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Repetitive Flash X-Ray Generator Utilizing a Hot-Cathode Diode

in Conjunction with a Modified Blumlein Pulser

Eiichi SATO*, Haruo OBARA**, Teiji O1ZUMI*, Yasuomi HAYASI***,
Yutaka OHTA**, Hiroshi SEINO**, Keiji HONDA****, Yoshiharu YOKQTA*¥%*,

Yoshiharu TAMAKAWA***** and Toru Y ANAGISAWA ¥k kkk

* Department of Physics, Iwate Medical University, Morioka 020, Japan
** Department of Radiological Technology, College of Medical Sciences,
Tohoku University, Sendai 980, Japan
##% Electrical Engineering, Hachinohe National College of Technology, Hachinohe 039-11, Japan
##%% X_Ray Tube Division, Hitachi Medical Inc., Mobara 297, Japan
«*#%* Center for Radiological Science, Iwate Medical University, Morioka 020, Japan
##*#x+* Department of Radiology, Iwate Medical University, Morioka 020, Japan

(Received June 8, 1991, in final form November 14, 1991)

A repetitive flash x-ray generator utilizing a hot-cathode diode in conjunction with a modified
Blumlein pulser for biomedical radiography is described. This generator consisted of the following
essential components: a constant high-voltage power supply with a maximum voltage of 100 kV, an
energy-storage condenser of 97 nF, a high-voitage pulser, a DC power supply for the filament, and an
x-ray tube. The x-ray tube was of the glass-enclosed diode and consisted of the following major devices:
a plate target made of tungsten, a hot cathode (filament) made from a tungsten wire, a focusing elec-
trode made of iron, and a glass tube body. The two ceramic condensers in the high-voltage pulser were
charged from -50 to -70 kV, and the peak voltages of the pulser output were about -1.4 times the
condenser charged voltage. The tube voltages were nearly equivalent to the pulser outputs, and the
tube currents were considered to be a value of less than 0.6 A. The effective durations of the flash x
rays were less than 10 ps, and the maximum x-ray intensity was 43 nC/kg at 0.5 m per pulse with a charged
voltage of -70 kV. The repetitive rate of the flash x rays was less than 40 Hz, and the sizes of the x-

ray source were about 4x4 mm.

Vol. 9 No 2 (1992) —53—



1. Introduction

With the advance of high-voltage pulse tech-
nology, various kinds of flash x-ray generators
utilizing cold-cathode radiation tubes have been
developed." And several different kinds of low-
dose rate flash x-ray generators have been also
developed in order to perform high-speed bi-
omedical radiography.”®

In order to increase the repetition frequency
(rate) of the flash x rays with microsecond dura-
tions, the hot-cathode radiation tubes are quite
useful. When a triode in conjunction with two
types of grid control devices are employed, kilo-
hertz-range flash x rays can be easily gener-
ated.”“”

For the diode, various kinds of high-voltage
circuits can be considered, and we have succeeded
in generating repetitive harder flash x rays with
maximum photon energies of about 150 keV by
using a modified two-stage Marx pulser.'?

The original Blumlein pulser! is a kind of line
pulser which produces a rectangular pulse with a
peak voltage of -1 times the charged voltage when
a matching resistor is employed. In contrast, the
Blumlein pulser without using a matching resis-
tor'® can produce high-voltage impulses of -2
times the charged voltage.

For this research, we developed a repetitive
flash x-ray generator having a hot-cathode diode
in conjunction with a modified Blumlein pulser
with two ceramic condensers, and measured the
radiographic characteristics.

2. Generator

Fig. 1 shows the main transmission line of the
repetitive flash x-ray generator. This generator
consisted of the following essential components:
a constant negative high-voltage power supply
with a maximum voltage of -100 kV, an energy-
storage condenser of 97 nF, a high-voltage pulser,
arepetitive trigger device for the pulser, and a hot-
cathode x-ray tube. The two ceramic condensers
in the pulser were charged from -50 to -70kV, and
the electric charges in the two condensers were
discharged repetitively to the x-ray tube. In this
high-voltage pulser, the electric charges in a con-
denser were discharged through a coil by closing
a gas gap switch, and the high-voltage output was
produced by varying the polarity of a condenser.

The x-ray tube used in this fundamental stud-
ies was of the hot-cathode diode type and con-
sisted of the following major devices (see Fig. 2):
a plane target made of tungsten, a rod-shaped
copper anode, a hot-cathode (filament) made from
atungsten wire, a focusing electrode made of iron,
an insulator made from an acrylate resin tube, and
a glass tube body. The electron beams from the
cathode were accelerated by the electric field
between the anode and cathode electrodes and
were roughly converged to the target by the focus-

ing electrode.
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Fig. 1  Electric circuit of the repetitive flash
x-ray generator utilizing a modified
Blumlein pulser.
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Fig. 2  Structure of the x-ray tube.

3. Radiographic Characteristics

3.1 Pulser output and tube voltage

Figs. 3 and 4 show the pulser outputs and the

tube voltages according to changes in the charged

voltage. These voltages were measured by using

Vol.9 No 2 (1992)

aresistor-type high-voltage divider with an input
impedance of 11.7 kQ. The peak output voltage
increased when the charged voltage was in-
creased, and the peaks were about -1.4 times the
charged voltages. Since the tube currents had
small values compared to the currents which
flowed through two resistors in both the high-
voltage divider and the pulser, the tube voltages
were nearly equivalent to the output voltages.
Both the pulser outputs and the tube voltages

displayed the oscillations caused by the voltage

variations of a 850 pF condenser.

Ve=-50kV

(=]

Vc: CHARGED VOLTAGE

PULSER QUTPUT (50kV/DIV.)
=)

o

2ps/DIV.
Fig. 3  Pulser outputs according to changes in

the charged voltage.
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Fig. 4 Typical tube voltages.



3.2 Tube current

The measurement of the tube current was quite
difficult since the tube currents had small values,
and there were apparent currents caused by stray
capacities. The maximum peak current was con-
sidered to be a value of less than 0.6 A by consid-
ering the tube voltage and the filament tempera-
ture. From the experimental results concerning
the tube current, the apparent currrents were con-
sidered to be large values compared to the tube

currents.

3.3 X-ray output

Fig. 5 shows the pulsed x-ray outputs from
this generator. The single outputs were measured
by using a combination of a toluene scintillator
and a photomultiplier [see Fig. 5(a)]. The pulse
height increased when the charged voltage was in-
creased, and the effective durations were less than
10 ps. They displayed many peaks corresponding
to the tube voltage.

The repetitive x-ray outputs were detected by
using a combination of a screen (Kyokko FS), a
photomultiplier, and an integrator. Since the time
interval between two x-ray pulses was quite long
compared to the duration of the flash x rays, the
repetitive outputs could not be recorded due to
limitations of the storage medium of the digital
storage scope. Fig. 5(b) shows the output signals
In this

caused by the repetitive flash x rays.

measurement, the maximum repetition rate was
40 Hz, and stable repetitive outputs were ob-
tained.

The time-integrated x-ray intensity was mea-
sured by a Victoreen 660 ionization chamber [see
Fig. 5(c)]. The x-ray intensity increased in pro-
portion to about the second power of the charged
voltage. The x-ray intensity was 43 nC/kg at 0.5

m per pulse with a charged voltage of 70 kV.
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3.4 X-ray source image

The images of the x-ray source were measured
by means of the pinhole method using a 100 um
pinhole camera and a Polaroid XR-7 (see Fig. 6).
The spot intensity substantially increased accord-
ing to increases in the charged voltage. But the

spots had sizes of less than 4x4 mm.

Ve=50kV Ve=60kV Ve=70kV
Vc: CHARGED VOLTAGE
10mm
i
Fig. 6 Images of the flash x-ray source.
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4. Flash Radiography

The flash radiography achieved with this x-ray
generator was performed by using a CR system.'*
A radiograph of a human right hand is shown in
Fig. 7; the radiographic conditions are as fol-
lows: a condenser charged voltage (V‘) of -70 kV
and a distance between the imaging plate and the
x-ray source (/-X distance) of 0.5 m. Since the x-
ray spectra from this generator had wide energy
latitudes, a comparatively high-contrast radio-
graph was obtained. Fig. 8 shows a multiple-
exposure radiograph of a metronome achieved
with a repetitive x rays of 10 Hz with a V_of -60
kV and an /-X distance of 0.6 m. The accelerat-

ing movements of a pendulum are clearly visible.

Fig. 7 Radiograph of a right hand with a V_of

-70 kv.



Fig. 8 Multiple-exposure radiograph of a

metronome achieved with repetitive
flash x rays with a V_of -60 kV.

5. Discussion

The repetitive flash x-ray generator described
in this paper was primarily designed in order to
produce higher tube voltages of about 100 kV and
to perform high-speed biomedical radiography
with microsecond durations. In this experiment,
we obtained lower x-ray intensities per pulse, but
it is easy to increase the intensity by increasing
both the tube current and the high-voltage dura-
tion which is primarily determined by the initial
charged voltage, the condenser capacity, and the
discharge resistance R - For this research, we
designed a new type of high-voltage pulser with
two ceramic condensers and a coil using only a gap

switch. In this pulser, the output voltage V (1) is

approximated by the following equations:

Vp(.r):-chexp(-r/RdC)+2V{(LIC)""—

exp(-ar) sin{br+tan"'(b/a)/{(4L/C)-R )3,

a=R /2L,

b=((4L/C)-R *)**/2L=2xf,

L=L0+Lc,

R =R R /(R,+R )=7.72 (kQ), (1)
where V_is the initial charged voltage (negative
value) of each condenser, L_ is the coil inductance,
L, is the stray inductance in the high-voltage
pulser, R_is the resistance in the pulser, f is the os-
cillation frequency, R, is the pulser resistance,
and R, is the resistance in the high-voltage di-
vider.

Assuming that the tube resistance has an ex-
tremely large value compared to R, the tube
currentJ(r) primarily varies corresponding to V(t)
and the filament temperature T, so that J(r) is
represented by:

J(O=f(V(0), T). (2)
If we assume that J(r) is represented by the sec-
ond-order polynomial, J(¢) at a constant T is ap-
proximated by:

J(r)=dV(1)+eV(1)?, (3)
where 4 and e are constants. Thus, the x-ray
intensity /(f) of the bremsstrahlung spectra can be
represented by the following equation:

I()=KI()V(1)®=KV()**! (d+eV(1)], (4)
where K is some factor and o=2.

Next, frequency f, the period T, and the initial
rise time T, of 0~100% are given by the follow-

ing three equations:

BE R (1 7 = M



f={(4L/C)-R ?}**/4nL, (5)

T=4RL[CI(4L-RC2C)]°", (6)

T =T/2=2nL{C/(4L-R *C)}°*. (7)

Since the voltage oscillation of a condenser is
generated on the base voltage (the first term of Eq.
(1)), lower tube voltages V(1) after oscillating is
approximated by:

V(1)=-V exp(-1/R C). (8)
Because the effective x-ray duration D is primari-
ly determined by the minimum tube voltage V, .
(lower limitable voltage for biomedical radiogra-
phy), V . and D are given by the following two
equations:

V,.i.=-V_exp(-D/R ) (9

D=-R Cln(-V__ IV ). (10)
We assume that both V_and V__ are -70 kV and 10
kV respectively, D can be calculated to a value of
12.8 ps.

In this experiment, the maximum repetition
rate (frequency) was about 50 Hz, but the fre-
quency can be increased to a region of more than
100 Hz by using the other switching devices, e.g.,
ceramic thyratron. In addition, the focal spot
sizes can be easily decreased to sizes of about 1x1
mm by improving the tube structure.

Using this generator, since it is possible to
control the x-ray intensity, the x-ray quality, the
delay time, and the repetition rate, the optimum
use of the available radiographic conditions may
be accomplished for performing high-speed bi-

omedical radiography.

Vol. 9 No 2 (1992)
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High-Speed X-Ray Television System Utilizing a Flash Memory Device in
Conjunction with a CCD Camera

Eiichi SATO*, Michiaki SAGAE*, Teiji O1zuMI*, Hiroyasu ARIMA*¥*,

Yoshiharu TAMAKAWA*** and Toru YANAGISAWA¥¥¥*

* Department of Physics, Iwate Medical University, Morioka 020, Japan
** Radiation Center, Tohoku University Hospital, Sendai 980, Japan
***Center for Radiological Science, Iwate Medical University, Morioka 020, Japan
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(Received June 8, 1991, in final form November 14, 1991)

The constructions and the fundamental studies for the high-speed x-ray television (TV) system
utilizing a flash memory device in conjunction with a high-speed charge-coupled-device (CCD) camera
are described. This system can be applied to low-noise type flash x-ray generators and consisted of
the following essential components: a repetitive flash x-ray generator, an image intensifier (II), a high-
speed CCD camera, a flash memory device, a timing device between the x-ray generator and the flash
memory device, and an image processor. The radiographic images from an II were taken by a CCD
camera in conjunction with a flash memory device. These stroboscopic images were recorded by a video
tape recorder (VTR) and were reproduced and analyzed by the image processor having a color printer.
The flash memory device was connected to the pulsed x-ray generator through a timing device utili-
zing a light coupling system. The frame speed of the TV system was controlled by the flash memory
system in conjunction with a repetitive flash light system. When a home-video system was employed,

the maximum frame speed was 30 fps (Hz).

Vol.9 No 2 (1992) —61—



1. Introduction

In order to diagnose the high-speed move-
ments of various radiographic objects, the flash x-
ray generators have been employed and developed
by numerous investigators.'* And some differ-
ent kinds of generators®® have been applied to
perform high-speed biomedical radiography,
e.g., (a) continuous delayed radiography using a
timing switch and (b) multiple-exposure radiog-
raphy. Of course, the image detecting system for
performing high-speed radiography have been
also developed, and the sensitivity of the detector
material have become to high.

For biomedical radiography, the cine radiog-
raphy utilizing a high-speed camera system has
been usually employed; the cine system utilizes
the repetitive millisecond flash (pulsed) x-ray
generators having hot-cathode radiation tubes.
But it is not easy to obtain complete stoppage of
blood flow around the heart of the human body
since the maximum speed of the blood flow is
about 10 m/s.

Recently, two types of kilohertz-range repeti-
tive flash x-ray generators with microsecond du-
rations'%'") have been developed and can be effec-
tively applied to high-speed stroboscopic radiog-
raphy using an image intensifier system because
these generators produce sufficient intensities for
performing radiography. Since the time interval
between two flash x rays is quite long compared

to the duration of the flash x rays, the synchroni-

zation between the generator and the TV system
is difficult.

For this research, in order to perform strobo-
scopic radiography using a flash x-ray generator,
we developed a TV system in conjunction with a
flash memory device and processed various digi-

tal images.

2. High-Speed TV System

The block diagram of the high-speed x-ray TV
system utilizing a flash memory device is illus-
trated in Fig. 1. This system can be applied to
low-noise type flash x-ray generators and con-
sisted of the following essential components: a
repetitive flash x-ray generator, an II, a high-
speed CCD camera, a flash memory device, a
timing device between the flash memory device
and the x-ray generator, and an image processor.
The radiographic images from an image intensi-
fier were taken by a CCD camera in conjunction
with a flash memory device. Since this memory
device was employed in order to memorize an
instantaneous image, the image changed when a
next image was input to the image memory. The
stroboscopic images were recorded by a VTR and
were reproduced and analyzed by the image pro-
cessor achieved with a color printer. The flash
memory device was connected to the flash x-ray
generator through a timing device utilizing a light
coupling system. The frame speed of the TV

system was controlled by the flash memory sys-
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tem in conjunction with a repetitive flash light
system. When a home video system was used, the
maximum frame speed was 30 Hz. In this first trial
experiment, the kilohertz-range sub-millisecond
flash x-ray generator having a hot-cathode tri-

ode'? was employed.

Fig. 1  Block diagram of the high-speed x-ray

TV system utilizing a flash memory
device.

Fig. 2 shows the relation between the starting
signal, the x-ray output, and the Il output. The x-
ray output was measured by using a combination
of a screen of Kyokko FS and a photomultiplier,
and the II output was measured by a pin diode.
When the starting signal from the flash light
system was input to the flash memory device, a
short flash x-ray pulse with a duration of about 0.3
ms was generated; the x-ray generator was driven
by a light starting pulse from the flash light sys-
tem. Then, an II produced an output with a long

duration of about 10 ms.
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Fig. 2 Relation between the starting signal

form the flash memory device, the x-
ray output, and the II output: (a) intial
stage; (b) whole stage.



3. High-Speed Radiography

The first radiographic object was an electric
fan with four lead disks (see Fig. 3). Fig. 4 shows
the radiographic images printed by a ink-jet color
printer. Using this system, both the black-white
[see Fig. 4(a)] and false-color images could be
obtained. When a digital VTR was employed, the
stroboscopic radiography could be easily per-
formed [see Fig. 4(b)].

Fig. 5 shows an example of the image analysis
of a human hand. This radiograph shows a rever-
sal image [see Fig. 5(a)], and the image densities
can be easily showed by means of two or three di-
mensional density analysis [see Figs. 5(b) and

(e)1.

CHARGED VOLTAGE=60kV
FILAMENT VOLTAGE=AC 5. 6V
REPETITION FREQUENCY=30Hz

(a)

L .} Ll =

CHARGED VOLTAGE=60kV
FILAMENT VOLTAGE=AC 5. 6V
REPETITION FREQUENCY=30Hz
AFTER CONTRAST CONTROL

(b)

Fig. 3 General view of an electric fan with Fig. 4 Radiographs of an electric fan with a

four lead disks.

charged voltage of 60 kV: (a) black and
white image; (b) stroboscopic radio-
graphs with a frame speed of 30 Hz.

B2 R R o7 = et
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Fig. 5 Radiograph of a human hand with a
charged voltage of 50 kV: (a) reversed
black and white image; (b) two dimen-
sional density analysis; (c) three di-

mensional density analysis.
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4. Discussion

The first trial experiment for designing the
high-speed x-ray TV system utilizing an II tube
described in this paper was primarily constructed
in order to perform stroboscopic radiography
using flash x-ray generators. Although the x-ray
generator with submillisecond durations was
employed in this experiment, various kinds of
conventional x-ray generators for medical radiog-
raphy can be also employed.

Although the image resolution of this system
had a low value due to the resolution of a printer,
the resolution can be improved by using a high-
resolution video printer. In addition, since the
maximum frame speed of this system is primarily
determined by the speed of the VTR system, the
speed can be easily increased using a high-speed
VTR system. In this experiment, the maximum
frame speed Sfm was 30 Hz, but the x-ray duration
can be decreased to a region of sub-microseconds.
In addition, the frame speed S{ is represented by:

S=5,IN, (1)

[ fm
where N is the aliquot.
Next, in order to obtain complete stoppage of
high-speed radiographic objects, the durations D_
of the flash x rays are essential for determining the
maximum speed §_of the objects. In this case, §
is given by:
§ =B/D, (2)
where B is the blurring caused by the movement.

In order to decrease B within a range of 0.2 mm,



when a D =20 ps is selected, S" can be calculate
to a value of 10 m/s. Thus, the flash x-ray genera-
tors in conjunction with the TV system are quite
useful for cardiovascular contrast studies.

When a high-speed CCD camera system is
employed, a screen-mirror system without using
an II tube can be also designed. Thus, if the
fluorescent rate of a screen is proportional to the
dose rate of the x rays, the low dose radiography
can be performed by using a high-sensitivity
camera.

Using this high-speed x-ray TV system, be-
cause high-speed false-color radiography can be
also performed, the dynamic image analysis for
the cardiovascular contrast study can be easily ac-

complished.
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The constructions and the fundamental studies for the high-intensity flash x-ray generator uti-
lizing a surface-discharge radiation tube in conjunction with a large capacity condenser are described.
This generator consisted of the following essential components: a high-voltage power supply, a coaxial
oil condenser of 199 nF, a turbo molecular pump, a trigger device for the surface-discharge cathode,
and an x-ray tube. The x-ray tube was of the demountable-type which was connected to a turbo mo-
lecular pump operated at a pressure of 1.3 x 10 Pa and consisted of the following major devices: a
rod-shaped long anode tip made of tungsten, a surface-discharge cathode made from a ferrite plate,
and a tube body made of stainless steel. The high-voltage condenser was charged from 30 to 50 kV,
and the electric charges in the condenser were discharged to the x-ray tube when a surface discharge
was caused on the ferrite cathode by the triggering. The maximum tube voltage was equivalent to the
initial charged voltage, and both the maximum current and the current duration with a charged voltage
of 50 kV were 13 kA and 40 s, respectively. The pulse widths of the flash x rays were less than 3

ps, and the maximum x-ray intensity was about 6 uC/kg at 1.0 m per pulse.
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1. Introduction

The flash x-ray generators have been primari-
ly employed for performing high-speed radiogra-
phy, and various kinds of generators have been
developed.' In particular, since the flash x-ray
generators with maximum photon energies of less
than 150 keV can be applied to biomedical radi-
ography,®® and several different kinds of genera-
tors have been developed.

In order to generate flash x rays using a cold-
cathode radiation tube, various kinds of electrode
configurations can be considered."'®? But it is not
easy to generate stable vacuum discharge for
generating flash x rays when a cold cathode is
employed. In view of this problem, a new type of
cathode utilizing a new type of discharge mecha-
nism is desired.

In fundamental research concerning vacuum
discharge, we found a stable discharge character-
istics of the resistor surface, and this surface
discharge can be applied to various kinds of elec-
tron sources including a cold cathode which is
employed for the flash x-ray tube.

For this research, we developed a new type of
ferrite-cathode flash x-ray tube in conjunction
with a large capacity condenser and tried to per-

form biomedical radiography.

2. Generator

2.1 High-voltage circuit

The electric circuit including the block dia-
gram of the flash x-ray generator having a ferrite-
cathode radiation tube is illustrated in Fig. 1.
This generator consisted of the following essen-
tial components: a high-voltage power supply, a
coaxial oil condenser of 199 nF, a trigger device
for the ferrite cathode, a turbo molecular pump,
and a flash x-ray tube. The high-voltage con-
denser was charged from 30 to 50 kV by a power
supply, and the electric charges in the condenser
were discharged to the x-ray tube when a surface-
discharge was caused on the ferrite cathode by the
triggering. The trigger device employed the

inversion of the condenser polarity (see Fig. 2)

POHER
SUPPLY
==1= vAcuun
—-l-d_ puwe
TRIGGERY
DEVICE
Fig. 1  Electriccircuitincluding the block dia-

gram of the single flash x-ray genera-
tor having a surface-discharge radi-
ation tube.
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and produced a high-voltage impulse with a

maximum voltage of -25 kV (no-load) and a short

rise time (0~100%) of about 50 ns.
16kV o—MN— 1

500V
24V

e =
i

FERRITE

Fig. 2  Circuit diagram of the trigger pulser.

2.2 X-ray tube

The flash x-ray tube was of t'he demountable
type which was connected to a tube molecular
pump operated at a pressure of 1.3 x 10 Pa and
consisted of the following major devices (see Fig.
3): arod-shaped long anode tip made of tungsten,
a surface-discharge cathode made from a ferrite

plate, and a tube body made of stainless steel. The

space between the anode and cathode electrodes

—
U] =i

FERRITE e

CATHODE TRIGGER

(a)
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- 20mm
1.8mm—
18mm
e 30mm s
7
TO HOLDER
(b)
Fig. 3  Schematic drawing of the flash x-ray

tube having a surface-discharge cath-
ode: (a) radiation tube; (b) ferrite plate.

(A-C space) was about 50 mm, and the both ends
of the ferrite cathode were held by two screws.
When a negative trigger pulse was supplied to the
trigger electrode, the surface discharge on the

ferrite surface was produced.

3. Radiographic Characteristics

3.1 Trigger voltage and current

Both the trigger voltage and the current caused
by the vacuum discharge on the ferrite surface
were measured by a high-voltage probe with an
input impedance of 100 MQ and a coaxial current
shunt, respectively, at the indicated conditions.
The peak (maximum) trigger voltage (absolute
value) slightly increased according to increases
in the charged voltage, and the voltages displayed
many peaks (see Fig. 4). In this experiment, the
maximum voltage was about 11 kV with a charged
voltage of 50 kV. In contrast, the trigger current
seldom varied when the charged voltage was

increased. They did not display many peaks and



mum values were about 0.32 kA (see Fig. 5).
Since the electric resistance of the ferrite cathode
was about 10 k2, most of the tube current flowed

through a surface of the ferrite plate.

Vc: CHARGED VOLTAGE

Ve=30kV

TRIGGER VOLTAGE (10kV/DIV.)
(=1
5
A
=
-

200ns/DIV.

Fig. 4  Trigger voltages according to changes
in the charged voltage of the main

condenser.

. Vc: CHARGED VOLTAGE |
= of
£
=
=
S
= or I I 1
& Vc=40kV
El
(S ]
E 0 frm
= Vc=50kV
200ns/DIV.
Fig. 5 Trigger currents at the indicated condi-
tions.

3.2 Tube voltage

The tube voltage was also measured by using
another high-voltage probe with an input imped-
ance of 1GQ (see Fig. 6). The maximum tube
voltages were equivalent to the charged voltage of
the main condenser, and the voltages displayed

damped oscillations.

V=30V T yo: CHARGED VOLTAGE !
Ve=doky T -

S o ——~— *

[=]

S

-

k3

=

<] Ve=40kV

=< c=

el e e ;f:rr] -----------

2 E“‘!“g'\,.f T R P,

w |

£ | Vc=50kV

2

L meu?;;:‘:;‘_;:

10us/DIV.

Fig. 6 Typical tube voltages.

3.3 Tube current

Fig. 7 shows the tube currents derived from a
measurement by using a Rogowski’s coil. The
currents displayed damped oscillations, and the
first peak current for generating flash x rays
roughly increased according to increases in the
charged voltage. The first peak current and the
current duration with a charged voltage of 50 kV
were 13 kA and 40 ps, respectively. Since this
tube had a metal body, the tube current was the

total current including the leak current.
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Fig. 7 Tube currents.

3.4 X-ray output

The single flash x-ray outputs were measured
by using a pin diode without a cover glass'" (see
Fig. 8); glass was removed from a diode in order
to detect the soft components of the flash x-ray
spectra. The pulse height of the flash x rays
substantially increased when the charged voltage
was increased. Compared to the pulse widths
obtained by usual generators, the pulse widths had
quite large values of less than 3ps. The time-
integrated x-ray intensities were measured by a
thermoluminescence dosimeter with elements of
MSO-S in order to measure the soft flash x rays.
The x-ray intensity roughly increased in propor-
tion to the pulse height of the flash x-ray intensity.
The x-ray intensity per pulse with a charged
voltage of 50 kV was about 6 pC/kg at 1.0 m per

pulse.

Vol.9 No 2 (1992)

o Vc=30kV 1
=
=
=
§n Ve=40kV I
£ | Ve: CHARGED VOLTAGE
=
=1
o
>
<
T
5 Ve=50kV ]

0 /)

10ps/DIV.
Fig. 8 Single flash x-ray outputs.

3.5 X-ray source image

The images of the x-ray source were measured
by using a pinhole camera of 100 pm and a Polar-
oid XR-7 (see Fig. 9). Both the size and the in-
tensity of the x-ray source substantially increased
according to increases in the charged voltage
since the plasma x-ray source which consisted of
tungsten ions and electrons was primarily pro-
duced by the vaporizing of the anode tip. Since
the plasma x rays had a large quantity of soft
components, both the size and the intensity sub-
stantially decreased when aluminum filters were

inserted.



1.4 m. The complete stoppage of the wings are
observed.
4

Vc=30kV Vc=40kV Ve=50kV

Vc: CHARGED VOLTAGE
Al: ALUMINUM FILTER THICKNESS
ANODE DIAMETER=3.0Omm

Vc=50kV
A1=0. 2mm

20mm ;
—
Ve=50kV
Al=0.4mm

40 kV.
Fig. 9 Images of the flash x-ray source at the
indicated conditions.

4. Flash Radiography

The flash radiography achieved with this x-ray
generator was performed by using a CR system.'?
A radiograph of a phantom is shown in Fig. 10;
the radiographic conditions are as follows: a
condenser charged voltage (V) of 45 kV and a
distance between the imaging plate and the x-ray
source (/-X distance) of 1.0 m. Since the x-ray
qualities without filtering from this generator
were quite soft, various portions in the phantom
equivalent to the soft tissue in the biomedical
object are clearly visible. Fig. 11 shows a flying

parakeet with a V_of 50 kV and an /-X distance of

Fig. 10 Radiograph of a phantom with a V, of

Fig. 11 Radiograph of a flying parakeet with a
V_of 50 kV.
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5. Discussion

The single flash x-ray generator utilizing a
surface-discharge flash x-ray tube in conjunction
with a large capacity condenser was first designed
in order to measure the electric characteristics of
the surface discharge of the ferrite plate. And we
succeeded in generating high-intensity flash x
rays including plasma x rays. Since this genera-
tor had a large capacitor of about 200 nF and a
large A-C space, the discharge impedance of the
x-ray tube varies from infinity to almost zero, and
both the tube voltage and the current display
damped oscillations.

In the initial stage of the vacuum discharge for
producing flash x rays, since this flash x-ray tube
has an extremely high impedance caused by a
large A-C space, the tube current J(r), the tube
voltage V(¢), and the x-ray intensity I(1) of the
bremsstrahlung spectra can be approximated by

the following three equations:

J(O)=V (IZ()=V JZ(1), (1
V(D= (N=V,, (2)
I(0)=KV (6)**"1Z(t)=KV **/Z(1), (3)

where V (1) is the condenser charged voltage
during the discharging, Z(s) is the discharge
impedance of the x-ray tube, V_ is the initial
charged voltage, K is some factor, and ¢=2. Thus,
I(r) increases in proportion to about the third
power of V_in the initial stage.

In the main vacuum discharge, because Z(r)

substantially varies to almost zero, three values of
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J(#), V(t) and I(t) are given by

J(O)=V (VNZ+Z(1)), (4)
VD=V (DZ(D/Z,+Z(1)), (5)
I()=KV (' Z(1)°/(Z,+Z(1))**". (6)

Thus, in order to maximize the time-integrated x-
ray intensity of the bremsstrahlung spectra, it is
necessary to maximize the overlapping area be-
tween J(¢) and V() in the first half cycle.
Next, the trigger current J (¢) and the voltage
V(1) are given by the following two equations:
J )=V (DNZ,()+Z,}, @)
V.(0=V (DZ (ODNZ(D+Z )}, (8)
where Vp(r) is the output voltage of the trigger
pulser, Z (r) is the discharge impedance of the
ferrite electrode, and Zp is the impedance of the
trigger pulser. Compared to the ferrite impedance
Z,r which mainly consists of the resistance, since
the discharge impedance is a quite small value, the
maximum trigger current J,_ is a large value of
about 0.3 kA with a pulser charged voltage of 15.1
kV and represented by the following condition:
12>V, JZ, (9)
where Vs the maximum output voltage (abso-
lute value) of the trigger pulser (me=25 kV).
Thus, Z (0 mainly consists of surface discharge
impeance of the ferrite electrode and given by
Z,(0=ZZ (DNZ+Z (0)=Z (1) (10)
Since the high-intensity plasma x-ray source
which consists of tungsten ions and electrons
produces a large quantity of soft components of
about 10 keV, the high-intensity and high-speed

soft radiography using L-series characteristics



x rays'? produced from a tungsten target may be

accomplished.
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A repetitive kilohertz-range flash x-ray generator utilizing a hot-cathode triode in conjunction
with a new type of grid control device is described. This generator consisted of the following essential
components: a constant high-voltage power supply with a maximum voltage of 100 kV, an energy
storage condenser of 97 nF, a repetitive grid control device, and a hot-cathode triode. The energy-
storage condenser was charged from 50 to 70 kV by a power supply, and the electric charges in the
condenser were discharged repetitively by the grid electrode driven by the grid control device. The
maximum values of both the tube voltage and the tube current were 70 kV and about 0.4 A, respec-
tively. The duration of pulsed x rays was primarily determined by the time constant of the grid control
device and the cutoff voltage of thermoelectrons. The effective duration and the x-ray intensity were
about 0.8 ms and 0.62 pC/kg at 1.0 m per pulse, respectively, with an initial grid voltage of -1.5 kV,
a charging resistance of 2.0 MQ, and a condenser charged voltage of 70 kV. The maximum repetitive

frequency was about 1 kHz, and the size of the x-ray source was less than 4x4 mm.
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1. Introduction

In order to perform high-speed biomedical
radiography, the flash x-ray generators are quite
useful radiation sources, and several different
kinds of generators have been developed by
numerous investigators.'¥  Although most of
flash x-ray generators employ cold-cathode radi-
ation tubes®® and can produce extremely short
durations of less than 1 s, it is not necessary to
perform biomedical radiography because there
are no ultra high-speed motions.

For increasing the repetition frequency (rate)
of the flash x rays up to kilohertz-region with
microsecond durations, the hot-cathode triode in
conjunction with a grid control device!®'") is
useful since the sufficient x-ray intensities can be
obtained by increasing the x-ray duration and the
tube current at a constant tube voltage.

For this research, we developed the repetitive
flash x-ray generator utilizing a hot-cathode tri-
ode in conjunction with a new type of grid control
device with a repetition frequency of less than 1
kHz and measured the radiographic characteris-

tics.

2. Generator

2.1 High-voltage transmission line

The main transmission line of the repetitive

sub-millisecond flash x-ray generator is illus-

trated in Fig. 1. This generator consisted of the
following essential components: a high-voltage
power supply with amaximum voltage of 100 kV,
an energy-storage condenser with a capacity of 97
nF, a grid control device with a initial voltage
before main discharge of -1.5 kV, a DC power
supply for the filament (cathode), and an x-ray
tube. The energy-storage condenser was charged
from 50 to 70 kV by a power supply, and the
electric charges in the condenser were discharged
to the x-ray tube repetitively by the grid electrode

driven by the grid control device..

AN
5@-7T0kV

AN
-1.5kV . =r—

A {
140V

A it
12v

JLe :

GRID

|
—L— caTHODE'
(F1LAMENT)

Electric circuit of a repetitive sub-
millisecond flash x-ray generator.

Fig. 1

The grid electrode was directly driven by two
thyristers (cf. Fig. 1). When a positive pulse pro-
duced from a light receiver was input to a simple
amplifier having a differentiating circuit, a long
electric pulse was shaped to a short positive pulse
and was transmitted to the thyrister pulser. Next,
the electric charges in the serial connected con-
densers (C, and C,) for supplying initial bias
voltages were discharged by the main two thyris-

ters when an amplified signal from a thyrister
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pulser was input to the gates from a trigger trans-
former. Finally, the two condensers were charged
to the initial grid voltage through a charging

resistor of R.

2.2 X-ray tube

The x-ray tube was of a enclosed triode type
with a hot cathode (see Fig. 2). This tube con-
sisted of the following major devices: an anode
electrode with a plate target made of tungsten, a
hot cathode made from a tungsten coil, a grid elec-
trode made from tungsten wires, a focusing elec-
trode made of iron, a glass tube body, and an
insulator made from an acrylate resin tube. The
electron beams from the cathode were roughly
converged to the target by a focusing electrode
with a voltage range between the cutoff voltage

and the ground potential.

FILAMENT |
(CATHODE) ™~

FOCUSING.
ELECTRODE

Fig. 2  Structure of a hot-cathopde triode.
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3. Radiographic Characteristics

Various radiographic characteristics of this
flash x-ray generator were measured under a
repetition frequency of 1 Hz except for measuring
repetitive x rays. The filament temperature was
about 2000 K, and the x-ray tube was primarily
driven under the temperature-limited current

region.

3.1 Grid voltage

Fig. 3 shows the grid voltages during main
discharge measured by using a high-voltage probe
at the indicated conditions. The filament voltage
and the current were 11.0 V and 5.6 A (DC), re-
spectively. In this experiment, the initial bias

voltage had a comparatively low (absolute) value

of -1.5 kV. The peak grid voltages were about

CHARGING RESISTANCE=2.0MQ
Vc: CHARGED VOLTAGE

=-1.5kV
s I
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-
]
= -1 | B e
-
(=]
- 4
=] \
o
S . Ve=70kV
sk — ]
0.2ms/DIV.
Fig. 3  Grid voltages according to changes in

the charged voltage of the energy-stor-
age condenser at the indicated condi-
tions.



0 V, and the connected condensers were charged
to the initial grid voltage. Next, the grid voltage
seldom varied according to changes in the charged

voltage of the main condenser.

3.2 Tube voltage

The tube voltage equivalent to the charged
voltage of the main condenser was also measured
by a high-voltage probe at the indicated condi-
tions (see Fig. 4). When the charged voltage was
increased, the voltage drop increased, and this
value caused by one shot was about 1.2 kV with
a charged voltage of 70 kV. Thus, the electric
charges for producing one pulse of x rays had
small values compared to those in an energy-
storage condenser.

CHARGING RESISTANCE=2.0MQ
Vc: CHARGED VOLTAGE

50KV}
- \ Yc=50kV
= !
£ 60kV
>
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=)
- i Ve=60kV
& 70kY
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= |
g
Lt
=
=
Vc=70kV
0.2ms/DIV.
Fig. 4 Typical tube voltages (voltage drops).

3.3 Tube current

The tube current was measured by a coaxial
current shunt (see Fig. 5). Both the peak current
and the current duration increased according to
increases in the charged voltage. The peak tube
current was about 0.4 A with a charged voltage of
70 kV. These results indicated the fact that both
the effective accelerating voltage and the cutoff
voltage (absolute value) for thermoelectrons in-
creased when the charged voltage was increased.

CHARGING RESISTANCE=2.0MQ

Vc: CHARGED VOLTAGE

™ T

Ve=50kV

TUBE CURRENT (0.28A/DIV.)
o o
) [ ;
1
I
I
1
I
1
|
|
)
J1]
=)
2
-

Ve=70kV

o
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Fig. 5 Tube currents.

3.4 X-ray output

The single x-ray output was measured by using
a combination of a screen (Kyokko FS) and a
photomultiplier at the indicated conditions (see
Fig. 6). When the charged voltage was increased,
both the pulse height and the duration of the x-ray

pulse increased [see Fig. 6(a)].The maximum
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duration of the pulsed x rays with a charged
voltage of 70 kV and a charging resistance of 2.0
MQ was about 0.8 ms. Of course, the x-ray
duration increased in proportion to the charging
resistance [see Fig. 6(b)]. Fig. 6(c) shows the
repetitive flash x rays of 0.5 and 1.0 kHz at the
indicated conditions. When the exposure number
was limited, the stable x-ray outputs were ob-

tained.

CHARGING RESISTANCE=2.0MO
Vc: CHARGED VOLTAGE

—r\\\ Vc=50kV
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-
=
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-
g
> Ve=70kV
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(a)

CHARGED VOLTAGE=60kV
Rc: CHARGING RESISTANCE

Rc=1.0MQ

X-RAY OUTPUT (ARB. UNIT)

0.2ms/DI1V.
(b)

The time-integrated x-ray intensity was mea-
sured by a Victoreen 660 ionization chamber [see
Fig. 6(d)]. The x-ray intensity increased by
about the third power of the charged voltage, and
the intensity with a charged voltage of 70 kV and
a charging resistance of 2.0 MQ was 0.62 uC/kg

at 1.0 m with observational errors of about 1%.
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CHARGED VOLTAGE [kV]

(d)

X-ray outputs: (a) charged voltage dependence of the single x-ray output; (b)

effect of the x-ray duration with a charging resistance; (c) repetitive
flash x-ray outputs; (d) time-integrated x-ray intensity.
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3.5 X-ray source image

The image of the x-ray source was observed by
using a pinhole camera of 100 pm and a Polaroid
XR-7. These were achieved with one shot of flash
x rays (see Fig. 7). Both the spot size and the
intensity increased according to increases in the
charged voltage. For the intensity distribution in
the focal spot, since the electron beams were
converged by a focusing electrode with a voltage
range between the cutoff voltage of thermoelec-
trons and the ground potential, the center of the
spot was the highest, and the maximum size was
about 4x4 mm.

INITIAL GRID VOLTAGE=-1.5kV
Vc: CHARGED VOLTAGE

Ve=50kV Vc=60kV Ve=70kV
10mm
P
Fig. 7 Images of the x-ray source.

4. Radiography

The radiography achieved with this flash x-ray
generator with a charging resistance of 2.0 MQ
was performed by using a CR system'? used for

medical radiography. A radiograph of a head is

shown in Fig. 8; the radiographic conditions are
as follows: a condenser charged voltage (V) of 70
kV and a distance between the imaging plate and
the x-ray source (/-X distance) of 1.1 m. The bones

images are clearly visible. Fig. 9 shows a trial

Fig. 8 Radiographof a head witha V_of 70kV.

Fig. 9 Multiple-exposure radiograph of a

metronome with a Vc of 60 kV.



experiment for performing multiple exposure
radiography of a metronome achieved with repeti-
tive x rays of 20 Hz with a V_of 60 kV and an /-
X distance of 1.0 m. The accelerating movements

of a pendulum are observed.

5. Discussion

This repetitive flash x-ray generator was pri-
marily designed in order to control the x-ray
duration by varying the time constant in the grid
control device. Thus, the x-ray intensity can be
controlled by varying both the x-ray duration and
the tube voltage at a constant filament tempera-
ture. In addition, the x-ray quality is primarily
controlled by the tube voltage and is made harder
by increasing the tube voltage and by insertion of
metal filters.

For the time relation between the grid voltage,
the tube current, and the x-ray output, we obtain
optimum characteristics (cf. Fig. 10) corre-
sponding to the design of this x-ray generator. In
summary, concerning the flash x-ray generation,
since the tube current can be also controlled and
increases up to about 1 A by increasing the fila-
ment temperature, the optimum x-ray intensity
corresponding to desired quality can be obtained.

Next, the effective accelerating voltage of the
triode for thermoelectrons from the cathode elec-
trode (tube voltage of the equivalent diode) V . is
represented by the following equation:

Vo (CV rC L VIC +C ),

(1)
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CHARGING RESISTANCE=2.0M QO
CHARGED VOLTAGE=60kV

-1.5kV |

i .

0.2ms/DIV.

Fig. 10 Relation between the grid voltage, the
tube current, and the x-ray output.

where Cq is the electrostatic capacity between the
cathode and grid electrodes, C_ is the capacity
between the cathode and anode electrodes, V; is
the grid voltage, and V,_ is the anode voltage
equivalent to the tube voltage. Thus, the cutoff
voltage 1./0),Jr of thermoelectrons is given by:

Vor=CeV/Cy (2)
Since the charging line in the grid control device
is a RC-series circuit, the x-ray duration D is rep-
resented by the following equation:

D=-RCln(1-VaﬂJV,)/2. (3)
where R is the charging resistance for controlling
the x-ray duration, C is the capacity of each con-
denser, and V_ is the supplied voltage equivalent
to the initial grid voltage. Thus, D is proportional
to R, D can be easily controlled by varying R at
constant C, V, and V.

The tube current J(¢) varies according to

changes in V‘ﬂ, and the temperature of the filament



T, but J(#) can not be easily represented by a
simple equation. Thus, two values of J(r) and the
tube voltage V() are given by:
J(r)=f(V¢”, 7),
V()=v,,

(4)
(5)
Thus, the x-ray intensity of the bremsstrahlung
spectra I(¢) is given by:

I(N=KJ(n)V °, (6)
where K is some factor and a=2. Thus, I(¢) can be
controlled by varying T at a constant V.

Using this sub-millisecond flash x-ray genera-
tor, because high-intensity flash x rays corre-
sponding to desired qualities have been obtained,
medical radiography for various portions of a
human body can be performed. When this genera-
tor is employed in conjunction with a high-speed
x-ray television system utilizing an image inten-
sifier tube, since the duration can be decreased,
high-speed stroboscopic radiography with dura-
tions of less than 10 ps can be easily accomplished

for imaging a wide variety of biomedical objects.
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X-ray K-edge energy subtraction television system for noninvasive angiography was imple-

mented using high speed monochromator, X-ray image intensifier, special prism and two CCD cam-

eras combined with synchrotron radiation system at the National Laboratory for High Energy Physics

(KEK), Tsukuba, Japan. Each exposure for dual energy monochromatized X-ray and interval times

are 2 ms. Angiograms of an anesthetized dog were obtained as real time images.
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(c)

Fig. 6 Outputimages of moving iodine phan-

tom. Exposure and interval times are 8
ms. Fluoroscopic image taken by HX
(a), by LX (b). Subtraction image (c).

(c)

Fig. 7 Output images of moving iodine phan-
tom. Exposure and interval times are 2

ms. Fluoroscopic image taken by HX

(a), by LX (b). Subtraction image (c).
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(b)

Fig. 8 Angiogramof an anesthetized dog. Ex-
posure and interval times are 2 ms.
Fluoroscopic image taken by HX (a),
by LX (b). Subtraction image (c).
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(b)

(c)

Fig. 9 Three images from sequential angi-
ograms of an anesthetized dog.



Table 1 Experimental conditions for angi-

ography

SOR energy and current 5.8 GeV, 25 mA

Size of irradiated area 64 x 55 mm
Weight of dog 14.5 kg
Injected contrast material Urografin 76%, 10ml

(atrate of 10ml /s )
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