4.0 Facility Design

4.1 Overview

Electron-proton/ion colliders with center-of-mass energies between 14 GeV and 100 GeV (protons) or 63 GeV/A (ions), luminosities at the 1033 cm-2  s-1 level, and both electron and proton beams polarized are described below.

 Achieving the luminosity goal of 1033 cm-2 s-1 is technically challenging but attainable with improvements in current accelerator technology and additional R&D in some areas, principally in the development of high-energy electron cooling of ion beams.  Electron cooling is the key technology for reaching the luminosity goal at low proton energies (< 50 GeV).

Two collider configurations are considered: a conventional electron ring/proton ring option and several electron linac/ion ring options.  The ring-ring concept, presented in Section 4.2, involves well-proven technology, with machine and beam parameters achieved at other storage rings.  The linac-ring concept, first proposed for the B-factory but not competitive with a ring-ring design without linac energy recovery, is presented in Section 4.3.  With the recent demonstration and continuing development of energy recovery in recirculating linacs, the electron linac-ion ring scenario becomes viable and offers some potential advantages over the ring-ring scenario, particularly for high-energy schemes such as eRHIC.

The machine designs discussed here are preliminary proposals, and the brief outlines of the machine concepts are condensations of more detailed conceptual design reports prepared by the respective design groups. 

Both collider concepts still need to address a number of outstanding accelerator physics and technology issues before such facilities are designed and built.  These issues are identified in the respective machine concept Sections 4.2 and 4.4. For the ion ring, essentially common to both collider scenarios, the foremost technical R&D task is to develop and demonstrate a high-energy electron cooling system.  This is discussed in detail in Sect.4.4.  For the electron linac scheme, the principal technological challenge requiring significant R&D is the construction of a high average current polarized electron source at high electron polarization.  It is essential that the required resources (facilities, manpower, funding) for these major R&D efforts be made available early in the collider project schedule. 

Some preliminary thoughts on concepts and problems of the interaction region design are presented in Section 4.5.  Much more interactive discussion of this important topic between machine designers and experimenters/detector designers needs to be initiated soon in order to make further progress especially in the machine design. 

Finally, the accelerator designers need answers to a number of crucial questions we pose here to theoretical and experimental physicists, answers that will fundamentally influence the accelerator design:

· Is the center of mass energy of approximately 15-30 GeV the right magnitude for a greenfield collider not based on RHIC?

· Is the center-of-mass energy ratio of about 2 sufficient?

· Is the proton/electron energy ratio of ~5-10 appropriate?  Does this ratio need to change in the course of an experiment?

· Is the 150-200 MHz bunch collision frequency (5-6 ns bunch spacing) acceptable for the detectors, keeping in mind that lower frequency means lower luminosity?

4.2 Electron Ring On Proton Ring Colliders

4.2.1 The Low Energy Green Field Option

The following design goals were chosen for an electron-proton collider:

· Center of mass energy: 

15-30 GeV

· Proton -electron energy ratio:
4-5

· Luminosity:
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10333 3333 cm-2 s-1
· Head-on collision at two Intersecting Points (IP) 

· Longitudinal electron and proton polarizations at IP

Collaborators at the Budker Institute of Nuclear Physics in Novosibirsk in conjunction with the MIT/Bates Laboratory [1] have worked out a concept for a ring-ring collider that fulfills the stated design goals.  The following description is a brief summary of this study and focuses primarily on achieving the high luminosity and high degree of polarization for both colliding beams.  Many conventional technical aspects of the collider have been worked out conceptually but are beyond the scope of this report.

4.2.1.1
Beam Parameters and Luminosity

The beam energies in the present design were chosen to vary simultaneously between 3.5 and 7 GeV for the electrons and between 16 and 32 GeV for the protons, maintaining an energy ratio of about 4.6.  An alternative 5-on-50 GeV (nominally) electron-proton collider would differ from the present 7-on-32 GeV design primarily in technical details.

The electron-proton collision luminosity can be described in terms of the most important limiting beam parameters by the well-known relation:
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for round Gaussian beams of equal size, where:

fcoll = bunch collision frequency = orbital frequency x number of bunches

Ne, Np = number of particles per bunch
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= root mean square beam radius at IP
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= beam emittance (same for electron and proton beam)


[image: image6.wmf]x

e
[image: image7.wmf]x

p = space charge parameters (beam-beam tune shifts)

rerp = classical electron and proton radius
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p = relativistic (-factors
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p=  proton beam velocity /c 

Limits on Ne and Np are given by bunch instabilities.  For electrons, the most severe intensity threshold is set by the head-tail transverse mode-coupling instability.  Experience at LEP and the B-factories have shown achievable values of
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For protons, experimental results from BNL and FNAL show attainable values of







[image: image12.wmf]11

10

p

N

=

 





Practically obtainable space charge parameter values of 
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were demonstrated in e+e- colliders (B-factories) and e-p colliders.  These were limited by beam-beam instabilities.  At such values for
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p, computer simulations showed that for the VEPP-2M collider round beams (symmetric in x and y) are more stable against beam blow-up and eliminate x-y betatron coupling in the arcs.  From these considerations, the transverse beam parameters were chosen equal in x and y with values of
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To reach a luminosity of 
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4.2.1.2
Ring - Ring Collider Layout

The machine layout in Figure 4.1 shows two racetrack-shaped rings of 1387 m circumference each, with two long straight sections (LS) providing for two intersection points (IP) on opposite sides of the racetrack and containing spin rotators, two short straight sections (SS) for injection, RF, etc, and four arcs.  The electron-proton energy ratio results in convenient ratio of magnetic guide fields for same-size rings in a single tunnel.

In the electron-ring, arcs and SS lie above the proton-ring plane.  They carry a vertically polarized beam.  In the LS, the electron beam merges with the proton ring at one IP in each LS.  The polarization is made longitudinal at the IP by solenoidal spin rotators and horizontal-bend dipoles going into the interaction region, and restored to vertical by a mirror-symmetric insertion coming out of the interaction region.

In the proton-ring, the polarization stays in the ring plane.  Siberian snakes in one of the LS maintain longitudinal polarization in the opposite LS.  At the IP in the first LS, the polarization is also longitudinal between the two half-snakes at "magic" proton energies occurring at intervals of 0.523 GeV (where the spin rotation is an integral multiple of the momentum rotation).  Thus, at these magic proton energies, both electron and proton polarizations are longitudinal in both IP's.
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Figure 4.1:  Layout of the e-p collider rings. 

4.2.1.3
Beam Polarization Maintenance

Electron polarization is stable in the arcs and SS since the equilibrium spin axis is vertical.  The LS and IP regions where the polarization is not vertical were carefully designed for optimal spin transparency to minimize depolarization.  Ways of establishing the polarization of the stored electron beam in the first place are discussed in subsection 4.2.1.6 below.

In the proton ring, full Siberian snakes avoid all integer and intrinsic resonances by maintaining a spin tune of ½.  Thus, minimal depolarization is expected when the proton-ring is ramped up in energy after injecting polarized protons at a low energy. Helical-dipole snake designs are being considered to minimize orbit excursions of the proton beam within the snake at injection energy.

4.2.1.4
Beam Cooling

While the electron beam cools itself by synchrotron radiation, the proton emittance will grow by intra-beam scattering.  Calculated diffusion times 
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Thus, without cooling, 
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( is too short for meaningful storage times.  The proposed (but as yet technically unproven) solution is electron cooling of the proton beam using a recirculating-linac-type cooler (8-16 MeV electrons for 16-32 GeV protons) described in Section 4.4.  Without cooling of the stored proton beam, the collider luminosity is likely to be limited to ~1/10 of the design goal of 1033  cm-2 s-1.

4.2.1.5 Collider Beam Injection

Polarized protons from a state-of-the-art optically-pumped polarized H- source, providing 10mA pulses of 150 (s duration, would be accelerated by a 0.3 GeV linac and a 4 GeV booster ring delivering 
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/ bunch to the collider proton ring per Booster cycle [2].  Operating the booster at 2Hz requires 8 seconds to fill the proton-ring, which is then ramped up to 16-32 GeV using Siberian snakes to maintain polarization.  The choice of 4 GeV Booster energy minimizes the number of intrinsic depolarization resonances encountered in the Booster while keeping the orbit excursions within the main-ring snakes at acceptable values at injection.

Polarized electrons can be provided in one of two ways:

· A Bates-type polarized electron source can feed 10 mA pulses of 4.5 (s duration into a 3.5 to 7 GeV linac.  Stacking this full-energy beam into the electron-ring at 10 Hz requires a 10-second fill time to obtain 3 ( 1010 electrons per bunch.  Technically, this scheme is straightforward but requires an expensive linac (which could, however, provide beam to other users between ring fills).

· Alternatively, unpolarized electrons from a 0.5-1 GeV linac could be stacked into the electron ring and then accelerated to 3.5-7 GeV by ramping the electron-ring.  At the final energy, the beam would be polarized via spontaneous Sokolav-Ternov Polarization (STP).  Polarization times and equilibrium polarizations, calculated with the ASPIRRIN code, are shown in Figure 4.2.  While the polarization time at 7 GeV is an acceptable 2000 seconds, it is 105 seconds at 3.5 GeV for an unmodified electron-ring.  In an elegant scheme, "dog-legs", i.e. three-magnet chicanes in the electron-ring arcs, could be introduced to act as "wigglers" which would reduce the 3.5 GeV polarization time by 40.  At the same time, these "dog-legs" would increase the electron orbit length to maintain synchronization with the slower proton beam at lower energies, something that would be needed in any scheme.  The corresponding increase in RF power by a factor of 9 to maintain beam life time at 3.5 GeV would still be less than the RF power required for 7 GeV without the wigglers.  Thus, equilibrium STP of about 80% and polarization times of half an hour for the entire [image: image1.wmf]³

energy range of the electron-ring seems feasible.

Figure 4.2: Self – polarization of Electrons

Numerical results of STP times (top curve) and equilibrium polarization (bottom curve) for the e-ring without wigglers.  
4.2.1.6 Required Research and Development

Two main areas require substantial R&D work:  The linac-type electron cooler and the layout of the IP region integrated into the detector systems.  Both of these issues are addressed in separate sections (4.4 and 4.5) of this document.

Less crucial but nevertheless important would be a test of STP at 3.5 GeV using wigglers.  This would have to be proven if one wants to avoid the high cost of a full-energy electron injection linac.  The Bates South Hall Ring, upgraded to ramp the beam-energy to 3.5 GeV, could be a very cost-effective test bed for STP.  As a first step, ramping to 1.5 GeV requiring little RF boosting is possible using a Siberian Snake, which keeps the polarization axis in the horizontal plane.  Measurement with the snake turned on or off would provide a detailed test of the STP theory.

4.2.1.7 Conclusions

Based on a conceptual design by the Budker Institute and their extensive experience, a ring-ring e-p collider varying from 3.5 on 16 GeV to 7 on 32 GeV (15-30 GeV center of mass energy) with a luminosity of 1033 cm-2s-1 seems feasible using existing and demonstrated technologies, with the exception of high-energy electron cooling.  Higher luminosities approaching 1034 cm-2s-1 can be anticipated given vigorous R&D efforts and future machine upgrades.

4.2.2 The High Energy eRHIC Ring-Ring Option

RHIC provides for the acceleration and storage of bunches of heavy or light ions – typically gold or protons – in two horizontally separated superconducting rings.  Head-on collisions occur at six interaction points (IPs).  Collisions between like species are the normal mode of operation, but RHIC also can store and collide two beams with very different rigidities.  However, it is not practical to store electrons in one of the two superconducting rings because of the unacceptable cryogenic heat load incurred when even a small electron current is present.  If electrons are stored in the RHIC tunnel, then a third ring must be constructed.

In the ring-ring collisions scenario, 10GeV electrons circulate in a third storage ring in the RHIC tunnel.  This is illustrated in Figure 4.3.  Pre-polarized electrons are injected from a full energy linac in the counterclockwise direction at IP4.  Collisions are possible with the clockwise rotating ions at the other five interaction points.  The natural place to install the electron ring magnets is just above the floor of the tunnel; between the magnet stands of the two ion rings.  The existing cryogenic refrigeration plant has enough spare capacity to run the electron linac.

Table 4.1: The Primary eRHIC Parameters 

	Gold at energy per nucleon
	100 GeV/u

	Proton top energy 
	250 GeV

	Electron energy
	10 GeV

	Electron-Gold CM energy per nucleon
	63 GeV/u

	Electron-proton CM energy
	100 GeV

	Circumference
	3833 m

	Revolution frequency frev
	78.3 KHz

	Arc dipole bend radius
	243 m
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Figure 4.3:  Ring - Ring Collision Scenario

Schematic layout of the injection linac, electron ring and the two ion rings. 

4.2.2.1 Luminosity Performance at the Beam-Beam Limit

The nominal luminosity, given by the equation L = frev NbNeNi / (4
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* 2), depends directly on the round-beam collision size, 
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* the number of bunches in each beam Nb, and the single-bunch populations Ne, Ni for electrons and ions respectively. Plausible extreme values for these quantities, and for the maximum achievable luminosity, are derived below.

In the absence of a final and rigorous optimization of the electron-ring optics, the following beam-size related assumptions are made for the sake of simplicity:

· Both electron and ion beams are round at the IP and have identical root mean square sizes 
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* = 0.1mm.  The horizontal and vertical admittances, beta functions, and beam sizes are assumed to be identical for electrons and ions.  This approximation is quite reasonable for the ion beam, but is crude for the electron beam.  The 
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* value is consistent with the nominal value of 0.137 mm expected for gold-gold collisions on RHIC at the end of a 10 hour store.

· The normalized ion emittance is 
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m.  This is consistent with the nominal parameters used for RHIC, in which the gold emittance grows from 10
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m to about 40
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m through Intra-Beam Scattering (IBS) in the course of a 10 hour store.  It is also reasonably consistent with expected proton beam emittances.

· The unnormalized electron emittance is
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 e  = 40 nm.  This is roughly consistent with the equilibrium emittance due to synchrotron radiation in the strawman layout of the eRHIC electron optics. 

If the total beam current is not limited, the luminosity is directly proportional to Nb, the number of bunches in each beam.  An increase in the number of ion bunches in RHIC from the nominal 60 to 360 is possible in a medium term luminosity upgrade, in which every RF bucket in the 28 MHz acceleration system is filled.  Although such an upgrade has a non-trivial impact on some of the existing accelerator and experimental hardware, the technical demands of operating with 360 bunches are reasonable. 

An electron ring in the RHIC tunnel has an energy and a circumference similar to one of the two rings in the SLAC or KEK B-factory.  At 360 bunches, the RHIC bunch spacing of 35.5 ns is modest by comparison with existing B-factories, and by comparison with the projected parameters of the LHC.  It is therefore reasonable to consider a much larger number of bunches for eRHIC operations.  After acceleration to storage energy, RHIC ion bunches are “rebucketed” by alphabetically turning off the 28 MHz acceleration system and turning on the 197 MHz storage system.  It is natural to consider what happens when every bucket of the storage system, with a harmonic number h = 7 x 360 = 2520, is filled.  Increasing the number of bunches to 2520 is technically demanding for both electron and ion rings.

Both ends of the spectrum; with Nb = 360 and with Nb = 2520 bunches, are discussed below, generating potential performance figures (such as luminosity) which range from “reasonable” to “demanding”.

The electron and ion beam-beam tune shifts place fundamental limits on the single bunch populations, since both have maximum critical values that cannot be surpassed.  These critical values depend on details such as the number of head-on collisions per turn, on the presence of long-range collisions, on the betatron tunes, on the synchrotron radiation damping time for the electron, et cetera.  Nonetheless, in order to proceed without a full-blown investigation of the beam-beam interaction in eRHIC, it is reasonable to assume beam-beam tune shift parameters
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These values are justified by experience at CESR, HERA, SLAC, SPS, and the Tevatron.

Table 4.2 shows the ultimate luminosity performance, which is attained at the beam-beam limit.  It also lists beam-beam limited values for the circulating electron and ion currents Ie and Ii for the total synchrotron radiation power Prad.  It is not necessarily possible to reach beam-beam limited performance - for example, the electron current Ie = 7.7.   For electron-gold collisions with Nb = 2520, bunches may lead to unacceptable synchrotron radiation linear power loads.

Table 4.2: Electron-Gold and Polarized Electron-Proton Performance Parameters 

(These are shown at the beam-beam performance limit, with 360 and 2520 bunches in each beam.)

	Number of bunches, Nb
	
	360
	2520

	Electron-Gold
	
	
	

	Luminosity
L
	[cm-2s-1]
	6.4 x 1030
	45 x 1030

	Electron bunch population, Ne

	
	2.43 x 1011
	2.43 x 1011

	Gold bunch population, Ni
	
	1.19 x 109
	1.19 x 109

	Electron beam current, Ie
	[A]

	1.1
	7.7

	Electron stored energy, Ue
	[kJ]
	140
	981

	Total radiated power, Prad
	[MW]

	4.0
	27.9

	Linear power load, Plin
	[kW/m]

	2.6
	18.3

	Gold beam current, Ii

	[A]
	0.42
	2.97

	Gold stored energy, Ui
	[kJ]
	1352
	9464

	
	
	
	

	Electron -Proton
	
	
	

	Luminosity
L
	[cm-2s-1]
	2.1 x 1032
	15 x 1032

	Electron bunch population, Ne

	
	1.00 x 1011
	1.00 x 1011

	Proton  bunch population, Ni
	
	9.3 x 1010
	9.3 x 1010

	Electron beam current, Ie
	[A]

	0.45
	3.16

	Electron stored energy, Ue
	[kJ]
	58
	404

	Total radiated power, Prad
	[MW]

	1.6
	11.5

	Linear power load, Plin
	[kW/m]

	1.1
	7.5

	Proton beam current, Ii

	[A]
	0.42
	2.92

	Proton stored energy, Ui
	[kJ]
	1335
	9346

	
	
	
	


4.2.2.2
Electron Beam Polarization

The natural polarization time due to Sokolov-Ternov effect in a 10 GeV eRHIC electron-ring is calculated to be 3.6 x104s, or about 10 hours.  At HERA, it is possible to accelerate the electron beam to storage energy in the HERA-e ring, and then wait for the electrons to self-polarize, in a time that is much smaller than typical storage times.  This is clearly not possible in the eRHIC ring.  The electrons must be injected polarized.  The full energy linac is equipped with a polarized source, in order to provide electrons polarized in the right orientation at the injection point into the eRHIC ring.  Alternatively, a more conventional injection chain using a booster ring could be used.  A booster with 1 T dipoles (ρ = 33.4m) and a packing fraction of 0.5 (C = 420 m) has a polarization time of only 74 s.  Such a booster would accelerate electron bunches from a 1 GeV injection energy to a 10 GeV flat-top, and then hold them there for a couple of minutes, before injection into the eRHIC ring.

Intrinsic spin resonances are located at energies given by Eresonance = J 0.44065 [GeV] where J is an integer.  It will probably not be possible to store beam at energies close to one of these resonances, nor will it be possible to accelerate or decelerate through one of the resonances without losing electron polarization.  If electron polarization is to be preserved, then the nominal range of energy adjustment after injection is of the order Ee ≈ 9.92 ±0.20 [GeV].  The eRHIC ring does not accelerate or decelerate polarized electrons more than a fraction of a GeV, and the magnetic field of B = 0.14T is modest.  Thus, it is useful to consider using permanent magnet technology for some or most of the electron ring lattice magnets.

4.2.2.3 Electron Spin Rotators

In polarized electron experiments the spin vector must be longitudinal at the IP, while the spin vector is vertical in the arc of a ring.  The transformation from vertical to longitudinal polarization (and back again) is achieved by placing additional constraints on the interaction region optics, in addition to the requirements of geometric and Twiss function matching.

To rotate the spin vector of a 9.92 GeV electron 90 degrees, the electron beam must be bent by an angle of 4 degrees.  The resulting orbit deflection is about 2.8 times that in HERA-e, which stores 28 GeV electrons.  The eRHIC spin rotators are also made more difficult than the HERA-e spin rotators by the availability of only one-third as much longitudinal space.  Fortunately, the vertical step-down of the electron beam outside of the interaction regions, which is necessary in eRHIC, is convenient for use in the spin rotator design.

Coming from the IP, the spin rotations in the first three horizontal-bend magnets cancel each other.  A fourth magnet, BH2, rotates the longitudinal spin by 90 degrees around the vertical axis, leaving it pointing horizontally.  The first vertical-bend magnet, BV1, rotates the horizontal spin vector around the horizontal axis, leaving it unchanged.  The electron beam trajectory now points downward by 4 degrees.  A BH3 magnet makes the spin vector longitudinal again, undoinh the rotation of the BH2 magnet.  A second vertical-bend magnet, BV2, returns the beam trajectory to the horizontal plane, and rotates the spin into the vertical direction.  The spin rotation is now complete.

Spin rotators only work for one beam energy because the necessary integrated magnetic field is independent of the energy.  A small energy range can be achieved by installing a vertical dipole corrector in front of the BH2 magnet.  If this corrector deflects the beam by (, the deflection angle of BV1 (the first vertical bend magnet) and BH3 must be reduced and the next downstream horizontal bend must be increased by ( so that the spin rotation and the total orbit deflection is unchanged.  This procedure distorts the closed orbit inside the spin rotator.  Thus, the aperture of its magnets limits the energy range of the spin rotator. 

This inflexibility of the spin rotator system is the key impediment to energy tunability of the electron ring over any significant range for polarized electron operation.  This is an area where the electron linac-ion ring scheme has a distinct advantage.

4.2.2.4
Electron Beam Intensity Limitation

In contrast to the RHIC heavy ion rings, the properties of the electron beam in the 10 GeV electron storage ring are determined by synchrotron radiation.  The average electron beam current limit of 3A in eRHIC is based upon the design specifications for the High Energy Ring (HER) at the SLAC B-factory.  In the HER the allowable heat load on the copper vacuum chamber sets the limit.  Since the power load specification for the HER was actually set based on the power per meter of dipole, one could consider increasing the current in eRHIC to 4.27 A without exceeding the HER power load specification.

The above current maximum is based on an eRHIC involving normal ring dipoles only.  The high field bends BH2, BH3, BH1, and BH2 (is this correct or is it BVI, BH1,BH2 and BH3?) in the spin rotator produce power loads that are a factor of 2 higher than the 10 kW/m limit in the HER design.  In the strawman optical design presented here, the spin rotator magnets set the eRHIC electron current limit to roughly 0.5 A.  More analysis must be done to see if the power load limits can be increased or if a different approach to the spin rotation is possible, because the high current and high luminosity potential of eRHIC is greatly compromised.

If HER provides a reliable guide, bunch lengthening due to inductive potential-well distortion does not appear to pose a problem at 3mA per bunch (corresponding to 5A total average current if all 1658 bunches are filled).  Beyond potential well distortion, the dominant effect of concern for longitudinal phase space is the microwave instability.  A detailed analysis requires a complete impedance budget for the ring.  If eRHIC employs the same impedance policing used for the HER, the microwave instability should not be a problem.  The issue needs to be revisited once the lattice is developed further and the current limit imposed by the spin rotator magnets is resolved.  The beam-beam effects for eRHIC have been mentioned earlier.  As a point of reference, it should be noted that at present, the beam-beam interaction sets the current limit in the HER.

4.2.2.5
Conclusions

The accelerator physics issues associated with adding polarized electron-ion collisions to the RHIC facility are considered in the context of a ring-ring collision scenario in which a third electron ring, possibly made from permanent magnets, is added to the RHIC tunnel.  This fixed-energy, 10 GeV electron ring would be injected with polarized electrons from a full-energy linac.

Strawman electron-ring optics includes an integrated spin rotator, which provides longitudinally polarized electrons at the interaction points.  Luminosity performance and limitations were discussed for operation with up to 2520 beam bunches.  Ultimate electron-proton luminosities up to 1.5 x 1033 cm-2 s-1 appear attainable without electron cooling of the proton beam.  As the design progresses in-depth detailed analyses of electron beam intensity limitations are needed.

4.3 Electron Linac On Proton Ring Colliders

This section discusses the proposed electron-proton/ion colliders with center of mass energies between 14 GeV and 100 GeV (protons) or 63 GeV/A (ions) based on the recirculating linac-on-ring concept.  Although the linac-on-ring scenario is not as well developed as the ring-ring scenario, comparable luminosities appear feasible.  The linac-on-ring option has the advantage of easy spin reversal.  At higher energies, such as for eRHIC, the small linac beam emittance provides for a number of design simplifications.

Luminosity projections for the linac-ring scenario based on fundamental limitations are presented.

Four conceptual point designs are shown corresponding to electron to proton energies of 3 GeV on 15 GeV, 5 GeV on 50 GeV and 10 GeV on 250 GeV, and for gold ions with 100 GeV/A.  The last two designs assume that the protons or ions are stored in the existing RHIC accelerator.  Advantages of electron linacs over electron rings as well as some remaining accelerator physics issues with energy recovering linacs are discussed, and a list of required R&D for the realization of such a design is presented. 

Energy recover is a crucial requirement for a collider linac with a beam power of a Giga-Watt or more in order to achieve manageable power costs.  Energy recovery is the process by which the energy invested in accelerating a beam is returned to the RF cavities by decelerating the beam.  To date, energy recovery has been realized in a number of different ways [3, 4, 5, 6].  Reference 4 describes same-cell energy recovery in the JLAB IR FEL with continuous wave currents up to      5 mA (limited by the gun power supply) and energy up to 50 MeV. 

The benefits of energy recovery are: 

· the required rf power becomes nearly independent of beam current,

· the electron beam power to be disposed of at the beam dumps is reduced by the ratio of the final to injected energy, and

· the induced radioactivity (and therefore the shielding problem) is reduced if the beam is dumped below the neutron production threshold.   

4.3.1
Luminosity

The luminosity of an electron linac-on-proton ring collider, assuming both beams are round Gaussians at the interaction point (IP), is given by the same expression as for a ring-ring collider, (Section 4.2) 
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4.3.1.1
Luminosity at the Laslett and Beam - Beam Tune Shift Limits

The Laslett tune shift, 
[image: image47.wmf]L

n

D

, of the proton beam imposes a fundamental limit on the ratio of 
[image: image48.wmf]*2

/

pp

N

s

, while the beam-beam tune shift, (p, of the proton beam imposes a fundamental limit on 
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.  One can write an expression for the luminosity in the limit of Laslett and beam-beam tune shifts: 
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As an example, we can assume a beta function at the IP of
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=10 cm, a root mean square beam size at the IP of 
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= 40 (m and collision frequency of 
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= 150 MHz. Figure 4.4 is a plot of luminosity vs. proton beam energy, Ep.  The green and red curves are given by the equation for the luminosity in the limit of Laslett and beam-beam tune shifts..  The ring circumference, C, has been minimized subject to the engineering constraint of maximum magnetic field (in this case     B = 4 Tesla).  The two curves correspond to: (a) 
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= 0.004, which is a safe and generally accepted value for the Laslett tune shift, and (b) 
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=0.04, which is a more aggressive value, yet consistent with the value assumed in the ring-ring scenario in Section 4.2.
In both cases 
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=0.004, also is consistent with the value assumed in the ring-ring scenario.  Of course, in practice Np and Ne are further limited by a number of other effects such as collective instabilities.  The horizontal line in Figure 4.4 corresponds to luminosity equal to 1.0x1033 cm-2 sec-1. 
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Figure 4.4:  Luminosity vs. Proton Beam Energy

 a. At the Laslett and Beam-Beam tune shift limit (red and green curves); b. At the stability limit of the beam-beam induced head-tail effect (linear approximation) (remaining curves corresponding to 3, 5, 7 and 10 GeV). The straight line marks a luminosity of 1033 .  This figure is difficult to read - fuzzy
4.3.1.2
Luminosity at the Beam - Beam Induced Head - Tail Instability Limit

The beam-beam induced head-tail instability is an additional effect, which could potentially impose a limit on the luminosity of linac-ring colliders.  Presently this instability is the subject of focused investigation at Thomas Jefferson Laboratory.  Using a linearized model, the stability condition can be expressed as 
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where 
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 is the synchrotron tune of the proton beam. One can re-write the luminosity in the limit of the head-tail instability, as
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The remaining curves in Figure 4.4 display the luminosity  in the limit of the head-tail instability as function of proton energy for four values of the electron beam energy: 3, 5, 7, 10 GeV.  The synchrotron tune has been set equal to 1x10-3, the root mean square angular divergence of the beam at the IP, 
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= 40μm/10cm = 0.4 mrad, and the collision frequency 
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=150 MHz. Figure 4.4 demonstrates that above a certain proton beam energy, increasing the Laslett tune shift beyond the generally accepted values does not benefit the luminosity.  A second conclusion is, assuming that the larger value of the Laslett tune shift is attainable, then the luminosity is limited by the head-tail instability over most of the energy range of protons and electrons.   

A more careful non-linear analysis of this effect will be required to determine if the instability threshold can be raised significantly.

4.3.2 Conceptual Point Design Parameters 

We now turn our attention to specific point designs that span a proton energy range from 15 to 250 GeV and an electron energy range from 3 to 10 GeV.  The condition for head-tail instability was derived using a linear approximation, which clearly does not reflect the true complexity of the problem.  In the absence of more rigorous results at this time, we will present reasoning for the point designs without taking the head-tail instability into account and will defer the more complete study to a later document.

Four sets of input parameters are considered: 

· Proton beam energy of 15 GeV colliding with electron beam energy of 3 GeV,

· Proton beam energy of 50 GeV and electron beam energy of 5 GeV 

· Proton beam energy of 250 GeV and electron beam energy of 10 GeV and,

· Gold ion beam of 100 GeV/A and electron beam energy of 10 GeV.  

The two high-energy designs are based on the existing RHIC storage ring. 

Since the linac technology assumed is the same for all designs, we will briefly discuss it here.  The technology of the electron linac is well established.  Jefferson Laboratory has significant expertise in srf linacs, and the srf accelerating structures are commercially available from a number of manufacturers.

For this report, we assume that the linac structures will be identical to the well-known TESLA style cavities.  These cavities and the ancillary equipment (cryostats, couplers, tuners, HOM loads etc.) have been optimized for cost and performance.  Using demonstrated performance from a number of manufacturers, we will assume, conservatively, a Q0 of 1.5 x 1010 at 2K and an accelerating gradient of 20MV/m.  At these values, the refrigeration power is 26 W/structure.  Thus a 10 GeV linac, for example, will require 500 cavities with a dissipation (excluding standing losses) of 13 kW.  TESLA optimization was driven towards high gradient, not low Q.  We can expect further improvement in Q [7].  

4.3.2.1
3 GeV Electrons on 15 GeV Protons: 
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In this case, we assume that both the Laslett and beam-beam tune shifts cannot exceed 0.004.  To arrive at a self-consistent set of parameters and a luminosity estimate, we first set the electron beam size at the IP based on projected electron source performance.  Then the proton beam parameters are set at the Laslett tune shift limit.  The maximum number of electrons per bunch is determined at the beam-beam tune shift limit of the protons.  Finally, effects that influence the choice of the bunch collision frequency are discussed. 

We assume a root mean square normalized emittance of 60 
[image: image63.wmf]m

m for electrons at a bunch charge of approximately 1 nC, yielding a geometric emittance of 10 nm at the IP (3 GeV).  For a beta function of 12 cm (discussed later), the root mean square electron beam size at the IP is 35
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m. Round beams are assumed for electrons and protons.

In order to prevent degradation of the luminosity by the hourglass effect, the beta function for the proton beam at the IP is typically set approximately equal to the root mean square proton bunch length.  In this case, the Laslett tune shift can be written as 
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Clearly, the tune shift sets a limit on the ratio of 
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.  Assuming a proton beam root mean square normalized emittance of 3 
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m (consistent with LHC and RHIC experience) and 
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= 0.004, the root mean square beam size for protons at the IP is 107 
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m for a beta function of         6 cm.  Then the number of protons per bunch at the Laslett tune shift limit is 3x1010 . 

The number of electrons per bunch can be limited either by the beam-beam tune shift of the proton beam or by single-bunch transverse beam breakup in the linac [8].  We assume that the beam-beam tune shift of the protons cannot exceed 0.004, which sets the number of electrons per bunch equal to 1.1x1010 .   One can obtain a simple estimate for the emittance growth due to single-bunch beam breakup in the linac by using the following expression [8],
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where 

( is the emittance amplification, 

L is the length of the linac, 

k0  is the betatron wavenumber, 

W0 is the transverse wake function,

 re is the classical radius of the electron and 

(0 and (f  the initial and final linac energies.  

For a root mean square bunch length of 1 mm and betatron wavelength in the linac of 50 m, the amplification parameter η remains less than ~1 if the number of electrons per bunch does not exceed 1.5 x 1011.  Should this effect become a serious limit, BNS (define?) damping can be used.  Therefore, in this case the limit on Ne is set by the beam-beam tune shift, and not the single-bunch beam breakup.

The bunch collision frequency should be maximized subject to the constraints of parasitic collisions, user requirements, and possibly the electron cloud effect in the proton ring.  We have assumed a bunch separation of 6.66 nsec or 150 MHz repetition rate.  Note that the luminosity scales linearly with the frequency. 

For the case of unequal electron-proton bunch sizes, the luminosity is given by the standard luminosity equation with 2(*2 replaced by ((e*2 + (p*2).  For Ne = 1.1x1010, Np = 3.0x1010, 

fc =150 MHz, (*e  =35 (m and (*p  = 107 (m, the luminosity is equal to                 6.2x1031 cm-2 sec-1.

4.3.2.2
3 GeV Electrons on 15 GeV Protons: 
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We now consider a point design assuming that the Laslett tune shift can be as high as 0.05.  In this case, the electron beam parameters remain the same and again the Laslett tune shift sets the ratio of 
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.  However the optimization now proceeds as follows: We first determine the limit on Np and then set the minimum spot size at the IP, at the Laslett tune shift limit. 

The number of protons per bunch can be limited by collective instabilities or by the emittance growth of the electron beam due to a single round-beam collision with the protons.  We set        Np = 1 x 1011, similar to LHC and RHIC.  (These limiting effects are discussed later).  At the Laslett tune shift, the root mean square beam size of the protons is 58 
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m and for 
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* = 10 cm, the normalized root mean square emittance is 0.54
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m.  Note that at Ne = 1.1 x 1010, the beam-beam tune shift is 0.0068.  These parameters yield luminosity equal to 5.7 x 1032 cm-2 sec-1.

4.3.2.3
5 GeV Electrons on 50 GeV Protons

Following similar arguments for the case of 5 GeV electrons on 50 GeV protons, we arrive at the two sets of parameters outlined in Table 4.3.  Note that luminosity at the 1033   level is attainable at these energies, for average current in the linac of 0.264 A and average current in the ring of  2.4 A. 

4.3.2.4
10 GeV Electrons on 250 GeV Protons Parameters Based on the RHIC Storage Ring                                             

The third and fourth point designs presented here are for 10 GeV electrons colliding with 250 GeV protons or 100 GeV/A ions using the existing RHIC storage ring [9].  The lower energy point designs may also be implemented in RHIC. 

Table 4.3:  Parameters for Point Designs 1 and 2.

	Parameter
	Units
	Point

Design 1A
	Point

Design 1B
	Point

Design 2A
	Point

Design 2B

	Ee
	GeV
	3
	3
	5
	5

	Ep
	GeV
	15
	15
	50
	50

	Ne
	ppb
	1.1 x 1010
	1.1 x 1010
	1.1 x 1010
	1.1 x 1010

	Np
	ppb
	3.0 x 1010
	1.0 x 1011
	1.0 x 1011
	1.0 x 1011

	fc
	MHz
	150
	150
	150
	150

	(*e
	(m
	35
	35
	25
	25

	(*p
	(m
	107
	58
	60
	25

	(*e
	nm
	10
	10
	6
	6

	(*p
	nm
	200
	33.6
	36
	6.25

	(*e
	cm
	12
	12
	10
	10

	(*p
	cm
	6
	10
	10
	10

	(pz
	cm
	6
	10
	10
	10

	(ez
	mm
	1
	1
	1
	1

	(p
	(
	.004
	.0068
	.004
	.004

	((L
	(
	.004
	.05
	.004
	.024

	Ie
	A
	.264
	.264
	.264
	.264

	Ip
	A
	.720
	2.4
	2.4
	2.4

	L
	cm-2 sec-1
	6.2 x 1031
	5.7 x 1032
	6.2 x 1032
	2.1 x 1033


Since the design of the IP, in particular the size of the detector, depends on the energy, it is reasonable to assume that at least two detectors will be required. The RHIC machine has two independent ion rings and thus could support one (or more) IP per ring, with collisions taking place with two different energies.  The electron linac also could be designed to simultaneously provide two energies, but the detailed description of this mode will not be addressed in this report.

The parameters presented are consistent with the RHIC layout.  A schematic layout of the linac-ring collider is shown in Figure 4.5.  Table 4.4 summarizes the linac parameters, common to both protons and gold.  As seen in Figure 4.5, all the acceleration is done virtually in a straight line, to avoid emittance growth and synchrotron radiation loss in the accelerated beam.  The recuperating beam is bent to return to the appropriate sections.
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Figure 4.5:  Schematic Layout of the RHIC - Based Linac-Ring Collision Scenario.

Table 4.4:  Electron Linac parameters, Common for Gold and Protons.  

	Parameter
	Units
	Value

	Electron energy
	GeV
	10

	Electron average current
	Amperes
	0.27

	Collision frequency 
	MHz
	56

	Electron bunch population Ne
	
	3x1010

	Electron rms emittance, (e
	(m
	0.003


The electron source has an injector linac that accelerates the beam to 10 MeV.  The power invested (at 0.27 amperes) for this purpose is 2.7 MW.  This section has no recuperation.  Next is a low gradient 90 MeV (energy gain) pre-accelerator.  Here energy recuperation may be done in a dedicated linac section, and the recovered energy would then be fed through waveguides to the accelerating section, shown schematically in Figure 4.5 as a connection between the accelerating and decelerating linacs.  The 100 MeV beam from the pre-accelerator is fed into a 0.9 GeV (energy gain) intermediate linac with energy recovery done in the same section.  Last is the main linac, with an energy gain of 9 GeV.  The 10 GeV beam is taken to the collision area where the beam may be introduced into a ring-like transport for multiple IPs, a single IP or anything in-between. 

The beam is returned at 10 GeV to the entrance of the main linac for deceleration and energy recovery.  The beam is decelerated to 1 GeV, and then sent to the intermediate energy linac for deceleration to 100 MeV.  In recuperating the energy of the beam in the same linac structure, we conform to the conservative limit of the Douglas principle [10] of keeping the energy ratio of the two beams under 10.  Deceleration to 10 MeV follows in a dedicated 90 MeV pre-dump linac.  The 10 MeV beam is sent to the beam dump, rated at 2.0 MW (a power level of 2 MW was demonstrated in SLAC beam dumps), assuming a synchrotron radiation loss of 0.7 MW.  It is possible to decelerate the beam to a lower energy should the beam dump rating be below 2 MW, but this RF power will not be used for acceleration. Note that any synchrotron radiation power loss (anywhere in the high energy transport) will subtract from the power deposited in the beam dump. 

Table 4.5 summarizes the electron-gold and electron-proton collision parameters.  We take the 720-bunch case, which corresponds to a bunch collision frequency of 56 MHz, and assume a minimal electron cooling of the ion beam.  That results in a smaller ion beam emittance and allows for larger tune shifts in the electron beam.  Other than that, the RHIC parameters are mostly the same as for the ring-ring case.  In the case of gold, the limit is set by the beam-beam tune shift for the ions.  We do not take advantage of the large possible increase in the beam-beam tune shift due to the cooling. That may account for a further increase in the luminosity. 

Table 4.5:  Electron-Ion Collision Parameters Assuming Electron Cooling of RHIC

	Parameter
	Units
	Gold
	Proton

	Ion bunch population
	
	1.9 x 109
	0.93 x 1011

	Number of bunches
	
	720
	720

	Ion rms normalized emittance
	(m
	0.78
	0.67

	RMS beam size at the IP, (*
	mm
	0.05
	0.03

	Electron IP beta function
	m
	0.72
	0.36

	Electron beam-beam tune shift (e
	
	0.287
	0.5

	Ion beam-beam tune shift (I
	
	0.0046
	0.0046

	Ion Laslett tune shift, (L
	
	0.008
	0.0046

	Luminosity, L
	[cm-2s-1]
	1.2 x 1031
	1.14 x 1033


The high-energy IP of RHIC is extremely generous in size, with free space (no accelerator component) for the detectors extending (10 m from the IP center.  A low energy IP (using the second storage ring) can be designed with accelerator components extending much closer to the IP center, thus boosting the luminosity at low energies.

The calculation is done for an electron energy of 10 GeV, however the performance would be unaffected by a much lower (or higher) electron energy.  Thermal loading in magnet chambers is not a limitation for the relatively low electron beam current.  In addition, larger radii of curvature in the IP optics are possible due to the removal of spin rotation optics from that area, further reducing the thermal loads relative to a ring-ring case. 

We conclude that good luminosities can be obtained using a linac-ring collider with modest electron cooling of the ions in the ring.  Further increases in the luminosity are possible.  In the gold case, the increase would come from pushing the Laslett tune shift to higher values, taking advantage of the cooling.  In the proton case the luminosity can be improved by going to a higher current in the electron linac by pushing on the beam-beam tune shift in the ring, once again taking advantage of the cooling.

4.3.2.5 Electron Linacs: Advantages and Challenges

An electron linac has the intrinsic advantage over an electron ring in that the electron spin can be flipped more easily and rapidly without loss of polarization.  A serious challenge, however, is the development of a polarized electron injector delivering average beam currents three orders of magnitude larger than are available today; this is addressed in Section 4.3.2.6.  A second problem is electron beam delivery to more than one interaction point, which requires substantial additional high-current beam transport lines.   

For high-energy schemes such as eRHIC, there are a number of additional advantages of an electron linac over an electron ring:

· A linac, in principle, avoids the limitation of the electron beam-beam tune shift             inherent in a ring-ring scenario.  That allows one to reduce the beam size of the ion storage ring and increase its charge per bunch considerably.  However, further study of the beam-beam head-tail instability is required to determine how large an advantage truly exists in the linac-ring collider scenarios. 

· A linac has a very low emittance.  This leads to a small collision point beam size with a relatively large beta function, increasing luminosity and simplifying the optics of the interaction point. 

· The fact that the electrons are used only once means that complicated spin rotation conditions are relaxed and the IP optics of the linac can be simplified

On the other hand, there are a number of unresolved accelerator physics issues associated with energy recovering linacs that need further examination, for example:

· Accelerator transport at high current:  phase-space matching into the IP, dynamic energy range of linac for 2-beam confinement, control of beam loss.

· Coherent synchrotron radiation in re-circulation arcs can cause emittance growth.

· Higher-Order-Mode (HOM) power dissipation in superconducting RF cavities may require cooled absorbers.

· Beam breakup:  single-and multi-bunch phenomena can cause emittance growth and energy spread, excite transverse instabilities, and limit bunch charge and average beam currents; this may require feedback control.

4.3.2.6 Technological Issues: High Current Source of Polarized Electrons and Electron Cooling of Proton Beams

The generation of high average current, high polarization electron beams is a significant technological  issue for a linac-based collider.  The state-of-the art in polarized electron sources was reviewed in the PAC99 article by Sinclair [11].  The prospects for sources of high average current polarized electrons was presented in the Proceedings of the 2nd eRHIC Workshop [12].  Presently, polarized sources at Thomas Jefferson Laboratory have cathode operational lifetimes one order of magnitude greater than those reported by Sinclair at PAC99 [9].  Cathode operational lifetime in these sources is limited only by ion back-bombardment, and now exceeds 100,000 Coulombs/cm2.  While construction of a high average current polarized source with modest polarization (~ 37%) is probably within reach, a source with a high polarization (~ 75%) faces a number of serious technological challenges.  Significant R&D would be required before one could plan on a source delivering a high average current at high polarization.

Electron cooling of proton beams is an essential issue common to both collider scenarios.  It is mentioned here only for completeness, and is thoroughly addressed in section 4.4 of this report.

4.3.2.7
Conclusions

Preliminary results of a feasibility study of an energy recovering electron linac on a proton ring collider are presented.  Luminosities at the 1033 level appear attainable. The linac-on-ring scenario has the advantage of easy electron spin control.  At eRHIC energies, the lower electron beam emittance allows significant design simplifications.

R&D topics that will have to be pursued before such a facility is designed and built have been identified and include: 

· High current polarized electron source,

· High current (~200 mA) demonstration of energy recovery ,

· Theoretical and, if possible, experimental investigation of the beam-beam induced head-tail instability and feedback,

· Electron cooling and its ramifications on Laslett and beam-beam tune shifts, and

· Development of multi-pass beam-breakup feedback 

Recently, re-circulating, energy-recovering linacs have attracted much attention and are being considered for a number of applications, such as drivers for synchrotron radiation sources, and high average power FELs. A number of the listed R&D topics, especially those related to the energy recovery of high average currents, are being pursued by these communities, so it is safe to assume that progress will be rapid in these directions. 

4.4 The Electron-Ion Collider Electron Cooling System

To attain the design luminosity the 50-100 GeV/nucleon ion beam in the EIC ion ring needs to be continuously cooled while colliding with electrons.  To date, there is no fully developed cooling technology for such an energy range for bunched ion beams.  A possible schematic design of a suitable electron cooling system for the EIC ion ring is outlined here, along with unresolved R&D issues that need to be addressed.

According to the well-proven concept of electron cooling [13], the electron beam needed to cool the ions has to co-propagate with the ion beam in a straight section of the ring free, of focusing magnets.  The velocities of two co-propagating beams have to precisely coincide, thus requiring an electron beam energy of up to 50 MeV for EIC.  The portion of the ring dedicated to the electron cooling system has to be as long as possible (cooling rate is proportional to this length), but typically comprise no more than a few percent of the ring's circumference. The use of low-energy electrons (<1 MeV) for cooling is a well-developed technology, but the required electron energy of 25 MeV coupled with a relatively high average beam current (about 100 mA or greater) poses a significant technological hurdle.  

All electron cooling systems in operation to date can be classified as low energy systems.  These systems are characterized by the use of a conventional Cockcroft-Walton (C-W) high-voltage supply to bias the electron source with respect to the cooling region, and by a continuous longitudinal (solenoidal) magnetic field to confine (focus) the electron beam.  Modern commercial C-W voltage generators are limited to about 0.6 – 1 MV, about a factor of 2 – 3 times higher than the electron systems in operation today; this is the principal technical limitation in the low energy regime.  

For electron kinetic energies up to about 5-8 MeV (ion energies 10-15 GeV/nucleon), it is technically feasible to use a conventional dc electrostatic accelerator in a recirculation mode.  INP Novosibirsk has developed the technology for a 1 MeV, 1 A dc recirculation system operating in a continuous solenoidal magnetic field of 500 G [14].  The high-voltage power supply was based on an industrial high-power electron accelerator, developed at INP.  This system requires many improvements to extend the range to a 5-8 MV. Because of the highly nonlinear behavior of high-voltage technology, such a large extrapolation is problematic, and its development is not currently being pursued.  Fermilab is currently developing a 5 MeV dc electron cooling system to cool 8.9 GeV/c antiprotons [15].  To date, this is the only funded R&D project that would qualify (if successful) as a high-energy system. 

For higher electron energies (up to hundreds of MeV's) the most promising approach would appear to be the rf acceleration of bunched electron beams in an energy-recovering linac system.  

4.4.1
The Proposed Electron-Ion Collider Electron Cooling System

Successful operation of this type of accelerator at an energy of about 50 MeV and a current of up to 5mA has been demonstrated recently by a free-electron laser group at the Thomas Jefferson Lab [16].  The proposed EIC electron cooling system discussed below is of this type, but at much higher current. 


Figure 4.6:  The Schematic Diagram of the Proposed EIC Electron Cooling System

Figure 4.6 shows schematically the proposed EIC electron cooling system; consisting of a cooling section solenoid, bunching and debunching optical inserts and cavities, an electron linac structure, an electron gun and a beam dump.  Solenoidal transport of the electron beam through an extended cooling section is needed to suppress space-charge divergence of the electron bunch and prevent electron-ion transverse instabilities.  The electron gun has to be properly immersed in a solenoidal magnetic field in order to match the beam size and divergence to the magnetic field strength in the cooling section [17].  The debunching optical insert has to match the electron bunch length to the ion bunch length and the rf cavity has to reduce the electron relative momentum spread to a value of about 10-4 required for effective cooling.  After deceleration and beam energy recovery, the electron beam of about 1 MeV is dumped in the absorber.  The cooling section length of 30 m was chosen to comprise about 1-2% of the ion ring circumference.

The transverse emittance damping time, ( =(i/(d(i/dt), can be expressed as follows:
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where:

A and Z are the ion atomic and charge numbers, respectively; 

( and (  are the usual relativistic parameters and (i is the cooling section beta-function; 

( is the length of the cooling region divided by the ring circumference; 

( is the Coulomb logarithm ((2-10 depending on the magnetic field strength); 

re and rp are the classical electron and proton radii; 

c is the speed of light; 

ne is the laboratory frame electron beam density; finally, 

(i is the normalized ion beam emittance.  

This expression is very approximate; it does not take into account electron transverse temperature or ion beam energy spread, but it can be used to obtain an order-of-magnitude estimate for the cooling time.  For protons, one obtains ( ( 30 – 150 minutes under the following assumptions: 

( = 50, ne = 1(109 cm-3, ( = 0.02, (i = 2 mm ( mrad, (i = 60 m.  More accurate estimates of the cooling time need to include specific values of the magnetic field strength, the shape of the electron density distribution function, betatron and synchrotron ion motion, etc. and are beyond the scope of this conceptual outline.

4.4.2 Unresolved Technical Issues

To achieve an operating 100mA, 50MeV electron cooling system a number of R&D topics need to be addressed. These range from theoretical exploration of some fundamental questions and improved definition of system parameters (e.g., through simulation studies) to practical demonstrations of technical requirements.  They include:

· Production, acceleration, and transport of high-quality rf-bunched electron beams in a magnetic field: What will be the highest average-current that can be stably accelerated and energy-recovered in a superconducting linac?

· Is the magnetic field in the cooling section beneficial?  If yes, what is the required field strength?

· What portion of the rf accelerator needs to be immersed in a solenoidal magnetic field?

· How can solenoids and the acceleration cavities be combined?

· Magnetic field quality in the cooling section: What is the required field quality?  In practical terms, how does one attain and measure this field quality in a 30 m long solenoid?

· What are the required electron and ion beam diagnostics in the cooling section, and how can they be made compatible with the solenoid design? 

· Cooling times and evolution of the ion beam distribution function:  What are the cooling times as a function of ion beam emittance?  What is the optimal value of the beta-function in the cooling section?  What is the optimal electron beam size?  What is the optimal electron bunch length?  

· How will feedback systems improve the multi-bunch multi-pass instability threshold current?

Experts in this field believe that the proposed high-energy electron cooling system is an achievable goal on a time scale consistent with that for the overall collider project if resources to carry out the required R&D effort are made available sufficiently early.

4.5
Interaction Region

The obvious questions about any final-focus IP regions on which machine designers, experimenters, and detector designers must all work together closely are:

· How close to the IP can the accelerator-lattice magnet structure intrude?

· How much of a reduction in useful detector solid-angle acceptance in forward and backward directions can be tolerated?

A mutually acceptable compromise must be found between the competing requirements for quick electron-proton (e-p) bunch transverse separation close to the IP to avoid multiple parasitic collisions per bunch crossing, and minimum forward (backward) detector acceptance restrictions. 

The concept for the IP regions in both e-p collider scenarios is still very preliminary.  Strong bending magnets are required to separate the beams immediately after the intersection to minimize secondary collisions, and powerful quadrupoles with large apertures are needed to strongly focus the beams onto the IP with (* ( 10cm.  Such strong magnets close to the IP tend to have large transverse dimensions, interfering with detection of reaction products at small angels with respect to the beam direction at the IP.

Figure 4.7 shows one example of an e-p collider interaction region design for (* = 6 cm and only one parasitic (secondary) collision per bunch crossing.  The IP is located at s = 0. The upper  (lower) pair of nearly parallel curves indicate the electron  (proton) beam 5( envelopes, showing complete separation occurring   ~1.5 m from the IP (This is confusing).  The magnet triplet (boxes) closest to the IP is a combined dipole/quadrupole beam separator/lens system starting   0.6 m from the IP. The large-aperture final-focus lens system is located at 5 m < s <8 m.


[image: image77.wmf]0

150

300

450

600

750

900

1050

1200

1350

1500

5

0

5

10

15

20

s [m]

x [cm]

 


Figure 4.7: Example of the Interaction Region Design for (* = 6 cm. 

To minimize the resulting restriction of the detector acceptance, new ideas such as an open magnetic system made from thin, superconducting rods (suggested by I. Koop of BINP) may be needed.  It is very likely that the beam-optical components closest to the IP have to be designed as an integral part of the detector system.  Discussions of such detector-machine integration must be initiated soon in order for both detector and machine designs to proceed further and in timely fashion.

The interaction region design affects not only the detector capabilities but also the collider luminosity through (*.  The minimum useful (* is determined by the root mean square bunch length (z : (*((z.  The minimum achievable (* is limited by the maximum acceptable aperture of the final-focus quadrupoles (decreasing (* increases (max in the quadrupoles) and/or by the maximum tolerable interaction region chromaticity, (’ (1/(* (total machine chromaticity can be compensated in the arcs, but chromaticity due to small (* cannot).  For a given, maximum allowable machine tune shift, ((, the permissible momentum spread (p/p = ((/(’ may well require beam longitudinal cooling or limitation of the minimum (*-value.
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