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The construction of a low impedance and high intensity flash x-ray generator for biomedical
radiography is described. This generator consisted of the following components: a high voltage power
supply, a low impedance transmission line with a high voltage cozxial condenser (120 kV—0.15 uF), a
compressed-gas (SFe) gap switch with a small-sized trigger device operated by light through a fiber, a
trigger delay device, a vacuum pump system, and two evacuated flash x-ray tubes each of a different
type with eight coaxial cables. The flash x-ray generator could be used for condenser charging voltages
of 50 to 120 kV. The exposure time was almost constant and its value was about 1 ps. The flash x-ray
intensity was determined by the condenser charging voltage and the anode-cathode (A-C) space; the
maximum intensities of the Type A and B tubes were about 100 and 200 mR at 1 m/pulse, respectively.
The dynamic image analysis of a tennis ball filled with contrast medium was performed by using the

trigger delay system.
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1. Introduction

Recently, several different types of the flash
x-ray sources used in the radiography of various
objects have been reported by numerous investi-

17) " The flash x-ray generator is used for

gators
a new kind of radiography that can be used in
biomedical applications to provide new kinds of
information unobtainable using traditional radio-
graphic methods®13). However, generally speak-
ing, these flash x-ray sources produced a low
intensity due to a low condenser charging voltage
of less than 100 kV, because the flash x-ray inten-
sity increased in proportion to the third power of
the tube voltage. Thus, clear biomedical images
could not be obtained even when using digital
radiography.

In particular, for a cardiovascular contrast
study, it is known that the exposure time must
be adjusted to less than 200 us, calculated from a
maximum blood flow velocity of about 1 m/s to
prevent blurring of more than 0.2 mm.

On the other hand, in order to perform high
speed stroboscopic radiography, the high intensi-
ty repetitional flash x-ray generatorm) utilizing a
high speed camera system is necessary. However,
in the case of objects displaying uniform move-
ment (for example, the heart), the high intensity
generator utilizing a precision delay system with
a small time resolution of about 1 us can be em-

ployed to obtain delayed radiograms equivalent

to stroboscopic radiograms,

—-146—

For this research, we constructed a single ex-
posure type of low impedance and high intensity
flash x-ray generator described below with two
new types of tubes and determined its principle
of operation. We also succeeded in performing
the delayed radiography using the digital radi-
ography system”).

2. Generator

2.1 Construction
A block diagram of the single exposure type
of low impedance and high intensity flash x-ray

generator 18)

utilizing a precision delay system is
shown in Fig. 1. This generator consisted of the
following components: a high voltage generator,
a simple low impedance transmission line with a
high voltage coaxial condenser (120kV—0.15 uF,
made by Shizuki Electric Company, Japan), a
compressed-gas (SFg) gap switch with a small-

sized trigger device operated by light through a

COAXIAL

TRIGGER CABLE *B

DEVICE

CONTROL
BOARD

POWER
SUPPLY

Fig. 1 Block diagram of the low impedance and
high intensity flash x-ray generator for
biomedical radiography.
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ﬁberlg), a trigger delay system (made by Pulse
Electric Company, Japan), an oil diffusion pump,
and two evacuated flash x-ray tubes, each of a
different type.

In order to obtain a high intensity flash x-ray
under a low voltage, a large capacitance of about
0.2 uF is necessary since the electrostatic energy
increases in proportion to the capacity and the
square of the condenser charging voltage. How-
ever, the extremely low inductance condenser
was quite large, and therefore, a cubic-shaped
coaxial oil condenser 0.4 m per side was employ-
ed. The electric circuit employed the simplest
type of coaxial transmission line with eight coax-
ial cables to reduce the pulser impedance in order
to generate a stable pulse under low voltages.
The condenser was usually operated in the range
of 50 to 120kV and was connected to the air
gap switch which was triggered by a high energy
spark discharge system using a Krytron tube2?)
with a voltage of 10kV and a current of 500 A.
Coaxial cables were connected to the flash x-ray

tube by using a gas insulation connector.

2.2 Power supply

Fig. 2 shows the circuit diagram of the high
voltage D. C. power supply. This employed three
output terminals for constructing the triple expo-
sure type of flash x-ray generator. However, in
this experiment, only one terminal with a mea-
surement circuit for the condenser charging volt-

age was used (see Fig. 3). Both the voltage and

Vol. 3 N3 (1986)

QUTPUT

Fig. 2 Electric circuit of the high voltage D. C.
power supply.

Fig. 3 General view of the high voltage power
supply with three outputs.

the current of the secondary circuit of the high
potential transformer were controlled by the
resistors, and a low potential transformer having
a variable transforming ratio was utilized in the
primary circuit of the high potential transformer.
When charging the condenser, three short gaps
were opened by the electromagnetic switches,
and the condenser was charged by the voltage

doubler rectifier circuit.
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2.3 High voltage pulser

The structure of the high voltage pulser is
shown in Figs. 4 and 5. The high voltage coaxial
condenser was charged through the resistor to
prevent the electric shock coming from the rare
short (see Fig. 4(a)). The main discharge elec-
trode of the condenser was the lower electrode
of the gas gap switch, and the upper electrode
was connected to the eight coaxial cables whose
characteristic impedance was about 40 £2; the
center of the electrode was the trigger electrode
which was fabricated from an automobile spark
plug (see Fig. 4(b)). The high speed trigger de-
vice was positioned on the upper electrode, and
its potential was floated by the high voltage resis-
tor of 500 k§2 when discharging.

COAXIAL
CABLE COAXIAL , CONDENSER

(@)
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(b)
Fig. 4 Structure of the high voltage pulser:
(a) lower part (oil bath); (b) upper part
(gas gap).

L
Fig. 5 General view of the high voltage pulser
with coaxial cables.



2.4 Impulse switching system
The block diagram of the high speed impulse
switching systemlG’lg) is illustrated in Fig. 6.

This system employed a light communication

v 10V

[P

sy e b TRIGGER —
DEVICE

LIGHT LIGHT

EMITTING RECEIVING

UNIT UNIT

=15 kv

Fig. 6 Block diagram of the high speed impulse
switching system.

system to prevent the electrical shock of the im-
pulse voltage and consisted of the following de-
vices: a trigger control system with a time resolu-
tion of less than 1 us, a light transmission unit
(see Fig. 7), a light fiber, a light receiving unit
(see Fig. 7), a high current trigger device using a
Krytron tube (see Fig. 8), and a gas gap switch
filled with SFe.

When a short delay pulse of about 10 V from
the controller was input to the light transmission
unit, the unit converted this electric signal into a
light signal. The light signal was then converted
into an electric signal again and was amplified
about 10V by the light receiving unit. Finally,
when the electric signal was transmitted to the
trigger device utilizing a Krytron tube and the
newly developed low impedance trigger trans-
former, its greatly amplified signal of about - 15
kV and 300 A stimulated the trigger electrode of
the gas gap switch, and the high energy pulser

charge began to discharge.

Vol. 3 No3 (1986)
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Fig. 7 Circuit diagrams of the light transmission
unit and the light receiving unit.

Fig. 8 High speed trigger device.

2.5 Demountable flash x-ray tube
The flash x-ray tubes were of the diode type
and were connected to an oil diffusion pump

which allowed operation at pressures of less than
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approximately 1 x 107 Pa (see Figs. 9 and 10).

The coaxial cables were connected to the vacuum

Fig. 9 Structure of the flash x-ray tubes:
1. anode tip; 2. cathode tip (TYPE A)
cathode ring (TYPE B); 3. vacuum mouth;
4. mylar window; 5. various filters; 6. lead
diaphragms; 7. gas insulation connector;
8. Bourdon gauge; 9. coaxial cables.

l

Fig. 10 Combined flash x-ray tube.
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vessel by using the gas insulation connector whose
pressure was observed on the Bourdon gauge.
Each tube had the same vessel and could easily
be changed to the Type A or B tube by changing
the cathode unit. Both tubes had conical anode
tips made of tungsten which could easily be
changed. The A-C space was controlled by an
adjustor outside of the flash x-ray tube. A plasma
protecting disk was placed on the anode rod and
was used for absorbing the metal vapour in the
plasma. The internal output of the flash x-ray
was positioned inside of a 0.25 mm mylar win-
dow and used for cutting the scattering beam
inside of the flash x-ray tube. Lead diaphragms
determined the radiation space and were also
used for cutting the scattering beam. Various
metal filters were placed between the mylar win-
dow and the diaphragms and were used for ab-
sorbing the soft components of the flash x-ray
spectra.

For the Type A tube which employed a coni-
cal cathode made of tungsten mounted on the
cathode rod, two combinations of electrodes
were selected as follows: (a) normal focusing
and a high dose rate; (b) fine focusing and a low
dose rate. The maximum intensity of this tube
was about 100 mR at 1 m/pulse, and the effective
focal spot ranged from 0.2 to 3.0 mm in diameter.
For this tube, the flash x-ray quality was con-
trolled by the condenser charging voltage, the

insertion of metal filters, and the average voltage

of the flash x-ray tube coming from the A-C
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space.

For the Type B tube which had a ring cathode
made of tungsten positioned on the top of the
internal output mouth, the vertex angle of the
anode was 30—45° in order to obtain a smaller
focus without the pinch-off of the anode tip due
to the high electron flow coming from the field
emission. The maximum intensity of this tube
was about 200 mR at 1 m/pulse, and the effec-
tive focal spot ranged from 1.0 to 3.0mm in
diameter. The flash x-ray quality varied accord-
ing to the condenser charging voltage and the
insertion of filters.

Using this generator, various clear flash x-ray
images of the human body and moving living
organisms can be obtained by controlling the
flash x-ray intensity, quality, and the size of the

focal spot.

3. Simple theory of operation

Assuming that the tube current and the volt-
age are the constant (average) values of Jand V,
respectively, the total intensity of the continuous
spectrum [g is approximated by an empirical

equation of the form:
Io=AXJVET

where X is the atomic number of the anode mate-
rial, T is the duration time, A is some factor, and
a=2.0. The voltage and the current on the radi-

ation gap are given by

Vol. 3 Na3 (1986)

ZV.

V=Z5Z1in+Z, e (2)
Ve

e = 7l — 3)

where V¢ is the condenser charging voltage, Z is
the A-C impedance, Z¢ is the cable impedance
per a unit length, Zg is the pulser impedance, [ is
the cable length, and n is the number of cables.
Eqs. (2) and (3) substituted in (1) gives

74
= P .
[,=AXV, (Z+Z¢!/n+Zo>"“T

On the other hand, the flash x-ray intensity of
the characteristic spectrum fk is approximated

by an equation of the form:
[+=BJ(W-VPT

where Fj is the critical excitation potential, B is

some factor, and B = 1.5. Egs. (2) and (3) substi-

tuted in (5) gives
v
= PR L
= Z+ZdIntZo
*‘—“T—Z————-— Vi \#
<Z+Z‘.[/n+zo"-—f> T (6)

The flash x-ray quality is determined by the
average voltage of the tubes and the insertion of
metal filters which were placed on the outside of
the mylar window. The average voltage of the

tube <V > is given by
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Obviously, the A-C space is the dominating
parameter in Z, and, therefore, the continuous
and characteristic flash x-ray intensity and the
flash x-ray quality vary according to the condens-
er charging voltage, the cable length, the number
of cables, and the A-C space. Generally, the
duration time can be expressed as a function of

the A-C impedance, and this slightly increases

according to increases in the A-C space.
4. Flash radiography

The circuit diagram of the switching circuit
for the dynamic measurement of a tennis ball
with a contrast medium of Isopaque 280 is shown
in Fig. 11. When the ball contacted the switch
device, a short electric pulse (trigger pulse) was
produced and transmitted to the trigger delay
unit through a coaxial cable. Next, an accurate

delayed flash x-ray was produced when the de-

®-
I
1 - .

Fig. 11 Switching circuit for the delayed trigger
system.
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layed pulse was transmitted to the high speed
impulse switching system previously described.
Fig. 12 shows the radiograms of a bouncing
tennis ball which fell from a 1 m height. These
radiograms were obtained by utilizing the FCR

system 17

and the Type B tube with a condenser
charging voltage of 80 kV, an anode angle of 30°,

a cathode diameter of 10 mm, an anode-cathode

plane space of 0 mm, no filter, and uniform time
intervals of 10 ms. Fig. 12(a) shows a perfect
circle due to a complete stoppage because of the
delay time of 0 ms. When this ball hit the switch

device, its shape became irregular.

(b)
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Fig. 12 Radiograms of a bouncing tennis ball
with a contrast medium at various times:
(2) 0ms; (b) 10 ms; (c) 20ms; (d) 30
ms; (e) 40 ms.

Vol. 3 No3 (1986)

5. Discussion

This flash x-ray generator produced the highest
intensity in the low voltage region of less than
120 kV and could perform high intensity radi-
ography even when using a regular film-screen
combination. Due to its large condenser capacity,
this generator had a long exposure time of about
1 us compared to one obtained by using another
kind of low impedance flash x-ray generator.
However, there was no problem in obtaining the
complete stoppage of biomedical objects.

In this delayed radiography, since the ball had
a uniform motion from the beginning to the end,
it was possible to completely stop the motion at
various times using a trigger control system in-
cluding the high speed impulse switching system
with a total jitter of a few ps and a time resolu-
tion of less than 1 us.

Finally, concerning the biomedical applica-
tions of this single flash x-ray generator, since
this instrument has many radiographic functions
due to the control of the flash x-ray intensity
and the quality (spectrum), the fine focus, and
the small time resolution of less than 1 us, future
possibilities for biomedical imaging appear to be
as follows: (1) dynamic image analysis of high
speed motion (e.g., cardiovascular studies) and
acceleration (e.g., brain movement) using a small
time resolution; (2) three dimensional image
analysis using a micro-densitometer; (3) radiogra-

phy for children using a short exposure time; (4)
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the single exposure energy subtraction technique
using the spectrum control functions;(5) flash x-
ray microscopy using a noble gasm); and (6)
betagraphs using a pulsed electron beam source
obtained by changing the polarity of the con-

denser?2).
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Mathematical Model for the X-ray Film Characteristic Curves
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Based on assumptions for the film grains sensitivity, we derived the mathematical model for the

film photographic density curves that expresses the relation between exposure and photographic den-

sity. It is one of the parameters fitting models.

Using the equations obtained by a non-linear least squares method, about 1,300 sets were esti-

mated the standard deviations. In result, a number of them were within 0.01 which is the accuracy of

the densitometer.

We attempt to explain here the process provided the mathematical model, the method deter-

mined the parameters of it and some results.
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Similarity of Gastric Radiograms
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Similarity of gastric radiograms has been studied experimentally by applying the hierarchical
clustering methods. The dendrograms obtained by the methods explain how each cluster was formed.
Such dendrograms are presented for two kinds of features extracted (1) by two-dimensional orthogonal
transform of the apex-regional image and (2) by geometric measurement and Fourier expansion of the
contour of the stomach. It is concluded that the hierarchical clustering may be applicable to informa-

tion retrieval and classification of pictorial data by morphological similarity.
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Granularity of X-ray Films and Random-dot Model
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It is known that the Wiener spectrum of film graininess of X-ray films cannot be explained by the
conventional random-dot model (RDM) in low spatial frequencies. It is considered that the cause of
this phenomenon is due to the effects of grain aggregations in the developed emulsion. The RDM does
not take account of the effects of grain aggregations. In order to analyze the effects of grain aggrega-
tions, the RDM is extended by K. Tanaka and S. Uchida. In this paper, measured Wiener spectra of
film graininess of X-ray films are compared with the theoretical results of this extended random-dot
model (ERDM) and the RDM. Density fluctuations of films are measured by means of the microdensi-
tometer and Wiener spectra are calculated by Blackman-Tukey’s method. Microphotographs of films
are also compared with computer-generated random-dot patterns. By using these methods, it is con-
cluded that the ERDM is more appropriate than the RDM in describing properties of Wiener spectra of

film graininess of X-ray films in low spatial frequencies.
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Fig. 4 Comparison between a microphotograph
and computer-generated random-dot pat-
terns for film RX.
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Fig. 5 Wiener spectra of the density fluctuations
for film AO.
Curves @, @ are theoretical values of the
ERDM for r=1.5 (um):

O Mc=0.1 Mg=20 @M.=0.1 Ms=8

Curve ® is theoretical value of RDM for
v=0.098 (/u?).
Curve @ shows the experimental value
(wave line).
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Comparison between a microphotograph
and computer—generated random-dot pat-
terns for film AO.
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Wiener spectra of the density fluctuations
for film A.
Curves @, @ are theoretical values of the
ERDM for r=2.5 (4m):

®Mc=1 Mg=5 ®Mc=0.1 Ms=5
Curve @ is theoretical value of the RDM
for »=0.035 (/u?).
Curve @ shows the experimental value
(wave line).
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Fig. 8 Comparison between a microphotograph
and computer-generated random-dot pat-
terns for film A.
(a) a microphotograph
(b) the RDM
(c) the ERDM for M:=0.1 Mg=5
(d) the ERDM forM¢=1 Mg=5
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On Error-Free Data Compression for Digitized Images
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Data sequences which are encountered in many situations of digital communications and data

processing and are not specified as sequences from certain sources, usually display various structural

regularities and allow for storage and time-saving techniques of data compression by using the regulari-

ties.

In this paper, a scheme of sequential data compression is presented. Its performance is investi-

gated and proved to be asymptotically optimal for memoryless sources. The compression algorithm is

used in another compression scheme, whose performance is also investigated and shown to be asymp-

totically optimal for first-order Markov sources. A simulation study is carried out for the illustration

of algorithm developed here.
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Fig. 3 Residual term e(L) fora
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Table 1 Compression ratio for various block
length
L | 16 32 64 128 256
1| 0.7370 0.6905 0.6938 0.7259 0.7788
11| 0.6858 0.5912 0.5014 0.4389 0.3876

for sequence(A)
L 16 32 64 128 256
L
IL

0.7294 0.6622 0.6417 0.6684 0.6675

0.7200 0.6254 0.5535 0.4965 0.4506
for sequence(B)
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Appendix—1a coding scheme

p+n(0,S,); g+n(l, Si):
c + Car( Si);
Q0+ A; (* null sequence *)
p+p-1;
while p>= 0 do {
if e>= (p+q)!/ plq! then

{e+vec=-(p+q)l/ plal;
g+q-1; 0+ 01}
else

{o
Q« 0(

Qw0; p+p-11}}
1);

Q= 4+

Appendix—1b decoding scheme

Jj+ 0; c+ o;
p+ n( 0, Si); q+n(l, Si);
p+p-1;
while p>= 0 do {
g 0 E I

if Si( j:3 ) = 0 then
p+p

else

I
b~

{e+~ec+ (p+q)t/ plgl;
g+gqg-11}

Car( §.) + c;
i

=Lgl0=

X o
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