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THE SPS pp COLLIDER 

J. Gareyte 
CERN, Geneva, Switzerland 

1. Introduction 

The SPS p-pbar collider has now operated for a total of 5 months and 
has delivered an integrated luminosity of 180 n b - 1 to each of two 
experiments UA1 and UA2^ 1 3. 

The first proton-antiproton collisions at a center-of-mass energy of 
540 GeV were observed in the SPS on the 10th July, 1981. The first 
physics run took place at the end of 1981 when a total integrated 
luminosity of 0.2 nb" 1 was produced. At this time only one bunch of 
antiprotons was used and made to collide with two bunches of protons in 
order to provide interactions in both experiments. During the second run 
from October to December 1982, the machine was successfully operated with 
3 bunches of protons colliding against 3 bunches of antiprotons with 
nominal beta values at both experiments of ß H= 2m, By = lm. The 
proton bunch intensity reached its design value of 10 i xp, whereas the 
antiproton bunch intensity was limited to around 1.3 lO 1 0 antiprotons 
due to a lower production rate than expected. The peak luminosity reached 
5.3 1 0 a 8 c n f a s _ 1 and a total integrated luminosity of 28 
n b - 1 was produced. 

In 1983 a higher proton intensity, further reduced ß*'s, and better 
operational skill for all machines of the proton-antiproton complex have 
resulted in a peak luminosity of 1.6 10 a* c m " a s _ 1 . The 
integrated luminosity delivered to each experiment amounted to 153 

J] The purpose of this lecture is to give a general idea of how the 
collider works. The fact that one of the beams is composed of scarce 
precious antiprotons imposes strong constraints on the operation of/such a 
machine. Solutions to these specific problems will be described. (q-r>'/> I 

Apart from the lack of antiprotons, many fundamental phenomena limit 
the performance of a ppbar collider. Some of these are treated in detail 
in other lectures, like for instance radio-frequency noise and beam-beam 
effect, and they will be mentioned here only for completeness and to put 
them into perspective. More emphasis will be put on beam dynamic aspects 
which are not treated elsewhere in this course. 

nb - i 
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2. Operational aspects 

The beams are injected from the CPS into the SPS at 26 GeV/c. The CPS 
accelerates one bunch at a time, with a cycle duration of 2.4s. Therefore 
the minimum amount of time needed to inject three bunches of protons 
followed by three bunches of antiprotons is 12s, during which the SPS 
magnetic field must be held constant at a value corresponding to 26 GeV. 
In fact, more "flat bottom" time is necessary to let the eddy currents In 
the magnets and quadrupoles die away after the fast descent from high 
energy to injection energy. A base cycle of 28.8 s has been adopted for 
the SPS tuning up. It is composed of 14.4s of "coast" at 26 GeV for 
injection followed by 14.4s for ramping up to 270 GeV and down again to 26 
GeV, as shown in fig. 1. 

Pig. 1 Injection cycle 

The low beta insertions are not fully energized at injection. The 
beta function amplitudes in the two useful beam interaction regions are 
reduced from normal values of 50 m down to 7 m in the horizontal and 3.5 m 
in the vertical plane. This way enough acceptance is left for injection 
gymnastics. Once the beams have been accelerated to high energy, the 
betas are further squeezed down to the desired value for physics data 
taking, at present 1.3 m horizontally and .65 m vertically. This process 
takes about Is. 

Once every 24 hours, the daily pbar production of the accumulator is 
transferred in one shot to the SPS and stored in this machine until the 
luminosity has decreased to about 1/e times its initial value. Then the 
machine is again put into pulsed mode and prepared for another run. In 
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order to conserve the precious antiprotons every effort is made to ensure 
a high efficiency of this unique daily transfer. 

The first part of the setting up procedure requires the injection of 
only two proton bunches. The accelerating radio-frequency is phase-locked 
onto bunch A, the "master bunch", which is accelerated to top energy and 
is used to adjust the tunes, chromaticity and generally check all the 
systems whi^.ii can be tested with protons. Bunch B is kept circulating on 
the flat-bottom for 4.8s and then ejected towards the CPS through the 
transfer line which will later on be followed in the reverse direction by 
antiprotons. This bunch is reinjected into the CPS on the cycle which 
will be devoted to the transfer of the first antiproton bunch. Systems in 
both machines are adjusted to ensure that this bunch B arrives in the CPS 
on the nominal closed orbit, with minimum injection oscillations and at 
precisely the same energy it had 4.8 s ago before leaving the CPS on a 
previous cycle. Meanwhile, an analogous reinjection procedure of protons 
in the reverse direction Is used to set up the antiproton transfer from 
the accumulator to the CPS using one of the remaining CPS cycles. 
Alternatively, the remaining CPS cycles are used for further pbar 
production and stacking in the accumulator, until the SPS is ready for 
transfer. 

When these adjustments with protons are finished, a few low Intensity 
antiproton "pilot pulses" are transferred. They are necessary to set up 
the antiproton accelerating system, which is different from the proton one 
since directional travelling-wave cavities are used, and for final 
adjustments of other systems. A single antiproton bunch with a charge of 
around 2. 10* pbar just sufficient to be detected with good accuracy 
by the beam monitoring system. Is injected together with the 3 high 
intensity proton bunches and the two beams are accelerated and stored at 
270 GeV/c. Two or three of these pilot shots are usually necessary to 
adust the RF phase, check that collisions do occur in the middle of the 
detectors, an that the beam lifetime is good. 

Then the "big shot" is transferred. Whereas the pilot pulses were 
extracted from the low-density tail of the accumulator stack, the three 
dense antiproton bunches are extracted in turn from the densest part of 
the stack core. This is done by adiabatic capture in a bucket of 0.5 eVs 
area, fixed by the acceptance of the CPS-SPS complex. The density of the 
accumulator stack is such that about 1/3 of the total intensity can be 
extracted in 3 bunches of 0.5 eVs. Therefore with the present mode of 
operation a steady state is reached when the pbar intensity circulating in 
the accumulator amounts to three times the daily production. Note in 
passing that this puts a strong demand on the reliability of the 
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accumulator: any beam loss means three days without physics data-taking. 
Fortunately, the accumulator has turned out to be remarkably reliable - it 
once kept its beam for a record of 30 days. 

A meticulous preparation of the collider with protons and then with 
antiproton pilot pulses is not enough to ensure reliable and efficient 
transfers. At a certain point the possibility of human errors must be 
excluded: knob twiddling must be replaced by a complete automation of the 
transfer process. This is done for instance in the countdown sequence 
which leads to pbar transfer. A set of computer programs switch equipment 
and monitor the different systems, ready to abort the process in case a 
malfunction is detected. It ensures that data-reading equipment is 
conveniently armed and that all beam measurements are saved for 
reference. Then during the 20 hours or so of storage, the crews have 
plenty of time to analyse the data and propose improvements. As a result 
of continuous efforts in this domain, the overall transfer efficiency from 
the AA to the SPS has now reached 80%, with 10% lost at extraction from 
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the CPS and 10A at low energy in the SPS. The blow-up of the antiproton 
emittance from the AA to the SPS has been limited to about a factor two. 
In these conditions the dimensions of the weak antiproton beam are smaller 
than those of the strong proton one, as shown by wire-scanner measurements 
in fig. 2. This is absolutely essential to ensure a good lifetime of the 
antiprotons which are submitted to a strong beam-beam effect, as will be 
discussed later on. 

3. Performances 

Table 1 shows the best results obtained in operation in 19S3, 
compared to the design goals. It is clear that apart from the small 
antiproton intensity all the design parameters have been reached or 
surpassed. 

Table 1 
Collider Performances 

Design Achieved 

AA Stacking-rate (10'p/h) 25 6.6 

p transfer efficiency 100% 75% 
Number of bunches In collision 6p x 6p 3p x 3p 
P intensity per bunch (10 1 1) 1 1.4 
P intensity per bunch (10 1 1) 1 .15 
Normalized emittances (ßyir 10~6m.rad) 

24 18 
12 18 

Beam-beam parameter f .003 .004 

ßH(m)' ß v ( m ) 2 x 1 1.3 x .65 

Peak luminosity (10 2'cm~ 2s _ 1) 10 1.6 
Luminosity lifetime (hours) - 16 
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Weeks 1983 

P i g . 3 

Integrated luminosity during the 1983 ppbar period. 

Figure 3 shows the production over the period. After a laborious start-up 
characterized by low transfer efficiency and hectic overall conditions, a 
regular operation could be established producing an average of 2 nb~ x 

per day. Through a number of improvements performance increased steadily 
until after a short technical interruption the production reached a record 
6 n b - 1 per day. Towards the end, unfortunately, technical failures in 
the AA, CPS and SPS, and heavy daily storms conspired to significantly 
reduce the output. 

A short run was made in a high beta configuration (ß* H = ß * v = 
100 m) to allow data-taking on elastic scattering at very small angles (> 
0.4 mrad). 

Figure 4 shows the evolution of the luminosity on a daily basis, 
after the technical interruption mentioned above. The increase of the 
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luminosity during the first few days reflects the slow build-up of the 
accumulator stack. After 4 days a steady state is reached where the daily 
production is extracted at every shot. The luminosity lifetime is around 
16 hours, which is well compatible with a refill every day. The time 
taken to get the machine out of store mode and set it up for a new 
transfer is usually around 4 to 6 hours, although faster refills are 
sometimes attempted, specially during week-ends when a better stability 
can be hoped for. Longer interruptions are due to breakdowns or scheduled 
machine development sessions. 

P P LUMINOSITY «aj 

Fig. 4 
Daily evolution of the luminosity during the 1983 ppbar period 

after the technical interruption. 

4. Luminosity and lifetime 
4.1 Generalities 

The collider luminosity is defined as the number of interactions per 
seconds divided by the total cross section o^: 

L = N int/s 
ffT 

At collider energies one has o T ~ 60.10" 2 7 cm a and 
therefore the design luminosity of L = 1 0 3 0 c m ~ 2 s _ 1 corresponds 
to about 6.10* interactions per second. It was foreseen to reach this 
luminosity with 6 bunches of protons colliding against six bunches of 
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antiprotons, in which case the bunches are separated in time by 3.8 
10~"s and the average number of interactions per bunch crossing is 
0.2. This means that most of the time the detectors will see zero or one 
event per bunch crossing, the probability for two or more events occurring 
at the same time being very small. 

The cross section for W and Zo production in the leptonic channels 
are respectively around 0.5 and 0.07 10~ 3 ,cm~ 2 and therefore one 
can expect to produce one W every 30 minutes and one ZQ every 4 hours 
with the design luminosity. As we will see later the average luminosity 
in 1983 was 10 a*cm~*s~ 1, giving in reality ten times smaller 
production rates. 

In terms of machine parameters the luminosity can be written: 

L = f Np Wpbar Y 
W "*> (ß; ß ^ V x E $ ) % 

with f = revolution frequency, Y = E/moc 2. 
Np and Npbar are the total number of protons and antiprotons 
n b is the number of bunches per beam, ß* is the betatron function at the 
crossing point and E* is the normalized emittance 

E* = Y 4o 2 

ß 

4.2 Average luminosity 

The luminosity decreases during storage according to a law: 
_ t 

L = L Qe T 

were L Q is the peak luminosity at time zero and x the luminosity 
lifetime. L Q is proportional to the number of antiprotons successfully 
tranferred and one can write 

L 0 = c AT 

where A is the stacking rate in the accumulator and T the physics run 
duration, which allows the stack to be replenished. 

The average luminosity during a run is therefore 
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Lav = i S L(t)dt = K AT [1 - e T ] 
1 o 

T is determined by beam physics and is around 16 hours. T should be 
chosen as large as possible but practical considerations like the "Mean 
Time Between Failures" of the ppbar complex and ease of operation make 20 
hours a desirable value. With these numbers the average luminosity is 
about 60% of the initial value. 

4.3 Origins of lifetime limitation 

The preceding paragraph stresses the importance of lifetime in a 
ppbar collider where the main limitation is the lack of antiprotons. Loss 
of protons, loss of antiprotons and transverse emittance growth contribute 
to the luminosity decay, and one can write 

1 = 1 + 1 + 1 
TL T p Tpbar Tc 

with T l = l6h resulting from x p = 60h, T p o a r = 4 0 h * T c = 5 0 h 

(average values over a 20h store). 

In the early days of the collider the RF noise-induced diffusion was 
an important source of beam loss. Following considerable improvements in 
the low level RF systems (see D. Boussard, these proceedings) this is no 
longer the case for protons, as noise-limited lifetimes of 200h have been 
measured. For antiprotons, the RF noise still contributes significantly to 
the losses, but next year the pbar RF system will have been upgraded to 
the same performance as the proton one and this will eliminate to a large 
extent this cause of luminosity decay. 

Contrary to the antiprotons, the number of protons available is not 
limited by the injectors. Therefore in order to increase the initial 
luminosity L Q continuing efforts are being made to squeeze as many 
particles as possible into the proton bunches. To do so many 
beam-dynamics effects have to be overcome, as will be described in the 
next paragraph. As the density of the proton bunches increased well above 
the design value of 10 x ip. the luminosity lifetime began to 
deteriorate. This phenomenon was carefully studied and it became apparent 
that the scattering of protons on each other, the so-called intra-beam 
scattering, was responsible for this effect. At the beginning of the store 
it manifests itself by a blow-up of the longitudinal and transverse 
dimensions of the bunches, thus reducing the luminosity lifetime through 
the term T . Towards the end of the store, the lengthened bunch is 
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prone to particle losses through the bucket separatrix, and t p 

dominates. 

For antiprotons the main cause of losses is the beam-beam effect, the 
fundamental limitation of particle colliders. 

Another effect which could have been important in limiting the 
luminosity lifetime is the scattering of protons and antiprotons on the 
molecules of the rest gas. To get rid of this effect the SPS pumping 
system has been considerably upgraded and as a result a mean nitrogen 
equivalent pressure for multiple Coulomb scattering of 1.6 1 0 ~ i o mbar 
has been reached, low enough to eliminate any significant influence. 

it 

5. Beam dynamics limitations 

The collider luminosity is optimized by gathering the beam particles 
into few dense short bunches. In fact, the already existing 200 Mhz 
accelerating system of the SPS imposed even shorter bunches than would 
have been necessary. As a consequence the high intensity proton beam is 
subject to a series of coherent and incoherent self-field effects which 
had to be thoroughly studied in order to reduce their influence on the 
collider performance. In the longitudinal phase plane these effects are 
microwave instabilities and growth of low-order coherent modes of 
oscillation. In the transverse phase planes, the head-tail instability 
and space-charge detuning play an important rôle in determining the 
operating point of the machine. Intra-beam scattering, which is a single 
particle, three-dimensional effect limits the proton beam lifetime. On 
the other hand, antiproton dynamics is dominated by the beam-beam effect. 

Some of these phenomena are important only at low energy: this is the 
case of microwave instability and space-charge detuning. Intra-beam 
scattering plays a role at high energy because of the long storage times. 
The beam-beam interaction is a limitation both at injection and in storage. 

5 . 1 . Coherent phenomena 

They arise from the interaction of the beams with their surroundings 
(fig.5). The 'charges and currents induced in the vacuum chamber walls 
react back on the beam particles and perturb their trajectories. This 
reaction is described by a coupling impedance. 

For the longitudinal motion, the coupling impedance is written 
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Flg. 5 
Beam environment 
interaction: bunch 
passing through a cavity. 

and is equal to the total accelerating or decelerating voltage seen by a 
particle in one revolution for a unit beam current. 

The transverse coupling impedance is defined by a similar formula 

Z = j Jp^tE * VxB ] xds 
x ßlA 

where A is the beam displacement which generates the transverse Fields. 

Once the coupling impedance Z(o) is known as a function of 
frequency, the force acting on a short bunch can be calculated by 
integrating the self field over the bunch spectrum. The result is a 
frequency shift of the form: 

ûu m« I h fa) ZCo) do 
J h m(o) do 

where hra(u) is the power spectrum of the normal mode m of the bunch. 

With these few generalities we do not pretend to introduce the reader 
to the rich field of beam instabilities; for this purpose he should rather 
consult ref (2). But we need these definitions to outline the problems 
encountered in running-in the collider. 

The coupling impedances can be calculated exactly for a smooth vacuum 
f 21 

pipe v •*. However, this is of limited interest in the case of high-energy 
machines with dense short bunches: one term (the capacitive one) varies 
like 1 / B 2 Y 2 and is negligible in the collider even at injection 
energy while the other (the resitive one) is peaked at low frequencies and 
does not couple strongly to short bunches where the power spectra of the 
low order modes extend into the GHz region. 
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On the contrary, cavity-like objects or cross-section variations of 
the beam pipe play an important role because they have a resonant 
behaviour at frequencies of the order of the pipe cut-off, around 1 GHz. 

Computer programs now exist which allow an accurate evaluation of the 
coupling impedance of structures with a simple geometry like RF cavities 
1 J . More complicated structures like electrostatic separator tanks can 
be measured on a test bench and this way it is possible to empirically 
minimise their impedance. With the application of these new techniques 
machines which have been built in the past 6 years present coupling 
impedances an order of magnitude lower than "old" machines like the SPS. 

As it would be impractical to apply these techniques to an already 
built machine, another approach is used in this case. It is assumed that 
all resonant objects of different sizes and shapes traversed by the beam 
add up randomly and constitute altogether a "broad band coupling 
impedance". It is customary to parametrize this "synthetic" impedance by 
a broad-band resonator^ of Q = 1 and resonant frequency f r as 
plotted in fig. (6). Note that Z///n is plotted, where n is the frequency 
normalized to the revolution frequency of the machine. The transverse 
impedance is related to the longitudinal one by the formula. 

Z 
n 

where b is the inner chamber radius and R the machine radius. 

Z// 
i i n 

Im y— 
Fig. 6 
Broad-band model 
(Q = 1 resonator). 

The broad band model allows the calculation of coherent phenomena 
like head-tail instability growth rates (related to the real part of the 
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transverse coupling impedance) the betatron coherent frequency shift 
(imaginary part of the transverse impedance) the microwave instability 
thresholds and growth rates (longitudinal impedance) and the synchrotron 
frequency shifts (imaginary part of longitudinal impedance). All these 
values have been carefully measured in the SPS and used to adjust the 
parameters of the broad-band model. It is found that with f R = 1.3 GHz 
and (Z///n)Q = 8 to 160. it is possible to account for all observed 
coherent phenomena affecting short bunches. In other words, the 
broad-band model has a good predictive power within a factor of two. 

As beams are injected close to transition energy ( Y t r = 23.2) the 
threshold for fast blow-up of the longitudinal emittance (microwave 
instability) is low and dense proton bunches from the CPS would explode 
when injected into the SPS. To get around this problem a preemptive 
blow-up of the longitudinal emittance is made in the CPS. It turns out 
that a longitudinal emittance of 0.5 eVs, which is the nominal emittance 
for antiprotons coming out of the AA, is sufficient to provide stability 
for protons. Therefore both beams are injected with the same longitudinal 
emittance. 

The transverse head-tail instability is suppressed by making 
chromaticities in both planes slightly positive, a well known recipe. 
However, if injection into the SPS had taken place below transition 
energy, a negative chromaticity would have been needed to stabilize the 
beams and a fast jump From negative to positive value through transition 
would have been mandatory. In addition, the negative mass effect would 
have considerably enhanced microwave instabilities near transition. All 
this was part of the justification for injecting at 26 GeV/c in the SPS 
instead of the normal value of 10 GeV/c for fixed target physics. 

The large value of the imaginary part of the longitudinal coupling 
impedance over the bunch spectrum (often called the "inductive wall 
effect") induces a frequency shift of the longitudinal low order modes of 
the dense proton bunches. This shift prevents natural stabilisation by 
Landau damping from the frequency spread across the bunch population and 
dipole, quadrupole, sextupole and even octupole modes are observed to grow 
slowly to large amplitudes during storage The consequence is 
finally a blow-up through filamentation, which leaves the bunch prone to 
losses induced by RF noise and intra-beam scattering. 

Figure 7 shows the frequency shifts (C) and the spread in synchrotron 
frequencies (S) as a function of bunch length for the above mentioned 
modes (m = 1 is dipole, m = 2 quadrupole etc..) Natural- stability 
requires that S be larger than C, which imposes a minimum bunch length. 
In order to keep the bunches short it was necessary to provide damping 
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through feedback loops on dipole and quadrupole modes for each bunch 
individually. High order modes are damped naturally by a rearrangement of 
the bunch distribution without too detrimental consequences. 

to 

200 0,2 
0.3 < r . [ m ] 

1 0 V E / E 

Pig- 7 
Frequency spread (S) of low order longitudinal bunch modes 

as a function of bunch length compared to frequency shift (C) 
due to the broad-band coupling impedance in the SPS collider. 

The equivalent in the transverse planes of this "inductive wall 
effect" produces a shift of the coherent betatron frequency. As a 
consequence the measured tune, which is obtained by observing the 
coherent motion of the beam artificially excited, differs from the 
single particle tune and depends on intensity and bunch length. The 
value of this tune shift must therefore be known accurately and taken 
into account when setting-up the machine (see fig. 11). 

5.2 Incoherent phenomena 

Two phenomena in this category play an important role in the SPS: 
the Laslett space-charge detuning ^ and the beam-beam effect. 
They both arise from the averaged direct influence of the particles of 
one beam on a test particle. For beam-beam this test particle belongs 
to the opposite beam, while for the Laslett effect it is a particle of 
the same beam. 
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Calculations are simple in the case of a uniform beam of round 
cross section. The force acting on a test particle at radius r is 

f = e (± E - ßcB) ß = Y. 
c 

where the plus sign in front of E is valid for a particle of the same beam 
and the - sign for a particle of the opposite beam. In the first case 
the effect of the magnetic field partly cancels the effect of the electric 
field, while both add in the second case. 

The fields are easily calculated by applying Gauss and Ampere's laws and 
one finds for a beam of radius a 

f = e— — H e — r [± 1 - ß 2] 
2 c o Zn'Ra' 

This linear force produces the same detuning for all the particles 

r ß 
ÛQ = - IE N x.z 1 [1 _ i] for the space charge effect 

ff Y 2a 2 B ß 2 

r ß 
AQ = —E a x.z I [1 + l] for the beam-beam effect 

X , Z w Y 2a 2 2 ß 2 

r„ is the classical proton radius,y = (l-ß 2j" %, ß v is the 
P X , z 

horizontal or vertical betatron function. 

For ultra relativistic particles the bracket value is close to — in the 
y 2 

case of the space-charge effect and close to 2 in the case of the beam-beam 
effect. The bunching factor B = bunch length/machine circumference 
appears in the space-charge formula when the beam is bunched whereas 
it does not appear in the beam-beam formula because in this case a 
bunched beam produces a larger force but for a shorter time. The 
additional factor 1/2 in the beam-beam formula accounts for the fact 
that beams travel in opposite directions. 

For a beam with a gaussian distribution of r.m.s. width a in 
both transverse planes the detuning at small amplitudes is very nearly 
linear and, the same formulae can be applied provided a 2 is 
replaced by 2a 2. This gives the linear or central tune shift. 
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formula : 

space charge _ 

Beam-beam r = AQ = 

-£ü!L i 
E* 

1 
E* 

I 
B 

Large amplitude particles see a smaller effect due to the reduced particle 
density in the tails. This gives rise to a tune spread which is shown on 
fig. 8 for particles of different amplitudes in both planes. 
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P i g . 8 
"Footprint" of a round 
bi-gaussian beam in the 
tune-diagram. 

In the case of the beam-beam effect the combination of the tune 
spread and of the highly localised kicks received by the particles at each 
bunch crossing generates a complicated dynamical behaviour which is 
detailed in the companion paper on beam-beam effects. (L. Evans, these 
proceedings). The practical consequence is that large amplitude particles 
diffuse out rapidly if their tunes are close to high-order resonances of 
order twelve of less. In this case the beam lifetime is bad and this 
situation must be avoided. But because the total tune spread in the beam 
is of the order of the number of crossings times the linear beam-beam 
effect I per crossing, this sets a higher limit on the acceptable beam 
density, hence limiting the luminosity. Fig. 9 shows the operational 
working area of the collider in the tune diagram during storage at 270 
GeV/c. The protons do not suffer from a large beam-beam tune shift 
because the opposing beam #of antiprotons is ten times weaker (this is 
called the weak-strong régime) and all the particles have approximately 
the same tune Q p. The central particle in the antiproton beam suffers 
the maximum beam-beam tune shift nxÇ where n is the number of bunch 
crossings, and its tune is Qpbar. The large amplitude antiprotons are 
spread over the hatched area, straddling resonances of order 13 and 16. 

In terms of the normalized emittances E* = y M.' one gets the simple 
ß 
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In this situation the beam-beam limited lifetime of the antiprotons is 
approximately SO hours. But if the tunes are slightly moved upwards so 
that more antiprotons enter the domain of the 10th order resonances, the 
lifetime decreases down to about 15 hours. 

Pig- 9 
Tune diagram at 270 GeV. 

The existence of a fast diffusive process in the tails of the 
antiproton beam was revealed in the early days of the collider by an 
experiment which is shown on fig. 10. The beam lifetime was monitored 
while collimators were limiting the acceptance of the machine. When the 
collimator plates were retracted, the lifetime went up and stabilised 
after a while at a value higher than before. When the plates were 
reintroduced, the reverse phenomenon occurred. 

plates in :Acc = Ifrmm.mrad 

1Î05 ÜÜ ÏÏÏI12 1Í25 iîi TU? iïfc ÏÏZs ÏÏ? 
TIME INTO STORE (HOURS) 

Fig. 10 
Diffusion of large amplitude antiprotons. 

2 bunch crossings. £ = .0025. 
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Pig- 11 
Space-charge and beam-beam effects at injection 

(6 p bunches, 1 pbar bunch). 

At high energy the Laslett space-charge detuning disappears because 
of the 1/Y 2 dependence. But at injection energy this effect is 
still important, as shown on the tune diagram of fig. lib. Here Q Q is 
the single particle tune of the machine. The tune measured with the dense 
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proton bunches is Qp, AQ C = - QQ being the coherent tune shift 
described in the last paragraph. The tune of the central proton is Q cp. 
Q Cp - Q 0 being the linear Laslett detuning. Protons are spread over 
the hatched area in between. For the weak antiproton beam, space-charge 
detuning is unimportant. Instead the beam-beam effect of the dense proton 
bunches dominates and shifts the tune of the central antiproton up to 
Q cpbar. The large frequency spread resulting from the beam-beam effect 
manifests itself by a fast damping through filamentation of the pbar 
injection oscillations as displayed on fig. 11a; the same low-intensity 
bunches injected in the absence of the strong opposite beam would show no 
damping on the same time scale. The coherent tune of the antiprotons 
Qpbar can be measured from the injection oscillations. 

The 1/3 and 1/4 integer machine resonances are strong enough to cause 
important losses over the 12s injection platform and early acceleration. 
They must absolutely be avoided by all particles of both beams. The case 
illustrated in fig. 11 corresponds to an experiment where a single 
antiproton bunch was injected against 6 dense proton bunches. Clearly in 
this case it is very difficult to avoid losing either protons or 
antiprotons. In the operational situation of 3 bunches in each beam, the 
space charge effect on the protons is the same (single bunch effect) but 
the beam-beam spread of the antiprotons is reduced by a factor 2, which 
makes the tune adjustments easier. Compensation of the resonances should 
hopefully improve the situation in the future. 

5.3 Intra-beam scattering 

As the proton intensity was steadily increased during the last pbar 
run it became evident that the luminosity lifetime of the collider was 
more and more limited by the growth of the transverse emittances of the 
proton bunches and by the decay of proton intensity. The nitrogen 
equivalent gas pressure for multiple Coulomb scattering of 1.2 1 0 ~ 1 0 

mbar in the SPS can account for an emittance growth rate of only 1.3 
10~ 4 u mm.mrad/hour, an order of magnitude less than the measured 
value. 

In addition, the longitudinal emittance grows faster for the dense 
proton bunches than for the much weaker antiproton ones, as is visible on 
fig. 12. 

All these feature were pointi'.f towards intra-beam scattering ^ . 
Careful measurements of transvers i id longitudinal growth rates under 
various conditions of intensity and emittance were made, and the results 
were found to be in good agreement with the t h e o r y ^ . 
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Fig. 12 
Longitudinal profiles of proton and 
antiproton bunches at 30 minutes 
intervals during storage. 

Intra-beam scattering (or Touschek effect) is the result of Coulomb 
collisions between individual particles in the same bunch. In the rest 
frame of the bunch the particles oscillate in all three dimensions around 
the bunch centre. The average momentum associated with the transverse 
oscillations is by definition 

where P Q is the mean longitudinal momentum, y' the angular deviation of 
the particle, y0 the relativistic factor, B the betatron function 
and Ey = Yo ß y'2 the invariant emittance. 

In the longitudinal direction the momentum is equal to the momentum 
deviation in the laboratory system reduced by the factor yQ as a 
consequence of the Lorentz transformation to the rest frame of the bunch 

P_ _ AP 

By analogy with molecules in a gas a temperature can be defined for each 
direction and the ratio of longitudinal to transverse temperature can be 
written 
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The important point is that at high energy there can be a strong 
unbalance between longitudinal and transverse temperature: the beam is 
"colder" in the longitudinal direction due to the factor y 0-
Collisions between particles therefore will tend to equalize the 
temperatures, transferring energy from the transverse to the longitudinal 
plane. As a consequence one expects heating in the longitudinal plane and 
cooling in the transverse planes, and indeed this is what would happen if 
there were no dispersion in the machine. 

The effect of dispersion is to couple longitudinal and horizontal 
oscillations: when a collision occurs In a dispersive region of the 
machine, the change in energy is accompanied by a sudden jump of the 
horizontal closed orbit which in turn induces a betatron oscillation. As 
a result there is also heating of the horizontal oscillations. 

As there is no dispersion to first order in the vertical plane, the 
vertical emittance should slowly decrease. This has not been observed, 
although the rate of rise of the vertical emittance is always slower than 
that of the horizontal emittance. Horizontal- vertical betatron coupling 
could account for this effect. 

The emittance growth rates are proportional to the beam brightness 
in the six-dimensional phase space N . 

E x E z E s 

Experimental results are shown on figs. 13 to 15. Figures 13 and 14 
demonstrate that the growth rates of longitudinal and horizontal 
emittances depend on the beam brightness. Moreover, they agree very well 
with predictions of intra-beam scattering theory. Figure 15 is more 
difficult to understand but contains interesting features. Three bunches 
were stored together for many hours. Bunch 4 had the usual charateristics, 
while bunch 5 had been artificially blown up and bunch 6 had been blown up 
and reduced in intensity during acceleration. The lifetime of bunch 4 is 
large at the beginning of the store, but decreases steadily as its 
longitudinal eraittance is being blown up by intra-beam scattering. The 
lifetime of bunch 5 reaches an equilibrium value very rapidly. The same 
happens to bunch 6 but at a level twice as high as for bunch 5. 

The interpretation is that high intensity bunches blow up until the 
tail of their distribution reaches the bucket separatrix. Then particles 
leak out and an equilibrium distribution is established. A preemptive 
blow-up tends to establish the equilibrium distribution sooner and the 
rate of loss of particles through the separatrix depends on the bunch 
intensity. 



- 312 -



- 313 -

bunch 1 Intensity flO xM 1 Longitud. Emittance feV.s) 

4 1 1.3 1 1 
.7 1 

5 1 1.3 1 1.4 1 
6 1 -34 1 1.2 1 

In order to increase the performance of the collider it would be 
desirable to minimize the effects of intra-beam scattering by reducing the 
six-dimensional phase space brightness of the beam. The only way to do so 
without affecting directly the luminosity is to increase the longitudinal 
emittance, either by increasing the bunch length, or the momentum spread, 
or both. To increase the bunch length necessitates a new RF system 
operating at a lower frequency, say 100 MHz instead of 200 MHz presently 
used, whereas the momentum spread can simply be increased by providing 
more accelerating voltage. Limitations to these possible improvements are 
set by the properties of the low beta insertions and these will be 
discussed in the next chapter. 

6. Low-beta insertions 

The collider luminosity is inversely proportional to the beam 
cross-section at the interaction point. In order to reduce the beam 
size a at constant emittance E = af. one tries to reduce the betatron 

8 
functions ß at the crossing point by adding to the machine focussing 
lattice a "low beta insertion , , í 9 í * 
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Figure 16 shows the normal betatron and dispersion functions in a 
straight section of the SPS: at the crossing point both ß's are about 

UNPERTURBED LONO STRAIGHT SECTION 
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Fig. 16 
The SPS normal straight section 

Fig. 17 The low-beta insertion. 
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equal to 50 m. In Pig. 17 six quadrupoles have been added to the two 
machine quadrupoles either side of the interaction region to form two 
strong focusing doublets. These reduce the betatron functions at the 
crossing point to ß* x = 1.3 m in the horizontal plane and ß * 2 = .65 m 
in the vertical plane. The matching of this insertion to the regular 
lattice is done by adjusting individually five machine quadrupoles on 
either side of the interaction region. This is necessary to avoid 
introducing any "beating" of the betatron functions in the regular part of 
the lattice. 

The gain in luminosity due to this insertion is about a factor of 
54. Obviously it would be most interesting to reduce the ß**s even more, 
and indeed this is being envisaged. A configuration with ß * x = Im, 
ß* z = .5m has already been tried successfully and should be used in 
operation next year after proper optimisation. However, at this level a 
series of limitations appear, and further progress seems difficult, as 
will be explained below. In fig. 18 the principle of doublet focusing is 

Pig. 18 Principle of doublet focussing. 

sketched. Extreme rays are traced in the vertical (z) and horizontal (x) 
planes. The free length L between the doublet and the interaction point 
is approximately related to the focal length f x by 

L * 2f 
i 

whereas the parabolic law of variation of ß around the interaction point 
allows to relate approximately the maximum ß at the first lens to ß* by 
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A minimum length L must be reserved for the detectors and in the SPS 
collider L = 14 m. Then ß* can only be lowered at the expense of 
increasing ß which has two consequences. The first is that a large 
aperture must be provided in the lens to accommodate the beam, the other 
is that a large chromatic aberration is created 

ix s I L where x = áQ. /ÚS. 
4ir f x Q p 

which will have to be compensated by sextupoles in the regular part of the 
lattice where dispersion is non zero. Using previous formulae one can 
also write 

AX = i_ k-

which shows directly the link between small ß* and large chromatic 
aberration. 

.74 

.72 

i 1 r 

- 7.0x3,5 
- 1,5x0,75 
-• 1,0 x Q50 

i 1 T—j 1 r 

.66 
momentum deviation (% 0 ) 

J ' ' ' ' 
-2 

Pig. 19 
Corrected chromaticity for different low-beta insertions. 

The linear part of the chromatic aberration is usually cancelled In 
large accelerators using two families of sextupoles: one near focusing and 
one near defocusing lenses. In colliders where low beta insertions 
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Introduce large additional aberrations, correction is needed up to second 
or third order. In the SPS it was possible to install only 4 families of 
sextupoles, and the chromaticity is corrected only to second order. 
Figure 19 shows how the remaining third order aberration grows as the ß* 
is reduced. Clearly it will be extremely difficult to operate the machine 
with ß* smaller than 0.5 m, especially if one wants to increase the 
momentum dispersion in the beam to alleviate problems due to intra-beam 
scattering. 

7. Conclusion 

A few ronths of operation have been sufficient to establish the SPS 
ppbar collider as a viable tool for physics. Although lack of antiprotons 
renders the operation extremely acrobatic, the motivation and enthusiasm 
of all the teams of the proton-antiproton complex have proven strong 
enough to overcome most of the difficulties. New operating procedures 
have been developed and extensive beam dynamics studies conducted to 
understand the limitations and optimize the performance. The continuation 
of these efforts in the years to come should guarantee a sizeable increase 
of the luminosity towards the design aim of 10 3 Ocm~ 2s~ l 

provided more antiprotons can be gathered in an improved Accumulator. 
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