Thoughts on RF Frequency Configuration for PX
Based on 12/22/09 presentation of Yakovlev, Solyak, and Gonin
SH: 12/31/09



Transit Time Effects

 	(for N odd; see Gerigk for N even)

In IC-1 and IC-2 we make the switch to 1.3 GHz cavities at 450 MeV. From 450 to 1250 MeV we use 11-cell, beta=0.8, cavities and from 1250 MeV to the end of the linac we use 9-cell, beta=1.0, cavities. These cavities are assumed to have individually controlled (amplitude/phase) power sources. Even so transit time effects are significant:
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Acceleration efficiency from transit time factor for an 11-cell, 1.3 GHz cavity, tuned to beta=0.8 (625 MeV)

The average acceleration efficiency over the entire energy range 450-1250 MeV is 82%. 
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Acceleration efficiency from transit time factor for an 9-cell, 1.3 GHz cavity, tuned to beta=1.0

The average acceleration efficiency over the energy range 1250-3000 MeV is 86%
The average acceleration efficiency over the energy range 1500-3000 MeV is 89%
The average acceleration efficiency over the energy range 2000-3000 MeV is 93%


Proposal: Switch to 650 MHz, 5 cell structure from at least 450-2000 MeV

650 MHz, 5-cell, beta=0.9 cavity is exactly the same length as a 1300 MHz, 9-cell, beta=1.0 cavity; 650 MHz, 5-cell, beta=0.8 cavity is about 11% shorter than 1300 MHz, 9-cell, beta=1.0 cavity.

Deploy two types: beta=0.8, 0.9
Add beta=0.6 if want to eliminate TSR.

Comment: The primary gain from this is based on the reduction of the number of cells, not any inherent advantage of the lower frequency.

Bottom Line: Based on transit time factors we can increase the effective acceleration gradient, i.e. reduce the number and total length of cavities by switching from a 9/11 cell cavity to a 5 cell cavity. If we are to do so, the natural choice, at least in the intermediate stages, is to drop the frequency to 650 MHz – opening the aperture and reducing the frequency jump required at low energy.
~ 20% reduction in total length over the range 450-1250 MeV (11 cell, beta=0.8)
~26% reduction in total length over the range 1250-2000 MeV (9 cell, beta=1)
~7% reduction in total length over the range 2000-3000 MeV (9 cell, beta=1)



Cavity Shape
650 and 1300 MHz cavities are compared by assuming Bmax at the cavity surface is 72 mT. The 650 MHz cavity shape is optimized for low loss (minimized Bsurf/Eacc). This results in a 100 mm aperture. (The aperture would be 140 mm if scaled directly from the ILC shape.) The gain in Eacc for fixed Bmax is about 14%.

The 1300 MHz cavity is the ILC (aka TTF) shape, with an aperture of 70 mm.  A low loss cavity design exists (done by ILC, see talk by J. Sekutowicz w/ Nikolay S. as co-author) that results in a reduction of about 13% in Bsurf/Eacc as compared to the TTF shape.

The resultant energy gain vs. beam energy is here (TTF shape for 1300 MHz):
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Energy gain per cavity for 650 MHz and 1300 MHz (TTF) cavities.
· The 650 MHz cavities are optimized for low loss, the 1300 MHz cavities are of the TTF shape, not optimized for low loss. 
· The 650 MHz cavities have an aperture of 100 mm, the 1300 MHz cavities are 70 mm.
· Two types of cavities are used in each case
·  650 MHz: =0.8 from 470-850 MeV, =0.9 from 850-3000 MeV
· 1300 MHz: =0.8 from 470-1200 MeV, =0.9 from 1200-3000 MeV

I don’t believe we are doing a legitimate apples-to-apples comparison above 1750 MeV. If we were to do a 1300 MHz low loss cavity, tuned to =0.95, we would end up with something like this:



The ratio of total acceleration over the range 2000-3000 MeV for 1300-to-650 MHz is 89% (TTF). If we were to design the 9-cell, 1300 MHz, cavity to =0.95, the ratio becomes 99%, but at the moment as we are developing 1300 MHz cavities and cryomodules at =1.0.)

Issues w/ 1300 MHz low loss cavity design:
· Aperture is 60 mm
· Need to confirm at what energy this becomes ok for losses.
· Cavity-to-cavity coupling reduced by 20%
· Need to confirm can maintain field flatness
· R/Q increases 15%, Q0 increases 5%
· Less stored energy for same gradient (15%)
· Less power dissipated to cryo system (19%)
· 15% increase is Eacc /Bsurf as compared to the TTF shape
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Bottom Line: 
1. It is pretty clear that we are better off accelerating with 650 MHz 5-cell cavities, optimized for low loss, up to ~1750 MeV.

2. I don’t believe we are doing a legitimate apples-to-apples comparison above 1750 MeV. A 1300 MHz low loss cavity we would be very competitive, and could well end up costing significantly less. The issue here is whether the aperture is sufficient, or at what energy this aperture becomes sufficient.


Cryogenic Requirements
For the same gradient and Q0 the total heat load/length for a 650 MHz cavity should be twice that of a 1300 MHz cavity (factor of 4 from the volume, factor of ½ from the frequency).  Yakovlev et al argue on slide 11 that the Q0 of a 650 MHz cavity should be a factor of two higher than for a 1300 MHz cavity based on reduced BCS losses, resulting in the same power dissipation in 650 and 1300 MHz cavities. 

Issues
· Is the increase of a factor of two in Q0 a reasonable assumption?


Bottom Line: For now assume that the cryogenic losses/length are the same for 650 and 1300 MHz. 





Incremental Cost/GeV





Model assumptions (see spreadsheet):
All costs are “base”: no overhead, contingency, or escalation
Energy gain per cavity is given by transit time factor and 72 mT on cavity surface
Does not include associated R&D or infrastructure costs
Cryomodules
650 and 1300 MHz cryomodules both contain 8 cavities, and cavities are the same length
Inter-CM spacing is 10 m
M&S cost of 650 MHz cavity is 3x cost of 1300 MHz cavity ($300k vs $100K)
	2x diameter, 1.5x wall thickness
	Processing costs are the same
	All 1300 MHz cavities are completely costed on Project X
M&S cost of CM, exclusive of cavities, at 650 is 1.33x cost at 1300 MHz ($1319 vs. $989K) 
SWF cost of 650 MHz cavity/cryomodule = SWF cost of 1300 cavity/cryomodule
 1300/650 MHz cryomodule cost is $2631K/$4561K

Civil Construction
Incremental cost per cryomodule (10 m) is $514K
Includes tunnel enclosure, utilities, and klystron gallery + contractor overhead/ profit @20%

RF Power
Incremental cost per cryomodule (7.6 cavities) is $2204K
Includes power supply, power tube, waveguide, LLRF

Cryogenics
Total cryogenic load per cryomodule is independent of frequency
Incremental cost per cryomodule (10 m) is $115K
Includes distribution

Controls and Instrumentation
Small, so not yet included

Note: The red and blue curves have very similar slopes above ~1800 MeV. This means conclusions on relative costs are very sensitive to the individual cost assumptions.

Arguments for 1300 MHz
Cheaper above ~2000 MeV (TTF cavity), ~1000 MeV (LL, =0.95 cavity)
Microphonics: 4×bandwidth of 650 MHz
Cryogenics: Potential 20% reduction in cryoload with LL, =0.95 cavity
Collaborators: Joint development with ILC
Some number of usable cavities ( =1.0) will be generated by the ILC/SRF development program (off-project)
Large existing infrastructure investment



Arguments for 650 MHz
Cheaper below ~2000 MeV (TTF), ~1000 MeV (LL, =0.95 cavity)
Particle losses: 40-60% larger aperture than 1300 MHz
Beam stability: BBU reduced at lower frequency (issue at these currents?)
Collaborators: Similar to SNS, SPL, and ESS development



What do we need to refine this analysis?
1. A real design and cost estimate for a 650 MHz cryomodule
2. A design for a LL, =0.95 cavity (w/ Cornell)
3. Cryogenic loads with real designs of 650 MHz and 1300 MHz cavities
4. Need cost analysis of 650 elliptical vs. 325 TSR for intermediate energy section.


R&D Issues
· Losses vs aperture as a function of beam energy
· BBU – at what intensity does it matter?
· Evaluate ability to achieve Q0×2 for 650 MHz
· Evaluate ability to control microphonics at 650 MHz
· Evaluate any issues related to reduced cell-to-cell coupling in LL, 1300 MHz cavity

We need (eventually) prototype 650 MHz 5-cell and 1300 MHz LL, =0.95, 9-cell cavities
5-cell, beta=0.9, 650 MHz	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	2600	2650	2700	2750	2800	2850	2900	2950	3000	71025.021032905948	70192.628407049007	69522.463110626719	68980.466384439249	68540.762683398716	68183.418280691476	67892.88847584906	67656.920147602767	67465.762221389901	67311.588562962337	67188.070079862999	67090.053340847517	67013.316364216502	66954.38106597343	66910.367820977641	66878.881677399666	66857.922608625377	66845.814192893697	66841.146544247968	66842.730354529485	66849.559663429303	66860.781532749708	66875.671217800729	66893.611742278546	66914.077020645622	66936.617853662159	66960.85026254876	66986.445735645801	67013.123045998087	67040.641364671217	67068.79444701325	67097.40571067702	67126.324057413542	67155.420317266762	67184.584215242183	67213.721777873609	67242.753111211365	67271.610493256929	67300.236733288839	67328.583758266221	67356.611392881066	9-cell (TTF), beta=1.0, 1300 MHz	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	2600	2650	2700	2750	2800	2850	2900	2950	3000	151396.82559162998	134116.12628916188	121456.36656175548	111844.92985633995	104341.62005050824	98351.516456293917	93480.800446753929	89459.007706159522	86094.620416482052	83248.472002065377	80817.173448263231	78722.428823547263	76903.942880294446	75314.591376319222	73917.057479665353	72681.442023093186	71583.535117528503	70603.545898284458	69725.155345546766	68934.800652355087	68221.128004821265	67574.569514371076	66987.012811486187	66451.540589162803	65962.223509050949	65513.954214937366	65102.313300686801	64723.460327995141	64374.044636405866	64051.131907093142	63752.143352818195	63474.805093219271	63217.105796743301	62977.261070665321	62753.683389588929	62544.956593043207	62349.814170826867	62167.120702874076	61995.855937796623	61835.101087811148	61684.026992726984	9-cell (LL), beta=0.95, 1300 MHz	1000	1050	1100	1150	1200	1250	1300	1350	1400	1450	1500	1550	1600	1650	1700	1750	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	2600	2650	2700	2750	2800	2850	2900	2950	3000	71481.042787659724	67485.050105715753	64375.583714738168	61913.048490324727	59934.798640777808	58326.840845641091	57007.10582694874	55915.140836133542	55005.530606064422	54243.568465356868	53602.331518778097	53060.657876346129	52601.718516697743	52211.990210344768	51880.504543388044	51598.290556374661	51357.955442944018	51153.365201131979	50979.398659719242	50831.756058591272	50706.808667008263	50601.479607249261	50513.148644874491	50439.57555707993	50378.838026433528	50329.280982579628	50289.475034069939	50258.182168600673	50234.327303064121	50216.974570571059	50205.307465383841	50198.612146827116	50196.263343034283	50197.712404617007	50202.477144246535	50210.133166104773	50220.306443255788	50232.666944274431	50246.923145290282	50262.817291753563	50280.121297094309	Beam Energy  (MeV)
Incremental $/MeV
5-cell, beta=0.9, 650 MHz	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	2600	2650	2700	2750	2800	2850	2900	2950	3000	1.0235263658800569	1.0237117669092777	1.0237832547141612	1.023758996602079	1.023654410027957	1.0234826005492876	1.0232547249511841	1.0229802932683678	1.0226674207399269	1.022323038601995	1.0219530709300131	1.0215625833911359	1.0211559086856061	1.0207367525865858	1.020308283787019	1.0198732101948786	1.0194338438578454	1.0189921563234079	1.0185498259341981	1.018108278307295	1.0176687210400224	1.0172321735147953	1.0167994925350434	1.0163713944078752	1.0159484739923976	9-cell (LL), beta=1.0, 1300 MHz	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	2600	2650	2700	2750	2800	2850	2900	2950	3000	0.81201277621403722	0.82328365158514949	0.83365529691446993	0.84321336294476468	0.85203435917816339	0.86018668708851365	0.86773155933342971	0.87472381477757477	0.8812126394439006	0.8872422032609697	0.89285222191000269	0.89807845234840644	0.90295312979490028	0.90750535316554215	0.91176142518555503	0.91574515268907553	0.91947811196686802	0.92297988343406434	0.92626825936472068	0.92935942797448046	0.93226813672199349	0.93500783733920056	0.93759081478479256	0.9400283020392306	0.94233058241889622	9-cell (LL), beta=0.95, 1300 MHz	1800	1850	1900	1950	2000	2050	2100	2150	2200	2250	2300	2350	2400	2450	2500	2550	2600	2650	2700	2750	2800	2850	2900	2950	3000	0.98466280024562658	0.98860100449892463	0.99197459269555677	0.99485581735656636	0.99730725618002225	0.99938319222773442	1.0011307863001464	1.002591073830738	1.0037998136202626	1.0047882114358671	1.0055835378492066	1.0062096566026151	1.0066874771955945	1.007035343203956	1.0072693660168737	1.0074037121469648	1.0074508509876359	1.0074217688192517	1.0073261539671849	1.0071725572613639	1.0069685313146988	1.0067207516065093	1.0064351219101353	1.0061168662273985	1.0057706090749192	Beam Energy
Energy gain per cavity
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