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A Compton scattering X-ray source consisting of an X-band (11.424 GHz) electron linear accel-
erator (linac) and Q-switched Nd:YAG laser is currestly under construction. Monochromatic hard
X-rays are required for a variety of medical and biological -applications. The new hard X-ray source
produces monochromatic X-rays via collision between a 35-MeV ‘mulfi-bunch (10* bunches in & 1

“ ps RF pulse) electron beam and 1.4 J/10 ns (532 nm) Nd:YAG laser beam. The linac uses an
X-band 3.5-cell thermionic cathode RF gun and an alpha magnet as- an injector. The thermionic
cathode RF gun is the first of its kind and can generate a high current (2 #A) and a multi-bunch
2-MeV electron beam. To increase the efficiency of the X-ray vield, a laser pulse circulation system
is adopted, that can increase the X-ray intensity by up to 50 times. This scheme:can produce
monochromatic tunable X-rays (10 ~ 40 keV) with intensities of 10° ~ 10° photons/sec. In addi-
tion, the X-ray energy can be changed rapidly over 40 ms by two different wavélength lasers (YAG
fundamental (1064 nm), 2nd harmonic (532 nm)) and an optical switch. This quick enetgy change
is very important for living specimens and is very difficult to achieve in light sources such as &
large SR (Synchrotron Radiation) source. The system can be used.for dual-energy X-ray CT and
subtraction X-ray CT to determine the 3D distribution of the atomic number density and electron
density, and specified atomic distribution, respectively. In this paper, we describe the details of the

system, report on experiments on the X-band thermionic cathode RF

of monochromatic X-rays.

PACS numbers: 29.27.Eg, 87.62.+n

gun, and discuss applications

Keywords: X-ray source, Compton scattering, X-band linac, X-band thermionic cathode RF gun

I. INTRODUCTION

X-rays of 10 ~ 40 keV are of great use in medical sci-
ence, biology, and material science. Example techniques
that use such X-rays are dynamic intravenous coronary
arteriography (IVCAG) (1,2] and monochromatic X-ray
imaging. In addition, the techniques of dual energy X-
ray CT (3] and subtractien imaging using a contrast
agent and dual energy X-rays may be realized by using
two monochromatic X-ray beams.

*E-mail: saka@nuclear.jp; uesaka@nuclear.jp;
-Tel: +-81-20-287-8413; Fax: +81-25-287-8488
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Intense hard X-rays are generated by third-generation
light sources. However, most synchrotron radiation (SR)
sources are too large to be widely used for monochro-
metic X-rays. Therefore, we are developing a compact
monochromatic X-ray (10 ~ 40 keV) source based on
laser-electron collisions in an X-band (11.424 GHz) lin-
ear accelerator (linac) system [4-8] at the Nuclear Pro-
fessional School, the University of Tokyo. Since the scat~
tering angle of the photon depends on its energy, one to
ten percent narrow-band X-rays are generated by colli-
mating scattered photons.

In our system, a multi-bunch electron beam gener-
ated by a thermionic cathode RF gun is collimated
and compressed temporally by an alphe magnet and
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Table 1. Performance of linac/laser Compton scattering X-ray sources.
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Laboratory Electron Charge Wavelength and energy X—ra.;{ ener.gy and Fluctuation of X-ray

energy of laser pulse intensity i
SHI [16] 14 MeV| 400 pC 800 nm, 300 mJ, 3.5 keV 50 %
(S-band)| Single bunch | (Ti:Sapphire, 300 ps) | <10° photons/shot °
25 MeV 500 pC 12 ~ 50 keV
MXI Systems Inc {15] (S-band)| Single bunch 1 pm, 20 J (Nd:Glass) 10° photons/sec 50 %

LLNL [17] 57 MeV 250 pC 780 nm, 400 mJ 40 ~ 80 keV 50 %
(S-band)| Single bunch (Ti:Sapphire, fs) 107 photons/sec
60 MeV 500 pC 800 nm, 300 mJ 20 ~ 85 keV

SLAC (18] (X-band)| Single bunch | (Ti:Sapphire, f) 10° photons/sec 80 %
35 MeV | 20 pC x 10000 1 um, 2], 33 keV

U. Tokyo/NIRS/KEK (8]} (y pona) Mtk bundh (Nd:YZG; 10nsec) | 10° photons/sec <10 %

.Fig. 1. Schematic of the compact X-ray source based on
the X-band thermionic cathode RF-gun, and X-band accel-
erating structure and a Q-switched Nd:YAG laser.

accelerated by an X-band accelerating structure. The
thermionic cathode RF gun can generate a high-current
(2 #A) multi-bunch (10 bunches in 1 us) electron beam.
The experimentally confirmed energy of the electron
beam generated by the RF gun is 2 MeV. The elec-
tron beam is bent by achromatic bends and focused at
the collision point (CP). An approximately 10-ns hard
X-ray is generated via Compton scattering upon laser-
electron collision. This system can also generate dual en-

~ ergy monochromatic hard X-rays by using two Nd:YAG
lasers. The laser system for Compton scattering is com-
posed of & Q-switched Nd:YAG laser.

To demonstrate the proposed X-ray source, an X-band
linac beam line (shown in Fig. 1) for a proof-of-principle
experiment is under construction. The X-ray yield by
the electron beam and & Q-switched Nd:YAG laser of
2.5 J/10 ps (1064 nm) is 107 photons/RF-pulse (108 pho-
tons/sec at 10 pps). A demonstration X-band beam line
is being commissioned. We are also designing a laser cir-

culation system [9] to increase the X-ray yield up to 108
photons/pulse (109 photons/sec).-

In this paper, we present the design and numerical
analysis of the demonstration X-ray source system. The
first experunenta.l verification of the X-band thermionic
cathode RF gun is also described.

II. BRIEF REVIEW OF LINAC-LASER
COMPTON SCATTERING X-RAY
SOURCE

Early experimental demonstrations of proof-of-
principle systems have been made at LBL [10,11}, BNL
[12], KEK-JAERI-U.Tokyo [13] and at other installa-
tions in the 1990s. The use and distribution of table-
top Ti:Sapphire lasers, CO; lasers, Nd:Glass lasers and
RF photoinjectors have contributed to the development
of the systems. In particular, developments have re-
cently allowed the second harmonic to be produced as
well as the fundamental [14]. The existing systems are
specialized for medical and bio-scientific uses, such as for

monochrometic X-ray imaging, dual-energy X-ray CT,

subtraction X-ray CT, angiography, Auger cascade ther-
apy, protein structural analysis, etc. These systems are
summarized in Table 1. Of particular note is the pio-
neering work on medical monochromatic X-ray imaging
performed by Carroll et al. [15]. Most system use scat-
tering between a single electron bunch and a single laser

pulse and hence cannot achieve X-ray intensities as high

es 108 photons/sec [16-18]. Dynamic imaging, angiogra-
phy and protein structural analysis are difficult without
a high intensity. To address this problem, multiple scat-
tering between multi-electron-bunches and multi-laser-
pulses could be employed to generate an X-ray intensity
of more than 107 photons/sec.

‘We define here the first and second generation of scat-
tering in X-ray sources. The first generation established
the following:
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Fig. 2. Klystron and modulator (Toshiba E3768A).

o First demonstration and application,

e Intensity up to 108 photons/sec,

o Intensity fluctuation due to time-jitter between elec-
tron beam and laser puises.

The second generation will reslize the following:

e Multi-scattering of electron beam and laser pulses,

s Intensity of more than 10° photons/sec, :

e Variety of applications in medicine, protein struc-
tural analysis, nondestructive evaluation, and nuclear en-
gineering,.

In this paper, we report on the development a typ-
ical second-generation system underway &t the Univer-
sity of Tokyo. We note that, KEK is developing a multi-
bunch S-band photoinjector for the Global Linear Col-
lider, which can produce more than 100 nC per RF pulse
[19]. This system may be a second candidate for the
second-generation source.

III. COMPTON SCATTERING X-RAY
SOURCE BASED ON X-BAND LINAC

We detail here a compact X-ray source based on the
proposed X-band linac shown in Fig. 1. A multi-bunch
" electron beam generated by a thermionic cathode RF gun
is accelerated by an X-band accelerating structure. The
beam is bent and focused at the collision point. Approx-
imately 10 ns X-rays are generated via Compton scatter-
ing on laser-electron collision.

1. X-band Linac

An X-band linac is used with the compact hard X-
ray source. The RF wavelength of the X-band is 1/4 of
the S-band (2.856 GHz). However, the maximum field
gradient of ~40 MV /m gives remarkable compactness.

A 0.7-m long X-band accelerating structure is used
for the X-ray source. The X-band accelerating structure
technology developed for future linesr colliders [19] at

Journal of the Korean Physical Society, Vol. 49, No. 1, July 2006

Fig. 3. X-band thermionic cathode RF gun (Ishikawajima-
Harima Heavy Industry Co., Ltd).

Teble 2. Beam parameters at collision point.

Beam energy 35 MeV
Charge/bunch 20 pC
Bunches/RF pulse 104
Beam size (rms) (x,y) 100, 100 pm

Normalized emittance (rms) (x,¥) 10, 10 »mm-mrad

KEK and Stanford Linear Accelerator Center (SLAC)
are fully adopted for this system. Initially, the Round
Detuned Structure (RDS) is to be adopted and is already
being manufacturing.

‘We adopt a Periodic Permanent Magnet (PPM) type
X-band klystron (Toshiba E3768A) designed for Linear
colliders [20]. The klystron modulator is being designed
to fit the X-ray source. The nominal RF power is above
50 MW in 1 ps.

The beam optics of the X-band linac beamn line were
designed using SAD (Strategic Accelerator Design) [21]
code. Photographs of the klystron/modulator are shown
in Fig. 2. The beam parameters at the collision point
(CP) are shown in Table 2.

2. 3.5-cell X-band Thermionic Cathode RF Gun

The injector of the system consists of an X-band
thermionic cathode RF gun and an alpha magnet. The
inner slit of the alpha magnet is used to eliminate low-
energy particles. It is also used as & bunch compressor.
Fig. 3 shows the X-band thermionic cathode RF gun.

‘The detailed design and manufacture were performed by

Ishikawajima-Harima Heavy Industries Co., Ltd. (THI).
The cavity of the RF gun has three full cells and a half
cell (see Fig. 4) and is operated at 11.424 GHz in the
7 mode. The nominal beam energy is 2 MeV. A coaxial
coupler [22] is introduced to ensure axial symmetry of
the field in the gun and for placement inside a solencid
coil. The thermionic cathode is a dispenser type, and
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Fig. 4. Cut-away view of the X-band thermionic cathode
RF gun cavity.

Fig. 5. Electric field of the 3.5-cell X-band thermionic
cathode RF gun. Red lines show the rHy contours,

the material is tungsten. The edge of the cathode is
manufactured to reduce the radius size R to avoid con-
centration of the electric field at the edge. Tuning of the
cavity can be controlled by moving the cathode position
with a cathode plug. The thermionic cathode is operated
at a current density of 20 A/cm?, and its temperature is
about 1000 °C. The radius of the effective emission area
is 1.4 mm, hence, the output current is 1.23 A. Emission
continues during the accelerating phase, that is 180°, and
the emission rate is constant under a high voltage. The
charge emitted in & RF period is given by

1 Wr?:athqb
emit = 3 ) 1
Qemit 2 Far ()

where 1, is the radius of the effective emission area, ¢
is the flux of the cathode current, and frr is the RF fre-
quency in the cavity. In our case, the charge per bunch
is 53.9 pC. The other properties of the cavity were calcu-
lated by using SUPERFISH {23]. The contour lines rH,

of the fleld in the cavity are shown in Fig. 5 and the

properties of the cavity are listed in Table 3.

Since the energy spread after the main acceleration
must be less than 1 %, beams from the injector must
satisfy the following relation:

AEinj + Bacc A2,
= +E =2 <001, @)

where AE;,; is the energy spread at the injector, Agin;
is the bunch length in radians, and E,.. is the energy

]

Table 3. Properties of the 3.5-cell gun cavity, calculated
by using SUPERFISH.

Resonant frequency 11.424 GHz
Transit time factor 0.703
Shunt impedance 2.46 MQ
Q wvalue 9350
Wake loss parameter 7.72V/pC
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Fig. 6. Bunch form before the alpha magnet {simulation).
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Fig. 7. Energy spectrum before the alpha magnet (simu-
lation).
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gain in the main accelerating structure. The dynamics
of the particles in the gun cavity were simulated by using
PARMELA [24]. The total charge was found to be 41 pC.
The bunch length was 4.4 ps, and the energy spread was
0.16 MeV (rms over 2.25-MeV particles) (Figs. 6 and 7).
The field gradient on the cathode surface is about 140
MV/m. Since § becomes 0.01, lower particles should be
eliminated. As Fig. 8 shows, when particles of energy
less than 2.8 MeV are cut-off, the bunch satisfies the
energy spread condition.
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Table 4. Bunch parameters after the alphe magnet (simulation results).

Position of slit 121 mm 122 mm
Charge 20.2 pC 7.5 pC
Energy 2.92 £ 0.02 MeV 2.94 £+ 0.01 MeV

Cut-off energy 2.86 2.91

Normalized emittance 15.1, 6.3 7mm-mrad 10.2, 4.1 rmm-mrad

Bunch length 2.2 ps 1.0 ps

) 0.024 0.005
005 — 2.88 - T
\ %121 mm
0.04 - \\ 2.94 * 122 mm
0.03 A g?gzn ‘:?:.‘. |
. , \\\\\> 528 R —
002 3 Bl
288 T -
0.01 ) . i e
T : Ry 280 | e
¢ — N 284 . =
25 28 . 27_ ‘ 28 . 28 3 0 2 4 8 8 10
Cut~Off Enargy [MaV] Time [ps)

Fig. 8. Relation between the cut-off energy and the esti-
mated energy spread after main acceleration (simulation).

Next, the motion in the alpha magnet was calculated.
The alpha magnet features 2 slit to cut out low-energy
particles. By moving this slit, the cut-off energy can
be controlled.” Fig. 9 shows the particle distribution in
time-energy space for different slit positions. The bunch
parameters after the alpha magnet are listed in Table 4.
When the slit position is 121 mm, the condition is not
satisfied. It is satisfied for 122 mm, though the charge
becomes small. The cut-off energy is higher than that
previously estimated. This is because over bunching oc-
curs in the alpha magnet, increasing the bunch length.
To obtain the best compression and a high charge, the
field gradient in the alpha magnet has to be higher. How-
ever, since it is difficult to increase the field, the energy
should be decreased.

3. Laser System

Concentrating on the R&D of the accelerator, we chose
a commercial and reliable laser for laser-electron col-
lision. To realize & compact system, we used two Q-
switched Nd:YAG lasers with an intensity of 2.5 J/pulse
(1:4 J/pulse for the second harmonic), a repetition rate
of 10 pps, a pulse duration of 10 ns (FWHM), and a
wavelength of 1064 nm (fundamertal). ‘

In the second step, immediately switching the X-ray
energy, we added a second laser system. The laser sys-

Fig. 9. Particle distribution in time-energy space. The
blue dots are for a slit position of 121 mm, and the red dots
are for 122 mm (simulation).

Fig. 10. Concept of the dual energy X-ray generation sys-
tem.

tems for the fundamental and the second harmonics are
fired in turn. In this way, we can generate dual energy
monochromatic X-rays with a repetition rate of 12.5 Hz
(if the repetition rate of the linac is 25 Hz), as shown in
Fig. 10. The advantage of this dual energy X-ray gen-
eration system is that the switching of the X-ray energy
with a high repetition rate is very useful for dynamic sub-
traction imaging and dual energy X-ray CT. To increase

-266-



X-band Thermionic Cathode RF Gun:--

[l

=

3]

=

z-5 1064 nm

2

24

o

L=

=3

=

2k

et 532 om

o - .

22 1)

g i
0. 60

—ray Bhergy [KeV]

~Scattering angle.[rad]

P o8 22 P e e e

- Fumito SAKAMOTO et al.

-201-

e
—

532 nm

=30 T30 A0 2
X-ray energy [keV]

Fig. 11. Energy spectrum of X-rays for laser wavelengths of 1064 nm and 532 nm with an electron energy of 35 MeV.

Nd: YAG fundamental (1 064nm)
— 60

(%]
-Q
1

.
<
)

o,

10

PR AP P

w
<.

TS IPTPIT: AN

Mean energy of seattered photon [KeV)

20 P :

1ok ' ,aﬁ';f}'"""é# —:

°c e A‘é"é“v 55400
-Collimated anglc [rarad]}

[ajuoroyd yo pudsds £819ua S

Nd:YAG 2nd harmonics (532nm)

(=)
<

L Y

(V)
o L.
T -

PR WS

&

[%]no;oqéﬁo pusids ATrpuagINg

[y Ga P
1= k=3 >

s.

Mean energy of soattered photon [keV]

-
IRIC o ST TN | Laadalt

COUC T}

123456789100
Collimated angle [mrad]

<
)

" Fig. 12, Energy spread in the rms and the mean energies of available X-rays for each collxmated angle.

Teble 5. Properties of the X-rays generated with electron
beam energy of 35 MeV and charge of 20 pC/bunch.

Laser wavelength l 1064 nm 532 nm.

Pulse energy of laser (J/pulse) 2.5 14

X-ray yield (photons/sec) 1.0 x 10° 4.4 x 10°
Cut-off energy (keV) 2.86 291
Meaximum X-ray energy (keV) 21.9 43.8

the X-ray yield, we need to design a technique for the
circulation of the laser pulse to enhance the luminosity
by 10 times.

4. X-ray Yield and Properties

The X-ray yield per bunch is calculated from the cross
section of Compton scattering and the luminosity. The

energy distribution and the relationship between the en-
ergy and the scattering angle of the X-ray for each leser
wavelength with electron beam energy of 35 MeV are
shown in Fig. 11. The properties of the X-rays are sum-
marized in Table 5. Fig. 12 shows the mean energy and
the rms energy spread of the available X-rays for each
laser wavelength as functions of the scattered photons
collimation angle.

IV. TEST OF THE X-BAND RF SOURCE
AND THE X-BAND THERMIONIC
CATHODE RF GUN

1. High-power Generation and RF Conditioning
of the X-band RF Source

RF conditioning is required for the RF windows and
circuit components, such as the RF waveguides. The ex-
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Fig. 13. Experimental setup of RF conditioning.
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Fig. 14. Relation between the input RF power and the
field gradient on the cathode surface.

perimental setup of the RF conditioning for the X-band
klystron and waveguides is shown in Fig. 13. A low-level
RF power of 300 W is fed to the klystron. This input
power can be controlled by using & varisble attenuator
located just before the klystron input port. In order to
reduce the load of the RF windows, the klystron has two
output ports. The RF is damped by the dummy loads.
Photo-multiplier tubes (PMT) are set to observe the
light of the breakdown at the RF windows and dummy
loads. The RF waveform is observed by using RF detec-
tors at directional couplers. These signals are guided to
a fast interlock system that stops the RF within 400 ns.
The reflection signal from the dummy load is also used
for the interlock.

The goal of the RF conditioning is to achieve 50 MW
and 1 us. However, the conditioning takes a long time.
Therefore, we set a goal for an achievable level for the
RF gun experiment. As Fig. 14 shows, 5 MW is required
to make a field gradient of 140 MV/m at the cathode
surface. Taking into account the loss around the cireuit,
we set a goal of 10 MW for each port (a tatal of 20 MW).
-The time structure of the electric fleld in the cavity is
shown in' Fig. 15. The target of the RF conditioning
is 400 ns to fill the RF in the cavity. We have carried
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Fig. 16. Exemple of RF processing of an X-band klystron.
The abscissa indicates the number of shots of the klystron
under 10-Hz operation.

out RF conditioning and have achieved a total output
power of about 20 MW and a pulse width of about 400
ns under 10-Hz operation. The total operation time was
about 800 hours. Fig. 16 shows an example history of
RF processing. :

2. High-power Experiment of the X-band
Thermionic Cathode RF Gun

As mentioned above, we have achieved sufficient power
and pulse width to perform an RF gun experiment. For
the beam generation experiment, we constructed the
beam line shown in Fig. 17. This beam line includes
an X-band thermionic cathode RF gun with a solenoid
coil, an alpha magnet, quadrupole magnets, and & beam
diagnostics section. The alpha magnet acts as an en-
ergy selector with its inner slits. Bunch compression and
beam energy estimation are also expected to occur there.
To observe a beam current from the RF gun, we set cur-
rent transformers (CT) at the entrance and the exit of
the alpha magnet. These current transformers are also
used 1o estimate the beam energy.

Before starting the high-power feed, we measured the
return reflection from the cavity to adjust-the tuning of
the cavity. In order to find the lowest reflection from the
cavity, we carried out frequency scanning and evaluated
the return loss as a function of the frequency. The min-
imum return loss was observed at 11.42450 GHz (Fig.
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ber of shots of the klystron under 10-Hz operation. The solid
line shows the output RF power, and the dotted line-shows
the pulse width of the RF.

18).

We started the RF .conditioning of the RF gun cav-
ity in April 2005. An example of the processing history
is shown in Fig. 19. The total number of accumulated
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Fig. 20. RF waveform propagating forward and reflected
(upper two lines) from the gun cavity. The bottom two lines
show the beam currents observed at the entrance and the exit
of the alpha magnet, by a current transformer.

pulses was about 47 x 108 pulses. The maximum power
and pulse width were 6 MW and 200 ns, respectively.
The repetition rate was 10 Hz. Typical RF waveforms
propagating forward and backward under 6§ MW and
200 ns are shown in Fig. 20. The forward propagating
RF hes a spike. Since there are no circulators that can
sustain high power at X-band frequencies, the reflected
pulse returns to the klystron directly and back to the gun
cavity, again affecting the forward pulse. The beam cur-
rent signals observed by the current transformers are also
included in Fig. 20. The beam current from the cavity
is 0.15 pA. The beam energy was measured by using the
alpha magnet and the current transformer. The princi-
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Table 6. Experimental results of the beam generation experiment of the X-band thermionic cathode RF gun.

Beam energy
Beam current (after alpha magnet)
Charge/bunch (after alpha magnet)

2 MeV (<10 %)
0.15 pA (0.01 pA)
~1 pC/bunch (~0.1 pC/bunch)

RF input power 6 MW
RF pulse width 200 nsec
20 i - 1.2
J == oo - Eritrg spectrum I /

- {[——== Bein trjectory 3 ,/ )
. 15 i =1
8 Pakeneiyi2Mey 108 g
= Bnrrgy spread: <10% .
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Fig. 21. Beam energy measurement by an alpha magnet. < 5 )
0 S - "0
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ple of the energy measurement using the alpha magnet is .Beam energy [MeV].

illustrated in Fig. 21. The ideal trajectory of a charged
particle in the alpha magnet is determined by the field
gradient of the alpha magnet and the kinetic energy of
the charged particle. The energy spectrum is estimated
by using the inner slit of the alpha magnet to observe
the transmission of the beam current. Fig. 22 shows the
energy spectrum of the electron beam measured by using
the alpha magnet. The peak energy is 2 MeV, and the
energy spread is less than 10 %. The lower-energy com-
ponents are eliminated by the inside tungsten plate of the
slit. The observed beam parameters are summarized in
Table 6. The nominal beam current and the charge per
bunch are 2 pA and 20 pC/bunch, respectively. How-
ever, the measured parameters are not consistent with
the nominal values. This is due to that fact that the
pulse width cannot be extended over the cavity flling
time. Breakdown frequently occurred in the gun cavity.
The location and the breakdown factor are being inves-
tigated. Precise diagnostics of the electron beam, such
as the emittance and the bunch duration, will be carried
out in the future.

V. DUAL-ENERGY X-RAY CT

The effective atomic number Z.;; and the electron
density p. of a material can be obtained by using the
linear attenuation coefficients using for different energy
monochromatic X-rays. The linear attenustion coeff-

Fig. 22, Energy spectrum of the electron beam measured
by the alpha meagnet (right-hand axis). The left-hand axis
shows the apex of the beam trajectory in the alpha magnet.

cient u of a material can be approximately written as a
function of the atomic number Z and the X-ray energy
E by using a formula proposed by Jackson and Hawkes
(25),

N, mc? '
wZ, E) = p—AﬁZ{zﬁzm“ (—5) o ;fnu

— 7b-1
Aotz )

= pe(Z*F(2, ) + G(2, E)), ®

where p is the mass density, N, is Avogadoro’s number,
A is the atomic mass, f,u’ is a collection terms for the
photoelectric absorption cross section, oxu is the Klein-
Nishina cross section, and 3% is the coherent scattering
cross section of the standard element Z’ at an energy of
E'=(Z'/Z)'/3E. A value of 0.5 has been proposed for
the parameter b in the equation, and the standard ele-
ment is taken to be oxygen [25]. If the linear attenuation
coefficient is measured at two energies E; and E», the ef-
fective atomic number Z.;; and the electron density g,
can be derived by solving the following equations:

g4 o HE2)G(Z.E,) — w(E1)G(Z, Bp)
#(E1)G(Z, Ez) — p(E2)G(Z, Ey)’

+oxn +
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Collislon
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Fig. 23. Schematic drawing of the dual-energy X-ray CT
system. .

_ pB(Br)G(Z; Bp) — p(En)G(Z, B)
Pe = F(Z,B2)G(2, By — F(Z,B)G(Z, Ba)’

(4)

The effective atomic number Z.¢5 is defined for a com-
pound or & mixture as

1/k
Zess = (Z%‘Zf) y ' ()

where ¢; is the fractional electron content of the i-th
element in the compound or mixture, and k = 4.

This dual-energy method is limited in that Eq. (3)
cannot be applied below the K-edge energy of a mate-
rial. We will operate the compact X-ray source with an
electron beam energy of 35 MeV and laser wavelengths
of 1064 pm and 532 nm. In this case, the meximum X-
ray energies are 21.9 keV and 43.8 keV, which should
allow us to identify elements up to Z = 38. The energy
spread AE/E of the monochromatic X-rays generated
by SR is of the order of 10~4, but the energy spread in
the compact X-ray source is expected to be 1 to 10 %
(rms), depending on the collimator angle [5]. The en-
ergy spread of X-rays is negligible with SR light sources,
but for & Compton scattering X-ray sources the energy
spread affects the accuracy of the atomic number identi-
fication.

To examine the applicability of dual-energy X-ray CT
with the compact X-ray source, we performed & numer-
ical simulation for low to medium Z elements (Z < 38).
We use the linear attenuation coefficients of the mate-
rials listed in the photon cross section database [26] in
the simulation. The geometry of the dual-energy X-ray
CT system is shown in Fig. 23. We assume a point light
source and a thickness and width of the sample of 1 mm
and 20 mm, respectively. In this case, X-ray photons are
collimated at 3.3 mrad. We note that the X-ray energy
of the Compton scattering X-ray solirce depends on the
scattering angle. Thus, the X-ray energy is unique at
each pixel of the 2D detector. When the pixel size is 0.5
mm, Af is less than 0.2 mrad, and the energy spread on
a pixel is in the order of 0.1 %. This small energy spread
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Fig. 24. Calculation results of dual-energy X-ray CT. (a)
effective atomic number of each pixel for a spot size of 0.5 x
0.5 mm®, and (b) average effective atomic number.

on & pixel should improve the accuracy of the dual-energy
analysis. The effective atomic numbers obtained by us-
ing the lincar attenuation cocfiicicnts for two cnergics on
each pixel of the detector are shown in Fig. 24(a). The
average of the effective atomic number Z.ss is plotted
as a function of the atomic number of the sample Z,,p
in Fig. 24(b). The accuracy of the estimated effective
atomic number, AZ/Z, is less than 3 % (rms), except
for Z = 25 and 33. Hence, we have confirmed that the
atomic number can be identified up to £ = 38 by using
21.9-keV and 43.8-keV X-rays with sufficient accuracy
even with an energy spread of monochromatic X-rays of
1~10%.

VI. SYNERGY OF THE DRUG DELIVERY
SYSTEM AND PHYSICAL ENERGIES

The synergy of the drug delivery system (DDS) and
physical energies is becoming very important, follow-
ing the development of genome/protein structural anal-
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ysis and molecular imaging. Physical energies are high-
energy radiation (X-rays, particles), visible lasers, and
microwaves (RF). These energies enable cancer therapy
without surgery, adverse effects, and heavy irradiation.
The development of & new dendrimer-like DDS that can
react with X-rays will allow photo-dynamic therapy not
only for superficial organs, but for organs deeper in a hu-
man body. lodine delivered and attached to the DNA of
cancer cells cen absorb 33.2-keV X-rays and emit elec-
trons and several characteristic X:rays. This so-called
cascade radiation can kill the DNA of nearby cancer cells.
Such approaches may realize a radiation-assisted DDS in
the near future. Nano-magnetic particles can now be ef-
fectively delivered to diseased body parts that can be
well imaged by MRI, and several improvements to the
technique are under development.

Large and medium-scale simulations are extremely im-
portant for this synergy work. It is important that
the flow, diffusion, pharmaceutical chemistry, radiation
chemistry efc. for DDS be numericelly analyzed.

VII. CONCLUSION

We are currently developing a compact X-ray source
based on laser-electron collision. To realize 2 compact
system, we adopt an X-band linac and a commercial
Q-switched leser. The X-ray yield from an electron

- beam and a Q-switched Nd:YAG laser of 2.5 J/10 ns
is 107 photons/RF-pulse (10® photons/sec for 10 pps).
‘We are also designing a technique of laser circulation to
increase the X-ray yield up to 108 photons/pulse (10°
photons/sec). 8o far, we have achieved beam genera-
tion from an X-band thermionic cathode RF gun. The
beam energy is 2 MeV, and the energy spread is less
than 10 %. This experimental high energy (~2 MeV)
beam generation from the X-band thermionic cathode
RF gun is the first such achievement. However, due to
breakdown in the RF gun cavity, the beam current is
about 1/10 of the nominal value. We are now investi-
gating the reasons behind the breakdown in the cavity.
Precise beam-diagnostic experiments on the emittance
and the bunch duration are also being planned. In ad-
dition, preparations for the beam acceleration and laser
system for Compton scattering are underway. We in-
tend to start using Compton scattering monochromatic
X-rays in medical applications in 2006.
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The X-ray phase tomography of biological samples is reported, which is based on X-ray Talbot interferometry. Its imaging
principle is described in detail, and imaging results obtained for a cancerous rabbit liver and a mouse tail with synchrotron
radiation are presented. Because an amplitude grating is needed to construct an X-ray Talbot interferometer, a high-aspect-
ratio grating pattern was fabricated by X-ray lithography and gold electroplating. X-ray Talbot interferometry has an
advantage that it functions with polychromatic cone-beam X-rays. Finally, the compatibility with a compact X-ray source

is discussed. [DOI: 10.1143/1JAP.45.5254]

KEYWORDS: phase contrast, tomography, interferometry, Talbot effect, grating, cone beam

1. Introduction

The high sensitivity achieved by X-ray phase imaging
methods has been attracting increasing attention.'? Because
conventional X-ray imaging methods rely on absorption in
an object to be inspected, weak absorbing structures, such as
biological soft tissues, cannot be imaged with a sufficient
signal-to-noise ratio under the allowable X-ray dosage limit.
The use of X-ray phase contrast provides a way to overcome
this difficulty. This is because the interaction cross section of
X-ray phase shift is about a thousand times larger than that
of absorption for soft tissues.”)

Several methods have been developed for X-ray phase
imaging to date, which are categorized into the interfero-
metric method,*” refraction-based method,*'" and prop-
agation-based method.'>'? Besides the methods that only
generate phase contrasts, phase measurement methods are
also developed, enabling quantitative image analyses, such
as phase tomography.57!5-19 .

X-ray phase imaging is very attractive from a clinical
point of view because the sensitivity to soft tissues is
tremendously increased and/or X-ray dose is considerably
reduced, as compared with the conventional X-ray imaging
methods. Nevertheless, the introduction of these methods to
medical diagnosis is very slow. This is because X-ray
sources with a quality much higher than that of conventional
laboratory (or hospital) X-ray sources are required in most
X-ray phase imaging methods.

As for methods using a crystal interferometer™” or
analyzer crystal for selecting refracted X-rays3'L16-19 4
restriction emerges from the fact that crystal optical
elements are used. The crystal optics functions under the
Bragg diffraction condition; therefore, a monochromatic and
parallel beam is needed with a sufficient flux. As a result,
synchrotron radiation is a sole choice available for those
methods with practical imaging exposure time.

The propagation-based method'*' relies on the detec-
tion of Fresnel diffraction, by which an outline contrast is
generated at the surface and structural boundaries of a
sample. The width of the outline contrast is approximately
A8, where A and € are the X-ray wavelength and distance

“E-mail address: momose @exp.t.u-tokyo.ac.jp

between the sample and detecting plane, respectively. To
resolve the outline contrast, whose width is of the order of
microns even when an image is detected I m downstream
from the sample, an image detector with an effective pixel
size of the order of microns or smaller is needed. Because
X-rays enough to ensure a sufficient signal-to-noise ratio are
needed in a pixel, a brilliant X-ray source is required
consequently. Many experiments are therefore performed
at synchrotron facilities. The contribution of the outline
contrast can be observed using a detector of a pixel size
larger than the above estimation, and a medical apparatus
has been developed on the basis of this usage for use in
hospitals.??) However, for quantitative phase measurement
and thereby phase tomography, Fresnel diffraction must be
observed with a sufficient spatial resolution and a sufficient
signal-to-noise ratio, which are attained by synchrotron
radiation. '

Recently, X-ray differential interferometry that employs
transmission gratings has been studied for X-ray phase
imaging,>!~* which is potentially compatible with compact
X-ray sources. X-ray Talbot interferometry (XTI?*? shown
in Fig. 1 is an X-ray differential interferometer consisting of
a phase grating (G1) and an amplitude grating (G2). XTI
may provide an opportunity for the instrumentation outside
synchrotron facilities, because it functions in principle with a
cone beam with a broad energy band width.

The principle of XTI is the same as that of optical Talbot
interferometry,”®*” but the fabrication of an amplitude

Fig. 1. Configuration of XTI, where two transmission gratings (Gl and
G2y are arranged in line along X-ray axis.

—274-



Jpn. I. Appl. Phys., Vol. 45, No. 6A (2006)

A. MOMOSE et al.

X-ray grating is a difficulty that needs to be overcome to
realize XTI Because of the high penetrating power of
X-rays, a thick pattern must be fabricated to block X-rays
fully. At the same time, the period of the grating should be of
the order of microns, as explained later according to the
principle of XTI. The fabrication of a pattern with such a
high aspect ratio is not straightforward.

A capillary plate, which has a two-dimensional array of
holes in a lead glass plate with an aspect ratio that meets
already the requirement for XTI, is a candidate device for
the amplitude X-ray grating.”® However, its quality, such as
the uniformity of the pitch of the hole array, is currently
unsatisfactory. A line and space (L&S) pattern is used for a
simple and typical grating and available for XTI. However,
the fabrication of a high-aspect-ratio L&S pattern is difficult
using conventional lithographic techniques. However, X-ray
lithography is attractive for that purpose, and in this study
we used a grating fabricated by X-ray lithography and
electroplating of gold,?” which was selected as a material for
blocking X-rays because of its high absorption coefficient
and technical convenience in the fabrication process.

In this paper, theoretical aspects of XTI are described first,
including the procedure of phase tomography. Then, we
report evaluation results of an X-ray Talbot interferometer
constructed with gold gratings. We performed phase
tomography measurements on biological soft tissues with
the interferometer using synchrotron radiation, and recon-
structed images are presented next. Finally, future prospects
of XTI are discussed.

2. X-ray Talbot Interferometry

2.1 Principle of phase imaging

The principle of XTI was described in a previous paper?®
but again described -here, adding more details, for the
following explanation of phase tomography based on XTI

The function of XTI is based on the X-ray (fractional)
Talbot effect®® discovered originally in the visible light
region,®!) which is known as a self-imaging effect by an
object with a periodic structure under coherent illumination.
While a transmission image becomes blurry with increasing
distance-from an object to an imaging plane under normal
illumination, self-images are reconstructed at specific dis-
tances from a periodic object to an imaging plane by the
Talbot effect. This phenomenon is understood as a result of
Fresnel or Fraunhofer diffraction.

Let us consider a situation in which a grating of a period
d is illuminated coherently with unit-amplitude plane-wave
X-rays of wavelength 1. Given the complex transmission
function T(x,y) of the grating with a Fourier expansion
series ‘

nx
T0 s = X 25l — , 1
() Z_:oz,,e p( i d) M
the wave field E(x, y, z) behind the grating is written as ~
) nx
E(y,2) =) Bulz) exp (Zm' g> @)

under a paraxial approximation, where
Bi(2) = ey exp(—midzn®/d%). 3)

Here, the optical axis is parallel to the z axis, and the grating

is on the (x,y) plane (z = 0) and has periodicity in the x
direction. Equations (2) and (3) imply that the periodic
pattern in the wave field varies and oscillates as induced by
propagation. The intensity of the wave field is given by

nx
Ii(x,3,2) = [E(x, Y, 9P = ) au(2)exp <2mf 7>, “

where

ay(z) = Z ,Bn-i-n’ﬁ:t'- (5)

o
The distances zp given by
zr = md? /2, (6)

where m is an integer for an amplitude grating or a half
integer for a phase grating, are particularly interesting. If
m is an even integer, B,(zr) = w,; therefore, a wave field
whose complex amplitude is the same as the complex

" transmission function of the grating is generated (Talbot

effect). If m is an odd integer, B,(zr) = —a,, and a wave
field with a complex amplitude of T(x 4 d/2) is generated
(a case of fractional Talbot effect); .that is, the contrast is
inverted. When a phase grating is used, no intensity patterns
are observed at the distances. However, if m is a half integer,
the phase modulation pattern T(x) = exp{i@(x)] is converted
into intensity patterns, which are also called self-images in
this work, as given by

|E(e,y,z0)* = 1 % sin{p(x) — (x + d/2)}, (7

where 4= corresponds to cases in which m — 1/2 is even and
0dd.>? Visibility is therefore at the maximum when the
magnitude of phase modulation is 7/2 while a 7 phase.
grating is used in many applications because -=1st-order
diffractions are enhanced, suppressing the Oth order. The
self-image of a m/2 phase grating is understood as a
constructive superposition of interference . fringes mainly
between neighboring orders (i.e., Oth and 1st orders, +=1st
and +2nd orders, ...).

Under partial coherent illumination, the visibility of a
self-image is degraded and its influence can be reflected in
eq. (4) by replacing a,(z) with u(nlz/d)a,(z), where p is the
complex degree of coherence, which is given by the Fourier
transform of the distribution of an X-ray source, according to
the van Cittert—Zernike theorem.??

Next, let us consider a case in which the incident X-ray
wave is deformed due to the phase shift ®(x,y) caused by
an object placed in-front of the grating. In this case, the
self-image is also deformed as illustrated in Fig. 2 and its
intensity is given by

, N '
Ii(x,y,2) = Z a,(x,,z) exp [2711 7 &~ 2, y))}, ®)

where

A 3Px,y)
2 ©

and a,(z) has been replaced with ¢, (x, y, z), which takes into
consideration the effect of X-ray attenuation by the sample.
The amount of deformation is proportional to z.

It is therefore possible to detect the object by analyzing
the deformed self-image by using an image detector with

e(x,y) =
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X

Fig. 2. Deformation of self-image by refraction at sample placed in front
of grating.

a spatial resolution below d (of the order of microns).
However, an X-ray image detector with such a resolution is
rare. Instead XTI uses another grating at the position of the
self-image, as illustrated in Fig. 1. If the period of the
second grating is almost the same as that of the self-image, a
moiré fringe pattern is generated by the superposition of the
deformed self-image and the pattern of the second grating.
The deformation of the self-image is also reflected on the
moiré pattern. Because a typical fringe spacing is much
larger than d, normal X-ray image detectors are available.

Giving the transmission function #(x,y) of the second
grating with a Fourier expansion series as

X
Hx,y) = Z b, exp (me %) R

a moiré pattern is given by

I(x,y,2) = L(x,y,2) X t(x,¥)

n
= d,(xy, Dbiexpi 2mi— (¥0 + 20:(x, ) + X) {»
[ . [l

(10)

where 6 (« 1) and x are the relative inclination and
displacement, respectively, in the (x,y) plane of the second
grating against the first. The factor describing the contrast
with the period of d has been averaged out.

2.2 Phase tomography _
The X-ray phase shift ®(x,y) is written as
2w
D(x,y) = - / 8(x,y,2) dz, (12)
£
where 8(x, y, z) is the refractive index decrement from unity.
Therefore, if phase shifts are measured in plural projection
directions, &(x,y,z) is reconstructed with the algorithm of
computed tomography. This is X-ray phase tomography.®
The quantitative measurement of ®(x,y) is therefore
significant. In the case of XTI, ¢, is determined from moiré
patterns. Then, @ is obtained by integration, enabling X-ray
phase tomography.

To determine ¢, from the moiré patterns, phase-shifting
interferometry (or fringe-scanning method)* is available.
Normal phase-shifting interferometry assumes a two-beam
interference, which generates a sinusoidal fringe profile in
general given by A -+ B cos @, where A and B are the average
intensity and fringe contrast. By introducing a phase
difference that varies with a step of 2m/M. (M: integer),
interference patterns

11y

1®(x,y) = AQx,y) + B(x,) COS{®(x, ¥+ %ﬁ} (13)

(k=1,2,...
are measured, and & is calculated using
M

!
’ Lk
®(x,y) = arg Z](")(x, ¥) exp (—Zm M—)

k=1

M)

(14)

In the case of XTI that causes multibeam differential
interference, by changing x in eq. (11) with a step of d/M
(M: integer), moiré patterns

190,y 21) = Y d(x,, 2000
n

n ' y (15)
x SXP{’lm' ; (yQ + 2o, y) + Ef) }

are measured. If the Oth.and Z1st orders are dominant, it is
clear that the operation of eq. (14) is available; that is,

2

= (¥0 + zrex(x, ¥))
M (16)
= arg

I (")(x, ¥, ZT) EXP (—Zm' —-)A
=1 - M

The influence of higher orders is considered as below. The
substitution of eq. (15) into the right hand side of eq. (16)
yields

-, ! - -
arg E a,(x,y,z0)bi Cyum
i

(17)
n
X exp{izﬁ y (0 + zrou(x, )’))} ,
where
M ok
Com = /\Z_; eXP{ZTL’i *[V—[ (n— 1)}

- . (18)
{M ifn—1=¢qM .

= . g: integer.

0 otherwise

The combinations of n .and M that yield non-zero values
of C,u are shown in Table I, which suggests that if a
sufficiently large number is selected for M, the influence of
higher orders is cancelled out and eq. (16) is available.?®
Here, it should be noted that even orders can be ignored if
the gratings have 1:1 L&S patterns. Then, when M = 5, the
lowest order is ninth, which causes an error in calculating ¢,
using eq. (16). The magnitude of such a high order is very
small normally. In addition, actual grating patterns are not

Table . Combinations of #n and M indicated by “e” yield non-zero values
of C,4 and cause errors in calculating ¢, using eq. (16).

Harmonics (Ja})

M

2 3 4 5 6 7 8 9
3 e _— e e — e e —
4 — e —_ e — e — e
5 — —_ e — e — — e
6 — — — e — e —_ —
7 — — — — e — e —
8 —_ — — — — e — e
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completely rectangular and the spatial coherency of X-rays
that impinge on the gratings is normally incomplete. These
factors decrease higher orders and contribute to reducing
errors in calculating ¢, using eq. (16). Thus, M = 5 is a kind
of magic number suitable for applying the technique of
phase-shifting interferometry to.XTL The absorption con-
trast caused by the sample, which is involved in «, is
eliminated by this procedure, and the resultant image maps
purely the differential phase shift ¢,.

Normally, ¢, is determined by measurements with and
without a sample. Then, the effect of 6 on eq. (16) is
removed by subtraction. In addition, the effect of the
imperfection of gratings and/or deformed wavefronts of
incident X-rays are excluded as well.

The right term of eq. (16) involves the operation of
arctangent, whose value ranges from - to m. Therefore,
when X-rays are refracted partially exceeding the amount
corresponding to the range, jumps between —m and 7 are
found in the resultant image obtained by the calculation of
eq. (16). In such a case, we need a process for unwrapping
the jumps by adding (subtracting) 27 to (from) one of the
pixels neighboring across the jumps. When the jump lines
are clear, the pfocedure is completed without errors.
However, the jump lines become unclear occasionally when
the data is noisy or when regions of steep value changes are
contained. Sophisticated techniques are developed to enable
unwrapping in such cases, and we used a cut-line algo-
rithm>® in the present study.

Finally, ® is obtained by calculating

' 21

Dlx,y) = T /@_v(x,y) dx+ C, 19)
and the constant of integration C is determined by the fact
that a sample is surrounded by a null region in the
measurement by. tomography; that is, C = 0. By repeating
this measurement at various angular positions of the sample
rotation, one can reconstruct 8(x,y,z) using a conventional
algorithm in computed tomography.

One can skip this integration process if an algorithm with
a filter function for beam-deflection optical tomography®” is
used; in the case of the convolution-backprojection method,

h: odd

HhAX) = § m2hAx 20)

0 h: even

is the filter function to be used, where Ax is the pixel size.

As ‘a summary of this section, images at each image
processing step described above are shown in Fig. 3 using
the data of the phantom experiment reported previously.?

3. Experiments

3.1  Grating

We selected gold as a material for the grating pattern
because its absorption coefficient is comparatively large.
Nevertheless, the thickness should be much more than ten
microns. As for the grating period, it should be smaller than
or comparable to the X-ray spatial coherence length, which
Is several microns typically, and as a result a pattern of a
high aspect ratio must be fabricated.

Although microfabrication by optical lithography is

routinely performed, it is difficult to form a L&S pattern .

Fig. 3. Images at each step of phase tomography with XTI. A moiré
pattern (a), which was due to the relative inclination (6) of the grating
against the other, is deformed by the differential phase shift caused by a
sample (plastic sphere about I mm in diameter with some air bubbles in
it) placed in the field of view, as shown in (b). (¢) was obtained by a five-
step fringe scan. The effect of 6 was removed using (a). Because (c) is the
output of eq. (16), the image is wrapped, and after an unwrapping
procedure, (d) that exhibits @ is obtained. Black-white jumps observed in
the outline region of the sphere in (c) are compensated. (g), which is to be
input to the reconstruction algorithm of tomography, is obtained through
the spatial integration of (d). Repeating this series of procedure at every
angular position of the sample rotation, a three-dimensional image (f)
mapping the refractive index is reconstructed, where one quadrant has
been cropped to show the inside.

whose thickness exceeds ten microns. A solution is found in
the field of X-ray lithography, which enables the formation
of a high-aspect-ratio structure, taking advantage of the
property of X-rays, that is, they-tend to go straight in-
comparison with light of longer wavelengths. In this study,
we used an X-ray amplitude grating fabricated by X-ray
lithography and gold electroplating, as described below.
The synchrotron radiation beamline 11 of NewSUBARU,
Japan, which is dedicated to Lithographie Galvanoformung
Abformung (LIGA) fabrication, was used. A 30 um X-ray
resist film (MAX001, Nagase ChemteX) was spin-coated on
a 200-pm Si wafer with a 0.25-um Ti layer, and then a 4-um
L&S resist pattern (d = 8um) was fabricated by X-ray
exposure. Gold lines were formed by electroplating between
resist lines, which were left after the electroplating to
support the gold lines (Fig. 4). The effect of absorption by
the X-ray resist is negligible. The height of the gold lines

Fig. 4. SEM image of X-ray amplitude grating fabricated by X-ray
lithography and gold electroplating. This grating was used for the second
grating in XTL

=277~



Jpn. J. Appl. Phys., Vol. 45, No. 6A (2006)

A. MOMOSE et al.

was nearly 30 um, and the effective area of the grating was
20 x 20 mm? .2

The first grating was also fabricated in a similar manner,
except that UV lithography was used, and had a gold pattern,
which was much thinner than that of the second. The
thickness was experimentally evaluated to be optimal for
X-rays of about 0.065nm for a m/2 phase grating. An
amplitude grating is available for the first grating, but a
phase - grating is superior to an amplitude grating in that
X-ray intensity is twice at an image detector and that the
requirement for spatial coherency is moderated because zp
is reduced by one-half.

3.2 Performance of XTI :

An X-ray Talbot interferometer was arranged at the
beamline 20XU of SPring-8, Japan, where undulator X-rays
were available at 245 m from the source point. The vertical
source size of synchrotron radiation is normally much
smaller than the horizontal size. However, because the effect
of the instability of the beamline monochromator existed,
the gratings were aligned so that the gold pattern was almost
vertical. Then, spatial coherency was determined by hori-
zontal source size. Strictly, in the present case, source size
was determined by the front-end slit 400 pm in width located
214 m upstream from the grating. The spatial coherence was
certainly larger than d (= 8 um).

Figure 5 shows moiré patterns observed with 0.065-nm X-
rays with the visibility as a function of the distance between
the gratings. Here, 6 was 1:3° and therefore the moiré fringes
were generated. Although this study was performed assum-
ing that synchrotron radiation is a plane wave, strictly a
spherical wave with a small curvature was introduced into
the interferometer, and its effect was observed as the
inclination of fringes; that is, the horizontal component of
spatial frequency is due to the mismatch of the period
between the second grating and the self-image of the first
grating, which was enlarged by slightly spherical-wave
illumination.

At z = d*/2., which was the best position for XTI with a
/2 phase grating, the fringe visibility exceeded 0.8. With
increasing the distance, visibility minimized at z & d%/1 and
again increased, indicating that this phenomenon was
induced by the fractional Talbot effect. Strictly, a minimum
was found at a distance slightly shorter than @*/A. This is
considered to be due to the coexisting amplitude modulation
caused by the first grating.

The influence of higher orders when using eq. (16) was
commented above. Figure 6 shows the Fourier-transforms of
the moiré patterns shown in Fig.' 5. In Fig. 6(b), that is, the

2 1(d*IN)

Fig. 5. Moiré patterns and their visibilities observed by XTI at various
spacings between two gratings. A = 0.065 nm.

Fig. 6. Fourier-transforms of moiré patterns shown in Fig. 5 in the same
order.
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Fig. 7. Visibility of moiré pattern as function of X-ray wavelength. The
distance between gratings was kept at d*/2.1.

Fourier transform of the moiré pattern of the best visibility,
spots of Oth, 1st, and 3rd orders existed, and those of higher
orders and even orders were not detected. This result
confirmed that the selection of 5 for M as discussed above
was reasonable for the experiments of phase tomography
that will be p;‘esented below. However, at the same time, it
was found that other Fourier-transforms exhibited even
orders as shown in Fig. 6. Therefore, one should be careful
when XTI is operated with the grating separation widely
different from d?/21 even if the visibility is still high.

Next, keeping the condition z = d? /24, the visibility was
plotted as a function of 1 (Fig. 7). This result shows that the
Talbot interferometer functioned in a wide energy range; the
visibility was over 0.3 even at 0.04nm (31keV). The
availability of the interferometer at higher energy is mean-
ingful because the observation of high-density tissues such
as bone and calcification becomes more feasible, revealing
soft tissue structures in the same view.

3.3 Phase tomography of biological samples

The X-ray Talbot interferometer was used for the tomo-
graphic observation of biological soft tissues. A sample was
fixed on the tip of a rotation rod and immersed in formalin

“filling a cell. Because of the problem of bubble generation

in the cell due to intense X-ray irradiation, beam intensity
was moderately reduced by undulator-gap detuning. The
flux density at a sample was approximately 10! photons
mm~2 st )

The measurement of ¢, (x, ) by a five-step fringe scan was
repeated at each angular position of the sample rotation with
a step of 0.72° over 180°. Images were recorded using a
CCD camera coupled with optical lens and a phosphor
screen, whose effective pixel size was 4.34 jum. The tomo-
grams presented below are therefore formed by voxels
4.34 um on one side. Exposure times for recording a moiré
pattern were 1.0, 0.2, and 0.25s for Figs. 8, 9, and 10,
respectively. , -
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