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Abstract - A repetitional (triple shot) type of field emission x-ray source 
having variable spectra is described. This source consisted of the following 
components: a high voltage generating unit having a voltage divider device. 
three high voltage pulsers with output voltages ranging from 50 to 200kV, a 
triple parallel type of high speed impulse switching system, a high power gas 
diode having three terminals using field emission, and two evacuated field 
emission x-ray tubes, each of a different type. The pulse condensers of the 
pulsers were charged to the same or different energies by using a high 
voltage generating unit and were connected to the single x-ray tube through a 
high power gas diode using high voltage coaxial cables and gas (SF61 insu- 
lation connectors. The duration of each x-ray pulse was about lus, and the 
m i n i m u m  time interval between two pulses was about 100ps. The m a x i m u m  
intensity was about 10C/kg at lm/pulse, and the effective focal spot size 
varied from 0.2 to 3.0m in diameter. The triple exposure of pulsed x-rays 
having variable spectra and time intervals was obtained by controlling the 
condenser charging voltage, the tube impedance, the diode impedance, and 
others. 

I - INTRODUCTION 
The field emission x-ray has long been known as a useful radiation source for 

the investigation of high speed motion (e. g., crash injuries, diffraction studies, 
and others) since it produces very short x-ray pulses of less than lps caused by 
the impulse voltages and the current. And several different types of pulsed x-ray 
sources used in high speed radiography have been reported by numerous investiga- 
tors /14/. In particular, for the soft field emission x-ray source used in the 
region of less than 200keV, the control functions concerning the x-ray intensity, 
the quality, the size of the effective focal spot, and the accurate time resolution 
of less than IPS are desired in order to obtain the clear delayed radiographs of 
various objects . 

In the effective application of the repetitional field emission x-ray source 
utilizing the single tube head to high speed image technology. high intensities and 
the variable time intervals between two pulses are desired in order to obtain the 
clear stroboscopic radiographs at various times. In addition, the variable spectra 
are suitable for performing dual energy subtraction techniques /5/ and others. 

For this research, we constructed a new type of repetitional pulsed x-ray source 
using field emission (described below) and measured its characteristics. 

I1 - FIELD EMISSION X-RAY SOURCE 

The block diagram including transmission lines of the repetitional (triple shot) 
type of field emission x-ray source having variable spectra is shown in Fig. 1. 
This x-ray source consisted of the following components: a high voltage generating 
unit with a voltage divider to change the pulse condensers inside of the pulser, 
three high voltage pulsers with gas (SFs) gap switch systems (see Fig. 21, an 
impulse switching system, a high power gas diode with three terminals using field 
emission /6/, one turbo molecular pump, and two types of field emission x-ray 
tubes. 

The pulse condensers of the pulsers were charged to the same or different 
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energies for obtaining the variable spectra by using a voltage divider and were 
connected to the x-ray tube through a high power gas diode by using high voltage 
coaxial cables with gas insulation connectors. 

The block diagram of the triple parallel type of high speed impulse switching 
system for the high voltage pulsers is shown in Fig. 3. This system was used for 
discharging the electric charge of the condenser at various accurate times, and 
employed a light communication system to prevent the electrical shock caused by the 
impulse voltage. When an electric delay pulse from the controller triggered by a 
delay switch was input to the light transmission unit, the unit converted this 
electric signal to a light signal. The light signal transmitted through the fiber 
was then converted to an electric signal again and was amplified to about -50kV by 
the light activated trigger device. Finally, when this highly amplified signal 
stimulated the trigger electrode of the gas gap switch, the condenser charge inside 
of the pulser began to discharge with a time resolution of less than lps. 

The high power gas diode using field emission was driven by three pulsers which 
produced the same or different impulse voltages and consisted of the following 
parts: three sets of anode (plane) and cathode (needle) electrodes, a center 

PULSER w 
Fig. 1 Block diagram of the repetitional type of field emission x-ray source 
having variable spectra. 

Fig. 2 General view of three pulsers: 1. high voltage generator; 2. pulser body; 
3. gas tank; 4. coaxial cable; 5. trigger controller. 



electrode, an iron vessel, four gas insulation connectors using SF6, and a pressure 
gauge (see Fig. 4). The three anode planes were connected to each pulser, and the 
cathode electrodes were gathered to the center electrode which was connected to the 
anode of the x-ray tube. When a pulser produced a high voltage, the anode plane 
was electrificated to the positive, and the electric force lines converged at the 
cathode needle. Thus, the effective work function at the cathode tip surface 
decreased, and the spark discharge diode could be easily generated. 

The field emission x-ray tubes were of the diode type and were connected to a 
turbo molecular pump which allows operation at pressures of less than 1 x 1O"Pa 
(see Fig. 5). Both tubes had conical anode tips made of tungsten for obtaining 
high intensity x-rays of continuous spectrum. For the Type A tube, a conical 
cathode made of tungsten was used, and the anode-cathode (A-C) space was controlled 
by an adjustor outside of the tube. The Type B tube employed a ring cathode made 
of tungsten or molybdenum which was divided into three pieces. The anode-cathode 
plane (A-Cp) space and the cathode diameter were each controlled by adjusters 
outside of the tube. 

DELAY 
CONTROL- 

Fig. 3 Block diagram of the triple parallel type of high speed impulse switching 
system. 

Fig. 4 High power gas diode: 1. anode electrode; 2. cathode electrode; 3. center 
electrode; 4. gas insulation connector; 5. coaxial cable. 
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I11 - CONTINUOUS X-RAYS 
Assuming that the electric pulse widths of x-ray wave forms are almost constant, 

the total intensity of the continuous spectrum 10 is approximated by an empirical 
equation (without time parameter) of the form: 

where X is the atomic number of the anode material, J is the current across the A-C 
gap (tube current), V is the A-C voltage, A is some factor, and in p 2.0. The 
voltage and the current across the radiation gap are given by 

where Z is the time average value of the A-C gap impedance of the tube, Zb is the 
pulser body impedance, Zc is the cable impedance per unit length. Zd is the 
impedance of the high power gas diode, is the cable length, and VO is the maximum 
output voltage of high voltage pulser. Eqs. (2) and (3) substituted in (1) gives 

zm 
= A (T + Zb + Zcl + Zd)m+l 

Thus, the total intensity of continuous spectrum 10 increases in proportion to 
the third power of the output voltage of the pulser in the case of maintaining 

& TYPE B 

Fig. 5 Structure of the two remote x-ray tubes: 1. anode tip; 2. cathode tip 
(Type A), ring cathode (Type B); 3. anode rod; 4. plasma protecting disk; 5. scroll 
chuk; 6; Mylar window; 7. filter; 8. diaphragms; 9. vacuum mouth; 10. cathode 
diameter adjustor; 11. A-C space adjustor; 12. glass insulator; 13. polyvinyl 
insualtor; 14. gas insulation connector; 15. coaxial cable. 



constant impedance values. In particular, for field emission x-rays, 10 varies 
according to the changes of the four impedance values and cable length discribed 
above even when employing a constant charging voltage. The effective tube voltage 
and the current are important to maximize 10. Thus, if we assume that the values 
Zb, Zc, Zd, and !Z are constants, 10 maximizes at Z/(Zb -+ ZcP. + Zd) = 2, and the 
intensity will be a maximum value for the effective values of the voltage. V e f f ,  
and the current, J e f f ,  given by 

.......... Jeff = V, / 3 K (':K = ~b + zca + zd) (6) 

IV - EXPERIMENTAL RESULTS 

Table 1 shows the experimental results concerning the radiographic conditions 
achieved with the Type A and B tubes. The time-integrated x-ray intensity was 
measured by a thermoluminescence dosimeter (Kyokko TLD Reader 1500, element: MSO- 
S). The x-ray intensity varied according to the condenser charging voltage, the 
A-C impedance coming from the A-C spacing, and the other three impedances, and the 
insertion of metal filters. This intensity increased roughly in proportion to the 
third power of the charging voltage corresponding to Eq. 4. Since the tube 
currents were reduced by increasing the impedances, the intensity tended to 
saturate when increasing the A-C space only. The maximum intensities for the Type 
A and B tubes were about 5 and 10C/kg at lm/pulse, respectively, for the no filter 
conditions. 

The x-ray quality was measured by means of an intensity attenuation curve by 
using an absorber. The absorbor was a set of aluminum steps positioned at lm from 
the source, and the x-ray detectors were the elements of a thermoluminescence 
dosimeter placed behind the steps. The x-ray quality was primarily determined by 
the condenser charging voltage, the A-C space, and the insertion of metal filters 
for absorbing the soft components. The quality at lm from the source tended to 
become hard when increasing the condenser charging voltage, increasing the A-C 
space, and insertion of metal filters. These qualities slightly varied according 
to the electrode combination and the alignment, since there are two methods for 
conversion of the electrode beam from the cathode electrode into the x-rays at the 
anode tips according to the kind of tube. For the Type B tube, the quality seldom 
varied according to increases in the charging voltage and the A-C space. In the 
case of using the Type B tube, the electrons accelerated by high and low A-C 
voltages could be converted effectively into x-rays compared to those obtained by 
using the Type A tube. Thus, the x-ray components of both the hard and soft 
spectra tended to increase, and the x-ray quality (i. e.. the average spectrum 
distribution) seldom varied when the charging voltage increased /7/. In partic- 
ular, for the Type A tube when the A-C space decreased, the electric force lines 
from the anode tended to converge rapidly at the cathode surface, and the effective 
work function at the cathode surface decreased rapidly. Thus, the charging voltage 
could not transmit effectively to the A-C voltage and the quality tended to become 
softer according to decreases in the A-C space /2/. 

Table 1 Radiographic characteristics according to the kind of tube. 
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The effective focal spot for the Type A tube varied primarily according to the 
electrode angles and the A-C space. The focal spot tended to become smaller when 
decreasing the A-C space and decreasing the anode and cathode angles. For the 
Type B tube, it was necessary to make the anode angle and the cathode diameter 
smaller to obtain a smaller focal spot. By considering all the factors concerning 
the effective focal spot, three electrode combinations for the Type A and B tube 
were selected. For the Type A tube, in order to obtain a focal spot of 1-3mm in 
diameter and a higher intensity of x-ray, it was necessary to operate at the 
following conditions: an anode angle of 80-1000, a cathode angle of 50-6@, and an A- 
C space of 2-6mm. On the other hand, in order to obtain a focal spot of l.Omm in 
diameter or less, the following conditions were required: an anode angle of 60-800, 
a cathode angle of 30-4e and an A-C space of less than lmm. For the Type B tube, 
the vertex angle of the anode was about 3@in order to obtain a smaller focus 
without the pinch-off of the anode tip due to the high electron flow coming from 
the field emission. However, it was not easy to obtain a focal spot of less than 
l.Omm in diameter. 

The minumum time interval between two x-ray pulses was about 1 9 s  when reducing 
the current according to decreases in the charging voltage, increasing the A-C 
impedance by increasing the A-C space, and increases in the other three impedances 
as previously described in Eq. (3). 

V - DISCUSSION 
The construction, principle of operation, and the fundamental experimental 

results of a new type of field emission x-ray source utilizing a high power gas 
diode were described. This diode having multiple terminals enabled the connection 
of the three pulsers, and was used in order to prevent the sympathetic vibration of 
pulsers which produce the same or different energy impulse voltages at various 
times. Since a demountable diode using field emission was employed, it was 
possible to increase the numbers of terminals corresponding to the numbers of 
pulsers, and was suitable for increasing the current capacity, controlling the 
current, and reducing the jitter of the impulse voltage. 

By using this diode, we succeeded in generating a triple exposure of high 
intensity pulsed x-rays having variable spectra using a single x-ray tube. This 
field emission x-ray source appears to have many future applications in high speed 
imaging techniques as follows: (1) high intensity stroboscopic radiography having 
variable spectra; (2) various kinds of subtraction techniques; (3) superposition of 
the spectra at sub-millisecond intervals; and others. 
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