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Abstract

Within the SwissFEL project at the Paul Scherrer Institute (PSI), the hard X-ray line

(Aramis) has been equipped with short period in-vacuum undulators, known as the

U15 series. The undulator design has been developed within the institute itself, while

the prototyping and the series production have been implemented through a close

collaboration with both Swiss and International companies that are leaders in their

respective fields. The magnetic measurement system has been built at PSI, together

with all the data analysis tools. The Hall probe has been designed for PSI by the

Swiss company SENIS. In this paper, the general concepts of both the mechanical and

the magnetic properties of the U15 series of undulators are presented. A description

of the magnetic measurement equipment is given and the results of the magnetic

measurement campaign are reported. Lastly, the data reduction methods and the

associated models are presented and their actual implementation in the control system

is detailed.
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1. Introduction

As part of the general strategy of the Paul Scherrer Institute (PSI) regarding the

development of light sources for research, a compact Free Electron Laser (FEL) called

SwissFEL has been designed and constructed (C. Milne et al. , 2017 ). SwissFEL is

currently undergoing the commissioning of its first hard X-ray line, Aramis.

Short period in-vacuum undulators have been designed and installed within Aramis

to achieve short emission wavelengths down to the interatomic scale (1Å) with rel-

atively low electron energies (5.8 GeV). For the first time, their magnetic structure

has been designed to fit the requirements of a linac-driven FEL, thus reducing the

magnetic forces while enhancing the field on the magnetic axis, see §2 for details. To

compromise between the total length of the beamline and the logistics of a single mod-

ule, a length of 4.0 m has been selected. A distance of about 0.75 m between each pair

of modules has been allocated for the installation of focusing elements, phase shifters,

alignment devices and beam diagnostics.

The modelling of the undulator line will be addressed in detail following a descrip-

tion of the U15 design and a summary of the magnetic measurement results. The

phase shifters will then be discussed since they are essential to be able to operate

the different modules together as a single long undulator. This complex multi-system

model is referred to as SUBLIME (aramiS Undulator BeamLIne ModEl) and sum-

marises all the information that is required to operate the Aramis undulator from the

control room.

2. U15 Design

The U15 series is made up of in-vacuum undulators with a period length of 15.0 mm.

They are each equipped with a gap drive system which varies the K-value by changing

the distance between the upper and the lower magnetic arrays. The minimum gap is
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designed to be 3.0 mm, corresponding to a K of about 1.8, and the maximum gap is

about 20.0 mm, which is enough to reduce the K below 0.05.

The magnetic structure consists of NdFeB (Br=1.25 T and Hcj >2300 kA/m,

achieved with Dy diffusion process) permanent magnets and FeCo (Bsat=2.35 T)

poles in order to achieve the highest field on the beam axis. Since the electron bunch

travels through the undulator line only once, the requirements concerning lifetime and

instabilities that have to be considered for storage rings are not significant. The pole

horizontal width can therefore be reduced to a tip of only 15.0 mm, as opposed to,

for instance, 40.0 mm as is used in the in-vacuum undulator found in the SLS stor-

age ring. This choice decreases the magnetic forces from about 7.0 t down to 2.7 t,

substantially reducing the deformation of the mechanical part and thus improving the

overall accuracy of the field profile.

To further improve the stiffness of the device, a closed frame solution has been

selected in place of the more popular C frame. This was possible thanks to the SAFALI

(Tanaka et al., 2007) magnetic measuring bench concept (see §3), originally developed

for cryogenic in-vacuum undulator (Tanaka et al., 2007) (Calvi et al., 2013) which

is no longer based on the straightness of an external reference bench (traditionally a

large, heady and stable granite bench). Cast mineral is used for the frame material

which is quite original for undulator applications where cast iron is regularly used.

This material has superior damping properties which makes it popular for high pre-

cision milling or grinding machines and for its application in undulator it holds the

remarkable properties of being almost non-magnetic (µr ∼ 1). However the decision

to opt for this configuration was mainly driven by the cost optimisation study. This

technique has proven to be cost effective on a small series production like the 13 units

of the Aramis line. Thanks to the symmetry of the structure, two moulds were enough

for the full production. The overall process is performed at room temperature since
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there is no need to heat up the material, thus saving energy and costs. Additionally,

it is possible to modulate the weight and the shape of these moulds with simple tech-

niques at low costs. For instance, to create a hole in the structure, a regular plastic

tube is fixed inside the structure during the moulding phase to prevent the gravels

from filling the volume.

To cope with the more stringent requirements for K-value control (∆K/K < 10−4),

a new gap drive system has been designed to reach sub-micron reproducibility levels.

It is based on wedges angled at 3◦, see Fig. 2. This allows the system to be moved with-

out the assistance of a gear box because the wedge operates with a ratio of about 19

between the longitudinal and vertical displacement. A special spindle with a pitch of

only 1 mm/turn, equipped with pre-compressed satellite roller screws is implemented

to minimise the backlash. Moreover, the wedge system has a second but equally impor-

tant functionality: transferring the stiffness of the mineral cast frame to the magnetic

arrays. Over a length of 4.0 m, it is not wise to use a single wedge. Therefore, the solu-

tion for U15 utilises two wedges per magnetic array, which are referred to as upstream

and downstream wedges. The two fixed wedges are connected through the so-called

outer I-beam. This requires the two wedges to move synchronously, otherwise the outer

I-beam would bend and possibly deform permanently.

Finally, the two moving wedges have been synchronised only via the realtime bus of

the control system, based on the reading of six linear encoders, respectively installed

upstream and downstream, see Fig. 1. During regular operation, this option is pre-

ferred to a mechanical connection through a long shaft but it is prone to rare but

fatal error in the electronics. To prevent such a possible scenario, an additional pro-

tection system has been implemented to monitor the status of the wedge. This works

by means of a set of micro-switches that disconnect the power of the servo motors

if their position differs by more than 50 micron. Up to this amount, deformation is
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acceptable because it is still fully reversible.

The two magnetic arrays are assembled inside the vacuum chamber and are con-

nected to the outer I-beam through a mechanical feed-through, which for simplicity

is referred to as the column throughout this paper. The number and the position of

these columns have been optimised with FEM calculations to minimise the amount of

columns to be implemented on each undulator module, while keeping the deformation

produced by the magnetic forces within a reasonable range. The retained solution is

sketched in Fig. 5.

In the former in-vacuum undulator design (Hara et al., 1998) (Schmidt et al., 2001),

two columns were always used to hold the I-beam in one cross-section. Counting

both upper and lower I-beams, there are four columns in one cross-section. This is

essential to precisely control the angle between the upper and the lower I-beams.

As was discussed previously for the magnetic design, the magnetic field out of axis

does not affect the performance of SwissFEL, as is the case for a storage ring. This

allows the replacement of the two column system with a single one, yet still designed to

withstand the same forces. This change reduces the time required for the optimisation,

not only because of the reduced number of components but also due to the intrinsic

difficulty of manipulating two columns that act almost on the same mechanical point.

The upper and the lower columns have not been placed at the same position but

have been longitudinally shifted by half of the distance between two adjacent columns

attached to the same array. This simple strategy allows the number of columns to be

reduced while ensuring that the distance between the lower and the upper array (i.e.

the longitudinal gap profile) is only marginally modified by the magnetic forces. This

happens while a more severe deformation is accepted along the array itself. However,

the magnetic field on axis is exponentially sensitive to the gap while the field varies only

like a hyperbolic cosine while moving out of the axis. On the contrary, the positioning
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of the last two columns downstream on the upper array and downstream on the lower

array has been determined through a long computer simulation section.

A bellow is integrated with each column to retain the vacuum while the column is

moved relative to the vacuum chamber. This feature is naturally required to change

the gap. Additionally, each column is equipped with a differential screw to vary the

column height with micrometer precision, see Fig. 4. This is required for the coarse

tuning of the magnetic field. Changing the column height locally varies the magnetic

field strength, as shown in detail in §4. This functionality comes with a penalty in the

stiffness of the structure. To overcome this problem, two lock-nuts have been added

at the two ends of the differential screw to minimise the play in the threads as well as

to prevent any relaxation in the column length after several years of operation.

The columns hold an aluminium profile inside the vacuum chamber, referred to as

the inner I-beam, which supports the magnetic array, see Fig. 1. The magnets and the

poles are assembled into a structure called the block keeper, where they are secured

with clamps and screws. The block keeper is designed to adjust the pole height within

a short range of ±30 µm. This is essential to compensate for the natural scattering in

the field strength of each magnet and restrict the RMS phase error to a few degrees,

see §5. Fig. 6 outlines the technical solution that is implemented for the pole height

adjustment. It is based on a flexor, displaced by a wedge and driven by a screw. To

prevent the displacement of the poles with the changing magnetic field, the flexor is

pre-loaded with enough force to always contrast the magnetic forces and avoid any

elasticity. This is achieved with a wedge displacement that is equivalent to a pole

height change of +60 µm.
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3. Magnetic Measurement System

Two new magnetic measurement benches have been designed for the optimisation and

the characterisation of the undulator magnetic profile. They are based on a three axis

Hall probe, where three Hall sensors are aligned in the direction of the beam axis

(direction of the probe displacement during the measurements) and oriented in the

three orthogonal directions, x y z. The vertical and the horizontal components of the

magnetic field gives essential information about the electron beam orbit and phase.

The longitudinal field component (Bz) is very practical when it comes to aligning the

undulator and to precisely measuring the undulator axis profile (along the beam axis,

z), which might not be a simple straight line. This method has been implemented for

the first time this measurement campaign and it will be clarified further in §4.

The SENIS probe comes with electronics that implement the spinning current tech-

nique (Popovic, 2003) to minimise the Hall planar effect. The probe provides calibrated

and temperature compensated analog signals that are proportional to the three compo-

nents of the magnetic field. The digitisation and the synchronisation with the encoder

measuring the position of the probe along the undulator is made with the industrial

PC based Beckhoff PLC. This system implements the real time EtherCAT protocol to

read the information collected among the different cards, which allows easy synchro-

nisation between the motion control and the data acquisition. After measuring the

noise and linearity, the Beckhoff ADCs (16 bit and 10 kHz) have been implemented

and carefully synchronised to the encoder. There is an option available for some card

families, known as distribution clocks, which allows the minimisation of jitter among a

group of cards. This is achieved within a bus clock, specifically 0.5 ms. With this tech-

nique it was possible to synchronise the three ADCs and the longitudinal Heidenhein

encoder better than 0.01 ms without any additional trigger signal.

Both benches displace the probe along a straight line by means of an active transver-
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sal stabilisation system based on SAFALI (Tanaka et al, 2007), see Fig. 10. The work-

ing principle is as follows: a laser beam shines on a pinhole which is rigidly connected to

the Hall probe. The fraction of light passing through the pinhole travels downstream,

where its transversal position is measured with a position sensitive diode (PSD, made

with four quadrant diodes). The SwissFEL measuring bench is equipped with two

laser beams and a pinhole on each of the two sides of the probe. This allows for the

accurate measurement of both the position and the angle of the probe and actively

corrects its deviation from an untwisted straight line. To precisely measure the Earth’s

magnetic field and the first field integrals, a moving wire system is used together with

the Hall probe. The details of the analysis procedure are provided in §4. Knowing the

Earth’s field substantially improves the numerical integrals calculated with the Hall

field profile but over a long length of more than 4.0 m their accuracy is still limited to

about 100 Gcm. An alternative procedure for the evaluation of the Earth field with

the Hall probe is to implement the zero gauss chamber, where the electronic offset can

be carefully taken into account. This was used to validate the moving wire but not

used on the series measurement tests.

3.1. Measuring Bench A: Undulator Optimisation

Bench A consists of a linear motor displacing both the measuring and the shimming

head along the length of the undulator (z-axis). The measuring head includes the

SENIS Hall probe, its electronics and a set of ADCs to digitise the signal right at the

probe, thus minimising cable length and reducing the noise. It is motorised to follow

the two laser signals and can be displaced vertically, laterally and in the roll angle

with respect to the direction of motion.

The shimming head consists of a motorised screw driver that is used to adjust the

pole height position. It is designed to reach both the lower and the upper arrays with
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the assistance of a vertical stage. While it is positioned around a given pole, a set

of pneumatic cylinders move the tool closer to the target screw. When a calibrated

limit switch turns on, the system acknowledges the fact that the tool is engaged into

the screw and the calculated angle of rotation required to correct the pole height is

applied. If the limit switch does not turn on, a searching algorithm is activated. The

driver mechanism operates along different axes independently and sequentially, namely

by first changing the phase of the tool, then the height and finally the longitudinal

position around the target value. After an initial run, the coordinates of all screws

would be known and are saved in the memory for faster additional optimisation runs.

3.2. Measuring Bench B: Undulator Characterisation

Bench B is designed to measure the magnetic field when all vacuum components

are assembled but the bench is still operated in air. The main physical constraint is

the vacuum chamber because it reduces the available volume for the measuring head.

For this reason, the linear motor used on Bench A is replaced by a smaller piezo

motor that minimises the dimensions of the rail support. The motors of Bench A,

which are used to displace the probe in the transversal plane, were substituted with

a new set of motors moving the entire rail from outside the chamber, holding it along

its length at six points. To reduce the complexity of the installation, the roll stage

correction was not integrated and the angle was measured and mechanically adjusted

to limit its deviation within a mrad along the measurement length. Due to space

restrictions, the ADCs cannot fit inside the vacuum chamber either. To overcome this

issue, a long cable was integrated on the probe with the purpose of transferring the

analog signal out of the chamber to be recorded. Despite all the previously mentioned

limitations, the reproducibility of Bench B is superior to the one measured on Bench

A. This confirms that the main source of uncertainty of the SAFALI system is the
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pointing stability of the laser. The presence of the vacuum chamber limits the air

motion and consequently improves the laser pointing stability, thus reducing noise

and improving the reproducibility of the system. The increased number of motors

and encoders require more care to avoid temperature drift and temperature gradients

within the magnetic structure. To remove the heat produced, all motors are actively

cooled with force flow water while its temperature is controlled within a feedback loop,

where the temperature of the near undulator component is stabilised. Operating the

bench without the active cooling system introduces large systematic errors due to the

temperature drift of the undulator magnetic structure and due to the bending of the

laser beam attributable to temperature gradients.

4. Data Analysis

Both measuring benches are designed to provide the same information: the three com-

ponents of the magnetic field as a function of the probe’s position along the undulator.

For the analysis’ sake, the data provided by both benches can be considered equiv-

alent. The analysis procedure can be conveniently divided into four main steps: the

raw data treatment, the alignment strategy, the data reduction and the optimisation

algorithm. The following sections will give a detailed overview of each aforementioned

step.

4.1. Raw Data Treatment

The three components of the magnetic field (x̂Bx+ ŷBy+ ẑBz) and the longitudinal

encoder value (z) are recorded synchronously (i.e. with a jitter <10 µs) and at a

constant frequency of 2.0 kHz. The first data conditioning consists of expressing the

field as a function of the longitudinal position and uniformly spacing the field (0.5 mm).

Thus, the data is sorted and ordered by increasing z, filtered (in space), interpolated
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and uniformly re-sampled.

The calibration (magnetic field versus voltage) is then applied to the signal. Specifi-

cally, the SENIS electronics provide a voltage signal that is already linearly correlated

to the magnetic field within a calibration accuracy of 0.25% (5 V corresponds to 1 T).

The electronic offsets (measured out of the undulator gap) are set to the actual Earth

magnetic field value. This is estimated with the moving wire, which gives an accurate

(∼1µT) average value of the Earth field along the measuring bench, both in the x̂ and

ŷ directions. The z component, as it is clarified later in §4.2, is only used for alignment

purposes and does not require the Earth field correction.

By defining B̃ξ as one of the two transversal components of the previously introduced

magnetic field, it is possible to evaluate its final corrected value, Bξ, with equation

(1) below:

Bξ(z) = B̃ξ(z) + αξB̃
2
ξ (z), (1)

where the coefficient αξ is calculated using the field integral, Iξ (measured with the

moving wire), as shown in equation (2):

Iξ =

∫ z1

z0
B̃ξ(z)dz + αξ

∫ z1

z0
B̃2
ξ (z)dz. (2)

4.2. Alignment

The alignment of the undulator in the x direction and in the yaw angle is done

using only mechanical references as long as they are not critical. On the contrary, it is

important to precisely orient the bench in the vertical plane (y and pitch) because the

field varies more rapidly while moving out of the magnetic axis in the y direction with

respect to the x direction. To measure a relative variation of the field in the order of

10−4 a movement of some mm is needed in the x direction, while it is enough to move

by 40 micron in the y direction.

Traditionally in a planar undulator, the alignment is done by considering the vertical
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component of the magnetic field, By, or, equivalently, the K value, which is the average

magnetic value along the undulator length. Repeating this measurement for different

heights produces a parabola, where its local minimum is the undulator axis. More

information can be extracted using the local definition of K and repeating the previous

analysis for each pole. This is a robust and consistent approach but time consuming.

About ten measurements are required to precisely identify the undulator axis. An

alternative approach based on a new and advanced analysis of the longitudinal fields,

Bz, is used to measure the axis. This approach has the double advantage of reducing

the alignment time, while also giving an estimation of the longitudinal axis profile

for each measurement. This last feature increases the reliability of the measurement

campaign because it verifies whether or not each measurement is performed on axis.

Since one measurement campaign can last several working days, with the measurement

equipment usually automatised to run during nights and weekends, it is essential to

regularly verify the alignment.

The main advantage of this approach comes from the different definition of the axis.

For the traditional method, the axis is defined as dK/dh = 0, while in this approach,

the axis is simply defined as the instance where Bz = 0. Despite its simplicity, it has

lead to severe technical problems which have resulted in its late implementation. The

first issue is the Hall planar effect. Since the Bz is in the background of a strong By,

this can severely compromise the results of the analysis. The second issue is related

to the geometry of the probe and the relative angle deviation between the ẑ and the

ŷ component.

The first issue that is related to the Hall planar effect is minimised by the tri-axial

SENIS probe that was specifically designed for the SwissFEL project, where a four

stage spinning current method was carefully implemented to minimise the Hall planar

effect and keep the noise level to a minimum. This approach also has the advantage of
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minimising the offset drift thanks to polarity inversion, thus allowing longer measuring

times. The second issue that concerns the geometry of the probe can be overcome with

a post processing analysis. Assuming no Hall planar effect, the angle error results in

a projection of the main field, By, onto the ẑ axis. For the ideal case of perfect

orthogonality amongst the three components, equation (3) holds as follows:

∫ zm

zn
Bz(z)By(z)dz = 0, (3)

where zn and zm are arbitrary zeros of the main field component, By, in the periodic

part of the field. It is then possible to estimate the actual angle error and to compensate

the signal with the following equation (4):

∫ zm

zn
[Bz(z)− αBy(z)]By(z)dz = 0. (4)

For convenience, defining the compensated field with the auxiliary variable

B̃z = Bz − αBy and defining the local axis as the variable yaxis leads to equation

(5):

yaxis(z̃n) = ρ(g)

∫ z̃n+1

z̃n
B̃z(z)dz, (5)

where z̃n = (zn+zn+1)/2. The parameter ρ is a function of the gap, g, and is calculated

via a computer simulation using RADIA and tuned with experience. In Fig. 7, an

example of this analysis is presented. With this information, the undulator can be

aligned by means of the 5-axial cam mover system in both height and pitch. Since this

analysis also gives access to the axis profile, it is also possible to optimise its shape.

This optimisation is presented in §4.4.

4.3. Data Reduction

The main parameter for an undulator is the K value, which gives a measurement

of the electron deflection when divided by their (normalised) energy, γ. It is defined
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by the following equation,

K =
e

2πmc
λuBe, (6)

where the fraction term is composed of the charge (e) and the mass (m) of an electron,

and the speed of light (c), all of which are constants, while the remaining parame-

ters, λu and Be are the undulator period and the undulator magnetic field amplitude

respectively. This last parameter has to be evaluated for a generic periodic signal, see

Appendix A, to be within the accuracy specified for a FEL. At small gap (<4mm),

the deviation from a sinusoidal profile is visible without any Fourier analysis. The

solution is as follows in equation (7):

B2
e =

∑

n=1,3,5,..

(
B̂n
n

)2

, (7)

where B̂n is the nth Fourier component and n can only be an odd number. For the

majority of short period in-vacuum undulators, including the U15 series, the profile is

quasi-sinusoidal and the first three components of the series are enough to satisfy the

fundamental undulator equation expressed in equation (8) below better than δλ/λ <

10−4:

λ =
λu
2γ2

(
1 +

K2

2

)
. (8)

The average deflection strength is evaluated with the measurement of K. However,

the deviation from perfect periodicity can cause severe limitations in the interference

pattern of the radiation. The traditional parameter that is used to characterise the

degree of spectral quality is the RMS phase error. The phase,

φ =
δz

λ
(9)

in an undulator, is defined as the distance δz (normalised to λ) between an electron

and a photon travelling along the axis of the undulator. The photon follows a straight

orbit at the speed of light, while the electron follows suit, while constantly being
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delayed by the magnetic field which causes the electron to wiggle, thus decreasing its

velocity component parallel to the undulator axis. The compact form of equation (10)

is usually acknowledged in literature:

φ(z) =
1

2λ

(
z

γ2
+

∫ z

0
ẋ2(z′)dz′

)
, (10)

where ẋ is the x component of the electron velocity. Even if γ is explicitly present in

equation (10), the equation does not depend on the electron energy but only on the

magnetic field profile, as expected. It is convenient to explicitly write equation (10) in

its final (but less elegant) form used for numerical analysis:

φ(z) =
1

λu
(
1 + 1

2K
2
)
(
z +

(
e

mc

)2 ∫ z

0
I2(z′)dz′

)
, (11)

where

I(z) =

∫ z

0
B(z′)dz′. (12)

In an ideal undulator, equation (11) increases by a unit every period. Specifically to

a planar undulator, the transversal velocity, ẋ, of the electrons is not constant but

varies periodically. This also features oscillations in the phase and traditionally limits

its analysis to the photon emitted at ẋ(z) = 0 (z = z′n) i.e. to the photons generated

at the smallest bending radius. After evaluating the phase and limiting its domain to

the periodic part, the difference between a linear correlation fit and the phase value at

z = z′n gives the phase errors and its RMS value is used to quantify its spectral quality

(R.P.Walker 1993). As will be described in §4.4, the phase correlates with the local-K

definition. If the deviation of local-K distribution is minimised, the RMS phase error

is also minimised.

The electron beam orbit in the undulator is another key parameter which has to be

controlled. It has to be measured and optimised as well as used to set the correction

magnets during the operation of the FEL. The orbit and the phase error can be
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optimised only for a given gap but the latter can also be improved with a correction

scheme. After evaluating the orbit with the following integral,

ξ(z) =

∫ z

−∞

∫ z′

−∞
Bξ(z

′′)dz′′dz′, (13)

it can still be further optimised with the model in equation (14):

ξ(z) =





0 z < zi

κi(z − zi) + 1
2Ec(z − zi)2 zi < z < zo

κi(z − zi) + 4Ecz + κo(z − zo) z > zo

, (14)

where the entrance (κi) and exit (κo) kicks can be evaluated both for the x- and

y-component, while for the Aramis beamline, the Earth field (Ec) can only be com-

pensated for in the horizontal orbit.

4.4. Optimisation Algorithms

4.4.1. Pole Height Adjustment: When the undulator is aligned to Bench A, the pole

height adjustment, which aims to minimise the RMS phase error, is first carried out.

Several methods have been considered and the local-K approach (Pflueger et al., 1999)

has been finally retained. This is considered the most robust approach since it does

not rely on precise computer modelling and is relatively simple to implement.

The first step is the evaluation of the local-K (kn) by following the definition of

equation (15), where the integral of the main field component, y, between two neigh-

bouring zeros, zn, is associated with each pole:

kn =

∣∣∣∣
∫ zn+1

zn
By(z)dz

∣∣∣∣ . (15)

It is effortless to show that only the deviation with respect to the average local-K,

〈kn〉, is of any relevance for the optimisation process:

δkn = kn − 〈kn〉 . (16)
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To disentangle the complex relation between the height change in pole n and the field

change in pole m, computer simulations of the field profile variation, δBy(z), due to a

single pole change, δh, are carried out with RADIA (Chubar et al. 1998) for different

gaps (g). The local-K variation can then be calculated and normalised with respect

to δh and the following circulant matrix, P(g), is retained:

pn,m =
1

δh

∫ zn+1

zn
δBz (z − z̄m) dz (17)

where z̄m = 1
2 (zm + zm+1). The local-K value in equation (16) can be analysed with

equation (18) as follows:

δk−P(g)δh = 0. (18)

Inverting matrix P (δh = P−1δk) allows for a set of pole height corrections to be

evaluated and applied to the undulator magnetic structure.

4.4.2. Columns height tuning - PHASE: A second and very effective tool that is used

to optimise the RMS phase error is the adjustment of the column height (see §2). It

can be used on a larger range, ±250 µm, and is also accessible after the installation of

the vacuum components. In contrast to the pole height adjustment method, changing

the column length affects the field profile over about a meter, as shown in Fig. 8. This

has to first be used to minimise the error before the local pole height adjustment,

before being used to optimise the field profile after the installation of the vacuum

components.

For this analysis, it is convenient to directly use the definition of the phase, as

defined in equation (11), and to introduce a small additive perturbation in the field

integral, δI. After some algebra and neglecting second order terms, the phase variation

can be expressed with equation (19) below:

δφ ∝
∫ z

−∞
δI(z) · I(z)dz. (19)
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To gain a more intuitive understanding of the phase correction, it is convenient to

step back to a simple sinusoidal field profile with a small deviation, δb(z):

B(z) = [b+ δb(z)] sin (2πz/λu) , (20)

it is possible to find back the intuitive result of equation (21) below:

δφ ∝
∫ z

−∞
δb(z)dz, (21)

where the phase variation is proportional, in first approximation, to the integral of

the field amplitude modulation. In other words, a local increase of the field amplitude

introduces an extra delay in the longitudinal electron orbit, thus increasing its phase

difference with respect to the photons.

The phase optimisation first requires an accurate estimation of the deformation

of the I-beam produced by the elongation of each column. This is calculated with

ANSYS c© and magnetically measured to check the FEM model and also to evaluate

the correlation between deformation and field modulation, see Fig. 11. Equation (19)

can then be used to convert the field modulation to phase change. Assuming ψn is the

phase variation due to the elongation of column n of one micrometer, the total phase

change can be expressed with the following equation:

δφ(z) =
N∑

n=1

anψn(z), (22)

which is valid for small variation (<5% range) within the linearity of the mechanics.

To minimise the corrections, an, it is also mandatory to constrain them. It is possible

to limit them individually, |an| < ā. Alternatively, limiting their gradient, which is the

maximum variation allowed between two neighbouring columns, |an+1 − an| < δā, is a

better option. This latter is the adopted solution and an example of this optimisation

is presented in Fig. 9.
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4.4.3. Columns height tuning - AXIS: The method developed for the alignment of the

undulator (see §4.2) gives the full axis profile. After setting the right pitch and height

to minimise the axis profile deviation from a straight line, it is possible to use the

columns to further improve its straightness. Using the mechanical model presented in

§4.4.2, it is possible to move the upper and lower I-beam to locally displace the center

as needed. Since the position of the columns on the two I-beams is not identical, their

optimisation must be done separately, with the use of the following formula:

yaxis =
∑

n∈l
anϕn =

∑

n∈u
anϕn, (23)

where l and u indicate the index of columns which belong to the lower and upper

I-beam respectively. Since the adjustment is always done by measuring the main field

component (at the maximum field of a positive pole) and not the displacement, it is

important to correct the sign for the an term as follows. If the axis is too low, both I-

beams have to move up. However, the upper I-beam has to reduce its field on axis, while

the lower I-beam has to increase its field on axis. The on axisBy field component should

remain unchanged in the ideal case, thus decoupling this optimisation from the phase

optimisation. Unfortunately, the choice of different longitudinal column positions in

the two I-beams, which is very important to optimise cost and complexity, breaks

this perfect orthogonality. In this specific case, it is not a severe limitation and a fair

compromise may still be reached. The axis was initially optimised after alignment and

later the priority was given to the optimisation of the RMS phase error. This never

leads to an axis variation of more than 30 µm.

5. Summary of the Magnetic Measurement Campaigns

The magnetic measurements start with the characterisation of the single undulator

magnets, continue in industry during different phases of undulator assembly and end
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in the PSI magnetic measurement laboratories, where the final optimisation and char-

acterisation are performed before the installation of the undulator in the SwissFEL

accelerator. These activities are summarised in this section, using an analytical exam-

ple to clarify them. The activities are schematically divided into two blocks, mainly the

activity performed in industry and the activities carried out in the PSI laboratories.

5.1. Magnetic Measurements done in Industry

The three momenta of each magnet are measured during their production and only

items that are within specification are retained. Before their installation in the block

keeper, the magnets are sorted with respect to the horizontal momentum (x̂ com-

ponent) to minimise the associated vertical orbit. This is a priority since no simple

system is designed to adjust the vertical orbit within the undulator assembly.

After this exercise, the field integrals of each block keeper are then measured. The

value of the By integral is used to centre the measurement, due to its highly symmetric

profile in the x direction. The centre value, x = 0, of the Bx integral is used to position

the blocks along the undulator length to further minimise the vertical orbit deviation.

When the magnets are installed in the I-beams, the magnetic field is then measured.

The analysis of the main vertical component is used to adjust the position of the blocks.

With this magnetic data, it is possible to assess the longitudinal position, z, of each

magnetic pole and improve the position of every block to recover a better periodicity.

By looking at the magnitude of the field around a pole and applying the technique

of the local-K, as specified in §4.4.1, it is possible to recover the systematic height

error amongst the blocks with the help of non-magnetic steel strips below the block.

If a large height variation is observed within a block, it is disassembled and inspected

before the magnets are removed and installed in another block keeper. These checks

are very effective in preventing the later discovery of a large magnetic error in the PSI
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laboratories, where the disassembly of the entire undulator would take more time and

more manpower.

The final procedure that is performed in industry is the vacuum testing. All the

individual components are cleaned in an ultrasonic bath to enable them to be com-

patible with an ultra high vacuum (UHV) environment and are then assembled in

clean rooms. Nevertheless, at this stage, it is still possible to have contaminants and

therefore the final assembly is tested in a dummy chamber previously cleaned and

tested. If the expected vacuum level is achieved, the assembly is shipped to the PSI

laboratories.

5.2. Magnetic Measurements done at the PSI laboratories

5.2.1. Undulator Alignment and Optimisation Each undulator is finally assembled and

magnetically tested at PSI. The magnetic arrays arrive at PSI in a separate parcel

which is then assembled into its final support frame. This is a complex operation

and requires highly qualified personnel and some days of work. The first magnetic

measurements are done without the vacuum chamber on Bench A. After the alignment

(see §4.2) and the axis optimisation (see §4.4.3), the magnetic field is measured at a

gap of 3.8 mm, which corresponds to a K of about 1.4. This value was chosen because

it is in the middle of the operating range of 1.0 - 1.8. The optimisation based on

the column height adjustment is first used to minimise the RMS phase error. This

is mandatory to enable the application of the local pole height adjustment, which is

limited to the narrow range of only ±30 µm. An example is given in Fig. 12 where

the local-K analysis is used to illustrate this procedure.

After optimisation, the field is measured over the full operational K-range to check

if the RMS phase error is within the tolerance and to verify that at the minimum

gap of 3.0 mm, the K value is above 1.8. The former was always verified, while the

IUCr macros version 2.1.10: 2016/01/28



22

latter was sometime not achieved. This was not due to a lack of magnetic strength

but due to the unreliable setting of the encoder offsets, set during the assembly of the

frame when the upper and the lower units were still apart. Considering the fact that

a change in the offset could lead to a potential hazardous operation where an error

could cause a severe damage to the structure, it was preferred to change the length of

the columns uniformly to reduce the actual gap.

5.2.2. Undulator Final Optimisation The second test campaign is done with the undu-

lator in its final configuration. The upper and the lower magnetic arrays are fixed

mechanically together before removing the columns. They are first unscrewed from the

upper outer I-beam, fixed though the inner I-beams to a sliding table, unscrewed from

the bottom outer I-beam and finally removed from the support frame. The columns

are then removed and the inner I-beam slid inside the vacuum chamber. The columns

are set back in the I-beams through a set of small flanges in the vacuum chamber

and the bellows fixed together with the rest of the vacuum components: ion pumps,

gauges, thermocouples etc.

Similarly to the procedure previously described for Bench A, the undulator is then

positioned and aligned on Bench B. The first measurement results would negatively

impress for the poor quality of the phase after the previously described manipulation.

Its value regularly exceeds 50◦, which might induce doubts about the relevance of

the previous optimisation. This is clearly not the case as illustrated in the example

in Fig. 12, where the local-K profile is detailed. If the phase is varying substantially,

the difference in the local-K between two neighbouring poles is very small. This is a

fundamental result which confirms that the local pole height correction is still present

even after the disassembling and reassembling of the structure and the measured effect

is only related to the unavoidable manipulation of the column height. Therefore, to
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reduce the phase error it is required to simply apply an additional column height

optimisation and the phase of all the undulators in the series can be set below 3◦ at the

optimum gap of 3.8 mm. Comparing this result with the value achieved after the first

optimisation, where usually the phase was reduced to about 1◦, nevertheless should

trigger the discussion about the possibility of applying the pole height adjustment

within the vacuum chamber. This would improve the phase result while substantially

reducing the optimisation time and the required resources. A working solution is not

yet available for implementation but a project is ongoing at PSI to release the first

version of such a system in the near future.

5.2.3. Undulator Magnetic Charactersation After the second optimisation campaign,

all undulators undergo a full magnetic characterisation which lasts for around 12

hours. This is fully automated and can run without human supervision, during nights

and weekends. During this campaign, the on axis field is measured for all gaps, from

fully open at 18.0 mm, to fully closed at 3.0 mm, with a total of 40 measurements.

Fig. 21 shows the summary of the RMS phase error as a function of the K >1 for

all undulators. Its value is lower than 10◦ for all but two undulators. A more detailed

study showed that in one case, the problem was related to the magnet quality and

the second to the mechanical stability in the range of a few microns. In the latter, the

issue could be in the gap drive system but other mechanical components could also

produce similar behaviour.

Many other parameters are measured during this campaign, such as the K-value

and the orbit distortion. These are summarised in §6. If the RMS phase error is an

index of the undulator quality and it is not possible to improve it, the orbit distortion

can be minimised with an adequate correction scheme.
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5.2.4. Positioning of the Alignment Quadrupoles For the beam based alignment of the

undulators, a set of fixed permanent magnet quadrupoles (called alignment quadrupoles,

Qal) has been implemented, partially following the strategy used at the LCLS (Nuhn

et al., 2006 and Nuhn, 2009). Two Qals are located at both ends of the magnetic

array and are pre-aligned to the magnetic axis in the laboratory. At the end of the

characterisation campaign on Bench B, the Hall probe is well positioned along the

final undulator axis and can be used to precisely assemble the Qals. The procedure

at this stage is fairly simple. The probe is moved along the undulator axis where the

Qal is to be inserted. The reading of the probe is then recorded and used as a zero

reference value. The Qal is then installed and moved in the transversal plane (xy-

plane) until the reference reading is recovered in both axes. The Qals are mounted on

a guiding system and can be moved out of the beamline during regular operation. A

reproducibility study has been carried out to understand the errors introduced during

the displacement of the quadrupoles in and out of the beamline. An error of a few

micrometers has been measured, which is within the requirements.

5.2.5. Transfer Function Measurements To effectively improve the orbit with the cor-

rection scheme, the transfer functions of the magnets have to be precisely measured.

Window frames with vertical and horizontal dipoles (WFD) used for the entrance and

exit kick corrections, seen in Fig. 13, are measured in the PSI magnet laboratory. The

correlation between field and current is linear and very reproducible between the two

axis and among different units.

On the contrary, the Earth field correction coil cannot be measured independently

because it is assembled on the undulator vacuum chamber, see Fig. 13, and its magnetic

field is strongly coupled with the undulator’s iron poles. Its transfer function is deduced

through measurements done on Bench B with the moving wire system. While the
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correlation between field and current is constant, due to the low field excitation, the

transfer function depends on the undulator K, see Fig. 14. As the undulator gap

decreases, the value of the transfer function is seen to increase, as expected by the

magnetic coupling, until the poles saturate. At this point, the transfer function reaches

a maximum and after it decreases. The magnetisation status of the poles is not defined

by the corrector (which generates a very low field of few Gauss) but by the field in

the undulator (K) and it increases with decreasing/closing gap.

5.2.6. Phase Shifter Measurements The phase shifters are measured, shimmed and

characterised at PSI. The overall procedure is similar to the one discussed for the U15

series with few differences. The optimisation parameter is the electron orbit, while the

operation parameter is the phase. The former has a definition almost identical to the

one of equation (11), differing only in the missing linear term in z, which is correlated

to the drift, as seen in equation (24):

∆φ0 =
1

λu

(
e

mc

)2 ∫ L

0
I2(z′)dz′, (24)

where L is the length of the phase shifter, I is its field integral and the subscript

zero remembers that ∆φ0 is calculated for an undulator K=0. It is more convenient

to calculate the action of the phase shifter on top of a pre-existing drift section, i.e.

to separate the two contributions, as will be evident in §6.3. Equation (24) can be

extended to the generic K-value of the undulator, where it is instructive to highlight

that ∆φ0 depends only on the phase shifter gap (gs),

∆φ =
∆φ0(gs)

1 +K2
. (25)
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6. Summary of the Magnetic Modelling Campaign

All the parameters that have been described in the previous sections that are relevant

for FEL operation must be modelled and implemented in the EPICS control system,

see §7. This section will provide the description of all the models that were devel-

oped for the Aramis beamline, to simplify its operation and to improve the overall

performance of the FEL process.

The models are preferentially derived as functions of undulator K-value instead of

the more traditional gap value because this latter parameter is directly related to the

photon energy through the undulator fundamental equation (8). Nevertheless it is also

important within a feedback loop to also derive the inverse function, as will become

more clear later in the section, to estimate the K-value for a given readout gap value

in the encoders.

Each undulator module has been measured individually and this information has

been used to build individual models to achieve the highest possible accuracy for the

FEL operation.

6.1. Gap versus K

The relationship between the gap and the magnetic field of a hybrid structure

has been predicted through numerous studies. Taking into account the non-linear

behaviour of the magnetic steel poles, the general form of the widely used result for

the magnetic field amplitude is shown in equation (26), scaled for K:

K(g) = K0 exp

(
−a g

λu
+ b

g
2

λ2u

)
. (26)

To precisely tune the radiation wavelength, the relation between the gap reading at

the encoders and K must be measured and modelled accurately. The need to improve

on the expression in equation (26) arose when the residual errors resulting from the
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implementation of this model on the acquired magnetic data were deemed too large

to achieve correct FEL operation. For this to occur, the relative precision of δK/K

should be in the range of 10−3. Therefore, this lead to further improvements being

added to the general form presented in equation (26).

To set the K within a relative precision of δK/K < 10−3, it is also mandatory to

restrict the K domain to the operational range of the FEL, K > K̂. The value of

K̂=0.95 has been chosen as the cutoff point. Two different fits are used to cater for

any value of K, with one ensuring that acceptable accuracy levels are retained for

the operational range between 1.0 and 1.8, and the other used outside this range. For

K < K̂ the simple logarithmic model shown in equation (27) has been used:

g(K) = g0 log (a0 + a1K) , (27)

where the accuracy levels are adequate. For K > K̂ some empirical considerations

were added to equation (26):

g(K) = g0 log
(
a0 + a1K + a2K

2 + a3K
3
)
. (28)

The model expressed in equation (28) as well as the previously introduced model in

equation (27) have been derived from the inverse function of the more traditional

exponential fit of K versus gap. The quadratic terms in the argument of the exponen-

tial used to cater for the non-linear behaviour of the steel poles make it difficult for a

simple inverse function to be derived. Hence, the similar approach of adding a Taylor

expansion in the argument of the logarithmic terms is taken, as shown in equation

(28).

The coefficients were generated by using the method of least squares. Since a loga-

rithmic function is not straightforward to fit numerically, the measurement data was

expressed as an exponential term with a varying constant in the power as a function

of K, as follows:
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f(K) = exp

(
g

A

)
, (29)

where g is the measurement data and A is determined by fitting equation (29) with

a polynomial. When the residual SSE (Sum of Squared Error) from the polynomial

model reached a minimum with respect to the raw data, the coefficient A was fixed.

The resulting polynomial coefficients were then substituted into the logarithmic model

shown in equation (28). The models presented in equations (27) and (28) were used

for all the undulators in the U15 series. The resulting coefficients from equation (28),

together with the corresponding value of A may be seen in Table (1). See Appendix

B for more details on this fitting technique.

6.2. Orbit Corrections

The residual field errors of the undulator introduce distortions in the electrons orbit.

They have been measured and parametrised with equation (14), which is designed for

the specific SwissFEL correction strategy. The entrance and exit kicks (κi and κo)

for both the vertical and horizontal planes are tabulated as a function of discrete K

and fitted with a polynomial function of order 7. The same is done for the Earth field

correction, Ec, but only for the horizontal plane because there is no simple means to

correct it on the vertical plane in an hybrid undulator. As already discussed in detail

in §5, the WFD and the LD magnets are measured at PSI. The WFDs are designed

to correct the entrance and exit kicks, κ. They have a linear correlation between the

dipole field and the current, in both planes and it is estimated to be Γ ∼ 23.3 Gcm.

The equation to control their current reads,

IWFD =
κ(K)

Γ
, (30)

and it is valid for the entrance and exit kicks as well as for the vertical and horizontal

plane. The LD magnets are designed to correct the Earth field, Ec. Like the WFD,
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they have a linear correlation between field and current but the correlation changes

when the undulator K changes. With minor modifications, it is possible to adapt

equation (30) to the new functionality

ILD =
Ec(K)

Ωn(K)
(31)

where Ω has to be measured per each module, n, and modelled using a 7th order

polynomial function. This is due to the large tolerance on the coil geometry, to the

uncertainty in the encoder offset in the measurement of the gap and last but not least

on the possible difference in the pole and magnet material among different modules.

The accuracy of this correction strategy was determined by feeding the fits for Ec

and κ at each value of K back to the piecewise model in equation (14) and subtracting

it from the measured orbit. The resultants are an indication of the processing and

modelling error, which are acceptable up to a standard deviation of ±2 µm. Table (2)

shows the maximum values of standard deviation for each undulator across the whole

range of K before and after applying the correction strategy.

6.3. Phase Matching

The electric field produced by the wiggling electrons is periodic within each undu-

lator. However, the phase of the photon emissions generated by two neighbouring

modules respectively can be mismatched. For undulators with a fixed magnetic field,

it is enough to position them correctly, with the right distance between each module to

guarantee that the emissions are always in phase with each other. Moreover, changing

the electron beam energy, in first approximation, does not affect the relative phase

among different undulator modules, as was effortlessly deduced from equation (11).

There is an additional small phase shift, the Guoy effect (Siegman, 1981), which

has been neglected in the present formulation of the model which may be introduced

on a later stage if required but it has the disadvantage to add an energy dependence.
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On the contrary, for variable gap undulators, the phase condition changes for dif-

ferent K. A simple model can be deduced by considering the periodic field of the

undulator. Inside the undulator, the phase increases by definition of a unit per period.

Neglecting the variation inside a period, the phase variation as a function of the posi-

tion can be expressed with equation (32) below:

∂φ

∂z
=

1

λu
, (32)

while in the ∼0.75 m space present between undulators (in the drift part) the rate of

change of phase with respect to distance in the z direction varies at a slower rate,

∂φ

∂z
=

1

λu
(
1 + 1

2K
2
) . (33)

This occurs because the longitudinal velocity of the electrons increases upon exiting

the undulator, due to the absence of a magnetic field. However, the distance between

the electron and the photon still increases outside the undulator but at a lesser rate,

see Fig. 18. In this model, the phase increase between two modules is simply,

∆φ =
Ld

λu
(
1 + 1

2K
2
) , (34)

where Ld is the distance between the two modules. Introducing an additional delay,

∆φm, the matching condition can be expressed with the following equation,

∆φ+ ∆φm = n, (35)

where n is a positive integer number. To solve equation (35), it is convenient to

introduce the matching function M , closely related to the modulo 1 function, here in

the following defined using the ceiling function, d·e,

M(x) = dxe − x. (36)

M is a periodic function of period 1 and monotonically (linearly) decreases within a

period. Therefore, the phase matching equation (35) can be solved in the following
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manner, which is simple to calculate:

∆φm = M (∆φ) + n. (37)

Equation (37) is more general and can be used even when the simple model previ-

ously described in equation (34) is no longer valid and the undulator’s end fields are

correctly taken into account. Therefore it is convenient to modify it and to highlight

the experimental parameters that can be measured to correctly take into account the

entire field profile of an undulator, including the end field and the stray field. In this

approach, two parameters are enough to estimate the additional phase required for the

matching condition. These are the distance, d, between the central magnetic field zero

(it is an antisymmetric profile with a zero field value in the middle) of two neighbour-

ing undulators and the extrapolated phase difference between them, ∆ψ. See Fig. 18

where these two parameters can be easily identified. The new and equivalent condition

for phase matching reads as follows:

∆φm = M (d/λu −∆ψ) + n. (38)

The laser tracker measures the position of the undulators in the tunnel with an accu-

racy of ±20 µm. This information is used to estimate the distance, d, between the

magnetic centres of two neighbouring undulators. This does not come without addi-

tional uncertainty, because the magnetic array position may vary with respect to the

one of the I-beam. However, this is nevertheless the best guess available at the early

stage of assembly.

To estimate ∆ψ, it is essential to use the full field profile of two neighbouring

undulators to correctly take into account the details of the end fields. To prepare the

data, the two undulator magnetic profiles have to be scaled to a given K-value. This

is done by the linear interpolation of two measurements around the target K. Finally
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the new field profile, B̃n, is defined as following,

B̃n(z,K) = Bn(z + d/2,K) +Bn+1(z − d/2,K) (39)

where Bn is the vertical field of the nth undulator and Bn+1 of its neighbour down-

stream, assuming both centred originally around their middle zero field value. The

phase increase of this magnetic system is then calculated with equation (11) and ∆ψ

can be calculated as already presented in Fig. 18, i.e. evaluating the difference between

the linear fit of the phase increase respectively of the first and second undulator.

After calculating ∆ψ for different K, it is modelled using the simplified model

described before in equation (34), where it is effortless to calculate that:

∆ψ =
1

2

Ld(K)

λu

1
1
2 + 1

K2

. (40)

An additional K dependence is added to take into account the different scaling of the

matching end field with respect to the periodic field, resulting in an equivalent dif-

ferent length, Ld(K). A second order polynomial function achieves acceptable results,

compatible with few degrees of additional errors. In Fig. 16 an example of equation

(38) is presented as a function of K. Equating ∆φm to the right hand side of equation

(25),

∆φ0(gs)

1 +K2
= ∆φm (41)

it is possible to calculate the gap of the phase shifter to fulfil the matching condition.

By simply inverting the measured function ∆φ0, it gives a straight forward estimation

of gm,

gm = ∆φ−10

[
∆φm ·

(
1 +K2

)]
. (42)

An example of equation (42) is presented in Fig. 17 where multiple solutions are

present for a given K as expected from the periodic nature of the phase. Nevertheless,

the number of solutions that are available for the limited phase shifter gap range
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decreases with increasing K. This last result confirms the intuitive idea that a phase

shifter has to be designed with respect to the largest K available at the specific

beamline.

Having a simple physical model for the phase matching is also an advantage in

the later stages of the FEL operation. The additional information gained with the

operational experience can be later included in this model. The new data can be

fitted with the equations previously introduced, which have the advantage of having

a clear physical interpretation.

7. SUBLIME

The precise operation of the U15 undulators can be ensured through the implementa-

tion of a consistent and reliable system of models, presented in §6, which are derived

from data obtained during the measurement campaign discussed in §5. This system

of models, which is collectively referred to as SUBLIME (aramiS Undulator Beam-

LIne ModEl), is made up of several individual fits, each of which is used to accurately

calculate the parameters that are essential for undulator operation.

The aim of SUBLIME is to produce individual values for the undulator, corrector

and phase shifter parameters that need to be set for operation, based on the com-

mon value of the deflection parameter, K, that corresponds to a specific user-defined

radiation wavelength. Once this wavelength is specified, a value of K can in turn be

calculated accordingly for a given electron beam energy value, through the resonance

equation expressed in equation (8). The K value is then passed on to SUBLIME from

the control room to calculate all the parameters necessary for operation.

These values are subsequently fed to the EPICS control system to ultimately obtain

radiation with the desired wavelength. A block diagram of the system in a holistic

context may be seen in Fig. 19. The SUBLIME block returns 3 main sets of parameters
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that are necessary for undulator operation. These parameters are shown in Fig. 20 and

include the setting of the undulator gap, the orbit corrections and the phase shifter

gap.

While the equations are common for all undulator gaps, electron orbit correctors

and phase shifters respectively, the coefficients making up the models were individually

produced for each case by fitting the model onto the magnetic measurements that were

recorded for each individual component. This was possible since the undulators, long

coils, local correctors and phase shifters were individually characterised during the

measurement campaign.

The implementation of individual models for each component was possible since each

undulator, corrector and phase shifter is individually controlled in the beamline during

operation. Separate gap-drive systems are dedicated for all undulator and phase shifter

gap adjustments, while separate power supplies are dedicated for individual current

settings for the LCs and WFDs respectively. The block diagram in Fig. 20 represents

the SUBLIME system of models in more detail.

8. Conclusions

The U15 series had several innovative elements which could have introduced additional

uncertainties during the magnetic assessment. The closed frame obliged the undulator

to be shimmed for the first time based on SAFALI measurements, whereas in previous

projects, SAFALI had only been used for the characterisation in the vacuum chamber.

This was proven to be very successful and could also be adapted to the requirements

of a series production. The automatisation of the shimming improved the quality

and reduced the time and the man-power required. The alignment procedure and the

optimisation of the undulator axis also have to be acknowledged as a new and effective

tool which reduces the time and improves the reliability of the entire process. The
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column height adjustment, with pre-calculated correction per each column in a single

step, substantially reduced the time required and limited the hazardous manipulation

of those critical components.

All the knowledge of the magnetic properties of the Aramis beamline has been

summarised in the SUBLIME model. The approach developed for the phase matching

integrates all the properties of the undulators, including the accurate referencing in

the accelerator tunnel, and the magnetic characterisation of the phase shifter magnetic

properties.

The magnetic assessment of the first U15 prototype was crucial to introduce few

but important improvements in the design.

The column’s layout was modified to give room to a second lock-nut, not present

in the first assembly of the prototype. This increases the mechanical stability of this

crucial component, avoiding small but measurable relative displacement of the two

parts of the column. The RMS phase error was increasing above the specified value

of 10◦ after cycling the gap between open (18.0 mm) and closed (3.0 mm) more than

100 times. This was not observe any longer after the modification.

A water cooled plate was introduced to stabilise the temperature of the servo-

motors implemented in the gap drive system. During the regular operation, the gap

is set once and the undulator is operated for several minutes (up to few hours) at the

same strength with the motors off. However, there are experiments where the photon

energy (i.e. the undulator strength, K) has to be changed continuously and the servo

motors have to stay on for about an hour. The heat produced during this operation

was flowing from the motor to the wedge and consequently changing it size enough

to compromise the RMS phase error as well as the measured relation between K and

gap. Difficult to simulate, it was easy to measure magnetically and prove that the

cooling system was compatible with the specifications.
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A magnetic hysteresis was measured on the prototype, i.e. the relation between gap

and K depended on the history. If the gap was set starting from 18.0 mm, it was seen

to be different than if it was set starting from 3.0 mm, see Fig. 23. For this reason

a new design of the block keeper was made, to increase its mechanical stability and

in the mean time to optimise its magnetic design. Conversely there was no impact on

the hysteresis measurements, their effect is still present in the U15 series and it must

be due to different source of uncertainty. The hysteresis has to be taken into account

during the operation of the U15 undulators and the gap has always to be set starting

from larger to smaller gap, i.e. closing direction.
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Pflüger, J., Lu, H., Teichmann, T., (1999). Fine tuning by pole height adjustment for the
undulator of the TTF-FEL. Nuclear Instruments and Methods in Physics Research A 429,
386-391.

Walker, R. P. (1993) Nucl. Instrum. Methods 335, 328-337

Siegman, A. E., (1981). Lasers pp. 682-685, University Science Books.

R.S.Popovic, (2003). Hall Effect Devices London, UK, Taylor & Francis

Nuhn, H.-D., Emma, P.J., Gassner. G.L., LeCocq., C.M., Peters, F., Ruland, R.E., (2006).
Electron beam aligment strategy in the LCLS undulators, Proceeding of FEL2006, Berlin,
Germany.

Nuhn, H.-D., (2009). LCLS undulator commissioning, alignment, and performance, Proceeding
of FEL2009, Liverpool, UK.

Milne, C.J. et al., (2017). SwissFEL: The Swiss X-ray Free Electron Laser, Appl. Sci. 7, 720.

Hara, T., Tanaka, T., Kitamura, H., Bizen, T., Maréchal, X., Seike, T., Kohda, T. & Matsuura,
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Appendix A
Calculation of K for Non Sinusoidal Field Profile

The magnetic field profile in a hybrid planar undulator used in synchrotron light

source and in free electron laser facilities can in good approximation be considered a

periodic magnetic field structure. On the contrary, the field shape may vary substan-

tially from a perfect sinusoid. To precisely estimate K, it is mandatory to correctly

take it into account the actual field profile.

Starting from the well established equation of motion for relativistic electrons in a

purely vertical magnetic field, where the dot (̇) indicates the derivative with respect

to z,

ẍ(z) =
e

γmc
By(z), (43)

it is natural to represent the period magnetic field with its Fourier series,

By(z) =
+∞∑

n=1

B̂n sin(2πns/λu), (44)

where only the sin terms are present. Integrating equation (43) with respect to z gives

ẋ(z) =
κ

γ

+∞∑

n=1

bn cos(2πnz/λu) (45)

where bn = B̂n/n. In the ultra-relativistic regime, it is possible to approximate the

normalised component of the velocity, βx, with ẋ and write the longitudinal compo-

nent, β2z = β2 − β2x, where β is the normalised speed of the electron. Simplifying this

expression with the following approximation,

βz = β

(
1− β2x

β2

) 1
2

≈ β
(

1− 1

2

β2x
β2

)
, (46)

helps in explicitly writing its dependence as a function of the magnetic field,

βz/β = 1− 1

2

κ2

β2γ2

+∞∑

n=1

+∞∑

m=1

bnbm cos(2πnz/λu) cos(2πmz/λu). (47)
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Taking the average over a period, λu, gives the average component of the velocity

along z,

〈βz〉 /β = 1− κ2

4β2γ2

+∞∑

n=1

b2n. (48)

Imposing the resonance condition for the radiation wavelength, λ, of an undulator,

λ =
λu
〈βz〉

− λu cos θ, (49)

where θ is the observation angle, it is then possible to recognise that

Be =

√√√√
+∞∑

n=1

(
Bn
n

)2

(50)

where K = κBe.
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Appendix B
Fitting with Logarithms Functions

While the relation between K and gap is well established as a clear exponential

signature, its inverse function, gap versus K, is by far less popular and usually it is

estimated numerically. The simple case of an exponential function,

f(x) = f0 exp (−ax) , (51)

has an analytical inverse function as it is easy to calculate:

x = −1

a
log [f(x)/f0] . (52)

On the contrary the more general furmulation,

f(x) = exp

[
N∑

n=0

anx
n

]
, (53)

where f0 = exp(a0), does not allow a simple inverse function formulation. Following

the same generalisation approach, a new logaritmic function can be defined for the

inverse, where f−1 = g, as follows:

g(x) = −g0 log
N∑

n=0

anx
n. (54)

The symmetry between equations (53) and (54) is not perfect and this has important

consequences. In equation (54) the multiplied term, g0, cannot be simplified in the

argument of the log as is the case for the exponential function. The negative sign

in front of equation (54) is equivalent to the negative sign in the argument of the

exponential function in equation (51). In other words, it indicates that the function

is not diverging but it is decaying while its argument increases. To fit the generalised

logarithmic function it is convenient to manipulate equation (54) a bit further. After

reshuffling the moltiplication term, the exponential function applies to both sides and
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simplifies the expression,

exp (−g/g0) =
N∑

n=0

anx
n. (55)

Applying the least square fit method to this new set of data gives the following equa-

tion,

∑

i

[
N∑

n=0

anx
n
i − exp(−gi/g0)

]2
= R2, (56)

where the parameter g0 is the only remaining non linear term. A simple approach

consists of evaluating R2(g0) as a function of g0 and aiming for a minimum,

∂R2

∂g0
= 0. (57)

For this specific application it is easy to find the interval, g0 ∈ (1, 10), where to search

for the best fit.
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Fig. 1. This sketch of the U15 cross section highlights its main components. The closed
frame, which is fabricated from mineral cast, is made of two parts: the bottom and
the top sides (in blue) and the left and the right sides (in green). The latter supports
the vacuum chamber. The moving wedge (in yellow), the counter wedge (in light-
brown) and the outer I-beam (in light blue) together form the gap drive system,
the position of which is precisely controlled with three linear encoders. Inside the
vacuum chamber, the inner I-beam supports the magnetic structure. This is pre-
assembled into a series of aluminium extruded elements, referred to as block-keepers.
The electrical cabinet (top left, in yellow) houses the control system and the power
supplies of all servo motors (in black). The U15 undulator rests on a cam shaft
mover system (on the bottom) which can displace the undulator in the vertical and
horizontal direction, as well as orient it in the three Euler angles (pitch, yaw and
roll). It is fixed on plates that are integrated below ground level.
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a) 

b) 
c) d) 

Fig. 2. a) shows the base frame (which is identical to the upper frame) and the two
moving wedges (in yellow) that are connected with a precise and stiff guiding system,
connected to both the bottom mineral cast frame and to the outer I-beam, where the
counter wedges are assembled. The central bearing system that prevents erroneous
longitudinal displacement can be seen in the middle (light blue). b) shows the detail
of the moving wedge (in yellow). This is driven by a servo motor (in black), fixed
on a nut (in purple) and attached to the frame (on its bottom side). c) shows
the satellite roller screws used to drive the spindle. d) details the pre-loading of a
satellite rotter screw used to minimise the backlash.
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Fig. 3. The vacuum chamber is shown with the columns in their final designed position.
There are four ion pumps in the forefront and four in the background at the same
longitudinal position. Four supports at the bottom hold the chamber on the lateral
side of the mineral cast frame. There are also six flanges that are not used during
operation but are essential during the installation of the magnetic measuring system
of Bench B.

IUCr macros version 2.1.10: 2016/01/28



45

Fig. 4. The 3D drawing of the final column design. On the bottom the flange to fix
it on the outer I-beam, the differential screw with the upper and lower block nuts,
the bellow welded on the external part of the column (which has to be in-vacuum
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Fig. 5. The top part of the illustration shows the full length of the in-vacuum com-
ponents which are under magnetic force. The two inner I-beams are fixed to a set
of columns arranged specifically to minimise the changes in the longitudinal profile
of their relative distance, i.e. the gap profile. The lower part of the figure details
the simulation where the absolute displacement is presented with a chromatic scale
calibrated on the right.
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Fig. 6. The artistic illustration of a block keeper. The magnetic structure, which is
is coated with TiNi (in bronze colour), starts with a CoFe pole and ends with a
NdFeB magnet. It host 22 periods (44 poles and 44 magnets). Each magnet-pole
pair can be vertically displaced by ±30 µm with the help of a flexor moved by a
wedge driven by a screw, as can be seen in the front cross section of the above
picture. c© Scanderbeg Sauer Photography
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Fig. 7. An example of axis measurement. The actual axis profile (in black) is defined
with the zeros of the longitudinal field component and the linear fit (in red) esti-
mates the vertical offset and the pitch angle.
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Fig. 8. The summary of the magnetic measurement campaign dedicated to the column
height studies. Each column, starting from number 1, is elongated by 20 µm. The
difference between the magnetic field profile before and after this change is measured
and converted to a displacement normalised to 1 micron using the local-K algorithm.
After the first 3 columns on both sides, the signature of each column is just the same
and has a smooth Gaussian profile. On the contrary, the four columns on the four
extremes (upper-left, upper-right, lower-left and lower-right) have an exponential
decay due to the lack of a neighbouring column on one side.
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Fig. 9. An example of phase optimisation using the column height adjustment method.
The first curve on the top is the phase error before the optimisation (RMS value
of 20.1◦), while the last curve (RMS value of 2.1◦) shows the result after thrice
applying the corrections proposed by the algorithm.
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Fig. 10. Schematic view of magnetic measurement bench A. A diode laser generates the
red beam that, after splitting, stabilises the transverse position of the Hall probe.
While a linear motor moves the probe along the undulator, the laser signals out
of the two pinholes attached to the probe are used to correct its position within
±20 µm.
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Fig. 11. The top figure shows the ANSYS c© simulations that confirm the measure-
ments results of the column height adjustment method. The lower figure shows the
corresponding phase change associated to each column adjustment of 1 micron.
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Fig. 12. An example of five steps of the optimisation procedure using the local-K
analysis to illustrate the results is presented. a) The profile of a virgin magnetic
structure after alignment on Bench A. b) After column height adjustment. c) After
pole height adjustment. d) The first measurement after alignment on Bench B. The
magnetic structure has meanwhile been disassembled and reassembled within the
vacuum chamber. e) After column height adjustment.
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Fig. 13. The orbit correct magnets. a) The window frame dipoles (WFDs) used for
the correction of the horizontal and vertical orbit kicks, used both at the entrance
and at the exit of the undulator. b) The Earth field corrector coil (LC) made of a
multi conductor cable wrapped over the vacuum chamber to produce an uniform
dipole magnetic field all along the undulator axis.

IUCr macros version 2.1.10: 2016/01/28



55

Table 1. The coefficients for the cubic logarithmic model in equation (28) for K > K̂

Undulator Name A a b c d

U41802 -8.93 0.49 0.44 -0.19 0.04

U41694 -5.88 0.48 0.44 -0.20 0.04

U40679 -15.57 0.49 0.44 -0.19 0.04

U41020 -12.75 0.49 0.43 -0.19 0.04

U42287 -15.17 0.49 0.43 -0.19 0.04

U40971 -14.71 0.49 0.43 -0.19 0.03

U40101 -17.94 0.49 0.43 -0.19 0.03

U40046 -19.79 0.49 0.43 -0.19 0.03

U42292 -12.98 0.49 0.43 -0.18 0.03

U42718 -17.87 0.49 0.44 -0.19 0.04

U40730 -10.41 0.48 0.44 -0.19 0.04

U38764 -14.30 0.48 0.43 -0.19 0.04

U35159 -4.83 0.24 0.51 -0.18 0.03
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Fig. 14. The transfer function of the long coils (LCs) as a function of the undulator
K value, measured with the moving wire system.

IUCr macros version 2.1.10: 2016/01/28



57

▫▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫

▫▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫

▫▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫

▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫

▫▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫

▫▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫

▫▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫

▫▫▫▫▫▫▫▫
▫▫

▫▫
▫▫

▫▫
▫▫

▫▫
▫

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

10

12

14

16

18

20

Δϕ0 (⨯2π)

ga
p
(m
m
)

Nomalized@ K0=1.8

Fig. 15. The gap (gs) versus phase (∆φ) relation, measured for all phase shifters.
The results are presented for K=1.8 which is the design value and the worst-case
scenario for the phase shifter strength.
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Table 2. The effectiveness of the electron trajectory corrector model on the electron orbit

Undulator Name H-Orbit (µm) V-Orb it (µm)

Before After Before After

U41802 10.80 1.76 1.61 0.83

U41694 14.95 1.41 3.55 1.84

U40679 6.59 1.35 2.29 2.27

U41020 15.31 2.37 5.44 1.97

U42287 9.82 1.57 4.13 1.32

U40971 6.77 1.40 4.92 1.01

U40101 8.65 2.64 5.32 3.07

U40046 10.41 1.29 5.48 1.45

U42292 9.15 1.33 5.76 1.01

U42718 7.09 1.77 7.03 2.25

U40730 8.50 1.93 5.24 2.07

U38764 11.83 1.88 4.12 1.08

U35159 4.22 1.42 5.39 1.33
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Fig. 16. An example of phase (∆φ) versus K for a pair of undulators. There are
multiple solutions for a given K as it is naturally expected by a period function like
the phase.
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Fig. 17. An example of gap (gs) versus K for a given phase shifter and a pair of
undulators. The phase shifter can be operated between 12.0 mm and 20.0 mm and
in the worst-case of K=1.8 there are still two solutions available.
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Equation (36) is more general and can be used even when the simple model previously

described in equation (33) is no longer valid and the undulator’s end fields are correctly

taken into account. Therefore it is convenient to modify it and to highlight the exper-

imental parameters that can be measured to correctly take into account the entire

field profile of an undulator, including the end and the stray field. In this approach,

two parameters are enough to estimate the additional phase required for the match-

ing condition. These are the distance, d, between the central magnetic field zero (it

is an antisymmetric profile with a zero field value in the middle) of two neighbouring

undulators and the extrapolated phase di↵erence between them, � , see Fig. XXX

where this two parameters can be easily identified. The new and equivalent condition

for phase matching reads as follows:

��m = M (d/�u �� ) + n. (37)

An optical system measures the position of the undulators in the tunnel with an

accuracy of ± 20µm. This information is used to define the position of the magnetic

field zeros. This is not without additional uncertainty, because the magnetic array

may vary with respect to the position of the I-beam. But this is nevertheless the best

guess that can be done at the early stage of the assembly. Additional measurements

can be done during the commissioning with the beam but it is important to have an

initial starting value to begin this stage of FEL operation.

To estimate � , it is essential to use the full field profile of two neighbouring

undulators to correctly take into account the details of the end fields. To prepare the

data, the two undulator magnetic profiles have to be scaled to a given K-value. This

is done by the linear interpolation of two measurements around the target K. Finally

the new field profile, B̃n, is defined as following,

B̃n(z, K) = Bn(z + d/2, K) + Bn+1(z � d/2, K) (38)
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tion can be expressed with Equation (31) below:

@�

@z
=

1

�u
, (31)

while in the ⇠0.75 m space present between undulators (in the drift part) the rate of

change of phase with respect to distance in the z direction varies at a slower rate,

@�

@z
=

1

�u

⇣
1 + 1

2K2
⌘ . (32)

This occurs because the speed of the electrons increases upon exiting the undulator,

due to the absence of a magnetic field. However, the distance between the electron

and photon still increases outside the undulator but at a lesser rate, see Fig. XXX .

In this model, the phase increase between two modules is simply,

�� =
Ld

�u

⇣
1 + 1

2K2
⌘ , (33)

where Ld is the distance between the two modules. Introducing an additional delay,

��m, the matching condition can be expressed with the following equation,

��+ ��m = n, (34)

where n is a positive integer number. To solve equation (34), it is convenient to

introduce the matching function M , closely related to the modulo 1 function, here in

the following defined using the ceiling function, d·e,

M(x) = dxe � x. (35)

M is a periodic function of period 1 and monotonically (linearly) decreases within a

period. Therefore, the phase matching equation (34) can be solved in the following

manner, which is simple to calculate:

��m = M (��) + n. (36)
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Fig. 5. Example of phase matcher gap versus K for a pair of U15s. improve the
picture
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Fig. 18. Depicts a schematic view of the phase increase, φ, inside and between two
neighbouring undulators respectively. The fundamental parameters ∆ψ and d are
highlighted. Where the former (∆ψ) is the offset between the linear extrapolated
phase between two undulators (the slope of the two red lines has to be identical
and equal to 1/λu if the K of both undulators is the same) and the latter (d) is the
distance between the central zeros of the two consecutive undulators.
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SUBLIME	
Models/Fits	

Data	Analysis	&	
Characterisa<on	

Magne<c	
Measurements	

Control	Room	
Laboratory	Results	

Commissioning	

K

EPICS	
Control	System	

ARAMIS	
Undulator	Sec<on	

Beam	Analysis	&	
Characterisa<on	

Online	
Measurements	 Feedback	

Models	

gaps	

Fig. 19. System Summary for Aramis Beamline Operation. The K value is obtained
from the user-defined value of radiation wavelength in the Control Room and is then
passed on to the SUBLIME models, where values for the parameters that control
the undulators are produced (undulator and phase shifter gaps and orbit corrector
currents) and passed on to EPICS. The SUBLIME models are all derived from
the magnetic measurements of all U15 undulators and their respective correctors.
These parameters are then implemented on the undulator line through EPICS.
Amendments may still need to be implemented on SUBLIME once commissioning
of the Aramis beamline is underway and online measurements are available. The
value of the undulator gap is continuously acquired from each U15 undulator while
setting the undulator gap for operation, and is used to calculate the current that
needs to be applied to all orbit correctors in order to prevent loss of electron orbit
while setting the undulator gap. Feedback models are used for this purpose.
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K	
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Opera-on	

Electron	Orbit	
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Phase	Shi*er	
Gaps	
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Fig. 20. Overview of SUBLIME System of Models: 13 undulator gap values (in mm)
are provided to achieve the desired radiation wavelength when the electron beam
goes through the undulators, 13 and 26 current values (in A) are applied to the
long coils and the local correctors respectively to correct the electron orbit and 12
phase shifter gap values (in mm) are applied to the phase shifters that result in the
matching of the radiation produced by two consecutive undulators. All values are
calculated from a single input value of K obtained from the control room.

IUCr macros version 2.1.10: 2016/01/28



64

◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇
◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇

◇
◇◇

◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇
◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇

◇
◇◇

◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇
◇

◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇
◇◇◇◇

◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇
◇◇

◇◇◇◇
◇

◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇
◇◇

◇
◇◇

◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇◇
◇

◇◇◇◇◇◇◇◇◇◇
◇◇◇◇◇◇

◇
◇◇

◇
◇◇

◇
◇

1.0 1.2 1.4 1.6 1.8
0

5

10

15

20

K

R
M
S
ph
as
e
er
ro
r
(°
)

SPEC <10° 

op
tim

iz
at

io
n 

b) 
a) 

Fig. 21. Summary of the RMS phase error for all undulators as a function of K. They
are all within the specifications (¡10◦) but two (a and b). The undulator a) had a
problem in the mechanical stability of the gap drive system while undulator b) had
a lot of magnets with higher magnetic errors.
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from larger gaps 

from smaller gaps 
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3.2 3.2 3.2 3.2 

Fig. 22. An example of hysteresis measurements done at a gap of 4.6 mm. The red
measurements are done after setting the gap to 6.0mm and then closing to 4.6 mm.
The blue measurements are done after setting the gap to 3.2 mm and then opening
to 4.6 mm.
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Fig. 23.
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