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Undulator tapering controls the resonance properties of the Free-Electron Laser (FEL)

amplification process. Energy losses in an undulator, caused by synchrotron radiation and

wakefields within the undulator’s vacuum chamber, determine the undulator’s linear taper.

Synchrotron radiation contribution can be calculated analytically, while calculating wake-

field energy loss necessitates a beam current profile.

We introduce a system for the automatic estimation of wakefield energy loss, which lever-

ages non-invasive THz diagnostics, a current profile reconstruction algorithm enhanced with

machine learning, and a recently developed analytical wakefield function for the undulator

beamline. The effectiveness of this approach was validated by directly measuring wakefield-

induced electron beam energy loss in the European XFEL’s undulator section.

I. INTRODUCTION

In the pre-saturation exponential growth regime, the electron beam’s energy loss

due to FEL interaction is much smaller than ρ - FEL scaling parameter (known as

the Pierce parameter). Thus, the energy exchange in this mode can be neglected,

which allows us to use the uniform deflection parameter of the undulator K to main-

tain resonance. However, significant energy loss from spontaneous radiation emis-

sion, including higher harmonics (for K > 1), is occurring in long undulator beam-
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lines, such as the European XFEL [1]. On the other hand, the electron beam inter-

acts with the undulator vacuum chamber through wakefields, which result in beam

energy losses that cannot be neglected either. To maintain the resonant condition

in order to both not degrade the gain and maintain minimal SASE bandwidth [2],

the undulator parameter K should be tapered as the beam energy decreases linearly

with undulator distance.

The analytical formula for the energy loss of an electron beam in an undulator

with length L and beam energy E due to spontaneous radiation is as follows:

U =
4π2

3

reE2K2L

mc2λ2
w

. (1)

where K is the undulator deflection parameter, λw the undulator period, re is clas-

sical radius of the electron. The contribution of the spontaneous radiation to the

linear undulator taper can be easily calculated and is included in the undulator con-

trol system from the beginning of the European XFEL operation.

Calculating beam energy losses due to wakefields requires knowledge of both the

impedance budget in the undulator beamline and the electron beam’s current profile.

To measure the current profile, we utilize an online non-invasive THz diagnostic

called CRISP [4]. This diagnostic operates based on coherent diffraction radiation

generated as the electron beam passes through an open aperture in the screen. The

resulting THz spectrum is then processed using a reconstruction algorithm [6] to

obtain the electron beam’s current profile. However, the CRISP reconstruction has

a few limitations. One limitation is its inability to distinguish between the head

and tail of the beam, as it only measures the modulus of the Fourier transform of

the current profile and not its phase [11]. Another limitation is of technical nature,

as it is associated with limited temporal resolution when dealing with high peak

currents and, conversely, a low signal-to-noise ratio for low current bunches [28].

These limitations can hinder the accurate estimation of wake losses of the lasing

slice of the beam, especially when dealing with an asymmetrical current profile.
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To overcome these limitations, we have developed a machine learning (ML)

method that enables the reconstruction of a correctly oriented current profile, pro-

viding higher temporal resolution. Furthermore, we have established an analytical

model for the undulator beamline’s wake function [3], which is used to calculate

wakefield energy loss. To validate the calculation of wakefield energy losses es-

timated with our approach, we conducted direct measurements. For this purpose,

we utilized a calibration technique involving synchrotron radiation. This technique

allows us to measure change in the beam energy, with reasonable accuracy, at the

level of tens of MeV for a 14 GeV beam. As a result, we have confirmed that our

approach can accurately estimate the total electron beam losses in the undulator,

enabling linear taper control.

When setting up a European XFEL facility for photon delivery, a series of

deterministic procedures are followed. These include BBA [12], emittance mea-

surements, matching beam optics along the accelerator [13], and orbit correction,

among others. However, in the final stage, a combination of automatic [15–17] and

manual fine-tuning is often necessary to achieve optimal performance. The most

commonly employed and effective parameters for fine-tuning include beam com-

pression, orbit control within the undulator, phase shifter optimization, and both

linear and nonlinear tapering of the undulator. With the introduction of this new

system, we can now exclude the linear taper optimization from the overall opti-

mization problem.

The paper is organized as follows: firstly, the undulator beamline geometry and

its analytical wake function are described in Section II. Secondly, a brief descrip-

tion of the THz diagnostic CRISP and the reconstruction current profile method en-

hanced with ML is provided in Section III. Thirdly, the experimental validation of

the wakefield energy losses calculation using a noninvasive diagnostic is presented

in Section IV. Finally, the obtained results are discussed in Section V.
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w1(s) =
Z0c

Lπ2a

√

2g0s, (4)

where L = 6.1 m, A = 0.937, a = 5 mm, α = 1.29, s0 = 33.8 µm, s1 = 9.86

µm, g0 = 123 mm, R = 30.5Ω. The parameters are obtained by a numerical fit

of the parametric form of function w0 to the direct sum of the wakes of different

elements listed in Table II Appendix A. Note that some of coefficients are different

from those published in [3] as we have corrected an error in the estimation of the

wake of the round pipe in the intersection. For a Gaussian bunch with charge of

250 pC compressed to the peak current of 5 kA the corrected impedance budget of

one section with the contribution of all elements is shown in Table IV Appendix A.

The wake functions of different components of the undulator lines are calculated

separately and the total wake function is obtained as a direct sum of the individual

contributions. However, for the bunches much shorter than the pipe radius there

must be significant impedance coupling between the components which are close

to each other.

In order to investigate this question, we have created a rotationally symmetric

model of the undulator vacuum chamber. The elliptical undulator pipe and other

elements with the elliptical cross-section listed in Table II Appendix A have been

replaced by round elements with an ”equivalent” radius [3]

a =
g

√

F
ellip

‖

(

g

w

)

, F
ellip

‖
(x) = 0.279x3 + 0.093x2 + 0.013x + π2/16,

where w is the half-width and g is the half-height of the elliptical cross-section.

We have neglected the roughness and the oxide layer effects. Additionally we have
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considered only DC conductivity model. The pumping slots are replaced by round

pipes of 5 mm radius.

For this ”round” model we have calculated the longitudinal wake function in

the same way as described in paper [3]. The energy loss U(z) due to this model

increases uniformly along the undulator section and its change ∆U(∆z) relative to

the beginning of the undulator section can be written as

∆U(∆z) = ek‖∆z,

where ∆z is the position in the undulator section relative to the beginning of the

section, e is the charge of electron, k‖ is the ”analytical” loss factor (per meter).

Alternatively, we have done direct numerical calculations with time-domain

code ECHO [27]. Here we have started from the perfectly conducting pipe and con-

sidered 3 undulator sections with the total length of 18.3 m. The Gaussian bunch is

traveling on the axis and we have calculated the energy loss of the bunch along the

undulator line:

U(z) = −e

∫ ∞

−∞

W||(s, z)λ(s)ds, W‖(s, z) = −
1

Q

∫ z−s

−∞

Ez

(

z′, t =
z′ + s

c

)

dz′.

The comparison of the ”analytical” energy loss with the one obtained from the

numerical calculations is shown in Fig. 2. The left plot shows the results for the

rms bunch length σ of 50 µm. The solid black line presents the grow of the energy

loss along one middle undulator section. The dotted black line describes the energy

loss grow in the first undulator section. The curves are different due to transitive

effects at the beginning of the undulator line. The gray dashed curve presents the

”analytical” energy loss. The similar results for the much shorter bunch length of

10 µm are shown at the right plot of Fig. 2.

If we define the ”interference” factor Fint(σ) as a ratio of the numerical energy

loss at the end of middle section to the ”analytical” energy loss of one section

then we can write Fint(50 µm) = 0.84, Fint(10 µm) = 0.91. Such behavior of the
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A complementary approach to monitor the current profile is based on spec-

troscopy of coherent radiation emitted by the electron bunch. The coherent ra-

diation spectrum and current profile of the electron bunch are linked via Fourier

transform [23]. At the European XFEL, coherent diffraction radiation (CDR) is

generated by the electron bunch passing through an aperture inside an aluminum

screen just upstream of the kicker-septum distribution system (see Fig. 1). While

the electron bunches proceed undisturbed to the SASE beamlines, the THz and in-

frared spectrum of the CDR is detected by a multistage grating spectrometer called

CRISP [5]. CRISP at the European XFEL is operated at the megahertz electron

bunch repetition rates and due to CDR as radiation source a noninvasive current

profile diagnostic [4].

Spectroscopic measurements are missing the phase function of the Fourier trans-

form of the current profile which would be required for a direct identification.

Instead, the phase function is obtained based on a combination of analytical and

iterative phase retrieval methods as described in [6]. This approach, referred to

as CRISP reconstruction, has demonstrated by comparative TDS measurements to

perform excellently [4]. It is worth noting that, due to the missing phase function

head and tail of the beam cannot be distinguished [11]. While this limitation does

not pose a problem for operation or compression setups, it can impede the accurate

estimation of wake losses in the lasing beam core if its position within the bunch is

known, especially when dealing with an asymmetrical current profile.

To address this, we have developed a machine learning (ML) method to infer a

correctly oriented current profile by incorporating two inputs: a 5-dimensional vec-

tor of RF settings xRF = (α, ρ, ψ, αL1, αL2) and the 240-dimensional THz form factor

vector xTHz sampled from the range of 0.7 to 58 THz [25]. The RF settings α, ρ, ψ

are translated to Injector chirp, curvature, and skewness, while αL1, αL2 correspond

to Linac L1 and Linac L2 chirps, respectively. The energy gain of the electron beam

for these three stages is defined by design and can be found in Fig. 1. Both these
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inputs are concatenated and then passed through a multilayer perceptron (MLP)

neural network model, which then outputs 300 ordered samples of the current pro-

file. The neural network is trained in a supervised setup to infer current profiles

closely resembling those generated by a start-to-end beam dynamics simulation.

The start-to-end beam dynamics simulations were performed using the OCELOT

simulation code [8]. The tracking was conducted with 40k particles, including col-

lective effects, following a similar approach as described in [9]. We conducted

32000 simulations on the DESY high-performance cluster, randomly scanning RF

parameters, which correspond to different beam compressions. From the current

profiles I obtained from the simulations, we generated CRISP form factors using

the FFT algorithm and applied a CRISP spectrometer apparatus function that also

models signal noise.

One of the difficulties in developing this neural network model is that the model

must predict the current profile of bunches whose length can vary by a factor of 10

(Fig. 6), with acceptable resolution of the order of femtoseconds.

In order to cover a long bunch, the samples must be spread out over a wide

range. In order to cover short bunches with adequate resolution, one must have a

large number of samples. Not only does this needlessly increase the size of the neu-

ral network model, it also means that a lot of the time, most of the neural network

outputs are not predicting any useful information. This can lead to the model learn-

ing to output 0.0 on these simply because this is correct most of the time, instead of

even attempting to learn the correct function for that particular sample.

We solve this problem by adding the bunch length ŷs from the first to the last

current sample as a second output of the neural network model. The 300 samples

are then equidistantly arranged over the bunch length that the model inferred. This

way, an adaptive resolution of the current profile ŷI reconstructed by our model

automatically reveals all relevant features, while also ensuring that the entire bunch

is captured. The resulting neural network modelM is given as
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TABLE I: Hyperparameters used during training of the reconstruction model

Parameter name Value

# Hidden layers 3

Hidden layer width 267

Hidden activation ReLU

Batch normalisation Yes

# Training epochs 76

Learning rate 0.003

Batch size 66

In Fig. 6, four randomly selected examples are shown, each displaying the

ground truth (current profile from the simulation dataset) as well as its reconstruc-

tion using the NN and CRISP methods. As can be seen, there is good agreement

between the ground truth and the profiles inferred by our neural network model in

all four cases. In the case of the CRISP reconstruction, we observed that some of

the current profiles are inverted, but the overall reconstructed current shape is in

good agreement with the ground truth. It is worth noting that for samples A and D

in Fig. 6, the CRISP reconstruction does not perform as well as the NN, because it

is only based on CRISP and does not take RF parameters into account. In the case

of high current, the time resolution of CRISP, which is about 8 fs [28], becomes a

limiting factor, while for low current (< 1 kA), the low signal level of CRISP limits

the reconstruction performance.

Let’s examine Fig. 6C more closely and estimate average energy loss of the par-

ticle in the beam, also known as the loss factor, in the undulator vacuum chamber

for the current profiles obtained with NN and CRISP reconstructions. The pecu-

liarity of these profiles is that they are similar to each other but inverted. The loss
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factor can be calculated using the following formula:

< W(s) > =

∫ ∞

−∞

W(s)λ(s)ds (5)

W(s) =

∫ ∞

0

w‖(s′)λ(s − s′)ds′ (6)

where W(s) is wake potential, and w‖ wake function Eq. (2).

The loss factor does not depend on the orientation of the current profile. This

can be easily demonstrated by substituting one formula into another and changing

the order of integration.

< W(s) > =

∫ ∞

−∞

∫ ∞

0

w‖(s′)λ(s − s′)λ(s)ds′ds = (7)

=

∫ ∞

0

ds′w‖(s′)

∫ ∞

−∞

λ(s)λ(s − s′)ds′ (8)

where
∫ ∞

−∞
λ(s)λ(s − s′)ds′ is the autocorrelation function of the current profile,

which exhibits symmetry.

The loss factor for both cases, as expected, is similar and equal to approximately

48 keV/m. Now, let’s consider that we know the position of the lasing slice, which

corresponds to the center of mass of the beam. When we calculate the energy

loss for the center of mass, we obtain different values. The NN reconstruction

yields an energy loss of approximately 75 keV/m, whereas for CRISP reconstruc-

tion, it is only 53 keV/m (see Fig. 7). However, if the lasing slice corresponds to

the maximum current amplitude, the wakefield losses for both NN and CRISP re-

constructions are similar, with values of approximately 73 keV/m and 68 keV/m,

respectively.

IV. EXPERIMENTAL VALIDATION OF THE WAKEFIELD ENERGY LOSSES

Wakefield energy losses were measured in the SASE3 undulator line. The SASE

undulator was selected for two reasons. Firstly, it provided conveniently located
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B. Measurements results

The experiment was conducted as follows. We scanned the linac L1 chirp from

+6 to -12 m−1. The chirp is defined as chirp =
−kV sin(φ)

E0+Vcosφ
, where V and φ are the

voltage and phase of linac L1, E0 = 130 MeV is the initial energy of the beam

before L1, and k = 2π f /c, f = 1.3 GHz. Such a wide range was chosen to pass

through the full compression. That is initially low compression and, accordingly,

a low beam current amplitude at a positive chirp. As the chirp changed towards

negative values, the compression increased, reaching its maximum at a chirp value

of -8.5 m−1. After passing through full compression, the overcompression phase be-

gan, and the current amplitude started to decrease. The scanning step was chosen to

be non-uniform, with a denser grid around the region of full compression. The scan

was carried out twice, with the laser heater (LH) [30] turned off and on. The laser

heater introduces an uncorrelated energy spread, which results in a reduced current

amplitude at full compression. The laser heater’s intensity was selected to be near

its maximum capacity, ensuring that its impact would be clearly visible. The fi-

nal beam compression was also independently monitored by the beam compression

monitor (BCM) [24] after last bunch compressor BC2, Fig. 1. Accordingly, we

expected to see two similar curves with different amplitudes from the BCM. The

curve with the smaller amplitude corresponds to scanning with the laser heater on,

which corresponds to lower compression as expected, Fig. 9.

At each scanning step, we acquired the coherent diffraction radiation spectrum of

the electron beam using CRISP for subsequent beam current profile reconstruction.

We measured the energy loss of the entire bunch, also known as the loss factor,

which depends solely on the shape of the current profile and not on its orientation.

In this particular case, we utilized CRISP reconstruction as not all RF parameters

for NN reconstruction were reliably recorded during the time of the experiment in

March 2021.
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estimation of the linear taper. One potential solution is the utilization of the recently

installed diagnostics dechirper [29]. However, it should be noted that the LPS di-

agnostics is installed after the SASE2 undulator and cannot be used during photon

delivery.

Additionally, we are looking forward to utilizing LPS virtual diagnostics [25,

31] that can be used in the control room. While this is still a question for the

future, in the meantime, we propose compensating wakefield losses for the slice

corresponding to the highest amplitude of the current profile.

By incorporating these advancements, we can automatically predict the linear

taper, potentially enhancing lasing performance and reducing the dimensionality of

the FEL tuning optimization problem.

Appendix A: Impedance budget of undulator cell

The individual undulator cell contains a 5-meter long undulator and a 1.1-meter

intersection. The list of all the components that contribute to the wake potentials

is shown in Table II. The properties of the materials used in the estimation of the

steady-state resistive wall wakefields are presented in TableIII.

For the Gaussian bunch with charge of 250 pC compressed to the peak current

of 5 kA the impedance budget of one section with the contribution of all elements

is shown in Table IV.

[1] W. Decking, S. Abeghyan, P. Abramian, A. Abramsky, A. Aguirre, C. Albrecht, P.

Alou, M. Altarelli, P. Altmann, K. Amyan, V. Anashin, E. Apostolov, K. Appel, D.

Auguste, V. Ayvazyan, S. Baark, F. Babies, N. Baboi, P. Bak, V. Balandin et al., A

MHz-repetition-rate hard x-ray free-electron laser driven by a superconducting linear
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TABLE II: The components of the undulator lines along one section of length of 6.1 m.

N Name Half-width Half-height Position Length Material

mm mm mm mm

1 Elliptical gasket 7.525 4.425 0 0.5 Silver

2 Flange, type I 7.5 4.4 0.5 13.0 Steel 316LN

3 Flange, type II 7.5 4.4 13.5 12.55 Aluminum

4 Weldseam 8.1 5 26.05 0.1 Steel 316LN

5 Elliptical pipe 7.5 4.4 26.15 5436.7 Aluminum

6 Weldseam 8.1 5 5462.85 0.1 Steel 316LN

7 Flange, type II 7.5 4.4 5462.95 12.55 Aluminum

8 Flange, type I 7.5 4.4 5475.5 13.0 Steel 316LN

9 Elliptical gasket 7.525 4.425 5488.5 0.5 Silver

10 Flange, type III 7.5 4.4 5489 27.5 Copper

11 Absorber 4.5 4 5516.5 3 Copper

12 Round pipe 5 - 5519.5 22.2 Copper

13 Below gap 12.75 - 5541.7 2.5 Copper

14 Round pipe 5 - 5544.2 96.3 Copper

15 Pumping slots 5 - 5640.5 21 Copper

16 Round pipe 5 - 5661.5 48.5 Copper

17 Round gasket 5.025 - 5710 0.5 Silver

18 BPM 5 - 5710.5 99 Steel 316LN

19 Round gasket 5.025 - 5809.5 0.5 Silver

20 Round pipe 5 - 5810 68.5 Cooper

21 Below gap 12.75 - 5878.5 2.5 Copper

22 Round pipe 5 - 5881 211 Copper

23 Round/elliptical transition 5 to 7 5 to 4.4 6092 8 Copper
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TABLE III: Material properties.

Material Conductivity Relaxation time Oxide layer Roughness

(Ωm)−1 fs nm nm

Aluminum 3.66 · 107 7.1 5 300

Copper 5.8 · 107 24.6 5 300

Steel 316LN 1.4 · 106 2.4 0 300

Silver 6.2 · 107 40 0 300

TABLE IV: Impedance budget of one undulator section with length of 6.1 m for the Gaus-

sian bunch with charge of 250 pC compressed to the peak current of 5 kA

N Name Positions Total length Loss Spread

mm kV kV

1 Elliptical pipe 5 5426.7 584.0 275.5

2 Round pipe 12, 14, 16, 20, 22 446.5 49.5 24.0

3 Absorber 11 3.0 71.2 28.0

4 Round/elliptical transition 23 8.0 37.1 14.6

5 BPM 18 99.0 28.7 13.4

6 Below gaps 13, 21 5.0 12.0 4.8

7 Elliptical gaskets 1, 9 1.0 5.1 2.1

8 Round gaskets 17, 19 1.0 5.4 2.2

9 Pumping slots 15 21.0 5.3 2.2

10 Flanges, type I 2, 8 26.0 3.8 2.1

11 Flanges, type II 3, 7 25.1 2.7 1.3

12 Flange, type III 10 27.5 3.0 1.4

13 Weldseams 4, 6 0.2 2.3 0.9

Totally 6100 811.4 352.5
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