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LCLS Linac Requirements 
 
Introduction 
The LCLS linac is defined as the beamline section, and its supporting systems, starting in sector 21-
1b and ending at the electron beam dump, but excluding the FEL undulator.  A schematic layout, 
with main parameters listed, is shown in Figure 1 below. 
 

 
Figure 1:  LCLS linac schematic layout with main parameters listed. 

 
Acceleration 
For 1.5-Å FEL operations, a single electron bunch of 1 nC charge must be accelerated at a 120-Hz 
repetition rate from the injector (at 135 MeV prior to sector 21-1b) up to a final nominal energy of 
14.1 GeV, with a selectable final energy range extending from 4.5 GeV up to 17 GeV [1].  This 
acceleration is accomplished entirely [with the small exception of a new X-band (11.424 GHz) RF 
section added after 21-1d] using the existing SLAC S-band (2.856 GHz) RF acceleration systems.  
The final electron energy should be stable from pulse to pulse at a level of <0.1% rms (14 MeV). 
 
Bunch Compression 
The nominal peak current in the FEL, for 1.5-Å FEL operations, is 3.4 kA.  The peak current 
produced in the injector is just 100 A, necessitating electron bunch compression along the linac.  To 
this end, two stages of bunch compression are included, with the first stage (BC1) at 250 MeV at 
sector 21-2 and the second (BC2) at 4.54 GeV in sectors 24-7 and 24-8.  The chicane compressors 
are composed of 4-dipole chicanes with adjustable compression factors (R56, as listed in Fig. 1).  The 
R56 values must be variable over a range outlined (for example) in Table 7.7 of the LCLS CDR [2]. 
To accomplish bunch compression, the RF phases of each linac are set off of the accelerating crest 
phase.  Figure 1 lists the RF phases for each linac stage (Linac-0, Linac-1, Linac-X, Linac-2, and 
Linac-3), where the definition of crest phase is at zero and a negative phase (−90 < ϕrf < 0) implies 
that the RF wave crest lags behind the bunch.  Two stages of bunch compression are used in order 
to avoid extreme space-charge forces and to minimize the compression system’s sensitivity to 
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unavoidable parameter variations (e.g., RF amplitude and phase, charge, and timing jitter).  The final 
peak current should be stable from pulse to pulse at a level of <12% rms (0.4 kA). 
 
Emittance Preservation 

Transverse 
The linac and its various transport lines must preserve transverse emittances (x and y) under 
the effects of wakefields, chromatic errors, misalignments, and coherent and incoherent 
synchrotron radiation (CSR and ISR).  The ‘slice’ emittance (integrated over ~1% of the 
bunch length) must be preserved within <20% of the initial injector output (γε0 ≈ 1.0 µm), 
and the projected emittance (integrated over the core bunch length), although much less 
critical, should be preserved to <100% (allowing that the head and tail sections of the bunch 
may acceptably be more degraded due to their much higher peak current).  The final 
transverse slice rms emittances delivered to the FEL undulator, at 1-nC of charge and with a 
simultaneous final peak current level of 3.4 kA, should be <1.2 µm in both planes, with a 
worst case level of 1.5 µm. 
 
Longitudinal 
In addition to the 3.4-kA peak current required, the final ‘slice’ energy spread in the FEL 
undulator must <0.012% rms, while the projected energy spread must be <0.1% rms. 
Various impedance-generated instabilities in the accelerator and compressors necessitate the 
existence of a laser-heater system [3] in the LCLS injector to provide Landau damping and 
preserve the longitudinal emittance. 

 
Beam Transport 
The linac and its various transport lines are designed in order to preserve emittance levels, minimize 
sensitivity to errors (alignment, vibration, regulation, field quality, etc.), allow optimal function of 
beam diagnostics, be compatible with the existing SLAC linac and its future uses, and (where 
possible) allow the use of existing components.  Under normal operation, beam losses in the linac 
should not exceed 2%. In addition, insertable (or switchable) beam stoppers (or kickers) at the end 
of each compressor, and also immediately upbeam of the FEL undulator, are included to allow 
invasive tune-up of each sub-system sequentially. 
 
The final electron beam dump is designed to separate the electron and x-ray beams, absorb the full 
average beam power at 120 Hz (<2 kW), include additional electron beam diagnostics, and provide 
fail-safe personnel protection from accident scenarios. 
 
Stability 

Longitudinal 
The requirements on peak current and energy stability place specific tolerances on RF, 
bunch charge, and gun-laser timing variations. The LCLS linac has been designed to 
minimize sensitivities and simulations have been used to determine a stability (or ‘jitter’) 
budget.  Table 1 lists RF phase, RF amplitude, bunch charge, gun-laser timing, and chicane 
power supply jitter tolerances. In addition to these pulse-to-pulse jitter tolerances, longer 
term stability will be provided by longitudinal feedback systems (bunch length and energy) 
implemented at each bend system (DL1, BC1, BC2, and LTU, as labeled in Fig. 1). Final 
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electron bunch arrival-time jitter in the undulator is controlled at the level of ~100 fsec rms 
by achieving the jitter budget listed below, and with the prescription of various bend magnet 
power supply regulation tolerances (none less than 0.01% rms). 
 

Table 1. 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 text and both criteria, |∆I/I0| < 12% and |〈∆E/E0〉| < 0.1%, 
are satisfied with the tighter tolerance applied. The voltage and phase tolerances per klystron for L2 
and L3 are √Nk larger, assuming uncorrelated errors. 

Parameter Symbol |∆I/I0| < 12% |〈∆E/E0〉| < 0.1% Unit

mean L0 rf phase (2 klystrons) ϕ0 0.10 0.10 S-band deg

mean L1 rf phase (1 klystron) ϕ1 0.10 0.10 S-band deg

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

mean L2 rf phase (28 klystrons) ϕ2 0.07 0.07 S-band deg

mean L3 rf phase (48 klystrons) ϕ3 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 ∆t0 0.8 0.8 psec

Initial bunch charge ∆Q/Q0 2.0 4.0 %
 

 
Transverse 
The FEL gain process is sensitive to beam trajectory centroid oscillations which are ~30% 
of the rms beam size (σ) in x and y [4]. This sensitivity requires the linac trajectory, as it 
enters the FEL undulator, to be stable from pulse to pulse at a level of <σ/4, placing 
demands on linac magnet alignment vibrations (<400 nm rms) and magnet power supply 
regulation (none less than 0.01% rms). In addition, trajectory feedback systems must be 
included (as at SLC) at several locations, with high priority placed on the final pre-undulator 
feedback system. 

 
Diagnostics Integration 
Electron beam diagnostics are incorporated into the optical design of the linac and transport lines. 
Energy spread measurement locations (DL1, BC1, BC2, LTU, Dump) are each enhanced by an 
appropriate choice of dispersion and beta functions (|ησδ|/√εβ <<1).  Emittance measurement 
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locations (L0, BC1, L2, L3, LTU) are enhanced by appropriate choice of beta functions (as large as 
practical) and relative phase advance (60˚ with three screens and 45˚ with four) between profile 
monitors (wire scanners and OTR screens). The bunch ‘slice’ properties also need to be measured to 
a precision of ~10%. The slice energy spread (as small as 0.01% rms at 14 GeV) is measured at 
several locations with OTR screens while the bunch is temporally ‘streaked’ with one of two S-band 
transverse RF deflectors (in the injector and after BC2). Slice emittance (γε ≈ 1.2 µm) is measured at 
several locations with OTR screens at an optical waist with ‘quad-scans’, also made while the bunch 
is temporally ‘streaked’. To allow these measurements, the betatron phase advance between the 
appropriate transverse deflector and its OTR screen has been adjusted to approximately π/2 in the 
design. Provisions for each of these ‘slice’ measurements are included in the injector, in BC1, in BC2, 
and in the LTU. 
 
Collimation 
In order to protect the FEL permanent magnet undulator, any charge halo surrounding the electron 
bunch must be removed. This is accomplished with collimators placed at several locations (BC1, 
BC2, L3, and LTU). Collimation must be effective for off-energy particles (∆E/E ≈ ±4%) and for 
off-axis particles (50×σx,y).  In the LTU beamline these collimator apertures are ±5 mm for energy 
collimation and ±3 mm for off-axis collimation. Energy collimation in BC1 and BC2 is minimal and 
only used to remove the dark current which is off energy by more than ~10% (±30 mm). In addition, 
the pre-existing SLC L3 collimators in sectors 28-30 will be used for initial clean-up (~100×σ or 
±5 mm). Off-axis collimation is required for both planes (x and y) and for both betatron phases, 
with a final ‘clean-up’ collimation (~60×σ or ±3 mm ) used to cut any edge scattering at the final 
primary collimator. 
 
Flexible Operations 

Variable Energy 
The electron energy range for FEL operation extends from 4.5 GeV (15 Å FEL radiation 
wavelength) up to ~14.1 GeV (1.5 Å). Peak current, emittance, and jitter tolerance 
requirements are, however, much more relaxed at 4.5 GeV. Fast energy changes at this level 
are not required. The switch may take 15-30 minutes (after the process has been well refined 
and configuration files are stored) for these large scale energy changes. Smaller energy 
changes of ~1% can be made, if necessary, on a pulse-to-pulse basis. 
 
Low Charge Operations 
The linac should allow full FEL operation at any bunch charge from 1 nC down to 0.2 nC. 
RF phases, amplitudes, as well as bunch compressor R56 values must be altered appropriately 
as (for example) outlined in Table 7.7 of the LCLS CDR [2]. Switching charge levels will be a 
relatively complicated task initially and fast switching is not required (several days to switch 
is expected for initial attempts). 
 
Energy Chirp 
To allow x-ray pulse compression for special situations, an electron bunch energy chirp is 
needed in the FEL. This special configuration is accomplished by adjustments to the main 
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parameters as outlined in Table 7.8 of the LCLS CDR [2] with no fast switching required 
(several days initially). 
 
Test Beams 
Long term use of the SLAC linac for fixed target and other test beams will still be required at 
various intervals during the main LCLS program. Higher beam energies (~30 GeV) 
originating in the SLC damping rings or sector-0, and higher charge levels (3-5 nC, or much 
higher in long-pulse operation) must pass through the LCLS linac. The switch-over to this 
test-beams mode should be accomplished (after switch-over process refinement) in <15 
minutes and requires altered quadrupole magnet power supply settings, turning off the DL1, 
BC1, and BC2 bends, RF phase and amplitude re-configurations, and (for the long-pulse 
very high charge case) possibly even removing the short (60-cm) small diameter (7.2-mm) X-
band RF structure in sector 21-1d. For this special and infrequent long-pulse case, the 
switch-over may then require approximately one day. 
 

 
[1] The 17-GeV upper limit energy does not allow the full compression performance or stability attainable at the 

nominal energy of 14.1 GeV, although full performance is probably reachable at ~15 GeV. 
[2] http://www-ssrl.slac.stanford.edu/lcls/cdr/lcls_cdr-ch07.pdf 
[3] Z. Huang et al., to be published in Phys. Rev. ST AB. 
[4] N. Vinokurov, unpublished. 
 


