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Measurements of Characteristic Curves in a Computed Radiographic System (1)

Katsuhiko UEDA*, Junji MORISHITA*, Tsuyoshi FUIIKAWA* 1)

Akiyoshi OHTSUKA*, Hiroshi FUJITA**, Syuichi YAMAUCHI*,
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We measured the system response of a computed radiographic (CR) system with photostimula-
ble phosphors (imaging plate: IP), as three different types of curves, which are the *“digital” charac-
teristic curve relating the output pixel value to the input relative x-ray intensity, the calibration curve
relating the output photographic density to the input pixel value, and the “overall” characteristic curve
relating the output density to the input relative x-ray intensity. The digital characteristic curves showed
a considerably wider dynamic range (10%-83) than that of the conventional screen-film system. How-
ever, this measured dynamic range was narrower than the nominal dynamic range (103-%) of the CR

system. The measured sensitivity of the CR system, on the other hand, agreed with the nominal

D EAE@?EE ANEFH AR R BEHERL T 756 1L O NEF A s S
1) Presently: Department of Radiology, Onoda Red Cross Hospital, Onoda City, Yamaguchi 756
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sensitivity. Calibration curve and overall characteristic curve were linear on the plot within the density

range of approximately 0.4 to 2.64. These curves measured in our study are useful for quantitative

analysis in a CR system.
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Fig. 1 A basic block diagram of the computed
radiographic (CR) system with photo-
stimulable phosphors, i.e., imaging plate.
Relationships between the measured
three kinds of response curves and the
system components are described.
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Fig. 2 Digital characteristic curves relating the
output pixel value to the input relative x-
ray intensity incident on imaging plate, for
three different settings of dynamic range
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Fig. 3 Digital characteristic curves for three dif-
ferent settings of x-ray sensitivity of the
system (E value). L value (dynamic range
index) was constant as 2.0.
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Fig. 4 Digital characteristic curves for a standard-
type imaging plate (ST) and a high-res-
olution-type imaging plate (HR), indicating
the sensitivity difference between the two
plates.
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Fig. 6 Overall characteristic curves relating the
output photographic density to the input
relative x-ray intensity for three settings of
L value in linear output mode.
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Fig. 7 Overall characteristic curves for two L set-
tings in nonlinear output mode in our com-
puted radiographic system, together with a
characteristic curve of LH-I/ RX screen/
film system.
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<«— SCANNING DIRECTION

Fig. 8 Computed radiographs for x-ray sensi-
tometory, showing the artifact appeared
in the horizontal direction. Note that the
arrangement (a) is better than (b) in order
to avoid the artifact in the measurements
of the characteristic curve in a CR system.
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Measurement of X-ray Spectra Including Scatter —

Correction for the Photons Penetrating Conic Pb Collimators

Hideaki KUBOTA*, Masao MATSUMOTO** and Hitoshi KANAMORT*

*Department of Electrical Engineering, Kyoto Institute of Technology
Matsugasaki, Sakyo-ku, Kyoto 606
**Department of Electrical Engineering, Osaka Prefectural Technical College
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In order to measure X-ray spectra of scattered radiation together with primary beam by using a
planar Ge detector, we have measured the angular dependence of the response of the detector for ob-
liquely incident photons of 24 Am ~-rays. As a result, the active area of a 10mm@ x 7mm detector is
7mm in diameter and the available incident angle is within 20°,

Taking into account these properties of the detector, we prepared conic Pb collimators whose
maximum incident angle is 13°. Because high-energy photons penetrate the edge of the collimator,
it is unable to convert measured photon spectrum in photon counts into that per unit area only by
dividing by the geometrical area of the smallest hole of the collimator. To solve this problem, we have
corrected measured photon spectrum by avoiding the photons which penetrated the edge of the conic
Pb collimator. In this correction, the shape of the collimator and linear attenuation coefficient of Pb

were used.
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We carried out the measurement of photon spectra with scattered radiation using objects of

30mm Al and 25cm acrylic resin for various object-collimator distances. Experimental spectra had a

good agreement with spectra calculated by using Monte Carlo method.
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(a) Experimental photon spectra,

(b) Photon spectra calculated by using the Monte Carlo method.
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A Universal X-ray Generator for Biomedical Radiography (1)
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A method for generating soft x-rays for biomedical radiography using a universal x-ray generator
having a cold cathode radiation tube is described. This universal generator consisted of the following
essential components: various kinds of pulsed high-voltage generators corresponding to the radio-
graphic objectives, a vacuum pump, and an oil-cooled x-ray tube using field emission. For generating the
soft x-rays, a Cockcroft circuit havinga DC-AC inverter with a frequency of about 2kHz was employ-
ed. The x-ray intensity of this generator varied according to the electric power of the DC-AC inverter,
the tube voltage, the tube current, the anode material, and others. The effective focal spot size was

determined by the diameter of the anode tip. Various kinds of soft radiographs were obtained.

1. Introduction

For the conventional x-ray generator for biomedical radiography, the tube current is less than
1A. In contrast, for the x-ray generator having a cold cathode using field emission, it is possible to
increase its value to more than 1kA for pulsed operation“". Thus, in order to increase the dose rate,
the field emission x-ray source yields the best results. In addition, the field emission x-ray generator
can be modified to produce various kinds of x-rays, e.g., ultra-soft x-rays, repetitional x-rays, and

others, by changing the type of high-voltage power supply and by injecting a noble gas into the radiation

tube®?.

Vol. 5 Na2 (1988) —§9—



For this research, we developed an oil-cooled x-ray tube having a cold cathode in conjunction
with a high-voltage power supply with a Cockcroft circuit and a high-frequency DC-AC inverter and

measured the radiographic characteristics.

2. Generator

The block diagram of a universal x-ray generator having a cold cathode x-ray tube is shown in
Fig. 1. This generator consisted of the following essential components: a universal high-voltage power
supply, an oil pump, a noble gas injector, a vacuum pump, and an oil-cooled field emission x-ray tube.
This power supply consisted of various kinds of high-voltage circuits, e.g., a condenser discharge type
and a Cockcroft type, and these circuits were changed according to the radiographic objectives. The

gas injection will be used in future studies for generating the ultra-soft x-rays.

- d
COOLING olL
DEVICE PUNP
UNIVERSAL
X-RAY CATHODE | €= | ANODE POWER
PART PART SUPPLY

/ R
v 7

Fig. 1 Block diagram of a universal x-ray generator for biomedical radiography.

In this experiment, in order to generate the soft x-rays with photon energies of less than 30keV
using a small-sized high-voltage generator with a small-sized battery (VB-65), a Cockcroft circuit
utilizing a DC-AC inverter with a ferrite core was employed (see Fig. 2). The AC voltage output was
about 5kV (peak) with a frequency of 2kHz, and it displayed rectangular wave forms due to the mag-
netization curve of the ferrite.

The x-ray tube was of the diode type and consisted of the following parts: a ring cathode made
of iron, a rod-shaped tungsten anode tip, an anode rod utilizing cooling fins, an internal x-ray output
having a cooling mechanism, and other parts (see Fig. 3). The anode tip was mounted on the anode
rod and could easily be changed to the other elements. The cathode was attached to the internal out-

put mouth of x-rays.
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Fig. 2 Circuit diagram for obtaining the soft x-rays using a high-frequency power supply.

R

Fig. 3 Schematic darwing of the oil-cooled x-ray tube having a cold cathode:
1. anode; 2. ring cathode; 3. internal output mouth; 4. anode rod with cooling fins;
5. coaxial cable; 6. attachment for soft radiography.
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3. Experimental Results
3-1 Radiographic Characteristics

Typical wave forms of the tube voltage, the current, and the x-ray output were shown in Fig. 4.
They displayed high frequency ripples of about 2kHz corresponding to the frequency of DC-AC
inverter. The low-frequency ripples varied according to the impedance of the transmission line and
other factors. The peaks of ripples of the x-ray output closely corresponded to the peaks of the tube
voltage and the current.

For these conditions described in Fig. 4, the x-ray intensity ratio was about 500(2']~:g"l‘8'1 at
0.3m from the source, and the half value layer when using an aluminum absorber was about 0.1mm.

The effective focal spot size was primarily determined by the diameter of anode tips and ranged from
0.5 to 3.0mm in diameter.
3or

v (kV)

2 P

207

J (mA)

230
3 o o
& /\ / /
= T2 / S
220 AW, / LY’
3
EID
>
10 20 30 0
T (ms)

Fig. 4 Typical wave forms for the tube voltage, the current, and the x-ray output.

3-2 Soft Radiography

Figs. 5 and 6 shows soft radiographs achieved with Fuji Ix film (no screen) with a film-focus
distance of 0.5mm and the radiographic conditions are previously described. A radiograph of a Chinese
cabbage with an exposure time of 10s is shown in Fig. 5. The veins of a leaf were clearly observed.
Since the veins consisted of vascular bundle systems primarily made of cellulose, the transmitivities of

the soft x-rays had lower values compared to those obtained for mesophyll.
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Fig. 6 A angiograph of a uterus extracted from a rat.
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Fig. 6 shows an angiograph of a uterus extracted from a rat by using a contrast medium consist-
ing of mixture of Urografin and barium surfacte'® with an exposure time of 20s. The images of the

artery, the vein, and the capillary vessels were observed with comparatively high contrast.

4. Discussions

The method of generating soft x-rays using a field emission x-ray tube described in this paper is
one of the methods for producing various kinds of x-rays including pulsed x-rays.

In this paper, in order to produce the soft x-rays, since a small-sized DC-AC inverter driven by a
12V battery having a Cockcroft circuit was employed, the maximum power was limited to 25W. But,
one can easily increase the maximum power by employing a large-sized DC-AC inverter.

For all the experimental results concerning this generator, the time dependence of the tube

voltage V(t) and the current J(t) on the radiation gap are given by

V() =V, () Z(t) [ (Z, +Z(1)) (1)

J(t) =V, ()/(Z+Z(1) (2)
where V, (t) is the output voltage of the Cockeroft circuit, Z(t) is the A-C impedance, and Z, is the
impedance of the generator body. The intensity rate dI/dt of the bremsstrahlung spectra using this
generator may be expressed by the following empirical equation:

di/dt = AXJ()V(H)™ (3)

where X is the atomic number of the anode material, A is some factor, and m is a constant. Egs. (1)

and (2) substituted in (3) gives

dr_ v, -2 @
it~ (Z, +Z(t)m*T

Assuming that V,_ and Z are the effective values (constant) of V,, (t) and Z(t), respectively, the total

intensity of this generator I, is approximated by
mti m
.= Ny - ET - T (5)
(Z,+)™
where T is the duration time, so that I, increased in proportion to about the third power of the output
voltage within the electric power of 25W, and I, maximized and tended to decrease according to in-

creases in the A-C impedance at a constant output voltage.

Finally, since the radiographic characteristics for the field emission x-ray generator remarkably
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change according to changes in the kind of high-voltage power supply and increases in the tube current,

the wide variety of biomedical radiography will be accomplished.
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The construction and the radiographic characteristics for a single pulsed x-ray and electron beam
generator are described. This generator consisted of the following components: a high voltage power
supply for negative voltage, a high-voltage coaxial condenser, a low-impedance coaxial transmission
line, a pulsed x-ray and electron beam tube using field emission. The electric charge stored by the
condenser was discharged to the radiation tube when the gap switch was closed. This tube produced
pulsed (flash) x-rays through various kinds of foil anodes. The electron beam primarily consisted of
ionized electrons outside of the anode window due to the production of a high dose rate of pulsed x-
rays, and these electrons were slightly accelerated by the electric field between the anode and the

ground. Both kinds of radiation were produced simultaneously.

1. Introduction

The pulsed x-ray technique is a new kind of radiography used in biomedical applications to
provide new kinds of high-speed information inside of objects, and several different types of the pulsed
x-ray sources with high intensities used in the low photon energy region of less than 200keV have been
reported by the authors' 7.

In technical applications, the pulsed x-ray and electron beam generator with a high photon energy
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of about 1MeV has been applied to the studies of projectile trajectories®*?, and the relativistic electron
beam having a CdS crystal has been applied to the pulsed monochromatic light source!®. In contrast,
there are no studies for the pulsed x-ray and electron beam used in the low photon energy region, since
the electron beam accelerated by the low voltage of 200kV cannot easily permeate the metal foil anode.

In this paper, the construction and the radiographic characteristics for the pulsed x-ray and

electron beam generator operated in the low photon energy region of less than 100keV are reported.

2. Generator

The block diagram of the pulsed x-ray and electron beam generator is shown in Fig. 1. This
generator consisted of the following components: a high-voltage power supply, a high-voltage coaxial
oil condenser of 120kV—0.2uF, a gas gap switch, a low impedance coaxial transmission line, a turbo

molecular pump, and a pulsed x-ray and electron beam tube.

LIGHT
EMITTER

PULSER

T
|
T
|
|
|

[ | TRIGG. %

minelv™ >

N ELECTRON BEAM
RADIATION

TUBE

- W—rt

AW,

HIGH VOLTAGE
GENERATOR

Fig. 1 Block diagram of the pulsed x-ray and electron beam generator.

The condenser was connected to the radiation tube through a gas gap switch with a high current
capacity of about 100kA. The condenser was charged from =60 to —100keV, and the electric charge
stored by the condenser was discharged to the radiation tube when the gas gap switch was closed by a
high-energy light-operated trigger device.

The pulsed radiation tube was of the diode type and was connected to a turbo molecular pump
which allowed operation at pressures of less than 1 x 1072 Pa (see Fig. 2). This tube had thin metal

foil anodes of less than 0.3mm thickness, and the cathode electrode: was ci:anged to either a conical or
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Fig. 2 Schematic drawing of the pulsed x-ray and electron beam tube:
(a) structure; (b) electrode combinations.

ANODE_~“T7

pipe shape according to the radiographic objectives. This radiation tube could produce pulsed x-rays
through various kinds of foil anodes, thus, the dose rate near the anode foil was considered to be quite
high.

The electron beam primarily consisted of the ionized electrons from the air outside of the anode
window due to the production of a high dose rate of pulsed x-rays, and these electrons were slightly

accelerated by the electric field between the anode and the ground.

3. Experimental Results

3—1 Radiographic Characteristics

Fig. 3 shows the typical wave forms for the pulsed x-rays and the electron beam which were
measured simultaneously under the following conditions: a charging voltage of 70kV, an anode-cathode
(A-C) space of 5mm, a copper foil anode of 0.1mm thickness, and a stainless-steel pipe cathode with a

12mm diameter. The pulsed x-ray was measured by using an ultra high-speed circuit utilizing a PIN
diode. The electron beam was measured by a coaxial Faraday cup having variable capacities designed
by the authors. The pulse widths of the x-ray and the electron outputs were about 200 and 100ns, re-

spectively, for the previous conditions. The x-ray peak closely corresponded to the peak of the electron
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Fig. 3 Typical outputs of the pulsed x-rays and
electron beams at the indicated conditions.

beam (negative output). The positive output from the Faraday cup showed the migrations of the
charged particles due to the variations in the anode voltage caused by the impulse current of more than

20KA (see Fig. 4). These migrations were generated only when the x-rays were produced.

Fig. 4 Production mechanism for the electron beam caused by the ionized air:
(a) equivalent circuit of the generator having high impulse currents;
(b) the migrations of the charged particle according to changes in the anode
potential.
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3—2 Radiography

A radiograph of a human vertebra achieved with a CR system and the conical cathode made of
tungsten is shown in Fig. 5. The radiographic conditions were as follows: a charging voltage of 70kV,
an A-C space of 3mm, a cathode angle of 30°, a copper anode thickness of 0.3mm, and a film-focus (F-
F) distance of 0.3m. A slightly hard image was obtained. Fig. 6 shows a cloth tape achieved with Fuji
Ix film (no screen) and a pipe cathode of 12mm in diameter with a charging voltage of 70kV, an A-C
space of Smm, a copper foil thickness of 0.1mm, and a F-F distance of 0.1m. This image was primarily
obtained by the electron beam and the characteristic x-ray of the copper since there are no images on

the back side of the sensitive emulsion. The stiches of the cloth tape could be observed.

Fig. 6 A cloth tape taken by the
mixture of electron beam
and x-ray achieved with
Fuji Ix film (no screen) and
a pipe cathode.

Fig. 5 A radiograph of a human vertebra achieved
with a CR system and the conical cathode.

4. Discussion
The fuel spray travel for the incident electron is approximated by the Lenard equation (SI unit):
X=(0.59x10"% . V-04)/p (1)
where V is the accelerating voltage and p is the specific gravity of the material. Assuming that the
electron is accelerated by the voltage of 100kV and impinges on the copper, the spray travel can be
calculated to the value of 20 um. Thus, the electron could not permeate the anode foil when the 0.1mm
copper foil was employed. Thus, this electron beam detected by the Faraday cup was not relativistic,

and these electrons were produced by the ionization of the air caused by the exposure of a high dose

rate of x-rays. This electron beam could be also detected by the Rogowski coil method.
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For the effective focal spot size of the x-rays, the minimum size was about 2.0mm in diameter
even when the conical cathode was employed. In contrast, since the focal spot can be extended to the
size of 40mm (anode diameter) by employing a pipe cathode, the multiple-focal-spot x-ray source can

be realized by using collimators.
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