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ABSTRACT 

A study is presented of design, performances and cost estimates for 
superconducting proton storage rings in the existing ISR tunnel at CERN. 
By using a proven technology for the superconducting magnets an energy of 
120 GeV is attainable, which corresponds to a bending field of 5.12 T. 
Using injection from the PS and stacking at 25 GeV, followed by phase dis
placement acceleration, luminosities of up to 4 • 10 3 3 cm - 2s _ 1 at 120 GeV 
are obtained. 
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INTRODUCTION 
The possibility of converting the CERN Intersecting Storage Rings (ISR) to higher 

energies by the use of superconducting magnets has been the subject of discussion for many 
years. In 1972, E. Keil1-' proposed several geometries which were later developed in more 
detail by D.A. Swenson1) in 1974. During the first Workshop on Future ISR Physics in 1976, 
the group studying "unconventional ideas"2-' recommended an early start of the design study 
for a superconducting ISR (SCISR). After a preliminary approach3), which showed that lumi
nosities in excess of 1 0 3 2 aif 2s - 1 could be obtained, an SCISR Study Group was formed in 
March 1977. This report presents the findings of this Study Group. 

The major objective of the study was to provide realistic performance and cost esti
mates, based on a detailed and complete design of the machine. We have also tried to re
use as much as possible of the present ISR equipment in order to lower the cost of the con
version. 

The ring geometry with four intersections in the ISR halls 12, 14, 16, 18 and the FODO 
lattice with a low Q-value and two magnets per half-cell were chosen to maximize the energy 
(120 GeV) whilst maintaining a good flexibility for physics experiments. Since the SCISR 
and ISR machines are similar in many aspects, the extrapolation from measured ISR beam para
meters to estimated SCISR parameters is straightforward and yields reliable results. 

The general design concept of the magnets is directly derived from the development of 
the ISR superconducting quadrupoles, of which a prototype has already been constructed and 
tested. The energy value of 120 GeV requires a dipole field of 5.12 T which necessitates 
a maximum field in the coils of 5.65 T. This value is below the maximum field which has 
been found to be regularly reproducible in the quadrupole prototype. 

The adopted solution of injecting directly from the PS, stacking at 25 GeV, followed 
by acceleration of the stacked beam within the SCISR was preferred to injection at higher 
energies from the SPS. This solution offers many advantages which were already realized 
in the preliminary study. In particular, the existing RF system and the major part of the 
existing injection can be conserved; less straight section space is required for injection 
at the PS energy; beam losses during injection and stacking occur at a low field level 
where the superconducting magnets have a large safety margin; the longitudinal stacking 
efficiency is better due to higher thresholds for bunch instabilities; there is absolutely 
no interference with the normal operation of the SPS. 

The solution of acceleration by phase displacement rather than rebunching has been 
adopted since the former method has been proven efficient in the ISR whereas the latter 
has yet to be tried. In addition, the acceleration by phase displacement can be accom
plished by the same RF system used for stacking and the inherent slow acceleration rate 
is particularly well suited to the required slow rate of field change in the superconduct
ing magnets. 

In order to accommodate physics experiments requiring different luminosities, two 
types of insertions are provided. The low-B insertions (14 and 18) provide a free space 
of 26.7 m around the intersection point and a luminosity of 2.5 1 0 3 2 an" 2s - 1 at 120 GeV. 
The intermediate-^ insertions (12 and 16) have a reduced luminosity (1 10 3 2 cm~ 2s~ 1 at 
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120 GeV} and a total free space of 32.6 m. One of the two low-B insertions is equipped 
with magnets which allow the crossing angle to be reduced to a minimum value set by the 
beam-beam limit. In this configuration and assuming the generally accepted value of 0.005 
for the beam-beam limit, a luminosity of 4 1 0 3 3 cm" zs - 1 is obtained at 120 GeV with a total 
free space of 8 m, a diamond length of 4.4 m and a crossing angle of 2.5 mrad. The vertical 
aperture in the quadrupoles of the low-8 insertions is also sufficient to obtain the same 
degree of focusing and hence high luminosity over the complete energy range from 25 to 
120 GeV. It is worthwhile noting that it would be quite simple to revert to a lattice with 
a single type of insertion should the physics requirements dictate such a change. In fact, 
this would even simplify some of the matching problems and reduce the required number of 
independent power supplies. In general, the insertions have been designed to be as flexible 
as possible in order to give freedom to the layout of physics experiments. 
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1. RING STRUCTURE 
1.1 Geometry 

The selection of a geometry must strike a balance between two conflicting require
ments, namely that of making the radius of curvature as large as possible to increase the 
energy capability and, at the same time, leaving long straight sections free of bending 
magnets in order to accommodate physics experiments and machine equipment. The rings must 
remain within the confines of the ISR tunnel (inner and outer radius of 142.6 m and 157.5 m, 
respectively) and must intersect in some of the present experimental halls, which implies 
a superperiodicity of 2, 4 or 8. Three matching straight sections of ̂ 20 m are required 
for the injection, dumping and acceleration systems, while sections of at least ̂ 40 m have 
to be free of bends for physics experiments. In these conditions, a superperiodicity of 

3~) 
4 appeared to be the optimum solution ' . 

A side-by-side ring arrangement with four horizontal crossings has been preferred to 
a vertical arrangement with vertical crossings. Although the latter solution provides an 
exact four-fold symmetry and a slightly higher radius of curvature for a given ring circum
ference, it has the disadvantage of linking the luminosity to the horizontal stack dimen
sion which would necessitate that the zero horizontal momentum compaction be very accurately 
controlled and that the horizontal emittance be reduced in the transfer line and maintained 
small during stacking. It is known from ISR experience that the horizontal emittance in a 
stack is about 1.5 times larger than in the transfer line. 

For calculating the minimum crossing angle which can be achieved without common bending 
magnets, it has been assumed that the matching quadrupoles of the insertions have the same 
cross-section as the ring quadrupoles (Chapter 3) and that the two quadrupoles, which are 
situated in each ring at about 13 m from the intersection, are placed side by side in a 
common vacuum envelope. From the quadrupole design (Fig. 3.6), the minimum crossing angle 
is 510/13 = 39.2 mrad and a value of 40 mrad has been retained. All the magnets including 
dipoles, which follow the two mentioned quadrupoles, are completely separated. 

In order to inject bunches from the PS and to avoid the loss of longitudinal density 
which results from a process of debunching and rebunching at a different frequency, the 
SCISR circumference has to be a multiple of the distance between two PS bunches, i.e. 
31.421 m. Since the present RF equipment of the ISR will be used in SCISR (Chapter 7), the 
harmonic number must remain at about 30. There are only two possible values which are com
patible with the tunnel size and the energy capability: h = 30 or h = 31 which correspond 
to a ring circumference of 942.64 m and 974.06 m, respectively. For the same straight 
sections, a larger circumference allows a higher final energy. Consequently, the case 
h = 31 is the more interesting to consider. 

With the large circumference associated with h = 31, the only geometry which can fit 
the ISR tunnel dimensions is a solution where the two rings are parallel; the radius of 
curvature of the inner arc being smaller than that of the outer arc by enough to place the 
magnets side by side (Fig. 1.1). In this geometry, the distance of the outer arc from the 
external wall of the tunnel is necessarily small to arrive at the right circumference, and 
the position of the injection tunnels prescribes intersections located in the even numbered 
ISR halls. A variant of this geometry with a slightly higher energy capability has also 
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been considered (Fig. 1.2): there are two types of physics insertions of different length 
and the middle arc matching sections are azimuthally shifted. Such a geometry favours an 
orientation with long straight sections devoted to small angle experiments in the ISR halls 
II and 15, and short straight sections for large angle experiments with low-3 schemes in 
the ISR halls 13 and 17. 

For h = 30, the geometry with parallel rings is not desirable since the energy would 
be limited by the smaller radius of curvature of the inner arc. The optimum solution 
appears to be a geometry with the inner and outer arcs having the same radius of curvature 
(Fig. 1.3): there is a small gain in energy and the intersection points are further away 
from the inner tunnel wall. The position of the injection tunnels prescribes again inter
sections located in the even numbered ISR halls. 

Numerical results for these three solutions are given in Table 1.1. 
TABLE 1.1 

Geometric parameters for different ring layouts (Figs. 1.1 to 1.3) 

h si 
[m] 

s! 
l 

[m] 

e 
[rad] 

s m 
M 

m 
[m] 

P 
[m] 

P' 
[m] 

A 
[m] 

A+d 
[m] 

31 19.4 24 0.04 20 — 115.1 114.2 0.5 6.97 

31*M 20 
11 

20 
15.9 

0.031 
0.058 

20 — 119.7 118.5 0.55 7.97 
3.85 

30 20 — 0.04 20 25.1 110.2 — 4.7 11.37 

The symbols are defined in Figs. 1.1 to 1.3 and those marked by a prime are 
related to the inner arc. 

J There are two types of insertions, i.e. two long ones of total length 40 m 
and two short ones of total length 26.9 m. This solution implies the addi
tion of two sections of 2.0 m and 3.7 m in the inner arc (Fig. 1.2). 

These three solutions are roughly equivalent for the injection: the sum of additional 
horizontal and vertical bending required at the end of the present ISR transfer tunnel is 
about the same (1.1 rad). 

The complicated geometry of the second solution (Fig. 1.2) has been abandoned since 
the matching of the various straight sections to the lattice was expected to be difficult 
and the two short insertions are rather close to the outer wall (A + d « (R0 - R^/2). Com
paring the two remaining solutions, the first one (Fig. 1.1) was retained since it allows 
4 \ more energy capability and intersection points which are well centred in the experi
mental halls (A + d s (R„ -R.)/2). Figure 1.4 shows the general ring layout associated with 
this geometry, whose superperiodicity is equal to 2. 
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1.2 Regular lattice characteristics and matching insertion 

Once the geometry is fixed, it is necessary to choose the cell of the ring lattice. 
This choice depends on the following factors: the integrated dipole field has to be as high 
as possible to achieve the energy capability, the integrated quadrupole field should be 
reasonably small for the same reason and the maximum values of the characteristic functions 
3 and a should not be too high, in order to keep the magnet aperture small. Some work was 
involved in order to study different cells and compare their relevant characteristics. To 
summarize the obtained results, the normalized integrated fields and the extreme values of 
the characteristic functions are given in Table 1.2 for three different cells of the same 
length and phase advance (17.68 m and 0.44 IT, respectively). 

TABLE 1.2 

Comparison of cell characteristics 

type GX,/Bp 
[m"1] 

bending angle 
[rad] 

Tnax min a p,max ap,min 

FODO 0.30 0.155 29.2 6.4 2.1 1.24 
FODOODOF 0.46 0.146 29.4 9.5 2.13 1.27 
FD combined 0.50 0.143 26.8 7.0 2.1 1.18 

Table 1.2 shows that both the triplet FODOODOF and the combined function cell ED need 
more integrated gradients, which implies a smaller integrated dipole than the FODO cell for 
comparable extrema of the characteristic functions. It is also clear that a combined-func
tion superconducting magnet would be technically very difficult to build. Consequently, 
the FODO lattice cell has been retained. 

The FODO lattice is completely defined from a beam optics point of view by the wave 
number of the regular cells Q, and the phase advance per cell u, the average radius of cur
vature p being given by the geometry (Section 1.1). In order to find the optimum values 
of Q and p, a detailed study of the required beam aperture has been made. Since the 
radius of curvature is small in this machine, the critical parameter is the sagitta of the 
proton trajectory inside the dipoles. This tends to limit the manageable dipole length 
and the only way to overcome this limit is to foresee two dipoles per half-cell. Therefore, 
the aperture study has been achieved for two magnet arrangements (Fig. 1.5), with one and 
two dipoles per half-cell, respectively. End effects, spaces for cryostat ends and straighc 
sections are taken into account for both arrangements. Assuming that the injection Kicker 
is placed near a quadrupole QF, the required aperture for a certain beam size as a function 
of a and & has been calculated (Section 1.5). In the dipoles, the sagitta contribution 
has been added to the beam size to give the required aperture a~. In the second arrange
ment (Fig. 1.5), the dipole lengths have been adjusted in order that the required apertures 
are the same in the two dipoles. Having the aperture of ail the elements of the cell, the 
maximum achievable energy can be calculated in connection with the uaxunum tolerable field. 
in the coils. The obtained results are illustrated in Pig. 1.6. where ""fte apertures and 
the achievable energy are given for different Q,-values, with a ftxeu pnase advance U equal 
to TT/2, and both magnet arrangements. 



- 6 -

e B = 0.743 (ag +0.048) m 

e Q 
= 0.39 (ag +0.062) m 

El = 0.0945 ra 

£2 = 0.1045 m 

s 2 = 0.265 m 

S i = 0.424 m 

B c o i l = 5.65 T 

y = IT/2 

The curves of Fig. 1.6 have been calculated by using the following parameter values 
established in Chapters 3 and 4 (sketch given in Fig. 1.5): 

- Dipole end effect 
- Quadrupole end effect 
- Space for cryostat end of a magnet: 

in a quadrupole 
in a dipole 

- Minimum distance between cryostats 
- Straight section near each quadrupole 
- Maximum field in the coils 
- Phase advance per cell 

Figure 1.6 shows that for the same dipole aperture the arrangement with two dipoles 
per half-cell achieves an energy which is on an average 6.5 % higher than with one dipole 
per half-cell. On top of this, the former arrangement requires roughly equal apertures 
for quadrupole and dipole, while the latter involves a much larger dipole aperture. Another 
way to look at the results of Fig. 1.6 is presented in Fig. 1.7 where the energy capability 
is plotted as a function of the dipole aperture with y and Q, as parameters. This figure 
shows that the optimum phase advance would be y = 105°, but that the gain in energy, com
paring with y = 90°, is only 1 %. Therefore, a phase of ir/2 was retained, since it eases 
the injection - or dumping - design and resonance compensation between the cells in the 
chromaticity correction. The best arrangement appeared to be a cell with four dipoles, 
Q L = 9 and an aperture of about 100 mm for all magnets. The other advantages of the 
four-magnet solution with the same dipole aperture are : 
a) the quadrupole aperture can be made equal to the dipole aperture which results in a 

more uniform vacuum chamber without reducing too much the energy, 
b) the gradient stopbands due to magnet and alignment errors are ̂ 20 % smaller, 
c) r\ = 1/Y 2 - 1/Y|_ is ^50 % larger, which improves the longitudinal stability (Chapter 8). 

The final parameters of the cell are summarized in Table 1.3 and Fig. 1.8. 

TABLE 1.3 
Parameters of the basic cell 

QL y Tnax Tnin °p,max ^ j i n i n ape r tu re 

9 .1 TT/2 32.0 m 6 .1 m 2.23 m 1.12 m 100 mm 

*Q Si hi L V V Pbend 

1.05 m 4.300 m 2.398 m 19.75 m -0.1410 m - 2 0.1402 m - 2 78.18 m 

The foreseen matching insertions are 20 m long (Section 1.1), i.e. roughly a cell 
length L. The injection insertion requires a straight section of 2 m with large a and &, 
values for the horizontal kicker and another straight section of 8 m with a large 6, for 
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the septum, which has to be IT/2 distant from the kicker. The dumping insertion requires a 
straight section of ̂ 8 m with a large 3 for the vertical kickers and another straight sec
tion of 4 m for the dump block, which has to be IT/2 distant from the kickers. The simplest 
way to verify these requirements is to place two half-cells free of dipoles on each side of 
a standard cell. 

This suppression of dipoles does not change the 3-functions and creates approximately 
a negative bump of a (Fig. 1.8), since the phase advance between the two free half-cells 
is about ir. In fact, the momentum compaction is exactly matched by using the quadrupoles 
QFl and QF2 of Fig. 1.8, and the 3-functions are consequently slightly modified. The exact 
solution (Fig. 1.8) is shown (Chapter 5) to give good conditions for injection and dumping. 
The magnetic length of QFl is equal to 0.863 £„ while the magnetic length of QF2 is equal 
to 0.92 £» in order to have the same gradient lL_ as in the regular lattice (Table 1.3). 

1.3 Physics insertions and ring matching 
The need to obtain the highest energy together with the highest luminosity implies 

that the triplets, which match the physics insertions, should be as compact as possible. 
This requirement complicates the simultaneous matching of the momentum compaction and 

of the two $-functions. For this reason and for the benefit of those experiments which 
study elastic scattering, it appeared desirable to suppress a in the cell which precedes 
the physics insertion, by using the two quadrupoles of this cell. The gradient of these 
quadrupoles is solely determined by the conditions a = ot* = 0 and hence, the 3-functions 
at the exit of this cell are fixed. Nevertheless, in order to adjust these 3-values to 
the requirements of the following triplet, the bending length of the second half-cell was 
increased. Therefore, the cell preceding the physics insertion is 22.7 m long, a dipole 
of 3.108 m being added in the second half-cell (Fig. 1.9). 

The triplet properties have been studied analytically with a thin lens model. It was 
found that a compact triplet, close to the a -suppressor cell, could achieve different 
R -values in a large range, if the 3-functions at the entrance of the triplet are 3 =J 200 m, 
3, s:40m and strongly diverging. The distance left free for physics was ±13.5 m, which is 
in agreement with the geometry conditions. Two particular solutions have been retained. 
The first one gives the smallest possible 3 -value at the crossing point (3* = 0.48 m) 
using the three quadrupoles of the triplets, and the corresponding parameters are given in 
Fig. 1.9. The second solution corresponds to the specific case where the last lens of the 
triplet has no excitation. Thus, using only a doublet, the free distance increases to 
±16.5 m and 3* = 4.4 m. While the first insertion with 3* = 0.48 m is devoted to large 
angle, high p experiments and intermediate boson searches, the second one is suitable for 
small angle experiments. 

All the preceding considerations on the lattice and insertions directly apply to the 
outer arcs of the ring (Fig. 1.9). However, the matching of the inner arc is not trivial, 
since the chosen geometry (Fig. 1.1) required basic differences between the two arcs, i.e. 
a) the difference in the average radius of curvature imposes a slightly shorter cell in 

the inner arc, i.e. L = 19.62 m, 
b) the nonzero crossing angle forces the suppression of some bending magnets in the 

half-cell preceding the physics insertions, which strongly perturbs the momentum com
paction. 
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The mismatch due to the change of L is small and the gradients in the regular lattice and 
in the matching insertions of the inner arc were maintained equal to the gradients of the 
outer arc. The kick in a due to the bend suppression can be compensated in the QD follow
ing the a -suppressor (Fig. 1.10) where a has the right amplitude but the wrong slope. 
The consequent distortion of the 3_functions can easily be compensated in the low-3 case 
(Fig. 1.10) by using the inner arc triplet of the physics insertion which does not affect 
a (a E 0). In the intermediate-3 case (3* = 4.4 m ) , the compensation of the 3-function 
distortions forces the use of the two doublets, placed on each side of the intersection 
(Figs. 1.11 and 1.12). This 3-matching shifts the positions of the 3^- and 3-minima (equal 
to 1.74 m and 3.89 m) by 0.80 m and 1.48 m, respectively. It is felt that the nonzero 
slopes of the 3-functions, which thus appear at the crossing point (a, = 0.46 and a = 0.38), 
are irrelevant for physics. 

It has been decided that the entire ring will be equipped with two low-3 physics in
sertions in 14 and 18, and two intermediate-3 insertions in 12 and 16 (Fig. 1.4), in 
order to increase the flexibility of the machine while preserving the superperiodicity of 2. 
Figures 1.9 to 1.12 give a complete review of the Twiss-functions for half the circumference 
of the ring and Fig. 1.13 gives the layout of the magnets and straight sections for an 
octant of the machine. Figure 1.13 also shows the low- and intermediate-3 insertions and 
gives the list of the magnetic and physical lengths of the elements. The quadrupole forces 
which are also indicated in this figure, are those obtained after the tune adjustments 
(Section 1.4) and not those of the bare ring (Table 1.3). There are two groups of quadru
poles, i.e. QF + QF1 + QF2 + QAP1 + QAP3 and QD + QD1, which are powered in series, some 
quadrupole lengths being adjusted accordingly. The QAP2 and the physics insertion quadru
poles (QMB and QLB) have independent power supplies. The quadrupoles marked by an asterisk 
in Fig. 1.13 have an additional trim floating power supply for specific adjustments. 

1.4 Working region in the tune diagram 
The so-called bare ring, which consists of the basic lattice (Section 1.2) with a 

phase advance per cell of IT/2 and the matching and physics insertions described in Sec
tion 1.3, has natural tune values equal to Q, = 12.408 and 0 = 10.673. Since the lattice 
wave numbers are Q, = Q =9.1, the physics insertions and, to a lesser extent, the match
ing insertions strongly shift the tunes by AQ, = 3.308 and AQ = 1.573. This large differ
ence between the tune shifts for the two planes shows that it is not worth working close 
to the diagonal in the tune diagram. Working in the neighbourhood of the diagonal is ad
vantageous due to the presence of large regions which are free of low order resonances. 
However, it can be shown that this is not the prerogative of the sole diagonal, but also 
occurs around all the parallels of the diagonal, defined by Q, - Q = m. This can easily 
be shown by starting from the resonance condition 

niQh + n z Q v
 = p a n d ni + n 2 = N • 

The intersection of a resonance with the line Q, - Q = m is given by 

p + n,m p - n,m Q, = ^ 2 and 0 = x
 1 . TI n x + n 2 ^v nj + n 2 
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These relations show that the resonance nodes of the diagonal exist also on any paral
lel Q, - Q = m. They also indicate that the harmonic p of any resonance of a node differs 
by +m or -m from the harmonics of the neighbouring resonances. Therefore, if m is equal to 
the machine periodicity, the topology of the structure resonances is exactly the same as on 
the main diagonal. 

For SCISR, with a superperiodicity of 2 and with the natural tune values already men
tioned, it is logical to work close to the line Q, - Q = 2 and to benefit from the two 
properties mentioned above (since m is 2). It is known from the ISR that the most inter
esting regions close to such a line are around Q = integer +0.6 and Q = integer +0.9, 
since they offer a rather large area which includes only resonances of an order larger 
than 7. These two regions are represented in Fig. 1.14 and, for each of them, a working 
line can be created. In the ISR, these lines are currently referred to as 8C and ELSA. 
Since the momentum width of the stack and the total momentum spread, including the injec
tion space, will be 0.016 and 0.028, respectively (Section 1.5), the achievable positive 
chromaticities are Q' = 3.13 on 8C and Q' = 4.63 on ELSA, which should be good enough for 
the transverse stability of the beam (Chapter 8). The 8C working line is limited at the top 
by third order resonances,which are excited by the machine symmetry, and it is 0.01 distant 
from the line Q, - Q = 2 . The ELSA working line is limited at the bottom by fifth order 
resonances, which are excited by the machine symmetry, while it is 0.02 distant from 
Q, - Q = 2. Both these lines are interesting and no choice has been made so far. Since 
the working point of the bare machine is closer to the 8C line than the ELSA line (Fig. 1.14), 
it was logical to first try to readjust the quadrupoles to bring the working point into the 
8C region. At present, this has been realized approximately and the last values obtained 
for the tunes are Q, = 12.65 and Q = 10.55 (Fig. 1.14). The lack of time is the only 
reason why the working point has neither been shifted closer to the 8C line nor brought 
into the ELSA region before the chromaticity studies (Section 1.6). This does not imply 
any choice between the two lines, which are equally good from a beam optics point of view, 
and the quadrupole strengths as foreseen are sufficient to bring the line into the ELSA 
region (Chapter 3). 

The detailed layout of the final lattice cell, which gives the possibility to work on 
both the 8C and the ELSA lines, is shown in Fig. 1.15 in which the magnetic lengths, the 
end effect contributions, the spaces for the cryostat ends, the straight sections and the 
necessary quadrupole strengths for both working lines are also indicated as well as the 
exact separation of the two arcs. 

1.5 Beam aperture 
The required apertures are defined by the beam envelope at the lowest energy of 

25 GeV. 

l.S.l Horizontal aperture 

Space must be provided for: 
a) the total momentum spread (AP/p) t o t

 = 0.028, i.e. 0.016 for the stack and 0.012 for 
injection (Section 5.2), 
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b) the betatron oscillations at the top and at injection, for which an amplitude of 3 a 
(r.m.s. value) has been taken, 

c) the peak orbit distortions at the top and at injection; the chosen value of 5 mm at 
6ax = 32 m accounts for the corrected orbit at the centre line (typically 3 mm on an 
8C type working line according to ISR experience) plus some provisions for the "un
corrected" orbit distortion which remains at the top and at injection after a perfect 
correction on the centre line (Section 3.3.1), 

d) the sagitta of the trajectories in the bending magnets, 
e) safety margins equal to peak orbit distortions for the protection of the vacuum chamber 

on both sides of the beam. 
The required aperture, which is maximum in the QF quadrupoles, is given in Fig. 1.16. 

For other azimuths, contribution a) must be scaled with a and contributions b) , c) and e) 
with /&T. Figures 1.17 and 1.18 show the beam trajectories and give the required aperture 
in the Bl and B2 dipoles. The lengths of these dipoles have been adjusted in order to have 
the same required aperture. A maximum aperture of 96.6 mm is needed in the QF quadrupoles. 
In fact, a smooth vacuum chamber of 100 mm inner diameter has been chosen to allow for some 
3* or orbit mismatches occurring from chromaticity corrections (Section 1.6) or magnet 
errors (Section 3.3). 

1.5.2 Vertical aperture 

The vertical aperture around the machine must be such as to give a low background in 
the intersections and to prevent any beam loss occurring in the superconducting magnets. 

There is a minimum value of the full vertical aperture a below which the vertical 
blow-up due to intrabeam scattering gives rise to intolerable values of dl/dt and background. 
For gaussian beams of r.m.s. amplitude a , the intensity decay rate is: 

kmi-<k) 1 dl ~ 
I Ht 

For a low background, decay rates below 1 ppm per minute are needed which corresponds to a 
full aperture of a =* 9 a using the rate of vertical blow-up 

( * * ) 
1.9 % per hour 

calculated in Section 2.3.2. However, the experience with ISR has shown that a larger aper
ture is required to contain the halo of large amplitude particles which develops on high 
order resonances. Good physics conditions have been obtained by reducing the dump block 
aperture to 18 mm at 3 = 16.5 m which corresponds to 15 a . This value has been taken for 
the collimating aperture of the dump block in SCISR. In the rest of the machine, the aper
ture is larger to avoid beam losses. 

In the region between the dump block and the kickers, the vacuum chamber must contain 
the beam deviated by the kickers. In order to minimize the aperture requirement, the block 
is off^centred by 7.5 a with respect to the median plane of the machine, and a vertical 
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bump of the same amplitude is applied to bring the beam back into the dump aperture. With 

this arrangement (Fig- 1.19), the required aperture is in the worst case 

a < 22 a + peak-to-peak orbit distortions . 

With 3 4 31 m in this region, the aperture of 65 mm is large enough to tolerate a peak-
VjfflclX 

to-peak orbit distortion of 27 mm. 

In the rest of the machine, an aperture of 

a = 16 a + peak-to-peak orbit distortions 

is sufficient to give a low background in the intersections and to allow for the particles, 

which are only partially deflected during the kicker rise time, to make a complete turn in 

the machine and to be eliminated at their second passage in the kicker (Chapter 6). The 

65 mm aperture in the normal lattice region with ^ m a x = 32 m is quite sufficient. The 

situation is more critical in the low-3 quadrupoles (QLB3) with S. __„ = 380 m and a ver-
V V jïïlclX 

tical aperture of 100 mm (the elliptical chambers of 100 mm * 94 mm are orientated with 

their major axes horizontal or vertical according to the local beam size). The tolerable 

peak-to-peak orbit distortion is only 4.6 mm which requires a precise monitoring of the 

beam position. A magnetic beam detector") would be an appropriate solution. 

1.6 Chromaticity correction 

Without sextupole corrections, the natural chromaticities Q' are strongly negative, i.e. 

Q^ = -23.34 and Q̂ . = -36.1 . 

This is to be expected in a machine which has insertions where the 3-functions can reach 

values as high as & = 173 m and B = 380 m. 

It is well known that a stacked beam cannot be stable in these conditions and it is 

necessary to foresee a sextupole correction. The work, which has been involved in the 

chromaticity correction, is not entirely complete, and the obtained solution is not yet 

optimum. However, the result already shows that the chromaticity problem is soluble using 

the method described below. 

The strong Q' mentioned above is due to the fact that the particles having a momentum 

error Ap/p see an actual gradient in the quadrupoles, which is to a first approximation 

wrong by the quantity -K(Ap/p). In the quadrupoles where a is different from zero, it is 

possible to compensate this gradient error with a sextupole such that K'x = K(Ap/p), i.e. 

K 1 = K/a. In an SCISR ring, this can easily be done in the regular lattice and the cor

responding values of the sextupole strengths for the 8C region are 

K£ F = -0.173 and K ^ = 0.188 . 

In the matching insertions (Section 1.2), the same type of correction can be applied, 

but the sextupole values would normally be different from the lattice, since a is perturbed. 

Nevertheless, in order to limit the number of independent sextupoles, the K 1 values in these 

insertions have been made equal to Ki p and K ™ given above. 
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The next difficulty is to compensate the apparent gradient errors for off-momentum 
particles in the quadrupoles of the physics insertions, where a vanishes. At this stage, 
the idea is to correct this perturbation on each side of the insertions where a is not 
zero by adding sextupole components in the quadrupoles QAP1 and QAP2 (Fig. 1.13). These 
four sextupoles form a quasi-insertion. Their strengths have to be such that the physics 
insertions are still matched to the rest of the ring with the correct Q-values for off-
centred orbits. The phase advances must be checked and kept close to the centre line 
values in order to get the small positive Q' of the working lines (Section 1.4). The 
3-values at the intersections must be maintained near the values at Ap/p = 0 in order not 
to change the physics conditions and the nearby &max~va^ues which directly affect the 
aperture requirements (Section 1.5). On the other hand, some freedom can be left to the 
3-functions in the lattice and in the matching insertions, as they are less critical for 
the aperture. Since the AGS program5) does not perform matching on an off-centred orbit, 
the optical conditions which exist on the extreme orbit (Ap/p = +0.014) in the presence of 
the SF and SD sextupole fields, have been simulated on the centre line, by reducing the 
gradients in the physics insertion quadrupoles by 1.4 % and by modifying the gradients in 
the matching insertion quadrupoles, where OL is not standard. According to the above re
quirements, the matching was achieved from the low-3 to the intermediate-3 insertion, 
in the two arcs successively. This has resulted in the consequent gradient changes in the 
QAP1 and QAP2 quadrupoles, from which the sextupole components can be deduced by using 

_, W1 + AP/P) - K C L 
ocp Ap/p • 

The results obtained todate are given in Table 1.4. 

TABLE 1.4 
Relevant parameters on two different orbits, with sextupole corrections 

K K 
low-6* intermediate-3* 

Qh % K K 
*h 3* *£ K Qh % 

Ap/p = +1.4 % 
Ap/p = 0 

162.6 
173.2 

338 
379.9 

23.6 
24.0 

0.56 
0.48 

2.3 
2.1 

3.8 
4.4 

12.78 
12.65 

10.39 
10.55 

The table shows that the chromaticities presently achieved with eight local sextupoles 
(in the QAP1 and QAP2 quadrupoles) and two sextupole series (SF and SD) are 

(V = 9.6 and Q* = -11.9 . 

Comparing these with the uncorrected values, it appears that this first tentative solution 
overcompensates the horizontal chromaticity but undercompensates the vertical one. 

As has been mentioned in Section 1.2, the lattice sextupoles do not excite strongly 
the third order resonances. On the contrary, the local sextupoles have a strong effect on 
these resonances, since they are placed in regions where the 3-functions may be large. The 
resonance widths6) resulting from the present chromaticity correction are: 
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for 3Q. =38 Ae = 0.033 ) 
n at 120 GeV . 

for Oh + 2Q y = 34 Ae = 0.21 ) 
These bandwidths are rather large, but they can be compensated by other sextupoles 

placed in the physics insertions where they do not affect the chromaticity since a is zero. 
For instance, the resonance 3Q, = 38 can be suppressed by using sextupole components in the 
elements QMB2 (Fig. 1.13) and other sextupole magnets placed in the straight sections SS5 
(Fig. 1.13) of the low-3 insertion, while the resonance Q, + 2Q = 34 can be compensated 
by sextupole components added in the elements QLB3 (Fig. 1.13). 

2. MACHINE PERFORMANCE 
2.1 Relevant parameters of the ring 

Since the PS bunches will be injected into SCISR, the injection energy has been taken 
equal to 25 GeV. On the other hand, the maximum design energy after acceleration will be 
120 GeV, which is compatible with the superconducting magnet design (Chapter 3). For these 
energies, the dipole fields, in agreement with the radius in the bends (Table 1.3), the 
gradients, necessary for working on the ELSA line (Fig. 1.14), and the gradient derivatives, 
calculated in the tentative solution for the chromaticity correction (Section 1.6), are 
given in the table below. 

TABLE 2.1 
Magnetic fields at injection and top energies 

E 
[GeV] 

Pbend 
[m] 

|K| 
[ m " 2 ] 

| K ' I 
[nT 3 ] 

B 
[TJ 

G 
[T/m] 

G' 
[T/m 2] 

25 
78.18 0.1514 0.188 

1.07 12.6 15.68 

120 
78.18 0.1514 0.188 

5.12 60.6 75.25 

As a result of the RF studies (Chapter 7), the normalized omittances and the stacked 
currents are given in Table 2.2. 

TABLE 2.2 
Current and normalized emittances 

E 
[GeV] 

Y 
[ir mrad mm] 

e 
V 

[IT mrad mm] 

I 
[A] 

25 

120 

26.7 

127.9 

30 

40 

10 

20 

25 

15 

Taking into account the values of Table 2.2, useful r.m.s. beam size expressions can 
be written at 25 and 120 GeV. 
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At 25 GeV : © . - 0.53 /JT , a v = 0.31 v C 
n n v v [ 1 0-3 m ] 

At 120 GeV : a h = 0.28 ^ , a y = 0.20 /jÇ , 

and the interaction length is simply given by 

* _ n 
sin IJJ 

where : 

ty is the colliding angle, 

Ov is the value of a, at the intersection. 

Another important parameter, which may limit the machine performance under specific 

conditions, is the vertical beam-beam tune shift7) 

IB* d 
AQv " 4 - 7 7 2 1 0"9 T J T J

Z » 
where: 

P°v 

3* and a* are taken at the intersection, 

J is a tabulated integral7) approximately equal to A/2 (a*/o£). 

It is usually admitted that the beam-beam tune shift should not exceed 0.005 in a machine 

where the beam lifetime is of the order of several hours, since the loss rates may become 

large beyond this value. 

2.2 Physics insertion characteristics and luminosities 

It has been mentioned in Section 1.3 that the 3 -value at the intersection was tunable 

over a large range of values. However, only two different 3 -schemes were retained for 

SCISR. Starting with these schemes, it is possible to imagine three different insertion 

layouts, whose properties are given in this section. 

a) The first layout is associated with the intermediate-3 scheme. This scheme implies 

the use of a doublet on each side of the intersection point, the quadrupoles having 

the same cross-sections as the ring quadrupoles and being placed in separate vacuum 

envelopes. This layout, which leaves a total free space of 32.6 m, is sketched in 

Fig. 2.1. 

b) The second layout is associated with the low-3 y scheme, This scheme uses a triplet 

on each side of the intersection point. The quadrupoles have cross-section equal to 

the ring quadrupoles and those which are closest to the intersection (QLB3) are placed 

side by side in a common vacuum envelope. This layout, which leaves a total free 

space of 26.7 m, is sketched in Fig. 2.2. With the standard aperture of 100 mm 

(Section 1.5), the low-3 scheme can be maintained at the lowest energy of 25 GeV. 

c) The third layout is also associated with the low-3 V scheme and, comparing it with the 

second layout, only dipole magnets are added in order to reduce the crossing angle to 

zero. Three dipoles on each side of the intersection (Fig. 2.3) are placed in such 

positions that a local S-shaped a -distortion is created, a passing through zero at 

the crossing point. The magnet, which is close to the intersection, is common to both 

beams, and the two magnets upstream (Fig. 2.3) have a maximum field of only 2.56 T in 

the standard aperture of 100 mm, in order to limit their size (they are also in a 
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common vacuum envelope). This dipole scheme has to be switched off during stacking 

and acceleration in order to keep the two beams independent, and this implies the 

building of a special vacuum chamber as well as a large gap width for the common di

pole (Fig. 2.3). This scheme can continuously increase the luminosity from the low-3 

scheme value up to a maximum corresponding to the beam-beam limit. The smallest 

achievable angle is given for each energy by the limiting beam-beam tune shift of 

0.005 (Section 2.1). 

The main properties and the luminosities of these physics insertions8) are summarized 

in Table 2.3. In the low-B scheme, the strong azimuthal variation of B has been taken 

into account in the luminosity calculation. 

TABLE 2.3 

Insertion characteristics and luminosities 

Intermediate-3 Low-3 
V 

Low-3 with crossing 

angle near zero 

25 GeV 120 GeV 25 GeV 120 GeV 25 GeV 120 GeV 

Total free space [m] 

3* [m] 

&£ [m] 

a* [m] 

Beam sizes 4oî [mm] 

4a* [mm] 
V 

Crossing angle [mrad] 

Linear tune shift [10~3] 

Diamond length 2d [m] 

32. 

4. 

2. 

0. 

3.08 

2.62 

40 

3.8 

0.15 

6 

45 

11 

0 

1.63 

1.69 

40 

0.61 

0.08 

26. 

0. 

24. 

0. 

10.38 

0.86 

40 

1.34 

0.52 

7 

48 

0 

0 

5.49 

0.55 

40 

0.26 

0.27 

8. 

0. 

24. 

0. 

10.38 

0.86 

10.5 

5.0 

1.99 

0 

48 

0 

0 

5.49 

0.55 

2.5 

5.0 

4.39 

Luminosity [cm~ 2s _ 1] 1.75 10 3 2 0.98 10 3 2 5.04 10 3 Z 2.47 10 3 2 1.92 10 3 3 3.95 10 3 3 

Table 2.3 shows that the beam-beam tune shift limit it reached by the angle reduction, 

as expected, and is approached at lower energy in the intermediate-3 scheme. It also 

shows that the luminosity varies only within a factor ̂ 2 from 25 GeV to 120 GeV. This in

dicates that the luminosity is good in the whole energy range of SCISR, as illustrated in 

Fig. 2.4. It is worth keeping in mind that the top curve (Fig. 2.4) associated with the 

low-3 scheme with angle reduction is determined by the arbitrary limit on the beam-beam 

tune shift (Section 2.1) and that higher values could be reached if the machine tolerates 

them. 
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2.3 Beam lifetime 
Lifetimes are associated with losses and blow-up mechanisms. It is interesting to 

calculate these effects for SCISR at the injection and top energies, in order to show which 
mechanism is dominant and to give some indications about the desirable vacuum pressure. 

2.3.1 Current toss rates 

Direct current losses are due to two mechanisms, i.e. collision of the particles, as
sociated with the total luminosity, and nuclear scattering of particles in the residual 
gas. The loss rates of these mechanisms can be calculated from8»9) 

1 
T L 

1 dl 
I Ht 7.64 10"8 - J J P [s"1] 

1 = 

TNS 
1 dl 
I Ht 1.93 1 0 " a n > N P N S [s"1] 

where: 
L is the total luminosity [cm~ 2s - 1] in the four intersections, 
a is the proton-proton cross-section [m 2], 
R is the machine radius [m] , 
I is the beam current [A], 
a N is the nuclear cross-section for protons on nitrogen [m2] , 
Pj,n is the N2-equivalent pressure [torr] . 
Assuming that of the four intersections two are equipped with intermediate-8 schemes, 

one with a low-3 scheme and one with a low-6 scheme with angle reduction, the total lumi
nosities are 2.6 10 3 3 and 4.3 10 3 3 at 25 and 120 GeV, respectively (Table 2.3). Using 
these values and the currents of Table 2.2, the loss rates are: 

at 25 GeV : — = 2.05 10" 7 s"1 = 12.3 ppm/min 
T L 

-î- = 7.5 10 2 P M„ [s"1] 
TNS N S 

at 120 GeV : — = 6.35 10" 7 s"1 = 38.1 ppm/min 
T L 

— = 1.05 10 3 P M C [s _ 1] . 
TNS N S 

These results show that for a pressure of 10" 1 1 torr (Chapter 10), the nuclear 
scattering losses are below 1 ppm/min, which should give good background conditions. The 
higher 1/T* loss rates are of a different nature since they correspond to the protons 
which are lost in physics events at the intersections. 
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2.5.2 Beam blow-up 

Beam blow-up can be initiated by multiple scattering in the residual gas and by intra
beam scattering. The vertical growth rate due to the first mechanism is given by 8» 9): 

1 - 1 d C v n AODT 3v PMS r _i, 
MS v p 2 E 

^ v where : 
i V 

is the beam momentum [GeV/c] , 
B is the average 6—value [m] , 

E is the vertical emittance [rad m ] , 
Pwo is the N2-equivalent pressure [torr] . 
The growth rate due to intrabeam scattering can be calculated from different theo

ries1 °J giving complicated expressions for 1 A T S ' 
Using the above formula and those given in Ref. 10, the growth rates in SCISR are: 

a t 25 GeV : l 
TMS 

— 1.9 1 0 " P M S [s" 1 . ] 

1 
T I S 

= 5.3 1 0 - 6 s _ 1 = 1.9 % I T 1 , 

a t 120 GeV : 1 
TMS 

= 2.0 10* P M S [ s " 1 ] 

1 
T I S 

= 9 10~9 s _ 1 = 0.03 °/oo h - 1 

For a pressure of W11 torr (Chapter 10), the vertical blow-up at low energy is due 
only to intrabeam scattering. At high energy, both the effects of multiple and intrabeam 
scattering can be neglected (1A < 0.1 °/oo h " 1 ) . 

2.3.3 Energy IOBS 

It is interesting to calculate the rate of energy loss due to synchrotron radiation 
for the top energy of SCISR, where the effect is maximum. The energy loss rate is given 
b y 1 1 ) ; 

TSR E 3 E p T r e v 
where : 

E is the proton energy [GeV] , 
p is the bending radius [m] , 
T is the revolution time [s] . 
Using the value of p in Table 2.1 gives: 

— = 5.3 1 0 - 8 s _ 1 = 4.5 °/oo per day. 
TSR 

This is large enough to necessitate field corrections during two-day runs. 
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3. MAGNET SYSTEM 
The magnet system for the two rings consists of 296 dipoles and 192 quadrupoles for 

the lattice and matching insertions (Fig. 1.13). All dipoles have the same cross-section 
but different lengths as indicated in Fig. 1.13, and the same is true for the quadrupoles. 
Four special low field dipoles of 100 mm aperture and two large aperture superconducting 
magnets are also needed for the angle reduction in one low-3 insertion (Section 2.2). 

In the SCISR, the magnetic induction will be increased from 1 T to 5 T at a rate of 
less than 10" 2 T/s during acceleration from 25 to 120 GeV. With such rates of field change, 
the superconducting magnets can be designed essentially as d.c. magnets, using monolithic 
multifilamentary conductors and metallic spacers in the coils. It is, therefore, possible 
to apply the experience gained with the prototype quadrupole for the ISR high luminosity 
insertion 1 2» 1 3J. 

The general design conception is the same for both the dipoles and the quadrupoles. 
The main coils, made of blocks of solid conductor separated by metal spacers, are compact 
and monolithic thanks to the impregnation with an epoxy resin under suitable compressive 
forces applied by the mould. In operation, they are subject to very high electromagnetic 
forces (of the order of 130 t/m length on each half of a coil in the dipole). To avoid 
tensile strains of a magnitude which cannot be taken without damage by the composite con
struction, the coils are pre-compressed by means of an external clamping structure. In 
order to get an efficient pre-compression in the azimuthal direction, where the tensile 
stresses would be highest, the coils are made to work like Roman arches, so as to transform 
the external radial pressure into a state of circumferential compressive stress. They are, 
therefore, not supported inside11*'. 

The yoke, which is cold, is laminated and sandwiched between stainless steel elements 
(spacers inside and a shrinking cylinder outside) for reasons of thermal contraction. It 
follows radially the coils in the median plane at cooldown thanks to an especially built-in 
.elasticity, but its stiffness against bending prevents unwanted coil deformations under the 
action of the electromagnetic forces. These forces are finally taken by a thick stainless 
steel cylinder. 

The coolant is helium at a pressure of 15 bar and temperature varying between 3.5 and 
4.2 K. It circulates in an annular space between the cold tube of the cryostat and the 
main coil, and in channels provided in the spacers between coils and yoke. 

3.1 The dipoles 
The main parameters of the dipole magnets are gathered in Table 3.1. Figure 3.1 shows 

a cross-section of the magnet. In the present design, a warm bore is envisaged. The adop
tion of a cold bore would, however, not cause a reduction of the coil aperture, which, for 
these sizes, is limited on the low side by the precision in conductor positioning that can 
be achieved in industrial production. 
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TABLE 3.1 
Main parameters of dipole magnets 

Nominal induction Bo = 5.12 T Warm bore diameter 112.6 mm 

Peak field in the coils B = 5.65 T Main coil inner diameter 148.0 mm 

Field uniformity AB 
Bo < 1 10

- 3 Magnet outer diameter 660.0 mm 
within r = 50 mm 

AB 
Bo 

Cryostat outer diameter 772.0 mm 
Field uniformity with AB 

Bo < 1 lO
-" Bi 4300.0 mm 

6-pole corr.windings 
AB 
Bo Magnetic length „ a2 2398.0 mm 

Current at 5.12 T Io = 1685 A Overall length of Bl 4729.0 mm 
Stored energy Eo = 340 kJ/m cryostat B 2 2827.0 mm 

3.1.1 The main coils 

Each of the two main coils consists of three blocks of insulated conductor separated 
by wedge-shaped spacers. Positions and shapes of the blocks approximate the cos 6 sector 
distribution but the blocks have parallel sides for constructional reasons. This coil con
figuration is preferred, as in the ISR superconducting quadrupoles, because it offers the 
simplest surfaces (flat and circular) for the transfer of the electromagnetic forces between 
the different parts of the winding and to the outside supporting structure. In each coil, 
there are 297 turns, continuously wound in radial layers of nine turns and grouped on blocks 
of 6, 11 and 16 layers, respectively. The central posts are made of austenitic stainless 
steel and the other spacers of copper. The coil ends (Fig. 3.2) are of a modified constant 
perimeter shape and designed such as to obtain the wanted field distribution and to avoid an 
increase of the field in the coil end with respect to the field in the straight part of the 
magnet. 

The superconducting wire considered in the design is the same as that used in the 
quadrupoles for the high luminosity insertion at the ISR. It is a solid composite conduc
tor of rectangular cross-section consisting of a twisted set of NbTi filaments embedded in 
a copper matrix. The number of filaments will be between 1200 and 1700 and their diameter 
between 40 and 50 y • The conductor will be insulated by a PVA enamel overcoated by a poly-
imide film for a total insulation thickness of 0.10 mm. 

After winding, each coil will be separately impregnated under vacuum with an epoxy 
resin. Then, the two coils will be assembled together and wrapped with bands of glass-
epoxy tape to form a cylindrical body which will be machined or ground to the final dia
meter. 

3.1.2 The yoke and the clamping structure 

The "cold-iron" solution has been adopted for the following reasons: 
- To provide a rigid support for the coils. 
- To enhance the magnetic field obtainable from a limited coil size and, therefore, to keep 
the overall magnet size to the strict minimum for the given aperture. This is of great 
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importance in the SCISR for obtaining the maximum possible proton energy in the existing 
ISR tunnel. 

The yoke consists of a stack of low-carbon steel laminations inside a stainless steel 
cylinder. The laminations, 1.5 mm thick, are ring-shaped with slots in the region of the 
vertical symmetry plane (Fig. 3.1) forming spring elements which allow the yoke to follow 
the coils in their thermal contraction in the horizontal median plane. 

It is expected that a single punching operation will suffice to achieve the required 
precision of ±0.02 mm on the inner diameter of the lamination. The insulation between 
laminations is not important and will probably be obtained by a light surface oxidation. 
The laminations will be stacked vertically in a precise, stiff jig and temporarily held 
together by four tension rods passing through circular holes and reacting on thick low-
carbon steel end plates. Since the flexural and the torsional rigidity of the magnet is 
provided by the surrounding stainless steel cylinder, the compression of the laminations 
does not need be high. It is foreseen to have a pressure of less than 5 kg/cm2 at room 
temperature on the finished stack, with a filling factor of 97.5 % in cold conditions. On 
the one hand, a low stacking pressure allows the laminations to follow the movements of the 
surrounding stainless steel structure when cooling or warming up the magnet and, on the 
other hand, it offers the possibility of adjusting the filling factor of each yoke to a 
precision of 1 /oo by addition or substraction of a few laminations. For this, it will 
be sufficient to weigh the laminations of a yoke on a 0.1 % precision balance prior to 
stacking. Since at 5 T a variation by 1 % of the filling factor produces a 4 x 10" 3 re
lative variation of the bending power, the possibility of such a fine adjustment is par
ticularly interesting. 

To mount the coil assembly with the stainless steel spacers inside the yoke, hydraulic 
cushions will be inserted in the slots and pressurized to open the stack by 1 or 2 mm. The 
coil-spacers assembly will then by inserted and properly aligned; the pressure will then be 
released and the cushion withdrawn leaving the coils firmly locked, in position by the spring 
action of the yoke 1 5). 

After that, the stainless steel cylinder will be slid over the coil-yoke assembly. The 
necessary clearance of about 2 mm in diameter will be obtained by heating up the cylinder 
to 200°C. Dimensions are such that a slight interference will remain at room temperature 
between cylinder and yoke, sufficient to guarantee the integrity of the construction during 
handling. Under operating conditions, 4.2 K and helium pressure of 15 bar, there will be a 
prestress pressure of 1.6 kg/mm2 on the outer surface of the coils, enough to prevent ten
sile strains in the coils when excited to maximum field. 

3.1.3 The correction windings 

The dipole magnets will be equipped with dipole correction windings (Section 3.5), a 
number of them producing a horizontal field for correction of the vertical closed orbit, 
others producing a vertical field for horizontal closed orbit correction.These windings 
are designed to produce a AB v or a A ^ of 0.05 T at a current of 50 A. They are located 
in grooves in the stainless steel spacers (Fig. 3.1). These will be mounted with their 
separation plane placed either in the horizontal plane or in the vertical plane depending 
on which correction is wanted. 
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Sextupole windings for correction of steel saturation effects are also foreseen. They 
will be located in grooves in the spacers. 

3.1.4 Electromagnetic characteristics and field distribution 

The magnetic design was performed with the aid of an analytic program (ENDEF)16-' for 
iron of infinite permeability and of the program MARE-C 1 7) for all computations involving 
saturated steel. 

The dipoles are designed for a central field B 0 = 5.12 T, using the same conductor 
which was chosen for the ISR quadrupole. 

The peak field in the windings occurs in the straight part of the magnet and is B = 5.65T. 
At this field and with a current of 1685 A, the temperature margin in the last magnet of the 
string, with the coolant at a temperature of 4.2 K, is 0.8 K with respect to the short sample 
critical temperature. Figure 3.3 shows the central field and the peak field as a function of 
the excitation current, together with the short sample characteristic of the conductor. For 
the purpose of comparison, the peak field loadline of the ISR quadrupole is also reported on 
the same graph. It can be seen that the working point of the SCISR dipole, at a field cor
responding to 120 GeV proton energy, lies below what was found to be a reproducible excita
tion level in the ISR prototype quadrupole. 

Although all calculations predict a stable operation of the SCISR dipole at 5.1 T with 
the considered conductor, no dipole of this structure and size has yet been built, and the 
extrapolation from the existing quadrupole involves the risk that the wanted performance may 
be more difficult to reach, possibly because of the different geometry (in particular at the 
ends]. For this reason, the construction of at least one full size dipole prototype would 
be required to confirm the validity of the assumptions on which the present design is based. 

The field uniformity to be expected is shown in Fig. 3.4 at different excitation levels. 
The effects of steel saturation are clearly visible and have been minimized by a suitable 
choice of the distance between coil and yoke and of yoke thickness, taking into account the 
requirements of yoke efficiency and of the limitation in the transverse dimension of the 
magnet. The stored energy per unit length of magnet is plotted in Fig. 3.5. 

3.2 The quadrupoles 
The design of the SCISR quadrupoles follows closely the design of the prototype quadru

pole for the ISR high-luminosity insertion and reflects the options adopted for the dipoles 
where different solutions had to be envisaged. So the yoke is laminated, with elastic regions 
at 45° to the median plane, and the clamping element is a stainless steel cylinder which, at 
the same time, forms the outer wall of the helium tank. Construction and assembly procedures 
are similar to those already described for the dipoles. 

A cross-section of the quadrupole is shown in Fig. 3.6. As for the dipoles, the coil 
ends are of a modified constant perimeter shape and such as not to enhance the peak induction 
in the windings. The main parameters are collected in Table 3.2. 

The maximum field in the winding is plotted in Fig. 3.7 as a function of the current 
and, for the purpose of comparison, the corresponding plot for the ISR prototype quadrupole 
is also reported together with the short sample critical current of the wire. It can be 
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TABLE 3.2 
Main parameters of quadrupole magnets 

Nominal gradient Go = 60.6 T/m Warm bore diameter 108 mm 

Peak field in the coils B = 5.38 T Coil inner diameter 162 mm 

Gradient uniformity AG < 0.5 10"3 Magnet outer diameter 510 mm 
within r = 50 mm Go Cryostat outer diameter 602 mm 

Current at G 0 Io = 1725 A Magnetic length 1050 mm 
Stored energy at G 0 E 0 = 315 kJ/m Length of cryostat 1365 mm 

seen that the safety margin at operation is about the same for the SCISR quadrupole as it 
is for the prototype. 

Figure 3.8 shows gradient and stored energy vs. current, and the expected gradient 
errors in the median plane are given in Fig. 3.9 for different excitation levels. 

All quadrupoles will be equipped with sextupole windings for correction of chromaticity 
and adjustment of working lines (Section 1.6). There will be also higher order correction 
windings: some of the quadrupoles will have octupole windings and others decapole windings 
(Section 3.5). These auxiliary windings, all superconducting, will be located in grooves 
in the cold tube which forms the inner wall of the helium tank. 

3.3 Random errors in the magnets 
The random errors in the magnets, which result from the fabrication tolerances, and the 

alignment errors are treated together. In the following, an r.m.s. value <A> equal to half 
the prescribed tolerance ±A 0 is assumed: this implies a "failure rate" of 2 % if the errors 
follow a normal distribution. Since the field pattern in superconducting magnets is primari
ly determined by the coil geometry, the errors in the position of the current blocks con
stitute a major source of random field errors 1 8). The following fabrication errors are 
assumed: 
- 0.03 mm r.m.s. for the precision of the average coil radius which corresponds to 
<AB/B> = 3 10"" and <AG/G> = 6 10" \ 

- radial and azimuthal errors of 0.05 mm r.m.s. in the position of the centres of gravity 
of the current blocks on this average circle. These errors are treated using the for
mulae given in Fig. 3.10, which assume p = °° in the iron yoke. For each type of magnet, 
the contributions of all blocks have been calculated separately, averaged along the actual 
closed orbits corresponding to Ap/p = 0 and Ap/p = ±0.014, and then added quadratically. 
Table 3.3 gives the final field, gradient and sextupole errors. 

The other relevant sources of magnet errors are: 
- the precision of the length of the coil <AL/L> ̂  10" "*, 
- at high field levels, the tolerance on the yoke filling factor and at low field, the mag
netization effects. The same value of 6 10"" for <ABL/BL> and <AGL/GL> is assumed, which 
corresponds to tolerances on the filling factor of ±0.3 % and ±0.6 I for the dipoles and 
quadrupoles, respectively. 



TABLE 3.3 
Effect of random errors in the positioning of the current blocks 

(these values are given for 120 GeV, i.e. for B = 5.12 T and G m 60 Tm - 1) 

r .m.s . f ield errors 
regu la r l a t t i c e s p e c i a l d ipo le s i n the 

a - -suppressor 
i n t e r s e c t i o n 
quadrupoles 

QLB, QMB 
r .m.s . f ield errors dipoles 

Bl 

d ipo les 

B2 

quads. 
QF + QAP1 

quads. 
QD + QAP2 

s p e c i a l d ipo le s i n the 
a - -suppressor 

i n t e r s e c t i o n 
quadrupoles 

QLB, QMB 
r .m.s . f ield errors dipoles 

Bl 

d ipo les 

B2 

quads. 
QF + QAP1 

quads. 
QD + QAP2 Bl B2 B3 

i n t e r s e c t i o n 
quadrupoles 

QLB, QMB 

< B C L > 
y 

[T] 17 10"" 17 10"" 9 10"" 9 10"" 17 10 - 1 1 17 10"" 17 10"" 9 10"" 

< B C L > 
X 

[T] 11 10"" 11 10"" 9 10"" 9 10"" 11 10"" 11 10"" 11 10"" 9 10" * 

< ( B ± 0 . 0 1 4 _ B C L ) > [T] 4.2 10"" 5.5 10"" 5.1 10"" 2 .1 10"" 1.2 10"" 0.3 10"" 0 .0610"" 0.0 10"" 

< C B ± 0 . 0 1 4 „ B C L } > 

< ( B f 0 1 4 - B - - ( ^ ) C L x ) > 

[T] 

[T] 

4.2 10"" 

1.4 10"" 

6.4 10"" 

2.3 10"" 

6.8 10"" 

2.5 10"" 

2.8 10"" 

0.5 10"" 

1.2 10"" 

0.12 10"" 

0.3 10"" 

0.010 10"" 

0 .0610"" 

0.0 10"" 

0.0 10"" 

0.0 10"" 

OB / 8 x > C L [Tnf 1 ] 2.0 1 0 " 2 1.8 1 0 " 2 3.9 1 0 " 2 3.9 1 0 " 2 2.0 10" 2 1.8 10" 2 1.8 1 0 " 2 3.9 10" 2 

o y a x > ± 0 - 0 M [Tm" 1] 2.7 10" 2 2.8 1 0 " 2 4.3 1 0 " 2 4.0 10" 2 2.1 10" 2 1.8 10" 2 1.8 1 0 " 2 3.9 10" 2 

OB / 8 x > C L [Tnf 1 ] 2.0 10" 2 1.8 10" 2 1.4 10" 2 1.4 1 0 " 2 2.0 1 0 " 2 1.8 1 0 " 2 1.8 1 0 " 2 1.4 10" 2 

O B / 9 x > ± 0 - 0 1 4 [Tm- 1] 2.7 10" 2 2.8 10" 2 2.4 1 0 " 2 2.4 1 0 " 2 2.1 10" 2 1.8 10" 2 1.8 10" 2 1.4 10" 2 

O z B / 8 x 2 > a ^ 0 2 B x / 8 x 2 > [Tm- 2] 1.9 1.5 1.0 1.0 2.0 1.5 1.5 1.0 

O 2 B ^ 9 X 2 > ± 0 - 0 1 4 - O 2 B X / 9 X 2 > ± 0 - 0 1 4 [Tm- 2] 4 . 1 5.0 4 .1 1.6 2.2 1.5 1.5 1.0 
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Field and gradient errors are also caused by magnet misalignments. The r.m.s. values 
of <Ax> =0.25 mm, <Ay> =0.16 mm, tilt <A9> =0.4 mrad take into account the errors in the 
target positioning on the magnet from magnetic measurements, the effect of repetitive cool-
down and the target alignment in the tunnel. 

In the following, the perturbations of the closed orbits and of the 3-functions have 
been calculated by summing quadratically at any given azimuth "i" the effect of each per
turbing element " j " given by the usual Courant and Snyder formulae: 

<^y> - 2-àn^yJh^j T T c o s «•'-K-i'jl) 

<f> = T i i ï W J T c o s 2 cor-lPi-Pjl). 

Assuming a normal distribution, the expected perturbation, which has 98 % probability 

of not being exceeded, is twice the r.m.s. value. 

3.3.1 Closed orbit distortion 

Table 3.4 gives the orbit distortion for the central momentum at mid-QF and mid-QD 
points in the regular lattice where the aperture is 100 x 65.mm2 and at the g, or 

IT. jITlcDC 
&.r mo^ points near the intersection where the aperture is elliptical (100 x94 mm 2). These v,max pj 
distortions are caused by the field errors <AB >, the dipole tilts <AB> = B <A8> and 

x,y x y 

by misalignments of the quadrupole axis <AB > = G<Ax,y>; they are contained in the aper-
ture which means that a beam injected on the centre line will have more than 98 \ probab
ility of circulating without correction. 

The same table gives the "uncorrected" orbit distortions which remain at the top of 
the stack and at injection after a perfect correction at the centre line. They are pro
duced by the field errors ^ B 1 0 1 ' ' 1 1 1 3 - AB C L> of Table 3.3 and by the quadrupole tilts 
(<AB > = G a —P- <A9>). These few millimeters of uncorrected orbit distortion have been 
taken into account in the aperture determination. The vertical distortion Ay can be inter
preted as being due to a vertical momentum compaction function a = . X which causes a 
luminosity reduction8^: 

AL 
17 

2 

{% <Ap/p>\ 

where: 

<Ap/p> is the r.m.s. spread of the stacked beam, 

a and a are the momentum compaction function and the r.m.s. vertical betatron 
amplitude, resepctively, at the intersection point. 

These effects are small, i.e. 

at 25 GeV : a = 0.22 mm , < ^ > = 0.0046 , (^) = 2.9 \ , 
v p \L/98°s 

at 120 GeV : a y = 0.14 mm , <-^> = 0.0035*, [^) = 4.2 % , ® 
and they can be reduced by an order of magnitude by correcting a in the intersections (the 
remaining fields being < ( B t o p - B C L - 9B /8x x x)> of Table 3.3. 

X 3C X 

according to Fig. 7.1 in Section 7.3.1 with T = 0.2. 
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TABLE 3.4 

Expected peak-to-peak orbit distortions in mm 

perturbing 

elements 

Ap/p = 0 "uncorrected" distortions.at 
Ap/p = ±0.014 perturbing 

elements at B max 
normal lattice 

a t e , max 
int. region 

at 3 max 
normal lattice 

a t ,<W 
int. region 

at low-3 
intersection 

Lattice quadrupoles 
(QF, QD, QAP) 

Lattice dipoles 
Bl, B2 

Special dipoles in the 

a -suppressor 

Intersection quadrupoles 

CQLB;, QMB] 

<Ax> = 3.4 
<Ay> = 4.2 

<Ax> = 3.2 
<Ay> = 3.5 

<Ax> = 1.1 
<Ay> =3.0 

<Ax> = 6.6 
<Ay> = 9.5 

CAx) 9 8|-33 
CAy) 9 i n = 46 

<Ax> = 7.5 ' 
<Ay> = 7.4 

<Ax> = 6.7 
<Ay> = 6.2 

<AX> =. 2.3 

<Ay> = 5.'3' ; 

<Ax> •= It,.8 . 
<Ay> = 17.1 

( A x ) 9 8 r 6 9 ' 

(Ay ) 9 8 | = 82 

<Ax> =0.12 

<Ax> = 0.50 

: <Ax> =0.05 

p 

(Ax) 9 8 f2.1 

<Ay> =0.6 

<Ay> = 1.6 

<Ay> = 0.4 

' • ' • • ' f . ' 

(Ay) 9 g f7.0 

<Ay>= 0.02 

<Ay> =0.06 

•<Ay> ='0.02' 

(Ay) 9 g r0.26 
(Ax,y) g 8 9 o = 4 ̂ £<Ax,y> 2 

<Ax> = 3.4 
<Ay> = 4.2 

<Ax> = 3.2 
<Ay> = 3.5 

<Ax> = 1.1 
<Ay> =3.0 

<Ax> = 6.6 
<Ay> = 9.5 

CAx) 9 8|-33 
CAy) 9 i n = 46 

<Ax> = 7.5 ' 
<Ay> = 7.4 

<Ax> = 6.7 
<Ay> = 6.2 

<AX> =. 2.3 

<Ay> = 5.'3' ; 

<Ax> •= It,.8 . 
<Ay> = 17.1 

( A x ) 9 8 r 6 9 ' 

(Ay ) 9 8 | = 82 

<Ax> =0.12 

<Ax> = 0.50 

: <Ax> =0.05 

p 

(Ax) 9 8 f2.1 

<Ay> =0.6 

<Ay> = 1.6 

<Ay> = 0.4 

' • ' • • ' f . ' 

(Ay) 9 g f7.0 

<Ay>= 0.02 

<Ay> =0.06 

•<Ay> ='0.02' 

(Ay) 9 g r0.26 

3.5.2 Perturbations of B, and B . . ; • 

The perturbations of B, and B due to the random gradient errors 3B/3x in the dipoles 
and quadrupoles are given in Table 3.5. Since the 8Ç working line as close to hajf-integer 
values, these perturbations highly depend on the exact value of Q; A^/B^ an^ AB^Sy are 
given in the lattice and at B near the low-B intersections, for the stack top and the 

VyJTlcUC 

injection on the 8C working line. These perturbations have been taken into account in the 
CL ' * 

determination of the aperture. (AB/B ) is given at the intersection points for the 
centre of the stack under normal physics conditions (i.e. with QL'=? ;10.636, the stack being 
centred in the chamber and confined between third and fifth ordjerî résonances on the Q-dia-
gram). The expected loss in luminosity is i', ; ' ";.' 

both at 25 and 120 GeV. 

3.3.3 Excitation of third order resonances 

All third order resonances are excited by the random sextupoles 8 2B x/8x
2 or 9 2B /3x 2. 

The contributions of each type of magnet have been calculated with the Guignard formulae8-' 

applied to a large number of perturbing elements and then added quadratically. For example, 

the stopbands of 3Q = 32 are: 

Ae = 4.9 x 10- 3 at 25 GeV , 

Ae = 3.2 x 1 0 - 3 at 120 GeV . 

The contribution of the intersection quadrupoles (QLB) amounts to about 70 % of these 
figures. These stopbands are much smaller than those involved in the chromaticity correc

tion and, therefore, do not require any additional corrections than those foreseen in 

Section 1.6. 
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TABLE 3.5 

Expected r . m . s . p e r t u r b a t i o n s of the f3-functions 

perturbing 

elements 

in the normal lattice in the low -3 insertion 
perturbing 

elements at injection at top at ̂  = 379 m at 3Ï n t = 0.5m 

<A6h/5h> <A6 /8 > V p v <A3h/3h> < A W < A W < A W 
QF, QD, QAP 0.026 0.034 0.013 0.020 0.020 0.022 

Bl, B2 0.038 0.053 0.020 0.030 0.030 0.033 

spec.dipoles 
in a -suppr. 

0.008 0.064 0.004 0.037 0.039 0.041 

(s<f>)i 
0.046 0.089 0.024 0.052 0.052 0.057 

3.3.4 Linear coupling 

:ew gradien 

G<A6>) introduce a coupling between the horizontal and vertical betatron 

The random skew gradient O B /8x> of Table 3.3 plus those caused by the quadrupole 

tilts (OB /3x> 

oscillations. A statistical calculation similar to that used for third order resonances 

gives the coupling coefficient6): 

|C| = 6 x H T 3 . 

The main contribution (80 %) arises from the tilts of the intersection quadrupoles. 

loss in luminosity is given by: 

The 

where: 
*-i[ftH** 

E, and E are emittances inside the stack, 

A is the distance to the resonance Q, - Q = 2. 

With the 8C working line (A = 0.01), the loss in luminosity is: 

at 25 GeV 

' (-) 

132 

at 120 GeV : Î J = 0.066 . 

These values are large enough to require a compensation scheme. 

3.4 Systematic errors 

Systematic errors which are the same for all magnets of a given type may be intro

duced by: 

a) conductor arrangement, 

b) the construction of the coil ends, 

c) iron saturation effects, 

d) diamagnetic effects in the superconductor, 

e) rate-dependent induced current18J. 
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It is assumed that the contribution of items b) and e) can be made negligible by a proper 

dimensioning of the coil ends and by a sufficiently long acceleration time. The diamagnetic 

effects are supposed to be so small at the injection field that the only systematic errors 

which must be considered are those given in Figs. 3.4 and 3.9. 

IïLïh§_9yëSfrïE2i§§> th e e r r o r is mainly a dodecapole term (Fig. 3.9) which is at 

maximum 

^ = 80 x1* or B = 16 Go x 5 (with x in mm and B in T) . 
bo 

By introducing the actual position of the closed orbit (x = a Ap/p) in these formulae, one 

obtains the field and gradient perturbations for the extreme momenta Ap/p = ±0.014 and their 

effect on 

the horizontal orbit : peak-to-peak distortion of 0.15 mm, 

the Q-values : AQ, = 0.7 x 1 0 - 3 , AO = -0.1 x 1 0 - 3 , 

the 3-functions : A3/3 < 2 I . 

These effects are negligible and do not require a compensation coil in the quadrupoles. 

Inthedigoles, the systematic error is mainly a sextupole (whose maximum amplitude is 

AB/B =0.6 x 2 ) . The effects on the extreme momentum particles have been calculated from the 

field and gradient perturbations encountered on the actual unperturbed closed orbits (Figs. 

1.17 and 1.18). The tune shifts can be easily compensated by a correction of the sextu

pole terms (AKi = 0.15 m~ 3 and AK" = 0.060 m~ 3) in the QF and QD quadrupoles, but there re

main perturbations of the closed orbit and of the 3-functions. The orbit distortions 

(1.3 mm peak-to-peak for Ap/p = 0.014) is acceptable, but the perturbations of & and 3 

are comparable to those involved in the chromaticity correction (i.e. those introduced by 

a 1.4 % change in the strength of the QF and QD quadrupoles, see Section 1.6). It is very 

doubtful whether such a radical and energy-dependent change of the chromaticity correction 

system could be envisaged. For this reason, a correcting sextupole is foreseen to be in

stalled in each dipole, located together with the dipole correction winding in the stain

less steel spacers between the main coil and the yoke. 

3.5 Correction windings 

The function, the strength and the location of the different correction windings are 

given in Table 3.6. 

The horizontal field and vertical field dipole windings for orbit correction are 

located in the Bl and B2 dipoles, respectively. The windings in the two dipoles on either 

side of a quadrupole are connected in series. The strength of these windings is such that 

the 98 I probability orbit distortion of Table 3.4 can be corrected by only two pairs at 

full power. The horizontal field windings in the B2 and B4 dipoles near the intersections 

are connected in series with the windings in the nearby Bl dipoles to increase the strength 

available for vertical beam steering in the intersections. 

The fine tuning of the machine requires, in addition to the sextupoles mentioned in 

Section 1.6, higher order multipoles. From experience with the ISR, it is planned to in

stall octupole windings in one half of the lattice quadrupoles and decapole windings in the 

other half, and to connect them in four strings (octupoles F or D and decapoles F or D). 
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At 120 GeV, the maximum tune shifts produced at Ap/p = 0.014 are: 
for the octupoles : AQ, = 0.165, AQ = 0.035 , 
for the decapoles : AQ^ = 0.08 , AQ = 0.016 . 

The increase of the peak field in the main quadrupole coils is 0.5 % for the QF's and 
1 t for the QD's. 

The sextupoles for the compensation of third order resonances belong to the chromatic-
ity correction. They are installed in the QLB quadrupoles where they have no effect on the 
tune. They have the same strength as those placed in the QF and QD quadrupoles and they 
are connected in four independent strings. 

A system of skew quadrupoles is needed to reduce the coupling coefficient. The best 
places are in the QLB or QMB quadrupoles where P R is maximum and a is zero which leaves 
the vertical orbit unperturbed (no effect on a ) . To avoid an extra winding in these 
quadrupoles, it is proposed to equip the four QLB's with special supports and a remote-con
trolled rotation system. A rotation of 2.5 mrad is compatible with the admissible, torsion 
of the cryogenic connections and sufficient to correct three times the expected coupling 
coefficient |C| = 6 x 10" 3 irrespective of the phase of C, since the phase shift A(u - u.) 
between the two QLB's on both sides of an intersection is TT/2. 

TABLE 3.6 
Correction elements 

Designation and function Location 
Number of 
circuits 
per ring 

Strength 

Orbit correction: 
Vertical field dipoles 
Horizontal field dipoles 

B2 dipoles 
Bl dipoles 

44 
40 B = 5 10~ 2 T 

ChromaticitY £tuning}: 
Sextupoles F 
Sextupoles D 

QF + QAP1 quads 
QD + QAP2 quads 

9}l8* 9' G = 75 Tm - 2 

Octupoles F half of QF's 1 G" = 370 Tm"3 

Octupoles D half of QD's 1 G" = 740 Tm - 3 

Decapoles F other half of QF's 1 G'" = 1.8 10" Tm -" 
Decapoles D other half of QD's 1 G'" = 3.8 10" Tm-* 

Resonance compensation: 
QLB quads 4 G' = 75 Tm - 2 Sextupoles QLB quads 4 G' = 75 Tm - 2 

Reduction of coupling: 
Remote-controlled tilts QLB2 quads 4 = ± 2.5 mrad 

Only ten independent sextupole strengths are needed (Section 1.6). However, 18 circuits 
are used to avoid connecting in series diametrically opposed sextupoles (Chapter 9). 
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4. CRYOGENIC SYSTEM 
Task of the cryogenic system is to cool down and keep at about 4 K the magnetic system, 

in a reliable and safe way under all operating modes. 

4.1 Choice of the refrigeration system 
The temperature of about 4 K required by the proposed superconducting magnets may be 

achieved only by thé use of helium as coolant. 
In the following, three different approaches to this problem are discussed. 

4.1.1 Pool boiling method. 

The magnet to be cooled is immersed in a bath of boiling liquid helium; the heat gener
ated in the coils or reaching them is evacuated by the latent heat of vaporization (20 J/g) 
of liquid helium. 

Among the principal merits of the pool boiling method, we may quote that: 
- the method is well known and a lot of expertise exists on its practical realization, 
- the temperature of the helium bath is constant, 
- the cryostat may be supplied with liquid helium by a buffer dewar, thus allowing the 
liquéfier to be stopped for a given time. 

The drawbacks of the pool boiling method, especially when applied to large magnet 
systems, are: 
- Large amounts of liquid helium are required. As an example, if we assume that each magnet 
has its own cryostat, at least 42'000 & of liquid helium are needed just to fill the cryo
stats of the SCISR regular lattice magnets. The amount of helium needed for transfer 
lines, buffer dewars, etc., has not been estimated precisely, but it might well represent 
tens of thousands of liters. As a consequence, large storage facilities would have to be 
provided, and the cooldown time would be increased by the time necessary to liquefy all 
the required helium. 

- The liquid helium level controller must work reliably in each cryostat to ensure machine 
operation. In large systems, this means that hundreds of instrumentation units have to 
be purchased and kept operational. 

- The problem which arises from the minimization of the length and heat load of the cryo
genic transfer lines is a real challenge in a large distributed system; transfer lines 
are likely to represent some 30 to 40 % of the total heat load. 

4.1.2 Forced flow below critical pressure 

In this cooling regime, nucleate boiling is the main mechanism responsible for heat 
transfer. Detailed studies19) have shown that at heat fluxes between 0.01 and 0.3 W/cm2, 
subcritical heat transfer is superior to supercritical for the same mass velocity of helium 
in the cooling channel. To be operational, a subcritical forced flow cooling loop requires 
an efficient helium circulation system. The necessary pressure head may be achieved by 
means of immersed helium pumps or by an ejector system2"J. 
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The merits of this method are as follows: 
- reduced helium capacity as the helium is confined in cooling channels, 
- highest heat transfer coefficients attainable at the required working temperatures, 
- the magnets themselves may be used as transfer lines in a large system, 
- with sufficient capacity of buffer dewars, the cooling loop may be kept operational for 
a given refrigerator stop. 

Possible drawbacks of the method could be: 
- if a pump is used, an additional heat load is caused by the pump work, and the pump itself, 
being a machine with moving parts, may fail and reduce the overall reliability of the 
system, 

- thermal oscillations may occur in the system unless correcting measures are taken 2 1). 

4.1.3 Superaritical helium flow 

With this cooling method, the helium stream increases its temperature as it absorbs 
the heat being generated or leaking into the system to be cooled. 

The helium flow has a single phase; the characteristics of the cooling system may be 
calculated by standard relationships. 

For heat transfer, the Dittus-Boelter formula is valid provided that the thermodynamic 
state of helium is in a region of slow variation of properties, i.e. well above the trans
posed critical line. 

The pressure drop in the cooling channels may be calculated by taking into account the 
usual Blasius or Prandtl-Nikuradse formulae according to the value of the Reynold number. 
For technical systems, heat transfer coefficients of 0.03 to 0.07 W cm~ 2K - 1 may be expected 
according to the evaluation of the above quoted formulae by taking into account the helium 
properties at the required temperatues and pressures 2 2). 

The pressure range which may be used covers 5 to 16 atm; the latter is the highest 
pressure usually available from the refrigerator compressors. High pressures offer the ad
vantage of a higher mass flow through a given hydraulic section for a given pressure drop. 
Another advantage is that the pressure drop is only weakly dependent on the helium temper
ature (Fig. 4.1). 

In operation, a system cooled by the flow of supercritical helium needs heat exchangers, 
but no additional moving machinery, to be added to the refrigerator, whose compressors de
liver the required driving force. 

The merits of this method are: 
- simplicity in design since standard correlations may be used, 
- limited helium capacity, because of the forced cooling; 
- simplicity in transfer line design, since the magnets themselves may be taken as a part 

of the transfer lines, 
- no buffer dewars for the storage of liquid helium are needed. 
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As drawbacks, we may quote that: 

- relatively high flow rates are necessary since the heat capacity of helium is low 
(2.69 J g-^K-1 at 16 bar and 4.4 K) with respect to that of subcritical helium 
(5.8 J g" 1^ 1 at 1.2 bar at 4.4 K), 

- the cryostats must be designed for high pressure operation, 

- a continuously running refrigerator is required. 

4.1.4 Conclusion 

From the above subsections, we may conclude that the pool boiling method is not suitable 
for large machines, but that both subcritical and supercritical helium flow cooling methods 
are convenient for an accelerator or a storage ring. 

In the final choice, however, the following points must be considered: 

- Limited experience with the operation of subcritical pumped helium exists at CERN. Three 
experimental magnets in the North area of the SPS, which will be cooled by subcritical 
forced flow, will be operational in the years 1978/79; 20 parallel cooling loops, each 
350 m long, will be supplied with helium by a single pump23-' (which has a back-up unit in 
case of failure). 

For the time being, data is lacking on the long term pump reliability and overall system 
performance. Encouraging results are reported from the Fermilab on a similar system 2 1); 
it appears, however, that some development time will have to be devoted to the definition 
of a realistic cooling concept with subcritical helium for the SCISR magnets before being 
able to draw decisive conclusions. 

- On the contrary, already two major installations in Europe (Omega at CERN2*) and the 
Muon Channel at SIN25)) have been operated satisfactorily with a supercritical helium cool
ing loop. Reliable operation for over 8000 hours, including a three-month period com
pletely unattended, has been reported for the SIN installation26). 

Furthermore, work of capital importance is being carried out at Brookhaven, which has not 
only shown the feasibility of supercritical cooling on storage ring magnets, but also of 
an efficient quench protection system27), which prevents quench propagation among a series 
of cooled magnets. 

With the confidence that a supercritical cooling system for SCISR is the one which may 
be installed with a minimum of development and model work, we recommend its choice. 

4.2 General layout 

In this section, a description of the general layout of the cryogenic system is given. 
More detailed information about each subsystem is to be found in the subsequent sections. 

In the SCISR design, the four beam-crossings coincide with the even intersections of 
the existing ISR machine. The four remaining odd intersections will be used to install 
the cryogenic equipment of SCISR without interfering with the experimental equipment. 

The central refrigeration plant will be installed in the II auxiliary building, where 
a surface of about 1000 m 2 is available. Appropriate service roads for the transport of 
heavy equipment are already existing as well as a 40 t crane covering the whole useful area 
of the building. 
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The cooling loop of 15 bar helium is split into 16 parallel circuits, each of them 
consisting of a ring octant containing a string of a maximum of 32 magnets to be cooled in 
series. 

The helium supply and the return pipes are housed, together with a transfer line con
taining superconducting bus bars, in a superinsulated vacuum jacket, 1000 m long, which 
makes a complete turn of the tunnel and is situated at ground level between the two rings. 

At the distribution points in intersections II, 13, IS and 17 (Fig. 4.2), four cooling 
circuits are connected in parallel between the two pipes. Two other helium transfer lines, 
one for each octant, are tapped on the supply pipe to cool two sets of superconducting bus 
bars which are housed in a common line. The helium flowing in these latter transfer lines 
joins the return pipe in the bypass tunnel at the even intersections. The supply flow of 
105 g/s for each magnet string will enter the cooling channels around the coils of the 
first magnet at 3.5 K and 15 bar and it will leave the coils of the last magnet at 4.2 K 
during acceleration and at 4.1 K during storage ring operation at a pressure of 14.7 bar. 
This helium flow is then returned through the heat shields of the magnet string to exit 
from the last magnet (which is entered first) at~5.2 K and 14.2 bar. It then joins the re
turn pipe. Remote-controlled, cold valves regulate the mass flow and the pressure in each 
octant according to the heat load. 

Each magnet is housed in its own warm bore cryostat, with the exception of the two 
quadrupoles QLB3 which have a common vacuum tank. A cross-section of the rings is shown in 
Fig. 4.3. 

4.3 Magnet cryostat 
The magnets have been designed to take into account the following considerations: 

- Careful sizing of the overall outer dimensions is necessary in order not to waste the 
limited space available (only a distance of 47.4 cm is foreseen between the iron yokes of 
the Bl and B2 dipoles). 

- The desirability of a minimum number of manipulations and accessibility to the equipment 
for magnetic measurements and installation tests. 

- The possibility of a bake-out of the vacuum chamber at temperatures as high as 300°C. 
- "Cold" current leads should be favoured in order to minimize the heat losses. 

The cryostats for the different types of magnets make use of the same general concep
tion and only differ amongst themselves with regard to length and diameter of the magnet 
to be housed. The layout of the cryostat's ends is shown in Fig. 4.4. 

4.3.1 Warm bore and beam pipe 

A warm bore has been chosen because it is the only solution suitable for a simple con
version of an existing machine. In this way, most of the vacuum equipment may be re-used 
without, or with only minor, modifications. Furthermore, the warm bore design allows a 
maximum of flexibility in measuring the magnets, testing and installing the vacuum equip
ment. The beam pipe is separated from the cryostat1s warm tube by a clearance of 2.1 mm. 
In the case of bake-out of the vacuum chamber, where temperatures as high as 300°C could 
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be required, this space is temporarily evacuated to 10"" torr to provide the necessary ther
mal insulation. The heat irradiated by the vacuum chamber during the bake-out is removed 
by a small (0.3 1/min in the case of the 4.3 m dipole) water flow (with a suitable additive), 
which keeps the temperature of the cryostat's warm tube below 40°C. 

A design where the cryostat*s warm tube acts at the same time as beam pipe has been 
studied; it was found that the small saving in magnet aperture which could be obtained in 
this way (a heat shield for the bake-out must be provided anyway) would not justify the 
loss of testing and installation flexibility due to the integrated beam-pipe cryostat design. 

The suggested approach allows the cryostat to be tested and the magnet to be measured 
without any risk of spoiling the inner surface of the beam pipe and makes it possible to 
use the currently available superinsulation around the warm bore instead of the heat resist
ant and expensive "Kapton"-type superinsulation. Another advantage of the proposed solution 
is that mechanical problems arising from vacuum chamber elongation during bake-out are 
eliminated, thus simplifying the design of the cryostat1s ends. 

4.3.2 Magnet suspension and alignment 

The weight of the magnet, which is suspended at its extremities, is supported by the 
two end flanges of the cryostat. The four suspension rods are made of "Inconel", which has 
been chosen for its low-thermal conductivity and its strength. The length of the rods and 
the locations of the suspension points on the magnets are chosen in such a way as to limit 
the displacement of the suspended assembly during cooldown and to ensure the reproducibility 
of the magnet's position at 4 K. To take lateral displacements or forces, four additional 
lateral rods are foreseen. 

The magnet can be aligned inside the cryostat by acting on all the described suspen
sion and positioning rods. Alignment targets, whose positions will, be adjusted according 
to the magnetic measurements, are foreseen on the top of the cryostat. 

4.3.3 Current leads 

To reduce the heat losses, the current leads of the dipoles, ,qf• focusing and defocusing 
quadrupoles, and of the main sextupole windings are connected to superconducting bus bars 
running at ground level between the two rings. 

For the current leads of the auxiliary windings, two different solutions have been re
tained. In the case of the dipoles, which have low-current (55 A maximum) dipole and sextu
pole auxiliary windings, a thermal bridge between the leads and the heat shield is foreseen. 
The heat conducted and dissipated along the leads, which is of the order of 4.5 W for one 
100 A lead 2 8» 2 9), is then evacuated by the helium flow cooling the heat shield. This solu
tion avoids the use of controlled helium bleeds to cool the leads and should, therefore, 
help to increase the reliability of the system. For the quadrupoles, with are equipped 
with two different types of auxiliary windings to allow tune corrections, gas-cooled cur
rent leads are foreseen. Gas-cooled current leads have also been chosen for the main 
excitation current of the insertion quadrupoles, which are excited individually. A total 
of 124 pairs of gas-cooled current leads per ring is necessary. 
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4.3.4 Helium aonneot-ùons 

The cryostats are designed to be cooled in series by a flow of helium at about 15 bar. 

Each cryostat is equipped with two inlet and two outlet helium connections (Fig. 4.4). 

Each of these connections is housed in a superinsulated vacuum jacket. Because of the 

limited space between cryostats, it is not possible to mount, in a convenient way, the two 

helium connections on each side of the cryostat in the same insulating envelope. A safety 

valve mounted on the vacuum tank of each cryostat will prevent a rise of the internal pres

sure, due to a gas leak, to greater than 2 bar. 

4.4 Bus bar system 

To reduce the heat losses, the main magnet terminals of the dipoles and quadrupoles 

are kept superconducting. For each ring, five superconducting bus bar circuits are fore

seen, i.e. one for the dipoles, one for the focusing, one for the defocusing quadrupoles 

and two for the regular strings of sextupoles. 

An additional superconducting current loop, whose current will always be such as to 

cancel the magnetic field created by the other circuits, is foreseen in order to avoid 

parasitic magnetic stray fields. 

Because of the limited space available, no satisfactory engineering solution has been 

found for housing the bus bar line in the vacuum envelope of the cryostats. For this 

reason, the bus bar circuits for both rings are housed in the same cryogenic transfer line, 

which is supplied octantwise with a flow of 2 g/s of helium. The inlet temperature of the 

coolant is 3.5 K and its outlet temperature is about 4.5 K. At the end of each octant, the 

helium flow joins the secondary main flow returning to the refrigeration plant. 

The bus bar cooling loop is kept independent from the primary flow cooling the magnets; 

at each connection point of the bus bars to a magnet, a pressure-tight insulating feed-

through decouples the two cooling loops. This line is housed in the same superinsulated 

vacuum envelope as the main helium distribution pipes. The heat screen around these trans

fer lines is cooled by heat conduction with the pipe carrying the main helium flow back to 

the refrigerator. This heat shield is supposed to take 99 % of the heat inleak coming from 

the outside; the heat gain of the primary helium flow and of the superconducting bus bar 

line is then negligible. The vacuum necessary for this cryogenic line is also completely 

independent from the vacuum of the cryostats; the design proposed to achieve this is shown 

in Fig. 4.5. 

Four vacuum pumps with a capacity of 100 l/s, consisting of a primary and a turbo-

molecular stage, should be sufficient to reach a vacuum of better than 10" h torr in each 

independent octant. Cryopumping should become effective as soon as the transfer lines are 

operated. 

4.5 Heat load 

As the cooling medium increases its temperature through the system, a distinction will 

be made between a so-called primary load, which is evacuated by the primary helium flow 

around the coils of the magnets, and a secondary load, taken by the secondary helium flow 

cooling the heat shields. 
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4.5.1 Heat inleak évaluation 

Heat enters the cryostat by means of conduction or radiation. The usual formulae for 
heat conduction and heat radiation30) have been used to evaluate the heat inleak. 

Figures 3.1 and 3.6 show a cross-section of the cryostats around the dipoles and the 
quadrupoles, respectively; relevant geometric parameters may also be found in these figures. 

For the calculation of the heat load, the following assumptions were made: 
- Apparent thermal conductivity of 

evacuated superinsulation 5 10" 7 W cm^K-1 

- Coil : lowest temperature 3.5 K 
highest temperature 4.2 K 

- Heat shield : lowest temperature 4.2 K 
highest temperature 6 K 

To take into account the effect of joints and bends of the superinsulation near the 
extremities of the cryostat, the theoretical figures obtained for these regions have been 
multiplied by a factor 1.2. 

4.6.2 Current leads 

The heat inleàk due to the current leads has been estimated to be 
- 4.5 W for one 100 A conduction-cooled lead, 
- 1.5 W for one 1000 A gas-cooled lead, 

according to Refs. 28 and 29. 

4.5.3 Generation of heat during acceleration 

Two phenomena have been taken into account: 
i) Generation of heat in the copper matrix in which the superconducting wire is embedded. 
ii) Generation of heat by the hysteresis losses in the superconducting wire itself. The 

quantity of heat attribuable to these effects has been estimated according to Ref. 31. 

4.5.4 Heat load for the magnet cryostats 

The numerical evaluation of the formulae quoted in the above references leads to the 
following results: 
Primarv_heat_load: li M JL 

Warm bore losses 
Suspension losses 
Heat generation by acceleration from 

25 to 120 GeV in 27 min 
Main winding current leads 
Auxiliary winding current leads 
Safety vent 
Heat shield to magnet 

Total [W] 6.78 4.31 2.31 

[W] 2.44 1.54 0.54 
[W] 2.38 1.42 0.51 

[W] 1.63 1.02 0.61 
[W] ~ ~ — 
[W] — — 0.32 
[W] 0.23 0.23 0.23 
[W] 0.10 0.10 0.10 
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Seçondary_heat_load: — — 
Vacuum tank losses [W] 8.34 5.62 
Auxiliary windings [W] 9.00 4.06 

Total [W] 17.34 9.68 

The heat load for the cryostats of the insertion quadrupoles and the special dipoles, 
not shown here, has been estimated by scaling, according to the weight and the length of 
the magnets, from the figures obtained for the lattice magnets. 

4.5.5 Heat load from the helium connections between magnets 

The total length of the helium connection between magnets is estimated to be 62.5 m 
for the outer octants and 70 m for the inner octants (Fig. 1.13). To take into account the 
fact that these connections have joints and bends, the theoretical heat loss values have 
been doubled and a loss of 0.8 W/m has been assumed. This gives a heat loss of 50 W for 
the connections of the outer octant and of 56 W for the inner octants. It is assumed that 
these losses will be taken by a heat shield cooled by the secondary helium flow (Fig. 4.4). 

4.5.6 Heat load on the superconducting bus bar and 
helium distribution system 

With the present geometry, i.e. outer diameter of heat shield 18 cm and a superinsula-
tion, 2 cm thick, around it, the heat inleak is calculated to be 0.5 W/m. In each octant, 
the bus bar line is connected to 32 magnets of the outer ring and to 31 magnets of the 
inner ring. Assuming that each connection takes 30 cm space, a length of about 19 m will 
have a poorer thermal insulation because of the complexity of the junction box. For these 
19 m, let us also assume a heat inleak of 3 W/m. Thus, the total heat load (transfer lines 
and magnet connections) is 110 W per octant, which are absorbed by the secondary helium 
flow. The radiation heat transfer between the heat shield and the pipes of the primary 
flow and of the bus bar line is negligible. 

4.5.7 Global heat load 

An evaluation of the total heat load per octant is shown in Table 4.1. 
TABLE 4.1 

Total heat load per octant 
Primary load 

[W] 
Secondary load 

[W] 

18 Bl dipoles (9 inner, 9 outer octant) 
17 B2 dipoles (8 inner, 9. outer octant) 
2 special dipoles (B4 inner, B3 outer octant) 
15 quadrupoles (7 inner, 8 outer octant) 
9 insertion quads (4 inner, 5 outer octant) 
132.5 m helium connections between cryostats 
125 m helium distribution line 

122.0 
73.3 
8.7 
34.7 
57.0 
5.0 
5.0 

312.1 
164.6 
9.0 
42.4 
29.1 
106.0 
110.0 

Total for one octant 305.7 j 773.2 

2.65 

2.65 
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The total (primary and secondary) heat load absorbed by the helium for the eight oc
tants of SCISR is then about 8630 W during acceleration and about 8130 W during storage 
ring operation. 

4.6 Magnet protection 
The quench of a magnet should be a rare occurrence in a carefully designed and operated 

magnetic and cryogenic system. However, a quench may happen for at least one of the reasons 
given below: 
- localized beam loss following a wrong manipulation or a failure of the dumping system, 
- failure of the power supply interlocks linked to the various components of the cryogenic 
system (refrigerator, flow regulation valves, helium temperature detectors, etc.), 

- power supply oscillation or runaway. 
The magnetic and cryogenic system must be designed to be fail-safe whenever possible, 

so that passive protection schemes will prevent equipment damage and the consequent loss of 
operation time. The intrinsic safety is then enhanced by a system of transducers (pressure, 
temperature, voltage across the magnet terminals) which informs the operators of a possible 
system drift towards abnormal conditions. 

4.6.1 Quench protection system layout 

The quench protection system must prevent 
- the energy of the electrically series connected magnets from being deposited in the 
quenching unit; this may be achieved by taking advantage of the switch-like behaviour 
of diodes below 20 K; 

- the helium gas, warmed by the quenching unit, from inducing a quench in the downstream 
magnets ; 

- the helium pressure from reaching unsafe values; this may be achieved by relief valves. 

4.6.2 Diodes 

The magnets are designed to take all their stored energy without any mechanical damage. 
Two diodes (Dl, D2) connected in opposition between the terminals of each magnet (Fig. 4.5) 
protect the magnet from power dissipation due to a quench or overvoltages due to a break
down in the superconducting bus bar line. When a diode is kept at a temperature below 20 K, 
it only starts to conduct when the voltage across its junction exceeds about 20 V; then, 
the junction heats up and the voltage across it falls down to about 1.4 V. 

In case of quench, the voltage drop across the magnet will increase up to about 20 V, 
where the cold diode Dl will start to conduct and carry the series current. This will pre
vent the energy of the other series magnets from being dumped in the quenching unit. 

Measurements made in the ISR division32-' have shown that the forward voltage drop at 
nominal diode current increases by some hundreds of millivolts after diode irradiation to 
5.6 10" rad, thus increasing the power dissipation when conducting. According to the experi
mental work quoted above, it is proposed to use diodes rated at twice the nominal magnet current; 
by installing the diodes as far as possible from the beams, and in an accessible place, it 
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will be possible to shield them against radiation and to replace them easily when necessary. 
It is for this reason that diodes are put as close as possible to the superconducting bus 
bar line in the present SCISR design. The protection diodes are clamped between two copper 
blocks,having a total weight of about 8 kg, which act as a heat sink and absorb the energy 
(of the order of 4 10 5 J) dissipated by the diode while the current is being ramped down. 
The copper block is installed in such a way as to be cooled by the helium escaping through 
the safety vent in case of quench. Another advantage offered by the cold diode protection 
system is the suppression of current leads (which are not intrinsically safe) to a warm 
protective switching device, thus reducing the heat losses. 

4.6.3 Vent valves 

These electrically triggered valves must have an opening time of the order of a few 
tenths of seconds in order to vent quickly enough the helium warmed by the quenching magnet. 
In the present design^ it is proposed to use warm valves mounted at the end of a vent pipe, 
which is vacuum jacketed and superinsulated (Fig. 4.3). 

Simple calculations based on the dynamics of a compressible flow through a converging 
nozzle33-' show that the helium gas will escape from the valve nozzle at the speed of sound; 
valve cross-sections of a few mm 2 should already allow a mass flow sufficient to avoid 
any overpressure. If the electrically driven vent valve fails to open, a mechanical safety 
valve will open as soon as the pressure rises to 16 bar. 

4.6.4 Quench handling 

In the case of a quench, the following sequence of events will occur: 
- the resistive voltage drop across the magnet terminals increases up to the threshold 
voltage of the diode which then carries the series current; 

- the voltage increase is detected by an appropriate electronic device, and then the follow
ing actions are taken: 
i) trigger of the beam dump, 
ii) trigger of the ramp down mode of the power supplies by reversal of their polarities, 
iii) trigger of the relief valves on both sides of the quenching unit; 

- as soon as the energy of the magnets is dumped and the circuit pressure is below 15 bar, 
the relief valves are closed and the quenched magnet cooled down. 

The proposed protection scheme is based on the experience of the Brookhaven half-cell 
full-scale model27-', which has proved to be able to prevent quench propagation along a 
magnet string. 

4.7 The refrigeration plant 
A refrigeration plant using the Claude cycle, where the driving force for the transfer 

of refrigeration is supplied by the compressors at the warm end, fits best the proposed re
frigeration system. Large cold recirculation systems, which use a cold pump to force the 
coolant in the loop, have not yet been developed sufficiently to be proposed for this appli
cation3'*-'. For reasons of reliability, a refrigeration plant with a capacity of 12'000 W 
(40 % overdimensioning with respect to the estimated heat load) is recommended. A single 
refrigerator with an estimated installed power of 4.2 MW is proposed; the cost of two in-
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dependent 6000 W refrigerators (one per ring) is estimated to be 40 % higher than that of a 
single plant. The plant could consist of four compression and expansion units of 3000 W 
capacity each, running normally at reduced load; in the case of failure of one unit, the 
three remaining will run at full load. Additional reliability may be built in by duplicat
ing critical moving parts, such as the expansion turbines (as has been done in the BEBC 
plant). 

The installation must provide a total mass flow of 1.7 kg/s helium to cool the SCISR 
magnets; the temperature of 3.4 K is obtained by means of heat exchangers,immersed in 
liquid helium boiling at 3.3 K, at a pressure of 0.3 bar. A total of about 20 g/s, which 
is needed for the cooling of the current leads, will return to the refrigeration plant at 
300 K. No detailed schemes have been worked out for the layout of the refrigeration plant 
itself. 

The estimated capacity of the magnets and of the distribution lines is about 18'000 ft. 
In the case of power (or compressor) failure, the high-pressure helium contained in the 
cooling loop will be vented to a storage tank or to a high pressure tank via an auxiliary 
compressor running on an autonomous power supply. 

5. TRANSFER, INJECTION, BEAM DUMPING 
The injection into SCISR is made via the existing ISR transfer tunnels from the PS in

jector either in an outer arc (Ring 1) or in an inner arc (Ring 2) and uses a maximum of 
ISR equipment. 

5.1 Transfer lines 
The injection line into Ring 1 (Fig. 5.1) is drawn from TT2 which is practically un

changed up to the magnet VB307. The beam passes under the two rings near intersection 18 
and again under Ring 2 to reach tangentially the inner side of the outer arc of Ring 1. 
The new part of the transfer line has two reverse curvatures both in the horizontal and in 
the vertical planes in order to fit the geometry given by the existing transfer lines and 
the chosen injection points in the new rings. This complicated path of the transfer line 
in both directions is realized with new, 2.5 m long, bending magnets having coils demounted 
from the ISR short magnet units. Their nominal field is 1.8 T for a gap height of 70 mm 
and since their coils can be introduced from the ends, their cores have not to be split in 
two halves. For some of these magnets, the correction coils,which are inserted in between 
the main coils, are connected to small power supplies for beam steering, whereas the main 
coils are all fed by only one power supply. The height of the two SCISR rings with respect 
to the ground level has been increased from 1.46 m in the present ISR to 1.504 m in order to 
allow the installation of the transfer lines: only minor excavation work is needed at the 
entrance in the ISR tunnel and at the end of the transfer lines (dotted areas in Fig. 5.1). 

For focusing and matching, 11 new quadrupoles, identical to the standard ISR beam trans
fer quadrupoles, are needed. The last six quadrupoles are individually fed for matching 
purposes whereas the others (QF351 to QD346) are connected in series with the quadrupoles 
of the transfer line. The results concerning the matching of the injected beam to Ring 1 
are summarized in Table 5.1. This matching is of the same quality as that in the present 
ISR and a _„ and g do not exceed the values in the existing PS/ISR transfer lines. p,max max 
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The transfer line for Ring 2 is very similar: the difference in the position of the 
injection point is corrected by a small variation of the bending angle of the HB333 and 
HB340 magnets. 

TABLE 5.1 
Beam parameters of the transfer line 

Calcula ted value Required value 

fi in 
O -l-i 

t 
15 m 17.1 m 

•H <U 

"h 1 1.25 
in g 

.fi 3 ^V 11.9 m 13.8 m 
M -P •rj ft 
i-< in 

a v - 1.2 - 1.4 

in a> *i 
• S m 4-> p , h 1.7 m 1.6 m 

o 
a> fi p , h - 0.4 - 0.14 

3 •§ 0L 0.18 0 

A
t 

m
; 

co
nt

j P»v 

A
t 

m
; 

co
nt

j 

a' P.v 0.19 0 

^ 

r « 3.56 m 
s-t p , v max 
<u 
•s O v. 7.8 m 
§ <D p , h max I 3 « Ti,max 77 m 
fi 

h-1 
pv,max 75 m 

5.2 Injection 
The injection equipment is installed in the two middle-arc straight sections as shown 

in Fig. 5.2 which also gives the a - and $-values. The upstream 8.9 m section is practical
ly filled with septum magnets while the fast inflector magnet is installed in the downstream 
section. The betatron phase advance between the exit of the septum magnets and the middle 
of the inflector magnet is 1.93 rad, which is not too different from the ideal TT/2. 

The task of the septum magnets is very demanding since the injection line cannot pass 
through the superconducting magnet yokes and the separation between the ring axis and the 
injection line is about 480 mm. The incoming beam goes first into the ISR steel septum 
magnet (S302), whose one half yoke has to be rebuilt and the field pushed to a slightly 
higher value (Table 5.2) to give a bending angle of 60 mrad; following this, there are 
three septum magnets in vacuum tanks (Fig. 5.3), the first one being a steel septum magnet, 
the two others being conducting septum magnets each of them giving a bending angle of 
20 mrad. 
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TABLE 5.2 
Parameters of septum magnets 

Modified ISR steel septum magnet £SMQ: 

Beam separation at entrance [mm] 480 
Minimum steel septum thickness [mm] 50 
Bending angle [mrad] 60 
Magnetic field [T] 1.48 
Inclination of the magnet [°] 24.5 

New septum magnets: 

Beam separation at exit [mm] 17.4 
Minimum septum thickness [mm] 5 
Magnetic field [T] 1.8 
Magnetic length of one unit [m] 1 
Magnet current (slowly pulsed) [kA] 28.6 
Septum current density [A/mm2] 286 
Magnet aperture (vertical/horizontal) [mm] 20 x 40 

Due to the use of the thin septum and the small momentum compaction function or be
tween the inf lector and the septum magnets, the standard vacuum chamber of 100 mm diameter 
is large enough to also contain the injected beam. The inflector kick is only 1.25 mrad, 
which is the strength of one unit of the present ISR inflector. Therefore, this inflector 
can be completely re-used with its ultra-high vacuum tank, pulse forming network, etc. 
The parameters of the main inflector are: 

- Maximum field 0.1 T 
- Effective length 1.34 m 
- Aperture 44 x 20 mm 
- Magnetic pulse rise time 300 10" 9 s 
- Full magnetic pulse length 2.1 10" 6 s ; 

During the time the magnet is pulsed, it is necessary to protect any stacked beam from 
the inflector magnet's stray field. Two solutions to this problem have been considered35): 
i) The use of the existing moving shutter, which has been used in the ISR since the be

ginning. 
ii) The use of a static screen, a prototype of which has been tested in the ISR. 

In Fig. 5.4, the aperture required for injection is shown schematically for the two 
solutions and for the most unfavourable case of the kicker entrance in the inner arc. In 
order to minimize the (Ap/p)0 space used for injection, the injected beam is pushed to the 
limit of the good field region in the inflector aperture: the 5 % kick error for the par
ticles of 2 a, amplitude corresponds to less than 5 % increase of the horizontal emittance. 
In solution i), the shutter protector scraper leaves a space of 2 a? at the bottom of the 
stack, ft* being calculated with the stack normalized emittance of 30 IT 10" 6 mrad. This 
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value is quite sufficient since it only affects the extreme bottom of the stack where a 
linear decrease of the longitudinal density over Ap/p = 0.0025 is assumed (Section 7.1.1). 
For the same reason, a relatively high stray field (6 %) can be tolerated at the entrance 
of the static screen in solution ii). There will be a halo of large amplitude particles 
at the bottom of the stack limited by the fast moving scraper which is also needed for the 
elimination of particles spilled out of the RF buckets and phase displaced during stacking. 

Each of the two solutions leads to the same (Ap/p) 0. Solution ii) permits a fast 
acceleration after injection but has the inconvenience of limiting the vertical aperture 
to about 9 à ; this would make the orbit correction particularly critical, especially if 
the ELSA working line with 0 close to an integer value were to be used. It is mainly for 
this reason that the moving shutter has been adopted for SCISR. 

5.3 Beam dumping 
The stored energy in the stacked beam is as high as 5.85 MJ for 15 A at 120 GeV and, 

therefore, the beam dumping system to protect the SCISR, and particularly the superconduct
ing magnets from an uncontrolled loss of the beam, has to meet special stringent reliability 
specifications, such as, for example, short field rise time of the kicker magnets, short 
response time, parallel feeding of all kicker units, trigger redundancy, accurate control 
of the dump block position. These specifications are required not only for controlled or 
repetitive dumping but also when either the machine or the dumping system itself are not 
in ideal conditions. A single turn, internal, vertical beam dumping system has been chosen. 
This requires less straight section length than the alternative of ejecting the beam on an 
external dump block. 

The beam dumping system for each ring consists of five ISR modified kicker units (FKID) 
with reduced aperture, located in a 8.9 m straight section, and the dump block is 25 m away 
in the downstream straight section (Fig. 5.2). The phase advance between the kicker magnets 
and the dump block, located just after a defocusing quadrupole, is 1.81 rad. The correspond
ing 3 's are 14.4 m and 28.5 m which give an equivalent lever arm of 19.9 m. The vertical 
aperture at the dump block is 24.4 mm which corresponds to 15 a at 25 GeV (Section 1.5.2). 
The deflection is 26 mm (16 a at 25 GeV) which allows the beam to pass below the front col
limators of the dump block (Fig. 5.5) and to be safely dumped irrespective of its initial 
position in the aperture. It is foreseen to keep the same dump block aperture and the same 
deflection (in real mm) between 25 and 120 GeV by adjusting the kicker strength accordingly. 
The beam dumping parameters are given in Table 5.3. 

The vertical aperture around the ring is such that the particles, which receive only 
a partial kick during the kicker rise time, are dumped on the block at their second passage 
(Section 6.1). The pulse generators are those presently used in the ISR with modifications 
to achieve a higher maximum voltage (65 kV instead of 50 kV in operation) and to follow the 
momentum increase during acceleration from 25 GeV to 120 GeV. 

The dump block has to absorb the full stack intensity at 120 GeV and to stop effective
ly all particles having very large radial and vertical amplitudes, especially when the 
scrapers are used. Due to the choice of a large deflection, the high intensity beam will 
hit the block far from the opening and so the number of particles scattering back into the 
vacuum chamber is minimal. The dump block (Fig. 5.5) has the following features: 
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TABLE 5.3 
Beam dumping parameters 

Deflection at dump block [mm] 26 
Kicker magnets: 

Number of magnets per ring 5 
Kick angle at 120 GeV (total) [mrad] 1.3 
Magnet aperture (vertical/horizontal) [mm] 35 x 100 
Magnet current [kA] 8.7 
Magnet impedance [0] 3.75 

Pulse generator: 

Current [kA] 43 
Impedance [Q] 0.75 
Maximum voltage [kV] 65 
Rise time [us] 0.245 

- The beam passes outside the vacuum chamber through a thin window made of a high-strength 
titanium alloy. 

- The initial nuclear cascade is spread over a stack of titanium alloy plates inserted in 
a cylindrical block of stainless steel. 

The window is designed to accommodate the maximum beam density at impact. This density is 
purposely decreased by adding a random oscillation (±3 I r.m.s.) on the flat top of the 
kicker field pulse. To do this, there will be a small impedance mismatch between the 
kicker magnets and the pulse generator. 

Calculations made with Monte Carlo computer programs make it possible to estimate the 
energy deposition factors which are shown in Fig. 5.6. The main characteristics of the 
dump block are summarized in Table 5.4. A steel shielding, 0.5 m thick, is placed in front 
of the downstream quadrupoles (Fig. 5.2) to reduce the energy deposition below 1 mJ/cm3 

(Chapter 6). 
TABLE 5.4 

Dump block performance 

25 GeV 120 GeV 

Max. energy deposition per proton: 

in Ti alloy 5 10"3 GeV/cm3 1.6 10 - 2 GeV/cm3 

in stainless steel 4 10-* GeV/cm3 6 10"3 GeV/cm3 

Sliielding efficiency 99 % 97 1 
Energy deposition at first down

stream quadrupole (without 0 25 mJ/cm3 

shielding) 
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CONTROL OF BEAM LOSSES 

In superconducting storage rings, it is essential to localize the beam losses in cer
tain regions in order to achieve not only a low background level and a small induced radio
activity in the physics intersections, but also to prevent magnet quenching by radiation 
heating. 

The various sources of beam losses and their characteristics are listed in the table 
below. 

TABLE 6.1 

Beam losses expected in SCISR 

Origin of the losses 
Expected intensity loss 

Origin of the losses instantaneous over two hours 

During stacking at 25 GeV 
(particles eliminated by the vertical shaver + 
particles decelerated by phase displacement and 
lost on the shutter protection scraper) 

During phase displacement acceleration 25 - 120 GeV 
(particles trapped in the RF buckets and lost on 
the inner aperture limitation) 

During stable beam conditions for physics 
(losses other than those due to physics 
events) 

During beam dumping 
(particles partially deviated during the kicker 
rise time) 

100 mA 
(every 3 s) 

6 mA 
(every 0.6 s) 

< 10 ppm/min 

900 mA at 25 GeV 
550 mA at 120 GeV 

30 A 

10 A 

100 mA 

The amount of losses which cause the magnets to quench are given in Table 6.2. 

TABLE 6.2 

Beam losses causing a quench 
(these values take into account the temperature drop between the coil and the coolant) 

25 GeV 120 GeV 

Operating temperature of the coil T [K] 4.3 4.4 
Maximum coil temperature T [K] 8.2 5.2 
Instantaneous beam losses 

maximum energy deposition [J/cm3] 9 10 - 3 1 10"3 

corresponding number of protons 1.8 10 1 0 0.7 10 9 

corresponding current [mA] 0.9 0.035 
Steadv state losses 

[W/cm3] 1.8 10 - 2 3.5 10 - 3 maximum power dissipation [W/cm3] 1.8 10 - 2 3.5 10 - 3 
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An "instantaneous" energy deposition initiates a quench if it is larger than the en-
thalphy variation 

T 
{ C p d t 

c 
between the operating temperature of the coil T and the temperature T at which the super
conductor becomes normal. 

The maximum steady state power, which can be dissipated in the coil, depends on the 
thermal exchange within the coil and between the coil and the coolant. The values of 
Table 6.2 are calculated with heat transfer coefficients of 70 mW IC'cm - 1 and 25 mW K^cm - 1 

at the inner and outer surfaces of the coil, respectively. 
To transform these figures into actual proton losses, a nuclear cascade calculation 

was performed with the CYLKAZ3 6J program for the particular geometry inside the intersec
tion quadrupoles (off-centred gaussian beams in a circular vacuum chamber of 100 mm dia
meter and 1.5 mm thick). The maximum energy deposited by each proton hitting the vacuum 
chamber at a small impact angle is independent of this angle and equal to 0.5 10" 1 2 J/cm3/p 
at 25 GeV and 1.5 10" 1 2 J/cm3/p at 120 GeV. The length of the cascade along which these fig
ures do not change by more than a factor 2 is about 1.2 m at 25 GeV and 1.6 m at 120 GeV. 

By comparing the energy and the power limit in Table 6.2, it can be seen that the limit 
is always given by the instantaneous energy deposition in the case of repetitive losses with 
a period of more than 0.5 s. 

6.1 Losses during the rise time of the dumping kicker 
It is possible to suppress most of these losses by dimensioning the vertical aperture 

in such a way that the particles concerned could be dumped on the block at their second 
passage through the kicker. 

The phase plane diagram of Fig. 6.1 is drawn for 25 GeV with coordinates normalized to 
the r.m.s. vertical betatron amplitude a . Before dumping, the beam is centred in the block 
aperture of 15 a . During the rise time, the emittance circle is progressively shifted from 
position 1 to position 2 at the dump block, which is distant in phase by ir/2 from the kicker. 
If the block is the collimating aperture, it will intercept the particles with amplitudes 
larger than 7.5 a and all the particles on the left of Y = 7.5 will make a complete turn 
in the machine and will be safely dumped on the block after a second kick (Fig. 6.2). Around 
the hard core of the beam, which is drawn in these figures, there is a halo of particles 
with betatron amplitudes comprised between 2 a and 7.5 a . Some of these particles can be 
lost in the vacuum chamber downstream of the block even if the local aperture is larger than 
the block aperture: if there is an aperture restriction equal to 16 a , represented by 
line D in Fig. 6.1, it will intercept the particles contained in the surface S. This number, 
N--, is maximum if the phase shift between the dump block and this restriction has the value 
<|>0 shown in the figure. By integrating the actual particle density over S, one gets 

N 2 5 = 7.2 10 8 protons 

for a beam of 25 A and a rise time of 0.245 ys. 
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The strength of the kicker permits the use of the 25 GeV dump aperture and kick ampli
tude (in real mm) at 120 GeV. In this case, the number N , 2 0 of protons intercepted by the 
vacuum chamber is less than 10 7 for a beam of 15 A. Both N-r and N,-Q are safely below the 
thresholds of Table 6.2. 

6.2 System of scrapers and collimators 
This system is needed for the control of the other beam losses. A comparison of the 

values of Tables 6.1 and 6.2 brings out the importance of such a system which will greatly 
take advantage of the safety margins allowed in the aperture (Section 1.5). Further studies 
will be required before final evaluation. The present design based on ISR experience con
sists of the following: 
- The dump block itself with two front collimators which define the collimating aperture of 

the machine and which absorb most of the beam losses. These collimators are made of a 
dense material (copper) to minimize the amount of particles scattered downstream into the 
vacuum chamber. Only this area is allowed to heat up and become radioactive. A shield
ing is provided to protect the nearby quadrupoles. 

- Three combined collimators (each comprising a vertical, an inner radial and an outer radi
al collimator) located in the straight sections near the QD quadrupoles at a distance of 
1/4, 1/2 and 3/4 wavelengths downstream from the dump block. They will intercept the 
secondary protons scattered by the dump block and its associated radial collimators. The 
amount of protons absorbed by the secondary collimators has to be kept as low as possible 
in order to avoid heating up the adjacent superconducting magnets. 

- A set of scrapers consisting of a finger scraper for vertical shaving, a vertical scraper 
and two inner and outer radial scrapers for beam cleaning. The inner scraper is also 
used to protect the injection moving shutter. These thin blade scrapers do not absorb 
particles but increase the penetration depth of these particles into the absorbing 
block 3 7) and thus reduce the amount of scattered particles downstream of the block. 
Since the process which is involved is essentially multiturn, the relative position of 
the scraper and of the block in the aperture is more important than their phase shift. 
However, a detailed study made for LSR 3 8) has shown that the best efficiency is obtained 
by placing the main absorber block at a small phase shift downstream of the scraper and 
a secondary collimator at an angle slightly smaller than 180°. The scrapers are also 
better placed in a large 3 -region in order for the scattered particles to reach prefer
entially the vertical aperture limit of the block (this aperture is indeed better defined 
than the horizontal one which depends on the momentum of the particle). These conditions 
have been approximately fulfilled by placing the scrapers just in front of the dump block. 
This has two advantages: there is only one main radioactive region in the machine and the 
scraper positioning with respect to the absorber block is simplified. The role of the 
secondary absorber mentioned above is played by the second collimator downstream of the 
dump block. 
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RF SYSTEM 
The existing RF system of the ISR is used operationally for the following tasks: 

- measurements of working lines and closed orbits on single pulses and in high intensity 
stacks, 

- accumulation of pulses to form high intensity stacks, and 
- acceleration by phase displacement of the stacks. 

For the proposed superconducting conversion, these requirements are identical with 
the exception that the acceleration by phase displacement will not stop at 31.4 GeV but 
continue to 120 GeV. 

From the point of view of stacking, it is difficult to conceive improvements to the 
system which have not already been performed for normal ISR operation. In particular, the 
existing cavities present a very low impedance to the beam up to the highest frequencies. 
For phase displacement acceleration, some improvements to the overall, low-level electronics 
are envisaged, however, a study has shown that the existing 9.5 MHz system is adequate and 
certainly better than a 200 MHz system. Hence it is proposed to use the existing RF system 
for all the normal acceleration and stacking operations. This, of course, implies a sub
stantial cost saving and allows SCISR to benefit from the vast amount of stacking experience 
gained in the ISR over the past seven years. 

The proposed location of the cavities in SCISR are very close to their present loca
tion. 

7.1 Stacking 
The maximum stack longitudinal density in the ISR is obtained by using techniques and 

equipment which have been developed during the life of the ISR. These include a missing 
bunch phase lock system, closed loop matching of the bunches to the buckets, Landau cavi-. 
ties 3 9) for bunch stability, a beam loading system"°) for the cavities, and a suppressed 
bucket scheme. For stacking in SCISR, the same overall system and techniques can and will 
be used. Hence, reliable performance estimates for SCISR can be obtained from performance 
figures already achieved in the ISR. 

7.1.1 Performance estimates 

For a stack with an approximately trapezoidal longitudinal phase plane density distri
bution (such as that normally obtained in the ISR), the obtainable intensity is given by: 

* M A +
 AFLl 

where: 
il, is the peak efficiency of the transfer of the longitudinal phase plane density 

(0.6), 
h is the harmonic number of the RF (31), 
M, is the number of buckets used for stacking (21), 
I 0 is the total injected intensity (0.25 A ) , 
A, is the bunch area at injection (—*~ , 4>RF) , 
A™ is the longitudinal phase plane area occupied by the flat top of the stack density 

( m ^ ' *RF> ' 
Ap. is the area occupied by the flanks of the stack. 
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The factor n^ contains all elements which can produce a dilution of -the longitudinal 

density, such as the longitudinal efficiency of trapping and matching, shrinking of the 

cavity voltage to its final value, and the bunch blow-up produced by longitudinal instabil

ities. It has already been shown"1-' that the latter is the major source of density dilu

tion. In fact, on the one occasion where the threshold of this instability was not sur

passed, a value of n. very close to unity was measured"2^. 

The threshold for this bunched beam "microwave instability" is given in Section 8.2. 

For constant bunch injection conditions, the ratio of the critical current of the SCISR to 

the ISR is given by: 

|Z -
Jo,SCISR =

 nSCISR YISR ' n 

Î. Ton nISR YSCISR Lo,ISR 

1 ^ _ = o.64 ISR 

SCISR SCISR 

In the ISR, |Z/n| (at the high frequencies at which the instability occurs) has been 

measured1*1) to be about 10 £2 whereas in the SCISR, due to its smoother walls, |Z/n| is 

estimated to be about 5 Œ. Consequently, the situation concerning the bunch instability 

in the SCISR should be nearly 30 I more favourable than in the existing ISR. For this 

reason, it is valid (and even conservative) to use the measured ISR value of r\„ for the 

intensity estimate in the SCISR. A measured value of n» = 0.6 is obtained regularly during 

normal ISR operation with the following PS ejection conditions: 

n = 5 1 0 1 2 protons/pulse = 0.25 A/pulse, 

A, = 0.02 rad . 

In the SCISR, the available stacking aperture is 

(f\ = 0.016 , 
stack 

of which the flat top will occupy 0.011 and the flanks 0.005. Using these figures, the 

obtainable intensity I is 25 A. 

As previously stated, this figure is possibly conservative since it neither includes 

the expected improvements in the longitudinal coupling impedance nor the continuation of 

the existing trend in increasing the longitudinal efficiency of transfer from the PS to 

the ISR stack. 

7.1.2 Parameter list for a typical stacking cycle 

Table 7.1 gives a list of parameters for the RF system and the stacking parameters of 

a typical stacking programme. 
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TABLE 7.1 
Parameters related to stacking 

PS_ejection 
Intensity (proton per pulse) 5.0 10 1 2 

Bunch area (^ , 4^) 0.02 rad ' 

Number of bunches 20 
Cycle time 2.2 s 
omentum spread of bunches, Ap/p 0.1 % 

General RF parameters £SCISR} 
Harmonic number, h 31 
Frequency 9.85 MHz 
Number of cavities per ring 7 
Length of 1 cavity 1.6 m 

Injection parameters £SCISR) 
Central momentum 25.GeV/c 
Number of bunches 20 
RF cavity voltage 20 kV 
Injection position, Ap/p -0.014 
Momentum spread of buckets (r = 0), Ap/p ±0.5 % 
Injected intensity 0.25 A/pulse 

Stacking cycle 
Cavity voltage for stacking bucket 700 V 
sin <j> Ts 0.5 
Number of stacking buckets, M 21 
Area of stacking bucket 0.021 rad 
Time to stack one pulse 1.4 s 
Momentum spread from injection to 

stack 'top', Ap/p 2.8 % 

Stack parameters 
Momentum spread of stack flat-top, Ap/p 1.1 % 
Momentum spread of stack flanks, Ap/p 0.5 % 
Peak overall efficiency of transfer of 

longitudinal phase plane density, TU 0.6 

Required number of stacking cycles/ring 188 
Final stack intensity 25.0 A 

7.2 Acceleration of the stacked beam 

Acceleration of a high intensity coasting beam may be accomplished by rebunching and 
performing normal synchronous acceleration or by using the technique of phase displacement 
acceleration. The rebunching of a stack with large momentum spread can be performed with 
a reasonable cavity voltage provided a suitably low harmonic of the revolution frequency 
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is used. In the case of the SCISR, a cavity voltage of about 60 kV at the first harmonic 
of the revolution frequency (317 kHz) would be required in order to produce a bucket whose 
full momentum spread is equal to the total available momentum of the complete aperture 
(2.8 %). While such powerful RF systems are technically feasible, they are, of course, 
costly and require valuable straight section space which would otherwise be occupied by 
bending magnets. Such an acceleration system would, therefore, somewhat limit the maximum 
momentum in the existing tunnel and add significantly to the total cost. For these reasons 
and other possible problems associated with rebunching a high intensity beam (e.g. beam 
loading of the cavities, transverse stability, bunch dilution, etc.), phase displacement 
acceleration is preferred for SCISR. With this technique, the same RF system may be used 
both for stacking and acceleration of the stacked beam. 

In the existing ISR, high intensity stacks of more than 25 A are accelerated routinely 
from 26.6 to 31.4 GeV using the phase displacement technique. From this experience it is 
known that the parameters of greatest concern are 
- the evolution of the momentum spread of the stack, 
- the proton losses per acceleration scan provoked by RF noise, 
- the total acceleration time, 
- the mode of control of the relevant parameters. 
In the following sections, each of these points is treated in more detail. 

7.2.1 Evolution of the stack momentum spread due to phase displacement 

Acceleration by phase displacement causes an increase in the momentum spread of the 
stack. However, against this increase there is also a decrease in the relative momentum 
spread (Ap/p) produced by the acceleration of the beam. It has been shown1'3) that the 
evolution of the momentum spread is given by 

<{$>>- <(*L> *(™) :'• 
where : 

i refers to the number of the phase displacement scan, 
r is sin <(> (* = the stable phase angle of the buckets) , 
A, is the area of the bucket ( ^ , ^ , 
a(r) is the ratio of the area of the moving bucket to that of a stationary one. 
The evolution of the r.m.s. value of the relative momentum spread of the stack has 

been calculated from the above equation and is plotted in Fig. 7.1 for a typical stack in 
the SCISR. It can be seen from this plot that the r.m.s. width of the stack actually de
creases with momentum provided r-values of 0.2 or less are chosen. In practice, during 
acceleration from 26.6 to 31.4 GeV, such a reduction in the stack r.m.s. width has actually 
been observed but at a much lower rate than expected. Recent experiments'*"* J indicate that 
this additional blow-up in momentum spread may be caused by the combined effects of RF 
noise and bucket area variations during the traversal of the stack. Both these topics are 
under study. It is also foreseen to perform a complete acceleration by phase displacement 
over the whole ISR momentum range (11.8 to 31.4 GeV). 
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In order to avoid proton losses, the full width of the stack must be maintained within 
the aperture limitations. During acceleration by phase displacement, the density distribu
tion of the stack will change from its initially trapezoidal shape. Experience in the ISR 
has shown that the ratio of the r.m.s. to the full width changes from about 2.0 to 2.5 
during acceleration from 26.6 to 31.4 GeV. This is observed as the growth of a low momen
tum 'tail' to the stack. In the SCISR (as in the ISR), the increased aperture freed after 
stacking, by removal of the injection equipment, will allow the growth of the low momentum 
tail without undue loss of protons. 

The computed beam widths shown in Fig. 7.1 do not include the transitory stack exten
sion which occurs while the buckets are actually inside the stack. In the case considered, 
this extension is about 0.09 % in units of (Ap/p) . 

r r rms 
7.2.2 Variations of the bucket area during phase displacement 

The momentum evolutions shown in Fig. 7.1 are only valid when the area of the bucket 
remains constant throughout the traversal of the stack. If the bucket area changes during 
traversal of the stack, an additional increase in the stack momentum spread can result; a 
reduction is also possible at the expense of a loss of protons. Bucket area variations can 
result from: 
- variation of y t r and y across the machine aperture, 
- variations of the bucket area due to space charge effects and beam loading. 

Unlike the momentum increase produced by the phase displacement mechanism where the 
effects of each scan add quadratically, the momentum increase produced by the variation of 
the bucket area across the aperture adds approximately linearly. Since the required number 
of scans is large, this effect must be eliminated by a suitable control of the RF parameters 
as explained below: 
The bucket area is proportional to 

\ ~ a(r) V¥ 
/• 3%A For the case of a simple linear frequency program If Rp = 1 as is used in the ISR, 

f RF y 
r is proportional to 

R F n 

Since n is fixed by the beam optics, the only way of maintaining A, constant is to modulate 
the cavity voltage and/or the frequency accordingly. 

It has also been shown1*^ that the bucket area is modified during traversal of the 
stack due to space charge effects, i.e. for small r-values: 

where : 
A is the bucket area with space charge, D.sp.c * , 
6 is the current density in the longitudinal phase plane fcHjr , <j>RF) at the 

position of the buckets. 
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This phenomenon alone should not produce a momentum blow-up during acceleration. However, 
when coupled with RF noise and bucket area variations due to other effects (e.g. y . varia
tions) , it appears that a blow-up can result. Again, it appears possible to eliminate 
this effect with a feedback system which varies the RF parameters in order to keep the 
bucket area constant. Such systems are being tested in the ISR. 

The effect of beam loading can also enhance significantly the rate of increase of the 
momentum spread of the stack. Severe beam loading would cause lower density regions of 
the stack to be accelerated at a faster rate than the corresponding higher density regions. 
A beam loading compensation system*0^ has already been added to the existing ISR accelera
tion system. This system can also be used in the SCISR. 

7.2.3 Proton losses during phase displacement 

During acceleration by phase displacement, losses can be separated into two categories: 
- those which occur whilst the bucket is actually scanning and the power supplies are being 
changed, 

- those which occur at the end of the scan (RF losses). 
The latter losses are produced by effects which cause protons to become trapped inside the 
buckets. Once trapped, these protons are decelerated to the lower aperture limit to be 
lost. Until recently, the major source of RF losses in the ISR was noise on the frequency 
program. A new, dedicated, low-noise system has now been installed which has been success
ful in greatly reducing the losses due to noise. With this system, average losses of about 
3 mA per sweep have been regularly recorded during acceleration to 31.4 GeV. Scaling of 
these results to the SCISR gives a total loss of less than 5 A during complete acceleration 
from 25 to 120 GeV, leaving more than 20 A at 120 GeV which is comfortably above the design 
figure of 15 A. These losses, however, only include the effects of phase displacement and 
not possible losses due to the growth of a long low-momentum tail. 

In the ISR, the acceleration is performed over a limited range (5 GeV and 200 scans) 
and this tail does not grow to the aperture limit. For this reason, the losses in the 
SCISR may be slightly greater towards higher momenta. The acceleration of a stacked beam 
over a much larger momentum range, as has already been mentioned, will provide useful in
formation on the growth of the low-momentum tail. Nevertheless, the design figure of 15 A 
does appear to be rather conservative and does not even take into account future develop
ments and certain improvements in phase displacement acceleration at the ISR over the next 
few years. 

7.2.4 Total acceleration time 

The acceleration of a coasting beam by phase displacement is much slower than the syn
chronous acceleration of a rebunched beam. However, against this the lifetime of a coasting 
beam is many orders of magnitude greater than that of a bunched beam. Hence, the criterion 
for the minimum acceleration rate by phase displacement is not determined by beam dynamics 
but rather by comparison with the duration of the physics data-taking. 
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The rate of traversal of a stack is given by 

dt I 2irR J VRF i • 

Hence, the time taken to scan completely through a stack is 

V APFW /2TTR\ W v r ' 
VRF X' 

where A p ™ is the full momentum width of the stack. 
In practice, the buckets must scan a range significantly greater than that of the 

stack. Hence, the time per scan is 
. _ „ 2TTR . 
^ c " K c V m r A p F W ' RF 

where K, which is > 1, is the ratio of the swept range to the stack range. 
As stated previously, during the actual acceleration, the momentum full width increases 

due to the phase displacement mechanism. The total time required to accelerate a stack from 
25 to 120 GeV is plotted as a function of r in Fig. 7.2. For these calculations, the follow
ing assumptions have been made: 
- the factor K is 1.2, 
- no time is lost between successive scans. 

From Fig. 7.2, it is apparent that the acceleration time is not a strong function of r 
for values between 0.1 and 0.3. At higher values of r, the time increases again. The 
acceleration time (for r = 0.1) is about 27 min, which is about two orders of magnitude 
less than the proposed duration of the data-taking. 

Also shown in Fig. 7.2 is the computed acceleration time for the case where the 
buckets completely traverse the full aperture of the machine on every scan. This is, of 
course, more time-consuming but would simplify the required frequency program and avoid the 
possibility of proton losses due to errors in the frequency program or unexpected long 
tails in the density distribution of the stack. Even with this situation, the time is 
about 70 min. 

7.2.5 Control of the beam parameters 

The overall efficiency with which acceleration by phase displacement can be performed 
is strongly dependent on the accuracy to which the various beam parameters can be measured 
and controlled. This fact has been strongly demonstrated during phase displacement accel
eration to 31.4 GeV in the ISR, where it has been seen that more accurate control of rele
vant parameters has consistently resulted in an increase in machine performance. The rele
vant beam parameters which must be measured and/or controlled are: 

For high intensity coasting beams, the incoherent tune shift (Chapter 8) causes a large 
change in the working line. The magnitude and nature of this tune shift are a function of 
the density distribution of the stack. As previously shown, during acceleration by phase 
displacement, the longitudinal density distribution change significantly. For this reason, 
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the stack density distribution must be measured at regular intervals during acceleration. 
Such a system has been proposed1*5) and will be installed in the ISR during 1978. This 
system uses the pick-up signals produced by the buckets as they traverse the stack. 
ii) The_closed_orbit_distortion 

Increases in the distortion of the closed orbit will lead to uncontrolled proton losses 
around the machine at the various aperture limitations. Such losses not only reduce the 
efficiency of the acceleration but may also present a danger to the superconducting magnets. 
A system for measuring the closed orbits during acceleration already exists and is used 
operationally in the ISR. This system will be significantly improved during 1978 so that 
orbit measurements will be made automatically on each and every accelerating scan. 
iii) The_working_line 

Variations in the working line can cause partial beam loss due to traversal of non
linear resonances or total beam loss due to the transverse coherent instability which may 
result from local reductions in the Q 1 of the working line (Chapter 8). 

It has been recently shown1*6) that the complete working line may be measured during 
an acceleration scan. This proposal will be implemented in the ISR in 1978. 

The system of control developed and foreseen at the ISR can be directly applied to the 
SCISR. This involves measurement (and subsequent on-line correction) of all relevant beam 
parameters during the time that the buckets traverse the stack. 

Another system of control exists and is used operationally for measurement and correc
tion of the working lines and closed orbits with a single bunched PS pulse which is acceler
ated synchronously. This technique allows the creation of the basic machine working lines 
and the correction of closed orbit distortions in a way which is unlikely to provoke large 
beam losses. This technique will be essential to the SCISR due to the sensitivity of the 
superconducting magnets to beam losses. 

7.3 Evolution of the transverse emittance 
Experience in the ISR has shown that the horizontal emittance increases by about 50 % 

during the stacking process. Although the blow-up is not well understood, it is conceivable 
that it is produced by the combination of several effects such as the crossing of resonances, 
the stray field of the injection kicker, etc. 

It has also been shown'*7) that an increase in the transverse emittance is produced 
during acceleration by phase displacement. This effect has more recently been shown to be 
a single beam phenomenon which may result from higher order overlap knock-out resonances or 
normal machine resonances. Since the effect is a single beam effect, then it is valid to 
extrapolate linearly from the ISR measurements to the SCISR. This extrapolation indicates 
an increase in the vertical emittance by about a factor of two during acceleration to 
120 GeV provided the 8C type of working line is used. The use of the ELSA working line 
will cause a faster rate of vertical blow-up during acceleration. The measurement of the 
horizontal emittance in stacks is rather difficult and hence inaccurate. It appears, how
ever, that the horizontal blow-up is rather small (of the order of 30 %). 
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Table 7.2 shows the estimated transverse emittances at various stages of stacking and 
acceleration. 

TABLE 7.2 

Expected transverse emlttances 

Normalized Beam In stack at In stack at 
emittances transfer 25 GeV 120 GeV 
[mrad mm] [TT] [TT] M 

ev 10 10 20 

^ 20 30 40 
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8. SINGLE BEAM EFFECTS AND BEAM STABILITY 
In this chapter, consideration is given to single beam effects, such as the incoherent 

tune shift, the longitudinal and transverse stability of the injected bunched beam and the 
coasting stacked beam. For the two latter effects, the critical coupling impedances between 
the beam and the vacuum chamber walls are calculated rather than being scaled from 
ISR values. 

The beam-beam tune shifts have been accounted for in Chapter 2. 

8.1 Incoherent tune shift 
The incoherent tune shift is produced by the combination of the electrostatic, magnetic 

and direct space-charge forces. The corresponding formula for the vertical plane is'*8-' 

where: 
N is the number of protons in the beam, 
R is the average radius [m], 
r 0 is the classical radius of the proton [m], 
p is the bending radius [m], 
h is the chamber half-height [m], 
g is the magnet gap half-height [m], 
b is /2~ times the r.m.s. vertical betatron amplitude [m], 
n is the neutralization factor, 
£ , z 1 , e 2 are space-charge coefficients associated with direct fields, image fields in 

electrostatic and ferromagnetic material, respectively. 
The calculation is limited to the regular lattice where the average B is 16.9 m. The 

tune shift is calculated at 25 GeV where it is maximum. At this energy, the term 1/y2 is 
equal to 1.4 10" 3 and the neutralization factor, which is lower than 10"", can be neglected. 
For a large magnetic permeability, E 2 is given by the same expression as for ei. Since 
g = 3.8 h, e 2 is much smaller than Ei and the whole term pe2/Rg2 can be neglected. 

At the outer edge of a typical SCISR stack of 10.5 mm half-width, shifted 6 mm from 
the centre in a quasi-elliptical chamber of 32.5 mm half-height, the two remaining coeffi
cients ei and e are 

e s s o.08 , 
ei = 0.14 . 

Hence, for a 25 A stack, i.e. N = 5.07 10 l l f, the vertical tune shift is 

AQ = 0.027 , 

which will necessitate correction during stacking. This type of correction is performed 
routinely during stacking in the existing ISR and presents no problem. 
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8.2 Longitudinal stability 

The general criterion for longitudinal instabilities can be written as followslt9): 

< 4^*U r^(f) 2 • 
where : 

and 

Z, is the longitudinal impedance [SI], 
Eo is the rest mass of the protons [eV], 
I is the total current of a coasting beam or the peak current of a bunched beam [A], 
Ap/p is the half-momentum spread at half-height, 

1 1_ 

Y 2 Y 2 

i t t r 

Since the critical impedance is proportional to y , this criterion is applied to the worst 
case which is at 25 GeV. 

8.2.1 Mierowave instabilities 

Microwave instabilities may occur in a bunched beam during acceleration and when the 
voltage is reduced until the bunches fill the buckets. For a single pulse, the half-momen
tum spread is 8) 

Ap_ = \ 
cm , P 16 BY 

where: 
A. i s the bucket a rea in (—*-r , <|>Rp) , 

ç is a function equal to 3.51 for r = 0.5. 

For parabolic bunches with an average current of 250 mA, a bunch area of 20 mrad and a 
bunching factor of ̂ 0.15, the stability criterion is 

Z L 
10 Û . 

This value seems perfectly reasonable since an equivalent value (10 Q) has already been 
measured in the ISR1*1-*. In fact, due to the proposed shielding of bellows and the minimiza
tion of cross-section variations, the estimated value of |ZL/n| in the SCISR is considerably 
lower (5 £2). 

When the voltage is switched off suddenly, microwave instabilities will always appear, 
since the instability is related to the local current density and not to the average beam 
intensity50^. However, since this phenomenon occurs gradually, there will be no overshoot50-' 
and the momentum spread of the coasting beam will be roughly the same as that of the bunches. 
Furthermore, after the first few pulses, this effect is attenuated by the presence of the 
stack. 
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8.2.2 Low frequency instabilities 

Longitudinal instabilities may also appear in the coasting beam at low frequency where 
the resistive wall effect is predominant. Since the stability criterion is most critical 
for a single pulse, the expression of Ap/p given in Section 8.2.1 can be used again. The 
stability criterion for a coasting pulse of 250 mA is 

Z L — < 66 fi . n 

A direct evaluation of the wall impedance at low frequencies can be achieved by using8-' 

\ . Zo 
= l H^)*vfe. n 2fi y 2 

where: 
Z 0 is the impedance of free space (120 IT Ci), 
a is the conductivity of the steel CI-3 10 6 f2 - 1m - 1). 

For the lowest mode (n = 1), the calculated impedance is |Z, | = 5.4 fi and the stability 

criterion is easily fulfilled at low frequencies. 

8.3 Transverse stability 

Transverse instabilities of the bunched beam (head-tail effect and coupled-bunch 
modes) are effectively suppressed by a small, positive chromaticity51', which is also re
quired for the stability of the coasting beam. Coupled-bunch modes can further be counter
acted by rather simple feedback systems. 

For a coasting beam, the general criterion for transverse instabilities in the ver
tical plane is 5 2J 

F R̂  v f) 

|ZT| < 2* ",RI Ifr-V-^l f > 

where most parameters are already defined in Section 8.1 and 8.2, and where Q* is the chro-
maticity (SQyMAp/p)). 

The impedance of an elliptic beam in a vacuum chamber is given by 8' 

Wpipe = 1 R L F V ( Ï Ï I B W " £) " T^ V3(n-Q°)a J ' 

where w is the beam half-width [m]. 

In this expression, the neutralization factor n has been neglected as in Section 8.1. 
Using the same numerical values as in Section 8.1, the transverse impedance associated with 
the regular beam pipe is 

[Z Tj = I" 7.4 i + (1- i) , 1 , 3 5 110 6 an - 1 for a stack, 

V Vpipe L Vn-Qv-1 

(Z T ) = ("21.4 i + ( 1 - i ) •L'5S 1 l 0 6 fim"1 for a pulse. 
V Vpipe L >FÂ-I 
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For the lowest mode on the 8C working line, where n - 0 = 0.38, the second term is 

equal to 2.2 10 6 OaT1, so that the direct space-charge term is dominant. 

However, other equipment such as electrostatic pick-ups and clearing plates contribute 

to the coupling impedance. Their contribution has been calculated to represent a longitu

dinal coupling impedance of Z,/n = 5 i Œ. The corresponding transverse impedance is 

given by 

{TJPU * n 

Z 
i 1.47 10 6 fim 

L _ ,,,„,„« _-i 

Adding these two contributions (on 8C line), the total transverse impedance for the first 

pulse is |Z T| =20.8 10
6 £2m-1 while that of the full stack is |Z T| = 7.0 10

6 an" 1. 

Thus, the transverse stability criterion gives, for the lowest mode number, the fol

lowing critical values for the chromaticity: 

Q' > 4.1 for a pulse on 8C , 

Q' > 2.4 for a stack on 8C . 

The value for the stack is well below that foreseen,i.e. Q' = 3.13 on the 8C line 

(Section 1.4). Since the value for a pulse exceeds 3.13, the first few pulses can suffer a 

small blow-up with a very low growth rate. Nevertheless, this blow-up can be eliminated 

by a feedback system which stabilizes the lowest modes. For higher mode numbers, the re

volution frequency spread adds to the chromaticity and increases the threshold impedance. 

9. POWER SUPPLIES 

A list of the power supplies required for the SCISR is given in Table 9.1. Of the 

297 power supplies, 204 can be recuperated from the present ISR, leaving 93 additional 

power supplies to be obtained. Among the power supplies used in the physics experiments, 

only those connected to magnets which cannot be installed in the SCISR, such as, for exam

ple, the large compensators of the Split-Field Magnet, are recuperated. In general, the 

re-used power supplies will remain in their existing location and the cables will also be 

re-used. 

The specification for current stability and ripple will be the same as that for the 

present ISR power supplies in order to satisfy the following requirements: 

i) field stability ĝ- <: 10" 5 , where B 0 is the main field value, 
0 

ii) Q-stability -J* 4 ÎO"1* , where Q 0 are the betatron tunes, 

iii) field ripple a? ^ 10" 7 

DO 

iv) Q-ripple ^ < 10" 7 

for frequencies of 1 Hz and greater . 
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Ac£§l§r§£î23 

The maximum rate of current change in the power supplies has been fixed to be 

100 % in 15 min. This is comfortably above the expected rate of acceleration from 25 to 

120 GeV, i.e. 79 % in 27 min (Section 7.2.4). Using the existing ISR main power supplies, 

the maximum steady state following error will be 1.8 10""* of 1 ^ for the maximum rate of 

current change; the maximum voltage required for this rate is +250 V d.c. including cable 

losses, but to be able to discharge the magnets in 5 min, e.g. under fault conditions, an 

inverse voltage of -700 V d.c. is needed. 

For the other power supplies, the inversion produced by the normally fitted free wheel 

diode is sufficient to allow a fast enough discharge of the magnets. 

5îE2i§_E°ïïëïL ËyEElZ 

The existing ISR main power supplies will be used with the transformer tap which feeds 

the diode bridges set to zero. This allows a d.c. voltage of up to 750 V. The free wheel 

diodes will be disconnected to allow inversion of the thyristor bridges. Devices will be 

added to fire the thyristors in the event of a mains failure in order to provide a free 

wheeling path for the magnet current; at the same time, an energy dump resistor, which is 

normally shorted out by a spring loaded mechanical switch, will be opened. No other changes 

to the main power supplies are envisaged. 

Ç§2ï§_£i§M_22mE§5§§£ï2ï} 

The connections of the dipoles, the quadrupoles QF and QD and their sextupole wind

ings SF and SD encircle the SCISR as a superconducting bus. The current of the quadrupoles 

and the sextupoles will circulate in opposite directions and the net stray field produced 

by this combination and the dipole bus will be compensated by an additional superconducting 

bus. The power supply for this compensating bus will be automatically controlled by a 

transducer measuring the total field produced by the cables to give a net stray field of 

zero. 

î&lE§§5j3ower_supj3lies 

New floating power supplies (items 6 and 10 of Table 9.1) will be used to by-pass 

approximately 10 % of the current of certain individual magnets for fine adjustment. These 

magnets are identified by an asterisk in Fig. 1.13. 

Only the power supplies required in addition to those of the existing beam transfer 

system are listed in Table 9.1. 

New_power_supplies 

These will be obtained from industry and will be fully tested and calibrated in the 

laboratory before installation. 
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TABLE 9.1 

Power supplies for SCISR 

Item Load 
Power supply rating Total 

number for 
New 

supplies Item Load Current Voltage 
Total 

number for 
New 

supplies 
[A] [V] two rings required 

+250 
1 Dipole string 1700 -700 2 0 

* { 
Quad F + D strings + dipoles for 

* { angle reduction in low-g insertion 1800 30 5 3 

3 Cable compensation 2000 20 2 2 
4 QLB + QMB quadrupoles 1800 20 40 40 
5 QAP2 quadrupoles 600 10 6 6 
6 Floating on QD's 350 10 4 4 

v{ Sextupole (chromaticity + resonance compensation) 300 20 44 28 

8 8-pole correction in quadrupoles 150 20 4 0 
9 10-pole correction in quadrupoles 100 20 4 4 
10 Floating on QAP1 100 20 4 4 
11 Dipole windings (orbit correction) 55 10 168 0 
12 Sextupole correction in dipoles 55 10 2 0 
13 Beam transfer bend 3300 250 2 0 
14 Beam transfer steering 55 60 8 0 
15 Injection septum magnets 28000 20 2 2 
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10. VACUUM SYSTEM 
10.1 Vacuum requirements 

10.1.1 Average pressure 

The average residual gas pressure in the SCISR should be low enough to guarantee a 
performance which is at least as good as that of the ISR. We have not attempted an "a 
priori" estimation of the necessary residual pressure which would probably result in a much 
less reliable figure than a straightforward extrapolation from ISR experience (particularly 
as far as certain beam instabilities are concerned). 

The respective nuclear scattering cross-section at SCISR and ISR energies are essen
tially equal53-'. Thus, in order to obtain the same beam loss and hence background condi
tions as in the ISR, the pressure and composition of the residual gas should not be worse 
than in the ISR, i.e. 10" 1 1 torr N2-equivalent with over 90 % hydrogen. With this pressure, 
the blow-up due to multiple scattering (Section 2.3.2) is negligible (less than 1 /oo per 
hour). 

Clearing will be much easier in the SCISR than in the ISR due to the possibility to 
place clearing electrodes also within magnets. Furthermore, the adoption of a smooth beam 
pipe is an ideal way to eliminate "electron pockets" arising from beam potential minima at 
locally wider apertures. The neutralization threshold for e-p instabilities5*•* scales with 
y-i/2 £-3 j-3/2 gjĵ j hence i t should, for SCISR, be about two times lower than in the ISR. 
Therefore, with an average pressure which is assumed to be almost the same in both machines, 
the electron clearing rate in the SCISR must approximately be a factor of two higher. 

The stronger focusing in SCISR provides a higher longitudinal electrical field which, 
together with the possibility of installing clearing plates at shorter intervals, provides 
this higher clearing rate in the straight sections. In the dipole magnets, we have to rely 
on the crossed field drift clearing with a rate 

<E t> 
Rc " TE" [ s" 1 ] • 

where L is the distance between clearing electrodes [m] . 
The electrons oscillate in the average transverse beam space charge field 

<Et> = * d b [ v / m ] 

and drift longitudinally by the action of the magnetic field B [T]. Since the half beam 
size r [m] scales with y ~ l ' z , and since the magnetic field ratio is BC(-;TCD/BJ S R —4» one 
should install clearing plates at intervals of not more than 2 m in the normal lattice to 
obtain the required degree of clearing. This can be realized with a clearing plate near 
the centre and at one end of each dipole magnet. 

In conclusion, an average residual gas pressure of 10" 1 1 torr N2-equivalent as in the 
ISR, together with a smooth bore and sufficient flexibility in the clearing system should 
give at least the same performance in SCISR as far as vacuum conditions are involved. 
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10.1.2 Vacuum stability 

The maximum stable beam current is limited at about 40 A in the ISR due to a pressure 
instability. This phenomenon is caused by ions which are created from the residual gas by 
the coasting beam; they are accelerated in its space charge field and impinge on the beam 
chamber wall where they desorb gas 5 5). This is, of course, a feedback process which is 
governed by the local effective pumping speed S „ [& s - 1 m _ 1 ] and the net ion-induced desorp-
tion yield n n (molecules/ion). 

It may be shown that the maximum beam current at stable vacuum is 

I * 10 „ r " [A] , c a n D 

where: 
e is the electron charge [As] , 
a is the gas ionization cross-section [cm2] . 
The effective pumping speed at the mid-point between pump stations is 

S et =* S T + ^ [Z s^m - 1] 
e " L (L + 4C/S 0) 2 

(for So > 4C/L) and it must be provided either by linearly distributed pumps of speed S. 
built into the beam chamber, and/or by lumped pumps of speed S 0 U s"1] mounted with a 
separtion L [m]. 

The effective pumping speed in a storage ring vacuum system with only lumped pumps 
is, of course, largely dominated by the beam pipe conductance per unit length C [& m~ 1s~ 1] 
rather than by the speed of the lumped pump. It can be shown that it is not economic to 
have lumped pumps with a speed S 0 > 70 C/L, since this already gives over 90 % of the theo
retical limit achieved for S 0 -*• °°. 

Although the ISR was designed for 20 A beam current, the vacuum stability limit is 
now twice as high and there is still a great effort to improve it further. The SCISR vacuum 
system should thus also be built for I > 40 A, The ISR, however, provides an effective 
pumping speed S - £ = 150 £ s _ 1m _ 1 with its lumped pump system (C = 90 I f's" 1 and L = 2.5 m) 
whereas only S -f ̂  70 £ s _ 1m _ 1 can be expected for the SCISR (C =120 I m - 1 s _ 1 and L =4.5 m), 
Thus, taking into account the difference of beam gas ionization cross-section which is about 
1.2 times higher at SCISR energies 5 6), we have only two possibilities to achieve the speci
fied performance: 
a) to reduce TV by a factor of more than S f f(ISR)/S f f (SCISR) = 2 , or 
b) to install linear pumps making up for the missing effective speed by 

SL = C s
ef£C I S R^ " Seff^ 1 8 1 1)] ~ 8 0 l s~1m-1. 

Possibility a) is certainly as difficult as it is to upgrade the ISR stability limit 
to ̂  90 A by further improving the pre-installation conditioning procedures of beam pipes. 

Possibility b) has been investigated in some detail. The most conventional way is to 
install integrated sputter-ion pumps in the long bending magnets making use of the dipole 
field. A drawback is that the speed drops with decreasing pressure, hence the residual 
pumping speed at the design pressure is already very low. Their advantage over lumped 
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sputter-ion pumps is, however, obvious. Very preliminary laboratory measurements on an 
SCISR model pump have shown that ̂ 200 A s~ m" nominal speed is possible at fields above 
1.8 T 5 7 ) . 

Linear titanium getter-pumping, as proposed for the LSR 3 8', maintains a high pumping 
speed down to extremely low pressures58J. Sticking coefficients for these gas species are 
typically > 0.01 on a titanium film deposited in-situ 5 9), hence S L > 300 I s - 1 m _ 1 should 
be possible for the SÇISR. Laboratory measurements of a prototype for the LSR confirm 
that this is realistic. A further important advantage of the linear getting pump is pro
vided by its use as an electrode to facilitate in-situ glow discharge cleaning. Using 
this technique, very low ion desorption coefficients can be obtained and regenerated in 
the case of contamination without the need to demount or even open the vacuum system of 
the machine. 

The linear effective pumping speed as specified above for vacuum stability, gives, 
using an average outgassing rate of 2 10" 1 3 torr I cm" 2s _ 1, a pressure well below 1 10" 1 1 torr 
found necessary in Section 10.1.1. 

10.2 Use of existing ISR vacuum material 
True to the spirit of the project, an effort has been made to use, wherever possible, 

existing vacuum components and to make a conversion of the ISR vacuum system to meet SCISR 
requirements. The foremost consideration, that of minimizing the cost of conversion, has 
inevitably led to some unorthodox solutions. However, basic performance and reliability 
have not been sacrificed. 

Unfortunately, the main vacuum chambers of the ISR, i.e. the straights sections of 
160 mm internal diameter and the 160 mm x 55 mm magnet sections, do not lend themselves to 
SCISR conversion where the dipole magnet chamber of 100/102.4 mm diameter and the quasi 
elliptic quadrupole chambers of 100/103 mm (horizontal) and 94/97 mm (vertical) will be the 
basic elements. It may prove possible to use some of the ISR intersection arms but no 
great economy can be envisaged. The same considerations apply, in the main, to the associ
ated bake-out elements. 

In contrast to the chamber, most ISR vacuum components will be taken over into the 
SCISR vacuum system with little or no change at all. These include many costly items such 
as sector valves, roughing valves, venting valves and literally thousands of bakeable 
flanges of all sizes. Many pumps can be used directly - in particular, turbomolecular 
pumping stations for pre-evacuation, sublimation pumps and ion pumps for special equipment 
such as kicker or inflector tanks and RF cavities. Elsewhere, and in particular at the 
standard intermagnet pump station (Section 10.4.2), the ISR ion pumps, for reasons of 
space, must be modified to give a smaller and more compact appendage ion pump. This will 
involve rebuilding the relatively expensive electrode and magnet modules from the existing 
four-module ISR pump into simple but tailor-made single-module housings. This housing is 
designed to carry, in addition, both the sublimation pump and, at certain points, the re
used ISR roughing valves. 

Diagnostic and control equipment comprising low pressure gauges, residual gas 
analysers, power supplies, valve controls and interlocks and much cabling will be taken 
over as directly as possible. Clearly, there will need to be fairly extensive modifica
tions to some cabling. 
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A few components, however, either cannot be converted or simply do not exist in the 
present ISR. Clearing plates, which in SCISR will be integrated in the RF screen, cannot 
be taken from the ISR. The RF screen itself is new and nonexistent in the ISR. Likewise 
the distributed pumping systems, i.e. the high field ion pump which is integrated in the 
RF screen and the linear getter pump cum discharge clearing electrode, are hew developments. 
Finally, the bakeable ceramic feedthroughs for these devices will be taken directly from 
the ISR. 

: The tabulated cost estimate of the vacuum system gives a rather more quantitative 
indication of the very substantial economy achieved by insisting on the ISR to SÇISR con
version of the vacuum system. 

10.3 General layout of SCISR vacuum system 
This section gives, in outline, the repartition of the vacuum unit and the vacuum 

sectorization. Sectorization, recognized as a valid and necessary concept to limit the 
extent of any intervention or difficulty involving the vacuum system, follows closely that 
adopted for the ISR. The reasons are clear: firstly, SCISR is physically similar to the 
ISR where the adopted sectorization seems about right; secondly, the SCISR vacuum system 
should be built from ISR components - in this instance the sector valves. On a finer scale, 
the repartition of the SCISR vacuum unit will not follow so closely that of the ISR. It 
will be dictated essentially by the magnet layout which, for example, does not show a com
parable difference between inner and outer arcs as in the ISR. 

10.3.1 Seetorization and pre-evaauation 

Four sector valve cum roughing stations (SV-R) using ISR turbpmolecular pumps will be 
placed around each of the four intersections in the short straight sections SS6 or SS7 on 
the outer arcs and SS5 on the inner arcs - thus leaving the maximum'length of the inter
section unencumbered. Another two SV-R1s will be placed at the extremities of the match
ing straight sections MSSI and MSSO. By a symmetric pair, two long straight sections of 
each ring are enclosed in a relatively small sector of which there will be four per ring 
(Fig. 1.13). U 

This layout uses the same number of sector valves as the basic ISR system and creates 
a total of 28 sectors (cf. 24 for the ISR). It has the accepted advantages of giving inde
pendent intersection regions while confining the relatively complex equipment (RF cavities, 
injection and ejection facilities, internal dumps, etc.) to rather small vacuum sectors. 
The positioning of the SV-R is in no way critical and in principle they may be displaced 
where it is advantageous to do so. Moreover, an adequate supply of ISR sector valves and 
roughing stations exists to permit finer sectorization if, for example, this is judged 
necessary at a later date. 

The relatively long but uniform inner and outer magnet arcs created by the proposed 
sectorization will each be served by three joint turbomolecular roughing stations which are 
shared between the two rings (Fig. 10.1). These three joint roughing stations will be 
placed in a standard inter-magnet (B1/B2) position while another similar station is placed 
near the mid-point of the small special equipment sectors between a <QF1 quadrupole and a 
B2 magnet (Fig. 1.13). The use of joint roughing stations, impossible in the ISR, is 
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possible (and in some places unavoidable) in SCISR due to the proximity of the two rings. 
This, although using fewer turbomolecular roughing stations on SCISR as compared with the 
ISR (60 compared with 64), gives a smaller distance between these stations and hence better 
pre-evacuation. As with the SV-R, these roughing stations may be increased in number or 
moved to any position in the regular lattice without difficulty. 

10.3.2 UHV pumping 

This will be achieved using lumped sputter-ion and sublimation getter pumping in ap
pendage units (Fig. 10.1) combined with high-field integrated ion pumps and linear getting 
pumps (Fig. 10.2). The linear getter pump should also serve for chamber surface conditioning 
using in-situ glow discharge cleaning. For the present, it is proposed to combine the high 
voltage supply of the electron clearing system with that of the integrated ion pumps. This 
concept may still be changed by combining the ion pump with the linear getting pump feed-
through to permit a separation and a more accurate pressure estimation via the electron 
clearing currents6°J - in either case two high voltage feedthroughs will be installed. 

UHV connections will be via one of the three different types of pump group manifolds, 
P, P' or Pu. Of these, there is one to the left of every dipole or quadrupole which essen
tially serves that dipple or quadrupole chamber to its right. The complete pump group P 
(Figs. 10.1 and 10.2) but without the roughing equipment, is associated with each Bl and 
B2 bending magnet. It comprises lumped sputter-ion and getter appendage pumps, a low pres
sure ionization gauge and the two high voltage feedthroughs - one serving the electron 
clearing and integrated ion pump and the other the linear getter pump. One clearing elec
trode is foreseen near the entrance of each Bl and B2 dipole with another some two-thirds 
along the longer Bl chamber. One 50 & s - 1 integrated ion pump unit (25 cm length) is fore
seen at the centre of each Bl and B2 chamber. Since both the clearing plates and the inte
grated ion pumps will be carried by the continuous RF screen, both their number and reparti
tion may be altered at will as more detailed and exact requirements emerge. 

The pump group and manifold P' at the left of and serving each QD quadrupole is vir
tually identical to the P group described above and differs only insofar as it carries no 
integrated ion pump. By contrast, the Pu pump group at the left of each QF quadrupole is 
quite different. This short straight section B2/QF is essentially occupied by RF pick-up 
stations, and the Pu pump group simply comprises the two high voltage feedthroughs to serve 
the clearing and linear getter cum glow discharge systems. 

This proposed layout provides clearing and linear getter pumping cum glow discharge 
cleaning for all dipole and quadrupole chambers. In addition, the longer Bl and B2 chambers 
have some integrated ion pumping. Between each magnet element, except at the RF pick-up 
position (B2/QF), there will be a combined lumped ion and getter pump and a vacuum gauge. 
At every second inter-Bl/B2 position, there will be a combined roughing station for pre-
evacuation. 
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10.4 The vacuum chamber 

10.4.1 General concept 

The beam chamber is made of 316LN stainless steel as used in the ISR. The thickness 
of 1.2 mm in dipoles and 1.5 mm in quadrupoles is stable against collapse up to > 400°C. 
Other materials such as titanium and aluminium alloy were also considered but were rejected 
due to the lack of space for leaktight transitions to the pump manifolds (which must be 
made of stainless steel) and due to higher cost and lower reliability. Furthermore, we 
have adopted a warm bore design in which we are rather certain not to encounter any other 
problems than those already known from the ISR. 

A detailed study has been carried out for the most difficult part of the vacuum 
system - the chamber of a long dipole bending magnet and the adjacent intermagnet gaps 
available for pumping. Fig. 10.2 shows a vertical and horizontal section of this chamber. 

10.4.2 Dipole magnet chamber and the RF screen 

Within the dipole magnet and also wherever else possible over the whole circumference 
of the machine, the top and bottom part of the aperture not used by the beam is separated 
from the centre part by horizontal plates. These plates are also continued within the 
manifolds between magnets to provide the required smoothness of the beam chamber. They 
are kept in place by thin vertical sheets welded on both sides to the top and bottom 
plates. Within the manifold, the plates are linked by RF-type sliding contacts to allow 
for thermal dilation. 

The spaces so provided above and below the beam at top and bottom are used for (Fig. 10.2) : 
- distributed sputter-ion pump modules, 
- electron clearing electrodes, 
- distributed getter pumping, 
- conductors and insulators for the power supply to these pumps and to the clearing elec
trodes . 

These screening plates are necessary to inhibit coupling of the beam with the above 
installations and other irregularities such as bellows and connection ports. They act as 
a support for the above installations and must be perforated for vacuum transparency. 

Titanium has been chosen for these RF screens because this material has slightly 
better vacuum properties than stainless steel and because it can be used directly as the 
lower cathode of the distributed sputter-ion pump. 

10.4.3 Mounting in cryomagnet 

The beam chamber is somewhat enlarged between the dipole magnets to minimize the aper
ture restriction near the inside of the beam caused by the angle between the axes of ad
jacent magnets and to allow a larger manifold for better vacuum conductance to lumped pumps. 

The manifold is welded to one end of the magnet chamber (on the right-hand side of 
Fig. 10.2). The free end of the chamber is then passed through the magnet bore and the said 
manifold is fixed to the end face of the cryostat via a radial membrane. A special flange 
is then welded to the free end. This slides axially in a cylindrical guiding tube bolted 



- 68 -

on the end face of the cryomagnet. Viton O-rings in both the sliding seal and on the guid
ing tube to cryostat connection are provided to maintain the "rough" vacuum insulation be
tween cryostat and beam pipe during bake-out. The seals of both the cylindrical guiding 
tube and the radial membrane are constructed so as to provide electrical insulation between 
the chamber and the cryostat. This assembly provides: 
- a leaktight connection between the beam pipe and the cryomagnet required during bake-out 
to maintain the insulating vacuum between the water-cooled intermediate screen of the 
cryostat and the beam pipe, 

- electrical insulation to prevent a short-circuit via the cryostat during bake-out by 
resistive heating of the vacuum pipe within the cryostat, 

- a heat barrier between cryostat end face and beam pipe, 
- the necessary mechanical flexibility of the beam pipe-to-cryostat connection. 

10.4.4 Mounting in the ring 

After having mounted the beam chamber within the cryomagnet, the latter is positioned 
within the ring. The RF-shield sliding contacts can then be joined and the beam pipes from 
adjacent magnets connected by in situ welding. For final alignment purposes, the cryomagnet 
and vacuum chamber must be treated as one unit. 

10.4.5 Pump manifold 

Each pump station (Figs. 10.1 and 10.2) is equipped with a 100 % s - 1 sputter-ion pump 
connected via a pipe of 100 mm inner diameter. Four of these pumps are reconstructed from 
one 400 I s - 1 ISR pump; the permanent magnets will also be re-used. An ISR-type sublimation 
pump can be incorporated in each of these reconstructed ion pumps. The flange horizontally 
opposed to the ion and sublimation pump carries the low pressure in the gauge. The two 
70 mm flanges vertically above and below the beam line carry the feedthroughs for the clear
ing electrode system and the two distributed pumping systems. At the lower end of the re
constructed ion pump, there is a 113 mm flange which is either blanked off or carries the 
roughing valve when at a pre-evacuation station. Similarly, there is a spare access port 
for unforeseen developments on the upper part of the same ion pump. 

10.4.6 Bake-out 

Bake-out of the vacuum chamber up to 300°C or higher within the cryostat is achieved 
by resistive heating (< 100 W/m and — 230 A) between the current lugs shown in Fig. 10.2. 
The cryostat and magnet coils are protected by a concentric water-cooled shield (Fig. 4.4) 
Power dissipation is minimized by the insulating vacuum space (at^lO-1* torr) and a polished 
aluminium reflecting jacket. Temperature control is via a thermocouple led into this in
sulating space and attached to the chamber with a fail-safe security provided by the maximum 
available power. Bake-out of the manifold and appendage equipment will be via heating 
jackets and collars with conventional control equipment from the ISR. 

10.4.7 Other chamber sections 

Chambers in quadrupoles will be equipped essentially as the chambers in dipoles except 
that there will be no integrated ion pumping. Intersections and straight sections will not 
present any special problem. 
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11. BEAM DIAGNOSTICS AND CONTROL SYSTEM 
11.1 Pick-ups 

A total of 2 x 52 electrostatic monitors (pick-ups) will be installed for the beam 
position monitoring or orbit measurements (55 per ring in the ISR). The casing, or 
chamber, with its feedthroughs and head-amplifier casing, can be fe-used, but the electrode 
assembly or plug-in has to be rebuilt in order to maintain the continuity of the chamber 
cross-section. The active length of the electrodes (about 150 mm) can be maintained and, 
therefore, the monitor intensity sensitivity can be the same as in present monitors. The 
transversal sensitivity will be increased by the cross-section reduction from the present 
168 x 84 mm to 100 x 65 mm. In this new electrode version, the guard ring will be part of 
the pick-up and the guard plates part of the adjacent chambers with a connection system. 
The baking oven has to be rebuilt and from the present supports only the alignment gear 
seems to be re-usable. 

The SCISR pick-up layout seems to allow the use of the present high-quality, semi
rigid cables to connect the pick-up stations to the electronics racks in the auxiliary 
buildings. But the demounting of the present layout and the reinstallation will be a 
delicate operation for these cables. It may be cheaper to lengthen the cables rather than 
to pull the existing cables. Equal lengths for the four cables of the same pick-up are 
obligatory for electronic reasons. 

All the signal processing part of the present beam position monitors can be used as 
it is. 

Further, one electrostatic pick-up per ring will be installed close to Al and A8 
buildings to supply the necessary beam signals to the RF systems. Two other electrostatic 
pick-ups per ring will be installed as close as possible to the control room. They are 
the source of beam signals for many systems such as the Q-meter, the Q-diagram meter, the 
1^.50 MHz feedback system, the BF-meter, general beam observation, etc. 

The present vertical and horizontal Schottky pick-ups cannot be maintained. One such 
electrostatic pick-up of different design (̂ 300 ram plate length, single plane) will have to 
be installed at B and S, locations, close to the control room, for each ring. The 
present P ™ g (wide band pick-up) for longitudinal Schottky spectra and wide-band beam signal 
observation can be re-used in about the same location (gap monitors). 

11.2 Q-meter and other equipment 
The Q-meter will be required to measure the value of Q not only at 25 GeV but also up 

to 120 GeV for such tasks as establishing the working line. This implies that the power 
supplies for the kicker magnets will have to be uprated. However, since the RF frequency 
remains the same, the present electronic equipment may be used. 

In addition to equipment already mentioned in previous sections, there is a large 
amount of beam diagnostic equipment which would be directly usable with SCISR. This list 
includes : 



- 70 -

- PIDC for measuring beam current, 
- diagnostic equipment based on Schottky noise techniques, 
- transverse feedback equipment, 
- Q-diagram meter, 
- injection damping magnets. 

This equipment will need reinstallation, but it is assumed that the work will be 
carried out by ISR staff. 

11.3 Control system 
It is assumed that the present control philosophy of the ISR will be continued where

by major subsystems have a dedicated computer with data-links to a central complex. Such 
a dedicated computer will have a serial CAMAC loop for the interface modules to ISR instru
mentation. 

Except for the cryogenic system, which is a new feature, SCISR will broadly require 
the same monitoring and control equipment as the ISR. The existing computer and interface 
equipment (CAMAC) could be readily converted to be used with SCISR. This is true for the 
vacuum system, beam observation and beam diagnostic equipment. The number of power supplies 
in SCISR being somewhat greater than^that of the ISR, a small extension to the existing 
power supply control system will be necessary. 

The cryogenic system will require its own computer and CAMAC system. The computer 
will have its own peripherals attached, including a console containing a keyboard, visual 
display unit and graphical display facility. The CAMAC system will include a serial loop 
with a CAMAC crate in each auxiliary building. In each CAMAC crate, a digital scanner 
will enable up to 320 voltages to be sampled, permitting the monitoring of helium temper
atures and pressures through the magnets. Output of a small number of set point and single 
control bits is foreseen. 

The refrigeration plant is a complex system in itself and it is proposed to dedicate 
one CAMAC crate, similar to that for an octant of the cryogenic system, for its own moni
toring and possible remote control. 

The system software for the computer control system will be that developed for the 
ISR with virtually no changes. However, all the application programs, of which at present 
there are some 200, would have to be rewritten. 
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MODIFICATIONS TO THE ISR TUNNEL 
One of the principal objectives of the SCISR study is to minimize the modifications 

to the existing ISR and in particular, those modifications which would entail civil engi
neering and recabling work. 

The most important change will result from the dismantling of the cable trays located 
on the outer wall of half the tunnel circumference, and the reinstallation of these trays 
and the associated control cables in the central trench. The cables on the inner wall 
need not be moved, though some changes in cable lengths would be necessary in order to 
suit the positions of newly installed equipment. 

The existing cooling water distribution system in the central trench will be left in 
its present position; only in a few places, such as the injection zones, will certain small 
modifications have to be made. The position of the connections for the pumps and thermal 
screens will have to be revised according to the new machine layout. 

A certain amount of civil engineering work is foreseen, such as taking away certain 
concrete magnet support bases, modifying the central trench and the concrete ramps which 
bring in the transfer lines. 

A solution will have to be found for the re-siting of the survey reference pillars 
in the middle of the outer arcs, which are incompatible with the new machine layout. 

Finally, in intersection 1, the concrete shielding wall will have to be moved back 
together with the outer support rail for the overhead crane in order to give access to the 
new RF cavities. 

From the moment that the present ISR stops running, the various above mentioned activ
ities will begin in parallel, the time needed being determined by the rate at which the ISR 
magnets can be taken out. Magnet removal will be achieved by means of the same special 
lorry that was used during the installation. Three return trips per day between the tunnel 
and the place where the magnets will be stored seems realistic, implying four to five 
months' work. The civil engineering work will be done in the first months. The modifica
tions to the cooling water system and the cable runs will be started during the dismantling 
period and will be finished during the installation. 

It is hoped that the first superconducting magnets can be put in place as soon as a 
quadrant is free, i.e. three months after closure of the ISR. In this way, the time 
during which the ISR will be closed for the superconducting conversion will be minimized. 
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13. COST ESTIMATE AND TIME SCHEDULE 
13.1 Cost estimate 

The cost estimates presented in this section are based on different sources of infor
mation. For all classical components and installation work, we have drawn from existing 
data in the specialized groups of the ISR and SB divisions. For the superconducting magnets, 
we have used unit costs for individual components and manpower, based on our experience of 
prototype work and on offers from industry for the low-3 insertion, considering that large 
scale production would make tooling costs and staff training costs almost negligible. For 
the refrigeration system, we have partly used global quotations and scaling factors 
supplied by industry and partly made our own analysis of unit costs for serial produced 
items (e.g. cold and warm piping). 

Only capital costs, i.e. the costs of material supplies and of industrial labour for 
assembly, testing and installation, have been estimated. All equipment is expected to be 
installed in existing buildings around the present ISR. It has been assumed that the re
quired effort for engineering, design, inspection, measurements and administration may be 
made available from existing CERN staff, without any overhead payments. It has also been 
assumed that the necessary hall space of about 4000 m 2 for magnet assembly and testing is 
available free of charge and that the cryogenic plant and equipment for testing and measure
ments have been entirely financed with pre-project money (they will cost about 5 MF). 

Because of the uncertainty on the cost of the major items, namely magnets and cryo
genic system, a provision for contingency corresponding to 15 % of their estimated costs, 
has been added to the total. 

13.2 Time schedule 
The time schedule is presented as from the day of formal authorization. It is based 

on the fastest conceivable rates of magnet production and testing, without assuming any 
limitation in manpower and cryogenic testing facilities. This implies, in particular, the 
availability, at the moment of project authorization, of the necessary hall space and of 
the cryogenic test plant, allowing work to proceed in parallel with a number of assembly 
and testing stations (about 10). 

The schedule also assumes the completion of all design and prototype work before 
authorization, so that invitations to tender may be launched immediately. 

As shown by the experience in other laboratories, at least two years of full-scale 
development work would be necessary for the pre-project stage, assuming the availability, 
during that time, of adequate staff, facilities and budgets. 

Months after authorization 
- Start inviting tenders 2 
- Start order components 6 
- Start component delivery 15 
- Start magnet assembly and testing 18 
- Start clearing ISR tunnel 27 
- Start magnet installation in tunnel 30 
- End of magnet assembly and testing 45 
- Start of injection tests 48 
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SCISR TENTATIVE COST ESTIMATES 
Summary 

Main magnet system 
Refrigeration system 
Injection and beam transfer 
Beam dumping and scraping 
RF system 
Magnet power supplies and cables 
Vacuum and clearing 
Beam diagnostics and computer 
Modification to present installation 

Contingency (ylS % of items 1 & 2) 
TOTAL 

Main magnet system 

Lattice dipoles, with cryostats and leads 
Lattice quadrupoles, with cryostats and leads 
Insertion quadrupoles 
Insertion low-angle dipoles 
Supports (reinforced concrete + jacks) 
Pumping system for cryostats 
Labour for assembly, testing, installation 
Total 

Refrigeration system 

KF 119'030 
21'120 
2'510 
2'000 
740 

4'710 
3'810 
1!580 
2'500 

KF 158'000 
21'000 

KF 179'000 

KF 74' '500 
20 '000 
7 '130 
3 '000 
2 '500 
2 '600 
9 '300 

KF 119 '030 

Refrigeration station KF 13'000 
Subcooler l'OOO 
Cold lines with bus bars 1'900 
Magnet interconnections and protecting diodes 2'000 
Vacuum pumps 320 
Helium valves 300 
Warm lines + gas storage 600 
Installation labour 2'000 

Total KF 21'120 
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Injection and beam transfer 

Beam transport magnets 
New septum magnets 
Modification of kickers 
Installation labour 

Total 

KF 1'020 
1'040 
250 
200 

KF 2'510 

Beam dumping and scraping 

FKID KF 300 
Dump blocks 1'500 
Scrapers 100 
Installation labour 100 
Total KF 2'000 

KF system 

Modification of existing system KF 420 
New supports 60 
New pipes and cables 260 
Total KF 740 

Magnet power supplies and cables 

New power supplies KF 3'300 
Additional cables and controls l'HO 
Modifications to old supplies 100 
Installation labour 200 

Total KF 4'710 
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Vacuum and clearing 

Ring vacuum chamber (with distributed pumps and 
clearing electrodes) 

Bake-out system 
Vacuum chambers for intersections 
Vacuum chambers for transfer lines 
Lumped pumps 
Supports and interface chamber-cryostats 
Cabling 
Spares 
Installation labour 

Total 

KF 1'200 
340 
700 
100 
90 
350 
250 
280 
500 

KF 3'810 

Beam diagnostics and computer control 

Beam position observation 
Cable reinstallation 
Power supplies for Q-kicker magnets 
Cryogenic computer system 
Interface for power supply control 

Total 

KF 420 
160 
100 
840 
60 

KF 1*580 

Modification to present installation 

Civil engineering work in the main ring and 
transfer tunnels 

Cabling work (modifications of cable ladders 
and equipment interconnections) 

Total 

KF 500 

2 •000 
KF 2 •500 
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14. SCISR PARAMETER LIST 
Equipment and parameters are given for one ring, unless otherwise mentioned. 

Energy 
Maximum energy 120 x 120 GeV 
Energy range, centre-of-mass 50 - 240 GeV 
Equivalent accelerator energy range 1333 - 30'600 GeV 

Luminosity 
Intermediate-3 insertion, 25 GeV 1.75 10 3 2 cm" 2s" 
Intermediate-g insertion, 120 GeV 0.98 1 0 3 2 cm~ 2s~ 
Low-B insertion, 25 GeV 5.04 1 0 3 2 cm" 2s" 
Low-3 insertion, 120 GeV 2.47 1 0 3 2 cm" 2s" 
Low-3 and near zero crossing angle, 25 GeV 1.92 1 0 3 3 cm" 2s~ 
Low-3 and near zero crossing angle, 120 GeV 3.95 1 0 3 3 cm~ 2s~ 

Lattice 
Physics insertion length 
Matching insertion length, outer arc 
Matching insertion length, inner arc 
Regular cell length, outer arc 
Regular cell length, inner arc 
Modified cell length for a -suppression, outer arc 
Modified cell length for a -suppression, inner arc 
Wave number of regular lattice, Cv 
Approximate phase advance per cell (y, = y ) 
Cell amplitude function, 3 

r ' max 
Maximum dispersion, a 

PyJUajC 

Ring 
Circumference at central orbit (31/20 x Cp~) 974.06 m 
Average radius of central orbit 155.026 m 
Maximum radial coordinate of central orbit 156.96 m 
Radial coordinate of the intersection points 150.476 m 
Horizontal separation of orbits 90 cm 
Number of superperiods 2 
Number of intersections 4 
Horizontal tune 12.65 
Vertical tune 10.55 
Horizontal uncorrected chromaticity -23.3 
Vertical uncorrected chromaticity -36.1 
Transition energy, y 11.53 

( 4 x) 45.81 m 
( 2 x) 38.14 m 
( 2 x) 37.89 m 
(12 x) 19.75 m 
(12 x) 19.62 m 
( 4 x) 22.66 m 
( 4 x) 18.92 

9.1 
TT/2 

m 

32.0 m 
2.23 m 
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Physics insertion 
Intermediate-8 insertion, 6* 
Intermediate-6 insertion, 8? 
Intermediate-3 insertion, total free space 
Intermediate-3 insertion, crossing angle 
Intermediate-8 insertion, 8 

v v,max 
Intermediate-8 insertion, & ^ ^ Low-8 insertion, K 
Low-8 insertion, % 
Low-8 insertion, total free space 
Low-8 insertion, crossing angle 
Low-8 insertion, tv,max 
Low-8 insertion, Ti,max 
Low-8 with small angle, total free space 
Low-8 with small angle, crossing angle 

Magnet system 
Bending field at 25 GeV 
Bending field at 120 GeV 
Number of dipoles 
Magnetic length of regular long dipole 
Overall length of regular long dipole 
Magnetic length of regular short dipole 
Overall length of regular short dipole 
Dipole current at 5.12 T 
Dipole stored energy at 5.12 T 
Dipole warm bore diameter 
Dipole main coil inner diameter 
Dipole overall diameter 
Maximum quadrupole gradient at 120 GeV 
Number of quadrupoles 
Magnetic length of regular quadrupole 
Overall length of regular quadrupole 
Quadrupole current at 60.6 T/m 
Quadrupole stored energy at 60.6 T/m 
Quadrupole warm bore diameter 
Quadrupole main coil inner diameter 
Quadrupole overall diameter 
Maximum sextupole component 
Useful aperture of the dipole chamber (circular) 
Useful aperture of the quadrupole chamber (elliptical) 

2.5 

4.45 m 
2.11 m 
32.6 m 
40 mrad 
282.8 m 
173.2 m 
0.48 m 
24.0 m 
26.7 m 
40 mrad 
380 m 
90.2 m 
8 m 
10.5 mrad 

1.07 T 
5.12 T 

148 
(72 x) 4.300 m 

4.729 m 
(68 x) 2.398 m 

2.827 m 
1685 A 
345 kJ/m 
112.6 mm 
148.0 mm 
772 mm 
60.6 T/m 
96 

(60 x) 1.050 m 
1.365 m 

1725 A 
315 kJ/m 
108 mm 
162 mm 
602 mm 
75.25 T/m2 

0 100 mm 
100 x 94 mm2 
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Cryogenic system 

Global heat load (between 3.5 and 6.0 K) 

Helium pressure, supercritical cooling 

Number of parallel helium circuits 

Maximum number of magnets cooled in series 

Temperature of helium in each string 

Refrigeration capacity for the two rings 

Helium capacity of the cooling loop 

Power supplies 

Total number for the two rings 

Ring dipole power supply, number 

Ring dipole power supply, current 

Ring dipole power supply, voltage 

Main quadrupole power supply, number 

Main quadrupole power supply, current 

Main quadrupole power supply, voltage 

Injection and stacking 

Injection energy (PS) 

Number of protons per pulse (20 bunches) 

Injected normalized emittance, horizontal 

Injected normalized emittance, vertical 

Bunch area (dp/m0c, ijw) 

Necessary injection aperture, Ap/p 

Available stacking aperture, Ap/p 

Stacked current at 25 GeV 

Expected normalized emittance in a stack, horizontal 

Expected normalized emittance in a stack, vertical 

RF frequency, stacking 

RF cavity voltage, injection 

RF cavity voltage, stacking 

RF harmonic number, stacking 

Impedance tolerance Z/n, longitudinal stability 

Tune spread Q' in stack, transverse stability 

Acceleration 

Minimum acceleration time (from 25 to 120 GeV) 

Number of RF sweeps (phase displacement) 

RF cavity voltage 

Current left after acceleration 

Expected normalized emittance at 120 GeV, horizontal 

Expected normalized emittance at 120 GeV, vertical 

4. 4 kW 

15 bar 

8 

32 

3.5 - 4. 2 K 

12 kW 

9'000 I 

297 

1 

1700 A 

+250; -700 V 

2 

1800 A 

30 V 

25 GeV 

5 10 1 2 

20 IT mrad mm 

10 TT mrad mm 

20 mrad 

0. 012 

0. 016 

25 A 

30 IT mrad mm 

10 ir mrad mm 

9. 85 MHz 

20 kV 

700 V 

31 

<10 Û 

> 2. 4 

27 min 

1600 

20 kV 

15 A 

40 IT mrad mm 

20 ir mrad mm 
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Vacuum 
Average pressure CN2-equivalent) 10" l l Torr 
Critical beam current > 40 A 
Effective pumping speed > 150 il s _ 1 m _ 1 

Bake-out temperature ~ 300 K 
Number of roughing stations for both rings 60 
Number of lumped pump stations 211 
Number of integrated sputter-ion pumps 220 
Number of clearing electrodes 372 

15. CONCLUSION 
This study has shown that a superconducting conversion of the ISR can reach an energy 

of 120 GeV with a luminosity of 4 10 3 3 cm" 2s - 1. The design has benefitted throughout from 
the possibility of cross-checking with the results obtained in the ISR. As for the ISR, 
injection and stacking is done at PS energy. Acceleration of the stack is by phase dis
placement, a method which has been thoroughly developed at ISR and is currently used in 
operation. The technology of the superconducting magnets is that developed for the ISR 
high-luminosity insertion for Which the quadrupoles are in the course of fabrication in 
European industry; the maximum field of 5.12 T in the SCISR dipoles corresponds to an ex
citation level which has been exceeded during the test of the ISR quadrupole prototype. 
This gives confidence in the performance advanced for SCISR and in the ability of European 
industry to undertake such a project. The use of the general ISR facilities and of a large 
part of the ring equipment is reflected in the low price of this machine. 
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Fig. 1.1 Geometry for h = 31 and identical physics insertions 
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Fig. 3.2 Coil end shape of a dipole 
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Fig. 4.2 Helium distribution circuits 
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Fig. 4.5 Connection of the bus bars to a magnet 
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Fig. 5.3 Septum magnet layout for injection into Ring 1 



- 116 -

a) Movable shutter 

c 

Movable shutter^.? 
Protection scraper I 

/Earth conductor 

• Stacked beam 

Centred line' 

4F--016 I—<¥^6" -H 
scale 2:1 

b) Static screen 

scale 2:1 
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Fig. 5.5 Design of the dump block 
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Fig. 5.6 Energy deposition factors in titanium (Ti) and stainless steel (SS) 
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Fig. 6.1 Particle trajectories in the phase plane 
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