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Abstract 

The Stretched-Wire Alignment Technique (SWAT) is one method of magnet alignment for linear induction accelerators. The 

applications of SWAT have been implemented for aligning solenoid magnets on the Scorpius linear induction accelerator which 

will be sited at the Nevada National Security Site and the Flash X-Ray (FXR) linear induction accelerator at Lawrence Livermore 

National Laboratory’s Contained Firing Facility. This article describes both systematic (repeatable) and random sources of 

background and noise as well as practical ways to eliminate or reduce them to acceptable levels. Systematic sources include 

reflections from wire ends, rapid sag due to ohmic heating of the wire, magnetic materials, and shot rate. Random sources include 

air currents, vibration of nearby equipment, mechanical stability of test equipment, and the instruments used to measure the wire 

motion. Mitigations include curve fitting and adaptive noise signal cancellation, and mechanical damping. Finite Element 

Analysis (FEA) was used to identify and resolve a repeatable wire vibration frequency interfering with the signal resolution. Two 

stretched wire alignment technique set ups from Sandia National Labs and Lawrence Livermore National Lab have shown 

background noise sources and ways of mitigating them by either analysis methods or change of mechanical configuration. 

Conclusions that were drawn included the severe sensitivity of the deflection to even small external interferences of the SWAT 

wire such that it requires attention to detail in mechanical set up and analysis. 
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1. Introduction 

The Stretched Wire Alignment Technique (SWAT), or the 

pulsed wire technique, originally introduced by Warren in 

1988 [1], is a diagnostic method for charactering magnetic 

fields, particularly in undulators. The method involves ten-

sioning a thin wire along the axis of the undulator and sending 

a short electrical current pulse through it. As the pulse inter-
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acts with the local magnetic field, Lorentz forces are gener-

ated, producing a mechanical (acoustic) wave that propagates 

along the wire. The resulting transverse displacement of the 

wire, which is measured by optical sensors (laser micrometer) 

positioned outside the magnetic field region, provides infor-

mation about the integrated magnetic field. 

Depending on the width of the current pulse, the observed 

wire displacement is proportional to the integral of the mag-

netic field, making the technique suitable for precise field 

mapping and alignment verification. Since its inception, nu-

merous enhancements have significantly improved the accu-

racy, resolution, and applicability of the pulsed wire method 

[2-8]. 

Furthermore, a combined-function magnetic measurement 

system is developed that couples the functionality of rotating 

coils with pulsed wire measurements to improve measurement 

efficiency [9, 10]. 

One SWAT system is applied to measure a magnet’s 

magnetic axis and compare it to mechanical axis at Sandia 

National Labs (SNL) and Lawrence Livermore National Lab 

(LLNL). This is useful while aligning accelerator magnet 

components to ensure alignment of the magnetic fields. A 

collaboration between SNL, LLNL, and Nevada National 

Security Sites (NNSS) was developed to identify, analyze, and 

mitigate various noise sources in two separate SWAT systems. 

The two systems encountered noise sources which were 

common between the two and others that were specific to each 

labs’ SWAT system’s configurations and methods. This paper 

summarizes some of the key take aways from this collabora-

tion. 

First, the basic concepts of SWAT are reviewed followed by 

a description of the two SWAT setups studied for this collab-

oration. A review of the systematic and random sources of 

background and noises are then described followed by a dis-

cussion of mitigation strategy. 

2. Basic Concepts 

The main goal of the SWAT method is to measure the 

magnetic axis and the mechanical axis of an electromagnet 

and compare the difference [11]. The method uses a thin 

conductive wire under tension through the magnet under test 

[8]. SNL and LLNL each test solenoid magnets that have 

different geometries. When a current is pulsed through the 

wire, the wire undergoes a Lorentz 𝑗 × 𝐵⃑⃑ mechanical force 

causing the wire to physically move according to the magnetic 

field it is experiencing at that point in 4D phase space (x, x’, y, 

y’) [12]. These movements are measured and can be analyzed 

to inform how far away the wire is from the magnetic axis. 

While the methods of how each lab analyzes the acquired data 

are beyond the scope of this summary, we just comment that 

SNL SWAT uses a grid region with peak-to-peak measure-

ment analysis and LLNL uses a linear basis-function mapping 

approach. 

A complete misalignment between the mechanical and 

magnetic axes introduces four degrees of freedom for de-

scribing the magnetic axis’ position relative to the mechanical 

axis. This can be described using Cartesian coordinates (x and 

y projections), where an offset and tilt are quoted for each 

projection. 

3. Description of Systems 

The two SWAT systems (Scorpius and FXR) have similar 

basic SWAT set ups but are also measuring two very different 

solenoid magnet shapes and sizes. Beryllium copper (BeCu, a 

copper alloy with 0.5-3% beryllium) wire is used at FXR 

SWAT system and pure copper wire is used at Scorpius SWAT 

system. The extent of the shapes and sizes of solenoid are 

described in Table 1. 

Because the required accuracy of each SWAT system is to 

report the center of the magnetic axis offset and tilt to within 

0.2 mm and 0.2 mrad, it is important to account for sources of 

background noise in the measurements. Each source could be 

categorized and described as either systematic or random in 

nature. These next two sections include some details of the 

findings found on each of the identified background or noise 

sources. 

Table 1. Solenoid and SWAT specifications for SNL & LLNL configurations and set ups. 

Solenoid Parameters Scorpius Solenoid FXR Solenoid 

Solenoid Radius 254 mm 105 mm 

Solenoid Length 50 mm 450 mm 

Wire Length ~2 m ~2 m 

Wire Diameter 127 μm 101.6 μm 

Tension Mass 0.25 kg 0.35-0.45 kg 

Pulse Current 18 Amps 3 Amps 

Pulse Width 0.1 ms 0.3 ms 
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4. Systematic Noises 

4.1. Wire End Reflections 

Because the wire ends are fixed on both ends and there was 

limited damping of the oscillations of the wire, the boundary 

conditions of the mechanical wave made it such that it would 

be difficult to interpret the mechanical deflections after the 

waves reflected. Effort was made therefore to make it such 

that the position of the sensors and the solenoid were able to 

make a full measurement before the reflection contaminated 

the measurement. 

4.2. Magnetic Material Interference 

Another discovery was the interference of magnetic mate-

rial near the SWAT measurements. Examples include mag-

netic mounts for Spherically Mounted Retroreflectors 

(SMR’s), magnetic linear stages distorting the solenoid 

magnetic field and unexpected magnetized tension posts. 

The SMR’s are used to position the fine wire from local co-

ordinate space to global coordinates for positioning. Luckily 

this was dealt with twofold: first, with a background meas-

urement, the interference on the waveform was accounted for 

by subtracting it from a second measurement with the solenoid 

on. Second, the magnetic SMR mounts were built with re-

movable permanent magnets, making them trivial to reduce the 

noise. 

Another interference was that the linear stages used had 

steel casings which absorbed some of the magnetic field flux 

near the measurement wire. This caused distortions of the 

measurement even after subtracting the background. It was 

concluded that moving the linear stage farther from the wire 

with an extension arm was the best solution. This mitigated 

the issue and was integrated into the setup. 

Yet another surprising source of magnetic material inter-

ference was finding that the tensioning rods used in the LLNL 

SWAT were magnetized. This was easily shown by demag-

netizing them. 

4.3. Shot Rate 

There was also concern that having pulses too close in time 

between each other would result in further noise effects that 

would cause data to be either rejected or redone. Measurements 

were taken with a scope to measure the deflection of the wire 

with a strong permanent magnet, simulating the largest possible 

deflection for the SWAT. A fitted exponential decay constant 𝜏, 

was close to 1.2 seconds. From this it was concluded that a wait 

time of 4 seconds would satisfy the 3𝜏 rule of thumb. 

4.4. Ohmic Heating of Wire 

Ohmic heating of the wire occurs immediately following 

the application of the kicking pulse. Due to the relative large 

current passing through the wire - despite the short duration - 

the wire experiences a temperature rise, resulting in a tem-

porary loss of tension. This loss of tension induces vertical 

oscillation increasing of the wire. Figure 1 illustrates the 

vertical deflections of the wire under varying pulse ampli-

tudes (in amperes) and pulse durations (in milliseconds). 

Although the product of current and pulse duration (∫ I ∙ dt ≈

1.0 A ∙ ms) remains nearly constant across all cases, the av-

erage vertical deflection amplitudes differ significantly. This 

variation confirms the presence of Ohmic heating, as the 

energy deposited in the wire scales with the square of the 

current. 

 

 
Figure 1. Demonstration of Wire Sag with different Pulse widths. 

Top includes a zoom in on the driving current pulse with bottom 

showing the vertical deflection. 

5. Random Noises 

5.1. Air Currents 

Other noises did not happen repeatably. One example of 

this is the sensitive measurements for the wire movement 

would see the wire wave in the air currents about 1±.3 𝜇𝑚 

while both our measuring devices could resolve <0.1 𝜇𝑚, or 
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better. It is worth noting that this movement also had a si-

nusoidal shape trend to it with the stretched wires funda-

mental resonant frequency, which was different for each 

SWAT set up. With this nonstationary noise some post pro-

cessing of the deflections was used to quantify the uncertainty 

in the actual wire deflection. 

5.2. Environment Noises 

Some other signal noise was environment based, from loud 

water coolers or air compressors. The sensitivity was such that 

a truck unloading material across the street clearly created 

outlier data waveforms in a sample set. Even how near the 

operator stood near the table contributed to the measurable 

noise. We were only able to minimize some of these noises. 

5.3. Mechanical Stability 

Another systematic noise that was discovered and corrected 

was a resonant frequency that was caused from resonance 

frequencies in the wire holding arms in the SNL SWAT con-

figuration. It was observed during experiments that a back-

ground signal with frequency ranging from 105-130 Hz oc-

casionally appeared. The strength of this signal was often 

dominant compared to the true signal. In these cases, the true 

signal would be polluted. The spectrum of signal with noise 

and background was identified using an FFT. The range of 

105-130 Hz was subtracted from the measurement using a 

band stop filter, and the result was converted back to the time 

domain. Noise overlapping with the true signal could not be 

filtered out using this method so physical changes were made 

to the SNL SWAT system in an effort to isolate the true signal 

when clear frequencies couldn’t be removed. 

The wire holder arm was examined in isolation using a 

modal analysis to identify its vibration modes as a potential 

source. Modal analysis performed using ANSYS FEA [13, 14] 

showed peaks around 23 Hz, 155 Hz, and 215 Hz. A fin 

structure was fitted to the arm to stiffen the wire holder as 

shown in Figure 2. Subsequent testing showed removal of the 

pre pulse 166 Hz frequency and mitigation of the other two 

signals. 

  
Figure 2. Mechanical design before (top left) and after (top right). Modifications resulted in significant noise reduction in wire deflections 

shown in before and after waveforms. Subsequent testing showed removal of the pre pulse 166 Hz frequency and mitigation of the other two 

signals. 

6. Analysis Mitigations 

A mitigation method considered during the collaboration 

was to take multiple current pulse measurements while in the 

same position. This determined an uncertainty floor and en-

velope for the average. This was ultimately the basis of the 

LLNL SWAT methodology for post processing. SNAL SWAT 

has explored using a moving average technique as well as 

taking multiple shots. 

Because the nature of the noise and the signals were 

sometimes of the same frequency this prevented frequency 

bandpass filters from being used in processing data. Use of 

Cubic splines was also investigated, but it was ultimately 

concluded that higher frequency signals would likely be lost. 

There was also an effort to use a droplet of oil for damp-

ening the wire air vibrations. This proved to be difficult with 

the necessary range of motion and results are improved in 

most of the scanning range. 

7. Conclusions 

Two stretched wire alignment technique set ups from San-

dia National Labs and Lawrence Livermore National Lab 

have shown background noise sources and ways of mitigating 

them by either analysis methods or change of mechanical 
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configuration. 

In subsequent investigations, the repeatability of the nom-

inal offset measurement was determined to be approximately 

0.2 mm in the vertical (y) direction and less than 0.1 mm in the 

horizontal (x) direction. These results are consistent with the 

initial design specification outlined in Reference [12]. A de-

tailed uncertainty analysis will be presented by the authors at 

the IPAC’25 conference in June 2025. 

Conclusions that were drawn included the severe sensitivity 

of the deflection to even small external interferences of the 

SWAT wire such that it requires attention to detail in me-

chanical set up and analysis. 

Abbreviations 

SWAT Stretched-wire Alignment Technique 

FXR Flash X-Ray 

FEA Finite Element Analysis 

SNL Sandia National Laboratories 

LLNL Lawrence Livermore National Laboratory 

NNSS Nevada National Security Sites 

SMR Spherically Mounted Retroreflectors 

FFT Fast Fourier Transfer 
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