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The spplicaticn of fast infrared detectors to detonstion sclences
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Abstract

Infrared radiometers have been used to make time-resplyed emission messurements of
shocked explosives, Instruments of apderste time resclution were used to estimste
tesgeratures in shocked but not detonsted explosives., The heterogeneity of the shogk-
induced heating was discovered in pressed explosives by two-band techniques, and the
time-resolved enittance or extent of hot spot coverage indicated a grest dependence on
shock pressurss, Temperatures in moderately shocked organic liguids were also measured.

Faster response radiometers with 5 ns rise times based on InSb and HgCdTe photovoltaic
detectors were constructed cnd tested. Preliminary data on reactive shocks and detona-
tions reveals . resolution of the heating in the shock wave and the following reaction.

Introduction

The application of time resolved infrared radiometry to detonation rflatsd phenomena
oceurred Tirst with the temperature messurement of shocked metal platesir<»? and shaped
charge jets® in flight. Mid-infrared detectors such as InSb are convenient for these
probelps in which the temperature range encountered is 200 to 1500°C. Visible and ultra-
violet pyrometry, which are well developed technigues in many laboratories, are best suited
to higher temperature hydrodynamic phenomena. They will not be discussed in this paper.

It seemed reasonable to extend the infrared technlques developed In the work on metals
to the detection of the energy liberated by chemical reactions induced by shock wavas in
organic energetic materials. One expects chemical decomposition reactions to bepin at
about 200°C in many explosives snd propsllents, and, of course, final temperatures achieved
are potentially much higher, depending on the kinetics and thermodynamics of the
particular reactions in specific materials.

Time-resolved infrared rodiometry has become a useful new technlque for the characteri-
zation af the sensitivity of explosives and propellants to detonation by shockwaves. This
paper is an update on the highliphts of this application in severel different experiments
which are of interest to the detonation community and which demonstrate s unique applica-
tion of fast infrared detection. The first part will be a review and brief description of
significent naw results obtained with the 400 ns roliometers followed by a Oiscussion of
the current efforts with a new sel of fast-rise instruments.

Experimenta] -~ Instrumentation

Driginally, the vork donc at Livermore on the measurement of the infrared emission from
shocked energetic materisls was done with radiometers converted from line scanners made by
Inframetries, Corp., Bedfurg1 Mass chusetts1 They contajned inSb detectors, 2-5.5 pm, with
an approximate 0* of 1. 1x1011 cn H;/Z watt=! and a Tixed instantansous field of
view.of 2x10-3 radian. For most applicstlons & sharp cut-cn filter at ¢.086 un vas used
on one detector In 3 pseudo two-color system with B 2 mm-thick sapphire beam splitter.
Calibration was performed in the actual experimental configuration with s 200-1000°C infre-
ted blackbody souice. Experiments on 20 ns pulsed laser burn of aluminized mylar films
indicgted a response time of less than 500 ns.

Much faster risetime radiometers incorporating InSb (2-5.5 ym) and HgCdTe (5.5-11.3 pm)
detectors from Eltek, Corp,, Larchmont, N.Y., were designed and constructed in-house.
Both of these were similarly designed with Perry Model 490 wideband signal eeplifiers and
100 am f.1., 50 an Jfamter Germenium lenses for focusing. ODetails of the constructlon and
testing vill be found in reference 4. Figure ) shows B labeles photograph of one of the
fast radiometers, which bave instantanepus fields of view of less than 3x)0-3 radians,
Tne translatable lens allows varlable focusing, but It has only been used at o constant
zange of of 1,3 n. A 101 mm single-stage pas pun was used to lauach projectile flyer
plates in order to produce smooth, flat shock waves In the samples. Flgure 2 shows the

"WOTK perloimed under the auspices of the U.5. Department of Energy by the Lawrence

Livernore National Leboratory under contract No. W-7405-ENG-48,
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experimental arrangessnt used
with the gun, Plezoslectric
pins were used to dateraine
projectile velocity, tilt and

to tripger recording
oscilloscopes. Most

experingnts ware carried out -
with 7 or 12 am thick flyers of
Aluninum or Copper, and their
velocities ware varied to vary
the impatt shock pressure in
the samples. Ambient pressure
in the experiaental chasber wag
alweysless than 50 milli-Torr at
shot time.

Results and discussion --
Opague explosives

In the first experinent dom
an the measurenent of the
19 weatiaasominin wimn infrared emisslon from shocked
' explosives, a 5 mm thick disk ot
. shocked PBX9404*+ yielded the
Flgure 1, Photo of fast HgCdTe radiometer with cover radiance histories in Figure 3,
removed, T s The signel pesks near the
begining arc evioence for the
————e—— - m formstion snd cooling of smll
hot spots near thu free surface
of the explosive, In support of
this contentinn, the ratio or two
band temperature at the peak is
Sample ; considerably greater than either
holder ; single=band result, and the
—{1./ : ‘ nearly expcnential decay from the
ﬁ/ : pesk with an approximate 10 ps
Mirror ;o Catch time constant is {ndicative of an
e — i tank initial hot spat size on the
L : order of few microns,5
Consistent with this
. : interpretation; similar
i window 4 experinents on lox density ang -
= : high porosity explasives
yielded higher radiances and

|
B U temperatures, s expected, and &
"m_* - large effect of particle size
|

Myler
membrane

Gun
barral

et

splitter distribution,b

. i — Bare charges of the insensitive
Radiometers explosive TATB, (trisminotri-
nitrobenzene) were shocked in
Flpure 2. 101 mm gun experimental arrangement. experiaents siallar to the
.HMX-containing aaterials with
results as shown In Flgure 4, The 2-5.5 um band signsl history shaps is similar to PBX94D4
except that the pesk signal level is considerably smaller; however, thz 4-5,5 um peak is
nearly flat. This non-grey body behavior could be explained by the nature of the hot
spots 1n TATB. Perhaps the cause 15 a lack of chemical reactivity im eooler hot spets in
which only the hot TATE emits with little of the Pinal combustion products, Hz0 and
L0y, present. The 4-5.5 um region encompasses strong absorption (and emission) bands of
H29 and €0y only, without strong TATB bands, while the 2-5.5 um band is sensitive to
both hot TATB and products of complete #scomposition reaction,?

Although the above bare charge result. ~>ve been useful in tie study of shock-induced
reuctivity, a lack of knowledge shock-re. «ised syrface states leaves us without
quantitative information. 1In th. . experiments the material near the free surface is
shocked and ismediately released .; the rarefaction from the surface. In order ta

«¢  9a% cyclotetranetnylene tetranitraalne (HNX), a% nitrocellulose and 3X Tri-
-chlorethylphospate plus stablizsr.
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Figure 3. Oscilloscope traces froe a 3.8 GPa Figure 4.
impact on 5 mm thick bare PBX 5404, The top 8,0 GPa impact on 12.7 mm thick bars TATB
trace is the 2-5.5 ue band; the lower s the The top trace is the 2-5.5 pm band;

4-5.5 ps band. Both are 5 ps per major the lower 1s the 4-5.5 pm band, Both sre
division sweep Speed. 1 ps per major division sweep speed.

simulate the interlor of the explosives hydrodynamically, shock impedance-matching
infrared transeitting windows were attached to their down-stream faces. As long as the
windov 1s a good impecance match, the pressure is sustained and the thermodynamic state of
a finite thickness of material observed near the interface evolves as if the window were
not present at least until a rarefaction reaches the interface, Thermal conduction is
negligible on the time scale of these experiments. Figure 5 shaws a comparsion of the twp
techniques with an HMX contuining propellant. Addition of the windov causes an imnediate,
strang reaction following shock passage while the bare charge exhibits only an Initisl
weak signal followed much later by a stronger signal.

As in the bare cherge case, a large discrepancy between the single band and two-band or
color temperatures was discovered. Again, the coler temperatures were much higher than
the single band results, lndicsting a heterogencously heated explosive material, In
addition, the evolution of this surface could now be monitored with some knowledge of the
hydrodynanic state of the mgterial, The emittance in each band wes calculated according

to equation 1.

€hand wobs
L _EE——_—
/n (T

(1)

In equation {1), ¥90S is the observed signal, wO0 (\,T) is the Plank blackbody

function, and the integral is the single-band radiznce at the true temperature. The band
enittance can be considersd as & measure of the surface fraction of explosive reacted
under certaln assumptions. The most importent ones are that the emittance of the hot
spots themselves Is unity snd that the surrounding material is :elatively cooler,
Resultant fractlon reacted historles for several experiments on PBX2404/KC1 are shown in
Figure 6, For these results the average of the two-band temperatures, which remaired
relatively independent of impact shock pressures, was assumed to be the tIue temperatur:.
Creditibility of the results rests malnly on a close match by a simulation with a compuier
celculstion using @ iD hydro-code including & pressure dependent energy release rate

and a near coincldence for the two independently obtained single bands. Two interesting
features of these fraction reacted histories are the repid change of slope {(reaction rate)

Von Holle
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00

Time from impact {ut

Figure &, PBX 9404/KC1 fraction reacted
histories, Numbers refer to the impact
pressure in GPa,

Figure 5. Comparison of twe experiments on

an HMX-based propellant, The tnn trece {s

the 2-5.5 ym band resvlt from the pare with time for esch experiment and
saterial ot 3.0 GPa; the bottom from the the grest sensitivity of the initial
same propellsnt with KC attached at 2,75 GPa  slopes to impact shock pressure,

The first feature is consistent with
inbedded manpanin pressure gauge experiments,? in which the pressure increases very
rapldly fellowing shock passage for moderately strong shocks, The similar appearance of
the manganin pressure histories and the radisnce curves indicetes a moderate effect of
pressure on the rate of reaction following s glven shock., Figure 7 11lustrates the
mxtreme uependence of the initia} reaction rate on shock pressure for various
experiments. 7The straight line fit to the date shewn in the figurs is a powsr law with an
exponent of 6.7. Indoybtedly, some integration over the response time of che radiometers
and & non-z2re f.r. penetration depth added some contribution to the exponent, but there
remains & sharp dependence. Froe this we concluded that the number of hot spots per unit
aren is greutly dependent on shock strength, establishing a clear experimentasl distinction
between the hot spot formation process and their subsequent growth.®

Recent wotk on the TATB/KC) system shows a similar dependance of the fraction rescted
histories on impact pressure. In this case, however, & largs 2ffect of partivle size
distribution was also discovered., Flgure 8 shows reaction histories from two sets of
experiments, one using an ultrafine particle size distribution (mean size, 9 um) and one a
wuch conrser distribution (mean size 58 pm); euch was pressed to the same nominal dansity,
1.86 g/ced,  within each sat of experfments, Increasing {mpact pressure causes large
changes in the reaction curves. Also, there are two outstanding differences due to
particle distribution shown in Figure 8, 7he first i3 that the signals arise soaner in
the coarse material, implying that the shock velocity is higher in this materisl.
Secondly, the initisl slopes of the tutves (reaction rates) ere greater in the fins TATSB
for similar impmct shock strengths. Comparisons at the ghock pressures near 5.1 GPa and
7.5 GPa are the most revealing., At first these two cbservations may sevm contradictory;
howevez, oné must sistinguish between reaction in or nsar the shock front, which would
most affect the velocity, and reaction following the front. The results could be
interpreted by hottar hot spots in the coarse than in the fine explasive, which
experiences & hisher burn rate later in the flow due to a larper nusber of hot spots and a
larger specific surface area. These conclusions are preliminary and mwait further
experimental cecroboration, but they are consistent with our earlier interpretation of the
PBX 9404 fracticn reaction histories, namely, that a larger {nit{al slops means a larger
number of hat spots.

Yon Holle
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Figure 9. 2-5.5 pm signals from three
experiments on neat liquids, which were
contained between polished stainless
steel buffer plates and 2.0 mm thick
sapphire windows.
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Figure 8. TATB/KC1 fraction reacted

histories. Numbers refer to impact
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Shocked liquid teapersture measurements

Temperature measurcments in shocked
organic liquids are important tecause of
the theoretical difficulty of calculating
accurate temperatures and because of
thelr Importance in the interpretstion of
shocked liquid explosives. Time-resolved
infrared radiometsy offers g none-
intrusive, remote technique for such
neasurements which is particualrly
attractive,

Figure 9 shows the early radisnce
signal histories from three typical
experiments on two liquids of about 21 mm
thickness with a sapphire window. These
are clearly different than the opaque
solid results, An exponential incresse
is followed by a sherper rise, presumably
at shock impact with the sapphire
window. The following interpretation
allows the determinatinn of Mugeriot
tenperatures for moderate shocks.
Solution of the radiation transport
equationlD modified for w shock ir @
partially transparent homogenepus medium,
assuninp the reflectivites of the shock
front and buffer (driver) plate are
negligible, leads to a_expression for the
observed radiation, WObS, in equation 2

wabs ]u - TODEX WP 0,1 (2)

where T(\) is the transmittance af the
shocked layer; c is the sbsorption
cuefficient of the remaining unshocked
iiguid af thickness, x; and WOP(X,T)

is the Plank blackbody function, as
before. Equation 2 reduces to an
exponential dependence of the radiance
signal on » (or time) as T())} approaches
zero, in agreement with the abserved
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exponential signels of Figure 9. When x = 0 in equatfon (2), i.e., the Shock sesches the 1%
end of the liquid, the observed signal should correspond to the blackbody valus. Results 04
of several experinents on nitromethans, & very insensitve liquid lxplDliIl, ylelded ]
reasonable temperatures which were similar for each band below 2.0 GPs. At 7.4 GPa
sipnificant devistions between the two bands occursd; the sipnal levels increassd sbove
that expected for an inert shock for the 7.4 GPa nitromethane curve ss in Figurs 9, It
is believed that an unexpected partial oecomposition reaction occurring bsfore detonation
is the cause for the deviation in behavior of ntromethans above 7.0 CPa,

Results of 5 ns radiometers

As a demonstration of the rise time of the fast reponse radiometers and as & dynamic . E
calibration of the new instruments, experiments were done on a previously examined N

system, explosively loaded copper plates. Figure 10 is an oscliliescope trate of the . 3
valtage from the InSb radicmeter looking at & 1.5 ma copper plate driven by detonmatlng :
PBX 9404, The plate was polished flat then oxidized in a fuznace to Incrense the infrared H
eaissivity, The observed rise tire of ahout 10 ns must be reduced by about $ ns tiit in :
] the impacting flyer over the 4 mm spot size, leaving approximately 5 ns Tor the detector- :

electronies contribution to the rise time. The expected fiat signal from the residual i
tesperature of the tarjet persists over the length of the trace with the desired .8
signal-to-noise ratlo. A slailar fast rise was observed for the HoCdTe radiometer in a

50 ns per large flvision.

separate experinent, "800
Lo P T T T T T 1
008mm (0 ;
700~ cufo) { 7 j
e~10 o ! o
80~ 1520m ° / N ]
cat) g /
D 500/~ "‘-NkOLwcn ™ ;
P & Mersh '
3 400~ Colculations . ;
é 2-color 3
W. Vun Holle !
- 300~ \ / — ,
G. Hauver I
2= 152mm Cu -
/ #=0.1150.2
tigure 10. Oscilloscope trace of an /
explosively loaded 1.5 mm thick oxidized P VA, S T N T N i
copper plate by the InSb detector with a D 20 40 B0 80 10 10 140 :
negatively going signal. Sweep rate is Presors, GPa ;

Figure 11, Experimental and calculated
copper residual temperatures. i

Much lower signals were observed with shocked polished DFMC copper plates, but the
results can be compared to previous =uperimental and zalculated copper residual
tesperstures. Figure 11 contains the current residua) temperaturss pf shockad, mirror-
polished plates and the oxidizcd plates. Tha abscisse 1z the approxisste pressure
generatsd i1n the metel by the explosive loading. These results on polished copper, which
is shown as the range for s range cf the cs;umed emittance, ware obtalined from the InSb
snd HgCdVe {nstzuments in separats axperiments. Th2 new dats range spans past experi-
aental values obtalned from tlo-snlnr infrared radfometry,? Issistence wseasurements of
explosively loaded copper fol1slZ and the calculated values. The axidized copper
plate data, labeled Cu{0) in the figure and derived using an emittance of unity, lie
understandably at higher temperatures.

The tesuits of s shocked TATB (1.86 g/cm?) experlment 1s contained in Figure 12, Fer
tiiess expariments, the 12,7 mm disks of ultrafiie TATS wers polished flat and sttached to
KCl windows with a small amount of silicone greass to insure a continuous interface. The
earlier TATB/KCL results were obtained by pressing TATB povier directly onto KC1 disks In
a Tam press. Radiance historiss from the HgCdTe radiometer placed in the number one
position (see Fig., 2) mre shown in Figure 12, Reflection off a XC1 besa splitter resulted
in about m 90% depradation of signal-to-noise. In the trace fros the higher impact
pressuce experisent a sharp increase nesr shock axrival at tha intsrface is follored by &
mote gradusl increass to a level signal, Prelisinary interpretation is that the aharp

Yon Nolle []
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increase represents heating in the shock front which is followed by incressing levels of
reaction, Radiance histories observed with the slow radiometers did not resolve this
first festure, which allows a direct observation of the relative energy release In the
shock and following! Lowering the iapsct pressure to 7.6 GPa, substaaltally reduces the
shock wave front signal and nearly eliminmates the following growth.

Figure 12, HgCdTe traces from shocked TATB
experinants, Shoek pressures were 9.0 GPa
for the top end 7.6 GPa for the bottom. Both
are 200 ns per major division.

Figure 13, HgCdY¥e trace from a detonatlion
in PBX 9404 cbserved through-KBr at 500 ns
per major division. -

Results from the InSb radiometsr in
position #2 indicate the same
cantrasting bshavior betvesn the two
experiments, The observed threshold-
like behavior 1s consistant with the
previous set of results shown in Figure
& for ultrafine TATB; however, the
7.5-7.6 GPa comparison betwean the two
sets Ingicates disagreement as to the
threshold pressure, probably because of
the different Snterface preparation.

Quantitetivs analysis of the shocked
TATE data has not yet been done, but
the resylts thus far are encouraging.
Additional experiments will be carried
out at varlous impact pressures and
with different particle size
distributions.

Experiments on datonating explosives in
simllar target asseablies as the above
shock studies revealed inturesting
radiance historles. A typical trace
resulting from s detonstion in PBXS404
passing into e KBr window, which comes
close to matching the 9404 detonation
product Hugoniot, is shown in Figure
13. Preliminery interpretation {s
based oT the Zeldavitch-vanNeuran-
Doeringi4 theory of reaction zone
structure, Essentially it is a strong
shock wave initiating chemical reaction
which 1s complete at the Chapman Jouget
(CJ) plane followed by the expanding
and cooling detoration preducts. A
short exponential signal fncrease is
folloved by & sharp increase of only a
few nanoseconds duretion, which is
probably the result of the leading
shock. The much slower rise to the
peak signal and decrease may represent
subsequant energy release in the
reaction zone; however, the time to
reach thaz peak signal is too long to
represent the actual reaction zone
thickness as measurzd by other
techniques, e.g., 50 ns, measured by
euperinegtnl particle velocity

recozds, 49

Other explosives yield simllar date
with different signal levels and
differsnt time intervals. Preliminary
assignment of brightness temperatures

indicates & non-greyhody emission with HgCdTe detextor ylelding & much higher peak
temperature. Nore cxperiments and theoretical celculations are required to explore the
potential of this nev technigue to reveal infurmation on detonation reuctlion zone

structure,

Conclusions

e e,

InCrared cadiometry is a relatively new tool for reactive shock wave and detanatlon

diagnostics, and applications are just begining.

Some have been reviewed in this paper,

snd many more are feasihle. Beyond sisple radiometry we lopk forwdrd to new cevelopments

von Holle 7
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in fnfrured technology for future applicstions, such as gated ar time- snd . ivelength.

resolved multiplex detection and high resolutfon imaging in a sinple shot.
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