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ABSTRACT

This report describes theoretical and experimental work on the
development of a VHF high-power closed-ring spark trans-
mitter, a device theoretically capable of producing gigawatt
peak powers inthe nanosecond pulse-length region. The inves-
tigation and this report were conveniently divided into three
distinct, though interrelated, categories: First, the theoretical
aspects of transmitter performance, second, an investigation
of certain aspects of spark-gap performance germane to the
entire undertaking; finally, the construction and experimental

evaluation of the complete transmitter.
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PROJECT MAPOLE
(Magnetic Dipole Spark Transmitter)

SUMMARY

The feasibility of utilizing modern spark-transmitter techniques to generate high pulse
power at VHF and lower frequencies was demonstrated in this program. The broad objectives
of the effort covered the theoretical and experimental investigation of a VHF closed-ring spark
transmitter and relevant aspects of spark-gap performance. The experimental transmitter
produced 16-MW pulses of 20-nsec duration although operating at only 1.4-percent efficiency.
Further development, particularly in the area of spark-gap triggering processes, could yield
transmitters capable of gigawatt peak-power operation.

Although the present investigation of spark transmitters utilized the closed-ring or mag-
netic dipole structure, the basic concept is not limited to this configuration. The underlying
principle of operation involves capacitors, charged in parallel and discharged in series through
spark gaps, resonating with associated inductances to produce oscillations. Unlike historical
spark transmitters, the spark gap is used only as a convenient switch. Extensive experimental
work indicates the desirability of pressurizing the spark gaps with a 90% N2—10% CO2 atmosphere
and utilizing high-energy triggering schemes. Proper application of the methods described in
this report, particularly those that affect multiple-gap synchronization, is a prerequisite to

successful transmitter operation.

I. HISTORICAL INTRODUCTION

The original wireless spark transmitters, used at the turn of the century, produced damped
oscillations by dischafg'mg a capacitor into an inductance. A decade later, CW power was gen-
erated by employing the negative resistance characteristics of the spark to overcome the losses
in the LC circuit. The present investigation utilizes the spark only as a convenient switch and,
as such, it could be replaced by some other suitable device having the proper characteristics.
Research on modern spark transmitters was originally performed by Dr. K. Landecker and his
associates at the University of New England, Australia, in the late 1950's and has been continu-
ing there on a part~time basis.1 Although many novel schemes of high-power spark transmis-
sion have been suggested by these workers, a practical transmitter has never been operated
successfully. Stanford Research Institute has been investigating these schemes for the Advanced
Research Projects Agency through the Office of Naval Research since June 1963 in an attempt
to apply them to a working transmitter.z_7 Experiments have been performed with several
transmitters in the 6- to 470-MHz range. Efficiencies on the order of several percent were

obtained at the lower frequencies, although negligible output power was produced at the higher




frequencies. Lincoln Laboratory initiated the investigation of spark-transmitter techniques in

October 1964, concentrating on a closed-ring VHF model, the magnetic dipole transmitter.

II. BASIC TRANSMITTER THEORY

The magnetic dipole transmitter consists of a number of capacitors, placed around the
circumference of a ring, which are charged in parallel through resistors and discharged in se-
ries through spark gaps, as shown in Fig.1. The inductance of the ring, capacitors, and spark
channels resonate at the operating frequency, producing damped oscillations. The device is
attractive because of its simplicity (the transmitter and antenna are one and the same) and the
unequaled available output power at short pulse widths. For example, at the upper VHF fre-
quencies, theoretical peak output powers exceeding 10,000 MW at energy levels of 100J per pulse

are predicted.
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Fig. 1. Basic magnetic dipole transmitter.

This concept is not limited to the ring structure described above, but can be applied to
many other configurations, the most basic being the unit oscillator. This elementary structure
consists of a single capacitance-inductance pair transferring energy to a small antenna through
a switch, perhaps a spark gap. Other forms include linear arrays of unit oscillators, several
types of parasitically coupled circuits, as well as variations in the basic ring structure itself.
Some of these schemes have been tried with little success by other workers,1_7 but they are
not symmetrical in construction and do not offer the simplicity and engineering practicality of
the basic ring structure. Accordingly, the experimental vehicle to be used in this investigation

of spark transmitters will be the ring-form or magnetic dipole.

A. Design Equations

The magnetic dipole transmitter essentially consists of N damped RLC circuit sections in

series around the periphery of a ring. The energy stored in each capacitor C will resonate




with the inductance of each section L (consisting of terminal, capacitor, and spark-channel
self- and mutual-inductances) at an angular frequency w, and be dissipated in the total section
resistance R (consisting of spark-gap and circuit losses RL’ as well as radiation resistance
RR). The circulating current, and therefore radiated energy, will be in the form of exponen-
tially decaying waves. All the interrelated circuit parameters may be derived from the simple
RLC model or obtained in the literature.1 The circuit will possess the characteristic quality

factor Q, given by

_ wlL
Q_._R_ (1)

and, when charged to some voltage V, will store a total energy W in the capacitors (which, in

the lossless case, is the energy radiated per pulse) given by
W = N(3 CV?) )

The peak power I’5 of the first cycle of RF available for radiation, considering the lossless case,

can be expressed as

N -
P - 2Ww - T/2Q (3)
Q
and the pulse length to the 10-percent power point At as
w

If the mean ring diameter is D and the free-space wavelength is A, then the total radiation re-

sistance RRT of such a ring is
2 4
- - 2,4 k- Lk
Rpr = NRp = 2077k (1— T3 ) (5)
where
- 7D
k=~ (6)

Equation (5) presupposes that the current flowing in the loop is equiphased at all places. This
is generally true for small loops where D << A. The magnetic dipole transmitter, although not
a small loop, satisfies the phase criterion of Eq. (5) since a multitude of equiphased-current
generators are effectively placed around the periphery of the loop.8 The radiation will be in the
plane of the loop, having the general shape of a toroid (the electric vector oscillating concentri-
cally with the loop, the magnetic vector concentrically with a cross section of the toroid) for
values of D/A < 0.585 (Ref. 9). For larger loops, multiple lobes will be formed.

The inductance L of each section of a loop having a mean conductor diameter d can be

expressed as

0.27D 8D -6
N~ (In =3 —2+p 8) x10

L= (7)

where the units are in the mks system, and pré is a skin-effect correction factor which can be
neglected for practical values of mean conductor diameter. It is difficult to calculate the mean
conductor diameter since it includes the fluctuating spark-channel diameter, the various physical

conductor diameters, and the mean diameter of the current path through the capacitors.




It is at once apparent that the design parameters of any magnetic dipole transmitter are
interrelated, and the only approach that will yield productive results must utilize an iterative
process. A good start, after deciding on the operating frequency, is to choose different values
of D/A and with a few other assumptions calculate the remaining parameters for each of the

values assumed.

B. Multiple-Gap Triggering

In order to achieve successful transmitter operation, the current generators placed around
the periphery of the loop must be equiphased as stated in the previous section. This implies
that all the multiple-spark gaps must break down in synchronism. Methods of effecting synchro-
nism include overvolting the gaps or secondary trigger electrodes, and/or illuminating the gaps
with laser, ultraviolet, gamma, or x-radiation, as well as direct injection of electrons. Pres-
surization of the gaps, and the type of fill gas used, also influence the degree of synchronization.
These methods will be discussed in detail in Sec. III. Nonsynchronization in the breakdown of
the multiple-spark gaps causes a redistribution.of charge in the transmitter and a lack of co-
herence in the resultant radiation. The lack of coherent radiation is accompanied by a distortion
of the expected radiation pattern, and suggests that the units comprising the transmitter are
operating independently. Alternatively, if the transmitter is considered a traveling-wave struc-
ture, then modes other than the fundamental are being excited. In order to assure coherent
radiation, the gaps must be synchronized within small fractions of a wave period.

The charge redistribution manifests itself as an exchange of stored energy between the in-
ternal and external capacities of the transmitter once breakdown has been initiated in some of
the gaps. The externally stored energy is subsequently discharged in the form of parasitic os-
cillations. Stray capacity to ground will also affect the charge redistribution and set up separate
parasitic oscillations with the circuit inductances. If the ratio of external and stray to internal
transmitter capacity can be made extremely small, and gap breakdown is random around the
periphery of the transmitter (as it is likely to be), the total energy lost by this mechanism will
be small, even though gap synchronization times are larger than charge redistribution times.
The random gap breakdown isolates small pockets of charge in the transmitter, and therefore
results in incomplete charge redistribution. Aside from minimizing these unwanted capacitances,
the transmitter should be symmetrical to help suppress undesired modes. Section C below
analyzes the interrelation between external and stray capacity, charge redistribution, and
multiple-gap synchronization. It is assumed that systematic nonrandom gap breakdown occurs —

the worst possible case.

C. Analysis of Charge Redistribution

A portion of a magnetic dipole transmitter, containing N identical capacitors Ci, is shown
in Fig. 2. The capacitors are charged in parallel to identical voltages V, and subsequently dis-
charged through N identical spark gaps. Let the external capacity between adjacent capacitor
plates (and across each spark gap) be designated Ce. Assume the stray capacity from the trans-
mitter to ground consists of 2N lumped capacitors Cs’ located between each gap terminal and
ground. Furthermore, assume all dissipative losses negligible. Before the first gap is dis-
charged, the only fields existing around the transmitter are electrostatic and the line integral

of the electric intensity around a closed path, such as the periphery of the transmitter, is zero.
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The potential difference between the outside of adjacent capacitors (or across the spark gaps)
is, therefore, equal and opposite to the potential difference V across each capacitor. Further-
more, assuming the capacitors are charged from a balanced power supply, the potential across
each lumped capacitor CS will be V/2 as shown. The total internal energy initially stored by

the transmitter is
1 2
N(3 C,v) . (8)

The total external energy initially stored is

N3 c vh + N (5 c () (9)
or
C
1 2 S
z W (Ce * T) : (10)

Assume that systematic nonrandom gap breakdown occurs (the worst possible case), resulting
in complete symmetrical charge redistribution. Just before the last gap breaks down, and the
transmitter radiates its stored energy, all the fields can again be assumed electrostatic. Be-
cause of the charge redistribution, the voltage across each capacitor is now V' and across the
last gap is, therefore, NV'. Maximum voltages (NV'/2) of opposite polarities appear on the
two stray capacitors located between the last gap and ground, and minimum voltages (0) appear
on the diametrically opposite two capacitors. The voltage on intermediate capacitors (ZCS)

varies in steps of V'. The final internal energy now stored by the ring is
1 o2
N(3 CiV ) (11)

The final external energy stored by the ring, and to be discharged imminently in the form of

parasitic oscillations, is

1 2 1 NV'2 1 NV 2
7 CMNV) +2 {5 C (5 )"+ 5 C (5 - V)" +...
1 NV 2
+5 C [ - (N~1)V'°} (12)
or
N-1
1 2,2 2 N 2
> C N Ve +c vi© ) (F-n)° . (13)
n=0




Equating the total initial energy stored in the transmitter to the total energy stored just before

the last gap breaks down results in

c
1 1 :
N(3 civz) + 2 sz(ce + TS) =N(% civ'z) + % cesz'2
N-1
2 N .2
+C vt ) (F-m (14)
n=0

C
2 s
vic,+c, + )

1
vies 2C_ N1 o, (15)
Ci+NCe+T = (7—n)
n=0
For practical values of N under consideration (N = 10 to 100),
N-1 2
2 N_ _2_N°
% (5 —n)°~ (16)
n=0
therefore, with sufficient accuracy,
C
C,+C + 5
V=V —— (7)
N CS
C,+NC_ +—%¢
The transmitter operating efficiency n may be defined as
_ desired energy output
* ~total energy input . 100 percent (18)
or
N(% civ'z)
n = X 100 percent (19)
NS cvh+ L sz(c , s
2 71 2 e 2
By substituting the value of V' derived previously, Eq. (19) reduces to
C
n = 5— X 100 percent (20)
N®C

S

C.1+ NCe+ 3

It is evident from Eq. (20) that even for small values of stray and external capacities the
efficiency drops rapidly for any practical value of N. In the non-ideal case, however, two im-
portant factors operate toward increasing this theoretical "worst-case" efficiency. Gap break-

down will in all probability be of a random or semi-random nature, resulting in incomplete

tThis is correct only where dissipative losses, such as the partial radiation resistances, as
well as spark and circuit losses, are neglected. Due to the complexity of the ensuing analysis,
this is the present assumption.




charge redistribution; the distributed inductances of the gaps and circuits will slow the charge-
redistribution times, typically to the order of several to tens of nanoseconds. Gap synchroni-
zation should be accomplished faster than this. Nevertheless, the importance of minimizing
stray and external capacities, as well as tolerances on the symmetry of the transmitter, should

be recognized.

D. Fundamental Constraints

The theoretical maximum peak power that it is possible to radiate from such a transmitter
has been calculated by Lr:mdecker,1 and is reconsidered here with some modified assumptions

but identical results. The peak power as given by Eq. (3) is transcribed below:

A 2Ww  -1/2Q
P-—Q e

(Eq. (3)]
Substituting values of W from Eq. (2), multiplying the numerator and denominator by Q, and-
using Eq. (1) result in

8. NP2 -n/2Q

P (21)
R 2

RTQ

For possible values of D/A under consideration, the first term of Eq. (5) may be used with suf-
ficient accuracy to yield

A NVAY -n/2q
P — 6. 2.4 ° (22)
207°Q%D

R

Use of present-day dielectrics for the capacitors makes possible a dielectric strength of

1000 volts/mil (4 x 107 volts/meter), although this will vary with the thickness under considera-
tion. Assuming that as much as one-quarter of the loop circumference (rD/4) is available for
the dielectric (this is reasonable, as the present transmitter uses one-eighth), and the remainder
for plates, gaps, and circuits, the total voltage NV impressed around the loop would be 7D X

107 volts. In order to get a pulse length of at least several cycles, Eq. (4) shows that Q must
not be much smaller than 10. Substituting this minimum value of Q, as well as the maximum

impressed loop voltage NV, into Eq. (22) gives

5x1010>\4 (23)

"4D2

N
Pz

The minimum practical value of D/A is between 0.2 and 0.3 (depending on the wavelength), even
in the lossless case, since smaller values will result in excessively large mean-conductor di-
ameters through the interrelation of Egs. (5) and (7), and the assumed value of Q. Substituting
the value of D/A discussed above, and expressing the results in terms of the operating frequency
f, yield
27
A 10
Pmax - 2 )
f

The corresponding maximum energy radiated per pulse can be immediately ascertained from

Eq. (3) as
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Table I tabulates the limiting parameter values theoretically predicted by Eqgs. (24) and (25) as a
function of frequency, as well as the median resultant transmitter diameter. It is apparent that
practical-sized transmitters are confined to the 1- to 1000-MHz range. There is no theoretical
lower frequency limit, although a high-frequency limitation exists and is discussed below.

TABLE 1

MAXIMUM PREDICTED TRANSMITTER PARAMETERS
Frequency (MHz) 1 10 100 1000
P mw) 107 107 10° 103

max

) 9 6 3
wmax (J) 10 ' 10 10 1
Median diameter (ft) 300 30 3 0.3

The maximum theoretical operating frequency is determined by the minimum time of energy
transfer t between adjacent capacitors. If the discharge path consists of n sections of equiv-
alent lengths Sy (capacitor dielectric, gap supports, arc path, etc.), encompassed by respective
relative permeabilities Prn and relative permittivities € rn’ then the minimum energy transfer

time will be

n
e pentlom (26)
n=1

where c is the velocity of light. By allowing only 1/4 inch per section and leaving 1/16 inch for
a high-dielectric material, a maximum theoretical operating frequency on the order of 10 MHz
is predicted. This frequency cannot be attained practically since, aside from the size limita-
tions implied in Table I, gap synchronization would have to be accomplished within a few pico-
seconds for successful transmitter operation. As will be shown in Sec. III, state-of-the-art
synchronization times will probably limit transmitter operation to several hundred megahertz

even under ideal conditions.

E. Signal Bandwidth Calculation

The wave emanating from the magnetic dipole transmitter takes the form of an exponentially
decaying underdamped sinusoid. Considering only one section of the transmitter, the current

i(t) flowing in the basic RLC circuit at any time is

-t/2r

ity =1 e sinw t (27)

and the voltage across the resistance e{t) is just
e(t) = i(t)R (28)

where




I = 29

(¢} woL (29)
= L

TE R (30)

w

o i~ 6502 for R <2WL/C (34}

The energy radiated from the circuit per section, considering the lossless case (R = RR), is

given by
00
w 2
N = Sv i(t) e(t) dt (32)
~00
which can be equated by use of the Fourier transform and Parseval's formula®® to
w_1(° =
N = ;S; Fy (w)FZ(w)dw (33)

where Fi(w) corresponds to i(t), and Fz(w) corresponds to e(t). Performing the required oper-

ations results in

2
w _ IJIo 1
NTTZ T I (34)
1+ —
Q
which, of course, converts directly into the known relation
2
W _CV
N- 3 - (35)

e Iozij
Fpl) Flw)=——— 571 4 1\2 =8
w+wwo —2—2 +wo 1+—2
2Q 4Q
Normalized, Eq.(36) can be rewritten for Q > 1 as
4, .2
* wo/Q 5
[Fylw) Fplolly =35 571 [ 1 (37)
w tw w — = 2) + w — 1
2Q 2Q

and is plotted in Fig. 3 for values of Q = 10, 20, and 100. Graphical integration of Fig. 3 shows
that the respective bandwidths containing 90 percent of the total energy are £20, £10 and +2

percent. These bandwidths compare to an equivalent rectangular RF pulse of length T such that

T=37 . (38)

F. Signal Modification

A short computer analysis was undertaken in order to explore the possibility of modifying
the exponentially decaying waveform of the transmitter to the more accepted rectangular format.

One expedient and proven method is to couple parasitic elements to the transmitter. However,
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this results basically in changing the effective Q, and therefore only the decay rate, of the
waveform. In order to modify its form, the possibility of replacing the energy storage capac-
itors with "RF pulse-forming networks" (i.e., combinations of LC circuits) was investigated.
Aside from appearing difficult to implement on a practical transmitter, the results seem to in-
dicate nonattainment of the desired rectangular format. The analysis was not completed since
excessive computer time was involved, but it appears that the resulting waveform consists of a
combination of exponentially decaying signals of different frequencies. Undoubtedly, these fre-
quencies combine to produce a waveform resembling a negatively matched multisection pulse-

forming network.

III. INVESTIGATION OF GAP CHARACTERISTICS

The only active elements in the transmitter, and consequently those requiring detailed ex-
amination, are the energy transferring switches whose desired characteristics are: very small
size, high-voltage holdoff, near-instantaneous and controlled switching performance, and ex-
tremely high current-conducting capability with small associated losses. The one device that
even remotely approaches these characteristics, which are quantitatively described in Sec. IV,
is the spark gap. Accordingly, a theoretical and experimental investigation was undertaken to

study those aspects of gap operation which relate directly to total transmitter performance.

A. Essential Spark-Gap Theory

The basic factors of accepted spark-gap theory are reviewed below in order to prepare for

an understanding of work described in succeeding sections. The principles discussed are
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necessarily brief and incomplete, and opposing explanations sometimes exist which are not
developed. A complete treatise may be found in the literature referenced in the succeeding
paragraphs.

A spark gap in the OFF state, as defined here, consists of a pair of charged electrodes sep-
arated by a gas in which an electric gradient exists by virtue of the electrode.potentials. In the
ON state, gap breakdown has been accomplished and a self-sustained discharge having a high
current density with a low voltage drop (i.e., low arc impedance) exists across the gap. The
transformation phenomena between the OFF and ON states of the gap, as well as the ON imped-
ance of the gap, are the principal areas of immediate concern. These phenomena can be con-
veniently grouped into three time-dominated categories: the statistical, the formative, and the
transition stages. The latter category in itself encompasses an initial and a final stage.

When a voltage in excess of the static breakdown voltage is applied to a gap, there is a time
delay, statistical in nature, before any discharge buildup occurs.“ This statistical delay is.the
time required for an electron to appear in the gap and subsequently initiate the breakdown proc-
ess. Without this discharge-initiating-electron, gap breakdown will not occur no matter how
much the applied voltage is increased. Practically, however, at these high overvoltages this
discharge-initiating electron will be supplied by locally enhanced field emission or directly from
the negative ions present in the gas.12 Natural sources of discharge-initiating electrons include
those generated by cosmic radiation and natural radioactivity in surrounding materials, as well
as attendant thermionic emission and interpulse surviving electrons in repetitive applications.
Artificial background radiation, such as provided by radioactive materials, x-ray generators,
and ultraviolet and laser sources, is a more reliable means of producing the necessary discharge-
initiating electron. Ultraviolet and laser radiation of sufficient intensity, as well as being more
effective and easier to implement than other methods,13 can lower the threshold field required
for breakdown. This effect will be discussed in Secs. III-B and -C. From the above paragraph,
it is evident that the statistical time delay can be reduced to zero by providing a constant source
of free electrons.

The formative lag of the spark gap is generally accepted to be the time for an initial electron
avalanche to build up a space-charge field comparable with the externally applied field.14 At
this point, the preliminary spark channel is established, in a time negligible compared with the
initial avalanche formation, by streamer propagation (secondary avalanches diverted to the main
avalanche) precipitated by photon emission from the highly ionized gas. Calculations of the
formative lag imply that for any given gas the time delay should be a function of the applied field
and gas pressure only. Actually, it has been found experimentally15 that for low fields (small
overvoltages) the time delay also depends on the gap width or applied voltage. It is believed
that, for the low fields, multiple avalanches are required to create the necessary space charge.
However, it can be stated with sufficient accuracy that for any set of gas and electrode param-
eters the formative lag time for an overvoltaged gap will vary inversely with the percentage of
gap overvoltage and gas pressure. The theoretical and experimental formative lag times for
different gas and electrode parameters have been investigated by several workers and are well
documented in the literature.ié-is Figure 4 is a composite plot of these data and is approxi-
mately valid for most practical air and nitrogen gaps. Conflicting theories of the formative
breakdown process exist,19 but all predict the same order of formative lag times discussed.

The preliminary spark channel that has been established by the formative process is a rel-

atively low ion-density streamer and will not sustain an external current. The processes

11
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involved in the transition of this streamer to the final low-impedance spark channel are not well
understood, and little theoretical or experimental work exists. It appears that the same factors
which determine the formative lag time affect the transition time which, by observation,zo is
somewhat faster. Experiments have also been performed21 which indicate, in addition to the
factors outlined above, a linear relationship between gap spacing and transition time. It is likely
that there is an initial transition time in which the external current rises to a large fraction of
its ultimate value, while the arc channel expands rapidly at a rate on the order of the thermal
velocity of the gas atoms. The final transition time, which is longer, involves diffusion of gas
particles and sheath formation.

The form of the DC or low-frequency gap impedance in the ON state is well documented and
consists of a negative-resistance region which transforms to a constant arc drop at higher cur-
rent levels. At high frequencies (above 1 kHz to 1 MHz, depending on gas and electrode param-
eters), the volt-ampere characteristic has become essentially that of a pure resistance22 be-
cause the gas ionization level cannot conform to the rapid alternations in current. Theoretical

and experimental work is sketchy, and the only available dat:13'23‘24

suggest a dynamic arc
resistance of several ohms per centimeter, varying linearly with arc length, in the 20- to 40-MHz
range at gas pressures of 0 and 50 psig. The corresponding inductance appears to be several
nanohenries for a 1-cm gap — the inductance not varying linearly with length. Since the diameter
of an arc channel is a slowly varying inverse function of the gas pressure, this inductance should
increase slightly with pressure. No other appropriate data are known to exist.‘

The type of fill gas used has some relationship to all the parameters mentioned. This de-

pendence will be examined in Sec. III-C. Obviously, pure dry air is easily available and has been
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used by many workers with good success. Another commonly used gas, nitrogen, is not too
satisfactory because self re-ignition of the arc takes place readily. Nitrogen ions, as well as
other simple and monatomic ions, cannot dissociate and, when being neutralized by an electron,
will emit photons to start the breakdown process again.25 The addition of attaching gases, which
capture electrons, or a polyatomic quenching or dissociating agent to such a gas will help absorb
this photon energy and allow proper extinction of the arc. A successful mixture, used by some
researchers,26 consists of 90%N2-1 0% CO2 by volume. This mixture results in fast stable
breakdown and controlled extinction, whereas in pure nitrogen spontaneous breakdown and re-

ignition occur, and in pure carbon dioxide nonpredictable and slow breakdown ensues.

B. Gap-Triggering Processes

In order to initiate the gap breakdown, sufficient ionizations of the fill gas must be accom-
plished by some triggering process as outlined in Sec. A above. This may be achieved by in-
creasing the field-to-pressure ratio directly or by injecting into the gap ions or electrons which
effectively enhance the local field. Increasing the field-to-pressure ratio by changing either the
gap spacing or pressure is obviously a relatively slow process. On the o6ther hand, overvolting
the gap is generally recognized as the fastest means of initiating breakdown. The voltage pulse

may be applied directly across the gap or to some auxiliary elect:rode,27‘28

thereby distorting a
portion of the electric field. If statistical times are negated and transition times are a function
of formative times, as implied in Sec. III-A, then Fig. 4 is indicative of total gap-breakdown
times (the overvoltaged portion) if the ordinate is multiplied by some factor between 1.0 and 2.0.
An indirect method of overvolting a gap near threshold is to illuminate the gap with laser,
ultraviolet, or x-radiation. The radiation causes direct ionization of the gas and/or photo emis-
sion at the cathode producing sufficient electrons, by the mechanism of inverse bremsstrahlung,
to distort the field and initiate breakdown. Photo emission at the cathode, the most accepted
mechanism, is obtained when a photon of laser, ultraviolet, or x-radiation impinging on it has
an energy hf larger than the energy e¢ required to transfer an electron through the photoelectric

work function ¢. The emitted electron can have a maximum energy, 1/2 mvz, such that

—;— mv2 =hf—ep . (39)

As the space-charge cloud forms and drifts toward the anode, the local field is distorted and ini-
tiates the breakdown process. Since more than one mechanism is involved, total gap-breakdown
times would be longer than for externally overvoltaged gaps. Direct ionization of the gas by
multiple-step ionization, however, is a possibility that cannot be precluded. This process would
yield faster breakdown times. To achieve direct ionization, the photons must either have an
energy hf larger than the ionization energy eVi of the gas atoms, or accumulate an energy Zhf
inside the respective atorns.29 In this instance, as the stacked photon energy exceeds that re-
quired for ionization, the probability of ionization diminished rapidly. The number of electrons
emitted per second is, in either case, proportional to the intensity of the incident radiation.
Furthermore, the electron emission lags the photon arrival by subnanosecond times, and thus
produces negligible statistical time delays without the use of artificial background radiation.

Effective ultraviolet radiation is limited to- wavelengths encompassing 3000 to 1000A. Nitro-
gen absorbs wavelengths shorter than 1000 A quite readily, carbon dioxide absorbs those shorter
than 16003, and oxygen has a complex absorption profile containing several windows in the
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region of interest.30 Photons of wavelengths longer than 3000A generally do not possess suffi-
cient energy to accomplish ionization. A convenient and efficient source of high-intensity ultra-
violet radiation encompassing the proper spectrum is an auxiliary spark discharge. Other
sources of ultraviolet, such as gas discharges or the barium-titanate tungsten-whisker device,
do not produce sufficiently intense radiation. In order to optimize the production of the desired
radiation, researchers have experimented with several gap materials and geometries.31 Silver-
loaded graphite gaps proved somewhat superior to copper-loaded graphite, pure graphite, and
brass in ultraviolet production, butsnone were particularly erosion-proof. Longer gap spacing,
obtained through a reduction in pressure or by the use of sharper electrodes, increased both the
ultraviolet source size and intensity. The reliability of ionization is affected by the source size
and intensity, the distance between the ultraviolet source and the main gap, the angle of the in-
cident radiation, the voltage of the main gap relative to self-breakdown, and, to a lesser extent,
by the absolute voltage of the main gap.32 High peak ultraviolet intensity, especially during the
first few nanoseconds, is more significant in effecting ionization than total integrated energy.
Short ultraviolet rise time will, of course, result in minimum jitter. The overall efficiency of
photoelectric conversion can be calculated from available dat.a32 and varies between 0.004 and
4 percent, depending on the assumed photon energies and cathode surfaces. For example, 25
to 25,000 electrons passing through a spark generate a sufficient number of photons so that if
all impinged on the main-gap cathode, the probability is that one photoelectron would be emitted.
Data taken by researchers in the field:“ for a 30-nsec, 4-J ultraviolet trigger derived from an
auxiliary spark 6 inches from the main gap are reproduced in Table II. Note that for minimum
jitter and delay, the main gap must be very close to self-breakdown. Furthermore, multiple
gaps charged from a common supply and not possessing the same self-breakdown voltage will
have unequal delay times. These phenomena, in addition to the jitter, will inhibit proper gap
synchronization.

An improvement in the reliability, jitter, and operating range of ultraviolet triggering can

be obtained by applying an overvoltage to an auxiliary triggering electrode on the main gap

TABLE II
ULTRAVIOLET TRIGGERING DATA
Self-Breakdown Average Delay Jitter
(percent) (nsec) (nsec)
98.3 77 1.6
96.7 82 1.8
95.0 88 2.1
93.3 95 2.8
91.7 106 3.0
Conditions:

4-J, 30-nsec trigger from silver-loaded-graphite auxiliary
gap
6-inch spacing

Nitrogen atmosphere
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immediately after the ultraviolet illumination. The success of this method depends on the high
levels of pre-ionization present in the gas, as a result of the ultraviolet radiation, when the
overvoltage is applied. A delay in the applicatipn of overvoltage of some 15nsec has been found
optimum in reducing jitter.33 This time is probably required to establish proper levels of
pre-ionization.

Illuminating a gap by means of a flash x-ray source results in performance similar to ul-
traviolet triggering. A recent experiment using a 150-kV source providing a 50-nsec dose of
35mR at the main gap resulted in reliable triggering down to 90 percent of the self-fire limit.
No time-delay measurements were taken. The complexity of this triggering method, however,
probably inhibits its usefulness.

Laser-induced gap breakdown, in addition to offering the optical beam-splitting and electri-
cal isolation characteristics of ultraviolet triggering, can produce localized alternating electric
fields 300 times greater than the self-breakdown fields of typical atmospheric gaps. Therefore,
no polarization effects are evident. Although the breakdown mechanism is believed to be simi-
lar to the general ultraviolet model previously described, a detailed theoretical description is
not presently available. Recent experirnents34 performed with a Q-spoiled chromium-ruby
laser produced results at least comparable to those obtainable with ultraviolet triggering. The
0.8-J, 10-nsec laser output created alternating fields of approximately 10" volts/cm at the focal
point of a 50-mm lens. These fields, when focused between the electrodes, successfully trig-
gered atmospheric gaps near threshold with approximately 50-nsec delay and 10-nsec jitter.
With the focal point at the cathode-electrode delay times dropped below 10nsec, jitter was not
measured. Furthermore, these results were not affected by a reduction in laser power down
to some critical value — about 6 MW for the experimental arrangement described. Reliable
triggering, although accompanied by excessive delay times, was obtained down to 30 percent of
the gap self-breakdown field strength. Further research is being performed in this area, and
the expected results could make laser triggering a most inviting solution to many existing
problems.

The use of coherent RF energy to initiate gap breakdown, although attempted in the field,3
does not work because the photon energy involved is many orders of magnitude too small. Ex-
tremely high RF fields, if they can be produced, would tend to initiate gap breakdown at levels
approaching the breakdown of the atmosphere. '

Finally, the triggering of a gap through the direct injection of ions or electrons is not prac-
tical. A scheme which accomplishes this concurrently with other mechanisms, but is usually
deferred in favor of the trigger-electrode gap, is the placement of an auxiliary gap inside the
main gap. This auxiliary spark not only produces ions or electrons which precipitate local
variations in the field, but creates ultraviolet radiation and a low-pressure region caused by

the dissipated trigger energy. All these factors tend to support imminent breakdown.

C. Experimental Investigations

The lack of undisputed theory and detailed data on gap operating parameters, evident in the
previous sections, necessitated an experimental determination of these factors. Accordingly,
a pressure vessel consisting of a cylindrical shell with hemispherical heads was constructed.
The vessel, which is 24 inches in diameter and 40 inches long, has an allowable working pres-

sure of 175 psig. Figure 5 is a photograph of the unit. The inclusion of a 12-inch-diameter
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Fig. 5. Pressure vessel.

Fig. 6. Representative transmitter
section.
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access opening, a 4-inch-diameter sighting glass, four high-voltage feedthrough connectors
capable of 100-kV tandem operation, two high-voltage RF connectors, several low-voltage ter-
minals, as well as pressure inlet and outlet valves, makes this a very versatile test chamber.

In order to limit the extent of the investigation, all data were taken with a single represent-
ative spark gap taken from the final transmitter design. Essentially, this gap consisted of 5/8-
inch-diameter aluminum half-spheres separated by 1/4 inch and centered on 3-7/8 inch-diameter
copper-clad laminated plates. The plates actually form one-half of the energy storage capaci-
tors described further in Sec.IV-B. Figure 6 is a photograph of a representative transmitter
section showing one of the gaps and plates. Since mahy of these sections are arranged in a cir-
cular format in the final transmitter design, the outer side of the copper plates is separated by
approximately 15/16 inch, whereas the inner spacing is only 13/16 inch.

Data of the self-breakdown voltage as a function of gas type and pressure, correlated with
accepted breakdown theory and the results, are plotted in Fig. 7 for reference. Pressurization
not only allows higher c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>