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Zero"-Order Design Report: eRHIC
Executive Summary

The scientific case and the scope of a high energy electron-iashecallith high luminosity to study
the fundamental structure of matter using the deep inelastttesng has been discussed in the
nuclear physics communities around the world for the past few years. A catliiBlL which adds a
new, 10 GeV/c, high intensity polarized electron/positron beam toxibieng Relativistic Heavy lon
Collider (RHIC) complex, called “eRHIC”, was first presentedNSAC in 2001. NSAC supported
this idea enthusiastically and encouraged rapid R&D towardsireplsuch facility. Since then
eRHIC has successfully gone through multiple BNL internal and@Sub-panel reviews. It has
recently appeared on the list of 28 scientific projects supportetthebyJS Department of Energy
Twenty-Year Science Facility Plan.

This report, the eRHIC ZefeOrder Design Report (ZDR), is the first detailed document tieypr
studies on the accelerator and the interaction region of this collile ZDR results from several
months of studies performed jointly by BNL and MIT-Bates, wltdse collaboration with scientists
from BINP (Novosibirsk) and DESY (Hamburg). The principal goalthege studies are to develop
an initial design for eRHIC, to investigate accelerator pBysisues most important for its design,
and to evaluate the luminosities that could be achieved in such arciliideere to be built in the
near future with minimal R&D. Secondary goals include identifyapgcific accelerator aspects
needing varying levels of R&D, which would lead to significaftigher luminosities. It is assumed
that the time scale for realizing eRHIC is short enough, thkgtaat one if not two experiments at
RHIC are still taking data in an upgraded RHICII collider, usipgraded RHIC detectors. Those
experiments and eRHIC would share one of the hadron beams in RHIC.

RHIC proton and heavy ion beams can be stored at design enefr@®8 GeV and 100 GeV per
nucleon, but they can also be stored at lower energies. eRHI@ravide collisions with variable
center-of-mass energies, with longitudinal and/or transverse polarizatimmimeraction region (IR)
for both electron and hadron beams. The main design option for eRHIGtprese the report is
based on the construction of a 10 GeV electron/positron storage rjagerdto either the 12 or 4
o'clock collision point of RHIC, intersecting with one of the RHii&lron beams. The electron beam
energy will be variable down to ~5 GeV with minimal loss in loosity and in polarization for
collisions. The electron beam injector system will consistimdics and recirculators fed by a
polarized electron source. The study suggests that an e-porpllishinosity of 4 x 18 cm?s* can

be achieved for the high-energy mode (10 GeV on 250 GeV), if thiearldeam facility is designed
using today’s established state-of-the-art reliable actefetechnology, without an extensive R&D
program. For the electron-gold ions collisions (10 GeV on 100 GeWel)lsame design results in a
luminosity of about 4 x T3 cm?s™. The potential to go to significantly higher luminosities by
increasing the electron beam intensity will be explored ifiutwre. A polarized positron beam of 10
GeV energy and high intensity will also be possible, using theepsoof self-polarization due to
synchrotron radiation in the ring to build up the beam polarization.

eRHIC requires some modifications of the RHIC hadron rings. Most important ahremeare
a) the addition of electron cooling system, to achieve and maintain besat emittances (this
is also required for the RHICII upgrade plans), and
b) increasing the number of bunches in each ring from 120 to 360, consistenthe/iRF
frequency of the present RF system.



Feasibility of such a total intensity increase requires furshadies on topics such as the effect of
electron cloud formation and an appropriate injection scheme.

A preliminary design for the eRHIC interaction region hasnbéeveloped, providing early beam
separation for the hadron and electron beams and including spingatabmth the electron and the
ion rings. The non-colliding RHIC ion beam avoids the IR region bgjadiory bypass. Preliminary

issues related to the integration of a detector into the IR rddsye also been considered,
anticipating regions of intense synchrotron radiation generatéfteldyends in the electron beam. An
acceptable solution seems possible.

A possible alternative design for eRHIC is also presented apmandix. This considers an electron
accelerator based on an energy recovery superconducting linag, (lBRiead of a storage ring.
Preliminary estimates suggest that this design option could prodyiee fuminosities, but requires
significant R&D efforts for the polarized electron source amdtlie energy recovery technology.
Consequently this has a longer time horizon and a larger unceitaihty estimate of performance
and costs involved. Work on both options for eRHIC will continue in the foabkeé@uture, until the
final construction timescale demands freezing the design, and the technology.



Chapter 1: Project Overview

1. PROJECT OVERVIEW

1.1 Scientific Frontiers Available for Exploration by eRHIC

The tremendous growth of knowledge about the fundamental structuratter during the 20
century culminated in the 1970s with the emergence of the Standard. Midae Standard Model is
an elegant theoretical framework based on experiment, which destiréostructure of all matter in
terms of point-like particles interacting by the exchange ofygabosons. The point particles are
termed leptons (electrons, neutrinos, etc.) or quarks (up, down, stranpandtthree types of gauge
bosons; photons, weak bosons (W, Z), and gluons. Leptons can only exchange photcals or we
bosons while the quarks may also exchange gluons. In addition, gluons,pindtkas, can interact
with each other. The force governing the interaction of quarks laodsyis called the strong force.
It is responsible for the structure of nucleons and their comgsigiigtures, atomic nuclei, as well as
neutron stars.

Nucleons were born in the first minutes after the "Big Bangt] #heir subsequent synthesis into
nuclei goes on in the ever-continuing process of nuclear syntheders. Nuclear matter makes up
most of the mass of the visible universe. It is the stuff tfeMes up our planet and its inhabitants.
Nuclear matter was once remote and difficult for humans to sicbesin the latter half of the 90
century, understanding nuclear matter and its interactions becami@lcto research in nuclear
physics and important to research in energy, astrophysics, and defense.

An essential goal of present day research is to investayateunderstand the strong interactions
between quarks and gluons that underpin the structure and interactionseohawand nuclei. The
proposed electron-ion collider at BNL (eRHIC) is the essemi&dt step needed to study the
fundamental states of matter. We believe that it must berootest by the end of the present decade
to continue progress in this vital field of science.

1.1.1 Background and Scientific Questions

It is widely accepted that QCD is the exact theory ofdfieng interaction. QCD has a unique
standing among all components of the Standard Model. It is the oy ttieat is not singular at
short distances. The phenomenon of confinement ensures that QCE8ll-iselaved at large
distances. Thus, QCD appears to be the only self-consistent nontrivial quantum @gld the

One of the greatest achievements of particle physics ovela#he30 years was a quantitative
verification of QCD in very hard collisions; those that occur hert distances at least 10 times
smaller than the size of the proton. In hard collisions, the confin@désjand gluons act as if they
are free particles exhibiting many properties that can bdigied by perturbative QCD (pQCD).
However, when the interaction distance between partons (constituetite ofucleon) becomes
comparable to or larger than the typical size of hadrons (pions anchetheer constituents that take
part in the strong interaction), the partons are no longer fiideey are confined by the strong force
that does not allow observation of any free "colored" object. Inrégsne where most hadronic
matter exists, many of the symmetries of the underlyingkggiaon theory are hidden and simple
calculation methods are no longer valid. This is a fascinatimy+bady problem where very strong
forces obscure the relationship with the simple underlying thebhyderstanding the relationship

eRHIC ZDR 3



Chapter 1: Project Overview

between the quark-gluon degrees of freedom and the hadrons that contaiis the most urgent
challenge to any future experimental prograrthendomain of the strong interaction.

The most important difference between the theory of electrortiagnieractions, Quantum Electro-
Dynamics (QED), and QCD is that gluons interact with each ethge photons do not interact with
other photons. This built-in non-linearity (non-Abelian structure) maBED calculations and
theoretical predictions difficult, except in the high-energy t(pbative) or short space-time limit.
The technical difficulties encountered in calculating QCD at#mronic scale may be overcome by
the use of lattice gauge calculations employing speckickbsigned powerful "tera-flop" computers.
Over the next decade we expect that numerical computations o2 extended into the non-
perturbative regime. At that time, the properties of nucleons anéinud have a quantitative
foundation in the fundamental theory. However, even at that time, aperpes of hadrons at high
energies will be well beyond the reach of the fastest congput€he thrust of this proposal is to
provide physicists with an experimental tool that can explortalpartonic manifestations of QCD
in nucleons and nuclei as well as explore the space-time structure of confinement
Experimentally, the quark substructure of the nucleon was fivetaled through electron-proton
Deep Inelastic Scattering (DIS) experiments that took @atee Stanford Linear Accelerator Center
(SLAC) in the early 1970s. These experiments earned a Noizel fer Friedman, Kendall, and
Taylor. In a DIS collision, the electron transfers a lang@unt of energy and momentum. This
energy and momentum is taken up by one of the quarks present imotbe. piThe struck quark
carries a fraction of the proton's momentum, denoted tich is readily determined by the energy
and momentum transferred in the collision. By varying the kinematicthe large momentum
transfer scattering, on can measure the quark distribution as a function of thextitonom

A great deal has been learned since, at CERN, SLAC, FeramdDESY, about the quark and
gluon structure of hadronic matter through measurements of quarddword distributions. In fact,
the modifications of these distributions brought about by nucleons bound sanucédium were
measured in groundbreaking experiments at SLAC, CERN and FHermimwever, some of the
crucial questions about the structure of hadronic matter remain open:

* What is thestructureof hadrons in terms of their quark and gluon constituents?

* How do quarks and gluorvolveinto hadrons through the dynamics of confinement?

* How do the quarks and gluons manifest themselves in the properties of atomic nuclei?
The term"structure" refers both to momentum distribution and to the spin carried by theusa
constituents. The answers to these questions are central totithataulcharacterization of the
microscopic structure of strongly interacting matter.

However, a complete understanding of QCD and its full implicatgwes beyond these questions.
The many-body aspects of QCD remain largely unexplored, and mdgirc@a variety of surprises

that can only be revealed by new measurements in domains thatamthave been inaccessible.
Finally, while today precision experiments test QED to itstépsimilar explorations of QCD are

incomplete because of the limitations in presently available iexgetal capabilities. Thus, there are
a second group of questions:

» Does partonic matter saturate in a universal high-density state?

* Are there any long range correlations between produced partons?

» Can studies of the dependence of the parton densities on the nuclegrtgdpsibnstrain the

properties of nuclear matter in the center of a neutron star?

* To what degree can QCD be demonstrated as an exact theory of the strongganera

eRHIC ZDR 4



Chapter 1: Project Overview

1.1.2 The Electron lon Collider at BNL: eRHIC

The electron-ion collider at BNL (eRHIC) is proposed as a means tanadtperimental answers to
all of these questionsThe design requirements are shaped by three decades of expalimork
carried out with stationary or fixed targets at high-energy ipbyfscilities such as SLAC, CERN,
DESY, and Fermilab. In addition, a significant amount of effort wagended at DESY to
investigate future polarized electron-proton (e-p) and unpolarizsdreh-ion (e-A) options. The
inherent limitations of these facilities points to the need fofaaility with the following
characteristics:

» Collider geometry where electron beams collide with beams of protons or ligheéawy iuclei,
» Wide range of collision energies (fromfucleon = 30 GeV to 100 GeV),

« High luminosity L = 16° cmi® s* per nucleon,

» Polarization of electron and proton spins, and

» Preferably, two interaction regions with dedicated, nearly hermetic, detect

Collider geometry offers two major advantages over fixed taglpetron-proton/ion (e - p/A)
studies. First, the collider delivers vastly increased energfyet collision, providing a greater range
for investigating partons with small momentum fractiagsafid their behavior over a wide range of
momentum transfer<)).

In DIS the accessible values wfare limited by the available collision center-of-mass energgr
example, collisions between a 10-GeV electron beam and nuclear beams of 1000w/ provide
access to values of as small as 3xI0 In a fixed target configuration a 2.1TeV electron beam
would be required to produce the same collision endligyre 1.1a-b shows the-Q? range possible
with the eRHIC and compares that range to the presently egplonematic region. The beam
energies assumed for the eRHIC are:

* 100 GeV/nucleon for nuclear beams,

* 50-250 GeV for polarized/unpolarized proton beams, and

* 5-10 GeV/c for polarized electron/positron beam.

The only electron-proton collider in existence is HERA, whiclinsted to unpolarized electron-

proton collisions. Thus, in the case of electron-nucleus and polaideeion-polarized nucleon
collisions the eRHIC is entering entirely new territory.

eRHIC ZDR 5



Chapter 1: Project Overview

Secondly, the collider geometry is far superior to fixed-targegperiments since it allows
examination of finaktates of the target. If one wishes to examine the fini @gments from the
struck nucleon or nucleus in fixed-target geometry, it is necessange a thin target so that the
fragments can escape the target and be detected. The tjeh reakes acquisition of adequate
statistics a serious problem. This is easily overcome Imgh-luminosity collider, where high
luminosity provides an adequate collision rate, and the boost acquireddgey fragments in the
collider mode makes them readily available for detection when separ@tethie beam.

High luminosities of the order of L=¥bcm? s* for electron-nucleon scattering, are a necessary and
crucial characteristic of the eRHIC. It corresponds to ohsgr8b pb' per day. Previous studies
established that significant results are attained at 200, (fi®refore the statistical precision required
for significant physics is easily within the reach of the @RHThis luminosity can be achieved with
either of two accelerator scenarios: a ring-ring configuratiad, a ring-electron linac configuration.
Each has advantages. Achieving the proposed luminosities requires electron cabknigfoeams
(except at the highest proton energies) and intense electrons befaabout 500 mA. While
challenging, the intense electron beams are already aeadalthe presently operating B-factories
(SLAC and KEK B). The electron linacs (one for cooling thebeam and another providing high-

» Q? (GeV?) Q% (GeV?)

. Polarized DIS  Unpolarized DIS
10 — Fi]{Ed ‘larget M-DIS wt 'rlll HERA

- - Fixed target e-DIS F S EIC y
ol I EIC 3| - Fixed target DIS
107}
L T ._2\'.- ______

T w0 L.iu“; 0% 1

Figure 1.1x-Q° Range of the Proposed Electron lon Collider
The x-G coverage of the eRHIC is compared with previously measured ranges. Figure (g)dkfared
lepton - nucleon DIS while (b) is for unpolarized lepton-nucleon and lepton -usugls, where leptons
can be electrons or muons. Note that the HERA coverage in (b) is for e — pregaitéy while the fixed
target and the eRHIC regions also include DIS off nuclear targets.

energy electrons in the collider) require full-energy recoveltgwing the model of the full-energy
recovery 50 MeV linac-based free electron laser at Thomasrsaff Laboratory. Figure 1.2 shows
the unique parameters of the eRHIC in the context of existing andeal lepton scattering facilities
worldwide. The eRHIC will have higher energies than any existing tiagget machine and a higher
luminosity than any existing collider.
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Figure 1.2 The Center-of-Mass Energy vs. Luminosity of eRHIC Rel&iOther Facilities
The center-of-mass vs. energy of various existing facilities compatieattproposed for the eRHIC

1.1.3 Highlights of Scientific Frontiers Opentot  he eRHIC

Quark and Gluon Distributions in the Nucleon

The eRHIC offers a unique capability for measuring "flaagged" structure functions by providing
access to a wide range of final states arising from trggmieatation of the virtual photon. The
collider geometry makes measurement of semi-inclusive reactenysefficient so that quark and
gluon distributions in nucleons, nuclei, and possibly even mesons can be nmappialor-tagged
mode. This will provide a decomposition of the parton densities, ovege kinematic range, into
the contributions from different parton types: up, down and strang&sgaa well as gluons. For
example, with clean kaon identification both the momentum and spiibdigins of strange quarks
can be determined with high precision dowrxte 10%. The ability to tag the hadronic final state
will allow measurements of the neutron structure function at large that a reliable and precise
determination of the ratio of the quark distribution in neutrons and protonsecmade in a regime
where several competing theoretical predictions exist.

Spin Structure of the Nucleon

Fixed target polarized DIS experiments yielded the surprigifigrmation that the quark spins
account for only ~30% of the total spin of the nucleon. Recenttsesukh large uncertainty,
indicate that gluons may play a significant role in constitutiggriucleon's spin. While experiments

eRHIC ZDR 7
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with polarized protons at the Relativistic Heavy lon Collider ®Hwill provide significant
information for unraveling the role of gluonic spin, energetic siollis using polarized electrons and
protons will provide important complementary, and in some instancesitiassew information
using well established experimental methods and theoretical techrpoesently used by the DIS
community at HERA. The eRHIC, running at its highest enexgl/provide crucial data at lowex
than has been possible in any previous experiment. The use of taggwigrized nuclei will allow
measurement of the spin structure of the neutron at favgéh better precision. At smaX it will
provide a separation between the polarization effects in the vaamdnnonvacuum channels.
Determination of spin structure functions in this yet unmeasuredxlozgion will bring a unique
perspective to our understanding of pQCD. Direct measurement pbliuezation of quarks in a
broad range ok are needed to determine the polarization of quarks and antiquarke sea,
currently a matter of controversy within sophisticated and successful modelshotteen.

Correlations between Partons

A complete characterization of the partonic substructure of tHearumust go beyond a picture of
collinear non-interacting partons. It must include a description afdtrelations between the partons
densities over impact parameters, and a comparison of the parten fwactions of different
baryons. Progress in this direction can be realized by measardgexclusive processes where, in
the final state, a photon, a meson or several mesons are producethalemmual photon direction,
and a baryon is produced in the nucleon fragmentation region. These @soaesexpressed, as a
result of the new QCD factorization theorems, through a new ofagarton distributions termed
Generalized Parton DistributionfGPD). The collider kinematics are optimal for detecting ghes
processes. The presence of polarization provides additional exeppgrtunities, for example,
comparisons of the spin structure of hyperons and nucleons. If sutceash a program would
greatly expand our knowledge about the role of non-perturbative QCD in hadronic structure.

The Role of Quarks and Gluons in Nuclei

Most hadronic matter exists in the form of nuclei. The abilitthe eRHIC to collide electrons with
light and heavy nuclei opens horizons fundamental to nuclear physicsex&mple, the role of
guarks and gluons in nuclei may be investigated by comparing thgeshemparton distributions per
nucleon as a function of the number of nucleons. Seminal DIS experiafentslei showed that a)
the distribution of quarks is altered by the nuclear medium fl@nhdbserved in nucleons, b) led to
the discovery of the lack of enhancement of sea quarks in the nudlevabaexpected based on
models of the meson picture of nuclear forces, and c) provided targalzlications of significant
modifications of the gluon distributions at moderateStudies of parton modifications»at 0.1 will

be most sensitive to the underlying quark-gluon structure ofntieenucleon interactions that are
usually described within effective low energy mesonic theoridisis particularly important to
establish the quark distributions at small valueg where the presence of the other nucleons in the
nucleus will alter (“shadow”) the partonic distributions. A naclenhancement of valence quarks,
sea quarks, or gluons would indicate the relative importance of mesok, g gluon exchange at
various distance scales.

eRHIC ZDR 8



Chapter 1: Project Overview

Hadronization in Nucleons and Nuclei

How do the colored quarks and gluons knocked out of nucleons in DIS evolve irtoldhess
hadrons that must eventually appear? This process is one of #restlenanifestations of
confinement: the asymptotic physical states must be coloraheuHadronization is a complex
process that involves both the structure of hadronic matter and therdagg nonperturbative
dynamics of confinement. A fundamental question related to hadronization is how dmat extent
the spin of the quark is transferred to its hadronic daughters. Ty tbitag flavor” and a facility
that creates readily detectable jets are crucial for tgseriments. The eRHIC makes it possible to
strike quarks and observe the complete array of decay products from the nucleoeus. nlihke fact
that nuclei also may be used is essential to this study. The ability tovpltgoey amounts of nuclear
matter in proximity to the system produced forward along the phditection and the recoiling
quark system, allows one to perturb in a controlled way the stadyes of its space-time evolution,
and to measure the energy imparted to the nuclear mattiee leynerging parton.

Partonic Matter Under Extreme Conditions

Very high energy DIS on nuclear targets with electromagretbes offers new opportunities for
studying partonic matter under extreme conditions. Particularly iniggsithe regime of very low

(x < 10°) where gluons dominate. Measurements of the proton structure furictiored that the
gluon distribution grows rapidly at smallfor Q* greater than a few G&V When the density of
gluons becomes large, they may saturate and give rise to a mewffpartonic matter: eolor glass
condensate It is a colored glass because the properties of the coloatadugluons are analogous
to that of a spin glass system in condensed matter physissa ¢bndensate because the gluons have
a large occupation number and are peaked in momentum about a typieabthe saturation
momentunmQs.

This state of strongly interacting matter would be universdhat it is insensitive to the hadronic
matter in which it resides. The gluonic density/ésnenhanced in nuclei relative to that in individual
nucleons by a factor 'R Therefore, high parton density effects will appear at muchrlewergies
in nuclei than in protons. The eRHIC, with its nuclear beams a @enter-of-mass energies of at
least 60 GeV, and ability to study inclusive and semi-inclusivsemables, will probe this novel
regime of Quantum Chromo Dynamics.
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1.2 General accelerator concept and parameters

1.2.1 Project Goals

The physics program outlined in the previous section sets requirements Eidigthee electron-ion
collider to be successful and efficient tool for intended physgmareh . These goals include wanted
luminosity level, range of beam collision energies and using padabieams. On the other side, to
be realistic, the goals should be based on the present understanding of the exi€ingaRine and
limitations which arise from the machine itself. Possibleisgal machine upgrades should be
considered to overcome existing limitations and to achieve advanaddnmgarameters, but those
upgrades should not be extensive and costly.
The intent to minimize required upgrades in the existing RHiGsraffects the choice of parameters
and the set of goals. Another guideline, which was defined for thgndésscribed in this report and
which affects the choice of the beam parameters and the vadghief’able luminosity, is capability
of the collider to operate in the same time with ion-ion andtreledon collisions. In the main
design line collisions in two ion-ion interaction regions, at the 6 awmidI8ck, have to be allowed in
parallel with electron-ion collisions.
Taking into account all mentioned above, following goals were defined for theratoeldesign:
* The machine should be able to provide the beams in following energy ranges:
0 The electron accelerator:
» 5-10 GeV polarized electrons;
* 10 GeV polarized positrons;
o The ion accelerator:
* 50-250 GeV polarized protons;
* 100 GeV/u Gold ions
* Luminosities:
o in 10°-10* cms™ range for e-p collisions
o in 10°-10** cm-2s-1 range for e-Au collisions
» 70% polarization degree for both lepton and proton beams
* Longitudinal polarization in the collision point for both lepton and proton beams

Additional goal for the design was to look at possibility of ameging polarized ions, especially
polarized *He ions.

1.2.2 General Layout

The present RHIC machine uses superconducting dipole and quadrupolesnageep ion beams
circulating in two rings on 3834m circumference. The beam enargyercovers 10.8-100 Gev/u for
Au ions and 25-250 GeV for protons. There are in total 6 intersectiorspehdre two ion rings,
Blue and Yellow, cross each other. Four of these intersection pofresently used by physics
experiments and have experimental detectors installed.

General layout of a suggested eRHIC collider is shown in FigjteThe main project line is to
construct an electron storage ring which will intersectRIRHC Blue ion ring in one of existing
interaction regions, not used by any of ion-ion collision experimeits.new detector, developed
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and optimized for electron-ion collision physics studies, shall be rootetl in that intersection
point.

5-10 GeV static electron ring . recirculating linac injector

e-cooling

§ 5 EBIS  BOOSTER

LINAC

Figure 1.3: Design layout of the eRHIC collider.

Electron beam in this design is produced by polarized eleswwance and accelerated in a linac
injector to the energies of 5 to 10 GeV. In order to reduce thdanjgice and , therefore, the injector
cost, the injector design includes recirculation arcs, so that ldwram beam passes same
accelerating linac sections multiple times. Two possiblgclidesigns, superconducting and normal
conducting, have been considered. The beam is accelerated by théolitee required collision
energy and injected into the storage ring.

The electron storage ring should be capable of storage the elecironabéhe energy range of 5 to
10 GeV with appropriate beam emittance values. It does not prowdadalitional acceleration for
the beam. The electron ring should minimize depolarization effects in orderptthieeelectron beam
polarization at the high level for the time of a store which is on the scale ofIdemens

The injector system also includes the conversion system forgogitoduction. After production the
positrons are accelerated to 10 GeV energy and injected intdotiages ring the same way as the
electrons. Obviously the field polarities of all ring magnets shbelgwitched to opposite at the
positron operation mode. Unlike electrons the positrons are produced wzgmbland have to be
polarized in the ring. Therefore the design of the ring shdlaa #or sufficiently small polarization
time. The current ring design provide polarization time about 20nii &eV. But with polarization
time increasing sharply as beam energy goes down the use ofgalpasitron beam in the present
design are limited to 10 GeV energy.
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The detailed description of the electron injector system, efectng and all issues relevant for their
design is presented in Chapter 2. It is important to note thatettteom accelerator design described
there is based on present day level of accelerator technatdggaes not require extensive R&D
studies. This, in fact, has been one of requirements for the main design line f@Rhis Z

In order to organize electron-ion collisions one of RHIC intéwaategions has to be reconstructed.
Figure 1.3 shows the design with electron accelerator locatE?l @tlock region . As discussed in
section 2.2 of this report another possible location for the electratesmtor and for electron-ion
collisions might be at 4 o’clock region. For collisions with electritiesion beam in the RHIC Blue
ring will be used, since the Blue ring can operate alone, even matthex ion ring, Yellow, being
down. The interaction region design which provides fast beam siepai@t electron and Blue ring
ion bunches as well as strong focusing at the collision point sided in Chapter 4. In the design,
another ion ring, Yellow, makes 3m vertical excursion around thesicolliregion, avoiding
collisions both with electrons and Blue ion beam. Interaction regiondeslspin rotators, in both
electron and Blue ion rings, with a goal to produce longitudinallgripad beams of electrons and
protons at the collision point.

Electron cooling system is one of upgrades required for ion rifgscdoling would be necessary to
reach luminosity goals for electron collisions with gold ions &wl (below 150 GeV) energy
protons. The electron cooling is an essential part of RHIC upgoadagher luminosity in ion-ion
collisions, RHICII, which would be realized on a time scale before the eRHIC.

Also the present design considers using a total ion beam current thighehe current being used at
the present RHIC operation. 360 bunch mode operation is evaluated iepbit for the ion beam.
The electron cooling, the beam intensity increase as wplloagn and ion beam polarization issues,
are described in Chapter 3 of the report.

Another proposed electron accelerator design is described in Appen@ihafAdesign considers the
use of high current polarized electron beam accelerated to @olksiergies by a superconducting
energy recovery linac. In that case the electron beam is elit@ an interaction point directly from
the linac. The design results in a higher luminosity value butnegjintense R&D studies to develop
and test technologies for high current polarized electron source ghdbkam power energy
recovery.

1.2.3 Design Luminosities

The eRHIC design has been created and optimized to achieve luynigoals listed in previous
section The luminosity is limited mainly by maximum achievadam-beam parameters and by
interaction region magnet aperture limitations. Following thosgdimns it is most appropriate and
convenient to use a luminosity expression through beam-beam parafggtgrsand rms angular
spread in the interaction point{(, o..):

_ ¢ WV , o (@+KY
L= fc rr g(xig(yea-)qo-yeT (1.2)

e

The f, = 28.15 MHz is a collision frequency, assuming 360 bunches in thextba20 bunches in

the electron ring. The paramet&r g/ ox presents the ratio of beam sizes in the interaction point. One
of basic conditions which defines the choice of beam parametarseiguirement on equal beam
sizes of ion and electron beams at the interaction pojgt.oyi and gy~ . The requirement is
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based on operational experience of HERA collider and on the reasaomaipigon to minimize the
amount of one beam passing through strongly nonlinear field in owtsedeof the counter rotating
beam.

According to the expression (1.1) the luminosity reaches a limiahge at maximum values of
beam-beam parameters, or at beam-beam parameter limifgokmrs (an ions) the total beam-beam
parameter limit was assumed at 0.02 value, following the exyperiand observation from other
proton machines as well as initial experience from the RHICatipar With three beam-beam
interaction points, two for proton-proton and one for electron-proton collisities beam-beam
parameter per interaction point should not exceed 0.007.

For the electron (or positron) beam a limiting value of beam-beaamgter has been put at 0.08 for
10GeV beam energy, following the results of beam-beam sirounlédee Chapter 2), as well as the
experience from electron machines of similar energy rangeeShe beam-beam limit decreases
proportionally with the beam energy, the limiting value for 5 GeV is reduced to 0.04.

The available magnet apertures in the interaction regionpaisa limit on the achievable luminosity.
The work on the interaction region design revealed considerablatliéfgcto provide an acceptable
design for collisions of round beams. The IR design, described ipt€hd has been worked out to
provide low beta focusing and efficient separation of ellipticahfsgavith beam size ratio K=1/2.
The main aperture limitation comes from the septum magnet, wédcts lto the limiting values of
0,,=93urad .

Another limitation, which should be taken into account is a minimum aalgeptvalue of beta-
function at the interaction point. With the proton rms bunch length of 20cmeadeg3” well below
this number results in a luminosity degradation due to the hour-di@es. e The limiting value
B'=19cm has been used for the design, which results in hour-glass luminosity reductionatmwyiy
12%. 20cm bunch length for Au ions would be achieved with electron cooling.

Table 1.1 and Table 1.2 below show design luminosities and beam pasarmep®sitron beam is
supposed to be of similar to electron beam intensity (see Chaptlence the luminosities for
collisions involving positron beam are equivalent to electron-ion collision lumiessiti

To achieve the high luminosity with low energy setup in Table 1.1l¢o&ren cooling has to be used
to shrink normalized transverse emittance of lower energy proton teeammm.mrad. Also, in that
case the proton beam should have collisions only with electron beam.-proton collisions in
other two interaction points have to be avoided to allow for higher proton beam-beam @aramet
The maximum luminosity achieved at the present design is £2oh3s™ in high energy collision
mode (10GeV electron on 250GeV protons). Section 2.4.2 discusses a poshilttelpatinosities
(see Table 2.4.2-2) as high as™10with studies planned to explore the feasibility of higher eactr
beam intensity operation.

To achieve and maintain Au normalized transverse beam emittsimoes in Table 1.2 the electron
cooling will be used. For the lower energy setup of electron-goldsicols, the intensity of the gold
beam is considerably reduced because of reduced value of beam-beanetpadimit for the
electron beam.

Table 1.3shows parameters for possible electteiet® operation mode with He beam intensity
limited by electron beam-beam limit.
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Table 1.1. Luminosities and main beam parameters for electron(pogitotad collisions.

High energy setup Low energy setup
p e p e
Energy, GeV 250 10 50 5
Bunch intensity, 18 1 1 1 1
lon normalized emittance,
srmmUCmrad, x/y 15/15 5/5
rms emittance, nm, x/y 9.5/9.5 53/9.5 16.1/16]1 85/38
B*, cm, xly 108/27 19/27 186/46 35/20
Beam-beam parameters, x/y  0.0065/0.003.03/0.08 | 0.019/0.0095 0.036/0.04
K=¢y/&x 1 0.18 1 0.45
Luminosity, 1.e32 crfis™ 4.4 1.5

Table 1.2.Luminosities and main beam parameters for electron(positron)-Asgioni

High energy setup Low energy setup
Au e Au e
Energy, GeV/u 100 10 100 5
Bunch intensity, 18 0.01 1 0.0045 1
lon normalized emittance,
7T mmCmrad, x/y 6/6 6/6
rms emittance, nm, x/y 9.5/9.5 54/7.5 9.5/9.5 54/13.6
B*, cm, xly 108/27 19/34 108/27 19/19
Beam-beam parameters, x/\ 0.0065/0.080224/0.08| 0.0065/0.003 0.02/0.04
K=€,/€x 1 0.14 1 0.25
Luminosity, 1.e30 crfis™ 4.4 2.0

Table 1.3. .Luminosities and main beam parameters for electron(posi®ij-collisions.

High energy setup Low energy setup
He e He e
Energy, GeV/u 167 10 167 5
Bunch intensity, 18 0.7 1 0.18 1
lon normalized emittance, 10/10 10/10
7T mmCmrad, x/y
rms emittance, nm, x/y 9.4/9.4 48/13 9.4/9.4 48/13
B*, cm, xly 108/27 21/19 108/27 21/19
Beam-beam parameters, x/\ 0.0065/0.008.045/0.08 | 0.0065/0.003 0.02/0.04
K=€,/€x 1 0.28 1 0.28
Luminosity, 1.e32 crfis™ 3.1 0.8
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2. ELECTRON BEAM

2.1 Design Concepts

Storage Ring

The current design of the electron beam envisages a racestraplkd storage ring for polarized
electrons of 10 GeV with pro-visions to accommodate energies agdow GeV, and for self-
polarized positrons of 10 GeV. The main design goals are highbeam polarization and maximum
luminosity. The central concept arrives at a luminosity of 0.44X160&/s based on conservative
beam stability and beam-beam interaction limits assuming ke sirigraction region for electron and
hadron beams and two additional hadron-hadron interaction points. A moresaggseheme is
outlined producing a luminosity of 1x¥cm?s requiring further R&D towards higher beam-beam
tune shifts. The over-all dimensions of the proposed electron ringomerned by the following
considerations: The length of the straight sections is given désplhce needed for spin rotators
(vertical spin in the arc, longitudinal spin at the intersection panpplarimeter, and the interaction
region including the detector. The minimal bending radius in the adetermined by the allowable
synchrotron light power density deposited on the beam vacuum chambéing anaximal arc radius
is governed by the acceptable self-polarization time for posjtmpasking fraction of bending
magnets and cost.

Optimization within these boundary conditions resulted in an electisit@n) ring of 1/3 of the
RHIC circumference (L=1278m) with straight sections of 160m, anaalias of 152m and a bending
radius ofp=81m (53% packing fraction). The expected synchrotron power derwity&r0.5A, 10
GeV electron beam is p=11 kW/m, somewhat higher than valuesstingxB-factories but well
within their upgrade goals and a positron polarization tintre=o22 min at 10 GeV. In view of the
relatively firm lower limits on the length of the straight®ens and on the required space between
bending magnets (packing fraction) which together make up over 50% ririgh@rcumference, and

the strong dependence prof the synchrotron light power densityl ) and the polarization time
(O Lp?), the choice of the ring circumference is quite restricted: aering circumference of ¥ of

RHIC would result in p17kW/m, T =10 min.; for ¥ of RHIC circumference,4kW/m, T =~ 81
min.

The current lattice design features an adjustable emittanogtimize luminosity at a range of
energies. It features a “flat” beam with a vertical-to-hamial emittance ratio of 0.18. Although this
is not optimal for highest luminosity, the creation of "round” beantisout loosing polarization is
not trivial and needs to be explored further, possibly requiring R&Eherexisting storage ring at
Bates.

One of the most demanding problems is to design a latticehwirieserves polarization (high
equilibrium polarization) in the presence of magnet and alignmmperfections. One specific
concern is the effect of solenoidal spin rotators proposed for thadhter straight section. Their
use would provide near-longitudinal polarization at the interaction poin& faange of energies
without requiring mechanical reconfiguration of the spin rotators.

The requirement of varying the ion beam energy and thus ion beamtieslatiplies that either or
both of the electron and ion beam ring circumferences have to bstaddle. Three schemes to
accomplish this were considered. The first of splitting the®rg lattice bending magnets into three
units (super-bends) to vary the path length through the benders wouldllmvilya path length
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change of about 5.5 cm or 4.3 the ring circumference to accommodate ions of 100 GeV/amu at
the cost of reducing the electron energy to 7 GeV to keep synchrotron power ddosity b&W/m.

A second scheme of moving one entire arc section uniformly to lengtleestraight sections would
accommodate any ion energies without compromising the e-ritigelar requiring any ion ring
adjustment. The cost of the mechanical engineering for such a loh@asa is still being evaluated
and may prove this scheme impractical. A third possibilitynsimber of fixed chicanes in the arcs
which would allow discrete path length increases accompaniedsinak continuous path variation
in RHIC. A typical arrangement of four chicanes containing 6 displanagnets and 6 displaced
quadrupoles (3 FODO cells) and a continuous path length adjustment of 166016 of the RHIC
circumference would allow a continues ion energy range from 23 to 280 B&vould increase the
cost of the e-ring arcs by about 20%. An optimized scheme is the subject of fuurtes.s

Injection

Polarized electrons are to be injected into the ring at haligy (5 to 10 GeV) rather than relying on
energy ramping and self-polarization of electrons injected atdoergy. Although low-energy
injection would be cheaper, full energy injection provides more stabler ring operations by
avoiding ramping, and the possibility of “topping” up the stored eledieam to maximize average
luminosity. There is no need for wigglers to self-polarize sdastbelow 10 GeV (self-polarization
for ramped beams is indispensable since ramping most likelyogestny initial polarization. Full-
energy polarized injection also would allow frequent injections shoulth lspolarization times
prove too short.

An injection scheme is proposed using a 5 GeV linac with a &eaior that would also naturally
lend itself to include a positron source.

The variable pulse repetition frequencies required for the e-anglifferent ion energies and the
fixed linac frequency require special measures in the polarieettan source and injection to the
linac to provide both relatively high pulse charge at variable pulse frequency.

Interaction Region

The design of the interaction region has to fulfill a number of camditi maximum luminosity
requiresB-functions of the order of 10 to 20 cm for both electron and ion beantsoémtbeams have
to be separated less than 5m past the interaction point to avoid selisehs of the 28 MHz pulse
trains. Both requirements limit the free space around the dtitamgpoint and restrict the available
solid angle for detection of the reaction products from the eleatrogallisions. At the same time,
background from intercepted synchrotron radiation produced in bending anthdptus electron
beam must be minimized. Finally, the effects of the solenoidghetic field of the particle detector
must be neutralized to maintain beam stability. In order to nEerimepolarization of the electron
beam, vertical bending of the electron beam should be avoided whialgibending the ion beam
requires large bending strengths. Keeping both beam in the hofiglame then poses the problems
of beam crossing in the arcs of the electron and ion rings.

An interaction region conceptual design addressing all those condizanbeen arrived at using
half-quadrupoles to separate and focus the interacting beams without testtitsting solid angles
for particle detection and minimizing synchrotron background. Fudeeelopment of these ideas
will require close cooperation with detector design.
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2.2 Geometry and Location at the BNL Site

Existing RHIC collider has six interaction regions. Two of thaim6 and 8 o’clock, are occupied by
two large detectors, STAR and PHENIX. These regions aotuaged from consideration for
additional electron accelerator as they will continue their vimrkhe physics studies with ion-ion
collisions.

Although the two smaller experiments, PHOBOS and BRAHMS located0 and 2 o’clock
interaction regions, correspondingly, will finish their experimeptalgram before the eRHIC era,
these regions also can not be used for eRHIC. The warm sectmmsdatO o’clock interaction
region, where the PHOBOS detector is located, are used for thechaap purposes. The electron
ring cannot be put at 2 o’clock because of environmental restrictionsodaevater flow of the
Peconic River.

The remaining two interaction regions at 12 and 4 o'clock can be coedides possible
locations of the electron accelerator. The first choice coudd the northern 12 o’clock interaction
region as shown in Figure 2.2-1. The electron ring does fit within Mie $te but one section is
relatively close to the laboratory border, about 50m at the clpsa#t There is a residential area
outside of the laboratory border and this could be considered as ddfgatevantage. The major
advantage of that location is an already prepared excavati@enrfew detector. Because of limited
space available in the 12 o’clock, the electron injector has to lsedpiaside the electron ring
circumference, as presented in Figure 2.2-1 The injector desggu lmn normal conducting linac
could be easily placed inside the electron ring circumference.
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The electron storage ring could be allocated more easily atdloéodk region and it is far away
from the BNL border, as shown in Figure 2.2-2. The injector with l@@cbe placed outside of the
electron ring. The injector-to-ring transfer line does not cont&nding arcs, as in the case of
transfer line at 12 o’clock location. In the case of superconduatjector, the proximity of RHIC
cryogenic plant may present an additional advantage for the choice’diock region. The power
supplies building in that area is far from the electron ring and do¢ need to be relocated. A
disadvantage of this choice is an existing RHIC RF systeated at the 4 o’clock area. It would
have to be moved to another area, either to twelve or two clock interaction region.

The future electron cooling system can be built either at 12 arldc&’ depending on the choice
for electron accelerator location.

% I njector

A5

Figur_e 2.2-2 The scheme of the electron accelerator locatieghctlock RHIC region. i
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2.3 Injector Accelerator

2.3.1 Polarized Electron Photoinjector

Peak Current and Timing Requirements:

The advancement in the polarized electron source technology ovpashe&lecade at nuclear and
particle physics accelerator centers have been substdn®a][ Highly polarized electron beams of
diverse peak currents, time structures and duty cycles includingb€akhs are now routinely
produced at Jefferson Lab, SLAC, HERA, MIT-Bates, Mainz and Bon [1,2,3,4Bk€eTpolarized
injectors are based on photoemission process from strained GaAs based photodhtimicized by
laser radiations at 800-850 nm followed by an extraction procebkshigh gradient electric field.
The stored current of order 0.5 A of highly polarized electron beansiorage ring such as eRHIC
normally would represent a modest technical requirement on pitaémiof the art polarized source
technology. The ability to stack multiple pulses in the storagg presents a great advantage in
achieving high stored average currents from repeated injectitim relatively low linac peak
currents. For instance, at MIT-Bates, highly polarized storecemisrrof few 100 mA are now
routinely achieved by stacking of microsecond long pulses ~2 mA Hglever, the collider nature
of eRHIC with synchronized bunches precisely matching the proton mimepeesents a great
challenge to the injector setup and the polarized source architetttis section we present two
architects for the polarized injector and the front end of thdexeter that in principle can meet the
injection requirements of the synchronized bunches for eRHIC. These options areedrassuiing
a room temperature copper accelerator at 2856 MHZ. Modificatidhet architect of these options
may be required if a superconducting RF linac is used insteadoriftogples of the two options are
still valid for SRF linac. The variations between these twooaptare in the time structure of the
photoemission drive laser systems and in the electron beam line for bunching and chompiogs.

In this section, the photoemission process from high polarization phutdest are described
followed by a description of the two options for the laser systems for the source.

High Polarization Photocathodes

Polarized electron beams for accelerators are generatedphbjoemission process using
longitudinally polarized laser lights at 750-850 nm from the surtdc@aAs based photocathodes
under UHV conditions. The electrons are extracted from the suréaicg high gradient field present
between the anode and cathode electrodes. The maximum thediretidar degree of polarization
from a bulk GaAs surface is 50% and ~40% in practice due to deatilan effects in the bulk. The
photoemission process in bulk GaAs is the simultaneous excitatidactrfoes in degenerate states
in the valance band to the conduction band. To the degree that this degéméha valance band is
removed, higher degree of polarization can be achieved. A common tecttnrgugove the existing
degeneracy is to introduce strain in the lattice by growing BaAsgers on substrate GaAs. The
lattice mismatch between GaAs and GaAsP produces mechanial reear the boundary surface
[6]. The active layer must be very thin of the order few hundred nm to keep the stsaint prear the
surface of the photocathode. The reduced depth in the active yssca substantial reduction in
the Quantum Efficiency (QE) of the photocathode. QE is thetidrsal number of electrons
generated by a single photon. QE for bulk GaAs photocathodes witBOp40% is of the order of 1-
10 % and 0.01-0.1% for high polarization strained GaAsP, smaller bydéeades. The high
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polarization photocathodes therefore, have the inherent problem of low QHls.a laser radiation
of wavelengthA and power P, the maximum peak current generated from a photocathode of
appropriate band gap structure is given by

QEx P(MWA\ (nm)

1239
For instance, with P=1W, QE=0.1%t800 nm, a peak current of ~0.64 mA can be generasd.
shown in Figure 2.3.1-1, the QE and polarization are strong functions of

I((mA) =

10 nm 5x 1Cl19 cmS + Gals
q’ 90 nm 5x 10" cm® GaAs; 95Pp.05
g 2.5 pm GaAs) 6P 0,34
: :
: E R Gahs,_, P
£ = 2.5 um y'y
B y=0 -> 0.34
oo GaAs substrate
g | | | |
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Wavelength (nm)

Figure 2.3.1-1. (Left) Photoemission data on a GaAsP from SLACdRdwing Polarization and QE as a function of
wavelength. (Right) A schematic diagram of theidattstructure of a high polarization high gradieloped strained
GaAsP photocathode [8] now in use at SLAC and MEEeB. The peak polarization for this sample is B8&rnm where
commercial high power lasers are more readily abél The 10 nm thick layer is highly doped to rexltice surface
charge limit effect.

Surface Charge Saturation Effect

In a perfectly atomically clean and freshly activated phobtmci, the extracted charge is
proportional to the incident laser power. However, as the QE of the pkitdde decreases due to
surface pollution, the relationship between the laser power and thetegtcharge begins to deviate
from linear. This is particularly pronounced at high laser poweritieshsvhere due to an abundance
of negative charges on the surface, the effective work functiortiieaurface is increased causing a
reduction in the extracted charge per bunch. This effect has been observed an8laAM#r -Bates
and studied in great detail at SLAC [8]. Figure 2.3.1-2 shows daa fine MIT-Bates polarized
injector that clearly indicates the deviation from linearhasphotocathode is aged over the course of
many months. As charge saturation effect increases moreplaser is required for producing the
current required. To reduce the surface charge limit in the haghegt doped sample currently used
at SLAC and MIT-Bates, the top 10 nm GaAs layer is heavily dopedieker, this thin layer is
evaporated after several heat cleaning at near 600 C. Caredentaken to reduce the number of
heat cleaning for as long as possible. There are potentiakyaseother methods to reduce the
surface charge limit for high polarization photocathodes. These inchtdiede biasing, higher gun
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voltage, higher QE and the use of superlattice structures [9%eThethods and have been tested in
various photocathode and gun R&D programs mainly at SLAC and Ndgayéurther R&D is
required to make them practical.

40

—a— 9122/02 after 2nd activ.
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—— 112612002 after 4th activation
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Figure 2.3.1-2. Peak current vs. laser power shown after severdldieaning and activations for a two months period
for the MIT-bates polarized injector. Due to sugaharge limit effect the slope of the currentlaser power decreased
between 9/22 and 11/26 (squares and trianglesgafdieaning and activation on 11/26 partiallyoesd the slope
(circles).

Charge per Bunch

Assuming 120 bunches distributed evenly in the eRHIC electrorthiatgs 4.3us long, a 480 mA
stored current would correspond to 20 nC charge per collider bunch. With ~Bfeétion repetition
rate, and 10 minutes fill time a total of 15000 pulse trains ( eagis4dhg , 35 MHz) with 1.3 pC in
each bunch from the linac are required to stack the required 20 n@=cblinch. The charge per
bunch from the polarized source to provide these bunches in the linaclveolld pC divided by the
capture efficiency of the injector to linac. The photoinjectorintacl capture efficiencies will be
discussed for the two photoinjector options discussed later in thisrselable 2.3.1-1 illustrates the
important parameters of the collider ring, the linac and the polarized injector.
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Quantity Value Unit
Collider Stored current 480 mA
Ring Frequency 28. MHz

Ring circumference 4.3 s

Number of bunches in the ring 120

Charge per macroscopic bunch 20 nC

stacking: pulse train rep. rate 25 Hz

Duration 10 minutes

Total pulse train from injector 15,000 (25x10x60)

Charge per bunch 1.3 pC
Photocathode Bunch duration ~70 ps

Bunch charge 1.3 pC

Peak current 20 mA
Linac Microscopic duty cycle (within 4.3 us) | 2x10°

Macroscopic duty cycle during fill 1x10*

Macropulse average current 40 HA

Average current during fill 4 nA

Table 2.3.1-1 Important beam parameters for the collider ring,the electron linac and the polarized injector.

Two Options for eRHIC Polarized Injector

There are two classes of options considered for the eRHIC zealamjector. In one option, the
radiation from a mode locked laser system at the collider fregquef 28 MHz (102" sub-harmonic
of 2856 MHz copper linac) is modulated and amplified with a shutter Roc&lk and an amplifier.
The photoemitted electron beam has the synchronous bunch and time Sruetuiesed for the
collider ring. No further chopping or bunching is necessary. In the second optigh,@hier diode
laser similar to one for the MIT-Bates polarized injector [ffdduces DC radiation ~48 long
directed to the photocathode. The 28 and 2856 MHz RF structures are iatroniacthe electron
beam by a 102 MHz buncher and a 28 MHz chopper synchronous with the collider ring folloaved by
drift and a chopper-buncher system at 2856 MHz. These two options stebdd here. The
microscopic and macroscopic pulse structures for the injector lendtdllider ring are shown
schematically in Figure 2.3.1-3. The microscopic and macroscopic deigsdpr the current pulse
structures are 2x10-3 and 1x10-4 respectively. The overall duty cydlee ahjector and linac is
2x10-7.

eRHIC ZDR 22



Chapter 2: Electron Beam

Microscopic bunch structure: df1=2x30

=
I

< 28 MHz
S—_
——
<«— 40 ms —>| > « 431
< 25 Hz >
— _
—

Macroscopic pulse structure: df2=10

Figure 2.3.1-3Schematic diagrams of microscopic bunch strudiio@) and the macroscopic pulse structure (bottom).
The duty factors are 2x10-3 and 1x10-4 respectiviie overall duty cycle of the injector and lina@x10-7.

Option 1: Mode locked laser with synchronous amplifier

This option would consist of a mode locked laser at 28 MHZ"-s0Bharmonics of the 2856 MHz
copper linac followed by a shutter Pockels cell (SPC) for ggingrthe macroscopic pulse length of
4.3 us and a possible laser amplifier operating synchronously at theéecdiequency of 28 MHz.
TheA/2 SPC combined with a polarizer would provide the necessary smgtciiithe beam for long
pulses. These ~100 ps wide pulses should arrive synchronously withinnthevizZle storage ring
bunches. A schematic view of this laser system is shown in F&y8ré-4. The macroscopic pulse
length and repetition rates are ~gs8and ~25 Hz respectively.

Today, such mode locked lasers can produce 300 mW of average pbegredk power for 70 ps
long pulses at 28 MHz would therefore be as high as 150 W as shown below

ring

with fing=28 MHz and dt=70 ps

As stated earlier in this section, to fill the ring to 480 mAhwi20 bunches in the ring with 10
minutes fill time would require bunches from the linac with ~1.3 p&ge each. The peak current
for these 70 ps wide pulses would be about 18 mA. With a QE of‘5xd@\=800 nm, to produce
18 mA peak would require peak laser power of order ~50 W which is faic®less than what a 28
MHz mode lock laser can produce. This is the safety factor ezfjtor degradation of QE over time.
The capture efficiency of the injector with this laser system is 50-100% depgesrdihe beam optics
in the injector.
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Linac RF
v synchronization [----- A ®

--------------------------- Shutter Laser

28 MHz mode locked laser ~ Pockels cell ~ Amplifier Photocathode

@ -] Ring timing

Figure 2.3.1.4. Schematic diagram of mode locked laser optionHeraRHIC electron injector.

The drawback of this option is the timing stability requiremessbaiated with mode locked lasers
compared to DC or pulsed lasers. The advantage of this option is i looilider frequency into
the photo-emitted electrons from the source. No chopping and bunching det¢lrere beam is
necessary in this option.

Option 2: High power pulsed diode laser with e beam bunching

In this option, a high power fiber coupled DC diode laser producessdl@ng laser pulses directed
to the photocathode. After accelerating to several hundred keV, thegrhdted polarized electron
pulses pass through a structure consisting of a 102 MHz bunchdritirodvity, a 28 MHz chopper
synchronous with the collider ring, and a 2856 MHz chopper and bunchensyste purpose of the
102 MHz buncher and the drift is to increase the peak current bgta f#£ 5-10 by compressing
each 10 ns cycle down to about 1ns through velocity bunching at ~200 ke’3£if an drift space.
The corresponding drift space for a 28 MHz buncher is unrealigtioaly and the bunching gain for
a 476 MHz buncher is not as much as the one from a 102 MHz bunchee Eigu-5 shows this
option schematically. As stated above, the charge per linac beguhied for the collider is ~1.3
pC. The requirement on the peak current from the source wikdweced by a factor of 5-10 if the
102 MHz buncher could efficiently capture a total of ~1ns of the D@besar the zero crossing of
the sinusoidal RF and compress it down to ~200-100 ps. The peak currentimat¢her a 70 ps
wide bunch and 1.3 pC charge is 18 mA. With a 102 MHz bunching fractige, Fand a linac
capture efficiencyecapurethe required peak current in the polarized injector before bunchingw
then be
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Ilinac*
I — peak capture
peak

I:bunch

Assuming a linac capture efficiency efapure0.5 and a bunching factor of k=5, the required
peak current from the source to meet the linac charge per b@irdicB pC is ~7 mA. This is quite
possible with a high power diode laser system such as one ub#d-8ates illuminating a high
polarization photocathode that is not highly surface charge limited.

The advantage of this option is the simplicity and the stabilith@DC high power diode laser array
system that is commercially available and as the operatoparience at MIT-bates indicates, they
are trouble free and maintenance free operating for yearsiratwback of this option is the complex
chopping and bunching elements on the electron beam and the lessstihaah Ide capture fraction
between the photocathode and accelerator.

photocathode

[, High Power diode
array laser system

' Buncher - :
~102 MHz chopper buncher:
| %f_/ :.
—— 28 MHz 2856 MHz !
Ring timing chopper
Linac RF
¢ synchronization
°

Figure 2.3.1-5. Schematic diagram of the eRHIC electron injectdizirtg high power pulsed diode laser and electron
beam bunching. The ~102 MHz buncher and the défiriended to reduce the peak current requirenfientbe
injector.

Multiple Injectors and Load Lock System:

For increase in the operation efficiency of the accelerat prudent to have a dual polarized
injector each consisting of a polarized gun and the initial beanmsagdéments connected to the front
end of the accelerator with isolation gate valves. This dual sedufal\wermit the operation of one of
the injectors at a time and the second as a stand by for baokaghdition, the gun chamber can be
equipped with a load lock system that would provide the capability dingaf photocathodes into

the gun assembly without a lengthy bakeout of the gun chamber rdtessary to achieve UHV
conditions. The SLAC polarized injector for instance, has a load lstkre in use for many years.
A load lock system is a more complex multiple chamber systém moving parts under UHV
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conditions. However, a load lock system with proper design would provide inalf a dozen
photocathode samples that can be moved into the photoemission position.
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2.3.2 eRHIC Injector

Preliminary Design Considerations for a 10 GeV Elec  tron/Positron Accelerator

The baseline injector for the proposed eRHIC collider is a ) i@achine capable of accelerating
either electrons (polarized) or positrons (unpolarized). The suatessiflization of the eRHIC

physics program requires the highest possible luminosity>*~d* s

! and highest possible

polarization of the colliding beams. To maintain the optimum curre®$ Amps, in the eRHIC
electron/positron (e-/e+) ring and preserve the high electronizailan available from today’s
photoinjectors, P>70%, the most straightforward technique is to imextthe e-/e+ ring at its
operating energy of up to 10 GeV.

Injecting on energy into the eRHIC e-/e+ ring has the three important tsdistéid below.

1)

2)

3)

Stability: Injecting at the full energy allows the e-/e+ ring to run ur@¢/ conditions.

The stability and control will be superior for a ring with static conditicospared to one
where the beam energy is ramped. This stability will be irapofor the fine tuning of
the e-/e+ ring that will be required to maximize the luminosity of thédoadj beams.

Rapid Filling: Injecting on energy allows for rapid filling of the e-/e+ ring. Stwill
reduce the filling time that is required for the e-/e+ ritighe filling time is too long it
will reduce the integrated luminosity. In practice, the eRHiider fill time is likely to
be limited by the fill time required for the hadron side. Howeiteis still desirable to
keep the e-/e+ fill time short enough so it has a negligibleaathon the integrated
luminosity. Further, on energy injection allows a “top-off” mode of apen where the
current in the electron ring is periodically topped-off at intisrwehich are much more
frequent than the hadron storage time. This will increase tlk@ermm achievable peak
luminosity by allowing the eRHIC ring to operate at a highenbbaam tune shift. The
shorter e-/e+ lifetime is compensated by more frequent fillifgs also increases the
integrated luminosity by running the electron current at nearly constaret aball times.

Highest Electron Polarization at all Energies/High Positron Pdrization at 10 GeV:
For low energies, 5 GeV, the electron polarization will berdeteed by the source. This
avoids the high radiation load and complexity in the main ring tlbatdvbe required to
radiatively polarize electrons at the low energies. On enamgction also avoids
depolarization that is likely to occur if the main ring is ramgéds depolarization occurs
principally as spin resonances are crossed during the rampileg €hics effect has been
observed at many existing synchrotrons [1,aBfl would severely impact the physics
program requiring polarization observables.

The performance requirements of an on energy injector are listed below:

Accelerate polarized electrons to the e-/e+ ring operating energyimuma of 10 GeV.

Preserve the electron polarization during the acceleration process.
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» Create and accelerate unpolarized positrons to the e-/e+ rirgfinge¥nergy, a maximum of
10 GeV

* Fill the e-/+ ring to its operating current of 0.5 A in 10 minutes either positrons or
electrons

* Maintain the capability to “top off’ the current in the e-/e+grioy delivering a pulse of a few
mA every few minutes.

» Fill the e-/e+ ring with the bunch structure required by thédssl The present design calls
for 35 ns bunch spacing. The ideal injector will deliver good bunch to bunclyechar
uniformity, <1%. The injector should allow flexible filling patterincluding other bunch
spacings and unpopulated bunches to limit ion trapping and accommodatedetiene of
the e-/e+ ring injector elements.

Since the eRHIC program uses stored colliding beams with Idstiwell in excess of one hour the
average current requirements of the injector accelerator corapdeuite modest. However, details
of the collider timing requirements place some additional demandtheorinjector accelerator
complex. Table 2.3.2-1 lists the necessary properties of the bebwerett to the eRHIC
electron/positron ring. ldeally the positron beam would meet thee ggerformance specifications
(excepting polarization) as the electron beam.

Beam Energy 10 GeV

Macro Pulse Repetition Rate (during fill) 30 Hz

Electron Bunch Spacing 35 ns

Bunch Train Length 4.3 us (single turn in the e-/e+ ring)
Charge/Bunch 3 pC

Fill time (Machine on time) <10 minutes

Time between fills (Machine idle time) >2 Hrs

Injection Efficiency (Qring/Qsource) >50%

Table 2.3.2-1. eRHIC electron/positron injector accelerator paaters.

The small macro current of 1Q(A in table 2.3.2-1 results in very small beam loading foofathe
injector variants considered below. The parameters here reflect a modeatioopehere the eRHIC
e-/e+ ring is not “topped-off.” If a “top-off’ mode is adopted thealerator would be required to
periodically wake up and deliver a pulse to the eRHIC e-/e+ aingpproximately 10 minute
intervals.

While several multi-GeV injectors are operational at exisfiacilities [3-5], there is considerable
performance risk for the eRHIC physics program depending opatitieulars of the injector design.
As a principle design tenet we assert that the maximum lurtynokithe collider and maximum
polarization of the electron/positron ring should not be limited by the performartoe iofector.

Several distinct accelerator topologies appear to have the potentialttthesserequirements. At this
early stage of design we consider three variants:

1) Recirculating copper S-band linac,

2)  Recirculating superconducting linac
3) Figure-eight booster synchrotron.
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Considerations that will affect the choice of injector includequarénce, performance risk,
reliability, and cost. Another important factor will be the possimde of the eRHIC injector for
multiple purposes on the Brookhaven site. At this point all three topslagéeviable options. Each
is presented in more detail below.

Recirculating Copper Linac

Figure 2.3.2-1 shows a possible layout of an injector based on ar dmggeand recirculator. Here
the linac structures are 3 m SLAC 2856 MHz traveling waveémec The 2856 MHz frequency is
well established and the accelerator and high power RF soueaem@mmercially available. The
performance characteristics of this technology are known anddfresthis design presents little risk
for an eRHIC injector.

ggﬁﬂfd Electroznoo MeV Copper Linac, SLAC type cavities

Positron Source 4 GeV

0 10 50 100 150 200 250 275m

Figure 2.3.2-1 eRHIC injector accelerator. A polarized electromieis accelerated to 200 MeV and injected into a 2
GeV copper linac. At the end of the linac the bésuitmansported through a 180 deg isochronous ndaition arc into a
2" 2 GeV linac where the beam is accelerated to 4.@e and a half subsequent recirculations incrézsdeam

energy to a total of 10 GeV. Positron productioslpported

The parameters of a copper linac that would satisfy the eRetj@drements are listed in Table 2.3.2-
2 Below we consider a pre-conceptual design of a copper actejehatodule,” where a module
consists of a 350 kV power supply, a capacitor bank, a HV modulatohswait) MW klystron, RF
waveguide distribution, 2 three meter accelerating sections and theiaésdd®l loads.
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Linac Frequency 2856 MHz
Linac Gradient 16 MV/m
Number of Linacs 2

Active Linac Length 120 m

Linac Length 170 m

Linac Section Length 3m

Shunt Impedance 53 MOhm/m
RF Input Power/Section 25 MW

RF Macropulse Length 10pus

Beam Pulse Length

2 us (one recirculation period)

Macropulse Current

0.1 mA

Pulse Repetion Rate 30 Hz
Section Fill time 0.820us
Klystron Power 50 MW
Klystron Current 350 A
Klystron Voltage 350 kV
Klystrons/Modulator 1
Accelerating Sections/Klystron 2

Number of Sections

80 (40/Linac)

Number of Klystrons

40 (20/Linac)

Table 2.3.2-2. RF parameters — Copper S-band eRHIC injectoclina

The pulse repetition rate of 30 Hz is a reasonable requiremeatliieac of this type. An average
power of 30 kW per klystron is expected. These pulses would be line ltmkettreased stability.
The rate is also well matched with the main eRHIC dampmg ©f 7 (58) ms at 10 (5) GeV.
Optimal filling of the main ring is achieved at repetiti@ies equal to approximately three inverse
damping times.

The copper linac is limited to a smaller number of recirculat{@f®) due to constraints on the pulse
widths available from the high power klystrons, i.e. pulses <10 dgration. The circulation time in
the linac is 3us. So the required RF pulse width for two turns of beam accelersiiqrs where two
microseconds have been allocated for the RF turn on. This is a godd wiidt the pulse widths that
are available from these high power 50 MW Kklystrons. Hos 6f RF 8us of video current from the
klystron would be required.

A beam pulse length of 2s is matched to the injector circulation time so that adhedail” mode

of operation may be used. This keeps the current in the linac coafi&arthe initial turn and limits
the impact of beam loading. The linac would be required to pulse twid#l the full 4.3 us

circumference of the & ring.
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In principle RF compression (SLED) technology could be used to setba peak power from the
klystron from 50 to ~100 MW. Higher gradients of 24 MV/m would be posshHibevever typical
pulse widths from these compression schemes arg@sli@ng and therefore not readily compatible
with a recirculating linac. Therefore we have not adopted RF compressiorsfeartiaint.

More detailed considerations of the RF sources and modulatorsdppardinac are presented in the
following sections.

Pulse-Modulated RF Power Amplifier

The existing technology baseline is the Toshiba 50 MW peak-power 2.B26kigstron MVED
capable of 10 us pulse duration, at 40% efficiency, requiring 125 MW/ ljssam power input ( 350
kV beam voltage and 350 A beam current). An emerging technology opgeal¢pment required)
is the Multiple-Beam Klystron (MBK) with higher efficiend$0-65%), due to lower perveance of
individual beams (typically 0.5 micropervs per beam, compared with 2ropeiws for single-beam
gun), and operating at lower beam voltage, typically half thatngfle-beam klystron of same peak
power, due to higher conversion efficiency and, more importantly, highealr beam perveance
(typically 4 micropervs for 8-beam gun). A block diagram of a pufsdand transmitter is shown in
figure 2.3.2-2

Y

Load

480 VAC 3p —————==— HyDC == “Line" type or"Hybrid"
Supply 35kV type Modulator and Step

up Transformer 1:10 -
Fault
Protection

!
\

3dB Hybrid
2856 MHz Low Level 50MW
From Master — RF Klystron >
Oscillator /

Load

!

Traveling Wave Structure

3 meter 273

Load

Traveling Wave Structure

3 meter 273

Fig 2.3.2-2Block diagram of a Pulsed S- band Transmitter

Pulse Modulator

The traditional technology baseline is the “Line-type” modulaershown in Figure 2.3.2-3, using
an artificial transmission-line pulse-forming network with ewderistic impedance matched to
transformed load (klystron beam) impedance, switched by half-contosir{g switch only) such as
Hydrogen Thyratron or high-current Thyristor stack. The pulsatdur is determined by time delay
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of network. The Klystron load is coupled by step-up pulse transfotgmcally 10:1 turns ratio. All
of the stored network energy is transferred to the klystron éaath pulse. Referenced to pulse-
transformer primary, the modulator switch must be rated aktifie output voltage, for normal
operation, and twice the normal load current, for a short-circuit faatt condition, a non-
simultaneous rating that is 4 times the load power under normal cosdifiba switch peak power
rating, therefore, must be 500 MW, for 125 MW peak load power.

CHARGING CKT PFN VN=2VDC=70kV CLIPPER CKT

AC N T L
T T I
.
r/ HALF-CONTROL
SWITCH
KLYSTRON
J 3504

—350kV PULSE
Fig. 2.3.2-3Simplified schematic of basic “line” type modulator

An option is the so-called “Hybrid” modulator, as shown in Figure 2.3.2-4ng w@s step-up pulse
transformer but with the PEN replaced by a capacitor bank artththeontrol switch replaced with
a solid-state full-control switch (turn-on and turn-off), comprisingeseconnected Insulated-Gate
Bipolar Transistors (IGBTs). The duration of the output pulse isdheesas that of the IGBT gate-
drive. The voltage droop of the output pulse is determined by the afattapacitor-bank charge
storage to the charge delivered to the load each pulse. Referertbedptdse-transformer primary
winding, the switch voltage rating is the same as the output volsget-circuit fault current is
interrupted by opening the IGBT switch (less than 1 u-sec opemm®).tiThe switch peak-power
rating is the same as the load power, or 125 MW, assuming aci@pgeitor bank, and negligible
voltage droop. A variant replaces the capacitor bank with an under-mhaREN, having a
characteristic impedance small compared to that of the oramsdl klystron beam impedance. PFN
delay-time must be more than half of the longest output pulse @urdihe output pulse has zero
droop, but has a voltage step at the leading edge, (depending on degnéeraiatch), continuing
throughout the pulse, and pulse-top voltage ripple, determined by numbetwairk stages. The
pulse duration is the same as the IGBT gate-drive. The switchgeoind power rating must be
greater than output voltage and power, depending on degree of under-matatsténce, 10%

greater, for 10% undermatch).
IGBT DRIVE

Ll L[

IGBT
SERIES SWITCH

AC IN

CAPACITOR
BANK

3500A

CLIPPER CKT VP
35kV
PT KLYSTRON

J7 10:1 350A
—350kV PULSE

Fig 2.3.2-4Simplified schematic of “hybrid” type modulator
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Other options, in the category of emerging technology (developreqoired) are the direct-drive,
series-connected IGBT switch, with no step-up pulse-transfoamedran adaptation of the so-called
“Marx” generator topology. Energy storage capacitors aregeddairom a relatively low-voltage DC
source, in parallel, and discharged, in series, by means of ISBTh modules distributed
throughout the generator.

High-Voltage DC Power Supply

Except for the emerging-technology options, the required DC powerysaptgut voltages is less
than the peak pulse output voltage by a factor equal to the pahséeirmer turns-ratio.
Notwithstanding the continuing improvement in power output capabilityigif-frequency switch-
mode DC power supplies, the optimum power-supply topology is the poly-figpsmlly 12-pulse)
line-frequency transformer-rectifier. It is the simplesb @ctive components), most reliable (fewer
components)) and most efficient (lowest total losses) source lofgjuiglity DC output. It is also the
largest and heaviest, but these are factors of only secondary inggorifoltage regulation, soft-
start, and high-speed fault disconnect can be provided by SCR primary conducteoceatigl.

Recirculating Superconducting Linac

Figure 2.3.2-5 shows a possible layout of an injector based oneacengducting accelerator and
recirculator. Here the TESLA frequency of 1300 MHz is chosen dthetoestablished performance
[6], but the use of other frequencies between 500 — 1500 MHz is also possible.

Polarized Electron
Source

200 MeV SC Linac, Tesla type cavities

200 MeV

10 GeV [Ms _

N
Positron Source 3.3 GeV

0 10 50 100 150 200 250 275m

Figure 2.3.2-5 Same as Figure 2.3.2-1 except that here the Imds two 1.7 GeV superconducting TESLA style
structures. The electron beam is accelerated throdg3 revolutions before reaching the maximum eRHIC rergy of
10 GeV. Not shown here, a positron damping ring mape necessary to limit beam losses in the supercaraiing
structure. Notice that the scale of the supercondiing complex is ~200 m x 50 m while the normal calucting is
~300 m x 50 m.

The parameters of a possible superconducting linac for eRi¢IGsted below in Table 2.3.2-3 are

baseline consideration of the superconducting version we use the
parameters of a TESLA type 1.3 GHz accelerator.
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Linac Frequency 1300 MHz

Linac Gradient 26 MV/m

Number of Linacs 2

Active Linac Length 64 m

Linac Length 92 m

Linac Cavity Length 1m

Shunt Impedance (R/Q) 1038 Ohm

Cavities/Cryomodule 8

RF Macropulse Length 40 ms — CW

Average Macropulse Current 0.01pA

RF Pulse Repetion Rate CW — 10 Hz

External Coupling (Q_ext) 2-10

Cauvity Fill time 1-4 ms

Klystron Power/Cavity <10 kW

Cavities/Klystron 1

Maximum Heat Load at 2K 5 kW (for CW operation)

Average Heat Load at 2K 100 W (10 minute fill every 8 hrs)
+ 80 W (10 sec top up every 10 minutes

Table 2.3.2-3 Parameters for a possible superconducting linaeRiIC.

Unlike the copper linac, the number of circulations for the superconductagywill not be limited
by the maximum RF pulse width but by the complexity and costhefrécirculation. The cost
differential for one incremental recirculation scales with thquired length of the linac. The
incremental linac cost for one additional recirculation is proportitmgl/N — 1/ (N+1)] where N is
the number of recirculations. Further, each incremental recir@alatc is more expensive than the
previous as it is transporting beam at a higher energy and maaisinterfere with the prior
recirculation arcs. Figure 2.3.2-6 shows capital cost as a functitme afumber of recirculations,
where a very simple cost model is adopted. The superconductingslioasted at $0.5M per active
meter and the recirculator is costed at $0.1M/m multiplied byakly increasing function which
reflects the additional cost of transporting a higher energgnb@&hese considerations show that the
largest cost benefit is in the first recirculation and that ammojpt exists near two recirculations
(three passes). Not included are the substantial offset costheufauicelerator systems including
injector accelerator, cryogenic refrigerator, polarized tedacsource, positron damping ring and
other infrastructure. This optimization can be compared with trstirex Jefferson Lab Accelerator
which has four recirculations (5 passes). Here the optimum (l@apgal cost) is at a lower number
of turns than Jlab due to the high gradient, 25 MV/m available from the TESLA adogleatities.
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180 \ —=— |inac Cost
\\ —e— Recirculator Cost
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Figure 2.3.2-6.Capital cost scaling of a superconducting eRHICekrator injector as a function of the number of
recirculations. The falling cost for the linac slénced against a rising cost of the recirculatading to an optimum near
two recirculations (three passes).

The time structure of the beam required to fill eRHICu$4 0.1mA pulses at 30 Hz with a micro
structure of 3 pC every 35 ns) gives a very modest requirement dredine power that the RF
sources need to deliver. The average beam current is less thana2@ miAerefore the beam power
per cavity is less than one Watt. This is to be contrastddtiagt TESLA collider requirement where
the macropulse beam current is 10 mA and the required RF pavibefoeam is 200 kW per cavity.
Clearly a very different RF source is required. For negligigdam power as above and very low
wall losses in the superconducting cavity ( P~30W at 25 MV/rhe) limitations on the minimum
required RF power come from control and stability requirementseoktiperconducting cavities.
Several institutions are pursuing active piezo-restrictive tuhatswould control the cavity center
frequency [7]. These devices show great promise, but require opeirsgide the cryomass and
themselves have resonant behavior which places limits on thedrparice. Bates is developing an
RF recycling concept that would make use of an external tungrheasd shifter, which would allow
the RF sources to be much more closely matched to the intrinsic power requsremer@0 W. This
topology may allow the use of solid state amplifiers rathar Khgstrons. If successful, this effort
would substantially reduce both the capital and the operating casticied with the eRHIC a
superconducting recirculating linac injector.

Another RF source, a 30 kW, 1.3 GHz Inductive Output Tube (IOT) isualder development by
industry. This is a gridded vacuum tube which does not require the uséigii & oltage modulator.
The removal of low level RF from the grid stops the current eomdsom the cathode, eliminating
all power demand. Further, these devices have very high AC to Riemrtfy (~65%) due to the
bunched nature of the current emission from the cathode. The sinysuieiafial on the RF grid
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limits the emission angle of the cathode to less than 180 defmeescreasing the bunching (and
RF source) efficiency. Since the 10T is capable of deliveBdigW it has the ability to overdrive a
superconducting cavity system during the long fill time (up tos¥wrhich requires only a few kW in
equilibrium. This would make higher pulse rates possible for a pulseerconducting eRHIC
injector accelerator.

The 2K dynamic heat load of this accelerator is substantial, B@Wavity at 25 MV/m and &
10'. For 128 cavities this will correspond to a refrigerator poweratiehin excess of 5 MW for CW
operation of the linac. However the periodic nature of eRHIC filling, 10 minuteg eight hours, or
10 seconds every 10 minutes every half for top-up operation, allow opeoéttbe linac with a
macroscopic duty factor substantially less than 10%.

Positron losses must be kept to a minimum in the superconductingustsicAverage positron
currents of 20 nA, an average energy of 5 GeV and 50% current thssésited over the length of
the linac would add an additional heat load of 100 W at 2K. This should bestedtwith the

dynamic heat load of ~ 5 kW for CW operation. More serious would ladided losses that could
cause a cavity quench or even permanent damage to the superconducting structure.

The success of the JLAB superconducting recirculating acaalel@tonstrates that such a machine
could accommodate the requirements for electron injection into the

eRHIC e-/e+ ring. Further work is necessary to optintizg type of injector with consideration of
recent progress in superconducting RF systems. The integrationiwbmpascceleration will also
require significant effort. A normal conducting positron pre-acagderand damping ring may be
required.

Figure Eight Booster Synchrotron

Another variant of the eRHIC injector that merits consideragahe figure eight synchrotron. This
injector topology (Figure 2.3.2-7) is similar to that proposed for thetren Light lon Collider
(ELIC) presently under consideration by a machine design groulp/sB [8]. Due to the two
opposing 270 degree arcs, this geometry has the attractive féatutieet forward spin precession in
one half is cancelled by that in the other half, i.e. the net@pitession is zero and independent of
energy. Therefore this synchrotron should be able to ramp at modsese~60 Hz, with little loss
of polarization. No spin resonances will be crossed during the ramping process.

The parameters of this type of synchrotron are listed in Tal#e2-4. For this geometry the
synchrotron losses per turn at 10 GeV are substantial, 47 MV, so 76fNRF voltage must be
installed in the ring. However, the average energy during timg ia only 5 GeV, the supported
current is also quite modest, I~1 mA and the synchrotron has a akttyr fof less than 50%.
Therefore the average beam power is much less than 10 kW. Thisnetion of high voltage and
low beam power might be well matched to a superconducting Rénsyshese RF parameters are
quite distinct from the main eRHIC electron ring where curreh3.5 A and synchrotron losses of
10 MV require in excess of 5 MW. A critical task for the “figweight” geometry will be a detailed
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simulation of the polarization behavior during the ramp to assessviseof polarization that would
be achievable for the electron and positron beams delivered to the eRHIC main ring

Extraction
5-10 GeV

Polarized Electron
Source

20 MeV

Injection 0.5 GeV

Positron Source

0 10 50 100 150 200 250 275 m

Figure 2.3.2-7 eRHIC injector synchrotron with “figure eight” geetny. A 20 MeV injector and 500 MeV linac fill the
synchrotron ring to 0.1-1 mA after which it is ramapin energy from 0.5 10 GeV in 10-100 ms.

Due to the small dipole curvature, ~30 m, the ring will have a patasizdamping time of 40 s at 10
GeV. This should not cause significant depolarization as the beeutatés in the booster for less
than 100 ms.

Maximum Energy 10 GeV
Injection Energy 500 MeV
Circumference 500 m
Dipole Curvature 30m
Synchrotron Radiation Losses/Turn 47 MV @ 10 GeV
Accelerated Current 1 mA
Peak Beam Power @ 10 GeV 50 kW
Installed RF Voltage 75 MV
Installed RF Power 100 kW
Synchrotron Cycling Frequency <60 Hz
Polarization Damping Time 40 s
Equilibrium Polarization 0

Table 2.3.2-4 Parameters for a possible figure eight synchraimgactor for eRHIC.
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If the polarization properties (small depolarization) of the lacated beam permit a slower ramp it
would be desirable to fill the synchrotron with several pulses (atl@®} injection energy to a peak
current of ~1 mA and operate the synchrotron at a lower frequangyl0 Hz. The multiple pulse
filling could be achieved with either momentum stacking from a 8G6D MeV copper linac (160
ms) or phase space painting with a superconducting 500 MeV injector linps)(20

Positrons

The requirement to deliver 10 GeV positrons to the eRHIC ring anftsderable complexity to the
eRHIC injector. As illustrated in Figures 2.3.2-1 and 2.3.2-5 ourrpirgdiry concept for positron
production with either a normal or superconducting linac is accomplishedacelerating electrons
through one turn before striking the production target. In the positr@leaatton mode the electron
transport is indicated in the figures by the red magnets. slihsequent positron transport is then
indicated by the green magnets.

The specifications for the positron production target are comparabldess demanding than
performance already demonstrated by the Stanford Linead@olSLC) positron source. [9] Table
2.3.2-5 lists the parameters for the SLC positron target and fdardpet for all three of the above
injector topologies

. . Figure Eight

SLC 94 Copper Linac SC Linac Synchrotron
Electron Drive Beam
Energy (GeV) 30 4 3.3 0.5
Pulse Charge (nC) 5.6 2 4 20
Pulse Width (us) Single Bunch 2 4 2

: 60

Repetion Rate (Hz) 120 30 30 (Linac freq)
Beam Energy/Pulse (J) 160 8 13 10
Avg. Beam Power (kW) 20 0.24 0.4 1.2
Positron Yield/e- 2.4 ~0.1 ~0.1 ~0.01

Table 2.3.2-5.Positron Production Specification for eRHIC accatier injector and SLC94 .

For the two recirculating linacs (copper and superconducting) thk ekectron current can be
increased from 100 uA to ~1 mA to compensate for the lower electron enéwpgdtre production
target. This still results in much lower pulse energy and averager than was achieved at the SLC.
A positron yield of 0.1 per incident electron could then deliver theesaverage currents as when the
eRHIC injector operates in the electron mode. The 500 MeV linactanj@f the figure eight
synchrotron could compensate for the lower energy of the eledtioe beam by running at macro
pulse currents of 10 mA and a slightly higher repetition rate of 60 Hz.

Summary

The design of a 5-10 GeV eRHIC injector accelerator for relestand positrons is a tractable
problem. The three distinct architectures described above mayeell time needs of the eRHIC
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physics program. Five important questions that must be addressed totkhtachoice of injector are
listed below:

1) How will the reliability and operability of each injector @ft the performance of the eRHIC
program?

2) To what degree will the figure eight synchrotron maintain thetrele polarization during the
synchrotron’s acceleration?

3) How best can positron production and acceleration be integrated inipeacenducting
recirculating linac?

4) Will this injector serve other functions on the Brookhaven site in aditb e-/e+ injection
into eRHIC?

5) What are the costs of each injector system?

Future work that will help address these questions includes:

1) Development of an operational model for the eRHIC collider complex

2) Computer simulation of the polarization behavior in the figure eight synchrotron

3) Development of a consistent cost model for each of the considered injectors.

4) Detailed integration of positron production and acceleration for eactheofconsidered
injectors.

The guiding principle for the eRHIC injector should be to develomjactor which will not limit the
physics performance of the eRHIC program and will delivex performance with the least cost and
most reliability.
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2.4 Electron Storage Ring

In this chapter we describe the physics design of the eledmgnof the eRHIC collider. The
performance goals of the ring are summarized based on the pleguesments outlined in chapter
1.1 and the expected performance of the existing RHIC collider ptexha.2. We first discuss the
choices of main ring parameters and major technical approathes a preliminary ring lattice
design is presented as a baseline design. Following the desigm,sbeam dynamics topics are
discussed, including beam collective effects, beam-beam physicgotardzation issues. The RF
system is discussed in the final section. The choice of R&mmders and technology has a strong
impact on ring performance, technical risk, and cost.

The scope of the eRHIC physics experiments is very broad, Fiestextent of center of mass
energies that the experiments intend to cover, and then the widty \drieadron species that will
collide with the electron or positron beams require a collidéh \an unusually wide range of
operating parameters. The electron ring is required to hargeaénergy operation range: 5-10 GeV,
and the electron beam emittance is required to change by hmreote order of magnitude to
maximize luminosities in collisions with various hadron specieadiftédrent energies. Another major
feature of this design is that the electron (or positron) beast be highly polarized. Section 2.4.6 is
devoted to polarization issues. These ring design features agedifterent from both the existing
e'e colliders PEP Il [1] and KEKB [2], and from the existent lepton-hadron collider HBRA

The electron ring design as part of the eRHIC project rhassite-specific to the existing RHIC
facility. RHIC is a well-established ion collider and has dl wefined upgrade path. The electron
ring will be built in a separate tunnel from the RHIC tunnel, vaitbifferent circumference. This
gives the electron ring designer the freedom to choose approatiate structure and parameters
that are best matched to RHIC, enabling much higher luminosityr @atidef the many collision
scenarios than the existing collider and fixed target faslitan provide. The nominal design
luminosity for collisions of 10 GeV electron on 250 GeV protons 16-10°° cm’s™.

It is clear that to accommodate all of the physics requiresnéamting flexibility must be embedded
in the design from the outset, rather than as a future upgradesedomd design criterion is
operational reliability, which has proven to be extremely importathe successful e+e- B-factory
projects. Reliability means uninterrupted operation and high ineghraiminosity. Each of the
important technical approaches and choices must be decided within tetaointts impact on
reliability. A number of straightforward but essential measwaes adopted to ensure reliable
operation. Two important features are full energy injection pbélarized electron beam, allowing
top-off or continuous injection with instant polarization and quick recofrery catastrophic beam
loss, and sophisticated closed orbit correction schemes with a&eldrspgan position monitors and
correction capacities to insure high equilibrium polarization.

2.4.1 Design Overview

The primary goals for the electron ring design are shown i tald.1-1. These goals must be
achieved with adequate beam lifetime and acceptable detectordanttg. In addition, to maximize
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luminosity over the wide range of collision scenarios with diffeient species, the normalized
emittance must be adjustable by an order of magnitude over the range of degiggsen

Peak luminosity for 10 GeV e on 250 GeV p *1010° cmi“s*t
Longitudinal polarization > 70% at IP
Average current 0.45 Amp
Electrons per bunch 10"

Number of electron bunches 120

Energy range 5-10 GeV
Polarized positron energy 10 GeV

Table 2.4.1- Primary goals for electron ring design.

The key features of the baseline ring design are:

Flat beam, head on collisions.

High emittance ratio of the elliptical electron beam at the IP.

Anti-symmetry solenoidal spin rotators in the IR straight, purgitadinal spin at 8.5 GeV.
4% reduction at 10 GeV and 20% reduction at 5GeV.

Flexible FODO arc structure for electron beam emittancasadgnt. Wigglers or super-
bends to increase synchrotron radiation damping for higher beam-beanshift limits at
low energy.

Electron path length adjustments up to 0.2 m.

Adequate vertical closed orbit correction capacities for high beam equntifpolarization.
Full energy, polarized electron beam injector with flexible bunchutach filling capacity.
Feasible for top-off and continuous injection.

Reliable high power RF system.

Low field solenoids around the ring to suppress electron-cloud effect for positon bea
Low-photodesorption, low impedance, high radiation power resist vacuum chamber.
Feed back system for suppressing multi-bunch instability.

Provisions for longitudinal polarimeter operation in the IR straight.

The electron ring will be located either at the RHIC IP12Pgr Ibcation, as described in section 2.2.
The ring circumference is chosen to be one third of the RHIE Tihis length is an optimum based
on balancing the requirements from the length of the interacegmom, the arc length and
mechanical structures considering the range of electron beadtarer®, the synchrotron radiation
wall power density, and the beam self polarization time at 10. Gb¥ self polarization time at 10
GeV is important because, although the electron beam is genesatadpblarized full energy
injector, the positron beam still depends on self polarization. Costipatiom is always a major
factor in the ring circumference consideration as well. Theeestill concerns about the possibility
that coherent beam-beam effects could comprothisgerformance of any collider with unequal-
circumference rings [4]. This is under active investigation mode discussions on this topic are
presented in section 2.4.5.

The e-ring RF frequency must be a harmonic of the colliding éecyiwhich is varied from ~28.15
MHz to ~28.13 MHz depending on the ion beam energies (ion velocity vadaiihe RHIC RF
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frequency (~197 MHz) is thé™harmonic of the colliding frequency. It is not necessary to ntake t
e-ring RF frequency a harmonic of the RHIC RF frequencyhéti RF frequencies are preferred for
technical reasons as described in section 2.4.7. It is also not pégsiée the ring RF frequency a
precise sub-harmonic of the linac frequency (either S-band at 2886dviL-band at 1300 MHz)
and the harmonic of the colliding frequency at same time. Tdds @omplication to the timing
synchronization of the injector, which must provide a flexible buntindipattern to the ring. The
timing system synchronizing the beam source to the ring is discussed in tha isgetion 2.3.

A major technology choice is whether to use room temperature rc&fpetructures or to adopt
superconducting structures, which have made rapid advances inyeaent Both technologies are
now mature [5] [6] and proven in user facilities. The cavities m atsSLAC at 476 MHz or the
KEKB 508 MHz cavities with modifications are both suitable canésla@turther investigation of the
reliability and cost of each system is required before a choice is made.

Figure 2.4.1-1 shows the quasi race-track e-ring layout in aletbtscale. The general layout of
eRHIC is presented in chapter 1.
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Figure 2.4.1- Electron ring layout

The main ring parameters are listed in Table 2.4.1-2. The nominanpters are specified for
collisions of 10 GeV electrons on 250 GeV protons with the provision odll@laoperation of two
other hadron beam interaction regions. The goal luminosity ¥108* cm®s*. The proton ring
parameters are also listed to give a set of self consizieameters and appropriate luminosity value.
The 162 cmi®s® luminosity is not yet been reached (~50% less) with the preRerglon design and
electron beam parameters in the table. Further design cotisiderdor higher luminosity are
detailed in section 2.4.2.
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Electron Proton
Energy E ed 10 250
Circumference, C [m] 1277.948 3833.845
Arc dipole radius [m] 81.02
k=gy/ex 0.18 1
Ko=cYyloX 0.50 0.50
Nominal emittance(ionk, [Ttmm mrad] 15.0
Emittancs ex [nm.rad] 53.0 9.4
Emittancs ey [nm.rad] 9.5 9.4
Beta function at IP x,[3x* [m] 0.19 1.08
Beta function at IP  ypy* [m] 0.27 0.27
Beam-beam parameter ¥x 0.029 0.0065
Beam-beam parameter §y 0.08 0.0033
RF frequency (Warm/SC) [MHZ] 478.6/506.7
RF voltage [MV] 25
Bunch lengtho, [cm] 1.17
Number of bunches 120 360
Bunch separation [ns] 35.52 35.52
Particles/bunch 1.00E+11 1.00E+11
Total current [A] 0.45 0.45
Synch. rad, Loss/turn [MeV] 10.92
Linear radiation power density [KW/m] 9.68
Damping time (x/s) [ms] 7.2/13.6
Luminosity £ [cm-2s-1] 4.4E+32

Table 2.4.1- ZNominal Machine Parameters
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2.4.2 Luminosity Considerations

The general luminosity expression for a lepton-hadron collider, ifcttiding beams are totally
overlapped at the interaction point, is:
L - FNN, (2.4.2-1)
4no,o,
Where K is the colliding frequency, Ns the number of ions per bunch il the number of electrons
per bunch, andy andoy are the rms transverse beam sizes.

If we assume equal beam-beam tune shift limitdo@ih transverse planes for each of the hadron and
lepton beams, then the luminosity expression imseof linear beam-beam tune shifts can be written

as [1]:
E (L+K)°
- reri cyeygf ﬁ ﬁ ke k2
( ) (2.4.2- 2)

=§ Fcyeyiggea-l xae xke

e'i

Where

& or IS the beam-beam tune shift limit for ion beanelectron beam
[ represents the betatron function at the interaqimnt

€ is the ion or electron beam geometric emittance

Ke = €ey/€e x IS the electron beam emittance ratio

k=o,/0xis the beam aspect ratio at IP.

o’ is the beam angular amplitude.

In the above expression, we also assumed thahthles beam size is in the vertical (y) direction
and ke/k1, then the dominant linear beam-beam tune shiftdiare:

io= . N, 1
217 ye (+k)
(2.4.2- 3)
r.Z N, 1

S = o e @K
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The classical radius of the ion is:

' A dEy M P
where Z is the atomic number, A is the atomic nrassber, and Mis the mass per nucleon. The r
value for proton isy= 1.53x10"° m, for gold k,=49.0x10'® m, and &2.82x10" m for electrons.

(2.4.2- 4)

Equation (2.4.2-2) is equivalent to equation (Inl¥ection 1.2.3 except writing parameters relevant
to luminosity limitations more explicitly, i.e. ihading the electron beam emittance ratio and edectr
beam emittance instead of electron beam vertioglilar amplitude which does not reach the actual
aperture limit in our cases. Our luminosity diséoisshere will be focused on collisions of 10 GeV
electrons on 250 GeV protons, as this is the pgrdasign feature. Other collision scenarios will be
discussed accordingly.

Colliding frequency
The colliding frequency is limited by the achiev@tRHIC bunch number. It comes as a RHIC
machine operation and upgrade limit (section 3a&)q it is also raised as a minimum bunch

separation requirement from the detector desige.nidminal colliding frequency is 28.15 MHz.

Applied to collisions of 10 GeV electrons on 250vGeotons we have:

e, k (L+k

L = 429x10%§ &,0,, 2 4 [cm™s™]
& =o1axigioNe 1 (2.4.2-5)
' & (@d+k)
N. 1

£, = 229x107%
Y £, k. A+1/k)

Round beam or flat beam collisions and IP magnet aperture limits

Round beam means equal beam sizes in both traesdieestions for both lepton and hadron beams,
and equal beam emittances in both transverse idinsctor lepton beam (the ion beams are always
supposed to have equal emittances in transverses)pés well. The luminosity of a round beam
compared to a flat beam with tkame beam angular sizes at thei$Phigher due to equal beam-
beam tune shift in both transverse plans. Fromtemqua.4.2-5, compare to flat beam collisions with
reasonable beam cross section ratio and lepton bmarttance ratio, say k0.1, k=0.5, the
luminosity can be four times higher for round beaadtlisions. A realistic interaction design in
chapter 4 has described a small horizontal andjatérof 93 prad for the hadron beam. This means a
relatively larger horizontal cross section. To grthe luminosity up, the vertical cross section toas
be small. However, the minimum vertical beta fumctamplitude at IP of the ion beam determined
by the ion bunch length sets the lower limit of beam cross section ratio which is about 0.5 ig thi
design.
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The second fundamental problem for round beamsootis comes from electron beam polarization.
The electron beam is flat in nature in a storagg.rA round beam can be created by strong coupling
between transverse planes or introduction of acarsynchrotron radiation mechanism to generate
vertical beam emittance. As the bending plane rzbntal and the beam spin closed orbit direction
is vertical, both methods can end up depolariziegiieam resulting in lower equilibrium polarization
[2]. We will concentrate on flat beam collisionstims report.

Electron beam emittance ratio

The lepton beam emittance ratio shown in equat@ds2-2 and 2.4.2-3 is an important design
parameter that requires further exploration. Hat lbeam collisions, when beam-beam tune shift
limits can be reached for both beams, the lumigasidreases linearly with the emittance ratio @& th
lepton beam. This statement is valid as long asptbéon bunch intensity is not a limit (equation
2.4.2-3).

For an accurate evaluation of how luminosity isied to the emittance ratio, we must impose limits
from the IR design and minimuft values (see following bunch length discussiong t&ke the e/p,
10 GeV/250 GeV collision as an example. In tab#e221, the minimunf* is set to be 0.19m, and
the resulting electron beam-beam tune shift limi0i08. The IR magnet aperture limits are set from
the IR design:Bix*=1.08m, 3;y*=0.27m, =15 nm. No proton beam intensity limit is impos&tie
electron bunch density is set alD'* electrons per bunch.

A significant luminosity gain from very low emittea ratio to the balance point of.25, where
Bex*= Bey=0.19m. Further increase ot kill requires very low electron beam emittancentatch
the low proton beam emittance and does not hellosity. The proton beam intensity has to follow
up in the sensitive luminosity improvement regikg=0 to 0.25).

The parameters in table 2.4.2-1 are generated fpeaial IR design and3* limit. But we can
conclude that luminosity performance is sensitivéepton beam emittance ratio in @arenge from
very low up to some value (here 0.25) dependingpetific IR design (magnet aperture limits) and
* limits. However to manipulate (increase) electdo@am emittance ratio and to maintain high
polarization level at the same time can be difficul

Ke= €ox Bex* | Bey* Protons (1&) €x &y |L 1e32
ge,yke,x | (nm.rad)| (m) (m) per bunch (cmi®s?
0.1 54 0.19 0.47 0.57 0.01®.08| 2.5
0.15 54 0.19 0.31 0.85 0.0249.08| 3.8
0.18 54 0.19 0.26 1.0 0.029.08| 4.5
0.20 54 0.19 0.23 1.13 0.032.08| 5.0
0.25 54 0.19 0.19 1.41 0.04 0.p8.3
0.30 45 0.23 0.19 1.41 0.048.08| 6.3
0.5 27 0.38 0.19 141 0.08 0.08.3

Table 2.4.2- 1 Lepton beam emittance ratio vs. luminosity

As an example, HERA operation has reached a beattaroe ratio (coupling) of 10% with a beam
cross section aspect ratio of 1:4 and electron beatarization of 60%. They are currently
undergoing a luminosity upgrade that aims at achge¥7% coupling with similar beam aspect ratio
and ~40% smaller beam cross section. The upgraebgected to increase luminosity by a factor of
3.5 while maintaining high electron beam polarizatiFinal results of HERA upgrade are yet to
come. Comparing the present design to HERA, then miifierence is that the electron beam energy
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is ~1/3 of HERA. The spin resonant strengths arengty dependent on beam energy, so the
challenges at eRHIC should be manageable compaiteERA.

There are ideas [5] and an experimental demonstr§i] of transformation between a round beam
and a flat beam using a beam “emittance adaptbis of great interest to have an experimental
investigation to see whether this could be apdied circulating machine. It is especially intdneg

to establish whether it could work near the IP @agivhere the spin is nearly longitudinal. The goal
in this study is to increase the electron beamtange ratio without depolarizing the beam insteflad o
making a round beam.

Zero crossing angle

Introducing crossing angle can ease beam separ@atidrsynchrotron radiation fan problems [3]. A
crab cavity would be needed for the hadron bearavtmd luminosity loss [4]. However, the RF
voltage of such a crab cavity for the proton beanthis application would be too high, and is
technically unrealistic. Therefore, this optioreicluded.

Beam-beam tune shift limits

Beam-beam tune shift limits can be reached for begiton and hadron beams in the eRHIC collider.
The lepton beam intensity in particular can be mhigiher than HERA due to the lower operation
energy, and this will drive a higher beam-beam wim# for the hadron beam.

The beam-beam tune shift limit assumed in this nteigd).0065 for ion beams (per interaction point
of three interaction points) and is 0.08 for thptdm beam. They are based on RHIC upgrade
parameters [7] and achieved parameters at PER-EY@n higher lepton beam-beam tune shift limit
could be reached if beam loss can be compensatedriiyuous injection [9]. However, the beam-
beam limit for this machine may be different frootibthe ée colliding B factories [10] and the ion
collisions in RHIC. More discussions are presenteskiction 2.4.5.

Beam intensity

The nominal design beam current in the electrog i8r0.45 A. The major concern generated by this
average current is the linear power density ofdyxechrotron radiation at 10 GeV. However, this
design average current is rather moderate comparexisting B-factories. The number of electrons
per bunch, 1*1#, is high compared to other rings. For examplerel & per bunch achieved in the
PEP Il Low (3.1 GeV) and High (9 GeV) Energy Rirsge 0.5%10" and 0.&10" respectively (peak
performance, 2.43A and 1.38A, 1317 bunches [8]g [Bing bunch length and large bunch spacing in
the eRHIC e-ring will permit higher limits for bumacharge. The single-bunch charge instability
threshold is discussed in section 2.4.4.

The ion beam intensity limits have been definedugh RHIC operation. The nominal limit of the

number of protons per bunch is ~ 1*10and is 1*18 for Au. Both beam intensities are key
adjustable parameters in optimization studies iigindr luminosity.
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Beam emittance

Electron emittance should be adjusted to matchothndeam for maximum luminosity. However, the
electron beam emittance is a parameter of thelatiige, and is proportional t¢. For example, if
the electron beam is run at 5 GeV instead of 10,Gb&h to match the same ion beam the lattice
should be adjusted to provide an emittance fouesidarger than that for 10 GeV. In the present
design, the emittance can be varied from ~40 n#8&D nm (at 10 GeV). At low energy (5 GeV), an
“emittance wiggler” may be needed to further inseethe emittance.

The ion beam emittances are well understood thr&giC operation. The normalized proton beam
emittance isgj,=15 pum-rad. By RHIC convention, the geometrical teance isgj= €, /(6T(BY)))
which is 9.4 nm at 250 GeV. And the normalized Aeamm emittance is 6 pum-rad with electron
cooling, corresponding to 9.4 nm geometrical emdéat 100GeV/J.

Beta function at IP and bunch length

Low B* means small cross section at IP and higher lugiiies. However, the relatively long ion
bunch lengths have set limits to minimysh values. The constraint iB* < o, in order to avoid
reduction of luminosity by the hourglass effect][Ilhe minimum proton bunch length in RHIC is
~13 cm, according to the limit of cryogenic powead of 0.5 W/m for 1 protons per bunch.
However for 250 GeV proton beam, the bunch lengthomt cooling is about 25 cm. The electron
bunch length is only ~2cm, much less tHayt at IP, and is not an issue itself. Big* is subjected to
the hourglass effect while traveling through theglgroton bunch. A low limit of 19 cm f@.* is
set, corresponding to luminosity reduction of Iésan 10%. More simulations will be done to
evaluate possible lowe.* values.

Further Improvement of Luminosity Performance

The luminosity value listed in Table 2.4-1 is 0.48* cmi’s? for the collisions of 10 GeV electrons
on 250 GeV proton. To reach this goal requires ages to the existing RHIC collider, and the
design of the electron machine may require furttearelopment. These are the major topics of this
report. Here we discuss further ideas for achieviigiper luminosity of 1*18 cmi®s? or above with
the ring-ring collider option.

From equation (2.4.2-2) and (2.4.2-3), there aneers¢ parameters that the luminosity is very
sensitive to, including3*, the emittance ratio, and beam-beam paramet@rsis limited by ion
bunch length. The emittance ratio effect is sensiwithin a certain range as discussed above. The
actually achievable value of emittance ratio withhhbeam polarization is not yet clear. The elattro
beam-beam parameter could be higher if continudestren beam injection can compensate for
higher electron losses due to higher beam-beamstuifte And the proton beam-beam parameter can
be higher if there is only one collision point. Hover all these sensitive improvements require
higher beam intensity.

To make the case for the above arguments, we pgrésentables similar to our nominal design
luminosity and basic parameter tables in sectidh31.Table 2.4.2-2 lists two sets of higher
luminosity operation parameters for e-p and e-Allistons at 10 GeV electron beam energy. The
main difference between these sets of parametersh@nnominal design values are the beam-beam
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parameters, and the bunch densities. In table-2,4tRe hadron beam beam-beam parameter is set
1.5 times higher in light of electron-ion collis® only operation scenario. This change requirés 1.
times higher electron beam intensity. Also, theirojation of other parameters and a possible
increase of lepton beam beam-beam parameter by 2afire a similar increase of hadron beam
intensity. At this point, from discussions in seaqti2.4.4 and 3.3, it should be possible to rundrgh
bunch intensities for both electron and ion beams.

A significant challenge to meeting the higher irsignrequirements is that they are required in the
high electron energy range. The linear radiatiowgyodensity will be increased to 14 kw/m at 10
GeV for beam current of ~0.65 A. While challengitige vacuum chamber under such radiation
power levels is still technically feasible basedresults from R&D for B-factory upgrades.

EnergyE [GeV] 10 250 10 100
k=gey/ex 0.18 1 0.18 1
Ko=oy/ox 0.43 r 0.43 0.43 0.43
g, (ion) [tmm mrad 15.0 6.0
Emittancs é&x [nm.rad] 54.0 94 54.0 94
Emittancs ey [nm.rad] 9.7 F 94 9.7 94
BX* [m] 0.19 108 0.19 108
BY* [m] 0.19 0.2 0.19 0.2

X 0.042 0.0095 0.033 0.0095
3% 0.1 0.0041 0.08 0.0041
P articles/Bunch 140E+1]  141E+0  138E{11 143ER09
Luminosity £  |[cm?s™] 10E+33 10E+31

Table 2.4.2- 2Parameters for higher luminosity--high electroaresnergy.

Table 2.4.2-3 is for low electron energy (5 GeVheTtable uses the same higher beam-beam
parameters and shorter ion bunch length as apj#icibe electron emittance ratio used is slightly
higher (0.25) in light of the weaker spin resonasittengths at lower electron beam energy.

The beam intensity requirement for the ion bearageaxed due to lower electron beam beam-beam
parameters in lower electron beam energy operatibare less synchrotron radiation and less
damping are expected. However, the demand fogleehiintensity electron beam remains when the
ion beam energy is high. At very low ion beam egeay much larger electron beam emittance is
required to match the proton beam with large geooattemittance. The very large electron beam
emittance will be difficult to produce with normBODO arc lattice without the help of wigglers or
super-bends. The low energy operation will be dised in the lattice design section.
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08

Electron Proton || Electron Au
Energy E [GeV] 5 50 5 100
k=gylex 0.25 1 0.25 1
Ko=oylox 0.50 0.50 0.43 0.43
g, (ion) [rtmm mrad] 5.0 6.0
Emittancs ex [nm.rad] 130.0 15.6 56.0 94
Emittancs ey [nm.rad] 32.5 15.6 14.0 9.4
Bx* [m] 0.22 1.86 0.18 1.08
By* [m] 0.22 0.46 0.13 0.2
Ex 0.025 0.019 0.029 0.0095
&y 0.050 0.0094 0.050 0.0041
Particles/Bunch 9.74E+1p 1.07E+}j1 1.38EHl1 6.42E
Luminosity £ [em?s™] 1.6E+32 4.5E+30

Table 2.4.2- 3Parameters for higher luminosity -- low electr@ain energy

To summarize, we note that critical steps forwarel immprovements in IP region design, RHIC
upgrades to permit higher ion beam intensity, ahdrter bunch lengths to generate higher
luminosity. From the electron ring side, higher rbeatensity and higher emittance ratio for
polarized beams are essential. The immediate tasthé electron ring design team is to explore the
feasibility of higher beam intensity operation. Theal is 1.4x18 particles/bunch and ~0.65A of
average current at 10 GeV. Many of the technicaksyspecifications need to be verified to achieve
higher beam intensity operation. An R&D plan taerstand and realize higher emittance ratio for
highly polarized electron beam is under development
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2.4.3 Lattice Design

The electron ring has a quasi racetrack layout. arfitesymmetrical spin rotator arrangement in the
IR straight makes the “straight” section a zigzag,| as is the utility straight on the oppositeesid
the ring. See Figures 2.4.1-1 and 2.4.3-5.

The lattice design must meet the following criteria

- Energy range: 5-10 GeV.

- Beam emittance range: ~40-60 nm.rad at 10 Ge\-9850m.rad at 5GeV.

- Adequate damping rate regarding beam-beam blow up.

- Good dynamic aperture for all lattice configurason

- High equilibrium polarizationX70%) and longitudinal spin at IP.

- Reasonable self-polarization time at 10 GeV.

Arc Lattice

The two 188 arc sections consist of regular FODO periods Wifipersion suppressors at each end.
The rationale of choices for each of the basicipatars is discussed below. Figure 2.4.3-1 shows the
lattice functions for one arc section.

The dipole bending radius

The design dipole bending radips is ~81m. Synchrotron radiation wall power, eleotenergy
loss per turn and self polarization time at 10 Ge¥ concerned in choosing the appropriate bending
radius.

For constant bend radius, the synchrotron radidtnear power density is

4
Piear (KW/m) =14.08 E (Gze\/)l (A _ 9.7 kW/m (2.4.3-1)
p~(m)

For nominal stored current of 0.45A, the maximunwveodensity is ~10 kW/m. At this synchrotron
radiation (SR) power density level, the technoleda the vacuum chamber are mature [1]. Vacuum
chamber technology developed for higher SR powasite (~20kW/m) is of interest as we may go
for higher stored current. Increasing the bendadjus to reduce SR power density is also an option
in future lattice design.

The energy loss per turn and total synchrotrorataxh power at 10 GeV is
4
P(MW) =U,(MeV) * | (A) = 0.0885% (isomag.) =10.9(MeV)*I(A) (2.4.3-2)
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Need enough RF gap voltage for beam life time amdern of RF system cost.

A reasonable self polarization time at 10 GeV withase of wigglers is
99R (MY’ (m)

T.. (Sokolov— Ternov sec.) = 22 minutes. 2.4.3-3

por F £ (GeV) (sec.) ( )
. 40, HE/UX version 822704 200143 22.080.00 10 .
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Figure 2.4.3- 1Layout and optics functions of the arc

] Emittance vs. phase advance per cell
350 Beam energy: 10 GeV

Natural emittance(nm.rad)

T T T T T T T T T T
20 40 60 80 100 120

Phase advance per FODO cell(degree)

Figure 2.4.3- 2The natural beam emittance vs. phase advance [feOFe@ll.
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Number of FODO cells and cell length

The number of cells is 84, and cell length is 1h86rhe emittance can be written as [2]:

E’[GeV]

£ =F(,,lattice) 3

mrad (2.4.3- 4)

X Cc
We choose Nto put the beam’s natural emittance in the prapege. The natural emittance vs.
phase advance per cell of this design lattice §3hown in Figure 2.4.3-2. There should be enough
space in a cell for magnets, instrumentation, aaeiym components, and the arc length must fit the
ring circumference.

FODO cell betatron phase advance

The horizontal phase shift per cell is used asmaittance adjustment knob. It can be varied from 30
to 80 degrees. The vertical phase shift per celsdmewhat fixed: 80at low and moderate
emittances, and ~3Cfor very large emittance. The fixed phase shift pell facilitates vertical
chromaticity correction sextupole grouping for pErtancellation of second order aberrations from
these sextupoles.

Low energy operation with damping wigglers or with super-bends

At 5 GeV the synchrotron damping time is 8 timesger (~ 60 msec.) compared with 10 GeV

operation. This has significant impacts on the nreciperformance, (e.g. the peak and integrated
luminosities) since the beam-beam tune shift istéichby intensity dependent beam-beam blow-up.
The beam-beam parameter is a function of the dagptpire [4]:

&8 = f[A,]= f t (2.4.3- 5)

frev D- Ij-]IP
whereg,” is the beam-beam parameter before beam-beam lgpwisithe transverse damping time,
and ne is the number of interaction points. From expenial data, it is suggested that

E8 QA0 (2.4.3- 6)

The damping decremeh is proportional to/® in an isomagnetic field ring. For the eRHIC elentr
ring, the expected beam-beam tune shift limit Wwél reduced by a factor of 2 as the energy drops
from 10GeV to 5 GeV.

The injection rate at 10 GeV can be 50 Hz, butthikices to ~5Hz at 5 GeV limited by synchrotron
radiation damping.

There are two options to increase the synchrotamping to deal with these problems. One of the
options is to install damping wigglers. When wiggladiation is dominant, the vertical synchrotron
damping time is:

Clm]
E[GeV]B;[TIL,[m]
where B is the maximum magnet field in the wiggler, is the wiggler length C is the ring
circumference, and E the electron beam energyekample: asking for of ~25ms at 5 GeV will
give a beam-beam parameter reduction of 30% insé&®% from the value at 10 GeV. From
equation 2.4.3-7, the damping wiggler will be 25nriength with peak field of 2 Tesla. With the

r,(m9 =1052 (2.4.3-7)
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wiggler the injection rate should reach 13 Hz. Awotbenefit of using the wiggler is that it incress
the beam emittance at low energy, reducing theimedjuange of phase advance in the FODO cell.
This will be important for very large emittance @8lnm at 5 GeV) when FODO phase adjustment is
not enough to increase the emittance. The chaltepgsed by installation of the wiggler include high
synchrotron radiation power, about 700kW in a narfan of ~100mrad angle, and other unwanted
effects on beam optics such as increased momerjteads The merits and disadvantages of using
damping wigglers for the low energy operation néede further evaluated. The CESR collider
lower energy upgrade is based on using dampinglengd5]. There are comparable machine and
operation scenarios between CESR and eRHIC e-owgehergy operations. Therefore the CESR
operation can provide useful design and operatiqqergences to the decision making of the e-ring
damping wiggler option. The damping wigglers canldiated in the short straight section in the
dispersion suppressor sections that have misspaedi. Local dispersion there is not zero, leading
to a desirable increase in emittance growth froemtigglers. The local Twiss parameters are shown
in Figure 2.3.4-3.

Another option is to redesign the ring bending netgon be like a “super-bend”. The super-bend
magnets in the original self-polarizing electromgridesign [6] are used to provide short polariratio
time at low energies. Here the 'radiation’ superdbeill be made of three separately powered short
bends. The total effective length of these thremlés is equivalent to the 3m long arc dipole & th
nominal machine design. The magnetic field of ¢bater dipole can be 50% higher than the outer
ones. At low energy, this allows the outer oneddoturned off and leave the center one on. The
bending radius of the short center bend will be 2Faor such a “super-bend” configuration, the total
radiation at 5 GeV for 0.5A is 1 MW, three timestieg than the 0.34 MW for the nominal design.
This radiation power is comparable to the 1.04 M\iaton power of the above described ring with
damping wigglers (1.04 MW). The transverse dampimg will be 21 ms. The “super-bend “ design
avoids the complicated wiggler insertions, but mse complicated designs for the arc magnets and
vacuum chambers all around the ring. Further coispa of the two options will be based on their
effects on optics and beam parameters, techniasilféity, operational flexibility and cost.
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Figure 2.4.3- 3The dispersion suppressor: arc to IR.

The Interaction Straight

The interaction straight has the most complex spfitie major subsections are the interaction region
detailed in Chapter 4, and the antisymmetric sotespin rotators described in sections 2.4.6 and
4.4. Figure 2.4.3-4 show the layout of this straigh

The spin is designed to be pure longitudinal at@ed. At that energy, the horizontal spin rotation
angle is 90 degrees from the end of the solendidedP. The corresponding horizontal orbit bending
angle is ~4.7 degree. There will be 4% reductiohoafjitudinal polarization at 10 GeV and 20%
reduction at 5GeV. The anti-symmetric horizontahgptation bends at either side of the IP consist
of six dipoles. Three of them are combined funttisagnets near the detector which also serve as IP
beam separators. A small reverse bend dipole (BRfigure 2.4.3-6) is arranged to facilitate
longitudinal polarimeter installation (actually, lprthe one downstream of IP exactly serves that
purpose). Then two identical dipoles (BR) comptaterequired rotation.

The lattice optics near the IP has to be adjustedaccommodate various beam sizes (different
combination of3* and beam emittance) required for different cadis scenarios. It is important to
keep the peak betas at the IR region quadrupolesdaeduce chromaticity to begin with. Another
import issue is spin transparency. We leave tratudision to section 2.4-6. Figure 2.4.3-4 shows the
IR optics forf3*«y=0.19/0.27m. The maximuffunction amplitude is only ~55m.
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Figure 2.4.3- 4IR optics withB*,,= 0.19, 0.27m
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Figure 2.4.3- 5Interaction straight layout

In Figure 2.4.3-5, the IP coordinate is (0,0). Qetbcircles indicate solenoid locations of the spin
rotators. There are six horizontal spin rotatiopotks on either sides of the IP. They are labeted a
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BR, BR, BRp, and QS1-3. QS1-3 are combined fundbeam separation bends. BRp reverses the
deflecting direction. The BRs are normal spin liotabends.

Compensation of the x-y coupling effects generdigdthe detector solenoid field is one of the
important issues in designing the optics aroundRheThe detector is expected to have a maximum
solenoid field of 2 Tesla. The plan is to use bogksolenoids to cancel the integrated field around
the IP. The merit of using bucking solenoids indted skew quadrupoles is that this works for
particles of any energy, and the bucking solenoasdd be placed around the beam pipe insider the
detector. Detailed design is still under way.

The Utility Straight

This “straight” has similar zigzag geometry as lRestraight. The injection section is in the middle
of the straight. On both sides of the injectiontie®m are the two achromats that somewhat resemble
the asymmetry layout of the IR region and faciitahg closure.

The two straight sections connecting the centet glathe utility straight to the arcs are used for
fractional tune adjustments for ring operation. Tdmical structure of the two fractional tune
adjustment sections are basically FODO cells. Time tadjustment range with the two sections is
about 0.1, good for small adjustments in operation.

The RF cavities will be located in these two fratl tune adjustment sections. For example, in the
copper RF cavity design option, there will be 28itt@s powered by 14 klystrons. Each two cavity
structure has a physical length of ~3.0m. Figu#e326 shows half of the utility straight and the RF
cavity locations.
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Figure 2.4.3- 6 Optics of the Dispersion suppressor from arc-tf@ight and the fractional tune adjustment and RF
section. Circles: RF cavity locations.
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Electron Beam Path Length Adjustment

Table 2.4.3-1 lists the path length adjustmenthef ¢lectron ring for matching to different proton

beam energies. The required path length change is 0.9 m if the lower end of the proton beam
energy is 25 GeV. This length adjustment is lange ia difficult to achieve in a conventional way.

However if the low end of the proton beam energplsGeV, then the path length adjustment is
0.2m, a much relaxed requirement.

Proton Proton Colliding | Electron | Electron Electron | Electron

Energy bunch frequency | ring RF bunch beam path| beam path
spacing in| (MHz) frequency| spacing length length
time (ns) (MHz) (m) (m) changes

(m)

25 35.5471 28.1317 478.238 10.6568 1278.8[112  0.8919

50 35.5283 28.1465 478.491 10.6511 1278.186  0.2161

100 35.5237 28.1503 478.554 10.6497 1277.967 0.0473

250 35.5223 28.1513 478.572 10.6493 1277.920 0.0

Table 2.4.3- 1Electron beam path length vs. proton beam energy

The conventional means to change path length is mi&gnetic chicanes in the straights or in the
arcs. The most likely scheme is to make chicandéisararc [7], which saves precious straight sestion
for other usages. There are technical constraihemwnaking magnet chicanes. The first constraint is
the limiting synchrotron radiation power densitprfr a strong bend. The linear radiation power
density from a normal dipole is ~10kW/m at 10 Gekhvd.45 A stored current. We require that the
power density from a chicane dipole not exceed @0nk, so that the special vacuum chamber
technology needed could be obtained from existinp@&ories. This gives a limit of maximum
bending field about 1.4 times of the normal dip@¢her concerns with the chicane are the cost and
technical feasibility of a particular design.

Figure 2.4.3-7 shows an eight bend chicane in thelais converted from a normal section of 4

FODO cells. To make the largest path length chawige the chicane, the first and the last dipoles
are turned off; the lost bending angles will bekpit up by the six dipoles in the middle. So the
maximum bending field is 4/3 times higher than ieemal dipole. Linear radiation power density is

about 17kW/m. The first and last dipole can beeadrto bend beam in reverse direction to get even
larger path length adjustment, but then the midid®les will have to bend more strongly and the

radiation power density will exceed the limit wevbamposed.

Each such chicane can produce a path length ditferef 8.25 cm. The path length change can be
continuous if precise and reliable mechanical nmotiontrol is feasible. Alternatively one can make a
fixed change by building another beam line whicH e very close to the normal FODO section, in
which case the path length change will be disciBte. cost impact and operation reliability issues
for the chicane choices have to be further evatudthe local optics distortion from such a chicene
shown in Figure 2.4.3-8. The overall effect onriing lattice remains to be examined.

One can activate a number of such chicanes torob&mjuired path length difference. It seems
reasonable to activate four chicanes to get ~20ath fength changes for the 50 GeV proton
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collisions. The total length of the moving sectiamshen about 160 m! And the mechanical motion is
complicated. The cost impact will be significant.

However it will be too costly and very destructieethe normal lattice if ten such chicanes (total 8
dipoles, about half of total arc section) havedabtivated to make the 0.9 m difference.

- R R R

Red: normal FODO Cells
Blue: chicane line

(m -3
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Figure 2.4.3- 7Layout of an eight bend chicane for path lengilustchent.
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Figure 2.4.3- 80ptical distortion of the eight bend chicane. L#fe original 4 FODO periods. Right: the chicapics.

One way to relieve the electron ring path lengtuésis to adjust the proton ring path length a$ wel
[8]. One of the proton rings (YELLOW ring) has tdjast its path length anyway when the BLUE
ring is in colliding with electrons while the twaqion beams keep colliding at other locations at
same time. A comprehensive solution of the patigth changes for all the three rings has to be
further developed.

For a large path length adjustment scheme, thanetiget an easy solution. One attractive option is
to move one of the electron ring arc sections afa@e by 0-0.45m. This option has the advantages
of no impact on lattice, no concerns of extra mégne&mple one direction mechanical movement
and meets all path length change requirements bylarob”. The technical details and cost of such
a “big move” will be carefully evaluated.
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Dynamic Aperture

The criteria of the ring dynamic aperture are setwn requirements: it must be sufficiently large f
efficient injection and a long beam lifetime is uggd under colliding conditions.

Injection takes place in the horizontal plane,s®ihjection point is horizontally displaced frohret
closed orbit. For injection, the transverse apersirould include the injection point and severa rm
beam sizes around it, and the momentum aperturddsbe at least 0.5% of the nominal injection
energy. For colliding beam, the dynamic apertureukh be larger than 16 for both transverse
plans, and the momentum aperture must be at led@st=to guarantee long quantum beam lifetime.
An even larger momentum aperture is desirable lerate effects other than synchrotron radiation
excitation. A larger dynamic aperture is alway®msgly favored. In this report we will take as the
design goal a momentum aperturez0l0 og and transverse aperture 20 o with all machines
errors and under colliding conditions. The dampednb momentum spreaxt of the ring is about
1x10° at 10 GeV and ~0:80° at 5 GeV.

The emittance of the full energy injected electtmeam is usually smaller than the ring natural
emittance. So the10o transverse aperture requirements are good foctioje However, for the
positron beam, the expected emittance at 10 Geld dmuas high as 100 nm-rad if no damping ring
is included in the positron injector system. Moiendation will be performed to see if any
significant beam loss could happen and also tosinyate the effects on colliding beams in such an
operation scenario.

The major cause of reduction of dynamic apertutbasnonlinearity of the sextupole magnets which
are introduced to correct chromaticity in the ri@me can expect that a ring with lower chromaticity
will need less sextupole strengths and therefossipty obtain a larger dynamic aperture.

Modern light source rings implement low emittanc#idas with strong focusing, and consequently
have to deal with strong correction sextupoles tjesterate high negative chromaticity. Achieving a
good dynamic aperture is a major challenge [9]. datlider rings, the arc lattice usually consists o
FODO cells with moderate quadrupole focusing andsphshift per cell. Correction of the
chromaticity caused by the FODO cell quadrupolesealwill not jeopardize the dynamic aperture.
The challenges are to correct the large chromwatggnerated by the strong focusing quadrupoles at
largef locations near the interaction region.

The ideal way to reduce the nonlinearity by theoahaticity correction sextupole magnets is to use
equal strength sextupole pairs that are connectgd-Wwtransformers in both transverse plans [10].
This applies to both local corrections around theahd in the arcs. The noninterleavedrcsll
design for the KEKB rings is a good example. Theinterleaved sextupole chromaticity correction
scheme is difficult to realize here due to limitggshce. Also, as mentioned in arc lattice design, th
horizontal phase advance has to be widely adjustexthieve the required beam emittance. At 10
GeV, it varies from ~60-80 degrees, and can bewsak ~30 degrees at 5 GeV. This makes even a
conventional interleaved scheme (same phase ad¥anbeth transverse planes) not possible. The
vertical phase advance per FODO cell has littleldovith beam emittance. Smaller vertical phase
advance means lowd, at quadrupoles, and less chromaticity. Thereftoelow and moderate
emittance lattices, vertical phase advances amdfixt 60 degrees. Then the sextupoles that are
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separated byt phase difference can be paired to partially cartbel second order geometric
aberrations.

Repetitive geometric correction is also practicedcancel second-order geometric aberrations. It
requires a lattice made of n identical cells (nk8ying a total phase shift of 210]. We have 36
normal FODO cells in each of the P8f@rc section. In the vertical plane, three sextefamilies are
arranged. Then there is a —I transformation foryeteree FODO cells, and this structure repeats 12
times in an arc section. Horizontal sextupoles bl grouped depending on the phase advance per
cell of the specific lattice configuration. Tracgishows that carefully grouping sextupoles accgydin
to lattice configurations give much better dynarhegaertures then using only two fixed families of
sextupoles.

The chromaticity correction scheme in the arc mited by the large emittance adjustment
requirements. However, since we choose the besinseHor the low emittance lattice, the less
optimal arrangement for the larger emittance latt&cnot necessarily bad for the dynamic aperture
because the strengths of the cell quadrupoles ead ¥or this case, requiring also smaller correctio
sextupole strengths. For each of the different tamde lattices, the dynamic aperture situationtbas
be optimized with possible chromaticity correctgmmemes.

Local chromaticity correction schemes for the IRight are under development to solve the problem
at its source. Due to the different colliding saers the3* values of the electron beam at IP are
required to be varied from 0.19 m to 0.35 m. Thealocorrection scheme has to survive over
different IR optics configurations. The space limitthat region also could drive one to consider a
scheme like the PEP Il High Energy Ring beta-beheme for semi-local chromaticity correction

[11] which involved a dispersion suppressor anevadrc FODO cells adjacent to the IR straight.

The dynamic aperture is sensitive to working ptooations in the betatron tune map to avoid strong
resonance lines. The electron ring betatron tuneste- colliders are chosen slightly above half-
integer for high luminosity based on beam-beamcedfgl2]. However, in the eRHIC electron ring,
the tunes have to be chosen slightly above intégehigh polarization. This is because of the
absence of parametric resonances k+1/2 for tharliggin resonances [13]. The best spin tune is a
half-integer spin tune. Therefore the fractionattp®f the orbital tunes should be as far away from
1/2 as is practical to “leave space” around thé imééger spin tune. More details are described in
section 2.4.6.

The linear lattice is designed using MAD [14]. Chatroity correction is first optimized with the
HARMON module in MAD. High order chromaticities andomentum dependent beta function
variations at IP are minimized. Notice that HARMOMNed not count coupling, so small residual
chromaticity exist, and will be further correctededr.

The vertical sextupoles are further divided intga families to facilitate the above process. The
horizontal sextupole family number is also doubl@tdromaticity correction results for tune aifid
are plotted in Figure 2.4.3-9.

The initial dynamic apertures are estimated usingDMA the six-dimensional phase space as well.

However thick lens tracking in MAD uses maps thatrmwt symplectic by nature, and therefore have
to be “symplectified” in order to guarantee energgnservation. This procedure makes them
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somewhat unphysical, and makes long-term trackirgstipnable [15]. We do have concerns about
tracking at the edge of apertures with large syoicbn momentum oscillations. The automatic
dynamic aperture search DYNAP in MAD could give veharp drop of apertures at edge for large
off-momentum particles. Therefore the dynamic aped are further evaluated using the two fully
symplectic tracking codes LEGO[16] and SAD[17] whghow very consistent results when tracking
with large synchrotron motions.

Figure 2.4.3-10 and Figure 2.4.3-11 give the dymaaperture tracking results from both LEGO and
SAD. The resulting dynamic apertures are consistarge momentum aperture of dp/p9.01.

In all the tracking processes, the horizontal emnie is assumed to be the natural beam emittance
and the vertical emittance is half of the naturaiteance corresponding to full coupling. We traok f
1024 turns, including synchrotron motion and dargpifhe 1024 turn circulation time corresponds
to ~0.6 transverse damping time at beam energydBdV. Longer period tracking of 8096 turns
shows very little aperture difference (Figure 2-203. Therefore, we consider the 1024 turn tracking
sufficient to estimate the appropriate dynamic wper Dynamic aperture tracking including all
magnet errors with proper closed orbit correctiand beam-beam effects are still in progress.
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Figure 2.4.3- 9Chromatic properties of betatron tune and betadroplitude functions at IP
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Figure 2.4.3- 11Dynamic Aperture tracking from SAD

Magnet Errors

Magnet errors include both magnetic field errors alignment errors. They reduce dynamic
apertures, change optics, effect beam polarizatioth beam lifetime. Table 2.4.3-1 lists typical

magnet errors and their effects.

eRHIC ZDR 63



Chapter 2: Electron Beam

Error Effect
Dipole Field Orbit
Dipole Roll Vertical orbit

Quadrupole Misalignment
Quadrupole Field
Quadrupole Roll
Multipole Fields

Orbit, polarization

Tune, beta and dispersion beat
Transverse coupling, polarizatio
Nonlinearity

=

Table 2.4.3- 2Magnet Errors

The closed orbit errors change particle trajecsotierough nonlinear elements and will cause
detuning. They can reduce dynamic aperture sigmflg. To obtain small vertical closed orbit
distortion is also essential for sustaining higarbepolarization (see section 2.4.6). Therefore ghou
orbit correction magnets and beam monitors witlgadee precision should be planned at the design
stage. The rms deviation of the closed orbit fro design machine orbit should be 0.1 mm or less.
This will greatly reduce the effect of orbit digion on dynamic aperture. Dynamic aperture will be
evaluated under all magnet errors with appropoabé correction schemes in place.

While detailed magnet error tolerance study isthetsubject of this report. We do track with typica
magnet error statistics. In general, tracking vetiors to examine their effect on dynamic aperture,
luminosity and polarization level will provide tinecessary basis for developing various beam-based
tuning procedures. Figure 2.4.3-12 shows the dymaaperture with typical quadrupole and
sextupole field errors: 0.1% for quadrupoles ardd@for sextupoles.
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Machine Parameters

Table 2.4.3- 3 Summary of Machine Design Parantetérs
* Beam current at 10 GeV in the table is twice the nominal design valablen2.4.1-2.
** Path length adjustments are not shown in the table

ZDR 2.0 2003

Electron beam energy 10GeV 10GeV 5GeV 5GeV

lon beam energy p 250 GeV | Au100GeV/u = p50GeV  Au 100 GeViu
Circumference(m) 1277.95 1277.95 1277.95 1277.95
Energy (GeV) 10 10 5 5
Bending radius(m) 81.0162 81.0162 81.0162 81.0162
Bunch spacing (ns) 35.52 35.52 35.52 35.52
Bunch spacing(m) 10.65 10.65 10.65 10.65
Number of bunches 120 120 120 120
Bunch population 2.00E+11 2.00E+11 1.00E+11 1.00E+11
Beam current(A) 0.90 0.90 0.45 0.45
Arc cell FODO FODO FODO FODO
RF frequency MHz 478.572 478.572 478.572 478.572
Harmonic number 2040 2040 2040 2040
Energy loss/turn (MeV) 11.74 11.74 0.72 0.72
Accelarting voltage(MV) 25 25 5 5
Synchrotron tune 0.04 0.04 0.05 0.05
Total rad. power(MW) 10.53 10.53 0.32 0.32
Syn. rad. power/m (KW) in arc 19.25 19.25 0.60 0.60
(from normal bends)

Self-pola. time at 10GeV(minutes) 22.03 22.03 704.87 704.87
Emittance-x, no coupling (n m.rad) 56.6 56.6 85 54
Beta function at IP (cm) By*/ BX* 19.2/26.6 19/34 35/20 19/19
Emittance ratio (g,/e,) 0.18 0.18 0.45 0.25
Beam size at IP(um) oy 104.25 103,70 172.48 101.29
Beam size at IP(um) o, 52.06 58.86 87.46 50.65
Momentum compaction o 2.62E-03 9.10E-03

Momentum spread o, 9.61E-04 4.80E-04

Bunch length (cm) o, 1.20 1.20 1.6 1.6
S.R. damping time(x) (mS) 7.3 7.3 58.6 58.6
Beta tune 26.105

Beta tune p, 22.145

Natural chromaticity Ex/Cy -35.6/-33.8 -28.5/-29.0
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2.4.4 Beam Instabilities

In previous chapters we discussed the parametéreshof eRHIC. The lattice design of the electron
ring presented in 2.4.3 is based on these chditdlis chapter the influence of the various inigrs
dependent effects on the machine performance estigated.

The main parameters of electron ring of the eRHEC a
* Beam energy: 5-10 GeV
» Particle species: electron and positron

e Beam currents: ~450 mA
* Bunch length: ~afewcm
e Beam emittance: ~ 50 to 100 nm.rad

* Beam energy spread: 6~10 E-4
* Bunch spacing: ~10.6m
« Particles/bunch:  #x10"

In the current eRHIC design, the bunch spacingrisigrily determined by the existing hadron
machine complex. There is little flexibility foregerating different bunch patterns. One has tb dea
with a high bunch current and a relatively highatdieam current. Since the bunch length of the
hadron beams is longer than 10 cm, the bunch lesfgligpton beams (1-2cm is expected) is not an
issue. The main concern for single bunch effethéstransverse mode-coupling instability. We also
discuss the power deposition generated by a bedne form of the higher order mode (HOM) losses
by interacting with its surroundings. The narrowitbampedance and related instabilities need to be
evaluated carefully due to the relatively large bemof RF cavities. The eRHIC machine is
planned to operate over a wide range of beam esergiMany collective effects exhibit their
strongest behavior at low energy where the bedssssrigid and damping time is much longer than
at higher energies. Since electron and positramiseare required by the physics programs, the
lepton machine has to account for both electronctleffects (ECE) for positron operation, and fast
beam-ion instability (FBII) for electron operatian the ring design.

Compared to the achieved beam performance in dewewamachines at the same energy ranges,
especially two B-factories, the requirements forH&8R electron ring appear reasonable and
achievable.

In terms of collective effects, several issuesadngarticular concern including:

» Single bunch instabilities

» Higher-order-mode (HOM) heating
* Coupled bunch instabilities

* lon related effects

» Electron cloud effects, etc.
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The major parameters of eRHIC and other existinghim@s in the same energy range are
summarized in the Table 2.4.4-1.

eRHIC PEP-II KEKB CESR-IlI
LER/HER LER/HER

Energy(GeV) 5-10 3.1/9.0 3.5/8.0 5.3
Circumference(m) 1278 2200 3016 776
RF freq.(MHz) 478.6 or 506.6 476 508 500
RF voltage(MV) 5-25 6/15 10/18 3
Total current(A) 0.45 2.4/1.4 1.9/1.2 0.72
Partic|e/bunc|ﬁ0“) 1.0 1.0/0.6 1.1/0.7 1.3
Bunch spacing(m) 10.6 1.9 2.4 2.4(in train)
Momentum comp. 0.009/0.0026 0.0018 0.0012 0.0025
Energy loss/turn(MeV) 0.72/11.7 1.2/3.6 1.6/3.5 1.0
Average beta(m) ~15 ~17 ~10 ~20
Bunch length(cm) 1~2 1.0 0.4 1.5

Table 2.4.4- 1Comparison of beam parameters of eRHIC and majetireg lepton rings in the same energyge

Impedance Budget

We start with the estimate of impedance contrimgifrom various components in the eRHIC lepton
ring. Among the impedance-generating elementkarring, the largest contributors are RF cavities,
the resistive vacuum chamber walls, the IR chamibeitows and masks.

RF cavities

The main contribution to the narrow-band impedacmees from the RF cavities. To substantially
reduce the narrow-band impedance a small numbdeegly-damped RF cavities will be adopted. At
the current design stage, the PEP-II 476 MHz nore@hducting RF cavities and KEKB
superconducting cavities are both highly succedsiubperation of high current B-factory storage
rings. These two cavity designs are the majodicktes for the eRHIC electron ring. The
superconducting cavities are especially attradbgeause their higher accelerating voltage reduces
the total number of cavities needed, thus redutiieg impedance contribution. Brookhaven also
has a long history in superconducting technology laas recently been developing a facility to test
superconducting RF cavities. To compensate enleggydue to synchrotron radiation and keep a
reasonable quantum lifetime, a total RF voltagakadut 18 MV is needed at 10 GeV. It is assumed
that the RF system should be able to provide up5téMV total RF voltage. Figure 2.4.4- 1 and
Figure 2.4.4- 2 show the bunch length with différeeam energies. Over major operating ranges
the bunch length would be 1-1.5 cm.

Resistive-wall

Detailed designs of vacuum chamber and componeatsad yet available, but we can discuss design
principles and outline an impedance budget. A uwatehamber with about 3.5 cm radius, which is
comparable to similar machines, is assumed in awent calculations. Copper is the material of
choice for its excellent conducting properties.r Eamparison, aluminum and stainless steel are also
simulated.
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Figure 2.4.4- 1Bunch length at 10 GeV Figure 2.4.42 Bunch length at 5 GeV

Other components
e Pumping slots

* BPMs

* Masks

* IR chambers(including two Y-shape recombinatiomabers)
» Bellows

* Tapers, etc.

Preliminary estimates of the quantities of each poment and the budget of their contribution to the
inductive impedance and loss factor (assuming benth length) are shown in Table 2.4.4-2.

component No. of items Inductive Loss factor
(estimated) impedance(ohm) budget(V/pC)
Cavities 28(n.c.)/13(s.c.) ~14/10
Resistive wall 1278 m 2e-3 2.0
Masks TBD 3e-2 2.0
Valves TBD 6e-3 0.3
BPMs ~300 le-4 0.6
IR chambers 1+2 2e-3 2.0
Tapers TBD 2e-2 2.0
Bellows TBD le-2 2.0
Total ~0.06 ~25/21

Table 2.4.4- 2lmpedance and loss factor budgets

Based upon above budget the total loss factor witme contingency is ~25 V/pC, which is
comparable to that for KEKB [1] and PEP-II [3]. &ry conservative estimate for total impedance, 1
ohm, is used for the instability simulations. Tdeshould be considered a very preliminary study
because number of items is a rough estimate and sbtine components, such as feedback pickups,
injection kickers, some chamber tapers connectargpus components and so on, are not among the
listed items. Inclusion of all the detailed bearalicomponents may change these calculations in
some extent. For these reasons, a wide rangessffactor and impedance values are considered in
calculating the impedance-related collective effect
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Higher Order Mode (HOM) Heating

The estimated total higher-order-mode power oflleetron ring is up to about 240 kW with 450 mA
current. Compare to that of B-factories the HOM powm eRHIC e-ring is moderate. In case of
high intensity operation with 1 A beam current H®M energy loss would approach to the level of
B-factories.

Loss factor(V/pC) 15 25 35
| =450 mA 120 kKW 200 kw 280 kw
| =1000 mA 590 kW 980 kW 1370 kW

Table 2.4.4- 3HOM power with different loss factor and beam euitr

Transverse Mode Coupling Instability (TMCI)

This instability occurs when two head-tail modes=Qrand m=-1 in most cases) share the same
coherent frequencies. The instability is a seuvgniation on the single bunch current in large
storage rings with a low beam energy and a low lewimon tune. Using the estimated transverse
wake potential and average beta function of 15tns found that coherent tune shift of the m=0
dipole mode is very small at the design bunch ctrréhe transverse mode-coupling instability
threshold is expected to scale as

_ 4Elev, 4\/770
° (ImZ,)B,)R 3
where s is the synchrotron tung is the beta function at the location of the impesa and R is the
average ring radius. Compared to the B-factory &wergy rings, the eRHIC collider has higher
energy, higher synchrotron tune, longer bunch lenghorter circumference, and comparable
impedance and beta function. The calculated thtdstworents are about 46 mA at 10 GeV and 16
mA, respectively, which are higher than the nomiale (3.8 mA) with comfortable margins. For

all of these reasons the transverse mode-coupistgbility threshold will not impose a threat te th
performance of the lepton ring.

(2.4.4-1)

Longitudinal Microwave Instability Threshold

Although not a source of beam loss or intensityitation, the longitudinal microwave instability
together with the potential well effect is conseteto be the major source of bunch lengtheninge Th
design beta-functions at IP of the lepton beamataut 15 to 30 cm. Since the bunch length of
hadron beams is very long (above, say, 10 cm ayelgrthe much shorter bunch length of lepton
beams (1~2cm is expected) is not considered togreldem (hourglass effect is negligible). Figure
2.4.4-3 shows the threshold of the longitudinalmave instability [6].

eRHIC ZDR 70



Chapter 2: Electron Beam

—— 1.0 ohm case
8 —— 1.5 0hm case b
design current

2 —— 1.0 ohm case
—— 1.5 ohm case 9
——design current

Threshold Bunch Current(mA)
=
o
1
Threshold Bunch Current (mA)
£
1

0 T T T T T T T T 0 T T T T T T T T T T T T T
17 18 19 20 21 22 23 24 25 26 2 3 4 5 6 7 8 9

RF Voltage (MV) RF voltage (MV)

Figure 2.4.4- 3, 4: Single bunch threshold at 10 GeV (left) and % Gaéght) with different broadband impedance
scaling.

Longitudinal Coupled Bunch Instability

The wake fields in high-Q structures in a storagg,rsuch as RF cavities and resistive-wall beam
pipes, cause different beam bunches to interactr cértain values of relative phase between
bunches, the coupled-bunch motion can grow andrbeconstable, leading to beam loss. The
instabilities are characterized by their motionlangitudinal phase space. Longitudinally, the a=0
mode can not become unstable, so the lowest lahgél instabilities are characterized by a=1
synchrotron motion. Table 2.4.4-3 and 2.4.4-4 sanue the major monopole modes for these two
kinds of RF cavities.[2][4]

f(MHZz) R/Q(ohms) Q
758 44.6 28
1009 0.006 246
1283 7.68 66
1295 6.57 907
1595 5.06 178
1710 0.44 54
1820 0.13 0.0
2109 3.52 233
2253 1.21 500

Table 2.4.4- 4Major monopole modes of PEP-II RF cavity

f(MHZz) R/Q(ohm) Q
783.0 0.12 132
834.0 0.34 72
1018.0 6.6 106
1027.0 6.4 95
1064.9 1.6 76
1076.0 3.2 65
1134.0 1.7 54

Table 2.4.4- SMajor monopole modes in KEKB sc RF cavity
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Mode Growth time (ms)
7, = 228
=1 1, = 229
7, = 230
7, = 2139
a=2 r, = 2148
r, = 2153

Table 2.4.4- 6Growth rates: longitudinal, at 5 GeV

Calculations are performed using the ZAP code [ #he cavity characteristics given above. Table
2.4.4-5 shows the modes with the fastest growtbsrat 5 GeV operations. The growth times are
longer in 10 GeV case.

Transverse Coupled Bunch Instability

Tables 2.4.4-6 and 2.4.4-7 summarize the majorleliptodes for these two kinds of RF cavities

[2][4].

In the transverse plane, the a=0 mot®ithie lowest mode of instability. Table 2.4.4-Vegi

the a=0 and a=1 modes with the fast growth rate RHIC electron ring. Again they occur when
beam energy is low (5GeV). The situation at higlregrgy is better.

f(MHZz) Ryan (K 0hm/m) Q
792 9.7 96
1063 50.4 34
1133 1.3 0
1202 0.6 642
1327 5.6 510
1420 5.3 554

Table 2.4.4- 7Transverse modes in PEP-11 476 MHz cavity

(MHz) R/Q’ (ohm/m) Q
609.0 1.9 92
648.0 40.2 120
688.0 170.4 145
705.0 227.3 94
825.0 6.2 60
888.0 3.5 97

Table 2.4.4- 8Transverse modes in KEKB sc RF cavity
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Mode Growth time (ms)
r, =38
=0 7, =55
I, =67
7, =164
=1 7, = 165
r, =166

Table 2.4.4- 9Growth rate of transverse modes

The damping times in the electron ring are abo#itn7s (transverse) and 3.7 ms (longitudinal) at 10
GeV and 58 ms (transverse) and 29 ms (longitudated)GeV. The worst situation occurs in the low

energy operation, where the coupled-bunch instedsilhave the fastest growth rates and damping
time is long. The preliminary simulations suggeésitt a feedback system is needed and sufficient.

Fast Beam-lon Instabilities (FBII)

The relatively large bunch spacing in the eRHICctet: ring causes a small ion trapping effect.
However, the ions accumulated during a single ggss&the bunch can cause a transient instability.
This so-called ‘fast beam-ion instability’ (FBII} isimilar to the multi-bunch beam break-up in a
linac. Usually the FBII is more severe in the \@tiplane as the vertical emittance is smallehe t
lepton machine. According to the linear model {B§ rise time can be described as

1 _ 4dgaso ionB yN3b/2 r’|2brer1p/2 Ll/sfes;

== 2.4.4-2
T 3\/:_303/2V(0X + Gy )3/2A1/2 ( )

wheredgas = p/k, T = 5.1E13 It is the density of residual gasen is the ionization cross sectioN,

is the particle number per bunch, and 1, are the classical radius of the electron and proto
respectivelyl sepis the bunch spacingi and gy are the horizontal and vertical beam sizes, Al
the ion mass in unit of proton mass.

B-factory eRHIC scaling factor
parameters over B-F parameters
N, ~1E11 ~1
Locp ~25m ~4
o, ~ 0.8 mm ~1
g, ~0.12 mm ~3
E ~9 GeV ~0.5~1.2

Table 2.4.4- 105caling FBII effects in electron ring of eRHIC

Above table shows that the eRHIC lepton ring hasesadvantages over today’s B-factories on FBII.
Below is a more detailed analysis.
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Taking into account of the coherent frequency gshrele linear theory gives the couple bunch
motion in the bunch train like y ~ expft), the growth time is given by

1 1 c
— == 2.4.4-3
Te T 2\/Eltrain (A(bi)rms ( )
where (A@ )msis rms spread of ion coherent angular frequehgy.is bunch train length.
4N, r ¢ .
w =( 2P j (2.4.4-4)
3AL 0 (0,+0)

The growth rates of FBIl at 10 GeV and 5 GeV am@shin Figure 2.4.4-5 and 6.

FBII growth rates with 120bunches
FBII growt rates with 120bunches

08

growth ratio (1/ms )
growth ratio ( 1/ms )
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0 o e i L L 0 I e - I L
0 20 40 60 80 100 120 o 20 40 60 80 100 120
Bunch Ne. Bunch No.

Figure 2.4.4- 2, 6: Growth rates of FBIl at 10 GeV (left) and 5 Gealglit), 450 mA

If a total beam current of 1000 mA is assumed, amexgb to the achieved parameters of the two high
energy rings at the B-factories the bunch popufatibthe electron ring of eRHIC would be higher
by a factor 2. However, its vertical beam sizé&rger (for matching the hadron beam size), which
improves the situation. We expect the FBII effeahwil000 mA current in the electron ring of the
eRHIC collider to be comparable with that in twddgtories. See Figure 2.4.4-7 and Figure 2.4.4-8.
A feedback system like those used at PEP-II and BEKould be able to handle the required beam
intensity.

FBII growth rates with 120bunches FBII growth rates with 120bunches
6 T T T T T 12

51 4 w0 b

4t 4 8|

3l

growth ratio ( 1/ms )
growth ratio ( 1/ms )

2t B 4t

1 B 2+
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Figure 2.4.4- 7, 8: Growth rates of FBIl at 10 GeV (left) and 5 Geiglit), 1000 mA
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Electron Cloud Effects (ECE)

In the positron-hadron collision operation of eRHi@e photo electrons generated by synchrotron
radiation hitting the vacuum chamber walls, andosdary emission due to multipacting in the
presence of the electric field of the positron beaam accumulate in the beam pipe during the multi-
bunch operation with short bunch spacing. Thisgivise to a so-called ‘electron cloud’ (EC).
Several effects have been observed in differenhimas, including

* Pressure rise

* Beam-size blow-up

* Coupled-bunch instability, etc.

Multi-bunch effect
For coupled-bunch instability due to EC, if we amsuthat the density of the electron cloud is
saturated, then the growth time can be estimat¢tiogs
_ reghhylo, 2.4.4.5)
® 2rN,c? o

y is relative energy factor, is betatron frequencyyhh, are transverse dimensions of the vacuum
chamber,is bunch spacing, Nis number of particles per bunch.  Assuming simifacuum

chamber dimensions to that of the existing lept@timmes, the growth time is at the level of 1.0 ms
in e+ operation.

Single bunch effect
The electron cloud can also drive single bunchaimity. Here we use treat it as a transverseanod
coupling instability. With a two-particle modehet threshold electron density of TMCI is [11]

2y
Pe threshold ~ WI’:C (2.4.4-6)
C is ring circumferencey,is synchrotron tune. The threshold is about 1.5%30 10 GeV and

0.6x103 at 5 GeV, respectively. The preliminary simulatghows that the electron cloud density in
eRHIC lepton ring could reach this level if no @eatonary measure is taken.

To better examine the EC effect for the eRHIC etecbperation a comparison is also made among
eRHIC and the two Low Energy Rings of B-factori®ee Table 2.4.4-11.

The major cures include:
e avacuum ante-chamber
» coating of the chamber with TiN or NEG
» installation of solenoid coils
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The first two measures may reduce the electrondctiansity by a factor 3~10. The solenoids field
(20~30 Gauss) also prove to be a very effectivehatkto suppress the electron cloud effects in low
energy rings of B-Factories [7][8]. The eRHICt@pring will adopt the ante-chamber concept with
proper coatings in vacuum system designs and {eaa@d coils can be the backup solution.

B-factory eRHIC scaling factor
parameters over B-F parameters

N, ~1E11 1~2

Loep ~25m ~4

o, ~0.8 mm ~1

g, ~0.12 mm ~3

E 3.1~3.5 GeV ~1.5~3

C 2200~3100 m 1.7~24

Table 2.4.4- 11 Scaling ECE effects in positron operation of eRHI

It appears that the electron cloud effects in pasitmode will not be stronger than those in today’s
B-factories, mainly due to the longer bunch spa@nd higher beam energy in eRHIC. By taking
the necessary measures mentioned above, the elamitdd effects in positron operation will be

under control. The more detailed numerical simafetiare underway.

In conclusion, we have made preliminary investmati of the major expected instabilities through
analytical calculations, simulations, and scaledgomance from the other lepton machines, mainly
B-factories. These estimates indicate that goodneegng design and feedback can limit the
instabilities to a similar or lower level than tBdactories at similar energy.
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2.4.5 Beam-Beam Issues

Overview

The beam-beam interaction is one of the most fureddah limitations of colliding beam storage
rings. In the eRHIC collider, the beam-beam inteoacvaries depending on beam energy, colliding
particle species, beam current, emittance, andr gghemeters, and can be quite different under
different experimental scenarios. We work from thesic premise that: when the beam-beam
interaction is weak, the luminosity performanceamainly dependent on single beam parameters of
the e-ring or the RHIC ring; when beam-beam int&vas are strong, beam-beam interaction can
cause beam blowup, and coherent beam-beam oscilatre likely to be the major obstacle to
reaching high luminosity. The following issues aiscussed below in addition to the preliminary
simulation worked presented in the next section.

Beam-beam interaction, interpretation

The eRHIC collider is similar in nature to HERA eyt for operating in a different range of center of
mass energy and with much higher luminosity. IrRABhe proton bunch intensity is ~#pwhich

is comparable to RHIC proton beam intensity. Bat ¢hectron beam current is limited by available
RF power to about 58 mA. Therefore a weak-stronglehcan be applied to simulations. In the
eRHIC electron ring, beam energy is only one thiva of HERA, so that RF power does not limit
beam current. The design beam intensity is 0.4%%uBt 10 times higher than HERA. And even
higher beam intensities are under consideratiayeteerate higher luminosity. Therefore, in many of
the eRHIC collision scenarios both the lepton amal hadron beam-beam tune shift limits can be
reached. In this case quasi strong-strong or ststnogmg models of collision for simulation will be
the more accurate tools.

Coherent beam-beam limit (asymmetric collider)

A distinguishing difference of the eRHIC from thasting colliders is the asymmetric circumference
of the two colliding rings. The different and snealtircumference of the e—ring permits freedom of
design optimization and substantial cost savingwéier, coherent beam-beam interactions for the
asymmetrical system may limit its performance andgtbe carefully accounted for. According to
reference [1], the instability region of a 1:3 asyatric e+e- ring collider compared to a symmetric
one is about 30% larger with a beam-beam paranoét@r03. In the present case we have a more
complicated collision pattern and our beam-beare gmft limit is much higher.

Weak radiation damping at low electron beam energy

Operating the electron ring at low energy (5Ge\gnsicantly reduces synchrotron radiation
damping, which will reduce the electron beam-beane tshift limit to half. Measures to increase the
damping at low electron energy are discussed itose2.4.3.

Luminosity reduction from hourglass effect
The minimum proton beam bunch length is limitedtbg heat load on the cryogenic system for

RHIC [2], and is considered to be ~20 cm at preséhis sets a limit on minimur* for both
hadron and lepton beams due to the luminosity temtucaused by hourglass effects.
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Beam-beam effect on polarization

There were observations in HERA operation [3]. Anill be an important issue here. Initial
simulations have been done with a weak-strong nandewith linear lattice. That allows us to make
a quick evaluation of possible maximum tune siifits to select the appropriate working point.

Beam-Beam Simulations with Linear Lattice

RHIC is currently operating with beams collidingfour of its six interaction points, where beam-
beam tune shift parameters exceedirg=0.005 per IP have been achieved. It is theredapected
to be safe to assume the same beam-beam parawetbe feRHIC IP, especially since it is most
likely that by the time eRHIC is operational themher of actual RHIC IPs will be reduced.

To investigate the feasibility of beam-beam intéoas with nominal beam-beam tune shift
parameters as high &% =0.025¢y =0.08 in the eRHIC electron ring, simulation sésdhave been
performed [4]. In these simulations, the acceleraaepresented by a linear one-turn matrix. The
tunes of this one-turn matrix are scanned in tingecbelow the quarter resonance to determine the
best working point. Synchrotron radiation dampimgl ajuantum excitation is included, currently
based on an older lattice version that did not pcedthe emittances required for the interaction
region parameters presented here. However, thesdasions can nevertheless be considered useful
at the present design stage. As a first step, ddeon bunch intensity was lowered suh that a \artic
beam-beam tune shift afy, =0.05 was achieved, which is the design valuthefKEK B-Factory.
With a radiation damping time corresponding to 17d®@olutions in the eRHIC electron ring, no
beam blow-up and resulting luminosity degradatsonhbserved over a wide tune range around Qx =
.10, Qy = .15, as shown in Figure 2.4.5-1. It sddwwever be emphasized here that due to the lack
of a consistent lattice solution, the dynamic esnite effect caused by the modification of the H
function,

H(SYHS (S)+ 2u(SMEN(S)+BEN  (S), @.4.5-1)

by the presence of a strong beam-beam lens cotldentaken into account. Since these effects are
mainly observed for tunes very close to the integdralf-integer, this is not expected to signifitan
alter the results.

Since the nominal hadron bunch intensity had ttobered by about 40 percent compare to what is
routinely accelerated in RHIC to limit the electdo@am-beam tune shift &y =0.05, we studied the
effect of the eRHIC design beam-beam paraméxer0.025,£y =0.08, as it results from the regular

RHIC bunch intensity of 1.0- ilqarotons per bunch. As Figure 2.4.5-2 indicatesetlaee still large
areas in the working diagram where the resultimgihosity is 95% of the nominal geometric value.

These results still have to be checked by full &2Kking, including lattice nonlinearities and rett
machine imperfections. This work is currently ilogress.
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Electrons:

ring circumference [m] 1278

geometric emittance hor./vert. [nm] 53/9.5

(3 functions hor./vert. [m] 0.19/0.27

particles/bunch 6.7 - 10

beam-beam tune shift hor./vert. 0.025/0.08

damping times hor./vert./long. [turns] 1740/1740'8

Hadrons:

ring circumference [m] 3834

geometric emittance hor./vert. [nm] 9.5/9.5

B functions hor./vert. [m] 1.04/0.27

particles/bunch 8.2 - 10(p),
1.0 - 10 (Au)

beam-beam tune shift hor./vert. 0.005/0.005

luminosity [cm “sec] 2.7 - 16°

Table 2.4.5- 1:Parameter table.
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Figure 2.4.5- 1: Beam-beam contour plot for nombe&am-beam tune shift parameterg§f 0.015 &y =0.05..
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Figure 2.4.5- 2:Beam-beam contour plot f@x =0.025&y = 0.08, which corresponds to a proton bunch patppn of
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2.4.6 Beam Polarization

Spin Polarization — an Overview

Before describing concepts for attaining electrod positron spin polarization for eRHIC we present
a brief overview of the theory and phenomenologyg &8n then draw on this later as required. This
overview is necessarily brief but more details barfound in [1, 2].

Self polarization

The spin polarization of an ensemble of spidermions with the same energies traveling in traes
direction is defined as

P <%5> 2.4.6- 9
where & is the spin operator in the center of mass afjddenotes the expectation value for the
mixed spin state. We denote the single particléerenf-mass expectation value %’6—’ by S and

we call this the “spin”. The polarization is théretaverage of over an ensemble of particles such
as that of a bunch of particles.

Relativistic ¢ circulating in the (vertical) guide field of a stgearing emit synchrotron radiation
and a tiny fraction of the photons can cause spprfribm up to down and vice versa. However, the
up—to—down and down-to—up rates differ, with thseuliethat in ideal circumstances the electron
(positron) beam can become spin polarized antiHiphfparallel) to the field, reaching a maximum
polarization, P, , of = 92.4%. This, the Sokolov—Ternov (S-T) polarizprgcess, is very slow
on the time scale ofrother dynamical phenomenardoguin storage rings, and the inverse time
constant for the exponential build up is [3]:

53 14'h
o 3

Tst -

(2.4.6- 2)

8 m,

where ., is the classical electron radius, is the Lorentz factorp is the radius of curvature in the
magnets and the other symbols have their usualimgmanThe time constant is usually in the range
of a few minutes to a few hours.

However, even without radiative spin flip, the spare not stationary but precess in the external
fields. In particular, the motion of for a relativistic charged particle traveling ite@ric and
magnetic fields is governed by the Thomas-BMT equad@/ds =OxS wheres is the distance
around the ring [2, 4]. The vectér depends on the electri@) and magnetuﬁB) fields, the energy
and the velocityy which evolves according to the Lorentz equation:

— 1 1 = 1 1 =
Q=] |=+a B+—7—(B-B)T;+—2a (¥ x E)| (2.4.6-3)
me| v 1+7yc ¢ L+~
1 - L1 S
__& —+a|B, -LB +—|a+ <17><E). (2.4.6- 4)
m,c ~ 2y c 1+

Thus Q) depends o and on the position of the particle= (=, p,,y,p,,,6) in the 6-D phase space
of the motion. The coordinaté is the fractional deviation of the energy from theergy of a
synchronous particle (“the beam energy”) dnds the distance from the center of the bunch. The
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coordinatesr andy are the horizontal and vertical positions of tlaetiple relative to the reference
trajectory and (except in solenoids)= =’ andp = y' are their conjugate momenta. The quangity
is the appropriate gyromagnetic factor ame- (g 2)/2 is the gyromagnetic anomaly. Fer ,

a =~ 0.0011596 . BH andB are the magnetic fields parallel and perpendicoléne velocity.

In a simplified picture the majority of the photanghe synchrotron radiation do not cause spin flip
but tend instead to randomize the orbital motion in the (inhomogeneous) magnetiafielThen, if

the ring is insufficiently well geometrically aligd and/or if it contains special magnet systenes lik
the “spin rotators” needed to produce longitudipalarization at a detector (see below), the spin—
orbit coupling embodied in the Thomas—BMT equattan cause spin diffusion, i.e. depolarization.
Compared to the S—T polarizing effect the depcddaion tends to rise very strongly with beam
energy. The equilibrium polarization is then ldsant 92.4% and will depend on the relative strengths
of the polarization and depolarization processeswé shall see later, even without depolarization
certain dipole layouts can reduce the equilibriofapzation to below 92.4 %.

Analytical estimates of the attainable equilibriyrolarization are best basesh the Derbenev—
Kondratenko (D-K) formalism [5, 6]. This implicithasserts that the value of the equilibrium
polarization in ane™ storage ring is the same at all points in phaseespnd is given by

N
P galibse -5l

where (), denotes an average over phase space at azimuthis the direction of motion and

b =(5x$)/]3| . b is the magnetic field direction if the electric dievanishes and the motion is
perpendicular to the magnetic field. is a unit 3—vector field over the phase spacefgagsthe
Thomas—-BMT equation along particle trajectorig€s) (which are assumed to be integrable) and it is
1-turn periodici(u;s + C') = n(u;s)whereC' is the circumference of the ring.

P, =7 (2.4.6- 5)

The field 7n(u;s) is a key object for systematizing spin dynamicsstarage rings. It provides a
reference direction for spin at each point in phgsece and it is now called ttiavariant spin field”
[2, 7, 8]. At zero orbital amplitude, i.e. on therjpdic (“closed”) orbit, then(0;s) is written as
fi,(s). For e rings and away from spin—orbit resonances (semel is normally at most a few
milliradians away fromy,; .

A central ingredient of the D-K formalism is thegiicit assumption that the* polarization at each
point in phase space is parallel o at that point. In the approximation that the mde8 have the
same energies and are traveling in the same dirediine polarization of a bunch measured in a
polarimeter ats is then the ensemble average

‘ﬁcu&dk (3) = F, <T_i>S . (2.4.6- 6)

In conventional situations i~ rings, (1), is very nearly aligned along,(s). The value of the
ensemble averagé; . (s), is essentially independent of

Equation 2.4.6-5 can be viewed as having three comts. The piece
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(2.4.6-7)

|o(s)|”
gives the equilibrium polarization due to radiatsgn flip. The quantityr,, is the component of;,
along the closed orbit. The subscript “bk” is ubede instead of “st” to reflect the fact that tisishe
generalization by Baier and Katkov [9, 10] of thegmal S—T expression to cover the case of
pleceW|se homogeneous fields. Depolarization is therounted for by including the term with

1L(22)" in the denominator. Finally, the term witf in the numerator is the so-called kinetic
polarlzation term. This results from the dependeidee radiation power on the initial spin directi
and is not associated with spin flip. It can norgnak neglected but is still of interest in ringgtwi
special layouts.

In the presence of radiative depolarization the natEq. 2.4.6- 2 must be replaced by

i x/_r ) 5. 5) onY
N 7h1§d< [ 267 3) +E(%)]> (2.4.6- 8)

dk
This can be written in terms of the spin-flip p@tatlon rate,7,,', and the depolarization rate,,, ,
as:

=—+ ; (2.4.6- 9)
Tak Tk Tdep
where
5 A2
o BB RL p [ 1 5(@) (2.4.6- 10)
' 8 m, C lp(s)|” 18106 .
and
S CAILE Ny g 1-2a-57) (2.4.6- 11)
8 m, C lp(s)| 9 .

The time dependence for build—up from an initidapi@aation £, to equilibrium is

Pt)y="P, , [1—e"™]+Be"™. (2.4.6- 12)

In perfectly alignede® storage rings containing just horizontal bendsdgqupoles and accelerating
cavities, there is no vertical betatron motion aiyck) is vertical. Since the spins do not “see” radial
guadrupole fields and since the electric fields m ¢hvities are essentially parallel to the particle

motion, 7 is vertical, parallel to the guide fields andigs) at all wand s. Then the derivativel:
vanishes and there is no depolarization. Howeesl rings have misalignments. Then there is
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vertical betatron motion so that the spins also reekal fields which tilt them from the vertical.
Moreover, 71, (s) is also tilted and the spins can couple to vdrticedrupole fields too. As a result
n becomes dependent anand “fans out” away fronm,(s) by an amount which usually increases
with the orbit amplitudes. Then in generd no longer vanishes in the dipoles (whéré p |° is
large) and depolarization occurs. In the presehciew quadrupoles and solenoids and in particular
in the presence of spin rotator§ can be non-zero in dipoles even with perfect alignt. The
deviation of 7 from 7, (s) and the depolarization tend to be particularlgéanear to the spin—orbit
resonance condition

Vim — k =+ k v, + kHVH =+ kHIVHI (246' 13)

pin
Here k,, k,, k,,, k,,, are integersy,, v,,, v,, are the three tunes of the synchrobetatron meatrzh
v, IS the spin tune on the closed orbit, i.e. the Ineinof precessions aroun(s) per turn, made

by a spin on the closed orbitn the special case, or in the approximationn@fsynchrobetatron
coupling one can make the associatiohs: z, II — y and III — s,where, here, the subscript
labels the synchrotron mode. In a simple flat rint wo closed orblt distortiony;, = ay, where

7, is the Lorentz factor for the nominal beam enefgy. e , ay, increments by 1 for every 441
MeV increase in beam energy. In the presence odligisnents and special elements like rotators,
Vi 1S usually still approximately proportional to theam energy. Thus an energy scan will show
peaks in7,, and dips inP,,,(s), namely at the resonances. Examples can be sdiguiia 2.4.6-

3 below. The resonance condition expresses thetfatthe disturbance to spins is greatest when the
| Q(u;s)—Q(0;s)| along an orbit is coherent (“in step”) with thetural spin precession. The
quantity (|k,| + |k, | + |k,;|) is called the order of the resonance. Usually,stinengest resonances
are those for whichlk,| + |k, | + |k,;;| =1, i.e. the first order resonances. The next strdnges
usually the so-called synchrotron sideband resonancesgf parent first order resonances, i.e.
resonances for whichv =k *v, + kv, where k,, is an integer and modéll is

associated with synchrotron motlon All resonanaes due to the non—commutation of successive
spin rotations in 3—D and they therefore occur evih purely linear orbital motion.

We now list some keys points.

» The approximation in the second row of Eq. 2.4.6nadkes it clear that if there are dipole
magnets with fields not parallel 1§ , as is the case, for example, when spin rotatersised,
then B, can be lower than the 92.4% achievable in the cdsa simple ring with no
solenoids and where all dipole fields afjds) are vertical.

» |If, as is usual, the kinetic polarization term nmlast a small contribution, the above
formulae can be combined to give

‘P(‘,Ils,tlk ~ P dk (2.4.6' 14)

Tbk

From Eq. 2.4.6- 9 itis clear thaf, <T,,.

« The underlying rate of polarization due to the ®ff€ct, 7', increases with the fifth power

1 In fact the resonance condition should be moreigpeBcexpressed in terms of the so-called amplitdeleendent spin
tune [2, 7, 8]. But for typicat™ rings, the amplitude dependent spin tune diffeitg msignificantly from Vo
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of the energy and decreases with the third powérebending radii.

* It can be shown that as a general rule the “nomed!i strength of the depolarization,
T;jp /7., increases with beam energy according to a tupentient polynomial in even
powers of the beam energy.

Pre—polarization

Instead of relying on self polarization, fer one can inject a pre—polarized beam. The polarized
are supplied by a gallium arsenide source and #lceelerated to full energy in a linear accelerator.
Gallium arsenide sources can provide polarizataf®0%. Acceleration in a recirculating device is
also possible provided measures are taken to adlemblarization when accelerating through
resonances. The CEBAF machine at the Thomas Jaiffeational Accelerator Facility is an
example of such a device. These matters are detussother sections. It would be necessary to
inject the pre-polarized™ at full energy since it is unlikely that the padation would survive
resonance crossing during acceleration in theitsasf.

Since no simple polarized sources existdor a pre—polarized”™ beam would have to be polarized
by the S—T effect in a dedicated preceding ring.

To avoid an immediate loss of polarization in tleeipient ring, the polarization vector should lie
along then, vector at the injection point. In that case thbssguent time dependence is given by
Eqg. 2.4.6- 12. Note that if the injected polariaatis higher than thé, _, , the polarization wilfall

to this value with the characteristic time, . Furthermore, if the injected polarization has the
“wrong” sign, the S—T effect will drive the polaaizon through zero and into the natural direction.
Again, the characteristic time will be, and the final value will bé’,__ . . Injecting a pre—polarized
beam is the only solution if the required energyhef stored beam is so low tha}, is impractically
large. It is also useful if the lifetime of the s#d beam is small: full polarization is immediately
available while the luminosity is still high.

Software

There are two classes of computer algorithm foimeging the equilibrium polarization in real
rings:

(i) Methods based on evaluating and (%)2 in the D—K formula given the ring layout and
magnet strengths; and

(i) A more pragmatic approach in which particlesdatheir spins are tracked while photon
emission is simulated approximately within a Mo@ardo framework andr, s
“measured”. Egs. 2.4.6- 9 and 2.4.6- 14 then p®wad estimate of, and the equilibrium
polarization. The programs SITROS [11] and SLICKT®RA[12] exemplify this approach.

The class (i) algorithms are further divided acaogdo the degree of linearization of the spin and
orbital motion:
(ia) The SLIM family (SLIM [13, 14], SLICK [15], SIF [11]) and SOM [16] and ASPIRRIN
[17]. The last two utilize approximate versionstbé ‘betatron—dispersiohformalism [1]
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and all are based on a linearization of the orlaited spin motion. For spin, the linearization
involves assuming that the angle betwéeandfi, is small at all positions in phase space so
that 2 can be approximated by the foriu; s) ~ 7,(s) + a(u;s) m(s) + B(u;s)I(s). The unit
vectorsm and /! are 1-turn periodic and chosen so that the 8gt,! }is orthonormal. It is
assumed thatja’ + 3° < 1. This approximation reveals just the first ordemsprbit
resonances and it breaks down Whé + 3 becomes large very close to these resonances.

(ib) SMILE [6]: Linearized orbital motion but “fullspin motion using a high order
perturbation theory.

(ic) SODOM [18]: Linearized orbital motion but fidpin motion expressed by a
Fourier expansion.

Note that the precise evaluation ﬁnfand(%)2 requires calculating beyond the linear approxiorati
Then large amounts of computer power are neededcidly if a large number of resonances must
be taken into account. Thus the calculations ptedehere are based on a class (ia) algorithm, in
particular that in SLICK. This executes very quickihd it furnishes valuable first impressions, even
though it can only exhibit the first order resonano&t a later stage results from SLICKTRACK
based on a class (ii) algorithm and full spin motwill be available. Then the influence of higher
order resonances will be seen. This kind of algoritalso allows the effect of non-linear orbital
motion and the beam—beam interaction to be studieel.class (ii) algorithm is mathematically much
simpler than the class (i) algorithm but it sti#iquires a large amount of computing power for the
simulation for long enough of the motion of enoyginticles and their spins.

Spin rotators

The eRHIC project, like all analogous projects inutg spin, needs longitudinal polarization at the
interaction point. However, if the S-T effect is Ibe the means of making or maintaining the
polarization, then as is clear from Eq. 2.4.641/, must be close to vertical in most of the dipoles.
We have seen at Eq. 2.4.6- 6 that the polarizasi@ssentially parallel t@,. So to get longitudinal
polarization at a detector, it must be arranget #has longitudinal at the detector but vertical i th
rest of the ring. This can be achieved with magystems called spin rotators which rotatefrom
vertical to longitudinal on one side of the detecaod back to vertical again on the other side. Eq.
2.4.6- 7 shows thak,, essentially scales with the cosine of the angl@tadf », from the vertical in
the arc dipoles. Thus a rotation error resulting itiit of », of even a few degrees would not reduce
FB, by too much. However, as was mentioned above,ltaoti n, in the arcs can lead to
depolarization and calculations show that tiltsnodre than about a degree produce significant
depolarization. Thus well tuned rotators are essleior maintaining polarization even if the beasn i
pre—polarized before injection.

Suppression of depolarization — spin matching

Although the S-T effect offers a convenient wayhbdain stored high energy” beams, it is only
useful in practice if there is not too much depaktion. Depolarization can also limit the usefdsne
of beams pre—polarized before injectian; must be large enough to ensure that the largetege
polarization survives until it is safe to switch the sensitive parts of the detector after injecand
survives long enough for collecting enough datéhan detector. Depolarization can be significant if
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the ring is misaligned, if it contains spin rotatar if it contains uncompensated solenoids or skew
quadrupoles. Then i, , and/orr, are too small, the layout and the optic must hesaed so that
(%)2 is small wherel/|p [’ is large. So far it is only possible to do thisthii the linear
approximation for spin motion. This technique iedh“linear spin matchingand when successful,
as for example at HERA [19], it immediately redudhe strengths of the first order spin—orbit
resonances. Spin matching requires two stegisorig synchrobeta spin matching applied to the
optics and layout of the perfectly aligned ring @ahdn ‘harmonic closed orbit spin matching
applied to soften the effects of misalignmentssThtter technique aims to adjust the closed @it
as to reduce the tilt of, from the vertical in the arcs. Since the misalignts can vary in time and
are usually not sufficiently well known, the admsnts are applied empirically while the
polarization is being measured.

Spin matching must be approached on a case bybeas® An overview can be found in [1]. Spin
matching for eRHIC will discussed later.

Higher order resonances

Even if the beam energy is chosen so that first rordsonances are avoided and in linear
approximation P, and/or 7, are expected to be large, it can happen thatlbaim energy
corresponds to a higher order resonance. In peatiie most intrusive higher order resonances are
those for whichw,, =k  + v, + kv, (k= I,II or IIT). These synchrotron sideband resonances of
the first order parent resonances are due to maolulay energy oscillations of the instantaneous rat
of spin precession around, . The depolarization rates associated with sidebafdsolated parent
resonances{uspin =k, £ uk) are related to the depolarization rates for theenqgaresonances. For
example, if the beam energy is such that the systenear to a dominant, resonance we can
approximater;! in the form

dep

k) (2.4.6- 15)

This becomes
. AB (GE)

~ 2
1;":70c (Vspin - ]{:0 j: V?/ + ksys)

if the synchrotron sidebands are included. The tfyan!, depends on the beam energy and the
optics and is reduced by spin matching. The propuatity constants B, ((;k,) are called
enhancement factgrand they contain modified Bessel functidki(g) and I, (¢) which depend

on themodulation index. = (av,0,/v,)’. More formulae can be found in [261.

Thus the effects of synchrotron sideband resonanaasbe reduced by doing the spin matches
described above. Note that these formulae aremesint as a guide since they are approximate and
explicitly neglect interference between the firsdesr parent resonances. To get a complete
impression, the Monte—Carlo simulation mentionediezamust be used. The sideband strengths
generally increase with the energy spread andehaetenergy.
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Spin Polarization in eRHIC

Choice of rotators

For rings like eRHIC two kinds of rotator can bensiered: Solenoid rotators and “dipole
rotators’. The current design employs solenoid rotatorgdl® rotators will be mentioned later.

Various layouts of rotators involving solenoids ¢anconceived [21, 22, 23]. The layout considered
for eRHIC is sketched in figure 2.4.6-1. The velftiga in the arc is rotated by 45 degrees towards
the horizontal by the longitudinal field of the fisgilenoid. A second solenoid completes the rotation
into the horizontal plane. The vectat, is then rotated from the radial direction towartie t
longitudinal direction by a string of horizontalhending dipoles. The orbital deflection required is
90/a~y, degrees.

After the interaction point a string of dipolesref/erse polarity rotateg, back to the radial direction
and two solenoids with polarity opposite to thatloé first two rotatey, back to the vertical. Then
n, is vertical in the arcs at all energies. If a sold rotatesn, by 45 degrees, then fer the plane
of the transverse particle distribution is rotabgdabout 22.5 degrees so that the rotator can gener
strong transverse orbital coupling.

The solenoid spin rotators
A .
< Rotatorl — = —=: R, on design energy

+H5 deg. +45 deg,

solenoid  solenoid + By b
» beng
vl —
=~ Rotator2 — =
LP.
—45 deg. —45 deg.
\ + solenoid solenoid
C R
Quadrupoles % hor,
for decoupling Nd
and spin transparency
Quadrupoles
for decoupling
and spin transparency
Quadrupoles

for normal transport

Figure 2.4.6- 1:The schematic layout of the solenoid rotators. Qhé/positions and functions of the key elemengs ar
shown. Each rotator consists of two solenoids aizbntal bend magnets, to rotate into (or out of) the longitudinal
direction. Quadrupoles tuned to ensure transvesseupling and spin transparency w.r:t.and z’ are placed between
each solenoid in each rotator. Antisymmetric hartabbends very near the interaction point areshotvn.

However, this coupling can be eliminated by cofyechoosing the strengths and positions of
guadrupoles placed within the first pair of solescghd within the last pair (Figure 2.4.6- 1). The
orbital motion between the first and second pairsaienoids is uncoupled and the quadrupole
strengths in that region can be chosen as required.

Some advantages and disadvantages of solenoidnotate:
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Advantages:
* The arrangement is compact.
* In contrast to the dipole rotators discussed latewertical orbit excursion is needed.

* The sign of the longitudinal component of the aquilim polarization at the interaction point
can be reversed by simply changing the polarities|ahe solenoids.

Disadvantages:

» The polarization is longitudinal at just one beamrgy and that energy is defined by the field
integrals of the horizontally bending dipoles ooteaide of the interaction point. Any remedy
for this restriction would require elaborate engimeg involving moving the solenoids.
However, if it is planned to run eRHIC just arout@ GeV, say in the range 9.69 to 10.13
GeV (= 22 < avy, < 23), 7, will always be within about 2 degrees of the befiraction.

By the Thomas-BMT equation the rate of spin preoassn a solenoid is inversely
proportional to the beam energy. So solenoid spiators are only practical at low energy. At
10 GeV each solenoid needs a field integral of a7 Tm and must therefore be
superconducting.

* The solenoids cause transverse coupling which mestliminated by introducing special
guadrupole arrangements. Solenoid spin rotatorsalame not automatically spin transparent
(see below).

A corresponding list of advantages and disadvastégedipole rotators is given later.

The horizontal dispersion should be zero on emtth¢ first solenoid and at the exit from the ks
the horizontal dispersion is set to zero at therattion point.

Spin matching with the solenoid rotators

To explain the spin matching conditions needed wiensolenoid rotators are used we begin by
considering a flat, perfectly aligned ring withohe trotators, the detector and the oncoming proton
beam. In this case there is no vertical closed alibtortion and the radiation damping togethehwit
the absence of vertical dispersion ensure thatbdem has essentially zero thickness. Then as
explained earliery, is vertical andn (u;s) is vertical at allu and all's. The derivativeZz is then
zero and there is no depolarization.

However, the solenoids have radial end fields wrgeh tilt spins from the vertical and the
longitudinal fields tilt spins step—wise into and ofithe horizontal plane so that they then preaess
the vertical fields of the quadrupoles inside antlvben the rotators. Inside a rotator, they also
precess in the radial quadrupole fields at the zemo-y induced by the first solenoid of a pair.
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Moreover, the total angle of rotation in the twdesmids of a rotator i$90 degrees only at = 0.
Since 7 (u;s) is a functional of the geometry and optics of tivg we see that unless special
measures are taken, the solenoid rotators willcagudo depend omu and s. Then 2 will not
vanish in the dipoles in the arcs and there wiltlbpolarization.

The remedy is to make the section from the entraridde first rotator to the exit of the second
rotator “spin transparerit i.e. to choose the strengths and positions @dgupoles and dipoles in
this section so that in the approximation of limszd spin motion, the total rotation of a spin ardu
and w.r.t.n, vanishes for a spin beginning with arbitraryand traversing this section. We have
already mentioned that we eliminate the generatiamansverse coupling by the solenoids with the
aid of quadrupoles placed within the solenoid pdirthen turns out that spin transparency wa.t.
and z’ can be arranged in addition, and in a straightiodwvay, by setting these quadrupoles such
that the4 x 4 transfer matrix for the transverse motion throagair has the form [21]

(2.4.6- 16)

0 0 -1/2r O

where r is the radius of orbit curvature in the longitualirfield of a solenoid and where the
elimination of coupling is explicit. The optic beten the rotators should be uncoupled. Since the
integral of the solenoid fields vanishes for the l\ehgegion, at first order there is no net spin
perturbation resulting from non—zetoin the solenoids. Moreover, the constraints onhibiézontal
dispersion and the layout of the dipoles around ititeraction point ensure that the change in
direction of the horizontal dispersion, due to quadle fields, vanishes for the stretch between the
second and third solenoids. Thus there is transpgre.r.t. longitudinal motion too [1]. Providing
that the constraints on the dispersion are salistlee optic between the second and third solenoids
can be chosen at will independently of the neesh&ure spin transparency, once the matrices for the
rotators have the form just given. So far it hasbe®n necessary to consider spin transparendy w.r.
y andy’ since in the perfectly aligned ring and with tnaerse coupling restricted to the rotators
themselves, synchrotron radiation in the arcs doegxcite vertical motion. Them= 0 andy’ = 0

on entering a rotator from the arc. With these dont it is easy to show that with linearized spin
motion and perfect alignment: indeed vanishes at all dipoles in the arcs [1].9Ak¢that the ring is
spin matched at each dipole in the arcs.

Thus although an isolated solenoid is not spinsfparent, we have a very elegant way to ensure
sufficient overall spin transparency of the whot#ator insertion. Moreover, from the above
discussion about the requirements for the optibeénstretch between the second and third solenoids,
it is clear that the depolarizing effects from belasam forces should be suppressed. The same
probably applies to the detector field if it can frevented from generating coupling. These count
among the advantages of such solenoid spin rotators

Note that our spin matching conditions do not emghat 4% vanishes in the dipoles between the

rotators. Moreover, sincg, is horizontal in the vertical fields of those digml Eq. 2.4.6- 7 implies
that £, can be lower than 92.4%. However, this lowering)f can be limited by making the
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dipoles long enough to ensure that thfinls/|p(s)|3 is small compared to that in the arcs. We return
to these two points below.

Calculations of the & polarization in eRHIC

Following this lengthy introduction we now presdntt calculations of the polarization. The
calculations are carried out with the thick lensle&LICK. This accounts for just the first order
spin—orbit resonances. No account is taken of thgnatic field of the detector and there is no beam—
beam force from oncoming protons. The horizontal aertical betatron phase advances in the arc
cells are 72 and 60 degrees respectively and thetidnal parts of the betatron tunes are
[v,]=0.105and [v,]= 0.146. The synchrotron tuney,, is 0.044. SLICK automatically produces
the correct transverse and longitudinal emittances.

Figure 2.4.6- 2 shows the equilibrium polarizatfonthe perfectly aligned ring in the range 9.25 to
10.58 GeV. With these rotators the spin tung, , on the design orbit is~y,. Thus this energy range
corresponds t@1 <v_, <24, i.e. it spans three full integers. It is seen thgt (labeled as S-T
Polarization) is almost independent of energy aiuat84.3%. It is below 92.4% becausg is
perpendicular to the fields in the dipoles arouraititeraction point. Recall Eqg. 2.4.6- 7. The actua
polarization, P, (labeled as Total Polarization), is about 81.7%e hdditional decrease of about
2.6% is due to the depolarization caused by the-zeno (2:)" in those dipoles. It is interesting that
although there is some depolarization, this depaaon shows no resonant structure. This can be
understood in terms of some 1-turn integrals ajpgan the calculation of 2+ [1]. When these
integrals are evaluated starting somewhere in titietlzey are zero because of the spin matching. At
resonance these integrals are independent of #negngt point. Then they are zero starting at the
dipoles around the interaction point and the factdr and 4, analogous to thel, of Eq. 2.4.6- 15,
vanish at resonance.

As stated earlier, misalignments can lead to depekon. In fact experience shows that
misalignments can be very dangerous and that ¢emaélds be invested in the alignment of the ring
and measurement of the orbit. Care is also neeatecedlistic simulations. Figure 2.4.6- 3 shows
results of calculations of equilibrium polarizatsowith SLICK for typical realistic misalignments
and after orbit correction. Figure 2.4.6- 4 sholes ¢orresponding,, andr, . The 7, exhibits the
characteristicy,” dependence. At 9.91 Ge\iq, = 22.5) 7, and r,, are about 21 and 20 minutes
respectively. At 5 GeVr,, would be about 11 hours. In that case self polaozavould not be
practical and a pre-polarised beam would be needttdrwise the average/| p |° would have to be
greatly increased [24].
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Equilibrium polarizations with perfect alignment”
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Figure 2.4.6- 2:The polarizationsP, and P, for a perfectly aligned ring containing a spin sparent pair of solenoid
spin rotators.

The misalignments include vertical shifts and woil the quadrupoles, roll on the dipoles and errors
on the beam position monitors. Scale errors omtla@ruple strengths are also included. A monitor
and horizontal and vertical correction coils arsigrsed to each quadrupole. Figure 2.4.6- 3 shows
five curves:F,, (labeled as S—T Polarization),, (bold and labeled as Total Polarization), and each
of the polarizations that would be reached if jase orbital mode were excited. The first order
resonances are clearly visible and can easily &etiftied using the known values of,[|, [v,] and

v,. Note that the/, resonances are so strong that they overlap aioteger values of/, % In this
simulation the peak values &f, are about 81.5% and occur near half integer valties,, . This is
characteristic behavior and shows that the beamggrshould be set for such values. It is also ¢lear
as usual, that the fractional parts of the orlitabs should be as far away from 1/2 as is prddbca
“leave space” around half integer spin tune. Ithhitpen be the case that the synchrotron sideband
resonances are weak at the recommended energigscartjecture will be checked at a later stage
using a class (ii) simulation. Different choicestlbé random numbers specifying the imperfections
lead to curves which differ in detail from thosefigures 2.4.6- 3 and 2.4.6- 4. However, the curves
remain qualitatively similar. Before orbit corremtithe polarization is very small.

In this simulation the tilt of?, in the arcs is about 2.5 milliradians at the maxwh P, . The r.m.s.
vertical deviation of the closed orbit from the idesmachine plane is 0.034 mm after the orbit
correction mentioned above. The maximum deviat®f.18 mm. Such small residual closed orbit
deviations might look optimistic but realistic migaments have been assumed and these small
residuals arise naturally with the orbit correctialgorithm used here. Moreover, the problem of

% But for this first order calculation, doesnot vanish at integer values of,_ :there are no ‘integer resonances’ in
7, - However, the S-T effect becomes very weak agénealues of v asn, tilts strongly from the vertical in the
arcs.
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obtaining very small residual closed orbit deviatichas been conquered for modern synchrotron
radiation sources. Note that the closed orbit dmna remain small and the peak polarizations
remain high even if a random sample of 20% of tlomitors is taken out of service. In any case the
sensitivity of the polarization to such small déaas shows thait would be a false economy to
skimp on good alignment of the ring, on the prawvisof correction magnets and on the precision of
the beam position monitor®©ne should also avoid stray fields from the praiog and magnetic
material in the beam pipe. Experience at HERA ELjports this view.

Since the tilt ofn, is already small, harmonic closed orbit spin miaighas not yet been applied.
Perhaps with good enough alignment and correcttamsuld not be needed.

Equilibrium poelarizations with misalignments”
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Total Polarization
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a0 x  Polarization -------- B
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Figure 2.4.6- 3:The polarizations?, and P, and the polarizations associated with each offtes orbital modes when
realistic imperfections are applied and the oibiubsequently corrected.

2 24

ay

The calculations carried out so far show that vitiearized spin motion and in the absence of
detector fields and beam-beam forces, both highliequm polarizations and reasonabtg, can be
achieved around 10 GeV. Then operation with eit®f polarizede™ or with pre-polarizede”
would be comfortable. For the latter it would becemsary to avoid loss of polarization during
injection. Note that in contrast to the injectiohpmlarized protons into a ring;” are subject to
stochastic depolarization as the beam reachestagunh.

Although the results from linearized calculationsegstrong grounds for optimism, a complete
picture will only emerge once full spin motion Haeen included as well as other effects which have
been neglected so far. Some next steps in thistiinreare discussed below. In the meantime it is
important to note that 51% longitudinal polarization has already been achieved simultesigai
three interaction points at HERA at the almostdhmmes higher energy of 27.5 GeV [25, 26].
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To achieve high luminosity it will be necessaryniount quadrupoles inside the detector solenoid.
These magnets will then be subject to large intagnet forces. Thus, special efforts should be
invested in the stability of their mounts and thenmtoring of their positions so that they do natsa
excessive closed orbit distortion and resultanbtejzation. Use should be made of experience with
HERA [25].

Polarization times with misalignments
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Figure 2.4.6- 4:The characteristic times,, and T, (minutes) for the simulation in figure 2.4.G6- 3

Some next steps

So far, it appears that with good orbit correctibaymonic closed orbit spin matching will not be
needed. Nevertheless, this topic still needs tthdmughly studied.

Since there is no simple way in standard opticeaswé to represent the effects on the trajectories
and the spins of the complicated overlapping fielidsolenoids and quadrupoles, special spin—orbit
maps for the interaction regions should be estaddis The calculations with SLICK should then be
repeated using the linear parts of these maps tablesh whether in linear approximation these
combined fields have a significant influence on the spnsparency of the rotator section and on the
polarization. The methods used for HERA could bepted here [27, 26].

The calculations with linearized spin motion do nutlude the effects of higher order spin—orbit
resonances. Thus, a next step will be to carryctags (ii) simulations with SLICKTRACK. This
will, for example, give a picture of the strengtbisthe synchrotron sideband resonances and of
whether there are advantages in choosing a special

Even with misalignments the natural beam height laal very small. But as has been mentioned
elsewhere, to reach high luminosity it will be nesary to increase the beam height. This might be
achieved by, for example, running close to a trarsy coupling resonance. Perhaps other methods
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can be found. In any case experience shows thabjpemp picture of the polarization for such
situations will require using a class (ii) simubati

Class (ii) simulations are also essential for ustderding the full effects of beam—beam forces en th
polarization and the effects of non-linear orbitadtion including the motion in the complicated
fields in the detector.

Class (ii) simulations will also be necessary fealaating the behavior of the polarization of a-pre
polarized beam during injection.

Spin flip

As stated earlier, with the solenoid rotators tige ®f the equilibrium longitudinal polarizationrca
be changed by reversing the polarity of the solsoBut this cannot be done while the beam is
stored. However, it might still be possible to neecthe polarization on short time scales and witho
dumping the beam, by using resonant spin flip drivgmn external radio frequency magnetic field.
Note that after a reversal the polarization woeldim through zero to its original orientation wikfe
characteristic timer,, . Resonant flipping of electron spins has been dstrated at low energy [28]
but it remains to be seen whether it is practitaha much higher energy of 10 GeV where spin
diffusion might limit the efficiency [29, 30]. Clagii) simulations will also provide insights here.

Further aspects of spin rotation

Although solenoid rotators have been chosen forl€R#ipole rotators can be kept in reserve.

The simplest kind of dipole rotator system involyest vertical bends which generate a Z shaped
modification of the design orbit in the verticabpk [31, 32]. But the design orbit is then sloped a
the interaction point and the detector which ast @ the midpoint of the system. To reverse tge si
of the equilibrium longitudinal polarization, theolprities of the vertical bends and the vertical
positions of all the magnets w.r.t. the plane & timg must be reversed. This in turn requires very
flexible bellows between magnets and a mechanicking system for the whole interaction region
including the quadrupoles very close to the detecto

A much more practical and economical solution isus® spin rotators consisting of strings of
interleaved vertical and horizontal bends arrangedhat they produce interleaved horizontal and
vertical closed beam bumps. Such rotators stand &pan the detector and its nearby quadrupoles.
According to the Thomas—-BMT equation an orbit deitecof 56 , in a transverse magnetic field
produces a spin rotation &, = (ay +1)66,,. Then at high energy small orbit deflections lead to
large spin rotations and although the combinedt dmionps closey, can be rotated from vertical to
longitudinal before the interaction point. A secawtator returnsy, to the vertical before the next
arc. This is the scheme successfully used at HEIRA [

Some advantages and disadvantages of this seaoth@tkilipole scheme are:
Advantages

* The design orbit is horizontal in the detector #r@nearby surrounding quadrupoles.
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* By varying the fields and the geometry of the ratathe required rotation can be achieved
for a range of energies. Then the polarization lsarmade essentially longitudinal at any
energy in the design range.

» If the rotator is sufficiently short, it need natrtain quadrupoles. It is then automatically
essentially spin transparent.

Disadvantages

* As in the case of the Z bend rotator, reversalhef $ign of the longitudinal polarization
requires the reversal of dipole polarities, vepxible bellows and a jacking system. But in
this case only the rotators themselves need jaksthe whole interaction region. Note that
such a jacking system has been in service in HER#esl994 [19].

* At low energy the relatiost,, = (ay +1)86,,, implies that sufficient spin rotation can only
be achieved with vertical orbit bumps that mighirbpractically large.

» Dipole rotators can decreasg, sincen, is not parallel to the field in most of the magnets
The decrease is most marked if the magnets are hot /| p | large) in order to save
space.

» The generation of vertical emittance in the veltimends can require strong vertical betatron
spin matching [1].

Dipole rotators are best suited for high energyt iBis likely that for energies around 10 GeV or
above, a dipole rotator with a tolerable vertioasign orbit excursion could be designed for eRHIC.

If these dipole rotators contain no quadrupoles) spatching involves making the straight sections
between the rotators spin transparent for all timeeles of motion and involves making the arcs
between the rotators spin transparent for vertieation [1, 19, 27].
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2.4.7 RF System for the Storage Ring

Choice of Operating Radio Frequency

The choice of RF operating frequency is strongluanced by practical considerations. First, the
requirement for a storage-ring RF cavity havingrgé aperture, as discussed in the following, §mit

the choice to a small band of frequencies, betv@@®nand 500 MHz, for which high-power klystron

RF amplifiers are commercially available. Secork €lectron-ring operating frequency must be
harmonically-related to the eRHIC colliding-freqagn

The highest practicable frequency is preferred {fa®ory application, where high bunch-numbers
and short bunch-lengths are desired for maximuminasity. In this application, however, the
bunch-number in the ring is determined by the swlh frequency, and the electron bunch-length is
much shorter than the ion-beam bunch length, byhvthe minimumB* at the interaction point is
set.

Nevertheless, higher operating frequency is silofable for reasons such as longer Touschek life-
time, and cost-effectiveness of longitudinal foagsiThe frequency, therefore, is chosen to beeat th
upper-end of available klystron technology. For them-temperature, copper-cavity option, it is
478.57 MHz, the 1% harmonic of the collision frequency. For the supemducting cavity option, it

is 506.723 MHz, the IBharmonic of the collision frequency.

Choice of RF Cavity Type

The choice, for the type of RF cavity to use in #lectron-ring system, is between cryogenic
superconducting and room-temperature copper. Arsapducting system has the capability of
producing the requisite accelerating RF gap voltaige fewer cavities. This is important in terms of
the coupled-bunch instability impedance, whichrigeh by the higher-order-mode (HOM) RF fields
in the cavities. The HOM is proportional to the ren of cavities. The number of cavities is
determined by the power-handling capability of RE input coupler. The RF power required is
determined by beam loading, or the amount of imqmvter delivered to the accelerated beam. With
superconducting cavities virtually all of the ingnawer is delivered to the beam, whereas with room-
temperature cavities about one-third of the inpoiver will be dissipated in the cavity walls.
Therefore, the number of superconducting cavitas lee one-third fewer than the number of room-
temperature cavities. The use of superconductingies introduces a technological challenge: how
to remove the hundreds of kilowatts of HOM powetuoed in the cavities by the high-current beam.
The solution to this problem, for room-temperatcaeities, has been demonstrated by the SLAC B-
factory. The choice of cavity type is based on high performance of the high-luminosity, high-
current SLAC B-factory, using a conventional roagmperature RF system.

Room Temperature RF Cavity Design

The RF cavity design challenge is to determineojp@num cavity geometry, which simultaneously
maximizes the cavity shunt impedance, at 478.57 MWlzich is important for efficient beam
acceleration, while minimizing the longitudinal atrdnsverse shunt impedances at the higher-order
modes (HOM), which is important for beam stabilithe high average beam current of the electron
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ring, with beam in a large number of RF bucketskesahe minimization of HOM shunt impedances
crucial to successful operation.

The cavity geometry for the eRHIC must provide #otarge aperture, through which HOMs are
coupled from the cavity into the beam pipe. Theitggurofile must be consistent with maximizing
the separation between the TMO010 fundamental matle478.57 MHz, and the next lowest
azimuthally-symmetric (monopole) transverse magn@M) modes. All of these TM modes, other
than the TM 010, and all cavity dipole modes arevalthe corresponding mode cut-off frequencies
in the beam pipe.

To minimize HOM impedance, the number of cavitiasstrbe minimized, and they must be single-
cell, rather than multiple-cell, the type used IBTRRA/DESY. As a consequence, the single-cell
cavities must operate with higher voltage gradienproduce the required gap voltage and power
delivered to the beam.

Optimization of cavity geometry will require a sgiof computations which analyze cavity modes as
a function of cavity shape, making use of the Rmpoter codes URMEL-Tcode (triangle-mesh
version) and Superfish, and analysis of cavity terajure-profiles and thermal-mechanical stress, at
nominal dissipated RF power, using MAFIA, in a that model, with ANSYS code.

A cavity shape similar to that of the SLAC B-fagtocan be used, as shown in Figure 2.4.7-1. The
RF system can meet all requirements using 10 kigstrdriving 20 cavities, in the electron ring for
eRHIC. The RF system parameters are summarizedhble2.4.7-1.

= B B
e 1500 —-

Cross secton A-A
Figure 2.4.7-1 Schematic of a quadrant of the SLAC B-Factoryn(dire cm).
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RF Operating Frequency 478.57 MHz
Harmonic Number 2040

Gap Voltage, V 25 MV
Beam Current, | 450 mA
Energy Loss/Turn 11.7 MeV
Shunt Impedance/Cavity sR 3.5 MQ
Number of Klystrons 14
Number of Cavities 28
Accelerating Voltage Gradient 4.15 MV/m
HOM Power (est) 100 kw
Wall Loss/Cavity 122 kwW
Coupling Factorp 1-9
Unloaded Q 30,000

Table 2.4.7-1:Electron-Ring RF System Parameters

Higher-Order Mode (HOM) Damping

In the design of accelerating cavities it is cusiomto maximize the shunt impedance in the
fundamental mode, which maximizes the RF accefegatoltage gradient as a function of RF input
power. However, in many storage rings, parasitfeot$, such as the decelerating and deflecting
fields arising from higher-order modes, and th@giant-wake forces inside an electron bunch, can
have serious cumulative effects that limit the aehble charge-per-bunch to a value well below the
fundamental beam limit. In order to evaluate therall performance of an accelerating system,
including the parasitic effects, high-level compataal means are required, which include the
computer codes MAFIA, URMEL and ARGUS.

Two major cumulative effects are to be considematiyen the design of the HOM coupler. These are
the multi-bunch instabilities caused by resonaghéi-order modes in the cavities, excited by the
beam, and single-passage effects due to the wekis-fexcited by the beam during its transit of a
cavity (e.g. head-tail turbulence, bunch lengthgnand synchro-betatron resonances).

The most important performance goals in the designHOM damping system are broad bandwidth
and the suppression of coupling to the fundamesaeity mode. Coaxial dampers are used in both
normal and super-conducting particle-acceleratoritiea. Aperture-coupled hollow waveguide
dampers are used in multiple, usually three, topltdra degenerate mode. Suppression of coupling to
the fundamental mode is provided by the cutoff abaristic of the waveguide.

The feasibility of obtaining high charge-per-buras been demonstrated by the SLAC B-factory RF
system. An important feature of the B-factory RBtsyn is an extremely unique waveguide HOM-
damper system. It is likely that a design similardentical to this will be chosen, due to its staf-
the-art status and present availability.

Tuner and Adjustable RF Coupler
To accommodate the high average power dissipatimhvade range of beam-loading conditions,
associated with the storage mode of operationfycauning and coupling systems with considerable

adjustability are required. The design requiremémtshe tuner and RF coupling systems are given
in Tables 2.4.7-2,3, respectively.
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Cavity Frequency 478.57 MHz
Frequency Range 3.0 MHz
Travel Range 12 cm
Tuning-Angle Precision +/- 0.5 Deg.

Table 2.4.7-2:Cavity Tuner Specifications

Design RF Power 500 kW

Input Line WR-2100 Waveguide
Input VSWR <151

Coupling Factor Adjustable up to 10

Table 2.4.7-3:RF Coupling System Characteristics

Tuner Design

A cavity tuning range of 2 MHz is adequate to acowmdate the expected detuning caused by beam
loading effect and for frequency shift caused lBritial expansion of the cavity body, a function of
RF power dissipation. Additional tuning range igjueed, however, to compensate for frequency
shifts, as much as 200 kHz, resulting from chamgéd- coupling to the cavity, and as much as 340
kHz resulting from collision frequencies for diféet proton (ion) energies. Consequently, the tuner
is designed for greater than 2.5 MHz, centered @B@8.57 MHz. A cross-sectional view of the
cavity, in the plane of the tuner, is shown in FegR.4.7-2.

Water Cooling -

— : - Fdge-welded Bellows
| mt
Vacuum - = — ] 'i i
i §
Conflat Flange ———
. - Tuning Plunger
— "_MBF—'
|
IR
— ——

Figure 2.4.7-2: Cross section of cavity and tuner

Input RF Coupler Design

There are two types of input coupling that are appate for use at the 500 kW power level. The
first is a rotatable loop, terminating a coaxiaiverline, introduced at the cavity wall, having a
coupling factor,3, adjustable between 1 and 10. The ceramic couplimglow must be shielded
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from the direct path of ions produced by the be@wetrsing the cavity. The other type of coupling is
by means of an aperture. The design procedure $&gih an aperture with a coupling factor of 10,
and then the means of reducing the coupling faaititout producing significant change in the
frequency of the fundamental cavity mode (TMO1@jclsa means is a capacitive post, of adjustable
depth of penetration, located at the first eledietd minimum of the standing-wave present in the
drive-line waveguide. Such a coupler has been sstuéy designed, fabricated, and operated in the
storage ring of the MIT Bates linear acceleraterslaown in Figures 2.4.7-3,4.

=

344 Eaponential Taper |
- RF Aperature

| Coupling |
| Locp Coupling Plunger | :
L]

| \ —
U oot _Q

AR

- T . \

= N TR
Figure 2.4.7-3 Coaxial Coupling Network Figure 2.4.7-4RF input waveguide and Aperture Control

Cavity Window

The cavity window must be capable of the transmissaf 500 kW incident power and the RF
voltage associated with the standing wave produmgdsignificant reflected power. A coaxial

ceramic-disc window, similar to the type used ia 8LAC B-factory, is being designed to handle
the thermal stress associated with the transmisdiap to 2 MW of RF power.

High-Power RF Distribution

The high-power RF distribution system is implemdntia WR-2100 rectangular waveguide,
consistent with low-loss transmission of 1.2 MW Cav478.57 MHz. The output of each klystron is
split, by means of a 3-dB, quadrature, high-powsbria, chosen for superior power-handling
capability, and directed to the inputs of two aecating cavities. The path length from one of thie t
hybrid outputs is corrected by one-quarter wavdleng compensate for the 90-degree phase-shift
between hybrid outputs, producing in-phase sigaélshe two cavity inputs. The path between
klystron output and hybrid input includes a loadlagor in the form of a four-port, differential-pdex
shift, ferrite circulator. This produces a nomigathatched-load condition for the klystron, enhagcin
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its operational stability, regardless of refleciofnom the cavities. To the extent that the cavity
voltage (or current) reflections are matched in léongle and phase, all of the reflected power wal b
dissipated in the waster load of the circulator.ti® extent that the reflections are mismatched, in
amplitude and phase, the reflected power will keresth by the waster load of the hybrid junction (the
limiting case is equi-amplitude, quadrature-phadlections, where all reflected power is directed t
the hybrid load).

Both high-power klystrons and high-power circulat@inoth forward and reverse power), at 1.2 MW
CW and 478.57 MHz, are within the range of comna@vailability.

Low-Level RF Control System For Room-Temperature Cavities

The low-level RF control system comprises four fesatk loops, as listed in Table 4, consistent with
the general system performance specifications.

The overall configuration of the control loops own in figure 5. The gain of the klystron power
amplifier is regulated by the innermost loop, whadmpares the input and output power levels of the
klystron. The variable-attenuation capability oPiN-diode RF modulator, inserted in the klystron
input line, is used to compensate for gain changethe klystron. A digital phase-shifter is the
transducer, connected in the klystron drive lindjclw responds to error-signals from the phase-
comparator to maintain constant transmission-plaasess the klystron. Together, these two loops
regulate complex klystron gain, so that the stgbdnd performance of the cavity-voltage loop are
not perturbed by parameter variations such asrklystathode voltage and RF drive power.

The cavity resonant frequency is maintained conshy positioning a cavity tuning plunger in
response to an error signal generated by comp#ghase of the RF input to the cavity with the
phase of the cavity gap voltage. Cavity voltagal$® down-converted in a quadrature mixer (vector
demodulator and modulator), using a 478.57 MHzregfee signal. The resulting in-phase (I) and
guadrature (Q) signals are processed in video-baitidvelectronics, up-converted using the same
478.57 MHz reference signal, and applied to the dRFe line. The sensitivity of the down/up
conversion process to variations in the amplituidéne reference signal are minimized by the use of
automatic level control (ALC) prior to the mixeiBhe signal processing is accomplished by means
of Bitmus-equipped computers, as shown in the bthagram of the low-level RF system, Figure
2.4.7-5.
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Figure 2.4.7-5:Block diagram of the low level RF system

Loop Regulated Variable

Voltage Cavity Voltage (Amplitude and Phase
Resonance Cavity Resonant Frequency

Gain Klystron Transmission Gain

Phase Klystron Transmission Phase

Table 2.4.7-4 Feedback Loop Function

Superconducting (SC) RF Cavity Design

The design objectives for SC cavities are no diffietthan for room-temperature cavities: maximize
the impedance and voltage gradient of the acceigratode while minimizing the impedances for
higher-order modes (HOMs). SC cavities have theaathge of high voltage-gradient (on the order
of 10 MV/m, which is significantly greater than thaf room-temperature cavities) and much higher
values of unloaded Q, due to the greatly diminishedace losses. The high accelerating gradient
allows the design of an accelerator with fewer t@siand gaps, which ameliorates the HOM
problem and diminishes the sensitivity to coupleddh instability, just as in a room-temperature
design.

The high unloaded Q permits cavity geometry witlgéa aperture beam holes, since R/Q is not
critical, allowing HOMs to be coupled out into theam pipes, where absorptive material can be
deployed. Single-cell, spherical designs are cttr@, minimizing the

number of HOMs and the required RF input-couplewgmehandling capability. Each cavity is
powered by its own RF source, through a load-iswaferrite circulator, also obviating an RF
distribution system. The same computer program<hviaid in the design of room-temperature
cavities are appropriate for the optimization of S&vities, as the same cavity parameters are
important in both cases. A Cryomodule for a supsdcoting cavity with HOM-ferrite absorber is
shown in Figure 2.4.7-6.
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Figure 2.4.7-8 Superconducting Cavity Module KKB Factory

The RF system parameters, for an electron ringgusiEKB SC cavities, are given in Table 2.4.7-5.

RF Operating Frequency 506.723 MHz
Harmonic Number 2160
Gap Voltage, V 25 MV
Beam Current, | 450 mA
Energy-Loss/Turn 11.7 MeV
R/Q 9B
HOM Power (est.) 20 kW
Accelerating Voltage Gient ~10 MV/m
Unloaded Q >1 x 10
Number of Cavities 13
Number of MVEDs (Klystr@r 10T) 13
Cryostat LHe Volume & &K 290 Liters
Static loss per Cryomodule at 4.2K Va1l

eRHIC ZDR
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Higher-Order Mode (HOM) Damping

Major design issues, for a high-current acceleyadce the nature of the HOM dampers, how to
remove the heat produced by the absorbed powensfettyload) and out-gassing by the absorptive
material (ion-pump load). Success has been achiesied ferrite damping material, in the shape of
thin cylinders, brazed or sintered to the insiddélsmaf the beam pipes, adjacent to the accelerating
cavities. In addition, the location and geometrytted HOM dampers, which affect HOM RF field
distribution in the absorptive material, power-dgnsand temperature-rise profiles, and other
characteristics, must be optimized.

Low Level RF Control System for SC Cavities

The extremely high Q and narrow bandwidth of SCites; compared with ambient-temperature
copper cavities, causes phase and amplitude chastics to be affected to a much higher degree by
dimensional perturbations. The design of the loveldRF control system is particularly challenging,
therefore, for the following reasons. First, medbaindeformation of the cavities, due to Lorentz
Force, will cause cavity detuning by an amount grethan one bandwidth. Second, regardless of the
required pre-detuning, in the absence of beamcd#véy resonant frequency will be modulated by
unavoidable microphonically-induced mechanical éstcThird, higher stability, in the control of
phase and amplitude will be required, with ampltstability on the order of T0and phase stability

of 0.5 degrees.

The cavity resonant frequency is maintained congtamlriving a Piezo-electric actuator, within each
cavity, in response to an error signal generateddnyparing the phase of the cavity rf input with th
phase of the cavity gap voltage. Cavity voltagal$® down-converted, in a quadrature mixer (vector
demodulator and modulator), using a 506.723 MHeregfce signal. The resulting in-phase (I) and
guadrature (Q) signals are processed in video-biitislvelectronics, up-converted using the same
506.723 MHz reference signal, and applied to thedR¥e line, to maintain klystron transmission
gain and phase. The sensitivity of the down/up eosien process to variations in the amplitude of
the reference signal is minimized by the use obmattic level control (ALC) prior to the mixerShe

RF control block diagram for superconducting caistghown in Figure 2.4.7-7.
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Figure 2.4.7-7: The RF control block diagram for superconductiagity

CW RF Power Amplifier

Microwave Vacuum Electron Device (MVED) Considerations

High-power multi-cavity klystrons, capable of 1.2WyJ CW, are available from EEV, Thales,
Phillips and Toshiba, but must be modified for @pen at either 478.57 MHz, or 506.723 MHz, and
for extended bandwidth, consistent with group-detay the order of 100 ns. A klystron, of
SLAC/CPI collaborative-design, produces 1.2 MW @8.57 MHz, with DC beam input of 2 MW

(beam voltage of 84 kVDC and beam current of 24féy)a conversion efficiency of 60%.

DC Power Supply System

In its simplest form, the electrical part of a CWW¥ Rource is an MVED and a DC power supply.
Again, the optimum (least complicated, most rebatilighest efficiency) form of such a power
supply is the line-frequency, poly-phase, full-wdiygically 12-pulse) transformer-rectifier. The DC
energy-storage requirements are determined byetingred ripple-reduction factor, and can be either
in the form of inductive or capacitive storageaarombination of both.

Protection of the high-power MVED from internal dage resulting from the discharge of energy
and electrical charge stored in shunt filter caace, by an electron-gun arc, is always an issue.
Many RF systems, especially at MW power levels, aiseggered shunt charge-diverter, called an
“electronic crowbar” for protection. The low-impedz “crowbar” diverter cannot dissipate stored
energy itself, and is therefore used in conjunctigim resistance, in series with the MVED cathode,
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which can. This resistance also limits peak faultrent, but also must dissipate continuous power
during normal operation. With short-circuit currdimited by resistance, the energy dissipated én th
electron-gun arc is directly proportional to theat@wharge transport, since the voltage drop oftice
(on the order of 20 V.) is nearly constant, regassllof current amplitude (up to several thousand
amperes). If stored charge is less than one Couylseties resistance alone can provide adequate
protection, since it will dissipate all but a tifmaction of the stored energy. Often the shortgirc
“follow-on” current from the transformer-rectifier]imited by total leakage reactance to
approximately 10 times normal current, will prodacgreater amount of charge transport, unless it is
interrupted at the first zero-crossing (1/2 cyddg)high-speed, solid-state (SCR) switchgear. Inynan
cases, an SCR primary phase-shift voltage contraleo provides the high-speed interrupt. The
latest of protection means is the high-voltageidsstiate, IGBT DC-interrupting switch, in series
with the MVED cathode, supplanting all other forwisprotection, with insignificant charge let-
through and the capability of short-duration autbeneeset. Presently it is also the most expensive
means of protection.
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2.5 Electron Polarimetry

The First Electron Beam Polarimeter Workshop at BWNas held on November 8, 2002 [1].
Representatives from five laboratories participatediscussions of polarimetry for an electron-ion
collider. This section is based on discussiond keking and following the workshop on important
guestions related to eRHIC polarimetry. Since taiti®l design for a beam polarimeter has yet to be
formulated, this section emphasizes items whichuireqsignificant development or careful
consideration in the design of the electron acaéberand ring.

2.5.1 Introduction

Accurate measurements of the electron polarizagi@nessential for the experimental program at
eRHIC. Measurements will be provided by polarimetghich can be separated into two categories:
those which determine the beam polarization proinjection into the electron storage ring, and
those which monitor the beam polarization duriragaje. These two types of polarimeters provide
complementary information valuable for optimizinget electron polarization and minimizing
systematic errors.

The initial polarization will be established by rsaeements performed in the polarized source and
accelerator through a combination of methods. Bezdlne ring will be filled only infrequently, the
use of methods which are destructive to the beaatdsptable in the linac. One possible scenario
would include a low energy polarimeter monitor f&@arization from the polarized source on a
continuous basis. This can be accomplished throligtwell-known technique of Mott polarimetry
[2] or other promising methods[3,4]. The polanaat should also be periodically measured
following acceleration. This can be accomplishiigiently by a Moller polarimeter which stops the
beam or samples some fraction of it. Such dewacesn use for highly energetic external beams at
several other labs including SLAC [5] and Jeffertab. Overall, it should be possible to determine
the electron polarization prior to injection vergcarately. Details of linac polarimetry are not
discussed in this report.

Because the polarization in the ring changes dyecaltyj it is essential to have accurate polarizatio
measurements for the stored electron beam as aduruf time. The polarization build-up time and
equilibrium polarization due to synchrotron radiathas been calculated for the eRHIC design and it
is essential to be able to compare to measurentengmisure that optimal performance is being
achieved. It will also provide the only determioatiof polarization for positron beams, which wid b
initially unpolarized. An efficient polarimeter wiprovide important feedback for beam tuning in
minimizing the effects of depolarizing resonanc@sfast polarimeter also allows consideration of an
adiabatic spin flipper for the eRHIC ring [6].

Polarimeters for the storage ring must employ ahaeism which is nondestructive to the beam. A
proven method meeting this criterion is that ofefa®ack-scattering, which entails Compton
scattering of laser photons from the stored beahnms Method is based on the coupling between
electron (or positron) polarization and circulapglarized photons in the Compton scattering cross
section. Compton polarimetry can be used to deterimoth longitudinal and transverse components
of the beam polarization. Longitudinal polarimetefies on the measurement of an asymmetry as a
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function of the backscattered photon energy. Trarsgv/polarimetry relies on the measurement of an
azimuthal asymmetry with respect to the electromerstum in the backscattered photon flux.

At eRHIC, a longitudinal polarimeter will be locdtdetween the spin rotators in the electron-ion
Interaction Region, thereby directly measuring thentity needed for experiments. A second
polarimeter in the eRHIC electron ring, locatedsale the spin rotators where the polarization is
predominantly perpendicular to the circulation glavill measure the transverse polarization, thereby
providing a consistency check which is independsnthe spin rotators. This technique has been
successfully employed at the HERA electron-protasilider [7,8,9], where complementary
information provided by two independent polarimetbas provided important consistency checks
and improved the accuracy of both measurementgrofposed layout for eRHIC polarimeters is
shown in Fig. 2.5-1.

T Moller Mott
ransverse i )
C Polarimeter Polarimeter
ompton
Polarimeter /
- o]
/ 5-10 GeVering \ 10 GeV Injector

Longitudinal

Compton

Polarimeter

Figure 2.5 -1:Proposed locations for electron polarimeters &I€R

Compton polarimetry is very effective in high eneriectron storage rings for several reasons. The
electromagnetic interaction can be modeled wdbbwahg an accurate determination of the absolute
analyzing power of the polarimeter. The analyzogver for Compton scattering rises with electron
energy, thereby improving the attainable statibtéral systematic accuracy. In addition, increasing
the energy of the electron beam also boosts theygré backscattered photons and focuses them
into a narrower kinematics cone. Both improve thgo of signal to background, an essential
consideration due to the very high intensity of é®&Hbeams. Narrowing the cone of scattered
photons reduces the size of detector needed. Haglexrgy photons can be more readily separated
from the bremsstrahlung background, which is atsmug$ed in the beam direction. The electron
energy at eRHIC, assuming a range of 5-10 GeV, heilsufficient to allow for accurate polarization
measurements. Compton polarimeters in the Amstefdalse Stretcher Ring at NIKHEF [10] and
the South Hall Ring at MIT-Bates [11] have beencsgsfully built and operated for high precision
polarization experiments. Jefferson Lab [12] hia® successfully operated Compton polarimeters
for external beams at lower energies than eRHICopirate.
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As shown schematically in Fig 2.5-2, each Comptofanmmeter at eRHIC will feature a laser
system, an interaction region for the laser andtela beam, and a detector for products of Compton
scattering, either backscattered photons or Comgatatiered electrons.

Laser Electron
Head Spectrometer
Polarimeter Optics v
Interaction o ;
Reci o
egon Laser
eRHIC beam

\ / Scattered Photon
Weak Bends Photon Detector
Cone

Figure 2.5-2: Schematic view (not to scale) of Compton polarané&r eRHIC.

While details will differ, many issues are commanldngitudinal and transverse polarimetry. An
overview of questions related to each of theseegystis presented in the remainder of this section,
with primary consideration given to the identifioat of issues potentially affecting design of the
ring. The section concludes with a discussion efgtatistical and systematic accuracy which could
be expected for these types of polarimeters.

2.5.2 Electron beam

The design of the polarimeter will be governed bgperties of the electron beam. To accurately
sample the beam polarization, the interactions éetwaser and electron beams for the Compton
polarimeters must be placed in straight sectionghef eRHIC ring. In these regions, accurate
diagnostics and controls for the electron beanedtajy are essential. To a high degree, the electr
trajectory defines the momentum direction of baaketed photons. This places a premium on
electron beam, particularly in the transverse polater. The location of this device is planneddor
3-m long straight section in the east arc of ting.ri The longitudinal polarimeter must be placed in
the south straight section downstream of the alaeatvn interaction point.

A complicating factor for the longitudinal polaritee placement is the rapid spin precession of the
electron beam when it is polarized in the plan¢hefring, as is the case between the spin rotators.
The spin precession angle is directly proportidoathe bending angle and for a 10 GeV beam, a
bend of 1 degree will rotate the spin by nearlyd2§rees. Because the detector includes a magnetic
field, the longitudinal projection of the beam paation will precess as the electron beam is
extracted from the electron-ion IP. To compensatehis effect, a weak bend will be introduced
upstream of the polarimeter to rotate the spin kiacks orientation at the collision point. Once
again, very good local diagnostics are necessargotwstrain the beam trajectory and minimize
systematic uncertainties in the polarization meas@nt due to spin precession.
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The use of short straight sections should aidemntimimization of background. This is a particlylar
important consideration in eRHIC where the inteeam will generate copious quantities of
bremsstrahlung photons. Bremsstrahlung is likelypé¢ the dominant source of background, as its
angular distribution is peaked in the same directie that of backscattered photons. In addition to
reducing the efficiency of the measurement, exeesiixes of bremsstrahlung photons can cause
additional problems such as damage to ring vacuumdows. Minimization of bremsstrahlung can
be achieved through a combination of vacuum opation and reduction of the length of the
polarimeter’s interaction region. The interactregions should be limited to a few meters in length

Other considerations related to the electron beamcern focusing. Focusing the electron beam at
the interaction point improves the statistical aacy of the polarization measurement. The beam
size should be considered carefully though, as sepng focusing of the electron beam introduces
divergence into the backscattered flux, therebyimshing the correlation between position and

energy needed for transverse polarimetry. Tydieam sizes in existing Compton polarimeters are
of the order of a few tenths of a millimeter witlvergence of the order of tens of microradians.

2.5.3 Laser system

The design of the laser system is another impor&dement in the design of the Compton
polarimeters. Multiple criteria merit consideratim the selection of the laser including waveléngt
power, emittance, stability, and pulse structuree Taser optics, particularly in the interactiorthwi
the electron beam must also be considered carefuthe interaction region design.

The spectrum of gamma rays produced by Comptomesicef will have an endpoint energy directly
proportional to the energy of incident photons. xMazing the endpoint energy in the backscatter
spectrum is desirable to increase the asymmetrymprbve the signal-to-background ratio. In this
respect, the relationship between laser waveleagthscattered photon energy strongly favors the
use of a short wavelength laser in or near thetitet region. Fig 2.5-3 shows the longitudinal
analyzing power as a function of scattered photwrgy for lasers at 266 nm and 532 nm.

| Lengitudinal Analyzing Power for 266 nm laser | | Longitudinal &nalyzing Power for 532 nm laser |
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Figure 2.5-3: Analyzing powers as a function of scattered phetoergy for longitudinal Compton polarimeters wats6
nm (left plot) and 532 nm (right plot) lasers aatton energies of 5 GeV (red) and 10 GeV (blue).

The selection of a laser system will also be infleed by intensity requirements. It has been obsderve

in other colliders that significant variation inlpozation between bunches can occur. The laser
should be sufficiently powerful to provide a statiglly precise measurement of the polarization for
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each fill. With commercially available UV lasers ofder 10 Watts, it is estimated that statistical
precision of better than 1% in the polarization t@nattained within an hour. However, there is
substantial uncertainty in the background that ballgenerated by bremsstrahlung from residual gas,
which will be dependent upon vacuum conditions. isltalso desirable to have sufficient laser
intensity to accurately sample the electron poddign on a pulse-by-pulse basis. One possible
option for increasing the laser intensity is the wé a Fabry-Perot amplification cavity. Such a
device is in operation in the Hall A Compton Paotater at Jefferson Lab [13] and is being
instrumented in the HERA Longitudinal Polarimet&uch a device could substantially increase the
statistical accuracy of polarization measuremeneR&lIC. If such a system is planned, it should be
included early in the design of the polarimeteeiattion region. The use of an amplification cavity
would require enclosure in the vacuum systemmady restrict the crossing angle between the laser
and electron beam and would influence both ther lasd electron optics. In addition, the use of a
build-up cavity may limit the frequency at whichethiaser helicity can be changed. Such an
arrangement is acceptable for external beams fachwthe current remains constant and its
polarization can be reversed pulse-by-pulse. @¢efRHIC ring where the electron beam polarization
cannot be frequently reversed, it is desirable ¢oable to change the laser circular polarization
frequently. The performance of the cavity in thERA Longitudinal Polarimeter should provide a
good basis for evaluating the utility of such degiin storage rings.

Besides raising the laser power, the statisticau@acy of the polarization measurement can be
improved by either lengthening the interaction oegor tightly focusing the laser and introducing a
small crossing angle between the beams. The desnexbing angle between the laser and the
electron beam will dictate the design of the lagatics. For very small angles of incidence, long
focal length lenses are required. Provision misst lae made for introducing the laser into the’sang
vacuum system. The transverse polarimeter at HER#Aufes a crossing angle of 3 mrad between the
laser and electron beam [14]. A comparable crgsairgle for eRHIC appears desirable as a means
of defining the Compton scattering vertex accuyatélfhe laser systems in most polarimeters suffer
at some level from helicity-dependent translatiohthe laser position. The use of a larger cra@ssin
angle decreases the sensitivity of the scatterantgex position to such translations, thereby reayici
systematic false asymmetries resulting from hehdipendent luminosity and helicity-dependent
laser trajectories. The use of a well-focusedrlass also allow measurements of the beam’s
intensity and polarization profile if highly staboptical mounts and feedback are used to stabiliz
the laser and electron trajectories. The useabssing angle has the additional benefit thatcepti
can be removed and from the vacuum system frontinbeof sight of backscattered photons. This
allows for easier access, increases versatility mmimizes damage to the optics. It also allows
circular polarization to be generated close toiheraction region substantially reducing polatiaat
transport asymmetries.

2.5.4 Detection options

The eRHIC Compton polarimeters will require detexttapable of analyzing backscattered photons,
scattered electrons, or both. There are preceétemb®th options. Most Compton polarimeters have
relied on gamma ray calorimeters. The use of arica¢ter for scattered photons is a scheme
offering many attractive features. It is proverhtgology, having been used in a number of
laboratories. Calorimeters consisting of denseermad$s such as lead glass or cesium iodide can be
constructed in a compact manner for relatively loost. The photon kinematics also features a
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correlation between angle and energy. A segmerdtatimeter can use this information for beam
alignment and reduction of instantaneous rate. s Tarrelation is essential to preserve in the
transverse polarimeter as it forms the basis feptblarization measurement.

The primary concern related to photon calorimedrthie intensity of the eRHIC electron beam. The
electron beams of eRHIC will be the most intensanie to use Compton polarimetry. While the
beam intensity will increase the rate of backscattephotons, thereby improving the statistical
accuracy of measurements, it will also produce taumbigl background from bremsstrahlung.
Because this radiation is emitted in the same timecand cannot be distinguished from
backscattered photons, a creative solution wiltdggiired to eliminate background contributions to
the measurement. At the very least, highly segetedétectors and fast data acquisition systems will
be required with proper gain matching and summihdetectors. Even very fast scintillators will
suffer serious problems with piled up pulses. Ogp@nan a single-photon counting mode is likely to
prove impossible. Operation in multi-photon moderkg well from a statistical point of view, but
relies heavily on very accurate modeling of the apaleter's analyzing power and stable
performance of the calorimeter.

A possible alternative or complementary approaeblires detection of the scattered electron. This
approach has not been used often in polarimettyh&asi been used to produce tagged photon beams
at facilities including such as LEGS [15] at Broakkn's NSLS. Detection of the electron would
require some sort of magnetic field for momenturalgsis. A magnetic analyzer could range from a
bending magnet to a separate magnetic channelibpogscluding a septum magnet to separate
scattered electrons from the beam. Any such deviedd have to include a robust position-sensitive
detector.

The use of a magnetic spectrometer would have asfgnificant advantages over a calorimeter.
Foremost among these is that the energy analysitdvatiow an energy spectrum to be constructed
for any segmented detector. It would not be neggds run in an integration mode. Each cell @f th
detector could produce its own asymmetry which ¢dag compared to the projected shape from
Monte Carlo simulations.

Another important advantage is that the spectrometeild serve as a filter for the rejection of
bremsstrahlung. This is particularly significar@chuse the electrons producing very high energy
bremsstrahlung photons, would not traverse thetspaeter.

There are many open questions and issues relatigtdotion of the electron. This detection scheme
clearly requires additional space in the polarimeteraction region. The use of a septum magnet
could lead to problems with radiation and beamagt®. The introduction of a new magnetic field
would affect the beam trajectory and may compliedterts to account for spin precession correctly.
It would significantly complicate the interpretatioof positional information for the transverse
polarimeter. Also, unless the scattering vertetwben the laser and electron beam is very well
defined, the acceptance of the spectrometer cauliehicity-dependent and variable. The nonlinear
relationship between the energy of the Compton ealyk the beam energy would increase the
demands for the necessary momentum bite and rasolutMomentum resolution of at least 1%
would be desirable at both 5 and 10 GeV.

One possible compromise would involve combiningtthe approaches. The benefits of coincident
detection of scattered electrons and backscatgnetbns have been demonstrated in the Jefferson
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Lab Hall-A Compton Polarimeter. The photon couni@re fast plastic scintillators with low energy
resolution. Energy analysis is provided by a begdnagnet and a silicon detector internal to the
vacuum system. A similar approach could be considered for eRHICQapametry, in which the
asymmetry is based on a photon counter, but conguitary information on the energy resolution is
obtained by detecting the electron for a limiteatfron of events.

2.5.5 Summary

Overall, the outlook for electron polarimetry atHiR appears promising. No insurmountable
hurdles are foreseen in the construction of lasek$cattering polarimeter. Realistic estimates for
statistical precision can be obtained by lookinthatperformance of existing Compton polarimeters.
For the Hall-A Polarimeter at Jefferson Lab, stat#d uncertainties of 1% are obtained within an
hour for a 4 GeV electron beam. Raising the beaergy reduces the time needed to reach this
level of precision. The HERA Longitudinal Polariteeat 27 GeV reaches this level of precision in
about one minute.

The accuracy of beam polarization measurementsultithately be limited by systematic errors.
SLAC has reduced systematic uncertainties to thel lef 0.5% for an external 46 GeV beam.
Systematics of 1-2% are more commonly attainethoatih reaching this level is not trivial. All
depend on specifics of the instrument, but arenafieminated by modeling of the analyzing power,
detector stability, and beam alignment issues.efdhconsideration of these issues from the outset
will increase the chance of success.
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3. ION BEAM

In order to reach luminosity goals for the eRHI€yeral improvements and upgrades have to be
made in ion rings. These upgrades are discusdhdsiohapter.

The required beam emittance values for eRHIC operatith Au or low energy proton beam are
below the typical values used presently at the Réj€ration. The electron cooling technique has to
be applied to bring transverse emittances downnaaidtain them at the required level. The cooling
can be used also to reach 20cm rms bunch lengtiireelcfor ion bunches in the eRHIC, or even go
to shorter bunches. The electron cooling is deedrib details in section 3.1.

While ion bunch intensity in the eRHIC is at thedkeof bunch intensities used at the present RHIC
operation, the total beam current should be inegasnsiderably, by about factor 6. All this cutren
increase is provided by increasing number of ionches circulating in the RHIC rings. Since the
present RHIC RF accelerating system is at 360timbiaic of revolution frequency, the maximum
number of bunches which can be put into the iogsris 360. In reality the necessity for an abop ga
will decrease the maximum number of bunches, thatle used, to about 335. Still we will talk
about 360 bunch mode, assuming 360 bunch pattettmelsg words.

In order to maximize the eRHIC luminosity this repevaluated consequences and considered
required upgrades to reach 360 bunch mode. The ewailissues which rise up with increasing the
number of bunches are discussed in section 3.2y Fotude injection upgrade, the evaluation of
pressure rise and electron cloud problems, abstesyupgrade and an evaluation of heat load in the
cold pipe of ion rings.

Beam instabilities are revised in section 3.3.

The proton polarization issues to provide a prote@am with longitudinal polarization direction at
the eRHIC interaction point is discussed in secBadh The same section considers using polarized

beams of other ion species, witHe™ as best possible candidate.

3.1 Electron Cooling for eRHIC

3.1.1 Luminosity and Electron Cooling

The purpose of the luminosity upgrade for eRHIGosdecrease the emittance of the stored ion
beams and maintain it at a required level. Thi$ el achieved with a suitable cooling techniques.
Present baseline parameters require the following:
1. Decrease of the transverse emittance of Au iod9@tGeV energy from the 95% normalized
emittance of 15tum to 6tum. Presently, emittance is increased during staiiageefrom 15
T um to 40mtum due to the IBS.
2. Decrease of the transverse normalized emittanpeoddns to Stum at lower energies 25-50
GeV.
3. Decrease of the longitudinal emittance which presidounch shortening. The beta-star
function at IP requires shortening of the rms bulecigth below 25 cm for both protons and
Au ions.
An initial study indicates that all three majorkasiescribed above can be achieved with the electro
cooler presently under design for the RHIC upgiadgect, designated RHIC Il [1]-[2].
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3.1.2 Electron Cooler

The layout of the cooler is shown in Figure 3.1.

ke

Figure 3.1: Schematic layout of the RHIC electron cooler (systewn for one ring). The photoinjector is
shown in red, the superconducting energy-recovery linac is shown in yellaalém®id in purple and a
section of the RHIC ring is shown in green.

The electron beam will be produced with a cw pimjéator (laser photocathode RF gun), with the
cathode of the gun being immersed in a magnetid f@produce a ‘magnetized’ electron beam (an
angular momentum dominated beam). Following thiair@cceleration in the gun to about 2.5 MeV
the beam will be injected into a superconductingrgy recovery linac. The beam transport has to
preserve the magnetization of the beam in the pmswvith discontinuous magnetic field. The
magnetized electron beam (with its velocity matctethe ion beam) is then introduced intoa 1 T
cooling solenoid. Since the ion beam is much lortban the electron beam, the phase of the
electron beam will be modulated in order to co@ thquired longitudinal extent of the ion beam.
Other modulations (in energy and radial coordinateay be introduced to shape the ion beam in
phase-space. Emerging from the 30 m long coolingnsad, the electron beam will be separated
from the ion beam, rebunched (to match the linaepitance) and decelerated to recover its energy.
The beam will be dumped at about 2.5 MeV.

An R&D on a number of system elements is presamttyerway [2]: the photoinjector (including its
laser and photocathode deposition system), a higtewt superconducting cavity for the ERL of the
cooler, beam dynamics of the complete system, releatooling simulation codes and the high-
precision superconducting solenoid.

Electron gun

An electron beam will be produced with a CW phgezior (laser photocathode RF gun). It is
planned to use CsK2Sb (cesium potassium antimorat®pdes. These cathodes exhibit a very high
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guantum efficiency of over 5% for green light. Tdiede-pumped solid-state laser at a wavelength of
1064nm is planned. The design of the Los-Alamogivahced Energy Systems of a 2.5 cell, 700
MHz normal-conducting photoinjector is adopted. Tdevice will be powered by a 1 MW CW
klystron and produce about 2.5 MeV beam at over m@0 A computer-generated drawing of the
photoinjector is shown iRigure 3.2

Figure 3.2: The LANL / AES photoinjector which will be used for tleetbn cooler

Energy recovery linac

Following the initial acceleration to about 2.5 Méve beam will be injected into a 703.75 MHz
superconducting Energy Recovery Linac (ERL). Eaadicl cavity has 5 cells with aperture of 17 cm
diameter (se€igure 3.3. The plan is to intercept the Higher-Order Mo#OM) power by ferrite
absorbers located in the beam pipe at room temperf8]. The cavity opens into a 24 cm beam
pipe. This large diameter is chosen in order talaochthe HOM power away from the cavity. For the
TE11 mode, the enlarged pipe (24cm) has a cutedfuiency of 732 MHz, which is below all HOMs.
This structure has been simulated by MAFIA compuatete [2]. The HOMs with higher frequencies
are less important. The simulations show thathallltigher order modes couple extremely well to the
ferrite, resulting in a beam breakup thresholdenirof 1.8 ampere.
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Figure 3.3: A cross section of the superconducting cavity assembly.

Magnetized beam transport

There are a few straight sections in RHIC wheeedlectron cooler may be introduced. Presently, its
placement is considered next to IP4 of RHIC, ingtraight section between Q3 and Q4, which can
accept about 30 m long solenoids. The electronlexaters will reside outside the RHIC tunnel. The
lattice can debunch the beam in order to reducephee-charge interaction of the electron and ion
beams or to reduce the energy spread of the etebgam. The beam transport has to obey certain
rules in order to preserve the magnetization of lbam in the transport with a discontinuous
magnetic field. Emerging from a long cooling soleih@n electron beam will be separated from the
ion beam, rebunched (to match the linac acceptarmkilecelerated to recover its energy. The beam
is then dumped at about 2.5 MeV. Merging the lowrgy and high-energy beams at the entrance of
the linac is done using two weak dipoles with éb8tev solenoid. The linac design assumes the use
of 3rd harmonic cavities for additional control thie longitudinal phase space. The two solenoids
with opposing fields in the cooling section aregwsed to eliminate the coupling in the ion beam. A
guadrupole matching section between the solenoaistains magnetization [4].

Superconducting solenoid

The superconducting solenoid for electron coolm&HIC is designed for a 1 T field, with an ample
guench margin. The total available space for sitEnis approximately 26 meters. This long
solenoid will be manufactured as two shorter sestiddl3 m each. The two solenoids will have
opposite magnetic field in order to not to introeuwrizontal-vertical coupling to the RHIC lattice.
A dedicated matching section of 6 quadrupole lema#<lip the direction of the magnetization of
the beam between the two solenoids. The soleno&t maet very stringent field quality requirement
with a solenoid field-error below 1x10-5. It willse have concentric arrays of ~150mm long vertical
and horizontal dipole correctors to compensate doy transverse components. These dipole
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correctors will be built using printed circuit t0{5] and will provide corrections of up to 10-3 T
with a maximum operating current of 2 A.

3.1.3 Cooling Times

Electron cooling times grow with beam energy. A®sult, an accurate estimate of cooling times at
high-energy becomes extremely important. An ordemagnitude estimate, typically sufficient for
conventional low-energy coolers, is no longer atalgp. A systematic R&D is presently under way
to simulate high-energy electron cooling for RHRExesently available analytic formulas for the
friction force are different from one another bgignificant factor. In addition, the accuracy oéith
applicability requires detailed examination for &#lectron cooling parameters relevant for RHIC. A
dedicated computer code Vorpal [6] is being devetbpy Tech-X Company to produce a direct
numerical simulation of the friction force and tenchmark available analytic friction-force formulas
for RHIC regime of parameters. After detailed bemnatking, reliable friction-force formulas or
friction coefficients (directly obtained from sinations) will be used in simulations of the cooling
dynamics. Presently, the cooling dynamics is baingulated with the two codes: SimCool [7] and
BetaCool [8].
An initial study indicates that cooling in RHIC faill energy for gold ions and some intermediate
energy for protons is feasible. The RHIC gold besolution is dominated by Intra-Beam Scattering
(IBS), which leads to emittance growth and bears.|&ectron cooling is planned during the storage
phase of the machine to control IBS and reducetantiés to required values (limited by beam-beam
parameters).
Some examples obtained with the BetaCool code (thighparameters of electron cooler given in
Refs.[1]-[2]), which show control of the IBS andltetion of beam emittances and bunch length for
Au ions at 100 GeV energy, are shown in FigureaBd Figure 3.5 , respectively.
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Figure 3.4: BetaCool simulation code: emittance evolution for As foumber of ions in a bunch Ni=1xX}.0
at 100 GeV, with three different electron-cooler currents: 1) numberecfahs (Ne) in a bunch Ne=6x26-
blue (solid line), 2) Ne=8x10— green (short-dash), 3) Ne=12x30 red (long-dash).

Faster cooling times and reduction of beam emiéaman be achieved by adjusting beam current in

the electron cooler or by employing additional npatations with the electron beam, which is
presently the subject of R&D studies.
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Figure 3.5: BetaCool simulation code: shortening of bunch length for 100GexANi=1x16) with the
electron cooler current corresponding to Ne=8%#&{ctrons in a bunch.

For protons at high energy in the range of 100-&&¥, direct electron cooling is not effective.
This suggest a staged cooling [9] for high-enengtgns, were an initial cooling is first done atvlo
energy close to the injection. In addition, thectlon beam area can be varied with time to control
reduction of beam emittances to a desired levdl.loi proton energies in the range 25-50 GeV,
cooling becomes more effective and can be usedritra transverse beam emittances and an rms
bunch length to required values, imposed by amesable beta-star at the interaction point. Figure
3.6 shows an example for protons at a full enefgy0oGeV, which indicates that beam emittances
can be maintained at a required level even whehngpis applied directly at 50 GeV energy.
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Figure 3.6: BetaCool: rms emittance reduction for 50 GeV protons (nwhpestons in a bunch Np=1x1p
with the electron cooler current corresponding to Ne=8xdlectrons in a bunch.
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Since electron cooling is effective only at low &ye protons may be first cooled at low energy and
then accelerated to a required energy. Figure I®Ws emittance reduction for the 27 GeV protons
with the number of particles in the electron buml#r5x13° and Ne=1x1#, shown with red and
green color, respectively. Some reduction of besmnittance with higher electron cooler current
maybe found desirable if the beam-beam limit ircteten beam is relaxed, as in the case of the linac-
ring approach for a collider. Corresponding bunemhgth compression for low and high current of
electron cooler is shown in Figure 3.8 and Figu®e Respectively.
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Figure 3.7: BetaCool: rms emittance reduction for 27GeV protons (NpZLxiith two currents of electron
cooler 1) Ne=5x18-red curve, 2) Ne=1x}b- green curve
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Figure 3.8: BetaCool: rms bunch length compression for 27GeV protons (NP5 it Ne=5x18°
electrons in a bunch.
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Figure 3.9: BetaCool: rms bunch compression for protons (NpZet®7 GeV, with electron cooler current
corresponding to Ne=1x10n a bunch.

The protons, initially cooled at low energy areealetated to a full energy of 250 GeV, where only a
very weak diffusion due to the IBS occurs. For egkanstorage at 250 GeV is shown in Figure 3.10
and Figure 3.11 for protons initially cooled to @ermalized rms emittance of O8n (4.8 um 95%
emittance) and 1.2im (7.2 um 95% emittance), respectively. Cooling of prot@msl Au ion
bunches of even higher intensity is discussed\ppendix A.
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Figure 3.10: BetaCool: Emittance growth at 250 GeV of protons (NpXitidially cooled to an rms
emittance of 0.§im at 27 GeV, with the electron cooler current corresponding to NeZirkDbunch.
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Figure 3.11: BetaCool: Emittance growth at 250 GeV of protons (NpXitidially cooled to an rms
emittance of 1.2im at 27 GeV, with the electron cooler current corresponding to NeZirkDbunch.

In figures fromFigure 3.4to Figure 3.11 time evolution is shown for the rms beam paramsete
However, the process of electron cooling resulta napid cooling of the core of beam distribution.
This feature has a unique application to coolin@ icollider: even for a relatively weak cooling of
rms beam parameters one can get a significant asitjngain as a result of cooled beam core. This
major feature of electron cooling in a collidersisown in Figure 3.12-Figure 3.15. In this example,
the parameters of the electron cooler are chosem sbat the rms beam emittances stay
approximately constant during the cooling time,sa®wn in Figure 3.12 for the unnormalized
transverse rms emittances.
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Figure 3.12: BetaCool code: Time evolution of unnormalized rmigtaaroes for Au ions (N1x1® in a
bunch)at storage energy of 100 GeV for a typical parameters obalecioler with N=6x10".
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Figure 3.13: BetaCool code: Time evolution of longitudinal beaofile (4 o) for the same parameters of
electron cooler as in Figure 3.12.
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Figure 3.14: BetaCool code: Time evolution of horizontal beamlprffic) for the sameparameters of
electron cooler as in Figure 3.12.
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Figure 3.15: BetaCool code: Example of the luminosity increasA@u-Au collisions in RHIC at 100 GeV
due to a cooled beam core (Figure 3.14) even for the case whenstimer@apid cooling of the rms beam
parameters, as shown in Figure 3.12.

A detailed benchmarking of simulation codes is @nély in progress.

3.2 Towards 360 Bunches in RHIC

To achieve a high luminosity in eRHIC, the buncmber in the hadron ring of RHIC needs to be
maximized while the bunch spacing in the hadron eledtron rings needs to be the same. With
larger bunch numbers, and consequently larger lmearants, a number of effects must be addressed.
Among those are

Acceleration of high intensity beams

Vacuum breakdown with high intensities

Increased heat load to the cryogenic system
Instabilities, single and multi-bunch

Long-range beam-beam interactions

Radiation safety concerns with high intensity beams
Injection

NoahkwhpE

3.2.1 360 Bunches Injection

Currently the maximum number of bunches is 112itéichby the injection kicker rise time and the
need for an abort gap. After summarizing the curnrgection scheme, we discuss 3 options to get to
larger bunch numbers in RHIC:

1. Very fast injection kickers

2. Long flattop injection kickers
3. Barrier rf stacking and bunching into the curreBt\2Hz acceleration system
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The first and third option has not been demonsirateanother accelerator with beam parameters
comparable to those required at RHIC. The secortbropesembles injection schemes use at
HERAp, and foreseen for the LHC.

The existing injection scheme

Bunches are transferred from the AGS to RHIC oneiy, and placed into one of the RHIC
accelerating buckets of harmonic 360. With thisesel the harmonic numbers of the AGS and RHIC
are independent. The injection kickers rise fohdaench, and have an integrated strength to provide
a 1.5 mrad kick for the beam of 81 Tm rigidity. Thieker flattop to accommodate a single bunch. In
this way, the bunch spacing is limited by the itit kicker rise time. A gap is needed to allow for
the abort kicker to rise without kicking beam ib@ superconducting magnets. Injection kicker rise
time and abort gap currently limit the number ohtles to 112, with two empty buckets between
filled ones. The main parameters of the existipgation system are listed irable 3.1

Table 3.1: Main parameters for the current injection system for ddrams

Parameter Symbol Unit Value
Beam rigidity Bo Tm 81

Rf frequency fre MHz 28
Harmonic number h 360
Bucket length Ibucket ns 36
Total bunch length lbunch ns 15
Injection kicker rise time tyse ns 95
Revolution time Trev us 12.8
Abort gap tabort VIS 0.85

Very fast injection kickers

If the injection kicker rise time could be shortdnenore bunches could be injected with the existing
scheme. With the existing bucket spacing, buncigtterand abort gap (s@eable 3.}, the injection
kicker rise time would need to be 57 ns or lessvdry other bucket is filled (allowing for a tota
168 bunches), and 20 ns or less if every buck#tad (allowing for a total of 336 bunches).

Reducing the injection kicker rise time in RHIClimited by several conceptual and technological
constraints. The present system is well understowdtl can serve as basis for scaling. The four
injection kickers are in a warm space of 5.4 m fepntpetween the flanges to the Q90 and D9O
magnets. The physical magnet length is 1.12 mtlaae@ffective ferrite length 80 cm. The magnet is
designed as an all-ferrite transmission line with & characteristic impedance. The propagation
velocity was measured to be 3.3 cm/ns (one nirglsgieed of light). The thyratron pulser delivers a
pulse with a 33 ns rise time. In order to avoidtage breakdown, the kicker is presently operated
with a mismatched 28 termination, resulting in an effective rise tinfedé ns.

The design concept for the present kicker systemacaommodate the rise time requirement for a
180 bunch pattern. This can be achieved by operdltia kicker fully matched, leading to a pulse
transit time of 24 ns which together with the pulgse time of 33 ns leads to the required 57 ns.
Necessary changes must address the voltage liomtaxithe kicker:

- Currently only 60% of the available warm spacelisd with ferrite, and a fifth magnet may be
fitted in. The additional magnet can serve to sidhtly reduce the operating voltage while
retaining the present kicker constructions. Alténedy, the transit time in a shortened magnet
leads to gains of about 5 ns in rise time.
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- Another solution would be to adopt conventionaltglkickers designed for 28 to match the
present Blumlein pulser. However, the transit tiwaild be increased to an unacceptable 38ns.
By accepting the reflections at the kicker inpubich the present system tolerates, one can
design the plate kicker for 40, or even 5@, and operate it with matched termination.

Whereas a solution for the 180 bunch pattern iagibde within presently available technology, the
requirements for a single bunch injection with Z0rise time in the 360 pattern are extreme. An
advanced R&D program at the Lawrence Livermore dveti Laboratory (LLNL) has the goal of
achieving 10 ns rise times in pulsers using solatesMetal Oxide Semiconductor Field Effect
Transistors (MOSFET) and Insulated Gate Bipolam$istors (IGBT). Assuming that 10 ns can be
obtained at the current/voltage level requiredydi ns remains for the transit time in the kicker.
Thus, the effective kicker length is limited to 86 provided by 10 units. Although in principle
possible, this solution would require a completadyv injection system, kicker magnets and pulsers,
as well as dramatic technology breakthroughs angsponding R&D efforts.

Long flattop injection kickers

With a long flattop of the injection kickers, a wa@GS fill could be transferred at once.

This would require a new rf system in the AGS ambmpletely new injection system. With about 6
such transfers, RHIC would be filled. For this thecket length in the AGS and RHIC must be the
same. That could be achieved by having a 28 MHzByf the AGS. The circumference of RHIC is
19/4 of the AGS circumference. If the RHIC harmomigmber remains unchained, the AGS
extraction would need to be performed at a norggrtdnarmonic. Furthermore, about 20 times more
intensity would need to be accelerated in AGS thdh the current scheme, while preserving the
transverse and longitudinal emittances. With 208more booster cycles needed to fill the AGS,
some part of the beam would stay significantly Emgt AGS injection, subjecting it to space charge
and possibly intra-beam scattering effects. Thgelawumber of Booster cycles needed to fill the AGS
may also raise issue with the local electricityityti In this scheme, however, the rise time i€ssl
critical issue since a few gaps in the bunch twamld have only a small effect on the luminosity.

Barrier rf stacking

By employing a barrier bucket system in RHIC itirsprinciple, possible to inject a large number of
bunches without constraints from the injection kickise time. A barrier bucket system creates only
a few rf wave forms per turn. In this way, beam barheld in a large part of the circumference, and
new bunches injected in buckets that are then rdeirge the long bunch (segure 3.18. After
injection of all bunches, the beam can be bunché&t the 28 MHz acceleration system, and
accelerated to the store energy.

First consider the rf gymnastics that was usedniiA&S experiments. A schematic plot of the net
voltage per turn for injection above transitionsisown below. Note that the time scale is very
different from what would actually occur so as taka details clear.
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Figure 3.16: Rf voltage (red) and beam current (green) over one turn.

The rf waveform is shown in red, and wall currerdamtor signal in green. A bunch has just been
injected between the closely spaced barrier wawefpmwhile beam is held in a large part of the
circumference. The next step is to adiabaticallydothe barrier between the freshly injected bunch
and the long bunch. The voltage waveform confinhmgright side of the injected bunch would need
to be tuned so that the merge conserves emittaNeezely, the relevant time scale for the merge to
conserve emittance is the time it takes a part@lperform one oscillation in the long bundhig =
Tef/Af. For an rms momentum spreaddpfp = 0.001 one find3,g = 29 s fory= 25.9, which is far
too long to be practical.

The time required for the merge can be shortenéd aviechnique that does not require a change in
the momentum spread of the stored bunch. One wagdomplish this is to shift both the amplitude
and the timing of the waveforms that confine thjedted bunch as the merge proceeds.

initial
no shift
shifted

dp/p

rf phase
Figure 3.17: Phase space distribution of the long bunch, beforaftenda merge without and with shifted
barrier voltage.
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Figure 3.17 shows the longitudinal phase space lzete and after a bunch merge. The red curve
shows the initial phase space boundary of the dtbuach. If the voltage of the barrier between the
stored and injected bunches is simply lowered tkergcurve results. If the process were completely
adiabatic the green curve would have a smaller pedike than shown. However, if the barrier
voltage is simultaneously shifted and lowered,dhue curve could be obtained. The areas under the
blue and red curves are the same. The adiabatcitirthis case is reduced by the ratio of the barri
length to the machine circumference, of order 0dur case. This would allow for bunch transfers
every 300 ms.

Another option is a technique described by K.Y. Mg[10], which employs barrier voltage
waveforms that do not change sign in the mergiggore The bunch is injected off momentum, and
accelerated through the barrier into the storeathumhis is likely to result in an emittance groweth
about 50%.

Summary

To increase the bunch number in RHIC beyond theentivalue, a number of problems need to be
considered. One of the most severe problems isinjeetion scheme. We considered very fast
injection kickers, long flattop injection kickerand barrier rf stacking, to fill close to 360 buashn
RHIC. The parameters of all three options are bdythve operating conditions of any existing
machine. Thus, significant research and developmeargeded for either option.

3.2.2 Pressure Rise and Electron Cloud

This section reviews presently existing limitatioms ion beam intensity due to pressure rise and
electron cloud effects. Plans to overcome the ditimhs in order to increase the number of bunches,
ultimately to 360, are considered.

Injection pressure rise

Pressure rise at the injection has been observeddid, deuteron, and proton operations in the
RHIC. This pressure rise limits operation of 11Ad¢hes with bunch intensity of 1gold ions, and
10**for protons [11].

It has been diagnosed that the injection presssgas due to the electron multipacting, i.e. elatt
cloud. The evidences include,

1. Electron detector signals are very closely relatéti the pressure rise, at onset, saturation,
and drooping.

2. Pressure rise and electron signal are very seadiithe bunch spacing, 112 bunch mode is
much worse than 56 bunch mode. Note that the satystio bunch spacing is an important
characteristic of the electron cloud.

3. Bunch gap helps.

4. Solenoid field at 5 to 50 Gauss can suppress basspre rise and electron signal, but not
completely.

5. Beam scrubbing has been demonstrated helpful urcheg pressure rise.

On the other hand, the electron cloud observetheaRHIC is different from other machines. For
example, the RHIC electron cloud takes place atbtlmech spacing of 108 ns or even 216 ns. All
other machines have much smaller bunch spacing.

1. The B factories, KEKB and PEP II, have bunch spaoi¥ ns to 8ns.
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2. Electron cloud was peaked at 20 ns of bunch spaitite APS of Argonne.

3. SPS observed electron cloud at 25 ns bunch spadihghe threshold of bunch intensity of 3
to 4x10d° protons. At the bunch spacing 130 ns, no electfondcobserved at the bunch
intensity of 25x10 protons.

4. Tevatron observed electron cloud at 18.9 ns bupahisg with the bunch intensity of 4x£0
protons. The situation is very similar to SPS. Tleeatron Run Il plan calls for 132 ns bunch
spacing with bunch intensity of 710" protons.

The RHIC pressure rise and electron cloud haverakwsstinguished characteristics from other
machines.

1. It only takes place in warm sections, and the pmessse distribution in the ring is very un-
uniform. When pressure rise at certain locatiorgd)igh enough to close the vacuum valve,
many locations have none. The worst locations rmlap change.

2. Given same chambers, the beam intensity threshate 83 to Q4 straight section, 34 meters
long, is only 60% of that at the interaction sthdigection, which is 17 meters long.

3. No noticeable cryogenic heat load has been obsemagkther with the absence of electron
cloud induced beam instability and emittance growthis believed there is no electron
multipacting at the RHIC cold region.

4. RHIC pressure rise decreases at the ramp, andnibrisexistent at the store. In SPS, the
electron activity was stronger at the store thaheinjection [12].

It is suspected that the beam halo scraping awtle which generates mostly positive ions, may
have helped the secondary electron to survive lmngch gaps, and makes electron multipacting
possible. If this is the case, then most RHIC igecpressure rise observations can be explained.
During the 2003 polarized proton run, a beam sangplivas studied. Total high intensity beam
scrubbing time was less than 1 hour. However, bgsenibbing effect was observed not only in the
locations with highest pressure rise, but alsatheis with non-trivial pressure rise. The feasipibf
applying the beam scrubbing in RHIC to allow fogler beam intensities has been confirmed.

In Figure 3.18, it is shown that for locations witigh pressure rise at about 5¥I0orr, the pressure
rise kept about the same for 3 fills. For locatignth medium pressure rise of about 5XIrr, the
pressure rise increased. For locations with loveguee rise at less than 55€I0orr, the pressure rise
of 3rd fill is about 2.5 times higher than the fif8l, which is approximately reflecting the beam
strength in terms of exciting electron multipacting

In Figure 3.19, the scrubbing effect at all locasion the ring is displayed against the dose. e
the dose is defined as the pressure rise timdsetds® scrubbing duration.

For RHIC operation, the complete elimination of timgection pressure rise is not necessary.
Therefore, a limited time of high intensity beam might be sufficient to allow beam injection with
higher intensity.
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Figure 3.18: Typical pressure rise pattern for three diffenenips, with the high, medium, and low pressure
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Figure 3.19: Beam scrubbing effect. Unit 1 means no scrubbing effect. Rexdelfis the Q3-Q4 single beam
straight sections. Black dots are special ones in sections 4 and 10. Blaeedfiair interaction regions.
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Transition pressure rise

The beam transition pressure rise for heavy iomatjmas is another intensity limit for the RHIC. In
Figure 3.20, the transition pressure rises in teeteton-gold (d-Au) run at IR2(BRAHMS),
IR1I0(PHOBOS), and IR12 are shown against the th&m intensity. Intensity unit is charge
equivalent to 1e9 Au ions.

Pressure rise, Torr

a0 100 110 120 130 140
Total intensity —

Figure 3.20: Transition pressure rise at IR2 (red), IR10 (cyan), IR12 Iblack

The characteristics of this pressure rise are lasifs:

1. The pressure rise is quasi-exponentially propodgiom the total beam (charge) intensity.

2. For same intensity, no difference between 56 bwamzh112 bunch modes can be identified.
The absence of bunch spacing efect indicatestieatransition pressure rise is not dominated
by the electron cloud. Another evidence is thatetectron multipacting signal has been
detected at the transition.

3. In Figure 3.20 most high intensity ramps are included, wherehtbam loss at the transition
varies from less than 1% to larger than 10%. Thsaeably narrow band in the pressure rise
distribution indicates that the beam loss is ndbminant factor.

4. The pressure rise is not related to the ion speties gold beam intensity was considerably
higher than the deuteron in early run. After thatdeon bunch merge in the AGS Booster, the
deuteron intensity was much higher than gold bédondifference can be identified regarding
to these different beams. Since the gold ion ga®rgéon cross section is about 79 times
larger than the deuteron ion, this indicates thatgas desorption is not a dominant factor in
the transition pressure rise.
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It is found that the transition pressure rise is,tbbe other hand, related to the beam momentum
spread:

The beam momentum spread is 0.17% at the injectios,peaked at 0.3% at the transition, and
decreases afterwards. The pressure rise folloves ghitern. In proton run, the beam momentum
spread decreases in the acceleration, and theupeasse decreases as well.

The bunch length seems not a dominant factor in tthasition pressure rise. At the beam
rebucketing, where the bunch was captured in 20@ BtHrage cavity, the bunch length reduces to 5
ns, the same as that at the transition (the bedaemipal at the rebucketing is actually 37% highnemt
that at the transition due to the smaller tran®vsize), yet no rebucketing pressure rise obsdarved
the d-Au run.

The total storage cavity voltage was 2.5 MV in d+Am. At the rebucketing, the beam momentum
spread was 0.17%, the same as that at the injeeimhmuch lower than 0.3% at the transition. This
may explain the absence of the pressure rise aebueketing.

In Run 4, two more common cavities have been cosioned to increase the total rebucketing
voltage to 4 MV. The beam momentum spread at thacdleting becomes larger than 0.19%. The
pressure rise was observed at several interactigions. Much higher storage voltage and the better
rebucketing imply higher beam peak current and bgstential. Accordingly, some electron
multipacting may have been observed at the rebuncket Run 4.

The transition pressure rise had caused seriousriexgnt background problem in d-Au run. For
same luminosity, 56 bunch mode requires 30% letd totensity than the 112 bunch mode.
Switching from 112 bunch mode to 56 bunch, the erpmnt background was significantly
improved. One might expect that the background Iprobwill be relevant again at higher beam
intensity, since given 56 bunch mode, the lumiryositreases at the square of the bunch intensity,
whereas the transition pressure rise is quasi-exgai to that.

Some NEG (non-evaporable-getter) pipes have bestalled in the RHIC rings for test. Very rough
surface of the activated NEG coating is essentalbetter pumping. As by-products, the SEY
(secondary electron yield) and electron desorpteductions have been measured for the NEG
coating, where the rough surface may have cont&thulo alleviate the transition pressure rise, ion
desorption reduction might be more important. Tleadon this aspect is, however, less than
sufficient. The NEG pipes in RHIC have made possibt the evaluation on ion desorption, and also
other issues, such as the activation conditions#teration effect, the aging, venting effect, gues
dust, and impedance problem, etc.

For same purpose, a test stand has been buik diathdem Van de Graaff. Different activations will
be tested, and also the ion desorption on theashahgle ion beam scraping on stainless steel and
NEG surface will be compared.

Scenario of 360 bunches in RHIC

In the scenario of 360 bunches in the RHIC, noy dné injection and transition pressure rises, but
also a usual electron cloud may take place for Ipotiton and heavy ion beams. With the bunch
spacing of 35 ns, eRHIC is very similar to SPS BHE in terms of electron multipacting. In Table

3.2, the eRHIC heavy ion and proton parameters@rgared with the SPS and LHC, whé&E) is
the energy gain per bunch passing.
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Table 3.2. Parameters defining electron multipacting for eRHIC, SPSHDd L

Injection/store eRHIC,Au eRHIC,p SPS LHC

Kinetic energy,E,, GeV/u 8.9/100 24/250 26/450 450/7000
Charge per buncNg;, ,10* 0.79 1 1 1

Bunch spacingt,s, NS 35 35 25 25
Chamber radiud), cm 3.45 3.45 2.5 1.74

Beam radiusa, mm 3.0/0.93 1.9/0.59 3.2/0.78 1.15/0.293
Energy gain(AE), eV 104/154 198/277 267/450 728/1095

The bunch spacing is one of the most importantrpaters. In general, larger the bunch spacing, less
the secondary electrons survive the bunch gaphayicer SEY is needed for electron multipacting.
The 35 ns bunch spacing at the eRHIC is onlyla lgirger than the 25 ns at the SPS and LHC.

The second most important parameter is the endrgyetectrons gained during the one bunch
passing, which is

_ e (NyeZ) (b
<E>—ﬁ(wj |n(—aj (3.1)

where Z, =377Q is the impedance in free space, andis the mass of electron. Most important
factor affecting(AE) is the bunch intensity.

The intensity threshold at the SPS was considelablgr than the LHC beam requirement. It was 5
to 6 1Qo at the straight sections, and 3 to 4x&0 the dipoles. Only after several days of beam
scrubbing, the LHC beam requirement was achieved.

For normal electron cloud, eRHIC have several resues to deal with.

1. Electron multipacting in cold region. The chambadius at the cold region is 3.46 cm,
compared with 6.1 cm at warm sections. The multipgcthreshold at the cold region is,
therefore, lower. Once electron cloud built up, tngogenic heat load will be of concern.
Experiment data at the CERN SPS shows that thelbadtis larger than 1.2 W/m under
electron multipacting, which is not acceptableRb#IC cryogenic system [13].

2. Since the cold region consists 3/4 of the RHIC rittige electron cloud induced beam
instability and beam emittance will be of concern.

3. Electron cloud will present not only at the injectj but also at the ramp and storage.

4. Electron activity in dipole and quadrupole becomasvant. The multipacting threshold at
the dipoles is lower than that at the straightisast Moreover, since the electron dose stripes
in dipoles vary according to the bending field dy&hm intensity, the scrubbing is more
difficult. As for quadrupole field, it is suspectétk electrons are trapped there and stay for a
long time.

The pressure rise at the cold region is probablyamroblem, thanks to the cryogenic pumping.

Plans

RHIC pressure rise
Active study is undergoing at the RHIC in searchiog the pressure rise and electron cloud
remedies. Collaboration items with the eRHIC effodude,
1. Beam scrubbing, which has been demonstrated irciple but further study is needed for
incorporating it to the operation. First for protoeam, then for heavy ion beam.
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2. Beam scraping study of ion desorption. The ion gegm of high energy particle at glancing
angles is still a pending issue. At the RHIC Rurwdrm dipoles will be used to actually
scraping ions at the wall to measure the ion desorpate. Measurement will take place for
both stainless steel and NEG pipes for comparison.

3. The relation between the beam momentum spreadhanttansition pressure rise remains to
be clarified. By changing the RF voltage at theésron, this can be studied. The approach
has a potential to provide a remedy for this pressge.

The RHIC effort in reducing the beam induced pressise is past two years has already gained
much better understanding and the machine impronemdese efforts, such as baking, solenoid,
beam scrubbing, beam injection pattern, and NEGirgavill likely to take effect and gradually
improve the RHIC performance.

Electron cloud
The 360 bunches mode cannot be studied at the RHiI€{o the lack of beam injection apparatus.
Since the situation will be very similar to the LH& collaboration should be pushed forward.
Fortunately the intense studies have been undeggimin several years in the CERN, including
numerous beam experiments at the SPS, simulati@htheeoretical efort. Suggested collaboration
items include,

1. Heat load problem. Experiments at the SPS, dutieg2003 run, have shown that the heat
load is significant enough to be treated serioUslyther data are of interest.

2. Electron activity at dipoles and quadrupoles.

3. Beam scrubbing efect at the cold region. Also iI028PS experiment, it was found that the
cold region scrubbing was much less effective thai at the warm region [13]. According to
these results, the current LHC plan calls for afligi using not higher than 4010 protons per
bunch for 25 ns bunch spacing, and/or a 75 ns bspabing injection. The lengthy scrubbing
scenario is under study, which is pending on séuertknowns, such as the possible beam
instability during the scrubbing, the maximum hdés&d can be tolerated, and magnet
guenching problem.

The eRHIC-LHC collaboration should be on both ekpental and theoretical aspects, and
simulation will be an important tool.

180 bunch scenario
Given luminosity unchanged, it is of interest tadst the benefit of using larger bunch spacing and
higher bunch intensity.
Issues related with the 180 bunch (70 ns bunchirgggevith 40% increase in bunch intensity,
include,
1. Electron activity will be reduced compared with t8&0 bunch mode. The decrease of the
electron activity is more than linearly proportibria the inverse of bunch spacing. The
experimental data of the SPS are shown in Tabl¢13]3

Table 3.3. Bunch intensity threshold versus bunch spacing from SPS experita¢atal
Bunch spacing 25 50 75 ns
Bunch intensity threshold 0.3 0.6 1.2 40

2. In 180 bunch scenario, the total beam intensityesuced. This will benefit at least the
pressure rise in warm sections, perhaps more.
3. Heat load needs to be estimated, including thetresiwall contribution.
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4. Beam scrubbing needs to be studied.

3.2.3 Beam Abort Issues

The general issue considered in this section 8hat extent an upgrade of the present RHIC beam
abort system is required to cope with the eRHIGgekevel beams. An eRHIC proton beam would
contain 360 1x1H proton bunches at an energy of 250 GeV. The dpas#fue which appears most
likely to require some upgrade is the likelihoodttheam “punch through” from a well-controlled
dumping of a design level eRHIC proton beam wouldregh the magnet downstream of the dump
absorber. In addition the increased heating argsts in the steel section of the absorber neleel to
revisited.

For reference the present Accelerator Safety Epee(ASE) limits beams in RHIC to be less than
(120 proton bunches of 2xT(particles each at 250 GeV). The ASE also setsmaxi numbers for

a gold beam, namely (120 gold bunches of 2xgdld ions at 100 GeV/u). The gold situation is
relevant here to the extent that we try to leaomfigold experience - past or future. The proton and
gold ASE limits correspond to machine setups wihat magnetic fields or currents in the RHIC
superconducting magnets and hence to magnets gunvith equal beam-heating margins before
guenching. The proton and gold limits also correspto approximately equal radiation “dose”
creation outside the machine shielding for a ldsthe same fraction of the entire beam. The two
ASE limits do not necessarily correspond to eqis&isrfor beam induced quenches. That the present
proton ASE would be exceeded by 50% for the eRHi€igh is not the subject here, but of course
this dose production is a major ASE issue, whict méed to be reconsidered. Also any proposed
near-term beam tests toward understanding the duosprber behavior during an eRHIC size beam
dump must still cope with the RHIC ASE.

Present experience with dumping high intensity keengiven (approximately) by gold beams at 100
GeV/u and with 60 x 1xT0ons and by proton beams at 100 GeV and with 620" protons. The
100 GeV proton experience teaches us little siheentagnets are powered with only 40% of the
current required for eRHIC. The quench margin igdaThe gold experience is with the right RHIC
magnet currents — the right quench margin. Theé betam energy is lower that eRHIC by a factor of
six. As will be mentioned again below, this is tid only trouble with gaining relevant information
from gold dumps.. Simulations have indicated tloatgold and proton beams with equal energy the
magnet heating from beam escaping the dump absmrlmet equal, and unfortunately higher by a
factor of 2 -3 for the proton beam.

Experience with the present abort system religbiidis not been satisfactory in that the system has
“prefired” too frequently. A prefire means that ooat of the abort system’s five PFN-magnet
modules has triggered spontaneously causing tiseoliolhe circulating beam. The prefire starts with
a very weak kick given to some of the beam and whth rise of the abort magnet currents not
synchronized to the “abort gap” present in theutattng beam. A fast “retrigger” circuit greatly
reduces the damage from such events (at leastsatrpansities) to the RHIC experiments, but has
not prevented many magnet quenches (and lost bheaa) tThe damage from prefires would scale
with the intensity of circulating beam. With a factof six more beam in the machine, losses
marginally tolerable now would probably be intoldea This situation is already not acceptable and
so the problem will be solved or at least greatiproved independent of eRHIC.

The beam energy available for deposit into the davgorber is larger than our present experience
by the factor of six. As a result the heating ia #bsorber will increase significantly. For the RHI
design this general subject was studied and repameby A.J.Stevens in [15]. The initial energy
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deposition as the beam enters the dump absorlpeedscted to be not as severe for eRHIC as for
even our present running conditions with gold du¢he "Z” dependence of the initial ionization
energy loss. The maximum stresses in the downststaat section will increase, and need to be
revisited. For the geometry studies in the '92 ntitey were shown to be acceptable with RHIC
design intensity. Stevens’ work was done with asodber design somewhat different from what was
actually built several years later. In particula is working with an upstream carbon section 1.5
meters long while the constructed absorber hasn@t2rs of carbon [16]. The longer carbon section
will reduce the peak stress in the steel. Anotlpgrade to attack this problem is suggested in the
introduction section of [17], namely to add a w&atisweeping magnet upstream of the absorber to
further spread the incoming beam over the absddmss. Temperature issues with a longer time
constant are also relevant. The Beam Dump secfitimledRHIC Design Manual states that a system
to actively cool the absorber is unnecessary famniseup to four times RHIC design and bumped
once per hour. The eRHIC design intensity wouldiregrevisiting this aspect of the situation.

Now the “punch through” issue is discussed. Thestjan is: will the magnet (Q4) just downstream
of the dump absorber quench if an eRHIC desigmsity beam is dumped in a well-controlled way?
Two RHIC reports by A.J. Stevens [18],[19] dealhwihis subject. The earlier report uses a less
specific model for the vacuum chamber and magnategéry. The second is fairly close to what was
actually built.

Some of the conclusions from these reports are sumetd here. For a geometry close to that built,
and with several conservative assumptions desciib#te reports, there is no margin for quenching
at the RHIC design proton running conditions — @tbéinches each with 10protons and at 250
GeV. This at face value implies that the eRHIC ¢toidl would push Q4 over the quenching limit by
the factor of six. Also in these notes, and as meatl above, Stevens reports that simulations
suggest 19gold ions at 100GeV/u creates a lower hot spghénmagnet coil than 1bprotons at
250Gev by a factor of 2 to 3. Stevens simulatedpmssible modification from what became the as-
built geometry, namely using a beam pipe for thanbeirculating just beside the primary dump
absorber with a 3mm wall thickness vs the “as-budile5mm. This change increased the predicted
guench margin by a factor between 2.5 and 5. Sgeabo suggested adding a shielding “collar” at
the upstream end of Q4, (the design manual spdakdding a Q4 liner), and magnetizing the steel
of the dump absorber as potentially effective modifons. He notes but does not quantify, that the
amount of punch through is sensitive to the sizéhefabort kick — so a stronger kicker would also
decrease the heating in Q4. Clearly there neede tadditional simulation work with the present
geometry to see how significant a redesign is requio satisfy eRHIC, and the work by Stevens
points in some reasonable directions.

Can any information be deduced from the fact RidtC is no longer just a paper machine? Q4 has
not quenched during dumps. This is a necessaryitemmdo believe the past simulations, but not
useful beyond that. Gold at 100 GeV/u and at th& Afensity limit would be interesting, but again
not sufficient since it is expected that gold isslesffective in generating the quench conditions.
Protons only get interesting at 250 GeV, which @ a planned running configuration for a few
years. If this condition were available, then dungpat the proton ASE is certainly interesting, sinc
that condition is only 50% away from the eRHIC desiThe injector is not a limit for proton
intensity, so doing such a test is not completebzyg, though obviously RHIC must be able to
accelerate the beam.
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3.2.4 Cryogenic Load Limit

RHIC is a superconducting machine and all its m&gndipoles and quadrupoles, are
superconducting magnets. Because of this mosteoRtHIC beam pipe is at cryogenic temperature.
The limit on allowable heat load on the walls o€ tbold vacuum chamber provides a serious
limitation on the total beam intensity which candiered in ion rings. The capacity of the present
refrigerator of the RHIC cryogenic system defitiegs maximum allowable heat load at the level of
0.5-1 W/m. Two dominating sources of the vacuupepieat load are pipe heating by the image
current of the beam due to finite wall conductaad heating produced by the electron cloud.

The vacuum pipe used at the RHIC is made from Is&snsteel with the conductivity of
o=2uQ"'m™* at 4.2K. Heat load produced in the resistive wafishe vacuum pipe depends on
bunch intensityN,, number of bunched in the beam and on the rms length of individual

bunch. To evaluate the pow& of the resistive heat load the expression derineithe paper [20]
has been used:

1
P=212)R|—| exp-rfa? 3.2
2 (nj o(-ria?) (3.2)
where |, is the average beam currenty =Mg, /R, and R,is the average ring radius. The

parameters of critical resistané® and critical harmonic numbey, are defined by properties of the

vacuum pipe such as the conductivity, mean frel leaigth for electrons and the pipe radius. For the
RHIC stainless steel vacuum pipe at 4.2K tempegahase parameters are equal to:

_8.0x10"
t M
Due to very large value afi, the anomalous skin effect is not important for &t¢IC vacuum pipe
and is not taken into account in the expressia?)(3Figure 3.21 shows results of resistive head lo
calculations versus rms bunch length for differemmber of bunches with 10 proton bunch
intensity . At 360 bunches the heat load limit & W/m is reached a7, =12cm. The rms bunch
length value for eRHIC operation, 20cm, stays byertban factor 2 below the cryogenic limit, thus
providing necessary safety margin.
Since the result of the infinite summation in tregpuation (3.2) is approximately proportional to

M o7 ¥? the resistive heat load power is proportionaMdN? . Then for the eRHIC luminosity in
cryogenic load limitR,, , at fixed bunch length, one gets dependerce:R,, /N, . It shows that at

the same total proton current increasing the nurobearticles per bunch effectively leads to lower
luminosity. Increasing the number of bunches wtidereasing the bunch intensity would be a way to
go to higher luminosity. But it will require thersaus upgrade of RHIC RF system.

e

R =6.04x 16 Q,
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e 120 bunches
e 180 bunches

e 360 bunches

Total linear power, W/m
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rms bunch length, m

Figure 3.21:The resistive heat load power per unit length versus rnts leagth for different number of
bunches with the intensity of ¥@rotons per bunch. The maximum allowable load defined by RHIC
cryogenics is about 0.5 W/m.

The heat load contribution from electron cloud nhidde very important as demonstrated by
experiments done at SPS accelerator at CERN. dadtrhore than 1 W/m has been observed there
at similar to RHIC bunch intensities but with srealdistance (25ns) between bunches [13]. The
subject will require careful studies to evaluatmoatribution from this source of heat load for eRHI
parameters.

3.3 Instabilities

At present we are most troubled by single buncinstrarse instabilities near transition. The
transverse impedance model is low by about a fagtd® [21],[22] , so we will scale the most
extreme conditions from the last run to obtain shodd estimates.

For a short range transverse wake field, the rigitle betatron tune shift i&Q=KyZI /Ay,
where K, is a constant that depends only on the latticeraadhine impedance, Z and A are the
atomic number and mass of the idp, is the peak beam current, apds the Lorentz factor. When

the rigid mode tune shift becomes too large, inbtigls can result.

The fast head tail, or transverse mode couplimgtability threshold is reached when the rigid mode
tune shift becomes comparable to the synchrotroa.turhis threshold also depends on the relative
length scales of the bunch and the wake field [28], For a general wakefield the dependence is
fairly complicated but since the instability is dtee coupling between low lying snychro-betatron
modes a pessimistic estimate can be made by asguh@hthe wakefield is a step function. In this
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case the instability threshold for a rectangulardbuis given byAQ =Q, /2 For a 2 particle model
one getsAQ = Q, /77, suggesting that the estimate is fairly robust.

For unstable transverse microwave modes the thigsis AQ =K, |E+nn|d+q, where K, isa
constant of order unity¢ is the un-normalized chromaticyn = f / f, is the ratio of the instability
carrier frequency to the revolution frequengyjs the frequency slip factog is the fractional, rms
momentum spread, and q is the rms detuning withttoet amplitude. For £ =q=0, and 1/ f

equal to the bunch length, the transverse microw&weshold is similar to the fast head-talil
threshold. Direct addition of the detuning and reatnm dependent damping terms is a rough
approximation and more accurate formulas will besidered in the future.

A high intensity study from May 30, 2003 sets sgdimits on the various thresholds.

Six bunches of 2x10" protons with| » = 55A were stored withy =25. The rms bunch length

was o, = 23ns, so co, = 70cm. The synchrotron frequency was abo2®Hz and the 95%
normalized transverse emittance was between 12%amnan-mrad.

The rms detuning with amplitude was calculated frarmodel to beq=2x10". Since the
synchrotron tune wass3x10™ , the damping from each source is comparable. €RIHIC
operations the synchrotron tunes will be no sméfan those during the study. If we assume tlet th
octupoles can always be tuned to give the sametums spread then thresholds during eRHIC
operation can be estimated by demanding that tiid mode tune shift be no larger than it was
during this study. Takeo, =15cm, which is the nominal bunch length during collisior eRHIC.
The maximum bunch intensities calculated by thighoe are shown in the third column of the

Table 3.4.
Table 3.4: Estimated bunch intensity thresholds for differentspacid energies.

gamma Species Threshold, samAQ
25 Protons 4.3E10

107 Protons 1.8ell

250 Protons 4.3el11

107 Gold 5.8e9

As one can see from the Table 3.4 the low and medinergy protons are the most worrisome.
However, by demanding the same tune shift we hagkented a significant benefit from the shorter
eRHIC bunches. Since the eRHIC bunches are lasshailf as long as the bunches during the study
, the synchrotron frequency in eRHIC can be moas tlouble the value during the study without
increasing the momentum spread of the bunch. o,Alse octupoles were off during the study and
operations with gold beams have shown that an ot#tipduced tune shift of comparable magnitude
to the tune shift from the bare lattice can beraikrl. Therefore, it is likely that careful tuningl
allow for double the intensities in the third coluiof the table.

With the exception of transition, single bunch ldadinal instabilities have not been observed in
RHIC. These instabilities occur only when the aehé synchrotron tune shift becomes comparable
to the synchrotron tune. This is equivalent to dediteg that the induced voltage from the machine

impedance be comparable to the rf voltage. Settiage equal givesZ/n|l = hw?o?V,, where
|Z/n| is the broad band impedance, h is the rf baircnnumber, and/,; is the amplitude of the rf

voltage. The most stringent condition occurs footgns with y =25 since the proximity to
transition reduces the allowed rf voltage. If \a&e the conservative value o /n=3jQ and the
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same momentum spread as was obtained during ttie she finds a threshold intensity d8x10"
protons per bunch. The actual impedance nearitiangs about half of the conservative estimate so
no longitudinal single bunch instabilities are extpd in eRHIC.

With short bunch spacing and large average curcenipled bunch instabilities are a concern. Both
short and long range wakefields along with the sesirand amounts of collisionless damping
available are key points. Since both longitudiaatl transverse single bunch instabilities are not
expected the short range wakefields are not langeigh to overcome the collisionless damping.
Therefore, we expect coupled bunch instabilitiely drthe tune shifts due to long range wakefields
are larger than the tune shifts due to short ramgkefields. The transverse impedance due to
resistive wall, abort kickers and unshielded bedss shown in Figure 3.22: Transverse resistance
(red) and reactance (blue) from the RHIC impedanacdel. Figure 3.22 and the resulting rigid mode
coupled bunch tune shifts are shown in Figure 3.23.
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Figure 3.22: Transverse resistance (red) and reactance (blugh&ddiIC impedance model.

eRHIC ZDR 142



Chapter 3: lon Beam

0.0004 I B

0.0002 - Mé%; :

-0.0002 |- .
-0.0004 .
-0.0006 - .
-0.0008 - .
-0.001
-0.0012 | n
-0.0014 .

.0.0016 I R R Ry N N B
0 5 10 15 20 25 30 35 40 45 50

mode number

tune shifts

Figure 3.23: Real (red) and imaginary (blue) tune shiftdte rigid coupled bunch modes of protons with
eRHIC parameters gt = 25. All Landau damping is neglected.

Near the peak of the resistive wall growth ratenatle number 29, the magnitude of the coherent
tune shift is about 50% larger than the value foals mode numbers.

This is not too great a difference so if single dduimstabilities are absent we expect no problems
from transverse coupled bunch modes. If thergarlems then the maximum growth rate in figure
2 corresponds to an e-folding time of 5 millisecenathich should be fairly easy to damp. Once the
beams are brought into collision the nonlinear béaam forces will enhance the tune shift with
amplitude providing even more transverse damping.

Longitudinal coupled bunch modes have not beeniesdush detail, but no serious problems are
expected.

3.4 Beam Polarization Issues

Motion without snakes or spin rotators

To achieve a high energy polarized proton beamimegsj@n understanding of the evolution of spin
during acceleration and the tools to control iteTévolution of the spin direction of a beam of
polarized protons in external magnetic fields saslexist in a circular accelerator is governedhey t
Thomas-BMT equation[26],

dP e ~ o=
dt _(y_mj[GVBN(l* G) B x P @3
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where the polarization vectoP is expressed in the frame that moves with theigbartHere
G=(g-2)/2 is the anomalous magnetic moment coefficient, &dand B, are the respective

longitudinal and perpendicular components of thgmetic induction in the laboratory frame. This
simple precession equation is very similar to tbeehtz force equation which governs the evolution
of the orbital motion in an external magnetic field

dv e Irs

—=—|— || B, |xV, 34

dt (ymj[ -] oo
whereV is the proton’s velocity. From comparing these sgoiations it can readily be seen that, in a
pure vertical field, the spin rotat€sy times faster than the orbital motion. HeBe=1.792€ is the

anomalous magnetic moment coefficient of the praod y is the Lorentz factor. In this case the
factor Gy then gives the number of full spin precessionsefary full revolution, a number which is
also called the spin tung,,. At top RHIC energy (250 GeV) this number reache8. Parameters for
protons as well as a few other ion species arengivelable 3.5. The Thomas-BMT equation also
shows that at low energigg’ =1) longitudinal fieldsg, can be quite effective in manipulating the
spin motion, but at high energies transverse figidsneed to be used to have any effect beyond the
always present vertical holding field.

Table 3.5. . Parameters for various polarized species. While deudsirtium ions are not presently being
considered, they are included for reference. Parameters fooakeatr10 GeV are also shown for comparison.

p ZH* HT *He* e
m [GeV/c?] 0.9382720| 1.875612] 2.80892822.8083912| 0.0005109989
G=(g-2)2 1.79284734 -0.1426177| 7.918194 -4.18396  0.001159652
mc’/ G [MeV] 523.3418 | 13156.49| 354.7435  -671.2216 440.6485
Ry = R/ alTm] 81.113 81.113 81.113 81.027
U, [GeV] 24.335 24.364 24.479 48.664
U;/n [GeV] 24.335 12.182 8.160 16.221
Vioi 25.9362 13.0034 8.7146 17.328(
Gl 46.500 -1.854 69.004 -72.500
Riore = Peiord A [TM] 833.904 833.904 833.904 833.904 33.356
Usiore [GEV] 250.000 250.005 250.014 500.004 10
UsadN [GEV] 250.000 125.003 83.338 166.668 10
Vetore 266.4473 | 133.2926]  89.0069  178.0394 19569.54
Gletore 477.699 -19.062 704.774|  -744.91f 22.6938

eRHIC ZDR 144



Chapter 3: lon Beam

The acceleration of polarized beams in circularebators is complicated by the presence of
numerous depolarizing resonances. During acceberata depolarizing resonance is crossed
whenever the spin precession frequency equalsréogiéncy with which spin-perturbing magnetic

fields are encountered. There are two main typedepblarizing resonances corresponding to the
possible sources of such fieldmperfection resonancesvhich are driven by magnet errors and

misalignments, anphtrinsic resonancedriven by the focusing fields.

The resonance conditions are usually expressedrinstof the spin tune,,. For an ideal planar

accelerator, where orbiting particles experiendg tre vertical guide field, the spin tune is eqteal
Gy, as stated earlier. The resonance condition fpenfection depolarizing resonances arises when

v, =Gy =n, wheren is an integer. Imperfection resonances for protmestherefore separated by
only 523 MeV energy steps. The condition for irgraresonances g, =Gy = kPtv , wherek is
an integer,v, is the vertical betatron tune ané is the superperiodicity. For example at the
Brookhaven AGS,P=12 and v, =8.8. For most of the time during the acceleration eycthe

precession axis, or stable spin direction, coirgiéh the main vertical magnetic field. Close to a
resonance, the stable spin direction is perturlveslydrom the vertical direction by the resonance
driving fields. When a polarized beam is acceleratierough an isolated resonance, the final
polarization can be calculated analytically[28] andiven by
_rief

P /R =2e % -] (3.5)
where P and P, are the polarizations before and after the resmmarossing, respectively, is the
resonance strength obtained from the spin rotatfathe driving fields, andr is the change of the
spin tune per radian of the orbit angle. When teanb is slowly @& < |£|2) accelerated through the

resonance, the spin vector will adiabatically fallthe stable spin direction resulting in spin flip.
However, for a faster acceleration rate partial oiemzation or partial spin flip will occur.
Traditionally, the intrinsic resonances are overedm using a betatron tune jump, which effectively
makesa large, and the imperfection resonances are ovexaaith the harmonic corrections of the
vertical orbit to reduce the resonance strengfR9]. At high energy, these traditional methods
become difficult and tedious.

Effect of Siberian snakes

By introducing a ‘Siberian snake’ [30], which gesess al80 spin rotation about an axis in the
horizontal plane, the stable spin direction remaimgerturbed at all times as long as the spiniortat
from the Siberian snake is much larger than the spiation due to the resonance driving fields.
Therefore the beam polarization is preserved duaitigleration. An alternative way to describe the
effect of the Siberian snake comes from the observahat the spin tune with the snake is a half-
integer and energy independent. Therefore, neithperfection nor intrinsic resonance conditions
can ever be met as long as the betatron tunefeselit from a half-integer.

Such a spin rotator is traditionally constructedusyng either solenoidal magnets or a sequence of
interleaved horizontal and vertical dipole magrmatsducing only a local orbit distortion. Since the
orbit distortion is inversely proportional to theomentum of the particle, such a dipole snake is
particularly effective for high-energy acceleratoesy. energies above about 30 GeV. For lower-
energy synchrotrons, such as the Brookhaven AGB weéaker depolarizing resonances, a partial
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snake[31], which rotates the spin by less th&0, is sufficient to keep the stable spin direction
unperturbed at the imperfection resonances.

Acceleration of polarized protons

RHIC pC Polarimeters
P— o [0 BRAHMS & PP2PP (p)

PHOBOS

AC Dipole

~ o
Spin Rotators Siberian Snakes

Partial Siberian Snake

Booster

Pol. Proton Source

i
¥~ AGS Internal Polarimeter
YSRf Dipoles

Figure 3.24. Present layout of RHIC accelerator complex for polarizeshgrot

200 MeV Polarimeter

Each snake and rotator is composed of four hetlgale magnets[32]. Helical field magnets have
some distinctive advantages over more conventivaakverse snakes or rotators: (i) the maximum
orbit excursion is smaller, (ii) the orbit excunsits independent of the separation between adjacent
magnets, and (iii) they allow an easier controltted spin rotation and the orientation of the spin
precession axis.

In an ideal helical dipole magnet to be used far murposes, the central dipole field should rotate

through a complet&860 from one end of the magnet to the other. In a neadnet, of course, the
fields at the ends of the magnet will also contigbto the particle dynamics. We require that the

integraIsIBxdé anijydf are both less than 0.05 Tm. The maximum body fraltthus rotate

through an angle less th&60 along the axis of the magnet. Moreover, in oraesitplify the
construction of the snakes/rotators, a solutionidees found with all magnetic modules identical in
both devices. For the snakes each helix is rightieéd with the field at the end being vertical. H
rotators, the helices alternate between right aftchbndedness with the field at the end of eatik he
being horizontal.

The orbit though an ideal helix will have the inaaghand outgoing rays parallel but transversely
displaced. In order to have a net displacementeod through a snake we require that the offset be
canceled by powering in pairs with opposite fielflse inner pair are wired in series with opposite
polarity and powered by a common power supply. dbeer pair are also wired in series with
opposite polarity to a second supply. Figure 3125\s the field components, design orbit, and spin
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rotation through a snake at injection energy. A2 Z®V the required fields are almost the same, but
the orbit displacement in the middle of the snakerily about 3 mm.

By operating the helices at different currentsipossible to adjust both the amount of spin ramati
(angle 1) and axis of rotation. With the helices wired asatibed above, the axis of rotation for the

snake is in the horizontal plane at an angléom the longitudinal direction. Figure 3.26 shothe
dependence ofs and ¢ on the two field settings B, for the outer pair of helices, arf8, for the
inner pair.
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Figure 3.25: Field, orbit, and spin tracking through the four helical magnetshréas snake ay = 25.
The spin tracking shows the reversal of the vertical polarization.
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. Rotation Angles for a Helical Snakg
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Figure 3.26: Change of the direction of the snake rotation axis as mfuoicthagnet excitation. This
calculation uses a simplified analytical expression for the snake nafeleti The rotation axis of the snake

is @ (dashed), ang/ (solid) is the rotation angleB, is the field strength of the outer pair of helices, &d
is the field strength of the inner pair.

For the ion beam in the electron-ion interactiogior, a pair of spin rotators identical to the &r
rotators around STAR and PHENIX may be used. Spator parameters are listed in Table 3.6. The
result of the orbit and spin tracking is shown igufe 3.27. At STAR and PHENIX, the direction of
the spin rotator beam line is at a horizontal argke3.674mrad with the direction of the adjacent
insertion, the spin should emerge from the rotatdhe horizontal plane and at an an@e@ with

the rotator axis in order to obtain a longitudipalarization through the insertion region. The rezked
rotation is therefore dependent on the beam endrigg. values of the field needed to provide a
longitudinal polarization at different energies an@wn in Figure 3.28. The rotators will be turoed
only after accelerating the beam to the desirechgoenergy.

In the electron-ion interaction region, the incogiend outgoing rotators are parallel to the beam at
the interaction point. In this case, there is nb precession between the rotators and the collision
point, so to obtain longitudinal polarization treators will be set with fields corresponding te th
intersection of the? =0 and =90 contours of Figure 3.28. With no extra preces$iom beam
splitter magnets, there is no need to change vétuebfferent energies.
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Table 3.6. Parameters for the spin rotator magnets. Heli@ghets alternate right-handed and left-handed,
and all begin and end with horizontal fields. The centradl fséfengths were optimized to include end effects
of the magnets, and are calculated for longitudinal polarization at &me dalision point.

Number of helical magnets 4
Total length 10.56 m
Magnet bore 100 mm
Helical Magnets
Length Field helicity Field orientation Field Field

(effective) at entrance/exit (25 GeV) (250 GeV)
1 240 m right-handed Horizontal 21T 35T
2 240 m left-handed Horizontal 28T 31T
3 240 m right-handed Horizontal 28T 31T
4 240 m left-handed Horizontal 21T 35T
Max. orbit excursion (hor./ver.) (25 GeV) 25 mn0/rhm
Total field integral 23 T-m
Orbit lengthening (25 GeV) 1.4 mm

-25

B [tesla]
X,y [mm]

50 [

[ Spin Rotator Spin Rotator
OH Fmap =250 OH Fmap v=25

0 2 4 6 8 10 12 0 2 4 6 8 10 12

Sx
Sy

spin components

Spin Rotator
OH Fmap =25

1.0 . . \ .
0 2 4 6 8 10 12
z[m]

Figure 3.27: Field, orbit, and spin tracking through the four helical magnets of @tgior aty = 25. In this
example, the spin tracking shows how the polarization is brought fromatedihorizontal.
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Figure 3.28: Excitation of the two pairs of helical magnets in theordtatchieve longitudinal polarization in
the insertion of RHIC, for various beam energies. The large dots indettiteys for the rotators around the
STAR and PHENIX detector. For the eRHIC collision point, there is no neibrotagtween the collision

point and the adjacent rotators, so the desired setting for longitudinat @t corresponds té =0" and
H=90".
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Figure 3.29: DEPOL calculation of intrinsic resonance strenfithgolarized protons in RHIC without
snakes.
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. . 3 2 .
Acceleration of polarized “He ™ ions

In order to scale to a different ion species susHHe*”, we should examine the parameters for a
single RHIC rotator helix. The pitch is given by
k=27 (3.6)
B :

where A =2.41m is positive for a right-handed and negative ftefchanded helix. The rotation axis
is given by

. kz+kX

N —— (3.7)

where

K:%(1+GV)B (3.8)

The transverse step of the trajectory is

with a precession angle of

2
Ax =%B—k" =—g;—ﬂ B. (3.10)
The Lorentz factor for a given rigidity is
~ ZeR)’
y=|1+ ] (3.11)

for an ion with with rigidity R= p/q, chargeZe and massm. We want to have the same spin
precession in snakes and rotators for other ionforaprotons. Keeping the rigidity constant for
different ion species, we should scale the fiekls a

(3.12)

from protons to ions, where thesubscript indicates parameters for the ion.

Assuming that the maximum energy at storage cooredp to a rigidity ofR=834Tm, then the
maximum value of Lorentz factor fotHe™ would be178 03¢. Values for injection and storage
energy are given in Table 3.5. It should be noteat there are about 56% more precessions for
*He™ than protons at the same rigidity. Since the msioas for’He* are larger, we should expect
more depolarizing resonances. The resonances laallee stronger. This can be seen by comparing
DEPOL calculations with no snakes for protons igué 3.29 andHe™ in Figure 3.30. In principle
with snakes, acceleration dHe* should be possible to full energy, but the closgut and tune
requirements will be more severe fide™. The scaling to'He** for the rotators actually lowers the
required fields to obtain longitudinal polarizatiofable 3.7 gives rough values of field settings fo
the snakes and rotator settings (electron-ion éxjet). Since the transverse excursions in scale
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with field (See Eq.(3.10) ), the beam excursions*ide** in snakes and rotators will be about 65%
of the size of those for protons at the same tigidi

Table 3.7. Approximate field settings for snakes (ouggr; inner: B, ) and rotators (oute, , inner: B, |

at full energy. Note that even thou@h has opposite signs for protons attde*?, the snakes power supplies

do not need to be reversed, since we only require that the smas be a0’ to each other. Similarly the
rotator supplies at the electron-ion experiment do not need toveesed, since the precession is about the
radial X -axis in the rotators.

P *He"
B, [T] 12 0.77
B,. [T] 4.0 257
B, [T] 18 1.16
B, [T] 2.9 1.87

Other possible species

Acceleration of tritium ions would probably be siamito *He*?. Deuterons have a considerably
smaller anomalous magnetic moment coefficient wkohild require much higher field magnets for
full snakes. It might be possible to deal with @eohs by operating a single snake as a partialesnak
Scaling a 100% snake for protons to deuterium makesit an 8% snake. With only a single snake,
the snake axis could be in any direction, so wehinignsider ramping the snake to a higher strength
up the ramp. Strong intrinsic resonances might dedled by an ac dipole as we have done in the
past with polarized protons in the AGS.
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Figure 3.30: DEPOL calculation of intrinsic resonance strenfgthpolarized Hé ions in RHIC without
snakes. Compare this with Figure 3.29. Here there are more resonandbeyaatd stronger than for protons.
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4. INTERACTION REGION STRAIGHT

The interaction straight of eRHIC has to serve assipurposes. First of all, it contains the actual
interaction region where beams are colliding indide eRHIC detector. While it is necessary to
provide head-on collisions, beams must be sepaegerose as possible to the IP to allow [Bw-
magnets for both individual beams to be installsclase as possible to the IP without interfering
with the other beam. Furthermore, since eRHIC sgihed to collide longitudinally polarized beams,
spin rotators are required to rotate the poladzatirection of both beams from the vertical to the
longitudinal direction. To measure the amount cfuteng longitudinal polarization, polarimeters
have to be embedded in the IR straight as well. fBHewing sections present the IR design, the
detector interface and the design of the spin octat

4.1 IR design

A preliminary design for the interaction regiontbé e-p collider eRHIC has been developed, which
provides a luminosity o#.4[1G° cm?sec* (see Table 1.1). This design has evolved fromaaliee

version [1] to provide sufficient space for focugialements in both rings in spite of the fact that
beam separation is less than soP@&m Figure 4.1shows a 3D view of the interaction region.

Figure 4.1: 3D view of the interaction region.
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4.1.1 Electron IR Optics

Since electronf functions at the interaction point are almost ¢qug =0.19m A, =0.27m

focusing is provided by a superconducting quadmripoplet inside the detector solenoid. With the
horizontal emittance being about five times lartpan the vertical one, the first and last magnet of
that triplet are chosen to be focusing in the hmnial plane to keep the horizontal beam size small.
The smaller vertical emittance in turn allows fdaeger £ function in the vertical plane, as it occurs
inside the second, vertically focusing quadrupglgure 4.2shows the quadrupole arrangement and
S functions, whileTable 4.1lists some key parameters of the magnets.

With the first electron quadrupole, QE1, startih@ aistance o1.0m from the interaction point, this
configuration provides a free section®f.0 m around the IP to be used by detector components.

100 HPUX version 8.23/0 2200144 10.13.23
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Figure 4.2: Electron IR lattice of the electron-ion collider eRHIC

The required minimum beam pipe radius is determimethe width of the synchrotron radiation fan
that has to be passed safely through these magisetgll as by the dimensions of the electron beam
itself. For the latter, a minimum aperture 200, has been used throughout the entire design of the
interaction region, thus ensuring sufficient apexteven in the presence of orbit distortions.

Matching into the regular FODO lattice of the aic@rovided by septum quadrupoles which can be
placed in-between the hadron lg@-quadrupoles, starting at a distancd a2 m from the IP.
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Table 4.1: Magnet parameters for the electron triplets.

QE1 QE2 QE3
length [m] 0.6 0.8 0.6
gradient [T/m] 83.3 76.7 56.7
radius [mm] 24 26 35
bending angle left/right [mrad] 2.50/-2.74 5.3002. 0.0/-4.19
shift w.r.t. detector axis left/right [mm] 0/-10 -00 0/-10
tilt w.r.t. detector axis left/right [mrad] 1.25/37 3.90/-2.38 3.90/-4.48
synchrotron radiation power left/right [W] 735/882 2475/360 0/2063
synchr. rad. power on septum left/right [W]  466/360 0/360 0/0
critical photon energy left/right [keV] 9.3/10.1 Y45.6 0/15.5

4.1.2 Hadron IR Optics

Hadron focussing is provided by a normal-conductijogdrupole doublet, startifgm from the IP
(Figure 4.3.

Septum quadrupoles are foreseen for both doubtseteto keep the necessary separation between

electron and hadron beam small, thus minimizing width as well as the power of the resulting
synchrotron radiation fan. Dedicated gaps in thdrdra low-8 magnet string provide sufficient
space for the septum quadrupoles in the electran ri

Both lenses are split up into different individmahgnets, with pole tip radii tailored accordinghe
varying beam sizes. Pole tip fields are limited 1@ Tesla in all magnets to avoid saturation effett
the edges of the magnet pol€able 4.2lists the main parameters of these magnets.

Table 4.2. Parameter list of the hadron I@vseptum quadrupoles
Q1 Q1B Ql1C Q2 Q2B Q2C Q2D Q2F Q2G

length [m] 08 28 1.2 15 15 15 1.5 15 15
gradient [T/m] 583 417 333 202 170 16.2 16.26.2 17.0
pole tip radius [mm] 171 240 300 494 589 61.81.8 61.8 58.9
pole tip field [T] 1.0 1.0 1.0 1.0 1.0 1.0 1.0 .01 1.0
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Figure 4.3: Hadron IR lattice of the electron-ion collider eRHIC.

4.1.3 Synchrotron Radiation Issues

The electron quadrupole triplet inside the detestolume is shared by the hadron beam. The
focusing effect on the hadron beam is marginaltduge large energy differencel® GeV electrons

compared to250GeV protons. This large energy difference in turn regpithe beams to be

separated such that the electrons do not experitecemuch stronger focusing fields of the hadron
low- £ quadrupoles. This separation is provided by dipaledings in the superconducting electron

low- B quadrupoles. To minimize the necessary beam departhe first hadron magnet is realized
as a septum quadrupole, with a septum thicknesk gf ,=10mm including beam pipes. Since the
design apertures for the two beams 20e, , for the electrons anil2o, | for the hadron beam, the

required total separation between the orbits ofwitebeams at the location of the septum is theeefo
AX :120x,p + Z(b-xe-l- dseptum’ (4-1)

Taking into account thgs functions shown irfFigure 4.2andFigure 4.3 together with the respective
emittances according to Table 1, the required begaration is

Ax =120 B, &, + 200/ B, £ o+ Oy = 1270 48mm 20.0 45mm  10mmn .24 8n (4.2)

PP
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When providing this separation using the dipoledings of the superconducting electron Igiv-

guadrupoles, this produces a synchrotron radiatonthat has to be passed safely through the
detector beam pipe. Since some fraction of thiglsyotron radiation fan unavoidably hits the septum
on the electron downstream side (right side) ofdétctor, it was attempted to minimize the power
and critical photon energy hitting the septum bstributing the bending angles in the individual
dipole coils accordingly.

On the right side, this minimization is accomplidh®y a soft bend provided by the dipole coils in
QE1 and QEZ2, which produce the part of the synatmotadiation fan actually hitting the septum,
and a strong bend in the QE3 that provides theimedjuemaining separation angle to achieve
sufficient separation at the septum.

This scheme cannot be adopted for the left sideesinbend in the QE3 there would result in a very
wide synchrotron radiation fan further downstrearhere it would require large aperture magnets to
be passed through. Since large aperture magnetsl wouer a significant fraction of the detector
volume, this is therefore not desirable. Insteaslhfabend is provided by the QE1 alone, resulimg

a synchrotron radiation fan that is just wide erfot@cover the angle between the hadron beam orbit
and the inner edge of the septum. The remaininghissgaration is then provided by the QE2 dipole
coil.

To further minimize the required magnet apertute,gaadrupoles on the right side are shifted
towards the inside of the RHIC ring, resulting in aff-center electron orbit through these
guadrupoles. The effect of this shift on the elattbeam orbit is to be compensated by the dipole
coils.

geometry with re-distributed bends on left side for minimum fan width
0.1 T T T |

0.05 - d

x[m]
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Figure 4.4: IR geometry and synchrotron radiation fan.
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4.2 Hadron Insertion

A plan for the RHIC insertion is to remove the aiag dipoles at the eRHIC IP. This leads to the
geometry shown ifigure 4.5below:

Top View
D6 D50 D50 D6

D8

Side View

o

Figure 4.5: The top view and side view of the insertion. Therele®eam collides with the Blue ring and the
Yellow ring is moved out of the way.

Furthermore, the dipoles D50 are increased in kmergle by 1.3thrad and D5l is decreased by
1.32nrad Both these changes will cause a path length @tnthe RHIC optics. We plan to change
the horizontal bends, moving the beam line tow#ndscenter to adjust the path lengths.

For the Yellow ring, we will use a simple FODO cedisign. The vertical bends will be placed such
that the vertical dispersion is canceled. Additlynahere are no horizontal bends between the
vertical bends so that the polarization is presgrvieigure 4.6shows a design for the Yellow ring
optics. The superconducting dipole bends are 81689 with a 32.2&hrad bend angle. Thus, aipB

= 831T'mthe dipole field is 3.4B which is near the standard arc dipole of abo&it.3Furthermore,
the length of this insertion is increased by tt®ver the standard RHIC insertion.

The magnet parameters of the Yellow insertion igted inTable 4.3
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Figure 4.6: The insertion optics for the yellow ring. The fit was not gieafed there is a small residual
vertical dispersion of about Grn The trade off of larger beta functions, will allow the vertical elisjpn
matching to be further improved.

The electron beam will collide with the hadron beanthe blue ring. This insertion will produce a
flat beam with 's of (0.27, 1.08) at the interaction point (IP). In order to producélat beam, a
symmetric insertion design is used. Since, RHI@iitn3ns are anti-symmetric, an additional half cell
had to be added. This shifts the IP by aboun#dm original RHIC IP.

The triplet was designed to minimize the backgrodramn the electrons. This required using
specialized quadrupoles witd Dole tip fields (non-superconducting). The stréangtdependent on
the allowable aperture. Furthermore, these tripdsitions were adjusted so that they do not interfe
with the electron ring magnets. This triplet dediggds tfmax0f 1.km

The Blue ring IR insertion optics is shown in Figuyr.7. The magnet parameters of the Blue insertion
are listed irrable 4.4
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Figure 4.7: The insertion optics for the blue rifis insertion is 2.12Wmshorter than the standard

RHIC insertion. Note, the extra half cell on thghti side, needed in order to convert this inseitioon
use symmetric optics.

Alternative hadron insertion scheme

Here we describe an alternative apprdatth the eRHIC insertion. In this case we remove the
crossing dipoles for two insertions: 12 o'clock @nd'clock. Instead of having the connecting beam
lines cross, they continue straight from blue tboye at 12 o'clock and then return from yellow to
blue at 4 o'clock, vice versa for the other rindne3e two changes cancel leaving the other 4
insertions unchanged. Yellow ring does not neechaie vertical excursion at this scheme and path
lengths for Yellow and Blue ring circumferences aeaturally equal. But there is a serious question

as to whether breaking this symmetry will affectmal RHIC behavior. More studies are needed for
this scheme.

3 W. MacKay, private communication
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Table 4.3. Yellow ring insertion magnet parameters.

Coil Field Gradient
Device R[zi(:ri] l]JS L ??n%th (pzrso?c?nes\)/ (pzri?cies\)/ Drift space [m]
[T] [T/m]

QF 4 1.110 67.59 2.941
V1 4 8.058 3.43 QF-V1 2.941
QD1 4 1.110 83.46 V1-QD1 2941
V1 4 8.058 3.43 QD1-Vv1l 2941
QF1 4 1.110 62.90 V1-QF1 2.941
QD2 4 1.110 88.17 QF1 - QD211.249
V2 4 8.058 3.43 QD2-VvV2 2941
QF2 4 1.110 59.74 V2 - QF2 2.941
V2 4 8.058 3.43 QF2-V2 2.941
QD3 4 1.110 94.92 V2-QD3 2941
QF3 4 1.110 53.50 QD3 - QF311.249
V3 4 8.058 3.43 QF3-V3 2.941
QD4 4 1.110 85.02 V3-QD4 2941
V3 4 8.058 3.43 QD4 -V3 2941
QF4 4 1.110 68.56 V3-QF4 2941
QD5 4 1.110 61.77 QF4 - QD511.249
V4 4 8.058 3.43 QD5-Vv4 2941
QF5 4 1.110 82.65 V4 - QF5 2.941
V4 4 8.058 3.43 QF5-V4 2.941
QD 4 1.110 69.76 V4-QD 2941

eRHIC ZDR 163



Chapter 4: Interaction Region Straight

Table 4.4. Blue ring IR insertion magnet parameters. (Pagasnet Q1,Q2 septum quadrupoles are listed in
Table 4.2)

: Po'l eT por ength g%%%in\; .
Device, Name CoH{f&dlus (m orotons) Drift Space [m]
[T/m]
Q3 Q3a 5.98 15 16.72 Q2f - Q3a 2.745
Q3b 5.98 1.5 16.72 Q3a-Q3b 0.200
Q3c 5.98 1.5 16.72 Q3b - Q3c 0.200
Q3d 5.98 1.5 16.72 Q3c-Q3d 0.200
Q4 Q40T 4 0.75 66.52 Q3d - Q40T 20.841
Q4IT 4 0.75 66.52 Q3d - Q4IT 20.841
Q5 Q50b 4 1.11 75.08 Q50Th - Q50b  0.131
Q50Thb 4 0.75 32.85 Q40T - Q50Th  6.100
Q5lb 4 1.11 75.08 Q5/Thb-Q5lb  0.131
Q5Ic 4 1.11 75.08 Q5ITc - Q5Ic 0.131
Q5ITh 4 0.75 52.81 Q5lc-Q5ITh  12.821
Q5ITc 4 0.75 32.85 Q4IT - Q5ITc 6.100

4.3 Considerations on the Machine / Detector inter face

4.3.1 Outline of the eRHIC Detector Design

The following discussion will be restricted to theminal eRHIC collider mode operation of a
10GeV electron/positron beam colliding with a 250G®oton beam. Simple four vector kinematics
in e-p collisions which involves an electron angraton in the initial state and a scattered electro
along with a hadronic final state in the final staan be used to study analytically the energy and
angular acceptance of the scattered electron addomia final state as a function of the main
kinematic quantities in deep-inelastic scatterimdS), x and @ [1]. This provides a first
understanding of the final state topology” @ the negative square of the momentum transfer
between the incoming and scattered electron. Tloek8p scaling variable x is interpreted in the
Quark-Parton model as the fraction of the protommotum carried by the struck quark.
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The hadronic final state consists of the curremtwhich emerges from the struck quark
characterized by its polar angle and energy.

eRHIC kinematics (E=10 GeV, E,=250 GeV)
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Figure 4.8: The dashed lines represent lines of constaniugsvél, 0.1, 0.01). The electron beam energy

amounts to 10GeV whereas the proton beam energy is 250GeV. dgaflicenstant electron energies (4, 6, 8,
10, 12, 14, 16, 20 and 40GeV) (a), electron scattering angles (30° - 15@$simfs&)° and 170°, 175°, 177°
and 1799 (b), current jet energies (4, 6, 8, 10, 12, 14, 16, 20 and 40GeV) ¢irimmd jet angles (3°, 30° -
1500 in steps of 30° and 170°, 175°, 177° and 179°) (d).

Figure 4.8shows isolines of constant electron energy (a) @ws$tant scattering angles (b) as
well as lines of constant y values (1, 0.1, 0.0he kinematic variable y is given in terms of x &pfd
(y =Q%/sx) and refers to the inelasticity in the rest franfi¢ghe proton. The kinematic limit is given
by y=1. The scattering angle is measured with m@sfgeincoming proton beam which defines the
positive z axis. Electron tagging acceptance dowratt least 177° will be necessary to provide
acceptance in Qbelow 1GeV. The energy of the scattered electron is less itgBeV and is in
particularly small in the region of low x and mediiuto low values in & This sets stringent
requirements on trigger and reconstruction efficies
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Figure 4.8shows isolines of constant current jet energya@ angle (d). The energy of the
current jet is rather small in the low x and mediuntow @ region and overlaps to some extend with
the scattered electron. The current jet energyeas®s towards the forward direction in the region o
high x and @ values. This will require e/h separation capabditin particular in the rear direction
(incoming electron direction) and increasing jeergy measurement capabilities in the forward
direction (incoming proton direction).

The following minimal requirements on a future eRHletector can be made:

* Measure precisely the energy and angle of theesedtelectron (Kinematics of DIS reaction)

* Measure hadronic final state (Kinematics, jet stadilavor tagging, fragmentation studies,
particle ID)

* Missing & measurement for events involving neutrinos in fimal state (Electroweak
physics)

In addition to those demands on a central detettterfollowing forward and rear detector systems
are crucial:

» Zero-degree photon detector to control radiativieemtions, measure Bremsstrahlung photons
for luminosity measurements and in e-A physicatpriuclear de-excitation

» Tag electrons under small angles (Study of the penturbative/perturbative QCD transition
region and luminosity measurement from Bremsstrahkp events)

» Tagging of forward particles (Diffraction and nuatdragments)

Figure 4.9show the first conceptual GEANT detector impleraéinh of the above requirements
on a central detector. The hermetic inner androugeking system is surrounded by an axial
magnetic field on the order of 1-2T. The trackimgwne is surrounded by a hermetic calorimeter
system in the rear, barrel and forward directiofme Tcalorimeter system is subdivided into
electromagnetic and hadronic sections which ane itlvé¢urn subdivided into certain size towers. The
inner most double functioning dipole and quadrupubgnets at a distance of 1m to the interaction
region are also shown. The detailed design isumagaration.

The stringent requirements on the high-rate cajpaluf the tracking system make a silicon-
type detector for the inner tracking system (fovand rear silicon disks together with several
silicon barrel layers) together with a GEM-typeeator for the outer tracking system (forward and
rear GEM-type tracking disks with several barrelNGEype tracking layers) a natural choice.

The forward and rear detector systems have not t@esidered so far. The design and location
of those detector systems has to be worked oubsecollaboration to accelerator physicists since
machine magnets will be employed as spectrometgnets and thus determine the actual detector
acceptance and ultimately the final location. ltuisderstood that demands on optimizing the
rear/forward detector acceptance might have comsags on the machine layout and is therefore an
iterative process.
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Quter tracking system
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Figure 4.9: Conceptual GEANT detector implementation of the neaitrad eRHIC detector components. The
inner and outer hermetic tracking system is surrounded by annaagletic field on the order of 1-2T. The
tracking volume is surrounded by a hermetic calorimeter system ieahebarrel and forward direction.

4.3.2 Considerations on the Detector/Machine Inter face

The following section provides an overview of soaspects on the detector/machine interface. The
specification of those items has only recently bstanted.

» Synchrotron radiation

The location of the direct synchrotron radiatiom faas been previously discussed. The direct
synchrotron radiation has to pass through theesmteraction region before hitting a rear absorber
system. This requires that the geometry of the bpgm is designed appropriately with changing
shape along the longitudinal beam direction whintiudes besides a simulation of the mechanical
stress also the simulation of a cooling system & tnner beam pipe. The distribution of

backscattered synchrotron radiation into the adegctor volume has to be carefully evaluated. An
installation of a collimator system has to be wotkEhose items have been started in close comtact t
previous experience at HERA.

» Location of inner machine elements

The demand of a high luminosity ep/eA collider liagirequires the installation of focusing machine
elements inside the actual detector volume. Swusdenario has been carried out as part of the HERA
Il luminosity upgrade with the installation of supenducting low beta quadrupole magnets. The
inner most double functioning magnet as part of électron lattice has an inner distance to the
nominal interaction region of 80cm. Assuming aneouimensions of 20cm in diameter, would
restrict the @ acceptance to 0.5GAVA careful design of the inner tracking systenopimize the
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tracking system is crucial. The optimization in g@@ance will require a close collaboration between
the actual detector design and the location ofrimnest machine elements which includes also the
design of the inner beam pipe. The GEANT simulatbonthose aspects has been started. A first
conceptual implementation is shownFiigure 4.9

* Rear electron tagging system

The need for acceptance of scattered electronsviiil® central detector acceptance is driven by the
need for luminosity measurement through e-p/e-Ani&srahlung and photo-production physics.
Besides that a calorimeter setup to tag radiatedtopls from initial-state radiation and
Bremsstrahlung will be necessary. The scatterecireles will pass through the machine elements
and leave the pipe through special exit windowse $imulation of various small-angle calorimeters
has only been started. This will require a closéaboration with the eRHIC machine design efforts
to aim for an optimal detector setup.

* Forward tagging system

The forward tagging system beyond the central detewill play a crucial role in diffractive ep/eA
physics and in eA physics in general. A significkattion of the hadronic final state is produced i
the forward direction.

The design of a forward tagger system based onafarwalorimetry and Roman pot station is
foreseen. Charged patrticles will be deflected bw&vd machine elements. This effort will require as
well a close collaboration with the eRHIC machimsidgn efforts to ensure the best possible forward
detector acceptance.

4.4 Electron Spin Rotator Design
A spin rotation from vertical direction in the ariwslongitudinal one in the IPs will be performed i
two steps: at first, by a solenoidal spin rotathorizontal plane and then by dipoles. H#) spin
rotator consists of two superconducting solenogs;h 3 m long, and with the field of 8.7 T.
Between solenoids is placed a focusing structuta@chwcancels the betatron coupling and also
creates the spin transparency. On the opposite ddidke interaction straight, spin is restored to
vertical direction by the negative spin rotator. Asresult, the spin tune is undisturbed by the
interaction region insertion, and the polarizatlwehavior is mainly the same as without the spin
rotators.

The equilibrium polarization direction (vectar)) is vertical in the main part of the ring and

therefore one can expect a relatively low depodaion rate of the electron beam. Moreover, the
Sokolov-Ternov polarization mechanism should prevachigh enough beam polarization.

Still there are some requirements, which shoulddtesfied by the insertion optics, where the
spin vectorn, lies in the horizontal plane. To minimize the negaeffect from a spin perturbation
w over the whole straight section, we should fulfile so called spin transparency condition,
namely, the integral of the perturbation throughitisertion azimuté:

&
|=jwnde
6
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should be made zero or, at least, small. Hgren, —in, is a complex vector, which is composed
from the unity vectorsy, and n,, which in turn are the two orthogonal solutiongiwé spin motion
equation for the equilibrium particle. The spintpébation components are:

W, =V,Z' + KXA—y
4
W, ==V X + KZA—V
y
w, = KyA—y
y

wherev, = ya is the dimensionless spin tur#, and x" are the second derivatives of the vertical or
horizontal displacements over the azim#h K,

longitudinal or vertical magnetic fields.

Careful analysis shows that the spin transpareacylition for the interaction region straight
section, which contains the discussed above spators, can be fulfilled, and a small decreasdef t
equilibrium polarization degree is caused only eypding magnets in the straight between two spin
rotators.

are respectively the normalized horizontal,

z

n

I : solenoid |'| |'| |'| |'||'| solenoid :
ol 11111111 R

m

quads
Figure 4.10: Scheme of the solenoidal spin rotator in the eleatan r

The scheme of the focusing structure has been f@seelFigure 4.10, that contains only regular
guadrupoles inside the solenoidal spin rotator@amtels the betatron coupling as well as creates th
spin transparency. Transfer matrices of a full itise (from the first solenoid edge to the second
solenoid edge):

( 0 —2rj ( 0 2]
TX = -1 ! TZ = -1
()" 0 -(@)" 0

Herer is a curvature radius in the solenoidal fieEip:

r=Bp/B,
Table 4.5. Main parameters of the rotator insertion.
Parameter Value
Solenoid length 3m
Solenoidal field 87T
Quadrupole length 0.4m
Maximal quad’s gradient 28 T/m
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In proposed design the condition on transparendylidled, thus, all spin rotators as well as
the horizontal wiggle between them are spin trarsgaagainst the betatron motion deviations. An
inevitable spin-orbit coupling for the energy-o#irpcles is excited by the first spin rotator ahdrt

compensated by the second one. In result the spihamupling vectord = yg—n is exactly equal to
y

zero in arcs (se€igure 4.1).
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Figure 4.11: Spin-orbit coupling along the ring.
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1. Introduction to the Linac-Ring collider

IP#12 - main

,n

IP#10 - optional / IP#2 - optional

O Q
7

) 1P//4- option] %
el =Ny A % &

5 T ALY

RHIC]

Lpyg
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Figure 1.1.a. The most natural linac-ring eRHIC with multiple IP(s) with the arcs are located in
the RHIC tunnel. A polarized electron beam generated in a photo-injector is accelerated to the
energy of the experiment in the ERL. After colliding with the hadron RHIC beam in as many as
four IP(s), the electron beam is decelerated to energy of few MeV and damped. The energy thus
recovered is used for accelerating subsequent bunches to the energy of the experiment. Electrons
by-pass both the Star and Phenix experimental halls. The main 5 GeV superconducting linac,
which electron beam passes twice during acceleration and twice during deceleration, the injection
and the beam damp are located north of the Star experimental hall. The by-pass around the
Phenix experimental hall is the natural place for a future linac, which extends the electron beam
energy to and above 20 GeV (see section 6 for detail).

The Linac-Ring eRHIC has a large number of unique features, which make it a
perfect match for versatile nuclear physics program at Brookhaven National Laboratory
by:
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providing luminosity up to 10** cm™ s™ in electron-hadron collisions ';
providing full polarization transparency at all energies * ;

providing multiple electron-hadron interaction points (IPs) and detectors °;
providing very long “element-free” straight section(s) for detector(s);

taking full advantage of electron cooling of the RHIC II hadron beams;

being perfectly compatible with RHIC operations and hadron-hadron collisions”;

providing full range of C-M energies required for the physics program;

D N N N N N N

being directly upgradeable to electron energies of 20 GeV and above.

The choices of the IPs or/and the exact layout of the electron accelerator in the
linac-ring configuration are completely flexible. Figures 1.1 a,b and c give a flavor of
possible schematic layouts of the Linac-Ring ¢ — p and e-Au”,,, collider based on an
energy-recovery linac (ERL) and the RHIC facility. These figures are not drawn to scale.

In all these schemes a high-brightness polarized electron beam generated in a
photo-injector is accelerated to the energy of experiment 2 GeV — 10 GeV (and possibly
to 20+ GeV in future) in the super-conducting energy recovery linac (ERL). After the
collision(s) with proton/ion beam in the IP(s), the electron beam is decelerated to energy
of few MeV in the same ERL and damped. By this process the energy of the electrons is
recovered and is used for accelerating subsequent bunches to the collision point.

The simple fact that linac-ring eRHIC uses fresh electron beam for each collision
is of the foremost significance for all attractive features of this scheme. Most importantly,
the use of fresh beam removes the tune shift limit on electron beam and opens the range
of collider parameter-space inaccessible by ring-ring scheme. As the result, the linac-ring
eRHIC provides for higher luminosity at any given level of RHIC performance,
compared with the ring-ring case. This scheme meets or exceeds the requirements for the
collider specified in the physics program for eRHIC [1]:

v' Electron beams colliding with beams of protons or light and heavy nuclei
Wide range of collision energies (Ecn/nucleon from 15 GeV to 100 GeV)
High luminosity L > 10** cm™ s™ per nucleon

Polarization of electron and proton spins

D N NI NN

Preferably, two interaction regions with dedicated detectors.

' Luminosity is quoted € — P collisions. This number is also correct for e - Au” 157 , when luminosity is
calculated per nucleon. Quoted luminosity assumes that eRHIC runs in a dedicated mode — see discussion
below.

* In contrast with ring-ring option, the linac-ring eRHIC does not have prohibited energies where beam
polarization vanishes.

? In the case of multiple IPs, the total luminosity is ~ 10** cm™ s™!

*In this mode of operation the eRHIC luminosity will be limited by a total beam-beam tune shift for hadron
beam, i.e. to a portion of 10** cm™s™.
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Figure 1.1.b. Linac-ring eRHIC with a separate tunnel and an IP at 4 o’clock. A polarized
electron beam generated in a photo-injector is accelerated to the energy of the experiment in the
ERL. After colliding with the hadron RHIC beam in the IP, the electron beam crosses over both
blue and yellow RHIC rings and is decelerated to energy of few MeV in the same ERL and
damped. The energy thus recovered is used for accelerating subsequent bunches to the energy of
the experiment. Both Blue and Yellow ring (hence the colors of the lines) of the RHIC as well its
injector (red lines) operate in standard conditions for hadron collisions, while the electrons (green
lines) collide with hadron beam in the Yellow ring at 4 o’clock. Both hadron beams are cooled by
electron beam coolers (light blue lines) located at 12 o’clock. Note, that both electron cooling and
ERL can be relocated to an IP at 10, 12 and 2 o’clock.

The first feature (Electron beams colliding with beams of protons or light and heavy
nuclei) is satisfied by having a variety of nuclei (p, D, Au, He...) accelerated by the blue
and yellow ring of the RHIC, and by ERL’s polarized e-beam with continuously tunable
energy.

The ERL-based eRHIC has very large tunability range of c.m. energies while
maintaining very high luminosity (/4.4 - 100 GeV per nucleon in e-p collisions and 20 -
63 GeV in e-Au collisions — see Tables 1.1 and 1.2 for details, the possibilities of
extending this range further are discussed in chapter 6).
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Figure 1.1.c. eRHIC (based on stand-along ERL) with two IPs.

Table 1.1 Center of mass energy per nucleon (GeV, green) in e-p collisions in eRHIC vs. energy
of protons (red) and ERL (blue)

Energy, GeV proton 26 50 100 250
electrons c.m.
2 14.42 20.00 28.28 44.72
5 22.80 31.62 44.72 70.71
10 32.25 44.72 63.25 100.00

Table 1.2 Center of mass energy per nucleon (GeV, green) in e -”*Au;q; collisions in eRHIC vs.
energy of ions per nucleon (red) and ERL (blue)

Energy, GeV Au/u 50 100
e c.m.
2 20.00 28.28
5 31.62 44.72
10 44.72 63.25
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In the ERL-based eRHIC we collide two round beams of equal size (see section 3.f)
to maximize the luminosity. The main distinctive feature here is that the attainable
luminosity is defined in practice by the energy and intensity of the proton or ion beam in
RHIC:

_ g . W 2N,
L=f"§, 5 (D)

i.e., by the intensity N, (number of hadrons per bunch), repetition rate f,, the energy of
the ion or proton beam, y,=E,/Mc®, its charge g=Ze, its classical radius
r, =Z%"/Mc?, and the allowable beam-beam tune shift &, in the eRHIC IP(s) (see
explanation in the next section). The linac-ring eRHIC’s luminosity is independent of the
electron beam's energy and linearly proportional to the energy of the proton or ion beam.
This means that that the same center of mass energy, (given that there is no preferred
energy ratio), can be reached using higher energy protons (ions) and lower energy
electrons; hence, the high luminosity.

There are two possible modes of eRHIC operation:

a) A parallel with the normal RHIC collider where hadrons are colliding with
hadrons in 2 detectors. This mode is considered to be typical for eRHIC;

b) A dedicated mode when hadrons collide only with electrons.

In any mode of operation, the total allowable beam-beam tune shift for hardons in RHIC
is limited to EEh =<0.024 [2]. It is considered that with three beam-beam interaction

IPs
points, two for hadron-hadron and one for electron-hadron collisions, the beam-beam

parameter per interaction point should not exceed §,=0.007 [3]. The hadron beam-beam
tune shift in the linac-ring eRHIC IP is given by following formula:
N, r/Z
gh =_e. A7

Yw 47TE,

)

where N, is number of electrons per bunch and & RMS emittance of hadron beam.
Therefore, for a given energy and species hadron beam and for given intensity of electron

beam in ERL we will control the hadron beam-beam parameter by changing the hadron
beam emittance via electron cooling ° (see section 3.¢). This is an additional advantage of
the linac-ring eRHIC — the betterment of electron cooling allows the reduction of the
hadron beam emittance with a proportional reduction of the electron beam intensity (and
the related to it synchrotron radiation back-ground in the detectors) while keeping the
luminosity (1) constant.

The other parameter which influence the eRHIC luminosity is the hadron beam
intensity:

I,=Ze- f."N,. 3)

> We plan to cool gold ions energy of operation, while pre-cool protons at energy of 27 GeV before
accelerating them to 250 GeV - see section 3.e.
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The number of hadrons per bunch is limited by the single bunch stability [4]. With
present parameters of RHIC, the hadron bunches with intensities following intensities
will be stable [4]:

Yn Species Threshold, same AQ
250 Protons 4.3ell
107 Gold 5.8e9

The collision rep-rate is determined by the revolution frequency f, =78 kHz and
number of hadron bunches in RHIC N,:

fo=1f,"N,.

Presently RHIC operates up to 60 bunches with N, ~10", N, ~10" per bunch.

Doubling the number of hadron bunches to 120 while keeping the bunch intensity at
present level is considered as the main stream goal for RHIC II luminosity up-grade,
which employs electron cooling of hadron beams [2]. The hadron beam parameters RHIC
IT are considered to be realistic and should reached many years before commissioning of
the eRHIC.

The ring-ring eRHIC requires 6-fold increase of the hadron beam intensity
compared with the present level of performance of RHIC. Specifically [3], it suggests
using 360 hadron bunches in RHIC for eRHIC operation. The intensity of the hadron
beam can be limited by a number of factors such as development of electron cloud or by
exceeding the cryogenic load in the RHIC super-conducting magnets, to mention few.
These issues as well as their technical and financial implications for RHIC require further
detailed studies.

For simplicity, we show here the linac-ring eRHIC luminosities two cases:
* the most optimistic:
o 360 bunches (as in ring-ring case [3]) with N, = 2-10", N,,=2.5-10" per
bunch;

e the most realistic

o 120 bunches (as in RHIC II) with N, ~10", N,, ~10° per bunch.

The maximum luminosity of the linac-ring eRHIC for both the proton-electron
and the gold-electron collisions is given in Tables 1.3 and 1.4. Note that luminosities at
the level of 10 em™sec™ per nucleon can be reached in linac-ring eRHIC independently
from the energy of electrons used. The ratio of luminosity between the parallel and
dedicated modes of operation is approximately 3.4.

% 120 bunch mode was tested at RHIC but with reduced intensity per bunch. Note using 120 bunches
instead of 360 reduces luminosity by a factor of 3 for both linac-ring and ring-ring eRHIC.
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Table 1.3 Luminosities for e-p collisions for various energies in the ERL- based eRHIC: 360
bunches with 210" protons per bunch.

Luminosity Protons Protons Protons Protons
10" em™sec” | 26 GeV | 50GeV | 100GeV | 250 GeV

Parallel mode | 9283 0.548 1.097 274

Dedicated mode 0.978 1.88 3.76 9.40

Table 1.4 Luminosities for e-Au collisions for various energies in the ERL- based eRHIC: 360
bunches with 2.5 10° gold-ions per bunch.

Luminosity (per

nucleus) Au Au
10*! cmsec™ 50 GeV/u 100 GeV/u
1.71 3.42

Parallel mode

5.86 11.7

Dedicated mode

What is quite remarkable, is that the linac-ring eRHIC can reach luminosities at the level
of 10" em™sec” per nucleon with beam parameters which are currently attainable at
RHIC: 120 bunches with intensities of Z-N, ~10'". These parameters are shown in
Table 1.5 and Table 1.6.

Table 1.5 Luminosities for e-p collisions with intensities of proton beam for RHIC II:
120 bunches with 10" protons per bunch.

Luminosity Protons Protons Protons Protons
10” cm”sec” 26 GeV 50 GeV 100 GeV 250 GeV
.0456 0.0914 0.183 0.457

Parallel mode

0.156 0.313 0.627 1.57

Dedicated mode
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Table 1.6 Luminosities for e-p collisions with intensities of gold-ion beam for RHIC II:
120 bunches with 10° ions per bunch..

Luminosity (per Au Au
nucleus) 10°" cm™sec™ 50 GeV/u 100 GeV/u
0.228 0.456

Parallel mode

0.781 1.56
Dedicated mode

It worth noting that eRHIC parameters in the last two tables are reachable with one third
of the electron beam current required for ring-ring operations and, therefore, one third of
the back-ground from the synchrotron radiation in the detectors.

Overall, the eRHIC based on the emerging technology of superconducting RF ERL
promises to deliver the extremely high luminosity required for the eRHIC physics
program. It will also provide several very important features that are not possible or
likely impossible with other collider technologies.

180



1.1 Advantages of the ERL-based eRHIC

o Usage of a fresh electron beam and absence of the memory in the e-beam
o waives in practice the limitation on the tune shift in the IP, and

* increase in the density of the proton/ion beam

= 10 fold increase in the luminosity

= Jlarger [5: for the e-beam and simplified IP geometry
* smaller e-beam emittance
* smaller angular divergence in IP
* smaller aperture for e-beam
* no-need for e-beam quads in the detector area

* possibility of focusing the e-beam after separating it for
protons/ions

* simplified IP geometry
o reduces the number of coupled-bunch instability modes
o secures spin-transparency of the system at all energies
o provides a high (80%+) degree of e-beam polarization at all energies
o eliminates “prohibited” energies for the e-beam

o precludes the need to preserve beam qualities (polarization, emittance...)
after the IP(s)

= simple geometry of the return pass

= absence of spin-resonances

= possible multiple collisions (IPs)
o Usage of the linac (ERL) geometry

o ensures easy adjustment the e-beam repetition rate to that of the beam in
the RHIC, which significantly depends on the ion energy (equivalent
change in circumference is ~ 30m);

o allows straightforward upgrades of the e-beam’s energy
o opens possibility of using multiple energy collisions

o offers possibility of employing an y-ion collider with an ERL-based
Compton source of y-rays
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There are some limitations for ERL-based eRHIC that include
o No positron-ion collisions;
o Need for intense R&D program on
= High-intensity, high-current polarized electron source
= High current ERLs
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[2] “Upgrading RHIC for Higher Luminosity”, W. MacKay, 1. Ben-Zvi, J.M. Brennan, M.
Harrison, J. Kewisch, S. Peggs, T. Roser, D. Trbojevic, V. Parkhomchuk, Proc. Of
PAC’2001, Chicago, Illinois U.S.A. June 18-22, 2001

[3] General accelerator concept and parameters, V.Ptitsyn, T.Roser, F.Wang, eRHIC ZDR,

Chapter 1.1, http://www.agsrhichome.bnl.gov/eRHIC/eRHIC ZDR.htm

[4] “Instabilities in RHIC”, M.Blaskiewicz, W. Fischer, eRHIC ZDR, Chapter 3.2.5,

http://www.agsrhichome.bnl.gov/eRHIC/eRHIC ZDR.htm
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2. Main beam parameters and Luminosity

In contrast with ring-ring eRHIC [3], the IP of the ERL-based eRHIC has round
beam geometry in the IP (i.e., its horizontal and vertical emittances as well as B* are
equal), which is optimal for attaining maximum luminosity. The sizes of the electron and
hadron beams are chosen to be equal

£ = Byt .1
by selecting B* of the electron beam to be S, = B,¢, /¢,.

For operating the ERL-based eRHIC, we propose using the same number of
hadron bunches (360 bunches, rep-rate ~28 MHz) in the RHIC-ring as in the main part of
the ZDR [2.1]. Because of the lifting of limitations on the electron beam’s tune shift in
the ERL case, the number of hadrons per bunch is set to the present limit in RHIC: 2-10"!

of protons or 2-10° gold-ions.

Table 2.1. Main parameters of the beams and the IP in ERL-based eRHIC.

RHIC
Ring circumference [m] 3834
Number of bunches 120-360
Beam rep-rate [MHz] 28.15
Protons:
Beam energy [GeV] 26 - 250
Protons per bunch 1.0-2.0 - 10"
Normalized 96% emittance [um] 4-14.5
p* [m] 0.26
RMS Bunch length [m] 0.2
Beam-beam tune shift in eRHIC 0.005

Synchrotron tune, Qs
Gold ions:

0.0028 (see [2.4])

Beam energy [GeV/u] 50 - 100

Ions per bunch (max) 1.0-2.5-10°

Normalized 96% emittance [um] 1.5-6

B* [m] 0.25

RMS Bunch length [m] 0.2

Beam-beam tune shift 0.005

Synchrotron tune, Qs 0.0026
Electrons:

Beam rep-rate [MHz] 9.38 - 28.15

Beam energy [GeV] 2-10

RMS normalized emittance [um]
p* [m]
RMS Bunch length [m]

1-50 for N, =10"/ 10" e per bunch
0.3-1m, to fit beam-size of hadron beam
0.01

Electrons per bunch 0.1-1.0-10"
Charge per bunch [nC] 1.6 — 16(see below)
Average e-beam current [A] 0.015-0.45
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The intensity of the electron beam is limited by the allowable tune shift for
hadrons in the eRHIC IP:

_&ﬁ_z.rh/z

gh ’yh 4‘7-[ ﬁ:ge

With the matching condition present (2.1), it obtains a simpler form that depends only on

the number of electrons and the hadron beam’s parameters:
N, 1

‘e =fe = =te Th 29
[))e e [))h h Eh yh 4ﬂ'Z€h ( )
Thus, limit for the hadron tune shift (2.2) limits the number of electron per bunch to
N,=v,"&, o dnze, ~ 1-10" for250 GeVp & 100 GeV/u Au ions (2.3)
Ty

In this document we consider that condition (2.2) is satisfied and the hadron beam is
stable under such collisions.

* Luminosity limitations

For round beam geometry with equal beam sizes, the luminosity formula is very
simple :
L=f NN (2.4)
47,8,

where f, is the collision repetition rate.

The strongest limitation of eRHIC luminosity in the linac/ring configuration arises
from the limitation on the beam-beam tune shift for hadrons (2.2):

L=ﬁ:n-N¢§ZZ% (2.5)
By 1,
that defines the dependence of maximum attainable luminosity through the hadron
beam’s parameters. It worth noting that the maximum attainable luminosity is directly
proportional to the energy of hadron (ion) beam. For the linac-ring collider, the beam-
beam effect on the electron beam is better described not by a tune shift but by a
disruption parameter:

Z,N, 1,
L)
Y. O r)

D=

Our studies of the electron beam dynamics in the IP (see section 3.f.2) showed that
disruption parameters (attainable within parameter-range in Table 2.1) do not limit the
eRHIC luminosity. In the ERL configuration, the growth of the beam’s emittance in the
IP is acceptable for full energy recovery. Thus for, for the parameters listed in Table 2.1,
the ERL operation will be stable.

An additional limitation on luminosity may come from the so-called “kink hard
head-tail” instability, i.e., the transverse coupled mode instability of ion beam [2.2]. This
effect is similar for the linac-ring and for the ring-ring collisions: the head of hadron
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bunch can affect its tail by altering the position of the electron beam propagating through
the ion beam in the IP. According to a rather conservative analysis’ [2.3], the beams are
stable when

<2m. (2.6)

This stability criterion is satisfied for the most®, but not all, of the parameter range we did
considered above. The stability criteria (2.6) can be exceed in parallel mode of operation
for electron energies below 5 GeV as well as for 10 GeV electrons in the dedicated mode
of eRHIC operation.

We plan to use a simple feedback system for stabilizing this potential instability.
The idea of the feedback is based on the fact that electron bunches are very short (~ 1 cm)
and do oscillate a whole in the kink-instability. Thus, using a detector of the transverse
position of the electron beam after the IP and applying the transverse kick to a fresh
electron bunch, which will interact with the same hadron bunch on a consecutive turn
about the RHIC, will suppress the instability. This feedback system, requiring a very
decent bandwidth ~ 56 MHz, has many precedents in the accelerator technology. Again,
the use of fresh electron bunch for the ERL makes the concept of the feedback very
straight-forward and transparent.

* Luminosity constraints

Other luminosity constraints can come from the limitation of the detector’s DAQ-
speed or from the background created by synchrotron radiation from the electron beam.
The latter is very unlikely to occur in the linac-ring version of eRHIC. Using a low
emittance electron beam and a large B, in the linac-ring version of eRHIC very
significantly reduces the angular spread of the synchrotron radiation (8-to-10 fold
vertically ), which can leave the interaction region with relative ease (see section 3.f for
details).

References:

[2.1] ZDR’s section 1.2: V.Ptitsyn, General accelerator concept and parameters
http://www.agsrhichome.bnl.gov/eRHIC/

[2.2] R.Li, B.C.Yunn, V.Lebedev, J.J.Bisognano, Proceedings of PAC 2001 (2001) p.2014
E.A. Perevedentsev, A.A.Valishev, Phys. Rev. ST-AB 4, 024403 (2001)

[2.3] R.Li, B.C.Yunn, ICFA Beam Dynamics Newsletter No. 30, April 2003, p.69
[2.4] Synchrotron frequencies are taken from Instability limit on ion bunch length,
M.Blaskiewicz, eRHIC, Meeting: July 15, 2003www.agsrhichome.bnl.gov/eRHIC/

7 This analysis does not take into account the tune spread induced in the ions at the IP. It is known that tune
spread can cause Landau damping and, hence, large stability range of the beams. Simple arguments of the

phase mixing lead to a slightly different stability criteria D < 27T .

® A 10 GeV electron beam colliding with 2 10° Au ions in parallel mode gives A = 3.5, and a 10 GeV
electron beam colliding with 2 10" proton in parallel mode gives A = 4.09.
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3. Layout of the linac-ring eRHIC

Main components of the ling-ring eRHIC are show in the following figure:(one of several
possible configurations — not in scale, see layouts in the Section 1.)

o RHIC - remains practically unchanged with exception of one IP
http://www.bnl.gov/RHIC

o Electron cooling — as described in section 3.e

o Polarized electron gun - — as described in sections 3b and 3¢

o Accelerating super-conducting linacs — see following section
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o Arcs and turns — The ERL has four major and two minor arcs. Arcs are
comprised of a rather simple FODO lattice with high density, but low field
dipoles (for reducing synchrotron radiation losses to about 5 MeV for the
entire cycle from the gun to the damp). The arc with the largest energy of
electrons incorporates the IP. Issues related to spin transparency are
described in section 3.d.

o Interaction region — see section 3.f

o Returning pass and beam dump — It is not necessary to preserve the high
quality of the e-beam and its polarization after the collision. Accordingly,
a returning half-arc can be designed after the IP with a vertical chicane for
avoiding a second crossing with the RHIC rings (see section 2.2 and 2.5 in
the main part of ZDR). The returning pass serves the rather simple but
critical role of recovering energy from the decelerating beam into the
superconducting RF system. With the exception of the first half-arc, the
decelerating beam reuses the same arcs. Finally, at the end of the
deceleration process, the electron beam’s residual energy, which is well
below 10 MeV, is damped. Using damping energy below 10 MeV is a
very critical environmental issue — it avoids residual radioactivity in the
damp.

The following additional major systems are required for the linac-ring eRHIC,
but are not shown in the above schematic:

» 2K° helium refrigerator for superconducting RF cavities
» 700 MHz RF power system
» Power supplies for ERL’s and arc’s magnets

» Auxiliary RF system for compensating synchrotron radiation losses
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3.a Energy recovery linac

Figure 3.a.1.is a schematic of the proposed two-stage 10-GeV energy-recovery linac

based on 703.75 MHz super-conducting RF-linacs for the eRHIC.

Yt -«

>>>>>>>>>>

IP

Compton
polarimeter

Fig. 3.a.1 Schematic of the two-stage ERL.

In this section we give bulk values for energies of electron beam for the maximal 10-
GeV e-beam energy in the IP. Section 3.d details the choice of the linac settings required

for spin transparency.

Polarized electrons with initial energy of 5 MeV are injected into the first ERL with a
500-MeV superconducting linac. They pass twice through this linac before entering the

main ERL.

Table 3.a.1 Energy and relativistic parameters of electrons in the low energy ERL: Ay, =965.75

Pass E in, MeV  E out, MeV Y: Y:
1 5 498.5 9.78 975.53
2 498.5 1000 975.53 1956.93
Table 3.a.2 Energy and relativistic parameters of electrons in the main ERL: Ay, = 4403.10
Pass E in, MeV E out, MeV Y: Y:
1 —linac 1 1000 3250 1956.93 6360.04
2— linac 2 3250 5500 6360.04 10763.14
3—linac 1 5500 7750 10763.14 15166.24
4— linac 2 7750 10000 15166.24 19569.34
eRHIC IP 10000 19569.34
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The main ERL has two linacs with a nominal energy gain of 2250 MeV per linac. Passing
twice through each linac, the e-beam reaches maximum energy of 10 GeV. During the
process of acceleration in the ERL, the electron beam passes through the arcs where it
loses about 2.5 MeV of its energy in the form of synchrotron radiation.

At full energy, the e-beam passes through a half arc towards the IP. A Compton
laser polarimeter installed in the dogleg just before this acquires final measurements of
the e-beam’s polarization in the IP (note that the dogleg does not affect the polarization,
see section 3.d).

Each normal arc or transfer line of the ERL ensures a delay in e-beam time equal
to an integer number of RF cycles. In this case, all linacs will synchronously accelerate
(or decelerate) electrons. The last arc with the IP and vertical chicane is a special one — it
provides for a delay in the e-beam time equal to an integer number plus a half of RF
cycles to change the accelerating sequence into a decelerating one. It also incorporates a
special cavity to compensate for the synchrotron radiation losses. Section 3.h addresses
details of the synchronization, RF cavity phasing and collision frequency adjustment.

The decelerating schedule for the e-beam is just the inverse of that in Tables 3.a.1 and

3.a.2. The electrons pass twice through the same linacs and arcs in the main ERL to
decelerate to 1 GeV:

Pass - decelerating E in, MeV E out, MeV

1 —linac 1 10000 7750
2—linac 2 7750 5500
3—linac 1 5500 3250
4— linac 2 3250 1000

This sequence matches the e-beam energy in each arc in both accelerating and
decelerating processes; hence, there is a significant reduction in the cost of magnetic
lattice of the ERL.

Finally, the 1 GeV e-beam decelerates in a low energy ERL to an energy of about
5 MeV and is damped. A damping energy of about 5 MeV insures the absence of residual
radiation in the damp, i.e., the damp looks like a “simple” but shielded 2 MW heat
source.

Standard cell

18 m 2m

Fig. 3.a.2. Standard basic cell of the ERL linac

Each linacs of the main ERL is comprised of fifteen standard basic cells. Each
standard cell (shown in Fig. 3.a.2) contains 4 super-cavity structures and a set of
magnetic quadrupoles with constant gradients (leading to and for a linearly growing f3-
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function [3.a.12]). Each superstructure consists of two 5-cell superconducting
accelerating cavities sharing one helium tank and high-efficiency ferrite high-order mode
(HOM) - absorbers (the cavity is described below). The use of large aperture RF structure
[3.a.1] with effective HOM absorbers is unique to BNL’s approach to the ERL. These
arrangements assure both a reasonable average accelerating gradient (of about 9-10
MeV/m) and very high stability of the re-circulating e-beam.

The low energy linac, which determines the ultimate stability of the e-beam , has
a similar structure but has quadrupoles filling each gap between the helium tanks thereby
obtaining lower values of the B-function without significant beating In addition, the first
few of low energy accelerating cavities (i.e., those accelerating and decelerating the e-
beam between 5-100 MeV) have individual HOM tuners to further increase the e-beam’s
stability.

Main components of ERL linac
o Five-cell high-current superconducting accelerating cavity
o standard design, normal temperature quadrupoles in linac

o standard design, normal temperature quadrupoles and dipoles in FODO
lattice arcs

Fig. 3.a.3 A 3-D computer-generated model of the prototype five -cell 703.75 MHz
superconducting cavity [3.a.1].

The most important individual component of the ERL is the five-cell superconducting RF
(SRF) cavity — a first SRF cavity designed specifically for high-current ERLs [3.a.1]. Its
unique features are the key for the proposed eRHIC scheme.
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Several factors influenced the choice of key parameters of the cavity.

1.

A frequency of 703.75 MHz was chosen due to both physics and engineering
issues. This is the 25th harmonic of the RHIC bunch repetition frequency with
360 buckets. A small loss factor from HOMs and the possibility of a larger
aperture were important criteria. Also, engineering issues such as the availability
of high-power CW klystrons and chemical-cleaning facilities played an important
role. A potential future use of this cavity in a linac-ring version of eRHIC
(electron-ion collider) also was considered.

A five-cell structure with a large aperture of 19 cm was selected in the original
design [3.a.2] to optimize the cavity for the best possible damping of higher-order
modes. However, further investigation revealed that a 17 cm aperture gave higher
acceleration efficiency while effectively damping all HOMs.

Ferrite absorbers have proven successful in single-cell cavities (CESR & KEK-
B). Following the Cornell design, we adopted them in a five-cell linac cavity.

The HOM absorbers adequately damp all modes in the cavity that might lead to beam

instabilities. Using two ferrite absorbers located along the beam pipe at room
temperature simplifies the design. Additional HOM couplers installed in the cavity
may prove useful for tuning HOMs in individual cavities to further increase the
beam’s stability.

The cavity geometry was constructed using “Build Cavity code" ”’[3.a.4], a graphics

interface software to Superfish. It allows the user to specify multi-cell cavity parameters
and optimizes the cavity’s geometry through a series of Superfish runs. Figure 3.a.4
shows the cavity design with 17 cm aperture and a 24cm beam pipe.

Fig. 3.a.4 Mafia-generated 3D geometry of cavity with enlarged beam pipe and ferrites.

The ferrite absorbers, 24 cm in diameter and 20 cm long, are located outside the cryostat
at room temperature. The ferrite material used is Ferrite-50 and is manufactured by
ACCEL according to the Cornell design. Various parameters of the five-cell cavity are
shown in Table 3.a.3. The optimum iris diameter of 17 cm is compared to an earlier
choice of 19 cm.
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Table 3.a.3: Cavity Characteristics

Iris Diameter (cm) 17 19
Frequency (MHz) 703.75 703.75
G (Q) 225 200
R/Q () 807 710
Q @2k 4.5x 10" 4x 10"
E,/E, 1.97 2.10
H,/E, (mT/MV/m) 5.78 5.94
cell to cell coupling 3% 4.8%

For the calculation of Q at 2K, we assumed Rycs = 3n2, and R, g = 2 NS2.

Field flatness and surface fields for the fundamental modes, calculated using 2D FEM
code [3.a.5], is similar to the Mafia results shown in Fig. 3.a.5.

25

1.5

IEI (MV/m)

05t

0 0.5 1 15 2
z (m)

Fig. 3.a.5. Field flatness of the fundamental mode peak-peak 96.5%.

The complex structure of multi-cell cavities often cause modes to be trapped inside the
cavity, thus limiting the beam’s performance due to instabilities. There are two main
reasons for HOMs to become trapped inside the cavity structure:

1. The geometry of the end cell differs from that of the middle cells. This
may result in poor cell-to-cell coupling and thereby trap HOMs.

2. Some HOMs may occur below the cutoff frequency of the beam pipe, so
preventing the mode from propagating out of the structure. These modes
exponentially decay in the beam pipe before they reach the ferrite
absorbers.
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It is very important to carefully analyze such trapped modes and to modify the cavity
structure accordingly to propagate them. It is common practice to use HOM couplers to
couple out some harmful modes that exist in these complex structures. A preliminary
design for couplers is underway at BNL. However, we propose a cavity design that will
demonstrate the possibility of a high current operation with just ferrite absorbers placed
in the warm section, thus minimizing cryogenic losses and simplifying critical
engineering issues.

The cavity’s geometry was optimized for higher-order modes using Mafia's e-module
with inverse solver’. An initial geometry using a 19cm iris was proven to have three
trapped dipole modes (TM1xx) causing the beam to break up at when operating at high
current. Analysis of several combinations of cavity iris and beam-pipe radius showed that
an iris of 17cm and beam radius of 12cm was an optimized design for both fundamental
efficiency and preventing the trapping of harmful dipole modes. The Q values of the
dipole modes can directly indicate possible trapped modes. Fig. 3.a.6 shows dipole Qs as
a function of frequency for different beam-pipe diameters. A different method exploiting
boundary conditions to calculate the coupling of cavity dipole modes to the beam pipe’s
diameter yield similar conclusions that all modes couple to the beam pipe and will be
adequately damped by ferrite absorbers. The factor k shown in Fig. 3.a.6 is a measure of
relative field strength between the middle cells and end cell. Fig. 3.a.7 shows a similar
calculation for monopole modes.
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Figure 3.a.6: Dipole Q dependence for 17 cm iris and various biam-pipe diameter geometry.
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Figure 3.a.7: Analysis of trapped modes in loss-free case. A. Dipole, B. Monopole

The R/Q values for the cavity modes can be easily computed using perturbation methods
in MAFIA. It is most desirable to design a cavity with a high fundamental R/Q while
keeping the R/Q for dipole modes as low as possible. We find that the R/Q values for
dipole modes are quite small for our geometry. Table 3.a.4. shows a few modes with the
highest R/Q.

Table 3.a.4 : R/Q and Q Values for Six Dipole Modes of Interest
Frequency R/Q(R2) Q

(MHz)

862.6 30.1592  623.266
882.2 54.6518  2499.858
906.9 41.719 1133.058
967.1 3.5272 3212.957
979.2 3.7425 4608.0
995.7 1.7205 8088.546

The MAFIA results were crosschecked using HFSS [6]. Since HFSS only computes in
3D, the exact input used in MAFIA was replicated in 3D in HFSS and dipole Qs were
computed. We were able to extract the dipole Qs of particular modes of interest. Fig.
3.a.8 shows that the MAFIA values agree well with those of HFSS. This is additional
proof that our cavity structure is indeed HOM free. Spell out HFSS
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Log(Q)
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Figure 3.a.8: Dipole Qs from MAFIA and HFSS for the 17 cm geometry
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Multi-bunch instabilities are an important issues for any ERL. The energy
recovery mode, and high currents contribute strongly to coupled bunch instabilities due to
the poorly damped higher modes that limit the cavity’s performance. The low frequency
dipole modes are particularly dangerous and cause breakup of the beam. We find most
dipole Qs to be small with a few of the order of 10, but still they do not pose any
significant threat. This feature remains to be checked in the high-frequency range (above
2 GHz), but contributions from high-frequency modes to the break up of the beam
usually are small. Also, we find that R=Q values are small for all modes which indicate
that the threshold currents for such breakup are high. We used the TDBBU simulation
code developed in Jefferson Laboratory [3.a.7] to calculate these breakup thresholds from
R=Q, Q, and corresponding frequencies, along with other beam parameters as input. We
simulated each cavity as two drifts with an energy gain of 13.5 MeV with the HOMs
placed inbetween the drifts. Using each dipole mode in both polarizations with a 15 MHz
Gaussian distribution, we obtained a threshold current of 1.8 A. Work is underway to
accurately build a cavity matrix and optics for the beam to propagate around the ring. In
principle, this approach should increase the threshold currents. A sister simulation
software called MATBBU [3.a.8] was recently acquired from Jefferson Laboratory that
solves an eigenvalue problem to determine the threshold limits; the results give a
threshold current of 1.85 A. Fig. 3.a.9 shows the transverse beam’s position as a function
of time calculated by TDBBU for a current of 1.8 A. The initial (artificial) transverse
kick decays, showing that 1.8 A is a stable operational current.
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Figure 3.a.9: Simulation of beam breakup in TDBBU with a threshold current of 1.8 A.
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One of the major issues in SRF cavity design is power dissipated in the HOMs. High
current and high bunch charge implies a huge HOM power that has to be absorbed by the
ferrite absorbers or extracted through HOM couplers. When this power is large it
becomes a major cryogenic challenge, so it is imperative to keep HOM power loss to a

minimum. The HOM power is given by

_ 2
P HOM _ﬁ)eamklmsq

where f5..m 18 the beam-repetition frequency at a bunch charge ¢, and 4, is the loss
factor which is given by

1
k,.=—|Z (wdo.
loss 2]_[.!)‘ r( )

In the neighborhood of the resonance frequency, the integral simplifies to the following
expression: use normal size type
_ U)an
loss — E
where loss factor was calculated with ABCI, using a single bunch with a 1cm RMS
length. The loss factor results are displayed below in Fig. 3.a.10.
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Figure 3.a.10: Loss Factor and integrated loss factor for 17-24cm geometry

Another important factor to consider is wall losses due to the fundamental mode in the

beam pipe. Since part of the beam pipe is at 2K, it becomes crucial to minimize this loss
so that CW operation becomes feasible. Preliminary calculations from BNL’s cryogenic
group [3.a.13] indicate a maximum loss of 25 watts will be tolerable for a sustained CW
operation. This power loss can be calculated with MAFIA. Thus, for a beam pipe 20-cm
long made of copper after the end cell with our present configuration shows a total wall
loss less than 10 watts on both sides of the cavity. We expect to intercept this power at

12

liquid nitrogen temperature. The copper tube, also serving as a shielding for the stainless-

steel bellows, will be anchored to the radiation shield and thermally isolated from the
niobium pipe. The electrical path for HOM power and beam image currents will be
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provided by a small capacitive element.

Simulations for a low energy prototype of the ERL showed that threshold current
for the transverse beam breakup is as high as 1.85 A for a single pass (i.e., ~ 0.9 A for
two passes). The main reason for this very impressive result is strong damping of the
HOM in the advanced five-cell cavity design described above with large sized irises and
ferrite absorbers.

The PERL design studies [3.a.11] demonstrated that choosing a focusing optics in the
linacs with B-function proportional to the e-beam energy sets conditions for improved
beam stability, assuming that arcs properly match B-function and the phase advance is
proper. The above conditions allow element M, to come very close to zero for all
individual cavities.'

Presently, detailed designs are underway for
¢ Lattice for the linacs
* Lattice for the arcs
* Longitudinal dynamics in the ERL
o Including Polarization effects (see also section 3.d)
* Losses for synchrotron radiation

* Energy recovery and beam dump

Layout and Optics of the linac — on of the options for ERL [3.a.14]

The linac recirculates the beams to reduce the number of cavities needed to reach the
final beam energy. A recirculating energy-recovery linac consists of three distinct
building blocks:

* The linacs that accelerate and decelerate the beam. Beams of different energies

can be in the linac simultaneously.

* The arcs that bend the beams around to reinject them into the linacs. A separate

arc must be used for each beam energy.

* The spreader/recombiner sections that distribute bunches from the linac into the

arcs according to their energy.
Since the number of arc beam lines increases proportionally to the number of passes
through the linacs, and the current threshold for multibunch instability decreases with the
number of passes, only two passes are used in the eRHIC.

The focusing in the linacs is determined by the lowest beam energy.
Overfocussing must be avoided. For that reason, a two-stage scheme is used (Fig. 3.a.11).
The beam is generated by an RF gun and accelerated to about 10 MeV. It is injected into
the first-stage linac with 12 cryo modules and accelerated to 1.018 GeV using one
recirculation. The second stage uses a racetrack layout, similar to the CEBAF accelerator,
that minimizes the tunnel’s length.

1% Detailed studies of theoretical aspects of ERL beam dynamics also are in progress
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The two linacs are parallel. Accordingly, the linacs can be lengthened in future upgrades
with a minimum amount of concrete work. A triangular layout also could be adopted ,
that would lower synchrotron-radiation power, but at the cost of a longer tunnel.

Each of the two linacs has 60 cryo modules for an energy gain of 2.268 GeV per pass.
The beams are focused by quadrupoles in a FODO arrangement. In contrast to the CEBAF
accelerator where the field gradient increases with the beam’s energy, the quadrupole
field is fixed. In such a lattice, the beta functions oscillate around an average value, which
increases with the beam’s energy. Since the linacs are optically symmetric, a mismatch
and large beta beat is avoided. Small beta functions increase the threshold for the multi-
bunch beam breakup. Fig. 3.a.12 shows the beta functions for all passes of the second-
stage linac.

The arc length is given by the allowed synchrotron radiation power that must not
exceed 7 kW/m in the highest energy arc. This requires a bending radius of 155 m in the
arc dipoles. The arcs must be isochronous so that the initial energy spread of the beam
does not cause bunch lengthening in the first arc which would increase the energy spread
in the next linac, and so on. The arc dipoles are 5 meters long with a field of 2 kG at 10
GeV. The arc cell, consisting of twelve dipoles (Fig. 3.a.13), has a fill factor of 68%
(integrated dipole length over total length). The average radius of the arc is 250 m. The
dispersion function is zero at both ends of the cell, thereby allowing the insertion of the
interaction region in the 10 GeV arc and of dogleg dipole magnets for variation in path
length in the lower energy arcs.

The spreaders/recombiners separate the beams horizontally. Since there are only two
beam lines in the arc tunnels this does not make the magnets inaccessible as it would in
the CEBAF with five beam lines. Further, there is no need to match the vertical
dispersion. The horizontal dispersion can easily be matched by modifying the quadrupole
strength in the first arc cell. Figs. 4 and 5 show the spreader for the north end and the
south end of the linacs, respectively.

To protect the superconducting cavities from the synchrotron radiation, the first
dipole of the spreader has a low field of 200 Gauss, resulting in a bending radius of 1500
m at 10 GeV. The total radiated power from this dipole is 70 Watts. Half of this power
can be removed with a collimator in front of the first cryomodule. Since the inner
diameter of the cavities is 17 cm, the remaining radiation will go through the cavities
without hitting the walls. A second collimator (and maybe third) inside the linac will
remove this radiation.

The optics of the interaction region optics are similar to those used for the ring-ring
version (Fig. 6). However, since the beta function in the interaction point is much larger
(92 cm), the beta function in the focusing quadrupoles is much smaller. Figure 7 shows
the fan of synchrotron radiation created in the interaction region; it must not hit the beam
pipe inside the interaction region. Fig. 7 shows that the IR must be antisymmetric to
accomplish this. A detailed layout of the arcs and interaction region is being developed.
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Beta Functions in the LINACs
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Figure 3.a.12 Beta functions (black horizontal, red vertical) of all Linac passes. The arcs are
represented as thin matrix elements, shown as tall green lines.
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Figure 3.a.13. Arc cell
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Spreader/Recombiner For The North Arc
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Fig. 3.a.14: Beam spreader/recombiner for the north end of the linac for the injection/extraction
line (black), the 5.5 GeV line (red), and the 10 GeV line (green).

Spreader/Recombiner For The South Arc
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Fig. 3.a.15: Beam spreader/recombiner for the south end of the linac for the 2.25 GeV line (black)
and the 7.75 GeV line (red).
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Interaction Region
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Fig. 3.a.16: Interaction region optics
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Fig. 3.a.17: Radiation fan in the interaction region. The radiation created in the interaction region
must be absorbed outside the beam pipe.
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3.b Polarized electron gun

The following description highlights the common part with a description of the
main requirements and parameters of the polarized gun in the main section of the ZDR
(Sec. 2.3.1, Polarized Electron Photoinjector by M. Farkhondeh and W. Franklin), as well
as focusing on issues specific for the ERL-based eRHIC.

Introduction: The advancement in the polarized electron source technology over

the past decade at nuclear and particle physics accelerator centers have been substantial
[3.b.1-3]. Highly polarized electron beams of diverse peak currents, time structures and
duty cycles including CW beams are now routinely produced at Jefferson Lab, SLAC,
HERA, MIT-Bates, Mainz and Bon [3.b.1-5]. These polarized injectors are based on
photoemission process from strained GaAs based photocathodes illuminated by laser
radiations at 800-850 nm followed by an extraction process with high gradient electric
field. At MIT-Bates, long pulses with 2 mA currents of highly polarized electron are now
routinely achieved.
High polarization photocathodes: Polarized electron beams for accelerators are generated
by photoemission process using longitudinally polarized laser lights at 750-850 nm from
the surface of GaAs based photocathodes under UHV conditions. The electrons are
extracted from the surface using high gradient field present between the anode and
cathode electrodes. The maximum theoretical limit for degree of polarization from a bulk
GaAs surface is 50% and ~40% in practice due to depolarization effects in the bulk. The
photoemission process in bulk GaAs is the simultaneous excitation of electrons in
degenerate states in the valance band to the conduction band. To the degree that this
degeneracy in the valance band is removed, higher degree of polarization can be
achieved. A common technique to remove the existing degeneracy is to introduce strain
in the lattice by growing GaAsP layers on substrate GaAs. The lattice mismatch between
GaAs and GaAsP produces mechanical strain near the boundary surface [3.b.6]. The
active layer must be very thin of the order few hundred nm to keep the strain present near
the surface of the photocathode. The reduced depth in the active layer causes a substantial
reduction in the Quantum Efficiency (QE) of the photocathode. QE is the fractional
number of electrons generated by a single photon. QE for bulk GaAs photocathodes with
pol~30-40% 1is of the order of 1-10 % and 0.01-0.1% for high polarization strained
GaAsP, smaller by two decades. The high polarization photocathodes therefore, have the
inherent problem of low QE’s. With a laser radiation of wavelength A and power P, the
maximum peak current generated from a photocathode of appropriate band gap structure
is given by

QE x P(mW)A(nm)
1239

I(mA) =

For instance, with P=1kW, QE=0.1% at A=800 nm, a current of ~0.64 A can be
generated. As shown in Figure 3.b.1, the QE and polarization are strong functions of A.
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Figure 3.b.1. (Left) Photoemission data on a GaAsP from SLAC [3.b.7] showing Polarization
and QE as a function of wavelength. (Right) A schematic diagram of the lattice structure of a high
polarization high gradient doped strained GaAsP photocathode [3.b.8] now in use at SLAC and
MIT-Bates. The peak polarization for this sample is near 800 nm where commercial high power
lasers are more readily available The 10 nm thick layer is highly doped to reduce the surface

charge limit effect.
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Figure 3.b.2. Peak current vs. laser power shown after several heat cleaning and activations for a
two months period for the MIT-bates polarized injector. Due to surface charge limit effect the
slope of the current vs. laser power decreased between 9/22 and 11/26 (squares and triangles). A
heat cleaning and activation on 11/26 partially restored the slope (circles).
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Surface Charge Saturation effect: In a perfectly atomically clean and freshly
activated photocathode, the extracted charge is proportional to the incident laser power.
However, as the QE of the photocathode decreases due to surface pollution, the
relationship between the laser power and the extracted charge begins to deviate from
linear. This is particularly pronounced at high laser power densities where due to an
abundance of negative charges on the surface, the effective work function near the
surface is increased causing a reduction in the extracted charge per bunch. This effect has
been observed at SLAC and at MIT-Bates and studied in great detail at SLAC [3.b.8].
Figure 3.b.2 shows data from the MIT-Bates polarized injector that clearly indicates the
deviation from linear as the photocathode is aged over the course of many months. As
charge saturation effect increases more laser power is required for producing the current
required. To reduce the surface charge limit in the high gradient doped sample currently
used at SLAC and MIT-Bates, the top 10 nm GaAs layer is heavily doped. However, this
thin layer is evaporated after several heat cleaning at near 600 C. Cares must be taken to
reduce the number of heat cleaning for as long as possible. There are potentially several
other methods to reduce the surface charge limit for high polarization photocathodes.
These include cathode biasing, higher gun voltage, higher QE and the use of superlattice
structures [3.b.9]. These methods have been tested in various photocathode and gun R&D
programs mainly at SLAC and Nagoya but further R&D is required to make them
practical.

Issues specific to linac-ring based eRHIC: The 0.5 A average current of highly polarized
beam from a polarized electron source for injection into an ERL linac is a demanding
task and has not yet been accomplished. At 28.1 MHz eRHIC collider frequency and
bunch lengths of 100 ps, bunch charges of 18 nC are needed from the polarized source.
Usage of longer bunch combined with bunch compression should help to ease the current
requirements. Using a simple linear scaling extrapolation of results achieved at J-Lab and
elsewhere, it may be possible to produce such high average currents assuming that
sufficient laser power is available. For instance, the polarize source at J-Lab with a laser
spot size of ~ 0.2 mm diameter, routinely produces ~100 wA current at 500 MHz and is
beginning to produce ~40 uA for the GO experiment at ~30 MHz [3.b.1]. With the same
laser power density as J-Lab, to produce 0.5 A at 30 MHz, a laser spot size and
illuminated photocathode area of 14 mm in diameter is needed. In this case, the required
laser power for a high polarization GaAs based photocathode with QE of ~5x10 ™ would
be in the kW range, a level that may only be produced with a future ERL-based free
electron laser linac as discussed later in this section. It may also be possible to reach this
high level of laser power using an array of high power diode array laser systems used
for the MIT-Bates polarized injector. It should however be emphasized that this is a
simple scaling extrapolation and the required current of 0.5 A is about three orders of
magnitude over the current produced with a CW linac today. It should also be noted that
to date unpolarized currents as high as 5-10 mA have been produced from a 3-5 mm laser
spot on a bulk GaAs photocathode at the J-Lab’s ERL-FEL [3.b.11].

An important issue that requires R&D is the surface charge limit effect described [3.b.7]
in detail in the eRHIC ZDR section 2.4. This phenomenon can often place a severe limit
on the maximum amount of charge that can be extracted from the photocathode
regardless of the level of laser power. Charge limit effects often appear when the QE of
the photocathode becomes very small and the surface condition of the photocathode
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deteriorates. The beam emittance from a large area photocathode needs to be studied with
computer simulation to ensure that it can be brought under control before injection to the
linac. A detailed computer simulation with software packages like PARMELA needs to
be made of this polarized injector to ensure that proper optics solution can be obtained.
Also high average and high peak current photoemission tests need to be carried out in the
next few years to ensure that the simple scaling law discussed above is valid. The MIT-
Bates polarized injector group has the expertise and a test stand that can carry R&D in
high peak and high average current photoemission tests. The test stand at MIT-Bates
includes an electron gun, laser systems, beam transport system and a Mott polarimeter
that can be used for these R&D efforts if proper level of funding is available.

Another critical issue for a high average current polarized electron source is the
lifetime of the photocathode. It is very difficult to study and estimate the lifetime without
building an actual gun and beam line. The lifetime of a photocathode is defined as the
total time a desired level of electron current can be maintained before the surface of the
photocathode needs a heat cleaning and activation. Any additional laser power would
prolong this period unless severe charge limit effect is present. At these very high
average currents there is no experimental data on lifetime issues of photoemission guns.
At high average currents, the lifetime of photocathode is severely shortened by
desorption caused by any slight beam loss near the gun chamber. Therefore it is
extremely critical that beam optics in the gun chamber and its vicinity are designed very
carefully and relative beam losses are 1x10” or better. Beam losses can be further
reduced by keeping the laser light clear of the periphery of the photocathode to prevent
electrons with extreme trajectories. It is prudent to have a photocathode diameter of at
least a factor of two larger than the diameter of the laser spot.

In addition, the heat generated by a kW laser power must be removed from the
photocathode assembly that is under UHV condition. Any increase of the photocathode
surface would seriously reduce the quantum efficiency by an increase in the rate at which
the surface Cs is evaporated at elevated temperatures. The design of the photocathode
assembly and the gun should accommodate this heat load.

Requirements for the laser driver for the gun: The latter are defined by the electron
beam’s parameters, as well as by the photocathode used for generating polarized
electrons [3.b.12]. The degree of polarization is the most important parameter for the
eRHIC and hence, the wavelength should be chosen at which polarization is maximum,
i.e., A=815 nm where polarization reaches 82% for a strained GaAs photocathodes (see
Fig. 3.b.1), or even 90% for super-lattice photocathodes. A high degree of polarization
occurs at the wavelengths where the quantum efficiency of the photocathode is rather
low, ~ 107, hence, the power requirements for the laser-driver are high.

The eRHIC requirements (the maximum electron beam current of 0.45 A) combined
with feasible parameters of AsGa strained photo-cathodes give following requirements
for the laser source:
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o Wavelength [nm] 815+5
o Photon energy [eV] 1.52
o Polarization circular (left/right)
o Laser power [W] 475 for 0.15% QE
2,283 for 0.03% QE
o Mode of operation Cw
o Rep-rate 28.15 MHz
o Energy per pulse [uJ] 17 - 844
o -uPulse duration [psec] 100 - 200
o Peak power [kW] 170 — 8,440
o Stability
= Pulse-to-pulse <0.1%
= Long term <1%
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3.c Laser source for the polarized gun

The requirements of the laser source for the polarized electron gun naturally
match those of a FEL driven by a small energy-recovery linac (ERL). The ERL for the
FEL should be based on exactly the same technology as the main 10 GeV ERL (but with
dramatically lower energy and with much smaller scale). First, the FEL wavelength is
continuously tunable and can be chosen to maximize polarization of the e-beam. Second,
the time structure and repetition rate of the FEL laser beam, 28.15 MHz, coincides with
that of the e-beam, which is the 25™ sub-harmonic of the ERL’s RF frequency. Third, a
FEL based on a helical wiggler generates 100% circular polarization in a single-mode
laser beam. Fourth, the power requirements of 0.5 kW to 2.5 kW range match with
modern ERL-based FELs [3.c.1]

Rl w— _  w—— S

recycled electrons
optical
electron beam cavity
mirrors

beam
dump
source superconducting wiggler for conversion
accelerator essential for of electron energy
recycling electron energy into light

W LI L P E 1

Fig. 3.c.1 Scheme of an ERL-based FEL
Table 3.c.1 gives examples of parameters for the state-of-the-art ERL FEL.

Table 3.c.1. System Parameters of the JLab FELs [3.c.2]

Achieved IR 2003

Energy (MeV) 20-48 80-210
Beam current (mA) 5 10
Beam Power (kW) 240 2000
FEL ext. efficiency >0.75% 1%
FEL power (kW) 2.1 >10
Charge/bunch (pC) 135 135
Rep. Rate (MHz) 18.75-75 4.7-75
Bunch Length* (psec) 0.4 (60pC) 0.2
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The FEL parameters chosen for the eRHIC’s polarized gun (see below) are relatively
conservative, keeping them well within or very close to demonstrated technology. The
relatively high energy of the electron beam allows for both a lower value of the electron
beam’s current and its better quality. This factor simplifies the propagation of the beam in

the FEL and in the ERL.

Table 3.c.2. Parameters of FEL for eRHIC’s polarized gun

Electron beam
Energy [MeV]
Beam current (mA)
Beam Power (kW)
FEL ext. efficiency
FEL power (kW)
Charge/bunch (pC)
Rep. Rate (MHz)

Wiggler
Type
Length [m]
Period, Ay, [cm]
Aperture [cm]
Wiggler parameter, K,
Peak magnetic field [T]

Laser light
Wavelength, A [nm]
Chirp [nm/psec]
Polarization
Spot-size in FEL[cm”]
that the mirror [cm’]
u-Pulse duration [psec]
Optical cavity
Length [m]
Radius of curvature [m]
Rayleigh range [m]
Out-coupling
Intracavity power [kW]
CW Power density [kW/cm?]
Peak Power density [MW/cm?]
Laser pulse stretcher
Input pulse duration [psec]
Wavelength [nm]
Chrip [nm/psec]
Dispersion section [psec/nm]
Input pulse duration [psec]

160

5

800

up to 0.75%

up to 6, nominal - 2
180

28.15

helical with switchable helicity
2x0.9

6

1

1.29 - nominal (tunable within 0-1.5)
0.230 (tunable within 0-0.265)

815, nominal, (tunable within 400 — 1000 nm)
5

100% circular (left/right)

0.0020

2.08

5 (chirped)

31.8926

15.962

0.5

10%

60

30 at the mirror
205  at the mirror

5, chirp 5 nm/psec
815

5

2040

100 -200
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Fig. 3.c.2 Electromagetic pseudo-helical wiggler with switchable helicity [3.c.3]: On the left, a

photograph with the top quarter of the wiggler removed. On the right, there is a drawing of its
half-period.

Even though most of these FEL parameters are typical for modern high power FELs,
some special features are specifically required for a polarized gun with a low-emittance
electron beam:

* Switchable helicity of the FEL photons;

* Wide range of the power control to compensate for degradation of the
photo-cathode’s quantum efficiency and to extend the time between
cathode changes;

* About 2x excess of optical power for giving the laser beam a flat top
profile at the surface of the photocathode to maintain low emittance of the
e-beam;

* Feed-back on both the FEL power and time-profile of optical pulses;

* Matching the FEL pulse’s duration ~ 5 psec with the pulse duration at the
gun ~ 100 psec requires a laser pulse stretcher and, therefore, a
wavelength chirp in the FEL pulse.

The polarization of the FEL wigglers determines that of the FEL photons '' —i.e.,
a planar wiggler imprints linear polarization into the FEL photons, while a helical wiggler
imprints circular polarization into them. The need to switch the helicity of circular
polarization requires this feature to be incorporated into helical wiggler of the FEL. One
possibility of doing so is to use a pseudo-helical electromagnetic wiggler as that shown in
Fig. 3.c.2. In this case, the magnetic field is generated by a horizontal- and a vertical-

' Assuming that the mirrors of the optical cavity are optically inactive, i.e., do not rotate the polarization.
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array of poles with independent controlled strengths via their coil’s currents. Horizontal
poles are shifted for a quarter of the period with respect to the vertical ones. When both
currents are equal, the field has helical structure with cos-like dependence of vertical
magnetic field and sin-like dependence of horizontal one, i.e., the electron’s trajectory in
this wiggler is helical. The helicity sign can be easily flipped by the changing the sign of
the current in one of the coils (for example, the horizontal one). This excellent approach
guarantees 100% helical polarization of FEL photons [3.c.4].

The other possibility is to use permanent magnet wigglers, in which horizontal
array of magnets can be moved with respect to the vertical [3.c.5]. These wigglers
perform reasonably well, but the sign of helicity is switched by slow mechanical
movements, and cannot be performed as rapidly and reliably as with an electromagnetic
wiggler.

The other required feature is a smooth and wide-ranging control of the FEL
power. A scheme of an optical klystron (OK, [3.c.5]) for the FEL can provide this
feature. Employing a buncher in the scheme of the optical klystron ensures smooth
control of the power limitation by a simple control of the current in the buncher’s coil.
This feature will be used for maintaining constant electron-beam current when the
quantum efficiency drops, as well as for stabilizing the FEL power.

E-E,

]
BN,
Zzzzzzzz;% ;3

Fig. 3.c.2 Scheme of 6 kW CW FEL for eRHIC polarized gun. The electron beam, injected into
the ERL at energy of 6 MeV, accelerated to 160 MeV with an energy chirp of 1.5% per 5 psec, is
used in the FEL (where it loses ~ 1 MeV of energy), then decelerated to 5 MeV and damped.
Damping the electron beam at energies below 10 MeV is environmentally preferable because it
does not create residual radioactivity.

The driving electron beam determines the time structure of the laser pulses in the
FEL. FEL-gain requirements lead to a high peak current resulting in a rather short laser
micropulses (~ 5 psec). Following a well-known FEL technique, we will extend laser
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pulses to the required 100-200 ps using wavelength chirp in FEL and the laser pulse
stretcher. The wavelength of the FEL photons, defined by well-known FEL formula for a
helical wiggler with wiggler period A,

A, 2
A=2—y2(1+1<w) (3.c.1)
can be controlled either by changing the electron beam’s energy or by thewiggler’s
parameters
K, - eBW)LW2 '
2amce

In our case, we will use both dependencies: K,, will be used to tune FEL to the optimal
wavelength, and the dependence of the resonant FEL wavelength on the energy of
electrons E = ymc® will be used to chirp the energy of FEL photons (see Fig.3.c.2
below). By accelerating electrons slightly off-phase, we will imprint the energy chirp into
the electron beam. In response to this chirp, the wavelength of the photons has the chirp
from the head to the tail of the FEL pulse. Using a dispersive system (i.e., a system with
an index of refraction and time of pass depending on the wavelength, which is
schematically out-lined below) we will extend the chirped pulse from 5 psec to the
desirable duration of 100-200 psec.

Fig. 3.c.3 A chirped FEL pulse can be extended using an optical system with a pass-time
depending on the wavelength.

Overall, the ERL-based FEL can meet all requirements for the driver of a polarized
electron gun with average current of 0.5 A. Being based on exactly the same elements as
those used for 10 GeV ERL, this laser source can be build within a very modest budget.
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3.d e-beam polarization and polarization transparency of the ERL lattice

In remarkable contrast with many other schemes, the ERL option for the eRHIC
does not have any forbidden energy ranges'?, and a desirable polarization of electrons can
be maintained at any energy of electrons without using spin-matching sections or
“snakes”.

This flexibility and the spin-transparency of the ERL are most evident in the
present ERL scheme shown in Fig. 3.d.1. By design, the electron trajectory stays in the
horizontal plane from the gun to the IP and, therefore, the spin also stays in the horizontal
plane, x-z.

Electrons are generated in a photo-injector with longitudinal polarization
exceeding 80% (see section 3.b) and the energy of E, =y,mc’. Helicity (projection of
spin on the momentum, i.e., the z-axis) is controlled by choosing the helicity of the
photons, and can be switched from positive to negative. The electron beam is turned for
the angle Ag, = /12, and is injected into first stage of the ERL. This stage has one linac.
The electron beam passes twice through it gaining AE, = Ay,mc” at each pass, and then
makes one 360° turn before reaching transfer energy E, = y,mc’ in the second section of
the ERL. The e-beam makes Ag, = /2 turn before reaching the first main acceleration
section.

..........

IP

Compton
polarimeter

Fig.3.d.1. Acceleration scheme for eRHIC with a two-pass ERL

2 To be exact, it is correct for all energies of interest for eRHIC. This scheme would not work for very low
energies of electrons E;< 0.22 GeV.
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The second stage of the ERL is comprised of two linacs, and electron beam passes
twice through each of them gaining AE, = Ay,mc” at each pass, and makes three180
turns before reaching final energy £, = yfmcz. The e-beam makes its last Ap, = /2 turn
before reaching its goal in the IP.

After the IP, polarization of the electrons in no longer important and downstream
of it, the lattice does not need to be “spin-transparent”.

It is important to notice that acceleration along z-axis does not affect the particles’
spin". Therefore, spin rotation occurs only in the bending magnets. The vertical magnetic
field in the arcs turns the trajectory of the electrons and rotates their spin about the y-axis
for an angle,A@, proportional the angle of trajectory rotation, A@, electron energy

E, = ymc’, and the anomalous magnetic moment, a=g/2-1=1.1596521884-107:

N8 ¢ e . O P
B om® (1+a)m” > Vo =4V = 44065GeV ]
Ap=A0-y-a. (3.d.1)

Therefore, the total angle of spin rotation is a direct sum of the individual turns (see
below):

AOB/m Y
-1/12 Y.
2 Yo +Ay
1/2 Y., +2Ay,

Y. +2Ay;, +1Ay,
Y., +2Ay, +2 Ay,
Y., +2Ay; +3 Ay,

1/2 Y. +2Ay, +4 Ay,
and for the entire pass from one can easily calculate the total angle of the spin rotation:
@=aY Ay, =ma{(6-1/12)y,+ 10Ay, + 8Ay,}. (3.d.2)
The final energy of electrons
E,
Yr=—75=7:+2Ay, +4Ay,; (3.d.3)
mc

1 According to Bargman, Mitchel, and Telegdi’s equation, in the absence of magnetic field
5 . 1)\- Afn = L
e e L O O
dt mc 2 Y y+1\2 2 y+1

particle spin is preserved for a particle moving along electric field 3 // E .
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is defined by the experiment. Usually fixing the injection energy is required by conditions
for generating very bright electron beam. These make the choice of energy gains in the
ERL linac unique for longitudinal polarization in the IP'*;

A}/2=Yf4_)/i_%
(3.d.4)
f—a-ﬂ +2y,+6Ay, |=N

. 127’1' Yy "

where N here is an integer number. Chousing N to be nearest integer to the nominal
energy gains (required for reaching the final energy)

N = nearest_integer{a(% Yi+ 27, + 6AY0min a,)}

and using a small adjustment of Ay,

6yl=i(9- )5143.7-(9- )
6a\m T

provide for integer number of m-rotation for electron spin. In the above scheme, a very
small adjustments of the linacs in two sections in the range of

8y, €{-71.9,71.9}; OE,,..[MeV]E {-36.72,36.72}
6)’2 = _6)/1 /2’ 6Elina02 = _6E /2

linacl

do provide for attainment of complete spin transparency'. It is advantageous for the
beam stability to operate fist section of ERL close to nominal accelerating gradients.
Presently the nominal ranges for the ERL with two passes'® are shown in next table:

Injection energy 5 MeV

E, 1000 MeV

Final 2-10 GeV

Nominal AElinacl 497.5 MeV

Nominal AElinac2 1000 - 2250 MeV
Nominal Ay, 973.58 O
Nominal Ay, 489 - 4403 O

' First, capability of spin flip at the source side allows us to have integer number of 180° turns of spin.
Proper helicity is chosen at the gun. Conditions similar to (3.d.4) can be derived for any plane ERL [3.d.1].

" It is important to note that initial energy spread of electrons is very small o, <<1. The energy spread is
kept small o, <1 (see section 3.a) also during the acceleration process. Therefore, the spread of the spin
rotation angle caused by the energy deviation stays very small 0,<Tma=0.025 rad, coso,=0.9997 and

high degree of e-beam polarization is preserved.

16 Energies of electron beam from 2 GeV to 5.5 GeV can be reached with a single pass through the ERL
linacs, which is a preferable choice.
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The process of making the lattice spin-transparent at any energy of operation is as simple
as following:

v" Energy gain in the first and second linac are slightly adjusted (for less than 40
MeV) to satisfy criteria (3.d.4) while keeping final energy fixed.

An example of the choice for accelerating gains of two linacs for e-beam energy range
from 5 to 10 GeV is shown in Fig.3.d.2

‘El, ‘22 for spin transparency

2.5
2
% 1.5
O
™
e} 1
<
0 i i i i
5 6 7 8 9 10

Energy in the 1P, GeV

Fig. 3.d. Required energy gains for spin transparency vs. the e-beam energy in the IP.

Similarly the spin transparency can be kept with a single pass ERL (see Fig. below).

A
Yt <_Yz

[P

Compton
polarimeter

Fig.3.d.3. Scheme for low energy eRHIC operation with a single-pass through ERL.
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‘El,ﬂZ for spin transparency with 1 pass
25

, GeV

1,2

AE

Energy at IP, GeV

Fig.3.d.4. The choice of the energy gains for linacs for a single - pass through the ERL

In addition to longitudinal polarization by a properly selecting energy gains in two linacs
of ERL, e spin can be oriented horizontally in the IP, if required. Overall, the ERL-based
eRHIC has full capability of controlling the polarization of electrons in the IP while
preserving a very high degree of polarization attained at the photo-cathode. Most
importantly, there are several schemes with ERL-based eRHIC that allow any desirable
polarization at the IP at any desirable energy of electrons. The scheme described in this
section is one of them.

References:

[3.d.1] V.N. Litvinenko, W.W. Mackay, I.Ben-Zvi, “Spin Transparency of ERL lattice”,
C-AD internal note

218



3.e Electron cooling

In this section, we focus on issues specific for the ERL-based eRHIC, which
allows operation with double the intensities of both the ion- and proton-beams compared
with ring-ring option [3.e.2]. Electron cooling plays as important a role in the ERL-based
eRHIC as it does in the ring-ring case.

” \if:ﬁ

a

Fig. 3.e.1. eRHIC electron-cooler system comprises a photoinjector (red), a superconducting
energy-recovery linac, and a cooling RHIC section with 30-m long solenoid (purple).

The detailed description of electron-cooling scheme (fig.3.e.1) and its aspects specific for
eRHIC operation are shown in Section 3.2.1 in the main body of ZDR [3.e.1]. To achieve
the design luminosity of eRHIC, an ion beam must be continuously cooled while
colliding with the electron beam. The needs for electron cooling in eRHIC can be
summarized as the following:

1. The RHIC gold-beam evolution is dominated by Intra-Beam Scattering (IBS) that
leads to the growth of emittance and beam loss and/or de-bunching. Electron cooling
is planned during the storage phase of the machine to control IBS and reduce
emittance to the required values (limited by the beam-beam parameters).

2. For high-enegy 250 GeV protons, electron cooling is ineffective. This suggests a
staged cooling for such protons: they are initially cooled at injection energy with a
subsequent acceleration to higher energy. At low proton energies in the range of 25-
50 GeV, using cooling reduces transverse-beam emittance to the required values.

3. Cooling the longitudinal emittance causes bunch shortening at both low- and high-
energies, and, hence, provides the match with a low f* in the IPs.

Initial simulations indicate that all the major tasks described above can be
achieved with the electron cooler presently under design for the RHIC II upgrade. Section
3.2.1 presents the simulations of cooling times for the current eRHIC baseline intensities
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of protons (Np=1x10"") and Au ions (Ni=1x10). Here we offer some examples for
upgraded intensities of the RHIC beams to Np=2xlO11 and N=2x10’ for protons and Au
ions per bunch.

£ 24
=
822
=
[
£ 2
5
> 18
£
= 1.6
=]
N 14
e
E 12
(]
=

0.5 1 1.5 2 2.5 3 3.5 4
time hours

Fig.3.e.2 BetaCool simulation code: Cooling of a proton bunch with N,=2x10"' 27 GeV protons
to a normalized rms emittance of 1.2 wm.

1.75
1.5
1.25

0.75
0.5
0.25

normalized rms emittance um

2 4 6 8 10
time hours

Fig.3.e.3. . BetaCool simulation code: Emittance growth of the cold proton bunch with
N,=2x10"" particles stored at 250 GeV.

For high-intensity protons, staged cooling is employed. The protons are first
cooled at energy of 27 GeV, and then accelerated to the energy of experiment. Figure
3.e.2 shows cooling of protons (N,=2x10'") using a current of electron cooler
corresponding to the number of electrons in a bunch Ne=1x10"" (16 nC per bunch).
Figure 3.e.3 shows emittance growth via IBS of the cold proton beam accelerated and
stored at 250 GeV for 10 hours. Overall, the simulations support the possibility of
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maintaining the beam’s quality of intense protons required for attaining 2x10*’sec”'cm™
luminosity in theERL-based eRHIC.

Electron cooling also is essential for reaching the design luminosity of 2x10°" sec”
"em™ in e-Au collisions with 100 GeV/u golden ions. As discussed previously, this
requires an intense ion beam with 2x10° ions per bunch. Without cooling, both the
transverse and longitudinal emittance of such a beam will increase very rapidly because
of IBS. This would cause the luminosity to decline, and/or particle loss from the bucket
due to bunch lengthening. Fig.3.e.4. is a simulation of this scenario (no-cooling!).

- 6 100
£
=55 S g
-7}
S 5 =}
= 173
£ 45 E 80
E 4 =
3 35 g 70
N 2
E 3 n 60
Eas g
2
2 4 6 8 10 2 4 6 8 10
time hours time hours

Fig.3.e.4. BetaCool code- WITHOUT COOLING!: Growth of transverse normalized rms
emittance (left) and rms bunch length due to the IBS for 100 GeV/u Au ions beam with 2x10°
particles per bunch.

Electron cooling changes the situation rather dramatically: with 2x10° ions per
bunch, it cools down the longitudinal emittance while maintaining the transverse
emittance required for 2x10°' sec”'em™ luminosity. It is noteworthy that this result is
based on typical cooler parameters (see Section 3.2.1). Figs. 3.e.5 and 3.e.6 illustrate this
mode of eRHIC operation.
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g 2.8
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Fig.3.e.5. BetaCool code: Time evolution of rms emittance for a 100 GeV/u Au ions
beam with N;=2x10’ particles per bunch. The electron current of the electron cooler corresponds
to N.=1x10"" per bunch.
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Fig.3.e.6. BetaCool code: Time evolution of the rms bunch length of a 100 GeV/u Au
ions bunch with N;=2x10° particles. The electron cooler’s parameters are the same as in Fig.
3.e5.

Overall, the simulations provide confidence in the feasibility of high luminosity levels for
eRHIC (2x10**sec'em™ and 2x10''sec'em™ for e-beam collision with 250 GeV protons
and 100 GeV/u gold ions, correspondingly ).. In addition, there is an opportunity to
further “luminosity-relevant” electron cooling by fast cooling of ion-beam core by
adjusting the size of the transverse electron beam in the cooling section.

As the part of preparing for electron cooling of RHIC beams, R&D on a several
systems relevant to the eRHIC is underway: the photoinjector (including its laser and
photocathode deposition system), a high-current superconducting cavity for the ERL of
the cooler, beam dynamics of the complete system, electron cooling simulation codes,
and the high-precision superconducting solenoid.

Electron cooling is important integral part of the linac-ring eRHIC. It provides for
the attainment of low emittances required for high luminosity of the linac-ring eRHIC. In
addition it provides flexibility of further reducing emittance of hadron beams for
extending luminosity towards 10**sec”'em™ per nucleon or for compensating for reduced
intensity of the hadron beam.

References:

[3.e.1] ZDR section 3.2.1: Electron Cooling for eRHIC, 1. Ben-Zvi, A. Fedotov, J. Kewisch,
V.Litvinenko
[3.e.2] ZDR section 1.2: General accelerator concept and parameters V.Ptitsyn, T.Roser et al.
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3.f Integration with IP

The interaction region of eRHIC collider serves several purposes. Firstly, both the
hadron- and electron-beam should be focused into an optimally equal size at the IP(s) to
maximize luminosity. Secondly, there should be sufficient convenient space and volume
for the detector to conduct the physics experiments. Thirdly, the apertures and the
environment for the beams should provide both for the low experimental background and
long luminosity lifetime.

The ERL-based eRHIC has a number of significant advantages for integrating the
IP(s):

v Round-beam collision geometry to maximize luminosity

v Smaller e-beam emittance resulting in 10-fold smaller aperture requirements for
the electron beam

v" Possibility of moving the focusing quadrupoles for the e-beam outside the
detector and the IP region, while leaving the dipoles used for separating the beam.

v" Possibility of further reducing the background of synchrotron radiation.

Within this scheme, the first hadron low-f3 quadrupole, Q1, is installed at Sm from
the IP. This requires deflecting the electrons sufficiently to guide them through a field-
free region outside this magnet. Since this separation generates synchrotron radiation, it is
mandatory to keep it as small as possible by installing septum quadrupoles for the hadron
beam.

To minimize the actual volume of the detector occupied by the separation
magnets, superconducting dipole magnets are foreseen, similar to those in the HERA
luminosity upgrade design [3.f.4]. These dipoles deflect the electron beam while leaving
the higher-energy hadron beam’s orbit practically unchanged.
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3.f.2 Electron beam in the IP [3.f.2]

The tune-shift limitations and the aperture requirements for hadron beams in the
ERL-based eRHIC are identical to those in the ring-ring scenario [3.f.1]. At the same
time, for the ERL-based eRHIC, the tune shift for electrons can be very large Av, ~ 1
compared with the ring-ring case. The effect of the collision on the electron beam is
better described by disruption parameter (see chapter 2):

_ZhNh r

e

D 2
)/e O rh)

Os( h)

that essentially is a betatron phase advance in the e-beam caused by the hadron beam.

Our studies [3.f.2] revealed that with proper matching in the ERL case, tune shifts up
to Ave = 1 (i.e., disruption parameters up to ~2m) only modestly increase the beam’s
emittance by < 20%. An electron beam with such emittance can be easily re-circulated in
the ERL down to the beam damp.

Fig. 3.f.1(a,b) illustrates one example of the effect of an intense hadron beam on
the electron beam. The RMS emittance of the hadron beam (100 GeV/u golden ions) is
intentionally reduced from 9.4 nm.rad to 5 nm.rad ( RMS normal emittance!) to increase
the effect on the electron beam by a factor of ~ 1.9. This is also the reason for the reduced
e-beam betatron function in the IP, which is required for fitting the e-beam and ion beam
sizes in the center of the IP (z=0 in Fig/ 3.f.1b). The situation is even better for
luminosity of 410 cm™ s™ per nucleon (i.e., 9.4 nm.rad RMS emittance of hadron beam).

v, after IP Ring/ERL case: NA“=2 10°, RMS g= 5 nm*rad;

r', before IP 6*i=0.25 m; 0“=0.20 m; sc=3nm*rad;
0.0005 . : .
tp =0.4L7 m, a =41 ’

- I
E L
S () E—
(5] L

0.0005 L tis R e

-0.0001  -5107 0 510°  0.0004

r, m .

Fig. 3.f.1a Round 10 GeV electron beam from ERL with initial transverse RMS emittance of 3
nmrad passes through the IP with the disruption parameter 3.61 (tune shift Av, = 0.6). Figure
shows Poincare plots for e-beam distribution before (red) and after (blue) the IP. After removing
the 7-r’ correlations, the emittance growth is only 11%.
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Another effect, which is of concern for the hadron beam, is a modulation of the size of
the electron beam during the collision. Our simulation showed that these variations can
be controlled at least for luminosity ~10** ¢m™ s per nucleon for gold-electron
collisions (see figure below). For the parameters listed in Table 2.1, the beam-modulation
effect is lowered by an additional factor of 4 compared with this figure.
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Fig. 3.f.2 Round electron beam from ERL with an initial transverse RMS emittance of 3 nm*rad
passes through the IP with the disruption parameter 3.61 (tune shift Av. = 0.6). Matching the
beam’s size with the ion beam and a negative o=-1 at z=-0.3m, permits a modest variation of the
e-beam’s size (red line on the right graph) through the interaction region; the e-beam’s size does
not shrink below the matched value. In this case, the tune shift for hadrons does not exceed Avy, =
0.005.

Another effect, the kink head-tail instability of the hadron beam, and its
stabilization were considered in section 2.

Overall, there appears to be no problem in using electron beams above 5 GeV in
ERL-based eRHIC within the luminosity ranges ~ 10** cm™ s™ per nucleon.

225



3.f.2 Hadron IR optics [3.f.1]

One of the main advantages of the linac-ring eRHIC vs. ring-ring eRHIC is operating the
IP with round beams. The ring-ring case requires hadron optics with flat beams and
unequal p*: B, =1.04 m, B, = 0.26m. In the case of the linac-ring , the hadron beam is
round with f*=(0.26m in both directions. A normal-conducting quadrupole triplet focuses
the hadron beam in the IP region.. The use of septum-quadrupoles for all these magnets
minimizes the required beam separation between electrons and hadrons, and affords
maximum freedom for installing magnets in the electron beam’s line.

The first and second lens of the triplet are split up into various individual
magnets, with pole tip radii tailored to the varying beam size. This ensures a sufficient
aperture of 120,, while simultaneously minimizing the total length of the low-f system.
Figure 3.f.1 illustrates the resulting f functions and magnet positions.. Whenever
possible, pole tip fields were limited to 1.0T to avoid degradation in field quality due to
saturation. However, in most magnets this limit had to be exceeded slightly to
accommodate the 120, beam in the septum quadrupoles. Table 3.f.2 lists the resulting
magnet parameters, while cross-sections of the entrance and exit of each magnet with its
pole tip radius and the 120, beam ellipse are shown in Figures 3.f.3 and 3.f.4.
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Figure 3.f.2: Hadron IR lattice for the electron-ion collider eRHIC
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Fig. 3.f.3. Hadron beam envelope, magnet pole-tips, and vacuum chamber in the first hadron
magnet Q1 comprising three parts [3.£.3].
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Table 3.f.1: Parameter list of the hadron low-£ septum quadrupoles

Q1 QIB QIC Q2 Q2B Q3

length [m] 10 10 16 62 30 85
gradient [T/m] 435 357 292 180 133 113
pole tip radius [mm] 264 308 377 61.1 750 889
pole tip field [T] .15 1.1 1.1 1.1 1.0 1.0

3.f.3 Synchrotron radiation [3.1.3].
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Figure 3.f.5: IR geometry and synchrotron-radiation fan. The electron beam enters the IR from
the left. A box on the right indicates the septum of the Q1 magnet.

The synchrotron-radiation fan results from the superconducting dipole windings
necessary to separate the beam. At the septum, Sm from the IP, the required separation is
given by the 120, beam size of the hadron beam, plus the thickness dsprum = 10mm of
the septum itself, plus some sufficient aperture for the electron beam. In contrast to the
ring-ring case, where 200, are mandatory for sufficient lifetime of the electron beam
and minimum background conditions, this condition is much more relaxed in the linac-
ring approach for two reasons. First , an aperture of 5 0., is adequate , where the beam
passes through the interaction region only once and the halo is absent. Second, the
horizontal electron-beam’s emittance is more than an order-of-magnitude smaller. Using
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the 2.5 nm RMS e-beam emittance the RMS e-beam’s size can be less a quarter of mm
throughout the IP. Using the p-functions shown in Figures 3.f.2 for the hadron beam with
RMS emittance of 9 nm'rad, the required separation is computed as'’

Ax =120y, + 50, + dseptum= 12- 0.93mm + 5 - 0.25mm+ 10mm = 22.4mm.

At the right side of the detector (electron-downstream), some fraction of this fan always
hits the septum of the first hadron quadrupole, Q1. To minimize back-scattering of these
synchrotron-radiation photons into the detector, the total power as well as the critical
photon energy of the synchrotron radiation hitting the septum must be minimized by
distributing the required bending angles among the various magnets. The distribution of
the synchrotron radiation in and around the IP can be optimized by properly distributing
the separating magnetic field. Table below lists some parameters of three separating
magnets used for generating the synchrotron radiation fan shown in Fig.3.f.5.

Table 3.f.2: Selected parameter of separating magnets from both sides of the IP

B1,left/right B2, left/right B3, left/right

length [m] 0.6/0.6 0.8/0.8 0.6/0.6
bending angle [mrad] 3.7/-3.0 3.8/-2.4 3.75/-3.6
synchrotron radiation power [W] 1609/1058 1273/508 0/677
synchr. rad. power on septum [W]  800/0 0/508 0/340
critical photon energy [keV] 13.7/11.1 10.5/6.7 0/8.9

The eRHIC interaction region discussed above provides for an e-p luminosity of 2-10*
cm™sec” with hadron beam-beam tune shift of &,, = 0.005, which is well within values
presently achieved at RHIC, and therefore, considered achievable for eRHIC. Minimum
apertures of 120, for the hadrons are possible in this design that is considered sufficient
both for safe operation as well as for minimum detector background conditions.

References:

[3.f.1] eRHIC ZDR, Main part, Chapter 3.

[3.f.2] .Ben-Zvi, J.Kewish, V.N.Litvinenko., ICFA Beam Dynamics Newsletter No. 30, April
2003, p.19

[3.£.3] DESIGN OF AN INTERACTION REGION FOR THE LINAC-RING VERSION OF
THE ELECTRON-ION COLLIDER ERHIC, C. Montag, J. Kewisch, 1. Ben-Zvi, Internal
Technical Note, C-AD

[3.f.4] U. Schneekloth (ed.), The HERA Luminosity Upgrade, DESY HERA 98-05

"7 Tt might be possible to use a significant vertical separation of the superconducting dipole windings in the
detector that would allow the synchrotron-radiation fan to be passed safely outside the system.
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3.g Considerations of the experiments

There is a strong desire in the physics community for eRHIC to have at least two
IPs and for potential of multiple IPs. The linac-ring eRHIC has such options naturally
incorporated into its design. Using the electron form ERL provides for additional
experimental possibilities such running two experiments with different energies of
electron in different IPs, or for arbitrary split of the luminosity between different
detectors'®.

Using low emittance electron beam in linac-ring eRHIC provides for significant
simplifications of the final focusing optics (see previous section). Specifically, it provides
for possibility of moving all focusing optics for electron beam as far as 10 meters outside
of interaction region. This is an advantage for experimental set-up- a detector has a very
long straight section free from accelerator elements for its installation. This configuration
fits most naturally with a long low-x detector with magnetic field [3.g.1].

According to the HERA experience, synchrotron radiation in the IP can be a main
source of background. The linac-ring eRHIC provides the possibility of reducing the
intensity of the this background while keeping high luminosity very high (see the
introduction).

Overall, very high luminosity added by flexibilities provided in linac-ring eRHIC will
be a very significant asset for installation of effective detectors for the most aggressive
physics program [1].

References

[3.g.1] “A new detector concept for e-p physics”, I. Abt, presented at eRHIC Meeting at BNL
January 29-31, 2004

'® Note that in linac-ring eRHIC luminosity can be split between various detectors and is only limited to a
total value ~ 10** sec” em™ per nucleon.
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3.h Adjustment of collision frequency for variable proton- and ion- energies

Operating the eRHIC requires various energies of hadrons from 26 to 250 GeV/u (27 >,
> 267) that causes a significant variation in the revolution frequency in the RHIC, and
hence, variations in the hadron beam’s repetition rate in the IP:

1

fo =CRHIC =CRHIC 1— )s frep=Nb'f0 = 28 MHZ

v, e 2y

h

where Cyy e 1s the circumference of RHIC ring and N,=360 is the number of hadron
bunches in the eRHIC. By definition, the electron beam’s repetition rate must be the same
as that of the hadrons. Within the entire range of foreseen eRHIC operations, electrons
remain ultra-relativistic (y, > 4,000) and their velocity is practically constant
(0 < 1-v,/c < 3.2-107). Covering the 26 - 250 GeV/u hadron-energy range will
require adjusting the e-beam rep-rate within

%z 0.7-107.

rep

/| interfaces at Vac. Vessel Wall
(Temp, Level, etc.)

Interface for Cavity
Tuner Assembly

=
s ik RF Power Interface -
WR1150 Waveguide
) | Flange

Fig. 3.h.1 A five-cell superconducting cavity with its tuning mechanism.
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In contrast to the ring-ring version of eRHIC, where the above requirement is
translated into the need for changing the circumference of the electron storage ring by
about 0.9 m and causes significant modification of the lattice [3.h.1], in the ERL-based
eRHIC it does not raise significant difficulties.

First, in the ERL the repetition rate of the electron beam is controlled by the RF
frequency of the superconducting accelerating structure (see below), which operates at
25™ harmonic of the beam rep-rate in the eRHIC (fscc ~ 705 MHz). This cavity is being
developed [3.h.2] and is designed to have tunability at least Af/f = 1-107, thereby
exceeding the above requirement by a wide margin.

The following features of the ERL ensure proper phase matching of the electron
beam with each accelerating cavity of the ERL:

% The accelerating structures in each of three linacs will have an individual
phase tuner for compensating for the varying RF frequency

Illﬁllll

................. e

Fig. 3.h.2. A phase tuner controls the phase of each individual cavity.

% The phases of three individual linacs will be individually controlled in
conjunction with five chicanes in the arcs and turns;

% The lattice of the ERL arcs is very relaxed and they need to be adjusted by
less than a half RF wavelength (Ag=0.425m, i.e., AL<0.215m) using low-
and medium-energy chicanes installed in the straight section with large £.

% There is no chicane in arcs at the maximum energy — the phasing is
provided by the linacs.
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Fig. 3.h.2. The phase matching of the entire ERL system is assured by the phase control of three
linacs and four chicanes (depicted by green lines) at intermediate energies.

Overall, the ERL-based eRHIC can comfortably adjust the e-beam repetition rate to any
of designed energies of the hadron beam.

References:
[3.h.1] C. Tschalaer, Ring path length adjustment, Presentation at eERHIC Collaboration Meeting,

August 19-20, 2003 , BNL, http://www.agsrhichome.bnl.gov/eRHIC/
[3.h.2] I. Ben-Zvi et al., High current SCC
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4. Cost

The cost of the ERL-based eRHIC should be close to that of the superconducting
linac injector for the ring-ring eRHIC. The main differences will be in following

components
o
o
o

o

2 K° refrigerator with higher power
Higher power of 700 MHz RF system for linac
Arcs with a slightly more sophisticated lattice

Polarized e-Gun with high current with FEL-driver

At the same time, an electron ring and its high power RF system is not required.
In addition, one of the layout linac-ring eRHIC will take advantage of the existing RHIC
tunnel, which will reduce it cost significantly. It also provides for significant (3-fold)
reduction of the losses for synchrotron radiation, which will save megawatts of the RF

power.

Therefore, the overall cost is likely to be close to, or slightly below the ring-ring

design.
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5. R&D items

Linac-ring eRHIC scheme is based on new emerging technology of high-current
energy recovery superconducting RF linacs. Accordingly, there is a significant list of
R&D items, the principal issues being

* High current polarized electron gun
o Cathode material, lifetime and cooling
o Peak current
o Relaxation time
o Average beam current
o FEL source for the photocathode

* High current superconducting cavity structures
o Five-cell single mode RF structure

o Superstructures with HOM damping

e 30-40 MeV

Ay
—— 4 -

e 15-20 MeV \ :
Controls & .
Diagnostics Magnets, vacuum I .

l Cryo-module I :

+ ¥ Vacuum system +
Laser \ =
— >~
e 2.5Me

%}'

Gun

Beam dump

1 MW 700 MHz >

Klystron 50 KW 700 MHz A

—
Klystron PS, LANL System []

Fig.5.1 Schematic layout of the prototype ERL which is under construction in BNL. This
ERL will serve as a test-bed for the concepts of all ERL needed for eRHIC: a) electron
cooling, b) FEL for polarized electron gun, and, c¢) the 10 GeV ERL.
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Fig.5.2. Location of the prototype ERL in building 912 at BNL. The experiments are
planned to start in mid-2006.

Presently, BNL’s accelerator community and others are devoting significant R&D
efforts to these issues. They are developing a high-current ERL prototype based on five -
cell single-mode SRF structure (planned to be tested in 3-4 years) that will serve as a test
bed for both the electron-cooling system and the ERL for eRHIC. In addition, the main
centers for SRF technology (Jefferson Laboratory and elsewhere) also are also moving
towards developing high-current SRF ERLs. The major technical issues about o the SRF
ERL for eRHIC probably will be resolved within 5-10 years. BNL is in excellent position
to lead these efforts.

Generating a polarized electron beam with 0.15-0.5 A average current is, and will
be, a main R&D item towards the linac-ring eRHIC. Fortunately, an intensive R&D
program for linear colliders made several important breakthroughs [5.1-5.3] in such
critical areas as surface charge limit and cathode lifetime. Still, there are many problems
that must be addressed during feasibility studies for the linac-ring eRHIC. MIT has the
relevant expertise to lead these R&D efforts for the eRHIC.

It is also important that polarized electron sources with similar parameters are
under development for linear electron-positron colliders [5.3]. Most of beam parameters
required for eRHIC electron polarized gun were obtained separately (see Figs 5.3-5), but
never in the complete combination. For example, bunches of polarized electrons with
charges exceeding by 20-fold that required for the ERL-based eRHIC were demonstrated
experimentally (see Figs 5.3), but the duration of the pulses was a few hundreds of
nanoseconds [5.2]. Similarly (see Figs 5.4), bunches of polarized electrons with very low
normalized emittance were generated [5.4], but with a much smaller charge per bunch.
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Therefore, attaining a complete set of parameters requires several very serious
developments. Fortunately, many parameters for eRHIC polarized electron gun are close
to that of next electron-positron linear collider (see Table 5.1). Therefore, the extensive
R&D program for developing such sources for linear colliders [5.5] will address
important issues relevant for the ERL-based eRHIC. In any case, developing polarized
electron guns is the one of the main R&D for ERL-based eRHIC.

| | | | T o |« 22x10 e-/pulse
20 ® Long + Short pulse —
O Long pulse only
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0.0 | | 1 1 =

o
(%]
o

100 150

N
o
S

Flash-Ti Laser Energy ( pJ)

Fig. 5.3. Measured charge per pulse from a &14 mm GaAS photocathode [5.2]

1.5 514 nm B
(10346 meV)
633 nm
(44+3 meV)
&
i 1.0
£ .
£
S
£
¢ f
710 nm
0.5 (37+2 meV)
840 nm
(34+2 meV)
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Fig. 5.4. Measured normalized emittance from a polarized e-beam photocathode at CEBAF
[5.3]. Simple extrapolation of these measurements to 14 mm cathode (i.e., the geometry of
the cathode) gives normalized emittance ~ 5 mm x mrad. It supports our assumption that
emittance will be dominated by the space-charge effects (see Table 2.1).
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Table. 5.1. R&D specifications for polarized electron gun for the next linear collider (a), and for

the R&D test gun (b)

NLC | JLC | TESLA | CLIC
Number of bunches/train 95 95 2820 154
Bunch spacing (ns) 2.8 2.8 337 0.66
DR energy GeV 1.98 | 1.98 5 1.98
Charge per bunch (nC) 2.56 1.9 3.2 1.0
Injected emittance (mm-mrad) 100 100 10 7
Damped beam emittance (h) 3 2.6 8 .43 (a)
Damped beam emittance (v) 0.03 | 0.004 0.02 0.003
Damped beam bunch length (ps rms) | 13.3 | 16.6 20 10
Damping time (ms) 5.2 3.9 50 21
Damping cycles 4.8 4.8 4 6
Bunch trains per ring 3 3 1 12
Repetition rate (Hz) 120 150 5 100
Parameter Symbol | Value Units
Single Bunch Charge Qb 2 nC
Number of Bunches Nb 1
Bunch length (FW) At 10 ps
Emittance, normalized | ve 10 | mm-mrad
Energy E ~ b MeV | P
Polarization P > 80 %
Quantum Efficiency QE 0.1 %
Repetition Rate frep 10 Hertz
Operation Lifetime Tops >4 Hours

Smaller but important R&D efforts also will focus on detailed studies and self-
consistent simulations of feedback suppressing the kink head-tail instability, the studies
of beam-beam effects at low e-beam energies, and the transverse stability of the e-beam
in the ERL.
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6. Future energy upgrades and developments

Extending the range of the eRHIC e-beam’s energy down to 1 GeV and up or
even above 20 GeV is very straight forward with linac-ring eRHIC. It is also for linac-
ring eRHIC to have multiple IPs and detectors.

Extending the energy to both into higher and lower range is a natural progression
for the ERL-based eRHIC. At low energies, the main problem is the stability of the
beams at very high luminosity. An increase in energy principally causes a rise in the
intensity of synchrotron radiation in the IP. In principle, an energy of 20-to-25 GeV can
be reached in the ERL either by increasing the length of linacs (see Fig.1), or by increase
of the number of passes through the system (see Fig.6.1). The most economical choice
for the 25 GeV upgrade will be decided by the relative cost of the arcs vs. linac.

Arcs issues

Arcs can be packed on the top of each other for keeping the radii of curvature maximal at
all energies'”. Ultimately, 20+ GeV ERL can utilize RHIC tunnel for the arcs (i.e.,
maximize the radius of curvature) to keep synchrotron-radiation power under control, i.e.
with synchrotron radiation power below ~8 kW/meter presently attained at B-factory.

Center, Fixed Crodle

Center, Fixed Cradle

Vocuum T"""—\ y— Cold Mass Vocuum Tank Cold Mass

Heat Shield — Heat Shield

& _Cold Moss S & _Cold Mass

& Cryostat ¢ Cryostot

Cradle —~
Cradle
Assembly Assembly

Fig. 6.1. Schematic of the arcs (green rectangle) for the linac-ring eRHIC located in the RHIC
tunnel on the top of each other. The nominal number of arcs is two for 20 GeV case, but it can be
increased if needed.

Using RHIC tunnel for ERL’s arcs significantly increases the radii of curvature and
reduces synchrotron radiation losses. Assuming 85% filling factor for the arcs, the 10
GeV ERL will have energy loss of less than 2 MeV per pass and very low linear power

" Note that vertical displacements via a dogleg required for this scheme to keep the ERL spin-transparent.
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density of synchrotron radiation: 0.22 kW/meter. The linear power density of synchrotron
radiation will reach the level of 8.78 kW per meter, which can be considered as
attainable, for 25 GeV ERL

IP implications

Increasing electron energy entails growth of the synchrotron-radiation power in the IP.
Fortunately, it also reduces the electron beam’s emittance and the vertical opening of the
synchrotron-radiation fan.

There are two possible solutions for lowering the synchrotron-radiation background in
the IP, which are possible only in linac-ring eRHIC:

o First is a further reduction of the ion beam emittance and lowering the electron
beam’s current (i.e., luminosity stays unchanged)

o Second is to use fewer hadron bunches in RHIC (from 360 to 120*) with the same
total intensity of the hadron beam (subject to beam stability studies). This solution
reduces the repetition rate of electron bunches, and lowers the synchrotron-
radiation background three-fold..

o This solution has an additional advantage — it is perfectly compatible with
present scheme of hadron-hadron collisions; there are no parasitic
collisions of hadron beams at both sides of IPs.

o Additional electron cooling requirements: For the above scheme, an e-
cooler is needed with the same average e-beam current but with a three-
fold higher charge per bunch.

In addition, ERL created the ideal environment for y-p, y-ion and y-e colliders, where y-
beams with energies up to 10 GeV are generated via Compton backscattering. This
scheme is prohibited in the ring-ring scenario.
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7. Summary

The linac-ring eRHIC naturally fits with the benefits afforded by electron cooling
of ion- and proton-beams in the RHIC. It is based on modern rapidly evolving accelerator
technology — energy-recovery superconducting linacs. The ERL’s configuration of
eRHIC takes advantage of lower ion/proton beam emittance and can reach luminosities
above 10*' for e-Au, and above 10* for e-p collisions.

First, ERL invariably can be optimized to reach maximal luminosity with present
and future parameters of the RHIC beams.

Second, ERL offers significant simplification in the final focus, as well as in
detector designs.

Third, the ERL’s configuration is always compatible with standard and future
RHIC beam intensities, independently of the emittance of the ion and proton beam.

Fourth, the ERL’s configuration is ideal for flexible e-beam polarization and
energy tunability.

Fifth, the ERL’s configuration is upgradeable to higher energies, higher
luminosities, and multiple IPs.

Sixth, the ERL’s configuration can significantly reduce background synchrotron
radiation in the IP region by taking maximum advantage of the lowering of emittance via
electron cooling.

In a long run, the ten’'-fold higher luminosity (compared with best predicted
performance of ring-ring option at top energy), flexibility in the IP design, the full
compatibility with RHIC operations, and flexible e-beam energy and polarization are
probably most important advantages of the ERL configuration.
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Appendix B

APPENDIX B.
Electron Acceleration for the eRHIC with the Non-Scaling Fixed Field
Alternating Synchrotrons

Degjan Trbojevic, Mike Blaskiewicz, Sandro Ruggiero, and Ernest D. Courant

B.1 Introduction

The scaling Fixed Field Alternating Gradient (FFAG) dymtron has been introduced in
1954 by K. R. Symon [1] and few example electron rings were kuitia time. During the last
decade, the concept has been revived due to requests for high inteaslitynes, and has been
applied in building the proton and electron FFAG, especially in Japhe.pfbof of principle proton
FFAG was built and commissioned in June 2000 at the KEK, Japan [ZnByes 150 MeV proton
FFAG synchrotron is being commissioned at the KEK [3].

A principle of the scaling FFAG

The magnetic field in regular synchrotrons varies during a@ateerin accordance to the beam
momentum such that the average radius and therefore the path dognd the machine are
constant. A concept of the scaling FFAG lattice is presented in fig. 1.
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Figure 12 Closed orbit of a tniplet focusing FF NTER OF J
half cell: a hall of I magnet. D magnet of one CE L S o v (i,
half straight section. 1s depicted MAGHINE oy

Figure 1. Concept of the scaling FFAG lattice by K. R. Symon.
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0 The transverse magnetic field in the scaling FFAG is non-linear and fixed:

k
IO

o The radius of particles as they are accelerated, is imegeasth momentum: the revolution
frequencies vary with momentum, unlike in the cyclotrons where the frequency iantonst

o The scaling FFAG has strong transverse focusing withnaltielg gradients. The stability of
the betatron oscillations is obtained by optimization of betatron tlihestunes are constant
which makes the chromaticity throughout acceleration equal to zero.

o The momentum acceptance of the FFAG is as largépgs ~ +/-50 %. The largest
momentum offsets in the regular synchrotrons are of the ordemopércent. This depends
on dispersion function (as the transverse offséixisDy 0p/p, where R is the horizontal
dispersion function).

o The transition energy is outside of region of energies during acceleration.

o Relatively large apertures are required for the scaling G-Flue to the large radius
excursions. The original MARK-I design for the output energy of H¥Mequired a radius
of almostAx~1 meter. The present FFAG 10 MeV synchrotron at KEK also Hesatge
variation of radius fromgr= 4.4 m to y = 5.3 m,Ax~0.9 meter, it requires large aperture
magnets.

o A relatively large circumference is required due to large opposite bends.

The non-scaling FFAG

We had introduced the idea of non-scaling FFAG at the Montauk Muordé€otheeting 1999 [4].
The collaboration accepted this concept and a design for the highgy @meon acceleration. We
followed the basic idea of the scaling FFAG with a combinatiah@freviously known “minimum
emittance lattice” concept for the electron storage rings.r8lesisadvantages of the original FFAG
design: like large aperture requirements, are reduced, the ce@pieeture in the non-scaling FFAG
is at least one order of magnitude smaller. The transvergaeatiafield in the alternating gradient
magnets is linear and particle with different momentum folbolits oscillating around the ring. The
average radius corresponds to the value of the momentum.

The basic lattice cell consists of theo combined function elements. the large bending magnet
with a defocusing gradient, and a smaller opposite bend with focgsadgent. There is a drift space
large enough for the accelerating cavity between two focusing magnets.

The principle of the non-scaling FFAG is based on the basicorelaetween the radial offset and
dispersion functionAx=Dy &p/p. For example, if the dispersion function were smaller than 10 cm
(Dx <10 cm) during acceleration, the orbit offsets for the vengelanomentum offsetdg/p =+-
50%) would not be larger than +-5 cm. The non-scaling design does norzdravehromaticity
during acceleration and the betatron tunes change within avange.4 — 0.1.
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B.2 Application of the FFAG Lattice for eRHIC Electron
Acceleration

Courant-Snyder functions and magnets in the FFAG non-scaling lattice cell for acceleration from
energy of E=3.2 GeV up to Ra=10 GeV (or in the momentum range of fromp/p = -52% to
"Ip/p = +50%): The basic cell with the betatron functions at ¢inéral energy of £= 6.7 GeV and
magnets is presented in figure 2.

Betatron functions in the non—scaling FFAG cell
eRHIC 127¥m circumference
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Figure 2. Basic FFAG cell with betatron functions at the central grodrig, = 6.7 GeV.

The central 1.5 meter long magnet has a bending angk&45.56 mrad, and it is a combined
function magnet with a defocusing gradientGyf=-11.7 T/m. The opposite bend is 0.42 meter long
with the bending angle &d#=-11.27 mrad, with a focusing gradient &:= 23 T/m. The cell length is
4.678 m. The available drift length for the RF cavity is 2.335 m. TAer&73 cells. The required
aperture in a transverse direction depends on the orbit offsets docelgration. The synchrotron
radiation from electron depends on the value of the bending gngleb). The bending angle of the
major bend in this example & 0.045rad. The bending radius is estimatedad/6~33 m.

Orbits During Acceleration: At the start of acceleration, the energy is equakEjo=3.22 GeV,
corresponding momentum offset from the central energy of 6.7 G&Vps= -52%. The maximum
orbit offset at the beginning of acceleration, as presentedurefgy is equal tédx = -15.5 mm. It is
passing parallel to the central circular orbit through a dfaice assigned to the cavity. As
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acceleration proceeds, the orbits move towards the centraVpléin the momentum offset becomes
positive orbits move outside of the central path reaching the maxivalie ofAx = +49.27 mm.
The aperture of the beam pipe should be wider than ~70 mm. The mdgldtistrength of the
major bending magnet is;80.679 T while the opposite bending field, of the 42 cm long combined
function magnet, is Bg= 0.6 T.

49.27 mm

Figure 3. Particle orbits during acceleration. The magnets arenfgddsy the “blue” boxes.

Betatron tunes during acceleration: The betatron tunes in the non-scaling FFAG vary with energy,
to the contrary of the scaling FFAG. It is important to avoill &ad full integer tunes within the
single cell because accelerating particles might bedwstto repetition of the same cells along the
circumference path. The vertical and horizontal tune dependence ogy emeMmomentum is
presented in figure 4.
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Betatron tunes vs. energy [eRHIC 1277m]
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Figure 4. Betatron tunes dependence on energy.

The Path Length and momentum compaction dependence on energy

The path length dependence on energy (fig.5)is very close to boparfunction. At the lowest
energy,a, the momentum-compaction is negative (the transition engigyan imaginary number).

During acceleration frondp/p =-52 % up to a value of momentum close to the central value, the

absolute value of the transition energy gradually increases. Theemhomm compaction is also a
parabolic function and it crosses the zero value at the sam@po3ihe momentum compaction
dependence on energy is shown in figure 6.
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Acceleration

The major problem of applying the FFAG concept for the high ele@namgy acceleratiors the
loss of energy due to synchrotron radiation. Energy loss for a single electron per turn in the circular
orbit is defined as:

AE _4_"(r_o

5 B° v, rois the classical electron radius.
m,c® 3 | p

The average radius of the 1/3 of the RHIC circueriee is of the order of 200 m, but within the
FFAG magnets electrons would be bend much hardem evthe opposite way and the radius of
curvature is much smaller. The energy loss of edacat the last turn, reaching the highest enefgy o
10 GeV, is calculated for this example to be 12.B8). This energy needs to be compensated by
the RF system. A detail calculation of the synatmotradiation energy loss is presented in the
appendix.

It is assumed that the cavity voltage in the nalisg FFAG should be at least twice higher at the
last turn (energy reaches the largest value equadtGeV). This implies that the total required RF
voltage is ~24 MV. If cavities to be used are tamio the RHIC storage cavities, were each reaches
a voltage of 2 MV, then twelve cavities are necassa fulfill the acceleration requirement. This
also shows that from 3.2 up to 10 GeV there araired ~560 turns.

The parabolic dependence of the path length diffeen momentum requires adjustment of the RF
voltage in time. The 20cm path length differenoeresponds to a fractional frequency difference of
1.5e-4 or a quality factor of Q=6000 for no cauiiyping. This is a fairly small Q so we will neex t
tune the cavity. The synchrotron tune with 20MMftuwvith a 700MHz cavity frequencies shown in
Fig. 7. The large tunes imply adiabaticity excegar transition. Figure 8 shows the initial andhffin
longitudinal phase space distributions for an ahiiull) emittance of 1.e-3 eV-s per bunch.

0.25 T T T

synchrotron tune

0 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400
time (turns)

Figure 7. Synchrotron tune versus time for 3-10 GeV acceleration with 20M\atdriiOOMHz cavity
frequency
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Figure 8. Initial (blue) and final (red) longitudinal phase space for 3-10 Gedlesiation with 20MV/turn and

700MHz cavity frequency.
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Energy loss per turn

The energy loss of an electron in this non — scaling FFAG ring during the last
turn atthe10 GeV energy is calculated by separating three part :

The classical electron radiusis: r, = 2.817940283.0™"° m,
C, =m,’ %’T r, B°y* =510998902¢eV 4.18879r, 1.466630"" = 8.846310° eVm

Atotal lengthin oneturn of the major bending magnets: L, =2731.5m

L
Loo =4095m Arelation to thetotal circumference: k, = C—qd =0.321

The bending radius: p, = IE = msz 3292m

Energy lossin one turn dueto the major bends: AE,, = ikl =8.626 MeV
d

Alengthin oneturn of the opposite bends: L. =273[2[042m=22932m

L
Arelation to thetotal circumference: k, = gF =0.1796

. . I :
The opposite bend radius: p, =% = __o42m  _ 3725m.

6 0011275776
The synchrotron radiation energy loss fromthe opposite bendsin oneturn:

AE, =4.265MeV
The total energy loss per turn is equal {§+8.626 + 4.265 = 12.891 MeV.
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