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LTU Beamline Requirements 
 
Introduction 

The electron bunch is transported from the end of the SLAC linac to the FEL undulator by way of 
the Linac-To-Undulator (LTU) beamline. The LTU is composed of four horizontal dipole magnets, 
two vertical dipole magnets, and many quadrupole magnets, as shown in Fig. 1 below.  The purpose 
of this beamline is to transport a 1-nC, 20-µm long (rms) electron bunch, at a repetition rate of 
120 Hz, at 14 GeV to the LCLS FEL undulator. 

 
Figure 1:  LTU schematic layout with optical functions and nearby device names.  The four blue 
rectangles in the map at top are the LTU horizontal dipole magnets. 
 

The LTU beamline must also include: 

• Beam diagnostics to measure: 
o transverse emittances 
o energy spread 
o trajectory 
o time-sliced emittance 
o time-sliced energy spread 

• Horizontal bends to allow: 
o collimation of off-energy particles (see PRD 1.3-017) 
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o relative energy measurement with BPMs to drive energy feedback (see PRD 1.3-304) 
• Collimation to protect the undulator (see PRD 1.3-017) 
• A beam abort to veto bad pulses (see PRD 1.3-014) 
• An insertable beam stopper to park beam on upstream of the undulator (PRD 1.3-021) 
• Vertical bends to level the undulator (SLAC linac is pitched down by 5 mrad) 

 

The time-sliced diagnostics are accomplished with a RF deflector in the linac and OTR monitors in 
the LTU.  In addition, the transverse slice-emittance of the electron bunch must be well preserved to 
a level of <4% growth in both planes, especially with respect to the coherent synchrotron radiation 
(CSR) produced in the bends.  Table 1 lists some of the main parameters of the LTU. 
 

Table 1:  LTU parameters. 

Parameter Description Symbol Value Unit 

Electron energy range E 4-14 GeV 
Bunch length (rms) σz 20 µm 
Bunch population N 1.2-6.2 109 
Repetition rate f 1-120 Hz 
Active length of system L 340 m 
LTU vacuum chamber radius a 17.5 mm 
Relative slice energy spread of e− bunch (rms) σE(t)/E 0.03-0.01 % 
Relative projected energy spread of e− bunch (rms) σE/E 0.1 % 
Bend angle of each of 4 horizontal dipoles |θB| 0.5 deg 
Bend angle of each of 2 vertical dipoles |θy| 2.3 mrad

 
 
Vacuum Chamber Requirements 

The electron bunch is transported from the end of the SLAC linac to the FEL undulator by way of 
the Linac-To-Undulator (LTU) beamline.  Since the bunch is at its minimum length (20 µm rms) for 
the entire length of the LTU, its vacuum chamber should be constructed in order to minimize, to a 
tolerable level, longitudinal wakefields due to: 1) resistivity of the chamber walls, 2) vacuum bellows, 
3) abrupt chamber diameter changes, and 4) roughness of the chamber walls.  The longitudinal 
wakefields induced by these mechanisms causes an undesirable head-to-tail energy correlation along 
the electron bunch (a chirp) as it enters the undulator. Such an electron energy chirp should be held 
to a relative value of less than 0.06% rms (about ±0.1% head to tail spread for a uniform 
distribution), since it will cause an FEL x-ray frequency chirp of twice this value.  In addition, the 
chamber diameter must be large enough to accommodate the worst-case beam dimensions and 
steering errors (stay clear).  The beam and beamline parameters in the LTU which are used in the 
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longitudinal wakefield calculations below are listed in Table 1.  (The maximum energy and 
maximum charge are used in the wakefield calculations.) 

 
Longitudinal Wakefields 

Resistive-Wall 

For a Gaussian temporal bunch shape, a resistive vacuum chamber surface generates an rms relative 
energy spread, σδw

, according to [1] 

 

0

1/ 32 2

02 3 2
0

20.22 ,
w z

z

Ze cNL as
ZaEδσ σ

σ σπ σ

⎛ ⎞
≈ ≥ ≡ ⎜ ⎟⎜ ⎟

⎝ ⎠ ,
 (1) 

where e is the electron charge, c is the speed of light, N is the bunch population, L is the vacuum 
chamber length, Z0 is the free-space impedance (377 Ω), a is the vacuum chamber radius, E is the 
electron energy, σz is the rms bunch length, and σ is the conductivity of the inside surface.  
Equation (1) is an overestimate for bunch lengths which are less than s0 (typical in the LTU). 

Using the parameters of Table 1, the rms energy spread is below 0.06% rms with a conductivity of 
σ > 1.2×107 Ω−1·m−1 (e.g., Copper at 5.9×107 Ω−1·m−1 or Aluminum at 3.6×107 Ω−1·m−1).  With a 
smaller radius chamber, such as a = 12.7 mm (1-inch ID), the minimum conductivity is 
σ > 2.2×107 Ω−1·m−1, still satisfied by Copper or Aluminum. 

Vacuum Bellows Wakefields 

Discontinuities in the vacuum chambers can also generate energy spread.  The rms energy spread 
generated by a vacuum bellows of total length l, with M closely spaced periodic convolutions, is [2] 
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where b is the minimum radius of the bellows as shown in Fig. 2.  This diffraction model is valid for 
b2/2σz >> l (typical in the LTU) and the energy spread linearly increases with the number of these 
bellows along the beamline. 
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Figure 2.  Cut-away view of a vacuum bellows with symbol definitions (M = 4 shown). 
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Using the parameters of Table 1, the rms energy spread is below 0.06% rms with b (≈ a) ≈ 17.5 mm, 
l ≈ 0.05 m, M < 10 bellows convolutions (see Fig. 2), and using less than 550 of these bellows in 
the LTU beamline. 

Radial ‘Step-Out’ Transitions 

The rms relative energy spread induced by a sudden increase in vacuum chamber radius (i.e., a radial 
‘step-out’ transition) is [3] 
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where a is the radius before, and b is the radius after the step-out.  A ‘step-in’ transition generates no 
energy spread [3].  The energy spread linearly increases with the number of these step-out transitions 
along the beamline. 

Using the parameters of Table 1, the rms energy spread is below 0.06% rms, assuming diameter 
doubling (×2) step-out transitions (i.e., b ≈ 2a), if less than 60 of these step-out transitions occur 
along the LTU beamline. 

Surface Roughness Wakefields 

A tolerance on vacuum chamber interior surface finish is also set by the longitudinal wakefields of a 
rough surface [4].  The formation length is ∆L ≈ 2a2/σz .  The wakefield (V/C/m) generated can be 
estimated using the treatment for a cylindrical chamber [4] 
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where ρ is the line-charge distribution, and w is the point-charge wake function given by 
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Here h is the peak surface roughness in the radial direction (rms surface finish hrms ≈ h/√2), and 
κ  ≡ 2π/λ, with λ as the typical roughness bump length (in beam direction).  Equation (4) is 
integrated by parts in order to avoid the singularity at high frequencies where s′ → s. 

Using the parameters of Table 1, the rms energy spread is below 0.06% rms, with rms roughness 
h/√2 < 2 µm, λ > 200 µm.  More rough surfaces can be tolerated (e.g., h/√2 < 5 µm, λ > 500 µm) 
as long as the ratio of λ/(h/√2) is approximately 100 or more. 

Vacuum Chamber Summary Based on Final Wakefield Budget 

A summary of the wakefield issues and vacuum chamber requirements is given in Table 2.  Each 
wakefield effect above has been reduced, with respect to the numbers described in the text above, in 
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order to produce a total rms energy spread of 0.06%, assuming each wakefield effect adds in 
quadrature. 

 

Table 2.  Vacuum chamber requirements based on wakefields generating a total rms energy 
spread of 0.06%. 

parameter symbol value unit 
Vacuum chamber minimum ID 2a 34 mm 
Vacuum chamber internal conductivity (Al or Cu) - >3.8×107 Ω−1·m−1

Number of bellows allowed along LTU - 100  
Maximum length of each bellows l 0.05 m 
Maximum convolutions per bellows M 10  
Minimum ID of bellows 2b 34 mm 
Maximum ×2 step-out transitions - 40  
Maximum chamber rms roughness (radial) h/√2 1 µm 
Minimum chamber roughness wavelength (longitudinal) λ 100 µm 

 

 

Stay-Clear Aperture Limits 

The vacuum chamber diameter should be large enough to accommodate the largest possible 
operational beam size, plus room for steering errors.  Figure 3 shows the worst-case (20-sigma) 
beam envelope in the LTU, assuming a low energy of 4 GeV, a normalized emittance of γε = 10 µm 
(10-times larger than nominal) and an rms energy spread of 0.5% (5-times larger than the nominal 
projected rms energy spread).  The plot extends from the end of the muon plug wall, to the 
undulator entrance.  Including about 5 mm for mis-steering and trajectory errors, a ±17.5 mm stay-
clear seems adequate (e.g., 1.375-inch ID vacuum chamber as a minimum), which is consistent with 
that required for wakefield mitigation. 
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Figure 3.  Worst-case 20-sigma beam envelope in the LTU, assuming a low energy of 4 GeV, a 
normalized emittance of γε = 10 µm (10-times larger than nominal) and an rms energy spread of 
0.5% (5-times larger than the nominal projected rms energy spread).  The plot extends from the 
end of the muon plug wall, to the undulator entrance, with horizontal in blue and vertical in red 
(dash).  The horizontal beam size peaks occur around the quadrupole magnets QDL31 and 
QDL33, while the vertical peak is around QEM3 (S ≈ 1400 m). 

 

 

Fixed Aperture Protection Collimators for Machine Protection 

Several fixed aperture protection collimators (PC’s) should be located at the most probable beam-
strike points along the LTU.  These should be copper, water-cooled protection collimators with 
cylindrical chamber cross section, designed to absorb the full beam power (1.7 kW nominal and 
5 kW maximum) in a mis-steering incident.  These PC’s might be taken from the remains of the 
decommissioned FFTB beamline, where they served a similar purpose.  The most effective locations 
and approximate aperture ID’s needed for these PC’s are listed in Table 3. 
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Table 3.  Protection collimator locations in the LTU and their aperture ID’s. 

Name of Downstream

Quadrupole Magnet 

z location*
[m] 

Aperture ID

[mm] 

Coordinate 

Protection 

QVM1 176.7 20 y 
QVB2 191.4 20 x 

QDL31 222.7 20 E 
QDL33 294.3 20 E 
QT42 348.0 20 x, y 
QEM3 369.3 20 y 
QUM1 487.8 20 x 
QUM2 494.5 20 y 

*   This is the LCLS coordinate system with z = 0 at station-100. 
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