layout of the transfer lines between 

the CPS and the Antiproton Accumulator hall is shown in Figs. 4.1 and 4.2. The extraction of 
protons from the CPS at a momentum of 26 GeV/c and their transport into the Antiproton Accu
mulator target area remain unchanged. However, the incoming line in the target area and the 
target station will be modified to allow an increase in the antiprotons yield by at least a 
factor of 16. The increased flux will be transported from the target area by a transfer line 
redesigned to accept 200it mm.mrad in both horizontal and vertical phase planes, as well as a 
spread of 6% in momentum. The proposed technology to be used in the target area has been 
outlined in ref. 4.1 and has the following features. 
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Fig. 4.1 Injection and ejection transfer lines for the collector ring 

Ibl PLAN X/*' \ 

Fig. 4.2 New ejection line for the antiproton accumulator 

a) The magnetic horn used for collecting the antiprotons will be replaced by a stronger 
"lithium" lens to enable antiprotons, created at larger production angles, to be focused 
into the transverse acceptance of the Collector Ring. 
b) The target rod will carry an axial pulsed current which produces a distribution of 
antiprotons that is better matched to the Collector Ring acceptance transverse phase-space. 
The maximum current is expected to be in the range of 100 to 200 kA. 
c) The three pulsed, high-gradient, quadrupole magnets upstream of the target are to be 
replaced by a second "lithium" lens because a more convergent proton beam is required to 
offset the defocusing caused by the current in the target. 
d) The shielding around the target will be rearranged to permit the current feeds for the 
lithium lenses and conducting target to arrive from power supplies which will be installed 
in the new building to be located at ground level, over the target area. 
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The 3.5 GeV/c injection line, from the target zone to the injection septum of the Col
lector Ring follows closely the present line to the Antiproton Accumulator but is several 
metres shorter. The antiprotons created by a CPS pulse are injected into the Collector Ring 
and after precooling will be ejected into the Antiproton Accumulator Ring before the next 
pulse arrives from the CPS, 2.4 s later. The ejection channel has a transverse acceptance of 
8it mm.mrad and is matched to the Antiproton Accumulator in transverse phase-space only. The 
extraction line from the Antiproton Accumulator will need to be modified to avoid the Col
lector Ring. A vertically deflecting magnet, placed immediately after the Antiproton Accumu
lator septum, will lead the outgoing beam under the Collector Ring. Two further deflecting 
magnets will guide the beam to the existing line before it leaves the Antiproton Accumulator 
hall. 

4.2 Lithium Lenses 
Lenses in which the antiprotons pass down the axis of a conductor having a high, uni

form, axial current density, offer both the possibility of collecting an even larger produc
tion cone than the present horn and a means to make the incoming proton beam more convergent 
than the present pulsed quadrupole triplet. The current-carrying medium should have a low 
absorption rate for the particle beam traversing it. An ionized gas plasma would be ideal 
and attempts have been made to form strong lenses using plasma columns. However, to date, 
the most successful! approach has been to use a cylinder of metallic lithium as the conduc
tor. Lithium has a nuclear collision length of 100 cm so that a lens 10 cm long loses about 
10% of the beam being focused. 

Lithium lens development was started at the Institute of Nuclear Physics at Novosibirsk 
in the U.S.S.R. some years ago and a number of devices have been operated successfully. Re
cently, there has been a collaboration between the Novosibirsk Institute and the Fermi Labo
ratory in the U.S.A. for the design of lenses 10 to 15 cm long, 2 cm in diameter and carry
ing currents up to 600 kA. The current is generated by discharging a capacitor bank result
ing in a damped half-sine waveform lasting 330 us. The period of the waveform must be 
sufficiently long to allow the current to be distributed uniformly over the cross-section of 
the lithium cylinder. A lens has been constructed in the U.S.A.1*"2 and tested at CERN in the 
Antiproton Accumulator injection beam line. It has the parameters appropriate for use as the 
prefocusing lens in the rebuilt target area. 

This design gives a very low inductance for the transformer-lens assembly, minimizing 
the stored energy in the capacitor bank, but has the disadvantage that the transformer is 
likely to become extremely radioactive. It is possible to separate the lens from the trans
former, which could then be shielded, and connect it using a short sandwich line. It may be 
necessary to use transformers in parallel to reduce the inductance and ensure an azimuthally 
symmetric feed of current to the lens. 

If the lens described above is not ideal for focusing the antiprotons as the beam di
vergence at its exit would be 20 mrad and matching this beam to the Collector Ring, using a 
conventional quadrupole magnet channel, would be difficult in the space available. We hope 
to develop a better collecting lens which would have a diameter of about 40 mm and carry a 
current in the range of 800 to 1000 kA. The duration of the current pulse, which has to be 
scaled according to the skin-depth in the lens, should be about 1.2 ms. Some work with a 
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lens having these parameters may have been started at Novosibirsk^ 3 but, at present, no 
detailed information is available and further development work is necessary. 

To illustrate the problems expected for such a lens and to indicate the direction of 
the required technical developments, we have compared in Table 4.1, the relevant design 
values relative to the Novosibirsk-Fermi Laboratory lens. This comparison is only approxim
ate since the temperature dependences of the electrical and thermal constants have been 
neglected. 

Table 4.1 
Parameters of a large lens (diameter 4 cm, current 1000 kA) 
relative to a small lens (diameter 2 cm, current 500 kA) 

Maximum magnetic field 1 
Maximum current density 0.5 
Pulse duration 4 
Energy/pulse 4 
Energy density/pulse 1 
Average power 4 
AT/pulse 1 
AT (max) steady state 4 
Total AT (max) -1.75 
Maximum radial thermal pressure 1.6 
Maximum axial thermal force 6.4 
Maximum axial magnetic force 4 

Development work has started and our efforts are presently concentrated on the design 
of appropriate cooling systems as well as on pressure resistant containers. The actual hand
ling of the lithium during the filling of the lens will be executed at the Kernforschung-
Zentrum, Karlsruhe, Germany. 

If, however, the required performance of the large lens cannot be achieved with solid 
lithium, an alternative would be to use liquid lithium for which it might be easier to 
handle the thermal expansions and pressures and to evacuate the heat. The development of 
such liquid lithium lenses is presently being pursued at the Institute of Nuclear Physics, 
Novosibirsk, USSR 1* - 3. Moreover, liquid lithium circuits are being developed for applications 
in nuclear reactors (e.g. at the Kernforschung-Zentrum Karlsruhe). Therefore, the eventual 
design of a liquid lithium lens could profit to a certain extent from existing experience. 

4.3 Conducting Target 
It is proposed to convert the target rod into a focusing lens by pulsing a large 

current along its length. This produces a magnetic field which keeps the antiprotons, produ
ced by protons interacting in the nuclei of the target material, on trajectories that remain 
closer to the axis. The antiproton trajectories are then better matched, in angle and posi
tion at the exit of the target, to the phase-space acceptance of the beam transport system 
leading to the Antiproton Collector. 
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Recent tests with the Antiproton Accumulator have proved that the results obtained can 
be modelled by Monte Carlo calculations using the known physical constants and fluxes. An 
increase in the yield of antiprotons of about 50X was obtained in these tests into a trans
verse acceptance of 80n mm.mrad 

Monte Carlo calculations of yield show that a copper target, about 17.15 cm long and 3 
rim in diameter, capable of withstanding between 150 and 250 kA of pulsed current while being 
bombarded by pulses of 1 0 1 3 protons every 2.4 s, could deliver a factor between 16 and 20 
more antiprotons in a momentum spread of ± 3% and an acceptance of 200n mm.mrad given a 
suitable lithium lens collector. This is adequate for the needs of the Antiproton Collector 
but nevertheless implies a considerable technological effort to ensure that the target is 
sufficiently well contained mechanically and cooled thermally to sustain reliably many 
millions of bursts of the primary proton beam while carrying the large pulsed current. 

The present Antiproton Accumulator target module, consisting of a 3 inn diameter copper 
wire surrounded by a graphite and aluminium container, is air-cooled and has proved to be a 
very durable structure. It has withstood many hours of bombardment by 1.4 * 1 0 1 3 protons, 
and up to 2 x 1 0 1 3 for a two hour short test, every 2.4 s. 

The Antiproton Collector conducting target will be similar in design and choice of 
structural materials. It should be able to withstand 2 * 1 0 1 3 protons each 2.4 second cycle 
while sustaining at least 150 kA of pulsed current having a half-sine waveform with a dura
tion of about 16 ps. 

The use of a conducting target, together with the upstream pre-focusing lithium lens, 
removes one of the restrictions on the target length, viz. that due to the limited depth of 
focus of the collecting lens, but two others remain. They arise from the difficulty of main
taining a small enough radius of the incoming beam over a too long target and the need to 
limit the target length to not much more than an absorption length. So far this would argue 
that targets should not be longer than 15 to 20 cm and should be of a material having a me
dium atomic number like copper. However, the use of a conducting target places further res
trictions on the target material and dimensions. Although the brightness of the target in
creases with decreasing radius, not only must the target support the mechanical and thermal 
stresses due to the primary beam impinging on it, but also those due to the magnetic press
ure and heat deposited by its axial current. It is expected that the target diameter will 
not be less than 3 mm and that the best material will be a hard copper alloy. 

4.4 Antiproton Production 
Results with the Antiproton Accumulator have shown that the estimates for the antipro

ton production cross-sections given in the Design Study for the Proton-Antiproton Colliding 
Beam Facility1*-14 were too optimistic by a factor of about two. Various authors have since 
reviewed the experimental data on antiproton production from p-p and p-N colli
sions1*"1»1*"5'1*"6 and revised predictions are consistent with Antiproton Accumulator 
findings. The estimated flux of antiprotons through the Collector Ring is on these lower 
values. Summaries of relevant data on production densities and yield versus longitudinal and 
transverse momenta for various target materials are reproduced in Figs. 4.2, 4.3 and 4.4. 

In Fig. 4.2 the antiproton differential yields at laboratory production angles of 0 and 
100 mrad are seen to decrease with increasing atomic mass of the target, more so at 0 mrad 
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than at 100 mrad. In designing the Antiproton Accumulator the drop in production from copper 

to tungsten was underestimated and thought to be more than compensated by the advantage that 

a dense, compact tungsten target offered in matching to the horn. Copper is now used in the 

Antiproton Accumulator and will be even more favoured when conducting targets of greater 

length are used. 

The Collector Ring is designed to have a transverse acceptance of 200n mm.mrad. The 

target diameter is chosen to be 3 mm, a compromise between obtaining maximum brightness and 

enabling thé target to withstand the incident beam and the high pulsed current. Antiprotons 

with production angles up to 130 mrad could be collected but practical limitations in the 

collecting lens limits the maximum angle to nearer 90 mrad. The angular distribution of dif

ferential yield, d2N-/dp«dQ, from copper and tungsten, given by the ratio of the production 
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density at the laboratory angle e to that in the forward direction, W(p,8)/W(p,0), based on 
a fit to the data of Eichten et al.1*"7, is given in Fig. 4.4. Also shown is the product 
9*d2N-/dp*dQ, i.e. d2N-/dp»d9, which rises to a maximum between 120 and 140 mrad. The shape 
of this distribution is used in the Monte-Carlo programs which calculate yield. It would 
therefore seem that the antiproton yield is not yet strongly limited by the fall-off in 
cross-section with production angle. 

For practical reasons discussed in the original Antiproton Accumulator design study, 
the antiproton energy for the Accumulator, and therefore for the Collector Ring, is lower 
than the peak in the production spectrum. In Fig. 4.5 we have the production density in the 
forward direction versus the longitudinal laboratory momentum. The p-p data at low momenta 
are calculated by kinematic reflection from the measured values at 3.5 GeV/c and above. The 
p-N data above 3.5 GeV/c are from Eichten et al. 1*" 7 and those at low momenta from the 
results of Amman et al.1*"8. The data are consistent with the assumption that the antiproton 
production from p-N collisions has the same form as for the p-p process. The overall yields 
are lower due to antiproton reabsorption in the target nuclei. 

The differential yield per primary interaction is given by: 

d ^ - M p • dQ = p 2/2E * W(p,0) 

where p is the secondary momentum, E the total energy and Q the laboratory solid angle. 
Because of the kinematic term p 2/2E this peaks at a little over 4 GeV/c and so whereas 

the production density is flat around 3.5 GeV/c, the differential yield is still rising. As 
the rise is approximately linear over the 6% momentum bite accepted by the Collector Ring we 
find that the larger momentum acceptance gives a factor four gain in yield. 
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It is harder to estimate the gain in yield due to an increase in transverse acceptance 
because of the interplay between target geometry, absorption and production cross-sections 
and Coulomb scattering in the target and collecting lens. Yields for this design study have 
been estimated by detailed Monte Carlo calculations. 

For the present Accumulator target station, the target length is governed by the need 
to have as many proton interactions as possible while at the same time, have the antiprotons 
produced within the Accumulator acceptance. This limits the length to about 11 cm. With a 
diameter of 3 mm, the decline in production density with angle is partially compensated by 
an increase in the number of antiprotons escaping through the side of the target (up to an 
angle of 150 mrad). We would expect the yield to increase, at best, linearly with acceptance 
because, due to the length of the target, more and more of the antiprotons fall outside the 
acceptance. 

This position is fundamentally altered by the use of a conducting target. For the 
range of parameters involved, the main action of the magnetic field around and in the target 
is to redistribute the antiprotons in phase space so that nearly all are accepted up to the 
maximum production angle that can be focused by the following collecting lens. 

We expect a gain in yield due to the increase in transverse acceptance by a factor bet
ween 4 and 5 for conducting target currents between 150 and 200 kA. 

4.5 Injection and Ejection Transfer Lines 
4.5.1 Special LatticeMagnets 
The geometrical constraints imposed by the location of the Collector Ring around the 

Antiproton Accumulator and the incoming injection line as well as the use of the existing 
injection channel in the Accumulator lead us to propose special quadrupole magnets to be 
placed at each end of the straight section containing the Collector Ring injection and ejec
tion septum magnets as shown in Fig. 4.1. Half-wide quadrupole magnets are proposed for 
these locations. Because the circulating beam is then off-centre in these magnets, the cor
responding bending must be taken into account. This enhances the separation of the incoming 
beam and the circulating beam in the ring dipole magnet. Nevertheless, if this were to be a 
normal magnet, there would be interference between the incoming beam and the coils of this 
dipole magnet. This can be avoided if the dipole magnet is fitted with a special narrow 
coil. The incoming antiproton beam can then pass through a hole cut through the outside 
return leg and remain outside the coil. The difficulty of the coil design can be reduced by 
allowing a radial displacement of the magnet inwards by about 8 cm. 

In order to maintain the lattice symmetry, two half-quadrupole magnets should be placed 
in the corresponding locations in the other three quadrants. 

4.5.2 The InJectionTransferLinetotheAntigroto^ 
The antiprotons produced in the target and collected by the lithium lens must be trans

ported and matched to the Collector Ring. The layout of this beam line is shown in Fig. 4.1. 
It consists of eight quadrupole magnets arranged in a FODO structure. The last magnet is 
also a half-quadrupole type because of the restricted space. Another doublet, placed before 
the first bending magnet, matches the cylindrically symmetric beam at the exit of the 
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lithium lens to the rest of the line. Although only six magnets should be necessary for mat
ching the beam to the ring, the rest are required to keep the beam size small enough to be 
able to use standard 1 metre magnets which have a bore of 200 mm. By arranging the phase ad
vance from the first bending magnet to the septum magnet to be nearly 180°, the dispersion 
terms can be made to cancel. A second bending magnet is required to steer the beam to the 
septum magnet. 

The first bending magnet separates the oppositely charged secondary beams. The quadru-
pole magnet immediately downstream of the first bending magnet' will become the dump for the 
26 GeV/c proton beam. Because the primary beam that has passed through the target will have 
a divergence considerably larger than at present, additional collimators will have to be 
installed around the beam ahead of the bending magnet. This magnet, together with the first 
three quadrupole magnets, will be equipped with radiation-hard coils. The beam envelopes for 
this line are shown in Fig. 4.6. 

HORIZONTAL 

VERTICAL e H = ev = 200nmm.mrad y = ,T^v 
Fig. 4.6 Beam envelopes in the collector ring injection transfer line 

4.5.3 Transfer Line between the Collector and Accumulator Rings 
This line is designed to have a transverse acceptance of 8n mm.mrad. Transverse 

matching in both planes is achieved by the correct positioning of three quadrupole magnets. 
Because of the relatively high gradients required together with the lack of space in the 
region, it is proposed to use pulsed quadrupole magnets now in operation just before the 
target. No particular effort is made to have momentum matching between the two rings. Due to 
fortuitous properties of the lattice and the ejection path between kicker and septum, the 
increase in beam size due to momentum mismatch is only 1.5 mm for antiprotons having the 
maximum momentum error of 0.25X at the time of transfer. Beam envelopes are shown in Fig. 4.7. 

4.5.4 The Antiproton Accumulator_yection_Transfer_Line 

The part of this line that lies in the Antiproton Accumulator hall will have to be re
built to avoid the Collector Ring. After the beam leaves the Antiproton Accumulator septa, 
it will be bent downwards to pass under the Collector Ring. Two additional bending magnets 
will be required to bring the beam onto the present line before it leaves the hall to go to 
the TT2 tunnel. The layout for this line is shown in Fig. 4.2 (a) and (b). 
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Fig. 4.7 Beam envelopes in the transfer line between the collector and 
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4.6 Injection into the Collector Ring 

The layout of the injection elements is shown in Fig. 4.1. The septum magnet is between 

QDS53 and QFS54 in period 53 and is on the outside of the ring, while the injection kicker 

magnet is in two tanks on both sides of QF56 which is about 90° in advance of the centre of 

the septum magnet. 

The fall-time permitted for the kicker magnet is 175 ns. Adequate kick strength can be 

obtained from four almost identical magnet modules, each of effective length 790 mm and ex

cited from individual pulse generators charged to 80 kV. Constraints on fall-time, length 

and impedance require the magnet modules to be of the short-circuit delay-line type. Their 

apertures are to be matched to the slightly changing beam profile in the modules. The pulse 

flat-top must be at least 500 ns. 

The magnet construction will be similar to that presently employed for the Antiproton 

Accumulator and described in that design report. However, the Collector kicker modules will 

not be bakeable and do not need to be provided with shutters. 

The septum magnet will be pulsed from a capacitor discharge power supply with a half 

sine waveform lasting 3.6 ms. The deflection will be 125 mrad corresponding to a field of 

1.0 T and a magnetic length of 1.5 m. The septum copper thickness is 10 mm whilst a 30 mm 

beam separation is given by the kicker. This margin gives some safety against eddy current 

fields acting on the extreme edge of the circulating beam. No vacuum chamber is envisaged 

for the septum magnet in order to keep its vertical aperture to 100 mm. Should it prove too 

difficult to build a reliable pulsed septum magnet, a direct current magnet with a septum 

thickness of 25 mm could be constructed but would require about 200 kW of power. 

The trajectory of the injected beam between the bending magnet BHS 24 and the injection 

kicker magnet is shown in Fig. 4.8. 

4.7 Extraction from the Collector Ring 

After cooling in the Collector Ring, the antiproton beam is rebunched with a bunch 

length of 360 ns and a total momentum spread of 0.54% prior to transfer to the Antiproton 

Accumulator Ring. This gives a beam free gap of 270 ns for the Collector Ring ejection 

kicker magnet rise-time and 180 ns for the fall-time of the injection kicker magnet in the 



Antiproton Accumulator Ring. The kicker tank is in sector 50 between magnets QF50 and QD51, 
while the septum magnet is placed on the inside of the same straight section as the injec
tion septum magnet. Unfortunately this gives a very unfavourable phase advance of 130° for 
ejection. Both a slow orbit displacement and a fast kicker magnet are required. 

The kicker magnet is made up from four delay-line type, short-circuited modules with 
lengths varying between 360 and 780 mm, widths between 325 and 225 mm, and heights between 
70 and 105 mm. The PFNs are charged to 54 kV to give a total kick of 9 mrad. 

The slow orbit bump can be produced by pulsing two of the ring dipole magnets, BHZ23 
and BHZ02, which are 360° apart in phase. Each magnet will have to be equipped with a speci
al vacuum chamber to pass the pulsed field. The required change in field is 460 gauss. Alter 
natively, special air-cored dipole magnets could be installed between each of these bending 
magnets and a neighbouring quadrupole magnet. In this case the field needed is about 3 kG. 

The septum magnet will have one turn and be pulsed. The aperture can be reduced to 30 
mm, but it will be fitted with a vacuum chamber. 

4.8 Injection into the Antiproton Accumulator Ring 
The injection path via the septum magnets will remain unchanged. However, the present 

Accumulator injection kicker can be replaced by a simpler smaller system because of the 
larger permissible fall-time (180 ns instead of 80 ns) and reduced aperture requirements 
(one third the current value). The needed machine length will fall from the present 5 m to 
1.4 m. 

The new injection kicker is based on two delay-line type, short-circuited modules, of 
open C-core construction and equipped with fixed shields to minimize the extent of the 
fringe fields. It will be built to the same vacuum standards as at present. The required PFN 
voltage of 70 kV will produce a kick of 8.8 mrad. 
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This change of the injection kicker system permits important components to be recovered 
and re-used in the Collector and Accumulator rings. In particular this applies to PFN cables 
shutter drives and some of the thyratron switches; however, the short-circuit magnets, 
chosen to obtain double the kick strength per unit length, will need special bi-directional 
thyratrons which cannot be recovered from the existing equipment. It is considered probable 
that all the pulse generators needed for injection and ejection for both the Collector and 
Accumulator rings can be located in the space currently occupied by the Accumulator 
equipment. 

5. STOCHASTIC COOLING 
5.1 Introduction 

The transverse emittance and the momentum spread of the beam injected into the AC are 
200it mm.mrad and 6% whereas the corresponding characteristics for the Antiproton Accumulator 
(AA) are lOOn mm.mrad and 1.556. One reason for cooling the beam in the AC is to fit its size 
to the AA aperture. However, even more stringent requirements are imposed on the beam emit-
tances at the entry to the AA by the need to accumulate a high flux of particles (4 * 1 0 7 

s _ 1 ) . The final emittance and momentum spread aimed at in the AC are therefore 5it mm.mrad 
and 2 ° / 0 0 . 

After debunching, the beam is first cooled in transverse space for 1 second, then in 
momentum space for the following second. The reason for starting with betatron cooling is 
that the relatively high momentum spread (1.5%) provides a good randomization of the 
observations at each turn. In practice, some overlap between betatron and momentum cooling 
will certainly occur. 

5.2 Betatron Cooling 
As the beam emittance is high and the cooling time is short (~1 s), the high-frequency 

system which is used for the cooling must have a broad bandwidth and a high power. If the 
gain of the system were to be optimum, the power would be equal to several hundreds of kilo
watts in the 1-3 GHz frequency range. This is clearly out of question. The power is in fact 
limited to a few kilowatts, and there is practically no heating due to the Schottky noise. 
The thermal noise is reduced to the lowest possible level by cooling pick-ups and preampli
fiers at cryogenic temperatures. The cooling in this situation is well described during most 
of the time by the motion of the centre of gravity. At each turn, the centre of gravity ob
served at the distance a from the ideal orbit is displaced by a quantity to: 

to = -ga , 

where g is the correction per turn. In the usual cooling systems, g is constant and the 
emittance decreases exponentially but after 1 s, the cooling is insufficient. In our case, 
the product ga is kept constant by fitting the pick-up and kicker apertures to the beam 
size, the emittance decreases linearly and low emittances can be reached quickly (Fig. 5.1). 

The calculation of the betatron cooling parameters assumes broad-band electrodes al
though the practical construction of the system may use the principle of the "stagger 
tuning" (§ 5.4.1). The main parameters of the system are given in Table 5.1. 
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Table 5.1 - Betatron Cooling 

Fig. 5.1 

Number of particles 108 

Number of pairs of pick-up electrodes 112 
Noise temperature 60 °K 
Number of pairs of kicker electrodes 112 
Frequency range 1-3 GHz 
Revolution frequency 1.59 MHz 
Particle momentum 3.58 GeV/c 
Electrode width 4 cm 
Electrode impedance 50 Q 
Mean electrode length 3.75 cm 
Electrode sensitivity 0.5 
Maximum height of the gap in a pair of electrodes 10 cm 
Initial emittance 200 * mm.mrad 
Final emittance 571 mm.mrad 
Cooling time 1 s 
Schottky signal 2.3 pW 
Thermal noise 1.6 pW 
Electronic gain 2.58 x 1 0 7 or 148 dB 
Power 2.6 kW 

Momentum Cooling 
For economy, and to save straight-section space, it is foreseen to use the same pick

ups, preamplifiers, power amplifiers and kickers not only for both the vertical and the 
horizontal betatron cooling systems but also for momentum cooling. The main parameters are: 

Table 5.2 - Momentum Cooling 

Number of pick-up electrode pairs 
Number of kicker electrode pairs 
Electrode length 
Coupling impedance for 1 pair of electrodes 
Frequency range 
Total noise temperature 
of pick-up terminations and preamplifiers 
Initial parabolic up spread 
Number of particles 

224 
224 

3.75 cm 
25 sin2[(7i/2)(f/2GHz) ] Q 

1-3 GHz 
60 
1.5% 

10 8 
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Since the betatron cooling is completed before the start of the tip cooling, the movable 
electrodes are then near together so that they collect the full AC image current of the 
beam. 

The filters used in the following numerical integrations of the Fokker-Plank equation 
consist of 1 passive line filter: 

~ (1 - e - 2 ^ f / f «>>} 

achieving the cooling by having notches at nominal revolution harmonics, cascaded by an 
active line filter with peaks at revolution harmonics to increase the loop gain around the 
notches (Fig. 5.2): 

~(1 - s e ^ ^ » ) ) - 1 . 
The filters are based on cryogenic transmission lines ( l = c/fo), rf couplers and broad 

band amplifiers. They are the simplest high-precision comb filters feasible in the Gigaherz 
range. 

Passive fi l ter 

n ^ J Delay 1//-

Active filter 

'Delay i y F ig. 5.2 

During the integration the electronic system gain is varied, for a given value of s, 
such that the mean square tip spread decreases at maximum speed, without the system exceeding 
a specified maximum power. 

After 1 s of cooling the percentage of particles in ±l°/oo 4> is evaluated (Fig. 5.3). 
A high value of s increases the gain around the notches but deteriorates the loop phase at 
momenta away from the nominal. The negative slope of the curves for large s values is ex
plained by particle losses at extreme momenta. Improved cooling can thus be achieved by in
creasing s as the spread narrows. For 1 kW total power and an s-jump after 500 ms from 0.5 
to 0.65, 80% of the particles are captured instead of 78%. 

The calculation includes the usual mixing between observation and correction as well as 
the feedback effect on all signals in the loop. 

Furthermore, a simplified model for power amplifier intermodulation products has been 
introduced, consisting of an artificial flat spectral power density added to the kicker 
signals. The intermodulation power: 

Pintermod " ( ptot / X- 5 Prated^ " • Ptot 
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is a non-linear function of the total power to the rated one. The above expression is an ap

proximation of measurement results performed on a commercial 1-2 GHz travelling wave tube 

amplifier. 

The relative importance of the various heating terms is illustrated in Fig. 5.4 for the 

particular case s = 0.5 and P 
tot 

1 kW at the end of the cooling. It is only at the peak 

density that the intermodulation diffusion dominates over the Schottky one. Without inter-

modulation only 1% more particles finish inside the desired tp (±L°/ 0 0). 

The proposed Ap precooling arrangement offers 3 safety factors: 

a) the betatron cooling systems require more power than needed for momentum cooling. 

b) the kicker coupling impedance has been estimated pessimistically. A thin beam grazing 

the electrode surface has a factor 4 higher coupling. 

c) dynamic changes to s during the cycle can improve the cooling. 

5.4 Stochastic Cooling Systems 

5.4.1 Plçk;up__and_Kicker 

Pick-ups and kickers have essentially the same structure. They consist of pairs of di

rectional couplers ("loops"). The input signal for the kicker is split between the various 

loops. The signals delivered by individual electrodes of the pick-ups are combined in a way 

which we shall describe later. The pick-up thermal noise is maintained at a low level by 

cooling the terminating resistors and the preamplifiers to 40°K in a pot accessible from the 

outside of the tank which houses the electrodes. It is still also envisaged to cool the 

electrodes themselves and their environment at liquid nitrogen temperature. A peculiarity 

common to pick-ups and kickers is the mechanism which drives the electrodes during the beta

tron cooling (Fig. 5.5). 

The combination of the signals from electrode to electrode can be made either by adding 

the signal power at the output of each electrode in a combiner board or by grouping the 

electrodes according to the principle of the "stagger tuning". The first solution is well 

proven. It is used in the stack-tail system of the AA. Its extension to systems working in 
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VERTICAL HORIZONTAL 

PICK-UP'S PICK-UP'S 
Fig. 5.6 Layout of stochastic cooling system 

QDN33 
HORIZONTAL PICK-UP 

Fig. 5.7 Pick-up s ec t i o n s (p lane view) 
(For assembly drawing, see AOO.1137.1) 
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Fig. 5.8 Kicker sec t ion (Plane view) 
(For assembly, see drawing AOO.1138.1) 
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Fig . 5.9 V e r t i c a l pick-up (Side view) 
(For complete view, see drawing AOO.1137.1) 
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Overall 860 

Fig. 5.10 Vertical kicker (Side view) 
(For complete view, see drawing A00.1138.1) 

6. MODIFICATIONS OF AA COOLING SYSTEMS 

6.1 General Description 
With the AC as a collector and precooler, the AA will have to be modified. In some res

pects, simplifications are possible. Clearly, the AA precooling system will no longer be 
needed. The fast-moving shutters on the precooling pick-ups and kickers and on the injection 
kickers need no longer be used during accumulation, although the precooling pick-ups with 
their shutters should remain available for diagnostic purposes. 

The most important changes will have to be made to the stochastic stacking systems. The 
new nominal accumulation rate (5 x 10 7 p/pulse or 2.1 x 1 0 7 p/s) is only a factor 3 above 
the original AA design figure, but the new stacking system is designed for twice this rate, 
because experience has shown that achieving the theoretical cooling performance is often a 
long and arduous process. 

This extra factor 6 in stacking rate would be excluded without a considerable increase 
of bandwidth for both longitudinal cooling systems (stack tail and core). The transverse 
systems could, for a start, remain as they are, although in the long run their improvement 
would also be desirable to make the transfer of antiprotons to SPS and LEAR less critical. 

The stacking system presented here will use the frequency range 1-2 GHz for the stack 
tail system (i.e. 4 x the present frequencies), and 2-4 GHz for the core (twice the present 
values). This will allow us to double the final density so that the antiprotons may be ex
tracted in 6 batches of 0.46 eVs, holding 1 0 1 1 particles each. 
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6.2 Stacking System Design 
The momentum spread of the stack will have to be reduced, both to keep the required 

wide-band power at a reasonable level and to avoid overlap of the Schottky bands at the 
higher frequencies. To reduce the influence of the stack tail system on the core particles, 
delay line filters are proposed as in the present system, but modified for the higher fre
quency range. Investigation of a filterless system, using position-dependent kickers at a 
point with non-zero dispersion, has shown that this method (although promising some inte
resting simplifications) would not be feasible because the transverse kicks associated with 
such kickers and the transverse pick-up response would result in an open-loop gain of the 
system an order of magnitude above the longitudinal gain. 

The reduced stack width will require the use of pick-ups with a steeper sensitivity 
profile versus beam position. This can only be achieved by reducing the vertical pick-up 
aperture. As a result, both the transverse dimensions and the momentum spread of the inject
ed beam will have to be smaller than at present. In fact, the necessary performance of AC 
cooling is determined by what the AA stacking system can accept. 

The exact requirements follow from lengthy numerical calculations, inevitable because 
of the large number of parameters that may be varied. As a result the vertical and horizon
tal emittance should be less than 5ic mm.mrad and the final momentum spread in the AC should 
be about 0.2% (full width). The spread in the AA at deposit will be 1.16 times as high 
because of the circumference ratio. 

Figure 6.1 shows a typical example of stack build-up, assuming that 1 0 8 particles per 
pulse are injected and stacked. The exact pulse-to-pulse behaviour at the deposit point 
still needs to be investigated; no problems are expected because of the large available 
aperture. 

With the nominal stacking rate of 5 * 1 0 7 p/pulse, the initial stack would be built up 
in 10 h; each successive fill would take 8 h. 

The maximum number of particles in the stack will be about 1 0 1 2 as at present, limited 
by intra-beam scattering. 

35MeV 30 25 20 15 10 5 0 p i " I I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I 
D e n s i t y 

1 8 5 4 1 8 5 5 
l i i r 
F r e q u e n c y 1 8 5 6 k H z F i g . 6 . 1 
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6.3 Hardware Details 
The location of pick-ups and kickers is shown in Fig. 6.2; it is very similar to the 

present one. 
The stack tail kickers will occupy the space of one half of the present (lower frequen

cy) kickers. The other half should be retained, since it will probably serve in future to 
capture and unstack low-intensity batches for use in LEAR. 

The tail cooling is subdivided into two subsystems with different pick-up characteris
tics and gains. Loop-type pick-ups and kickers are assumed for the tail and core systems. 

Table 6.1 gives the main system parameters. 
Table 6.1 

Tail System 
Core Systems 

1 2 
Core Systems 

Frequency range (GHz) 1-2 1-2 2-4 
Number of pick-ups (loop pairs) 32 16 2 
Number of kickers 16 16 
Loop impedance (Q) 100 75 
Max. power on kickers (W) 135 5 
Installed power (W) 1000 50 

The power quoted is mainly Schottky power; the thermal noise contribution is relatively 
small with the number of pick-ups quoted and the assumed amplifier noise figure of 2 dB. 
Cooling the amplifiers or the pick-up matching resistors does not appear to be necessary. 

The actually installed power will depend on the intermodulation properties of the am
plifiers used. Further detailed calculations and measurements will be needed to determine 
this, but no great problems are expected. 

The filters for the stack tail systems will use 5 transmission lines that need not be 
superconducting. 

J*fcM—J^.. 

Fig. 6.2 
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7. INSTRUMENTATION AND CONTROLS 

7.1 Beam Instrumentation 

7.1.1 Introduction 
In the design of AC beam diagnostics we will be largely guided by experience gained on 

the AA. As much as possible, equipment of a kind already used in the PS complex will be 
used. Development of new equipment will be limited to a few cases where the peculiarity of 
the AC demands it, e.g. intensity and profile measurement on the \iery weak antiproton beam 
(<10 8 p) in the AC ring and in the transfer to the AA. 

For each of the geographical parts of the AC a list of proposed diagnostic equipment is 
given. In the present state of the design study, some choices and many details are still 
open. 

7.1.2 Injection Line Before Target and Target 
Scintillator screens and TV are a simple and efficient means to help steer a beam 

through a transfer line. They must be suitable for both the 26 GeV/c high intensity produc
tion beam (10 1 3 ppp) and the 3.5 GeV/c low intensity test beam (10 1 0 ppp). Existing AA 
injection line stations can be used. Screens should also be provided on the proton-focusing 
lithium lens and in front of the target. 

Fast beam transformers can be the ones presently installed in the AA injection line. 
Secondary emission grids will determine the position, angle and size of the production 

beam. They will be placed a short distance upstream of the p-focusing lithium lens. 

7.1.3 Injeçtion_Line_After.Target 
Scintillator screens and TV will be used to steer the 3.5 GeV/c p-test beam, either 

from the injection line or reverse ejected from the AC. For reverse ejection, a screen will 
be required between the target and the p focusing lithium lens. The p beam is too weak to be 
seen but the it" flash is clearly visible. 

Only one fast beam transformer will be required, downstream of the target station, to 
determine the degree of interception of the 26 GeV/c production beam. 

Slits would be useful for experiments and should be placed downstream of the "spectro
meter" magnet. 

7.1.4 Ring 
Scintillator screens and TV will measure the beam position at the entrance to the in

jection septum and kicker. One will be able to observe p-test beams but not p, though the ir 
flash will be visible. A screen will also be provided on a beam stopper after nearly one 
turn. For adjusting ejection, a screen at the exit of the septum observes the p-test beam. 
The cooled p beam will also be visible. 

A beam transformer operating from dc to MHz frequencies will be used with p-test beam 
during machine experiments. However, the dc resolution of the best existing transformers is 
±10 7 particles, i.e. 10# of the nominal 1 0 8 p. To measure operationally the p intensity, the 
resolution should be improved by a factor of 5, which is very difficult. 

file:///iery
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The pick-up electrodes for position measurements would be similar to those of the AA 

with diagonally cut electrostatic electrodes and high impedance head amplifiers directly on 

the feedthroughs. They would be used with the 3.5 GeV/c p-test beam (> 1 0 1 0 p). For closed 

orbit correction one needs at least 3.5 PU/betatron wavelength. For Q = 5.5 this means at 

least 20 PU. To save space they will be installed in the quadrupoles and as there are 56 of 

these, a regular distribution suggests 28 PU, i.e. 5.2 PU/\. The decision to place them in 

QF or QD depends on an aperture study. There are also special cases to consider in the in

jection/ejection region. 

Horizontal and vertical scrapers are needed for studies of acceptance, yield, emittan-

ces, etc. They must be placed where a = 0 to intercept in betatron space only. In addition, 

for measuring e as a function of momentum etc., it could be useful to have a vertical scra-

with a variable horizontal position. For good resolution in momentum the scraper should be 

placed where a /VftT is maximum. The criterion for sufficient resolution is a(ùp/p) > 4/â7j£7, 
For the reference lattice, this is fulfilled for a, < 90it mm.mrad. 

A Schottky pick-up is necessary for measuring p intensity, yield and possibly emit-

tance. Q measurement will be made using p-test beams. 

7.1.5 IransfÇr.-frLAA 

Scintillator screens and TV will be used with p-test beam, but cooled p should also be 

visible (limit 1 0 8 p/cm 2). 

An intensity monitor would be very useful in operation but sufficiently precise measu

rement of beams of less than 1 0 8 ppp is not easy. 

A profile monitor would also be very desirable, but is difficult. Possible solutions 

include SE grids, wire chambers and a fibre scanner with photomultiplier. 

7.2 Antiproton Yield Diagnostics 

7.2.1 Pion, Electron and Muon Loss Signals 

In the AA we obtain useful information about antiproton injection by monitoring the 

secondary particles injected with the antiprotons. Being present in larger numbers they are 

more easily detected than the antiprotons themselves. With each antiproton injected into the 

AC there will be about 300 negative pions and roughly half that number of electrons. The 

pions will decay with a time constant of 680 ns (almost exactly the revolution period). 95% 

of the resulting muons will be lost from the machine. The remainder will circulate and in 

turn decay with a time constant of 73 us. The circulating electrons will lose by synchrotron 

radiation 2 MeV per turn and, as the total energy spread will be 210 MeV, they will all be 

lost after 105 turns or 68 \£. The radiation loss signal from 3 \& to 68 us after injection 

will be dominated by these electron losses. 

As in the AA, pion decays will be monitored by a Cerenkov counter tangential to the AC 

ring, the electron losses and muon decays will be observed by one or more electron shower 

counters downstream of a known horizontal aperture limit on the inside of the ring in a high 

dispersion region. If necessary an adjustable beam scraper will be provided. 

The muon decay signal will be independent of azimuthal position, whereas the electron 

losses will be localised at this scraper since it will be the first obstacle encountered by 
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the spiralling electrons. The loss signal will be naturally modulated at the bunch and revo
lution frequencies (9.5 and 2.2 MHz). Furthermore, if the electrons are horizontally mis-
steered at injection the coherent oscillations will be seen as amplitude modulation of the 
loss signal at the frequencies f*(n ± q), where f is the revolution frequency, q the frac
tional part of the lattice constant Q and n = 0, 1, etc. 

Using fast digitizers and digital filtering techniques already developed for the AA, 
this signal can be used to measure electron yield, to minimize electron coherent oscill
ations and to optimize injection kicker timing. All of the equipment will be recuperated 
from the AA. 

7.2.2 Ant iprotgn_Amp_litude_Distri butions 
The scrapers in a zero dispersion region will be equipped with a fast scintillation 

counter fed into a multi-channel scaler to monitor the secondary radiation as one or other 
of the scrapers is driven at constant speed through the injected beam. An on-line microcom
puter will reconstruct calibrated antiproton beam amplitude distributions from these scraper 
measurements. 

We must be able to study the amplitude distribution of antiprotons in the injection 
line as well as in the ring. The possibility of using a DC-coupled differential Cerenkov 
array in the injection line is being studied. An alternative would be to use pairs of colli
mators separated by a phase advance of n/2 in order to investigate the phase space distribu
tions downstream of the.target station. In the same spirit of being less blind during AC 
setting-up than we have been with the AA, we propose to use vertical and horizontal kickers 
to explore the AC aperture with pencil beams. During transfer of antiprotons from AC to AA 
we intend to employ beam profile, intensity and loss monitors. 

7.3 Controls 
The controls for the AC will be of the same (PS standard controls) type as are used for 

the AA. The fact that both machines are in the same building is very convenient from a con
trols point of view, because the CAMAC interface can be completely merged with the existing 
system, by simply adding crates and modules. 

Most systems will be designed such that they look exactly the same as for the AA, which 
means that the specific interface as well as the equipment-modules and application programs 
need little or no modification. 

Operation will be performed in the same way as for the AA i.e. from the standard PS 
consoles in the MCR. In order to leave enough rack space for the extra control modules in 
the ACR, equipment which is not absolutely needed for operation will be moved to the ad
jacent room and another row of racks added in front of the windows of the ACR. 

8. SITE, BUILDINGS AND UTILITIES 

8.1 Site 
In order to minimize the cost of the AC-project it is proposed to build the antiproton 

collector around the present accumulator ring, since there is just enough space between the 
external building walls and the existing machine. 
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The AA-ring is installed on a specially designed reinforced concrete foundation of 
80 cm thickness, whereas the surfaces outside and inside the ring consist of reinforced con
crete of 25 cm thickness, divided up by expansion joints into slabs of between about 50 and 
100 m 2. Although this floor has not been calculated to support such heavy loads as repre
sented by the AC-magnets and the rather heavy shielding around the two machines, preliminary 
calculations show that it needs not be reinforced, since this floor rests on a rather uni
form and hard molasse rock with a high modulus of elasticity. 

It is evident that the floor will be elastically deformed by several millimetres due to 
this additional load and both the AA and AC rings will have to be realigned after the ins
tallation of the shielding. Thereafter the foundations are expected to remain stable. Expe
rience of existing installations shows in fact that a well compressed molasse rock of this 
quality remains remarkably stable in time. 

An appropriate survey system will have to be studied by the Survey Group in order to 
enable them to align the two machines inside the tunnels formed by the shielding blocks. 

8.2 Buildings 
Whereas the AA hall is just large enough to house the new AC ring, some small modifica

tions will nevertheless be required to the building in the injection and extraction areas 
and also to accommodate the necessary concrete shielding in the long straight sections, 
where the AC ring comes very near to the walls. 

The present equipment building is not sufficient to house the new magnet power sup
plies, the additional pulsed supplies for the septa and for the target zone, and the associ
ated high and low voltage switch gear. 

Therefore the following arrangements are planned (see also Fig. 8.1): 

Fig. 8.1 
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a) The equipment building No 366 for the Neutrino Oscillation Experiment will become 
free in summer 1984, and it is proposed to reserve it for the AC-machine. It is conveniently 
located at about 60 m distance from the AA-hall, has ventilation and false floor and is con
nected to the AA-hall by cable ladders running above ground. Its size of 140 m 3 will permit 
the installation of the AC-magnet power supplies, the septa supplies for injection in AC and 
transfer into AA and the associated switchgear. Three transformer pits and a small extension 
for the 18 kV switchgear will have to be added and the 18 kV supply reinforced. 

b) All pulsed power supplies for the p production and focusing elements in the target 
zone will be housed in a new building to be constructed on top of the target area, leaving 
about 8 m of earth shielding. The size of this building is presently estimated to be 12 m * 
20 m and 6 m high. It will be equipped with a 2 ton crane, forced ventilation for an esti
mated power dissipation of 50 kW, cooling water and compressed air. 

It is assumed that the present access door to the target area will have to be restrict
ed to a simple personnel access due to the occupation of space by the AC, the injection line 
and the increased shielding. Therefore, it is proposed to create an equipment access shaft 
between the new building and the target area. The shaft should have a minimum opening of 
1.4 m x 4.50 m in order to permit the introduction of MANTIS 2 into the area. It will be 
plugged up by shielding blocks which can be handled by the overhead crane or perhaps by a 
special gantry crane of higher capacity. At the same time vertical cable passages will be 
provided between the building and the target area for the pulsed equipment. 

Details will have to be worked out once the layout of the target zone and of the power 
supplies are defined. 

8.3 Electricity Supplies 

8.3.1 Power _Supj) lies 
It is proposed to install in Building 366 (Neutrino Oscillation Experiment) all the new 

power supplies for the AC other than the three high current pulsed supplies for Lithium 
lenses and conducting target, which will be housed in a new building to be constructed on 
top of the target area. 

8.3.2 Main Power Supplies 
The total power of the main power supplies for the Qp, QQ and B magnets amounts to 

~3.5 MW. Each of them will be fed by an 18 kV transformer located outdoors. The twelve pulse 
water-cooled converters will be accommodated in cubicles and installed indoors (Bldg. 366); 
modular six-pulse thyristor bridges with free-wheeling diodes will be series and/or parallel 
connected to obtain the required ratings. 

The parallel connection of the bridges is done directly via two separate chokes of a 
passive LCR de filter. Provision will be made for the connection of an active ripple filter, 
if required later. A manual polarity reversal switch will be incorporated. 

The regulation electronics and the computer control interfaces will be based on stan
dard designs and executions. 



- 46 -

8.3.3 SegtumPowerSuggli^es 

Two septum power supplies are required: one for p injection into the AC and the other 
for ejection to the AA. As compared with a dc solution, pulsed septum power supplies offer 
the advantage of much lower energy consumption, cooling requirements, installation costs and 
need of space. 

They will be of the capacitor discharge type, similar in design to the pulsed power 
supplies of other injection/ejection systems of the PS complex, and include a coupling 
transformer (turns ratio: 10:20) between discharge circuit and magnet load. 

8.3.4 Auxiliary Power Supplies 
A number of power supplies will be required for machine adjustment, correction, orbit 

deformation, beam transport and possibly to implement the injection/ejection operations. 
They have been globally included in the requirements as they are not expected to imply 

any major new development. 

8.3.5 Electrical Equipment and Installations 
Figure 8.2 shows the proposed layout in Building 366. 
The existing 2 MVA, 18/0,4 kV transformer and the LV distribution board will remain; 

they will also feed the new building on top of the target area. 
The 18 kV transformers for the main power supplies will be located outdoors; the cor

responding 18 kV circuit-breakers and isolator will be placed in a small adjacent cabin. 
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The new equipment and installations can be summarized as follows: 
i) 18 kV isolator and 4 circuit-breakers (3 in building 366 and 1 in building 193), 
ii) 18 kV interconnections (4 MVA line from building 193 to building 366), 
iii) LV interconnections in building 366, 
iv) Cables between power supplies and magnets: interconnection of magnets in building 

193, 
v) Magnet interlocks (equipment and cabling). 

8.3.6 Modification of Existing Installations 
A certain amount of rerouting of cables will be necessary, some of which has yet to be 

defined, to create space for the AC and the radiation shielding. This will include displace
ment of present AA septum supply and displacement of cable trays where the top shielding 
must come up against the walls of the AA hall. 

8.4 Water Cooling System 
The present AA cooling plant is designed for a total power of 5 MW but, due to severe 

limitations in the cooling tower, it can only absorb about 3 MW. Since the AC magnets have a 
total power dissipation of 3.5 MW the capacity of the plant must be increased to a total of 
at least 6.5 MW. 

The demineralized water circuit will not be modified, it will feed both machines in 
parallel by increasing the water flow from 250 to 430 m 3/h. This can be achieved by running 
both pumps (one active and one spare) in parallel and by ordering a new spare for the two. 
With this increased water flow, one will obtain an overall At of 13°C for 6.5 MW and there
fore roughly maintain the average temperature of the AA-magnets. 

On the primary side, it is necessary to insert a second heat exchanger, fed by indus
trial water at 13°C, of which a source of 150 m 3/h is available at a distance of some 160 m 
from the cooling plant. In spite of the fairly long supply and return lines for the indus
trial cold water, this solution is more economical than the addition of a second cooling 
tower. 

Figure 8.3 shows a schematic diagram of the existing plant and the proposed extension. 

8.5 Radiation Shielding 
8.5.1 Introduction 
Radiation shielding will be a major consideration in the design of the proposed anti-

proton collector. Experience with the AA shows that about 101* hadrons (mainly negative pions 
of 3.5 GeV/c) come down the injection line and into the AA hall for every antiproton 
collected. The shielding of the AA machine is complicated by the lack of suitable space. To 
install a shield for a machine 20 times more intense therefore requires careful planning and 
the shield must be integrated into the overall design. 

8.5.2 Radiation_Getting_into_the_AC 
The best way to estimate the radiation getting into the AC will be to extrapolate from 

the radiation that is found in the present AA machine. The estimated effect of the different 
improvements in antiproton collection in the AC on the unwanted radiation intensity is sum-
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marized in Table 8.5.1. The pion intensity is assumed to be proportional to the target emit-

tance for antiprotons. The momentum acceptance of the AC machine will be 4 times that of the 

AA. In the AA there are estimated to be about 15 pions coming down the injection line for 

every one that falls in the acceptance of the machine. This ratio should be considerably re

duced in the AC injection line design, and it is assumed that the pion intensity will in

crease by only a factor of 2 even though the momentum acceptance of the machine will in

crease by a factor of 4. An eventual increase in the proton pulse intensity on target to 2 x 

1 0 1 3 ppp has also to be taken into account in the estimation of shielding requirements. 

Table 8.5.1. Unwanted Radiation in AC. 

Estimated level in AA = 5 x 1 0 1 0 pions/pulse = 2 x lo 1 0/s 

Increase in target emittances x 4 

Increase in momentum acceptance of pions x 2 

Increase in protons on target x 2 

Effective number of pions into AC 3 x i o n / s 

8.5.3 Radiation ShieldingCriteria 

Access to the AC shield will be restricted during operation and it will be therefore 

the radiation levels at a distance from the machine that will determine the shielding re

quirements. 
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A possible criterion for the AC shield would be to limit the dose at the nearest point 
on the CERN boundary to half the agreed annual limit supposing that the AC works for 5000 
hours per year. Such a criterion requires that the dose rate will not exceed 15 urem/h at 
200 m from the machine (the present measured level during AA operation is nearer 25 (jrem/h). 
The dose rate to the nearest occupied building would then be well within the limits defined 
by the CERN radiation safety policy. 

8.5.4 ShieldingReguired 
The AC machine will be at least 8 m below ground level and radiation reaching the site 

border will be due mainly to neutrons that escape through the shield and are then air scat
tered back to ground level (skyshine). To obtain the 15 |jrem/h at the site border requires 
that the AC looks like a point source from which 6 * 1 0 9 neutrons escape per second. How
ever, the AC will not be a point source and some idea of the distribution of the radiation 
losses around the machine can be obtained from the observed distribution in the AA. The pro
portion of the pions that are lost in the different sections is given in Table 8.5.2. 

Table 8.5.2. Shielding Requirements for AC. 

Position Radiation 
loss [%) 

Shit :ld (of concrete) 
Position Radiation 

loss [%) 
Calculated Recomn 

Top 
nended 

Side 

Injection line 60 2.8 3.2 2.4 
Injection region 20 2.4 2.4 1.6 
First quadrant 15 2.2 2.4 1.6 
Aperture restrictions 4 1.7 1.6 0.8 
Quiet sections 2 1.4 1.6 0.8 

To calculate the shield thickness required, the machine has been divided into 6 sec
tions, the five listed in Table 8.5.2 plus the target area. The thickness of concrete (p = 
2.35 g/cm 3) necessary to reduce the losses in each section to an equivalent source of 1 0 9 

n/s has then been calculated which will respect the site border limit. These calculations 
assume that the shield is at 90 degrees to the direction of the beam. Also given in Table 
8.5.2 are the recommended top and side shields for the different sections of the machine 
based on these calculations. 

8.5.5 Shield Layout 
A proposed layout for the side shield for the AC and AA is shown in Fig. 8.4. It should 

be noted that there is insufficient space to adequately shield the injection line and have 
the target area door opening as in the present AA. In several regions the side shield will 
need to be put outside the hall by filling in the gap between the wall and the earth of the 
pit in which the hall has been built. This will be required for at least the first 15 metres 
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Fig. 8.4 

of the injection line and for the parts of the ring that approach the wall of the AA hall as 
indicated in the figure. 

Both machines will be everywhere covered with 80 cm reinforced concrete to which 
shielding blocks can be added to make up the thicknesses given in Table 8.5.2. Although the 
general areas where top shield reinforcement will be required can be estimated in advance it 
will be necessary to adjust this shield after measurements can be made to ensure that is op
timally positioned. 

The shield around the AA machine is everywhere at least 80 cm of concrete, which is 
sufficient for occasional use with reverse injected protons (of up to 5 « 1 0 1 0 ppp) as well 
as being sufficient to allow access to the centre of the ring area with a stacked beam cir
culating. 

The target area is relatively well shielded for AA. Some improvement will be possible 
as the shielded door, which was the weakest part of the target area shield, will be replaced 
by a thicker fixed shield. This arrangement will also allow reinforcement of the side shield 
of the beam dump in the target area. With these improvements the contribution of the target 
area to the site radiation should be less than 3 urem/h even with a factor of 2 increase in 
proton intensity. 
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8.5.6 Conclusions on Radiation Shielding 
Assuming the secondary radiation problems that will be encountered with the AC can be 

based on those found with AA, then a considerable shielding effort will be required. Even 
after allowing for a reduction in the pions that get down the injection line due to improved 
design it is estimated that an average of 3 x 1 0 n pions per second at 3.5 GeV/c will need 
to be shielded. Although this is 16 times what has been estimated for AA, the recommended 
shield is only about 80 cm (of concrete) thicker. The necessary reduction in radiation 
levels from the AC requires that the shield is integral and complete in the regions of ra
diation loss. 
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************************************************ 
* * 
* ANTIPROTON COLLECTOR (AC> PARAMETER LIST * 
* * 
* 2nd edition October, 1983 * 

A P P E N D I X 

** s * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

GENERAL 
* * * * * * * 

ORBIT (see note 3) 
max central min 

momentum p'p0 1. 03 1.00 0. 97 
deltap/p0 + 3 00 0 -3. 00 E-2 
p (note 1> 3 6325 3.5752 3 4630 GeV/c 

kin. energy T 2. 8619 2.7530 2 6544 GeV 
tot. energy E 3 3002 3.6963 3 5927 GeV 
relativ. param beta 0 9690 0.9672 0 9653 

gamma 4 0501 3.9395 3 8290 
magn. rigidity E*rho 12.283 11.926 1 .568 Tm 
c i rcumference (note 2> 132.433 m 
rev. frequency (note 2) 1.58948 MHz 
rev. period 629.138 nsec 
current with E10 part i c1 es 2.5466 mA 

LATTICE: FOBÛ, 28 periods. 2 superperi ods 
phase advance per period 70 deg 
work i ng poi nt Qx 

Qz 
5.42 
5.43 

chromât i c i ty Q'x corrected 
Q'z corrected 

c1 ose to 
close to 

0 
0 

transi t i on gammatr 
eta 

4.337 
+0.0226 

beta max hor 
vert 

17.03 
12.63 

m 
m 

alpha p max 3.948 m 

acceptance si multaneous 
deltap/p0 

W (note 3>: 
+ -3 E-2 

hori zontal 
vert i cal 

200*pi 
200*pi 

mm*mrad 
mm*mrad 

Note 1 The AC central orbit momentum is equal to the AA injection 
orbit momentum which is 21.5 permille higher than the AA 
central orbit momentum of 3.50OO GeV''c. 

Note 2 For bunch rotation, the AC rf must be equal to the PS rf of 
9.536865 MHz. The AC r-f is chosen to be the 6th harmonic of 
the AC revolution frequency. Revolution frequency and 
momentum determine the circumference. 

Note 3 Orbits and acceptance: 
a = alphap * deltap/p 
b = SQR (beta hor * hor emittance/pi> 
c = SQR (beta vert * vert emittance/pi> 

+3 

max 

0 

centra 1 

-3 

m in 
deltap/p (Z) 
ORBIT 
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KICKERS 
******* 

number of tanks 
nominal deflection angle 

nominal k i c k s t r e n g t h 

remanent kickstrength 
kick rise/fall time <5-95;-:> 
t i mi ng ji tter 
flat top length 
kick variation on flat top 
minimum pulse rep. interval 
nominal PFN voltage 
maximum PFH voltage 
electri c pri ne i pie 
i mpedance 
mechanical principle 

modules/tank (see below) 

total 
K55 
k56 
total 
K55 
K56 
total 

K58 
K55 
K56 

i nject i on 

2 <K55,K56:> 
17 
8.5 
3.5 
2028 
1014 
1014 
3.5 
160 

<2 
450 
<2 
2 
77.5 
80 
del ay 1i ne 
15 
fui 1 aperture 
stat i onary 
BR 
RB 

eject i on 
CK583 

107 

230 
<2 
3S0 
<2 

mrad 
mrad 
mrad 
G*m 
G*m 
G*m 
G*m 
nsec 
nsec 
nsec 
v. 
sec 
kV 
kV 

54 
88 
del ay 1i ne 
15 Ohm 
ful1 aperture 
st at i onary 
CDEF 

module type fl B C D E 
eff. module length 825 825 368 47e 550 
nominal fieldstrength 570 660 638 550 490 
gap height 110 95 70 8e 96 
useful aperture width 95 118 325 285 278 

F 
788 
428 
185 
9 2S 

mm 
G 
mm 

SEPTR 
***** 

number 
nominal deflection angle 
fieldstrength*eff.length 
fieldstrength 
eff.length 
overal1 1ength 
gap height 
gap width 
septum thickness 
eff. septum thickness 
number of turns 
peak current 
pulse length (half-sine) 
coi 1 resi stance 
coi1 i nductance 
coupling transformer ratio 
average power 
water flow 
temperature rise 

i nject i on eject i on 
1 1 
123 121.5 mrad 
1.52 1.445 T*m 
1.82 0.963 T 
1.5 1.5 m 
1.65 1.65 m 
92 23 mm 
288 110 mm 
10 4 mm 
30 28 mm 
2 1 
37 17.7 kfi 
3.5 1.8 msec 
8.2 8.4 mOhm 
16.4 9 uH 
18 18 
258 25 U 
0.06 8.086 1 -'sec 
5 m

 deg C 

RF - SYSTEMS 
************ 

BUNCH ROTATION + DEEUNCHING 
number of cavities 
gaps/cavi ty 
max. voltage, sum of cavities 
nom. voltage for bunch rotation 
harmonic number 
frequency 
confi gurat i on 
material 

2 
1 
1. 5 MV 
1. 32 MV 
6 
9. 536865 MHz 
Pi 1 1 box 
steel , Cu-c1 
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shunt impedance 
Q 
RF power 
stored energy 

REBUHCHING 
number of cavities 
gaps/cavi ty 
max. voltage 
nom. voltage for rebunching 
harmoni c number 
frequency 

VACUUM (ring) 
****** 

no bake-out 
design pressure (N2 equiv.) 
average out gassing rate 
turbomolecular pumps 

sputter ion pumps 

ANTIPROTON PRODUCTION 
********************* 

428 kOhm 
11000 
657 kW 
120 W*sec 

1 
1 
35O0 V 
300 V 
1 
1.58948 M H 

IE-OS Torr 
1E-12 Torr*l/sec/cm' -2 

number 6 
speed 500 1/sec 
number 25 
speed 4O0 1--'sec 

proton 
focusi ng 

1 ens 

materi al Li 
di ameter 28 
1ength ca. 125 
current <600 
pulse len gth 330 

(ha lf- si ne> 

conduct i ng ant i i proton 
target focusi ng 

1 1 ens 
Cu Li 
3.0 40 mm 

ca. 2O0 150 mm 
ca. 150 ca. 900 kfl 

16 1200 usee 

STOCHASTIC COOLING SYSTEM 
************************* 
1 sec betatron cooling then 1 sec momentum cooling. Overlap possible. 

BETATRON COOLING 
There are 2 systems: hor + vert. Data below are per system. 
number of particles per pulse 1ES 
i ni t i al emi ttance 
final emittance 
cooli ng t i me 
pick-up number of tanks 

tank 1ength 
number of loop pairs (both tanks) 
8 sets of loop lengths, average 
maximum gap between loops (movable) 
minimum gap between loops 
loop impedance 
Schottky signal power <from beam) 
thermal noise power at preamp input 
temperature of cryogenical 1 y cooled 

terminators and preamplifiers 
kicker number of tanks 

tank length 
number of loop pairs (both tanks) 

overall bandwidth (divided lower limit 
into 3 channels) upper limit 

electronic gain 

kicker driving power 

200 pi *mm*mrad 
5 p i * m m * m r ad 
1 sec 
2 
2. 15 m 
112 
3.75 cm 
10 cm 
1.5 cm 
50 Ohm 
2.3 pH 
1.6 pU 
40 deg K 
2 
2. 15 m 
112 
1 GHz 
3 GHz 
2.6E7 
14S dE 
2.6 kW 
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MOMENTUM COOLING 
Pick-ups, amplifiers, kickers are those used for betatron cooling, 
initial momentum spread <after bunch rotation) +-0.75 'A 
final momentum spread 
cooling t i me 
fraction of pbar within final momentum spread 
overall bandwidth lower limit 

upper limit 
kicker driving power 
notch filter: 2 superconducting coaxial lines 

+ - 0 . 1 y. 
1 sec 
SO y. 
1 GHz 
3 GHz 
1 kU 


