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Fig. 1 Time domain electric field of synchrotron radiation from a
bending magnet. The field is numerically calculated for an
electron of y=1000 bent with a radius of curvature p=1m.
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Fig. 2 (Color online) Schematic illustration of the tandem undulator® . A relativistic electron passing through the undu-
lators emits a wave packet with a waveform characterized by time-separated 10-cycle oscillations. The time delay 7
between the double-pulsed components of the wave packet is controlled by the phase shifter magnet between the

two undulators. (Reprinted from Ref. 9)

54 TS Mar. 2023 Vol.36 No.2



PEY IR I LTLT L2 aL—9HHORSIRERDOEREEEA

]
Al Mirror

elowWweR)
EEA—‘

Incident Ray

| Precision Stage

Splitter Cube

Fig. 3 (Color online) Schematic of Mach-Zehnder interferometer for autocorrelation measurement.
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Fig. 4 (Color online) Autocorrelation measurement of spontane-
ous radiation from the downstream undulator®. The
wavelength of the fundamental undulator radiation was set
to 357 nm. (a) Measured result. (b) Calculated autocorrela-
tion function assuming a 10-cycle sinusoidal wave at 357 nm
wavelength. ¢ Waveform of the wave packet (orange) and
its delayed replica (gray) used in the calculation. (Reprinted
from Ref. 9)
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Fig. 5 (Color online) Autocorrelation measurements of spontaneous radiation from the tandem undulator at various
values of the phase shifter current® . The wavelength of the fundamental undulator radiation was set to 357 nm.
(a) Measurement. (b) Calculation. (c) Waveform of the double pulsed wave packet (orange) and its delayed

replica (gray) used in the calculation. (Reprinted from Ref. 9)
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Fig. 6 (Color online) Spectra from the tandem undulator at various values of the phase shifter current®. (a) Measured
spectra. (b) Calculated spectra obtained by applying the Fourier transform to the double-pulsed 10-cycle

sinusoidal wave packet. (Reprinted from Ref. 9)
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Fig. 7 (Color online) (a) Fluorescence yield as a function of the phase shifter current in decay from the 1s5p excited

state of helium atom?.

The time delay produced by the phase shifter was calibrated using a time-damped

sinusoidal curve that oscillates at 172 as period corresponding to the resonant frequency of the 1s—5p excitation.
The gray circles are measured data and the red line shows the fitting result. The time delay converted from the
phase shifter current is shown on the top axis. (b) Enlarged plots in the three regions indicated by the blue broken

lines in (a). (Reprinted from Ref. 9)
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Fig. 8 (Color online) Time delay between the double-pulsed com-
ponents obtained by the two different wavelength regions®.
For comparison, the relative delay obtained in the time-
domain interferometry with the XUV wave packets is nor-
malized to the absolute delays in the UV wavelength at 0 A
phase shifter current. (Reprinted from Ref. 9)
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Fig. 9 (a) UV power spectrum of the wave packet from the up-
stream undulator (shaded curve) and the spectral phase
retrieved from the multi-shear algorithm!?. (b) Waveform
of the wave packet retrieved from the power spectrum and
spectral phase shown in (a). The numerically simulated
power spectrum and spectral phase are also shown as a gray
dashed curve and a gray dotted curve, respectively. The
phase offset is set to zero at 3.6 eV. The numerically simulat-
ed waveform is also shown as a gray curve. (Reprinted from
Ref. 10 ©The Optical Society)
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Fig. 10 (a) XUV power spectrum of the wave packet from the up-
stream undulator (shaded curve) and the spectral phase
retrieved from the multi-shear algorithm!?'. The numerical-
ly simulated power spectrum and spectral phase are also
shown as a gray dashed curve and a gray dotted curve,
respectively. The phase offset is set to zero at 35eV. (b)
Waveform of the wave packet retrieved from the power
spectrum and spectral phase shown in (a). The numerically
simulated waveform is also shown as a gray curve.
(Reprinted from Ref. 10 ©The Optical Society)
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Observation of temporal structure of synchrotron
radiation wave packet from a tandem undulator
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Abstract We report a study to observe the temporal structure of synchrotron radiation wave packets gener-
ated from a tandem undulator. First order autocorrelation measurement using a Mach-Zehnder in-
terferometer, spectral measurement using a spectrometer, and quantum interferometry confirm
that the radiation from the tandem undulator is a double pulse wave packet that can be tuned with
attosecond precision. We have also studied the electric field of undulator radiation, and succeed-
ed in retrieving the electric field structure of undulator radiation by the Spectral Phase Interfero-
metry for Direct Electric field Reconstruction (SPIDER) method, which is used for ultrashort laser
pulses.
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