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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

=]


mailto:chou@fnal.gov

10

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.
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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
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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 .
Zoriid
Tw 1Be+dd
B
= l@+3d | -
|
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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.



40

The luminosity as a function of the noise amplitude is plotted in the right picture of
Figure 16. The neasurement showed less sensitivityntise than the simulation. The
measured luminosity is lower than simulated .ombke luminosity for 5% or 10%
amplitude roughly agrees witlneasured oneUnknown noise, % coupling or other
optics issue may disturb to go to the very high peak.
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Figure 16: Luminosity for the vertical beam fluctuation ampde. Left and right plots are
given for the simulation and measurement (by M. Tobiyama & K. Ohmi).

3.2.3.5 Beam Life TimeIssueRelated to theCollision

In an early stage of crab operation, beam lifetime issue at collision was very
serious. The beafineam gnulation showed better performance for the beam lifetime as
is shown inFigure 17. Horizontal offset, in which positron beam is outside of the
electron beam at IRave a harmfully short lifetime: that is, lifetime was asyminéor
the horizontal collision offset. The lifetime issue was cleared for changing the closed
orbit at the crab cavitgnd relaxation of the horizontal beta function at the crab cavity
and IP A quadrupole magnet near the crab cavity limited the aperture. The beta
function in the crab cavitwaschosen to be high to reduce the crab cavity voltage. The
voltage of LER crab cavityaslimited to around 10 MV. To get designed crab angle,
beta funabn at crab cavityvasenlargedo 0.8-0.9 m.

Dynamic beta and emittandeenhance the aperture limitation, especially the
dynamic betavasvery strong because the operating point with horizontal tune 0.505
very close to the half integer. The betadtions are 0.9 m and 198 m at IP and at the
guadrupole near the crab cavity without collision, while 0.2 m and 1100 m with
collision. The horizontal beta function at IP was limited ® 12 mfor that without
crab cavity of 0.5%n [9].
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Figure 17. Beam distribution in the transverse space with (left) and without (right) crab cavity
given the beanbeam simulation (BBWS). The full scale of the pictures is
0-12.80cy, 0-64 o, for horizontal and vertical, respectively.

3.2.3.6 OtherPossibilities forLuminosity Degradation

The design or zero current bunch length isné for the both ring. The bunch
lengthening should be week impedanceestimation [10]. The bunch length was
measured by a streak camdtd], and beam spectrum [12]. Ergy spread was
estimated by hadron event ratio in Belle detector. The impedance, whsdonsistent
with the bunch lengthening and energy spreadivas empirically represented by a
resonator model with E 106nH, R=22.9 k2, C=0.22 fFandL =109 nH, R=12.5
kQ, C=0.69 fF for LER and HER, respectiveljhe effect of bunch lengthening to the
luminosity performance was not dominant for the degradation [13].

The keamis tiltedin whole the ring, because one crab cavity is installed in a ring.
Tail part of a bunch is kicked by the transverse wake field, thus the bunch shape is
distorted like a banana shape. The distortiomas estimated for the wake field,
W, = 1.7x10 m?, which was given by the current dependent tune shift in horizontal,
dv,/dl = 4 A™. The distortion and other effects were negligible.

3.2.4 Summary

Crab cavity has been operated to target a very high-beam performance of the
headon collision in KEKB. Maximum lurimosity 2.11x13* cmi®s* was achieved by
crab cavity and chromatic coupling correction. Luminosity gain due to the crab cavity
was about 20%, though 2 times gain was expected. Several reddbesluminosity
degradatiorwerediscussed. They arey couging and their chromatic aberration, fast
beam noise, aperture related to dynamic beta and beam lifetime, bunch lengthening, and
wake effect for the tilt beam. The very high luminosity anees narrow structurein
several kind of the parameter scan. Thaihosity is obtained by a kind afingular
property for the operating point very close to the half integer, so called literally eutting
edge. It may be necessary to overcome further difficulties.

Someregret points, large horizontal beta, one crab cawyrmg etc., remained,
though they may not be essential obstacles to achieve the target luminosity.
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3.3 Beam-BeamSimulations for Crabbed Bunches

Dmitry Shatiloy BINP, Novosibirsk, Russia
Mail to: Shatilov@inpnsk.su

3.3.1 Introduction

Weakstrong model is known to beery efficient for bearbeam simulations until
we are restrained from considering coherent effects. Indeed, as normally our goal is not
investigating in details the fAbado wor kin
di sturbed, but ds)jweddnassume the oppogt® muclh ha® aimost
unperturbed density distribution, that is Gaussian in all three dimensions. For such
distributions there are welinown formulae [1, 2] to calculate the 3D kicks, which a
test particle experiences due to mtion with the opposite bunch.

Unfortunately, such an approach cannot be applied to a novel Crab Waist collision
scheme, since the crabbed beams are essentialaossian even without any beam
beam perturbations. In fact, in the early Crab Waist sitiaris by LIFETRAC [3, 4]
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the opposite (strong) bunch was considered as Gaussian and only the weak bunch was
crabbed. Since the main positive effect of Crab Waist (strong suppression of betatron
coupling resonances) comes from crabbing of the weak beamassimplification was
acceptable, but only as a temporary solution. More correct treatment of crabbed beams
can be obtained in strorggrong models (see e.g. in [5]), but they have their own
restrictions: limited grid sizes and problems at the grid berdeuge computing
resources (CPU time) required, and the absence of some important features, which
LIFETRAC hasl e.g. simulation of beam tails.

Recently a new feature was added to the LIFETRAC tracking code, which allows
calculating the bearheam kicks fom the opposite bunch with arbitrary (including the
crabbed) distributionsThis technique caalsobeused in future for quasitrongstrong
simulations, which seem to be very promising. In this paper we describe the technique,
its accuracy and limitatits, and give some numerical examples.

3.3.2 Crabbed BeamDistribution

I n the Crab Waist collision scheme [ 3,
in the Interaction Region. Betatron phase advances between sextupole and IP must
comply with the followingelations:

Ap, =K-m

(1)

As, =(2m+1)-%

wherek, m are integers (to fix the idea, hereinbelow we asskmen = 2). Provided

that crab sextupoles have equal strengths, but of the opposite signs, they exactly
compensate each other. It means that the beam density distribution at the entrance of the
first sextupole will be exactly the same as in the case withoutiogab¥ow let us find

the density distribution function(x,X,y,¥,2) for a thin slice of crabbed bunch at
arbitrary azimuthg, on conditions that = 0 at IP and transformation fromto IP is a

drift. In what follows, a superscriptdenotedJandb at IP without crabbing while the

other values correspond to the crab sextupole location. Of cdu*rseﬂ/* = 0 due to

the symmetry, and also for simplicity we assume there is no dispersionTekiRg

into account (1), the horizontal and the vertitahsport matrixes from sextupole to IP

can be written as follows:

By By )
\/;X 0 a, B, BBy (2)
M, = M, =
ax /Bx _71 O
BB, B BB,

In the crab sextupole (which is assumed to be thin) a particle experiences a
nonlinear kick:
K, 2 2 *
AX __E(X -y?) . B./B, 3)
Ay =KXy
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wherea is the integrated sextupole strengihs the crossing angle. By some reasons it
is convenient to start from the nominal (without crabbirg)sverse distribution at IP:

202 203 202 203
X X y

y

2 /2 2 /2
p*(xo,Xé,yo,yé)=po~exp{_Xo X __ Yo yo] (4)

whereo} =¢.8,, o, =&,/ f,, m= Xy, andp, is the density at the center of the given
slice. Then, the transformation to azimattan be represented as a sequence of 4 steps:
1)  Back transformation from IP to the first sextupole (matrivgs andM,™).
2) Nonlinear kick (3) at the sextupole.

3)  Direct transformation (2) from sextupole to(fRatrixesM, andMy).
4)  Drift transformation from IP ta.

Finally, we obtain the relations between the coordinates of the particle arz poiht
the coordinate# would have at IRvithout crabbing(denoted by a subscript 0):

Xy =X—2z-%

1 (B (x=2z-X)* ]
Xé=><’+—-( Y

20 ,By,BX//?y / (5)
vomy—zy + CEZXY

Yo=Y

Note that dependence &ha n d disdppeared. Since Jacobian of transformations
(5) equals to 1, (x,X,y,Y,2) can be expressed simply by formula (4) with the coordinates
(%, X), Yo, Y)) substituted from (5). The integrals pfx,X.,y,y,2) overX, y cannot be
taken analytically, so a numerical integration is needed even to get the crabbed beam
density} (x,y,2. And of course, the 3D kick from a slice with such specific distribution
can be obtained only numerically, using some spegids.

3.3.3 Requirements on theGrid Sizes

We work in a laboratory (stationary) coordinate system with the longitudinal axis Z
oriented along the @Astr on gréatvstictasdlecttor aj ect o
magnetic field of charged particle shrinks to acdne perpendicular to its velocity, so
representation of the strong bunch as a number of slices looks quite appropriate. The
slices must be located in-X plane. When a test particle from the opp® beam
crosses the plane of slice, it experiences a 3D kick (change of momentum). Thus,
interaction with the opposite bunch is represented as a sequence of kicks from all the
slices the strong bunch is divided into. And the problem comes to findirgcth&om
a thin slice at the arbitrary azimuth
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Figure 18: Collision scheme with large Piwinski angle and rm'd)‘é: vertical beam size (a

N

and horizontal separation (b) versus the longitudinal shift from IP.

In Crab Waist collisions we usually hawe ~ ¢-ﬂ;, where ¢ >>1 is the Piwinski

angle (for instance, in the SuperB projéct 20). It results in a huge hoglass effect
when shifting | ongitudi na;(seegigurblga) ad mustst anc e
be taken into account when building the grid. On the one hand, the vertical size of grid

cell must be small enough (of the ordero@f/lO) to represent the bunch distribution at

IP correctly. On the other hdnthe grid should extend to large vertical amplitudes (at
l easy) 2, & he whol,@oumdiPea of about 140
In the horizontal dimension the heglass effect is small, but separation between
bunches iyhecamasilarge wherf shifting from IP longitudinally (5egire18
b), thus imposing requirements on the minimum grid width. One more requirement is

that the longituohal distance between grid nodes at IP must be much Iesﬁjhaﬂnile

the longitudinal grid,size should be of the

Apparently, a uniform rectangular 3D grid, which meets the above requirements,
would have enormous number @#lls. Even though it can be built, such a grid would
require a huge memory size to store and huge amount of CPU time to calculate. One of
the possible ways to simplify the vertical haglass problem is to build nonrectangular
grid: the vertical distancbetween nodes should be, say, 1/10 of the vertical sagma
that azimuth As we are considering interaction with a thin slice in its own plane, such
an approach seems to be rather adequate. However, the problem is not pwely two
dimensional since there lWbe a longitudinal component of the kick due’§doz = O.

In order to reduce the number of grid cells, in [5] it was proposed to restrict the
hori zont al ,gand ude the BasseHrdkige fdmulae (as for the Gaussian
distribution) for larg@r horizontal amplitudes. The problem, however, is that at the grid
border not only the derivatives but the function itself will be noncontiguous, that can

result in serious perturbations in the part
strongbunchés coordinate system (though i1t doe
opposite beam have a rather high pmobabilit

this system when the Collision Point (CP) is shifted longitudinally from IPFigeee
18b.

To sum up, the standard approach of solving differential equations for electro
magnetic field (or electrical potential) on 3D grids has a number of serious difficulties,

especially for collision schemes with large Piwinski angle and> ﬁ;.

3.3.4 Nonrectangular and Nonruniform Grids

In order to significantly reduce the number of grid nodes, we decided to build
nonrectangular and nonuniform grids. Of course, it would be difficult to utilize such a
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grid for solving differential equations, but we uséd this method as well. Instead, we
perform a direct integration to calculate the 3D kicks at the grid nodes and agply a 3
order interpolation to find the corresponding values between the nodes.

Figure 19: Kick from a singleparticle.

First of all, let us consider the kick produced at pdinfa grid node) by a single
particle, sed=igure 19. The particle belongs to a slice which moves from left to right,
and the kick normally should occur at the moment when the slice crosse# ot
particle at pointB). However, the partle can have a small transverse component of
velocity, so that perpendicular to veckrcrosses poind when the particle is at point
D. In ultrarelativistic case the electric field is perpendicular to the particle velocity
(vectorE in Figure 19), so the kick actually originates from poibtand does not lie in
the sliceds pl anriean beldstanatedas), gand tie longitudirgall e

shift fromBto DT aso,-o,. For SuperB e.g. these values are very small: about 0.3

mrad and 0.002 microns, respectively. Thus we may assume that the kick comes from
point B but the electric field has the longitudinal compat, which is proportional to

E d\(this term exactly correspondsddrom [2]). The components of the kick emerging

due to the electric field can be found in the following way:

u-— %
[X2+y2+7/222
ou ey - X
EX == 6
dx (2+y2+7222f2 ( )
F, = [Edz= 2e-x.
- X +y

/ /
F,=-F X -F,y

Herex andy are the differences in the corresponding coordinates of pbiatslB.
Actually, the momentum change, which a test particle experiences atpdiasalso
themagneic part, but he total kick can be expressed through the components of vector
F and the test particle velocity, see e.g. in [8].
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Thereby, to calculate the threle@nensional kick produced by any slice at the given
azimuthz, we only need the forlimensional distributio j (x,X,y,¥,2) at that azimuth.

Since the othersdoesnot matter, the grid transverse sizes at the different azimuths can
be independent. However, for the further interpolation at the points between the grid
nodes, it is desirable to have the grid &f @ctangular shape. The solution is that we
build a rectangular grid in the space ®f @y/ Wiz , wha&m ¢defiend org, of
course. So, in the physical spacexfy(, 2 the grid follows the houglass shape: it is
rectangular in XY crosssection and nonrectangular inZand, especially, in ¥
planes. But interpolation will be performed in another space, where it is rectangular in
all three dimensions.

One more feature that can be utilized to reduce the number of grid nodes is that the
ki ckéds dependence on transverse coordinates
allows us to increase the distance between nodes at large amplitudes without loss of
acaracy. Thus, we come toonuniformgrids, where the aordinate of the-th node
(accounted from the center and can be negative as well) is calculated as follows:

X =1-S, /N, for |i|<N, @)
|% =S, -expfi|/N_ -1 for |ix N,

HereSi s t he fc quswally 2 gigma)dandtheznamber of cells in this
regi on eNg-L @ihe samé tack Gmibe also applied to the longitudinal direction.
Indeed, in the vicinity of IP the longitudinal distance between grid nodes mustalie sm
(much less tharﬂ;), but when shifting by more than@, the step can be increased. In
practice we use the same formulae (7) for all three dimension&: land N. can be

different, of course. So, the grid cresactions in all three planesd (Qy/ J§, (z ¥ §
and ¢ y/ 3, look like as it is shown iRigure20.

Figure 20: Grid cross section (schematic view).

3.3.4.1 Integration

In each grid node we need to store four numbers: the distribution der{gityill
be used later in tracking to calculate the luminosity) and three components offzector
The integration is twalimensional and ¢wists of two steps:
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1) Obtaining the; and mean anglesx%, <y> at each node (integration of

1 (x,X,y,Y,2) overX, y).

2) Calculating the components of vectoat each node.

In these calculations the longitudinal grid slices are completely indepeaddnt
often are processed on different CPUs in parallel. So, hbedimv we consider a two
dimensional swgrid: nodes with the same azimwhThe contribution of nodk to the
components of vectd¥ at nodem can be written as follows:

EHm Pi - (X — X +X)

" H«k—xm+XE+vk—ym+yf

Ehm o P Y=Y+ Y) (8)
’ H«k—xm+><f+vk—ym+yf

km km / km /
Fl=-F"<x >-F <y, >

The integration is performed on thketh grid cell & andy vary within = half cell
size), and we assume the valug pis constant within this small area. The integrals (8)
can be taken analytically and expressed through logarithms and arctangents. Then we
have to sum the contributions from all the nodes (sum kjvir get the final value of
F™ at them-th node. And of ourse, this procedure must be performed for all the nodes
(loop form).

3.3.4.2 Interpolation

To get the values between the grid nodes we perform a 3D interpolation ¢t the 3
order. For that we need=564 nodes around the given point: the ones with the indexes
fromiiltoi+2 i n each di mension, provided that
i-th and the i¢-1)-th nodes. Actually, we simply need to sum up the values from all
these nodes with the different weights:

i+2 j+2 k+2

V(XY,2)= D WP YWD W -V 9)

p=i-1 g=j-1 r=k-1

The weights depend on the coordinate differences between the given point and the
corresponding nodes. For example, let thmordinate of the-th node be zero, and
coordinates of theii(1)-th, (i+1)-th and {+2)-th nodes equal ta, b andc, respectively
(a< 0). Note that for nonuniform grids the relations betwadnandc can be arbitrary.

F o r xObth@ interpolation gives the following weights in the horizontal dimension:

t
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1 x € -xb+o)+b-c

* a(a-b)(a-c)

i+l_x‘(<2—x(a+c)+a-c:

" pb-a)(b—c) (10)
. x-€-x@+b)+a-b_

*  c(c-a)(c-b)

W =1-W ™" —W/" W2

For the other two dimensions the calculations are performed in exactly the same
way. It is interesting that the CPU time required for all these ctatipos is
comparable with that of BasseHrskine formulae, where the most thoensuming part
is the complex error functions calculation.

3.3.5 Testing theGrids

In order to test the grids and estimate the accuracies they can provide, it was very
useful to bild the grids for the normal Gaussian distributions (simply set the crab
sextupole strength to zero) and compare them to the analytical formulae. We developed
a special dedicated code with GUI for the grids testing, which helped us a lot in
improving the alculation algorithms and optimizing the grid parameters. Actually, all
the figures in this section were produced by that code.

3.3.5.1 Interpolation

First of all, we can test the interpolation procedure and define the necessary grid
resolution (cell sizes) in athree dimensions. For this purpose the values at the grid
nodes were calculated analytically (without numerical integrations), so generation of
such grids took only a few seconds. We will not discuss here the intermediate results
and present only the gridith the final parameters, which then will be used for beam
beam simulations.

The main grid parameters correspond to the LER design of SuperB as of March

2010:G= 2. 4w A6 . 1Sh,150=3.2cm, B,= 0.0D5cm, (i, = 0.5cm. The

core region of the grid was chosen to be @sx220, x 0.05cm, with the cell size of
0.050x x 0.10y x 0.005cm. Thereby, the total number of nodes in the core region is:
(2A40+1)T (2A20+1)T (2A10+1) coarsebmusdtdd muchT h e
larger, in our case: 2Q x 400, x 0.5cm. Thus, the uniform grid with the same cells
would have 2000 times more nodes. But our nonuniform grid has only 269x163x71 =
3113137 nodes: factor of 44.64 larger than in the core region, aiod ¢del4.8 better

than the uniform grid! It is worth mentioning that such a grid occupies only about
50MB of memory. Note also that the longitudinal grid slices (71) have no relation to the
strong beam slicing thesethings are completely different!

ot
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Figure 21: Grid crosssections in ¥Z plane a = 0 (left) andx = 1.5, (right). The units
for Y are 0';, for Zi centimetres. The colors correspond to the relative errdfg of

Now we have to make sure that our grid provides a good accuracy ttougdure
21 the relative errors foF, are shown in two vertical planes. Outside the grid all the
values are calculated as for the Gaussian distribuitibrese areas are colored in grey
(corresponds tthe exact zero). So, the real shape of the grid can be clearly seen, and

the vertical size of 975’; just corresponds to 4patz=0.5cm.
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Figure 22 The same plots as Figure21, but the units for Y aré(z).

In Figure 22 the same plots are presented in normalized units, so the grid is
rectangular. These units will be used also in all the following plots. As we see, the
maximum errors (dark brown color) aretoth e o r d 2anly. @He cr8s&ettidns
in i(-Y plane are shown below, sEgure23, but the errors everywhere are well within
107,

Besides, tiis interesting to check how the accuracy of computation depends on the
order of interpolation. For that purpose we performed the comparisons in a small region
(to be able to recognize the cell structure of the grid)Fgpee24.
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¥ Abs (Fx : Rel _Diff-1) 1.021E-4 ¥ Abs (Fy : Rel Diff-1) 2.459E-5
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Figure 23: The relative errors fdf, (left) andF, (right) in X-Y plane at the azimuth=
0.43cm

To sum up, the 3order of interpolation provides the accuracy of* H#b the whole
grid region. Actually, this is even more than enough, as the main errors will come from
numerical integration.

3.3.5.1 Integration

Numerical integrations (8) performed for the Gaussian distributiarst be
conformable to the Bassefirskine formulae and the longitudinal kick described in [2].
This was the subject of the next tests, Egere25 andFigure26.

Thelongitudinal kickF, equals to zero at IP due to the symmetry. S&jgare26 it
is shown at the same azimuth 0.43 cm as the transverse kicks-igure25. However,
we restriced the XY region to avoid the line whelf, reverses the sign. In vicinity of
that line (it is located to the left) the relative errors are too large and affect the color
palette. Note also that the maximum relative errofSignre26 correspond to the region
where the value df; is small.

Finally, we got the accuracy of about®lf@r all the values. In our opinion it is quite
enough. Indeed, we know many of thalrmachine parameters with a worse accuracy.
For example, if the real betanctions, or emittances, or something else, will differ
from the design values by 1% (that is very likely), the béaeim force will be slightly
different too, but most probably weill get actually the same (or very similar)
equilibrium distribution. Instead, one of the most important requirements on the grids is
their smoothnessn the whole area and especially at the border. In our case the
smoothness is provided by interpolatiand the border problems disappear since the
grid sizes are large and can be made even larggual to the aperture.



52

Abs (Fy : Rel Diff-1)

[/ /’///////////’//%
PRI
LI ey
£ ///////////////////
5’/ /j////////////;//
i
'//////
¥
4y ///’//////

2-0.3

B

w
n
A
£
-

Abs (Fy : Rel Diff-1)

I(l'
HIII
()II!
)||

)lll

l!g ll
|!| |
| 1 | \:
| MH
| (|
) ‘ 1 :
N |

-

" 8

O T LI TR
b ~N

[
m
]

Figure 24: The relative errors fdf, versus the order of interpolation: from O (top left)
(bottom right).
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were calculated by numerical integration.

7.024E-4

K (right) at the grid nodes



Abs (Fz :

2-0.43

Norm-2)

Abs (Fz

0.003807 Y

2-0.43

: Rel _Diff-2)

53

e
8
||

S
=
= -NENNEE AR

Figure 26 The longitudinal kick=, (left) and accuracy of its computation (right) vers

3.3.6 Crabbed Beams

For the crabbed distributions we have no analytical formulae to compare with, but
there is one more way of testing. Namely, we can build a grid with the higher resolution

(mor e
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the transverse coordinates.

and more memory)

dha most cases

the accuracy should be of the same order as for the Gaussian distribution.
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Figure 27. Logarithm of the distribution density for the Gaussian beam (top left) an

crabbed beam at different azimuths: 0.0, 0.G2@&05cm.
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As it is seen irFigure 27, indeed, the beam distribution is strongly affected by the
crab sextupoles. The waist rotation and some asymmetry in the vertical kick arising due
to the beams crabbing are showifrigure28.

The first bearrbeam simulations with the crabbed strong beams represented by
grids were performed in the second half of 2009. At first we used the technique in
simd ati ons for DAONE, and obtained a very
datai much better than in the early simulations with the Gaussian strong beam [9]. The
recent beanbeam simulations for SuperB also were performed using the new
technique.

One moe thing, which has to be mentioned, is the CPU time required for the grid
calculation. It takes about 25 minutes when computed onred8 cluster, that is quite
acceptable as the grids are stored in files and can be used in future for many
simulations.

Sigm-¥Y : Grid-1 Abs (Fy : Grid-1) 562.8609
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Figure 28 The vertical beam size in-X plane (left) and the vertical kick Fh X-Z plane
raised by 0.6, vertically (right).

3.3.7 Conclusions

We developed a method of calculating the bdeam interaction force for bunches
with arbitrary distribution density. The corresponding grids have relatively small
number of nodes and provide a goadcuracy, which can be easily tested. The
technique was used in bedwam simulations for Crab Waist collision schemes and
showed good results. In future it is planned its implementation for the-spuaisg
strong simulations.
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3.4 BeamBeam Interaction at the PERII e"e Collider

J. Seeman and M. Sullivafor the PERI Team SLAC
Mail to: seeman@slac.stanford.edullivan@slac.stanford.edu

3.4.1 Introduction

The PEPII B-Factory[1] at SLAC (3.1 GeV &x 9.0 GeV & operated from 1999 to
2008, delivering luminosity to the BaBar experiment. The designinosity was
reached after one and a half years of operation-IPERimately surpassed by four
times its design luminosity reaching 1.21%16m? s. It also setworld records for
stored beam currentsf 2.1 A € and 3.2 A & Continuous injection as implemented
with BaBar taking data. The total delivered luminosity to the BaBar detector was 557.4
fb™* spanning five upsilon resonanc&ERIl was constructed by SLAC, LBNL, and
LLNL with help from BINP, IHEP, the BaBar collaboration, and the US OIUHEP.

In order to reach four times the design luminosity the -REdRcelerator had to
manage higher beam currents, lodgis, more bunches, and increased béaam tune
shifts. In this note the effects of these changes on the-beam interaction are
discussed.

3.4.2 General PERIl Parameters

In PERII the Low Energy Ring (LER) is mounted 0.89 m above the High Energy
Ring (HER) in the 2.2 km tunnel aBown inFigure29. Theinteraction region is shown
in Figure 30 where the beamsollide heaebn. A Be vacuum chambes located at the
IP inside the detector withermanent magnet dipoles on either side. The interface cone
angle at the IR between BaBardaRERII was at 300 mrad. To bring the beams into
collision, the LER is brought down 0.89 m to the HER level and then with horizontal
deviation for both rings are mad® collide Since both rings have the same
circumference, edn bunch in each ringollides withthe saméunch in the other ring.


mailto:seeman@slac.stanford.edu
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There are small parasitic collision effeétem the fact that the bunches experience a
near missas thethey separate near the interaction point thus effectat full currents
only reducd the luminosityby a few percent.

The luminosity in a flat beam collider is given by

L= 2.17><103“&*Elb

By
wheren is the number of bunches; is the vertical bearbeam parameter limik is the
beam energy (GeV), is the bunch current (A), ar;d,* is the vertical beta function
value at the collision point (cm). This equation holds for each beam separately. These
parameters for PER are shownin Table4 indicating the best values during behram
collisions PERII exceeded all design parameters, specificalg luminosity by a
factor of 4to 1.2<10 *¥cn¥/s and the integrated luminosity per day by a factor tf
911 pb* per day [2,3] The vertical emittances of about 1.25-naal arose from two
factors: ~0.7 from the IR2 (colliding straight) two vertical doglegs of 0.89 m and ~0.6
from missteering and coupling in the collider arcs.

Figure 29: The PEPII collider. The lowenergy beam line is mounted above the feéghrgy
beam line. The LER is lowered to the HER elevation in the interaction region.
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Table 4: PERII beam parameters during collisions.

Parameter Unit HER (e-) LER (e+)
Beam energies | GeV | 9.1 | 3.0
Maximum colliding beam currents mA 1875 2900
Number of bunches o} 1732 1732
Bunch length mm 11 10
lon gap % 1.5 15
Vertical tunes o} 23.62 36.56
Horizontal tunes o} 24.52 38.52
Emittance(horiz.) nm-rad 52 35
Emittance (ver} nm-rad 1.1 1.3
By mm 10 8
By cm 48 44
Ex (beambeam parameter) 0 0.060 0.064
&, (beambeam parameter) 0 0.049 0.056
Luminosity x10*/cnfls 1.21

3.4.3 Interaction Region

The PEPII interaction region is shown in Fig. 2. The beams meet head on at the
collision point. The QD1 and Bl magnets are permanent quadrupole and dipole
magnets, respectively. The B1 magnets initiate the beam separation because of the
different beam engies. The beam separation is completed by placing the magnetic
center of the QD1 magnet close to the beam trajectory of the HER thereby making the
LER trajectory offaxis in QD1. This bends the LER beam enough to enable the QF2
magnetto be a horizontalocusing septum magnet that completes the final focus of the
LER. The QD4 and QF5 magnets complete the final focus for the HER. The
synchrotron radiation photons which are emitted by the entering and exiting beams are
masked fron the interaction point to mimize backgrounds.

3.4.4 Operations

PERII ran with 1732 bunches out of a total possible of 1746. The total number of
RF buckets was 3492. The collider wasable to usemallerbunch spacing than every
other bucket (1.26 mx 4.2 ns) because of the hean colision and the fact the beam
separation at the IP did not start until the beams entered the B1 magnet 21 cm from the
IP. The beams were separated sufficierasty63 cm from the IP so that the parasitic
collision effects were small.

During the start up phasf the acceleratpafter a protracted (>1 month) down time
in which some of the vacuum system was vented HERexperiencd a significant
increase in ion trapping. This wasdtributed to vacuum poessing. It was found that
runningthe accelerator usg minktrains of beam bunchgwe were able to store more
bunches and deliver more luminosity while the vacuum processed. egiod of a
couple of weeks the small gaps between +trains could be gradually filled in with
more bunches as the vacuumpnoved. Figure 31 is a picture of a minitrain
configuration.
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Figure 30: Plan view of the PEM Interaction Region (IRyith headon collisions. Note the
exaggerated horizontal scale on the left. There are four permanent magnets within the BaBar 1.5
T solenoidal field covering +2.5 m. The dashed lines are the besiay-clear envelope. The
dotted lines in the middle indite the detector physics acceptance boundaries of 300 mrad on
either side the IP.

Coasting stably at L/H = 1755/1200, Lsp = 3.5

Figure 31 Picture of the luminosity of every bunch in RERVvhile using minitrains. This also
shows that PEM had negligible problems witklectron clouds in the LER after installing
solenoids, TiN coatings, and antechambers.

Initially, the PERII accelerator refilled the beam currents approximately hourly and
then delivered the colliding beams to the detector. The detector was ramped down
during injection. In 20042005 accelerator studies concentrated on getting continuous
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injection to work. Success was achieved in fall 2005. The improvement in average
machine performance was dramatic. The overall average efficiency increased by over
50% whic was directly reflected in an increase in integrated luminosity delivered to
the detector [4]. The continuous injection rate was about 7 Hz for the LER and 2 Hz for
the HER, the HER having the longer lifetime of about 300 min. This use of continuous
injection with the detector taking data was the first ever used in the world by a colliding
beam accelerator.

To maximize the collision rate, studies found that adjusting the beam orbit in the
sextupole magnets around the ring gave strong control of the betigohs, vertical
dispersion and the local coupling. A series of software knobs were generated to exercise
closed orbit bumps around most of the sextupole magnets in each ring [5,6]. These
knobs were used to optimize the machine performance by incredsngfetime
(improving the dynamic aperture) or by directly increasing the luminosity.

The luminosity was measured using a detector placed at the zero degree line from
the heaebn collision. The Bl dipole magnets shifted the beams away from this line
making it possible to install a detector for the zero degremys generated by radiative
bhabhas. There is a synchrotron radiation fan of energy from the B1 magnets that also
starts along the zero degree axis; so the beam pipe wheyadiie exit was water
cooled. A Tungsten preadiator was installed just outside of the beam pipe. The
primary detector was a quartz block which developed Cherenkov radiation that was
picked up by a fast phototube. Theay rate per collision was about one and this rate
incressed to about three at the highest luminosity. The signal from the detector was
better than 1% with an update rate of 1 Hz. The detector signal was also split off and
separated into luminosity per bunch with an update rate of abodz(Q4. Figure31lis
an example of the bundby-bunch luminosity signal.

The beams were held in collision by maximizing the luminosity signal. The high
energy bam (HEB) orbit was adjusted to follow the orbit of the {emergy beam
(LEB) at the IP. This was done by dithering the HEB orbit (shifting the 6ilfi%o of a
beam sigma in X, y and)yand observing the luminosity changes. This was enough to
get about a% drop in the luminosity signal which enabled us to perform a quadratic fit
to the data and then move the HEB to the maximum point in the calculation [8]. The
update rate of this feedback system was about 9 sec. We succeeded in upgrading this
feedback witha system of air coils that could dither the beam at frequencies of about
100 Hz. This allowed the feedback system to drive each dimension with a different
frequency and then use legk amplifiers to separate the signals from the three dither
dimensions 9]. This new technique permitted an update frequency of at lebigt, 1
limited by the speed of changing the corrector magnets.

In addition to the sextupole orbit bump knobs mentioned above, several other knobs
were used for optimizing the accelerator parfance. First of all there were the tune
trombone knobs which allowed adjustments of the x and y tunes of each ring. Four
global skew quads in each ring permitted control of the global coupling and six skew
guads on either side of the detector for eadl f@total 24 magnets) to control the local
coupling at the IP. Four fixed collimators about 300 m upstream of the IP in each ring
helped control injection backgrounds and general beam tail backgrounds. These were
onesided collimators. Closed bumps werged to move the beam closer or farther
away from the collimators.
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3.4.5 Best Betatron Tune Location

The best location in the tune plane was chosen by the bestiisamperformance.
The best location was obtained with the horizontal tune just above thentesér
(~0.508) and the vertical turjast above (0.572). IfFigure 32 are shown simulated
luminosity contours on the-x tune plane indicating optimal performanceanghe
observed best locatigi0]. Considerable work was needed to correct horizontal beta
beat errors at these tunes.
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Figure 32 Contours of simulated luminosity in the tune plan. The best fractional tunes in
operation wer®.508 horizontally and 0.574 vertically agreeing with experiment.

3.4.6 Beam-Beam Observations

The measured luminosity versus the product of the bwwrents is shown in
Figure 33 and thespecific luminosity inFigure 34. The resulting maximum vertical
beambeam parameters ithe two rings were 0.05 to 0.063t low currents the
luminosity follows the product of the beam currents and is just geometrical in nature. At
higher currents the luminosity falls below the product of the currents as thebieaam
parameter(s) start to saturate and one or more of the be@ at the IP start to
increase with current#t the highest currents the HER current was limited by the LER
lifetime and the LER current by HER genedhili@ backgrounds in the detector.
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Figure 33: Luminosity versus therpduct of the bunch charges. The red and green curves show
luminosity in the by2 pattern (4 nsec) bunch spacing during operation achieving a luminosity
of 1.2 x 16*. The blue curve shows the-ybunch pattern (8 nsec) scaled to attyunch
pattern, intcating increased luminosity may have been possible inlP&Ph by?2.
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Figure 34: Specific luminosity versus the product of the bunch charges. The specific initially
rises because of dynamic beta effects and then falls digatabeam interaction both primary
and parasitic collisions. The parasitic bebeam effect was only a few percent.

The vertical beta functions in both rings of PERvere lowered to increase the
luminosity, as suggested in Equation 1. There is a linthigprocess when the vertical
beta is just a little smaller (~10%) than the bunch lengths. A calculation of this
e fFigweds RERII uttimately openatediwith & of about
9-10 mm with a bunch lengths of I mm. A lower3, can also increase the

Ahour gl ass
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background in the detector by increasing the beam sizes in the final doublets, which
affect the HER more than the LER.
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Figure 35: Hour glass effect on relative geometrical luminosity for different bunch lengths. The
nominal bunch length for these calculations is 7.5 mm. In operation the bunch lengths were
about 10 mm.

A study of the dynamic betiaeat effets is shown in the observatiomsFigure 36
where the beam sizes away from the interaction region were observed as the beam
currents were raised. The bedmam force act as a lens and can change the effective
beta functions throughout both rings. These changes can be observed by looking at
beam size monitors away from the IR at two locations which are in betatron phase and
out of betatron phase with respect to theliPFigure 36 the xray beam size monitor
and the synchrotron (visible light) monitor were used in the LER beam to measure
horizontal beam changes. The vertical sizeere too small to measure accurately.
Significant beam size changes in PERER were observed when the HER current was
raised. This indicates that the strong beta beating of the beam occurs at the core of the
beams affected by the bedraam forces.

A study of the luminosity versus the number of bunches in the two bucket spacing,
shown inFigure 31 andFigure 37, indicate that there are no long range effects observed.
The measurements were made by observing the luminosity while adding bunches in the
2-bucket pattern with a fixed number of minainsbut adding bunches to each mini
train (seen irFigure31). This means that the cures for the electron cloud effects in LER,
solenoids in the straight sections and Tibating and antechambers in the ARCs, were
successful. If the cures were turned off or down, the luminosity was reduced at the end
of each minitrain and also at the end of the overall bunch pattern just ahead of the large
ion gap. The electron cloud irER enlarged the beam size in this case.
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Figure 36: Horizontal dynamic beta effect seen in LER beta beaéind observeth the LER
beam sizes by the-ray monitor (lower) in betatron phase (~20 deg) with respect to taadR
synchrotron light (upper) out of phase (~90 deg) with the IR. The beam sizes changed about
30% indicating a beta function change of about 70%. The LER beam current was held fixed
while the HER beam current was increased and the beam sizes observed.
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Figure 37: Specific luminosity versus number of bunches with two bucket spacing. The bunch
train pattern is shown iRigure31.

A study of the effect of horizontal beam offsets at the IP was done and the results
are shown inFigure 38. The measurements were made by using IR closed steering
bumps to move the beams horizontally and observing the luminosity. The results were
that at low currents the measurements match thellaiions, i.e. the geometrical
overlaps explained the entire effect. However, at high bunch currents thebbaam
forces make the effective horizontal beam size much smaller. This effect reduced
strongly how robust the beams were to orbit shifts. Thecsooi this reduction is the
beambeam effect but the exact mechanism is not known at this time [11].

A study of the effect of collision crossing angles was done and the results are shown
in Figure39. The measurements were made by using IR closed angle bumps to move the
beams horizontally at an angle relative to each other and observing the luminosity. The
results were that at low currents the measurements matchntidat®ons, i.e. the
geometrical overlaps explained the entire effect. However, at higher bunch currents the
beambeam forces make the beam more sensitive which reduces how robust the beams
and luminosity are to angle shifts. The crossing angle pertunisaifect the beam over
a range that is narrower than predicted [11].
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Figure 38: Luminosity versus horizontal offsets. The top plot is a normal scan with a Gaussian

fit. The middle plot is for low bunch currents whifits simulations well. The lower plot is at

high currents where the effective horizontal beam size becomes much smaller, presumably due
to the effects of the horizontal bedraam effect.
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Figure 39: Specific luminosity versus hiaontal crossing angle. The specific luminosity
becomes more sensitive at higher bunch currents. Higher currents reduce the tolerance to
crossing angle changes.
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3.5 BeamBeamExperience in RHIC

Christoph MontagBrookhaven National Laboratory, Uptawy 11973, USA
Mail to: montag@bnl.gov

3.5.1 Introduction

The Relativistic Heavy lon Collider RHIC consists of two superconducting storage
rings that intersect at six locations around the ring circumference. Two of these
interaction regions are currently eqogul with experiment detectors, namely STAR at
the fi6 obébclocko interaction point (1rpP), an
collide only at these two interaction regions, while they are vertically separated by
typically 6:10mm at the other IPs. Togethetth the separator dipoles located at
roughly 10m from the IP, and a distance between bunches of 30m, this avoids any
parasitic beantbeam collisions. RHIC is capable of colliding any ion species at
magnetic rigidities up tBp) =830Tm, correponding to 250 GeV for proton beams,

or 100 GeV/nucleon for fully stripped gold ions.

3.5.2 AchievedBeam-BeamParameters in RHIC

The bearrbeam parameter for two identical ion beams can be written as
§1 :é NZZerﬁI ,
A 47[7’10_22
where the subscripts Alo and n20 refer t
respectively. Z and A denote the charge state and number of nucleons of the ions, N the
number of ions per bunch, angthe classical proton radiug?”and y are the 8-

function at the interaction point and the relativistic Lorentz factor, whildenotes the

rms beam radius. With the total bunch charge in RHIC limited to aietd = 2-10™

proton charges regardless of ion species, the highest-libe@m parameters are
reached during collisions of (polarized) proton beams. Not surprisingly, performance
limitations due to the beafmeam effect were encountered during pekd proton
operations only, while for all other ion species the luminosity wadddnby other
effects. AsTable5 shows, a maximum total bedneamparameter of 0.018, or 0.009

per interaction point, has been achieved with polarized proton beams at RHIC. The
corresponding number for ge@gbld collisions, 0.0025, is about a factor 3 smaller than
for protons.
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Table 5: Latestmachine parameters relevant to bdagam interactions, for AAu and pp

collisions.

Parameter Unit Au-Au p-p
relativisticy, injection é 10.5 25.9
relativisticy, store é 107.4 106.6
no of bunches,n é 111 111
ions per bunch, N 10° 1.3 170
Numberof nucleons, A e 197 1
Charge state, Z e 79 1
B -function at IP, 3" m 0.7 0.7
emittanceey x.y 95% mm-mrad 10 15
chromaticities &,&,) é (+2,+2)
harmonic no h, store é 7%x360 360
Number of IPs e 2 2
Avg. beambeam parameter per IP é 0.002 0.0075
Max. bearAdbeam parameter per IP 0.0025 0.009

3.5.3 Luminosity Lifetimes atDifferent

While the proton bunch intensities have been practically equal for several years, the
S -function at the IPhas been decreased from 1.0 m in But@ 0.7 m in Ruf® to

increase the luminosity. This resulted in the expected peak luminosity increase, but the
luminosity lifetime suffered considably, as illustrated ifrigure40. During the course
of Run9, several attempts were made at understanding and improving this situation [1].
After re-loading the Ruf8 lattice configuration restored the luminosity lifetime, it
finally became clear that the luminosity lifetime reduction was related to the lower beta
star value of 0.7 m in conjunction with the bebeam effect.

Tracking studies with a-® beambeam model and all known lattice nonlinearities

have shown that the dynamaperture drops from 4® at 4 =0.9 mto 4. at g’

=0.7 m, which is a significant reduction [2]. However, sincelaldeambeam model is
not realistic in the case of RHIC wiits rms bunch length of about 1 m, these dynamic
aperture simulations are only valid in a relative sense when two lattice configurations
are compared.

It is important to note here that the situation at 250 GeV is expected to be
significantly better for seeral reasons. First of all, the multipole errors in the-16w

triplet quadrupoles were minimized during construction for the full RHIC proton energy
of 250 GeV. Since the Ru® experience demonstrates that these multipole errors are
the main source of beam lifetime degradation, these smaller errors at the higher energy
should result in better beam lifetimes for the same lattice configuration. Furthermore,
the transverse beam size at 250 GeV is a factor 1.6 smaller than at 100 GeV due t
adiabatic damping. With this smaller size, the beam therefore samples smaller magnetic
field nonlinearities in the triplets.
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Figure 40: ZDC interaction rates at the two RHIC experiments during&and Ruro.

3.5.4 Strong-Strong Effects

With the fractional polarized proton tunes of both beams between 2/3 and 7/10, and
a bearrbeam parameter of 0.0075 per IP, coherent Hesam effects, which in
previous years manifested themselves only in dedicated experiments [3], are now
observedduring regular operations. Since the available tune space between these
resonances is not sufficient to suppress thesaodes by means of separating the tunes
of the two rings, this effect limits the attainable beasam parameter drtherefore the
luminosity of RHIC. The amplitude of these-modes may depend on the betatron
phase advance between the two bémam collision points. Designing a lattice with
betatron phase advances @n+1)- 7 betweenlPs 6 and 8 is expected to result in a
significant reduction of ther-mode amplitudes, thus allowing for higher belaeam
parameters and therefore resulting in higher luminosity.

3.5.5 Unequal RFFrequencies

When RHIC was providingeuterorgold collisions during Ru3, the machine was
initially set up with equal beam rigidities at injection. The resulting unequal RF
frequencies led to pseudandom beanribeam interactions and in turn to unacceptably
short beam lifetimes despite thmarsverse separation of the beams in the interaction
regions [4]. To avoid these detrimental effects, RHIC was subsequently set up with
equal relativistigz, and therefore equal RF frequencies at injection and throughout the
entire engygy ramp.



70

3.5.6 Future Improvements

To overcomethe present limitations posed by the bdamam effect, several
countermeasures are being studied. A inager working point shows improved
dynamic aperture in simulations [5]. However, actual operation at tuoss © the
integer turned showed intolerably high background levels caused by 10 Hz orbit
oscillations whose amplitude is enhanced by roughly a factor five compared to the
regular working point near 2/3 [6]. A fast global orbit feedback system currerdigru
development is expected to eliminate these orbit oscillations, and therefore reduce
background levels significantly [7]. 1@nd 12pole correctors in the IRs were shown to
improve the beam lifetime under bedrmmam conditions [8].

To allow for higherbeambeam parameters, an electron lens will be installed to
compensate the nonlinear beasam kick of one RHIC interaction point, thus reducing
the total beanbeam tunes shift parameter [9]. In turn, bunch intensities can be
increased to result in the samtotal bearbeam parameter as in the present
configuration. This is expected to increase the luminosity by a factor up to two.

Systematic experimental studies of the effect of the betatron phase advance between
the two interaction points on coherent bela@am oscillations £-modes) will be
conducted in the near future as part of the Fmallearbeam compensation project.

Since the predictive power of dynamic aperture calculations with respect to machine
performance is limited, beanfdtime simulations are currently being developed. For
realistic results, effects such as intrabesmattering, orbit jitter, tune modulations, etc.
need to be included in these simulations, which are therefore very challenging in CPU
time intensive.
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3.6 Beam DynamicsStudy for the LHC Phase | Luminosity Upgrade
including Beam-Beam

E. Laface, S. Fartoukh, and F. Schm@ERN, CH1211 Geneva 23, Switzerland
Mail to: Frank.Schmidcern.ch

3.6.1 Introduction

The Large Hadron Collider is being commissioned and it is planned to feach t
nominal luminosity ofLl0** cmi 's' L in its final configuration.

The Phase | luminosity upgrade is focused on the possibility to reduce the transverse
size of the beam at the interaction point, squeezingtifeom its nominal value of
55 cm, down to 30 cifil]. This new squeeze is performed replacing the nominal inner
triplet with a new longer triplet with a lower gradient and a larger aperture, leaving
unchanged the other quadrupoles of the long stragtiion (the s@alled matching
section and dispersion suppressors). A consequence of a longer triplet are new parasitic
encounters between the beams, with an impact on the stability due to tharigeg
beambeam (BB) interaction. In this paper partidebility is studied in terms of
Dynamic Aperture (DA) and onset of chaos under the influence of the BB using the
scheme of the Phase | Luminosity Upgrade.

The variation of amplitudes due to nlmearities (called "smear") is being
investigated, in partular at small amplitudes where it might complicate the collimation
procedure.

The unavoidable rounding errors in floating point operations on computers violate
the symplectic condition (basically meaning the area preservation of the phase space) in
consevative systems like transverse proton oscillations in the LHC. This violation of
symplecticity leads to an artificial increase or decrease of the amplitude of the
transverse motion. Although, this effect should be very small when the calculations are
perfamed in double precision it should be-aleecked for this study since we are
dealing with very strong BB nelmearities and due to simulation periods in excess of
1x1C turns.

Lastly, we are on the verge ofagtivating the volunteer traclg via LHC@HOME
which will allow us to do many more systematic checks due to a 100 times larger
computing punch.

3.6.2 Simulation Setup

A comparison between the geometry of the new and old interaction region,
concerning the lengths of the IR magnets, is repant&edble6.

Table 6: Length comparison Phase | IR vs. nhominal.

Element nominal Phase
Q1 6.37 9.135n
Q2a and Q2b 550 n 7.735n
Q3 6.37 9.135n

IR 119.244r 149.316r
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Q1, Q2 and Q3 are the three quadrupoles forming the Inner Triplet. IR refers to the
l ength of the interaction region beA ween t
relevant parameter to be consideredhis number of BB encounters: for the nominal
bunch spacing of 2B8s[2] the number of parasitic encounters between the Interaction
Point (IP) and the edge of the separation dipole D1 (half interaction region) is 16, for
the nominal layout optics and 21 fBhase |. Nevertheless, in the simulations discussed
later, the first 5 parasitic encounters after the magnetic entry of D1 are also
implemented, till the two beams are fully separated.
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Figure 41: Separation at collision of theBBencounters for the nominal and Phase | optics. This
example is the horizontal plane for IP5.

The BB interactions depend critically on the crossing angle of the two beams: it
changes both at injection and collision for the new Phase | optics with réspest
nominal value. For the nominal optics the full crossing angle iss3dta d a't i nj ecH
(b'=11m)and28% r ad i n b's0Bbr)iwkichoomresgonds, for collision, to a
beam separationof 96 i n t h e Fdrrthe Phase $ gpticstieescrossing angle is
kept constant from injectiorb(=14 m) to collision '=0.30m) and at collision it is
410erad with a beamwbiephrasiohl ostadated al or
in Figure41.

For the new layout, it is worth noting that out of the 32 first parasitic encounters of
either IP only three have a smaller beam separation compared tontireahtayout.
The larger beam separation of someil0 can partially compensat e
parasitic encounters due to the longer triplets.

The heaebn BB interaction has a strong impact on the tunes: the fractional part of
the tune without BB is #h same for the nominal and the Phase | op@cl(and0.32
for the horizontal and vertical plane respectively). Therefore the tune footprint can be
directly compared as iRigure41.
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Figure 42. Headon BB tune shift in the nominal and Phase | optics.

The overall tune footprint, due to the heaacollision, is smaller for the new optics
because the crossing angle is largerverify thelong-term stability of the beam in the
presence of the weadtrong BB effect tracking studies are required: the particles are
tracked with different configurations based on different initial conditions and 60
different representations of multipolar compotse called seeds in the following. The
initials conditions are selected considering stepssbetweeni5Nand 75Nin the xy
plane. For each angle the amplitude is varied in small steps (30 pairs of particles equally
spaced over 2 ) : at I noymalzed iamplitudéshok the particles are chosen
between 8 and 14, and bet weeinn 4calnldi sliSon. The magr
selected according to the study[8) and the random errors are generated using 60
different seeds. For each configuratidnanmgle, amplitude and seed, the particles are
tracked for10° turns. The Dynamic Aperture (DA) is defined as the minimum
amplitude that exhibits particle loss. Lastly, the relative momentum deviation is fixed to
two thirds of the RF buckeniall tracking runs.

The particles in the LHC will have to survive for sorh@ turns in collision.
However, even very powerful computing facil
decribed below, do not allow tracking runs for longer tsame10’ turns.In the next
chapter we will check how th&#0® and 1¢° turn DA compares to the onset of chaos
which is a more rigorous bound on particle stability.

3.6.3 Analysis of Particle Motion

First of all it is imprtant to note that all data presented in this chapter represent the
minimum over all 60 seeds, i.e. the worst case is inspected here. The results concerning
DA will be discussed further down. In this chapter the aim is to compare the DR of
and1C® turns with a more rigorous lorigrm stability bound, i.e. the chaotic border. It
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remains difficult to pin down the exact location of this change of stab#éibaviourbut
in practice one finds that the detection of chaos is sengitive indeed such that those
slightly chaotic particles may never get lost.

To avoid a lengthy discussion of how to define the chaotic border two separate
curves will be shown: the lower one represents the largest amplitude that is stable and
the large one represents strongly chaotic motion. It goes without saying that within the
granularity studied in this context no chadighaviourcan be found for any amplitude
smaller than the lower curve.
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Figure 43. Chaos at injection.
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Figure 44:. Chaos at collision.

At injection (Figure43) the DA reduces overall by some 025 when extendi ncg
tracking from10° to 10° turns except for the large angles where the strong chaotic
border is almost reded. With some confidence one can predict that the DA will not go
lower than the strong chaotic border for the full injection period that should not exceed
5x10 turns.
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Figure 44 shows that at collision the lofigrm stability of the particle motion is
much reduced due to the strong headand parasitic BB effects. The loss in DA in the

10° turn case is about 0B, i . e.

c 0 n thandkeimjeation. Worebviergthee r
onset of chaos is lower by more than a beam sigma. Since particles have to survive

1000 times longer, compared to what can be simulated, a safe estimateli@t ttive

DA is about 5.5]

for

t h eal) dngles Obvidusiyetmetlongerm DA becomes

marginal and this looks like a challenge for the collimation system.
Equally interesting for the collimation is to determine by how much the amplitude is

ismeared

position particles are scraped off according to this smeared area in the phase space.

out o in phase

S lmhat a certaih ltallimmatoh a s

Figure 45 depicts the phase space smearing for injection Rigate 46 for collision
energies respectively.
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One finds that at injection the smear is quite small: even at amplitudes§ of B t
hardly exceeds 5%. However, in collision the smear miglaichh up to 20% at
amplitudes as low as (6. One should note however, t ha
maximum momentum deviation so that these smear values are somewhat pessimistic
and this might also explain the peculiar 8% smegelling in collision. More studies
are desirable to clarify this issue further.

3.6.4 Effect of Rounding Errors

The analysis of rounding errors in be#maicking calculations has first been
performed some 25 years ads. [There is no reason to believe that these findings are
no longervalid today. However, computing hardware has evolved dramatically since
then and we are now tracking with the very {tioear bearrbeam force. It is therefore
worth to recheck by how much relative amplitude loss (or gain) per turn is to be
expected due tthe inherent loss of symplecticity. In fact, these errors may be larger for
the LHC.

In 1985 and performing 6D single particle tracking (without the bbaam force)
for the HERA proton ring6] the calculations in double precision led to a relative
ampitude change per turn of som@x10*3 As a conclusion the HERA tracking over
10 million turns would still be okay.

For the study presented in this report we have performed a preliminary rounding
error analysis of the very worst case, i@l BB in collision. To this end we have
chosen one seed and did double and-folar precision tracking over 100,000 turns
keeping every single turn. It should be noted that theflddrprecision tracking takes
about 100 times longer than the doublecimien tracking.

Figure47 shows how on average the simulated particle amplitude is changing as a
function of turn number. One finds a linear dependence on the wather which is in
line with the earlier studies. It could also been shown that the rounding errors grow
faster for larger amplitudes.
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Amplitu'de1
Amplitude 3
3e-10 I Amplitude 5

2.5e-10
2e-10
1.5e-10 |

1e-10

double quad precision distance [m]

5e-11

0 ' ! A A 1
0 20000 40000 60000 80000 100000
Number of turns

Figure 47. Amplitude change with respect to fefaid precision for small, medium and large
regular amplitude, denoted by 1, 3 and 5 respectively.



77

Table 7 summarizes the results of this preliminary investigation. The relative
rounding errors per turn do not follow a simple rule and even may change sign, but this
may be expected from IEEE compliant computing maehiWwWhat is most worrying is
that the rounding errors are larger by a factgfQ0 compared to the old studies. This
implies that after onlyl0’ turns the amplitude changes by a couple of % which is
clearly too large already.

It is thereforemandatory to perform a more systematic study of rounding errors for
purely transverse motion or the full 6D phase space, with and without BB and for
injection and collision tracking.

Table 7: Amplitude dependent rounding errors.

No. Amplitude Relative Rounding Errors per Turn
1.6x10 7 9.0x10 2
9.8x10 ’ 711.7x10 °
1.5x10 8 2.0x10 2

3.6.5 Volunteer Computing with LHC@HOME

A decade ago it becanapparent that conventional specialized computing facilities
and/or PC farms were never large enough or too expensive to perform the systematic
tracking studies needed for the LHC in all its configurations. A creative way out of this
dilemma has been thersensaver concept to make use of idling PCs eithbourse or
provided by outside volunteers.

In 2003[7] a system has been implemented to tap into the several thousand PCs of
CERN. An even bigger attempt has been started called LHC@H@M&khich uses
BOINC [9] technology and relies on a large number of volunteers ready to support the
LHC. It should be mentioned that using a heterogeneous system of PCs had required
special adaptation of the tracking code SixTrgdk to guarantee biby-bit accuracy
on ay computing platfornill]. As a result it became possible in 2Q@2] to do a
systematic BB study with 600,000 jobs oues1( turns and each job requiring h2of
computing time.

In the meantime, the performance of BOINC had suffered derably since it
lacked adequate manpower to support this complex system. Therefore BOINC could not
be used for such studies as presented here.

Recently, the decision has been made to move BOINC back to CERN and EPFL of
Lausanne will manage it. This revivesystem will not only make systematic BB LHC
studies possible again but it will also allow BNL studies with electron lenses which is of
mutual interest to both laboratories.

3.6.6 Simulation Results

Three cases are considered both at injection and in colligienDA without BB
effect serves as a reference and is compared to the DA including BB interactions at
nominal current1.15x13%) and ultimate currentl(7x10%) respectively. The tracking
for Phase | at injection is shownHigure48.
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Figure 48: DA at injection.

The three lines represent the average DA over 60 seeds versus the angle for the three
cases. Theertical bars give the range between the maximum and the minimum of the
60 seeds. The minimum DA is particularly significant because it is an estimation of the
worst possible combinations of errors in the machine. At injection the BB force
decreases the akage DA by 1.5 f or t he nomilnalorc urhree nul ta
current, compatible with the equivalent study which was performed for the nominal
LHC.

In collision the effect of the BB force is stronger because of the tune spread induced
by the heagbn collisions that can push the particles towards the resonance excited by
the longrange BB interactions. Consequently the layout and optics of the new insertion,
with 21 parasitic encounters andbaof 30 cm present some issues to be consitler
carefully Figure49): The average DA with BB at nominal current drops by 6 tai 10
compared to the case without BB. Moreover, the minimum DA at nominal current is
around 8@ whi ch must be considered as a bare
LHC beam (the primary collimators of LHC in collision are set {0 6 . The situat.
further degraded for ultimate intensity where the minimum DA is, for some seeds,
belov6d. The average DA of t[ZAisarcurmdmi naard d LtHCe i
minimum DA roughly &J , . e. not far from the results
Phase | upgrade. In essence, however, the DA of the upgrade is barely acceptable and
oneshould aim at improving the situation, in particular for higher current (the ultimate
and beyond).
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Figure 49: DA in collision with b =30cm andUC=4108 rad

To this end, a baelp collision optics (proposed [d]) shall be attempted with the
intention to reduce the loAgnge BB effect, with a larger crossing angle. This optics
should increase the DA up to the wirgalue of 781, whi ch corresponds |
of the secondary halo in the LH@]. This alternative optics is designed to work with
the same new inner triplet (IT) imposing to refaxn order to preserve the IT aperture
in the presencef a larger crossing angle. The new parameters for thelyasklution
are:b'=40cm and a crossing angle of 560 ad t hat corresponds to a
aboutlei. The tracking fBiguesbbhi s optics is showr
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Figure 50: DA in collision with b =40cm andUC:560£ rad

The reduction of the average DA due to the BB effects issg#lble, in between 5
and 70 but the mini mum ODAfoembébiond abmvieall. an
currents.

The luminosity can be defined g4:
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with n_the number of bunches circulating in the machi¥jethe number of protons per
bunch,f  the revolution frequency of the machif®,t he b function at t
point, U the transyv élcrtrsae:roseingiamglle an‘ﬁizd:he RMSf t he |

bunch length.
The increase of the crossing anf;lceand b reduces the luminosityf the backup

optics compared to the nominal upgrade optics. However, since theupaatics
allows for higher current\,) an overall gain of luminosity might be achievable.

3.6.7 Conclusions andOutlook

As expected, the BB effect in the LHC is one of the most important limiting factors.

Any upgrade of the machine will have to face this issue, in particular due to the obvious
request for more luminosity. The optics proposed for the Phase | upgrade imdluse

limit of the DA acceptable for the LHC, while the bag collision optics offers more

margin. Indeed, thanks to the increased aperture of the new triplet, the normalized
crossing angle can be pushed upto about 16and t he optowo®bst i | | S
40 cm resulting in a substantially reduced sensitivity of the dynamic aperture with
respect to the beafmream effects. The upgrade optics at 30 cm with a beam separation

of 1000 (as in the nominal L HC)t cap beedoree intao pust
future LHC upgrade.

In terms of analysis it is not sufficient to look at dynamic aperture over periods
accessible to todayds computing facilities
into account the more rigid limits of wherargicle motion becomes unstable. On the
other hand, notfinearities might even limit the machine performance further in case the
smear becomes large at amplitudes that corresponds to the collimator settings.

Future upgrades are foreseen to operate wittblams and to evaluate if a full 6D
treatment of the beatmeam force has further detrimental effects on the stability of
particle motion. For systematic studies we are eagerly awaiting to get BOINC back as a
tracking facility that will boost our trackinproughput by a factor of 100.
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3.7 Long-RangeBeamBeamCompensation in the LHC
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To maximize the number of bunches and thereby the luminosity in the LHC, the
bunch spacing is as small as 7.5 m. This distance is much less than the length of the
low-beta insertion of some 120 m. Multiple heau collisions around each interaction
point are prevented by crossing the beams at an angle. For nominal parameters, this
angle is chosen to be 285um, allowing an average beam sepaiaiéa for the 18 or
19 longrange beanbeam interactions occurring on either side of the two -high
luminosityinsertions Figure51). Altogether, for the four LHC interaction regions, about

120 longrange interactions occur at a beam separation close do 19 was gradually

realized from simulations that these interaics are the primary beam dynamics limit of
the LHC in collision. This paper reviews a compensation method by wires and the

results of investigations obtained so far on numerical and experimental models.
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Figure 51. Nominal beanseparation at the loaginge interaction points in one higjiminosity

collision point [1].
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3.7.2 The Long-RangeBeam-BeamEffect in the LHC

Even though the tune spread caused by the-lange beanbeam effect is
significantly smaller than the heaxh bearbeamtune spreadHgure52), the stability
limit of the beam motion appears dominated by the forinesimulation, the dynamic
aperture ignsensitive to the heaon beambeam effect. Adding the loaginge beam
beam #&ect, however, changes the situation. A decrease of the LHC dynamic aperture is
clearly observed when decreasiig tcrossing angle from its design valtég(re 53)

[2].
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Figure 52: Footprints of hea@n and longrange interactions for the nominal LHC (courte
H. Grote, W. Herr).
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Figure 53: Dynamic aperture versus crossing angle: plain: with magnet &ubnathout
beambeam, dashed: with both [2].

Similar results have been obtained with other tracking codes-ig]ré 54 left) or
by evaluating a diffusive aperturather than a dynamic aperture [#jgure54 right).
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All these results show consistently that the nominal LHC crossing angle is the minimum
required for the nominalumch intensity and IP beta function. Increasing the angle
would have several significant drawbacks though. Primarily, crossing at an angle
reduces the luminosity due to the crossing geometry. For nominal parameters this loss is
already 16%, and it increas very rapidly with the crossing angle. Another difficulty is
related to the synchybetatron coupling and its impact on the performance. This field is
difficult to access: the dense web of resonances excited by symetatoon coupling is

likely to impeact the beam lifetime. The latter is largely out of reach of numerical
tracking models. Finally an increased angle requires a larger triplet quadrupole aperture,
i.e. a significant investment.

Dynamic Aperture with beam-beam (TEVLAT) 17
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Figure 54: LHC dynamic apertures crossing angle with beabeam and magnetic errors [3]
(left); and the diffusive aperture in similar conditions (@ght).

Given these conflicting requirements, the minimum crossing angle was selected for
the nominal LHC, with possible mitigation bycimr e a s.i mawevér, both the
machine and detectors are designed with the potential of doubling the nominal
luminosity by increasing the bunch current by 50%. Later upgrade plans consider much
higher beam currents. To solve the leagge beanrbeam issuewithout loss of
performance, a longange bearbeam compensation principle was devised [5]. Thanks
to the implementation of wires in RHIC, the importance of the-lamge bearbeam
effect on beam lifetime could be observed experimentally [6] and uskeenthmark
simulation codes, giving increased confidence in the conclusion that thealoge
beambeam effect needs compensation.

3.7.3 The CompensationStrategy

Principle

In the common section of the LHC, the nominal bdaeam separation is $5The
particlescontributing to the luminosity have amplitudes lower than Bhe particles
mostly contributing to the beam lifetime have amplitudes extending to the primary
collimation aperture, i.e.® For those particles and for the round LHC beams, the ratio
of themagnetic fields due to a beam of rms sizend that of a compensating current
fed wire, at a distanaefrom their common centers of gravity, is given by
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and shown irFigure55. It is therefore possible in principle to compensate accurately the
long-range beanbeam effect in LHC by compensation wires.
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Figure 55: Comparison of the magnetiefds created by a beam or a wire, as a function of the
distance to the test particle.

Position of the compensators

It can be easily verified that the required kick from the wire field, of fafmis
independent of thé-function. From this point of viewthe compensation can be made
anywhere in the machine, provided all distances are implemented in units of local rms
beam size (e.g. the beamire separation).

The beams have equal transverse sizes in the interaction straight section. In the
triplet, the apect ratio is modulated, but it is not changed on average. In order for the
compensation to correctly reproduce the perturbation, the compensation shall be made
at a machine azimuth where tiefunctions are equal in both transverse planes,
whatever theivalues.

However, the high netinear content of the lorngange bearbeam effect calls for a
position of the compensators as close as possible from the perturbation. Thie large
function in the LHC triplet (larger than 4 km) has the notable virtuea¥ing the
betatron phase almost constant over the-lamge interaction places on one side of the
IP, the triplet and the separation/ recombination section where the beams are brought
back to their respective separate chanrrtgife56). This has two consequences: the 18
or 19 longrange interactions on one side of the IP act as if they were lumped; and the
optimal position for the compensation is at the crossihghe b-functions in the
separation/recombination section, between its two dipoles (positions marked LRC on
Figure 56). The betatron phase shift between the lumpedtupgation and the
compensation isnly 2.6 degreest this position, the beams are already well separated
and the b-functions large enough not to require excessive precision from the

compensation equipment (the wire compensator must be transverselie ranbi
retractable).

Crosssection of the compensating wires

For 50% of the longange interactions, the beam size aspect ratio is significantly
different from one, even if their overall average is close to one. Simulations of the
compensation of a single interaction at a besgug ratio of 2 with a round or ellipti
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(same aspect ratio of 2) compensating wire show that a round compensator corrects
90% of the tune footprint in this worst case.
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Figure 56: Insertion optics versus azimuth and position of the-@rmge compensators
(LRCbAs)
Strength of the compensators
To compensate the bedmeam interaction, the wire current integrated along the
length of the compensator (counted along the beam propagation axis) shall be equal to

the integrated effect of the bedmam longrange encounters iabsolute value and of
opposite direction.

3.7.4 Compensation inNumerical Smulations

The efficiency and robustness of the compensation have been studied in detail by
several authors in numerical simulations, e.g.-[B}, using a number of different
codes andriteria.

A first criterion to evaluate the correction efficiency has been the tune footprint [5];
indeed, due to the very low betatron phase advance between perturbation and
compensation, this simple ndinear criterion should be sufficiently represdivia of
the nonlinear problem. The compensation very efficiently suppresses the orbit
deviation in the IP and reduces the tune footprint by a factdigbré 57). Another
reduction of the footprint by factor of 2 can be gained by an empirical 13%
overcompensation. It is interesting to note that all other criteria (diffusion, emittance
blow-up, discused later) rather call for a slight unelmpensation.

The study by tracking of the diffusive aperture [7] shows a gain of regular motion
by 1.5 in particle amplitude(Figure 58). This gain allows regular motion for all
particles inside the physical aperture defined by the LHC collimation system.
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Figure 57: 6c tune footprint of the LHC beam subject to lerange interactions only, with and
without compensation [5].
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Figure 58: Diffusion rate &.amplitude in the nominal LHC under several scenarios [7].

Further studies based on the samodel show large tolerances with respect to wire
parameters (10 degrees in betatron phase shift between perturbation and correction; over
10% and 20% respectively for static excitation current and transverse position). A
similar tolerance on the wire traverse position is indeed observed as well in [12]. The
only critical tolerance is on the tuby-turn fluctuations of the wire current that shall
remain below 0.1% [7].

In simulations, the longange bearbeam effect appears to significantly narrow the
tune space available for operations [13]. This is identified as well in SPS experiments
(see next section). The compensation appears very effective to recover significant
freedom in the tune spadeidure59).
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Figure 59: Onset of instability versus tune, without and with compensation [13]

The weakstrong studies mentioned so far were complemented bycaeistent
studies of the evolutioaf the beam size in a stroisgrong case using PIC calculation of
the bearrbeam interaction [1Q1]. While weakstrong studies focus on large amplitude
dynamics, strongtrong studies give access to the dynamics of particles of lower
amplitudes that coribute to the luminosity.
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Figure 60: Evolution of the average H and V beam sizes vs turn number; (a)dmeeallisions;
(c) headon + longrange compensated; (b) and (d) headand longrange wihout
compensation (without/with optical matchirf@p] (left). Evolution of emittance with/without
compensation [11(right).

For a beanbeam parameter 5 times above nomirigure 60 (left) shows a
complete suppression of the emittance bignwdue to the longange beartbeam effect
by the compensation. Identical, but noisier results are obtained for the nominal beam
beamparameter. In addition, this study indicates an even larger tolerance to static wire
current errors, from the point of view of emittarggewth (Figure61). Thisinformation
is of relevance for the compensation of PACMAN bunches.
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Figure 61: The average horizontal and vertical besize growthogal after 10° turns vs. the
static error of the curreint for the wire compensation where 0.02[10].

The same study confirms the importance of low wire current fluctuations, with a
threshold of 0.5% fluctuations, above which emittance hlpws observedA second
later study [11], using a different strosgyong code, observes a very similar evolution
of the emittance (the right picture Figure 60). Once more, thavire compensation
perfectly restores the evolution found in the absence ofdange collisions.

While a dc wire excitation is the natural solution for the compensation of nhominal
bunches, PACMAN bunches, suffering a different and variable number otaogg
beambeam interactions, should require a pulsed compensation. The requirement of
very low turnto-turn jitter identified above has not allowed so far designing a pulsed
system, though an interesting proposal of an RF device has been made (F. Caespers)
[8]. However, the large tolerance to wire current errors showigimre 61 gives a hint
that the compensation of PACMAN bunches might not be a critical issue. Further
simulations [14] indeed demonstrate that mitigation of the wire current allows a
significant compesation for both types of bunches with a dc compensBiguré62).
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Figure 62: Mitigation of nominal and pacman bunch correction with a tte sompensator,
from [14].
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3.7.5 Compensation inExperiments andOperations

Wire compensation has been experimentally investigated over the last decade in
three machines: SPS, RHIC and DAFNE.this paper we review mainly the results
obtained in SPS, mostlevant to the LHC case. In RHIC, studies mostly concentrated
on the longrange beanbeam effect. One compensation experiment was conducted
lately. RHIC however only allows a single LR interaction by RF cogging. The
weakness of this perturbation requir@seduction of the beam separation t t8
enhance the effect, driving the wire compensation system somewhat out of its domain
of validity. Evidence of compensation was nevertheless observed, but only in one ring
[15]. The DAFNE operations results witlwére are also briefly summarized.

Scaling laws for the longrange beambeam effect and its compensation

In order to extrapolate the results of experiments, e.g. on the SPS, to the LHC case,
the scaling has to be analyzed. It is obtained by imposinghthabotion of the particles
in the different machines is identical if described in normalized phase sh&¢|
17]. We have alreadyeferredto the invariance of the problem when distances are
expressed in units of rms beam size @nthe requiremento correct locally in betatron
phase, at a place with identical beam aspect ratio as at the perturbation. Inwaitiance
respect tadhering circumference is naturally obtained by expressing the time in units of
turns, and correcting accordingly the lifeé measurements. Invariance with respect to
emittance is obtained by scaling the wire current according to:

=1, 2N
€no

with the index0 denotingnominal LHC values for the wire current and normalized
emittance. These prescriptions resulinvariance with respect to energy.

3.7.6 SPSCompensationExperiments

Two wire units are installed in the SPSdure63), positioned in the shadow of the
vacuum chamber and water cooled. One of them is movable in the vertical plane within
the small range of bellow flexibilitya first unit is used to simulate the strong beam by
exciting fake bearbeam parasitic encounters. The beaime distance is adjusted by
moving the beam with a closed orbit bump. The other wire unit, spaced from the first
unit by a betatron phase advamcpial to the average phase shift with respect to the LR
collisions on one side of the IP for the future LHC implementation, i.e. 2.6 degrees, is
used as an actual compensator [18].
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Figure 63. SPS wire units for excitation amdmpensation. Three wires are installed to study
the longrange interactions in different planes and their combinations. Each wire unit consists of
two subunits as indicated on the right.

Each wire is 1.2 m long and can be independently powered apad 250 A
providing an integrated strength of 300 Am. The number of Hszam parasitic
encounters that such integrated strength can simulate, or compensate, assuming equal
SPS and LHC beam transverse normalized emittance, is 54, i.e. close to thenteng
beambeam effect created by the two hilgiminosity LHC insertions.

To correctly represent the LHC case, the positions of the SPS wires have been
chosen to fulfill approximatel@,=py, with a phase advance between the two devices of
~3 degrees (see sext3.7.5.

The beam losses and the beam lifetime are the main observables of the experiment.
They are measured at each of three steps in each experiment, tozmisystematic
parasitic effects, namely:

1. WIRES OFF: with wires not excited, the bearire separation is varied by
moving the beam towards the wires, and all machine parameters are adjusted.

2. EXCITATION ON: the excitation wire is turned on at thppropriate current.
The induced orbit and tune perturbations are simultaneously corrected.

3. COMPENSATION ON: the compensation wire is turned on at the desired
current. Once more the orbit and tune perturbations are simultaneously
corrected.

The parametespace investigated in the experiment is given by the beam energy and
emittance, the wire positions and currents, and the machine tunes and chromaticities.
Transverse beam profiles have also been measured by wire scans, often revealing a
shrinkage of the l@m emittance due to a reduced dynamic aperture caused by the effect
of the wire (or the equivalent lorrgnge collisions) [18].

In the SPS, compensation experiments were performed at 26, 37 and 120 GeV
(singlewire longrange beanrtbeam experiments also at 55 GeV). The lowest energies
are chosen for the better availability of experimental time in shared mode and because
the closed it correctors used to bump the beam towards the wires have limited
strength. 120 GeV is the highest energy that can be contemplated for this experiment,
requiring, quite complex bump superpositions to move the beam towards the wires.
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Early experimentsn pulsed SPS operations

Figure 64/top shows the first compensation result achievedhaenSPS in 2004,
reported in [19, 20].
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Figure 64: Beam lifetime versus tune for 1) blue: no leragnge effect, 2) green: with long
range effect, 3) red: with compensated lwagge effect [19, 20] (top). Beam lifetime losses vs
tune for 1) black: no longange effect, 2) blue: with loaginge effect, 3) red: with
compensated lonange effect [1] (bottom).

There is a nearly perfect compensation over the interesting tune range; however,
compensation unexpectedly partially fails for lowugres.

Figure 64 showsas well that the nominal tuné€s31/0.32 found optimal for the
headon bearrbeam effect are not optimal for the lerange beanrbeam effect. This
appears consistent with former SppbarS observations &dlilar unexpected tune
dependence was obsedvin 2008 at 3GeV (Figure64/bottom): here the best tunes that
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minimize the longrange beantbeam effect are around (0.3128). The compensation

is very effective in the range from,€0.27 to 0.30 but has only a marginal effect when

the tune is close to the third and fourth resonances. With such a local compensation in
betatron phase, it is unclear why this significant tune dependence is obsemight It

be related to the limitations of the experimentalige{e.g. the beam aspect ratio differs

between the exciting and compensating wires, the alignment of the wires might not be

ideal,etc)

Experiments in coast at 120 GeV/c

All previous resultsdve been obtained by observing the beam decay for a relative
short period (<5s) after which the beam is extracted and a fresh beam is injected for a
new measurement. Consequently, a limit of these experimental conditions is the
impossibility to distinguishransient beam losses from steadgte ones if the former

would be much larger than the latter.

In 2008 a new campaign of wire compensation measurements was undertaken with
the goal of increasing the observation time from a few seconds to several niputes
storing a 120 GeV/c beam in SPS. The maximum be&am separation that could be

reached wasd i.e. close to the nominal &%%eambeam separation in the LHC. The

experimental conditions (wire excitation, beam emittance) correspond to 27 LHC long
range encounters, i.e. about the equivalent of one-highinosity insertion.Figure 65

shows the beam current and instantaneous losses during a sequence of steps

with/without longrange excitation and with/without compensation. All along the
experiment, the emittance and machine parameters (drbiess, etcvere monitored

and found constant within measurement accuracy (i.e. 0.001 for the tunes).
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The results appear clean and reproducible: without excitation (period 2), the beam
lifetime is infinite to measurement accuracy. With loagge beanibeam excitation
emulated by wire 1 (periods 1 and 3) or wire 2, normally used for compensation

o

u:

Per
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(periods 5and 7), the SPS beam lifetime drops to10.3h (27 4 hours in the LHC).

With compensation, the beam lifetime is restored to the values observed without
excitation (periods 4 and 6). Similar beam decays in periods 1 and 3 suggests that the
natural diffuson in the SPS rapidly repopulates the distribution tails, avoiding a bias to
the experiment depending on the position in the sequence. During excitation periods,
much larger losses are observed when wire 2 is used, carrying a current of opposite
polarity o wire 1. This may indicate that, even within measurement accuracy, the tune
shift of opposite polarity would have a significant impact. When the -tange
simulator is turned on, a large loss occurs over a few seconds before reaching a steady
level (notreally visible on the time scale &fgure 65). This behaviour underlines the
improved accuracy of measurement in coasts, compared to former measurements on the
fly, even differential.

This experiment demonstrates the efficiency of the compensation of thealogg
beambeam effect alone. Even if simulations [4] shows that the beam dynamics is
dominated by the longange bearbeam effect, further investigations are rplad,
using the SPS octupole to induce a tune spread qualitatively similar to the one of the
headon bearrbeam effect and to measure its possible impact on the beam lifetime an
on the compensation efficiency.

3.7.7 Application in DA®NE

The first operational apigltion of wire compensation was done IAR®ONE to
compensate its loagange beanrmeameffect [9. Contrary to LHC, a local correction
was not possible. Hence, only an optimiéng | o b al 0 cocld e foend.Figu@ n
66 shows the amplitude plane without/with compensationfandompensation with the
opposite(wrong)sign. The improvementith correct compensatias striking.
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Figure 66. Numerical and experimental results of DNE wire compensation [9].

The observed effect on the beam was a significant increase of lif&tigne=66),
the suppression of sudden blayws and a reduction of background, but no increase in
peak luminosity. The wire compensation resulted in a gain in integrated luminosity by

30%.
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3.7.8 Conclusions

Numerical and experimental studies by several authors confirm the efficiency and
robustness of the wire compensation of the {oaitgge beanrbeam effect in the LHC,
where the interactions are clustered close to the interaction points. The identified
requirement of turnto-turn stability can be easily met by a dc system. A pulsed system
does not appear at this stage absolutely required, but such system would provide an
optimal solution if technically feasible. In addition to allowing higher performance, the
regularization of the phase space of the beam core is likely to minimize diffusion and
thereby to improve running conditions. The physical space has been reserved in the
LHC tunnel to install compensators when the need arises. In the meantime,
experimentalstudies will continue on the SPS, using both the existing wires and the
wires dismounted from RHIC, which have been kindly donated [22].
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3.8 Long-RangeExperiments in RHIC

R. Calaga, G. Robelemolaize andW. Fischey BrookhaverNational Laboratory
Mail to: rcalaga@bnl.gov

3.8.1 Introduction

The LHC will experience 32 loatange (LR) encounters at each interaction region
(IR) with four IRs and the anticipated bunch spacing of 25 ns. The number of LR
encounters is a factor of 5 or larger than colliders of thegrakthe present. A crossing
angle at the interaction point is introduced to separate the beams in the common region
by approximately 8 to help ameliorate some of the LR effects. However, the-long
range forces may still pose a significant limitation to peeformance of the LHC and
the foreseen upgrades in the future. The electromagnetic fields from a DC wire parallel
to the beam axis is one proposal to partially compensate the effect ehluyg forces
[1]. Tests of DC wires have been carried out orhregergy circulating beams in the
SPS and colliding beams in the RHIC. Brief accounts of the RHIC measurements from
20052009 and corresponding observations are discussed in this chapter.

3.8.2 RHIC Experiments

The RHIC accelerator consists of two rings (Bared Yellow) designed to accelerate
and collide heavy ions (for example Au) and also polarized protons. The two beams
share six common IRs. Only two of them (IR6 and IR8) are currently in use for high
energy and lowbeta collisions. Nominally, there exisb LR interactions in the RHIC

IRs with the present bunch configuration. Relevant machine parameters for the RHIC
accelerator are presentedrable8.


http://cern-ab-bblr.web.cern.ch/cern-ab-bblr/scaling.pdf
http://mylab.institution.org/~mypage
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Table 8: RHIC machine parameters relevant for leagge bearbeam experiments.

Parameter Unit Au-Au p-p
Beam energy | GeV | 100 100-250
Rigidity Tm 831.8
no of bunches,n é 1-36
ions per bunch, N 10° 1.1 170
emittanceey x.y o5% mm-mrad 10 20
Tune (Q,) é 28.23/29.22 28.69/29.68
chromaticities &,£,) é (+2,+2)
Bx,y (blue ring) m 556/1607
Bx,y (yellow ring) m 1566/576
Wire current A 5-50
Phase advance LR to wire deg 6

DC wires have been placed in the RHIC and the Bi#t5the aim of performing LR
experiments [24]. Typically observables like lifetime, tune and orbit measurements are
used to characterize LR observations. RHIC has the advantage of colliding beams
which offers a unique test bed for the LHC.

3.8.3 DC Wires in the RHIC

Two DC wires in the vertical plane were installed in the RHIC accelerator in 2006
(seeFigure 67) with the aim of investigatingR beambeam effects and a potential
compensation. The IR6 region was chosen to host the wires which were placed 40.6 m
from the IP after the Q3 magnet in thamww region in sector 5. This location has the
minimum phase advance (6 deg) between the DX magnet, where aalge
interaction can be setup, and the wire location for compensation. The maximum
integrated strength of the wire was designed to be 125 Archwé equivalent to 16
long-range interactions of the nominal LHC and thereby allowed to probe diffusion
effects for large amplitude particles similar to the LHC.
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Figure 67: Left: A schematic of the RHIC ringsith the DC wires installed in sector 5. Right:
A zoom of the sector 5 region to illustrate the interaction region lattice and wire location.
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3.8.4 Long-RangeExperiments

Themeasurement of loagange interactions with a DC wire in the RHIC can be
broadly categrized into three types:

1. Single longrange effect between the two bunches with proton beams

2. Effect of the DC wire on a single beam via current and distance scans on proton
and gold beams.

3. Effect of longrange interaction either with a wire in the presence of Joead
collisions or between the two beams with a simultaneous compensation using
the wire.

A summary of all longange experiments performed in the RHIC accelerator since
2005 are ikted with corresponding beam conditionsTiable 9 [2]. More than 30
dedicated LR bearneam experiments were performed at different energies, with
different speciesaand various machine configurations to span a variety of-tange
conditions and benchmark simulations. Several simulations have been performed for
some of the measurements of which some show successful reconstruction of measured
lifetimes and onset obkses [5].

Table 9: Summary of longrange beanbeam experiments conducted at RHIC (22059).

Year Species Rel. No. of Longrange Condition
Gamma | bunches
2005 Protons 25.963 1 IR4, Blue & Yellow beams
2006 Protons 100 10, 12 IR6, Blue & Yellow beams
2007 Gold 10-100 6, 23, 56 IR6, Blue or Yellow beams with DC wires
2008 Deuterons 100 12 IR6, Blue beam with wire
2009 Protons 100-250 36 IR6, Blue and Yellow beams with head
and with wire compensation

3.8.4.1 SingleLong-RangeMeasurements

LR beambeam experiments were successfully performed prior to the installation in
2006. The motivation of these experiments was to characterize the effect of one
parasitic interaction on beam losses for a future compensation demonstrati@tud he
and the Yellow beams were vertically separated in the IR6 region close to the DX
magnet with a finite strength in lattice octupoles and a working point close to'the 10
order resonance. The marginally stable beam was essential as the effect nfjlthe si
long-range interaction on the rather stable RHIC beams is subtle. In one such
experiment, the effect on the beam losses on both beams as a function of the separation
is shown inFigure68. Note that the Yellow beam was moved while the Blue beam was
kept stationary. Therefore, the effect on the Blue beam is of relevance as the losses in
the Yellow beam may also be affected by orbit and tunes shifts. A smallisfiesible
when the beams are approximatety & closer. Compensation of such small effects is
difficult as the losses are smaller than the natural reproducibility of the machine for a
given beam setup. Therefore, it was important to enhance the loss ttheelongrange
interactions to clearly demonstrate compensation with a DC wire. Increased
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chromaticity and introduction of heamh collisions were utilized to enhance the effect
of the LR interaction with the DC wires.

Figure 68. Beam losses due to a single parasitic interaction of the Blue and the Yellow beams.
The Yellow beam moved closer to the Blue beam from an initial large separation.

3.8.4.2 Wire Scans orSingle Beams

After the installation of the DC wires, several experirmentre carried out using
the individual wires of the Blue and the Yellow ring to characterize the onset of the
losses under certain beam conditions [6,7]. The measurements consisted mainly of
distance and current scans and simultaneous measurementb@dniméfetimes, tunes,
orbits and transfer functions to benchmark with theory and simulations. One such
measurement perfored in 2007 is shown ifigure 69 to illustrae the effect of the
distance and current scans on the beam loss. The yellow ring shows very weak or no
effect with a current scan which is probably due to a previous distance scan resulting in
a cleaning of the large amplitude particldfe beam lossega fitted to power law
which gives an exponent between 3 and 4 for the different cases as shHegurdgo.
This exponent was speculated to be about hHerSPSand about 3 for the Tevatron

[2].

Figure 69; Left: Beam loss as a function of the DC wire separatidhédlue and the Yellow
beams at 5 Amps and 50 Amps. Right: Beam loss due to a current scan in the DC wire fixed at a
given distance from the beam. Solid lines in all plots show a power law fit to the losses.
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The effect on the orbits and tunes were a¢smrded during each experiment. The
orbit deviation due to the dipole kick induced by the DC wire is expressa&y &z (d)

Ay~ KB, c?sézQy) )
2d |sin(zQ,) |

And the tune shift induced is expressed as

Kby 1
AQyy = i?yF @

y

Figure70 shows orbit and tune measurements taken during a 2007 experiment
(similar toFigure69) which agree well with analytical predictions.
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Figure 70: Left: Orbit measurements as a function of the DC wire distance to the beam on the
Blue and the Yellow ems at 5 Amps and 50 Amps. Right: Tune measurements as a function
of the wire distance to the beam. Solid lines in all plots represent the analytical prediction

according to equation 1 and 2.

3.8.4.3 Long-RangeEffect with Headon Collisions andCompensation

Prior to a compensation attemptpasition scan of the wire on each beam was
Afend of
wires on colliding beams (se€able 9), this was the first dedicated attempt. The

performedwi t h 50 A. Al though, some
corresponding beam lossas a function of beam to wire separatonboth colliding

and noncolliding bunches weraneasured.The maximumtotal beam lossesvere

constrained td00-150% for a very short period #void disrupting the beam quality

significantly for subsequenimeasurementsFigure 71 shows the evolution of the
intensity betwee bunches with anaithout heaebn collisions. Bincheswith the head
on collisions have a more severe effect fithn LR forces of the wire as expected.

physi
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Figure 71: Beam loss of colliding and necolliding bunches due to tredfect of a DC wire on
the Blue and the Yellow beams.

The bunch spacing and the interaction region geonefRHIC does not inherently
have LR beanbeam interactiondt is therefore, necessary to shift the collision point
towards the DX magnet closestttee DC wiresas noted beforeThis locationenables
for an artificially induced a LR interactidmetweenthe two beamsnd simultaneously

allows for aminimum phase advance between the LR interaction andwid€s ( 6

deg).Additionally, this bcation has sufficient apertufer an orbit scan with the range
of interest (3100). The individual bunchintensities and beam losses were recorded
during the positioscan with the LR compensation.

Figure72 shows he beam losses as a functiorttué wire position. In the Blue ring,
the losses are always increasagythe wire approachetoser to the beam. Therefore,
no evidence of copensation of the LR interactiofrom the Bluebeam is visible.
However in the Yellowring, the beam lifetimémproved as the beam to wire distance
approaches8U (seeFigure 72). Consecutivaretractions and restoration of theam to
wire distanceto 30 show similar inprovement of the beatifetime. This indicates a
potentialcompensation of the effect &R interadion bythe DC wire.
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Figure 72: Beam loss comparison between bunches with singlerimmge and compared to the

no longrange interactions as a function of the wire position for Blue and Yellow rings with a
current of 5 A.

In addition to beam lossedhd individual bunchntensities with and without LR
interactions and simultaneous compensation is showfigure 73. Note tha all 36
buncles experience theffect of the DC wire, but opnl 30 bunches experience LR
interactions. Therefore, onl bunches with a LR interaction can experienge
compensadn. In the Blue ring, the bundhntensity evolution is simér for bunches
with and withoutLR compensation. Hence, only the effect from the wingsible. The
bunches with LR interaction arsimultaneousompensation have reduced beam losses
as compared to thaunches that only see thereui This is consistent with tH®am loss
measurements (8€igure73).
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3.8.5 Summary

Several longange experimentsere conductediuring theperiod between 2005
and 2009 athe RHIC accelerator. The primary motivation for these experiments was to
test the concept of DC wires for compensation of {oagge beantbeam effects. The
effect of long-range interactiosm between two proton beams and the ef#edC wire on
single colliding and norcolliding beams were studied in detail via beam losses, orbit
and tune measurements. Simulations show remarkable agreements to some of the
observationsA single attempt to compensate lerage bearbeam interactiovia a
DC wire shows evidenaaf compensation
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3.9 Head-on BeamBeamCompensation in RHIC

W. Fischer, Y. Luo, A. Pikin, E. Beebe, D. Bruno, D. Gassner, X. Gu, R. Gupta,
J. Hock. A. Jain, R. Lambiase, M. Mapes, W. Meng, C. Montag, B. Oerter, M.
Okamura, D. Raparia, Y. Tan, R. Than, J. Tuozzolo, and W. Zhang
Brookhaven National Laboratory, UWpt, NY 11973, USA
Mail to: wfischei@bnl.gov

3.9.1 Introduction

Headon beambeam compensationith electron lensebad been proposed for the
SSC, LHC, and the Tevatr¢h,2]. Two electron lenses are installed in Treatron[2-
4], where they are routinely used gap cleaneand have been tested in many other
configurations In RHIC there are 2 heamh beambeam interactions at IP6 and IP8,
and 4 longrange beantbeam interactions with large separation (hfh) at the other
IPs.

We consider the partial indirecbmpensation of the heawh bearrbeam effect with
one electron lens in each ring. Together with intensity and emittance upfF&jesir
goal is to approximately double the luminosity over what can be achieved without these
upgrades. A RHIC electron lermonsists of: a DC electron gun, an electron beam
transport to the main solenoid, the superconducting main solenoid in which the
interaction with the hadron beam occurs, an electron beam transport to the collector, and
an electron collector. The 2 electrlamses are located in IR10 between the DX beam
separation dipoles. The proton beams pass through the main solenoids of both electron
lenses, and interact head with one of themThe following is a slightly modified
version of Ref. [7].Table 10 shows the main parameters of the proton beam and the
electron lenses. Referend@s11] present simulations for and discuss beam dynamics
problems.

3.9.2 DesignConsiderations

We aim for a technically feasible and economically viable implementatian
comes as close as possible to the ideal compensation scheme: A phase adwance of
between g and pe interactios for all betatron amplitudes and the same amplitude
dependent beaimeam kick from the qp and pe interaction. In addition, the ease of
commissioning and operation is a design consideration.
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Figure 74: Layout for heaebn beardbeam compensation in RHIC. Heath beardbeam
interactions are in IP6 and IP8, compensation near IP10.

Nonlinearities between thegpand pe interactions are minimized when these are as
close as possibles¢eFigure74). Phase advances ofarerealized through lattice design
and a phase shifter. To obtain the same amplitude dependent forces, the location is
limited to the space between the DX magnets, where the dispersion is also small: Since
the proton beams are round in the bdagam interactins, we also requi=py at the
electron lens and matched transverse proton and electron beam profiles.

The tolerances for the main solenoid field straightness and the tolefandbe
relative beam alignment are easier to meet with a larger pbeton. Thep-function at
IP10 can be as large as 0

The electron beam size in the main solermmids given byits size at the cathode
Ge; the solenoid fields at the cathod®k, and in the main solenoi®sy e =
Gec? (BsdBsm)™ Bsmis limited to alout 6T, and a strong field makes a correction of the
field straightness difficultBsc has to be large enough to suppress space charge effects.
With these limits, and a given beam sizghe electron beam size and current density at
the cathode follow, rad must be technically feasible. We use a DC electron beam to
minimize the noise in the electron beam.

With both electron lenses in IR10, in a section common to both bess®Bigure
74), the effect of the main solenoids coupling and spin orientation are locally
compensated.

The instrumentation must allow monitoring of the electron beam current and shape,
and the relativposition and angle of the electron and prdieams. In a diagnostics
mode the electron beam current is modulated.
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Table 10: Reference case for RHIC bedrmmam and bea#lens interactions.

Parameter Unit Value
Proton beamparameters | |
Total energyg, GeV 250
Relativistic factor, 0.999993
Relativistic factory, 266.4
Bunch intensityN, 10t 2.0
B,y at IP6, IP8 (gp) M 0.5
B,y at IP10 (pe) M 10.0
Lattice tunes@y,Q,) (.695,.685)
Rms emittance,, initial mm mrad 2.5
Rms beam size at IP6, IRS, um 70
Rms beam size at IP16), um 310
Rms bunch length M 0.25
Rms momentum spreaq/p 10° 0.30
Hourglass factoF, initial 0.88
Beambeam paramet&yIP é 0.010
Number of bearbeam IPs e 2+1
Electron lens parameters
Distance of center from IP M 2.0
Effective lengthL, M 2.1
Kinetic energyE. kv 6.4
Relativistic factof, é 0.16
Relativistic factory, é 1.013
Electron line density. 10Mm? 0.82
Electrons in lende; 10t 1.7
Electrons encounterdd., 10t 2.0
Currentl, A 0.62

Electron gun

The gun has to provide a beam with a transverse profile that is close to Gaussian.
Considering the magnetic compression of the electreim into the main solenoid
center with maximunmagnetic field of 6 T the a cathode diameter of i@ gives a
Gaussian profile with 2.8 rmiseam sizes. The perveance of the guRyis=0.86'10
®AV 1> The current density of the electron beam on its radial periphery can be changed
with the control elettode voltage while the general shape of the beam profile remains
Gaussian. The cathode should be capable of providing an emission current density of 21
Acm for an electron beam current ofAlcontinuously and in a regime of short pulses
with a reasonakl life time of several thousand hours. Cathodes made ofsaGsy
these requirements.
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Figure 75: Electron lens layout with gun, electron beam transport, superconducting main
solenoid for interaction with the proton beam, atettron collector.

Transport solenoids and steering magnets

The electron beam is transported from the gun to the main solenoid thxeogh
solenoids geeFigure75) which provide focusing. Within the second solenoid horizontal
and vertical steering magnets are incorporated that can move the beamnryird
either plane. The power consumption of beldctron lenses should be limited to a total
of 500kW in order to avoid upgrades to the electrical and water cooling infrastructure
in IR10.

Superconducting main solenoid

The superconducting main solenoid provides the interaction region between the
electron and the proton beam. The length and the elec#am lzurrent define the
interaction strength. The field strength (6 T), together with the solenoid field strength at
the gun define the transverse beam size, that must match the proton beamediedd Th
lines in the solenoid should not deviate from a straigiet kiy more than 26 of an rms
beam size deeTable 10). This requires 5 dipole carctors in each plane that will
increase the straightness of the cold solenoid by a fagtor™horizontal and vertical
angle corrector for the electron beam will also be impleme#tiédipole corrector are
superconducting magnets, wound on top of tlannsolenoid, and housed in the same
cryostat.

Electron collector

The electron collector has to dissipate the power otbbdetron beam coming from
the interaction region. The nominal current of the electron beam i#\ Gafd the
maximum is close to A. The design is dictated primarily by the UHV requirements of
RHIC. It allows the separation of the heavily bombarded area from the rest of the
electron lens by using a small diaphragm. A magnetic shield leads to fast diverting
electrons inside theollecta. The reflector has a potential lower than the cathode and
pushes electrons outwards to the watavled cylindrical surface. Under a load twice as
high as expected from a& electron beam the maximum temperature on inner surface
of the shell is 108C. This temperature is acceptable for the material (copper) and for
UHV conditions in RHIC. 20 tubes with an I&f 8 mm are brazed to the outside of the
cylindrical shell and are connected in parallel for water flow.
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Diagnostics

In commissioning mode aglectron current modulator is used so that the beam is on
only during the abort gap or a few selected RHIC bunches. In compensation mode the
electron beam is DCIhe goal is to align a small proton beam inside an only slightly
larger electron beam withirbaut 10% of an rms beam size. BPMs are used to bring
both beams close together, while bremsstrahlung deteft@tsand proton beam
diagnostics are used to maximize theerlap of the beams. Due to the large difference
in electron (lum) and proton beam hoh lengths (5 ns), separate electron and proton
beam position monitors are need&te electron beam needs to be monitored for shape,
current, and loss. Multipurpose isolated electrodes will be mounted throughout electron
beam transport. The electrodesed¢ lost beam, and clear ions.

Power supplies

Most of the supplies are referenced to ground; elements in the guolésador are
referenced to the cathode. The gun supplies include the cathode bias supply, the cathode
heater, the beam forming suppfnd two anode supplies (DC and pulsed). A cathode,
focusing, and bending solenoid are powered individually. There are also four sets of
dipole windings for each lens. The superconducting solenoid has a power supply that
allows slow ramping only. Within theuperconducting solenoid, eight driftbes and
twenty trim magnets are powered individually. The collector power supply is rated with
10kV at 2A, and will limit the energy deposited in the device should an arc occur. An
ion extractor is powered with spect to the cathode potential. A suppressor element is
powered with respect to the collector.

Vacuum system

The gun and collector vacuum will be UHV compatible, with a design pressure of
10*° Torr, and interface to the RHIC warm bore with a nominalgquesof 13* Torr.
For this reason all of the components shall be bakable tC230I-metal gate valves
separate the gun and collector vacuum. The gun and collector chambers will have a
confined gas load bwysing a conductance limiting aperture, and ugto installed
pumping speedAll vacuum chambers interfacing with the RHIC warm bore will be
made fronstainless steel and have NEG coating.

3.9.3 Summary

Partial heaebn beambeam compensation is planned in RHIC wethctron lenses.
The main solenoid, electnogun and collector, the electrdmeam transport, and
instrumentation are designed and under construciienexpecthe completion of the
hardware installation at the end of 2012 ex@etiminosity gain of up to a factor of
two together with a polarizgaroton source upgradg,6] that can deliver higher bunch
intensities.
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3.10 Weak-Strong BeamBeam Simulations for Head-on BeamBeam
Compensation inthe RHIC

Y. Luo andW. Fischey Brookhaven National Laboratory, Upton, NY 11973, USA
Mail to: yluo@bnl.gov

3.10.1 Introduction

The simulation studies of heah bearrbeam compensation for thig50 GeV
polarized proton run in the Relativistic Heavy lon Collider (RHIC) can be dated back to
2007 when we found that head bearbeam compensation can greatly reduce the
large beanbeam tune spread generated by the prptoton bearbeam interactiomt
IP6 and IP8 The currentworking point of the polarized pron rurs is constrained
between2/3 and 7/10 to achievegood beambeam lifetime and to maintatie proton
polarization. To further increase the proton bunch intensity aB®»lG" to increase
luminosgty, there will not be enough tune space between 2/3 and 7/10 to hold the beam
beam tuneThe idea of headn bearbeam compensation is to introduce another low
energy electron beamto the ring toheadon collide with the proton beam. The device
to provide such an electron beam is called electron leten@. For detail of the design
and parameters of heath bearrdbeam compensation in the RHIC, please consult the
article by W. Fischer in this issue [1].
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Single particle tracking

Consideringthe elensis a highly nodinear element, we need to investigate its
effect on the proton beam dynamics and the proton beam lifetime. We first stuglied
stability of single proton motion in the presence of headeambeam compensation
[2]. Some indicators, sudhs tune footprint, tune diffusion, Lyapunov exponent, action
diffusion are used. All these indicators show that hmadeamrbeam compensation
help stallize the particles in the bunch core since it pulls them away from 2/3
resonance line. However, thesadicators also show that head beardbeam
compensation introduces ndinearity into the proton beam dynamics and deiizds
the particles in the bunch tail. Half head bearrbeam compensation may be the
optimum choice for the 250~GeV polarized protan in the RHIC.

To bette compensate the ndmearity from the protorproton bearbeam
interaction at IP8 with the-kens which is located around IP10, we adjusted the betatron
phase advances between IP8 and the centeflesfseto be multipoles of. From the
lattice model, the betatron phase advances between IP8 and the centen®fam
(8.5, 11.17). After phaseadvance adjustment, they 4#&, 9° ) We also investigated
the effect of second order chromaticity correction on the dynamic apeftugefirst
order chromaticities are alwagsrrected to (11) before trackingBefore second order
chromaticity correction, they are about 2700. After correction, they are below 500.

We calculated and compared the dynamic apertures of proton particlesitvétid
with headon beambeam compensatiofi3]. Dynamic aperture is defined as the
maximum betatron amplitude within which particles are not lost after a certain number
of tracking turns. The lonrterm dynamic aperture converges to the boundary between
the regular and chaotic motions. In the dynamic aperture study, we scanned toa head
beambeam compensation strength, the proton bunch intensity, the proton beam's
working point and the electron beam's transverse size and so on.

Multi -particle tracking

We also carried out mtidparticle tracking to invegiate heaedon bearrbeam
compensation's effect on the proton beam's lifetime and emittance growth [4]. Particle
loss is well defined in the tracking. The physical aperture is set to 0.1~m all along the
ring in the simulation. As we know, the particles with large amplitudes in the bunch tail
are likely to be lost in the tracking. Therefore, to overcome the statistical error in the
calculated particle loss rate and to better represent the particles iailtoé a 6d
Gaussian bunch, we need a large number of maariclesand a good Gaussian
distribution generator. A large number of mapeanticles in the tracking will
significantly increase the computing time. Another approach is to track partictes wit
hollow Gaussianidtribution of a proton bunch [5This is based on the assumption that
the particles in the bunch core are not lost in the tracking turns. To use this method, the
boundary between the stable core and the unstable bunch tail neleelscamefully
determined.

The emittance evolution of the proton bunch can be calculated through the
determinant of beam size matrix or simply fréf n the simulation. Since the real
emittance grath of the proton beam in 1€urns is very small, a very high resolution in
the emittance calculation is required. Increasing the total number of jparticles in
the simulation and a good algorithm of emittance calculation are helpful. We noticed
that particle loss and large antptie particles affect the value of calculated emittance.
To reduce the fluctuation in the calculation of the emittance, the stfaigvdard way is



to increase the total number mwiacreparticles in the simulation. However, limited by
the CPU time, thissi not easily possible. Another approach is to calculate the averaged
emittance with the coordinates of all the particleslirturns in each step of 1urns.
However, it is still difficult to see that there is a clear trend of the emittance elirang
10” turn tracking for the RHIC heaoh bearbeam compensation. In our simulation,
the fluctuation in thealculated emittance is about 9of itsaveragevalue.

Beambeam model and code development

In our early simulation studiesve modeled the proteproton bearbeam
interaction at IP6 and IP8 as a simpld @weakstrong bearbeam kick. The 4 weak
strong beanbeam kick is based on the eqoas given by BassetErskine [§.
However, ¢ ‘s0bsiis ¢@nparablg to the rms protoorch length wmich is
about 0.45m, a 6d beambeam treatment is needed. In our simulation, we adoptthe 6
weakstrong synchrdoeam map by Hirata [7 Since the dens in the RHIC is working
in a DC mode, in the simulation we split it into 8 slices amutleleach skeas drift-(4-

d weakstrong beanbeam kickjdrift. The strong proton beam in another ring and the
electron beam are considered rigid and will not be affected by the test particles in the
simulation

The particle motion in the magnetic elements is tracketth the 4th order
symgectic integration by R. Ruth [8 To save the time involved in the numeric
tracking, we treat the multipoles as thin lenses. That is, the@&anlength multipoles
will be replaced by driffmultipole kick)-drift. Of course, theunes and chromaticities
will be rematched to original ones before the dynamic aperture tracking.

To increase the flexibilityn the trackingand to benchmarkhe 6d beambeam
modeling amongdifferent codes, we develogpeour C++ tracking library called
SimTrack [9]. SimTrack is about 6000 lines. liaigle to calculate the lineaptics It
supplies someersatile functions to manage the elements and lines. The parameters of
elements can be easily accessed and adjusted even during tracking. In SianTek,
type of element is easy be created. We benchmarked thel ®eambeam treatment in
SimTrack with BBSIM [10]and theparticle motion through the magnetic elements with
Tracyll [11].

In the following we first provethat heaebn bearbeam compensan is effective
to reduce the beatmeam tune spread through fuegcy map analysis. Then we present
sometracking results from thecalculations of dynamic apertueand particle loss rate
under different bearbeam conditions.

3.10.2 FrequencyMap Analysis

Herewe calculate and compare the tune footprint and tune diffusion withdread
beambeam compensation in the RHIC through frequency map analysis. Frequency map
analysis has been widely used to study the-teng stability of single particle motion
since J. laskar introduced it into accelerator physics from its application in the solar
system studies [12].

As an example, we choose the proton bunch intemgit2.0x1G*. With headon
beambeam compensation, we set the beam size of electron beam same asothis pr
at the elens. The nostolliding working point is fixed to (28.685, 29.695) so that there
is no particle cross the depolarization resonance line 7/10 before and aftebdsram
interaction. The omomentum particles are tracked. The rf voltage redad off to
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avoid its disturbance to the betatron tune determinat@ure 76 shows the tune
footprints togethewith the tune diffusion in they, Qy) plane.

From the left plot oFigure76, with protorproton bearbeam interaction at IP6 and
IP8, the patrticles in the proton bunch core are pushed onto the horizontalrtt@rd o
resonanc8Q. And several yellow curves with tune diffusion betwd®{ and 10°
appear from 0 to Bi. These yellow curves correspond to 8th, 5th, 7th and 9th order
resonance lines which cross (2/3, 2/3) in the tune space.

From the right plot oFigure 76, with headon beardbeam compensation, the tune
spreads generated by the proefwoton interaction are effectively reduced. The particles
in the bunch core ampulled away from the 2/3 resonarise. The tune spread with half
beambeam compensation is about half of that without compensation. And the tune
spread with full bearbeam compensation is comparable to that from magnetic non
linearity in the lattice. &r half headon bearrbeam compesation, the resonance lines
less than 10th order are not seen in the footprint upito 4

However, with headn beambeam compensation, folding the tune footprints
[13] are visiblein the right plot ofFigure76, especially for the case with full beameam
compensation. With beabveam interaction only, the tune footprint foldimgcurs
around 50. With half beardbeam compensation, dccurs around 4. With full beam
beam compensation, the tune footprint folding starts at very small amplitudes in both
radial and azimuthal directions. This may hint that headbearmbeam compensation
introduces no#inearity into the proton particleydamics although it reduces the beam
beam tune spread.
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Figure 76: Tune footprints with proton bunch intensty= 2.0x10™. Left: without bearrbeam
interaction (ndBB) and with beanbeam interaction (BB). Right: with hddeambeam
compensation (HBBC) and with full beaneam compensation (FBBC).

3.10.3 Dynamic Aperture Calculation

Here we present some resultsrfr the dynamic aperture study wiibadon beam
beam compensation. Therpeles are tracked up to 4@urns. The particle's initial
momentum deviation is +0.0005. The dynamic aperture is searched in 5 angles in the
first quadrant in the -y plane. The dynamic aperture is measured in the unit of rms
transverse beam size. In the following we only focustl® comparison of the
minimum dynamic aperture among these 5 angkgure 77 shows the dynamic
apertures in the scan of proton bunch intensities ftax10* to 3.0x10" with half
headon bearbeam compensation. FroRigure 77, when the proton bunch intensity is
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above2.0x13*, half beambeam compensation improves the dynamierape. On top

of half headon beambeam ompensation, phase advancekobetween IP8 and the
center of the 4ens increase the dynamic apertures for proton bunch intensity from
2.0x10" to 2.5x10*. The second order chromaticity correction further increases the
dynamic apertures when the proton bunch intensity is ahéwe G,

Figure 78 shows the dynamic apare in the scan of the compensation strength.
Compensation strength is defined as the electron beam intensity divided by twice the
proton bunch intensity. For half andllf headon beambeam compensation, their
compensation strength is 0.Bdal respectig. From Figure 78, headon beardbeam
compensation with compensation strength above 0.7 reduces the dynamic aperture for
all the three bunch intensities0x10d*, 2.5x10" and 3.0x13". For bunch intensity
2.0x10%, the peak dynamic aperture occurs at compensation strengdtb0while for
bunch intensities2.5x13* and 3.0x10d*, the peak dynamic aperture occurs at
compensation strengtdround0.6.

Figure 78 shows the dynamic aperture in the scan of the compensation strength.
Compensation strength is defined as the electron beam intensity divided by twice the
proton bunchintensity. For half andull headon beambeam compensation, their
compensation strength is 0.Bdal respectively. FrorRigure 78, headon beardbeam
compensation wit compensation strength above 0.7 reduces the dynamic aperture for
all the three bunch intensitiex0x10d*, 2.5x103* and 3.0x1d*. For bunch intensity
2.0x10, the peak dynamic aperture occurs at compensation strengdtBQwhile for
bunch intensities2.5x13" and 3.0x10*, the peak dynamic aperture occurs at
compensation strength 60665.

T T

N ' BB only ——
7 k- BB only + Q" correction -
HBBC ----%---

HBBC + Phase adjustment &l
HBBC + Phase adjustment + Q" correction

Dynamic aperture | o]

2 1 1 1 1
1 1.5 2 2.5 3

Proton bunch intensity [ 1o |

Figure 77. Calculated dynamic apertuwath half headon bearrbeam compensation in the
scan of proton bunch intensity.
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3.10.4 BeamLifetime Calculation

Here weshow some results from the calculationspafticle loss rate of a proton
bunch in the presence of head bearrdbeam compensation. To save the computing
time, we track 480@nacroparticles of a hollow @ Gaussian distribution up @x1¢°
turns. The relativdbeam intensity shown in the following plots is calculagth the
number of lost particle amonifpe 4800 tracked macyarticles divided bythe total
particle number of the-8 Gaussian bunch they represent.

Figure 79 shows the relative beam intensiyithout and with half bearbeam
compensation in thex1® turn trackingfor the three proton bunch intensities. From
Figure 79, half beardbeam compensation reduces proton particle loss for bunch
intensities2.5x10" and 3.0x13". However, for bunch intensit?.0x13* half beam
beam compensation doesn't increases the proton lifetime.

Figure80 shows the relative proton beam intensity with phase adjustment and second
order chromatidy correction. Comparingigure79 andFigure80, the phase advances of
k ‘between IP8 and-kens help increase the proton lifetiméth half headon beamn
beam compensatiorOn top of it, the second order chromaticity correction further
improves the proton lifetimdor all the three proton intensities.
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Figure 79: Particle loss without and with half head beambeam compensation.
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Figure 80: Particle loss with the phase adjustment and second order chromaticity correction.

Figure81 shows the relative proton beam intensity in the tune scan. In this study, the
proton bunch intensity i2.5x10* and half bearbeam compesation is applied. The
working point shown is the t@s of the zeramplitude particles with beatream and
its compensation. Frorfigure 81, the working point (28.675, 29.67) ga/¢he best
proton beam lifetime, whe the working point(28.685, 29.68) givethe worst beam
lifetime. The proton beam lifetime is better with a working point below the diagonal
than that above the diagonal with swapped horizontal and vertical tunes.
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3.10.5 Summary

We investigated the effects of head bearrbeam compensation on the proton
beam dynamics in the 258BeV polarized proton operation in the RHIC. We calculated
and compared the frequency maglynamic aperture and particle loss rate under
different bean-beam conditions. We confirmdtat with the proton bunch intensity
above2.0x10*, there is not enough tune space between 2/3 and 7/10 to hold the beam
beam tune spread generated from ltbambeam interaction at IP6 and IP8. Head
beambeam compensation is found to be an effective waydiocesthe bearbeam tune
spread.Headon beambeam compensation also gives a possibility to further increase
the proton bunch intensity andiwr redue the proton transverse emittance to increase
the luminosity.

From the frequency map analysis, dynamic aperture and particle loss rate
calculations, we found that half head beardbeam compensation may be the best
choice for the headn bearmbeam comperadion in the RHIC. Full headn beardbeam
compensation introduces too much Amearity in the proton beam dynamics so that it
reduces the proton beam's dynamic aperture and lifetime. Simulation shows that half
headon beardbeam compensation improves fwton beam lifetime when the bunch
intensity is above@.0x103*. The betatron phase advance adjustment between IP8 and
the elens and the second order chromaticity correction further improve the proton
dynamic aperture and the proton beam lifetiore top of half headon bearbeam
compensation. We did tune scan and found that lower working points gives better
proton beam lifetime. And slightly larger electron beam size will benefit the proton
beam lifetime For detailed simulation results, please consafsR[24].



11t

3.10.6 Acknowledgments

We are thankful for the discussions with Y. Alexahin, J. Béafamg, A. Kabel, H.
J. Kim, C. Montag, T. Roser, F. Schmidt, T. Sen, V. Shiltsev, S. Tepikian, A. Valishev
and many others. This work is jointly supported byw&DOE under contract No. DE
AC02-98CH10886 and the US LHC Accelerator Research Program (LARP).

3.10.7 References

1. W. Fi schideadonbedrfbabm, cdmpensation in RHI Co, in
2. Y. Luo, et al ., iStabil ity -orobeambeanm g!| e par
compensation i n-AQAP&otdR3Hq, Cay 2008 NL C

3. Y. Luo, et al ., AEval uati on eoh beaweam mi ¢ aper
compensati on i n-ADAP&otRtbibe @asted) VAN 2010.

4. Y. Luo, et al ., fi L i foa bdambeam campensatioa inithe n  wi t h
RHI Co, -ADMP No®(to be posted)April 2010.

5. Y. Luo, e tpartield trackingfioMhe&dnh beambeam compensation in the

RHI Co, Proc. EPAC2008.

6. M. Bassetti and @ . Erskine, NCl osed expression for
di mensi onal Ga u sISR-TH0-06.h ar ge 0, CERN

7. K. Hirat a, H. Mos hammer , Fbeam Rteagionewitho | iA sy
energy changeo, Par-22B.cl e Accel. 40 (1993) 20

8. R. D. R wandnical Ifitegration Technique”, IEEE Trans. Nucl. Sci., vok3RS
PP.26692671 (1983).

9. Y. Luo, ASi mTrack: a simple C++ Ilibrary for

10. T. Sen and YJ. Kim, private communications.

11. J. Bengtsson, private communications.

12. J. Laskar, Physica7 D,257 (1993).

13.J . Laskar, AFregency map analysis and parti
Particle Accelerator Conference, 2003.

3.11 Beam-BeamSimulation

Hyung Jin Kim Fermiab, MS220,P.0. BOX 500, Batavia, IL 60510
Mail to: hjikim@fnal.gov

3.11.1 Introduction

In high energy storageng colliders, the bearheam interactions are known to
cause the emittance growth and the reduction of beam lifetime, and to limit the collider
luminosity [1-6]. The longrange bearbeam effects can be mitigated by separating the
beams to the extent possible. Increasing the crossing angle is a way of beam separation.
It has several undesirable effects, the most important of which is a lower luminosity due
to thesmaller geometric overlap and the excitation of syndlatatron resonance. In
addition, in order to achieve a high lumingsiit needs to increase the beam intensity
and often to focus the beam to smaller sizes at the interaction points. The effects of
headon interactions become even more significant. A tune spread is introduced by the
headon interactions due to a difference of tune shifts between small and large
amplitude particles. The combination of beaeam and machine nonlinearities exxite
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betaton resonances which diffuse particles into the tail of beam distribution and even
beyond the stability boundary.

It is therefore important to mitigate the beleam effects. Compensation of leng
range beanbeam interactions by applying external electronedig forces has been
proposed for the LH7]. At large bearbeam separation, the electromagnetic force
which a beam exerts on individual particles of the other beam is proporticl/r ,to
which can be generated and canceled out byrthgnetic field of a currergarrying
wire. Directcurrent wires were installed in SPE9], D A (j1N]Eand later in RHIC
[11] for tests.Low energy electron beam, so called electron lens, has been used in the
Tevatron at Fermilab to compensate the tumé slue to the bearbeam interaction
[12-14]. The electron lens demonstrated the lifetime improvement of &atron
proton bunches. Its application to the mitigation of headeardbeam effects has been
proposed recently in RHI{15-16].

In this reportwe present an overview of contptional model for bearbheam
simulation, and its applications to both the leagge and headn interactions in RHIC
and LHC.

3.11.2 Computational M odel

In the collider simulation, the two beams moving in opposite direction are
represented by macroparticles of which the charge to mass ratio is that of each beam.
The number of macroparticles is much less than the bunch intensity of the beam
because even with modern supercomputers it is too time consuming to track the particle
inside the bunch, for example, *t(articles for the number of revolutions of interest.

The macroparticles are generated and loaded with an initial distribution for a specific
simulation purpose, for example, giknmensional Gaussian distribution for letegm

beam evolution. The transverse and longitudinal motion of particles is calculated by
transfer maps which consist of linear and nonlinear maps.

L . . C ‘ C .
The sixdimensional accelerator coordina x= & x VA ,zuj are applied, where

x and y are horizontal and vertical coordinatix , and y the trajectory slopes of
each coordinate:z=—cAt the longitudinal distance from the synchronous particle, and
o0 =Ap/ p, the momentum deviation from the synchronous energy. Coupling between
the transverse planes is included in the transfer map between elements. We adopt the
weakstrong model to treat the bedmam interactions where one beam is strong and is
not affected by the other beam while the other beam is weak and experiences a beam
beam force due to the strong beam during the interactions. The density distribution of
the strong beam is assumed to be Gaussian.

The bunch length effect needs to be considar@dse of (1) the longitudinal bunch
length G, is comparable to the transverse lencl, sand d, , (2) the orbit functior b,

and b, are not constant through bedmeam interactions, and (3) the transverse beta

functions are small and comparable(l, . The finite longitudinal length is considered

by dividing the beam into longitudinal slice&/e make slices of bothelhms moving in
opposite directions. Each slice is integrated over its longitudinal boundary, and has only
transverse charge distribution at the center of its longitudinal boundary. We take into

account the collision between a pair of slices:i" elice of a beam and tt j" slice of
the other beam. The collision is taken place at collision point which is usually different



from IP. For examplei™ the slice of a bunch has the successive collisidtis slices

of a bunch in the other beam. In addition, electric field energy varies along the bunch
due to the inhomogenity of beam parameters in the longitudinal direction, and couples
transverse and longitudinal motions. The coupling can be modeledebgytithre
betatronmap which includes beafream interactions due to the longitudinal component

of the electric field as well as the transverse compori¢nijs

When there exists a finite crossing angle between colliding two beams at interaction
point, the beambeam force experienced by a test particle will have transverse and
longitudinal components. The existence of longitudinal force makes it difficult to apply
the result of no crossing angle. A transformation can be used to remedy ithdtglifft
transforms a crossing angle collision in the laboratory frame to a-tveadbllison in
the rotated and boosted frame which is called the -beadrame [18-19]. The
transformation can be described by a transformation from the accelerator coordinates to
Cartesian coordinates, the Lorentz transformation, and again a backward transformation
to the accelerator coordinates.

It is well known that for a large separation distance at parasitic crossings, the
strength of longrange interactions is inversely proponal to the distance, as shown
Figure82. Its effect on a test beam can be compensated by current carrying wires which
create just thid/r field. The advantage of such an approach consists of the simplicity
of the method and the possibility to deal with all multipole orders at once. For a finite
length of a wire embedded in the middle of a dafigtl L, the change in slopes af

test beam at the wire [i20]
X| g, 10, u-v (X
Pl fo e 2o D
py) 4 B x+y ly

wherel,, is the current of wire,u and v are \/(_/2+IW:2+x2+y2 and

\/(_/2—|Wf+ x*+ y? respectively. Taking into account the wire placement including
pitch and yaw angles, the transfer map of a wire can be written as

M., =Sy AT, AD,, AM, AD,, AT, , )

whereTMy represents the tilt of the coordinate system by horizontal andaleatigles
d,.d, to orient the coordinate system parallel to the vD,, is the drift map with a
length L/2, M, is the wire kick integrated over a drift length, ¢S, ,, represents a

shift of the coordinate axes to make the coordinate systems after and before the wire
agree. For cancelling the lomgnge beanbeam interactions of the round beam with the
wire, one can get the desired wire current amylh by equating the kicks from the

wire and the strong beam at the large amplitude; the integrated strength of the wire
compensator should be commensurate with the integrated current of the beam bunch,
ie., (WIW} ngc, wheren is the beam intensit'q the beam charge, aicithe speed of

light.
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Figure 82: Beambeam force of round Gaussian beam and a cucamnying wire.

A space charge force dbw-energy electron beam is acting as a focusing or
defocusing lens depending on the high energy bunch. A proton bunch colliding with a
counterrotating proton bunch experiences a defocusing force which can be canceled out
by a counterotating electron keam having the same parameters as the ccuotiating
proton bunch. The transverse electron beam profile and its beam current are key
parameters. The longitudinal electron beamif@a$ not really important because the
betatron phase advance is negligitbver the bunch length. Two electron beam
distribution functions are commonly considered as showRigare 83 (i) Gaussian
distribution and (ii) Smootledgeflat-top (SEFT) distribution. The transverse kick on
the high energy beam from the electron beam is given by

Czﬁ:—geg:ﬂ: (3)

L

wheren is the number of electrons of the electron beam adjusted by the electron speed,
r, is the classic proton radius, aods the Lorentz factor. The functicg is given by

o for Gaussian distridion

I,2
c=1l-exp—— 4
{ 202} (4)
o for SEFT distribtion
2
c= @F Io{d*2 i 1]+ tan'o, + tan'le_} ©)
8 |2 d+1

where |, is a constant, ard, = v2€/0 3+1.
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Figure 83: (top) Transverse electron beam distributions: (bli2o,, Gaussian distribution,
(blue) 20p Gaussian distribution, and (red) constant distribution with smooth edge;

| (} 1/(1+ (r/4ap)8) . (bottom) Kicks from the ele@in beam distribution. Note that the
number of particles of three distribution is the same.

Following the above physical model, a bebeam simulation code BBSIMC has
been developed at FNAL over the past few years to study the effects of the machine
nonlinearities and the beabeam interactionf21]. If required, time dependent effects
such as tune modulation and fluctuation, beam offset modulation and fluctuation, dipole
strength fluctuations to mimic regas scattering etc can be included in the moded. T
code is under continuous development with the emphasis being on including the
important details of an accelerator and the ability to reproduce observations in
diagnostic devices. At present, the code can be used to calculate tune footprints,
dynamic apdures, beam transfer functions, frequency diffusion maps, action diffusion
coefficients, emittance growth and beam lifetime. Calculation of the last two quantities
over the long time scales of interest is time consuming even with modern computer
technolog. In order to run efficiently on a multiprocessor system, the resulting model
was implemented by using parallel libraries which are iptecessor Message Passing
Interface standarf®2] and Portable, Extensible Toolkit for Scientific Calculatj28].

3.11.3 Applications

Relativistic Heavy lon Collider

At store energy the Relativistic Heavy lon Collider (RHIC) has nominally two-head
on bearbeam collisions at IP6 and IP8. There are no@mge interactions. In order
to investigate the longange beanrbeam ineractions and test the compensation scheme,
two current carrying wires, one for each beam, were installed between the magnets Q3
and Q4 of IP6 in the RHIC tunn¢ll]. The impact of a wire can be observed by
measuring the orbit change, tune shift, thenbbé&@nsfer function and the loss rates. The
tune shift is one of the fundamental observables and it can be directly verified with
analytical calculation. However, numerical simulations allow us to calculate other
guantities not easily observable but whigtte valuable insight into the beam dynamics
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and can complement the experiments. These numerically calculable quantities include
the tune footprint, the frequency diffusion map, the dynamic aperture, and the diffusion
coefficients to characterize the di§fon in action. These are discussed in detail in ref.
[2]]. In this letter we will present theffect of the wire on the beam loss rates as the
beamwire separation is changed. In the simulation, the loss rates are estimated from the
asymptotic limit by etcapolating the simulated loss rate because in the beginning of the
simulation, the loss rate decreases exponentially rapidly and then approaches a constant

rate at later times. The onset of beam losses, sdeguire84,

i s observed

at

for gold and deuteron beams respectivelybdth cases, the threshold separation for the
onset of sharp losses observed in the measurements and simulations agreethabetter

1 0. I's also significant thatsfarthee si mul
gold beam and 8 and 9 for the deuteroi
rates.
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Figure 84: Comparison of the simulatdmbam loss rates with the measured as a function of
separations. (left) gold beam at collision energy, (right) deuteron beam at collision energy. Wire
strength is 125 Am.

The electron lens has been proposed in particular for a reduction of the large tune
spread of proton beam and emittance growth in RHI& 16]. The tune spread can be
fully compressed by the electron lens with an electron beam profile which matches to a
proton beam. Simulation studies, however, showed that the electron lens leads to an
increase of beam loss when the electron beam profile matches a proton beam at the lens
location and its intensity is chosen to fully compress the tune spedhdThe full
compensation of betatron tune is not a necessary and sufficient condition for imgprovi
the beam lifetime because the beam stability can get worse from footprint folding. In
order to investigate the effects of different electron lens profiles and intensities on the
beam dynamics, we calaied dynamic apertures, frequency diffusion mapsl a
particle loss 25, 26]. We observed a small increase in the dynamic aperture -of off
momentum particles at small compensation strength. There is however a significant
reduction in beam loss. A wider electron beam profile than the proton beam at the
electon lens location is found to increase beam life time. In addition, the tune scan
shows that the electron lens reduces the patrticle loss over the wide range of betatron
tune for wide electron beam profile while no increase of beam lifetime is indicated for
1 0 Gaussi an prFaydrd8s &his loaser tofetamceyon thie mallowed
variations in electron intensity is likely to be beneficial during experiments.
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Figure85: Pl ot of beam | oss relative to the |l oss of
SEFT electron lens.

Large Hadron Collider

The Large Hadron Collider (LHC) has at most four interaction points. Due to the
designgoal of highest luminosity, the LHC operates with a large number of bunches at
high intensities. The beams the LHC experience a large number of up to 120 fong
range interactions on either side of collision points. The -lamge interaction is
expectedo limit the LHC performance. In order to mitigate the nonlinear effect of the
long-range collisions, one can employ a currestrying wire at the location of the
long-range encounters. The wire's locations are proposed where the beta functions in
both tansverse plarsare equal6]. The average phase advance between the location of
the wireandthe location of the longange interaction points is about 3°. The integrated
current for optimal tune compression is 82.8 Am. At the nominal LHC the-beam
soparation distance normalized by the transyv
12.6 0 and is asymmetric with respect to t
beam force is not identical to that generated by a single or multiple wire(s). The wire
beam separation distance is therefore one of major parameters which determine the
performance of a wire compensatbigure 86 shows the results of proton beam loss for
different wirebeam separations. The particle loss saturates at large separation while
there is a sharp increase of particle loss at small separation. The minimum particle loss
is observed bet vbeamsepdatians vehichdare 2losé to theraged
beambeam separation on each side of the interaction points.
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Figure 86: Plot of particle loss according to witeeam separation distance with wire strength
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3.12 SpaceCharge Limitations in a Collider

Alexei V. Fedotoy Brookhaven National Laboratory, Upton, NY 11973
Mail to: fedotov@bnl.gov

3.12.1 Introduction

Design of several projects which envision hadron colliders operating at low energies
such as NICAat JINR [1] and ElectroiNucleon Collider at FAIR [2] is under way. In
Brookhaven National Laboratory (BNL), a new physics program requires operation of
Relativistic Heavy lon Collider (RHIC) with heavy ions at low energigs2t7-10 [3].

In a collider,maximum achievable luminosity is typically limited by beasam
effects. For heavy ions significant luminosity degradation, driving bunch length and
transverse emittance growth, comes from Intrabeam Scattering @BShese low
energies,IBS growth ca be effectively counteracted, for example, witboling
techniques.f IBS were the only limitation, one could achieve small hadron beam
emittance and bunclehgth with the help afooling, resulting in a dramatic luminosity
increase. However, as a result of low energies, direct sgizage force from the beam
itself is expected to become the dominant limitation. Also, the interplay of both- beam
beam and spaesharge effects may impose an additional limitation on achievable
maximum luminosity. Thus, understanding at what values of sphasge tune shift
one can operate in the presence of beaam effects in a collider is of great interest for
all of the above projects.

Operation of RHIC for LowEnergy physics program started2@10 which allowed
us to have a look at combined impact of bdseam and spaeeharge effects on beam
lifetime experimentally. Here we briefly discuss expected limitation due to these effects
with reference to recent RHIC experience.

3.12.2 SpaceCharge Effects

The Coulomb force between the charged particles in a beam in an accelerator
creates a selfield which acts on the patrticles inside the beam. The Lorentz force
experienced by the particle in the radial direction consists of repulsive electric force and
atractive magnetic forces which almost cancel each other yielding the fagfandhe
denominator for the force expression. As a result, a direct spacge effect is
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nonrelativistic in nature. In general, such spelearge force can change frequesox
oscillations of individual particles (incoherent effect) as well as frequencies of
collective beam oscillations. This can lead to rather complex phenomena of space
charge driven resonances, as well as complicates response to the resonances driven by
other effects. These effects are mostly of a concern for spgamrge dominated beam
transport and higintensity storage rings operated close to the sphagge limit
associated with loverder machine resonances. For discussion of these effects see for
example Refs. [46] and references therein.

A convenient figure of merit for direct space charge effects in circular accelerator is
change of the number of betatron oscillations of a single particle per machine turn
(tune), which is called incoherent diregpacecharge tune shift. In addition, beam

surroundi ngs I n accel e rchdrge reffectsedseutb image n A i

charges, which are omitted from present discussions.

For a beam with nenniform transverse distribution, the radial force isiorar
which results in amplituddependent tune shift. The force can be linearized for small
amplitudes near the beam center which provides expression for maximum tune shift.
The tune shifts for particles having larger oscillation amplitudes are srialeithose
for particles at the center of the beam. As a result, one has to consider the full tune
spread introduced by the space charge. In bunched beam, transversehapgedorce
is proportional to line charge density, which results in a tune ghifighdependent on
the longitudinal position within the beam. This causes a tune spread along the bunch as
well. For a Gaussian transverse distribution, the maximum incoherent@age
tune shift can be estimated as:

Zr N C

A — P i T , (1)

Qe A 4Anp?ys @0'5

wherer, is the proton classical radiul; is the number of ions per bunchandZ are
the ion atomic and charge numbersg are relativistic factorsg is the unnormalized
RMS emittanceos is the rms bunch length, ar@ is ring circumference. Here we
assumed round beam transversely and Gaussigrtudinal profile.

3.12.3 Beam-Beam Effects

Similar spacecharge effect occurs in colliding beams. Each time the beams cross
each other, the particles in one beam feel the electdcnaagnetic forces due to the
particles of the other beam. The Lorentz force on the test particle linearized for small
particle amplitudes gives linear incoherent bdaaam tune shift, which is also referred
to as beanbeam parameter. For a round beangdmincoherent beatmeam tune shift
for hadrons is:

Z%r . 2
é,: __ p N2| 1+ ﬂ , (2)
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whereg is the unnormalized RMS emittance. Here we assumed colliding beams moving

with the same velocity. The positive sign ,62f corresponds to the case of the test
particles and the bunch moving in opposite directions. When test particles and bunch

n
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travel in the same direction the signﬂ%ﬁs negative, resulting in threame spaceharge
cancellationl/y* as for direct spaeeharge tune shift. The sign of the incohereninbea
beam force depends on the signs of the charges in the two colliding beams. If the two
beams contain particles of the same charge, the force is repulsive which results in
negative tune shift similar to direct spadearge tune shift.

The periodicity of kambeam interaction and the fact that belaeam force has
nonlinear dependence on particle amplitude cause two important effects: an excitation
of the nonlinear resonances and tune dependence on particles amplitude. As a result,
one has to consider thellftune spread within the beam similar to the tune spread due
to direct spaceharge. The beatlbeam interactions are very complex phenomena and
involve both incoherent and coherent effects. It has been the topic of many dedicated
workshops and conferencasd many excellent reviews on this subject are available.

3.12.4 SpaceCharge andBeam-BeamL imits in a Collider

In a collider, when maximum luminosity is limited by beasam effects it can be
expressed through bedmeam parameter as

2
L__A Nc 2p f[

e 2 % ©
r, C 1+p

s

whereg* is the beta function at thateraction point (IP) ands is the rms value of the

longitudinal beam size. The factf{tJ/p*), which describes the #fAho
close to unity when the longitudinal rms beam size is much less thaaltleeof beta

function at the IP, and decreases wheris increased

If the luminosity is limited by the spaaharge tune shift valu&Qs. then it can be
expressed as:

A chas . 4
L_erﬁ < ﬂf[ﬁ JAQSC (4)

where no trangerse acceptance limitation wasken into accountFor typical
parameters of lovenergy collider with bunch length much smaller than ring
circumference and low values of relativistic paramegtestrongest limitation comes
from space charge, while for higher energies bbaam limitaton starts to dominate,
as, for example, for lovenergy RHIC operation [7].

Ultimate limits on maximum values of spaclkearge and beaimeam parameters are
typically associated with beam instabilities. However, before such limits are reached
beam lifetimeis strongly influenced by beam response to fogier nonrlinear
resonaces.

In hadron colliders, the total achieved tune spread due to-beam interactions is
much smaller than in electron machines, which is believed to be due to a negligible
effect of strong damping mechanism through synchrotron radiation which counteracts
beambeam diffusions in electron machines. The largest total tune spread due to several
beambeam interactions per turn which was achieved in Tevatron is only about 0.03.

Similarly, when spaceharge tune spredaecomes significant, the beam overlaps
many machine imperfection resonances, leading to large beam losses and poor lifetime.
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For machines where beam spends only tens of msec in highdpage regime, ral
machines where theesonanceare compensatedhe tolerable spaegharge tune shift
can be as largas AQs=0.2-0.5. Howeverthe acceptable tune shifts asmallerfor
longer storage times, with beam lifetimes of several minutes achieved forctage
tune shifts of abou0.1-0.2 [8]. For a collider when one is interested in even longer
beam lifetimes, smaller acceptable spebarge tune spreads can be expected. In
dedicated studies of IBS in RHIC, without beasam collisions beam lifetime of few
hours was measured fopacecharge tune spread of about 0.03. although no attempt
was made to push spackarge tune shifts any further at that time.

A mostly unexplored effecat this moment is thaterplay of direct spaeeharge
and beanbeam effects, which is the case wheme ovants to collide beams with
significant spacecharge tune spreadh such a casen its most simple manifestation
beambeamcan excite resonances which will be crossed as a result of clpaige tune
spread.We started to explore these effects in RHIC both in dedicated Accelerator
Physics Experiments (APEX) and during 2010 physics Run at low energies which is
briefly summarized in next section.

3.12.5 RHIC Experience

An experimental investigation of the interplay lbéambeam and spaegharge
effects in RHIC started with APEX experiments in 2009 using protons beam25mt
In these experiments bedmeam parameter per single interaction was up=th01 and
spacecharge tune spread up A8)s=0.03. Strong excitationf beambeam resonances
was observed, which resulted in peeling of large amplitude particles after beams were
put into collisions. This is shown #Figure87 for tranyerse beam emittances measured
with the lonization Profile Monitor (IPM). Resulting reduction of beam intensity is
shown inFigure88. Fortunately, for such rather ahest spaceharge tune spread it was
possible to find working point in the machine where effect of bbaam resonances
was minimized. An example of beam lifetime for such better working point is shown in
Figure89.

24
22
20
18
16
14

: I]IIHI:IIIMIIIHIHIIHIIMI

L R ~r B == ]
-—.
-
s
ee
-
-
-
-
-u
-—a
-
-—u
au
-
L = 3
==
-
-
-
-
-
=

20 44300 20246200 20 48:00 20:50: 00 20152100 20:54:00 20:56:00
time of day

Figure 87: Measurements of transverse beam emittances (95%, normaiizech mrad)
during May 2009 RHIC APEX with proton beamya®5 for the working point where strong

beambeam resonances were excited. Brown rectangles show transverse emittance of one
colliding beam while lighblue color stars show emittance of another colliding beam. After



beams were put into collisions at about 20:50, dramatic loss of large ampliuidées was
observed.
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Figure 88: Measurements of total beam intensity loss (correspondiRmgtwe87) during May

2009 RHIC APEX for proton beams+at25 before and after beams were put into collisions for
the working point where strong bedmeam resonances were excited.
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Figure 89: Measurements of total beam intensity lossmyidune 2009 RHIC APEr proton
beams ay=25 before and after beams were put into collisions for a different working point
where strong beatbheam resonances were avoided.

Experimental studies continued during RHIC operation with Au ion beams at low
enegies (=4-10) in 2010. Due to very low energies in this regime of parameters-space
charge tune spread was much larger than Hesam parameter. Thus, it was expected
that bearrbeam effects should be relatively small and one should be able to
accommodate fatively large spaceharge tune spreads. In March 2010 APEX
experiments, for modest spacearge tune shift ohQs=0.03, long beam lifetime was
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measured with almost no effect from bebheam. For very large spacharge tune
spread it appeared difficuld tfind sufficient space free from dangerous resonances on
the tune diagram to achieve long beam lifetime. Although effects of-beam on
beam lifetime were clearly observed we were able to provide collisions for physics with
spacecharge tune shifts u 0.1. Detailed analysis of measured beam lifetime for
various values of spaggharge and beaimeam tune spreads are presently under way
and will be presented elsewhere [9].
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3.13 Beam-Beam Issues in eRHIC

Y. Hao and V. PtitsynBrookhaven N&onal Laboratory, Upton, NY 11973, USA
Mail to: yhao@bnl.goyvadimp@bnl.gov

3.13.1 Introduction

eRHIC, a future electreon collider developed at BNL, aims to provideatien
ion collisions by adding a new electron accelerator to the existing RHIC ion accelerator
rings [1]. To assure that eRHIC will become an invaluable tool, we emgstre that

U the energy of electron beam and nuclei is adjustabds a large range (30
GeV for electrons, 5@50 GeV for protons)

U high luminosity (exceeding bcm?s?)

U high polarization for both the electron and proton beams

Possible options for accelerating high average current electron beam include an
energyrecovery linac (ERL) or a storage ring. Since the proton beam is circulating in
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the accelerator ring, corresponding collision schemes are callediligaand the ring

ring. The electron accelerator option based on the electron storage ring was studied on
earlier stages dheeRHIC design [2]. It was found that the luminosity in this fimgy

scheme was limited by the bedmam interaction to the level of several urofs

10°*2 cmi®s™. Thus, the eRHIC design, using an ERL to accelerate the electron beam,
became a preferred one and has been developed in recent years-badedleRHIC

the luminosity can exceed the value of the #imgy scheme by at least an ordasf
magnitude because the electron beam is used only once, and therefore, the opposing
proton beam can disrupt it more. The high average current of polarized electrons has to
be provided by a polarized electron source, which presents an important R&D item for
the ERL-based eRHIC design. The bedmmam effects in the linatng scheme have
several specific features and challenges. Since there has been no collider operating with
the linaering collisions, the thorough exploration of the features of the He=am
interaction in EREbased eRHIC is required both analytically and by simulations.
Several studies of the bedmam effects in the linatng scheme were done in early
nineties, when this scheme was considered at the desigfactdies [3].

During the collsion the electron beam undergoes a large Hezam phase advance
that entails a considerable mismatch between the beam distribution and the design
electron optics. Furthermore, the phase advance exhibits a dependence on the betatron
amplitude because ofémonlinearity of the beaimeam force, so causing the distortion
of the distribution in the transverse phase space, tlieasd | e d 6di sruption ¢
the mismatch and the disruption effects must be studied carefully to ensure the proper
transportaton of the electrons after the collisiom the decelerating stage, which is
required by the energyecovery process. Such studies will determine the required
apertures of the linacs and the transport paths.

Another key feature of the linatng scheme is that a hesall type of instability
may develop inthepr ot on beam, named the Akink 1 nst:
deforms during its interaction and transfers informafimm the head of the proton
beamto the tail. Hence, the proton beam experiences a wake field created by its
interaction with the electron beam. We must ensure the suppression of this instability if
its parameters are beyond the instability threshold.

In addition to the possible coheranstability of the proton beam, it might be
degraded by the nonlinearity of the bebgam force. Nonlinear diffusion is enhanced
because the electron beam is focused by the fbesam interaction to a smaller rms
beam size, resulting in considerable egdaent of the beaitbeam force acting on the
proton beam. This effect, usually referred
reduce the growth rate of the proton beam transverse emittance.
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Table 11: Beam parameters of ERbased eRHIC.

High-energy setup
p e
Energy(GeV) 250 10
Bunch intensity(x 10™) 2 1.2
rms emittancénm) 3.8 5.0
A (cm) 26 20
Beambeamparameter for proton,
Disruption parameter for electrons 0015 >9
rms bunch lengtiicm) 20 0.7
Peak Luminositycm?s® 2.6x10%

Another important challenge is related with the random errors in the initial condition
of the electron beam. The position jitter of the electron beam becomes a random dipole
field error for the proton beam, while the fluctuations of the intensity and bezanof
the electron beam create quadrupole errors. While these deviations are inevitable, they
can be lowered by improving the stability of the electron source and the electron beam
transport.

The effect of the beatbeam interactions on the proton be& characterized by
the bearrbeam parameter. The bedraam parameter limit of 0.015 was accepted for
the protons on eRHIC, following the experience with prgioston collisions in RHIC.

For an electron beam, the disruption paramedet &, / f ) presents a better measure of

the bearrbeam effects, where is the proton beam bunch length anid the focal
length of the bearbeam lens. The disruption parameter indicates the number of
betatron oscillations the electrons perform inside the prcgamij4].

3.13.2 Electron Beam Disruption Effect

In eRHIC the effect of beanbeam interaction on the electron beam is much larger
than that on the proton beamThe bearbeam force disrupts the electron beam
distribution considerably aftejust one collision with protons; mearhile, the
distribution of theproton beam changes very slowho investigate the evolution dfie
electron beam in one collision process,ca@ assume thatroton beams rigid. Then,
we candistinguish twocomponentsn the disruption ofthe electron beam First, the
nonlinearity of the bearheam force distortgs distribution since the phase advance
differs at various transverse amplitudes, and incratsagansversemittance Second,
the linear part of the beabeam interactionsfrong focusingengenders a mismatch
betweerthe electron distribution in phase sparelthe aperturé shapeasdefined by
the design lattice without collision¥he deformation of the electron beam distribution
by the beanbeam interactions must bminimized in order to guarantee successful
transport of the electron beam at the deceleration stage of the energy recovery process.
Because of that the detailed studies of the electron beam disruption in eRHIC have been
done [5].
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3.13.2.1 Linear Approximation

We shrt our discussiorfrom the linear approximation in which we treat the beam
beam force as a thick focusing element in both transverse directions, with arbitrary
longitudinal profile that is determined by the proton beam longitudinal distribution. We
discus here a uniform distribution, and a Gaussian distribution.

The linearized bearnheam force rotates the electron beam in phase space, causing a
mismatch between the electrbeam distribution and the acceptance of the electron
lattice downstream. Consequignthe emittance of the electron beam increases if we

measure it with the optics functions of
We distinguish it from the former emittance calculated from the beam distribution that
we call tilkke efing d dmetcre o .

To mitigate the growth of the effective emittance, we seek a solution for the optics
of the electron beam so that, after the bdmam interaction, its distribution exactly
matches the lattice downstream. With this solution, at the pod#aroaway from the
interaction point one cannot conclude whether there was abeam interaction at all.

In the absence of the bedmam interaction, the interaction region lattice can be
characterized by the optics parametefis gnd s ), which represes the waist beta
function and its position. If the timing of the collision is perfect, the bbaam force
exercised by the electron beam is symmetric to the IP. Therefore, the perfect matching
solution exists only if the lattice design also is symmesic= 0). Thus, the only
variable is the beta function at IP.

In Figure 90, we illustrate the evolution of optics functions in the IR at different
designg. The proton beam has a Gaussian longitudinal distribution, with rms bunch
length 0.2m. Table 11 lists the other relevant proton beam parameters. The electron
beam propagates from the right side of the figure to the left. In general, the optics with
beambeam interaction deviates from those without it. /At 1 m, the beta function
after collisionis larger with bearbeam effect, while it is smaller whgh= 0.2m. We
can calculate the exact matchiigwith a numerical solver. The resultfis= 0.225m.

In Figure91, we show that the optics functions match each other at both the entrance and
exit of the collision region; deviation is limited to the region where the proton beam is
present.

t
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Figure 90: Comparison of théeta function at IR at different beta functions. The red lines are
cases without beafmeam interaction (design optics); the blue ones are those with Hesam
interaction.

Figure 91: The optics functions of a perfettatching design4 = 0.225m). The red lines are
the cases without beabeam interaction (design optics); the blue ones are those with beam
beam interaction.

The exact matching solutiaran bederived analytically[5] if we assume that the
proton beam has a uniform longitudinal distribution:

Here, the proton beam has the uniform distributi@h., [ 2L] and the focusing strength
is defined as . This relation shows that the matching condition does not



