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The 800 MeV four-ring CERN Proton Synchrotron jBooster (PSR)
has been designed for accelerating 10" p. p. p. with a high phase space
density.

In transverse phase space, this design aim strongly influenced the
choice of the nominal beam emittances and of the working point in the
Qu—Qv diagram, and led to providing extra aperture, and both normal
and squew correction quadrupole as well as sextupole and octupole
lenses to deal notably with various linear resonances, with possible
throbbing beam instabilities, and with a space-charge induced fourth order
coupling resonance.

In longitudinal phase space the high intensity causes in particular
a reduction of the effective acceptance area, to be offset by a 20°/, increase
of RF voltage, and calls for more stringent stability tolerances of the
RF accelerating system.

The results of the pertinent studies are presented together with
some further considerations on the preservation of phase space density.

]', Introduction

‘The design of the four-ring CERN PSB** has been markedly
influenced by the effects of space charge forces and beam-RF cavity in-
teraction at the design intensity of 10 p.p.p. In contrast, with the ma-
chine layout chosen?, no particular problems seem 1o arlse as regards
the radiation damage expected?, provided modern technology is used.

2. Transverse phase space

In order to increase the 50 Mev Laslett® space charge limit per
ring by a factor of 2.5 (i. e. a total increase of 10), and assuming an
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improvement of the bunching factor by %(Fig. 4), the PSB emittance

was chosen as Epsp= '3§'Ecpsl. (This increases the PSB vertical aperture

by 10°, compared with the requirement of the Linac emittance alone.
Nevertheless an effort is being made to preserve highest phase space
density both in the Linac and in the transport channel Linac—PSR¢.)
The vacuum chamber cross-sections remain comparable because of the
PSB betatron wavelength of 35 m as compared to 100 m for the CPS.

At injection the individual particle space charge detuning®
amounts to AQsc=—0.18 and the coherent space charge detuning to AQc=
==—0.12 for nominal intensity and emittances. If higher intensities or
smaller emittances are desired, we must accommodate higher values of
AQsc i. e. we must make more room in the working diamond (Fig. 1)
by further narrowing the stopband widths. Correction quadrupole lenses
are planned’ for dealing with the 2Quv=9 resonances simultaneously
(necessary in the presence of space charge even if only one resonance
is crossed?®), and squew quadrupoles for tackling the linear sum and dif-
ference resonances’. The space-charge induced difference resonance 2Qp—
—2Qv=0 will be dealt with by working with a Q—split Qy—Qu=0.2°
and using octupoles for compensation of the average space-charge coup-
ling term’. However, the octupole action will also cause some positive
amplitude dependent Q-shift.

The cubic and fourth order resonances may be studied, though not
cured, by means of the sextupoles and octupoles foreseen’. It.is planned
to keep the working point away from the crossing points of these resonan-
ces marked by full circles on Fig. 1. Our rather low ratio Osynenr. [O3tron<
<10-* should prevent significant satellite stop bands. In addition some
extra working space can be provided through making simultaneously
dQn,v/dp=0 by means of the sextupoles, positioned in a straight section
with the correct By/Bu ratio (Fig. 2). .

As regards the throbbing beam instabilities, the ion-induced sym-
metrical (monopole) mode has a growth time of ==0,1 s for 10=* Torr
vacuum pressure’®, and damping occurs if ihe ,external® Q spread AQ.>
>AQs/2. For ogiyon =const. the dipole mode is stable for 4<CQ<4.85 but
Landau damping is probably excluded! because it requires AQ.>AQe.
The quadrupole mode is stable® for 4<Q<(4.39 and 4.5<Q<4.89,
in any case quadrupole and higher modes are damped for AQ.>AQs/4.
The sextupoles or octupoles already mentioned could possibly be used
for providing the required AQ.. ; ‘

The choice of the working point included considering the spread
of betatron frequencies due to momentum, amplitude and space charge.
Taking into account also the desired Q-split and the stable regions for
throbbing modes, we have designed the main quadrupoles for Qu==4 .55,
Qy=4.70. Without changing the polarity of the auxiliary power supplies
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of these quadrupoles one can move the working point inside the small
upper right hand rhomb of Fig. 1 at 800 MeV, and five times as far at
injection. The upper frianguiar region seems to be the more favourable
one, but the Jower (dashed) triangle may also be used; with other po-
larities of the power supply further regions can be explored. The entire
diamond 4<<Q<5 is free of systematic resonances'. "

3. Longitudinal phase space

3. 1 Longitudinal acceptance and trapping in the
presence of spase charge

In the absence of space charge an RF voltage of 10 kV is required
for providing the specified longitudinal acceptance area of 1.35 x Linac
beam emittance. Using Ref.'*  which give the reduction of acceptance
as a function of beam current, we find that for the design intensity the
RF voltage must be increased by 20%, to offset the reduction of about
10 to 15%, both at injection (Vrr=12 kV, ¢==4.8°, y=1.05) and transfer
(Vrr=2 .5 kV, ¢=0° 1=1. 85).

The process of adiabatic bunching at injection (with a given rising
RF voltage) has been followed with a step by step computer calculation
taking into account these space charge forces™. The corresponding maxi-
mum stable phase plane trajectories for 0, 2.5 x 10 and 10** protons
per ring are shown in Fig. 3 and the change of the PSB and CPS bun-
ching factors with time in Fig. 4.

3.2 RF accelerating system

The presence of intense beam loading, by interacting with the ca-
vity tuning, AVC and beam control, adds further feedback paths®® to the
overall beam control system’®. We plan to neutralize the direct influe-
nce of the beam phase oscillations on the RF phase (of the same order
as via the “normal” path) by an appropriate choice of the phase lock
characteristics. Similarly, the AVC will be designed to reduce the (small)
term arising from the coupling between phase and voltage amplitude
and be made insensitive against the voltage waveform?’. Particular atten-
tion will be paid to the bunch shape control™® ¥, to minimize the effect
of the oscillation of the beam current fundamental. To obtain deeper in-
sight' into the functioning of this multiloop system, a dynamical mathe-
matical model of sufficient complexity (if the AVC and tuning loops are
of order two, the total differential system is of order 19) fo retain all
essential features of the real system is being developed and studied®,

Depending on the choice of ferrite, a detuning® of the PSB cavities
of up to 60° may be required to allow for the reactive component of the
beam current, and this will be taken into account in deciding on tuning
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range, maximum tuning rate and cut-off frequency of the saturation sys-
tem.

In order to maintain good control of the gap voltage under all con-
ditions of beam loading it was decided to locate a power amplifier of
sufficient capacity at the cavity®®. Some degree of local feedback may
have to be introduced to reduce the amplifier output impedance.

In view of the rather weak longitudinal RF focusing (maximum
energy gainfturn 12 keV) it will be necessary to watch very carefully
any possible sources of perturbing RF fields. For instance, we study the
possibility of reducing the RF voltage induced across the 100 insulating
joints in the vacuum pipe of each ring by bridging them with appro-
priate condensers.

4. Conctlusions

The design intensity of the PSB is beyond the threshold where
collective phenomena become noticeable. While their consideration
influenced substantially (and rendered more difficult and expensive in com-
parison with a low intensity machine) the design of PSB, detailed stu-
dies so far have not revealed any excessive difficulties.

This paper benefitted from' discussions with W, Hardt, B. W. Mon-
tague, W. Schnell and D. Zanaschi. It is a pleasure to thank G. Brian-
ti for his continued interest and support.
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Fig. 1 QH—QV diagram of-PSBEwith two (triangular) working regions. Dashed rhombs
show the tuning range at 800 MeV, full circles indicate the crossing of the
cubic or fourth order resonance lines.
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Fig. 2 PSB 1lattice with extreme values of beta functions in the tuning range
4.1<Qu,v<<19, and their ratio. B=bending magnet, F,D=main quadrupoles
M=correction multipoles. .
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Fig. 3 Change of the PSB longitudinal acceptance due to space charge 600 ps afte
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Fig. 4 Change of present CPS and future PSB bunching factors d uring longitudina
capture at 50 MeV.

ODUCKYCCHUA

Kyabmun: Kaxosa ray6uua of6paThoit CBA3M B YCKODAIOMHX CTaHUuAX Gycrepa?

Reich: We have yet frozen the design of the beam control system. I gladly talk to
you prevately about present thinking,

Msia: Koppexiusa pesoHaHcoB B 6ycrepe mnpeiyCMOTPeHa Ha NMPOTAKEHHH BCEro LHUKMAA
YCKOPEHHS HJAM TOJBKO B Hauaae?

Reich: This depends on the particular correction. For instance, the octupole correction
of the QU—Qv=0 spacecharged induced resonance may be necessary at any
energy to preserve a flat beam. In any case all lenses are planned to be ener
gised with variable programmes.

Py6unnckuit: Uemy paBeH aMuMTTaHC mpoektupyemoro 6ycrepa?
Reich: v
Ey==130r + 107¢ m- rad
Ey=40n . 1078 m . rad



