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STROKE AND SPACE HRESOIVED 3LIT EPECTRA (F LIGHINING
BY

T. Rcber’ Connor

AB8'TRACT

Twenty.four suroks.resolved slit spectra of lightning taken in 1966
are presented, one of vhich is alsn the first space-resolved slit spectrum
of a return stroke.

These split spectra unambiguously shov that the lightning return-
otroks channel is a stror: >ontimnm source and that the contimnm cb-
served in the siitless spectra in 1965 is real and not the result of line
radiation scattered from natural backgrounds such as clouds, haze, or

rain, ~._

5
Reduced s1it and slitless lightning spectra now available indicate

differences among strokes, both in contimium shupe and relative line in.
tensity. For most strokes the contimam can be fitted by e straight line,
and the measured 3900- to 6900-1 contimum ratio varying between 1.3 and
2.1 can be explained by an optically thin bremsstrahlung source with
electror temperatures between 18,000 and 50,000%K, Scme strokes have a
ratio larger than 2,4, amd may be intermediate between optically thick
and thin, since at a given elsctron temperature this ratio becomss larger
as the source becames optically thicker, Other comtimx cannot be fitted
by & straight line, and scme of these agree with publishod results., The
spsctrum near 3914 } is essentially comtimum.

Adlend of NII, 0T, apd OII multiplets nsar 4630 § ia much stronger
for slit spectra then for slitless, but all-sky photometric data show
that this feature is variable. Purthermare, the intensity of multiplets
between 4000 and 4250 } agrees with slitless spectra for same strokes,
vhile for others it is much stronger. These variations iadicato real
differences in the datn sample, not instrumental effects.

The aversage vidth at half. ‘ntensity is the same for slit and slit-
less spectra for all strong line features except Hy. One possibls ex-
planstion is that the channel’s elsctrom density, vhich dstermines 3tark
broadening of Hyx, averaged twice as large in the 1965 stuly as in 1966,




Another possibility, suggested ¥, tle spece-resolved spectrum, i that In
sama of the slitlcss spectra ths observed lg line width was partly due to
its space profils, In agreement vith slitless spactra, the Hy line is
gensrally weakear for first than for subsequent return strokes, and the
ratio of NII to KI radistion ard the slope of the contimnm ird’cate a
higher temperature, on the averags, for first return strokes.

For those strokes vhose contimnm is fitted well by a straight line,
the 5000-% blend of NII uultiplets looks like a good lightning discrimi-
mant for Vela system:;, For strokes whose contimnm 4drops strongly from
4000 to 5400 | and rises again at longer vavelangths, it seems less feasi-
ble., A quantitative treatment «f the best chanmel for discrimiation must
be dilayed,

The space-regolved spectrum shovs that the time- and vavelength-ine
tegrated brightness of the line radiation from three strong line features
at 4630, 5000, and 5680 ], and of the total visible light, falls to hulf
central brightness ~ 8 meters from the chemel centor, witls 6563 M line
redistion falle to half central brightness in ~ 34 meters and is above
instrument threshold out to ~ 170 meters, FEmission at such large dis-
tances must be caused by lateral coron® currents,
stroks, ani dimensions of all other strcues were too small to be resolved.

This was an umsual

I, INTRODUCTION

During data reduction of stroke-resolved slit.
less lightning spectral cbtainod as part of the 1965
ARPA-AEC joint lightning stuly at Ios Alamos, the
question arose vhether wvhat appeared to be contimnm
in the slitless spectra might not be due largely to
light scattered fraz clouds, rain, ani asrosol near
the channel; An attempt vas made in the summer of
1965 to answer this question., The NiGS lens and
grating spsctrograph used for the slitless spectros-
cOpy apd descrided earlier! was operated with a ver-
tical entrance slit at the focus of the cbjective
lens and with a 90° image rotator in front of the
cbjective lens, With this arrangement a vertical
lightning channel is imaged horizontally across the
vertical entrance slit, If there is no light scat.
tered mear the channel, and if the channsl diameter
is unresolved by the cbjective lems, that part of
ths channel imaged on the entrance slit acts as a
pinhole entrance aperturs apd its spectrum is dis.
played as a dorizontal line in the £ilm, Ir, how-
ever, & significant amount of light is scattered or
emitted on either side of the chanmel, then the

spectrun of this light is displayed above amd belww
the spectrum of the channel core.

Rundreds of strokeeresolved slit spectra of
lightning vere cbtained in the summer of 1966 by
this technique, but only 24 were juiged suitable for
reduction and reported here, Golv one of the 24 had
suffisient light scattered or emit.ed near tle chane
nel to give an exposure allowing spatial resolution
of this light,

I1. STROKE-RESOLVED SLIT SPECTROSCOFY OF LIGHINING

A.__Apperatus

The spectrograph used is the NiGS lens and
grating spectrograph?® with a film.aperture ratio of
£/2.8 and a dispersion of 90 l/m, A 90° image ro-
tator made of two glass prisms was placed in front
of the objective lans to image the vertical light.
ning channel horizontally across the vertical en-
trance slit, Tie spectrograph’s horizontal field
of viev vas 16°, The spectra taken on September 7,
1967 were cbtained wsing a 2004 entrance slit (this
carresponds to «« 6,5 X in the £1lm plame); for all
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other spectra the slit width wvas 100 u. The width
at half-intensity for linas of a mercury cource was
5+ 1} (the entrance slit width vas 100, amd tne
densitometer slit width was 25 ). To improve the
siynal-to-noise ratio in the lightning spectra, they
were densitmetered with a slit 12544 wide, giving
an instrumental width of ~ 10 } for the reduced

spectra, Eastman Kodak 24,5 £ilm was used,

The spectrograph calibration was deatermined at
50-} intervals, The calibration and method o ds*a
refuciion have been described earlier,?!

B, PFResults ani Discussion

1, Reduced spectra - The 24 spectra are pre.
santed in Figs. L through 24, at th® end &2 this re-
port, The abscissa in each case is wavelength in
Angstrams, and the ordinate is time-integrated flax
(erg/A cm®) at the entrance 3lit, Th.is flux emanstes
fran a vertical length of channel specified in the
figure caption, Each spectrum is corrected for air
and water vapor transmission, but it was not possi~
ble to correct far rein transmission,

2. Cortimum shape - The contimmnam levei is
reasonably easy to determine between 4500 and G400 },
but for same spectre it is difficult to say whether
there are strong tumps in the coutimum beiween 4000
and 4300 } aml betwean 6400 amd 6700 §, or whether
these bunps are due to a high density of overlayping
lines, There is no correlation betweer the presence
ar ebsence of these bumpe and the magnitude of the
flux at the entrance pupil) which vould imilcate an
instrumental effect ar arrar in calibration.

Between 6400 and 6700 } the ctrongest identified
lines are Hg and NI (20, 21, 22, 31), ac can be seen,
for example, in F4‘g. 7 (count 32, scan 3). The lines
are sharp, apd there is no Tump, However, Figure S
(count 32, scan 1), vhich has about the same contin-
uum lavel (4500 to 6400 1), shows a bump in this
wvavelength region, If the hucp 1s due to the seme
lines, they must have ecame exceedingly diffuse,
Orville’s time-resolved spectra® show that the Bg
feature can be extremely broadensd by the Stark
effect in the first few microsecomds of a return
stroke, and, since the quartetequartet NI transi-.
tions are alao strongly broaGened by the S.ark af-
fact, it is conceivable that in the early time hir.
tory of the stroke these lines could be strongly

broadens) and produce the obsarved bump.

To appreciate the moblem of determining the
comtimmm lavel between 4000 and 4300 X, consider
again Fige, 5 through 7 which ere spectra of tiree
return strokes of one flash, If the level of the
continuum were drawn just belov the obvious lim
featrmes, then in Fig, 5 there would be a sharp risa
in the contimmen near 4300 } and a sharv drop again
near 4000 X; in Fig. 7, the risa aml drop of the
contimnmm in this same wavelength range are not so
sharp, and in Fig. 6 there is a question whether the
comtimnm really rises quickly at 4300 h and drops
sharply at 4000 }, or rises gradually from 4600 to
~ 4100 } with a strong absorption feature near 4300 }
(there 18 a well-documented but unidentified atmos-
pheric absarption feature at ~ 4300 } which has been
observed by Rus. ian workars),4’S

Strong, sharp, 200- or 300-}-wile bumpe in the
contimmum are difficult to explain thecretically, as
are absorption bands that are strong in one stroke
of a flash and absent from the next stroke, It wculd
be most satisfying to conclule that the bumpe are due
to 1lines, but thure may also be thecretical problems
for this conclusion, since the rutio of the total
ensrgy radiated by NII (12, 40, 30, 65, k2, 33, anmd
L8) to that radiated by NII (3) is only ~ 2 a.
20,000°K, or ~ 6 at 40,000°K, and the ratio of the
total 2nergy radiated by NI (10, b, 4, amd 5) to
that by NI (20) 18 ~ 8,3 at 10,0009, ar ~ 6.6 at
40,000°%K. Tt 1s therefore impossible to account for
the bump quantitatively in all cases by considering
only the NI anl NII species,

A largs fraction of the specira can be ciocsaly
fitted by a straight line if the strong bt .ps dis-
cussed above are attributed to limne radiation, The
shape of the cantimmm for thesa strokes is then in
agreemsnt with shat reported in LA-375%, and can be
explainsd by a bremsstrahlung source, For elsctron
temperatures betwean 18,000 and 28,0009, optically.
thin bremsstrahlung contimnm has a fairly linear
wavelangth dependence throughout the visible, with a
3900- to 6900-} contimmm ratio of ~ 1,3 at 18,000°K,
and ~ 1,8 at 28,000°¢, Even at elactron temperatures
a8 high as 50,000°%K, the visible contimnm, although
becaning slightly concave, can be fitted oy a

straight line to within 10%, ani the 3900- to 6900-%
contimnm ratio is ~ 2.4, Iarger ratios result at a



given electron tcmperatire au the source becanes
optically thicker,

There are spectrs (see Figs. &, 9, 19. 21)
vhich rre pot . simply explained in terms of brems-
streblung rediation, Their contimnm falls so fast
froe 4000 to 5500 X that it must be assumed that the
early high tempurature phase of the channel was in-
termsdinte between opf ically thin and thick, while
tbe rise in the contimmm towards longer vavelengths
could be due %o emigsion, either of long duration
or at higher than normal electron densities, late
1in the channel history when electron temperature had
dropped below 11,000°K.

The contimum spectru’ agreement for slit and
slitless spectru is good, The best agreement is
between the firsi return stroke (slitless spectrum)
of run 40, count 171, 1965, and the first return
stroke (slit spectr.s) of count 76, Septenber 7,
1966, For these two strokes, even ihe line-to-
contimnm ratio is about the same, although there
18 a slightly different intensity distribution
among the liues. As for the 1905 spactra, the con-
timium gencrally fslls off more quickly fram blue
to red for first return strckes than for subsequent
returp strokes, indicating a higher temperature for
firgt return sirokes in most csses,

The spectra have been campared with contirauum
spectra publi. hed by Orville und Unan,® and certain
@ their contimua are found to agree with spectrs
shown here in Figs. 3, 8, 9, 17, 19, and 21 except
tat 1in a £av casee their cuptimumum at 5000 ) is too
large far egreement. Many spectra presented here
have contimeam which is too linear throughiout the
visible to agree with Orville and Uman’s results,
anl they bave a few strokes whose contimum is too
strongly pesked pear 4000 } to agree with ry results,
dut this is probably due to differences in data
sample,

5, line features - The blend of NII, OI, and

OII miltiplets near 4630 | 15 m  stronger far the

1966 sample of Tlashes than for 1965’s sample, but
data’ taken with 160° field of view photoelectric
detwerctars operated by EGAC during the 1965 sumner
gtudy also indicate that this feature is variable
fram atr~" to stroke ard from storm to storm,
Tertherncre, Salanave et al, have shown that for a
piven stroke, the reletive intensity of this fea-
ture varies elong the height of the channel.” The
blend of multiplets between 1000 and 4250 } agrees
with glitlesy spectra for same strokes, while for
otiera it is wuch stronger. These variations ine
dicate real differcnces in the dsta sample and are
not instrumental effects,

The question was raised in LA-3754, vhether
scattering or light emission close to the channel
could result in apparently broeder limes for slite
legs spectra., The half-width (width at half-inten-
sity) has been measured for a mmber of line fea-

tures, and the average half-width and mean deviation
are listed in Teble I for slit and slitless spectra,

The =verage half.width agrees within the mean de-
viantion for all lines except Ho, Nounresonant
scattering ~annot explsin this difference, sml one
possible expianation iz that Stark broadening was
larger for the sample of sliiless spectra than for
the slit spectra. A tabulation of Stark-troedened
line profiles for hydrogen® shows that & factor of
two difference in electron density can aceoust for
the difference in line width, Another possible ex.
planation, suggented by the results of the space-
resolved spectrum, 1s that in some of the slitless
spectra the cbserved lp line width wvas partly due
to itc space profile, As in spectra fram 1965, the
Ha line is generally weaker for first return atrokes
than for subsequent return sirokes, and the ratio of

—————
Not yet published.

Table I.

Aversge .alf-widths of Line Features for Slitless and S1lit Spectra

Vavelength of feature (/) | 3995 | 5000

5680 | 5940 [6158 | 6478 | 6563 | Goub

S1l1tless Falf-width (})* o2 | 1743

.

1332 | 10+h 12685 1 2043 | 2743 | 2243

S1it Ralf.width (R)* 811 | 1512

1600 | 1042 [2hdh | 1045 | 18:2 | 2244

*
Not corracted for instrumental width,




NII to NI radiation, vhich is a measure of the degree
of excitation, is larger for first than for siubsee
quent return strokes,

L, Space-resolved lightning spectrun « The
spactrum in Fig, 72 carrespomie to a dens’tameter

trace made along the darx centrel part of the space-
resolved spectrum, Mthar . .asitameter tracings were
rade at 5041 intervals on both sides of tke fizst,
out to 200 4, There is actually exposure out to

LoO 4, but thet beyond 200 4 became too poor to
yiald good spectra. This exposure is not due to time
smear, because two photoelectric channels (-t 3914
aml 6563 1) vhose field of viav incluled ~ 200 meters
of ¢he lightning channe) irddcate that the intenstity
of the channel rose and decayed two decades in apout
500 to 600 ysec., The channel would have hald to ra-
diste for > 16 meec if the exposure vere due to

tine smear, Furthermore, it is not due to overex-
posure, since other spectra of greater exposure do
not show this effect, The expavire is therefore

due to light emitted or scattered aither side of tue
center of the vertical chamnel,

‘The apparent brightness 28 meters fram the
chamnel center is orders of magnitude greater than
would bu expected for light scettered aither from
heavy rainfall or fram a cloud behimd the channel,
Furthermo.o, the strong change in shape of the
continuum at pointe awvay from the channsl center
indicates that tie scatterers or reflecting surface
are dispersive, I mwst therefore conclude that
there is strong light emission from points as far
as 31 meters frau the chanrel center, and that at
6563 } the appareit brightness is above threshold
out +5 ~ 320 neters,

The time- and wavelength-integrated brightness
of all visible light (all line plus contimnm radi-
ation be.vween 3900 and 6900 i except the Hy line)
emitted by the channel falls off exponentially as a
tunction of distance fram channel center out to
apraxinatoly 31 meters, at which point it still
docreases, but quite slowly, A similar depenience
was found for atomic line emission «f three strong
line features at 4630, 5000, and 5680 }, amd in all
fowr casas the brightness dropped to balf ths chan-
psl center brightness in ~ § meters. However, the
tims. and wavelangth-integrated Lrightness of the
Hx 1line has an exponsntial dependence out to at

lsast 62 maters, and has dropped. to half ocentral
brightness in ~ 34 me ‘ers,

The fact that the half-width of the spatial
brightnsss profils isx four timss larger for dq than
for the other emission limes or for the total visi-
ble light can also explein the difference in I line
width for the slit ami slitlsss spectra.

The continum for the chaigml core can be fit-
ted very well by a straight line throughout the vise
itle except for a slight bunp in the vicinity of Ho.
At ~ 15 maters fram channel center, howewer, the
contimun has a strong, brosd Lump pesaking near
4750 X and ancther peaking between 6500 and 6700 X,
There are minima at ~ 5700 amd 4150 } with = rising
contimnm at vavelengths shorter than k150 . The
shape of the contimnm for the ¢ smel core can be
explained in terms of bremestrahlwiyg radiation, dut
I rresantly hav no pigsical interyretation for the
shape of tie contimnm at points off channsl center.

I can cnly conclwde th~t the emission at such
great distances must be axcited by a lateral flow of
current. between the lightning channel and highly
charged air surrounding it. To deomstrate the
plausibility of this, Fig, 25 shows an erdarged
rhotograph of a lightring flash from the 1555 study
(count 393 of run 30), I{ vas taken at night wsing
a red filter (~ 500- half-width, peek at ~ 6350 1)
in front of a 63-mm,f/4 lens. The range was mease
ured as 13,k xm by photographic triangulation, The
main channal setweon clouwd and ground iz ~ 2.heim
iong, There are many branches off the main chennel
1ato ihe swrrounding air, _odicating that the air
wvas highly charged, The width of these drench
strokes indicates the resolution linit of the camers,
The mein channel to ground consists of a bright core,
vhosa diamster is also wesolved by the cumers, and
a broad emitting region whose diammter varies from
~ 150 maters near the cloud to ~ 200 metors near the
ground. The uniformity ot the Lrightness in this
region leads me to conclude that the emission is due
to a coronc-type disclhargs.

Ietaral coronm currents were first discussed
by Bruce ami Golde® to explain ocbservaticns of alec-
tric field changes, and have bevn weated mathemat.
ically by Plerce®® and by Reo amd Bhattacharya,?
The time history; of such phenomena is about one to
a fov millisac 8o that little or no time emear voulld
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be expected ir “he record for count Yl, and the
symnetry of the exposure indicates that there vas
no time smear,

In the discussione of lateral coroma cwrrernts
Jus{ mentioned, the current ir said tv urain away
charge deposited along th: path af the stepped
leadar, and the di~.ever o. stepped leaders has
been reported Lu vary between 1 and 10 meters,?
The emission 120 meters from the channel must there-
fare be caused by draining away of charg: which was
aot deposited in the air ly the stepp:! Jzader,

The fact that the Hy emission became: so0 much
stronger relative to the rest of t:2 sPectrum is
also comsistent with a corona current excitation
process, for it is well known that water drope in
high electric fields (fl=lds that would exist be-
tween the channel core amd the surroumiing sy ce
charge) give off a corona discharge.®”15 fhis dis-
charge at the surface of the drop could produce large
quantities of iydrogen even when the temperature bee
came too low to excite NII cr bremsstrahlung coniine
wmn radiation.

ITI, CONCIUSIONS

In LA-3754 it wvas concluded that the image of
the lightning channel at the entrance aperiare did,
indeed, act as an entrance slit, and that ule con-
timnm seen by the slitless spectrograph wes tiere-
for truly contimwnm, The slit spectra wharbiguouse
ly show thatr the lightning chann2l is a strong cone
timam source and that the spectrum tear 3914 ! 16
essentially comtimem, Furthermore, - omsidering
only those strokes fram 1966 which gave goad spectra,
only one in 24 gave significant exposure at distances
of one resolution limit beyond tne channel ~enter.
For 23 of ibe 24, the chanrel image at the entrance
aperture would, ‘ndeed, bave acted as an entrance
314t if this spectrograph had teen operated in a
8litis s wode, There are, however, storms such as
run 30 of the 1965 lightning study in which & large
fraction af the flashes photographed show strong
emigsion cut to large distances either side of the
main ~hannel, and a2 great deal of br ncaning of the
main Jsmsl i.:50 tae Lighly charges air, such
storns the ersaumption that the channel image acis
88 an entronce siit might not be valid, However

For
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pletures o1 Lhe 1365 flashes for which spectra were
obtained show little channel branching and no emise
sion about the unresolved channel core, so the as-

sunption must be considered vulid.

Tre larger sample of reduced lightning spectira
now available indicates differences in the spectrum
of lightning {'»r different strokes, both in che
shape of the coatimmm s&nd in the relstive intensity
The width of the Hy line was, on ihe
average, lurger for the 1965 slitless spectra than
for the 1905 slit spectra, This is possibly due to
a factor of two difference in electron density in
the volume ¢mitting Hg, or pert aof the width of “he
line might have been due to & sprtisl profile in “he

the .ines,

case af the slitless spectra.

Agreement has also been found between the cone
tirmum aof a tew strokes amd a few of the results
published by Orville and Unan.® Many of the strokes
have o continuwn that can be fittea well by a
strajght line amd can thererore bLe explained in
terms of ¢ bivasstrablung sowre2, In some ~ases the
large 5900- to ©900-4 contim~m ratio suggests that
the ccn mum is Interrcdlste between optlically thin

and thick.

The gpace-raanlved lightning spectrum shows
strong volurc emission out to ~ 30 meters from the
channel core, and in the vicinity of lrn this emission
is n~bove the instrumer*al threshold out to ~ 120
meters. This erdssior hns been atiributed to excite.

ation by laterci corona ~urrents,

Since a qualitative discussion was wesented in
LA-3754 regarding the feasibility of using a narrow
channel at 5000 X for lightning discrimination for
Vela Sierra de :ction systems, a camment about the
bearing of the nlit spectra on this problem is ap
prepriate. The 511t spectra, vhose contimum can be
fitted by e straight line and for which the blend of
lines between 4000 amd 4250 A 1s of weak to moderate
strerngth, are very similar to the sl tless spectra.
Consequently, for these, a 20-A-wide discrimination
channel centered on the blend of NII multiplats near
5000 A may be as good or better a discriminant, under
a variety of siorm and background light conditions,
tien one at either 4150 cr 65€ &, For the slit
spsotra for which the biend of lines between 4000
and 4250 } 1s strong or for which the continum drope

i £ ST =
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steeply fram 4000 A toward longer vavelengths, a
5000-1 chanssl will not be 80 much better than, and
may not be so good as, a 4150- or 6563-A channel.
However; a quantitative trestment of the best chane
nel for discrimination must be delayed for presar-
tation in another report,®
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Fig. 5. Count 393, Starm 30 of the 1965 lightring study.
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