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1.  Introduction

In the past year, the idea of a polarized electron-proton (e-p) or electron-ion (e-A) collider of high luminosity (1033cm-2 s-1 or more) and c.m. energies from 15 to 100 GeV has gathered momentum.  A Whitepaper was produced in March 2001 and submitted to the NSAC Long-Range Planning Meeting where a considerable range of collider scenarios was discussed.  To focus on the main features and limitations of these schemes, we have selected proposals for two c.m energies of 30 and 100 GeV.  For each energy, a ring-ring version and a linac-ring version are discussed representing the two basic concepts under consideration.  All versions reach similar luminosities although the linac-ring versions, being untried, need considerably longer R&D.  A common feature is electron cooling of the proton (ion) beams to minimize emittances and limit emittance growth caused by the beam collisions.  

2. The 7 on 32 GeV e-p Ring-Ring Collider
On the initiative of the MIT-Bates Linear Accelerator Center, the Budker Institute in Novosibirsk (I. A. Koop, et al.) has worked out a concept of a 3.5 to 7 GeV electron ring and a 16-32 GeV proton ring with two intersection points.
  The layout is shown in Fig. 1.  The proton ring is constructed in one plane.  The spin is kept in the same plane by Siberian snakes providing longitudinal polarization in both intersection regions for proton energies of multiples of 0.523 GeV ("magic energies").  Polarized beam is injected by a 0.5 GeV linac and a 3 GeV booster and then ramped to the final energy in the ring.

The electron ring runs above the proton ring in the arcs and descends to the intersection points in the two main straight sections.  The spin is vertical in the arcs.  Solenoids and dipoles in the straight sections rotate the spin into the horizontal plane.  At the interaction points, polarizations are longitudinal at 5.25 GeV and rotate by ( 30( in the horizontal plane between 3.5 and 7 GeV maintaining at least 87% longitudinal polarization.  A simple, but expensive injection scheme consists of polarized electrons accelerated to full energy (max. 7 GeV) by a linac.  A potentially much cheaper scheme calls for injecting an unpolarized beam with a linac at about 1 GeV, subsequent ramping of the electron ring to the final energy after which the beam is polarized by the Sokolov-Ternov mechanism.  Although the latter process is too slow in the proposed ring, additions of superconducting wigglers provide both faster polarization and higher polarization values.  An example with a 2m long wiggler of 10 Tesla field is shown in Fig. 2.  This scheme needs to be tested experimentally e.g. at the Bates South Hall Ring.

The specifications of the proposed collider are shown in Table 1.  Both beam profiles are "round" and beta functions at the interaction point and beam emittances are the same for both beams.  Bunch densities and tune shifts are within limits reached at other colliders (B factories, etc.) and can be considered conservative.  

3. The 10 on 250 (100) GeV e-p (Au) Ring-Ring Collider

This high-energy collider, also known as e-RHIC, was proposed as a development stage of the RHIC collider.  A 10 GeV electron ring would be added to a polarized RHIC ring.  Injection of polarized electrons via an expensive 10 GeV linac could be avoided by accelerating unpolarized electrons in a 1 GeV linac and a 1-10 GeV booster ring of 420 m circumference which would store the electrons for a few minutes to polarize them by the Sokolov-Ternov process before injection into the collider ring (polarization time = 74 s). A schematic layout is shown in Fig. 3 and a set of basic specifications in Table 2.  While the beta functions at intersection are allowed to be relatively large (.8 m), the electron current is the highest of all versions (3A).  The other parameters are reasonably conservative and may leave room for luminosity improvements.

4. Linac-Ring Colliders
As an alternative to conventional ring-ring colliders, the idea of replacing the electron ring with a high-current (.27A), full-energy linac was proposed by a group at Jefferson Lab (Merminga, et al.).  The main advantage is full control of the electron polarization such as spin reversals and maximum longitudinal polarization at the interaction point for all electron energies.  A further potential advantage may be the small beam emittance from the linac which however, needs to be matched by the proton emittance to boost luminosity.  In this case, tune shift in the electron beam by the proton beam is not critical since the electron beam is only used for one or two collisions.  

4.1 The 5 on 50 GeV Linac-Ring Collider
There does not exist a detailed concept or a layout of this collider version.  A set of parameters for a point design are included in the summary Table 3.  Noteworthy is the very much smaller emittance required of the proton beam compared to the 32 GeV ring-ring design, in order to compensate for the smaller electron current.  Whether this emittance can be achieved with electron cooling remains to be seen.

4.2 The 10 on 250 (100) GeV Linac-Ring Collider
This scheme too is a so-called point design at this stage and no layout or detailed concept has been worked out yet.  The collider parameters are listed in Table 3.  Again, the limited electron current requires a proton emittance that is four times smaller than the corresponding ring-ring version to approach similar luminosity.  On the other hand, for this e-RHIC version, the absence of extensive spin rotators and ease of spin manipulation could well be a significant advantage in view of the limited space for such devices inside the existing RHIC lattice.  A complication however, is the generally accepted requirement for at least two interaction regions.

5. Numerical Comparison
In order to illustrate how the crucial collider performance number, the luminosity, depends on the most important limiting parameters, we express the luminosity as
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for round beams of equal emittance ( and ( functions in the interaction region.  Here, fc is the collision frequency, ( the r.m.s. beam radius at the interaction point, Ne and Np the electron and proton bunch populations, A and Z are the mass and charge number of the ion beam, and (e and (p the mutual tune shifts produced in one beam by the intersecting beam’s magnetic field:



[image: image2.wmf]eppe

ep

ep

rNZrNZ

  ;  =

44()A

x=x

pegpegb


re and rp are the classical electron and proton radii.  These parameters, together with the electron and proton (ion) currents Ie and Ip and the ring circumferences C are listed in Table 3 for the four e-p versions and the two e-Au versions presented above.  We shall now discuss the limits of these parameters:

Bunch populations Ne and Np are limited by bunch instabilities such as head-tail transverse mode coupling.  LEP and the B factories have attained values of Ne = 3(1010 and at BNL and FNAL, proton populations of Np=1011 were sustained.

Proton (ion) tune shifts (p as large as 0.003 have been acceptable at BNL, FNAL and e-p colliders.  Electron tune shifts in B-factories have been pushed to about 0.04.  For once-through electron beams from a linac, the limit is the available and transportable polarized beam current which has been assumed to be about 0.26 A, a value which will depend mainly on the success of polarized source, beam transport and energy recovery R&D.

While small electron ring emittances can be obtained by special lattice design (low dispersion), proton or ion beam emittances depend on the success of electron cooling. Collision frequencies are determined by minimal pulse spacing which, at given bunch population, is limited by the onset of coupled bunch instabilities.  It also defines the minimal open space around the interaction point between the bending magnets which separate the two beams to prevent multiple beam collisions.  Similar considerations constrain the minimal beta-function achievable at the interaction point.

6. Conclusions
Luminosities of 1033 cm-2s-1 or more are feasible in ring-ring e-p (A) colliders with c.m. energies between 15 and 100 GeV provided modest electron cooling is applied to the proton (ion) beam.  Critical beam parameters such as tune shift and bunch populations are within limits reached at present colliders.  R&D is needed on electron cooling and is proposed by BNL in collaboration with the Budker Institute.  Development and testing of the self-polarization is proposed at Bates, again as an MIT/Budker collaboration which would lead to substantially cheaper injection schemes compared to full-energy injection linacs both for the low and high energy rings.

The linac-ring variants have the advantage of more flexible electron beam polarization (spin reversal and energy independence).  They also show some potential for higher luminosities although this has not been borne out in the present designs. Luminosities of 1033 cm-2s-1 already require much stronger electron cooling to compensate for the limited electron currents which themselves call for serious R&D efforts to reach the required thousandfold increase in polarized source beam currents and corresponding low-loss beam transport.  In addition, energy recuperations from the electron beam is a necessity given the 1-3 GW of beam power which again requires R&D efforts.

Finally, there is the problem of developing suitable detector systems and matching them with the beam optics elements in the interaction regions.  Because of the small bunch spacings and beta-functions required for high luminosity, space around the IP will be extremely tight, calling for novel approaches to integrated IP and detector designs.

	Table 1.

7 on 32 GeV e-p Collider Parameters

	
	Units
	Electron Ring
	Proton Ring

	
	
	
	

	Bunch population, Ne,p
	
	3 ( 1010
	1( 1011

	Collision frequency, fc
	MHz
	            200

	Beam sizes at IP, (
	(m
	65
	65

	Beam emittances, (
	nm
	42
	42

	Beta functions at IP, (
	m
	0.1
	0.1

	Tune shift, (e,p
	
	0.04
	0.0026

	Beam currents, Ie,p
	A
	1.0
	3.2

	Ring circumference, C
	m
	1387.94
	1387.35

	Arc radius
	m
	108.5
	108.5

	Bending radius
	m
	63.53
	63.53

	Luminosity, L
	cm-2s-1
	               1.1(1033

	
	
	
	


	Table 2.

10 on 250 (100) GeV/u e-p (A) Collider Parameters

a) e-p Collider 10 on 250 GeV

	
	Units
	Electron Ring
	Proton Ring

	
	
	
	

	Bunch populations, Ne,p
	
	1( 1011
	9(1011

	Collision frequency, fc
	MHz
	           197

	Beam sizes at IP, (
	(m
	100
	100

	Beam emittances, (
	nm
	12
	12

	Beta functions, at IP, (
	m
	0.8
	0.8

	Tune shifts, (e,p
	
	0.09
	0.0038

	Beam currents, Ie,p
	A
	2.8
	3.2

	Ring circumference, C
	m
	3833
	3833

	Linear radiated power
	kW/m
	7.5
	

	Stored beam energy
	kWs
	400
	9350

	Luminosity, L
	cm-2s-1
	                   1.5(1033

	
	
	
	

	
	
	
	

	b) e-Au Collider 10 on 100 GeV/u

	
	
	
	

	
	Units
	Electron Ring
	Au Ring

	
	
	
	

	Bunch populations, Ne,p
	
	2.4 (1011
	1.2 (109

	Collision frequency, fc
	MHz
	            197

	Beam sizes at IP, (
	(m
	100
	100

	Beam emittances, (
	nm
	12
	12

	Beta functions, at IP, (
	m
	0.8
	0.8

	Tune shifts, (e,Au
	
	0.09
	0.009

	Beam currents, Ie,Au
	A
	7.6
	3.0

	Linear radiated power
	kW/m
	18.3
	--

	Stored beam energy
	kWs
	980
	9450

	Luminosity, L
	  cm-2s-1
	                   4.6(1031

	
	
	
	


	Table 3.

Comparison of e-p (A) Collider Parameters

	Scheme
	Ring - Ring
	Linac – Ring
	Ring - Ring
	Linac - Ring

	Ee/Ep(EA/nucl)
	7 on 32
	5 on 50
	10 on 250(100)
	10 on 250(100)

	Ecm
	30
	32
	100              (63/nucl)
	100              (63/nucl)

	Ne
	3(1010
	1.1(1010
	1.1011               (2.4(1011)
	3(1010          (3(1010)

	Np
	1011
	1011
	.9(1011             (1.2(109)
	.9(1011             (1.9(109)

	fc(MHz)
	200
	150
	197              (197)
	56                (56)

	( ((m)
	65
	25
	100              (100)
	33                (50)

	( (nm)
	42
	6
	12                (12)
	3                  (3.5)

	( (m)
	0.1
	0.1
	0.8               (0.8)
	0.36             (0.72)

	(e
	0.04
	0.38
	0.09             (0.09)
	0.36             (0.49)

	(p
	0.0026
	0.0042
	0.0038         (0.009)
	0.0046         (0.004)

	Ie (A)
	1.0
	0.26
	3.2               (7.6)
	0.26             (0.26)

	Ip (A)
	3.2
	2.4
	2.8               (3.0)
	0.8               (1.3)

	C (m)
	1388
	465
	3833            (3833)
	3833            (3833)

	L (cm-2s-1)
	1.1(1033
	2.1(1033
	1.5(1033       (4.6(1031)
	1.1(1033       (1.1031)
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Figure 1.  7 on 32 GeV e-p collider layout.
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Figure 2.  Self-polarization in 3.5 – 7 GeV e-ring with and without wigglers.
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Figure 3.  10 on 250 (100) GeV/u e-p (A) collider layout.

� I.A. Koop et al., “Conceptual Design Study of the Electron-Proton Storage Ring Collider with Polarized Beams”, Bates Report B/EPIC 00-01.
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