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Abstract

The pulsed wire method is an attractive option to measure
the magnetic field in insertion devices, mainly for those with
restricted access (e.g., small gaps, in-vacuum/cryogenic en-
vironments, etc.). Besides first and second field integrals,
experiments have proved the feasibility of reconstructing the
magnetic field profile. Undulators with a small gap and short
period are — and are planned to be — used at diffraction-
limited storage rings and free-electron lasers. This contri-
bution outlines the pulsed wire system’s requirements to
perform magnetic field reconstruction in such undulators.
We examine the main expected limitations, particularly the
dispersive, finite pulse-width, discretization error, and sag
effects. Furthermore, we present the current status of devel-
oping the pulsed wire system at the European XFEL.

INTRODUCTION

The magnetic field characterization is an important step
in the design of high-quality undulators for storage rings
and free-electron laser applications. Local field measure-
ments (i.e., point-by-point) are commonly performed by
Hall probes. An alternative method named pulsed wire was
introduced some decades ago [1]. Although several improve-
ments have increased the performance of the pulsed wire
method since then [2-7], the Hall probe-based systems are
still required to characterize undulators adequately.

Measuring the magnetic field of devices with restricted
access (e.g., small gaps, in-vacuum/cryogenic environments,
etc.) can be particularly difficult with Hall probes. In this
context, improvements of the pulsed wire method — mainly
to reach higher absolute accuracy — are under investiga-
tion. For the SASE2 superconducting undulator (SCU) af-
terburner at the European XFEL [8], we plan to develop a
pulsed wire system to measure the SCUs magnetic field in the
final cryostat. This contribution shows the first steps taken
towards developing such a system. Furthermore, we outline
the main requirements to perform magnetic field reconstruc-
tion and examine some of the limitations of the technique,
mainly the dispersive, finite pulse-width, discretization er-
rors, and sag effects.

PULSED WIRE METHOD OVERVIEW

The pulsed wire method, first proposed by Warren in
1988 [1], consists of stretching a wire on the axis of the un-
dulator and sending a current pulse through it. The Lorentz
forces acting in the wire make an acoustic wave travel, in
which optical detectors can measure the amplitude of the
wire displacement over time. For a non-dispersive motion,
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the speed of the wave on the wire is ¢ = T /my, where T
is the wire tension in N and m; is the wire linear density in
kg/m. Figure 1 shows the schematic of the technique.
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Figure 1: Two-dimensional scheme of the pulsed wire system
and main lengths.

The wire displacement is proportional to the first or sec-
ond field integral for squared current pulses, depending upon
the pulse width &¢. Let 1, be the undulator period and L,, be
the undulator length. If the pulse width is much smaller than
the time the wave takes to travel one undulator period (i.e.,
if 8t « 1,,/cp), then the wire displacement follows the first
field integral profile. To measure the second field integral, a
pulse width should be longer than the time the wave takes to
travel over the undulator length (i.e., 5t > L, /cp). Some au-
thors have explored the concept of applying a current shape
of a positive followed by a negative short pulse [6,9], which
makes the wire displacement profile proportional to the mag-
netic field. The experimental and theoretical aspects of such
an approach do not fall into the scope of this manuscript.

Compared to the Hall probe technique, the pulsed wire
method has some advantages:

« It is suitable for restricted access devices, particularly
for those with small gaps, since the wire diameter can be
thinner than a Hall probe. Besides, it has the potential
to map in-vacuum/cryogenic undulators;

e Itis faster. The Hall probe technique requires sufficient
settling time at each point for sensor reading to settle
down;
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* Both transversal magnetic field components x and y
(see Fig. 1) can be measured simultaneously by setting
two laser-photodetector pairs (parallel to the y-axis and
x-axis, respectively). For Hall probes, it requires multi-
axis sensors.

Even so, the technique also has some drawbacks. First,
external vibrations and electronic noise disturb the wire
displacement measurement, which results in a poor signal-
to-noise ratio. Second, the wire must be long enough to
avoid the reflections that come from the fixed ends and may
reach the detection point while the main wave is passing.
Particularly, the length /; showed in Fig. 1 should be at least
half of the undulator length L, i.e., [y < L,/2. A long
wire gives rise to a third disadvantage: the catenary weight,
also known as sag. For a maximum allowed sag S, the wire
length should satisfy L,, < {87S/(gm;), where g is the
gravitational acceleration in m/s? [1].

Besides these issues, the finite flexural rigidity of the
wire causes dispersion — when longer wavelengths travel
faster through the wire than the shorter wavelengths. The
dispersion will be particularly an issue for long undulators,
since the longer wire will allow higher wavenumbers (i.e.,
short wavelengths) to reach the detector first and, therefore,
disturb the main signal. According to Warren [1], dispersion
can be neglected if
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where E is the Young’s modulus of the wire in N /m? and /,,,
is the second area moment of the wire! in m*. Equation (1)
reveals that not only longer undulators make the dispersion
an issue. The shorter the undulator period, the more difficult

it becomes to avoid the dispersive effects.

MAGNETIC FIELD RECONSTRUCTION
PROGRAM

A program has been developed in Matlab to correct disper-
sion, finite pulse width, sag, and discretization errors [10].
Ref. [5] proposed numerical techniques to compensate the
dispersion in the frequency domain, and a similar approach
is used in our software.

Theoretically, the first field integral is proportional to the
wire displacement for a pulse width going to zero. In exper-
iments, nevertheless, this is impracticable. The pulse width
must be finite, which will also introduce errors. Ref. [5]
shows how to correct the finite pulse width effect, which is
also considered in our program.

The wire displacement is sampled. We calculate the mag-
netic field samples B[n] by either the first or the second
forward finite divided difference of the field integral, de-
pending upon whether the pulse width provides the first (/1)
or the second field integral (/). Mathematically, the sam-
ples of the magnetic field are obtained from the first field
integral by

! For a circular cross-section wire with diameter d, 1, W= 7d*|64.
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Bin] = Az

@)
and by

Lin+2]=2L[n+ 1] +L[n]
(Az)?

if the second field integral is available. For both equations,
Az is the sampling space in m. This procedure introduces
errors in the magnetic field. The program corrects the dis-
cretization effects on the frequency domain.

Sag is corrected numerically in the space domain,
since the vertical component of the magnetic field is
B, (y) = By cosh(2sry/ 4,,), with B being the on-axis field
amplitude.

B[n] =

3

PROGRAM VALIDATION AND RESULTS

The model simulation aims to calculate the wire displace-
ment for a defined magnetic field profile (input), taking into
account dispersion, finite pulse width, discretization, and sag
effects. After performing all the corrections, either Eq. (2)
or Eq. (3) recovers the magnetic field (depending on the
squared pulse width), which is then compared to the original
magnetic field used as the input of the program. Table 1
shows the parameters we used to obtain the wire displace-
ment for a short pulse.

Table 1: Parameters for Simulating the Wire Displacement
and Magnetic Field Reconstruction

Parameters Values
On-axis magnetic field amplitude, B, 1T
Undulator period, 1, 10 mm
Undulator length, L, 70 cm
Wire diameter, d 75 um
Wire Young’s modulus, E 124 GPa
Wire tension, 7' 2N
Wire linear density, m;, 3.88x107> kg/m
Current pulse amplitude, / SA
Current pulse width (short), 57 3us
Sampling space, Az 1x10™*m

Replacing the parameters of Table 1 in Eq. (1) gives
L, « 53 cm. Since the undulator length in the simulation
is 70 cm, one may expect the influence of dispersion in the
results. Figure 2 displays the first field integral samples
calculated from the magnetic field used as the input and
the dispersive wire displacement. The dispersion impact is
evident at the beginning (since higher wavenumbers travel
faster) and at the end of the signal.

After correcting the dispersion and the finite pulse width,
the magnetic field is reconstructed by applying Eq. (2). The
difference between the original and reconstructed magnetic
fields is shown in Fig. 3 as the dotted blue line, which has a
root-mean-square deviation (RMSD) of 20 mT. We repeat
the same steps, including the discretization error correction.
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For this case, the magnetic field error is presented as the
solid orange line in Fig. 3, which has an RMSD of 5 uT. We
also compared the magnetic field peaks obtained for each
case. Figure 4 displays the results.
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Figure 2: First field integral (dotted blue line) and the wire
displacement (solid orange line).
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Figure 3: Magnetic field error comparison for the case where
the discretization effect is corrected (solid orange line) and
it is not corrected (dotted blue line).
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Figure 4: Comparison among the peaks of the original mag-
netic field (red line), recovered with (black circles) and with-
out discretization correction (blue squares).
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DEVELOPMENT STATUS AND PLANS AT
THE EUROPEAN XFEL

At the European XFEL, most of the hardware required for
the pulsed wire system has been purchased. For the motion
detection, we will combine the laser THORLABS CPS532
and the photodetector THORLABS PDA100A2. The oscillo-
scope that measures the signal from the photodetector is the
LECROY HDO6104A-MS (12-bit ADC, 10 GS/s). We plan
to perform the initial tests with a 75 um diameter Beryllium
Copper wire, and other wire options are under consideration.
The pulse generator will be built in-house. Capacitors will
be charged up to 300 V by using the power supply FAR-
NELL EA-PS 3032-20B. The nanosecond switching power
Mosfet IRF840 releases the current onto the wire after being
triggered by the function generator RS PRO RSDG2122X.

A short system will be first assembled. It will measure a
prototype undulator, developed by LUX at Desy for laser-
plasma driven light source applications [11]. This undulator
has a length of approximately 30 cm, period of 1.6 mm, and
the on-axis magnetic field amplitude is 0.6 T. Once the
system is tested and commissioned for this short undulator,
we will scale it to measure the U40 planar hybrid undulators
at European XFEL [12].

Relevant research has been carried out to correct disper-
sion [5, 7]. However, for these studies, dispersion is not
dominating [i.e., the condition shown in Eq. (1) is satis-
fied]. In the SASE2 SCU afterburner context [8], we foresee
an upgrade of the system to test and commission it for in-
vacuum and cryogenic environments. For such a system,
dispersion will dominate; consider 1, = 18 mm and the
wire characteristics shown in Table 1. Replacing them in
Eq. (1) gives L, « 3.07mm. Nevertheless, the undulator
length to be measured will be approximately 4 m, longer
than the required length to neglect dispersion.

SUMMARY AND OUTLOOK

The pulsed wire method is a promising solution to map the
local magnetic field in small gap long devices. The technique
has to be demonstrated to reconstruct the magnetic field
for long undulators with a short period, particularly when
the dispersion effect dominates. At the European XFEL,
the hardware and software developments for a pulsed wire
system are in progress. With this measuring system, we plan
to test the tolerances needed for the FEL process of SCU
lines, in particular for the SCU afterburner modules [8, 13].
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