The Electron-Ion Collider

Whitepaper submitted to NSAC Long Range Planning, March 2001:

Present selection of typical collider designs: 

         

Ring-Ring:                                       Linac-Ring:

e-p 30 GeV cm     7 on 32 GeV MIT/Budker

5 on 50 GeV JLAB

e-p 100 GeV cm     10 on 250 GeV e-RHIC


10 on 250 GeV eRHIC/JLAB

e-Au 63 GeV/u cm  10 on 100 GeV/u e-RHIC

10 on 100 GeV/u eRHIC/JLAB

Common features:


Luminosities L = 1033 cm-2s-1  (1031 for e-Au)

Electron cooling for proton (ion) beams.
The 7 on 32 GeV e-p Ring-Ring Collider

MIT Bates/Budker Institute Conceptual Study

· p-ring in plane, spin in plane, Siberian snakes.

Injection: polarized proton accelerated via 0.5 GeV linac + 3 GeV booster ramp p-ring maintaining polarization by Siberian snakes.  For “magic energies” (multiples of .523 GeV) polarization is longitudinal at both IP’s.

· e-ring above p-ring in the arc, descending to IP in two main straight sections;

Spin vertical in arcs, solenoidal and dipole spin rotators in the straight-section rotate spin to longitudinal direction in both IP’s for 5.25 GeV beam energy, rotating by ( 30( for energies between 3.5 and 7 GeV. Polarization remains above 85% for this energy range.

· e-Injection: simplest but most expensive:  7 GeV linac injecting a polarized beam.

Much cheaper but less studied:  1 GeV linac injecting unpolarized beam, ramp e-ring to full energy, polarize by Sokolov-Ternov self-polarization: too slow and too low for proposed ring ( install superconducting wigglers (2m ( 10 Tesla).

· Beam specifications conservative (critical tune shifts and bunch populations). 

Use round beams of equal emittance and IP beta function.
The 10 on 250 (100) GeV/u e-p (Au) Ring-Ring Collider

eRHIC Proposal

· Electron ring added to existing (Au) ring.

· Upgrade p-ring to carry polarized protons.

· e-Injection of unpolarized electrons via 1 GeV linac into 1 –10 GeV booster ring (420 m circumference).  Before injection into main 

e-ring, polarize electrons by the Sokolov-Ternov process (74 sec).

Full energy polarized injection from linac simpler, but more expensive.

· Beam parameters are conservative except for the electron beam current of 3A.  Beta function of 0.8 m allow IP quadrupoles to stay clear of the interaction region.
Linac-Ring Colliders

Jlab Proposals, Lia Merminga, et al.)

· Produce the high-current electron beam directly from a full-energy linac with an energy recovering system.

Design current 0.26A at 5 to 10 GeV (1 – 3 GW) from a polarized source.

· Advantages: Full electron polarization control (spin reversal, full polarization at all energies).

Small emittance: must be matched by proton (ion) emittance to compensate for relatively low electron currents.

No Practical limit on the proton (ion) beam induced tune shift in the electron beam ((e) which is to be “thrown away” after two intersections.  However, proton (ion) bunch populations are probably limited by single-pulse head-tail instabilities.
The 5 on 50 GeV e-p Linac-Ring Collider

JLab Proposal (Lia Merminga, et al.)
· “Point Design” – no concrete concept or layout yet.

· Very small proton emittance required to compensate the limited electron beam current.  Electron cooling of the proton ring sufficient? ( Serious R&D required.
The 10 on 250 (100) GeV/u Linac-Ring Collider

BNL, JLab (Lia Merminga, et al.)

· “Point Design”, no layout yet, part of e-RHIC proposal using existing RHIC rings.

· Again, requires substantially smaller p(Au) emittances than the ring-ring version to reach the same luminosity.  Challenge for electron cooling.

· Minimal spin rotation systems are an advantage in the limited space available in the existing RHIC machine.  However, the need for two IP complicates the electron beam transport.
Numerical Comparison
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limited by head-tail bunch instabilities.

Collision frequence (bunch spacing) limited by coupled bunch instabilities (not well known) and by free space needed at IP between beam separation dipoles (preventing secondary beam-beam collisions.

· linac limited by maximal electron current (0.26A).  Just to reach the same luminosity as the ring-ring version, Np has to be larger or the IP beam radius ( smaller, which both increase demands on the proton (ion) beam.
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Conclusions

Ring –Ring:

· 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.

· Requires relativistic electron cooling of the p(A) beams.  

· Critical parameters, tune shifts, bunch population are within limits reached at present colliders

· R&D is needed for:



Luminosity :  Electron Cooling ( BNL/Budker



Injection:       Self-polarization  ( Bates/Budker


Linac – Ring:

· Similar luminosities are reachable with linac-ring schemes.

· Require much stronger electron cooling to reach the small proton (ion) emittances needed to compensate for limited electron current.

· Critical parameters, proton  (ion) tune shift and bunch population are within demonstrated limits.
Conclusions (cont.)

· Extensive R&D needed to reach luminosities comparable to ring-ring versions

- intensive electron cooling ( BNL (?)

- thousandfold increase in polarized beam source current

- low-loss (10-5 – 10-6) acceleration and transport of 1-3 GW

   beams 

- >99% energy recuperation from electron beams


Detectors:

· Detector development is needed for the tightly packed IP regions.  Require innovative, integrated IP-detector designs to optimize experiments.

	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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