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This supplementary report describes the feasibility and the 

performance characteristics of a four million volt Van de Graaff 

electrostatic accelerator especially suitable for the continuous 

and pulsed radiography of heavy metal sections, and applicable to 

other scientific and medical purposes. Engineering and scientific 

studies on the properties of compressed gas and vacuum for the in¬ 

sulation of high constant voltages, as well as on other factors 

influencing the design of such a compact supervoltage radiographic 

unit, are also summarized. 

The final report, submitted in July 1954» covered primarily the 

experimental studies of the "Radiographic Properties Of X-rays In 

The Two- To Six- Million Volt Range". A reprint of a recent paper 

of this title published in the Bulletin of the American Society for 

Testing Materials is included herein for completeness. 

All of the reported work weis performed at the Massachusetts 

Institute of Technology during the two year period beginning June 1952. 

December 1, 1954 

High Voltage Research Laboratory 
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Ob.lectlves of Engineering and Scientific Studies 

In addition to the experimental investigation of the radiographic 

properties of X rays in the two to six million volt range, an important 

objective of the work supported at Massachusetts Institute of Technology 

by the Office of Ordnance Research, was the examination of the feasibil¬ 

ity and of the principal performance characteristics of a compact radio- 

graphic unit operating at four million volts. A further purpose was to 

support the fundamental and engineering studies on the insulation of 

high voltages in vacuum and in compressed gas, on the application of 

such insulation to the acceleration of electrons to high energy, on the 

techniques of producing and maintaining high vacua, and on other factors 

which affect the design of particle accelerators. 

This supplement to the final report submitted in July 1954 summarizes 

the principal results of these additional studies. 

Feasibility of a 4 Mav Van de Graaff Accelerator for X-radioeraphy 

It was concluded that the ability to insulate high steady potentials 

in compressed gases and to apply them to the acceleration of electrons 

in high vacuum, along with associated techniques, had reached the level 

where the design and prototype production of a compact source of four 

million volt X rays with high X-ray intensity was both feasible and 

attractive. This conclusion was based on a background of research and 

engineering experience in Van de Graaff accelerators extending over many 

years, but was supplemented in an important way by the additional studies 

summarized herein on compressed gas and on vacuum insulation. This 
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Statement of feasibility was also based on detailed consideration of an 

actual four million volt electrostatic accelerator design and on an exam¬ 

ination of some of the principal problems which it would present. 

CONTINUOUS RADIOGRAPHIC CHARACTERISTICS QF..4 MEV RADIOGRAPHY UNIT 

The performance characteristics of such a 4 Mov electrostatic accel¬ 

erator as a continuous X-radiation source may be summarized as follows: 

Operating voltage - 4 million volts, constant potential. 

Voltage range - operation at controllable steady vol¬ 

tages in the range from 1 to 4 million 

volts. 

Target current - 250 microamperes. 

Current range - controllable from 1 to 250 microamperes. 

Maximum X-ray Output - 600 roentgens per minute measured on axis 

of electron beam at 100 cm from target. 

Inherent filtration - equivalent to 10 mm of lead but derived 

mainly from the 6 mm thick gold target. 

Target spot size - 1 mm or less in diameter with magnetic 

focussing. 

Radiographic speed - on type A Eastman Kodak industrial film 

and standard developing technique, with 

a 100 cm target-to-film distance the 

approximate exposure times to give a film 

density of 1 are: 

Steel thickness Exposure time in seconds 

2 
4 
6 
8 

10 
12 

0.4 
1.6 
6.5 
28 

120 
480 
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Other radiographic characteristics of this 4 Mev radiation can 

be determined from the appended paper ''Radiographic Properties Of 

X-rays In The Two- To Six- Million Volt Range". 

PULSED CHARACTERISTICS OF 4 MEV RADIOGRAPHIC UNIT 

Of scientific and research interest is the high pulsed radiation 

output which is inherently available from the electrostatic accelerator. 

The pulsing is usually accomplished by biasing the cathode to cutoff 

and removing this bias by a positive voltage pulse of the desired length. 

For high outputs in single microsecond, pulses it would probably be 

preferable to produce a localized discharge at the cathode. Either 

single or repeated pulses can be produced; the pulsing circuit is 

mounted within the high voltage terminal and may be triggered by an 

external light beam. 

The X-ray output per pulse is related to the capacitance of the 

high voltage terminal and the permissible voltage drop during the pulse. 

For the 4 Mev radiographic unit, about 25 microooulombs would be de¬ 

livered to the target during a voltage drop of 0.5 Mev. Thus a single 

1 microsecond pulse would deliver a dose of Ir at a distance of 100 cm 

from the target. 

This unusually high dose rate per pulse together with the almost 

ideal pulsing control obtainable in Van de Graaff accelerators may be 

valuable for special purposes in high speed radiography. 

PHYSICAL CHARACTERISTICS OF 4 MEV RADIQGRAPHIC_LIMI1 

Much of the attention on the four million volt accelerator design 

was concerned with the physical arrangements needed to maintain reliable 

yet compact 4 Mev insulation on both terminal and tube, with the solu¬ 

tion of the cantilever column problem, and with the development of a 
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sealed-off acceleration tube. 

Figure 1 shows the principal features of the tentatively proposed 

4 M3V radiographic X-ray source. Capable of vertical or horizontal 

mounting on floor or truck, it is contained in a steel pressure tank 

54 ' in dimeter and 8' 6" long. The insulating gas would be a mixture 

of C02 and N2 with a 10% addition of SF0 to a total gauge pressure of 

about 400 p.s.i. The insulating length of the acceleration tube and 

of the column which supports the terminal is 72". This length is de¬ 

termined primarily by the acceleration tube requirements. 

The total electric power requirements of this 4 Mev X-ray unit at 

full load is about 5 lew of 3 phase conventional electric power. The 

estimated overall electrical efficiency—electron power on the target 

over total input power-is 20%. The total gross weight of this X ray 

unit, exclusive of mounting but including the lead shielding around 

the target, is 7500 pounds. Details of the column design, analysis 

of the stress in the supporting column when in horizontal position, 

and details of the acceleration tube design, are included in the appen- 

dixed studies. 

SUMMARY OF SCIENTIFIC AMD ENGINEERING 

The following investigations were completed during the course of 

the Office of Ordnance contract both for their general value in the field 

of particle accelerators and for their bearing on the feasibility of a 

4 tfev radiographic unit. Several of these, as noted, resulted in master 

or doctoral theses completed in the Department of Electrical Engineering 

at Massachusetts Institute of Technology. 

(1) ^Electronegative Gas Insulation for Van de Graaff Generators" 

“rM:¿953 theoia fOT M-s-¡ 
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(2) "Electrical Processes in High Voltage Acceleration Tubes", Ge Yao 

Chu, 1953 thesis for Doctor of Science degree in Electrical Engineer¬ 
ing, M.I.T. 

(3) ‘ Some Calculations Pertaining to the Mechanical Design of Insulating 

Columns for "Van de GraaffGenerators ', R. W. Cloud, 1953. 

(4) "Absorption of Gases and Polyvinylacetate Vapors by Evaporated 
Barium", R. W. Cloud and S. Philp, 1953. 

(5) "Adhesives for a Self Supporting Column", R. W. Cloud, 1953. 

ELECTRONEGATIVE GAS INSULATION FOR VAN PE GRAAFF GENERATORS. 

A summary of a report by Sanborn F. Philp submitted as a 

M.S. thesis in the Department of Electrical Engineering, 

Massachusetts Institute of Technology in 1953. 

mmQi 
Pure sulphur hexafluoride and a mixture of nitrogen and carbon 

dioxide are compared in a series of experiments involving total 

voltages up to 3 X 106 volts and gas pressures up to 400 p.s.i. in 

N2 and CO2. Various electrodes were utilized producing both uniform 

and highly non-uniform fields within the tank of a Van de Graaff 

electrostatic generator. 

It is found that SF¿ is markedly superior to the N0 and C0_ 

mixture only when small electrodes are involved or, in the case of 

large electrodes, only for pressures below 100 to 150 p.s.i. Con¬ 

duction currents through the gas are smaller in SF^, but approach 

the N2 and CO2 values at high pressures. 

While no distinct polarity effect is found in N? and C05, a 

definite polarity difference is shown in SF6; higher voltages are 

obtained when the smaller electrode is positive. 
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As a particle accelerator, the Van de Graaff generator produces 

a homogeneous beam, closely determined in energy, by passing charged 

particles from the high voltage terminal to ground in an evacuated 

tube. Such a procedure requires, however that a potential correspond¬ 

ing to the total particle energy must be insulated by the high voltage 

terminal. In the modern Van de Graaff accelerator this is accomplished 

by enclosing the machine in a pressure vessel and insulating the ter- 

minal-to-tahk gap with compressed gas. Such a pressure insulated 

machine was utilized for the experiments reported here. These gener¬ 

ators are gaining wide use today and are described in many places1, so 

a description will not be given here except to state the following 

specifications: 

Terminal diameter 15 inches 

Pressure tank inside diameter 30 inches 

Column length 24 inches 

The terminal is a polished stainless steel spinning mounted on an alumi¬ 

num base plate. The equipotential planes making up the column are of 

aluminum (figure 2) and the pressure tank is steel, the inside surface 

is ground smooth and painted with clear glyptol varnish. This machine 

is run routinely as a two million volt X-ray generator, but for these 

experiments the acceleration tube was removed. 

ELECTRODE ARRANGEMENTS 

Three different stainless steel electrodes; a 6 inch diameter 

p 
Rogowski electrode , a 2 1/2 inch diameter sphere, and a 3/4 inch dia¬ 

meter sphere, were used as grounded electrodes facing the cylindrical 

part of the high voltage terminal at gaps ranging from 1/4 to 2 l/2 inches. 
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The experiments were performed for both positive and negative terminal 

potentials. Currents to the grounded electrode as a function of ter¬ 

minal potential and the number of sparks in a given interval of time 

were measured. With the Rogowski electrode withdrawn against the tank 

wall, the full terminal-to-tank gap is available and terminal-to-tank 

current and sparking rate may be measured. 

CRITERION FOR HREAKDCWN 

Hie scattering of breakdown data is considerable at pressures more 

than a few atmospheres and spacings more than an inch or so. It has 

become common practice to describe maximum voltage in terms of a cer¬ 

tain number of sparks in a given time interval. While this is an 

arbitrary procedure, it is necessary in order to obtain a practically 

useful value for the "maximum voltage." For the purpose of these ex¬ 

periments, the criterion used by KuskcP of no sparks in three minutes 

or less than three sparks in nine minutes has been adopted as the de¬ 

finition of maximum voltage. 

RELATIVE DIELECTRIC STRENGTH OF SF6 AND N? - CO, MIXTURES 

Previous work with electronegative gaseous compounds^ has revealed 

that under certain conditions their dielectric strength may be several 

times that of air, N2, or 0¾ at the same pressure. This general con¬ 

clusion is borne out by the present investigations. The superiority 

of SFfc over a mixture of N2 and 0¾ (equal parts by volume) is most 

marked for the case of electrodes with small surface area. For the 

3/4 inch sphere the SF^ maximum voltage at any given pressure and gap 

is about three times the N2 and 0¾ value. The superiority of SF^ 

diminishes steadily, however, with increasing electrode size, and in¬ 

creasing gap. Since SF^ must be used somewhat below its saturation 
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pressure (330 p.s.i. at 20°C), the less condensible gases may overtake 

much of its dielectric performance at still higher pressures. Thus 

the maximum terminal-to-tank voltage insulated in SF^, is only about 

20$, higher than the N2 and CO2 value at 4OO p.s.i.g. 

POLARITY EFFECTS IN SF5 AND N2 - COg MIXTURES 

There is no well defined polarity effect in Ng COj. SF^ 

there is a polarity effect apparently obeying the law that higher vol¬ 

tages are possible in an arrangement which makes the electrode of small¬ 

est size positive. 

EFFECT OF ELECTRODE 3URFACE GRADIENT 

It is interesting to consider the values of maximum gradients on 

the electrode surface which correspond to the observed maximum voltages. 

On the assumption of zero space charge, that is, Poisson's equation is 

valid throughout the gap, the gradient on the electrode surface may be 

calculated. The terminal has a diameter of 15 inches and the Rogowski 

electrode a diameter of 5 inches, so with gaps not exceeding 2 1/2 inches 

it is probably adequate to regard the Rogowski electrode-terminal sit¬ 

uation as a uniform field. In this case the gradient on the Rogowski 

electrode is equal to the potential difference between electrode and 

terminal divided by the electrode - terminal gap. In the case of the 

spherical electrodes, the gradient is a maximum at the point on the 

sphere intercepted by a line passing through the center of the sphere 

and the center of the terminal. Furthermore, it is Justifiable to re¬ 

gard the terminal as an infinite plane with respect to the 2 1/2 inch 

and 3/4 inch spheres. With these assumptions, calculation of the grad¬ 

ient on the sphere is not difficult, the simplest procedure probably 

being that of a series of successive images^. 
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The maximum gradient as a function of pressure for the three diff¬ 

erent electrodes is presented in figures 11 and 12. The outstanding 

feature of these plots is that in N2 and C02 the maximum gradients on 

the 3/4 inch sphere are twice those on the Rogowski electrode. In SF^ 

with the terminal negative the maximum gradients on the 3/4 inch sphere 

are three times those on the Rogowski electrode. 

ELECTRODE DAMAGE 

Each spark which passes between the electrodes produces a small 

mark resembling a pin-point bum in stainless steel and resembling a 

small sputtering crater in aluminum. This process is described as 

"conditioning". It is generally agreed that conditioning improves the 

maximum voltage between stainless steel electrodes and does not damage 

them from a voltage performance standpoint. The photographs« figures 

3, 4> and 5, show the electrodes as they appeared at the end of the 

experiments. Though the electrode damage appears very severe in these 

photographs, the breakdown voltage was actually increased by these 

sparks involving relatively small amounts of stored energy. 

PREBEE&XDCWN CURRENT, AS A FUNCTION QF VOLTAGE. 

POLARITY. AND ELECTRODE CONFIGURATION 

It is of importance to know not only the permissable voltage which 

can be insulated reliably in gases at high pressure but also to have an 

appreciation of the magnitude of the prebreakdown current which tra¬ 

verses the inter-electrode gap. 

These currents are primarily caused by ionization by electron coll¬ 

ision, the Townsend alpha process, though at high gas pressures it is 

now known they are increased by photoelectric ionization in the gas 

and by several cathode emission processes including photoelectric and 

5 
high field emission. It would therefore be anticipated that the stable 



prebreakdown currents would be higher when the electrode of smallest 

radius of curvature was negative. It would also be expected that the 

prebreakdown currents for a given voltage and electrode system would 

be less with an electronegative gas such as SF^. Such gases derive 

their principal advantage as high voltage dielectrics from their in¬ 

herent tendency to attach free low-energy electrons, thereby neutraliz¬ 

ing their ability to cause further ionization by collisions. These ex¬ 

pectations are confirmed and placed on a more quantitative basis by the 

measurements summarized in the curves below. 

Figures 6 and 7 show the breakdown voltage between the terminal 

and several small grounded electrodes as a function of gas pressure. 

Figures 8 and 9 show the dependence of breakdown voltage between 

terminal and tank on both gas pressure and polarity. Figure 10 shows 

terminal-to-tank current as a function of voltage for both positive 

and negative terminal. 

From this data we conclude that: 

(a) The total prebreakdown current is a function of the AREA 

of the electrode system and may constitute a significant 

level when the full terminal and tank surfaces are involved. 

(b) The prebreakdown current is substantially higher when the 

electrode of smallest radius of curvature is at NEGATIVE 

polarity. 

(c) For the same voltage and gas-pressure the prebreakdown 

current is far less in electronegative gases. 
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TYPICAL ELECTRODE ARRANGEMENT 

Figure II Figure 12 

MAXIMUM ELECTRODE GRADIENT FOR TWO INCH TERMINAL-TO-ELECTRODE GAP 
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ELECTRICAL PROCESSES IN HIGH VOLTAGE ACCELERATION TUBES 

A sununary of a report by Ge Yao Chu submitted as a 

D. Sc. thesis in the Department of Electrical Engi¬ 

neering, Massachusetts Institute of Technology in 

1953 

OBJECTIVES QF ACCELERATION TUBE RESEARCH 

The tank and terminal diameters of a Van de Graaff accelerator 

are determined by the breakdown strength of the gas-filled gap be¬ 

tween terminal and tank, while the length of the generator is deter¬ 

mined primarily by the performance of the acceleration tube. Al¬ 

though the structural column of the generator and the charge-conveying 

belt as well as the particle-accelerating tube must insulate the full 

terminal potential, it is the electrical instabilities within the tube 

which determine the required column length and which impede the attain¬ 

ment of higher energies. 

For this reason the study of electrical processes within acceleration 

tubes and the improvement of tube design are primary research objectives 

in the effort to produce compact particle accelerators. 

Electric breakdown across a single gap between metallic electrodes 

immersed in high vacuum has been carefully studied in the High Voltage 

Research Laboratory, particularly for long gaps and high total voltages1. 

Although several of the mechanisms whereby charged particles are re¬ 

leased from the electrodes are now understood, the mechanism of vacuum 

breakdown is not simple and a quantitative theory has not yet been 

achieved. In the design of improved acceleration tubes which consist 

of many gaps in series one must rely upon this still incomplete theory 

of the vacuum breakdown process supported by infoimtion on the relative 
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perfonnance in vacuum of various materials, electrode and insulator config¬ 

urations, and of prior tubes. To a large extent, this procedure has evolved 

the present tube design which is capable of accelerating 2 Mev particles in a 

two-foot length. It is our conviction that further improvements will follow 

a better understanding of the nature of the electrical processes and in¬ 

stabilities which develop in high voltage vacuum tubes. The work of Ge Yao 

Chu is the most recent research in the continuing program of this laboratory 

to elucidate the mechanisms of vacuum breakdown, especially in the complex 

acceleration tube system. 

STRUCTURE QF THE ACCELERATION TUBE 

The two million volt electron acceleration tube (Fig. 13) consists of 

an evacuated cylindrical accelerator structure closed at the high-voltage- 

terminal and by a .cathode containing a hot filament electron source and 

terminating at the other end in a grounded metal tube extension finally 

closed by the gold target. The insulating portion of the tube is 24 inches 

long and is made up of annular glass insulators alternated with aluminum 

diaphragms - the electrodes. The distance between successive electrodes 

is usually 3/4 inch which corresponds to the distance between equipotential 

planes in the compressed-gas-insulated electrostatic generator. Each 

electrode is connected to an equipotential plane and is thereby maintained 

at a definite fraction of the terminal potential. 

Each electrode is provided with an axial hole to allow the electron 

beam to traverse the tube. The diameter of this hole may be varied along 

the tube length. Three such variations, or tapers, were studied: 1) the 

single taper - hole diameters increasing steadily from the cathode to the 

anode end. 2) the double taper - hole diameters decreasing steadily from 

the cathode to some intermediate point in the tube and then steadily in- 
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Figure 13 

SECTIONAL VEW OF A TWO-FOOT X-RAY TUBE WITH A POWER FUNCTION FELD CATHODE GUN 

F 009 Tungmn Filomtot 
C Cothod* Cylinder 
E Fir*i Acceleration Electrode Cylinder rigu"B K> 

E' nril tccM>ota EIMo« OopAnm SECTIONAL VIEW OF A TWO FOOT X-RAY TUBE WITH AN EXPONENTIAL 
M Metering Electrode 

A Eitention Tube FIELD CATHODE GUN TYPE A" 

B1 Electron Baffle I 

B* Electron Baffle 2 ond X-Ray Shield 

T Gold Target 

All Permanent Joint* Sealed With Vinyl Acetate 
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creasing toward the target. 3) no taper - all holes of the same diameter. 

Both flat and shaped electrodes were studied. These together with a 

"half-pitch" construction are shown in figure I4. 

CONDUCTION AM) BREAKDOWN 

Two distinct forms of electrical instability in acceleration tubes 

will now be described. 

As the generator voltage is increased, at a fairly well defined 

voltage the acceleration tube will become highly conductive with a sudden 

disappearance of most or all of the terminal charge and energy. This is 

called a tube spark or breakdown. Often sufficient gas is released by 

this discharge to cause the tube to remain conducting until the belt 

current brought to the terminal is reduced. This spark breakdown pro¬ 

duces little x-radiation, the terminal charge does not reach the target. 

The breakdown voltage often shows dependence upon electrode and insulator 

contamination, but it is doubtful that there is a conditioning process 

which will raise the tube breakdown voltage. 

At voltages below the breakdown voltage a sudden pulse of charge 

may pass down the tube. In contrast to the tube spark, this is s. tran 

sient instability of variable magnitude from which complete recovery 

follows. Since the terminal voltage may drop from 1 to 10% during this 

discharge, it is commonly referred to in this laboratory as a kick. The 

charge flowing during a kick may end up on any of the electrodes or other 

parts of the tube, but the focussing properties of the tube cause most 

of the charge to reach the target in almost every case. Penetrating 

radiation is therefore produced and an analysis of the X-ray quality 

and quantity per microcoulcmb of electrons to the target reveals that 

a substantial part of the charge in a kick has the full terminal energy. 
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Within certain limits, the threshold voltage for kicks nay be raised by 

the conditioning process of allowing kicks of limited energy to occur. 

The distinction between tube kicks and tube breakdown became further 

clarified during these investigations. The spark breakdown is now be¬ 

lieved to occur along the inside surface of the glass insulator. Thus 

a spark passes the length of the tube from terminal to ground by passing 

from electrode to electrode along or vezy near the inside surface of the 

glass. This is supported on disassembly of the tube by the vertical 

spark tracks along the inside of the glass insulators. A tube which has 

sparked will usually have such marks on every insulator. In contrast, 

a tube kick is believed to originate at or propagate to the cathode and 

then pass down through the axial holes in the electrodes producing par¬ 

ticles at the anode of full terminal energy. 

INFLUENCE OF TAPERED aytat. 

The breakdown voltage did not vary significantly among the three 

tubes having the three different tapers, nor was there a noticeable 

difference between the flat electrode and the shaped electrode tubes. 

Segments about six inches long of a single taper tube were tested with 

the part of the tube not under test shorted out. There was no signi¬ 

ficant difference among the breakdown voltages of the various segments, 

which seems to indicate that electrode hole size does not play an im¬ 

portant part in determining breakdown voltage. 

One of the tubes was made of electrodes entirely coated with a 

0.0001" thick coating of polyvinyl acetate (Bakelite AYAT). There was 

no evidence that this treatment raised the breakdown voltage and, in 

addition, performance of the tube was generally poor due to the large 

amounts of gas evolved whenever the coated surface was bombarded with 
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charged particles, as in a kick or spark. The coated-electrode tube 

was tested because of indisputable evidence that an insulating film 

on the metal electrodes would significantly raise the voltage and re¬ 

duce the pre-breakdown current in single gaps in vacuum. 

KFFECT QF DEGREE OF VACUUM ON TUBE PERFORMANCE 

Arrangement was made to vary the gas prèssure in the acceleration 

tube. A fixed leak was connected into the vacuum system, and the high 

pressure side of the leak was connected to a flask in which the gas 

pressure was easily variable, thus providing a variable leak rate. This 

arrangement makes it possible to introduce various known gases into the 

tube. 

The breakdown voltage was independent of pressure from the highest 

vacuum obtained up to about 10“4 mm. of mercury, at which pressure a 

glow discharge formed in the tube. 

The threshold voltage for tube kicks, on the other hand, increased 

with increasing pressure until the pressure for glow discharge was reach¬ 

ed. This interesting effect which had previously been studied in this 

laboratory, is displayed in the curves of figure 15. Figure 15 also shows 

the improvement of the kicking threshold with conditioning. Curves (l), 

(2), and (3) are for air and represent increasing stages of conditioning. 

Curves (4) and (5) are for argon. Curve (4) shows that conditioning was 

taking place during the test. 

EFFECT QF NUMBER QF SECTIONS ON TUBE SPARKS 

The breakdown strength of a single high vacuum gap has been found 

to vary approximately as the square root of the gap length. In addition, 

increase of electrode area reduces the breakdown voltage; the shape and 

composition of solid insulators in proximity to the gap may also have a 



Figure IS 

THRESHOLD VOLTAGE FOR TUBE KICKS AS A 
FUNCTION OF GAS PRESSURE IN TUBE 

(Multiply by 2 for Ve'Pitch Tube) 

Figure 16 

VOLTAGE PERFORMANCE OF ACCELERATION TUBE 



dominant influence on the voltage performance^. 

With the total tube length divided by the electrodes into a succes¬ 

sion of vacuum gaps connected in series, one might expect the tube break¬ 

down voltage to increase linearly with the number of sections. In the 

limit, the voltage of such a system could be equal to the single gap 

strength multiplied by the number of sections in series. By shorting 

out various lengths of the tube, starting at the grounded end, it was 

found that the breakdown voltage does increase almost linearly with the 

number of active sections. (Fig. 16) 

Since the single gap strength is proportional to the square root of 

the gap length, while the strength of the tube is approximately the sum 

of the individual gap strengths, it should be possible to raise the break¬ 

down voltage of a tube of given length by increasing the number of sec¬ 

tions, To test this idea, a "half-pitch" tube was constructed and tet ted. 

The construction of the generator column made it necessary to leave al¬ 

ternate electrodes of the half-pitch tube floating, i. e., not connected 

to the column. The half-pitch construction is illustrated in figure I4 

and the performance of the tube is indicated in figure 16. A maximum 

voltage of 2.75 million volts was achieved on the half-pitch tube (24 

inch length, 3/8 inch between electrodes) compared to 2.2 million volts 

for the standard 3/4 inch pitch tube. Once again, the breakdown strength 

varied almost linearly with the number of sections across which voltage 

was applied. 

EFFECT QF NUMBER QF SECTIONS ON TUBE KICKS 

The threshold for tube kicks was found to be 1.9 million volts for 

the half-pitch tube. In order to reach the maximum breakdown voltage with 

satisfactory and reproducible results it was necessary to introduce addi- 
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tlonal gas pressure in the tube to quench the kicks* 

The threshold for tube kicks varies approximately as the square root 

of the number of sections in series for all of the tubes tested. (See 

Fig. 16) In an attampt to explain this variation with length, it is 

possible to assume that the kicking threshold is proportional to the 

product of cat iode gradient and total voltage, thus obtaining the 

necessary half-power law. The evidence showing that tube kicks have 

the full terminal energy lends some credence to this idea, but is hard 

to give the formula any firm physical basis. Granberg has made an 

attençt in this direction with his "dump" theory/ 

INVESTIGATION OF THE DE-COUPLING QF TUBE SECTIONS 

Bie glass insulators of a tube are in series, but a path is pro¬ 

vided through the axial electrode holes to propagate a disturbance or¬ 

iginating in one section throughout the length of the tube. The beam 

holes thus provide a tunnel which "couples" all of the sections, thus 

partly vitiating the series strength of the arrangement. 

A tube having no central beam hole was built and tested in the 

two million volt nachine. Holes were made in the electrodes for pump¬ 

ing, but no two adjacent electrodes had holes which lined up. This 

tube had a breakdown strength essentially the same as other tubes of 

the same length and pitch, but no kicks were observed at any attain¬ 

able voltage. This is essentially consistent with the proposed mech¬ 

anism of tube breakdown, moreover, it suggests that by making the 

central hole in the electrodes as small as possible to approach Uie 

condition of de-coupled tube sections, the threshold voltage for tube 

kicks will be increased. The limitation on the size of the central 

hole is provided by the electron optics of the tube. A single taper 
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tube with a small hole running from 3/8 inch dia. at the cathode to 3/4 

inch dia. at the anode end was tested, but, unfortunately, the results 

were somewhat Inconclusive. 

CATHODE F0CUSSTW1 ARRAMflKMEMT FOR VAM PE nRAAFP ARCELKRATOR TUBES 

The cathode structure shown in figure 13 is typical of that used in 

electron accelerators. It has the virtue of simplicity, but its focuss¬ 

ing properties are limited. A cathode focussing arrangement for use in 

a Van de Qraaff accelerator must meet five requirements: 

1. A sufficiently small spot size at the target for radiographic or 

medical purposes. 

2. A well collimated beam throughout the length of the tube so that few 

beam particles will be lost to the electrodes. 

3. Both criteria 1 and 2 must be satisfactorily maintained over a wide 

range of operating voltages. 

4. The electric field at the cathode surface should be low compared to 

that on other electrode surfaces. 

5. The structure should be simple to meet the space and power limita¬ 

tions in the terminal of the generator. 

2 
The electron gun shown in figure 14 was developed in this laboratory 

to meet these requirements. It requires only the filament power supply - 

the focussing potentials are obtained from the current flow in the gen¬ 

erator column resistors. The target spot size is 1/8 inch in diameter 

for a 250 microampere beam, an improvement of at least 50JS over the 

previous design. 

The reduction in spot size is a two-fold achievement: The useful¬ 

ness of the machine for medical and radiographic applications is extended, 

and the improvement of electron optics within the acceleration tube con- 
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tributes to tube performance and thus to the performance of the 

machine as a whole. 

CONCLUSION 

This work has further clarified the distinction between accelera¬ 

tion tube sparks and kicks. It has shown that the sparking voltage - 

for a tube of given length and construction - can be increased by fur¬ 

ther sectionalizing. 

The voltage threshold for kicks may be increased by increasing 

the residual gas pressure to a value close to that at which ionization 

by electron collision becomes significant. It may also be increased 

by diminishing the diameter of the axial holes in the electrodes. 

An analysis of the electron optics for the electron accelerating 

kicks has resulted in a design which gives better collimation of the 

beam. This permits smaller axial holes in the electrode system and 

produces a smaller target spot for radiography. 
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SQME CALCULATIONS PERTAINING TO THE MECHANICAL 

nRflTQN OF INSULATING COLUMNS FOR "VAN DE GRAAFF" GENERATORS* 

The insulators in the columns of "Van de Graaff" generators are 

sectionalized at regular and frequent intervals with metal planes to 

permit subdivision of the high terminal voltages. For horizontal op¬ 

eration these sectionalized insulators must be capable of supporting in 

cantilever their own weight and that of the terminal and associated equip¬ 

ment. Glass is the usual insulator because of its high electrical break¬ 

down strength and ease of cementing. A fairly strong bond can be made 

between the glass and the metal plates with a cold setting adhesive of 

the epoxy type. 

The belt and tube are also insulators which must be sectionalized 

and are therefore included in the column structure. To a large extent 

they determine the general size of the column and the layout of the in¬ 

sulators. A cross-sectional view of a typical column is shown in figure 

17, while that of the proposed 4 million volt generator column is shown 

in figure 1Ö. 

For strength calculations these designs, especially that of figure 

18, may be represented as two beams, each of which has a column of in¬ 

sulators at its top and bottom edges (see figure 19). These two col¬ 

umns of insulators are tied together by the metal plates. This report 

presents calculations for the mechanical strength and deflection of such 

beams. In addition to developing general equations, particular results 

are given for the columns of figures 17 and 18. Although the calcula¬ 

tions are usually applied to obtain stresses and deflections due to 

»This is a summary of an M.I.T. laboratory report presented by R. W. Cloud 

in November 1952. 
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gravitational forces acting on horizontal columns, they can also be used 

to estimate the stiffness of vertical columns of similar design, and 

the sideways stiffness of horizontal columns. 

MgfflQP QF CALCULATION 

The sectionalized beam sketched in figure 19 is considered as two 

insulator columns, shown in figure 20, each of which take 1/2 of the 

loading and in addition have bending moments %, M?, etc and longitud¬ 

inal forces supplied by the metal tie pieces. The moments are in a 

direction to help reduce the deflection of the beam, and the longitud¬ 

inal forces are in a direction which produces tension in the top column 

and compression in the bottom. Since the moments are quite frequent 

and regularly spaced their summation is approximated by an integral. 

The calculations presented here are for beams which have both ends 

of each insulator column mounted on hingetype supports which transmit 

tensile, compressive, and shear forces but permit no bending moment 

at the ends of the columns. Calculations for other end conditions 

can be found by changing the constants of integration in the solution, 

equation 1¿. Such calculations were made forlhe case where the in-: 

sulators are rigidly attached to a heavy metal plate at the base, but 

are omitted from this report since this condition results in a very 

high fiber stress in the bottom insulators. An estimation of the fiber 

stress in this case is given by the results tabulated under rigid 

base for the column of figure 17. 
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The maximum deflection. 

(D 

P is the load at the end of the beam. 

W is the total of the evenly distributed load. 

L is the length of the beam. 

E and I are the modulus of elasticity and moment of inertia of 

the area of one glass beam. 

A is the stiffness constant of the connecting metal plates, 

(2) 
gEI 

n is the number of connecting metal plates, 

g is the length of the metal plates or the spacing between 

insulators. 

e and i are the modulus of elasticity and moment of inertia of 

the connecting metal plates. 

The maximum bending moment is at the middle of the beam and is 

produced by W only; 

The tensile force in the middle of the top glass beam is 

^ + *[.37,-12 Tm = L 
g 

(4) 

The fiber stress at the mid-section of the column is 

The bending moment at the base is zero, but the tensile force is 

(6) 
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DTSCUSSIQN OF RESULTS 

These calculations have shown that rigid supports for the insulat¬ 

ing columns produce high stresses and are therefor undesirable. The 

deflection with hinged supports at the ends is generally acceptable even 

with relatively weak tie plates which alone prevent the column from 

sagging. Adding other hinged connectors in the column breaks it mechan¬ 

ically into a number of shorter columns and further reduces the fiber 

stress. The design proposed for the 4 million volt generator has 2 such 

mechanical links which break the column into 3 lengths each 2 feet long. 

This markedly reduces the fiber stress and also allows the divisions 

to be easily handled. 

With hinged supports a beam is shown by equation 1¿ to deflect to 

a straight sided parallogram as far as the terminal load is concerned, 

but the distributed load adds a non-linear deflection. Since the maxi¬ 

mum bending moment occurs at the middle of the column and the maximum 

tensile loading occurs at the base, the point of maximum fiber stress 

will be between the base and the middle. In the column of figure 1? 

hinged at the base the maximum bending moment predominates and the maxi¬ 

mum stress is near the middle, but in the column of figure 18 the 

opposite is true and the maximum stress is near the bottom insulator. 

It would be possible to grade the size of the insulators to match the 

stress, but the added complexity didn't seem desirable in these cases. 

The stiffness of the connecting plates will be determined by the 

permissable deflection. In these examples the hoop adds to the stiffness 

of the connecting plates. The sideways stiffness is almost entirely due 

to the hoops. The stiffness of the metal plates could only be roughly 

approximated for the column of figure 17, but the deflection calculated 

agrees well with measured values. 
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Fig. 18 Cross Section of 6' long 
column to consist of 3 divisions 
with hinged connectors between. 
Each division is 25" long with 
20 sections. 
Weight each division is 150# 
Terminal weight is 100# 

SUMMARY OF CALCULATIONS FQR_CQLUMNS_QF PIGÜRESJL?. MUÁ 

Fig. 17. Cross Section of 33" long 
column of 44 sections. 
Terminal Weight ■ 100# 
Column Weight ■ 100# 

Maximum deflection, inches 

Figure 17 
Rigid Hinged 
Bftg? at Base 

.070 .193 

Figure 18 

.041 

Deflection for 100# added 
terminal load 

.051 .13 .013 

Maximum shear per sq. in. 21 

Tension per sq. in. at base 44 

Bending moment stress at base 1470 

Max. fiber stress at base 1510 

Tension per sq. in. at middle 
of bottom division 

21 

117 

0 

117 

57 

23 

291 

0 

291 

264 

Bending moment stress at middle 157 21 
of bottom division 

Max. fiber stress at middle 214 285 
of bottom division 
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PSmiLEP fiALgIMEIflMS* 

INSULATORS 
METAL TIE PLATES 

\ i 1 T 
P 

( ) 
>■_ 

; ; 

y / 

FIG. 19 EXAGERATED SKETCH OF BEAM 

To determine Ml, »"Hi» the n»0111®^8 produced 

by the metal tie piece: 

The equations for the n01 metal tie piece as 
a beam are 

ei S * /"* - + » <1! - r 3 dr 

1 1 ! 1 i 
w/2 w/2 w/2 w/2 w/2 

FIG. 20 BEAM EQUIVALENT TO 
ONE GLASS COLUMN 

and F 
g 

(7) 

With the choice of axii shown in figure £1 
the solution of these equations give: 

S = (1¾ - ) 
ei ¿ 3e 

the 

3g 

and Mi ■ ——i where Sma y is 
r 

deflection for r ■ g. 

fVom figure 22 

Smnv r -g * slope of insulating 
column 

z -g (^2L) where & refers to 
dx dx 

the beam of fig.2û. 

So Kb = -frsl áx 
g dx 

* Many symbols are defined on page 23. 

(8) SLOPE OF 
INSULATING BEAM 

FIG. 22 GEOMETRY 
OF nth TIE PLATE 
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EQUA.TIQNS OF THE BEAM OF FIGURE 20 

Moment at any section, 

M - r fl--») -w(î-î2£ - £ ef1^) 
2 2 2 n ■ 1 £ dxn 

n value at x 

Since the metal spacers will be regularly and closely spaced, the 

moments may be approximated by & continuous moment change per unit 

length. Then if n el represents the value of ei per unit length, 
L 

M = -Ps (L-X) - wx (L-x)2 - 6 ILSi dy dx 
2 ^ Jx Lg dx 

This equation reduces to: 

- A2 dy . B + D (1 - z), 
dz-7 dz ” 

when z ■ xA; A2 = é&It âl; b - D ■ 
g EI " 2EI 2EI 

The solution of the above is: 

Az _ -Az 
y = Ci + C2 e + e + .2 

2A2 A3 

If the base of the beam has hinged supports, the constants of 

integration are found by substituting the values: 

y = o when z = o 

d - - o when z ■ o and when z ■ 1. 
dz* 

This makes the solution: 

(9) 

(10) 

(11) 

(12) 

(13) 

il_ Jpz + wfz - — - -2 (i -sinh Ala-U-itn) 
2 - l I- L A sinh A ■•/ 

2A2EI 

The maximum deflection is at z = 1, so 

,;3 - (p +1 ) 
2 ' • 

ymax =~ 
2A¿EI 

( D 
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The moment anywhere is 

M « El 
dx¿ . 

Thus: 

M WL fl - *inil ^ - sinh A 
2A2 L sinh A J - 

(15) 

O 
The maximum moment occurs when - o which makes z = l/2, 

AZ> " 

and IW 5 ^ (1 - cosn 1/¾) . 

The tensile and compression forces are found by referring 

to equations (7) and (8) 

T . Z F = 12. 

( 3) 

or 

§-Si fl âïdx= iEI¿ (y -y, (16) 
:¿L J x dx gL2 L x 

T - i /p + ^ - Pz - V/ [z - ¿ - ( 1 " Aia-lljj 
g \ 2 

nal 

n value at x 

When z a o this reduces to 

To -- 1/¾ (P + «/2) 

When z a l/2 or ^ ^^l® 

(18) 

Tm- - Vg {p/2 + V2 - # t 3/8 - A2 (1- coah 1/2T>]} ( 4) 

(17) 
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âR^RPTTON OF PAfiES AND PaLYVTNYLA.GETATE VAPORS BI EVAPORATED BABIM 

l>y 

R. W. Cloud and S. Philp 

M.I.T., December 1953 

Ibis report simunarizes the results obtained with a first design of 

an absorption vacuum pump using evaporated barium as the absorbing medium. 

This is called a pump since it was designed to replace the diffusion pump 

and cold trap ar>d hna valves which permit the system to be opened without 

exposing the barium. The barium can be evaporated as needed with an 

electric heater and if need be the pump can be opened to replace the 

barium supply. This has been a good system for experimental work and the 

information obtained is directly applicable to the design of a sealed-off 

high energy acceleration tube. 

nrsnussiON of results 

This barium pump has never approached the hundreds of liters per 

second obtained with titanium absorption pumps by Professor Ray Herb at 

Wisconsin. Ray Herb's high speeds were obtained with continuous evapor¬ 

ation of titanium which gave a continuously fresh surface for absorption. 

However, with this first barium vaporizer design, continuous evaporation 

was not advantageous since the gas given off by the ceramic form (Norton 

R-139) on which the heater was wound kept the equilibrium pressure at 

about 2 X 10“^mm when the barium was heated to the 750°C which produced 

evaporation. The surface formed by the evaporation of one gram of barium 

(one hour at 750°C) over an area of about 500 sq cm in conjunction with 

activation of the gas by a Philips gage maintained the system at an 

of 7 X 10"^mm as read by the Knudsen gage, while equilibrium pressure 
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the Philips gage equilibrium is 3 x 10-^mm since the ionizahle gases are 

preferentially absorbed. It is thought that the pumping speed of about 

1 liter per second for permanent gases is limited by the rate of diffusion 

of the gas into the volume of the barium. The barium absorbs considerable 

quantities of gases before the pumping speed is reduced to 1/2 value 

(20 nan L of air). Therefore, in pumping suitable systems, one layer of 

barium will act as a pump for some weeks before evaporation of a new layer 

of barium is required. 

Nitrogen, oxygen, and hydrogen were absorbed by the barium without 

being activated by an ionization source, except for a small fraction of a 

percent which is probably impurity. Helium (and presumably other noble 

gases) was not absorbed by the barium until activated by the Philips gage 

and then the pumping speed is low. Air was absorbed by the barium alone 

except for 1% which is about the amount of argon to be found in air. The 

vinylacetate vapors were not absorbed by the barium until activated by the 

Philips gage or until decomposed by a hot filament. The pumping speed is 

low for this activated polyvinylacetate vapor, and is not limited by the 

rate of ionization of the Philips gage, since the speed was the same whether 

either one of two gages or both were on together. The speed is probably 

limited by the effective area of barium exposed. 

Attempts to increase the effective barium area by flashing in a 5 mm 

pressure of argon were frustrated by arcing of the heater; the 80 volts 

was enough to cause an arc at this pressure when any barium was emitted. 

AEPAfiOS 

The pump was designed with a relatively large supply of barium (45 

grams) which can be evaporated to the walls as needed by heating with an 

electric heater. Since the evaporation temperature was only 750°C the 
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barium was placed in an iron crucible surrounded by & 300 watt molybdenum 

heater coil. The vacuum packed barium as received from the Kemet Company 

was opened and melted into the crucible in an atmosphere of helium. Ex¬ 

posure of this crucible to air caused a surface film which got deeper with 

time but was not objectionable after one day and could be scraped off 

easily after a week's exposure. 

The base of the pump consisted of two sylphon valves with lead seats 

permitting the system to be opened with the barium chamber closed. A 

Welch mechanical fore pump was used to rough out the system before opening 

to the barium. During this test the system being pumped consisted of a 

pipe connecting the barium chamber to a Knudsen gage and a second Philips 

gage, a leak and measuring manometer for admitting bottled gases, and dur¬ 

ing the tests of polyvinlyacetate an HK-54 ion gage and a 500 ml flask 

containing six loosely rolled cylinders of aluminum foil with a total area 

of 300 sq in coated on one surface with polyvinlyacetate AÏAT. The system 

contained 16 polyvinylacetate and 5 Armstrong A-6 joints and two pipe 

threads sealed with red glyptal but no rubber gasketed joints. 

ABSORPTION OF PERMANENT .GASES 

The pumping speed with the Philips gage and the barium was constant 

until over 7 mmL of air is absorbed and varies for the different gases as 

follows: 

Gas Air Ng Og HU, He 

Speed in L/seo .85 1.05 1.7 4 .06 

This speed is the ratio of the gas admitted to the equilibrium pressure as 

read by the Knudsen gage and was usually measured at a pressure of about 

5 X 10~^tim. The punping speed for air diminished with gas absorbed as 

follows: 
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Total air absorbed (mmL) .2 2.5 6.7 11.6 15 20 

Speed for air in L/sec .85 .83 

7 7 
Ultimate vacuum by Philips 2x10 3x10 

Ultimate vacuum by Knudsen 7xl0*"6 7x10"^ 

82 .6 .46 .4 

4xl0”6 4xlO“6 

1 l/2xlO-5 1 1/2 X 10' 

It is essential bo have the Philips gage on to completely absorb any 

of the gases. Without the Philips gage 1.1$ of the air admitted is not 

absorbed which is equal, within experimental error, to the .96$ of argon 

in air; .3$ of the oxygen, .1$ of the nitrogen, .05$ of the hydrogen and 

all of the helium admitted were not absorbed. These could be the percent¬ 

ages of noble gases present as impurities in these bottled gases. Hie 

polyvinylacetate and other organic vapors coming from the system joints 

would also not be absorbed, but this background was negligably small in 

this test (5xl0',^nriL/sec was not absorbed 5 days after evacuation). 

The Philips gage alone had a speed of .09 L/sec for air. 

The use of the Philips gage on top of the barium chamber, with its 

neck removed, gives 13$ higher pumping speed for air than is obtained with 

the use of the Philips gage mounted at the other side of the system by the 

Knudsen gage. With both gages on, the increase in punping speed is only 

about 10$ over that with the getter Philips gage. Apparently the pump¬ 

ing speed for air is limited by something other than the ionization rate 

of the gages; this may be the diffusion rate into the barium. However, 

there is a change in speed with Philips gage voltage which amounts to an 

increase of about 30$ in speed for air when the voltage is raised from 

2300 volts to 5000 volts. The speed of pumping helium is increased by 

300$ for a similar change in Philips gage voltage. The punping speed fig¬ 

ures given in the above tables are for a Philips gage voltage of about 

2300 volts. 
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ABSORPTIQH OF PQLYVINYLACETATE VAPORS 

A study was made of the gas from a sample consisting of 300 sq in 

of 1 1/2 mil thick aluminum foil coated on one side with almost .001 inch 

thickness of polyvinylacetate ÄYÄT: the quantity of gas emitted, its 

absorption by barium and a Philips gage (singly and together), as well as 

the effect of a glowing filament were studied. 

This study confirms previous results which showed that the quantity 

of gas which comes from polyvinylacetate is small, especially after pump¬ 

ing for several days. However, practically none of this gas was absorbed 

by barium alone. 

The polyvinylacetate vapors were deconposed by a glowing filament. 

In these tests, decomposition by the filament of an HK-54 tube, with the 

other electrodes floating, increased the quantity of gas emitted by a 

factor of 30. These decomposed gases were readily absorbed by barium, 

so that, with the barium available, the pressure rise is somewhat less 

with the filament on than with it off, and the equilibrium pressure with 

the combination barium plus Philips gage is not changed by heating the 

filament. In fact, the combination of an HK-54 filament and barium was 

sufficient to maintain a constant pressure of 7xl0“'mm after 91 hours 

evacuation and 2x10" after 188 hours. The action of the filament seems 

to be limiting and a filament of much larger area in conjunction with 

barium to absorb the decomposed gas might make a suitable absorber. 

A Philips gage or ionization gage in addition to the barium permits 

the polyvinylacetate vapors to be absorbed, although the pumping speed 

is low. There is no absorption by either the barium or Philips gage when 

used singly. The Philips gage does not decompose the gas in the same way 

as the hot filament since the pressure rise with a Philips gage on is the 
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same as with it off whereas the hot filament causes a large multiplication 

of the gas emitted. In this test, the absorption limitation was not in 

the Philips gage since the equilibrium pressure as read by the Knudsen 

was the same whether the gage next to the barium, or the one some dis¬ 

tance away, or both are on. Since the limitation is not in the amount of 

ionization by the Philips gage, an increase in pumping speed could be ex¬ 

pected by increasing the barium area. 

The quantitative results are summarized in the following table in 

which the figures listed are from Knudsen gage readings unless otherwise 

headed. 

Hours 

after 
evac. 

21 

49 

68 

91 

188 

212 

Pressure rise, mmLfess 

system 

¿L2QS_ 
1.9xl0“6 

5xl0"7 

3xicr7 

1.8xl0"7 

1.2xl0-7 

8x10“® 

with 

ba._ 
IxlO”6 

5xl0“7 

2.7xl0“7 

1.9xl0-7 

1.5x10“® 

2.4x10“® 

with 

1.2xl0“5 

9.5xl0“6 

5.8x10“® 

3.8x10“6 

with ba. 

& m*— 

3xl0“7 

1.8xl0“7 

1.3x10"' 

1.3x10"® 

Equilibrium Pressure 

with ba. & P.gage^_ 

Knudsen_P.fiagS 

2xl0"^mm 

1 1/2X10“5 5xl0"7 

1 1 /4xlO“5 3xl0”7 

8xlO“6 2x10“7 

IxlO“5 IxlO"7 

It is interesting to note that, except for the last reading, the gas 

evolution diminishes by a factor of two every 24 hours while the equilibrium 

pressure does not diminish proportionally. After the above absorption test 

for polyvinylacetate this barium surface was still capable of absorbing 

nitrogen at 1.1 L/sec speed. 

The gas becomes low in easily ionizable constituents after the Philips 

gage has been on for some time, and the ratio of Knudsen reading to Philips 

gage reading increases from 1,7 to 10. (readings of 2nd Philips gage were 

used since it is mounted near the Knudsen). This ratio was checked at 



about 1 for air in earlier tests. 

The increase in pressure rise with a heated filament was studied 

versus filament temperature. For temperatures above 800 to 900 degrees 

centigrade, the rate of decomposition of gas was unaffected by the 

temperature of the filament. 

Polyvinylacetate surfaces conditioned by several days of punping so 

that they evolved only small quantities of gas were exposed to atmospheres 

of nitrogen and oxygen and after reevacuation did not require further 

conditioning except to remove a superficial film of nitrogen or oxygen. 

However, after exposure to carbon-dioxide for one hour at atmospheric 

pressure, the gas evolved was greater than when the sample was first 

evacuated. This gas continues to come out for several days and is still 

being emitted at the rate of 1.2x10"f mml</sec after 68 hours evacuation. 

The emitted gas is thought to be mainly carbon dioxide since it is mostly 

absorbed by barium alone. 

SUGGESTIONS FOR FURTHER DESIGN 

There were two faults with the barium heater; gas evolution was too 

great from the ceramic heater support, and the 80 volt heater could not 

be operated in a few mm pressure of argon because the heater voltage was 

too great. These would both be solved by heating the barium through the 

wall of the vacuum chamber, using an external heater. This might permit 

continuous evaporation with much increased pumping speed. A larger barium 

area will also increase the punping speed. This can be obtained by larger 

physical size, by evaporation in argon, or maybe by some proper internal 

baffles. 
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ADHESIVES FOR A SELF SUPPORTING COLUMN 

To determine the suitability of adhesives for the column assembly, 

tests have been made on the long time tensile, shear strength and cold 

flow properties of several adhesives for glass-to-metal joints. Sol¬ 

vent type adhesives cannot be used because there is no means for escape 

of the solvent. Thermoplastic and thermosetting adhesives must be used 

with caution because of strains due to the difference in thermal expan¬ 

sion coefficients of the glass and metal. Adhesives which chemically 

polymerize at room temperature are most suitable. Epon VI (manufactured 

by Armstrong Products Company and Shell Oil Company) is such an adhes¬ 

ive and of the many materials tried gives the strongest glass to metal 

joint. 

Our measurements of the strength of seals between glass and alum¬ 

inum made with Epon VI, cured with 6$6 accelerator A at room temperature, 

are tabulated in Tables 1, 2, 3, 4> and the graph of Fig, 26k The joint 

thickness is usually about .004 ’ but the few Joints made with less than 

.001" thickness showed the same strength. The tensile tests indicate 

a long-time strength of about 1200 lb. per square inch, even at slightly 

elevated temperatures and a short time, or shock strength, of 3800 lb. 

per square inch. Tests also indicate a tensile strength limitation in 

the glass, and tempered glass is to be obtained if possible. Glass is 

used because of its good electrical properties and ease of cementing. 

A shear load of 1100 lbs. per square inch causes only .0001" creep in 

2 months at 100°F and no breakage in 6 months at 136°F. 

The cold shock test is an indication of internal strains which 

arise from differences in expansion coefficient of the joined materials 
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and cause the glass to break. The choice of sample size was arbitrary 

but is a rather severe test since the samples have a large sealing 

area. The breakage is at the same temperature as when other adhesives 

were used which left no strains at room temperature. This test plus 

past experience indicates that the glass to steel or aluminum Joints 

are satisfactory for the column but the exposed end glasses should 

be sealed to a low expansion metal. 

Robert W. Cloud 

June 1953 

|¿"0 Kl" THICK 
CAST PYREX 

SPHERICAL 

|/SEAT 

fD X ("LONG ALUMINUM 

Arrangement used for testing the Sample for cold-shock test 

tensile strength of adhesive Joints. 

Fig.24 
Fig. 25 
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TABLE 1 

Short Time Tensile Strength of Joints Made With Epon VI using 6¾ accelerator A, 

Load Increase of 10Q#/sec. 

2 - 1" diameter aluminum pieces, butt joined to each side of 1 1/4" diameter 

glass broke in joint at 3800 

2 - 2" diameter steel pieces butt joined to each side of 1 7/8" diameter 

glass broke in glass at 2500#/2in. 

mm 
Long Time Tensile Strength of 2 - 1" diameter aluminum pieces fcutt-joined to 

each side of a 1 1/4" diameter glass (see Fig.24). The break is always in 

the joint. 

Adhesive Loading Time at 

__ #/2in 100° F 

Time at 

U0° F 

Epon VI 1500 

" 1300 
" 1200 

" 1050 

" 900 

Epon VI 1050 
thinned with 

6# xylene 

Epon VI 900 
thinned with 

656 xylene 
Armstrong 1050 

C2 
" 900 

" 750 

2 hrs. to break 

3 hrs. to break 
3 months plus 

3 months plus 

3 months plus 

1 1/2 months plus 

1 

7 hrs. to break 

11/2 hrs. to break 

11/2 months plus 

51/2 months and still 

unbroken 
3 months to break 

2 months to break 

11/2 days to break 

5 1/2 months and still 
unbroken 

1/2 hrs. to break (joint not complete to edge at one 

spot) 

TAM III 

Epon VI 

l"dia. 1500 1 to 3 hrs. to break 
aluminum to 
aluminum 

" 1200 11/2 months plus 1 1/2 months to break 

TABLE IV 
Cold Shock Test (see Fig.25) 

With aluminum, no breaking when dunked in 10° c water 

" " 2 out of 4 break when dunked in 0° c water for 5 min. 
With Kovar no breakage when dunked in -30° c alcohol. 
" " 1 out of 3 break when dunked in -47° c alcohol. 
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Radiographic Properties of X-rays in the Two- to 
Six-Million-Volt Range 

By C. H. Goldie, K. A. Wrisht, J. H. Anson, R. W. Cloud, and J. G. Trump 

This investigation was 
prompted by the awareness that the 
hitherto unexplored X-ray region of 
from 2 to 6 million volts, still dominated 
by the Compton absorption process, 
offered advantages in radiographic 
speed, sensitivity, and latitude for the 
examination of heavy metal sections. 
In 1945 the High Voltage Laboratory 
under Van de Graaff at the Massa¬ 
chusetts Institute of Technology com¬ 
pleted an experimental and analytical 
study of radiography with 0.5-million 
to 2-million-volt X-rays (I).1 The 
extension of this radiographic study to 
6 million volts was supported by the 
Office of Ordnance Research and was 
facilitated by the availability at MIT 
of both a 3-million-volt Van de Graaff 
X-ray source and the Office of Naval 
Research Van de Graaff accelerator 
which covered the 4-million to 6-million- 
volt X-ray range. 

Absorption and Scattering 
op X-RAYS 

The dominant absorption mechanism 
in the lower million-volt X-ray range 
by which photons are diminished in 
energy and scattered is the Compton 
effect. In these interactions, depend¬ 
ent primarily on electron density, the 
photon collides with and imparts 
energy to an atomic electron, and then 
proceeds in an altered direction with 
correspondingly diminished energy. 
These modified photons are the prin¬ 
cipal source of scattered radiation. 

In this energy range the pair-pro¬ 
duction mechanism of X-ray absorption 
in steel is a lesser factor. In this 
process the photon energy is converted 
into the rest mass of two electrons 
which carry away the remainder of the 
incident photon energy. Fair-pro¬ 
duction first appears at 1.02 million 
volts, the rest energy of two electrons, 
and thereafter increases with photon 
energy and the atomic number of the 
absorber. For 6-million-volt photons, 
for example, pair-production process in 
iron causes about half as much ab¬ 
sorption as Compton process, \vhile in 
lead, pair-production absorption is 
about 50 per cent greater than Compton 
absorption for this energy (2). The 

i The boldfii e numbers in parentheses 
refer to the list of references appended to 
this paper. 

Sttady inertait in the thicknesses 
of metal fabrications requiring radio¬ 
graphic inspection dictates the use 
of higher X-ray energies. 

poûi'ive electron produced in this 
process disappears at the end of its 
path by combining with an atomic elec¬ 
tron somewhere in the absorber, usually 
with the emission of two photons of 
0.5 million-volts energy. This annihila¬ 
tion radiation is another source of 
scattered radiation in the high-energy 
region. 

The photoelectric process, which is 

the principal absorption mechanism for 
X-rays below 100 kv, particularly with 
heavy metals, is negligible in the 
million-volt region. 

The direct, or picture-bearing, radia¬ 
tion emerging from an absorber is that 
portion of the incident radiation still 
traveling in the original direction. It 
is the radiation which would emerge 
if all interactions were complete ab¬ 
sorption processes. Unfortunately the 
scattered radiation produced within 
the absorber contributes greatly to the 
emerging radiation, but serves only to 
fog the film. The total transmitted 
beam is the sum of this direct and 
scattered radiation. 

A monochromatic direct X-ray beam 
would be attenuated in an absorber 
according to the relation 

CHARLES H. GOLDIE, Contract Enginonrint DMslon, High Vol- ml tog. E«|fa*.rfnfCoip., Cambridge, Mm.. Recently angagod In ra- 
search and development of Van de Graaff accelerator* at MIT. 

KENNETH A. WRIGHT, High Voltage Research Laboratory, 
MIT, «peclalitet t application of high energy radiation to bio¬ 
logical lydemi. 

JOHN H. ANSON, radiation phydeld, Lo* Angele* Temor 
Institute. Former member of the MIT High Voltage Research 
Laboratory. 

ROBERT W. CLOUD, High Voltage Research Laboratory, MIT, 
engaged in development of Van de Graaff accelerators with em¬ 
phasis on problems associated with high-voltage acceleration tubes. 

JOHN G. TRUMP, Professor of Electrical Engineering and Director 
of nigh Voltage Research Laboratory, Massachusetts Institute of 
Technology. Pioneer In development of the Van do Graaff 
accelerator as a compact supervoltage radiation source for X-ray 

' ' therapy. 
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Fi*. 1,—Direct-Be mm Transmission Curvem 
inSf»elfor2-, 3-, and ft-megavolt X-rmym. 

down to about 0.1 per cent of the 
incident intensity. It is technically 
impossible to carry the direct-beam 
transmission measurements far enough 
to reach the absorption coefficient of 
the highest-energy radiation in the 
beam. 

Total-beam transmission curves are 
quite different in appearance. The total 
radiation includes both the direct- 
beam and the scattered radiation which 
increases rapidly in the first small 
absorber thicknesses. As seen in Fig. 
2, this semilog curve becomes progres¬ 
sively steeper until a few inches of steel 
have been traversed, after which it 
becomes virtually straight. 

Feshbach (3) has suggested that 
this straight semilog plot indicates that 
an equilibrium is reached between the 
higher-energy components of the trans¬ 
mitted beam and their accompanying 
scattered secondaries, after which the 
total beam behaves as if it were a 
monochromatic beam having an energy 
equal to the highest energy in the 
continuous spectrum. It should be 
noted that at infinite thickness of 
absorber both the direct- and total- 
radiation curves should have the same 
slope. 

Within the range of thickness for 
which accurate detection of the radia¬ 
tion can be accomplished, it has been 

Au Torgel 
Beam Délirant 
ShieM 

OOI 

- 
o 25 «29 Field 

A 10 « 10 
o 4*4 

Ë 

- 

_1_ 

61cm 
Steel 
Absorber 

139cm Lead 
1 Scattering 

Shield 

Detector 

„2*6 80 
Steel Thickness, in. 

Fi*. 3.—3-Me*avolt X-ray Transmission 
Curves in Steel for Different Field Sises 

with Direct-Beam Setup. 

I - /oe-s* (1) 

where: 

/ - the intensity at depth x in the 
absorber, 

/, » (he incident intensity, and 
a « the linear absorption coefficient. 

The logarithm of the monochromatic 
direct-beam intensity plotted against 
absorber thickness is a straight line 
of slope M- 

The continuous radiation spectrum 
from an X-ray target contains photons 
of all energies up to the maximum tube 
voltage. Since the linear absorption 
coefficient, yi, diminishes steadily with 
increasing photon energy (until about 
7 million volts for iron), the selective 
absorption of the lees energetic photons 
shifts the spectrum of the direct radia¬ 
tion toward the short wavelength 
limits. This shift toward the high- 
energy end of the spectrum soon be¬ 
comes extremely slow; the direct- 
beam transmission curve plotted as 
in Fig. 1 becomes almost a straight line, 
and the beam behaves as essentially 
monochromatic radiation. Thus, any 
direct X-ray beam, after sufficient 
initial absorption, can be described by 
an effective absorption coefficient, md- 
Tbe value of md is usually obtained 
from direct-beam curves which extend 
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experimentally found for 1- and 2- 
million-volt X-rays that the ratio of 
the scattered radiation to the direct 
is proportional to the thickness of the 
absorber (4). 

Experimental Apparatus and 

Procedure 

The X-rays from both Van de Gmsff 
accelerators had an equivalent filtration 
of about 11 mm of lead, most of which 
was in the J-in.-thick gold targets. 
With the ONR* generator, working 
space was gained by magnetically 
deflecting the electron beam through 
90 deg before allowing it to strike the 
target. The 3-million-volt X-ray gener¬ 
ator was calibrated for negative opera¬ 
tion, and the two lower voltages, which 
were obtained with this machine, are 
known to an accuracy of better than 
±3 per cent. Although the ONR 
machine was very accurately calibrated 
for positive ion operation, estimated 
accuracy for its operation as an X-ray 
source for the 5- and 6-million-volt 
data is ±5 per cent. 

The X-ray energy incident on the 
absorber was monitored with a thin- 
wall flat ionisation chamber placed 
in the field close to the X-ray target 

“iinanwd by the Office of Naval Heeearch, 
operated by the MIT Laboratory of Nuclear 
Saleóse and Engineerin«. 
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and connected to a remote modified 
Shepard-Roberts d-c amplifier. A 
special flat ionization chamber with 
adjacent preamplifier and remote ampli¬ 
fier and indicating circuit was used 
to measure the transmitted intensity. 
This detector was shaped to approxi¬ 
mate the conditions of actual radi- 
ogiaphy, the mean depth of its thin, 
flat air cavity being about the same 
distance beneath the bottom of the 
steel plates as a film in a pressure 
cassette. 

For the direct-beam measurements, 
the detector was placed remote from 
the steel absorber and surrounded with 
a 3-in.-thick lead shield to reduce 
approaching scattered radiation. The 
2- and 3-million-volt transmission 
curves were obtained with fields de¬ 
fined to 4 by 4, 10 by 10, and 25 by 25 
cm at the detector with setup dimen¬ 
sions as indicated in the inset of Fig. 3. 
The 3-million-volt curves are shown in 
Fig. 3. The small difference between 
the transmission of the two smaller 
fields suggests that the 4 by 4-cm data 
can be accepted as the direct-beam curve 
with only small error. Because of the 
poorer electron-beam focus in the ONR 
accelerator, the field size used for the 
direct-beam measurements at 5- and 
6-million volts was increased to 6 by 6 
cm, the target-to-detector distance 
increased from 100 to 135 cm, and the 
distance from absorber to detector from 
39 to 62 cm. Under these conditions 
the detector chamber had a somewhat 
smaller solid angle for scatter from the 
steel plates. 

The total-beam data were taken for 
three fields for the two lower voltages 
and for two fields for the higher voltages. 
In these measurements the target-to- 
detector distance remained the same as 
in the direct-beam situation, but the 
steel was stacked directly against the 
lead block containing the detector. 
This lead block, in which the chamber 
was embedded, provided protection 
from general room scatter. In practice 
this is also done to the film cassette 
in a radiographic setup. 

Results ok Direct- and Total-Beam 
Measurements 

Figure 1 shows the direct radiation 
as a function of steel thickness for 2- 
miIlion, 3-million, and 6-million-volt 
X-rays. The focus of the electron 
beam in the ONR machine had been 
adjusted for 6-million-volt operation 
and was left unadjusted at 5-million 
volts with resultant defocusing and 
error in the 5-million-volt direct-beam 
data. Unavailability of the ONR 
machine prevents the repetition of this 
run. The direct-beam curves are suffi¬ 
ciently straight to permit the ealcula- 

TABLE l—EFFECTIVE ABSORPTION 
COEFFICIENT AND “EQUIVALENT 

ENERGY” OF DIRECT BEAM. 

Tube 
Voltage, 
megavolta 

Direct Beam 
Absorption 
Coefficient, 

Mo,in.-1 

Equivalent 
Monochromatic 

Energy, mev 

2. 1 04 
0 90 
0.77 

1.30 
1.75 
2.50 

3. 
6. 

tion of an absorption coefficient and an 
“equivalent energy.” Table I lists 
the direct-beam linear absorption coeffi¬ 
cient, md, and the energy in million- 
electron-volt units of the monochro¬ 
matic radiation which would have the 
same absorption coefficient. 

Figure 4 shows the total transmitted 
radiation as a function of thickness for 
4 by 4, 10 by 10, and 25 by 25-cm 

Sizes. 

fields of 3-million-volt X-rays, and Fig. 
2 shows the total transmitted radiation 
for the 25 by 25-cm field with 2-, 3-, 
5-, and 6-million-volt X-rays. The 
plots are essentially straight lines on 
the semilog paper. These two figures 
demonstrate the considerable depend¬ 
ence of total transmitted radiation on 
both field size and voltage. The total- 
beam absorption coefficients calculated 
from the slopes of the 25 by 25-cia data 
in Fig. 2 are compared in Table II 
with the theoretical absorption coeffi¬ 
cients for a monochromatic beam with 
energy equal to the maximum energy 
of the continuous spectrum (2). The 
fairly close check is similar to that 
found by the Office of Scientific Re¬ 
search and Development group for 
1- and 2-million-volt X-rays with a 
25-cm diam round field, and is in 
agreement with Fwhbach’s theory. 
It is probable that a larger field must 
be used to approximate the condition 
of irradiating an absorber with an 
infinite field in order to bring about 
Feshbach’s “equilibrium distribution." 
Kven so, the total-radiation semilog 
plots are close to straight lines, although 
the measured abeorption coefficient 
remains slightly higher than the limiting 
value for that voltage. 

X-ray Intensity and Exposure Time 

Since most radiography is done with 
fields at least as large as 25 by 25 cm, 
this field size and a commonly used 
high-quality film, Eastman Type A 
Industrial Radiographic Film, were 
chosen for the calculation of an exposure 
chart. Type A film requires » radiation 
dose of 4 roentgens to produce a film 
density of 3. This dose is pmctically 
independent of radiation energy above 
about 300 kev* (5). A density of 3 
was selected because a chart constructed 
for this density combined with the 
latitude curves makes it simple to 
determine the maximum thickness that 
can be radiographed at a particular 
tube voltage with a sensitivity of 1 
per cent. This computation is de¬ 
scribed in a later paragraph. 

•Unpublished data of R. Granke, High 
Voltage Research Laboratory, Electrical 
Engineering Dept.t Ma^achueett* Institute 
of Technology. 

TABLE II. TOTAL BEAM ABSORPTION COEFFICIENT AND SCATTERING 
FACTOR. 

Tube 
Voltage, 

megavolta 

2 
3 
5 
6 

Total Bs«m 
Abeorption 

Coefficient for 
25 by 25-cm Field, 

it, in.-1 

Calculated 
Absorption 

Coefficient of 
Monochromatic 

Radiation of 
Maximum 

Energy, in. 

Scattering 
Factor, k, 

in.'1 
*/« 

0.88 
0.76 
0.06 
0.61 

0.84 
0.72 
0 62 
0.60 

0.80 
0.56 

0.41 

0.93 
0.T6 

0.6T 

Octobar 1954 ASTM BULLETIN (TP213) 31 



Fig. S.—Rsáíâtíoa Output vertut Electron 
Energy ln megarolts. 

The zero-thicknem exposure points on 
the chart require a knowledge of the out¬ 
put intensity at each voltage. Figure 5 is 
a plot of output X-ray intensity in roent¬ 
gens per pa-min at 1 meter as measured 
on the 3-million-volt X-ray generator. 
This shows that the output intensity 
is proportional to the 3.4 power of the 
voltage in the range from 1 million to 
3 million volts. The data were taken 
with a Victoreen condenser r-meter 
chamber covered with a Lucite cap 
thick enough to produce electron 
equilibrium with the X-radiation. Al¬ 
though absolute measurements of the 
X-ray output could not be made on 
the ONR machine because of the lack 
of knowledge of the actual target 
current, relative measurements indi¬ 
cated that the 3.4 power of the voltage 
rule held to the highest voltage. There¬ 
fore, the zero thickness points for the 
two higher voltages were taken from 
an extrapolation of the curve. From 
zero thickness up, the exposure curves 
of Fig. 6 are the inverse of the 25 by 
25-cm total-beam transmission plots. 
If one prefers to use a lower density 
or a different film, correct exposures 
can be computed by multiplying the 
value given on the chart by a constant 
factor obtained from film-response 
curves. It should be noted that the 
exposure curves will apply accurately 
only with lead intensifying screens of 
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Fig. ¢. Exposure Chart for 2-, 3-, 5-, and 6-megavolt X-rays with Eastman Tyne A 
Industrial X-ray Film. 

sufficient thickness to produce electron 
equilibrium with the X-radiation. 

Scattering Factor 

Calculations of radiographic sensi¬ 
tivity for the various voltages first 
require determination of the scattering 
factors. The scattered radiation was 
found by subtracting the direct from 
the total radiation for each thickness. 
The ratio of the scattered to the direct 
radiation was then plotted against 
steel thickness for each voltage; the 
resultant curves in Fig. 7 are approxi¬ 
mately linear. The scattering factors, 
k, for 2-million, 3-million, and 6- 
million volts, are the slopes of these 
curves and are listed in Table II. 
Although there is a 25 per cent differ¬ 
ence between the new and the OSRD 
values of the scattering factor for 2- 
million-volt X-rays, the expected 
diminishing improvement with increas¬ 
ing voltage is qualitatively shown. 
Table II also lists the values of Jfe/V, 
a factor often used as an index of radio¬ 
graphic merit as discussed below. 

ASTM BULLETIN 

Radiourachk Sí nativity 

Since sensitiv)» in the minimum 
observable thieknew variation expressed 
as a percentage of the total thickness 
of the absorber, it is desirable to have 
a low sensitivity. Scattered radiation 
plays its major rôle in adversely 
affecting sensitivity. Without scatter, 
the radiation intensity on a film under 
an examined object would depend at 
each point only on the thickness, x, 
of metal directly above that point. In 
this idealize*! situation the sensitivity 
would be 

2.3a 
y MX (2) 

where: 

a - the minimum observable film 
density difference, usually taken to 
be 0.008, and 

7 — the film gamma or slope of the 
curve of film density versus log» 
relative exposure. 

Equation 2 indicates that low-voltage 
X-rays with their correspondingly 
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Latitude higher absorption coefficient»* would 
give the best sensitivities. However, 
scatter cannot be eliminated in prac¬ 
tice. Placing the film remote from 
the absorber or using a moving grid 
between the absorber and film to block 
out oblique radiation greatly reduces 
the scatter to the film but causes a 
loss of definition and increased ex¬ 
posure and setup time. 

The expression for sensitivity, includ¬ 
ing the effect of scattered radiation (6), 
is 

S - 2^(l +*x) 
2.:t* 
VIlX 

when“: 

l) — the direct radiation, and 
T — the total radiation at depth x. 

Thus, sensitivity with scatter is 
equal to sensitivity without scatter 
multiplied by the ratio of the total 
radiation to the direct. If the direct 
beam could be used free of scatter, 
the detectable thickness difference 
would be constant and would depend 
only on the film contrast and the 
absorption coefficient. This condition 
of “absolute sensitivitv” is approxi¬ 
mately realised for tl ' m,, » - r. 
extremely high-voltaj A- ... 

With large thicknes. cf, ensitivity 
with «catter approaches the constant 
value 

S. - 2-3“A'.(4) 
yp 

For this reason the value k/p has 
become recognized as an index of the 
radiographic quality of a l>eam of 
X-rays. Qualitatively, k/p increases 
with voltage to a maximum at about 
0.5 million volt, after which it de¬ 
creases rapidly at first and then more 
slowly. Thus, sensitivity actually im¬ 
proves with increasing voltage above 
0.5 million volt, and is still improving 
slowly in the 2- to 6-million-volt region. 

Use of the experimental values for 
the scattering factors in Eq 3 for 
sensitivity results in the curves show n 
in Fig. 8. These curves were cal¬ 
culated on the basis of a film gamma of 
6 (Eastman Type A film) and a of 
0.008. It is clearly shown that the 
sensitivity for sections thicker than 
4 in. is better for 6-million volts than 
for 3. However, this gain is small 
compared with that obtained in going 
from 0.5-million volt to 2-million volts, 
or even from 2- to 3-million volts. 

The sensitivities discussed above are 
for the ideal case of flat plates. Actual 
objects to be radiographed vary in 
shape, and the calculation of the 
sensitivity can be extremely involved. 
The alternative form of the sensitivity 
equation can be used for any point on 

3-, and 6-megavolt X-rays. 

the radiograph where the ratio of the 
total to the direct radiation can be 
determined. A discussion of methods 
for making approximate calculations 
of this ty|)e is contained in a thesis by 
Hornbeck (7) »is well as in the OSRD 
report (8). Where very small fields 
can la* us1*! to examine details of ob¬ 
jects, it i.» possible to obtain lower 
sensitivities because of the resultant de¬ 
crease in scattered radiation. 

Radiographic latitude refers to the 
thickness range that can be examined 
with good sensitivity in a single ex¬ 
posure. For steel thicknesses in the 
straight-line region of the total-beam 
transmission curves, the follow ing equa¬ 
tions hold : 

*miii “ «(pe~<A 

2 3 
Ij =» - [ login eo — logic •«¡■l. (5) 

P 

where: 
co - film exiHwure to give a density 

of 3 with a given steel 
thickness, 

•m.n - film exposure for the minimum 
film density required to give 
a sensitivity of 1 per cent, 
and 

L “ latitude, defined here as that 
additional thickness of steel 
examined with a film density 
sufficient for a sensitivity of 
1 per cent when the given 
thickness is examined with a 
density of 3. 

The difference expressed in the 
brackets of Eq 5 can be found for each 
steel thickness in the following way: 
The minimum values of film gamma, 
7, are calculated by substituting S = 
0.01 in Eq 3 and solving for different 
thicknesses. Then the required den¬ 
sities are found from a curve of *y versug 
density for the film used (9). Finally, 
the difference in log exposure for density 
3 and for each minimum density is given 
by the characters tic curve of the film. 
This definition of latitude is similar 
to that adopten by the OSRD group. 
The selection of a maximum sensitivity 
of 1 per cent was arbitrary, and the 
maximum density of 3 was chosen since 
this is the upper limit of ordinary 
fluorescent viewers. Although the lati¬ 
tude is certainly increased by the use of 
greater densities and high-intensity 
viewers, the present definition is suffi¬ 
cient for a comparison of the latitudes 
obtained with different tube voltages. 
The curves of latitude versus steel thick¬ 
ness shown in Fig. 9 were obtained by 
such calculations for type A film. 

Maximum Steel Thickness 

The maximum steel thickness that 
can be effectively radiographed in a rea¬ 
sonable time with each tube voltage can 
be determined by using Fig. 6 in con¬ 
junction with Fig. 9. If one assumes a 
reasonable maxim v exposure, Fig. 6 
will give for each voltage the steel thick¬ 
ness through which a film density of 3 
can be obtained. Adding the latitudes 
from Fig. 9 to these numbers gives the 
maximum thicknesses that can be radio¬ 
graphed with a sensitivity of 1 per cent. 

If we assume 1.5 X 104 «la-min, or 
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in the energy range from 2-milUon to 
6-million volte have been investigated 
for the first time. 

2. The expected large increase in 
radiographic speed and the progres¬ 
sively smaller improvement in sensi¬ 
tivity as the voltage is increased from 
2-million to 6-million volts are experi¬ 
mentally confirmed. 

3. It is evident that a nearly 
optimum balance of radiographic prop¬ 
erties for the investigation of thick 
metal sections is found in the energy 
range from 2 million to 6 million volts. 
Further substantial increases in X-ray 
voltage would result in increased range 
of secondary electrons, a diminution of 
available field size, and a slow increase 
of absorption coefficient due to pair- 
production. 
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Fig. 9.—Latitude versus Steel Thickness for 2-, 3-, and tt-megavolt X-rays. 29 by 
25-cm Field. 

1 hr at 250 un, as a practical maximum 
exposure, the maximum steel thickness 
is found to be 0.5 in. for 2-million-volt 
X-rays, 13 in. for 3-million volts, and 
20 in. for 6-million volts. These 
figures are increased somewhat by the 
use of faster film and shorter target-to- 
61m distance. An example of the gain 
in speed with voltage is to note that the 
20 min required for 7 in. of steel at 
2-miilion volts would be reduced to 2.5 
min at 3-million volts, 14 sec at 5- 
raillion volts, and 5.5 sec at 6-million 
volts. 

Definition 

Definition refers to the sharpnee« of 
■«production on a film of a particular 
discontinuity in the radiographed ob¬ 
ject. Simple geometric considerations 
result in 

where: 

c — the diameter of circle of confusion, 
» “ the diameter of focal spot, 
d — the target-to-defect distance, and 
l — the defect-to-film distance. 

A dimensionless point in the object 
will appear as a circle of diameter, c, 
in the radiograph. For a sharp picture 
it is important to have a small focal spot 
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and as large a ratio of d/t as is reasonable 
from the point of view of exposure \ime. 
Since the electron beam from a Van de 
Graaff accelerator is homogeneous in 
energy, a simple annular magnet around 
the tube extension can be used to focus 
the spot to minimum diameters of the 
order of 0.01 in. (6, P- 61). Other factors 
beside geometry that ultimately limit 
the resolution of the radiograph are the 
film grain sise and the range of the 
secondary electrons in the emulsion. 
The average grain size is about 0.004 
in. for Eastman Type A, a relatively 
fine-grain X-ray film. Only pair-pro¬ 
duction and Compton electrons, which 
are scattered at wide angles to the 
X-ray beam, are effective in spreading 
the image in the emulsion. Although 
the energy of these electrons increases 
with photon energy, the probability of 
their having wide angles decreases. The 
limit in resolution caused by the range 
of these electrons at 2-million volts is 
alsoabout0.004in.(6, p. 61). Although 
this limit has increased at6-milIion volts, 
substantially higher voltages are re¬ 
quired to make this phenomenon a 
practical limitation. 

Summary 

1. The principal radiographic prop¬ 
erties of X-rays produced by electrons 
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