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1 Foreword

1.1 From the Chair

Weiren Chou, Fermilab
Mail to: chou@fnal.qov

The International Committee for Future Accelerators (ICFA) meiwn 24,2010
atthe Palais des Congrédse Paris during ICHEP201(Atsuto Suzuki, Director General
of KEK and Chair of IEA, chaired this meeting

Jonathan Bagger, Chair tie ILCSC, presented a summary reporttbe ILCSC
meeting, which had taken place earlier on the same day. The GDE is on track for
producing a Technical Design Report (TDR) by the end of ZD@ Research Director
will produce a Baseline Design for two detectorstfed TDR.There was an extended
discussion onpost2012 ILC activities The consensus was that there would be a
transitional stage after 2012, overseen by a rualtbratory collaboration; the ILC
ef fort would be a Avirt uarhing morateal gsltindk e t he
progresses. This model is general, and so could also cover CLIC or a muon collider in
the future if either of these becomes the preferred lepton colidechnical committee
will be needed to evaluate the readiness of possibleessor machines to the LHC,
once the required energy is known; this committee could be organized by ICRA,
way similar to thelTRP (International Technical Recommendation Panghich
compared superconducting and retemperature linear colliders in @@

ICFA formed a steering committee to draft a document describing worldwide
particle physics opportunities in a coherent and compelling manner. This committee is
chaired by Pier Oddone, Fermilab Director. A first draft is expected in February 2011,
with a final version to be presented at the ICFA Seminar in October 2011.

Toshiki Tajima, Chair of the International Committee for Ultra Intense Lasers
(ICUIL), was invited to the meeting and gave a report on joint activities between ICFA
and ICUIL. A joint task force has been created, and a fjostt workshop was held at
GSI in April 2010 (A brief report of this workshop can be found on p. 239 of issue no.

51 of this newslettelt alsoappearsn the June 2010 issue GERN Courier Possible

laser use habeen considered it-10 TeV &€ colliders,200 GeVyy colliders (based

on either ILC or CLIC) light sources(Compton inverse scattering sources and FEL)

hadron therapynachines and H strippingin high-intensity proton accelerator$he

laser requirements and key technical bottlenecks for each have been identified, and a
technical reporis in progressThe majodaserchallengesre:high average power, high
efficiency, and high repetition rate; the operating electricity cost wil la¢ssignificant.
The challenges are large, but no showstoppers have been Tdwgromising laser
technologies include thin disk, slab and fiber lasers.

The ICFA Beam Dynamics Panel plays an active role in the HIRAL
collaboration. A number of aclegator physicists from major accelerator laboratories
(CERN, DESY, SLAC, KEK, Fermilab, GSI, PSI, LBNL, LANL, SNS, etc.) attended
the jJoint wo r k s h baper ap@licatiores goo futre heganergyt ahde d
high-intensity acceleratos h a s ittereamdis published in Section 4.1t will be

=]
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combined with several other reports (light sources, medical accelerators and laser
technologies) to form a completechnicalreport.

Junji Urakawa, a senior scientist from KEK, has served on this panalrfomber
of years and made numerous valuable contributions, including editing no. 50 of this
newsletter and helping organize the international linear collider school. Due to his new
appointment, he decided to step down from the Beam Dynamics Panel. IHze wil
replaced by Toshiki Okugi, an accelerator scientist also from KEK. ICFA has
approved this membership change. On behalf of the panel, | want to thank Junji for his
excellent service in the past years and wish him success in his new endeavor. | also
welcome Toshiyki on board and look forward to working with him in the coming
years.

The student selection fofhe Fifth International Accelerator School for Linear
Colliders which will beheld from October 25 November 5, 2010 at VillarsurOllon,
Switzerland, is complete. Barry Barish, Director of the ILC GDE, wrote an article on
the school in Section 2.1, which also appears irDtier e ¢ t o r dd the A@yast5n e r
2010 issue of the weekly online journhlC Newsline The school web address is
http://www.linearcollider.org/school/201.0/

The editor of this issue is Dr. Wolfram Fischer, a panel member and an accelerator
scientist at Brookhaven National Laboratory, USA. Wolfram collected 16wvéten
articles in tCoureent BdaeBesn Poblans® omh dise articl e
comprehensive review of this important and challenging beam dynamics problem. In
this issue there are also three recent doctoral theses abstracts (Sha Bai, Da Zhang Li and
An He, all from the Institute of High Energy Physics in i@)i and an ICFAmMiIni-
workshop announcement (AB). | thank Wolfram for editing and producing a
newsletter of great value to our accelerator community.

1.2 From the Editor

Wolfram FischerBrookhaven National Laboratory, Upton, New York
Mail to: Wolfram.Fischer@bnl.gov

Beambeam effectsbecamea subject of study asoon as therewere colliders
beginning withthe first ée collider AdA in Frascatthat started operating 960, and
the first pp colliderlISR at CERNthat started operatingp 1971 Over the years the
research focus has shifted as old prolsiemare better understood, and new problems
emergedCurrent research topigscludebeambeam inconjunctionwith electron cloud
effects in Bfactories crab crossing;ollision with crab wast, collisions with round and
flat beans, beambeam inconjunctionwith other nonlinear effects, lorgnge and
headon compensatiorheambeam with space charge effedisam disruption in linear
colliders,kink instabilitiesin electronion colliders, dynamic aperture and beam lifetime
simulations for both lepton and hadron collideasid more In general, bearbeam
problems are now almost always defined in the contexored or moreother
phenomea.

Previous ICFA Beam Dynamics Newslettehmve discussed some aspects of beam
beam problemsNo. 0 ( Apr i | 2 0030,n ACl | dlai Blr@mgesd 2003,
fi Hi-lguminositye'e Co |l | ), dle M August 20@4m fBeéamacti o
No. 48 ( Apr i | €@ (Colers: Past and Present Experiences and Future
Frontier® )This Newsletter is a little heavy on the side of hadron colliders, and for


http://www.linearcollider.org/school/2010/
mailto:Wolfram.Fischer@bnl.gov
http://icfa-usa.jlab.org/archive/newsletter/icfa_bd_nl_30.pdf
http://www-bd.fnal.gov/icfabd/Newsletter31.pdf
http://www-bd.fnal.gov/icfabd/Newsletter34.pdf
http://www-bd.fnal.gov/icfabd/Newsletter48.pdf
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more information on lepton colliders we refer readerhé¢orelatively receniewsletter
No. 48 (April 2009), edited by ME. Biagini

| would like to thank all contributors to this edition of the ICFA Beam Dynamics
Newsletter for providing the excellent articles that allow the wider contyntonget an
overview of current beasbheam problems.

2 International Linear Collider (ILC)

2.1 Students Admitted to the Fifth International Accelerator School
for Linear Colliders

Barry Barish, ILC GDE
Malil to: barish@ligo.caltech.edu

This year we have again had a very big demand and many qualified applicants for
the Fifth International Accelerator School for Linear Collidefhis year's school will
be héd from 25 October to 5 November 2010 in VillamsrOllon, Switzerland,
continuing the tradition of cycling the school between Europe, Asia and the Americas.
The focus of the school will be on accelerator science related to thgerextation
TeV-scale olliders, including the International Linear Collider (ILC), the Compact
Linear Collider (CLIC) and the muon collider.

We have selected 70 highly qualified students from an increased pool of 276
applications for the 2010 school. We received applicanta #d countries, of which
72% were from countries having programmes in ‘agbkrgy physics. The country
distribution of the accepted students includes 19 from Asia and Oceania, 31 from
Europe and 20 from North and South America. These students will bedlivitb two
classes: Class A (44) for accelerator physics and Class B (26) for radiofrequency (RF)
technology. Dividing the class, following introductory common lectures into two tracks
was introduced last year and enables a medepth school and opetise possibility of
accepting some returning students, of which we will have five this year

The organisation of the Linear Collider accelerator school is done jointly by the
Global Design Effort (GDE), the Compact Linear Collider (CLIC) Study and the
Intemational Committee for Future Accelerators (ICFA) Beam Dynamics Panel. The
continuing popularity and success of the school clearly indicates the important need for
providing advanced training in accelerator science for the -éwghgy physics
community. Ttere are very good opportunities in this field, even in these difficult
financial times, as was highlighted in a recent artiéld-feld where Jobs Go Beqggihg
in Symmetry magazine Particle physics has been responsible for much of the
development of particle accelerator science because of our own need for new
accelerators for our research and therefore our investment in advanced accelerator
R&D.

The attendees at the LC school aredgede students, postdoctoral fellows and
junior researchers from around the world, including physicists who are considering a
career change from experimental physics to accelerator physics. The subjects from
accelerator dynamics to superconducting RF are/drdlooking subjects in the field
with many possible applications beyond the rgeteration Terascale lepton colliders.



http://www-bd.fnal.gov/icfabd/Newsletter48.pdf
mailto:barish@ligo.caltech.edu
http://www.linearcollider.org/?pid=1000750
http://www.symmetrymagazine.org/cms/?pid=1000802
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The curriculum will contain an overview of the different future collider options and a
lecture on linac basics, followed by a choafdwo in-depth tracks: one oglectron and
positron sourcesdamping rings, linacs and beam delivery system; and one on
superconducting and warm radiofrequency technology;léme® RF and higipower
RF.

We are set to have another very successful LClerater school this year. We have
excellent lecturers, weljualified students, an 4depth curriculum and a beautiful site
for the school. | am happy to be able to once again be able to personally participate. |
will be giving both the introductory lecteron high energy physics and the lecture on
the International Linear Collider

Lecturers of the 2010 LC Accelerator School

Lecture | Topic Lecturer

11 Introduction Barry Barish (Caltech)

12 ILC Barry Barish (Caltech)

I3 CLIC Frank Tecker (CERN)

14 Muon collider Bob Palmer (BNL)

Al Linacs Daniel Schulte (CERN)

A2 Sources Masao Kuriki (Hiroshima U.)

A3 Damping rings Mark Palmer (Cornell U.)

A4 Beam delivery & bearbeam | Andrei Seryi (John Adams Inst.)

Bl Room temperature RF Walter Wuensch (CERN)
Erk Jensen (CERN)
Alexej Grudiev (CERN)

B2 Superconducting RF Jean Delayne (ODICAS)

B3 LLRF & high power RF Stefan Simrock (ITER)
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3 Theme Section:Current Beam-Beam Problems

3.1 Observations andOpen Questions inBeam-Beam| nteractions

Tanaji SenAccelerator Physics Center, FNAL, Batavia, IL 60510, USA
Mail to: tsen@fnal.gov

3.1.1 Introduction

The first of the hadron colliders, ISR, started operation in 1970. In the following
years, the hadron colliders to follow were the SPS (started 1980)gtagron (started
1987 first as a fixed target machine), RHIC (started 2000) and most recently the LHC,
which started in 2008. HERA was a hybrid that collided electrons and protons. All of
these accelerators had or have their performance limited by #asetif the beam
beam interactions. That has also been true for the elgotitron colliders such as
LEP, CESR, KEKB and PEPII. In this article | will discuss how the bbaam
limitations arose in some of these machines. The discussion will be fanusedhmon
themes that span the different colliders. | will mostly discuss the hadron colliders but
sometimes discuss the lepton colliders where relevant. Only a handful of common
accelerator physics topics are chosen here, the list is not meant to betigghah
comparative review of beatveam performance in the ISR, SPS and Tevatron (ca 1989)
can be found in reference [1].able 1 shows the relevant parameters of colliders
(excluding the LHC), which have accelerated protons.

Table 1. Basic parameters of past and present fully commissioned hadron colliders

ISR SPS Tevatron HERA p RHIC
Circumference [m] 943 6911 6283 6336 3834
Energy [GeV] 31 315 980 920 250/ 100
Peak Luminosity
[x10% cm? sY] 1.3 0.06 4.0 0.5 0.85
Lumi lifetime [hrs] ? 9 6 ? 6
#of headon collisions 8 3 2 2 2
Number of parasitics 0 9 70 0 4
Total bmbm spread 0.008 0.015 0.025 0.003 0.013/0.a1
by*, by* [m] 30,0.3 0.6, 0.15 0.28,0.28 | 2.45,0.18 0.7/0.7
G, y[iths, te m] 2.75,2.75 2.9,33 3.7,3.7 3.3,33

3,25 () 1.6, 1.4(a)

Bunch intensity - 1.3(p) 3.1 (p) 0.9 1.1A.35
[x10"] 0.7@ 1(a)
Number of bunches N/A 6 36 180 110
Bunch Spacing [nsec] N/A 1150 396 96 108
Bunch |ength [m] N/A 0.72 0.6 0.30 0.6/0.8

Notation: a =antiprotons

Luminosity lifetime in the table refers to the initial luminosity lifetime at the start of
stores. ISR also collided proteastiprotons but peak luminosities were reached with
protons in both beams. HERA was ap eollider but is includeddre.



15

Lumumosity of colliders Beam-beam parameter/IP
100 F T LHC,/. 0.012 T
= o0t
g0y S g
2 Ty S 0008
5 iSR RHIC | g RHIC
z ! B B £ 0006
b4 | o
' | /*IER{ 8
£ \ L0004t SPS
A 0.1 i !
]
SPS T 0002+ ISR HERA LHG
0.01 : : Y R
10 100 1000 10 100 1000
Energy [GeV] Energy [GeV]

Figure 1: Left plot shows the luminosity in cfs® vs. beam energy. Right plot shows the beam
beam parameter per IP vs. beam energy. For SPS and the Tevatron, theeaeaparameter
for the antiprotons is shown. Also shown are the parameters for the LHC at its design energy
and luminosity.

Figure 1 shows the luminosity and bedmeam parameter/IR for the different
colliders. While the SPS had the lowest luminosity (because of the fewest number of
bunches), it had small emittance bunches and had the highest specific luminosity so far.

Tune space: In the Tevatron, the working points lie abovedlierteger between
the 8" and 7" order resonances with an available tune space of 0.028 which is
comparable to the total bedmeam tune spread. In RHIC, the working points also
above the half integer lie betweef 8nd 18" order resonances with an #aale tune
space of 0.03. The maximum tune spread is about half this value. The SPS also operated
within these resonances. In HERA tunes were below the half integer but placed
between ¥ and 18" order resonances with an available tune space of Osglral
times the bearbeam induced tune spread for protons. In most of these colliders, the
tunes have to be controlled to within 0.002 for optimal operation. This is not always
easy, e.g. in the Tevatron the proton tune spread is determined by tpeotortibunch
intensity which can vary significantly from bunch to bunch.

3.1.2 BeamBeamLimits in Different Colliders

Limits imposed by the beaimeam interactions can manifest in several different
ways. Here we briefly review how the limits arise/arose ifecéht colliders.

3.1.2.1 Hadron Colliders

Tevatron

Beambeam interactions impose limits at all stages of the operation cycle and in
different ways. At injection, the limits are imposed by the loaggeinteractions when
the two beams with 36 bunches each cireulan their helical orbits and each bunch
suffers 72 longange interactions around the ring. Both beams suffer losses
proportional to the intensity of the other beam. At collision with 2 twathteractions
and 70 longrange interactions, the limiting geesses are different for the two beams.
The longrange interactions contribute a tune spread of about 0.008, equal to from each



16

of the main collisions. In current operations, both species have about the same beam
beam tune spread and are effectively i strongstrong regime. Early in Run Il, anti
protons suffered large losses during the beta squeeze and stores due to-taegeng
interactions, particularly the 4 interactions with smallest separations on either side of
the 2 IPs. In 2006, additionalsrators were installed to increase the beam separations
from about 5 .2Mafithesedocatidnso Beginnig in120d5 electron cooling

of antiprotons in the Recycler was made operational which made their emittance much
smaller than those of prats B]. Consequently the anpirotons effectively experience

only the linear part of the heawh beambeam force and do not suffer much from it.
Since 2006, anfproton losses due to bedmam interactions during stores have been
small, provided the tuneare well controlled. Protons on the other hand have tunes
closer to 19 order resonances and are transversely larger than theratuns.
Consequently during heamh collisions, they experience the Alamear bearrbeam

force enhanced by chromatic effe@and suffer beam loss and emittance growth. Long
range interactions have affected protons occasionally during the beta squeeze when
separations can drop to low values.

Earlier reports on beafmeam phenomena early in Run Il can be found in several
references, e.g.4-6]. A review of bearbeam observations in Run | can be found in
[1]. In 2010 the Tevatron achieved a peak luminosity of #tfi’s*, about three
times the peak value obtained with the ISR. Summaries of recent improvements made to
the Tevaton complex can be found in-[@.

RHIC

RHIC has collided many species including prepoaton, goldgold, golddeuteron
and coppercopper | will discuss here some of the limits observed with prgdmton
collisions. The beams in the Blue and Yellangs have nearly the same intensity and
emittances, so RHIC operates in the strstigng regime, as does the LHC. During
injections and acceleration, the beams have a large enough vertical separationthat long
range interactions & locations do not leatb any losses. At collisiomost buncles
suffers 2 hean collisions. During recent runs, the bebsam parametes per IP has
approached 0.®) close to the value in the Tevatron [8]. Dominant sources of beam
lifetime limitations, not due to luminositpurn up, include beatbeam effects, IR
multipole errors and parametric modulations due to mechanical vibrations of the triplets
[9]. RHIC operates between th& and 10" order resonances. When the tunes get too
close to the 10 order resonances, both luminosity lifetime and proton polarization
(which may be affected by beaneam) suffer. During the latest rufis,values became
comparable to the bunch length and the hourglass effect became significant enough to
reduce the lumirsity [10]. At intensities beyond 2xifbunch, the bearheam tune
spread will exceed the resonance free space. There are plans to use electron lenses to
compensate the effects of these headnteractions.

HERA

The bearrbeam parameter for HERA was alnost a factor of 10 lower than in the
Tevatron. Also, as remarked above, the resonance free space was-ahoued the
beam tune spread. Nevertheless the fwaihteractions did induce beam losses.

During the early commissioning stage, proton transvieesen sizes were abou4d3
times the electron beam sizes and their lifetime during stores was very low, around 0.5
hours. As the proton beam size was reduced to match the electron size, the lifetime
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improved to about 100 hours or more [11]. During 2003 201@¥, proton beams were
observed to be driven by coherent oscillations of the lepton beam when the tunes of the
two beams approached resonances too clokkiger extreme conditions, the proton
beam emittance grew by a factor ef 212]. This growth waswvoided by careful choice

of the tunes and by bringing the beams into collision sequentially at the two IPs. In the
final years of operation, increasing beasam forces on the protons increased diffusion

into the beam halo and background rates andtiiusle o a fAsoft | i mito
limit [13]. However orbit vibrations at the IP due to mechanical vibrations of the triplet

by more than a few microns were considered intolerable.

The lepton bearbeam limit in HERA was primarily due to operatioms# to the
integer tune in order to maximize polarization. When the beeam tune spread
overlapped low order synchimetatron resonances, coherent oscillations and emittance
growth of the lepton beam resulted. Careful control of the tunes was necesaaoydt
these resonances [13].

SPS

Prior to 1988 the SPS operated with 3 proton bunches and-Bratdn bunches
circulating in the same vacuum chamber. The protons had an emittance about 4 times
larger than that of the arprotons. During the start atores,the proton loss rate was
high with an initial lifetime of around 10 hours and the background rates were
unacceptably large [14]. Protons in the transverse tails were sensitive to very high order
resonances such as the™l6rder and were lost. Thiwsses were controlled by a
controlled increase of the aigroton emittance at the start of the storesimilar to
what is done now in the Tevatron. Along with other upgrades in 1988, the proton to
antikproton emittance ratio was reduced to 12/7 andntmaber of bunches in each
beam was increased to 6. During injection and acceleration, the beams were
horizontally separated with electrostatic separators. At injection, the beam separations at
the 12 parasitic interactions varied between 1.3 to 7.9 ohite antiproton beam size
[14]. Beam losses due td"®rder resonances were associated with these interactions
during injection and acceleration. At top energy each bunch had 32oheeallisions,
two at the experiments and one in between them. D@torgs with more equal beam
sizes, the protons were now sensitive to lower order resonances su¢hasderCbut
background rates were acceptable and the initial proton lifetime had increased to about
50 hours. A comparative review of SPS and Tevatrafopeance up to 1989 can be
found in [15].

ISR

This machine had two interleaved rings in which first unbunched beams of protons
and later antiprotons and other particles were brought into collision. There were 8
crossing points of which-6 were used for experiments [16,17]. Another feature of the
ISRwas that it had a working line, shown in Figure 2, rather than a working point.

r
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Figure 2: One of the working lines in the ISR (named 8C) betwé®ar@l % order resonances
and straddling Border resonances (taken from [18]).

This large tune spread was required for stability against the transverse resistive wall
instability. As a consequence, the beams crossed some low order betatron resonances
which led to particle loss. Synchhetatron reonances were not an issue. During
collisions bearbeam effects also led to particle loss, often from coherent effects. This
will be discussed further below. Beam currents in the range-dD3®mps were stored
during high luminosity runs with lifetimes ithe tens of hours. Overviews of the
accelerator physics issues in the ISR can be found in [19, 20].

3.1.2.2 €'d Colliders

KEKB

Prior to 2007, beams in KEKB had a crossing angle of 22 mrad at the IP. Crab
cavities were introduced in 2007, one in each ring, t@ ledfective hean collisions
and recover the geometric loss of luminosity. However when the bunch currents were
raised beyond values circulated without the crab cavities, beam lifetimes dropped. The
lifetimes could be improved by introducing horizontdiisets in the crab cavities, the
amount of offset depended on the bunch current. In 2008 it was understood to be due to
the dynamic beta beating from the bebheam interaction and operation close to a half
integer [21]. The horizontal beam sizes of tharbe were large at the crab cavities that
did not have sufficient aperture. The optics was changed to rédatehe cavitiesh*
wasraised to 0.15m to improve lifetime. The most important improvements came from
the installation of skew sextupoles around the IR to reduce chromatic coupling at the IP.
These alone raised the luminosity by 15% and led to a peak luminosity of
2.1x1G*cm?st in 2009 [22, 23].

PERII
During 2008, its last year of operation, REBperated with 1732 bunches in each
ring and achieved a peak luminosity of 1.21%1@m?s® [24]. At the highest bunch
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currents, the performance was limited by the bheadiean-beam interactions. For
example, the low energy ring (LER) currents were limited by the losses and
backgrounds from the beam in the high energy ring (HER). Additionally increasing the
beam current in the LER also increased its own beam size, which wasdesstood

[24]. The maximum bearheam parameter achieved was 0.113 in the horizontal plane
of the HER.
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Figure 3: The specific luminosity vs. the product of the bunalrents in the two rings in PEP
Il (taken from referencf24]). At low currents the dynamic beta effect increased the luminosity
by decreasing beam sizes at the IP but at higher currents, losses due to thedraam
interactions reduced the specific luminosity.

The effect of the parasitic collisions on the laosity was reduced to a few percent,
after correcting for the tune shift and coupling generated by the vertical separation of
the beams at these locations. In the early years of operation, electron cloud effects in the
LER had to be mitigated by solenoidélds in the straight sections, addition of
antechamber, photon stops and TiN coatings in the arcs. A complete list of
improvements made to PHPover the years can be found in reference [24].

CESR

Until 2001 CESR operated as a symmetric energy eolid 5 GeV with electrons
and positrons circulating in the same beam pipe. In 2001 there were nine bunch trains in
each beam with 4 bunches per train for a total of 71-tange interactions and 1 head
on collision. The beams were horizontally separatéunl pretzel orbits by electrostatic
separators. The beam separations appear
currents were limited by the parasitic interactions. Wheli ufich was added to each
train, the specific luminosity and the beafetimes suffered [25]. Attempts to increase
the bunch current beyond 7.5 mA with 4 bunches in each train also led to lower
lifetimes. The average beabeam tune shift in the vertical plane saturated at 0.07. In
2001 CESR became CESRto study the bound aes of charmed quarks and the
energy was lowered to 2 GeV. During 2006 it operated with 8 trains of 3 bunches each,
so each bunch suffered 47 lerange interactions and 1 head collision. Bearbeam
effects were more severe at the lower energy. Afteallcompensation of the phase
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advance shifts and bekegats due to the loAgnge interactions, bunch currents could
be raised to 3 mA from 2.5 mA before the compensation [26].

3.1.3 ScalingLaws

Scaling laws which relate how beam loss rates or luminosity lifetimes relate to beam
parameters can be useful for predicting the changes when beam parameters change in a
given machine, for example after an upgrade. However these laws depend on the details
of the machine and can usually not be applied across different accelerators. Furthermore
even in a single machine, it is hard to measure beam loss rates or emittance growth
against a single variable (such as bunch intensity of the opposing beam) over a wid
enough range and with enough statistics, keeping all other factors constant. This is
usually due to the lack of dedicated study time. Typically the loss rates or beam growth
are measured at different points in time when other machine parameters (etmiksas
tune, chromaticities etc) may have also changed. With these caveats in mind, we now
take a look at some scaling laws, some of which were obtained from data taken during
machine experiments.

3.1.3.1 Tevatron:Losses atnjection

At injection, the longrange interactions are responsible for losses. In 2005, the
losses of armtprotons and protons were fitted to some key parameignge 4 shows
the proton loss rate dep#gence on the horizontal chromaticity.
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Figure 4: Dependence of proton loss rates in the Tevatron on horizontal chromaticity at
injection.

The empirical law relating proton and aptioton losses to key parameters (adapted
from [27]) was found to be

p,a“a, p a, p (Qx,y’da—p’gL’ Dapert ConS) (1)
a,p
Heret is the time spent at InjeCtIOINp, N, are the proton and artroton bunch
intens,ii dJee the protdn and amtiroton transverse emittance®, dis the

chromaticity. The ative dependencies hold only if the variables in parentheses are held
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constant.Q, Q, the tunesdap,, t he separ ati on thdlengiwknaln t he b
emittance andDgper iS the distance to the physical aperture. The functional
dependencies on theparametersN,JQ § can be completely different if any of the

variables held constant, e.g. the tunes, change.\/‘fhdependence can be explained as

the initial time dependence of a normal diffusion process [28], which at long times
progresses to the more familiar exp@ecay for the intensity. It would be desirable to
develop a theoretical model that explains thedingependence on the opposing beam
intensity and the quadratic dependence on its emittance and chromaticity but such a
detailed understanding has not yet been developed.

3.1.3.2 Tevatron: Anti-Proton Losses duringstores

Anti-proton loss rates are determined rosty the longrange interactions. Data

taken during 2002005 could be empirically fit to the law [27]

1 1dN g .

—=———=x Np 3a |:> (Qx,y’Qx,y’gpigL’M’Dapert:conS) (2)

r, N, dt d;
whereM is the bunch number in the train adg, is an average distance between the
beams or more precisely theate of the helix size compared to a nominal helix. The
dependence on the beam separation was measured by changing the size of the helix
everywhere in the ring by a scale factor. It is worth noting that changing the helix also
changes tunes, coupling andr@maticities so their effects on beam loss may also be
present. As at injection, the losses depended linearly on the opposing beam intensity
and quadratically on its own transverse emittance. It is possible that these dependencies
on (N,J are nearly univesal for a well tuned machine away from harmful resonances.
One machine where this could be tested is the LHC which also has sevenalrigag
interactions per turn.

3.1.3.3 SPSStudy of Proton Losses

It is very likely that the inverse cube power law dependeancthe beam separation
is not universal but depends on the details of the beam and machine parameters. One
example in the SPS is drawn from a study done wifingle protorbunch interacting
with two anttproton bunches2f]. At two points the beams collided head, attwo
other points they were separated by 6 o f -grotoe beammsizé. The loss rate and
background ratesvere measuredluring two horizontaltune scansone with full
separation and the other with half thgeparations at the parasitic interaction locations.
Figure5 shows the decay rate on the left vertical scale and the background rate on the
right vertical scale. Tére was a jump in the rates (by a factor &f 2) for the halved
separation only at the $2&nd 18' order resonances, but not at th& déder resonance.
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Figure 5: Proton intensity decay rate and proton backgroundasatefunction ofthe horizontal
tune at two separations (taken fro29]).

The power law dependence on the separation is weaker in this measurement
compared to the Tevatron data and it is tune dependent. The jump in rates &t the 16
order resonance sugge that it was driven by the parasitic interactions but tie 10
order resonance was not.

3.1.3.4 Tevatron:Proton Losses due tbleadon Collisions

Proton loss rates during the first two hours of stores in 2008 are plotted against the
product of the anfprotonbunch intensity and the ratio of emittanceg&igure6 below.
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This shows a nearly linear dependence of proton losses on this product. This
suggests an empirical law
L_ 2Ny ()= (QQ. 4% s, cons) (3)

r, N, dt g,

However note that the error bars on the data are fairly large. Also, there was not
much varation in the proton emittance in this data.

The only models that exist to describe particle transport and beam loss in the
absence of external noise are based on diffusion due to the overlapping of resonances.
The diffusion coefficient is determined by tbleange in action which when dominated
by beambeam effects is proportional to the bebeam parameter, hence

D(J) ~AJ* ~ &7 (4)

Diffusion models therefore lead to diffusi@oefficients that depend quadratically
on the beanbeam parameter. In general extracting the lifetime from the diffusion
coefficients requires solving a diffusion equation. In some cases the lifetime or loss rate
can be extracted more directly. For examplee loss rate in the case of isotropic
diffusion can be expressed in terms of the diffusion coefficients as [30]

EZND(I‘er‘Jr -1 (5)

T D(J,)
whereNp is the number of dimensions @=or 3 if longitudinal effects are included),
is the radial action anB(J;) is the radial isotropic diffusion coefficient. Thus the loss
rate should also depend quadratically on the bBeaam parameter. The empirical fit
above in Equation (3) shows a linear dependence on the-lbeam parameter.
Recortiling theoretical models to the empirical fits remains a challenge.

3.1.4 Influence of Machine Optics on Beam-BeamPhenomena

In all colliders global orbits, tunes, coupling, chromaticities etc have to be well
controlled for optimum integrated luminosity. Here | will discuss some recent examples
of how local optics parameters in the interaction regions and-beam interactions
have influenced performance.

3.1.4.1 Local andBeamBeamChromaticity

Experience at the Tevatron

Beambeam effects can directly contribute to chromaticity. The {oeathteractions
can do so for bunches with lengths comparablg*tor for short bunches if thbeams
are not exactly round at the IP so that the bbaam tune shift does depend on ftie
values. Alternatively collisions at a crossing angle can also contribute to chromaticity.
However these are usually relatively small contributions. bamge inteactions on the
other hand have sextupole components in their multipole expansion and if these
interactions occur at regions of nraaro dispersion can contribute significantly to the
chromaticity. This is the case in the Tevatron where the contributisngidfer bunch
by bunch since each bunch has its own distribution of-tange separations and
locations. The left plot irfFigure 7 shows the theoretically calculated chromaticities at
top energy due to the lofrgnge interactions only, taken from [31]
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Figure 7: Left: Theoretical estimate ofumchby-bunch chromaticity due to loagnge
interactions only. The right plot shows the measured bbydbunch chromaticity that includes
machine chromaticity and the effects of coupling as well.

In this theoretical calculation, the contributions tovkeical chromaticity are fairly
small because the vertical dispersion is also small around the ring. However this does
not take into account coupling between the two planes. The machine chromaticity,
which would shift all the chromaticities by constamicants, was not included. The
measured bunch by bunch chromaticity in the Tevatron shown in the right pigticf
7, taken from [27], demonstrates (a) similar addn in chromaticity between the
bunches and (b) that coupling tends to equalize the horizontal and vertical
chromaticities.

It is worth noting that just like the tunes, the chromaticities also depend on the
transverse amplitudes and chromaticity footizriexist which are also different for each
bunch [32]. As with the beafimeam tune footprints, these footprints are hard to observe
directly with measurements. However they can have observable consequences. If
particles have chromatic tunes that lie nemonances, then their momentum deviation,
their transverse amplitude and the specific bunch will determine which particles are lost
due to these resonances.

The level of machine chromaticity also influences the effects of therbge
interactions. Printo December 2008, the machine chromaticity in the Tevatron during
the squeeze was kept betweenrl#2units to stabilize the protons against the Hedd
instability. However during two stages of the squeeze when the beam separations were
low, there weresignificant proton losses that were accompanied by a reduction in their
bunch length. Particles with large momentum deviations were likely hitting synchro
betatron resonances and getting lost. Lowering the chromaticity to about 5 units still
provided enogh tune spread for stability but also lowered the proton losses and
removed the longitudinal shaving [33].

A betterknown phenomenon is the contribution of the interaction region to the
chromaticity. At collision optics, the triplet quadrupoles contribbatge linear and nen
linear chromaticity as well as strong chromatic beta beats. The linear chromaticity is
corrected to the desired value but the nonlinear chromatic effects, if not corrected, can
lead to beam loss due to bedeam or lattice driven syhoo-betatron resonances. This
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was the experience in the Tevatron until 2006 when a second order chromaticity
correction was put into effect [34]. This reduced the quadratic chromaticity by about a
factor of five and decreased proton losses during stores.

Experience at KEKB wit@hromaticCoupling

An interesting case of the combined effects of chromaticity and coupling has been
recently reported from KEKB after the installation of crab cavities in 2007 in each ring.
Coupling was found to be stronger for-afbmentum particles both in measurements
and simulations with their model lattice. Sources of this chromatic coupling were
thought to be the misaligned sextupoles, higher order multiples in the final focus
guadrupoles, special magnets and other lattice errors. -‘$fealg and strongtrong
beambean simulations showed that the luminosity was not sensitive to the chromatic
coupling without the crab cavities but in their presence, the luminosity could drop as
much as 10% due to chromatic effects [35].

KEKB operates close to thé' brder synchrebetdron resonance near the diagonal
in tune spaceg, -q,+q, =N, and various sources could be driving this resonance.

Installation of skew sextupoles to control the chromatic coupling resulted in about 15%
increase in luminosity [22]. Measurementowid that these skew sextupoles were
effective in increasing the luminosity with the crab cavities turned off as well [23]. The
maximum vertical bearbeam parameter achieved is 0.09 in the higher energy ring as
opposed to a predicted value of 0.15 by bdmam simulations. The reasons for the
discrepancy and the limitations on achieving higher luminosity were undes atiidy
as of June 2010 [23] and are discussed in the article by K. Ohmi below.

It is an interesting question why KEKB was so susceptithis chromatic coupling
and not other accelerators such as PEP II, since rotational misalignments of sextupoles
are not uncommon. It could simply be that KEKB operated closest to the linear
synchrebetatron resonances. The tunes in PEP Il appear tolwsere closest to the
higher order resonaneri gy + 2 gs= N in both rings [36] and may have therefore not
been affected.

3.1.4.2 Local Coupling andDispersion

In the Tevatron, global coupling is controlled to a minimum tune split of 0.002.
Both in the Tevatrorand in RHIC local decoupling in th&$ has been operational to
correct for rotational misalignments of triplet quadrupoles (in some cases by several
mrad) in order to optimize luminosity. Local dispersion is measured and corrected to
within a few cm at th IPs in the Tevatron.

In lepton colliders there are direct geometrical effects since the coupling controls the
vertical emittance and hence the vertical beam sizes at the IPs. KEKB finds it essential
to correct both the local coupling and the dispersibthe IP during their luminosity
optimisation. They use ardgblenoids and skew quadrupoles to correct the local
coupling sources and dipole correctors to correct the dispersions in both planes at the
IP. In PEPII reducing the coupling in the interactregion of the low energy ring was
found to be essential to increasing the luminosity. This was done by installing several
permanent magnet skew quadrupoles in the IR [24]. It seems to be generally accepted
that the dynamical effects of uncorrected coupling dispersion have a greater impact
on the luminosity than the purely geometrical effects in lepton colliders.
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3.1.4.3 Matching BeamSizes

SPS had reported that when proton emittances were 4 times larger thprotmti
emittances, protons could be lost doehigh order resonances such a&' a8d 16
order. From 1988 onwards, the emittance ratio was reduced to <2, proton losses
dropped as long as resonances of lower order such as'tveet® avoided. Dedicated
studies were done to measure the impact efjual emittances [29Dne proton (rms
normalized emittance ~ 56 mm-mrad) and one anfiroton bunch (rms normalized
emittance ~ 7.5t mm-mrad) were injected into the SPS and each collided twice with
the other bunch per turn. The tunes were changed adnpbackground rates and
lifetimes were measured first with the initial aptoton emittances and then the anti
proton bunch was scraped to reduce its emittance to nearly equal the proton emittance
and the loss rates measured again. In the first cakehei larger and more intense anti
proton bunch, the proton bunch was not sensitive tbat®l 16" order resonances. In
the second case with the smaller and less intensmantn bunch, the proton bunch
was sensitive to these resonances even thduglbéarrbeam parameter was about
40% lower. A scaling law such as the one in Equation (3) would not explain this
dependence. A quantitative theoretical model to explain these observations has not yet
been developed.

Observations in the Tevatron have be@nilar. When electron cooling of anti
protons in the Recycler made their emittance abe@ttiines smaller than those of
protons, the latter suffered large losses [2]. A noise source was introduced to increase
the antiproton emittance and reduce the eamtte ratio to about 3. This reduced the
losses to acceptable levels.

HERA also had to control the mismatch but in their case, the beam sizes had to be
matched to within 20% for tolerable beam losses [13]. This stringent tolerance is at first
glance hardeto understand given that the beheam parameter was about 0.001
compared to 0.005 in the SPS and about 0.008 in the Tevatron. One can speculate about
possible reasons, e.g. the lower bed@@am spread allowed the proton tunes to lie closer
to resonancedbur made them more susceptible to small perturbations such as an
increased notinear field from the smaller opposing beam.

3.1.5 Orbit Vibrations at the IP

Orbit vibrations at the IP modulate the offset between the colliding beams and are
thought to lead to aemittance increase depending on the frequencies of modulation.
Random orbit fluctuations at the IP have been theoretically shown to lead to diffusion
and emittance growth [37].

Triplet vibrations in the frequency range from 4 to a few hundred Hz have been
measured at the Tevatron and these frequencies have also been seen in the orbit
spectrum [38]. Vibrations in this range are attributed to the liquid helium pumps,
ground vbrations due to passing vehicles etc. An orbit feedback system installed in
2005 reduced the orbit drift during stores by a factor of eight and may have also helped
to keep the bunches better centred at the IPs [39].

In RHIC orbit modulations suclsahose resulting from the 10 Hz vibrations of the
triplet quadrupoles have long been thought to limit proton beam lifetime during stores
[9]. Recent measurements showed that modulations of the betatron tunes and orbits
could be well correlated with thesebrations [40]. It was suggested that the orbit
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modulation could manifedtself as a modulated crossing angle at the IPs and may
explain the relative large proton losses at the start of stores in recent years.

In HERA, closed orbit oscillations of thdéeetron beams were measured at the IPs
with largest amplitudes at frequencies in the rand® Hz. The sources were traced to
vibrations of the electron triplet quadrupoles in the two IRs due to ground motion.
These oscillations of the electron orbit kedincreased proton background rates as the
beams were brought into collision. A feedback system using BPMs upstream and
downstream of the IPs was installed to control these oscillations [41].

3.1.6 CoherentPhenomena

Coherent instabilities have long been obsdrnn lepton colliders that operate with
nearly equal intensities in both beams, see e.g. reference [42]. Observations of coherent
beambeam effects have been less frequent in hadron colliders. Beam loss due to
coherent beam oscillations was reported el®R [17]. This usually occurred when the
vertical separation between the beams was gradually reduced to initiate collisions. The
|l osses started when t he s ep-deaatuneshifswas eac hed
about 0.001 per interaction region. Thesses were reduced by a combination of
reducing the separation at one interaction region at a time, improving the vertical
feedback system and increasing the tune spread to increase Landau damping. SPS does
not appear to have suffered from beam losstdwmherent oscillations, possibly due to
the large difference in angiroton and proton intensise

In the Tevatron coherent instabilities do not cause beam loss during regular
operation. There have been sporadic reports of +bulich coherent instaliies,
usually when the chromaticity was too low [7]. However coherent dipaldes have
been observed in recent dedicated studies [43]. The observed modes were in rough
agreement with the coupled bunch mode spectrum calculated from a matrix analysis
using3 bunches per beam interacting only via the keadhteractions. However there
were some observed frequencies that were unexpected.

RHIC reported the first observation of coherent modes in a hadron collider [44].
Both the sigma mode and the pi mode were observed during operation with protons
beams with four headn collisions per turn and a bedyaam parameter/IP of 0.0015.
These modesshownin Figure 8, appeared when the bunches were colliding and
disappeared when the bunches were separated.
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Figure 8: First observation of cohent bearrbeam dipole modes in RHIC (taken from [44]).

They were also observed in a dedicated experiment with 1 collision per turn and
beambeam parameter = 0.003. These modasld be well reproduced in simulations
[45]. More recent BTF measurements D02 have shown the appearance of sigma and
pi modes in the vertical plane of both beams but not in the horizontal plane during
regular operation [46]. No instability was associated with the appearance of these
modes, especially the pi mode, which is owside incoherenbeambeamspectrum.

This runs counter to theoretical expectations that the pi mode being undamped and
would therefore, in the presence of machine impedance for example, initiate instabilities
[47]. This needs to be better understood esigdior the LHC where much effort has
been put into understanding possible mechanisms for damping this mode, e.g. [48].

3.1.7 Compensation ofHeadon I nteractions with an Electron Lens

Compensation with an electron lens is covered elsewhere in this isstiee so
discussion here will be brief. Operation with a Gaussian electron lens in the Tevatron
has shown that it produces the expected tune shift and tune spread when acting on an
antiproton bunch [49]. Compensation of the headinteractions has not yet lee
observed but simulations of the compensation in RHIC and the LHC has been done by
three different codes with similar results {52]. They find the following

- The compensation works at higher values of the bunch intensity than at present
used in operabn in RHIC or the design value in LHC respectively. RHIC
already suffers emittance growth and beam loss at present intensities. Even
though the headn collisions cause losses, the electron lens compensation does
not become effective until higher intensgi What determines the critical bunch
intensity above which the electron lens is useful?

- The electron lens intensity should not compensate more than half the tune spread
due to the headn interaction. At higher electron lens intensities and larger
redudion of the tune spread, the proton beam lifetime suffers. Coherent
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instability due to a small tune spread is not the cause of this result since these
were weakstrong simulations

- The electron transverse density should be uniform with a width largethatn
of the proton bunch that is being compensated. With a wider lens, the proton
bunch does not experience the sharp nonlinear fields at the edges pf the electron
beam and effectively sees mostly the linear part of the force from the electron
lens. Howeve the effect of the electron lens is more beneficial than a simple
tune shift.

These numerical predictions need to be tested with measurements. These will
happen after electron lenses are installed in RHIC. If these predictions are borne out,
then theres more to understand about the electron lens compensation.

3.1.8 Compensation ofL ong-Rangelnteractions with Wires

The principle of longange compensation with a wire was partially testethén
SPS, DADNE, andRHIC in 2009.In RHIC the measurements were danea single
study where a single loaginge interaction was created at a very small phase difference
from the wire location [53]. Measurements of loss rates and bunch intensities showed
that the wire reduced the losses for the beam in the Yellow ringdbdor the beam in
the Blue ring. Simulations seem to suggest that the separations between the beams
(3.18) may not have been | arge enough for t
We recall the field due to the loftgnge interaction approaches thie dependence of
the field of a wire when the separations ar
been removed from RHIC so further measurements may have to wait until wires are
installed in the LHC during an upgrade. In earlier studies at Rtk effect of a wire
on a beam was studied as a function of the beam separation with different particle
species at injection and collision [55]. Extensive simulations of the {vésm
interactions showed satisfactory agreement with the measurefd@htshe bearrwire
di stance at which the | oss rates spiked fou
measurements at injection and collision and the higher loss rates observed with deuteron
beams compared to gold beams were also reproduced in tsimsila

3.1.9 Future DevelopmentsRelated to the LHC

Crab cavities Following the success with crab cavities in KEKB, there are plans to
test the concept for implementation in the LHC during a future upgrade [57]. Two
schemes are envisaged: a global schemeawdimgle cavity per ring or a local scheme
with pairs of crab cavities around the high luminosity IRs. Some of the beam dynamics
issues were examined in reference [58]. Some issues require detailed studies such as the
sensitivity of the beam to phase noisethe cavities, synchrbetatron resonances
driven by dispersion in these cavities and perhaps others.

Crabwaist The crab waist concept [ 59] has bee
[60]. The concept works for flat beams by placing sextupoles at apgtegphase
advances in the IR such that the vertical phase advance in the IR becomes independent
of horizontal betatron oscillations. This effectively suppresses some resonances driven
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by the bearbeam interactions. It is not immediately obvious thatstimae scheme will

also work in hadron colliders with round beams where resonances with modulations of
the horizontal phase are strong. Are there modifications of this scheme that can be
successfully applied to hadron colliders?

Flat bunches and large Piwski angles One of the possible paths to higher
luminosity at the LHC is the scalled large Piwinski angle (LPA) scheme in which
bunches collide at an angle with a large Piwinski paraméter Z) and large bunch
intensity keeping the beabeam parameter at the same value as in other schemes [61].
The luminosity increases with the bunch intensity. The number of bunches is reduced to
keep the beam current, hence the heat load, down. An a@dliid?o gain in luminosity
is obtained if a longitudinally flat profile rather than a Gaussian profile is used. These
bunch profiles have lower peak fields and hence lower electron cloud effects.
Preliminary studies of beafream effects showed lower transe diffusion than with
Gaussian bunches [62]. This needs to be checked with more detailed studies. If these
results are confirmed, this scheme with longitudinally flat profiles may be attractive
even without large Piwinski parameters and high bunch itiens

Beambeam limit at high energieShere are plans to operate the LHC at more than
double the design energy of 7 TeV. At such energies, effects of synchrotron radiation
become much more important with the radiation damping time being of the éraer o
hour. Will the bearrbeam limit be set by the saturation of a bdsam parameter due
to emittance growth fibeambeam limit in lepton colliders) or by the creation of tails
and beam loss? This issue is already under study [20].

A general list of te beambeam related issues in the LHC were discussed in
reference [63]. Besides the effects discussed in this reference and those listed above,
there are likely to be other manifestations of bdsram effects at the LHC, some
anticipated and some perhapst.nThe multiple physics aspects of this effect will
remain interesting in any circumstance.
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3.2 Review ofCrab Crossing in KEKB

K. Ohmi for KEKB Commissioning GroygKEK, 1-1 Oho, Tsukuba, Japan
Mail to: ohmi@post.kek.jp

3.2.1 Introduction

KEKB had been operated with collision scheme with a finite crossing angle of
11x2 mrad. Tk peak luminosity was 1.76x¥cm?s* at 1340 mA and 1660 mA for
electron and positron current. Crab cavities were introduced to compensate the crossing
angle effectively and to realize the heau collision in 2007Headon collision gave a
high beambeam performance in a beabeam simulation [1]. We targeted a high beam
beam parameter larger than OThe operation using the crab cavities has been done
since February 2007. The maximum luminosity achieved was 2.31gda’s*. The
chromatic coupling wasorrected to achieve the luminosity [2]. Machine parameters for
the peak luminosity without and with crab cavity is summarizedaisie 2. The crab
crossing in KEKB is reviewed in this part.

Table 2: Machine parameters to achieve the peak luminosity without and with crab cavities.

Parameter Unit w/o crab w crab
Circumference, C | m | 3016 | 3016
Emittances,e, (HER/LER) 10°m 24/18 24/18
bunch population, N (HER/LER) 10% 6.3/7.8 4.7/6.5
hor. beta function at 1P}y cm 55/6 120/120
ver.beta function at 1P, cm 10 0.59/0.59
Number of bunch, N é 1335 1584
Total current, J, A 1.34/1.66 1.19/1.64
Luminosity, L 10**cm?s? 1.76 2.11

3.2.2 Motivation for the Crab Crossing

3.2.2.1 BeamBeam Limit with or without CrossingAngle in Simulations

Collision with a finite crossing angle (Ifiradx 2) had been adopted KEKB to
manage IR design for muliunch collision. The collision performance toward the
luminosity 1x18* cm?s* was studied by using beabeam simulationswhile crab
cavities had been developed to &dack up fortroubles in the collision with the
crossing angle. The luminosity was achieved to be 1*%xa@i’s® without crab
cavities. The luminosity was achieved at a high bunch current; therefore a burden on
vacuum components wasry heavy.

The crab cavity was in the limelight to upgrade KEKB iagaBeambeam
simulations showed very high performance with crab cavity. The luminosity with or
without crab cavity is simulated using westkong and strongtrong code, named
BBWS and BBSS, respectively [lkigure 8 shows the bearheam parameter&)
estimated by the simulated luminosity as follows,

2r. 3,
= L
S Nivyef
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wherere, 7 andf are the classical

repletion, respectively.
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Figure 8: Beantbeam parameter as functions of positron current. Electron current is
changed with the same ratlots(a) and (b) are obtained Impambeam simulation codes with

the weakstrong(BBWS) and strongstrong (BBSS) model, respectively.

Another key point for the high luminosity is the tuogerating point. The horizontal
tune is very close to a half integer GESR and KEKB. The luminosity increases for
approaching the half integer. Simulations also showed very high performance especially
with crab cavity at the operating tune.

3.2.3 Operation with Crab Cavity

3.2.3.1 KEKB Performance befordnstallation of theCrab Cavities

The operation startedith crab cavitiesat February2007. One crab cavity was
installed in each ring to save the budget. The beam tiltsziplane in alithe position
(s) of the ring The tilt angle is characterized by a kind of dispersion dependent of
x = &xz. ALy, which is induced by the crab cavity, follows to linear transverse equation
of motion and is satisfied to the periodic boundary condition. The dispeksamd its
h al fsioncpoit fors i n g
the both rings. In the beabeam simulation, tolerance for the crab angle was,tight
especially in the strongtrong simulatioras shown irFigure9. The crab angle depends
on the crab cavity voltage, and the horizontal beta functions at IP and the crab cavity.
The crab cavity gives a transverse kick to the beam, when the rf phase is deviated from
zero. Thevalance of the crab cavity voltages of the two rings was determined by
whether the relative position of two beam at IP do not change for change of crab phase.
The crab voltages are scanned with keeping the valance. Typical voltages dvB/0.97

derivativeC,6 ar e

and 1.45MV for LER and HER rings, respectively, whefigd s

the crab cavities.
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Figure 9: Beantbeam parameter for crossing angl€hree kinds of dots are given by
geometrical luminosity (Geo) and simulated luminosity usiegkstrong (w.s) and strong
strong (s.s) model.

The luminosity tuning has been doeeery daysince the start of 200Figure 10
shows the achieved specific lumingsifThe luminosity given by the simulation is
plotted, where two lines, Simulations | and Il, are givenfor= 0.8 m and 1.5 m,
respectively using the strongtrong simulation (BBSS)Black and blue dots depict
measured luminosity with and without crab cavity. The luminosity was measured at the
operation with 100 bunches (49 bucket spacing) to avoid high current issues, for
example electron cloud or heating of vacuum compondiiis.luminosity increasg
(the specific luminosity decreafewith keeping the beatbeam parameter in the
measurement. The bedmam parameters with and without crab cavity were 0.09 and
0.07, respectivelyThe gain of the crab cavity was about 20%. While theukitions
showed higher luminosity and bedmam parameter, especially at higher current
product.
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Figure 10: Specific luminosity as function of current product of two beams.
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3.2.3.2 Correction of xy Coupling at IP

Luminosity performancetrongly depends on the machine condition. Main tuning
knobs are collision offset [3],-x coupling and vertical dispersion at IP in KEKB. The
number of parametefor the collision offset is three, horizontal and vertical offset and
vertical crossing arlg. The number is six for-y coupling and vertical dispersion for
each ring, thus the total is twelve. These parameters are scanned one or two times in a
day. Vertical waist position, horizontal dispersion and chromaticity at IP were also
scanned a fewries in a week. The crab voltage was scanned a few times in a month.
The luminositywas 60-70% of the peak at the early stage of recovering after a long
shutdown. Itook a couple of month to reach the peak level of luminosity.

We are not sure whether oluminosity is reallyat thelimit. It is only true that we
spent three yearo get thecurrentpeak luminosity.In 2009, we realized chromatic
coupling limited the luminosity. The luminosity increased 25 % due to scanning the
chromatic coupling. We had actually believed the luminosity before the chromatic
coupling correction had been a rigid limit.

Luminosity tunng using thedownhill simplex optimization has been done for the
twelve coupling and dispersion parameters. The luminegitysaturated at the peak
level in 48 hours in the optimization. The optimization process was also reproduced by
the bearrbeam simudtion. Errors for the parameters, which were several unit of tuning
knob in the operation, were applied, and then optimized values, which should be zero,
were searched using the simplex metheidure 11 shows the luminosity evolution for
the simplex iterations. Thachievedluminosity should be 2.5x2bcmi®sY/bunch, but
saturatd at 1.4-1.5x10° cmi®>s'/bunch; 60% of the target value. The degradation is
consistent vth the measured value.

The knob scan process for each parameter was also examined using tHeaesam
simulation. The optimized luminosity was again around 60 % of the target value. These
facts show the complex of mulharameter optimization.
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Figure 11: Luminosity optimization in the beaimeam simulationBBSS,by M. Tawada).
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X-y coupling and dispersion at IP were ambiguous as absolute values, though they
are scanned evemjay. Efforts to measure the absolute valuegetmeen done. They
weremeasured by turn by turn monitors néeIP [4,5]. We used two sets of monitors
for the measurement. First set, named QCS monitor, is two monitors outside of finial
guadrupole magnets named QCS. Second set, named OctoPos motwtmisnitors
inside of QCS monitors. The two sets are not synchronizdd each otherSeveral
results given by OctoPos monitors are presented Regnee 12 showsthe phase space
plot characterimg x-y coupling. Xy coupling is characterized by 4 parameters,
R1[rad], R2[m], R3[m™], R4 [rad], which are related to correlation ofxp.-y, X-py,

Px-Py, respectively. R1 and R2, which are related to y, are sensitie luminosity,

while R3 and R4, which are related tg, pre less sensitive. The parameteeye
scanned as is discussed befdrigure 13 shows R4 variation for R4 knob scan. R4
linearly changes and the gradient is 0.88. This fact showed the knob scan change the R
parameterscorrectly The absolute valugvas still ambiguous.Table 3 shows the
coupling parameters measured April and May 2009. In this period, machine was well
tuned, while the coupling parameters were finite values. R2 of LER was around 0.01.
We doulted R2becausduminosity is lower than simulationsFigure 14 shows the
luminosity as a function of R2 given by the bebeam simulation.This strong
dependence onZRhas been observed in measurements. Considering the luminosity, R2
does not deviate so large. R2 is sensitive for the measurement because it is related to y
not p,. Ambiguity on rotation of monitorg/asnot clear. R3 and R4 were deviated from
zero. The monitor has enough sensitivity for R3 and R4 in this range. Luminosity seems
better for finite R3 and R4. We did not have clear answer how coupling corrected yet.
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Figure 12: Phase space at IP measutddnearby turby-turn monitors (OctoPos).
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Table 3: Measurements of the coupling parameters in 2009. The argtR1 [rad], R2 [m],
R3 [m*], R4 [rad].

4/30 5/13 5/26
ri 0.0112 0.0142 0.00974
HER r2 0.00163 0.00139 0.00169
r3 0.0616 O.111 0.0618
r4 -0.0547 -0.0926 0.0245
ri 0.0104 0.0085 0.00961
LER r2 0.0137 0.0137 0.0131
r3 0.673 0.189 0.221
r4 -0.144 0.0277 -0.061
250434 .
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Figure 14: Luminosity as a functionf R2 in a beanrbeam simulation (BBSS).

3.2.3.3 ChromaticCoupling at IP

Correction of the chromatic coupling was very efficient. The source of the
chromaticity is complex IR magnets configuration, solenoid, compensation solenoids
and final superconducting quadrupoles (QCS). The existence of the chromadisity
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suggested by a beam size measurement in tune space [6]. The chromatic coupling was
measued by offmomentum vertical orbit change for horizontal orbit distortion [7]. The
effect of the chromatic coupling for the bed®am performance was studied by the
beambeam simulations [2]Figure 15 shows the beam size measurement in the tune
space and chromaticity for R4. Coupling and their synchrotron sideband peaks are seen
in the figure. The sideband peak is induced by the chromatigling. The chromaticity
wasnot negligible for the beaineam performance, because it spreaeDR1for Oc pp

in HER as shown in the figure. The bedeam simulation showed that-26% of
luminosity increase was expected. Skew sextupoles are insital@@D9 spring. The
operation with the skew sextupole started at April 2009, and exceed¥ ext8” [8].
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Figure 15: Measurement of the beam size in tune space and of chromaticity for R4 (by Y.
Ohnishi & K. Ohmi).

3.2.3.4 Luminosity Degradation due t@eamNoise

A static offset between two colliding beams degrades luminosity due to less
geometrical overlap and effect of an asymmetric bbaam force. Turn by turn offset
makes worse the luminosity performance sensitively in strong nonlinear system. For
very flat bem (aspect ratio of the beam size at IP is 1/100), the vertical noise is more
sensitive than horizontal. We doubted the first noise as a source of luminosity
degradationFigure 16 shows the luminosity degradation for the turn by turn noise given
by simulation and measurement. In the simulation, noise of 5% amplitude of the vertical
beam size degrades the luminositpm 2.6 to 1.&10** cm?s?, i.e. by 60%. The
guantum excitation due to the synchrotron radiation is 2% of the beam size. The noise
of less than 2% is not effective, because tigddenin the quantum excitation. In the
figure, 10% of degradation is seen for the noise of 2% beam size.

A feedback kicker dven by a noise generator applied a noise into the beam. The
noise level of the bunch oscillation was measured by turn by turn position monitors.



