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Time-resolved infrared radiometry of NaCl crystals under shock compression between 17
and 43 GPa
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Time-resolved infrared radiometry is performed on sodium chlo¢gh&Cl) under shock compression be-
tween 17 and 43 GPa in order to measure shock temperatures. The infrared emission observed below 35 GPa
reveals that the shock temperatures considerably less than the calculated continuum temperatures. Between 23
and 35 GPa, there is a mixed-phase region comprising high-temperature shear bands and a low-temperature
bulk material involving luminescent sources.
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I. INTRODUCTION per plate embedded to a projectile is accelerated by a two-

Measurement of shock temperature is one of the mosttage light-gas gun with a 20-mm bd”r@hg shock compres-
important issues in shock-wave research because of its sigion state in NaCl is determined by the impedance matching
nificance to the experimental determination of the equatiornethod using the impact velocity, which is measured with a
of state(EOS and also its importance to geophysics andmagnetoflyer methdd within an error of 2%, and known
condensed matter physits Optical radiometry in the vis- EOS(Ref. 14 of Cu and NaCl. The obtained shock velocity
ible and near-ultraviolet regions is a well-developed techin NaCl agrees with that estimated from the temporal profile
nique and widely used in many laboratories to determinedf IR emission for a high-strain case within experimental
shock temperatures. However, the temperature range reliabgrrors(=8%). The obtained pressures were between 17 and
determined by the method is limited in high temperatures43 GPa. The NaCl sample with thickness of 3—7.5 mm and
above 1500 K. Furthermore, the radiometry in the visible20 mm diameter is glued to the driver plate and mounted
region is strongly disturbed by nonthermal radiation such asith its [100] or [111] crystallographic axis parallel to the
triboluminescence and thermoluminescence from thgyopagation direction of the shock wave. In order to screen
shocked sampl’ ) ) _out possible emissions generated at the interface between the

Recently we delevoped time-resolved wideband radiomyjyer plate and the NaCl sample, a copper film is coated
etry in the visible and midinfrared(mid-IR) regions 4.5 one side of the sample surféce.

(0.6-13um), which enabled us to measure shock tempera- the emission from NaCl during propagation of shock
tures as low as 400 KIn the mid-IR region, mfrargd €MmiS-  waves was recorded with two different types of radiometer
sions directly originate from thermal vibrations without any 54 oscilloscop@A radiometer consists of three beam split-
influence of nonequilibrium electrons. Radiance histories fokars and four detectors, each with an interference filter and a
shock compressed carbon tetrachloride were observed wit; o |nGaAs photodiode. IR emission in the range of
approximately 10 ns time resolution and detemined th& g_13,m was detected through a bandpass filter with a
shock temperature$680—1370 K in the pressure range pgcdTe photodiodea liquid-nitrogen cooling type, Kolmar
from 3.3 to 9.4 GPa. Tech. Inc. KV-104. The output voltage from the IR radiom-

In this paper, we measured temperatures of shock-loadegler,|.,, is calibrated to the blackbody temperature between
sodium chloride(NaCl) crystals over a pressure range be-400 and 1400 K with a blackbody furnace before every shot.
tween 17 and 43 GPa using time-resolved infrared radiomrhe visible emissions were also measured using four detec-
etry. It is very important to determine the EOS of NaCl, tors sensitive to wavelengths of 601, 806, 1107, and
because it has been used as a pressure $¢afince shock- 1618 nm. with 50—100 nnifull width at half maximum
compression data generally include a thermal-pressure conpEwHM)] bandwidth. The radiometer is calibrated with a
ponent due to the temperature rise, an accurate measuremefigsten standard lamg©ptronic Laboratories Inc., model
of shock temperatures for NaCl would allow a more detailedss50() to the absolute radiance. Each radiometer has a tem-
understanding of the nature of the shock-compression staigyral resolution of 3 ns. The details are described in
and some thermodynamic behavior to determine the accysisewheré,
racy of the NaCl pressure scale. However, the reported shock
temperature data below 30 GHRefs. 2—5 were obtained by
radiometry in the visible region and nonthermal radiation
and hot shear bands were superimposed in the visible region Figure Xa) shows the time-resolved IR radiance histories
and obscured the thermal emission from the bulk sarhble. at shock pressure of 21 GPa. Similar emission profiles are

obtained for all other shock pressures tested in this work.
II. EXPERIMENT Shock wave enters in the NaCl sample at tited® on the

A planar shock wave is generated in NaCl by impactingabscissa and emerges from the free surface atyolid us

with a copper plate at a velocity of 1.7—3.7 km/s. The cop-ater.

Ill. RESULTS AND DISCUSSION
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FIG. 1. Typical temporal changes of emission for various shock  FIG. 2. Temporal changes of shock temperat@eand emis-
pressures. Shock wave propagated parallgl@g)] crystallographic  sivity (b) obtained from 0.6—1.6:m emissions at pressure between
axis. (a) 9—13um for 21 GPa(O) and curve fitting of Eq(1) of 24 and 43 GPa.
ag=1.66 cm! andl.,=0.0608 V. The corresponding temperature is

540+40 K. Sample thickness is 7.5 migh) 1.1 um for 24 and : ] .
43 GPa from 4.2-mm-thick samples. Arrows indicate the instance . Figure Xb) shows the temporal profiles of 14m emis

when shock wave reached at Cu-NaCl boundaries and free surfacers)s!é)rr;? gtrozfiélleagg :’g’ c(;; E:' bl; IsEggfsklﬂte ;(;tr?ﬁée?)?gﬁil;hzttem'
) 24 GPa. The temporal changes at 33 and 41 GPa not shown
The shock temperature was obtained from the temporglere have similar general shapes as the cases at 24 and
profile of IR emission using a formufa’®integrated over the 43 gpa in Fig. b), respectively. Namely, below 33 GPa,
bandwidth of 9.0—13m: the emissions are peaked at 200—300 ns. Such a behavior is
- _ aragUgugt rag(UgU)t] 4-a,(d-Ugd) not expected from an equilibrium radiation by greybody or
1®)=1.[1-€ "l1+Re "l @D semitransparent body. The profiles for 0.6-, 0.8-, and 1.6
whereag anday are the effective absorption coefficients of -um emissions have a similar pressure dependence as the
NaCl behind and ahead of the shock frddg andu, are the  case for 1.Jum. No emission is detected in the 0.6-1.6
shock and the particle velocitied,is the initial thickness of -um wavelength range at pressures below 24 GPa.
NaCl, andR is the reflectivity of the interface between the In order to compare with previously reported color
NaCl sample and Cu film. The parameterrepresents the temperature$;*®we tentatively estimated the efective-color
intensity of IR emission from a blackbody. The valueagfis ~ temperature from the visible and near-IR data, although this
nearly zero for infrared emission shorter than4®. The color temperatures may not represent actual temperatures.
reflectivity of the interface is measured in this work to beWe derived temporal changes of the effective-color tempera-
0.948 for the 9.0—13sm emission. A least-squares fit of the ture and emissivity by applying a least-squares method to the
emission data to Eq1) determines the unknown parameters Plank’s law of radiation to fit these four channels emission
asandl,, to beag=1.66 cm! andl.,=0.0608 V. The result datd’ at selected time. Figurega& and 2b) show the result-
is shown by the solid curve in Fig(d), corresponding to the ing temporal profiles of the color temperature and emissivity
shock temperature of 547+40 K with an effective emissivityderived from visivle and near-IR data at four shock pres-
of 0.85 at the arrival time of the shock wave at the freesures. In the cases of 24 and 33 GPa, the color temperature
surface. The shock temperatures obtained form IR radiomiFig. 2(a)] gradually decreases after 150 ns and the emissiv-
etry for other pressures are shown in Fig. 3, below. ity [Fig. 2b)] increases to 0.05. Hence, the emissions are
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00 T T T T 7 Figure 3 shows comparisons between the present shock
r </ temperature data of NaCbetween 17 and 43 GPand the
Mehoi' T previous measurements and calculations. It is clearly shown
] that the temperature data exhibit different characteristics de-
o A ] pending on the pressure: region | below 23 GPa, region Il

° Mixed 7 | between 23 and 35 GPa, and region Ill above 35 GPa.

g0 L= Region | corresponds to the low-pressure ph&de rock-

il i salt structurg In this region, the temperatures based on the
! ] IR emission data lie significantly below the continuum shock
‘n ] temperature$’ The 0.6—1.6am emissions could not be de-
tected in this region. The actual temperature along the
. Hugoinot line may be lower than those obtained by Fritz's
1 model calculation.

Region Il corresponds to the mixed-phase regiorBaf
and B2 (high-pressure phase of CsCl strucjupbases. The
discontinuous increase of IR temperatures at 23 GPa in Fig.
3 is in good agreement with the phase boundary determined
L ] from the static high-pressure and high-temperature experi-
ol mental data&8 but lower than the reported value at 26.4 GPa

0 10 20 30 40 50 60 70 80 from the conventional Hugoniot measurem&he tem-
Pressure [GPa] peratures from the present IR measurements are lower than
the calculated continuum temperatu¢solid curve and

FIG. 3. Shock temperatures of NaCl determined in this Workgradually increase from 800 to 900 K. On the other hand,
along with the data in the literature below 80 GPa. Solid triangleshe temperatures from the 0.6—1ufA emissiongindicated
are the present measurements of 0.64n6 (A) and 9-13um  py the solid trianglgare distinctly higher than the calculated
(¥) emissions. Open squares, lozenges, triangles, and circles ageninyum temperature values and agree with the values in
after Kormer (Ref. 2, Schmitt and AhrengRef. 3, Kondo and 0 jitaraturedss There is at present not enough information
Ahrens (Ref. 4, and Schmittet al. (Ref. 5, respectively. Bold . 0,0y, de if this difference is due to the emissions from
dashed lines denote tii31-B2 phase boundary after Li and Jeanloz thermal hot bands or luminescent sources. However, it is

(Ref. 18 and the solid-liquid boundary after Boehlet al. (Ref. ignificant t te that hi diff | -
19). Solid line and dashed line denote the calculated Hugoniot emz'gnificant {o note that such farge differences are only Seen in

perature by Fritzet al. (Ref. 12 and the calculated temperature the mixed-phase range and that the temperatures are much

along isentropic compression, respectively. higher .than the melting curt&%in Fig. 3.
Region Il at pressures higher than 35 GPa corresponds to

associated with a small radiating volume. It suggests that ththe high-pressure phase 82 (CsCl structurg The mea-
emissions originate not from an equilibrium radiation by ho-sured temperatures here are in good agreement with extrapo-
mogeneous greybody or semitransparent Bothbut from  lations of the previous resaft (indicated by open squane®

hot shear bands or luminescence from various color centefgwer pressures. There is also a good agreement in tempera-
generated under shock compressionin contrast, the tem- tures obtained from the 0.6—146m emission(solid trianglg
perature profiles at 41 and 43 GPa quickly decrease from thand the 9—13«m emission(inverted solid trianglg data,
instantaneous value of 4000 K at a few ten’s of nanosecondsespectively. It shows that the system can achieve thermody-
followed by approaching to a constant value between 2100amic equilibrium within shock duration time.

and 2500 K after 200 ns, and the emissivity profiles ap- In conclusion, the present work shows low thermal emis-
proach to unity, which approximately corresponds to the absion from NaCl crystal below 35 GPa under shock loading
sorption coefficient of the IR emission. Such apparent feaand shock temperatures considerably less than the calculated
tures of temporal changes in the color temperature an@ontinuum temperatures. Namely, between 23 and 35 GPa,
emissivity may not represent actural changes and may be ddigere is a mixed-phase region comprising high-temperature
to disproportionate uncertainties. The uncertainty in the efshear bands and a low-temperature bulk material involving
fective temperature is very large-50%) at early times( ~ luminescent sources.

<100 ng due to the very low emissivityf<0.1) and be-

comes smal(<10%) at late times. The uncertainty of emis-

sivity is also large(~50%) at early times. The color tem- ACKNOWLEDGMENTS
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