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First demonstration of coherent
Cherenkov radiation matched to
circular plane wave
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Published online: 12 December 2017 © We observed coherent Cherenkov radiation matched to a circular plane wave (CCR-MCP) for the first

. time using a hollow conical dielectric made of a high-density polyethylene. The refractive index and

. the absorption coefficient of the dielectric were evaluated to be 1.537 +0.004 and 0.006 + 0.028 by

: measuring the pulse formed by the interference between the CCR-MCP and the coherent diffraction
radiation. These values were consistent with the values shown in a reference for the high-density
polyethylene. In accordance with the theory of the Cherenkov radiation, the spectrum of the CCR-

. MCP shifted towards higher wavenumbers compared to that of the coherent diffraction radiation.

. Theintensity of the CCR-MCP beam was proportional to the height of the hollow conical dielectric and

© was 3 times the intensity of the coherent diffraction radiation. The CCR-MCP technique can produce
broadband terahertz-wave sources with unprecedented power at compact accelerator facilities.

. The terahertz (THz) region of an electromagnetic spectrum has been actively studied in non-linear optics. Several
* techniques utilizing the THz region have been pioneered, such as multiple exciton generation under strong elec-
. tric fields and ablation dynamics of molecules!=. These studies are technologically supported by intense THz
: wave sources used together with short-pulse lasers. Especially notable is a technique of tilted-pulse-front excita-
© tion that can develop THz wave sources with pulse energies exceeding 10 pJ*°.
: Electron accelerators have also been used to generate intense wave sources in the THz region®'%
. Accelerator-based wave sources have an advantage in that the repetition frequency is high. However, a large
© accelerator facility is necessary to develop a broadband THz wave source with a pulse energy on the order of .
In order to obtain such an intense wave source in an existing compact accelerator facility, a new method of gen-
erating the wave source should be developed that may be used instead of the coherent synchrotron radiation and
coherent transition radiation (CTR)”!3. Recently, we proposed a method of coherent Cherenkov radiation (CCR)
: matched to a circular plane wave that utilized a hollow conical dielectric'®. Because the electron beam passes
: through the hollow part of the conical dielectric to generate the CCR beam'?, the loss of the electron beam is
. negligible. When the angle between the generatrix and the rotation axis is half of the angle of the CCR, generated
on the inner surface of the hollow conical dielectric, the CCR is entirely reflected from the conical surface and the
: radiation phase is matched on the basal plane. Using a transparent material in the THz region as the dielectric,
. the intensity of the CCR beam becomes proportional to the height of the hollow conical dielectric and much
. higher than that of the CTR. We conducted experiments to observe the CCR matched to a circular plane wave
. (CCR-MCP) using an L-band linac at the Kyoto University Research Reactor Institute (KURRI-LINAC)'S. In this
. article, we describe the successful formation of the CCR-MCP beam and report its measured properties. We show
- that CCR-MCP can be a powerful THz-wave source in the existing compact accelerator facilities.

Results
. Observation of the CCR-MCP.  The schematic layout of the CCR-MCP experiments is shown in Fig. 1. In
. the CCR-MCP experiments, a hollow conical dielectric was inserted at a position of 0.4 m in front of an alumi-
. num-foil mirror, which was used in ordinary CTR experiments at the KURRI-LINAC'”-%. The hollow conical
dielectric was made of a high-density polyethylene (HDPE) with the inner diameter of 10 mm. According to the
ref.?! the refractive index of the HDPE is 1.53 in the sub-THz region. The CCR is generated on the inner surface
of the hollow conical dielectric. In order to match the phase of the CCR on the basal plane, the angle between
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Figure 1. Schematic layout of the CCR-MCP experiments at the Kyoto University Research Reactor Institute.

the generatrix and the rotation axis was set to 24.8 degrees, which was half of the Cherenkov angle of the HDPE.
Three kinds of the hollow conical dielectrics with heights of 40, 60 and 80 mm were prepared. Because the root-
mean-square size of the electron beam was as large as 3 mm or more?, an aluminium collimator was positioned
50 mm in front of the hollow conical dielectric. The collimator was 150 mm in length with the inner diameter of
8 mm. The CCR beam emitted from the basal plane was separated from the electron beam by a polyimide film
with the thickness of 50 jum, which was installed instead of the aluminium-foil mirror. Although the reflectance
of the polyimide is 8% in the sub-THz region®, the electron beam does not generate CTR on it. The CCR beam
reflected by the polyimide film was transported to the experimental room using the flat mirrors. It was focused
by a spherical concave mirror with the focal length of 0.75 m and subsequently, converted into a parallel beam by
a spherical concave mirror with the focal length of 0.41 m. The distance, L, between the hollow conical dielectric
and the upstream spherical concave mirror in the experimental room was 9.5m. The CCR beam was reflected in
the horizontal plane, and the incident angle on the short-focal spherical concave mirror was 17 degrees.

The intensity of the CCR emitted by an electron beam away from a dielectric increases as the energy of the
electron increases?. Therefore, the energy of our electron beam was set to 40 MeV. With the aluminium collima-
tor, the charge in a micropulse passing the hollow conical dielectric was 77 pC and the electron-beam current
was approximately 30 nA. The silicon bolometer detected not only the CCR-MCP but also the sub-THz-wave
background radiation that was generated by the electron beam in the vacuum chamber. The main component of
the background radiation was the coherent diffraction radiation (CDR) generated at the exit of the aluminium
collimator®. Because the charge in a micropulse was low due to the collimator, the energy of the CDR per 10 ns
macropulse was approximately 0.5 nJ. The background radiation could be measured by rotating the hollow con-
ical dielectric by 180 degrees so that the face of the basal plane is directed towards the incident direction of the
electron beam. The measured interferograms for the hollow conical dielectrics with the heights of 40, 60, and
80 mm and for the background radiation are shown in Fig. 2. Note that there are satellite pulses, which are inter-
ference waves between the CCR and the CDR, in the interferograms for the hollow conical dielectrics. Because
the CCR passed through the dielectric, the CCR pulse was detected later than the CDR pulse. The distance of the
satellite pulse from the centre burst position was proportional to the height of the hollow conical dielectric L,'.
This distance A is given by the following equation:
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Figure 2. Measured interferograms due to the background radiation (black line) and due to the hollow conical
dielectrics with the height of 40 (blue line), 60 (green line) and 80 mm (red line), using the Martin-Puplett-type
interferometer.
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Figure 3. Measured spectra of the background radiation (black line) and the CCR-MCP using the hollow
conical dielectric with the height of 80 mm (red line).

A=m- 1)L, (1)

where 7 is the refractive index of the dielectric. By fitting the data for A and L, obtained from Fig. 2 to equation
(1), n was evaluated to be 1.537 £ 0.004. This value was in good agreement with the refractive index of the HDPE
provided in ref.?! Although the width of the satellite pulse did not depend on L, the height of the satellite pulse
increased as the L, increased. The base line of the interferogram denotes the intensity of the radiation. The inten-
sity of the CCR-MCP can be evaluated by calculating the difference from the relative intensity of the background
radiation. According to the theory of the CCR-MCP, the intensity is related to L, by the following equation':

PocL
Qg

>

n
exp[ P adLhJ exp(—ayLy,) @)
where o is an absorption coefficient of the hollow conical dielectric. By fitting the data of the intensity of the
CCR-MCP and L, obtained from Fig. 2 to equation (2), oy was evaluated to be 0.006 £ 0.028. We note that the
HDPE hardly absorbs any sub-THz waves and that the calculated value is consistent with the absorption coefhi-
cient shown in ref.?!

The spectrum of the CCR-MCP can be evaluated for the measured interferogram by using a fast Fourier trans-
form. Figure 3 shows the spectra calculated for the CCR-MCP of the hollow conical dielectric with the height of
80 mm and for the background radiation. In these spectral measurements, the electron-beam current was 43 nA.
We note that the CCR-MCP had higher intensity compared to the transported CDR and its spectrum shifted
towards higher wavenumbers. To further investigate these spectral characteristics, we estimated the radiation
spectra of the electron bunch uniformly distributed over a distance of 14 mm?". In the case of the CDR, the form
factor f{\) is almost equal to the longitudinal form factor f;(\) given by the following equation®:
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Figure 4. Calculated spectra of the CDR (black line) and the CCR-MCP using the hollow conical dielectric
with the height of 80 mm (red line).
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where ) is the wavelength of the CDR and 207, is the longitudinal bunch length of the electron beam. Because
fi(A) is an oscillating function, we use an envelope of f;(\) as the form factor for the CDR. Furthermore, the
Cherenkov radiation is emitted at a large angle from the electron beam axis, while the intensity of the CCR is
influenced by the transverse size of the electron beam?*. In the case of CCR-MCP, however, the whole radi-
ation is emitted in the direction of the electron beam. By focusing the CCR-MCP beam emitted from the
basal plane of the hollow conical dielectric, without disturbing its phase, the intensity of the CCR-MCP
becomes dependent only on the longitudinal structure of the electron bunch. We further assume that the
form factor for the CCR-MCP is equal to the form factor for the CDR. Figure 4 shows the calculated spec-
tra of the CDR and the CCR-MCP with the hollow conical dielectric that is 80 mm in height. These calcula-
tions indicate that the intensity of the CCR-MCP is 3 times the intensity of the CDR. The maximum of the
calculated spectra was at 4.0cm ™! for the CDR and at 4.7 cm ™! for the CCR-MCP. On the other hand, the
maximum of the measured spectra from Fig. 3 was at 4.0cm™! for the CDR and at 5.2cm™! for the CCR-MCP.
In this case, the CCR-MCP spectrum also shifted towards higher wavenumbers compared to the CDR spec-
trum. The reason is that the intensity of diffraction radiation is almost independent of the frequency in
the sub-THz region while the intensity of Cherenkov radiation increases in proportion to the frequency?.
Compared to the calculated spectra, the measured spectra lacked in the higher wavenumber region. In order
to reproduce the measured spectra by the simulations, a precise structure of the electron bunch is necessary.
However, we first achieved the observation of the CCR-MCP which was more powerful than the CDR. And it was
demonstrated that the spectrum of the CCR-MCP shifted to the higher wavenumber side than that of the CDR.

Measurement of the CCR-MCP profile. Because the CCR-MCP uses a hollow conical dielectric, the
two-dimensional distribution of the CCR beam on the basal plane of the dielectric also has a hollow structure.
However, the distance L, is much larger than the wavelength of the CCR-MCP at the KURRI-LINAC, con-
sequently, the hollow structure cannot be maintained due to the diffraction effect in the experimental room.
Because the wavelength A of the CCR-MCP spectrum maximum is approximately 2 mm, the following condition
holds in the experimental room:

2
Ly>> o
Ac (4)

where D is the radius of the basal plane of the hollow conical dielectric. Therefore, the two-dimensional dis-
tribution of the CCR-MCP beam in the experimental room can be calculated with the Fraunhofer diffraction
approximation. Figure 5(a) shows the two-dimensional distribution of the CCR-MCP beam calculated for the
hollow conical dielectric with the height of 80 mm, positioned 0.6 m away from the downstream spherical concave
mirror. Because the short-focus concave mirror is used instead of a toroidal mirror to make a parallel beam, the
profile of the CCR-MCP beam is an ellipse with the short axis in the horizontal direction. The standard deviation
of the calculated two-dimensional distribution is 18 mm in the horizontal direction and 24 mm in the vertical
direction.

We measured the two-dimensional distribution of the CCR-MCP beam in the experimental room. An aper-
ture with a diameter of 10 mm, which was set on an X-Y axis translation stage having an area of 80-80 mm?,
was positioned 0.6 m from the downstream spherical concave mirror. The radiation power that passed through
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Figure 5. Calculated (a) and measured (b) two-dimensional distributions of the CCR-MCP using the hollow
conical dielectric with the height of 80 mm at a position 0.6 m away from the downstream spherical concave
mirror.

the aperture was measured by the silicon bolometer in 5-mm steps in the horizontal and vertical directions.
Figure 5(b) shows the measured two-dimensional distribution of the CCR-MCP beam using the hollow conical
dielectric with the height of 80 mm. The standard deviations of the measured two-dimensional distribution was
14+ 1 mm in the horizontal direction and 20 &- 1 mm in the vertical direction. The measured standard deviations
are about 20% smaller than the calculated ones. However, we note that both the measured profile and the cal-
culated profile have a similar, shorter axis in the horizontal direction. In order to observe the two-dimensional
distribution of the hollow structure that is specific to the CCR-MCP beam, it is necessary to make paraxial
approximation. Because the bunch length of the electron beam in the KURRI-LINAC is not short, it is diffi-
cult to make the wavelength of the coherent radiation shorter. In future experiments, we plan to measure the
two-dimensional distribution of the CCR-MCP beam when the aperture is positioned near the hollow conical
dielectric.

Discussion

We observed the CCR-MCP for the first time using the KURRI-LINAC in Kyoto University. The CCR emitted by
the hollow conical dielectric, made of the HDPE, was delayed compared to the CDR emitted by the aluminium
collimator. The delay time was proportional to the height of the hollow conical dielectric. The refractive index
of the HDPE evaluated from the delay time was in good agreement with the result found in ref.?! Moreover, the
absorption coefficient of the HDPE evaluated from the intensity of the CCR was also consistent with the result
provided in ref.?! According to the theory of the CCR-MCP, the spectrum of the CCR beam measured with the
Martin-Puplett-type interferometer should be shifted towards shorter wavelengths compared to that of the CDR.
The beam profile measured in the experimental room generally agreed with the two-dimensional distribution
calculated using the Fraunhofer diffraction approximation. These experimental results support our conclusion
that the observed radiation was, in fact, CCR-MCP beam.

We demonstrated that the CCR-MCP had higher intensity than the CDR. By using an electron beam with a
smaller beam size, the inner diameter of the hollow conical dielectric can be reduced. This would enable one to
generate the CCR-MCP beam with a shorter wavelength and a higher intensity. We plan to develop an intense
wave source based on the CCR-MCP at the Laboratory for Electron Beam Research and Application (LEBRA)
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in Nihon University, where previously a CTR with the energy of 0.1 pJ per micropulse has been developed®*2.
Because the bunch length of the electron beam with the charge of 30 pC per micropulse can be made shorter than
0.5ps at the LEBRA, creating a broadband THz-wave source with the energy of 1 pJ per micropulse or more will
become possible'. By using a higher-quality electron beam, it is not difficult to develop a broadband THz-wave
source with the pulse energy exceeding 10 pJ. The CCR-MCP technique enable one to produce intense THz-wave
sources at compact accelerator facilities.

Methods

The CCR-MCP experiments were performed at the KURRI-LINAC, where studies of various types of coherent
radiation have been conducted and a beamline for millimetre-wave and THz-wave spectroscopy has been con-
structed using the CTR!”%, The electron beam can be accelerated up to approximately 40 MeV and the charge in
a micropulse of the electron beam can be greater than 1 nC. The accelerator tubes are operated at the frequency of
1.3 GHz so that the interval between the micropulses is 230.5 mm. The macropulse duration of the electron beam
is adjustable from 2 to 100 ns in the short-pulse mode. The electron beam is injected into a vacuum chamber from
the accelerator via a thin titanium window. The CTR is generated by the electron beam at the titanium window
and at the aluminum-foil mirror in the vacuum chamber'. The CTR is then focused into a parallel beam with a
concave mirror having a focal distance of 1.5 m. The beam is subsequently transported in a vacuum and extracted
to the air through a Mylar window in the experimental room. It is then injected into a Martin-Puplett-type inter-
ferometer with a silicon bolometer for spectroscopy experiments®.

References
1. Fleischer, S., Zhou, Y., Field, R. W. & Nelson, K. A. Molecular orientation and alignment by intense single-cycle THz pulses. Phys.
Rev. Lett. 107, 163603 (2011).
2. Watanabe, S., Minami, N. & Shimano, R. Intense terahertz pulse induced exciton generation in carbon nanotubes. Opt. Express 19,
1528-1538 (2011).
3. Katayama, I. et al. Ferroelectric soft mode in a SrTiO3 thin film impulsively driven to the anharmonic regime using intense
picosecond terahertz pulses. Phys. Rev. Lett. 108, 097401 (2012).
4. Hebling, J., Yeh, K. L., Hoffmann, M. C., Bartal, B. & Nelson, K. A. Generation of high-power terahertz pulses by tilted-pulse-front
excitation and their application possibilities. Opt. Soc. Am. B 25, B6-B19 (2008).
5. Vicario, C., Monoszlai, B. & Hauri, C. P. GV/m single-cycle terahertz fields from a laser-driven large-size partitioned organic crystal.
Phys. Rev. Lett. 112, 213901 (2014).
6. Elias, L. R., He, J. & Ramian, G. The UCSB electrostatic accelerator free electron laser: First operation. Nucl. Instrum. Methods Phys.
Res., Sect. A 237,203 (1985).
7. Nakazato, T. et al. Observation of coherent synchrotron radiation. Phys. Rev. Lett. 63, 1245-1248 (1989).
8. Carr, G. L. et al. High-power terahertz radiation from relativistic electrons. Nature 420, 153-156 (2002).
9. Sei, N. et al. Observation of intense terahertz-wave coherent synchrotron radiation at LEBRA. J. Phys. D: Appl. Phys. 46, 045104
(2012).
10. Chiadroni, E. et al. Characterization of the THz radiation source at the Frascati linear accelerator. Rev. Sci. Instrm. 84, 022703 (2013).
11. Kulipanov, G. N. et al. Novosibirsk free electron laser—facility description and recent experiments. IEEE Trans. Terahertz Sci.
Technol. 5,798-809 (2015).
12. Green, B. et al. High-field high-repetition-rate sources for the coherent THz control of matter. Sci. Rep. 6, 22256 (2016).
13. Shibata, Y. et al. Diagnostics of an electron beam of a linear accelerator using coherent transition radiation. Phys. Rev. E 50,
1479-1484 (1995).
14. Sei, N. et al. Proposal of coherent Cherenkov radiation matched to circular plane wave for intense terahertz light source. Phys. Lett.
A 379,2399-2404 (2015).
15. Cook, A. M. et al. Observation of narrow-band terahertz coherent Cherenkov radiation from a cylindrical dielectric-lined
waveguide. Phys. Rev. Lett. 103, 095003 (2009).
16. Takahashi, T. et al. Utilization of coherent transition radiation from a linear accelerator as a source of millimeter-wave spectroscopy.
Rev. Sci. Instrum. 69, 3770 (1998).
17. Shibata, Y. et al. Observation of coherent synchrotron, Cerenkov, and wake-field radiation at millimeter wavelengths using an
L-band linear accelerator. Phys. Rev. A 44, R3449-R3451 (1991).
18. Sei, N. & Takahashi, T. Verification of terahertz-wave spectrophotometry by Compton backscattering of coherent synchrotron
radiation. Phys. Lett. A 378, 303-307 (2014).
19. Takahashi, T. & Takami, K. Observation of THz coherent transition radiation from single-bunch beam at KURRI-LINAC as an
intense pulsed light source. Infrared Phys. & Technol. 51, 363-366 (2008).
20. Martin, D. H. & Puplett, E. Polarised interferometric spectrometry for the millimeter and submillimeter spectrum. Infrared Phys.
10, 105-110 (1970).
21. Piesiewicz, R. et al. Properties of building and plastic materials in the THz range. Int. J. Infrared Milli. Waves 28, 363-371 (2007).
22. Sei, N. & Takahashi, T. Terahertz-wave spectrophotometry by Compton backscattering of coherent transition radiation. Appl. Phys.
Express 3,052401 (2010).
23. Ung, B., Mazhorova, A., Dupuis, A., Rozé, M. & Skorobogatiy, M. Polymer microstructured optical fibers for terahertz wave guiding.
Opt. Express 19, B846 (2011).
24. Takahashi, T. et al. Observation of coherent Cerenkov radiation from a solid dielectric with short bunches of electrons. Phys. Rev. E
62, 8606-8611 (2000).
25. Shibata, Y. et al. Observation of coherent diffraction radiation from bunched electrons passing through a circular aperture in the
millimeter- and submillimeter-wavelength regions. Phys. Rev. E 52, 6787-6794 (1995).
26. Shibata, Y. et al. Coherent synchrotron radiation at submillimeter and millimeter wavelengths. Nucl. Instrum. Methods Phys. Res. A
301, 161-166 (1991).
27. Jackson, J. D. Classical Electrodynamics 637-640 (John Wiley & Sons, 1998).
28. Sei, N. et al. Millijoule terahertz coherent transition radiation at LEBRA. Jpn. J. Appl. Phys. 56,032401 (2017).

Acknowledgements
This work was supported by Japan Society for the Promotion of Science KAKENHI JP16H03912, and has been
carried out under the Visiting Researchers Program of Kyoto University Research Reactor Institute.

SCIENTIFICREPORTS | 7: 17440 | DOI:10.1038/541598-017-17822-z 6



www.nature.com/scientificreports/

Author Contributions

The plan of the CCR-MCP experiments was developed by N.S. The operation of the electron beam in KURRI-
LINAC and the measurements of the CCR-MCP spectra were performed by T.T. All authors reviewed and
contributed to the final manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

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

. | jcense, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 17440 | DOI:10.1038/s41598-017-17822-z 7


http://creativecommons.org/licenses/by/4.0/

	First demonstration of coherent Cherenkov radiation matched to circular plane wave

	Results

	Observation of the CCR-MCP. 
	Measurement of the CCR-MCP profile. 

	Discussion

	Methods

	Acknowledgements

	Figure 1 Schematic layout of the CCR-MCP experiments at the Kyoto University Research Reactor Institute.
	Figure 2 Measured interferograms due to the background radiation (black line) and due to the hollow conical dielectrics with the height of 40 (blue line), 60 (green line) and 80 mm (red line), using the Martin-Puplett-type interferometer.
	Figure 3 Measured spectra of the background radiation (black line) and the CCR-MCP using the hollow conical dielectric with the height of 80 mm (red line).
	Figure 4 Calculated spectra of the CDR (black line) and the CCR-MCP using the hollow conical dielectric with the height of 80 mm (red line).
	Figure 5 Calculated (a) and measured (b) two-dimensional distributions of the CCR-MCP using the hollow conical dielectric with the height of 80 mm at a position 0.




