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ABSTRACT

Laboratory sparks a few meters in length can be used to simulate
iightning current rates-of-rise and peak values and tc simulate some
of the temporal characteristics of the lightning channel temperature.
Long spark generators are inadequate for producing a simulation of the
continuing current phase of lightning. Long sparks cannot be used to
produce a simulation of the shock wave due to lightning except in that
the spark data can be scaled by theory to predict the characteristics
of the lightning shock wave. A short discussion 1is given of the several
types of lightning which might be ercountered by an aircraft. The
validity of long-spark testing in determining the likely points of strike
of a lighining discharge to an aircraft or other structure is briefly

considered.

reiam g 15 e e i A S EEa Y et e T 0 e LMD B v Bt a1t 3L



T

D B e e o T T T Y B ot s o e o e i e e T R AR

TABLE OF CONTENTS

Page
FOREWARD iii
ABSTRACT v
TABLE OF CONTENTS o ovid
LIST OF ILLUSTRAfIONS ix
INTRODUCTION ’ 1
DISCUSSION 3
Electrical Properties 3
Thermal Properties 4
Acoustic Properties 5
Lightning Strikes to Aircraft 9
CONCLUSIONS il
REFERENCES 12

APPENDIX I |
"Temperature and Electron Density in Long Air Sparks” by Orville,
Uman, and Sletten.

APPENDIX II
"Acoustic Output of a Long Spark" by Dawson, Richards, Krider, and
Uman. .

APPENDIX III
"peak Power and Energy Dissipation in a Single-stroke Lightning
Flash" by Krider, Dawson, and Uman.

APPENDIX IV
"Four-meter Sparks in Air" by Uman, Orville, Slettenm, and Krider.

APPENDIX V
"A High-speed Time-resolved Spectroscopic Study of the Lightning
Return Stroke, parts I, II, III" by Orville.

AFFENDIX VI
"Determination of Lightning Temperature" by Uman.

AFPENDIX VII
"Time Interval between Lightning Strokes and the Initiation of Dart
Leaders" by Uman and Veshall.

7ii

TV ST IS




T g

Figure

LIST OF ILLUSTRATIONS

Shock Wave Overpressure vs. Distance from an
Infinite Cylindrical Source. (Adapted from
Jones et al.*?.)

Shock Wave Overpresstre vs, Distance at Mid-
gap for a 4-m Spark of Energy Input per Unit
Length 5 x 103 J/m. (The solid circles repre-
sent data taken with a piezoelectric microphone;
the crosses, data taken with a condenser micro-

phone.)

Page




INTRODUCTION

It is thought that a lightning strike to an aircraft can result in the

detonation of that aircraft's fuel, and it is known that lightning can cause
the destruction or malfunction of unprotected electrical equipment. Long
laboratory sparks are often used to test the vulnerability of aircraft and
of electrical equipment to natural lightning.

In the present report, we consider the validity of the use of laboratory

sparks in testing for lightning hazards. An up-to-date review of all known
physical characteristics of natural lightning has been published by Uman,la
The physical characteristics of 4- to 5-meter laboratory sparks created by
the Westinghouse $.4-million-volt impulse generator located at Trafford,
Pennsylvania have been studied by Orville et al.2 (Appendix I ) Dawson et al.3
(Appendix II), Krider et al.* (Appendix III), and Uman et al.> (Appendix ).
The papers by Dawson et al.” and Krider et al.% contain comparisons between
some properties of lightning and of the long spark. Since the properties of
long laboratory sparks are dependent upon the generator and associated elec-
trical circuits which produce the sparks, we will, in . .is report, confine our
discussion to those laboratory sparks created by the Westinghouse Trafford
Generator. A detailed description of the generator and associated circuits

is given by Uman e: al.?

The following parameters of ligntning and of the laboratory spark are con-

sidered of primary importance as regards the’ lightning hazard:

1.

The maximum rate-of-change of electrical c&rrent, the maximum electrical
current, and the duration of curremt flow in the object struck by lightuning.
These properties of the curreat are important in that they in part deter-
mine the power generated in the path of current-flow and the voltages induced
in the vicinity of the discharge. Further a ligntning current of consider-
able duration generates appreciable heat. The heat so produced could weaken
mechanical structures and ignite flammable vapors.

The temporal characteristics of the temperature of the discharge channel.

To weaken mechanical structures or to ignite flammable vapors it is necessary
to apply a given temperature for a certain amount of time. In general, the
higher the temperature, the shorter the necessary time of application.

The shock wave (close thunder) generated by the expanding discharge channel
in its initial phase. There is evidence (Few et a1.6, Dawson et a1.3, Uman
et al.?) that a significant fraction of the input energy to an electrical

*The research described in the published papers reprinted in Appendices 1
through VII as well as that contained in the body of this report was sup-
ported in part by the Federal Aviation Administration. ‘Lhe papers are
rveprinted with permission of their authors and publishers.
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discharge is transmitted to the shock wave. The shock wave is thus
capable of damaging mechanical structures and may be able to ignite

flammable vapors.

It is shown in this report that the laboratory spark and natural lightning
can be considered similar in some, but not all, of the cbove stated para-
meters; and thus that, with caution, the laboratory spark can be used for
lightning testing. In the following section we will consider the electrical,
thermal, and acoustical properties of the usual cloud-to-ground lightning

and of the laboratory spark.
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DISCUSSION

Electrical Properties

When the lightning stepped~leader approaches to some tens of meters above
the earth, an upward-propagating discharge is launched from earth to the leader
tip. The initial current measured at ground due to lightning 1s that of the
upward-propagating discharge. When the lightning leader and upward-propagating
discharge completely bridge the gap between cloud and ground, a highly luminous
return stroke is propagated from earth to cloud. The rapid current rise to peak
measured at ground is associated with the return stroke. The return stroke dis-~
charges to earth the charge, of the order of 5 coulombs for first strokes and
1 coulomb for subsequent strokes, stored on the leader, The time from detec-
tion of measurable current to peak current is generally a few microreconds for
first stroke and can be less than 0.1 usec for subsequent strokes (Berger and
Vogelsanger,7 Umanlb). Current rates—of-rise in excess of 80 kA/usec have been
measured (Berger and Vogelsanger ). Peak currents are generally 10 to 20 kA,
but a few reliablie values in excess of 100 kA have been obtained (Umanlb).

Brook et al.a, Kitagawa et al.9, and Williars and BrooklC report that continu-
ing currents of the order of a hundred amperes may flow in the lightning channel
for tens or even hundreds of milliseconds. The input energy to a typical light-
ning stroke channe. is though® to be of the order of 105 J/m and the peak power
input is thought to be in excess of 109 watts/m (Dawson et al. 3, Krider et al. )

The laboratory spark can be used to simulate che lightning rate-or-rise of
current, peak current, and possibly peak power input. However, the spark gen-
erator goes not supply a lightning-like input energy nor the type of continuing
curcent characteristic of natural lizghtning. The Westinghouse 4- to S5-meter
spark has a maximum current rate-of-rise of the order of 80 kA/usec, a peak
current of about 8 kA, a peak power input of about 109 watts/m, and an energy
input of 5 x 103 J/m (Uman et al.?). .The current waveform is lightning-like
in shape, rising from zero current to peak current in a few microgseconds and
then decaying relatively slowly to zero again (Uman et al. 5). Current flow
iy interrupted at about 70 usec from spark initiation (Uman et al. )

It is to be emphasized that changes in the generator and associated cir-
cuit parameters will yield changes in the observed gpark parameters and that
the spark referred to in this report is that described by Uman et al.d
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Thermal Pruperties

Tice-resolved lightning temperatures and electron densities have been
measured by orvillel? (Appendix V). Similar data on the lahoratory spark
have hbeen published by Orville et al.2 A discussion of the validity of the
temprrature measurements has been given by Umanl2 (Appendix VI). Both
iightning and spark temperatures measured with microsecond time-resolution
have peak values near 30,000°K. The lightning temperature decays to the
10,000°K to 15,000°K range in geveral tens of microseconds. The temperature
decay of the spark is qualitatively similar to that of lightning but takes
place on a time scale about a factor of 3 faster. The lightning contimuing
current is esssentially a 100 amp air arc .and thus should have a temperature
of the order of 10,000°K (e.g., Maeckerl 3). The continuing current may last
tens or even hundreds of milliseconds. The laboratory spark has no continu-
ing current, although in principle a low voltage arc source could be paralleled
with the spark generator and switched into the channel at the appropriate time
to simulate the continuing current. After the current in the lightning or
spark channel is interrupted, the chinnel temperature may still remain rela-
tively hot for an appreciable length of time., According to the theory of Uman
and Voshalll4 (Appendix VII), the channel cooling time is proportional to the
square of the channel radius. A lightning channel with a radius of about 1
cm can be expected to take tens of milliseconds to cool from 10,000°K to 2,000°K.
The fully developed spark channel radius has been measured by Uman et al.3 to be
between 0.5 and 1.0 cm. Lightning channel radii after the Zaitial breakdown
phase are usually considercd to be about 1.0 cm or slightly larger (Uman c)

The electron density in both the spark and in lightning has & value aver-
aged over the first few microseconds of the discharge of about 1018 =3, The
lightning channel reaches pressure equilibrium with the smbient atmosphere in
a time of the oraer of 20 uszc; the spark channel in & time of the order of
5 usec. After pressure equilibrium is reached, the_electron density in both
the sperk and !4ightning will be of the order of 1017 ca=3 until the temperature
of the discharge decreases to below about 15,000°X. Values for electron denuitx
as a function of time after current interruption are given by Uman and Voshall.
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Acoustic Properties

. The acoustic ousput of lightning has been studied by Few et a1.6,

Few15, Dawson et al.”?, and Jones et al.1® The acoustic output of the
long spark has been studied by Dawson et al.3 The theory of Few et al.b
which relates the dominant acoustic frequencies present far from the dis-
charge to the input energy to the discharge yields reasonable results for
both lightning and sparks.

aaitait

The theoretical overpressure generated as a function of distance for
various energy inputs to an infinite cylindrical channel is given in Figure
1, which is adapted from a similar figure given by Jones et a1.16 According
to all modern theories of cylindrical shock wave propagation., the shock front

pressure for a cylindrical shock wave can be expressed to a good approximation
as

P=0.2x ].0-5 j% atmospheres (1)
r

where the validity of (1) is restricted to P > 10 atm, the strong-shock regime,
and distances from the channel of more than several initial channel diameters;
"W" 1s the energy input to the channel in joules/m assuming that the bulk of
the energy input takes glace in less than a few microseconds (which has been
measured by Uman et al.”? to be the caie for long sparks); and "r" is the
radial distance from the center of the channel in meters.

3 : As previously noted, the energy input to a typical lightning channel is
thought to be of the order of 10° J/a. For this energy input the theoretical
shock front pressure for a cylindrical shock wave at a radius of 0.02 m is

about 500 atm, at r = 0.05 m is about 80 atm, and at r =~ 0.14 m is about 10

atm, According to the thecry of Jones et al. 16 2nd of Few et al.ﬁ.for an energy
input of 10° J/m, the shock wave pressure will decay to near atmospheric in a
radial distance of a few meters. Severe lightning discharges might be expected
to have energy inputs an order of magnitude greater than typical discharges.

il & bk 2l

For the laboratory apark with an energy input of 5 x 103 J/m the theoretical
shock front pressure for a cylindrical shock wave at a radius of 0.02 m is about
! 25 atm, decaying to near atmospheric in a few tens of centimeters. The avail-
< ability of theory describing the cylindrical shock wave makes it possible to
scale up the laboratory results for a given energy input to the case of natural
lightning with a larger energy input. Direct lightning shock-wave simulation
cannot, however, be done with the laberatory spark.

The cylindrical shock wave theory is only valid if the channel producing
the shock wave is straight and is considerably longer than the distcrre at
which the shock is observed. Since both l{ightning and long sp:-!.. ave totrtuous,
Fewld has suggested that various soctions ("tortuosity lengths") of a channmel
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Fig. 1 - Shock Wave Overpressure vs. Distance from an Infinite Cylindrical
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Sotrce.

6




NCRHSTITIR AN T

will produce individual shock waves. When the observer is closer to a
radiating channel section than the length of the secticn, the shock wave
will be cylindrical. When the observer is much further from the radiating
channel section than the length of the section, the cbserved shock wave
will be a spherical shock wave. In fact, far from the channel many spheri-
cal shock waves should be observed, one from each radiating section of the
channel.

To investigate the validity of the ideas presented above, measurements
were made at the Westinghouse Resezrch Laboratories of the overpressure vs
distance and the shock wave-shape vs distance for the 4-m laboratory spark.

- Measurements have been made at distances of 34 cm to 16 m from the channel.

Additional measurements are planned. We show in Fig. Z the overpressure
data along with the best available theory. The dashed curve is Plooster 'sl7
cylindrical shock wave theory which is essentially the same as the theory
shown in Fig. 1. The solid lines represent the spherical shock wave theory
of Brodel8 for various assumed tortuosity lengths L for the spark channel;
that is, the energy input for the spherical shack wave is WL where W = 5 x
103 J/m. The experimental shock overpressures fall significantly below the

- cylindrical curve. They fit best a spherical curve due to a tortuosity

length between 6 and 50 cm. Measurements much closer :o the spark are needed
to determine if the overpressure approaches the cylindrical curve at distances
less than the tortucsity length. At distances of several meters from the
channel, multiple shock waves are observed in accord with the idea of sound
radiating from separate tortuosity lengths. Nevertheless, the analysis of

the data using the tortuosity-length concept of Fewld ig not a unique analysis.
Other analyses are possible. For example, one could argue that only a small
fraction of the energy input is transmitted to the shock wave. (To make a
cylindrical shock wave curve go thrcugh the experimental points, the energy
transmitted to che shock wave would have to be about 0.2 of the total energy
input.) :

One very important point is evident from the spark shock wave measure-~
ments. It is that the measured shock overpressure is always less than that
predicted by cylindrical shock wave theory. It follows that conservative
specifications for equipment or structures designed to withstaud the lightning

shock wave can be obtained using the cylindrical shock wave theory.
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Lightning Strikes to Aircraft

The preceding sections of this report have been concerned with the
usual cloud-to-ground lightning. An aircraft, however, is most often
struck by a lightning discharge which ends in the air, by an intracloud
discharge, or by an intercloud discharge. There is some evidence that
all three of these lightning forms are similar (Brookl9). The intracloud
discharge has been the most studied cf the three types of discharges but
still there is little definite information concerning it (Umanld). It is
thought that intracloud discharges generally take place between an upper
positive cloud charge center and a lower negative charge center; that a
leader of moderate luminosity bridges this gap in tenths of a second; and
that a number cf relatively weak return strokes (K-changes) with peak
currents of the order of 1 kA occur when the propagating leader contacts
pockets of charge of opposite polarity to that of the leader. The total
charge neutralizea in an intracloud discharge is thought to be of the
same order of magnitude as the charge transferred in a cloud-to-ground
discharge. 1t would thus appear that protection of aircraft from the dele-
terious effects of cloud-to-ground lightning would suffice to protect the
aircraft from the effects of intracloud discharges.

The usual cloud-to-ground lightning discharges lowers negative charge
to ground. Occasionally a discharge occurs which lowers positive charge
(Unanle). The positive strokes have relatively slow rates-of-rise of
current compared to negative strokes, have peak currents of about the same
order of magnitude as negative strokes, but transfer relatively large amounts
of charge. Berger and Vogelsanger7 found that positive strokes transferred
on the average about 3 times the charge cf negative strokes. They found a
waximum value of 300 C for a positive discharge. Thus positive strokes may
present a considerable hazard insofar as their high currents flow for a
relatively long time.

Aircraft flying in strong electric fields may initiate lightning dis-
charges. I: might be expected that leaders would propagate in two direc-
tions from the aircraft toward charge concentrazions in the cloud. This
type of discharge would probably be similar to discharges initiated by upward-
propagatirg leaders from towers or high structures (Umanlf). In discharges
init{ated by upward-propagatingz leaders, typically the leader current measured
at the ground merges smoothly into a more or less continuous current of a few
hundred amperes. The current rise tire to peak is of the order of milli-
seconds. Occasionally return strokes, with their associated rapid increase
of current, may traverse the leader channel. The aircraft-initiated discharge
should present no additional lightning hazards from those of the usual cloud-
to-ground discharge.

In a study of lightning strikes to an instrumented aircraft, Petterson
and Wood20 found that peak currents in the struck aircraft were generally a
few thousand ampcres and rise times tc peak were of the order of milliseconds.
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It is tempting tc associate the relatively long rise times to current peak with
discharges initiated by the aircraft since, as noted in the previous paragraph,
similar rise times are found in discharges initiated from grounded towers. On
the cther hand, since the properties of imtracloud discharges are not well docu-
mented, the discharges to the aircraft could well have been normal intracloud
discharges. In fact, the peak currents measured by Petterson and Wood20 are

of the order of magnitude thought to be characteristic of iutracloud K-changes.
The question of whether an aircraft actually triggers lishtning or merely gets
in the way of it has been discussed in more detail by Vonnegut 1 and by
Petterson and Wood.™-0

We consider now briefly the validity of long spark testing in determining
the likely points of strike of a lightning discharge to a flying aircraft or
to a grounded structure. Since the characteristic step~length of the lightning-
initiating stepped leader is some tens of meters and since the length of labora-
tory sparks is always less than that step length, it would appear that lightning
and long-spark breakdown might well differ in significant aspects. On the other
hand, spark testing can be justified from an intuitive point of .view by the argu-
ment thet the strike point of lightning is determined by the elecirostatic field
distribution on the structure and that this is relatively independent of the
source of the field. This argument ignores, among other effects, the effect of
space-charge field distortion which may be dependent on the temporal characteris-
tics of the applied field. Thus, from the results of laboratory model tests
using long sparks, one would expect natural lightning always to strike the tops
of tall buildings. This is not always the case as evidenced by numerous examples
of seemingly "impossible" lightning strikes (e.g., to the sides of the Empire
State Building, to the base of the 42-story Cathedral of Learning Building in
Pittsburgh). Just how valid the laboratory tests are is not known. They are
certainly better than no tests at all and may, indeed, be reasonably valid.

10




CONCLUSZONS

Cn the basis of the preceding discuseion an& the research performed
for the FAA, the following conclusions are drawn:

1. The long laboretory spark can be ised to simulate many properties of the
usual cloud-to-ground lightning. In particular, the spark can be used to
simulate lightning current rates-of-rise and peak values and to simulate
the temporal characteristics of the lightning temperature for the initial
few tens of microseconds of the discharge and possibly during the time
after current interruption. The long spark, by itself, cannot be used to
simulate the continuing currernt phase of lightning. The spark. cannot be
used to simulate the shock wave due to lightning except that the spark
results can be scaled by theory to predict the characteristics cof the
lightuing shock wave.

2. An upper limit to the shock wave overpressure expected near a lightning
channel can be obtained by use of cylindrical shock wave theory. Over-
pressure values can be read from Fig. 1 once the energy input W is chosen.
A reasonable upper limit to ¥ might be 106 J/m.

- 3. 1If aircraft arz not vulnerable to the delzterious effects of the usual
cloud-to-grouni lightning, they are probably protected from the effects of
intracloud, intercloud, and air discharges. On the other hand, very little
is knowm about intracloud, intercloud, and air discharges, so that a reli-
able listing of their characteristics must await further research.

There are several obvious areas of lightning study relative to aircraft
safety vhich need more research. (a) More information in needed on the
properties of intracloud, intercloud, and air discharges, on the processes
vwhich initiate these discharges and the processes which initiate ground
- discharges, and on the effects of aircraft on the initiation processes.
(b) Additional research is needed on the shock wave generated by an elec-
trical discharge, so that a reliable estimate of the lightning shock wave
properties can be made over a distance ranging from the strong shock regime
very close to the channel to the &coustic regime many meters away from the
channel. {c) While most research into the effects of lightning has been
3 primarily concerned with direct strikes to aircraft, more attention should
A be paid to the effects of close lightning strikes. For example, a light-
: nizgdischarge occurring several hundred meters from an aircraft generates
relatively large electric and magnetic fields at the aircraft. These
fields can do considerable damage to sensitive electromic systems. Very
little is known sbout these close fields, although, in principle, a calcu-
lation of their characteristics is straightforward once a specification cf
the channel currents is made.
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APPENDIX 1
"Temperatire and Electron Density ie Long Alr Sparks"
by Orville, Uman, and Sletten
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Temperature and Electron Density in Long
Air Sparks

R. E. Onvires*
Inctitute of Aimospheric Phyics, Univevsily of Aricnna, Tuscon, 4rizne
AND
M. A Uman avp A. M. Stermey
Vestinghouse Research Laboretories, Piitsburgh, Pennsylranie
(Received 26 September 1966; in final form 26 October 1966)

,THOUGH the long laboratory spark in air has been studied

extensively using electrical and photographic techniques,
we have found nothing in the literatur~ to indicate that quan-
titative spectroscopy has been used in such studies. In this com-
munication, we present the results of a spectroscopic study of
long laboratory sparks in air.

Five-meter-long air discharges were created between a negative
rod and a grounded plane with a 6.4 MV impulse generator.
The voltage to the spark gap reached its maximum
value in 1.5 usec. In addition to electrical measurcments, spectra
{3900 to 8900 X) were recorded on film with 2-usec time resolu-
tion. The near ir spectrum and current to ground for the long
spark are shown in Fig. 1. The zero-time values for the spectrum
and for the current may differ by 2 or 3 usec.

The spectrometer used was composed of a transmission grating
and amociated optics coupled to a high-speed Beckman and
Whitley drum camers. A 6-cm length of the spark channel was
isolated for observation. Intensity calibration of the film was

“effected by passing the =nark spectrum throngh a series of neutral

density filters; wavelength calibration was done by photographing
a standard source. Reciprocity failure should not occur for the
short exposure times tavolved.)

It was not practical to attempt to messure radistive emission
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as a function of spark radius. Thus the spectra abtainel repsresent
the total cmission from a short length of channel as a functin
of wavelength and time. In the analysis, we necessarily axsume
physical conditions to be constant across the spark channel
diameter.

Spark temperature may be cakulated frum the nrasnrement
of relative spectral line intensities and electron density from the
Stark broadening of certain spectral lines. In arder fur these
cakulations to be meaningful, the channel must In optically
thin to the wavelengths of interest. In addition, for there to
exist a “temperature,” local thermodynamic equitibrium 1TE)
must be present to some approximation. That the channel is
optically thin can be determined by comparing with measure-
ments the predicted intensity ratios of lines due to transitions
from approximately the same upper encrgy icvel, These intensity
ratios are independent of temperature, '

« The opacity check was made in the visible within the N11(3)

5680-A multiplet and in the near ir by comparing the intensity
of the 01(1) 7774-A multiplet to OI(4) 8£16-A muitipht. For
LTE to exist in the temperature range of interest, an electron
density in excess of 10® cm™ is required ? Although these high
densities are attained in the early stages of the spark, the meas-
ursble electron density in the Istter stages is near 107 cm2,
At these electron densities, * e” LTE does not exist.
However, all energy levels above the ground states of the jons
and atoms of importance are populated in accordance with
Boltamann statistics (according to the criterion giver by Griem?),
Thus, at worst, the tempereture determined from relative line
intensity measurements (from a given atom or ion) is the electron
temperature. The rlectron-ion kinetic-energy equilibration time
is of the order of 0.1 usec.

Temperature determinations were made by measuring the
following three line-intensity ratios: OI(1) 7773 A/01(35)
7047 X, O1(4) 8446 R/01{35) 7989 &, N11(39) 4041 X/ N11(12)
3995 A; and by using the measured ratinz in conjunction with
the expression

T (E =Rk Wm(INGT IV, ($))]

where 7, ), g, and f are intensity, wavelengih, statistical weight
(of the upper state of the line), and emission oscil'atur strength,
respectively, of one line with excitation potential . %, ‘The cor-
responding, quantities for the other line are primed. Upper energy
level dificrences (1= F) far the line pzirs uscd were 3,38 oV,
3.10 eV, and 4.57 eV. Typical tempetature-vs time values are
given in Tahle 1. Temperature crrors of alwt 15, are preseat
due to crrors in inleosity measurements and wrertainty in

.
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Tagrte. 1. Some propertics of 3 5-m spark in air.
Flectron  Electrons

Time Temperature  density per air Pressure
(nsec) °K) (cr ™Y atom (atm)
0-2 34X 1110 1.4 13
2-4 2.8X 108 Ix 107 1.1 2.4
+6 2.6X 108 2X 104 1.1 1.3
68 2.4X10¢ 2X 1007 1.0 1.1
3-10 2.2y 2X 10 1.0 1.0
10-12 2.0x 10 X 1m 0.97 0.93
12-14 1.Ox 1 2107 0.95 0.87

transition prebubilities. Agreement between temperatures de-
termined by different line pairs is grod. Temperatures determined
from ion lines tend to be slightly higher than those Jdetermined
from neutral lires, indicating that the ion radiation is emitted
{rum the hotter center of the channel while the neutral radiction
s emitted from the cookr outer regions. Note that the time
resolution is 2 usec so that if the temperature varies rapidly
{ee it does during the initial 4 usec), some average temperature
is determined.

Flectron densities were estimated by compating the Stark
widths of Ha at 6563 X and of OI(4) 8446 X with theory®
The instrument function as determined from the widths of
intrisvically narrow lines was about 10 A. Messured linewidths

COMMUNICATIONS

before correction for the instrumeat function varied between
17 and 33 A. Thus, errors as large as a factor of two may be
present in the electron density determination given in Table I.

From a knowledge uf temynrature and electron density and
with the assumption of LTL, the remaining physical properties
of the spark channel may Le calculatedt* Some of these data
are given In the last two columns of ‘Fulle I. The picture ob-
tained is that of an expanding spark chonnel whose temperature
and pressure ducrease monotonically with time. Due to the
errors present the pressure values may be in error by a {actor
as large as two. The tempersture and electron density increase
st spark initiation is not resolved with 2-usec time resolution.

Experiments were also performed on a spark of 2.5-m length.
The tempersture and clectron density for the 2.5-m spark were,
within the experimental eror, identical to those values given
in Table 1 for the 3-m spark.

The research reported in this paper was supported in part
by the Geophysics Branch of the Office of Naval Rescarch.

® Now at the Wralinghouse Research Laboratories, Pittsbursh, Pa,

' . Sanvenker, in Procesdings of Lhe 1k Iné I Cowgress o High-Sperd
Phoiography {Tieesk Williak and Zoon, Haarlem, 1963), pp. $08-392.

¥ D. H. Sampsen, Astrephys. J. 144, 9 (1%66).

SH. R. Gelem, Plasms Spoctroscopy (McGraw-Hi) Book Co., New Yowk,
1964), (a) pp. 130, t45-U9; (D) pp. 447, 468

S F. R, Giloore (private communication).

¢ B. H. Armstrong sad M. Scheibe, Lockbeed Missiles and Space Co., June

1964, availeble o3 AD-60206C frem OTS, Dept. of Commarce, Washington 25,
0.C.
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APPENDIX 11
"Aceoustic Output of a Long Spark"
by Dawson, Richards, Krider, and Uman
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Acoustic Qutput of a Long Spark

G. A. Dawson, C. N. Ricuaros, ANp E. P. Kriper

Institute of Atmospheric Physics, The University of Arizona
Tucson, Arizona 55721

M. A. Umnax

Westinghouse Research Laboratories, Pittzburgh, Pennsylvania 15290

In a recent paper [Few et al., 1967] measure-
ments of the average power spectrum of
thunder were reported. The results indicated a
very broad maximum at about 200 Ka. A short
theoretical analvsis was also given that set a
lower limit on the expected dominant frequency
of about 57 Hi. In the analysis, the dominant
frequency was shown to be inversely propor-
tional to the square root of the energy per unit
length dissipated in the discharge channel.

Measurements have now been made or the
acoustic output <f the spark from the Westing-
house 64 My impulse generator at Trafford.
For these experiments, the applied generator
notential was 4.8 Mv, with a 1.5 usec rise time,
and the rod-plane gap length was set ot 4
meters. The acoustic detector was 8 miniature
pieso-electric pressurc transducer fitted into a
small megaphon: tc improve coupling. .

At a distance of 17 meters from the spark, the
dominant frequency (as determined by the
separation between pressure extrema) lay in the
range 1350 to 1650 Hi, with a most frequent
occurrence of approximately 1550 Hs, The
signals were characterized by an initial large
amplitude wave, the first excursion of which
corresporded to a compression, followed by &
long-durstion, smail amplitude component of
similar frequency, as shown in Figure 1. In this

1

e
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Fig. 1. Amplified output from pressure trans-
ducer. Sweep speed 1 mscc per major division.

oscillogram, the vertical and horizontal scales
are 200 mv and 1 msec per major divisien
respectively; more details of the long duration
signal were obtained with increased gain. The
beginning of the signal hias been lost by the
choice of triggering level which gave stability
in the R F ficlds of the spark. All signals were
very similar to that of Figure 1, with the excep-
tion of one signal that showed two quite sepa-
rate large amplitude waves. It is assumed that
this signal was produced by a channel with a
pronounced fork,

The energy per unit length dissipated ir the
channel has been determined by two inde-
pendent calculations from data supplied by
A. M. Sletten of Westinghovze. The first was
from the voltage and current traces of the spark
iteelf, though since both these parameters
change rapidly st breakdown there is neces-
sarily some uncertainty in the calculation. The
value determined by this method was 5§ X 10
joules/m ==25%. The second calculation was
made by subtracting from the stored energy of
the generator 9 X 10* joules, the 'R energy
dissipated in the damping resistors of the circuit
as the generator discharged, 7.2 X 10° joules.
The energy pe: unit length in the spark ealcu-
jated by iais method was thus 45 X 10
joules/m. The value that will be used for the
subsequent caleulation ia 5 X 10° joules/m.

Inserting this energy into the expression of
Few et al. one obtains a Jower limit of 1040 Hs
for the dominant frequency to be expected
from the spark, value that ‘s two-thirds of
the shserved values.

Three points are worthy of note. First, since
variations in the Jocation, tortuosity, and energy
distribution of the discharge chsnnel, and at-
tenuation and reflection of the sound are to a

815
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large slegroe sheent in ol inesent investigation,
the spark miore nearly appronches the theo-
retical model of Few ot al. Recond, for the same
reasong, A broad aconstie speettm is not ob-
tained, bt rather a v narrow ranee of
frequenei < Third, sinee Luth the dominant fre-
queney and the energy per mnit length are
defineit with fair aceuraev, more precise cheeks
en the theorv ean be puide, When thns is done,
agreement between experiment and theory s
qnite goadl,

Why, then, were the resalts of Few et al. not
m hetter agreensent winh theary 2 Fins was prob-
ahly beeanse they were concerned with a mini-
mum domnroant frequeney and henee asumed a
maximim ¢ azanahle enerey input. The one that
wag need, 107 jonles, is the valie frequency
quoted for the encrey of a complete flush rather
than an individual stroke. All the strokes in a
flash can be expected to contribute to the thunder
zpectrum, but in different ways. The first stroke
usually takes a large fraction of the flash encrgy
and therefore shonkd provide the minimum
dominant frequeney. Subsequent strokes have
less energy and often tale place down the hot,
decaying channel of a previons stroke, where
the speed of sound is hizh. Individually, these
strokes should therefore produce the higher fre-
queney components observed. Colleciively, they
should produce some low frequencies by medn-
lation at the stroke repetition rate. It is the
energy that is dissipated in the first stroke of
a flash, or a single stroke flash, however, that is
required for comparison with the theory of
Few et al. for the minimum dominant frequency.

In a paper to be submitted [Krider et ai,
1968], a report is given of comprrative measnre-
nents on the radiant energy emitted in the
wavelengih range 04 to 1.1 u by lightning and
the long epark. These indicate that the total

energy por vt length dissi oted oo <mgh
lightuing stroke shonld be less than that as-
sumed by Few et al. by a factar of abont 7,
1e, 23 X WP jonles /m. The use of this eneray
vane for hehtning leads to agrevinent anh
exverinen! that is as good as “hat for 1he ek
TLe analvsis of Few et ol yiekde 151 Haz, nul the
threet sealing duwn of the mast oiten ohverved
frequency from the spark (150 T oves Bn
Tz, i exectlent agreement, winh the thander
ata,

It seemss elear from the preeeding lisenssinn
that the sonsivas of Few et ol gives - shonbd,
too low a valne for the tregueey, anee Jt <.
stes than sl the energy of 4 s1rohe 1< need
forming the shock wave, The following simple
empineat rebiionship acenrately fits the avail-
able datu:

{=cPYE
where F1s the dominant frequeney (H2), ¢ the
speed of sound  (m/sec), 2 the atmospherie
presanre (iewtonsm’), and E the enerzy inpnt
per mnit length (joules/m).

Acknouledgments. We should ike to arknowl-
cdge the conperation and assistance of Dr. A, M.
Sletten.

This work was supported in part hy the Geo-
rhysies Branch of the Office of Naval Research,
by Westinghouse Research laboratories, and by
the Federal Aviation Agency.
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Peak Power and Erergy Dissipation in a Single-Stroke Lightning Flash

E.P.KripEk' axt: (i, A. Dawsox

Instilute of Atmospheric Physics, University of Anizuna
Tueson, Anzona 86: 21

M. A, Usan

Westinghouse Rescarck Laboratorivs, Pittshucgh, Pennsyleania 15245

INTRODY 110N

A reeent study comparing the acoustic ont-
jmt of a long air spark and lightning [ Dawson
et al., 19681 required a reliable value for the
average energy dissipated per wnit length in a
«ingle lightning stroke. Previons estimutes of
this encrgy have depended on a kuowleldge of
the average nuantity of charge transferred per
stroke and an edneated gaess at the potential
difference between elond and gronmd | Mlan,
1963). In the present shinddy, the pexk radiant
nower and the total rudiamt energy emitted
within a given speetral rezion by a single-stroke
lightning flashi are comnared with those given
off by a long spark whose eleetrieal power aud

_energy inputs are known with fair accuriey,

ExpeERIvITNTY

The measurements ace siniker to the meas-
nrements described by Keider [1966): A eal-
brated siicon photodicde (E. G. & G. Model
561 detector head) was used to reecord the
hroad-band speetrally ntegrated light intensity
radiated by the sonree. Briefly the charanter-
istics of this detector are as follows: the sensi-
tive area i1s 00728 em®; the speetral response
covers from 4000 to 11,100 A and ix essen-
tially flat from about 5000 to 10,000 A as
shown by Krider [1066]; the absulme sensi-
tivity at 8000 A, as calibrated hy the mann-
facturer, is 7.7 Mv/mw, nsing a 50 Q load re-
sistor; the outpnt current is linear over the
range of hight levels studied. The ontput voltage
pulse from the detector, when viewing the
complete channel of a typieal singlesfroke

seey

clond-to-gronnd hghtning fazh, is renrastaecd

1 NASA Pre-Doctoral Trainee, Degartient of
Physics, Uaiversity of Adzona, Tieson.

in Fignre 1 (A photogeaph of this ~roke is
siven in Krider | 1))

With the sune deteetor similar light mens-
urements have been performed on a d-meter
air spark produeed by the Westinghonse 4.
My impmlse generator at Trafford, Pennsvivinia,
Fignre 2 shows the uverage photoelectrie volt-
uge pl=e obtained from about thirty ohserva-
fwns of a negitive pomnt-to-plane  dizeharae
with the zenerator operating voltage at 435
My, It s mamediately obvions that the lightning
nil spark pulses differ in two important re.
speets: rise time and over-all time seale, Apart
from other fuetars, the rize time depends on the
time neressary for the bright retarn wave
to travel up the length of the channel. For a
spark this travel time is neghaible, It for
lightning it eanses the slow rise time seen
Fiznre 1 [Keider, 196681, The over-all time
sealee are inherent characteristies of the two
tvpes of discharge.

During the spark light-intensity  measure-
mente, spark cverrents and voltages were re-
corded as fanetions of time Ly Y. AL Sletten of
the Westinghanse Researeh  Laboratories. A
ealenlation of the peak eleetrieal nower anil
the total energy inpnt to the spark ean be made
from these reeonds,

If some siuphfving assamptions are made,
comparison of the enrves of Fienres 1T amd 2
permits ealendation of the pesk power and
energy dissipation in the lightuing stroke as
follows. The signal voltuges give the radiant
prewer reaching the deteetor, which in tnrn e
be related to the madiant nower antpnt of the
sourees from pureiy geometresl considerations,
The radinnt power “ersug tuie eurves can then
be integrated to obtin the total radiant energy
nvitted in the miven handwidih, These values
for the spark are then compared with the meas

3335
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Fig. 1. The photoelectric voltage pulse corre-

sponding to a singlestroke lightning flash at a
distance of 83 km.

ured elecirical power and energy input, and
radiative efficiencies ere calculated. These values
are assumed to be th: same for lightning {see
discussion lster), and henco the power and
energy dissipation in the stroke ean be found.
The caleulations will be performed first for the
peak power of the lightning stroke and tien
for the tctal energy. The simplifyitg assump-
tions inherent in the calculation are discussed
at the end of the paper.

Grouernical, Facrons

It is first necessary to determine accurately
the distance dependence of the radiant flux
from the eources. In the previous paper this
distance dependence was assumed to be that of
an infinitely long cylindrical emitter, ie. 1/R.
However, it has gince been demonstrated experi-
mentally, using the long spark, that, with ge-
ometries very similar to those of the lightning
study, the distsnce dependence of the radfant
flux is in fact 1/R" io within about 159%. This
finding causes a revision in the value quoted
by Krider [1966] for the peak radiant power
output of lightning (see below). For the re-
mainder of the discussion, a 1/R* gesmetrical
distsnce dependence of the radiant flux will be
assumed for both lightning and the spark.

The total radiant power emitted within the
detector bandwidth is given by

P = (V/E) 4R’/ A) ¢)
where V is the detector output voltage, K is
the pulse calibration factor, R in the distance
from the source to the detector, and A is the
sensitive area of the detector.

For ths lightning stroke, the distance R was
previously estimated from the sight-sound time
delay. For this note R has been found more
accurately through the use of U. 8. Wgnther

LETTERS

Bureau cloud base height records at the time
and location of the cbserved stroke. If we as-
sume that the cloud base beight determined
the length of the stroke that was visible, we
can calculate the stroke distance from the sise
of the photographic image and knowledga of
the camera focal length. This method assumes,
of course, the stroke was nearly. vertical and
did not sisnt toward or away from the camera.
Since the distance is obtained in terms of the
stroke length, it should be noted that the quan-
tities sought, the power and, on integration,
the energy per unit length of the stroke depead
only linearly on stroke distance.

Resurrs

Peak power. For the lightning strike pre-
viously reported, the cloud base height was 1.8
lan, and the distance calculated from the photo-
graphic image size was 82 km. At this distance,
equation 1 and the signal maximum in Figure
1 vield a value for the peak power radiated
from the lzhtning stroke of 1.1 X 10 watts
or, dividing by the stroks length, an average
peak radiant power per unit length of 62 X
10" w/m. These values replace and correct the
peak radiant powere of Krider [1966] when
a 1/R distance dependence was assumed.

The corresponding measurements for the
spark were made from a distance of 23 meters,
and they give, from Figure 2, a peak mdiant
power within the detector bandwidth of 40 X
10" watts or an average of 10 X 10 w/m, a
value quite close to that for lightning.

Tho peak electrical power dissipated in the
spark was obtained most accurately from direct
traces of current recorded as a function of volt-
age. At the time of peak power, the current was

400 T 17 T 11 71

£ 300} =
o
2
= 200 -1
= .
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Fig. 2. The average photoelectric voltage pulse
corresponding to a 4-meter air spark at a distance
of 23 meters. .
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about 3 x 10" amp and the vohage about 10
volts, yielding a peak electrical power input of
about 5 X 10® watts or 1.9 » 10’ w/m.

Comparison of these two peak powers, radi-
ant and eleetrical, yields for the spark an over-
all radiative efficieney within the detector band-
wilth of only 0S85. If the same radiative
cfliciency is assumed for lightning at the instant
of peak radiant power from the entire channel
(~e below), the peak electrical power dissi-
pated in the lightning stroke, ealculated from
the observed radiant power, is 1.4 ¢ 10” watts.
Dividing the above value by the stroke length
gives an average peak electrical power dissi-
pation per unit length of 7.8 X 10° w/m.

It should be emphasized that for lightiing
the above values for peak power, radiant and
electrieal, are given at the instant of peak light
emission from the entire channel. Dividing a
valne at this instant by the stroke length prob-
ably underestimates the peak power that actu-
ally occurs in a given shert length of channel
because of the appreciable return stroke propa-
gation time. That is, the power dissipation in
a channel segment near the ground may rise
quickly to peak and then decrease before the
entire channel has developed. Therefore, the
ahove results for peak radiant and electrienl
power per unit length represent, in the casc of
lightning, minimum values for a short channel
length.

Energy. Turning now to the total radiant
energy emitted by the two sources, the areas
under the radiant power versus time curves
can be shown to indicate a total radiant energy
within the detector bandwidth of about 60
joules for the spark and 1.6 X 10' joules for
the lightning stroke. Dividing the above values
by the corresponding channel lengths gives
average radiant energies per unit length of 13
and 870 J/m, respectively.

The electrical energy per unit length dissi-
pated in the long spark, under the conditions
of this experiment, has been calculated by two
independent methods as described previonsly
[Dauwson et al., 1968]. The first method con-
sists uf integrating over time the product of
the current and voltuge values obtained from
the traces taken during the experiment; the
gecond involves subtracting from the stored
energy of the impulse generator operating on
29 stages, 8.1 > 10° joules, the energy dissi-

pated . tl e series dmnping resistors 6.5 x 10
joules. Both methods give a spark energy input
in this experiment of about 4.0 X 10° J/m =%
2077,

Again, comparing the radiant and electrieal
encigy valiiez, one obtains an average radii-
hve eilicieney for the spark of about 0.3577,
le~s thian the value at the instant of peak power
probabiv Yoeanse of a lower average temper-
ainre. 1f it is assumed that the same radiative
clliciency applies to lightning, the total average
eticrgy dissipated per unit length in the stroke
is exlenlated to be 2.3 x 10° J/m. If the total
siroke length was 3 km, this energy per unit
lengtly is equivalent to an over-all dissipation
of 69 % 10" joules. Brool et al. [19€2] found
that single-stroke flashes typieally transfer 4.6
eoulombs of charge to ground. The above energy
value corresponds to a discharge to ground of
4.5 eonlombs from an initial potential differ-
ence of about 3 » 10' volts, & value consistent
with the 10°-10* volts estimated by Malan
[1963]. It has previously been shown [Dawson
ot al, 1968] that the use of the energy ~alue
nbtained above for a lightning stroke, 23 x 10*
J ‘m. aiso leads to exeellent agreement with the
thander tata of Few et al. [1967].

The ahove estimate of energy dissipation in
lightning is, as before, vased on the assumption
of equal radiative efficiencies of the two sources,
in this ease, time-averaged.

FurtHer CALCULATIONS

Other interesting rough caleulations ean be
made wilizing the above data. For example,
the voltage applied to the spurk gap at the
instant of peak input power was about 10°
volts and the eurrent was about 5 X 10® amps.
Assuming a uniformiy condueting channel be-
tween the two electrodes, we find that an
average electric field ¢f avout 2.5 X 10* v/em
was present during peak power dissipation. If
the conduetivity of the spark channel under
these conditions is abeut 180 mho/em [Uman,
1164], the ahove electric field and current values
give an average current density of 4.5 X 10°
amp/em® and a channel radius of 0.6 :am at
this instant.

A sinilar estimate can be made for lightning
by assnming a eurrent on the order of 10* amp
1 Malan, 1963] is present at 1the time of peak
power dissipation, In this case, the caleulated
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peak poawer mives an average cleetric fichd of
TN X 10 v em, a valie similar to that of the
spark. Assiining a conduetivity of 150 mho/cm,
we obtain a lightning eurrent density of 1.4 X
100 amp/em® and a chaunel rading of 1.5 mm
at peak power dissipation, For both the spark
anm lightning, the instant of penk power proh-
ably ocenrs before appreeiable ehannel expan-
sion has taken plaice, after which 1he channel
dimeters could e on the order of centimeters
| Uman, 19%46],

ASSUMPTIONR

General comparison of the two sources.
Since the detector nsed has a flat spectral sensi-
tivity over most of its broad bandwidth, the
signal voltages obtained should be substantially
independent of the input spectral distributions
and the variations of these distributions with
time. Therefore, we assume the radiant power
detected at a given time is proportional to the
total power output of both sources within the
detector bandwidth and is given by the ob-
served voltage output of the detector divided
by the pulse calibration factor.

Equal radiative cfficiency at peak power.
The above comparison of peak power dissipation
hias been hased on the assumption of equal
tadiative efficiencies for lightning and the spark
at the instant of peak light emission. This
assumption is based on the following experi-
mental evidence. Time-resolved spectroscopic
studies of the spark [Oruville et al., 1967] and
lightning [Druille, 1066] indicate that they are
spectroscopically verv similur, particularly at
shout the instant of peak radiant emission.
Sunilar peak temperatures and eleetron densi-
ties are caleulated from spectra obtained with
a time-Tesalution of 2 usec for the spark and 5
nsec for hightning. Also, there are strong indi-
cations that the lightning and spark channels
are optically thin for most of the time of radi-
ant emission [Uman and Orville, 1963; Oruiile
et al, 1067]. It is thus rveascnable to assume
that at peak temperature lightning and the
spark have very similar radiative efficiencies.
A3 spectroscopic sonrees, the major difference
hetween them would appear to he one of size
amnd time seale.

Equal average radiative eficiencies.  The esti-
mate of energy dissipation in lightning was based
on the assuinpiion of equai average radiative effi-

/

LY

ciencies within detector bandwidth. This assminp-
tion is based on evidence similar to that deserited
in the preceding paragraph. Spectroscopic studies
of the spark and lightning indicate that similar
veak temperatures are attained and that the
channels are probably optically thin for most
of the time of radiant emission. In both cases
the temperature appears to rise quickly to a
peak valne and then decrease slowly [Oruille,
1066; Orville et al,, 1967]. Figures 1 and 2 in-
dicate the major contributions to the radiate!l
energy values come from the early time re-
gions. Thus, since the early peak temperatures
are comparable and slowly decreasing, it is
quite reasonable to assume equal average radia-
tive efficiencies for these times, It should be
emphasized that this assumption is only valid
for the calculation of energies associated with
the early spark-like lightning channel behavior.
Clearly long-duration low-power events, such as
channel continuing luminosity, could no. he
analyzed in this way. Single-stroke lightning
flashes typically leck, as does the spark, the
long continuing currents sometiries found in
multiple-stroke flashes [Kitagawa et al., 1962].

SuMMARY

The radiant power and energy emitted within
a given speciral region from a single-stroke
lightning flash have been compared with those
of a long spark whoee electrical power and
energy inputs are known with fair accuracy.
With some simplifying assumptions, the above
comparison permits a calculation of the peak
power and energy dissipation in the lightning
channel. We obtain an average power input per
unit length of 78 X 10° w/m, at the instant
of peak radiant emission from the entirs chan-
nel, and ap avernge energy per unit length of
23 x 10* J/m. The peak power value repre-
sents the most reliable determination of that
parameter for lightning to date, and the energy
vahie is in good agreement with other estimates.
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Four-Meter Sparks in Air

M.A Unan, RE Oy e A0 M OSLETTEN
Westinghouse Researcl: Laborateries, Pittsburgh, Pennsylionia 13233
AND
E. I' Kriurt
Institnte of Atmospheric Physics, The niversily of Acizona, Tucson, Arizona 85721
{Received 4 June 1968)

Sparks of 4.m length in atmospheric air were stadied, using hish-speed image-comverier photagraphy,
current amd voltage measure:ments, absolile measurements of radiated tisht intensity. and hish-speed image-
converter spectroscopy  Co-related results of the various measurements are presented. The energy balance

of the spark is discussed,

1. INTRODUCTIOR

Recently, Orviile ef al.! have measured the tempera-
ture, pressure, electron density, and percentage ioniza-
tion in 2.5- and 5.0-m air sparks using a spectroscopic
system with 2-psec time-resolution. The sparks were
generated by the Westinghouse 6.4X10° V' Marx-
circuit impulse generator at Trafford, Pa. Using the
same facility, Dawson ef al.2 studicd the acoustic outpnt
of a 4-m spark and compared that output with the
acoustic output of natural lightning; and Krider et al.2
measured the radiant power and the radiant energy in
the 4000 to 11000 A wuvelength range from a 4-m
spark and compared thosc meast.rements with similar
measurements mace on natural lizhtning.

In the present puper we report on an experimental
study of 4-m air sparks generated at Traflord. The
diagnostic techniques used in the study included hich-
speed image-converter photography, current and
voltage measurements, absolute measurements of
radiated light intensity, and high-speed image-con:

® Present affilialion S1ate Universily of New York at Allany.
Alhany, New York 12203,

1 NASA Pre-Doctoral ‘L rainee, Depariment o 1'hysics, the
Universily of Arizona, Tucson, Arizona 85721.

1R, E. Ouille, M. A Uman, and A, M. Sletten, J. Appl. I'hys.
Res. 73, 3335 (1968).

1 G. A. Davson, C. N. Richards, E. P. Krider, and-M. A, Uman,
J. Geophys. Res. 73, 815 (1968).

3 E. . Krider, GG. A. Dawson, and M. A. Uman, J. Geophys.
Res. 73, 3333 (1968),

verter spectroscopy. ‘The spark-gap geometry el
ehectrical circuits for producing the breakdown voltage
and for meusuring the gap voltage and current are
shown in Fig. 1. The voltage applied across the rod-
pline gap would have been a standard [.5X40 wave
(1.5 psec to prak and 40 gsee to half-valne) with a
crest value of approximately 3.3 10° V in the ubsence
of gap breaukdown and corona load. The charging
valtage and thereby the stored energy were kept con-
stant for both pasitive and nezative rod polarity. The
critical breakdown voltages for a 4-m rod-plane gap
are given by Udo* as 1.9X10% V' for positive rod polarity
and 2.8 X10°V’ for negative cod polarity. Consequently,
the applied overvoltages differed considerably for the
two polarities. A still photograph of a 4-m air spark is
shown in Fig. 2.

2. IMAGE-CONVERTER PHOTOGRAPHY

A TRW image-converter camera was operated in
the framing and streak modes at a distance of 19 m
from the 4-m spark in order to photagraph the lnminous
breakdown processes. Figures 3 and 4 s<how imagze
canverter photagraphs of the discharze iaken at 0.3
waapintonvaiopee N0 e cntat ralt i)

For the case of the negative rod (Fig. 3V no luminons
processes are recorded by the camera until about 3 or 4
usee after the application of the voltage, At that time
s secondary streamer {the terminobozy edvocated by

4T Udo, IEEE Trans., PAS83, 171 (1964).
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Loch®) or leader (in analogy 10 the lizhining leader®)
emerges fram the rasl wnd propegaes taward the plane
at about 2X 108 ny, sec. Before the downward-moving
leader has crossed hali of the gap. one oF mare npward-
moving leaders is initiated fram the plane. The down-
ward-moving leader and one of 1he upward moving
leaders mect, usually just below midgap. and a bright
luminosity is prapagated from the junction both npward
and downward toward the twa clectrades ot about
35007 mysee. The propaation vebaity of the bright
luminosity or reiurn siroke (in analogy (o lightning®)
was determined by comparing « ! and TRW streak
photographs. In Fig. 3 at 3 wsee the return stroke has
crossed the gap, leaving the channel highly illuminated.
The junction at the downward- and wpward-maving
leaders is frequently characterized by a region of multi-
ple channels.

For the case that the rod is pasitive (Fig. 4), a leader
appears from the rod within abaut 1 ar 2 gsec from the
application of the voltage and propamates downwurd
initially at about 1X10® m/sec, increasing to ahout
2X 10* m/sec near the plane. In contras te the neza-
tive-rod breakdown, the downwurd-moving leader
bridges essentially the whole gap, except for the last
few centimeters which may be covered by an upward-
moving discharge. \WWhen the positive leader reaches the
plane, streak photographs show that an upward-
propagating return-stroke is launched from the plane
toward the rod. The return-stroke tuminosity is not as
distinct from the preceding leader luminosity as in
the case of the negative rod, but both return-stroke
velocities appear to be abeut the same. Note that the
nine individual frames shown i Fig. 4 are not from
the samie discharge. Since the framing unit used in the

TRW camera allowed only three frames per discharge,

Fig. 4 has necessarily been constructed from three
separate discharges. Further, the gain setting on each
series of frames is diTerent, the gain being increased
for the earlicr frames.

The imave-converter photorraphs showed no primary
streamers (Loeb’s termnology®) or im tulse corang (the
notation used in most of the earlier literature’?®) prior
to the leader’s appearance as had been observed by
Saxe and BMeek? Purk and Cones® Kiitzinger? and
otiers for gaps about 3 m or smadler. The image tube
threshold was probably not fow enough to reccrd the
impulse corona. Some evidence for the existence of
impulse corona is presented in Secs. 3 and 4,

VL B Lnoeh, Science 148, 1417 1106%),
. O;ﬂ‘)i A. Uman, Lighsing {McGraw-Hill Book Co., New York,
“; srf“ F. Saxe and J. M. Meck, Proc. IEE (London) 102, 221
ol \i{. Tark and H. N. Concs, J. Res. Natl, Bur. Std. 56, 201

{

* . J. Kritzinger, Ph.IV. thesis, Universily of Witwalerstand,
Johanneshurg, t1902; Proc, Intern, Conf. Jonization Phenomena
in Coaee, 6th, Paris, Vol. If, (1963), pp. 293-299; Nature 197,
1168 {1966).
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Fic. 1. Schemalic diagram showing cirenit for producing 4-m
rocl-plane sparks and circuits for measuring spark gap voilage
and current.

The time scales shown in Figs. 3 ind 4 are £.r particn-
lar discharges. For any individual discharge, the time
necessary to generate a bright channet between rod and
planc varied between about 4 and 6 psec from the time
of application of the voltage. The zero time value was
chosen to be at the time of the initial pulse of tf radia-
tion cmitted by the spark gaps of the Marx circuit. The
TRW camera was triggered on this pulse via an antenna.

3. ELECTRICAL MEASUREMENTS

Voltage and current oscillograms recozded on Tek-
trunix No. 507 oscilloscopes. using the circuits shown in
Fig. 1, are retraced in Fig. 3. The zero-time reference
for the voltage and current curves of Fig. 5 may differ
by as much as 0.3 usec, so that accurate power measure-
ments could not be vbtained from these curves. How-
ever, direct traces of voltage as a function of current
were recorded, from vhich power measurements could
be more accurately derived. The current recorded in
our experiments was that flowing through the shunt
resistor underneath the plane. During the fast voltage
changes there may be considerable difference between
the measured current and the channel current flowing,
Some of the small-scale structure apparent in the
voltage and current curves may be duc to signal reflec-
tions in the measuring system or to electromagnetic
pickup. The structure shown, nevertheless, was aiways
present. From about 7 to 30 usec the electrical cur:nt
through the gap deczys approximately exponentially
with the RC time constant of the impulse generator,
about 7.5 usec. At about 30 usec, the gap current
approaches zero, and then reverses polarity. The reverse
current reaches a magnitude of about 200 A, and
finally goes to zero between 60 and 80 usec. The mecha-
nism of current reversal is not understond,

As can be scen from Fig. S{a), for the case of the
negative rod a current of the order of 100 A appears to
flow in the gap, even before the time that the image-
converter camera records luminous leaders extending
from the rod and the plane. ‘The rapid current-rise to
peak occurs in 1 usec or less, and is apparently asso-
ciated with the final-leaders stages and the return

T S et e g 7 St e s 2
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Fic. 2. Siill photograph of a 4-m air spark between a positive rod and a negzative plane.

stroke. Prior to the rapid current increase, the voltage
across the gap is roughly constant at about 3X 108
volts for about 2 usec. The small current pulses occur-
ring between 1 and 2 psec are probably similar to the
pulses observed by Saxe and Meek,” Park and Cones.?
and others, und associated by them with impulse corona.

For the case of the positive rod, Fig. 5(b), an ap-
preciable current flows in the gup after about 2 gsec,
cons’stent with the appearance of a relatively bright
leadier on the image-converter photographs of Figz. 4.
The current rises to peak over a time of 3 or 4 usec,
during which time the gap voltage slowly collupses. The
small current pulse occurring between 1 and 2 pusec
is probably due te impulse corona.

The peak power input to the discharge channel from
the impulse generator occurs when the voltage is col-
lapsing and the current is rising tn peak. From the
measured V-/ characteristics, the peak power was
found to be about 5X10* W fur the regzative rod and
about 5X10* \V for the positive rod. Errors of £207,
are present in these values, due to the inaccuracy of the
V-I characteristics and due to the uncertainty in the
actual value of current in the gap.

The total encrgy input to the gap has been calculated
by two independent methods. The first is by integrating
the power curves over time; the sccond is by subtracting
from the initial stored energy of the impulse generator
the energy dissipated as I*R across the 960 Q serics
output resistors shown in Fig. 1. The total energy input
to the gap so deterntined for both the positive- and the

Fis. 3. Imagecon.
verier  photograph  of
. the e’ecirical hreakdown
. between a negative rod
X and 2 jijve plane
: separated by 4 m.

Tinie From Applicaticn
of Voltage in pusec

nezative-rod cases was 241104 J, 1t was not possible
within the accuracy of the measurements to determine
which dischar,e polarity absorbed more input energy.
X the spark is assumed to be straight and veitical,
rough values for the input energy and peak power per
unit fength can be derived. For the positive rod these
rough vidues are 1.3X10° W/m and 5X10° J/m; for
the negative rod, 1.5X10° W/m and 5X10® J/m. In
addition to the uncertainties in these values discussed
above, the actial values per unit length should be
lower thar those given, because the spark channed is
tortuous and the sparks are often not vertical.

4. LIGHT OUTPUT

Measurements were made with three calibrated
photodiodes, E.G. and G. types SD-109, SGD-100,
and SGD-444, of the spectrally intezrated (4000-
11029 A) lizht intensity emitted from the spark.
Measurements were obtained of the absolute light
output. both [roem the whole discharze channel and
from a 6-c:a section of the discharge channel. In Fig. 6
is shown the relstive fight output from a 6-cm section
of the discharze from a negative rod, obtained using the
SGD-4H4 diode. The isolated section was located 3.1 m
above the plane. In Vig. 7 is shown the relative light
output tron. a 6-cm section of the positive-rod dis-
charge obtained using the same diode. The sect'on
observed was 2.3 m above the plane.

In Figs. 6 and 7, certain points on the curves have
been labeled A, B,.«-H, although: in some cases these

i, 4 Image converier photographs of the cectrical breakdown
Letween u positive rod and a negative plane sepataled by 4 m.
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13) Negative Rod

FOUR-METER SPARKS IN AIR

£d) Potitive Rod

Time, ysee

N

T =

Fic. §. Voltage across 4-m rod-p'ane spark gap
vs time, and currenl through gap vs lime for
(a) negative rod and (h) positive rod. Zero-
time reference for voltage and curreml curves
may differ by a3 much as 0.5 usec. Data given
are representative. Vor individual sparks, time

to currenl and time to vollage collapse
vnn‘:l‘kmd were typically between 4 and 6 usec.

points are not well-defined. We interpret the varicus
labeled sections of the curves as follows: Rezion AD
represents light arriving at the detector before the
leader tip crosses the gap section under observation.
This light is due etther ta impulse corona crtoscattering.
or reflection of the light emitted by the leader outside
the gap section under observation. In region BC, a
sudden increase in brightness is due to passage of the
leader tip across the section of channel under observa-
tion. Region CD represents an increase in brightncss of
the leaders ckaanel with time. Region DE represents a
rapid increase in light due to the passage of the return
stroke and formation of the high-cucrent channel across
the spark zap. After peak light intensity is reached. the
light decay is relatively rapid in region EF, slow and

roughly exponential in region FG, and even slower and
roughly exponential in region GH,

Figures 6 and 7 are similar, with the following notable
exceplions: For the positive rod (Fig. 7), a longer
preleader resion (AB) is apparent than for the negative
rod (Fig. 6), and for the positive rod the points D and
F are not well defined. That the point D is not well
defined for the pasitive rod indicates that there is not a
marked difference in intensity between the final leader
and initial return-stroke phases, as noted in Sec, 2. In
general, the qualitative features of the light emission
are what one would expect from an examination of the
image converter photographs.

The techniques for deriving values of radiant power

from photoelectric measurements are discussed by
BB W 8 %W @ ®» w W W m »
! Tiere. max I

Fic. 6. Radisted power vs time from »
6cm of a &m svark initiated from
a negative rod. The ohsorved segment way
3.t mabo. e the p'ane. Da: a represent average
of many measurements. f'cak va'ues for
individual sparks varied ny +£200; from
a . Time 10 peak for individua! sparks
varied and was 1ypically hetween 4 and 6
usec {rem applicadon of vollage.
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i Fie. 7. Radiated power vs time from a
6 cm segment of a 4-m spark initiated from
a positive rocl. The observed segment was
2.3 m alwove the plane. Peak values for indi-
vidual spieeks varied by 22077 from average.
Time w0 peak for individual sparks varied
and was typically between 4 and 6 psec from
application of veliage.
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Krider"® and Krider ¢! al? The peak radiant power per
unit length was found to be about 1X10F W/m for the
negative rod and about 4X10° W.m for the positive
rod. These values represent the average of many meas-
urements of peak power. Values of radiant power
obtained using each of the three calibrated diodes were
in good agreement. Peak-power values for individual
sparks varied by about £20% from one discharge to
another. In addition, the accuracy of the absolute
measurenents of power mzy be in error by about 259,
due to the inaccuracy of the calibration factors. The
negative-rod discharge radiates about twice as much
peak power as does the positive rod. As is upparent
frcm an examination of Figs. 6 and 7, the light output
from the negative rod has a faster risetime to peak
and a faster decay time to half-value than does the light
cutput from the positive rod. The total radiated light
energy ca., be determined by integrating the power-vs-
time curves. The radiant energy per unit length for
the negative rod was found to be about 15 J/m, fer the
positive rod about 18 J/m.

As noted in Sec. 3, the discharge current goes to zero
between 60 and 80 usec. In Figs. 6 and 7, light output
is presented to 120 psec. Thus the latter times on Figs.
6 and 7 represents the decay of an air plasma in the
abserice of energy int * to that plasma. With the
SGD-444 photodiode, ;iit was mcasurable to about
200 usec, at which time the light intensity was down
more than four orders of magnitude from the peak
intensity.

S. SPECTRA

The TRW image-converter camera was used in the
streak mode to view and record the output of 2 “home-

® E. P. Krider, J. Goephys. Res. 74, 3095 (1966).

made” spectrometer. A 6-cm section of discharge chan-
nel near the middle of the spark gap was isolated by a
lens and slit system, and the light from that section
served as input to the spectrometer. Typical streak
spectra for the negative-rod discharge and for the
positive-rod discharge are shown in Figs. 8 and 9,
respectively. The time scales of the leader stage, stage
of high luminous intensity, and the intensity decay
for both positive and negative rod are in good agree-
ment with the time scales determined photoelectrically.

Quantitative spectral measurements of long sparks
were previously made on photographic film by Orville
el ¢l with the spectrometer coupled to a rotating film
drum, the svstem having 2-usec time resolutien. Orville
el al.! determined that the channel temperature during
the first 2 psec of bright luminosity, corresponding to
2 usec around the peaks on Figs. 6 and 7, was about
31000°K. (A short discussion of the meaning of the
word lemjeralure in a trznsient spark is given by Orville
el al.) Since the light intensity changes markedly in a
2-usec period including the peak intensity. it is clear
that the temperature value determined represents at
biest some kind of average over the 2-usec interval. On
the other hund, temperatures determined for times
several microseconds and more after peak light intensity
should be relatively accurate, since for these times the
luminosity does not vary rapidiz. From 6 to 14 psec
after the peak luminosity, Orville o of. found spark
temperatures which decayed from about 24 00°K
to about 19 000°K. It sheuld be pointed out that the
data of Orville e al. are for 2L5-m and 5.m <purks,
However, since the measured temperatures were, within
experimental error, the same fur these two lengths, it is
reasonable to assume that the temperature neastred
is valid for the 4-m spark also.
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In order to estimate the temperature of the leader, the
image-converter spectra of the leader process can be
qualitatively  compared  with  the  image converter
spectra of the decaying spark channel, for which tem-
perature is known. The leader temperature is thereby
estimated 1o be of the order of 20 009°K, The leader is
apparently a very hot are channel whose primary radiat-
ing species is singly ionized nitrogen (NII). The transi-
tion from leader to return stroke as seen on the spectra
is more pronounced in the case of the negative rod than
in the case of the positive rod, although this distinction
is not clearly evident in Figs. 8 and 9, because the two
spectra reproduced were streaked at different rates.
That the leader-to-return-stroke transition is more
pronounced in the negative rod case has also been
noied in Sves. 2 and 4. [n both cases the spark tempera-
ture rapidly increases at the start of the return stroke
phase, as is evident from the appearance at that time
of spectral lines (OfI, NII, and ibly NIII) of high
excitation potential in the 4858 A region.

6. THE ENERGY BALANCE

We consider now the energy balance for the spark. A
significant fraction of the total energy input to the +m
spark takes place in a time of the order of 1 usec, while
the gap voltage is coilapsing and the spark current is
rapidly rising to peak, probably during the final leader
stages and the return-stroke stage. For the case of both
positive and negative rods, the total energy input is of
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Fic. 8. A typical image converter sireak spectrum of a 6-er
segment of a & mi spark mnitiated from a negalive rod. Segment
viewed was near midgap. Times given are from application of
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Fic. 9. A typical image-converter streak spectrum of a 6cm
segment of a +m initiated from a positive rod. Segment
w;elwul was near mudgap. Times given are from applicatioa of
voltage.

the order of 5X10° J/m. The input energy heats the
leader channel in & short time, compared to the time in
which the channel can expand appreciably. Thus, the
heated channel must be at a pressure exceeding ambient,
and the channel will expand, creating a roughly cylia-
drical shock wave, which guickly rclaxes to a sound
wave! ! The channel expands until its pressure is in
equilibrivm with the surrounding atmosphere. Accord-
ing to the data of Orville f al.}, the time for the channel
to reach atmospheric pressure is about 8 usec from the
first recorded light emission on film. During this 8-usec
interval, energy has beern radiated frem the channel,
and energy has been transmitted from the channel
into the shock wave. Thermal conduction and thermal
convection are probably not significant as energy-loss
mechanisms because of the short t'me involved. We
conclude, then, that at about 8 usec after the peak input
power has been attained, the bulk of the input energy
isdivided betwzen (1) energy of excitation, dissociation,
ionization, and kinetic energy of the channel particles,
(2) radiated energy, and (3) encrgy delivered to the
shock wave. We derive now quantitative estinutes of
the encrgy stored, and of the energy radiated as light
and sound.

WA A Few, A J. Dess'er, D, J. Latham, and M. Rrook, J
Geophy s. Res. 72, 6149 11967).
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1) Accordine ta the data of Burharn and Wicnecke.”
the energy densit: f aiv an CRETK and 1 oatm pro-
sure is about 0.7 J em® The tot:d energy stored in the
chanrel at this temperture and pressure is strongly
dependent on the channel diameter, We have deter-
mined the spark-channel diameter by photographing
the channel with & time integrating <lisless spectrameter
ot high inverse speetral disper<ion “Thus the width of
the spectrat lines, whick from theor. are intrinsically
uarrow, could be divectly related 1y v channel die-
cier, A maxbmuin dianeton ot 1.2 o was ohiserved from
analysis of NII light, of 1.8 em from analysis of NI
ligzht. That the channel is wider in the light of neatral
atum than in the light of 1ons is due 1o two effects: (11
the channel widens as it cocls, ane? 12+ the NH radiation
is predominantly from a Lot (hamboore, while the N1
radiation is from the cooler outer rezions. The NJI
light from which the measurement was made was brighi
for about 5 usec. If we assume a dimeter of 1.8 cm, the
stored energy per nnit Iength of channel is 180 J/m,
about 465 of the input energy. Since 30 000°K is an
overestimation of the channel temperature 8 usec after
peak light output (Orville ef al.} found 24 000°K). and
1.8 e is probebly an overestiviatin of the channel
diameter, a vaive of 180 J m for the stored energy can
be considered an upper limit o the actual value,

(2) The en=tgy radiated from the spark in the 4000
to 11000 A range is about 15 J/m for the negative-rod
case and about 10 J m for the positive-rod case. In
both cases the radiated energy is i fraction of a per
cent of the total input energy. ft mizht be expected
that the wavelength range 4000 ta 11000 A would
contain at feast 107 of the total enerzy whick escapws
the channel as radiation, since little uv rasliation can
escape the channel because of the short optical depth
for that radiation, and very little energy is radiated in
the infrared at teniperatures in the 20000° to 30 000°K
range. Thus the total radiated energy is probably a
small fraction of the input enerzy. i« is further interest-
ing to note that the peak radiated power (4000 Ao
11000 A) is less than 15, of the peuk input power.

(3) It would appear that a large fraction of the
input energy goes into the shock wave. The experi-
mental measureinents of Dawsaon el al? support this
view. Dawson ¢/ al. measured the frequency of the

2 F, Burhorn and R. Wienecke, Z. P'hys. Chem. 215, 268
(1960).

aconstic wine cnitted by the spatk and. - ing theor
rolatin g cnnul wave frequency o the eergye prmpin.
the shock wive," showed that a pumping energy of the
order of SXHP | m yiclds a round wave whase fre-
quency is of the order of WP Tz, the measured valae,
Thus, it would appear that the major faction of the
input eneruy to thespark is delivered so e shock wave,

7. COMMENTS

The experiment deseribed in this paper could be
impraved in a nuniber of obviaus ways. Mast important
woull e i« more accurite synchronizing of the zero-
time reference for the TRW camera el various oscit-
loscopre traces. With suel a synchaonioatiog it wondd Te
pussible to determine, for evanaple, ot what stage ol
the leader ur return-stroke development the peak input
power occurred, and how the time of the peak inpin
power was refuated fo the time of the peak ontput
lizht. Second in imporwance is the design of equipmen
for measuring the current feaving the rad. With &
knowledgze of both the current out of the rod and the
current under the pline, a letter understanding of
the current distribution could be abiained. and conse-
quently better clectrical power and energy data could
be derived, Third, it should be possible to improve the
absolute accuracy of the current. valtage, and light-
output measurements, although it should be painted
out that the uccurate measumement of high curients
and voltages on a submicrosecand time scale is no
simple task. Finally, the image-canverter spectra shonld
be cilibrated so that gquantitative data regarding such
physical characteristics of the disclurge channel as
eleciron density and particle encrgies could be deter-
niined on a thme scale of 0.1 usec or faster.

Inithe evperiment described in this paper, the impulse-
gencrator-charging voltage, the eneruy stored in the
impuaise generatar, and the Zircuit impedances have
been kept constant. Undouttedly, changes in these
par:meéters will intiuence the phenomena recorded here.

ACKNOWLEDGMENTS

e wish to express our appreciation to A. J. Ven
turino for his assistance in performing these experi-
ments, This research was suppaor ted in part Ly the Office
of Naval Research ard by the Federal Aviztion Ageney,

R



b e e i abht o L

(o e e

APPENDIX V

"A High-speed Time-resclved Spectroscopic Study of the Lightning Return Stroke,
parts I, II, III"

by Orville

R LT L T T L ey, e --3
k.
3
3




AT T AT T M

T TR,

i

T

il

TR

Wi 1

TV

"

hihtiaia sl s ok i a1

T TSI W TR TR TS

Repamted apen Jargx s o Vismosenekie Saiesces, Valo 23, Nao, 3, Seprerelner, JUO08, pp. N27-83X
American Meteoralogical Seciety
rioted in 11 &\,

A High-Speed Time-Resolved Spectroscopic Study of the Lightning
Return Stroke : Part I. A Qualitative Analysis'

Ricuarp E, Orvicke®
Institute of Atmaspheric Physics, Tuscon, Aric.

tManuseript reevived 15 Decendwer 19671

ABSTRACT

The first time-resulved spectra of return strohes between the claud and ground have been obiained. During
the summers of 1965 and 1906 twenty-twa speetra were obitained at the Institute of Atmespheric Physics,
‘T'uscon, Ariz. The spectra were recarded with twe high-speed streaking cameras converted o slitless speetro.
graphs. The cearversion was accamplished by mounting Bausch and Lomb replica transmission graings in
front of the cameras’ oljective lenses. The gratings are biazed for 33007 and have 600 fines mm ¢ Inverse
dispersions from 70-HOX mm™! were used. Most of the data were «btained with a Beckman and Whitley
high-speed camera. A 200-mm olijective lens was used 1o focus the return strohe on 2 0.3-mm horisaal slit,
‘Thus, a 10-m section of the lightuing channel was isolated for a discharge occurring a1 a distance of 4 k.
haia have heen obtained with a time resolution «f 2-3 asec. Al speetra have been recorded on film cali-
lraled for intensity and wavelength with a xenon source of known relalive spectral =mitance.

The following data have heen ohtained. Spectral emissions fram 4000-06008 have bevn recarded with
104 wavelengih resolution. \il emissions Eave been attritated 1o neutral hydregen or 1 ncutral s singh
ionized atoms of nitrogen and oxygen. No molecular «r coably ionized emissions have been identined in
these spectra, The 1ime for Inminosity 1o rise from ccm cits peak in a section of the channel is i psee or
less. Several faint lines due 1/: acutral nitrogen and oxygen atams persist for 150 usec. The H-alpha line is
present in these spectra. The recorded time sequence of s wctral emissions froms a section of the lightining
channel is 1} line radiation from singly ionized atoms, 2) continuum, and 3) line radiation ‘rom ncutra! alnis.
A\ flash has een recorded composed of at least 3 strokes. Two 13pes «f strokes are observed in 1his lash. The
first 1ypse is characterized by intense short-lived emissions from singly ionized nitrogen atoms (N1 aund a
long lastiag H-alpha emission. Continuum eniission is relatively weak. In the second 1vpe, the singly iuized
nitrogen emissions (N1I) pursist for a relatively long time and the H-alpha emission is very intense hut shuri-

lived. Continuum emission is relatively strong.

1. Introduction

.

The first time-resolved spectrai studies of lighiniog
strokes with both good spatial resolution and good tent-
poral resolution have been obtained. A presentation and
qualitative analysis of these data are reported in this
paper, followed by o quantitative analysis in the net
paper {Part 11. A Quantitative Analysis).

The lightning discharge in its totality is called a tlash
which is composed of one or more strokes, consisting ol
a downward moving leader process of low luminous in-
tensity fohowed by an upward-moving return stroke of
high luminous intensity. ‘The first leader process usually
involves a multi-hranched stepped leader propagating
downward until contact s miade with the ground by
some one branch. This particular brunch then becomes
the channel for the return stroke and the remaining
stepped leaders merely become luminous branches. The
luminosity of the return stroke lasts only a few hundred
microseconds, the interval between the strokes being
variable but most frequently being about 40 msec.

! Research supported by the Office of Naval Research.
* Subwerpuent sffilistion. Westinghowe: Neses Labutatetiis,
Pittsburgh, Pa.

2 Present affiliadicn: Depi. of Aimospheric Sciences, State Uni-
versity of New York ad Mbany,

Slitless spectroscopy has been used in the study of
lightning for many vears, but never in a yuantitative
way until the present decade. Pickering (1901) was
one of scveral early workers who published spectra of
the lightning flash. Of the 135 or 20 publications falling
in the interval from 1900-1969, the work hy Isracl and
Wurm (141), Dufay (1947), and Dufay and Tcheng
(1949) deserves special attention. These papers repre-
sent the most thorough studies of the lightning specteum
available up to 1962. [t is significint that previous to
this date all publications on the subject dealt with the
spectrum of the entire flash or a number of Mashes. The
lirst specira of the flash resalved into its component
strokes were reported by Salanave (1901). His data
initiated a continuing series of papers on the physicul
properties of lightning as determined from spectro-
scopic analysis. For example, Prueitt (1963) ohtained
the first estimates of temperature within a stroke. This
was followed by calculaticns of peak temperature
(Usman, 1964), of mass density, electron density, pros
sure and particle distribution for the same stroke ¢ man
el el 1904, 19040 In aelditiom. the ol tron denaity oy
lightning strokes was estimated from the hrawdining o
the H-alpla e (Unsan and Orville, 1903), The assinip
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tion of an optically thin emitting channel, necessary in
most of the previous calculations, was checked and
found to be valid for several strokes by examining the
relative intensity irom singly ionized nitrogen lines
(Uman and Orville, 1965). An examination of the con-
tinuum radiation in the visible region indicated the con-
tinuum is probably not Hackbady radiation or brems-
strahlung (Orville and Uman, 1235). All the foregoing
analyses were performed on stroke-resolved spectra; that
is, the lightning flash was time-resolved into its com-
ponent strokes. The resulting exposure was an integra-
tion of all light received during the luminous phase from
a section of the return stroke. All physical calculations
therefore represented at best some kind of “average”
applied to the luminous stage of the return stroke.

The desirability of time-resolving the lightningstroke,
a luminous event lasting 2 few hundred microseconds,
was recognized by several investigators. Israel and Fries
(1956) constructed a scanning spectrograph with a time
resolution of 20 usec, but failed to obtain a spectrum.
Vassy (1955) performed a series of laboratory experi-
ments on the temporal characteristics of spectral emis-
sions from sparks and intended to extend the techniques
to lightning. A few years later Zhiviyuk and Mandel-
shtam (1961) were more specific in their objectives and
stated, “at the present time we are setting up experi-
ments on the measurement of the lightning temperature
with ume sweep.” Private communication with Mandel’-
shtam in 1966 confirms that these experiments were
never performed.

The success in quantitative analysis of the integrated
spectra of lightning strokes stimulated e.;periments de-
signed to time-resolve the stroke itself. A time resolu-
tion of 20 msec had been obtained by Salanave ef al.
(1962) in reconding the integrated spectrum of indi-
vidual strokes, but an increase of three orders of magni-
tude was required to resolve the stroke on a microsecond
scale, Krider (1965) reported the first time resolution of
spectral emissions from individual return strokes using
a photoelectric system with narrow passband inter-
ference filters. Although this was a significant step, it
failed to isolate a narrow section of the lightning channel
and yiclded relative intensity measurements that were
suspect. The problem of time-resolving the spectral
emissions from a narrow section of the channel remained
unsolved.

Experiments in our laboratory indicated a high-speed
streaking camera with fast film should be capable of re-
cording the spectral emissions from a section of the
lightning channel with 5-usec time resolution. The ad-
vantages of a photographic system include a high 3ensi-
tivity and the possibility of recording simultaneously
the intensities of many spectral lines. An additional ad-
vantage is that a permanent record in simple form is
oblained. Among the disadvantages of film are the sensi-
uvity variation with wavelength and the nonlinear
response te light. Also, a careful calibration procedure
and prucessing technique are reuired to minimize the

Vorvae 23

errors in a photographic system. However, the advar
tages are more important than the disadvantages in
study of the lightning stroke; thercfore, a high-speed
streaking camera modified to a slitless spectrograph was
used in the summer of 1965 to study the spectral emis-
sions from a stroke, The initial success of this experi-
ment was reported (Orville, 1966) and the cxperiment
repeated in the summer of 1966. An analysis of all data
from the two summers has been completed and is pre-
sented as Parts [, I1 and 111 in this issue.

2. Equipmeat

A high-speed streaking camera is reyuired to time-
resolve the lightning stroke spectrum. Slitless spectro-
graphs used by Salanave ef al. (1962) were of sufficient
speed to resolve the spectrum of a flask into its compo-
nent strokes on a time scale measured in milliseconds,
but a high-speed camera :s required to time-resolve the
lightning stroke on a scale measured in microseconds, an
increase of three orders of magnitude.

The slitless spectrographs used by Salanave isolate a
1-cm section of the channel in the focal plane, the image
in the focal plane being focused on a film drum which
spins at 1 rps. An increase of three orders of magnitude
can be obtained by reducing the slit width by a factor
of 10 and increasing the drum revolutions by a factor of
100. High-speed streaking cameras are uniquely de-
signed for this task.

Figs. 1 and 2 illustrate two types of high-speed streak-
ing cameras converted to slitiess spectrographs. In Fig.
1 the light from a distant lightning stroke enters a prism-
transmission grating combination and is then focused on
a slit which isolates a small section of the channel. The
prisin-grating combination is adjusted to p-oduce a
“straight-through” path for the first-order spe-trum.
From the channel isolator, the lightning spectrum is
focused by a‘lens and swept by » rotating mirror along
the circumference of a stationary film drum. The result
is a time-resolved spectrum, the time resolution being
determined by the time required to sweep the slit image
on the film. Thus, a 1-mm slit image and a writing rate
of 0.2 mm (usec)™ produce a time resolution of 5 usec.

In Fig. 2 the input optics to the high-speed streaking
camera are the same as in Fig. 1. The onlv difference in
principle i3 that the mirror is fixed and the film drum is
rotated to streak the spectrum. Once again, a time-re-
solved spectrum is obtained.

The advantage of a moving mirror is that higher time
resolution can be obtained compared with a system hav-
ing a fixed mirror and moving film. The necessity for
mirror motion restricts the size of the mirror and thus
severely limits the f stop of the camera. The size of the
mirror cin be increased, however, if the mireor is fixed
and the film spins in a drumn. This fatter technique is
preferred when the light source is faint and sulficient
time resolution can be obtaine) with the spinning drum,
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Fie. 1. Priuciple of a high-speed 1ime-resolvigg slitless specirognph wilizin
« moviag mirror and fixed tilm,

Two cameras were used in this experiment, repre-
senting the two tvpes of high-speul streaking cameras
available. One had a spinning mirror to obtain time
resolution and the other a spinning film drim. A Model
104 high-speed streaking camera was obtained on loan
from the Los Alamos Scientific Laboratory, N. Mex,,
and converted to a high-speed slitl~s spectrograph by
the addition of a Bausch and Lomb 1¢eplica grating. The
grating is blazed for 5500A and has 600 lines mm™. An
Acro Ektar f/2.5 field lens with a focal length of 178 mm
was mounted behind the grating to focus the spectrum
on a horizontal slit with a vertical width of 0.5 mm
(channel isolator). The slit can isolate a 10-m section of
2 cloud-to-ground stroke at a distance of 3.6 km. A
three-faced mirror driven hy a turbine streaks the spec-
trura. Compressed air drives the turbine. Although the
turbine is capable of 4000 rps, it was found that 50 rps
was sufficient to produce 5-psec resolution. ‘The spectral
inverse dispersion was 143A mm™'.

In addition to the Model 104 camera, a Beckman and
Whitley Model 318 high-speed streaking camera became
available in the late summer of 1963. The suitability of
this camera for lightning studies became very evident
and the camera was used exclusively in the summur of
1966.

Fig. 3 shows the camera converted to a slitless spec-
trograph and mounted on a portable table with acces-
sory equipment. Mobility is essential when the field of
view is approximately 10° and the location of a light-
ning discnarge is unpredictable. The Beckman and
Whitley camera is an eleemewlly driven moving-film
streak camera capable of writing at speeds up to 0.3 mm

A0
ot poié
. gl

taseey L A rate of 012 nun (usecr !, vorresponding to a
film drum rotation rate of 138 1px, is adeqnale to pro-
vide $-gsee resolution with a 0.3-mm slit, By decrcising
the slit width from €.30 to .25 mm, data with 2 usee
resolution can be obtained. The film xtrip in the drum is
87.6 cm long. Drum and fillm are rotated inam evasnated
housing. This produces less drnm and tilm temperature-
rise during operation and resohution loss at the image
plane caused by air turbulence is miaimizal. The viamera
was converted to a slitless spectrograph by adding a
Bausch and Lomb replica grating similiar to the one tsed
on the Los Aiamos Model 314, X 180-mm tickd lens fo-
cused the lightning spectrum on a horizontal slit with
a vertical width (chunnel isolator) of .33 mm, This will
isolate a 10-m section of the stroke channel at 3.4 km.
The inverse spectral dispersion is 802 mm . In the
summer of 1906, a 200.mm /3.5 Takuar lens wis nsesd
1o prothice an inverse spectral dispersion of 72A mm
"The dispersion, it should e rememberad, is an averagee
value in the visible region. The “straight-throngh”
prism-grating combination produces a dispersion in the
focal plane which is slightly nonlincar due to the dis-
persion of the prism superimpaosed on the dispersion of
the transmission grating.

3. Photographic technique

Recording the spectrum of lightning on a scale mea-
sured in microseconds requires spectal consideration of
the common sources of error in photometric work.

“Reciprovity failure” is a term relerring to the fact

that different film densities are olstained when the in-

Direction
of Rotation

Fie.. 2, Same as Fig. 1 except for a tined wirror and rocaing nbm,
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Frc. 3. The Beckman and Whitley Model 3t8 high-speed camera modified 10 a slitless
specirograph. Accessory equipmeni is mounted on the lower shelf of 1he portable 1able.

tensity of a light source and time are varied to prodwre
the same exposure. The important factor controlling the
failure of the recip. ocity law is the time rate of formation
of the latent image (Mees, 1954, p. 205). Berg (1940)
performed a series of experiments on reciprocity failure
at high intensities and short exposures. He noted that
tke latent image is formed by an electronic and jonic
process. For brief exposures, the processes are separated
because the electrors are more mobile than the ions.
The dominance of the electronic process over the fonic
process becemes complete at approsimately 40 usee, and
at shorter exposure times there is no reciprocity failure.
Sauvenier (1963) has studied the reciprocity failure be-
tween 107* and 1074 sec. He Binds no reciprocity failure
between 1% and 1 sec and only a slight failure in
the range 191104 sec. Berg's clssic work and San-
venier's results are supported Ly Dubovik’s (1964, p.
338) recent studies.

All high-speed time-resolved lightning spectra were
tecorded with an exposure time <35 psec. Reciprocity
failure can therefore be neglected if a calibration sourze
is used with an exposure time <10 usec. A GLE. type
1531-A Strobotac unit with a xenon source was used to
calibrate the film. This has an adjustable flash duration
fron 0.8-3.0 gsee and the latter serting was used for all
vahbrations.

Emulsion sensitivity is a funciion of the relative hn-
midity (Mees, 1934, p. 128) and temperature (pp. 232 -
237). For this reason, all film was stored under identical
comditions ansd exposed to the calibration source within
a few days after each storm.

Experience obtatned during the sunmmers of 1961
1064 at the Institute of Atmospheric Physies indicateld
that . nimy emulsion with hizh sensitivity wenilil he re-

yuired to time-resolve the spectral emissions from a
lightning stroke. Although slightly out of date, Press-
man’s (1962, p. 80) survey of films and developers for
high-speed recording presents a thorough analysis of the
possible combinations. High Speed Infrared, Agfa Iso-
pan Record, Linagraph Orthochromatic, Tri-X, Plus-X,
and Linagraph Shellburst films were initially tested for
speed, gamma, fog, and wavelength seasitivity. The
film speed was the determining factor. Agfa lsopan
Record was selected for initial exposures despite its
high background fog and lack of red extended sensi-
tivity. This latter characteristic is necessary to record
the H-alpha emission from lightning. The second choice
was Linagraph Shellburst film with low background fog,
high gamma, and extended red sensitivity. Agfa Isopan
Record was used in the Los Alamos Model 104 camera
and recorded the first time-resolved spectrum of a light-
ning struke on 14 July 1965. Subsequent use of Lina-
graph Shellburst film resulted in complete failure due to
the film's low sensitivity. All film was overdeveloped
3U-1009% in Kodak D-19 at J0F.

Kodak 2473 Recording film became available in the
niiddle of the 1963 lightning season and was wsed ex-
ciusively after its high speed and red extended sensi-
tivity were tested. Ttis a film with low resolving power,
melhan granularity, weslinm actance, and an AS\
rating of 1000,

Suhsequent to the first snceess of 14 July, all lightning
spectra were recorded on Keduk 2475 Recording film in
the Beckman and Whitley Model 318 camera. It was
conchided that this combination is the most sensitive
photographic svstem for time resalving the speviral
emsstons from i stroke.

Photoeriphie filim mnst be calibratal for its nonlinesr
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response 1o Hzhto An weeptable pracess s o use a
stepped slit mounted in front of the Strobotae calibra-
tion source, The stepped shit was consteucted by Proweitt
(903 and consisted of steps passing known refative
amounts of intensity, Since the time of exposure is con-
stant, relative esposure changes are divectly related to
relative intensity chanies. FPherefore, density can be
plotted as a funetion of exposure to produce a charac-
teristic curve, Film, ent from the same roll exposed to
lightning, was cyposed 1o the standard source and de-
veloped with the nlm containing the lightning spectrum.
In this way, density variations due to the developer tem-
perature variations and aging were climinated. The film

L 1 1= L 1 ]

4630 4803 3008 579 5680 5942 6163
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Fic. 4. High-speed, time-resolved spectram of a lightning stroke,
14 July 1965. a. A t6-m scchion of a lighining return stroke has
been isolated and the speciram streaked in time, The time resolu-
tion is § usec. Singhy jonized atoms emit lirst, followed by cun-
tinuum radiation. b, The same negative used in i, 4a has been

rinted with less eaposare 1o show 1he persistance of several
Encs for approvinately AL psev,
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I'i6. 5. Streaked spectrum of a lighthing return stroke using
film with red extended sensitivity. Note the appearance of the
;lo-alpha emission at 6563A and the «dip in the continuum at

HSCC.

was brushed continuously during development to mini-
mize the Eberhard effect.

4. Presentation of data

A total of 22 spectra were obtained in the summers of
1963 and 1966, The low number is indicative of the un-
predictable nature of the source. To record a spectrum,
the lightning stroke should occur within 10 km of the
instrument and within a 10° fieid of view, If these con-
ditions are met a spectrum will be recorded, assuming of
vourse, that the camera is loaded, ruaning at the appro-
priate speed, and the shutter is open. Since a time expo-
sure is required, only lightaing strokes occurring at night
vould be recorded. The problem of obtaining properly
exposed spectra from a sonrce as unpredictable as light-
ning was a major obstacle in this experiment. The small
number of data is consistent with the experiinental prob-
lems encountered when working in the atmospheric
lahoratory,

Seven tinie-resolved specira are reproduced in Figs.
4-8. All spectral eissions are from approximately a
10-m section of the lightning return-stroke channel. In
both Figs. 4 and 6, two prints have been made from the
sunie negative to accurat: 'y present the dynamic range
of the recorded image. The spectra cover different ranges
of the optical region because the fortuitous positioning
of the lightning stroke relative to the slitless spectro-
graph determines the wavelength range recerded. The
recorded spectra will now he examined.

Figs. 4a and 4b are reproductions from the first time-
resolved spectrum obtained on 14 July 1965. An exten-
sive qualitative and quantitative analysis of this spec-
trum has been completed. Several weak lines at 4630,
0158 and 6456A persist for approsinately 1300 psee, hut
are not visible in the reproduced specicum, M of the
recorded emissions are from unresolved pmiliplets or

THIR DAY TITER
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lines superimposed on a broad continum. The unre-
solved multiplets are wdentified by the most intense line.
For evample, N1 3630 refers to the singly ionized nitro-
gen mailtiplet (N1 composed of six lines whose bright-
est line ovcurs at 46304, A time scale in microseconds is
provided swith a somewhat arbitrary zero point, arbi-
trary in the sense that “time zero” refers to the time
when spectral emissions are first recorded. A closer
stroke would shift “time zero” to an carlier point in the
lite of the: return stroke and a niore distant stroke would
only have the very intense luminosity recorded, thus
shifting **time zero” to a later time in the history of the
stroke.

All of the intense entissions are attributed to nitrogen
atoms in the singly ionized state {(N11) with the excep-
tion of O11 occurring at 5179A. The identification of (V1
was made after attempiing to calculate the temperature
from the relative intensities of N11 radiation at 5003 and
5179A. Two spectra vielded temperatures in tae 40,0600
70,000K range. These values exceed the temperatuses in
the 20,000-30,000K range reported in Part I and are !
n only presented here to confirm the OII identification.
The reason for the high temp:ratures is that the 5179A
s radiation had beer attributed entirely to NII multi-
Wavelupglhin & plets with an excitation potential of 30 eV. The contri-
bution of Ol with an excitation potential of 28.8 ¢V is
: also important and contributes to an erroncous tem-
3 . g 5 - ; perature value.

; : = It is evident in Fig. 4, and indeed in all spectra ob-
tained, that the singly ionized species emit first, followed
by continuum emission. Both types of radiation reach
their peak luminosity within 10 usec. This short time
contradicts Kriders’ (1965) measurement. He used a
photaelectric system with narrow passband interference
filters to monitor the spectral regions of interest. A
cnrious feature of these data is the long period required
for the intensity of various spectral features to rise from
zero to peak luminosity. For example, N1I emissions re
quired approximatley 40 usec to reach peak luninosity .
Krider {1965) correctly suggested that the length of this
period depends on the apparent time required for the
leading edge cf the return stroke to traverse the partic-
ular length of channel section under observation. The
spectrom reproduced in Figs 4a and 4b is from o stroke
3 ki or iess frorx the obser “ation point. The Los Alamoz
Maodel 104 camera was lucated 17 m above the ground
and elevated 3.6°. Then at a distance of 3 km, a 10-m
section of 1he channed is being observed approximately
200 m above the ground. If the return stroke velocity is

i

| = L '
3680 3942 6163 6363
L1 L1 NE01 H-glphe

&

TN

o~ T vy RS ¢ T Fa 66l 353K 1P cm sec™ (Malan, 1963, p. 25), the leading wdge

3 NE NE Hl. e Hieane of the return stroke is propagated across the section of
Woveiangth o A the channel under study in about 0.3 psec. Therefure,

N the contribution t) the rise-time niade by the propaga-

tion of the return stroke is considered negligible in these

A . e e i otAe i a sk st Current rise-tinies to {owers, power lines and cap-

S0 pentdees et record tive balloons indicate a range of 1-13 psec with 2.5 psec

' . . P i 'ry " % o N 3
v b0 Pt trom the same G0 frequent value for the first stroke (Schonland,
SRl A e b fes Sor o enhnume aed peisisienl

B atbie s 1936, p. 603). Subsequent strokes have current rise-
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times frequently (oo fast 1o he aouratedy measnral,
Berger and Vogelsanger (1903) indiciete it is nsiaby less
than a microsecond and may be less than a few tenths
of a microsecond. The spectral luminaosity rise-time of
10 pser or less is consistent with these results, but the
cemparison between  cloud-te-ground  lightning  and
strikes 10 towers, cte., may not be valid. Cureent rise-
times are measured at the gound and spectea are ob-
tained from a section of the return-stroke channet above
the ground. 11 is apparent, as Krider (1960) kas stated
in a recent article, that he examined a large vertical
section of the chiannel and consequently found long times
for the intensity o rise from zero to peak valwe, the
long times being due Lo the propagation time of the
return stroke.

Fig. 5 i a spectrum from a one-stroks lighining tash
recorded or 2475 Recording film. "The wavelength and
time scales are similar to Fig. 4 but several new features
are apparent. Koduk 2475 film with its red extended
sensitivity has recorded for the first time the emission
at 6563A from the H-alpha line in the Balmer series of
hydrogen. ‘The time characteristic of this emission is
distinctly different from the NII and continuum emis-
sions. The H-alpha peak cmission follows by tens of
microseconds the peak emissions of N1T iand continuum
radiation. The H-alpha line was not present in Fig. 4
because the film (Agfa Isopan Record) was not sensi-
tive to the 6363A emission. This new feature is there-

L L L : 4
3680 3942 616) 6583
(14 NI wE0f H-0lphe

Wavelengih ¢ A

e, 7 Streabad spectrnm froedi retm stroke which s sub-
sgpeat 1o the one in Uiz, 6 aned belicsed 1o be from 1he second
or 1hird swroke, OF the fise recorderd reinro strokes, 1his is rhe
most inhrise stroke in The sk,

ORVIL L N33

6 Ta—ens 363

1] ng NIL O H-alphe
Wovelength in

Fic. 8. Streaked specira of the 1hree remainiog strokes in the
S.stroke flash are refatively weak. The masl inlense one is repiro-
duced here. The H-alpha persistencr is characieristic of all three

spectra.

fore a result of changing films and dues net represent a
physicai difference between the strokes presented in
Figs. 4 and 5.

Two other new featuresilo represent a physical differ-
ence between return strokes. “There is a dip in the con-
tinuum intensity at approximately 20 gsec and a short
streak of light appeirs wt approximately 10 psec be-
tween 5003 and 3179A. A s silar feature appears o
the right of 368UA, These features can be related in the
follawing way. The dip in the contimmm is reminiscent
of the laminasity variations within a section of she re-
tarn-stroke channet irst reperted hy Madan efil. (1933)
and analvzad in detail by Makan and Collens (1937,
They observed that « liminosity enhancement some-
times occurnsd between 10 and 30 usee. The effect of the
enhancement is o praduce an “intensity dip” or lucal
minimum. Malan and Collens examined the luminosity
enhancements and associcted them with current varnia-
tions in the channel arising from branches supplyving
charge 1o the channel. They observed lnminosity en-
hancements when the wpward moving return-stroke
liminasity reached a branch point. This inerease of In-
winosity was belicsed te bae the rosob of increasing enr-
rent due to the availability of another current sougee,
the branch, amd the incressing “freshness” of the charge
beft by the leader process.

T therdfore appears tha the contimnim anancement
is the resnltod & hrandh poing exvisting above the section
ol v hannel under studyv, Fxidenoy of . branch appaears
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e the smadt streak or bahr pres wiisle mentioned
teen SG3 and SITON Thia streeh of Babi is the 3613A
cnissiane from i brach, As montionad previamsty,
similar emissioun igiiwars 10 the right of 36808, Recd!
thay 1t is a property of slitless speerrogrighs thay
chinge in the physical pesitions of the sanre himaes
the position «f e speanm in the focal plane, This,
emissions from a branch displaced 19 the right or lefi
from the main reternestroke channel will have the
branch spectnmn displacat to the right or e of the
sprctrm produced by *he madn uoned,

1 corvhinde thid the retnrm-strohe lnminasity resechel
« branh p’uili\ .q\]-l’u\ililaﬂ\'t\ 5 pnee after ])ru]m;!;l‘l;u;
along the vertival channel sevidon under study, The -
minosity then travelod dosn Hee beanch and at 10 gsa
passed the isoliaed hiranch section, emittingintensespaee -
tral lines in the 3000l 36807 regions. Less intense
emissions were not rvordie The diat of tapping a
NEW CURFERL SOUFCE appeEtes s an increasing kiminosity
in the main chanmd st appeusinuiely 30 o, Similar
enhancemuents in the cantinnum ildensiny ocenr in three
ather time-resolved spectra and are prohibly assoviaaed
with brumch points e the chanmel secvion hudng
studied.

Figs. 6, 7 and 8§ present the st time resolved spee-
tral emisstons from a malti stroke flash, X totad of e
strokes were revorded of which the three most imense
are reprodin el There is reason 10 believe thadt the onder
in which the strokes are presented is the order in which
they occurred. The ambiguity of stroke order srises be-
cause the Blm steip is rtatiog o about otwe in 10 mse
and the strokes are separidal 1o tens of millisceonds,

Fig. 6 is believed 10 be the first stroke in the thash be
canse the specteunt ¢f o branch has been abtdned. Vi,
6 is divided into parts it and b 1o ceproduce the evposure
Lditnde contidnald in the negative, Inst to the left of
36807 tiicre is wan imidentifin emission whirh appears
for 3 usee or less. This midemtisiad emissien is roore
abvious in Fig. 6b than in 6. Similar cmissions ocear (o
the left of 30427, The cmissions in the 304248 region are
actually composed of 1wo fines A apart. In Fig, 6h
these lines are not resolvad besanse of averevposure, Tan
10 the left of 3942 there wre two lings fudintly resohval,
These fdnt lines ars the 3932l 30828 Guissions (ron
schranch in the e steohe, Since i is the lirst sirohe
which characreristically e.ilits briching, 1 eonchle
that Fig. 6 i 1he ficst caroke in he thash,

The spea tenmnin Fig, cantades the clirme serisy + \11
fines identitusd in previons spectras N lines with the
fowest 2 itation appear iest llawel by Bnes vith o
hisher excitarion potentia. diee, NI S dinn
appesos bhebure NTE 32 (230 eV and Leais toeser,
The time of contintinm enession is best representel 9
Fia ofe, The distive e T afpha e is adsent or v,
fant i the st fon oderoseconds b gqrionds boveies
very tetenae cnd dec oo shehy nobntise to the atjc
(R ST \yvtc;\- 11 l|l|"( denssions e reotded L

Y0 o! 111 i

Fiz, 7. helieved 1o he the sccond stroke in the thash,
ehibits several churiecteristics ditfereat fram the tirst
s rokie. Since there is no evidence of the hranching fiund
in Fig. , it appears this is @ enbsequent stroke o the
fiest oo, Norindhe and Dahle (19135 fonm) in Rashes
with 1 7 ~rokes that the second or thind strokes nsually
il the hishest magnetic s density and presnmahly
the highest cirrent, 1t s reasomahle to assnme that the
hichest rurrent would be ascociiated with the highest
honinosiny, Therefore, Teoncnde that Fig. 7 is prubably
the speetamm of cither the seeond ar thind strake in this
tash.

In Fie. 7 alt X emissions and the continnum 1ast
ionger relative 1o similar emissions in the first siroke
eppramlucal in Figg, 6. Continuum aissdon is als wore
intense a1 longer wavelengths and cannot be explained
hy un incrense in the film sensitivity ar optical effects
suihi as vignetting. The H-alpha cmission is overes-
pused s decays quickly until, beyond 120 psec, emis-
siuns are nu longer recorded. A water vapor alserplion
ind in the 30424 region is very evident in the strong
contimann radiation. Weak absorption bands in the
6300A region are upparent and are unidentified. Thy
were first reported by Wallace (1964).

Fig. X ixa reproduction f the third most intense spec-
trinm in the fash. M may have been the third stroke in
the tlash. The N1 emissions are very brief and the H-
wdphiy emission lasts for more than 160 usec. The overadl
intensity is less thas Fig. 6, but the time characienstics
of the emissions are very similar. The remaining two
strokex in this Aash were much less intense and are not
suitable for reproduction. However, the spectral emis-
sions in the two remaining strokes are similar to Fig. 8,
albeit very fuint, and the H-alpha emissions are re-
cordued for wpprosimately 500 usec, or 0.5 msec in each
stroke.

It is indeed unfortunate that the cu rent is unknmwn
in the lash components reproduced in Tigs, 4, 7 and 8.
T'wa distinctive types of strokes emerge -+ this ex-
imple. In the first type we have the intense - rt-lived
emissions of N1I followed by a long la:ti . H.alpha
cmission, Continuum emission is relatively w xak. In the
svcond typ2, we note a high intensity stroke at all wave-
lengths (3680-66C0A). The NII cmission persists for a
relatively long time and the H-alpha emission is intense
bt shart dived. Continuum emission is refatively strong.

It is intcresting to consider several diffcrences be-
iween the time-resolval slitless spectrograms of light-
ning reported in this paper and the slit spectrograms oh-
niinal by Widlice (1964). Walliee™s spectri represent
newt complete compilidion of wivdength identin-
cations in the lightning spectrnm. A signiticant differ.
ence between the time-resolved diva and Wiilliee's
(1904} daticis 1he relative hrightacss of the enissions
in the 3680, 304 ;aud 61637 regions. In the tine re
salvad data tFig 09 we nate relitively intense cmissions
i the 3000 ol 39425 regions and a weak short Tived
ctmisston at 61633, An exaumination of the original new.
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tive indicates the apparent shat lival omission
61037 persists as o faint line Besond 100 e The short
fived emission is dhie to N and the peesistent B
emission is probably O In Wallucds (1) hatoe, tin
568047 emissions are weak, the 3942\ cinissions are con
pletely absent, and the 01634 emission is relatively
bright.

“There are severl possible peasans jor these ditier-
ences. The specirouraphs and thus ol in the two sepe
rate experiments may have diferent sensitivities as o
function of wivelength and this ey aeconnt for Ml the
differences noted above. O the ather hand, the harae
Leristic emission times of species within the lirhining
stroke can be usal to explain the qualitative ditferences
between slitless spectia and shit spectra, Vhas alrendy
been observed that the emission in the 61033 region an
time-resolved slitless speetra is composed of b shont-
lived N1T emission followed by i Gaint persistent D
cmission. On a slit spectrum, however, the total amount
of light would he integraterd, 1o give the effect of an in-
tense line. Willace (1964) obscrved a strong line in this
region. In the 5680 and 59424 regions the emissions ure
attributed solely 1o N 11 emissions which occur for it rela-
tively shert time, on the order of 20 psec. In Wallacd's

NS
O11{2t  NIT(IS) 2,; NIT(20
048 AMT D 4503

)
NII33, 47,48
-, \a

\M
0-Susec
ﬂ' /\/\ 5-10psec
‘V‘““ nl M/\/\j 10-15usec
W /\/J\/\
15-20usec

v

Wavelength, A .

Fie. 9. Mictophatsmeler 1races in the blac v e ool L aiacai
spectrum up b 235 psec. Fraces are presenterd ¢ ory 8 e amd are
anecorrected for 1he qonhinear respanes of 1he tdin el o

apEy b

NILES)

N111208

NITLIS) L
“i

25-0psec
W* 30-35psec

J“\MN
A .
A ﬂ,r\ V W 35- Q0 pset
ay MN ~
o Lol
JH f) ~ S 80-d5psec

i 2 i . ] N i )
2000 £200 400 4600 400 5000
Wavsiength, A
1. 1, Traces presentesd in Fig. ¢ are conlinuert
to 50 usoc.

it the 36814 (mission appears as a weak lineand the
20428 cinission is absent. A slit spectrograph tite ia
teerates 1he dight from a thash and therefore favars the
fines with a persistent emission. (This is peticularly
evident in the strong Healpha emission recorded by
Widkwe.) 11 seemis reasonable that the 30680A emissions
appear as weak lines in Wallee's dati, The absence of
the 59428 unission has been suggested Iy Wallace
(private communicationj as dne 1o & stronyg continaum
radiation recarded in his spectra which makes it tificult
10 discern the 39424 emissions and 1o a moderately
strong watcr vapor absorption line at 39424, 1t uppears,
therdfore, that 2 short emission time, a relatively high
continuun, and i water vapar absorption band may be
suflicient to cyplain the absence of the 59427 emission
in Widlaees data,

5. Microphotometer traces

To complete the qualitative anady sis and take the
frst step toward quantitative analysis, ii is nevessary 1o
abitaie taisrophotometer traces. These trwes represeat
per cent transmission throvgh the fillm emnlsion as a
function of wavelngrh, They st be correaed fa
1edietis proness 1o aitain velidine fnensdt, o B Is sulh

clent e aminie the i orre el 1 es onv e sl of the
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spectrum o point ont several important qualitative
feitmes.

In Figs. 9and 10 the trwes from a time-resolved spec-
trum of i« lightning stroke are presented ta S psec in
increments of 3 g They were obtained by tracing
across a time: sesolvad spectenm every S psec, The SHt -
trnm from which these tra es were obtained is not repro
ducedin this piger. The wavelength identifications have
numbers associated with them which refer to maltiplets
of the particnker speeies. Thus, N1 (35 4630 indicates
thiat the inresolved N1 lines it 4630A compose the
fifth multiplet of singly iohized nitrogen according to the
tables of Moare (1943). Multiplet designations are a
convenience and are fropiently included in wavelength
identifications,

As previoashy notetd in reprodactions of time-resolvad
spectr, NI11 lines are dominani. An Of line appears at
43684 in the first 3 psec. € ompare OI1 4349 and OI
4368 and note that O1I 4349 is initially the most in-
tense line, but as time increases to 20 usec the O1 4368
line becomes stronger relative to OII 4349. This is en-
tirely consistent with a cooling channel that was in-
itially dominated by radiation from singly ionized
species. Bevond 23 usec the singly ionized niteogen lines
blend into the continuum until only N1T 4030 is recog-
nizable at 50 usec. The upper excitation potential of
NI1I 4630 is 21.1 €V and lower than the excitation poten-
tial of adjacent NII lines. Thus, we are not surprised to
see its relative persistence.
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Fi6. 12, Traces presenied in Fig. 1 arc continuer] 10 58 pser,

In Figs. 11 and 12, microphotometer tracings from
4500-6000A are presemed up to 50 psec. This set «f
tracings was obtained by mlcropho.omelenng every 3
usec the spectrim repmduccd in Fig. 4. Note how
quickly the unresolved 51794 lines decrease with time
until they blend with the continuum between 20 and 25
usec. This behavior is representative of emission lines
originating from the high excitation potentials in the
NI and OII atoms (~30 eV) as compared to the lower
excitation potentials whose lines such as 50004 (~23
¢V') persist for 30 usec. The shape of the 4630 multiplet
changas with time as the NI radiation decreases and
Ol emissions in the 4650A region increasc. The profile
of the “uncortaminated” 4630 multiplet can be esti-
mated by plotting the g/ valnes of the companent lines,
where g is the statistical weight of the lower level and f
i1 the absorption sscillator strength {see, for example,
Untan and Orville (1964b)]. A change of she profile
with time indicates the qualitidive cifect of the Ol emis-
siona @ 40304, In the 56807 region the intense NI
emissions are overvinphusized by the sensitivine of \afa
Isopuen Revord ubm,

The Last set of microohotorieter traings vovers the
interesting H-alpho vegion, b Fras 13 i TEHohe reaion
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from 6450 66304 is presented, These tracings were ab H-alpha
3 = tained from the spectrum reproduced in Fig. 6. Note in 6563
: £ the first 5 usec an unidentified line appears just to the
= : 1eft of 6563A. This line is the NIT 6511 emission from «
g branch. The presence of the branch spectrum wis pre-
viously treated under a discussion of Fig. 6. As several
spectra have previously indicated, the H-alpha emission
is initially very weak relative to the N1I emissions. Be-
: g vond 15 psec the H-alpha line dominates the spectral 2-Busec
= : region and the N11 lines disappear. Fig. 6 indicates
3 significant H-alpha emissions are recorded beyond 160 !

. " usec

: A 6. Summary 25-30psec
£ A 10-m section of the lightning strokz has been iso- :

E: lated and the optical spectral emissions streaked in time. :

: These first time-resolved spectra indicate all initial .

3 : emissions are due to singly ionized species of nitrogen 20-35pusec

. _ and oxygen. These emissions and the continuum ra-
: diation reach peak luminosity within 10 usec. Singly :

itk

ionized lines with the lowest excitation potential appear

3 £ NI 35-40psec
‘ 1
NIL(D ,
e 5
650 6500 @550 600 6650
Wavelength, A ;

Fic. 14. Traces presemed in Fig, 13 are continuesd 20 40 gsec.

LUy Rl

fest followed by lines with a higher excitation potential.

H-aiphs
38

: Continuum emission reaches peak luminosity after the

3 0-Susec singly ionized specics and before the radiation from
Z neutral species. Several faint lines due to neutral nitro-
4 gen and oxygen atoms persist for approvimately 150
: psec.
: The emission features of H-alphit are distinctly differ-
: w 5-10psec ent from the emissions of the singly ionized specics. In

E A the firsi 5 usec the H-alpha linc is very faint or coni-
' pletely absent in the spectrum. lts intensity rises rela-

tively slowly and clearly peiks after 10 psee, decaying
until it is onc of the few lines detected in the visible spec-

: : 10-15uec trum beyvond 100 usec.
2 Spectra from a llash composed of at least five strokes
: have been obtained. The spectra fall into twe types. In |
£ - the st type, four of the five recorded spectra erhibit :
E relatively short-lived N1l emissions and a tong Lwsting
: 15-2psec H-ulpha emission. The continuum cission is present <
: bt redatively weak. On the ather hand, the remaining
speetrum and second type shows N1 emitiing for a

redatively long time comparad 1o the same cmning
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weak continuune. ‘Type 1 has long lasting N1 emis-
sions, an intense short-lived H-alpha emission, and a
strong continunm.

A quantitative analysis of these data is prescuted in
the next paper.
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A High-Speed Time-Resolved Spectroscopic Study of the Lightning
3 : Return Stroke : Part II. A Quantitative Analysis'
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(Manuscript received 15 December 1967)

ABSTRACT

A quantitative analysis has heen completed of the first time-resolved spectra of return strokes. All values
refer 1o approximately a 10-m section of the return-stroke channel. Ten return-stroke spectra, vight with §-
usec resolution and two with 2-usec resolution, have been analvzed to determine their temperature-time
curves. The peak temperature in five of the ten spectra is in the 28,000-31,000K range despite the use of
different slitless spectrographs and different muliiplet intensity ratios for the measurements. The highest
peak temperature was calculated to be 36,000K. Temperature errors are on the order of 10-2505. A tem-
perature rise in two of the strokes has been calculated in the first 10 usec from data having 5-ssec resolution.
The two recorded strokes with Z-ssec resolution have monotonically decressing temperature-time curves.
11 is shown that if the number density of a particular emitting species is known, the relative channel radius
radistors are contained can be calculated as & function of time. The NII radia-
tion reaches peak Intensity in 5-10 usec, the continuum radiation attaing maximum withic 10-15 ssec,
while the H-ulpha ewission is most intense in the 20-50
continuum radiation lies between that of the ions and

psec period. The effective excitation potential of the
the neutrals and may therefore be due to radiative

Two spectra with H-alpha emissions have been quant tatively analyced. The first sf ectrum shows an

£ increasing intensity to 50 usec followed by a monotonic decrease. The second H-alpbs spectrum sttains
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1-1.5% 10" cm~* in 25 msec. Errors are oa the order of 507

jtiiit i il sl

1. Introduction

Time-resolved spectrograms have been obtained from

a 10-m section of the lightniny retura stroke and ana-

lyzed for their qualitative featuresin Part 1. Our knowl-

edge of the physical characteristizs of the return stroke

: can be significantly increased if v.e perform a quantita-
tive analysis of the data prescnted in Part 1. An ex-

E S cellent review of these techniques has recently been pub-
lished by Uman (1966). '
. . A quantitative analysis of spectra typically yields

temperature, electron density, and relative intensities
of line and continuum emission as & function of time.
Previously, these techniques have been applied ex-
clusively to the time-integrated spectral emissions of &
lightning stroke. Similar techniques are now applied to
the first time-resolved return-stroke spectra to derive
the time-dependent characteristics of the channel.

3 ! Research supported by the Office of Naval Research and the
3 Federal Aviation Agency. .
* Former affiliation: Institute of Atmospheric Pltysics, Tucsun,

Ariz,
3 Present affiliation: Dent. of Atmospheric Sciences, State Uni-
vensity of New York at Albany,
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2. Theory

The lightning return stroke in its most luminous phase
is characterized by 2 high temperature (Prueitt, 1963)
and a high degree of ionization (Uman ef al., 1964a,h).
It is not surprising, therefore, as observed in Part I, that
a'l the recorded radiation in the visible spectrum is due
to atomic and ionic rather than molecular processes. In
the return stroke, the interactions of the clectrons with
the ions and atoms control the population densities of
the bound states, broaden the energy levels via the
Stark efiect, and ~ause the continuum and line radiation.
Several theoretical implications of these interactions
will now be examined.

8. Temperature

A calctlation of the temperature in a lightning return
stroke requites several important assumptions. The two
mos!. important are that the channel is in local thermo-
dynamic equilibriur. and that the channel is either op-
tically thin or optically thick.

The assumption of local thermodynamic equilibrivm
(LTE) requires that the velocity distribution of the
Jlectrons be Maxwellian and that the energy levels of
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the atems and s be populatal seconling to Maawell-
Roltzmann statistivs. This is frequently the shuation in
high density plasimas where collisional effects completely
dominate the radiative ones, 1{ this were not the case,
then we would be forced to onsider the individual re-
actions occurring within the return stroke and the ac-
companying rate coetlicients and cross sections, many of
which are imknown. An alternative solution would be
to wsume L TE and obiain answers with errors whose
magnitude s unhnowi

There is pethaps some question as to whether LTE

does exist in the lightning return stroke as a function of
time and space. Energy is continuously supplied during
the return stroke phase and an intense luminosity ob-
served. The channel can nevertheless b considered o
be in 4 quasi-equilibrium state relative to the time that
the physical parameters of the stroke change. In other
words, the pertinent equitibration times are short com-
pared to the time it takes for the temperature to change.
Uman (private communication) has shown, using
Griem's (1904) criterion, that the equilibration tiine for
NI levels above n=3 and for electron and ion kinetic
energies in the lightning return stroke is on the order of
0.01 usec, an insignificant time interval relative to the
time resolution of the most recent data.

A distinction is made between LTE and complete
LTE. In LTE it is required that the electron velocity
distribution be Maxwellian (Cooper, 1966). Upper levels
i atoms and fons that are populated according to Max-
well-Boltzmann statistics can then be uszd tocaleulate
the temperature. This temperature is actually the elec-
tron temperature (sometimes called the excitation tem-
perature) of the gas because the electrons dominate the
collisional excitation and de-excitation processes.

For higher values of electron dentity at a fixed tem-
perature, the atomic energy leveis populated according
to Maxwell-Boltzmann statistics drop lower and lower
until at sufficientlv high densities they extend to the
ground state. The gas is then in complete LTE. All
atums and jvns are said to have a thermal population.
The electron temperature then bevonies simply the tem-
perature of the gas. In further discussions in this paper

we will not distinguish between the electron tempera-
ture and the temperature.

Under the conditions of LTE the population of a par-
ticular level .V, is given Ly

Vg
No=——— exp(—FE. &1, n

B
where .V, is the number density of atoms in energy level
#, N the total number density of atomis, E, the excita-
tion potential of the mth level, ga the statistical weight
ol the mih ievel, & the Holtzmann constant, T the ab-
solute tanperature, and BiT) the partition function,

given hy
I:(I'!--E_' 2. o'\.]ﬂ: -F, l’], (2)
’

where the sumpnitton i oner all encrey loveds.
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An eperimental determinition of the temperature
within the lightning return stroke requires a knowledge
of the channel opacity. If the cliannel is optically thin,
then the mean free path for absorption of radiation is
greater than the channel dimensions. Uman and Orville
(i963) have vxamined the time-integrated lightning
spectra and found the channel to be optically thin ta
singly ionized nitrogen atoms (N11I). One time-resolved
spectrum has been examined in a similar way and in-
dicates the lightning channel is optically thin {Orville,
1966). This is, however, far from conclusive and data
with better wavelength resolution are required to check
the assmuption of optical thinness.

The radiated puwer of an emission line per uait vol-
ume of gas at uniform termperaure and density due o
trangitions from level s to level r measured by a detec-
tor is

Tav=KYX a4 :;’”’- ”n (3)

where K is = geometrical factor representing the fraction
of light entering the detector, A,, the Einstein coeffi-
cient for spontaneous emission, k Planck's constant, and
v the frequer :v of the emitted line. Under the assump-
tion of LTE, N, can be repliced using (1) to ubtain
By bu(—EiT) @)
nrflVue\ = Lop, .
B(T)

A similar equation could be written for another linc /.,
representing transitions from the level m to the level p.
Solving for T, after substituting for the A's ,we abtain
{Griem, 1964, p. 270)

Ia,=

(Ea—E,)/k

T= : &)
,nr g» j"- X-r‘]
Inp § 42 fn R-p'

where f is the absorption oscillator strength for a par-
ticular transition. The intensity ratios ave calculated for
a line or a series of fines conposing an unresofved mul-
tiplet. Ratios are calculated for various temperatures to
produce a plot of intensity ralio vs temperature. A
measurement of the intensity ratioc is then sufficient to
determine the temperature. Figs. 1 and 2 present theo-
reiical plots of linc intensity ratios for the most intenss
NII multiplets in the visible lightning spectrum. The
numerous lines used in the ratio caluclations are listed
‘n Orville (1966). Obviously, errors in the temperature
are minimized by selecting as many lines as possible for
relative intensity measurements, Criteria for sclecting
the most suitable lines for temperature measurenients
are presented in the nest section.

b. Lrrors in the lemperature measuzement

The crireria for sclecting lines in the emission spec-
trum for relative intensity measurcinents can be deter-
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Fic. 1. Theoreticul relative inicnsity ratios as a function of
temperatu: - [T000 4630, 10413903 4447/4630).

mined by performing an error analysis on (5). Follow-
ing Chuang (1965), the result is

o |..[(1+A£)/ (+5)]
T/ ()]

where 1/R is the intensity ratio /4,/Ia,, 1/F the ratio
of oscillator strengths f,m//,a, and AT the temperature
error resulting from the errors in the intensity ratio AR
and the ratio of oscillator strengths AF. This equation
is an explicit form for the error estimate. The error in a
temperature measurement is a function of the error in
the intensity rztio, of the enor in the ratio of oscillator
strengths, and of the upper energy levels.

Several criteria for selecting emission lines are ob-
vivus. A large Eo—E, will minimize the AT/T. The
value of AR is minimized by choosing strong lines of
approximately equal intersity. It is apparent that AT
will increase with increasing T, which for good accuracy
should be smaller than the quan:ity (E.—E.)/A. Note
that because of the sign and the iature of the two terms
in the denominator of (6), the pesitive value of AT will
be larger than the negative value at any given T.

(6)

*

' L L] i L] L] L) L . L] T L3 L
or 1
8 st
?., S680/5540
= It
i:b ‘\--.—-—-h——
l-.
.1 1 ) s L ] L

L L L i
1 )8 X0 0 X% % 3 0 RN U B MY
Temperature, 0**x

Fic, 2, Same as Fig. U except for (5680, 5940,
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Fiee. 3. Temperature errors for the Q041 3993 patin,

Fig. 3 represents curves obtained by assuming vidues
for the errors in R and F. The difference in the npper
energy levels of N1T 39954 and NI 40414 is 4.6 oV,
i.e., Em— E.=4.6eV, Thesolid lines indicate the various
errors for a constant AR and three values of AF. A nega-
tive AF causes the largest AT for a given intensity ratio
error. As an application of Fig. 3, consider the NI
39954 line and the 39th multiplet of singly ‘onized
nitrogen in the 40414 region which were used by Prueitt
(1963) to determine the temperature of a lighining
stroke from time-integrated spectra. The lines N1}
3995A and NI 10412 are >ne of several pairs used in
this paper to calculate the temperature-vs time ruive
of a lightning stroke. Assuming Prucitt’s (1963) oseill-
111 strengths were correct and his inlensity errors were
on the order of 20%, the errors in his temperature mea-
surements are given by the dashed line. Thus, in the
24,200-28,400K range reported by him the temperature
<rrors wonld be on the order of 1097,

¢. Relatite total numbers

If the temperature-vs-titne curve can be determined
from a time-resolved spectrum of a lightning return
stroke, then it is possible to estimate the relative total
nunsber of a particular atomic species, for example N 11,
as a function of time.

The intensity of an emission line {zom a volue ¢le-
ment ty at time {, corresponding to temperature 7 van
e written nsing (4) as

.\'(Tn)z..!'a
I..,(T..)-—I\'(--" = ).l_. b, oespl(- 1T 05y
. B(TW)

At soie other time £ and femperature 7, the intensijy
of the same line is

NPy

l-.,(T):’\'( — )b he espt=F, L (8
s ) l )

e AT N e
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Dividing (8) by (7) and solving for the relative total
aumnber between times ¢ and fo, we obtain

N(Tw (1.(DB(T) 11
L L Y
N(Twre \M..(T)B(T) r T,

Since the spectrograph isolates a section of the lightning
return stroke, the vertical dimension of the volume is
constant. Any volume change therefore results solely
from a change in the channel radius. An increase in the
volume by 100 would correspond to a channel radius
increase of 10. It follows that if the number deasity
N(T) isknown, the relative channel radius within which
the particular radiators are contained can be culeulated
as a function of time.

d. Electron density measurements

The first calculation of the electron density in a light-
ning return stroke was accumplished by using the Saha
equation and measuring the relative intensity of neutral
a:1singly ionized linesin time-integrated slitless spectra
(Uman e al. 19643, b). In the lightning spectra obtained
to date, however, the intensity of neutral lines has been
tco faint to compare their intensitics to singly ionized
lines. Even if this measurement could be made, however,
there is still the question of whether complete LTE
exists in the return-stroke channel, an assumption im-
plicit in the use of the Saha equation. Fortunately,
there is another niethod to measure the electron density
which does not require the existence of LTE.

The Stark effect, a line-broadening phenomenon,
occurs in lightning and has been observed in the H-beta
(Dufay and Dufay, 1949) and H-alpha (Uman and Or-
ville, 1964) lines of the Balmer series. This effect in-
volves the interactions between radiating atoms or ions
and charged electrons and ions and is therefore depen-
dent on the charged particle density. In fact, the effect
depends primarily on the charge number densities and
is only a weak function of temperature. Line widths and
profiles of hydrogen lines and many other spectral lines
are given by Griem (1964, pp. 443-529). A comparison
of measured H-alpha line widths with the calculated
line width is sufficient to determine the electron density.
The measured line width is obtained by determining
the wavelength difference between the two points on
the line profile where the intensity has fallen to onc-half
of the maximum value. This measurement is frequently
called the **half width”, meaning the full width of the
line at hali the maxinmum intensity. 1n the range of in-
terest for the lightning stroke, the electron densities and
ha'l widths are roughly proportional to each other.

1 it becomes possible to determine the electron den-
sity by the Saha equation and by 1he Stark effect, the
degree of agreement will provide & means of checking
the existenve of LTE in the lightming return stroke
(Umar, 1900,

Voruvue 2§

TastLe 1. Phatographic data appropriate 10 the lighining
stroke analyses.

Nember Time-
of re- resolu-
corded tion
Flash strokes Date Camera® Film fusec)
A 2 14 July 63 LA Agfa L)
Isopan
. Record
B 1 14 July 65 LA ;\gfa 5
Record
C 2 11 Sept. 6§ BW 24758 ]
D t 11 Sept. 68 BW 478 5
F 1 8 Aug. 66 BW 24718 5
F s 8 Aug. 66 BW 2478 S
G 1 13 Aug. 66 BW 478 2
H 1 18 Aug. 66 BW 18 2

mm;‘m Alamos Model 104; BW=Beckman & Whitiey
o+ Fastman Kodak 2478 Recording film.

¢. Measurement of relative line inlensilies

The response of a photographic emulsion at a partic-
ular wavelength depends on the intensity of the source
at the particular wavelength, the sensitivity of the
emulsion at the same wavelength, the time of esposure,
the humidity and temperature conditions under which
the emulsion is exposed, and the time, type, and tem-
perature of the development it undergoes, not to men-
tion other effects such as reciprocity failure intermit-
tency, atmospheric absorption, >nd vignetting. In spite
of these numerous sources of error, it is possible to ob-
tain relative intensity measurements as accurate as
+10%. A few of the photographic techniques have been
discussed in Part I. Additional techniques of obtaining
relative line intensities and some of the inherent prob-
lems are discussed in Orville (1966).

3. Data analysis
o. Temperalure

The temperature is calculated under the assumption
that the return-stroke channel is optically thin and in
LTE. It is also necessary to assume that at a given time
the temperature is approximately constant across the
cross section.

Temperature profiles of different lightning strokes are
presented in Figs. 4-11. The error in the time scale is
approximately S usec. Technical data such as film type,
.ime resolution, etc., are summarized for convenience in
Table 1.

in Fig. 4, two temperature curves are plotted which
were obtained from the two return strokes intense
enough to be recorded by the Los Alamos Model 104
camera. The time sequence in which the strokes occurred
is unknown, and s the most intense stroke is arbitrarily
labeled A, and the second stroke A,. The spectrum of
stroke A, was presented in Part I Fig. 4, and its uncor-
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rected microphotometer tracings in Part 1, Figs, 11and
12,

The temperature within the strokss was determined
by measuring the relative intensity of the 46304, 3000A
N1linultiplets and then finding the corresponding tem-
perature in Fig. 1. The horizontal bars in the tempera-
ture curve signify that the plotted value is really an
*“‘average temperature” for the 5 usec in which the ex-
posure occurred. The vertical error bars have been ob-
tained by estimating the error in the measured intensity
ratio of 5000/4630 and finding the corresponding tem-
perature variation. This corresponds to using (6) and
setting AF=0. Note that the positive crror bars are
longer than the negative error bars due to the sign and
nature of the two terms in the denominator of (6). Rela-
tive intensity errors were established as 10-209 de-
pending upon the intensity of the line above the back-
ground continuum.

Only four points could be plotted in stroke A, because
of the weak exposure. There is no indication of a tem-
perature rise in the 0-10 usec period. It is not known
whether the temperature rise in A, in the first 10 usec
is real. The stroke may not be optically thin in the early
phase and, consequently, temperatures derived from
(5) would not be valid.

Fig. 5 presents a temperature curve from a flash pro-
ducing one recorded spectrum. The first five tempera-
ture values are derived from the 4041/5995 ratio. The
temperature dip in the 5-10 usec range may or may not
be real since the error flags allow for a smooth mono-
tonically decreasing curve. The 4630 and 5000A mul-
tiplets are too intensc to yield relative intensities before
20 usec but then fall within the exposnre range of the
film after 20 usec. Note that the overiapping tempera-
ture measurements agree in the 20-25 usec time to
within experimental error.
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Fii. 4. I'tash A: Stroke lemperature as a function of time.
‘The spectrum of stroke A, is reproduced in Part 1, Fig. 4, and its
micropholometer 1races ‘n Part I, Figs. tl and t2,

E. ORVILLE S43
T+ v A 4 k5 % T
uf- L B
& oFrom Wi ]
E ] o 1 15000) -
x ti . o From %01 ]
Y S S
ot
i 2} T = 24,800 E
E [ o Ir‘:.m-ﬂvs.lS"dnls. j
£l wolte g
ul- : +

10 jem— o e M et i
0 5 10 t5 2 5 B B H & N

lime, psec

Fic. 5. Flash B: Stroke temperature as a
function of time.

Flash ' in Fig. 0 was observed at a distance of appros-
imately 3-6 km and two strokes were recorded. The ex-
posure was weak and therefore only three temperature
points are plotted. Stroke Cy corresponds to the more
intense spectrum and Cy to the weaker. The rise in tem-
perature calculated for Cy may once again be a spurious
value; nevertheless, it occurs for the most intense stroke
in agreement with the flash A analysis.

Berger (1962) and Berger and Vogelsanger (1963}
have observed that the current nse-time measnred at
the ground is slower in the first return stroke than in
subsequent strokes in a flash. If the sequence of strokes
in flashes A and C is correct, the temperature rise in the
first stroke isslower than in the second stroke. Whether
or not the temperature has the same temporal pattern
as the current at ground cannot e confirmed with these
few data. Only correlated temperature and current mea-
surements on the sume time scale can answer this
question.

Flash D in Fig. 7 is composed of only one recorded
stroke. There is an indication of a temperature rise but
a line can be drawn within the error fiags indicating a
monotonic. decrease.

The highest recorded temperature is reported in tlash
E, Fig. 8. Error bars, however, indicate the true value
may be anywhere between 31,000 and 49,000K.

L] Ll T T T
M- -
« M| Stk N
> W .
2 ofrom LB naia 1, = 3000k
'E 3 s T .
5 L UFMW Ogtio, Iml 19, 500°K |
¥ a2l o
!\ s Comment: Faint Spectrum only 3 Points |
= 1k % can be Obtained for Eacny ﬁ
- Sllﬂh':l cum F
" -
i i | 1 A L _J
0 5 10 5 2 el
Time, pysec

FiG. 6. Flash C: Stroke temzcrature as a
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Fig. 9 is of special viterest hecanse thsh F producal a
branch spectrum in addition to the spedctrum of the miain
channel. The spectrum is reproduced in Part [ Fig. 6.
In the first § usee we have the temperature of the main
channel and of a branch. 1t s perhaps not surprising
that the branch is significantly cooler. ‘The large error
bars are indicative of the increasirg uncertainty in mea-
suring high temperitures when the upper excitation
levels of two lines differ by only a few electron volts. The
increasing error with incrensing temperature was dis-
cussed in connedtion with Fig, 3. That the erior in caleu-
lating the temperature from the 3680/3940 ratio is a
function of temperature is very evident in Fig. 2. At
increasing temperatures, a small error in the relative in-
tensity measurement produces a large unvertainty in
temperature. This is evident in the first return-stroke
temperatures in Iig. .

The last two temperature curves presented in Figs.
10 and 11 were obtained with 2-usec resolntion. A higher
time resolution was used to determine if a temperature
rise could be detected with several significant points in
the early phase of the return stroke, i.e., during the first
10 usec. It is clear that in the 2 one-stroke flashes, G and
H, a temperature rise is not detected. The successful
analysis of these twe spectri with 2-psec resolution still
leaves unanswered the question of whether some light-
ning return strokes have temperature rise times on the
order of 5-10 usec as indicated by strokes A; and C,.

No psuk temperatures were measured in excess of
36,000K. The peak temperature in five of the ten
spectra is in the 28,000-31,000K range despite the use
of different spectrographs and multiplet intensity ratics
for the measurements. Mak (1900) measured the mani-
mum channel temperature of a short spark discharge
in air and found that the peak temperature varies very
little with rate of current rise in the discharge. Various
current rise times produced peak temperatures in the
range of 26,000-33,000K.

It is possible to obtain an “*average” value for the
temperature by integrating the time-resolved line in-
tensities. This is done in the foll swing manner. Analvsis
of microphotometer traces made every 5 psec produces
relative intensity values every 5 psec. If these individual
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Fic. 8. Flash E: Stroke temperaturc as a function of time.
Highest recorded temperature is in the return stroke, but note the

large error flags.

intensity valies are summed, we obtain a number which
~epresents the relative intensity of the line if the spec-
trum had nol been streaked. [This is the same relative
intensity used by Prueitt (1963) in his analysis oi
“stroke-integrated” spectra.] Relative intensities that
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Fi6. 9. Flash ¥: Siroke 1omperature as o function of fine,
Nute that a branch tempurature has lwen cadeulated and is
signiicant!e conler tlin Ahe temperatuee i the return-sirohe
channcl. ‘the speetriom of 1lds siroke iz npeadaced in Pant |,
Fig. 6.
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are smmed in this nnner can be cemparal to calon

late an caveroze temperatiere.” Eais vdae P can
then be comparad with Prucitt’s (1863; vidues, 1lis
temperature, determine! essentially by comparing the
relative intensity of two mttplats, producad o rnee
from 22,200- 33 480K, Nate carefullv that this range is
different from the vilues tesmed by lom s the
“weighted average temperature,” anl often quoted in
the literature as & 24,200- 28 J00k range for the light-
ning return stroke. Sevon of the eight 7.8 presentadin
this paper i free 19,000 3L00K, in reasonabls
good agreemuent with Prucitt’s 22,200-33000K vidues.
The remaiming ..., that of stroke J\s, is in poor agree
ment. It is not unreasonable that . was indeed o
“cooler” discharze, although wnother explanation is
that 1 undercsiiizeted the aaperimental efror i an-
alyzing the speetrum of Aa.

Uman (1964) determined that the temperatures pre-
sented by Drueitt are within 109 of the peak valne.
The time-resolved temperature enrves de not neves-
sarily disagree with this conclusion. Umin examined
the 4040/3993 ratio and concluded that the temperature
catculated from this relative intensity ratio should be
within 10% of the peak vlwe. Within experimental
error, strokes B and E agree with Uman’s analysis. It
is unfortunate that only two spectra have been obtiined
from which the 4041/3995 ratio could be measured.
Other spectra produce integrated temperatures which
are more than 10%, from the peak value. These were
determined from lines having lower excitation poten-
tials, the ions consequently emitting for longer times.
Thus, the integrated teinperatures will be further from
the peak value. The time drring which the spectral
emissions are integrated in an exposnre is dependent on
the distance to the stroke as well as other variables.
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Fic. 11, Flash H: Stroke temperature as a function of time,
Note 2-gsec resolution.

Thus, close strokes will have a longer integration time
and produce '‘average” temperatures further from the
peak value than those of more distant strokes.

A knowledge of the time-dependent temperature
curve allows us to answer a question that was raised by
Brook in 1963 at the Third International Conference on
Atmospheric and Space Electricity, Montreaux, Switzer-
land (see Coroniti, 1965, p. 383). At this meeting, Sal-
anave presented an unusual spectrogram in which a
flash containing ten strokes had been time-resolved to
produce an integrated spectrun: of eachk stroke. A time
resolution of milliseconds had separated the flash intc
its component strokes but was, of course, inadeguate to
timie-resolve the stroke. Eight of the ten integrated spec-
tra were suilable for analysis and temperature values
were obtained from N1I lines using the techniques de-
veloped by P'rucitt {1963). The surprising result is that
{with one exception) the teuperature derived for cach
stroke monotonically increased from 21,000-27,000K as
the stroke number increased. Brook noted that this
steady increase is apparently contradicied by the obser-
vation that in flashes composed of more than one stroke,
the cnrrent in the ftirst stroke is the greatest and de-
creases as the stroke number increases. 1f the current
decreases with increising stroke number, we worrhd ey
pect the expostire density of cach spectrum 1o devrease
with increasing stroke mmber. Salvanae (private coi-
ranication) has re examined his data amd found that
i seven of the cighi anads 2ed spuectia the dessity tiono
topically  decreases and the “average temperatnee”
monatonic v inereases with incressing strohe number.,
The phyzical explanation tor these abservianms < the
tollowing.
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Salanave's dati is time-integrated over the duration
of the lightning return stroke. The first stroke, usually
tiee most luminous, is integrated for the longest period
of time. Hence, u temperature determination from the
N1l lines yields o lower temperature. This temperature,
we realize, is an “average temperature” determined
from the integrated exposure of NI emission lines on
film. Subseqquent strokes to the first siroke deliver lvss
charge, are less luminous, and the spectral emissions arc
recorded for a shorter period of 1ime. The *‘average
temperature” therefore increases as the integrated ex-
posure time decreases and approaches the time of maxi-
mum temperature in the return stroke. The value of
27,000K for the last of the eight strokes agrees well with
the maximum temperatures presented in this paper.

b. Relative total numbers

Knowing the temperature-vs-time curve for a par-
ticular stroke, we can calculate the relative total num-
b-r from (9). Using the relative intensitics from the NII
4630 multiplet in stroke A;, the relative total number of
NII ions has been calculated as a function of time. The
values are presented in Fig. 12 and are expressed relative
to the amount of NII present at 10 usev.

The decreasing amount of NI1 in the tirst 10 usec may
represent the effects of increasing the temperature from
21,000K in the 0-5 usec range to 28,000K in the 5-10
usec range (see Fig. 4). The depletion of N1I ions can be
attributed to an increase of NIII ions at the expense of
the NII ions. NIII ions exist in the lightning return-
stroke channel but have nct been detected because of
their high excitation energies for optical emission.

The increase of the total number of NII ions beyond
10 usec is undoubtedly associated with a slowly expand-
ing channel following the rapid expansion phase. More
atoms are included in the chunnel and we sec a corre-
sponding increase in the total number of NII ions.

¢. Normalized relative inlensit.es

Relative intensities of NII ions were measured as a
function of time in order to calculate the temperature-
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F10. 13. Normalized relative intensity curves for two
KII multiplets (4630, 5000).

time curves in a previous section. These relative inten-
sities can be normalized and plotted as a function of
time. Fig. 13 presents the results for Flash A composed
of strokes A, and A,. Note in A, that the intensity of
lines from the higher excitation potential has a steeper
slope in the first 10 usec relative to the intensity of lines
from the lower excitation potential. This is not surpris-
ing when we recall the rising temperature calculated and
presented in Fig. 4. An intensity rise is not detected in
the N1I radiation from A; and a temperature rise was
not calculated. Both A, and A; show the expected fast
intensity decrease of NII lines originating from higher
excitation potentials relative to lines originating from
lower excitation potentials.

That the rise and fall of the N1I 4630, NII 5000 in-
tencities follow the temperature curves is not surprising
when we consider the range of temperatures involved.
On the other hand, if NI emissions could be measured,
we would expect their relative intensity to peak at o
time following the NII peak intensity when the tem-
perature is falling.

d. Continuum rodiation

An interesting feature of all lightning spectra is the
background continuum radiation that apparently cma-
nates from the entire Jeagth of the return-stroke chan.
nel {Salanave ef al., 1962; Orville and Uman, 1965),
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Several time-dependent curves for the continuum radia-
tion are presented in Figs. 14, 15 and 16.

The continuum :intensity for stroke A, is plotted at
two different wavelengths in Fig. 14. Peak intensity is
reached in 10 usec and decays to its half value in approx-
imately 100 usec. The half-intensity point is different at
separate wavelengths.

Fig. 15 indicates the peak intensity does not occur
until 15 usec. It follows the N1I peak intensity by ap-
proximately 10 usec. ‘The sequence of maximum NII
radiation followed by maximum continuum radiation
was first reported by Krider (1965). A half-value cannot
be measured below 65% of the peak intensity. tappears,
nevertheless, that the half-value would occur at approx-
imateiy 100 p3ec.

Fig. . _resents a continuum trace at 49004 from the
spectrum reproduced in Part I, Fig. 5. The first 25 usec
of the continuum curve resembles the previous two
curves. Beyond 25 usec, however, there is an enhance-
ment of the continuum emission followed by a mono-
tonically decreasing intensity. The effect of the en-
hancement is to produce a local minimum of a few per
cent i the intensity. A possible explanation for this
enhancement was discussed in Part ] and believed to be
evidence for a branch point existing above the isolated
section of the return-stroke channel. The intensity half-
value occurs at approximately 120 usec. This value is
later than the half-value for 49002 in stroke Ay and may
be due to thelocal intensity enhancement in the channel
which acts to delay the intensity decrease.

Several conclusions are apparent in these data.
Clearly, the continuum radiation reaches peak intensity
in 10-15 usec, that is, 510 usec after NII reaches peak
intensity. We recall in Part I that the H-alpha intensity
is most intense in the 20-50 usec range. The s=quence
of peak intensities is then: NII radiztion followed by
continuum which in turn is followed by the peaking of
neutral hydrogen lines. This sequence agrees with a
channel characterized by a decreasing temperature and
way first observed by Krider (1965) when he studied

' L P T L l L l 1.
0 2 & @0 2 100 120 M0 10
Yime, psec

Fic. 14. Continuum intensity as a function of
time fcr stroke Ay
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F16. 15. Continuum intensity as a funclion of time.
Peak emissions occur at approximately 15 uscc.

the time-dependent spectral emissions from the entire
visible return-stroke channel. A finai observation is
that the continuum emission decays ta its half value in
approximately 100 usec.

The source of the continuum radiation remains un-
known. Salanave’s time-integrated spectra were an-
alyzed (Orville and Uman, 1965) and it was concluded
that the source was neither blackbody radiation or
tlectron-ion bremsstrahlunz emitted at a constant tem-
perature. Uman (1966) has pointed out that the effec-
tive excitation potential of the continuum radiation lies
between that of the ions and the neutrals and may there-
fore be due to radiative recombination or radiative
attachment.

¢. H-alpha cicctron densily meosurements

The emissions from hydrogen in lightning aze of par-
ticular interest, Zhivlyuk and Mandel’shtam (1961) ob-
served the broadening of J-alpha and H-beta lines in
data obtained with slit spectrographs and estimated an
electron density 210" em—2. These estimates were all
made ‘rom spectra obtained by exposure 10 one or more
flashes. :

The first time-resolved spectrum of a lightning flash
(Salanave, 1961) revealed a strong H-alpha line, which
upon examination appeared to have a half-width of 154
corresponding to an electron density of 2X 107 ¢cm™3

ry Tl e
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» 10 10 0 160
Time, psac

=
-

Fie. 16. Corlinuum intensity as a function of time, Note the
lecal minimum near 25 usec. ‘This is from the spectrum reproduced
in Part I, Fig. 5.
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{Uman and Orville, 198, Subsequent analysis has
shown that the mstrument broadening was underesti-
matrd and that the hali-width was probably closer to
10 o1 124, This is a small correction because the Stark
broadening is approximately propeortional to the elec-
tron density in this ranze of densitics. Thus, a 309 error
in the calenlated valie of 2>C107 an * only redees this
to 1 X197 cm~ or increases it to 3X 107 em~,

The first time-resolved spectra of the return stroke
have vielded two spectra with H-alpha emissions that
can be guantitatively analyzed. These spectra are repro-
duced in Part 1, Figs. 5 and 6. Other recordings of H-
alpha eniissions are cither overexposed (Part 1, Fig. 7)
of underexposed (Part 1, Fig. 8) and thercfure unsuit-
able for quantitative analysis.

The H-alpha line tn Pars 1, Fig. 3, has been analy zed
for the relative inensity us a function of time. Fig. 17
indicates that the peak H-alpha emissions occurred ap-
prozimately 30 psec after the fiest light was recorded
fram the return-stroke channel. ‘The emissions mono-
tonically decrease and are not plotted beyond 140 usec.

No electron density measurements ase available from
this spectrum (Part I, Fig. 5) because of a broad instrn-
ment profile superimposed on the Stark broadened H-
alpha emissions. The instrunient profile in this spectrum
is about 254 and con:pletely dominates the Stark width
in the H-alpha line. It is important to note that the in-
strument profile in these data is composed of broadening
due to the instrument plus the broadening due to the
orientition of the return stroke across the slit. Thus, the
“instrument broadening” varies irom stroke to siroke!

The spectrum reproduced in Purt [, Fig. 6, is properly
exposed for intensity measurements and has a narrow
“instrunient broadening.” The wavelength resolution is
on the order of 8-10A. It is therefore possible to measure
both the relative intensity and the half-width as a func-
tion of time. Fiy. 17 presents these results.

The H-alpha relative intznsity increases to a maxi-

100 - -
= |
¢ wl ° .
&
< ° ¢
E
Z wf _ =
& >
3
= & B
-
E B
3 o
& m_ 1

0 A W—

0 2 L] 00 0 100 12 140

Teme, ysey

s 17, 1 alpha reladive inkensity as a functiof of nme.
The curve was ohtained from the ywetrum reproduced in Part 1,
Fig. 5
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mum at 13 -20 psec, decreases to a local minimai at 30
35 usee, and then decreases monotonically after a sinall
masimum at 40-43 psec. If one knows to look for a lual
minimum at approximately 30 use, it is barely pereep-
tible in the print reproduced in Fart I, Fig. 6. The see-
on¢. ma-imnm is probably asso fated with the branch
detected in this spectrum. As iscussed in Part 1, the
etfect of & branch is to provide an additional source of
charge to the return-stroke channel and thus cause an
increase in the channel luminosity: which is apparent at
approximaicly 40 gsec. At this time, only the H-alpha
emissicns are recorded and the enhanced luminosity is
therefore only detected in this line. A similar phenome-
non was discussed in connection with the enhanced con-
tinuum of Pany 1, Fig. 5. It is interesting that in the wwo
cases in which branch spectra have been recorded, in-
dicating a junetion point above the jsolated channel see-
tion, an enhanced luminosity has been detected at a
later timic in the continuuni in the first spectrum and in
the H-alpha emissions in the second spectrum. It is
likely that the enhanced luminosity occurs in all spev-
trul features but is not necessarily detected.

The half-width measuremients presented in Fig. 17
were obtained in the following manner. A measurement
of the full line width at one-half the maximum intensity
produced an uncorrected “half-width’ containing the
efiects of the Stark broadening and the instrument
broadening. The instrument broadening can be deter-
mined by first noting the narrow line on the long wave-
length side of the H-alpha line which is recorded for
approximately 20 usec (Part I, Fig. 6). This is the NII
6611 line which has a Sterk width of approximately
32 or less for temperatures < 30,000K and electron den-
sities < 10'8 cm~? (Griem, 1964, p. 465). The half-width
of NII 6611 was variable but typically 10A and there-
fore largely due to instrument broadening, By accept-
ing the NII 6611 line ag a2 measure of the instrument
broadening, we can subtract this value from the H-
ulpha width to obtain the width due to the Stark effect.

Whether the line and instrument profiles are Gaussian
or Lorentzian or a combination or none of these deter-
mines how the line widths are separated. The H-zlpha
prefile can be approximated by the Lorentz dispersion
curve (Griem, 1964, p. 303). The “instrument profile”
is a quantity that varies from strok= to stroke as pre-
viously discussed. Assuming the instrument profile is
either Gaussian ¢ Lorentzian makes little error in the
first 26 usec when the totai half-width is on the order of
30-50A and the instrument width is 10A. Beyond 20
usec the diffcrence is important. A laboratory experi-
nent on a long spark in 2ir similar to lightning indicates
which assumption is prefcrred (Orville ef @l 1967). In
this experiment it was found that by assuming a Lorentz
profile for the instrunient function, an eicctron density
wis obtained thar was consistent with independent
measirements (Orvitle, 1966); nancly, the calenlated
electron density indicated  stmospheric pressure was
attained in the spark at the same time the himineans
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spark channel was ohserved to stop iis rapid expansion.
Therefore, it appears the instrument function can be
approximated by a Lorentz profile. The total width is
then

we=w;4 Wi, (10)

where w, is the line width and sz, is the instrument width.
‘The toial line width u is measured from microphotom-
eter traces of H-alpha, the incirurent broadening w;
is measured from similar traces of N1I 6611, and the
Stark width s is then determined.

The top curve in Fig. 17 shows that the H-alpha Stark
width is on the order of 40A in the first 5 usec and de-
creases quickly to values on the order of 10A. Beyond
50 usec it is impossible to accurately determine the half-
width because the instrument broadening is approxi-
mately the same as the measured total line width, i.e.,
w,=1w;. It is possible, however, to say that the H-alpha
half width is less than 10A for times exceeding 50 usec.

Knowing the half-width, the electron density can be

calculated as a function of time (Griem, 1964, p. 538).

In Fig. 18 an electron density on the order of 10 cm™—
exists in the first 3 usec and then decreases quickly toa
value between 110" cm™ and 1.5X1C'? em™>. Errors
are oa the order of 50%,. Beyond 50 usec a hclf width of
10A or less requires that the eleztron density be less
than 1.5X10'7 cm™2,

A knowledge of the return-stroke temperatire and
electron density enables us to understand the low H-
alpha intensity recorded in the first 10 usec. It is un-
doubtedly associated with the high teniperatures and
electron densities prevailing at these times. The high
temperature ionizes many of the hydrogen atoms and
the Stark effect on the remaining 1toms broadens the H-
alpha emissions 50 that they tend to blend into the back-
ground continuum radiation.

The electron densities calculated here are similar to
those calculated from time-resolved spectra of long air
sparks (Orville ef al., 1967). Electron densities in the
early phase of the long air spark were on the order of
10'* cm™ decreasing to 2X 10" cm—? inabout 5 psec. The
decay in the lighning return stroke is slower because the
energy input is greater and a larger channel expansion
is involved,

Previous clectron density estimates in lightning were
maJe fromn time-integrated stroke spectra. Uman el al.
(1964 a4, b) obtained values of 310" eam~*. This calcu-
lation, however, rested upon the assumption that the
spectral fines of OI, NI and N1I were primarily emitted
at temperatures near 24,000K, an assumption whichis
not supported by the first time-reewlved return-stroke
spectra. Uman (1966) has shown that in view of this
most recent data the value of 310" cm™ should be
considered az an upper limit to the electron density
for temperatures on the order of 24,000K. The maxi-
mum electron density calculated in this paper s con-
sistent with Uman’s conclusion.
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Fic. 18, H-alpha half width, a., and the curresponding relative
incensity, b., as 3 function of time. The rum from which
1hese were obtained is reproduced in Part I, Fig. 6.

The fact that the electron density decreases in 25 usec
to 1-1.5X 10" cm™ and remains constant is not sur-
prising. Drellishak (1964) assumed LTE and calculated
an electron density in nittogen between 1X10" and
2X10Y cm=? for temperatures between 14,000 and
35,000K. Uman (1966) has pointed out that “since the
Stark profiles are sirong functions of electron density
and only weak functions oi temperature, the H-alpha
protiles would not be expected to change much from the
end of the shock-wave phase when the channel has
attained a near-atmospheric pressure until the time at
which the temperature fails below 14,000K.” Thus,
during the times that the electron density is constant
in Fig. 18, we can assume that the channel is near atmo-
spheric pressure and the temperature > 14,000K.

If we compare Figs. 17 and 18 we note that the time
when the electron density values are between 1X107
and 3X 10’ em™ corresponds to the period of maximum
emissions from H-alpha. It is therefore not surprising
that Uman and Crville (1964) obtained excellent agree-
ment when integrated experimental H-alpha profiles
‘sere compared with theoretical H-alpha protiles to ob-
.ain electron density meusurements on the order of
25100 em-3,

4. Conclusions and summary

Temperatures in a 10-m section of ter lightning re-
turn strokes have been calculated with 2-usec resolu-
tion (2 strokes) and S-wsec resolution (8 strokes). A
temperature rise in two of the strokes has been deteted
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Fic. 19. Electron density as a function of time caiculated frem the
neasured balf widths of H-alpha presented in Fig. 18.

in th first 10 usec viith data having 5-usec resslution.
Two strokes were recorded with 2-usec resolution and
the resulting temperature-time curve was monotonically
decreasing. This leaves un.iawernd, nowever, whether
some strokes do contain a slow temperature rise on the
order of 10 usec. It appears that typical peak tempera-
tures in the lightning return stroke are on the order of
28,000-31,000K.

The source of the continuum radiation remains un-
known, but the time characteristics of these emissions
indicate it is probably associated with radia:ive recom-
bination or radiative attachment

Relative intensity curves for the H-alpha emissions
have been obtained in two cases with peak emissions at
20 gsec in one spectrum, and at 30 usec in the second.
The single H-alpha line suitabl: for electron density
measurements has yielded a value of 8% 10! cm=3 in the
first § usec, decreasing to 1-1.5X 10" cm~% at 25 usec, and
remaining approximately constant to 50 usec. Beyond
50 usec the exact electron density cannot be determined
because the instrument broadening exceeds the Stark
broadening.

t is unfortunate that the current characteristics in
ihe return strokes studied here are unknown. If the en-
hanced luminosity recorded in a few of the time-resolved
epectra it due 1o a branch joining the return stroke
above the isolated section, then we would expect a cur-
rent increase to correlate with the observed spectral en-
hancements. The successful simultaneous recording of
spectral emissions and currents in a lightning return
stroke on the same time scale opens the way to numerous
calculations that will not be detailed in this conclusion.
It is, however, inevitable that this lihtning experiment
will seun be successfully performed.

A word of caution is in order in accepting the data
in Parts T and II of this paper and applying it to
lightning in general. First, it should be clear that too
few spectra have been obtained to know what the char-
acteristics of the typical'* stroke” are, if indeed such a
typical stroke exists. Second, the so-called “typical
stroke” is partly defined by the instrument studying the
phenomenon and pot necessarily by what is happening
in nature. Any system using tiim as a recording device
necessarily selects thuse strokes which produce images
falling within the range of the emulsion sensitivity. The
variation of distances to strokes tends to randomize the
recorded data in the sense that distant intense strokes
will be recuik.d along with close low intersity strokes.
Both spectra yield meaningful physical parameters
which contribute towards the average values of
lightning.
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ABSTRACT

A model of the lightning return stroke is developed using the experimentat data presented in Parts I and
I and Giimore's tables for the composition of dry air in thermodynamic equilibrium. The temperature,
electron density, pressure, relative mass density, per cent ionization, and specie conceiitration in a 10-m sec-
tion of a model-return stroke are given with S-usec resolution from 0-30 usec. During this period, the tem- !
perature decreases from 30,000 to 16,000K and the electron density decreases from 10** 10 1.5 X 10" em™3. .
4 Th~ channel is charaeterized by an average pressure of 8 atm in the first 5 usec and atiains atmospheric
3 pressure at approximately 20 usec. A minimum relative mass density of 3X 10~ is attained at the same time.
Per cent ionization is on the order of 100 in the first 15 usec and then
The largest nitrogen specie concentration in the 0- 15 usec period is NII, followed by NIII, which in turn
is followed by 1. All three concentrations decrease in the 0-15 usec time period. In the 13-30 usec period the
NI concentration increases, the NII concentration attsins a quasi-equilibrium, and the NIII concentration

ETIR fT
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continues to decrease rapidly. The salient characteris:ics of the model return stroke are discussed and relatd 3

to spectral observations.

1. Introduction

In Parts I and II time-resolved spectra of lightning
return strokes were presented and quantitatively
analyzed. Knowledge of the temperature and the
electron density for a given return stroke further enables
a determinaticn of the pressure, density, per cent
ionization and specie concentrations, i.c., the concen-
tration of NI atoms, NII ions, etc,, for that stroke, all
2s a functicn of time. Since the temperature and electron
density have been measured with 5-usec resolution from
2 10-m section of the return stroke, all values presented
in this paper will have the same time and spatial
resolution,

Previous calrulations of the physical parameters of
the return stroke have necessarily been derived from
time-integrated slitless spectra obtained with milli-

tions is a time-dependent model of the lightning return
stroke in which the temperature, electron density,
pressure, relative mass density, per cent ionization and
specie concentration are specified with 5-usec resolution
during the initial 30 usec of the return stroke.

2. Development of the model

From a knowledge of the temperature and electron
density in a relurn stroke it is possible to use the tables
of thermodynamic properiies of air computed by
Gilmore (1955, 1967%) to determine additional physical
characteristics (ail thermodynamic properties) of the
stroke. Giimore's tables present the equilibrium com-
position of dry air obtained from solving a number of
coupled Saha equations, the equation of charge con-
servation, and the equation of percentage composition.

Sl et
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second resolution. For example, Prueitt (1963) calcu-  Therefore, knowing the temperature and electron 3
3 lated temperature in several return strokes and Uman  density of the return stroke, we can use Gilmore's %
el al. (1964a, b) calculated the electron density, pressure, tables and determine all other themiodynamiic prop- i
relative mass density, per cent ionization and specie erties of the return stroke. 3
concentration in the same return strokes. Since these .
3 values, however, were obtained from data with only g. Assumplions
1 millisecond resolution, it was not clear whetner the  There are several assumptions required for the
represented maxinium values or were merely averages development of the time-dependent niodel. It is assumed
for the approximate 100-zsec integration time. Tht 1) that the return-stroke channel is in local thermo-
recent time-resolved spectra of the return stroke and  dynamic equilibrium (LTE) as a function of space and
3 consequent calculations remove soni¢ of the ambiguity  time, 2) that the return-stroke channel is optically thin
3 in the previous parameters. The result of these calcw'a- 19 the N1F lines used to caleulute the temperatyre, 3)
g ) i Research supporter! in part e the Office of Naval Rescarch that the physical rh.'_lr.u'u‘risl'ics are constatit across
and the Federal Aviation Agencs . the stroke cross section, 43 1 the themodynaic
2 Present athiliation: Dept. of \tmuspheric Sciences, Stat2 Uni- —
i versity of New York st Albany. ? Private commupicatior. i
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properties of dry aie and mwoist air aie w anately
the same. 5} that the broadening of the biaipha line
is due primarily to the Stark cffect, and 6) that the
channel is optivally thin to H-alpha emissions. 1t is
further necessary to assumwe 7) that the time-dependent
temperature and electron density curves presented in
Figs. 1 and 2 are representative values for the lightning
return stroke.

The vaiidity of sssumptions 1), 2) and 3) was
discussed in Part 11. Assuinption 4) is reasonable in that
the maximum amount of water vapor in the air prior
to the lightning stroke is no more than a few per cent.
It is unlikely that the presence of a small percentage of
hydrogen will strongly affect the propertics derived
from Gilmore's tables. Assumptions 5) and 6) have pre-
viously been discussed in Part If and by Uman and
Orville {1964, 1963),

It is quite possible that 7) is not true. The peak
temperature of 30,000K in Fig. 1 is approximately the
vaine calcvlated from five of the eight spectra with
S-psec resoiution. Since a munch higher temperature
could exist in the channel for a microsecond or less and
not be detected, ihe concept of peak temperature refers
to the highest “‘averaze temperature” measured within
the channel 'with a time resolttion of 5 usec. The remain-
ing five temperature points in Fig. 1 fall within the
experimental error of the ten.veratures calculated for
stroke A presented in Fig. 4, Pait I1, Only one curve for
the electron density as a furction of time has been
obtained. Fig. 2 is a reproduction of the electron density
plotted in Fig. 19, Part I, for stroke F. The first three
temperature points ir Fig. 1 agres, within experimental
error, with the temperature values calculated for stroke
F in Fig. 9, Part II. For the purpose of the model
development, it will be assumed that the entire tem-
perature-time curve (Fig. 1) and the electron density-
time curve (Fig. 2) apply to the same stroke, in this
case, the model stroke.

32

2

Temperature, 103 K

| } l Jd
g S i 15 0 . 0
Time, microseccnds

Fie. 1. Temperature vs time based on the expenimental
teinperature data presented in Pact {1

Electrons, cm >
L

'S

o1

10V ! 1 e | |
0 5 10 15 2 Fal 30
Time, microseconds

Fic. 2. Eleciron density vs time based on Fig. 19 in Part II.

b. Reiurn-stroke model

Figs 1-6 present the time-dependent physical charac-
teristics in a 10-m section of the model lightning return
stroke. The time scale is the same ir all igures ; namely,
0-36 psec with S-usec resclution. Figs. 1 and 2 are based
on experimental data and have just been discussed.
Figs. 3-6 are derived from the tables of Gilmore
{oc. eil).

The pressure-time curve in Fig. 3 indicates an average
pressure of 8 atm in the first S usec, decreasing to
atmospheric pressure in 20 usec. A high pressure witkin
the channel produces rapid channel expansion. The
rapid expausion soon reduces the channel pressure to
approximately the ambient value. Unfortunately, the
peak pressure is a poorly determined quantity reflecting
the large errors in the clectron density measurement.
For example, a factor of 2 error in the electron density
produces a similar error in the pressure. If, on the other
hand, a pressure of 8 atm is correct, based on a correctly
determined elsctron density, it is still possible that
rauch higher pressures exist in the first microsecond or
so and are not detected. For example, it does not seem

Pressure, stmospheres

T
Time, microseconds

F16. 3. Pressure vs time. The pressure in the first micmsccund
may exceed 3 utm by an erder of magnitude.
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| 1 | 1 |
5 10 15 2 5 »
Time, microseconds

er——r 1
1

Fi6. 4. Relative mass density vs time where pg is the mass
dg:kity of air at S[P and p is the mass densily in the return-
stroke 5

unreasonable for a temperature on the order of 36,000K
and an electron density of approximately 7X10'* cm™*
to exist in the first microsecond of a return stroke.
(Even higher temperatures and electron densities may
exist.) At these values the pressure would be roughly
60 atm. For a value of 7X10'* cm™3, extrapolation of
Griem’s (1964) tables indicates the H-alpha Stark
width would be on the order of several hundred ang-
troms. Clearly, this line would blend into the con-
tinuum and be undetected. Electron densities calculated
from the H-alpha half-width in the first S usec are
weighted towurd densities existing in the latter part of
the S-usec exposure time. Consequently, the pressure is
weighted, in a similar way, toward lower pressures.-
Therefore, the “peak pressure” of 8 atm in the retum
stroke model can only se accepted as an indication of
the high pressures within the channe) in the first 5 psec.
Fig. 4 presents the relative mass density, p/po, as a
function of time, where py is the mass density of air at
STP (1.29% 107 gm cm™3) and p is the mass density in
the return-stroke channel. The rapidly expanding
model-channel, characterized by high temperatures and
high electron density and pressure, has 4 mass density
that decreases in the 0-25 gsec period. The minimum
relative mass density is 3X10~® attained in approxi-

p—
&

120

Per Cent Ionization
8

1 1 i

. !
0 5 10 15 20 ] 30
Time, microseconds -

Fic. S. Per cent icaization vs ture where 10077 means the
number of electrons equadw the number of 2toms ard ions in a
given volume. :
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mately 20-23 psec. At 25 asex, atmosphieric pressure has
been attained in the return-stroke channel and further
cooling of the channel produces an increase in the
relative mass density.

Fig. 5 presents the per cent ionization as a function of
time in the model return stroke. .\ value of 1009,
ionization means that in a given volume the number of
electrons equals the number of molecules, atoms and
ions. Molecular species, however, are effectively non-
existent for the temperatures and electron densities
existing in the 0-30 usec period of the return stroke.
The physical implication of a channel characterized by
1009, ionization is that the duminant species is singly
ionized.

We see in the early stages of the model return-stroke
development that the per cent ionizationis 111), increas-
ing to 220 at 15 usec and then monotonically decreasing.
During the (0-15 usec period the channel is characierized
by a falling temperature and pressure. A decreasirg
temperature would reduce the per cent ionization and a
decreasing pressure would increase the per cent ioniza-

10!

Particles, cm >

ol ! 1 ! 1 ]
0 5 10 i5 % 5 0
Time, microseconds

_Fic. 6. Nitrogen species vs time. The relative values are sig-
niticanl, but the absolute valucs may be in crror by an order of
magnilude.
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tion. It is apparent that the pressure effect dontinates
the temperature cffect in the 0-15;--  peril. Con-
sequently, we see a slight increase in t:. per cent oniza-
tion. Beyond 15 usec the cl.annel is near atmospheric
pressure and the decreasing teperature begins to
significantly reduce the per cent ionization. For the
temperature and electren densities of interest, the per
cent ionization is not a sensitive function of the electron
density. An error by a factor of 2 in the electron density
at 30,000K changes the per cent iosization by less than
10%.

A representative variation of specie voncentrations is
presented in Fig. 6. Although Gilmore's tables for the
equilibrium compesition of air contain the concentra-
tions of 38 species, it is sufficient to plot the variation
for three species of the principal constituent of air.
Neutral nitrogen atoms (NI), singly ionized nitrogen
atoms (NII), and doubly ionized nitrogen atoms (NIIT)
have concentrations which vary relative to each other
in precisely the same way as similar species of oxygen.
The concentrations are a sensitive function of the
electran denrity. For example, a [actor of 2 errur in the
electron density affects the specie concentrations as
much as an order of magnitude, dcpending upon the
species.

Consider the 0-20 usec period in Fig. 6. All three
specic concentrations are decreasing. In the particular
temperature and electron density ranges existing in this
time period (see Figs. 1 and 2), and at constant relative
mass density, Gilmore's tables indicate a decreasing
temperature will increase the NI and NII concentra-
tions and decrease the NIII concentration. On the other
hand, a decreasing pressure will reduce all concentra-
tions. Therefore, it« the case of the NIII concentration,
the falling temperature and pressure have ardditive
effects and the result is a rapidly decrsasing concentra-
tion. In the case of the NI and NII corcentrations the
falling temperature and pressure produce oppusite
effects. Since Fig. 6 indicates the NI and NII concentra-
tions decrease with time in the 0-20 usec period, the
falling pressure dominates the concentrations. Recall
from Fig. 3 that during this tine period the channel
rapidly expands to reduce the channel pressure from
8 atm to the ambient value. This rapid expansion is
sufficient to insure the reduction of the NI and NII
concentrations, in addition to accelerating the reduction
of the NII1 concentration.

Consider the tinie beyond 20 psec as shown in Fig. 6.
The channel pressure is in approximate equilibriuny with
the ansbicnt air and the duminant phisical Chdae-
teristic within the channel is now the decreasing tem-
perature. Once again consider the effect of a falling
temperature upon the specie concentrations for the
tempersture and cectron densities of interest (sce
Figs. 1 and 22 At constant pressure the falling tempera-
ture increases the NI concentration (Drellishak, 1964),
However, now the temperature and clectron density

RICHARD E. ORVILLE 855

have attained values such that any further decrease of
the temperature decreases the N1I concentration. As we
would expect, the NIII concentration continues to
rapidly decrease. Note in Fig. 6 that the NI concentra-
tion increascs and the N1II concentration decreases in
accord with the expected eflects of a falling tempera-
ture, at the prevailing clectron densities. The N1
cencertration, however, instcad of the anticipated
monotonic decrease, has apparently attained a plateau
in the 20-30 usec period. This may be the net effect of
the increasing relative mass density (Fig. 4) and the
decreasing per cent ionization (Fig. 5).

The results of Fig. 6 agree in a qualitative way with
the tirne-resolved spectral features presented in Part I,
For example, the NII cemissions in the visible region
dominate the optical spectrum in the early phase of the
returi stroke and the NI emissions (and H-alpha)
appear at later times, consistent with the relative con-
centrations in Fig. 6. NIII emissions have not been
identified in the lightning spectrum, although Fig. 6
indicates a concentration approximately one-sixth that
ol the Nil concentration. It appears that the channel
temperature is insufficient to excite the NIII ions to the
states from which optical emissions (in the ranges
measured by previous spectroscopy) accur (30-40 eV).
The NII and OII jons radiate in the visible region from
energy levels 20-30 eV above their ground states. If
doubly ionized species are eventually detected in the
lightming return stroke, it is clear the emissions will
occur in the very early phase of the stroke.

3. Summary and conclusion

A model of the lightning return stroke has been
obtained based upon time-resolved spectrograms and
(iilmore's tables of the thermodynamic properties of
heated air. The physical properties of the model stroke
have been presented for a 10-m section of the return
stroke for the first 30 usec with 5-usec resolution. A
raugh pictdre of the stroke development is the following,.

The rapid input of energy into the return-stroke
channel, following the leader process, produces a gas
characterized in the first 5 usec by a temperature of
30,000K and an electron density on the order of 10'%
cm~2, At these high temperatures and electren densitics
the pressure is about 8 atm and the per cent ionizationis
approximately 110. The dominate species in the channel
is N1I. Pressures within the channe! grreatly exceed the
ambient pressure and the channel expands. The de-
creasing pressure sceampanying the rapid expansion in
the 0-20 psec perivd seems to domirate the changes in
the relative mass density, per cent ionization, and the
specie concentrations. In other words, the relative mass
density falls 1o a minimum of 3X103, the per cent
iontzation increases to a masimum of 120, and the N1,
NI and NI concentrations decrease. At 20 usec,
with the channel in approximate pressure equitibritsn
with the surrounding air, the deereasing channel tem-
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perature dominates the previously mentioned physical
characteristics. Between 20 and 30 gusec the cooling
channel at atmospheric pressure is characterized by an
increasing relative mass density and a decreasing per
cent ionization. During this same period the NI concen-
tration is increasing at the expense of the NII and
NIII ions.

It is important tc remember that the rough model
presented here is based or only a few time-resolved
spectra quantitatively analyzed in Part II. The diffi-
culties involved, however, in obtaining high-speed
time-resolved data of the return stroke seem to justify
the formation of a model based on these few spectro-
grums, It is clear that there are several ways to improve
this model. Spectra with a time-resolution of 1 usec will
improve the estimate of the “peak temperature.”
Electron densities exceeding 10'® cm™ in the initial few
microseconds can be calculated by cbtaining time-
resolved spcctrograms in the infrared where the Stark
cffect in neutral oxygen lines can be measured to deter-
mine the electron density (Griem, 1964; Orville ¢ al.
1967). An interesting addition to the model would be
simultaneous current oscillograms on the same time
scale as the spectral measurements. Simultaneous cur-
reat data, similar to that obtained by Berger (1962),
and Berger and Vogelsanger (1965), would add a
significant variable to the time-dependent model of the
lightning return stroke.

VoLuME 2§
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Determination of Lightning Temperature

MarTIN A. UMaN

Westinghousz Research Lehoratories, Pittsburgh, Pennsylvania 15235

The assumptions on return-stroke channel opacity, temperature profile, aud energy-state dis-
tribution that have been uscd in lightning temperature calculations ar: examined. It is shown
that the assumptions uscd are probably valid, except perhaps during the initial few micro-
scconds of the discharge, and that a reasonsble approximation to local thermodynamic equi-

librium exists within the return-stroke channel.

INTRODUCTION

Return-stroke channel temperatures have
been reported by Prueitt [1963), Uman [1964],
and Orville [1968]. These temperature deter-
minations have been made by relating the in-
tensity ratios of N II spectra! lines to theory.
No detailed analysis of the theoretical technigues
used to calculate temperature has been pub-
lished. In order for the temperature calculations
to be meaningful, the following criteria for
channel properties must be satisfied: (1) the
channel must be optically thin to the speetral
lines of interest, (2) the region of the channel
cross pection from which <he radiation of in-
terest is observed must to some reasonable
approximation be at uniform temperature, and
(3a) the discrete atomic encrgy levels from
which the transitions leading to the measured
N II line emission occur must be populated ac-
cording to Boltzmann statistics. If these three
criferia are satisfied, the temperature determined
is, at the least, the electron temperature, since
for the range of interest of electron density
(equal to and greater than 10" em™) the elec-
trons will have a Maxwell-Boltzmann energy
distribution and it is elestron excitation and
de-excitation collisions with the atoms that main-
tain the Boltzmann distribution among the
hound atomic energy levels [Griem, 1964]. If
eriterion 34 is replaced by the more restrictive
requirement: (3b} that the lightning channel be
in loeal thermodynamie equilibrium (LTE), the
temperature determined by analysis of the N IT
line radiation is a true temperature in the ther-
modynamic sense. The lightring channel is said
tv be in LTE as a function of position and time

Coryrighl © 1969 by the American Geaphysical Union.

if each small volume of that channel at local
temperature T'(r, t) satisfies the conditions for
thermodynamic equilibrium of a classical gas. A
classical gas is said to be in thermodynamic
equilibrium at temperatuye T if all energy states,
continuous and discrete, are populated accord-
ing to Boltzmann statistics. In particular, the
kinetic energy distribution of each group of
particles is described by a Maxwell-Boltzmann
distribution function, the population of the dis-
crete atomic energy levels is deseribed by a
Boltzmann distribution, and the relation between
the populations of discrete atomic cnergy levels
and continunm levels is described by a Saha
equation.

The validity of the appliestion of the con-
cept of temperature to the :ightning channel
has been questioned by Hill and Robb [1968],
who suggest that the electron-heavy-particle
Kinetic-energy equilibration time is of the order
of tens of microseconds. In a reply to the com-
ments of Hill and Robb [1968], Dawson et al.
[1968] present theory to shew that the equi-
libration time is, in fact, of the order of tenths
of 1 microsecond. In this paper we examine the
procedures previously nused to determine light-
ning channel temperature and show that they
are for the most part valid and that, in fact, to
a reasonable approximation LTE exists in the
lightning channel.

Discuarce PropERTiES

Nrrille [1968] found that the peak tempera-
tu-es in ten return-stroke channels oceurred
within the first 10 psee of the discharges and
wete of the order of 30,000°K. These peak tem-
peratures were derived from an analysis of the
time-resolved N TT radistion recorded by a
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spectrometer with a time resolution of a few
microseconds; thus, if the temperature was not
essentially constant during that period of time,
they represent some sort of average tempera-
ture. Orville's [1068] temperature data are in
good agreement with the temperatures pre-
viously derived from analysie of time-integrated
specirs [Prueitt, 1963; Uman, 1964). In gen-
general, Orville [1968] found that N II line
intensities were strong enough to be obeervable
from distant lightning ouly when channel tem-
peratures were sbove abou? 10,000° to 15,000°K.
The return-stroke temperatures for all strokes
studied were below 30,000°K after 10 usec and
were near or below 20,000°K after 20 uscc. Only
3 of 10 measured peak temperature points were
in excess of 30,000°K, although the error bars
about the points show that 6 of the 10 strokes
might have had peak temperatures in excess of
30,000°K.

Electron densitics in lightning return-strokes
have been measured by Uman and Orville
[1964) and by Orville [1968] by the technique
of comparing the Stark width of the Ha line
with theory. The Stark width of Ha is in-
dependent of the population of the bound
atomic cnergy levels and is only a weak fune-
tion of the electron temperature. Aceord-
ing to Orville [1968), the electron density
averaged over the first 5 psec of the return
stroke has a value of about 10™ em™. This elee-
tron density and the measured channel tempera-
ture averaged over a similar initial time in-
terval yield a channel whose pressure is about
8 atm, an average value that is probably
weighted toward lower pressures [Orville, 1968].
In any event, the initial channel pressure ex-
ceeds ambient, and the lightning channel must,
therefore, expand, apparently reaching pressure
equilibrium with the surrounding atmosphere
in a time of the order of 10 uscc [Orville,
1968). When pressure equilibrium is reached,
the measured electron density is about 10" ¢em™,
and thereafter it stays constant for at least as
long as the N II lines are recorded. According
to the calculations of Drellishak [1964], a
nitrogen plasma in LTE at 1 atm pressure will
have zn electron density of about 10" em™ for
all temperatures between 13,000° and 35,000°K.
Since nitrogen and air plasmas can be expected
to be verv similar, the theoretics! results pro-
vide gond confirmation of the meaaured values.

The time resolution of the spectrometer used
by Orville [1968) was 2 pses for some strokee
and 5 pseo for others. In the spectroscopic
measurement of channel properties, it is paces-
sarily assumed that the time resolution of the
spectrometer exceeds the characteristic time in
which the discharge changes its properties.
This situaticn probably occurs after the initizl
few microseconds of the discharge but may not
occur during the initial few microseconds. There
is apparently no literature on the actual light
output of a short wection of the return-stcoke
chanpel on a submicrosecond time acale. In the
sections to follow we assume that errors in
computed channel properties due to possible in-
sdequate time resolution of the spectrometer or
due to the techniques used for handling the
photographis film on which the lightning spec-
trum is recorded are not important, and we
concentrate rather on errors due to the possible
inadequacy of the assumplions ciade about
channel properties.

AxNavLysis

We consider now the criteria for channel
properties (presented in the first section) that
must be satisfied if the measured Lightning
temperatures are to be meaningful.

1. Measurements of the lightning channel
opacity to visible N II line radiation have been
made by Uman and Orville {1965] and Orville
[1966]. Uman and Orville [1985] analysed time-
integrated spectra and found the lightning enan-
nel to be transparent to the visible N II line
radiation during the greater part of the time
that the radistion was emitted. Orville [1066]
analyzed one time-resclved stroke spectrum for
opacity and found some deviations from optical
thinness in the early part of the discharge. He
states, howaver, that his results are far from
conclusive and that more data with greater
spectral dispersion are needed to check the
opasity as a function of time. Accordicg to the
theory presented by Uman and Orville {1065],
the volume of the lightning channel radiating
the visible N II lines must have a diameter of
the order of a millimeter or less if the terapera-
ture s 50000°K and of the order of a centi-
meter or less if the temperature is 20,000°K
in order for that volume to be optically thin to
the visible N 11 ines. The resuits of theory and
of experiments with long laborstory sparks indi-
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cate that mitially the return-stroke diameter is
considerably less than 1 ecm [Uman, 1969).
Theory and direct ineasurements made on the
lightning discharge indicate that the return-
siroke channel expands to a diameter of the
order of a centimeter [Uma=, 1969). It would
appear therefore that the lightning channel is
transparent to the visible N II line radiation
except poseibly during the initial phases of the
return stroke,

2. It has not been practical to meagure
radiation from the lightning chunnel as a func-
tion of radial position within the channel. Hence
all lightning spectra thus far obtained yield at
best the total radiation at a given wavelength
emsnating from a short length of charnel re-
gardiess of where within the channel that radia-
tion originated. BStrictly apeaking, lightning
temperature measurements are not meaningful
unless the radial temperature profile of that part
of the channel from which the N II radiation
occurs is relatively flat. The lemperature pro-
file of the channel is determined primarily by
the initial conditions and by the means avail-
able for transporting heat out of the channel.
Thka initial condition of the channel is that of a
Ligh-temperature, high-pressure plasma rapidly
expanding behind the cylindrical shock wave
that it initistes [Uman, 1966; Orville, 1968].
The initial temperature profils of the channel
is not known, but it is probably not unreasonable
to consider that the profile is flat. If, subee-
quently, the dominant energy loes mechanism
is radistive energy loss from an optieally thin
channel, the temperature profile will remain flat
[see, for example, Lowke and Capriotti, 1968).
If the dominant energy loss mechanism is opti-
cally thin radiation and even if the initial tem-
perature profile is not flat, the profile will rapidly
tend to become flat bezause regions of higher
temperature will have greater radiative cooling
rates than regions of lower tempersture. Even
if the channel is optically thick at various wave-
lengths (eg., parts of th2 ultraviolet and some
line centers), the dominant energy loss mecha-
nism may still be optically thin radiation with
the result that the channel profile will be flat.
This is the case, for example, for a steady-state
air arc at & pressurs of 30 atm and a tempera-
ture of 25,000°K [Lowke and Cepriotti, 1968].
If the lightning channel has been in pressure
equilibrium with the ambient atmosphere for

a time of the order of ] mses (see below) and its
temperature is below about 20,000°K, the domi-
nant energy loss machanisme will probably be
thermal conduction and ‘convection. Theraal
conduction necessitates 8 decreasing temperature
with radius and hence a rounded temperaturc
profile. Steady-state nitrogen arcs (a good ap-
proximation to steady-state air arcs) at at-
mospheric pressure and temperatures below
about 15,000°K have rounded profiles [Maecker,
1064]). On the other hand, according to the
calculations of J. J. Lowke (privatec communiea-
tion, 1968) using the method of Uman and
Voshall [1968], it an air arc of 1 em in radius
has a flat temperature profile initiaily and even
if energy loss by radiation is completely ignored
(only thermal conduction is considered), the
profile will remain relatively fiat for a time of
the order of 0.1 maee. It does so becauss 0.1
msec is ingufficient time for the channel par-
ticles to diffuse across the channol and alter
the initial profile. In a time o the order of 1
msee the profile will be rounded. No retumn-
stroke temperatures have been measured for
times in the discharge later than 50 uses, and
hence it would appear that for the lightning
temperature measurements that have been made
the assumption of a fiat temperature profile is &
reasonable one,

If a temperature determination is made for a
channel whose temperature profile in the region
from which the visible N II line radiation origi-
nates is not flat but rather is rounded, some
weighted average temperature will be measured.
‘The average temperature will be weighted toward
the temperature of that part of the channel in
which the visible N II line radiation is the
strongest. Of the visible N IT multipiets of in-
tarest, the one with the lowest upper excitation
potential, N TI{3), will iccresse in intensity at
fixed pressure near atmospheric for increasing
temperature up to about 30,000°K because of
the increased population of the upper excitation
potential from which that line is radiated. The
iiniensity will decrease for increasing tempera-
ture above about 30,000°K because the N II
density is depleted by formation of N III. For
pressures in excess of atmospheric the tem-
perature at which the N II density is depleted
is i excess of 30,000°K. Since ali visible N II
lines with multiplet numbers higher than 3 have
upper excitation potentials higher than that of




T YT

heilitatl

962 MARTIN A UMAN

N 11(3), these lines will reach peak intensity at
atmospleric pressure at a temperature higher
than about 30,000°K. Thus, for atmospheric
pressure aml above and temperatures below
ahout 30,000°K, the maximum intensitics of all
the visible N II lines will be radiated from the
ecnter of the chanpel where the temperature is
maximum. For these conditions the temperature
measured will be weighted toward the centrul
temperature. For atmoapheric pressure and
temperatures above about 30,000°K, different
N II lines will reach peak intensity at differ-
ent temperatures. For the case of a rounded
profile, different N II lines will be effectively
radiated from different radial positions in the
channel, and thus any temperature determi-
nation made from the ratio of N II lines
under these conditions is subject to sonsiderable
error. Fortunately, all temperature measure-
ments thus far mzde for times after about 10
poee (when the channel can be expected to be
near atunospheric pressure) were below 30,000°X.
If the eaily temperature profile of the channel
is rounded, early temperature measurement in
excess of 30,000°K may be subject to some
errors for charnel pressures not much in excess
of atmospheric. On the otler hand, at early
times one would expect a relatively flat tem-
perature profile and pressures considerably in
excess of atmospheric.

3a. We wish to show that the atomic energy
levels involved in the transitions leading to the
visible N II line radiation are populated accord-
ing to Boltzmann statistics. According to Griem
[1964], this will be true if for these levels the
collisional-rate proceases (electron-ion collisional
excitation and de-excitation) dominate the radia-
tive process (radiative decay and recombina-
tion). In general, for a fixed electron density
and electron temperature, there will be sn
energy level of the N I atom above which a
Boltzmann distribution of the hound energy
levels exists and below which one does not. This
iy the cave, at least in the hydrogenic approxi-
mation, because collisional rate processes in-
crease as the spacing between energy levels
decreases (that is with increasing energy level),
while the radiative decay rates decrease with
increasing energy level [Griem, 1964].

All N II spectral lines used in lightning tem-
perature measurements result from transitions
with lower energy levels at or above the lowest

n = 3 level, the 35 at about 184 ev, of N IL
‘This level will be in Boltzmann equilibrium with
all higher levels if the total transition prob-
ability for radiative decay from it is much
sma'ler than, for instance, the ‘otal rate of
collisional excitation from it to all higher ievels.
If A, . is the Einstein transition probability for
a transition from state g to state ¢°, and C,.,
is th . collision transitional rate per atom from
state g to state ¢’ (discrete and continurm
levels), we require that

Z Cc'c > 2 Ac'c (l)
> e <e
where q is the 32'P° state.

According to Seaton [1962] and Griem
[1964], a reasonable approximation for the
collision transitionsl rate beiween discrete
ene;gy levels of ions is

- Ev\[Ex \'"
Coe X0 X 107%,.N, —")(;;,—)

.‘-Al/ll'c ’ec-l (2)

where J,. , is the abeorption oscillator strength,
AE is the energy difference between levels g
and ¢, Ey is the ionisation potential of hydro-
gen, 7, is the electron temperature, k is Bolts-
mann’s constant, and N, is the electron density
in em™ To determine the conditions under
which (1) i3 satisfied without having to per-
form a great amount of detailed ecalculation,
we can underestimate X,., Cy , a0d overesti-
mate ¥y, (A . The conditions ;hus calculated
will be more stringent than necessary. We under-
estimate 2,.,,C¢, by considering only three
multiplets in the summation: the N II(3) multi-
plet consisting of 6 lines resuitiog from transi-
tions from the 3p°D level at about 20.6 av, the
N 11(4) multiplet cousisting of 3 lines resulting
from transitions from the 3p°S level 2t about
209 ev, and the N I1(5) multiplet consisting of
€ lines resulting from transitions from the 3p°P
level at about 21.1 ev. Using the oscillator
strergths and the energy level data tompiled by
Wiese et al. [1968], we can sum (2) over the
lines comprising these three multiplets and de-
termine the collision transitional rate as a func-
tion of temperature. After performing these
operations, we find that
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> Cue 4X 107N,
e’'>e
2 8§X 107N,
11X 1077 N,

16 X 1077V,

The collision transitional rate increases mono-
tonically for increaging temperature and fixed
electron density for temperatures between
10,000° and 40,000°K.

The radiative transition probability 4,., ¢an
be related to the emission oscillator strength
f' “y hy

Age = 43 X 10’ (AE)’ Pave (4)
with AE in electron volts. Equation 4 can be
derived from the expression given by Allen
[1963, p. 55] using A (in angstroms) equal to
12,400/AE. The energy levels found below the
3¢P* at 18.4 ev to which transitions might occur
are listed by Moore [1949] and given in Table
1. Dipole transitions from the 3s°P° to all lower
levels are forbidden by the dipole transition
selection rules: AL = +1 and AS = 0. Never-
theless, dipole forbidden transitions can be ex-
pected to occur, For example, Kelly {1964] has
reported a transition probability of 1.3 x 10°
sec® for the intercombinational (AS »= 0)
transition to the ground state.

As stated previously, in ordor to make the
eonditions for the existence of a Boltzmann
distribution above the n = 3 level as restrictive
as possible, it is appropriate to overestimate the
total radiative transition rate from the 3s'P*
level. Thus we will asstme that transitions can
occur from the 3¢°P* level to all lower levels
subject to the restriction on the multiplet mem-

TABLE 1. Energy Levels of the N II Atom
Found below the 3s°P* Level at 18.4 ev According

to Moors {1949}
Level Approximate Energy, ev

298 1D 17.8

2p% P 13.5

2p* $D* 11.4

2P 830 5.8

2p2 18 4.05

2pt 1D 1.e

2pt P Ground siste

sec for T,

sec for T, = 15,000°K

-1

10,000° K

&)

-1

sec for T, = 26,000°K
sec”’ for T, = 40,000°K

bers, AJ = 0, =1 with 0 — 0 iot allowed.
(This assumption is equivaleni to making the
calculations essentially maode! caleulations and is,
in fact, necessary if the ealculations for the
35’P level are to be valid for levels above the
31s'P°, which may kave allowed transitions to
some of the n = 2 levels.) We will also assume
that for sl transitions oecurring f,. , = 1, the
maximuim value of f for one electron transitions.
Furtker, we ignore the effects of the poesible
imprisonment of ultraviolet radiation which will
tend to reduce the net downward transition
rate.

If we perform the summation indieated above,
ve find for the total radiative transition rate
from the 35" level

Y Aype 21X 10" gec™ 5)

¢’ <e
The total radiative transition probability is
dominated by the probability of transitions to
the ground state.
The combination of (1), (3), and (5) yields
as the condition for the existence of a Boltzmann
distribution at and above the lowest n = 3 level

N,>»3X 10" em™ for T, = 10,000°K
N,»1X10"em™ for T, = 15,000°K
N.>9X 10" em™ for T, = 20,000°K
N,»6X10°em™ for T, = 40,000°K
(6
We have, however, underestimated the collision
transitional rate per ion and overestimated the
radiative transition probability. It is reasonable,
therefore, to adopt in place of (8) the require-
ment .
N, 2 10" em™? )

As noted in the previous section, slcctron den-
sities of about 10" em™ are to be expected in
the lightning channel after pressure equilibrium
has heen reached and for the time during which

doniied LR ks

& el

A L R LT



T Y T

TR T

(AR

954 MARTIN A. UMAN

the N 1I lines are recorded. Early in the dis-
charge, the clectron density is in excess of
10" em™. It would appear, therefore, that a
Boltzmann diztribution will be established be-
tween the lowest n = 3 energy level of the N il
atom and all higher energy levels.

From (3) it is apparent that for N, = 107
em™ the collision transitional rate from the
38’P* level is in excess of 10" see”. Thus more
than & hundred collision-induced transitions
occur in 001 usec. If the lightning discharge
changes its properties on a time seale measured
in 0.01 usec or longer, it is te he expected that
a Boltzmann distributio. will cxist above the
lowest n = 3 level as a function of time.

For completeness, it is important to mention
that the Boltzmann distribution can only be
maintaired if the spatia! variation of the elee-
tron temperature is small in comparison with
the distance an N II atom can diffuse in the
order of an equilibration time for the lowest
n = 3 level. This condition iz ennsiderably less
restrictive than the condition (discussed pre-
viously) that the temperature profile must be
relatively Rat in the region from which the N II
atoms are radiating.

Although the spectral lines of 0 I, N 1, and
O I1 have not as yet been used in lightning
temperature measurements, they may well be
used in the future, Channel temperatures in long
sparks have been measured vsine the O I(1),
O I(4), 0 1(35) multiplets in thc near infrared
[Orville et al., 1967]. 1t is appropriate then to
consider whether a Boltzmann distribution exists
among the bound energy levels of O I, N I,
and O I1. The lowest energy level involved in
visible or near-infrared radiation from O I is
about 9.1 ev above the ground state and from
N I is about 103 ev above the ground state.
The ionization potential of O I is about 13.6 ev
and of N I iz about 14.5 ev. If the caleulations
previously perforired for N II are repeated for
O 1 and N 1, the ealculated radiative transition
rates are found to be smaller for the neutral
atoms than for N II, since the energy gap be-
tween excited levels and ground state iy smaller
for the neutrals (see equation 4). The collizgional
rates are roughiy the same for the neutrais as
for N II [Griem, 1964]. Thus we would expect
that at and above 9.1 ev in O T and 103 cv in
N I a Boltzmann distribution would ke main-
tained. The lowest energy level involved in

visible radiation from O II is about 22.9 ev
above the gronnd atate. The caleulations for O I1
are very similur to the calenlations for N II, and
we wonld expect the O II states at and above
229 ev to he Boltzmann distributed if the N Il
states above 18.4 ev are.

3b. We wish to show now that the lightuing
temperatures measured are more than simply
cleetron temperatures and that, in fact, to a
reasonable approximation LTE exists in the
retnrn-stroke channel. We consider first the
Boltzmann distribution of bound atomie enecgy
level:; second, the kinelic-energy equilibration
time between electrons, ions, and neutral:; and
third, the effect of a strong electric field on the
temperaturs of electrons and heavy particles.

Deviations from a Boltzmann distribution
among the bound energy states of an atom occur
because below some atomic level the radiative
transition rates become equal to or exceed the
collision transitional rates. The effect of these
deviations is to overpopulate the lower energy
levels relative to the Boltzmann distribution
that exists among the upper levels. The over-
pepulation may be reduced somewhat by the
effects of imprisoned ultraviolet radiation, which
will tend to reduce the net downward radiative
transition rate. For N II, then, some reasonable
approximation to a Boltzmann distribution may
exist even below the lowest n = 3 Jevel. For
O I, N 1, and O II, some reasonable approxima~
tion to a Boltsmann distribution may exist
even below the lowest levels involved in visible
or near-infrared radiation.

If one is to speak of a return-stroke clannel
temperature, the electrons, the ions, ahd the
neutrals in the channel should have the same
average kinetic energy. The bulk of the icput
energy to the channel is initially delivered to the
electrons because of their high mobility in the
applied electric field. The energy gained by the
electrons is then transferred by collisions to the
ions and the neutrals. The equilibration time
for electron-ion temperatures is given by [Griem,
1964]

~M_1
TRE ™ o (o)

®

where m is the electron mass, M is the ion mass,
and {v,) iz the average electron-ion collision
freqriency. In the formulation of (8) only elastic
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collisions are congidered, and thus 7., from (8)
represents th: maximum value of the electron-
ion equilibration time. Electron-ion interactions
are the dominant interactions in the lighining
channel in the temperature 2nd eleciron density
ranges of interest. Griem [1964] shows that
sincs

0 - B ()

3 dxe,kT,/\ m ,
- {9)
with

A = 1.24 X 10"(T./n,"'Y),
(8) car be written

a8 -1
Ty N % [3 X 1077 (E'-) N.] sec

kT,

(10)
where the electron density is expressed in em™,
In (9) single ionization has been assumed.

From (10), the equilibration time calculated
is

T2 7 X 10'/N, sec
for 7T, = 10,000°K
a1 X lO'/N. sec

for T, = 15,000°K (11)

Txa & 2 X 10°/N, sec
for T, = 20,000°K
e X2 & X 10./N. sec

for T, = 40,000°K

Thus for N, = 10 em™®, the electron-ion equi-
libration time iy less then 0.1 psec. If the dis-
charge parameters change on a time scale meas-
ured in 0.1 usec or longer, the kinetic energy
of the iong will be equal to that of the electrons.
Further, energy transfer between the ions and
the neutrals will be relatively rapid, owing to
their similar masees, and thus electrons, ions,
and neturals should ali have the same kinetic
temperature on a 0.1-psec time scale. A similar
but less detailed discussion of the kinetic-energy
equilibration time in the return-stroke ¢'iannel
has been given by Dawson et al. [1968]. The
remilts obtained were essentially the same as
the results given here.

i

In the preceding discussion of tie kinetic-
energy equilibration time, it was assumed that
the applied electric field is oot large enough tc
separatz the electron and heavy-parlicle tem-
peratures on a steady-state basis. W= can use
theory to obtain a rough estimate of the electric
field that will in the steady state scparate the
electron and ion kinetic temperatures by a given
per cent. Following Finkelnburg and Maecker
[1956), we balance the energy gained by the
electrons from the electric field in a mean free
time with the net encrgy dclivered from the
electrons to the gas per collision:

T, - 1) = 355 ((—,_'-‘;)' (12)

where T, is the gas temperature, f is the electron
average fractional energy loss per collision, and
E is the electric field.

If (12) is divided by T, and rearranged, we
obtain

LT __1 1/E (;)
=TT Tan e e @
From (13) and (9), X can be determined as a
function of T, for fixed values of the fractional
electron-gas temperature difference x. Results
obtained using (13) should be considered ac-
curate only to a factor of 2 or 3.

Equation 13 has been evaluated for nitrogen
(a grod approximation to air) with x = 0.1 and
001. The collision frequency was ealeulated
uging the data on electron demsity given by
Drellishak [1964]. For smplicity, it is ss-
sumed that for temperatures sbove 10,000°K,
electron collisions with ions (the dominant col-
lisions) are primarily elastic, so that j = 2m/M.
Since the value of f used is the minimum value
to the actual f, the electric field intensity cal-
culated for a given value of x is the minimum
value to the actual field. At atmospheric pregsure
the electron and heavy-particle temperatures are
separatad by 109, at an electric field intensity
of the order of 20 v/em and by 19; at an elec-
tris field intensity of the order of 6 v/em for
temperatures between about 13,000® and
30,000°K. At a pressire of 10 atm the com-
parsble electric fields are about an order of mag-
nitude higher. Electric fields in high-current
arcs in air at atmospheric pressure are of the
order of 10 v/cm [King, 1952), so that the
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effect of the electric field in separating particle
temperatures in the return stroke channel should
not be significant during the time the chanuel
is near atmosphorie pressure. In the first fe ¢
micreseconds of the return-stroke history, the
channel pressure i high and so probhably is the
channel elsetric fiokd. Very little information is
avsilable on the magnitude of either parameter
at carly times. i is possible ‘hat the eleetron
femperuture might exceed the heavy-particle
temperature during the initial microseconds of
the dischargs owing to the preseme of 8 rela-
tively strong electrie field in the channel.

Concrysions

The ssmunptions on retum-stroke channel
properties that have been med to determine
return-stroke temperatures from a comparison
of the ratios of visible N IT specarel lines with
theory would appear to be valid, except pos-
sibly during the first few microseconds of the
discharge. If during the initial microseconds of
the discharge the channel temperatu.e is near
30000°K and the radius of the olume radiat-
ing N II is Iarger than about 1 om, the N i1
lives will be self-absorbed, leading to an ervon-
eous temperature measurement. It is hikely thst
the temperature profile of the return-stroke
channel is relatively fat during the first 0.1 meee
of the discharge. If, however, temoerature pro-
files are rounded after the initial microseconds
of the discharge, measured temperatures wilt be
weighted toward the ceniral temperature. If
‘ernperature profiles are rounded during the
initial mieroseconds of the discharge and if the

central temperature is above 30000°K, the -

chanpel is opticaily thin. and the pressure is not
considerably in excess of atmospher'e, erroneous
terpevature measurements will eccur because
dif:rent N 11 lines will mdiate their peak inten-
sities from Jifferent radial positions in the chan-
nel. However, it is in the initial microseconds of
the discharge that high channel pressures are
to be expected.

The concept of a tempersture would appear
to be a valid concept when applied to the
retyrn-sipoke channel. In fact, to a rensonable
approximation, the channel can be congidered to
be in LTE: The lowes? energy lovels of the N 1T,
O It, N1, and O I atoms that are involved iu
vigible or oear-infrared radiation and possibly
even Jower levels are populsted according to

Boltzmann statisties on o V0l-psec tune scsle.
The kinetic temperatures of the electrons, ions,
and neutrals are equilibroted on a 0.1-pser
time scale except possibly during the initial
discharge phase, 1f a strong electrie field is
present in the channel during the initial dis-
charge phase and i the chaunel. pressure ‘s 2ot
considersbly in excess of atmospherie, the elec-
tron and heavy particle temperstures may be
separated by the electric field. The separation
of electron and heavy-particle temperatures, il
it does occur, would be expected to last for s
few microscconds or less.
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APPERDIX VII
"Time Interval between Lightning Strokes and the Initiation of Dart Leaders"
by Uman and Voshall _
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Time Interval between Lightning Strokes and the Initiation of
Dart Leaders

Martin A. Umax axp Roy E. VosHALL

Westinghouze Research Laboratorics, Pittsburgh, Pennsylvania 16233

The temperature decay of a lightning ch:nnel during the interstroke period is determined
theoretically, It is showa that, in the absence of input energy to the channel, the channel
temperature will decay sufficiently slowly so that conditions conducive to the initiation and
propagation of & dart leader will exist in the channel after a typical interstmke period of
40 meec. Thus, it would appear unnecessary to invoke the special mechanisms suggested by
Brook et al. and by Loeb to explain th~ ‘long’ interstroke peried. The caleulatinns indieate
thst the lightning channel radius during the latte: stages of a lightning stroke is of the order
of centimeters. A mechaniom is suggested to explain the phenomenon of bead lightning and
to account for the .beerved long-lasting luminosity occurring at certain points on the ‘iormal
dischargs channel.

IerrooucTion

A complete lightning flash to ground is com-
posed of one or more partial discharges known
as strokes. Each stroke beging with a faintly
luminous predischarge, which travels from cloud
to ground, a distance of the order of kilometers.
The predischarge preceding the first stroke in a
fiash is called the ‘stepped leade:, because its
luminosity moves earthward in steps of typi-
cally 50 meters with about a 50-psec time
delay between steps [Schonlond, 1956]. The
stepped leader forges ite way earthward through
essentially ui-ionized air. Subsequent strokes
in & multiple-stroke flash are preceded hy ‘dart
Jeaders.’ The dart leader appears to the camera

as & luminous dart about 50 meters in length,

which travels smoothly toward ground along
the path of the previous stroke. Dart leader
velocitier have heen reported by Schonland
[1956] 10 be between 10 X 10" and 2.1 X 10"
m/wec, 1ith a most frequent value of 20 X 10°
m/see. Schonland et al. [1935] found that, in
general, the longer is the time from the cessa-
tion of measurable lumincsity of ihe previous
stroke, the lower is the dart leader velocity.
Brook and Kitagawa (published in Winn [1965])
have presented data illusirating this effect.
Schonland et al. {1935] suggested that the effect
is due to the decrease in channe! conduetivity
with time, lowar conductivity yielding a slower
dart leader. Other factors that may affect the
dart leader velocity are the change in the
channe! vadius with time and the increase in

the channel particle density with time. A typi-
cal value for the time between ceasation of the
previws stroke and the initiation of a dart
leader is about 40 msec, most time intervals
being between 10 and 100 meee [Schonland,
1956]. A minimum time interval of 3 meee has
been reported by M. Brook (privats eommuni-
cation, 1967). According to Kilagawa et ol
[19623, if the tima interval between strokes
is longer than about 100 meec, there is prob-
ahly continuing current flowing in the channel
during the time interval.

During the time interval between two stroke-
current peaks, the total lightning channel may
increase in luminosity without the prior appear-
ance of s dart leader. This increase is known
as an M component. It would appear that M
components generally occur during the few
milliseconds of low current occurring at the
termination of some lightning atrokes [Malan
ond Schonland, 1947] or during the flow of con-
tinuing current [Kitagawa et ol., 1962] follow-
ing some strokes, It is, therefore, reasonsble to
asume that, when M components do occur,
the lightning channe! is sufficiently conducting
that dart leaders cannot oecur.

The lightning stroke current, az measured at
the ground, rises to a peak value of the order
cf 10 kA in microseconds for first strokes and
in tenths of microseconds for subsequent strokes
[Lewie and Foust, 1945; Ilagenguth and An-
derson, 1952; Berger and Vogelsanger, 1965].
The current decreases to half of peak value in
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about 20 to 60 usec [Hagenguth and Anderson,
1952; McCann, 1944). Thereafter, currents of
the order of 100 to 1000 amp may flow with
characteristic decay times of milliscconds [Hag-
enguth and Anderson, 1952; Berger and Vogel-
sange-, 1965].

Several spectroscopic determinations of light-
ning temperature versus time have been made
by Osville [1966] (and private communications,
1967). Using S-usec time resolution, Orville
found peak lightning temperatures wnear
30,000°K. Orville’s data indicate that stroke
- temperature decreass to about 10,000°-15,-
000°K in 20 to 50 psec. No temperature deter-
minations below these valnes were poasible,
owing to the low light levels characteristic of
the visible spectrum at these temperatures.
Mcecker [1953] has reported that a short lab-
oratory arc in nitrogen earrying 200 amp of
current has a central temperature of about
11,000°K. Edels and Holme [1986] report that
short arcs in air with currents between 10 and
25 amp have central tempersturcs between
6000° and 7000°K. On the basis of the fore-
Joing discussion, we might reasonably expeet
the lightning temperature in the Iatter stages
of the discharge to be of the order of 10,000°K.

Lightning channel radii between 15 and 6 em
have been reported by Evans and Walker
[1963]) from measurements made on 2-psec
photographic exposures of the lightning chan-
nel. Schonlend [1937] has photographically
measured lightning channel madii between 7.5
to 115 em. Unless great care is taken. the
photographic measurement of cheanel radius
ean be expected to yield an overestimation of
<he channel radius. Uman (1264], from a meas-
urement of the damage caused by lightning
when that lightning was allowed to pass through
insulating screens, found that the lightning
channe] was at most 1 or 2 em in radiue. Flow-
ers [1943] has investigated the variation in
radius of lightning-like sparks in air. He found
that sparks 9 cm in length reaching peak cur-
rents of the order of 20,006 amp in a few micro-
seconds were initially contained within very
narrow channels. By the time peak current was
attained, those channels had expanded ‘o radii
of 0.5 to 1.0 cm. After peak current, the channel
radii continued to inerease, reaching a value of
a few centimeters in tens of misroseconds. On

UMAN AND VOSHALL

reasonably expect the lightning channel radius
in the Iatter stages of a lightning stroke to have
a valne between 1 and 8 em.

The poressure existing in the lightning chan-
nel as a function of tine can be estimated as
follows: Prior to the retum stroke, the channel
pressure and particle density are that charac-
teristic of the leader. The pressure is probably
rear atmospheric, and the particle densiiy,
owing to the elevated leader temperature, is
probably somewhat less than that characteristic
of atmoepheric air. The return stroks heats the
leader channel to a temperature of the order of
30,000°K. Since the heating of a2 short seetion
of channel occurs quickly, the particle density
will not have time to change appreciably dur-
ing the heating process. The resultant high tem-
perature and relatively high air depsity yield
a channel pressure that is probably an order of
maguitude, or more, greater than atmospheric
pressure. The channel will therefore expand
until it is in pressure equilibrium with its sur-
roundings. If we assume that the temperature
remains constant, the channal volume must in-
crease 10 to 100 times in order to lower the
channel pressure to atmoapheric. Thus, we

'wmﬂdexpecttlnttbeehmdpmmld

henuratmapherntfmtheehnnel
hadexpandedStolOtma nntnl

orderoflcm.‘l‘hechanmlmllpmhblyex—
pand at supersonie velocity. A velocity of Mach
3 corresponds to a radial expansion of 1 em in
about 10 psec. We would therefore expect that,
in a time measured in tens of microseconds, the
channel pressire would approuhatmoq;bene
and, furthermore, would remain near atmo-
spheric for the duration of the slow monotonic
stroke temporature decay.

In this paper, we will present calculations of
the temperature deeay in the lightning stroke
channel during the interstroke period. We will
assume reasonable valnes for stroks temper-
ature and radius at effective -current cessation
conditions. By ‘at effective evient cessation’
we mean at the time at which the channel cur-
rent falls to a sufficiently low value so that the
energy input to the channel is small compared
with the energy dissinated by the channel.
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that a small, steady current flowing in the
fightning channel during the interstroke period
might be neeessary to nmintain a level of inniza-
tion snilicient to ailow a dart jeader to traverse
the path of the previous siroke. Brook ¢t ul.
[192] ealeulste thet this current might e
about 10 amp and still eseape detection by
photographic and electric-fickl-change me-=ure-
ments. It Lus been suggested by Loeb {106}
that ioniging waves muy traverse the lighining
channel during the intersiroke period, keeping
the degree of ionization above soine minimum
level neeessary to support the dart leader. We

shall show that neither of these suggested

mechanisms is neeessary, that the temperature
decay in the lightning chavnel is sufliciently
slow so that appreciable temperature and elec-
trical conductivity exiet in the lightning chan-
nel tens of milliseconds after the effective cur-
rent cessation.

THeoRY

To describe the bhehavior of the decaying
lightring channel after efiective current cessa-
tion, we write the foilowing four equations for
the air composing the channel and regions
around the chamnel: an energy balance equa-
tion

2
=V« VT + pc,-PD—f-l- D ("—) . =0

Ppe\a) T a
(n
a momentum balance equation
Dy
i ~-vp ()]

a mass conservation cquation

% =
7 +Vpr =0 (3)
and an equation of state

P =P, T) ¢)]

(see, for example, Licpmann and Roshk. 11957]).
In (1)-(4), P is the gas pressure, T is the absolute
temperature, p is the mass density, v is the gas
velocity, ¢, is the specific heat at constant
pressure, and « is the thermal conductivity. The
operator D/ Dt ia defined as '

— ==+ vV (5)

The validity of the set of cquatims used in
describing the deeaying lightning chaumel is
dependent on the following assnmptions: (1)
loeal thermodynamie equilibrivan is present in
the svslem as a function of pesition and time,
amil 12) heat lose from the channel by rudiation
aml by gravity-driven conveetion is negligible.
These assw iptions will be considered later.

To obtain a more tractable set of equations,
we make the following additional assumption:
(3) the pressure within and around the channel
is always nearly atmaospheric; that is, spatial
and temporal pressure variations arc small. The
validity of this assumption will he eonsidered
luter. With this assumption, we can set equal
to zero the third and fourth terms on the left-
hand side of (1). That the third term is pro-
portional to VP can be seen by comparing it
with (2) for the case that the air flow is only
in the radial direction (see assumption 4 below).

We will solve, then, with the aid of a digital
computer the following set of equations:

—VVT + pc,(‘;—f + v-VT) =0 (60

LI S
a‘-I-VpV-—-O {N

P = P(p, T) = constunt (8)

Values for the mass density p(T) and the specific
heat ¢,(T) of air, both evaluated at 1 atmosphere
pressure, were taken from the data of Burhorn
and Wienecke [1960] and Hansen [1958]. Values
for the thermal conductivity «(T) of air at 1
atmosphere pressure were teken from the data
of Yos [1963]). The equations given above are
sufficient to allow the determination of p, v, and
T as a function of position and time.

To obtain a solution of (6)-(8), it is neces-
sary to choose a temperature profile for the
channel and for the region aurrounding the chan-
nel at the time of effective current cessation ard
also to assume a houndary vajue for the temper-
ature at some distance from the channel.
Firther, we assume, for simplicity, our fourth
and final assumption: (4) the channel is straight,
cylindrically symmetrical, and infiniiely long.
Thus, we disallow turbulence or other air flow
that is in a direction other than radial. We have
arbitrarily chosen the initial temperature pro-
files to be roughly parabolic. On the time scales
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used to measure the temperature decay, the
temperature versus time curves are only slightly
affected by the choice of initial profile. That is,
any initial channel profile will relatively quickly
revert to a profile characteristic of the chaunel.
Some chanunel profiles as a function of time are
given in Figures 1 and 2. In Figures 3 and 4
the central temperature of the decaying dis-
charge channel is plotted as a function of time.
In Figures 4 and 4, the channel radius is desig-
nated by that value of initial radial coordinate
at which the temperature profile becomes essen-
tially flat. Thus, the value assigned to the radius
is somewhat larger than would be the luminous
radius for the same temperature profile. Data
have been presented for channel radii of 1.0,
20, 40, and 8.0 cm, and initial central teraper-
atures of 8,000° and 14,000°K. In each case the
temperature was arbitrarily sssumed to be

1‘“”,

500°K st a radivs equal to twice the initial chan-
nel radius. For the times considered, the profile
decay is only elightly affected by the presence
of the arbitrary temperature boundary. If the
boundary were moved to larger radius, the
decay in the central temperature would take
place at a slightl; =lower rate.

Since the ability of a decaying chunnel to sup-
port a dart leader depends, at least in part, on
the electrical conductivity of the channel, it is
appropriate to consider now the electrical con-
ductivity of air at l-atmosphere pressure as a
function of temperature. This data, caleulated
by Yos [1963], assuming local thermodynamic
equilibrium and assuming that the air does not
contain water vapor, is given in Table 1.
Further, as can be determined from the calcula-

- tinns of Gilmore [1953], an order of magnitude

value for the equilibrium electron density in

Temperature, °K
$

L ] L

J T P [ |
0

L o - i L L L L L
2 .4 6 .8 L0 L2 04 L6 18200 .2 4 6 8 10 L2 1416 18 20

Radius, cm

Radius, cm

Fig. 1. Chanpel temperature profiles at various times for an initial radiue of 10 cm and
for initial central temperatures of 14,000° and 8000* K. The initial temperature profile is chosen

to be roughly parabolic.
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Temperature, "X

Radius, cm

UE_I__A_I__I_I_A_I—-I_-A— ST ST SO S S |
4 .8 1216 20 24 28 3.2 36 400 .4 .8 12 L6 20 24 28 32 36 A0

TV = T 1 T T 1

Radius, cm

Fig. 2. Channel temperature profiles at various times for an ini*ial radius of 20 ¢cm and
for initial central temperatures of 14,000° and 8000° K. The initial temperature profile is chosen

to be roughly parabolic,

cm™ of dry air can be obtained by multiplying
the conductivity in mhos/em by 10* At
4000°K, the electrical conductivity is about 10°*
mhos/cm and the electron density is about
10" em™. The channel st 4000°K is, thus, a
poor conductor. At 2000°K, the electrical con-
ductivity is about 10"* mhos/em and the elec-
tron density is about 10" e, The channel at
2000°K is essentially nonconducting. It would
appear likely that the level of conductivity
necessary to support s dart leader would oceur
for a value of temperature between 2000° and
4000°K. Although the above data are valid only
for air that does not contain water vapor, the
presence of water would not be expected to
change the conductivity values by an order of
magnitude or to change the relation between
conductivity and electron density by an order
of magnitude.

Discussion oF Resurts

It can be seea from the figures that the time
for a discharge channel to decay from a given
initial tempersture to a given final temperature
is roughly proportional to the square of the
channel radius. If we consider the temperature
decay from an initial 8000° to 14,000°K tem-
perature range to a final 3000°K, we find that
the time involved for a 1.0-cm channel is 15 to
20 msec and for a 2.0-cm channel 60 to 80 msee.
Channels with radii over 40 ¢cm take over 150
msec to relax from aa initial 8000° to 14,000°K
temperature range to a final 3000°K. If we as-
same that mear 3000°K the lightning channel
is ripe for a dart lead2r and recall that the in-
terstroke time intervals are between 3 and 100
msee, the lightning channel radius at eflective
current cessation must, according to the theoret-
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Fig. 3. Decay of the central temperature for channel radii of 1,3, 4, and 8 em. The initial 2
central temperature is 14 000°K.
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TABLE 1. Equilibrium Electrical Conductivity
of Dry Air at 1 Atmosphere, as Calculated by

Yos [1963)
Temperature,  Eleetrien) Condncetivity,
K mls, cn
2000 9.98 X j0°?
3000 2.14 X 10°¢
4000 2.43 X 10
5000 2.4 X 10}
6000 1.13
7 3.90
8000 10.4
9000 19.0
$0,000 27.3

ical data given above, be between about 0.5 and
2.5 em. This ealeulated radius for lightning is in
relatively good agreement with other determin-
ations of that radius. Since in our formulation
of the equations describing the decaying chan-
nel we neglected all channel heat loss other than
loss by thermal conduction, %= calculated
radius given above should be cc. .cred a mini-
mum value to that actually existing at current
cessation. For example, in order for a channel
with both conductive and convective heat loss
to deeay to 3000°K in about 50 msee, the chan-
nel might have to have an initial radius of, say,
40 cm ingtead of the 2.0 em necessary if only
conductive heat loas were considered. It would
appear that, for reasonahle lightning channel
radii, one would expect to obtain the measured
interstroke time intervals if channel temper-
ature decays to near 3000°K between strokes.
It is probably not coincidental that, in the
2000° to 4000°K tempersture range, air changes
from a conductor to an insulator.

The total particle density present in the
lightning channel near 3000°K at 1-atmosphere
pressure is about an order of magnitude less
than that existing outside the channel. This
value of channel particle density provides a part
of the environment conducive to dart leader
initiation and propegation. This is the case be-
cause ionization rates and charged particle ve-
locities in the presence of a strong electric field
are dependent on the quantity E/N, electrie
field intensity divided by particle density. For

given electric field provided by the dart
ieder, the high value of E/N in the channel
relative tu regions outside the channel serves to

503
make the chauncl a preferred path fur the dart
lcader. The discharge ehannel radius dous uot
change significantly with time, and s its
change is apparently not important in the dart-
leader initiation process.

1f no continuing currenc flows in the lighiing
channel between strokes, the chaunncl is ob-
served photographically to depay in luminosity
until it i3 dark. Often, however, certain points
of the discharge channel (often associated with
bends in the channel) are observed to remain
liminons jor an appreciable fraction of the
interstroke time interval. (See, for exsmiple, the
Boys camera pliotographs in Schonland [1936].)
It is approprinte to examine the cxpected
change in channel luminosity with time to sce
if that change is consistent with experiment.
Morris et al. [1966] report that the continuium
radiation from air at atmospherie pressure at
wavelengths above 2000 A falls off about twe
orders of mzgnitude as the temperature de-
creages from 16,000° to 9000°K. Presumably,
the continuum is a reasonable measure of the
total radiation. According to the data presented
by Allen [1965], the total optical radiation emit-
ted by air at atmocspheric pressure decreases
about two orders of magnitude as the temper-
ature is lowered from 14,000° to 9000°K and
about three orders of magnitude as the temper-
ature is lowered from 9000° to 4000°K. Since
the peak lightning temperature is near 30,000°K
(Orville, 1966, and private communication,
1947], the change in total luminosity from the
peak lightning temperature to the 2000° to
4000°K range at least is five orders of magni-
tude. The change in luminosity in .the virible
wavelengths may be even greater, since s large
part of the visible radiation is due to singly
ionized nitrogen, which does not exist at low
temperatures. If a strezk camera with photo-
graphic films ic used to reeord the stroke lumi-
nosity 48 a funetion of time ard if the camera
diaphragm is set so that the peak luminosity
does not strongly overexpose the film, one
would not expect, even under the best of con-
ditions, to record luminosity ‘more than two
or three orders of magnitude below the peak
luminosity. Therefore, with such an arrange-
ment onc might reasonably expect to fuil to
record photographically the lightning channel
after it has faller much helow a temnperature of
ubout 19,000°K. As mentioned sbove, certain
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positions on the channel, often apparently bends
in the channel, are observed to retain their
luminosity for relatively long times, It is sug-
gested that these positions of fong-lasting lumi-
nogity are sections of the hightning channel of
enlarged radius. As noted earlier, a tripling of
the chaunel radius will increase by about an
order of magnitude the effective time constant
for temperature decay. Further, a higher initial
temperature for a fixed radius would also serve
to increase the deciy time, particularly for a
section of channel of large initial radius (com-
pare data on Figures 3 and 4).

As an extension of the preceding discussion,
we are able to offer a possible physical mecha-
nism for the phenomenon of bead lightning. If
tke lightning channel radius were somehow
periodically modulated as a function of height,
then, as the channel luminoaity decayed, the
channel would take on the appearance of a
string of beuds. That is, the regions of enlarged
radii would be visible for a longer time than the
regions of smaller radius would. One mechanism
for such a modulation of radius is the pinch
effect in the presence of standing wave phe-
nomensa, a3 has been suggeated by Umen
{1962). The proposed regular modulation of
chanpel radius may, on the other hand, be an
accident of nature, occurring, for example, when
the channel consists of a large number of kinks
or bends.

DiscuasioN or APPROXIMATIONS

We have made a number of approximations
in the foregoing analysis. The validity of the
results obtained may depend on the validity of
the approximation. It is sppropriate therefore
to consider the approximations. We have as-
sumed (1) that local thermodynamie equilib-
rium is present in the system as a function of
position and time, (2) that heat loss from the
channel by radiation and by gravity-driven
convection is negligible, (3) that the pressure
within and around the channel is always nearly
atmospheric, and (4) that the channe] is
straight, cylindrically symmetrical, and infi-
nitely long and thus that all air flow is radial,
that is, that the effects of turbulence and other
nonradial air flow can be neglected.

1. For thermodynamic equilibrium to exist
in the chancel as a function of time, all relevant
particle-interaction times must be short com-

pared with the characteristic time in which the
channel changes its properties and the colli-
sional rate processes must dominate the radia-
tive rate processes, radiative decay and recom-
bination [Griem, 1964]). In the temperature
range of interest, the electron-ncutral and
neutral-ueutral energy equilibration times are
always less than 1 msec, so that kinetic energy
is equilibrated on & time scale short compared
with a millisecond. Data on electron-ion recom-
biration times for air in the low-temperature
Tanges are apparently rare. If we assume that
the results of Bates arnd Dalgarno {1962] for
hydrogen are roughly valid, we find an equilib-
rium electron-ion recombination time of the
order of 1 psec for temperatures near 8000°K.
At 5000°K, the recombination time is less than

. 1 msec; at 3000°K it is about 1 sec. The hydro-

gen recombination times at temperatures near
3000°K are probably long compared with the
actual air recombination times, as can be in-
ferred from the data of Stein ¢ al. [1964].
Stein et al. [1964] found electron-NO* recom-
binstion times of less than 1 msec for sir at
2000°K and 0.1 atmosphere. Radiative energy
loss from the channel will be relatively small,
as is evident from the data of Alles [19653,
so that it is reasonable to assume that the rate
processes are collision dominated. Thus, for
temporal variation on a millisecond scale, the
assumption of thermodynamic equilibrivm
would aeem tn be reasonable. For thermody-
namie equilibrium to exist in the channel as s
,function of position, the spatinl variation of the
temperature should be small over the distance
that particles can diffuse in times of the order
of the equilibration times discussed above
[Griem, 1964]. For times of thie order of 1 msee
in the temperature range of interest, the par-
ticle diffusion length is of the order of 0.1 em.
Thus, for spatial variations on a 0.1-cm scale,
the asgsumption of thermodynamic eqiulibrium
would seem to be reasonable.

Even if local thermodynamic equilibrium is
not present within the channel, deviations from
equilibrium will probably not cause an order
of magnitude change in the computed temper-
ature-decay data. This is the case because the
thermal conductivity, specific heat, and mass
density are relatively insensitive funetions of
temperature and might be expected to differ
f-om their equilibrium values by only a factor
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of 2 or 3. On the other hand, the electrical con-
duetivity given in Table 1 for low temperatures
is a very sensitive function of temperature, In
view of this fact, some of our comments about
the temperatures at which ecrtain eonductivity
levels are reached may be in error in the ab-
sence of thermodynamic equilibrium.

2. That radiative energy loas is negligible
compared with heat loss 1.y thermal condue-
tion can be easily shown by comparing the
thermal-conduction loss with the calculations
of the radiative emission of air by Allen [1965].
Gravity-driven convection may be an impor-
tant heat-loss mechanisra. A reasonable upper
Jimit to the convective air velocity is a velocity
of the order of the speed of sound, about 1 em
in 30 psec. The convective velocity is probably
one or two crders of magnitude below the speed
of sound. Let us assume that the convective
velocity is 1 em/msee, Then appreciable con-
vectivc motion ean oceur in the tens of milli-
seconds between lightning strokes. Although
convective heat loss occurs from the lightning
channel, the primary effect of convection may
be to carry away the heat delivered from the
channel core to the channel perimeter by
thermal conduction.

3. We have assumed that the pressure
within and around the channel does not deviate
appreciably from atmospheric as the channel
cools. As the channel temperature decreases, the
mass density in the channel must increase if the
pressure is to remain constant. The inward flow
of air needed to maintain the channel at near
atmospheric pressure is driven by a time-vary-
ing pressure gradient. An upper limit on the sizc
of the pressure terms, the third and fourth
terms on the left-hand side of (1), can be ob-
tained by assuming that for any computed spa-
tial and temporal change in channel temper-
ature the mass density remains fixed. The
pressure terms are then compared in magnitude
to the other terms in (1). The results of such
an analysis indicate that the pressure terms are
negligible if the discharge properties change on
a time scale measured in milliseconds. Thus, ex-
cept possibly for the initial rapid temperature
decay, the constant pressure approximation
wovld appear to be valid for the lightning dis-
charge.

Another way of looking at the approximation
of consiant pressure iz the following: Ii the

pressure is to remain constant as the channel
cools, air must flow radially into the channel.
Equations 6-8 allow no pressure variations but
force the velocity to assume a value necessary
to keep the yiressuve constant. The average
radial velocity in the 10,000° to 14,000°K tem-
perature range computed for the 1.0-em chan-
nel is about 0.1 em/msec¢ and for the 80-em
radius is about 0.04 em/msee. If these velocitios
are realizable without significant preesure vari-
ation, the constant pressure assumption is rea-
sonable. For channels with radii 1 em and over,
the flow velocity is relatively small and thus
might be expected to exist in the ahsence of
strong pressure variation.

4. The assumption of cylindrical symmetry
should have little effect on the tempersture
decay in the absence of turbulence or other non-

. radial air flow. The effects of turbulence and

other nonradial air flow in transferring heat
from the channel are similar to the eflects of
gravity-driven convection. In addition, however,
turbulence or strong wind conld physieally
break or fragment the channel. Since the inter-
stroke time interval has been measured many
times under various different conditions of wind
velocity and since the various measurcments
are in relatively good agreement, it would seem
reasonable to assume that the effects of tur-
bulence and other nonradial air flow on the
dischurge parameters could b2 neglected.
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