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Steady-State X-ray Generator Utilizing a Cold-Cathode Diode
for Biomedical Radiography
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(Received April 14, 1990, in final form June 2, 1990)

The fundamental studies for a steady-state x-ray generator having a cold cathode radiation tube
are described. This generator having a diode was constructed in order to generate stable x-ray
intensities and consisted of the following components: a DC power supply with a maximum output
voltage of +100kV, an oil diffusion pump, and an x-ray tube. The x-ray tube for fundamental studies
was of the diode type which was connected to a vacuum pump with a constant pressure of 1.3 X
10 2 Pa and consisted of the following major devices: a long anode tip made of tungsten, a ring cathode
made of brass, a ceramic insulator, and an acrylic resin window. The electrons emitted from the
cathode by a strong electric field were accelerated to the tip of anode electrode. The tube current was
regulated by a resistor of 500k and the anode-cathode space. The tube voltage was less than 70KV,
and the current was less than 3.0mA due to the current capacity of the power supply. The x-ray intensity
rate was about 8uC/kg-s at 1.0m from the source with a tube voltage of 59kV and a current of 1.0 mA.
The x-ray quality became hard according to increases in the tube voltage. The effective focal spot

size was primarily determined by the diameter of the anode tip and its value was less than 4.0mm.
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1. Introduction

Flash x-ray generators have been designed in
order to produce extremely short x-ray pulses by

12 in vacuum vessels

using capacitor discharges
using cold cathodes, and several kinds of flash x-
ray generators > have been developed corre-

sponding to the radiographic objectives. The soft

flash (pulsed) x-ray generator 1)

may be ap-
plied to soft-tissue radiography yielding a high-
contrast, so that high-speed medical radiography
(e.g., stroboscopic radiography 12) and delayed
radiography '¥)) can be performed.

In contrast, in order to develop a compact x-
ray generator and to produce steady-state x-rays
by using a cold cathode, since the discharge
breakdown of a vacuum is caused by increasing
the voltage or the current between radiation gap,
it is not easy to generate a stable x-ray dose rate
even when a higher tube voltage is employed.

In our research, in order to construct a com-
pact x-ray generator and to produce steady-state
x-rays by using a cold cathode x-ray tube, we
developed a diode in conjunction with a constant
high-voltage power supply and measured the

radiographic characteristics.

2. Generator

2.1 High-voltage transmission line
The block diagram of the steady-state x-ray

generator utilizing a diode is illustrated in Fig.

-102-

1. This generator consisted of the following

components: a constant high-voltage power
supply with a maximum voltage of 100kV, an oil
diffusion pump, and an x-ray tube. Fig. 2 shows
the circuit diagram of this x-ray generator. The
electrons emitted from the cathode were acceler-
ated to the tip of the anode electrode by a strong
electric filed. The tube voltage was controlled by
the voltage of the power supply, and the tube
current was reduced by a resistor of 500k which
was directly connected to the anode electrode,
and was also controlled by an electric field

strength determined by the electrode configura-

tion.
POWER
SUPPLY
X-RAY
TUBE
Fig. 1  Block diagram of the steady-state x-
ray generator utilizing a diode for bi-
omedical radiography.
T POWER
— SUPPLY
ANODE
CATHODE —
Fig. 2  Circuit diagram of this generator.
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2.2 X-ray tube

The structure of the x-ray tube for fundamen-
tal studies was of the diode type as illustrated in
Fig. 3. This diode was connected to an oil dif-
fusion pump which allowed operation at pres-
sures of 1.3 x 10 *Pa and consisted of the follow-
ing major devices: a long anode tip made of
tungsten with a length of 150mm and a diameter
of 3.0mm, a ring cathode made of brass with a
diameter of 8.0mm, a ceramic insulator, a tube
body made of stainless steel, and an acrylic resin
window with a thickness of 3.8mm. The anode-
cathode plane (A-Cp) space was regulated from
the outside of the x-ray tube by rotating the
cathode in order to vary the electric field
strength. The electrons emitted from the cathode

were accelerated to the tip of the anode electrode

by a strong electric field. The tube voltage was

0o _HIGH
VOLTAGE

I NSULATOR

ANGDE

[

CATHODE

X-RAY
HINDOW

Fig. 3  Structure of the diode tube.
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controlled by the voltage of the power supply,
and tube current was reduced by a resistor of
500k which was directly connected to the anode
electrode, and was also controlled by the electric
field strength determined by the electrode con-

figuration.

3. Radiographic Characteristics

3.1 Tube voltage and current

Fig. 4 shows typical tube voltages V) with
a constant A-Cp space of 3.0mm. The Tube
current Ur) largely increased according to in-
creases in the supplied voltage (Vs)‘ but the V:
was almost equivalent to the V, when a discharge
resistor of 500k was employed. As shown in
this figure, the v, displayed steady-state condi-
tions (no ripples) even when both Vs and J{ were
increased.

The tube currents J were measured using an
electro-optical method achieved with a combina-
tion of a light emitting diode and a photomulti-
plier. Fig. 5 shows the outputs produced from the
photomultiplier according to changes in the
current by varying the Vs with an A-Cp space of
3.0mm. The absolute values of the J’l were
measured simultaneously by an ammeter. They
displayed fine ripples corresponding to the fre-
quency of -the DC-DC converter in the power
supply, but the ripple factors had small values. In

this case, the output of the photomultiplier was

not proportional to the value of the J ¢ but the

=108=



output roughly increased when the "r was in-
creased.

Variations in Jl with Vs at the indicated A-Cp
spaces are shown in Fig. 6. These values were
measured 10s after applying power to the system.
J . largely increased according to increases in Vs
and to decreases in the A-Cp space. When the
discharge resistor of 500kQ was selected, J was

comparatively stable within the range of the

electric power of the x-ray tube of 50W. When

Vs=71kV
Vs=60kV
=
h Vs=49kV
-
4
= Vs=40kV
Ll
[T}
=< L p
= | A-Cp SPACE=3.0mm
=
w
[==]
=
g 10ms/div
Fig. 4  Tube voltages (V) with an A-Cp space
of 3.0mm at the indicated conditions.
TUBE CURRENT (Jt)
Jt=1.8mA Vs=68kY
PRGN hastio A
-
=
=2
P
= Jt=1.0mA V=50V
= ey T - srerrttheed
=
w A-Cp SPACE=3.0mm
3
w [ Jt=0.4mA Vs=49kV
'%3 ¥ ! VTV Y T VY ATy WY
Jt=0.1mA Vs=39kV
C A i i i i e
10ms/div
Fig. 5 Tube currents (J') measured electro-
optically with an A-Cp space of
3.0mm.
—-104—-

A-Cp SPACE

A 00mm

a4 1.0mm

° 20mm

* 30mm

TUBE CURRENT [mA]

4.0 mm

= 50mm

0 10 20 30 40 50 60 70

SUPPLIED VOLTAGE [kV]

Supplied voltage (V) dependence of
the tube current after 10s from switch-
ing at the indicated conditions.

a longer exposure time of about 10s with an
electric power of more than 50W was employed,

J: tended to increase.

3.2 X-ray output

The x-ray outputs were measured by using a
combination of a fluorescent screen and a
photomultiplier at the indicated conditions [see
Fig. 7]. This output was not proportional to the
x-ray intensity due to the sensitivity of the detec-
tor. The x-ray intensity largely increased when
Vs was increased because .Il increased. The x-ray
intensity was measured by a thermoluminescence
dosimeter (Kyokko TLD Reader 1500) achieved
with elements of MSO-S. In a stable region with

a VS of 59kV, a J . of 1.0mA, and an A-Cp space



of 3.0mm, the intensity rate was about 8uC/kg-s

at 1.0m from the source.

I A-Cp SPACE=3.0Omm

= Vs=68kV
= e e g e e e A g |
= ]
[-4
=
[
=
% L
=) Vs=59kV
= F it = S
= .
(-4
> Vs=39kV

/ Vs=49kV

0 /[
10ms/div

Fig. 7 X-ray outputs measured by using a
combination of a fluorescent screen
and a photomultiplier with an A-Cp
space of 3.0mm at the indicated condi-

tions.

3.3 Effective focal spot
The effective focal spot sizes were measured

by means of the pinhole method using Polaroid

XR-7 film and a pinhole camera of 100um. Fig.
8 shows the typical focal spots obtained by using
an anode tip of 3.0mm in diameter at the indicated
conditions. As shown in Fig. 8 (a), the high-
intensity focal point moved within a exposure
time (ET) of about l1s, since the long anode tip was
affected by vibrations of the vacuum pump. In
another case with a larger A-Cp of 5.0mm and the
same ET of about 1.0s, both the intensity and the
size of the focal spot decreased even when a
higher voltage of 68kV was employed, because .I’
decreased [see Fig. 8 (b)]. Finally, when a long
ET of 10s was employed at the same .Ilr and Vs. the
shape of the focal spot became round [see Fig. 8
(c)]. Thus, the effective focal spot size was
primarily determined by the diameter of the
anode tip, and its value was about 4mm when an

anode diameter of 3.0mm was employed because

of the anode vibration.

10mm

(a)
Fig. 8

(b)

(c)

Typical focal spot at three conditions: (a) Vs=59kV, A-Cp space=3.0mm, and

ET=1s; (b) VS=68kV, A-Cp space =5.0mm, and ET=ls; (c) Vs=68kV. A-Cp

space=5.0mm, and ET= 10s.

Vol.7 Na3(1990)
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4. Radiography

Fig. 9 shows a small sea bream with a length
of 0.15m achieved with Fuji Ix film (no screen).
The radiographic conditions are as follows: a VS
of 49kV, an A-Cp space of 2.0mm, at Jt of 1.6-
1.8mA, a focal spot size of about 4mm, a film-
focus distance of 0.5m, and an ET of 60s. The
image of the bones is observed with high contrast.
Two radiographs achieved with a CR system are
shown in Figs. 10 and 11. Fig. 10 shows an
angiograph of a rat with a Vs of 59kV, and A-Cp

space of 3.0mm, a tube current of about 1.0mA,

a distance of imaging plate and the focus of 1.0m,

and an ET of about Is. The bones and the blood Fig. 10 Angiograph of a rat achieved with a CR

vessels are clearly visible. A radiograph of a system with a V_ of 59kV and an ET of
about ls.

right leg is shown in Fig. 11; the radiographic

conditions were as follows: a Vs of 68kV, a J[ of

about 1.8mA, and the other radiographic condi-

tions as in Fig. 10. A normal x-ray image equiva-

lent to one obtained by the conventional x-ray

generator could be obtained.

Fig. 9 Radiograph of a sea bream achieved Fig. 11 Radiograph of a right leg achieved

with Fuji Ix film with a V_of 39kV and with a CR system with a V_ of 68kV and
an ET of 60s. an ET of about Is.

—~L6= B FH 1 {5455 S 2 eSS



5. Discussion

The fundamental studies for the steady-state
x-ray generator utilizing a cold cathode diode
were performed in order to develop a compact x-
ray generator utilizing an enclosed type of x-ray
tube driven by a Cockcroft-type high-voltage
generator.

In this generator, since the tube voltage V, and
the tube current J” are almost constant values, VI

and J: can be represented by two equations:
Vl=Vngl (R3+R 0), J=V S/(R8+R0) (N

where Rg is the resistance between the anode and
cathode electrodes, and R0 is the resistance for
regulating the ":‘ Roughly speaking, Rg de-
creases when J f is increased by increasing VS_
When a discharge resistor of 500k was em-
ployed, the tube voltage was equivalent to the V,.
Thus, the value of Rg is considered to be a quite
large value of more than 15MQ compared to the
discharge resistance when V' was regulated

within a range of about 3.0mA. Thus, the two

values of V, and J, can be approximated:

VeV,

=V J‘zV :/Rg (2)

Using Eq. (2), the x-ray intensity rate d//dr at the

focal point is approximated by the following

equation:

Vol.7 Ne3(1990)

= a b
d.h’dt-KlJ"V‘ +K2.ll( V‘-Vk)
o a+l b+1 b
=K lvs IR3+K2VS (l-VLjVs) IRs 3)

where Vk is the critical excitation potential for the
characteristic x-rays, Kl and K2 are constants,
a%2.0, and b 51.5. Finally, if we assume that
J, is in proportion to the ‘‘n’’th power of the Vs,
d//dr at a constant A-Cp space is represented by

the following equation:
a+n b+n b
dlfdr=K,V KV (1 -ijvs) 4)

where K3 and K 4 are constants

For the tube current, the electro-optical
measurement achieved with a light emitting
diode was employed for preventing electromag-
netic noise, since the high-voltage power supply
employed a DC-DC converter which caused high-
frequency noise. By using this measurement, it
was possible to set the diode in the high-voltage
transmission line, but the output produced from
a photomultiplier was not in proportion to the
tube current.

In order to take radiographs with an ET of
about 1s or less, the response between the sup-
plied voltage and the x-ray output is quite impor-
tant. Since the power supply employed in this
experiment had a longer rise time, the short
exposure time could not be measured. Thus,
when short exposure times are desired, the con-

denser discharge type or the high-voltage trans-

former type is necessary.

=107—



Using this x-ray generator in conjunction
with the timer device for controlling exposure
times of x-rays, the optimum use of the available
radiographic conditions may be accomplished

for imaging a wide variety of biomedical objects.
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Soft Flash X-ray Generator Utilizing a Compact Diode with
a Ring-Shaped Graphite Cathode
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The fundamental studies for the single flash x-ray generator utilizing a compact diode for soft
radiography are described. This generator consisted of the following essential components: a high-
voltage power supply, a ready-made pulse condenser of 95nF-100kV, a single high-voltage impulse
switching system, a turbo molecular pump, and a flash x-ray tube with a coaxial cable of 20D (5.0m).
The flash x-ray tube was of the compact diode type which was connected to the turbo molecular pump
with a constant pressure of 1.1 x 10 Pa and consisted of the following major devices: a long anode
tip made of tungsten, a ring-shaped cathode made of graphite, a vacuum vessel made of stainless steel,
an internal output mouth of x-rays, a polyoxymethylene insulator, diaghragms, and an x-ray window
made of polyethylene terephthalate. This generator employed a simple transmission line, and the con-
denser in the pulser was charged from 50 to 80kV by the power supply, and the electric charges in
the condenser were discharged to the x-ray tube through a coaxial cable by the impulse switching sys-
tem. The peak tube voltage increased according to increases in the condenser charged voltage and
to increases in the anode-cathode plane (A-Cp) space. The peak tube current primarily increased when
the charged voltage was increased, and its value was less than 7kA. The pulse width of the flash x-
rays ranged from 100 to 200ns, and the time integrated x-ray intensity with a charged voltage of 77kV
and an A-Cp space of 1.5mm was about 1pC/kg at 1.0m from the source. The effective focal spot
size was primarily determined by the diameter of the anode tip, and its value was 3.0mm when an anode

diameter of 3.0mm was employed.

Vol.7 Ma3(1990) =10 9=



1. Introduction

Recently, various kinds of flash x-ray genera-
tors ¥ have been developed for investigating
high-speed phenomena by using extremely short
exposure times of less than Ips, and some soft
flash x-ray generators 310 with photon energies
of less than 200keV have been applied to bio-
medical radiography.

In order to obtain effective peak tube voltages
equivalent to the condenser charged voltages by
using a simple high-voltage pulser, it is neces-
sary to increase the discharge impedance by
increasing the anode-cathode (A-C) space. But,
it is not easy to generate stable arc-discharges
when a longer space is employed. In view of this
problem, a graphite cathode is useful to keep a
large discharge impedance because of many
clumps '),

Since the high-intensity single flash x-ray

generators 12.13)

utilizing low impedance trans-
mission lines have quite large dimensions, and
they are very expensive to construct or to buy. In
addition, a compact flash x-ray tube with a coax-
ial cable is very convenient since it may be car-
ried to various locations corresponding to the
radiographic objectives.

For this research, we constructed a simple
high-voltage pulser which employed a ready-
made oil condenser with a large electric capacity
of about 100nF, and analyzed the radiographic

characteristics when a compact metal x-ray tube

with a ring-shaped graphite cathode was connect-

-110-

ed by a coaxial cable to a high-voltage pulser.

2. Generator

2.1 High-voltage pulser

Fig. 1 shows the block diagram of the single
flash x-ray generator. This generator consisted
of the following essential components: a high-
voltage power supply, a simple high-voltage
pulser with a ready-made pulse condenser of
95nF-100kV, an impulse switching system with
a Krytron tube, ) a turbo molecular pump, and
a demountable flash x-ray tube with a coaxial
cable of 20D (5.0m). This generator employed a

simple transmission line [see Fig. 2], the con-

VACUUM
PUMP

COAXIAL
CABLE

HIGH
VOLTAGE
PULSER

POHER
SUPPLY

TUBE
HOLDER

Fig. 1  Block diagram of the soft flash x-ray

generator utilizing a compact diode.

TRIGGER :
PuLSE L — {
X-RAY
COAXIAL
CABLE g”“

HIGH 0_.""\,_” —
VOLTAGE

—

Fig. 2  Electric Circuit of the soft flash x-ray

generator.



denser in the pulser was charged from 50 to 80kV
by the power supply, and the electric charges in
the condenser were discharged to the x-ray tube
through a coaxial cable (20D-5.0m) by an im-

pulse switching system.

2.2 Flash x-ray tube

The flash x-ray tube was of the compact diode
type, as illustrated in Fig. 3. This tube was
connected to the turbo molecular pump which
allowed operation at pressures of 1.1 x 10 Pa
and consisted of the following major devices: a
long anode tip made of tungsten with a diameter
of 3.0mm and a length of 50mm, a ring-shaped
cathode made of graphite with a hole diameter of
8.0mm and a thickness of 0.5mm, a vacuum
vessel made of stainless steel, an internal output
mouth of x-rays made of copper, a polyoxymeth-
ylene insulator, diaghragms made of stainless
steel, and an x-ray window made of polythylene
terephthalate. The cathode was attached to the
internal output mouth, and the A-Cp space was
regulated from the outside of the x-ray tube by

rotating diaphragms for varying the A-C imped-

ance.

GRAPHITE OIL

CATHODE COAXIAL
Sz 7 CABLE
X-RAYS
/

- T

ANobE’ 5 INSULATOR
PUMP
Fig. 3  Structure of the flash x-ray tube.
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3. Radiographic Characteristics

3.1 Pulser output

Fig. 4 shows the pulser outputs measured by
a voltage divider when the x-ray tube and the
coaxial cable were disconnected at the indicated
charged voltages. The peak voltage increased
according to increases in the charged voltages.
Each peak had a higher value compared to the
charged voltage, since the stray capacity in the
high-voltage pulser oscillated on the bias voltage
produced by the main condenser, or the trigger
voltage was considered to be added to the charged
voltage. In this experiment, the pulser outputs
equivalent to the DC outputs after about 600ns

from switching (discharge) were nearly equiva-

lent to the charged voltages.

= CHARGED VOLTAGE: 48KV
s
z
=1 W ATAVAVASSS P —
el 63KV
5 N,
E V\AWW
3 J V 77KV
[- 4
[}
iﬂ 0 ___________
=z
A S—

200ns/div

Fig. 4 High-voltage pulser output without

using a flash x-ray tube at the indicated
conditions.

3.2 Tube voltage and current
In this generator, it was quite difficult to
directly measure the tube voltage and the tube

current, since the x-ray tube had a small dimen-
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sion with a coaxial cable. Thus, the output volt-
age and the current were measured simultane-
ously at the end of the coaxial cable of high-
voltage pulser side. The output voltage nearly
equivalent to the tube voltage was measured by
using a voltage divider, and the output current
was measured by means of the Rogowski’s coil
method at the indicated conditions.

Fig. 5 shows the output current at the indi-
cated condition. It displayed a damped oscilla-
tion, since the inductance and the resistance in
the transmission line during discharge were
considered to be quite small values. The duration
of the discharge current at these conditions was
about 60ps. It is known that the flash x-rays are
produced at the first half-circle of the voltage and
the current [see Fig. 6]. The peak voltage in-
creased according to increases in the charged
voltage and to increases in the A-Cp space, and
the maximum values were nearly equivalent to
the maximum pulser output. The voltage with a

short A-C space of 0.0mm oscillated, since the

. A-Cp SPACE: 1.5mm

CHARGED VOLTAGE :
48KV
Al

[\Hﬂ-‘f‘“'ﬂ"ﬂ'n»ﬂyu
ki

PERIOD: 6.24ps

OUTPUT CURRENT (1.6kA/div)
(=]

Sps/div

Fig. 5 Typical wave form of the discharge
current at the indicated conditions.
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First half-circle of the output voltages
and the discharge currents at the indi-
cated conditions: (a) charged voltage
dependence; (b) A-Cp space depend-
ence.



electric charges were repetitively supplied to the
radiation gap by a large capacity condenser of
95nF. The peak current roughly increased accord-
ing to increases in the charging voltage, and its
value was less than 7kA. As shown in this figure,
almost all the electric charges in the condenser
were converted into soft components of the

spectra.

3.3 X-ray output

Fig. 7 shows the x-ray outputs which were
measured by using a combination of a toluene
scintillator and a photomultiplier. The pulse
height increased when the charged voltage was
increased. In contrast, the pulse height maxi-
mized as the A-Cp space was made larger, since
the tube current was reduced by increasing the A-
C impedance (space). The pulse width decreased
according to increases in the charging voltage
and to decreases in the A-Cp space, and their
values ranged from 100 to 200ns.

The time-integrated x-ray intensities were
measured by an ionization chamber of Victoreen
660 at 1.0m from the sources. The x-ray inten-
sity roughly increased according to increases in
the area of the x-ray pulse which was primarily
determined by the following equation:

(o 1) dt=HW /2
where I(r) is the time dependence of the x-ray
intensity, T is the duration, H is the pulse height,
and W is the pulse width. The measured x-ray

intensity was about 1pC/kg at 1.0m from the
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source at the following conditions: a charged
voltage 77kV and a A-Cp space of 1.5m. In
addition, the x-ray intensity could be increased

by increasing .the charged voltage.

- A-Cp SPACE: 1.5mm
e
= CHARGED | VOLTAGE : 48kV
=2 D.. _____ ——
=
(=4
s
= /\
2
1= 63kV
(=] 0 — -
>
<
o
=

77kV

0 S P2 ot it o
200ns/div
(a)

CHARGED VDLTAGE: 63kV
ok A-Cp SPACE: 0.0mm

X-RAY QUTPUT (ARB. UNIT)

200ns/div
(b)

Flash x-ray outputs measured by using
the combination of a toluene scintilla-
tor and a photomultiplier at the indi-
cated conditions: (a) effect of the
charged voltage; (b) effect of the A-Cp
space.

Fig. 7

3.4 Effective focal spot

The effective focal spot sizes were measured
by means of the pinhole method using Polaroid
XR-7 film and a pinhole camera of 100um. Fig.
8 shows the typical focal spots obtained by using
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an anode tip of 3.0mm in diameter at the indicated Thus, the size can be reduced to the value of
conditions. The focal spot intensity was roughly 0.5mm in diameter by reducing the diameter of
in proportion to the x-ray intensity, and its size the cathode hole.

was equivalent to the diameter of the anode tip.

A-Cp SPACE=0.0mm
Vc=63kV

WS>

A-Cp SPACE=1.5mm A-Cp SPACE=1.5mm A-Cp SPACE=1.5mm
Vc=48kV Ve=77kV

-
]
|
(o))
w
=
-

A-Cp SPACE=3.0mm
Vc=63kVY

10mm

p—

(b)

Fig. 8 Typical focal spots obtained by using a pinhole camera at the indicated con-
ditions: (a) variations with the charged voltage; (b) variations with the A-Cp
space.
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4. Flash Radiography

The flash radiographs obtained at 1.0m from
the source achieved with a CR system '*) are
shown in the next three figures. Fig. 9 shows a
radiograph of a head (cock) with a charged volt-
age (Vc) of 77kV, and an A-Cp space of 1.5mm.
The bones and the gizzard are clearly visible. A
radiograph of a right knee is shown in Fig. 10; the

radiographic conditions were as follows: a Vc of

Fig. 9 Radiograph of a head of a cock with a

V. of 77kV.

Fig. 10 Radiograph of the right knee with a V_
of 80kV.

Vol.7 MNa3(1990)

80kV, an A-Cp space of 3.0mm, and an aluminum
filter thickness of 0.5mm. This image quality was
equivalent to one obtained by using a conven-
tional x-ray generator for soft medical radiogra-
phy. The next three radiographs of a jet of a
contrast medium of Isopaque 280 were obtained
by means of delayed radiography 15 with a Vc of
68kV, an A-Cp space of 1.5mm, and a time inter-

val between two frames of 30ms [see Fig. 11].

The structures of a water jet in the atmosphere are

DELAY TIME=Rs

i

HATER GUN

GLASS PLATE

DELAY TIME
30ms

60ms

90ms

Fig. 11 Delayed radiographs of a jet of a

contrast medium with a V_ of 68kV and
the indicated delay times.
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observed. Thus, this generator can be effectively
applied to high-speed angiography by using a
timing switch since this generator had a high time

resolution of less than 1ps.
5. Discussion

This single flash x-ray source has been devel-
oped in order to construct a low-cost generator
by using a ready-made condenser. For the x-ray
tube, since a graphite cathode was employed, the
effective tube voltages of more than the charged
voltages were obtained by increasing the diame-
ter of the cathode hole.

Since this generator employed a transmission
line of a coaxial cable of 500pF between the high-
voltage pulser and the x-ray tube, the equivalent
circuit of the high-voltage transmission line is
shown in Fig. 12 if we assume that this cable is
only a condenser (Cz) with a small capacity.
Thus, when a gap switch is closed, C, is rapidly
charged by a large capacity condenser (CI)
through a charging circuit including circuit resist-

ance Rc and inductance Lc . In this case, the

resistance of the charging line is primarily deter-

Le Re

o B AN TN —ANM—0~ o—
s L l ANODE

C\ Cz ]
# CATHODE

1

Fig. 12 Equivalent circuit of the transmission
line.
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mined by the discharge resistance of the gap
switch. Since the two values of Rc and Lr are
quite small the condenser potential of C, oscil-
lates and a higher output voltage is obtained.
Assuming that the RC and the Lc are constants
during discharge, the output (no-load) voltage
Vo (1) without an x-ray tube at a condition of
Cl>~>C2 can be represented by the following
equation:
V=V -V, (l_ccz)"’-5 exp (-a,1) -
sin (b1 + tan"'(b,/a,) / b, (2)
where Vc is the charged potential of Cl‘ a = Rc /
2L, and b =L /C;RH™NL_ .

As for the results concerning the voltage and
the current, since this generator had a compara-
tively large inductance including the inductance
of the condenser, the capacitor energy could not
be effectively converted to harder components of
the x-rays. Since the discharge current display
the damped oscillation [cf. Fig. 5], the discharge

current J(r) across the radiation gap at a condition

of Cl>>C2 by neglecting C2 and the stray capa-

city is approximated by:
J(t) = Vc e)q::(-a2 1). sin b2 t/ b2 Lo (3)
where Lo is the total inductance, R d is the

average resistance during discharge (damped
oscillation), a, = R d / 2L0, andb2 = (4L0 /| C P c
R dz) °'5IZL0. Using a result of the discharge
current as in Fig. 6, since the period of this
oscillation T was determined to a value of
T = 6.24ps, 1’.0 could be approximated by using

the following equation:

bR P A A o 22



Ly = =) 41:26'] =10.4 [uH] (4)
Since the attenuation rate of the current is repre-

sented by a,, R, was calculated to a value of

2’ d
Rd = 0.98Q by means of the method of least
squares. Thus, the average impedance | Z |during
discharge could be calculated.
|Z|= (R} + (2nLy / T-T / 2vC )2 }°*
(5)

For the effective conversion of the capacitor

=0.98 [Q]

energy into harder flash x-rays, it is necessary to
increase the peak tube current for producing flash
x-rays by decreasing the impedance of the gen-
erator. In order to decrease the energy-loss of the
condenser, a coaxial type of condenser with a
capacity of 0.01-0.05pF is desired.

For obtaining the optimum x-ray intensity
corresponding to the desired quality, it was very
easy to control these two characteristics by vary-
ing the charged voltage and the A-Cp space.
Furthermore, because the effective focal spot
size was determined by the anode diameter, this
size can be changed to other diameters by chang-
ing the anode tip.

Using this flash x-ray generator, it is easy to
control the intensity, the quality, the effective
focal spot size, and the delay time. Thus, because
various combinations are possible, the optimum
use of the available radiographic conditions may

be accomplished for imaging a wide variety of

biomedical objects.
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The Restoration Method for Blurred Images
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The research into the restoration procedures from a blurred image which is observed under
a noisy environment to an original one are noted in various fields. Therefore many researchers have
proposed various restoration schemes and have been carrying on research in order to contribute to
further developments.

In this paper we propose a modified version to the projection filter which has been recently
published. Namely, by considering the correlation between the brightness of neighbouring pixcels,
we modified the optimization process without constraint to the optimizing process with constraint
depending on correlation values. Simulation studies were carried out for various correlation values

to show both the feasibility and this accuracy of our approach.
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