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axis diag. figure in lieu of PRD ref. Also added RW-wakes in transport lines.
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Purpose

This document summarizes physics requirements for the new LCLS-Il superconducting electron
linac.

Scope

The LCLS-II linac will be composed of superconducting RF cavities, in Continuous Wave (CW)
operation, in order to accelerate a 1-MHz, electron beam to 4 GeV. This new SuperConducting
Radio Frequency (SCRF) linac will replace the existing SLAC copper linac in sectors 0 through 7,
while the remaining RF structures in sectors 7-10 will be removed and replaced with a simple
beam pipe and FODO focusing lattice (the “extension line”). The existing PEP-II bypass line
(suspended from the ceiling of the SLAC tunnel) will be modified to transport the electron beam
from the exit of the extension line in sector 10, through more than 2 km of linac tunnel using the
bypass line, and into one or both of two possible undulators in the existing LCLS undulator hall.
The layout is shown in Figure 1 with the SCRF linac in blue at far left and the SXU and HXU
undulators at far right. The “extension line” and “bypass line” are also shown.
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Figure 1. Schematic layout of the LCLS-II in the SLAC linac tunnels.
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6.1

The high-power and low-level RF systems and the cryogenic systems are described in separate
documents. This document covers the electron beam acceleration, optics, bunch compression,
and beam transport through the new SCRF linac.

Definitions

Terms defined within the text.

References
LCLSII-1.1-PR-0133 LCLS-II Parameters PRD
LCLSII-2.4-PR-0068 Post-LH Diagnostic Beamline Requirements PRD
LCLSII-2.4-PR-0069 Post-BC1 Diagnostic Line PRD
LCLSII-2.4-PR-0070 LTU Diagnostic Beamlines PRD
LCLSII-2.2-PR-0086 Injector Laser Heater Requirements PRD
LCLSII-2.4-PR-0039 BC1 Bunch Compressor Chicane Requirements PRD
LCLSII-2.4-PR-0040 BC2 Bunch Compressor Chicane Requirements PRD
LCLSII-2.4-PR-0110 BC3 Bunch Compressor Chicane Requirements PRD
LCLSII-4.1-PR-0146 1.3-GHz Cryomodule PRD

Responsibilities

Dean Hanquist Transport Lines and Dump Control Account Manager
Karen Fant Linac Control Account Manager
Jose Chan Accelerator System Manager
Hamid Shoaee Electron Controls System Manager
Overview

Linac Layout

The requirements of this new high-power linac are to accelerate a continuous rate of electron
bunches at 100 pC of charge per bunch at a 0.6-MHz repetition rate (or higher with a reduced
bunch charge down to 10 pC, or lower with up to a 300-pC charge) to at least 4 GeV with a new L-
band (1.3 GHz) superconducting radio frequency (SCRF) linac installed in the first 710 m of the
existing SLAC linac tunnel (sectors 0-7). This new high-repetition rate linac makes use of the
‘Tesla-Technology’ accelerating module with thirty-five 12-m long cryomodules (CM), each
including eight 9-cell L-band RF cavities (1.038 m/cavity) cooled to 2.0K using liquid Helium. In
addition, a short 3.9-GHz third-harmonic linac (HL) section is used to linearize the bunch
compression process with two short cryomodules, each including eight special 9-cell, 3.9-GHz
cavities (0.346 m/cavity) with up to 80 MV of crest voltage (decelerating). The linac design must
also include bunch length compression optics to produce a 1-kA peak current without significantly
increasing the transverse normalized emittance. Finally, the design must reduce the final
correlated energy spread at the end of the linac to <0.03% rms and stabilize the beam against the
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microbunching instability by adding a small intrinsic energy spread at the injector (see laser heater
PRD: LCLSII-2.2-PR-0086).

The linac is segmented into several sections in order to include three magnetic chicanes to
compress the electron bunch length to a 1-kA peak current (8.6 micron rms bunch length at 100
pC). These chicanes (BC1, BC2, and BC3) are described in PRDs: LCLSII-2.4-PR-0039-R0,
LCLSII-2.4-PR-0040-R0, and LCLSII-2.4-PR-0110-R0O. The linac segments and their various
parameters are summarized in Figure 2, including the beam energy, bunch length, energy spread,
chicane strength (Rss), RF phase, net voltage gain, and cryomodule number.

The average accelerating gradient (for 1.3 GHz cavities) has been chosen to be near 16 MV/m
with an unloaded Q value of > 2.7x10' at a temperature of 2.0K. The RF parameters for each
linac section are listed in Table 1, with about 6% of cavities hominally unpowered as spares (or in
maintenance), where the mean accelerating gradient is defined over the powered cavities only, at
crest phase. Note the “Lf’ linac section in Figure 2 is composed of just the last two cryomodules
arranged with a nominal +34° and -34° RF phasing, as opposed to the L3 linac section with 18
CM'’s at crest phase. The Lf section provides a bipolar electron energy adjustment range of +1%,
which will be controlled by a final-energy feedback loop. Keeping the two CM phases equal but
opposite in sign (symmetrically around the crest phase) eliminates any induced energy chirp along
the bunch, and provides orthogonal energy control with these two CM phase settings.

Lo L1 L2 L3 Lf
@= ok @=—12.7° @=-21° =0 @=t34 BC3
V=100 MY V=211 MV HL V,=1446 MV V,=2206 MV V,=202 MV F=4.0 GeV
1,=12 A fe=12A  p=-150° /=80 A 1,=1.0kA L=LOKA  R,=0
o=1.02mm ¢=1.02mm V,;=64.7 MV ,=0.15mm ¢,=9.0 um o=9.0um 5,=013%
l-( CMO1 p~™ avozes HM cMo4 || cMm1s J/\ cmi6 [{ cM33 H cuaazs PN T
LH BC1 BC2 BYP/LTU
GUN £=100 MeV F=250 MeV E=1600 MeV £=4.0GeV
750 keV Re=-14.5 mm R=-55 mm R..=-37 mm Rss“g-glrz;'
=0.05% =1.6% =0.38% ¢~0.014%
O'é— (1] (76— (1] (7[5— (1] > 2.5-km
100-pC machine layout: April 24,2014; v21 ASTRA run * L0 cav. phases: (3°,-15°,0,0,0, 0, 15°,0)

Figure 2. Schematic layout of the LCLS-II linac and bunch compressors with key parameters
listed for CW operation with 100 pC per bunch. The Lf section provides 1% bipolar
energy control for the final energy feedback actuator.
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Table 1. Linac RF Parameters (100 pC/bunch).

Linac AV ) Acc. No. No. No. No. | Cav's| RF Cavity
Section | (MV) | (deg) | Grad.** | Cryo | Avail. | Powerd | Spare | per | Freq. | Length
(MV/m) | Mod’s | Cav’s | Cav’s | Cav’s | Amp. | (GHz) (m)
LO 100 * 16.3 1 8 7 1 1 1.3 1.038
L1 211 | -12.7 13.6 2 16 15 1 1 1.3 1.038
HL -64.7 | -150 12.5 2 16 15 1 1 3.9 0.346
L2 1446 | -21.0 15.5 12 96 90 6 1 1.3 1.038
L3 2206 0 15.7 18 144 135 9 1 1.3 1.038
Lf 202 +34 15.7 2 16 15 1 1 1.3 1.038

* L0 cav. phases: (3°, -15°, 0, 0, 0, 0, 15°, 0), with cav-2 at 22% of other LO cavity gradients.
** This is the mean accelerating gradient per linac section averaged over the powered cavities at crest phase.

6.2 Focusing Lattice

The focusing lattice along the main length of the linac (L1, L2, and L3) is set using cold quadrupole
magnets at the end of each 12-m long CM. Some warm quadrupole magnets are included around the
bunch compressors in order to match the Twiss functions. The best linac focusing structure will be
studied in detail, but an initial solution over the full machine, from cathode to the HXR dump, is shown
in Figure 3. The lines split in two (to the HXR and SXR lines) at s =~ 2776 m.
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Figure 3. Beta functions along the full HXR-machine from cathode to HXR dump at 4 GeV. The large
beta functions in the center of the plot are the existing, long bypass line and the HXR
undulator is near the end of the line at s = 3550-3700 m.

Similarly, the focusing solution over the full SXR-machine, from cathode to the SXR dump, is shown in
Figure 4. This plot is only different from the previous plot at s > 2776 m.
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Figure 4. Beta functions along full SXR-machine from cathode to SXR dump at 4 GeV. The SXR
undulator is at s ~ 3600-3700 m. The lines split (to HXR or SXR) at s ~ 2776 m.

The FODO lattice for just the linac, from cathode through L3 and the extension line, is shown in Figure
5. The laser heater is at s 10 m, the BC1 chicane is at s = 125 m, the BC2 chicane is at s ~ 380 m,
and the L3-linac ends at s » 710 m, where the extension line continues, leading up to the start of the
long bypass line.
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Figure 5. Beta functions along the full linac section from cathode to end of the linac extension line at
4.0 GeV. The L3-linac ends here ats =710 m.

The LO/L1/BC1 section is shown in Figure 6, from cathode to the entrance of the L2-linac. A
collimation section, based on FODO cells, follows the L1-linac from s ~ 132 m up to the L2 entrance.
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Beta functions along LO (one CM), L1 (two CM’s + two 3.9-GHz CM'’s), and BC1 sections up

to the entrance of the L2 linac section at 250 MeV. The BC1l is at s ~ 125-132 m, and the
laser heater is at s ~ 10 m.

The L2 linac section is shown in Figure 7 (30 deg per FODO cell) and for the L3 linac section in Figure
8 (30 deg per FODO cell). A second collimation section, based on FODO cells, follows the L2-linac
from s ~ 420 m up to the L3 entrance. With weak transverse wakefields and a short bunch length in the
L2 and L3 linac sections, the focusing lattice can be quite weak, therefore minimizing chromatic effects

and loosening alignment tolerances and dispersion errors.

The effects of coherent synchrotron

radiation have been minimized using a small horizontal beta function (5 ~ 2.5 m) and a beam waist (o
~ 0) at the exit of the BC2 bunch compressor. This requires a large horizontal beta function in the
guadrupole preceding the BC2 (see Figure 7 at s ~ 355 m), but the chromatic aberration in this
guadrupole is <1% in terms of horizontal emittance growth.
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Figure 7. Beta functions along the L2 linac section from 250 MeV to 1.6 GeV (30 deg/cell).
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Figure 8. Beta functions along the L3 linac section from 1.6 GeV to 4 GeV (30 deg/cell), and out to the
linac extension. The first dog-leg bends follow this section and shown only in Figure 3 and
Figure 4 at s = 950 m.

6.3 Off-Axis Diaghostic Sections

The high-rate and high-power electron beam in the SCRF linac makes intercepting diagnostics (e.g.,
beam screens) difficult to use without damaging them. For this reason several off-axis (parallel)
diagnostic sections are tapped off the main linac, using fast kickers to steal pulses at up to 100 Hz.
The post-LH diagnostic section is described in PRD: LCLSII-2.4-PR-0068, whereas the post-BC1
diagnostic line is in PRD: LCLSII-2.4-PR-0069. The two sections are somewhat different, owing to the
much larger energy spread (up to 2% rms) expected after BC1, and with only 0.05% rms in the post-LH
section. The post-L3 diagnostic section and the two pre-undulator diagnostic sections are described in
PRD: LCLSII-2.4-PR-0070.

6.4 Longitudinal Stability Requirements

The fast variations of the linac RF systems will cause the final bunch characteristics to change,
affecting the FEL performance. Such changing final bunch characteristics are primarily: 1) the final
electron energy, 2) the final peak current, and 3) the arrival time of the bunch in the undulator. We
therefore require specific stability tolerances for each RF system (phase and amplitude), bunch charge,
drive-laser timing, and bunch compressor chicane strengths (i.e., the main power supply on all four
dipole magnets), such that the final machine stability is within some reasonable limits. These limits are
chosen as follows: a) a final relative electron energy stability of < 0.01 % rms, b) a final relative peak
current stability of < 4% rms, and c) an arrival time of the electron bunch (assumed same as the x-ray
pulse timing) of < 20 fs rms.

To prescribe the tolerances we need first to calculate the individual error sensitivities, defined as the
level of error required to change each of the stability characteristics by exactly the chosen limits. For
example, we calculate the L2-linac RF phase error (A@,), assuming all of the 90 powered RF cavities in
L2 change by the same amount (correlated errors), which causes: 1) an energy error of 0.01%, 2) a
peak current change of 4%, and 3) a timing error of 20 fs (each individually, not simultaneously). All of
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these sensitivities are listed in Table 2 (100-pC configuration) where, for example, the L2 phase error
(Ag) has three sensitivities listed, with one for each final beam limit (i.e., one for each column).

Of course the sensitivities listed in Table 2 are not applicable as system tolerances, since each entry
(all by itself) consumes the full stability budget. For this reason, we scale down each sensitivity such
that the quadrature sum of all errors, assuming jitter which is uncorrelated from system to system, just
reaches the beam stability limit for each column. This list of tolerances as a full stability budget is given
in * The gun timing error is compressed by 3.85, from gun to 100 MeV, due to velocity compression.
Table 3. The “uncorrelated errors” are much looser (by 1/NY?) than the “correlated errors” (for the same
final performance) since they are based on random uncorrelated phase and amplitude variations of the
“N cavities” in that linac section (assuming each cavity is powered by its own RF power amplifier). It is
expected that the tolerances in the “uncorrelated errors” column are most likely, since experience at the
Jefferson Laboratory suggests that uncorrelated errors are more typical. However, the worst case
(“correlated errors”) are also listed here and are in fact taken as the final rms tolerance goals (in bold),
assuming the worst case conditions (see Cryomodule PRD). Note also that RF and beam-based
feedback systems will stabilize these errors at frequencies below ~10 Hz, so these tolerances
represent the fast, or pulse-to-pulse jitter levels that must not be exceeded (all tolerances are rms
values).
Table 2:  Longitudinal sensitivities where each entry in the AE/Eo-column causes a 0.01% energy
error, each entry in the Al/lp-column causes a 4% peak current change, and each entry in
the Ati-column causes a 20-fs bunch arrival time error.

Parameter (rms) Symbol :leE(fg/lo I:AZJ/%' :Ig(t)dfs unit
RF phase error in LO-linac Agy 0.36 0.048 | 1.03 | degL
RF phase error in L1-linac Ay 0.35 0.018 | 0.043 | degL
RF phase error in 3.9-GHz linac Apn 0.16 0.037 | 0.063 | degH
RF phase error in L2-linac Ap 0.042 0.088 | 0.029 | degL
RF phase error in L3-linac Ag; 0.93 0.33 19 | degL
RF amplitude error in LO-linac AVo/V 0.20 0.057 | 0.035 %
RF amplitude error in L1-linac AV1/V, 0.13 0.041 | 0.017 %
RF amplitude error in 3.9-GHz linac | AVy/Vy 0.87 0.051 | 0.062 %
RF amplitude error in L2-linac AV, 0.029 0.13 | 0.019 %
RF amplitude error in L3-linac AV3/V3 0.017 0.38 15 %
Drive laser timing error on cathode At 2.1 0.61 10 ps
Bunch charge error at gun” AQ/Qy 5.7 7.9 49 %
Current regulation in LH chicane Alylly 0.090 0.041 0.8 %
Current regulation in BC1 chicane Alq/1ly 0.055 0.042 | 0.016 %
Current regulation in BC2 chicane Al 0.15 0.075 | 0.016 %

* The gun timing error is compressed by 3.85, from gun to 100 MeV, due to velocity compression.
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Table 3: Longitudinal tolerances where the sum of all simultaneous variations does not exceed: 1) an
electron energy error of 0.01%, 2) a peak current change of 4%, and 3) a timing error of
20 fs. Most of the “uncorrelated errors” are much looser than the “correlated errors” since
they are based on “N cavities” with uncorrelated phase and amplitude jitter. Note that the
3.9-GHz harmonic phase error is quoted in degrees of 3.9-GHz RF (“degH”), whereas the
other phase errors are quoted for a 1.3 GHz frequency (“‘degL”). The final rms tolerance
goals are in bold, assuming the worst case conditions of correlated errors.

Parameter (rms) Symbol uncorrelated | correlated N : unit
errors errors | cavities
RF phase error in LO-linac Agy 0.040 0.015 7 degL
RF phase error in L1-linac Ay 0.039 0.010 15 degL
RF phase error in 3.9-GHz linac A@r 0.039 0.010 15 degH
RF phase error in L2-linac Ap 0.095 0.010 90 degL
RF phase error in L3-linac Ag; 1.8 0.150 150 | degL
RF amplitude error in LO-linac AVo/Vy 0.026 0.010 7 %
RF amplitude error in L1-linac AV, 0.039 0.010 15 %
RF amplitude error in 3.9-GHz linac | AVy/Vy 0.039 0.010 15 %
RF amplitude error in L2-linac AVo/\V, 0.095 0.010 90 %
RF amplitude error in L3-linac AV3/V3 0.12 0.010 150 %
Drive laser timing error on cathode™ |  At. 0.31 0.31 - ps
Bunch charge error at gun AQ/Qq 1.5 1.5 - %
Current regulation in LH chicane Alylly 0.005 0.005 - %
Current regulation in BC1 chicane Aly/ly 0.005 0.005 - %
Current regulation in BC2 chicane Alyll, 0.003 0.003 - %

* The gun timing error is compressed by 3.85, from gun to 100 MeV, due to velocity compression.

The tolerances listed in Table 3 are calculated based on the linearized sensitivities of Table 2. To
confirm the final beam stability expectations we also execute 1000 independent 2D (longitudinal)
tracking runs using the computer code LiTrack. Each tracking run follows 250k macro-particles through
the full machine, from cathode to FEL, including the sinusoidal RF, cavity and resistive-wall wakefields
(see below), and magnetic compression to third order. For these runs a simple 1D model of the CSR
(coherent synchrotron radiation) is also included in each bend system. Figure 9 shows the stability
summary at 4 GeV (100-pC case), assuming the bold (correlated) column from the rms tolerances
listed in Table 3 have been met, but the RF phase and amplitude errors are correlated within each linac
section (e.g., all 90 cavities in the L2-linac section have identical errors on each shot, but different than
L3, etc). With these (correlated) tolerances, the simulated final relative energy jitter is 0.009% rms
(centered around a 4.0-GeV mean value), the relative peak current variation is 3.7% rms (around a
930-A mean), and the arrival-time variation is 20 fs rms (around a nominal value of zero), all as

The only official copy of this file is located in the LCLS-Il Controlled Document Site.
Before using a printed/electronic copy, verify that it is the most current version.



) Physics Requirements Document
Mll‘“’l I I Document Title: Linac Requirements

Document Number: LCLSII-2.4-PR-0041-R1 Page 10 of 12

expected from the sensitivity calculations. Note the rms energy spread variation is also shown (top
right), which is quite stable, and the rms bunch length (left-center), as well as the FWHM bunch length
(right-bottom) are shown.
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Figure 9. Simulation of LCLS-II longitudinal stability assuming the tolerances of Table 3 (bold column)
have been met, and the RF phase and amplitude jitter is correlated from cavity to cavity
within one (of 5) linac sections. The final relative energy jitter is 0.009% rms, the relative
peak current variation is 3.7% rms, and the arrival-time jitter is 20 fs rms, as expected.

Since correlated RF errors are a worst-case scenario, we also run the case where the rms tolerance
values listed in Table 3 (bold column) are achieved, but all RF cavities are varying independently
(uncorrelated errors). [This is not quite the same as the case in column 3 of Table 3 (uncorrelated
errors), with values which have been increased (e.g., L3 voltage tolerance increased by a factor of 12)
to provide the same final beam stability, but with uncorrelated errors.] Figure 10 shows the most
optimistic case, where the bold tolerance values are not only met, but these phase and voltage
variations are independent from cavity to cavity, achieving a better final stability. This is the best
possible outcome, with a final energy jitter of 0.003% rms, a peak current variation of 1.8% rms, and an
arrival-time jitter of 5.0 fs rms, as shown in Figure 10.
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Figure 10. Simulation of LCLS-II longitudinal stability assuming the tolerances of Table 3 have been
met and, in this case, the RF phase and amplitude jitter is uncorrelated from cavity to cavity.
The final energy jitter is 0.003% rms, the peak current variation is 1.8% rms, and the arrival
time is 5.0 fs rms.

6.5 Longitudinal Wakefields in the Long, Post-Linac Transport Lines

The long transport lines following the LCLS-II linac also generate longitudinal wakefields which need to
be included in the bunch compression system design, especially in consideration to the cancellation of
the linear energy chirp on the bunch before it enters the FEL undulators. The wakefields are
dominantly due to the resistive-wall effect and have contributions from each transport line section
according to pipe radius, material, and length. The various wakefield section parameters are listed in
Table 4, including the pipe length, pipe internal radius, internal pipe plating material, that material’s
conductivity, its relaxation time, and the MAD-file marker locating the end of that section.
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Table 4: Resistive-wall wakefield contributions over the various long, post-linac transport lines.

Beamline Section Pipe Pipe | Material | Conductivity | Time MAD Start
Length | Radius (Ohm-m) | Constant Location
(m) | (mm) (fs)
Linac Extension 250 245 stainless 1.37x10° 27 “ENDEXT”
Rolled Dog-Leg #1 78 19.0 stainless 1.37x10° 27 “ENDDOG”
Bypass Line before BC3 15 245 stainless 1.37x10° 27 “BC3CBEG”
Bypass Line after BC3 1719 245 stainless 1.37x10° 27 “LTUSPLIT”
LTU to SXRSS Und. 827 24.5 | aluminum 3.60x10’ 8 “SXRSTART”
LTU to HXRSS Und.* 778 20.6 copper 5.80x10’ 20 “HXRSTART”

* Much of this beam pipe exists at present and is copper plated internally to reduce RW wakes.
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