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Time domain double slit 
interference of electron produced 
by XUV synchrotron radiation
T. Kaneyasu 1,2*, Y. Hikosaka 3, S. Wada 4, M. Fujimoto 2,5, H. Ota 2, H. Iwayama 2,6 & 
M. Katoh 2,5,7

We present a new realization of the time-domain double-slit experiment with photoelectrons, 
demonstrating that spontaneous radiation from a bunch of relativistic electrons can be used to control 
the quantum interference of single-particles. The double-slit arrangement is realized by a pair of light 
wave packets with attosecond-controlled spacing, which is naturally included in the spontaneous 
radiation from two undulators in series. Photoelectrons emitted from helium atoms are observed in 
the energy-domain under the condition of detecting them one by one, and the stochastic buildup of 
the quantum interference pattern on a detector plane is recorded.

Wave-particle duality is one of the most fundamental concepts in quantum mechanics. The concept has pre-
viously been beautifully demonstrated by the double-slit experiment, in which particles such as  electrons1,2, 
 atoms3,4,  molecules5–7 and  neutrons8 passing through the double slit exhibit interference patterns in the intensity 
distribution on a detection screen, similar to those obtained with  light9,10. The interference pattern reflects the 
probability density given by the modulus squared of the particle’s wavefunction. The essence of wave-particle 
duality is revealed in these experiments; while the particle behaves as a delocalized wave as it propagates, it is 
always detected as a well-localized particle that stochastically hits the screen, forming an interference pattern 
that becomes visible with increasing number of detected particles. Indeed, one-by-one detection of the particles 
allows the recording of the emergence of the interference pattern under single-particle conditions; that is, there 
is at most one particle in the interferometer at any time. The real-time observation of this buildup process with 
single-electrons2 is widely known as the “most beautiful experiment in  physics11”, demonstrating the electron’s 
interference with itself. Furthermore, the recent advances in nanofabrication technology allows one to observe 
the buildup of quantum interference pattern even for heavy dye  molecules12, paving the way to explore the 
boundary between quantum and classical physics.

Since there is an analogy between spatial diffraction and temporal dispersion in  optics13, the observation of 
double-slit interference with particles is not restricted to conventional space-domain experiments but can be 
extended to time-domain experiments with matter wave packets that propagate in vacuum. To date, time-domain 
double-slit interference with particles has been observed for a slow atomic beam chopped by an atomic  mirror14, 
and photoelectron wave packets produced by a pair of femtosecond laser  pulses15,16. In these experiments, the 
time-separated wave packets temporally spread in free space during propagation and overlap each other, lead-
ing to the appearance of an interference pattern in the spatio-temporal distribution. Moreover, photoelectron 
interference has been observed using extremely short temporal slits in the attosecond regime prepared by the 
field ionization of atoms interacting with few-cycle laser  pulses17. The double-slit interference of photoelec-
tron wave packets has also been theoretically studied for multiple attosecond  slits18, and for the effect of the 
carrier-envelope  phase19. Recently, vortex-shaped photoelectron wave packets resulting from interference have 
been observed using a pair of cross-circularly polarized femtosecond laser  pulses20. In the meantime, two-color 
coherent pulses generated by seeded FELs enabled control of photoelectron angular distribution through pho-
toelectron  interference21.

In spite of these progress in time-domain interference experiments with photoelectrons, the recording of the 
buildup process of the interference pattern for single-electrons has not been achieved, although this approach 
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is of particular importance for interpreting quantum mechanics as demonstrated in the space-domain experi-
ments. This is presumably due to experimental difficulties in observing the particle’s position on a screen in 
time-domain experiments, and in ensuring that there is only a single-electron in the interferometer at any time. 
Further, since a coherent pulse pair is essential for preparing the double-slit arrangement in the time-domain, 
previous studies used laser pulses at optical wavelengths. While extending the photoelectron interference experi-
ments to shorter wavelengths is highly desirable for probing ultrafast processes in matter, wavelengths shorter 
than the vacuum ultraviolet have been inaccessible to double-slit experiments so far, due to the difficulty of 
generating a coherence pulse pair.

This paper reports a new time-domain double-slit experiment in the extreme ultraviolet (XUV) and attosec-
ond regime using synchrotron radiation, and demonstrates a recording of the buildup of the quantum interfer-
ence pattern for single-photoelectrons. Unlike the previously reported studies, we realized the time-domain 
double-slit arrangement in the XUV wavelength region using spontaneous radiation emitted from a bunch of 
relativistic electrons in a synchrotron ring. Although synchrotron radiation has poor temporal coherence in 
general, we use the usually hidden ability of undulator radiation which enables the use of mutual longitudinal 
coherence between time-separated light wave  packets22–26. By controlling the motion of a relativistic electron in 
a synchrotron ring, we can adjust the spacing between the two light wave packets at the attosecond  level27, which 
works as a temporal double-slit. Taking advantage of the high repetition rate of synchrotron radiation (i.e. a small 
number of photons per pulse), we can easily suppress the photoionization yield per pulse to ensure that there is 
only a single-photoelectron in the interferometer at any given time. The interfering photoelectron wave packets 
emitted from helium atoms are observed in the energy-domain with a one-by-one detection scheme, allowing 
us to visualize the buildup of the quantum interference pattern of single-photoelectrons which stochastically 
arrive at the detector plane.

Results and discussion
Time-domain double-slit by synchrotron radiation. Figure 1 shows the experimental layout. To pro-
duce the temporal double-slit, we use a tandem-undulator system in which each relativistic electron in the bunch 
emits a pair of light wave packets that has a mutual coherence between them. The waveform of each light wave 
packet is characterized by 10-cycle oscillations with a rectangular envelope, reflecting the undulating motion of 
the relativistic electron in the  undulator27. The radiation wavelength is set to about 43 nm. The duration of the 
10-cycle oscillations is approximately 1.4 fs, which defines the width of the temporal slit. The time delay between 
the light wave packets in the pair defines the temporal separation between the two slits, and is precisely tuned 
in the femtosecond regime with attosecond resolution using a phase shifter magnet located between the two 
undulators.

A pair of light wave packets sequentially interacts with a helium atom, producing a pair of photoelectron wave 
packets that propagate in free space (Fig. 1b). Due to the momentum dispersion of the matter waves, the first 
and second components of the photoelectron wave packet pair temporally spread in free space and overlap each 
other, leading to the appearance of the interference pattern in coordinate  space15,16. This wave packet interfer-
ence gives rise to the appearance of interference fringes in energy or momentum distributions. Therefore, the 
measurement of the photoelectron spectrum makes the observation of wave packet interference experimentally 
possible. Figure 1c shows a schematic drawing of the energy level of helium atom and the ionization process 
using a pair of light wave packets. Note that in the actual experiment, an incoherent mixture of numerous pairs 
of light wave packets in the radiation pulse interacts with a helium atom, leading to the production of pairs of 
photoelectron wave packets that are randomly distributed in a temporal duration of 300 ps. However, the incoher-
ent properties among the photoelectron wave packets related to different light wave packets are canceled out in 
the observable quantities [see Methods]. Consequently, the interference pattern observed in this study directly 
reflects the quantum interference between photoelectron wave packets produced by a pair of light wave packets.

In order to visualize the buildup of the interference pattern, we observe the wave packet interference in the 
energy-domain. We record photoelectron images using a two-dimensional (2D) position-sensitive detector 
mounted in a hemispherical electron energy analyzer as shown in Fig. 1b. The 2D detector consists of a micro-
channel plate (MCP), a phosphor screen, and a charge-coupled device (CCD) camera. We adjust the light inten-
sity to ensure that there is only a single photoelectron in the electron analyzer at any given time, enabling the 
observation of photoelectron interference. The buildup process of the quantum interference pattern is monitored 
by accumulating the CCD images.

Buildup of photoelectron interference. Figure 2 compares the CCD images of photoelectrons recorded 
with the radiation from single- (Fig. 2a,b) and tandem-undulator configurations (Fig. 2c). The single-undulator 
configuration is prepared by setting the pole gap of one of the two undulators to its maximum, where the radia-
tion power of the undulator becomes negligibly small. The field strength of the phase shifter magnet was fixed 
with the same coil current during the measurement. While the horizontal axis of the image shows the kinetic 
energy of the photoelectron, the vertical axis represents the ionization points of atoms along the light propaga-
tion axis in the gas cell. When the single-undulator is used, the helium atom is ionized by light wave packets 
emitted from either the upstream or downstream undulator, leading to the production of single (not-paired) 
photoelectron wave packets. Therefore, no interference pattern can be exhibited on the CCD image. In this 
case, the photoelectron distribution on the detector plane simply reflects the spectral distribution of the undula-
tor radiation, which is characterized by a 10% width (FWHM) of the central photon energy. With increasing 
numbers of photoelectrons, broad structures centered at around 4.5 eV become visible in panels of Fig. 2a,b. 
On the other hand, interfering photoelectron wave packets are produced when the radiation from the tandem-
undulator is used to ionize helium atoms. The CCD images in Fig. 2c shows the two-dimensional distribution of 
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photoelectrons measured with pairs of light wave packets. The CCD image after accumulation of 2000 electrons 
shows an almost random distribution. An interference pattern exhibiting the wave-like nature of single photo-
electrons appears at 2 ×  104 electrons, and becomes clearer as the number of electrons is increased.

One-dimensional photoelectron spectra are obtained from the two-dimensional images at Ne ~ 1 ×  106 by 
integrating the photoelectron counts onto the horizontal axis (Fig. 2d–f). The photoelectron spectra obtained 
by the single-undulator show single peak structures centered at around 4.5 eV kinetic energy. In contrast, the 
photoelectron spectrum measured with the tandem-undulator is characterized by an interference pattern. The 

Figure 1.  Experimental layout for time-domain double-slit interference by synchrotron radiation. (a) 
Spontaneous radiation is emitted from a bunch of relativistic electrons passing through the tandem-undulator 
in the UVSOR-III synchrotron ring. Each of the relativistic electrons in the bunch emits a pair of light wave 
packets, reflecting the sequential undulating motion in two undulators. Numerous pairs of light wave packets 
are randomly distributed in the radiation pulse. (b) A pair of photoelectron wave packets is emitted from a 
helium atom that interacts with the pair of light wave packets. The interfering photoelectron wave packets are 
observed as an interferogram on the detection plane of the hemispherical electron energy analyzer. The buildup 
of quantum interference pattern is monitored by a 2D detector which allows for one-by-one detection of the 
photoelectrons, which stochastically arrive at the detector plane. (c) Energy level diagram of helium atom and 
the ionization process by a pair of light wave packets.
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photoelectron spectra in Fig. 2d,e can be well fitted by a single Gauss function which approximately represents 
the spectral distribution of the radiation from the single-undulator. The interference pattern in Fig. 2f, on the 
other hand, can be fitted by the probability density for pairs of photoelectron wave packets in the energy-domain 
(see “Methods”). In the fitting, the width of the temporal slit determines the envelope of the interference pattern 
which is experimentally obtained by the fitting for the photoelectron spectra measured with the single-undulator. 
The free parameters in the fitting were the time delay between the light wave packets and the fringe contrast. The 
theoretical curve well fits the interference pattern, and time delays are obtained to be 6.9 fs. The contrast of the 
interference fringes is limited to 0.7, mainly due to the reduction in temporal coherence resulting from electron 
beam properties such as the energy spread and angular divergence, which smear the time  delay23.

Control of double-slit separation. Figure 3a shows the time-domain interferogram, which consists of 
photoelectron spectra measured as a function of time delay. The horizontal axis shows the time delay produced 
by the phase shifter magnet. To obtain the absolute time delay τ, it is required to add a minimum delay of 
approximately 1.9 fs which corresponds to the sum of the temporal duration of the light wave packet and the 
time delay due to the slippage effect in the drift space between the two undulators. The vertical axis is the kinetic 
energy of the photoelectron. The interferogram exhibits a periodical modulation of photoelectron intensity on 
the two-dimensional plot. Similar to the discussion on the interference between the electron wave packets in the 
bound  state22, the periodic intensity modulation can be explained by time-domain Ramsey interference between 
the photoelectron wave packets. When the time delay is varied, constructive and destructive interference occurs 
between the plane waves which constitute the photoelectron wave packets. The interference condition is deter-
mined by the phase difference ωτ. Here, the photon frequency is given by ω = (E + EIP)/ħ where E and EIP are the 
kinetic energy of photoelectron and ionization potential of the atom,  respectively15. Therefore, the photoelectron 
intensity oscillates at a temporal period of around 140 as. The time-domain Ramsey interference is clearly visible 
over the whole area of the interferogram, indicating that the photoelectron wave packet interference can be pre-
cisely controlled by adjusting the temporal separation between the two light wave packets at the attosecond level.

Figures 3b–d show the photoelectron spectra at phase shifter delays of 0.5, 2.5, and 4.5 fs (indicated by verti-
cal dashed lines in a), showing interference patterns dependent on the time delay. The photoelectron spectra in 
Fig. 3 are well fitted by Eq. (3), and the time delays are obtained to be 2.41, 4.40, and 6.41 fs, respectively. The 

Figure 2.  One-by-one detection of single-photoelectrons. (a–c) CCD images of photoelectrons observed for 
radiation from (a) the upstream undulator, (b) the downstream undulator, and (c) the tandem-undulator. The 
phase shifter current was kept constant during the measurements. The total number of detected electrons are 
shown at the left side of the panels (a). The color bar ranges from 0 to 4 electrons in the upper three panels, and 
from 0 to 80 electrons in the images obtained at 1 ×  106 electrons. (d–f) One-dimensional distributions obtained 
by projecting the electron intensities in the images of 1 ×  106 electrons onto the energy axis. The interference 
fringes were fitted by a model curve using Eq. (3).
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photoelectron spectra exhibit fringe structures that vary with the time delay. This observation is a manifestation 
of the fact that the temporal separation between the two slits determines the spacing between the interference 
fringes, as in the space-domain double-slit interference. Similar to double-slit interference in the space-domain, 
the number of interference fringes increases with increasing time delay. This can be qualitatively explained by 
considering the interference condition between plane waves with specific momenta which constitute the pho-
toelectron wave packets. Constructive or destructive interference occurs between the plane wave components 
when the phase difference is an even or odd multiple of π. As the time delay becomes longer, two neighboring 
kinetic energies that satisfy the constructive interference condition become closer. Therefore, in Fig. 3b–d, as the 
time delay increases, the spacing between fringes becomes narrower, and thus the number of fringes increases.

Conclusion
We have observed the buildup of quantum interference patterns for time-separated photoelectron wave packets 
emitted from helium atoms under the single-photoelectron condition. The results manifest the applicability of 
synchrotron light sources to conduct the time-domain double-slit experiment, demonstrating the wave-particle 
duality of single-photoelectrons emitted from atoms. The time-domain interference presented in this work relies 
on the use of longitudinal coherence within light wave packet pairs emitted from individual relativistic electrons 
in the bunch. The photoelectron distribution at the detector plane reflects the probability density in the energy-
domain, revealing interference patterns which depend on the temporal separation between the two slits.

Unlike previous experiments which used ultrashort laser pulses, we employed a synchrotron light source to 
prepare the time-domain double-slit in the XUV and attosecond regime. This method, therefore, can be extended 
to much shorter wavelengths with powerful tunability of wavelength, polarization, and cycle number in the light 
wave packet. Extending the photoelectron interference experiment to short wavelengths is highly desirable since 
it offers the possibility to study ultrafast electron motion following core-ionization in atoms and molecules as 
well as condensed matter, taking advantage of experiments involving core-electrons such as element  selectivity28. 
However, such interference experiments have not yet been realized owing to the difficulty of producing time-
separated double pulses with well-defined waveforms at short wavelengths. In addition, we believe that this 
method could be used to study the decoherence effect of a sample interacting with its environment. In particular, 
a wide range of sample environments can become a target in the x-ray region owing to its high penetrating power.

Methods
Tandem-undulator system. The experiments were performed at the light source development beamline 
BL1U of the UVSOR-III  synchrotron29. The tandem-undulator system consists of two identical APPLE-II undu-
lators with a phase shifter magnet between them. Both undulators have a period length and number of periods 
of 88 mm and 10, respectively. The two undulators were set to provide fundamental radiation at a wavelength 
of 43 nm with horizontally linear polarization. As a result of the sequential undulating motion in the tandem-
undulator system, each electron in the bunch emits a pair of 10-cycle light wave packets. The beam current in the 
synchrotron ring was about 5 mA during the measurement, which corresponds to a few  108 electrons in the 300-
ps long electron bunch. Therefore, a few  108 light wave packets are randomly distributed in the 300-ps radiation 
pulse. The duration of the light wave packet was approximately 1.4 fs, which corresponds to the coherence time 

Figure 3.  Time-domain photoelectron interferogram. (a) The photoelectron interferogram consists of 
photoelectron spectra measured as a function of the phase shifter delay. (b–d) Photoelectron spectra obtained at 
phase shifter delays of 0.51, 2.50, and 4.52 fs (vertical dashed lines in a). The photoelectron spectra are fitted by 
Eq. (3). The experimental data points and fitting curves are shown by gray circles and red curve, respectively, in 
(b–d).
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of the radiation pulse from a single-undulator. The time delay between the light wave packet pair is naturally 
longer than the coherence time of the radiation pulse from the single-undulator. We tuned the time delay by 
using the phase shifter magnet, which has a three-pole wiggler configuration. The time delay was calibrated with 
respect to the coil current of the phase shifter magnet by measuring the time-domain Ramsey fringes on the 1s6p 
resonance of the helium  atom22.

Single-electron detection. The light beam from the undulator consists of 300-ps radiation pulses with a 
90 MHz repetition rate. The central part of the light beams was selected by a 0.4-mm diameter pinhole located 
9 m downstream from the midpoint of the two undulators. The light beam passing through the pinhole was 
focused by a toroidal mirror. The electron energy analyzer (MBS, A1) was placed at the focal point of the light 
beam. The photoelectrons were observed at a fixed angle of 55 degrees with respect to the polarization plane. 
The arrival position of the photoelectrons on the detector plane was recorded by using a CCD camera. (Sony, 
XC-ST30).

The UVSOR synchrotron provides radiation pulses at a 90 MHz repetition rate. The photon flux, ionization 
cross sections, gas pressure and length of the interaction region are 1 ×  1012 photons/s, 5  Mb30, 2 ×  10–1 Pa and 
5 mm, respectively. Under the experimental condition, the rate of photoionization event is about 1 ×  108/s and 
one photoelectron is generated every radiation pulse on average. The acceptance angle of the electron analyzer 
is about 0.4% of the full solid angle and the transmission efficiency of the entrance slit of the analyzer is 20%. 
Consequently, the rate of photoelectrons entering the analyzer is estimated to be 8 ×  104 electrons/s in the present 
study. Assuming 60% detection efficiency of the MCP detector, there is a close agreement between estimation 
and experiment on the electron counting rate. The estimated and experimental counting rates are 5 ×  104 and 
6 ×  104 electrons/s, respectively. The overall detection efficiency for a photoelectron emitted from a helium atom 
is estimated to be 5 ×  10–4. In addition, the flight time of the photoelectron from the entrance of the analyzer to 
the detector is about 250 ns. These conditions ensure that there is only a single-photoelectron in the electron 
analyzer at any given time, allowing for the observation of single-photoelectron interference.

Interference between photoelectron wave packets. We follow the procedure described by Wollen-
haupt et al.15,16. The photoelectron wave packet is represented by a superposition of plane waves

where E , c(E), ke are the kinetic energy, probability amplitude, and wave vector of the photoelectron, respectively. 
For photoionization by a pair of light wave packets with time delay τ, the probability amplitude is given by

where ω and Ẽ(ω) are the frequency and Fourier component of the single light wave packet. The photon frequency 
ω is given by (E + EIP)/ħ. Assuming that the ionization cross section is constant within the spectral width of the 
ionizing pulse, the photoelectron spectrum is given by

The photoelectron spectrum is modulated due to the interference between the photoelectron wave packets. 
While the shape of the envelope determined by the single pulse spectrum is unchanged, the interference fringe 
structure strongly depends on the time delay.

When the atom interacts with N pairs of light wave packets, the probability amplitude is approximately given 
by

where δj is time delay of jth light wave packets which is measured with respect to the first  one20. Therefore, the 
photoelectron spectrum is obtained by

Similar to photoionization by single double-pulse, the photoelectron spectrum shows an interference pattern 
determined by the time delay. The only difference between the two cases is the transition probability, which is 
proportional to the number of the light wave packets—in other words, the light intensity. It is noted that the 
incoherence property of the synchrotron radiation originating from the randomly distributed electrons in the 
bunch is canceled out in the above expression due to the random phase relationship between the light wave 
packets emitted from different electrons. This indicates that it is possible to observe the interference between 
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photoelectron wave packets even with the use of spontaneous synchrotron radiation from a bunch of relativistic 
electrons when the tandem-undulator is utilized as a light source.

To observe the photoelectron interference by synchrotron radiation, it is essential to produce light wave 
packets which have identical waveforms. While the energy spread and angular divergence of the electron beam 
reduce the waveform identity of individual light wave  packets23, the effect from the electron beam on the wave-
form shapes is sufficiently small at the XUV wavelengths for the electron beam of the UVSOR-III synchrotron, 
as demonstrated in the interferometric  measurements22,23,27.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 7 February 2023; Accepted: 6 April 2023

References
 1. Jönsson, C. Electron diffraction at multiple slits. Am. J. Phys. 42, 4 (1974).
 2. Tonomura, A., Endo, J., Matsuda, T., Kawasaki, T. & Ezawa, H. Demonstration of single-electron buildup of an interference pattern. 

Am. J. Phys. 57, 117 (1989).
 3. Carnal, O. & Mlynek, J. Young’s double-slit experiment with atoms: A simple atom interferometer. Phys. Rev. Lett. 66, 2689 (1991).
 4. Shimizu, F., Shimizu, K. & Takuma, H. Double-slit interference with ultracold mestatble neon atoms. Phys. Rev. A 46, R17 (1992).
 5. Schöllkopf, W. & Toennies, J. P. Nondestructive mass selection of small van der Waals clusters. Science 266, 1345 (1994).
 6. Arndt, M. et al. Wave-particle duality C60 molecules. Nature 401, 680 (1999).
 7. Juffmann, T. et al. Wave and particle in molecular interference lithography. Phys. Rev. Lett. 103, 263601 (2009).
 8. Gähler, R. & Zeilinger, A. Wave-optical experiments with very cold neutrons. Am. J. Phys. 59, 316 (1991).
 9. Rueckner, W. & Titcomb, P. A lecture demonstration of single photon interference. Am. J. Phys. 64, 184 (1996).
 10. Dimitrova, T. L. & Weis, A. The wave-particle duality of light: A demonstration experiment. Am. J. Phys. 76, 137 (2008).
 11. Crease, R. P. The most beautiful experiment in physics. Phys. World 15, 15 (2002).
 12. Juffmann, T. et al. Real-time single-molecule imaging of quantum interference. Nat. Nanotechnol. 7, 297 (2012).
 13. Chaussard, F., Rigneault, H. & Finot, C. Two-wave interferences space-time duality: Young slits, Fresnel biprism and Billet bilens. 

Opt. Commun. 397, 31 (2017).
 14. Szriftgiser, P., Guery-Odelin, D., Arndt, M. & Dalibard, J. Atomic wave diffraction and interference using temporal slits. Phys. Rev. 

Lett. 77, 4 (1996).
 15. Wollenhaupt, M. et al. Interference of ultrashort free electron wave packets. Phys. Rev. Lett. 89, 173001 (2002).
 16. Wollenhaupt, M. et al. Tomographic reconstruction of designer free-electron wave packets. ChemPhysChem 14, 1341 (2013).
 17. Lindner, F. et al. Attosecond double-slit experiment. Phys. Rev. Lett. 95, 040401 (2005).
 18. Ishikawa, K. L. et al. Temporal Young’s interference experiment by attosecond double and triple soft X-ray pulses. Phys. Rev. A. 

74, 023806 (2006).
 19. Peng, L.-Y. & Starace, A. F. Attosecond pulse carrier-envelope phase effects on ionized electron momentum and energy distribu-

tions. Phys. Rev. A. 76, 0043401 (2007).
 20. Pengel, D. et al. Electron vortices in femtosecond multiphoton ionization. Phys. Rev. Lett. 118, 053003 (2017).
 21. Prince, K. C. et al. Coherent control with a short-wavelength free-electron laser. Nat. Photon. 10, 176 (2016).
 22. Hikosaka, Y., Kaneyasu, T., Fujimoto, M., Iwayama, H. & Katoh, M. Coherent control in the extreme ultraviolet and attosecond 

regime by synchrotron radiation. Nat. Commun. 10, 4988 (2019).
 23. Kaneyasu, T., Hikosaka, Y., Fujimoto, M., Iwayama, H. & Katoh, M. Controlling the orbital alignment in atoms using cross-circularly 

polarized extreme ultraviolet wave packets. Phys. Rev. Lett. 123, 233401 (2019).
 24. Kaneyasu, T., Hikosaka, Y., Fujimoto, M., Iwayama, H. & Katoh, M. Polarization control in a crossed undulator without a mono-

chromator. New J. Phys. 22, 083062 (2020).
 25. Kaneyasu, T., Hikosaka, Y., Fujimoto, M., Iwayama, H. & Katoh, M. Electron wave packet interference in atomic inner-shell excita-

tion. Phys. Rev. Lett. 126, 113202 (2021).
 26. Hikosaka, Y., Kaneyasu, T., Fujimoto, M., Iwayama, H. & Katoh, M. Reply to ‘Comment on “Coherent control in the extreme 

ultraviolet and attosecond regime by synchrotron radiation”’. Nat. Commun. 12, 3782 (2021).
 27. Kaneyasu, T. et al. Double-pulsed wave packets in spontaneous radiation from a tandem undulator. Sci. Rep. 12, 9682 (2022).
 28. Ueda, K. et al. Roadmap on photonic, electronic and atomic collision physics: I. Light–matter interaction. J. Phys. B At. Opt. Mol. 

Phys. 52, 171001 (2019).
 29. Ota, H. et al. UVSOR synchrotron facility update. J. Phys. Conf. Ser. 2380, 012003 (2022).
 30. Bizau, J. M. & Wuilleumier, F. Redetermination of absolute partial photoionization cross sections of he and ne atoms between 20 

and 300 ev photon energy. J. Electron Spectrosc. Relat. Phenom. 71, 205 (1995).

Acknowledgements
We thank Dr. J. R. Harries (QST) for the critical reading of the manuscript. This work was supported by the JSPS 
KAKENHI (Grant Numbers 20H00164, 21K03430 and 22H02044). The experiment was performed at the BL1U 
of UVSOR Synchrotron Facility, Institute for Molecular Science (21-701 and 22IMS6611). The construction of 
BL1U at UVSOR was supported by the Quantum Beam Technology Program of MEXT/JST.

Author contributions
T.K. designed the experiment and analyzed the data. T.K., Y.H. and S.W. performed the interference experi-
ments. M.F., H.O. and M.K. operated the UVSOR synchrotron and undulators. H.O., H.I. and M.F. contributed 
to the development of experimental apparatus. T.K. drafted the manuscript. All authors discussed the results 
and contributed to final version of the manuscript.

Competing interests 
The authors declare no competing interests.



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:6142  | https://doi.org/10.1038/s41598-023-33039-9

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to T.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Time domain double slit interference of electron produced by XUV synchrotron radiation
	Results and discussion
	Time-domain double-slit by synchrotron radiation. 
	Buildup of photoelectron interference. 
	Control of double-slit separation. 

	Conclusion
	Methods
	Tandem-undulator system. 
	Single-electron detection. 
	Interference between photoelectron wave packets. 

	References
	Acknowledgements


