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Study on Coltman's Correction by Simulation
Katsuyuki KoJjiMA*, Du-Yih Tsar**, Kazuo TANAKA*** and Suguru UCHIDA*

*Department of Administration and Informatics, Faculty of Administration and Informatics,
Tokoha-Gakuen Hamamatsu University, 1230, Miyakodacho, Hamamatsu-shi, SHIZUOKA, 431-21-
#**Department of Radiological Technology, Gifu College of Medical Technology,

795-1, Ichihiraga Aza Nagamine, Seki-shi, GIFU, 501-32
##*Department of Electronics and Computer Engineering, Faculty of Engineering,

Gifu University, 1-1, Yanagido, Gifu-shi, GIFU, 501-11
(Received September 30, 1990; in final form March 9, 1991)

The conversion of the square-wave transfer function into the corresponding sine-wave transfer
function (i.e. MTF) via the Coltman’s formula was performed by computer simulation. We expanded
the Coltman's formula which is used for correction up to a maximum of twenty-five (25) terms, and
then compared and discussed the difference of the results obtained using various numbers of correc-
tion terms. Our results showed that the use of first four (4) terms of the Coltman's formula was sufficient
for correction, judging from the standard deviations of the resultant MTF values. A unique phenome-
non, however, was noticed. Namely, if the first eight (8), eighteen (18), and twenty-three (23) cor-
rection terms were used, the MTF values might be reversed when the transfer function is still present

at high spatial frequencies. If we set the MTF value at zero spatial frequency to unity (different from

Keywords: Coltman's correction, MTF measurement, chart method, simulation, convergence

Vol, 8 Na2 (1991) —35—



normalization), the results were the same as those corrected MTFs without reversion. However, when

the correction terms up to five (5) or fourteen (14) were used, the reversion was present, even if the

MTF value at zero spatial frequency was set to unity. Therefore a full consideration must be taken

when using Coltman's formula, provided this phenomenon exists.

Moreover, our calculated results

showed that the MTF value at zero spatial frequency still could not be unity, even if the correction terms

were up to 812. We concluded that the Coltman's correction expression is a function having consid-

erably slow convergence.
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are the same as those shown in Fig. 1.
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Table 1  The convergence of the corrected MTF values at zero frequency,
when the Coliman's correction expression expanded to 812 terms.
(Terms from 45 to 769 are omitted)

Term Corrected MTF value Term Corrected MTF value
2 1.04717308845 770 1.004488353456306
3 8900971251825 m 1.004075213100526
4 1.002294241802143 772 1.003662506943754
5 1.073692406923734 773 1.003250234074285
6 1.013278574897772 774 1.003662074565286
7 .9609199204752722 775 1.004073483583797
8 .9147211077495369 776 1.003662934803693
9 .9560568875567738 777 1.003252814795162
10 .9934559264299881 778 1.002843549648556
1 1.027602874966401 779 1.003252388699226
12 1.000520812334074 780 1.002843974858177
13 1.025855645119154 781 1.002436408788464
14 1.049655033493018 782 1.002843552290971
15 1.027215610169089 783 1.003250274101607
16 1.005989128646454 784 1.002843973110227
17 .9858511846378002 785 1.003249435070133
18 9666955793612759 786 1.002844391327824
19 .9849602262528456 787 1.003249017714396
20 1.00167043511109 788 1.002844807824362
21 .9862708308691785 789 1.003248602074407
22 .971452343768471 790 1.00365198153837
23 9571727107441528 791 1.003249016009208
24 .9709513040132318 792 1.003651568452231
25 .9842628263240368 793 1.004053297258541
26 .9713877473676844 794 1.004454615509097
27 .9834705137728767 795 1004053706976
28 9951926005838842 796 1.00445420662737
29 1.006574916762688 797 1.004054115024549
30 1.017636604316738 798 1.003654430639645
3 1.006877976695676 799 1.003255152644557
32 1.017077714570189 800 1.003654025075404
EE] 1.027019231232689 801 1.003255961306353
34 1.036481638658442 802 1.003653219685887
35 1.045721401203589 803 1.004050076591565
36 1.036694046992813 804 1.004446532834037
£ 1.027869554674414 805 1.004050476446575
38 1.019239007242134 806 1.00444613378478
39 1.027683951503828 807 1.004841392877049
40 1.01941679554238 808 1.004446927876377
41 1.01132009640488 309 1.004052858726183
42 1.003544058619361 810 1.00365918463278
43 1.011169105379919 811 1.00326590480487
44 1.003689297605276 812 1.003658791156214
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A method for generating repetitive flash x rays using a compact cold-cathode triode in conjunc-
tion with a two-stage Marx pulser is described. This flash x-ray generator consisted of the follqwing
components: a high-voltage power supply with a maximum voltage of 100kV, an energy storage
condenser with a capacity of 100nF, a modified two-stage Marx pulser with a capacity during main
discharge of 425pF, a turbo molecular pump, a trigger resistor of 3k, and a flash x-ray tube. The two
ceramic condensers were charged from 50 to 70kV, and the output voltages from the high-voltage pulser
were about 1.8 times the charged voltages. The x-ray tube was of the triode type which was connected
to the turbo molecular pump with a pressure of 6.7x10*Pa and consisted of the following major de-
vices: a rod-shaped long anode tip made of tungsten, a ring-shaped trigger electrode made of brass,
a cylinder-shaped cathode electrode made of graphite, and a tube body made of acrylate resin. The
durations of the flash x-ray pulses were about lps, and the x-ray intensity with a charged voltage of
70kV was about 320nC/kg at 0.5m per pulse. The repetitive frequency was less than 50Hz, and the

maximum size of the focal spot was equivalent to the anode diameter of 3.0mm.

1. Introduction x-ray generators with nanosecond durations have

been developed."‘” But for high-speed biomedi-

It is known that the flash x-ray generators are
quite useful radiation sources for performing

high-speed radiography, and many kinds of flash

Vol, 8 Na2 (1991)

cal radiography, 55 extremely short durations are
not essential since biomedical objects do not

display ultra high-speed motion.



In order to maximize the flash x-ray intensity
of the bremsstrahlung spectra, the effective con-
version of the electrostatic energy in the con-
denser into flash x rays is necessary. If longer
durations of the flash x rays are permitted, the x-
ray intensity increases according to increases in
the discharge impedance between the anode and
cathode electrodes when the damped oscillation is
prevented. In this condition, the discharge imped-
ance which mainly consists of electric resistance
has a quite large value compared to the body im-
pedance of the generator.

For this research, in order to increase the x-ray
intensity and to obtain stable x-ray intensity per
pulse by preventing the damped oscillations of
both the tube current and the tube voltage, we
developed a repetitive flash x-ray generator util-
izing a compact triode operated at low-dose rates

and measured the radiographic characteristics.

2. GENERATOR

2.1 High-voltage circuit

The block diagram of the repetitive flash x-ray
generator having a compact triode is shown in
Fig. 1. This generator consisted of the following
essential components: a high-voltage power
supply with a maximum voltage of 100kV, an
energy storage condenser with a capacity of
100nF for increasing the repetition frequency, a

modified two-stage Marx pulser with a repetitive

trigger device, a trigger resistor of 3.0k, a turbo
molecular pump, and an x-ray tube. Fig. 2 shows
the circuit diagram of the flash x-ray generator.
The two condensers in the high-voltage pulser
were charged from 50 to 70kV by a power supply,
and the electric charges in the condensers were
discharged repetitively to the x-ray tube. The trig-
ger electrode was connected to the anode elec-

trode through a liquid-type trigger resistor.

—

ENERGY HIGH-VOLTAGE

POHER
STORAGE
CONDENSER PULAER

TRIGGER
RES1STOR

/X-RAYS\

Fig. 1  Block diagram of the repetitive flash x-
ray generator with a cold-cathode tri-
ode.

oc
POHER
SUPPLY
ANODE
STORAGE s
CONDENSER "
TRIGGER
; A I catrone
ideer —— [
- A-RATS
Fig. 2  Electric circuit of the flash x-ray gene-

rator.
2.2 X-ray tube
The x-ray tube was of the triode type which

was connected to a turbo molecular pump oper-

ated at a pressure of 6.7x10"*Pa and consisted of
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the following major parts [see Fig. 3] : a rod-
shaped long anode tip made of tungsten with a
diameter of 3.0mm and a length of about 100mm,
a ring trigger electrode made of brass with an
inside diameter of 10.0mm, a graphite cathode
electrode with a bore diameter of 10.0mm, a spat-
tering shield made of brass, an x-ray window made
of acrylate resin of 4.0mm thickness, and a tube
body made from acrylate resin tube with an outer
diameter of 65mm and a length of 500mm. The
space between the anode and the plane of the

trigger electrode can be regulated from the out-

side of the x-ray tube by rotating the anode rod.

TUNGSTEN

ACRYLATE ANODE

RESIN

==
~~o

GRAPHITE

Schematic drawing of the flash x-ray
tube having an acrylate resin body.

Fig. 3

Vol, 8 Na 2 (1991)

But, in this experiment, the space was set to a
value of 10.0mm. The space between the trigger

and cathode electrodes was about 0.5mm.

3. Radiographic Characteristics

3.1 Pulser output

Fig. 4 shows the outputs from the high-volt-
age pulser. These voltages were measured by
using a high-voltage divider. The peak voltage in-
creased according to increases in the charged
voltage. The peak voltages were about 1.8 times

the charged voltages.

CHARGED VOLTAGE
_ 70kV
: 60kV
5 50KV 1
2
>
=]
o~
—
2
5
(=]
o
&
=
) oy )
500ns/DIV.
Fig. 4 Output voltages from a modified two-

stage Marx pulser according to changes
in the charged voltage.

3.2 Tube and trigger voltages

Both the tube and trigger voltages were also
measured by a high-voltage divider. Compared to

the pulser outputs, the peak tube voltages were



slightly lower values, and the voltages decreased
rapidly [see Fig. 5]. Since the tube impedances
during main discharge were comparatively large
values, the tube voltage never displayed the
damped oscillation. In contrast, the trigger volt-
ages displayed two peaks, but the voltages were
positive values during main discharge for gener-

ating flash x rays [see Fig. 6].

= CHARGED VOLTAGE i
(=]
~
z
g
[¥}
2
e
S
=
=
=
0 pu,v— -
500ns/DIV.
Fig. 5 Charged voltage dependence of the
tube voltage.
g 50kV
<0
=
= | CHARGED VOLTAGE
= 60kV
:50 ___________________
=
=
&
&
=
o
500ns/DIV.
Fig. 6 Variation of the trigger voltage with
the charged voltage.

3.3 Cathode current

Fig. 7 shows the cathode currents measured
by a coaxial current shunt at the indicated condi-
tions. They displayed many peaks, and the
maximum current increased according to in-
creases in the condenser charged voltage. The
maximum current was about 200A with a charged

voltage of 70kV.

50kV

CHARGED VOLTAGE
60kV

CATHODE CURRENT (74A/DIV.)

500ns/DIV.

Fig. 7 Cathode currents according to changes

in the charged voltage.

3.4 X-ray output

The single flash x-ray outputs were measured
by using a combination of toluene scintillator and
a photomultiplier [see Fig. 8]. They also dis-
played many peaks primarily caused by the oscil-
lations of the tube current. When the charged
voltage was increased, the pulse height increased,
but the durations were almost constant and their

Fig. 8(b)

shows typical x-ray outputs with the same charged

values of about Ips [see Fig. 8(a)].
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Fig. 8
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(b)

Typical x-ray outputs: (a) effect of the charged voltage; (b) deviations

of outputs (same charged voltage).

voltages of 60kV. They showed the fact that both
the pulse height and the time-integrated intensity
were almost constant.

The absolute values of the time-integrated x-
ray intensities were measured by a Victoreen 660
ionization chamber [see Fig. 9]. The x-ray inten-
sity increased in proportion to the 2.5 power of the
charged voltage, and the value with a charged
voltage of 70kV was about 320nC/kg at 0.5m per
pulse with observational errors of less than 10%.

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 output could not be recorded due to
limitations of the storage medium of the digital
storage scope. Fig. 10 shows the repetitive sig-
nals of 20 and 40Hz. Using this x-ray generator,
comparatively stable x-ray outputs were obtained

at a lower frequency region of less than 20Hz. But,

Vol, 8 Na2 (1991)

the pulse height tended to decrease according to
increases in the repetition frequency. In this ex-
periment, the repetition frequency was less than
50Hz without considering the decreases of the

pulse height.

400
g
E /
8 01
- /
F
& I
=
g /
- I
=
@ /
g 20
z I
-
- /
-«
pe
% /I
100 T T T
40 50 60 70 80
CHARGRD VOLTAGE (kV)
Fig. 9 Time-integrated x-ray intensities at

0.5m per pulse measured by a Vic-
toreen 660 ionization chamber.



0 \_ 20Hz

CHARGED VOLTAGE=60kV

[ 40Hz
oL\ JK

10ms/DIV.

X-RAY OUTPUT (ARB. UNIT)

Fig. 10 Output signals of the repetitive flash x-
rays with a charged voltage of 60kV.

3.5 Focal spot

The effective focal spot size was measured by
using a pinhole camera of 100um and Polaroid
film (ASA-3000) [see Fig. 11]. When the
charged voltage was increased, both the intensity
and the size of the focal spot increased. The
maximum size of the focal spot was equivalent to

the anode diameter of 3.0mm.

Ve=50kV Vc=60kV Vc=70kV

Vc: CHARGED VOLTAGE
NO FILTER
ANODE DIAMETER=3.0mm

10mm

M
r 1

Fig. 11 Typical focal spots measured by using
a pinhole camera according to changes

in the charged voltage.

4. Radiography

The radiography achieved with this flash x-ray

generator was performed by using a CR system.'?

A radiograph of a human right hand is shown in
Fig. 12; the radiographic conditions are as fol-
lows: a condenser charged voltage (Vc) of 70kV
and a distance between the imaging plate and the
x-ray source (/-X distance) of 0.6m. The image of
the bones can be observed. Fig. 13 shows a trial
experiment for performing multiple exposure ra-
diography of a metronome achieved with a repeti-
tive x rays of 10Hz with a V_of 60kV and an /-X
distance of 0.7m. The accelerating movements of

of a pendulum are clearly visible.

Fig. 12 Radiograph of a hand with a ‘/C of 70kV
and an /-X distance of 0.6m.
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Fig. 13 Multiple exposure radiography of a
metronome achieved with a repetitive
flash x rays of 10Hz with a V_ of 60kV
and an /-X distance of 0.7m.

5. Discussion

The repetitive flash x-ray generator having a
compact triode in conjunction with a modified
two-stage Marx pulser described in this paper was
primarily designed in order to maximize the x-ray
intensity and to generate stable X rays. But, the
x-ray intensities per pulse were lower values com-
pared to those obtained by using a diode in con-
junction with the same pulser. It is known that the
flash x-ray intensity largely increases when the
plasma x rays are produced. Without considering
this effect, it is necessary to prevent the energy
loss caused by triggering in order to maximize the

x-ray intensity.

Vol, 8 N2 (1991)

Since this x-ray tube had a high discharge
impedance, the tube voltages did not display
damped oscillations. If we assume that the elec-
tron beams from the cathode electrode are effec-
tively converged to the anode tip, the electrostatic
energies £ in two condensers can be approximated
by the following equation:

E=CcV}?=cVia=[TvViu @ +J o)

= constant, (1)
where C is the capacity of each condenser, V_ is
the condenser charged voltage, V  is the output
voltage, V(1) is the tube voltage, Jl(r) is the tube
current, J (1) is the current through a trigger
resistor, and T is the duration of the flash x rays.
In Eq. (1) , if the Jr(f) is a quite small value com-
pared to Jr(.r), the electrostatic energies E can be
given by

E ~ ‘J;TV(!)JI(I)GI = constant, (2)

In this condition, V(r) and J (1) is given by the
following two equations:

V@) = 2ve - 2 [ ' (Dde, (3)
i (4)

J(1) =
Next, the x-ray intensity of the bremsstrahlung
spectra [ can be represented by the following
equation:

I, = K,j-”T.lr(I)V(!)a dr, (5)
where K is some factor and a=2.0. Thus, the x-
ray intensity per pulse from this generator can be
approximated by

I, = K:,_C‘V(_‘”"r = constant, (6)

where K2=2°Kll(a+l). Using this approximation,

the x-ray intensity increases in proportion to the



condenser capacity and to about the third power
of the charged voltage, and the stable x-ray inten-
sities can be obtained at a constant charged volt-
age.

One defect of this flash x-ray generator was
the decrease of the x-ray intensity at a higher repe-
repetition range of more than 20Hz. But, it is easy
to clean up this problem by improving the trigger
circuit. .

Since this flash x-ray generator produced
higher peak tube voltages nearly equivalent to the
pulser outputs, it can be applied to perform high-
speed biomedical radiography for harder tissue

objects.
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The constructions and the fundamental studies for the repetitive pulsed x-ray generator utiliz-
ing a hot cathode diode are described. This generator consisted of the following components: a constant
high-voltage power supply with a maximum voltage of 100kV, an energy storage condenser with a
capacity of 100nF, a high-voltage pulser of a modified two-stage Marx type, and a hot-cathode diode.
The two condensers in the high-voltage pulser were charged from 60 to 80kV, and the peak voltages
(no-load) produced from this pulser were about 1.8 times the charged voltages. The condenser capa-
city during discharge was 425pF, and the effective durations of the pulsed x rays were about 10pus. The
repetitive frequency was less than 50Hz, and the time-integrated x-ray intensity was about 60nC/kg
at 0.5m per pulse with a charged voltage of 80kV. The tube current was considered to be a value of

less than 0.5A, and the effective focal spot size was about 3.5mm.

1. Introduction generators with cold-cathode radiation tubes have

quite short times of less than 1ps. For high-speed

5-9)

The flash x-ray generators have been applied biomedical radiography, since the maximum

1-4)

to various kinds of high-speed radiography speed of the blood flow is about 10m/s, extremely

since the pulse durations produced from popular short durations are not essential.

Vol, 8 Na2 (1991) —bl=



In order to increase the x-ray intensity with
durations of microseconds using a hot-cathode, it
is necessary to increase the tube current, the
duration, and the tube voltage. Generally, the
tube current can be increased up to about 1A by
increasing the filament temperature in the tem-
perature limited current region, and the duration
can be easily increased by using several kinds of
high-voltage pulse generator.

Under the pulsed operation, since the with-
stand voltages of the x-ray tube and other high-
voltage transmission lines largely increased, a
compact pulsed x-ray generator with maximum
photon energies of more than 200keV can be
easily designed even when a compact x-ray tube
is employed.

For this research, we performed the first trial
experiment for producing repetitive microsecond
x rays with harder x-ray qualities by using a hot
cathode diode in conjunction with a modified two-
stage Marx pulser with output voltages of less

than 150kV.

2. X-Ray Generator

The block diagram of the repetitive pulsed x-
ray generator utilizing a hot-cathode diode with
durations of microseconds is shown in Fig. 1.
This x-ray generator consisted of the following
essential components:

a constant high-voltage

power supply with a maximum voltage of 100KV,

an energy storage condenser with a capacity of
100nF, a repetitive high-voltage pulser, and a hot
cathode diode. The high-voltage pulser employed
two-stage Marx type with a repetitive triggering
device [see Fig. 2]. The two condensers in the
high-voltage pulser were charged from 60 to 80kV
by a power supply, and the maximum output
voltages from the pulser were about 1.8 times the
condenser charged voltage. The electric resistor
of R, (50kQ) which was attached to an x-ray tube
was used for measuring the tube voltage, and the
final spark gap which was connected to the anode
electrode of the x-ray tube was employed for
preventing

the generation of xrays during

charge.

—

ENERGY
STORAGE THO-STAGE
SUPPLY J1 conpeNsER MARX

PULSER

HOT CATHODE
DIODE

Fig. 1  Block diagram of the repetitive pulsed
x-ray generator utilizing a hot-cathode

diode.
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STORAGE Ri
CONDENSER|
R2 * F1LAMENT
(CATHODE)
RiGeER  —— éﬁc
- POWER
SUPPLY
Fig. 2  Circuit diagram of the repetitive pulsed

X-ray generator.

Fig. 3 shows the structure of the x-ray tube of
H7042 made by Hitachi Medical Inc. For this
generator, since the grid electrode was directly

connected to the cathode electrode (filament),

o

ACRYLATE
RESIN

INNNNNNNNNNNNNNNN

GLASS

.GRID
FILAMENT | S -

(CATHODE) “+L S

™~ TARGET
FOCUSING.- /
ELECTRODE

(B

Structure of the x-ray tube.

Fig. 3
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PULSER OUTPUT (50kV/DIV.)

this tube can be used as a diode. The x-ray tube
was insulated by using an acrylate resin tube in
order to measure the radiographic characteristics

under the atmosphere.

3. Radiographic Characteristics

3.1 Pulser output

The condenser charged voltage dependence of
the output voltage from a modified two-stage
Marx pulser is shown in Fig. 4. These voltages
were measured by using a high-voltage divider.
The peak voltage increased according to increases
in the charged voltage, and the peaks were about

1.8 times the charged voltages.

T T T T

Vc: CHARGED VOLTAGE

(=]
T

Ve=70kV

Ve=80kV

2us/DIV.

Fig. 4 Condenser charged voltage depend-
ence of the pulser output from a modi-

fied two-stage Marx pulser.



The tube voltages were also measured by a
high-voltage divider [see Fig. 5]. The peak tube
voltages were nearly equivalent to the pulser
outputs, since the tube currents were small values
compared to the currents which flowed through

two resistor of R, and R, [cf. Fig. 2].

Vc: CHARGED VOLTAGE

o

TUBE VOLTAGE (50kV/DIV.)

Vc=80kV

L " n

2us/DIV.

Typical tube voltages according to
changes in the charged voltage.

3.3 Tube current

The mzasurement of the tube current was quite
difficult since the tube currents were small values
within a range of less than 1A, and there were
apparent currents caused by stray capacities. The
maximum peak tube current was considered to be
a value of less than 0.5A by considering the fila-
ment current and the tube voltage. Using our tech-
niques for measuring the tube current, e.g., the
measurement using a coaxial current shunt, the

electrooptical measurement using a light emitting

diode, and the Rogowski's coil method, it was
difficult to measure the tube current since the
apparent currents were considered to be large val-

ues compared to the tube currents.

3.4 X-ray output

Fig. 6 shows the pulsed x-ray outputs from
this generator. The single x-ray outputs measured
by using a combination of a toluene scintillator
and a photomultiplier [see Fig. 6(a)]. The pulse
height increased when the charged voltage was in-
creased, and the effective exposure times were
about 10us. The time-integrated x-ray intensity
was measured by a Victoreen 660 ionization
chamber [see Fig. 6(b)]. The x-ray intensity in-
creased in proportion to about the 1.6 power of the
condenser charged voltage. The x-ray intensity
was about 60nC/kg at 0.5m per pulse with a
charged voltage of 80kV.

The repetitive x-ray outputs were detected by
using a combination of a screen of 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. 6(c) shows the output signals
caused by the repetitive pulsed x rays measured by
using a detector described above. In this experi-
ments, the maximum frequency was 50Hz, and the

stable outputs were obtained.
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(a)
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) /E

X-RAY INTENSITY PER PULSE (nC/kg)
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CHARGED VOLTAGE (kV)
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=
=
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=
=
[1-}
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£ f 1
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20
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(c)
Fig. 6 Pulsed x-ray outputs: (a) single x-ray

outputs; (b) time-integrated x-ray in-
tensities; (c) output signals of the
repetitive pulsed x rays.
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3.5 Effective focal spot

The effective focal spot size was measured by
using a pinhole camera of 100pum and Polaroid
film (ASA-3000) [see Fig. 7]. The focal spot
intensity increased according to increases in the

condenser charged voltage. But, the size seldom

varied even when the charged voltage was in-

creased.

Vc: CHARGED VOLTAGE

Vc=60kY Ve=70kV . Vc=80kv
10mm
! d
| 1
Fig. 7 Effective focal spots measured by us-

ing a pinhole camera.

4. Radiography

The radiography achieved with this pulsed x-
ray generator was performed by using a CR sys-

10) A radiograph of a human right hand is

tem
shown in Fig. 8; the radiographic conditions are
as follows: a condenser charged voltage (V) of
80kV and a distance between the imaging plate
and the x-ray source ([-X distance) of 0.65m.

Since the x-ray spectra from this generator were

considered to have wide energy latitudes from low



Radiograph of a hand with a Ve of 80kV
and an /-X distance of 0.65m.

Fig. 8

Multiple exposure radiograph of a met-
ronome with a V¢ of 70kV, an /-X dis-
tance of 0.7m, and a repetition fre-
quency of 10Hz.

Fig. 9

to high photon energies, the image of the bones are
observed. Fig. 9 shows a trial experiment for
performing multiple exposure radiography of a
metronome achieved with a repetitive x rays of
10Hz with a Vﬁ_ of 65kV and an I-X distance of

0.7m. The accelerating movement of a pendulum

are clearly visible.

5. Discussion

The fundamental studies for the repetitive
pulsed x-ray generator utilizing a hot cathode
diode were performed in order to generate harder
pulsed x rays with microsecond durations. And
we succeeded in generating stable pulsed x rays
with maximum photon energies of about 150keV.

When we think about the x-ray generators in
about 10 years future, the compact pulsed x-ray
generator described above can be realize since the
sensitivities of the image detector material will
become to high.

In this generator, if we assume that the elec-
tric resistance of R, [cf. Fig. 2] is a quite large
value, the electrostatic energies £ and the electric
charges Q in two condensers are approximated by
the following two equations:

E
0

cv?=va, (1)

cvr=[Pum+amyd, (2

where C is the capacity of each condenser, V_ is
the condenser charged voltage, Vo is the output

voltage from the two-stage Marx pulser, J (1) is
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the tube current, Jr(r) is the current through a
resistor R, (high-voltage divider), and D is the
duration of pulsed X rays. Thus, the x-ray inten-
sity I(r) can be given by

11) = KJ (V)" , (3)
where K is some factor and ¢=2.0. In this condi-
tion, J (1) and V() can be represented by the fol-
lowing two equations:

J(0) = f(V(r), T, 4)

V(r) = 2Vc exp (-21/R C), (5)

mn

where T is the temperature of the filament. In Eq.
(4), it is difficult to determine the function of J (1)
since the value of V(r) varied from 0 to 150kV.
Thus, this diode used in this experiment was
driven in two current regions as follows: a. space
charge limited current region and b. temperature
limited current region. But, most of the x-ray
spectra were produced in the temperature current
limited region since the tube voltages had higher
values.

Using this pulsed x-ray generator, it is easy to

control the x-ray intensity, the x-ray quality, the

repetition frequency, and the delay time, the

optimum use of the available radiographic condi-
tion may be accomplished for imaging a wide

variety of biomedical objects.
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First Trial for Generating Repetitive Sub-Millisecond Pulsed
X Rays Using a Hot-Cathode Triode
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The first trial experiment for generating repetitive sub-millisecond pulsed x rays using 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 maxi-
mum voltage of 100kV, an energy storage condenser of 100nF, a repetitive grid control device, and
a hot-cathode triode. In this first experiment, the energy storage condenser was charged from 40 to
60kV 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 grid voltage, the peak tube voltage,
and the peak tube current were -0.8kV, 60kV, and about 0.3A, respectively. 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 0.2ms and about 200nC/
kg at 0.5m per pulse, respectively, with an initial grid voltage of -0.8kV and a condenser charged voltage
of 60kV. The maximum repetitive frequency was about 1kHz, and the effective focal spot size was

less than 4mm.
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1. Introduction

For high-speed radiography, the flash x-ray
generators are quite useful radiation sources for
imaging high-speed motions of various objects,M)
since the flash x-ray generators can produce
sufficient intensities for performing radiography
using their high-current capacity and the capabil-

ity of the high-voltage output. Particularly, for

39 several

high-speed biomedical radiography,
different types of soft flash x-ray generators have
been developed, and various kinds of high-speed
radiographs have been obtained.

In order to design the flash (pulsed) x-ray
generator with a high repetitive frequency of
about 1kHz, a hot-cathode triode is useful since
it is easy to increase the switching frequency up
to 1kHz and to increase the peak tube current up
to 1A by increasing the cathode (filament) tem-
perature.

In the application of the repetitive pulsed x-
ray generator to the medical x-ray television
system and other radiography, the optimum x-ray
intensity corresponding to the desired quality is
necessary. Furthermore, a high-time resolution of
a few microseconds is necessary in order to per-
form high-speed radiography. In view of these
problems, a hot cathode triode with a new type of
gird control device is desired.

For this research, we developed the pulsed x-

ray generator having a hot cathode triode in

conjunction with a new type of repetitive grid

Vol, 8 N2 (1991)

control device and performed the first trial experi-
ment in order to generate repetitive sub-millisec-
ond pulsed x rays with photon energies of less
than 60keV and repetition frequencies of about

1kHz.
2. Generator
2.1 High-voltage transmission line

The block diagram of the repetitive sub-milli-
second pulsed x-ray generator is shown in Fig. 1.
This generator consisted of the following compo-
nents: a high-voltage power supply with a maxi-
mum voltage of 100kV, an energy storage con-
denser with a capacity of 100nF, a grid control
device, and a hot-cathode triode. Fig. 2 shows the
electric circuit of the generator. The energy
storage condenser was charged from 40 to 60kV
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.

The grid electrode was directly driven by a
thyrister. When a rectangular pulse produced
from an oscillator was input to a simple amplifier
having a differentiating circuit, a long rectangu-
lar pulse was shaped to a short positive pulse and
was transmitted to the thyrister pulser. Next, the
electric charge in the condenser C for supplying

initial voltage was discharged by the main thyris-

ter when an amplified signal from a thyrister



pulser was input to the gate of the main thyrister
through a trigger transformer. Finally, the con-
denser C was charged to the initial grid voltage

through a resistor of R.

ENERGY HOT
iyl STORAGE CATHODE
CONDENSER TRIODE
Fig. 1  Block diagram of the repetitive sub-

millisecond pulsed x-ray generator
utilizing a new type of grid control
device.

48-60kY o—AN ANODE

-@.4--0.8kV

-

140V o—-AA—
12V o—p-AA—} M
OSCILLATOR o TN
?@f{ CATHODE
(FILAMENT)
Fig. 2 Circuit diagram of the repetitive sub-

millisecond pulsed x-ray generator.

2.2 X-ray tube

The x-ray tube was of the enclosed triode type
with a hot cathode [see Fig. 3] This tube consisted
of the following major devices: an anode elec-
trode with a plate target made of tungsten, a hot
cathode made from tungsten wire, a grid electrode

made form tungsten wire, a focusing electrode

made of iron, a glass tube body, and an insulator
made from acrylate resin tube. The electron
beams from the cathode were converged to the

target by a focusing electrode.

-]

ACRYLATE
RESIN

GLASS

FILAMENT _ /’GR]D

(CATHODE) ~+4L e

e
Focusms.'\’ /

ELECTRODE

Structure of the hot-cathode triode.

“STARGET

Fig. 3

3. Characteristics

3.1 Grid voltage

Fig. 4 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 10.3V and 5.4A (AC), respec-
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tively. In this experiment, the initial grid voltage
had a comparatively low value (absolute value) of
less than -0.8kV in order to analyze the switching
effect of the grid electrode. The peak grid volt-
ages were about 0V, and the condenser was
charged to the initial grid voltages [see Fig.
4(a)).

according to changes in the charged voltage of the

Next, the grid voltage seldom varied

main condenser [see Fig. 4(b)].

" CHARGED VOLTAGE=50kV
I Vg: INITIAL GRID VOLTAGE
- ;_N' vg=_0.4kv
= -0.4kV T
g
>
oL
b=
s
& -0.6kV
= I
-
=
(=]
=
< o
-0.8kV
50ys/DIV.
(a)

INITIAL GRID VOLTAGE=-0.8kV

Vc: CHARGED VOLTAGE
= Ve=40kV
=
S -0.8kV
=
o
-
e
&
= -0.8kV
=
a
=
@ b

-0.8kV|
50us/DIV.
(b)

Fig. 4 Typical grid voltages: (a) supplied

voltage (initial grid voltage) depend-
ence with a charged voltage of 50kV:
(b) charged voltage dependence with
an initial grid voltage of -0.8kV.
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Fig. 5

3.2 Tube voltage

The tube voltagé equivalent to the charged
voltage of the main condenser was also measured
by a high-voltage probe [see Fig. 5]. When the
charged voltage was increased, the tube voltages
during discharge were equivalent to the main
charged voltages [see Fig. 5(a)l. The voltage
drop caused by one shot was about 80V with a

charged voltage of 60kV [see Fig. 5(b)]. Thus,

T T T T

Ve=60kV

Ve=50kV

Ve=40kV

INITIAL GRID VOLTAGE=-0.8kV
Vc: CHARGED VOLTAGE

TUBE VOLTAGE (10kV/DIV.)

(a)

JKV— === = e e e e e
\ Ve=40kV

=

(-]

g BOKV——i==o = Sesmmmmm RS e e A e S Sesm SenaEe
= | Ve=50kV ]
w

2

E 0KV === === = === mmmmmm e ]
< INITIAL GRID VOLTAGE=-0.8kV

w Vc: CHARGED VOLTAGE

-

=

Vc=60kV

50us/DIV.

(b)
Tube voltages with an initial grid volt-
age of -0.8kV: (a) effect of the charged

voltage: (b) charged voltage depend-
ence of the voltage drop.



the electric charges for producing one pulse of x
rays had quite small values compared to those in

an energy storage condenser.

3.3 Cathode current

The measurement of the tube current was quite
difficult since the values of the tube current was
less than 1A, and there were stray capacities
between electrodes. Thus, we measured the total
current (cathode current) which consisted of the
tube current and the apparent current caused by
stray capacities. The current which was called the
cathode current was measured by a coaxial current
shunt [see Fig. 6]. Both the peak cathode current
and the current duration increased according to
increases in the charged voltage. The peak cath-
ode current was about 0.3A with a charged volt-

age of 60kV. These results indicated the fact that

both the effective electric field (tube voltage of

INITIAL GRID VOLTAGE=-0.8kV
I Ve: CHARGED VOLTAGE
= Vc=40kV
> 0
s

~

= ]

o

= F Ve=50kV 1

£ 00—~

& L

=

o

w

=

-

ol Ve=60kV
50ps/DIV.

Fig. 6 Cathode currents according to in-
creases in the charged voltage with an
initial grid voltage of -0.8kv.

—-62—

equivalent diode) for this triode and the cutoff
voltage (absolute value) for thermoelectrons in-

creased when the charged voltage was increased.

3.4 X-ray output

The single x-ray output was measured by using
combination of a screen of Kyokko FS and a
photomultiplier at the indicated conditions [see
Fig. 7]. When the charged voltage was increased,
both the pulse height and the duration of the x-ray
pulse increased [see Fig. 7 (a)]. The maximum
duration of the pulsed x-rays with a charged
voltage of 60kV was about 0.2ms. Fig. 7(b)
shows the repetitive pulsed x rays of 0.25, 0.50,
and 1.0kHz with a charged voltage of 50kV. When
the exposure number was limited within 20 shots,
the stable x-ray outputs were obtained.

The time-integrated x-ray intensities were
measured by a Victoreen 660 ionization chamber
[see Fig. 7(c)]. Since the x-ray intensities per
pulse were small values, the integrated intensities
of 10 shots were measured. The x-ray intensity per
10 shots was 2.04uC/kg at 0.5m with observa-
tional errors of less than 1%. Thus, the x-ray in-
tensity per pulse was 204nC/kg at 0.5m with
observational errors of less than 1%; the measur-
ing conditions were as follows: a charged voltage
of the main condenser of 60kV and a repetition
frequency of 1.0Hz. From the experimental re-

sults, the x-ray intensity increased in proportion

to about the fourth power of the charged voltage
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INITIAL GRID VOLTAGE=-0.8kV
Vc: CHARGED VOLTAGE
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50us/DIV.
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60

CHARGED VOLTAGE (kV)
(c)
Pulsed x-ray outputs: (a) single pulsed
x-ray output according to changes in
the charged voltage: (b) repetitive
output signals with a charged voltage
of 50kV; (c) charged voltage depend-
ence of the time integrated x-ray inten-
sity at 0.5m per 10 pulses.
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since the x-ray duration increased according to in-

creases in the charged voltage.

3.5 Focal spot

The effective focal spot size was measured by
using a pinhole camera of 100um and Polaroid
film (ASA-3000). These were achieved with ten
shots of pulsed x rays [see Fig. 8]. Both the focal
spot size and the intensity increased according to
increases in the charged voltage. For the intensity
distribution in the focal spot, the center of the spot
was the highest, and the maximum size was about

4mm.

INITIAL GRID VOLTAGE=-0.8kV
Vc: CHARGED VOLTAGE

Ve=40kV Ve=50kV Ve=60kV
10mm
— |
r 1
Fig. 8 Effective focal spots measured by a

pinhole camera.

4. Radiography

The radiography achieved with this pulsed x-
ray generator with an initial grid voltage of -0.8kV

10)

was performed by using a CR system used for

medical radiography. A radiograph of a phantom



is shown in Fig. 9; the radiographic conditions
are as follows: a condenser charged voltage (VC)
of 60kV and a distance between the imaging plate
and the x-ray source (/-X distance) of 0.6m. This
image indicated a lower contrast since the quality

of this pulsed x-rays was harder compared to one

Fig. 9 Radiograph of a phantom with a V_of

60kV and an I-X distance of 0.6m.

Fig. 10 Multiple exposure radiography with a
VC of 55kV, an [-X distance of 0.7m,
and a repetition frequency of 10Hz.

obtained by using a soft flash x-ray generator.
Fig. 10 shows a trial experiment for performing
multiple exposure radiography of a metronome
achieved with repetitive x rays of 10Hz with a VC
of 55kV and an [-X distance of 0.7m. The accel-
erating movements of a pendulum are clearly

visible.
5. Discussion

The first trial experiment for generating sub-
millisecond pulsed x-rays was performed in order
to design the high frequency x-ray generators with
higher x-ray intensities. Since the initial grid bias
voltages (absolute value) were lower values com-
pared to the conventional x-ray generator having
Thus, the maximum tube

a hot-cathode triode.

voltage was limited to a value of less than 60kV.

For the hot-cathode triode, the electric
charges on the cathode electrode ) is given by the
following equation:

0 =C._V

c cg 8

+ Cw Vu. (1)

where ch is the electrostatic capacity between the
cathode and grid electrodes, Cm is the capacity
between the cathode and anode electrodes, V.u is
the grid voltage, and V, is the anode voltage
equivalent to the tube voltage. Thus, the effective
accelerating voltage for the thermoelectrons from
the cathode electrode (tube voltage of equivalent
diode) Vﬂ‘r is represented by the following equa-

tion:

Veq = (ch Vg +C 'l/a}o/(Cm + ch)' (2)
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Since two values of ch and C_, are positive, the
thermoelectrons form the cathode electrode can
be accelerated to the anode electrode at the con-

dition of (C'ch8 + CmVa > 0). Thus, the cutoff

voltage Voﬁ. of thermoelectrons is given by
Vaﬁ =-C_, VaIch . (3)

Next, the grid voltage Vg(r) during main discharge
for producing pulsed x rays is represented by the
following equation:

Vg(r) = V_{ l-exp(-t/RC)}, (4)
where V_is the supplied voltage equivalent to the
initial bias voltage of the grid electrode. Thus, the

cutoff voltage V _ and the duration of the pulsed

off
x rays D can be given by the following two equa-
tions:

V;ﬁ =

D=-RCIln(1+C VNV C)  (6)

V. { l-exp(-D/RC)}, (5)

where R and C are the resistance and the capacity,
respectively, in

Fig.2].

the grid control device [cf.

The tube current J(t) varies according to
changes in the tube voltage, the grid voltage, and
the temperature of the filament 7. If we assume
that this triode is driven in the temperature limited
current region, the tube current J(t) can not be
easily represented by a simple equation. Thus, the

value of J(t) and the tube voltage V(t) are repre-

sented by
J(t) = f(Vg(r}, vV, D, (7)
Vi) ~ v, . (8)

Thus, the x-ray intensity of the bremsstrahlung

spectra Io can be given by

Vol, 8 N2 (1991)

D
I, = KV [ "I, )
where K is some factor and o=2.0.

In this x-ray generator, the duration can be
controlled from a few microseconds to a few
seconds. But, this grid control device can be ef-
fectively applied to the x-ray generator with sub-
millisecond durations since there are many timer
devices with higher time resolutions for control-
ling the durations in the range of more than a milli-
second.

Using this repetitive pulsed x-ray generator, it
is possible to control the x-ray intensity, the x-ray
quality, the exposure time, the delay time, and the
repetitive frequency up to 1.0kHz, this kind of
generator utilizing a triode with a rotating anode
may be applied to high-speed cine radiography in

the future.
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