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Abstract

Synchrotron and Free Electron Laser (FEL) light is becoming an increasingly sought after
tool for almost all scientific research aspects. MAX IV Laboratory introduced the first 4%
generation light source that provides the brightest synchrotron light in the world. Since
all of the experiments at MAX IV rely only on Insertion Device (ID) radiation, the need
for improving ID technology has subsequently been prioritized.

The Pulsed Wire (PW) magnetic measurement system could prove to be an excellent
solution for the construction and tuning of small aperture and limited access ID designs
which are under investigation for the proposed FEL project at MAX IV.

Therefore this thesis is dedicated to show the simulation, design and commissioning results
of a PW system developed at MAX IV Laboratory, as well as comparisons against well
proven magnetic measurement techniques.
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1 Introduction

Magnets are essential components in the construction of particle accelerators as they can
curve the trajectory of charged particles which can be useful to contain them in a ring by
curving their trajectory 360° in total, or to focus the particle beam to keep its size within
limits.

Magnets can also be used to generate light from an electron beam, these magnets are called
Insertion Devices (IDs), and they operate by rapidly curving the electron beam transver-
sally when passing through them.

These processes must be kept well under control in order to meet the demand of today’s
accelerators and users, and therefore, magnets used in particle accelerators need to be well
measured to control and correct their -inevitable- manufacturing defects and ensure their
operation as intended.

The most common technique for measuring the magnetic fields within an insertion device is
the Hall-Probe mapper (HP) which is a well known and straight forward method. It works
by placing a magnetic sensor (the Hall-probe) on a moving arm and record the magnetic
field at the desired locations. This method suffers from the need to have side-way access
to place the probe into the magnetic field which is not always possible or can lead to an
over sized insertion device design, increasing cost and complexity.

The Pulsed Wire (PW) is an alternative technique for performing magnetic measurements,
it works by creating vibrations within a wire that correspond to the magnetic field sur-
rounding it. This is achieved by sending a current pulse through the wire. By measuring
and analyzing these vibrations, we can determine the magnetic field and check the perfor-
mance of the magnets before installing them in an accelerator system.

This project was aimed at designing, constructing and testing a pulsed wire system which
can be used to measure the magnetic fields of insertion devices where access is limited, as
this method requires space only for a thin wire and has the potential to change the way IDs
are currently constructed and enable designing closed structure IDs with small footprint,
reducing their cost and complexity. This benefit becomes especially important for FEL
undulators, where tens of identical IDs must be built, measured, tuned and installed.

During this master’s project the PW system was designed, constructed and commissioned.

Design: A mathematical model was used for calculating the wire oscillations resulting
from the magnetic field and vice versa, a novel method was introduced to recover the mag-
netic field information from any given pulse shape.

The model was used to run various simulations identifying the shape and boundaries of
the wire oscillations to be expected for different insertion devices. Then the components
of the system were selected accordingly.

An optical wire position sensing unit was also simulated and designed during this project,



which offers varying sensitivity and range to accommodate different oscillation levels to be
expected from different IDs and wires.

Construction: The system was built to be ready for performing magnetic measurement
on full scale insertion devices, therefore, various degrees of freedom were implemented to
position the wire and sensors freely within the magnetic field. The sensing electronics were
also selected to have a high degree of tunability.

Control software was written to automate the process as much as possible and offer an
easy to use Graphical User Interface (GUI) in which the operator can tune the system’s
parameters to quickly and systematically obtain results.

Commissioning: A full size insertion device was measured using the HP system and used
as a reference to compare the PW results against. External factors that influence the
measurement were identified and methods for their corrections were introduced.
Finally, measurements were obtained and compared against the reference data.

Improvements: Experimental results reveal shortcomings of the mathematical model, were
some unexpected behaviors were observed and could not be explained. An experimental
method was found to reduce the effect of these anomalies and a more inclusive model is
suggested and simulated to try and explain the experimental results.



2 Synchrotron Radiation

Light is a form of radiated electromagnetic field, which is a part of the field that gets
detached from the source charge and propagates into infinity. According to classical elec-
trodynamics this is only possible when the source charge undergoes acceleration, and there-
fore, accelerating charged particles can be an effective method of generating radiation.

2.1 The Synchrotron

The force needed to accelerate a charged particle is known as the Lorentz force, which
acts through electric E and magnetic B fields only. The acceleration of a charged particle
also changes its momentum p, the Lorentz force and momentum change of a particle in an
electromagnetic field is described by the equation [IJ:

F=p" =myyw =q(E+v X B) (2.1)

We can see that electric fields are capable of accelerating particles in the direction of the
field, which can be aligned with the direction of motion to achieve energy gain to the parti-
cles. Magnetic fields however can only accelerate particles perpendicular to their direction
as well as the particle’s direction of motion (v X B) and their force is proportional to the
particle’s speed, which is why magnetic fields can only be used to “bend” the trajectory
of moving charged particles.

Also to note is that acceleration is inversely proportional to a particle’s mass, which is why
accelerator based light-sources use electrons as accelerated particles due to their small rest
mass as well as their ease of generation.

A synchrotron is an accelerator machine in which the particle beam is kept in a fixed tra-
jectory (orbit) while being accelerated, this is achieved by “synchronizing” the magnetic
field in the machine with the beam’s energy.

Figure (1| (Source: [2]) shows the main components of a synchrotron storage ring machine.
A beam of electrons is accelerated in a previous stage either to their full energy or to an
intermediate level, they are then injected into the storage ring via the Injector Magnet.
Once inside the ring, Bending Magnets keep the electrons confined within by applying a
total of 360° deflection angle, allowing the beam to be “stored” for long time periods.
Electrons can get scattered and lost when interacting with matter, therefore near-absolute
vacuum levels are required to maintain the electron beam for prolonged periods of time,
and must be contained within a Vacuum Chamber surrounding its trajectory.

The electron beam loses energy in the form of synchrotron radiation as it travels through
the storage ring. Therefore, the Radio-Frequency Cavity maintains an alternating electric
field, which compensates for the lost energy of the electrons.
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Figure 1: Schematic of a synchrotron storage ring.

2.2 Synchrotron Radiation Experiments

Synchrotron radiation is emitted from the electron beam within the Bending Magnets as
well as Insertion Devices (Wigglers and Undulators), this radiation is then transported to
the Beamlines where it can be used for probing various samples for research.

A single storage ring can house several Beamlines, each will be designed for a particular type
of research, here we present an example of NanoMAX Beamline at MAX IV Laboratory,
which is an X-ray imaging beamline capable of achieving nm resolutions.

Undulator Angle defining aperture & CVD diamond filter

Vertically focusing mirror - 25.2 m

Horizontally focusing mirror - 25.8 m
Horizontally diffracting crystal monochromator - 28.0

Secondary source aperture (SSA) - 51.0 m
Optics hutch in

main building

Nano-focusing zone plate
Sample position 85 m
Detector

I
L Mano-focusing KB-mirrors
Sample position 98 m
Detector

Optics enclosure
in main building

Experimental station 1 (ES1)
in satellite building

Experimental station 2 (ES2)
in satellite building

Figure 2: Schematic of Beamline Optics and Components.
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Figure 2| (Source: [3]) shows the NanoMAX Beamline optical components. The hard X-
rays start from the Undulator and pass through apertures that absorb of-axis radiation
which are also off-energy. The beam goes through Vertical and Horizontal focusing mirrors
followed by a monochromator, this allows only the required wavelength of light to pass
through with a very narrow bandwidth. Final focusing before the sample is achieved by
zone plates, which reduce the beam size to nm scale.

The sample gets scanned by translation stages, while the detectors behind the sample
record the pattern and intensity of the transmitted light and an image of the sample can
be obtained.

2.3 Insertion Devices

Modern 4th generation accelerator-based light sources rely solely on Insertion Devices (ID)
for light generation. An ID is an array of periodically alternating magnetic poles which
produces a semi-sinusoidal magnetic field. An accelerated electron beam passes through
the magnetic field and experiences sinusoidal acceleration, this in turn produces high en-
ergy X-ray light. More details are provided in appendix [A]

Au

Figure 3: Schematic of an Insertion Device

Figure [3| shows the basic schematic of an ID indicating the period length A, and the gap
distance as well as the coordinate system which shall be used throughout this document.

Insertion devices are typically large and heavy machines with length measured in me-
ters and tens or hundreds of magnetic periods exerting large magnetic forces between its
arrays in the order of kN.

The periodic magnetic fields within an insertion device are usually generated using perma-
nent magnet arrays, but can also be generated using normal or super-conductive electro-
magnets. These field sources can be placed either outside the vacuum chamber containing
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the electron beam or within a common larger vacuum vessel and operated at room or
cryogenic temperatures.

Regardless of the construction technology of the insertion device, magnetic field errors will
be present due to the accumulated manufacturing tolerances, defects of the sources and
interactions within the mechanical and magnetic components.

All accelerator magnets require a quality control check that involves measuring the mag-
netic field to determine if it falls within the acceptable error levels. In the case of IDs the
magnets are rarely acceptable immediately after their physical constructions.

This is why IDs need to go through a phase of tuning to achieve the required performance
figures described in appendix |[B| before they can be used in an experiment.

This tuning process is generally referred to as “shimming” and involves measuring the
magnetic field and making small adjustments to the local field of each half-period of each
magnet array making up the ID. The process of taking measurement and making small
changes is repeated over and over until all errors fall within the acceptable limits.

It is then clear that the quality of an insertion device will eventually be determined during
the shimming process that aims at ensuring the sensitive nature of its operation. And this
in turn is limited by the accuracy and precision of the available magnetic measurement
instruments used during the process (see appendix |C]).

13



3 Pulsed Wire Magnetic Measurement Technique

The Pulsed Wire (PW) technique can be considered the holy-grail of magnetic measure-
ments for insertion devices. It attempts to combine the benefits of traditional measurement
techniques into one, i.e. obtaining local magnetic field information using a long thin wire,
without the need of lateral access.

In principle it consists of a thin wire placed in a magnetic field. Force is exerted on
the wire when current is passed through due to the Lorenz force (equation. The forces
generate a traveling wave in the wire that is detected by optical sensors that measure the
passing wave in time. From this, the magnetic field causing this wave can be known in
space, providing local measurement of the IDs field. See figure ] for a schematic illustration.

Optical
Sensor

I

Ay

Figure 4: Sketch of the pulsed wire measurement setup.

For the ideal case of a thin flexible wire, the governing relation of the PW system can be
expressed as loaded tensioned string [I1]:

0%u, 0%u,
022 a ot?

-7 = B,(2)I(t). (3.1)

Where the u, is the horizontal wire oscillation, y is the linear mass density of the wire, T’
is the wire tension, /() is the current pulse and B,(z) is the vertical magnetic field. This

is the wave equation for a wave travelling at a constant speed of ¢y = \/% .
When solved for a current pulse of amplitude I,, and width §t, the wire oscillations take
the form: .
Im cot z
ug(t) = —/ / By(2) - dzdz. (3.2)
2T Jeoi—ony Jo

If a short current pulse (codt < A,) is applied to the wire, the resulting oscillations at the
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detection point turn out to be proportional to the 1st integral of the magnetic field:

Lot [0
uz(t) = 200#/0 By(2) - dz. (3.3)

Two waves traveling in opposite directions are in fact generated, and only the one traveling
towards the detection point (z = 0) is considered. The horizontal and vertical magnetic
fields would generate their own separate traveling waves independently and can both be
detected using two optical sensors. However, the longitudinal magnetic field doesn’t exert
any force on the wire due to the cross product in the Lorentz force and therefore cannot be
detected using this method and it is usually of no interest in insertion devices as discussed
in section [B.5

This measurement technique has the advantage of rapidly obtaining local field information
without the need of lateral access nor specialized supports in the insertion device. There-
fore it carries the promise of replacing Hall-probe based measurements. This is especially
advantageous for small gap and in-vacuum insertion devices.

3.1 Pulsed Wire Challenges Overview

This Pulsed Wire method has been investigated since the late 80’s [12], where it was
found to be very delicate and can be influenced by many internal and external factors that
hindered its potential advantages and limited its application.

The challenges found in this technique including:

e Dispersion: The wave propagation speed is different for different frequency compo-
nents, this is due to the rigidity (stiffness) of the wire material [12][13].

e Pulse shape: The current profile will differ from the analytical formulation used in
corrections algorithms.

e Wire sag: Gravity forces the wire shape into a parabola in the vertical direction, this
means that the field is not measured along a straight axis.

e Wave scattering: Non-homogeneous wire material and shape could scatter the trav-
eling waves and affect the measurement results [12]. The wire deformation due to
the traveling waves can also cause inhomogeneity effecting the wave itself.

e Background vibration sources: Floor vibration, air movement and motorized stage
closed-loop all contribute to background vibrations of the wire and sensors.

e Electrical noise: The output of any analogue electronic system will always contain
background noise that could effect its performance.
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e Calibration: Any sensor used to measure a physical quantity can be susceptible to
calibration errors and non-linearity.

e Induced currents: The motion of a conductive wire in a magnetic field induces a
voltage across the wire length, which produces secondary currents in the wire at
resonance with the traveling wave.

These mentioned effecting factors will be tackled during this study using simulations and
experimentation. Solutions to these problems will be given when applicable to make better
use of this system for performing magnetic measurements.

3.2 Dispersion

In order to obtain a more representative model of the pulsed wire system behaviour, we
need to take into account the flexural rigidity of the wire in order to describe the dispersion
effect which causes vibrations of different wavelengths to travel the wire at different speeds,
similar to what happens when white light passes through a prism. This can be achieved
by using the tensioned Bernoulli-Euler theory of beams which has the following loaded
governing equation [13]:
0, 0%u, 0%u,

EI, 9.4 T 922 +u 92 By(z)I(t). (3.4)
Where E is the Young’s modulus of the wire material and I, is the moment of inertia,
which in the case of the wire is [, = %Diameter‘l. Together, E1, forms the flexural
rigidity of the wire, a measure of its resistance to bending.
By injecting a travelling wave of the form u = e ***=“Y_ we can obtain the relationship
between the wavenumber k and the angular frequency w under this model:

/ Erl,

Therefore, the phase velocity is:

vy (k) = % = c(k) = cor |1 + —2 k2. (3.6)

And the group velocity:
0 20%(k) — c2
v(k) = 22 = 20(k) — &
ok vy (k)
So it is clear that the phase and group velocities aren’t equal, therefore we have a formulated
expression for the dispersion relationship.
The relationship between w and k is therefore, w = ke(k). Where ¢(k) = v,(k) is the phase
velocity. Since all the above mentioned quantities can be known once the wave speed is

(3.7)
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known, ¢(k) = v,(k) shall be referred to as the wave speed.
The inverse of equation can be found by solving it as a quadratic equation to yield [14]:

T T2 T
k(w) = 2 3.8
@ =\257, * \/4E215 T 2EL” (38)

3.3 Pre-Defined Pulse Response

The latest and most descriptive literature articles found have described the system’s re-
sponse using a Green solution method [13]. In it, the system’s behavior to Dirac-delta
function current pulse is obtained and used to calculate the response for selected cases of
short and long current pulses. The Green’s function describing the wave motion in any
point in space and time is given as:

OO E k —i(kz—w —i(kz4w
g(z,t) —/ %&)A)L [eithemwt) _ pmilketel)] . gk, (3.9)

And for the special case where we are observing the wire oscillations at a single point

located in z = 0, and considering only the wave travelling towards the sensor e (k=+«?)
from the region z > 0 containing the magnetic field, we have the Green’s function:
*iB(k) i
t) = e dk. 3.10
o) = [ e (3.10)

With B(k) being the Fourier Transform of the magnetic field profile B(z) defined as:

B(k) = Z [B(z)] = % /OO B(z)e** - dz
o (3.11)
B(z) =7 " [B(k)] = / B(k)e ™= . dk.

Therefore, the oscillations at the sensor location (z = 0) will be the convolution of the
Green’s function and the current pulse I(¢):

u(t) =g(t) x I(t) = /o gt —7)I(T) - dr. (3.12)

Equation above was then used to calculate the oscillations resulting from a short cur-
rent pulse I(t) = I,,[H(t) — H(t — 0t)], where H(t) represents the Heaviside-step function.
The resulting oscillations therefore were [13]:

Im o0 iwdt 1— )
u(t) = 3% / eTB(k)e’m-dk (3.13)

Furthermore, these results were used to find analytical correction functions to correct for
the dispersion effect and the finite pulse width.

—0o0
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Similarly the oscillations of a bipolar square pulse can be worked out as follows, when
assuming a current pulse I(t) = I,,,[H (t) — 2H(t — 6t) + H(t — 26t)] into equation [3.12}

_Im 0o (eiwﬁt o 1)2_ Ciw
ult) =" /_ LBk (3.14)

3.4 Arbitrary Pulse Response

The previous analysis found in literature has formulated the arbitrary current pulse re-
sponse and used it to build analytical correction functions for specific cases of current
pulses.

Here I present a novel alternative, in which the arbitrary current pulse is used throughout
the treatment to both simulate the pulsed wire and recover the magnetic field from the
wire oscillations.

Equation can be rearranged into:

which can be inserted into equation [3.10| and compared with equation to yield:
[e's) E ) .E
o= [ B g [ B
o 2eopitg (k) 2y k()

Therefore, we can write the Green’s function in frequency domain as:

G(w) = F [g(t)] = %'

We can now apply the Fourier convolution theorem [I5] on equation to obtain the
wire oscillations in frequency domain as:

(3.15)

Uw) =7 [ult)] =.F[g(t) « I(t)] = 2nG(w)I(w). (3.16)
And substituting with for G(w) we finally arrive at:

inB(k(w))I(w)
wivg(k(w))
Which allows us to easily describe the pulsed wire oscillations in terms of the magnetic field

and current pulse in frequency domain, while at the same time correcting the dispersion
effect due to the wire’s stiffness.

Uw) = (3.17)

In the hypothetical case of a non-dispersion wire material, equation [3.17] would reduce

to: — -
Do) = mB(k:(w))](wo). (3.18)

Wo/Co
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Where ¢y = /T'/p is the non-dispersion wave speed and wy = kcg. Equations and
[3.18 can be combined to obtain a correction formula that would only correct the dispersion
effect in the wire oscillations:

Uo(wo) = C(k(”))zzf%&))ér ColE) g7 k). (3.19)

On the other hand, the purpose of the pulsed wire system is to measure the magnetic field

along the wire, and equation |3.17| can be re-arranged to become:

—z',uwvg(_k;(w))U(w) ‘
ml(w)

B(k(w)) = (3.20)
Here the angular frequency can be obtained directly from equation [3.8] And the magnetic
field profile is obtained through an inverse Fourier transform operation:

B(2) = 7 [B(k(w))] (3:21)

Due to dispersion effects, the phase velocity ¢(k) is not constant, therefore for discrete uni-
form values of w we get non-uniform values for k£ and the standard Fast Fourier Transform
(FFT) algorithms would yield incorrect results. Traditionally, the inverse Fourier trans-
form had to be calculated manually by integration of each point in frequency domain for
each point in space, a process which is time consuming. Luckily, there exist non-uniform
FFT algorithms which yield accurate results in a short amount of time [16].

Looking again at equation , we notice that we had to perform a division over I(w)
in order to obtain the magnetic field information. Therefore, in the pulsed wire technique,
the current pulse must have enough frequency content to cover all the k components of the
magnetic field.

The advantage of the proposed arbitrary current method is that now we can design a cur-
rent pulse in frequency domain to give enough sensitivity for the magnetic field we want
to measure, invert it back to time domain and apply it, without the need for analytical
formulas for each current pulse case.

This approach allows us to worry less about accurately generating the current pulse, but
rather accurately measure it. Which was found to be easier to do in practice. At the same
time, it allows for the flexibility to generate endless pulse shapes without needing to find
analytical correction functions for each case.

For instance, imagine we want to measure the magnetic field of an undulator with period
length A\, up to its nth field harmonic, then the maximum wave number we need to con-
sider is k. = 2nm/\,, which in frequency domain translates into w. = k.c(k.). Now let
us assume a current pulse that contains only the needed frequency components, such that
we only excite the frequency band from —w. — w., we can calculate the required current
pulse in time domain to be:

(@) = H(w+ w) H(w. —w) T I(t) = 28%@”5) — %, sinc(wed). (3.22)

~il
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The sinc shaped current pulse generates a flat frequency response up to the required cut-off
frequency w.. Nevertheless, this method can also be used to calculate other pulses that
amplify or attenuate certain frequency bands if needed.

3.5 Wave Speed Calculation

The wave speed of our tensioned wire is of crucial importance to the success of the pulsed
wire measurement method, as it forms the link in converting the wire oscillation signals
measured in time domain into a magnetic field map in space. Looking at equation |3.6
we see that it consists of two parts, ¢g which is also called the non-disperse wave speed
and E1,, which is the flexural rigidity of the wire. Even though these values can be easily
calculated or looked up in tables for the particular wire material, the actual value might
differ. Which is why, the wave speed needs to be measured in-situ in order for pulsed wire
results to be meaningful.

We can perform two measurements to obtain the wave speed, the first being with the
magnet in a nominal position B(z), while the other with the magnet displaced by Az
resulting in the field Ba(z) = B(z — Az). The Fourier transform of two magnetic fields are
then B(k) and Ba(k) = B(k)e™*®* respectively. By inserting the two fields into equation
3.17, we can see that the resulting wire oscillations are U(w) and Ua(w) = U(w)e™*??,
respectively.

Now we can also write the quantity U*(w)Ua(w) = |U(w)]
phase information from to yield:

e*2% which we can extract the

¢(w) = phase(U*(w)Ua(w))) = kAz (3.23)
If we use k = w/c, we can write:
wAz
c(w) = 3.24
() = 57 (3:24)
Which can be used to fit ¢(k) and obtain ¢y and ET,, from two measurements.
If instead we substitute equation [3.8| into equation [3.23| we obtain:
_T T2 [
d(w, Az) = k(w)Az = Az SEL + \/4E211% + EIU,MQ' (3.25)

Using the relation in [3.25] above, we can fit any number of scans with two independent
variables w and Az instead of one. This has the potential to reduce the effect of noise as
well as avoiding the division by the small and unstable phase values near w = 0.

It is worth mentioning that the more k components of the magnetic field available the
better the fit results become, therefore, this measurement is preferably performed using a
short magnetic field in space which will contain a broad range of wavenumbers.

20



3.6 Wire Sag Correction

The hanging wire will “sag” due to gravity in the vertical direction and thus the measured
field within the ID will not be along straight line anymore. We can model the gravitation
effect by replacing the magnetic force in equation with the gravitation force ug:

2 o
0*u, auy

02 Mor

= 11g. (3.26)
However, in the static case, this can reduce to:

2
d Uy static Hg

== 3.27
dz? T’ (3:27)
which can be easily solved by integration:
u Puystatic g g, 192 4 00y o (3.28)
y,statzc d22 T 1 2. .

If we imagine the wire is put to nominal height u, qtic = 0 at the two ends of the undulator
indicated by points z = z; and z = 25, the boundary conditions wu,(z1) = u,(22) = 0 can
then be imposed, resulting in:

922+z1) and Cy = —92221

Cr= 55 oT

And the wire shape due to sag can be written as:

Mg

oT (22 = (21 + )2 + 2122) (3.29)

uy,static ( Z)

The magnetic field within a planner undulator is a periodic magnetic field of period A,
and its distribution can be written as [17]:

2 2
By(y, z) = Acosh <)\—7Ty> cos ()\—Fz) . (3.30)

Therefore, we can write a compensation function for the effect of measuring along the wire
sag in a magnetic field as:

O e 3:31)

By (uy,static (Z )

The magnetic field distribution described in [3.30] can also be obtained numerically through
magnetic field simulations of the particular undulator design at hand to get a more accu-
rate correction function.
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3.7 Simulation Results

Before constructing the pulsed wire measurement bench, I have built a framework of MAT-
LAB codes and later performed many simulations that were used in the design of the system
later on, as well as check the integrity of the mathematical model proposed earlier for ar-
bitrary current treatment. The same algorithm that is used for recovering the simulated
wire oscillations is applied on the experimentally measured wire oscillations from the mea-
surement bench.

The simulations are performed using the data measured by Hall-probe methods, which is
a well proven technique that can be used as a reference throughout the remaining discus-
sions. The emitted radiation from the undulators at MAX IV storage rings was found to
correspond well with the calculations based on these Hall-probe measurements [18].

3.7.1 Large-Period Undulator Simulation

Most of the bench commissioning will be performed using an Elliptically Polarizing Undula-
tor (EPU) at the Insertion Device lab in MAX IV Laboratory. This undulator is dedicated
for testing in the ID lab and has a period length \, = 69.1mm and a total length of 2m.
Magnetic field data form a Hall-probe mapper was obtained earlier, this data was used to
simulate the pulsed wire response such that magnetic field was converted to wire oscilla-
tions and then back to magnetic field.

Both the Hall data and the recovered fields from the pulsed wire were analyzed as described
in section |B| to observe the impact of the pulsed wire.

Earlier I proposed the use of a sinc function in section as a wide-band exciter. For prac-
tical reasons the sinc pulse was truncated in time to only the the part seen in figure[5] And
the pulse width used in this simulation was §t = 25us, corresponding to f. = w./27m = 1/4t.
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Figure 5: Truncated sinc current pulse of 25us width.

The frequency components of the truncated sinc pulse can be evaluated using a Fourier
Transform as seen in figure [0, which shows that oscillations up to f. = 40kHz can be
efficiently excited.

«10°° | F.T. [ Pulse Current] |

Frequency Content of Pulse Current |I(f)|

0 10 20 30 40 50 60 70 80
Frequency [kHz]

Figure 6: Fourier Transform of truncated sinc current pulse of 25us width.

A wire 100pm in diameter, volumetric density 8800kg/m?® and a Young’s modulus of
138G Pa was used in this simulation with a tension force of 2N. This resulted in the
wire oscillations seen in figure [7], which shows both the wire oscillations resulting from the
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pulse of figure [5| as u,(t) as well as the normalized Dirac-delta function response g,(t).
The simulated wire oscillations were then restored back into magnetic field using the arbi-

Wire Oscillations
20 T T

Wire Oscillation ux(t) [um]

-15

-20

0 2 4 6 8 10 12 14 16 18
Time [ms]

Figure 7: Simulated wire oscillations for a large period ID.

trary pulse response treatment proposed in section [3.4, The resulting fields are shown in
figure [§] The standard results of ID analysis are summarized in table

Magnetic Field.
0.8 T

HP

04

0.2

0.2

Magnetic Field By(z) [T]

04+

06

08 . . . . .
0 0.5 1 1.5 2 25 3
Longitudinal Position z [m]

Figure 8: HP and recovered PW magnetic fields for a large period ID.
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Parameter HP PW Unit

M 69.109 69.109  mm
Bess 0.7513 07513 T
o 2.985  2.985 °

I 22222 2245  G.em
I -30.440 -39.276  kG.cm?

Table 1: Simulated PW results of large period ID compared against HP.

Table [1] shows excellent agreement between the Hall-probe and the simulated pulsed wire
results. This raises confidence in the arbitrary pulse current method proposed. Neverthe-
less, this case of a large period ID contains very little dispersive effects, which is why the
next case of small-period ID is studied.

3.7.2 Small-Period Undulator Simulation

The undulator of DanMAX beamline at MAX IV Laboratory was measured using Hall-
probe, this ID has a period length of A, = 16mm and a total length of 3m. These conditions
pose a greater challenge for the PW method as the traveling wave speeds will differ more
due to the higher wave numbers involved, and the longer device length means more time
for these components to separate.

For this device, a shorter pulse current is used, with 6t = 10us, as shown in figure [0

Pulse Current
. T

Pulse Current I(t) [A]

) 0 10 20 30 40 50 60 70
Time [us]

Figure 9: Truncated sinc current pulse of 10us width.

As before, this can efficiently excite frequencies up to f, = w./2m = 1/6t = 100k H z, which
is shown in figure
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Figure 10: Fourier Transform of truncated sinc current pulse of 10us width.
The wire oscillations in this case visibly show the effect of dispersion, where the higher
frequencies lead the signal and the lower frequencies follow. This can be seen in figure

3 Wire Oscillations
T

Wire Oscillation ux(t) [pum]
o

2+

3 I I I I
0 5 10 15 20

Time [ms]

Figure 11: Simulated wire oscillations for a small period ID.

Despite the visible dispersion, the algorithm was able to correct for it and re-construct the
magnetic field profile as seen in figure [12| and table
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Figure 12: HP and recovered PW magnetic fields for a small period ID.

Parameter HP PW Unit

A 15.999 15999  mm
Bejy 11217 11216 T
oy 2.078  2.079 °

I 285 286  G.em
I -10.400 -10.413  kG.cm?

Table 2: Simulated PW results of small period ID compared against HP.

Here table [2| also shows excellent match in the ID parameters from a reconstructed PW
signal. Both the pulse shape and the dispersion were efficiently corrected without major
errors. These simulations aim to prove the effectiveness of the arbitrary current pulse
method once all the involved parameters are known accurately, such as wire’s tension,
diameter and Young’s modulus as well as the current pulse profile.
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3.7.3 Wave Speed Measurement Simulation

In order to check the integrity of the wave speed measurement method described in section
3.5, a simulation model was built. The simulation uses the magnetic field of a single period

of wavelength A = 16mm as a source of wide-band oscillation generator. This field is shown
in figure [13]

0.15 T T T T T T T T T T

0.1

0.05

-0.05

Magnetic Field B(z) [T]

-0.1

_0.15 1 1 1 1 1 1 1 1 1 1
156 157 158 159 16 161 162 163 164 1.65

Longitudinal Position z [m]
Figure 13: Short single period magnetic field used for wave speed measurement simulation.
In this study, six simulations were performed where the magnetic field was shifted by

Az = 0,10,20,30,40 and 50mm. To test the robustness of this method, a number of
expected errors were added to the simulation. These errors are summarized in table

Az 5  um RMS

T 5 mN RMS
Wide-band Gaussian noise 5  nm RMS
Wire eigenfrequency 37THz 250 nm  Amplitude

Table 3: Simulated errors within the wave speed calculation.

The magnetic field was used to simulate the wire oscillations, and the above errors were
imposed, resulting in the wave forms shown in figure [14]
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Figure 14: The wire oscillation patterns used in the wave speed calculation simulation.

The phase difference as a function of frequency between each pair of wave forms was cal-
culated in correspondence with equation [3.23] This resulted in fifteen phase data sets that
are shown in figure These data sets were used in a fitting function as described in

equation [3.25]
The wave speed of the raw data as well as the fit result is shown in figure which

shows how the wave speed is affected by the random noise which is why a large number of
data set is preferred.
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Figure 15: The phase differences used in the wave speed simulation.
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Figure 16: The simulated wave speed and fitting result.
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The model of dispersion was used in the fitting process to identify the non-dispersive wave
speed c¢g, the flexural rigidity EI, as well as the wire’s tension 7. The initial guessed
values for the fitting algorithm were artificially deviated in order to show the robustness
of this method.

The values actually used in the simulation, the guessed and those resulting from the fitting
process are summarized in table [4

Parameter  Actual Guessed Fit Unit Error

Co 243.001 267.301 242997  m/s -0.0017%
El, 6.507e-07 1.607e-06 6.555e-07 N.m?> 0.7294 %
T 4.000 3.760 4.000 N -0.0034 %

Table 4: Simulated wave speed calculation results.

The largest amount of error falls on the flexural rigidity of the wire, this is mainly because
it is already such a small value to begin with, and the dispersion effect produces small
differences in the wave speed. Nevertheless, knowing this quantity accurately is crucial for
the success of the pulsed wire method.

The values resulted from the fitting process were used to re-construct the magnetic field
form the wire oscillations which is shown in figure [I7} It shows that the magnetic fields
were correctly reconstructed following the wave speed characterization.

0.15 x : Y Y Y Y
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A DZ=10.0mm
o1r \ DZ=20.0mm
\‘ DZ=30.0mm
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E 0.05 | mm ||
N ‘
m
©
g \ |
v N E—
©
©
C |
& 005} |
g -0
0.1t \ |
'015 L L L L | )
1.56 1.58 1.6 1.62 1.64 1.66

Longitudinal Position z [m]

Figure 17: The re-constructed magnetic fields after the simulated wave speed characteri-
zation.
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4 System Design, Setup and Troubleshooting

The need for a pulsed wire magnetic measurement system at MAX IV Laboratory falls un-
der two folds, the first is the ability to measure the performance of In-Vacuum undulators
and the second is to allow compact “Table-Top” closed structure undulators, primarily for
the proposed Free Electron Laser (FEL) project.

Due to the variety in the undulator types and therefor sizes, the system was designed as
a hybrid of a Stretch Wire (SW) system for field integrals as well as a Pulsed Wire (PW)
for local field information.

4.1 Sensor Design

The pulsed wire system encodes magnetic field information into a wave traveling through a
thin wire, therefore, a non-contact high-bandwidth method of measuring the wire position
over time is required. And an optical sensor was designed as shown in figure

Laser
Source

Lens

Laser Beam

Oscillating
Wire

Iris
Photodiode
Figure 18: Sketch of optical wire position sensor.

A visible laser source is focused by a lens to create a small spot size, and the intensity of
the laser beam is detected by a photodiode. The wire intersects the beam at or near the
focal point, which partially casts a shadow over the photodiode active area, thus reducing
its photocurrent output. Therefore, a signal correlated with the wire position is obtained.
A red laser with a wavelength of 670nm is used, and as seen from previous simulations,
the wire oscillations are in the order of 1um, this raised concerns about the presence of
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diffraction effects. Therefore, light wave propagation calculations were coded into the PW
MATLAB framework which were used to perform diffraction simulations. These simulation
are shown below and validate the concern that the wire does not in fact cast a classical
“shadow” over the photodiode.
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Figure 19: Laser E-field distribution immediately before wire (y = 65~ mm).
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Figure 20: Laser E-field distribution immediately behind wire (y = 65"mm).
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Figure 21: Laser E-field distribution on photodiode detector (y = 93mm).

The above simulations were performed using a Gaussian laser beam (ﬁgure. The 100pum
wire is intersecting the center of the beam (ﬁgure, the EM wave was then propagated to
the location of the photodiode, passing the iris (figure . It is then clear that diffraction
effects are present within this sensor arrangement.

The photodiode output current is proportional to the power incident light over its surface,
which is the integral of the intensity. Thus regardless of the distribution of the light, the
amount of blocked laser power due to the wire is what provides the signal, and the sen-
sitivity to the wire location is still maintained with the diffraction effects present. Figure
shows the simulated output current of the photodiode as the wire is moved across the
laser beam, taking into account diffraction effects.

To detect displacement efficiently, the wire is placed in the midpoint of either the falling
or rising slope (z ~ £75um in figure which will effectively create a signal correlated to
the wire’s position.

Sensor output signal needs a calibration process which involves scanning the wire across
the beam and recording the sensor’s signal against the wire position. In practice, the sensor
is moved across the wire in order minimize vibrations.

Placing the wire in the thin section of the beam, close to the focal point offers higher
sensitivity and less range, while operating on the larger sections of the beam offers greater
range of wire oscillation at the expense of sensitivity. This is useful for tuning the sensor
response for different magnetic field and oscillation magnitudes.

The measured photodiode output against wire position is shown in figure which also
indicates the detected transition points, the range of detectable wire position and corre-
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sponding signal.
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Figure 22: Simulated photodiode current as a function of wire position.
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Figure 23: Measured photodiode output as a function of wire position.

The measured photodiode signal above is trimmed keeping only the rising edge and inverted
to give the wire position as a function of signal. This is then fitted with a polynomial to be
used as a transfer function u(t) = P™(Venotodiode(t)) which accounts for the non-linearity
of the sensor’s output. Figure [24] shows the measured and fitted transfer function as well
as the difference between them (fit residual).
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Figure 24: Measured and fitted wire position sensor transfer function.

The sensor’s response to the wire position seen in figures and can be thought of
as the result of convoluting the wire shape with the laser beam i.e. a convolution of
a square function and a Gaussian distribution. Under this assumption, we can use the
experimentally obtained response curve to calculate the laser beam shape and size.

This procedure can be repeated for various “setpoints” that intersect the laser beam at
various longitudinal positions along the laser beam axis. The experimental results of such
a scan showing the trade off between sensitivity and oscillation range of the unit sensor is
shown in figure 25| The figure also shows the calculated laser beam profile for the same
data set.
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Figure 25: Measured sensor response against setpoint (left) and beam profile (right).

Figure [26] shows the actual photo of the wire oscillation sensor as built in MAX IV Labo-
ratory where the laser spot is visible on the wire and on the iris.
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Figure 26: The sensing unit of the pulsed wire system at MAX IV Laboratory.

4.2 System Architecture

The system at MAX IV Laboratory was built as a combined Stretch Wire (SW) and Pulsed
Wire (PW) system aimed primarily for Insertion Device characterization.

A tensioned wire is supported on two towers (A and B), where motorized stages can trans-
verse the wire in the XY plane. A wire tensioner mechanism is placed on tower A, while
a tension sensor is placed on tower B. These two towers are used for positioning the wire
within an undulator as well as performing translations needed for the SW measurements.
The two towers are shown in figure
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Figure 27: Towers A (left) and B (right) of the SW/PW system.

A third tower (tower C) supports the non-contact optical sensors of pulse wire oscillations,
motorised XY stages maintain the sensor position over the wire when it moves. A Z stage
moves the sensors longitudinally along the wire, and is used for the wave speed charac-
terization procedure. Each optical sensor has a single independent smaller stage, which
effectively allows for independent XY motion of each laser sensor when combined with the
remaining stages. This tower is shown in figure
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Figure 28: Tower C supporting the laser sensors of the PW system.

The following page illustrates the mentioned main components of the system and their
inter-connections.
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All motion stages used are powered and controlled by a common motion controller, this
allows precise position synchronization of all three towers as well as obtaining a position
trigger pulse signal that can be used to synchronize other instruments to the position of
any motion stage.

In order to facilitate the operation of the same wire under both measurement modes (PW
and SW), a switch box is used to completely isolate the two independent signal paths. In
SW mode, the wire is connected to a nano-voltmeter, which integrates the induced voltage
of the moving wire.

In PW mode, a pulse profile is digitally generated and sent to the pulse amplifier which in
turn is connected to the wire. The voltage and current profiles of the pulse are measured
accurately and recorded.

The resulting wire oscillations are detected by the sensing photodiodes as a current signal,
which gets conditioned by the photodiode amplifier and filtered (if necessary) by a pro-
grammable filter.

The data acquisition system is used to synchronously digitize the analogue signals as well
as generate the required pulse profile.

The electronics used in the SW/PW system are installed in a single electrical cabinet
as shown in figure 31} All equipment in the cabinet are grounded to a single common point
using a star network to avoid forming ground loops that could interfere with the sensitive
analogue signals.

The software layers used in this system are split into two main parts, Igor Pro is used
for the equipment control, data acquisition and primary processing as well as error check-
ing. The system operator is provided with a Graphical-User-Interface (GUI) that allows
fine control over the system’s parameters (figure and execution of many predetermined
procedures (figure . The raw measurement data can then be exported in files containing
the wire oscillations, currents, voltages and other metadata.

The second layer consists of MatLab functions and scripts that can then import the raw
data and further process the wire oscillation and current data to re-construct the magnetic
fields, calculate the undulator parameters and compare against simulations and Hall-probe
measurements if needed.
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Figure 30: Pulsed wire system operator control GUI.
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Figure 31: The electronic cabinet of the PW/SW system.
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4.3 Wire Material Selection

The pulsed wire demands the use of a material with high strength and low mass density in
order to reduce the wire sag, low resistivity is needed for passing sufficient current through
and finally low stiffness is desired for reducing the dispersion effects.

The mentioned requirements are unfortunately conflicting and cannot all be optimized
within a single material. Therefore a material search was conducted to find the best
compromise.

A set of quantitative figures of merit were identified and used in the wire selection which
are:

1- The achievable tension before breaking:

o, D?
4

T

Where o, is the yield strength in Pa, 1 is a safety ratio set to 80% and D is the wire
diameter set to 100um.
2- The achievable current through the wire:

vV xVD?

R 4p.L

Where V is the available voltage set to 150V, R is the wire resistance in €2, p. is the
resistivity in (2.m and L is the wire length set to 5.5m.

3- The wire sag:

TpmgL?D*  pmglL?

S =
32T 8noy

Where p,, is the volumetric mass density in kg.m=3.

4- The dispersion factor:
EI ED?
DF = —/= =
T 16no,
Where F is Young’s modulus of elasticity in Pa.
5- The oscillation factor:

. ]CO . I
2T DrTpnm,

Where ¢, is the non-disspersive wavespeed in m.s~!.

A list of materials were investigated and the results are summarized in table [5

OF
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Parameter T [N] T[A] S [mm]| DF [m? OF [A.s.kg™]

Cu 0.8 12.6 3.45 7.6e-7 866
CuBe 2.2 3.1 1.10 3.0e-7 128
CuCrZr 2.5 9.4 1.02 2.7e-7 358
CuNiSi 3.3 2.6 0.79 2.0e-7 185
TiAlV 2.2 0.15 0.25 1.0e-7 0.6
W 3.5 4.0 1.63 5.8e-7 88

Table 5: Summary of investigated wire materials.

We can see that copper (Cu) can pass high currents through, but it cannot be tensioned
well, resulting is excessive sag and dispersion. Titanium alloy (TiAlV) on the other hand
is light, and can be tensioned well, resulting is low sag and dispersion, but very little
current can pass though the wire due to it’s high resistivity, therefore producing very small
oscillation amplitudes.

Copper-Beryllium (CuBe) is the classic material of choice in most of the literature, as it
offers high strength and low resistivity. Tungsten (W) allows more current than CuBe
at the cost of increased sag and dispersion, but will eventually create smaller oscillation
amplitudes due to its high density.

Copper-Chromium-Zirconium (CuCrZr) and Copper-Nickel-Silicon (CuNiSi) seem better
suited for PW application when compared to CuBe (classical choice). Therefore, these two
materials were chosen to be used in the system.

4.4 Secondary Induced Currents

The concept of the PW measurement system is to pass an electric current in a wire that
is located in a magnetic field to obtain a travelling wave along the wire. Nevertheless,
according to Faraday’s law of induction, a moving conductor in a magnetic field would
induce an electric potential as well. In other words, every electric motor is also an electric
generator. Moreover, the wire oscillations are matching in wavelength to the period length
of the insertion device, resulting in efficient induction process (resonance).

Therefore, the induced potentials are unavoidable in this system. Figure shows the
circuit diagram including the source voltage Vs, source impedance (Rs and Ls), wire
impedance (Rw and Lw) including the induced Electromotive Force potential (Vemf).
The current pulse source is in fact a voltage amplifier with a low output impedance. Imme-
diately after the pulse, the voltage of Vs will collapse to 0V, this provides a low impedance
path which allows the induced potential to circulate current in the circuit which distorts
the traveling wave.

One solution to reduce the secondary induced currents is to add resistance to the circuit,
this has the drawback of reducing the pulse current or require the use of much higher pulse
voltage. Another solution is adding a switching element that cuts off the low impedance
path at the end of the pulse. Due to the large difference between the pulse and induced
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Figure 32: Circuit representation of the pulse source and wire.

voltage levels (150V and 1V respectively), this switching can be achieved using diodes as
shown in figure

N
7
I
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Figure 33: Circuit representation of the pulse source, wire and blocking diodes.

The diodes used have a junction voltage of 3V, this effectively forms a threshold where
voltages below this level see a high impedance circuit, eliminating the induced current flow.
Meanwhile the pulse voltage can easily overcome this threshold and drive the required pulse
current through the circuit efficiently.

Figures and show the measured circuit voltage and current with and without the
use of blocking diodes. It can be seen that the diodes block the flow of the induced
currents effectively without noticeable reduction in the intended pulse current. Meanwhile
the induced voltage seem to disappear without the diodes, this is not true, but rather is
hidden due to the low source impedance compared to the wire impedance forming a voltage
divider network.
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Figure 34: Diode effect on pulse current (left) and the induced currents (right).
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Figure 35: Diode effect on pulse voltage (left) and the induced voltage (right).

Finally figure shows the effect of introducing the blocking diodes on the measured
wire oscillations. The induced currents attenuate the oscillation amplitude due to energy
transfer from the travelling wave to electrical current, while also inducing new oscillations

after the end of the original wave.

The distortion makes it very difficult to obtain accurate magnetic field information from
the pulsed wire signal even if the arbitrary pulse response method is applied, since now the
governing equations of the wire oscillations need to be coupled to the induced potential

and account for the energy loss and exchange in the circuit.
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Figure 36: Diode effect on wire oscillations.
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4.5 Background Vibrations

An absolutely static object is physically impossible to obtain, and the wire is no exception.
In this context, any motion of the wire that occurs without sending a current pulse does
not carry with it magnetic field information, and is considered a background oscillation.
Three main sources of background oscillations has been identified in the PW setup at MAX
IV Laboratory which are:

e Moving Air: Moving air from the ventilation system, people walking and air currents
caused by the sun all contribute to very slow oscillations in the wire. These oscilla-
tions have a cycle time in seconds or tens of seconds. And can be isolated by covering
the entire pulse wire system with a plastic wrap cover. The effect of this air cover is
shown in the contrast between figures [37 and
Due to the slow nature of this type of oscillation, the pulsed wire system doesn’t
need to be covered during operation, but it is enough to include this oscillation in
the range of motion the sensors can detect. Over the measurement time of 10 —20ms
this motion can be considered a static position shift that can be subtracted away as
an offset by applying the initial condition u(t = 0) = 0.

e Motorized Stages: The wire is suspended on two XY towers (A and B), these towers

contain motorized stages that work in closed PID loops. Therefore, the stages are
constantly monitoring the position errors and correcting them, which adds to the
background vibrations of the wire.
Figure 39 shows the total background vibrations seen during an 8ms long scan, while
figure 40| shows the background when the motors are switched off. It can be seen that
the motors contribute to significant oscillations of frequency near 250 H z. Therefore
it is good practice to switch the motors off while obtaining the measurements.

e Wire eigenmode: The fundamental eigenmode of tensioned wire has the frequency
of fi = c¢o/2L. And this vibration has been found to be always present in the wire.
Due to the fact that this oscillation has a very well defined frequency, it is possible to
perform a curve fit of a sinusoidal function with this frequency and subtract it from
the measured oscillations. The remaining vibrations after performing this operation
is shown in figure [41| for an eigenfrequency of 38.5H z.

Figures 39, [40] and [41] were performed using a 5.5m long 200um diameter TiAlV wire. The
high resistivity of the material limits the pulse current to 0.5A, resulting in very small
oscillation amplitudes and therefore increased the effect of background oscillations.

The oscillations of this wire when pulsed within the test undulator is shown in figure
where the £300nm signal was averaged on 50 pulses resulting in noise of about +1nm
which is equivalent to 45 titanium atoms.
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Figure 38: Slow background oscillations, with air cover.
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Figure 39: Fast Oscillations, 1 and 10x average.
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Figure 40: Fast Oscillations, Motors Off, 1 and 10x average.
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Figure 41: Fast Oscillations, Motors Off, Eigen Mode Removed, 1 and 10x average.
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Figure 42: Wire oscillations for test undulator using 200um TiAlV wire 50x average.

4.6 Electrical Noise

The pulsed wire system senses the wire oscillations and transmits a corresponding electrical
signal in both analogue and digital forms as discussed in sections [£.1 and [£.2 Therefore,
electrical noise is an unavoidable consequence of the analogue signal path. Electrical noise
is any signal that is present while having the wire away from the laser sensor unit.

The first noise signal that was detected and addressed in the measurement system was
the power network 50H z and its odd harmonics. It was found that using a modulation
ready laser source was very susceptible to this noise and this problem was solved when a
continuous wave laser source was used instead. A frequency domain comparison between
the two lasers is shown in figure

Il Modulation Ready Laseri

[]

Figure 43: Spectrum analyzer comparison between modulation and continuous laser
sources.
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The simplified analogue signal path consists of the Laser source, Photodiode (PD), Photo-
diode Amplifier (Amp) and finally the Analogue-to-Digital Converter (ADC). In order to
quantify the noise contribution of each component, the signal was artificially interrupted
at each stage and then recorded using 1, 10 and 20x average. An example measurement is
shown in figure [44] and the detailed results of the study is summarized in table [6]

\ 100 pm —
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Laser + P.D. + Amplifier + ADC
1.107 nm/0.912 nm RMS
— Ux — Uy
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10 pm —
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Figure 44: Electrical noise of the system using x20 Average in time and frequency domain.

RMS value of measured signal [nm)]

Signal Components x1 Average x10 Average x20 Average
Uy Uy Uy Uy Uy Uy
Undulator Measurement 170.055 3.232 169.348 2.165 169.018 1.818
Laser + PD + Amp + ADC  5.158 3.938 1.691 1.358 1.107 0.912
PD + Amp + ADC 0.554 0.608 0.177 0.218 0.126  0.151
ADC 0.368 0.413 0.120 0.132 0.083  0.095

Table 6: Summary of electrical noise measurement experiment at various stages.

It can be seen from figure [44] that when using a 20x averages, the overall electrical noise
contribution is fairly within a +4nm window. Also, the frequency analysis of the noise
show no significant peaks indicating a white noise nature.

The noise contribution of each component was calculated separately from the above data
set and is summarized in table [0

RMS value of noise source [nm]

Noise Source  x1 Average x10 Average x20 Average

Uy Uy Uy Uy Uy Uy

Laser 5.128 3.891 1.682 1.340 1.100 0.899
PD + Amp  0.414 0.446 0.130 0.173 0.095 0.117
ADC 0.368 0.413 0.120 0.132 0.083 0.095

Table 7: Breakdown of electrical noise contribution of each instrument.
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The above treatment indicates that the laser source is the largest contributor to the overall
electrical noise within the system built at MAX IV Laboratory, therefore a more stable
laser source can be beneficial to reducing the overall system noise floor. This becomes
increasingly important when using titanium wires as their high resistivity limits the pulse
current amplitude resulting in small oscillations in the order of +300nm as in figure
and table 6 where the Signal to Noise Ratio (SNR) is 30.4dB, 40.0dB and 43.7dB for x1,
x10 and x20 averages respectively.
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5 Measurement Results and Comparisons

The pulsed wire is a magnetic measurement device, that is built to replace the Hall-probe
in obtaining local magnetic field information within limited access Insertion Devices.

In order to characterize the performance of the system, measurements were performed on
an undulator that is previously known through Hall-probe measurements. The results of
the two systems are compared, and any deviation from the Hall-probe results can be con-
sidered as errors of the pulsed wire measurement.

5.1 Wave Speed Measurement Results

The theory behind the wave speed measurement of a thin wire was discussed in section
and simulated in section [3.7.3] the purpose of which is to enable in-situ characterization
of the wire parameters, namely, linear mass density (i), tension (7") and flexural rigidity
(El,). It was found that requesting the fit to obtain all three of these parameters can lead
to inconsistent results. To overcome this, the linear mass density (u) of the wire was mea-
sured independently by precisely cutting wire samples of different lengths and measuring
their mass using a precision scale. The results of these measurements are shown in table

=k

Material Diameter Measured o Catalog
[pm] [kg/m]  [kg/m]  [kg/m]
CuCrZr 100 722-107° 1.7-107" 6.98-107°
CuNiSi 100 6.98-107° 3.7-10% 6.90-10°
TiAlV 200 1.42-107* 2.0-1077 1.39-107*

Table 8: Measured linear mass density (u) of available materials.

The wave speed measurement procedure relies on detecting the phase shift in time caused
by a position shift in space. And due to dispersion, the wave speed will be dependent on
its wavelength (frequency) and therefore, a pulse consisting of a wide frequency content is
desirable. A short magnet of period A = 16mm was built and used for this purpose, the
field of which is shown in figure And the magnet is shown in figure [45]
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Figure 45: The short magnet used for wave speed measurement.

The wave speed measurement of the 100um diameter CuCrZr wire is shown subsequently.
Pulsed wire measurement was performed on 5 relative longitudinal displacement of the
sensor unit, these measurements are shown in figure [d6] From this, there were 15 possible
pairs of measurements, where the relative phase difference of each pair was calculated as a
function of frequency as shown in figure [47]
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Figure 46: Wire oscillations obtained for wave speed measurement.
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Figure 47: Phase evolution v.s. frequency for wave speed measurement.
The relative phase difference, relative displacements and linear mass density was used as

input to fit the dispersion relation of an Euler-Bernoulli beam. The measured wave speeds
and the fitted curve are shown in figure (48|
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Figure 48: The measured and fitted wave speed.

This experiment was repeated 3 times in order to check if it yields consistent results, the
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results from the fitting parameters are shown in table [J] Meanwhile, the obtained wire
oscillations together with the fit results were used to re-construct the magnetic fields as
shown in figure [49] which does resemble the magnetic field of this calibration magnet.

Measurement T EI,
[N} [N-m?]
Take 1 3.572 7.056-107"7
Take 2 3.548 7.061-1077
Take 3 3.564 7.008-1077
Average 3.561 7.042-1077
o 0.012 2.93-107°

Table 9: Measured flexural rigidity of CuCrZr wire 100 um diameter.
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Figure 49: The reconstructed magnetic field of the wave speed measurement.

The same method for measuring the wave speed parameters was performed for 100um
diameter CuNiSi and for 200um diameter TiAlV resulting in a flexural rigidity (E1,,) of
5.562 - 107N - m? and 7.919 - 107N - m?2, respectively.
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5.2 Undulator Measurement Results

The ID laboratory at MAX IV offers a dedicated test undulator which was previously mea-
sured using the Hall probe mapper system and serves as a well known reference throughout
the development of the pulsed wire measurement system. The main characteristics of this
undulator are summarized in table [L0l

Parameter Value Unit
Device Type Elliptically Polarizing Undulator
Magnet Type Permanent Magnets

Magnet Material Nd-Fe-B

Period Length A, 69.1 mm
Device Length L, 2 m
Gap Movement Range 18 — 280 mm

Table 10: Properties of the large-period test undulator.

5.2.1 Measurement Setup

In this section, the test undulator was measured using the pulsed wire system and com-
pared against the Hall-probe mapper data, the errors of the Hall-probe system are small
enough for the purpose of this comparison and are therefore considered ideal representa-
tions of the undulator intrinsic errors. Before obtaining the measurements, the wire and
the probe were placed in the magnetic mid-plane of the undulator by finding the minimum
magnetic field (see equation[3.30). The measurements were taken for the undulator at gaps
of 18,20, 22,30, 50, 75,100 and 150mm.

For the experiment, a 100um CuNiSi wire was tensioned to 4.3N and stretched between
the towers at a distance of 5.5m apart, the undulator was placed between the sensors and
the down-stream tower and extra wire was left up-stream of the sensor in-order to avoid
contaminating the first wave pass with reflections.

Every shown PW measurement was repeated 5 times in-order to gain statistics, each one
consists of 16 averaged pulses to reduce the noise level. Also, the motors were switched off
during these measurements and the 1st and 2nd Eigenmodes of the wire were fitted and
subtracted as discussed in section 4.5 and [£.6l

For the gap values between 18 — 7hmm the pulse width used was 50us. And for gaps
100 and 150mm the pulse width was increased to 100us in-order to obtain usable wave
amplitudes. For gaps 18, 22,30 and 50mm, the measurements were repeated using a much

shorter 10us pulse width to intentionally obtain lower oscillation amplitudes.

The laser sensor “setpoint” was tuned for each measurement to maximize the signal re-
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sponse and include the required oscillation. The sensors were calibrated thereafter as
described in section A1l

The arbitrary pulse response treatment described in section was used throughout for
obtaining the magnetic field data from the wire oscillation. The pulse was sinc(t) shaped
peaking at 3A and was measured and used in the data treatment. The dispersion wave-

speed model of section was applied and the in-situ measured wire constants of section
5.1 were used.

The sag correction method described in section [3.6| was applied to the magnetic field data,
even though the correction factor was negligibly close to 1. This is due to the large period
length of the undulator and the relatively high tension level used.

5.2.2 Measured Wire Oscillations

The obtained wire oscillation amplitude for the measurement set is shown in figure
The z (horizontal) oscillation amplitude is highest at minimum undulator gap since the y
(vertical) magnetic field is strongest. A measurement set with intentionally lowered oscil-
lation amplitude was obtained as well, and serves to crudely check if any non-linearity is
present in the system.

At 18mm ID gap, the oscillation amplitude is 16um peak or 12um RMS. The obtained
oscillations are shown in figure It can be seen that a “wake” is present after the pas-
sage of undulator wave. This was consistently observed in all PW measurements performed.
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Figure 50: Measured wire oscillation amplitudes for the different undulator gaps.
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Figure 51: Example of measured oscillation data at 18mm undulator gap.

5.2.3 Measured Effective Field

The effective magnetic field is a measure of the “strength” of an undulator, it is directly
used in calculating the deflection parameter (K-value) (see section which determines
the wavelength of the emitted X-rays.

An example of the obtained magnetic field from the wire oscillations at 18mm gap com-
pared to that of the HP system is shown in figure |52, Here the “wake waves” seen earlier
in figure |51| create a fictitious periodic magnetic field behind the undulator.

Next we compare the Effective Magnetic Field (B.s), including only the 3" and 5" mag-
netic field harmonics that are present in the undulator. The magnitude of B,y is compared
between the HP and the PW is shown in figure 53] the relative difference between the two
systems (AB.ss/Bess) is shown in figure [54] and the normalized standard deviation of the
PW measurement (op,,,/Besys) is shown in figure .
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Figure 52: Example of measured magnetic field of the PW and HP systems.
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Figure 53: Measured HP and PW Effective Magnetic Field.
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Figure 54: Relative Difference in Measured HP and PW Effective Magnetic Field.
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Figure 55: Normalized Standard Deviation of PW Measured Effective Magnetic Field.

The relative difference (AB.fs/B.ys) serves to quantify the accuracy of the B,y measure-
ment value which arises from systematic errors of the PW system, these errors can be
caused by the calibration of the pulse current sensor, the oscillation sensor transfer func-
tion, frequency-dependent gain of electronics or wire constant parameters such as tension,
flexural rigidity, and linear mass density.

If we neglect the error seen at 150mm gap where the oscillation amplitude is low, the value
of the error ranges between —1.5% and —3.0%. This means that there is a —2.25% con-
stant error which could be calibrated away, improving the systematic error range of B.f
measurement to +0.75%. Where the Hall-probe sensor has an absolute accuracy of +0.25%.

The normalized standard deviation (op,,,/B.ss) describes the precision of the B,y mea-
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surement which arises from random error source within the PW system such as background
vibrations, air movement, electrical and optical noise, temperature variations and Eigen-
modes of the wire and support structures.

Generally, random errors can be minimized by averaging multiple repeated measurements,
but the reduction is inversely proportional to the square-root of the number of measure-
ments (o< 1/v/N). This means that improving the standard deviation by tenfold using
averaging alone requires a hundredfold increase in number of averaged measurements.
Therefore, determining the sources of random errors and reducing their effects can be
a more time-effective method to improve the system’s precision.

And so, within this setup of the pulsed wire experiment, the precision of the B, s measure-
ment can be said to be 0.15%, this is two orders of magnitude more than the Hall-probe
mapper figure of 0.0016% due to the reduced HP system complexity, the ultra-low noise
figure of the sensor, trajectory flatness and low vibration levels.

5.2.4 Measured Integrated Fields

The integrated magnetic field within an undulator as described in section can be cal-
culated from the measured PW and HP local magnetic fields. In both cases, the integrated
magnetic field is sensitive to non-linearity of the measurement system, and are therefore
always corrected using an external induction based integral measurement system, the Flip
Coil in this case which is described in section [C.2.1l

The first magnetic field integral is proportional to the angle of the electron trajectory
when travelling through an undulator. An example of the measured first integral using the
HP and PW system is shown in figure [56| for the test undulator at gap 18mm.
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Figure 56: Measured HP and PW First Magnetic Field Integral.
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The second magnetic field integral is proportional to the electron trajectory path when
travelling through an undulator. And a comparison between the HP and PW in measuring
the second field integral is shown in figure [57] for the test undulator at gap 18mm.
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Figure 57: Measured HP and PW Second Magnetic Field Integral.

5.2.5 Measured Magnetic Pole Fields

As an undulator is built up of a series of alternating magnetic elements repeating peri-
odically, the strength of the magnetic field in each half-period is referred to the as the
“pole peak field” or “pole field” (B, = B(Z,)). Where the location of the pole within the
undulator is referred to as “pole position” (Z,).

This figure is useful during the tuning process of an undulator to help determine which
magnetic block to adjust within the array. Deviations of the pole fields lead to changes in
the integral values, the RMS phase error values and the effective magnetic field.

For example, making a single pole stronger mainly causes a first and second integral devi-
ation, increasing the strength of a another subsequent and opposite polarity pole cancels
out the first integral deviation and maintains the second. Similarly, increasing the strength
of two adjacent poles would mainly effect the phase error at that location.

The magnetic field of the poles within the test undulator is compared at 18mm gap be-

tween the HP and PW measurements and is shown in figure And the position deviation
between two adjacent poles is compared in figure [59,
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Figure 58: Measured HP and PW Pole Magnetic Field.
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Figure 59: Measured HP and PW Pole Position Deviation.

From figure |59 we can see that the positioning of the pole location is fairly well matched
between the HP and PW systems, and is representative of the pole positioning error of the
test undulator itself.

Meanwhile, figure shows a reduction in the overall pole strength as measured by the
PW system, which is related to the reduction in the effective magnetic field discussed in
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section (.2.3]

More importantly, an oscillation in the pole magnetic field is seen in the pulsed wire
measurements, this cannot be explained by a constant calibration problem but is rather a
dynamic process that occurs during the measurement time. This deviation was also found
to be repeatable with every measurement, and therefore cannot be explained by random
errors either.

Consequently, a systematic dynamic behavior of the PW system must be responsible for
this behavior. To further investigate this, two quantities were compared:

First, the difference between the pole fields measured using the PW and the undulator -as
measured using the HP, removing any static difference, (B, pw — Bp.up)/Bp up-

Second, the difference between the measured wire oscillation and the simulated wire oscil-
lation (using the measured pulse current and the HP field data), removing any static ratio

difference. (uPVV,Measured - UPVV,Simulated)/AmplitUde(uPVV,Simulated)-
These two quantities were plotted together in time domain and shown in figure 60}

3 T

Wire Oscillation uy

—x— Pole Magnetic Field Bp

(Measured - Expected)/|Expected| [%)]

Time [ms]

Figure 60: Normalized PW pole strength deviation against wire oscillation deviation.

It can be clearly seen from figure [60| that an amplitude modulated oscillation of the wire
occurs and that it correlates to the observed deviation of the magnetic poles.

Moreover, this modulation seems to increase with time, and extend beyond the passage of
the undulator wave, as seen present in the trailing end of figures [51] and [52

This modulated oscillation is not predicted by the model used in section [3.2|since it doesn’t
appear in the simulations that use this model, nor is it accounted for when calculating the
magnetic field out of the measured wire oscillations.
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Next, in order to understand the development of this modulation effect, I calculate the
standard deviation of the pole fields that results from both the PW and HP system, and
isolate the contribution of the PW system using the quantity:

Standard Deviation Error of Pole Magnetic Field op, .., = \/ 0% — 0

', PW By HP®

Which is then normalized by the effective field magnitude op,.,./Bess, and plotted in
figure [61]
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Figure 61: Error in pole magnetic field against wire oscillation amplitude.

In figure [61], we can clearly see the effect of the oscillation amplitude on the pole field
measured error, which is the result of the modulated component of the wire oscillations.
The wire modulation effect seem to grow non-linearly with the oscillation amplitude.

5.2.6 Measured Phase Error

The phase error as defined in the section is calculated by integrating the square of the
first integral of the magnetic field. Therefore, it is an accumulative quantity of all errors
within the undulator.

It will then come as no surprise that the effect of the modulation in the wire oscillation (and
therefore in the pole field) would have an impact on the measured phase error quantity.
An example of the calculated phase error for the undulator gap at 18mm is shown in figure
62} showing large deviations.
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Figure 62: PW and HP phase error comparison at minimum undulator gap.

And over the entire measured range of the undulator gaps, the RMS phase error was
calculated and shown in figure [63] while the standard deviation of the RMS phase error is
shown in figure [64]
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Figure 63: RMS Phase error measured using the PW and HP systems.
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Figure 64: RMS Phase error measured using the PW and HP systems.

From figures [63, we can see the large difference in the measured RMS phase errors using
the PW as opposed to what the undulator actually has, as measured by the HP.
Furthermore, we can see from figure [64] that the random error deviation of RMS phase
error quantity is too small to explain the large differences in the measured values. Which
indicates that the deviation of the measured values within the PW system is mainly caused
by a systematic effect.

To shed more light on this discrepancy, we can isolate the contribution of the PW system
towards the RMS phase error measurement from what is actually present in the undulator
(as measured by the HP system):

_ ]2 _ 2
Error of RMS Phase Error 0g,,, = /03, — 03,

We can then see the how og,,, scales against op, ., in figure . Where there seems
to be a clear relationship between the measurement errors of the pole field and the RMS
phase error.
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Figure 65: The error in the RMS Phase Error measurement against the error in pole
magnetic field measurement.

The RMS Phase error is the single most widely used figure in characterizing the quality of
an undulator, as it directly effects the longitudinal coherence of the emitted X-rays.
Experimental results of the wire oscillation within the PW system revealed a modulated
wave component which is not predicted by the model used. These waves had a direct
impact on the magnitude of the measured magnetic field.

Moreover, the field error grew non-linearly with the amplitude of the transverse waves, and
this had a direct effect on the measurement of the RMS Phase error.

5.2.7 Searching for Optimal Results

The measurement shown earlier are not considered adequate for the characterization of
an ID. This was most obvious when comparing the phase error between the PW and HP
systems for the same ID.

After investigating the origin of the measurement discrepancy, it was found that the results
vary widely and cyclically with respect to the oscillation observation point represented by
the sensor’s longitudinal position along the wire.

The sensor position is mounted on a longitudinal translation stage that has a stroke of
50mm. That is a relatively short distance compared to the ID or wire lengths, neverthe-
less, measurements scanning this range were sufficient to reveal the locations where results
were systematically improved and degraded.

The sensor scans were performed for the 100um CuNiSi wire discussed in detail earlier at
a tension of 4.2N, and was done at an ID gap of 22mm. Then, a 200um TiAlV wire at a
tension of 27.3N was used and it was tested for ID gaps of 18, 20 and 22mm.

The results of the measurements were analyzed and compared to the known parameters of
the ID, and the difference between the measured quantities are presented.

Figure shows the relative error in the effective field seen by the pulsed wire for the
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measured range of observation points (100 - (Bess,pw — Besrup)/Befsip)-
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Figure 66: Relative Error of PW Effective Magnetic Field vs. Observation Point.

The effective field as measured by the PW system is directly related to the amplitude of
the wire vibrations. Therefore the oscillation amplitudes seem to vary as the wave propa-
gates the wire. Moreover, this variation seems larger in the Copper wire when compared
to Titanium despite the higher SNR of the copper signal.

Figure [67] shows the error in the measured magnetic pole field spread against the ob-
servation point (o, pw — 0B, HP)-
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Figure 67: Error of PW RMS Pole Field Spread vs. Observation Point.
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The pole field spread is a measure of how much variation seemingly exists within the mag-
netic field of the undulator as seen by the PW. We have seen in section that the
apparent variation in the magnetic field are exaggerated due to unwanted modulation of
the wire oscillations.

The results for Copper and Titanium were drawn on two separate vertical axis in order to
display the shape of the variation despite their difference in magnitudes.

Figure shows the error in the measured RMS Phase error of the pulsed wire system
against the observation point (o¢ pw — 0 Hp).
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Figure 68: Error of PW RMS Phase Error vs. Observation Point.

Here we can see that both wires report better results when observed at certain “sweet
spots” and the titanium wire seems to show very impressive results with a difference of
under 1° over a large range (10mm). If we assume that the measured phase error is unlikely
to be reduced due to wire distortions, then we can search the observation point for the
“sweet spots” of minimal phase error when attempting to measure an unknown undulator.
Moreover, the position of these spots was found to be static except when changing wire
tension. Meaning that once the wire is placed and tensioned, only a single search procedure
is required.

Figure shows the error in the measured ID taper as seen by the PW system, com-
pared to the HP results (Taperpw — Taperyp).
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Figure 69: Error of PW Taper vs. Observation Point.

Taper is a measure of the gradual increase or decrease of the magnetic field along the beam
axis, and can be influenced by attenuation of the PW oscillations as the wave propagates
the wire. Nevertheless, the taper error for Titanium seems to be closest to zero in the same
range where the RMS phase error error is low.

Now as we have identified a method to get PW results with reduced systematic errors,
we can take a closer look at the ID measurement results and comparison against the HP.
Where the results are taken from the wire observation point that provided the lowest RMS
phase error (the “sweet spots”).

Mainly, the pole field, the phase error and the expected radiation spectrum are shown.
The radiation spectrum is calculated using the parameters of MAX IV’s 3GeV ring elec-
tron beam, observed 30m away from the source (undulator) and using an acceptance of
16 Rad. This is to simulate a typical beamline and therefore compare the undulator result
in its use scenario.

At the ID gap of 18mm and using the TiAlV wire, the observation point at 25.0mm

was used. Figures and show pole fields and the PW measured RMS Phase Error
compared against the HP respectively.
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Figure 70: Pole field measurement for 18mm ID gap using TiAlV wire at the “sweet spot”.
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Figure 71: Phase Error measurement for 18mm ID gap using TiAlV wire at the “sweet
spot”.

The structure of the pole fields reported by the two systems seem to correlate well, and the
modulation effect seen earlier is not dominant. This also reflects on the measured phase
error, where the PW reports an RMS of 2.98° and the HP reports 2.85°.

Figure |72 shows the simulated X-Ray radiation spectrum of the ID at 18mm gap, calcu-
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lated using the magnetic fields measured with the HP and the PW measurement systems.
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Figure 72: Simulated Photon Flux Comparison between HP and PW at 18mm Gap.

The PW measurement spectrum had reported photon energies 0.72% lower than the HP,
which is to be expected due to the 0.34% higher reported effective magnetic field (see
equations and . The energy offset of the PW was corrected in the figure. And
the FWHM of the radiated peaks is calculated and shown.

At the ID gap of 20mm and using the TiAlV wire, the observation point at 20.0mm

was used. Figures [73] and [74] show pole fields and the PW measured RMS Phase Error
compared against the HP respectively.
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Figure 73: Pole field measurement for 20mm ID gap using TiAlV wire at the “sweet spot”.
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Figure 74: Phase Error measurement for 20mm ID gap using TiAlV wire at the “sweet
spot”.

The pole field structures reported by the two systems seem similar without significant
modulation effect, despite the lower field magnitude seen by the PW. The measured phase
errors report similar overall structures, and the PW reports an RMS of 3.05° while the HP
reports 2.97°.
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Figure [75| shows simulated X-Ray spectrum for the test ID at 20mm gap with magnetic
field data measured using the HP and PW systems.
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Figure 75: Simulated Photon Flux Comparison between HP and PW at 20mm Gap.

Here the PW measurement spectrum had reported photon energies 1.96% higher than the
HP, which is also to be expected due to the 1.02% lower reported effective magnetic field.
The energy offset of the PW was corrected in the figure. And the FWHM of the radiation
peaks is calculated and shown.

At the ID gap of 22mm and using the TiAlV wire, the observation point at 27.5mm

was used. Figures and [77] show pole fields and the PW measured RMS Phase Error
compared against the HP respectively.
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Figure 76: Pole field measurement for 22mm ID gap using TiAlV wire at the “sweet spot”.
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Figure 77: Phase Error measurement for 22mm ID gap using TiAlV wire at the “sweet

spot”.

The pole field structures reported by the two systems seem similar without significant mod-
ulation effect, despite the higher field magnitude seen by the PW. The measured phase
errors report similar overall structures, and the PW reports an RMS of 3.15° and the HP

reports 3.05°.
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Figure [78| shows simulated X-Ray spectrum for the test ID at 22mm gap calculated using
magnetic field data measured with the HP and PW systems.
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Figure 78: Simulated Photon Flux Comparison between HP and PW at 22mm Gap.

Here the PW measurement spectrum had reported photon energies 1.78% lower than the
HP, which is expected due to the 0.94% higher reported effective magnetic field. The en-
ergy offset of the PW was corrected in the figure. And the FWHM of the radiation peaks
is also calculated and shown.

At the ID gap of 22mm and using the CuNiSi wire, the observation point at 14.0mm

was used. Figures and show pole fields and the PW measured RMS Phase Error
compared against the HP respectively.
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Figure 79: Pole field measurement for 20mm ID gap using CuNiSi wire at the “sweet spot”.

Phase Error [degree]

—>*— PW ¢® 5.59 degree
—>*— HP o® 3.06 degree

-60 1 1 1 1
0 02 04 06 08 1 1.2 14 16 1.8 2

Longitudinal Pole Position Zp [m]
Figure 80: Phase Error measurement for 20mm ID gap using CuNiSi wire at the “sweet

spot”.

Here, it can seen that the pole field structure varies increasingly towards the far end of the
ID, indicating the presence of wave modulation effects. The measured phase errors also
diverge largely, which is why the PW reports an RMS of 5.59° and the HP reports 3.06°.
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6 Wave Propagation Effects

The pulsed wire system measures the transverse traveling waves within a wire to obtain
information about the magnetic fields that caused them due to it’s interaction with a cur-
rent pulse. It is therefore important to have a sound model of how the waves propagate
through the wire material in order to successfully reconstruct the magnetic field.

6.1 Coupled Oscillation Model

The model used in equation assumes that the wire tension, elasticity and geometry are
constants. However, the model was unable to explain all the experimental observations,
not to the level of accuracy that is required of the pulsed wire system for characterizing
undulators, as seen by the large variation of measurement results when moving the obser-
vation point along the wire and the existence of the modulated wave component.

Beams can exhibit both a longitudinal and transverse traveling waves with the longitu-
dinal waves propagating by compression and tension forces acting along the beam axis.
It is assumed that these forces are not excited by a wire pulsed in a magnetic field since
the Lorenz force can only act transversally on a moving charge. And therefore only the
transverse oscillations were considered.

However, when a wire undergoes transverse deformation from its rest position, its length
will slightly increase, the strain (elongation) is then given by [19]:

da\? du, \ 2 du, \ 2 da 1 (du,\* 1 [du,\>
‘ \/<+dz>+(dz)+<dz> ! (dz>+2(dz> +2<dz) (6.1)

Where € is the total strain caused by the transverse wave (u, and u,) and the longitudinal
wave (a).

Stress (o) relates to strain by the material’s Young modulus F such that F = o/e =
F/(A¢). Where F is the force and A is the cross section area. Therefore the wire’s tension
force T' can be written as:

da EA [du,\> EA [du,\”
T — Ty +FAe =T+ BA [ — ) + == (== (= 2
(Z,t) o+ € o+ (dz>+ 7 (dz) + 7 (dz) (6 )

This can be introduced into the coupled transverse-longitudinal equation set of an Euler-
Bernoulli beam with a non-constant tension [I1] to produce a system of coupled equations:

My, 0 du, Pu,
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Equation describes the change in tension that would occur due to both a longitudinal
and transverse wave propagating through the wire.

Equations [6.3] and [6.4] describes the transverse oscillations similar to the already used
model, but with the inclusion of the variable tension term. This would result in the wave
reflecting part of its energy whenever entering a section of the wire with a different tension
since transverse wave speed is given by ¢y = /T'/ .

Equation [6.5] describes a non-dispersive longitudinal wave, that is constantly being gen-
erated by the transverse wave as it propagates through the wire. The longitudinal wave
speed is given by ¢ = /E/p. For the case of CuNiSi wire, the longitudinal wave speed
¢ = 3570m/s and the transverse cg = 248m/s. Therefore, the longitudinal wave speed is
more than an order of magnitude faster that the transverse. Meaning that the longitudinal
wave will reflect from the wire ends multiple times while the first transverse wave is being
measured.

6.2 Coupled Oscillation PDE Solver

To further investigate the validity of the coupled model a custom PDE solver was written
using the finite difference method [20] to simulate the effect of the transverse wave propa-
gating through the wire. The simulation calculates the transverse and longitudinal waves
and dynamically adjusts the local wire tension as the time progresses. The dispersion effect
was not modeled in this simulation and therefore the E'1,, term was set to 0 to simplify the
solver using only a 2"¢ order PDE instead of a 4"". Future work can go towards coupling
the dispersion effect directly into the PDE solver.

Dirichlet boundary conditions were used for both the transverse and longitudinal waves
where the wire is fixed at both ends v, = v, = a =0,z = 0, L where L is the total wire
length.

Figure 81| shows a basic overview of the PDE solver algorithm using an explicit finite dif-
ference method where the solution is always calculated for next time step from previous
time steps.

This simulation solves for the variables u,(z,t), u,(z,t) and a(z,t). Meaning that points
in space and time can be reached. However, to simulate a pulsed wire measurement, the
waves along the wire can be neglected except for a single point (the observation point)
where the sensor is located and the waves were recorded in time as they pass that point.
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Receive Input:
Bx(2), By(2), I(t)
E, A To, p

Bt

Apply Initial
Conditions to:
ux(z), uy(z), a(z)
At t=0

Calculate Wire
Stress and
Update T(z)

Bt

Calculate Waves:
ux(z), uy(z), a(z)
For Next Time Step

End Simulation
Export Output Waves:
ux(z,t), uy(z,t), a(z,t)

Figure 81: Overview of the Custom Built Coupled PDE Solver Algorithm.

6.3 Coupled Oscillation Simulations

In order to facilitate evaluating this model, simulations mimicking the experimental results
of chapter [5.2| were performed using the known material properties of the CuNiSi wire and

the HP measured magnetic field for the test undulator at 18mm gap.

Figures and show the transverse and longitudinal wire oscillations respectively.
Where the characteristic wake behind the transverse wave has appeared similar to ex-
perimental results seen in figure
The longitudinal oscillations have reflected 4 times during the measurement, which was
expected due to its higher velocity indicating that it has already started to form a stand-

ing wave.
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Figure 82: Simulated Transverse Oscillations Using the Coupled Model.
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Figure 83: Simulated Longitudinal Oscillations Using the Coupled Model.

Figure [84] shows the change (modulation) of peak fields when a transverse wave is coupled
to the longitudinal in simulation. Here we can notice that the modulation effect grows
more towards the end of the ID, and that the modulation value was about +0.5% which
is half of what was seen earlier in the experimental results in figure [60}
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Figure 84: Simulated Peak Field Variation Using the Coupled Model.
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Figure |85 shows the change of phase error due to the modulation of the wire oscillations
when using coupled simulations. Here again the phase error diverges more the further away
it is in space, since the wave have to propagate a longer distance through the turbulent
wire medium.
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Figure 85: Simulated Phase Error Using the Coupled Model.

Next the simulation was used to see the effect of searching for a “Sweet spot” similar to the
experimental results seen in chapter where the observation point (the sensor location)
is varied across the wire to find the location where the PW measured ID parameters best
match the known ID. And more importantly, how to find the “sweet spot” for an unknown
ID.

Figure [86| shows the effect of scanning the observation point in coupled simulation on the
effective magnetic field. Here the change is much less than what was seen in the experi-
mental results and the errors are in the range of £0.1%. Nevertheless, the error (difference)
seems to vanish to zero at the observation points 6mm, 22mm and 44mm.
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Figure 86: Simulated Effective Field Variation Against Observation Point Using Coupled
Model.

Figure 87| shows the effect of scanning the observation point in coupled simulation on the
RMS pole field spread, which reflects the amplitude of the wave modulation effect seen at
that point. Here the difference minimized at the observation points 14mm and 22mm.
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Figure 87: Simulated Peak Field Spread Against Observation Point Using Coupled Model.

Figure [88 shows the difference in RMS phase error between the original ID field used in the
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simulation and the recovered field from the simulation at the range of observation points.
The difference shows a minima at the 22mm point.
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Figure 88: Simulated Phase Error Variation Against Observation Point Using Coupled
Model.

Figure [89| shows the difference in Taper between the original ID field used in the simula-
tion and the recovered field from the simulation at the range of observation points. The
difference vanishes to zero at the 6mm, 22mm and 40mm.
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Figure 89: Simulated Taper Variation Against Observation Point Using Coupled Model.

The ID parameters recovered from the coupled simulations seem to vary against the obser-
vation point, this behavior was seen in the experiment but was more aggressive with larger
variation in the values. Nevertheless, all the differences between the original ID parameters
and the recovered ones seem to have minimum values. And the observation point which
gave the lowest RMS phase error was a common one in all studied parameters (22mm in
this case).

This gives validation to the method of searching for the lowest RMS phase error when
attempting to measure an unknown ID as it will also minimize the errors in the remaining
parameters.
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7 Conclusions

Pulsed wire magnetic measurements proved to be a challenging topic that enables measur-
ing any closed structure ID with limited physical access. This allows for reduced complexity
in the ID design by shifting it towards the measurement tool which could reflect as cost
saving especially for FELs where tens of identical undulators must be built. Applications
of this tool can extend beyond measuring ID magnetic fields, as it can be used to measure
local magnetic field distributions in accelerator magnets such as dipoles, quadrupoles, etc.
where the fringe fields are of importance.

The thesis work can be thought of in two folds. First is the system as a tool for ex-
citing and detecting the wire oscillations. This involved the design and calibration of the
wire position sensor, the effect of a moving wire in a magnetic field, background vibrations
and noise sources. These technicalities were identified and solutions were offered to over-
come their effects.

The second is the system as an undulator characterization tool. A method to design
and use an arbitrary pulse shape was suggested and tested. While comparing the measure-
ment results against the well-proven Hall-probe mapper data for the same undulator, the
pulsed wire results seemed to be systematically modulated, resulting in an un-acceptable
level of measurement errors.

An experimental method for reducing the modulation effect was luckily found, and this
was able to give impressive results when applied. This method involves searching for the
observation point which minimizes the phase error and the modulation effects.
Attempting to explain this method using the established model for the wire was unsuccess-
ful at re-producing the experimental observations, because the model was built to explain
(and correct) the dispersion effect only.

This has lead to the formulation of another wire model that takes into account the stress
generated by the transverse oscillations which would generate longitudinal waves within
the wire. That in turn, affects the transverse waves as they propagate through the wire
with dynamically varying stress.

The wave propagation through this dynamic medium was successfully simulated and was
able to produce the experimentally observed behaviors of the wave modulation and the
emergence of low distortion observation points. This gives validation to the experimental
method of searching for the minimal phase error.

Overall the pulsed wire method seems capable of obtaining reliable magnetic field measure-
ments when enough care is taken into the process. And future work can still go towards the
development of this method such as testing more wire materials, testing the measurements
on a known small period undulator, studying the effect of longitudinal waves at the wire
ends (boundary conditions) and better modeling of the wave propagation through the wire.
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A Appendix on Synchrotron Radiation

A.1 Particle Motion in an Insertion Device

The magnetic field can be assumed to be purely vertical (B, = B, = 0), then for a rela-
tivistic electron beam incoming along the z-axis, experiencing small horizontal deviations
(# < 1), the equation of motion can be expressed as [4]:
d? B
F=s = (A1)

dz2  ymgc’

For a sinusoidal magnetic field having period length A, and magnitude Bjy:

B,(z) = —Bysin (2;1 Z) (A.2)

we can integrate to find the deflection angle from the z-axis:

i) = ¢ /By(z) e = D0 Mo (2”) (A.3)

T dr Ymgc Ymoc 27 Au

and the maximum deflection being:

Boe >\u - K

ymoc2w Y’

where K known as the “deflection parameter” is unit-less and is an important property of
every ID as we shall later see, K is defined as:

Boe A
K = =C2% — 93.36 By [T)\u[m). (A.4)

moC a7

Another integral gives us the electron’s position:

2(2) = W‘;C // By(2)-dz = %;—;sin <2Ij) (A.5)

and if we approximate Az = cAt we can write:

Ax  Axr ldxr v
#(z) Az cAt cdt c P (4.6)
but as the electron energy is fixed, so is 8. Therefore, any change in 5, must be counteracted
by a change in 3,. Since (8 = 5% + 3?) we can write:

K? 2mz K2 /1 1 4z
2 _ 02 _ 2 _ p2 2 — B2 _ - _
Br=p"—B;=0 7 o8 ()\u) 8 7 (2 + 5 cos ( Y )) (A7)
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and the /1 —x &~ 1 — /2 approximation can be used to get:

K? K? 4
B.~ 3 <1 TR cos ( ;\Tj)) (A.8)

where we can see that the longitudinal particle speed consists of a constant and an oscil-
latory cosine component. Averaging over one cycle we get the average speed:

_ K? 1 K \
~ f— ~l—-—— 9
B.~p 2 2792 4p372 (A.9)

A.2 Undulator Radiation

Now we have described the motion of a relativistic electron in the magnetic field of an ID
which will generate electromagnetic radiation due to its oscillatory trajectory.

Undulators are Insertion Devices built with relatively small K-values (K ~< 10), this
produces oscillations that are narrow enough to enable interference between successive
radiated wavefronts. Now we can investigate two radiated wavefronts, emitted at angle 6
from the same electron and separated by a distance d as in Figure [90]

Electron

[ AN

/U\/

Figure 90: An electron trajectory in an Undulator showing two radiated wavefronts (dashed
lines).

The time required for the electron to move one period is A,/cf, during which the first
wavefront had travelled a distance of A, /3, and the separation distance d is now:

d= % — Ay cos. (A.10)

z
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In order for constructive interference to occur, we impose a condition that the separation
distance between wavefronts must be an integer multiple of the wavelength d = nA which
allows us to write:

Au 1 K?
n\A=— — A\, cosl = \, (1+W+45W2

) — Ay cost (A.11)
which can be further approximated and rearranged to obtain the Undulator Equation:

Au K 2.2
)\_2n72(1+7+67)' (A.12)
Which tells us that the radiation wavelength out of an undulator is approximately its pe-
riod length compressed by the large factor 2. In practice, we can adjust the wavelength
-and energy- of the generated light by closing or opening the undulator gap which respec-
tively increases or decreases the magnetic field amplitude in the beam axis, thus smoothly
controlling the K value to produce the radiation wavelength required by the experiment.
We can also note that an undulator allows the generation of smaller wavelengths at integer
divisions of the fundamental. Meaning that higher energy photons are also available to the
experiment at integer harmonics.
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B Appendix on Undulator Performance Figures

B.1 K-Value of an Insertion Device

The most obvious parameter to consider is the K-value of the ID, this is the most direct and
essential parameter to ensure that the radiation wavelength is as expected (see equation
. From equation we can see that both the period length and the peak field need to
be known to obtain the K-value and that is accomplished by fitting a sum of odd sinusoidal
functions over each half-period [5]:

B(2) it = Z ban 1 COS (%j—l)@ - 22n+1)) (B.1)

n=0

which is then used to calculate the effective field value for each half-period:

b2n+1 ?
Besr = | (2n+ 1) (B.2)

n=0

and the average effective field throughout the device B.y; is then used to calculate the
K¢y value:

Keff = 2— = 93.3636ff[T])\u[m]. (B3)

B.2 Field Integrals and Electron Trajectory

Insertion devices need to work within an accelerator machine which might house many other
insertion devices for different experiments (beamlines). The electrons in these machines
need to have a stable orbit regardless of which insertion devices are in operation at the
moment and hence insertion devices need to have as little impact on the overall electron
position and angle as possible.

Looking at equations and we can see that the angle of the electron beam is
proportional to the field integral, and the position is proportional to the second field
integral.

The first and second field integrals are defined as:

ha(2) = [ Buy(Q)-de (B.4)

—00
and:

z z ¢’
Toto(2) = / Tia(O) - dC = /_ / Bay(C) - dc'd¢ (B.5)

which are used to determine the electron beam angle:

dx —e . d e
= = Liy,(z) and y(z) = Y _

T dz Ymoc

(2) I14(2) (B.6)

dz ymgc
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and trajectory:

—e e
x(z2) = 7moc[gy(z) and y(z) = po—

L5, (2). (B.7)

Therefore, even though there are large local magnetic fields within an insertion device, the
average field should be close to zero and every deviation in local field should be compensated
nearby its source in order to reduce the first and second field integrals.

B.3 Phase Error

Undulators rely on constructive interference between radiated wavefronts to generate well
defined wavelengths that are longitudinally coherent. This imposes another restriction
on the magnetic field which is the evolution of phase of the emitted wavefront from each
half-period, this term is referred to as “phase” and is expressed as [6]:

o) = 1 (54 [ aorac) (B.5)

7o )

The phase quantity is evaluated throughout the undulator and then fitted with a linear
function which is then subtracted to obtain the “phase error”. The Root-Mean-Square
(RMS) of all the poles phase errors is knows as the RMS phase error o¢ and is used to
determine the expected reduction of peak radiated intensity and broadening of the peak
Full Width Half Maximum (FWHM) due to magnetic field errors. The intensity reduction
R can be calculated as:

N(l — 67n20§>) + N2€fn2o§> 2 2

R = e SEIE (B.9)

where N is the number of undulator periods and n is the harmonic number. The reduction
effect is calculated for different harmonics in figure 91, where it can be seen that higher
harmonics suffer the most from undulator construction errors. Therefore, high energy
X-ray undulators need a tighter control over the phase error.
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Figure 91: Intensity reduction ratio calculated for different harmonics due to RMS phase
error og within a 50 period undulator.

B.4 Taper

Taper is a property of an ID to have a smoothly increasing or decreasing magnetic field
strength (or K.rs) between the electron beam entrance (Upstream) and exit (Downstream)
ends. This is done to intentionally increase the FWHM of the emitted radiation peaks in
certain experiments.

Taper can be achieved by setting a different gap at the upstream and downstream ends of
an ID and can be controlled by the motion system driving the gap.
The value of the taper can be approximated as:

A ABesy

Taper = AGap = — N
T Degg

(B.10)

B.5 Longitudinal Field

The longitudinal field component B, doesn’t exert a force on a beam traveling in the z-
direction due to the cross product of the Lorentz force (equation . Also the beam
deflection inside an insertion device relatively small (& < 1), therefore the B, component
of the magnetic field can usually be neglected.
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C Appendix on Undulator Measurement Techniques

This appendix presents the most common magnetic measurement techniques which are
used for the measurement of magnetic fields within a insertion devices. These techniques
generally fall under two categories, local field measurements that gives a value of magnetic
field for each point in space and integral field measurements that measure the accumulated
magnetic field quantity over the ID length.

The Hall-Probe and Pulsed Wire methods are used in local field measurements whereas
the Flip Coil and Stretch Wire are integral measurement methods.

C.1 Hall-probe Mappers

Hall-probes (sensors) are thin plates of semiconductor materials with a biasing current
passing through them. When magnetic fields are applied perpendicular to their surface,
an electric field is produced due to the Lorentz force (see equation [2.1). Figure[92] (Source:
[9], edited) shows a diagram of a Hall-plate element.

Edwin H. Hall discovered the now called Hall effect in 1879, but it took until 1948 for its

§.ng

/

Figure 92: The Hall sensor basic arrangement.

first reported use as a magnetic measurement technique by G.L. Pearson, using germanium
semiconductor [§].
The unloaded output Hall potential is given by [7]:

J I
Vi = ppwEB = pyyw=B = Ry>B with Ry = i (C.1)
o o
where 1, is the carrier mobility and ¢ is the conductivity of the material. Ry is the Hall
coefficient, which is desirable to be maximize in order to obtain the largest signal possible.
This is accomplished by using high carrier mobility materials such as Indium Antimonide
(InSb). Reducing the conductivity of the material has the drawback of increasing the
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power dissipation in the plate which has other negative effects on the sensor.

A Hall-probe mapper is the workhorse of ID magnetic measurement laboratory, it con-
sists of a 3D Hall-probe sensor, mounted on a 3D XYZ translation stages that can position
the probe very accurately and precisely in space.

A data acquisition system that is synchronized to the position of the probe is used to
sample the magnetic field at well known locations in space, thus directly obtaining the
magnetic field maps containing B(z,y, z) by scanning “on-the-fly” the area of interest.
The z-axis travel range of a mapper must extend beyond the length of the ID, and is the
longest travel axis of the system, which leads to manufacturing the system from a single
large granite piece to reduce flexing and dampen vibrations and a precision top surface to
produce smooth straight travel with minimum deviations.

At MAX IV Laboratory, a 5.5m long Hall-probe mapper is used for the construction of
in-house built undulators (figure . The peak-to-peak trajectory error of the mapper is
Az = 1.5pm and Ay = 2um, angular deviation Az’ = Tum/m and Ay’ = 8um/m, as seen
in figure [94]

The Hall-probe sensor used has wide-band noise figure of 1.23u7 RMS, a calibrated non-
linearity of 0.15% and a total measurement accuracy of £0.25%.

The accuracy of the motion, sensors and data acquisition makes the Hall-probe mappers
the reliable reference measurement system in any ID laboratory. The performance of the
MAX IV Hall-probe mapper system has been characterized during the tuning of HIPPIE
beamline undulator, table [11| shows the level of measurement errors obtained when using
a single on-the-fly measurement at the maximum scan speed of 150mm/s.

Parameter Peak Field FEffective Field Effective K RMS Phase Error

Value 0.772T 0.781 7T 3.863 2.682 °
Standard Deviation ¢ 16.1 uT' 12.7 pT 68.8 1 0.0091 °
o/Value 20.9 ppm 16.3 ppm 16.3 ppm 0.34 %

Table 11: Summary of MAX IV Hall-probe mapper system performance.
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Figure 93: MAX IV Hall-probe mapper (left) scanning an Undulator (right).

The one limitation of using granite-based Hall-probe mappers is that they require an open
frame design magnet that allows lateral access for the probe, this requires the use of a
strong frame structure in order to minimize deformations in the presence of the large mag-
netic forces, and tends to make the IDs larger, heavier and more expensive.

The same restriction prevents the mappers from being used on an in-vacuum insertion
device, where the magnets are housed within the Ultra-High-Vacuum (UHV) vessel that
prevents lateral access.

Specialized in-vacuum Hall-probe systems have been developed [10], which use guide rails
installed within the vacuum vessel that support the moving Hall-probe carriage as shown
in figure [95| (Source: [10]). A laser system is used to measure the position and angular
deviations of the moving carriage while XY stages actively deform the rails in order to
compensate the Hall-probe carriage travel errors dynamically.
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Figure 94: MAX IV Hall-probe mapper x,y trajectory (upper) and angular (lower) errors
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The effect of the active trajectory compensation can be seen in figure |96 (Source: [10]),
with a compensated trajectory error o, = S5um and o, = 4um, that can be translated
into peak-to-peak values of Ax = 25um and Ay = 20um. This is at least an order of
magnitude higher than what is achievable using traditional granite Hall-probe mappers.
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Figure 96: SAFALI Hall-probe position error with and without the dynamic feedback
compensation.

Hall probe mappers, whether granite based or in-vacuum, can give local field information
accurately and precisely but still can have small offset and non-linearity errors. When
calculating the field integrals from the sum of all data points, these small errors can have a
large impact on the integration results in the order of magnitude required by the insertion
devices. That is why Hall-probe data is often corrected for field integrals using the results
of another measurement system, usually induction based.

C.2 Induction Based Systems

The method of measuring the induced voltage of a coil moving in a magnetic field, or static
coil in a varying magnetic field, is one of the oldest and well known methods of magnetic
measurements [7]. It bases on Faraday’s law of induction which states:

dd dB
V= NE_ NA%. (C.2)
Where V is the induced voltage, ® is the magnetic flux crossing the coil, N is the number
of turns and A is the area of the coil.
The use of induction coils for insertion device magnetic measurements is limited to field
integral measurements and usually comes in two similar but distinct flavours, the Flip Coil
system (FC) and the Stretch Wire system (SW).
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C.2.1 Flip Coil System

A long and narrow coil of wire consisting of several turns can be placed in the ID gap,
with the two coil leads connected to an integrator and a rotary stage used to flip the coil
by 90° steps as in figure [97]

ﬂG

Figure 97: Sketch of the Flip Coil measurement system.

If the magnetic field is assumed static over the width of the coil (W), the resulting first
field integrals are:

_1 o=210° 1 [o=180°

TNW oo YTNW Jooe

V- dt. (C.3)

The second field integrals can also be measured if one end of the coil was offset by 180°
creating a triangular shaped coil:

B L-llw L 6=270° L-lly L 6=180°

I, o cdt and Iy — L
2= TN Sy O d =S o

V.dt  (C.A4)

The FC system gives very precise results (high repeatability) on the order of +0.5uT'm
peak-to-peak or better due to its high signal level and low noise, which are the result of
high number of turns and small area, respectively.

However, due to the difficulties of knowing the exact coil width, the absolute value of the
measured field integrals can be off by 1—5%, but this is usually not a problem for insertion
devices since the field integrals are very low.

The coil width of a FC is usually around 5mm, which can also be problematic for use in
small gap IDs such as in-vacuum devices.
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C.2.2 Stretched Wire System

In the case of a stretched wire system, only a single thin wire (V. = 1) is passed along the
ID gap, and instead of rotation we translate the wire horizontally (Az) or vertically (Ay)
on both ends simultaneously. As before, we integrate the induced voltage signal. This
setup is shown in figure 08|

Figure 98: Sketch of the Stretch Wire measurement system.

If again the magnetic field is assumed constant over the wire translation, the resulting first
field integrals are:

—1 y=yo+Ay -1 r=x0+Ax

-5, V.dt and I, = — V- dt. (C.5)

L,
! Ax

Y=Yo T=T0

The second field integrals can also be measured if one end of the coil was translated in the
opposite direction of the other (e.g. Az and —Axz), giving the result:

LI L y=yo+Ay LI L T=x0+AT
— z . L,=—"Y4+ _—
2 oAy Vidt and by == 4550 |

Lo, V.dt.  (C.6)

Y=Yo

The SW system gives very accurate results (low absolute error) in the order of 0.1% because
it relies on the voltage and motion only, and both can be known accurately using nano-
voltmeters and sub-pm precision linear encoders.

However the results are less repeatable than those of the FC due to low signal level and
high noise, which are the result of the single turn and large area, respectively. This is why
the typical peak-peak repeatability of a SW system is around £10u7m.

The SW can use wire diameters down to 50um comfortably, making it ideal for small gap
IDs such as in-vacuum devices.
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