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Abstract

During 1994 tests were made to evaluate the possihility of oper-
ating LEP with four equidistant bunch trains in each beam dur-
ing 1995. A trainwill consist of up to four buncheswith abunch
spacing of some 75 m. The bunch trains collide head-on. They
are separated at the parasitic collision pointson either side of the
interaction points by vertical el ectrostatic separator bumps. The
accumulation of bunch trainsin a single beam was studied with
magnetically simulated bumps. Followingtheinstallation of ad-
ditiona separators late in 1994, the parasitic encounters of the
bunch trains near theinteraction pointswere studied for onetrain
of eectron bunches colliding with one train of positron bunches
in two diametrically opposite interaction points. The higher-
order mode losses in the superconducting RF cavitieswere mea
sured for severa arrangementsof beams, trainsand bunches. The
synchrotron radiation background, enhanced by the off-centred
beams in the quadrupol esinside the separator bumps, isreduced
by super-imposing asymmetric magnetic bumps such that the of f-
set of theincoming beams is reduced.

I. INTRODUCTION

Bunch trains have been considered for the CESR storagering
at Cornéell University since 1990 [1], and are now used in op-
eration [2]. Theredfter, bunch trains with a horizontal crossing
angle were proposed for LEP [3]. Tests in 1993 reveded in-
surmountable difficulties with the synchrotron radiation back-
ground, caused by the off-centred beams in the quadrupol es next
to the LEP detectors [4]. A proposal [5] which overcomes this
particular difficulty is described and the results of testsin 1994
are presented. The main changes are an increase of the bunch
spacing and a vertical separation scheme which starts beyond
the quadrupoles next to the LEP detectors. The orbita effects
and background were studied with magnetic bumps, using verti-
cal correctors. With up to four trainsin a single beam, possible
bunch current limitations, due to collective effects and higher-
order mode losses in superconducting RF cavities were investi-
gated. During several technical stops, the extravertical eectro-
static separators were installed [6]. Tests with colliding bunch
trains are described and the conclusions are given.

A Bunch Train in LEP consists of up to four bunches. The
spacing between bunches, about s = 74 m, is much smaller than
the spacing between trains. During tests in 1994, one train of
el ectron buncheswas collided with onetrain of positron bunches
intwodiametrically oppositeinteractionpoints, IP4and IP8. The
bunches were vertically separated at the three parasitic collision
points near by, on either side.

1. CONCEPT

With the equipment installed for the tests, one bunch trainin
each beam could be used. The number of bunches within the
trainsand their spacing isdetermined by the requirement for suf-
ficient separation at al parasitic encounters and the constraint
from the LEP experiments that trains should not exceed a tota
length of 750 ns[7]. This spacing must be amultiple of A; and
the final choice was a spacing of 87 A.

A. Separator bumps

The separator bumps in the even insertions alow the beams
to be separated over the whole length of the bunch train during
injection, ramping and squeezing as well as bringing them into
collision at the interaction point while keeping the beams sepa-
rated at the parasitic encounters.

In order to minimize the necessary changes, all existing verti-
cal separators and 4 new oneswere used [6]. At each experimen-
tal interaction point six separators provide a symmetric electro-
static bump over alength of about 240 m (Figure 1).
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Figure. 1. Separation bump in the even points at injection, full
line shows positron orbit and dashed line electrons. Thetwoin-
ner separator pairs are used to cancel the separation for physics.

B. Sdeé€ffects

The amplitude of the dectrostatic separator bumps should
be large enough to minimize the effects caused by the parasitic
beam-beam collisions, i.e. the beam-beam kicks, the beam-beam
tune shifts, and their consequences. The bump amplitude should
be small to minimize the vertical dispersion D, and the result-
ing vertical beam emittancee,. Practicelly all these effects also
depend on the direction of the bumpsin P4 and | P8 — bumps of
opposite direction were used to minimize them. In Pits4 and 8,
| Dy| isless than 1.4 mm, which at an rms momentum spread of
1.2x 10723 resultsin an increase of the vertical beam size of the
order of 3%, whichisnegligible.

Different bunches meet the bunches of the train(s) in the op-
posite beam at the head-on collision pointsin IP4 and P8, and at
three different parasitic collision pointsin their vicinity. Hence,



different bunches receive different beam-beam kicks, travel on
different closed orbits, and al their orbita parameters are dif-
ferent. In particular, the smulated verticd orbit position y and
the vertical orbit lopey’ at IP4 and IP8 are different for all four
bunchesin atrain. The orbit difference between the highest and
the lowest bunch is Ay ~ 2.3 um whilst the nominal vertical
beam radiusis oy ~ 8 pm. The difference between the high-
est and lowest slopeis Ay’ ~ 60 urad which isstill small com-
pared to the crossing angle ¢ above which synchro-betatron res-
onances [8] are excited: ¢ = oy /0, = 0.5 mrad, wheres, ~
15 mm isthe bunch length. The expected tune and chromaticity
splitsbetween the bunchesfor 0.3 mA/bunchare AQ, ~ 0.003,
AQy ~ 0.005, AQ, =~ 0.01, AQ), ~ 2.0. BothAQ, and AQ,
should be small compared to thesynchrotrontune @, ~ 0.065in
order to avoid synchro-betatron resonances. We attribute occa
sionally observed losses on individual bunchesto the chromatic-

ity splits.

I11. SINGLE BEAM EXPERIMENTS

In order to obtain information on how the separator bumps for
the bunch trains affect the beam behaviour, magnetic correctors
werefirst used to excite bumpswhich follow as closely as possi-
blethe proposed el ectrostatic bumps. The required aperture and
optical effectswere studied. Bump amplitudesupto 2.7 timesthe
nominal valuedid not affect theinjectionor thebeam lifetime[9].
The reduced aperture at the beam dump in point 5 was al so stud-
ied and with bunch train bumps of 1.8 times the nominal vaue
no effects on thelifetime, the intensity and the background were
observed [9]. Long bumps extending into the RF cavitites were
successfully tested and no effects were observed on the beam.
If the relative bump polarity iswell chosen, theresidua vertical
dispersion can be minimized,During one experiment, the verti-
ca rms dispersion was reduced from 48 cm to 20 cm by using
alternating polarity.

The injection and accumulation in a single beam were tested
by injecting one bunch of each train at atime. The maximum to-
tal intensity was obtained when bunches arefilled in order, start-
ing at the head of the train. The first injection of four trains of
four bunches spaced by 87A,¢ reached atotal DC current of 5
mA. After theinstallation of additional separators, further single
beam studieswere performed. With four trains of four bunches,
320 pA per bunch wereaccumulated, limited by transverse mode
coupling instabilities (c.f single bunch limit for one beam of
630 nA). The trailing bunches suffered more and saturated at
lower levels. The losses were negligible when the beam was
ramped to 45.6 GeV and squeezed; the emittancesweremeasured
tobee, = 30 nmand ¢, = 3 nm, and there were no notice-
able variations amongst thebunchesin atrain. Longitudina os-
cillations, larger for thetrailingbunch, and avariation of thesyn-
chrotrontune a ongthe trainswere observed. These effects were
predicted from the beam loading and RF modulation.

V. HIGHER-ORDER MODE LOSSES

The superconducting (SC) RF cavities are equipped with
higher order mode couplers which can extract a few hundred
watts of RF power which is sufficient for four or eight equidis-
tant bunches in each beam. The damping due to HOM cou-
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Figure. 2. HOM power measured on 20 cavities with different
single beam bunch train configurations.

plersis, however, too smal to damp the HOM losses between
bunchesin atrain. Therefore the knowledge of the HOM losses
and frequencies in each cavity becomes crucial since one can
not exclude, by design, that any arbitrary bunch spacing is an
exact multipleof the wavelength of a higher order mode. When
this happens, the HOM fidlds of the k bunches of a train must
be added coherently, instead of simply adding their power (in-
coherent addition). The same argument holds for the counter
rotating beams since the bunch trainsin the et and e~ beams
pass through the cavities too close in time for damping between
passages.

The results of measurements of the HOM power on 20 SC RF
cavitiesare shownin Figure 2; thereisnoindication of full posi-
tive coherent addition of fields. The HOM power isaways about
or even bel ow theincoherent val ue, except for two cavitieswhere
the power corresponds to about twice that for simple addition.
With the configuration installed in 1994, the effect of the two
counter-rotating beams could not be checked because the trains
crossed several kilometers away from the RF stations.

V. COLLIDING BUNCH TRAINS

With standard injection conditions the bunch current for one
train of four bunches per beam was limited to around 300 pA.
Following alow intensity trial during the setup period, the first
attempt to establish colliding bunch trains successfully brought
279 - 247 - 221 - 230 pA of positrons and 302 - 303 - 316 -
281 pA of eectronsinto collision. After appropriateorbit correc-
tionsthe collimatorswere moved into positionallowing ALEPH
and DELPHI totake data. Thelifetimeswere good and thebeam
sizes comparabl e to normal 4 bunch operation.

Physics conditions were established three more times in the
following three weeks [9] during which time the luminosity and
background were optimised. Luminosity scans using thedatafor
each collisonwithinatrain were performed. Figure 3 showsthe
luminosity for thecrossingsof bunchesa, b, cand dduringsucha
scan. Theresultsconfirmed theexpected variationinvertical off-
sets caused by the beam-beam kicksfromthe parasitic encounters
and both experiments gave consistent va uesfor theluminosities
of the order of 5- 6x10%°cm—2s71,
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Figure. 3. Luminosity variation during avertica separator scan
in ALEPH.

The experiments had minimal problemsand were ableto fully
exploretheir ability to takedatawith collidingbunch trains. Pre-
cise luminosity measurements were achieved for each bunch and
measured online. Onlinetagging of thebunch number canaso be
obtained with high efficiency. Thelossefficiency for the ALEPH
hadron calorimeter and muon detector, apotentia source of con-
cern, appeared to be small and acceptable.

The combination of thevertical separation bump and powering
the skew quadrupole magnets caused extremely large beam sizes
(2 =100 nm) whenthebeamswere broughtinto collisionduring
physics operation with 4-on-4 bunches. The skew quadrupoles
are inside the separation bumps and are used to compensate the
solenoidal field of the experimental detectors. Thiseffect wasnot
observed with collisions only in points 4 and 8 during the tests,
only when the bunch train bumpswere on, the skew quadrupoles
in4 and 8 were powered and therewere collisionsin al 4 exper-
iments. It was found that removing any one of these three con-
ditionsreduced the beam size to normal vaues.

VI. BACKGROUND

M easurements with two colliding bunch trains[9] have shown
no increase of the off-momentum background in the experimen-
tal detectors. However, asteep increase of the synchrotron radi-
ation (SR) photon background has been observed in ALEPH and
DELPHI for vertical bump amplitudeslarger than 10 mm (Fig-
ure 4). Monte Carlo (MC) simulations confirm that thisis due
to photons, radiated from the peak of the bump. These photons
strike the jaws of downstream vertica collimatorsand are back
scattered into the detectors. For bump amplitudes below 10 mm
most photons from the peak of the separator bump pass thein-
teraction point without hitting downstream collimators and only
asmall increase of the photon background with amplitudeis ob-
served. The SR photon background with large separation bumps
can be substantially reduced by superimposing asymmetric mag-
netic bumps in such a way that the amplitude of the incoming
beam isreduced below thecritical valueof 10 mm, whilekeeping
theseparation constant. Theincreased radiation of photonsaong
the larger amplitude of the outgoing beam does not increase the
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Figure. 4. Measured and smulated (MC) SR photon back-
ground in ALEPH and DELPHI as function of the separation.

SR rate, as these photons only strike the vacuum system along
way from the IP. The effect of the asymmetric correction bump
has been experimentally verified [9].

VII. CONCLUSIONS

The results of the tests in 1994 were judged encouraging
enough for LEP to be adapted during the 1994/95 shutdown, for
operation with four trainsin each beam. Extra el ectrostatic sep-
arators were installed near P2 and IP6, the separators near the
odd pits were moved [6] and the skew quadrupol e magnets were
moved outside the separation bump. The application software
and databases were modified and most of the other equipment
groups aso had to make changes to accommodate bunch train
operation [9].
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