
Introduction 

CERN’s plans to use the SPS as a proton-antiproton 
storage ring are described elsewhere in this Conference, 1) 
In this paper we report experiments in which protons 
were used in the SPS to test out some of the principal 
aspects of the scheme, 

First tests of the lifetime of a normal SPS beam 
stored for several hours at 200 and 270 GeV were encou- 
raging. The natural logarithmic decay time is in excess 
of 24 hours. However, in the proton-antiproton scheme, 
200 MHz bunches containing fifty times the normal design 
population of particles are to be injected into the SPS 
above transition at 26 GeV, accelerated and stored. 
Lacking the hardware to inject at so high an energy, 
we first injected bunches of 10” protons at 10 GeV 
accelerating them through transition but found it diffi- 
cult to pa$g transitionwith more than 40% of this design 
population . Nevertheless we report some interesting 
observations on head-tail and negative-mass effects 
which limited intensity during these tests, 

long and A = TI Aby A$ = 0.2 radian at the normal 10 GeV 
injection energy), The peak current in such a bunch is 
10 A and 100 times the normal SPS peak current, At 
10 GeV/c the calculated Laslett Q, shift for a bunch of 

10” p is about 0.16 and remains so to transition, Even 
after compensating the linear part of this shift the 
spread is too big to fit between uncompensated non-linear 
resonances, The maximum bunch population reaching tran- 
sition was 0.6~10” protons, 

Finally we succeeded in injecting intense single 
bunches above transition by lowering the Q of the SPS 
and were able to accelerate and store bunches of 10” 
protons at 210 GeV. We found that the combined effect 
of longitudinal instabilities and r.f. noise limit life- 
time during single bunch storage, Observations of these 
effects are reported and discussed. 

For a reason which is unclear but which may be due 
to loss to resonances, the longitudinal emittance arriv- 
ing at transition is scraped down to 0.1 radian, Un- 
fortunately this value corresponds to the calculate 

4 threshold for the onset of negative-mass instability land 
this effect was clearly seen as a longitudinal blow up 
2 ms after transition, A large fraction of the beam 
was lost either immediately or later as the bucket 
shrinks at ~‘3 ytr, Fig. 1 shows the strong microwave 

signals in the 3 GHz range (the limit of the diagnostics) 
which accompany the phenomenon. 
time is about 0.3 ms. 

The observed e-folding 
The effect was avoided by a pre- 

emptive blow up of the bunch prior to transition. 

Storage of a Continuous Beam 

The first tests were made by filling the SPS 
circumference with a low intensity proton beam (10” 
pro tons > . This was accelerated to 200 GeV where, during 
a flat top, the main power supplies and r.f. were 
switched to run continuously. 
witil a d.c. 

Beam intensity measured 
transformer was logged and used to calculate 

Fig, 1 : Negative mass instability after transition. 
lifetime. We found the continuous beam of 1Or2 protons 
could be stored easily with multipole and other correc- 
tion systems dead. Fatter, more intense beams of 4~10’~ 
decayed more rapidly until the chromaticity sextupoles 
were used to cancel the chromaticity at 200 GeV and 
reduce the Q spread across non-linear resonances, Beam 
decay was also sensitive to Q adjustment, the empirical 
optimum being QH ICI 26.62, QV = 26.55. These experi- 

ments were repeated at 270 GeV where a natural logarith- 
mic lifetime of 30 hours was reproducibly recorded 
during the first hour or so of storage, This is close 
to the 50 hour life due to nuclear scattering calculated 
for the measured mean nitrogen equivalent pressure of 
7x10” Torr. Coulomb scattering to the large dynamic 
acceptance of the SPS is likely to be small but may 

than the CPS one, 

account for the discrepancy, We have not yet attempted 
impedance Z/n, we 

to extend storage runs beyond two hours to check agree- 
ment between scattering calculations and beam dilation 
rates. 

Strong head-tail instability in the transverse 
plane was observed as a loss close to transition accom- 
panied by a microwave signal from a transverse beam 
position monitor (Fig. 2). Th5)same phenomenon has been 
extensively studied in the CPS , where the high-frequen- 
cy transverse coupling impedance attributed to enlarge- 
ments and steps in vacuum chamber section has been 
measured. The growth-rate found in the SPS (T = 1 ms) 
suggests an impedance ZL = 2,5x106hbn", 5 times larger 

Acceleration of Intense Single Bunches 

The CPS obliged by reducing 4 ns long bunches 
containing more than 2x10 Pl protons by a bunch rotation 
manipulation, Such a bunch fits an SPS bucket (5 ns 
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** When an earlier scheme to inject into the SPS at the 
cooling ring momentum of 3.5 GeV/c was tried, space 
charge Q shift and remanent field-driven non-linear 
resonances conspired to cause rapid beam loss, This 
scheme was abandoned, 

radius (a factor 11 between SPS and CPS). However, a 
smaller fraction of the SPS has these changes in section, 
and the factor 5 does not seem unreasonable, CPS expe- 
rience also predicts that although the instability can 
be avoided by making chromaticity close to zero through- 
out most of the cycle a negative offset before transition 
and a jump at transition to a positive offset are needed, 
The reason is that near to transition the head-tail 
phase shift is huge even for low chromaticity, and the 
transverse modes can couple to the high frequency impe- 
dance of the chamber. Such a jump from 
E;H,v = (P/Q> dQ/dp = - 0.8 to t 0.8 in 13 ms was made 

with the chromaticity sextupoles through transition, 
Its effect was to prevent instability up to 0.4~10” 
protons/bunch but above this the instability reappeared, 
and to reach 10” per bunch seemed very difficult, 
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Unlike the longitudinal coupling 
expect Z, to scale as the machine 

3484 0018-9499/79/0600-3484$00.75 0 1979 IEEE 

© 1979 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material

for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.



Upper trace : bunch inten- 
sity (2.8~10’~ before 
loss) * 

Lower trace : vertical 
pick-up signal 
(pass-band 2.25-2.8 GHz) . 

Arrow shows transition 

Fig. 2 : Vertical head-tail instabi lity before transi- 
tion 5 = t 96 

Rather than combat these impediments we chose to 
inject above transition, By lowering Q from 26.6 to 
15.4 transition momentum falls from 21.3 to 13.4 GeV/c 
The CPS-SPS transfer line,though it will be upgraded 
to 26 GeV/c in time for antiprotons, is at present 
limited to 15.8 GeV but this is just sufficient to 
inject above transition, In spite of the large on and 5 

we were able to accelerate 10” in a bunch to hiih 
energy l 

A 
bunches 

number of experiments 
containing up to 10” 

were made in 
pro tons were 

which single 
stored, Th e 

longitudinal bunch motion was observed from a fast sum 

Storage of Intense Single Bunches 

pick-up and the total charge within the bunch logged. 
Two distinct phases of development were seen. In the 
first “turbulent” phase, longitudinal coherent motion 
developed and subsided, leaving the bunch dilated but 
quiescient. During this phase, lasting 5 to 20 minutes 
decay rate was slow, In the second, “diffusion” period 
the dilated bunch appeared to leak out of the bucket 
with a shorter lifetime which varied from minutes to 
2 hours depending on the parameters of the r.f, system. 

IIowever , it can be shown 
interaction, the inductive wall 

that a strong local 
coupling impedance, - . 

suppresses Landau-damping for the dense bunches consi- 
dered. Then any instability mechanism, however slow, 
will eventually produce large coherent amplit 

7Y 
des and 

dilute the bunch phase-space. A recent work calcula- 
tes exactly the stability threshold of longitudinal 
modes for this particular interaction. 

in 
We comput 

the SPS 
e from this theory that for stability 

q > 1.14 Em, 
,m 63 

where At is the bunch length (ns> 
V the r.f. voltage (MV) 
N the number of particles (1O’O) 

Z/n is the inductive coupling impedance and 
E m, 

? 
m are coefficients for the different modes 

The first dipole mode (1,l) is seen when a train 
of bunches is injected but is damped by the phase loop 
when only one bunch is circulating, For a single bunch 
the first unstable modes are the quadrupole mode (2,2) 
and a non-rigid dipole mode (3,1), 

The constituents of the stability parameter (the 
left-hand side of Eq, 1) were measured before and after 
the turbulent period, Figure 4 shows the parameter 
trajectories for a number of runs. They straddle the 
thresholds for these modes computed for Z/n = 30 II, a 
value near to the one measured at the ISR8). The 
dependence of the overshoot on initial distance from 
threshold can be clearly discerned. 

The Turbulent Phase 

The instabilities seen to grow in the first few 
minutes were of dipole, or more often quadrupole mode, 
higher modes appearing later (Fig. 3). 

Fig. 3 : Single-bunch instability 

Fast-growing coupled-bunch longitudinal instabi- 
lities are seen in the SPS when several bunches are 
~~~“,~~:a”,~~o~ni~s~~ored, and are well explained by 

, but theories predicting the growth 
of single bunch modes in the SPS conditions 
to find. 

are hgyrd 
Growth rates of the Robinsgp rn;;h;;;ywhend 

of the longitudinal head-tail effect 
calculated for our parameters (in the latter case the 
e-folding time is minutes), and such slow instabilities 
are usually inhibited by Landau-damping. 

Pig. 4 : During turbulent period bunches blow-up until 
all possible coherent modes are Landau-damped. 

The Diffusion Period 

ISR experiments have shown how r.f. noise close 
to the sync 
bunch area9 Y 

rotron frequency causes a blow-up of the 
, The small amplitude oscillation theory 

predicts a blow-up rate dca>2/dt to be proportional to 
the noise spectral density of the frequency error mea- 
sured at the bunch center GS1(~o). The effect of the 

phase-lock loop, combined with the non-zero synchrotron 
frequency spread (S) inside the bunch is to reduce the 
influence of the noise source, G e, by a factor propor- 

tional to 
frequency 

S2/B2(b being the loop gain at the synchrotron 

d<a>‘! 
dt 

ck %G 
13 e’ 

(2) 
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In our case, we start with bunches which are already 
quite big, as a result of the turbulent phase, and we 
do not observe a blow-up of the bunch area : the distri- 
bution does not change, 
exponentially. 

but the beam intensity decays 
These features may be described by a 

diffusion 
tion $(a) 

equation, appli 
in phase space, 

cd to 
The 

, 
the particles distribu- 
diffusion parameter is 

proportional to the noise spectral density Gn(ti) or 

G(a), which, due to the phase loop effect, is a growing 
function of the particle oscillation amplitude a9). The 
boundary conditions are$ = 0 at the bucket edge as 
particles are lost when crossing the separatrix, and 
the particle’s flux at the bunch centre must be zero, 

The diffusion equation has a general solution 

$(a,t) = C ji,(a) exp(-t/T,) . 
n 

The largest ?: : T = ho gives the quasi-equilibrium dis- 

tribution $,(a), l/~ 
0 

is proportionalto the noise 

spectral density at the bunch centre but denends rather 
I 

little on the 
function G,(a) 

shape of the noise spectral density 
9 as shown by several numerical exampl esl’) . 

Therefore we can write, as a first approximation : 

1 
7 

= k’ 
0 

$Ge , k’ being a constant. 

Fig. 5 is a plot of T versus S2Ge for various and wide- 

ly different conditions obtained during the experiments. 
It shows a fair agreement with theory at constant phase 
loop gain. A large variation of Ge was easily obtained 

1 2 4 6 8 10 2 4 68100 2 4 6 81000 

S* Ge (arbitrary units) 

Fig. 5 : Beam lifetime dependence on 
and noise level, 

frequency spread 

because the radial loop circuitry acts as a noise source 
around the synchrotron frequency, whose amplitude depends 
both upon the beam intensity (through the A.V.C. cir- 
cuits) and upon the radial loop band-width, When the 
contribution of the radial loop becomes negligible, 
one is left with the true noise of the present r,f, 
system (last point on the curve, lifetime - 2 hours), 
The search for the contribution to the remaining noise 
lies ahead, but meanwhile we have yet to understand 
an anomaly, which was also found in the ISR, namely 
that we could not increase the beam lifetime by increas- 
ing the phase loop gain. 

Conclusions 

Simulation of proton-antiproton storage conditions 
in the SPS are well advanced and single bunches of 10” 
particles have been stored successfully, Slowly growing 
longitudinal instabilities similar to bunch lengthening 
mechanisms in electron storage rings have been seen and 
studied. Although not directly destructive these latter 
promote beam loss due to r.f. noise and while consider- 
able progress in reducing noise has been made a further 
order of magnitude is required before single intense 
bunches reach the 30 hour lifetimes of continuous beams, 

Acknowledgements 

Many practical problems had to be solved to enable 
the SPS to switch into storage operation and we would 
like to thank J.D, Pahud, K.H, Kuhn, G. Beetham, 
R. Bossart, T, Papis, A. Chapman-Hatchett, G, Schroeder 
and D. Thomas for their considerable contributions. In 
addition, none of this would have been possible without 
the CPS team who responded with enthusiasm to our 
requests for special conditions . 

1. 

2. 

3. 

4. 

5, 

6. 

7. 

8, 

9. 

References 

R. Billinge, The CERN Proton-Antiproton Colliding 
Beam Facility. This Conference, 

W, Hardt, Gamma Transition Jump Scheme of the CPS. 
CERN/MPS/DL 74-3. 

J. Gareyte, F. Sacherer, Head-Tail Type Instabi- 
lities in the CERN PS and Booster. 9th Int. Conf, 
on High Energy Accelerators, Stanford, 2-7 May, 
1974. 

F.J. Sacherer, A Longitudinal Stability Criterion 
for Bunched Beams, 1973 Particle Accelerator 
Conference, San Francisco, 5-7 March, 1973, 

K.W. Robinson, Stability of Beam in Radio- 
Frequency System, Cambridge Report CEAL-1010 
(1964). 

H.G. Hereward, F. Sacherer. Unpublished paper, 

B. Besnier. Th&se Universite de Rennes, France. 

S. Hansen et al, IEEE Transactions NS-22 
p 1381 (1975). 

S. Hansen, A. Hofmann, E. Peschardt, F. Sacherer, 
W. Schnell, Longitudinal Bunch Dilution due to 
R.F. Noise, Particle Accelerator Conference 1977, 
p 1452-1454. Chicago. 

10, G, Dome, Private communication. 


