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Abstract 

The principle of the described X-ray generator is a variation upon 
the direct-current inductor, the grid-controlled X-ray tube itself acting 
as the interrupter. The anode of the X-ray tube is connected to a 
constant-voltage generator via a high-inductance coil. The capacitance 
is constituted by the sum of the capacitances of the tube, the leads 
and the coil. The main feature of the X-ray tube is the electron gun, 
consisting of a multi-grid construction of the Pierce type and a dis
penser cathode with a concave emitting surface. The tube current is 
controlled by variation of the accelerating-grid voltage. By applying 
periodically a negative voltage pulse of rectangular wave form to 
the accelerating grid the capacitance is loaded at a low voltage and 
discharged at a high voltage alternately. The main data are: maximum 
voltage 250 kV, maximum tube current 300 rnA, repetition frequency 
about 1100 c/s, discharge time about 50 f.tS. Also a spectrometer is 
described specially designed for measuring the high voltage and the 
spectral-energy distribution of the X-radiation produced. 
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1. INTRODUCTION 

The famous discovery by Rontgen 1
) in 1895 of a new kind of radiation 

generated by bombarding matter with electrons was soon followed by an ever
increasing application of these X-rays in many domains of science and engineer
ing. The extension of the applications was in turn accompanied by progressive 
improvements of the X-ray apparatus. 

1.1. Survey of high-voltage-generator development 

The high-speed electrons necessary for producing X-rays can be obtained in 
two essentially different ways. 

The first method consists in accelerating the electrons in a static or quasi
static electric field. The final speedis- determined by the difference in potential 
between the electrodes. 

The alternative method consists in multiple acceleration of the particles along 
a distinct track by high-frequency electric fields until the desired speed is 
attained. Lawrence 2) was the first to realize this type of particle acceleration 
in the so-called cyclotron. The first attempt for electrons was made by 
Wideroe 3). After many years Kerst 4 ) succeeded in making a successful 
machine, the betatron. This was the beginning of intense activity in this field, 
stimulated by the urgent need for particles with great kinetic energy in nuclear 
physics. 

In X-ray technique the indirect method is not likely to replace the direct 
method in the voltage region below a few million volts because of the greater 
complexity of the apparatus. In the multimillion-volts region the linear accel
erator and the betatron are the most promising X-ray machines. In the follow
ing we· shall restrict ourselves to the "classic" method. 

The oldest high-tension source for X-ray tubes is the direct-current inductor 
or "open-core" transformer (fig l.l). Denoting the primary peak current and 

.m 
Fig. 1.1. Direct-current inductor. 

the secondary peak tension by it' and V2 ' respectively, we have the energy 
equation 

(1.1) 
Hence, 

(1.2) 
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Although the normal "closed-core" transformer was already known, the 
inductor type of high-voltage generator combined with the gas-discharge X-ray 
tube was maintained for many years. One of the reasons was that the inductor 
turned out to be specially adapted for the gas-filled tube because of the negligible 
voltage in the reverse direction. Up to then the only existing rectifier was of the 
mechanical type and was considered a cumbersome complication because of 
its size, noise, and ozon production. In spite of these disadvantages the mechani
cal rectifier later found a fairly wide application in high-power installations be
. cause of its reliability. Another reason for the prolonged use of the inductor was 
the fact that the voltage of the public power supply was mainly d.c. in those 
days. 

The advent of the Coolidge 5 ) tube produced a great change. Under certain 
conditions the high-vacuum X-ray tube could now be made self-rectifying. 
Moreover, the introduction of the vacuum-rectifying valve made the application 
of rectified a.c. voltage much more attractive. In addition the voltage of the 
public power supply was changing from d.-e. to a.c. The low-frequency trans
former soon became generally accepted. 

The subsequent period that continues up to the present is chiefly character
ized by improvements to the apparatus. The addition to the high-voltage trans
former of rectifying valves and condensers resulted in the well-known circuits 
bearing the names of Gratz, Villard, Wittka, Greinacher, Cockcroft 6) and 
Bouwers 7

). At the same time the dimensions were reduced as a result of better 
insulation and lower losses. In a class by itself is the moving-belt generator of 
Van de Graaff 8 •9), one of the most successful types in the group of electro
static generators. 

Although nowadays the low-frequency transformer is the most widely used 
high-voltage source, several attempts have been made to find other solutions 
based on the possibilities offered by modem high-frequency techniques. This 
research was stimulated by a problem encountered in the construction of X-ray 
apparatus, for which there are two essentially different alternatives, i.e. 
(1) the X-ray tube is connected to the generator by means of high-voltage cables, 

or 
(2) X-ray tube and high-voltage transformer are enclosed together in one 

envelope. 
The first method has the advantage of a light-weight tube which is easy to 
manipulate and requires only a small stand. This is, for example, a very impor
tant point in medical diagnostic practice. This advantage is lost, however, at 
higher voltages owing to the fact that the high-voltage ca]?les become heavy and 
less flexible, with a practical limit of 300 kV d.c. symmetrical voltage. It was 
therefore obviously desirable, especially for high voltages, to look for way and 
means of reducing the weight and size of the apparatus. For low-power appa
ratus solution (2) is used because it may lead to a cheaper construction and the 
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absence of the vulnerable H.T. cables can be important for transportable and 
dismountable equipment. 

One of the first successful solutions was the combination of a resonance 
transformer and an X-ray tube in a high-pressure gas tank, designed by 
Charlton and Westendorp 10

). They succeeded in making an industrial one
million-volt unit of reasonable size and advantageous features. As a compromise 
between excessive losses on the one hand and too many secondary turns on the 
other, they chose 180 c/s for the resonance frequency. The absence of an iron 
core not only meant a considerable reduction in weight but furthermore per
mitted the location of the X-ray tube in the axis of the transformer. 

The application of a pulse transformer is another interesting development. 
Originally the radiography of rapidly moving metal parts was performed 
exclusively by discharging a high-voltage condenser through an X-ray tube. 
These units are rather bulky and restricted in control of pulse width and repe
tition rate. Slack et al. 11) describe an X-ray unit for high-speed radiography 
using a pulse transformer. The tube head, which contains the X-ray tube and 
the transformer, is connected to the power supply by a 20-kV cable. The power 
supply comprises a voltage-doubling choke circuit to charge a condenser. The 
discharge is controlled by a hydrogen thyratron. With this apparatus it is 
possible to produce 10-{LS pulses at a repetition rate from 50 to 150 pulsesfs. 
The tube current during the discharge is 60 A, the peak voltage 150 kV. 

Also founded on the achievements in the field of high frequencies is the 
combination of an X-ray tube and a cavity resonator, realized by Mills 12). 

He obtained a mean current of 70 !LA at a peak voltage of 1·1 MV by exciting 
the resonant cavity with a magnetron operating at a wavelength of 25 em. The 

• pulse width is 5 !J.S at a repetition rate of 200 pulsesfs. 
It should be mentioned here that these pulsating X-ray machines introduce 

a serious tube problem, owing to the fact that very high tube currents are 
required. The use of a tungsten filament entails a considerable filament power 
and a limited life of the filament. If a gas-discharge tube is used the cathode is 
damaged within a short time and it is difficult to obtain an acceptable focal 
spot. In all cases a relatively quick anode breakdown can be expected. A 
comparative review of different types of tube has been given by Clayton 13). 

A major improvement was made by Dyke et al. 14), who developed an X-ray 
tube with a cold cathode, giving a tube current of 1400 A and a current density 
up to 108 A/cm2 at 100 kV. The pulse width is 0·03 !J.S. Since there is no heater 
supply and the insulation strength is much higher than normal due to the short 
pulse length, an important gain could be obtained in size and weight of the 
equipment. 

The following pages contain a treatise on yet another kind of X-ray generator, 
based on a suggestion of Douma 15

). The principle ofthe idea is given in the 
next section. Chapter 2 contains an analysis of the circuitry, and chapter 3 deals 
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with the problems connected with design and construction of the X-ray tube. 
In chapter 4 a review is given of the electrical generating and control equipment. 
Chapter 5 concludes with a description of a spectrometer of special design for 
measuring peak voltage and spectral-energy distribution. In addition the results 
of dose measurements are given and some final remarks are made. 

1.2. Outline of new X-ray generator 

The principle of the design is a variation upon the direct-current inductor, 
the grid-controlled X-ray tube itself acting as the interrupter. 

The anode of the X-ray tube is connected to a constant-voltage generator Va
0 

via a high inductance coil L (fig. 1.2). The total capacitance constituted by the 
tube, the leads and the coil is denoted by C. When the tube current is cut off 
with a suitable grid voltage the X-ray tube and the coil are virtually connected 
in parallel. The voltage across the coil and thus across the X-ray tube rises 
rapidly to a high value. When the voltage is rtear its peak value the tube is 
made conductive again by restoring the normal grid voltage. In consequence C 
discharges through the tube. In this way pulsed X-rays are obtained with a 
high tube current during the pulse. The repetition rate is determined by the 
time required for the current through the coil to increase again. 

Fig. 1.2. Basic diagram of X-ray generator. 

The characteristics of the X-ray tube are those of a pentode. The tube is given 
a pulsed grid drive of rectangular wave form and negative sign. In the stationary 
condition a constant current ia = i = ia0 passes through the coil and the tube. 
This means that in the magnetic field of the coil a certain amount of energy 
has been accumulated, given by E = 1- L ia

0 
2

• At a certain moment the tube 
current is cut off. In consequence the capacitor C is charged by the current 
through the coil and the energy of the magnetic field is converted into the 
electrical energy of the capacitor. Then the tube is made conductive again and 
the capacitor discharges through the tube. X-rays are now generated until the 
anode voltage has dropped to a very low value. After that the current passing 
through the tube and the coil again increases until the peak value ia

0 
is reached. 

At that moment the tube current is cut off again, and so on. 
If the conversion of magnetic energy into electrical energy is complete, the 

peak voltage of the tube is found from the relation 
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tL ia0
2 = t CV2

• (1.3) 
Hence, 

(1.4) 

From this formula it can be seen that the higher the peak current the smaller 
the inductance may be for a given peak voltage. As compared with a high-voltage 
transformer the inductance coil has the advantage of smaller size and weight. 
If it is possible to realize an X-ray tube that fulfils all requirements, then the 
combination of X-ray tube and inductance coil may lead to a compact light
weight tube head. The investigations dealt with in the next pages mainly concern 
the practicability in principle of the method described. 
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2. CIRCUIT CONSIDERATIONS *) 

2.1. Determination of optimum conditions 

First of all we wish to obtain an impression of the role played by the various 
electric quantities in order to be able to determine the conditions at which the 
highest X-ray yield may be expected. For that purpose we introduce some 
simplifications. In the circuit in fig. 1.2, L and C are considered to be free of 
any losses, while the (ia, Va) characteristics of the X-ray tubes have an idealized 
shape with an infinitely high internal resistance (fig. 2.1 ). The grid voltage is 
given in fig. 2.2. The pulses are considered to be truly rectangular. The maximum 
grid voltage V0 = V110 corresponds to the maximum anode current ia iao· 
At all values of V11 below a distinct value V0 = V0 min the tube current is cut 
off for all anode voltages. 

Fig. 2.1. (i., Va) characteristics of X-ray tube. 

Fig. 2.2. Grid voltage. 

Supposing at t 0 the anode current has just reached the value i00 , the 
anode voltage still being zero, and taking the pulse width t 1 as a variable, we 
may determine the value of T in such a way that after each (identical) cycle 
all quantities again have the same value as at t 0. 

Fig. 2.3. Circuit diagram for 0 ~ t < t 1• 

*) The contents of this chapter have been provided mainly by Mr T. Douma, former member 
of the staff of Philips Research Laboratories, as described in his internal report nr. 2467. 
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At t = 0 the tube current is cut off. The circuit. is given by fig. 2.3, where 
i is the current through the coil. From that moment the following equation 
applies: 

with initial conditions 

The solutions are 

and 

with 

di 
L

dt 

t • 

J ~ dt = v"O' 
0 

( 
di) (i)r=O = ia0; L- = Va-
dt t=O 

i 
Vao 
- sin rot + ia0 cos rot 
roL 

1 

LC 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

From eq. (2.4) it can be concluded that Va remains positive at least as long as 
rot :n:. For the case of very high anode voltages it is justified to suppose 
ia0 roL ~ Vao· The terms containing Va

0 
may be neglected then for rot< :n:, 

and we get 

and 
i = ia0 COS rot 

--~ 
I 1--L~~ 

Fig. 2.4. Circuit diagram for t 1 ~ t < t 2 • 

(2.3a) 

(2.4a) 

Let the tube become conductive at t t1 < n/ro. Thecorresponding circuit 
diagram, given by fig. 2.4, is mathematically expressed by the equations 

d' t • 

L ~ + V + J !.:_ dt Va0 dt "l c 
tl 

ud ~~ 
ic + iao = i, 
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with initial conditions: 

( 
di) (i)t=tt = il; L- = Vao- V"l' 
dt t~tt 

(2.7) 

where ic is the current to the capacitor and i 1 is the current through the coil 
given by eq. (2.3) at t = t 1• 

The solutions are 

. Va0 • +. 
l = - sm wt lao cos wt 

wL 
and 

or, written otherwise, 

and 

. v .. o . 
l = -sm wt 

wL 

wt1 
2ia0 sin- cos (wt 

2 

(2.8) 

(2.8') 

wt 1 
Va = Va 0 (1- cos wt) + 2ia0WL sin -sin (rut+ f{J), (2.9') 

2 
with 

:n; wt 1 
qJ=-

2 2 
(2.10) 

The expressions (2.8), (2.9), (2.8') and (2.9') are valid from t = t1 until t t2 , 

during which time Va decreases from its maximum value to zero. With 
ia

0
WL ~ V .. 

0
, eqs (2.8') and (2.9') become 

and 

with 

wt1 
2iao sin- cos (wt + ({J) + iao 

2 

Wit 
2i .. 0 wL sin- sin (rut+ ({J), 

2 

:n; wt 1 

qJ= 2 --.z· 

(2.8a') 

(2.9a') 

(2.10) 

At t t 2 , Va has decreased to z~ro. From eq. (2.9a') this is only possible when 
sin (wt + ({J) = 0. Substitution in eq. (2.8a') gives 

(2.11) 

Now this leads to two possibilities: 

(A) 
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1t 
t 1 > (i2 < 0). 

3 

(A) At the moment t t2 the anode voltage has decreased to zero and the 
current through the coil is positive (i2 > 0). From that moment the circuit 

Fig. 2.5. Circuit diagram for t2 ~ t < T. 

diagram is given by fig. 2.5 and the corresponding equation by 

di 

The solution is 

L = Vao· 
dt 

(2.12) 

(2.13) 

and i increases until it has attained the maximum value iao· This happens after 
an interval T, given by 

(2.14) 

t2 being found from eq. (2.9) by determining t at Va 0. Substitution of the 
derived value in eq. (2.8) gives i2 • With i00wL » V00 the values are 

(2.15) 

and 

i2 = ia0 ( 1 2 sin w;1
). (2.16) 

(B) At the moment t t2 the anode voltage has decreased to zero and the 
current through the coil is negative (i2 < 0). In that case the circuit diagram 
is given by fig. 2.3. The equation is again given by (2.1) with initial conditions: 

The solutions are 

and 

( 
di) (i)t=tz = i2 ; L- = Vao• (2.17) 
dt t=tz 

v 
i ~sin w(t- t2) + i2 cos w(t- t2) 

wL 
(2.18) 
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Neglecting the terms containing Va
0 

this situation remains until Va switches 
from a negative to a positive sign, i.e. after a half period. Suppose V03 = 0 
at t = t 3 , then i has become positive with a value i 3 = -i2 • From t = t3 

eq. (2.12) is valid. The solution is 

Va 0 • 

J:~(t-t3) + l3; 

i increases to i00 • This happens after an interval T, given by 

L(iao- i3) 
T=t3 +---~ 

Vao 

(2.20) 

(2.21) 

The exact value of t3 is found by solution from eq. (2.19) at Va = 0. Substitu
tion of this value in (2.18) gives i3 • 

Now it will be clear that nothing can be gained by admission of a period 
during which the anode voltage becomes negative. For that reason we restrict 
ourselves to the situation where rot 1 ~ n/3. If the terms containing Va

0 
are 

omitted where it is a11owed, the important relations become 
from t = 0 to t = t 1 : 

i = ia
0 

COS rot, 

Va = ia0 roL sin rot, 

la = 0; 

fromt.=t1 to t=t2: 

i = iao cos rot + lao {1 -cos ro(t- t 1) }, 

Va = i00roL sin rot iu
0
roL sin ro(t- t 1), 

from t = t2 to t = T: 

with 

i• 
' 

n rot1 
rot2 =-+-

2 2 ' 

i2 = ia0 ( 1- 2 sin ro;
1
). 

n rot 1 2ia0 roL sin !rot 1 
roT= + - + ------

2 2 Va 0 

(2.3a) 

(2.4a) 

(2.8a) 

(2.9a) 

(2.13) 

(2.15) 

(2.16) 

(2.14') 
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wT increases from n/2 at t 1 = 0 to ln/3 + ia0 wLfVa0 at wt1 = n/3. 
At wt 1 = n/3, T is largest because the conversion of the magnetic energy 

! L ia0 
2 into anode energy is then complete. After that the current through 

the coil is raised by the battery from zero to ia
0 

in ia
0
L/Va

0 
s. 

For the energy supplied by the battery during one period we find, after some 
calculation, 

T 

Wb Vao f i dt = Va0ia0 (t2 t1) + tLCiao 2 - il). (2.22) 
0 

With ia0 wL » Va0 the energy per second becomes 

( 
wt1 ) W. = Va 0 ia0 1-sinl . (2.23) 

From this equation the anode dissipation for wt1 = n/3 is found to be 

(2.24) 

In figs 2.6, 2.7, 2.8 and 2.9 the graphs are given of Va, ia and i as a function 
of wt for wt1 n/6, wt1 = n/3- s, wt1 n/3 + s and wt1 = n/2, respec
tively, with la0 wL/Va0 = 15. The symbol e is used to indicate a very small 
deviation. 

From the foregoing it can be concluded that wt1 = n/3- e gives the best 
operating conditions, because in that case the total amount of magnetic energy 
is converted into electric energy, the anode never becoming negative. In addi
tion T has to be fixed in such a way that the current'through the coil after the 
discharge has again reached the value iao· 

Fig. 2.6. v., i. and i as a function of wt with wt1 n/6. 
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iafiao 

i 1 

0-5 

~/\ 
I 
i 

-UJt 

OL-L-~~------------------------~L-~=-------

Fig. 2.7. Va, ia and i as a function of wt with wt1 :n:/3- 8. 

ia/. 
r1 

0'5 

0~~~~--~~------------------------~L-L-~ cvt1 cvf.2 rr 

;~~~ 
o·s 

0 I 

rdt wt2 'rr 

Fig. 2.8. Va, ia and i as a function of wt with wt1 = n/3 + 8. 
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Fig. 2.9. V4 , i 4 and i as a function of wt with wt1 = n/2. 

The quality of the excited X-rays depends on the shape of the anode voltage 
during the discharge. The highest output would be obtained if the anode voltage 
remained constant. In our case the anode voltage has a convex shape given by 
fig. 2.10, as may be derived from eq. (2.9a') by writing 

(2.25) 

It is easily seen that with wt 1 = n/3 the anode voltage is symmetrical. About 
80 per cent of the energy is dissipated between Va max and t Va max· 

Fig. 2.10. Anode voltage of X-ray tube during discharge. 
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2.2. Deviations from ideal conditions 

We may now determine roughly the influence of various approximations used 
in the calculations of the preceding section. 

~--------------~=~ 

Vcr 

Fig. 2.11. Real (i., V.) characteristics of X-ray tube. 

First of all there will be no ideal pentode characteristic, but a more realistic 
curve, as given in fig. 2.11. This results in a non-linear increase of the anode 
current. Instead of eq. (2.12) the following equation applies: 

with solution 

. Vao { 
l=-r- l 

where 

di 
L- + ir = v"O' 

dt 
(2.26) 

(2.27) 

(2.28) 

and where Vcr is the lowest anode voltage for which ia iao· As long as 
(rfL)T « 1 the deviation from eq. (2.13) is very small. 

The anode dissipation has to be revised as well. Using eq. (2.13) the anode 
dissipation from t2 to T becomes 

With rot 1 = n/3 this expression alters into 

2 Vcr 1 L. 2 
:r-2 lao • 

Vao 

(2.29) 

(2.30) 

Consequently a small value of Vcr is necessary to keep additional anode losses 
within bounds. 

A third deviation is due to the finite resistance of the inductor. If we take into 
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account this resistance R we find instead of eq. (2.3): 

i = ia0 exp (- !!_ t) . (-~ sin wt + cos wt), 
2L 2wL 

(2.31) 

with 

1 (R)2 

w
2 

= LC- 2L (2.32) 

In the interval wt < ~/2, eq. (2.31) will not differ much from eq. (2.3a) as 
long as wLfR » 1. For a first-order approximation it is therefore permitted 
to consider the coil loss-free as far as the value of the current is concerned. 
We now suppose that the same is true during the intervals (t1, t2 ) and (t2 , T). 

One period of i consists of three parts, i.e. 

~ 

i iao cos wt for 0 ~~ <-, 
3 

i = i00 { 1 cos ( wt : )} ~ 2 
for ~t<-, (2.33) 

3 3 

Vao ( wt- m) 2 2 iaoL 
i for t< 

wL 3 3 3 vllo 

After some calculation we find for the effective value of the current 

(2.34) 

Consequently, the losses in the coil will be t i110 
2 R at the least. 
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3. THE GRID-CONTROLLED X-RAY TUBE 

3.1. Introduction 

Before dealing with the problems connected with the design and construction 
of the X-ray tube we have to establish the conditions to be satisfied by the tube. 
The main requirements, some of which have already been mentioned in 
chapter 2, can be formulated as follows. 

(a) The tube must be capable of giving a high anode current. The relation (1.4), 
V = i (L/C) 112 shows that a high peak voltage in the first place depends 
on a high value of the anode current. 

(b) It must be possible to cut off the anode current by a suitable grid voltage 
for any anode voltage up to the peak value. 

(c) The tube must have pentode properties. Moreover, the slope of the Cia, Va) 
curve should be as steep as possible in order to keep losses low during the 
time that the current through the coil is increasing from zero to the 
maximum value iao· 

(d) For the time that the tube conducts as an X-ray tub~\ i.e. during the dis
charge of the condenser through the tube, the electron beam must give a 
well-defined focal spot on the anode. We are not interested in any focal spot 
during the loading period. 

(e) The tube must be capable to withstand an anode voltage of approximately 
250 kV. 

In addition to those mentioned above there are a number of other require
ments concerning insulation, anode dissipation etc., but since these are not at 
variance with those underlying ordinary X-ray tubes, they will not be discussed 
here. 

The requirements (a), (b) and (c) are connected with the switching properties 
of the tube, while requirements (d) and (e) make the tube an X-ray tube. It is 
possible, of course, to divide the required properties over two different tubes, 
a switching tube and a normal X-ray tube, but it will be clear that such a 
proposition is not at all attractive and furthermore by no means simplifies the 
problem. 

In order to ascertain the practicability of the proposed method we now have 
to fix the values of the various quantities by making our choice out of rather 
numerous possibilities. First of all we decide on a total power 

P=3.103 W (3.1) 

and an anode discharge current 

ia0 = 0·3 A. (3.2) 

The mean value of the anode current is 0·15 A. It follows from (2.24) that 
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3 
-=20kV. 
0·15 

(3.3) 

(3.4) 

the abso]ute peak voltage becomes 300 kV, and by substitution in (2.4a) the 
practical limit given by the best tuning of the circuitry becomes 

Further we have 

or 

:n; 
300 sin- = 259·8 kV. 

3 

L (Lc)l/2 = 15 Vao = 106 Q 
iao 

L 1Q12 C. 

(3.5) 

(3.6) 

(3.7) 

If, for example, we estimate the total capacitance at 50.10- 12 F, the self
inductance of the coil becomes 50 H. Substitution of these values in the 
equations of chapter 2 gives a repetition frequency of 1165 cjs. The anode
pulse rise time becomes 52 (.LS, the discharge time is again 52 (J.S, and therefore 
the total anode pulse lasts 104 fJ.S. 

3.2. The cathode 

In most X-ray tubes a tungsten filament is used as an electron source. One 
has to accept the rather poor efficiency of electron emission, because tungsten 
has some other properties making it in X-ray tubes far superior to an oxide
coated cathode. 

As will be discussed later, the thermionic emitter in our tube has to satisfy 
three conditions in addition to those known from normal X-ray-tube practice: 

(a) a high specific emission of electrons, 
(b) a homogeneously emitting surface, 
(c) no deformations. 

Although a tungsten filament fulfils these requirements to a certain extent only, 
this filament was mainly used for lack of a better during the initial experiments. 
Thoriated tungsten gives a slight improvement in thermal yield but this advan-

. tage does not counterbalance the laborious pumping and degassing process and 
the increased chance of deformation. 

In order to approximate to a homogeneously emitting surface as far as 
possible, the filament was wound in the shape of a flat spiral helix. Nevertheless 
it soon became evident· that eventual results would be dependent on a more 
suitable cathode. 
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Numerous investigators have carried out extensive research to improve the 
oxide-coated cathode. This research was stimulated by the urgent need for a 
better cathode in connection with new developments in the high-frequency field. 
Among the remarkable improvements achieved, the dispensor cathode 16) 

holds a special place owing to the fact that it combines the favourable properties 
of both tungsten filament and oxide-coated cathode and lacks most of their 
unfavourable properties. In our case the L cathode meant the release from 
insuperable difficulties. 

However, it was seriously doubted whether the L cathode could be used in 
X-ray tubes on account of the continuous evaporation of barium, which was 
expected to have an unfavourable influence upon the high-voltage properties. 
To clear up this problem a number of identical high-voltage rectifying valves 
were made, some provided with a tungsten filament and others with an L cath
ode. Without going into detail as to the construction of these rectifying valves 
we shall only remark that experiments with them showed a relatively small 
difference in maximum attainable reversed voltage, i.e. 180 kV for the valves 
with a tungsten filament against 150 kV for the valves with an L cathode. As 
the conditions in a rectifying valve are much more unfavourable than in an 
X-ray tube for uni-directional high voltage, we expected no difficulties from the 
evaporation of barium. The results obtained confirmed these expectations. 

The L cathode used throughout the experiments had a cylindrical shape 
(fig. 3.1). Normally the emitting surface is fiat and circular. It is possible, 
however, to work the tungsten block so as to obtain a particular profile. As 
will be seen in the following sections, an electron gun of the Pierce type is used 
in the X-ray tube. The cathode of this gun needs a concave emitting surface. 
This is easily produced in our case by turning the tungsten mass to the prescribed 
radius of curvature Rc (fig. 3.2). An additional advantage of turning is that a 
sharp edge can be obtained which is essential for good performance of the gun. 
The cathode cylinder has a diameter of 10 mm and a height of 6 mm. The 
operating temperature is about 1150 oc which corresponds to a specific 
emission of about 25 Afcm2 • The heating power required is about 40 W. 

Fig. 3.1. Transverse section ofL cathode. 
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Fig. 3.2. Tungsten head of L cathode with prescribed curvature of surface. 

3.3. The electron gun 

To design an electron gun for 0· 3 A without any restrictions is a fairly sjmple 
task. In our situation, however, a number of conditions must be satisfied. 
Besides those mentioned in sec. 3.1(a)-(d), in case an auxiliary accelerating 
electrode is used, its potential must be as low as possible, as it will always draw 
some current with the result that the gun temperature increases. A further 
limiting condition is that no method of magnetic focussing to obtain a well
defined focal spot on the anode can be applied because it would complicate in 
an intolerable manner the construction of the tube, i.e. a purely electrostatic 
solution has to be found. 

3.3.1. The aligned-grid gun 

The most obvious solution is to make use of a multi-grid construction. A 
drawback as compared with radio-tube design is the fact that focussing con
siderations rule out a concentric location of the grids. We started by making a 
number of experimental tubes comprising a flat circular cathode, two plane 
grids parallel to the cathode and an anode (fig. 3.3). The function of the first 
grid is to cut off, by applying a negative voltage to it, the anode current at the 
desired moment. The function of the second grid, that carries a constant positive 
voltage, is firstly to increase the electric-field strength in the space directly in 
front of the cathode in order to counteract the space-charge limitations of the 

Fig. 3.3. Aligned-grid gun. 
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anode current during the "charging" period of the coil, when the anode voltage 
is low and secondly to reduce this field strength during the period that the anode 
current has to be cut off completely and the anode voltage rises to very high 
values, which otherwise might outweigh the influence of the negative voltage 
applied to the first grid. Each grid consisted of equidistant tungsten wires. The 
grids are aligned in such a way that the wires of the second grid are situated 
in the "electron shadow" of the wires of the first grid, to minimize the current 
to, and the heat dissipation in the second grid. 

The problem is to determine all dimensions in such a manner that optimum 
gun performance is obtained. Only the distance between gun and anode is 
known in advance. The minimum of this distance is determined by the appear
ance of field emission, which phenomenon depends on various factors such as 
surface condition, gas pressure, etc. As 20 kV /mm is a normal figure in high
vacuum tubes, that would mean 25 mm for 250 kV in our tube. In connection 
with the very short interval during which the anode is at top potential we fixed 
the distance between gun and anode at 20 mm. 

The strong space-charge effect complicates an exact calculation of the 
optimum values of the pitch of the grids, their mutual distances and the diam
eter of their wires. By using as a starting point the mathematical relations for 
the space-charge-free case one may, however, obtain useful information on 
these questions. This was done by Groendijk *), resulting in the directive that 
the distance fromg1 to g2 should be equal to the pitch of g1 • For aligned gridsg1 

and g2 should have the same pitch. 
We made a number of tubes based on these directives. In our case the number 

of variations was restricted by the following considerations. 
(a) In order to prevent sparking between first and second grid, the distance 

between them must not be less than 1 mm. This fixes the pitch of both grids 
at the same time. 

(b) Even with the best gun construction i92 will be rather high during the 
beginning of the loading period when the anode current and therefore also 
the anode voltage are still low. As a result the mean value of ig2 is about 
25 mA and the energy dissipation in the second grid 15-20 W, which has 
to be removed by thermal radiation from the surface of the grid wires. 
The radiating area should be sufficiently large. Therefore the diameter of 
these wires cannot be less than 100 IJ.· 

In figs 3.4 and 3.5 the quite satisfactory characteristics of an experimental tube 
are given. The grid current i112 is very small at maximum anode current. The 
dimensions of the gun were 

d1 = d2 = 100 fL; a1 = a2 = 1 mm; 192 -1111 = 1 mm; 191 = 0·5 mm. (3.8) 

*) Personal communication. 



-21-

fa 
(mA)iiWt--:::;;;;F==9==-F===i= 

t Z50hf--1--t------t--
~,..3()0V 

3 4 
-\'d(kV) 

Fig. 3.4. (i,, V,) characteristics of experimental tube with aligned-grid gun. 

~!~---.----.---~----,---~ 

~ ~A)~.---~---~---+--+---~ 

t ~=300V 
aooH---+---+=---t----t---1 

150 

100 

~~~~--~---+--~--~ 

2 3 4 
-lft(kV) 

Fig. 3.5. (ig
2

, v.) characteristics of experimental tube with aligned-grid gun. 

Rogers 1 7
) has made a large number of measurements on multigrid construc

tions of the same kind. The conclusions drawn from his results are in accord
ance with the above-mentioned system. 

Although tubes with this type of gun operate quite well, these systems with 
wire grids had to be abandoned due to the fact that their focal spots are of 
very poor quality (fig. 3.6), small and with a very uneven electron distribution, 
which leads to a quick deterioration of the target area of the anode. This dif
ficulty does not arise when the principles for an effective gun construction 
outlined by Pierce 18) are applied. 

3.3.2. The Pierce gun 

Achievements in the microwave field created a demand for systems giving a 
converging electron beam of high intensity and uniform density. Pierce provided 
a very suitable solution for this problem. His starting point was the fact, already 
mentioned by Langmuir 19), that Poisson's equation, describing the field in 
cases that the space charge cannot be neglected, can be resolved exactly in the 
case of rectilinear electron movement between parallel planes, coaxial cylinders 
and concentric spheres, only. 

If, in the case of concentric spheres, we take for the cathode and the accelerat-
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Fig. 3.6. Focal spot (enlarged) of X-ray tube with aligned-grid gun. 

ing electrode those parts of the spheres that are cut out by a circular cone with 
its top in the centre of the spheres, then Pierce has shown that it is always 
possible to introduce an external field in such a way that the electron beam 
within the cone remains unchanged. This external field is created by the shape 
of the cathode electrode and the accelerating electrode (fig. 3.7). The shape of 
the electrodes can be calculated in simple cases only; in more complicated cases 
the solution has to be found by experimental means. Samuel 20

) and Helm et 
al. 21 ) have made several calculations and electrolytic-trough measurements for 
different configurations. Starting from the requirements which the gun has to 
fulfil, the geometry of a gun can be found from the graphs and electrode shapes 
obtained by them. 

Cathode 

;~~~ ~ (Accelerating electrode 

----- C:dge of beam 
--,-~.:::----~----

-----~-- ~~-~~----

-'-----1.----

_J~-=-.:...:.:: ______ _ 

Fig. 3.7. Electrode structure of Pierce gun. 
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3.3.2.1. Determining the size and shape of the Pierce gun 

The following notation is used (fig. 3.8): 

v 
I 
Rc 
Rae 
2 rc 
2 rae 
d 
28 
2y 

- potential of the accelerating electrode, 
beam current, 
radius of the cathode surface, 
radius of the accelerating electrode, 
cathode diameter, 
diameter of the accelerating-electrode aperture, 
distance along the axis from cathode to accelerating electrode, 
aperture angle of the beam between cathode and accelerating electrode, 
aperture angle of the beam after passing the aperture. 

Limit of the 
_ ,... _. ...- electron beam 

Fig. 3.8. Pierce-gun geometry. 

The starting point from which the problem is approached is the relation of 
Langmuir and Blodgett 19) 

I 1 c~8 
-- = 14·68. I0- 6 ---
y:m IX2 

(3.9) 

In this relation the left-hand expression stands for the space-charge factor which 
may be considered as a measure of the quality of the gun; IX is a factor given by 

Rae ( Rac)
2 

ex= log -0·3 Iog-
Rc Rc ( 

Rac)
3 

0·075 log Rc ... , (3.10) 

I is given by the required anode current, i.e. I= 0~3 A. The choice of Vis 
still open but we want to keep V as low as possible. As an acceptable com
promise we fix V at 1000 volts. From this follows 

I 
y3t2 

(3.11) 

By giving 8 a distinct value we fix ex and Rae! Rc too. Then all parameters in 
the gun have been established. The choice of 8 is determined by the consider
ation that the beam still has to be convergent after passing the aperture of the 
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accelerating electrode. This aperture acts as a diverging lens with a focal 
distance 

4V 
f 

Ez-E1 
(3.12) 

where E 1 and E2 stand for the potential gradient outside and inside the aperture, 
respectively. 

Since we want to keep V as low as possible, d has to be small. This again 
means a strong diverging lens action, and hence 8 must be large. Therefore 
we fix 8 at 30°. From the graphs given by Samuel it follows that 

R 
0·32. (3.13) 

We already know rc = 5 mm, so we have 

Rc 10 mm; d = 3·2 mm; Rae 6·8 mm; 2 rae= 6·8 mm. (3.14) 

The maximum excavation of the cathode is h 1·3 mm. From the data col
lected by Helmet al. it further follows that the beam just converges after passing 
the aperture in the accelerating electrode. 

The above-mentioned results are only true to a certain degree because the 
electric field at the cathode surface is altered by the aperture. Moreover, the 
lens action decreases with increasing diameter of the aperture. 

The dimensions are now roughly known. For determining the right shape of 
the electrodes we make use of the results of the trough measurements of Helm 
et al. However, because of their complicated character the electrode shapes 
given by them do not lend themselves to simple manufacture. Therefore the 
prescribed curvature is approximated by a more suitable shape differing from 
the original one as little as possible. It is a fortunate circumstance that these 

1 .. 

Fig. 3.9. Fig. 3.10. 

~·r~ 
Fig. 3.11. Fig. 3.12. 

Fig. 3.9. Focussing electrode; deflection 65°. 
Fig. 3.10. Focussing electrode; deflection 52·5.0 

Fig. 3.11. Accelerating electrode; round profile (R. 6·8 mm). 
Fig. 3.12. Accelerating electrode; straight profile. 
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deviations, provided they are not too large, have little influence on the perform
ance of the gun. A number of experimental tubes have been made in which 
various approximations of the ideal profiles of focussing electrode (figs 3.9 and 
3.10) and accelerating electrode (figs 3.11 and 3.12) are combined in order to 
find the most practicable solution. 

The following remarks should be made in advance. 

(1) In practice the diameter of the L cathode is 9·6 mm instead of 10 mm. The 
aperture of the focussing electrode is adapted to this reduction, while the 
other gun dimensions remain unchanged. 

(2) To gain some insight into the influence of Rc on the gun performance a 
cathode-surface radius greater than prescribed was tried out too, i.e 
Rc 12·2 mm corresponding to h 1 mm. 

(3) When assembling the gun the distance between upper level of the cathode 
and lower level of the focussing electrode is made 100 fL· With heated 
cathode this distance rema;ns about the same. 

(4) In order to enable the diameter of the electron beam to be measured in the 
experimental tubes the X-ray anode is replaced by a flat anode of molyb
denum coated with a fluorescent powder and provided with a scale division. 

We now have a number of possibilities, given by table 3-I. All the measure
ments were done with ia 0·3 A, the focussing electrode being earthed 
(V111 = 0). The results are given in table 3-11. In the last two columns the beam 
diameter on the anode is given at Va 5 kV and Va 10 kV, respectively. 

From table 3-II can be seen that the combination (B, rx, 1) comes out as the 
best one by far. Both experimental tubes provided with a cathode with h = 1 mm 
gave such poor results that the two other combinations were not made. The 
tube with the combination (B, {J, 1) dropped out owing to short-circuiting of 
the filament and was not assembled again. 

In all further experiments the X-ray tubes were fitted with the selected gun, 
of which fig. 3.13 gives more details. The characteristics too are satisfactory as 
shown by the (i0 , V,.) curves in fig. 3.14. 

gun part shape code fig. 

cathode h 1 mm (Rc = 12·2 mm) A 3.7 
h = 1·3 mm (Rc = 9·6 mm) B 3.7 

focussing electrode deflection: 65° IX 3.8 
deflection: 52·5° {J 3.9 

accelerating electrode round profile (Ra = 6·8 mm) 1 3.10 
straight profile (60°) 2 3.11 
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TABLE 3-11 

combination 
beam diameter (mm) 

v!/2 (V) i!/2 (rnA) 
(Va = 5 kV) (Va = IOkV) 

A, IX, 1 1300 64 18 11 
A, fJ, 2 1500 108 19·5 13 
B, IX, 1 1350 0·5 12 7·5 
B,fJ,2 1350 3 15 10 
B, IX, 2 1350 14 14·5 9·5 
B, fJ, 1 - -

Fig. 3.13. Dimensions of final electron-gun design. 

Fig. 3. 14. (i4 , V..) characteristics of selected gun. 

3.4. The X-ray tube 

The complete construction of the gun is given in fig. 3.15. As will be mention
ed in sec. 4.2, the gun as a whole is shielded by a surrounding cap to reduce 
stray capacitance. The structural material is chrome-iron. The cathode poles 
are of molybdenum, and are insulated from the cathode mass by ceramic 
sleeves. ' 

As the anode is not required to meet any special demands we make use of an 
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Fig. 3.15. Longitudinal section of complete gun including shielding cap. 

available type from the industrial production of 250-kV therapy tubes. The 
essential dimensions of this anode are given in fig. 3.16. It is made of copper 
with a beryllium window to let the X-rays pass. Via a "Fernico" ring the anode 
is connected to the hard-glass tube envelope by a glass-to-metal seal. A photo
graph of the tube can be seen in fig. 3.17. 

Fig. 3.16. Anode dimensions. 

3.4.1. The focal spot 

The focal spot of well-assembled tubes is fairly homogeneous. By its very 
nature it has an elliptical shape. The area of the true focal spot is about 140 mm2 

in our case. 
It may happen that the focal spot shows a "white" spot in its centre, which 

means that there are no electrons bombarding the anode in that area. This may 
have two causes: 
(1) in tubes which contain a small amount of residual gases the centre of the 

cathode may be poisoned by ion bombardment; 
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Fig. 3.17. Photograph of X-ray tube. 

Fig. 3.18. Focal spot {enlarged) of X-ray tube with Pierce gun. 

(2) the field strength at the centre of the cathode surface is too low. This may 
occur if the cathode has been mounted too deeply. Increase of the potential 
of the accelerating electrode should give an improvement in that case. 

The size of the focal spot depends among other factors on how deep the 
target plate is set into the anode cylinder. Having once arrived inside the anode 
cylinder the electron beam will diverge. As a result of the high electron speed 
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this effect is not so strong. Other possibilities of influencing the size of the focal 
spot exist to a limited extent only, because the dimensions of the gun and the 
distance of accelerating electrode to anode have been prescribed. A picture of 
the focal spot is given in fig. 3.18. 
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4~ THE OTHER COMPONENTS OF THE APPARATUS 

4.1. The electric circuitry 

The considerations of chapter 2 sprang from the idea of an X-ray tube the 
anode current of which could be cut off by a suitable negative grid voltage. It 
will be obvious, however, that the anode current in the system as described in 
chapter 3 cannot be controlled effectively by variation of the voltage of the 
focussing electrode, owing to the fact that even rather large voltage differences 
have very little influence on the gun current. 

The beam current can be controlled instead by variation of the accelerating· 
grid voltage. A block diagram of the circuitry is given in fig. 4.1. The anode 

Fig. 4.1. Block diagram of X-ray-generating equipment. 

of the X-ray tube and the high-tension coil are connected in line with the 20-kV 
generator. The accelerating electrode of the gun is connected with a 2-kV 
generator via a resistance Rgz· The purpose of this resistance is to reduce the 
accelerating-electrode voltage in such a way that this voltage is never larger 
than necessary for the anode current to be supplied at any instant. In this way 
the gun dissipation is considerably reduced. From the tube characteristics it 
can be concluded that a slightly negative value of the accelerating-electrode 
voltage entirely suffices to cut off the beam current of the gun. How the voltage 
variation of the accelerating electrode is effected, follows from the circuit dia
gram shown in fig. 4.2. A negative pulse originating from a pulse generator is 
amplified and the resulting positive pulse is applied to the control grid of a 
power tetrode. The whole system is at a negative potential level of 500 V. The 
tetrode is made conductive by the positive voltage pulse on the control grid. 
A large anode current then flows and the accelerating-electrode voltage of the 
X-ray tube is thus brought below zero. 

The pulse generator has been designed in such a way that repetition frequency 
and pulse width can be controlled independently. 
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Fig. 4.2. Circuit diagram of accelerating-grid voltage generator. 

During the first exposure-rate measurements the X-ray output remained far 
below expectation. Upon closer examination the anode current during the 
discharge period was found to be much too low, as a result of the effect of the 
capacitance between anode and accelerating electrode. 

This effect can be explained as follows (fig. 4.1). Let the capacitance between 
anode and accelerating grid be denoted by Cae and the corresponding charge 
by Aae• then the circuit formed by Cae and R92 obeys the equation 

In our case 

which results in 

Substitution gives 
c 

ic = iao - cos wt 
Cae 
c 

ic = iao- {cos wt- cos (wt rot1)} 

Cae 

The voltage drop over R92 is of the same shape as ic and must be added to the 
desired accelerating-electrode voltage. The distortion current ic, the desired 
electrode voltage V92, the distorted electrode voltage V9d and the resulting 
distorted anode current iad are given in :fig. 4.3. 

The anode-current drop can be diminished by reducing the value of .Rg2 • 

This possibility has two serious drawbacks: overrating of the power tetrode and 
increase of the mean accelerating-electrode current. An obvious solution is the 
addition of a screening electrode between anode and accelerating electrode. 
Although such a measure means more complexity in gun construction, we 
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Fig. 4.3. (a) anode voltage Va, 

(b) distortion current ic, 
(c) desired accelerating-electrode voltage V92, 

(d) distorted accelerating-electrode voltage V94, 

(e) resulting anode current iad· 

preferred this solution to a rather complicated electronic compensation device. 
In fig. 4.1 the screening grid has already been incorporated. 

4.2. The induction coil 

The primary requirements to be met by the coil are: 

(a) a constant self-inductance of at least 50 H, 
(b) low losses, 
(c) electrical insulation up to 300 ~V between the coil ends. 

Though not essential in our experiments, small size and low weight are 
additional conditions for the realization of a practical X-ray apparatus. 

The coil used is of the coreless cylindrical type, built up from a number of 
segments. Each segment consists of two flat coils wound in such a way that the 
wire connection between them is on the inside whereas the wire connection 
between two coils belonging to different segments is on the outside. In this w~y 
a regular potential distribution is secured. The segments are slipped on a bar 
of plexiglass which supports the coil. 

Initially the coil body was made of plexiglass for the core and hard paper for 
the side plates. The dielectricallosses were so excessive, however, that the hard 
paper became carbonized. We therefore switched to "thermoplac" wire, which 
consists of a copper base covered with an inner layer of a ceramic material and 
an outer layer of plastic. With the help of a mould the two coils are wound on 
the base of a segment. After that the whole set is warmed up by conducting an 
electric current through the coil until the outer layers of the wjre have melted 
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Section A-B 

Fig. 4.4. Drawings of coil-segment base. 

together into one homogeneous mass. After cooling the mould is removed, 
leaving behind a self-supporting pair of coils. In applying this method one 
should see that the separate coils are not too thin; otherwise deformation might 
occur. Figure 4.4 gives the drawings of a segment base. 

It is not altogether possible to predetermine the right value of the inductance. 
As shown in sec. 3.1, L (in H) should equal C (in pF) where Land C stand 
for the total inductance and the total capacitance, respectively. The capacitance 
of the X-ray tube is about 20 pF. The contribution of the coil depends on its 
construction. This difficulty was overcome by making an ample number of 
segments. By addition or removal of one or more segments the required value 
of the inductance can be obtained. The dimensions of each separate coil are: 

outer diameter 
inner diameter 
thickness 
number of windings: 
resistance 

13 em, 
4cm, 
6mm, 

2000, 
tso n. 

A photograph of the complete coil is given in fig. 4.5. 

4.3. The experimental set-up 

In fig. 4.6 the arrangement is shown as far as the X-ray tube and the induction 
coil are concerned. The latter has been mounted vertically in a cylindrical oil-
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Fig. 4.5. Photograph of induction coil. 

filled tank of insulating material. The low-voltage output to the 20-kV generator 
can be seen just above the second ring from below. The X-ray tube has also been 
mounted vertically in a cylindrical vessel of hard glass. The anode side of the 
X-ray tube points downwards. In the picture, in order to improve visual 
penetration, the glass vessel has not yet been filled with oil. Its diameter is 
smaller than the coil-tank diameter, so that it is possible to lower the glass vessel 
partly into the coil tank. In this way a good view is obtained of the tube during 
operation, and at the same time excellent electrical insulation is obtained. 
Moreover, the cathode and grid connections can easily be made. 

The circulation of the anode-cooling oil is effected by a standard pumping 
unit nonnally used for high-voltage therapy tubes. The connecting oil tubes are 
made of polysterol. 
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Fig. 4.6. Part of experimental arrangement. 

The X-ray tube, the induction coil and the 20-kV generator have been placed 
together in a lead-walled room for high-voltage and radiation protection. 
Observation of the interior is possible through lead-glass windows. The X-rays 
can leave the room through a small aperture. 
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5. MEASUREMENTS AND CONCLUSIONS 

The evaluation of the X-ray-tube voltage together with the spectral-energy 
distribution and the exposure rate of the emitted X-radiation are the main 
subjects of this chapter. 

5.1. Measurement of high-voltage and spectral-energy distribution 

5.1.1. Introduction 

It will be clear that the measurement of the peak voltage of the X-ray tube 
by one of the well-known direct methods, i.e. spark gap and high-ohmic resistor, 
was impossible in our case for the simple reason that any system of measurement 
in direct contact with the anode circuit would alter the value of C. We were 
therefore compelled to look for an acceptable indirect method. The obvious 
method was to make use of the Duane-Hunt wavelength limit of the continuous 
X-ray spectrum emitted by the anode with the aid of a crystal spectrometer. 
The principle of the method is shown in fig. 5.1. From the X-ray beam that 
leaves the anode a small rectangular beam is separated by collimator slits. A 
part of this narrow beam is reflected by a crystal. By rotating the crystal a 
relation is obtained between the intensity in a distinct direction and the corre
sponding wavelength. For a given set of lattice planes a discrete wavelength 
corresponds to each angle of reflection. The part of the primary beam that is 
not reflected passes through the crystal and is intercepted in a lead cone. 

)\ Anode 

I 
I 
I 

-I-
I -,-
1~ 

-f\ 

~ 
Fig. 5.1. Principle of X-ray detection. 

First of all we wish to obtain an impression of the magnitude of the angles 
of reflection. The wavelengths corresponding to a peak tension of 300 and 
100 kV, respectively, are 

lt1 0·0413 A; (5.1) 
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From Bragg's relation, 
nA. 2 d sin rp, 

rp can be found if n and d are known, With the quartz crystal used (d = 
3·343 A; n = 1) we find 

2 f/Jl 42128"; 2 £P2 = r71301
'. (5.2) 

Thus for 200 kV difference in voltage a difference of about 1 °25" in angle 
reflection can be expected. This situation makes it necessary to employ a very 
narrow beam and a relatively long distance from reflecting crystal to detector. 

There are various possibilities of detection: 

(1) By photographic means. Although this method can give exact results, it is 
not acceptable because of the long exposure time. 

(2) A G.M. counter might in principle be used. It is true that the resolving 
power is restricted, but arrangements might be made to record the repetition 
frequency of the X-ray pulses. In that case the indication remains constant 
while the continuous X-ray spectrum is being scanned, and drops to zero 
in the vicinity of the wavelength limit. The sensitivity of this method will 
depend especially on the efficiency of the G.M. counter for 250-kV quanta 
and the number of these quanta still reaching the G.M. tube during each 
discharge. 

(3) Scintillation crystal with photomultiplier tube. The high resolving power 
opens in principle a number of possibilities of recording. In addition intensity 
measurements can be made by using a suitable crystal. Thus we can find: 
(a) the peak tension of the X-ray tube by determining the angle at which 

the intensity falls off to zero, and 
(b) the spectral-energy distribution by scanning the diffraction pattern with 

the scintillation counter. 

For the last reason in particular we preferred the scintillation counter. In the 
next section a description of the spectrometer will be given. 

5.1.2. Description of the spectrometer 

The basic of the instrument is a heavy iron bar (fig. 5.2). The collimators are 
situated at one end of the bar. The reflection crystal is held on an adjustable 
support. This crystal holder is coupled mechanically to the scintillation counter 
to ensure synchronous rotation of the latter with an angular velocity twice that 
of the crystal. The rotation is accomplished by a small synchronous motor. 
The unreflected part of the primary beam is intercepted by a small lead case 
provided with a removable stop. 

Of the various components of the spectrometer only the container of both 
the scintillation crystal and the photomultiplier tube is given in detail in fig. 5.3. 
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Fig. 5.2. Outline of spectrometer. 

The container is made of brass with an inner sheet of0·5 em lead for the absorp
tion of stray radiation. The removable front part of the box is provided with a 
lead diaphragm with an opening of lOx 1 mm2 , which is covered with black 
paper in order to make the box imprevious to light. A felt ring between container 
and cover serves the same purpose. Attached to the container is a smaller box 
in which a part of the electronic circuit is accomodated. 

The scintillation crystal is enclosed in a plexiglass case. A layer of MgO be-

Fig. 5.3. Longitudinal section of scintillation counter. 
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tween the crystal and the side walls facilitates good reflectivity. On the side of 
the multiplier tube a silicon oil is used with the same index of refraction as 
plexiglass. 

As mentioned before, quartz was chosen for monochromator, the (101) plane 
acting as reflecting plane (d = 3·343 A). 

The choice of the scintillation crystal was determined by our wish to make 
energy measurements. For that reason an Nai(Tl) crystal was used with 
dimensions 2x l X l cm3

• Brucker gives the values of tt/(! at quantum energies 
up to 200 keV. By extrapolation we find at 250 keV: }l/(! 0·125. As f! = 3·667 
the energy adsorption of 250-keV quanta amounts to 60% for 2 em crystal 
length. 

The photomultiplier employed is an E.M.I. tube type no. 5659. It has its 
photocathode on the inside of the glass wall at the top of the tube. The spectral 
sensitivity attains a maximum at 4000 A which conforms well with the emission 
line at 4100 A of N al. 

5.1.3. Principles of measurement 

During each period of discharge of the X-ray tube a complete spectrum is 
emitted. The position of the scintillation counter determines the energy of the 
detected X-ray photons that are selected from this spectrum. The pulses corre
sponding to high-energy photons are only found at the beginning of a discharge. 
The longer the wavelength the greater the part of the period in which this wave
length is emitted and its pulses recorded. This is illustrated in fig. 5.4, which 
gives a random distribution of pulses at a fixed wavelength. The isolated pulses 
are due to natural background radiation. 

Fig. 5.4. Random distribution of pulses at a fixed wavelength. 

There are various methods of recording the pulses. Firstly, we may count the 
number of X-ray photons per wavelength by counting the separate pulses. This 
method, however, makes very severe demands on the decay time of the scintil
lation crystal and the resolving power of the electronic circuit. 

Instead of measuring the separate photons we can also measure the total 
amount of energy for a discrete wavelength by integration of the pulses over a 
certain period 22). In our first solution we made the time constant about 100 tJ.S 

so that the pulses were integrated during a single discharge. The linear amplified 
output was applied to a capacitor which discharged through a mA meter(fig. 5.5). 
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Fig. 5.5. Block diagram of circuit with a time constant of 100 !J.S. 

At a well-defined repetition rate of the discharges the indication of the rnA meter 
was proportional to the total photon energy at a fixed wavelength. This method, 
however, is restricted to pulsed X-rays, and there is the additional requirement 
that the dead time should be long in comparison with the pulse time. 

To avoid this disadvantage we adapted another solution in which the pulses 
are integrated over a much longer period, i.e. a time constant of 1 second. The 
resulting signal is passed to a recorder. As the output impedance of the photo
multiplier tube is very high and the input impedance of the recorder rather low, 
an extra step has to be inserted comprising an electrometer tube. The circuit 
diagram is given in fig. 5.6, and fig. 5.7 gives a picture of the spectrometer and 
the recording apparatus. 

+112/<.!l 
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Fig. 5.6. Circuit diagram with electrometer tube. 

5.1.4. Measurement of high voltage 

An example of a spectrum is given by curve C in fig. 5.8. It was derived from 
the originally recorded curve A from which the stray-radiation curve B was 
subtracted. This background-intensity curve was obtained by a point-to-point 
measurement with the quartz crystal removed. 
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Fig. 5.7. Photograph of X-ray spectrometer and recording apparatus. 

Since the wavelengths of the Ka and K{J lines are known, the limit wave
length .A0 can be directly determined and from the limit wavelength the high 
voltage can be easily deduced. The accuracy of the limit-wavelength evaluation 
depends on the resolving power, which again is influenced by the horizontal 
divergence of the X-ray beam and by the fluctuations in number of the X-ray 
quanta. For obvious reasons we cannot decrease both factors simultaneously. 
A compromise has been found at a slit width of 0·1 mm. 

The horizontal divergence is approximately given by 

2a = 0·001 (5.3) 
or, with Bragg's relation, 

L1 a = 2 d a = 0·006 A. (5.4) 

In consequence the inaccuracy amounts to 0·006 A. This is the distance over 
which the signal fades out to zero. In fact the error is much smaller, since there 
is no reason for the curve to turn off at the end. Including the influence of the 
fluctuations the total deviation will therefore not exceed 0·002 A, which corre
sponds to an error of 4% at 250 kV. 



-42-

____ ,.,.,..----""' 8/ 
/ 

,.../ .,.-

-'A( decreasing) 

Fig. 5.8. Spectral-energy-distribution curve. 
· (A) recorded curve, 

(B) stray-radiation curve, 
(C) subtracted curve, 
o.o) boundary wavelength. 

5.1.5. Measurement of the spectral-energy distribution 

At small angles the resolving power of the spectrometer amounts to 0·003 A, 
corresponding to a linear displacement of the detector over a distance of 
0·36 mm. Since the scanning speed is l mm/min the required time is about 
22 seconds. The time constant of 1 s has therefore no influence on the resolving 
power. The same can be said of the speed of the recorder pen, which takes 1 s 
for full-scale deflection. 

In order to compare the X-radiation quality of our generator with that of a 
constant-voltage apparatus we measured the spectral-energy distribution of the 
X-radiation for both voltage forms at 250 kV. The results are given in fig. 5.9. 
Due to the fact that the measuring range of the spectrometer is limited to about 
0·25 A we had to normalize the curves by reducing them to equal maximum 
intensity of the continuous spectrum. The curves quite clearly show the much 
higher amount of hard radiation in the case of constant voltage. 

We should point out that the above-mentioned spectral-energy distribution 
is by no means identical with the spectrum of the X-radiation emitted by the 
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Fig. 5.9. Spectral-energy-distribution curve. 
(a) pulsed-voltage generator, 
(b) constant-voltage generator. 

Tube filter: 10 nun hard glass, 20 mm transformer oil, 0·7 mm Cu. 

anode. The original spectrum has been transformed by a number of absorption 
and transmutation processes. Our energy curves are quite useful, however, for 
a qualitative comparison. 

5.2. Conclusions 

Now that the experiments described in the preceding chapters have demon
strated the practicability of the principle outlined in sec. 1.3, i.e. the possibility 
of designing a high-current grid-controlled X-ray tube comprising an L cathode, 
the question remains as to its usefulness. 

We expected beforehand that our system would be an inferior X-ray source 
compared with most common types of X-ray generators. This has already been 
shown qualitatively in sec. 5.1.5. It is demonstrated again quantitatively by a 
exposure-rate measurement the results of which are given in fig. 5.10. The 
conditions of measurement were: 

vp = 240 kV, 
im = 0·14 A, 
V00 = 20 kV, 
f 1300 cjs, 
'!: = 39 [LS. 

From these figures it can be deduced that the effective current during the 
discharge period amounts to 14·2 rnA while the total anode dissipation is 
2·8 kW. The inherent tube filter consists of 10 mm hard glass, 20 mm transformer 
oil and 1 mm Be, giving a Cu equivalence of 0·9 mm Cu for absorption. From 
fig. 5.10 an exposure rate of 32 R/min at 50 em or 11·4 R/min kW can be 
deduced. These data should be compared with those for a d.c. generator which 
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Fig. 5.10. Exposure-rate curve of pulsed-voltage generator. 

are approximately 70 R/min at 14 rnA or 21 R/min kW at 50 em, using the 
same tube filter. For a generator that has a potential pulsating between 0 
and 240 kV these figures are approximately 40 R/min or 16 R/min kW, respec
tively. The low output of the described system has to be attributed to the un
favourable shape of the high-voltage pulse. If it would be possible to improve 
this shape, the output of the system could be considerably increased. 

The application of the described system would, due to its compactness, be 
particularly attractive where small dimensions and the absence of high-voltage 
cables are simultaneously wanted or where a pulsating X-radiation is desired. 
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Summary 

As the maximum attainable high voltage increases, the size and weight of an 
X-ray apparatus increase accordingly. This makes the apparatus difficult to 
handle in many applications. To a large extent modern X-ray apparatus over
come these drawbacks by ingenious methods of construction. 

Various research workers have tried to achieve the required reduction in size 
and weight by new methods for generating the high voltage, utilizing recent 
developments in other fields of engineering. In this thesis such a proposal, put 
forward by Douma, is worked out in greater detail and tested on its practi
cability. 

In chapter 1 a survey is given of the main lines of the development of X-ray 
apparatus. In the last part of this .chapter the circuit recommended by Douma 
is described. This circuit is based on an X-ray tube with several electrodes. 
The anode of the tube is connected via an induction coil to the positive pole of 
a voltage source, the other pole being earthed. A negative voltage pulse is 
periodically applied to the control grid of the X-ray tube, which should have 
a pentode characteristic. The repetition frequency is so adjusted that the negative 
voltage appears on the control grid at the moment when the current through 
the coil has just reached its maximum value. The result of this is to charge 
the capacitor formed by the capacitance between anode and earth. About the 
moment when the voltage of the capacitor is optimum, the tube becomes con
ductive again, after which the capacitor discharges through the tube. During 
this period the tube functions as an X-ray tube. Subsequently, the current 
through the coil increases again, the control-grid voltage goes negative once 
more and the same cycle is repeated. In this way a pulsating X-radiation is 
obtained. 

Chapter 2 gives a theoretical treatment of the method proposed, based on 
certain idealized conditions, and investigates to what extent the results are 
affected by deviations in practice. 

Chapter 3 describes the experimental research that led to the design of the 
special X-ray tube. The requirements which this tube has to meet are formulated 
and special attention is then devoted to the cathode problem and the electron 
gun. The cathode used is of the L type, while the solution indicated by Pierce 
is used for the electron gun. 

Chapter 4 gives a survey of the experimental arrangement of the X-ray 
apparatus with control equipment, special attention being paid to the switching 
mechanism and the induction coil. It is shown that the X-ray tube can only be 
controlled via the accelerating electrode of the electron gun. This calls for a 
special circuit. 

In chapter 5 a spectrometer is described which was specially designed for 
measuring the voltage of the X-ray tube. With this spectrometer it is moreover 
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possible to obtain a qualitative picture of the intensity distribution of the X
radiation produced. The exposure rate is also measured. The chapter concludes 
by mentioning the practical possibilities of the system described. 
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Samenvattiog 

Naarmate de maximaal bereikbare hoge spanning stijgt neemt een rontgen
apparaat snel toe in omvang en gewicht. Hierdoor vermindert de hanteerbaar
heid, hetgeen voor vele toepassingen bezwaren oplevert. Bij het moderne 
rontgenapparaat is aan deze bezwaren voor een groot deel tegemoet gekomen 
door de toepassing van een aantal aantrekkelijke constructieve oplossingen. 

Verschillende onderzoekers hebben getracht de gewenste beperking in om
vang en gewicht te bereiken door het zoeken naar nieuwe methoden voor het 
opwekken van de hoge spanning, gebruikmakend van recente ontwikkelingen 
op andere gebieden van de techniek. In dit proefschrift wordt een dergelijk 
voorstel, afkomstig van Douma, nader uitgewerkt en op de uitvoerbaarheid 
onderzocht. 

In hoofdstuk 1 wordt een overzicht gegeven van de hoofdlijnen van de ont
wikkelingsgang, die rontgenapparaten hebben doorlopen. Het laatste· gedeelte 
beschrijft de door Douma voorgestelde schakeling. Bij deze schakeling wordt 
uitgegaan van een rontgenbuis met meerdere electroden. De anode van de buis 
is via een inductiespoel verbonden met de positieve pool van een bron van 
constante spanning, waarvan de andere pool aan aarde ligt. Aan het stuur
rooster van de rontgenbuis, die een pentode-karakteristiek moet bezitten, 
wordt periodiek een negatieve spanningspuls toegevoerd. De herhalingsfrequen
tie wordt zodanig ingesteld dat de negatieve spanning aan het stuurrooster op
treedt op het moment dat de stroom door de spoel juist zijn maximale waarde 
heeft bereikt. Dit heeft tot gevolg dat de condensator - gevormd door de 
capaciteit tussen anode en aarde- wordt opgeladen. Omstreeks het ogenblik 
dat de spanning op de condensator optimaal is, wordt de buis weer geopend, 
waarop de condensator zich door de buis ontlaadt. Gedurende deze periode 
werkt de buis dus als rontgenbuis. Vervolgens neemt de stroom door de spoel 
weer toe, de stuurroosterspanning wordt opnieuw negatief en dezelfde cyclus 
wordt herhaald. Op deze wijze wordt een pulserende rontgenstraling verkregen. 

Hoofdstuk 2 volgt met een theoretische behandeling van de voorgestelde 
methode, waarbij wordt uitgegaan van bepaalde ge!dealiseerde omstandigheden. 
Tevens wordt de invloed van de daardoor ontstane afwijkingen op de resultaten 
nagegaan. 

Hoofdstuk 3 geeft een beschrijving van het experimentele onderzoek, dat tot 
het ontwerp van de speciale rontgenbuis heeft geleid. Nadat in een inleiding 
de eisen worden geformuleerd waaraan deze buis moet voldoen, wordt in het 
bijzonder ingegaan op het kathode-probleem en het electronenkanon. Als 
kathode wordt de L-kathode toegepast; voor het electronenkanon wordt ge
bruik gemaakt van een door Pierce aangegeven oplossing. 

Hoofdstuk 4 geeft een overzicht van de experimentele opstelling van het 
rontgenapparaat met de bedieningsapparatuur waarbij in het bijzonder het 
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schakelmechanisnie en de inductiespoel behandeld worden. Daarbij blijkt dat 
de rontgenbuis slechts gestuurd kan worden via de versnellingselectrode van 
het electronenkanon. Een bijzondere schakeling is daarvoor noodzakelijk. 

In hoofdstuk 5 wordt een spectrometer beschreven die speciaal werd ontwor
pen door de meting van de spanning van de rontgenbuis. Met deze spectro
meter wordt bovendien een qualitatief beeld verkregen van de intensiteitsver
deling van de opgewekte rontgenstraling. De expositiesnelheid wordt eveneens 
gemeten. Het hoofdstuk besluit met een conclusie ten aanzien van de praktische 
toepassingsmogelijkheid van het beschreven systeem. 
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STELLING EN 

I 

Vanuit historisch gezichtspunt bezien is het te betreuren dat de discussie 
tussen Langmuir en Coolidge enerzijds en Lilienfeld anderzijds over de ver
klaring van het verschljnsel der thermische electronenemissie bij lage drukken, 
door de eerste wereldoorlog werd verbroken. 

II 

Coolidge, Phys. Rev. 2, 409, 1913. 
Langmuir, Phys. Rev. 2, 450, 1913. 
Lilienfeld, Phys. Rev. 3, 364, 1914. 
Lilienfeld, Phys. Rev. 3, 365, 1914. 

Voor het verkrijgen van inzicht in de omvang van de behoefte aan bepaalde 
typen van onderwijs op lange termijn dient te worden uitgegaan van macro
economomische beschouwingen, aangevuld met kwalitatieve indicaties van 
Overheid en bedrijfsleven. 

III 

Het is gewenst, de baccalaureaatsopleiding vooralsnog te beperken tot een 
gering aantal Universiteiten en Hogescholen en tevens tot zorgvuldig ge
selecteerde faculteiten. 

IV 

Indien het baccalaureaat als een afgeronde academische opleiding wordt 
gezien, dient ten aanzien van hen, die op basis hiervan een functie in de maat
schappij aanvaarden, niet te veel de nadruk te worden gelegd op het ,voltooi
en" van de opleiding door het behalen van het doctoraal examen. 

v 
Bij het opstellen van het ontwikkelingsplan voor het hoger technisch onder

wijs werd te weinig aandacht besteed aan de technisch wetenschappelijke ont
wikkeling en de daarmede samenhangende verschuivingen in de bestaande 
studierichtingen respectievelijk de behoefte aan nieuwe studierichtingen. 

,Commissie Stubenrouch" 
Nota H.T.S.-plan 1959 



VI 
De opvatting, dat verhoging van studiebeurzen of invoering van studieloon 

automatisch zou le.i:.ien tot een sterke verhoging van het aantal studenten af
komstig uit de laagste inkomensgroepen, berust op een ongerechtvaardigde 
vereenvoudiging van een complexe sociologische problematiek. 

VII 
Nude overheid zowel ten aanzien van de primaire als de secundaire arbeids

voorwaarden tot de beste werkgevers behoort, dienen regelingen, welke een on
gefundeerd exclusief karakter dragen dan wei ontstaan zijn in perioden van 
achterstand ten opzichte van het bedrijfsleven, te worden opgeheven dan wei 
aangepast. 

VITI 
De verschillen in taal, landsaard en leefgewoonten vormen veel grotere be

lemmeringen voor het bereiken van een mobiliteit van arbeidskrachten in 
Europa dan de verschillen in arbeidswetgeving en beloningsstructuur, aan de 
opheffing en aanpassing waarvan in E.E.G.-verband wordt gewerkt. 

IX 
Een volledige beheersing van de omgang met vuurwapenen door politie

ambtenaren vormt een van de noodzakelijke voorwaarden ter -voorkoming 
van noodlottige ongelukken bij de aanhouding van verdachten. 

W. J. H. Beekman 14 november 1967 


