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Initial parameters

	Total beam current
	25.04 mA

	Energy loss per turn U
	3990 MeV/turn

	Beam power to SR
	100 MW

	RF frequency
	400 MHz

	Total RF voltage
	4660 MV

	RF cell length
	0.375 m

	SC material
	Nb/Cu

	R/Q per cell
	116 Ohm


Inherent advantages of Nb/Cu cavities
:
(  much better thermal stability against quenching

(  savings on Nb material

(  insensitivity to small magnetic fields

(  higher quality factor

Frequency choice


•  advantage of operating at 4.5 K ( simpler cryostat design; cheaper, more reliable and simpler refrigerator components 


•  availability of high average power klystrons


•  frequency range 300 – 500 MHz
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Optimum gradient, frequency, temperature

For a large-scale accelerator complex cost optimization determines best accelerating gradient

Cryogenic power


RF losses per unit length increase with square of the gradient:
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LEP

LHC

SOLEIL

CESR

KEK-B (HER)

I beam tot

[mA]

6

560 (per ring)

500

750

1100

D

U

[MeV/turn]

3000

0.7

1.3

3.5

P beam

[MW]

18.2

0.4

0.98

4

f rf

[MHz]

352

400.8

352

500

508.9

V rf tot

[MV]

3500

32

3.8

7.4

17.9

E acc (design)

[MV/m]

7.5 (9)

5.3

5

6 (10)

5

N cell/cav

4

1

1

1

1

Cavity length

[m]

1.702

0.375

0.425

0.3

0.295

N cav

288

16 (8+8)

2

4

8

N cav/cryomodule

4

4

2

1

1

Modular length

[m]

2.553

3.2

2.86

3.7

L active

[m]

490

6

0.9

1.2

2.36

N kly

36

1

4

8

SC material

Nb/Cu

Nb/Cu

Nb/Cu

Nb

Nb

R/Q

[Ohm]

465

89

90

89

93

G - geometry factor

[Ohm]

265.7

252.5

Qo

[10

9

]

>3.2 (6 MV/m)

>2 (5 MV/m)

3 (6 MV/m)

1 (6 MV/m)

1

Epk/Eacc

2.3

2

2.5

1.68

Qext

2x10

6

var.

2x10

5

2x10

5

7x10

4

Input coupler

Coax

Coax

Coax

WG

Coax

Prf at window

[kW]

80 (500)

176 (500)

200

280 (500)

380 (800)

Static heat leak per cryomodule

[W]

<90

25*

20

30

30

P refr @ 4.5K

[kW]

4x16

0.15

2x0.6

HOM couplers

Coax

Coax

Coax

Beam-line

Beam-line

k - cryomodule loss factor (

s

, mm)

[V/pC]

1.76 (13) / 5 (10)

3 (5)

0.48 (13) / 0.6 (10)

1.8 (4)

k tr.

[V/pC/m]

8 (10)

 *without couplers & second beam tube, 2 cavities

,

where Pm is the RF power per unit length, Eacc is the accelerating gradient, (R/Q)m is the characteristic impedance per unit length, and Q0 is the quality factor of the cavity.


The total length of the structure is
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where VRF is the total RF voltage.

Optimum gradient, frequency, temperature (2)

The refrigerator power needed is the sum of the static loss, the fundamental RF loss, HOM induced loss and distribution system loss.  To first order the fundamental RF loss is the dominant part.  Then the refrigerator power and thus the investment cost is proportional to the accelerating gradient (if Q0 is independent of gradient):


[image: image3.wmf](

)

acc

E

L

m

P

or

refrigerat

C

µ

×

µ



We used refrigerator cost factor of 1.7 k$/W for refrigerator operating at 4.5 K and 3.4 k$/W for 2.5 K.  Also, we took into account quality factor dependence on accelerating gradient as measured for LHC
 (400 MHz) and LEP2 (352 MHz) cavities.

Cryomodule cost


The cryomodule cost scales approximately linearly with total length of the RF structure and thus inversely with the accelerating gradient
:
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We used cost factor of 200 k$/m for 4.5 K and 250 k$/m for 2.5 K.
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Optimum gradient, frequency, temperature (3)

Total cost


The total cost then is dominated by the RF structure cost at low gradients and by cryogenic cost at high gradients.  There is a rather broad minimum in the range from 4 to 8 MV/m.


It is worthwhile to see if can gain by operating at lower (2.5 K) temperature or by choosing lower (352 MHz) frequency.


Plots show that lower temperature operation can allow us to use higher gradients and hence fewer number of cryomodules.  Choosing lower RF frequency can significantly lower total cost.
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Optimum gradient, frequency, temperature (4)

For further considerations we chose Eacc = 8 MV/m.  (LEP was operating at 7.5 MV/m in 2000).

This determined following parameters:

Ncell = 1552

Ncell/cavity = 4

Ncav/cryomodule = 4

(similar to LEP)

Pcryo = 77.3 kW 

(w/o distribution loss and safety margin, but cryo power is dominated by RF losses anyway)

Pbeam/cell = 64.4 kW

Qext = 1.2(106
Nkly = 97 (1.3 MW klystrons)

HOM power

Assume LEP cavity shape scaled to 400 MHz: Requator = 332 mm, Riris = 106 mm.  Each cryomodule furnished with two l = 280 mm long tapers to a beam pipe radius of r = 20 mm.  To calculate loss factor we used formulae
,
:
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where g is the cavity gap length,  is the bunch length.

HOM power (2)

Then for 7.5 mm bunch length we calculate:

kcell = 0.28 V/pC

kfund = 0.073 V/pC

kparasitic = 0.21 V/pC

ktapers = 0.81 V/pC

kcryomodule = 4.1 V/pC

and finally

PHOM = 11 kW/cryomodule

PHOM = 4.26 MW total

How much of this power will go to cryogenics?  LEP reported cryogenic loss dependence on bunch length, but LEP cryomodules had unshielded bellows and lossy HOM cables.  HOM dampers will have to be carefully designed.  It will probably be a combination of broadband beam line loads (CESR, KEKB-type or LEP-type) to handle high power of propagating HOM and coaxial narrowband probes (LEP) near cavities to load trapped HOM.

Beam loading

Due to small beam current beam loading effects are very mild:


RF phase modulation by the bunched beam 
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(where Ib is the bunch current, h is the RF harmonic number, s is the synchronous phase, and VRF is the RF voltage per cell) is negligibly small (0.25().


Cavity detuning to compensate reactive beam loading 
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(here fRF is the RF frequency, and I0 is the total beam current) is 100 Hz, less than cavity bandwidth of 332 Hz.

Beam loading (2)

Special attention must be paid during cavity design period to its mechanical properties:

LEP 4-cell structure has mechanical resonance at approximately 100 Hz.  This is very close to synchrotron frequency of 175 Hz and can have very unpleasant effect on beam dynamics.  The structure must be stiffened to raise its mechanical resonance frequencies.  Also, ponderomotive effects should be studied (LEP RF system suffered from those).

Multi-bunch instabilities

Fundamental mode

Because of low revolution frequency (1.315 kHz) even small detuning of fundamental mode resonant frequency can cause excitation of coupled-bunch mode –1.  The growth time due to fundamental mode impedance is 10.2 msec, shorter than longitudinal damping time of 35 msec.  Special feedback loop may be required to deal with this instability
.

Higher-order modes


We can estimate requirements to loaded Q factors for the worst case when high impedance mode (R/Q = 20 Ohm) is tuned to the synchrotron sideband:


[image: image16.wmf]Q

R

m

I

V

h

Q

s

s

s

RF

L

/

cos

4

0

×

W

×

=

t

j


and get QL = 1.6(105.  Here s is the synchrotron frequency, s is the longitudinal damping time, and m is the closest harmonic number to the HOM resonant frequency.  This damping is easy to reach.  LEP cavities have loaded HOM quality factors of the order of 104, which is more than adequate.

Operating issues

As in case of LEP reliability of RF system will be very important issue.  Trip rate at LEP was 1/(14 minutes).  In order to avoid frequent beam losses, system must have enough RF voltage margin so that temporary loss of one or two RF stations does not cause a beam dump.  LEP had 7% reserve voltage.

RF parameters

	Parameter
	
	e+e- at VLHC
	LEP

	I beam total
	[mA]
	25.04
	6

	U
	[MeV/turn]
	3990
	3000

	P beam
	[MW]
	100
	18.2

	f rf
	[MHz]
	400
	352

	V rf total
	[MV]
	4660
	3500

	E acc
	[MV/m]
	8
	7.5

	N cell/cavity
	
	4
	4

	Cavity length
	[m]
	1.5
	1.702

	N cav
	
	388
	288

	N cav/cryomodule
	
	4
	4

	Modular length
	[m]
	12
	2.553/12.5

	L active
	[m]
	582.5
	490

	N kly
	
	97
	36

	SC material
	
	Nb/Cu
	Nb/Cu

	R/Q per cell
	[Ohm]
	116
	116

	Qo
	[109]
	1.6 (8 MV/m)
	3.2 (6 MV/m)

	Qext
	
	1.2(106
	2(106

	Input coupler
	
	Coax
	Coax

	Prf at window
	[kW]
	258
	80

	Static heat leak
	[W]
	84
	90

	P refr @ 4.5 K
	[kW]
	100
	64

	HOM couplers
	
	Coax
	Coax

	k (, mm)
	[V/pC]
	4.1 (7.5)
	5 (10)
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SRF systems

														S. Belomestnykh

														4-Mar-01

						Superconducting RF systems

		Parameter				LEP		LHC		SOLEIL		CESR		KEK-B (HER)

		I beam tot		[mA]		6		560 (per ring)		500		750		1100

		DU		[MeV/turn]		3000				0.7		1.3		3.5

		P beam		[MW]		18.2				0.4		0.98		4

		f rf		[MHz]		352		400.8		352		500		508.9

		V rf tot		[MV]		3500		32		3.8		7.4		17.9

		E acc (design)		[MV/m]		7.5 (9)		5.3		5		6 (10)		5

		N cell/cav				4		1		1		1		1

		Cavity length		[m]		1.702		0.375		0.425		0.3		0.295

		N cav				288		16 (8+8)		2		4		8

		N cav/cryomodule				4		4		2		1		1

		Modular length		[m]		2.553				3.2		2.86		3.7

		L active		[m]		490		6		0.9		1.2		2.36

		N kly				36				1		4		8

		SC material				Nb/Cu		Nb/Cu		Nb/Cu		Nb		Nb

		R/Q		[Ohm]		465		89		90		89		93

		G - geometry factor		[Ohm]								265.7		252.5

		Qo		[109]		>3.2 (6 MV/m)		>2 (5 MV/m)		3 (6 MV/m)		1 (6 MV/m)		1

		Epk/Eacc				2.3				2		2.5		1.68

		Qext				2x106		var.		2x105		2x105		7x104

		Input coupler				Coax		Coax		Coax		WG		Coax

		Prf at window		[kW]		80 (500)		176 (500)		200		280 (500)		380 (800)

		Static heat leak per cryomodule		[W]		<90		25*		20		30		30

		P refr @ 4.5K		[kW]		4x16				0.15		2x0.6

		HOM couplers				Coax		Coax		Coax		Beam-line		Beam-line

		k - cryomodule loss factor (s, mm)		[V/pC]		1.76 (13) / 5 (10)				3 (5)		0.48 (13) / 0.6 (10)		1.8 (4)

		k tr.		[V/pC/m]		8 (10)

								*without couplers & second beam tube, 2 cavities
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Gradient opt. var.

		1		1		1

		2		2		2

		3		3		3

		4		4		4

		5		5		5

		6		6		6

		7		7		7

		8		8		8

		9		9		9

		10		10		10

		11		11		11

		12		12		12

		13		13		13

		14		14		14

		15		15		15



400 MHz, 4.5 K

400 MHz, 2.5 K

352 MHz, 4.5 K

Eacc [MV/m]

Cost [M$]

Gradient optimization

776.7971599012

988.9999574999

821.5757355884

427.2239673232

538.1463020392

444.5969645671

311.970713514

385.6046471036

315.5608805269

259.8403311859

311.2869879535

252.8630625162

235.7250324032

270.3401949166

218.6974350001

228.4351372193

246.8590875953

199.9951755435

231.4604554744

234.1595637686

191.0878613859

244.7529431188

228.8709423758

192.6322225275

269.7094764604

229.6147245001

205.0878552968

308.9689825563

235.236845663

246.8130576095

361.2067442549

245.522446011

434.3651013653

260.5421054535

531.6061944505

286.0059773528

668.3178425741

328.601329482

883.9815999968



Gradient opt.

		1		1		1

		2		2		2

		3		3		3

		4		4		4

		5		5		5

		6		6		6

		7		7		7

		8		8		8

		9		9		9

		10		10		10

		11		11		11

		12		12		12

		13		13		13

		14		14		14

		15		15		15



Cryomodule cost

Refrigerator cost

Total cost

Eacc [MV/m]

Cost [M$]

Gradient optimization

741.0615252047

35.7356346965

776.7971599012

396.2753799708

30.9485873525

427.2239673232

274.770964513

37.199749001

311.970713514

211.90437154

47.9359596459

259.8403311859

173.2293412283

62.4956911749

235.7250324032

146.9310774665

81.5040597527

228.4351372193

127.8364459183

103.624009556

231.4604554744

113.313783665

131.4391594538

244.7529431188

101.8796420696

167.8298343908

269.7094764604

92.6326906506

216.3362919057

308.9689825563

84.9929609829

276.213783272

361.2067442549

78.569952119

355.7951492463

434.3651013653

73.0908779227

458.5153165277

531.6061944505

68.359285238

599.9585573361

668.3178425741

64.2300153933

819.7515846035

883.9815999968



e+e- at VLHC

														S. Belomestnykh

														6-Mar-01

						Superconducting RF systems

		Parameter				LEP		LHC		SOLEIL		CESR		KEK-B (HER)		e+e- at VLHC

		I beam tot		[mA]		6		560 (per ring)		500		750		1100		25.04

		DU		[MeV/turn]		3000				0.7		1.3		3.5		3990

		P beam		[MW]		18.2				0.4		0.98		4		100

		f rf		[MHz]		352		400.8		352		500		508.9		400

		V rf tot		[MV]		3500				3.8		7.4		17.9		4660

		E acc (design)		[MV/m]		7.5 (9)		5.3		5		6 (10)		5		8

		N cell/cav				4		1		1		1		1		4

		Cavity length		[m]		1.702		0.375		0.425		0.3		0.295		0.375

		N cav				288		16 (8+8)		2		4		8		388

		N cav/cryomodule				4		4		2		1		1		4

		Modular length		[m]		2.553/12.5				3.2		2.86		3.7		3

		L active		[m]		490		6		0.9		1.2		2.36		582.5

		N kly				36				1		4		8		97

		SC material				Nb/Cu		Nb/Cu		Nb/Cu		Nb		Nb		Nb/Cu

		R/Q per cell		[Ohm]		464/4		89		90		89		93		116

		G - geometry factor		[Ohm]								265.7		252.5

		Qo		[109]		>3.2 (6 MV/m)		>2 (5 MV/m)		3 (6 MV/m)		1 (6 MV/m)		1		1.6 (8 MV/m)

		Epk/Eacc				2.3				2		2.5		1.68

		Qext				2x106		var.		2x105		2x105		7x104		1.20E+06

		Input coupler				Coax		Coax		Coax		WG		Coax

		Prf at window		[kW]		80 (500)		176 (500)		200		280 (500)		380 (800)		257.66

		Static heat leak per cryomodule		[W]		<90		25*		20		30		30

		P refr @ 4.5K		[kW]		64 (4x16)				0.15		1.2 (2x0.6)				77.32

		HOM couplers				Coax		Coax		Coax		Beam-line		Beam-line

		k - cryomodule loss factor (s, mm)		[V/pC]		5 (10)				3 (5)		0.48 (13) / 0.6 (10)		1.8 (4)		4.10

		k tr.		[V/pC/m]		8 (10)

								*without couplers & second beam tube, 2 cavities

		c =		3.00E+08		m/sec

		e =		8.85E+00		pF/m

		e+e- @ VLHC: selected parameters										Cost estimate / gradient optimization

																																																										350 MHz

		E		[GeV]		184						Eacc [MV/m]		L active [m]		N cell		Qo @ 4.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]		Pcell [kW]		Qext		Df [Hz] beam loading		bandwidth [Hz]				Qo @ 2.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]				L active [m]		N cell		Qo @ 4.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]

		P		[m]		228,000						1		4660.0		12435		3.20E+09		4.71		16.31		21.02		741.06		35.74		776.80		8.0416469957		1.51E+05		800.30		2653.39				7.10E+09		2.12		16.31		18.43		926.33		62.67		989.00				4660.0		10952		7.50E+09		2.28		16.31		18.59		789.97		31.60		821.58

		I bunch		[mA]		0.14						2		2330.0		6218		3.00E+09		10.05		8.16		18.21		396.28		30.95		427.22		16.08		3.02E+05		400.15		1326.69				6.80E+09		4.43		8.16		12.59		495.34		42.80		538.15				2330.0		5476		7.00E+09		4.88		8.16		13.04		422.43		22.17		444.60

		N bunch				89						3		1553.3		4145		2.75E+09		16.45		5.44		21.88		274.77		37.20		311.97		24.12		4.52E+05		266.77		884.46				6.50E+09		6.96		5.44		12.39		343.46		42.14		385.60				1553.3		3651		6.50E+09		7.89		5.44		13.33		292.91		22.65		315.56

		I total		[mA]		25.04						4		1165.0		3109		2.50E+09		24.12		4.08		28.20		211.90		47.94		259.84		32.17		6.03E+05		200.07		663.35				6.30E+09		9.57		4.08		13.65		264.88		46.41		311.29				1165.0		2738		5.80E+09		11.79		4.08		15.87		225.89		26.97		252.86

		L bunch spacing		[m]		2562						5		932.0		2487		2.25E+09		33.50		3.26		36.76		173.23		62.50		235.73		40.21		7.54E+05		160.06		530.68				6.00E+09		12.56		3.26		15.82		216.54		53.80		270.34				932.0		2190		5.10E+09		16.76		3.26		20.02		184.66		34.03		218.70

		T bunch spacing		[msec]		8.55						6		776.7		2073		2.00E+09		45.23		2.72		47.94		146.93		81.50		228.44		48.25		9.05E+05		133.38		442.23				5.70E+09		15.87		2.72		18.59		183.66		63.20		246.86				776.7		1825		4.50E+09		22.79		2.72		25.51		156.63		43.37		200.00

		a momentum compaction				2.80E-05						7		665.7		1776		1.80E+09		58.63		2.33		60.96		127.84		103.62		231.46		56.29		1.06E+06		114.33		379.06				5.40E+09		19.54		2.33		21.87		159.80		74.36		234.16				665.7		1565		4.00E+09		29.91		2.33		32.24		136.27		54.81		191.09

		DU		[GeV/turn]		3.99						8		582.5		1552		1.60E+09		75.28		2.04		77.32		113.31		131.44		244.75		64.42		1.20E+06		100.04		332.10				5.10E+09		23.62		2.04		25.66		141.64		87.23		228.87				582.5		1369		3.40E+09		40.22		2.04		42.26		120.79		71.84		192.63

		ts		[turns]		46						9		517.8		1382		1.40E+09		96.91		1.81		98.72		101.88		167.83		269.71		72.37		1.36E+06		88.92		294.82				4.80E+09		28.27		1.81		30.08		127.35		102.27		229.61				517.8		1217		2.80E+09		54.94		1.81		56.76		108.60		96.48		205.09

				[msec]		35						10		466.0		1244		1.20E+09		125.63		1.63		127.26		92.63		216.34		308.97		80.42		1.51E+06		80.03		265.34				4.50E+09		33.50		1.63		35.13		115.79		119.45		235.24				466.0		1095		2.00E+09		85.47		1.63		87.10		98.75		148.07		246.81

		sE/E				1.00E-03						11		423.6		1130		1.03E+09		161.00		1.48		162.48		84.99		276.21		361.21		88.46		1.66E+06		72.75		241.22				4.20E+09		39.48		1.48		40.97		106.24		139.28		245.52				423.6		996		1.20E+09		156.69		1.48		158.17		90.60		268.89		359.49

		sz		[mm]		7.5						12		388.3		1036		8.70E+08		207.93		1.36		209.29		78.57		355.80		434.37		96.50		1.81E+06		66.69		221.12				3.90E+09		46.38		1.36		47.74		98.21		162.33		260.54				388.3		913		6.00E+08		341.87		1.36		343.23		83.76		583.48		667.24

		ns				0.133						13		358.5		957		7.30E+08		268.46		1.25		269.71		73.09		458.52		531.61		104.54		1.96E+06		61.56		204.11				3.50E+09		55.99		1.25		57.25		91.36		194.64		286.01

		Vrf		[MV]		4660						14		332.9		888		6.00E+08		351.75		1.17		352.92		68.36		599.96		668.32		112.58		2.11E+06		57.16		189.53				3.00E+09		70.35		1.17		71.52		85.45		243.15		328.60

		f rf		[MHz]		400						15		310.7		829		4.70E+08		481.12		1.09		482.21		64.23		819.75		883.98		120.62		2.26E+06		53.35		176.89

		lrf		[cm]		74.95

		f rev		[kHz]		1.315

		To		[msec]		0.76						P static =		7.0		W/m

		Psr		[MW]		100						filling factor =		0.5

												refrig. cost =		1.7		k$/W @ 4.5K				3.4		k$/W @ 2.5K

												cryomodule. cost =		co*(0.8)^Log(L)*SQRT(1300/f[MHz])				$/active meter

												co =		2.0E+05		@ 4.5K				2.5E+05		@ 2.5K

												P kly =		1.3		MW

												cos fs =		0.517

												fs =		58.9		deg				LEP cryomodule cost =				1.5M		swiss fr.

		Q factor of HOMs										Loss factor calculations

		R/Q =		20		Ohm						cell beam tube rad =		10.6		cm		k cell =		2.79E-01		V/pC

		f HOM =		800		MHz												k fund =		7.26E-02		V/pC

		m =		608365														k par =		2.06E-01		V/pC		P hom =		0.55		kW per cell

		Q loaded =		1.61E+05

												taper beam tube rad =		2		cm		k taper =		8.06E-01		V/pC		P hom =		2.16		kW per 2 tapers

		Q loaded CESR =		8.95E+01								taper length =		28.13		cm

												eta 1 =		0.29

		fundamental mode																k total =		4.10E+00		V/pC		P hom =		10.99		kW per cryomodule

		R+ =		2.20E+07		Ohm

		Rs =		1.40E+08		Ohm																		P hom =		4263.60		kW total

												Phase modulation

		tgr =		10.23		msec

												DV =		0.0155		MV

												h =		304183

												sin fs =		0.856

												Df =		4.43E-03

														0.25		deg





RF system table

								S. Belomestnykh

								6-Mar-01

				Superconducting RF systems

		Parameter				LEP		e+e- at VLHC

		I beam tot		[mA]		6		25.04

		DU		[MeV/turn]		3000		3990

		P beam		[MW]		18.2		100

		f rf		[MHz]		352		400

		V rf tot		[MV]		3500		4660

		E acc (design)		[MV/m]		7.5 (9)		8

		N cell/cav				4		4

		Cavity length		[m]		1.702		1.5

		N cav				288		388

		N cav/cryomodule				4		4

		Modular length		[m]		2.553/12.5		12

		L active		[m]		490		582.5

		N kly				36		97

		SC material				Nb/Cu		Nb/Cu

		R/Q per cell		[Ohm]		464/4		116

		Qo		[109]		>3.2 (6 MV/m)		1.6 (8 MV/m)

		Qext				2x106		1.20E+06

		Input coupler				Coax		Coax

		Prf at window		[kW]		80 (500)		258.00

		Static heat leak per cryomodule		[W]		<90		84

		P refr @ 4.5K		[kW]		64 (4x16)		77.00

		HOM couplers				Coax		Coax

		k - cryomodule loss factor (s, mm)		[V/pC]		5 (10)		4.10

		k tr.		[V/pC/m]		8 (10)
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SRF systems

														S. Belomestnykh

														4-Mar-01

						Superconducting RF systems

		Parameter				LEP		LHC		SOLEIL		CESR		KEK-B (HER)

		I beam tot		[mA]		6		560 (per ring)		500		750		1100

		DU		[MeV/turn]		3000				0.7		1.3		3.5

		P beam		[MW]		18.2				0.4		0.98		4

		f rf		[MHz]		352		400.8		352		500		508.9

		V rf tot		[MV]		3500		32		3.8		7.4		17.9

		E acc (design)		[MV/m]		7.5 (9)		5.3		5		6 (10)		5

		N cell/cav				4		1		1		1		1

		Cavity length		[m]		1.702		0.375		0.425		0.3		0.295

		N cav				288		16 (8+8)		2		4		8

		N cav/cryomodule				4		4		2		1		1

		Modular length		[m]		2.553				3.2		2.86		3.7

		L active		[m]		490		6		0.9		1.2		2.36

		N kly				36				1		4		8

		SC material				Nb/Cu		Nb/Cu		Nb/Cu		Nb		Nb

		R/Q		[Ohm]		465		89		90		89		93

		G - geometry factor		[Ohm]								265.7		252.5

		Qo		[109]		>3.2 (6 MV/m)		>2 (5 MV/m)		3 (6 MV/m)		1 (6 MV/m)		1

		Epk/Eacc				2.3				2		2.5		1.68

		Qext				2x106		var.		2x105		2x105		7x104

		Input coupler				Coax		Coax		Coax		WG		Coax

		Prf at window		[kW]		80 (500)		176 (500)		200		280 (500)		380 (800)

		Static heat leak per cryomodule		[W]		<90		25*		20		30		30

		P refr @ 4.5K		[kW]		4x16				0.15		2x0.6

		HOM couplers				Coax		Coax		Coax		Beam-line		Beam-line

		k - cryomodule loss factor (s, mm)		[V/pC]		1.76 (13) / 5 (10)				3 (5)		0.48 (13) / 0.6 (10)		1.8 (4)

		k tr.		[V/pC/m]		8 (10)

								*without couplers & second beam tube, 2 cavities
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Gradient opt. var.
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Cryomodule cost

Refrigerator cost

Total cost

Eacc [MV/m]
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Gradient optimization
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e+e- at VLHC

														S. Belomestnykh

														6-Mar-01

						Superconducting RF systems

		Parameter				LEP		LHC		SOLEIL		CESR		KEK-B (HER)		e+e- at VLHC

		I beam tot		[mA]		6		560 (per ring)		500		750		1100		25.04

		DU		[MeV/turn]		3000				0.7		1.3		3.5		3990

		P beam		[MW]		18.2				0.4		0.98		4		100

		f rf		[MHz]		352		400.8		352		500		508.9		400

		V rf tot		[MV]		3500				3.8		7.4		17.9		4660

		E acc (design)		[MV/m]		7.5 (9)		5.3		5		6 (10)		5		8

		N cell/cav				4		1		1		1		1		4

		Cavity length		[m]		1.702		0.375		0.425		0.3		0.295		0.375

		N cav				288		16 (8+8)		2		4		8		388

		N cav/cryomodule				4		4		2		1		1		4

		Modular length		[m]		2.553/12.5				3.2		2.86		3.7		3

		L active		[m]		490		6		0.9		1.2		2.36		582.5

		N kly				36				1		4		8		97

		SC material				Nb/Cu		Nb/Cu		Nb/Cu		Nb		Nb		Nb/Cu

		R/Q per cell		[Ohm]		464/4		89		90		89		93		116

		G - geometry factor		[Ohm]								265.7		252.5

		Qo		[109]		>3.2 (6 MV/m)		>2 (5 MV/m)		3 (6 MV/m)		1 (6 MV/m)		1		1.6 (8 MV/m)

		Epk/Eacc				2.3				2		2.5		1.68

		Qext				2x106		var.		2x105		2x105		7x104		1.20E+06

		Input coupler				Coax		Coax		Coax		WG		Coax

		Prf at window		[kW]		80 (500)		176 (500)		200		280 (500)		380 (800)		257.66

		Static heat leak per cryomodule		[W]		<90		25*		20		30		30

		P refr @ 4.5K		[kW]		64 (4x16)				0.15		1.2 (2x0.6)				77.32

		HOM couplers				Coax		Coax		Coax		Beam-line		Beam-line

		k - cryomodule loss factor (s, mm)		[V/pC]		5 (10)				3 (5)		0.48 (13) / 0.6 (10)		1.8 (4)		4.10

		k tr.		[V/pC/m]		8 (10)

								*without couplers & second beam tube, 2 cavities

		c =		3.00E+08		m/sec

		e =		8.85E+00		pF/m

		e+e- @ VLHC: selected parameters										Cost estimate / gradient optimization

																																																										350 MHz

		E		[GeV]		184						Eacc [MV/m]		L active [m]		N cell		Qo @ 4.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]		Pcell [kW]		Qext		Df [Hz] beam loading		bandwidth [Hz]				Qo @ 2.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]				L active [m]		N cell		Qo @ 4.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]

		P		[m]		228,000						1		4660.0		12435		3.20E+09		4.71		16.31		21.02		741.06		35.74		776.80		8.0416469957		1.51E+05		800.30		2653.39				7.10E+09		2.12		16.31		18.43		926.33		62.67		989.00				4660.0		10952		7.50E+09		2.28		16.31		18.59		789.97		31.60		821.58

		I bunch		[mA]		0.14						2		2330.0		6218		3.00E+09		10.05		8.16		18.21		396.28		30.95		427.22		16.08		3.02E+05		400.15		1326.69				6.80E+09		4.43		8.16		12.59		495.34		42.80		538.15				2330.0		5476		7.00E+09		4.88		8.16		13.04		422.43		22.17		444.60

		N bunch				89						3		1553.3		4145		2.75E+09		16.45		5.44		21.88		274.77		37.20		311.97		24.12		4.52E+05		266.77		884.46				6.50E+09		6.96		5.44		12.39		343.46		42.14		385.60				1553.3		3651		6.50E+09		7.89		5.44		13.33		292.91		22.65		315.56

		I total		[mA]		25.04						4		1165.0		3109		2.50E+09		24.12		4.08		28.20		211.90		47.94		259.84		32.17		6.03E+05		200.07		663.35				6.30E+09		9.57		4.08		13.65		264.88		46.41		311.29				1165.0		2738		5.80E+09		11.79		4.08		15.87		225.89		26.97		252.86

		L bunch spacing		[m]		2562						5		932.0		2487		2.25E+09		33.50		3.26		36.76		173.23		62.50		235.73		40.21		7.54E+05		160.06		530.68				6.00E+09		12.56		3.26		15.82		216.54		53.80		270.34				932.0		2190		5.10E+09		16.76		3.26		20.02		184.66		34.03		218.70

		T bunch spacing		[msec]		8.55						6		776.7		2073		2.00E+09		45.23		2.72		47.94		146.93		81.50		228.44		48.25		9.05E+05		133.38		442.23				5.70E+09		15.87		2.72		18.59		183.66		63.20		246.86				776.7		1825		4.50E+09		22.79		2.72		25.51		156.63		43.37		200.00

		a momentum compaction				2.80E-05						7		665.7		1776		1.80E+09		58.63		2.33		60.96		127.84		103.62		231.46		56.29		1.06E+06		114.33		379.06				5.40E+09		19.54		2.33		21.87		159.80		74.36		234.16				665.7		1565		4.00E+09		29.91		2.33		32.24		136.27		54.81		191.09

		DU		[GeV/turn]		3.99						8		582.5		1552		1.60E+09		75.28		2.04		77.32		113.31		131.44		244.75		64.42		1.20E+06		100.04		332.10				5.10E+09		23.62		2.04		25.66		141.64		87.23		228.87				582.5		1369		3.40E+09		40.22		2.04		42.26		120.79		71.84		192.63

		ts		[turns]		46						9		517.8		1382		1.40E+09		96.91		1.81		98.72		101.88		167.83		269.71		72.37		1.36E+06		88.92		294.82				4.80E+09		28.27		1.81		30.08		127.35		102.27		229.61				517.8		1217		2.80E+09		54.94		1.81		56.76		108.60		96.48		205.09

				[msec]		35						10		466.0		1244		1.20E+09		125.63		1.63		127.26		92.63		216.34		308.97		80.42		1.51E+06		80.03		265.34				4.50E+09		33.50		1.63		35.13		115.79		119.45		235.24				466.0		1095		2.00E+09		85.47		1.63		87.10		98.75		148.07		246.81

		sE/E				1.00E-03						11		423.6		1130		1.03E+09		161.00		1.48		162.48		84.99		276.21		361.21		88.46		1.66E+06		72.75		241.22				4.20E+09		39.48		1.48		40.97		106.24		139.28		245.52				423.6		996		1.20E+09		156.69		1.48		158.17		90.60		268.89		359.49

		sz		[mm]		7.5						12		388.3		1036		8.70E+08		207.93		1.36		209.29		78.57		355.80		434.37		96.50		1.81E+06		66.69		221.12				3.90E+09		46.38		1.36		47.74		98.21		162.33		260.54				388.3		913		6.00E+08		341.87		1.36		343.23		83.76		583.48		667.24

		ns				0.133						13		358.5		957		7.30E+08		268.46		1.25		269.71		73.09		458.52		531.61		104.54		1.96E+06		61.56		204.11				3.50E+09		55.99		1.25		57.25		91.36		194.64		286.01

		Vrf		[MV]		4660						14		332.9		888		6.00E+08		351.75		1.17		352.92		68.36		599.96		668.32		112.58		2.11E+06		57.16		189.53				3.00E+09		70.35		1.17		71.52		85.45		243.15		328.60

		f rf		[MHz]		400						15		310.7		829		4.70E+08		481.12		1.09		482.21		64.23		819.75		883.98		120.62		2.26E+06		53.35		176.89

		lrf		[cm]		74.95

		f rev		[kHz]		1.315

		To		[msec]		0.76						P static =		7.0		W/m

		Psr		[MW]		100						filling factor =		0.5

												refrig. cost =		1.7		k$/W @ 4.5K				3.4		k$/W @ 2.5K

												cryomodule. cost =		co*(0.8)^Log(L)*SQRT(1300/f[MHz])				$/active meter

												co =		2.0E+05		@ 4.5K				2.5E+05		@ 2.5K

												P kly =		1.3		MW

												cos fs =		0.517

												fs =		58.9		deg				LEP cryomodule cost =				1.5M		swiss fr.

		Q factor of HOMs										Loss factor calculations

		R/Q =		20		Ohm						cell beam tube rad =		10.6		cm		k cell =		2.79E-01		V/pC

		f HOM =		800		MHz												k fund =		7.26E-02		V/pC

		m =		608365														k par =		2.06E-01		V/pC		P hom =		0.55		kW per cell

		Q loaded =		1.61E+05

												taper beam tube rad =		2		cm		k taper =		8.06E-01		V/pC		P hom =		2.16		kW per 2 tapers

		Q loaded CESR =		8.95E+01								taper length =		28.13		cm

												eta 1 =		0.29

		fundamental mode																k total =		4.10E+00		V/pC		P hom =		10.99		kW per cryomodule

		R+ =		2.20E+07		Ohm

		Rs =		1.40E+08		Ohm																		P hom =		4263.60		kW total

												Phase modulation

		tgr =		10.23		msec

												DV =		0.0155		MV

												h =		304183

												sin fs =		0.856

												Df =		4.43E-03

														0.25		deg





RF system table

								S. Belomestnykh

								6-Mar-01

				Superconducting RF systems

		Parameter				LEP		e+e- at VLHC

		I beam tot		[mA]		6		25.04

		DU		[MeV/turn]		3000		3990

		P beam		[MW]		18.2		100

		f rf		[MHz]		352		400

		V rf tot		[MV]		3500		4660

		E acc (design)		[MV/m]		7.5 (9)		8

		N cell/cav				4		4

		Cavity length		[m]		1.702		1.5

		N cav				288		388

		N cav/cryomodule				4		4

		Modular length		[m]		2.553/12.5		12

		L active		[m]		490		582.5

		N kly				36		97

		SC material				Nb/Cu		Nb/Cu

		R/Q per cell		[Ohm]		464/4		116

		Qo		[109]		>3.2 (6 MV/m)		1.6 (8 MV/m)

		Qext				2x106		1.20E+06

		Input coupler				Coax		Coax

		Prf at window		[kW]		80 (500)		258.00

		Static heat leak per cryomodule		[W]		<90		84

		P refr @ 4.5K		[kW]		64 (4x16)		77.00

		HOM couplers				Coax		Coax

		k - cryomodule loss factor (s, mm)		[V/pC]		5 (10)		4.10

		k tr.		[V/pC/m]		8 (10)
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SRF systems

														S. Belomestnykh

														4-Mar-01

						Superconducting RF systems

		Parameter				LEP		LHC		SOLEIL		CESR		KEK-B (HER)

		I beam tot		[mA]		6		560 (per ring)		500		750		1100

		DU		[MeV/turn]		3000				0.7		1.3		3.5

		P beam		[MW]		18.2				0.4		0.98		4

		f rf		[MHz]		352		400.8		352		500		508.9

		V rf tot		[MV]		3500		32		3.8		7.4		17.9

		E acc (design)		[MV/m]		7.5 (9)		5.3		5		6 (10)		5

		N cell/cav				4		1		1		1		1

		Cavity length		[m]		1.702		0.375		0.425		0.3		0.295

		N cav				288		16 (8+8)		2		4		8

		N cav/cryomodule				4		4		2		1		1

		Modular length		[m]		2.553				3.2		2.86		3.7

		L active		[m]		490		6		0.9		1.2		2.36

		N kly				36				1		4		8

		SC material				Nb/Cu		Nb/Cu		Nb/Cu		Nb		Nb

		R/Q		[Ohm]		465		89		90		89		93

		G - geometry factor		[Ohm]								265.7		252.5

		Qo		[109]		>3.2 (6 MV/m)		>2 (5 MV/m)		3 (6 MV/m)		1 (6 MV/m)		1

		Epk/Eacc				2.3				2		2.5		1.68

		Qext				2x106		var.		2x105		2x105		7x104

		Input coupler				Coax		Coax		Coax		WG		Coax

		Prf at window		[kW]		80 (500)		176 (500)		200		280 (500)		380 (800)

		Static heat leak per cryomodule		[W]		<90		25*		20		30		30

		P refr @ 4.5K		[kW]		4x16				0.15		2x0.6

		HOM couplers				Coax		Coax		Coax		Beam-line		Beam-line

		k - cryomodule loss factor (s, mm)		[V/pC]		1.76 (13) / 5 (10)				3 (5)		0.48 (13) / 0.6 (10)		1.8 (4)

		k tr.		[V/pC/m]		8 (10)

								*without couplers & second beam tube, 2 cavities
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Gradient opt. var.
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Cryomodule cost
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e+e- at VLHC

														S. Belomestnykh

														6-Mar-01

						Superconducting RF systems

		Parameter				LEP		LHC		SOLEIL		CESR		KEK-B (HER)		e+e- at VLHC

		I beam tot		[mA]		6		560 (per ring)		500		750		1100		25.04

		DU		[MeV/turn]		3000				0.7		1.3		3.5		3990

		P beam		[MW]		18.2				0.4		0.98		4		100

		f rf		[MHz]		352		400.8		352		500		508.9		400

		V rf tot		[MV]		3500				3.8		7.4		17.9		4660

		E acc (design)		[MV/m]		7.5 (9)		5.3		5		6 (10)		5		8

		N cell/cav				4		1		1		1		1		4

		Cavity length		[m]		1.702		0.375		0.425		0.3		0.295		0.375

		N cav				288		16 (8+8)		2		4		8		388

		N cav/cryomodule				4		4		2		1		1		4

		Modular length		[m]		2.553/12.5				3.2		2.86		3.7		3

		L active		[m]		490		6		0.9		1.2		2.36		582.5

		N kly				36				1		4		8		97

		SC material				Nb/Cu		Nb/Cu		Nb/Cu		Nb		Nb		Nb/Cu

		R/Q per cell		[Ohm]		464/4		89		90		89		93		116

		G - geometry factor		[Ohm]								265.7		252.5

		Qo		[109]		>3.2 (6 MV/m)		>2 (5 MV/m)		3 (6 MV/m)		1 (6 MV/m)		1		1.6 (8 MV/m)

		Epk/Eacc				2.3				2		2.5		1.68

		Qext				2x106		var.		2x105		2x105		7x104		1.20E+06

		Input coupler				Coax		Coax		Coax		WG		Coax

		Prf at window		[kW]		80 (500)		176 (500)		200		280 (500)		380 (800)		257.66

		Static heat leak per cryomodule		[W]		<90		25*		20		30		30

		P refr @ 4.5K		[kW]		64 (4x16)				0.15		1.2 (2x0.6)				77.32

		HOM couplers				Coax		Coax		Coax		Beam-line		Beam-line

		k - cryomodule loss factor (s, mm)		[V/pC]		5 (10)				3 (5)		0.48 (13) / 0.6 (10)		1.8 (4)		4.10

		k tr.		[V/pC/m]		8 (10)

								*without couplers & second beam tube, 2 cavities

		c =		3.00E+08		m/sec

		e =		8.85E+00		pF/m

		e+e- @ VLHC: selected parameters										Cost estimate / gradient optimization

																																																										350 MHz

		E		[GeV]		184						Eacc [MV/m]		L active [m]		N cell		Qo @ 4.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]		Pcell [kW]		Qext		Df [Hz] beam loading		bandwidth [Hz]				Qo @ 2.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]				L active [m]		N cell		Qo @ 4.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]

		P		[m]		228,000						1		4660.0		12435		3.20E+09		4.71		16.31		21.02		741.06		35.74		776.80		8.0416469957		1.51E+05		800.30		2653.39				7.10E+09		2.12		16.31		18.43		926.33		62.67		989.00				4660.0		10952		7.50E+09		2.28		16.31		18.59		789.97		31.60		821.58

		I bunch		[mA]		0.14						2		2330.0		6218		3.00E+09		10.05		8.16		18.21		396.28		30.95		427.22		16.08		3.02E+05		400.15		1326.69				6.80E+09		4.43		8.16		12.59		495.34		42.80		538.15				2330.0		5476		7.00E+09		4.88		8.16		13.04		422.43		22.17		444.60

		N bunch				89						3		1553.3		4145		2.75E+09		16.45		5.44		21.88		274.77		37.20		311.97		24.12		4.52E+05		266.77		884.46				6.50E+09		6.96		5.44		12.39		343.46		42.14		385.60				1553.3		3651		6.50E+09		7.89		5.44		13.33		292.91		22.65		315.56

		I total		[mA]		25.04						4		1165.0		3109		2.50E+09		24.12		4.08		28.20		211.90		47.94		259.84		32.17		6.03E+05		200.07		663.35				6.30E+09		9.57		4.08		13.65		264.88		46.41		311.29				1165.0		2738		5.80E+09		11.79		4.08		15.87		225.89		26.97		252.86

		L bunch spacing		[m]		2562						5		932.0		2487		2.25E+09		33.50		3.26		36.76		173.23		62.50		235.73		40.21		7.54E+05		160.06		530.68				6.00E+09		12.56		3.26		15.82		216.54		53.80		270.34				932.0		2190		5.10E+09		16.76		3.26		20.02		184.66		34.03		218.70

		T bunch spacing		[msec]		8.55						6		776.7		2073		2.00E+09		45.23		2.72		47.94		146.93		81.50		228.44		48.25		9.05E+05		133.38		442.23				5.70E+09		15.87		2.72		18.59		183.66		63.20		246.86				776.7		1825		4.50E+09		22.79		2.72		25.51		156.63		43.37		200.00

		a momentum compaction				2.80E-05						7		665.7		1776		1.80E+09		58.63		2.33		60.96		127.84		103.62		231.46		56.29		1.06E+06		114.33		379.06				5.40E+09		19.54		2.33		21.87		159.80		74.36		234.16				665.7		1565		4.00E+09		29.91		2.33		32.24		136.27		54.81		191.09

		DU		[GeV/turn]		3.99						8		582.5		1552		1.60E+09		75.28		2.04		77.32		113.31		131.44		244.75		64.42		1.20E+06		100.04		332.10				5.10E+09		23.62		2.04		25.66		141.64		87.23		228.87				582.5		1369		3.40E+09		40.22		2.04		42.26		120.79		71.84		192.63

		ts		[turns]		46						9		517.8		1382		1.40E+09		96.91		1.81		98.72		101.88		167.83		269.71		72.37		1.36E+06		88.92		294.82				4.80E+09		28.27		1.81		30.08		127.35		102.27		229.61				517.8		1217		2.80E+09		54.94		1.81		56.76		108.60		96.48		205.09

				[msec]		35						10		466.0		1244		1.20E+09		125.63		1.63		127.26		92.63		216.34		308.97		80.42		1.51E+06		80.03		265.34				4.50E+09		33.50		1.63		35.13		115.79		119.45		235.24				466.0		1095		2.00E+09		85.47		1.63		87.10		98.75		148.07		246.81

		sE/E				1.00E-03						11		423.6		1130		1.03E+09		161.00		1.48		162.48		84.99		276.21		361.21		88.46		1.66E+06		72.75		241.22				4.20E+09		39.48		1.48		40.97		106.24		139.28		245.52				423.6		996		1.20E+09		156.69		1.48		158.17		90.60		268.89		359.49

		sz		[mm]		7.5						12		388.3		1036		8.70E+08		207.93		1.36		209.29		78.57		355.80		434.37		96.50		1.81E+06		66.69		221.12				3.90E+09		46.38		1.36		47.74		98.21		162.33		260.54				388.3		913		6.00E+08		341.87		1.36		343.23		83.76		583.48		667.24

		ns				0.133						13		358.5		957		7.30E+08		268.46		1.25		269.71		73.09		458.52		531.61		104.54		1.96E+06		61.56		204.11				3.50E+09		55.99		1.25		57.25		91.36		194.64		286.01

		Vrf		[MV]		4660						14		332.9		888		6.00E+08		351.75		1.17		352.92		68.36		599.96		668.32		112.58		2.11E+06		57.16		189.53				3.00E+09		70.35		1.17		71.52		85.45		243.15		328.60

		f rf		[MHz]		400						15		310.7		829		4.70E+08		481.12		1.09		482.21		64.23		819.75		883.98		120.62		2.26E+06		53.35		176.89

		lrf		[cm]		74.95

		f rev		[kHz]		1.315

		To		[msec]		0.76						P static =		7.0		W/m

		Psr		[MW]		100						filling factor =		0.5

												refrig. cost =		1.7		k$/W @ 4.5K				3.4		k$/W @ 2.5K

												cryomodule. cost =		co*(0.8)^Log(L)*SQRT(1300/f[MHz])				$/active meter

												co =		2.0E+05		@ 4.5K				2.5E+05		@ 2.5K

												P kly =		1.3		MW

												cos fs =		0.517

												fs =		58.9		deg				LEP cryomodule cost =				1.5M		swiss fr.

		Q factor of HOMs										Loss factor calculations

		R/Q =		20		Ohm						cell beam tube rad =		10.6		cm		k cell =		2.79E-01		V/pC

		f HOM =		800		MHz												k fund =		7.26E-02		V/pC

		m =		608365														k par =		2.06E-01		V/pC		P hom =		0.55		kW per cell

		Q loaded =		1.61E+05

												taper beam tube rad =		2		cm		k taper =		8.06E-01		V/pC		P hom =		2.16		kW per 2 tapers

		Q loaded CESR =		8.95E+01								taper length =		28.13		cm

												eta 1 =		0.29

		fundamental mode																k total =		4.10E+00		V/pC		P hom =		10.99		kW per cryomodule

		R+ =		2.20E+07		Ohm

		Rs =		1.40E+08		Ohm																		P hom =		4263.60		kW total

												Phase modulation

		tgr =		10.23		msec

												DV =		0.0155		MV

												h =		304183

												sin fs =		0.856

												Df =		4.43E-03

														0.25		deg





RF system table

								S. Belomestnykh

								6-Mar-01

				Superconducting RF systems

		Parameter				LEP		e+e- at VLHC

		I beam tot		[mA]		6		25.04

		DU		[MeV/turn]		3000		3990

		P beam		[MW]		18.2		100

		f rf		[MHz]		352		400

		V rf tot		[MV]		3500		4660

		E acc (design)		[MV/m]		7.5 (9)		8

		N cell/cav				4		4

		Cavity length		[m]		1.702		1.5

		N cav				288		388

		N cav/cryomodule				4		4

		Modular length		[m]		2.553/12.5		12

		L active		[m]		490		582.5

		N kly				36		97

		SC material				Nb/Cu		Nb/Cu

		R/Q per cell		[Ohm]		464/4		116

		Qo		[109]		>3.2 (6 MV/m)		1.6 (8 MV/m)

		Qext				2x106		1.20E+06

		Input coupler				Coax		Coax

		Prf at window		[kW]		80 (500)		258.00

		Static heat leak per cryomodule		[W]		<90		84

		P refr @ 4.5K		[kW]		64 (4x16)		77.00

		HOM couplers				Coax		Coax

		k - cryomodule loss factor (s, mm)		[V/pC]		5 (10)		4.10

		k tr.		[V/pC/m]		8 (10)
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SRF systems

														S. Belomestnykh

														4-Mar-01

						Superconducting RF systems

		Parameter				LEP		LHC		SOLEIL		CESR		KEK-B (HER)

		I beam tot		[mA]		6		560 (per ring)		500		750		1100

		DU		[MeV/turn]		3000				0.7		1.3		3.5

		P beam		[MW]		18.2				0.4		0.98		4

		f rf		[MHz]		352		400.8		352		500		508.9

		V rf tot		[MV]		3500		32		3.8		7.4		17.9

		E acc (design)		[MV/m]		7.5 (9)		5.3		5		6 (10)		5

		N cell/cav				4		1		1		1		1

		Cavity length		[m]		1.702		0.375		0.425		0.3		0.295

		N cav				288		16 (8+8)		2		4		8

		N cav/cryomodule				4		4		2		1		1

		Modular length		[m]		2.553				3.2		2.86		3.7

		L active		[m]		490		6		0.9		1.2		2.36

		N kly				36				1		4		8

		SC material				Nb/Cu		Nb/Cu		Nb/Cu		Nb		Nb

		R/Q		[Ohm]		465		89		90		89		93

		G - geometry factor		[Ohm]								265.7		252.5

		Qo		[109]		>3.2 (6 MV/m)		>2 (5 MV/m)		3 (6 MV/m)		1 (6 MV/m)		1

		Epk/Eacc				2.3				2		2.5		1.68

		Qext				2x106		var.		2x105		2x105		7x104

		Input coupler				Coax		Coax		Coax		WG		Coax

		Prf at window		[kW]		80 (500)		176 (500)		200		280 (500)		380 (800)

		Static heat leak per cryomodule		[W]		<90		25*		20		30		30

		P refr @ 4.5K		[kW]		4x16				0.15		2x0.6

		HOM couplers				Coax		Coax		Coax		Beam-line		Beam-line

		k - cryomodule loss factor (s, mm)		[V/pC]		1.76 (13) / 5 (10)				3 (5)		0.48 (13) / 0.6 (10)		1.8 (4)

		k tr.		[V/pC/m]		8 (10)

								*without couplers & second beam tube, 2 cavities
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Gradient opt. var.
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e+e- at VLHC

														S. Belomestnykh

														6-Mar-01

						Superconducting RF systems

		Parameter				LEP		LHC		SOLEIL		CESR		KEK-B (HER)		e+e- at VLHC

		I beam tot		[mA]		6		560 (per ring)		500		750		1100		25.04

		DU		[MeV/turn]		3000				0.7		1.3		3.5		3990

		P beam		[MW]		18.2				0.4		0.98		4		100

		f rf		[MHz]		352		400.8		352		500		508.9		400

		V rf tot		[MV]		3500				3.8		7.4		17.9		4660

		E acc (design)		[MV/m]		7.5 (9)		5.3		5		6 (10)		5		8

		N cell/cav				4		1		1		1		1		4

		Cavity length		[m]		1.702		0.375		0.425		0.3		0.295		0.375

		N cav				288		16 (8+8)		2		4		8		388

		N cav/cryomodule				4		4		2		1		1		4

		Modular length		[m]		2.553/12.5				3.2		2.86		3.7		3

		L active		[m]		490		6		0.9		1.2		2.36		582.5

		N kly				36				1		4		8		97

		SC material				Nb/Cu		Nb/Cu		Nb/Cu		Nb		Nb		Nb/Cu

		R/Q per cell		[Ohm]		464/4		89		90		89		93		116

		G - geometry factor		[Ohm]								265.7		252.5

		Qo		[109]		>3.2 (6 MV/m)		>2 (5 MV/m)		3 (6 MV/m)		1 (6 MV/m)		1		1.6 (8 MV/m)

		Epk/Eacc				2.3				2		2.5		1.68

		Qext				2x106		var.		2x105		2x105		7x104		1.20E+06

		Input coupler				Coax		Coax		Coax		WG		Coax

		Prf at window		[kW]		80 (500)		176 (500)		200		280 (500)		380 (800)		257.66

		Static heat leak per cryomodule		[W]		<90		25*		20		30		30

		P refr @ 4.5K		[kW]		64 (4x16)				0.15		1.2 (2x0.6)				77.32

		HOM couplers				Coax		Coax		Coax		Beam-line		Beam-line

		k - cryomodule loss factor (s, mm)		[V/pC]		5 (10)				3 (5)		0.48 (13) / 0.6 (10)		1.8 (4)		4.10

		k tr.		[V/pC/m]		8 (10)

								*without couplers & second beam tube, 2 cavities

		c =		3.00E+08		m/sec

		e =		8.85E+00		pF/m

		e+e- @ VLHC: selected parameters										Cost estimate / gradient optimization

																																																										350 MHz

		E		[GeV]		184						Eacc [MV/m]		L active [m]		N cell		Qo @ 4.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]		Pcell [kW]		Qext		Df [Hz] beam loading		bandwidth [Hz]				Qo @ 2.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]				L active [m]		N cell		Qo @ 4.5K		Prf [kW]		P st [kW]		P cryo [kW]		Cost cryomodule [M$]		Cost refrig [M$]		Total [M$]

		P		[m]		228,000						1		4660.0		12435		3.20E+09		4.71		16.31		21.02		741.06		35.74		776.80		8.0416469957		1.51E+05		800.30		2653.39				7.10E+09		2.12		16.31		18.43		926.33		62.67		989.00				4660.0		10952		7.50E+09		2.28		16.31		18.59		789.97		31.60		821.58

		I bunch		[mA]		0.14						2		2330.0		6218		3.00E+09		10.05		8.16		18.21		396.28		30.95		427.22		16.08		3.02E+05		400.15		1326.69				6.80E+09		4.43		8.16		12.59		495.34		42.80		538.15				2330.0		5476		7.00E+09		4.88		8.16		13.04		422.43		22.17		444.60

		N bunch				89						3		1553.3		4145		2.75E+09		16.45		5.44		21.88		274.77		37.20		311.97		24.12		4.52E+05		266.77		884.46				6.50E+09		6.96		5.44		12.39		343.46		42.14		385.60				1553.3		3651		6.50E+09		7.89		5.44		13.33		292.91		22.65		315.56

		I total		[mA]		25.04						4		1165.0		3109		2.50E+09		24.12		4.08		28.20		211.90		47.94		259.84		32.17		6.03E+05		200.07		663.35				6.30E+09		9.57		4.08		13.65		264.88		46.41		311.29				1165.0		2738		5.80E+09		11.79		4.08		15.87		225.89		26.97		252.86

		L bunch spacing		[m]		2562						5		932.0		2487		2.25E+09		33.50		3.26		36.76		173.23		62.50		235.73		40.21		7.54E+05		160.06		530.68				6.00E+09		12.56		3.26		15.82		216.54		53.80		270.34				932.0		2190		5.10E+09		16.76		3.26		20.02		184.66		34.03		218.70

		T bunch spacing		[msec]		8.55						6		776.7		2073		2.00E+09		45.23		2.72		47.94		146.93		81.50		228.44		48.25		9.05E+05		133.38		442.23				5.70E+09		15.87		2.72		18.59		183.66		63.20		246.86				776.7		1825		4.50E+09		22.79		2.72		25.51		156.63		43.37		200.00

		a momentum compaction				2.80E-05						7		665.7		1776		1.80E+09		58.63		2.33		60.96		127.84		103.62		231.46		56.29		1.06E+06		114.33		379.06				5.40E+09		19.54		2.33		21.87		159.80		74.36		234.16				665.7		1565		4.00E+09		29.91		2.33		32.24		136.27		54.81		191.09

		DU		[GeV/turn]		3.99						8		582.5		1552		1.60E+09		75.28		2.04		77.32		113.31		131.44		244.75		64.42		1.20E+06		100.04		332.10				5.10E+09		23.62		2.04		25.66		141.64		87.23		228.87				582.5		1369		3.40E+09		40.22		2.04		42.26		120.79		71.84		192.63

		ts		[turns]		46						9		517.8		1382		1.40E+09		96.91		1.81		98.72		101.88		167.83		269.71		72.37		1.36E+06		88.92		294.82				4.80E+09		28.27		1.81		30.08		127.35		102.27		229.61				517.8		1217		2.80E+09		54.94		1.81		56.76		108.60		96.48		205.09

				[msec]		35						10		466.0		1244		1.20E+09		125.63		1.63		127.26		92.63		216.34		308.97		80.42		1.51E+06		80.03		265.34				4.50E+09		33.50		1.63		35.13		115.79		119.45		235.24				466.0		1095		2.00E+09		85.47		1.63		87.10		98.75		148.07		246.81

		sE/E				1.00E-03						11		423.6		1130		1.03E+09		161.00		1.48		162.48		84.99		276.21		361.21		88.46		1.66E+06		72.75		241.22				4.20E+09		39.48		1.48		40.97		106.24		139.28		245.52				423.6		996		1.20E+09		156.69		1.48		158.17		90.60		268.89		359.49

		sz		[mm]		7.5						12		388.3		1036		8.70E+08		207.93		1.36		209.29		78.57		355.80		434.37		96.50		1.81E+06		66.69		221.12				3.90E+09		46.38		1.36		47.74		98.21		162.33		260.54				388.3		913		6.00E+08		341.87		1.36		343.23		83.76		583.48		667.24

		ns				0.133						13		358.5		957		7.30E+08		268.46		1.25		269.71		73.09		458.52		531.61		104.54		1.96E+06		61.56		204.11				3.50E+09		55.99		1.25		57.25		91.36		194.64		286.01

		Vrf		[MV]		4660						14		332.9		888		6.00E+08		351.75		1.17		352.92		68.36		599.96		668.32		112.58		2.11E+06		57.16		189.53				3.00E+09		70.35		1.17		71.52		85.45		243.15		328.60

		f rf		[MHz]		400						15		310.7		829		4.70E+08		481.12		1.09		482.21		64.23		819.75		883.98		120.62		2.26E+06		53.35		176.89

		lrf		[cm]		74.95

		f rev		[kHz]		1.315

		To		[msec]		0.76						P static =		7.0		W/m

		Psr		[MW]		100						filling factor =		0.5

												refrig. cost =		1.7		k$/W @ 4.5K				3.4		k$/W @ 2.5K

												cryomodule. cost =		co*(0.8)^Log(L)*SQRT(1300/f[MHz])				$/active meter

												co =		2.0E+05		@ 4.5K				2.5E+05		@ 2.5K

												P kly =		1.3		MW

												cos fs =		0.517

												fs =		58.9		deg				LEP cryomodule cost =				1.5M		swiss fr.

		Q factor of HOMs										Loss factor calculations

		R/Q =		20		Ohm						cell beam tube rad =		10.6		cm		k cell =		2.79E-01		V/pC

		f HOM =		800		MHz												k fund =		7.26E-02		V/pC

		m =		608365														k par =		2.06E-01		V/pC		P hom =		0.55		kW per cell

		Q loaded =		1.61E+05

												taper beam tube rad =		2		cm		k taper =		8.06E-01		V/pC		P hom =		2.16		kW per 2 tapers

		Q loaded CESR =		8.95E+01								taper length =		28.13		cm

												eta 1 =		0.29

		fundamental mode																k total =		4.10E+00		V/pC		P hom =		10.99		kW per cryomodule

		R+ =		2.20E+07		Ohm

		Rs =		1.40E+08		Ohm																		P hom =		4263.60		kW total

												Phase modulation

		tgr =		10.23		msec

												DV =		0.0155		MV

												h =		304183

												sin fs =		0.856

												Df =		4.43E-03

														0.25		deg
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				Superconducting RF systems

		Parameter				LEP		e+e- at VLHC

		I beam tot		[mA]		6		25.04

		DU		[MeV/turn]		3000		3990

		P beam		[MW]		18.2		100

		f rf		[MHz]		352		400

		V rf tot		[MV]		3500		4660

		E acc (design)		[MV/m]		7.5 (9)		8

		N cell/cav				4		4

		Cavity length		[m]		1.702		1.5

		N cav				288		388

		N cav/cryomodule				4		4

		Modular length		[m]		2.553/12.5		12

		L active		[m]		490		582.5

		N kly				36		97

		SC material				Nb/Cu		Nb/Cu

		R/Q per cell		[Ohm]		464/4		116

		Qo		[109]		>3.2 (6 MV/m)		1.6 (8 MV/m)

		Qext				2x106		1.20E+06

		Input coupler				Coax		Coax

		Prf at window		[kW]		80 (500)		258.00

		Static heat leak per cryomodule		[W]		<90		84

		P refr @ 4.5K		[kW]		64 (4x16)		77.00

		HOM couplers				Coax		Coax

		k - cryomodule loss factor (s, mm)		[V/pC]		5 (10)		4.10

		k tr.		[V/pC/m]		8 (10)
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