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Table 2
Echocardiographic and hemodynamic data

Control BPS
AWT diastole (mm) 0.62 & 0.04 0.74 £ 0.05
AW thickening (%) 17£3 3446
PWT diastole (mm) 1.55 £0.07 1.70 + 0.04
PW thickening (%) 43 +4 4943
Heart rate (bpm) 458 £ 7 471 4+ 10
Mean arterial pressure (mmHg) 103£5 I5+4
LV systolic pressure (mmHg) 113+4 127£5°
LV diastolic wall stress (kdyne/cm?) 24 +4 541
LV systolic wall stress (kdyne/cm?) 267 £ 18 225414

AWT, anterior wall thickness; AW, anterior wall; PWT, posterior wall
thickness; PW, posterior wall. Data are expressed as means = SEM.
“p <0.05, ”p <0.01 vs. Control group.

Mobilization of bone marrow cells

RT-PCR demonstrated that IP receptor mRNA was
expressed in bone marrow cells (Fig. 3A), indicating a
direct effect of BPS on these cells. Three-day administra-
tion of BPS significantly increased the number of periphe-
ral blood mononuclear cells compared to saline
administration (Fig. 3B). Administration of BPS markedly
increased the number of circulating progenitor cells such as
CD34-positive cells and c-kit-positive cells (Fig. 3C and D).
BPS also increased the number of CD45-positive hemato-
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poietic lineage cells (Fig. 3E).
BPS-induced neovascularization

Chimeric rats with GFP-expressing bone marrow were
used to assess recruitment of bone marrow cells. Four
weeks after coronary ligation, bone marrow-derived
GFP-positive cells were incorporated predominantly into
the infarcted region and its border zome (Fig. 4A), while
these cells were rarely detected in the noninfarcted myocar-
dium. Some of the GFP-positive cells stained for vWF and
formed vascular structures. Semi-quantitative analysis
demonstrated that the number of GFP-positive cells in
the myocardium was significantly greater in the BPS group
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than in the Control group (Fig. 4B). The number of GFP-
vWF double-positive cells (bone marrow-derived endothe-
lial cells) in the ischemic myocardium was significantly
greater in the BPS group than in the Control group
(Fig. 4C). In addition, a small number of GFP-troponin
T-double-positive cells were observed in the BPS group
(Fig. 4D).

Capillary density

In the peri-infarct area, clustering of relatively small ves-
sels was seen in BPS-treated hearts, which is indicative of
recent endothelial regeneration (Fig. 5A). Semi-quantita-
tive analysis also demonstrated that administration of
BPS significantly increased the capillary density in the
peri-infarct area compared to the Control group (Fig. 5B).

Discussion

In the present study, we demonstrated that treatment
with BPS (1) decreased infarct size and improved cardiac
structure and function in rats with acute myocardial infarc-
tion, (2) increased the number of circulating progenitor
cells such as CD34-positive cells and c-kit-positive celis in
rats, and (3) increased the number of bone marrow-derived
endothelial cells and the capillary density in the ischemic
myocardium. These results suggest that BPS may have ben-
eficial- effects on ischemic myocardium at least in part
through enhancement of neovascularization by mobilizing
bone marrow cells.
 Earlier studies have reported that prostacyclin has car-
dioprotective effects in ischemia~reperfusion injury
through inhibition of neutrophil activation and migration
[25,26). BPS is also reported to inhibit chemotaxis and
superoxide anion production of neutrophils which contrib-
ute to tissue damage by releasing tissue destructive lyso-
somal enzymes [27]. Infusion of BPS has been shown to
reduce infarct size in the dog heart with left coronary occlu-
sion by reducing myocardial oxygen demand and by inhibi-
tion of the migration of neutrophils [28]. However, these
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Fig. 2. Cardioprotective effects of BPS on echocardiographic and hemodynamic parameters. FS, fractional shortening; LVEDP, LV end-diastolic
pressure; Max and Min dP/ds, maximum and minimum dP/d:. Data are expressed as means = SEM. “p <0.05, ""p <0.01 vs. Control group.
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Fig. 3. BPS-induced mobilization of bone marrow cells. (A) Expression of prostacyclin receptor (IP receptor) on bone marrow cells. (B-E) Quantification
of BPS-induced MNC mobilization by FACS analysis. Administration of BPS markedly increased the number of circulating progenitor cells such as

CD34-positive cells and c-kit-positive cells. BPS also increase

means = SEM. "p < 0.05, **p <0.01 vs. Control group.

biological activities of BPS appear to be insufficient to
explain the decrease in infarct size as well as suppression
of LV remodeling.

Recent studies have shown that mobilization of bone
marrow cells by cytokines promotes myocardial repair
and regeneration after acute myocardial infarction [5,6]
In the present study, three-day administration of BPS
markedly increased the number of circulating progenitor
cells such as CD34-positive cells and c-kit-positive cells in
rats. In addition, treatment with BPS enhanced recruitment
of bone marrow cells to the ischemic myocardium and
increased capillary density in the peri-infarct area. Earlier
studies have shown that CD34-positive cells have anglo-
genic potential to treat ischemic heart [29-31]. Also, anoth-
er stem cell fraction, c-kit-positive cells have ability to
repair ischemic myocardium by differentiating into vascu-
lar endothelial cells [32,33). These findings suggest that
administered BPS induces neovascularization partly via
enhancement of bone marrow cell mobilization. RT-PCR
demonstrated that IP receptor mRINA was expressed in
bone marrow cells, indicating a direct effect of BPS on
these cells. A recent study has shown that BPS increases
eNOS expression in cultured endothelial cells through acti-
vation of c-AMP/Protein kinase A signal transduction [19].
Also, earlier studies have shown that eNOS plays essential
role in the recruitment of EPCs to the ischemic myocardi-
um [20] Taken together, administered BPS may act as a

the number of CD45-positive hematopoietic lineage cells. Data are expressed as

mpotent stimulator of cell mobilization from bone marrow,
although further studies are necessary to examine the
underlying mechanisms.

In the present study, treatment with BPS significantly
attenuated infarct size after myocardial infarction. BPS -
improved cardiac function and attenuated the development
of LV remodeling after acute myocardial infarction, as
indicated by increases in LV fractional shortening and
maximum dP/d:, and decreases in LVEDP and LVDD.
Taken together, BPS may attenuate myocardial infarction
through enhancement of neovascularization via modifica-
tion of bone marrow kinetics. Interestingly, a small frac-
tion of mobilized bohe marrow cells expressed cardiac
troponin T in the ischemic myocardium in the BPS group,
suggesting that BPS may partially contribute to myocardial
regeneration after acute myocardial infarction. Earlier
studies have demonstrated that BPS has other beneficial
effects for ischemic heart disease including anti-thrombotic
activity [34], inhibition of reperfusion injury [35), and pre-
vention of coronary spasm [36], and re-stenosis [37] These
findings suggest that admunistration of BPS may be a
promising therapy for acute myocardial infarction.

- Granulocyte colony stimulating factor (G-CSF) is cur-

~rently used agent for mobilization of bone marrow. Infu-

sion of G-CSF after myocardial infarction improves LV
function increasing peripheral stem cell fraction {5,38] A
recent clinical trial, however, claimed the G-CSF therapy
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has serious problem with re-stenosis after recanalization
'[39]. On the other hand, the safety of BPS has been identi-
fied in. the treatment of peripheral arterial disease [12,13]
and pulmonary arterial hypertension [14,15]. A random-
ized, controlled clinical trial failed to demonstrate thera-
peutic potential of prostacyclin for the treatment of
severe congestive heart failure [40], which has long discour-
aged the pursuit of prostacyclin as a therapeutic option for
the treatment of acute myocardial infarction. Interestingl
however, double-blinded, randomized, placebo-controlled,
large-scale studies showed that treatment with BPS
decreased vascular events in patients with peripheral
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Fig. 4. BPS-induced neovascularization. (A) Representative immunofiuorescent images stained with antibodies to von-Willbrand factor (vWF, red) and
green fluorescent protein (GFP; green). Nuclei were counterstained with DAPI (biue). (B,C) Semi-quantitative analyses of numbers of GFP-positive cells
and GFP-vWF double-positive cells in the peri-infarct area. (D) Representative immunofluorescent image of GFP-positive cells (green) expressing cardiac
troponin T (red) observed in the BPS group. Scale bars = 50 um. Data are expressed as means & SEM. ““p <0.01 vs. Contro! group.

arterial disease [41,42]. Thus, adequate use of BPS for only
acute myocardial infarction may have beneficial effects on
ischemic myocardium, although further preclinical trials
are required to verify the safety and efficacy of BPS.

Conclusion

In summary, administration of BPS improved cardiac
structure and function in rats with acute myocardial infarc-
tion. This beneficial effect of BPS may be mediated partly
by-its ability to enhance neovascularization in ischemic
myocardizm by mobilizing bone marrow cells,
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Fig. 5. (A) Representative samples stained with antibody to von Willebrand factor by bright-field DAB. (B) Quantitative analysis of capillary density in
peri-infarct area. Administration of BPS increased capillary density by 37%. Scale bars = 50 um. Data are expressed as means = SEM. ""p <0.01 vs.

Control group.
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In the plasma flash X-ray generator, a 200nF condenser is charged up to 50kV by a power supply, and flash X-rays are
produced by the discharging. The X-ray tube is a demountable triode with a trigger electrode, and the turbomolecular pump
evacuates air from the tube with a pressure of approximately | mPa. Target evaporation leads to the formation of weakly
ionized linear plasma, consisting of copper ions and electrons, around the fine target, and intense Ke lines are left using a 10-
pm-thick nickel filter. At a charging veltage of S50kV, the maximum tube voltage was almost equal to the charging voltage of
the main condenser, and the peak turrent was about 16 kA. The K-series characteristic X-rays were clean and intense, and
higher harmonic X-rays were observed. The X-ray pulse widths were approximately 300 ns, and the time-integrated X-ray
intensity had a value of approximately {.5mGy per pulse at 1.0m from the X-ray source with a charging voltage of

50kV. [DOL 10.1143/JJAP.45.5301]
KEYWORDS:

1. Introduction

In order to produce X-ray lasers, several different methods
have been developed, and a discharge capillary™ is very
useful to increase the laser pulse energy with increases in the
capillary length. However, it is difficult to increase the laser
photon energy to 10keV or beyond.

Using monochrocollimators, synchrotrons produce mono-
chromatic parallel beams, which are fairly similar to
monochromatic parallel laser beams, and the beams have
been applied to various research project including phase-
contrast radiography*> and enhanced K-edge' angiogra-
phy.8” Because there are no X-ray resonators in the high-
photon-energy region, new methods for increasing coher-
ence will be desired in the future,

To apply flash X-ray generators to biomedicine, several
different generators®™'® have been developed, and plasma
X-ray generators'!? are useful for producing clean
characteristic X-rays in the'low-photon-energy region of
less than 10keV. By forming weakly ionized linear plasma
using rod targets, intense K-series characteristic X-rays are
observed from the axial direction of ‘the linear plasmas of
nickel and copper, since the bremsstrahlung X-rays are
absorbed effectively by the linear plasma. We are therefore
very interested in the X-ray spectra produced. by increasing
the charging voltage in the high photon ener gy region
beyond. Kj energies.

In this paper, we describe a recent table-top plasma flash
X-ray generator utilizing a rod target triode, used to perform

‘a preliminary experiment for generating clean K-series
characteristic X-rays and their higher harmonic hard X-rays
by forming a linear copper plasma cloud around a fine
target.

linear plasma, X-ray spectra, K-series characteristic X-rays, brei’nsstrahlung X-rays, higher harmonic X-rays

2. Generator

Figure | shows a block diagram of the high-intensity
plasma flash X-ray generator. This generator consists of
the following essential components: a high-voltage power
supply, a high-voltage condenser with a capacity of
approximately 200nF, a turbomolecular pump, a krytron
pulse generator. as a trigger device, and a flash X-ray tube.
The high-voltage main condenser is charged to S0kV by the
power supply, and electric charges in the condenser are
discharged to the tube after triggering the cathode electrode
with the trigger device. The plasma flash X-rays are then
produced.

The X-ray tube is a demountable cold-cathode triode that
is connected to the turbomolecular pump with a pressure of
approximately 1 mPa. This tube consists of the following
major parts: a hollow cylindrical carbon cathode with a bore
diameter of 10.0 mm, a brass focusing electrode, a trigger
electrode made from copper wire, a stainless steel vacuum
chamber, a nylon insulator, a poly(ethylene terephthalate)
(Mylar) X-ray window 0.25mm in thickness, and a rod-
shaped copper 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. As electron beams from the cathode
electrode are roughly converged to the target by the focusing
electrode, evaporation leads to the formation of a weakly
ionized linear plasma,'® consisting of copper ions and
electrons, around the fine target.

In the. linear plasma, bremsstralilung photons with
energies higher than the K-absorption edge are effectively
absorbed and are converted into fluorescent X-rays. The
plasma then transmits the fluorescent rays easily, and
bremsstrahlung rays with energies lower than the K-edge
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. Weakly ionized plasma

ébpper target

Vacuum

High-voltage
power supply

EZ

Fig. 1.

are also absorbed by the plasma. In addition, because
bremsstrahlung rays are not emitted in the opposite direction
to that of electron trajectory, intense- characteristic X-rays
are generated from the plasma-axial direction.

3. Characteristics

3.1 Tube voltage and current

Tube voltage and .current were measured by a high-
voltage divider with an input impedance ‘of 1GQ and a
current transformer, respectively. The withstand voltage of
the divider is approximately: 60kV, and the measurable
current of the transformer ranges from 1A to 100KkA.
Figure 2 shows the time relation between the .tube voltage
and current. Atthe indicated charging voltages, they roughly
displayed damped oscillations. 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 condenser, and the maximum tube current was -

approximately 16 kA.

3.2 X-ray output

X-ray output pulse was detected using a combination of a
plastic scintillator and a photomultiplier (Fig. 3). The X-ray
pulse height substantially increased with corresponding
increases in the charging voltage. The rise time increased
with increasing the voltage because the K-series character-
istic X-rays were produced with tube voltages beyond the
critical excitation voltage of 8.9kV. The X-ray pulse widths
were about 300ns, and. the time-integrated X-ray intensity
per pulse measured by a thermoluminescence dosimeter
(Kyokko TLD Reader 1500 having MSO-S elements without
energy compensation) had a value of approximately 1.5 mGy

....Ill.>
X-ray

Focusing electrode

. HE®
. Vacuum thamber

Graphite cathode

Trigger
electrode

Block diagram including the electric circuit of the plasma flash X-ray generator.

at 1.0m from the X-ray source with a charging voltage of
50kV. The TLD reader has a wide measurable range of from
L uSv to 100 Sv. N

3.3 X-ray source

In order to roughly observe images of the -plasma X-ray
source in the detector plane, we employed a pinhole camera
with a hole diameter of 100um without using a filter
(Fig. 4). When the charging voltage was increased, the
plasma X-ray source grew, and both spot -dimension and
intensity increased. Because the X-ray intensity is the
highest at the center of the spot, both the -dimension and
intensity decreased according to- both increases in the
thickness of a filter for absorbing X-rays and decreases in
the pinhole diameter. -

3.4 X-ray spectra

X-ray spectra from the plasma source were measured by a
transmission-type - spectrometer with a lithium fluoride
curved crystal-0:5mm in thickness. The spectra were taken

" by a computed radiography (CR) system'® (Konica Minolta,

Regius 150) with a wide dynamic range beyond five figures
for-measuring X-ray intensity, and relative X-ray intensity
was calculated from Dicom digital data. Subsequently, the
relative X-ray intensity -as a function of the data- was
calibrated using a conventional X-ray generator, and we

confirmed that the intensity was proportional to the exposure

time. Figure 5. shows measured spectra from the copper
target at the indicated conditions. In fact, we observed clean
K lines, and Ke lines were left by absorbing KA lines using a
10-pum-thick nickel filter. When the- charging voltage was
increased, the characteristic X-ray intensity substantially

- increased. In particular, we confirmed the irradiation of
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-Fig. ‘3. X-ray outputs at the indicated conditions.

the second -and fourth harmonic X-rays of the fundamental
K-series characteristic X-rays from copper target. The X-ray
intensities of the harmonics increased with increases in the
charging voltage, and the harmonic bremsstrahlung rays
survived due to the X-ray resonation in the plasma.
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(b)

Tube \}oltéges and currents with a charging voltage of (a) 35.0, (b) 42.5, and (b) 50.0kV.

4. Radiography

The plasma radiography was performed by the CR system
using the filter. The charging voltage and the distance
between the X-ray source and imaging plate were 50kV and
1.2m, respectively. First, rough measurements of spatial
resolution were made using wires. Figure 6 shows radio-
grams of tungsten wires coiled around pipes made of
poly(methyl methacrylate) (PMMA). Although the image
contrast- decreased somewhat with decreases in the wire
diameter, due to blurring of the image caused by the
sampling pitch of 87.5um, a 50-pum-diameter wire could be
observed.

Figure 7 shows a radiogram of plastic bullets falling into a
polypropylene beaker from a plastic test tube. Because the
X-ray duration was about 0.5 us, the stop-motion image of
bullets could be obtained. Next, a radiogram of a vertebra is
shown in Fig. 8, and fine structures in the vertebra were

-observed. Finally, Fig. 9 shows an angiogram of a rabbit ear;

iodine-based microspheres of 15 pum in diameter were used,
and fine blood vessels of about 100 um were visible.
5. Conélusions and Outlook

We obtained fairly intense and clean K lines from a
weakly ionized linear copper plasma, and Ko lines were left
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Fig. 9. Angiogram of a rabbit car.

by the nickel filter. Both the characteristic and the harmonic
X-ray intensities substantially increased with increasing the
charging voltage. '

In cases where weakly ionized linear plasma is employed,
intense and clean K-series characteristic X-rays can be
obtained. However, it is not easy to produce high-photon-
energy K-series characteristic X-rays because the linear
plasma transmits high-photon-energy bremsstrahlung X-
rays; the effective thickness of a monochromatic metal filter
increases with.increases in the atomic number. Therefore,
high-photon-energy plasma flash X-ray generators utilizing
the angle dependence of bremsstrahlung X-rays are very
useful to produce K photons of molybdenum, silver, cerium,
tantalum, and tungsten. In particular, Ke rays of tantalum
and tungsten are useful for performing enhanced K-edge
angiography using gadolinium contrast media, and cerium K
rays can be employed to perform iodine K-edge angiog-
raphy. '
~ In this research, we obtained sufficient characteristic
X-ray intensity per pulse for CR radiography, and the
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generator produced number of characteristic K photons was 6)
approximately 1 x 10% photons/cm?® at 1.0m per pulse. In N
addition, we are very interested in producing steady-state
clean K rays and their higher harmonic hard X-rays using a 8)
similar tube.
9
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Abstract

In the plasma flash X-ray generafor, a 200 nF condenser is charged up to 50kV by a power supply, and flash X-rays
are produced by the discharging. The X-ray tube is a demountable triode with a trigger electrode, and the
turbomolecular pump evacuates air from the tube with a pressure of approximately 1 mPa. Target evaporation leads to
the formation of weakly ionized linear plasma, consisting of nickel ions and electrons, around the fine target, and
intense Ko lines are left using a 15-pm-thick cobalt filter. Ata charging voltage of 50kV, the maximum tube voltage was
almost equal to the charging voltage of the main condenser, and the peak current was about 18KkA. The K-series
characteristic X-rays were clean and intense, and higher harmonic X-rays were observed. The X-ray pulse widths were
approximately 300 ns, and the time-integrated X-ray intensity had a value of approximately 1.0 mGy at 1.0 m from the
X-ray source with a charging voltage of 50kV. )
© 2006 Elsevier Ltd. All rights reserved.

PACS: 52.80.Vp; 52.90.+z; 87.59.Bh; 87.64.Gb

Keywords: Weakly ionized linear plasma; K-series characteristic X-rays; Clean characteristic X-rays; Higher harmonic hard X-rays

1. Introduction
In conjunction with single crystals, synchrotrons
*Corresponding author. produce monochromatic parallel beams, which are fairly

E-mail address: dresato@iwate-med.ac.jp (E. Sato). similar to monochromatic parallel laser beams, and the

0969-806X/% - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi;10.1016/j.radphyschem.2005.11.012

-350-



E. Sato et al. | Radiation Physics and Chemistry 75 (2006) 1812-1818 1813

beams have been applied to enhanced K-edge angio-
graphy (Thompson et al., 1992; Mori et al., 1996; Hyodo
et al., 1998), phase-contrast radiography (Davis et al.,
1995; Momose et al., 1996; Ando et al,, 2002), and
crystallography. Therefore, the production of coherent
hard X-ray lasers for various research projects, including
biomedical applications, has long been wished for.
Recently, soft X-ray lasers have been produced by a
gas-discharge capillary (Rocca et al., 1994, 1996;
Macchietto et al, 1999), and the laser pulse energy
substantially increased in proportion to the capillary
length. These kinds of fast discharges can generate hot
and dense plasma columns with aspect ratios approach-
ing 1000:1. However, it is difficult to increase the laser
photon energy to 10keV or beyond. Because there are
no X-ray resonators in the high-photon-energy region,

Fig. 1. Block diagram including electric circuit of the plasma
flash X-ray generator.

new methods for increasing coherence will be desired in
the future.

To apply flash X-ray generators to biomedicine,
several different generators have been developed (Ger-
mer, 1979; Sato et al., 1990, 1994a,b; Shikoda et al,,
1994; Takahashi et al, 1994), and plasma X-ray
generators (Sato et al., 2003a, b, 2004a—c, 2005a-<) are
useful for producing clean characteristic X-rays in the
low-photon-energy region of less than 20keV. By
forming weakly ionized linear plasma using rod targets,
we confirmed irradiation of intense K-series character-
istic X-rays from the axial direction of the linear plasmas
of nickel, copper, and molybdenum, since the brems-
strahlung X-rays are absorbed effectively by the linear
plasma; monochromatic clean Ko rays were produced
using K-edge filters.

In this paper, we describe a recent plasma flash X-ray
generator utilizing a rod target, used to perform a
preliminary experiment for generating clean K-series
characteristic X-rays and their higher harmonic hard X-
rays by forming a plasma cloud around a fine target.

Z. Generator

Fig. 1 shows a block diagram of the high-intensity
plasma flash X-ray generator. This generator consists of
the following essential components: a high-voltage
power supply, a high-voltage condenser with a capacity
of approximately 200nF, a turbomolecular pump, a
krytron puise generator as a trigger device, and a flash
X-ray tube. The high-voltage main condenser is charged
to 50 kV by the power supply, and electric charges in the
condenser are discharged to the tube after triggering the
cathode electrode with the trigger device. The plasma
flash X-rays are then produced.

The schematic drawing of the plasma X-ray tube is
illustrated in Fig. 2. The X-ray tube is a demountable

15 mm
/I Focusing
electrode

Trigger electrode

7
?

to pump

Fig. 2. Schematic drawing of the flash X-ray tube with a rod nickel target.
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cold-cathode triode that is connected to the turbomole-
cular pump with a pressure of approximately 1 mPa. This
tube consists of the following major parts: a hollow
cylindrical carbon cathode with a bore diameter of
10.0mm, a brass focusing electrode, a trigger electrode
made from copper wire, a stainless steel vacuum chamber,
a nylon insulator, a polyethylene terephthalate (Mylar)
X-ray window 0.25mm in thickness, and a rod-shaped
nickel target 3.0mm in diameter with a tip angle of 60°.
The distance between the target and cathode electrodes is
approximately 15mm, and the trigger electrode is set in
the cathode electrode. As electron beams from the
cathode electrode are roughly converged to the target
by the focusing electrode, evaporation leads to the
formation of a weakly ionized linear plasma, consisting
of nickel icns and electrons, around the fine target.

In the linear plasma, bremsstrahlung photons with
energies higher than the K-absorption edge are effectively
absorbed and are converted into fluorescent X-rays. 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 opposite
direction to that of electron trajectory, intense character-
istic X-rays are generated from the plasma-axial direction.

3. Characteristics
3.1. Tube voltage and current

Tube voltage and current were measured by a high-
voltage divider with an input impedance of 1 GQ and a
current transformer, respectively. Fig. 3 shows the time
relation between the tube voltage and current. At the
indicated charging voltages, they roughly displayed
damped oscillations. 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 condenser, and the maximum tube current was
approximately 18 kA.

3.2. X-ray output

X-ray output pulse was detected using a combination
of a plastic scintillator and a photomultiplier (Fig. 4).
The X-ray pulse height substantially increased with
corresponding increases in the charging voltage. The
X-ray pulse widths were about 300ns, and the time-
integrated X-ray intensity measured by a thermolumi-
nescence dosimeter (Kyokko TLD Reader 1500 having
MSO-S elements without energy compensation) had a
value of about 1.0mGy at 1.0m from the X-ray source
with a charging voltage of 50kV.

Charging voltage=35.0 kV
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Fig. 3. Tube voltages and currents with a charging voltage of
(a) 35.0kV and (b) 50.0kV.
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Fig. 4. X-ray outputs at the indicated conditions.

3.3. X-ray source

In order to roughly observe images of the plasma X-
ray source in the detector plane, we employed a pinhole
camera with a hole diameter of 100 um (Fig. 5). When

-352-



E. Sato et al. | Radiation Physics and Chemistry 75 (2006) 18121818

the charging voltage was increased, the plasma X-ray
source grew, and both spot dimension and intensity
increased. Because the X-ray intensity is the highest at

V,: Charging voltage

V,=35.0 kV

V,=42.5 kV V,=50.0 kV

5.0 mm

Fig. 5. Images of plasma X-ray source.

Charging voltage=35.0 kV

Charging voltage=42.5 kV

1815

the center of the spot, both the dimension and intensity
decreased according to both increases in the thickness of
a filter for absorbing X-rays and decreases in the pinhole
diameter.

3.4. X-ray spectra

X-ray spectra from the plasma source were measured
by a transmission-type spectrometer with a lithium
fluoride curved crystal 0.5mm in thickness. The spectra
were taken by a computed radiography (CR) system
(Sato et al., 2000) (Konica Minolta Regius 150) with a
wide dynamic range, and relative X-ray intensity was
calculated from Dicom digital data. Subsequently, the
relative X-ray intensity as a function of the data was
calibrated using a conventional X-ray generator, and we
confirmed that the intensity was proportional to the

Charging voltage=50.0 kV
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Fig. 6. X-ray spectra from weakly ionized nickel plasma at the indicated conditions. (a) Ko and X rays and (b) K« and higher

harmonic rays.
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100 pm wire

50 pm wire

25 mm

Fig. 7. Radiograms of tungsten wires coiled around PMMA
pipes.

exposure time. Fig. 6 shows measured spectra from the
copper target with a charging voltage of 50kV. In fact,
we observed clean K lines such as lasers, and Ke lines
were left by absorbing Kj lines using a 15-um-thick
cobalt filter. The characteristic X-ray intensity substan-
tially increased with corresponding increases in the
charging voltage, and higher harmonic hard X-rays were
observed.

4. Radiography

The plasma radiography was performed by the CR
system without using the filter. The charging voltage and
the distance between the X-ray source and imaging plate
were 50kV and 1.2m, respectively.

Firstly, rough measurements of spatial resolution
were made using wires. Fig. 7 shows radiograms of
tungsten wires coiled around pipes made of polymethyl
methacrylate (PMMA). Although the image contrast
decreased somewhat with decreases in the wire diameter,
due to blurring of the image caused by the sampling
pitch of §7.5um, a 50-um-diameter wire could be
observed.

Fig. 8 shows a radiogram of a vertebra, and fine
structures in the vertebra were observed. Next, an image
of plastic bullets falling into a polypropylene beaker
from a plastic test tube is shown in Fig. 9. Because the
X-ray duration was about 500 ns, the stop-motion image
of bullets could be obtained.

5. Conclusions and outlook

Concerning the spectrum measurement, we obtained
fairly intense and clean K lines from a weakly ionized
linear plasma X-ray source, and Ke lines were left by
absorbing K3 lines using the cobalt filter. In particular,
the higher harmonic X-rays were produced from the
plasma. Because the X-ray intensities of the harmonics
increased with increases in the charging voltage, the

50 num

Fig. 8. Radiogram of a vertebra.

40 mm

s .
) >

Fig. 9. Radiogram of plastic bullets falling into polypropylene
beaker from a-plastic test tube.
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harmonic bremsstrahlung rays survived due to the X-ray
resonation.

To perform monochromatic radiography, the higher
harmonics are not necessary. Therefore, the condenser
charging voltage should be minimized in order to
decrease the intensities of higher harmonics, and the
condenser capacity should be maximized to increase the
characteristic X-ray intensity. On the other hand,
because the intensities of harmonics increase with
increases in the charging voltage, high-photon-energy
monochromatic radiography may be realized.

In this research, we obtained sufficient characteristic
X-ray intensity per pulse for CR radiography, and the
generator produced number of characteristic K photons
was approximately 1 x 10®photons/cm® at 1.0m per
pulse. In addition, since the photon energy of character-
istic X-rays can be controlled by changing the target
elements, various quasi-monochromatic high-speed
radiographies, such as high-contrast angiography and
mammography, will be possible.
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Abstract

A preliminary experiment for producing narrow-photon-energy cone-beam X-rays using a silicon single crystal is
described. In order to produce low-photon-energy X-rays, a 100-um-focus X-ray generator in conjunction with a (11 1)
plane silicon crystal is employed. The X-ray generator consists of a main controller and a unit with a high-voltage
circuit and a microfocus X-ray tube. The maximum tube voltage and current were 35kV and 0.50 mA., respectively, and
the X-ray intensity of the microfocus generator was 48.3 pGy/s at 1.0m from the source with a tube voltage of 30kV
and a current of 0.50 mA. The effective photon energy is determined by Bragg’s angle, and the photon-energy width is
regulated by the angle delta. Using this generator in conjunction with a computed radiography system, quasi-
monochromatic radiography was performed using a cone beam with an effective energy of approximately 17 keV.
© 2006 Elsevier Ltd. All rights reserved.

PACS: 87.59.—¢; 87.59.Bh; 87.64.Gb

Keywords: Narrow-photon-energy X-rays; Tunable photon energy; Silicon single crystal; Cone beam

1. Introduction

Since the birth of the synchrotron, monochromatic
*Corresponding author. parallel X-ray beams have been applied to X-ray phase-
E-mail address: dresato@iwate-med.ac.jp (E. Sato). contrast radiography (Davis et al., 1995; Momose et al.,

0969-806X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.radphyschem.2005.11.019

-357-



E. Sato et al. / Radiation Physics and Chemistry 75 (2006) 2008-2013 2009

1996; Ando- et al., 2002) and enhanced K-edge angio-
graphy (Thompson et al., 1992; Mori et al., 1996; Hyodo
et al., 1998). The phase imaging is primarily based on the
X-ray refraction, and the angiography is performed
using X-rays with a photon energy of just beyond the
K-absorption edge of iodine.

In order to perform high-speed medical radiography,
although several different flash X-ray generators utiliz-
ing cold-cathode tubes have been developed (Sato et al.,
1990, 1994a,b; Shikoda et al., 1994; Takahashi et al,,
1994), quasi-monochromatic flash X-ray generators
(Sato et al., 2003a,b, 2004a,b, 2005a—c) are useful to
produce clean K-series characteristic X-rays without
using a filter. Therefore, we have performed a demon-
stration of cone-beam K-edge angiography utilizing a
cerfum plasma generator, since K-series characteristic
X-rays from the cerium target are absorbed effectively
by iodine. In view of this situation, we have developed a
steady state X-ray generator utilizing a cerium-target
tube (Sato et al, 2004c), and have demonstrated
enhanced K-edge angiography utilizing cerium Ka lines.

Without using synchrotrons, X-ray phase-contrast
radiography for edge enhancement has been performed
using a microfocus X-ray tube (Wilkins et al., 1996), and
the digital imaging achieved with a 100-um-focus
molybdenum tube has been applied effectively to
perform mammography (Ishisaka et al., 2000).

In this paper, we present a tunable narrow-photon-
energy X-ray generator utilizing a single silicon crystal,

and examine its suitability for energy-selective cone-
beam radiography.

2. Experimental setup

Fig. | shows the block diagram of the X-ray
generator, which consists of a main controlier and an
X-ray tube unit with a Cockcroft-Walton circuit and a
100-pum-focus X-ray tube. The tube voltage, the current,
and the exposure time can be controlled by the
controller. The main circuit for producing X-rays is
illustrated in Fig. 2, and employed the Cockcroft—
Walton circuit in order to decrease the dimensions of the
tube unit. In the X-ray tube, positive and negative high
voltages are applied to the anode and cathode electro-
des, respectively. The filament heating current is
supplied by an AC power supply in the controller in

" conjunction with an insulation transformer. The max-

imum tube voltage and current of the generator are
105kV and 0.50 mA, respectively. In this experiment, the
tube voltage applied was from 18 to 34kV, and the tube
current was 0.50 mA (maximum current) by the filament
temperature. The exposure time is controlled in order to
obtain optimum X-ray intensity.

The narrow-photon-energy X-ray generator utilizing
a single silicon crystal of (1 11) plane is shown in Fig. 3.
The effective photon energy is determined by Bragg’s
angle, and the photon-energy width is regulated by the

X-ray tube unit

Fig. 1. Block diagram of a compact 100-um focus X-ray generator with a tungsten-target radiation tube.
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