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Abstract. As a new-generation light source, free-electron lasers (FELs) provide high-brightness x-ray pulses
at the angstrom-femtosecond space and time scales. The fundamental physics behind the FEL is the
interaction between an electromagnetic wave and a relativistic electron beam in an undulator, which consists
of hundreds or thousands of dipole magnets with an alternating magnetic field. We report the first observation
of the laser-beam interaction in a pure dipole magnet in which the electron beam energy modulation with a 40-
keV amplitude and a 266-nm period is measured. We demonstrate that such an energy modulation can be
used to launch a seeded FEL, that is, lasing at the sixth harmonic of the seed laser in a high-gain harmonic
generation scheme. The results reveal the most basic process of the FEL lasing and open up a new direction
for the study and exploitation of laser-beam interactions.
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to as bunching. The bunching contributes to the FEL power
growth, and the amplified FEL power further enhances and
speeds up the bunching. This positive feedback loop leads to
exponential growth of the FEL power in a high-gain FEL.
The amplification of the FEL eventually saturates when the
bunching reaches a maximum. In the over-saturated regime,
the energy exchange will also work in an undesired way, i.e.,
energy is extracted from the photon field to the electron beam.
Owing to the existence of such a feedback mechanism, the un-
dulator spontaneous emission can be used as an initial seed to
drive the FEL amplification at short wavelengths, a mechanism
known as self-amplified spontaneous emission, which is the
baseline principle of most x-ray FELs worldwide.>”

In addition to the FEL power amplification, the presence of

1 Introduction

A charged particle radiating energy in the form of an electro-
magnetic wave when it is accelerated is the basic principle be-
hind modern accelerator-based light sources. Among such
sources, synchrotron radiation and free-electron lasers (FELs)
have played key roles in numerous scientific fields by providing
high-brightness electromagnetic waves over a wide spectral
range. X-ray FELs,"” which are considered to be the next gen-
eration of light sources, are capable of providing femtosecond x-
ray pulses with a peak brightness 10 orders of magnitude higher
than third-generation synchrotron light sources. Compared to
synchrotron radiation, the amplification of the FEL pulse comes
from the strong and continuous interaction between an electro-
magnetic wave and a relativistic electron beam in a periodic lat-

tice of alternating dipole magnetic fields known as an undulator.

In an FEL process, the interaction between the electromag-
netic wave and electrons causes energy modulation of the elec-
tron beam. The energy modulation evolves into longitudinal
density modulation on the scale of the FEL wavelength, referred
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energy modulation caused by laser—beam interaction also ena-
bles modern x-ray FEL facilities to achieve better performance
and various unique characteristics.® Seeded FELs employ an ex-
ternal laser to trigger the FEL frequency upconversion, making
them ideal for providing stable, fully coherent x-rays.’
Typically, in a seeded FEL scheme, such as high-gain harmonic
generation (HGHG),’ the energy of the electron beam is periodi-
cally modulated by a seed laser. A dispersive magnetic chicane
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is used to transform the purely sinusoidal energy modulation
into density bunching that contains high harmonic components.
Then the bunched electron beams are used to produce highly
coherent FEL pulses at the preferred harmonics. More advanced
seeded FEL schemes are being developed to improve the
frequency multiplication efficiency.'™"* In addition, a laser
heater'*'* is normally placed before the bunch compressor in
the linac section of an x-ray FEL facility, where an external
laser is employed to interact with the electron beam, thereby
increasing the uncorrelated beam energy spread and thus sup-
pressing the microbunching instability induced by the effects
of the longitudinal space charge and coherent synchrotron radi-
ation. Furthermore, the laser—beam interaction is proposed to
widely manipulate and rearrange the electron distributions
and then generate attosecond coherent pulses,” ™" mode-locked
x-ray pulse sequences,”* and x-rays with orbital angular
momentum™** to satisfy different scientific requirements.

An electron beam moving along a straight line cannot effi-
ciently interact with an electromagnetic wave in free space. The
beam needs a curved trajectory to achieve efficient interaction
with the electromagnetic field. The energy change of the elec-
tron with a horizontal motion in an electromagnetic field is
given by mc>¥ = ev,E,, where ymc? is the electron energy,
E. is the horizontal electric field of the electromagnetic wave,
and v, is the horizontal velocity of the electron. Conventionally,
one undulator period is treated as a standard unit in FEL phys-
ics; for example, the well-known FEL equations ** and well-
benchmarked codes GENESIS® and GINGER?” are based on
the undulator-period-averaged mode. In fact, the electrons ex-
perience a magnetic field with sinusoidal variations in intensity
during an undulator period, which can be considered as a series
of dipole magnetic fields of different intensities. In principle, the
interaction between the electromagnetic wave and the electron
beam has already taken place when the electron beam passes
through each of the basic components of the undulator, namely
a dipole magnetic field, which is the fundamental process of
the FEL interaction.® However, to the best of our knowledge,
all the FEL interactions between the electromagnetic wave and
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the electron beam are accomplished and experimentally ob-
served in a full undulator, i.e., tens to hundreds or even thou-
sands of dipole magnetic fields. In this work, we designed and
conducted an experiment at the Shanghai soft x-ray FEL
(SXFEL) test facility” to study the interaction between an
electromagnetic wave and an electron beam in a pure dipole
magnetic field. In the experiment, the energy modulation of
the electron beam induced by an ultraviolet laser in a dipole
magnet was observed and measured. Furthermore, the feasibil-
ity of seeded FEL lasing using such energy modulation was also
demonstrated.

2 Experimental Characterization
of Laser-Beam Interaction

The schematic layout of the experiment is shown in Fig. 1. An
800-MeV electron beam with a 1-ps [full width at half maximum
(FWHM)] bunch length, a 600-pC bunch charge, and a 1.5-mm-
mrad normalized transverse emittance was sent into the first chi-
cane, which consisted of four rectangular dipole magnets with
an effective length of 0.3 m. The width of these dipole magnets
is 0.25 m. A 266-nm external laser with a pulse length of 160 fs
(FWHM) was expected to interact with the electron beam at the
first dipole magnet, and a metallic baffle was placed in the
middle of the chicane to draw the laser out so that the electron
beam did not interact with the laser at the fourth dipole magnet.
Furthermore, it should be noted that there is an injection chicane
located 7.7 m before the first chicane for laser injection. In the
injection chicane, the laser and the electron beam could interact
in the fourth dipole magnet with a length of 0.2 m. In the experi-
ment, the laser waist was tuned to near the first dipole magnet of
the first chicane, and thus the interaction in the injection chicane
could be ignored. The root mean square (rms) radius of the laser
at the first dipole was around 200 ym. The transverse envelope
size of the electron beam was also focused at around 200 pm.
Once the beam energy modulation is formed in the first dipole
magnet, it is converted to density bunching when the electron
beam passes through the remaining part of the entire chicane.

Second chicane
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Fig. 1 Schematic layout of the experiment. An 800-MeV electron beam is sent to the first chicane
and interacts with a 266-nm seed laser in the first dipole magnet. Energy modulation and density
modulation are performed simultaneously in the first chicane. In the modulator, an electron beam
is used to generate coherent radiation at the fundamental wavelength, which also enhances the
energy modulation. The radiator is used to produce FEL pulses at the sixth harmonic of the seed

laser.
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Fig. 2 Three-dimensional tracking of the laser-beam interaction.
Plotted are the energy modulation amplitude of the electron beam
(dashed line) and bunching factor (solid line) as a function of the
dispersion strength of the first magnetic chicane.

This means that, in this experiment, both energy modulation and
density bunching were accomplished in the first chicane. In ad-
dition to the intensity and profile of the laser, the energy exchange
obtained from the laser—beam interaction also depends on the
electron beam trajectory in the laser field. Therefore, the interac-
tion in the dipole magnet was correlated with the strength of the
magnetic field. Because the magnetic field of the dipole magnet
also determines the dispersion strength of the chicane, the energy
modulation and density bunching were mutually coupled in the
chicane.

We first used a three-dimensional tracking algorithm based
on electrodynamics® to analyze the laser—beam interaction in
the dipole magnet. In the simulation, all parameters were deter-
mined according to the experimental settings. The initial slice
energy spread of the electron beam was set to 30 keV according
to the measurements in the normal operation of the SXFEL.
The peak power of the laser was set to 220 MW. The density

modulation of the electron beam was quantified by the bunching
factor.’ As presented in Fig. 2, the simulation reveals the rela-
tionship between the value of Rsq of the chicane and the ob-
tained energy modulation amplitude as well as the bunching
factor at the fundamental wavelength after passing through
the chicane. When Rsg is set to 0.01 mm, an energy modulation
amplitude of 92 keV can be obtained. However, owing to con-
straints from the actual chicane configuration, the dipole mag-
netic field of the first chicane is adjustable from 0.03 to 0.12 T,
corresponding to Rs¢ values of 0.11 to 1.7 mm. In this range, the
energy modulation changes slowly from 52 to 36 keV, and a
bunching factor >0.1 can be obtained at the fundamental wave-
length. In theory, an electron beam with such a strong bunching
factor can be used to produce significant coherent radiation.

In the experiment, the electron beam was sent to interact with
the external laser in the first dipole magnet of the first chicane.
The laser pulse energy was set to be its maximum, i.e., 38.10 uJ.
According to the three-dimensional tracking result, the Rsg
value of the first chicane was set at around 0.9 mm, correspond-
ing to a dipole magnetic field strength of 0.086 T. To observe the
changes in the electron beam after the interaction, the gaps of the
modulator and the radiator were fully opened. Here we used an
x-band transverse deflecting structure and a dipole magnet at the
end of the undulator section to measure the longitudinal phase
space of the electron beam. When the laser pulse was success-
fully synchronized with the electron beam, significant changes
in the phase space were observed in the electron beam, and the
location of these changes shifted with the adjustment of the laser
timing synchronization. Figure 3(a) shows a typical longitudinal
phase space of the electron beam with changes in the cen-
tral part.

We further measured the energy modulation amplitude in-
duced in the dipole magnetic field through the generation of co-
herent radiation.” In the measurement, the following modulator
with a length of 1.5 m and a period of 80 mm was set to be
resonant at 266 nm and thus to generate coherent radiation at
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Fig. 3 Experimental characterization of the laser-beam interaction in the dipole magnet. (a) The
longitudinal phase space of the electron beam after the interaction. The red dashed line represents
the central energy of the electron beam. The orange box contains areas that are altered due to the
laser-beam interaction. The beam head is on the left. (b) The measured coherent radiation inten-
sity and fitted curves after the electron beam passes through the first chicane under different laser
pulse energies. The coherent radiation intensity is recorded by a photodiode when the dispersion
strength of the first chicane is scanned. The three optimal Rsg obtained were 0.95, 1.02, and
1.08 mm when the seed laser pulse energies were 38.10, 18.30, and 10.60 pJ, respectively.
(c) Calculation results of the energy modulation amplitude and the initial slice energy spread using

the coherent radiation generation method.*

Advanced Photonics

045003-3

Jul/Aug 2021 e Vol. 3(4)



Yan et al.: First observation of laser-beam interaction in' @

pole magnet

the fundamental wavelength of the external laser. Next, we
scanned the dispersion strength of the first chicane to determine
the optimal dispersion strength that maximizes the intensity of
the coherent radiation. As presented in the three-dimensional
simulation results, the energy modulation amplitude varies very
slowly in the scanning range of Rsq. Therefore, we considered
that the energy modulation amplitude was fixed under a specific
external laser. According to the measurement method, a numeri-
cal relationship between the energy modulation amplitude and
the average slice energy spread can be obtained through the op-
timal dispersion strength of the chicane. Consequently, multiple
numerical relationships need to be obtained by varying the laser
pulse energy, and their intersections were treated as the mea-
surement results. In addition to 38.10 uJ, two other laser pulse
energies of 18.30 and 10.60 uJ were also used to interact with
the electron beam. The measured intensities of the coherent ra-
diation and the fitted curves based on the measurement under
the three laser pulse energies are shown in Fig. 3(b). Three op-
timal Rs values of 0.95, 1.02, and 1.08 mm were obtained
under the three different laser pulse energies. As displayed in
Fig. 3(c), according to the three optimal Rs¢ values, three numeri-
cal relationships are modeled, where all the energy modulation
amplitudes are scaled to that obtained by the laser pulse energy
of 38.10 uJ. The average of the three intersections was regarded
as the measurement result. The measured slice energy spread was
29 keV, which is consistent with the measurement results under
normal FEL operation. The measured energy modulation ampli-
tude induced by the external laser with a 266-nm wavelength and
a 38.10-uJ pulse energy in a dipole magnet of 0.3 m was 40 keV,
which reasonably agrees with the simulation result.

3 Lasing Feasibility of a Seeded FEL

We have demonstrated and measured the laser—beam interaction
in a dipole magnetic field. The obtained energy modulation is a
factor of 1.4 greater than the slice energy spread in our case.
Since the dipole magnet and laser pulse coexist in many parts
of an FEL facility and the energy modulation introduced can
be considerable, laser—beam interactions in the dipole magnetic
field cannot be ignored and need to be carefully considered in
the design and operation of the FEL, especially in cases where
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the ultimate output performances are pursued. In addition, the
energy modulation induced in a dipole magnet has many poten-
tial applications. Because a laser-induced energy spread of
20 keV is sufficient to suppress microbunching instabilities, a chi-
cane without an undulator could be a future option for the laser
heater. Moreover, even larger energy modulations would be ob-
tained using a laser with a higher peak power or an optimized
dipole magnet. Thus, generating a fully coherent FEL by exploit-
ing energy modulation is a more straightforward application.
In this work, we explored the feasibility of using the energy
modulation obtained in the dipole magnet for FEL lasing at the
sixth harmonic of the seed laser. Limited by existing hardware,
it is difficult to increase the peak power of the seed laser or
change the dipole magnet. The energy modulation amplitude
of a factor of 1.4 greater than the slice energy spread is too weak
to lase at the sixth harmonic directly; consequently, the self-
modulation method®' was employed to further enhance the en-
ergy modulation. In the experiment, the pulse energy of the seed
laser was kept at 38.10 uJ. The dispersion strength of the first
chicane was set at the optimal value to maximize the intensity of
the coherent radiation in the modulator. As a result, the electron
beam was modulated by the coherent radiation generated by it-
self, and the energy modulation was enhanced. Thereafter, we
sent the electron beam to the radiator, which was composed of
four undulator segments with a length of 3 m and a period of
40 mm. Initially, only the first undulator segment was used for
coherent radiation generation at the sixth harmonic of the seed
laser. Then the dispersion strength of the second chicane was
scanned to maximize the coherent radiation intensity. According
to the optimal dispersion strength of 0.16 mm obtained from the
scanning and the previously obtained slice energy spread of
29 keV, we estimated an energy modulation of 247 keV after
self-modulation. The results indicated that the energy modulation
amplitude was increased sixfold through self-modulation.
Combined with the enhanced energy modulation after the
modulator, the second chicane and the radiator were used for
HGHG lasing at 44.33 nm. The dispersion strength of the sec-
ond chicane was maintained at the optimal value. Other undu-
lator segments of the radiator were used to further amplify the
44.33-nm radiation. Figure 4(a) presents the maximum and
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Fig. 4 Performance of the FEL lasing at the sixth harmonic of the seed laser. (a) The gain curve
and typical transverse profile of the FEL pulse at 44.33 nm. The red and blue points represent the
average pulse energy and maximum pulse energy at the end of various undulator segments, re-
spectively. The FEL pulse energy was measured by a calibrated photodiode at the end of the
undulator section. The error bars represent the root-mean-square intensity fluctuations. The inset
displays one typical transverse profile of the FEL pulse. (b) The typical longitudinal phase space of

the electron beam at the exit of the radiator.
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Fig. 5 Spectra and reconstructed temporal profiles of 44.33-nm FEL pulses: (a) 10 typical spectra
measured by the spectrometer after the radiator and (b) power profiles of 10 typical FEL pulses

reconstructed using the XTDS system.

average pulse energies of the FEL pulse after each undulator
segment and one typical transverse profile of the FEL pulse.
At the end of the radiator, FEL pulses with an average pulse
energy of 5.5 uJ and an rms energy jitter of 2.7 uJ were ob-
tained. One typical longitudinal phase space of the electron
beam after the radiator is shown in Fig. 4(b). A drop in the cent-
roid kinetic energy can be observed at the central part of the
electron beam. The spectra of the FEL pulses were measured
using a spectrometer with a resolution of 0.05 nm. The average
FWHM bandwidth over 60 consecutive shots was 1.7 x 1073,
Figure 5(a) shows 10 typical measured spectra. In addition, we
reconstructed the temporal profile of the FEL pulse according to
the change in the centroid energy of the electron beam.*” Ten
typical temporal profiles of FEL pulses are presented in
Fig. 5(b). The average pulse length (FWHM) of the 10 pulses
is 113 fs. The obtained temporal profiles and spectra are similar
to those obtained during normal operation using undulators.
Moreover, larger pulse energies can be expected through careful
optimization of the electron beam orbit and focusing. Shorter
wavelengths can be obtained using cascaded HGHG operation.

4 Discussion and Conclusion

For the first time, we have demonstrated and measured the in-
teraction between a laser and relativistic electrons in a pure di-
pole magnetic field. A 266-nm laser was used to interact with an
800-MeV electron beam in a dipole magnet. The measured en-
ergy modulation amplitude was 40 keV, which is consistent with
the theoretical tracking results. This experiment intuitively re-
veals a fundamental step in the FEL process and thus contributes
to a deeper understanding of FEL physics. Moreover, as an ex-
ample, we have shown that the energy modulation obtained in a
dipole magnet can be used for lasing at the sixth harmonic of the
seed laser in an HGHG setup.

The results presented here open a new direction for the study
and exploitation of the interaction between lasers and relativistic
electrons. A simple dipole magnet can be used to introduce en-
ergy modulation of relativistic electrons, thus effectively sup-
pressing microbunching instabilities or tailoring the FEL
pulse properties. Using a seed laser with a peak power of hun-
dreds of gigawatts, it is possible to directly obtain an energy
modulation amplitude on the order of MeV for seeded FELSs
without additional self-modulation. Furthermore, based on this
scheme, the complex manipulation of the electron beam in echo-
enabled harmonic generation'® can be accomplished in two
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magnetic chicanes, which greatly simplifies the configuration
of the facility. Because the laser—beam interaction in a dipole
magnet does not have a specific resonance condition, it is well
tolerant of energy jitter and chirp and is promising for electron
beams from plasma wakefield-based accelerators. In addition,
the results also enlighten the design of novel radiators with a
non-sinusoidal magnetic field.

From another perspective, our results highlight that the exist-
ence of laser—beam interaction in a dipole magnetic field may
lead to considerable energy modulation. As more and more laser
systems are used in FEL facilities, this effect should be taken
into account in many FEL operations. In particular, using an
external laser to modulate an electron beam normally requires
the use of a chicane for laser injection, which means that the
laser inevitably interacts with the fourth dipole magnet of the
chicane. For FEL schemes that utilize laser modulation for atto-
second pulse generation, an external laser with a high intensity
is often employed. In such cases, the laser—beam interaction in
the laser injection chicane, or even in the correctors, would sig-
nificantly perturb the initial beam quality, which may degrade
the final achieved FEL performance. Therefore, the energy
modulation occurring in the dipole magnets should be reason-
ably matched to the modulation in the undulator.
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