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• Present status with 100 mA user beam

• RF for 500 mA in Spear3

• Injector RF for top off – Status & Options

• Spear3 and PEP2 RF
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User beam as of April 2006User beam as of April 2006
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SSRL Beamlines as of April 2006SSRL Beamlines as of April 2006

Total Run Electron Beam Intensity Integral: 298.343 Ah

269.07508032.621.9961613Open11
198.77186616.291.27223.815Open10
163.99485149.641.9324.68Open9
272.5614-1.24948-Open8

0.00483241.581.93617.310Closed7
261.117565.520.84516.127Open6
177.83864.940.28950.210Open5
273.5156114.170.6661.810Open4

0.0014-1.24948-Closed3
222.4614-1.24948-Open2
271.7614-1.24948-Open1

Yield/AhPwr/WKField/TGap/mmPeriodBeamline
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SSRL Overall LayoutSSRL Overall Layout
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Injector LinacInjector Linac

RF Gun : 1.5-cell, standing wave, 
thermionic RF gun at 2.856 GHz.
2 μs, 3 MW peak, 2 MeV, 
~4000 bunches of ~100 ps length

α-Magnet : bunch compressed to 
300 fs

Chopper : Selects 3~5 bunches to 
the linac

Linac : 10-foot sections, 3 each, 
110 MeV at Pkly = 42 MW

Linac Klystron : 2.856GHz, 42 MW
(60 MW max). SLAC 5045
One klystron powers the RF gun

and 3 linac sections
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Booster RFBooster RF

RF Cavity : 5-cell, Spear2 type, 
358.5 MHz, Vg2/PRF=26 MΩ

Klystron: Spear2 type, 358.5 MHz.
Ramped (25 kW peak, 10 Hz)
Freq is phase-locked to Spear. 
Phase modulated for injection.

HVPS: 38 kV cw, 5.7 A (7.0A at
47kV max.), 480V 3 ph prim.
Δ to Δ/Y windings

LLRF: Spear2 type. Analog except
for gap voltage modulation

The system is turned on for 3~4 
hours daily for injection
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Spear3 RF SystemSpear3 RF System
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Spear3 High Power RF ComponentsSpear3 High Power RF Components

RF Cavities: RF Cavities: 476.3 MHz, 476.3 MHz, RRss=V=Vgg22/P/PRFRF=7.62 MW (0.85 MV @ 95 kW), =7.62 MW (0.85 MV @ 95 kW), 
EEZZ=3.9 MV/m, =3.9 MV/m, ββ=1+P=1+Pbb/P/Pcc=3.8, =3.8, PPWindowWindow <410 kW, <410 kW, PPWallWall <80 W/cm<80 W/cm2,2,

3 HOM loads and 1 movable tuner per cavity, 3 HOM loads and 1 movable tuner per cavity, TTWindowWindow by IR sensor, by IR sensor, 
Q~30,000 (Q~30,000 (ttFF=Q/=Q/ωω~10 ~10 μμs). Orbit interlock trip turns RF station off.s). Orbit interlock trip turns RF station off.

Klystron: Klystron: 1.2 MW max, 4761.2 MW max, 476±±2 MHz, 2 MHz, PPbb=82 kV*23.5A=1.93MW,  =82 kV*23.5A=1.93MW,  
μμpervperv=1.00, =1.00, ηη=62%, Gain=45 dB, =62%, Gain=45 dB, PPdrivedrive=40W, =40W, PPheaterheater=100*5.1=510W, =100*5.1=510W, 
IIMainMain=46.5A, =46.5A, IIbuckingbucking=0.66A, LCW 275 =0.66A, LCW 275 gpmgpm (150 (150 psipsi, 32, 32±±11°°C, 2*5L/sC, 2*5L/s

HVPS: HVPS: 90 kVdc*27A=2.43 MW, 12.47 kV 127 A primary, 90 kVdc*27A=2.43 MW, 12.47 kV 127 A primary, PPdcdc/P/Pacac=0.89, =0.89, 
light triggered crowbar light triggered crowbar SCRSCR’’ss and GA filtering caps. and GA filtering caps. PParcarc<0.5J<0.5J

Circulator: Circulator: AFT YAFT Y--JuncJunc 33--port, 476port, 476±±10MHz, Max 10MHz, Max PPFwdFwd/P/PRevRev=1.2 MW cw, =1.2 MW cw, 
IL< 0.1 dB, Isolation> 26 dB, LCW>26 IL< 0.1 dB, Isolation> 26 dB, LCW>26 gpmgpm (150 (150 psipsi, 25~40, 25~40°°CC)               )               

Water Loads: Water Loads: 150 150 gpmgpm HCW (0.75% HCW (0.75% CorrCorr--Shield vol. to LCW) 150 psig, Shield vol. to LCW) 150 psig, 
10~7010~70°°C thru Teflon tubing toC thru Teflon tubing to 15 psig, <8015 psig, <80°°CC return. 476 return. 476 ±±10MHz,      10MHz,      
1.2 MW max, VSWR<1.05, RF Leakage< 1W/m1.2 MW max, VSWR<1.05, RF Leakage< 1W/m22, Length : 9.5 feetLength : 9.5 feet
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* User beam (100 mA at 3.0 GeV) since March 2004

* 3.0 GeV 100 mA delivered every 8 hours
Beamlines closed. Top off (85 to 100mA) takes 2 minutes

* HVPS trips on “Transformer Arcing”: Replaced light-triggered 
crowbar SCR stacks

* Occasional RF trip on Orbit Interlock – Still being work on

* Equipment overheating: Provided more space between them
(ion gauge controllers, timing modules, etc)

* Spurious trips on klystron main focusing current from the noise: 
Placed the interlock away from the power supply

* Waveguide dry air delta-P trip: Increased the flow rate.

* Klystron output window cooling air failure: Replace air pump

* Excessive Prefl to klystron: Digital TCU replaced with analog unit 

Debugging and Fine Tuning Spear RFDebugging and Fine Tuning Spear RF
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* Booster RF system has been in operation since 1989
(Booster klystron is 17 years old, working part-time)

* For the single bunch energy boost from 110 MeV to 
3.0 GeV, the Booster klystron puts out 25 kW peak 
to the 5-cell cavity for 0.8MV peak gap voltage
(The klystron is rated for 500 kW cw output power)

* With the coupling β=1.2, there is no circulator 

* The LLRF is based on PEP-1 design, and entirely analog
except for the computer generated gap voltage waveform

* HVPS has 480V 3 phase primary and Δ-Y secondary for 38~47 kVdc
(as selected by voltage taps) at up to 7.0A. This HVPS is most 
fragile among the Booster components

Caring for the Old Booster RFCaring for the Old Booster RF
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* There is only one SLAC 5045 klystron for the entire Gun-Linac 
system. Its output power is rather limited at 42 MW considering 
the operational margin.  

* A variable attenuator sets the RF power to the Gun at 0~6 MW. 
For normal injection, the power level is set at 3.0 MW.  

* For higher Linac beam energy we need another klystron, which will
power the third linac section. 

* With the thermionic cathode RF gun, the long-term effect of back-
bombardment is inevitable.

* For stability and reliability the klystron is driven by a solid-state 
amplifier rated at 1.0 kW output power.

Higher Energy Linac BeamHigher Energy Linac Beam
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500 mA Stored on 19 July 2005500 mA Stored on 19 July 2005

Only one beamline was open for this test.
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RF Power Balance at 500 mA StoredRF Power Balance at 500 mA Stored

858581817777747469695959Klystron window air (deg.C)Klystron window air (deg.C)
56.356.353.553.551.851.850.650.648.348.336.936.9Cavity window temp* (deg.C)Cavity window temp* (deg.C)
7.237.2311.211.216.216.222.022.029.629.637.637.6ReflRefl power (kW) off 1 cavitypower (kW) off 1 cavity
208208189189172172155155138138123123Fwd power (kW) to 1 cavityFwd power (kW) to 1 cavity
830830759759692692625625564564496496Klystron output Power (kW)Klystron output Power (kW)
50050040040030030020020010010000Current (mA) at 3.20 MV gapCurrent (mA) at 3.20 MV gap

The cavity window temperature is for the hottest one. HVPS primary is 12.47kV, 
3 phase, and the current is per phase. The RF power to other loads are small (9.5 
kW or less at the circulator load, and less than 1.0 kW at the first magic-T load). 
All the insertion devices were fully closed. The above data is from 02-Feb-2006.

4242585876769797110110142142Total power (kW) to load 2&3Total power (kW) to load 2&3
11811811311310910910410499.699.695.995.9HVPS primary current* (A)HVPS primary current* (A)
10481048986986943943882882845845825825Klystron collector power (kW)Klystron collector power (kW)
22.822.821.821.821.021.020.020.019.319.318.518.5Klystron beam current (A)Klystron beam current (A)
82.382.379.979.977.877.875.375.373.373.371.371.3Klystron beam voltage (kV)Klystron beam voltage (kV)



Spear RF Operation and Possible Changeover   Sam Park, SLAC/SSRL CWHAPRF2006 (ANL, 1 May 2006)

HOM Dissipation at 500 mA StoredHOM Dissipation at 500 mA Stored

RF power dissipation is negligible at HOM loads and at 
coupler load. 



Spear RF Operation and Possible Changeover   Sam Park, SLAC/SSRL CWHAPRF2006 (ANL, 1 May 2006)

Injector RF (TopInjector RF (Top--Off Goal)Off Goal)

• Presently the stored current is limited to 100 mA.

• In 8 hours the current decays to about 85 mA. It takes two minutes to 
replenish the lost portion. All BLs are closed during the injection.

• Eventually, increase the stored current from 100 to 500 mA and

• Inject as often as necessary to keep the current above certain level 
required by the user experiments, with all BLs left open.

To achieve these goals: 

• The injection efficiency must be improved.

• The Gun/Linac system must produce more charges at higher energy.

• The Booster RF system is adequate in terms of power and stability
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Beam Losses from Linac to SpearBeam Losses from Linac to Spear

• Linac Beam at 110 MeV 1.03 nA
• Linac to Booster (LTB) Injection Loss 14% 
• First Turn in Booster 0.89 nA
• Booster Capture Loss 25%
• Booster Beam Ramped t0 3.00 GeV 0.67 nA
• Extraction to Booster to Spear (BTS) 50%
• Beam to Spear 0.33 nA
• Spear Injection Loss 25%
• Spear Accumulation 0.25 nA (19 mA/min)

To increase the Linac beam current and energy,

• Thermionic cathode RF Gun is to produce more current
• One klystron is to be added for higher beam energy
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Higher Current &Higher Current & Beam Energy from Linac Beam Energy from Linac 

• Without excessive beam loading, the beam energy Egun from 
the RF Gun is 

Egun (MeV) = 2*(Prf/MW)0.5

• With the present WG network, the RF power to the Gun Prf is 

Prf = 0.14*PKly*α,

where PKly is the klystron output power and  α is 0.001~1.0 
as set by the waveguide attenuator.

• The beam energy gain ΔE per linac section is

ΔE (MeV) = 10.7*(Prf/MW)0.5

• There are 3 linac sections at the Injector

• One SLAC 5045 klystron can produce as much as 60 MW



Spear RF Operation and Possible Changeover   Sam Park, SLAC/SSRL CWHAPRF2006 (ANL, 1 May 2006)

Improving the Booster RF HVPS Reliability Improving the Booster RF HVPS Reliability 

• Better maintenance:

Modify diode modules for higher current capability
Ensure tight HV and high current connections
Reliable forced air cooling of the transformer 

• Better monitoring: 

Primary 3 phase current through current toroids
PS temperature and annual transformer oil tests

Booster RF HVPS (6 phase 47kV, 7.0A) rectifier diode stack 
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Booster RF HVPS SoftBooster RF HVPS Soft--StartStart

The primary 480 volt is connected to the Booster RF HVPS throughThe primary 480 volt is connected to the Booster RF HVPS through
0.50.5ΩΩ resistors for the first 0.5 second to limit the inresistors for the first 0.5 second to limit the in--rush current.  rush current.  
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LLRF,  Booster and SpearLLRF,  Booster and Spear

LLRF systems at Booster (left, analog, NIM) and Spear (right, LLRF systems at Booster (left, analog, NIM) and Spear (right, 
digital, VXI). The Booster LLRF has been stable and reliable. Aldigital, VXI). The Booster LLRF has been stable and reliable. Also, so, 
there are enough spares from decommissioned Spear2 RF.there are enough spares from decommissioned Spear2 RF.
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Interlocks,  Booster and SpearInterlocks,  Booster and Spear

RF interlock systems at Booster (left, relayRF interlock systems at Booster (left, relay--based) and Spear (right, based) and Spear (right, 
PLCPLC--based). The PLC modules monitor temperatures and voltages.based). The PLC modules monitor temperatures and voltages.
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HP RF Source: Klystron, SSA, IOT, etcHP RF Source: Klystron, SSA, IOT, etc

•• The Booster RF klystron has been stable and reliable.The Booster RF klystron has been stable and reliable.

•• There are two working spares from decommissioned Spear2There are two working spares from decommissioned Spear2

•• The RF HVPS (480 volt 3 phase primary, up to 47 kV 7.0A output)The RF HVPS (480 volt 3 phase primary, up to 47 kV 7.0A output)
needed the stepneeded the step--up transformer rewinding and rectifier diode up transformer rewinding and rectifier diode 
replacements in every few years.replacements in every few years.

•• The Booster RF frequency of 358.5 MHz is not included in the TVThe Booster RF frequency of 358.5 MHz is not included in the TV
broadcast bands (UHF or VHF).broadcast bands (UHF or VHF).

•• If a solidIf a solid--state amplifier rated at 35 kW cw is available, there will be state amplifier rated at 35 kW cw is available, there will be 
no need for RF HVPS. no need for RF HVPS. 

•• If an IOT is available at the right frequency and power, and thIf an IOT is available at the right frequency and power, and the e 
HVPS is attached to it, it will be a good replacement for the exHVPS is attached to it, it will be a good replacement for the existing isting 
klystronklystron
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PEP2 RF System PerformancePEP2 RF System Performance

on a relatively good dayon a relatively good day
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PEP2 RF System PerformancePEP2 RF System Performance

on not such a good dayon not such a good day
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Spear3 and PEP2 RF SystemsSpear3 and PEP2 RF Systems

•• The Spear3 RF system is modeled after PEP2 RF CThe Spear3 RF system is modeled after PEP2 RF CPEP2PEP2=2199.32m).=2199.32m).

•• At 476.3 MHz the Spear RF freq is higher than PEP2 by 0.316 MHzAt 476.3 MHz the Spear RF freq is higher than PEP2 by 0.316 MHz.  .  

All the RF subsystems are interchangeable between the two.All the RF subsystems are interchangeable between the two.

•• There are 13 RF stations (15 by April 2007) above the PEP2 ringThere are 13 RF stations (15 by April 2007) above the PEP2 ring..

10 (12) klystrons are built by SLAC, 2 by Philips & 1 by M10 (12) klystrons are built by SLAC, 2 by Philips & 1 by Marconi.arconi.

•• The PEP2 operation is to be finished by the end of 2008.The PEP2 operation is to be finished by the end of 2008.

Then the RF systems will be decommissioned.Then the RF systems will be decommissioned.

•• Those at PEP2 will then become spares for Spear3 RF. Those at PEP2 will then become spares for Spear3 RF. 

Subsystem testing/calibration/modification becomes practicSubsystem testing/calibration/modification becomes practical.al.
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RF System SummaryRF System Summary

•• The RF system performed satisfactorily at the Linac, Booster anThe RF system performed satisfactorily at the Linac, Booster and d 
Spear for the 100 mA user beam operation, with three fills per dSpear for the 100 mA user beam operation, with three fills per day.ay.

•• The Spear3 RF system capability has been successfully verified The Spear3 RF system capability has been successfully verified when when 
the Spear ring stored 500 mA.the Spear ring stored 500 mA.

•• The Linac system needs more RF power (thus another klystron) toThe Linac system needs more RF power (thus another klystron) to
increased the beam energy, which will improve injection efficienincreased the beam energy, which will improve injection efficiency.cy.

•• The Booster RF system will undergo modifications in interlocks The Booster RF system will undergo modifications in interlocks and and 
RF HV power supply for better reliability, especially in topRF HV power supply for better reliability, especially in top--off mode.off mode.

•• There will be a continuing effort to improve the hardware and There will be a continuing effort to improve the hardware and 
software arrangement at the Spear3 RF system to make it more robsoftware arrangement at the Spear3 RF system to make it more robust. ust. 

•• Spear3 will benefit from the PEP2 RF operational experience andSpear3 will benefit from the PEP2 RF operational experience and
other RF resources.other RF resources.


