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Summary

The luminosity of & storage ring is determined by
the beam currents, by the natural beam size at the
jnteraction points and by the incresse in beam height
due to the besm-beam interaction. The limitation of
the currents, the variation of the besm size and the
minimization of the blow-up 2s predicted by computer
gimulations are  discussed. Results of  the
optimization of the luminosity in PETRA are shown.

Introduction

The luminosity L of a storage ring determines the
counting rate of a process if multiplied with the
cross section of the process. The luminosity follows
directly from the beam currents or mumber of
particles and from the geometry of the intersection.
For head-on collision it is

2
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with f_ = revolution frequency, B = number of bunches
per bé%m, N = number of particles per bunch, Oy z =
standard deviation of the horizontal and vertical
particle distribution, respectively.

(1) L=

The maximum luminosity is determined by three

" types of limitations: l. Limitations of the beam

currents, 2. limitations of the cross section, and 3.

the blow-up of the beams due to the electromagretic
Field of the colliding bunches.

The currents can be limited by single beam insta-
bilities, by the availeble rf power and by the
blow-up due to the beam-beam interaction. In the
storage ring PETRA all three effects play a role. The
currents are limited at low energies {below 11 GeV)
by the besm-beam interaction, at medium energies by
satellite resonances and at the highest energies (18
to 20 GeV in 1982) by the rf power.

The beam dimensions at the interaction point are
determined by the emittances g z, which give the
mesn dimensions in the whole ring, and by the
amplitude Ffunctions @%,7, which give the local
variation due to the focusing:

- L]

{2) %,z = ex,z B;,z

A lower limit for the amplitude function or beta
is given by the chromaticity of the quadrupoles
nearest to the interaction point. At given
chromaticity the beta at the interaction point can be
reduced by reducing the free space for the
experiments between the quadrupoles. Another limit is
given by the bunch length which must be, roughly
speaking, smaller than the minimum beta in order to
avoid that some particles pass the opposing bunch
putside the minimum where the beta is already large.
In PETRA the reduction of the free space by a factor
of 1.7 and the reduction of both betas at the
interaction point by about a factor of 2, the =0
called mini beta, was & large step to higher
Juminosities.

The horizontal emittance ¢y can be varied in two
ways. It is determined by the optics in the ares,
where the synchrotren radiation occurs, and it is
determined by the demping, Thus it can be varied by
changing the optics or by changing Tl cdamp iy parcti-
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tion between horizontal betatron gscillation and syn-
chrotron oscillation, which is done by changing the
revolution frequency, i.e. by changing the orbit in
the guadrupolses.

The wvertical emittance is either given by the
beam-beam interaction or by orbit distortjons in
quadrupoles and sextupoles. In the latter case it can
be minimized by careful orbit corrections.

~ The beam-beam interaction in PETRA leads, first of
all, to an increase of beam beight and te a loss of
luminosity. The increase can be by a factor of 3 or 5
before the beam life time is decreased. The blow-up is
not changed by the mini beta insertion if the ratio of
the horizontal to the vertical beta remains constant
and if no other parameters are changed. This can
easily be seen for the linear part of the space charge
forces which determines the space charge parameter §,
i.e. linear tune shift:

t _N_ B*

b "X,z
3) £ s e B0 X
%,z ~ 27y °x;z(°x+°z)
with re = electron radius, v = relative particle
energy .

Computer simulations have revealed some important
properties of the mechanism of the blow-up and the
main patameters which play & role in this effect. Thus
it was found that small machine imperfections are a
main cause for a large blow-up. Also the working point
plays an important role, and better working points
were found as predicted by the simulations.

1t should be mentioned that if the storage ring is
operated at its optimum the luminosity is always
limited by two effects at the same time. If, for
instance, the currents are limited by the beam-beam
interaction, the beam width can be enlarged so that
the maximum currents and the luminosity become larger.
The second limit is then given either by single beam
jnstabilities or by the maximum beam widih, i.e. by
the aperture of the machine. If the currents are
limited by single beam instabilities or the available
tf power, the beam width can be reduced so that the
second limit is given by the beam-beam interaction or
by the smallest emittance which can be made.

Current_ limitations

The maximum bunch currents an PETRA whaich were

ramped from 7 GeV, the injection enmergy. to higher -

energies and used for luminosity runs were 4x6.5 mh.
They were limited by synchro-betatren resonances
which, especially during enerqgy ramping. reduce the
life time of the beams. The maximum currents injected
into four bunches {(twe in eack beam but without
eollision) were &x% mA, and the maximum current in a
single bunch was 20 mA, which wvas also limited by
synchro-betatron resonances so that st the maximum the
injection compensated the losses.

There are two mechanisms which excite the above
ment 1oned satellite or synchro-bebat'ton resonances:
Spuricus dispersions in the cavities?, which are
produced by orbit distortions, and transverse fields
with a longitudinal gradient3,4, which are mainly
produced by traversing the cavities off-axas. These
resonances can be suppressed in a wide range by orbit
rorroclions?, hovever | the orbil in very sensitive to
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distortions, and the corrections cannot be maintained
during the energy ramping. Satellite resonances are
avoided a3s far as pousible by staying with  the
synchrotron and betalven freguencies hetween the
“resonances. Ouring the energy vamping this is done by
an automatic control -system which measures and
corrects the frequencies.

A vertical instability® which cam also limit the

bunch current is avoided by bunch lengthening which

is achieved by changing the damping partition via the
accelerating frequency, i-e. the revolution
frequency.

Below 11 GeV per beam the currents are limited by
the beam-beam interaction so that, for instance, at 7
GeV the maximum currents are 4x3 mA. Above 18 GeV the
currents are limited by the available rf power {in
1982). At 20 GeV the maximum currents were 4x] mA.

Sometimes the currents are limited by a too large
backqround for the experiments. It can even occur at
currents well below the limit if the beams are
somewhat blown up by the beam-beam interaction. The
background conditions car then very often be improved
by orbit corrections in the experimental regions. A
better shielding of the experiments also improved the
situatjon.

If the number of bunches is increased from 4 to 8
the maximum total current remains roughly the same in
the rf-limited and in the satellite-limited energy
region. In the lower eneray reqion where the currents
are limited by the beam-beam interaction the blow-up
is roughly the same for the same total current. This
holds for the wswal working points but can be
somewhat better for other tunes. For constant bunch
currents the blow-up ircreases strongly with the
number of interaction points. Thus increasing the
number of bunches does not increase the luminosity
per experiment?.

Mini beta insertiaon

The amplitude functions or betas in the inter-

action region are given by

ol
(4)  Bx,2(8) = B%,z + G_:_
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where s is the distance from the symmetry point. The
betas must not become too Inrge in the quadrupoles
nearest to the interaction point where they produce n
large chromaticity, i.e. strong enerqgy dependence of
the betatron frequencies which must be compensated by
sextupoles.

Initially the four interaction regions in PETRA
had a free space of 2x7,5 m each. It was used by the
~ detectors and, in three interaction regions, by

compensating sclenoids which compensated the solenoid

fields of the detectrrs. After it was shown that
PLTRA could be operated without 2olenad compenaal ion
the free space was reduced bo 2x4.% m. The Lhree

detectors with solenoids are now running without
compensation. Their field polarity iz rhogen such
that they partly compensata rach other. The operatijon
of the machine is not affected at higher enerqgies,
but at lower enerqgies the pecformance s somewhab
reduced due to the lavadcr roupling of the horizontal
and vertical betatron oseillations.

The horizontal and tha wertical beta at the inter-
action point were reduced From 250 to 120 cm and from
15 to 8 em, respectively2:9,10. The ralculation qives
an enlargement of the luminosity by o Factor of Z.
The first measurements gove nearcly o Taclor of 5, lhe
reason for thoe additionst increase was o new  align-

ment of all quadrupoles which was donc together with

the reduction of the free spacre. Thus machine
mmpecfections were removed and the blow-un of the
beams was reduced as will be discussed Jater. The

additional increase was lost after scveral months when
the gquadrupoles were again somewhat displaced.

The mini beta is now limited by the chromaticity. A
further reduction of the betas reduces the energy
acceptance. This holds for a compensation of the
chromaticity with two families as well as with Four
families of gextupoles, although the situation is
somewhat better with Four families.

A new schemei the so called micro beta, is now

under discussionll, where superconducting quadrupoles
are incorporated in the detectars at a distance of
only 0.9 m from the interaction poink. A vertical beta
of about 2 cm secems possible at 2% GeV with -a
reasonable energy acceptance. -

Variation of the emittance

The horizontal emittance 1s given by quontum fluc-
tuation and damping. The emission of & photon changes
the amplitude of the betatron osciilation pro-
portionally to the dispersion at that posilwon. Thus
changing the dispersion in the bending magnets by
chanqging the focusing in the arcs yiclds a variation
of the horizontal emittance. This must be done without
changing the tune of the machine and without preducing
a dispersion in the straight sections which would
excite satellite resonances and increasc the blow-up.
Under these conditions a variation of the horjzontal
emittance by a factor of Z to 3 is abtained in PITRA.
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If the equilibrium orbit of the machine passes
off-axis through a quadriUpscle in which the dispersion
does not vanish, ke radiation losses in  the
guadrupole are different for particles with positive
or negative energy deviation. This adds some damping
or antidamping to the syndhrotron escillation. If the
equilibrium orbit is displaced in the same direction
as the orbit of particles with poseitive energy
deviation the synchrotron oscillation is damped since
& positive energy deviation gives larger radiation
losses. Therefore, a reduction of the accelerating
frequency, i.e. a lengthening of the equilibrium
orbit, increases the synchrotron damping, and an
enlargement of the accelerating frequency decreases
the synchrotron damping. Since the sum of the damping
constants of the synchrot ron and betatron
oscillations cannot be changedl? the betatron damping
is changed with the opposite sign as the synchrotron
damping.

Fig. 1 shows the beam width and the bunch length (or
energy spread) which ars proportional to one over the
square root of the damping. The presentation in (b)
shows the change of the damping. The distance of the
synchrotron pole from the central freaquency
(499 664 kHz) is twice the distance of the betatron
pole since the synchrotron damping is twice the
betatron damping in a machine without synchrotron
magnets. Maximum changes of beam width and bunch
length by a factor of Z to 3 are obtained. A change
of the damping partition has the advantage that it
¢an be done during a luminosity run so that the
operating conditions can always be optimizedl3.

Computer simulations of the beam-beam interaction

in simulating the beam-beam interaction on a dig-
ital computer, significant progress was made in 1980
14,15,16,17, Since that time, many simulations were
done by several authors, and 2 better understanding
of the mechanism of the blow—up was achieved. In the
following the simulstions for PETRA are briefly
described.

The exact space charge forces of an opposing bunch
with a Gaussian particle distribution were calculated
for a two-dimensional grid of peints and then inter-
polated quadratically for caleulating the transverse
kick of a particle at each passage. The longitudinal
motion of the interaction point seen by a particle
due to its synchrotron oscillation is always taken
into account. Between the interaction pointy the
horizontal and vertical betatron oscillation and the
gsynchrotron oscillation are transformed linearly. fhe
radiation  damping is  included. The  quantum
fluctuation is simulated by applying random kicks on
all three modes of oscillation. The motion of
particles is observed over several damping times,
i.e. over a large number of revolutions. Both cases,
"weak-strong” and "strong-strong” were investigated.

Aq an oxample Tig. 2 shows The veptioal motion of
a single particle in a phase diagram. Ihe horizontal
axis gives the position and the vertical axis the
angle of the vertical betatron oscillation at a
gymmelry point of the machine for cach revolution.
The vertical amplitude of the particle starting with
zero amplitudes remains within one or two standard
deviations of the Gaussian distribution of the
opposing bunch during the first 8000 revolutions.
Then its amplitude increases rapidly due ta quantum
fluctuation and the nonlinearity of the space charge
forces, and it moves intp a third order resocnance
where the phase advance is about 27/3 + 2ax integer
{a). After shout three quarters of a damping time it
comes out of resopance ond leaves the three Fixed
points, but is immediately captured by other threc

(a)

N =1+ 10348

(b) N = 10349 + 10967
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Fig. 2: Phase disgram ¢-z' (ux = 25.2, Q; s 258,32,
1 damping time = 3000 revolutiony]

fixed points of the third order resonanen (b)) which
are a mireor image and equivalent 1o the Viest theee
puintg (withoul optical asymmelries). Afloer aboul 600
revelutions the particle leaves Gthe third order
resonance and its amplitude decreases.

A similar behaviour can be obscorved for several
resonances. Mare often, however, coupling rescnances
between horizontal and vertical betatron ascillations
appear. These resonances can be found by counting the
hetatron oscillations and by observing the variation
of the amplitudes. ln all cases the particles usually
do not stay longer than a damping time on a resonance.
Due to guantum fluctuation and damping they can leave
the resonance and can then be captured by another
resgnance.



The computer simulations have shown that smzil
disturbances of the ideal machine increase the number
and strength of the resonances vhich can be excited.
Those disturbances are small differences 1n betatron
phase advanice between the interaction points and
gpurious dispersions at the interaction points. Thus
machine imperfections enlarge the blow-up of the
beams and become more important with increasing
number of interaction points.

The increase in beam height 1s given by the root
mean square of the vertical betatron ccoordinates of
many particles over many revolutions:

sy SEn . SR
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N inciudes all particies at all interaction points
and all revolutions after 4 damping times.

The followang PETRA pucameters were used in all
simulations shown here:

synchrotron wave number Q_ = 0.07
ratic of heam width to height at
the interaction point GXG/GZG—: 15

ratic of horizontal to vertical
amplitude function at the inter-
action paint

space charce parameter

number of interaction ooints ) 4

20,400,274 0, 20,=72 30,270

3Q0.=70 Uue 20, =72

A

230 1 2 3
—— QO

35318

Fig. % shows the influence of machine imperfections on
the  blow-up. To  redoec the pcomputer  fame these
simslations were dane only foar the case "weak-strong”,
however, simulations of the casce "strong-sbrong” have
shownl8 that the dependence on the warking peint is
very similar in both cases. The assumed phase
asymmetries can be produced by the usually observed
orbit displacements in the sextupcles, and the
magnitude of the spurious dispersions is scaled from

~measurements of the dispersions 1n the straight

sections outside the mini betns insertion.

. In Fig. 3 three working points are shown. "A" was
the first working point for PETRA during the first two
years. "B" and "C" were chosen because Lhe computer
simulations predicted a smaller blow-up. In "0" the
machine was operated in 1981 »t 7 and 11 UeV. The
blow~up was indeed smaller than n "A". The working
point "C" was used abnve 17 LieV where the beam height
is wvery small since the hlow-up fgoes  down with
increaging energy. The blow-up in " was also smaller
than in "A", and the beam heinht was nnt so sensitive
to vertical orbit distortion as o "B", since the

‘distance from the inteqger s larqer

204+ 2Q;=97 202247
20, Q=7 L0Q,-93 Ov-Qq=2
20z- Qy= 4B Que 2Q,272 "‘“|

Fig. 3: Increase of beam height as a function at the vertical and horizontal betatron frequency

a) without machine imperfections

b) with machine imperfections(ﬁ[}x , = .03, +.01,
¥
D = +8.5, $2.8 cm, D% = t1.3, t.4}




Luminosities in PETRA

Since March 1931, when the mini beta operation in
PETRA was started, many data were taken at 17, 11 and
7 GeV per beam. At the end of 1982 data were also
taken between 19 and 20 Gev. Fig. 4 shows the maximum
luminosities at these energies. At 19 GeV the maximum
luminosity was sharply limited by the available rf
power and by the smallest beam size. At 17 GeY the
beams were blown wup by 10 to 15 % due to the
beam=-beam interaction, and the currents were close to
the limit given by satellite resonances during energy
ramping. At 11 GeV the luminosity was limited by the
beam-beam interaction and the beams were blown up by
40 %. The currents were also limited by satellite
respnances during ramping and the beam width was
artificially increased up to an optimum. At 7 GeV the
luminesity was sharply limited by the beam-beam
interaction and the beam width was reduced during the
run by changing the sccelerating freguency so that
the currents were always at the beam-beam limit. The
emittances at the four energies do not scale with E?
(the matural energy depencence) but with E®.7 due to
the artificial enlargement given by a change of the
optics and the damping partition {s. Table 1}.

Energy/GeV 7 11 17 19

optics MISBE MISE  MI9? MG8
hot. emittance/iU"Tradm .61 .92 2.0 Z.1
change of rf freq./kHz -l1.2 -1 0 a

hor. emittance at
changed rf frequency/ .
10-7radm 1130 1.5 - -

ratio of verit. and
horiz. emittance at

max. luminosity/% 38 14 1.3 0.7
Gx 25.20 25.19 25.19 25.10
Gz 23.13 23.12 I3.2%9 23.35
Us .04z .05 .070G .07
max. luminosity/

1630cm-2s0e-1 1.9 8 17 &.7
bunch current at maximum

luminosity/mA 3 5.7 5.2 2.4
max imum §x .0%6 0% 016 .007
maximum Ez .0la  .026  .D40  .019
maximum number of inverse

nangbarn per day and per

experiment 120 360 870 140

[abrice 1

To suppress machine imprrfections as far as pos-
gible the orbit must be corrected very carcfully.
Large lumincsities werc obtained only  with
rms~vaives of the orbit deviations of .5 to 1 mm.
Spurious dispersions at the interaction points were
compensated with special orbit bumps. Differences in
the wvertical amplitude functions at the eight
quadrupoles nearest to the four interaction points
were found in the order of 20 %. Compensating the
differences with additionzl single power suppliesl?
on the cight quadrupoles increased the aversge
luminosity by about 1% %. Furtheormore, the blow-up
assumes 3 minimum if the currents of the colliding
bunches are equsal, i.e. the differences in bunch
currents should not exceed a few percent20,21,

L 5 —— —

Fig.

4.
15.
16.
17.
18.
19.

21.

2 3 ] 5 ]
38384
4: Luminosity as a funcbtion of bunch current.

For 19 and 7 GeV the values are averaged over
30 minutes, for 17 and 11 GeV over 15 minutes.
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