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Abstract

In this note, the analysis on linac quadrupole misalignment is presented for the FACET
linac section LI05-09 plus LI11-19. The effectiveness of the beam-based alignment technique
is preliminarily confirmed by the measurement.

1 Overview

Beam-based alignment technique was adopted at SLAC linac since SLC time [1]. Here the beam-
based alignment algorithms are further developed and applied in the FACET commissioning during
2012 run.

2 FACET optics and MATLAB simulation results

FACET is a facility dedicated for beam-driven plasma wake field acceleration experiment and other
programs, which uses the first two kilometers of SLAC linac [2]. The TWISS beta function in
FACET linac LI05-19 is shown in Figure 1 (left), and the beam energy (max. of 22 GeV) is shown
in Figure 1 (right).

The details of the beam-based alignment algorithms are discussed in reference [3] and refer-
ence [4], which are not repeated here. In principle, it employs first order transport matrix to solve
beam’s position and angle, as shown in formulae 1 and formulae 2.
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The whole linear system is then expressed in matrix format, as shown in formulae 3.

Work supported by US Department of Energy contract DE-ACO02-76SF00515.



R-Q=B (3)
The matrix R, Q and B denote

e R combined R matrix, n X n sparse matrix
e () quad offsets+initial beam offset, n x 1
e B BPM reading, n x 1

e B includes BPM to Q offset error, and BPM measurement error

This linear system can be solved by Row reduction (Gaussian elimination).

The schematic of this system is shown in Figure 2. The simulation program written in MATLAB
is first benchmarked with ELEGANT simulation, where good agreement is achieved as shown in
Figure 3. It is noted that outstanding quad offset of 2 mm can be effectively detected, given 200
pm BPM to quad offset and 300 pum normal quad offset, as shown in Figure 4.

3 Analysis on FACET linac data LI05-09 plus LI11-19

The MADS model used in constructing the matrix R is first benchmarked with the FACET machine
by comparing oscillation data (launched by two dipole correctors in horizontal and vertical plane
respectively).

Then the linac is divided into sections LI05-06, LI07-09, LI11-13, LI14-16 and LI17-19, and the
quad offset is calculated in each section. This technique is to minimize the impact from optics errors
which may sum up.

For each section, three sets of data are taken on different dates. One set of data includes the
BPM reading, the steering dipole corrector strength and the quadrupole strength.

The MATLAB algorithm has functions: (Given BPM measurement data and dipole corrector
settings from any steering method )

e read in MAD optics model and BPM data

e subtract dipole corrector contribution in BPM data; get new BPM data (only from quads kicks
and initial beam angle)

e calculate each quad offset and initial beam angle (N-1 BPMs —> N-2 quads + initial beam

angle)

In Figure 5 three sets of data (BPM readings X/Y, and steering dipole corrector strength X/Y)
are shown for LI05-06. It is observed that they are quite different.

Then following the steps discussed above, the quad misalignment is calculated (Reference line:
QUAD:LI05:201 to QUAD:LI06:901 ). From the results shown in Figure 6, it is observed that the
convergence of this algorithm is good.

These quad offsets data (amended with BPM-quad offset measurement, by ‘bow-tie’ or another
new technique [5]) are given to alignment crews who then move the quad with large offsets accord-
ingly. Positive moves are up (y, vertical plane) and to the wall (x, horizontal plane).



After the move, the quad misalignment is measured and calculated again. The difference of the
two sets of calculated quad offset from measurement agrees well with the amount that the quads
are moved, as listed in Table 1.

Table 1: Quad movement agrees well with measurement.

X moved [mil] | AX measured [mil] | Y moved [mil] | AY measured|mil|
Quad Li05 601 10 13 20 3
Quad Li05 701 - -5 25 30
Quad Li05 801 -30 -24 - -4
Quad Li05 901 -15 -4 -30 -49
Quad Li06 301 - 0 10 2
Quad Li06 501 - 1 25 .33

Possible error sources are:
e quad strength error (systematic and random error)
e dipole corrector strength scaling error
e BPM random error (resolution, roughly 50 pum for SLAC linac)
e BPM reading scaling error (systematic error)
Effects not included in the algorithm, wake fields, RF kicks etc.

e crror in moving the quad by alignment crews
The quad misalignments calculated for FACET linac LI07-09, LI11-13, LI14-16 and LI17-19 are
shown in Figure 7 to Figure 10 below.
The calculated quad misalignment in LI17-19 is very suspicious which needs further analysis. It
may be due to a wrongly selected reference axis, as shown in Figure 11.
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Figure 1: FACET linac LI05-19. Left: TWISS beta function; Right: beam energy (acceleration)
along the linac.
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Figure 2: Schematic of the linac system, with quadrupoles, BPMs, steering dipole correctors and
drift spaces. Reference axis from the center of first quad to last quad.
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Figure 3: Benchmark of the MATLAB script with ELEGANT simulation results show good agree-
ment. Small difference is due to thin-lens (MATLAB script) and thick-lens (ELEGANT) adopted
for magnets model. Left: with initial beam angle 300 pm; middle: with initial beam angle 300 pm,
and RMS quad offset of 900 pm; right: with initial beam angle 300 pm, RMS quad offset of 900

pm and RMS dipole corrector strength of 50 prad.
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Figure 4: 200 pm is assumed for the offset between BPM (Beam Position Monitor) electrical center
and quadrupole magnetic center, and 300 pum for quad offset (RMS). The simulation shows that
outstanding quad offset of 2 mm can still be detected, as crossed by the eclipse.
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Figure 5: BPM readings X/Y, and steering dipole corrector strength X/Y of LI05-06. Left: April
02, 2012; middle: April 12, 2012; right: April 19, 2012.
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Figure 6: Calculated quad misalignment in LI05-06. Reference axis: center of first quad to last
quad.
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Figure 7: Calculated quad misalignment in LI0O7-09. Reference axis: center of first quad to last
quad.
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Figure 8: Calculated quad misalignment in LI11-13. Reference axis: center of first quad to last
quad.
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Figure 9: Calculated quad misalignment in LI14-16. Reference axis: center of first quad to last
quad.
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Figure 10: Calculated quad misalignment in LI17-19. Reference axis: center of first quad to last
quad.
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Figure 11: Schematic of the linac system for two cases of wrongly selected reference axis (blue and
red curve), with quadrupoles, BPMs, steering dipole correctors and drift spaces. Reference axis
from the center of first quad to last quad.



