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ABSTRACT 

Following the recommendation of the Workshop on Future ISR Physics, 1976, a 
study has been made of using the existing ISR (Intersecting Storage Rings) equipment 
at CERN to build a single 60 GeV storage ring (Merged ISR) for beam collision 
with the 400 GeV Super Proton Synchrotron (SPS). At a minimum cost of 103 MSF, a 
single-intersection physics facility with a 3.55° crossing angle, a luminosity of 
1.2 1 0 3 0 cnr 2s - 1 and a centre-of-mass energy of 255 GeV could be built. For a fur
ther 7 MSF, the luminosity could be easily raised to 3.8 10 3 0 cm~ 2s - 1. Alternatively, 
the MISR can be built to give a single, zer,o-angle crossing with a luminosity of 
1.1 1 0 3 2 cnr 2s _ 1. The last solution is not recommended, however, as the free space 
around the intersection is extremely limited and the facility becomes very special
ized in the type of physics experiments which could be performed. In all cases, the 
project could be completed in three years and two months with a 9^-month shutdown 
for the SPS and 18 months between the closing down of the ISR and the start-up of 
MISR. 
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FREQUENTLY USED SYMBOLS AND ABBREVIATIONS 

g particle velocity relative to that of light 
c velocity of light [ms"l ] 
Y ratio of total energy to the rest energy of a particle 
E rest energy of a particle [GeV] 
m rest mass of a particle [kg] 
o 

e fundamental unit of charge [As] 
n = — — — revolution frequency spread per unit of momentum spread, 

Y Y 
t Y t being the value of Y at the transition energy 

p particle momentum [GeV/c] 
3, , 3 horizontal and vertical betatron amplitudes, respectively [ml; 

1 d&h 1 d$v their derivatives are expressed as a, = - y - j — and a = - -=• -g— , 
where s is the distance along the beam 

Q, , Q horizontal and vertical machine tunes, respectively 
a momentum compaction function [m] 
R average machine radius [m] 
ZT , Z~, longitudinal and transverse coupling impedances, respectively [J2] 
a,, a horizontal and vertical standard deviations of the particle distribu

tion, respectively [m] 
& , e horizontal and vertical normalized beam emittances, respectively [mrad] 
L luminosity [cm" 2s - 1] 
and " over a symbol denote average and maximum value, respectively. 

PS CERN 28 GeV proton synchrotron 
SPS CERN 400 GeV proton synchrotron 
ISR CERN Intersecting Storage Rings 
MISR Proposed 60 GeV Storage Ring (Merged ISR). 
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INTRODUCTION 
During the Workshop on Future ISR Physics in October 1976, a proposal was made by the 

Unconventional Ideas Study Group to use the existing ISR equipment to build a 60 GeV proton 
storage ring (MISR) for a colliding-beam facility in the SPS 1). In order to estimate the 
physics potential, the costs and the time scale for such a project, a study group was set 
up comprising persons from ISR, SPS and SB divisions. Some preliminary results have al
ready been presented at the second session of the Workshop on Future ISR Physics in 
September 1977 and the present report is the conclusion of this work. 

From among the versions studied, the machine proposed here is the most versatile from 
the point of view of physics and requires only a minimum of new equipment. It would be 
located inside the SPS and cross the SPS at 3.55° in long straight section LSS5, which is 
the experimental intersection, and in the adjacent SPS missing-magnet gap. The beam would 
be injected at 16.5 GeV from the PS via the SPS and accelerated by phase displacement in 
MISR to 60 GeV. Both machines are provided with a low-g insertion which gives a luminosity 
of 1.2 10 3 0 cm" 2s - 1 for a coasting SPS beam at 270 GeV. Increasing the injection energy to 
26 GeV by adding magnets in the beam transfer lines TT10 and SPS-MISR would give an increas
ed luminosity of 3.8 1 0 3 0 cm~ 2s - 1 which is considered a very worthwhile improvement pro
gramme. By designing the machine with a zero-angle crossing, a luminosity of 1.1 10 3 2 cm~ 2s - 1 

can be achieved but at the cost of greatly reduced space for physics and versatility. 

Since in the proposed solution there are no common magnets, the SPS could be operated 
in a pulsed mode with an intermediate flat-top for the MISR experiment. This mode of opera
tion which would have the attraction of allowing collisions up to the maximum SPS energy 
while giving virtually no interference to the SPS physics programme, is unfortunately limit
ed by the overlap knock-out resonances which would sweep through the MISR stack during each 
SPS acceleration cycle (see Section 5.2). 

The study was carried out with the boundary conditions that the maximum of existing 
ISR equipment be used and that only essential modifications be made to this equipment. On 
the assumption that the same broad range of experiments would be performed as in the ISR, 
the intersection design is not focused on the needs of any particular experiment. 

1. PHYSICS CONSIDERATIONS 
In response to the rapidly changing ideas in the field of high energy physics, the 

CERN physics programme is constantly evolving and it is a singularly difficult task to pre
dict the experiments that would be proposed for MISR. However, a comparison with the pre
sent ISR performance and experimental programme would be interesting and may go some way 
towards resolving this familiar problem. 

During 1977, the average ISR luminosity for the highest centre-of-mass energy of 
62.8 GeV was around 5 1 0 3 0 cm~ 2s - 1 and at the lower centre-of-mass energy of 53.2 GeV was 
as high as 12.8 1 0 3 0 an~ 2s - 1. In the new superconducting low-g insertion, the expected 
luminosity is higher than 100 1 0 3 0 cm" 2s _ 1. It is clear, therefore, that the attraction of 
MISR, with an estimated luminosity of only 3.8 1 0 3 0 cm~ 2s - 1, lies entirely in the increased 
centre-of-mass energy, which would be 255 GeV for operation with the coasting SPS beam, al
though it should be noted that the cross-section for many processes increases with energy 
which will partially compensate for a lower luminosity. 
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The present main physics topics at proton-proton colliding beam facilities can be dis
cussed in terms of the following general headings: 

i) Total cross-section and elastic scattering at very small angles 
ii) Elastic scattering and diffractive excitation 
iii) Scaling and short-range order 
iv) Large transverse momentum phenomena 
v) Direct lepton production 
vi) Particle searches. 

this programme would, of course, be valid for MISR, but with strong reservations con
cerning the physics in points iv), v) and vi), since here the MISR luminosity would serious
ly limit the experimental scope. For these experiments, the original zero-angle crossing 
scheme for MISR1-* which had a higher luminosity (see Section 6.1) would be more attractive. 
In the case of a double muon experiment, the central dipole, needed to arrange the zero-
angle crossing, could probably be incorporated into the experimental set-up. 

The kinematics of the MISR-SPS intersection is different from those of the ISR inter
section where the centre-of-mass system moves slowly (g = 0.13) and at 90° relative to the 
beams. When the coasting SPS beam of 270 GeV collides with the MISR beam of 60 GeV, the 
centre-of-mass system moves quickly (g = 0.64) at 1° relative to the SPS beam. Secondary 
particles with centre-of-mass system angles of 90° would come out at 50° in the laboratory 
system. The free space from the intersection to the nearest machine magnet would be 12 m 
on the MISR beam and 16 m or 14 m on the SPS beam according to which SPS low-g insertion 
is adopted (see Section 6.3). This gives a minimum, non-obstructed angle of 25 mrad in the 
lab-system. 

The length of the intersection diamond is of particular importance. In the case of 
the original zero-angle crossing scheme 1), the benefit of the higher luminosity of 
1.1 1 0 3 2 cm" 2s - 1 is partially lost as the intersection diamond extends over more than 1 m, 
which can be regarded as an upper limit. Longer diamonds introduce severe problems in de
ciding the layout of an experiment and in reconstructing the source of an event. 

In addition, the intersection arrangement for the zero-angle crossing scheme is very 
different and imposes a restriction on the possible layouts for experiments. 

On the contrary, in the presently proposed version of MISR with a 3.55° crossing angle, 
the estimated size of the diamond (length = 52 mm, width =1.6 mm, effective height, 
h £ £ = -^2ir(a2 + a 2) = 0.48 mm) is very attractive. It would make the recognition of 
events and the corresponding programming easier and also reduces the problem of having a 
variation in the vacuum chamber thickness along the diamond. 

When considering experimental areas, it is important to take into account cranes, 
cables, handling areas, access and facilities outside the radiation environment. A pos
sible experimental hall is described in Section 16.2 and its cross-section is shown in 
Fig. 1.1. It has the counting room (or rooms) very close to the experimental area, thus 
making cable runs as short as possible and access very easy. In particular, experimental 
power supplies, water pumps and control equipment can serve both the assembly and the ex
perimental areas from one fixed position. To provide space for experimental equipment, a 
clearance of 5 m above and below the vacuum chamber would probably be sufficient and the 
experimental area would have to extend somewhat further in the direction of the centre-of-
mass motion. 
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In keeping with the above discussion, the layout of the experimental area is not rig
orously defined so as to accommodate a wide range of experiments, while still offering a 
realistic arrangement for cranes, access and the assembly area. 

Mich of the experimental equipment now used in the ISR could, of course, be re-used in 
MISR; for example, experimental magnets and power supplies, cables, gas systems, safety 
systems, equipment for counting rooms and communication systems. The cost of the experi
mental area would, therefore, be almost purely determined by the civil engineering costs. 

Finally, it must be stressed that making centre-of-mass energies of 255 GeV available 
for physics would be a spectacular gain, despite the limited luminosity estimated for the 
MISR project. More serious drawbacks are that only one intersection is possible and that 
the SPS time would have to be shared with other experiments. 

2. SELECTION OF LOCATION 

The three possible locations for MISR which have been studied are shown in Fig. 2.1. 

2.1 Location 1 

This location was originally proposed during the Workshop on Future ISR Physics in 
October 1976 * ) . 

Collision with the SPS beam takes place in LSS5 and MISR is located outside the SPS 
ring. Ejection from the SPS is located at LSS4 and the beam is passed to MISR via a 1.2 km 
long transfer tunnel. Injection into MISR is from the outside with deceleration for 
stacking. The bending power needed for the transfer is moderate and the existing ISR equip
ment would be sufficient. 

As the MISR tunnel would only be at 16 to 22 m below ground level, it would be possible 
to use the cut and fill method. The access shafts would be short and at a shallow point 
there would be an entry ramp. Unfortunately, the ring tunnel would fall partially outside 
the molasse ridge and it would cross the region between the moraine and molasse, which can 
certainly not be considered as either stable or dry. The problems of stability and water 
penetration remain to be solved. 

One of the major difficulties which probably rules out this site from the beginning 
would be the acquisition of the land and the permission to build an accelerator so near to 
the large population area of Meyrin. 

2.2 Location 2 

Collision with the SPS beam is, as before, in LSS5 but MISR would be located inside 
the SPS ring. Ejection from the SPS would again be in LSS4 with injection into MISR from 
the outside and stacking by deceleration. The bending power needed for the beam trans
fer is much higher since the beam has to be deflected by approximately 90°. 

The tunnel would be at 22 m to 49 m below the ground level and would fall wholly with
in the molasse. It would, therefore, be necessary to apply the same techniques as were 
used for the SPS tunnel, but there would be no problems concerning stability or water pene
tration. For access to the tunnel, four shafts would have to be made. 
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The tunnel would fall outside CERN territory but would be in an area with a low popula
tion density. 

2.3 Location 3 
Collision with the SPS beam would take place in LSS3 and MISR would be located outside 

the SPS ring. Ejection from the SPS would take place in LSS2 and part of the ejection 
equipment already in use for the North area could also be used for MISR. The length of the 
transfer tunnel and the requirement for bending power would be the same as for location 1. 

The tunnel would be about 60 m below the SPS buildings and wholly within the molasse. 
For access to the tunnel, four shafts would have to be made. 

The ring would fall inside CERN territory and, therefore, no additional land or special 
building permission would be required. 

At present, the SPS-RF equipment is located in LSS3 and would have to be transferred 
to LSS5. How to transfer the equipment and to reduce the SPS downtime to an absolute mini
mum are non-trivial problems and would have to be studied in detail. The equipment build
ing in LSS5 would have to be enlarged. Whether the existing access shaft is large enough 
to take the additional equipment such as wave guides and cables has not been established. 

2.4 Choice of location 
A very detailed discussion of the merits and disadvantages of the three locations was 

felt to be outside the framework of this report and so location 2 was assumed for this study 
for the following reasons: 
- Location 1 is ruled out as it is too close to Meyrin. 
- At location 3, it would be possible to build MISR, but it would certainly be the most ex
pensive solution. The disturbance to the SPS would be greater and the SPS shutdown time 
would be longer than for location 2. 

Location 2 would, therefore, be the most probable choice of site if such a colliding 
beam device were to be built. 

3. MISR LAYOUT AND LATTICE 
3.1 The basic lattice cell 

The existing ISR is a combined-function machine with a regular lattice in its outer 
arcs comprising alternate F and D long magnet units (two blocks with a single coil). The 
intersection regions and inner arcs have straight sections of various lengths and groups of 
short magnet units (single blocks). There is a mismatch between the tight lattice of the 
outer arcs and the rest of the machine which causes a modulation of the betatron amplitudes. 
In MISR, there is no need for inner and outer arcs, and so an attempt will be made to create 
a more regular lattice into which all insertions and straight sections will be fully matched. 

The ISR contain 192 horizontally focusing (F) blocks and 192 horizontally defocusing 
(D) blocks. For a regular structure, each cell must contain an equal number of F and D 
units which is a sub-multiple of 192 (see Table 3.1). However, the distribution of the 
magnet blocks between long and short units is such that some cells will inevitably have 
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irregularities arising from the use of two short units instead of one long unit or the con
trary. The best that can be done is to distribute these irregular cells in a symmetric 
manner around the machine. It should also be mentioned that these irregularities need not 
be large as the effect of a short drift space following a combined function magnet is small. 
For MISR parameters, a short drift space would be less than 1 m. When simulating a long 
ISR magnet unit with two short units, the separation of the effective field boundaries in
creases from 0.079 m or 0.103 m in the long unit (F or D) to a value of 0.968 m or 0.970 m 
for two short units (F or D), which satisfies the above criterion. 

TABLE 3.1 
Possible cell structure 

Basic cell Number of cells 

F D N = 192 
FF DD N = 96 
FFF DDD N = 64 

FFFF DDDD N = 48 
FFFFFF DDDDDD N = 32 

The criteria and considerations affecting the choice of the cell are as follows: 
i) The filling-mode for MISR, i.e. 

- injection from the PS via the SPS transfer tunnel and ring, which would be limited 
to 16.5 GeV unless some modifications were made to reach 26 GeV; 

- direct injection from the PS via a new transfer tunnel to MISR which could operate 
up to 26 GeV; 

- injection from the SPS at 60 GeV (or perhaps a lower energy if there is a limitation 
in bending power in the transfer channel). 

ii) Acceleration in MISR will be by phase displacement. 
iii) As some aperture will inevitably be lost in the long units (see Section 3.4), it is 

very desirable to keep the maximum dispersion, S , below 2. 
iv) Low Q-values are preferable to high Q-values. 
v) For drift spaces to be useful, it should be noted that the minimum distance between 

steel faces -
- is 2.2 m to insert anyone of the existing auxiliary magnets and a pick-up, 
- is 1.3 m to insert only a pick-up. 
The closest approach of two short units leaves only 200 mm clear space between coils 
and 1.035 m between the steel faces. 
Concerning the filling mode, the cheapest solution is to inject at or below 16.5 GeV 

from the PS via the SPS transfer tunnel and ring, which has been adopted as the basis for 
the study. Modifying the SPS transfer line TT10 to work up to 26 GeV has also been studied 
as an optional improvement programme for MISR. However, this choice imposes the condition 
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that the transition energy, y E 0 , be below the injection energy in order to satisfy the 
requirements of phase-displacement acceleration. This in turn calls for a compromise solu
tion, since a low gamma transition means a high dispersion via the relation 

- R average dispersion, a = —- . P v z 

t 
Figure 3.1 shows the AGS 2 J calculations made concerning y and S for the possible lat

tice cells. The basic cell FFFF DDDD (N = 48) clearly gives the best chance of maintaining 
6L below 2, while the transition energy, E 0 Y t> is still not above the 16.5 GeV limit of the 
TT10 transfer line. The only reasonable alternative is the FFF DDD (N = 64) cell, which is 
better inasmuch as it has lower tune values, but the S could be as high as 3.0. Taking in
to account the considerations concerning the inter-magnet drift spaces and the importance 
of the aperture requirements, the FFFF DDDD (N = 48) structure was chosen (see Table 3.2). 
The cell length was set so that the machine was tuned to the 55th RF harmonic. The mid-D 
and mid-F openings were optimized for minimum gamma transition and to achieve a tune separa
tion of 2 in the final machine. 

The principal parameters of the lattice without the insertions are summarized below 
from Table 3.2. 

Tune values 
Maximum betatron amplitudes 
Maximum dispersion 
Gamma transition 
Transition energy 

3.2 Lattice 
Table 3.2 corresponds to the regular lattice cell of which there are 32 in the machine. 

Owing to the different number of long and short units of F and D types, the remaining 
16 cells of the structure are irregular in some way. Figure 3.2 shows the three types of 
irregular cell with the regular cell for comparison and Fig. 3.3 shows their disposition in 
the overall lattice. As far as the lattice and the low-3 insertion are concerned, the two 
halves of the machine about the centre of the low-f$ insertion have mirror symmetry. How
ever, this symmetry is broken in the central part of the injection insertion. The irregular 
cells, which are distributed symmetrically about the insertions, cause only a mild mismatch. 
The procedure used for matching the insertions was to start at the centre of the regular 
lattice and to track through the irregular cells to obtain the slightly modified entry 
values. 

For the low-f$ and injection insertions and the second SPS crossing, the lattice has 
been opened at mid-F positions. From the point of view of matching, this has proved quite 
satisfactory but it is not ideal for the special injection requirements. Figure 3.4 shows 
the variation of the parameter 

2 

w =

 a} . ' (Vh+ g t i < V d s ) 
Ti ^h 

Oh = 15, .2, % = 13, .10 

h = 48, .6 m, % = 44, .6 m 
= 1. 
= 12, 

.8 m 

.96 

^ t E o = 12, .16 GeV . 



TABLE 3.2 Basic c e l l parameters 

NORMAL LATIlCE uELL WITH BA^E 

CIPCUM-ERFNCE - 1 4 2 7 . 3 1 6 9 6 

MACHIME GRADIENTS 

48 SUPERPERIODS 

AGS VERSION 7 5 . 0 2 03/02/78 14.48.48 
STRAIGHT MAGNETS 

NU 
1 
? 
3 
4 

1 . 
i i 
12 
13 
14 
15 
16 

r L 1 

r L P 

FS 

F S 

3L? 

DS 

DS 

LENGTH 3 L / J X ANGLE K (V ) D K ( V ) / D X D2K/DX2 X XX BETAX 

2 . 5 1 0 9 - . 1 7 4 1 6 . 3 4 6 1 0 - . 0 1 9 5 3 0 - . 0 1 2 3 8 .006(1 1 . 4 5 1 9 9 . 1 3 1 0 4 2 9 . 0 6 

. 0 7 9 1 . 1 7 4 0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 1 . 7 0 6 1 2 . 0 6 9 3 1 4 3 . 0 0 
2 . 5 1 0 9 - . 1 7 4 1 6 . 3 4 6 1 0 - . 0 1 9 5 3 0 - . 0 1 2 3 8 . 0 0 6 0 1 . 7 1 1 6 0 . 0 6 9 3 1 4 3 . 3 3 
1 . 9 6 1 ] . 1 7 4 O.OOOOC O.OOOOCO 0 . 0 0 0 0 0 0 . 0 0 0 0 1 . 7 9 8 0 9 - . 0 0 1 1 2 4 8 . 6 1 
2 . 5 0 7 5 - . 2 3 1 1 6 . 5 0 6 0 0 - . 0 1 9 3 2 0 - . 0 1 2 4 0 . 0 0 6 4 1 . 7 9 5 8 9 - . 0 0 1 1 2 4 8 . 4 1 

. 9 6 7 5 . 2 3 1 0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 1 . 7 0 5 6 3 - . 0 7 0 1 * 4 2 . 7 4 
2 . 5 0 7 5 - . 2 3 1 1 6 . 5 0 6 0 0 - . 0 1 9 3 2 0 - . 0 1 2 4 0 . 0 0 6 4 1 . 6 3 7 7 7 - . 0 7 0 1 4 3 8 . 7 2 
1 . 2 3 9 0 . 2 3 1 0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 1 . 3 8 7 4 6 - . 1 2 7 4 9 2 5 . 7 1 
2 . 4 8 S 6 . 1 7 7 1 6 . 2 3 4 0 0 . 0 1 8 7 3 0 . 0 0 9 4 9 - . 0 0 3 9 1 . 2 2 9 6 3 - . 1 2 7 4 9 1 8 . 9 4 

. 1 0 3 4 - . 1 7 7 0 . 0 0 0 0 0 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 . 9 9 8 7 3 - . 0 6 0 0 2 1 0 . 2 8 
2 . 4 8 5 6 . 1 7 7 1 6 . 2 3 4 0 0 . 0 1 8 7 3 0 , 0 0 9 4 9 - . 0 0 3 9 . 9 9 2 5 3 - . 0 6 0 0 2 1 0 . 0 5 
3 . 1 6 9 6 - . 1 7 7 O.OOOOC 0 . 0 0 0 0 0 0 0 . 0 0 0 0 0 0 . 0 0 0 0 . 9 1 8 8 1 . 0 0 0 1 5 6 . 7 8 
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through the basic lattice cell. Since this parameter is an invariant in regions with no 
bending and since a large value of W is more favourable for injection, it now appears with 
the experience gained that a mid-F opening is the least favourable choice, at least for in
jection. For reasons of matching, explained in Section 8.1, it was necessary to distort 
the lattice cells on each side of the injection insertion and this had the unfortunate side 
effect of causing a further small reduction in W. Had the structure been opened at a mid-D 
position and assuming that the adjacent cells could have been modified to satisfy the match
ing requirements, W could well have been larger and hence more favourable for injection, 
but this is not proven. Alternatively, an F - D opening might not only have given a larger 
W but also satisfied the phase requirements for matching without distortion of the adjacent 
lattice cells. 

The beam parameters of the final lattice are given in the parameter list in Appendix A. 
The most important change with respect to the lattice without insertions (Section 3.1) is 
the increase in gamma transition, y , from 12.96 to 14.50. 

3.3 Working line 
Figure 3.5 shows the proposed MISR working line, which can be described as being of 

the "inverted 8C type"3) with a difference in the Q-values of 2. The resonance pattern in 
this region is identical to that near the diagonal Q. = Q . The line is symmetric with the 
normal 8C line about the half-integer resonance. As injection is foreseen on the outside 
of the MISR ring with deceleration into the stack, the injection is at the top of the line 
and the stack is at the bottom between third and fifth order resonances. The chromaticities 
are positive and equal which is required for stability. The line can be above or below 
Q, - Q = 2 according to the procedure for on-line, space-charge compensation. The bare 
machine tune values are Q, = 16.405, Q = 14.447 and the small shift and shaping needed to 
create the final working line can be easily done by the poleface windings. The detailed 
characteristics of the line are given in Table 3.3. 

TABLE 3.3 
Characteristics of MISR working line 

Injection energy 16.5 GeV 26 GeV Injection energy 
Ap/p Oh % Ap/p % % 

Injection 
Stack top 
Centre line 
Stack bottom 

0.0123* 
0.0041 
0.0 
-0.0276 

16.402 
16.384 
16.378 
16.338 

14.412 
14.394 
14.388 
14.348 

0.0264 
0.0089 
0.0 
-0.0289 

16.416 
16.384 
16.373 
16.338 

14.426 
14.394 
14.383 
14.348 

Chromaticity — 1.45 1.45 — 1.22 1.22 

* 
Injection at 16.5 GeV is inside the fan of fifth order resonances un
less the line is given more tune spread in the outer half of the aper
ture. 
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3.4 Aperture and field integrals for the MISR beam in the ISR magnet units 
In the ISR, the central orbit is positioned so that the integrals of field and gradient 

along the trajectory equal the measured values along the axis of the magnet to within one 
to two parts per thousand. By adding correction terms for the radial variation of the ef
fective lengths and for the curvature, these integrals along the trajectory could then be 
accurately related to the values measured along the magnet's axis'* ̂. When applying this 
same approach to MISR, it is found to work well for short units, but the geometry of the 
long units forces some modifications to be made. The problem arises from the fixed angle 
of 32.6 mrad between the axes of the two blocks which corresponds to the ISR radius of 
bending. This configuration cannot be changed without making new coils and in this event 
it would be better to convert the long units into short units, as this would give more aper
ture and a more regular lattice. However, the estimated cost of this conversion is 14 MSF 
and hence the cheaper solution of accepting some aperture loss has been adopted. The re
sults of the detailed analysis5) are given below. 

3.4.1 Short units 

The available aperture about the central orbit is in fact marginally better than in 
the present ISR and would be considerably better if it were not restricted by the side arms 
on the chamber which are set at 16.4 mrad instead of the required 8.3 mrad. The maximum 
window set by this restriction is 152.8 mm (+73.6 mm, -79.2 mm). There is no point in 
modifying the side arms on these chambers as the aperture is already greater than that 
available in long units. In order to have the vacuum chambers in the inter-magnet straight 
sections centred on the beam (necessary for lenses and pick-ups), a transition element with 
an angle of 8.2 mrad and a step of 6.4 mm will be needed at each end of a short unit. The 
co-ordinates of the equilibrium orbit (set by the criterion in Ref. 4) are given in 
Table 3.4 and the principal apertures and parameters are given in Fig. 3.6. 

TABLE 3.4 
Co-ordinates of the central orbit in short units (F or D) 

Position reference Block 
centre 

Block 
edge 

Elliptical 
tube stops 

Eff. field 
boundary 

End of 
chamber 

Longitudinal y [mm] 
Radial x [mm] 

0.0 
1.8 

1220 
-3.0 

1280 
-3.4 

1296 
-3.6 

1644 
-6.5 

Form of trajectory parabolic straight 

Notes: i) x is referred to magnet axis and y to magnet centre. 
ii) the ends of the magnet vacuum chamber occur at y = 1644 mm and 

-1631 mm. The longer side is given in the table as it causes a 
tighter aperture limit. 
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3.4.2 Long units 

The maximum aperture and best use of the good-field region will be obtained by posi
tioning the trajectory symmetrically between the two blocks. In this case, the trajectory 
in a block is rotated by 8.3 mrad with respect to the similar trajectory in a short unit. 
Knowing the form of this trajectory, it is possible to find the maximum beam width which 
will pass through a long unit vacuum chamber. In Figs. 3.7.a) and b ) , the maximum beam 
apertures are shown for the existing vacuum chamber a) and for this chamber with the end 
sections removed b). There is, in fact, little point in changing the central, elliptical 
part of the chamber, since it defines almost exactly the good-field region in the magnet 
outside of which the beam should in any case not go. The chamber is also inserted into the 
magnet gap to virtually its maximum penetration, so it also defines an absolute outer limit 
in F units and an inner limit in D units. In Figs. 3.7.a) and b ) , the central orbit has 
been positioned centrally in the beam aperture and hence its position with respect to the 
magnet axis is determined. 

Clearly, the aperture is least affected if the ends of the long unit chambers could be 
replaced by circular pipes aligned with the elliptical tube but offset by 10.4 mm, so leav
ing a maximum aperture of 139.1 mm. This solution, which has been adopted for MISR, cor
responds to Fig. 3.7.b) and gives an aperture of 139.1 mm (+69.6 mm, -69.5 mm). The co-or
dinates for the equilibrium orbit in both cases are given in Table 3.5. 

TABLE 3.5 
Co-ordinates of the central orbit in long units (F or D) 

(values for one block) 

Position reference Centre of 
long unit 

Block 
edge 

Block 
centre 

Block 
edge 

Eff. field 
boundary 

End of 
chamber 

Longitudinal y [mm] 
Radial (a) x [mm] 
Radial (b) x [mm] 

-1295 
-18.5 
-13.4 

-1220 
-17.3 
-12.2 

0 
-2.5 
2.6 

1220 
2.8 
7.9 

1295 
2.8 
7.9 

1644 
2.8 
7.9 

Form of trajectory parabolic straight 

Notes: i) x is referred to magnet axis and y to magnet centre. 
ii) (a) refers to Fig. 3.7.a) and (b) refers to Fig. 3.7.b). 

3.4.3 Magnet parameters 

The relationship between the measured magnet parameters and the trajectory values have 
been calculated according to Refs. 4 and 5, and are listed in Table 3.6. 

This table is based on the ISR series magnetic measurements at 0.5 T, which in MISR 
corresponds to a beam momentum of 23.53 GeV/c. As the magnets are far from saturated at 
this field level, the values in Table 3.6 can be safely used for the beam optics calcula
tions for both the 16.5 and 26 GeV injection options. However, as MISR is ramped up to its 
maximum energy, these values will change owing to the progressive saturation of the magnet 
blocks. One important calculation, which is omitted here, concerns the powering of the 
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compensation windings during this ramp. This is done in order to boost the bending strength 

of the short units, since they are more affected by saturation than the long units. The 

gradient changes, which are also due to saturation, will be compensated by the poleface 

windings and localized sextupoles as is now done in the ISR. Although magnetic measurements 

do exist at high field levels, this is better done by direct measurement on the operating 

machine. Once the saturation effects have been compensated, Table 3.6 will effectively be 

valid at all operating energies to a very close approximation. 

TABLE 3.6 

Magnet parameters for MISR based on average measured values 

for ISR magnet blocks at 0.5 T 

Parameters_measured 

ODJPiîSBË^axis: 

/ 

/ 

Bz(0,y) 

Bref 
dy 

dBz/dx(0,y) 

Bref 
dy 

Bz(0,0) 

Bref 

dB /dx(0,0) 

B. ref 

[m] 

[m _ 1] 

F-short 

2.5904 

7.8540 

0.99977 

3.1343 

D-short 

2.5864 

7.5551 

0.99839 

3.0140 

F-long 

2.5587 

7.8442 

0.99924 

3.1345 

D-long 

2.5560 

7.5353 

0.99820 

3.0146 

Parameters_corrected 

i2ï_bË§5LE§£h : 

/ 

Bz(x,y) 

Bref 
dy 

dBz/dx(x,y) 

Bref 
dy 

[m] 2.5914 

7.8592 

2.5855 

7.5503 

2.5663 

7.8704 

2.5487 

7.4961 

Effective gradient length [m] 

Effective profile parameter [m~l] 

Bending angle [mrad] 

2.5075 

3.0328 

16.5060 

2.5051 

2.9203 

16.4684 

2.5109 

3.0668 

16.3461 

2.4866 

2.9411 

16.2340 

Notes: i) All ISR series measurements were made with respect to the field, 

B r, in a reference magnet. 

ii) For long units, the corrected and derived parameters correspond to 

the configuration in Fig. 3.7.b). 

iii) x and y refer to the trajectories defined in Tables 3.4 and 3.5. 
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iv) For optics calculations, both the field and gradient are assumed to 
have the effective length of the gradient field given by 

Bref f dB /dx(x,y) 
dB /dx(0,0) / B d y (integrated along beam path). 

The effective profile parameter (n/p) then becomes the ratio of the 
integrals of field and gradient along the beam path. 

v) The bending angles are calculated as 
bending strength of block / B ,. 

2TT total bending strength of all blocks / B f ) • 

3.5 Auxiliary magnets and beam observation stations 
3.5.1 Correction windings and radial field magnets 

Each main magnet unit is equipped with a correction winding, but there is no need to 
power more than 72, which equals the number of existing power supplies. This corresponds 
to nearly five correctors per wavelength in the regular lattice, which is in fact somewhat 
generous. The low-3 and injection insertions, however, require some additional correctors 
for beam steering and orbit correction. The motorized jacks, which have been foreseen for 
vertical orbit corrections in the ISR, will not be installed in MISR and instead the full 
complement of 40 radial field magnets will be used for vertical orbit control. These will 
be distributed uniformly in the lattice. For details of vertical beam steering in the 
principal intersection see Section 6.2. 

3.5.2 Tuning quadrupoles 

These elements are not strictly needed for the working line which has been chosen, and 
consequently no study has been made for their distribution. However, they are included in 
the cost estimates on the basis that they add some flexibility to the machine operation. 

3.5.3 Skew quadrupoles 

The MISR coupling compensation scheme follows a different philosophy to that of the 
ISR and fewer quadrupoles will be needed (for details see Section 5.4). 

3.5.4 Sextupole lenses 

Only the linear matching on the equilibrium orbit has been studied in detail for the 
MISR insertions. The problem of matching off-axis orbits with localized sextupoles,while 
controlling the chromaticity and avoiding resonance excitation,will need to be the subject 
of a further study. Like the ISR, MISR has the advantage of being able to control the work
ing line with the poleface windings, which by virtue of their uniform distribution cause the 
very minimum of resonance excitation. For the present study, the full complement of the ISR 
sextupole lenses are assumed to be required but their positions and connections are not de
termined. 
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3.5.5 Beam observation stations 

One pick-up for combined horizontal and vertical beam position monitoring will be in
stalled in each F-D inter-magnet gap, so making a total of 96 pick-ups in the main lattice. 
At the F-D positions, the betatron amplitudes and hence the sensitivities in the two 
planes are nearly equal. Two pick-ups will be installed inside the low-g insertion for 
measuring luminosity bumps (Fig. 6.4). A further four pick-ups will be installed in the 
beam injection and dumping insertion for monitoring the beam (Fig. 8.2). 

3.6 Allocation of MISR aperture 

The horizontal aperture limit in MISR will occur at the exit to the last long F-unit 
before entering the injection and dumping insertion (Section 8.1) where g, = 130.4 m and 
a = 1.895 m. The available aperture in this unit is 139.1 mm (Fig. 3.7.b). Taking the 
relative momentum bites needed for injection equipment as 2.36 % and 2.02 I at 16.5 GeV 
and 26 GeV, respectively (Section 8.2), the allocation of the available aperture has been 
made in Figs. 3.8.a) and b). Thus, the stacked beams at 16.5 GeV and 26 GeV will occupy 
relative momentum bites of 3.17 % and 3.76 %, respectively, the latter value for 26 GeV 
being larger than that available in the present ISR. Vertically, the aperture in the lat
tice does not represent any problems, as even at 16.5 GeV it everywhere exceeds 20 a , 
which has been found from ISR experience to ensure low loss rates. The position of the 
horizontal aperture limit next to the injection and dumping insertion localizes nearly all 
losses on the far side of the machine from the intersection which is favourable for 
low-background conditions in the intersection region. 

The apertures in the insertion elements have to be adapted to their local beam para
meters, but for background reasons, this is of most importance in the low-g insertion, 
where ideally the full vertical aperture at 60 GeV should be 20 a and horizontally 
20 a yj$u/3 (as a = 0) in order to ensure good background conditions. For a normalized 
vertical emittance of 10 TT and for the maximum betatron amplitudes inside the insertion of 
6 = 307 m and & = 614 m, the vertical and horizontal apertures should be ±34.6 mm and 
±49.0 mm, respectively. The adoption of 150 mm diameter circular chambers, as are at pre
sent standard in the ISR intersection regions, would therefore be more than adequate. 

4. STACKING AND ACCELERATION IN MISR 

4.1 General principles 

The purpose of the MISR RF system is 

a) to decelerate and stack in longitudinal phase space the incoming bunches, and 

b) to accelerate by phase displacement the accumulated current (stack) from the stacking 
energy up to the maximum MISR energy of 60 GeV. 

The existing ISR 9.5 MHz RF system would be used for this purpose. Each ISR ring has 
seven accelerating RF cavities, giving a maximum RF voltage of 20 kV. By installing the 
cavities of the two ISR rings in series in MISR, a maximum peak RF voltage of 40 kV is ob
tained. Due to beam manipulations at injection (matching, etc.), the nominal operating 
voltage will be chosen to be 32 kV in the stacking mode. 
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For the phase-displacement acceleration, one would preferably use lower RF voltages, 
mainly due to beam loading on the cavities from the high-density stack. Recent experiments 
on the ISR indicate that the problem of beam loading during phase displacement can be com
pensated by the existing beam-load compensating system, which was originally designed for 
working on bunched beams. 

The existing low-level part of the RF system could be used in its present form for 
MISR. A special feature of the ISR RF system is the suppressed bucket scheme, which makes 
it possible to suppress the empty RF buckets at the end of the stacking cycle. Thus, the 
total circumference of MISR is limited only by the criterion that it must be an integer 
number of RF wavelengths. 

The higher harmonic cavity (Landau cavity), which is presently under construction in 
the ISR, could also be used without modification to stabilize the bunches against coupled-
mode oscillations. This allows bunched beam manipulations for the measurements of orbits 
and working lines between the stacking energy and the top energy. Experience from the ISR 
has demonstrated the importance of such measurements and their relation to the efficiency of 
the phase-displacement acceleration. 

The Landau cavity also allows a higher injected current, leading to increased stack 
density. The existing system installed in the ISR for compensating the loading of the 
cavities by the high injected current would also be installed in MISR. 

4.2 Stacking considerations 

The task of the stacking scheme is to accumulate as many as possible of the injected 
protons into a given radial aperture AR or momentum bite Ap. Since stacking is performed 
in longitudinal phase space, the accumulated or stacked pulses can never have a phase-space 
density higher than the injected bunches. This sets an upper limit to the maximum stacked 
current in a storage ring, for a given injection current and density. There are several 
factors contributing to a blow-up in phase space of the injected bunches. The most impor
tant one comes from an instability of the individual bunches caused by coupling between the 
bunches and their surroundings. 

If one applies the well-known Keil-Schnell criterion6) to bunched beams, using instanta
neous values of current and momentum spread, the following condition for stability is obtained: 

\ ^ r

E ° Inl ÔC3Y)2 

n e y Î 
(4.1) 

where: 

n is the mode number, 
F is the form factor ̂ 0.65, 
<5(3Y) is the local momentum spread [H] 
I is the peak current [A] . 
This expression tells us that for certain bunch shapes the local momentum spread might 

not be sufficient in which case the bunch will blow up. During deceleration, the bunch 
shape in longitudinal phase space depends on the bucket area and the stable phase angle 
<[> or T = sin <|> . 
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The RF bucket half-height in <5(3y) s ets a limit to the maximum momentum spread of the 
bunch 

*i V? «(BY) = Jll V ^ E

h f l n | Y ( r ) ' ( 4 ' 2 ) 

where: 

h is the harmonic number, 
eV is the peak energy gain per turn [eV] , 
Y(r) can be found tabulated as a function of the stable angle $ . 

By combining formulae 4.1 and 4.2, the expression 4.3 can be derived, which gives a 
maximum tolerable value of r for the bunches not to become unstable during the deceleration 
cycle, when the bucket is completely full: 

h IT e N fi,,-
„ P ™ , (4.3) 
V m 

Y Z(T) A4>(r) > 
where: 

A<|> = 2ir fop At = n-j. At , At being the bunch length [s] , 
N is the number of protons, 
m is the number of bunches 
h is the harmonic number 
V is the peak RF voltage [V] . 
The suppressed bucket scheme sets a limit to the maximum RF voltage that can be used 

during the final part of the deceleration cycle. By estimating the limits of V from (4.3), 
for a given RF voltage, the final bucket area A, can be calculated (which is equal to the 
bunch area for full buckets). 

The maximum current I that can be stacked in a storage ring for a given injection 
energy can then be written as follows: 

I = 2 l T & i (EEL) n (4.4) 
W ^ MP^max"5 ' l J 

where : 
I 0 is the average injected current [A] , 
A, is the bunch area [rad] , 

is the relative momentum bite available for the stack, (f) 
V/max n is the longitudinal phase-plane efficiency. 
This expression will be used for evaluating the maximum stacked current one can expect 

in MISR, for different injection energies. The minimum permissible bucket area A, can be 
evaluated from expression 4.3. 

The absolute value of the normalized coupling impedance |Z,/n| depends on the vacuum 
chamber structure, and this value will not be very much different from the one in the exist
ing ISR, which is believed to be below 10 Q. In the following calculations, two values for 
the normalized coupling impedance have been used; a lower value |Z,/n| = 5 fi and a higher 
value |ZL/n| = 10 Ci. The reason for this is to illustrate the influence of the coupling im
pedance on the stacked current. 
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The maximum relative momentum bites for the stack at 16.5 GeV and 26 GeV are 3.17 % 
and 3.76 \ , resepctively (Section 3.6). For the longitudinal phase-plane efficiency, a 
value based on ISR experience will be used, i.e. n = 0.6. The calculation for the minimum 
tolerable bucket area for a given RF voltage give a lower limit for the energy spread in
side the bunch for a given current, assuming the bunches to be under RF focusing. Addition
al blow-up of the bunches probably takes place during debunching, but the efficiency fac
tor n includes this additional blow-up. 

From the above considerations, the maximum stacked current can be estimated for the 
two optional injection energies of 16.5 GeV and 26 GeV and for 7 10 1 2 protons injected per 
pulse (Table 4.1). 

TABLE 4.1 

Maximum stacked currents in MISR 

Pin. j [GeV] 16.5 26 

n [11] 5 10 5 10 

mas c [ A ] 10.9 7.2 24.3 16.2 

4.3 Phase-displacement acceleration 

The accumulated current at 16.5 or 26 GeV must be accelerated to the maximum MISR 
energy of 60 GeV by phase-displacement acceleration. The present ISR RF system is not suit
able for rebunching large stacks and hence the method of accelerating a rebunched beam is 
not applicable to MISR. 

Experience with phase-displacement acceleration in the ISR7-' has shown that this 
method can be applied with high efficiency. The method consists of running empty RF buck
ets through the stack and in that way, the energy of the protons is increased in synchronism 
with an increasing magnetic field. The momentum gain per sweep is directly proportional to 
the average phase-space area displaced and is given by 

<Sp = T— m„c [eV/c] . 
e 2ir o 

The total losses occurring during the phase-displacement process are the product of the num
ber of sweeps and the losses per sweep. Experience with the ISR has shown that the losses 
due to RF (particles sucked into the empty RF bucket and accelerated into the chamber wall) 
are fairly independent of the bucket size. It is, therefore, an advantage to use the lar
gest possible RF voltage. Due to beam loading on the RF cavities, the maximum RF voltage 
would be 30 kV in MISR. The bucket area, and hence the phase-space area displaced, varies 
with energy for a given RF voltage and stable phase angle. For an RF voltage of 30 kV and 
a stable phase angle of sin § =0.1, the average bucket area between 16.5 GeV and 60 GeV 
is 

Â =0.34 rad , 
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leading to an average momentum gain per sweep of 

op = 0.051 GeV/c . *sweep 
Between 26 GeV and 60 GeV, the average momentum gain per sweep would be 

«P sweep 0.0525 GeV/c. 

For a total momentum gain of 43.5 GeV/c (16.5 to 60 GeV/c), 880 sweeps and a total time 
for acceleration of about 55 min are required. For acceleration from 26 to 60 GeV/c, the 
number of sweeps is 648 and the time for acceleration about 40 min. 

In the ISR, the average losses during phase-displacement acceleration are about 2 10 1 1 

protons per RF sweep. On the assumption that a similar efficiency can be obtained in MISR, 
the loss would be 880 times 2 10 l l = 1.76 1 0 ^ particles (i.e. ̂ 4.5 A) during the accelera
tion from 16.5 to 60 GeV, or 1.3 10 l l f particles (i.e. ̂ 3.3 A) during acceleration from 26 
to 60 GeV. 

With these assumptions in mind, the final currents at 60 GeV can be estimated 
(Table 4.2). 

TABLE 4.2 
Maximum stacked currents after acceleration in MISR 

Pinj [ G e V ] 16.5 26 

\ 
n 

[ 60 GeV [ A ] 

5 

6.4 

10 

2.7 

5 

21.0 

10 

12.9 

4.4 Injection at 60 GeV from SPS 
An alternative filling scheme for MISR would be to inject from the PS into the SPS at 

10 GeV, accelerate in the SPS to 60 GeV and inject at that energy into MISR. 
It is foreseen that the normal 10 MHz RF system will be used in the PS. Before injec

tion into the SPS, the PS bunches would be shortened using the technique described in Ref. 8, 
so that the PS bunches would fit into the SPS 200 MHz buckets. All of the 20 PS bunches 
would be ejected in one turn and would thus fill 20 SPS 200 MHz buckets, where each filled 
bucket would be spaced by 21 SPS empty buckets from its neighbour. 

Two options exist for beam manipulation in MISR of the injected SPS beam, i.e. debunch-
rebunch or inject into 10 MHz stationary buckets. For the first option, one would inject 
the 20 bunches from the SPS (which would fill only 20/55 of the MISR circumference), let 
them debunch (which is very fast) and then rebunch before the beam has spread out more than 
a few percent along the circumference. The energy spread of the debunched beam is determin
ing for the MISR RF bucket size. This energy spread is imposed by the minimum tolerable 
energy spread in the SPS at 60 GeV for a given bunch current. A very rough estimate in
dicates that the Ap/p of the debunched beam could just fit inside the maximum RF bucket 
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height. After rebunching, one would stack in a conventional way. The estimated maximum 

stacked current for this option is much lower than for the scheme with injection from the 

PS followed by phase-displacement acceleration. 

The second option, with injection into 10 MHz buckets, is not very attractive either, 

due to very inefficient use of the injected protons caused by the very bad mismatch between 

the incoming bunches and the RF buckets. The maximum stacked current in this scheme is de

termined by the proton line density of the incoming bunches and the minimum tolerable MISR 

RF buckets for stacking given by the stability criterion. Here also, it is only possible 

to make rough estimates at this stage. The conclusion is that this option is not more ef

ficient than the debunching scheme, giving final stack currents far below the estimated 

ones for the phase-displacement acceleration scheme. Therefore, injection at 60 GeV is 

much less attractive than at 26 GeV, considering the maximum stacked current and hence the 

maximum luminosity. 

5. STABILITY AND RESONANCES 

5.1 Beam stability 

Here, the discussion is limited to single-beam effects such as the incoherent tune 

shift and the longitudinal and transverse stabilities of both the injected (bunched) and 

stacked (coasting) beams. The interaction of protons with electrons created by ionization 

of the residual gas (e-p instability) will be very small at the neutralization levels re

quired for low background conditions in the interaction region. The beam-beam effect has 

been taken into account by keeping the linear beam-beam tune shift below the standard value 

of 5 10"3 per intersection. 

The incoherent tune shift is proportional to the number of particles and the machine 

radius, and inversely proportional to the tune and the energy. Comparing with the ISR at 

the same injection energy shows that the tune shift will be increased by less than a factor 

of 2 due to the increased radius, but reduced by about a factor of 2 due to the increased 

tune. The number of particles is approximately the same in both machines for the maximum 

currents possible. Hence, the tune shift in MISR will be increased slightly compared to 

the ISR, but should not create major difficulties. 

The longitudinal stability at injection will be more critical due to the increase in 

the transition energy, which causes a decrease in the value of 

1 1 

Y Y 
tr 

For bunched beams, the most critical situation arises after voltage reduction to shrink the 

buckets around the bunches, at the end of deceleration. For a parabolic density distribu

tion9-) , the condition 

3 m E o h|A 2 

160 ïï e yl 
1 o 
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has to be fulfilled for frequencies with wavelengths which are short compared to the bunch 

length. For number of bunches m = 20, harmonic number h = 55, |n| =1.52 10"3 (y = 17.5, 

Y t = 14.5), bunch area A = 0.02 rad and the injected current I 0 = 0.2 A, this gives a 

threshold of just 1.1 fi. In order to increase this value, the bunch area should be blown up 

and/or the injection energy increased. Doubling the bunch area and increasing injection 

gamma to y = 27.7 increases the threshold to 6.4 Œ, which could be achieved in the vacuum 

chamber with reasonable care by damping or shielding cross-section variations. 

During debunching, the beam will nevertheless reach the stability limit by filamenta-

tion, and the coasting beam will have the same momentum spread as the bunches, i.e. there 

will be a small loss of longitudinal density. Adiabatic debunching would probably lead to 

the same blow-up, as the threshold is further reduced by a factor 4/IT2. 

After the first few pulses, the effect is reduced due to the "shielding effect" of the 

particles already stacked. At the same time, the blow-up during debunching guarantees the 

longitudinal stability of the stacked beam, for which the threshold is higher, i.e. 

E i_i„. /._\ / A \ ( 13.1 £2 at 16 GeV 
4 ° ¥ (f\ (f): e x„ v P /i x H/T f 4 6 > y fi a t 2 6 G e V 

assuming a stacked current I 0 = 20 A, with a relative momentum half-spread at half-height 

(Ap/p), = 0.02 and a relative momentum spread of the low-energy tail (Ap/p)T = 1.3 10""
1*. 

The transverse stability of the bunched beam (both single-bunch and coupled-bunch modes) 

is usually obtained by making the chromaticity zero or slightly positive. The transverse im

pedance of a coasting beam of half-height a, half-width b, in a chamber of half-height H is 

approximately given by10-* 

Lirn Li n l\ [>{\-?){*&*-•&)***»&] 
where : 

Z 0 is the impedance of free space [fi] , 

n is the neutralization factor, 
'e 

The skin depth 6 of the n unstable mode (n > Q) is 

where : 

a) = 2TT f (n - Q) ; in MISR, the revolution frequency f — 172 kHz and for the 

working line proposed (n-Q) = 0.625 for n = 15; 

Mo is the permeability of free space [Hm-1] ; 

p is the resistivity of the chamber walls; for stainless steel p =* 7 10"7 ftn and 

6 = l.l/y^Q [mm] . 

For these values, the direct space-charge term will dominate unless the neutralization fac

tor is close to y~2. For the full MISR stack 

°P (fl 26 mm 
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and 

/ 

e R 
- „ n = 2.32 mm 
2TT6YQ V 

for the normalized emittance, e = 10 ÏÏ 10" 6 radm at 16 GeV injection. Usually, the 

neutralization factor is small and will be taken as zero. Finally, the chamber half-height 

is H = 33 mm giving 

z T œ [ ' 1 0 n i * J ) ^ ] MŒ/m. 

For injection at 26 GeV, a is reduced to 1.86 mm, and Z„ reduces to only 5 Mfi/m for the 

space-charge term. 

The tune spread required for stability of the coasting beam is given by 1 1J 

e R I o Z T 
E 0 nQ ' 

which is about 0.036 for 16 GeV injection (|ZT| ̂  10 Mfi/m and I 0 = 10 A) , and less than 

0.023 for 26 GeV (|Z,J< 5 Mfi/m and I 0 = 20 A). With maximum relative momentum spreads of 

0.032 and 0.038, chromaticities of 1.13 and 0.61 are needed for 16.5 and 26 GeV injection, 

respectively. These values are further reduced if the neutralization factor is a few times 

10"" (but remains below 2/y 2). 

The inverted 8C line proposed for MISR (Section 3.3) has chromaticities of 1.45 and 

1.22 for 16.5 and 26 GeV injection, respectively, which satisfies the above requirements 

easily. However, an active feedback system as currently used in the ISR is nevertheless 

recommended, as it may save a stack that may otherwise be lost when the chromaticity falls 

below the critical value locally. 

5.2 Overlap knock-out 

5.2.1 Two-beam overlap knoak-out 

This resonance effect 1 2) arises from the direct coupling at the two intersection 

points between the bunched SPS beam and the coasting MISR beam. A resonance condition 

occurs when 

f 
nQv - k t q / e v ' S P S = 0 , 

v rrev,MISR 

where: 

k and q are integers, 

£rev SPS a n d £rev MISR a r e t h e r e v o l u t i o n frequencies. 

Only vertical resonances appear as the horizontal forces average to zero in finite-

angle crossings. Assuming the SPS accelerates with 10/llth's of its circumference filled, 

the bunch harmonic q will be limited to a close approximation to q = jh, where j is an in

teger and h is the number of RF buckets, i.e. the harmonic number. 

Consider first continuous operation, for which MISR is filled and then a single pulse 

is accelerated in the SPS and kept circulating at 270 GeV. If the SPS pulse is debunched, 

the overlap knock-out effect occurs only during the acceleration cycle and the effect can 
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be neglected. The coasting SPS pulse still excites resonances but these are structure 
resonances (Section 5.3). If, however, the SPS beam is kept bunched at 270 GeV, a number 
of overlap knock-out resonances will be stationary inside the MISR stack in the range 
Q = 14.35 to 14.40. The excitation strengths for these resonances vary with beam separa
tion as shown in Fig. 5.1. Thus, by centring the beams, the dipole, sextupole, etc. reso
nances can be suppressed, but the quadrupole, octupole, etc. resonances are then optimized 
for maximum excitation. Fortuitously, however, the stronger quadrupole resonances fall 
either just outside or just inside the MISR stack. The first is excited by the fundamental 
bunch frequency at 0 =14.39 (j =1, k = 1187, h = 4620, f , „ C D = 173*020 Hz, 

V reVjJYLLoK 

f SPS = 43'376 Hz) and the second is excited by the sixth harmonic at Q = 14.34 (j = 6, 
k = 6978). Depending upon the exact frequencies, these resonances may be just inside or 
just outside the stack. Should the stronger resonance (j = 1) be inside, the background 
could be severe, but it seems possible that it could be avoided. The second resonance 
(j = 6) and all other resonances (j > 6, octupole, etc.) should be much weaker and less 
troublesome. Thus, continuous operation with an unbundled SPS pulse is possible and with a 
bunched SPS pulse it is feasible. 

It is, however, very different for the second option for which the SPS is operated in 
a pulsed mode with an intermediate flat top for the MISR physics experiment. During each 
SPS acceleration cycle, the SPS revolution frequency sweeps from its 10 GeV value to its 
400 GeV value and the MISR stack is correspondingly swept by a large number of overlap 
knock-out resonances. During the acceleration cycle, it is not possible to keep the SPS 
pulse centred on the MISR beam to ± 1/100 mm, and so it is not possible to compensate di
pole, sextupole, etc. resonances as it was in the continuous operation mode. Thus, all 
resonances have to be considered. Table 5.1 lists the more important resonances affecting 
the MISR stack and their tune sweep during the acceleration cycle. Normally, it is neces
sary to include all resonances up to j = 7 to get an order of magnitude reduction in the 
excitation. The magnitude of the effect of these resonances can be estimated by consider
ing the blow-up from a single passage across a single dipole resonance excited by the fun
damental bunch frequency 

(T) -4-
\ /MISR 1 

where : 

^ I S R 0 °v,MISR S AQz,MISR 
2 RSPS av,SPS f h d frev,SPS 

av,SPS f 
frev,MISR d t 

w, MISR is the fractional increase in the vertical amplitude of the particle at 
resonance in MISR, 

AQ .„„„ is the beam-beam tune shift in MISR for the peak current in the SPS, 

C, is the relative harmonic bunch amplitude from IQ = Î 23 C e ̂  . Assuming 

all buckets are full q = jh, where j = 1 , 2, 3 For parabolic bunches 
of length H, the relative amplitude of the fundamental harmonic is given by 

r 4R /2R . hi M 
S = im \u s i n 2R - c o s 2R7 • 

This expression gives 9 10"5 at 10 GeV and 2 10"3 at 270 GeV for the amplitude increase 
( * > 
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Since there are two beam crossings and several resonances, the blow-up will be con
siderable and the background too high for physics experiments. Assuming that only the four 
fundamental dipole resonances are active, that the two intersections add linearly and that 
the blow-up is the average of 10 and 400 GeV values, then the stack will double its height 
after only 83 SPS acceleration cycles. For a 6-second cycle, this will occur after only 
8 min of operation. Special feedback systems have been built for the ISR, but several tech
nological problems still remain to be studied. 

TABLE 5.1 ' 
Some of the overlap knock-out resonances which sweep 
through the stack on the proposed MISR working line 

Dipole Quadrupole Sextupole 

Q v = k " 
f •̂  rev 
rev 

,SPS 
MISR 

2Q v = k - jh £
f r e V 

rev, 
?SPS 
MISR 

TO i -u rev 3CL " k - jh £ 

rev, 
,SPS 
MISR 

j k PSPS 
[GeV] 

% j k PSPS 
[GeV] 

% j k PSPS 
[GeV] 

% 

l 1172 10 18.05 1 1187 10 16.53 1 1201 10 15.68 
400 13.78 400 14.39 400 14.26 

1171 10 17.05 1186 10 16.03 1200 10 15.35 
400 12.78 400 13.89 400 13.93 

1170 10 16.05 1185 10 15.23 1199 10 15.02 
400 11.78 400 13.39 400 13.59 

1169 10 15.05 1184 10 15.03 1198 10 14.68 
400 10.78 400 12.89 400 13.26 

1183 10 
400 

14.53 
12.39 

1197 10 
400 

14.35 
12.93 

2 2330 10 22.10 2 2344 10 18.05 2 3518 10 18.71 
400 13.56 400 13.78 400 14.44 

etc. etc. etc. 

5.2.2 Single beam overlap knock-out 

This resonance effect 1 2) arises from direct and indirect coupling between a bunched 
beam and a coasting beam which are circulating at different revolution frequencies in the 
same ring. In MISR, this situation will occur during stacking. For the same situation in 
the ISR, the beam blow-up becomes noticeable, but not intolerable, for working lines close 
to the integer resonances Q, = 9 and Q = 9. Under these conditions, the stack is swept by 
dipole resonances. On the working line proposed for MISR, the dipole resonances are absent 
and experience with the ISR has shown that, although the quadrupole and higher order reso
nances can be detected, they can be safely neglected for the limited number of pulses needed 
to make a stack and since the coupling is weaker than for the two-beam overlap knock-out. 
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5.3 Non-linear resonances 
Resonance excitation due to the errors in the main magnets will be similar to that ex

perienced in the ISR, which is well within the limits of tolerability. The insertion mag
nets will require tight tolerances on their magnetic field qualities but no fundamental 
problems are expected. The chromaticity correction using localized sextupoles has not been 
studied in detail but this has to be done according to strict criteria. The beam-beam re
sonance excitation for a single pulse debunched in the SPS will be very weak. 

5.4 Linear coupling 
The MISR working line (Fig. 3.5) is parallel to the ( 1 - 0 = 2 linear coupling reso

nance. The situation is in fact an exact parallel of the present ISR except the resonance 
in that case is Q. -C" = 0 1 3 ) . However, MISR has one advantage over the ISR inasmuch as 
the region of zero dispersion around the low-g can be used to install skew quadrupoles which 
can compensate coupling without affecting the vertical dispersion1"). The difference in 
the vertical and horizontal betatron phase advances across the low-[5 insertion 
(A(u. -u ) =* 40°) is also a particularly favourable feature for the coupling compensation 
scheme. By installing a series pair of quadrupoles on each side of the intersection as 
shown in Fig. 6.4, coupling vectors of all phases can be corrected with magnitudes up to 
0.05 at the most unfavourable phase. 

6. PRINCIPAL INTERSECTION 
6.1 Choice of beam crossing 

Since MISR will have only one intersection for physics experiments, its versatility 
and characteristics are of the utmost importance. The type of crossing, the layout of the 
crossing, the accessibility and many other factors, which have an influence over the physics 
experiments, all have to be closely scrutinized. Some features will have to be rediscussed 
many times as new developments occur and ideas evolve. At an early stage of this study, 
three possible intersection layoutswere considered, i.e. 
i) zero-angle crossing for which the two machines are tangential, 
ii) double crossing within the SPS long straight section LSS5, 
iii) two crossings with the principal one in LSS5 and the return crossing in the adjacent 

SPS missing magnet gap. 
The layout originally proposed to the 1976 Workshop on Future ISR Physics, for a zero-

angle crossing scheme1-' is shown schematically in Fig. 6.1. The scheme comprises a common 
magnet in which the beams collide, two dipole compensators CM1 and 2 on the SPS beam, and 
four dipole compensators CM3, 4, 5 and 6 on the MISR beam. Whilst MISR is being filled or 
the beam is being accelerated, the two machines are independent. The common central magnet 
and the SPS compensators are off and all of the MISR compensators are powered. In order to 
collide the beams, the central magnet is progressively powered while the MISR compensators 
CM4 and 5 are switched off and the SPS compensators are turned on. An intersection vacuum 
chamber about 0.6 m wide is needed to accommodate the beam excursions. The central magnet 
is too massive to be pulsed and the scheme is intended only for continuous SPS operation at 
any energy up to the maximum of 270 GeV. If pulsed operation were not ruled out for other 
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reasons (Section 5.2.1), it would be possible to add two further compensators on the SPS 
beam to limit the beam excursions during the acceleration cycle so making it possible to 
run in a pulsed mode with constant field in the central magnet. The zero-angle crossing 
scheme has very little free space for physics equipment. The central magnet will need a 
large gap for installing counters and will, therefore, be very expensive. By its nature, 
it will be orientated towards certain types of experiment, which may limit its useful life, 
but it does offer the highest luminosity of 1.1 10 3 2 cm~ 2s _ 1 by virtue of the zero-angle 
crossing. For the principal parameters of this scheme, see Appendix B. 

Figure 6.2 shows a schematic layout for two crossings in the same SPS long straight 
section within a distance of about 120 m. The angles are such that superconducting dipoles 
would be needed to deflect the MISR beam. The space available for physics would be limited, 
especially at small angles to the beams, but it would be better than for the zero-angle 
crossing option. As the cost of such a scheme would be high and the advantages doubtful, 
it was abandoned at an early stage. 

The third possibility is shown schematically in Fig. 6.3. Apart from the low-g quadru-
poles for the two machines, this scheme requires no additional magnets and it provides the 
maximum free space for physics equipment. The finite crossing angle, however, does lower 
the luminosity to 3.8 10 3 0 cm~ 2s - 1 (assuming the 26 GeV injection option) with respect to 
the first option. For the principal parameters of this scheme, see Appendix A. 

Clearly, the choice lies between schemes i) and iii), which are both feasible. The 
first option was finally discarded as it was felt that it lacked versatility, the cost and 
effort involved could not be adequately justified by a design catering for only one or two 
classes of experiment and it left too little space for physics equipment. Despite the 
lower luminosity of the finite-angle option, it was adopted as being the most useful. The 
luminosity could be improved at the expense of the intersection free space (Fig. 6.7). 

6.2 Layout of the principal intersection 

The MISR study has been based on the CHEEP8) low-g insertion for the SPS. In this in
sertion, three SPS quadrupoles would be removed (Q517, Q518 and QS19) and new quadrupoles 
would be added to form the low-g. The intersection point falls centrally in the straight 
section at the position now occupied by Q518. The insertion is designed to be pulsed up to 
400 GeV", it will operate continuously at 270 GeV and it leaves a generous 16 m of free space 
either side of the intersection. For MISR operation, the low-g could be relaxed slightly 
from g = 0.6 m (as foreseen in CHEEP) to 1.0 m, since there is little point in reducing 
the SPS beam size below that of MISR and there is a small aperture gain to be made in the 
SPS at g . There is, however, some discussion as to the best philosophy to follow con-

V jfflcUC 

cerning a low-g in the SPS and an alternative solution has been partially studied 
(Section 6.3). 

Figure 6.4 shows the detailed layout of the principal and return beam crossings. On 
the basis of the CHEEP low-g, the MISR ring was arranged with a principal crossing angle of 
3.55° and a return crossing angle of 8.48°. 

It was found to be convenient to approximately match g and g, across the second SPS 
crossing and to allow the dispersion mismatch to propagate into a two-cell long dispersion 
suppressor. By adding three quadrupoles into these two lattice cells, zero dispersion 
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(a = da /ds = 0) is created at the entry to the low-g straight section. A thin-lens 
solution for the low-6 was found by adding one quadrupole at the exit to the lattice and 
then applying an analytic program15-' for solving triplets. This solution has subsequently 
been refined in AGS and gives a value of 0.5 m for g at the intersection. The MISR beam 
parameters in this region are shown in Fig. 6.5. The two lattice cells between the two 
beam crossings are irregular since they contain only long units. The structure in the 
other half is the exact mirror image. The free space for physics equipment on either side 
of the intersection point along the MISR beam is 12.1 m. For luminosity measurements using 
the standard ISR procedure16) and for beam-beam optimization, only the MISR beam will be 
moved, as it has by far the lower energy. The four radial field magnets shown in Fig. 6.4 
will be used for these manipulations. Figure 6.4 also shows the skew quadrupoles mentioned 
in Section 5.4 and the pick-ups mentioned in Section 3.5.5. 

6.3 Alternative SPS "low-g insertion 

The CHEEP low-g insertion8-), upon which the MISR study has primarily been based, can be 
retuned so as to closely resemble the original SPS lattice17K The fact remains, however, 
that the SPS structure is permanently changed, albeit slightly, and should some problems 
arise due to resonance excitation at low energies, it would not be possible to revert to 
the original operating conditions. This feature of the CHEEP insertion is not ideal and it 
is felt that it would be preferable if the existing lattice quadrupoles (or special large 
aperture versions) could be retained in their present positions. Furthermore, the opera
tional problem has not yet been clarified as to whether it is better to inject with the 
low-g already applied, or to apply the low-g progressively after acceleration has taken 
place. The former may prove difficult owing to the sensitivity of the machine to resonance 
excitation at low-field levels, whereas the latter requires a continuous set of solutions 
with chromaticity corrections between the normal and the low-g operating conditions. 
Finally, the aperture restrictions inside the low-g will be less severe at the high energy, 
which is a point in favour of the latter scheme. 

Bearing these points in mind, an asymmetric low-g insertion shown in Fig. 6.6 has been 
designed which employs the existing lattice quadrupoles and five additional quadrupoles18). 
It should also be possible to use spare SPS magnets for some of these additional units; 
aperture restraints permitting. The free space about the intersection for physics equip
ment is ±14.4 m (i.e. the free space between SPS lattice quadrupoles), which is just suf
ficient for maintaining the present 3.5° crossing angle with MISR. The SPS beam parameters 
at the intersection would be g =1.0 m, g, =5.0 m, a = da /ds = 0 which is optimum for 
operation with MISR. Although many of the problems mentioned above have not been solved, 
this scheme does intrinsically retain the basic SPS lattice and hence normal machine opera
tion can always be restorted. The philosophy followed when designing this scheme was to 
suppress the momentum dispersion by modifying the two penultimate quadrupoles immediately 
preceding and following LSS5 so that only a betatron match was needed across the straight 
section. This approach, as opposed to making a full dispersion and betatron match, tends 
to be more popular, simpler to achieve and it gives zero dispersion inside the insertion. 
The latter point is an advantage for zero-angle crossing schemes and also it provides a 
region in which sextupoles can be installed for resonance control without affecting 
chromaticity and skew quadrupoles for coupling control without exciting vertical disper
sion. The main drawback arises in the suppression of the dispersion, which is usually 
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accompanied by a blow-up in either the vertical or horizontal betatron amplitude and since 
this occurs in the regular lattice, it may cause some aperture difficulties. Fortunately, 
this effect is very small in the present case (& = 110.7 m at exit to upstream quadrupole 
and 118.7 m at entry to downstream quadrupole instead of 104 m ) . 

Inside the insertion, the horizontal betatron function reaches a maximum of ̂ 510 m and 
the vertical betatron function a maximum of ̂ 250 m. The former is large but not excessively 
so and the latter arises inevitably from the intersection value of unity and the distance 
to the innermost quadrupoles. The horizontal maximum could probably be reduced if the value 
at the intersection were to be increased from 5 to 10 m. The normalized strengths for the 
insertion quadrupoles have been limited to 

K 
dB z/dx 
Bp 0.025 

In order to reach 270 GeV operation with MISR, this would require a maximum gradient of 
22.5 T/m which is rather above the nominal maximum of 20.7 T/m for SPS quadrupoles and 
would correspond to running the normal SPS at 435 GeV. Again, it might be possible with 
further optimization to reduce these maximum gradients. Alternatively, the SPS energy for 
MISR could be set a little below 270 GeV. For cooling reasons, it may be in any case neces
sary to have special quadrupoles for continuous running. The question of aperture is close
ly linked with whether injection takes place with the scheme applied or whether the scheme 
is applied at the final energy and this point has still to be studied. 

Unfortunately, the time available for the MISR study was insufficient for creating a 
MISR lattice compatible with this asymmetric SPS low-8 insertion. However, there does not 
appear to be any fundamental reason why this could not be done. The beam crossing would be 
displaced 16 m upstream in the SPS from its position in the CHEEP low-g. This would reduce 
the MISR circumference by 64 m, assuming the MISR low-3 remains symmetric. Fortuitously, 
this is very close to two RF wavelengths so that only a very small correction in the geo
metry would be necessary. 

6.4 Luminosity and size of interaction diamond 
For the MISR beam, normalized emittances e = 10 IT mm mrad and e, = 20 IT mm mrad are 

v h 
assumed, whereas for the SPS these values are increased to e = 20 IT mm mrad and 
e. = 30 IT mm mrad to take into account beam blow-up during acceleration. Assuming gaussian 
beams, the effective height at the intersection is given by 

heff = ^ VCTv,MISR + av,SPS ' 
where: 

a v 2 ̂ f ircp ircp 

Since there is little to be gained in h ^ if one beam is very much smaller than the other, 
the 6 's at the intersection in the two machines have been adjusted to 0.5 m in MISR and 
1.0 m in the SPS in order to equalize the beam sizes. The luminosity is then given by 
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L [cur's-*] = 1 > 3 1 0 2 7 I M I S R I S P S [ A 2 ] . 
h „ [cm] tan (half crossing angle) 

Since the momentum dispersion has been suppressed in both machines, the full horizontal 

beam size depends only on the betatron oscillations and is defined as 4 a, . This depends 

upon the local betatron amplitudes which are 3, MTSR = 2.0 m and 3L cpc = 6.5 m. Table 6.1 

summarizes the luminosities for 16.5 GeV and 26 GeV injection with other relevant parameters. 

TABLE 6.1 

Luminosity and characteristics of the interaction diamond 

Machine MISR 

(60 GeV) 

SPS 

(270 GeV) 

3 at intersection [m] 

3* at intersection [m] 

a at intersection [mm] 

a, at intersection [mm] 

Final stacked current r.i 
(16.5 GeV injection option) 

Final stacked current r.•] 
(26 GeV injection option) 

SPS current [A] 

Effective beam height [mm] 

Length of interaction diamond [mm] 

Luminosity for: 

16.5 GeV injection [cm~ 2s - 1] 

26 GeV injection [cm" 2s - 1] 

0.5 

2.0 

0.140 

0.395 

6.4 * 

21.0 * 

0. 

52 

1.2 

3.8 

1.0 

6.5 

0.132 

0.412 

0.210 

i82 

L0 3 0 

10 3 0 

Assuming 5 Œ for |z /n| in MISR. 

7. BEAM TRANSFER 

7.1 Transfer from PS to SPS 

Injection into MISR will be from the PS through the transfer lines TT2 and TT10 to the 

SPS which will act as a transfer line as far as LSS4 where ejection will take place into a 

new transfer line to MISR. As it will not be possible to accelerate a stack by phase dis

placement through transition, the injection energy must be above the transition energy and 

different from it by a reasonable margin to ensure stability (Section 5.1). The compromise 

between a low transition energy and a large momentum dispersion was discussed in Section 3.1 

For the final value of 14.5 for gamma transition, two direct injection options are proposed. 

The first option is to operate the TT10 transfer line at 16.5 GeV, which is a limit set by 

the magnets and which would require minor modifications to 12 power supplies. The conver

sion of the SPS inflector magnet for operation of to 18 GeV is already planned for 

January 1980 and thus, no provision is needed for 16.5 GeV operation. This is the cheaper 

option. The second option is to uprate the TT10 transfer line to operate at 26 GeV. This 



- 28 -

would require several additional power supplies, all lattice quadrupoles to be doubled and 
six additional bending magnets, one of which would be used to strengthen the TT2-TT10 switch 
which is at present limited to 17.6 GeV. It is planned to modify the injection into the 
SPS by adding a slow pulsed injection magnet as shown schematically in Fig. 7.1. This re
quires a simple, slow-pulsed inflector without a shutter and some changes to the vacuum lay
out. The cost of this option represents only 6 % of the complete project, but there is a 
gain of greater than a factor 3 in the luminosity. 

7.2 Transfer from SPS to MISR 

Figure 7.2 shows the layout of the new tunnel required for the beam transfer line from 
the ejection in LSS4 of the SPS to the injection in MISR. The main bend has specifically 
been designed with a radius of curvature of 300 m, so that should injection at 60 GeV 
(Section 4.4) become of interest in the future, the line could be uprated with conventional 
magnets. The small additional cost incurred, by the 5 \ increase in the tunnel length over 
one with a radius of curvature designed for 30 GeV, was felt to be justified on the basis 
of avoiding such a firm limitation on the transfer energy. 

Ejection from the SPS will be made in LSS4 between QD4191 and QF4201, towards the in
side of the SPS ring with a deflection of 5° provided by two switching magnets of the HB2 
type (see Table 7.1 for magnet parameters). These magnets would be pulsed so as to allow 
beam sharing between MISR and SPS. The first quadrupole of the MISR transfer line would be 
placed outside the SPS tunnel and hence the passage in the SPS tunnel would only be ob
structed by the vacuum pipe. After the 5° deflection and a straight section of about 90 m, 
the beam follows a long bend of 77°, a straight section of 260 m, a reverse bend of 23.5° 
and another straight section before being injected into MISR (Fig. 7.2). The equipment in 
this line would be furnished from existing ISR transfer lines. Table 7.1 lists the magnets 
that would be available. 

At 16.5 GeV and 26 GeV, the integrated bending fields required in the transfer line 
are 96.54 Tm and 152.12 Tm, respectively. The 25 available HB1 magnets operating at their 
nominal current of 1550 A give 83.83 Tm which falls somewhat short of the required values. 
For 16.5 GeV injection, the coils on four of the HB2 magnets would be replaced by HBl-type 
coils so effectively creating four extra HB1 magnets. Arranging these magnets in two series 
strings of 22 and 7 units for the 77° and 23.5° bends, respectively, would give the required 
deflections at a current just less than the nominal maximum of 1550 A. The remaining di-
poles would be adequate for minor deflections and steering. Assuming the same quadrupole 
spacings as in the transfer line TT10, the 69 available quadrupoles are sufficient for the 
transfer and matching. 

The increase in bending strength required for 26 GeV injection can be achieved by 
equipping all the available HB2, HB4 and VB4 magnets with HBl-type coils and building a 
further two HB1 magnets. In addition, the current would have to be increased from the no
minal maximum of 1550 A to 1720 A. MARE19-' calculations have shown that these magnets 
start to saturate around 1700 A and above 1800 A, the field uniformity is adversely affected. 
The bending strength at 1720 A has been determined from these calculations and with scaling 
from measured values. A possible repartition of the magnets is given in Table 7.2. The 
available quadrupoles are still adequate at this higher injection energy. 
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TABLE 7.1 

Magnets available from existing transfer lines and stock 
Digoles 

Type Nominal 
current 

Bending 
strength 

Gap 
height 

Steel 
length 

Number 
available 

[A] [Tm] [mm] [mm] 

HB1 1550 3.553 80 2500 25 
HB2 540 3.749 80 2500 6 
HB4 540 1.582 80 1000 5 
VB2 540 3.121 108 2500 9 
VB3 540 1.348 108 1000 5 
VB4 540 2.766 108 2200 2 

Quadrupoles 

Type Nominal 
current 

Focusing 
strength 

Inscribed 
circle 

Steel 
length 

Number 
available 

[A] [T] [mm] [mm] 

FL 500 23.217 100 1470 13 
FS 500 15.750 100 1070 28 
D 500 16.290 91 1070 28 

TABLE 7.2 

Repartition of magnets for 26 GeV transfer from SPS to MISR 

Type max 
Bending 
strength 

Number 
available 

Total bending 
strength Function 

[A] [Tm] [Tm] 

HB1 1720 3.749 25 93.725 ) 
HB2* 1720 3.749 4 14.996 1 77° 
HB1** 1720 3.749 2 7.498 l bend 
HB4* 1720 1.582 1 1.582 HB4* 1720 1.582 1 

117.801*** 

VB2* 1720 3.121 9 28.089 23.5° 
VB4* 1720 2.766 2 5.532 bend 
HB4* 1720 1.582 2 3.164 ' HB4* 1720 1.582 2 

36.785*** 

HB2 540 3.749 2 7.498 rejection 
HB4 540 1.582 2 3.164 land orbit 
VB3 540 1.348 5 6.740 ) correction 

Magnet has to be equipped with new coil. 
* Magnets have to be ordered. 
** Bending strength needed: 77° = 116.55 Tm, 23.5° = 35.57 Tm. 
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8. INJECTION AND DUMPING 
8.1 Injection and dumping insertion 

Having chosen somewhat arbitrarily to open the lattice at mid-F positions for inser
tions (Section 3.2) and in order to maintain some symmetry in the structure, it was decided 
to place the injection and dumping straight section in the symmetric position on the other 
side of the ring. Having a symmetry plane in the Twiss parameters as boundary conditions 
on each side of the straight section enforces a horizontal phase advance of 2mr 
(n = 0, 1, 2, 3, . . . . ) . Using the variables u, v and W defined below, the horizontal phase 
advance is given by 

sin 4i 
U 1 U 2 + V 1 V 2 

cos y. 

where: 

W = u 2 + v 2 , u = _i_ and Vp + ĥ d o t
P
/ d s 

and subscripts 1 and 2 refer to entry and exit, respectively. 
If this is applied to a mid-F (or mid-D) straight section, thenux = u 2 and Vi = v 2 = 0 

which gives 
sin vu_ = 0 and cos y,= +1 . 

Hence, 
y^ = 2nir ; n = 0,l,2 

In principle, the phase shift is best kept to a minimum, i.e. n = 1 (omitting n = 0, 
which means the straight section has zero length). This situation is illustrated in 
Fig. 8.1.a). Assuming a symmetric insertion and a 90° phase shift between septum and kicker, 
these elements are then positioned between y = 135° and 225°. Clearly, u and hence a must 
be negative in the septum and kicker. Even if the kicker and septum are kept in regions of 
positive OL with a correspondingly smaller phase advance between them, a must still be 
negative somewhere inside the insertion and this is undesirable in the case of MISR, since 
it would reduce CL and increase y . The balance between cL, the available aperture and y 
is rather sensitive and has already been discussed in Section 3.1. Since a negative a is 
ruled out, the mid-F opening in the lattice must be modified so that the u and v parameters 
give rise to a phase shift between 90° and 180°. Several trials were made by distorting 
the last lattice cell before the insertion and finally, it was decided to modify this cell 
by making a 10 m opening at the mid-D position. The main effect is to blow up 3, and to 
change a.. This has the unfortunate effect of making the last long F unit of the lattice an 
aperture limit, but the exit values of u and v give an overall phase shift of 95.1° for the 
straight section (Fig. 8.1.b)), so that a remains positive. 
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It is interesting to note at this point that the low-(5 insertion would also be affected 
by the above and would have a negative a at the crossing if this problem were not avoided 
by suppressing a entirely which removes the phase restriction. In the final layout, advan
tage has been taken of the strength of the ISR injection kickers to install them only a 
short distance downstream of the septa, so making a compact injection. The remaining space 
in the straight section is used for beam dumping and RF equipment (Fig. 8.2). The beam 
parameters through the straight section are plotted in Fig. 8.3. 

8.2 Injection 
After the beam has been transferred from the SPS at LSS4 to MISR, it is injected into 

the long straight section diametrically opposed to the intersection region. Since the SPS 
and MISR are in the same horizontal plane, the injection is made onto the outer side of the 
MISR ring in order to avoid a complicated path for the injection line. This means that the 
injected beam has to be decelerated by the RF towards the stack from its injection orbit. 
The ISR injection equipment is used with the exception of the steel septum magnets, which 
can only be used for a quasi-vertical injection. For MISR, septa with a thin conducting 
septum in ultra-high vacuum tanks are proposed. A detailed design does not yet exist, but 
they will be similar to a prototype septum magnet which has been developed and partially 
tested for the ISR. The characteristics of the proposed septa are given in Table 8.1, 
while the characteristics of the existing ISR kickers are available in Ref. 20. 

TABLE 8.1 
Characteristics of injection septa 
(two magnet units per vacuum tank) 

Total length (1 tank) [m] 2.0 
Integrated field (1 tank)[Tm] 2.2 
Septum thickness [mm] 5.0 
Current [kA] 17.6 
Current density [A/mm2] 160 
Mean magnetic stress [kg/mm2] 0.6 
Aperture [mm2] 60x20 

The injected beam is almost tangential to the MISR ring. The last long F unit is re
built with reverse profile blocks so as to have the yokes towards the inside of MISR, thus 
leaving the space for the injection beam pipe as it converges towards the main ring vacuum 
chamber. Since the reverse profile blocks present the narrow gap to the open side, the 
stray field is far less than for a normal magnet unit. Some shielding will still be neces
sary, but, fortunately, there is adequate space for this (Fig. 8.4). The beam then goes 
into conducting septa (two per tank SMI) placed downstream in the straight section following 
the reverse-profile, long unit. The kicker magnets (FKI) are situated after the next two 
quadrupoles where the beam is finally deflected onto its correct injection orbit (Fig. 8.2). 
For 16.5 GeV injection, four septa (SMI 1 and 2) and two kickers (FKI 1 and 2) would be suffi
cient whereas for 26 GeV injection, a third septum tank (SMI 3) and kicker (FKI 3) would have 
to be installed as shown in Fig. 8.2. Table 8.2 gives the beam separations and injected 
beam sizes for the two injection schemes. The beam sizes are calculated for the normalized 
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TABLE 8.2 

Injection schemes 

Elements 
(Fig. 8.2) 

16.5 GeV 
Beam size (± 3 a) 

horizontal 
[mm] 

vertical 
[mm] 

Beam 
separation 

[mm] 

26 GeV 
Beam size (± 3 a) 

horizontal 
[mm] 

vertical 
[mm] 

Beam 
separation 

[mm] 

Entry 3111 
Exit SMI 2 
Exit SMI 3 

Entry FKI1 
Exit FKI2 
Exit FKI3 

35.9 
35.0 

35.0 
34.0 

7.2 
8.4 

not installed 

12.9 
15.6 

not installed 

317.1 
50.7 

12.1 
0.0 

28.6 
27.9 
27.5 

27.9 
27.1 
26.6 

5.7 
6.7 
7.6 

10.2 
12.4 
13.8 

417.3 
118.5 
44.3 

16.9 
3.3 
0.0 

Notes: Aperture in septa 
Aperture in kickers 
Deflection per septum 
Deflection per kicker 

60 mm x 20 mm, 
45 mm x 20 mm, 
38.0 mrad (16.5 GeV) and 25.4 mrad (26 GeV), 
2.076mrad (16.5 GeV) and 1.384mrad (26 GeV). 

emittances lOTrmm mrad vertically and 20 irmin mrad horizontally, and correspond to six stan
dard deviations of the distribution. Compared to present ISR operation, the vertical beam 
size in the kickers is rather large and care will have to be taken in steering the injected 
beam through these elements. It may prove advisable to collimate the beam in the transfer 
line during the setting-up and to only use the full beam size once the steering has been 
completed. At 26 GeV, the kickers are taken to their maximum possible integrated field of 
0.12 Tm, while at 16.5 GeV, the field is reduced slightly to 0.114 Tm. The radial space 
taken by the shutter is assumed to be the existing value of 15 mm although 5 mm would appear 
to be feasible with some modifications to the kickers. Since the dispersion function at 
the kickers is 2.1 m, the required relative momentum spread Ap/p for injection is 2.36 % at 
16.5 GeV and 2.02 % at 26 GeV. Whereas the kicker magnets are more critical concerning 
closed orbits and aperture than in the ISR, the septa are less critical. The clearance be
tween the two beams at the exit to the last septum is 15.7 mm at 16.5 GeV (exit SMI 2) and 
16.8 mm at 26 GeV (exit SMI 3). 

8.3 Dumping 

Since the injection only occupies a small part of the straight section, the beam dump
ing can also be installed in this region. The 55.4 m drift space between quadrupoles QI4 
and QI5 in Fig. 8.2 has been selected for this purpose. 

One set of ISR dump kicker magnets (FKID) can give a 3 mrad deflection angle at 31 GeV 
and can, therefore, give sufficient deflection to the MISR beam at 60 GeV if the lever-arm 
is about 30 m long. It is, therefore, proposed to install the beam dumping equipment of 
one ISR ring (four FKID) just downstream QI4 and a new block designed for 60 GeV 30 m down
stream of these kicker magnets. This would give about 45 mm vertical deflection at the 
dump block which is a safe value compared with the beam vertical dimension in this region 
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(6 a = 41 mm at 16.5 GeV and 33 mm at 26 GeV, where 3 — 300 mm). The dumping efficiency 
would be better than in the ISR as the revolution time is doubled, i.e. in the worst condi
tions about 97 I. Vertical and horizontal collimators could be added downstream of the 
dump block in the remaining 16 m space. The dumping pulse generator will be modified to 
allow a slow increase of the voltage according to the phase displacement acceleration to 
60 GeV. The layout is shown in Fig. 8.2. 

9. OPERATION AND CONTROLS 

9.1 Machine operation and hardware 

The operation of a colliding beam facility consisting of a single storage ring and an 
accelerator will be different from that of the ISR. 

Three modes of operation will be considered: 

i) setting-up for filling MISR, 
ii) filling of MISR, and 
iii) colliding beam period. 

For injection into MISR, the SPS ring between LSS1 and LSS4 will be used as a beam 
transfer channel. The SPS will be operated in a continuous or a pulsed mode depending on 
the beam sharing since for setting up MISR, it is probably not possible to use the full PS 
rate. Therefore, during this period, MISR would share the pulses either with SPS or PS 
physics experiments. The setting-up may take up to two hours. 

Filling of MISR can be done at the full PS pulse rate, which would take about 20 min. 
MISR could share the pulses with other PS users depending on the requirements, but for 
reasons given in Section 5.2, the SPS should not be pulsed. Acceleration of the stack and 
the associated measurements of the working line and closed orbit and their correction are 
estimated to take approximately three hours, which means that six hours after start-up 
MISR would be ready for physics experiments. 

For colliding beam physics, MISR would operate with a coasting beam of 60 GeV and the 
SPS with a coasting beam of 270 GeV. Unless the overlap knock-out resonance problem can be 
solved, the SPS will not be able to operate in a pulsed mode and so other SPS users would 
have to stop work. 

Based on the operational experience of the ISR and considering the specific require
ments of MISR concerning filling, phase displacement acceleration, good beam conditions for 
physics experiments in the intersection, etc., it is proposed to have a self-contained con
trol centre from which an engineer-in-charge and an operation technician could operate MISR 
and the transfer line from LSS4 in the SPS. Most of the communications between the two 
machines would be exchanged over a computer data link, so the locations of the MISR and SPS 
control rooms are not critical. On the other hand, for ease of communication with the ex
perimenters, the MISR control room should be located near the intersection. 

The equipment for the control room and the instrumentation for beam observation are 
available in the ISR (Table 9.1) and should be adequate for MISR after some small modifica
tions. The control room will be equipped with two general purpose computer consoles each 
having a keyboard, a touch-panel, displays and a hard copier, and a set of racks with manual 
control panels, paper recorders, scopes and displays to control and monitor the operating 
conditions. 
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TABLE 9.1 
Measurement and control equipment 

a) MË?surin.g_eguipment: 

Parameter Instrument 

Circulating current 
Beam profile 

Density-
Position - orbit 

Working line 

Background and 
beam-beam events 
Beam loss 
Magnetic field 

- d.c. current transformer 
- sodium curtain beam profile monitor 
- vertical and horizontal beam probes 
- longitudinal Schottky beam scanner 
- electrostatic pick-ups 
- bunch frequency meter 
- luminescent screens and grids for 
single turn operation 

- Q-meter 
- Q-diagram meter 
- transverse Schottky beam scanner 

- scintillation counter hodoscopes 

- ion chambers 
- moving coils in reference magnets 
- Hall plates in reference magnets 

For beam transfer line: 
Intensity 
Position 
Emittance 

- current transformers 
- luminescent screens 
- secondary emission grid monitors 

b) Beam_çontrol_ealuipment: 

Parameter Instrument 

Vertical emittance and 
density control 
Beam halo 
Background 
Beam losses 
Stability 

- "shaving" scraper 

- inner, outer and underside scrapers 
- horizontal and vertical collimators 
- beam loss detectors 
- feedback systems 
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9.2 Computer control system 
The present computers (two EERRANTI ARGUS 500's and four NORD 10's) and their peri

pheral equipment (discs, line-printers, card-readers, etc.) would be placed in or near the 
control room, from where they would be run from consoles (built from the existing ter
minals, displays, etc.) and control the MISR equipment via CAMA.C serial highways (using the 
present CAMAC highway drivers, crates and modules). Inter-system communication would be 
via links to the SPS network from two of the MISR NORD 10 computers: the power supply com
puter for synchronous operations of supplies and the data-manager for general traffic (and 
as a back-up). Each such NORD would need a link and sufficient core to support the link 
and the NODAL interpreter. 

Many application programs (^200) would have to be modified to a greater or lesser ex
tent. 

10. MAGNET SYSTEMS 
10.1 MISR magnet system 

The MISR magnet system will use the unmodified ISR main magnet units and auxiliary 
magnets 2 1) except that one long F unit will need to be rebuilt with reverse profile 
F blocks for the injection region (see Section 8.2). 

The ISR main magnet units are of the combined-function design and have an open gap for 
ease of access to the vacuum chamber. The return yokes of the F units are facing the out
side and the D units the inside of the ring. In addtion for both F and D magnets, there 
are long and short units. The long units are composed of two blocks mounted on a common 
girder with a mutual angle of 32.6 mrad corresponding to the ISR bending radius. Since the 
blocks are equipped with a common tightly fitting excitation coil, this geometry is an im
mutable feature of the magnet. As the MISR bending radius is twice that of the ISR, there 
is an appreciable loss of aperture in the good field region. This problem is dealt with in 
more detail in Section 3.4 and the associated problems concerning the vacuum chamber are 
dealt with in Chapter 13. 

Since the size of the magnet units influences the cross-section of the tunnel, it was 
checked if the tunnel cross-section could be reduced by transforming the long magnet units 
into two short units. Hopefully, the lower cost of the tunnel would partially offset the 
cost of the magnet conversion, at the same time transport problems would be eased, there 
would be a gain in beam aperture and the lattice could be made more uniform. However, it 
turned out that the tunnel cross-section could not be reduced and the saving in transport 
equipment was insignificant. The considerations concerning the aperture and lattice, which 
are treated in Section 3.4, are not sufficient in themselves to justify the conversion of 
the long units. Finally, it was felt that the advantages did not justify the expenditure 
of about 14 MSF for new coils and accessories. 

No additional requirements are imposed on the use of the auxiliary windings, such as 
poleface windings, compensation windings and correction windings in MISR. It has been de
cided to power 72 F-D pairs of correction windings, all 40 radial field magnets and 4 skew 
quadrupoles in two series pairs. For the cost estimates, it was assumed that all tuning 
quadrupoles and sextupoles were used with the same number of circuits as for one ISR ring. 
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A number of additional magnets will be needed, namely the low-g quadrupoles for the 
SPS and MISR, the quadrupoles for the MISR a -suppressor and injection insertion, the MISR 
dumping and injection kickers and the injection septa. In all cases, these magnets would 
be of a conventional design. Their characteristics are given in the sections corresponding 
to their functions. No detailed study of the design of such magnets was made and their 
costs have been scaled from the many similar magnets made at CERN. 

10.2 Beam transfer magnets 

For 16.5 GeV injection, the existing 25 HBl bending magnets with 4 modified HB2 magnets, 
operating at a maximum current of 1550 A, would be sufficient. The available quadrupoles 
are adequate for the matching and the transfer line. The remaining HB2 and VB2 magnets 
would be used for orbit correction and also for the beam extraction from the SPS, as these 
magnets can be used in pulsed mode. 

For 26 GeV injection, a total bending strength of about 152.12 Tm will be needed which 
corresponds to 42 HBl bending magnets operated at 1550 A. However, only 25 HBl magnets are 
available and it will be necessary to equip some other magnets with new coils of the 
HBl-type and to order a further two HBl magnets (Section 7.2). Nevertheless, the focusing 
power of the quadrupoles should be adequate to operate the line at 26 GeV. One VB3 magnet 
turned on its side would be used for the slow pulsed SPS injection scheme. 

10.3 Cabling 

Since the layout is a dominant feature of cabling, only a relatively small part of the 
cabling both from the ISR and the transfer lines can be re-used. The costs of demounting 
existing cables may not be negligible, depending on the weight, type and cross-section. 
The percentage of the cables which can be usefully recuperated will be taken as 15 I for 
this study. A more accurate figure would require much detailed and tedious work, which is 
not justified or possible at this stage. 

10.4 Experimental magnets 

The design of a new analysing magnet for physics experiments or the choice of an exist
ing one will depend on the experiment to be performed. Once a magnet has been chosen, its 
influence, if any, on the SPS or MISR beams would have to be studied, but this is not devel
oped in this report. It is clear, however, that a number of analysing magnets used in the 
ISR could also be used in MISR. 

For the zero-angle crossing scheme in the original MISR study, the sizes and cost of 
the central magnet and its compensator magnets were evaluated. Such a magnet would be an 
integral part of the machine, but its detailed design would still depend on the experiments 
and the size and position of the detectors. 

As a first estimate, a gap height of 1 m was assumed for placing detectors near the 
beam pipe. For ease of access, the magnet would be of the C-design. In order to provide 
the necessary bending power for both beams, with a field of 1.7 T, the magnet would have a 
steel length of 5.3 m and a total weight of about 250 t. The six compensator magnets, four 
for MISR and two for the SPS, would be of the window-frame design having a gap height of 
100 mm, a steel length of 2.6 m and a field of 1.8 T. The weight of a single magnet would 
be about 14 t. The power for the central magnet and the six compensators would be 4.6 MW. 
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11. MAGNET POWER SUPPLIES 

A list of power supplies required is given in Table 11.1. Each power supply is com
posed of the existing ring 1 ISR power supply connected in series with its equivalent ring 2 
power supply with the exception of the low-power correction elements which remain individu
ally powered. The power supplies are connected to the loads on either side of the ring so 
as to keep the voltage to earth at any point at a level which does not exceed the present 
maximum. All power supplies have enough spare voltage capability to drive the longer cables 
required by MISR. All normal control will be via the computer; for fault conditions, how
ever, a hardwire link between the series connected power supplies is required. 

TABLE 11.1 

Main ring power supplies 

Load 
Power supply rating 

Quantity Load Current Voltage Quantity Comment 
[A] [V] 

Main ring magnets 3750 2 x 1800 1 A - no change 
PFW type 1 135 2 x 280 12 B 
PFW type 2 90 2 x 190 12 B 
Compensation cables (PFW 13) 135 2 x 150 1 B some 
Compensation windings 55 2 x 420 1 B modifica
Sextupole QF 85 2 x 160 1 B tions re
Sextupole QD 150 2 x 280 1 B quired 
Skew quadrupoles 55 1 x 140 2 C 
Tuning quadrupoles type 1 150 2 x 240 6 B 
Tuning quadrupoles type 2 150 2 x 340 2 B; 
Correction element for 

closed orbit 55 1 x go 124 C - no change 

Notes: A : floating power supply, no modification required. 
B : series regulating transistors. 
C : series regulating transistors + shunt. 

Most of the existing power supplies have series regulating transistors and the remain
der has shunts , but in both cases some modifications for series operation will be needed. 

The specification regarding stability, ripple and noise produced by the power supplies 
will be the same as for the present ISR. The maximum rate used for acceleration will be 
the same as currently used in the ISR, i.e. 100 I in 4 min. This gives a following error 
of 7 10"* between the current flowing in the magnet and the computer demand. 

Table 11.2 gives a list of power supplies which could be used to energize the insertion 
magnets. The power supplies requiring modifications are indicated in the table. 

A list of power supplies required for the beam transfer system for an energy of 
16.5 GeV is given in Table 11.3. For transfer at 26 GeV, the power supply of item 1 would 
be replaced by items 8 and 9. 
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TABLE 11.2 

Insertion power supplies 

Load 
Power supply 

rating 
[kW] 

Quantity 

MISR low-B 140 2 
120 2 
50 4 

MISR dispersion suppressor 95 * 4 
75 * 2 

MISR return crossing 75 * 4 
120 2 

MISR injection 20 4 
120 2 
50 2 

SPS low-6 
(CHEEP version) 

60 
80 * 

2 
2 

5 ** 6 

* Require addition of passive filters and modifications 
to electronics. 

** Floating correction supplies which will also need 
modification. 

TABLE 11.3 

Beam transfer power supplies 

Load 
Power supply rating 

Quantity Load Current 
[A] 

Voltage 
[V] 

Quantity 

1) 29 horizontal bending 
2) Horizontal correction 
3) Quadrupole chain F 
4) Quadrupole chain D 
5) Matching quadrupoles 
6) Injection septum 
7) Slow pulsed injection magnet 
8) 32 horizontal bending 
9) 13 horizontal bending 

1600 
500 
400 
400 
420 

16000 
350 
1720 
1720 

750 
100 
500 
500 
60 
20 

± 370 
1000 
380 

1 * 
11 
1 
1 
6 
1 
1 
1 | * replaces item 1 
1 ) for 26 GeV inj. 
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The experimental magnet power supply requirements are, of course, undefined, but the 
SFM power supply 6200 A at 650 V would power most experimental magnets currently in use in 
the ISR. Also available are a range of power supplies from 55 A to 20 kA which can be used 
to power any additional correcting elements required. 

12. RADIO FREQUENCY AND BEAM OBSERVATION EQUIPMENT 

The 14 accelerating cavities which are at present installed in the ISR and the two 
Landau cavities which are under construction will be used in MISR with only minor modifica
tions. The d.c. power supplies for the cavities, the cooling water plant and the low-level 
electronics will be installed in equipment building 3 less than 200 m from the cavities in 
the tunnel. As in the ISR, great care will be taken to isolate the RF equipment from out
side disturbances and a separate enclosure will be provided in equipment building 3. The 
existing beam observation equipment can be used for the main ring and transfer lines with
out any major modifications, but the recabling of these devices will be a major task. The 
pick-up signals require high-quality, low-loss cables with predetermined lengths in order 
to adjust the transmission delays. 

The special pick-up electrodes used for tune measurements, Schottky diagnostics, etc., 
are also directly applicable to MISR and the associated electronics will only need small 
changes. The wide-band feedback systems used for controlling transverse instabilities can 
similarly be adapted for use in MISR. 

13. THE MISR VACUUM SYSTEM 

The vacuum in MISR and in the SPS arms adjacent to the crossing region should be in 
the range of 10"'* torr, which is essential for storing beams for several days and for 
creating acceptable, low-background conditions. This pressure requirement implies the in
troduction of short baked sections with differential pumping in each of the SPS arms around 
both the intersection and the return crossing. 

In the magnet lattice, the vacuum equipment would mostly be recuperated from the pre
sent ISR, whereas in the newly designed straight sections and intersections, new, but 
equivalent equipment is needed. 

The following comments and recommendations on vacuum hardware are based on the assump
tion that the ISR will be at least 12 years old at the time of the move and hence an over
haul of most of the equipment and the replacement of some of it will be necessary. 

13.1 Vacuum chambers 

The long main magnet chambers must have their ends modified in order to minimize the 
horizontal aperture loss. The inclined transition pieces to the bellows have to be cut off 
and replaced by straight pieces with an offset of 10.4 mm. Their present design necessi
tates replacing the bellows as well. The short main magnet chambers, however, can be taken 
without modification. 

The straight section chambers in both the short straight sections of the normal lattice 
and the long straight sections are completely different from the ISR ones. Since the price 
of tube is reasonably low, it is proposed to reconstruct the straight sections using the 



- 40 -

bellows and flanges of the existing chambers. In order to correct for the angle of 8.2 mrad 
and the offset of 6.4 mm at the exits to the short magnet unit chambers, extra bellows will 
be required. 

All chambers will be cleaned by glow discharge prior to reassembly in order to prevent 
the pressure run-away by ion-induced desorption, which has been observed in the ISR. 

13.2 Sealing hardware 

For the construction of MISR, there are enough flanges available, either on stock or on 
existing chambers. Bolts and metal gaskets, however, are consumable items and will have to 
be replaced completely. 

13.3 Pumps 

By extrapolation from present ISR experience, it can be safely assumed that the working 
life of the pumps will exceed the lifetimes of ISR + MISR. However, both turbomolecular, 
getter ion and sublimation pumps will all have to be demounted and thoroughly checked. 

13.4 Valves and their nitrogen supply 

Sector valves, roughing valves and air inlet valves can be taken from the ISR for in-
installation in MISR after revision and exchange of sealing elements, i.e. gaskets and 
disks. Since the nitrogen distribution system is integrated into the ISR tunnel, it is im
possible to recuperate it for MISR. The pneumatic control boxes will also have to be re
built because the stock of spare parts is aMost exhausted and new ones are no longer ob
tainable. 

13.5 Vacuum diagnostic equipment 

The 350 low-pressure gauges and the 12 residual gas analysers will be taken as they 
are. 

13.6 Vacuum control system and electron clearing 

The doubling of the MISR diameter with only half the number of auxiliary buildings in
creases the average cable length between the vacuum components in the ring and their 
supplies in the auxiliary buildings to more than 300 m. This necessitates a modification 
of the low-pressure vacuum gauge supplies in order to compensate for the voltage drop in 
the longer cables. The rest of the control system and the clearing electrodes can be taken 
as they are. 

13.7 Bake-out system 

Most of the thermocouples as well as the heating equipment currently used for vacuum 
chambers, which is of the heating tape type, is not expected to have an adequate lifetime 
for MISR and will have to be replaced. The bake-out elements for flanges as well as the 
ovens for pick-ups, pumps and valves will be taken as they are. The same is true for tem
perature controllers and scanners. 
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13.8 Intersection chamber 

The final design of the intersection chamber has to be adapted to the local beam aper
ture, to the space available and to the design and requirements of physics experiments. 

The layouts of two chambers are shown in Figs. 13.1 and 13.2. A beam crossing angle 
of 3.55° and a beam cross-section of 0.6 mm maximum height by 5 mm width has been assumed. 
From these boundary conditions it follows that the chamber cross-sections are almost iden
tical to those of the chambers already installed in the ISR. Consequently, the same wall 
thickness (0.17 to 0.7 mm), material design and fabrication technology are applicable. The 
proposals are, therefore, for ondulated thin-wall chambers. 

13.9 Vacuum sector layout of MISR ring and intersections 

The length of the vacuum sectors of the MISR ring, as determined by the sector valves, 
is limited both by the bake-out heat dissipation to the air-conditioning system and by the 
number of thermocouples which have to be supervised and controlled during a bake-out. As 
far as the latter restriction is concerned, the sector length should be limited to 150 m to 
200 m. This would involve about 200 thermocouples, which is the maxium number that can be 
connected to the existing scanners. The heat load to the air-conditioning system is on the 
average 200 W/m. A sector of 200 m would, therefore, have a heat dissipation of 40 kW 
which is a reasonably low value. With the present layout of MISR, it is, therefore, propos
ed to split the vacuum system into the following sectors, also shown in Figs. 13.3, 6.4 and 
8.2: 

- 7 sectors of 180 m each in the main lattice, 
- 1 physics intersection, 
- 1 return crossing, 
- 1 section of ^45 m with RF cavities, injection septa and injection kickers, 
- 1 straight section of ^ 40 m with beam dump kickers, 
- 1 section of ^95 m with internal beam dump and RF cavities. 

The valves round the intersections with the SPS are arranged so as to leave sufficient 
distances for differential pumping and to keep both machines as independent as possible. 
It is, therefore, proposed to install six sector valves around the physics intersection 
(Fig. 6.4) in the following positions: two at each extremity of the MISR straight section, 
two at each end of the SPS straight section and two between the SPS low-3 magnets and the 
intersection. The latter two, relatively short sections limit the baked SPS vacuum section 
which includes the differential pumping and the low-3 insertion. 

As in the ISR, fast acting valves have been foreseen in the four arms of the thin-
wall intersection chamber. 

The return crossing with the SPS is again a short section which contains mainly the 
baked differential pumping section. It is limited by four sector valves which are installed 
at the extreme ends of the four arms. 
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13.10 MISR injection line 

The vacuum requirements of this line are identical to those of the present beam trans
fer line, i.e. a "clean" vacuum of < 10"8 torr. All vacuum equipment which becomes avail
able from the ISR beam transfer line is therefore adequate and will be used for the con
struction of the MISR injection line. The straight section chambers will have to be adapted 
to the new distances between the magnets. About 600 m of new straight vacuum chambers will 
be needed owing to the increased length of the MISR injection line with respect to the TT1 
beam transfer line. 

As was the case for the ISR equipment, pumps and valves will have to be overhauled, 
while consumable vacuum hardware will have to be replaced. 

13.11 SPS Vacuum 

In the two crossing regions, the SPS vacuum will be improved to 10" l l torr by adding 
additional pumps and by installing bake-out equipment. Since the SPS has to be operated 
in a coasting beam mode (Section 5.2), it may also be necessary for beam lifetime and back
ground reasons to improve the existing mean pressure. At present, one reaches 5 10"9 torr 
under favourable conditions. What degree of improvement is needed has not been established. 
However, the SPS vacuum system is already equipped with additional pump-ports which would 
reduce the average pump separation from 13 m to 6.5 m. This represents the minimum possible 
separation, as it corresponds to the length of the dipole magnets. The potential vacuum im
provement is, however, limited as there are hardly any possibilities to bake the SPS vacuum 
system. If the SPS beam quality degrades too quickly due to vacuum restrictions, it will, 
of course, be easy to inject a new pulse into the SPS, but the number of times this can be 
done during the lifetime of a MISR beam depends on the strength of the overlap knock-out 
effect (Section 5.2) and what loss of luminosity can be accepted. 

14. RADIATION PROTECTION AND SHIELDING REQUIREMENTS 

14.1 Proton losses to be taken into consideration 

Q25Ce™^S_]:9§§§§_^_^e_§P§I^I§5_^tersection_region 

The intersection region is situated in section LSS5 of the SPS. Measurements made 
recently22J during the commissioning of the SPS show that section 5 is very quiet under nor
mal operating conditions. Losses are limited to those due to nuclear beam-gas scattering 
which for the whole machine would be of the order of 2 106 particles/s with an energy of 
400 GeV. 

Losses during conditions of abnormal operation of the SPS and accidental losses are 
estimated on average at 5 W11 particles/s with an energy of 400 GeV. 

From experience in the ISR, losses from a stored beam are of the order of 1 to 
10 parts per million/min, i.e. 7 10 6 to 7 107 particles/s for a stored beam of 20 A. 

The accidental loss is the complete loss of a MISR beam, i.e. 7 10ll* particles 
at 60 GeV. Such a loss can only occur at the beam dump point. 
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Çgnçemtog_Ae_lgsses_in_^e_MISR_maçhine 

The most important losses are localized in the injection and dump regions. In the in
jection region, a loss of 20 % of each pulse may be expected. Taking a timing of one pulse 
every three seconds and an intensity of 7 10 1 2 protons per pulse, a loss of the order of 
5 10 l l proton/s should be taken into account. 

In the dump region, the loss to be considered is that due to a beam being dumped, i.e. 
7 10 1" particles at 60 GeV. 

In an experimental hall (which is generally classed as a radiation zone), the admis
sible dose in normal operating conditions is 1 mrem/h at the exterior surface of the shield
ing. In abnormal operating conditions or in the case of accidental losses, this dose rate 
may be raised to 10 mrem/h up to a total integrated dose of 100 mrem. 

On the site, the admissible dose rate is of the order of 30 yrem/h. The conversion 
factor flux dose23J is 

1 hadron/cm2/s = 1 mrem/h . 
This has been established by Monte-Carlo calculations and has been verified by measurement 
with n C . 

14.2 Required transverse shielding 

According to Ref. 23, the shielding thicknesses for 20 GeV and 300 GeV protons are 
virtually identical. This is explained by the differing angles of production of particles. 
Using the Monte-Carlo methods, the transverse shielding for the experimental hall necessary 
to attenuate a flux of 5 10 1 1 particles/s to a flux of 1 particle/cm2/s (i.e. a dose rate 
of 1 mrem/h) is 800 cm of earth of density 1.8, or 630 cm of concrete of density 2.3. 
These calculations are based on the assumption that the protons are incident on a target at 
the centre of the tunnel. 

According to Ref. 24, if the protons are incident on a thin target at the centre of 
the tunnel, the attenuation may be calculated in accordance with the following semi-empir
ical formula: 

5 I e " x A 

D = 5 10" 5 i l , — , (14.1) 

where : 
D is the dose rate in mrem/h, 
I is the loss in protons/s = 5 1 0 1 1 p/s, 
x is the shielding thickness = 630 K 2.3= 1448 g/cm2, 
A is the absorption length = 115 g/cm2 for earth or concrete, 
r is the distance in meter between the point of loss and the person exposed, 

r may be taken as 20 m. 
Applying equation 14.1 with the basic assumptions, the dose rate at the exterior sur

face of the shielding in the experimental hall will be 0.22 mrem/h. 
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The depth of the machine will be between 20 m and 50 m. According to Ref. 23, the 
shielding thickness, as determined by a Monte-Carlo calculation for a beam loss of 
7 10 1 2 protons/s into a large block of material such as is used in the dump, is 17 m of 
earth of density 1.8 for a dose rate not exceeding 5 urem/h at the surface. 

The estimated shielding is thus sufficient for all cases of loss around the MISR 
machine. 

Access_shaft_Noi_l 
The entrance to this shaft is situated behind the shielding provided between the in

tersection point and the experimental hall. It poses no problem from the point of view of 
radiation protection. 

Aç§§s_shaftjfos^_2_and_4 (depths 37 m and 35 m, cross-section 16.6 m 2) 

Broadly speaking, the evaluation of the attenuation due to shafts and tunnels follows 
Ref. 25. 

As access shafts Nos. 2 and 4 are in quiet zones of the machine, the maximum loss of 
protons to be taken into account is 7 10 7 proton/s with an energy of 60 GeV. 

The neutron flux at the entrance to the access tunnel is given by the formula 

where : 
E is the energy of protons [GeV] , 
N is the number of protons/s, 
r is the distance from the tunnel axis [cm] (325 cm = radius of MISR tunnel). 

In the present case, <j> = 3.2 10 3 n/cm2/s. 

The accepted dose rate at the exit from the tunnel and access shaft is 30 urem/h. If 
flux-dose conversion factor for low-energy neutrons is taken to be 15 n/cm2/s H 1 mrem/h26-', 
the accepted flux of neutrons at the exit is 0.45 n/cm2/s. Thus, the maximum necessary 
attenuation for access shafts Nos. 2 and 4 will be 1.5 10" ". 

From the main tunnel, the access shaft should be considered as the second leg of the 
access, the first leg will be the straight part of the tunnel between the main tunnel and 
the shaft. The length of this leg may be taken as 20 m with a cross-section of 12.56 m 2 

(diameter M i ) , 

For the first part of the tunnel, the corresponding attenuation is 1/d2 =2.5 10" 3, 
where d is the length of the tunnel in meter. 

For the access shaft alone, the corresponding attenuation is 10"". Thus, the total 
attenuation of shafts 2 and 4 with their liaison tunnels will be of the order of 2 10"7 

which is sufficient. 
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Access_shaft_Noi_3 (depth 49 m, cross-section 21.06 m 2) 

The shaft will be situated near the injection region and in the proximity of the MISR 
dump. The maximum loss of protons to be taken into account is that occurring during re
petitive injection, i.e. 7 10 1 2 protons/pulse with a repetition rate of 3 s, which corre
sponds to an average loss of 2.3 10 1 2 protons/s. The flux of neutrons at the tunnel outlet 
is given by equation 14.2 and will be of the order of 108 n/cm2/s. To reduce this flux to 
the accepted level of 0.45 n/cm2/s, the required attenuation is 1 10~ 8. 

As in the previous case, the link tunnel between the main tunnel and the access shaft 
will provide an attenuation of 2.5 10" 3. Compared to shafts 2 and 4, this shaft is deeper 
but its larger cross-section leads to the same attenuation of 10"1*. The resulting total 
attenuation is 2.5 10~7, which is too weak by a factor of 10. This must be compensated by 
a judicious positioning of the tunnel entrance with respect to the dump. 

14.3 Protection of personnel working in the MISR tunnel during SPS operation 

Gates preventing access to the SPS region must be placed in the MSR tunnel. 

The neutron flux at the entrance to the MISR tunnel due to losses in LSS5 may be 
estimate from equation 14.2 as 1.5 10 8 n/cm2/s. The admissible dose rate in the MISR tun
nel may be fixed at 1 mrem/h at the barriers. This corresponds to a flux of 15 n/cm2/s. 
The attenuation by the main MISR tunnel will thus have to be 10"7. Given that the MISR 
tunnel has a diameter of 6.5 m, the attenuation for a length of 10 m is of the order of 
10" 1. From the point of view of hazards due to neutrons, the gates will have to be placed 
at about 70 m on either side of the intersection point of the MISR and SPS tunnels. 

At the position of the gates, the thickness of earth separating the two tunnels will 
be of the order of 10 m. Following the same reasoning as in Section 14.2, this thickness 
of earth is sufficient to protect the MISR tunnel from localized losses in the SPS tunnel. 
However, from the point of view of hazards due to muons, the requirement is that the gates 
should not be in direct view of the intersection. Consequently, the distance of 70 m must 
be increased to about 120 m following the curvature of the machine and it may have to end 
in a chicane but only on the side which is in the direction of propagation of the SPS beam 
and, therefore, also of the muons. 

15. SURVEY 

The survey of MISR will be done in three successive steps: extension of the present 
geodetic network and transfer to the level of the tunnel, survey of the civil engineering 
work with preparation of the installation and finally, a reference net around the ring tun
nel and a final alignment of the components. 

A complementary external network will assume the geometrical link with the SPS machine 
and a homogeneity of 1.5 mm in the co-ordinates of the reference system. Using the pits 
facilities, the co-ordinates will be transferred to the tunnel as reference points for the 
ring geometry. 

Reference marks will be used for piloting civil engineering work, for checking the 
concrete structures and for preparing the marking of the location of the machine elements. 
Planimetric and altimetric operations will be carried out in order to ensure the accuracy 
for the installation of the magnet supports in the confinement system. 
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As far as possible, the internal reference net will follow the lattice of the machine. 
From now on, it is possible to envisage a set of about 30 m moduli with one socket on the 
first main magnet of one MISR cell, and one cantilever on the inside wall opposite this 
socket. Once the primary reference chain is measured by combination of invar/nylon off
set / laser off-set techniques, and adjusted by the least-squares method and fixed on the 
pit points, the final alignment of the components of the machine will be based on these ad
justed co-ordinates. 

This disposition makes it possible to estimate the relative radial error (i.e. the 
differential radial vector of one pair of the primary marks in relation with the two ad
jacent pairs) to be 0.1 mm r.m.s. The levelling error will be also of this order. 

16. CIVIL ENGINEERING WORK 
16.1 Equipment and service buildings 

The four equipment buildings, which have only one floor and a cable cellar, are lo
cated one at each tunnel access point (Fig. 7.2). Their sizes have been estimated accord
ing to the equipment which has to be installed taking as reference the auxiliary buildings 
and the power and cooling building of the ISR. The total surface is about 10 I less than 
for the ISR. 

The size of the buildings and their utilization will be as follows: 

Building Surface Equipment 

Al 750 m 2 Power supplies for auxiliary magnets, low-3 
quadrupoles, experimental magnets, vacuum 
and control 

A2 1000 m 2 Power supplies for main magnet and auxili
ary magnets, vacuum and control 

A3 3500 m 2 Power supplies for auxiliary magnets, injec
tion, dumping, transfer magnets, vacuum, 
control, cooling and radio frequency 

A4 750 m 2 Power supplies for auxiliary magnets, 
vacuum and control 

The numbering of the equipment buildings goes clockwise starting with 1 at the 
MISR-SPS intersection. 

In order to avoid overloading the MISR tunnel with cables and pipes, which only serve 
to interconnect the different equipment buildings, large diameter plastic pipes will be 
buried in the ground and equipped with pits so that cables can also be installed at a later 
date. The cost has not been estimated in detail, and it is possible that a concrete pipe 
of sufficient cross-section serving as an interconnecting tunnel for the equipment buildings 
would be cheaper. 

In addition to the equipment buildings, one office building with laboratory space for 
about 100 persons would be needed. During construction, this space would be occupied by 
construction and installation personnel and later by the MISR operation and maintenance 
crews and the experimenters. A hall, which should include a small workshop, will be needed 
for the preparation of the experimental apparatus and the repair and maintenance of MISR 
equipment. These buildings would be located near to the MISR-SPS intersection. 
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16.2 Experimental hall 
Judging by the size and volume of the experimental equipment used at the ISR and their 

operating requirements, it does not seem feasible to accommodate the experimental equipment 
in the normal or even enlarged tunnel. It is estimated that an experimental hall with a 
floor area of 20 m x 24 m and a height of 10 m would have to be built across the intersec
tion. Since the beam is only 21 m below ground level at the intersection, it would be 
easier and cheaper to build this hall by open excavation rather than by tunnelling. A pos
sible layout of the hall used for the cost estimate is shown in Fig. 6.4. Its final shape 
may differ from the one shown. Inside the hall, a free space of 5 m above and below the 
beam is foreseen. The hall extends on the inside of the MISR ring to provide space for a 
counting room and an assembly area. The experimental hall itself is shielded by a 6 m thick 
concrete wall and roof. The latter would be such that it could be pushed to the sides in 
order to give a 4 to 6 m opening for access of the experimental equipment. This avoids the 
installation of a big crane in the experimental area and a shielding door. Cable passages 
and access for personnel would be provided in the shielding wall. 

A 60 t crane to cover the whole area is essential for handling large and heavy equip
ment. Having a crane common to both the assembly and experimental areas will reduce the 
time needed for the installation of new experiments. A small crane for 6 t will also be 
mounted inside the shielding. The hall is covered partially by a light roof at about ground 
level, and partially by the equipment building. The cross-section of a possible solution is 
shown in Fig. 1.1. 

16.3 Tunnels and facilities 
16.3.1 Ring tunnel 

The ring tunnel is principally composed of two half-circles and two long straight sec
tions having a developed length of 1729 m. The tunnel will have a constant cross-section as 
shown in Fig. 16.1, with the exception of the crossing region where the SPS and MISR tunnels 
join. Here, the cross-section is larger and varies depending on the distance between the 
two machines. Over this length, which is about 230 m, the existing SPS tunnel would have to 
be modified and rebuilt to accommodate both machines. A typical cross-section is shown in 
Fig. 16.2. 

The floor level of the MISR tunnel will be 0.20 m lower than that of the SPS tunnel 
since the MISR beam height, which is fixed by the dimensions of the existing equipment, is 
1.40 m compared to 1.20 m in the SPS. The tunnel depth below the surface varies between 
21 m at the SPS-MISR intersection and 49 m at the opposite side. The tunnel would lie en
tirely in the molasse, as does the SPS, and, therefore, the same design criteria and build
ing methods would be applied. 

In the proposed tunnel cross-section, a passage of 0.60 m on the outside is foreseen 
for the personnel and of 2.30 m on the inside for the transport of the equipment. Apart 
from the equipment, one of the factors influencing the tunnel cross-section is the means of 
transport. For MISR, two special vehicles are envisaged, as cranes would be more expensive 
and would increase the tunnel cross-section. Transforming the long magnet units into short 
ones would have neither changed the transport problem nor the tunnel cross-section 
(Fig. 16.3). 



- 48 -

16.3.2 Beam transfer tunnel 

The beam transfer tunnel connecting SPS-LSS4 to MISR will have a length of 910 m and 
a cross-section of the horseshoe type identical to that of TT10, i.e. 4.50 * 3.00 m. Simi
larly, the construction methods will also be the same as for TT10. At the mid-point, a 
shaft is foreseen which would be used to extract the material excavated and to introduce 
the construction material for building the tunnel. 

16.3.3 Access shafts 

Three access shafts are foreseen at auxiliary buildings 2, 3 and 4 (Fig. 7.2) for 
access of personnel and MISR equipment as well as cables. Each shaft will be equipped with 
a lift of a few tons capacity, a staircase and working platforms. The shafts will be placed 
inside the MISR ring and connected to it by radial tunnels of about 20 m length. Their 
cross-sections were assumed to be the same as for the SPS. Access shafts at auxiliary 
buildings 2 and 4 will have a diameter of 5.10 m and depths of 37 m and 35 m, respectively. 
The shaft for auxiliary building 3 will have a diameter of 9.10 m, a depth of 49 m and will 
be the main entrance. In addition to the lift, it will be equipped with a 60 t crane for 
transport of the heavy equipment, such as the main magnet units. 

17. SUPPLIES AND SERVICES 

17.1 Electrical supply 

The total power installed will be of the order of 50 MVA. This power will be supplied 
by means of four 18 kV cables linking MISR to the "Station Jura" on the Lab. I site. Since 
all power supplies will be reinstalled, it is also assumed that all the transformers and 
their switch gear will be dismantled and remounted according to the new locations of the 
power supplies. The power supplies will have separate transformers. The installed power 
for the different equipment buildings will be: 

Equipment Power 
building [MVA] 

Al 10 
A2 22 
A3 14 
A4 4 . 

An 18 kV loop, a 380/220 V loop and a 380/220 V loop for emergency power are foreseen for 
interconnecting the equipment buildings. For maintenance purposes, a double bus bar system 
is provided. There will be no special power station. The transformers would be located 
outside the corresponding equipment buildings, and in equipment building 1, a central signal 
and control station for the power distribution of MISR is envisaged. 

In the tunnels, the 380/220 V distribution would be made by a bus bar system which 
allows a fast and simple connection of equipment to the electric power. 
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17.2 Air-conditioning system 

To maintain controlled atmospheric conditions inside both tunnels, an air-conditioning 
system will be needed. 

The total amount of heat to be extracted by the air-conditioning system varies between 
0.8 Gcal/h and 2 Gcal/h depending on operating conditions. 

There will be four independent air-conditioning units for the main tunnel, one in each 
equipment building and one air-conditioning unit for the beam transfer tunnel which will be 
located in equipment building 3. 

The operating conditions, which should be maintained, are: 

- air dry-bulb temperature : 22 ± 1°C, 
- dew-point temperature : 9 ± 2°C, 
- relative humidity : 44 % . 

The earth temperature at 40 m below ground level is assumed to be 10.5°C. 

The envisaged air-conditioning system will work on the so-called free cooling prin
ciple. Fresh air will be added between 10-100 %, depending on the atmospheric conditions, 
to the recirculated air. Under certain operating conditions, the return air will be used 
to pre-heat the outside air. The air will be filtered, then by either heating or cooling, 
brought to a temperature and humidity equal to the required set points. The air will be 
distributed by an air duct and through a large number of properly spaced orifices in the 
tunnel and will be extracted via the tunnel. It is foreseen that each equipment building 
has its own independent air-conditioning system consisting of a number of air-conditioning 
cabinets. 

17.3 Mater recooling plant and distribution system 

The existing ISR water recooling plant will be used for removing the large amount of 
heat, about 24 Gcal/h, released by magnets and power supplies. 

For this study, it is assumed that the whole water recooling plant will be re-erected 
adjacent to the equipment building 3. An arrangement concentrically placed with respect to 
the tunnel could be considered if the noise level of the turbines should prove to be too 
disturbing. At full load, the demineralized water will have to be supplied at 13°C and it 
will be returned to the water recooling plant at 33°C. At all other load levels, the mean 
temperature between supply and return will be kept constant between 20°C and 23°C. 

The main characteristics of the demineralized cooling water systems needed for the 
operation of MISR are given in Table 17.1. 

In order to guarantee the required flow rates for magnets and power supplies, con
stant flow valves will be installed. 

It will only be possible to use a few components from the existing demineralized water 
distribution system of the ISR for MISR, mainly for two reasons: 

- The required nominal pressure for the auxiliary magnet and beam transfer magnet systems 
will be PN25 due to the higher external pressure drop. 

- The installation programme requires that the new piping systems will have to be installed 
at a time when the ISR will be operating. 
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TABLE 17.1 
Cooling water systems 

Diff. pressure 
of components 

Total 
pressure drop 

Nominal 
pressure Flow rate 

[bar] [bar] [bar] [m3/h] 

Main magnets 1.5 11.5 16 630 
Auxiliary magnets 5.0 16.5 25 178 
Beam transfer magnets 5.0 20.8 25 270 
Power supply 4.0 12.0 16 100 
Experiments (system 1) 16.0 20.0 25 200 
Experiments (system 2) 25.0 28.0 40 200 

The maximum raw water requirement of 200 m 3/h for the operation of MISR could be made 
available from the existing SPS system. 

The temperature of this water may vary between 10°C and 15°C. The required filters 
with 0.15 mm mesh size will be installed. The piping system for the raw water will be made 
of ordinary carbon steel, hot galvanized. 

17.4 Installation programme 
The dismantling of the ISR water recooling plant, the overhaul of the main components 

such as turbines, pumps, motors and cooling tower fans and the installation on the MISR site 
could be done within one year. 

The installation of the piping systems will be done according to the progress of the 
civil engineering work. 

18. TIME SCHEDULE AND MANPOWER 
It is obvious that the civil engineering programme will define the time needed for the 

realization of the MISR project, since all other components are available and will only have 
to be dismantled, transferred and reinstalled in the tunnels or the equipment buildings. 
Furthermore, it is assumed that no changes are made to the existing equipment except where 
absolutely necessary or where a small improvement can be easily completed within the time 
allocated for the civil engineering work. 

However, the following facts should be kept in mind: 
- The shutdown time for the SPS should be as short as possible. 
- ISR should be operational as long as possible. 
- MISR should be operational at the SPS start-up, so that after a running-in period physics 

experiments could start. 
Therefore, the crucial part of the programme is the junction of the two machines. 

For this operation, the SPS has to stop and all its equipment, including pipes and cables, 
has to be dismantled over this length before the civil engineering work can start. Only 
after completion of the common tunnel and the experimental hall can the SPS and MISR equip-
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ment be reinstalled. For the remaining and major part of the programme, i.e. approximately 
1500 m of the MISR tunnel, the beam transfer tunnel and the equipment buildings, one has 
more freedom in scheduling. The solution giving the shortest construction period would be 
to start the tunnelling of MISR in both directions from shaft 3 and at about the same time, 
start the tunnelling of the beam transfer tunnel from the civil engineering shaft as well 
as the drilling of shafts 2 and 4. After having reached shafts 2 and 4, the tunnel between 
shafts 2, 3 and 4 would be finished, ready to receive the equipment, and the tunnelling 
would continue up to the MISR-SPS junction. At about the same time, equipment buildings 3, 
2 and 4 would be finished, ready to receive the equipment. Then, the SPS would be stopped, 
the common tunnel around LSS5, the experimental hall and the junction of the beam transfer 
tunnel in LSS4 would be built. 

The installation of the MISR equipment would start from shaft 3. The first elements 
would be the magnet units, followed by the vacuum chambers and other equipment, at such a 
rate that the SPS-MISR junction would be reached at the time the civil engineering work is 
finished. The rest of the MISR installation would be done in parallel with the reinstalla
tion of the SPS equipment. 

Under these assumptions, the time for design, tendering and construction is estimated 
to be three years and two months, the SPS would have to be stopped for 9\ months and MISR 
would be operational 20 months after having stopped the ISR. 

The resulting time schedule is given in Table 18.1. 
It is assumed that the dismantling and the reinstallation of the equipment would be 

done by ISR personnel for MISR and by SPS personnel for the SPS equipment. Outside contrac
tors would only be used for specific tasks, such as cabling and piping work. 

The transport of the equipment would be done by personnel of SB division who have the 
necessary transport and lifting facilities and the experience in handling the equipment 
from the ISR installation. 

Only a small allowance was, therefore, made for contract labour in the cost estimate. 

19. COST ESTIMATES 
A breakdown of the cost estimate for the 16.5 GeV and 26 GeV injection options is 

given in Table 19.1. The biggest expenditure, which is nearly 50 % of the total costs, is 
for the civil engineering work, followed by the costs for services such as electricity 
supply, cooling water supply and air-conditioning. Only a comparably small part of the 
total costs are attributed to machine components. The question of the lifetimes of the 
different components was not considered in detail except for the vacuum system, and further 
costs might well arise for the replacement of components. However, this is expected to be 
relatively unimportant. 

The comparison of the costs for 16.5 GeV and 26 GeV injection shows that the latter 
is only about 6 % more expensive. 

Considering the total costs involved in such a project, it would certainly be more 
advantageous to opt from the beginning for injection at 26 GeV which gives three times the 
luminosity. For a machine with only one physics intersection, this gain in integrated lumi
nosity more than compensates for the small increase in cost. 
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TABLE 19.1 
Cost estimates in KSF 

Item 
Injection energy 

Item 16.5 GeV 26 GeV 

Civil engineering 
Electricity supply 
Cooling water systems and 

recooling plant 
Air-conditioning tunnels + 

equipment buildings 
SPS modifications at crossing point 
Cabling power + control (MISR) 
Magnets: low-3's + a -suppression 
Power supplies 
Beam transfer + SPS injection and 

ejection 
MISR injection and dumping 
Vacuum system 
Computer and controls 
Radio frequency and beam observation 
Transport equipment 
Installation manpower (contract) 
Contingency fund 

51'000 
4'000 

11'000 

3'000 

450 
15'000 
3'850 
600 

950 

1'300 
3'860 
300 

1'040 
250 

2*000 
4*400 

51'000 
4'000 

11'000 

3'000 

450 
15'000 
3'850 
600 

6 '500 

1'500 
3'860 
300 

1'040 
250 

2'000 
5'650 

Total costs at 1977 prices KSF 103'000 110'000 

20. CONCLUSION 
The proposed colliding beam facility with 16.5 GeV injection requires the minimum of 

new equipment and would have a luminosity of 1.2 10 3 0 an~ 2s - 1 with a centre-of-mass energy 
of 255 GeV. However, for an additional expenditure of only 6 %, the injection energy could 
be raised to 26 GeV and the luminosity increased more than three times to 3.8 10 3 0 cm" 2s - 1. 
It is clear that this latter option should be included at the start of the project. Direct 
injection at 60 GeV from the SPS was discarded at an early stage when it became clear that 
with the existing RF equipment the stacked current would be less than that obtained with 
26 GeV injection and since the costs of the SPS-MISR transfer line would be higher. However, 
the tunnel for the transfer line was designed with a bending radius compatible with 60 GeV 
operation so as not to introduce an artificial limit on the injection energy. 

The present study could be considerably elaborated and the expected performance would 
no doubt be affected to a small degree, but some confidence is felt that the cost estimate 
and time schedule can be taken as definitive, as they are based on similar CERN projects. 
The most crucial aspect of the time schedule is the period of 9 \ months during which the SPS 
is shut down. Considering the amount of work to be done, no way is seen of reducing this 
time. 
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Among the topics requiring further study are: 
- Chromaticity correction. 
- Whether the overlap knock-out resonance problem could be solved so as to allow pulsed SPS 

operation, which would increase the attainable centre-of-mass energy and allow beam 
sharing. 

- Design and operation of an SPS low-(3 scheme. 
Although the study was directed towards a "general purpose" colliding beam facility, 

it should be noted that in most cases the considerations implicitly apply to the more spe
cialized zero-angle crossing scheme with a luminosity of 1.1 10 3 2 cm~ 2s - 1 (for principal 
parameters see Appendix B). Except for the central field magnet and its compensators, which 
are both physics and machine equipment at the same time, the cost estimate remains essen
tially the same. The time schedule will also be unchanged. 
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APPENDIX A 

MISR parameter list for finite-angle crossing scheme 

t§ïîï9Ë_2§ïiîP§ÏËï§ 

Circumference of equilibrium orbit 

Number of intersection with SPS 

Intersection angles: 

- physics intersection 

- return crossing 

Beam level (same as SPS) 

Energy range on equilibrium orbit 

Total transition energy over rest energy 

Horizontal tune value 

Vertical tune value 

Maximum horizontal betatron amplitude 

Maximum vertical betatron amplitude 

Maximum dispersion 

1729.2300 m 

2 

3.5502° 

8.4802° 

402.2000 m 

16.5 - 60.0 GeV 

14.5 

Bare machine Inver ted 8C-l ine 

16.405 16.375 

14.447 14.385 

Basic l a t t i c e c e l l I n s e r t i o n s 

48.47 m 613.90 m 

44.49 m 363.01 m 

1.800 m 2.624 m 

Number of magnet periods 48 

Ma.in_inagiet parameters 

Maximum field on equilibrium orbit 

Profile parameters measured on magnet axis 

F magnets 

D magnets 

For magnetic parameters integrated along trajectory, see Table 3.5. 

For further mechanical and electrical parameters, see 

"ISR Parameter List (Rev. 5), CERN ISR-GS/76-4 (1976). 

1.34 T 

5/2 nVe 
-3.136 m _ 1 -1.946 m - 2 

3.020 m _ 1 1.493 m - 2 

Number of: - short F units 80 

- short D units 64 

- long F units 56 

- long D units 64 

- radial field magnets for vertical orbit control 40 

- windings powered for horizontal orbit control 72 

- additional dipoles for horizontal orbit control 

in insertions 4 

- tuning quadrupoles 64 
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Number of: - sextupoles for chromaticity control 

- skew quadrupoles for coupling control 

16.5 GeV 

injection septa 

injection kickers 

quadrupoles for low-B insertion (MISR only) 

quadrupoles for dispersion suppressors 

quadrupoles for return crossings 

quadrupoles for injection insertion 

combined horizontal and vertical beam 

observation stations 

32 

4 

26_GeV 

6 

3 

8 

6 

6 

102 

^§mjjarameters 

Normalized vertical emittance 

Normalized horizontal emittance 

Nominal circulating current: 

16.5 GeV injection 

26 GeV injection 

Nominal operational energy 

Vertical beta in physics intersection 

Horizontal beta in physics intersection 

Total vertical beam-beam tune shifts (MISR 21.0 A) 

Effective beam height 

Length of interaction diamond 

Width of interaction diamond 

Luminosity for 16.5 GeV injection option 

Luminosity for 26 GeV injection option 

MISR SPS 

10 TT 20 IT mm mrad 

20 IT 30 IT mm mrad 

6.4 A 

21.0 A 0.210 A 

60 GeV 270 GeV 

0.50 m 1.0 m 

2.04 m 6.5 m 

0.0 -0.0002 

0.48 mm 

52 mm 

1.6 mm 

1, .2 10 3 0 crn^s-1 

3, .8 10 3 0 c n f V 1 

Number of accelerating cavities 

Number of third harmonic Landau cavities 

RF frequency 

Maximum peak voltage 

Harmonic number 

Length of one cavity 

14 

2 

9.53 MHz 

40 kV 

55 

1.6 m 

§5§Ç^i5S_B§I5™ÊÏËI5 C26 GeV) 

Injected protons / pulse 7 10 1 2 

Number of injected bunches 20 

Bunch area of injected bunches 0.02 rad 

Synchrotron frequency at injection (32 kV stationary bucket) 33 Hz 

Cavity voltage for stacking bucket 1500 V 
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20° i 

0. 047 rad 

3. 17 % 

3. 76 % 

•• 3 s 

Stable phase angle 4 

Area of stacking bucket 

Relative momentum spread of stack: 

16.5 GeV injection option 

26 GeV injection option 

Maximum time to stack one pulse 

RF voltage for phase displacement 30 kV 

r = sin <j>s 0.1 

Number of RF sweeps (26 to 60 GeV) 648 

Time for acceleration (26 to 60 GeV) =*40 min 

Vaçuum_parameters 

Pressure at physics intersection < 1 0 - 1 1 torr 

Average pressure 1 0 - 1 1 torr 

Number of: - sectors 14 

- fast acting valves 4 

- roughing stations 67 

- ion pumps 356 

- sublimation pumps 610 

- low-pressure gauges 350 

- clearing electrodes 560 

Vacuum chamber (material, aperture, bake-out temperature) as in the ISR. 

^éiSi22§ï_ë9yïE!!Siîî_ 12E _ SPS 

Quadrupoles for: 

CHEEP low-8 8 

asymmetric low-g 5 

Differential pumping and bake-out equipment for intersection regions 

Slow pulsed inflector for injection from TT10 

Slow pulsed kicker for extraction into MISR transfer line 
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APPENDIX B 

Provisional MISR parameter list for zero-angle crossing scheme 

This scheme with the MISR tangential to the SPS was not studied in detail, but in order 

to have a fair comparision with the finite-angle scheme, it has been assumed that the machine 

parameters and equipment are those of Appendix A. In practice, the layout of the low-B as 

described for the finite-angle scheme may not be compatible with the central magnet geometry 

and the straight sections for the return crossings would, of course, be removed. 

SPS ëËM-B&ISDËÏÉrS MTÇR 

Normalized vertical emittance 

Normalized horizontal emittance 

Nominal circulating current: 

16.5 GeV injection option 

26 GeV injection option 

Nominal operating energy 

Vertical beta in physics intersection 

Horizontal beta in physics intersection 

Total vertical beam-beam tune shifts 

(MISR 21.0 A) 

Total horizontal beam-beam tune shifts 

(MISR 21.0 A) 

Effective beam height 

Length of interaction diamond 

Luminosity for 16.5 GeV injection option 

Luminosity for 26 GeV injection option 

Çentral_field_and_detector_magnet 

Nominal field 

Gap height 

Steel length 

Total weight 

Compensating dipoles 

The beam-beam tune shift experienced by the SPS beam exceeds the conventional limit of 

0.005. This will limit the luminosity lifetime to approximately 50 hours 2 7). 

1 0 TT 20 Trmm mrad 

2 0 77 30 TT mm rad 

6.4 A 

21.0 A 0.210 A 

60 GeV 270 GeV 

0.5 m 1.0 m 

2.04 m 6.5 m 

-0.0002 -0 .0065* 

-0 .0001 -0.0086* 

0.48 mm 

1125 mm 

3. .4 1 0 3 1 o r i ^ s " 1 

1 .1 1 0 3 2 c m " 2 s - 1 

1.7 T 

1.0 m 

5.3 m 

%250 t 

6 
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Fig. 1.1 Cross-section of the MISR-SPS experimental hall 
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Fig. 2.1 Possible locations of MISR 
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Fig. 3.2 Regular and irregular cells in the MISR lattice 
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Fig. 3.3 MISR layout 
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Fig. 3.4 Phase diagram of normal lattice in MISR 
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Fig. 3.5 MISR working line (inverted 8C type) 
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Fig. 3.6 Available aperture in short units (F or D) 
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a) Existing Vacuum Chamber 

b) Existing Elliptical Chamber with End Sections removed 

Fig. 3.7 Available aperture in long units (F or 0) 



( a ) For 16.5 GeV In jec t ion 
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Fig. 3.8 Allocation of horizontal aperture at aperture limit in F unit 

preceding injection and dumping insertion 
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multipole amplitudes 
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dipole term 
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at crossing point 

Fig. 5.1 Mult ipole amplitude as a function of beam 
separa t ion for over lap knock-out resonances 
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Fig. 6.1 Zero-angle crossing scheme for MISR 
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Fig. 6.7 Reduction of crossing angle using superconducting dipoles 
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Fig. 7.1 Slow-pulsed injection scheme from TT10 into SPS 
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Fig. 8.1 Phase diagrams for injection insertion 
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MISR Vacuum Pipe Injection Beam Pipe 

Reverse Profile 
F-Unit 

Fig. 8.4 Closest approach of i n j e c t i o n beam pipe to the MISR magnet 
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Fig. 13.2 Intersection chamber (0.17 - 0.7 mm wall thickness) 
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