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Properties and Radiographic Effects of Abnormal Voltages Applied to X-ray Tubes
By

Hitoshi Kanamori, Dr. Eng.
Radiation Apparatus Division, Shimadzu Seisakusho Ltd.

Kyoto, Japan
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Abnormal voltage waveforms of single-phase X-ray units appearing at closing instant of X-ray switch
were measured. The ratio of abnormal voltage peak to normal kilovoltage increases when tube-current
decreases, tube-voltages increases, and closed phase-angle approaches 90°. This ratio does not exceed
two. The abnormal voltage causes harder quality and larger amount of radiation than normal voltage,
therefore departure from optimum radiography will occur. The abrnormality can be prevented by clos-
ing at the phase angle near 0°. On 3-phase units, one phase may be closed at 0° and the other two

phases may be closed at 90° immediately after.

§1 Introduction

Abnormal voltage sometimes appears when an X-ray switch is closed with single-phase X-ray units
as well as 3-phase X-ray units. The peak of the abnormal voltage reaches 1.8 times normal kilovoltage
under adverse conditions. This fact has not been noticed since the beginning of low-voltage X-ray radio-
graphy. The reason for this may be that old high-voltage unit prats have sufficient margins against
electrical breakdown even if abnormal votlage appears, and in addition, abnormal voltage does not
appear with such. large milliamperage as used in low-kilovoltage radiography. However, abnorrmal
voltage has been noticed since the development of high-voltage such as 125 to 150-kV radiography units.
This is because, in high-voltage radiography, small milliamperage began to be used, in addition to the

efforts for making smaller high-voltage unit parts.

§2 Properties and Preventive Proceduresl)
Fig. 1 shows waveforms of abnormal voltages to various closed phase-angles with"60 kV, 50 mA

of a single-phase unit. In the first half-cycle of all cases, voltage exceeds normal value (broken line),
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Fig. 1 Abnormal voltage waveforms to various closed phase angles, under 60 kV
50 mA with a single-phase unit: in the frst half-cycle, abnormal voltages
appear, while after the second half-cycle shows normal waveforms.
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Fig. 2 Abnormal voltage waveforms for various tube-currents,

S,

whereas waveforms after the second half cycle become normal. The abnormal voltage peak is largest,
when closed near the peak of the normal voltage, i.e. closed phase angle is about 90°. Fig. 2 shows the
waveforms closed near 90° with various milliamperges and 60 kV. The lower milliamperage produces
the higher abnormal voltage peak. If milliamperage is Jarge enough, abnormial voltage does not appear
as shown in the 500 mA waveform curve.

The properties of the abnormal voltage were characterized from electrical circuit theory by the
author. The theoretical results coincided with experimental results. According to the theory, the
rate of abnormal voltage peak to normal kilovoltage increases with an incremental resistance, 4V/4I,
of the voltage-current characteristics of X-ray tube but does not exceed twice the normal kilovoltage.
Therefore, the lower mA as well as the higher normal kV produces the higher abnormal peak (see 10,
50, 200 mA curves in Fig. 2). If 4V/4I is less than a value +/'LJC, abnormal voltage does not appear
(Fig. 2, 500 mA), where L, C is inductance and capacity of the equivalent electric circuit viewed from
the high-voltage terminals. The abnormal voltage is electric free oscillations. The frequency of the
oscillation approaches the well known value, 1/2z 4/LC as AV/AI increases. The initial amplitude
of the oscillation is the instantaneous voltage of the normal voltage waveform, therefore abnormal voltage
does not appear when the closed phase-angle is near 0°, and the high abnormal peak appears when the
angle is near 90° (Fig. 1). With three-phase units, abnormal voltages having the same properties appear
as they do in single-phase units.

Using the phase-adjuster and maintaining the closed phase angle near 0°, abnormal voltage
generation can be prevented with single-phase units. With 3-phase units, if all of the three phases are

closed simultaneously, abnormal voltage can exceed normal voltage, in the phase showing the highest
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instantaneous voltage. For the prevention, it is simply suggested to close each phase at its 0°, but
it requires a 120°-retardation. Our new method is to close one phase at 0° and close the other two
phases at 90° immediately after. At the second closing, the two phase-voltages are half the normal
phase voltage peak therefore abnormal voltage can not exceed mormal kilovoltage.

Against the electrical breakdown of high-voltage parts, the abnormal voltage should be prevented
when kilovoltage setting is more than the half of kilovoltage rating of a unit, since abnormal peak does
not exceed twice the normal kilovoltage.

§3 Radiographic Effects

At the abnormal voltage peak, tube current becomes maximum according to the voltage-current
property of X-ray tubes as shown in Fig. 3. Therefore, it is feared that a harder and larger quality of
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Fig. 3 Abnormal voltage and corresponding tube current
waveforms (right side), in addition to a voltage-current
characteristic curve of an X-ray tube (left side), when
normal waveform (broken line) is 60 kV, 50 mA; Cur-
rent-peak instant coincides with abnormal voltage peak
instant.
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Fig. 4 Abnormal voltage waveforms and their factors utilized in experiments:
These waveforms were generated in every half-cycle of the electric source
by connecting arc-rectifiers instead of an X-ray switch.
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abnormal origin radiation will be generated than normal waveforra radiation. This causes a change
in optimum kilovoltage and milliampere-seconds for radiography. These facts were confirmed experi-
mentally as follows:

In order to generate the abnormal voltages in every half cycle of the electric source, arc-rectifires
were connected to a single-phase unit instead of an X-ray switch. Experiments were conducted utilizing

the waveform factors shown in Fig. 4. Where, primary voltage and filament voltage were kept constant
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Fig. 5. Relative exposure at a 1.8-m F.C.D. pro-
duced by abnormal voltage waveforms (full
lines), compared with those produced by sin-
gle-phase waveforms of the same kilovolta-
ges (broken lines of 20 mA).
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Fig. 7 The deviations of radiographic effects due to abnor-
mal voltage generation.

while the closed angle was varied, and 60 kV was chosen as the kilovoltage when abnormal voltage
did not occur, i.e., the closed angle was small.

Fig. 5 and Fig. 6 show relative exposure at a 1.8-m F.C.D. and absorption curves, being compared
with those produced by single-phase waveforms of the same kilovoltages (broken line) respectively. In
those figures, indicated milliamperages show the values when the closed angle is 10°, while indicated
kilovoltages are the abnormal voltage peaks. Actual milliamperage closed at a larger angle is smaller
because filament voltage is kept constant. The abnormal voltage has higher peak voltage so that it

produces a larger amount of and harder quality of radiation than steady voltage does, but less and
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softer than single-phase voltage with the same kilovoltage does. The reason for this may be that abnormal
voltages were sharper at their peaks than steady voltage was.

Fig. 7 shows the density of radiographs of aluminium steps made with 20 mA radiation with various
closed angles. As the closed angle changed from 10° to 63°, tube voltage peak increases from 60 to 90 kV,
the gradient becomes 1/1.5, with a density difference of 0.65 at 15-mm aluminium. Therefore, when
exposure time is short, such as one or two electric source cycles, the effects of abnormality can not be
ignored.

Thus we have confirmed that the abnormal voltage causes a departure from optimum exposure-

factors?) of radicgraphs.

Conclusions
According to the facts mentioned above, we can conclude regarding the necessity for prevention of
the abrormality, that: When operating with high kilovoltages i.e., more than half the kilovoltage rating
of a unit, the abnormal voltage should be prevented so that the break down of high-voltage unit parts
«does not occur. Whereas, even if operating with less than half of the kilovoltage-rating, abnormal voltage

should be prevented so that a departure from optimum radiography does not occur.
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