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Shock-wave-induced optical emission from sapphire in the stress range 12 to 45 GPa:
Images and spectra
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We took short-duration exposure images and spectra of the optical emission from shock-compressed single-

crystal sapphire (a-Al2O3) for three common crystal orientations:c-plane$0001%, a-plane$112̄0%, andr-plane

$11̄02%. The images show that this emission is not homogeneous, but is spatially localized. For a given shock
stress, ther-plane orientation consistently produces less emission intensity than the other two orientations. The
emission spectra were fit to a gray-body function. Apparent temperatures range between 4700 and 5400 K,
consistent with earlier spectroscopic work. The value of the apparent emissivity in the spectral fits is very low,
between 231023 and 631023. We attribute the emission source to be shear banding which is not associated
with twinning or slip on$0001%.
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I. INTRODUCTION

A shock wave is a large-amplitude compressive str
wave which is characterized by a very abrupt region of tr
sition from the uncompressed state to the compressed
~the ‘‘shock front’’!.1 Shock waves are related to soun
~small-amplitude stress wave phenomena! and a weak shock
wave propagates through a solid material at a speed com
rable to the longitudinal sound speed in that same mate
However, shock wave propagation speed increases ste
with increasing amplitude and a strong shock wave w
propagate somewhat faster than the sound speed.

A one-dimensional steady shock wave, such as can
launched by the high velocity co-planar impact of a flat p
jectile with a flat target, is a very convenient way of gen
ating large compressive stresses~readily in excess of one
million atmospheres for many solid materials!. Compression
using a strong shock wave has been an important techn
for attaining high pressures in condensed matter for m
years.2 Optical experiments on shock compressed sam
frequently require the use of an optical window. Such a w
dow has two main functions: to allow optical radiation a
cess to the sample surface and to pressurize the sample
face. For example, a window is useful for studying
opaque material such as a metal. For metals, all optical m
surements are restricted to within a few nanometers of
surface. However, a free surface is not useful for observ
high-pressure states because a free surface cannot be
surized, hence the need for a transparent window.

Not all transparent, rigid materials make suitable windo
for this application. A popular material for many shoc
compression applications is lithium fluoride~LiF!.3 The out-
standing feature of LiF is its optical transparency und
shock load conditions. Its shortcoming is that it has a re
tively low shock impedance ([mass density
3shock velocity), making it rather inefficient at pressurizi
samples. Sapphire, on the other hand, would seem to h
0163-1829/2002/66~1!/014108~11!/$20.00 66 0141
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superior window qualities. It has a rather high shock impe
ance among window materials. Sapphire is readily synt
sized in large, pure, single-crystal windows of high structu
perfection and is relatively inexpensive. The room
temperature and pressure~RTP! transparency of the materia
is quite good. The useful transparency range of as-gro
synthetic material extends from 250 to 4500 nm, and t
range can be extended in the ultraviolet to 140 nm w
special processing.4

Unfortunately, this excellent transparency under RTP c
ditions deteriorates significantly under shock loading con
tions. Very early in the history of the velocity interferomet
system for any reflector~VISAR! ~Ref. 5! measurements i
was discovered that sapphire was unsuitable as a VIS
window when its Hugoniot elastic limit~HEL! is exceeded.
~The HEL is the maximum shock stress that a sample w
sustain without undergoing plastic deformation. It genera
depends on crystal orientation for single-crystal sample!
Urtiew investigated the suitability of sapphire as a pyrome
window for 900 nm light.6 He concluded that under thes
conditions sapphire was transparent at 85 GPa but sho
loss of transparency above 100 GPa. His crystal orienta
was given as 60° off of thec-axis. Regarding the work o
Urtiew, McQueen and Isaak pointed out that the appar
loss of transparency could have been caused by the refer
window material~sodium chloride! becoming hot and opti-
cally thick.7 McQueen and Isaak interpreted their own resu
as indicating that sapphire was probably transparent up
200 GPa. Webb, using light of wavelength 300–500 n
demonstrated that for thec-plane~‘‘ Z-cut’’ ! orientation, loss
of transmission began at thec-plane HEL and increased dra
matically with additional increase in stress.8 He was unable
to distinguish between scattering and absorption as
mechanism responsible for loss of transmission. No wa
length dependence was found for this transmission loss
tween 300 and 500 nm. Kondo found that the emission sp
tra of shock-compressed sapphire between 15.6 and
GPa could be described as gray-body radiation with a fitt
©2002 The American Physical Society08-1
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D. E. HARE, N. C. HOLMES, AND D. J. WEBB PHYSICAL REVIEW B66, 014108 ~2002!
temperature of about 4930 K6470 K.9 Within the uncer-
tainty in his data, this fitting temperature appeared to be
dependent of shock stress, but that the fitting emissivity
his results did increase with shock stress. Kondo’s fitt
temperature is much higher than the 310–620 K compu
for sapphire in the same shock-stress range10 based on its
thermodynamic properties and the conservation equation
fluid dynamics as specifically modified for shoc
compression.11 Kondo attributed the emission mechanism
sapphire to ‘‘triboluminescence with a long decay time.’’ E
tending Webb’s afore-mentioned work, Kwiatkowski an
Gupta studied the emission, extinction~450–650 nm!, and
scattering~514.5 nm! of c-plane sapphire above the HEL.12

They found weak, broadband emission~which was, however,
too narrow to be gray body!, extinction which was more
effective for shorter wavelengths, and showed that at le
part of that extinction was due to scattering. By further
suming that all extinction was due to scattering, they fou
the extinction was consistent with a distribution of Mie sc
terers small compared to a wavelength of light.

Regarding the imaging of shock-induced emission
other transparent crystals, Brooks demonstrated that the c
tal orientation ofa-quartz made a striking difference in th
appearance of the emission images.13 He concluded that the
emission for theX orientation was associated with piezoele
tric activity, whereas emission from theY andZ crystal ori-
entations was a more common type of triboluminescence
was similar to shock-induced emission seen in fused sil
~Note: The piezoelectric effect is symmetry forbidden in sa
phire.! Brannon, Morris, Konrad, and Asay showed imag
and optical pyrometry measurements ofX-cut a-quartz and
another transparent and piezoelectrically active crystal,Z-cut
lithium niobate.14 The quartz images revealed intense, s
tially localized emission coming from distinct crystallo
graphic planes, which the authors identified as known fr
ture planes in quartz. They showed that the onset of emis
occurred at dynamic yielding and that it eventually beca
spatially homogeneous as stress increased. They found
emission from quartz to be bandlike and similar to photo
minescence spectra from structural defects of quartz.

The intent of this work is to study shock-compressio
induced optical emission in fully oriented single-crystal sa
phire by concurrent spectroscopic and imaging meas
ments, specifically to improve understanding of t
connection between sapphire crystallography and this e
sion. More generally we seek to further understand opt
windows, including their deformation mechanisms, a
eventual failure as an effective optical window under sho
compression conditions.

The present work extends previous work by concurren
examining the spatial and spectral distribution of sho
induced emission in sapphire. It shows how this emissio
affected by crystal orientation and shock stress.

II. EXPERIMENTAL PROCEDURE

Colorless, synthetic, single-crystala-Al2O3 ~sapphire!
was purchased as disks 3.00 mm thick by 15.0 mm diam
with the disk surface in the basal orc-plane$0001%, a-plane
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$112̄0%, andr-plane$11̄02% orientations from Meller Optics,
Inc. ~see Appendix B!. Sample purity was 99.99% or bette
Some of ther-plane, and all of thec-plane anda-plane
samples were fully oriented by Laue backscattering.15 The
remainder of ther-plane samples were fully oriented usin
crossed polarizers~i.e., location of the optic axis!. The fully
oriented samples were indexed with the appropriate ma
ings so that full sample orientation could be reconstructed
the emission images.

The sample construction is outlined in Fig. 1. The dia
eter of a sample was fitted into a stainless steel ring to m
mize potential emission due to lateral unloading of t
sample. The ring was blackened to minimize spurious opt
reflection. The ring-sample assembly was bonded to a b
plate of either 1.8-mm-thick stainless steel or 2.0-mm-th
iron using a thin layer of epoxy. The sample surface bond
to the baseplate had been coated with 500 nm of chrom
so that the baseplate-epoxy-sample joint~a potential source
of spurious emission! was hidden from imaging and spectr
view. Electrical shorting pins were used to trigger the dia
nostics and to determine impactor tilt.

Shock compression was achieved by impacting
sample with a 1.6-mm-thick tantalum impactor pla
mounted in a polycarbonate sabot, which was launched f
a two-stage light gas gun.16 For impactor velocities below
1000 m/s a single-stage gas breech gun was used. The
jectile impacts the sample assembly from the baseplate s
launching a shock-compression wave which propagates
ward the sample. The direction of propagation of the sho
wave is normal to the specified orientation plane. For
ample, a shock-compressedr-plane sample means that
shock wave was launched in single-crystal sapphire with
rection of propagation normal to$11̄02% ~and consequently
the wave front was co-planar with$11̄02%). The experimen-
tal apparatus is illustrated in Fig. 2.

Shock stresses in sapphire were computed accordin
the proceedure outlined in Appendix A using measured
pactor velocities and the known mass densities and Hugo
data of the baseplate, sapphire,17 and impactor materials.18

Elastic wave data for computing elastic stresses inc-plane
sapphire were taken from Graham and Brooks.19 There are
two special issues to be addressed concerning our repo

FIG. 1. Front and side view of sapphire targets. The basepla
made of either 304 stainless steel or iron. The sapphire sample
a 500-nm-thick chromium coating which faces the baseplate~not
shown!. The coated side of the sapphire is bonded to the basep
with a very thin layer of epoxy. ‘‘SS’’ stands for stainless steel.
8-2
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SHOCK-WAVE-INDUCED OPTICAL EMISSION FROM . . . PHYSICAL REVIEW B66, 014108 ~2002!
values of shock stress. First: Shock-stress for each cry
orientation theoretically should be evaluated using Hugon
data for the same orientation. Second: There are large un
tainties in the value of shock stress near the HEL, as with
value of the HEL itself.

Regarding the first issue, for the elastic case we used
c-plane Hugoniot data to evaluate stress inc-plane samples
so this issue does not arise for our elastic stresses. Fo
plastic Hugoniot we used the Los Alamos compiled dat17

for sapphire of unspecified orientation and applied it to
three of our crystal orientations. Based on recent so
speed work20 for a-, c-, andr-plane sapphire, we believe th
worst-case scenario is a 4% error in shock stress for
target geometry due to this particular issue.

Regarding the second issue, as mentioned previously
used the Los Alamos compiled plastic Hugoniot data for p
sumed plastic stresses above 13 GPa whether it was ap
priate or not. In fact, the data composing this Hugoniot
tends from a nominal 21.3 to 143.5 GPa. Plastic stres
reported between 13 and about 30 GPa should be consid
very approximate, as well as elastic stresses above 12
In anticipation that there may be a future resolution to t
problem which could result in more accurate evaluation
sapphire shock stress in this troublesome range, Table
ports the necessary data to re-evaluate this quantity.

Light for spectral analysis was collected by a 0.22 n
merical aperture 200-micron-silica-core optical fiber whi
was mounted against the free surface of the sample.
fiber led out of the target chamber to a single monochrom
fitted with a gated, intensified diode array detector. The sp
trograph acquired one exposure per experiment. Expo
length ranged from 50 to 140 ns but the spectral expos
gate pulse was centered on the time when the shock w
was halfway through the sapphire sample. The range
wavelengths collected was 280–730 nm and the sp
trograph was operated with a resolution of 15 nm. A qua
halogen illuminator was calibrated as a portable second
standard of spectral irradiance, and used to calibrate

FIG. 2. Schematic of experimental setup. Both imaging cam
and spectrograph have associated controllers, pulsers, and da
quisition computers~not shown!.
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spectrograph for spectral irradiance at the entrance sid
the optical fiber.

The sample emission for the image was relayed by a m
ror through a target-chamber window to the imaging came
The imaging camera was fitted with an f/2.8, 180 mm ca
era lens for good filling of the intensified CCD came
~ICCD! array by the image. One image was acquired
experiment and the exposure duration varied between 12
50 ns. Typically the imaging exposure gate pulse was c
tered at the time where the shock wave was computed to
about one-third to halfway into the sample. The imagi
camera was operated without bandpass filters and was s
tive to wavelengths in the approximate range of 350–8
nm.

III. RESULTS

Many of the lower stress experiments did not gener
enough signal for a spectrum. However, when spectra w
successfully acquired they were flat and featureless, w
spectral irradiance being fairly evenly distributed at all wav
lengths within the spectrograph range. In Fig. 3 we show
raw sample spectrum~shot 635,c-plane 45 GPa! along with
the secondary standard~illuminator!, and a dark count, with
the sample and standard spectra offset vertically for illus
tive clarity. In the sample spectrum chosen for this figu
there appears to be just a hint of a low, very broad feat
which appears as though it were centered at roughly 730
but this feature was not reproducible. All experiments wh
yielded a usable emission spectrum~i.e., measurably differ-
ent from a dark spectrum! were qualitatively similar to that
of Fig. 3 including two spectra at the lower end~20–22 GPa!
of the stress range studied.

We used a standard of spectral irradiance to calibrate
spectrograph prior to each experiment. The spectrograph
always calibrated such that a known spectral irradiance w

a
ac-

TABLE I. Data for recomputing shock stresses in sapphi
‘‘iron’’ is pure iron. ‘‘SS’’ is 304 stainless steel.‘‘incident stress’’ is
the shock stress in the baseplate created by the impactor-base
impact and is incident on the baseplate-sapphire junction.‘‘Samp
gives the crystal orientation of the sapphire.‘‘Nominal stress’’ is t
approximate stress of transmitted shock wave in sapphire. Stre
computed using the elastic sapphire Hugoniot are in parenthes

Shot number Baseplate Incident
stress~GPa!

Sample Nominal
stress~GPa!

627 iron 20.27 r 20.4
628 SS 22.77 c 21.1
630 SS 23.42 a 21.7
631 SS 53.56 r 47.2
635 SS 50.51 c 44.7
636 SS 50.23 a 44.5
637 SS 46.83 r 41.6
638 SS 45.14 c 40.2
822 SS 22.96 c 21.2
823 SS 14.00 c 13.2 ~15.0!
824 SS 10.61 c 10.1 ~11.5!
825 SS 23.60 c 21.8
8-3
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D. E. HARE, N. C. HOLMES, AND D. J. WEBB PHYSICAL REVIEW B66, 014108 ~2002!
applied to the entrance end of the optical fiber~the end which
would be eventually butted up against the sample! gave a
certain measured response of the spectrograph. This al
us to reconstruct from our spectra that component of ave
spectral irradiance at the fiber entrance position which w
propagated by the fiber~i.e., within its numerical aperture!.
We then did a gray-body fit to this emission, with appare
emissivity e8 and apparent temperatureT8 being the fit pa-
rameters~also see Appendix C!:21,22

Wl85
e82phc2

l5S expS hc

lkT8
D 21D . ~1!

HereWl8 is that portion of the average spectral irradiance
the fiber entrance which is within the acceptance cone of
fiber, h is the Planck constant,c is the speed of light in
vacuum,k is the Boltzmann constant,l is the wavelength of
the radiation~in air!. We applied this fit to all experiment
which gave usable emission spectra. We mention here
the fit to a gray body is an expedient: we reserve judgmen
to whether this light is or is not thermal incandescence. F
ure 4 shows two representative examples: shots 635 (c-plane
45 GPa! and 636~a-plane 45 GPa!. The former yielded 4780
K ( 63%) with an e8 of 2.031023 (617%). The latter
yielded 5383 K (67%) with ane8 of 5.431023 (632%).
These temperature and emissivity uncertainties are gene
by the fitting routine and are only indicative of the goodne
of fit of the gray-body function to the data. The fits are m
ginal, but the conclusion is in good quantitative agreem
with Kondo regardingT8. Our e8 also compare favorably to
emissivity values plotted in Kondo’s Fig. 5, which appear
center at about 531023 at about 45 GPa.

Figure 4 also shows an attempted blackbody fit of
same data sets~i.e., e8 was constrained to be 1!. Clearly,
these two blackbody fits are not right at all, but this
tempted procedure illustrates two interesting points:~i! T8 of
a gray-body fit is derived from the shape of the spectru
Because the measured spectral irradiance is quite flat ac
the range 400–750 nm theT8 are coming in around 5000 K
which is peaked near the middle of this wavelength ran

FIG. 3. Examples of raw spectra:~i! Shock-induced emission
spectrum from shot 635 (c-plane at 45 GPa, offset by 1000 counts!.
~ii ! portable standard of spectral irradiance, offset by 300 cou
~iii ! dark count spectrum.
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~ii ! e8 simply scales the gray-body function without chan
ing its shape. Thus theT8 are around 5000 K because th
shape of the emission spectra are almost flat over the
served range of wavelengths.e8 is very low because the
spectral irradiance of the emission measured at the entr
of the optical fiber is very low compared to the spectral
diant emittance of a 5000-K blackbody surface.

Plotted in Fig. 5 are theT8 for all our successfully ac-

s.

FIG. 4. A gray-body and blackbody fit of the spectra of shoc
induced emission from sapphire for~a! c-plane at 45 GPa, and~b!
a-plane at 45 GPa.

FIG. 5. Measured gray-bodyT8 for shock-induced emission
from sapphire versus shock stress, plotted with sapphire melt
versus hydrostatic pressure. Measured gray-body shockT8 are from
this work and Kondo. Measured melt-line data are from Shen
Lazor. Calculated melt line data are from Wang, Mao, and Saxe
The Clausius-Clapeyron melt line slope, evaluated fro
atmospheric-pressure data, is also shown.
8-4
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SHOCK-WAVE-INDUCED OPTICAL EMISSION FROM . . . PHYSICAL REVIEW B66, 014108 ~2002!
quired spectra together with the gray-body fit data of Kon
Our T8 are the same to within the error bars and are in v
good agreement with his results. Kondo measured this p
erty over a larger shock stress range~15.6–84.7 GPa! for
sapphire of unspecified crystal orientation. He found that
T8 were independent of shock stress. Our data augment K
do’s original result by showing thatT 8 does not seem to
depend on crystal orientation. Also shown in Fig. 5 are m
ing temperature data from Shen and Lazor23 and computed
melting temperatures from Wang, Mao, and Saxena.24 The
Clausius-Clapeyron relation25 was evaluated using one atm
sphere melting point data from various sources26,27 and
therefore the result should accurately represent the slop
the melting curve for low pressures. For shock emissionT8
the stress variable of Fig. 5 is shock stress~i.e., the normal
stress on a plane which is both behind, and co-planar w
the wave front!. For melting curve results, it is hydrostat
pressure. For an inviscid fluid there is no difference betw
shock stress and pressure, but for materials of finite stre
the final strain state achieved by a shock wave and a hy
static compression are distinctly different. In the extre
case of an isotropic elastic medium, a stress wave resul
uniaxial strain whereas hydrostatic compression results
isotropic strain. Our point here is that melting temperat
versus shock stress will not necessarily overlay melting te
perature versus hydrostatic stress for sapphire mode
above its HEL. We therefore plot shock-compression d

FIG. 6. Shock-induced emission~negative! images ofc-plane
sapphire at shock stresses between 11.5 and 22 GPa. Relative
era gain is also given. Greater gain means increased sensitivi
emission. Thus the real disparity in emission intensity is ev
greater than is apparent, because the lower the stress, the high
sensitivity the camera was operated at.~a! 22 GPa, gain51. ~b! 21
GPa, gain51. ~c! 13 GPa~assuming plastic Hugoniot! or 15 GPa
~assuming elastic!, gain52.5. ~d! 11.5 GPa~elastic!, gain58.3.
01410
.
y
p-

is
n-

t-

of

h,

n
th
o-
e
in
in
e
-

tly
ta

versus shock stress and hydrostatic compression data v
pressure. We believe the comparison is worthwhile
should not be expected to be perfect.

Temperatures for the homogeneous shock-compre
state of the base plate and window can be estimated base
the steady-shock conservation equations and a therm
namic equation of state for the material. For our lower str
range~for computational purposes, taken as 22 GPa! the pre-
dicted final sapphire temperature is around 39 °C. Final ba
plate temperatures~iron or stainless steel! should be less than
120 °C. For our higher stress range~taken as 45 GPa! the
final sapphire temperature is predicted to be at 120 °C
the baseplate materials at less than 370 °C. There is a
serious disparity between these computed temperat
andT8.

Figure 6 shows four images ofc-plane sapphire shocke
to stresses from 11.5 to 21.8 GPa. This figure clearly de
onstrates that for thec-plane case, the emission basica
turns on between 13 and 22 GPa. Since the HEL ofc-plane
sapphire8 is also reported to be within this stress range,
shock-induced emission appears to correlate with the o
of plastic deformation in sapphire, at least for thec-plane
case.

We used fully oriented samples in an effort to correla
emission with slip on known crystal slip planes of sapphi
We found what can be at very best described as slight
admittedly somewhat subjective evidence for such a corr
tion. If such a correlation does exist for these three crys
orientations of sapphire, then it is much weaker than
effect previously demonstrated forX-cut a-quartz.13,14

Figure 7 shows a quantitative comparison of the sho
induced emission images at the low-end stress range 20
GPa. Thec-plane anda-plane bright regions are heavily satu
rated due to the high effective gain conditions used for
detector for the low-end stresses. Clearly ther-plane sample
emits less light thana- or c-plane. Figure 8 is, likewise, a
quantitative comparison at the high-end stresses~40–47
GPa!. It also shows that ther-plane again yields the leas
shock-induced emission of the three orientations. This c
dependence of the emission on sapphire crystal orienta
and the apparent turning on of the emission at the sapp
HEL are two pieces of compelling evidence that the sou
of the emission is indeed the sapphire, and not the m
coating, glue joint, or baseplate that backs the sapphire.

am-
to

n
the

FIG. 7. Shock-induced emission~negative! images forr-, c-,
anda-plane sapphire for the lower stress range. Within this figu
emission intensity is quantitatively comparable. From left to rig
r-plane at 20 GPa,c-plane at 21 GPa,a-plane at 22 GPa. 20 GPa i
well beyond ther-plane HEL.
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IV. DISCUSSION

The heterogeneous nature of the shock-induced emis
suggests shear banding as a plausible source of the emis
As our interpretation of the results invokes shear-band
theory,28,29 a brief summary of this effect will be given here
A simple case example is illustrated in Fig. 9. Initially, m
terial is undergoing plastic deformation at a const
~throughout space! shear-strain rate. This type of plast
shear deformation is unstable in materials which therm
soften. Shear flow stress is lower in regions of higher te
perature. Reduced flow stress tends to funnel the global s
displacement into these warmer regions, causing a loc
enhanced shear strain rate. Enhanced shear strain rate
to increased frictional generation of heat, which further he
and softens the already hot area which again leads to
higher local shear strain rates. This effect gives rise t
tendency for a homogeneously shearing, homogeneo
heating body to evolve into a heterogeneous structure wi
very narrow region of violent shear and heat generation
jacent to regions of rigid-body motion with no heat gene
tion. This narrow region of intense localized shear flow is
shear band. We do not discount the possibility that mate
within the shear band could be heated beyond the mel
point ~the ultimate thermal softening!!.

TEM studies of several crystal orientations of sapph
shock compressed and recovered from stresses up to 24
indicate that twinning on thec-plane$0001% is the dominant
deformation structure remaining in the recovered mater
and also that these structures were minimal for the shoc
c-plane sapphire.30,31 It is easy to rationalize why deforma

FIG. 8. Shock-induced emission~negative! images forr-, c-,
anda-plane sapphire for the higher stress range. Within this figu
emission intensity is quantitatively comparable. Clockwise, star
from upper left:r-plane at 42 GPa,r-plane at 47 GPa,a-plane at 45
GPa,c-plane at 40 GPa.
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tion on $0001% would be minimal in the case ofc-plane
samples since a longitudinal wave propagated exactly do
the c-plane normal puts zero shear stress on$0001%. The
a-plane orientation holds$0001% at 90° to longitudinal wave
propagation down thea-plane normal. In this latter case th
magnitude~see Appendix D! of the shear stress on$0001% is
nonzero, but still small relative to the shock stress~5%, the
magnitude of the ratio of the elastic constantsc14/c11).

20 On
the other hand, ther-plane orientation holds$0001% at 57.6°
relative to the direction of shock propagation so that
magnitude of the shear stress on$0001% will be much larger
~approximately 35% of the shock stress! than for the other
two orientations.

The r-plane orientation shows reduced shock-induc
emission. Hyun, Sharma, and Gupta showed that it has
other interesting property: Its HEL is nearly a factor of
smaller than that of thea- and c-plane orientations~about
8.0–8.5 GPa forr-plane!.32

As discussed above, deformation on$0001% is a conspicu-
ous feature in shock-recovered sapphire samples. It is
clear whether this deformation occurred during the o
dimensional~1D! loading or complicated unloading proces
If we assume this deformation was due to loading proc
then it is a plausible mechanism for the low HEL ofr-plane
sapphire, since the shear stress magnitude on$0001% is sig-
nificantly greater forr-plane than for the other two orienta
tions. Furthermore, if the shock-induced emission is in f
thermal incandescence, the reduced flow stress ofr-plane~as
manifested by the reduced HEL! shows that the viscous dis
sipation~the frictional heat source term in the energy equ
tion! is reduced. All else being equal, this would imply r
duced deformation zone temperatures and hence less the
emission.

But even if the emission is not thermal incandescence
the r-plane material endures the most deformation on$0001%
and it always shows the least emission of the three orie
tions it seems reasonable to conclude that the prominent
tical emission ofa- andc-plane samples is not generated
twinning and slip on$0001%.

We have presented evidence that the observed sh
induced emission is associated with the inelastic deforma

FIG. 9. Shear banding. The roughly micrometer-thick~Ref. 28!
shear band and its associated rigid-body-motion region. This s
band/rigid structure grows at the expense of the constant sh
strain-rate plastic flow region.
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of sapphire. Is this shock-induced emission thermal inc
descence, or is it some nonthermal form of mechanolumin
cence? We still do not know the answer to this. We lay
both cases for the reader to consider.

The case for nonthermal mechanoluminescence: Figu
shows that the melting temperature of sapphire increa
with increasing hydrostatic pressure. The melting tempe
ture is a natural place to pin the temperature of a shear b
as will be explained momentarily. Yet Kondo’s and our fitt
temperatures of this emission seem to support an emis
temperature which is independent of stress. Why does
measured emission temperature not increase with increa
shock stress in a similar fashion to the expected melt
behavior? Kondo also came to the conclusion that sapp
emission was some nonthermal form of mechanolumin
cence. However, his conclusion was based on the emis
appearing to increase as the sapphire started to unload.
distinctly possible that the emission from unloading sapph
is due to an entirely different mechanism from the emiss
generated by the loading process.

The case for thermal incandescence: Referring agai
Fig. 5: The pressure dependence of the melting tempera
has not been experimentally determined beyond 26 GPa.
behavior of the melt line above this stress is supported
tirely by simulation. There are disturbing inconsistencies
tween the simulation and the experimental data in their ra
of mutual overlap. The experimental data below about 8 G
seem to agree with the Clausius-Clapeyron result. The si
lation data clearly do not. There appears to be a chang
slope of the experimental data at around 8 GPa which is
reproduced in the simulation and the experimental d
above 8 GPa support a more gentle increase in melting t
perature with pressure than does the simulation.

The emission-inferred temperatures are not right on
expected melt temperatures but they are not drastically
either. The emission temperatures are about 50% higher
the expected melt temperatures. The fit temperatures de
heavily on the gray-body assumption~that the spectral emis
sivity is wavelength independent!. The gray-body assump
tion is purely expedient.

Why should thermal incandescence be expected to t
the melt line? Most materials soften as the melting tempe
ture is approached. If there is a discontinuous decreas
flow stress upon melting, then the viscous dissipation~the
source term for the heat diffusion equation in shear band!
will basically turn off at melting. With the source off, th
shear band temperature will decrease. Decreasing temp
ture favors resolidification. If the material starts to resolidi
the flow stress will abruptly increase and the source will tu
back on, driving the temperature up again. It is a natu
thermostat that tends to keep the shear band temperature
the melting temperature.

As a final observation, we note the appearance of br
circular rings of emission in certain images at the up
stress range~for example, shot 636 of Fig. 8!. The size of the
largest of these rings is about 0.5 mm in radius. If we assu
that the source that made the largest ring has been in op
tion the longest time~this exposure was made about 140
after first entry of the shock wave into the sapphire! we get a
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crude estimate that the radius of the circular projection
growing at about 3–4 km/s~elastic shear wave speeds
sapphire are around 6 km/s!. As these structures are almo
perfectly circular in projection, the source which produc
them is very small compared to 1 mm. Because there is
an obvious size gradient with respect to position on the
age, the sources can not be confined to a planar region
as the chromium coating on the sample’s upstream surfac
that the source of this emission seems to be distribu
throughout the bulk of the sample. These interesting str
tures are almost certainly connected with spherically or
lindrically symmetric stress waves of some sort but we
not attempt further speculation at present.

V. CONCLUSION

There is an extensive body of pre-existing work conce
ing shock-induced emission from sapphire. Our work e
tends previous knowledge by studying this emission
shock waves propagated in three different crystal directi
using fully oriented single-crystal samples, and by imag
this emission in conjunction with spectroscopy of this em
sion. The most important result of this paper is that the em
sion intensity is significantly reduced for the case ofr-plane
orientation relative to the other two orientations studied~a-
andc-plane!. Although the source of this emission is linke
to plastic deformation, it is not the plastic deformation mo
commonly found in shock-recovered sapphire samp
namely basal slip and twinning~deformation on$0001%!.
This is because ther-plane orientation yields the least emi
sion intensity, but available evidence suggests it should
dure the most basal deformation of the three orientati
studied in this work.
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APPENDIX A: COMPUTATION OF SHOCK STRESS

The shock stresses which we reported for our sapp
samples and target baseplate~summarized in Table I! were
computed according to standard proceedures used in the
of shock compression in condensed matter, which we out
very briefly below. Good references for this subject are R
2 and 33–35. For the reasons mentioned in the Experime
Procedure section, the stresses computed by this metho
~nonelastic! sapphire in the 13–30-GPa range should be c
sidered approximate.

This appendix is not meant to be exhaustive or comp
regarding the general theory of impact-generated st
waves in solids. It does, however, lay out the basic ideas
algebra necessary to generate Table I. It is intended to
kept simple and informative for the layperson seeking a v
basic understanding of how the shock stress values of T
I were computed.

We begin by considering a steady planar shock w
propagating through a fluid. We use the example of a fl
for conceptual simplicity, but the resulting expressions
also applicable to shock compression of solids, provided
the stress variable is correctly interpreted.

The case of the steady planar shock wave is readily a
lyzed by considering a reference frame which travels at
same constant velocity as the shock front. In this refere
frame, the steady shock wave is a time-independent struc
with material flowing into the front region at constant velo
ity and exiting the front at a constant, but reduced veloci

The continuity ~conservation of mass!, momentum, and
energy equations of fluid dynamics in their one-dimensio
steady-flow form may be applied directly to the stea
shockwave flow pattern. The continuity and momentu
equations are~respectively!

r1u15r0u0 , ~A1!

p11r1u1
25p01r0u0

2 . ~A2!

p0 , r0, andu0 are the fluid pressure, mass density, and fl
velocity ahead of the shock front. The subscript ‘‘1’’ appli
to the same quantities behind the front~note: the energy
equation is not usually needed when computing shock st
by the method which we outline here!.

A particularly useful expression is obtained by transfor
ing the continuity and momentum relations into a referen
frame at rest with respect to the material ahead of the fr
(p5p12p0 ,u15Us ,u25Us2Up) and then appropriately
combining them to eliminater1

p5r0UsUp . ~A3!

Here,Us is the shock front propagation velocity relative
the material ahead of the front, andUp is the particle veloc-
ity of the shock-compressed material behind the front w
respect to the material ahead of the front. The direction ofUp
is to flow towards the front. In fluids,p is the increase in
fluid pressure behind the shock front with respect to the p
sure ahead of the shock front.

We used the example of a shock wave in a fluid beca
of familiarity that much of the readership probably has w
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the elements of fluid dynamics. It turns out that the conce
of conservation of mass, momentum, and energy are equ
applicable to shock waves in solids and Eq.~A3! is still
applicable, provided thatp is given a slightly different inter-
pretation.p must now be reinterpreted as the increase
normal stress on a plane which is co-planar with the sh
front. p as reinterpreted for solids is refered to as the ‘‘sho
stress’’ throughout this paper.

Using Eq.~A3! we can construct the~very useful! loading
curve ofp versusUp for a given material. To do so, we mus
know the material’s initial state mass density, and also kn
the mathematical relationship betweenUs and Up for the
material. This latter functional relationship is frequently re
ered to as a ‘‘Hugoniot.’’ There is a unique Hugoniot for ea
unique initial state of each material, and each Hugonio
usually determined through numerous shock compres
experiments on the same material starting from the sa
initial state. The most widely known and used Hugonio
have the RTP~room temperature and pressure! state as the
initial state and unless otherwise stated the term ‘‘Hugoni
will mean the Hugoniot with the RTP initial state. It is foun
empirically that the simple linear form

Us5c1sUp ~A4!

is adequate over a large range of shock stress for many
terials, including the impactor and baseplate materials u
in this work.

Under conditions which are met by tilt-free, normal inc
dence, high velocity impacts in most materials, the imp
process launches two counterpropagating, steady sh
waves: one in the impactor and one in the baseplate. Th
are two boundary conditions for this case:~i! net shock stress
is continuous, and~ii ! net particle velocity is also continou
across the~sample baseplate! junction after impact. Arith-
metically speaking, these two conditions are expressed
follows:

pA5pB , ~A5!

U f2UpA5UpB . ~A6!

Here the subscriptsA and B denote the impactor and bas
plate, respectively.U f is the velocity of the impactor~the
‘‘flyer’’ ! before impact. The negative sign in front ofUpA is
because the shock wave in the impactor propagates in
opposite direction to the motion of the flyer and the sho
wave in the baseplate.

The above impact boundary conditions have a very n
visual representation in the form of ap versusUp plot. In
such a plot, the baseplate is represented by itsp vs Up curve
centered onp50, Up50. The impactor is represented by i
p vs Up curve reflected about the planeUp50 ~because the
impactor wave counterpropagates relative to the basep
wave! and also translated fromp50, Up50 to p50, Up
5U f ~because prior to impact, the impactor is in the init
state p50, Up5U f). The reader can convince his/herse
that the two boundary conditions above are satisfied at
intersection of the baseplate and impactor curves and th
8-8
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SHOCK-WAVE-INDUCED OPTICAL EMISSION FROM . . . PHYSICAL REVIEW B66, 014108 ~2002!
fore p andUp of the loaded baseplate is simply given by th
intersection on thep versusUp plot. This is illustrated in
Fig. 10.

We have just outlined how to determine the shock str
generated in the baseplate due to the impactor. How does
shockwave from the baseplate transmit into the sapp
sample? This latter case is more like familiar optics pheno
ena; there are now three waves to consider:~i! a shock-wave
incident on a stationary baseplate sample junction;~ii ! a
shock wave transmitted into the sample;~iii ! a wave reflected
by the junction back into the baseplate. This reflected w
can be either a shock or rarefaction wave depending
whether the shock impedance~i.e., the productr0Us) of the
sample is greater than, or less than that of the basep
respectively.

As with the direct impact case, the appropriate bound
conditions are continuity of the net shock stress and net
ticle velocity across the junction. This can be written as

pBi1pBr5pC , ~A7!

UpBi2UpBr5UpC . ~A8!

B andC are the baseplate and sample materials, respecti
i and r indicate the incident and reflected waves, resp

FIG. 10. The data of shot 635,U f51.754 km/s. Top: Thep vs
Up plot for the tantalum impactor on the 304 stainless-steel ba
plate. The crossing point of the two curves gives the shock st
generated in the baseplate. Bottom: Thep vs Up plot for the result-
ing shock wave incident from the SS 304 baseplate, transmitted
the sapphire sample. The crossing point of the SS 304 reflected
sapphire curves~circled in figure! gives the computed shock stre
in the sapphire sample. The tantalum Hugoniot is from Ref. 18.
SS 304 and sapphire Hugoniots are from Ref. 17.
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tively. The sign convention here is thatp andUp are positive
quantities for compressive waves, regardless of direction
wave propagation. As with Eq.~A6!, the negative sign in
front of UpBr in Eq. ~A8! indicates that the reflected wav
propagates in the opposite direction to the transmitted wa

Once again it is useful to construct ap vs Up plot. Both
the incident wave from the baseplate and the transmi
wave into the sample start atp50, Up50. The loading~or
unloading!! curve for the reflected wave in the baseplate co
tacts the incident wavep versusUp plot loading curve at the
incident wave stressp5pBi . It faces in the opposite direc
tion to the other two curves~i.e., it counterpropagates!. Be-
cause this reflected wave loading curve~1! starts from a non-
RTP initial state~2! may be a rarefaction wave~unloading!
rather than a shock wave, it must be either computed
deduced by approximate methods. A very common appro
mation is to use the reflection of the incident wave load
curve about the planeUp5UpBi . It is found that this ap-
proximation is reasonable for junctions of relatively incom
pressible materials which are loaded to not too extre
stresses: conditions which apply to the experiments of
work. The transmitted wave state (pC , UpC! is given by the
intersection of the transmitted wave loading curve and
reflected wave loading curve. This is also illustrated in F
10.

The equivalent algebraic result for the impactor-basep
process is given by the following quadratic equation forUpB
in which all the other quantities are known:

r0A@cA1sA~U f2UpB!#~U f2UpB!

5r0B~cB1sBUpB!UpB . ~A9!

When Eq. ~A9! is put into standard quadratic form an
solved, the solution with the negative sign in front of th
square root is the physical solution forUpB . The shock
stress generated in the baseplate is then just a straightfor
application of Eq.~A3! with the Hugoniot for the baseplat
substitutingUsB :

pB5r0B~cB1sBUpB!UpB . ~A10!

The algebraic description of the baseplate sample prob
~incorporating the reflected wave approximation! results in
this quadratic equation forUpC :

r0B@cB1sB~2UpBi2UpC!#~2UpBi2UpC!

5r0C~cC1sCUpC!UpC . ~A11!

SinceUpBi is known ~it is UpB from the impactor-baseplat
solution! Eq. ~A11! is readily solved forUpC . Again, the
‘‘negative sign’’ solution is the physical solution andpc ~i.e.,
the sample shock stress! is computed in same fashion as E
~A10!.

In summary, what is required to compute shock stress
the sample is to know the impactor velocity, and the R
mass density and Hugoniot for each of the impactor, ba
plate, and target.pB will give the baseplate shock stress~‘‘in-
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D. E. HARE, N. C. HOLMES, AND D. J. WEBB PHYSICAL REVIEW B66, 014108 ~2002!
cident stress’’ column of Table I! and pC will give the re-
ported shock stress in the sapphire sample~‘‘nominal stress’’
column of Table I!.

APPENDIX B: SAPPHIRE UNIT-CELL CONVENTIONS

In this paper we follow the Bravis-Miller indexing con
vention of the x-ray~also known as ‘‘structural’’! hexagonal
cell. For the other common~i.e., morphological hexagona
cell! convention, ther-plane indexing is$101̄1%. c- and
a-plane indices are the same in both conventions. The re
is cautioned that workers in the field of sapphire do not
ways make it obvious which convention they are using. T
reader is further cautioned that there is another family
sapphire crystal planes denoted by upper-case ‘‘R’’: that
these planes are not equivalent to the lower-case ‘‘r ’’ planes
of interest in this publication. It is a very unfortunate coi
cidence that the indices of theR-planes in the morphologica
cell ~i.e., $11̄02%) are identical to the indices of ther-planes
in the x-ray cell. References 36, 37, and 20 may be of hel
the reader.

APPENDIX C: COMMENTS ON RADIOMETRY

Spectral emissivity is the ratio of the spectral radia
emittance of a real thermal body to that of an ideal bla
body at the same temperature and wavelength. Recall
spectral radiant emittance has units of power radiated
us
an
sio
d

d
er
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d
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unit radiator surface area per unit wavelength. The fit
quantity we define as ‘‘apparent emissivity’’ is actually th
ratio of the spectral irradiance at our spectrograph’s opt
fiber entrance~total power per unit area incident on the fib
core entrance surface per unit wavelength, which inclu
both propagating and nonpropagating modes of the fiber! to
the spectral radiant emittance of a blackbody at the fit
~i.e., ‘‘apparent’’! temperature and same wavelength. B
cause spectral irradiance has the same units as spectral
ant emittance, our apparent emissivity has the same unit
the genuine spectral emissivity~dimensionless!. In the con-
text of fitting spectra, the gray-body approximation is th
our apparent emissivity is taken to be a constant, indep
dent of wavelength.

APPENDIX D: SAPPHIRE BASAL PLANE DEFORMATION

For the purpose of estimating shock stresses require
cause twinning and slip on$0001% we compute the magni
tude of the shear stress resolved on$0001% without attention
to the direction of resolution in this plane. The symmetry
sapphire confers a certain amount of directional indep
dence to deformation on$0001%. For example, the threefold
symmetry axis normal to$0001% insures that there is alway
at least one deformation system in the basal plane on w
the magnitude of the directionally resolved shear stres
more than half of the magnitude of the total shear stress
the basal plane.
99
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