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Optical properties of explosive-driven shock waves in noble gases

C. R. Jones and W. C. Davis

University of California, Los Alamos National Laboratory
P. O. Box 1663, Los Alamos, New Mexico B7545

Abstiact

High explosives have been used to shock-heat rare gases to brightness temperatures up to
36 000 K, with large radiating areas. Temperatures were determined from radiometer signals
at both 280 and 520 nm. Shock velocitijes up to 9 mm/ps were used in both plane and cylin-
drical geometries. Neon, argon, krypton, and xenon gases at atmospheric initial pressure
were examined in plane shocks. Using airgon, the effects of increased initial pressure were
studied. For cylindrical shock expansion in argon, brightness temperatures were measured
over a range of shock velocities from 3 to 9 mm/us. Up to 4% of the explosive energy was
emitted as radiation. The shock waves are found to be reasonabie approximations to black-
bod:ies.

Introduction

Shock waves in rare . gases, driven by high explosive, heat the gas to high temperature.
The thermal radiation from the wave 1s verv bright, and the wave can have a large area.
Very high power light sources can be made using these shock waves.'!

High explosive provides compact, cheap, contrcllable, and safe energy storage, and when
detonated, provides hiqgh power densities. The explosive used for the studies described here
stores about 10 GJ/m?. The chemical reaction of the explosive takes a f{ew ns, and proceeds
at very high pressure, inertially confined by the mass of the explosive itself. The detona-
tion, that 1is. the transition from unreacted explosive to gasecug wproducts, travels as a
wave at about 9 mm/us. The conversion of chemical rfnergy is *Ywus going on at about 10'4 W
for each square mrter of detonation wave area.

In one simple arranrgement of an explosive-driven shock tube, or flash charge, the solad
explosive forms one wall of the container hclding the gas. A plane detonation wave reacher
the surface of the explosive, and the gaseous products expand outward, driving the shock-

tube gas ahrad of them. n shock wave, which ie just the boundary between gas thal 1s 1n
mction and gas that has not yet begun to move, propagates out 1hto the gas at a velocity
somevhat greater than the intexrface velocity. In the argon exjeriments desclibed here, the

interface velocity 1s about 8% mm/ps and the shock velocity 16 ahout 9 mm/pus. The argon gas
1s compresced .nto about one-twelfth ¢f its original volums, and the -ressure 15 raised fion
one atmcsphere to about 800 atmospheres. The adiabatic (but not 1.entropic) coumpiesgion
raises the temperatuie of the argon to about 25 000 K,

Char.g.ng the density of the gas in the shock tube over the easily acuersible range,
elither by changing the temperature and presoure or by using a different gar, doesn't change
the velocity of the interface much. The reason for this 18 that the explosive products,
moving at the same velocity on the othei side of the 1nterface, are ahout ten times dengreq
than the compiessed shocked gas, and therefore a smal]l decrease 1n their velocity provid:r
the necessary energy to drive a denser gas. The simple shock wave conservation conditions
rhow that the specific 1ntcinal energy of the shocked gas 1B i1ncreaned 1n the shock by huv,
whele u 15 the velocity of the 1interface. For our purpose of using shock wavem as light
EouIrces wWe lequire high temperatures, and with the jump in specific internal eneigy more ol
less fixed ard the same for all geses, we must look fo: gases with the amallest spacifnc
heats. FPolyatomic gasce have high specific heats hecause there are many degireeu of freedom,
and also dissociation, to absorb energy. 1f the monstomic gemres were 1deal gaseuw 1n the
interesting temperature and denmity region, theiil specific heats would be 1nversely propor-
tivnal to their atomic weights. They are not quite ideal, becaume they are mlightly jonized
and enei1gy 1s umsed for that. For our pUI?Ole a monatomic gas with high i1onmization potential
and large atomic weight will have high *shock temperature. Xenon 1s the bert choice, and
eXxpeliment bearp out this mimple anclysis. o1 moRt ot our woirk repoited heire, we uned
argon hecause 1t ia so much cheaper.

Explosive-diiven shock tubes are very simple devicesm. There are only two experimental
detaile to be careful abcut The obvionn one 1m that the gar must be kept pure, hecaune at
temperatuier of several tens of thoumander of degrers a pmall amount ol an 1mpurity gas cah
lasre the mpecif11r heat by a large amount. The second im less obvious. [t 1r 1mperative to
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use precision explosive, and to initiate it smoothly, because the interface where the dense
explosive products drive the lighter gas is an unstable interface. Imperfections produced
there will grow as the wave moves, product gases will mix with the driven gas, and high
temperatures will not be achieved.

The very high temperatures produced in shock waves; lead to very high radiated powers, and
these cause some effects that may not be anticipated. For example, the xenon shock wave at
velocities used here has a temperature of about 36 000 K. A blackbody at this temperature
radiates 95 GW/m?, most of this radiation lying in the vacuum ultraviolet. This much radia-
tion damages windows and mirrors, making some experiments difficult. It also heate the gas
at the walls before the shock wave reaches that gas, and the interaction of the wave with
the heated gas distorts the shape of the wave., One must be careful to check that the shock
wave really has the shiPe he thinks it has. Some of these effects have bz2en reported by
Shreffler and Chrictian.

Shock Tubes

The shock tubes used to study the ultraviolet and visible emission from planar shock
waves are designed to be filled by first evacuating the tube, and then filling to the de-

sired pressure with the chosen gas. This feature was necessary for the expensive rale
gases, but argon fillings were made by simply flushing the tube with 10 or more volumes of
gas. The tube desion is shown schematically in Fig. 1. The explosive driver made up one

end of the tube: the seal to 1t was made with an O-ring. A sample tube was provided so that
a gas sample could be taken and ana.yzed with a mass spectrograph.
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Fig. 1. Schematic of explosive flashlamp or argon flavhcharge: typi.cally the tube ix 10 m
in drameter by 30 cm 1n Jength. Varilations inclide cardboard material for the tubce, no
window over the aperture, or no planewave lens on the explosave,

The explorlve uwed for there experiments was FBX-9404, & plastic-brnded compomiticn
contarping 94% HMX and having a density of 1.84 g/cm. It 18 a high=-quality materlal,
appearing much i1ke any ycod plastic, and 18 a very high-eneigy exjplosive. Initiation of

the explosive used a planewave lemi. which 1s a device that initiater the exjplosive over itu
entite wiltace nimiltaneourty,

The Juminous shockh wave fi1llr the ciosx-pection of the tube and moves fron the explotive

tawar.l the ¢ther end.  For out »iarpoues of meanuring shock brightiiernn a defining aperture an
needed, which 1u provided by a pirecime hole in the end plate ar rhawn 1n 1g. 1. wWhen
tequlited. & gua-tz window wan glued beyond the apertrne. A front-pnurface aluminum mitron
wae ured o turn the light heam, This turning wam necenraly to Keep the fragmente of the
metal tube, foimed by the axpigalon, from hitting the measniihg apparatus,
mightnern Meanurements for I'lane Waves

The rhock tuben weile set up al an axplomive fairing dite, about €.5% m ontiade one wall of
a hoavy concrete and nteel biunker . Optical detectorn were pomitioned just 1nmide a guaite
window, whirth wan fi11mly eeciured 1n the wall. The mhock tube wam carmfully al:gned so Jaght
from the center ol the nhock wave weant through the avetture to the deterto:n,  The detec-
turm, ' FeqOn laplanat photodiodes with $=) tepponee. weler calibrated atrolutely agalinet
ntandmd tampr,  The 1ecommended biag voltage of |+ kV wau apphied. A bandpamr tilter cen-

tered at 2o nm owith a pasnband of 20 nm FWHM and pea¥ tiranemittance 7% war moumted on one



220178

detector. A filter with passband centered at 520 nm with 9 nm FWHM and 60% peak transmit-
tance was mounted on another. The coaxial signal cable from each detector went to osciilo-
scopes and was terminated with 50 ohms.

Some typical oscilloscope records are shown in Fig. 2. The rise time of the light signal
is not seen 1in these records except when neon is used, for which it takes an appreciable
time to achieve an optically thick layer of gas. After the initial peak the ‘ntensity
decreases; this cecrease is caused in part by the pressure distribution in the explosive
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Fig. 2. Ultraviolet signals from flash chalrges containing xenon, Krypton, argor, and neo:.
wWavelengtn: 280 nm. Spectial radiance calitration: L\ = 400 wW/cmi-nm-s1 per diva-
s10n. ’

duvtonatior wave, where Lhe pressinte fa'ls behind the f:ont, and 1n: part by radiation damane
to window, mirror, and air in t' light path. The s8hock v~.ocity 1r not consrtant, hat de-
creaces ak the shock wave 1uns Wi the tube. In argon, for example, the shock velocrty
changes with time according to

Y O.0C exp(=-0.0131) mm/ns

wilh v an ps. AL about 13 ur after th~ iigh! appears, 1h each gan. a bump appears i1n _he
uncttloncoe trace.  Thas Bi1gnal change avimer becaise the radyation fiom the gas heate the
tubiy wall and the qas near the wall. The sheck wave 1uns faster 1n the hot gas, and 1.6
thape 1u perturbed. » wave f{iom the wail cconverges to the center at 13 ugr, prroducley the
Loy, After that time, more i1eflectionk ovccur. The pertinent data from these tecorde 1k
thr peak brightnesn, the value jumt after the li1ght appears, when the rhock front s planc
atd the shock velocity 1r 9.1 mnope.  Table 1 gives a summary of the data. Only with arqon

wair radiomett i data obtained at %20 nm.

Table 1. Sshock wave Tempe:atuien
S TRRRT FATE SSIPLRALLSR

T
Gau Initial Prewsu:e Ao 280 nm A e 520 _nm
Neon 590 ton 22 000 R T
Argon 590 o000 23 QUO
Al qon 3540 26 000 23 000
Krypton 590 30 000

Xenon h"90Q b Q0O
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Conical and Cylindri-cal Shock Wwaves

Conicai nd cylindrical shock waves were generated using long right-circular cylinders
of explosiv . The explosive used was PBX-9501, with density 1.84 g/cm3, a material very

similar to the PBX-9404 used for the plane wave studies. The cylinders were 51 mm in dia-
meter.

Two experiuents were done with the cylinder of explosive initiated at a poi t on one
end, forming a steady detonation propagating along the cylinder at a constant velocity of
8.75 mm/pus. The cylinder was surrounded with argon gaes contained in a large box. One wall
of the box was glass, and Fig. 3 is a photograph of the shortk wave in argon taken through
that window. The shock velocity can be obtained from the angle the wave makes with the

cylinder, measured from the photograph. An image-intensifieyr camera with a shutter time of
about 20 ns was used to take the photograph.

Fiq. 3. Side view of light from the shockwave in argan diiven by a cylinder of explonive
1ni1tiated at one end. The peirturbations caused by the jointm 1n the chargye are visible, but
1t can be meen at the edyer that they caudJe almost no variation in the shock rhape. The

tegqutar ciroms hatching 1es caumed by the stiructure ot the tibei-¢ptycg oatput plate of the
cameta tube. The flat bare 18 ' ¢m aciows. Shot No. C=-5083-1). Tent UV-)0b.

One experiment war done with the explosive cylinder initiated mimultateousty along 1te
AX1E uning a pailt of line-wave generatcis. A diag)am of the ryrtem, with an entarged view
! a line-wave generator 1w mhown in Fig. 4. A photograph of the cylindiically expanding
thock wave 1r shown in Fig. 4. The mhock pomsition and wave velocity welc obtained from sim-
1lar photogr aphr multiply exponed at accuirately Rnown timer,
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Fig. 4. Diagram of a line-wave generator,
and end view of the axially initiated
explosive charge. The line-wave generator
is initiated at one point, and the deton-
ation wave in the tracks of extrudable
explosive runs the same distance in every
track. The explosive is contained in the
thick plastic form, and has only a thin
cover over it.

Fig. 5. Photograph of a cylin-
drically expanding shockwave.
The perturbation on the left 1s
caused by the interuction bLe-
tween the *wo line-vave genei-
ators. The extra ones on the
right are caused by the shock
trarrsmitted through the thin
plastic cover of the line-wave
generator by the extrudable ex-
plosive. Shot Nc. C=5101-B.
Test UV=-13.
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Brightness Measurements for Conical and Cylindrical waves

while one wall of the box containing the argon w28 glass to allow photography of the
shock waves, another wall was opague with apertures for brightness measurements. The meas-
urement apparatus was the same as for the planar shock measurements, except that two bunker
windows were used, and there were two &perturec in the box. One aperture was on-axis, and
the other was 180 mm off-axis at the same level. The light from one aperture went to detec-
tor(s) in one window, and light from the other aperture to the other window and its detec-
tor(s). Table 2 lists results of these measurements for the conical shock. The shock wave
15 seen to deviate somewhat from the ideal behavior ot a Lambertian radiator, in that the
oblique temperatures are consistently less than the on-axis ones.

Table 2. Radial-Shock Temperatures at Various Times

]

Test View Time , ps Temperature, K
uv-15 Normal 48 18,500 = 500
74 16,600 £ 13CO0

98 15,000 £ 1700

Oblique 79 14,700 + 200

98 12,100 = 200

uv-16 Normal 48 18,500 & 50C
70 16,800 1 1200

94 14,200 t 1300

Oblique 70 14,300 £ 200

94 10,800 £ 200

.1 .
Time elapsed between trigger pilse to detonator and reading
of radiometer signal.

The velocity of the wave decreases as the shock expands. Fig. 6 is a plot of shock wave
velocity vs time for the conical and cylindrical experiments. The variation of brightness
with time can be converted into a plot of brightness temperature vs shock velocity, as siiown
in Fig. 7 for the cylindrical shock. The gruph seems to show that the braghtness

TESTUV ' 23
0 Ae820nm 4
© \ +280 nm

~N ~N ~N
F 3 o @
T

a

1 1

(4

~N
*
1

@
/ o
(=
<
=]
.—4
o

&
-]

1
BRIGHTNESS TEMPERATURE {1 10°K)
3
o

3

30

~
-+
1

1 (ust
Fi1qg. 6. Plot of shock velocity vs time for o 2 4 ¢ 8 0 w
the second and third experiments. The lower %y (mm/us)
curve 1t for the erd- ..itiated second exper-
iment. The points depurt from a smooth
curve where the flow has not yet become Fig. 7. Dependence of the brightnensz tem-
: teady. There are two parte to it because perature on the shock veiocity for a cyl-
there wele photogiaphs taken at two times. indrically expanding shnckwave 1n atgon
The upper curve 1s for the axially 1nitiated gas. With thce excention of the point ma:ked
thitd expe)yiment. The outward-diiected otherwige, the data are f{rom different
delonation wave gives a high initial shocl times of expansion in Test UV=-21,

ve,ocity.
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temperature in the ultraviolet is more «=trongly dependent on shock velocity than, and
everywhere less than, the brightness temperature in the visible, but we believe that to be
false. Spectrographic experiments made on planar shock waves of similar strength show
strong absorption by magnesium from the defining aperture at 277.933, 278.142, 279,553,
280.267, and 285.213 nm, and silicon at 288.19%, near the center of the filter passband.
The intense radiation from the shock wave heats the dural aperture plate enough to vaporize
the metal, and the resulting vapor may absorb a substantial fraction of 280 nm emission. In
retrospect, it seems that dural was ¢ bad choice for the aperture plates.

Therv is no absorption from the metal vapor in the passband of our visible filter. but
the spectrum shows absorption by argon at 516.228 and 518.775 nm in the shock wave itself.
It is pussible that this absorption is responsible for some of the temperature difference
that appears for different wavelengths in Table 1.

The 1adius of the cylindrical sh..k wave, found by analyzing the series of photographs
of it at different times, is given by

r =8.322 |1 ~ exp(-t/2.77)] + 6.679t - 0.0318t2

The temperature as a function of time (for 520 nm, where there 1s no metal vapor absorption)
1s given in Fig. 7. The area of the shock wave is known from the expression above, and, if
the shock radiates as a blackhody, the total energy radiated can be calculated. The values
are tabulated in Table 3. The explosive energy was 5 x 10 J. The radiation during the
first 50 ps 1s about 4% of the explosive energy. I1f xenon had been used instead of argon
the yield might have been as much as 16%.

Table 3. Radiometric Properties of Cylindrical Shock Surface

A,cm2 a M = oIgD AcT4
_t,us r, cm 2nrs T, kK w-cm W
0+ 2.54 479 26.2 2.67x10° 1.28~10°
7.23 3.05 1517 24.8 2.15x10° 3.25%10°
14.20 12.2 2300 22.8 1.53~10° 3.52x10°
30.23 20.7 3902 21.4 1.19%10° 4.64~10°
51.15 29.2 5506 19.1 7.55x10° 4.16%10°

aTemperature measured at A = 520 nm.

bTota] radiated power per square centimeter

(emittance) of shock surface.

Disc..sion and Comparison with Jther Regults

Optical radiation from i1hock fronts has been investjgated both experimentally and
theoretically for several decades. 2el'dovich and Raizer in their textbook? discuss this
subject in some detail, with particular emphasif on shock waves in air. Of interes! here is
that for shock waves of the strength used in our studies the front rediates as a blackbody.
They also treat in detail the phenomeron of the preheatiig layer. This layer lies in front
of the radiating shock front and attenuates the light nn its path to the detection system.
Hard ultraviolet radiation, fium sufficiently hot mhock fronts, induces opacity in the
otherwise cold gas through photoionization, photoexcitation, and photochemistry in this
layer. Screening of the shock front from the detectors therefore occure, whose magnitude
increases strongly with shock velocity and which depends also upon the gas and wavelength
being obgrerved. For example, in air strong screening occurs for shock temperatures in
excess of 90 000 K," beyond which the optically measured brightiers temperature 1s substan-
tially less thanr the truc temperatire behind the front.
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It is well known that the absorption of oxygen begins at 186 num and extends downward
into the harder ultraviolet,. For the brightness temperatures of ~25 kK measured in our
experiments, the emission peak of the corresponding blackbody radiation occurs at a
A = 116 nm. At this wavelength the absorption coefficient of air? is ~120 cm~!. For
experiments conducted here without a window over the source aperture, light-induced
phenomena in the air path are expected. This is a likely source of absorption, although
none was observed in our spectra of argon flashchaiges.

Zatsepin et al.* have measured the luminestence of shock fronts in air, argon. and
xenon over a large range of shock velocities. Brightness of the fronts was observed at 300,
439, and 567 nm and at angles of incidence to the shnck front of 90° and 45°. One import-at
results from this work was that at higher velocities the normal-incidence radiation usually
indicated a significantly higher temperature than the 45° radiation. 1In this respect, our
results of Table Il are consistent with theirs. They ascribe this behavior to the greater
pathlength through the absorbing preheating layer for the obligue path. According to their
results at lower velocities, however, the opacity of the preheating layer should be insuf-
ficient to affect this difference at our velocities. They do point out that for longer
light pulses the screening layer can be more absorbing. The duration of our light pulses
appears to be much longer than theirs, so a screening layer could have been responsible for
the temperature differences in Table 11.

Available data for shock waves in argon are plotted in Fig. 8. The ultraviolet points
from Ref. 4 are shown along with Soviet theoretical predistions. Also included are data
points from this work and theoretical curves of Kerley.5> A single data point from each of
the works of Zinn et al.,! Model',® and Kiselev and Krokhin’ is also plotted. The experi-
mental points from Zatsepin et al. are in excellent agreement with Soviet equation-of-state
theory up to shock velocites of 14 km/s, where subseguent departure from theory is attri-
buted to the screening layer. Our ultraviolet data are in very good agreement with Soviet
theory. Our 520-nm data show substantial departure from the Soviet curve in Fig. 8. We do
not know why our 52(-nm points are above the curve for the cylindrical tests and below it
for the average of planar shocks. For both visible and uv, our data indicate a fall-off
from the trend for the higher velocities. Zatsepin et al. do not observe this fall-off
until velocities of 15 km/s are reached. The data point from Model' in Fig. B represents a
large departure from theory.
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Fig. 8. Measured and theovetical brigitness temperatures of shock fronts in argon gas as a
function of shock velocity Our polnts are ficm cylindrical expansions (UV-23), except for
those puints with error bars that repiesent averages of planar shock results.
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In Fig. 9 available brightness temperature data for Xenon are shown along with theore-
tical curves. Most of the points are from Zatsepin et al. recorded at A = 430 nm. One
point each from our woik and from Model' is incliuded. It is thought that the screening
layer is responsible for most of tlie points lying below the curve.* Again, however, our
results agree rather well with those from Ref. 4. Kerley's theory,® covering 2-6 km/s, is
in excellent agreement with the Soviet theoretical results. He also computed temperatures
for argor, at p_ = 0.006 g/cc density (~4.6 local atmospheres), obtaining ~10% higher temper-
atures near 9 / 3 shock velocities than at 1 atm. This result agrees with our data.
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Fig. 3. Measured and theoretical brightness temperatures of shock front in xenon gas as a
function of shock velocity. Our datum is from planar shock wave studies.

Othev rare gases have been investigated, but less extensively. Model' reports® a temper-
ature of 34 kK for a 17.2-km/s shock wave in krypton. Roth® measured 38 kK for a velocity
of 8.3 km/s, somewhat higher than our value of 30 kK. Tsikulin and Popov*® report a tempera-
ture of 32 kK at A = 280 nm 2nd at a velocity of 8-9 km/s. Our value, obtained at that
wavelength and similar shock - ‘locity, 18 in good agreement with this result.

For neon, also, the measurements of Tsikulin and Popov® are in very good agreement with
our results, shown in Table 1.

summary and Conclusions

High explosives have been used to shock-heat rare gases to measured brightness tempera-
tures up to 36 000 K. The area of the radiating shock fronts was large in both the planar
and cylindrical geometries used. Clnse agreement between temperatures mneacured at both
ultraviolet and visible wavelengths indicates that the sources are blackbody radiatore. The
continuous nature of the emission spectrum of the shockfront supports this conclusion.

The planar shocks reported here had radiating areas of 75 cm?. Shock waves through
argon jas were studied extensively. At one local atmosphute the temperature measured ftor
the emission of an argon shock at its peak velocity of 9 mm/us was 25 kK. At six times this
pressurc, the measured temperature wag approximately 10% higher.

Substitution of other rare gaseg into the shock tube resulted in some measured emission
Bignals that are proportional to the sdquare root of the atomic weights. For Xe a rpeak
temperature of 36 kK was measured.



In radially exvandirg shock waves, stable large-area fronts in argon were observed.
The temperatures and profiles of shock fronts were measured using two i itiation schemes.

Temperature and velocity as a function of time were determined and compared with results of
other research.

For the axially initiated explosive, a cylindrical shock wave having an area beginning
at 480 cm? and expanding to 5500 cm? was studied. During this expansion, the terperature
fell from 26 kK to 19 kK, but the area-integrated radiation from the front continued to rise
over the full 5C-ps oubservation time. The total optical energy according to a blackbody
calcu’.ation was 2 x 10% J for an explosive energy to optical energy yield of 4)%. Greater
efficiencies using xernn can be expected.

More information can be found in a report!?® that describes a.l our measurements in de‘ail.
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