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Vibrating Wire Technique and Phase Lock
Loop for Finding the Magnetic Axis of
Quadrupoles

C. Wouters, M. Calvi, V. Vranko¥j S. Sidorov, and S. Sanfilippo

Abstract— The tolerance in the alignment of the quadrupolem
the linacs and in the undulator lines of the Swis&ree Electron
Laser (SwissFEL), the next project at the Paul Scheer Institute
(PSI), will be about 1 pm. This accuracy will be rached using
beam alignment techniques. To minimize the commissiing time,
it is also requested to install the quadrupoles wiit a precision of
+50 pm. To achieve this goal, the vibrating wire technige will be
used in association with other systems to determirtbe position of
the magnetic axis of the quadrupoles with respectot external
fiducials. After a general introduction to the project and to the
instrumentation principle, the novel approach devedped at PSl is
presented. The main innovation consists in the us# a phase lock
loop (PLL) for maintaining the wire in its resonance condition.
This approach simplifies the operation of the systa in case the
wire is moved or replaced and increases substantial the
reliability of the measurement outcomes in the frara of a series
test campaign.

Index Terms—Magnetic measurements, single stretched wire,

vibrating wire technique, magnetic axis determinaton, Phase
Lock Loop.

I. INTRODUCTION

realigned in case the error exceeds the correctagnet
capability.

The measurement of the magnetic axis consists of tw
phases: the detection of the minimum field strength local
reference system by means of a magnetic sensor,thend
transfer of the axis coordinates to an externaregice, i.e. to
the magnet frame. A review of the various typesnafynetic
sensors and survey systems with their associatenlseand
measurement uncertainty can be found in [4].

At PSI the vibrating wire technique was selectediétect
the magnetic axis of the SwissFEL quadrupoles. #glsi
conducting wire is stretched through the magnettape and
driven by an alternating current. When the wireof§ the
magnetic axis it vibrates. The high sensitivitytlis technique
is based on the excitation of the natural resonanctke wire,
which enhances the ratio between forces (magnielit) fand
displacement. With this system both the horizoatal vertical
offsets as well as pitch and yaw angles are easitgssible.
This technique is very flexible and it can be @asil
implemented also for different magnets and apegines.

HE alignment of magnets in a linac-based free elactro !N the following we report the first magnetic axis

laser is a challenge especially for the quadrupmgnets
in the undulator section, where the electrons nusirlap and
resonate with the photon beam. In the SwissFELt[H,next
project at the Paul Scherrer Institute (PSI), thegettory

measurements of SwissFEL quadrupoles with the tiflgra
wire system bench assembled at PSI. The benefigsspifase
lock loop (PLL) to set and keep the wire in resaeamre
presented for the specific PSI choice to move tie and not

straightness shall be within a few micrometers [2{"€ magnetin searching for the magnetic axis.

corresponding to an alignment accuracy of the magoé

about 1pum. This target can be achieved only with a beam-

based alignment procedure (BBA) [3]. The measurénoén
the magnetic axis is nevertheless required to imetd an
effective BBA. The initial alignment error must b@nimised
to implement a simple and fast BBA and for the stigation
of the reproducibility of the magnetic axis afterrent cycles.
The axis movements at different excitation levelgehalso to
be carefully studied with dedicated measuremehts, BBA
being repeated in case the changes exceed the nmeitao
accuracy level. In the main linacs of the SwissFé#dility the
alignment requirements are more relaxed and tloeseshould
not exceed a few tens of micrometers. In this megb the
accelerator the 200 quadrupole magnets are indestd
equipped with motorized stages and they must beigdiy
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Il. DESCRIPTION OFTHE VIBRATING WIRE SYSTEM SETUP AT

Psi

The single stretched wire used for quadrupole magagis
determination has been already described in theatiire [5],
[6] and only a few formulas for the scope of thégopr will be
recalled. The equation of motion in the horizo@4giplane of
an AC driven stretched wire with mass per unit ter(@) in a
vertical magnetic field §z) along the wire, is given by:

0°x __0°x  0x

?Z E—ya+ B,(2)I,cosat
Which represents forced vibration with damping.
B,(z)l,cosnt is the Lorentz (driving) force per unit lengthis

a damping factor, and’ is the wire tension. Under the
boundary condition X(z=0)=x(z=L)=0 and the

assumption that also the magnetic field is zerdhat wire
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endpoints, the solution to the Eq. (1) is: lll. IMPLEMENTATION OFPLL

i —1,B,, (nmz PLL is a control system of the lock-in amplifieratrkeeps
X(z,t) = z \/(wz wz) +((y! )w) sin L the phase difference of the input and output signa given
VIH value by adjusting the frequency of amplifier's ilator that

xcos@t +4,), (2)  generates the output signal. The PLL control systérthe
Zurich Instruments lock-in amplifier is schematigal

¢ =arcta v/ pw represented in Fig. 2. The input voltage signadriortional
" of —a)2 to the wire vibration amplitude, which in resonamoadition

7 has a 90 degree phase shift to the wire curreatpthiput of

_nm _< the lock-in. The phase detector in the PLL comp#itephase
where dj, = L and By, IB (Z)Sm( ]dz difference of these two signals and the error Wit desired

phase difference drives the PID controller elemevtigch in
Near resonance, whe@ = @), , one term dominates the sumturn drive the internal frequency oscillator of fbek-in, used

in the solution and therefore, as output to drive the wire.

T
X(z,t) = —y"sm cost+77/2 (3) signal
(@)= = msir| % feosat + /2

phase PID signal

input I " oscillator

detector controller output
motorized linear

| stages (Newport)

Fig. 2. Schematic overview of the PLL control syste

[l % . : The vibration amplitude and phase w.r.t the wireremnt
IZZ:::;T LSS Q¥ T have been measured as a function of the drivirguéecy of
Svstam : [ the wire. Fig. 3 is the result of the measuremeafken at

T \ s B 37 uTm quadrupole field integral. Due to the lowngéng of
the system, there is a strong peak in vibration liamcle at
resonance frequency and the curve of the phaseryssteep
around the resonance frequency. Therefore, angufitions or
change in resonance frequency will introduce aoiati

measurement errors or measurement points thauai bne.

7000.0 180.0

Fig. 1. The wbratmg wire measurement system @tstd) at PSI. 6000.0 N S 1500

1200

The PSI measurement system is represented in Fig. 1 0000 \
copper-beryllium wire (0.125 mm diameter) is stheid and
fixed between two pins at a distaniceof 1.2 m. Each pin is
mounted on two linear motorized stages for vertiaad

>

w

000.0

amplitude [uV]

—
8
)
phase [deg]

—
@
=}
o

2000.0

1000.0 N 300

horizontal displacements. The magnet is fixed &b &F the o s o
wire length. AC current is supplied to the wireexcite the 120 125 1930 1935 1940 1945
second harmonic to find the vertical and horizomitisets. Ac frequency [z

The fourth harmonic is used to find the pitch amavyangles Fig. 3. Measured phase (black curve) and amplitigiey curve) of wire
of the magnetic axis with respect to the geomessis [6] vibration as a function of wire driving frequend¥esonance occurs at 193.2
) . A " Hzand90d h hift to the wi t.
When the wire reaches its target position (i.& ftlaced along zan egree phase shiftfo the wire curren
the magnetic axis), the pin locations with respedhe magnet ~ The resonance frequency of the wire is very semsitd
reference points are measured with a FAREM. ambient temperature. Sudden temperature change®s fro
The wire vibration detector consists of two laseofpdiode increasing or decreasing the wire current or slemiperature
pairs for horizontal and vertical vibration detecti They are changes from the quadrupole heating will affectrémonance
as well mounted on two linear motorized stagesvieical fréquency. Resonance frequency changes of abou#ZI°C
and horizontal adjustment in accordance with theaavire "2ve been observed. With this in mind, the advastay the
position. It is placed at 13% of the wire lengthend the use of.a PLI.‘ in the \_/|br.at|ng wire system are_clé_ﬂitth PLL,
amplitude of the vibration in the second as welhathe fourth the wire V.V'” remain in resonance even if its remoce
. - . frequency is changed, for example due to small &atpre
harmonic can be detected, thus avoiding displactsrathe
detector alona the wire between offsets and vagh tfluctuatlons or other unforeseeable influencesfooeseeable
9 yaetipl ones, e.g. to wire movements. It was a specifigoehby PSI
measurements. The signals from the photodiodespeze

- , ; ., to use a system in which the wire is moved instetuthe
amplified via two “FEMTO DLPCA-200" current-to-valge  gyadrupole. The next sections describe measuring th

amplifiers and demodulated at the current drivirgnéiency magnetic axis using the moving wire (stationary ney
with a lock-in amplifier (Zurich Instruments [7]).
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A. Quadrupole axis offset measurements

The effect of the PLL control system has been testehe
detection of the horizontal offset of the magnetids with
respect to the geometric axis for a quadrupole witength
0.36 T at 10 A and an effective length of 170 mm.

The amplitude and phase of horizontal vibrationehbeen
measured for different horizontal wire offsets aamtd each
offset they were recorded 5 times over several regcavith
and without use of PLL. The system characteristia$ chosen
lock-in parameters are given in Table |. The resiltthe
average demodulated signal’'s amplitude and phatie thve
RMS error at each relative horizontal wire offgeg is shown
in Fig. 4. The magnetic axis offset is defined by the
intersection of two linear fits. As a figure of ritéo define the
error in finding the magnetic axis, the sum of tneerage
measurement errar,e;s and error of the fitg; is divided by
the slope. This value will be defined as the resmuR and
the slope of the fit will be defined as the sewiitiS of the
system. The analysis summarized in Table Il shdws the
signal stability increases and the resolution impsowhen
PLL is used to find the magnetic axis. The magnetis
measurement has been repeated several times uiffeeerd
conditions (temperature changes and mechanicaleinfles
from the environment). Although the reproducibilityfinding
the magnetic axis in all measurements was highibrtive PLL
(0.7 pm versus 1.4 um) both approaches are acdetatihe
target of the SwissFEL quadrupoles. Analogous tesate
found for the vertical offset, where the sag caicecmust be
applied [6].

TABLE |
SETUP CHARACTERISTICS AND LOCKIN AMPLIFIER PARAMETERS

Wire and magnet characteristics

Wire current amplitude 75 mA
Second harmonic frequency 202.55 Hz
Quadrupole strength at 10 A 0.36T
Quadrupole effective length 170 mm

Lock-in amplifier filter settings

Time constant 140 ms
dB/Oct 24
Bandwidth 490 mHz

Lock-in amplifier PLL settings

Time constant 4.45 ms
dB/Oct 24
Bandwidth 16 Hz
Proportional gain 34.76 mHz/degree
Time constant 71.2 ms

TABLE Il

ANALYSIS OF THE AXIS MEASUREMENT OFFIG. 4

o Gfi S Inters. [um]

meas it .
mvi  mvi MVET Gaemyy R M
Without PLL
X < % 0.2 5.5 -0.74 -0.4 1.0
X > % 0.6 78 0.72 0.2 19
With PLL

X < % 0.1 0.7 -0.75 0.0 0.2
X > % 0.1 0.6 0.75 -0.1 0.2
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Fig. 4. Quadrupole axis offset measurement withBut (upper figure,

amplitude: black dots, phase: black circles) anth iALL (middle figure).

The stability of the resonance frequency for eadhe voffset for the

measurements with PLL is shown in the bottom figure

B. Quadrupole axis pitch & yaw measurements

The angle between the quadrupole geometrical axdstze
magnetic axis projected in th¥Z-plane andZzZX-plane is
respectively, the pitch and yaw. The change in masoe
frequency due to wire movement when measuring fiteh p
and yaw angles, has to be taken into account amdated for.
The resonance frequency of the stretched wire rajthel is
given by (see Eq. 2)

;o= n [T

"2\
When the wire is further stretched by moving oned as it
would be the case during pitch/yaw measuremersts)atural
frequency will change due to the wire’s changeeimston and
length. The frequency change can be estimated ¥fouong’s
elasticity model:
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EA,AL
AT = % (5)
This states that the applied force to the wire, thesion, is
proportional to its initial cross sectiof, initial length L,
length changell, and Young’s constafii. Moving one end of
the wire results in an elongated wire with length4L and

tension T+4T and hence, a modification in natural wir

frequency (neglecting changes in the wire cross@®c

The yaw and pitch angles have been measured wilh an
without PLL by recording the vibration signals affetent
wire angles. The measured amplitudes with RMS eratues
are shown in Fig. 5 for each relative wire andleb, (®q
being the calculated angle from the two linear)fitShe
analysis is summarized in Table Ill. Using PLL tysv and
epitch angles are well defined with an error lessth.02 mrad.

In the measurements where the resonance frequeasynot
corrected for, no proper linear fit can be made thederror in

Af, = n T+AT _ . (6) finding the pitch and yaw angles is of about 0. &adnr
2(L+AL) | PA TABLE Il
ANALYSIS OF THE AXIS MEASUREMENT OFFIG. 5
Inserting T from (4) this reduces to
oneadiV] ounlpV] S [uvirad) "o I R rad)
f = n \/(I— +A|—)(4 f12L3:0+ALE) —f (7) Yaw, without PLL
" 2(L+AL) L*p " O<d; 1049 888.5 -7.11 0.4 140
For the copper beryllium wire p£8.25:18 kg/n?, ®>® 162 83.6 0.72 8.9 138
E=140-18 N/m?) stretched to such tension tht100 Hz Yaw, with PLL
(Eq. 4) and clamped dt=1.2 m, the change in resonance®<®  34.8 99.6 -6.16 0.0 22
frequency when moving one end of the wire by 1 mn®>®  34.0 51.6 6.36 11.0 13
(4L=0.5 um) will be ~10 mHz. Since the pitch and yaw Pitch, without PLL
measurements will be carried out in the fourth amicy the @®<®  42.2 272.0 -4.57 0.1 69
expected change in frequency is of the order ofn#Hz. ®>® 635 147.3 3.60 -308.8 58
Despite being small, it will affect the measuremesgults. Pitch, with PLL
Also, extreme care should be taken to place thgestahat ®<® 18 10.4 -4.56 0.0 6
move the wire parallel to each other. If the stahage an _®>%o 17 >.8 4.53 -20.3 S

angle of 1 mrad, according to (Eq.7) this will cauess change
in resonance frequency in the second harmonic ohig per
mm-wire movement. An accurate positioning of theges was
achieved using the FARO arm.
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Fig. 5. Yaw (upper figure) and pitch (bottom figurangle measurement
without PLL (black dots) and with PLL (black cirsldinear fit).

IV. CONCLUSION

The advantage of a PLL is that it ensures the raizimg of
the resonance condition even when the wire resenasc
disturbed. In measurement processes where thansiead of
the magnet is moved to find the magnetic axis,ue of this
control system is particularly suited. For quadiepaitch and
yaw measurements, an increased signal stabilityirapcbved
reliability of measurement outcomes have been dstrated.
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