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ABSTRACT

The monochromatic X-ray source based on parametric X-ray radiation (PXR) was developed by using Si(111)
perfect crystals and the electron beam from the 125-MeV linac at Nihon University. Since the X-ray beam from
the PXR system has a large exposure area with uniform flux density, the PXR-based source is suited for X-ray
radiography. In addition to ordinary radiography, X-ray absorption spectroscopy and phase-contrast imaging
have been developed as advanced applications of PXR. The absorption spectra of several samples were obtained
using the energy dispersion of PXR, and the X-ray absorption fine structures (XAFS) were actually found in
the spectra. With respect to phase-contrast imaging, refraction-contrast images have been obtained by using
the X-ray diffraction in the (+, —, +) arrangement of perfect crystals. The high-contrast and the phase-reversal
of the images taken in the experiment suggest that LEBRA-PXR has a high spatial coherence sufficient for
phase-contrast imaging.
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1. INTRODUCTION

Parametric X-ray radiation (PXR) is a kind of electromagnetic radiation phenomena which are produced by
interaction between a relativistic charged particle and a crystalline material such as a silicon single crystal. This
radiation has been studied theoretically and experimentally because of interest in its tunability and coherency.}~12
Since tuned and monochromatic X-rays are available from PXR without a GeV-class accelerator, the radiation
phenomenon has been expected as a tunable X-ray source using a relatively small electron accelerator.

The 125-MeV S-band electron linac was constructed and developed for infrared free electron laser (FEL) at the
Laboratory for Electron Beam Research and Application (LEBRA), Nihon University. The FEL lasing in the
range of 0.8 to 6 um was achieved and the near-IR beam has already been provided to user’s application.!3:14 -
Meanwhile, there have also been demands for a tunable X-ray source in the community of the LEBRA users.
Due to the maximum electron energy of 100 MeV, however, it is difficult to cover X-ray region by using the
linac and ordinary insertion devices such as a wiggler. Therefore, it was decided that PXR should be employed
as the X-ray radiator at LEBRA. A new X-ray source based on PXR was designed and constructed with the
dedicated beamline connected to the LEBRA linac. The PXR generator consists of two perfect-silicon-crystal
plates mounted on precisely moving mechanical setup to achieve a wide tunability.® Attributed to the (4, —)
arrangement of the silicon crystals, the PXR beam emitted from the target can be reflected efficiently by the 2nd
crystal and be extracted through the fixed exit port. This new X-ray source has been in commission since 2004,
and X-rays tuned in the range of 6 to 20 keV by using Si(111) have actually been served to user’s application.'®
Since the X-ray beam from the LEBRA-PXR system has a large exposure area with uniform flux density, the
PXR-based source is suited for X-ray radiography. The wide tunability of PXR also has the advantage of

*This work is supported by the ” Academic Frontier” Project for Private Universities: matching fund subsidy from MEXT,
2000-2004 and 2005-2007.

Further author information: (Send correspondence to Y. Hayakawa)
Y. Hayakawa: E-mail: yahayak@Ilebra.nihon-u.ac.jp

Intemnational Conference on Charged and Neutral Particles Channeling Phenomena ll, edited by Sultan B. Dabagov
Proc. of SPIE Vol. 6634, 663411, (2007) - 0277-786X/07/$18 - doi: 10.1117/12.741898

Proc. of SPIE Vol. 6634‘ 663411-1



PXR generator

target 'crystai ‘

bending magnet

~N

7
/ (energy analyzer)
»

Figure 1. Schematic layout of the PXR generator and the dedicated beam line connected to the LEBRA linac. The
generator consists of two perfect silicon crystals in the (+, —) arrangement, and the PXR beam is extracted through a
polyimide window.

controlling absorption contrast of X-ray images. Practically, radiography is one of the most popular applications
of PXR at LEBRA.YY

In the LEBRA-PXR system, the PXR beam has the intrinsic energy dispersion as a linear function of the
horizontal emission angle. The dispersion allows X-ray absorption fine structure (XAFS) measurement by the
energy-dispersive method. Furthermore, the diffraction properties of PXR attributed to the energy dispersion
make possible diffraction-type phase-contrast imaging. XAFS measurement and phase-contrast imaging are the
most promising applications of PXR, and preliminary experiments on these advanced applications have been
carried out using the X-ray beam from the PXR generator.® This paper reports on the status of the LEBRA-
PXR system and the results of the experiments on the PXR application.-

2. STATUS OF THE LEBRA-PXR SYSTEM

The LEBRA linac has relatively good performance, such as the long pulse duration, the low emittance and the
narrow energy spread for a conventional middle-class machine, since it was developed for an FEL. The electron
beam from the linac is lead to the dedicated PXR beamline after the energy analysis at the 90 ° bending section.
As shown in Fig. 1, the PXR generator has a double-crystal system in vacuum. The first crystal irradiated with
the electron beam from the linac and the radiator of X-rays, and the second crystal acts as an X-ray reflector.
Each crystal is geometrically controlled with a 4-axes goniometer. The precise motion of the crystal with the
mechanical system provides a smooth and wide tunability of X-rays. The PXR beam reflected by the 2nd crystal
passes through the fixed port and is extracted from vacuum through a 125 pm-thick polyimide window. The
typical parameters of the LEBRA linac and the PXR generator are listed in Table 1.

The experimental operation of the PXR generator started early in 2004, and application studies using the PXR
beam have been conducted since July 2004. The electron beam with the energies of 100 MeV and the average
current less than 5 uA has typically been used for the production of the PXR beam. So far, the tuned X-rays in
the range of 6 to 20 keV, generated by using Si(111), have actually been served to user’s application.

3. ADVANCED APPLICATIONS OF PXR BEAM

Several application studies have made progress using the advantages of PXR such as monochromaticity, tunability
and spatial coherency.
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Table 1. Specifications of the LEBRA-PXR system.

Linac

Electron energy 100 MeV
Acceleration frequency 2856 MHz
Electron bunch length < 10 ps
Macropulse duration <20 pus
Macropulse beam current ~ 100 mA
Repetition rate 2-5Hz
Average current <5 pA
Normalized emittance (rms) < 207 x 1078 m-rad
Energy spread <1%
PXR generator

Crystal material
Target-crystal (radiator) thickness

Si(111) or Si(220) perfect-crystal
0.2 mm

Reflector-crystal thickness 5 mm
X-ray energy range
Si(111) 4 —- 20 keV
Si(220) 6.5 — 34 keV
X-ray exit ‘
Window material 125 pm thick polyimide film
Inner diameter 98 mm
Distance from the source point ~T72m

3.1. Element Identification Using X-ray Absorption Edges

Owing to the large exposure area and the uniform profile, the PXR beam from the LEBRA system is suitable for
X-ray imaging. In addition to ordinary radiography, the tunability of PXR allows to observe the absorption-edge
effect of sample atoms.'® Measuring the energy of the absorption edge, one can identify the element in the
sample. '

Figure 2 shows X-ray images of a fossil of dinosaurs eggshell observed using 15.9 keV and 16.3 keV PXR beams, '
where the PXR energy was defined as the energy at the center of the PXR beam. Comparing several spots in the
two X-ray images in Fig. 2, enhancement of X-ray absorption was found at the PXR energy of 16.3 keV. Since
the energy of the K-absorption edge of strontium is 16.1 keV, the results suggest the existence of strontium at
these spots. It may be that the calcic parts of the sample include strontium carbonate.

Although the low average intensity of the PXR beam from the LEBRA system requires the exposure time of a
few ten minutes in real time, the element map can easily be obtained from the difference between X-ray images
taken at the different energies around the absorption edge of specific atom, as shown in the above example. This
demonstrates one of the advantages of the fine tunability of PXR.

3.2. Energy-Dispersive XAFS Measurement Using PXR

Due to the fine and wide tunability, PXR has been expected to be applied to XAFS measurement.?° Using PXR
as an X-ray source, X-ray absorption spectra can be observed not only by ordinary scanning methods but also
by energy-dispersive methods.
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Figure 2. Positive images of fragments of a dinosaurs-eggshell fossil irradiated with the PXR beam of 15.9 keV and
16.3 keV, respectively. Each image was taken by an imaging plate with the the exposure time of 15 minutes.

In the case of the LEBRA-PXR system, both the electron velocity v and the reciprocal lattice vector g of the
target crystal are in the horizontal plane if there is no misalignment. According to App. A, the PXR beam
reflected by the 2nd crystal in the PXR generator has the energy dispersion as a linear function of the horizontal
emission angle. In the case of the experimental setup as shown in Fig. 1, the PXR energy hw can be approximated
as a function of the horizontal position = to

x -
o 1 ), 2
where L is the distance between the electron-beam spot on the target crystal and the measurement plane, and
hwpg is the Bragg energy determined by the Bragg angle i.e. the incident angle 8 of the electron on the crystal
plane. Since the maximum value of |z/Lj| is estimated to be approximately 7 mrad by taking account of the length
of the PXR beamline and the inner diameter of the X-ray window, this approximation is valid for the LEBRA
system. Using this energy dispersion, X-ray absorption spectra can be obtained easily from X-ray absorption
images of samples.

Figure 3 demonstrates the XAFS measurement using the energy-dispersion of PXR.2! The samples prepared for
this experiment are a pure copper foil, a Cu-Ni alloy foil, an YbaOgs X-ray filter and a CuSOj gel, respectively. The
X-ray images for these samples were obtained using a PXR beam of 9 keV as shown in Fig. 3(a). The measurement
was carried out using an imaging plate (IP) with the exposure time of 30 minutes in real time under the electron
beam conditions of 10 us in macropulse duration, 100 mA in peak current and 2 Hz in repetition rate. Since
the X-ray energy on the images is a linear function of the horizontal position, the projection of the transmitted
X-ray intensity to the horizontal axis corresponds to the X-ray absorption spectrum of the sample. Actually,
XAFS spectra shown in Fig: 3(b) were obtained from Fig. 3(a) by applying Eq. (1) to the calibration of the
X-ray energies. The linear energy-dispersion of a wide range and the large irradiation field allow the LEBRA-
PXR system to observe extended XAFS (EXAFS) spectra for various samples simultaneously. This method
is similar to the energy-dispersive XAFS (DXAFS) experiment performed using a bent-crystal polychromator
at several large synchrotron facilities.?2 Although the DXAFS measurement using the LEBRA-PXR system
requires ribbon-like samples with uniform density over the entire length, it has advantages of the easy calibration
and the simultaneous measurement with reference samples. Furthermore, the linac-based PXR source has also
advantages in time-resolved measurement such as pump-probe experiments.

Taking account of the dispersion properties expressed as Eq. (1), the electron beam spot size on the target crystal
and the fluctuation of the electron trajectory restrict the resolution of the energy dispersion. The resolution AEy

is roughly estimated by
Ad

~ hwn ——
AEq B Ttand’

)
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Figure 3. (a): X-ray absorption images of an Yb203 X-ray filter, CuSOy4 gel, a Cu-Ni alloy foil and a pure Cu foil taken
by an IP with the exposure time of 30 minutes; (b): X-ray absorption spectra obtained from the image in (a) by applying
Eq. (1) to the energy calibration.

where Ad is the electron beam diameter at the target. Therefore, the well-focused and stable electron beam is
important for the high-resolved DXAFS measurement using the energy dispersion of PXR. If the electron beam
focusing is not sufficient, the large distance L between the target crystal and the detector will be necessary for
the high energy resolution.

3.3. Phase-Contrast Imaging Using Bragg Diffraction

Recently, an advanced form of X-ray imaging, called phase-contrast imaging, has been of special interest and
various techniques for applying phase-contrast have been developed.?®2* The phase-contrast imaging can detect
the density difference of light materials as the phase shift of the X-rays passing through the sample object.
Therefore, this new imaging technique has a great advantage of high sensitivity to biological soft-tissues without
suffering serious radiation damage due to the absorption of X-rays. Most of the studies on phase-contrast imaging,
however, have been carried out using high-performance synchrotron radiation since spatial coherency is severely
required for the X-ray beams.?52® At such facilities the X-ray beamlines of several tens to 1000 m lengths have
been developed to improve the spatial coherence of X-rays using the long range propagation.

In the case of the LEBRA-PXR system, the diffraction properties discussed in App. A can be applied to phase-
contrast imaging. Considering the diffraction of PXR in the (+,—, +) arrangement system, the 3rd crystal can
efficiently reflect the X-rays from the 2nd crystal. Figure 4 shows typical rocking curves measured by scanning
the 3rd crystal angle in air, where the X-ray intensity per macropulse was measured as the pulse height of the .
output signal from an jon chamber. The experimental results agree with the calculations by ray-tracing methods.
The behavior of the PXR beam diffracted by the 3rd crystal is similar to that of a parallel X-ray beam with a
tightly narrow bandwidth. Consequently, one can detect the refraction of the PXR due to a sample object using
the Bragg diffraction. Typical setup of such experiments is shown in Fig. 5, where the X-rays passing through
the sample are analyzed by the 3rd crystal. If the sample medium is not homogeneous, the transmitted X-rays
can not be diffracted at the same analyzer angle. In other words, this imaging technique detects the phase shift
due to the sample as the difference in the refraction angles. The manner is a kind of phase-contrast imaging
using Bragg diffraction and is often referred to as refraction-contrast method.

To demonstrate the phase-contrast imaging as the PXR application, several samples were actually measured in
the setup shown in Fig. 5 using a Si(111) perfect-crystal as the analyzer.3® Figure 6 shows the phase-contrast
images and the absorption-contrast images of a purse-web spider. The measurement was carried out using 14 keV
PXR beams, and L1, L2, and L3 were 750 mm, 60 mm and 520 mm, respectively. Figure 6(a) and (b) show
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Figure 4. Rocking curves as functions of 3rd crystal angles at the PXR energies of 7 keV and 14 keV, where solid lines
and full circles show the calculated X-ray yield and the relative intensity measured by an ion chamber. The calculations
were carried out by combining the PXR. kinematic theory and the dynamical theory of X-ray diffraction.

removable
s=es=e jmaging device \I

;lit
! (polyethylene blocks)

l
ETE G *

Figure 5. Typical setup of phase-contrast imaging using the PXR beam from the LEBRA system, where (A), (B) and
(C) denote the measurement points for ordinary absorption-contrast, absorption-contrast with edge-enhancement and
refraction-contrast imaging, respectively. The analyzer crystal was removed from the X-ray beam line when the observation -
was performed at (B), and no imaging device was placed at (A) except the measurement of ordinary absorption-contrast.
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Figure 6. X-ray images of a purse-web spider shown in the photograph using a 14 keV PXR beam by absorption-contrast
and phase-contrast methods, where (a) and (b) were observed at (A) and (B) in Fig. 5, respectively; both (c) and (d)
were observed at (C) under the condition of the analyzer-crystal angles corresponding to the symbols in the rocking curve.
Each image was taken by an IP with the exposure time of 30 minutes.

the absorption-contrast images without using the analyzer crystal. In addition to the absorption-contrast, the
edge-enhancement effect due to the refraction and the long-range propagation of X-rays, which is a kind of the
phase-contrast effect, is also observed in Fig. 6(b). With respect to the refraction-contrast imaging using the
analyzer crystal, the images with the contrast different from the absorption-contrast were obtained, and the
contrast was reversed by rotating the analyzer angle. This phenomenon is referred to as phase-reversal, which is
one of the typical effects of phase-contrast imaging. '

To investigate the dependence of the phase-reversal on the analyzer angle, another experiment were performed
by preparing plastic fibers of 2 mm diameter as sample objects. The measurement conditions were L1 of 760 mm,
L2 of 115 mm and L3 of 555 mm, and the results are shown in Fig. 7. In the case of the phase contrast, the.
contrast of the images was higher than the absorption contrast, and the appearance of the images was clearly
changed according to the analyzer angle. The contrast of the images in Fig. 7(c) and (d), which were observed
at the opposite positions against the peak of the rocking curve, were reversed each other. The behavior of the
phase-reverse phenomenon is consistent with the other results obtained at large synchrotron facilities. These
results provide the evidence that the spatial coherence of PXR is sufficient for phase-contrast imaging despite
the X-ray propagation shorter than 10 m. In addition, the relatively large irradiation-field is available without
using asymmetrical cutting crystals.

4. SUMMARY

_The PXR generator was developed on the basis of the electron beam from the 100 MeV-class LEBRA linac.
The energy of the PXR beam has been tunable in the range of 6 to 20 keV. The PXR beam is suitable for
application to X-ray radiography. As the advanced application of PXR, XAFS measurement and phase-contrast
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Figure 7. X-ray images of two plastic fibers of 2 mm diameter by (a) absorption-contrast with edge enhancement and
(b—d) phase-contrast (refraction-contrast) methods, where the PXR energy was 14 keV and the exposure time of an IP
was 30 minutes. The phase-contrast images were observed at the corresponding analyzer angles in the rocking curve.

imaging have been studied using the LEBRA system. The EXAFS spectra of several samples were actually
obtained by the energy-dispersive method. The linear energy dispersion of PXR also makes possible phase-
contrast imaging using Bragg diffraction. The experiments of the refraction-contrast-type imaging were carried
out for the demonstration, and the results show the possibility that PXR is applied to medical applications with
a high-duty accelerator and a high-efficient detector for X-ray imaging.

APPENDIX A. APPROXIMATE TREATMENT OF PXR ENERGY-DISPERSION

When the electron velocity v, the reciprocal lattice vector g of the target crystal and the X-ray direction are in
the horizontal plane, one can express the PXR energy hw in the case of the Bragg angle 8, which is the incident
angle of the electron into the crystal plane, as in the following equations,

__ hc*|g| siné

m_l——ﬂcosdb’

®3)
where c* is the light speed in the target medium and 8 = |v|/c*; ¢ is the angle between the electron velocity and
the X-ray direction. For ¢ = 20, i.e., the Bragg condition in Eq. (3), the PXR energy is approximately equal
to the Bragg energy hwp = hic* |g|/2sinf. Since the differential coefficient of Aiw with respect to the angle ¢ is
given by :

d(hw) __he lg| B sin@ sing b —sin¢

R - 4
de (1 — B cos¢)? 1 - cosg’ “)
a slight difference A8 of the angle ¢ around the Bragg condition shifts the PXR energy to
d(fuw) sin 24 Ad
"= ~ S "IAG =~ —_— = ——.
hw—thfAhw~hw+ P Al =~ hwpg (1 1—cos20A0) hwp (1 ta.n0> (5)

Here, 3 ~ 1 is used in these approximations. The results of this approxirnation shows that a PXR beam emitted
from the target crystal has an energy dispersion linear to the horizontal emission angle.

On the other hand, the X-ray energy Aw” which satisfies the Bragg condition for the Bragg angle § + A6 is

approximated by

d(hwg)
dé

’-udll ~ fu“)B+

he* |gf cos@ Af
= —— A8 = hwg|l1- . 6
A9 Pwp + 2sin? 6 B tand ©)
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Comparing Eq. (6) with Eq. (5) indicates that all of the parametric X-rays from the target crystal satisfy
the Bragg condition at the same angle of the 2nd crystal in the (+,—) arrangement within the first-order
approximation. Owing to these properties, a PXR beam with a large energy dispersion can be transported
efficiently using Bragg diffraction by perfect crystals. Furthermore, this discussion is applicable to the case with
more than three crystals if the crystals are set up in the (4+,—, +,---) arrangement.
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Abstract

The near-infrared FEL at Laboratory for Electron Beam
Research and Application (LEBRA) in Nihon University
has been operated for a variety of scientific applications
since 2003. The stability of the FEL power was improved
appreciably by the advanced stability of the 125MeV
electron linac. Currently fundamental FEL wavelength
ranges from 1 to 6 microns, which is restricted by the
electron energy and the optical devices. The higher
harmonics in the visible region is also available [1]. The
maximum macropulse output energy of 60mJ/pulse has
been obtained at a wavelength of 1725 nm. The short FEL
resonator length at LEBRA results in relatively high
optical energy density on the surface of the resonator
mirrors; present copper-based Ag mirrors in use at
LEBRA are not durable enough for long-term operation.
Generation of intense harmonics by means of nonlinear
crystals has been tested. The preliminary results have
demonstrated the conversion efficiencies of 3 to 9% for
the second harmonic generation by the fundamental FEL
in the wavelength region from 1400 to 1800nm.

INTRODUCTION

The electron linac at LEBRA has a conventional
configuration. It consists of the DC electron gun with a
dispenser cathode, the prebuncher which is a 7-cell
travelling wave structure, the buncher which is a 21-cell
travelling wave structure and three 4-m long regular
accelerating sections. The specifications of the electron
linac are listed in Table 1. Schematic layout of the
accelerating structures, the RF system and the beam lines
for FEL and parametric X-ray (PXR) generations are
shown in Fig. 1.

Signal generator

RF amp.

Klystron

Attenuator
Phase
shifter

Magnetic lens\

X EX= XK
Gun  Prebuncher

Electron
Buncher

The FEL beam line and the optical resonator system
have been installed to provide the near-infrared FEL for
various studies [2]. To increase the FEL gain, magnetic
bunch compression has been performed in the 90-degree
bending system [3].

Table 1: Main parameters of the LEBRA linac.

Accelerating rf frequency 2856 MHz
Klystron peak output rf Power 30 MW
Number of klystrons 2
Electron energy 30~125 MeV
Energy spread (FWHM) 0.5~1 %
Macropulse beam current 200 mA
Macropulse duration 20 usec
Repetition rate 12.5 Hz

4-m Acc Section 4-m Acc Section 4-m Acc Section

Table 2: LEBRA undulator parameters.

Resonator length, L 6.718 m
Undulator period 48 mm
Undulator length 2.4 m

Number of periods 50

Maximum K (rms) 1.35

To generate a monochromatic and spatially coherent
X-ray beam, the PXR beam line has been installed next to
the FEL beam line.

PXR
Beam Line

FEL
Beam Line

Q triplet

Analyzer FC

Figure 1: Schematic layout of the accelerating structures, RF system and the FEL and the PXR beam lines
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The undulator consists of a planar Halbach-type
permanent magnet, where the electron beam is wiggled in
the vertical plane. The specifications of the FEL system
are listed in Table 2. The optical beam is extracted
through the small coupling hole made in the mirror center.
The light beam extracted from the optical resonator is
collimated using the beam expander that consists of an
ellipsoidal mirror and a parabolic mirror, and then
transported to the experimental rooms through the
vacuum ducts.

In this paper, the wavelength dependence of the FEL
intensity, the time structure of the FEL pulse and the
problem of the resonator mirror damage are reported.
Also, the results of the experiments for generating the
harmonics by means of nonlinear optical crystals (NLO)
are discussed.

CHARACTERISTICS OF FEL LIGHT

Correlation between the oscillating wavelength
and the optical energy per macropulse

The FEL output power is very sensitive to the change
of the orbit and the focusing of the electron beam, and it
also depends on the adjustment of the optical resonator
and the extent of damage of the resonator mirrors. Hence,
the reproducibility of the FEL power level is not very
good even at the same electron energy and the same
undulator gap width. However, there is a rough
correlation between the oscillating wavelength and the
optical energy per macropulse. The dependences of the
output FEL energy on the wavelength have been obtained
for various electron energies in the wavelength region
from 1160 to 6130nm as shown in Fig. 2.

In the short wavelength region the saturation level is
relatively high, though the gain is small and the loss is
large. The FEL macropulse duration becomes short near
the oscillation limit at the short wavelength end where the
saturation is not achieved stably. In the long wavelength
region the macropulse duration is relatively long and the
saturation is stable. However, due to the relatively low
saturation level and small output coupling, the energy of
the FEL extracted from the optical resonator decreases

Output energy per macro pulsq e 55 (Mev)
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Figure 2: Wavelength dependence of the output
energy per macropulse.
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gradually with increased wavelength.

In the LEBRA FEL, the output energy per macropulse
has the maximum at the wavelengths around 2000 nm.
The maximum record of 60mJ/pulse has been achieved at
the wavelength of 1725nm.

Pulse structure

To increase the peak electron beam current, the electron
bunch has been compressed by using the 90—degree
bending magnet system placed just upstream of the FEL
system. The analysis of the energy spectra of 100-MeV
electron beam obtained by the acceleration in different RF
phases suggests that the bunch length of approximately
3ps (FWHM) at the exit of the linac has been compressed
to 1ps (FWHM) or less at the entrance of the FEL system.
This implies that we can expect a very short FEL pulse.

Since the FEL pulse is a coherent wave packet, the
approximate pulse length can be deduced from the
measurement of autocorrelation width. A typical shape of
the autocorrelation traces measured at a wavelength of
1500 nm by using a Michelson interferometer is shown in

K. FWHM ~60um

S 5
R o= Mmoo,
|

Relative Intensity
°

50 100 150 200
Mirror Pogition [pmm]
Figure 3: Autocorrelation trace at the wavelength of
1500nm.

Fig. 3. In this figure the horizontal axis expresses the
position of the movable mirror measured along the optical
axis in the interferometer, in units of micron, and the
vertical axis expresses the relative intensity of the light
detected by means of an InGaAs photo diode. The FEL
pulse width of approximately 60 um in spatial domain or
200 fs in time domain has been deduced from this trace.

By using the same method, the pulse width of the
second and the third harmonics have been deduced
approximately to be a half and two third the width of the
fundamental FEL, respectively. The intensities of these
harmonics have been measured by means of a Si photo
diode.

Mirror damage

To oscillate FEL over the wide region of wavelengths,
protected silver-coated copper mirrors have been used for
the optical resonator. In fact, this type of mirror has an
extremely high reflectance at the wavelength region
longer than 0.4 pum, and has demonstrated the highest
durability ever experienced at LEBRA as a FEL resonator
mirror. Use of protected silver-coated silicon mirrors was
attempted. The mirrors suffered serious damage soon
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after the FEL oscillation started. A photograph of the
damaged silicon mirror and its expanded image around
the coupling hole are shown in Fig. 4. In this figure, it
looks that the coated silver was melted and the silicon
substrate was excavated. On the contrary, the copper
mirrors were usable at least several months, although the
FEL power level decreased gradually and the mirrors
eventually had to be replaced.

Figure 4: Damages on the surface of the Ag coated
silicon. Entire mirror (25mm in diameter) and close up
around the coupling hole.

Figure 5: Damages and discoloration on the surface of
the Ag-coated copper mirror. Entire mirror (25mm in
diameter) and close up around the coupling hole.

A demounted mirror and its expanded image around
the coupling hole are shown in Fig. 5. Different from the
case of the silicon mirror, the surface over the wide area
near the center of the mirror has discolored. The coated
silver around the coupling hole has been lost; the copper
substrate is visible and it looks melted. Degradation of the
resonator mirrors by the damage on the surface is a
serious problem in generating a high power FEL. As
mentioned previously, the micropulse width of the
LEBRA infrared FEL has been estimated to be as short as
200 fs. Therefore, damage to the mirrors could be due to

FEL operation
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extremely high energy density caused by very short FEL
pulses in the optical resonator. Under the present situation,
the resonator mirrors have to be replaced every three or
four months.

The FEL beam radius on the resonator mirror can be
enlarged by shortening the Rayleigh range. Then the
energy density may be reduced sufficiently so that mirror
damages can be avoided. When the Rayleigh range is
shortened, the resonator mirrors have to be adjusted very
precisely so as to keep the confocal condition. Since there
has been found no other efficient solutions, mirrors with
smaller curvature radii will be tested if the lifetime of the
mirror can be increased.

HARMONIC GENERATION USING NLO

Preliminary experiments for generating harmonics [4]
of the FEL by using NLO devices have been performed.
The KTiOPO, (KTP) crystals have been used for second
harmonic generation (SHG) and third harmonic
generation (THG). The cutting angle and the
antireflective coating of the crystal for SHG were
optimized for the fundamental wavelength of 1500 nm
and the second harmonic of 750 nm. Similarly the crystal
for THG was optimized for corresponding wavelengths.
The conversion efficiencies of SHG obtained with the

Table 3: Fundamental and second harmonic
wavelengths, energies per macropulse and conversion
efficiencies.

F'om 2%nm  I"mJ  2"mJ  efficiency %
1400 700 ~3 ~0.15 ~5
1500 750 ~4.5 ~0.4 ~9
1600 800 ~6 ~0.45 ~7.5
1700 850 ~7.5 ~0.6 ~8
1800 900 ~9 ~0.3 ~3

NLO have been 3 to 9% for the fundamental wavelengths
from 1400 to 1800nm as listed in table 3. Typical
macropulse waveforms of fundamental FEL, nonlinear
second harmonic and SHG are shown in Fig. 6. The SHG
waveform is similar to the fundamental one. The THG
waveform was also observed, however the conversion
efficiency was far smaller than 1%.

A KTP crystal works under Type-II phase matching
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Figure 6: Macropulse waveforms of fundamental and
second harmonic: (a) fundamental (lower trace) and
nonlinear harmonic (upper trace), (b) fundamental and
SHG.
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condition. Hence the second harmonic is generated from
two fundamentals with their polarization planes at right
angles to each other. Due to the group velocity mismatch
between the two components of fundamental light, the
conversion phenomenon occurs only within about 1 mm
in depth from the surface of the crystal, which restricts the
conversion efficiency. If it is necessary to increase the
conversion efficiency, other kinds of crystal should be
used.
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Abstract

Advanced applications of parametric X-ray radiation (PXR) such as energy-dispersive X-ray absorption fine structure (DXAFS)
analysis and phase-contrast imaging have been developed at the Laboratory for Electron Beam Research and Application (LEBRA)
of Nihon University. To improve the electron beam quality and geometrical stability of the target crystal, the cooling-water system
for the linac and the PXR target was replaced with a new one capable of more precise control. As a result, the reliability of the exper-
imental data in PXR applications, especially in X-ray imaging, has improved. The effect of the electron beam focusing on the target crys-
tal was also investigated. The results of X-ray imaging with a long propagation distance and measurement of the time-structure of the
PXR intensity suggest that the correlation between the electron beam profile and the X-ray coherence is rather complicated. It is possible
that incident electrons cause some deformation of the target crystal, becoming the dominant factor restricting the quality of intense PXR.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Parametric X-ray radiation (PXR) from relativistic elec-
tron beams has been investigated both theoretically and
experimentally because of its attractive characteristics such
as monochromaticity, tunability and coherency [1-8]. In
previous works, however, the discussions has been limited
for the most part to the basic physical properties of PXR
as a radiation phenomenon. For instance, evaluation of a
PXR reflection cross section using the photon-counting
method has been a typical purpose of the experimental
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studies to date [9-13]. On the other hand, the phase distri-
bution and the coherence of PXR have not been sufficiently
investigated. Thus, research on the possible applications of
PXR as a light source is still the frontier of PXR study,
especially applications associated with PXR coherence.
Recently, a PXR-based monochromatic X-ray source
having a double-crystal system in the (+, —) arrangement
to achieve wide tunability was developed using the
125 MeV electron linac at the Laboratory for Electron
Beam Research and Application (LEBRA) at Nihon Uni-
versity [14,15]. Since the first observation of a PXR beam
from the PXR generator in 2004, several applications using
such beams have been reported [16—18]. All the experiments
have been carried out using a pulsed electron beam of
100 MeV at the low repetition rate of the beam macropulse,
which resulted in a low average beam current. The typical
parameters of the linac operation are listed in Table 1.
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So far, the production of PXR with the LEBRA-PXR sys-
tem has been achieved for the photon energy region from 5
to 20 keV using Si(111) planes, and X-ray absorption imag-
ing has been the main application of the PXR beam. In
addition to conventional absorption imaging, advanced
applications have been developed on the basis of X-ray
imaging techniques. One of those applications is energy-dis-
persive X-ray absorption fine structure (XAFS) analysis;
another is phase-contrast imaging [19,20]. These experi-
ments are the first examples to which the specific character-
istics of PXR were actually applied. Especially, phase-
contrast imaging combined with an analyzer crystal has
demonstrated that PXR has excellent intrinsic spatial
coherence [21,22].

Great advancement in the development of PXR applica-
tions has been made since the successful commissioning of
the LEBRA-PXR source. However, there are several prob-
lems affecting the PXR beam performance. Most of the
effects are associated with the conditions of the linac oper-
ation; in other words, the profile, the stability and the pulse
structure of the electron beam, which are strongly depen-
dent on the linac operation, are significant factors reflected
in the behavior of PXR.

2. PXR applications

In the case of the LEBRA-PXR, the irradiation field of
the X-ray beam is approximately 10 cm in diameter with
rather uniform intensity distribution. This property is use-
ful for X-ray imaging. Furthermore, the X-ray beam has
linear energy dispersion in the horizontal plane, which
makes more advanced applications possible.

2.1. Energy-dispersive XAFS

According to kinematic theory, one can express the
PXR energy hw in the horizontal plane as [4,5],
hc* | g | sinOp
w=— 1
@ 1—Bcosg ’ ()
where the Bragg angle g is the complement of the incident
angle of the electron on the crystal plane, ¢” is the speed of
light in the target medium and f = |v|/c”, ¢ is the angle be-
tween the direction of the electron velocity and the emitted
X-ray. Around twice the Bragg angle, i.e. ¢ = 205, a slight

Table 1

Typical specifications of the LEBRA electron linac

Electron energy 100 MeV
Acceleration frequency 2856 MHz
Macropulse duration ~10 ps
Electron bunch length <10 ps
Macropulse beam current ~100 mA

Repetition rate 2 Hz

Average current ~2 uA
Normalized emittance (rms) <20m mm mrad
Energy spread <1%

displacement A0 of the emission angle from the Bragg con-
dition results in a shift of the PXR energy to

- d(how) , . fsin 20
A0
~ 1 - 2
ha)( tan03>’ @)

where f§ ~ 1 is used in the last approximation [16,22]. In the
case of the LEBRA-PXR system, a 2nd crystal is placed in
the (+, —) arrangement to reflect the PXR beam from the
Ist target crystal as shown in Fig. 1. The diffraction at the
2nd crystal satisfies the ordinary Bragg condition
hwp = hc*|g|/2 sinf, and the X-ray energy for the Bragg an-
gle 05 + A0 is approximated by

holy ~ hiog + d(z(g‘g) A0 = Fwg (1 - tff@). (3)
Comparison of Eq. (3) with Eq. (2) suggests that the energy
dispersion of PXR still holds after the diffraction at the 2nd
crystal. Therefore, if the distance L from the electron beam
spot on the target crystal is sufficiently large, the energy dis-
persion can be approximated as a linear function of the
horizontal position x as

L tzn 9) ' “)

ho' ~ oy (l

Using the energy-dispersive property, one can obtain X-ray
absorption spectra from straightforward analysis of the X-
ray images taken with the PXR beam. This method is sim-
ilar to the energy-dispersive XAFS (DXAFS) measurement
performed using a bent-crystal polychromator at synchro-
tron radiation facilities [23]. The absorption spectrum can
be deduced from the X-ray absorption image for the sam-
ple by simple digital processing. Fig. 2 shows that an
absorption spectrum actually obtained using the PXR

electron
beam

1st crystal -I

‘ho

ho'y

I
I
I
I
I
¥
0

X

Fig. 1. Schematic explanation for the energy dispersion of PXR from a
double-crystal system in the (+, —) arrangement.
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Fig. 2. (a) Typical X-ray image of Ni foils using a PXR beam of the energy near the K absorption edge (8.332 keV); (b) X-ray absorption spectrum of
metal Ni (solid line) obtained from the X-ray image, compared with a typical spectrum measured at another synchrotron facility (broken line) [30]; (c)
Radial structure function as the result of the EXAFS analysis of the absorption spectrum.

beam is almost the same as that obtained using conven-
tional synchrotron radiation. The dynamic range and the
spectral resolution suggested in the PXR-DXAFS method
are sufficiently high for extended XAFS (EXAFS) analysis.
Therefore, it can be concluded that XAFS analysis is a rea-
sonable and promising application of PXR.

2.2. Phase-contrast imaging

Phase-contrast imaging, which has recently been of spe-
cial interest as a new kind of X-ray imaging, is another
promising application of PXR [24]. Actually, both the
propagation-based and analyzer-based methods were
applied for phase-contrast imaging using the LEBRA-
PXR beam; the experimental setup is shown in Fig. 3
[20-22]. Fig. 3(a) shows the setup of the phase-contrast
imaging by the propagation-based method; an edge
enhancement effect can be observed due to the interference
between the direct X-rays and the X-rays refracted by the
sample. A typical image obtained by this type of phase-
contrast imaging is shown in Fig. 4(b). Comparing this
image with a conventional absorption image in Fig. 4(a),
one can recognize the significant effect of the edge
enhancement.

The image observed with the setup shown in Fig. 3(b)
had still higher contrast, as shown in Fig. 4(c). This
method, which is referred to as analyzer-based imaging
or diffraction-enhanced imaging (DEI), can selectively
detect the X-rays being refracted due to the sample by
shifting the angle of the 3rd analyzer crystal. Here, let us
recall the diffraction property at the 2nd crystal, which
was discussed by comparing Egs. (2) and (3). Due to the
linear energy dispersion, all the X-rays in the radiation
cone of PXR can satisfy the Bragg condition simulta-
neously at a certain angle of the 2nd crystal. Exactly the
same behavior can be expected at the 3rd crystal in the
(+, —, +) arrangement. Therefore, one can obtain almost
the same rocking curves as those by high-monochromatic
and parallel X-ray beams. DEI using PXR is based on this
diffraction property. Fig. 5(d)—(f) show another result of
PXR-DEI, where the sample is the tetra fish shown in
Fig. 5(a). In this case, the rocking curve by the 3rd crystal
has a width of approximately 0.002° at FWHM as shown
in Fig. 5(c), where the ordinate denotes the total yield of
the X-rays being diffracted by the analyzer. The contrast
of the DEI image depends on the analyzer rotation angle,
and Fig. 5(d)—(f) show that the images have different con-
trasts from that of the ordinary absorption image in
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Fig. 3. Typical setup of phase-contrast imaging using the PXR beam; (a) propagation-based phase-contrast imaging, (b) analyzer-based phase-contrast
imaging (DEI: diffraction-enhanced imaging). A silicon wafer 150 mm in diameter and 1 mm thick is typically used as the analyzer.

Fig. 4. Typical results of phase-contrast imaging of a spider using the PXR beam of 16 keV; (a) ordinary absorption imaging, (b) propagation-based
phase-contrast imaging, (c) analyzer-based phase-contrast imaging. The distance L was adjusted to 10 cm, 220 cm and 60 cm, respectively. Each image was

taken with a 45-min exposure of the imaging plate (IP).

Fig. 5(b). In Fig. 5(d), for instance, one can distinguish the
viscera with higher contrast. These results are due to dis-
tinctive features of DEI and are obvious evidence that
PXR has high spatial coherence. Considering the strict
requirements for DEI, the success of the experiments sug-
gests that PXR is very similar in nature to plane waves in
terms of coherence, despite the cone-like divergence of

the radiation in proportion to the factor 1/y = /1 — .

Furthermore, a rather large and uniform irradiation field
is available for DEI even without the use of asymmetric
Bragg diffraction. The results also suggest that the multiple
scattering of electrons in the target crystal, which probably

contributes to the uniform intensity over the X-ray profile,
does not destroy the coherence of PXR.

3. Problem with the water-cooling system

Although the advanced applications of PXR are devel-
oping satisfactorily, these applications are sensitive to the
stability of the PXR source and the measuring system.
Especially, there have been several problems caused by
the water-cooling system for the linac and the crystal
radiator.

Previously, the temperature fluctuation of the cooling
water was estimated to be 0.4 °C as shown in Fig. 6(a),
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Fig. 5. Other results of analyzer-based phase-contrast imaging using a PXR beam of 16 keV. The sample is a tetra fish (a), and (b) is its absorption image
(c) shows the rocking curve by the 3rd crystal, where the X-ray intensity was measured as the output voltage of an ion chamber, (d)—(f) DEI images
corresponding to the marks in (c). Here, each image was taken with a 15-min exposure using the IP.

and this fluctuation had restricted the linac stability in
terms of beam energy and orbit. Thus, the water-cooling
system was replaced with a new one to improve the accu-
racy of the temperature control, and the temperature fluc-
tuation has been suppressed to be 0.02 °C.

The effect of the cooling water around the target crys-
tal was also serious. The target crystal in current use is a
200-um-thick silicon wafer mechanically fixed to the cop-
per holder, which is mounted on the goniometer and con-
nected to the water-cooling system. The thin crystal
wafer, therefore, seems to be deformed, and the state of
the deformation may easily vary due to the change of
the thermal stress. In addition to the temperature effect,
the pressure of the cooling water was another significant
problem. Since the water pressure of the linac cooling sys-
tem is high, the water-hammer effect had induced vibra-
tion in the target crystal. The vibration of the target

had caused pulse-to-pulse instability of the PXR produc-
tion. Hence, the water circuit around the target was sep-
arated from the linac and has been independently
equipped with a small water-cooling system operating at
low pressure.

The current stability of the room temperature is not very
high. The replacement of the water-cooling system, how-
ever, improved the electron beam quality and the geomet-
rical stability of the target crystal. As the result, the PXR
intensity extracted from the double-crystal system was con-
siderably stabilized, as shown in Fig. 6(b). In particular, the
DEI experiment benefits from the stabilization since the
PXR instability was responsible for the fluctuation of the
diffraction curve at the analyzer. The effect of the improve-
ment of the DEI image definition is shown in Fig. 7. These
results suggest that temperature stability is essential to the
quality of the PXR experiments.
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Fig. 6. (a) Water temperature of the new cooling system (solid line) compared with that of the old one (broken line); (b) Improvement of the PXR
stability, where broken and solid lines denote the X-ray intensities before and after the replacement of the cooling system, respectively.

4. Effect of the electron beam size

In addition to the stability of the X-ray generator sys-
tem, the PXR source size, which is determined by the size
of the electron beam on the target radiator, is another sig-
) + nificant factor governing the X-ray performance. For
instance, the spectral resolution in the PXR-DXAFS
i method is restricted by the ratio of the source size to the
: distance between the source and the detector, because the
X-ray energy is measured as an emission angle of X-rays
from the source [25]. In the case of ordinary imaging using
a point-like source, the image blur is proportional to the
source size according to geometrical optics. In general, a
fluorescence-based or bremsstrahlung-based X-ray source
is incoherent even if it is a high-performance synchrotron
radiation source. In this case, the spatial coherence of the

Fig. 7. Effect of the PXR stabilization due to the improvement of the
water-cooling system, where (a) and (b) are DEI images of a tetra fish
before and after the stabilization, respectively.

CCD video

telescope

OTR

X-ray window

\ e-beam
17.5keV 2

1P IC gauge _,_ <

| 2.2m | |
\ i \

Fig. 8. Schematic setup of the experiment to investigate the correlation between the X-ray image quality and the electron beam profile, which is observed
as the shape of the OTR source using a telescope, where the energy of the PXR beam was 17.5 keV. The sample for imaging is an IC gauge made of 0.15-
mm-thick stainless steel, and the magnification factor is approximately 1.3.
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X-rays is generally determined by the geometrical condi-
tion using van Cittert—Zernike’s theorem [26,27]. Although
it is expected that PXR differs in coherence from conven-
tional sources due to the periodic structure in the radiator,
the source size still seems to be important, especially for
imaging-based applications.

4.1. OTR monitoring

In order to investigate the dependence of the PXR prop-
erty on the electron beam profile, the experiment in the
setup shown in Fig. 8§ was performed using a PXR beam
of 17.5keV. Since irradiating the target with the electron
beam for PXR production also causes optical transition
radiation (OTR), the electron beam profile on the target
can be observed as the shape of the OTR source. Then, a
telescope and a commercially available CCD video camera
were introduced into the forward direction of the electron
beamline for monitoring of the OTR light. The electron
beam profile can be controlled by the quadrupole magnets
in the linac. Fig. 9 shows several results of the observation
of the OTR, which was performed at a distance of approx-
imately 10 m from the target. The change of the profile
according to the linac operation was actually observed by
the use of this monitor system. The electron beam size
on the target was defined as the FWHM of the OTR pro-
file; the results are listed in Table 2. The propagation-based

0.0mm 2.0 40 6.0 8.0

C oomm20 40 60 80

Table 2
The electron beam sizes defined as the FWHM of the OTR profiles shown,
respectively, in Fig. 9

Profile Horizontal size (mm) Vertical size (mm)
(a) 2.17+£0.03 1.18 £0.02

(b) 1.88 +£0.04 3.05+0.08

(¢ 2.40 £0.05 0.836 £0.010

(d) 1.43 £0.01 0.838 + 0.009

phase-contrast image discussed in the previous section was
observed using the beam profile (d) in Fig. 9. Since the DEI
images in Fig. 5 were obtained before being equipped with
the OTR monitor, it was difficult to determine the detailed
condition of the electron beam in the experiment. However,
the typical electron beam used in the analyzer-based imag-
ing supposedly had a large profile like (a) in Fig. 9. It
should be noted that the phase-contrast imaging was
achieved using a PXR source approximately 1 mm in
diameter.

4.2. X-ray imaging with a long propagation

The simple absorption imaging with the setup shown in
Fig. 8 gives enlarged images with the magnification of 1.3.
Fig. 10 shows the images of an IC gauge taken at the dif-
ferent electron beam profiles shown in Fig. 9. Typical
brightness curves along the horizontal and the vertical

b

0.0

0.0 mm 2.0 40 6.0 8.0

2.0

4.0

6.0

8.0

0.0mm 2.0 4.0 6.0 8.0

Fig. 9. Typical profiles of the OTR lights from the target crystal, where the distance between the source and the telescope was approximately 10 m.
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Fig. 10. Enlarged images of an IC gauge measured with the setup shown in Fig 8. The electron beam profile for each measurement corresponds to that
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with the same index in Fig. 9. Each measurement time was 15 min. using an IP.
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Fig. 11. Linear plots of the brightness around the edges of the images in Fig. 10, where solid and broken lines correspond to the profiles of the rectangular
areas H and V in Fig. 10, respectively.
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directions around the sample edge of each image are plot-
ted in Fig. 11 for the estimation of the image blur. As is
shown in Fig. 12, the fact that the degree of the image blur
tends to be proportional to the electron beam size is similar
to the case in a conventional X-ray source. However, linear
dependence of the image blur on the beam size is not nec-
essarily apparent in either the horizontal or vertical direc-
tion. Another phenomenon associated with this behavior
has been observed. Fig. 13(a) shows the X-ray absorption
image taken just behind the sample using the electron beam
with the profile shown in Fig. 8(d). A kind of edge enhance-
ment effect around the edge of the sample is shown in
Fig. 13(b). In this measurement the distance between the
sample and the imaging plate was only approximately
3 mm and the transmittance of X-rays through the sample
is estimated to be approximately 2%. Therefore, it seems
that the edge enhancement is not due to propagation-based
phase-contrast, but to Fresnel diffraction [28,29]. In fact,
the width of the image blur was almost independent of
the measurement distance between the imaging plate and
the sample when the distance was less than 1 m as shown
in Fig. 14. Due to insufficient detector resolution, 50 pm

E 1 [ e Horizontal ]
S - a Vertical g
5 L i
5 - -
o 05 4 E
o) L J
© N 4
E | ]
0 1 2 3

Electron beam size [ mm ]

Fig. 12. Correlation between the electron beam size and the image blur,
where the solid circles and solid triangles denote the data in the horizontal
and vertical directions, respectively.
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Fig. 14. Dependence of the image blur on the distance between the sample
and the detector. The circles and triangles denote the data in the
horizontal and vertical directions, respectively. In this experiment the
electron beam with the profile in Fig. 9(d) was used.

at best, we could not conclude that the edge enhancement
corresponded to a Fresnel pattern. However, this phenom-
enon is one of the dominant factors in determining the def-
inition of PXR imaging and may be more evidence of the
PXR coherence. Consequently, a simple estimation based
on geometrical optics is inadequate for the coherence of
PXR.

5. Temporal behavior of PXR during a macropulse

Besides the effects discussed in the previous section,
another significant effect was found in terms of the image
definition. To investigate the behavior of PXR intensity
during a macropulse of the linac, the intensity at the center
of the PXR beam was measured using an X-ray Nal scin-
tillation detector with an active area 10 mm in diameter. As
a result of the experiment, it was found that the time-struc-
ture of the PXR intensity is complicated even if the macro-
pulse of the electron beam is rather flat. A strong
dependence of the time-structure on the electron beam pro-
file was also found. In addition to the effect of the electron

R Iimalge bllur I

_______

Position [ mm ]

Fig. 13. (a) X-ray image when the distance between the sample and the detector was approximately 3 mm, where the electron beam with the profile shown
in Fig. 9(d) was used; (b) Edge enhancement observed in (a), where solid and broken lines correspond to the profiles of the rectangle areas H and V,

respectively.

Meth. B (2008), doi:10.1016/j.nimb.2008.02.042

Please cite this article in press as: Y. Hayakawa et al., Dependence of PXR beam performance on the operation ..., Nucl. Instr. and




10 Y. Hayakawa et al. | Nucl. Instr. and Meth. in Phys. Res. B xxx (2008) xxx—xxx

beam, the 2nd crystal angle of the PXR generator corre-  using the electron beam with profiles in Fig. 9(a) and (b),
lates with the structure. Figs. 15 and 16 show typical results  respectively. Since these waveforms were measured as aver-

a ] ' ' ' ' ' b o-""""l beam current :'_::H“O
L - 1
— m
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5 =
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= e 1-0.47
>
0 1 1 1 1 1 . .
6.7 6.72 6.74 6.76 0 10 20
2nd crystal angle [ deg. ] Time [ us]

Fig. 15. (a) Rocking curve at the 2nd crystal measured using an ion chamber with an active area 100 mm in diameter, in the case of the electron beam
profile in Fig. 9(a); (b) macropulse structure of PXR at the 2nd crystal angle corresponding to the same index in (a), where the background is subtracted
from each waveform.
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Fig. 16. (a) Rocking curve at the 2nd crystal measured using an ion chamber with an active area of 100 mm diameter, in the case of the electron beam
profile in Fig. 9(d); (b) macropulse structure of PXR at the 2nd crystal angle corresponding to the same index in (a), where the background is subtracted
from each waveform.
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Fig. 17. X-ray images around the sample edge, where (a), (b) and (c) were observed in the conditions corresponding to A, B, C in Fig. 15, respectively; the
solid, the broken, and the dot-dashed lines in (d) are horizontal profiles of (a), (b) and (c), respectively.
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Fig. 18. X-ray images around the sample edge, where (a), (b) and (c) were observed in the conditions corresponding to A, B, C in Fig. 16, respectively; the
solid, the broken and the dot-dashed lines in (d) are horizontal profiles of (a), (b) and (c), respectively.

ages of 16 events, the complicated structures in the PXR
macropulse are rather reliable. From this point of view,
all the images in Figs. 10 and 13(a) were observed at the
peaks of the rocking curves, e.g. at point B in Fig. 15(a)
or Fig. 16(a). Naturally, it is expected that the complicated
behavior of PXR at the macropulse duration should affect
the visibility of the X-ray imaging. In fact, the change of
the visibility was observed to depend on the 2nd crystal
angle, even for an electron beam of the same profile. Typ-
ical results of this observation are shown in Figs. 17 and 18,
which correspond to Figs. 15 and 16, respectively. In par-
ticular, the images obtained at point C in Figs. 15 and 16
are double and therefore appear to be due to the superpo-
sition of different PXR states.

Considering that the PXR intensity recovers at the latter
part of the macropulse, for instance, in the case of C in
Fig. 15, the variation of the PXR intensity scarcely appears
to result from the effect of the thermal factor. Instead of a
simple heating effect, the rapid deformation of the target
crystal induced by the bombardment of the incident elec-
trons seems to cause the change of the PXR state. Taking
into account the localized energy deposit of several hun-
dreds mJ per one macropulse due to the electron beam
and the speed of sound in silicon crystal of several km/s,
the acoustic effect could complicatedly deform the crystal
in a period of microseconds. Although we cannot verify
this explanation, the phenomenon is one of the most seri-
ous factors restricting the performance of the PXR beam.
In particular, the effect presents an obstacle in evaluating
the coherence of PXR.

6. Conclusions

Using the PXR beam from a double-crystal system,
advanced applications such as DXAFS and phase-contrast
imaging were actually achieved. In particular, the success
of the DEI experiment demonstrated the remarkable
coherence of PXR. Furthermore, the investigation into
the correlation between the electron beam profile and the
definition of the X-ray imaging has also suggested that
PXR differs from other incoherent X-ray sources obeying

geometrical optics with respect to the coherence. The
experimental results have actually indicated that a radia-
tion source 1l mm in size can produce phase-contrast
images in the case of PXR.

On the other hand, the measurement for the time-struc-
ture of the PXR intensity has suggested that rapid defor-
mation of the target crystal is induced by incident
electrons at the macropulse duration. In addition to the
suppression of the long-term instability due to the temper-
ature fluctuation, further analysis of the effect will be essen-
tial to improving the quality of intense PXR.
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1 Introduction

Chiral smectic-A (SmA*) liquid crystals exhibit an electroclinic effect, wherein the
electric field induces molecular tilt accompanied by the layer deformation [1]. The
electroclinic effect is the fastest electro-optical effects in liquid crystals. Since the
smectic layer shows sometimes complicated minute structures such as a stripe texture, the
direct observation of the local layer structure with a spatial resolution of a few pm and
temporal resolution less than ms is desirable to study the electroclinic effect. In this study,
dynamic local layer structure and local molecular orientation in the electroclinic effect

were analyzed with a time resolved X-ray micro-diffraction.

(a) /| () AR A A A
T T AR 2, Figure 1: Schematic representation
‘:}‘ of smectic layer configurations in
' SmA” phase: bookshelf (a),
L \ANA AL %A horizontal chevron (b) and
VIV VI S VA & horizontal chevron + vertical

] chevron (c) structures.
glass substrate smectic layer
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2  Experimental

The experiment was carried out on BL-4A at the PF, KEK. X-rays were focused
down to about 3x4 pm’, which is smaller than the stripe width. A position sensitive
proportional counter and a CCD X-ray camera with a gated image intensifier were used for
the layer and intra-layer molecular response measurement, respectively. The samples
were ferroelectric liquid crystals (TK-C101) and measured at T.+0.1°, where T, is the

phase transition temperature from SmC” to SmA* (56°C).

3  Results and Discussion

In the SmA® phase, the well-known -/
bookshelf structure was realized without field .
application (Fig. 1(a)). At the high AC

electric field, the local layer structure

transformed repeatedly between the Figure 2: Time resolved micro X-ray halo
patterns (short arcs at the upper and lower sides)

combination of the deformed horizontal Time resolution 25 ms.

chevron and the vertical chevron (at +20 V, Applied field (V)
Fig. 1(C)) and the quasi-bookshelf structure 1od 10 20 10 0 -10-20-10 O
(at 0 V) [2]. This result is in contrast to the
previous model of the simple horizontal EDIOO
chevron (Fig. 1(b)). The intra-layer order of S
the molecular arrangement observed by the '
s 2 951
time resolved halo pattern (Fig.2) showed the % ?
(]
change of molecular orientation depending &
. s s 90 — e
on the electric field as shown in Fig.3. In 0 50 100 150 200
addition, the spatially-alternate molecular Time (ms)
; ) Figure 3: Pcak angular positions of the halo
orientation  corresponds to the  layer pattern as a function of time and applied

voltage. Distance between pos. 1 and pos. 2 is

deflection. ; : ;
5um, corresponding to the adjacent stripes.

With the time-resolved X-ray micro-
diffraction, the relation between the local layer deformation and the molecular orientation

in the electroclinic effect was revealed for the first time.
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Abstract

The beam-on time of the 125 MeV linac at Nihon University exceeded 1800 hr in the last 12 months, most of which
dedicated to the user experiments. The linac cooling water temperature has been controlled to 30+0.01 °C by the
improvement of the fine cooling water system, which resulted in more stable operation of the linac. Fluctuation of the
parametric X-ray intensity at the output port has been suppressed to +2 % by reducing the vibration of the Si target

crystal.
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Abstract

In the Laboratory for Electron Beam Research and Application (LEBRA) of the Nihon University, a 125MeV electronic linear
accelerator is utilized and the research and development of the bright sources with tunable wavelength monochromatic light which
aimed at utilization of a free electron laser (FEL) and parametric X-rays (PXR) Mare performed. Recently, LEBRA has been tried to
expand into range of energies from SkeV to 20keV for PXR. In the measurement experiment of the PXR characteristic, refraction

contrast imaging which is an interference phenomenon of X-ray has been observed . This paper reports that PXR is the source of the

coherent X-rays.
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STATUS OF THE PXR INSTRUMENTATION AT LEBRA,
NIHON UNIVERSITY *

Yasushi Hayakawa*, Ken Hayakawa, Manabu Inagaki, Takao Kuwada, Keisuke Nakao,
Kyoko Nogami, Takeshi Sakai, Isamu Sato, Yumiko Takahashi, Toshinari Tanaka
Laboratory for Electron Beam Research and Application (LEBRA), Nihon University,
Narashinodai 7-24-1, Funabashi, 274-8501

Abstract

The X-ray beamline based on parametric X-ray radiation (PXR) has satisfactorily worked since its commissioning
at the Laboratory for Electron Beam Research and Application (LEBRA), Nihon University. At the PXR beamline,
diffraction-enhanced imaging and absorption spectroscopy are main applications because of the coherence and the
monochromaticity. To improve the quality of experiments, the cooling-water systems for the linac and the PXR
target crystal were replaced. As the results, the stability of the PXR beam was drastically improved. The electron
beam size on the target and the time structure of the PXR intensity were observed in order to investigate the PXR
property in detail. These results suggest that the PXR performance is restricted by the distortion of the target crystal.
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Normalized PXR intensity

R RREE

0 7000 2000

Time [ s ]
I: PXR E— ABREDEE DR T, PXR D/S)L A
W) ORREIFEM L 07V Ak E L U THIE,
75 7132 MEOBEEEEZ > T\\W5,

ERTHLFaLb—22NUTHTY =T Y 7Kk
RIGHARAL Z 2 FRELTWD,

3. OTRICEBE—LTOT774IEZS

LEBRA-PXR IZ85 T, DXAFS & DEI S EE 4

FHMARIC R Z122o90, PXRY—ADNE 2 EAT
HLNTGA—=RLLTHRA=TY M ETOETE—
LARY YA ANEELRERZRFOESIZE2-T
X)l, TITCE—LTOI77ANEZXELT—f%
PHZHOWSNTWS OTR 2 E=4 3252 L1277,
RS & U COERMEBEDERIZHBE XN/ CCD &
A FTOIR 2t L, e Ly CaHIT 208
DD, BHIIHHEDTERDBAINS, B—Tw
MEEORI A 50ecm D& Z ATV IREFHFALT
OTR FEJF L U72h, B —L20DFHEKIZED
FETT SIZADNENT LU E o, DD, PXR
A —27y NMEEREAE? S X TS OTR % &l
T2 HENUID B R 2, RENE L R Y AL R
NELARZTAVY MEHDEDOD, B MEIE
BLBRY, F-EBE=ZZ L UTHWSZ EH Ak
Lo, (K2)

_m_e-beam

OTR

¥ 2: OTR E=4& ¥ AT L DOREEX,

4. EFE-LY A XELERDEH

2 —'ry Mg ETOEFE— LY XIEPXR E—
LADBEEPRDDIEELELZD 1 DTHD, HlZILDX-
AFS EERDE A, JIE D T 2V F — e IR B 1
HKEFEDETFE—LARY A RIHAFT % B,
F/z, —RIR X SRR TSR R R I B /-
DITERIRY A XX ERA A=V D[R] 2P
K275, PXR O&E, MO RPMEICERNY % 2
t—L YV AEAFUTE ) LR ZRIREEIZR S DT,
e YL RS S R I ZREE T 2 BN H B, T2
T, V=7V OWERERAZFANTE ="y M
i EDEFE =L ARY MEROFAIEZ T OB S,
M3D&L5%Bty N7w T TICT =YD X SO
HE1T7572 (175 keV), PXR E—AIXEFE—LA
By MENFEE LT, BLT1/y DIEMNY) D7
O, ZDOtY b7 S TIERMFINHK 30 %Ak R X
NI X SMEN B L ND, F/-, BMIZRMAEE %
T 2L, XEMGEOT Y JI3HEIRD 1 ZDH) 30 %fs
EOWRDRTNETE LIk 5,

Y=y MNEGR

OTR™

X$RA

|_I—7Lj>g Pxr B
Icr—y
| 7.3m |
\ \

K 3: A A—=VHlERLY NT W T,

17.5keV

O [T

| 2.2m

0.0mm 20 4.0 6.0

FWHM=1.0mm

= 2mm

FWHM=2.5mm
o i L L

0 2 4 6
X[mm]

0.0mm 20 4.0 6.0

FWHM=2.1mm

2mm

FWHM=1.0mm

4
X[mm]

X 4: EFYE—LARY MEIRE X $36 (17.5 keV) D
TR, X f0 A —)VIZEE FofE,

-146-



Proceedings of thedth Annual Meeting of Particle Accelerator Society of Japan
and the 32nd Linear Accelerator Meeting in Japan (August 1-3, 2007, Wako Japan)

OTR IZ& > THIHIIN/-BE L —LRE L HIC
TOMBEZ 4 ITRY, \EGAIIE =LA
TW3 CEEIETAKY-:1.0 mm; FE:2.1 mm) HE1E
TEDZ X FMBIZ AR T RO 5N DA, 1H 150 pm D
AW Y affEELZRBTEI TS, —H, KEAM
WZIEDY > T3 (CEAEIE T/KFE:2.5 mm; FEE:1.0 mm)
EXEFRTIEARLSBOTWS, D& D BIREL.
22587 TIE PXR OWFET 2D Z L R TELR
WZ EERREBLTWDS,

PXRE2FER BT R

0.0mm 2.0 4.0 6.0

EREEHA(V]

6.65 6.7 6.75 6.8
2nd crystal angle [ deg. ]

FWHM=1.3mm

1
FWHM=1 jnm/\

4
X[mm]

X 5: 2 AT AEZ /NS A—=22 L=, PXR/VL
2 DEIREE & X G0,

ZZT, K EEAMEEIINT VARKE
C— A2 BERIETZHE KSIZRTELIIIE—A
EAIFEEE TP LZ 1.2~ 1.3mm (I8 >/, CCD
MRPMA L CTWBEU LD T, J o X% kA
UTWAHREMEIEH DD, TNEZBRICANTEE
B1ImmBEEIIRZEEBbNE, ZOHAEIZOWT
FUSHFARD L, 2=y M SFEAEL 2 PXR %
KT LHE2EERmOAEIZEL 5T PXR D7) ARG
26T D, ZOBHRKTETFE—LDBEIZE > TH
g2 —y MEROBAEKT D EHEZ LN,
EAZL S THIDO HEVBRRDFEHOFEOELE
HEDOFEHR L LT PXR OEFERGESEMIZ R D
LELNDG B M5BT, 52k E T ik
VU F L — R THIE X vz PXR O RFEIREE D
I ZRTH, BHTHEOE —27 (A) DL XITHA
TEAMOHEE (B) DIF S MEEMHEE N Y~ IV T,
X FGE PR BoTW5, — . &Aook
B (C) TV ZADFGH & 3 TIEAE T DEADIR
RBNELZ-S>TVWD &b, FEBIZ X e ZFEIC
AT o2EDONELNZ, TNHDOFERIZ, PXRIZ
BWVWTIEA =7y MERDERD X SRED R % %

EXRBZEERNTHD I EE2REBLTWS, £/, B
R =T N & BV A — 2B IZEE LT
Wb, B —AREIZEE RS EINREAL
WY TR SEHNREAL MHET IR, RIZET
C—ADARY hH A ANKEIWIGE, L < mEk
SUTUED DI EADHENHP TSRS
EEZILND,

5. XIRBROEH

INETPXR E—AIFET 125 um DRV A I R
(BT TNV AEEL U TEREDRLKHIZH
DHINTWEN, Z2TOY —2IZkDEEDE
[EDEE > Tz, T TCHERR 20T D L
CEIZRVAIRIAINAEFRTIVIEELED
DIZAHL -, BZHZE L TlE PXR AR E AR
DY) — 7 DEEIIFEZN L R)UZEFTHEIN,
U UZD¥HE, TIVIRELZZLIZE>TX %
W2 L AREMNE L R YD, DEI OJIE 12552
NHTULE->TWD, ZHUIDWTITEENFEZ KR
HMhTh B,

6. FEHERE

WHROT Y 7L —I2ES PXR € — LD EN
M EB LU OTR E= & 75 EEFEDOHIERDENHIZ X
D, BTE—L0DRELELND PXR ORHEDME
IZOWT &Y FEMBRBEREIELND EDIIE>TE
o BFE—LBREINT XA—R LU= X GOB
HFERIE, RNV E—ADEERPE T — LB E-
THT D=7y MERDEAD PXR DM:HE % Y
FTEHLRIREREZS>TWVWDHI L2 REBL TS, &
2O XBMFRADEfE L B2, X—7Y M
DEANENSHOEELZRETH D,

Acknowledgments

ARWEFE D — IR E GRERS: 17760058,
17560046) & & O'H KZAR B4 (Fa 4 04-019 & 05-
029, TS) DBk % 3% 1 THrb iz,

SE

[1] Y. Hayakawa et al., “Advanced applications of PXR at LE-
BRA, Nihon University”, Proceedings of SPIE Vol. 6634
(2007), DOI: 10.1117/12.741898.

[2] T. Sakai et al., “HAKFY =7 v 7 O EHIKIEE DK
B, in these proceedings (2007) FP68.

[3] L Satoetal., “E TV =7 712 & 2 2T ¥ X KRR,
in these proceedings (2007) FOO1.

[4] M. Inagaki et al., “FEF Y —AL5A: L PXR DT R)VF—
A REE DM, in these proceedings (2007) TP56.

[5] K. Nogami et al., “H Kk LEBRA-PXR & O I,
in these proceedings (2007) TP57.

-147-



Proceedings of the4th Annual Meeting of Particle Accelerator Society of Japan
and the 32nd Linear Accelerator Meeting in Japan (August 1-3, 2007, Wako Japan)

Harmonic generation of the FEL using NLO "

Ken Hayakawal’A)Toshinari Tanaka™ Yasushi HayakawaA), Keisuke NakaoA), Kyouko Nogami" ",

A)

Takesh SakaiB),Isamu SatoB), Akira Mori®
A) Institute of Quantum Science, Nihon University 24-1, Narashinodai, 7-chome, Funabashi-shi, Chiba, 274-8501
B)Advanced Research Institute for the Science and Humanities, Nihon University
12-5, Goban-cho, Chiyoda-ku, Tokyo 102-8251
o College of Pharmacy, Nihon University 7-1, Narashinodai, 7-chome, Funabashi-shi, Chiba, 274-8555
8-14, Kanda-Surugadai 1-chome, Chiyoda-ku, Tokyo 101-8308

Abstract

Preliminary experiments for generating harmonics of the free electron laser by using NLO(nonlinear optical
crystals) have been performed at LEBRA. We used KTP(KTiOPO4)crystals for SHG(second harmonic generation) and
THG(third harmonic generation). Measured conversion efficiencies of the SHG are from 3% to 9% between the
fundamental wavelengths of 1400nm to 1800nm. The THG is observed, however the conversion efficiency is far
smaller than 1%. Because of the group velocities mismatch of the two components of fundamental light, the
conversion phenomenon occurs within only about 1 mm in depth from entrance of the crystal.
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Y.Hayakawa, "Measurement of the pulse length of the
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Annual Meeting of Particle Accelerator Scoiety of Japan
and the 29™ Linear Accelerator Meeting in Japan, 2004
Funabashi Japan, pp649651-485
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n2 1.787 1.787 1.815 n2 1.799 1.828 1.874
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CORRELATION BETWEEN THE ELECTRON BEAM CONDITION
AND THE ENERGY RESOLUTION OF PXR DISPERSION"

Manabu Inagakil’A), Yasushi Hayakawa B), Ken Hayakawa B), Keisuke Nakao B),

Kyoko Nogami B),Toshinari Tanaka B), Takeshi Sakai A), Isamu Sato )
A) Advanced Research Institute for the Sciences and Humanities (ARISH), Nihon University
7-24-1 Narashinodai, Funabashi, 274-8501
B) Laboratory for Electron Beam Research and Application (LEBRA), Nihon University
7-24-1 Narashinodai, Funabashi, 274-8501

Abstract

When X-ray absorption near edge structure is measured, the energy resolution of measurement system is one of the
most important properties. Theoretically, the energy resolution of the LEBRA-PXR system depends on the effective
electron beam spot size on the target crystal and on the distance between the target crystal and the detector. Since the
LEBRA-PXR system is based on the linac, the energy resolution can be comparatively easily adjusted by changing the
electron beam focusing condition. For example, the electron beam diameter of 0.5mm in horizontal direction
corresponds to the energy resolution 3eV at the measurement distance 7.67m. The dependence of the energy resolution
on the electron beam profile was experimentally confirmed by observing several XANES spectra. This adjustability
suggests the PXR-XAFS system can be optimized for the application requirement.
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PULSE STRUCTURE OF THE PXR INTENSITY AT LEBRA,
NIHON UNIVERSITY"

Kyoko Nogamil’A), Manabu InagakiB), Yasushi HayakawaA), Ken HayakawaA), Toshinari TanakaA),

Takeshi SakaiB), Keisuke NakaoA), Tatsuya Takikawac), Isamu SatoB),
A nstitute of Quantum Science Nihon University, 7-24-1 Narashinodai, Funabashi, Chiba, 274-8501
B) Advanced Research Institute for the Science and Humanities Nihon University,
12-5 Gobancho, Chiyoda-ku, Tokyo, 102-8251
© College of Science and Technology Nihon University, 1-8-14 Kanda-Surugadai, Chiyoda-ku, Tokyo, 101-8308

Abstract

Since the LEBRA-PXR system is driven with the long pulse duration of 10 pus, the transition of PXR state in the
pulse is one of the most significant problems to understand its behavior. Thus, the pulse structure of the PXR intensity
is measured with a scintillation detector. As the results, the correlation between the electron beam spot size on the target
crystal and the pulse structure of PXR intensity is observed. Typically, the PXR intensity rapidly changes in the case of
the small electron beam spot. Additionally, the pulse structure strongly depends on the angle of the second crystal.
Therefore, these results suggest that the state of the target crystal such as distortion and thermal strain changes
associated with the electron beam bombing.
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OBSERVATION OF BACKBOMBARDMENT ON DC ELECTRON GUN’

Toshinari Tanakal’A), Ken HayakawaA)

Isamu SatoB), Takeshi SakaiB), Manabu Inagaki

, Yasushi HayakawaA), Kyoko NogamiA), Keisuke NakaoA),

B)

A Institute of Quantum Science, Nihon University
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501

B) Advanced Research Institute for the Sciences and Humanities, Nihon University
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501

Abstract

The emission current of the dc electron gun was found to be enhanced synchronously with the rf pulse of the 125
MeV linac at Nihon University. The behaviour of the emission current in terms of the magnetic focusing in the injector
system showed the existence of backbombardment of the EIMAC Y646B cathode assembly by the electrons
decelerated in the buncher accelerating tube. The cathode heater power had been supplied over approximately 23000 hr
during use in the gun, and then the cathode assembly was removed. Significant accumulation of the cathode
impregnants on the grid mesh wires of the assembly suggests that the emission current enhancement resulted from the
growth of grid emission caused by the backbombarding electrons. So far the beam current enhancement has not been
reproduced on newly installed cathode assembly, although approximately 0.5 % of the emitted electrons have been

found to come back toward the gun.
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DEVELOPMENT OF THE ELECTRON GUN EMISSION CURRENT
FEEDBACK SYSTEM AT LEBRA®

Keisuke Nakao]’A), Ken HayakawaA)

Isamu SatoB), Takeshi SakaiB), Kyoko Nogami

, Toshinari Tanaka
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Abstract

At the Laboratory for Electron Beam Research and Application (LEBRA) at Nihon University, the emission current
of the electron gun feedback system is developed. This system adjust emission current by controlling remotely of grid
pulse voltage. The range of fluctuation of emission current is controlled to about +0.3mA by this system.
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Abstract

Precise experiments using FEL and PXR require a high-stability electron beam from the linac. The cooling water
temperature for an accelerator tube and electromagnets has been adjusted with high precision by a refrigerator and
improvement of a fine cooling system, and modify of a flow path. The linac cooling water temperature has been
controlled to within +0.01°C by adjustment and the improvement of the fine cooling water system. Fluctuation of the
PXR intensity at the output port has been suppressed to +2% by improvement of the cooling water system.
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Abstract

A parametric X-ray radiation (PXR) generator system was constructed in 2001 in a dedicated beamline connected to the 125 MeV
electron linac of the Laboratory for Electron Beam Research and Application at Nihon University. This generator system consists of
two perfect-silicon-crystal plates mounted on precisely moving mechanical setup to achieve a wide tunability. The experimental operation
of the PXR generator started early in 2004; X-rays were first observed through this device in April 2004. Application studies using the
PXR beam from a 100 MeV electron beam have been conducted since July 2004. Preliminary results suggest the possibility of applying
the PXR to advanced X-ray imaging and to the measurement of X-ray absorption fine structure.

© 2006 Elsevier B.V. All rights reserved.
PACS: 41.60.—m; 41.50.+h; 29.17.+w

Keywords: PXR; Electron linac; Coherent X-ray source; XAFS

1. Introduction

Parametric X-ray radiation (PXR) is a phenomenon
that results from the polarization of crystalline media irra-
diated with relativistic charged particles [1-3]. The radia-
tion has a quasi-monochromaticity that depends on the
angle between the velocity of the charged particle and the
crystal planes. The directivity of the X-ray emission is sim-
ilar to that of other radiations from relativistic particles.
The characteristics of PXR have been investigated experi-

* This work is supported by the “Academic Frontier” Project for Private
Universities: matching fund subsidy from MEXT, 2000-2004 and 2005-
2007.

* Corresponding author. Tel.: +81 47 469 5983; fax: +81 47 469 5490.
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0168-583X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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mentally at various institutes [4-10]. Most experiments,
however, have been performed using temporary measure-
ment systems set up for the direct observation of X-rays
from the target crystal. In the case of an observation with
secondary monochromatization, a LiF crystal was used as
the second crystal [11].

A PXR-based X-ray source has been developed at the
Laboratory for Electron Beam Research and Application
(LEBRA) at Nihon University [12]. This project is based
on the 100 MeV-class electron linac constructed for the
production of a visible to near-infrared free electron laser
(FEL); the PXR generator has been set up on a dedicated
beamline [13]. The PXR generator has a double-crystal sys-
tem with a (+, —) parallel arrangement similar to a double-
monochromator for synchrotron radiation [14,15]. The
first crystal is the target irradiated with the electron beam
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and the second crystal is the reflector for PXR from the
target. This double-crystal system provides tuned X-rays
through a fixed extracting port. An experimental study of
the system was begun at the end of 2003. X-rays were first
successfully observed through the device in April 2004. The
electron beam energy in the experiment was 100 MeV, the
beam current was about 90 mA, the pulse duration 20 ps
and the reputation rate 2 Hz [16]. Application studies using
the PXR beam have been conducted since July 2004. A
Si(111)-Si(111) system arranged in Bragg geometry is cur-
rently in use for PXR production.

This paper reports on the qualitative properties of the
PXR beam obtained from the device. In addition, typical
results of several applications using the PXR beam are
demonstrated.

2. Status of the linac and the PXR beamline

The electron linac of LEBRA has relatively good perfor-
mance for a conventional middle-class machine because it
has been developed for an FEL [13,17]. Table 1 shows
the typical operational condition of the LEBRA linac for
PXR experiments. The electron beam from the linac has
the advantages of high current and low emittance in the
production of PXR.

The PXR beamline is connected to the linac behind a
90° bending section, which acts as an energy analyzer, as

Table 1

Parameters of the LEBRA linac for PXR experiments

Electron energy 100 MeV
Acceleration frequency 2856 MHz
DC gun voltage —100 kV
Macropulse duration <20 ps
Electron bunch length <10 ps
Macropulse beam current ~100 mA
Repetition rate 2-5Hz
Average current <SpA
Normalized emittance (rms) <20 © mm mrad
Energy spread <1%

beam dump

shown in Fig. 1. The X-ray beamline is separated from
the electron beamline by the double-crystal system in the
vacuum chamber. The X-rays are transported to the next
room through a 2 m-thick concrete wall. This geometry
reduces background radiation from the beam dump.

3. Observation of the PXR beam

Since the PXR generator is a pulsed X-ray source depen-
dent on the duty cycle of the electron linac, it is difficult to
apply a photon-counting method using a scintillator or a
solid-state detector to the observation of a PXR beam.
The signals of such detectors easily pile up in the macro-
pulse of 20 us duration. Hence, we used a simple ion cham-
ber filled with argon gas to detect X-rays. Although this ion
chamber was not calibrated with regard to the absolute
dose rate, it was sufficient to measure relative variations
of the X-ray intensity. As shown in Fig. 1, X-rays were
extracted through a polyimide window 125 um in thickness
and the measurements were carried out in air.

To discriminate the X-ray signals from the background,
scanning measurements for the second crystal angle were
performed. Fig. 2 shows typical results of the measure-
ment; the center energy of the PXR beam was 13.5 keV
(Fig. 2(a)) and 9.0 keV (Fig. 2(b)), respectively. In this
experiment, 100 MeV electron beams with macropulse
duration of 18 us were used and the relative intensity of
the X-rays was estimated from the pulse height of the ion
chamber signal due to one macropulse. In Fig. 2, each solid
circle and the error bar are defined by the average and the
standard deviation of 10 events, respectively. The angular
distributions of the X-ray yield observed had widths
approximately equal to those of the calculations for an
ideal electron beam [14]. In addition, the angular distribu-
tion in the case of the higher energy tends to be wider in
both the experimental results and the calculations. Conse-
quently, we concluded that the observed X-rays could be
attributed to PXR. The shapes of the peaks had tails that
seemed to be caused by the divergence and/or the trajec-
tory fluctuation of the electron beam. Especially, the

PXR generator
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Fig. 1. Layout of the PXR generator and the dedicated beamline. Relative X-ray yields are measured using an ion chamber. The X-ray images are taken

with photo film or an imaging plate.
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Fig. 2. A comparison between the X-ray intensity (solid circle) and the
calculated rocking curves for 1 mm-thick target crystal (solid lines); the
X-ray energies are (a) 13.5 keV and (b) 9.0 keV, respectively. These are
expressed as functions of the second crystal angle.

Table 2
Specifications of the PXR generator

Target crystal Si perfect crystal

Crystal thickness

Target 0.2 mm

Reflector S mm

Spacing between the electron and 200 mm
the X-ray beamlines

X-ray energy range

Si(111) 4-20 keV

Si(220) 6.5-34 keV

Diameter of the X-ray extraction window 98 mm

contribution from electrons multiple-scattered in the target
crystal seems to be significant.

In Table 2 the specification of the PXR generator is
shown. As shown in Fig. 1, the spacing between the elec-
tron and the X-ray beamlines is 200 mm and the X-ray
extraction window has a diameter of 98 mm. Thus far,
Si(111) planes have been used for both the target and the
reflector; the energy tunability of the X-rays has experi-
mentally been confirmed in the range of 6-20 keV.

4. X-ray imaging using the PXR beam

To investigate the properties of the PXR beam, X-ray
imaging was carried out using photo films or imaging

plates (IP). For an ideal electron beam, the profile of the
PXR beam from the double-crystal system is hollow, as
shown in Fig. 3 [14]. The actual PXR beam, however,
has the profile shown in Fig. 4, which was observed when
the X-ray energy at the beam center was 13.5 keV. Here,
the X-ray beam size is restricted by the area of the X-ray
extraction window with a diameter of 98 mm. The profile
of the PXR beam is rather uniform except for a discontin-
uous change in brightness across the horizontal direction.
The uniform profile also suggests that the effect of the mul-
tiple scattering might be considerable even in the double-
crystal system.

40}

Vertical [0.2mrad]

20

0 20 40 60 80
Horizontal [0.2mrad]

Fig. 3. Typical spatial profile of X-ray beam produced by the two-crystal
PXR generator using Si(111) planes if the PXR energy is 13.5 keV, where
both axes are described in units of 0.2 mrad.

Fig. 4. The profile of the direct PXR beam at the energy of 13.5 keV taken
by an imaging plate (IP) for 20 min under the condition of an average
electron beam current of 4 pA.



Y. Hayakawa et al. | Nucl. Instr. and Meth. in Phys. Res. B 252 (2006) 102—110 105

Fig. 5. The X-ray image of Au mesh supports for an electron microscope,
which has wire spacing of 100 pm, observed using an 11 keV PXR beam
and an X-ray CCD whose exposure time was 10 min for the average beam
current of 4 pA. The wire diameter is almost equal to the CCD unit size of
24 pm.

Besides the uniformity, the X-ray image taken by the
PXR beam has rather good position resolution. An X-ray
image of Au mesh supports, which are for an electron
microscope, is shown in Fig. 5 as an example. In this case,
the PXR energy was 11 keV and an electronic-cooling-type
X-ray CCD was used as an imaging device; the average
electron beam was estimated to be ~4 pA; the exposure
time of 10 min in real time corresponded to the total mac-
ropulse duration of 24 ms. Despite the 50 mm distance
between the sample and the CCD element, the mesh wires
of 100 um spacing are clearly defined in Fig. 5. In the case
of PXR, the electron beam spot on the target behaves as a
point-like source. The X-ray monochromaticity and the
point-like source result in good spatial resolution of the
X-ray image.

Because of the advantages mentioned above, the X-ray
beam from the PXR beam is suitable for imaging. In
particular, the energy tunability is useful for obtaining
information about object density in imaging applications.
Another advantage is the relatively large exposure area of
98 mm in diameter.

5. Spatial energy distribution in PXR beam

According to kinematic theory, PXR has an energy-
resolved spatial distribution [18]. If both the electron veloc-
ity v and the reciprocal lattice vector g of the target crystal
are in the horizontal plane, one can express the PXR
energy /iw in the case of the Bragg angle 6, which is the inci-
dent angle of the electron into the crystal plane, as in the
following equation [5]:
ikl 0
where ¢” is the light speed in the target medium and f§ = |v|

/c"; ¢ is the angle between the electron velocity and the
X-ray direction. According to Eq. (1), the PXR energy

hw

14

135

x-ray energy [keV]

horizontal direction [mrad]

Fig. 6. The energy distribution in the PXR beam from the Si(111)-
Si(111) system at the Bragg angle of 8.4° as a function of the horizontal
emission angle, the center of which corresponds to the exact Bragg
condition.

depends almost linearly on the angle ¢—20 for fixed 0 if
p is approximately equal to 1 and ¢ is close to 26. The
PXR beam from the double-crystal system has the same
property and the typical energy distribution is shown in
Fig. 6.

The energy distribution in the PXR beam can explain
the change in brightness across the horizontal plane in
Fig. 4. Since an IP contains BaFBr in the luminescence
layer, the sensitivity of an IP changes discontinuously at
the K absorption edge of bromine. Similar results using a
PXR beam of 9 keV for a copper foil and a zinc foil is
shown in Fig. 7. Because of the K absorption edge of
Cu, the X-ray absorption due to the copper foil increases
drastically at energy higher than 8.98 keV. On the other
hand, the absorption due to the zinc foil is almost flat, since

Fig. 7. X-ray absorption image of a copper foil and a zinc foils using a
PXR beam with energy of approximately 9 keV at the center; the imaging
device was IP and the exposure time was 20 min.
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the X-ray energy in the PXR beam is lower than the K
absorption edge of Zn. In these images, the K-edges
obtained were well-defined despite the uniformity of the
X-ray beam attributed to the electron beam divergence.
The high resolution of the energy distribution can be
explained by a simple geometrical discussion on the dou-
ble-crystal system with the (4, —) parallel arrangement.
For ¢ =20, i.e. the Bragg condition in Eq. (1), the PXR
energy is approximately equal to the Bragg energy
hop = hic*|g|/2sinf. Differentiating Eq. (1) with respect to
the angle ¢ gives

d(hw) _ hc*|g|Bsinfsing © —psin ¢
d¢ (1—PBcos¢)”>  1—pfcos¢g’

Around the Bragg condition, therefore, a slight difference
A6 of the angle ¢ shifts the PXR energy to

psin26
1 — fcos20 Ab

(2)

ho' = lwg + Ao ~ hog (1
A0

~ [
th( tan6>’

where ff =~ 1 is used in the last approximation. This situa-
tion is illustrated in Fig. 8(a). In contrast, Fig. 8(b) de-
scribes the case in which the incident angle of the
electron changes from 0 to 0 + A6. In this case, the X-ray
beam axis itself moves, involving an energy shift to

d(th)
do

A0
= hU)B(l —m)

Comparing Eq. (4) with Eq. (3) indicates that the energies
of X-rays emitted in the same direction are equal within the

(3)

hc*|g| cos B
2sin’ 0

ho" ~ liwg + A0 = hog + A0

(4)

a electron
beam

1st crystal Y\ 3

ho'
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first-order approximation, even though the incident angles
of the electrons are slightly different. Thus, the resolution
of the X-ray dispersion is effectively maintained when the
electron beam is well focused on the target and the distance
L between the target crystal and the detection plane is suf-
ficiently large. Hence, the actual electron beam spot size on
the target crystal restricts the energy resolution of the PXR
beam.

6. Applications of the PXR beam

Since the X-ray production of the PXR generator is lim-
ited by the duty cycle of the linac, the average intensity is
rather low. However, PXR beam characteristics, such as
tunability and monochromaticity, may make advanced
application possible. We therefore carried out several
experiments for the demonstration.

6.1. XAFS measurement

Considering the energy dispersion with high resolution
discussed above, measurement of X-ray absorption fine
structure (XAFS) is a possible application of the PXR
beam [18]. Therefore, we have attempted XAFS experi-
ments similar to energy-dispersive XAFS (DXAFS) using
a polychromator [19,20]. This measurement was performed
simply by obtaining the X-ray absorption image of strip-
like samples using the X-ray CCD as shown in Fig. 9. In
this experiment, the samples are pure copper foils of
5 um thickness and cupric sulfate (CuSOy,) solution con-
fined in gel; the X-ray energy was set around the K-edge
of Cu. The measurement conditions were an electron mac-
ropulse intensity of 100 mA, a duration of 10 pus and a rep-
etition rate of 2 Hz, which corresponded to the average

electron
beam

Fig. 8. Schematic explanation for the X-ray energy shift caused by (a) the intrinsic dispersion property of PXR and (b) the incident angle variation of the

electron.
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Fig. 9. X-ray absorption image of pure copper foils and CuSO, gel, which
was obtained around the K absorption edge of Cu using an X-ray CCD
for an exposure time of 40 min.

current of 2 pA. The image in Fig. 9 was obtained with the
exposure time of 40 min. Because of the linear energy
gradient across the horizontal plane, the XAFS spectra of
these samples can be obtained directly from the X-ray
image in Fig. 9. Fig. 10 shows the horizontal profile of
the X-ray image brightness for each sample, where the
X-ray energy is calibrated by applying Eq. (3) to the geom-
etry of this experiment. The spectrum of pure copper,
which is the average of two samples, has a shape like that
of the X-ray absorption near-edge structure (XANES) of
Cu. On the other hand, the chemical energy shift of Cu®*
is observed in the spectrum of the CuSOy solution. These
results indicate that the energy resolution in this measure-
ment was better than a few eV at least. In addition to the

0.5r

ut [a.u.]

r

. M 4

il .

8.98 9 9.02
X-ray energy [keV]

o

Fig. 10. XAFS spectra of pure Cu (solid line) and CuSO, (broken line)
obtained from the X-ray image in Fig. 9, where the X-ray energy is
calibrated using Eq. (3).

simplicity of the measurement, another advantage of the
PXR beam is that the XAFS spectra of two or more
samples can be obtained simultaneously. Such XAFS
measurement using X-ray imaging seems to be one of the
most promising applications of the X-ray beam from the
PXR generator.

6.2. Fluorescence analysis

In X-ray fluorescence analysis, a tunable X-ray beam
should be useful for reducing the background fluorescence
except that of target atoms. We therefore performed an
experiment on X-ray fluorescence analysis in the setup dis-
played in Fig. 11. In this measurement, a brass sample was
irradiated with a PXR beam of 9.1 keV or 9.8 keV and a
Si-PIN-type solid-state detector (SSD) was prepared for
the spectroscopy of the fluorescence X-rays from the sam-
ple. Here, the PXR beam was reflected by a third Si(111)
plate in order to reduce incoming y-rays and the neutron
background into the sample and the detector. Due to the
advantage of the (+, —, +) arrangement, a strong reflection
of the X-rays can be obtained within a narrow angular
width of the third crystal [21]. As a result, the X-ray spectra
shown in Fig. 12 were obtained for 1000 s in real time
under the conditions of a 2 Hz repetition rate of the elec-
tron macropulse with 100 mA current and 20 ps duration.
Since the detector used in these measurements can resolve
only one event per macropulse, the maximum number of
observable events in this case was limited to 2000 for each
spectrum. In the case of 9.8 keV PXR (Fig. 12(b)), there are
two peaks of Cu K, and Zn K, the energies of which are
8.0 keV and 8.6 keV, respectively, except that of the PXR
itself. In contrast, the absence of the Zn K, peak is shown
in Fig. 12(a). Although the PXR energy of 9.1 keV is higher
than the Zn K, energy, it is lower than the K absorption
edge of Zn (9.661 keV) [22]. Although the efficiency of
the measurement is strongly restricted by the linac pulse
structure, this result demonstrates one of the advantages
of tuned X-rays in fluorescence analysis.

si(1) PXR beam
*
;

4

': Kabs €NEIrgy
9.1 keV or 9.8 keV" Cu: 8.981 keV
’
’ Zn: 9.661 keV

N 4

[N Y 4
L ,_.ﬁ SSD (Si-PIN)
%:.’.
brass

Fig. 11. Experimental setup for the measurement of fluorescence X-rays
from a brass sample irradiated with the PXR beam of 9.1 keV or 9.8 keV
using a Si-PIN-type SSD.
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Fig. 12. Spectra of the fluorescence X-rays from a brass sample irradiated
with PXR beams of (a) 9.1 keV and (b) 9.8 keV, respectively. The
measurement time of 1000 s for each spectrum corresponded to 2000 mac-
ropulses of the electron beam from the linac.

6.3. Edge enhancement effect in X-ray imaging

Recently, an advanced form of X-ray imaging, called
phase-contrast imaging, has been of special interest. Vari-
ous techniques for applying phase-contrast have been
developed using spatial coherency of high-performance
synchrotron radiation [23-27]. At the first stage of our
study on X-ray imaging using PXR coherency, we
attempted refraction-contrast imaging, which is a kind of
phase-contrast effect. The experimental setup is illustrated
in Fig. 13 and an acrylic plate of 1.5 mm thickness was used
as a sample object. As a result, contrast enhancement was
observed at the edge of the object as shown in Fig. 14. Such
a phenomenon, of course, is possibly caused by Compton
scattering or secondary radiation due to high-energy v-
rays. However, the influence of secondary charged particles
from the acrylic plate is negligible because of a 120 mm-
thick air layer and a 0.5 mm-thick Be window between

<'---...__.---
XCCD SRR EE R PRy
«mmmmm =
/ Extraction port

Acrylic plate
(thickness: 1.5 mm)

Fig. 13. Setup for the measurement of the edge enhancement effect due to
an acrylic plate of 1.5 mm thickness using the X-ray CCD.

acrylic plate

Fig. 14. Typical result of the edge enhancement effect due to a 1.5 mm-
thick acrylic plate in the case of PXR energy of 12 keV. The image was
taken by the X-ray CCD with an exposure time of 10 min.

the object and the X-ray CCD. In addition, the edge
enhancement tends to depend on the incident PXR energy,
which is defined as the X-ray energy at the center of the
PXR beam, as shown in Fig. 15. The shape of the contrast
profiles and the dependency on the X-ray energy probably
provide evidence that the enhancement was attributable to
the interference of refracted X-rays. These results suggest
that PXR has sufficiently good coherency for phase-con-
trast imaging.

7. Photon yield in the PXR beam

To investigate the photon yield and the spectrum of the
PXR beam with 10 keV energy from the double-crystal
system, spectroscopy for the PXR beam itself has been
attempted using the Si—PIN SSD in the experimental setup
shown in Fig. 16. Similar to the results of the experiment
using fluorescence analysis, the PXR beam was reflected
by the third Si(111) plate to reduce the influence of y-ray
and neutron background on the detector. Furthermore,
an aluminum foil stack with a total thickness of 1.15 mm
was placed in front of the detector as an X-ray absorber
to prevent detector pile-up events. The results of the exper-
iment are shown in Fig. 17, where the peaks corresponding
to the fundamental (111), third (333) and fourth (444)
harmonic reflections appear. The spectrum is from raw
data obtained for 2013 s in real time under the conditions
of 100 mA electron macropulse intensity, 20 us duration
and 2 Hz repetition rate. The maximum number of events
that the detector could detect during this series 4026 events
was equal to the number of electron macropulses.

In this case, the transmittance of X-rays against 180 cm-
thick air and 1.15 mm-thick Alis 1.2 x 10~* for 10 keV and
0.67 for 30 keV; the SSD efficiency is 0.85 for 10 keV
and 0.09 for 30 keV. Taking account of the transmittance
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Fig. 15. Normalized profiles of the brightness around the edge of the acrylic plate in the X-ray CCD images, such as Fig. 14, observed in same geometry at

different X-ray energies.
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10 keV Window
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Fig. 16. Measurement setup for spectroscopy and photon counting of the
PXR beam with the energy of 10 keV using a Si-PIN-type SSD.

and detector efficiencies, the photon rates of the fundamen-
tal and the third harmonics coming into the detector
window are roughly estimated to be 560 (photons/macro-
pulse) and 0.89 (photons/macropulse), respectively. Since
the detector’s active area is 7 mm? and the distance between
the first target crystal and the detector is =9 m, these values
correspond to 6.5 x 10° [photons/(macropulse mrad?)] for
10 keV and 10 [photons/(macropulse mrad?)] for 30 keV,
respectively. Considering the uniformity of the PXR beam
profile, the total number of available photons of the funda-
mental reflection at the PXR exit window is estimated

detector: SSD(Si—PIN)
40l measurement time: 2013 s |
1st (230counts) absorber: Al 1.15 mm
2 3rd
8 20+ (216counts) i
o
L 4th 4
(35connts)
PO LTI | bbbl e L * . .
0 20 40

X-ray energy [keV]

Fig. 17. Raw spectrum of the 10 keV PXR beam obtained using the SSD
arranged as shown in Fig. 16. The measurement time of 2013 s in real time
corresponded to 4026 events of the electron macropulse.

at roughly 9 x 10°/macropulse, which corresponds to
7 x 10~® photons/electron. This value is an order magni-
tude less than the theoretical yield from a target with an
effective thickness of 0.1 mm. The reliability of this estima-
tion, however, is low because it dose not include the reflec-
tance of the third crystal, the detector saturation due to the
signal pile-up and/or the high-energy background, the
misalignment of the detector setup and the influence of
the linac stability. In addition, this measurement system,
consisting of three silicon perfect-crystal plates, was sensi-
tive to thermal fluctuation around the target and/or to
the experimental room temperature. Therefore, the above
values of the photon yields may be underestimations.
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So far, we have observed no phenomena that seem
attributable to other radiation processes such as self-
diffracted bremsstrahlung and transition radiation in the
X-ray energy range of 6-20 keV. This may suggest that
such processes are negligible compared with PXR in the
case of a 100 MeV electron beam.

8. Summary

We have developed a PXR generator based on the
LEBRA linac and successfully observed PXR through
the device. Although the quantitative analysis of the PXR
beam has not been sufficient yet, the qualitative properties,
such as tunability from 6 to 20 keV and the spatial distribu-
tion with a linear energy gradient across the horizontal
plane, have been experimentally confirmed.

Several preliminary experiments have been performed to
demonstrate PXR applications. The results suggest the
possibility of advanced applications, such as phase-con-
trast imaging and XAFS measurement. Since it is difficult
to obtain a high photon density from the PXR beam with-
out a complicated focusing system, measurement methods
using imaging devices are important for the effective use
of available photons. Furthermore, a time-resolved mea-
surement such as the pump-probe method may be suitable
for a linac-based X-ray source.
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Abstract

A parametric X-ray radiation (PXR) generator system was developed at the Laboratory for Electron Beam Research and Applica-
tions (LEBRA) at Nihon University; this PXR generator system is a tunable wavelength and quasi-monochromatic X-ray source con-
structed as one of the advanced applications of the LEBRA 125-MeV electron linear accelerator. The PXR beam which has characteristic
of energy distribution.

The theoretical values of energy distribution obtained at the output port were calculated to be approximately 300 eV and 2 keV at the
central X-ray energies of 7 keV and 20 keV, respectively. In order to investigate the energy distribution, several measurements of the
X-ray energy were carried out. The X-ray absorption of known materials and that of thin aluminum has been evaluated based on anal-
yses of images taken using an imaging plate.

The X-ray energy was deduced base on the identification of the absorption edges, and the energy distribution was estimated based on
measurements using aluminum step method. In addition, an X-ray diffraction method using a perfect silicon crystal was employed, and
spectra were measured using a solid state detector (SSD). The results of these experiments agreed with the calculated results. In partic-
ular, the well-defined absorption edges in the X-ray images and the typical rocking curves obtained by the measurement of the X-ray

diffraction indicated that the distribution has a high-energy resolution.

© 2006 Elsevier B.V. All rights reserved.

PACS: 41.60.—m; 41.50.+h; 29.17.+w

Keywords: Parametric X-ray radiation; Energy distribution; Linear gradation

1. Introduction

LEBRA has a PXR [1-3] generator system [4,5]. The
electron beam generated by the thermion discharge was
accelerated to 100 MeV by a pre-buncher, buncher and
three 4-m acceleration tubes. This electron beam irradiated
a perfect-crystal of silicon (111). As a result, PXR was gen-
erated in the direction in which it met the Bragg require-
ment. It is generally known that the PXR energy is
determined by the angle between the crystal and the

* Corresponding author. Tel.: +81 47 469 6046; fax: +81 47 469 5490.
E-mail address: mori@pha.nihon-u.ac.jp (A. Mori).

0168-583X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
d0i:10.1016/.nimb.2006.08.013

electron beam. Therefore, the energy can be changed by
rotating the target crystal.

A double-crystal system was introduced as a system that
carried the generated PXR to the experimental site [6,7].
The system is composed of two crystal wafers controlled
by monometers, as shown in Fig. 1. By such as approach
it is possible to extract PXR of various wavelengths used
for a fixed port. Taking into account the monochromatic-
ity, silicon perfect-crystal plates have been used both as tar-
gets and as reflectors. Thus, the first observation of X-ray
repetition from the PXR generator was achieved in 2004
using the system of measurement described here and a
simple ion chamber [8].
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Fig. 1. Double-crystal system.

1st crystal
Table la
Parameters of LEBRA liner accelerator for PXR experiments
Beam energy 100 MeV
Acceleration frequency 2856 MHz
DC gun voltage —100 kV
Maximum pulse duration 20 ps
Bunch length 10 ps
Macropulse beam current 100 mA
Repetition rate 2-5Hz
Average current S pA
Normalized emittance (rms) 207 mm mrad
Energy spread 1%
Table 1b

Parameters of LEBRA PXR experiments system

Target crystal Silicon (111) (diameter 100 mm,
thickness 200 pum)
Silicon (111) (diameter 100 mm,

thickness 1 mm)

Second crystal

Beam line length 7500 mm

The atmospheric pressure of 10" Pa
beam line

Diameter of beam line 98 mm

Material of outlet Polyimide (thickness 200 pm)

At present, the achieved level of X-ray energy ranges
between 5 keV and 20 keV. The specifications of the pres-
ent PXR generator system and the accelerator are shown
in Table 1.

2. Characteristics and energy distribution of PXR

The present PXR beam at LEBRA is a quasi-monochro-
matic X-ray source that can be generated from an acceler-
ator [9-14]. In addition, it exhibits high-quality directivity
and unique energy distribution. The energy was found to
remain constant in vertical direction. The horizontal direc-
tion was calculated according to the following equations
[10,15]; a representative example of the calculation results
is shown in Fig. 2.

If both the electron vector v and the reciprocal lattice
vector g of the target crystal are along the horizontal plane,
one can express the PXR energy 7o in the case of the Bragg

14.0

1351

Energy [keV]

L |
-40 -20 0 20 40

Position from center [mm]

Fig. 2. Calculated energy distributions (center energy: 13.5 (keV)).

angle 0, which is the incident angle of the electron into the
crystal plane, following,

5 __he* | g|sin0
@= 1 —fcos¢ ’

where ¢* is the light speed in the target medium and =
[v|/c*; ¢ is the angle between the electron velocity and the
X-ray direction. According to Eq. (1), the PXR energy
depends almost linearly on the angle ¢-20 for fixed 0 if 8
is approximately equal to 1 and ¢ is close to 20. For ¢
=20, i.e. the Bragg condition in Eq. (1), the PXR energy
is approximately equal to the Bragg energy hwg = hic*|g|/
2sinf. Differentiating Eq. (1) with respect to the angle ¢

gives
d(hw)  —hofsin$ @)
d¢ 1 —pfcos¢’
Around the Bragg condition, therefore, a slight change
A6 of the angle ¢ shifts the PXR energy to

(1)

, N Af
ho' = hog + Aho =~ hog (1 tan 9>, (3)
where f§ ~ 1 is used in the last approximation.

The energy at the center was 13.5 keV in this case. The
linear energy gradation is horizontally; it was therefore
possible to measure the XAFS without altering the state
of the PXR source.

The energy distribution of PXR is measured using vari-
ous methods. The energy distribution results and a review
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of the results obtained with each respective method are dis-
cussed below.

The following methods were employed for the present
series: Imaging of X-ray absorption edges, imaging of alu-
minum-step absorption, X-ray diffraction using perfect sil-
icon crystal plates, and measurement of the spectra with a
solid-state detector (SSD).

3. Results and discussion
3.1. Imaging of X-ray absorption edges

The PXR energy has a linear, horizontal. The X-ray
absorption edge was examined through radiography. The
brightness of the radiograph changed drastically at the
X-ray absorption edge. This energy was already known.
Therefore, the absolute value of the energy is generally
obtained from the observed position.

Bromine was used in a representative experiment. The
energy at the K-absorption edge is known to be 13.47
keV. The bromine was contained in the emulsion of the
Polaroid film. Then, the center of energy of the PXR was
adjusted to 13.5 keV, and the PXR was used to irradiate
the Polaroid film.

When the energy of the X-ray was lower than that of the
K-absorption edge, little absorption of X-rays was
observed. Therefore, the image darkened. Abundant
absorption of X-rays was observed when the energy
exceeded the K-absorption edges. Therefore, the brightness
of the image increased. It is possible that the site of this
markedly altered energy was at the K-absorption edge.

The distance between the PXR output port and the
Polaroid film was 50 mm. A Polaroid 57 film (ASA 3000)
was used in the present series. The center energy of the
PXR was set at 13.2 keV, as based on calculations. The
PXR was used for 1800-s irradiation. Fig. 3(a) shows such
a photograph. The diameter of the exposed region shown
in the figure was 98 mm. In the horizontal direction, we
observed a marked variation in brightness at the K-absorp-
tion edge. In the vertical direction, the brightness remained
unchanged. Fig. 3(b) shows a radiographic image taken
when the center energy of PXR was set at 13.85 keV.
Dramatic variation in the brightness at the K-absorption

b

Upper
(vertical)

Upper
(vertical)

4= High energy (horizontally) &= Hjigh energy (horizontally)

Fig. 3. Imaging of X-ray absorption edges. (a) Radiograph (the center
energy of PXR was set from the calculation to 13.2 keV). (b) Radiograph
(the center energy of PXR was set from the calculation to 13.85 keV). The
diameter in the exposed part is 98 mm.

edge shifted horizontally, according to the energy levels
observed. The vertical direction remained consistent.

Due to the energy distribution, the contrast in the X-ray
image changed at the absorption edge in the horizontal
direction. The X-ray energy in the vertical direction is
almost constant. These features are useful for the energy
calibration of the PXR emitted from the present double-
crystal system; moreover, the accuracy of the system seched
several eV. It was not possible to measure the energy distri-
bution in this case.

All materials have K-absorption edges and L-absorption
edges. If these edges are combined, it is necessary to deter-
mine the absolute value of the energy. The following mate-
rials were used in the PXR generation area of LEBRA:

K-absorption edge: Mn (6.538 keV) to Mo (20.000 keV)
and

L-absorption edge: Nd to Cf.

The following materials were examined in the present
study.

K-absorption edge: Fe (7.111 keV), Cu (8.981 keV), Zn
(9.661 keV), Br (13.474keV), Sr (16.105keV) and Y
(17.039 keV)

L-absorption edge: Gd, Yb, W, Au and Pb.

3.2. Aluminum-step absorption imaging

The absorption coefficient is known to be dependent on
the X-ray energy. Therefore, the absorption coefficient
could be measured by using filters with different thick-
nesses. As a result, the energy could be estimated based
on the absorption coefficient. The aluminum step method
is a standard method, and the absorption coefficient was
measured easily. If the energy was measured at several
points, the energy distribution could be estimated. The ver-
tical direction revealed no energy change. Therefore, if a
section was imaged in the vertical direction, the difference
in the permeability of an energy-constant region could be
obtained.

The distance between the aluminum steps and the PXR
output port was 200 mm. The distance between the alumi-
num steps and the imaging plate (IP) was 5 mm. The mea-
surements were carried out under ambient pressure. The IP
is a product of Fuji film (MS-2000), and its special resolu-
tion is 50 um squared. Fig. 4(a) shows the irradiated image
of the aluminum steps. The aluminum steps had the follow-
ing thickness: 24, 48, 96, 192 and 384 um. The center
energy of the PXR was set at 7.00 keV, based on the calcu-
lation Eq. (3). The PXR was irradiated for 900 s. The diam-
eter of the exposed region was 98 mm.

The contrast in the section examined at this step was
measured at several sites. These results were normalized,
and fit by an exponential. The energy in this respect was
estimated for the absorption coefficient, from which the
exponential fitting was obtained. Fig. 4(b) shows the results
of this step. The solid line represents the results of the the-
oretical calculations, and the dots indicate the results of the
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Fig. 4. (a) A radiograph of aluminum steps absorption. (b) A measure-
ment of energy gradation (center energy: 7 (keV)).

experimental measurements. These two sets of results
showed good agreement.

A linear energy gradation was observed when the alumi-
num step method was used. The measurement results
agreed with the calculated results.

3.3. X-ray diffraction using perfect silicon crystals

Fig. 5(a) provides an illustration of the experiment
design.

a b

a double-crystal system
PXR beam & v

Si(111)

Si(111)
Electron beam
PXR beam

—— Outlet

Si(111) Electron beam

“

arrangement +-+

—t— outlet

Si(111)

{ arrangement +--

0

Fig. 5. The experiment arrangement X-ray diffraction method using a
silicon perfect-crystal: (a) Arrangement “+ — +”. (b) Arrangement “+ —

2
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The distance between the third perfect-crystal silicon
(111) and the PXR output was 1050 mm. The distance
between the silicon perfect-crystal and the ion chamber
was 750 mm. These sessions were conducted under ambient
pressure. The angle of the silicon crystal was controlled by
a motor controlled in a step-wise manner (0.0001° steps).
The PXR irradiation was at 20 ps (1 pulse).

There were two arrangements of the third crystal. Fig. 5
shows these two types of arrangement. Fig. 5(a) shows the
arrangement indicated as “+ — +”, and Fig. 5(b) shows the
arrangement indicated as “+ — —”". 6 represents the angle
between the PXR beam line and the silicon crystal face.
The differences between the results obtained with these
arrangements were examined (Fig. 6). The center energy
of PXR was set at 9.98 keV. The arrangement “+ — —”
(Fig. 6(a)) had a 0.13° width and a 0.15-V peak strength.
The arrangement “+ — +” (Fig. 6(b)) had a 0.002° width
and a 5.5-V peak strength. The arrangement “+ — +”
has a peak strength that was 37 times that of arrangement
“+ — —”. The width of arrangement “+ — +” was very
narrow, i.e. 1/65.

With the arrangement “+ — +”°, a very sensitive rocking
curve was obtained. As arrangement “+ — —”, the region
in which it met the Bragg requirements for energy exten-
sion in the PXR source was limited. The arrangement “+
— +” met the Bragg requirements for the entire crystal face
for the energy extension at any given angle.

Fig. 7 shows the results obtained when a Polaroid pic-
ture of the PXR beam reflecting arrangement “+ — +”
was taken. A black oval indicates a shadow of the crystal.
The right white oval indicates an image of the refraction.
Reflection occurred on all aspects of the crystal in the
beam. The distribution of energy was theoretical in these
cases. Therefore, the rocking curve of the other energies
was measured using the arrangement “+ — +’.

The energy and Bragg angle at the center are assumed to
be E and 6. The difference of energy from the center is
assumed to be AE, the refraction angle in the second crystal
becomes 0 + A0.

When incident on the third crystal of the arrangement
“+ — 47, the angle meets the Bragg requirement with
0 + A6. The strength of reflection X-ray increases because
it reflects by all aspects of silicon face. On the other hand,

0.5 T T
Setup : 9.98 [ke
04l up [keV] |
0.3f i
0.2¢ 4
ant®e 00t
0.1f o . _
... ., -
1?,20 11.30 11.40 11.50
0[]

Fig. 6. Difference of rocking curve between the two kinds of arrangements (center energy: 9.98 (keV)). (a) An arrangement “+ — +”°. (b) An arrangement

oy
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Fig. 7. Radiograph using the PXR beam that reflects by the arrangement
“+ — +” with a Polaroid film.

the angle of incidence becomes 6 — A6, and it does not
meet a Bragg requirement. Therefore, it reflects from a part
of the crystal face and it becomes a weak reflected light.

As shown in Fig. 8, the angular distributions of the
X-ray yield widths approximately equal that of the calcu-
lated ones [6].

According to the dynamical theory of X-ray diffraction,
the reflectivity /I, of the perfect single crystal in the sym-
metrical Bragg case is described by

sin 205

W=——F——
P % |

%o
(0 —05) +—7—. (4)
| Pl % |
P = 1: for o-polarization
P = cos20p: for n-polarization

1 .
=1 if|w|< 1,
o : 5)
I—g = (| WP =V w? — 1) otherwise,
0
1 . T T
; 1 p
7.0keV ;.' " - 16.3keV #9
L] b
'S , ¢
1 IEO,ODQBdeg, 4o -
Pk Ano ]
ot-t ?.-’—"' LR oles 'E/.-" “& L)
16.405 16410 16.415 6.965 6.970

Bragg angle [ deg. ] Bragg angle [ deg. ]

Fig. 8. Comparison between measured rocking curves and theory
calculation. Filled circles show the measured rocking curve. Dashed line
shows theoretical diffraction width of silicon (111). (a) Center energy: 7.00
(keV). (b) Center energy: 16.00 (keV).

where 0 is the angle of the incident X-ray and 0y is just the
Bragg angle. This is well known as the Darwin curve.

Filled circles indicate the rocking curve measurement.
The dashed line indicates the theoretical diffraction width
of silicon (111). Good agreement between the calculation
and the experimental measurements was observed. There-
fore this method is considered to be suitable for achieving
highly accurate measurements of the energy.

The present results indicate that the diffraction of the
PXR strongly depends on the crystal arrangement. It is
expected that the energy resolution is very high along the
horizontal.

3.4. Measurement of spectra using SSD

Fig. 9 shows an arrangement of the measurements using
the SSD. The silicon crystal reflected the PXR beam
because the background noise was decreased. The distance
between the silicon perfect-crystal and the PXR output
port was 1050 mm. A distance between the silicon per-
fect-crystal and the SSD was 750 mm. The angle of the
silicon perfect-crystal met the Bragg reflection require-
ments. The SSD was made of pin-silicon (XR-100CR). A
1.15-mm aluminum filter was set up ahead of the SSD; this
was done in order to prevent detector pile-up. The output

1050mm

' Tl D:

fundamental

10 ke Window
» 4
Al:1.15mm
& (12um x 96)
S8D (Si-FIN)
Fig. 9. The experimental arrangement using SSD.
100 T T T
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g
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0 [P TREWRrTT ) L
10 20 30 40
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Fig. 10. Energy measured by SSD (The center energy of PXR: 10.00 keV).
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signals of the SSD were acquired with a multi-channel ana-
lyzer (MCA).

Fig. 10 shows the results obtained by using this
approach. The center energy of the PXR was set up as
10.00 keV based on the calculations. The PXR irradiation
was applied for 1000 s. The calibration of the SSD was
set at 55Fe. There were strong spectra at 10 keV (funda-
mental refraction) and 30 keV (third harmonic refraction).
The fundamental refraction was approximately 2260 times
stronger than the third harmonic refraction, when the
transmittance of the absorber was taken into account.

4. Conclusions

The energy distribution of PXR agreed with the theoret-
ical measurements. The horizontal direction indicated a lin-
ear gradation.

The vertical direction indicated no energy change.

The energy of the PXR beam from the double-crystal
system was also measured.

The imaging of absorption edges revealed that the abso-
lute energy could be measured.

The aluminum step method revealed that the energy dis-
tribution could be measured in an approximate manner.

Diffraction using a perfect-crystal gave results that the
high-energy resolutions of the PXR beam.

Spectroscopy using a SSD showed that the center of
energy could be estimated.

The experimental measurement of the energy distribu-
tion of the PXR agreed with the results of the theoretical
calculations.

Along the horizontal axis, the energy distribution had a
linear gradation, and along the vertical axis, the energy dis-
tribution remained constant.
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Abstract. The monochromalic X-ray source based on parametric X-ray radiation (PXR) was developed by using the electron
becam from the 125-McV linac at Nihon University, The X-ray gencrating system consists of two silicon perfect-crystal plates
to offer a wide tunability. The system has actually been providing the energy dispersive monachromatic X-ray beam in the
region ol 6 1o 20 keV. using Si(111)-plane [or the largel and the second crystals. Since the X-ray beam [rom the PXR generator
has rather high encrgy resolution and coherency, X-ray absorption fine structure (XALFS) measurcment and phase-contrast
imaging are possible applications of PXR. Actually, preliminary experiments on energy dispersive XAFS measurement and
relraction-contrast imaging have been successlully carried out using the PXR beam.

Keywords: new X-ray source, PXR, perfect crystal, middle-class linac, XAFS, phase-contrast imaging, coherent X-ray source
PACS: 41.60.-m, 41.50.+h, 29.17.+w, 61.10.Ht, 87.64.Rr

INTRODUCTION

The 125-MeV S-band electron linac of the Laboratory for Electron Beam Research and Application (LEBRA})
at Nihon University has relatively high performance for a conventional machine, since the linac was developed for
generation of [ree electron laser [1]. Due (o limilation ol the electron energy, however, it is dillicull lo generale lunable
monochromatic X-rays by using ordinary methods such as synchrotron radiation. The altemative X-ray production
method employed at LEBRA is the use of parametric X-ray radiation (PXR), which is a kind of transition radiation
from crystalling medium [2, 3]. The radiation has the advantages of monochromaticity, directivity and continuous
tunability. Since the energy of PXR depends on the Bragg angle defined by the angle between the velocity of the
incident electron and the crystal planes, a double-crystal system with a {4, —) arrangement was developed as a PXR
generator to offer a wide tunability [4]. The first crystal is the target irradiated with the electron beam from the linac,
and the second crystal is the reflector for PXR from the target. The system has been set up on the dedicated beamline,
which provides tuned X-rays through the fixed extracting port. Figure 1 shows the layout of the PXR beamline. The
parameters of the PXR system are listed in Table 1. The experimental operation of the PXR generator started early in
2004 using Si(111} planes for both the target and the reflector. The energy of the X-rays has actually been tunable in
the range of 6 to 20 keV [5]. Application studies using the PXR beam have been conducted since July 2004.

The X-ray beam at the exit port has almost the same transverse size as the window inner diameter of 98 mm due
to the angular divergence of PXR which depends on the electron energy. The irradiation field has rather large area as
a tunable X-ray source. In addition, the profile of the PXR beam in the irradiation area is quite uniform. Therefore,
the X-ray beam from the PXR generator is suitable for imaging [6]. Actually, X-ray radiography is one of the main
applications of the PXR beam at LEBRA. Figure 2 shows X-ray images taken using the PXR beam.

Since the PXR beam has a linear energy dispersion with high resolution, measurement of X-ray absorption fine
structure (XAFS) is a possible application of the PXR beam. In addition, high coherency of PXR makes possible
phase-conirast imaging using Bragg diffraction. These are the most promising applications of the X-ray beam from
the PXR generator. In particular, the linac-based X-ray source has an advantage in a time-resolved measurement
because of the pulsed structure of the electron beam,

! This work is supported by the "Academic Frontiet" Project for Private Universities: matching, fund subsidy from MEXT, 2000-2004 and 2003-
2007.

CP&79, Syachrotron Radiation Instrumeniation: Ninth International Conference,
cdited by Jac-Young Choi and Scungyu Rah
T 2007 American Institute of Physies 978-0-7334-0373-4/07/$23.00

123



‘%}.‘hcam dump

son chamber  exit A

pheie-film or [P

houble-erystal
Fusiem

T2 man

- _‘[/ ~u )5;5{:‘ 20mm

whoctor

FIGURE 1. Lavout of the PXRR gencrator and the dedicated beamline.

TABLE 1. Specifications of LEBRA-PXR svstcim

Eleciron beam energy 100 MeV (1yp.)
Electron macropulse 100 mA, 10 =20 ps, 2 =3 Tz (1vp.)
Elcctron average current <5 pA
Llectron beam normalized cmittance < 20% mm mrad
PXR energy using Si(111) 4 - 20 keV
PXR heam sive @ the exil window 98 mm in diameter

DIFFRACTION PROPERTIES OF PXR

Due to the energy dispersion of PXR, the PXR beam can be efficiently transported using the Bragg diffraction by
perfect crystals. The double-crystal system of the LEBRA-PXR generator was designed on the basis of the property.
Considering only the horizontal plane, the PXR energy /o and its differential coefficient with respect to the angle &
between the electron velocity and the X-ray direction are given by

R g sin# 1{hw fie g| 3 sind sing
hoo= 0 9 B . & .):— < g|3s ,5 Y =

1 —Jcosg’ de (1 — 3 cosg)? 1 —cosd’

— s8¢

(1

respectively, where ¢ s the speed of light in the target medium and 3 = |v /¢*; g and # are the reciprocal lattice
vector of the crystal and the Bragg angle, respectively. Here, 7 == 1 is used in the last approximation. Around the
Bragg condition, i.e., ¢ = 24, a slight difference A# of the angle ¢ shifts the PXR energy to

b = he + Abw = hw + d(i’“’)m = (1 - ﬂ_\e) — he (1 _ 4 ) _ )

{1

1 cos2i

il

FIGURE 2. Typical radiographs using the PXR beam; (a) 1C card al 11 keV: a sample slice o () @ human iooth and () a rabbil
bone with a Litanium implant, respectively, al 9 keV.
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On the other hand, the ordinary Bragg energy expressed by fiw = fic* |g|/2sin@ is equal to the PXR energy in the case
of Af = 0. The X-ray energy fiw” which satisfies the Bragg condition for the Bragg angle 6 + A6 is approximated by

"o d(fw) B hc* |g| cosé B Af
hw'” ~ hw+ a0 Af = hw + a0 AG-hw(l tan&)’ 3)
Comparison between eq. (3) and eq. (2) gives an important result that all of the X-rays from the target crystal satisfy the
Bragg condition at the same angle of the 2nd crystal in the (4, —) arrangement within the first-order approximation.
Owing to this property, the PXR beam can be reflected efficiently despite the relatively large divergence angle.
Furthermore, this discussion is applicable to the case with more than three crystals. Figure 3 shows the schematic
explanation of successive diffraction in the case of the three-crystal system with the (+,—,+) arrangement, and the
typical rocking curve which was measured with respect to the third crystal angle. The rocking curve has an angular
width almost equal to the value deduced from the dynamical theory of X-ray diffraction.

ho x107]

14keV

04 A0 = 3rd crystal

1.5x107 deg.

8.11 8.115
3rd crystal angle [ deg.]

FIGURE 3. Diffraction of a PXR beam in a (4, —,+) arrangement and typical rocking curve of the 3rd analyzer crystal.

ENERGY DISPERSIVE XAFS

According to eq. (2), the PXR energy is approximately a linear function of the X-ray emission angle in the horizontal
plane. Therefore, one can directly obtain XAFS spectra from X-ray images taken by the PXR beam with the energy
dispersion property. This method is a kind of energy-dispersive XAFS (DXAFS) measurement. Figure 4 demonstrates
the results of the XAFS experiments for several samples using LEBRA-PXR system, where the X-ray energy was
calibrated by applying eq. (2) [7]. In addition to the energy-dispersive method, the linac-based X-ray source has
advantages in time-resolved measurement compared with X-ray sources by synchrotrons or storage-rings.

Absorption[a. u.]

L
9000 9100 9200
X-ray energy [eV]

FIGURE 4. (a) X-ray absorption image of an YbaO3 X-ray filter, CuSO4 gel, a Cu-Ni foil, and a pure Cu foil taken by an
imaging plate (negative images); (b) XAFS spectra of the samples obtained from the image.

PHASE-CONTRAST IMAGING

Phase-contrast imaging is another promising application of the PXR beam. This new technique of radiography
is based on detection of the phase shift of X-rays due to penetrating materials with different permittivity. Due to
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FIGURE 5. Comparisons between an absorption-contrast radiograph (a) and refraction-contrast images (b—d) of a leaf packaged
in paraffin. The phase-contrast images were taken at different analyzer angles.

the high sensitivity to a slight difference in an object consisting of light materials, this imaging method is adequate to
investigating biological materials. Considering the PXR diffraction properties, the 3rd analyzer crystal in the (+, —, +)
arrangement can detect the refraction of X-rays passing through a sample object which is placed in front of the analyzer.
Consequently, refraction-contrast imaging, which is a kind of phase-contrast imaging, is possible by the combination
of the PXR beam and the analyzer system in the (+, —, +) arrangement. Preliminary experiments of refraction-contrast
imaging using the PXR beam have already been performed; the typical results are shown in Fig.5 [8]. Thus far, the
contrast enhancement and the phase-reverse effect have actually been observed using the refraction-contrast method.

SUMMARY

The PXR generator was developed on the basis of the electron beam from the 100 MeV-class LEBRA linac. The
tunable monochromatic X-rays have actually been obtained from the system and served for user’s applications since
2004. The energy of the PXR beam has been tunable in the range of 6 to 20 keV. The PXR beam is suitable for
application to X-ray radiography. In particular, DXFAS measurement and phase-contrast imaging are most promising
applications of the X-ray beam from the LEBRA PXR generator.
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Abstract. The parametric X-ray (PXR) generator system at Laboratory for Electron Beam Research and Application
(LEBRA) in Nihon University is a variable-wavelength and quasi-monochromatic X-ray source, which was developed as
one of the advance applications of the 125-MeV electron linear accelerator. Since the first observation of the X-rays
generated by the system in April 2004, application studies have been performed using the PXR beam in the region from
6.0 to 20keV. The PXR beam extracted from the fixed output port of the generator has characteristic energy dispersion.
The theoretical energy spread at the output port with an inner diameter of 98mm changes approximately from 300eV to
2keV depending on central X-ray energy from 7keV and 20keV. The dispersion occurs linearly only in horizontal
direction, with a high energy resolution. The characteristics of the PXR beam from the generator suggest a possibility of
for the kind of energy dispersive X-ray absorption fine structure (DXAFS) measurement using density distribution in the
radiographs of materials. Using the uniform film of the sample materials, DXAFS can be deduced from the measurement
of the horizontal density distribution in the radiograph due to the characteristics of the PXR beam. Since the PXR
generator system is based on the S-band liner accelerator, it has the potential for the time-resolved XAFS measurement
with several ten pico-second resolutions.

Keywords: DXAFS, Parametric X-ray, Energy distribution
PACS: 41.60.-m, 41.50.+h, 29.17.+w, 61.10.Ht

INTRODUCTION

At the Laboratory for Electron Beam Research and Application (LEBRA), Nihon University, a tunable
monochromatic X-ray source was developed based on Parametric X-ray radiation (PXR) [1,2]. The PXR system was
constructed with a dedicated beam line connected to the 100MeV - class electron linear accelerator of LEBRA.
Since the LEBRA-PXR source serves a tunable X-ray beam involving liner energy dispersion, X-ray absorption fine
structure (XAFS) measurement is possible using an imaging device. This method is a kind of energy-dispersive
XAFS (DXAFS) which has recently been studied using bent-crystal polychrometers at several large synchrotron
facilities. In the case of the LEBRA-PXR, however, the energy dispersion of the X-ray beam is obtained using flat-
plane crystals and has a good linearity to the emission direction of X-rays. In a sample setup, one can obtain XAFS
spectra using the PXR beam from the LEBRA system, although the measurement requires large uniform samples.

Considering the large area of irradiation field of the PXR beam, imaging devices for radiography, such as an
imaging plate (IP), are useful for the detector in the DXAFS experiment using the PXR beam. We therefore carried
out preliminary experiments of DXAFS using the PXR beam and imaging devices such as an IP and an X-ray CCD.
This paper reports the results and discusses the properties of the LEBRA-PXR system with respect to XAFS
measurements.

CP879, Synchrotron Radiation Instrumentation: Ninth International Conference,
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TABLE 1. Specifications of LEBRA-PXR system.

Typical electron energy 100 MeV
Average beam current <5 nA
PXR generator target (first crystal) 0.2mm thick Silicon (11 1)
PXR energy range ( Silicon(111)) 4-20 keV
PXR beam size (Output window) 98 mm (diameter)
Distance between PXR source to output window 7.2m
Range of elements for XAFS measurement Ca to Mo (K-edge)

Sb to Cf (L-edge)

ENERGY DISPERSIVE XAFS MEASURMENT USING PXR

The LEBRA-PXR system is a monochromatic X-ray source on the base of the 125-MeV electron liner
accelerator. PXR is a kind of radiation phenomena which result from the interaction between a relativist charged
particle and crystal medium. The radiation has high directivity and unique energy distribution.

If both the electron vector v and the reciprocal lattice vector g of the target crystal are along the horizontal plane,
one can express the PXR energy s in the case of the Bragg angle ¢ , which is the incident angle of the electron
into the crystal plane, following,

hw:hc*|g|sin9 , )
1- fcos¢
where ¢* is the light speed in the target medium and p-jv|/c" ; ¢ is the angle between the electron velocity and
the X-ray direction. According to eq.(1), the PXR energy depends almost linearly on the angle 4-2¢ for fixed if
S is approximately equal to 1 and ¢ is close to 29 [3-5]. Forg=2¢, i.c., the Bragg condition in eq. (1), the PXR
energy is approximately equal to the Bragg energy o, = nc | g |/2sin6-
Around the Bragg condition, the PXR energy shift due to slight difference A of the angle ¢ is approximately
written by

ho'=hog + Aho = hog (1- A0

) 2
tan9) @

within the approximation g~ .

Considering the reflection of X-rays by second crystal and the geometry of the system as shown in Fig.1(a),
eq.(2) is replaced by the function of horizontal position x,

1 X
ho'~hog(1+——2) 3)
@' hay tan 8 L)

where L is the distance between the PXR source and the observation plane in the Fig.1(a). Figure 1(b) shows the
PXR energy as a function of the horizontal position which is accompanied with the results of the X-ray energy

L +

; Horizontal /.1
!
] | 4
i2nd crystal g PXR beam ;7'05
[ S 0 5}
i OFRG T o x 5 7 ]
= Vertical :=j
— 6.95 ® Measurment(Alstep) |
20+A 06 -calculation
6Aﬂ Il Il L Il L
> =30 20 -10 0 10 20 30
Electron Beam
1%t crystal Position from center[mm]
(a) Arrangement (b) energy distribution (Center energy is 7keV )

FIGURE 1. PXR generated system with double crystal system
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measurement using the absorption due to the Aluminum step. Using the distribution property, the XAFS spectrum of
the samples can be directly observed using imaging device. In the case of the LEBRA PXR system, the irradiation
field area has rather large area, of which diameter 98mm at the output port. Therefore the imaging plate (IP) is useful
for imaging device.

The tunability of the PXR beam in the ranges of 4 keV to 20 keV makes possible XAFS measurement of
elements from Ca to Mo for K—absorption edge and from Sb to Cf for L —absorption edge. The dynamic ranges of
the energy distribution are estimated to be 90 eV and 2.7 keV when the center energies are 4 keV and 20 keV. When
there are uniform samples as long as the PXR beam diameter, EXAFS can be measured.

EXPERIMENTAL RESULTS AND DISCUSSION

To demonstrate DXAFS measurement using the PXR beam, several samples were prospered and these
absorption images were taken in the simple setup as shown in Fig.2(a). Figure 2(b) shows the typical images of an
Yb,0O; X-ray filter, Cu-Ni alloy foil, a pure copper foil and CuSO, gel In this case, the PXR energy was turned
around 9 keV and an IP (Yosida) with 50 um square area was used as the imaging device, the measurement
conditions were L1 of 600 mm and L2 of 20 mm. The time that had been required to take image was 1800 second.
The absorption edge of each sample was clearly defined and striped pattern were observed in the higher energy
region than the absorption edge. Figure 3(a) shows absorption spectra obtained from Fig.2(b), where the X-ray
energy was calculated by applying eq. (3). In the spectra of pure Cu and Cu - Ni alloy, the oscillators that seem to be
a part of EXAFS of copper were observed. On the other hand, energy shifts of the absorption edges and sharp peaks
were observed in the spectra of CuSO, and Yb,0s.These seems to be typical XANES spectra. In addition, the strong
absorption due to the L-absorption edge of Yb,0; was also observed. The energy difference of Yb,0O; L -absorption
edge from Cu K-absorption edge obtained in the experiment was almost equal to the value of the “Table of
Isotopes”. These results suggest that the calculation can be easily performed by measured sample simultaneously.
The range irradiation field is one of the advantages of the DXAFS measurement using the PXR beam.

In other hand, Fig.3(b) shows the absorption spectra obtained using an X-ray CCD with an element size of 24 um
square and an active area of12 mm square. The time that had been required to take image was 900 second. The
DXAFS measurements for pure copper foil and CuSO, gel were carried out under the condition that L1 and L2 were
480 mm and 180 mm, respectively. The energy range covered by the X-ray CCD is approximately 60 eV at 9 keV
because of the X-ray CCD action area. Although the use of the X-ray CCD is not efficient for wide-range EXAFS
measurement, the device is suitable for the XANES measurement become of the high position resolution.

In the case of the PXR source, both the electron beam size on the target and the position resolution of the
imaging device restrict the energy resolution of DXAFS measurement. In particular, the electron beam size effect is
significant since it degrade the energy dependence itself. Assuming the diameter of the electron beam is 750um. L is
7650 mm at 9 keV, the energy resolution is estimated to be 3.93 eV. In order to improve the energy resolution,
smaller electron beam or larger distance L is required. The well forward electron beam has an advantage over the
long distance L because of the photon density and the compact measurement system. Perhaps, the destruction of the

Imaging Device

Output port Samples
L1 L2
0 1 cm X (high energy)
(a) Arrangement of imaging (b) Image using IP

FIGURE 2. X-ray absorption image(The Yb,0; X-ray filter, alloy ribbon of copper and nickel, the pure copper ribbon and
CuSO,. gel)
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FIGURE 3. The absorption spectra

target crystal due to the electron beam may limit the energy resolution of the PXR dispersion.

Because the spatial resolution of the IP and the X-ray CCD are about 50um and 24 pm, the energy resolution
attributed to the position resolution of the imaging device are estimated to be 1.16 eV and 0.56 eV respectively. In
the spec, the IP and the X-ray CCD are unquestionable for the energy resolution because the resolutions these
imaging devices are higher than the PXR source. Moreover, the resolution of the IP is more poor that of the CCD
(Especially, XANES region). This is due to the problem of the device when IP is developed. It is necessary to use
wide view CCD used in synchrotron radiation facilities to request more detailed resolution.

The energy resolution when IP was used was worse than the result of using X-rays CCD. It is measured that this
deterioration is not caused by the spatial resolution of the IP but by the distortion in the amplifier linearity of the IP
reader. Therefore, the improvement of the imaging device is also important for DXAFS measurement using
radiography techniques.

SUMMARY

There is a possibility that energy-dispersive XAFS (DXAFS) is obtained by taking the penetration image using
ribbon material without PXR generator scanning, because PXR has a straight line energy distribution. This method
can observe two or more material and authentic sample at the same time because the energy distribution in the
vertical direction is constant. As a result of the experiment, the spectra pattern and the chemical shift was observed.
However, the energy resolution is decided the electron beam diameter and the imaging device.
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Abstract. Phase contrast x-ray imaging is an important technique for investigation of materials consisted of light atoms,
such as soft biological tissues. The tunable monochromatic x-ray source based on Parametric X-ray Radiation (PXR),
which was developed at Laboratory for Electron Beam Research and Application (LEBRA) in Nihon University,
provides x-rays with a high spatial coherence which is an essential property required for phase contrast imaging. In
preliminary experiment, refraction contrast images for leaf tissues of a tree and animal specimen have been obtained
successfully with the LEBRA-PXR x-rays. In the imaging system, the x-ray that passed through the sample once reflects
off the silicon perfect-crystal x-ray analyzer at the Bragg angle, and then enters the imaging plate. The bright-field and
the dark-field phase contrast images have been obtained by infinitesimal rotations of the analyzer, showing the evidence
of contrast reversal. Although the conventional radiograph by absorption contrast was also taken with the LEBRA-PXR,
significant differences are found between the radiograph and the phase contrast images.

Keywords: Parametric X-ray Radiation, phase contrast imaging
PACS: 87.64.Rr, 87.59.-e, 87.59.Bh

INTRODUCTION

The x-ray imaging, which provides information on internal structure without other additional destructive methods,
is an important diagnostic technique in medicine, biology and material science. In particular, phase contrast imaging
is utilized for observing light materials which are difficult to visualize with absorption imaging techniques. The
contrast in the conventional x-ray image results only from the difference of x-ray absorption depending on the
density, the thickness or the composition in the object. However, the phase contrast imaging technique can provide
the additional contrast in the transmitted x-ray beam due to the phase difference resulted from inhomogeneous
refractive index in the object. Therefore, phase contrast imaging offers higher contrast and spatial resolution for
light materials such as biological tissues [1], though implementation of the new imaging technique requires the
spatially coherent x-rays.

In the Laboratory for Electron Beam Research and Application (LEBRA) at Nihon University, a point-like x-ray
source has been developed on the basis of Parametric X-ray Radiation (PXR) from a high energy electron beam [2].
The LEBRA-PXR generator using a double-crystal system provides the monochromatic x-ray beam ranging from 6
to 20 keV. The x-ray beam of LEBRA-PXR has a wide exposure field, which is restricted by the x-ray extraction
window with diameter of 98mm, and has rather uniform dose in the exposure field. These characteristics of the
LEBRA-PXR suggest that the PXR beam is suitable for imaging applications. In fact, the x-ray absorption images
have been obtained for several materials using the LEBRA-PXR light source. Furthermore, the contrast
enhancement effect has been observed at the image for the edge of an acrylic plate, which suggests that the LEBRA-
PXR has a good coherency applicable for phase contrast imaging [3].

In preliminary experiment for phase contrast imaging with LEBRA-PXR, refraction contrast imaging has been
tested for the x-rays which transmitted through an object and being analyzed by a perfect crystal; only the x-rays
satisfying the Bragg’s law for the diffraction can inject into the detector and contribute to the image formation [4].
Using the imaging technique, the refraction contrast images for a few materials have been obtained successfully.

CP879, Synchrotron Radiation Instrumentation: Ninth International Conference,
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This paper discusses on the results of the refraction contrast images for biological materials obtained with the
LEBRA-PXR.

EXPERIMENTAL SETUP

The experimental setup for phase contrast imaging using the LEBRA-PXR is shown in Fig. 1, where the setup
was designed in a similar manner with the refraction contrast technique using an analyzer crystal as reported by
Bravin [4]. The x-ray beam is extracted through the extraction window with an inner diameter of 98 mm.
Horizontal size of the beam is restricted to 30 mm by a slit placed in front the sample. The sample is directly
irradiated by the x-ray beam without using a monochromator, since the LEBRA-PXR is horizontally energy resolved
monochromatic x-ray source. The x-ray passed through the sample is reflected by the analyzer crystal on the
goniometer when the incident angle of the x-ray satisfies the Bragg condition. Then the x-ray is detected with the
imaging plate or with the ionization chamber, which depends on the experiment; imaging of the sample or
measurement of the rocking curve of the analyzer crystal. The conventional radiographs are also obtained by
removing the analyzer crystal and placing the imaging plate instead. The spatial resolution of the imaging plates
(CrossField Co., Ltd.) is 50 um. The x-ray images in the experiment were taken at the exposure time of 30 min for
the x-rays with the energy of 14 keV.

Extraction
Window Slit
jua L4 o0
Sample -\a’wac'm 1
Dhge?
A 30mm$ » %°" Detector
X-ray Beam "
m Analyzer
Crystal
760mm

FIGURE 1. Experimental setup for refraction contrast imaging with the LEBRA-PXR. The PXR beam passes through the
sample, then being diffracted by a Si (111) analyzer crystal on the goniometer. The horizontal beam size is restricted to 30 mm
by the slit of plastic blocks. The diffracted beam is detected by the imaging plate or the ionization chamber.

RESULTS AND DISCUSSION

In this experiment, X-ray imaging was tested for a few biological materials by using the LEBRA-PXR. Figure 2
shows the results of imaging for the dry specimen of a web spider, Araneus ventricosus. Figure 2-(a) is the
conventional absorption image. Figs 2-(b) to 2-(e) are the refraction contrast images, each of which were taken at
the angle of the analyzer crystal specified on the rocking curve in Fig. 2-(f). Difference in the appearance of the
density heterogeneities is observed among these refraction contrast images, which is obviously due to slight
difference of the diffraction angle. Especially the significant result is that the contrast reversal between the bright-
field image (Fig. 2-(b)) and the dark-field image (Fig. 2-(e)) is clearly observed. The contrast reversal is also
obvious from the density distribution curves in Fig. 3-(f). These results suggest a high spatial coherency of the
LEBRA-PXR and demonstrate the usefulness of the x-ray optics dedicated to refraction contrast imaging with the
LEBRA-PXR. In this experimental setup for 14 keV x-ray beam, a relatively large imaging field of 10 x 25 mm has
been obtained by detecting the diffracted beam from the whole area of the analyzer crystal with a diameter of 70 mm.
However, a long exposure time is required due to low duty factor of the pulsed x-ray source which is generated by
the pulsed RF electron linac with the duration of 10 - 20 ps and the repetition rate of 2 Hz.

Although absorption contrast imaging can also visualize the specimen as shown in Fig. 2-(a), refraction contrast
imaging can enhance the contrast and the sharpness of the image as seen in Figs. 2-(b) to 2-(e), which has an
advantage in the study on the details of the specimen structure. Figure 3 shows the magnified views of the rectangle
regions indicated in Fig. 2, together with the density distribution curves along the horizontal lines indicated in the
images. Comparing with the absorption contrast image in Fig. 3-(a), details of specimen structures are observed in
the refraction contrast images, Fig. 3-(b) to 3-(e). For example, the distinction between the body wall (layered
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cuticle) and the internal structure (muscle etc.) is clearly visualized in the refraction contrast images. As shown in
Fig 3-(f), the density distributions in the refraction contrast images also exhibit the presence of the body walls
separately from the muscles, although the difference is not clear in the density distribution for the absorption
contrast image. These results prove that refraction contrast imaging based on the LEBRA-PXR is available for
visualization of light materials, which are difficult to be visualized by absorption contrast imaging, with a good

spatial resolution by detecting the contrast arising not only from pure absorption but from refraction in the bright and
the dark fields.
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FIGURE 2. Difference of the x-ray images depending on the imaging techniques for the biological sample. (a): the
conventional radiograph. (b)-(e): the refraction contrast images taken at the analyzer angles specified on the rocking curve in (f).
Relative x-ray intensity (with sample) are 100%, 50%, 25 %, and 12.5% for images (b), (c), (d) and (e), respectively. Magnified

view of the leg marked by the rectangle in (a)-(e) is shown in Fig. 3. (g): the dry specimen of a web spider, Araneus ventricosus
prepared for the imaging. The body length of the spider is about 12 mm.
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FIGURE 3. Magnified views of the images shown in Fig. 2. (a): the conventional radiograph which is mirror-reversed for
comparison. (b-e): the refraction contrast images corresponding to Fig. 2-(b) to 2-(e), respectively. (f): density distribution
curves along the white lines indicated in (a) to (e), which were obtained by using the R-AXIS display software (Rigaku Co.). The
arrows in (a)-(e) show the body walls of the spider’s leg, which is observed clearly in the refraction contrast images but not in the
conventional radiograph. The body wall positions in the density curves are indicated by broken lines in (f). The structures seen
between the body walls in the images are the muscles in the leg.

CONCLUSION

The refraction contrast images were obtained by using the LEBRA-PXR, which proves that the LEBRA-PXR is
the spatially coherent x-ray source. These images have shown higher contrast and sharpness than the absorption
contrast image, which can provide information on the detailed structure of biological samples. Successful results on
phase contrast imaging in the mid-size electron linac facility may provide for the possibility of therapeutic and
commercial applications of the imaging technique.

ACKNOWLEDGMENTS

The authors are grateful for rich information, experimental advices and technical supports from Dr. Y. Takahashi,
Dr. A. Mori and Dr. T. Sakae, working at Nihon University. This work was supported by “Academic Frontier”
Project for Private Universities: matching fund subsidy from MEXT (Ministry of Education, Culture, Sports,
Science and Technology), Japan, 2000-2004 and 2005-2007.

REFERENCES

=

R. Fitzgerald, Physics Today 53, pp. 23-26 (2000).

2. Y, Hayakawa, I. Sato, K. Sato, K. Hayakawa, T. Tanaka, H. Nakazawa, K. Yokoyama, K. Kanno and T. Sakai, Proc. of 12th
Symposium on Accelerator Science and Technology, Wako, Japan, 1999, p.391.

3. Y. Hayakawa, I. Sato, K. Hayakawa, T. Tanaka, A. Mori, T. Kuwada, T. Sakai, K. Nogami, K. Nakao and T. Sakae, “Status
of the Parametric X-Ray Generator at LEBRA, Nihon University” (to be publlished)

4. A.Bravin, J. Phys. D 36, A24-29 (2003).

1971



'\“ual MEetmg of Partic

j' d the 31th] LmearA cal%ate% eetl

.m- -aws;:r.

ent of
ntum
Scié'ence agd Ty
nergy ngmeermg .
Tohoku Unwers:ry i A

= 1' fﬁ‘z:.




wOo04 Proceedings of the 3rd Annual Meeting of Particle Accelerator Society of Japan

And the 31th Linear Accelerator Meeting in Japan (August 2-4, 2006, Sendai Japan)

OPERATION OF LINAC AND LIGHT SOURCES AT NIHON UNIVERSITY"

Toshinari Tanakal’A), Isamu Sato A), Ken Hayakawa A), Yasushi Hayakawa A), Takao Kuwada A), Takeshi Sakai A),
Kyoko Nogami A), Keisuke Nakao A), Manabu Inagaki A), Atsushi Enomoto B), Shigeki Fukuda B), Satoshi Ohsawa ®)
Kazuro Furukawa B), Shinichiro Michizono &’

A) Laboratory for Electron Beam Research and Application (LEBRA), Nihon University
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501
B) Accelerator Laboratory, High Energy Accelerator Research Organization (KEK)

1-1 Oho, Tsukuba, Ibaraki, 305-0801

>

Abstract

The 125MeV electron linac at LEBRA in Nihon University has been operated without serious trouble in these 3
years of user’s experiments using the free-electron lasers (FEL) and the parametric x-rays (PXR). The total beam
acceleration time of the linac for the last year was about 1500hr, which has been increasing every year. The stability of
the electron beam energy was improved by precise control of the linac cooling water temperature. The maximum FEL
power of 60mJ/pulse was obtained at a wavelength of 1750nm. Damage to the FEL resonator mirrors due to high FEL
power, especially around the fringe of the coupling-hole in the out-coupling mirror, is still a serious problem to be
solved. The LEBRA PXR has been proved to have a rather high spatial coherence. As a probable application of PXR,
the phase contrast imaging technique has been examined for soft and light materials.
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BASIC DESIGN OF COMPACT ELECTRON LINAC FOR
COHERENT X-RAY GENERATOR

Isamu Sato ¥, Takao Kuwada ?, Takeshi Sakai *¥, Manabu Inagaki ?, Ken Hayakawa ®, Toshinari Tanaka ®,

Yasushi Hayakawa ®, Kyoko Nogami ®, Keisuke Nakao ®
A Advanced Research Institute for the Sciences and Humanities, Nihon University,

Kudan-Kita 2-1-4, Chiyoda-ku, Tokyo, 102-0073
®) Laboratory for Electron Beam Research and Application (LEBRA), Nihon University,
Narashinodai 7-24-1, Funabashi, Chiba-ken, 274-8501

Abstract

In the Laboratory for Electron Beam Research and Application (LEBRA) of the Nihon University, a 125MeV electronic linear ac-
celerator is utilized and the research and development of the bright sources with tunable wavelength monochromatic light which
aimed at utilization of a free electron laser (FEL) and parametric X-rays (PXR) Mare performed. Now, FEL has been presented from
near-infrared rays to visible light (a fundamental wave and harmonics), and PXR has been presented in range of energies from 6keV
to 20keV. In the measurement experiment of the PXR characteristic, refraction contrast imaging which is an interference phenomenon
of X-ray has been observed . This shows that PXR is the source of X-rays which was rich in the coherency. As for PXR, it is pre-
dicted in the near future that the structure of very smaller living body as a soft tissue is able to a imaging with the dose smaller than the
CT. The compact electronic linear accelerator for PXR suitable for X ray basic research or medical diagnosis is designed, and the re-

sult is reported in here.
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PHASE-CONTRAST IMAGING USING THE LEBRA-PXR SYSTEM
AT NIHON UNIVERSITY

Yasushi HayakavvaA), Ken Hayakawé), Manabu InagakAr), Takao Kuwadﬁ‘), Akira MoriB), Keisuke Nakat%‘),
Kyoko Nogamﬁ), Toshiro Saka%), Takeshi Saké), Isamu Saté), Yumiko Takahastl;?), Toshinari Tanak®)
A) Laboratory for Electron Beam Research and Application (LEBRA), Nihon University,
Narashinodai 7-24-1, Funabashi, 274-8501
B) College of Pharmacy, Nihon University, Narashinodai 7-7-1, Funabashi, 274-8555
C) school of Dentistry at Matsudo, Nihon University, Sakae-cho-nishi 2-870-1, Matsudo, 271-8587
D) College of Science and Technology, Nihon University, Kanda-Surugadai 1-8-14, Chiyoda-ku, Tokyo 101-8308

Abstract

The monochromatic X-ray source based on parametric X-ray radiation (PXR) was developed by using the
electron beam from the 125-MeV linac at Nihon University. Using the spatial coherency of the PXR beam, the
preliminary experiments on phase-contrast imaging has been carried out. The phase-contrast images have actually
been observed by the diffraction-enhancement method using the X-rays of 14 to 18 keV. These results suggest that
the PXR beam has a large coherent region which is not consistent with van Cittert-Zernike’s theorem.
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[1] Y. Hayakawa, et al., “Simulations to the project of a PXR
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[2] Y. Hayakawa, et al., “PRESENT STATUS OF THE

PARAMETRIC X-RAY GENERATOR AT LEBRA

Proceedings of the 1st Annual Meeting of Particle Accel-
erator Society of Japan and the 29th Linear Accelerator
Meeting in Japan, pp. 60—-62, (Funabashi, Japan), 2004.

[3] Y. Hayakawa, et al., “ Status of the parametric X-ray
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PERFORMANCE EVALUATION OF DXAFS MEASUREMENT

)

B

Abstract

When energy dispersive X-ray absorption fine structure (DXAFS) is measured, the space distribution of strength of
the PXR characteristic becomes a problem. Therefore, the space distribution of strength was measured. Moreover,
DXAFS was measured at the position of the peak angle with the strongest PXR strength. As a result, it has been
understood that the space distribution of strength changes if shifting from the peak angle. And, it has been understood
that there is a difference in the spectrum of DXAFS in the sample of the pure metal and the alloy. It will be necessary to
examine the analysis method to do an accurate evaluation in the future.
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Utilization of BPM for operating and controlling the LEBRA linac’
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Abstract
In the LEBRA (Laboratory for Electron Beam Research and Application) linac, strip line type beam position monitors
(BPM) are installed in high density. Using this type of BPM, beam position can be obtained without disturbance.
Because of the high-speed data taking, observation of the energy fluctuation during pulse duration becomes possible. To
assist the operation and to analyze the characteristics of the linac, we developed the software, which works as a server

program that acquires beam position data from the BPMs and distributes them to the clients on demand. And also we
developed several client programs.
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IMPROVEMENT OF WATER COOLING SYSTEM FOR LEBRA LINAC®

Takeshi Sakail’A), Toshinari TanakaB), Ken HayakawaB) , Yasushi HayakawaB) , Kyoko NogamiB) , Keisuke Nakao ™,
Manabu InagakiA) , Isamu Sato”

B)
)

A) Advanced Research Institute for the Sciences and Humanities (ARISH), Nihon University
12-5, Goban-cho, Chiyoda-ku, Tokyo 102-8251, Japan
B) Laboratory for Electron Beam Research and Application (LEBRA), Nihon University,
7-24-1 Narashinodai, Funabashi-shi, 274-8501 Japan

Abstract

Precise experiments using Free Electron Laser and Parametric X-ray Radiation at the Laboratory for Electron Beam
Research and Application (LEBRA) in Nihon University require a high-stability electron beam from the linac. The
electron beam energy has been strongly dependent on the temperature of the linac cooling water, although fixed within
the error of £0.1°C. Fluctuation of the temperature was reduced to within £0.05°C by adjustment of the control
parameters for the fine cooling system and improvement of the chill water system. Improvement of the stability of the
fine cooling water temperature was very effective for stabilization of the electron energy and the light intensity.
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DEVELOPMENT OF AUTOMATIC BEAM ALIGNMENT FOR THE
LEBRA LINAC

Keisuke Nakao*A), Ken HayakawaA), Isamu SatoB), Toshinari TanakaA), Yasushi HayakawaA),
Takeshi SakaiB), Kyoko NogamiA) Manabu InagakiB)

Anstitute of Quantum Science Nihon Univ.
7-24-1 Narashinodai, Funabashi, 274-8501
B) Advanced Research Institute for the Science and Humatities (ARISH) Nihon Univ.
12-5 Gobancho, Chiyoda-ku, Tokyo, 102-8251

Abstract

The automatic beam orbit alignment system is developed in the Laboratory of Electron Beam Research and
Application (LEBRA) Nihon University. This system consists of two programs, one is to find the central trajectory
of the linac another is the beam orbit feed back program. Beam Position Monitors (BPM) installed in the linac are
calibrated using central trajectory search program. The displacement between beam orbit and central trajectory is
detected and the beam orbit is corrected by adjusting the exciting current of steering coil by the feed back program.
Therefore, the FEL and PXR will be kept stably during experiment. The operator’s load will be reduced by using

this system.
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POWER INTENSIFICATION OF LEBRA FEL BY RF PHASE
MODULATION *
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Abstract

In general, maximum gain and maximum power of a
free-electron laser (FEL) oscillator are not simultaneously
satisfied at an identical optical resonator length. If the
resonator length is adjusted at the middle in the
macropulse duration of the electron beam, both
maximizing conditions can be satisfied simultaneously,
which will result in a large FEL output power compared
with a normal operation. An attempt has been made to
intensify the FEL output by applying the above
consideration to the LEBRA FEL system. Instead of the
resonator detuning control in the macropulse, an
equivalent effect has been realized by modulating the
accelerating RF phase of the electron linac, which
changes the electron bunch intervals. The output FEL
energy per macro pulse has been approximately doubled
by the technique compared with that in the normal
operation.

INTRODUCTION

In the free-electron laser (FEL) system based on a
short-bunch electron beam from a pulsed linac, a large
FEL gain is obtained by a relatively large detuning of the
optical resonator length, resulting in fast build up and
wide macropulse of FEL. However, the maximum
saturated FEL power is obtained at a smaller detuning
length, where the gain is relatively small and the build up
is slow, which results in narrow macropulse width [1].

Operation of the FEL system usually adopts the
resonator length in between the above detuning lengths so
that the FEL energy per macropulse is maximized.
However, it can be considered that a wide macropulse
width and a high saturation level are satisfied
simultaneously if the resonator detuning can be controlled
in the electron beam macropulse so that the detuning
adjusted to get a large gain is shifted to get a high
saturation level after saturation is almost achieved.

The experiment of the FEL intensification based on the
above consideration has been performed at Laboratory for
Electron Beam Research and Application (LEBRA) in
Nihon University, using the 125-MeV linac and the near-
infrared FEL system [2].

Although it is difficult to change the resonator length in
the electron beam macropulse, an equivalent effect is
obtained by modulation of the linac accelerating RF
frequency, which results in modulation of the beam bunch
intervals instead of the resonator detuning length. The

* Work supported by “Academic Frontier” Project for Private
Universities: matching fund subsidy from MEXT (Ministry of
Education, Culture, Sports, Science and Technology), 2000-2004.

* hayakawa @lebra.nihon-u.ac.jp
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method is possible so long as the frequency modulation is
in the range of the pass band in the accelerating tubes. A
linear phase modulation of the RF is equivalent to a
frequency modulation, having a guaranteed continuity of
phase. Therefore, the phase modulation technique has
been adopted for the experiment.

FREQUENCY SHIFT AND DETUNING
LENGTH

The optical resonator length L is expressed by ndy in
terms of the free-space wavelength A, of the accelerating
RF and the integral or half-integral number n. Then,
change in the RF wavelength d4 equivalent to a small
resonator detuning length 0L (JL<<L) is expressed by -
JL/n. The relation between the RF frequency modulation
& and the equivalent resonator detuning length satisfies

5ot g,k

A L
where fy is the RF frequency corresponding to the
wavelength Ay. The linac is operated in pulse mode,
which allows us to make frequency modulation by a
linear phase modulation in place of making direct
frequency shift. The phase modulation is preferable since
the continuity of phase is guaranteed in principle.

The phase modulation d¢ [rad/sec] corresponding to the
frequency modulation & is given as 2xd. For L=6718
[mm] and f,=2.856 [GHz] as in the case of LEBRA,
detuning of the resonator by oL=1 [um] is equivalent to
the frequency modulation of 425 Hz and the phase
modulation of 2.67 [mrad/usec], respectively. Since the
detuning JL is comparable with the FEL wavelength, the
maximum frequency modulation is expected to be
approximately 3 kHz for the LEBRA FEL system.
Detuning of the optical resonator by the RF frequency
modulation is applicable when the RF system, including
the accelerating structures, has a wide pass band
compared with the necessary frequency modulation range.

EXPERIMENTAL SETUP

Injector

The injector is the 2.856-GHz RF electron linac with
maximum electron energy of 125 MeV, which consists of
conventional structures equipped with no devices
dedicated to FEL. The macropulse beam current extracted
from the linac in normal operation is 100mA, and then
approximately 80 mA is injected into the FEL beam line.
The electron bunch length is approximately 1 psec which
corresponds to the approximate micropulse peak current
of 30 A [3]. As shown in Fig. 1, the RF power for the
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Figure 1: Schematic diagram of the RF system in
the LEBRA FEL injector linac.

prebuncher, buncher and 3 regular accelerating tubes is
supplied by two klystrons. The phase modulating signal
generated by a function generator is applied to the master
RF oscillator.

Undulator and Optical Resonator

The electron beam from the linac is injected into the
FEL beam line after momentum analysed in the 90°
deflecting magnetic system. The bunch length is
compressed in the system using the magnetic bunching
effect which is based on the path length difference
depending on the electron energy. A schematic diagram of
the LEBRA FEL system and the optical beam transport
system is shown in Fig. 2.

The Halbach-type planar FEL undulator consists of
NdFeB permanent magnet arrays. The undulator period
length is 48 mm, and the number of periods is 50. The
maximum K-value (RMS) of 1.4 is obtained at the
minimum gap width of 24 mm. The optical resonator
consists of two copper-based, silver-coated mirrors
separated by 644, (=6718 mm) from each other, where
the FEL power is extracted from one of the mirrors
through the coupling hole bored on the central axis of the
mirror. The extracted FEL beam is guided to the
experimental rooms after being collimated by the beam
expander optics system. Main parameters of the undulator
and the optical resonator are listed in Table 1. Lasing of
FEL at LEBRA has been achieved in the near-infrared
region from 0.9 to 6 um by the combination of the
undulator gap width and the electron beam energy.

In the experiment an LN,-cooled InSb detector has
been used for the measurement of the FEL power
waveform. On the other hand, a thermopile detector has
been used for the measurement of the total FEL energy at
each macropulse.

Table 1: Parameters of the FEL system at LEBRA.

Configuration Halbach type Planar
Period Length 48 mm
Number of Periods 50
Gap Width 24 -34 mm
K-value (RMS) 07-14
Resonator Length 6718.04 mm
Rayleigh Range 1.467(@r=4m) m
Coupling Hole 0.3-0.5 mm
JACoW / eConf C0508213

464

Electron beam

FEL light beam Beam
expander
\

Electron beam \
N Undulator \

IR detector

Figure 2: Schematic diagram of the LEBRA FEL
oscillator and beam transport system.

EXPERIMENT

Basic Experimental Conditions

Most of the experiment has been performed in the FEL
wavelength region from 2 to 3 um, which is due to
relatively high FEL gain and resultant stable saturation in
the LEBRA FEL system. Main results discussed in this
section were obtained at an FEL wavelength of
A1=2.44 um, where the electron beam energy was 80
MeV and the macropulse beam current in the FEL beam
line was 85 mA.

Energy Displacement by Phase Modulation

Since the RF amplifiers and the accelerating structures
have pass bands of the order of MHz, modulation of the
RF frequency only by a few kHz has little effect on the
impedance. The electron energy, however, can be slightly
affected by the change of relative RF phase between the
accelerating sections, due to the phase shift dependence
on the RF frequency and the length of the waveguide to
each section.

Displacement of the electron energy due to the RF
frequency modulation in the beam macropulse was
measured with a strip-line type beam position monitor
(BPM) placed on the beam line of the 90° deflecting
magnet system, where the beam position linearly depends
on the beam energy [4]. It was proved in the measurement
that a small shift of the beam position in the macropulse
was induced by linear phase modulation which was
turned on in the middle of the macropulse. Analysis of the
signal from the BPM showed that the beam energy
displacement is 0.022 % for frequency modulation of 1
kHz. The displacement of the beam energy depends on
the acceleration condition. However, for assumed
frequency modulation of 3 kHz the displacement is small
compared with the beam energy spread of 0.5 % (FWHM).
Thus, the energy displacement can be considered to have
little effect on the FEL power.

Detuning

The build up of the FEL in the macropulse waveform is
usually observed at a nearly saturated level using suitable
filters, which does not reflect the FEL gain in the small
signal regime. Direct observation of the build up
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waveform and the gain in the small signal regime has to
allow injection of high power FEL into the detector,
which is capable of unrecoverable damage to the detector.
Thus, direct measurement of the small signal gain is not
necessarily a simple subject. In the experiment, the
resonator length corresponding to maximum FEL gain has
been determined by the detuning which gives the
minimum delay time of the build up near the saturation
from the head of the electron beam pulse. The correlation
between the detuning length and the FEL energy per
macropulse has also been measured.

Coarse adjustment of the resonator length has been
made with a stepping motor. Fine adjustment has been
made using a piezoelectric actuator which was calibrated
with a laser displacement meter.

Behaviour of the FEL power waveforms for various
detuning lengths is shown in Fig. 3. Dependence of the
FEL energy per macropulse on the detuning length is also
shown in Fig. 4. Delay time of the build up is least at JL =
-1.264;, which suggests that the FEL gain is maximum
around this point. As shown in Fig. 3, detuning less than
this value leads to a larger delay time which implies
smaller gain; however, the power saturation level is

0.4

-0.32h1,

0.060 1
-0.940L M\/\/\
-1.26AL/ tﬂ
| AN

Lok ™
A2 S\

15 20 25 30 35
Time ( [sec )
Figure 3: Behaviour of the FEL power waveforms
for various detuning lengths. The detuning lengths
are shown in units of A;.
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Figure 4: Dependence of the FEL energy per
macropulse on the resonator detuning length (squares)
and on the equivalent RF frequency modulation (filled
circles).
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Figure 5: The result of detuning simulation by
GENESIS based on the same beam condition as in
the experiment.

gradually increased. In Fig. 4 the origin of detuning
length was determined by extrapolation of the detuning
curve based on the assumption that the FEL output
vanishes at zero detuning length. The filled circles show
the behaviour of the detuning curve measured using the
piezoelectric actuator. On the other hand, the squares
were resulted from equivalent detuning effect by
modulation of the linac accelerating frequency, which
shows the same behaviour as which is in normal detuning
procedure.

Figure 5 shows the result of detuning simulation by
GENESIS [5] based on the same beam condition as which
was in the experiment. Though the behaviour is different
in large detuning length region, the FEL energy is peaked
around at -0.54; in agreement with the experimental
result.

The FEL macropulse width is relatively narrow in small
detuning length region. Thus the total FEL energy is not
necessarily high, even though the saturation level is high.
The maximum saturation level can be obtained in
proximity to the zero detuning length.

Phase Modulation

The experimental result on the detuning curve and the
power waveforms has shown that a fast build up and a
high saturation level of FEL are not satisfied at the
identical detuning length. In order to satisfy the two
requirements, the detuning length has to be adjustable in
the beam macropulse so that the relatively large detuning
length in the early phase of lasing is shifted to nearly zero
detuning after build up. This technique has been realized
by linear modulation of the linac accelerating RF phase.

Figure 6 shows the phase modulation signal applied to
the master RF oscillator together with the electron beam
and the FEL power macropulses. In Fig. 6 the phase
modulation is initiated with a delay time of 5.7 us after
the head of the electron beam pulse. However, the actual
delay time is 6.3 us due to another 600 ns delay
associated with the master oscillator and signal cables.

Fig. 7 shows the effect of the detune shift by the phase
modulation at the delay times 5.8, 6.3 and 6.8 us, which is
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Figure 6: Timing of the phase modulation signal
(sawtooth) applied to the master RF oscillator.

compared with the normal detuning curve in Fig. 4. The
horizontal scale is in units of A;. The detuning length for
the resonator was fixed to -4, in the measurement, where
the FEL gain can be considered to be maximal. The
detuning range by the phase modulation is 0 to 0.01
rad/usec, which corresponds to the frequency modulation
of 0 to 1592 Hz and the equivalent resonator length
modulation of 0 to 1.531;, respectively. The detune shift
by the phase modulation in the macropulse shows the
same effect as the detuning of the resonator length in the
region OL < -0.54;.. However, the FEL energy is still
increased when the detuning is shifted to oL ~ 0, in
contrast to the fact that the FEL output rapidly decreases
and finally vanishes in the normal detuning curve. The
delay time of the phase modulation has effects on the
maximum FEL energy and corresponding detune shift.
The maximum FEL energy has been obtained at the delay
time 6.3 us and the detune shift to approximately zero
detuning length. The intensification by the phase
modulation resulted in 20 % for A4;=2.44 pm.

Another result obtained by a similar experiment at
A1=2.82 um is shown in Fig. 8, where the maximum FEL
energy has been obtained at the delay time 6.8 s and the
detune shift to approximately zero detuning length. The
FEL energy has been increased to twice the peak value
obtained by the normal detuning.

30 I
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Detuning Length ( units of A, )
Figure 7: The effect of the detune shift by the phase

modulation at the delay times 5.8, 6.3 and 6.8us,
respectively.
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Figure 8: Result of the phase modulation at
A1=2.82 um. Intensification is significant at the zero
detuning length.

CONCLUSION

The detuning length of the FEL optical resonator giving
the maximum FEL gain has been deduced from the
measurement of the build up timing near the saturation of
the FEL power waveform at LEBRA. Modulation of the
linac accelerating RF phase has been proved to have the
same effect with the normal resonator length detuning. An
experiment has been performed to investigate the effect of
the detune shift by the phase modulation in the beam
macropulse. With the above resonator detuning length,
the FEL energy has been intensified by a factor 1.2 to 2
by the phase modulation which was initiated near the
saturation. The maximum FEL energy per macropulse has
been obtained with the phase modulation equivalent to the
detune shift to zero detuning length.
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Abstract relativistic charged

Two tunable light sources, a free electron laser (FEL)
oscillator in the near infrared region and a Parametric X-
ray (PXR) generator, have been developed on the basis of
the 125-MeV electron linac in the Laboratory for Electron
Beam Research and Application (LEBRA) at Nihon Uni-
versity. The saturated FEL lasing has been obtained in (2 X-Ray Diffraction (6) Parametric X-Ray Radiation
a wavelength range from 1 to @m, with the maximum i (PXR)
output energy of approximately 30 mJ per macropulse at 2d sn® =nA 2d snb-n A
around 2.4um. The property of the PXR generator has
been inVeStigated Since the fil’St Observation Of the PXRigure 1: Schematic Comparition between (a) Bragg
beam in 2004. The tunablllty of the device to the X'raydiffraction and (b) Parametric X_ray radiation_
energy has been obtained in a range from 6 to 20 keV with
the resolution of a few eV. Various application studies have

been performed using the FEL or the PXR beam. 2001 [1]. Since the first lasing, a great effort has been spent
for the improvement of the stability of the FEL system.
INTRODUCTION As the results, the saturated FEL lasing can be obtained

in a broad wavelength range from 1 tquén and various
In the Laboratory for Electron Beam Research and Apapplication studies have been already performed using the
plication (LEBRA) at Nihon University, the developmentfundamental FEL and the nonlinear higher harmonics since
of a free electron laser (FEL) system and a monochromatigte 2003.
X-ray generator has been advanced based on the basis ofhe monochromatic X-ray generator is on the basis of
125-MeV electron linac. Table 1 shows the specification ahe phenomenon referred to as Parametric X-ray Radia-
the LEBRA linac. Although the linac is a conventional oneion (PXR), which is schematically explained as shown in
with no sub-harmonic buncher nor RF-gun, it has relativelgig. 1 [2]. The observation of the X-rays from this new
good performance as a middle-class one. source suceeded in April 2004 [3]. Application studies
The FEL system is an oscillator type one and the firgising the PXR beam such as radiography have been con-
lasing of was achieved at the wavelength of Lu® in  ducted since July 2004.
Figure 2 shows schematically the layout of two beam
lines for FEL and PXR. Both of them are connected with

Table 1: Specification of the LEBRA linac the linac following the 90 bending section.

maximum energy 125 MeVv STATUS OF THE FEL SYSTEM

acceleration frequency 2856 MHz

Klystron power 30 MW 2 Since the 90 bending section acts a bunch compressor,
an electron beam with a rather short bunch length can be

DC 9”” voltage . —100kV obtained at the FEL undulator. Therefore, the FEL system

maximum pulse duration 20s has a relatively large FEL gain. For a wide tunability of the

macropulse beam current <200 mA FEL wavelength, silver coated mirrors of copper substrates

maximum repetition rate 12.5 Hz are used as the optical cavity mirror. With regard to short-

normalized emittance (rms) < 9207 mm mrad est wavelength of the FEL system, the lasing at 800 nm has

— been barely observed using a 100 MeV electron beam at
present. Stable and saturated lasing, however, have been
* email: yahayak@Ilebra.nihon-u.ac.jp obtained in a range from 1 to #m. The specification of
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125MeV Linac

Figure 2: Beam lines for FEL and PXR connected with the 125 MeV electron linac.

the FEL system is shown in Table 2. In a wavelength range A
from 2.0 to 6um the most intense FEL beam can be ex- e peereste : [remmimrp—
tracted. The maximum output energy per macropulse at
around 2.4:m was estimated at approximately 30 mJ. The

phase modulation of the linac, which corresponds to the
dynamic cavity detuning during the macropulse, has been
attempted in order to increase the optical energy [4]. Typi-

A

cal results of this experiment is shown in Fig. 3. ™ ~\N4
Because the diffraction due to the small coupling hole of i {
the cavity mirror causes the optical beam loss during the g . \
transport, a beam expander system consisting of an ellip- 2 wﬁ,m—u/ ; Nisieonarnd

tic and a parabolic mirrors was introduced into the guiding
optics system for user’s experimental facility [5, 6]. Thus
far, various studies, such as the ablation effect of dental a ;
tissues and the synthesis of fullerene crystals, have been T T—
performed using the fundamental FEL and the nonlinear :
higher harmonics. Figure 4 shows an example of the ab-
lation experiment for dental tissues using the FEL at the
wavelength of 3um [7].

Ol 200mve%Ch2 100mvVQ Mst'.oous A Chd £ 476mV

¥

Table 2: Specification of the LEBRA FEL system

undulator period 48 mm

number of period 50

maximum K-value 2

electron bunch length (rms) <1ps Figure 3: Typical shape of the FEL macropulse (upper)
peak current > 920 A without and (lower) with the phase modulation.

FEL wavelength 0.8-6.Lm
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Figure 4: Ablation effect of dental tissues.

STATUS OF THE PXR GENERATOR

The PXR generator consists of two silicon perfec

crystal plates mounted on precise moving mechanisms wi
(4, —) parallel arrangement to implement wide tunability.

Figure 5 shows the concept of the system.
The property of the X-ray source has been investigat

since the first observation of the PXR beam. The tunabili
of this device to the X-ray energy has been experimental
obtained in a range from 6 to 20 keV by use of Si(111

planes. Since the actual X-ray beam obtained from t

PXR generator has a rather uniform spatial profile, the réﬂ_w

I vacuum chamber

\ radiator  reflector

permanent

%-magnet

electron
beam

17-21, 2005 KEK Proceedings 2005-20

Table 3: Specification of the PXR generator

electron energy 100 MeV
average current BA

target (radiator) Si perfect crystal
target crystal thickness 0.2 mm

X-ray energy

Si(111) 4-21 keV
Si(220) 6.4-34 keV

diography is one of the most suitable applications of the
PXR beam. Figure 6 shows the typical X-ray images taken
using the PXR beam. These are raw images without any
normalization except the white and black level adjustment.
In addition to the monochromaticity of the X-rays, the posi-
tton resolution is rather fine because the electron beam spot
?{1 the target crystal behaves as a point-like source. Thus
ar, radiography for biological samples is the most popular
application of the PXR beam.
The PXR beam has an interesting property as shown in
Ig. 7. The X-ray energy has the spatial distribution with a
Inear gradient horizontally. Figure 8 plainly demonstrates
e effect of this property. The X-ray image explains that

e

e X-ray absorption of copper discontinuously changes at
e K absorption edge of 8.9 keV. Since the energy is lower
an that of the K absorption edge of zinc, the absorption
by a zinc foil is weak and flat. The rapid change of the
X-ray absorption at the absorption edge suggest that the
distribution of the PXR beam has the energy resolution of a
few eV. Thus, the measurement of the X-ray absorption fine
structure (XAFS) seems to be one of the most promising
application of the PXR based source.

h

SUMMARY

The FEL oscillator in the near infrared region and the
PXR generator have been developed on the basis of LE-
BRA linac and application studies have been already con-
ducted. The FEL system cover the near infrared region
from 1 to 6xm and the application such as the ablation ex-
periments have been actively performed. The investigation
of the PXR property is in progress and preliminary applica-
tion have been also attempted. In future, the development
of applications , such as the tunability or the time structure
of the light source, is expected.
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Figure 6: Examples of radiograph by the PXR beam.
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x-ray energy [keV ]

Figure 8: Demonstration of the effect attributed to the hor-
izontal energy shift in the PXR profile in the case of the

X-ray energy of 9 keV. Upper sample is a copper foil and
lower is a zinc one.
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STATUS OF 125MeV LINAC AND LIGHT SOURCE AT LEBRA"
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Abstract

In the last couple of years, about 300 items of FEL or PXR user experiment were conducted at LEBRA. Total
operation time of the 125-MeV linac in the last 1 year was about 1250 hr, most of which was appropriated for user
experiments as a result of improvement on the performance of the linac and the stability of the FEL power. Damage to
the FEL resonator mirrors due to high laser power was found after application of the mirrors over approximately 1 year,
which was significant at around the fringe of the coupling hole for extraction of the FEL power.
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THE FUTURE VIEW OF PRAMETRIC X RAY*
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P School of Medicine, Nihon Univ.; " School of Dentistry at Matsudo, Nihon Univ.;

" College of Pharmacy, Nihon Univ.;

Abstract

9 Grad. School of Science & Technology, Nihon Univ.;

In the Laboratory for Electron Beam Research and Application (LEBRA) of Nihon University, it succeeded in

world's first utilization of the parametric X-rays (PXR) using an electron linear accelerator in April, 2004. This

success was largely responsible for the quality electron beam of the 125MeV electron linear accelerator for FEL.

The peculiarity of PXR is in strong directivity and semi- monochromaticity and is that the energy of X-rays is

easily changeable further. Now, the use experiment which utilizes this peculiarity is tried variously. If the special

peculiarity of PXR is utilized, in use of ordinary X ray equipments or a synchrotron orbital radiation institution,

the experiment of a low possibility is usually possible. Here, some examples are taken up and the future view of

parametric X-rays is described.
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Characteristics of the LEBRA FEL

Ken hayakawal’A), Isamu SatoB), Toshinari Tanaka A), Yasushi Hayakawa A), Kyoko Nogami A), Keisuke Nakao 7,

O

Takeshi Sakai 2 and Manabu Inagaki B)
A) Laboratory for Electron Beam Research and Application, Inst. of Quantum Science, Nihon Univ.
7-24-1 Narashinodai, Funabashi, 274-8501
B) Advanced Research Institute for the Sciences and Humanities, Nihon Univ.
12-5, Goban-cho, Chiyoda-ku, Tokyo 102-8251
© Graduate School of Science and Technology, Nihon Univ.,1-8-4 Kanda-Surugadai, Chiyoda-ku, Tokyo, 101-8301

Abstract

The FEL of wavelength from 1 to 6 um has been supplied to users experiments at LEBRA. Output energy per macro
pulse becomes a peak at wavelength of around 2pum. The peak energy is about 2mJ per macro pulse and about 4 MW of
estimated peak power. Measured pulse width of the FEL is about 60um at 1.5um of wavelength. Detuning effect is
observed. The FEL gain is maximized at the detuning length of two wavelength of the FEL and output energy is
maximized at one wavelength detuning. We have attempted to apply phase modulation to the master oscillator of the
linac to increasing FEL power. By using this method, output power is increased roughly double.
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DEVELOPMENT OF S-BAND TRAVELING WAVE RF WINDOW (II)

T.Sakail’A), I.Sato A), K.Hayakawa B), T.Tanaka B), Y.Hayakawa B), S.Fukuda C), S.Michizono ©
A) Advanced Research Institute for the Sciences and Humanities (ARISH), Nihon University
12-5, 5-bancho, Chiyoda-ku, Tokyo 102-8251 Japan
B) Laboratory for Electron Beam Research and Application, Institute of Quantum Science, Nihon University
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1-1 Oho, Tukuba-shi, Ibaraki, 305-0801

Abstract

The electrical field distribution at the S-band traveling-wave-in-ceramic (TWC) RF-window was measured with the
nonresonant perturbation method using a Titanium Dioxide (TiO,: Rutile) tetragonal crystal. Rutile is a ferroelectric
crystal with static dielectric constants &=86 and £=170 (at 300K). The electric field has been deduced from the S,
parameter which was measured with the c-axis both parallel and perpendicular to the direction of the field. The results
are consistent with the calculation by the simulation code HFSS which was used for the design of the window.
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LIN AC VACUUM MONITORING SYSTEM AT LEBRA

Kyoko NogamTA), Ken Hayakawé), Toshinari Tanalé), Yasushi Hayakav@,
Isamu Satg), Keisuke Naka&)

A) Laboratory for Electron Beam Research and Application (LEBRA),
Institute of Quantum Science, Nihon University,
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501

B) Advance Research Institute for the Sciences and Humanities, Nihon University,
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501

C) Graduate School of Science and Technology, Nihon University,
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501

Abstract

Vacuum monitoring is one of basic methods to seize symptoma of troubles in a particle accelerator. In the
125 MeV linac system at Laboratory for Electron Beam Research and Application (LEBRA) of Nihon University,
the accelerating tubes, the high power RF waveguides and the electron beam transport lines have been pumped and
kept at an ultrahigh vacuum with ion pumps. However, only the vacuum around the klystron output RF windows was
recorded with a pen-recorder during operation of the linac. Thus, a vacuum monitoring system has been developed
for continuous monitoring of every ion pump; the digital value of the ion-pump current is accumulated in PC every
10 sec and stored in a database.

HRXRLEBRAIZKITHHZELEHEFE =X 2 AT A

1. [FLHIC Wb, FLT, BUBEANRY XA F L HE L FIZ LT
PR S, mEEIRZTWD, BIfE, VE—h
PRI RGN T s T TP ST HE. CHBERTE 57— UL 7 B L OEFEAICHRE S
REENBT 52 EMMON TS, ZZT B nigfr R 7of@EaRLIcRLE, £, &
ZEEEFICE=AT 52 LI, MEBANTO T T e R oL TR E o - BE T O ZF 2 D B 72 BE
NOIMEZEFN DT DDV L ODHFETHDHLEERA D, 2E1ITRT,
H AR R 2B 1 #F A 5efts% (Laboratory for Elec-
tron Beam Research and Application: LEBRA}S
THA AR T 2O, MR LOAmET R 1 LEBRAMEZNCIT 2 @O R & A 7

L AT AR v XBE—LT A v giize AL T OWE

IR T WD, A ARy FERND A I B L FLZEfE [Pa)
%%@ﬁﬁ@ﬁ%ﬁ%ﬁé LRTED, WEET 75 A A A YRR OBRE 10°°

BIERE 7 T4 A b o & FRAED OBz ET# <1077
%L%ﬁ®#A/Vﬂ%ﬁfﬁﬂéﬁfwétff\ I 2x 1076
FOMOEFIL, I EERB AR R 0O B2 A i FEL 7 A ~ x 107°
BHICREL TV ORETH 2, T, TH AN HF 2 N 104
BRI IR EN T R T AR o & &I PXR A » 1075
ARG LIS W, Z 2T, LEBRA NHERO % FELE=44A—h 10

BATOHEEE A FRFE=F L, I5IZ, FT TN
B o7z & TIZEDOFINZFEMIZH A~ D 72012 bR
BETAZLDTEALAL AT ANKELINS, 4

FDOY AT KOG E I o T DTHET 5, 22 E=H VAT LORRE
HETICRBINT A AR 7 OEFIL., HIHE
2. HEEEE=-AIRTLA FFLFEV2 = HEIIRESNTND, ThT
DA AR T EIRD record out) b DEFEEZ T
2.1 EHZEL AT L J o ZEEKCHEIE L%, AID ZB#LL TN 3T
3 BLUCRE | T M Y
LEBRA 2B\ THIEERN D E22 1% % & ATV B IR B0 RHFHERITHIL TS (K 2).

DRA 1Bt EFT R VEEE, TR 2 RO 4
SUENSORPT =T THTONT s oot Ui Wi 2 0 L, T8,
* E-mail: nogami@lebra.nihon-u.ac.jp HWEREICHBINTWDA AR T ZHIE LT

-394-



Proceedings of the 2nd Annual Meeting of Particle Accelerator Society of Japan
and the 30th Linear Accelerator Meeting in Japan (July 20 - 22, 2005, Tosu Japan)

im MAF 74
P j— —
T e = -

| 14—
0" TR g (

(OO0

Icooo] [fooong]

B

OS54 R FA2EH

DS54 FAVIEH

ESalL—4%
= g;atﬁ
an= R
D #—psJ
1: LEBRA ORI
TXAMEXCHETHZENTEDLHIT-T

W% ULVAC B &EJRIZ. record outd H /13 £l
50 Hz ®» AC %%y ﬂ/%x&bfaiMTwé %
T, IHEEY RS 72O B EIE S 2 VN 2,
F2, VAR N U EAOA F R T OEIRIT
ANELVA #o & 0T, F 0 )8 I R isg b =]
BAHWTHEEL TS, 22T, M ERR
RFb)ﬁkH%LT7742bm/%¢%éﬁfw
HDT, vA 7 E BT 520I2E b7 oT, HA
B Z 5, ZDED7 T4 A b Al WEAER
DOFEZEFEEIX, RF Y TEEEHTEL L TWDH EE %
bbb, FZT, V274 A e B RHRMANZBWT
N TORBRBEHLL EOEE ) A XEHRL, v—
IRAT 4V H F VT 10 Hz LA b oo J8 i St 4y A B
DERWZDOBLELEZHEE L TV 5,

4 2: 7 — 2 BAF Ot

VoA =)

AID RO RREIT 12bit T, YT Y v L—
N3 K 100 kKHZO b D& L=, v 7z
RANTERRI6F v L ETHRYIATLZ LN TE
HDT, 774 A My, BIEE NEERS X OFEL
E—LTA D16 EDA LR TN DEFE
BViATeZ LN TE D,

ZOEHC L TEE L-EZEIL, BiE, 100
ECT —# X=Xk L T\ D, T—FX—2fk
L7-HZEfE X, LEBRAD T 5 A4 RX— Ry hU—7
WM HWeb 7 I OV Cr o 7F T ~XKEn o

11\50

2.3 VAT LDOFIH
7 B fiE

B E I AIV@ﬁWWM®W%I3
@i&_TLtOI$®%W$®ﬁMi EERE
BIZEY AHT b= — RSV T B R gL D 72
WICBA L2 Sk b0 TH D, FIKOFEZEME

o = AN

BiX, EFHENPODTABHICL Db DIEEE XL
N5, £Flo, M3DOTEIZIE, 774 A rr 15

e

& :

g 107° ¢

5 £

3 [

5 1077 L

> E

0 10 20
time [hour]

— 1077}

A, i

. 1074 L

= i

g 107°L

S E L ‘ ;

0 10 20
time [hour]

X 3w (BB L7 A4 A 158 (F
BY) OEZEFEE DAL OF

-395-



Proceedings of the 2nd Annual Meeting of Particle Accelerator Society of Japan
and the 30th Linear Accelerator Meeting in Japan (July 20 - 22, 2005, Tosu Japan)

MR OB DEZEFE Db AR LTZ, D& X,
2 —WIZ XD FEL OFIHEBRPI TN TV R, B
ZERE DR REIC LD A v F—1 v 7 HMEE RF b
UTIMEIE Uiz, D7D, WoTl- AINEES 245 1k
¥, BEEOR b EAZNLREE L0, RF B
U e TERERHTLZ ENTET,

3. FEH

AlEl, LEBRAICRE SN TWD A AR T DD
H, EmB L OEHREF L — =L T A DA F
VR T MO DETEFRE=A TEDLV AT L
Bl Uiz, TOBEZEEL, A 4R 7 EIRO record
out N EIEMEZ T F v J R THE L A/ID Z#
LEboEAWTHE L, ZokocLTEbR
T-EZEE L, 10MHIIE CF — ¥ _X— X (2R L T
%5, LT, LEBRADT 7 A _X—FrFvy U= K
MOERETE, FRFE=Z L LTHHLTWD,

4. SHORH

SHBOMBEELT, NTARN) v XBE—LT
ArBLOa—PFITHE L TWIHAEBEFL—Y T
AVOBEEELE=F TEDLIHICEMT D LM
FRENTWD,

T, ZHUSHLTHIEI A7 A LB ST 5 2
LEEZTCWD, 22X, BZREEDLM BN
I o xlTlE, EFE—2%1EDF— LT
ZHBEPNCEA VT2 EB8EZ NS, 2T
LV —FHA—TOZTFRTWETHERHEL, ©
DIFNY — TN IMEEL LN T4 A by
NOF A=V EFNRICIZ 52N TXEEED
nas,

-396-



Proceedings of the 2nd Annual Meeting of Particle Accelerator Society of Japan
and the 30th Linear Accelerator Meeting in Japan (July 20 - 22, 2005, Tosu Japan)

MEASUREMENT OF RADIOACTIVITY OF LINAC COOLING WATER
AT NIHON UNIVERSITY

Manabu Inagakil’A), Isamu SatoA), Ken HayakawaB

) ) )

, Toshinari Tanaka® , Yasushi HayakawaB ,

Takeshi SakaiA), Kyoko NogamiB), Ken’ichiro Ishiwata2’c), Keisuke Nakao®
A) Advanced Research Institute for the Sciences and Humanities (ARISH), Nihon University,
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501
Bnstitute of Quantum Science, Nihon University,
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501
© Graduate School of Science and Technology, Nihon University,
7-24-1 Narashinodai, Funabashi, Chiba, 274-8501

Abstract

Radioactivity of the cooling water circulating the 125-MeV linac in operation has been measured at LEBRA in
Nihon University in terms of positron annihilation y-rays resulted from B* decays of '°O nuclei. The dose equivalent at
10 cm from the surface of the reservoir tank in the precise water temperature controller has been deduced to be higher
than the limit allowed by the radiation hazard protection law. Currently the controller is placed in the accelerator room,
which is not good taking account of radiation damage and daily maintenance. However, the result suggests that a
necessary measure must be taken to lower the dose when the controller is moved to the modulator room.
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DEVELOPMENT OF AUTOMATIC ALIGNMENT SYSTEM FOR FEL
CAVITY MIRROR

Keisuke NakabA), Ken Hayakawg), Isamu Satg), Toshinari Tanak%), Yasushi Hayakav\%),
Takeshi Sakzg), Kyoko Nogamg)

A)Graduate School of Science and Tech. Nihon Univ.
7-24-1 Narashinodai, Funabashi, 274-8501

B) nstitute of Quantum Science Nihon Univ.
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Abstract

The automatic alignment system for FEL optical cavity mirror is developed in Laboratory for Electron Beam
Research and Application (LEBRA) Nihon University. Beam orbit in the undulator is calculated in real time from
the signal of the two beam position monitors which are installed at each end of the undulator. By using the automatic
alignment system, the optical axis will be able to adjust to the electron beam orbit at any time. Therefore, the FEL
will be kept stably during experiment. Using this system, load of operators will be reduced.

H AR AR T IEE R (23610 D FELIMRER I 7 —A— 7 I A4 A b
VAT LWDB%E

1. [FL®HIC MO IS TV D, R 7 —OfkRiIE, RFE
EAND6ARE, §72bH6718mmT, 7o Y2l —H

AR T-RFAATFFE iR (LEBRA) TIE, 2001 [ (% 2400mmTdH 5, 7 —EI F—REDOH L%

5 AICHMTE S L—Y (FEL) DFIRICAHKII L. 2003 55 2 $hi 7 ol (Y) &, K51 0 il 2 [mldi o0 il

410 AlC 2 —WRIHEBRA PG S - B, 24w X)L LT, AT v E LI E—Z THEESE S Z &0

FEL A EBRAIAE ik 2 b S L, BB L VR ©x 2, SOICFHIT—I1E. AF v ELSE—X

BRExfi . ISR O@mEARED DTS, N L=y FELCREFIICLEINT 2 N TR, fE

BAROTDFERITEHELY, SOICFELZRIRSYE RIS —WEs2HET AN TX S,

L7 ORI, FRERICIE DSV TR A SR 70 BN

BO, A—FITEELTHH) ZLLHELY, 22 5 gam

Tﬁk%%@%%%ﬁ%b WsE DA HLT A

72, FEL JedbiRes Eﬁ%ﬂﬁé%ﬁ%ﬂﬁﬂb FELIZARADEZ ML LT, #RShicneE

R 7 %}:%@@b_ fémﬂz ﬁ%bﬁ*kﬁ“é FOMAEERC L > THRIET DT, FEINIHK

VAT LERIEL TN D, ﬁ?%?li:@yx%A@ DIl & BT HED— T LT U REE L7,

BEERS K OERRIR I &2 IR B, Ko THEIEFRICARN T AEFE—28UEZHITE L,
%miﬂiﬁi:*ﬁrﬁ‘éiﬁﬂi% 2D T —TE- TR
X = U kv,

2. LEBRA O FEL t#iRss R AT R A
=1z, LEBRA@FEL%JEETE%%@EE%%%?‘O T&@J  ACEIT I OWLGE D9 s K OYE W
125MeVE I IR TR S - BT 1T, a0 iéﬁ FEOREITES) A2 MR L, BPM#8,
45 FE AR M BRGN035 B B 1853 %kgor“{ﬁm+%@ﬂ BPM#9Tu+/E'JL71 BT —ADMEEEZNENP, =
L. 7o Valb—XIC AT %, LEBRA TlE, EF  (TuwYur2u)s Po = (Bq,Ya,20) ETDE, TP

t“—A@&E%nﬂEWéx N w54 e —2  L—XNEEDE—AEEIR, t 2N EHEE LT
fLfEE =% BPMIT 136#M# L T\ %, FEL L

FHEIC I, =200 45 (R ERATOR (BPM#6,#7). T =1y — Ta) + Tu

7y PaL—ZOAN (BPM#8), Hi(BPM#9)IZ# Y =HYu— Ya) + vu (1)
BEN TS, BPM#EN HE T B — b x XL E D% 2= t(zu = 2a) + 2

B4, BPM#8 L BPM#9/: 57 > ¥V L— X NDE

FE—LHEEGD ZENTE D,
A B Rt s o SREJTAE XEh, AKESGmE Y e 35,
FEL EIMRERZL, Hi= - 5m o 2Dk < 7 R O L KT T — 00 R0 L A

* E-mail: nakao@lebra.nihon-u.ac.jp SEMEECTELZOT, WEROFLE Q)X TESN

CWHEBIZ/ D, T I TE—AOHLELE A Z i,

-460-



Proceedings of the 2nd Annual Meeting of Particle Accelerator Society of Japan
and the 30th Linear Accelerator Meeting in Japan (July 20 - 22, 2005, Tosu Japan)

HEMEICRTER SR, T R LT D
&I —DliEFRO P,

T, = RsinY,
Y, = RcosY,sin X, (2)
2o = RcosY, cos X,
EET, XYy xl1olx, 2R
z, = RY,
Yo = RX, (3)
2o = R

LTS ENTE %S, LEBRA DIEEER I 5 —0
HER T 5m T, B — A% 7 MMEIE 30mm7z DT,
(3) DA E R D,

X 112773 BPM#8, #9765 P,. P2 U T L5 A
LZHEL, Q) RXE Q) Xns, SBEoME X, Y,
RO, Bon-AELE—Fary ha—FIZAT
LI 7 —DOAELY BTS2,

4. HEHRKR

FIRER X 7 — O BEFE A BT 572 0121%, 2
T —DOALE, AEN PCTHIETE, BPM )5S DAL
EFEHRN Y T /VH A DTED IAD 72T UL 72 B 720,

2T —ONE,. BEEIZHOWTIE, PCTHIITX %
A B =T 2—ANRPS5T=OT, YU TILEET
PCOLHIEA[GERE—HF a2 br—F 28 A LT,
I T —AEDOSEEEIL 10 rad TH 7278, FHEET
® FELFIRFEIZ, I 7 —HlE O fFREN A E LTV
lEbHD, E—H RTA RN IO AT v
KD G OIEE L, F/hEEAZBITO 1/10 12
L7,

BPMiZ, 7oyl —ZDOAO, HAZIZUHE L
T, 13fEFTcERE IS WA B BifEF v m A a—
THERANT, TV alb—FOAHN, HODOE—A
MEZRETHZEDBARETHDH, LNLZRLFE
EEINHEST D Z LN TES, BPM#6 )L O 1%
F B TE TV,

5. SRORE

HIRSR I 7 —ORRLEER/NT A =X TH DN,
AENIEBE L TR, BRI 7 —oRix, 7
UV L—ZRREINTWAKRONEOIEE & i)
VAHBAR 32 Z E N> TNWAH DT, IREEbE
HRBEIZC T 4 — R 7352 L EBRifLTn5,

BPM B L OMLIERR S 7 —ok@Eid =4 Hle L, 4
R T —DMIITHIEEINMZDVERSH D, L
LEERI S —ZEZF = NHICH Y, Ba—
RT—DOEORKUCIET Z L FI T —%2HET A
RS-0, WEIXR#EECcCHD, £Z T, FEL
NU— IT7—OfE, A, 7To¥al—F% AN,
HAOoE — A EEZieEk L. FELDZ A V3GV EE
FETOPIE L N H > TS D EEL.,
ELT-E =2 EEMENOHET LI EEZT
W5,

125MeV Linac

<—Undulator

=< BPM#9

ol

error%@

Xl 1: FEL Yt REs O fd &

6. F&OH

FEL BIREIREE DO AL — X DA 2 BT 5 72
O, FELIHRZHR I 7 —O BT AT A2 RBIE L
TWo, ZOYAT AL, HHERGBICAR SN E
FE—LDHNEZ U TVHE A MIHEH L, JedtiEes
DOYEH A B F £ — 2HEIC HEIC—H S5 5D
ThD,

BE FEL HRER S 7 —% PCo ol cx, 7
Cal—ZOAOLHODOE—AELRETX S
EZAET, BAEMPEA TS,

B E— AT LXEEOME, SRR OHIE.

HIRIR I T —OFRBEIREDOHE R ENN, Sk OiE
Thb,

& ik

[1] T.Tanaka, etal., “H X125MeV Y =7 7 OFERIRDIL

Proceedings of the 1st Annual Meeting of Particle Soci-
ety of Japan and the 29th Linear Accelerator Meeting in

Japan, Funabashi, Aug. 4-6, 2004

[2] K.Ishiwata, et al., “LEBRAIZIS 1T 5 b — A& FHHI

A7 LADOBFE” Proceedings of the 1st Annual Meeting of
Particle Society of Japan and the 29th Linear Accelerator

Meeting in Japan, Funabashi, Aug. 4-6, 2004

-461-



Proceedings of the 2nd Annual Meeting of Particle Accelerator Society of Japan
and the 30th Linear Accelerator Meeting in Japan (July 20 - 22, 2005, Tosu Japan)

DEVELOPMENT OF BEAM POSITION MONITOR MEASUREMENT
SYSTEM
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, Tsuyoshi Suwada

Abstract

Ten BPMs were added into the beam line at LEBRA, and the total number of BPMs becomes 13 (six BPMs are in an
accelerator straight line, four BPMs are in FEL beam line, three BPMs are in PXR beam line). A signal from each
electrode of BPM is inputted into a RF detector through RF coaxial cable. The detected voltage is measured by means
of the AD conversion board on PC. The beam position is derived from the voltage digitized data by a PC. It is reported
about this signal acquisition system.
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