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Introduction

The need for higher currents has been a primary
force in design and innovation since the invention of
accelerators, and a substantial amount of attention con-
tinues to be directed toward this end. In this paper,
some aspects of the influence this effort has had upon
the design of accelerators and storage rings are re-
viewed. In order to permit proper coverage and to
achieve clarity, it has been necessary tc 1imit the
choice of topics for discussion and therefore to omit
some of the many schemes used to achieve the present
degree of success. These topics have been arbitrarily
selected from the following categories: transverse
interaction of a beam with its surroundings, longitu-
dinal interaction of a beam with its surroundings,
influence of vacuum on high beam currents and colliding
beam-beam interactions. In the preceding paper pre-
sented at this Conference,! the limitation of beam per-
formance by these phenomena has been reviewed and the
reader is referred to this paper for more complete
references to the original literature.

Transverse Interaction of a Beam
with Its Environment

It was first observed by Kerst that the self fields
of a high-current beam would reduce the transverse fo-
cusing of the beam and result in a shift of the betatron
oscillation frequencg, Av, which is proportional to the
number of particles.? The beam will become unstable if
the betatron frequency is shifted onto a strong reso-
nance, an effect which has certainly influenced the de-
sign of proton synchrotrons and their injectors, espe-
cially strong focusing machines. Because the maximum
number of particles as Timited by this tune shift in-
creases with energy, one solution has been to increase
the output energy of the injector. For example, in the
Brookhaven conversion project, the linac energy output
was increased to 200 MeV. At CERN, the P.S. Booster
Group takes a different approach. They retain the 50
MeV linac but feed four rings, each with the sufficient
number of particles to be at the Av limit, and acce-
lerate the four beams up to 800 MeV, an energy at which
they are below the Av 1imit when the beams are combined
in the CERN proton synchrotron. At the Princeton-Penn
accelerator and the Fermilab Booster, still another
approach was used: to increase the pulse rate to
achieve the total number of particles per second desired
within the 4v limit for the number of particles that
could be contained in the synchrotraon.

Laslett and Resegotti pointed out the important
influence of the beam surroundings on the space-charge
tune shift.® The influence of the surroundings domi-
nates at high energies where the 1imiting value for the
number of particles in the ring increases only Tinearly
with energy instead of cubicly as it does at low ener-
gies. Attemots have been made to compensate the space-
charge tune shift in varicus machines; the main diffi-
culty with this technique arises from the fact that
different particles in the beam have different tune
shifts. A particularly successful method of this dyna-
mic compensation has been worked out at the ISR where
the space-charge tune shift depends upon the radial
position of the Eartic?e which is strongly correlated
to its momentum.
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High-intensity beams can also produce dynamic self
fields, such as parasitic resonances in cavities, re-
sistive-wall wake fields, etc., that will cause unstable
transverse coherent oscillations. There has been a
great deal of work on this subject and the preceding
paper in this Conference' has emphasized the importance
of this type of beam interaction with its environment.
In electron linacs, this results in beam-breakup for
high total charge in the pulses.® Present attempts to
minimize these effects have centered on modifying the
design of structures such that the parasitic modes re-
sponsible for this type of breakup resonate at diffe-
rent frequencies along the length of the linac, and to
increase the transverse focusing by the addition of
more quadrupoles.

In circular machines, there have been several ap-
proaches for controlling unstable transverse oscilla-
tions. One is to increase the Landau damping present
in the beam by producing a spread in the betatron fre-
guencies. For continuous beams 1ike the ISR, sextu-
poles can be used and the betatron frequency spread can
come from the variation of tune with energy.® For
bunched beams, octupoles are used and the betatron fre-
quency spread is derived from the tune spread with
betatron amplitude. These methods have the obvious
limitation in that the non-linear elements produce
single-particle resonances and the necessary tune spread
must not place some of the particles on a resonance.

Another approach is to use an active feedback sys-
tem that senses the coherent oscillation and feeds back
a signal properly phase-shifted to damp the oscilla-
tion.” This method has been highly successful in many
cases and is most practical for damping dipole oscilla-
tions. It is difficult in any case to build feedback
systems with sufficient bandwidth to stabilize all of
the possible unstable modes, and the design of such a
system is particularly difficult for synchrotrons with
a large variation in the revolution frequency during
the acceleration cycle.

The choice of the operating point for the betatron
frequencies is often useful in controlling instabili-
ties due to long-range wake fields, such as resistive-
wall types, which affect each particle on its subse-
quent turn; this technique is used at the P.S. Booster.®
This last point illustrates the fact that enough flexi-
bility should be designed into machines to permit
operating tunes to be varied over a large region.

The head-tail instability has been observed in many
machines, as described in previous papers.®:!? In seve-
ral machines, only the "zero-head-tail mode" has been
observed for which the use of sextupoles to control the
sign of the chromaticity has proved successful. Indeed,
this effect produces damping in such machines for pro-
per sign of the chromaticity, and at SPEAR I, for exam-
nle, the coherent oscillations excited in the stored
beams by the injection kickers can be thus damped.'!
The use of sextupoles to control the chromaticity pro-
duces non-linear stop bands and care must be used in
their placement in the lattice.'? Also, because the
relationship between the chromaticity and the stability
of the zero-mode changes sign at transition energy, it
may be necessary in proton accelerators to program the
sextupole strength with the accelerating cycle.

For multi-bunch machines, the transverse oscilla-
tions of various bunches may be coupled. If the inter-
bunch spacing is sufficiently small, it is impractical
to damp each bunch separately by means of a feedback
system. A solution that has been used successfully to
decouple these modes has been the use of high-frequency



quadrupoles to split the betatron frequencies of the
various bunches.??** Again, there is the limitation
on the amount by which the betatron frequencies may be
split before the tune of one of the bunches is shifted
onto a damaging resonance.

Because cf the difficulty of damping unstable
transverse oscillations, efforts have been made to modi-
fy the environment. It was first chserved at VEPP-2
that if an electrode were terminated in a matched impe-
dance, transverse coherent oscillations would be
damped.*® In SPEAR I it was found that the damping rate
of transverse oscillations, with positive chromaticity,
decreased when the ferrite in the injection kickers was
removed, so the ferrite, which linked the beam, must
have been ccntributing a stabilizing influence. The
group at DORIS has been able to identify parasitic modes
in the rf cavities that drive transverse oscillations;
they have used water-cooled probes in the cavities to
damp these modes and have placed ferrite in the sections
between the cavities to damp higher-frequency modes. At
the ISR, the impedance of all vacuum chamber elements is
determined before they are instailed in the ring and
hundreds of damping resistors are placed in the bottom
of the chamber in order to reduce the coupling impedance
between the beam and its environment below a specific
1imit. The approach of placing the emphasis on control-
ling the beam environment itself is now receiving the
attention it deserves and will probably be given even
move consideration in the future design of accelerators
and storage rings to the degree possible. On the other
hand, certain elements with intrinsically high impe-
dances will be necessary in some machines. For example,
high-voltage rf cavities are needed for the acceleration
and storage of high-energy electrons.

Longitudinal Interactions of the Beam
with Its Environment

The longitudinal interactions of a beam with its
environment have been observed in almost all types of
accelerators and storage rings. In pulsed linacs, this
interaction can result in transient beam loading of the
fundamental accelerating mode which varies during the
pulse, producing a spread over the length of the beam
pulse in the phase and energy at the output of the
lirac.'®’!” While this has nct been a major factor
limiting the maximum beam current, it does result in
the degradation of the output beam quality. At Fermilab,
for example, the resulting phase spread affects the per-
formance of the debuncher used to decrease the energy
spread of the beam in preparaticn for injection into
the Ecoster.'® If the proton pulse is sufficiently
long, the beginning transieat portion can be discarded
and only *the steady-state portion cf the beam used.
Another promising method to amelicorate this problem is
to use a ‘eed-forward system designed to sense the beam
Toad unstream of the module to be controlled and to ap-
ply @ correcting voltage.!? For electron liracs such
as SLAC, bcam loading can orcoduce an increased energy
spread in the beam Jsed for the high-energy zxperimental
pregram. dere, if the beam current is sufficiently
stable fror pulse to pulse, the accelzrating voltage may
be modified by adding accelerating pulses (or decelera-
ting pulses) of correct amplitude thape and timing.®?

In circular accelerators and storage rings, there
is a large variety of longitudinal interactions between
a high-intensity beam and its environment, as is illus-
trazted by the large number of papers on the subject pre-
sented to this Conference. The interaction of the beam
#ith structures in the ring causes beam loading that
changes the phase 3% the beam, reculting in a change in
the beam-incuced voltage which in turn further changes
the phase of the beam.’! Tnis regenerative feedback can
srcduce, for a single bunch, dipole or "rigid-bunch”
nscillations, ar, for nmultiple bunchas, an c¢scillation
in which all tunches are in phase. Jamping can often
be produced either by tuning the resonant frequency of

the main rf cavity system Gelow the driving frequency
or by using a simple phase feedback system.?? In high-
harmonic accelerators such as the Fermilab main ring,
it may be difficult to detune a faulty cavity suffi-
ciently since detuning the cavity by an amount equal to
the revolution frequency results in selecting the neigh-
boring harmonic of the beam current; thus there is no
detuning at al1.2® To have the bandwidth of the acce-
lerating mode in the cavities smaller than the revoiu-
tion frequency would be desirable in this case, but
this is often difficult to achieve. When multiple
bunches are present, it is possible to have longitudi-
nally-coupled "rigid-bunch" moticn, other than the bara-
centric mode, which cannot be damped by the cavity de-
tuning. The methods used to damp this motion vary with
the type of machine. For bunched beams in the ISR, a
low-voltage, wide-bandwidth bunch-by-bunch feedback
system is used which varies the phase of the rf voltage
by a fast phase modulator.”* In electron-positron sto-
rage rings, these methods are not practical because
higher voltages are required. In DORIS, an additional
cavity is driven at a frequency that is a harmonic of
the revolution fregquency, but not of the rf frequency,
to split the synchrotron frequency of the bunches and
decouple the motion.25 Similar techniques have been
applied at ADONE and at SPEAR; ADONE also uses a longi-
tudinal feedback system that uses gated pickup signals
to drive two feedback cavities at a harmonic of the
revolution frequency.?® The feedback frequency is not
a harmonic of the rf frequency so that different bun-
ches receive different feedback voltages.

In addition to longitudinal dipole oscillations, it
is possible to have higher-mode longitudinal oscilla-
tions.?7 Sessler has suggested a turbulent model where
the combination of many of these modes is responsible
for the bunch lengthening observed in electron-positron
storage rings. The quadrupole mode may be damped by a
feedback system which varies the peak rf voltage, but
other methods, such as Landau damping, must be used to
damp higher-order modes. Landau damping may be ob-
tained by modulating the rf voltage waveform, shrinking
the rf bucket about the beam or shaking the phase of
the rf accelerating system,2%*¢

One of the earliest known effects of longitudinal
interaction between the beam and its environment was
the spontaneous bunching of continuous beams above
transition energy, an effect known as the negative mass
instability, which has been extremely troublesome in
the operation of electron ring accelerators.?®’2? The
present methods of stabilization used are to increase
the energy spread in the beam and to design the struc-
ture for a lower coupling impedance to the environment.
For bunched beams passing through transition energy,
this effect can produce a dilution of the longitudinai
phase space of the beam. Such schemes as the triple
switch or the v, jump have been developed to avoid this
problem.?%°%! In the triple switch scheme, the rf
phase is jumped three times instead of one to produce a
phase oscillation that will be cancelled exactly by the
longitudinal interaction. The ¥, jump is a technique
of manipulating the transition energy with only minimal
changes in the betatron frequencies by means of pulsed
quadrupoles.

Even if all possible beam instabilities due to the
interaction of the beam with {ts surroundings have been
eliminated, there remains the problem of beam energy
lost to parasitic electromagnetic modes of the surroun-
ding structure.’?’?? This energy must be replaced by
increasing the energy output from the rf accelerating
system. A great deal of theoretical wcrk has been done
on this problem, and it is an important consideration
in the future design of high-energy electron-positron
stoerage rings.’* This phenomenon has been observed at
SPEAR [I, and at the Fermilab Booster where it appears
to arise due to the laminations of the magrets; results
are regorted at this Conference.®"*"® Attempts to mini-
mize this energy loss will surely influence the design



philosophy of rf accelerating cavities and other struc-
tures in future accelerators and storage rings.

Influence of Vacuum on High Beam Currents

The quality of the vacuum required for high-current
beam stability is a major consideration in the design of
electron-positron and proton storage rings. Of the many
types of interactions the beam can have with the resi-
dual gas, perhaps the most obvious is the reduction of
beam 1ifetime due to scattering or bremsstrahlung on the
background gas.®’ The main source of gas pressure in an
operating electron-positron storage ring usually stems
from synchrotron radiation impinging upon the chamber
walls and producing photo-electrons which in turn strike
the walls and knock out gas molecules.®® The design of
vacuum chambers in electron storage rings reflects the
concern with this phenomenon;3® for example, they often
have ribbed or serrated walls so that photons strike the
wall normal to the surface, reducing the production of
photo-electrens and hence the amount of gas desorption.

Of major importance is the material used to con-
struct the vacuum chamber wall, since at high energies
in electron storage rings the power load on the walls
due to synchrotron radiation becomes critical.?® Large
electron-positron storage rings that have been proposed,
such as PEP, approach the power limit that can be tolera-
ted under present conditions. Significant improvement
would require a great deal of material research and
development. Aluminum chambers have been chosen for
their advantages over stainless steel and copper, not
only in economy but because heat transfer is better
than stainless steel and the desorption coefficient is
Tower than copper. One of the original problems in
using aluminum chambers was the failure of aluminum
flanges to withstand repeated bakeouts; also the joining
of aluminum to stainless steel flanges is difficult.
This problem was solved in SPEAR by the explosive bond-
ing of aluminum to stainless steel with a silver inter-
face. Other techniques of making ultra-vacuum-tight
cold welds between aluminum and stainless steel are also
under study. Also it is necessary to have a large pump-
ing speed near the place where the outgassing occurs and
this has been accomplished by means of distributed fon
pumps placed in every bending magnet.

Ions produced by interaction of the electron beam
with the residual gas can become trapped and neutralize
the beam, greatly increasing the incoherent tune shift,?
and can also produce unstable coherent oscillations of
the beam.“® These ions may be removed by using clear-
ing electrodes or by leaving a sufficiently large gap
between bunches in the beam to permit the ions to escape
to the wall. The clearing electrodes have the disadvan-
tage of introducing additional elements into the chamber
which may present undesirable electromagnetic impedances
as described in the previous section.

The vacuum problems produced by high-current proton
beams at the ISR have been described in detail.! The
partial neutralization due to the production and accumu-
lation of electrons by ionization of the background gas
is largely prevented by means of clearing electrodes.

In addition to minimizing the space charge tune shift,
removal of the electrons is necessary to prevent

coupled electron-proton instabilities that have been
observed when electron removal was not fast enough.
Beam-induced pressure bumps have also been observed at
the ISR. The production mechanism is one in which ions
produced by collisions of the beam with residual gas are
driven to the wall by the electrostatic field of the
beam. They liberate gas molecules from the wall which
in turn are ionized by the beam, and a regenerative pro-
cess can occur when the product of the beam current and
the gas pressure exceed a critical value. This has been
remedied by reducing the desorption coefficient by
treating the surface with a glow discharge or by baking
the chamber walls at high temperatures. The required
high-temperature bakeout rules out the use of aluminum
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chambers for proton storage rings. CERN uses a stain-
Tess steel vacuum chamber and has also obtained good
results with titanium materials baked at 800°C in a
vacuum. Another solution used is an increase in pump-
ing capacity. Since the problem depends upon the ave-
rage current in the storage ring, there has been some
discussion of achieving the desired luminosity by
bunching the protons and thereby reducing the necessary
average current. This solution introduces other pro-
blems due to interactions of the beam with its surroun-
dings, as has already been discussed.

Beam-Beam Interactions

One of the goals of
rings is to achieve the
luminosity, defined for

the colliding-beam storage
maximum possible value for the
bunched beams as

7= LI , (1)

e’ h f A
]

where I and I, are the currents of the two beams, A
the effective interaction area per bunch, f, the revo-
lution frequency and h the number of bunches. The ulti-
mate 1imit on the performance of a storage ring, refer-
red to as the incoherent beam-beam 1imit, is determined
by the disruptive electromagnetic force that a particle
in one beam experiences as it passes through the other
beam. In a review paper presented by Amman, this limit
is discussed in detail.*? At present, the exact mecha-
nism by which this force produces a transverse blow-up
of the beam is not well understood, although it is
clear that it is the non-lirearity of the force which
is responsible for the blow-up. This force is dependent
upon the beam density at the interaction point and is
usually characterized by the linear tune shift, &v,
which is experienced by a particle of small betatron
oscillation amplitude as it passes through the other
beam. It has been found experimentally that there is a
limiting value for this tune shift above which one or
both of the beams will experience a transverse blow-up.
This effect places an upper limit on the useful current
densities at the interaction regions, which is given by

I Y
— = K

*
h A max 8

(2)

© Vnax

where v is the relativistic energy parameter, g* is the
Tocal betatron function at the interaction point and K

a constant of proportionality. By combining the above

formulae, the maximum luminosity may be written as

K* (v . )% h A Y?

max

o *
e® f (e7)°

oy
1
2:;

Since the interaction energy is determined by the
high-energy experiments to be performed, the only design
parameters that can practically be varied are the rum-
ber of bunches, the effective interaction area per
bunch and the betatron function at the interacticn
point. In many storage rings, it is possitle to operate
near a coupling resonance, increasing the interaction
area and hence the luminosity."’’** The scheme proposed
by Robinson and Voss"® to utilize a lattice with ex-
treme compression in the vertical betatron function at
the interaction points (to about 173000 of its maximum
value and 1/500 of its average value) has resulted in
greatly improved luminosities over those which would
have been achieved with conventional lattices."®*%7**%
In designing recent high-energy storage rings, this
scheme has invariably been incorporated to arrive at
the desired design Tuminosities.”® The major Timita-
tion of this method is that abnormally large values of



the betatron function are produced in some of the mag-
netic elements in the ring, making the correction of
errors and chromaticity effects very difficult.

The Tuminosity may also be increased by simulta-
neously enlarging the effective interaction area and

the current of the beams while remaining at the d&v limit.

The portion of the cross-sectional area of the beam due
to the energy spread is proportional to the dispersion
at the interaction region and, for this reason, SPEAR
was designed with a variable dispersion at the interac-
tion region, with the result that it has been possible
to improve the luminosity at Tow energies.*® The natu-
ral beam emittance is determined by the interplay be-

tween the quantum fluctuation and damping due to synchro-

tron radiation and may be altered by modifying either
the effect of the fluctuations or the damping rates.
The CEA Bypass used special damping magnets to control
the beam emittance by varying the transverse radiation
damping.'?® Other methods of varying the damping rates
have been proposed.®® Methods that increase the quan-
tum-fluctuation driving effects have been suggested,
such as mismatching the energy-dispersion function,
resonant variation of the strength of the bending field
or the simpler technique of varying the betatron
tune.“’sz’”

A completely different concept devised to circum-
vent the beam-beam Timitation is that of space-charge
compensation which will soon be tested in DCI.** This
design utilizes two rings, with both an et and an e”
bunch circulating in each ring. If the currents and
positions of the beams can be controlled to sufficient
accuracy at the point of c¢ollision, the result should
be a cancellation of the largest portion of the space-
charge fields.

Conclusion

The above-mentioned schemes have all been used
successfully to increase the beam current in various
machines. Of course, in many cases, there are limita-
tions that prevent any single solution from being a
panacea, and, as often happens, new effects are disco-
vered which introduce new 1imits on the current. The
author is confident that efforts will continue to be
made toward increasing the high-current 1imit of beams
in accelerators and storage rings, and the most valu-
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able aid for the accomplishment of this goal will remain

the excellent communication that prevails among the
people engaged in this work.
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