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Equilibrium equation of state theory predicts that the free surface release temperature of shock 
loaded tin will show a plateau of 505 K in the pressure range from 19.5 to 33.0 GPa, corresponding to 
the solid-liquid mixed-phase region. In this paper we report free surface temperature measurements 
on shock-loaded tin from 15 to 31 GPa using multi-wavelength optical pyrometry. The shock waves 
were generated by direct contact of detonating high explosive with the sample. The pressure in the 
sample ~as determined by free surface velocity measurements using Photon Doppler Velocimetry. 
The emitted thermal radiance was measured at four wavelength bands in the near IR region from 
1.5 to 5.0 J.Lm. The samples in most of the experiments had diamond-turned surface finishes, with 
a few samples being polished or ball rolled. At pressures higher than 25 GPa the measured free 
surface temperatures were higher than the predicted 505 K and increased with incr~asing pressure. 
This deviation could be explained by hot spots and/or variations in surface emissivity and requires 
a further investigation. 

I. INTRODUCTION 

Temperature is one of three parameters (besides pres­
sure and volume) necessary for describing a thermody­
namically complete equation-of-state (EOS). The devel­
opment of a complete EOS is more complicated in the 
case when the material subject to dynamic loading un­
dergoes phase transitions on compression or release. For 
the purposes of this study, the liquid phase of tin can 
be reached either directly by shock loading to pressures 
higher than 50 GPa or on release from shock pressures 
above 33 GPa. Since melt pressures for shock or release 
are easily accessible with various experimental techniques 
(gas or powder guns, high explosive (HE) driven flyer 
plates, direct HE drive and laser ablation), shock-melted 
tin has been well studied experimentally over the recent 
decades [1-6]. 

Since tin is non-toxic and easy to work with it is a 
good material for the investigation of phase changes. It 
is predicted by theory (and will be discussed in the next 
section) that the free surface release temperature of tin 
shocked in the pressure range between 19.5 and 33.0 GPa 
is the ambient pressure melting temperature of 505 K. 
The calculated temperature does not rise above 505 K in 
this pressure range because energy added to the metal is 
expended in melting process and is not predicted to rise 
until all of the tin is melted. In the past, temperature 
measurements by means of optical pyrometry have been 
subject to doubt because this technique is based on sev­

eral assumptions which are not always well justified [7]. 
These assumptions include a spatially uniform surface 
temperature (no hot spots) and emissivity, no contami­
nation of the measured signals by background light, and 
no surface or interface effects, such as thermal conductiv­
ity or localized plastic work, which would substantively 
alter the measured temperature. The observation of a 
constant and reproducible free-surface temperature for a 
shock loaded sample over a significant range of Hugoniot 
pressures would render it possible to test the applicability 
of pyrometry to free-surface shock-physics experiments 
and to determine its accuracy, independent of EOS and 
plastic work parameters used to calculate the expected 
temperature. This development would also make it pos­
sible to check techniques for determining the dynamic 
spectral emissivity without the involvement of reference 
techniques, such as Neutron Resonance Spectroscopy [8] 
or Raman Spectroscopy [9]. 

II. THEORETICAL BACKGROUND: SN PHASE 

DIAGRAM 


The equilibrium phase, diagram of tin in the range from 
o to 50 GPa and 0 to 2500 K is shown in figure 1 [10, 
11]. At ambient pressure, tin adopts the ,B-phase (ct(4)) 
between 291 K and 505 K, above 505 K it is in the liquid­
phase. The a-phase (fcc(8)) below 291 K is not relevant 
for this study, and is not shown. At room temperature 
the phase-transition from the ,B to '"Y phase occurs around 
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FIG. 1: Tin phase diagram [10] 

9.2 GPa [12]. With increasing pressure, the melting-point 
of tin increases and at 2.9 GPa and a temperature of 581 
K tin reaches a triple point ((3, "( and liquid phase) [131. 

The principal Hugoniot, the locus of points that can be 
reached by a single shock, is shown as the curve farthest 
to the right in figure 1. The release isentropes from this 
curve are shallower. Consequently melt on release can 
occur at lower pressures and temperatures than melt on 
compression. At the onset of melt on release, at a Hugo­
niot pressure of 19.5 GPa, the release intersects the (3-"( 
phase boundary at 7 GPa and then follows first the (3-, 
phase boundary from 7 GPa to the triple point and then 
the melt curve to the ambient-pressure melting temper­
ature of 505 K. At 33 GPa, the lowest Hugoniot pressure 
for complete melt on release, the release intersects the 
melt curve at 12 GPa and from there follows the melt 
curve through the triple point to 505 K. 

The principal Hugoniot intersects the (3-, phase 
boundary at a pressure of about 8.5 GPa and a tem­
perature of 435 K, and follows the phase boundary to a 
pressure of 10.9 GPa and a temperature of 344 K. At a 
pressure of about 48 GPa the principal Hugoniot inter­
sects the melt-curve slightly above 2200 K and follows it 
to a pressure of 57 GPa at a temperature of 2507 K from 
whence it departs entirely into the liquid phase at higher 
pressures. 

The calculated Hugoniot temperature, free surface 
temperature and mass-fraction of liquid in the material 
released to ambient pressure are shown in figure 2 as 
a function of Hugoniot pressure. The mass-fraction of 
liquid upon release to ambient pressure increases from 
o at a Hugoniot pressure of 19.5 GPa to 1 at 33.0 GPa. 
For Hugoniot pressures below 19.5 GPa the sample never 
reaches the liquid phase; for pressures above 33.0 GPa 
the release isentrope leaves the melt curve before ambient 
pressure is reached, resulting in a totally molten sample 
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FIG. 2: The calculated Hugoniot temperature (squares), the 
free surface temperature (circles) and the mass fraction of 
liquid after release to ambient pressure (triangles) as function 
of Hugoniot pressure [14] 

at ambient pressure with a temperature above 505 K. 
The phase-diagram shown in figure 1, as well as 

the free-surface temperature, Hugoniot temperature, 
andmass-fraction of liquid Sn shown in figure 2 were cal­
culated assuming thermal and pressure equilibrium be­
tween the phases. The effect of plastic work on compres­
sion and release has been ignored; the flow stress of tin 
(at least in the beta phase) is small enough [15] that it 
is reasonable to ignore such contributions [16]. 

III. EXPERIMENTAL SETUP 

The experiments were performed at the Special Tech­
nology Laboratory (STL) in Santa Barbara, CA, using 
an HE containment vessel, which is designed to perform 
small-scale shock physics experiments in a laboratory en­
vironment and is certified for a total amount of HE up 
to 10 g TNT equivalent [171 . Figure 3 shows the experi­
mental setup enclosed by the containment vessel. 

The thermally emitted light from the sample is colli­
mated with an off-axis-parabolic mirror (OAP) and re­
layed through the chamber window (a sandwich made of 
CaF2 and Sapphire windows) to the outside of thecon­
tainment vessel. The aluminum vacuum chamber, us­
ing a thin CaF2 window, is used to achieve pressures 
in the milliTorr range tQ prevent shock-induced airglow. 
A dichroic beamsplitter (DBS; a short pass filter with 
a cutoff wavelength of approximately 1000 nm) reflects 
the long wavelength IR light onto another OAP which 
focuses the light into a 1 mm diameter chalcogenide IR 
(C2) fiber [17] for transport to the IR pyrometer. The 
thermally-emitted light with wavelengths less than 1000 
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FIG. 3: The experimental setup. S, sample; HE, high ex­
plosive; VC, aluminum vacuum chamber; WI, CaF2 window; 
PDV, Photon Doppler Velocimetry probe; MI, 91 25 mm (f/2) 
off axis parabolic mirror; W2, CaF2 - Ab03 sandwich cham­
ber window; DBS, dichroic beamsplitter; M2, 91 25 mm (f/I) 
off axis parabolic mirror; L, 91 25 mm (f/2) lens; IR-MMF, in­
frared multimode fiber to pyrometer; VIS-MMF, visible mul­
timode fiber to photo multiplier tube; SMF, single-mode fiber 
to PDV system. 

nm is transmitted through the DBS and focused with a 
single lens (025 mm, f/2) into a 1 mm diameter, low-OH 
visible fiber. The fiber transports the light to a photo 
multiplier tube (PMT) to monitor unwanted background 
light . The incoming light at the IR pyrometer is colli­
mated using a ZnSe lens and then spectrally split with 
three DBS. The bandwiths are narrowed using bandpass 
filters and the light is focused by ZnSe lenses onto four 
liquid-nitrogen cooled InSb detectors. The rise-time of 
these detectors is below 20 ns, and they are very linear 
and sensitive to low light levels. These characteristics 
permits measurement of radiance temperatures [39]as low 
as 400 K with a time resolution of less than 50ns. For 
more details on the design, calibration and performance 
of the IR pyrometer see references [18, 19]. A small hole 
(0 1.0 mm) was drilled in the CaF2 vacuum chamber 
window and the PDV probe (a small fiber collimator on 
a single-mode fiber) was glued into this hole to measure 
the free-surface velocity averaged over a 0 0.3 mm spot 
at the center of the sample. The obstruction of the opti­
cal path of the pyrometer by the PDV probe was taken 
into account during the calibration of the pyrometer sys­
tem. For more details on the measurement of velocities 
by means of PDV see reference 20. For more details on 
the experimental setup see reference 6. 

The tin samples had a diameter of 40 mm and a thick­
ness between 1.5 and 3.5 mm. An HE pellet with a di­
ameter of 12.7 rum and thickness of 12 mm was press-fit 
to one face of the sample and ignited by an RP-80 EBW 
detonator [21]. The side of the tin samples in contact 
with the HE had a 16 JL-inch (0.4 JLm) machine finish; 
the side facing the diagnostics was either diamond-turned 

1.0 I'---~-'---~-'-~-"~-'T"~--'--~--r-~-' 

~ 
:E 
.2'., 
J: 

0.5 

-0.5 

-Po RMS=O.021"", 
- SR. RMS=O.221"", 

-1.0 t 'I - DT. ~S-o. ll2s,.m ~ 

o 50 100 150 200 250 300 

Position (jlI11) 

FIG. 4: (Color online) Surface roughness of the three differ­
ent methods of sample preparation: polished (P) , ball-rolling 
(BR), and diamond-turning (DT). 

(mirror like with machining marks visible under a mag­
nifying glass) , ball-rolled, or polished. Figure 4 shows 
the interferometric surface roughness measurements for a 
diamond-turned, a ball-rolled, and a polished samples in 
. For a detailed description of the process of ball-rolling 
and the expected benefits (suppressing the production of 
ejecta by compacting the surface) see references 6,22,23. 
The sample material was purchased from ESPI metals 
[24] as a 0 50.4 mm rod with a purity of 99.999+ %. The 
samples had elongated grains with lengths of up to 15 
mm and widths of up to 2 mm. Machining of the sam­
ples (including diamond turning) was performed at the 
Material Science and Technology (MST) division of the 
Los Alamos National Laboratory. 

The shock wave transmitted by HE in direct contact 
with the sample is an unsupported (i.e. "Taylor") wave 
[25] and decays as it passes through the sample. This hy­
drodynamic behavior was used to change the pressures 
by using samples of different thickness. If the sample 
is too thick, edge effects perturb the stress profile ex­
perienced by the sample. For this study approximately 
one-dimensional loading conditions were desired accros 
the region sampled by the IR measurements and the ve­
locimeter, limiting the range of pressures accessible with 
a given HE type. To increase the accessible pressure 
range, two different HE materials were used, namely De­
tasheet [26] for lower p;essures and the more energetic 
PBX 9501 [27] for pressures above 22 GPa. The ex­
pected pressures from 1-D and 2-D simulations [28- 30] 
are shown for various sample thicknesses in figure 5 in 
the next section, and compared with the Hugoniot pres­
sures inferred experimentally. 
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FIG. 5: (Color online) (a) Inferred and calculated Hugoniot 
pressures as function of sample thickness (blue dots: mea­
sured pressures for detasheet, blue full line: calculated pres­
sure for detasheet assuming a 0 1.4 mm detonator, blue dot­
ted line: calculated pressure for detasheet assuming a 0 5.0 
mm detonator, red squares: measured pressures for PBX9501 , 
red full line: calculated pressure for PBX9501 assuming a 
o 3.0 mm detonator, red dotted line: calculated pressure 
for PBX9501 assuming a 0 5.0 mm detonator) and (b) free­
surface velocity versus time for experiments #05 and #13. 

IV. RESULTS 

Sixteen experiments were performed. A summary of 
the HE used, the sample thickness and surface finish , 
the pressure inferred from the surface velocity, and the 
measured temperatures is given in table 1. 

Figure 5a shows the achieved Hugoniot pressures for 
all experiments as well as the expected pressure [40J as a 
function of sample thickness for both types of HE used. 
A pressure around 20 GPa could not be achieved by us­
ing either Detasheet with a very thin sample or PBX 
9501 with a very thick sample. It can be seen that the 
pressure can be predicted fairly well but there is a large 
variability on the achieved pressure, which we think can 
be related to the way the experimental package was as­
sembled and how the HE was mated to the sample[41J. 
The free-surface velocities as a function of time for exper­
iments #05 and 13 are shown in figure 5b. At about 7.75 
p,s after detonation time the shock front reaches the free 
surface. For experiment #05 (26.2 GPa) the free surface 
velocity stays constant (within the noise) for more than 
4 p,s. No pullback was observed after the shock breakout 
because the sample is more than 50 % (mass) liquid and 
does not have much strength[42J. For experiment #13 
(12.1 GPa) a pullback signal can be clearly seen. Af­
ter this pullback the free surface velocity stays constant, 
probably indicating spallation of the sample [31J. 

The radiance temperatures for three channels as a 
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FIG. 6: (Color online) Radiance temperatures for 3 channels 
of the IR pyrometer for experiment #07 (23.4 GPa) . 

function of time for experiment #07 are shown in figure 
6. Since the dynamic normal spectral emissivities as a 
function of wavelength and temperature are not known, 
a lower and upper limit for the normal spectral emis­
sivity was assumed for each channel. This assumption 
results in a lower and upper limit for the true tempera­
ture. If these emissivity estimates are reasonable and no 
unwanted background light occurs, then the sample tem­
perature must be less than the smallest true-temperature 
upper limit and larger than the smallest lower limit to be 
consistent with all three data channels. For more infor­
mation on this method of analyzing pyrometry date see 
references 18, 32- 34. 

Above the melt boundary, the temperatures extracted 
from experiments performed on samples with polished 
surfaces are slightly higher (10 K to 60 K) than for 
diamond-turned samples in the same pressure range. For 
ball rolled samples the temperature differential is be­
tween 100 K to 130 K higher. (see table I). Although 
the same free-surface temperatures were measured for 
both ball-rolled and diamond-turned samples at 18 GPa 
[6], we think that in the mixed-phase region (Hugoniot 
pressures between 19.5 and 33 GPa) the surface rough­
ness of a ball-rolled sample causes more temperature non­
uniformities (e.g. hot spots) than for a diamond-turned 
surface. The higher post-shock temperatures measured 
on polished samples are believed to be caused by either 
some polishing material embedded in the surface of the 
sample or by tiny scratclt.es, which give raise to a minute 
amount of ejecta and surface work. 

The post-shock, free-surface temperatures for all ex­
periments on diamond-turned samples (and on one ball­
rolled and one polished surface below 19.5 GPa) are 
shown in figure 7. The error bars represent the upper 
and lower limits of the overlapping region of the true 
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FIG. 5: (Color online) (a) Inferred and calculated Hugoniot 
pressures as function of sample thickness (blue dots: mea­
sured pressures for detasheet, blue full line: calculated pres­
sure for detasheet assuming a ¢ 1.4 mm detonator, blue dot­
ted line: calculated pressure for detasheet assuming a ¢ 5.0 
mm detonator, red squares: measured pressures for PBX9501, 
red full line: calculated pressure for PBX9501 assuming a 
¢ 3.0 mm detonator, red dotted line: calculated pressure 
for PBX9501 assuming a ¢ 5.0 mm detonator) and (b) free­
surface velocity versus time for experiments #05 and #13. 

IV. RESULTS 

Sixteen experiments were performed. A summary of 
the HE used, the sample thickness and surface finish, 
the pressure inferred from the surface velocity, and the 
measured temperatures is given in table I. 

Figure 5a shows the achieved Hugoniot pr;Eres for 
all experiments as well as the expected pressur [40J as a 
function of sample thickness for both types 0 E used. 
A pressure around 20 G Pa could not be achieved by us­
ing either Detasheet with a very thin sample or PBX 
9501 with a very thick sample. It can be seen that the 
pressure can be predicted fairly well but there is a large 
variability on the achieved pressure, which we think can 
be related to the way the experimental package was as­
sembled and how the HE was mated to the sample[41J. 
The free-surface velocities as a function of time for exper­
iments #05 and 13 are shown in figure 5b. At about 7.75 
JJ.S after detonation time the shock front reaches the free 
surface. For experiment #05 (26.2 GPa) the free surface 
velocity stays constant (within the noise) for more than 
4 JJ.S . No pullback was observed after the shock breakout 
because the sample is more than 50 % (mass) liquid and 
does not have much strength[42J . For experiment #13 
(12.1 GPa) a pullback signal can be clearly seen. Af­
ter this pullback the free surface velocity stays constant, 
probably indicating spallation of the sample [31J . 

The radiance temperatures for three channels as a 
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FIG. 6: (Color online) Radiance temperatures for 3 channels 
of the IR pyrometer for experiment #07 (23.4 GPa) . 

function of time for experiment #07 are shown in figure 
6. Since the dynamic normal spectral emissivities as a 
function of wavelength and temperature are not known, 
a lower and upper limit for the normal spectral emis­
sivity was assumed for each channel. This assumption 
results in a lower and upper limit for the true tempera­
ture. If these emissivity estimates are reasonable and no 
unwanted background light occurs, then the sample tem­
perature must be less than the smallest true-temperature 
upper limit and larger than the smallest lower limit to be 
consistent with all three data channels. For more infor­
mation on this method of analyzing pyrometry date see 
references 18, 32-34. 

Above the melt boundary, the temperatures extracted 
from experiments performed on samples with polished 
surfaces are slightly higher (10 K to 60 K) than for 
diamond-turned samples in the same pressure range. For· 
ball rolled samples the temperature differential is be­
tween 100 K to 130 K higher. (see table I). Although 
the same free-surface temperatures were measured for 
both ball-rolled and diamond-turned samples at 18 GPa 
[6], we think that in the mixed-phase region (Hugoniot 
pressures between 19.5 and 33 GPa) the surface rough­
ness of a ball-rolled sample causes more temperature non­
uniformities (e.g. hot spots) than for a diamond-turned 
surface. The higher post-shock temperatures measured 
on polished samples are believed to be caused by either 
some polishing material embedded in the surface of the 
sample or by tiny scratches, which give raise to a minute 
amount of ejecta and sui:face work. 

The post-shock, free-surface temperatures for all ex­
periments on diamond-turned samples (and on one ball­
rolled and one polished surface below 19.5 GPa) are 
shown in figure 7. The error bars represent the upper 
and lower limits of the overlapping region of the true 
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plosive; VC, aluminum vacuum chamber; WI, CaF2 window; 
PDV, Photon Doppler Velocimetry probe; Ml, III 25 mm (f/2) 
off axis parabolic mirror; W2, CaF2 - Ab03 sandwich cham­
ber window; DBS, dichroic beamsplitter; M2, III 25 mm (f/l) 
off axis parabolic mirror; L, III 25 mm (f/2) lens; IR-MMF, in­
frared multimode fiber to pyrometer; VIS-MMF, visible mul­
timode fiber to photo multiplier tube; SMF, single-mode fiber 
to PDV system. 

nm is transmitted through the DBS and focused with a 
single len{ 0 25 mm, f/2) into a 1 mm diameter, low-OH 
visible fiber. The fiber transports the light to a photo 
multiplier tube (PMT) to monitor unwanted background 
light. The incoming light at the IR pyrometer is colli­
mated using a ZnSe lens and then spectrally split with 
three DBS. The bandwiths are narrowed using bandpass 
filters and the light is focused by ZnSe lenses onto four 
liquid-nitrogen cooled InSb detectors. The rise-time of 
these detectors is below 20 ns, and they are very linear 
and sensitive to low light levels. These characteristics 
permits measurement of radiance temperatures [39)as low 
as 400 K with a time resolution of less than 50ns. For 
more details on the design, calibration and performance 
of the IR pyrometer see references [18, 19). A small hole 
(0 1.0 mm) was drilled in the CaF2 vacuum chamber 
window and the PDV probe (a small fiber collimator on 
a single-mode fiber) was glued into this hole to measure 
the free-surface velocity averaged over a 0 0.3 mm spot 
at the center of the sample. The obstruction of the opti­
cal path of the pyrometer by the PDV probe was taken 
into account during the calibration of the pyrometer sys­
tem. For more details on the measurement of velocities 
by means of PDV see reference 20. For more details on 
the experimental setup see reference 6. 

The tin samples had a diameter of 40 mm and a thick­
ness between 1.5 and 3.5 mm. An HE pellet with a di­
ameter of 12.7 mm and thickness of 12 mm was press-fit 
to one face of the sample and ignited by an RP-80 EBW 
detonator [21). The side of the tin samples in contact 
with the HE had a 16 J.l-inch (0.4 /-Lm) machine finish; 
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FIG. 4: (Color online) Surface roughness of the three differ­
ent methods of sample preparation: polished (P), ball-rolling 
(BR), and diamond-turning (DT) . 

the side facing the diagnostics was either diamond-turned 
(mirror like with machining marks visible under a mag­
nifying glass), ball-rolled, or polished. Figure 4 shows 
the interferometric surface roughness measurements for a 
diamond-turned, a ball-rolled, and a polished samples in 
. For a detailed description of the process of ball-rolling 
and the expected benefits (suppressing the production of 
ejecta by compacting the surface) see references 6,22,23. 
The sample material was purchased from ESPI metals 
[24) as a 0 50.4 mm rod with a purity of 99.999+ %. The 
samples had elongated grains with lengths of up to 15 
mm and widths of up to 2 mm. Machining of the sam­
ples (including diamond turning) was performed at the 
Material Science and Technology (MST) division of the 
Los Alamos National Laboratory. 

The shock wave transmitted by HE indirect contact 
with the sample is an unsupported (i.e. "Taylor") wave 
[25] and decays as it passes through the sample. This hy­
drodynamic behavior was used to change the pressures 
by using samples of different thickness. If the sample 
is too thick, edge effects perturb the stress profile ex­
perienced by the sample. For this study approximately 
one-dimensional loading conditions were desired accros 
the region sampled by the IR measurements and the ve­
locimeter, limiting the range of pressures accessible with 
a given HE type. To increase the accessible pressure 
range, two different HE Qlaterials were used, namely De­
tasheet [26] for lower pressures and the more energetic 
PBX 9501 [27] for pressures above 22 CPa. The ex­
pected pressures from I-D and 2-D simulations [28-30] 
are shown for various sample thicknesses in figure 5 in 
the next section, and compared with the Hugoniot pres­
sures inferred experimentally. 

50 100 150 200 250 300 350 

Position (f'ITll 
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TABLE I: Type of HE (DS, Detasheetj 9501, PBX 9501), sample thickness, surface finish of the samples, achieved Hugoniot 
pressure, and measured temperature for all experiments. 

Experiment HE Thickness Surface finish Pressure Temperature 

# (mm) (GPa) (K) Cl 

01 DS 2.0 DT IS.0±0.S 470±25 

02 9501 4.0 DT 22.0±OA 490±30 

03 9501 4.0 BR 22.S±OA 620±25 

04 9501 1.5 DT 30.S±OA 565±25 

05 9501 1.5 BR 26.2±0.S 650±35 

06 9501 3.0 DT 23.3±0.4 490±25 

07 9501 2.5 DT 23A±OA 500±25 

OS 9501 1.5 BR 29.l±OA 675±25 

09 9501 2.0 DT 26.6±OA . 550±25 

10 DS 3.0 DT 25.7±0.S N.A. 

11 9501 1.5 P 30.S±OA 625±25 

12 9501 3.0 P 25.0±OA 560±40 
13 DS 3.0 DT 12.l±OA 360±40 
14 9501 2.5 DT 26.5±OA 530±35 
15 DS 3.0 P 13.5±0.S 390±55 

16 9501 1.0 Cu + 1.5 Sn DT 22.S±OA 500±40 

ClTemperature as obtained by hi-low method [18]; no correction 
for temperature reading due to hot spots was applied. 

temperature bands of the individual channels. Below 25 
GPa, the measured temperatures are in good agreement 
with the predicted free-surface temperatures. Above 25 
GPa (#04, 09 and 14) the measured temperatures are 
considerably higher than the calculated temperature of 
505 K. Only for experiment #14 (26.5 GPa) does the 
error bar reach the expected temperature of 505 K. The 
expected plateau of 505 K between the Hugoniot pressure 
of 19.5 and 33.0 GPa could not be observed; within their 
error bars, all data points are consistent with a straight 
line sloping upward from lower to higher temperatures. 

The measured true temperature values for one exper­
iment below 25 GPa (#06: PH = 23.3 GPa) and one 
experiment above 25 GPa (#09: PH. = 26.6 GPa) are 
shown in figure 8 for all wavelengths for which a signal 
was obtained. The measured true temperature for exper­
iment #09 increases with decreasing wavelength. This is 
a strong indication that the thermal radiance is spatially 
non-uniform, i.e., the surface likely has hot-spots [35J. 

This change of behavior in the pressure region around 
25 GPa was also observed in experiments measuring the 
amount of ejecta as a function of pressure at the same 
experimental facility (STL) for Sn samples made of the 
same material (ESPI) and with the same surface prepa­
ration [2J. In these experiments the amount of ejecta 
increased by a factor of rv 10 above about 22.0 GPa. We 
do not yet have an explanation for this increase in the 
amount of ejecta and appearance of hot-spots. In yet 
another study, a dramatic change in the tin free surface 

-­calculations [OeMi. Hayes) 
• ThIsWor1< 
• Rof.6 

20 25 30 35 40 

Pressure (GPa) 

FIG. 7: (Color online) Measured temperatures (points) as a 
function of Hugoniot pressure, as well as expected free-surface 
temperature (line) [14] . 

reflectivity from highly specular to diffuse was observed 
at the shock-induced solid-liquid phase boundary. This, 
result could signal significant changes in surface emisiv­
ity and may partially explain the observed variations [36J . 
The appearance of hot-spots above 22 GPa in free-surface 
temperature measurements on shock-loaded tin is also 
supported by IR-imaging experiments performed at STL 
[4,5J. 
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FIG. 8: True temperature for individual channels in exper­
iments #06 and 09 (Hugoniot pressures 23.3±4 and 26.6±4 
GPa) (wavelength for #06 shifted by 0.1 m for clarity of the 
graph). 

In free-surface temperature measurements on sur­
faces with a non-uniform temperature distribution, the 
shorter-wavelength measurements are more sensitive to 
the hotter regions. The longer wavelength channels show 
less dependence on the hot-spots but have larger error­
bars because the uncertainty in the normal spectral emis­
sivity is larger for longer wavelengths. Therefore, a bet­
ter understanding of the surface temperature between the 
hot spots can be obtained if the shorter wavelengths are 
ignored. If we use only the longest wavelengths for ex­
periments #04, 09 and 14, then all error bars reach the 
expected 505 K. However, the longer wavelength chan­
nels have a rather high uncertainty in temperature (see 
fig. 8) and thus these results are not accurate enough to 
confirm whether or not there is a plateau in the free sur­
face temperature at 505 K in the pressure range between 
19.5 and 33.0 GPa. 

V. CONCLUSIONS 

A series of experiments at the STL Boom Box facility 
was performed to look for a plateau at 505 K in the free­
surface temperature of shock-loaded tin in the Hugoniot 
pressure range between 19.5 and 33.0 GPa. Samples with 
a polished or ball-rolled surface finish exhibited temper­
atures between 10 to 130 K higher than samples with 
a diamond-turned surface, and may be explained by in­
creased emissivity or temperature non-uniformity. 

An increase of the free surface temperature with in­
creasing Hugoniot pressure was observed in accordance 
with theoretical predictions for pressures below 20 GPa. 
In four experiments (#02, 06, 07 and 16) in the pres­

sure range between 22.0 and 23.4 GPa the measured free 
surface temperature was very close to 505 K. Unfortu­
nately, a Hugoniot pressure near the onset of the pre­
dicted plateau (19.5 GPa) could not be achieved with 
the HE systems available (see figure 5a) . At Hugoniot 
pressures higher than 25 GPa, the measured free-surface 
temperatures again increased with increasing pressure. 
We believe that these temperatures are higher because of 
spatial temperature and/or emissivity non-uniformities, 
which cause shorter-wavelength pyrometer channels to 
give an erroneously-high temperature reading. 

VI. DISCUSSION 

To resolve the issue of why the measured temperatures 
are too high above 25 GPa, IR imaging experiments using 
the same experimental setup and samples prepared in the 
same way and made of the same material are desirable. 
These experiments, which can also quantify the percent­
age of surface area at higher radiance as well as the radi­
ance (temperature) of the hot=spots, were conducted and 
they confirmed the occurrence of hot-spots. The temper­
atures of the hot-spots and their fractional areas of the 
surfaces appear to be in good agreement with estimates 
obtained from the free-surface temperature at different 
wavelengths, assuming a simple two-temperature model 
[35]. 

Results of these IR imaging experiments will be pre­
sented in a separate paper, currently in preparation [371 . 

The expected constant free-surface temperature of 505 
K over a wide range of pressures was calculated assum­
ing thermal equilibrium as well as a supported shock. 
Since the process of thermal transport takes a consider­
able amount of time (tens of nanoseconds to microsec­
onds) and since our experimental approach of using di­
rect HE drive produced Taylor waves [25], rather than · 
a supported shock, a final determination of this plateau 
needs more experimental work. Furthermore, the depar­
ture of dynamic experiments from thermal equilibrium 
merits resolution. 
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