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V,: Tube voltage

2 mm

Fig. 3. Images of the X-ray source measured by a 100 mm diameter pinhole with changes in the tube voltage.
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Fig. 4. X-ray spectra’ measured by a cadmium tellurium detector with changes in the tube voltage.
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Fig. 5. Radiograms of tungsten wires around a rod made of PMMA used for estimating the image resolution.
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50 pm tungsten wire

Iodine microspheres

Cerizm microspheres

30 mm

-t

Fig. 6. Angiograms of rabbit hearts using (a) iodine and (b) cerium microspheres.

4. Angiography

The angiography was performed by a CR system (Konica
Regius 150) using the monochromatic filter, and the distance
(between the X-ray source and the imaging plate) and the
tube voltage were 1.5 m and 60KV, respectively.

50 pm tungsten wire

Firstly, rough measurements of image resolution were
made using wires. Fig. 5 shows radiograms of tungsten
wires coiled around rods made of polymethyl methacrylate
(PMMA). Although the image contrast increased with in-
creases in the wire diameter, a 50 pm diameter wire ¢ould
be observed. :

Fig. 7. Angiograms of the extemal ear of a rabbit using iodine-based microspheres. In this angiography, we employed a 50 pm tungsten wire to roughly

determine the diameters of blood vessels.
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100 um tungsten wire

®)

using a 50 mm-thick PMMA plate

Fig. 8. Angiograms of an extracted heart of a dog. {a) Normal image and (b) image using a 50 mm PMMA plate set in front of the heart, facing the

X-ray source,

Angiograms of rabbit hearts are shown in Fig. 6. These
two images were obtained using iodine and cerium micro-
spheres of 15 pm in diameter. In case where the cerium
spheres were employed, the coronary arteries were barely
visible. Fig. 7 shows an angiogram of the external ear
of a rabbit using iodine spheres, and fine blood vessels

of about SQum are clearly visible. In angiography of a
larger heart extracted from a dog, using iodine spheres,
a 50mm thick PMMA plate was set in front of the heart
facing X-ray source, and image contrast of coronary arter-
ies decreased slightly with increases in the plate thickness
(Fig. 8).
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r K-abserption edge of iodine
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Fig. 9. Relation between the mass absorption coefficient of iodine and
the photon energy of cerium Ka line,

5. Discussion

Cerium is a rare earth element and has a high reactiv-
ity. However, the average photon energy of Ka lines is
34,566 keV, and iodine spheres with a K-absorption edge of
33.155keV absorb the lines easily (Fig. 9). Next, since the
spheres easily transmit bremsstrahlung X-rays with energies
of lower than the edge, it is important that the rays be ab-
sorbed as much as possible before angiography in order to
increase the image contrast.

In rough measurement of image resolution, we obtained
resolutions of 50 wm or less, and high-contrast blood vessels
could be observed using a CR system. Although neogenetic
fine blood vessels in recovery can be observed, the image
resolution of the CR system should be improved as much
as possible, and a dynamic CR system such as a flat panel
system is useful to observe blood flows.

In this research, we developed a low-dose-rate X-ray tube
in order to perform preliminary study on angiography us-
ing iodine-based contrast mediums. Because we are design-
ing a high-dose-rate tube to decrease the exposure time, the
K-series characteristic X-rays from cerium target can be em-
ployed to perform angiography for cases of cardiovascular
disease.

6. Summary

In summary, we developed, new portable X-ray genera-
tor with a cerium-target tube and succeeded in preducing
K-series characteristic X-rays of cerium, which can be
absorbed easily by iodine-based contrast mediums. Both
the characteristic and bremsstrahlung X-ray intensities
increased with corresponding increases in the tube volt-
age, and quasi-monochromatic X-rays were produced by
a cerium oxide filter. In this preliminary experiment, al-
though the maximum tube voltage and current were 65kV

and 0.4 mA, respectively, the voltage and current could be
increased. Subsequently, we observed a 50pm tungsten
wire easily, and high-contrast angiography was performed
using a CR system with an imaging plate.
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Abstract

A fundamental study on quasi-monochromatic parallel radiography using a polycapillary plate and a copper-target X-ray tube is described.
The X-ray generator consists of a negative high-voltage power supply, a filament (hot cathode) power supply, and an X-ray tube, The negative
high-voltage is applied to the cathode electrode, and the anode electrode is connected to the ground. In this experiment, the tube voltage was
regulated from12-25 kV, and the tube current was regulated within 3.0 mA by the filament temperature, The exposure time was controlled in
order to obtain optimum X-ray intensity, and the maximum focal spot dimensions wete approximately 2 mm x 1.5mm. The polycapillary
plate was 15022-21 (Hamamatsu Photenics Inc.), and the plate thickness was 1.0 mm. The outer, effective, and hole diameters were 87 mm,
77 mm, and 25 pum, respectively. Quasi-monochromatic X-rays were produced using a 10 pum-thick copper filter, and these rays were formed
into parallel beams by the polycapillary, and the radiogram was taken using a computed radiography system utilizing imaging plates. In
the measurement of image resolution, the resclution fell according to increases in the distance between the chart and imaging plate using a

polycapillary. We could observe a 50 pm tungsten wire clearly, and fine blood vessels of approximately 100 pum were visible in angiography.
© 2004 Elsevier B.V. All rights resecved.

Keywords: Parallel radiography; Quasi-monochromatic X-ray; Characteristic X-ray; X-ray lens; Polycapillary plate

1. Introduction Monochromatic parallel radiography using synchrotrons

plays important roles in microangiography {12] and X-ray

Thus far, we have developed several different soft flash phase imaging, [13-15] and further applications have long

X-ray generators [1-8] in order to perform soft radiogra-
phies with biomedical applications. In particular, plasma
flash X-ray generators [9-11] are very useful to produce
fairly high-dose-rate monochromatic X-rays as compared
with a synchrotron. When a weakly ionized linear ptasma
formed using a rod target evaporation, irradiation of quite
intense and sharp characteristic X-rays from the plasma ax-
ial direction was confirmed.

* Corresponding author.
E-muail address: dresato@iwate-med.ac.jp (E. Sato),

0368-2048/% - see front matter © 2004 Elsevier B.V, All rights reserved.

doi: 10.1016/j.elspec.2004.02.008

been wished for. In view of this situation, several different
X-ray lenses have been developed {16,17}, and a polycap-
illary plate [18-20] has been shown to be useful to realize
a low-priced X-ray system and to perform parallel radiog-
raphy. Therefore, we performed parallel radiography using
a tungsten-target X-ray tube [19] and an X-ray film, and an
image resolution of approximately 50 um or less was ob-
tained.

The tungsten target produced L-series characteristic and
bremsstrahlung X-rays with tube voltages of 20-30kV, and
these rays were formed into parallel beams to perform ra-
diography. Thereafter, K-series characteristic X-rays could
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be employed for quasi-monochromatic and monochromatic
radiographies using filters. In these cases, the photon ener-
gies of characteristic X-rays were determined by the target
element.

In this research, we performed preliminary study on
quasi-monochromatic parallel radiography utilizing a poly-
capillary plate, a Computed Radiography (CR) system [21],
and a copper-target radiation tube in order to create a new
X-ray system to be used instead of the synchrotron.

2. Experimental set-up

Fig. 1 shows the circuit diagram of the X-ray genera-
tor, which consists of a negative high-voltage power supply,
a filament (hot cathode) power supply, and a copper-target
X-ray tube. The negative high-voltage is applied to the cath-
ode electrode, and the anode (target) is connected to the
ground. In this experiment, the tube voltage was regulated
from 15-25kV, and the tube current was regulated by the
filament temperature and ranged from 1.0-3.0mA. The ex-
posure time was controlled in order to obtain optimum X-ray
intensity.

The experimental set-up for performing parallel radiog-
raphy is shown in Fig. 2. Quasi-monochromatic X-rays are
produced using a 10 pm-thick copper filter, and these rays
are formed into paraliel beams by a polycapillary plate. The
polycapillary is J5022-21 (Hamamatsu Photonics Inc.), and
the thickness and the hole diameter of the polycapillary are

Ferrite core

Filament ) .}@t‘%
power supply | *r.r:r‘.f

W/‘; y.ment

X-ray tube

Anode (copper target) r_
E Negative
high-voltage
X-ray power supply |-

Z

Fig. 1. Circuit diagram of the X-ray generator. Because the negative high
voltage is applied to the cathode electrode, the tube voltage is —1 times
the cathode voltage. The X-ray tube employs a 0.5 mm-thick beryllium
window in order to produce soft X-rays effectively.
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Fig. 2. Experimental set-up for paraltel radiography utilizing a polycapil-
lary plate and a CR system. Quasi-monochromatic X-rays are formed into
parallel beam by a polycapillary, and the image is taken by a CR system.

1.0 mm and 25 pm, respectively (Fig. 3). Radiography was
performed by a CR system (Konica Regius 150) utilizing
imaging plates.

The distance between the X-ray source and the polycap-
illary was 1.08m, and the polycapillary plate was placed
on the aluminum plate, and the distance between the alu-
minum and imaging plates was regulated by the height of
polymethyl methacrylate (PMMA) spacers of 30 mm in
height.

Capillary

Fig. 3. Magnification of a polycapillary plaie with 2 thickness of 1.0mm
and a hole diameter of 25 pm, respectively.
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Fig. 4. Images of the X-ray source measured by a 50 wm-diameter pinhole with changes in the tube voliage.

3. Characteristics
3.1. Focal spot

In order to measure images of the X-ray source, we em-
ployed a pinhole camera with a hole diameter of 50 um
(Fig. 4). When the tube voltage was increased, the spot in-
tensity increased, and spot dimensions increased slightly and
had values of approximately 2 mm x 1.5 mm,

3.2. X-ray spectra

X-ray spectra from the copper-target tube were measured
by a transmission-type spectrometer (Fig. 5) with a lithium
fluoride curved crystal 0.5 mm in thickness. The spectra were
taken by the CR system with a wide dynamic range, and
relative X-ray intensity was calculated from Dicom digital
data. Fig. 6 shows measured spectra from the copper target.
When the tube voltage was increased, the bremsstrahlung

X-ray tube

X-ray source

Curved crystal

X-ray intensity increased, and the characteristic X-ray inten-
sity of K, and Kp lines also increased. Following insertion
of the copper filter, since the bremsstrahlung X-rays with
energies higher than the K-absorption edge were absorbed
effectively, we observed the edge.

4. Radiography

The quasi-monochromatic radiography was performed
with a tube voltage of 20kV using the filter. Fig. 7 shows
radiography for imaging a polycapillary plate, and the ra-
diograms of the polycapillary are shown in Fig. 8. The
center of the black spot in the polycapillary radiogram
was mainly imaged by direct transmission beams through
capillary holes. As shown in this figure, both the spot
density and the dimensions hardly varied according to de-
creases in the polymethyl methacrylate (PMMA) spacer
height,

Imaging piate

simartmp

Focal circle

Fig. 5. Transmission-type spectrometer with a lithium fluoride curved crystal and an imaging plate. The X-rays from the source are diffracted by the

crystal and are imaged on the imaging plate.
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Fig. 6. Measured X-ray spectra according to changes in the tube voltage. Both the bremsstrahlung and characteristic X-ray intensities increased with
corresponding increases in the tube voltage, and we determined the conditions for radiography as follows: a tube voltage of 20kV and a filter thickness
of 10pm. :

X-ray

g 4 g

Polycapillary plate

1 mm-thick
aluminum plate

Imaging plate

fri
s )

. .
80 mm PMM/} spacer Iron plate

Fig. 7. Radiography for imaging a polycapillary plate according to changes in the distance between the polycapillary and imaging plates. Because the
distance was regulated by the spacer thickness, the distance decreased according to increases in the spacer height.
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H,: PMMA pacer height
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H, =30 mm
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+—— )
Fig. 8. Radiograms of a polycapillary plate according to changes in the PMMA height.
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Fig. 9. Radiography for imaging a test chart using a polycapillary plate.

Fig. 9 shows the parallel radiography for imaging a test
chart, and the polycapillary was placed on the aluminum
plate. In this radiography, when the spacer height was in-
creased, we observed 100 pm lines, and the image dimen-
sions decreased slightly (Fig. 10).

X-ray

1 mm-thick
aluminum plate

N, )
1 mm-thick l‘@mnmmm‘l,/

PMDMA disk~ N
\\ Tungsten wire

Polycapilla[\y\plate D’

80 mm
PMMA spacer

} Imaging plate
e ——

fo g )
[ron plate

Fig. 11. Radiography for imaging tungsten wires using the polycapillary.

Figs. 11 and 12 show radiography and the radiogram of
tungsten wires on a PMMA spacer, respectively. Although
the image contrast increased with increases in the wire di-
ameter, a2 50 pm-diameter wire could be observed. An an-
giography of arabbit heart is shown in Fig, 13; iodine-based

H,: PMMA spacer height

H;=60 mm

H,=30 mm

H;=0 mm

Fig. 10. Radiograms of a test chart using the polycapillary according to changes in the height.
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Fig. 12. Radiograms of tungsten wires on a PMMA spacer.

X-ray

1 mm-thick
aluminum plate

Polycapillary plate ﬂ

L Heart

L

80 mm —~

Imaging plate
-~

-

rd

P
Iron plate

Fig. 13. Parallel angiography of a heart extracted from a rabbit using
iodine-based microspheres, ’

microspheres of 15 pm-diameter were used, and fine blood
vessels of about 100 pm were clearly visible (Fig. 14).

5. Discussion

Using this polycapillary plate, we performed a quasi-
monochromatic parallel radiography system using a poly-
capillary plate in conjunction with a CR system.

If we assume that the incident angle for reflection in the
capillary hole is constant, the X-ray intensity without ab-
sorbing Iy, the transmission intensity /;, the reflecting inten-
sity X, and the intensity for parallel radiography / may be
given by (Fig. 15):

I = Ky)_L(E;) exp{—p(Eial, m

i=1

L= Ky L(E)expl—p(Eda — pc(Eib), - @

50 pm tungsten wire

0
< 30 mm >

Fig. 14, Angiogram of the heart using the polycapillary.

n

I = K3)_L(E;)exp{—u(Ea) - RCE)™, 3)

i=]

where [ (E;) is the ith characteristic X-ray intensity from the
tube, u(£;) the linear absorption coefficient of copper filter,
wc(E;) is the linear absorption coefficient of capillary glass,
R(E;) is the reflecting power (12 R{E;)20), m is the number
of reflection, » is the number of characteristic X-rays, a is
the filter thickness, b is capillary thickness, and K}-Kj3 are
constants.

In this research, we performed parallel radiography
achieved with a polycapillary plate in conjunction with
quasi-monochromatic X-rays, and higher image resolutions
as compared with those obtained without using the plate
were obtained. Currently, because the resolution improves

I
Glass
I,
Hol
ole L

Polycapillary plate

Fig. 15. Characteristic X-ray transmissions in the polycapillary plate. In
the parallel radiography, the radiographic object is taken by both the
direct transmission rays through capillaries /y and the reflection rays on
the insides of holes /.
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with corresponding decreases in the hole diameter of the
capillary, this system can be applied to image a wide variety
of objects in various fields including medical radiography.

6. Summary

In summary, we developed a conventional quasi-
monochromatic parallel radiography system utilizing a
polycapillary plate with a hole diameter of 25 wm and a CR
system. Quasi-monochromatic characteristic X-rays were
obtained by a 10pum-thick copper filter with a tube volt-
age of 20kV. The X-rays from the tube were formed into
parallel beams in order to perform radiography. The image
dimension increased slightly with corresponding increases
in the distance between the radiographic object and the
imaging plate, and we observed a 50 wm tungsten wire and
fine blood vessels clearly.
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Abstract

In the plasma flash X-ray generator, a high-voltage main condenser of approximately 200 nF is charged up to 50kV by a power supply,
and electric charges in the condenser are discharged to an X-ray tube after triggering the cathode electrode. Flash X-rays are then produced.
The X-ray tube is a demountable triode connected to a turbo molecular pump with a pressure of approximately 1 mPa. As electrons from
the cathode electrode are roughly focused onto a rod nickel target of 3.0 mm in diameter by the electric field in the X-ray tube, a weakly
ionized linear plasma consisting of nickel ions and electrons forms by target evaporation. At a charging veltage of 50 kV, the maximum tube
voltage was almost equal to the charging voltage of the main condenser, and the peak current was about 17 kA. When the charging voltage
was increased, the linear plasma formed, and the intensities of K-series characteristic X-rays increased. The K-series lines were quite sharp
and intense, and hardly any bremsstrahlung rays were detected, The X-ray pulse widths were approximately 700 ns, and the time-integrated
X-ray intensity had a value of approximately 30 nC/kg at 1.0 m from the X-ray source at a charging voltage of S0kV.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Flash X-ray; Weakly ionized linear plasma; K-series characteristic X-rays; Quasi-monochromatic X-rays; Monochromatic X-rays

1. Introduction Using a gas-discharge capillary [9-12], soft X-ray lasers

have been produced to form a linear plasma, in which

Flash X-ray generators utilizing condensers are of great
technological importance due to their extremely short X-ray
durations, and several different types of generators have
been developed for specific radiographic applications {1,2].
In particular, flash X-ray generators with energies lower
than 150keV have been developed in order to perform
soft radiographies with biomedical applications [3-8), and
these generators have large capacity condensers in order
to increase the X-ray intensity by increasing electrostatic
energy.

* Corresponding author.
E-inail address: dresato@iwate-med.ac.jp (E. Sato).

0368-2048/% - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.elspec.2004.02.009

the laser intensity increases proportionally to the capillary
length. However, it is quite difficult to increase the laser
photon energy beyond 10keV. Because there are no X-ray
resonators in the high photon energy region, new methods
for increasing coherence will be desired in the future.

By forming a weakly ionized linear plasma [13-16] us-
ing plate and rod targets, we confirmed the production of
intense K-series characteristic X-rays along the plasma ax-
ial direction. In these experiments, because we employed
a transmission-type X-ray spectrometer utilizing an X-ray
film, it was difficult to determine the relative intensities of
the characteristic X-rays.

In this paper, we describe a flash X-ray generator utiliz-
ing a large capacity condenser of 200 nF and a rod-target
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Fig. 1. Block diagram of the high-intensity plasma flash X-ray generator. This generator employs a large capacity condenser in order to increase the
characteristic X-ray intensities in a low photon energy region by increasing the electrostatic energy in the condenser.

radiation tube, used to perform a preliminary experiment
for generating intense and sharp monochromatic X-rays by
forming a linear nickel plasma cloud around a fine target.
2. Generator
2.1. High-voltage circuit

Fig. 1 shows a block diagram of the high-intensity

plasma flash X-ray generator. This generator consists of

Nylon insulator

the following essential components: a high-voltage power
supply, a high-voltage condenser with a capacity of ap-
proximately 200nE a turbo-molecular 'vacuum pump, a
krytron pulse generator as a trigger device, and a flash
X-ray tube. In this generator, a low-impedance trans-
mission line is employed in order to increase maximum
tube current. The high-voltage main condenser is charged
to 50kV by the power supply, and electric charges in
the condenser are discharged to the tube afier triggering
the cathode electrode. The plasma flash X-rays are then
produced.

Mylar x-ray

Carbon cath

rget

window
7

60"

Fig. 2. Schematic drawing of the flash X-ray tube with a rod target. The tube utilizes a long target to form a weakly ionized linear plasma to absorb
bremsstrahlung X-rays produced in the plasma, which transmits the characteristic X-rays easily due to the absorption coefficient.
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Fig. 3. K-photon irradiation from the plasma, The bremsstrahlung X-rays
are absorbed and are converted into fluorescent (characteristic) X-rays in
the weakly ionized linear plasma.

2.2, X-ray wube

The X-ray tube is a2 demountable cold cathode triode con-
nected to a turbo-molecular pump. The pressure in the tube
is approximately 1 mPa (Fig. 2). The tube consists of the fol-
lowing major parts: a hollow cylindrical carbor cathode with
a bore diameter of 10.0 mm, a trigger electrode made from
copper wire, a stainless steel vacuum chamber, a nylon in-
sulator, a polyethylene terephthalate (Mylar) X-ray window
0.25 mm in thickness, and a rod-shaped nickel target 3.0 mm
in diameter with a tip angle of 60°. The distance between
the target and cathode electrodes is approximately 20 mm,
and the trigger electrode is set in the cathode electrode. The
electron beam from the cathode electrode is roughly focused
onto the target by the electric field in the tube, and evapora-
tion leads to the formation of a weakly ionized linear plasma
of nickel ions and electrons around the fine target.

2.3, Principle of characteristic X-ray irradiation

In the linear plasma, bremsstrahlung photons with en-
ergies higher than the K-absorption edge are effectively
absorbed and are converted into fluorescent X-rays (Fig. 3).
The plasma then transmits the fluorescent rays easily, and
bremsstrahlung rays with energies lower than the K-edge
are also absorbed by the plasma. In addition, because
bremsstrahlung rays are not emitted in the direction op-
posite that of electron acceleration, intense characteristic
X-rays are generated along axial direction of the plasma.

3. Characteristics
3.1, Tube voltage and current

The tube voltage and current were measured by a high-
voltage divider with an input impedance of 1G$2 and a
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Fig. 4. Tube voltages and currents with a charging voltage of (a) 35.0,
(b) 42.5, and (c) 50.0kV.

current transformer, respectively. Fig. 4 shows the time
relation for the tube voltage and current. At the indi-
cated charging voltages, they displayed damped oscil-
lations. When the charging voltage was increased, both
the maximum tube voltage and current increased. At a
charging voltage of 50kV, the maximum tube voltage was
almost equal to the charging voltage of the main con-
denser, and the maximum tube current was approximately
17 kA.
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Fig. 5. X-ray outputs measured by a plastic scintillator with changes in
the charging voltage.

3.2. X-ray output

X-ray output pulse was detected using a combination of a
plastic scintillator and a photomultiplier (Fig. 5). The X-ray
pulse height substantially increased with corresponding in-
creases in the charging voltage. The X-ray pulse widths
were about 700 ns, and the time-integrated X-ray intensity
per pulse, measured by a thermoluminescence dosimeter
(Kyokko TLD Reader 1500 having MSO-S elements with-
out energy compensation), had a value of about 30 nC/kg
at 1.0m from the X-ray source with a charging voltage of
50kV.

3.3. X-ray source

The images of the plasma X-ray source weré taken using
a pinhole camera with a hole diameter of 100 wm (Fig. 6).
When the charging voltage was increased, the plasma X-ray
source grew, and both the beam dimension and the intensity
increased.

X-ray tube e Imaging plate

X-ray source
/

Curved crystal Focal circle

Fig. 7. Transmission-type spectrometer with a lithiem fuoride curved
crystal and an imaging plate. The X-rays from the source are diffracted
by the crystal and are imaged by the imaging plate.

3.4. X-ray spectra

X-ray spectra from the plasma source were measured by
a transmission-type spectrometer {Fig. 7) with a lithium flu-
oride curved crystal of 0.5mm in thickness. The spectra
were taken by a computed radiography (CR) system (Konica
Regius 150) [17] with a wide dynamic range, and the rela-
tive X-ray intensity was calculated from Dicom digital data.
Fig. 8 shows measured spectra from the nickel target. We
observed quite sharp lines of K-series characteristic X-rays
such as lasers, while bremsstrahlung rays were hardly de-
tected. The characteristic X-ray intensities of K, and Kg
lines substantially increased with corresponding increases
in the charging voltage, and the Kp line was absorbed by a
moncchromatic cobalt filter of 15 pm thickness.

3.5, X-ray divergence

In order to ascertain the difference in characteristics be-
tween X-rays from a conventional tube and these from the

V,: Charging voltage .

Ve =35.0kV

V=425 kV

V. =500 kV

10 mm

Fig. 6. Images of the plasma X-ray source measured by a pinhole of 100 pm from the plasma axial direction.
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Fig. 8. X-ray spectra from weakly ionized nickel plasma according to changes in the charging voltage and to insertion of a cobalt monochromatic filter.
In the measurement, we observed very sharp and intense characteristic X-rays such as lasers, while bremsstrahlung X-rays were hardly detected at all,

0.2 mm lead slits
lead thickness=1.0 mm X-ray film

5

X-ray source

100 mm

Fig. 9. Experimentat setup for measuring X-ray divergence using two lead slits.

— 433 —



718 E. Sato et al./Journa! of Electron Spectroscopy and Related Phenomena 137-140 {2004) 713-720

30 mm
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with a tube voltage of 15 kV
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.‘°._ Plasma x-rays from the nickel target
& with a charging voltage of S0 kV

using vertical slits

Fig. 10. X-ray divergence with two lead slits. The characteristic X-rays from the plasma were diffused greatly after passing through two lead slits.

100 pm wire

30 mm

) [
- Ll

Fig. 11. Radiograms of tungsten wires of 50 and 100 pm in diameter coiled around pipes made of polymethyl methacrylate,
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50 mm

Fig. 12. Radiogram of water droplets falling into a polypropylene beaker
from an injector,

plasma tube, we employed two lead slits in order to mea-
sure the divergence of the X-rays (Fig. 9). As compared with
X-rays from a conventional tube with a tungsten target, the
characteristic X-rays from the linear plasma were diffused
greatly after passing through the two slits (Fig. 10).

4. Radiography

The plasma radiography was performed by the CR system
(Konica Regius 150) without using a monochromatic filter,
and the distance between the X-ray source and imaging plate
was 1.2m,

Firstly, the image resolution was measured using wires.
Fig. 11 shows radiograms of tungsten wires coiled around
pipes made of polymethy! methacrylate at a charging volt-
age of 50kV. Although the image contrast increased with
increases in the wire diameter, a 50 pm-diameter wire could
be observed.

The image of water droplets falling into a polypropylene
beaker from an injector is shown in Fig. 12. This image

50 pm tungsten wire

Fig. 13. Angiograms of the external ear of a rabbit.

was taken at a charging voltage of 45kV, with the slight
addition of an iodine-based contrast medium. Because the
X-ray duration was about 1 ps, the stop-motion image of
water could be obtained.

Fig. 13 shows an angiogram of the external ear of a rabbit;
iodine-based microspheres of 15 pm diameter were used at
a charging voltage of 45kV, and fine blocd vessels of about
50 pm were clearly visible.

5. Discussion

Regarding the spectrum measurement, although we
obtained quite intense and sharp K-series lines without
bremssiraklung X-rays by forming a linear plasma X-ray
source, we could not observe the difference between the
Ko and Kas lines. In addition, we confirmed the diver-
gence of K-series characteristic X-rays using two lead slits,
and the maximum divergence angle was approximately
0.5°.

If we assume that the characteristic and bremsstrahlung
X-rays are signal and noise, respectively, the signal to noise
ratio is higher than 1000:1, and this value is almost equal
to those of soft X-ray lasers produced by the gas-discharge
capillary.

In this research, we obtained sufficient characteristic
X-ray intensity per pulse for-CR radiography, and the
generator produced number of characteristic photons of
approximately 1 x 10'* photons/cm?s at 1.0m from the
source. In addition, since the photon energy of characteris-
tic X-rays can be controlled by changing target elements,
various quast-monochromatic high-speed radiographies,
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such as high-contrast micro angiogrf;\phy22 and parallel
radiography®? using an X-ray lens, will be possible.
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In Situ Measurements of Crossbridge Dynamics and Lattice
Spacing in Rat Hearts by X-Ray Diffraction

Sensitivity to Regional Ischemia

James T. Pearson, PhD; Mikivasu Shirai. MD, PhD; Haruo Ito, PhD: Noriyuki Tokunaga, MD:
Hirotsugu Tsuchimochi, PhD; Naoki Nishiura; Daryl O. Schwenke, PhD; Hatsue Ishibashi-Ueda, MD;
Ryuichi Akiyama, PhD; Hidezo Mori, MD, PhD; Kenji Kangawa, PhD:

Hiroyuki Suga. MD, PhD; Naoto Yagi. PhD

Background -- Synchrotron radiation has been used to analyze crossbridge dynamics in isolated papillary muscle and
excised perfused hearts with the use of x-ray diffraction technigues. We showed that these techniyues can detect regional
changes in rat left ventricle comractility and myosin lattice spacing in in situ ejecting heants in real time. Furthermore,
we examined the sensitivity of these indexes te regional ischemia.

Methods and Results—The tefl ventricutar free wall of spontaneously beating rat hearts (heast rate, 290 to 404 bpm) was
directly exposed to brief high-flux. low-emittance x-ray beams provided at SPring-8. Myosin mass transfer to actin
filaments was determined as the decrease in reflection intensity ratio (intensity of 1.0 plane over the 1.1 plane) between
end-diastole and end-svstole, The distance between 1.0 reflections was convered to a lattice spacing between myosin
{ilaments. We found that mass transfer {mean, 1.712£0.09 SEM, n=13 heans) preceded significant increases in lattice
spacing (2 1o 5 nmy) during systole in nonischemiv pericardium. Lelt coronary occlusion eliminated increases in lattice
spacing and severely reduced mass transfer (P<00.01) in the ischemic region.

Conclusions - -Our results suggest that x-ray diffraction technigues pennit real-time in situ anatysis of regional crossbridge
dynamics at melecular and fiber levels that might also facilitate investigations of ventricular eutput regulation by the
Frank-Starling mechanism. (Circulation, 2004:109:2976-2979.)

Key Words: ischentia m myocardial contraction ® myosin ® radiography

esplie the hiswory al’ studies on crossbridge dyuainies,
lower photon counts and poorer guality of diffraction
paltems vhlamed from cardiac muscle than skeletal and insect
flight muscles!=* have limited progress with curdiac muscle
until recently.*® Some of us wsed third-generation synchiro-
tron radiation (SPring-8, Japan Synchrotren Radistion Re-
search Institute (o determine X-rav duffraction pallerns in
excised. perfused rat heans while movig systemaucally
across the left ventncutar (ILV) equitor fram the epicardium
throwegh to the ventricutar cavely
Kray dilfracton patemms of cardize nsele produce 2
equatopal-position reflections from the lattice-like arrangement
of tts protein elements.? Mass transter of myosin heads w setin
dwring contraction 35 inferred from a decreose w the inlegrated
1.0 reflection intensity k.. latice plane containing only thick
myuosin filaments} and an increase w 1,1 reflection mensity (I, .
plane with thick myosie and thin actin filaments).? The myvocar-
dial ntensuty rauo (defined as 1, ;) s mnimal w the rigor stale
aind maxmal in a quiescent state.! 2 6#

Furthieninore, the distance between §,0 rellection peaks (d,
spacing ) represemts the myosin latuce spacing, which 1s
mversely refated to sarcomere length i asolated fibers® as
static myoevies maintain & constant cell vohune, Whether
decreases i myofilament spacing coniribule (0 increasing
(a*" sensitivity and increased probability of crossbridge
furmation at Janger sarcomere lengths has been actively
debared ¥ However, 1118 sull not keown 1f lattice spacing is
regulated W maintain constant lutice volume tie, if latice
cross-sectional arca decreases with ncreasing  sarcomere
lenath, then mterfilament spacing must decrease) during
dynanie contractions in vivo,

Recently, it was shown that the intensity ratio derived
from x-ray diffraction paterns of 1solated whole hearts
decreased during isovelumic contractons with a sionifar
ume course throughout the TV, 8 implying that crossbridge
cycling in fibers of different myocardial layers 18 similar
despite differences in {iber vrientation and rate of short-
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