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NSLS-II Lattice and Magnets
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Normal Sextupole: & dg!

Type A: Single coil, short,11 T/m
Type B: single coil, wide, 11 T/m
Type C: Double Coil, long, 22 T/m
Type D: Doulbe Coil, short, 22 T/m Quadrupole: 50 ppm =
Type E: Double Coil, Wide, 22 T/m All sextupoles have Peak to peak beta beat <0.5%

and peak to peak tune jitter <1x10-3

Large Aperture: 90 mm, 15 T/m  maximum strength of 400 T/m?
Sextupole: 100ppm

Stability requirélﬁents:

Type A: Symmetric, 68mm
Dipole: 25 ppm=> rms Ap/p<5x10

Type B: Wide, 68 mm
Large Aperture: 76 mm

Courtesy: Weiming Guo, NSLS-II, BNL.

Alignment Specifications:
100 um girder to girdery 30 wum magnet to girder;)+(0.2 mrad magnet roll
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Introduction

e For optimum performance, the magnetic axes of quadrupoles
and sextupoles in NSLS-II should be aligned to better than
+30 microns.

e Itis difficult to achieve the required accuracy using magnet
fiducialization, coupled with optical survey.

e Itis difficult, and expensive, to maintain the required
machining and assembly tolerances 1n a long support structure
(~5 m) holding several magnets.

e [Itis desirable to achieve the required alignment using direct
magnetic measurements in a string of magnets.

e The vibrating wire technique, developed at Cornell, was
deemed to be the most appropriate for this task.
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Steps Involved in Alignment

e Determine magnetic axis of all elements on a girder.
e Move magnets on a girder to a common axis.

e Secure magnets to the girder without disturbing the
alignment.

e Verily alignment after securing the magnets.

e Fully characterize the magnet and girder positions in
space.

e Reproduce the magnet and girder positions during the
final installation 1n the machine.
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Magnet Alignment R&D

e Although the vibrating wire technique had been used in the
past for quadrupole measurements, very little work had
been done 1n sextupoles.

e An R&D program was initiated to further develop the
technique at BNL and demonstrate the required accuracy for
both quadrupoles and sextupoles.

* Good measurement reproducibility has been achieved as a
result of several improvements made over the course of this
R&D program, which started 1n January, 2007.

 Work 1s still underway to study alignment stability and to
adapt the measurements for a production environment.
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The Vibrating Wire Technique: Basics

Wire carrying Magnet
X y sinusoidal current
X-Y - .
Stage Wire XY GaWeight
Vibration Magnet L Stage
Sensors Mover

 An AC current 1s passed through a wire stretched axially in the magnet.

e Any transverse field at the wire location exerts a periodic force on the
wire, thus exciting vibrations.

e The vibrations are enhanced if the driving frequency is close to one of the
resonant frequencies, giving high sensitivity.

e The vibration amplitudes are studied as a function of wire offset to
determine the transverse field profile, from which the magnetic axis can
be derived.
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Salient Features of the Vibrating Wire System

e Aerotech ATS03005 stages for wire movement
(0.1 micron resolution; 2.5 micron/25 mm accuracy).

 Wire ends are defined by stainless steel V-notches.
e Set of 7 fiducials at each end to locate the V-notches.

e A pair of X-Y wire vibration sensors at each end of the
wire. Allows two independent, sitmultaneous
measurements for data verification and redundancy.

e Completely rewritten acquisition and analysis software
with scripting support for flexibility in experiment
control.

cD
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ere End Support (V-notch)
_ Fiducial S R
nests (7)

~‘Stainless,
¥ oVanetehize"

Fiducials relate the wire ends to the overall girder coordinate system.

A V-notch with radius much smaller than the wire was chosen.
The wire position is thus insensitive to the actual radius of the V-notch.
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Wire Vibration Sensors

Fine, automated
adjustment along
measurement axis
using piezo stages

U As the wire is moved
L horizontally or vertically,
<

adjustment in
orthogonal axis

. N
The wire motion sensors are

Inexpensive photointerrupters

the position of the wire
- (Model GP1S094HCZOF)

relative to the sensor
changes slightly (~ a few

A pair of microns) due to
SN imperfections in the stage
located on ba fion. Thi
ends of the motion. This causes a
wire TG . o change inthe operating
allowing two © - point of the sensor.
simultaneous
easurementy (L ) / An automated piezo stage
2 e was adaed to keep the
L~ wire “centered” in the
< w0 sensors during a scan.
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Complete Wire Mover Assembly

Camerato . A similar assembly is present at
ensure wire 1S the other end of the wire, except
correctly seated that the pulley and weight are

in the notch —

replaced by a fixed wire end.

Light Shades to
reduce noise from
stray light

& \
» N
-(
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Alignment Issues Studied

e Wire sag correction

e Detector sensitivity to orthogonal motion

e Sensitivity to Yaw/Pitch of magnets

e Accuracy of quadrupole center measurement
e Accuracy of sextupole center measurement

e Background field correction

e Ability to precisely move magnets (manually) and
secure to the girder.

e Reproducibility of the girder vertical profile.

e Stability of magnet alignment after transporting a
girder.
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Detector Sensitivity to Orthogonal Motion

Response of X1 & Y1 Detectors to X1 Stage Motion

0.8 | | | | | 0.020
e 18-Dec-08 ® Sensor X1 e 0.015
L A Sensor Y Tl ~ ~ Measured signal is
e 04T =7 V0192 contaminated by
go2 S i 0.00s £ sensitivity to motion
= S~ \ Fd O
S 00 £ g 0000 2 alqng the orthogonal
5 Pl N z  axis, thus causing
§-02 = RN 0005 @ errors in the
b N \mm
0.4 o >~<_ 1 -0010 = measurement of
1 ™ y=00137x+ 00089 1 pTey magnetic center.
0.6 L~ y =-0.00026x - 0.00070 -0.015
-0.8 i ! -0.020

-50 -40 -30 -20 -10 O 10 20 30 40 50
Wire X1-Motion (microns)

A rigorous analysis has shown that the error in horizontal/vertical center is minimized if
wire is scanned at the vertical/horizontal center in both quadrupoles and sextupoles.
This implies that a rough center must be found first before the final scan.
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Resonant Mode to Use: Yaw/Pitch Sensitivity

e Should have a maxima near the axial center of the magnet
being measured.

e Preferably even numbered modes should be used to avoid
contribution from any axially uniform background fields
(e.g. earth’s field).

e [t may be impractical to find a mode with maxima exactly
at the axial center for every magnet on the girder. This
causes sensitivity to yaw and pitch.

e One should choose a mode that minimizes sensitivity to
yaw and pitch without sacrificing signal strength.
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Sensitivity to Yaw and Pitch

o0
B, (z)= ZBY” sin(n;zz / L) Signal for mode = n is pljoportional to B,
n=1 (for a given detector position)

In a quadrupole magnet with offset x, and yaw angle O, located atz =z,
By (Z) — Gx() - G(Z o Zmag )® mag

B (4Gxo jsin N mag i Ny L., = magnetic length
% nw L 2L L = wire length

-0 4GL COS M sin [ mag nag _| [fomag Mnag COS [ mag Mnag
e L 2L 2L 2L
Error in center determination due to yaw:
I nz nl nl. A similar expression
Axy = (—j Cot(ﬂj 1- (ﬂ] Cot(ﬂj:l(@ applies to vertical offset
o L 2L 2L and pitch angle.

= magnet axial position; G = Gradient

A similar analysis for sextupoles is much more tedious,
but the same expression for Ax, is obtained in the end!

T, High Precision Ali f Multipoles: Ani h Jain, BNL
‘___‘ U.S. DEPARTMENT OF 1g TrecC1S10n lgnment (0) u tlpO €S nimes Jaln, Bnnn“"ﬁ"[“

' EN ERGY LER2010: January 12-15, 2010 NATIONAL LABORATORY
Y 14

ATE




Yaw/Pitch Sensitivity for Various Modes

¥ AN,

—_ NI
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(micron/mrad)
-)

Yaw/Pitch Sensitivity

10 M
Zmag =3-98m ¢ \ /
230 Liyqe =0.23m \ /
40
0) 2 4 6 8 10 12 14 16
Mode Number
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Reproducibility of Horizontal Center in Quad
Reproducibility of Horiz. Center in ALBA Q500

-0.015

-0.016

-0.017

-0.018

-0.019

Horizontal Center (mm)

22-Oct-2008
Std.Dev. = 0.003 mm

3.5 hrs ~ 2 microns

Total variation over

-0.020 +——

-0.021
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—8— Sensor #1 | |
Agreement between two —&— Sensor #3
sensors ~ (0.2 micron
l I I
0 2 4 6 8 10 12 14
Measurement Sequence Number
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Reproducibility of Vertical Center in Quad
Reproducibility of Vertical Center in ALBA Q500

-0.007 -
Agreement between two sensors

-0.008 +~ 0.1 micron Wi
 (improved from ~ 5 microns in

0.000 | ‘
—e— Sensor #2 22-0ct-2008
‘0.001 —— Sensor #4 Std.DeV. =0.003 mm |
-0.002 |
’g Total variation over
= -0.003 \ 3.5 hrs ~ 8 microns
E 0.004 This could be
= temperature related
o -0.005 |
2 i \ ) Temperature stabilized |
5 environment is required !
.E
>
>

-0.009 .
earlier data).
-0.010 | | | |
0 2 4 6 8 10 12 14
Measurement Sequence Number
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Sextupole Measurements Using B, and B,

B, = B; (x—xo)zg(y—yo)2 B 28, (x—xo)z(y—yo)
Rref Rref
* Obtaining centers from B, vs. x and B, vs. y plots uses only
one set of sensors, and requires quadratic fits.

* One could also use scans of B vs. x (or y) for various values of
y (or x). These plots are expected to be linear with slopes
proportional to offsets in y (or x) direction.

* Doing three such scans allows to obtain centers from both B,
and B, data. With 2 sets of sensors, one gets four values of
magnetic center.
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Sextupole Measurements: B, Scans

@ X1 Sensor @ X2 Sensor ® X1 Sensor ® X2 Sensor
120 -20
XCenter(1) = -0.0057 mm /L\
100 -40 4
& XCenter(2) =-0.0061 mm
Horizontal center is defined as the
80 ) -60 -
point where B, vs. x has zero slope
= )
= =
S 60 -
= § 80
& ”
S 40 S 100
= =
= =
bl — YCenter(1) = 0.0039 mm
E 2 & 120
0@ YCenter(2) = 0.0037 mm
= Parabolic fits >
Q N ]
0 -140 -
Vertical center is defined as the point
-20 \/ -160 | where B, vs.y has zero slope
-40 \ \ \ \ \ \ -180
20 -15 -10 -05 00 0.5 1.0 1.5 2.0 20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
Wire Horizontal Position (mm) Wire Vertical Position (mm)
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Sextupole Measurements: B Scans

SLS Sextupole SR110 at 100 A; Quad @0A; 19-Mar-08

® Y]l (Y =-0.6 mm) A Y] (Y =0.0 mm) ¢ Y1 (Y =+0.6 mm)
O Y2 (Y =-0.6 mm) AY2 (Y =0.0 mm) & Y2 (Y =+0.6 mm)
40 &
~
=~ ~N
30 > =<

B. (arbitrary units)
S
r
\
\
% |
\
\
\ /
X /
/ \
/
i
/
/
it

- ~
& / \I\\ -
230 Vertical center is defined as the point
e
/ where B, vs. x has zero slope
-40 ‘ ‘ ‘

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
Wire Horizontal Position (mm)
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Yet Another Way to Measure Sextupoles

Circular Scan (R = 1 mm) in SLS Sextupole at 100A

e Xl —— XI1Fit A YI — — = YIFit
° X2 —— X2Fit A Y2 — — - Y2Fit
60 ‘ ‘ I I I
Uncorrected 19-Mar-2008 :
Fit measured data
) to a truncated
5 1 Fourier Series,
> A/ S giving quadrupole
s AN |7 AN and sextupole
= \, * |terms.
¢ - A
= BN g Both X and Y
S . «
w SNV Centers can be
En \ obtained using any
» of the 4 detectors
\-\, in a single scan.
-60
0 45 90 135 180 225 270 315 360
Angle (deg.)
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Comparison of Sextupole Data Using B, and B,

Summary of Sextupole Center Measurements in SR110 at 100A

19-Mar-2008: Comparison of Circular and Linear Scan Results

Uncorrected Background Corrected Correction Needed in
Method S T Sensor
Number can lype Used X_ Center Y_ Center X_ Center Y_ Center X_ Center Y_ Center

L) (pm) i (pm) (pm) (pm)

1 X1 (B_y) 13.7 -30.8 -155.1 -31.3 -168.8 -0.5

2 |CIRCULAR|y g )| 83 31.8 -160.8 32.5 -169.1 0.7

(single scan;

3 25 points) X2 (B_y) 13.7 -34.1 -154.5 -33.1 -168.3 1.0

4 Y2 (B_x) 8.7 -31.1 -160.1 -31.5 -168.8 -04

5 LINEAR X1 (B_y) 10.0 -31.5 -160.9 -32.5 -170.9 -1.0

6 (6 scans; | Y1 (B_x) 10.8 -32.9 -160.0 -35.0 -170.8 -2.1

7 7 points X2 (B_y) 94 -31.6 -161.5 -32.9 -170.9 -1.3

8 each) |vomp 4 10 1 20 1 1606 205 1707 16
Mean of all 8 methods: 10.6 -32.0 -159.2 -32.4 -169.8 -0.4

Std. Deviation of all 8 methods: 2.1 1.1 2.8 14 1.1 1.2
Mean of Circular Scan Data: TT.1 -31.9 -157.6 -32.1 -168.7 -0.2

Std. Deviation of Circular Scan: 3.0 1.5 3.3 0.8 0.3 0.8
Mean of Linear Scans: 10.1 -32.0 -160.7 -32.7 -170.8 -0.7

Std. Deviation of Linear Scans: 0.6 0.7 0.6 1.9 0.1 1.6
Circular to Linear Scan Diff.: 1.0 0.1 3.1 0.6 2.1 0.5

& SRR @ High Precision Alignment of Multipoles: Animesh Jain, BNL BROOKHEVEN
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Issue of Background Fields in Sextupole Meas.

e There 1s a significant quadrupole background field from
quadrupole magnet(s) even when these are unpowered.

e Based on rotating coil data, the remnant integrated quadrupole
field 1s ~0.02 T. This could amount to a change 1n horizontal
center by hundreds of microns, depending on quad position and
the mode used for sextupole measurements.

 The vertical center measurement is not affected because By
(or B,) 1s independent of y (or x) in a quadrupole field.

e Effectiveness of background correction has been tested by
measuring a sextupole in the presence of a quadrupole which
was either unpowered, or was powered at 2 A (apparent center
shift of ~600 microns). Corrected center = +5 microns.

cCDAD
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Reproducing Girder Vertical Profile

e The girder, if supported at the four corners only, has a sag of
about 150 microns.

e Based on studies done 1n a prototype girder, the vertical profile
of the girder could vary by as much as ~30 microns simply as a
result of handling.

It 1s, therefore, essential to not only measure the magnet centers
precisely, but also to have a precise means of characterizing and
then reproducing the girder vertical profile during installation.

e It was demonstrated that the girder vertical profile can be
measured to better than ~10 microns using multiple laser tracker
setups 1n a temperature controlled chamber (< £0.1 C).

AT i e mEDA DT e M e High Precision Alignment of Multipoles: Animesh Jain, BNL
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Feasibility of Profiling by Laser Tracker

Dial Gauge SMR

SMR Nest
(Adjustable)

A Laser Tracker target was placed on an adjustable mount and its vertical position
was monitored with a digital dial gauge. The laser tracker was used to measure
changes in the vertical position and the results were compared to the dial gauge
readings. Typical agreements were well below 10 microns.
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N SLS-II Prototypes in Vlbratlng ere Test Stand
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Alignment Stability

e Four NSLS-II prototype quadrupole magnets were mounted on a
prototype girder, and prealigned using a laser system.

e The girder was installed in the temperature controlled room and the
magnets were hooked up to power and water supplies.

e The magnetic centers of all the magnets were measured, and all the
remaining steps in the alignment process outlined earlier were
carried out.

e The girder was then removed from the test bench, loaded on a
truck, driven around the laboratory site, unloaded and reloaded on
the truck, and then brought back to the test area.

e The girder was reinstalled, the girder vertical profile was
reproduced using survey, and magnetic centers were measured
again to see if the initial alignment of the magnets was maintained.
R e e High Precision Alignment of Multipoles: Animesh Jain, BNL BROOKHEAVUEN
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Horizontal Center (mm)

Alignment Stability During Girder Handling

Four NSLS-II Prototype Quadrupoles on a Prototype Girder

Alignment Errors With Respect to a Best Fit Straight Line

0.008 — ——6/12/09 —&—6/22/09 -
== 6/23/09(1) —©—6/23/09(2)
——-7/7/09 —&—7/9/09
0.006 —=~7/10/09 B
0.004 /%\
0.002 -
0.000
) 7,
0.002 g / ‘
-0.004
-0.006 — ) /
After Truck Ride’
-0.008 ! 1 ‘ ‘
1.0 2.0 3.0 4.0 5.0 6.0

South End Axial Position (m)  North End

ym“‘é U.S. DEPARTMENT O

zr.
&Y
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Vertical Center (mm)

0.008 \ \
After Truck Ride
0.006 / i i
/ Before Truck Ride
. AN |
0.002
B /
0.000 -
20.002 - / A
-0.004
——06/12/09 —4&—6/22/09 —H=—6/23/09(1)
-0.006 {|—6—6/23/09(2) —@—7/7/09  —&—7/9/09
—=—-7/10/09
-0.008 : : : :
1.0 2.0 3.0 4.0 5.0 6.0

South End Axial Position (m)  North End
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Conclusions

An extensive R&D program has been carried out to build a state-of-
the-art vibrating wire system, and to study various issues.

Possible sources of error are studied analytically, and the measurement
procedures developed to minimize the errors.

Excellent consistency (at sub-micron level) 1s routinely achieved
between data from two sets of sensors.

Absolute accuracy of < 5 um, as judged by correlation with
mechanical motion, and consistency between four independent
methods of measuring a sextupole, has been demonstrated.

It has been shown that magnets can be secured to the girder while
maintaining alignment within ~ 5 um.

The alignment of the magnets was shown to survive careful handling.

The vibrating wire system 1s nearly ready for production
measurements.
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Thank You!
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Supplemental Material
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Resonant Frequency and Wire Sag

° Axl — A xICalc A Ayl — A_ylCalc 1 (7 | .
o A X2 — A x2Cale & A y2 A y2cale | |[fo==,]—| 1= Tension
0.8 /—\ 2L\'my | L =Length
f_x1=22.902 Hz My = mass
05 | Mode6 1 i) e |
oy ‘ 8T | length
A / / \ \f_y2=22.900 Hy g
e 0.4 N ~_ g
>|> Sag = >
< 02 Mo 2/;
= oo oo . o oereo Correction for large wire
| ek Aaha ARt e A A A A A Ak :
A 0 oo oo sag (~550-600 microns
oy e | e for ~7.3 m length)
%02 S or ~7.3 m length) is very
<:| \\ / important, which in turn
V .04 requires a very precise
V knowlege of resonant
-0.6 - T ~7.3mlong, 0.125 mm dia. = |frequency.
e sG ol ept 0 CuBewirei 105 Kgweight |5 05 Hz = + 1 micron
134 135 136 137 138 139 140 141
Frequency (Hz)
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Experimental Setup for Sag Measurements

Sensor ’ ~<— Dial indicator

e

(RN A vertical wire sensor is
mounted on a vertical
stage and is placed at
axial center of the wire.
For a given weight, the
sensor is adjusted until
zero signal is obtained,
and the resonance
frequency is measured.
A dial indicator is used
to monitor change in
" detector position (or
sag) W|th welght

/\.} — E
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Sag: Measured Vs. Calculated

150 |
E O Horizontal Sensor
g 100 s N X Vertical Sensor —
é #5 — Calculated
N’
= 50 \if)’\
2f #4
- #1,2
= 0 #9
é Dial indicator accuracy #3I\Z
= is £3 um
™~
= 50
; >©#1 |
%ﬂ Wire position appears to have
g -100 changed systematically by ~19 um \g{#lo
& for data points #10-11.
150 | |
0.0017 0.0019 0.0021 0.0023 0.0025 0.0027
2 2
1/f~ (s%)
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Stability of Wire Sag Over Several Days

560 ‘ |
— Resonant frequency, and
72) hence sag, is continuously |
g 558 derived as part of the
o measurements. Thus
2 556 | stability is strictly needed —
E October 26-29, 2007 only at time scale of
a0 554 ~1 hour . _
S D
N
= 552
<]
2 550 R
gq O Using X Detector ©
S 548 + Using Y Detector R
O Oct. 30-Nov.1, 2007
546 w i i

0 50 100 150 200 250 300 350
Measurement Sequence Number
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Horizontal Scans (B,): Slope Vs. Y Offset

SR110 at 100 A (UnCorrected) Quad at 0A; 19-Mar-08
30 |
i\ ® Y1 Sensor /
A Y?2 Sensor
\ ~
/ From dB /dx Vs y Plots:

YCenter(1) =-0.0306 mm
YCenter(2) =-0.0304 mm

[\
-}

—_
-}

N/

dB; /dx (arbitrary units)
(@}

N,

0 = YCenter(1) = -0.0329 mm\\
/
YCenter(2) = -0.0321 mm \
-30

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Wire Vertical Position (mm)
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Vertical Scans (B ): Slope Vs. X Offset

SR110 at 100 A (UnCorrected) Quad at 0A; 19-Mar-08

30 \
\ ® Y1 Sensor
A Y2 Sensor /
~ /
\ e From dB /dy Vs x Plots:
o rom dB,/dy Vs x Plots

XCenter(1) =-0.0100 mm
XCenter(2) =-0.0094 mm

[\
S

p—
-}

—_
(@)
!

I

e XCenter(1) = 0.0108 mm ~.

XCenter(2) = 0.0101 mm \

30 \
-0.6 0.4 -0.2 0.0 0.2 0.4 0.6
Wire Horizontal Position (mm)

dB. /dy (arbitrary units)
)

.

[~
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Horizontal Center Reproducibility in Sextupole

Horizontal Center (microns)

1

[y

[

4 | |
—0— Sensor #1 (B_y) —&— Sensor #3 (B_y)
2 —8— Sensor #2 (B_x) —&— Sensor #4 (B_x) A
0 \
8 *— —
—2
6
4 12-Mar-2008
slEdBenli ) = LD imin Scans over 1.2 mm
) skl g S I inm 100 pts/cycle; 200 cycles; 24 freq. steps
1.5 hr per measurement
:
1 2 3 4 5
Measurement Sequence Number
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Procedure for Multipole Alignment on a Girder

e Install magnets on a girder, install vacuum chamber, and carry
out a rough alignment using a laser system (horizontal and
vertical offsets, pitch and yaw) and inclinometers (roll).

e Set up girder on a vibrating wire test stand in a temperature
controlled environment (£0.1C), and wait for steady state.

e Tighten the 4 corner studs on the girder to several hundred
ft-1bs, secure center bolts and tighten to ~ 100 ft-Ibs.

 Power one magnet at a time and measure the magnetic center
using vibrating wire technique in the vibrating wire coordinate
system, including appropriate correction for wire sag.

e Repeat for all magnets on the girder.
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Procedure for Alignment on a Girder (contd.)

e Force all displacement gauges to display the corresponding
measured magnet offsets.

e Lock the magnets in place, while monitoring the magnet
positions to bring the magnets on-axis by making all gauges to
read zero again.

e If required, carry out vibrating wire measurements again to
confirm alignment.

e Survey the wire ends, and all girder and magnet fiducials
using laser trackers. In particular, measure the girder
vertical profile precisely (better than +10 microns).

e Disconnect and remove the girder from the test stand.

1 c NMEDADTMEMT NC
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ELEVATION DELTA [LASER TRACKER-DIAL GAUGE] VS POSITION

10.0

5.0

ELEVATION DELTA [MICRONS]

-5.0
)
-10.0 —Bd
-15.0
-20.0
0 2 4 6 8 10 12
POSITION #

14

—&— TRACKER 101 D1 4'
——TRACKER 101 D1 4'
—&— TRACKER 100 D4 4'
—l— TRACKER 100 D4 4'
TRACKER 101 D4 15'
TRACKER 101 D4 15'
TRACKER 100 D1 15'
TRACKER 100 D1 15'
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