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Different designs have been presented as possible candidates for a future 500 GeV linear electron-positron collider. These designs either use conventional copper based accelerator structures or superconducting cavities to accelerate the beams through their main linacs. The following is an attempt at identifying the strengths and limitations of the conventional and superconducting linac technologies on the basis of the NLC-I and TESLA-500 design proposals. Following a brief general description of the NLC-I and TESLA designs, a discussion of the following issues will be presented:

· Luminosity

· Plug-to-Beam Power Efficiency

· Emittance Dilution in the Linac

· Damping Rings

· Keeping Beams in Collision

· R&D Achievements

1) General Description of the NLC and TESLA Designs

All of the proposed future linear colliders consist of the following components: a polarized electron/positron source, damping rings to decrease the beam emittances, bunch compressors to shorten the bunch length, main linacs to accelerate the beams to full energy, collimation sections to remove tail particles that could contribute to backgrounds in the detectors, and final focus systems that focus the beams to the very small spot sizes at the IP and remove the spent beams to the dumps. The following gives a short summary of the NLC-I and TESLA 500 designs, as described in references [1]-[4]. The attempt was made to use up-to-date parameters, see Table 1 for a summary.

1.1) NLC-I

Based on SLC experience and selected tests on short structures it is believed that accelerating gradients in copper structures can be made higher, the higher the RF frequency. Because of the higher accelerating gradient achievable in normal structures at high frequencies, the main linacs can be shorter and, so it is hoped, less expensive than the lower frequency competitors. The NLC/JLC proposal is based on a X-band, ~50 MV/m (loaded) gradient, conventional linac design with low group velocity traveling wave structures. The R&D is focused on developing X-band technology. This includes for example the development of high power (75 MW) klystrons with efficiencies beyond 65 % and modulators based on solid-state-switching technology (believed to be more reliable than traditional thyratrons). A Delay Line Distribution System (DLDS), which was originally conceived at KEK, was adopted as the base-line scheme for distributing the 3.2 s klystron pulse (or actually the combined pulse from 8 klystrons) over 8 sets of 6 (0.9 m long) structures with the proper timing sequence to accelerate the ~260 ns bunch train (including a 100 ns fill-time). The powering scheme of the structures is such, that the reduction of gradient due to beam-loading is compensated by a ramp in the gradient profile in the structure during filling. The acceleration gradient is therefore approximately constant along the bunch train. The accelerating structures use the damped (wakefield dipole modes are extracted and absorbed in damping manifold) and detuned (the dipole modes of successive structures have slightly different resonance frequencies) DDS design to reduce transverse wakefield amplitudes to less than 1 V/pC/m/mm. A further improvement of quality factor Q and shunt impedance has been achieved by rounding the corners (RDDS-structure). The current accelerating gradient specifications are ~50 MV/m (70 MV/m unloaded). The current structure length is 0.9 m (83 cells). The structure length was shortened in response to breakdown problems. As of writing this note a further decrease to 0.6 m was proposed. The tight production tolerance requirements for the RDDS cells and modules is a technological challenge, especially with regard to mass manufacturability. The HOM damping slots require milling operations and make disc manufacture more difficult and expensive. Recent evidence points to pulse heating effects in the couplers as a source of breakdown. This issue may require that the sharp edges on the existing slots be rounded. The major challenge of the NLC is to accelerate the beams to full energy efficiently while preserving the low emittance. A mix of several measures is proposed to mitigate wake-field effects in the small structure apertures (~9.4 mm) in the NLC proposal, among them, very tight specifications for component alignment, BNS damping and sophisticated feedback systems. BNS damping consists of accelerating the beam off-crest to induce a correlated energy spread across the bunch, such that the particles at the head and tail of the bunch perform betatron oscillations at different frequencies to prevent coherent build-up of transverse wakefield kicks. Other major challenges of the NLC design are reliability (e.g. of the klystrons), high intensity sources and beam delivery in the final focus where challenging beam size, alignment and vibration control specifications have to be met. The NLC plan proposes civil construction for a 1 TeV operation, with only half the linac filled for the 500 GeV stage. The 1.5 TeV stage would require new RF and FF designs. The luminosity upgrade plan for 1 TeV operation and beyond consists of decreasing the bunch spacing at fixed bunch train length (thus increasing the bunch number) and decreasing * (e.g. traveling focusing) at the IP. This assumes problems associated with increased beam loading and wakefields can be solved.

1.2) TESLA-500

The TESLA design, [4], uses superconducting, high-Q cavities allowing operation at a higher RF to beam power transfer efficiency and duty factor, i.e. driving the high power beam with less electrical power. TESLA uses a long (1 ms) bunch train, consisting of 2820 bunches, operating at a lower repetition rate of 5 Hz. The optimal frequency (from a cost point of view) is in the 1-2 GHz range. At low frequency superconducting cavities are limited by size and the cost of material. At high frequency the limitation is RF power deposition, which, although small, occurs at low temperature and therefore entails a larger cost at the plug. TESLA uses 1 m long, 9-cell niobium cavities, cooled by superfluid helium to 2 K and operating at L-band frequency (1.3 GHz), with one 10 MW klystron driving 36, 1 m long cavities. The iris aperture of the TESLA cavities is large, reducing wakefield effects that scale with the 3rd power of aperture. The higher efficiency and reduced wakefield effects of the superconducting route were always considered its strong point [5]. Uncertain was if the superconducting cavities could achieve sufficiently high gradients at a reasonable cost to limit machine length and cost. A R&D program launched at DESY in 1992, has resulted in the achievement of the goal of 23.4 MV/m accelerating gradient at a quality factor larger than 1010 in a large number of 9-cell cavities. The best single cell cavity today achieved 42 MV/m accelerating gradient. 50 MV/m is considered to be the theoretical performance limit. The TESLA design team claims that B. Wiik’s challenge of reducing the complete cavity cost to less than 2 k$/MV (=50 k$ per m of cryo-module) was met. A recent US Tesla cost analysis, [6], reported approximately twice as large a cost for the cryo-module of the Tesla test facility (TTF), ascertaining, however, that in a mass-production scheme large cost-savings could be generated. The high Q’s that characterize superconducting RF cavities, unfortunately apply as well to the unwanted (trapped) Higher Order Modes (HOMs). To allow for damping of HOMs, the bunch spacing has to increase, partly decimating the advantages related to the higher efficiency of the superconducting resonators. There are as well other major challenges ahead for the TESLA design. Among them is the design and operation of the damping ring, which scales with the RF pulse length, and is therefore very long. The damping ring circumference in the current design is 17 km, using a dog-bone design (the straight sections being contained in the main linac tunnel) to reduce tunneling cost. Furthermore, the price to pay for higher beam power is a challenging 3 nC bunch charge and a higher background in the detector. The challenge in TESLA is less emittance preservation within the linac, than providing the small emittance at its entrance. The large bunch spacing in TESLA allows operation at zero crossing angle and facilitates bunch to bunch feed-back. On the other hand, the zero-crossing angle scheme is believed to be problematic for a higher energy TESLA version because of the increased stiffness of the beams. The high beam quality being preserved throughout the acceleration with the use of superconducting RF offers the additional benefit of being an excellent driver for an X-ray FEL. DESY has been very successful in integrating the FEL into the collider design, substantially increasing the political appeal of a linear collider because of the added interest of the large biology and medical research community.

Table 1: NLC/TESLA summary table.

	GENERAL PARAMETERS
	NLC-I
	TESLA 500

	CoM Energy (GeV)
	500

	Lorentz factor at collision, f
	489100

	Active linac Length (km)
	6.3
	10.9

	Total tunnel/site length (km)
	30
	33

	Linac filling factor,  (* 1 TeV stage, ** “regular” structure)
	0.83*
	0.75**

	Luminosity (1034 cm-2s-1)
	2
	3.4

	RF frequency / period (GHz/cm)
	11.4 / 2.6
	1.3 / 23

	Loaded gradient (MV/m)
	48
	23.4

	Average bunch train current (mA)
	858
	9.5

	Average beam power (MW)
	6.9
	11.3

	Peak RF power at beam (MW/m)
	87
	0.22

	Two linac RF power at the plug (MW)
	124
	86 (incl. cryo)

	Total AC site power (MW)
	140
	105

	RF pulse (µs)
	1.5
	1370

	Repetition rate (Hz)
	120
	5

	RF system duty factor (%)
	0.0048
	0.65

	Bunch charge (1010)
	0.75
	2

	Bunches per train
	190
	2820

	Bunch train length (s/km)
	0.266 / 0.080
	950 / 285

	Bunch separation (ns/m)
	1.4 / 0.42
	337 / 101

	Normalized emittance after damping,  Nx/y (mm-mrad)
	3 / 0.02
	8 / 0.02

	Normalized emittance at IP, Nx/y (mm-mrad)
	3.6 / 0.035
	10 / 0.03

	function at IP, x/y (mm)
	8 / 0.1
	15 / 0.4

	Beam size at IP, x*/y* (nm)
	245 / 2.7
	553 / 5 

	Bunch length at IP, z* (m)
	110
	300

	Beamstrahlung relative E-loss, E (%)
	4.7
	3.2

	Beamstrahlung photons / electron, n
	1.2
	1.5

	Pinch enhancement, HD
	1.43
	2.1

	ELECTRON INJECTORS
	NLC-I
	TESLA 500

	Bunch length (ps/mm)
	30 / 9
	10 / 3

	Particles per bunch ((1010)
	0.8 / 0.9
	2.3

	Bunch charge at source (nC)
	 2 
	3.7

	Bunches per pulse
	190
	2820

	Number of particles/ pulse ((1012)
	2
	56

	Repetition rate (Hz)
	120
	5

	Number of particles per sec ((1014)
	2
	3

	Number of guns 
	1
	1

	Bunching RF frequency (MHz)
	714
	1300

	Bunch spacing (ns)
	1.4
	337

	Gun (laser) pulse (ns)
	0.7
	2

	Laser energy per pulse (J)
	0.7
	5

	Gun voltage (kV)
	120
	120

	Gun gradient (MV/m)
	7
	35

	Bunch length at exit (mm)
	< 10
	<5

	Linac gradient / length (MVm-1 / m)
	17 /  158
	15 / 300

	Energy at exit (GeV)
	1.98
	5

	ELECTRON DAMPING RING
	NLC-I
	TESLA 500

	Beam energy (GeV)
	1.98
	5

	Circumference (km)
	0.3
	17

	Average beam current (A)
	0.7
	0.16

	Peak bunch current (A)
	100
	160

	Number of bunches 
	190
	2820

	Bunch spacing  (ns/m)
	1.4 / 0.42
	20 / 6

	Number of bunch trains
	3
	1

	Compression ratio of bunch train damping ring vs. linac
	1
	17

	Kicker, rise+fall time (ns)
	65
	20

	Normalized round beam emitta. before damping, N (mm-mrad)
	150
	10

	Normalized emittance after damping,x/y (mm-mrad)
	2.18 / 0.02
	8 / 0.02

	Bending magnet strength (m) / 2 arc length (m)
	1 / 190
	0.9 / 2 x 900

	Wiggler average field squared / length (m)
	2.3 / 46
	1.37 / 432

	Relative contribution to damping, arcs vs. wiggler (%)
	25 / 75
	5 / 95

	Damping (vertical) / store time (ms/ms)
	5 / 25
	50 / 200

	Equilibrium rms bunch length (mm)
	3.6
	6

	RF system frequency (MHz)
	714
	500

	Total RF voltage (MV)
	1
	50

	Damping ring radiation power (MW)
	1.5
	3

	BUNCH COMPRESSORS & PRELINACS
	BC1
	

	Initial E (GeV)
	1.98
	5

	Initial rms bunch length (mm)
	5
	6

	RF frequency (GHz)
	1.4
	1.3

	Unloaded gradient (MV/m)
	14
	23.8

	Active RF length (m)
	10
	36 x 1.036

	Compressor voltage (MV)
	140
	890

	Number / length of chicane cell  ( /m)
	4 / 25?
	3 / 29

	Chicane bending magnet strength (Tm)
	1.68
	0.84

	Final bunch length (mm)
	0.5
	-

	
	PL
	

	Prelinac injection energy (GeV)
	2
	

	Prelinac RF frequency (GHz)
	2.8?
	

	Prelinac length (m)
	450+arc+PL2
	

	Prelinac final energy  (GeV)
	12
	

	
	BC2
	

	Initial E (GeV)
	8
	-

	Initial rms bunch length (mm)
	0.5
	-

	RF frequency / wavelength (GHz / cm)
	11.4 / 2.6
	-

	Unloaded gradient (MV/m)
	60
	-

	Active RF length (m)
	11
	-

	Compressor voltage (MV)
	600
	-

	Number / length of wiggler cells  ( /m)
	4 / 10
	-

	Chicane bending magnet strength (Tm)
	?
	-

	Final energy spread ()
	1.5
	2.8

	Final bunch length (m)
	90-150
	300

	MAIN LINAC
	NLC-I
	TESLA 500

	Injection energy (GeV)
	8
	5

	Active linac Length (km)
	6.3
	10.9

	Filling factor in linac, * 1 TeV stage, ** “regular” structure
	0.83*
	0.75**

	Beam power (MW)
	6.9
	11.3

	Peak RF power at beam (MW/m)
	87
	0.22

	Repetition rate (Hz)
	120
	5

	Bunch charge (1010)
	0.75
	2

	Bunches per train
	190
	2820

	Bunch train length (s/km)
	0.266 / 0.08
	950 / 285

	Bunch separation (ns/m)
	1.4 / 0.42
	337 / 101

	RF frequency (GHz)
	11.4
	1.3

	unloaded gradient (MV/m)
	70
	23.4

	effective gradient (MV/m)
	48
	23.4

	Average RF phase (deg.)
	13
	7

	Quality factor Q0, unloaded
	7800
	>1010

	Characteristic impedance R/Q (m)
	13000
	1036

	Shunt impedance R (m)
	9.6(107
	1.036(1013

	Epeak/Eaccelerating
	2.1
	2

	Bpeak/Eaccelerating [mT/(MV/m)]
	2.7
	4.26

	Klystron power (peak) (MW)
	75
	10

	# of klystrons/linac
	926
	292

	Number of “structures” per linac
	~5500
	10296

	RF pulse length (s)
	1.5
	1370

	RF system efficiency (%)
	38
	54

	Structure length (m)
	0.9
	1.036

	Structure iris (a/)
	0.18
	0.15

	Iris diameter (mm)
	9.4
	70

	# of cells per structure/cavity 
	83
	9

	Module length (m)
	5.4 (RF mod)
	17 (cryo mod)

	Cell-to-cell coupling (%)
	1.5-5
	1.87

	Fill time (s)
	0.103
	420

	N, injected  (mm-mrad)
	3 / 0.02
	8 / 0.02

	N, exit linac (mm-mrad)
	3.6 / 0.035
	10 / 0.03

	Cost per m of structure / cryomodule (k$/m)
	10
	50

	Estimated cost per linac (M$)
	
	1300

	RF SYSTEM
	NLC-I
	TESLA 500

	RF frequency (GHz)
	11.4
	1.3

	Average current in bunch train (mA)
	858
	9.5

	Effective gradient (MV/m)
	48
	23.4

	Average beam power (MW)
	6.9
	11.3

	Two linac total plug power (MW)
	124
	86

	Number of klystrons / linac (incl. reserve)
	926
	292

	Number of active RF modules per linac
	117
	286

	Number of “structures” per linac
	~5500
	10296

	Klystron power (peak) (MW)
	75
	10

	Klystron efficiency (%)
	55
	65

	Modulator efficiency (%)
	80
	85

	Total RF system efficiency (%)
	38
	54

	Peak RF power/structure (MW)
	80
	0.231

	Fill time (s)
	0.103
	420

	Klystron pulse length (s)
	3.17
	1370

	Average RF phase (deg.)
	13
	7

	Beam pulse length (s)
	0.266
	950

	Cathode voltage (kV)
	500
	110

	Total klystron beam current (A)
	250
	130

	Total klystron perveance  (10-6 A/V3/2)
	
	3.5

	Klystron auxiliary power (kW)
	
	4 (Solenoid)

	FINAL FOCUS
	NLC-I
	TESLA 500

	Luminosity (1034 cm-2s-1)
	2
	3.4

	Hourglass parameter, z/y
	1
	0.75

	Vertical disruption parameter, Dy
	15
	25

	Total pinch enhancement, HD
	1.43
	2.1

	Normalized emittance at IP, Nx/y (mm-mrad)
	3.6 / 0.035
	10 / 0.03

	function at IP, x/y (mm)
	8 / 0.1
	15 / 0.4

	Beam size at IP, x*/y* (nm), rms
	245 / 2.7
	553 / 5 

	Bunch length at IP, z* (m), rms
	110
	300

	ave
	0.11
	0.06

	Beamstrahlung relative E-loss, E (%)
	4.7
	3.2

	Beamstrahlung photons / electron, n
	1.2
	1.5

	Final focus optics
	Doublet
	Triplet

	Final focus length (km)
	2x0.65
	2x0.65

	Final focus energy acceptance (%)
	±0.1
	?

	Final focus quadrupole gradient / aperture (T/m)/mm
	130 / 18
	250 /50

	Final focus quadrupole alignment tolerance (nm)
	1
	30
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Figure 1: NLC-layout, as presented in the “Copper-Book” at the Snowmass 2001 conference.
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Figure 2: TESLA layout as published in the TDR 2001.
3) Luminosity

The next linear collider is specified to produce 500 GeV e-/e+ beams in the center of mass at a luminosity beyond 2(1034cm-2sec-1. The luminosity in a linear e-/e+ collider is given with (1).
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(1a) can be rewritten in terms of average beam power (Pb=EbNbNefrep) and fractional energy loss due to beamstrahlung E (see (7)): 
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High luminosity can be achieved either through a large average beam power, Pb, or/and a small vertical beam size, y, or an optimum balance thereof. The TESLA design, for example, by virtue of its higher plug-to-beam power efficiency, can operate at a larger beam power for less site-power (see Table 4) than the NLC. The NLC design, on the other hand, being limited in beam power requires smaller beam size to achieve high luminosity. With both designs operating close to the minimum beta-functions allowed by the hour-glass effect (y>z), the beam-size can only be tuned via the beam emittance (1b). Table 2 shows that the TESLA design luminosity is approximately equal to that of the NLC. Note the discrepancy in the luminosities calculated with (1) – (5) and the numbers listed in the design reports (e.g. see Table 1). This discrepancy can be explained by the differences in the formalism used to calculate the pinch factor (here we used formulas listed in the Accelerator Physics and Engineering Handbook, World Scientific, 1999). Our calculation intends to compare the NLC/TESLA designs on equal footing and this discrepancy is therefore of no concern here. The pinch factor calculation is discussed next. The vertical, (2), and horizontal, (3), pinch factors contribute together to the total pinch factor, (4). The vertical pinch occurs in the so-called “strong disruption” regime. The horizontal pinch occurs in the so-called “weak disruption” regime. All pinch formulas were computed for flat beams. The flat beam vertical pinch factor HDy (in the limit of strong disruption) is given as a function of Dy by:
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       (2)

The flat beam horizontal pinch factor HDx , in the limit of small disruption parameter Dx, is given by:
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The total pinch factor for flat beams can be approximately computed from the vertical and horizontal pinch-factors with (4).
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where the horizontal/vertical disruption parameter Dx,y is:
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The disruption parameters calculated with (5) for TESLA and NLC are listed in Table 2. Ideally the disruption parameters should be in the range 10-20, which they are. For higher disruption fast kick instability leads to catastrophic luminosity loss. For lower disruption there is not enough pinch for luminosity enhancement. The attempt to optimize disruption is the reason why flat beams are preferred in a high luminosity linear collider. The pinch factor theory presented here does not take into account recent improvements (see e.g. a discussion in [7]). Differences in the formalism used, explain the discrepancies between the values quoted in Table 1 and the calculated values in Table 2. As noted above, (2)-(4), however, suffice for the purpose of this comparative study.

The price NLC pays for achieving luminosity mostly through small beam size is larger energy loss due to beamstrahlung. The average energy loss due to beamstrahlung, E, increases with the Y-factor, (6), which in turn is proportional to the square of the bunch-population and is inversely proportional to the beam-size, (7). Flat beams are paramount in a linear collider to reduce the beamstrahlung background. Both designs have roughly the same ratio of N2/z. The Y-function in the classical limit (Y<1) is:
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On the other hand, the price TESLA pays for the larger beam power is a larger detector background, given here as the number of beamstrahlung photons emitted per electron-positron pair. The number of beamstrahlung photons emitted per electron-positron pair, n, is given with:
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Regarding detector back-ground, however, one has to take into account as well that the 1.4 ns bunch spacing may make it difficult in NLC to separate events from a sequence of a few bunches. The photon background in NLC should therefore be multiplied with the minimum number of bunches that can be resolved in the detector.

Table 2: Luminosity related parameters for the NLC and TESLA proposals for a 500 GeV cm energy e+/e- collider.

	
	NLC-I
	TESLA-500

	Average beam power (incl. duty factor) (MW)
	
	

	Transverse beam-size (rms) *x / *y at IP  (nm)
	
	

	Longitudinal beam-size (rms) *z at IP  (m)
	
	

	Hourglass parameter z/*y
	
	

	Disruption parameter Dx / Dy
	
	

	Pinch factors HDx / HDy 
	
	

	Total pinch factor HD 
	
	

	Luminosity (cm-2s-1)
	
	

	Beamstrahlung photons per e+/e- pair
	
	

	Beamstrahlung photons per bunch crossing ((1010)
	
	

	Average E-loss due to beamstrahlung, E [%] 
	
	


The beam-power in either collider is not only limited by energy-loss (and detector background) due to beamstrahlung, but even more so by the injector/source limitations, the site power limit, wake-fields and the ensuing emittance dilution in the linac as well as ground-motion in the final focus. The injector capacity limits both designs equally (although the TESLA positron charge requirement appears to exceed the capability of state of the art positron sources). Site power issues will be discussed next. In TESLA, the beam power, is partly limited by a minimum bunch spacing requirement and the damping ring. Damping ring issues will be discussed in 6).

Beam size is a challenge in any linear collider, due to the strong wakefields. Emittance dilution will be discussed in part 5). Ground motion in the final focus is addressed in 7).

4) Plug to Beam Power Efficiency

High plug to beam power efficiency is required to limit site-power. The following discusses the power characteristics of the NLC-I and TESLA-500 proposals. The approach chosen here, differs from similar studies, e.g. [8], in as much as the current machine design parameters (for the RF power structure and the beam time structure,..) have been adopted, assuming that they were already optimized for maximum efficiency. These machine parameters strongly reflect the technology choice: Whereas superconducting cavities incur sensible losses only during filling and can therefore operate with long pulses and high duty-factors, conventional structures have to be pulsed at fast rates to be efficient. This is the reason why the superconducting route uses standing wave structures, whereas the conventional linac design uses a traveling wave approach. This is also the reason why the gradient strongly drops during beam loading in the conventional design, whereas the gradient of the large superconducting structures is hardly affected by beam loading. Because of the longer pulse in TESLA, the superconducting cavities can be filled at a slower rate, reducing the peak power demand (420 s fill-time in TESLA versus 0.1 s fill-time in NLC). With one bunch train being accelerated during each RF pulse, the difference is clearly reflected in the bunch-train length, which is 950 s / 266 ns in TESLA / NLC. In principle, the ratio of TESLA and NLC bunch train lengths (3570) should be similar to the ratio of (unloaded) quality factors of the resonators (~1010/104). The fact that the TESLA bunch train is shorter than the quality factor alone would suggest, is related to the damping ring circumference restriction, with the damping ring having to contain one entire bunch train (= one RF pulse). This is unfortunate, since wakefield effects, beamstrahlung in the IP and source limitations set a limit to the bunch population and bunch spacing, such that the bunch train length is in fact the most efficient tuning parameter for beam power.

The plug-to-beam power efficiency can be factorized into 3 major contributions: -1- the pulse efficiency (including the loss in the walls), -2- the RF system efficiency and -3- the “so-called “auxiliary efficiency. The pulse efficiency can be described approximately with a model that assumes that all of the power is “wasted” during filling (through reflection, absorption in the load and in the walls) and that during flat-top some power, pw, is lost in the walls, while the remaining input power is transmitted to the beam, pbeam. An illustration of this concept is given in Figure 3. The pulse efficiency is given in (9).  
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Figure 3: RF pulse schematic.
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The wall power loss during the pulse can approximately be calculated with (10) from the unloaded gradient G0 (V/m), the R/Q shape factor and the quality factor Q0. Note that in the case of TESLA the wall power loss is small (due to a very high Q), but it has to be multiplied by a Carnot factor of 500 to account for the fact that the heat is absorbed at 2 K. The power transferred to the beam per m of structure during acceleration, pbeam, is given as the product of (loaded) gradient and beam pulse current Ne/tb, as in (11).
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The RF system efficiency, RF, is, in first approximation, the efficiency of the pulse producing chain of devices, i.e. the modulators, klystrons and distribution wave-guides. The RF system efficiencies published in the design reports, [3], [4], are listed in Table 3. The auxiliary efficiency regroups additional power loss contributions from the power supplies in the modulators and klystrons. Unlike the pulsed RF loss, they are assumed to be continuous. Therefore, in the calculation of the auxiliary efficiency, (12), the peak beam power is multiplied by the beam duty factor, DFbeam (flatfrep).
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The total plug to beam power efficiency is then given by (13) as the product of the pulse-, RF- and auxiliary system efficiencies. The total site RF power can be calculated from (13), inserting the average beam power for two beams.
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Table 3 summarizes the efficiency factors of the NLC/TESLA machines, as calculated with (9) – (13).

Table 3: RF system characteristics of the TESLA / NLC, proposals for a 500 GeV cm energy e+/e- collider, as calculated with (9)-(13).

	
	NLC-I
	TESLA-500

	RF pulse, total duration (fill+flat-top), pulse (s)
	
	

	RF pulse, flat-top duration, flat (s)
	
	

	RF pulse efficiency, excl. wall loss, pulse’ 
	
	

	Effective (loaded) gradient (MV/m)
	
	

	Average bunch train current (mA)
	
	

	Unloaded gradient (MV/m)
	
	

	Geometry factor R/Q (/m)
	(
	

	Quality factor Q0 
	
	

	Peak beam RF power (kW/m)
	
	

	Peak RF power loss in wall (kW/m)
	
	

	Peak RF power loss in wall – incl. Carnot factor (kW/m)
	
	

	Wall loss factor 
	
	

	RF pulse efficiency, incl. wall loss, pulse
	
	

	Modulator efficiency
	
	

	Klystron efficiency
	
	

	Transmission line efficiency
	
	

	RF system total efficiency, RF 
	
	

	Auxiliary average static plug power per m (kW/m)
	
	cryo

	Beam duty factor, DFbeam, flatfrep, (%)
	
	

	Aux. system efficiency, aux
	
	

	Total system efficiency, tot
	
	


The approximate calculation of the efficiency presented in Table 3 agrees well with calculations based on the power budgets presented in the design reports, as shown in Table 4. The efficiency in Table 4 was calculated from the RF pulse power specs, the RF system efficiencies and the cryo-power requirement as listed in the design reports, [3],[4]. A more detailed break-up of the TESLA cryo-power is given in Table 5.

Table 4: RF system characteristics of the TESLA / NLC, proposals for a 500 GeV cm energy e+/e- collider, as quoted/calculated from the design reports. The RF power per module includes ~ 10% overhead.

	
	NLC-I
	TESLA-500

	RF design peak power at beam per RF module (MW)
	
	

	RF module: number/length (m) of structures
	
	

	RF design peak power at beam per m (MW/m)
	
	

	RF system efficiency 
	
	

	RF design peak power at plug per m (MW/m)
	
	

	RF system duty factor, pulse(frep (%) 
	
	

	RF design average power at plug per m (kW/m)
	
	

	Auxiliary average (incl. cryo) power at plug per m (kW/m)
	
	

	Total average power at plug per m (kW/m)
	
	

	Active 2-linac length (m) 
	(
	(

	Average design 2-linac site power (RF + cryo) (MW)
	
	

	Average 2-linac beam power (RF + cryo) (MW)
	(
	(

	Plug-to-beam power efficiency, P2B (%)
	
	


As shown in Table 4 the superconducting RF system proposed for TESLA is characterized by a 2 times higher plug to beam-power efficiency than the NLC design. This allows TESLA to operate at 60% more beam power than the NLC (to obtain the same luminosity with a less than double spot size at the IP) with ~30% less site-power. The factor 2 difference in efficiency between NLC and TESLA can, in rough approximation, be explained by the low wall dissipation in the TESLA design.

The cryo-power requirements for TESLA are summarized in Table 5.

Table 5: Cryo-power parameters of TESLA500, as taken from the cryo-module heat load budget in [4]. The TESLA cryo-module is 17 m long. The RF powers were averaged with the 0.65% duty factor.

	
	TESLA-500

	Static heat load / m at 2 K / 5 K / 40 K (W/m)
	

	Static heat load / m at the plug (W/m)
	

	Average dynamic heat load / m at 2 K / 5 K / 40 K (W/m)
	

	Average dynamic heat load / m at the plug (W/m)
	

	Average cryo power / m at the plug (W/m)
	

	Number of active cryo modules (a 17 m) per linac
	

	Total cryo plug power (2 linacs)  (MW)
	

	Carnot factors at 2 K / 5 K / 40 K (at 30% cryo-plant efficiency)
	


In TESLA the cryo-power represents ~20% of the total site power. The cryo-power is shared equally between dynamic RF power and static heat load. The RF surface resistivity in the cavities represents ~15% of the cryo-power (at the plug). The remaining dynamic RF power is deposited in the couplers and HOM absorbers. The Carnot factor was calculated with:
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(14) assumes a refrigeration efficiency of 0.3, which has been achieved in large state of the art cryo-plants (e.g. in Cern’s LEP).

Given the higher power efficiency of the superconducting system it is only logical to ask if a continuous operation would be more advantageous for TESLA? The limitation is clearly site-power. At a rate of ~100 W/m of peak RF loss in the walls, the site power requirement for continuous operation would be ~1 GW (after multiplication with the 2 K Carnot factor and the 2-linac length). Although site-power limitations certainly preclude continuous operation, superconducting RF is undoubtedly optimized for long RF pulses. The longer the pulse the higher pulse (if the beam power is raised accordingly - see (9)). The best efficiency TESLA can achieve is the RF system efficiency RF. This, however, requires an infinitely long damping ring and infinite site-power. In the case of NLC it is heating of the structure that limits the flattop length. In addition, long pulse modulators would have to be developed. A less drastic option is to raise the repetition frequency. The site power requirement (and luminosity) is linear in repetition frequency. There is a slight 
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Figure 4: Site-power requirement for TESLA for an hypothetical increase in luminosity through an increase in repetition rate.

improvement of the plug to beam power efficiency due to the more intensive usage of the system (the static, auxiliary power stays the same and is thus reduced in relative terms). Figure 4 shows how the site-power grows with the luminosity being raised via the repetition rate for both collider options. For TESLA a doubling in repetition rate, e.g. from 5 Hz to 10 Hz doubles the luminosity, the demand in site-power on the other hand increases by “only” 85%.

5) Emittance Dilution in the Linac

Transverse wakefields scale with ~a-3. It is therefore expected that TESLA wakefields are by a factor (4.6/35)-3~440 times smaller than those in the NLC design. The kick-factors, i.e. the transverse voltages seen by the beam as a result of the wakefields of preceding bunches, depend as well on the bunch population, which, given that the TESLA bunch population is 3 times larger than the NLC bunch population, reduces the above difference factor to 160 in what refers to the kick-factor. A similar factor is expected to be the difference in the alignment tolerances specified in the NLC and TESLA designs. There is no doubt that TESLA, with its larger iris aperture and longer bunch-to-bunch spacing is preferred in what refers to emittance dilution. There are, however, some issues that are critical in TESLA, such as HOM damping. The Q’s of unwanted modes should not exceed 105. In addition, beam based alignment and pulse-to-pulse feedback is used in both designs to correct or mitigate wakefield effects. Beam based alignment is facilitated in the NLC design, because the structures can be moved more easily than the cavities in their cryostats. On the other hand the fast feedback system can operate at a bunch-to-bunch basis in the TESLA design with its 240 times longer bunch spacing. The following will discuss short and long-range wakefield effects in both machines.

5.1) Single Bunch Wakefields

Short-range wakefields cause emittance dilution due to head-tail interactions within the bunches. This is referred to as “banana effect” in the TESLA design. Longitudinal wakefields, induce an energy spread, which causes “chromatic” emittance dilution. The emittance dilution can be prevented, if an opposite, compensating energy spread is applied via the right choice of RF phase (this trick is used in both machine concepts). To prevent resonant single bunch breakup due to the strong short range, transverse wakefields the NLC design, unlike TESLA, requires special measures such as BNS damping. In first approximation, a simple expression for the longitudinal and transverse wake-potential W, of a single (Gaussian) bunch as a function of trailing distance s (here normalized on the rms beam-(half-)length z), is given with (15)-(16):
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where is the RF wavelength and Z0 is the vacuum impedance. The results of evaluations of (15)-(16) are given in Table 7 together with simulated wake-potentials as published in the design reports. The agreement is good. The factor 440 discussed above is reflected in the difference of the single bunch transverse wake-potentials of NLC-I and TESLA-500. To reduce the single bunch transverse wake-field, NLC proposes to apply BNS damping. BNS damping requires a (0.4% energy spread over the bunch length, resulting in dispersive emittance dilution, which is not discussed here. Recently the use of BNS damping was proposed as well for TESLA to cope with the banana effect.

Table 6: Single bunch wake-potentials as reported in TESLA / NLC proposals for a 500 GeV cm energy e+/e- collider and* as calculated with the simple model - equations (12), (13).

	Parameter
	NLC-I
	TESLA 500

	RF wavelength,  (cm)
	
	

	Structure parameter, (a/)
	
	

	Iris radius, a (mm)
	
	

	Bunch charge (nC)
	
	

	Bunch population ((1010)
	
	

	Bunch length (m)
	
	

	Wake-potentials 
	
	

	Single bunch longitudinal wake-potential at s=3z (V/pC/m)
	
	


	Single bunch transverse wake-potential at s=3z  (V/pC/m/mm)
	
	

	Single bunch longitudinal wake-potential at s=3z (V/pC/m)*
	
	

	Single bunch transverse wake-potential at s=3z  (V/pC/m/mm)*
	
	


5.2) Multi Bunch Wakefields

Transverse, multi-bunch wakefields are the most important source of emittance dilution in the long main linacs of the linear collider. The largest contributions to emittance growth are related to the transverse multi-bunch wakefield effects caused by quadrupole and structure/cavity alignment errors, injection beam jitter or ground motion induced quadupole and structure jitter as well as energy-spread / chromaticity effects.

Both designs, NLC and TESLA, require the use of measures to prevent coherent build-up of higher order mode wakefields. The most important measures are detuning and damping. The first bunch passing through a structure (or cavity) excites HOM’s in all cells. These higher order modes then propagate with their respective phases t. If the cells in the structure are “detuned” (according to a Gaussian pattern), i.e. their resonance frequencies vary slightly from cell to cell, the higher order modes more or less interfere destructively (at least during the first few ns). The most simple detuning model assumes that the following bunch (arriving after tb) will see very small HOM amplitudes if the total phase difference over the structure, (17), is :
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One obtains the required cell-to-cell frequency shift through division by the number of cells per structure. The frequency shift for detuning required in NLC / TESLA, according to this simple model, is 3.5 / 0.165 MHz, reflecting the difference in bunch spacing. This can be converted to a variation in cell dimension with the simple relation f/f~b/b, resulting in a few m for both designs. The TESLA design team claims that this iris radius variation is naturally given by the fabrication errors. The NLC design proposed a complex pattern of interleaving 3 types of structures, with their own cell-to-cell detuning pattern, requiring a total of 180 different cell types (assuming 60 cells/structure), all machined with (20)µm differences in cell dimensions (the variation from first to last cell being of the order of 1 mm). Since wakefield recombination usually occurs due to imperfect cancellation, an additional damping mechanism has to be provided. This is achieved by channeling the unwanted modes to an external load. In the NLC the unwanted dipole modes are guided through four manifolds that run along the structure. These dipole mode channels add considerable complexity to the structure design. The structure design aims at restricting the multi-bunch transverse wake-potential to below ~1 V/pC/m/mm. Damping is much harder to achieve in the superconducting design, which uses 2 HOM dampers for each cavity. The long TESLA bunch spacing, for example, is a direct consequence of long HOM damping times due to high Qs. TESLA requires Q<105 for all HOMs to remain within the available emittance growth budget. Larger Qs of some dipole modes were measured in the TTF [9]. It is believed that, at best, the HOM Q can be reduced to 3(104. This would allow reducing the bunch spacing. The price to pay for shorter bunch spacing, however, is a loss in efficiency for the same RF peak power and the same number of bunches (see equation 9). This approach is therefore only reasonable if the beam power (i.e. number of bunches) is raised at the same rate as the bunch spacing is reduced. Furthermore, more sophisticated HOM couplers, will, just by its large number, increase cost further. A fortuitous, secondary benefit of the long bunch spacing in TESLA is –1- that it allows for head-on collision in the IP (NLC needs crab crossing to prevent luminosity loss due to the 20 mrad crossing angle) and –2- that it facilitates bunch-to-bunch feedback.
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Figure 5: Simulated NLC, [10], (left,) and TESLA (right) wake-potentials. Note the different units for the wake-potentials, V/pC/m/mm in the case of NLC and V/pC/m2 in the case of TESLA (difference factor: 1000). The bunch spacing in NLC is 42 cm (such that the wake-potentials in the figure cover the range of 24 bunches), and 337 ns in TESLA (the wakefield plot therefore spans 300 bunches).

The multi-bunch wakefields in the damped/detuned structures of NLC/TESLA are calculated numerically. Up-to-date results of such wake-potential simulations for both machines, including damping and detuning, are shown in Figure 5.

5.3) Emittance Dilution Model

The following discusses a simple model to estimate the emittance dilution due to component (i.e. structure and quadrupole) misalignment. The emittance contribution i of all these effects are assumed to be correlated (worst case) and therefore summed according to:
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To compare the linac designs, the dilution of the final emittance is calculated for the same input parameters, which are structure or quadrupole misalignment, energy spread and jitter. According to the simple model developed by K. Bane/SLAC, [11], the emittance growth due to a random vertical structure misaligment can be estimated from the assumption that the beam size growth as a result of structure misalignment is given by the kick-angle (as a result of transverse kicks which is proportional to the average multi-bunch wake-potential and the structure misalignment) multiplied by the -function. The kick angle , (19), is the ratio of the transverse momentum to the longitudinal momentum E/c, where the transverse momentum is proportional to the transverse voltage seen by a bunch with charge Ne when crossing a structure of length Ls displaced vertically by  from the beam axis.
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When multiplied with the -function, (19) becomes the vertical displacement of the bunch after one kick. (20), which gives the displacement of the bunch kicked in structure x at the end of the linac (f stands for “final”), also takes into account the general increase of beam size with the square root of the -function and adiabatic damping (which reduces the transverse displacement as the beam gains energy (~E1/2)). Furthermore (20) includes the betatron phase difference, µx,f, between the kick location and the end of the linac.


[image: image28.wmf](

)

m

E

E

E

L

NW

e

E

E

y

f

x

f

x

x

f

x

x

x

s

x

f

x

f

x

x

f

x

kick

f

x

,

,

2

,

,

sin

sin

m

b

b

b

m

b

b

b

q

D

=

=

D

^





     







     (20)

Then, the model is generalized to a linac with Ns structures, each randomly displaced with respect to a hypothetic beam axis, (21).
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To simplify the expression, the wake-potential has been taken out of the sum in (21) and replaced by the average wake, which is calculated from the so-called average sum wake, (22). The sum wake for the xth bunch, Sx is defined as the sum of the transverse wake-potential of all bunches before (where s is the bunch to bunch distance normalized to the rms bunch length, z):
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The expression in (21), <S>rms, is the standard deviation over all Nb sum-wakes Sx. The calculated, average sum-wake for both machines is given in Table 7. 
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Also the sum term in (21) has to be averaged to yield the average vertical bunch displacement. The averaging procedure yields an energy factor, a constant for the average phase advance, the square root of the number of structures and an average rms structure displacement <>rms.
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The (non-normalized!) emittance change  can be computed from <y> with:
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which, combined with (24) gives (26) for the emittance growth due to a random structure displacement.
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N is the bunch population, 0, the average -function at the beginning of the linac, Ns, the number of structures, Ls, the length of the structures, <rms, the structure mis-alignment (rms), <S>rms, the average (rms) sum of the wake-potentials produced by all bunches, as seen by one bunch and E0, Ef, the initial and final beam energies in the linac. The model assumes a smooth energy dependence of  (=0E1/2). In reality  increases in steps along the linac (in 4 steps in NLC and 2 steps in TESLA). See Table 7 for the respective values. 

The same model can be applied to the case of a rms quadrupole misalignment <q> along the linac, substituting:
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because each displaced quadrupole increases the bunch displacement in the structure along a FODO half-cell to produce additional kicks from all the (perfectly aligned) structures in one FODO half-cell.
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where Nq is the number of quadrupoles per linac and LFODO the “average” length of the FODO cell in the linac. 

5.4) Comparison of the Emittance Dilution Model Predictions with the Design Report 

Table 7 summarizes the results of the calculations using the above described model, (19) – (22). The calculations assume a maximum total emittance growth associated with each effect. The total emittance growth is related to the “individual” emittance growth according to (18).

Table 7: Multi-bunch wakefield induced emittance growth as predicted with model (20)-(23);

	Parameter
	NLC-I
	TESLA 500

	Linac beam injection energy   (GeV)
	
	

	Linac beam final energy   (GeV)
	
	

	Bunch charge (nC)
	
	

	Number of structures per linac Ns
	
	

	Length of structures Ls (m)
	
	

	Number of quadrupoles per linac Nq
	
	

	Length of FODO cell Lc (m) – “typical length”

	
	

	Initial average -function (m)
	
	

	FODO cell phase advance  (deg) 
	
	

	Transverse multi-bunch sum wake-potential (V/pC/m/mm)**
	
	

	Struct.-to-struct. misalign. rms (m) for 1% emittance dilution
	
	

	Quad to beam. offset. rms (m) for 25% emittance dilution
	
	


Table 8 contains the tolerances for the accelerator parts and the machine assembly as specified in the conceptual design reports. Note that the emittance budget presented in the table includes the effect of feedback systems. To cope with ground motion effects a multi-layered approach on different time scales is applied to both machines. A slow feedback moves quadrupoles and structures (50 nm step-width) onto the beam trajectory every 30 minutes to compensate for slow ground motion induced displacements. The slow feedback system uses beam based alignment techniques (using the signals generated by off-axis beams in the structure damping manifolds). Alternatively dipole steering correctors can be used to re-direct mis-steered beams. A medium speed, inter-pulse feedback system (kHz) using kickers in a few locations will correct the accumulated trajectory error between beam-based alignments. Finally a very fast feedback, located in the final focus, capable of acting within the bunch train will be used to keep the beams in collision at the IP. This system, although crucial for preserving luminosity is not relevant in the context of emittance dilution. Table 8 lists the NLC/TESLA linac emittance dilution budgets as reported in [3],[4]. Listed as well is whether the emittance dilution is of the single-bunch (SB) or multi-bunch (MB) type.

Table 8: Wakefield effects, alignment tolerances and emittance in TESLA / NLC proposals for a 500 GeV cm energy e+/e- collider. NLC emittance budget from [3]; All figures include feedback! NLC figures include BNS damping.

	Parameter
	NLC-I
	TESLA 500
	Type

	N, injection linac (mm-mrad)
	
	
	-

	N, exit linac  (mm-mrad)
	
	
	-

	Transverse single bunch  dilution objective (%)
	
	
	-

	Struct.-to-struct. misalign. rms (m) / emittance dilution  (%)
	
	
	SB/MB

	Struct.-to-girder tilt rms (rad) / emittance dilution  (%)
	
	
	SB

	Structure bow rms (m) / emittance dilution  (%)
	
	
	MB

	Cell.-to-cell. misalign. rms (m) / emittance dilution  (%)
	
	
	MB

	Quad to beam offset rms (m) / emittance dilution  (%)
	
	
	SB

	Quad rotation. rms (rad) / emittance dilution  (%)
	
	
	SB

	Quad strength error rms () / emittance dilution  (%)
	
	
	SB

	BPM resolution rms (m) / emittance dilution  (%)
	
	
	SB



6) Damping Rings

Of the 106 ratio in quality factors between state of the art superconducting cavities and conventional RF structures, only 3 orders in magnitude difference remain in bunch train length. This is, in part, the result of constraints set by damping. The damping cannot be accomplished on-line (e.g. using linear damping) because the specified (normalized) emittance reduction is 2-3 orders of magnitude. The damping time in the TESLA (electron-) damping ring, for instance, is 50 ms, which corresponds to ~103 revolutions (each time crossing through ~430 m of wiggler). The unfolded TESLA bunch train is 285 km long. With a maximum bunch train compression of 17 set by the limit in kicker technology at ~20 ns, this bunch train fits into a 17 km ring. Although believed to be feasible, the 20 ns kicker operation has to yet been fully demonstrated. The bunch train has to be unfolded into the main linac kicking out a bunch every 337 ns, which is the long bunch spacing necessary to allow for sufficient HOM damping (as discussed in 5). The damping ring has been identified as the major limitation to higher luminosity in the TESLA design. Ideas to remove the damping ring constraint from the TESLA design are needed. An older TESLA damping ring design (see e.g. [14]) used multiple, stacked HERA size rings. This approach was later replaced by one long ring, which was found to be more cost effective. Instead of using a standard racetrack ring design, such as the NLC damping rings, TESLA proposes a “dog-bone” damping ring shape. In this shape there are small, 950 m long arcs joined by long straight sections, which run in the main linac tunnel to save tunnel cost. Possible solutions to the damping ring limitation to luminosity are: -1- reducing the kicker time and thus increasing the compression ratio in the damping ring, -2- increasing the damping ring size (and the wiggler section length at the same rate to keep the damping time constant) or –3- a scheme which uses medium size (i.e. 1-mile) ultra-fast damping rings with high field wigglers, which, acting in concert, could, in principle deliver continuous beam. Solution 1 appears to be the most promising. Solution 2 will increase cost and does not address the concern that increased length is detrimental to beam stability and emittance damping. Solution 3 will considerably increase cost and site power. Table 9 summarizes the main parameters of the TESLA and NLC damping rings. Table 10 shows a comparison of the linear collider damping rings with state of the art B-factories and generation II light sources. The comparison shows that the basic parameter set of the NLC MDR is “reasonable”, in the sense that it was achieved in existing machines. There are, however, concerns regarding alignment (equilibrium emittance) and collective effects such as the Touchek effect, electron cloud, ion instability, [15]. These concerns apply even more so to the large TESLA damping ring. It has to be noted as well that damping rings do more than damping. For example, they also decouple the main linac from the injector chain and therefore reduce jitter effects. 

Table 9: Parameter-list for the linear collider electron damping rings. *permanent magnet wiggler design

	Parameter
	NLC-I
	TESLA 500

	Beam Energy (GeV)
	1.98
	5

	Beam Current, average (mA)
	700
	160

	Circumference (m)
	300
	17000

	Operational cycle (Hz) 
	120
	5

	Length of linac bunch train (m)
	80
	285,000

	Compression ratio of bunch train in damping ring
	1
	17

	Number of bunch trains 
	3
	1

	Number of bunches per train 
	190
	2820

	Number of buckets filled (%)
	100
	100

	Kicker time (ns)
	65
	<20

	Injection emittance N (mm-mrad) 
	150
	10

	Extraction emittance Nx,y (mm-mrad) 
	2.2 / 0.02
	8 / 0.02

	Bend-magnet strength / 2 arc length (Tm/m)
	1 / 188
	0.9 / 1900

	Wiggler average B02/total length (T2/m)
	2.3 / 46
	1.37 / 432*

	Relative contribution to damping arcs / wigglers (%)
	25 / 75
	5 / 95

	Vertical damping time/store time (ms/ms)
	5.09 / 25
	50 / 200

	Energy spread (%)
	0.09
	0.1

	Bunch length, rms (mm) 
	3.6
	6


Table 10: Comparative table of linear collider damping rings (NLC, TESLA, KEK-ATF) with a generation III light source and a state of the art B-factory;

	
	NLC MDR
	TESLA
	PEP II LER
	LBNL ALS
	KEK ATF

	E (GeV)
	2.0
	5.0
	3.1
	1.5
	1.5

	C (m)
	300
	17000
	2200
	200
	140

	I (A)
	0.7
	0.16
	3
	0.6
	0.6

	x-inj (mm-mrad)
	150
	10
	1500
	100
	?

	x-extr. (mm-mrad)
	2.22
	8
	400
	10
	4

	y-extr. (mm-mrad)
	0.02
	0.02
	16
	0.2
	0.04


7) Keeping beams in collision

At the end of the linac, the electron and positron beams have reached their final energy and have typical rms sizes of 10 µm ( 1µm. The purpose of the beam delivery system is to reduce the beams to the sizes required to produce luminosity in the IP. The beam delivery system consists of a strong quadrupole doublet (including sextupoles to correct the quadrupole chromaticity). One of the main issues affecting the luminosity are ground motion induced vibration of the final focus quadrupoles which determines the size of the final focus. This issue will be addressed next.

7.1) Ground Motion Effect on Final Focus Quadrupoles 

The most severe mechanical stability constraint applies to the final focus quadrupoles. A vertical displacement y of these quadrupoles causes roughly the same beam position offset at the interaction point (1:1 correlation). If the relative beam offsets at the IP are to be less than 10% of the vertical beam size, then the tolerance for vertical (rms) movements of the final magnets are roughly 0.5 nm for TESLA and 0.27 nm for NLC. Based on this rough analysis, the specifications regarding the final focus magnet stability is equally challenging in both designs. The leading source of quadrupole displacement is ground motion and vibration induced by nearby accelerator components. The ground motion power spectrum drops with approximately the fourth power of frequency, therefore the low frequency ground motion produces the largest amplitudes (often with the largest wave-length). Slow, that is low frequency, ground motion induced misalignments of optical elements resulting in slow growth of the IP beam size have to be controlled with regular (e.g monthly) component re-alignments and active stabilization with slow (~ Hz) feedback systems. Both designs use such systems: NLC proposes to use an optical anchor, that is a system that measures the final doublet motion through laser interferometry, in conjunction with piezo-actuators that move the magnets in the nm range, [16]. The slow ground-motion (~Hz) amplitude was measured with the FFTB quadrupoles at SLAC to be ~2 nm, [17].  TESLA proposes to use a similar active motion control system based on accelerometers. Passive stabilization using heavy supports and damping helps and is a crucial part of the system (especially in coping with resonance). The state of the art in motion stabilization in the Hz-range was achieved in the gravitational wave experiments, e.g. LIGO, [18]. The detection of gravitational waves using interferometers requires control of interferometer mirror motion to better than 1 pm absolute (sensing 10-18 m displacement variations between 2 mirrors). 

To meet the tight stability constraints with respect to the high frequency part of the ground motion spectrum (and to cope with the beam jitter induced in the injector chain and linac), both designs require a very fast feedback system. The thousand times larger bunch spacing in the TESLA design with respect to the NLC design facilitates the bunch-to-bunch feedback (the NLC requires a 1 MHz system). The fast NLC feed-forward system is even more challenging. For example, in TESLA, the fast feedback system at the IP uses measurement of the SR intensity due to pinch deflection as a measure of the beam-beam offset. Simulations have shown that the TESLA feedback system can successfully stabilize the beam-beam interaction between 0.1 y and 0.1 y’, except for the first 3% of each bunch-train, [19]. The NLC fast feed-forward system, sends beam position measurements obtained in a BPM placed at 1 m from the IP to the other side of the IP to activate a (10 ns) kicker that deflects several incoming bunches. Table 11 summarizes some of the parameters which are relevant for keeping the beams in collision in both machine proposals.

Table 11: Final focus position tolerance specifications in TESLA / NLC proposals for a 500 GeV cm energy e+/e- collider.

	Parameter
	NLC-I
	TESLA 500

	Required BPM resolution for final focus feedback, rms (m)
	0.3
	1

	Max allowable beam jitter offset (before feed-back) ()
	0.1
	1

	Max allowable, fast ground motion induced final focus quad jitter, rms (m)
	0.001-0.01 
	0.03


8) R&D Achievements

The highest energy linear accelerator operated up to date is the Stanford Linear Collider (SLC) at SLAC, which accelerated electrons and positrons to 100 GeV in the center of mass at a luminosity of  1028(cm-2-sec-1) using copper structures, delivering an accelerating gradient of 17 MV/m. Note that the SLC beam size at the IP was 1 µm! The SLC is now partly used as a test-bed for NLC technology (e.g. ASSET for wakefield measurements and the final focus test beam, FFTB).

The Accelerator Test Facility (ATF) at KEK is a prototype of the NLC main damping ring (MDR). The ATF ring was designed to damp a 20-bunch (with 0.38 ( 1010 bunch population) electron beam of 1.58 GeV energy. The bunch spacing is 2.8 ns. The repetition rate is 12.5 Hz. The ATF has achieved its objective only in single bunch operation, [10]. The single bunch population was 1.2 x 1010, at a bunch length of 6 mm (rms). The design, vertical and horizontal, normalized emittances (0.03 and 3.5 mm-mrad) were achieved in single bunch mode (E-spread: 0.06%).

The Final Focus Test Beam (FFTB) is a NLC prototype final focus based on the 45 GeV SLC accelerator beams. The FFTB has achieved 70 nm vertical spot size in the IP, with * values of 10×0.1 mm, such as specified for the NLC. The spot size included the effect of a 40 nm pulse-to-pulse jitter induced by the linac (dominated by vibrations of the beam size monitor). Thus, the NLC FF demagnification of ~104 was achieved. The FFTB was also used to measure ground-motion effects on the final doublet quadrupoles and test collimator prototypes.

The Tesla Test Facility (TTF) was built in 1995-1997 to prove the feasibility and reliability of the superconducting cavities operating at or beyond 20 MV/m. The TTF was also used as a driver for an FEL. The major achievements of the TTF-1, according to [21] are: 4 nC bunch charge at a bunch train length of 0.8 ms. Accelerating gradients in the cryo-modules, between 15-25 MV/m, steadily increasing. Operation at 1 Hz and demonstration of SASE  180 nm. The TTF is currently being up-graded to a FEL user facility.

The NLC Test Accelerator (NLCTA) was commissioned in 1996 to provide experience with integrated X-band RF systems. The SLC style power sources,  thyratron switched modulators, 50 MW klystrons and SLED pulse compression lines, have operated reliably for thousands of hours. Many different sets of accelerator structures were tested, the most successful up to date operating at 70 MV/m with 400 ns pulses, [22].

The Accelerator Structure SETup (ASSET) facility uses the SLC linac beams to measure the strength of wakefields induced in the accelerating structures. ASSET was very useful in validating numerical codes for the prediction of wake-potentials. Among other experiments, a proof of principle of the damping and detuning concept was experimentally achieved. 

Table 12 summarizes the major achievements of the existing linear collider R&D facilities.

Table 12: Achievements of the Linear Collider R&D facilities.

	Experiment
	Achievement

	ATF

(1.3 GeV NLC-MDR prototype)
	vertical emittance=0.03 mm-mrad 

(only in single bunch mode)

	FFTB (NLC final focus experiment in SLC)
	NLC beam demagnification (ylinac/yIP)

	TTF1 

(Desy TESLA test facility)
	Gradient in Tesla style module = 25 MV/m

Bunch charge = 4 nC ( 0.8 ms pulse, 1 Hz operation)  

	NLCTA 
	Gradient = 70 MV/m for 400 ns

	ASSET
	Proof of principle of damping and detuning


10) Summary

The here presented study finds that the superconducting linac technology has a twice higher plug-to-beam power efficiency and reduced wakefields than the normal conducting linac design. It remains to be discussed how the difference in wakefield strength in the NLC and TESLA linac designs translates into cost and operational complexity. The damping ring size is a serious limitation of the TESLA design.
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