RADC-T 32~

R-64.38
FHNAL REP

4
ORT

MANGSECOND PULSE BREAKDOWN

TECHNICAL DOCUMENTARY {tPOR" NO,

March 1964

Tochniques Bronch
- Rome Alr Development Center-
Research ond Technology Division
Air Force Systems Com mcmd
Sriffiss Air Force Base, MNew York

Pmiec? No, 4506 , Task MNo. 450603
(Prepared under Contract Mo, AF30{602)~2779 by
Hnes, 301
and J, M, Proud)

Boar Hil Rd., Waltham, Mass. Auvthors:

IN GASES

RADC T DR-64~38

Space Sciences,
P, Felsenthal

AURFORIN, GaD

T, L, 10 Ane dia i

!—‘(\rr ~ditceet D

NATIONAL TECHNICAL
INFORMATION SERVICE

Smringlivld, YVa. 22151




DDC AVM‘.ABH i Y NC‘TICE

Quaiiﬁed.mque%ze's may obmm copleb from the Defease Docu’nentanon Center (TISIR)

Cameron Station, Alexandria, Va., 22314.

LEGAL N_OTiCE :

W?\m U% Gcw -eament drawings, specxﬁcatmns ot other dﬂta are used for any purpose
other than a definitely related gevernment procurement e}_:erarwn, the government thereby
incurs no tesponsibility nor any oblization whatsoever; and the fact that the government

_-may have formulated, furnished, or in any way supplied the said drawings, specifications,
of other data is not to be regarded by implication or otherwise, as in any manner licensing

tha holder or any other person or corporation, or conveying any rights or permission 1o
FﬁaﬂLfﬂC!ﬁfﬁ' use, ot sell any pafented mvemma that may in any way be rﬂlated £herc—.m.

-

DISPOSITION Nﬁ'rzc:'_

Do not requrn thi ris copy. Rerain of destroy.




2pof

Key Words: Pulse compression; gas dlscharger, olectric discharger, :

" dielectric properties .

- ABSTRACT

It is shown analytically that under certain conditions pulsed DC and

o pulsed microwave breakdown are directly comparable. A pulsed DC experi-

mental system to measure breakdown over a wide range of applied voltage,

‘gas pressure and gap distance has been used to measure formative time in
~air helium and nitrogen. The resulis when compared with the theoretical

- predictions of breakdown confirm the utility of the theory in describing
- breakdown within the imposed limits. The accuracy and extent of the present

measurements materlally extend the present range of pulsed mlcrowave break—

R down data
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- EVALUATION

1. - This work is part of an RADC program aimed at'determining the =
- feasibility of utilizing nanosecond pulses to provide superior range -

resolution in long range radar. Interest has been confined to pulse
durations shorter than twenty nanoseconds, which corresponds to range
resolution better than ten feet, and peak powers in excess of one

~ thousand megawatts.  The objective of this contract was to gather useful

*video" nanosecond pulse breakdown data on selected gases that might

 be used.in such a radar,

2._.Thejéxpérimental {echnique utilizes a triggered spark gap to dis-

“charge a length of transmission line. . This system generates pulses

with rise times of 0.25 to 1.0 nanoseconds and amplitudes of 4 to 30 _
kilovolts, Air, helium and nitrogen have besn tested and the results

~ are in close agreement with theory, A contract extension is being

negotiated in which additional gases will be tested using the existing

3. Complementary work is being done at Braddock, Dunn and McDonald,

 El1 Paso, Texas and at Microwave Associates, Burlington, Mass. Bradgock,
Dunn and HeDonaldy. under Contract AF30(602)-2781 entitled "Nanosecond

Pulse Breakdown Initiation and Growth® is studying breakdown initiation

!'anduthe*effetts of surface conditions on breakdowm. Microwave Assoc.,
urder Contract AF30(602)-2782 entitled "Nanosécond Pulse Breakdown Study"

- is investigating breakdown at microwave frequencies with nanosecond = -
pulses;»:-;' ' . o S T _ .

Y X
S

- RONALD C. BLACKALL
A2/c,, USAF
Pro ject Engineer
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 NANOSECOND FULSE BREAKDOWN IN GASES

1, Introduction -

Thi_s_'—rreport summarizes the results of a one year program to continue
the investigation of certain aspects of gaseous breakdown. Emphasis -

- has been placed on the study of the formative time of breakdown for high

voltage pulses. The underlymg purpose of the program has been to achieve .

- -an understanding of gaseous breakdown phenomena for use in the de51gn of
. very hlgh peak power,  high resolution radar systems. :

- This vear's effort was directed primarily toward experimental measure-

ment of the nanosecond breakdown parameters of air, helium and nitrogen.,
-..The experimental results have been compared with the breakdown theory

developed earlier in the program. The close agreement between experiment
and theory has indicated the validity of the theory and the utlllty of the .
experlmental method. :

The significance of this finding lies in the fact that data obtained by DC
pulses are immediately applicable to the microwave breakdown case. This is

“-the result of carefully limiting the pulse breakdown theory and experimenis to

a breakdown regime controlled by gas processes alone as is true of the
diffusion theory of microwave breakdown. The relative convenience of the.

-.DC technlque means that smgle pulse experiments may be easily carrled
out over a wider range of parameters than posmble by a high power micro-
. wave technique. N . : :

In the discussion that follows a brief review of the breakdown theory
presented carlier (Ref. 1) is given. This is followed by a description of the

- experimental apparatus and the techniques used in obtaining data. A detailed

review of the experimental results for each gas is followed by a summary of g
the prmcxpal results of the program. S




2. Theory

1In'the original investigations of Townsend and coworkers high voltage
breakdown theory was complicated by the necessity of taking into account

- electrode processes’as well as gas processes. Not until the advent of high

power radio frequency and microwave sources was it-po'ssible to have a frue’
electrodeless discharge. The development of the diffusion theory of break-

- down to describe high-frequency breakdown unified a number of unrelated

experimental results by describing breakdown, within certain limits, in terms-

- of gas processes alone.

In the work described here this simplification of the breakdown problem
has been applied to the formative time for breakdown in the DC case. In
what follows we show the limits to be applied to formative time measurements

“in orderto relate the results to the diffusion theory. Further, we obtain the

equations describing formative times for these conditions and show how our
results may be applied to the description of pulsed microwave breakdown.

In order to establish the appropriate limits it is assumed that the experiment
takes place between infinite parallel plates located distance d apart. One

~electrode is illuminated with ultraviolet light and serves as an electron source

for the gap. A voltage pulse of V volts and zero rise time is applied to an
electrode. The gas in the gap at pressure P now takes a finite time 7 before
it begins to conduct appreciable currents. Analytically it is found that the

~appropriate set of variables to describe the formative time for the above
© - conditions are P7 {mm Hg-sec), E/P (volts/cm-mm Hg), where V/d = E and
. PA(mm Hg-cm), where /A is the charactéristic diffusion length. For infinite
~ parallel plates A= d/x . ' ' |

In order tq._de scribe the growth of breakdown in terms of gas processes
it is clear that the time scale must be such as to prevent interaction of electrons
or ions with the electrodes. For instance, the electrons formed at the cathode

. . may drift across the gap, strike the anode and eject secondary electrons.

Hence, if gas processes are to govern the formative time then the gap distance
must be greater than the electron drift velocity times the formative time.

~Adopting the criteria that one half the gap distance be equal to or-greater than
the drift distance the Mobility Amplitude Limit may be written ‘

" PAZKE/P-PT»2/n

where 'k is the proportionality constant relating drift velocity and E/P.

If the formative time is short compared to the time of propagation of the

- voltage pulsc across the gap then uniform field conditions will not exist..

Hence the Uniform Field Limit may be written approximately

S Pr2 10710 p gy
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If the gap distance becomes comparable to an electron mean free path the
description of electron behavior used in the theory is no longer valid. The

- Mean I‘ree Path Limit is then

o
PA Z l/Pc

where Pc- is the probability of collision.

One further limit is imposed on the breakdown conditions. Breakdown is -
unlikely if the formative time ig less than the average time between collisions,

“i.e. the Collision Frequencv Limit is

Y il P/v_c

‘where Ve is the colhslon frequency.

These four hmlts are analogous to the limits derived for the dlffusmn theory _
of microwave breakdown and may be plotted on the PA , P 7T plane (Ref. 2}.
The derivation of the expression for formative time is also closely ana_logous

‘to the microwave case.

 Within the limits defined above it is possible to write the differential
equation governing the time rate of growth of breakdown

.8n" ' 2 | R e .
Py v_in -V 'n+.. V) (Dn) | o | | ( ) |

where n is the electron density, v the ionization rate, v_ the attachment

rate and D the electron diffusion coefficie;it. For the pla%e ‘parallel geometry

of our experiments the above yields

ey n_D‘n'zn '. o - (2)
at“"i a 9

" For the parameters used in our experxment it may be. shown that the dlffusmn

loss is negllglble compared to attachment loss for air.

leerse for the nonattaching gases, nltrogen and helium, for the range of
E/P investigated, it may be shown that the diffusion loss may be neglected in
our case. Eliminating the diffusion term and making use of the _relatlonshlps
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where a and [ are the first ionization coefficient and the attachment coefficient
respectively, V is the drift velocity and p the mobility; Equation (2) becomes .

IR . Inn/n S
PT¥ = ————— @4
k E/P (o/P - B/P), -
where 1y, ig the breakdown eieétroﬂ 'd'ensi.ty and n, is the initial electron density.
This equation now gives-a relation ‘betweenPTand E/P depending only on gas '
parameters and a constant in nb/nd"-

Equation (4) is plotted for the various gases tested in Figures 5, 8, and 11.
As explained in Section 4, experimentally determined values of a and P are
used. In all.cases a ratio of"ln’ nb/no of 108_was utilized to facilitate a com-
parison of results with other reported breakdown research (Ref. 3). o

In the derivation of -si_ngle' pulse microwave breakdown (Ref. 3), use is

. made of the'.identica_l differsntial equation (Equation 1) used here to describe
~ ‘breakdown. Furthermore, the solution of the equation is in terms of the variables
‘P3and E,/P. Here Eg is the effective field defined to be equivalent to the DC

field. Hence microwave pulse breakdown measurements and formative time
measurements within the limits defined above may be directly compared. - =



Do 3. Apparatus

C; l ' ---'_I‘he_'eXperimental apparatus is capable of measuring breakdown times in
:  the regime described by the above theory. The apparatus allows a wide range
. _ of the parameter E/P to be examined, while maintaining time resolution of
less than 0.3 nanoseconds. Gap distances and pressures may also be varied
; over a wide span of values. S :

Two functional capabilities underscore the apparatus design throughout,
First, consideration had to be given to the high voltage capability of the
overall pulse circuit, which must be capable of passing and switching
nanosecond pulses of many kilovolts amplitude. Secondly,because of the
o .'_shor.if pulse duration, the frequency spectrum of the pulses generated extends
i " from DC to the gigacycle range. Therefore, the entire apparatus is designed
' as a transmission line system with a frequency response spanning this
spectrum. . '

-

. The electrical system is similar to that developed by Fletcher (Ref. 4).
It provides for the generation of pulses with the rise times of 0.25t0 1.0 ns
with amplitudes of 4 to 30 kilovolts. It also provides-an attenuated sample
of the pulse for measurement of breakdown times, appropriate triggers and a
source of ultraviolet light for illumination of the test gap. A schematic of

the system is shown in Figure 1. The main pulse generator is a high pressu‘ré

v~ ~ coaxial thre;—i- ball gap used to discharge & 60 ns length of RG-17. The two
- ) . “outer balls may be moved axially relative to-the fixed center balk. The gap

R ' “js of tapered 52 ohm coaxial construction with a small pulse shaping cenden-

Lo sor incorporated in the charging line side of the gap. Gas pressure and ball
r’_ o gap distance are adjusted to give proper operation at various cable charge .

‘ voltages. Nitrogen or argon with pressures from 80 to 150 psi is used as

the -insulating gas. : ' . o

" The coaxial current viewing resistor is 0.212 ohm. The resistor cutput
is passed through a 4 gc bandwidth coaxial pad of 6, 10 or 13 db and then
L _ . to a 3 db power divider and & matching transformer for the 125 ohm oscillo-
P .~ scope deflection system. -The other output of the power divider is used to
; . trigger the oscilloscope. A Tektronix 519 oscillescope with a deflection
© sensitivity of 9.8 v/cm and rise time of 0.29 nanoseconds is used to view
the signals. With the aid of ASA 10,000 Polaroid film and an image reduction
© of 2:1 single trace photographs at 2 nano'seconds/cm may be obtained. =

. S : In addition to the current viewing resistor, the transmission line connect-
o ing the pulse'generator and the test gap contain a 10 meg ohm resistor between
the center and outer conducters to dissipate any net charge left on this portion
e o - of the system after the high voltage pulse has been applied to the test gap.
e A 50 ohm termination on the other side of the test gap provides a proper ioad
e for pulses transmitted through the gap when breakdown occurs. o -

-5~




The '-systerh trigger and ultraviolet illumination for the cathode are provided

by the charged length of RG-8. A low voltage pulse is used to start the dis-

charge of a ball-to-plane-to-point air gap. A first surface, 2.5 cm focal
length mirror is used behind the plane-to-point discharge to increase the
light output. The high voitage pulse from this discharge is used to trigger

. the pulse generator.

Two different test gaps have been used in the measurements repor’fed here.
Both gaps are basically the same tapered, 50 ohm coaxial construction.
Polystyrene was used as the insulating material because of its low and uniform

dissipation factor over the range of irequencies contained in the pulse. Both
gaps have qua-r__tz_windows for the admission of ultraviolet light to the cathode
“surface, ports for the admission of the test gases and pumping ports. Polished

aluminum electrodes with Rogowski contours (Ref. 5) are used to provide
uniform field conditions. The small gap is approximately 7.6 cm inside
diameter with electrodes 3.5 cm diameter. The gap distance is adjustable
by means of a 20 turns per inch thread. Gap distance of 0.13 to 2.0 centi-
meters are used. The large gap {Figure 2) is approximately 20.2 cm inside

" diameter with electirodes of 8.0 c¢m diameter. Fixed spacers are used to

provide gap distances of 2.0, 4.0 and 6.0 centimeters. The maximum error
in setting the.gap distance is estimated to be less than 5%. A two stage

. mechanical pump with a zeolite trap is used to evacuate the test gap.

Ultimate pressure of both-gaps as measured on an Alphatron gauge is in the

.range of 1 to 2 x 1073 mm Hg. During measurements the test gas is admitted’

through a variable leak, and the pumping speed reduced by a throttling valve.
Thus a small flow of gas through the test gap is insured at all times. A :
standard mercurymeanometer is used as a check on the Alphatron gauge.

Pressure measurements in the gap have an estimated accuracy of T 2%.

The 20 kilovdlt supp_ly for the RG~8 line is fixed in output voltage so

that adjustment of the air spark gap is unnecessary. Two separate supplies

are used for charging the RG-17 line. A O to 13 kilovolt supply is used for low
voltages and a 0 to 60 kilovolt supply for voltages from 16 to 30 kilovolts.

-Both supplies are 1% regulated and may be set to a given voltage with an

average accuracy of £ 2%. When the RG-17 pulse cable is charged to a vol-

- tage' Vg and discharged, the amplitude of the traveling wave is Vo/2. When
‘the pulse reaches the test gap it is reflected back into the RG~17 coupling

cable until such time as the test gap begins to conduct appreciable current.
During the time that the traveling pulse is being reflected from the test gap
electrode the voltage across the gap is Vo. Measurement of the traveling
pulse amplitude seen through the current viewing resistor show it to be Vo/2
within 1%. Hence, we have assumed that the voltage to which the pulse cable

is charged is the voltage applied to the test gap and that losses in the high

pressure pulse generator are negligible. Rise time of the pulse depends on the
particular voltage, the gas pressure in the pulse generator and the electrode

“distance. Rise times of 0.25 to 1.0 nanoseconds are observed. Figure. 3
- shows the rise time. (0.8 napps_e_'_c_:()nds)_ of a typical 1 3 KV pulse. Ringing and
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overshoot are normally less. then 10% of the average pulse amplitude. As
may be seen the typical ringing fréquency is the order of a few hundred
megacycles.  The exact amount of ringing not only varies with the voltage

.. and gap setting but fluctuates slightly on a pulse to pulse basm The rise -

time varles sxmllarly.

The experimental apparatus has been in use for over one year.--During
this time it has proved reliable and relatively simple to adjust. The apparatus
has not been degraded with use. Rise times presently obtained are: 1dent1ca1
to those obtamed at the start of the program



4., Results and Techniques

4.1. '_Méa surement Technique

Measurements of the formative time of breakdown have been made in air,
nitrogen and helium over a voltage range of 4 to 30 kilovolts, a pressure
range of 1 to 760 mm Hg and an electrode gap width range of 0.13 to 6.0 cm.

Results are discussed for each gas in later paragraphs in which a comparison

of the formative time data with theory is given. The adherence to the validity
conditions for the diffusion theory is also explored for each gas.

The meaningful interpretation of the breakdown data involves three experi-

mental considerations which are applicable to all of the reported results.
“These include: the éstablishment of an operational criterion for the break-

down lag timne based on the observed pulse sh_apes, the removal of the
statistical variation from the lag time data and a consideration of departures

" from similarity for data obtained with differing combinations of the breakdown
parameters. ' -

Figure 3 shows a typical pulse waveform provided by the current viewing

resistor placed in the transmission line near the test gap. As the traveling

wave passes the resistor the rise time of the wavefront AB is seen. As the

‘wave continues passing the resistor and arrives at the gap the level portion

BC is observed. When the wavefront reflected from the anode reaches the

- .CVR (CtoPon the"ftr_age') ‘the waves traveling in two opposite directions

cancel each other for a time given by DE. If breakdown does not occur in
the gap the reflected wave continues and the trace is as shown in DEY. If
there are initial electrons present in the gas space so that breakdown takes -

‘place, the gap will begin to conduct after a short delay DE. When break-

down is fully formed, reflé‘t:tiqnl'from the gap ceases and the pulse height
returns to its previous level as indicated by the portion GH.

For the purposes of this study the point E, indicating the onset of break-
down, is defined to correspond to a vertical deflection of one trace width above

the base line of the frace. Further, we have measured formative time as the

time between the instant the voltage reaches maximum on the anode (indicated

by the point D in the observed pulse) and the time when the gap breaks down,

E. Although these definitions are arbitrary, they are in.accord with those used
by other investigators. o o : :

~ The lag time DE is,in general, the sum of the formative and statistical lag
times. The statistical delay time is caused by the {inite rate .of emission of
electrors from the cathode surface and the statistical nature of the emission..
Following the results of Sirigel (Ref. 6) and the analysis suggested by von Iade |
(Ref. 7) the statistical time may be shown to obey an exponential distribution

“law, If the results of a number of measurements of the delay time for fixed

voltage,  pressure ~and gap distance are plotted on semilog axes with

S8
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 appropriate variables the exponential nature of the d1str1but10n may be seen.

The statistical delay is "described by

where n; is the number of time lags greater than t, ng is the total number of
events and ¢ is the mean statistical lag. Hence a semilog plot of nt/no versus

"t should be a straight line vielding a value for o from the slope and a value

for the minimum delay, or the formative time, from the intercept at .nt/né-_— 1.

Plgure 4 shows four .- typical plots of actual measurements. Such plots have
‘been made for all data reported hereswhere use is made, on the average of .
__._.27 data points for the measured laag tlme.

By the methods referenced above it is pos 81b1e to use the information
regarding ¢ to estimate the rate of electron emission from the ultrav1olet

_ irradiation of the cathcde surface. Based on typical observed values of o

from the data the photoemlssmn curtent for this expenment is approxxmately
S X 160 amperes. :

According to the theory the formative time may be described in terms of

. the variables P7”and E/P as in Equation {4). Similarity conditions should then.

apply in the sense that a particular value of E/P can be obtained from an

unlimited number of combinations of- the parameters: pressure, gap spacing '

and pulse voltage. Experimentally, depariures are observed as illustrated in

',‘Flgure 6. Itis conjectured that the measured variations are due to the

_-dependencies of the Townsend coefficient o/P and the drift velocity on

~ absolute field strength as well as on the parameter E/P. Slight variations in
‘gas composition at the different operating pressures may also play a role. -

4.2. Breakd.ovvn Results . in Air

The predictions of the formative time of breakdown have been made through

‘the application of Equation (4, where empirical data for ionization and attach-
- _ment coefficients and for the electron mobility have been employed. Ioniza-
" tion coefficient data are available from References 8 and 9 over a range of

values of the parameter E/P up to 103 volts/cm-mm Hg. Attachment data

. from Reference 10 were used in the low portion of the E/P range where attach-

ment is important. Drift velocity data obtained from Reference 8 extend to

E/P values of 102 volts/cm—-mm Hg. In order to formulate the breakdown

predictions for higher values of E/P it has been necessary to employ an
analytical expression for slectron mobility based on the data for the lower '
range of E/P. The extrapolation then extends to E/P = 103 volts/cm-mm Hg to
colncide with the range over which the iomzatlon coefflcient is known. For .
air, Equation (4) then becomes e




Pr__ In nb/no

6 7
E/P + 0.2) E/P (a/P -B/P)
Use of the crlterlon for breakdown as prescribed in Section 2, i.e.n /n = -108
leads to the curve illustrated in Figure 5 . The curve developed from fhe
measured breakdown data is also included for comparison. In spite of the _
apprommatlons made in the theoretical prediction, agreement is quite close -

over the entlre range

The experimental data are pl’dtted in Pigure 6 to illustrate their consis-
tency with respect to the averaged curve. . These data were collected over a
nine month period without close control of humidity conditions, although air-
conditioned room air of low relative humidity was employed throughout. The
data illustrated were obtained over a range of gap distances from 0.13 to 6.0
cm, pulse voltages from 5 to 30 kilovolts and pressures from 1 to 760 mm Hg.

The data illustrated in Figure 6 were closely examined with regard to their -

‘position in the Pf-PA plane relative to the limits of the diffusion theory.

The location of data within this plane is illustrated in Figure 7 . Only the
Mobzllty Amplitude Limit, the Uniform Field Limit and the Collision Frequency

- Limit are included in the figure since the Mean Free Path Limit is off the
: .scal_e used. The \/Ioblllty_Amphtude_ Limit line for air is given by

'P.A.'.: 2 /i x 10° (74 0.2E/P) PT

and is computed by an iterative ﬁrocedure which employs a\}eraged breakdown.
results. The dependence of this limit on breakdown data is reflected in the

curvature of the line at PT* values less than 10-7 mm Hg~sec. It is seen from the

figure that all reported data points are well within the diffusion theory limits.,

The experlmental brcakdown data have been obtained for much higher values

of E/P than can be treated by the theory due to the above noted lack of basic
empirical data. As a result no comparison can be made for E/P > 103 volts/ -

“cm~mm Hg. The data are syggestive of an asymptotic: approach to a minimum

value of P7 in that region. It is quite plausible that this is brought about
by an appreach to conditions such that the collision frequency and ionization . -

frequency are approximately equal.

- 4.3. Breakdown Results in_Helium:

: The breakdown pre'dlf"tlon's' foi‘"'hé'lmm' make use of the availaple mobility -
data (Ref 11) whlch are. gwen only over the range of the vamable E/P from 0

-10-— '




. to 5 volts/cm-mm- Hg. Employmg an analytlcal expression to extrapolate this

information to higher values the breakdown equation becomes
In nb/nO
7.6x 105 E/P o/P

PT=

Two ava:lable sets of ionization coefficient data are those obtamed by.

- von Engel and Steenbeck in 1932 (Ref. 12) and.those published by Penning and
Druyvesteyn in 1940 (Ref. 9). Predictions based on these two sets of ioniza-

tion data are shown in Figure 8 along with the results of the present. -experi-

‘ments. Agreement at the larger values of PJ”is closest to predictions based

on data from Reference 9, while at sma'’er values of PT” agreement is best

- with theory based on Reference 12 information. It is conjectured that this
situation may be traced to similarities in gas purities between the referenced
- work and the present breakdown experiments. The breakdown measurements

were carried out with impurities ranging from one part in 103 at values of
E/P above 500 volts/cm~mm Hg to one part in 10° at lower values. The
experlmemal variation in purity was due to the vacuum and continuous flow .

-conditions which prevailed. The helium supply for the experlments had a

purity of $9.996%.

The experimental breakdown pomts are shown in Figure 9 along with a curve _
of the average of the breakdown data. Values of the experimental parameters were
varied over a range of pulse voltages from 5 to 25 kilovolis, pressures from 2.

Jto 464 mm Hg and gap dlstances from 0.25to 6.0 cm. Formative times were
observed over a . range from 0. 4 to 18 nanoseconds - -

The breakdown curve seems to have a dlstanct knee in the reglon of P~

" between 10 -7 and 1078 mm Hg-sec, Because of the non-Maxwellian nature

of the distribution of electron energies in helium for high E/P values {Ref. 8)
it is difficult to pinpoint the cause for the changed slope. If it is the results

- of doubly ionized helium ‘some simple spectroscopic 1nvest1gatlons mlght

prov1de in 51ght

The experlmental data shown in Figure 9 are plotted on the PA, - PT
plane in Figure 10, -The Mobility Amnlitude Limit line has been detenmned by

‘an iterative process usmg the breakdown data and the following equatlon '

PA~4 8 xlO E/P Pj"

The knee in the Mobility Amplitude Limit line is due to the change of slope

: of breakdown curve,

One interesting aspect of helium breakdown that has appeared in the experi~

‘ fnental results is a reduction of breakdown pulse current for low pressures. For
-"pressuros of 1 'mm Hg the equwalent gap 1mpedance after the gap has broken

-11-_7'7V




down is many hundreds of ohms as against a fractidn of an ohm under normal =~

circumstances.

‘4.4. Breakdown Results in Nitrogen

Theoretical estimates of breakdown in nitrogen_have been made using' .

drift velocity data obtained from References 8 and 13. The analytic expression

to extend the _limited range of drift velocity data to match the range of ioniza-
tion coefficient data is identical to the expression found for air. Tonization
data were obtained from Reference 8. -The resulting breakdown equation = -

“In nb/no
was

10° G

PrT =
o + 0.2) E/P a/P

is plotted in Figure 11 . General agreement between theory and expefiment .

. may . be seen.

The experimental data are plotied on the P% - E/P plane in Figure 12 .

" The curve illustrates the average of the experimental points. Nitrogen used .
for these measurements had a purity of 99.78%. The experimental parameters

were varied over pulse voltages of 4,0 to 20 kilovolts, gap distances _of 0.13
to 6.0 cm and pressures-of 1 to 780 mm Hg. '

. The e_:xper:im'e'ntaf data as it appears on the BA - P4 plane is shown in
Figure 13. The expression used for the iterative determination of the Mobility
Amplitude Limit line is identical to that used for air. "“Where particular points

lie close to the limit line a separate calculation of the minimum perm-is_sible
 P_A value was made. - : : : o ,




5. Conclu sions

Results of the theory show that conditions exist where pulsed DC and

- 'pulsed microwave breakdown may be examined within the common framework .
-.of the diffusion theory. If pulsed. experiments are carried out within the val-
1dity limits applicable to each, then the results obtained are equivalent.
Physically, the application of the diffusion theory is tantamount to breakdown 3

being governed by gas processes to the exclusion of wall or electrode effects.
The present measurements have exploited DC techniques to obtain breakdown
data over a range of breakdown parameters not fully accessible to microwave .

techmque s.

Breakdown measurcments have been completed for air, nitrogen and helium.
_ _In each case the agreement between the data and the diffusion theory predic-.
" tion is guite close. This is true in spite of a lack of complete electron mo~
bility data; which have been obtained by extrapolation of known values for
purposes of predictions. The reliability of the reported data is quite high in-
 asmuch as considerable attention has been given to the elimination of statis-:
tical lag components d the measured breakdown lag times and extensive efxorts
~ have been made to check similarity relations. Furthermore, each data point
has been evaluated with respect to its adherence to the valldzty region for the

diffusion theory.

, Addl.uonal expellmentatlon is planned to mvestlgate the effects of known
- :humldlty condltlons on air breakdown the effects of a pulse repetition rate
“on breakdown and the pulse Breakdown charactenstlcs of several common in-

sulatmg gases.

,_.-13_ .f
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