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Abstract

An accelerator-based THz source for pump-probe experi-
ments at the European XFEL is under development at the
Photo Injector Test Facility at DESY in Zeuthen (PITZ).
For the proof-of-principle experiments an LCLS-I undulator
is planned to be installed downstream of the PITZ accel-
erator. The fields of the undulator module 26 have been
re-measured at DESY in Hamburg and the results are con-
sistent with earlier SLAC measurements. A model for 3D
field reconstruction based on the undulator magnetic mea-
surements has been developed. It includes also a horizontal
gradient of the vertical field. Tracking of the 17 MeV/c beam
has revealed that the transverse gradient will lead to a signif-
icant off-axis trajectory in the horizontal plane. This offset
has to be corrected with a steering coil, the design of which
is also presented. The performance of the THz generation
with the correction coil is discussed as well.

INTRODUCTION

The Photo Injector Test facility at DESY in Zeuthen
(PITZ) is developing a prototype for an accelerator-based
high power tunable THz source for pump and probe experi-
ments at the European XFEL [1]. The SASE FEL is consid-
ered as the main option to generate THz pulses at PITZ using
a high bunch charge (up to 4 nC) operation mode of the photo
injector. An LCLS-I undulator (on loan from SLAC) [2] is
considered to be used for proof-of-principles experiments
on THz generation at PITZ (THz@PITZ). Two undulator
modules were delivered to DESY in Hamburg, the magnetic
field was remeasured showing good agreement with previ-
ous measurements at SLAC. The horizontal field gradient
across the undulator was as well measured. The measured
field profile including the horizontal gradient has been uti-
lized to reconstruct a 3D magnetic field map for the beam
transport through the undulator section. Tracking 17 MeV/c
electron bunches through the modeled field revealed a fairly
strong beam horizontal steering due to the horizontal gradi-
ent. A correction coil was designed to compensate for the
effect of the horizontal field gradient. The simulation of
THz SASE FEL with the correcting coil applied showed a
good performance for the proof-of-principle experiments.

UNDULATOR FIELD MODELING

The LCLS-I undulator module is a 3.4-m-long perma-
nent magnet planar hybrid structure with 113 periods of
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Ay = 30 mm and a magnetic gap of 6.8 mm. The narrow
vacuum chamber has a racetrack-like cross section, 11 mm
wide and 5 mm high [2].

Magnetic Field Measurements

The axial magnetic field profile of the LCLS-I L143-
112000-26 undulator module has been re-measured by the
FS-US group at DESY in Hamburg. The measurements
were performed using a Hall probe scan along the z-axis
with a step of 0.5 mm. The results are shown in Fig. 1, the
second field integral is in good agreement with similar mea-
surements at SLAC before transportation of the undulator

to DESY.
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Figure 1: Top: Measured field profile B, (x = 0,y = 0,z)
of the undulator module L143-112000-26. Bottom: The
second field integrals: measured at SLAC, re-measured at
DESY and the averaged difference. The center of the undu-
lator corresponds to the point z = 0.

3D Field Map Reconstruction

Applying the Fourier transformation to the measured field
profile By (x = 0,y = 0,z) centered around z = 0 (|z| < L/2)
the vertical component of the magnetic field reads as:

(e

By(0,0,2) = Y [a,c08(ky,2) + by sin(ky,2)]. (1)
n=0

where L = Ny Ay is the undulator effective length and
k., = 2mn/L is the wavenumber of the n-th Fourier har-
monic {a,,b,}. The specific shape of the field profile, in-
cluding the spectral content of the regular periods, the end
poles and the slope of strength, requires that a sufficiently
large number of N, harmonics must be taken into account
to reproduce the measured field profile with sufficient ac-
curacy. Proper centering and accurate processing of the
measured field profile yields vanishing first and second field
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integrals. This corresponds to the conditions a,, = 0 and
Z:’:l [(=1)"b,,/n] = O for the first and second integrals,
respectively. The optimization resulted in L = 1204, (de-
spite the fact that nominally the undulator contains only 113
periods) and N;, = 17 - the harmonic number of the funda-
mental wavelength A ,;. This corresponds to the first 2040
(= Ny - Np,) terms of the series in Eq. (1) taken into account.
The Fourier spectrum and the field profile reconstructed
from it are shown in Fig. 2 (left plot).

According to the original design the magnets are slightly
canted with a 4.5-mrad opening angle [3]. This results in
a horizontal gradient of the undulator field (Fig. 2, right
plot). Both fits in this plot have the same linear slope
a = —7.481 - 10~* T/mm. This coefficient was used to im-
plement the horizontal gradient in the 3D field model.
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Figure 2: Left: Fourier spectrum Eq. (1) of the measured
field. Right: measured horizontal gradient, blue line - a
linear fit: 0.9991 — 7.481 - 10~% - x, red curve - a quadratic
fit: 1.0001 — 7.481 - 107% . x — 2.025 - 107> - x.

The reconstructed field map based on the magnetic scalar
potential can be written as:

B cosh[k, (xg + x)] y

x(%.3.2) = cosh[k,x]
S sinh(k,,,y) )
X Z ([an cos(k,,z) + b, sin(k,,z)] - k—y)
n=0 yn

where the vertical wave number ky,, = k2, — k%, the hori-
zontal wave number k, can be obtained from the equation
k, - tan[k,xy] = a and the parameter x; = 1.33 m is calcu-
lated from geometric considerations (the undulator gap 6 mm
and opening angle 4.5-mrad). Based on these considerations
the horizontal wave number is calculated as k, =~ 0.916m™".
All field components can be found from Eq. (2) by applying
the gradient B = — {aa—f, %—f, 60_;25 } The 3D magnetic field
map of the undulator calculated in this way, including the
fringe fields and the horizontal gradient, can be applied to
simulate the beam dynamics and the THz pulse generation.

BEAM DYNAMICS IN UNDULATOR

Previous simulations [4] with different codes for the case
without the horizontal undulator gradient showed that the
trajectory of the reference particle regularly wiggles around
the axis of the vacuum chamber in the horizontal plane and
coincides well with this axis in the vertical plane. Reference
particle tracking with the ASTRA [5] using the 3D horizontal
gradient undulator map from Eq. (2) was performed for
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a mean beam momentum of 17 MeV/c. This revealed a
strong horizontal steering of the reference particle due to
the accumulated difference in the left and right arcs of each
oscillations in the horizontal plane (Fig. 3). The parallel
on-axis injection of the reference particle into the undulator
(black curve) results in a strong 25 mm beam offset at the
undulator exit. Taking into account the finite width of the
vacuum chamber of the undulator, this corresponds to the
loss of the reference particle near the center of the undulator.
The attempt to compensate for this influence of the horizontal
gradient by the initial beam angle (blue curve) leads to the
fact that the reference particle is centered at the exit of the
undulator, but the reference particle touches the border of
the vacuum chamber inside the undulator. This corresponds
to significant loss of particles in the highly charged electron
beam during its transportation through the undulator.
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Figure 3: Reference particle trajectories in the undulator
with a horizontal gradient: normal injection at the undulator
entrance (black curve), initial horizontal angle for the hori-
zontal gradient compensation (blue curve) and compensated
by correction coil (red curve). The vacuum chamber border
is shown by dotted line.

Correction Coil

To compensate for the effect of the horizontal gradient
on the beam path, a correction coil (Fig. 4, left) was de-
veloped using CST EM Studio [6]. For a more realistic
simulation, the magnetized parts of the undulator were in-
cluded in the calculations of the fields from the four wires
along the vacuum chamber according to the available space
in the undulator. The right picture in this figure illustrates
the technical implementation of this coil, including the very
tight spatial constraints in the undulator near the vacuum
chamber.

Figure 4: Left: Design of the compensation coil with CST
EM Studio, including permanent magnets and iron inser-
tions of the undulator. Right: Technical realization of the
correction coil (red lines).
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The coil field components are shown in Fig. 5. The ripple
in the left graph corresponds to the periodic structure of the
magnetized parts, while the horizontal profile of By, is fairly
flat within the region of the vacuum chamber (+5.5 mm). A
3D magnetic field of the correction coil combined with the
field map of the LCLS-I undulator with a horizontal gradient
has been used for beam dynamics simulations. By tuning of
the coil current it was possible to bring the reference particle
onto the axis along entire undulator (red curve in Fig. 3).
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Figure 5: Magnetic field of the correction coil. Left: B, (z)
in mT along the undulator axis (z = 0 corresponds to the
middle of the undulator). Right: By (x,y = 0,z = 0) and
By(x =0,y,z=0)inmT and B, (x =0,y,z = 0) in pT.

THz SASE FEL SIMULATIONS

To study the effect of the horizontal gradient of the
undulator compensated by the correction coil on the per-
formance of the THz SASE FEL, the corresponding AS-
TRA [5] and PIC-code WARP [7] simulations were per-
formed. Electron bunches with an average beam momentum
of 17 MeV/c, a charge of 4 nC, and a flattop temporal profile
with ~22 ps FWHM were matched to the LCLS-I undu-
lator. As a reference case, a simulation with a 3D field
map without a horizontal gradient was performed. The coil
current (peak magnetic field) was carefully adjusted to mini-
mize the deviation of the horizontal beam trajectory from
the longitudinal axis. This resulted in an optimum value
max [B;O” (0, 0,1)] = 0.279 mT, the corresponding hori-
zontal trajectory is shown by the red curve in Fig. 6 (left
graph) compared to the reference case (black curve). The
right plot of Fig. 6 shows the rms transverse beam sizes
along the undulator compared to the reference case. The
comparison shows that it is possible to compensate well
for the influence of the horizontal gradient of the undula-
tor on the beam trajectory and envelope with a well-tuned
correction coil.
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Figure 6: Left: Horizontal trajectory of the reference particle
for the cases without and with the gradient of the undulator
compensated by the correction coil. Right: Horizontal and
vertical rms sizes of the electron beam along the undulator.
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The results of the SASE FEL THz simulation for the case
without and with the horizontal gradient of the undulator, as
well as taking into account the compensation of the gradient
by the correction coil, are shown in Fig. 7 (left plot). Uncom-
pensated trajectories (the same color code as in Fig. 3) result
in a significant drop in the output THz pulse energy. For both
cases, without gradient and with compensated gradient,the
output THz pulse energy ~0.6 mJ for an average radiation
wavelength of 100 pm was simulated. This corresponds
to the recovery of the effective overlap of the generated
SASE radiation with the trajectories of the particles inside
the undulator. These WARP simulations were performed
assuming a narrow vacuum chamber by setting ideal electri-
cally conductive boundary conditions for the corresponding
rectangular waveguide. It should be noted that the simulated
power density distributions of THz radiation at the output
of the undulator for both of the above cases are similar. An
example of the simulated power density distribution for the
case with a horizontal field gradient of the undulator and a
correction coil applied is shown in the right plot of Fig. 7.
This gives us confidence that the proposed compensation
of the horizontal field gradient of the undulator with the
developed correction coil should be efficient.
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Figure 7: Left: Simulated THz energy of the SASE FEL
pulse along the undulator for the cases without and with the
undulator field gradient compensated by the correction coil.
Right: Transverse distribution of THz power density at the
output of the undulator for the case with the undulator field
gradient compensated by the correction coil. The rectangular

frame corresponds to the border of the vacuum chamber.

CONCLUSION

The LCLS-I undulator L143-112000-26 is planned to
be installed downstream of the PITZ accelerator for the
proof-of-principle experiments on the accelerator-based THz
source for pump-probe experiments at the European XFEL.
The undulator field re-measured at DESY is in good agree-
ment with previous measurements at SLAC. A model was
implemented for 3D field reconstruction based on magnetic
measurements, including the horizontal field gradient. Track-
ing the beam with the modeled field revealed a significant
horizontal offset of the beam, which cannot be compensated
by the initial beam angle. A correction coil was developed
to compensate for this effect. Beam dynamics simulations
showed the possibility of almost complete compensation of
the undulator field horizontal gradient effect with the correc-
tion coil for both the beam trajectory and envelope, as well
as for the radiation performance of the THz SASE FEL.
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