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ELECTRON POSITRON STORAGE RINGS: STATUS AND PRESENT LIMITATIONS.

Fernando Amman
Laboratori Nazionali di Frascati del CNEN - Italy.

Summary

A review of the current status of electron
and positron storage rings is presented. The ex-
perimental results on beam instabilities, their
consequences on the design of a high current sto
rage ring and the technological problems invol-
ved are discussed,

Introduction

The ete- collisions at very high energy
are of extreme interest for the elementary par-
ticle physicist, as the information that can be
gathered with this instrument is in most cases
unique, and, in other cases, of much easier in-
terpretation and more precise than that obtained
with other types of accelerators, as it has been
demonstrated by the first results achieved with
VEPP-II (Novosibirsk, URSS) and ACO (Orsay,
France),

In this respect it is instructive to read
the various proposals for eTe™ storage rings that
have been built, but are not operating, or that
have not yet been built: the justification for their
construction can be repeated more or less exac-
tly as it was laid down five to eight years ago.

The first electron beam was successfully
stored in ADA, the Frascati 250 MeV ete- ring
in the spring of 1961 1; in the years 1962-64 the
Princeton=Stanford 550 MeV e~e~ ring and VEP-I,
a 130 MeV, e-e~ ring, in Novosibirsk, came into
operation; the second Novosibirsk ring, VEPP-II,
700 MeV, ete”, began to produce high-energy
physics data in 1966, and shortly afterwards was
followed by ACO, a 500 MeV e*e~ ring built at
Orsay. ADONE, the 1,5 GeV ete~ ring in Frasca
ti, is not yet running for high energy physics: the
first beam was stored in December 1967, The
modification of the CEA electron synchrotron as
a 3 GeV ete- ring is well along and it is supposed
to be ready for tests with the two beams during
1969; VEPP-III, a 3.5 GeV e'e” ring, will be in
operation in: Novosibirsk probably next year.

The new generation is coming: at DESY,
Hamburg, it has been recently approved the con
struction of a 3 GeV, ultra-high luminosity, ete~
ring,

ACO and VEPP-II, after the first experi-
ments.on the ¢, ¢« and ¥ resonances, are under
going a few modifications te improve their cha-
racteristics (luminosity and interaction region
size); ADONE, after the first year of trouble-

-shooting (talking of a storage ring it would be
better to say instability-shooting), should start
high energy physics experiments during 1969.

It may seem strange that eight years after
the initial operation of a storage ring, only one
e~e” (the Princeton-Stanford 550 MeV) and two
ete- rings, VEPP-II and ACO, have produced
high energy physics results, and these are limi-
ted to experiments with very high cross section.

1 would like to remark that the first beam insta~
bilities observed on the Princeton<Stanford e"e”
ring, and interpreted as being due to the resistan
ce of the wallsz, opened a new era in the accele-
rator field: it has been realized for the firsttime
that the interaction of the beam with its environ-
ment makes a circular accelerator an essentially
unstable system, that can become stable, in vie-
tue of the Landau damping, when the beam densi-
ty is not too high.and the non linearities in the fo
cusing forces give a frequency distribution of the.
particles large enough to compete with the insta~
bilities.

While a conventional accelerator operates
usually at very low particle density, in an elec-
tron storage ring the radiation damping brings
the density to very high values, also when the
current is in the range of the mA; a whole new
set of theoretical and technical problems had the
refore to be solved,

The progress in the knowledge of thebeam
behaviour in a ring, achieved in the last few
years, is quite impressive; the more so when one
takes into account how difficult and time consum-
ing are the experiments in a ultra-high vacuum
system,

In the following, after a short review of ge
neral principles underlying the design of a stora-
ge ring, I shall summarize the present knowledge,
in the light of the experimental results, on four
main issues: single beam behaviour; two beam
behaviour; positron injection; vacuum system. It
should be understood that the interpretation of the
experimental results is far from being complete,
g0 that in many cases I shall refer to work in pro
gress; when no other explicit indication is given,
reference is made to results obtained with ADONE,

Considerations on the general requirements

The quality of a storage ring depends on
few conditions that must be satisfied:
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1) the luminosity, defined as the interaction
rate for an event having unitary cross section,
has to be such to give reasonable counting rates
for the events of interest (whose cross section in
the GeV rangeis of the order of 10-32: 10-34cm?);
2) the signal to noise ratio inthe experimen-
talapparatus must be high enough: the background
must therefore be low (which means low residual
gas pressure and long beam lifetime) and. the in-
teraction region small;

3) the dead times due to the storage process
must be reduced to a minimum: the positron in-
jection rate has to be accordingly high.

The luminosity L due to the interaction of
two beams of total current Iy and Ig (Iy =< Ig),
having an equivalent transverse cross section A
is given by the following formula:

_ 1 Iy Ig
L %r,e2 A (1)

Where k is the number of bunches per beam, f,
the rotation frequency and e the electron charge,

The beam-beam interaction causes a beta
tron frequency shift, v , which depends on A,
among other parameters; theoretical investiga-
tion and the experimental results obtained at Stan
ford, Novosibirsk and Orsay show that thehighest
allowable value of the betatron irequency shiftper
crossing, (8w )M 1s approximately independent
of-other machine parameters (except, probably,
the number of beam crossings in the ring, when
it becomes much bigger than two)} and its value
can be taken between 0, 02 and 0, 04,

‘Combining eq. (1) and the equation which
expresses the dv, we can write a new equation
for the luminosity at the space charge limit:

; (2)
= 1.1x10%% (A em- see) 1Y (8 )y
provided that the following condition holds:
2r, A Ig

T o~
4 Lg‘x 5, e f k¥ (dv M (8)

The beams are supposed to have gaussian
distribution, with r.m. s. transverse dimensions
6, and &, equal for the two beams; /3 is the
usual focusing parameter, that can be considered
as the local betatron reduced wavelength, re the
classical electron radius and ¥ the beam energy
in rest mass units. When the two beams are cros
ging at an angle, the transverse equivalent dimen
sions &y and €, are defined on the projection of
the beams on a plane orthogonal to the bisector of
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the beam orbits. Of the two 4''s, for radial and
vertical motion, one has to take that for which
the ratio (/4 /G)x, 5, is larger,

From egs. (2) and (3) it is easily seen that:

1) the maximum luminosity, for a given ma-
chine, is achieved with equal beam currentsly=lg;
2) the luminosity can be increased increasing

the beam current; but, at the same time, the
beam equivalent cross section must be made pro
portionally larger;

3) the luminosity is proportional to 1/ : the
low-beta insertions3 allow therefore a higher lu-
minosity;

4) the number of bunches in the beam and the
rotation frequency do not affect the luminosity, as
long as eq. (3) is satisfied and the number of crog
sings in the ring is not much bigger than two.

The values of luminosity so far achievedin
ete- rings (Novosibirsk and Orsay) range from
2% 1027 to 2x 1028 cm~2 sec™!; somewhat higher
values have been obtained in the e~e~ Stanford
rings (~ 5x1028 em~2 gec™1),

For a more interesting exploitation of the
storage ring capabilities a higher luminosity is
required; in the GeV region values between 1029
and 1032 ¢cm-2 sec~1, which correspond to 1/4 &
& 2x10-4+2x10-1 A/em, areaimed at. The
high side of this range can be practically achieved
only with very small /A (typical example:I=2A,/8=
= 10 cm), while the lower side is accessible with
ADONE (/3 =300cm, 1I=0,1A),

These considerations outline the main cha
racteristics of the ete~ storage ring design: the
beam intensity and the beam size required are
such that the particle density is a few orders of
magnitude higher than in conventional accelera-
tors, with the consequence that the system, if not
properly designed, is well into the region of in-
stability; the beam lifetime has to be of the order
of hours, to reduce background and dead time,
which implies a residual gas pressure in the
ntorr (10-9 mm Hg) range; positron currents of
0.1+ 1A must be stored in a time short as compa
red to the lifetime.

Single beam behaviour,

a) Phase instabilities

Coherent phase oscillations have been ob-
served on VEPP-II4 and, later, on ACO and ADO
NE, The single bunch beam-RF cavity interac-
tion4, 5, 6,7 can be easily interpreted as follows:
the bunch rotating with frequency @, interacts
with an RF cavity whose real part of the impedan
ce R{# ) has a maximum for @, < W, (see fig, 1):
if a coherent synchrotron oscillation is excited,
the bunch frequency will be lower for higher



beam energy, and higher for lower beam energy.
The energy given by the beam to the cavity in the
situation considered ( W< o), has an increment
of the same sign as the beam energy, and this
gives damping. The opposite happens when &>
> w,, and in this situation one has antidamping
for the coherent synchrotron oscillations.

The same argument applies also to higher
harmonics of the rotation frequency, up to fre-
quencies comparable with the inverse of the bunch
length: the synchrotron motion will be stable only
if the following condition is satisfied®:

I n®R;- R > 0 (4)

where RE are the real impedances. of the RF cavi
ty and ofn other possible structures present in the
vacuum chamber at the frequencies 4l “négtig,
‘D's being the synchrotron frequency, and « . the
rotation frequency of the synchrotrons particle,

The situation with many bunches is more
complicated, as the number of oscillation modes
is increased. Sustained phase oscillations of elec
tron or positron beam have been observed-at ACO
(two bunches) and ADONE  (three bunches), with-
out beam loss, usually; tuning of the RF cavity
acts on the barycentric mode of oscillation, but
not on the relative motion of the bunches. The cur
rent threshold for these oscillation is very low; in
ADONE a fraction of a mA at 300 MeV,

The interpretation of the phase instability
with many bunches has been given by a number of
authors8: all the modes with frequency close to
(nk+p)®w,, wherek is the number of bunches and
p an integer from 0 to k-1, contribute to the in-
stability.,

The more general condition for stability in
the simple case of k equal bunches is given by a
set of k equations (one for each value of p):

Z, %,(nk -P) Rog.p - (nk+19)R§k+p} >0 ()

A spurious mode {present in the RF cavity
or in other structures in the vacuum chamber) at
a frequency nk+p will give damping to one oscil-
lation mode and antidamping to another one: the
modes with p=o (interacting with the barycentric
oscillation mode¢) and p =k/2 (when k is even) are
special in the sense that they contribute to a sin-
gle oscillation mode.

In our case (k=3) the addition of a passive
cavity with p=1 has been sufficient to stabilize
currents up.to 30 mA (our cavity had a strong spu
rious mode with p =2}, but the operation is criti-
cal. A more convenient solution® has been to in-
troduce a synchrotron frequency shift between
the different bunches, obtained with a small RF
cavity operating on a frequency harmonic of the

revolution frequency, but not of the RF frequency
(p # o). '

This type of stabilization must be used
with some precaution: the stable phases of the dif
ferent bunches must not have a large spread
(which results either in.a spread of the collision
region or in a decrease of the luminosity, when
the beams cross at an angle); it is therefore con-
venient to use high harmonies. Also there is pro
bably a practical intensity limit.

In our case 0,6 KV at 71 Mc (n=8, p=1)
are sufficient to siabilize 150 mA at-300 MeV, in
three bunches.

Recently it has been observed, at ACO,
that operation without clearing electrodes, or
with clearing electrodes grounded inside-the va-
cuum chamber, has removed the phase instability:
a possible interpretation is that the electrode
structure (terminated in the middle) had some mo
de, interacting with the synchrotron motion, that
was responsible for the instability.

The phase instability renders more compli
cated the design of storage rings with RF systems
at very high harmonic; active feedback systems
are probably required to take care of at least so-
me of the possible oscillation modes.

b) Bunch length

It has been observed, on ACO and ADONE,
that the bunch length is longer than expected, and-
has a current dependence that cannot.be explained
by the multiple scattering in the bunch; the energy
and current dependence is quite similar in the
two rings,

When more than one bunch is present in
the machine, with different charge per bunch,
their length depends on the charge per bunch; at
Orsay it has been observed that also in the case
of iwo colliding beams the bunch length depends
only on the charge per bunch, These observations
exclude as a possible explanation a beam-cavity
interaction,

It has' been suggested, by Pellegrini and
Sessler, that the clearing electrodes might be re
sponsible for the bunch lengthening; however. the:
measurements done at ACO and ADONE after the
clearing electrodes have been taken out show that
the bunch. length is not changed.

The bunch length I(FWHH) in ACO varies:
with energy E (in GeV) and current per bunch
i(mA) as follows?:

. _ i .
12=12 (1+2x1073 —mA ) (6)
rad E4 1
GeV

where 1., 4 is the bunch length due to radiation,
and the lengths are expressed in nsec.



In ADONE it has been found that, up to a
certain critical value of current, the bunch length
is determined by radiation; for higher currents
the bunch length is given by:

-5/3
GeV

1 i1/3

=0.31 mA E

for 1> lra (1)

d
rad

The experimental results cover the follo-
wing ranges: 0.2 <1 €« 70mA; 0.3 < E < 0,9 GeV;
RF voltage between 20 and 40 kV.

The two formulas agree quite well, apart
from a constant, in the region 1 * lya4:

ACO 11'/301 7 L =013 11/3 E'4/3
rad lrad (8)
~ o 1/6
ADONE : 11/361 L g.46 ¥ 576 (39,
“rad lpag Vet

where V¢ is the RF voltage in kV. The dependence
on RF voltage in ADONE might be still weaker
than indicated.

The multiple scattering in the bunch, in the
high current.limit, should give ik dependence
which is certainly much weaker than that observed,

The bunch length can be affected by a chan
ge either in the momentum spread in the beam or
in the restoring force of the synchrotron oscilla-
tions., A measurement of the ratio of the bunch
length to bunch radial width (which depends only
on focusing parameters and longitudinal restoring
force) can tell us whether the bunch lengthening
depends on an increase of the momentum spread
or on a decrease of the restoring forces, The
measurements so far done on ADONE of the bunch
radial width are not accurate enough to allow a
satisfactory analysis,

c) Transverse instabilities, .

..The forces due to the interaction of the
beam with its environment induce not only a real
frequency shift on the collective frequency, but
also an imaginary shift, which corresponds, de
pending on its sign, to a damping or antidamping
term. Moreover the beam cannot be considered a
rigid body; it will have a certain number of (rele-
vant) degrees of freedom, and a corresponding
number of oscillation modes. The external forces,
in general, will give damping to part of the modes
and antidamping to the other modes and the beam
will be unstable, unless there is a sufficiently
strong damping mechanism.

The Landau damping turns out to be the
dominant stabilizing effect, not only in proton
machines, but also in electron rings, in spite of
the radiation damping. As a first approximation
one can say that the width of the betatron frequen

¢y distribution is equivalent to a damping term for
the collective motion; as an ‘example in ADONE,
at theinjection energy, the width of the radial be
tatron frequency distribution, ‘due to the octupolar
terms of the focusing field alone, is of the order
of 100 sec-1, to be compared with the radiation
damping -equal to 1'sec~1, Other non-linear fields,
as those due to the positive ions trapped in an elec
tron beam, give a still wider frequency distribu-
tion, and, for this reason, a different behaviour
of the positron and electron beams has to be ex-
pected.

At higher energies the radiation damping
(increasing like 73) tends to overcome the Lan-
dau damping (for constant nonlinearities the beta-
tron frequency distribution is proportional to 72
in the region where the energy distribution in the
beam is determined by quantum fluctuations): but
this does not happen in the ADONE energy range.

In ACO and ADONE transverse betatron
instabilities have been observed, with a threshold
much lower than expected, In both rings many dif
ferent experiments have been performed to under
stand the instability and to find ways to cure it;
recently, during Decéember 1968, all the clearing
electrodes (used to sweep out the ions and to di-
splace the beam orbits in order to obtain the cross
ing at an angle) have been taken out of ACO and
ADONE,

With the clearing electrodes in the rings,
the common features of the instability are:

1) it occurs with positron beam, or with elec
tron beam without positive ions (clearing fields on);
the electron beam with ions trapped is stable upto
very high currents (more than 150 mA in one
bunch, at 300 MeV, have been stored in ADONE
without any transverse instability);

2) the threshold current is very low: in ADO
NE, at 300 MeV, the injection energy, with the
natural beam dimensions, the threshold positron
current is about 150 4A per bunch;

3) ‘the threshold of the instability is a function
of the longitudinal charge density in the bunch; the
influence of the total current is small, if any;

4) the dependence of the threshold longitudinal
density on machine parameters is compatible with
a force independent of energy, and with the Landau
damping as a stabilizing mechanism (the threshold
density is proportional to energy times the beta-
tron frequency spread; the threshold increases
making the beam larger and-is proportional tothe
octupolar terms present in the machine);

5) the threshold does not depend on the beta-
tron wave number (over a range from 3.2 to 3.8
for ADONE, with single bunch operation),

The main difference obsérved between
ACO and ADONE is'that in the first one the center
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of mass of the bunch does not move appreciably
during the instability, while in the second the
center of mass displacement is of the same order
of magnitude as the maximum amplitude. This is
an important difference, that allowed the use of a
feedback on the center of mass of the bunch to
stabilize the positron beam in ADONE.

After the clearing electrodes have been
taken out, the picture has not changed in ACO,
except for an increase in the thresholds (about a
factor of 2 for the vertical instability). In ADONE,
on the contrary, we had a major change, namely
the threshold of the instability depends on the
total charge per bunch, not on the longitudinal
density; the threshold current is now, at the in-
jection energy, about 15 times higher than before,

The theory of the coherent beam instabili
tyza 10 developed in the years 1963-1966 for coa-
sting and bunched beams, but neglecting the
synchrotron oscillations, considered the inter-
action of a particle in the beam with the fields
due to all the preceding particles, in the assump
tion that the relative azimuthal position remained
the same,

In the case of a bunched beam, the rege-
nerative action can exist only if the different
bunches are coupled together, that is if the decay
of-the fields is of the order of the distance
between bunches, or longer. The threshold for
instability will therefore depend on the total char
ge in'the ring, and the stability or instability of
a certain mode of oscillation will be influenced
by the betatron wave number,

The experimental results obtained at ACO
and ADONE are therefore in complete disagree-
ment with the theory of the "slow effects' ("slow"
in the sense that the decay of the fields must be
long enough to couple the different bunches, or a
bunch with itself in the single bunch operation),

A plausible explanation of the instability
has been proposed in Frascati, by Pellegrini,
Sands and Touschek; the theory is being develo-
ped independently by C. Pellegrini, H. G, Hereward
and P, Morton. It takes into account the synchro-
tron oscillations, and can be understood with the
following simple model: let us immagine a bunch
made of two particles, A and B: A is ahead, and
is perturbed. B sees the fields due to A, and
starts a forced oscillation, with growing amplitu-
de, as its frequency is very close to that of A, If
the relative position of A and B remains the same,
and the coupling force does not exceed a certain
critical value, nothing dramatic will happen, as.
A will eventually damp down, and so would B,

But the phase motion interchanges their positions:
B would then force A in its oscillation increasing
its amplitude. This "head-tail" process can be

clearly regenerative and is sustained by fields
whose decay length’is of the order of the bunch
length or longer.

A completely new: class of forces, very
rapidly decaying, can therefore cause transverse
instability in bunched bearms; in the:design of the
beam environment one must reduce as much as
possible the intensity of these forces,whichmeans
that all the elements in the vacuum chamber
interacting with the beam should be suitably ter-
minated for frequencies comparable with those
corresponding to the bunch length (typically inthe
range of the GHz).

The dependence of the threshold on bunch
length in the "head-tail” theory is related to the
type of interaction force; the results obtained
after the clearing electrodes have been taken out
of ADONE are therefore still compatible with the
theory.

What has not yet been understood is where
the forces come from; calculations are under way
{0 see whether the vacuum chamber discontinuities
could explain the rise time observed for the
instability.

It should be underlined that the "head-tail"
type of instability does not seem to be present in
weak focusing ring, at least with such low thres-
holds: this could be due either to much stronger
Landau damping, as the beam dimensions .are
typically ten times bigger, or to the focusing
structure difference,

A peculiar behaviour of the '"head-tail"
instability 1;}c1eory11 has been tested on ADONE:
the rise time turns out to be approximately pro-
portional to (1 - /ol ), where C is the chromatism
of the ring, defined as the relative change of the
betatron wave number divided by the relative
change of the particle energy, and o is the mo-
mentum compaction. In a strong focusing ring
without sextupoles C/s is typically of the order
of -10 + -50, while in a weak focusing the absolute
value of C/ol is usually smaller than 1, Accord-
ing to the theory a strong focusing ring should
therefore have much lower thresholds for the
"head-tail" instability than a weak focusing ring;
assuming the same fields due to the beam-envi-
ronment interaction,

Tests with different values of the chroma-
tism have been done on ADONE using a very crude
sextupole; the results are in qualitative agreement
with the theory. With a beam current higher than
the threshold by a factor of about 2,5, the stabiliz
ing feedback gain can be decreased by a factor of
about 5 when the chromatism is compensated
within about 10 + 20% of the original value, and
must be increased accordingly when the chroma-
tism is increased. The threshold current decrea
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ses when the chromatism is increased, but itdoes
not change appreciably when the chromatism is
compensated,

This last result seems strange; it has been
interpreted by C. Pellegrini, and this interpreta-
tion can explain also another result obtained at
ACO and ADONE which was not understood before,
When an octupolar field is added, to compensate
the octupolar terms present in the machine, the
threshold current varies with octupole currentas
shown in fig. 2; the minimum of the curve corre-
sponds to the cancellation of the relevant term
contributing to the betatron frequency spread (the
case of the fig, 2 refers to the radial instability
in ADONE: the minimum corresponds to the can-
cellation of the term depending on the radial di-
mensions). The strange effect, which has been
observed, though less pronounced,also at ACO,
is that the slope of the threshold curve is diffe-
rent on the two sides of the minimum,

It can be shownl2 that, when the betatron
frequency distribution is not symmetric around
some central value Vg (as it is the case with
bunched beams, where the frequency distribution
is an exponential in the amplitudes squared), and
the real part of the coupling force is larger than
the imaginary part, two different regimes of the
Landau damping are possible, depending on the
relative sign of the real part of the coupling force
and of the parameter defining the asymmetry of
the frequency distribution. For one sign the thres
hold is determined by the imaginary part of the
force, for the other by the real part; in the second
case the thresholds are lower than in the first
case,

The compensation of the chromatism
affects mainly the imaginary part of the force,
and the decrease of the feedback gain necessary
to stabilize the beam proves that this actually
happens; the fact that the threshold does not
increase seems to prove that it is determined by
the real part of the coupling force,

The result with the octupole indicates the
same thing: reversing the sign of the non linear
terms the thresholds become higher, We should
therefore obtain a substantial increase of the
threshold current changing the sign of the octu-
pole terms of the focusing field, and the same
should happen at ACO: the gain in ADONE should
be of about a factor of 10, as it can be deduced
from the slopes of the two sides of the curve in
fig. 2.

An active feedback to stabilize the trans-
verse motion of a beam has been used with suc-
cess in ADONE: the most intense positron cur-
rent so far stored in‘the ring, 60 mA in onebunch,
has been kept stable with two feedbacks, one for

the radial and one for the vertical motion, operat
ing on the frequency (¥ - m)fo, where V= 3,2,
m=3 and {,, the revolution frequency, is 2. 86
Mec/sec.

The feedback system becomes more com-
plicated with more than one bunch, as the number
of oscillation modes increases: we shall use a
fast feedback, with pulsed operation on the diffe-
rent bunches, But, apart from the technical pro-
blems of a feedback system with very short pulses
(order of 10 nsec) and high repetition rate (about
20 Mc/sec), it is important to remark that the
result obtained with the resonant feedback assures
us that, in ADONE, the active feedback can stabi-
lize a beam up to currents at least 30 times the
threshold value, A measurement of the feedback
gain required for stable operation versus intensity
gave a result in reasonable agreement with the
simple-minded theory, i. e, G & Gg (1 -iy,/i),
where G is the gain at the current i, Gy a con-
stant, iy the threshold current,

Two beam behaviour

The experimental results obtained so far
at Stanford, Novosibirsk and Orsay for the maxi-
mum allowable value for the betatron frequency
shift per crossing range, as it has been already
said, between 0,02 and 0,04; some results at ACO
at low intensity tend to indicate somewhat higher
values.

It is not as yet clear how much the maxi-
mum &v per crossing depends on the total number
of crossings; in other words, whether the limiting
parameter is the total &v over the whole ring or
the & per crossing, Results at ACO!3 tend to
indicate that with four crossings the total Jw
allowable is higher than with two crossings, but
only by a factor of about 1,5,

It is most probable that for a very high
number of crossings the total dv would limit the
luminosity; taking into account the fact that the
beam-beam interaction is a long range interaction,
that gives a betatron frequency shift also when
the bunches are separated, in the very high ener-
gy and intensity rings with a large number of
bunches, it is more convenient to separate com-
pletely the path of the two beams, except of cour-
se for the interaction regions, using two inter-
laced rings_14. ADONE, with three bunches per
beam, is an intermediate case: the contribution
to the ¥ -ghift of the four crossings where the
beams are separated by distances of the order of
5 to 10 mm, can be evaluated to be about 20 + 50%
(depending on bunch length and crossing angle).

The use of transverse electric field to
separate the orbits of the two beams circulating



in the same ring is more difficult than expected
for three-reasons: the very strict requirements
on the termination of the electrodes present in
the vacuum: chamber, the single beam behaviour
in presence of an electric field, which is'not as
yet fully understood, and the vacuum problems
when a high voltage is applied to the electrodes
in presence of the beam?,

The luminosity linear dependence on beam
current, when the transverse-density is kept
constant increasing the beam size with current,
has been checked experimentally on the Prince-
ton-Stanford ring, where the increase of the
equivalent transverse size was obtained with a
crogsing angle; at ACO the beam size can be
changed acting on the ring operating point (on the
coupling resonance the beam: is approximately -
round) and: with a: kicker that gives very frequent
small coherent perturbations and;in average, an
incoherent spread of the oscillation amplitudes,
The luminosity increases with current, as predic
ted, when the beam size is adjusted with the
operating point; the use of the kicker, however,
does not give the expected results?: it has been
observed that the allowable & decreases, and,
in some instance;, that the beam lifetime becomes
much shorter.

The increase of the Landau damping, ob-
served-at ACO and ADONE using a kicher with a
single beam, is a check that the effect on the
beam size is primarily incoherent; the result on
the luminosity is qualitatively interpreted as due
to the recurrent small coherent excitation that
can cause & diffusion of the particles, due to non
linear terms of the interaction fieldl®, Similar
tests on ADONE are'now under way.

Positron injection

The absolute value of positron injection
rate in ADONE has proved to be very good: with-
out an accurate optimization of the positron beam
in the linac and in:the transport system from the
linac to the ring, we have obtained a maximum
storage rate of 200 4A per pulse, injecting at
300 MeV on one bunch out of three, and a normal
rate of about 100 4 A per pulse.

The injection: rate in three bunches at
350 MeV (2.5 pulses per second) is expected to
be, in normal operating conditions, about 50mA/
/minute; we think that a careful optimization of
the positron beam will allow to obtain normally
this value of injection rate; extrapolated from
the best values we have achieved so far,

These results show that the positron cur-
rent that can be delivered by a linac with the ap-
propriate focusing systeml6 is sufficiently high

so that it does not represent a technical problem
in the operation of an electron-positron storage

ring, at-least up to stored currents of the order
of fraction of an Ampere,

For higher current rings one must use
higher injection repetition rate, and therefore
higher injection energy; an extrapolation to the
Ampere range, which means about 5 + 10x 103
injection pulses, requires an accurate evaluation
of the stored beam losses for each new injection
pulse,

In ADONE we have indications that a satu-
ration might occur at the level of a few thousand
pulses, but no careful analysis has been done on
the subject, so that the indication we have can be
taken only as a lower limit for the storage effi-
ciency.

Vacuum system and pressure rise with the beam

The typical value of the residual gas pres-
sure that must be maintained in the vacuum cham
ber, to reduce the background to accepiable
levels and to obtain a lifetime in the range of
10 + 20 hours, is 1 ntorr,

A much lower gas pressure in the crossing
region can be very useful in reducing the back-
ground, However for zero angle events (beam-
-beam single and double bremsstrahlung and
annihilation in two % 's) which are very conve-
nient as a. luminosity measurement, what matters
when one evaluates the background at these small
angles is the gas pressure over the whole length
of the straight beam path on the two sides of the
crossing region”.

While it is not difficult, with the present
technology, to achieve a static residual pressure
of a few tenths of a ntorr, it becomes a problem
to keep that pressure when a beam radiating kilo-
watts, and even megawatts, is present,

The pressure rise with beam has been
first observed on the Princeton-Stanford ring and
on ADA, and it has been interpreted by Garwinl8
as being due to a double process induced by the
radiated electromagnetic radiation: photons ex-
tract electrons from the walls (when their energy
is-sufficiently high), which, hitting back the wall,
desorb gas molecules, Experimental measure-
ments of the probability of desorption by electrons
have been performed in Frascatil9 and at CEA20,
The results are that the desorption probabilities
are a very weak function of the electron energy;
as a first crude approximation one can consider
that. the probability of desorbing a gas molecule
is proportional to the photon number, and inde-
pendent of the photon energy, as long as it is
higher than the work function of the vacuum



chamber surface,

In this approximation the quantity of gas
desorbed per second, Q, if the work function is
£, is given by:

Q=1, 45x10 Y1 D{l 1/3} {ntorr ltfsec) (9)

3
2
approximate synchrotron radiation spectrum, §
the magnetic radius of the ring, I the total circu-
lating current (in A), ¥ the beam energy and D
the probability of desorbing one gas molecule per
photon with energy higher than £, averaged
over the photon energy spectrum, Typical values
of D, as measured in small systems, are in the
low 10-7 rangel9,20 AP

The pressure rise with beam T is
obtained from eq. (9)

where &, = ‘Hc 7 3 is the cut off energy of the

AIP 1.45x10° 7 D{1 (‘o 13 (ntorr/A) (10)

where S is the total pumping speed in lt/sec.

The actual average values of D can be de-
duced from the experimental data of the pressure
rise: in ACO, after the vacuum chamber bake-out
and beam running,an average pressure rise of
0. 13 ntorr/mA at 385 MeV has been observed?l,
which corresponds to D & 10-5 (the pumping
speed is about 103 1t/sec); the pressure rise is
now lower by about a factor of two, giving
D 2 5,10-6 2, the improvement being due, pre-
sumably, to the beam conditioning,

In ADONE before the vacuum chamber
bake-out, it has been measured a pressure rise
of 0,12 ntorr/mA at 500 MeV, which gives
D =~ 10-4 assuming a pumping speed of about
8.000 1t/sec. We expect a decrease in D of about
one order of magnitude by the bake-out and the
beam conditioning,

Very good results have been reported in
1967 by the CEA group, from which a value of
D = 5x10-6 can be inferred.

It should be remarked that all these data
on the value of D measured.on a ring are at least
one order of magnitude worse than what expected
on the basis of measurements on small systems
under controlled conditions,

Conclusion

The work done in the last years has provi-
ded new information on the high current ete-
storage rings: it turns out that, while no insupe-
rable difficulties have come up, the operation

presents some problem that-should be considered
quite carefully in the design of new ultra-high
intensity rings. I may list the following points:

1) longitudinal and transverse beam stabiliza
tion in the case of very high number of bunches:
practical limitations of active feedback systems;

2) control of the nonlinearities in the ring
{sextupole and octupole components);
3) suitable termination up to very high fre-

quency of all the structures in the vacuum cham-
ber;

4) automatic control of all the parameters
that must be kept within tight tolerances;
5) ways to control the beam dimensions.

There are also aspects that have not yet
been studied sufficiently to be fully understood,
among which are the forces that cause the tran-

‘sverse ingtability, the bunch lengthening, the two

beam behaviour when the beam.cross section is

enlarged and the high values of pressure rise with
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LNF-69/12 (28/2/1969) - ERRATA CORRIGE

Page 5, 2nd coluinn, 23rd line from the bottom should read

. ... proportional to (1 - C/o{)ul, where C is the chromatism ..,."
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