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ABSTRACT 

The use of a cold field emission flash x-ray tube for 

spark gap triggering is described, along with measurements of 

the ionization produced by the tube in nitrogen and argon. 

For the ionization measurements, the tube is mounted on an 

ionization chamber constructed to measure the ionization vs. 

distance travelled in the gas. The pressures of interest are 

1, 3, and 5 atmospheres. The tube is then mounted on a spark 

gap and the x-rays are used to trigger the gap. The delay 

and jitter are measured at various percentages of the 

self-breakdown voltage for pressures of 1, 3, and 5 

atmospheres. The contributions of the gas ionization and 

photoelectron emission from the electrodes are considered. 
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X. 

CHAPTER I 

INTRODUCTION 

Several methods of triggering high voltage spark gaps 

have been proposed and tested, and are in wide use. Among 

the best known of these are laser triggering and ultraviolet 

preionization. Both rely on the introduction of a charge 

density which initiates the breakdown process. This charge 

density is produced by photoionization in the insulating gas, 

along with photoelectric emissions from the electrode 

surfaces. 

Laser triggering requires an optical path from the 

laser to the spark gap, which can be very troublesome. Fiber 

optics have been used to alleviate the complexity, but power 

transmission problems still remain [1]. This triggering 

scheme is very effective, and can be adapted for 

multi-channel and multi-gap triggering [2], along with 

preionization of diffuse discharges. In uv triggering 

systems, the source is generally inside the spark gap 

chamber, perhaps in one of the electrodes. This causes 

problems with trigger electrode erosion, and getting the 

light into the chamber. It is an effective triggering 

method, however. 



x-rays offer many of the same benefits of laser and uv 

illumination for triggering spark gaps. The triggering 

mechanism is the same, i.e., preionization via 

photoionization and the photoelectric effect. Certain 

advantages are also evident, including electrical isolation, 

multi-channel and multi-gap triggering capabilities, and 

large penetration depths (valuable in introducing the beam 

into the gap) . The large penetration depth may prove 

detrimental because it implies low absorption, i.e., low 

energy transfer from the beam to the insulating gas. 

Sufficient preionization densities have been measured for 

various gas discharge lasers [3,4,5], but typical spark gap 

gases (primarily air and nitrogen) are much less dense than 

these laser gases. It is the purpose of this study to 

identify suitable gases by measuring the preionization 

density, and then testing the spark gap performance using 

these gases. 

The experiment consisted of two stages. In the first 

stage, an ionization chamber was used to measure the 

ionization levels in air, nitrogen, and SFg at 1, 3, and 5 

atmospheres. The maximum x-ray photon energies used were 100 

keV and 150 keV. The conventional ionization chamber was 

modified so that the ionization vs. distance from the source 

could also be measured. 

The second stage concerns the performance of these 

gases in an x-ray triggered spark gap. A spark gap was 



constructed and measurements were made of the delay and 

jitter at various percentages of the self-breakdown voltage 

(̂ SB̂  • These measurements were made, with and without 

electron emission from the electrodes, in order to determine 

the individual contributions of the gas ionization and the 

photoelectric effect at the electrode surface. 

The theory of x-ray production, as well as x-ray 

absorbtion and ionization will be discussed in Chapter II, 

along with a brief review of preionized spark gap breakdown 

mechanisms. Chapter III addresses the experiment itself, and 

the results are presented in Chapter IV. A brief discussion 

is given in Chapter V, along with some suggestions for 

further study. 



CHAPTER II 

THEORETICAL CONSIDERATIONS 

The origin of x-rays and most of their basic properties 

has been known since Roentgen's discovery in 18 96. However, 

a complete understanding of their production was not obtained 

until quantum mechanical principles were applied. Since 

then, the basic theory of x-ray production and the x-ray 

spectrum has changed little. This chapter will briefly 

review current theory on x-rays and describe the two types of 

x-ray spectra arising from typical tubes. A short 

explanation of the generation of flash x-rays will be 

presented, followed by a description of ionization via x-ray 

absorption, and a discussion of how this ionization will 

cause the breakdown of a spark gap. 

X-ray Production 

X-rays are produced when energetic electrons strike a 

material. Usually, the electrons are accelerated toward the 

target by a high voltage. As the electron beam strikes the 

target material, the electrons interact with the atoms to 

produce two distinct types of x-rays. The first arises from 

electron interaction with the target atom nucleus, and are 



called continouous x-rays (or bremsstrahlung radiation). The 

second involves orbital transitions in the atom, and are 

called characteristic x-rays. 

Continous x-rays. As an incident electron strikes the 

target, it may pass near an atomic nucleus. Due to the 

attractive force of the nucleus for the electron, the latter 

will be deflected from its original path. This deflection 

results in a loss of energy, which appears as a photon. The 

size of the deflection, and thus the photon energy, depends 

not only on the energy of the incident electron, but also on 

its proximity to the nucleus; thus, because there is 

variations in how close electrons approach the nucleus, a 

continuous spectrum results. A typical one is shown in Fig. 

2.1(a) (from Ref. [6]), for various electron beam energies. 

Note that the maximum photon energy corresponds to the 

accelerating voltage, due to the fact that the maximum 

electron energy striking the anode is equal to the 

accelerating voltage. Also, the mean photon energy is at 

about one-half of the tube voltage, while the peak intensity 

is at about two-thirds of the tube voltage [4,7]. However, 

this spectrum depends on the accelerating voltage and target 

material, and these values may vary. Most of the radiation 

generated by typical x-ray tubes is of this type [8]. 

Characteristic x-rays. It is possible for an incident 

electron to collide with a target atom in such a way as to 

eject an electron from an atomic inner shell, typically from 
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the K, L, or M shell (depending on the energy of the incident 

electron). The vacancy left by the ejected electron may be 

filled by a less tightly bound (more energetic) electron. 

The atom then emits a photon of energy equal to the 

difference of the binding energies of the two states involved 

[6,9]. These photons appear as sharp lines superimposed on 

the continuous spectrum. Because x-ray devices typically 

employ materials of high atomic number (the production 

efficiency increases with Z [4]), there are many possible 

transitions, so a characteristic x-ray spectrum with many 

lines results, such as the one shown in Fig. 2.1(b) (from 

Ref. [6]). The appearance of the characteristic radiations 

depends on the tube voltage, and their intensity (like that 

of the continuous spectrum) is a function of the tube 

current. 

Flash x-ray tubes. The original x-ray tubes, and later 

Coolidge tubes, used a continuous electron beam generated by 

gas ionization or thermionic emission to bombard the target. 

It was not until the last 25 years that flash (pulsed) x-ray 

devices were developed. Currently, flash x-ray tubes use 

cold field emission rather than thermionic emission to 

generate the electron beam. 

Cold field emission is the process by which free 

(conduction) electrons in metals can "tunnel through" the 

potential barrier that binds them to the metal without having 

any additional energy supplied to them via heating [10,11]. 
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This is accomplished by severly deforming the potential 

barrier with a very high external field (>lo'̂  V'cm"^) in the 

region of the emitter (cathode). Guenther et al. [11] 

calculates that a field of 2 x lo'' V-cm~^ yields an electron 

flux density of lo"̂  electrons cm"2'ns~^, and that a field of 

10 V'cm"^ yields less than 1 electron cm~^-ns~^. Generation 

of fields of this magnitude requires very high localized 

fields and sharp edges as emitters (to increase the field 

enhancement). 

In cold field emission tubes, the high current density 

emitted at the cathode vaporizes enough material to act as a 

virtual (plasma) cathode that can emit large currents, which 

are then accelerated toward the anode. X-rays are produced 

upon impact. However, the plasma also moves toward the anode 

at great speed causing the effective interelectrode 

separation to decrease with time [12]. Eventually, breakdown 

occurs and the electrons are no longer sufficiently 

accelerated to produce x-rays, due to collisions in the arc 

[12,8] . 

Depending on the desired beam, sharp edges or filaments 

are typically used as emitters. Shields and Alcock [13] 

reported using a .025 mm thick, 30 cm long tantalum foil, 

producing a linear x-ray source. Another common source uses 

single emitters (or sets of emitters) arranged symetrically 

around a conical anode, producing a point source of x-rays. 

The latter type was used in this experiment. 



X-rav Absorption 

X-rays are absorbed as they traverse matter. Consider 

an x-ray beam of initial intensity Ig propagating through an 

absorber of thickness Ax. The change in the intensity of the 

x-ray beam is 

Al = -^;L^0^^' 

where ^]_, the linear absorption coefficient, represents the 

fraction of x-ray intensity lost in travelling a distance Ax 

in the material. If \x-^ is assumed to be constant, and Ax->0, 

then the equation can be integrated, yielding 

I = Ioexp(-̂ i3_x) . 

It is interesting that this is the same equation that governs 

the absorption of light (Lambert's law). However, it turns 

out that unlike light, absorption of x-rays is independent of 

the physical state of the absorber; thus, the absorption in 

carbon is the same, whether the carbon is in the form of dia

mond or graphite. (This is because the x-rays interact with 

the inner electrons, which are unaffected by the chemical 

state of the absorber.) Because of this, it is convenient to 

define the mass absorption coefficient, î, as 



so that 

I = Ioexp(-|ipx) , 

where p is the absorber density, and \i is independent of the 

state of the absorber. 

The value of p. for a given material varies widely with 

the energy of the incident photon. Figure 2.2(a) shows this 

variation for lead (from Ref. [8]) . Just as in x-ray 

production, there are sharp lines (called edges or limits) in 

the absorption of x-rays. This is essentially the reverse 

process of the generation of x-ray lines described 

previously. An incident photon is very highly absorbed when 

its energy coincides with that of an electronic orbit 

(typically K, L, or M) , and a photoelectron is ejected (the 

photon disappears). Below this limiting value (or edge), the 

photon does not have enough energy to eject an electron. 

Above this edge, the absorption (due to photoelectric 

effects) falls off with X̂  [14] . 

There are three methods by which x-rays may be 

absorbed: the photoelectric effect, described above; the 

Compton effect; and pair production. Pair production does 

not occur below 1.02 MeV, and so it is of no concern here. 

The Compton effect, or Compton scattering, arises frorr, a 

photon striking an atom and (1) the atom reradiates a photon 

(in a different direction) of the same wavelength as the 
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incident photon, or (2) the atom ejects a photon of longer 

wavelength and a recoil electron with energy equal to the 

difference of the incident and scattered photon energies. 

This effect tends to predominate in the energy range of 

concern here, since the photoelectric effect is most 

important in the vicinity of an absorption edge. Figure 

2.2(b) shows the individual effects of these types of 

absorption in carbon (from Ref. [14]) . 

Ionization . For the energies of interest in this 

experiment, both the photoelectric effect and Compton effects 

are responsible for ionization. The recoil electrons (arising 

from Compton scattering) are not too energetic. 

Photoelectrically ejected electrons are very energetic, 

however. (Recall that the photoelectron energy = photon 

energy - binding energy.) Thus, there are three methods of 

ionization involved: direct photon absorption; photoelectron 

collisions; and recoil electron collisions. The first 

produces at least one electron per event (perhaps more, along 

with characteristic x-rays, due to the Auger effect [8,15]). 

The second is very highly ionizing, and is in fact the 

primary cause of ionization. Compton and Allison [9] 

estimated that an average of 500 electrons are produced in 

argon by each photoelectron (and each Auger electron). 

Recoil electrons cause further ionizations, but are not too 

significant below 500 keV [8]. However, the scattered x-rays 

can produce even more photoelectrons and recoil electrons. 
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Breakdown ProcessQc; 

Currently there are two well-accepted descriptions of 

arc formation: avalanche formation and streamer development. 

Both require a charged particle in the electric field. For 

avalances, the charged particles are accelerated by the field 

across the gap. In doing so, enough energy is imparted to 

them to cause ionizing collisions. This means the charged 

particle density increases exponentially, form.ing an 

avalanche that propagates in the x-direction according to 

n = ngexp(ax) 

where n is the charge density, P.Q is the initial charge 

density, and a is the Townsend first ionization coefficient. 

From this, and assuming a constant avalanche velocity of v, 

it can be seen that the delay time (time from charge 

formation to breakdown) is 

At = [ln(n̂ ^̂ )̂ - ln(nQ)]/av 

and, therefore, the delay depends upon the initial charge 

density, and varies inversely with a and v, which vary with 

gas type, pressure, and electric field strength. 

It turns out that this process is much slower than the 

observed delay times in certain switching schemes. Streamer 

development is believed to dominate in these switches. This 

mechanism is initiated by an avalanche and, once a critical 

distance is reached, streamers propagate from the avalanche 
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head across the gap. This is a very fast process, implying 

that the streamers are photons. As the streamers traverse 

the gap, they produce additional ionizations in front of the 

avalanche, causing the arc formation to be speeded up. This 

effect is stronger if the charge density originates at the 

anode, due to the high electric field that arises from the 

space charge build up in that region [2]. 



CHAPTER III 

EXPERIMENTAL APPARATUS 

The purpose of this experiment was two-fold. First, 

measurements were made of the ionization levels (electron 

number density) produced by x-ray photons passing through 

typical spark gap gases at different gas pressures and photon 

energies. Variations of the ionization levels with the 

distance travelled in the gas by the photons were also 

measured. Second, the performance of these x-rays as a 

trigger mechanism in a pressurized spark gap was tested by 

measuring the delay and jitter at different percentages of 

the gap self-breakdown voltage. 

X-ray Sourre 

The x-rays were produced by a tube used by the U.S. 

Army for security and medical applications [12] . The tube, 

shown in Fig. 3.1, is a pulsed cold field emission devise 

that operates at voltages up to 150 kV. The anode is made of 

a tapered tungsten rod, 7 cm in diameter. The cathode has 

eight sets of tungsten emitters (each emitter is .025 mm 

dia.) encircling the anode. The radiation is bremsstrahlung, 

and has a spectrum similar to the one shown in Fig. 2.1. 

15 
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Fig. 3.1: X-ray tube (a) photograp: 
and (b) cross section. 
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Figure 3.2 shows the x-ray tube pulsing system. The 

tube is driven by a ten-joule "Mini-Marx" (similar to a type 

currently manufactured by Veradyne Corp. [17]) at voltages of 

100 kV and 150 kV. This is a very fast Marx bank, initially 

designed to trigger spark gaps. It is triggered by a 7 kV 

pulse from a spiral pulser. The Mini-Marx is connected to 

the tube by a RG-34B coaxial cable. Fig. 3.3 shows a typical 

tube voltage waveform. 

Ionization Chamber 

A modified ionization chamber, shown in Fig. 3.4, was 

constructed for this experiment. Inside the nylon chamber 

was a large rectangular cathode (4.0 cm wide by 12.0 cm long) 

separated by 2.8 cm from a series of twelve small collection 

electrodes (anodes). The anodes were 0.2 cm apart, 4.0 cm 

wide, 0.8 cm long, and terminated in a 10 kQ resistor. 

Because of the x-ray beam angle, a seller slit was used 

for collimation in order to prevent the photons from striking 

the electrodes and producing additional electrons via 

photoelectric emission. The seller slit consisted of several 

thin parallel stainless steel plates, each being 0.11 mm 

thick and separated by 0.6 mm. The photons that strike the 

slit at large angles are absorbed by the plates, while the 

grazing photons are reflected. 

Since the blades were mounted in one direction only, 

the beam does have considerable divergence in the plane 
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Fig. 3.3 Oscilloscope trace of tube voltage 
Vert: 20 kV/div; Horiz: 4C ns/div. 
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containing the blades. This divergence, however, was 

parallel to the electrodes and so was of no concern. Figure 

3.5(a) shows a photograph of the 150 kV x-ray beam. The fil.m 

was placed 17.8 cm from the collimator and, because of the 

low beam intensity, was exposed 30 times. Figure 3.5(b) 

gives a three dimensional view of the x-ray beam, based upon 

this photograph and the dimensions of the seller slit. 

By knowing the dimensions of the ends of the beam, and 

the distance between them, the volume of the regions exposed 

to the x-rays may be calculated. The ionization level 

(number of electrons generated) at the i^^ electrode is 

(I.L.) i = {Jii(t) dt } / 

while the electron number density at the i^^ electrode is 

(ng) = (I.L.)i/V^ 

where ij_(t) is the current through the i^^ electrode, q is 

the electronic charge, and Vj_ is the ionized volume above the 

i-" electrode. This corresponds to the electron density at a 

distance x = (i + 1.5) cm from the entrance of the x-rays, 

since the first anode was located 1.5 cm from the Plexiglas 

window, and was not used (it was installed to provide field 

uniformity, as was the last anode). The current is measured 

at each anode for pressures of 1, 3, and 5 atmospheres of 

each gas (air, nitrogen, sulfur hexaflouride, and argon) with 
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Fig. 3.5 X-ray beam (a) photograph and 
(b) three dimensional vie^ !W 
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both lOOkV and 150 kV tube voltages. 

Triggered Spark Gap 

This same x-ray tube was also incorporated into a spark 

gap to investigate the reliability of this source as a 

triggering mechanism (see Fig. 3.6). The tube is mounted on 

the ground electrode (top) so that the x-rays are admitted 

into the pressurized chamber along the axis of the 

electrodes. A two inch long hollow lead cylinder (inner 

diameter = 4.0 mm) in the top electrode is used for 

collimation instead of the seller slit. This produces a 

cone-shaped beam rather than the rectangular beam described 

above. Figure 3.7 shows photographs of the beam (a) upon 

exiting the ground electrode and (b) at a distance of 2.0 cm 

from the exit, allowing the volume of the beam to be 

calculated for any gap separation; again, the tube voltage 

was 150 kV and the film was exposed 100 times. This will be 

important in finding the number of ionized particles, i. e., 

the initial conditions, just prior to gap breakdown. 

The x-rays are introduced to the gap via a 1.6 mm 

Plexiglas window through the lead collimator and into the 

gap. The ground electrode is made of 1" diameter graphite 

with a hemispherical tip. Graphite was chosen for its narrow 

self-breakdown voltage distribution and low x-ray absorption 

coefficient, allowing the x-rays to pass through the tip with 

little energy loss. This also circumvented the need to make 
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Fig. 3.7 Photographs of the conical x-ray beam 
(a) upon exiting the ground electrode 
and (b) 2 cm- from exit. 
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a small hole in the electrode for the x-rays to pass through, 

as would have been needed had a material of higher atomic 

number been chosen. Graphite and stainless steel were 

alternately studied for the high voltage electrodes. The 

graphite electrode, because of its low x-ray absorption, will 

not eject many electrodes when bombarded by x-ray photons; 

thus, the electrons generated in the gap can be considered as 

arising from the gas ionization. Because stainless steel is 

primarily iron, which has a high density and atomic number, 

it will absorb x-rays very readily and eject electrons. 

Thus, the electrode will act as an additional preionization 

source when bombarded by x-ray photons. Because of this, the 

gap polarity was varied for the graphite/stainless steel 

electrode combination so that the importance of the gas 

ionization and the photoelectric effect at the electrodes 

could be studied independently. 

The quantities of interest when investigating a 

triggered gap performance are generally the delay and jitter 

at various percentages of Vgg. Air, nitrogen and SFg were 

used at 1, 3, and 5 atmospheres for tube voltages of 100 kV 

and 150 kV. For air and nitrogen, the gap separation was 

kept constant; however, for SFg it had to be reduced 

considerably. The gap was designed to operate at a maximum 

of 60 kV to produce an underdamped ringing discharge. A 

0.183 ^F, 100 kV Maxwell, series S, capacitor was used. The 

low capacitance was needed to reduce the energy of the 
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discharge and the erosion of the electrodes. 

DiaanostirR 

The diagnostics used in this experiment included a 

simple capacitive voltage probe (non-integrating) and a 

Pearson coil, along with resistive current and voltage 

dividers. The voltage probe was used on the Mini-Marx to 

monitor the tube voltage. The Pearson coil and resistive 

voltage divider were used on the spark gap to measure the gap 

current and breakdown voltage, along with the delay. The 

current dividers were used for the ionization measurments. 

For years, ionization chambers have been used to 

measure radiation intensity [18,19]. Traditionally, these 

have been designed to detect continuous radiation, and, 

therefore, have used electrometers or other microammeters to 

measure the extracted current. For pulsed radiation, a 

different method must be used. In this experiment, a 10 kQ 

current sampling resistor was used to terminate each anode in 

the ionization chamber. The resulting voltage across the 

resistor was measured and recorded. Since these voltages 

were in the microvolt range (or nanoamps) , a sensitive 

Tektronix 7A22 Differtial Amplifier was used. The low 

bandwidth (1 MHz) was of no concern, since the signals had a 

risetime longer than 1 ^s. The recorded voltages (currents) 

were then digitized and integrated, giving the total charge 

generated by the ionizing radiation. Dividing by the 



28 

electronic charge (-1.6 x 10"^^ C) allowed the total number 

of ionized particles to be determined. 

A capacitive voltage probe was used to monitor the 

Mini-Marx output. The operation of this type of probe is 

described in Ref. [20], and a model is given in Fig. 3.8(a). 

This probe was incorporated into the Mini-Marx output, and is 

shown schematically in Fig. 3.8(b). Note that this differs 

from the ones described in Ref. [20] in that it is not 

self-integrating. This design was chosen because the 

limitations place on the probe by the Marx output dimensions 

caused the probe's sensitivity to be too small, making 

calibration difficult. Thus, the probe was built with R2_ = 0 

and terminated in 50 Q. A separate integrator was then 

built, allowing for more flexibility in the overall probe 

attenuation. Figure 3.8(c) shows the calibration signals of 

the probe/integrator combination. The probe was calibrated 

by applying a 1.76 kV, 200 ns pulse from a fast pulse 

generator to the center conductor of the Mini-Marx output 

connector. The top trace is the pulser output, and the 

bottom trace is the integrated probe output. Thus, the 

attenuation is 5.4 x 10"^. A typical Marx output waveform, 

with the x-ray tube in place, is shown in Fig. 3.3. 

For the delay measurements, a Pearson coil was used in 

connection with the Marx probe. The Marx probe was used as 

an external trigger for the Tektronix 7834 oscilloscope, and 

the output of the Pearson coil was displayed. Therefore, the 
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Fig. 3.8 Capacitive voltage probe: (a) model, 
(b) construction, (c) calibration. 
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scope was triggered on the rise of the Mini-Marx (i.e., at 

the initiation of the gap triggering sequence) and the 

breakdown of the gap was displayed. The time from the 

beginning of the trace to the 10% value of the current rise 

was defined as the delay time and the jitter, being the 

statistical variation in the delay (standard deviation) , was 

then calculated. Figure 3.9 shows a typical oscillograph 

used in the delay and jitter measurements. 
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Fig. 3.9 Oscilloscope trace of a typical 
breakdown event showing the delay. 
Vert: Arbitrary; Horiz: 100 ns/div 



CHAPTER IV 

RESULTS 

Ionization Measurements 

Ionization measurements were attempted in air, nitro

gen, SFg and argon; however, results were unattainable in air 

and SFg, due to the strong attachment in those gases. In 

fact, when measurements were attempted in a nitrogen/oxygen 

mixture with oxygen concentrations as low as 5%, results were 

unattainable. For this reason data will be presented only 

for nitrogen and argon. 

It is important to operate the ion-chamber in the 

proper range of applied voltage. Figure 4.1 gives a typical 

current-voltage characteristic curve for such a chamber (from 

Ref. [21]). In Region I, the DC voltage is so low that 

recombination takes place and not all of the ionized 

particles are detected. In Region II however, the external 

voltage is high enough to make recombination negligible. 

This is the so called "ionization chamber region." Region 

III is called the proportionality region because the field is 

high enough to cause additional ionizing collisions 

(avalanches) as the electrons drift across the chamber; the 

additional ionization is proportional to the impressed field. 
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Collection Potential 

Fic. 4.1 Current-voltage charactistics for 
a typical ionization chamber. 
From Ref. [21]. 
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This feature is lost in Region IV, as one avalanche may 

influence the development of other avalanches. In each of 

these regions (except Region IV), the magnitude of the 

response increases with increasing ionizing radiation. In 

Region V, the Geiger-Muller region, even a very low energy 

(and thus "minimum-ionizing") photon or particle will produce 

a pulse identical to one produced by a more energetic 

("highly ionizing") particle [24]. Beyond this range of 

voltages, untriggered breakdown of the gas results. 

Before attempting measurments of the ionization levels, 

the operating region must be found (in this case, Region II). 

This was accomplished by irradiating the gas and measuring 

the response at any one electrode. The bias was changed 

before each shot, and measurmeiits were made at the same 

electrode. Figure 4.2(a) gives the electron density vs. 

voltage for nitrogen, with a distinct platteau extending from 

500 V to 10 kV (the limit of the high voltage source used). 

All subsequent measurements (in nitrogen) were then made at 

3 kV. Figure 4.2(b) shows the same measurement using argon. 

In this case, however, as the bias was increased, two pulses 

were detected (see Fig. 4.3). The magnitude and pulse length 

of the first pulse decreased with increasing bias, causing 

the integral of the trace (measured charged) to decrease. 

However, the integral of the second pulse increased with the 

bias voltage. The sum of the two pulse integrals remained 

constant for voltages greater than 4 kV. No full explanation 
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describing this effect could be found, although it is possible 

that this is a combination of space charge effects and 

variations in the electron and ion drift velocities with 

voltage. 

Because of the very small currents measured (-10 nA) , 

induced noise was of great concern. The ionization chamber 

was enclosed in a box made of sheet metal, on which the x-ray 

tube was mounted. All electrical connections were made 

though BNC connectors. This provided very effective 

shielding. It was still necessary, however, to enclose the 

Mini-Marx trigger circuit in a screen box. The ionization 

chamber power supply and diagnostics were in yet another 

shielded enclosure. 

Despite these attempts at eliminating induced noise, 

the small signals were still somewhat masked. The noise 

could be found by blocking the x-rays with lead before they 

enter the chamber; thus, there should be no response at any 

collection electrode. Such a response was considered 

"noise", and is shown in Fig. 4.4(a). This was found to be 

independent of gas type and pressure, along with electrode 

location, as would be expected; it was however, dependent 

upon the x-ray tube voltage. Therefore, it is possible to 

subtract this noise from the signal measured with the x-rays 

not blocked, yielding the desired quantity. Figure 4.4 (b) 

is the trace obtained with the x-rays blocked; it is 

therefore the desired signal plus the noise. Note that in 
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(a) 

(b) 

Fig. 4.4 Noise in nitrogen: (a) 
(noise), and (b) x-rays 
Note the different time 

x-rays blocked 
not blocked, 
scales. 
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Figure 4.4(a) the trace starts out negative, but swings 

positive and then goes to zero; the integral of this is 

positive, and when divided by the electronic charge (-1.6 x 

10"^^) yields a negative number. Since this integral 

represents the number of charges measured, it must be 

positive. (Positive currents are not of themselves 

problematic--they simply imply that space charge effects 

dominate [22]—unless the total integral is also positive.) 

After subtracting the noise from the measured current, the 

integral remains negative. 

Results in Nitrogen. Data for nitrogen are given in 

Figs. 4.5 and 4.6 for 3 pressures and two tube voltages. 

However, due to the beam divergence described in Chapter 3, 

the information in Fig. 4.5 is of little value (other than to 

impart an idea of the densities measured) because the 

absorption data for nitrogen would indicate that the 

ionization should be more constant through the length of the 

chamber. Figure 4.6 bears this out. 

For a 100 kV tube voltage, from 1.3 x 10^ to 4.3 x 10 

electrons were generated (1.1 x 10"^ cm'^ to 2.9 x 10^ cm'^) 

at pressures of 1 to 5 atm. For 150 kV, from 2.2 x 10^ to 

9.1 X 10^ electrons were measured (1.9 x 10 cm to 6.6 x 

10^ cm"^) at the same pressures. In each set of measurements, 

the ionization peaked at typically 4.5 cm, and then levelled 

off at about 6.5 cm. This is probably an effect of the 

window. According to Ref. [25], Plexiglas has an absorption 
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edge at 30 keV. The fraction of the x-ray energy absorbed by 

the Plexiglas window could be liberating electrons. Thus, any 

electrons ejected will have energies close to that of the 

absorbed photon, and according to Ref. [23], electrons with 

these energies have ranges of 1.0 to 6.0 cm. Additionally, 

they will create more electron-ion pairs via ionizing 

collisions, causing an increase in the measured ionization. 

Thus they would be responsible for the hump. The flat part 

of the curve is expected, since the absorption coefficient 

for these gases is so small. 

Results in Araon. Data for argon are given in Figs. 

4.7 and 4.8 for 3 pressures and two tube voltages. Again the 

data in Fig. 4.8 are more relevant to this study. At 100 kV 

tube voltage, from 2.8 x lo"̂  to 2.4 x 10® electrons were 

measured (2.4 x lO"̂  cm'^ to 3.8 x 10® cm"^). For 150 kV, 

from 7.9 X lo"̂  to 5.5 x 10® were measured (6.7 x lo'' cm"^ to 

3.8 X 10® cm""̂ ) . Again, peaks were found at 4.5 cm that 

leveled off at 6.5 cm. 

No data were obtainable for air or SFg, as was 

originally intended. This is because the strong attachment 

in these gases prevented any electrons from drifting across 

the gap and being collected. Rough approximations can be 

made, however, by considering the atomic weights and 

densities of these gases. Since the absorption coefficient 

in nitrogen is slightly less than in air, more electrons 

should be generated in air than in nitrogen. However, since 
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air is about 80% nitrogen and 20% oxygen, the increase should 

not be too great. Similarly, SFg should be more heavily 

ionized than argon, since it is considerably denser. 

TriQQerP>r̂  -̂ P̂ rK ̂ rip 

The x-rays did successfully trigger the spark gap; 

however, it did so at high percentages of Vgg and with long 

delay times. For some combinations of gas and pressure, it 

was untriggerable. 

Results with qrapite el PrrrnHP<̂  . Both nitrogen and air 

were used with graphite electrodes. The gap was never 

triggerable below 95% of V33, and had delay times ranging 

from 106 ns to 160 ns and jitters of 6 ns to 51 ns. Table 

4.1 gives more detailed information. The gap was reliably 

triggered at only one value of %V33; below this value, it 

would not trigger at all, and above this value there were too 

many pre-fires. Obviously, the gas ionization was not 

sufficient to produce a reliable trigger. 

Results with graphite/stainless steel electrodes. The 

performance of the gap improved somewhat with the 

introduction of the stainless steel electrode. Under the 

same conditions as used with two graphite electrodes, the 

delay time decreased by approximately 20 ns (on the average) 

in air, and by an average of 80 ns in nitrogen. The delays 

in air, with positive polarity, ranged from 77 ns to 174 ns 



Table 4.1: Delay and jitter for graphite 
electrodes in (a) air and 
(b) nitrogen. 
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at voltages greater than 90% V3g. Jitters of 3 ns to 12 ns 

were measured. With a negative polarity, delays (jitters) of 

66 ns to 190 ns (4 ns to 26 ns) occurred at voltages greater 

than 80% Vgg. It should be noted that for 1 atmosphere of 

air, the self-breakdown distribution was very wide, making 

measurements above 85% Vgg difficult. In nitrogen, with 

positive voltages, delays (jitters) of 80 ns to 200 ns (3 ns 

to 29 ns) were found for voltages greater than 90% V3g. For 

negative voltages, values ranging from 86 ns to 200 ns (5 ns 

to 9 ns) were measured at voltages greater than 93% '^^•Q- In 

no case was triggering possible for 5 atmospheres of 

nitrogen. Figures 4.9 through 4.12 present the details. 
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CHAPTER V 

CONCLUSIONS 

It is apparent that this triggering scheme is not very 

effective at this x-ray flux. The delay times are too long, 

the jitter is too high, and the gap will not trigger at 

reasonable (low) percentages of V3g. While the electron 

densities measured are good for volume discharges (such as in 

lasers) , they are not high enough for reliable spark gap 

triggering. They are also considerably smaller than those 

measured in laser triggered spark gaps. 

X-ray induced electron emission from the electrodes 

improved the performance somewhat. However, the electron 

emission from the stainless steel electrode was not high 

enough to cause the strong space charge induced fields 

leading to streamer formation, as discussed in Ref. [2], 

since the polarity had little effect on the delay times. A 

higher Z material, such as Tungsten, would increase this 

emission and perhaps provide enough electrons to enhance the 

streamer formation. In laser triggering however, this 

enhancement is not obtained unless the laser is focused on 

the electrode, increasing the intensity there. The same 

effect may be produced by focusing the x-ray beam on the 
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electrode; however, focusing x-rays is not easy. Another 

approach would be to use a higher intensity source to reduce 

the delay, perhaps at a lower peak energy (since the 

energetic photons are not highly absorbed). This would 

require much higher currents in the x-ray tube, and would 

reduce the tube lifetime; also, such a device would have to 

be custom built, since most flash x-ray tubes operate at 

voltages greater than 100 kV and currents around 1 kA. 
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