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Title Study of tunable narrow-band THz and high-intensity channeling radiation
sources with a 50 MeV class photo-injector.
This thesis describes the generation of THz radiation and hard X-rays using a 50 MeV
class photo-injector. The final goal is to develop a compact, energy tunable, and high
intensity THz and hard X-ray sources for applications in many fields. The objectives of
this thesis are 1) to propose the feasible THz/hard X-ray sources which can generate
narrow-band THz waves with a frequency of over 1 THz and quasi-monochromatic hard
X-rays in an energy range from 50 keV to 110 keV, and 2) to demonstrate that the
proposed methods can be a compact and frequency tunable high intensity THz/hard Xray sources.
We employed channeling radiation (CR) as a hard X-ray source. Recently, the
theoretical model of CR was improved with the model of de-channeling and rechanneling characterized by a free parameter nf. The nf was determined using data
measured at CR experiments in the ELBE facility. As a result, within 20% error bars,
the theoretical CR yields are in agreement with those measured at 14, 17, and 30 MeV
in the ELBE facility. As one of the final goals, we verify the updated model and improve
the CR theory using data measured at ∼50 MeV to resolve the remaining discrepancy
between experiments and theory.
In scientific fields, there are demands for THz waves and hard X-ray, however, the
development and application of their regions are left behind compared with other
wavelength ranges. A while ago, it was difficult to generate and detect THz radiation
with a frequency range of from 0.1 THz (λ=0.3 mm) to 30 THz (λ=10 μm) due to
technical difficulties. Recently, THz sources have been proposed and developed,
however, they cannot be said to be a compact high intensity radiation source with
frequency tunability. As for hard X-rays with an energy of over 100 keV, broadband
hard X-rays can be generated by bending 8 GeV class electron beams, while the
generation of quasi-monochromatic hard X-rays requires an insertion device and
monochromators. Therefore, experiments such as high energy fluorescent X-ray
spectroscopy need to be performed in a limited number of high energy synchrotron
radiation facilities such as national laboratories.
Our method to generate tunable narrow-band THz radiation is the use of a slit-mask
and a chicane. We create a micro-bunched beam by combining them and radiate the THz
wave by traversing a metallic foil or passing through a small wiggler. On the other hand,
we use CR which can emit quasi-monochromatic hard X-rays with a single crystal and

an electron beam with an energy of below 100 MeV. These are simple methods, which
does not require any insertion device, just requires electron beams with an energy of at
most 50 MeV. The footprint of an accelerator facility depends on the electron beam
energy. Since electron beams with an energy of 50 MeV can be accelerated at a
comparatively smaller facility compared with synchrotron radiation facilities, the
proposed methods can be compact THz and hard X-ray sources.
The demonstration experiments on THz and hard X-ray generations were performed
with <50 MeV electron beams at the FAST (Fermi Accelerator Science and Technology)
facility in Fermilab. The FAST injector consists of a Cs2Te photocathode RF gun
surrounded by two solenoid coils (bucking and main coils), two superconducting RF
(SRF) TESLA-style 9-cell cavities, quadrupole magnets, a chicane, a vertical bending
magnet, and a beam dump. The RF gun is identical to the one developed for the FLASH
facility at DESY and can be generated low emittance electron beams. All RF cavities
(RF gun, two capture cavities) are operated at an RF frequency of 1.3 GHz. The
electrons produced at the photocathode have an energy of ~5 MeV with an energy spread
of ~0.2 % at the exit of the RF gun, and are then accelerated up to a maximum energy
of 50 MeV through the SRF cavities. Transverse beam size is controlled with some
triplets and a doublet of quadrupoles, and measured using Yttrium aluminum garnet
(YAG) screens. For producing a micro-bunched beam, a tungsten slit-mask with slit
spacing, widths, and thickness of 950 μm, 50 μm, and 0.5 mm respectively is installed
in the middle of the chicane. Also, the chamber with a goniometer attached a diamond
crystal is placed after the chicane to emit CR.
Using the slit-mask installed in the chicane and energy chirped beams, we create
micro-bunched beams. The advantage of this method is that frequency can be controlled
by varying the RF phases in accelerating structures. We showed the theory and the
simulations related to the production of micro-bunched beams and observing the microbunching on a transverse screen with a skew quadrupole magnet, and also presented the
expected frequency spectra. As the result of the simulations, we found that narrow-band
frequencies with 0.30 THz - 4 THz can be generated for an round beam (εy/εx = 1). The
energy density generated from CTR and a wiggler are about 0.15 μJ/THz and 100
μJ/THz at the second harmonic frequency ∼ 0.8 THz. Also, we showed that the
intensities at high frequencies were increased when the flat beam with an emittance
ratio of εy/εx = 200 is used.
Moreover, we performed the demonstration experiments to verify the theory and
simulations on the micro-bunched beams. The results of the experiments were in
agreement with the theory and simulations. On the other hand, we could not obtain the
reproducible frequency spectra. By Geant4 simulations, we identified that the cause is
bremsstrahlung from the slit-mask and beam pipe. Therefore, for the upcoming THz
radiation experiments, we will add radiation shielding and a new THz detector system
which consists of a Michelson interferometer and a cryogenic bolometer which can

sensitively measure THz radiation.
As for hard X-rays, we simulated beam optics to emit the high yields and high
brightness, CR yields including bremsstrahlung background from a diamond crystal,
and the X-ray detector system to avoid pile-up. The expected energies of CR are 50 keV,
68 keV, and 110 keV, which comparable with the energies emitted at a few GeV class
synchrotron radiation source. Also, we showed in simulations that the photon flux of
over 109 photons/s, which is required to use CR as imaging and structural analysis
sources, can be radiated.
We performed the demonstration experiments of CR with 43 MeV electron beams,
however, the expected energy spectrum could not be obtained due to the pile-up of the
detectors. We did simulations with Geant4 and identified that the X-ray detectors
measured bremsstrahlung radiated from beam pipe caused by the dark currents, and also
detected the characteristic X-rays of lead around the detectors emitted by the
bremsstrahlung. For the next CR experiments, we need more radiation shielding around
the detectors and around the chicane, or may need to put the detectors at other places.

