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ON THE ORIGIN OF SHOCKWAVES
FROM CONDENSED EXPLOSIONS IN AIR

¥ Part 3: Airshock Radiation from Smell Explosions
at Sea-level Conditions

Prepared bdby:
L. Rudlin

ABSTRACT: Photographic and spectral ebservations have been made of
the carjiest steges of HE explosicns. Strong (in the neighborhcod
of Mach number = 20}, non-luminous sirehocks have been photographed
as close in as 1/2-charge radius from the explozive surface. The
present results support earliier observations on the existence of a
R transmitted airshock created by the detonat?an shockwave.

The spectra obtained show no evidence of the expected shocked-air
species. Identification of the spectrai features surizests that the
intense eariy light of ar explosion is c¢created within the fireball
_ by a wide range of chemical species requiring from about 2 to 20 ev
- ~3 for excitation.
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Fart 3: Airshock Radiation from Small Explosicns at Sea-Level
Corditions

Thies 13 the third report of a series (see RUDLIK 1962, 1953 in
References, Section 6) exploring the origin of shockwaves from
condensed explosions in air., As in the earlier two reports, so here,
the origin of shockwaves remsins elusive., Time-honored concepts are
questioned and even challenged: highly-shocked ajr is not observed
to be luminous., New idea3 are advanced in & tentative fashion:
perhaps the luminosity observed in explosions and hitherto identified
as8 shocked air, is not hydrodynamic in origin but due to the inter-
actlion of explosion particles with the air.

During the course of this investigation, standard techniques have
been used a8 well as novel, new ones, Fressur2-time measurements
have been attempted along with ionization probe efforts. High-speed
photography has been extended to include spectrographic techniques,
Cld theories have been reviexed, anslyzed, and, in some instances,
abarkdoned 4in favor of new concepts better fitting the interpretation
of the experimental data, But the interpretations, analysis, theory,
injeed the procedures and instrumentavicn 2mployed in these investi-
getions are themselves subject to question and disagreement, Indeed,
in-house discussions on the validity of the techniques and interpre-
tations have been lively and informative but nen-coneiuesive, Perhaps

thig is 23 1%t should ve for exploratory studizs -- honeast and critical

discuasion and presentation of ideas without necessarily reaching
absolute conclusiong, It jis sc with this study and this report,

The origin of shockwaves has not been proved but in the process of

the search, much new information on shock behsvior has baen uncovered.

The rich spectral charsascteristice of explosions are reported., ¥Novel
ard ingenious methods for detecting shocks are descrived; many of
these techniques should have signifleance in futtre explosicns work.
0lé icess have been gquestioned and new ones, perhaps as shaky as the
0ld, are advanced. This leads, st least, tc an uncovering of iong
standing problem areas, and hopefully to revitaliizing efforts to
solve the preblems, So, slthough many guestions and arguments can
be and are rai;ed with respect %o this report, it is published essen-
tially as written by the author. as a significant and stimulating
centribution to knowledge of the origin of explosions,
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The experimental work for this program was cornducted at the
Denver Research Institute (DRI), Denver, Colorado, under variocus

contracts with this Laboratoryr,

The diesclosure of commercial instrumentation and materials in this
repcrt is solely for identification and does not constitute either

endorsement or criticism of these products,

Support for this investigatlon was provided by the Defense Atomice
Support Agency wnxder Nuclear Weapons Effects Research Subtask

;
3
g
g
%
]
§
;
3
!
|

RC002/01.
i
< GFORGE G. BALL
3 1 Captain, USW
7 chﬂaaﬂer 3
/!’ 7
- /{((:LJ(;-L//
e ¢ ARONSON
By direction
%
5
:‘i
]
3 t i
g ?
/ 3 111
[ 2
-
-
ey o —— e — k]




s
=
HOLTR 6G-T4
CONTERTS
Page
1. INTRODUCTION 1
1.1 Background i
1.2 Soope of this Report 1
2. EXPERIMERTAL DETAILS b
2.1 General b
2.2 Cameras 5
2,3 Spectrographs stotogranhic) 6
2.4 Spectrographs {Electronic) 7
2.5 0scilloscopes 3
2.6 Films g
2.7 Celibration 6
2.8 <Charges 8
3. RESULTS 9
3.1 Typical Early Explosion Kistory 9
3.2 Radius-Time and Derived Pressures 1
3.3 Close-in Airshock Observations 11
4, CONCLUSIONS 15
4,1 WNon-Luminous Airshocks 15
&.2 Redius-Time Growth and Derived Pressures i
4,3 EBxplesion Spectra 16
5. CONCLUDING REMARKS 17
6. REPERENCES 18
TABIE
Table Title
1 Summary of Explosious
iv




NOLTR 69-74

JILLUSTRATIONS
Pigure Titie
1l Installation 8f Instrumentation Shelter over Beckman-

¥hitley Camera at DRI Range

2 Set-up for 8-1b Pentclite Shot #T4

3 Set-up for 8-1b Pentolite Shot #98

L Typical Set-up Plctures

5 Set-up Views of Twe 8-1b Pentolite Charges Used for
Shot #82 and Hixing >¢ TNM with N¥ [Done Remotely) for
Shot #84

& 2.6-1b RDX Expiosion (Shot 55}

Ta-¢ Radius-Time QGrowth
S8a~d Shock Pressure vs Distance
Ga-¢  Laser Photography of 8-1b Pentolite Spheres

;; 10 Convergirg-Shock Experiment Producing Non-Luminous

z - Airshock (3hot #16§§

3 11 Nonr-Luminous Airshock in Liquid Explcsion (Shot #117)

e APPEXDIX A: Spectra of Bxplosions A-1
§ .- 3 Table A-1 Summary of Wavelengths Seen in Explocsions

i Table A-2 Summary of Radiating Species Identified in Explosions
e in Air

e Table A-3 Summary of Wavelengths Seen cn AVCO Spectra of
= Various Explosive Materials
X Table 4-4 Py-~-I Measurements of 3pherical Explosions

N rigure A-1 AVCO Spectra of Pentolite Explosions
3 Figure A-2 AVCO Spectra of Pentolite Explosions
. 3 Figure A-3 AVCO Spectra of Several Explosive Materials
- Pigure A-8 AVCO Spectra of THT Spheres
Figure A-5 Cine Spectrograph Spectra of Various Explosive
Materials (Head-on View)

B Figure A-6 Hilger Spectra of S-1b Pentolite Explosions (Head-
2 g . on View)

L Figure A-7 Densitometer Tracings of AVCO Spectra of Various
-3 Explosions

RS Figure A-8 Coamparison of Explosion Spectrum with Predictions
;. for Shocked Air

= 3 Figure A-Q Compariscn of Theoretical Predictions for Shocked-
SR ) Air Radiance with Estimated Values f'rom Shot #T74
- Figure A-10 Py-I Resords Obtained on Shot #64 {RDX)

- Pigure A-1l Signatures of Several Photodetectors on 1-1b

= Pentolite Sphere Explosion

Bt U 21 LA T L T VTR S T I UL TR T EXY AT DRI RT /1t A LR

«

XETAN
oot angenlie s

[RXAT
Lo RN IOTI T Y Y

PO

e, A
YT iy ithy ™




"
AP A e )

2 1 A

APPENDIX B:
FPigure B-1

APPENDIX C:

Table C-1:
Figure
Figure

QA0
N -

Figure C-3
RPigure C-4
Pigure C
Figure C
Figure C-
Figure C
AFTPENDIX D:

Figure D-1

Figure p-2

TLLUSTRATIONS (cont'd)

Second-Shock Liuminosity B-1
Spectrum Showing Second-Shock Light (Shot #85)
Presgure and Ionazation Measurements c-1
Times to Pulses on Ionization Records
. Pressure-Time Signatures: Shot A4
Sample Records Obtained on 3hot 55 with 4 Beam
Oscillioscopes
Presgu§e-Time Signatures: TNT Spheres {(Shots 72,
73, 50
Pressgge—Time Signatures: RDX Explosions (Shots
55, 5
Pressure-Time Signstures at Center of RDX Explosions
{Shots 60, 6R)
Sample Ionization Signatures for RDX and Pentolite
Explosions
Doppler Microwave Signals from Various Explosions
Compariscn of Theory and Experiment
Some Comparisons of Close-in Alrshock Measurements
with Soviet Results D-1

Comparison of Close-in Shock Pressures with Results
of Adushkin

Comparison of Shcck Pressure with Results of
Adushkin

e

X 1 080 et oty Mo LV YYD L 0]

Myl 710

ot

S pae Hoie




<Y " Y o
W AR HFE VR ity R R

STITIINTE
W

o

NOLYR 69-T4

O¥ THE ORIGIN OF SHOCKWAVES
FROM CORDERSED EXPLOSIORS IW AIR

Part 3: Airshock Radiatien from Small Explosions
at Sea-level Conditions

>

i, INTRODUCTION

1.1 Bacgground. Several years have no¥ gone by sincs the appear-
ance of Psrt Z o 8 series of reports on the early stages of an
explogion, During this time a mumber of experiments have de=n con-
ducted, aigwd at clarifying now z shockwave is created by an
explosion. The need for these experiments arose out of the sontra-
dictory results of Psrts 1 and 2, In Bart 1 (RUDLIN, 1962)%, we
claimed that the earliesi hydrodynamic disturtance created cutside a
spherical condensed charge was the transmitted airshock ~-- resulting
from the passgge of the detonation shock across the explosive boundary
inte air, This mechanism ig in distinct contrast to the situation

¥he.2 the explosion preducts act like a spherical shock tube to create
an airshosck,.

With the transmitted-shock mechanism in mind, we thereupon planned
a series of 8-1b explosions of TNT charges. Thede ¥ere made of dif-
ferent densities 80 as to change the details of the transmitted
airshocks -- thereby changing the airsheck pressures even out %o large
distances and simultaneouaiy eatabliishing the significante of the
transmitted-shock mechanism, We could not, however, detect any
differences in the airshock pressure-distance cur: s from these
explosions (RUDLIN, 1963). We concluded Part 2 on these negative
results with the hope that further experiments and theoretical

treatments would be performed to clarify the early-time explcsion
thenocena.

Theoretical calculations of TNT and pentolite explosions have
now been pubiished (LUTZKE). We report on the experiments that have
teen performed in this report.

1,2 Scope of this Report. The most wital assumpiion of Part 1
was thet The Tuminous Iront moving out inte a2ir at earlieat times
from an explosion is the airshock, exciting air to radiate during its
progagation. All measurements and interpretations were bssed on this

¥ References aré given in alphabetical order in Section 6.
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assumption -- almost univeraally accepvied 2z axiomstic (see, for
example, ZEL'DOVICH &nd RAIZER)}, During the course of our experiments
we began to have reasons to quzaticn the validity of this assumption.

Initially, our experinenta were primarily éevoted to obtaining
pressurs measurements simnlisnecusly with w-second phiotegraphy cf
an explosion so that we could correiste photographs (like those of
Part 1) with p-t records {like those of Part 2) at earli~sst times,
We r=n into meny difficulties with the pressure messurements (c.f,,
Appendix C) some of which we thought could be avoided by use of
spectral measurementa, We speculated, for exemple, that we could
distinguish & "ztrong” shock from a "weak" shock by finding atomic
1ineaz in the spectra of the "strongz"” sheck as contrasted with molecular
bands to be expected frcm the "weak" shock. Ws were never able to
detect in our spectral smeasurements those species expected from
shock-exzcited air; i.e., we have not found any radiation attributabhle
to the airshock (c.f., Appendix A),

There are several possible sourcee of light in an air explosion
at the eariilest times -- (A) the airshock, (B) ths explosion products,
(C) interactions bvetween the prcducts and the air. ({A) Excitation
processes by the sirshock could produce light at or near the shockfront
and even throughcut the shockwave for those processes that require
larger excitation times, (A description of this sort of & rsdiation
model is given in Appendix D from the work of Adushkin.) (B) The
explosion products themselves could prcduce chemiluminescent reactions
during the expansion of the original explosive materiasl, which reactions
do not require the presence of any cutside gaa, (We have not found
any suitadble references in the literature for such a model of
explosion luminosity, but this model certsiniy is possible.)
{C) Particles produced by the explosion could interact with the
cutside gas producing lumincsity which depends on the nature of the
gas, (Evidence for this model on 13-gm explosions of pentolite spheres
¥as obtained by REFED, In these explosions, we should note that the
sirshocks appeared after the luminosity measurements were over.) It
is possible that on 2 given explosion that light could be produced
by any one, or more probably some combination, of the above mechanisms
during the earliest stages of explosion, The most generally accepted
model today, however, 1z (A) -- airshcck-produced luminosity. Such
airshock radiation has been fcund to be compatible with present
theoretical estimates of the equilibrium radiation obtainable from
shock-excited air species,.

When we falled tc detect the precence of shocked-air radiation in
our spectra of explosions, we, {heg, attempted to Jatect the existence
of non-rsﬂiatingigirehocks fran HE expleo&ions at the earilest times
gfter explosion. We have used pressSure sensors, ionizatlon sensors,
Doppler microwaves, and high-speed photography in our experiments to
detect the early airshock,

¥ Personal communication of 22 Dec 1955 from Dr, M, P, Sherman, Genéral
Electric Space Sciences Laboratory, on high-temperature air rsdiation.

*% We take zero time to be that of the first zppsarance of light from
the expicsion. erpe gh ]
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in the text of this report we present photogr ¥i

treng, non-rzdisting ai rqhocke, In Appendiz A we z'ep L m.z ef* r‘o—
5raphif~ measurenents and make ccomparisons with € scratical v;,r'v:-"‘f* ions
for shocked equilibrium air. In Appersdlix C we repecrt our sxperiences
in attempiing to detesct the :irshock with simple preasure ard ioniza-
ion techniques., Although these pressure and icnization recoris are
not satisfactory, we have deduced Tram themw a new x:odel te it our
empirical observations which we [ropose I'cr %the release of energy
from &k explosion (Fig. C-8).
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2. EXPERIERETAL DETALIS

2.1 gsneral,
Raagz of TH5 Danesr
Jaim Wizoteki. Srer one huadred sxplssions were chserved by five
photographtc zpeotrographe 2k vy several e¢lectronic detectors,
Wavslength o&pebiliiy ran froe adsut 2500 te 3000 k. Time resolution
sapanility ranged frow mons to r v L.zgsondy on both photographic
and elestrenie mpectrographs. Jimulzanzously¥; v-seccral photograony
obaerved Che syerall sxpleaions. Host experiments were performed with
B-io sphares of pentelits, But 2xplcrations were made over u cherge-
welight range frop adeatl 0.5 %20 1060 1bes and included several explosive
matarigis and eharge zhapes., A ftsbulaticn of charge materizl, weight,
&andé ghaps is given in Tabie 1.

11 charges wWerg fizred 5o e open &t the East
Researah Instificte, under the direction of

3

Some views of the =xperimentsl set-ups are shown in Figurez 1-5.
Set-ups varied 332gnitly from shot to shet to meet requirements., The
folluwing description fite wmost cases:

4
)

.

2

{1) Charge: vere fired at ~12 ft sbove the ground in front

of a scaﬁcglite zereen, i1lluminated Ly ar Air Porce Rlazh-
lamp {D-£)" %» bring out shockwaves. The D-6 was located at
the Instrumentation Station, typically 60 feet away. Charges
were usuaily held in position by 2 ecardboard tube support;

no nets ar ropes were allowed on the charge. All explosions,
sven Wwith Iiquid explosives, were initliated by sn Bmgineer's
Special (Hercules) Dstonator, usually positioned into the

top of the charge &ad pointed towsrd the ground. Power fer
the detonator was ovtained from a 5900v circuit scress 1

uvfarsd {~ I chm resistence). Reprodusibiiity of detonaztion
time, =xcept for abargses cooled to -5COF, was found to lie
¥ithin - 3 sgec, Devonalor ringing was usuzlly a f2ature

4 e
onn cszilloscops reserds; lasting £ r ahout 5-10 usee,
{2) The Beclkenan-whitley scaserass vers housed within one of the
ingtrimentation shelters {¢.f., Pigurs 1}, zboui 60 feet
swe¥ Irom the charge. 03cllliozcecopes ané sther elactronic
squipment were housed wifhin the other shelter, DBoth rhelters
were made Ty cutbing a refirery "dmum" in hseif, e Back=an-
¥hatley cemeras locked at the expiosion by means 2f & frapt-
~urfsedd mirror locztad ~& fest outside of the shelier, A
controilablie zhuiter, depositing lead.-vapor on%ce zizss, was
nlaced in the path of light to the camera fo aut off light at
the desired time, Despite the high attenusliion of ¢he lead-
vapor shuiter, some explocions were so intense that explosion
light burned through the shutter, coverwriting tht dzairsd
frames of the earllest stages of the explosicn. Thne ciher
cameras, Dynafax, Paatax, ete. were used out in the open,
looking divectliy at the oxplosion. Similarly, the apectro-
8coupes, wncth photeogrsaphic and elecironic, were used in the
open. Jometimes ienzes wer2 uiked fo incresse the light

LN

FTERCTIT BT NAYEhéon Tor aerisl night photozraphy st wedium and low
sltitudes {Hanual A¥ 1C-174F-1).
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the spectroscopes were focused direcitly on the charge surface,
thereby coliecting 1ligzht from all sources capable of radiating
light; sometimes they were focused ahead »f the charge.

(3) cxdse-ip detection of the airshock {within about 10 charge
radii (& )) was zitempted with throw-awco™ gages. These
throw-augy gages were made of micarta, roughly, 0.003 x 7 x 2
inches inio which 1/3 x 0.004-inch quartz® discs were inserted.
In the early versions, the leading edge of the micarta was
rourded concavely to fit onte the surface of the charge axd
leads were painted on with conducting paint. Later, the
leading =dze wae pointed and hardwire leads wera soldered to
the discs, the entire unit being coated with a silicone

resin lscquer {G, C, Electronies Co.). The gquartz disecs

were used with gold-chrome and silver-chrome ccatings

(Vaipey Corporation), At larger distances tham 10a , tourmaline
gzges fro: Tulsa Laborstory were used, These sanngages

#ere used earlie: o obiain the dataz of Part 2,

{4} Attzmpits to menitor ionization were made by using lead
¢isecs sn a condenzar~discharge circuit. These dises were
sbout 3/4 inch Gizmeter and about 1/16 inch thisgk. Prior
to the explosion; a 0.002 #fd condenser was charged to its
full voltage by & GCv source, So long as the resistivity
asrcss the explosive remained sufficiently high, the oscll-
loscope trace stayed at 2 neutral position. When, however,
the detonation wave within the explosive, crzated =nough
corductivity from the center of the explosive {whers the
copper case of the detonator ended) tc the edge of the charge,
the condenser discharged, recharging upon removal of & suf-
ficlently eoxiucting path, Ionization was 21s0 monifored
on & small numbargqf explosione with 3-cm Doppler microWave
inetrumentation.®

2.2 Cameras., The Beckman-~Whitley Xodel 192 camera, producing
gbout 80 Trames at p-secornd rates, was used on each shot from #1
to #107. For later shots Model iéQa, with 25 frames, was used. &
Camera speeds were varied over a range from about 250,000 to 1.2 x 10°
fps, the f{ormer figurs being most often used as appropriate for our
reguirements,

Most of {he explosions had some additional camera coversage from
one Lo 8llof the following:

a. Dynafax: nominal 25,000 fps; 75mm £/3.5 lens with I-usec
stop,

*¥ A4 quartz disc, loaded hydrostatically on both eircular sides, is known
to prodvce nc electrieal signal., In our use in the throw-away gages,
times to equilibriwm for the quartz crystalline atructure appear to

nrave beer long enough to produce a signal suvitable, at least, te
indicate the existence of a pressure pulse,

*# The guthor is irdebted to Mr. Donsld L. Jones, then at the Boulder
Iabcratories of the National Buresu of Standards, for meking these
mlzrovaye meszurements,
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NOLTR 69-T4
b, Fastax: nominal 5000 fps; 50mm f,/8 lens
¢. Eastman High Speed: nominal 2500 fps; 63mm f/2 lens,
2.3 Spectreographs (Photographic).

a. Cenco: Orating, Catalog Xo. 87102, Inverse dispersion
~16 i/mm, ¥No %time resclution,

b, Jarrell-Ash: Grating, Model No. 78-000. Inverse dis-
persion ~11 A/me, No time resolution.

) ¢. Hiiger: Prism, Medium Quartz ELG8. TInverse dispersion
~5 A/mm at 2200 f, ~38 L/mm at 4000 }, and 200 A/mm -at 7500 i, ¥o
time resolution. PRield of view at charge (60 feet away) when used
without a lens: 35 x 30 inches.

d. Cine Spectrographs: The streak instrument moved 7Omm
film at 25mm/millisec; the frame instrument discontinuously produced
5 spectra/milliisec. The basic instrument has besr described by
STEWART and HARRINGTON, Inverse dispersion by prisms varied on
both from about 40 X/mm at 2700 1 to about 400 f/hm at 6006 1.
Mililisecond time markers were automatically provided on both instru-
ments. A novel feature of the franme spectrograph is the availability
of light attenuators sc that five different images of the spectrum
can be recorded simultaneously, at transmissica values of 100, 30,
10, 3, and 1 percent, Both instruments are built sturdily for use in
the open. Our two spectrographs were of Canadian deaign and manu-
facture® and differ in minor details from the descriptions by STEWART
and HARRIKGTON. Lenses were seldom usad on these instruments, which
uwe estimate have effective f/numbers of about £/6. 1In such use,
without & lena, the field of view of either ies ahout 20 x 20 feet at
60 feet away.

e. AVCO Streak Spectrograph: This instrument was developed
by the Denver Research Institute especially for use on these explosions,
HMatched Eastmsn Aero-Ektar f/2.5 lenses are vsed for condenser and
collimator lenses, 80 as to present a 1:1 image ratio to the 60°
dense-flint-gless prism. The 811t system used is the Hilger & Watts
P 1385 gymmetrical siit. A Bausch & Lomb /4.5 10-inch lens is use.
to focus the slit unto the rotating mirror of the AVCO camer
{¥odel MC30C-1). This mirror streaks the spectrum onto two pieces of
70ma fi1m., As used, these film:. were often of different spectral
response to obtain more comprehensive ccovsrage per shot, We estimate
the effective f/musmber to be sbout £/6,

often wa

wWriting speeds up tc ~3.8mm/Usec can be cbteined, ¥ost
e expiosions,

found that a speed ~1,5mm/wsec was sppropriaite for thes
Ho timing markers were availsble,

¥ Wa 4re Indepted to Dr. P. A. Tate, DREO, Ottawa for making these
spectrographs &vailables to us.
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In use, the AVCO has always been fopused with a fused-quartz
iens on the charge or slightly ahesd for a tangent view of the iumincsity.
At the charge, usually 60 fect away, the AVCO could zee a rectangle
that was varied slightly with requirements: 1n height, from 1 to 4 in,
and in width, from 0.0 to 1,0 in, Whea tsed to look directly at the
charge, this view was focused at the center of the charge. Inverse
dispersion of the AVCO: between Hg lines LOAT ard 5358 ?, ~80 } fom;
betwesn Hz lines 5460 and 5780 K, ~237 1 /mm.

2.4 Spectrographs (Electromic).

a, Py-I: The Pyrometric Instrument (Py-1) was developed at
DRI for cbtaining thermometrie data on bieckbody radiators amd designed
to meet thogse particular neads (KOTTENSTETTE), We have, however,
found it to be a uselul iggtrumant for explosions. In thie instrument
chotodiodes {of the size used to read IRE-card holes) wWere placed on
the back face of a prism; each sees only thos2 wavelengthe of the
1ight that zare dispersed tc it. Each photodiode integrates over its
own particular w#avelength interval as a function of time, the output
being sent to an oscilloscope with s-second resolution. We estimate
that the respocnse time cf any photodicde was about 3 to 5 wpec &s
used with an Electron Tube Corporation Hodel KU48G U4-beam oscilloscope.

Pive 'bands® -- that is, wavelength intervais -- could be used,
Tnavailability of os~illoscope channele usually limited our use to
only 3 bands, Two different Py-I versions were used for these experi-
mente. We 1ist the band pesses for both {104 transmission peints):

3hots 40-84 Shots 34-117

Range Peak Range Peak
Bard O 5160-5840 A 5330 A 4350-53GC i 850 A §
Band 1 5500-6350 5Q10 5850-590¢C 5350
Bend 2 5000-7150 6500 5400-~7000 5460
Bard 3 6650-8200 7310 6350-9500 7200
Band & 7500-5660 5480 8100-11,250 500

Fore-optics were used tc see an area 2-3 in, in height by 1/4-3/4-1in.

in width et the charge., This accepted light passed to a mirror and, ,
finally, to & prism before reaching the photodicdes. '

b. Other phctoelectronics: Although the rugged and reliable
py-I was the workhorse for photoelectronic measurements, upon occasicn,
other detectors were used, These include Sclar Cells, 1p28, 931, and
SD-100. In all cases these wWere used without fore-optics amd, there-
fore, viewed the entire presented area of the expiosion., These signais
were fed to oscilloscopes with u-second resclution.
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2.5 Oscilloscopes. Two 4-beam osciiloscopes (Rlectron Tube
Corporation, Model K-480) were available, giving a total of 8
avallable channels for recording., Sample records from Shot 55 are
shewn in Figure C-2,

2 ."‘v‘.“." s Iﬁia‘p-» o s

2.6 Piims. A variety of films was used, On the cameras, color
films were aimost universally used -- primerily Eastman High-Speed ER
and EF Ektachrome.

On the spectroscopes; 35mm and 70mm films were used: Eastman
Tri-X, Shellburst, High-Speed Infrared, 2475, and 2485,

-

2.7 Calibration., Xo intenaity calibratioms were made since our
interests wsre qualitative, Wavelength calidbration was placed on
most spectral films by use of a mercury lamp,prior to each shot,, The
readily identified CN, Ca, Cat, and NaD wavelengths, nearly aiways found -
on each explosion, could also be used for wavelength identifications. ;

2,8 Charges. 3
&, Various explosive materials were used: .

T fedas e S AR IR S A HAESE  US RAL L Sie
2 RN R e () AVAPEAY S b1 sy ke, s
LR e i T e ol

TNT (cast and pressed)
pentolite {cast)
PETN (loose powder and pressed)
X (lcose powder)
MM + TR (nitromethane and tetranitromethane, liquids)
RDX + TNM {s0lid below eriticai temperature)

b. Charges were usually spherical but cones and rectangular ;
blocks were also fired (see Table 1), Most cast charges were made at :
the Naval Ordnance Laboratory and shipped to Denver for firing. Some, 2|

3
5
Y e
.
2
-y
=g
3
ey
* -

however, were cast st DRT. All explosive materisls came from the same
lot of material to avoid variations from lot to lot of the "same
explosive®,

Aol
R
‘

Ay A LTI LTI

k ¢. Only one type of detonator was used for all expiosions --
3 Engineer's Special (Hercules}, Only one fallure to explcde was en- :
E countered during the 117 events, s
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FIG. 1 INSTALLATION OF INSTRUMENTATION SHELTER OVER BECKMAN-
WHKITLEY CAMERA AT DRI RANGE.
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PENTOLITE EXPLOSIONS
@ FAST CAMERA, 8 LB (SHOTS 77, 78, 82, 83)
OSLOW CAMERA, 8 LB (SHOTS 43, 45, 49, 50)
DUNUSUAL, 8 LB (SHOTS 44, 51, 75, 87)

A} - LB (SHOTS 28, 48, 70)
CURVE: WUNDY PENTOLITE
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3. RESULTS

3.1 Typical Early Explcsion History, A P-second Beckman-Whitley
color £iTm was taken of each explosion using & scotchlite backgroumd.
Black-and-white reprcductions of selected frames from 2 sample film
(shot 55) are given in Pigure 6, In Prame C the charge has not yet
been bompletely detonated., The loose-powder charge was made Ly hadd-
packing RDX powder into a 5-inch diameter lucite sphere, Just before
firing the upper lucite hemisphere was removed, £0 that we see initially
in the films two different surface -- the lower hemisphere, lucite;
the uper hemisphere, RDX -- which have different radiating properties.
The four pointed objects to the right are micarta holders for pressure
senscrs (Appendix Cg, The grid pattern which appears in the back-
ground was superimposed onto this particular film prior to the explo-
sion, The 1light grey backgrournds are scotchlite screens used to aid
in visualizing shockwaves.

By Prame 15 tne fireball has passed over the quartz discs located
close to the points on the holders. The dark front 2zbout the bright
fireball is the airshock, ¥xhich we can recognize more 2asily in
later frames when the airshock has left the fireball. The bright
spot in the center sf the fireball is light, crested at the scctchlite
screen by the explosion products baing suddenly heated up by the
collision with the screen, The opacity of the RDX fireball is much
less than that of TNT fireball and the "pafiected" light created at
the screen easily burns through thie RDX fireball,

By Frezme 27, the airshock has left the firebsall sufficiently
behind to be easily recognizable, At this stage, the airshock has not
yet achieved the smooth front that appears later and the front still
carries some irregularities from the expansion of the explosion
products, We can see in this frame that the micarta holders have
remained intact even within the fireball,

In the subsequent frames, the sirshock can be seen moving farther
away from the fireball, We note in Prame 41 that radiation is
excited at the support for the micarta holders by the airshock. The
yellow color of this light on the original color film suggests that
this light i3 from the sodium-D lines.

Asrshncls can first clearly be seen on our B-second films onl
when the fireball has expanded to 3 or 4 a_ (a2 = 1 charge radius},
These then appear a3 non-luminous, black fRont8 propagating away
from the brightly 2uminous fireball. The time taken for the shock
or, better, the luminous front to reach 3-4 2, is of the order of
tens of u-seconds, ssy 30-50 usec, By such times most of the light
in the blue and in the visidle hes disappeared on our spectral records.
(c.f., Appendix A), To find spectra from the airshock itself we
needed to locate the airshock at much closer-in distances than 3-4 a,
and to separate, if we coculd, the airshock radiation from the )
intense fireball radiation.
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Hany of our experiments were planned coward that endi, We need
not describe them; they failed to reveal a luminous ciose-in shock,
One such experiment, for example, was tried twice (#87 and #388).

The intent was to increase the temperatures and pressures at the
front of the airshock by colliding it with another airshock, (We

did not want to reflect one shock off a target -- that would only
serve to increase impurity radiation,) The result of these airshock-
airshock collision experiments was to create more intense, longer
jasting wavelengths from fireball species,

3.2 Radius-Time and Derived Pressures . Measurements were made
of the ;umI35EE:TFEﬁf‘Efﬁﬁfﬁ“Tﬁﬁﬁ‘?HEHEE‘ET'the airshock, if it
could be detected)} on our p-second films, These were made on a
Telereadex machine for direct processing by an IBM-7090 computer,
The results are given in Pigures 7a through 7e. Ve make the
following comments:

a, Not all films could be read -- r-t data or fiducial
mearkers were missing, edge of image too indistinct, etec.
The films are not 2ll equally suitable for r-t data, since
the frame rate varies over a wide range. On many films we
were wiliing to cbtain less sharp images (the exposure time
per frame increages with longer interframe time) in order
to record for longer times., Typically, the non-luminous
shock cannot be separated frcm the bright fireball until
about 5 or 6 ag. In Figure Ta, we purposely separated our
filmws inte two groups: slow (interframe time ~I usec or
more) and fast (interframe time ~2 usec or less),

b, We measure distance {rom the center of the charge in
unite of the radius of the ¢harge, an: R/a,. We measure
time fram the arrival of the detonation wave at the surface
cI’ the charge, We rirst see 11ght, therefore, on the
explosion at R/ag = 1 and (t + ')/# = 1, where T is the time
taken by the detonation wave to travel from the center

of the charge, Because the detonation wave is not symmetrical
and does not break out all over the charge at the same time,
measurements were mede along several rays ¢manating from

the center of the charge and corrections were made to a
common value of time for R/ag =1 and {t + 7)/7 = 1 along
each ray.

¢. Flotted in each Pigure is a s80l1id line from our WODY
hydrococde®* for the theoretical curve, either for pentolite
or TNT. v

d. We see that the experimental scatter is large, Partly, 3
this large scatter is caused by our not using the highest :

¥ These calculations are similar to those discussed by LUTZKY. They

are, however, not identical. These later results are believed to be

more accurate than the earlier results obtained by LUTZKY because

of & number cf computational improvements, The author is indebted to
Mr. Delvert L, Lehto for carrying out these new WUNDY runs,

10

(RS

iy
V) At sse

EAUIIRS L et 7 a I e B S I Er AN kb1 d cide &'t T B A

b B




WA} S Fidatbai 120 =

f-

P AT

h

e S0y

Ny
NJXILIN

camera speeds available; but mostly, we think, the scatter
is inherent in the explosions themselves, The unusual
behavior of pentolite Shot 77 and THT Shot 17, lying far
above the other explosions is mystifying; we have not been
able to find an explanation.

e, PFor explosives other than TNT or pentolite we have used
the pentolite theoretical curve as a basis for comparison,
in lieu of explicit calculations for these explosives. The
scatter in these data seems less than that for TRT or
pentolite, RDX data being rather reasonabdly together.

f. Scattered throughout the plots of Figure 7, we have
included arrival times for p-t and ion sensors {see
Appendix C) when such datz were available, 1In scne cases
soreement is fair to good; in others, poor.

With the r-t dsta from these 2xplosions we should have been
able tc process, by one of our computer programs (such as discussed
in LEHTO and BELLIVEAU, or in Part 2, or in RUDLIN 1967), the data
to obtain shockfront presaures. V¥e could not do so.

The difficulties lay not sc much in tke scatter of the data which
is troublesome, but more fundamentally in the nature of the procedure,
This procedure involved fitting an arbitrary function to the r-t
data which was then differenciated to give shock velocity, these
velccities then beling transformed to pressures via the Rankine-Hugoniot
relations., We found that the fundamental probiem was that these
arbitrary functions {such as polynomials, log functions, etc.) could
not be forced to fit the close-in explosion data with any physical
significance. This was in distinet contrast tc past situations
where far-out explosion data have been fitted with ease.

A new data-handling procedure, therefore. had to be developed,
which did not deperd on arbitrary functiona. We used the sliope
between successive frames of a given film to give a velocity value
from which a pressure could be computed from a real-air equation of
state.

The results frcem this computer program for the close-in shock
pressures are given in Figures 8a through 83. The scatter in these
conputed pressuras is so large that we have not drawn any "average
curve" through them., Instead, we have superimposeé the theoretical
curves of pentolite and TNT as a basis for comparison. About all
that we can conclude is that the thecoreticil curves make fair
"ayerage curves” for pentolite and TNT, The scatter in these
pressure results is real -- that ig, we have not forced it in by
the computational procedure -- and we can do no batter hecause the
camerz data themselves have iarge scatter,

3.3 C3oee-in Airshozk Observations., Airshocks have been
routinely observed Ieaving the ITumInocus fireba’l Tront at distances
of 5 to 6 a,. With especially good observation conditions we have
detected the airshock at 2 to 4 a,.
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On three occasions we were able to photograph airshocks st
distances < 3 &,5. They sare especially intriguing because they show
essentially non-luminous shockwaves at high enough pressures and
temperatures that we should expect luminous shockwaves,

ﬁg
1
:
g

We proceed to discuss these three significant experiments in
some detail.

kil

a. E;geriment (1) Laser rhotography (#89-~100): We planned
to rilter ou ireball light as mucn ae possible and use a

laser beam to locate the sirshock by refracted 1ight off

a scotchlite screen, A set of shots (#95, 97, 98) is ,

shown in Pigure 92 and b.

Y IATLI TF  es

Jrovadk et

Pentolite spheres were detonated by placing detonators at

the top of the charge, accounting for the protuberances
visible at the top of charge. Black diagonal stripes were
rainted on the usual scotchlite material to help in detecting
the airshock at an early time, A 20-kilowatt ruby laser

was used to probe for the airshock., The laser beam had
broadened to an ellipsoidal shape at the screen, of width
about 4 a_. The laser pulse used was rather «id, consisting
of 10C-naRosec pulses every 2 .sec for a tolil pulse duration
cf ~0,5 millisec. This pulse behavior accounts for the odd
appearance of the frames shown in Pigure 9. Unless a frame
on the Beckman-Whitley camera and a laser puise happened

to fall together, no light would have been observable on

the scotchlite screen,

TR AT

RN B

TATY AT R AR

ty

In column ¢, Frame 3 (Figure 92 and c¢), is the earliest time
that we have detected the airshock in a straight-forward
4 g pentolite explosion, A bright ring or halo ¢f light sur-
2 rounded the fireball in Prames 1 and 2 and we see only a
E - slight indication of the dark shockfront in Frame 2, In
B3 Frame 3 the shock first clearly appeared -- a dark ring
E 3 ahead of the bright halo seen in FPreae 2, The shock con-
S tinued staying ahead of the luminous {ireball throughout
: the film. PRecause of the laser and the filtering, we have
g reduced the time for first observation of the airshock to
- about 4 psec and the distance to about 0.4 a, from the

E original charge surfsace,

ALY 7 A0 ay

#atm AT A A ALY

[Ty VRN

LS We summarize these laser experiments: with suitable

e 3 rhotographic conditions the airshock can be datected at y
less than half a charge radfus from the surface of a pen-

tolite charge, at a time, roughly, of 4 #sec, The airshock

- appeared in front of the fireball luminosity, staying ahead

IR from then on. By 30 ysec, or ~3 ay, the airshock began to

e separate from the fireball., During this time, 4 to 30 psec,

the shock speed averaged about 0.5 cm/Bsec, or an average

Mach number of ¥ = 17.
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b. Experiment {2) Convergent Shocks {#108 snd 109): With
the help of the laser 1ight source we have found the air-
shock at less than 1/2 a,. But where is the airshock befoere
that? The fireball lightfront moves so clogely to the
airshock during these earilest stages of 2un ezplosion that
1t makes observation of the airshock difficult, perhaps

impossidle,

What we needzd to do was to separate the shock from the
fireball. We hoped to accomplish this by converging a
section of a spherical explosion. &8 we convergsd, the
shock could move off from the firgbsll -- since the shock
has ne fundsmental limitatlions; wheress ths chemical
reactions creating the light of the fireball wculd 1ikely
be rate limited., We pianned to create this converzencs
by ramming a spheriecal charge into the large end of &
cenical cavity.

fhe set-up used 1s shown in Pigure 1., The cone wap cast
in g 14-in long diock of ice, convarging from about &
5.8-1in diameter hole at the large end to sbout a 0,5-in
diameter hole at the amsll snd., A mirvror was placed 3t a
slight distance {rom the small snd, The explosion was
11luminated by the D-6 flash lanp,

In the first frame of Figurs 10 the 8-1b pentolite sphere
had just gornz off. 1In Prase 4 the charge had expanded and
& luminous front within the cone 22n be ssen., In Frame 11
this luminous front was just sdboud ready to leave he
bicck of ice. In Prame 15 She luminous material had aiready
moved out and away from the ice. On the top of the block
a Sark shock can be seen a cendim=ter or twe ahead of the
criginsl ¢£4ireball. This non-luminous shock continued
pulliing ahead in later frames, In the next f{rsme shown;
Frame 18, this shosk had excited zome luminozity of its
o¥n, which can ne 3een at the Tfoot of the shock and rising
intc the original {ireball, Frobavly, most of tiis light
is from the Na-D lirnez., In the same Frame 18, a non-iuminous
shock hadé formed about the ejectad luminous material, A
second puff of material Nad now bzren ejected from the hole
in the biock. Finaliy, in the last frame 2hown, we see
that the non-iuminous shock about the ejecta had moved
geveral centimeters away from the materisl., {On the

: original zolor £iim, the first pulf was still radlating
in brillient white tut the seccerd pufl? had cooled o a2 much
lower intensity than the first puff.) We alsc note that the
shock atop the block of ice had fallen behind ite iuminous
front, which had now steepened and climbed up behird the
shockfront,

[RICR e

Wa had not esxpected the phezncmena chservsd., We had expected
to see, first, a converged airehecak, folilowed by the material
vwhich forus the fireball, The sicturss of Rigure 10 do not

oy PO VIS Vo)

13 :




LAY

1

RN R RS T N e e = U SN PN

l

———— £ o mmba
ROLTR O9-T4

=

show this converged airshcc¥., 1Ins’-.d the shock seems to
have been formed by the ejected puff of material.

But we have observed two non-luminous airshocks “n this
experiment -- the &lecta shock and the shock atop the ice --
vihich are fairly strong shocks., The ejlscta shock moves

out at ~ 0.4 cm/ysec (M = 13}; the ice-block shock,
approximately half this speed. If equiilbrium conditions
could have existed, the ejecta-shock spsed would have
correspornded to a temperature of about 5500°K and a pressure

of 3000 psi.

c. Experiment 3 {#117): An airshock has alao been observed
closer in than 3-4 a, on a hemispherical explosion of

(FM + THM). This observation was accidential: The experiment
was designed primarily for cther purposes,

Selected frames at an interframe time of about 2 usec are
shown in Figure 11, The t¥o liquids, nitromet..ane and
tetranitromethane, were mixed remotely into a lucite
hemisphere. The liquld surface was lieft open. The mixture
was fired with the usual Engineerts Special detonator.

The dbrilliantly luminous mourd moved off the top of the
aurface while the entire configuration expanded. By

Frame 7, a dark front can be seen on the original color film,
moving off to the right, a fraction of a centimeter ahead
of the luminous mound. This non-luminous shock is not
readily observable in the reproductions of Pigure 11. It
extends from the top of the original liquid surface to the
bettom of the bright cap of light on top of the mound. 1In
frames after the filrst appearance, the dark front can be
seen advancing s8lightly away from The expanding right
vertical side of the mound.

The shock first appeared at about 1Z usec, when the mourd
had expanded about 0.8 2, and the lucite bottom had expanded
about 1.6 a,. The speed of the shock, over the first few
frames after first appearance, 1s roughiy 0.6 cm/usec (cr
about M = 20). If the normal Rankine-Hugionot relations had
held for this shock, then the temperature would have been
10,0009 and the pressure about 8000 psi.
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L, CONCLUSIONS

4,1 Airshocks: Non-Luminous, We have attempted to understand
the earliest behavior of explosions in air thrcugh use of phetographic
observations and other instrumentation discussed 1n the Appendices,

In particular, we have loocked for details on when and how the zirshock
is formed by an explosion. We ususally have not been able to otserve

an airshock until the expiosion had expanded to 5 or 6 charge radii {(a,).
At about this distance we can readily see 3z dark, non-lumincus front
(through use of a scotchlite background)} the growth of which we can

tie to the expected airshock from an explcsicn. Uwnder exceptional
cbservation conditions we can find the non-luminous shockfront as

close in as 3 to & ags

Prior to 3 or 4 a_ the airshock cannct be distinguished in normal
scotchlite photograph?.from the lur nous front {the fireball) produced
by the explosion processes, With t - ald of a laser light-scurce and
selective filtering, we have beern able to delect the airshock within
1/2 a5 of the charge surface. Not until about 3 an did we detect
separation of the airshock fram the firebzll in these laser phctographs.
As in the normal-scotchlite photography, we distinguish the sirshock
in the laser photographs as a non-luminous dark Iront observable ahead
of the brightly luminous firebalil and have, therefore, labeled the
airshock 2 "non-luminous"” shock.* Since the airshock was traveling
at speeds greater than M = i7 from 1/2 z_, to 3 a,, We might have
expected dumincsity to have been produceg at the shockfront,

But in these spherical-explosicn experiments, confirmed dy the
convergent-cone photographs (Fig. 10) and bdy the liquid-expliosive
photographs (Fig. 11), we*pave cbserved strong airshocks without
(significant) luminosity,

Perhaps, the dark front we have observed is not really a shockfront,
A3l ve can really claim in a scotchlite experiment, when a dark front
is observed, is that a8 change in the refractive index of air was
present. In neutral air, a change in refractive index can only be
produced by a change in density, So, we can claim that a density
perturbation, perhaps a disconiinulty, umcving at speeds 1like 0.5 om/usec

*# We cannot determine the radiance of the airshcck with respect to
the irradiance of the laser beam or of the D-56. In the scotchlite
techiique the shock is observed by refraction of an external, directed
beam of light. If the self-luminosity of the shock were equal, or

’ greater, than that of the beam, it is unlikely that the shock would
be detectable. The observation of a dark front, on the other hard,
suggests that the seif-luminosity of the shock i3 less, or even much
less than tlat of the beam at the shock. If the s=2lf-luminosity of
the airshock were intense enough, then we should have observed shccked-
air radiation in the spectral measurements,

** Similarly, non-luminous shockwaves have been noted in electrcmagnetic
shock tubes, MUNTENBRUCH has given a review of Western chbservations
with T-tubes, conical theta and Z-pinch tubes, No comparabls review
of the extensive Russian work has yet been made. 2
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wers observed in our experiments. PFor our moiey, such & fa%t moving
density variation is a skock.

We make no attempt to explain vhy the airshocks in these explosions
are non-luminous, although several explanations might be proposed.

We would like to emphasize that thx airshocks ani the luminous
ronte in these explosions zre ncet ons and the same, In our expsriments

the eirshock and the luminosity front could be considered to travel
together untii about 3 a,; by 5 or 6 2o, the airshock has separated
significantly frem the fgreball. Far other exptosivesz or other
experimental conditions, say high-slititude conditierns, these numbers
may be very different., The point is: we cannot be certain of the
girshock motion by looking at motion of the luminous front in HE
explosions,

4.2 Radius-Time Growth and Derived Pressure2s: The radius-time
data from our films of a f4&irly large number of explosions display
&n unexpectedly large amount of scatter, Although w+ did not try
to optimize these date, sacrificing cime-resolution for longer viewing
times, we do not bdelieve that we can attribute much of this scatter
to the measurements. Rather, we think that explesion luminosity is
by its very nature irreproducible., This point of view is net
inconsistent with the presence of "impurities™ suggested by the
spectral analyses of Apperdix 4.

Alrsiock pressures, derived from application of the Rankine-
Hugoniot eguation to the scattered radius-~time data, are widely
scattered, But there does seem to be rough agrzement cof the
theoretical rpressures with an "average" curve through the data for
TNT and pentolite explosions.

4,3 Explosion Spectra: Most of the informatior. recorded on
srectral Insirumentation comes from the earliest p-seconds of explosion,
when the explcsion radian & is at its greatest values, If shocked-
air radiance 18 to be observed on these explosions, it 3nould be
detectable on spectra of the eariiest times of explosion. Further,
since we could not detect the airshock closer-in than about 1/2 a
with photography, we were especiaily determined to find scme evidence
of the airshock at cleser-in positions than 1/2 &, with the spectral
observations.

Buil we have found no evidence in any of our spectra of species
that we would heve expected to have been prroduced by an airshock
(Appendix A),

(The spectral results, therefore, do not aid us at all in
understanding the a’rshock phenomena. We inclu~e our spectral results
in this report, primarily, for possible use where intenae iuvminosity
might be of interest, such as laser pumping, or for possible purposes
of explosion detection,)
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NOLTR 69-T4
5. CONCLUDING REMARKS

We began thr clcse-in experiments described in this report to
clarify the dets.ls of airshock formation that #ere firat examined
in Part 1. Those resul¢s suggested the existence of an airshock;
formed at the surface of the explosive at zero time, resulting frem
the transmission of the detonation shockwave from inside the explosive
into the outaide sir,

He arrived st the existence of such a transmitted shockwave from
observaticns of the motion of the luminous front ereated by the
explosion, ¥We thought that this luminous front was the airshock.

We were wrong. he present resulte indicate that the luminou. front
is not produced by shock-excited air species, However, since the air-
s8hock and the luminous Tront travel indistinguishably together in
normal photcgraphic f1lms until about 3 or 4 a,, our conclusions o
the existence of a transmitted airshock obtained from those luminous-
Tront data of Part 1 turn out to be correct. In fact, cur detection
of the existence of an airshock as close as 1/2 a, serve to conrfirm
that pilcture of a transmitted airshock.

The question may well be raised: but where is the airshock from
the charge surface to 1/2 a,? Our observations her-~ cannot tell us,
Much mere sophisticated tecgniques will be necessary to detect the
airshock in the intense luminosity of this astage of explosion. But
we offer the following arsument to suggest that the airshock must
be present from O to 1/2 8q, despite sur fallure to detect 1it,
¥Ye have observed that it takes a fair amcunt of time to form an
airshock in an explosion. Specifically, for example, the time needed
for the gjlecta material to form an airshcck in the convergent-cone
experiment {Rig, 10) was about 12 to 15 usec. But in the laser
experiments we detected the airshock st about 4 ysec (time from
charge surface to 1/2 ay). We would argue that this is too short
& time for the shock to have been formed outside of the explosive
arnd that the shock must have existed at zero time., That is to say,
the detected airshock must have been the transmitted airshock.

Along with these photographic observaticns of the airshock, we
have attempted to use sensors to pinpoint the lgcation of the shock-
wave, Our experiences are described in Appendix C., We have used
these records to put together a new model for the main release of
explosion energy afier the formation o the transmitted airshock
in Figure C-8.
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B TNT EXPLOSIONS
b E - A HEMISPHERES (SHOTS 13, 14, 15)
» SHPERLS (SHOTS 72, 73, 80)

. ¢ ¢ ® MIXED SPHERES (SHOTS 16, 17, 29)
‘ i CURVE: WUNDY TNT
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RDX EXPLOSIONS

s A = e WITH LUCITE COVER (SHOTS 53,54)

3 - o 'WITH LUCITE BOTTOM (SHOTS 55, 57, 6C,
81, 79, 81)
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- SPHERICAL EXPLOSIONS

8 o NM + TNM (SHOTS 56, 58, 84)
® RDX + TNM (SHOT 67)
© PETN (SHOTS 21, 27)
A COMP B (SHOT 8)
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¥OLTR 39-Td
APPYDIX A: 3PYECTRA OF EXPIOSIONS

A-1: Photographic Spoet
A-1.1: Qeneral, The appearsnce of a mpwetrum of an explosion
«1131 depend on a large number of wvariadbles, only a few of which can
8431y coantvolled, At thz charge, the spectrums will eepenﬂ on
]

the radisiing specieg ralezged or erenced by the explosiorn anmd the
gen3lty, {-pusber, 2ifetiwe ard geometrical diatribuvion of thesa
an 1

speciza over boelh an area asd gptical Gspsh, The apzetrum alse
111 depend on the shapez of the charge and the hydrodymemic time
{eroportions]l to tha cubve roct of charge waight); bath serve $o
determine row 1long tae radiating spacies will remain in the field of
v the spsotregraph and how Cast the radiatars might change in
time., At tThe apscirograbn, the specirwmn will deperd on all the
fag

miliar variabies -- dispersion, effective T/-number, slit 82ze,

-

, 2%c. In addition, ¥2 nave fourd +thatl the exploesion
spectrum -- zhi:sh sgppeare te B2 s collection of hundrads of lincs
and bands, intens2ly radiant for only a few Lseccnds -- varles de-
cisively with scms uniaterminsd  asgects of the film. That is to
s2y, recoxnition of thene lines ar? barnds on & gilven niece o film
degpends on 2 nudber of interrelated factors batween fiim ard sp=c-
trograph, abtove zrd deyord i1he grain size, regolving pow or the
acutance of the {ilm., PFor examzle, Shellbvurst fiim and High Spe24d
Infrared f4im are ranked about the same in the three charscteristices

l«b

above, Shellburst having a higher zcutance class and a siightly iower
speed rating, For vecognizing spectral features, hoeaever,we nave
nd the infrareé¢ 7ilm more desirzdle,

By "speetral feature”, w2 meaa a line or band for xhich we c3n
measure 2 wavelength. Therefore. a cpectral fszature must te distin-
gulshabie from 1ts background, first of 3il, but aiso have 2 sulfi-

c

cizntly sherp density gradient, 1f we are to fisg a priace on the
fezture t¢ msasure from. TIn our spscitral reconis we may often not
find features vecause {1} the feature 1s to¢ dim ic p2rmit a2
sstisfactory measurement or {2} the feature is not sufficiently
recognizabie from its bright background to permit such a measuremsnt,
the 3deep btlue, features

Beth happen, often on the same record. 1In I
are usually too dim: iIn the deep red, the background i1s vsualily toc

A-3
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NOLTR 69-74

bright. Parts of explosion spectra often do look like cotinua, so
that spectra) features might be expected to be absent. Often,
however, these "continua" can be cleaned up, perhaps by increasing
dispersion or decreasing exposure,

We cannot claim that no explosion continua exist, There are a
number of processes that produce continua that might be anticipated
in an explosion, Often, apparent continua do appear, resulting
from overlapping or overexposure, or perhaps even scattering in the
spectral film. The creation cof an apparent continuum can be seen
in the AVCO spectrum of Shot 78 of Figure A-1l, In this experiment
a plece of glass was placed a small distance from the surface of
the charge. When the radiating species reached the glass, the light
intensity was dramatically increased (probably through an increase
in temperature when the explosion particles were brought to rest at
the glass), So intense was the light that it burned pas% the film
spectral cut-off (on the right). _

We have given in Figures A-1 through A-6 a random sampling of
expiosion spectra as seen from different explosives, as seen by
different spectrographs, and as seen by different films. The
figures are mostly self-explanatory and we make only some brief
comments,

a. The appearance of most explosions on the AVCO streak
spectra are rather simlilar, The total duration of much

of the light lasts only a few p-seconds (the light evident

on these records before marked zero time 1s rewrite on the
continuously recording records), Intensity increases from

the blue, cut-off just below CN 3883 A in all AVCO records,

to the red, where the film response cuts off the record.

Only a few bright, strong spectral features stand out, and
these same rad}ators or nearly all records: C§ 3934, 3968 1,
CN U216 i band, Ca 4227 R and the Na-D lines 5890, 5896 i,

The fcour lines running the height of the film with equal
Intensity are Hg calibration lines that were burned in prior

to the explosion. (We should note shot 75 in Figure A-2, which
1s unlike all other spectra shown, The charge was cast with
aluminum added to the pentolite mix., We see that the intensity

A-2
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distribution is much like the other pentclite shets, but
scne lines and bands are recognizably different. CN is

not detectable: nor are the % 1lines, Ca 4227 i still
remains. The new bright radiators are Al 3G%4 and 3952 R
and the AlO bands,) Intensitites do vary {ror explosive to
explosive but these prints can be misleading, In Section A-2
we shall look at photoelectric measurements which are more
reliable for intensity. The gualitative comparison iu
Pigure A-4 for 3, 32, and 00 1b TNT spheres is correct,
since the filmswere expcsed and processed under similar
conditions and the charges were cast from the same powdar at
jdentical conditions, We can see in this set of prints
rather easily hew the increased hydrodynamic times of the
explosicns lead to different-looking spectra, even though
the radiating species must be identiczl in these three
explosions,

.‘-

b, In Pigure A-5 are typical miilisecond spectra from
S

the streak Cine Spzctrograph. The rectangular-icoxing

portion of the spsctrum tc the dblue is not real, The
height resulis fram the siit-height used on the instrument.
When the explosion light first reaches an intensity
suffizcient 0 record, all light is integrated over 2 time
approximately 2gual to that time to cross the height cf

the slit. This slit time for &1l records in Figur

a

s
]
n

ig8 ~100L psec, except Tor #5C which is 200 usec, Any light,
sufficient to record, thet zppeared at any tim
first 10C {or 27°7) usec would appear in the re

ETxpo3ure corditions were abvout ientlical for 211 the shots
o

e
in Pigure A-5, Spsciral coveragz ranged {ror about 33CGL ;
<

c
in the blue o fi1lm cut-off 3 the red, The !ntense axplosion
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light has overexposed many of the films. The typical dip
in ail films, which occurs at about 5000 A or so, can de
ceen to be filled in by the intense light, The exception
might be #38, which had an especially deep dip in film
senzitivity, But even here we can see light scattered into
the dip.

Finally, we note that the millisecord spectrum for #84 in
Plgure A-5 18 very different from the u-second spectrum of
#£4 in Pigure A-3, Since the two instruments have rather
comparable light-gathering capabilities, we assume that the
{T¥M + NM) explosion developed its iighf intensity several
u-seconas jater than did the other materials,

In Figure A-S the sharp black lines on #72 are scratches, not
absorption iines. 1In #75, an absorption line can be seen

at the Na-doublet, which goes from emission to absorption
with time,

c. Sample spectra from the Hilger, with no time resolution,
are given in Rigure A-6, fThe superior capability o° the
Hilger to reaclve lines and bands in the blue, which de¢ not
&ppear at all or appear to be continua on the time-resoliving
instruments, suggesis a dynamic-exposurs problem in obtaining
explosion spectra, In the time-resclving instruments light
is swept by = particular grain on the f1lm, 1In the Hilger
the 1ight dvells on 2 p rticular grain for as long a2 time
8/ the intenzity is fficient to -zcord. The Hilger, thus,
records hurdreds of lines in the blue, which are readily
measured on the originals but not in the reproductions in
esirable recording 2bility in the blue,
hcaever, ieads to overexpostre in the red. Lines and bands
seldom can be recognized above, say, 500C .

(l.

1
on of Tab.e A-l. In Table A-1 we have
wavelengths Jor tne spectral features that we have found on

xriasions, without regard feor the =xplosive materizl., 1In
.
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several shots., A far longer 1ist would have been obtained had we
listed all wavelengths that have been measured. The reason for
our caution iies in the difficulties in identifying, and measuring,

a feature on these spectral records, There are, rrobably, hundreds
of lines and bands produced by an explosion -- we list over 400 in
Table A-1, In many records these features blend into an unmeasurable
"continuum," On a given explosion different types of film respord
differently to the explosion 1light, Thus, High-Speed Infrared film
might give easily recognized 1lines, whereas these same featires wouid
be unrecognizable on Tri-X or Shellburst film., Explosion light,
furthermore, 1s not especially reproducibie, Fresumably identical
charges can produce different looking spectra. The overall average
picture is nearly the same, bui recognition of the features {lines

or bands) will be variable. On a given explosion and a given film,
the intensity varies over a wide range. Spectral features can

hardly be found in the ultraviolet range b-cause the intensity level
is so low, Speciral features are even harder to find in the near-
infrared range because the intensities are so high that lines and
vands merge into one another,

Lifetimes 2lso cause difficulties, Mos%t of the features below
5000 ! last only a few p-seconds. Those asuve S5CCC A last for milli-
seconds. On a u-second-resolution record many o. these short life-
time features just do not show up as individual iines but rather
h
CN 3983 i sequence structure {and below) on our AVCC records. Tn

cf
{5

2s 2 "continuum." 1In fact, we have never been zbie to resolve

]

structure is clear on our millisecond . ine specira and cli=arest on

[N

our time-imniependent spectra. The long liifetime radiat-rs, esrec

ot

a
art
ned

from any spectrograph slower than the AVCO. (And on most AVZO records

1y
at A00C ! and atove, give trouble ip che other direction. This p
of the specirum is always badly overexposed on any srectrum obtai

the deer red is slightly over-exposed because of the tremeadous
intensity produced by the explicsion species in the deep red,)

Because of these difficulttes with explosion spectrxz, we have
read records unconventionally., A given spectral film was enlarged
to about 4X and printed ontc varicus papers, exposures were varied
cn a given paper, and dodging used for various parts of the spectrum.

A-5
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NOLTR 69-T4
Upon occasion 1T to 12 manipuisted prinis were made ol one {ilm;
more typically 4 to 5 prints were made, Spectral features were,
then, recognized and marked on the prints with a needle, several
different prints of a film always being necessary to find all the
features, The needle hcles were zrudzequently read with a Bauach
ar.d Lond Measuring Magrifier {Catalog No. 81-34-35), with 0,lmm
markings, Wavelengths could usually be obtained by fitting a
Hertman curve to three recognizable wavelengths produced by the
explosion, such zs Ca 3934, Ca 4227, and Na 5893, or to mercury wave-
lengths usually placed on the spectral film prior tc the explosion.
Clearly, thts procecure for reading the spectral features is inac-

curate scompared to the conventional procedures, But we Jjustify it

on the bhasis that we were able to find hundreds of features that

otherwise would have gone undetected., With a given type of explosive

and type of film the spectra from a given spectrograph could be

read with a reproducibility of a few Angstroms., If the explosive,

or the f1lm, or the spectrograph were changed, the uncertainty

increas=2d -- but that increase is not so much caused by the reading

procedure as it is by the problems of recognizing a feature,
Yavelengths found fram prints of our explosion records are

VST el e e o N AR v s A Yo B Db AR SRR RN

listed in tne first four columns of Table A-1, under the appropriate

e

epectrograrh heading., Since the recognition provlems differ for

FHIR A b

each instrument, the fn~llowing ccmments should be noted.

fres

AVCO: y-second resoclution. Only spacies that were formed

during the first few pu-seconds can be observed. Spectral
features c¢an be recognized only above 38%3 i, Below, only
a blurred continuum appears. Response into the red goes
out as far as the availadle films go, say QCGD i, but the
dispersion becomes pocr above, say HACCC i, making boeth

e pers 2000 3 e b ALY 833 B TG

recognition and wavelength measurerents of festures difficult.
The AVCO ~olumn represents a summa~y ¢« 27 exyiosions of TNT,
rentclite, RDS, (NM + TNM)}, and (RDX - NM}. Pilms included
Tri-¥, Sheiiburst, 2475, and Hlgh-Cpeed Infrared.

I LA T TPL T T ORI ey

Cine: millisecord resolvticn, Both streak and frame
spectra available, The s1it height used determined that

PSSR IRV R,

light on the streak instrument was integrated in time over

A-H
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NOLTR 69-TH

the first 100 pysec or so. On the frame instrument the
first spectrum could appear at any time during the first
200 uysec. Spectral features can be recognized down to

300C 4 upon oc~asion; more typically, down to 3500 . 1In
the red end, response was limited by the films to abocut
G000 i: but the dA’spersion, similar to that of the AVCO,
makes recognitiorn increasingly difficult above 6000 }. The
Cine column represents 16 explosions of TNT, pentolite,
PETN, and {NM + TNM), Films included Tri-X, Shellburst,
and High Speed Infrared.

Grating: no time resolution; opened before a shot and

closed afterwards, Grating spectrograrhs have been wholiy
unsatisfactory for explosion spectra. Despite a number

of attempts only tvwo readable grating records were obtained--
one Cencc and one Jarrell-Ash -- ard compiled in Tadle A-1.
The wavelength range on both runs from about 3900 to 5900 i
for readable features, For both spectra %-1b jentolite

spheres were fired, The films were both 2475,

Hilger: no time resciution; opened and closed manually.
Because of its superior response under explosion conditions,
the Hilger records can be read down to about 2500 {, 1In

the red end the Hilger offers poor recognition. Overaxposure
is greater on the stationary film than on the moving films

of the AVCO and the Cine instruments., Becguse of 1its
superior dispersion, however, some details can be recognized
out to the film cutoff. The Hilger column represents

2 explosions, including pentolite, RDX, and {TNX + WM}, Films
included Shellburst, 2475, and High Speed Irfrared.

Because of these instrument variations and the variations in the
explosion materiai, entries in the first four coiumns of Table A-1
are not directly comparabie, TUpon occasicn all four columns list
the same wavelength, such as 3058 ! or 4227 i, radiated by Ca amd
Ca. Such agreement~ are caused by strong radiators, easlly recognlzable
on any film; there are not many such radiators identiliadle 1in
explosion spectra,

- cxz
N _ -~ o e = - = ey iy > 2450 -
i PP R B T Sy T AR I T P S e
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Because of the recogrnition problems, we {ind it dirficult to
of the wavelengthz liasted 4in 8
on reproduﬂibil ty of the wavelength valves fraw one explosion film
to another off the same spectrograph snd from one epectrograph to

another on the same explosion, we would estimate ths:t wavelength

c\h

accuracy rurs about £ 1 to 3 I below 4000 f, increasing to about
t & i below 550C i, and thereon increasing continuousiy te perhaps
+ 30 § in the infrared. These estimates were used in asaigning
identifications in the table.

4-1.2.2: Wnhat Sp2cies 3nhall We Look For? Now that we have
complled ocur 1list of wavelengths produced by an expicosion, we bsgin
the search to identify what radizators might be producing the light.

If we assume, along with much of expleosion litersture, that the
early explosion luminosity is produced by air species, excited by
the shockwave, then we can gc to theoretical predictions for the
radiation frasm hot air, Such predistions vsry, of course, With
the temperature of the air. From hydrocode computations of pentolitfe
explosions (such as those by LUTZKY) we fird that the shock temperature
might be 5-%000°K during the first few u-seconds of shock motion
Z1ince shock temperatures are nctoriously dependent cn zcne sizes used
in the hydrccode, we might be =suspicious and prefer to estimate Irom
experimental data. From RUDLIN (1962) we estimate that the luminosity
front moves from an explosion at scmewhere between 1 and 0.5 cm/usec,
at least “or the first few u-seconds, From the tables of WILLETT we
find that the correspending shock temperatures, if this luminous

front 18 3 shock, would be somewhere between 7500 and 15,000°K.
Putting both estimatesz together, we, then,look at theoretical pre-

dictions for sea-level air, shocked to a {emperature somewhere
between <-15,CC0%K,

A number of theoretical predictions for hot air at equilibrium
have beren made, Amongst fhe best known are these by various AVCO

4

reorle (such as ALIFN) and by 3REENE et al. Those by BREEINE ar: most
conventent “or looking av variatiuns with wavelenzth, There are

(98

tmportant 3i7“erences among the predictlonc but all agree in the

o
4]

fellowing discussion, There hzs en very l1ittle work dore on non-

ejuilibrium predictions,
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Radiation from air in thermal equilibrium occurs in two very
Below about 8-10,000°K radiation should come
from molecular transitions, such as those from N2 or from procucts

irJerent regimes,

formed such as NC. Above, say, 12,000 K such molecules can no longer
exist and the radiastvion should come from exzlted atoms, molecular
ions and from electron t.ansitions, both free-free and free-bound,
In other words, at the low end of ocur temperature estimate, air
radiation should be strongly deperdent on the chemical specles
pres2nt and we would, therefore, expect to see many spectral features
on cur records “ran the banded structure radiated by molecules, On
the cther hand, at the high end of our temperature estimate electron
tran=itions shculd predominate leading to a strcng continuum on our
reccerds, with sore vand struciure from ionized molecular species,
such aa N2 especially since this is a <trong vziiztor, and atomic
species such as N, since there is s much of 1% in air,
Examination of our spectral cvecords quickly suggests that high-
temperature air 13 not present. TRirst, continua 3¢ not appest o he
resent (when ~esclution is hig
N and O are not ¢learly present
forbidden lines may be prosent)
identified,
Therefore, we go to the low-temr.erafture predictions, From
BREENE we £ind, for 6,000°% escuiiibrium air, tha

radiators should be -- roughly in order of diminishing
3%

NC

%7 (37)
¥, (2%)
NO (Infrarez
0 (free-free},

N

T
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NGLTR 69-74
We also firg! that the predicted intensity, integrated over the
radiators above., decrecases from the blue tc the red. This variation
with wavelength 4s not at all »hat we sees on explosion spectrs,
where intensity incraases from the blue to the ved,

This difference betieen prediections and our spectra mskes us
suspicious that the explosion luminosity does mnot come from hot air,
We become more suspicious if we look at spectra as a function of
time, If the ear:y luminosity is created by the airshock, then this
luminosity must g7 out at =some time when the. airshock no longer is
sufficientliy strong to exclte ailr species., Subsequently, the
luminosity would then have tc come from the explosion products left
pehind the airshock., Thus, there must necessarily be a distinct
break, or change in the spectrum, when the shocked air ceases
radiating and the "fireball® light comes through. We have seen no
evidence of such a break in any explosion speclirum or photographic
film,

We are not quite yet ready tc throw away the airshock concept
at this point -- perhaps {1) the theoretical variation with wavelength
is wrcng* (after all, equilibrium calculations hardly describe the
complex non-equilibrium processes behind an explosicn shock); or
(2) the break is so smooth as to be undetectable.

At any event, we lay aside, for the momtent, the airshock as the
source for explosion light and speculate on other possibilites,
There are many physical phencmena in which light is created by the
release of enexiy. We review briefly some of the spectral features
of these,

Flames: GAYDOR (1661) has given an excellent summary of
flame spectra -- which we might suppcse would be somewhat
similar to explosion spectra. (Exnergy relzased and tem-
peratures reaached in explosions are, however, much larger
than those in flames.) In {lames, spectral details do vary
somewhat wWlth the burning materials and with the richness

¥ K critical discussion of some of the assumptions and the complexities
in making these predictions for air has been given by BAUCR.
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MOLTR 69-T4

in a given flame, A rich mix can produce a continuum which
apprcaches closely the blackbody continuum.*

Pre-mixed hydrocarbons show an outer cone with strong OF -
bands, some continuum in the blue, and some Gbg.banéa.

The inner cone produces most of the lame 1ight in the
visible from C, (Swan) and CK, along with some OH and ORC
bands, In hotter fiames, (nedr gtoichemstric with oxyzgsn)
additional bands of C, and CH appear, perhaps with CG

(tth positive) bands. In £lames with combined niirogen

CN {vioclet) is very strong but weak in flames witha molecular
nitrogen. ’

In cther types of flames cther Romds can appear. For examplie
flames of CO + Og 8how the {Schumzun-Runge} bands super-
imposed on 2 stroag continuum; flames with NO show strong
CN bands, some NO {v) bands, and NH at 3360 I; and, finally
flames of H, with No (or N33~H4th 02) show the Xﬁg, OH, and
NE bands.,

In a detonatad gas. such &8 a hydrocarbon plus G,, there
appears mostly continvum and noi. the visual C, and CH bands,
Gaydon makes the pertinent comment that most paopie
{including spectroscopists) are familiar with discharge-tube
spectra and have come to regard those spectraz 2s ncrmal.

But in discharges excitation is by relatively fast electrons,
accelerated in the external electric field and is quite
GifTerent from that which occurs under equilibrium conditions
by thermal means, We can readiliy verify Gaydon's comment

by trying to find our explosion spectra in the usuzl spectral
tables complled for the usual sources, such as the arec,
spark, or discharge tube, in which strong external electric
fields are present: there is no correlaticn.

Natural Phencmena: Very rich and complex spectra can be
produced by 1i3-gm charges which do not produce a shockwave

¥ @, J. Peters (NOL Internal Memorandum of 7 February 1956 on "Optical
Spectra from Burning TNT") has fournd that TNT, 1it with a match,
produces a continuum, similar to that of a 8CCOK blackbody, and the
sodium doublet at 5890 and 5896 f.
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(REED) -- &t least, shockwaves are not procdused until late
time. REED!s conciusion was that light was created in
those experiments by colllislons of partielez reisased, or
crexted, by the exploaicn with the ambilent gas -~ solid-gas
collisions., He might ask, Tthen, what are the spectra of
sirgle-particie thencmena like meteors, comets, or even
man~-nade reentry bodies?

34 7 87 'a

P

BECNSHTEN has given an zzcellent summary of meteor spacira:
these spectra consist aimost wholly of atwmis {neutral

and ionlzed) lines of the elsments comprising the meteor,
Some evidence of N, (1¥) bands has been reported. The
forbidden & line at 5577 i ha® been fourd in the wake

behind fast meteors but the accompanylng forbidden Zines

at 6200 and 6330 2 have not been found. The glowing meteor
body itself is not generslly ohserved, Parbicular midtiplets
of the elements seem to be fayored in meteor spectra. For
instance, the Pe muitiplets 2, 4, 43, 42, and L3 are
sapectally Intense of the mearly 100 multiplets of Pe found
in meteor spechtra. Hany of the most intense lines of meteor
spectra seem to fit our explosion speetrz; and we have
used such identifications in our tablie, Tnese identiiications
inciude: Na, Mg, A1, Ca, Ca’, Cr, Pe, Co, and Wi. We shall
f£ind that the N, (1) bands reported for meteors do not
appear in our explozion spectra,

That explcsion spectra amd meteor spectra have some spectral
lines in ccamon is not terribly surprising. An explosion
particle will contain many impurities that can be excited

by collisions with air molecules -- especially the excitations
requiring only a few electron volts. Our explosion particles
move out from the charge at speeds 1like 1 cm/usec; meteors
move at speeds like 1,5 cm/usec (3low) to 5 cm/usec (fast)
when their luminosity first appears (altitude ~100 im for
fast and 75-100 km for slow),

On the other hand, that there should be any agreement between
spectra of comets and of explosions is, indeed, surprising.
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NOLTR 69-74

A comet 3is thought to be a cold, icy body unable to supply

‘the excitation energy itself for luminosity., The observed

Juminosity is believed to be fluorsscence radiation excited
by the sun and is supported by sbaervations of the luminosity
dependence on distance from the 3sun,

SWINGS has given an excellent summary of cometary spectra
which we will now use, In comet heads identification is
pretty certain of OH, WH, CH, CN, Gy, C3, NHp, cat, and Na;
jess certsin are OH', Fe, and Ni. In the tails, which can
exterd to thousands of kilometers, are fourd Cd*,lgf} cob+,
ci', and probably o', Metallic compourds such as the
hydrides (possibly NaH, XH, MgH, CaH, AlE, amd SiH) may be
present tut wavelength uncertainties have nade identification
uncertiin., Oxides (Pe0, MgO, and Ca0) have been looked for;
but, again, identification is not certain. A number of
prominent wavelergths hdve not been identified.

The radiation from certain species in comets can differ a
1ittle to very much from that {rom those same species in
the lsboratory. For example, the CN {viclet) bandis appear
strongly in comets but the CN (red) bands hardly appear, if
at all, Both usuzily appear strongly in the iabdoratory.

We have found that wavelength ccincidences of explosicn
spectra with cometary values are remarkable and have used
the cometary identifications in Table A-i, We have not
always agreed with the cometary Zdentifications; and we
give identifications in Table A-1.which we think are more
appropriate for explosions.

There are cther natural phenomena, the spectra of which are
rertinent to us: these are iightning, auroras and airglow
{including nightglew and dayglowj, The first, lightning, we
can dismiss rather gquickly, since the energies involved are
too high to produce many specles of interest to us. The
others, aurcras znd airglow, ¢annot and should not be dis-
missed so readlily, But these are too complex to review in
85 hasty a manner as we have the spectra of flames or comets,
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NOLTR 69-T4

and we refer the reader to the basic book by CHAMBERLAIN

and the more recent one by McCORMAU., We do note, however,

that a muraber of airglow species do seem to appear con

explceion spectra, The forbidden vands of 02 seem unmistakable
on our spectra. 1ess certain are forbidden lines of 6 and

N -- the suroral; nsbular, and transaurcral transitions.

The Né* {17) sequence at 3914 R is bright in meny atmospheric

rhenomena but is not especially so in expliosion spectrs.

Laboratory Sources: In addition to the familiar arc and

apark spectra of spectral tables, there are many other

gcurces for spectra in the laboratory -- electric-wire
explosions, shockitubes, electromagnetic (shock) tubes,
microvave excitation, laser excitations, etc. We have not
found that these sources produce spectra that would te of
particular heip in identifying explosion spectra. A large
amount of work on ailr has been carried out in shocktubes,

Most of this, however, has been done with "equilibrium air",

after reflection of the shock at the do¥nstream wall of the

tube, Pew measurements have been made of the incident

(vefore reflestion) shock. Species fourd for shocktube

equilibrium alr do not appear tc agree with our explosion

species,

A-1.2.3: Assignment of Specles: In Table A-1 we have usually
listed several specles for each unknown wavelength when these spescies
all seemed egqually plausible, In some instances, we have not been
able to assign any species. Upon occaslion we could only find one,
or perhaps two, possible specles., Qur listing of several species
for a wavelength dces not mean that all these species were present,
although that may have been true, It simply means that all the
possibiiaties seemed reascnable and we had no basis fer further
sejection,

A number of assumptions have gone into our choiees for the
radlating species listed. These include:
a. We have assumed that ccmetary and meteor species are
favored in explosion spectra and have given particular
emphasis on fitting the wavelengths from these species to
our known wavelengths.
A-14
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b. We have chosen the species of Joweat energy {if known)
for 1isting. Even 80, %¢ have given preference to a species
that fitted the largest number of unkmnown wavelengths,
without regard to the energy.

¢c. We have given particular emphasis to those spzcies
jdentified from 13-gm explosions in air {REED), when these
seemed to £it. There may well be big differences in the
exeitation conditions for the 13-gm explosions and for
these larger explosions -- for the-latter a shockwWwave wWas
present at the earliest times, Manyaf the 13-gm species. how-

ever, appear to be present, Since 0o species were particularly

prominent on the 13-gm spectra, they will aiso be prominent on
our present listings.

d. We did not list any compounds of impurities. Several
could have made a reasonayly good it -- Fed, ca0, or

Sro, for example. We omitted these primarily on our
experience in which we added impurlity compounds and obtained
imelear results for lighting them up in an explosion. He
have alsoc omitted co2 as a possible specles, since our
13-gm experiments suggested that CO, was not detectable

on those shots in air,

e. Some atonic radfators, Fe for exampie, could supply 2
large number of iines which couid have reasonably been fitted.
In general, we have only peraitted atomic specles: (1) with
an intensity 500 (er grtater} and an attainable excitation
energy, or (2) that appear on the 1ists of bright meteor
iines.

f. In listing specles we allowed specles whose wavelengths
deviated from the unknown wavelength by an amount no larger,
roughly, than the reproducibility in wavelength appropriate
for thazt part of the spectrum., For example, in the deep
blue the unknown wavelengths lie within about +2or 313

of the wavelengths of the assigned speciles.

With these assumptions, we nave proceeded to asslgn the identifl-
cations listed in Table A-1; & summary table of the molecular and
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atomic radistors present is given in Table A-2, We make the following
observations:

a. A wide range of exciting energles is necessary for the
molecular species listed -~ from about 1.5 ev (for the forbidden 0o
bands) to nearly 20 ev (for the N2+ (1) vands), We are surprised
that such high-energy species can be created by an explosion., Clearly,
thermal excitation alone cannot provide the energy to create N2+ or
09+ specles, Obviously, obher processes are at work and we suspect
tgat charge-exchange collislons must play a big role in exciting the
molecular species,

b. A much narrcver excitation energy range exists for the
atomic species -- fromn about 2 to O ev, The Torbidden nebular O lines
at 6300 and 6360 i require only 1.95 ev., The other forbidden ¥ or O
lines 1listed need no more than about 4 ev. Among the most intense
1ines on explosion sSpectra are Ca 4227 } (2,93 ev), K'769% 4+ 7665 R
(1.61 ev) and, Na 5390 + 5806 }§ {2.11 ev). Of comparable intensity
are the Ca’ H and X 1ines at 3934 and 3968 i, requiring the highest
energy of all the atomlic lines listed in Tablie A-1l: 0.2 ev,

¢. The presence of certain species, such as CH, CO, NH, CH,
C3, in explosion spectra is not £06 surprising. They are, after all,
rather good radiators appearing in many different luminous phenomena.
There are, hcwever, two peculiarities: (1) 02 does not appear to be
present and (2) the CN (Red) system does not appear to be present.

The first, absence of c2’ appears more pecullar than the second., The
CN(Red)bands occasionally do not appear in various circumstances:

for example, they are absent (or almest so) in comet spectra. But

C, is nearly always present, especially if CN(Violet}appears.,

CN (Vioclet) and C, (Swan) bands often are "the major sources of light
excited by shockwaves. We cannot dismiss them from our spectral
identifications out of hand. Clearly, a number of unknown wavelengths
could be assigned to C, {Swan). PBut we do not thirk the assigmments
are convincing, especially since {1) many of these "Swan wavelengths"
do not appear consistently fram one shot to another c¢f the same
explosive and (2) shots in which graphite was purposely added to the
explosive failed to produce any expected increase in ivminosity at
the Swan wavalengths,
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d. The Oa-bands seem to pradominate over the Nz—bands in
producing light;* that is, we get a rather complete 1ist 6f 0y
radiators, whereas our Né list 1z very limited. The presence of
02-(Shumann—Runge) bands is not too surprising. Although not
especially common in the laboratory, the S-R bands readily occur
in certain low-energy flames., But the presence of the forbidden
airglow, or the afterglow, systems of 02 is, indeed, surprising.
Although they require only a few ev for excitation, their forbidden-
ness makes them very difficult to excifte in the laborstory -- hocurs
to days being required to obtain good laboratory expcsures, If
we have really produced any for‘biddeno2 band in y-seconds with an
explosion, then we must be surprised. Yet the identifications
appear to be rather good, We ¢an tie seme of the unlnown wavelengths,
also, to less exotic species besides forbidden 02; but a large number
can orly be tied to these bands arid we belleve that they are real,
Possibly these bands are excited by the large number of frase electrons
that we know occur on an explosion (c.f., Appendix C).

e, The Né bands that appear are not only limited in number
but are surprising in identity. We do not believe that the N,(1%)
bands are present -- (1) because the expected wavelengths do not
line up convincingly with our unknowns; {2) because w2 dc not detect
any increased radiation at these wavelengths vwhen we fired in nitrogen
rather thanair, and (3) because the far-red radiation on explosion
spectra is unusually intense and long-lived, We do not believe that
1t is 1ikely that the {1t) bands could ve so much more intense than
the (2+) bands nor last about one thousand times longer. Some other
bands must be present.**

¥ To the contrary, VANYUKOV has found in a spark discharge in air and
in nitrogen both at 1 atm that the spectral outputs, at least over

the range 5,000 to 10,000 }, were identical. Undoubtediy, the exci-
tation energy in the Russian experiments was higher than that avaliable
in our explosions; but the situation is by no means clear,

*#%¥ WRAY has recently cconducted experiments in hot air to determine

what species produce 10 times more light in the deep red than has
thecoretically been predicted {largely N,(1*) bands) for equiiibrium
shocktube air, He finds that both ¥ ang 0 are necessary an¢ attributes
the radiation to some new states of NG -- the Rydberg states, His
calculated wavelengths agree rather well with a number of our unknown
wavelengths, PFurther verification of these new radiators would make
them logical additions to Table A-1,
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In various situations the N2(1+) system dlsappears completely or
becomes very i'aint, especially a% pressures near 1 atm. For example,
we cite the results of HEATH, HUDDLESTON, GRON, ard NOXON., Working
with mild excitation in a discharge tube of air, HEATH found the
Ng(l ) system disappeared when the gas pressure approached 1 atm and
was replaced by a wezak oontinuum., This result was similar to that
eariier obtained at 1 atm by HUDDLESTON, vwho varied the gas pressure
to much higher pressures and obtainec a number of unusual changes with
pressures abeve 1 atm. GRUN found, under cirecumstances in which he
suppressed the (17) bands, that the N, (Gaydon) bands appeared, the
intensity of which increased with gas pressure, DIXON fourd in a2
nitrogen aftergli-ow set-up at 1 atm that the {(17) bands were wesk
compared to the Vegard-Kaplan system. Because of these experiences,
we believe that the identifications we have 1ished in Table A-1 of
the N, (Gaydon) Y, ¥, y bands and the N, (Vegrrd-Kaplan) bands may
be unusual but not unbelievable.

The X, (2+) bands seem to it wWell -- o»casiona11y being ths only
species that can be assigned, Presence of the ﬂ (1")system is not
so certain. The (0,0) 3914 i ard (C,1) 4278 } of W,7(17) should beth
be rather prominent. But 4278 } appears much more irtensely than
3914 i. 1In fact, clear recognition of 3914 } appears only on the
grating spectrographs; whereas 4273 A appears on all spectrographs.

f. Light can be seen from an explosion until exitrzmely late
time. When bareiy a wisp or two remains of the explosicrn gases,
that wisp radiates rather brightly. We have been unsble to male awy
wavelength measurements at such late times with our speciral instrumen-
tation (c.f., Appendix B). We deduce, however, that the wisp radiation
1s longer than about 6300-6500 A or so. Now, these wavelengihs appear
essentially at zero time and remaimalmost unchanged in character
until the last bit of light goes out on our spectral records =
probably remains unchanged for tens of milliseconds (for ax 8-1p
charge). W%hat radiators could put out such intense light for so
long a time?

We have 1listed several possibilities in Table A-1. Thesz include
several bands of N, -- such as the Gaydon and the Mein2l bands that
are well known -- and an obscure afterglow group, the iLeBlanc-Tanzka-
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Jursa bands, 1istad isuch ag M,
H.ao), £it the unknown wavelengths credidly. But we have :iitle
reasoli £6 belisve tha% fhese spacies can rediate vith nigh intensiiy

Thege. argd ithe othiers w& have

for tenz of milliséconds,

& oumber 67 wavelengthe in the 6300 i-on  purt of our iable
die out in y-seconds: X at 7682 A, for sxamrle, cevtainly dossn't
radiate Tor many milliseconds; nor sheuid we expact it to raciale
nrach 417 ferently from Nz 5893 A which dies oub, clzarly, in 1-2 milildsi-
geforas on our recoxds, Rult we laek late-time spectra and we cannot
iaolate’from our eariy-time spectra which wavelengths last for tems
-of mitilsacondz and whicl don't. The intense, long-lived explosion
species are, therefors, preladly nob correctly identirfied.
A-3.2,4: Summary ol Spectral Peatures: Cver 400 wavelsngths
can ve foud for Teble A-1 by cﬁabininé the records frop-diffarent
gpestrographs of varicus explosive wateriais (TINT, pentolite, TDX,
PETH, (¥ + THH) and FDY + ¥E), The range is {@om about 2500 %o
9000 h, Undoubiediy, aven mere lines axd kands are present nn the
records varch carnot be retognized ard measured as individual feabures,

A wide renge of poassivie specles -~ beth molesular asnd abomls --
over an oneygy range fron about 2 ©o 20 ev can be azssigned. A nunmber
o these ¢2a b~ coaslidered as “iapurities™ -~ such as CH, Ca, ard Ma, —
Othess can be directly attribused vo the presence of czplesion prdduets,
saca 53‘63, SC, amd EB?. Many of thepe impurity and sxplosioun-producets
spexi=z can be founé in the spectra of metecrs and comets. 3Rut the
greporderart nmmber cof waveiengths muct be assigned Yo alr sSpecies
{1.e.. ¥, 0,, O or ¥) slone, somehow excited by the exploesiona.
¥any of thace gpecies are unusual -- such &s the forbidden ¢, Broida-
Gaydon bands cr Vegard-Kaplan bands cof He. Certaln species Ehat
pear on explosions -- Gy, CH (Red}, ani

I

night well be expected %o &y
ﬁE(IT} bands -~ do not seem to occur on these spectrz.
1

Aithough species can be c83igned To wavelengihs fros aboud
6300-2000 A, there seems little reason to veiieve that these spesies
can ereate she intense radiztion for tens of miliissconds that hss

been cdserved on explosicns,
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NOLTR 69-T4

A-1.3: Comparison of Explosion Species: In Table A-1 we have
lumped all spectral films together, ignoring any differences among
explosive materials, In this section, we ask, what are the differ-
ences? ( v largest collecticn of data is from the AVCC and we
confine our comparisons to these y-second records,

In Table A-3 we 1ist wavelengths for several explosive materials.
Each cclumn 138 a summary of all AVCO data avallable for that explesive,
A much larger number of entries can be made for pentolite and RDX
than for THT and (NM + TNM). For TNT, the 1ight is there (for the

c¢harges larger than % 1b) but spectral features cannot be distinguished.

For {iM + TNM) the light jusi is riot there -- on these -secord
reccrds. The later-develcping light from this expiosive does register
ont the Cine Spectrograph but is so intense that wavelength values are
impossible to read on records for (NM + TNM).

In Table A-3 there are some similarities but we really can conclude
ttle from locking only at the wavelength values, A& better proce-
Sure is to compare the entire spectrum cf one explosive with another.
In Figure A-? we have compared several densitometer tracings.

These were made with a Jarrell-Ash Microohotometer seanned across
the AVCQ films, Just past zero time. The tracings were then matched
as closcly as possible, in wavelength, to make up the figure, Only
#30, #56, and #94 were even roughly aligned in amplitude {and this
Wag done only by using the amplitudes of the Hg reference lines on
each film)}, The other tracings have no amplitude relation whatsoever
from one to another, All racords were made on Shellburst £ilm, ¥No
cor—egctions for film response have been made,
the Tollowing {rom Figure A-T:
{1) There are 3 waxima in the red for most shota: at about
S5500.6700 £, S000-6200 4, ang ~5600 4. The relztive heigm-s
of these, however, s8hift arcurn? for the different materials,
If we label the above peaks 1, 2, ard 3, then we note that
the order for pentolite #50 31, 2, amd@ 3 but for {WM + TNY)
A3 1s 3, 2, and 1 for decreasing intensity.
{2} ¥oving from the red info the tilue, the amplitude decays
quiexiy {oniy parily dve to decrease in film semsitivity).
The 1ise on some of the films occura roughly 4406-4700 R,
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eapeciaily noticeable on pentolite #50 and (NM + TNM) #56.
The next rise sccurs in the neighborhood of the CN 4216 i
sequence and i3 particularly noticeable on the pentolite
#50 £ilm. ON seoms to be missing on any shot with TNH,
ciearly missing on the {NM + TNM) shots. The CN group

is missing on the RDX shots of Bigure A-7 but has been
found on other RDX shots, where, possibly, film sensitivity
is mors suitable to reveal it.

The presence of lucite or glass in the charge (which was
used in these charges to hold either the liguid or loose
powder materials) does seem to affect the spectrum but not
in measurable terms. CN seems to be missing if either
material is present in the shots of Figure A-7 and in other
shets,

(3) Aithough we think that there is no doubt about the
jdentity of CN at 4216 } and 3883 i, in these spectra, we
do note that the intensity distribution, say in #50, is
not the expected distribution with wavelergth (c.f., dis-
cussion in Appendix B of REED). The identification of Og
inthese spectra suggests that C3 bands may bg overlying
the CN structure and changing the intensity distribution.

The strongest line, usually found in this 4216 } sequence

1f 414X, Such a wavelength is not a part of 03 and we
cannot find an appropriate species, atomic or molecular,

for this unusuvally strong line., We have listed this iins

in Table A-1 as 4182, 4345, 4140 for the different spectro-
graphs and give ﬁg and Fe as possible identificaticns. This
is probably incorrsct.

(#) Finally, we note that the Ca 4227 i and G2’ 3934, 2958 1
lines that are strong radiators for pentolite aml INT
explosions are not detectable on these shots, except for #59.
Indeed, the strong Na 5850, 5895 i doublet {that we find

as a broad 1line 2t 5393 } with our resolution} is missing on
both #67 and #68 in Figure A~T. Seldcm is the Na line
nissing.
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Thus, theres sre variations from one explosive to another in a
broader sense than a wavelength or so missing. These variations
occur over broad wavelength ranges and are usually reproducible --
although there are details that are not reprocducible from Bhbt to
shot of the same explosive,

£-1.4: Comparison of Explosion Spectra with Predictions for
Shocked Air: In Section A-1.2.2 we used the results of comparisons
ol our spectra with predictions for shocked air to gulde us in the
assignment of species to the unknown wavelengths, We now look at
two such possible camparisons in Figure A-8 and A-9.

We have used the predictions of BREENWE et al which are conveniently
given as a function of wavelength at thermodynamic conditions near
to those that should hold in our explosions. In Figure A-8, we
have presented the densitometer trace of the AVCO film #73 -- a 32-1b
TNT sphere., fThe tracing was made Just after zero time on the time-
resolved record. Superimpos2¢ are daiaz symbols to represent our
estimetes of how the computed airshock radiation would have appeared
on the Tri-X film used for #73. These estimates were made from
BREENE's calculated overall radiation results, reprazsenting a summation
of the ocutput of several radiating specles, The dashed line between
data symbola only connects the symbols; no effort was made tc simulate
the BREENE curve in between symbois.

We have arbitrarily superimposed the theoretical data at convenient
viewing positions by ndjusting the ampiitude of the theoretical value
2t 3883 i. Thus, zlthough the ampiitude of one curve has no meaning
i1th respect to the amplitude of the ather, the variation of
mplitude with wavelength that we have given for the theoratizal
ata does follow BREENE‘®s results,

We see that the predictions have an opposite dependencs on wave-
iength to what w2 have observed, This particular theorsetical curve
was ccmputed for eguilibrium az2ir av 6000% and a/bo = ¢.1, conditions
reasonably close to what ws expect {e.f., Section 4-1.2.2), Slightly
zloser to the experimental situstion would be &/bc =1, but the
overall curve for this density ratio should differ only slightiy
frem the value for which predictions are availabdble.
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ng;. 3 In Figure A-9, another set of predictions, taken from NARDONE :%
BE: et al, for shocked air at temperatures of 3000, 10,000, and 25,000°K 3
g,i'j: are given as solid lines, To make the comparison conveniently with ,if
}V.ﬂf explosions spectra, we took values from #74, corrected for film =
;- ‘ i regponze, ani suparimposed these data in Figure A-9, Again, ampli- ﬁ;
i' 7? tudes have 1o b2 adjusted arbitrarily: we have set the experimental i:
B & value at 4000 § equal o unity on the log intensity scale. £
‘ Owr axpission sp2ctra éo not look 1ike the predi-tions for 3
§ shockéd eir in Rigure 4-8 or A-9. ]
i A-2: Electrenic Spietira %
D . 4-2.1: Ey-I Heasurements: Typical records from the Py-I -
f .éééé arz given in Pigure h-1C. Data on spherical explosions are given in %f
B ;}%ﬁ} Sable A-4, Diffieulfies in ocmpiling the table arise because each {i-
} ;E%gé sxplozion was siigh¥liy o very different from shot to shot., Tor 55"
- f?fﬁ exampls, sare of the charzes 1umped together under "Pentolite Explosions"

! \‘H\.QO'
-.;'5.&’:@
AR

£ dere coolad to ~50°?; others werz not. Again, the experimer s #79
{8:X crarge) containzd an arzon-flash bimb behind the charge which,
probatly, ascounts for the jnerezsed Py-I readings. Some of the
gcatier in tlese data results froxr the variations in the experiments,
ut scme also resulisz frce the basic irreproducibility of the light

SR o O

Jpruaesn

ron expicsions.
weth these difficulties in mind, we make the following observations

ThIVAY

L) R
-

from Table A-b:
2, Ampliftudes of Band 0O <« Band 1 always. In general,
Bard 1 < Band £ but there are one or two exceptions.
Bard 2 < Band 3 usually; but cccasionally Band 2 > Band 3,
espeecially for RDX shots, Bands 0 through 3 cover a spectral
range from about 5200 to 8200 A, Thus, we conclude that

explosion luminesity, generally btut not always, monotonically

RO
e i

AL kbR

increases to the red.

». The jeast intense explosions are those from TNT and

("M + THM), according to the Py-I data, But the l1iquid
explosive is delayed in developing its l1ight until times

past the recording capabiliity of the Py-I instrumentation.
Undoubtedly, the 1iquid explcesive produces much more light

than TNT, but we have nc measure of that late 1light. Pentolite,

s
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RDX, and (RDX + TNM) rank in increasing intensity over
5500~8200 1}, Rut in Band C (6200-5800 }) RDX produces
less intensity than pentolite,

¢. In side-on views of the explosions {entries in Table A-4

do not distinguish the different viewing points at 1", 2",

and 3" from the surtace of the charge) pento’ite is generally

brighter than RDX, because of the greater opacity of the
pentolite explosion products. The addition of graphite,

at least in the RDX shots, cuts down (or leaves unchanged)

the light intensity over various bands. The spectral

coverage on shots from #34 on ran from 4350 to 9500 % so
that the cz-Swan bands that we had expected to increase
radiation were entirely observable by the Py-I. Since the
radiaticn was not increased, we suspect (along with other
reasons cited in Section A-1.2.3) that the C,-Swan bands
were not present, Addition of Al, on the other hand, in

#75 produced a tremendous increase in the light in Band O

and slight increases in Bands 1-3 over normal pentolite.

Dranatic increases were also- obtained from addition of Al

in the times for light to decay.

d. The times in Table A-E jump arcund rather badiy,

Generalizations are difficult. There may be a trend:

Band 3 > Band 2 > Band 1 > Band 0; but it is difflcult to

be 3ure, oOn the whole RDX times are smaller thah those

for pentolite,

A-2,2: Otker Photoelectric Measurements: The Py-I records
can give false impressions of the overall light produced by an
explosion. The Py-I is constructed to lcock at a fixed area. After
being initlated, the charge was 11t up asymmetrically, as the
detonation wave reached the edge of the charge non-uniformly.

(This asymmetry accounts for much, but not all of the rise time to
peak radiaticn in Pigure A-10 and in Table &-U4.,) When, hcwever,
the luminous front had expanded beyond the distance where the Py-I
was focused, the light reaching the photoiiodes of the Py-I neces-
sarily decreased -- without regard for what the intensity of the
Iuvminous front really was doing.
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We can look at this in Pigure A-11, Trace (a) sees the same
view as does the Py-I, {To obtain this signature, a Solar Cell
was placed at tha mirror position of the Py-I and the prism was
removed.) We see that the signal rises and falls, pretty much as
do the signals in Figure A-1C for %the various Py-I bands. For
trace (&) an identical Solar Ceil was used, but without the fore-
optice of the Py-X. 50 that the entire surfase area of the expanding
lumincus front was seen by the Jolar L=211.

The traces from two much faster responding dotectors are given
in traces (c¢) and (d), which also have different 3pectral-response
characteristics from those of the Solzr Cell. Ye note that the
faster C31A now saw a double peak, the first pari cof which was
probably cauvsed by the asymmetrical breakout of the detonation wave
at the edge of the charge. We alsc note that both the 931A and the
1P28 decreased with time after the peak.

We can, therefore, conclude from use of all four detectors that
the luminous front on an explosion continues to grow, at least
for tens of p-seconds, past the firat peak of intensity but only at
wavelengths greater than, say, 6000 2. Such a conclusion could
not have been obtained from the Py-I records alone,

A-4: CONCLUSIONS

A number of spectra have teen obtained of explosion lumin-
osity with photogrzphic and electronic instruments of varying time
resolution.

The spectral coverage, varying ircm instrument to instrument,
is from, roughiy, 2500 to 9000 %, Characteristically, explosion
spectra are weak in the blue, inecreasing to intense maxima in the
red, There are variations in the spectral details Irom one explosive
to another. The peak radiation of RDX charges cccurs near 65CC i
{Band 2 peak). Pentolite peaks near 730C } (Bané 3 peak). The
observed dependence of explcsion light on wavelength is opposite
to that expected from equilibrium shocked air, which has been
theoretically predicted to decrease in intensity going froam the blue
to the red.

The observed radiating lifetimes vary with wavelength, Radiato:=
in the blue die out rapidly; our spectrographs record blue radiators

£-25
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pltt

only for a few p-seconds, Radiators in the deep red last, on the
other hand, for many milliseconds.

Disregarding the differences in spectra from different explosives,
we have compiled a 1list of over 40C wavelengths distinguishable on
the photographic records, Identification of the species producing
these wavelengths is, by no means, clear, Ve have made reasonzble,
even 1f incorrect, assignments of specles to most, but not all these
wavelengths. The intense lines of Ca, Ca+, Na and K are readily
identified in nearly all the spectra. The intense violet banis of
CN and, probably, C3 are also readily identifled on most, but not
all, spectra., Inexplicably, certain systems do nct appear to be
present -- the red CN, the C,-Swan, and the N,(1%) bands. Other
identifications that we have made vary over a Wide energy range --
from about 2 ev (for forbidden 0, bands) to over 20 ev for ionized
N2+ bands. The existence of low-energy forbidden 02—bands in an
explosion 1s as startling to us as the existence of such high-energy
systems as N2+ ard 02+, since the mechanisms of producing elther
energy extreme in an explosion is obscure to us, Much more remains
to be done to clarify the identifications and to understand the
reactions that occur,

Tdentification 1s particuiarly uncertain in the red, above, say,
6000 k. We have not found likely species to account for the intense,
long-1ived radlators that occur on explosions in this part of the
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spectrum,

Firally, there appear to be remarkable wavelength coincidences
betvieen explosion spectra and the spectra produced by comets and
meteors.
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TABLE A-1 SUMMARY OF WAVELENGTHS SEEN IN EXPLOSIONS

EXPLOSIONS
HILGER | GRATING | CINE | AVCO | COMET POSSIBLE IDENTIFICATION
2478 O7* 2478 27)
2450 NO 2488 (8) O 2488 (2)
2500 Oz* 2501 (27)
2528 NH 2530 Op 2528 (SRj
2542 Oz 2540 {HI)
2550 NOQ 2552 (8) O3F 2546 (27)
2555 NO 2558 (B) Ogp 2554 (H)
2595 Cu 2593
2619 NO 2608 (8) NH' 2614 Cu 2618
2703 07" 2705 (27)
2715 BEGIN 0, 2730 27)
2730 2725 NH' | NH' 2736 Op 2732 (H))
2740 0Oy 2737 (HI}
2755 NO 2755 (8) Qg 2756 (HE)
2770 072773 (Hi  Cu 2766
2777 05t 2777 27)
2785 CO 2786 O 2788 (HI)
2792 CO 2793 O, 2794 (HI)
2802 N2 2804 2%)
2812 2811 OH | OH 281 052814 (SK) N2 2814 (2%)
2835 OH 2829 Op* 2840 27)  Cuv 2824
2868 O3 2870 (SR)
28%0 2685 NH' | NH* 2886  O,* 2890 27) NO 2885 (8)
2895 09 2894 (HI}  NO 2893 {8)
2908 05" 2907 @2")
2940 Cp* 2937 27) N2 2936 (VK)
2959 CN* 2953  Op 2952 (HI)
2945 CO 2969 03" 2963 27)
2973 CO 291 09" 2970 27) 02972
2993 N2 2997 (VK) Oz 2997 (HI)
3010 O, 3005 (27)
3034 NH 3035 NO 3035 (8)  Ni 3037
3040 NO 3043 {3) O 3039 (SR)
3045 INH 3043 05" 3044 27)
3050 NH 3051 Og 3047 (H)  Ni 3051
3058 NH 3055 O,* 3053 27)  Ni 3057
3062 OH 3084 07 3063 (HI)  CN' 3063
3067 BEGIN OH 3068 0, 3070 27)
3075 3075 NH 3076 CO 3074
3080 307904 | OH 3078 O, 3080 (HI)
3087 3083 3086 OH | OH 309 Oo' 3089 27) Ny 3088 (2%)
A-27
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EXPLOSIONS
HILGER | GRATING | CINE | AVCO | COMET POSSIBLE IDENTIFICATION
3095 3095 309 OH | COY 3093  CN' 3092 Al 3093
3100 3105 Ny 3104 2*) 03104 SR} Ni 3102
3m 3110 3107 OH O, 3111 (HI)
3115 NH 3119 07 3114 (27)
327 3130 3i22 OH | OH 3126 05* 3130 271 CO* 3123
3135 31350H | OH 3135 Np 3131 (vK)  Ni 3134
3146 3143CH | OH 3147 05 3141 (27)  CH3144
3150 3148 GH 04t 3149 27
3155 3155 3154 OH CH 3157
3162 3158 3159 OH 0, 3163 SR)
3169 3170 cO* 3165 O 3165 (Hl)
3175
3186 3185 co* 318t CNF 3188
3195 NO 3198 (8)
3199 No 3157 (VK)
3204 3200
a2 cot R0 Opf R @D NO 3207 (B)
3215 3215
3220 3217 CO* N2 O, 3223 SR)
3234 CO 3235 Op 3233 (5%)  Li3233
3240 CO 3241 NH 3240 Ni 3243
3250 NH 3252 0, 3252 (HH)  Cu 3248
3260 BEGIN CO* 3260 O 3257 (H)  CNF 3263
3270 3z70 N5 3268 (VK)
3275 3275 CO* 3274  NH3273 Cu 3274
3285 NH 3231 0, 3284 (HI)
2290 Nyt 3294 (1)
3294 , O, 3294 (R
3299 co* 3301  0,13300Q) Ny 3299 (17)
3302 302 O5* 3304 27)  No 3303
3307 3308 CO 3306 NH 3308
2310 co* 3314 Ozt B3 @)
3318 3319 Co* 23i6 09 3316 (HI)  Ni 3316
3325 3325 0,t 3323 @)  Ni 332
3329 OH¢ 3332
3335 3338 0,* 3334 27)
3341
3350 3347 3351 NH | €O* 3352 Np 3352 {(VK)
3355 3354 NH | COT3383 Oz 3357 GR)
3360 3340 3358 NH | NH 3360 Ni 3362
3388 3365 iH | CO* 3366  Op3368 (H)  Ni 3366
3370 3369 NH | NK 3370 0,370 (SR)  Ni 3370
3374 3372 3372 NH N; 3374
310 3380 3380 3378 CO5' | NO 3775 (B) 03382 (H)  Ni 3381
33%0 3391 3335 CO,"| MO 3386 (B) Ni 3391
3395 3397 3395 3388 CO,* Oyt 3R Q) Ni 33V
A-28
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TABLE A-1 {CONTINUED)

EXPLOSIONS
HILGER] GRATING | CINE | AVCO| COMET POSSIBLE IDENTIFICATION
3402 3404 Co 3405
3407 Co 3409
3410 3411 3412 cot 3413 €O u12 Co 3412
3417 3415 3416 CO* | CO™ 3415 053215 (H)  Ni 3415
3420 3423 Np 3425 (VK) Oa* 3421 (2¥)  Ni 3423
3430 3431 CO* | CO* 3428  OH 3428 Co 3432
3435 OH 3432 O, 3433 (SR)  Co 3433
3440 3442 N;i 3437
3446 Ni 3446
3450 3452 O, 3456 (HI)  Cc 3¢54
3460 3462 3452 OH 3459 O 3457 (HI)  Co 3463
65 Ny 3466 (VK) Op* 3466 {27) N 3466
3.70 OH 3472 Co 3474
3475 3477 3475
480 3479 3478 CO 3482 0, 3479 (HI)
3488 CO 3485 Ni 3484
3490 3490
395 OgF 3494 27)  Co 2496
3500 uy Ng 3502 {VK) O, 3499 (SR)  Co 3502
3505 3508 CH 3505
3510 3512 3515 3509 COLYl CO* 3510 Ni 3515
3516 CO* 3512 0Oy 3517 (SR)
3520 3520 Op* 3518 27)  Ni 3520
3525 3525 Ni 3525
3530 | 3531 CO" 3527  N*3533(17)  Co 3530
3535 No* 2538 (17)
3540 3543 3540 02 3540 (Hi)
3546 3545 3545 COZYl 05" 3542 (27)
3550 3550 No* 3548 (17) Ny 3548
3555 3554 04 3553 (HI)
3560 3561 3560 .
3563 3565 OH" | OH*3562  Np* 3564 (17)
3570 3568 3572 CN O,* 3568 (27)  Ni 3566
3575 3574 3574 3577 CN | NO 3572 (B) Ni 3572
3581 3580 CN | N 3581 (VK) Op 3582 (SR}  N,* 3582 (i7)
3585 3584 CN | NO 3584 (8) CO* 3586 CN 3584
3590 3590 3590 CN 3590
3596 3596 3594 cot 09 359 (BG)  Ni 3598
3600 3603 Np 3602 (VK) O, 3604 27}  CN 3403
3610 3612 3610 NH 3610 Ni 3610
3612 3816 OH* O2* 3619 (27)  Ni 3619
3625 3622 3626 NH 3627 O, 3628 (HL)
3631 O32* 3630 (27}
3635 CH 3635 0, 3635 (HI)
3643 3642 3640 Nj 3642 (2%)
3650 O, 3851 (SR)
3655 | 3657 0,* 3653 27)
3659
3665 1 3667 3665
A-29
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TABLE A-1 (CONTINUED)

EXPLOSIONS
HILGER] GRATING CINE AVCO | COMET POSSIBLE IDENTIFICATION
3675 3674 3674 COz%| Ny 3672 2*) O3 3673 (SR)
3680 3483 CO 3680 Ny 3682 (VK)
3685 3687 3685 O, 3685 (HI)
36%0 3689 3693 CO* 3¢4¢8
3895 3695 CO* | OH' 3695 O, 369 (BG)
3700 3699 3700 CO 3699 Q,* 3761 (27)
3710 3710 3705 3709 CO* | CO* 3705 N 3711 (2%)
3720 3719 3715 37i8
3727 3726 CO* | CO* 3725  Og* 3728 (27)
3731 373G CO* 3730  0yF 734 (27)
3735 3737 3739C3 Og 3733 {HI)
3745 3745 k723 CH* 3744 0, 3742 (SR) NH 3743
3755 3753 O 3750 (HE)  NH 3752
756 N, 3755 (2%)
3760 3763 3765 3762 C3 05 3764 BG)  Ng 3767 (VK)
3773 3773 Oy 3771 (Ch}  Ni 3776
3780 3782 3780 CC* 3780
3785 3785 Ni 3784
3790 NO 3789 (8) Oy 3791 {Ch)
3797 3795 CO* 3796
3300 3803 3803 CO™ | NO 3801 (8 ) No 3504 2%) NH 3804
3206 3804 C3 CH* 3806 Ni 3807
asli 3809 C3 O2 3812 {Ch)  CH™* 38l
3815 3818 3815 02 3818 (HO)
3820 Op 3822 (HO) 4 Fe 3824
3826 3577 O3 3828 (HI)
3831 3834 3829 C3 OH*3830 O,+3831 2) Mg 3835
3840 3837 3840 3829 COy* O, 3841 (SR)
3845 7 O 3844 (Ch)
3850 3853 3350 3851 CN CN 3851
3855 2855 3855 2854 CN CN 3855
3845 3862 3862 3862 CN CN 3862
3870 3872 3870 BEGIN | 3869 CN CN 3871
3383 3883 3883 3883 § 3883 CN CN 3883
3895 3895 3BIZCN | CO 3891 N, 3895 2F) o 3894
3904 3502 3905 3903 CH | CH3%3 023904 (HD) 4 Fe 3900
3908 3508 3912 3910 3508 CH | CH3%09 CO* 3908 4 Fe 3906
3915 3914 N2* | CH 3915 No* 3914 {1I7) 023913 (5R)
3920 3520 3922 CH | CH 3922 4 Fe 392G
NG €O 3924 Qp" 3929 (27) 4 Fe 3928
3934 3934 3534 3934 {3935 NoH Cat 3934
3940 C2 3940 (HI)
3944 3945 Ny 3943 (2') Al 3944
3949 3950 3956 C3 N2 3948 (VK) O 3953 (Hll)  C3 3950
3958 3959 3960 3960 C3 OH + 3958  09+3959 (27)  C3 390
A~30
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53 TABLE A-1 (CONTINUED)
| o EXPLOSIONS
2. -3
- 1 HILG > | GRATING | CINE | AVCO| COMET POSSIBLE IDENTIFICATION
% 3965 | 3964 CH+3952  C33984 Al 3962
5 3968 3968 3948 3968 Co + 3968
R 3980 3980 398G C3 | M 3976 {VK) 0923982 (Ch)  C3 3980
2 3950 klv: 3967 C3 O3 3987 SR} C3 3987
S 3995 3998 3994 3993C3 | N, 3998 24} 073994 (HI)  Co 3995
4000 | 4CO1 4000 4020 C Cz 4022 0, 4005 (Ch) 4 Fe 4005
= 4015 £015 4018 CO*| <Ot 4017 C3 4013
4019 4020 4020C3 | C; 4019 024021 5R)  Cu 4022
e - f 4025 4027 4022Cy | C34028 Cp 4028 (Ch)  CH 4028
e 3 4030 4030 4028 Cy 0, 4033 (8G}
3 -2 .
E o 4035 4036 4040 4033 C3 NO 4047 ( 8 ) O2 404! (Hi) K 4044
4050 4051 C3 | 43Fed046 O, 4050 BG) K 4047 %
£ § 4058 Np 4059 2¢)  C34054
E 3 4060 | 4062 4065 | 4064 Cq | N, 4059 2¢) 094062 BG; 43 Fe 4064 i
4048 4048 4070 4058 C- N, 4072 (VK) O, 4068 (Ch) Cg 4068
X ¢ H 4075 4076 4080 | 4078 | 4074 C3 | €354074 Oo+ 4082 {27) % -
4085 4038 4084 C; | Cy 4085 O2 4085 (Ch}  CH 4083 e
L5y 4070 4090 4093 | 4092C3 | C340% 024092 (Cr)  Co 40%2 =
. 4095 4095 4095 C3 4099 O, 4095 iSR)
£ § 4103 4105 4995 C g 4106(Ch)  C3 4109 7
F 3 4108 4109C3 | Cg34109 O, 4109 (Ch)  Co 4111
2 4315 4115 NO 411 (B) Op* 4116 2-)  Co 4118 <
gt X 419 NH 4120 07 4120 BG)  Co 4121 R
e | 4125 4124 CO*1 C34124 CO 4124 3
4130 4132 CO* 4130  Gp 4129 (Ch) K 4132 3
. 2 4135 4138C3 | Cj 4138 024133 {Ch)  CC* 4139 =
- 4142 | 4145 4140 410 COT| N, 4144 (VK) N2 4142 2) 43 Fe 4144 i
= 4150 4149 4151 G, 4146 (BG) 42 Fe 4148 S Z’%
2. 4155 CC* 4152 CO 4157 NH, 4153 Er R
. 4166 4160 CN 4158 i~ I
RN 4165 | 4165 4167 | 4170 NH , CN 4168 e Sk
e 3 4176 4178 CH® 4i78 0, 4173 (SR}  CC 4i73 e =
o 4180 | 4183 ass | 4181 | 4180 O cN 4181 2 =
k. 5 4190 4192 CN CO 4188 -
. 3 4195 4194 4196 | 4197 CN CN 4197 N =
4201 4200 NO 4201 ( 8 ) Np 4200 2%) 42 Fe 4202 E B
4205 4204 CN 0, 4204 (8G) 3 z
4219 4213 4210CN | NC 4215 (8) 024213 (Ch)  CO* 4210
4215 4218 4216 | 4216 | 4215CN CN 4216 = 0
4227 | 4227 4227 | 4227 | 4231 cO* Ce 4227 R =
4240 4238 4239 CHY | CH' 4237 O, 4240 (Ch)  Ng© 4237 {i7) N
4242 CO* 4244  Og 4242 (Ch) xE S
4247 4245 AiH cO* 4246 -
4250 4250 4249 CO~* CO* 4248 42 Fe 4350 =
4251 4252 co* CO* 4251 5
A-31 =
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TABLE A~1 (CONT!NUED)

A-32

EXPLOSIONS
HILGER | GRATING | CINE | AVCO | COMET PQSSIBLE IDENMTIFICATION
4253 4254 ¢’ 0, 4257 (NI}  Cr 4254
4260 4257 264 Al
4270 4267 4272 CO* | CO* 42N 094265 (L} Ny 4270 {2%)
4275 4277 4275 | 4277 4274 OV | Nt 478 (7)) 034275 (BG)  Cr 4275
4280 4231 4281 CH 0, 4281 (BG)
4282 O, 4285 (8G)
429 4283 4282 4285 CH NO 4288 (£}
4293 429 | % 292CH | NO 4294 (B Oy 4292 SR) & 429
4300 4300 4395 CH CO 42%
4302 4302 CC 4302 07 4302 B8G) NG 4XT(8)
4305 4305 4304 CH
4308 408 NO 4310 (£) ©Oy4305 (HI) 42 Fe 43G8
431 €O 4312 CH 4312
4314 4314CH | CO43m Dp 4314 {Ch)
4120 4318 43¢
4324 CH 4323 02 4325 (Ch)
4326 CO 4328 CH 4227 2 Fe 4226
4328 CO 4329
4230 4330 4330 Oy 4331 (HI)
4334 4333 4332 Ct €O 4332
4335 OH 4335
4338 433§ CH | CO 4339 O, 4339 (HL) 41 F= 4337
4343 4334 CH | CO 4343 N 4344 )
4250 434€ CH Nj 4355 Z*)  2Fe 4347
4360 4358 O 4363 (BG}
4345 4384 Cy O3 4368 (HI)
4370 4371 4371C; | CO4F Og 4373 GR)
4375 4275 CO 4374 2 Fe 4376
4330 4379 4379 | 4381Cp | CO¥ 4378 09 479 (Ch)  CO 4380
4384 4385 | 4383 NO 4386 (B) CO* 4381 41 Fe 4384
43% 4292 CH CO 43%0 2 Fz 4389
4395 4395 | 4398 NO 4401 (B) Op" 4399 27)  Ni 4402
4407 4496 4405 CO* 4405 O, 4402 8G)  2Fe 4405
441 4410 G- 4412 (8G)
4418 Nz 4417 2%) O, 4415 BG) 41 Fc 4415
462 4420 O, 4421 (HD)
4425 4425 4425 | 4425 O9 4423 (SR)
4426 4429 KA 2 Fe 4227
4435 4435 CH* 4434 Z Fe 4435
4440 4439
4442 CH' 4444
4447 4445 CO 4445
4450 4451 4449
£454 4455 | 4453
4459 4460 CO 4460 Op 4457 BGY  Ni 4459
4435 4467 4463Cy | Np" 4467 (17 CO 4456 2 Fe 4467
4475 4473 2 Fe 4472
4480 4483 Mot 4483 CO 4478 2 Fe 4482

e -
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EXPLOSIONS
HILGER | GRATING | CINE | AVCO | COMET POSSIBLE IDENTIFICATION
4486 4488 4485 C2 Ny 449G 27}  CO 488
4490 | 4494 4490 4494 M2 4495 (VK} CO 4494 2 Fe 4490
4504 4509 4504 C» | N 4502 O3 4504 SR)  CO 4505
4515 4515 4511 Ny | No+ 4516 (17} CO + 4518 NHy 4511
4520 4519 cO* 452 Og 4522 (HIl) CO 4521
4527 NH 4523 CO 4524 Co 4531
4535 4536 Np 4534 (VK) CO* 4339
4543 4540 4541 C CO* 4543 0; 4544 BG) CO 4541
4546 4545 4544 CO*
4554 4553 4554 MgH| Np* 4553 (17 et 4554 Cs 4450
4569
4565 4569 4565 4569 CO* | CO% 4568 0, 4568 (BG) Co 4566
4580 Cz 4579 (Hl) Co 4582
4597 4593 4593 4598 NO 4595 (£} 024591 (HO) Cg 4593
4609 4613 4613 Sr 4607 0, 4409 {HH)  Li 4503
4617 4619
4623 4622
4630 4630 4629 Co 4629
4635 4640 4632,24 O3z 4637 (HID
4650 N 2650 (VK)  Ni 4649
4655 4655 4655 Ny * 4452 (17)
456! 4862 CO 4681 Co 4663
4670 4670 4672 4670 CO 4668 Ny 4867 (2*}
4677 4676 Cy | CO 4680 0,* 4679 2) .
4683 4683C2 | CO 4685 Oz 4686 BG) CO™ 4683
4795 4706 4705 C2 | co 4702 09 4704 BG) Np© 4707 (i)
an4 4713Cy | €O 4717 Ni 4714
4725 4728 NHp 4720 03" 4721 27) Np 4722 %)
4733 4733 4735C2 | OH 4720
4742 4743 C
4748 4746 CO 4749 Co 4750
4754
4760 4760 CO 4764 Q9” 4780 (27) 02 4761 (SR)
4770 4767
4775 CH® 4776 To 4760
479 4791 CO 4787 CH* 4794 Co 4793
4804 4808 4810 4801 KH 03 4806 (HI)
4315 4820 Nz 4815 27) 024816 5R)  Co 4813
4833 CO 4833 CO* 4837
4840 4339 HCO | Np 4837 iVK)  Og 4840 BG) N 4842
4850 | 4852 D7 4848 (BG)
END 4857 CO 4855 CH 4857 Co 4859
4862
4848 4872 CO 4869 CO* 4869 Co 4868
4883 4830 4877 5;C2 | CO 488i O3 4881(H1)

A-33
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TABLE A-1 {CONTINUED}

EXPLOSIONS
HILGER | GRATING | CINE | AVCO | COMET POSSIBLE IDENTIFICATION
4887 48%0 CO¥ 4884 CH 4888
£910 CO* 4911 O, 4905 (SR)
4925 4915 4924 CH 4934 Mo 4917 %)  NHp 4925
4932 4925 NHy | CO 4936 024935 (HI) Ba+ 4934
4948 4946 NHp 4946
4980 4975 N 4976 @') CO 4980 Ni 4980
4990 CO 4988 09 4997 (SR} Co 4988
5019 Co 5623
5035 5029 CO* 5040 05t 5035 27)
5051 5054 N- 5047 (Ge) Co 5053
5165 5100 5097 <, Ny 5090 (GB) Oy* 5102 27) Cu 5106
513¢ O4* 5143 27)
5153 5153 No 5149,54 0, 5156 SR}  Cu 5153
5160 5169 5185 C2 MH; 5166
5187 5179 5182 Mg 5176 Co 5176
5210 5201 CO* 5204 Cr 5208 N 5201
5225 5215 5220 NO 5224 CO 5216 Cu 5218
5260 5263 CO 5258 O,t 5259 (1) Co 5266
5272 5271 Np 5272 (Ga)
5290 5284 CO* 5286 N, 5290 (G 8 ) Co 5281
5317 5317 5316 CO* 5318 N, 5209 (Ga) CO 5318
5358 5356 5355 5352 CO 5351 Co 5353
538t 5381 CO 5378 NH, 5385
5397 CO* 5394 0, 5395 8G} CO 53%7
5420 5417 NHy | NH, 5417 O, 5425 SR)  Cr 5410
5423 5428 N, 5435 {Ga) O55435 (HI) NHp 5428
5450 5448 5444 Oy' 5443 27) CO 5449
5485 5466 C2 NHy 5465 O, 5466 SR)  CO + 5461
5482 5483 C, OH 5481 N 5480 (Ga) Co 5483
5535 5534 5532Cp | OH 5534 N, 5527 (G @ ) 8¢ 5536
5565 5560 NO 5559 0,* 5567 (1)
5574 5577 O NHg 5575 Np 5574 (G @) O 5577
5385 5583 Cy Co 5590
5595 N2 5594 (G 8 ) O5* 5598 {17)
5605 5612 CO 5610 Ny 5602 (G )
5640 5643 5634 €O 5648 Ny 5640 (G @) Co 5647
5655 CO+ 5653 N, 5661 {G 8 ) To 5661
5680 5680 5679 Hp0 5583 ' 5678 {27)
5650 5695 NH, 5703 0, 5702 (HI) CO™* 5694
573 5730 5733 NH, 5730
5745 5762 CO* 5764 N3 5776 (G 8)
5790 5798 CG 5781 Cu 5782
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TABLE A-1 (CONT:NUED)

i ae (LR YL L VORI

e

A=35

EXFLOSIONS
HILGER | GRATING | CINE | AVCO { COMET POSSIBLE IDENTIFICATION
5893 5893 5893 5893 Na Ne 5890, $6
5902 NO 5900 CO* 5900 H20 5900
5912 5910 MO 5907 N2 5294 (G @ ) CO+ 5906
5946 HoO 5949
5969 COt 5970 Ozt 5973 (17)
5982 5984 5782 NH, 5977 HoO 5989 CO* 5976
5956 NO 592 N2 5995 (Gar) Co 5992
$033 €24 | 6020 | 031 Ny 6026 {Ga}) Op* 6026 (17)
6038 6934 NHp 6042 CO &037
6244 O 6652 (HO)
£050 5% 6055 N2 6091 (Ga) NHy 6087
5169 | ¢&ii0 5167 No 610i (Ga) Li 5104
6150 6158 6165 &i57 HpO 6166 N, 6161 (Ga )
6180 6173 6178 HzO 6182 N 6183 (G B ) Ni 6177
6192 6209 8157 Cy Np €202 (LTJ) N3 6192 (G @) HoO 6203
8214 €213 HyO 6220 NO 6213
4223 NHp 6233
$250 6257 NO 4259 N2 6246 (G ) Ni 6256
£295 4294 8297 N NHp 6295 O 6300
4310 NHp 6302 NC 6308
63535 6359 8361 NHp | N2 6360 (GB) Ot 8351 {I7) NO 6355
5397 63%¢ 5392 ! Ho0 6377 NO 6378
6435 NO 6429 CO 6433
6449 6455 HoO 6458 NHp 6455 Co 6450
6478 6474 $477 HoO 6468 NH, 6470 Co 6465
500 500 Ha0 649C Ba" 6496
6505 6510
515 6522 HyO 6517 NH, 4525 Co 6514
4535 4539 0, &541 (HD)
€560 &557 HoO 575
8599 6597 N5 6585 (LTJ) Ba 6595
617 6516 NHp 6618 HO 6629 Co 6626
6662 6666 6670 NHg 8652 NO 6673
6398 6707 NO 6700 Li 6708
615 6720 6722 NO 6729
6750 &750 6749 Ny 6750 (LT3) NO 6746
6797 6805 6800 CO 6804 NG 6797
6817 6316 NO 812
6338
6380 N2 6904 (LTS} NO 6872
6991 CO 6990
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TABLE A-1 (CONTINUED)

EXPLOSIONS

HILGER

GRATING

CINE

AVCO

COMET

POSSIBLE IDENTIFICATION

7682

8035

B340

3530

7196

7508

7721
END

7100
7129

7215
725%

401
7441

7551

7682

7832

5121 8106

8224
8330
8533

8728

7906

N, 7789 (LTJ)
Ny* 7826 (M)
Np* 8054 (M)
Ny* 8105 (M)
Ny 6260 {LTJ)
N2t 8348 (W)
No* 8546 (M)

Ng 8489 4LTJ)

NC 7140
HoO 7165

CO 7210
N 7241 (11J)
Ny 7418 (LTJ5)

H,O 7502
Np 7600 (LTJ)

K 7664,99

O 7774
CO 7834

NO 8021

CO 8223
Oz* 8347 {i7)
N, 8471 (LTJ;

NO 8731

Ni 7122

Rb 7800
Ny 8055 (LTJ)

Li 8127

Cs 8521

NOTES FOR TABLE

Ny

G (a, B, ¥ ): Gaoydon green bands
Le Blanc, Tencka, Jursa bands

LT]:
M:
VK:

0,
BG:
Ch:
H 3G D:
SR:
TR
1,2 etc.:

Meinel bands
Vegard - Koplan bands

Broido - Gaydon bonds
Chamberlain bands
Herzherg bands

Szhumonn - Runge bands

first positive, second positive etc.

. Number before Fe identifies multiplet

A-36
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; 3 3. Millman, P.W., "A Generai Survey of Meteor Spectra,” in Vol. 7, Smithsonicn i3
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3 E Noxon, J.F., "Active Nitrogen at High Pressure, ™ Thesit, Hurvord University,
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TABLE A-2:SUMMARY OF RADIATING SPECIES IDENTIFIED IN EXPLOSIONS
IN AIR

it

i MOLECULAR (NEUTRALS AND {ONS)
C3
F CH
v cHf
CN  violet
cN?

PR 4l tor it i pr S bt stk

. 3 5 CO* Angstrom, Asundi, Herzberg, Third Positive, Triplet
2 p! CO" Baldet - Johmon, Comet - tail
E B N, Goydon (@, B, 7.) Le Blanc - Tanaka - Jursa, Second Pasitive, Vegard -
E = +  Koplen
=8 S N2 First Negative, Meinel

NH

NH,

NO B, Ogowa

02_’_ Broido ~ Goydon, Chamberlain, Herzberg, Schumenn - Runge

O2  First Negative, Second Megotive § -

2 e Nl

OH
o' 3

LR

ATOMIC {NEUTRALS AND IONS) A

Al Li -
+ Mg :
Ba N {forbidden) =
Ca No 2
Cat Ni :
Co O (forbidden) .
[o- Cr Rb 3
: G Sr E:

RRULS HECAA B 0 e M o o

Fe E

3 K 3
3 i 3
23
. EA

o i SACURTANP A
A

A-3% :

LA e
gy 0L et v .',,:-
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. TABLE A-3 SUMMARY OF WAVELENGTHS SEEN ON AVCQ SPECTRA .
. OF VARIOUS EXPLOSIVE MATERIALS i3
L 3 PENTOLITE | RDX TNT | Nm+ TNM PENTOLITE | RDX | TNT | NM+TNM i
TF e -
. 4549 4551 -
< b 3883 3883 3883 4565
E: 4593 4592
3910 3909
3937 3934 3934 4617
3968 3958 3968 4672 4677
4065 4075 4714
4093 4733
4748
4151 4150 4155 4767
4163 4166 4169 4810
4181 4178 4184 4178
4198 4097 4200 4910 4910
4932
4213 4220 4216 4975
4226 4227 4227 4227 4990
4285 4277 4287
5051
4301 4295 4304 5136
4308 5169 5167
4320 4325 5179
4330
4398 4405 4384 5215
5260 5265 | 5255
4426 4425 4425 52%0 .
4449 4445 4453 E:
44¢0 5317 P
4488 4483 4494 5354 2
5380 52382 S
4519
4536 4540 5482
A-40 £




N T
2 b rpey et Fy st Kty

et il

o

Tt o

n

G oy

N . s o
shunriore Griatity

A paar H S

MRV,

NOLTR $9-74

TABLE A-3 (CONTINUED)

PENTOLITE ROX TNT NM + TNM PENTOLITE RDX TNT | NM+ TNM
553! 5537 5527 6666
5574
5594 5585 5590 55%0 &708 6705 6720

6750
5643
56%5 5680 5697 5690
6800 6816
5730 6838
6880
5893 5893 5893 5893
5984 7129 7101
6027 6030 7215 7259
6044
6110 6099 7401 7441
6115 7682 7677
6162 £165
7772
6213 6200
6257 7832 7836
6294
812i
6359 8224
6392
8330
6447 6449
6477 8533
4500 8728
6522 6535
6617 6599

A-4]
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S TABLE A-4 PY-1 MEASUREMENTS OF SPHERICAL EXPLOSIONS
K3 AMPLITUDE (VOLTS) TIME TO DECAY TO
kS AVER. TIME 1/2 PEAK { g SEC)
3 SHOT BAND | BAND [BAND [ BAND | 7O PEAK [ BAND | BAND | BAND[BAND
e NO. VIEW 0 1 2 3 ( 1 SEC) 0 ! 2 3 .
r A 3
L PENTOLITE EXPLOSIONS 2
49 HEAD-ON 0.54 ]o0.53 5.0 28.5 | 34.1 .1
- 50 HEAD-ON 0.48 0.57 6.0 22.4 38.9 s
&3 52 HEAD-ON 0.34 }0.37 |o0.48 7.2 23.2 |25.4 [29.2
E . 1S 65 HEAD-ON | 0.34 | .48 l0.60 jo0.61 6.2 24.2 | 34.1 [45.9
E 3 77 HEAD-ON | 0.29 | 0.42 [0.47 11.4 .6 |16.8 [13.8 [14.6 £y
E 78 HEAD-ON | 0.18 | 0.32 |0.49 [o0.42 10.1 13.0 | 14.4 |16.4 |23.4 £
g 75+ | HEAD-ON | 0.53 | €.58 [0.50 {o0.52 10.0 39.7 |e62.5 85.0 £
A 82 SIDE-ONM | 0.08 | 0.16 [0.23 |0.28 12.7 19.0 1201 [21.0 123.4 o
e S 3 SIDE-ON | 0.07 | 0.13 }0.19 0.27 10.0 22.3 22,9 |22.4 |24.8 f
E .3 89 SIDE-ON | 0.02 | 0,05 |0.10 |0.17 4.7 8.0 | 8.6 | 8.8 | 9.3 A
= . 3 % SIDE-ON | 0.01 | 0.0z |0.04 |o.08 3.9 6.9 | 6.4 | 7.6 o
%- ! E -
e ] TNT EXPLOSIONS '
S l ;
e 66 HEAD-ON 0.20 |0.34 |0.44 8.0 30.0 |34.0 |35.0
g 3 72 HEAD-ON 0.30 13.0 120.0
1
£ 3 (NM + TNM) EXPLOSIONS
E 2 56 | HEAD-ON 0.22 |0.28 |o0.42 1.3 15.3 | 13.6 |16.1
e E 58 HEAD-ON 0.20 |0.29 |0.41 14.3 15.4 1143 [17.2
s 67t* | HEAD-ON 0.65 |0.75 |0.69 15.8 | 22.0 |23.
e 3 RDX EXPLOSIONS
B 53*=+ | HEAD-ON 0.3 | 0.46 3.4 5.0 | 6.2
E 3 s4*«* | HEAD-ON | 0.16 | 0.22 jo.31 |o0.3¢ 2.6 47 | 52 | 56|55
E S 55 HEAD-ON 0.17 |o0.23 2.0 8.1 | 8.3
. 57 HEAD-ON 0.47 0,53 |0.54 4.4 14.3 177 |i8.9
. 60 HEAD-ON | **** | 6.52 |0.81 |0.59 4. 13.4 |16.8 [20.2
= - él HEAD-ON | *=** | 0.39 |0.51 |0.52 4.1 7.2 | 1.2 |58
E . 3 63 HEAD-ON ! 0.05 | 0.51 [0.60 |0.57 4.7 15.6 | 19.2 ,73.6
3 64 HEAG-OM | 0.12 0.54 |0.63 |0.63 4.7 4.8 17.0 122.6 j25.2°
E 3 68 HEAD-CN | *=* | 0.47 |0.55 |o0.52 3.6 17.3 | 20.8 [26.6
4 79 HEAD-ON | 0.31 | 0.55 |0.72 [0.89 3.2 |7 (127 113.0 137
9 SIDE-ON | 0,02 | 0.05 |0.08 |0.14 3.8 6.1 73 | 73| 7.¢
e 3 96 SIDE-ON | 0.03 | 0.08 |0.12 | 0.13 3.5 5.8 67 | 5.9 |77
E o4t | sipe-ON | 0.02 | 0.06 |0.04 |0.08 2.6 5.4 3.2 | 6.1 | 67
E 95' | SIDE-ON ; 9.0 0.02 |0.04 |0.07 2.9 76 | 83176
j * - 20% AfO3 odded **** - Signal just detectable
x ** - RDX - TNM) chorge t - 20% graphite cdded
3 s rx* - Full lycite cover
E 5 A-42
B 3
i3 "_
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APPENDIX B: SECOMD-SEOCK LUMINOSITY

The existence of a rebrightening of the explosion fireball, upon

passage of the second shock, was first described by RUDLIN (1967).
The intense light from an explosion was found to decay to a minimum
~1.2 millisecond for 1-1b sphere), then to rise to a second maximum
weak compared to the first output of light) at ~1.8 millisecond.
Several possible reasons for the second brightening were listed,
such as a triggering of metastable species in the {ireball or an

- increased density of already radiating species at the second-shock-
front, But a concrete explanation was not given,

Tarious efforts have been made during these experiments to obtain
a spectrum of the second-shock ligh* to find #hat species radlated
during the second-shock passage thr :gh the fireball, Both photo-
graphic and electronic spectrograph: have been used. No useful
gpectra have been obtained -- largely because of the low intensity
of the sscond-shock light,

One of the best, but £ti111 unuceable for identificaticn, spectra
ovtained is shown in Figure 8-1. This was made on the Cine Spectro-
graph with Tri-X film, The charge was a 32-1b rectangular bloczk,
made by gluing together two half-blocks of TRT which had been cast
at two different establishments.

The spectral film was deliberately overexposed so that the first
few spectra obtained at earllest times are unreadable. The first
spectrum, at the bottom of column {a), consists of four stepped views
of the earliest light {roughly first 100 usec). These stepped views
were made by use of varying transmission filters, The light was
intense enough to record through 100, 30, 10, and 3 percent filters.
As time increased, the light decreased so that, at about 4-5 milli-
second, only the 100%-transmission record was recorded. The next
apectrum (a2t ~6 miliisecond) was barely recorded. Then the film is
clear for 6-7 millisecond, during the minimum in the explosion light.
At avbout 11-12 millisecord the rebrightening was strong enough to
record and we can see that this light rose to a flat maximum, then
decagyed to extinction about 7C milliseconds later, It 1s remarkable
that second-shock light, sufficiently intense to record through the
slow ©ine Spectrograph, lasted for such a long time., The only
species that we can identify in the second-shock spectrum is sodium,

- the D-1lines at 58¢0 and 5806 .

PO S Gl e L R




ot e bt b s om s s msses o1 e SR TTEL T SY

)
£ 5
S z \
8 o
s o4
V] )
puri
3
B
— 2O,
$ <
W Sy
“F ..u. NS
5 @ O
3 g mE o
rad .. o z m
= e "t IWIL y O~
O = 24
4 ..ML X
w Ox
_ x 5%
-~ 30
4
o3
e
vt
%
0 o0
v o
vy

’

72
DRAORAR RN
'

’
: » R

SUn L

AL Wajaiadk
¥ X3 inny " N
} N

SN .u_.-..\.._~
Cu oA ?:_r..ﬂ,.__«az.;»ﬁw«@é@%

¥ 'y - ik ) oaré
T ' o W N8
a il

) . . . " . . " b T (2t
T el I .nn\@ﬁﬁﬁfﬁ N R S N £ ; vy R PHRRTRIYS SN
AR &@r &MH.% M& ,mgwhw%mr%g%&@?x» PRI PRI % NI ) mu




%
£
&
3

t L

NOLTR 69-74

LG IR

APPENDIX C: PRESSURE AND IONIZATION MEASUREMENTS

C-1: Pressure Signatures: Initially, we had hoped to make
pressure-tlme measuremznts at close-in distances from the charges,
But we soon became disillusioned by the lack of reproducibility
from shot-to-shot and, especially, by the differences in the
signatures on the same shot from different sensors at the same
distance, We then used these "pressure" records only to indicate
the arrival times of pressure s8ignals, which we used to correiate .
with the motion of shockwaves in the u-secord photography. Because '
we have found no records in the explosions literature of close-in .
pressure signatures, we include here a brief discussion of our
unsuccessful experiences,

RURALIAINS YA S

In Pigures_C-1 to C-4 we show some samples of the records that
were produced.* In FPigure C-1 we have compared the standard far-out
blast gage at DRI -- the tourmaline Tulsa Laboratory gage -- with
throw-away quartz gages of different size, All gages wWere placed
aiong an arc at 8 apg. In Figure C-2 we show the records obtained
on Shot 55, the photographs cf which appear in Pigure 1 of the text.

In Figure C-2 are shown signatures from throw-away gages using
quartz sensors coated with a silver-chrome layer, on the TNT series
of 8-, 32-, and 1GC-1b spheres, PFinally, in Figure C-4 a2re shown
samples from RDX explosions taken at 1 a, from the charge surface,

In these shots we (1) compared he 1/8-inch quartz sensors with two
different coatings, silver-chrome and gold-chrome and (2) compared
these sensors with no sensor at ail. PFor this latter comparison

ve omitted the quartz disc., leaving the micartz holder and the wiring
and other detalls exactly the same, It 1s rather startling to see

}:w‘s that the magnitude of the signals from these dummy gages is compearable
E N to that from the '"real" gages. Perhaps morz startling, we think, is
SR that the dummy records look far handsomer than the *real" record,

Most dummies haé nc hole where the gquartz disc would have been

5 3 placed in a "real" gage. Upon occasion we used a dummy with a hole
S drilled through the micarta hclder -- this is such a record labeled
3 "Dummy {hole)" in Figure C-4,

In two explosions we placed 1/8-inch quartz sensors (Ag-Cr coatings)
inside the explosive, The records on these shots are given in
. Pigure C-5., The sensors vwere glued to the ends of the detonators
;o ard the leads brought out of the detonator holes in the charges, We
S knew that the Engineer Special detonators blew ocut the sides and
E not out the ends as designed, and thought that there was a fair chance
’ of their remaining intact throughout a long-enough time period.
E - Apparently the "gages" did remain intect throughcut the time of our
s S reccrds, These were inserted to look for a secord shock leaving
’ . the center c¢f the expiosion.

L

ey At Ay
LA

‘fhese also seem to be two shocks on some of the records from
sensors ocutside the explosion, But the appearance is so inccnsistent

¥ K11 except Figure C-2 are tracings made from ..c criginal U-beanm
records, These have been traced so that we could line up and orient
signatures which are often Giiificult to follow on the originals,
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from sensor to sensor that we cannot astablish the existence of
multiple shotks outside the charges from our records,

We believe that there is little to learn from our recerds close-in
to an explosion -- except that much more needs to be done to learn
how to make shock pr&ssure measurements in the midst of the strong
electromzgnetic fields, ilonizaticn amd other effects created by an
explosion,

C-2: JIonization Signatures: Our ionization sensors were used
to detect the times when ionization might be present, not to measure
magnitude of charge -- a much more 4ifficuit problem. In Figure C-6
we have given sample records from sensors on the surface of the
charge., Two records are given for Shots 60, 61, and €8; tne one
labeled "outside charge" was glued onto the outside surface of thne
Iucite hemisphere supporting the loose-powder charge, whereas, the
"inside charge" sexnsor was placed within the explosive with the
midpoint of the lead disc just behind the lucite-explosive boundary.

Our records are not particularly reproducible and often are
erratic, Nevertheless, there does seem to be a pattern of multiple
pulses in them which is gcod encugh to be tabulated in Table C-1.
Despite the obvious scatter in the values we see a

Pulse 2 at about 3 to 4 (¢ + 7)/7
Pulse 3 at about 7 to 9 (t + 1)/7

and, possibly, a Pulse 4 at about 10 to 15 (t + T)/7, where T is the
time for the detonation wave to cross the explosive from the center
to the outer ourface,

C-3: Doppler Microwave Signatures: Observations were made of a
small number of TNT, pentolite, and PETN explosions, both in
¢; lindrical and spherical configurations, Some sample records are
shown in Figure C-7. No measurable Doppler return can be detected

on the PETN records.

A second Doppler return can often be seen on the THT and the
pentolite records, appearing at:

Shot 19 - 120 psec

Srhot 22 - TG usec

Shot 29 - 120 usec

Snot 29 - 140 usec.
Since a Doppler return could only be produced bg free electrons
having a density greater than 10 1€ electrons/cm?, these second gulses
indicate that a new mechanism for creation of electrons in an explosion,

after passage of the first airshock, has been detected., The times
above appear close to the time of 10-15 T (where T = (t + 7)/7} for

-2
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Pulse & that we have noted above on the ionization gages. We see no
evidence of Pulse 2 or Puise 2 on the microwave records. Assuming
that thess pulses are reai, we conclude that these waves of ionlzation
are hidden behind a larger ionization front, whereas, no such front
masks Pulse 4, Doppler signals usually disappeared when the fireball
growth had reached 5 to 7 a,.

C-4: Analysis: The records presented in this Appendix are
unsuitable for detailed analysis. Nevertheless patterns in the
recoréds from the ionization sensors and the microwave sensor cannot
be ignored. In this section we use these patterns to construct a
new model for the creation of airshocks from an explosion.,

There are twe reascns why such a new model is necessary: (1)
although theory znd experiment agrae fairly well for the {irst
airshock, there is subatantial diszgreement for the second shock
and for the contact surface {c.f., LUTZKY}; and (2) the multiple
pulees fron our ionization records cannot be fitted into present modeis,

We nage our discvssion on Pigure ¢~32, Here we have drawn the
theoretical results in solid lines for a 1-1b TNT explosion at amblent
conditiocns typicai of thoze at Denver, Colorado, where these experiments
vere pzrformed, We have omittzd experimental data for the first
airshozk,

We have labelled the usual “"second shosk" in the cemputational
results the Wecken shock ~- this %c aveid confusion with our
multiple shocks to be dissussed shartly. e have put on four data
symbols in the rapge 30 to 10G a_ for the Wecken shock vaiues, read
from the p-t records published if Part 2, eacn Symbsl being the
average ci a number of valuezs. We draw atterntion to the fact that the
camputed WONDY curve for the Wecken shock and the axperimental vaiues
d¢ not agree.

Hext, sic have put on data symbols for the firebaii -- iluminous
fropt -- positions ovar the rangz 8 $o 30 5, taken rom the ©ilms
off TAT aXplcsions reporied in Purt 2, Ha &¥aw zitention to the fact
that these daits alsc do noct agree with iIne sompuied contaecty surface.

Yie now trF €o patch up this z0d8=23 $c Iif thz axperimental results
a2t beth ezrly and late Zimes, ¥We %egin a2t &2, The transmitted portion
of the dstonation Shuck proceeds osud Intc the air, a9 shock 1. ¥e

uze the treoratical WUHDY curve hers for shosk 1 tedaus

cannot =upply a bettear curve, AlsSo &t 3, & shacklei bagins moving
inward toward the origin., RUDLIN {12561} found 2 discontinuity in

the variabdles at the hack &mnd of tha rsackion zone hehind the
detonation shocklront in 2 spherigal THT explosicn. This discontinuity
could behave iike 2 little shaock, Yhen the rarefaction vave created

2t the erpliesivz-air boungary Dy the datoration shock s¥eeps inwars,

1t would swesp the szhocklet daszk toward the arigin., During thiz

*#FATter I, Weckeén, Frzz
first gave a theorstic
experimentalliy.

AH

néh-German Ressarcn Inatitute, St. Louls. ®¥no
al espianxtion for thiz shock often szen
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inward passage the strength of the shocklet would increase and it
would leave the origin as a full-fledged shock.

We determine the inward path of the shocklet, AB, from use of
Pigure C-5. The pressure gages of Pigure C-5 suggest a rough value
of 30 psec for the second pulses seen at the center of RDX, or a
speed of abcut 0.4 U, where U is the detonation velocity in RDX
powder, Using such a speed for TNT, we obtain B and connect A to B
along a reasonable path AB,

To find the outward path of shock 2, we recall that the ion gages
saw Pulse 2 somewhere between T = 3 to 4. Assuming that the ion
gages remained sitting at R/a, = 1, we locate C at R/a, = 1 and T = 3.5.
We cennect B to C along a path roughly of slope 2U, since shock 2,
now strong, could be moving at speeds not far below U in expanding
gases moving at u ~ U,

To find D, we recall the convergent-shock experiment illustrated
in Figure 1C. Out of the small end of the cone came not one hut two
pulses of gases, The time of arrival at the end of the cone of the
secornd pulse was such that it wovld have had to travel, roughly, at
twice the speed of the first puise. We assume, therefore, that
shock 2 moves in the flow behind shock 1 with a speed twice that cf
shock 1. Using the computer values for instantaneous values of the
speed of the airshock, we construct a path from C, segment by segment,
until we arrive at D, It is intriguing to note that D turns out
at T = 7, a valve ciose to that we found for Pulse 3 on the ion gages.
If shock 2 swept a surface ion gage along until collision with shock
1 at D, then Pulse 3 might be accounted for.

When shock 2 meets shock 1, the main airshock is formed. By
"main” airshock, we mean the single shockwave that has been observed
and measured inthe past primarily in a pressure region, say from
50 to 1 psi (roughly 30 to 200 ay). Inthemodel we ars trying %o
construct here®, however. this main airshock is not the result of a
single event of formation but results from the mergi.g of two distinct

¥ We must point out that a transmitted airsnock is crucial to our
model. “e think that in certain situations such a transmitted shock
may not be formed -- perhaps, for example, in the explosion of small
amoury . » explosives, In those cases cur model cannot holé ard

shozk rmaticn probably occurs Trom amalgamation of the bow shocks
formed about the particies of soiid material ejected from the charge

cr pcssibly from thermodynamic heating by the expiosion gases or
no8Sibly from a combination of the two: the airshock in these situations
will ccour at 2 prelatively late point in the expiosion. We are con-
cerned here %ith a "proper expicsion" in which an airsnock is created
2%, or very near, the explosive-air boundary. We contend that such

2 shock can be formed by transmission of the detonaiion shoek into

2ir and that w2 have observed such shocks on many of the 117 expicsions
of this investigation., The causes for failure of this shock 1 to
accur 1s another story for another time  (c.f., Appendix D for Sovist
results from 0.3-1b and 3.7-1b spheres of Comp B.).
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shoekwaves. The real release of explosion energy in this model

does not come with the first sirshock but with shock 2, This results
because shock 1 carries only a small smount of energy -- that fraction
of the energy available within the reaction zone behind the detonation
shockfront which can be transmitted across the interface into air.
Shock 2. on the other hand, travels through the gaseous sphere created
tehind 1: the energy that 3t can carry will depend upon the detailed
characteristies of the plaswa within that sphere during its passage.

We now look for a path from D to return inward to the center of
the explosion., Ve expact that an inward-facing shock will be formed
when shock 2 overruns shock 1 and sees an interface between shock-
heated air and the undisturbed ambient air. we don't know what
speed this shock 3 will travel at. Po guess at this, we look at the
speed that the computer gives for the Wecken shock inward as 2 rough
astimate. Roughly,. the WJecken shock moves inward at increasing
speeds 1ike 1/5 a5/7, 1 ag/%, 2 a /7, ete, If we construct vzgment
by segment the inward path at the same speeds, we reach E at about
T = 13, and continuing the curvature at E jnward, we reach F at T = 14,

Now T = 13, 14 are times familiar from the icnization sensor
records and the microwave records. 1If the model 1s correct, however,
these similar times cannot correspond to the same phenomena, Ar easy
interpretation does exist: thes ionization sensors will give a pulse
when the path between the lead disc and the detonator shell is
aufficiently corducting, 15 the iead disc was swept out by shock 2
to D or its neighborhood, then shock 3 might carry the disc inwards
toward E, Meamwhile the detonator shell has probably begun moving
outward. Scmewhers along the path DEF, ionization could be sufficient
to trigger Pulse # which we noted at T = 10 to 15. On the other hand,
this sort of motion by the 1ead discs would not be seen by the Doppler
microwaves. Until D the microwaves could have seen only shock 1,
assuming that its electron density was high enough, or possibly, the
1ate stages of shock 2 pefore collision of shotk 2 with shock 1. Upon
moving outward from F shock 3 is at its strongest value, It seems
reascnable to assumé that this is the shock seen by the microwaves
as a second pulse, as 1t moves outward from F.

Pina.ly, we must construct the path of shock 3 outward into the
air wheie it will be readily detected on p-t gages after the main shock
as the vecken or the "second shock". We start at CG. Frem films of
the TNT fireball we note that tnere seems to be a surge at T ~ 360
and 26 to 30 a,, which we assume to result from passage of shock 3
out of the fireball. We ¥now from the experimental records of Part 2
that the Wecken-shock pressures at high pressures TUn about 1/i0 the
main-shock pressures, SO we assume that the speed of snock 3 must
be about 1/3 the speed of the main airshock at that peried of the
explosion history. Relying on the computer again for instantaneous
airshock speeds, vwe estimate the path of shock 3 outward alo GF,
woving from G inward in our construction until we reach 5 or ag.
Therealter, w2 simply connect the path of R, completing FG and the

model.
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We can wonder -- why hasn't the collision of shocks 1 and 2 to
form the main airshock be2en detected before? As far as p-t records
70, very few records have bteen made so close-in to a charge (we
estimate that the collision takes place about 5 ao). And if the
records looked like ours do here, interpretation wocul® have been
impossible, As far as films go, the overtaking cannot be seen on
explosives containing TNT -- the {ireball opacity is simpliy too high.
We have looked hard at films from RDX and PETH with less fireball
opacity for scme sign of shock 2, ¥e have not found a directly
observable shock 2, except possibly in cne film from PETN., Perhaps
the high temperature of the plasma that shock 2 traveis through destroys
any chance for visualization of shock 2. Or, perhaps, we just haven't
had the right combinatiocn of elements in our experiments. W¥e have
observed shock 2 indirectly: surges in the luminous fronts of
certain shots can be detected In the radius-time data of Figures 7a-c.

C-5: Summary: In this new model, three distinct and separate
shockwaves take part. Shock 1 results from the transmission of the
detonation shockfront across the explosive-air interface into air
(c.f., Part 1), At the time of this transmission another wave {in
addition te the rarefaction wave) starts to move inward. This wr-e
(a2 shocklet) may result frem the discontinuity that exists at the
Charman-Jouguet boundary behind the detcnation wave, separating the
region of non-isentropic chemical reaction from the region of sub-
sequently isentropic flow. After converging to the origin this
wave becomes strong, shock 2, and moves outward to overtake shock 1,
somewhere in the neighborhood of 5 a, from the original explosive
surface, Thereafter, the two merged shocks move off together as
the "main airshock"”,

Because of the boundary conditions at the time of overtaking, a
new wave is created which will move inward toward the origin,
After reflection at the origin this wave, shock 3, moves ocutward.
tagging along behind the main airshc~ as the "second shock", or
as we prefer to reaname it: the Wecke:n 3snock.
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!

1/8-INCH SENSOR

1/2-INCH SENSOR

]‘ i/4-INCH SENSOR

f\ \’

TIME

A rremm—————pn
1 BLOCK
TULSA GAGE: 20+/8LOCK
1/4-INCH: 0.5v/BLOCK
50 g SEC/BLOCK 1/2-INCH: 1.0v/BLOCK
1/8~INCH: 0,2v/8LCCK

FIG. C-1 PRESSURE-TIME SIGNATURES: SHOT 44 (8-LB PENTOLITE SPHERE) SENSCRS AT 83,
(7 CHARGE RADII FRCM SURFACE)

A TR e vy s S

P




T DAT I A AR S PR BEIROSERR e, ¢ TR R e it st e e e e e e

NOLIR 69- 74

SCOPE A

Dyt
Y=
IONIZATION SENSOR .

PRESSURE SEMSOR
PRESSURE SENSOR

E 3
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. 2
3 5
] P
7 :
2 3

SCCPE B

Py-~1

DUMMY PRESSURE SENSOR
DUMMY PREZSURE SENSOR
RF SIGNAL

FIG. C-2 SAMPLE RECORDS OCTAINED ON SHOT 55 WiTH 4-BEAM OSCILLOSCOPES
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B. SENSORS AT 3a

R TIME

20 12 SEC

FIG. C~3 PRESSURE-TIME SIGINATURES: TNT SPHERES (SHOTS 72, 73, 80} 1/8-INCH Ag-Cr
QUARTZ SENSORS
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SHOT 638

w :
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3. PENTOLITE EXPLOSIONS
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SIG. T~ SA2APLE ONIZATION SIGHATURES FOR RDX AND PENTOLITE EXPLOSIONS

Bk




\

: FU RIS R T 1 D) A A A N R L S S U P ATE SRR b
;- Y e e
EA

- F o

7.
4

NOLIR 69-

HISINETIAVM B2 TYIIWON TSNOISO X3 SNOIIVA WOUE STYNDIS JAVMOYDIA ¥314d0a 4-3 * Ot

NOISOTXT INL

62 LOHS ~mamne AN

6¢ 1OHS

SNOISONdXI NL3d

m«fN ._.O—.*m PRPEPGR )}\‘J\I}lit\t;\;.\t}!g-‘. (c (r’é?g “N -—.OIW —1-11!;»7.14:&41 N - o
v LOHS %»Siii:}i%i

1 1OHS 0?3)))((})‘(;\(5%.5?)5}\({‘))3_%{/

SNOISO1dX3 3LN0OLINAd

22 LOMHS WA AAMACAANMNAAL AAAA AN

A1 JOMS  Aamanmrmmammstimt i mmasmnsamea ANV

wo/3em ¢ wo/3357 0oz

'
L . ok ds .
Ry 3__._9\ AT T (XY o el 3

zZ LOMS ig%%%i;
61 LOHS {:‘z%{;%ili

-

o Al ¥

i e w £ RS EV i 3 WIRRT ST
& ) ) '
P » ot cnof - .

DR S L .

I i, 3 e e Ty )

‘ p.x.hf Ly fltin s b busat So g top o

o zt.lﬂié;%ﬁ-%&@




LNAWIEEAXE ANV AYOIHL 40 MOSIEVAWOD 8D * Old
(33) it

-~
12
2
—
&=
-

.
.-

g
3

-~
D

o

. rdayabls mferifssdldanetoed N f “
¥ AP REER 2L iR WS R e B 43 &2 :
g 154 §8' 1t = °4 R b :
DeSlml T e
; , Ny =] & 4 & v\
SINOLIaNOD LNIIsWY m w i : .‘w (A
VAVQ WINIWIAXE X [T I HEE
LNaWIEIdX3 NO a3sve - ~ Pt YN .
(AANNM) AYOFHL —— W
y“— _ 11 ‘4 B 0 b
NOISOTdX3 INL Ittt N
- o R B .:u Y .mu).
™~ ase s T 1 » Vs ”s...,.
\ RS R 34 ae ..m.;
% "
oz = =
o i
m , % 0, &
by ; ? -y b & o .‘ ﬁnlc'
i il i Py
i ¥ ; <,
j T T
7 \L{] :
4 m .,? .ﬂ”./
. w: w

K
™
I

P—
i
Bits “‘i

«

4
‘\w.mj M
T

TR RN

i E : w.".mﬂwmh

raararalt 4 a1 L T 32 14

REERNN siliggidiaet o Lo b TG W_

_ i il ol (iis

AL R
VINpIHN KO AR
Avell i A FERAR

1. \.\y
g : Sl .
R A T ) N ;
T TR AT UL e, o L WL TR §
A ORCEHRMBIR b oo RSy IO A tamy WL TR




T 3. A s AT < e T g, T
oeatioaoe Rt A s Vet o S aniiyin s - oAt T B e s AR RS R L g SRR SR 20

w-' !
«+ X

e

LY
SIRGHRA v

E
3 E
£ 2 £
F
H - ~ é
g NOLTR 69-74 %
£ - Y %
T APPENDIX D: SOME COMPARISONS OF CLOSE-IN AXRSHCCK MEACUREMENTS WITH
. SOVIET RESULTS &
{{7 : The most nearly comparable investigations of which we are aware .
B to those reported here were reported by ADUSHNIN 19561 and ADUSHKIN 1363.
£ 4 It is of some interest to make cowpariscns, .
! h i
' ) In both papers Adushkin aimed at (1) extending the empirical %

formulas of Savdovskil for peak pressure, impulses, positive duration,
etc. from the low-pressure region of validity into the region of hizn
pressures and (2) determining how well the theoretical point-source
solutions for an explosion iwhich are extramely popular with Scvizt
investigators) describe the shock from a chemical expiosion.

In 1951, Adushkin's resuits were obtainsd from C.3-1b spheres

P
T
»

 ~ 3 of cast 50/50 TNT-hexogen (which #e taks to be Comp B} with pilezo-
X % electric p-t gages. Sinrce hes was worriad about the sirengih of his
e gages, e carried out measurements only up fe 5-7 a, irom the center
S~ 3 ofthe chargs. In the 1953 investigation, larger charges were used:
e 2.7-1b cast Comp B spheres, 3.5-1b Comp B powder spheres {possibly
o pressed above powder densiiy), and 2-1b sprheres of prassed PETH.

f:: E Here e used p-t gages up Lo 4 a2, but used the data only for errival
b0 3 times. Cic3er-in, bare fonization wires were used to detect_the
e airshock. Camerz (instrument SPE-2¥) coverage, up to 2 x 10° fps,

e was availebls,

Few rezords are showir in eiilher peper. In the 1S53 report. only
one o2cllliesacpe recarding 33 given -- and that from gages at 11,1 a,
Gespite zn obvicus Auterezt in shook formation ab earlier positions.
Ve suspect that his razcards were, aiso, poor,

ADUSHKIH 3961 zives an ezoelient Ssscription of the formation
of an sirzhsck In the sphericsl-piston medel. Probabliy this model
was correst for the G.3-1b spheres, which we think wers, probabkiy,
tot uvmalil $o profuce 3 transmitted airshecik. Adushizin, howevsr,
appears s n¥ve proposed his piston model for all HE sxplosions,
with which we disagrea, Hs quot: verbatim:

2
the obtzined behavior ol th= pressurs impulse in the
vropagzating wave. In the first instant aftay completien

of detenatien, the sempresse? prolucts of the explesion
segin to f1y apari, sncountepring as yet oaly insignificant
resistance Iran the swrrourding air. {bvicuwir, the specific
enerzsy of these pmroducts oF the sxpiosior degreases a3

ihey Tly apart, owing to the spherical =catier, Bub defore
it 1s =zignificantiy decrsassd For this »=ason, a regicn

of air dieplacad and compressed dy the exriosion products
¥2izh $ve fiFing apart, is gradually formed in front of

chem, The products of the expiosion are tasreby sSiowed
w4 mere and more,.  This process of siowing dowr is
eospenised 3y the tramsmission of energy from %he

[y T
o O 0

e ST ML S A pava o
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expanding prcdiucts into the aerial shock wave, Apparently,
ur to 13 to 15 a,, the products of the explosion practi-
cally give all of their energy to the air (to the shock-
wave;, However, the explosion procducts continue for a
gertain time To sustain the air proceeding from the front,
untii the pressure in them islowered to atmospheric, This
is Indicated by the fact that the duratiosn of the compres-
sive phase of the shockwave is more than tripied in the
short distance from 11 to 13 ag."

Information on the nature of the light from an explosion is

given in ADUSHEXIN 1063,

w2 quote

We dc not agree with his discussion., Again,

verbatim:

"iet us note that indirect proximity to the charge,
the source of light is the surface of the front of the
shackdsve formed by expanding explosion prcducts, Then
peEs3ibly, gliow comes {rom deeper layers of turbulent air
bshind the wavefront. 1In region above 3-4 a,, which is
especizliy well seen in photographs, obtained on the SFR
camers by method of stero survey, surface is bared of the
products themselves in the form of a rough cloud. However,
it is possidie that scurce of 1light. nevertheless, is a
thin layer of air, adjoining the surface of the explosion
profasta, &speciallg so since temperature of the air
behind wavefront increases (especiaily sharp near contact
surtace) while tewmperature of the products themselves is
signitTicantliy lewer than temperature cof air behind
Wwavefront . ., ., .

“Since
expansion,

exmperature of the products, during their
F
cempregsed 2

many times lower than tempzrature of the

r behind I~ont of shockwave, it was expected
zxtion probe would sense ifference in
giuctivities of alr, compressed in the wave

, In Figure 3, results of measurements

n prebe of arrival times of the prcducts

in region up i3 a,; are designated by crosses. On
recordings of the ionization probe (Figure 1b), the

zrrival time of the proiucts was taken as the moment cf
sharp drop after the sacend peak of the recording. These
measurements of arrival times of the explosion products
¢oincided with optiesi observations, Thus, under the con-
Git*ons of the esperimeni, during photegraphing of the
intrinsic glow of the prgeess of explosion of HE are recorded
Lne hostesi layers &f air at the vary contact surface which
3s the external laysr of %he c¢xplosion producsts.™

slectrieal ¢
ard the produs
by the icnizat
3~
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In 1951, &duahkin found "gcod correspendence” between his Comp B

data ard

¥F¥H. L. ¥coce. “Blast
1956

Pl 4

i
the predictions &f Brods™ for peak shock overpressures and

‘ave fram a Spherical Charge,” Phys, Fiuids 2,
is for & THT expicsion,
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positive-phase impulse, In 1963 he noted 2 discrepancy between
Brode's contact surface which "ceases at a distance of 13-14 a,, in
contrast to the movement of the explosion preducts observed in the
experiments, which starts at approximately from 5 to 7 a,." We are
mystified why Adushkin claims that the products start at 5-7 a,, when
clearly they start at 1 a,, but we agree that theory generally does not
correspord to the contact-surface motion (or the second shock or any
phenomena after the main airshock).

In Figure D-1 and D-2 we can examine the Soviet data more closely.
We have taken much of Figure D-1 from our Figure 8, the WOMNDY curve
for pentclite and data symbols for a single (cast) Comp B ard two PETN
explosions. To these, we have added tws curvss from ADUSHKIN 13203:
one for {cast) Comp B and one for PETN. We cbtained these curves from
use of empirical formulas given by Acdushkin, coryscted to DRIcomiifions,
We have no idea how he obtained his curves -- tut we suspest that they
were obtained by curve-fitting (to his ionization prcbe data), a
procedure that we think is unacecepiable Zleose-in to an explosion,
Certainiy his published results show none of the scatter that plagued
our data. {The high vaiue of ~1i2,000 psi at R/2p = 1 seems tc us a
typical end-point problem with polynomlal fits and not that Sovist
charges are twice mor2 powsriful than ours,)

In Figure T-2, we heve ~ombined results from botn of the
Adushkin paper=s feor Comp B, again corrected to DRI conditions, We
have suvperimpossd these ondo WHRHTT curves for THT an? pantoiite,
simpiy as bases for canparison. The nigh-pressure resuits, are the
same as in Figure D-1;: we have extented them to 12 2, in Figure BD-2
from his empirical formulaz, There i3 a disz-repancy in he cver-
lapping regicn from ..£ ¥o 12 2. of Adushicin’s results: the pressures
frem his 0.3-1b charges iie well below his curve for the 3.7-ib
chargzs. Yhether Zhis 1s 2 real physical difference or merely a
difficulty iu the data-processing we dc not know. Adushkin obtained
his 0.3-1b tabular Szta from processing r-t data taken from the p-t
gage records., Tnese derived pressures were substantially higher than
his p~t gage pressures., Adushkin aseribted this difference to lack of
frequency responsz in the instrumentation [channel fregueney: 200 keps;
natural freguensy of the guariz gages: 300 keps).

We note, in soncluding, that the 0,3-1b Comp B dsta make =&
remarkahly goced fit to our thSoret®zal curve for pentoliite -- from
about i5 a, to over 70 &,.
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