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Brief Summary:  
 

This document contains the RF system functional requirements for changes in the control system to operate the last 10 sectors of the SLAC main linac and the LCLS off axis injector at sector 20 in a mode which will support LCLS operation.
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0. Overview of LCLS RF System

The LCLS linac is broken down into 4 linacs, L0, L1, L2, and L3, shown in figure 7.1-1 of the LCLS CDR.  To set up energy position correlations along the bunch for compression to 50fS lengths, the phase and amplitude settings of the RF are critical.  The phase and amplitude of each of the 3 klystrons in linac 0 and the S-band and X-band klystrons of linac 1 must be held to the specifications listed in table 7.2-5 of the LCLS CDR (This table is shown in the next section).  Tests show this stability can be maintained over the several seconds by the existing systems.  Beyond 2 seconds feedback will be required to adjust the phase and amplitude of the above listed systems.  The peak to peak diurnal variations in the existing system are within (2% amplitude and (5( S-Band over 10 sectors.  
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Figure 7.1-1.
LCLS compression and acceleration schematic. The ‘dog-legs’ (DL1 and DL2) are simple transport lines and have no effect on bunch length.  The compressors are double-chicanes to better decouple coherent synchrotron radiation (CSR) from horizontal emittance. Acceleration crest is defined at (rf = 0.

Figure 7.1-1 Taken from LCLS CDR - P. Emma

The following picture shows the site layout of the LCLS linac.
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LCLS Injector LLRF System

Development of the LCLS LLRF system is broken down into 2 main sections in the WBS, Injector and Linac.  The sections outlined here are those of the injector system.  Some of the linac systems are shown for completeness.  Major tasks omitted here are the linac X-band system and the experimenters timing reference.  These tasks fall under the linac RF systems and are scheduled a year beyond the Injector development.  The injector LLRF WBS is divided into five sections as follows:

1. Upgrades to the existing 476MHz RF and timing distribution systems.(LINAC Sector 0)

a. Upgrade of 476MHz Master Oscillator to lower noise oscillator

(Source of RF for linac, PEP, and experimenters)

b. Upgrade of PEP II Master phase shifter to reduce noise

(Shifts phase of entire reference system to allow the linac to inject into different buckets in PEP)

c. Upgrade of Master Amplifier 

(60 watt drive amplifier for the 2 mile 3 1/8 inch rigid coax distribution)

d. Phase noise measurements at beginning and end of linac

2. LCLS local RF reference system (Sector 20 RF Hut)
a. LCLS Phased Locked Crystal Oscillator

b. Frequency generation and distribution system for Laser, L0 and L1 

3. RF Control and Monitoring System (Control and some monitoring located at klystron stations, some monitoring in RF Hut) 

a. Control of drive RF up to input of 5045 Klystron

b. Monitor of RF signals from pickoffs in tunnel next to beamline components

4. Beam Phase Measurement System

a. Beam phase cavity (S-Band single cell)

b. Electronics to process signals from cavity

5. Software and Algorithm Development and Documentation

a. Development of algorithms and software to be used in operation and diagnostics.

b. Documentation (A documentation package to hand over to maintenance and operations.)

1. LCLS RF Stability Requirements

LCLS specifications require RF stability of 0.1%rms in amplitude and 100fSrms in a 850nS fill time S-Band structure, but the tightest tolerance is 125fSrms in a 100nS fill time X-Band structure.  See Table below.

Table 1.
RMS tolerance budget for <12% rms peak-current jitter (column 3) or <0.1% rms final e− energy jitter (column 4).  The tighter tolerance is in BOLD, underlined text and both criteria, |I/I0| < 12% and |(E/E0(| < 0.1%, are satisfied with the tighter tolerance applied.  All tolerances are rms levels and the voltage and phase tolerances per klystron for L2 and L3 are (Nk larger, assuming uncorrelated errors, where Nk is the number of klystrons per linac.
	Parameter
	Symbol
	|ΔI/I0| < 12%
	|(ΔE/E0(| < 0.1%
	Unit

	mean L0 rf phase (2 klystrons)
	(0
	0.10
	0.10
	S-band deg

	mean L1 rf phase (1 klystron)
	(1
	0.10
	0.10
	S-band deg

	mean LX rf phase (1 klystron)
	(x
	0.5
	0.5
	X-band deg

	mean L2 rf phase (28 klystrons)
	(2
	0.07
	0.07
	S-band deg

	mean L3 rf phase (48 klystrons)
	(3
	0.5
	0.15
	S-band deg

	mean L0 rf voltage (1-2 klystrons)
	V0/V0
	0.10
	0.10
	%

	mean L1 rf voltage (1 klystron)
	V1/V1
	0.10
	0.10
	%

	mean LX rf voltage (1 klystron)
	Vx/Vx
	0.25
	0.25
	%

	mean L2 rf voltage (28 klystrons)
	V2/V2
	0.10
	0.10
	%

	mean L3 rf voltage (48 klystrons)
	V3/V3
	0.5
	0.08
	%

	BC1 chicane
	B1/B1
	0.01
	0.01
	%

	BC2 chicane
	B2/B2
	0.05
	0.05
	%

	Gun timing jitter
	Δt0
	0.8
	0.8
	psec

	Initial bunch charge
	Q/Q0
	2.0
	4.0
	%


System Bandwidth

The pulse shaping on the RF gun will require rise times on the order of 30nS.  These same types of rise times are seen at the output of the SLED cavities. 

Measurements done on 20-4A give a measurement of the klystron switching time since the PSK from the SSSB is very fast, Figure 1.  The information shows the bandwidth to be about 10MHz for a 5045 klystron.
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Figure 1.  The top plots are of the drive signal to the klystron on two different time scales.  The bottom two plots are the klystron output on two different time scales.

The XL4 X-band klystron bandwidth is over 100MHz.

Phase of RF Seen by the Beam as it Passes Through an Accelerating Structure

As the rf frequency changes from the structure tuned frequency, the beam will see a changing phase as it passes through the structure.  The plot below shows the phase that the beam sees as it passes through an accelerator structure.  The beam takes only a small fraction of the electrical length (fill time) of the structure to pass through it.  In H60VG3 X-band structure the fill time is about 105nS and it takes the beam about 2nS to pass through the structure.  The beam transit time is not taken into account for the plot below.  The attenuation of the structure which is significant is also not taken into account.  This will cause a lower rate of drop off when the system is looked at as a filter.  For the X-band structure 1 fill corresponds to a Δf of 9.5MHz.  In the S-band structure 1 fill time corresponds to a Δf of 1.2MHz.  
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If this were looked at as a low pass filter, it would have the transfer function given plotted below.  The transfer of power to the beam in the structure would be a band-pass filter with the response given below.  The 3dB point on one side is about 0.5 the fill time, which would give a bandwidth of the fill time.  The drop off is that of a single pole filter, 6dB/octave.  For the X-band structure the bandwidth is about 10MHz and for the S-band structure the bandwidth is about 1.2MHz.
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A plot of S21 for the X-band structure, H60VG3, is shown below.  The 3dB bandwidth is over 10MHz.  
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Figure 4 Input reflection (S11) and transmission (S21) of accelerating structure.

55 cell X-band accelerator, known as H60VG3 , 5pi/6 phase advance per cell, group v ~0.02¢

From: SLAC-PUB-10557 July 2004 BEAM LOADING AND HIGHER-BAND LONGITUDINAL WAKES IN
HIGH PHASE ADVANCE TRAVELING WAVE ACCELERATOR STRUCTURES FOR THE GLC/NLC*
R.M. Jones, V.A. Dolgashev, Z. Li, and T.0. Raubenheimer
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-3dB points on S21 are +3MHz and -13MHz

[image: image11.emf]Section 1019 9.5ft S-Band S21 Phase

Juwen Wang, Jim Lewandowski, Gordon Bowden

740nS delay removed

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

100.00

2.850 2.852 2.854 2.856 2.858 2.860 2.862

Freq (GHz)

Phase (Deg)


Group Delay increases with frequency.

668nS @ 2852MHz

695nS @ 2854MHz

740nS @ 2856MHz

805nS @ 2858MHz

920nS @ 2860MHz
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Summary of Bandwidths of the X-band and S-band Systems

X-Band

Beam seen due to structure fill time ~ 10MHz

Structure RF Bandwidth ~ 40MHz

XL4 Klystron > 100MHz

S-Band

Beam seen due to structure fill time ~ 1.2MHz

Structure RF Bandwidth ~ 16MHz

5045 Klystron ~ 10MHz

The bandwidth for the system will be determined based on noise levels of the as built RF system and rise times of interest, somewhere between 1.2MHz and 10MHz.  10MHz will allow viewing of rise times on the order of 30nS.  The output of the X-band klystron is well above this bandwidth, however RF frequency components outside this bandwidth will have a diminishing effect on the beam.  White noise levels above a few bits on the digitizers can actually aid in averaging data.
2.
Low Noise RF Distribution System

Noise Levels in the RF System

The 476MHz Master Oscillator located in Sector 0 has a SSB noise floor of -153dBc/Hz.  The spectral data from the linac taken in Sector 30, shown below, has a SSB noise floor of -128dBc/38Hz, (-144dBc/Hz).  At -144dBc/Hz noise floor, 10MHz of bandwidth will give a total noise of -144dBc/Hz x 10MHz x 2SSB, -144 + 70 +3 = -71dBc.  The noise power is 8e-8 down from the carrier, or noise voltage is 3e-4 down from the carrier.  Using the small angle approximation this is 3e-4 radians, or 0.016degrees at 476MHz, 97fS.   The noise level of a 40MHz bandwidth signal is twice as high, or 200fS.  
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A phased locked oscillator in sector 20 will reduce the noise levels.   The noise level of the 2856MHz reference system is expected to be about -143dBc/Hz.  These noise levels are well above those in good mixers and RF amplifiers.  If we can maintain -143dBc/Hz noise levels in the system, the phase noise integrated over 10MHz will be about 20fS rms.  This is our goal.

The tightest specification for RF noise floor in the LCLS linac is for the X-Band system.  The phase jitter for the X-band system is 125fS rms in a 100nS pulse with a bandwidth, set by the beam interaction with the RF, of about 10MHz.  To hold to 125fS rms we would need to be able to measure to the 60fS rms level.  The noise floor, which integrated over 10MHz gives 60fS rms jitter, is -133dBc/Hz.

The experiments have much tighter desires for phase stability.   

119MHz LCLS Master Oscillator Noise Levels dBc/Hz
Freq

119MHz
2856MHz

Offset

10 Hz  
-96

-68

100 Hz
-126

-98

1kHz
-154

-126


10kHz 
-174

-146

20 kHz 
-176 

-148

RF Distribution System

On the following page is a diagram on the RF Distribution System.  The bold boxes are chassis which will be built.  Boxes with the labels "RF Monitor" or "RF Control" will contain links to the control system.  Power levels in the distribution system are 2 watts maximum.  

The embedded controller will use an RTEMS operating system running EPICS.  All control points are pulse to pulse corrections, no waveform generation.  The RF Monitors will digitize waveforms and give information on the phase and amplitude of the signals. 

A 20dB coupler is used to pick off 476MHz at 3mW, from the 2 mile Main Drive Line (MDL).  This signal is split and half run to an FIDO for timing and the other half to the RF distribution system.  The RF Distribution system for the LCLS injector starts with a phase lock oscillator to eliminate phase adjustments which occur periodically on the MDL, shown in the figure below. 


[image: image14]
PEP Phase Shift on the MDL

The RF on the MDL will be phase stable for 2.8mS every 8.3mS to support the 120Hz operation of LCLS.  The phase lock oscillator will phase lock during the 2.8mS and hold for the remainder of the 8.3mS cycle.  During the hold time the phase of the two frequencies are expected to drift less than 1pS.  The sample and hold phase lock loop will be similar is design to the unit used for SPPS which achieved better than 150fS rms jitter when measured from the output of a locked laser to the electron beam which was injected into the linac 2 miles away.

Reference:  A. L. Cavalieri… Clocking Femtosecond X-Rays 
The laser will be phase locked to the cleaned up.  The off axis injector and L1 will be driven from the new reference system.  The 119MHz will be used to clock the digitizers.  The 2856MHz will be used to drive the RF systems.  The 2830.5MHz will be used to drive the LO of the IQ demodulators and give an IF of 25.5MHz.  The 476MHz will be used as a reference to lock the drive laser oscillator.
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Laser and Reference RF

 3.
RF Control and Monitoring System

Phase and Amplitude Detector

The 2856MHz RF monitoring system will consist of a mixer with a LO frequency of 2830.5MHz and an IF frequency of 25.5MHz.  The IF will be digitized at 119MHz.  The building block used in the control system will consist of 4 ADCs connected through a microcontroller to a network.  
ADC Noise Levels

The ADS5500 ADC converter has been tested and is being considered for use in the RF system.  The ADS5500 has the following specifications:

14bit 125MSPS

Full Scale Reading 14bit = 2.3Vpp

Input Analog Bandwidth = 750MHz

Output Noise = 1.1 LSBs rms


@ 30MHz input, 125MSPS



SNR = 71.5dB



SFDR = 84dBc



SINAD = 70dBc



ENOB = 11.3

An alternate ADC which will be looked at (Not yet available) is the LTC2208 with the following specs.

16Bit 130MSPS

Full Scale Reading 16bit = 2.5Vpp or 1.5V, below are specs for 2.5V input range

Input Analog Bandwidth = 700MHz

Output Noise = ~3 LSBs rms


@ 30MHz input, 130MSPS



SNR = 77.6dB



SFDR = 105dBc



SINAD = 77.5dBc



ENOB = 12.6

The noise floor of the RF system will be about -143dBc/Hz.  Over a 10MHz BW this is a SNR of 73dB.  The phase noise floor of the NEW LCLS OSCILLATOR is -148dBc/Hz.  It is possible to increase this SNR by 9dB, to 76dB, by decreasing bandwidth to 1.2MHz.  In this case the ADS5500 has a higher noise level than the RF system.

Mixer Noise and Power Levels
Mixers in the 1kHz to 10MHz range have noise floors < -150dBc/Hz, 

typically -175dBc/Hz from 100kHz to 10MHz - is not an issue.

SSB Noise floor of -143dBc/Hz over 10MHz = -70dBc
Total noise = -70dBc is 3.2e-4 noise to signal voltage ratio

or 3.4e-4radians, 0.018degrees at 2856MHz.
Power Budget:


The ADC power level is 2.3Vpp or 11.2dBm fullscale.  


Low pass filter -1dB



IF amp, 12dB gain, 15dBm @ 1dB comp, 25.5MHz 10MHz BW Max.



Mixer Conversion loss 6dB.

Mixer RF = 7dBm.  Mixer LO = 13dBm.

Phase and Amplitude Control
The phase and amplitude control will be done with an IQ modulator.  A 16 bit DAC will be used to control I & Q.  The DAC module will be communicated to through a microcontroller running EPICS on RTEMs.   

RF Sub-Systems Functional Sketches
Sub-Systems:

RF Gun

Beam Phase Cavity

L0-A
Accelerator

L0-B Accelerator

L0-T Transverse Accelerator

L1-S Station 21-1 B, C, and D accelerators

L1-X X-Band accelerator

S25-Tcav

S24-1, 2, & 3 Feedback

S29 and S30 Feedback

The RF Monitor unit will be capable of measuring phase and amplitude for 2 RF channels.

The RF Control unit will be of two versions.


The fast version will digitize a 1k sample of data to drive an IQ modulator.


The slow version will be capable of setting an I and Q value on a pulse to pulse basis.

RF Gun
The RF Gun will be driven from klystron 20-6.  The RF monitors on the gun will be used in feedback loops to control the operating frequency along with providing phase and amplitude information to the longitudinal feedback.
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Beam Phase Cavity

The Beam phase cavity will be used to measure the bunch position relative to the RF.  The measurement will be done at 120Hz and provide information to the feedback system.  The cavity is located between L0-A and L0-B accelerator structures.
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L0-A - First accelerator in the off axis injector 
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L0-B - Second accelerator in the off axis injector

Injector Transverse Deflector Cavity

Station 20-5 will be connected to the new control system and used to drive the transverse deflector cavity.  The cavity is used to deflect the beam with a deflection vs longitudinal position correlation.  The beam is deflected to a screen where bunch length can be measured.
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L1-S

The L1 linac consist of klystron 21-1 powering 3 accelerator structures in the main linac.
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X-Band 2nd order correction

An X-band accelerator structure will be located at station 21-2, just before BC1.  The beam will be run on the decelerating crest to remove the second order curvature in the bunch vs longitudinal position correlation before compression in BC1.
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Sector 25 Transverse Deflector Cavity

Station 24-8 will be connected to the new control system and used to drive the transverse deflector cavity.  The cavity is used to deflect the beam with a deflection vs longitudinal position correlation.  The beam is deflected to a screen where bunch length can be measured.
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S24-1, 2, and 3 (Three Units)

Two klystrons in sector 24 will be used to correct the phase and amplitude of the RF as seen by the beam in LCLS L2 before the beam enters BC2.  The klystron phase and amplitude will be adjusted based on bunch length and energy measurements.  A third klystron will be capable of use by the feedback system if one of the other two should fail.
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S29 and S30 Phase Control (Two Units)

The phase of sectors 29 and 30 will be adjusted in opposite directions to change the average amplitude of the RF as seen by the beam as it passes through the sectors without effecting the average phase as seen by the beam.
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4.
RF Vacuum Interlocks

This requirement involves klystron stations 20-5, 20-6, 20-7, and 20-8 where new sections of waveguide will be added.

The long runs of waveguide will have ion-pumps with controllers.   An interlock sum output of the controllers will be provided to tie into the 24 volt interlock chain of the associated Modulator Klystron Support Unit, MKSU.  

Separate status lines with latches need to be available to determine where faults originate.  

5.0 Sector 20 RF - PPS Requirements

In the main linac, all the klystrons will use the existing PPS system.  For the klystrons operating the off axis injector in sector 20 the PPS system will require upgrades to allow access to the off axis injector during linac operation.  Access to the linac will not be allowed during LCLS injector operation.

Klystrons used in off axis injector.

Modulator
Device


Operating Point
Required







at Structure
at Klystron

20-6

RF Gun


30MW (7MV)
60MW

20-7

L0-1 



46MW (75MV)
61MW

20-8

L0-2



46MW (75MV)
61MW

20-5

Deflector 


2MW


50MW

20-5

20-5 Accelerators
240MW

240MW

20-6, 7, and 8 will be used for the injector only.  20-5 will be used to power the 20-5 accelerator structures in the main linac.  The output of 20-5D accelerator will be routed to the transverse deflector, Tcav1, in the injector.   There will be an RF waveguide valve to shut off the RF to the transverse deflector.

The PPS system should not allow access to the off axis injector if the following conditions exist:

1. Modulator 20-6, 7, or 8 is on and connected to LCLS injector.

2. Modulator 20-5 is on and the waveguide valve to the transverse deflector is not closed. (Testing will be done to determine if there is a radiation hazard from this structure.)

How the status of 20-6, 7, or 8 will determine the access state of the linac needs to be determined.  20-5 must be off to access the linac.
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