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Temperature is important but elusive

• Jump conditions link density/pressure to velocity
–Mass, momentum, and energy conservation
–No such link exists for temperature

• Temperature is a key thermodynamic variable
–Calculated values are very sensitive to EOS assumptions (cv, …)
–Phase transitions and chemistry are functions of pressure and 

temperature
• Conventional thermometry is slow and delicate

–Shock compression destroys electrical leads (thermocouples)
–Thermometer must equilibrate with its surroundings

◦  Are you measuring the shocked sample or thermometer temperature?
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Fundamental challenges for temperature

1. Make a reliable measurement, rejecting all extraneous factors

2. Reduce the measurement
• Convert measured signals to temperature

3. Interpret that temperature
• What thermodynamic state was measured?
• Can we ignore heat flow?

4. Validate the result
• How do we know we have not made mistakes?
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Optical radiometry/pyrometry

• All materials emit temperature-dependent light 
(Plank’s law)
–Measure spectral radiance (power per unit 

area per unit solid angle per unit wavelength)
–Work backwards to get temperature
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Peak moves with T
Area scales with T4
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• High T (>20,000 K)
– Minor spectral variation changes with T
– Ample signal levels

• Moderate T (<15,000 K)
– Modest spectral variation changes with T
– Reasonable signal levels

• Low T (<5000 K)
– Significant spectral variation with T
– Small but measurable visible signals

• Very low T (<2000 K)
– Forget streak cameras altogether
– Shock-ramp domain of condensed materials

Characteristic temperature domains

400 450 500 550 600 650 700
10

4

10
5

10
6

10
7

10
8

10
9

10
10

10
11

  2500 K

  5000 K

 10000 K

 20000 K

 40000 K

Wavelength (nm)

S
p
e
c
tr

a
l 
R

a
d
ia

n
c
e
 (

p
h
o
to

n
s
/n

s
/m

m
2
/s

te
r/

n
m

)

SVS/SOP

Si APDs

InGaAs APDs

(1 eV is 11,604.5 K)



6 shock.wsu.edu

• Transparent materials shocked to opacity
– Quartz, various minerals, …
– Liquids: deuterium, water, …
– Moderate to hot T (>>1000 K)
– Equilibrium* state emits through shock front

• Opaque materials (metals)
– Very low T (<<2000 K) for ramp compression
– Low T (1000-5000 K) for shock compression
– Emission from material 10-100 nm inside surface
– Free surface measurements

◦ May involve ejected material
– Windowed measurements

Pyrometry in dynamic compression
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• Shock compression generates 
a lot of entropy
– Relative warm for a given 

density change
– High impedance moderates 

that volume change

• Ramp compression is quasi-
isentropic
– Temperature increases only 

due to adiabatic work
– Much colder than single 

shock to the same pressure

Metal temperature under dynamic compression
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Making a reliable measurement—details matter

• Visible to near-infrared radiometry
– 10-100 nm spectral bands

• LiF is about the only worthwhile 
optical window
– Legend says that shocked 

adhesives emit significant light
– This may not be entirely true 

below ~100 GPa

• Extensive masking needed to keep 
out stray light
– Measurements are easily 

contaminated, especially at short 
wavelengths
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Pyrometry signal trends

• Radiance within a spectral band always 
increases with temperature (fixed emissivity)

• Trend is extremely nonlinear
– Blackbody peak and location changes
– Steep slope below the peak
– Shallow slope far above the peak
– Intermediate slope for measurements near 

the blackbody peak
• Dynamic range is limited

– Steep regions are very sensitive to 
temperature change but cannot cover a 
wide range

– Shallow regions can cover range but aren’t 
as sensitive to change.
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Radiance measurements are rarely easy
• Consider 1000-2000 K sample temperatures

– 20-25 MA of unconfined electrical current 
nearby

– Like measuring a campfire sitting on the 
surface of the sun!

• Lots of ways for amplitude measurements to 
go wrong
– Background light (sneaky photons)
– Optical relay changes

◦ Fiber connection/breaks
◦ Bending

– System drift
◦ How long does a pyrometer remain 

calibrated?
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Reducing the measurement--emissivity

• Pyrometry measurements depend on sample 
temperature AND emissivity
– 0≤ emissivity ≤ 1
– Varies with wavelength
– Can be inferred from reflectance and transmission
– 0.1-0.2 for many metals (infrared)

• Reflectance changes in many ways
– Material state (temperature, pressure, phase)
– Surface condition (specular, diffuse)

• Without knowledge of emissivity, only the minimum 
pyrometer temperature is known
– Temperature uncertainty scales with emissivity 

uncertainty



12 shock.wsu.edu

Competing choices

• Shorter wavelengths less sensitive to emissivity
– All measurements have similar shape to the right 

of the blackbody peak
– Blue channels have steeper temperature response
– Metal emissivity also decreases with wavelength

• However, blue channels:
– Often have much less power to work with
– Are easily corrupted by stray light

◦ Emission from window edges
◦ Emission from optical adhesives
◦ Target chamber background

• Dynamic emissivity can be hard to measure
– Diffuse reflectance may be mistaken for absorption

�T

T
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�T
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were not very reproducible in time or amplitude in subse-
quent experiments and could be related to thermal emission
from heterogeneous shear deformation features that were
reported previously.6 At 570 ns, there is a large increase in
detected light, and this light is the focus of our investigation.

For the experiment shown in Fig. 2, the OMA gate
opened at ¼350 ns and closed at 400 ns, shortly before the
large luminescence signal observed in the PMT record. The
OMA spectrum for these gate times (not shown) was noisy
because the signals were small, but appeared to be free of
line emission between 380 and 800 nm. Line free emission
would be consistent with thermal light from heterogeneous
features, as reported by Schmidt.6 For subsequent experi-
ments, the OMA gate remained open until just before the
shock released at the rear surface of the LiF, around 1.3 ls.
With the longer gate time, the OMA detects the light seen in
the large PMT pulse starting at 570 ns (Figure 2) as well as
the earlier low-level light. To investigate the effect of
background gas on the light emission, the experiments with
longer gate times were done in both nitrogen and helium at
pressures of 1 atm as well as in a vacuum of 1 Torr. The
spectra for these three experiments are shown in Figure 3.
The spectra are strongly dependent on the surrounding
atmosphere but in all three cases there is extensive line emis-
sion. The differences in the spectra indicate that the light
emission is related to the LiF/gas interface at the circumfer-
ence of the crystal since the shock has not yet reached the
rear surface. Since the optical probes were not directly
viewing the circumference of the LiF crystal, this edge light
emission likely scattered into the probes, perhaps from dif-
fuse reflections from the Al surface. The differences in spec-
tra also indicate that the LiF circumference is sufficiently
damaged such that the surrounding gas can penetrate it. The
strongest detected lines occur at the wavelengths listed in
Table I. Also listed in Table I are lines for some atomic tran-
sitions for lithium and helium,18 which appear to correlate
with the measurements. Although fluorine has emission lines
in the visible spectrum, most of our measured emission lines
do not match the literature values.18 Fluorine does have an
electronic transition at 671 nm, but the relative intensity of
this line is very low. The 671 nm transition in lithium is one

of the strongest lines in its spectrum; therefore, the 671 nm
line is more likely from lithium emission than from fluorine
emission. Presently, we do not understand the preference for
lithium and helium spectral line emission over fluorine
emission.

IV. IMAGING EXPERIMENTS

In a separate set of experiments, we photographed
shocked LiF crystals using a 9-frame MCP-intensified cam-
era19 with 125 ns time-gated images and an interframe time
of 500 ns to obtain information about the spatial location of
the light production at various times. Photographs of the
back of the crystal (with the shock approaching the camera)
are shown in Figure 4. The feature of interest is a ring of
light, initially 25 mm in diameter, which begins about the
time the PMT signal increases (570 ns). The ring grows
brighter and spatially larger as its inner radius moves toward
the center of the LiF crystal until the shock strikes the rear
surface of the crystal and distorts its transmission. These
images support the findings from the time resolved measure-
ments that, prior to the shock exiting the rear free surface of
the LiF crystal, the majority of the light emission originates

FIG. 3. Spectra of light emitted during the first 1.2 ls after shock breakout
for experiments fielded in nitrogen (top), helium (center), and 1 Torr vacuum
(bottom). The nitrogen and helium experiments are offset vertically from
zero to avoid confusion.

TABLE I. Wavelengths (nm) for selected spectral lines shown in Figure 3
for various background gases (vacuum, helium, and nitrogen) and some
known atomic lines that correspond to the measured wavelengths.

Vacuum 390 426 459 611 671 …

Helium 390 427 … … … 706

Nitrogen 390 427 460 611 671 …

Known wavelength18 391.5 427.3 460.3 610.4 670.8 706

Material Li Li Li Li Li He

Transition 2p–6d 2p–5s 2p–4d 2p–3d 2s–2p 2p–3s

FIG. 4. End-on visible-light images of the shocked LiF crystal. Frames are
integrated over 125 ns and are at 500 ns intervals. The shock is bowed, lead-
ing at the center. In (a), the shock periphery has just reached the edge of the
25 mm LiF crystal and produces a ring of light. In (b), 490 ns later, light
from damage at the inside edge of the LiF has increased and grown inward
with time. In (c), 990 ns after (a), there is further growth inward.

133506-3 Turley et al. J. Appl. Phys. 113, 133506 (2013)

End-on visible-light images of the shocked LiF 
crystal (multiple spectral peaks 400-700 nm)
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Interpreting the measurement (part 1)

• Window almost never matches the 
sample’s impedance
– Measured state usually shock-release
– Low density of LiF windows is the 

problem, but no other material is 
transparent over the same range

• Traditional approaches
– Invoke EOS to link measurement to 

shock state
– Use continuous release to map out 

isentrope and project that curve upward
– Neither of these is ideal
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Sample-window coupling matters a great deal

• Two clamped solids always have 
some small gap
– Configurations A and B

• Gap can be filled with a transparent 
adhesive (configuration C)
– Single component glues
– Mixed component epoxies

• Sample can be launched directly 
onto window (configuration D)
– Variety of practical issues

2

FIG. 1. Experiment configurations for measuring sample ra-

diance through an optical window. Red dots indicate the

primary emitting surface.

roughness common in commercial pieces, even when sup-
plemented with additional polishing, is limited by mate-
rial surface properties (such as adhesion of impurities and
galling), material strength (fracture limits), tool/fixture
flatness over many millimeters of travel, and further fac-
tors. These factors practically limit sample-window gaps
to approximately 1 µm or greater. Precise gap thickness
in previous work is largely unknown, though character-
istic values are 1–20 µm: smaller values are di!cult to
verify, and larger values would presumably be apparent
in cumulative thickness measurements. Such gaps are
readily closed by shock compression, where stresses are
much larger than the strength of either solid.

Overall gap fluctuations and/or lateral gap variations
(e.g. center to edge) may explain why previous work
using configuration A seems to resist simple analysis.
Poulsen et al. stated that gaps and irregularities at the
sample-window interface gave rise to flashes.23 Huang et
al. pressed transparent samples to LiF windows and re-
ported very large quantities of radiance that decayed over
time; they attributed it to flash and localized high tem-
perature.24 Hao et al. measured radiance from targets
pressing a copper plate directly to a sapphire window.25

Despite reporting on the copper temperature, their mea-
surements were certainly compromised by absorption and
emission of the shocked sapphire.26–28 Liu et al. reported
a successful measurement using a clamped sample, but
gave no details about the gap thickness or uniformity.29

Li et al.30 and Zhang et al.31 reported similar measure-
ments on iron (Fe) and vanadium (V), respectively. Li de-
scribes the window-target direct attachment via clamp-
ing, while Zhang used a similar configuration and pol-
ished the samples but did not elaborate on the attach-
ment method or the gap thickness. La Lone and col-
leagues clamped a slightly bowed Fe sample to a window,
observing optical fringing between the sample surface and
window to infer a gap at the center of similar or smaller
extent than the → 700 nm test light.28 As a transmitted
shock exited the Fe, that material released into the gap,
contacted the window, and reshocked against LiF. Op-
tical signal increased, peaked, and relaxed through the

duration of the experiment. They attributed this to a
combination of a non-thermal optical flash and the heat-
ing and subsequent di”usion of heat from reshocked ma-
terial near the interface. Hydrodynamic simulations of
the experiments suggested that even gaps smaller than
1 µm generate substantial localized heating and di”usion
in addition to potential optical backgrounds. Data re-
ported by La Lone, Li, Liu, and Zhang shows decaying
temperature in all shots, with relative decrease varying
from 5% to 40% in di”erent experiments over the dura-
tion of steady shock pressure.
Configuration B (Figure 1) moves the physical gap

in a clamped sample away from the measurement inter-
face, although doing so raises questions about the den-
sity and structure of the coating sample versus its bulk
companion. Williams, Bass, and later Tang sputtered
Fe onto an optical window and pressed the sputtered Fe
against a solid Fe baseplate, through which a shock was
transmitted.18,32,33 These studies reported calculation of
apparently sensible shock state temperatures in metals
through complex analysis and modeling. Yet many of
these measurements were almost certainly invalidated by
loss of transparency in, and optical emission from, the
shocked sapphire window26–28 and loss of transparency
in LiF above approximately 200 GPa.22,34 Yoo et al. at-
tempted the same experiment using a diamond window
to study iron.6 Shock states and melt temperatures in-
ferred from these experiments were, in general, anoma-
lously high compared to data measured under static high
pressure, calculated theoretically, or inferred from shock
measurements and EOS calculations,35–38 and many sub-
sequent studies disregard them. Svendsen and colleagues
attempted with limited success to analytically investi-
gate thermal di”usion across sample-coated film-window
interfaces from Bass’ data.39 Recent work by Brantley
applied the Svendsen analysis to new data taken in this
configuration, finding similar di!culty in matching ex-
perimental results.40 Dai et al.41 measured radiance from
a target consisting of Ta film coated onto LiF, pressed
against a Ta driver, and shocked to 300–400 GPa. Their
analysis of the Ta bulk shock state inferred Ta melt values
approximately 3000–6000 K greater than those measured
at static high pressure and calculated via theory; see De-
waele’s discussion42 for details. Dai et al. performed the
same experiment on V.43 Their reported temperatures
were 1000–3000 K higher than those obtained by Zhang
with the clamped V target.31 Among other issues, all but
one of Dai’s V experiments used a sapphire window that
would have su”ered from loss of sapphire transparency.41

B. Bonded experiments

Shock experiments measuring interface velocity have
used sample-adhesive-window bonding for decades.44,45

Temperature measurements in this configuration were
first successfully reported by Blanco et al.19 Nu-
merous studies have since employed this configura-
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Loading path is very different between A and C

• Shocked sample to completely 
release to zero pressure at gap
– Quickly followed by a second shock 

from a heated state
– Result can be much hotter than 

original shock temperature

• Adhesive is lower impedance than LiF 
but higher than vacuum
– Ringing restores sample-LiF state
– Roughly isentropic each way
– Result similar to perfect sample-

window contact

8
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properties of shocked materials and proper accounting
for finite boundary conductance present independent un-
certainties of order ±10–20%. These uncertainties prop-
agate forward with the adjustment for sample thermo-
dynamic state history before the bulk temperature is de-
termined. Thermal di!usion calculations that include
boundary conductance are shown in Fig. 8 using relative
temperature (1 for the sample, 0 for the window). Ma-
terial near the sample surface lies at a value somewhere
between those limits. Finite conductance supports a tem-
perature discontinuity at the interface that gradually di-
minishes over time, although relaxation time scales can
vary by several orders of magnitude. These trends are
qualitatively similar to gapped experiments Firefly 6–7
(Figure 5). For example, simulations using a range of
plausible boundary conductance values predict Al-LiF
interface temperature decay of 3–35% over the roughly
300 ns duration of a typical supported shock experiment.

At pressures of 46 GPa (Firefly 1) and 67 GPa (Fire-
fly 5), radiance from the bonded sample is quite steady
and consistent with the temperature predictions. This
suggests that the bond is an extremely poor thermal con-
ductor, allowing the Al to maintain very nearly steady
shock T for at least several hundred nanoseconds. Fig-
ure 9 shows results of calculations of thermal di!usion in
a bonded experiment, detailed in Appendix A. The cal-
culations indicate minimal di!usion through the sample-
window bond and no substantial di!usion between sam-
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FIG. 10. Loading states for aluminum backed by LiF. The Al

shock and release (blue) states and reshock states (red) are

nearly identical.

ple and window over the time scales of shock experiments.
The thermal stability of these simulations to <5% is con-
sistent with experimental observations (Fig. 6 red, blue).

B. Thermodynamic states

Plots of pressure as a function of particle velocity
(Figure 10) are helpful in the comparison of di!erent
sample-window configurations; this particular illustra-
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Bonded versus gapped samples

7
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fidelity Al multiphase EOS.64

Firefly 4 (Fig. 3), shocking Al-Loctite-LiF to 136 GPa,
yielded a steady T dramatically higher than other exper-
iments or thermodynamic predictions, providing strong
evidence that the Loctite layer failed. Firefly 3, shown in
black in Fig. 6, tested the Al-LiF interface at 107 GPa.
Apparent T jumped to a value higher than the EOS pre-
diction and decayed by → 10% under steady stress. At
107 GPa, bond failure is likely.

VI. DISCUSSION: TEMPERATURE IN BONDED VS
GAPPED EXPERIMENTS

This section compares observations from the Al-LiF
interface in several Firefly experiments. Loctite was the
only adhesive bond used for that interface. Based on the
previous section, there is no obvious reason to suspect
than an epoxy bond would yield substantially di!erent
results. The term glue is used here to contrast adhe-
sive bonded from gapped targets. Hardened acrylic glue
will also be treated as functionally similar to PMMA in
calculations and simulations.

Figure 7 compares glued vs. gapped Al-LiF interfaces
in otherwise similar experiments. Firefly 5 tested Al at-
tached to LiF with a 2 µm bond. Under steady shock of
67 GPa, nearly steady radiance indicated an estimated
Al T→ 2200 K at shock breakout, dropping to 2150 K;
T varied by ↑50 K (2%). Firefly 7, with an evacuated
gap between Al and LiF, saw dramatically decaying radi-
ance. Estimated initial Al T →3150 K at shock breakout
dropped to 2800 K by the end of the experiment and
never fully stabilized. Sjostrom’s Al EOS suggests tem-
peratures of 2000 K at 67 GPa and 2300 K at 76 GPa; the
absolute T is not constrained by published experimental
data, but the relative di!erence of 300 K between the
two Hugoniot states is a sensible estimate. The bonded
experiment produced an estimated T less than 10% dif-

ferent than theoretical T , while the gapped experiment,
placing the Al in direct contact with LiF at a much lower
shock T , produced at estimated T beginning 40% hotter
and decaying to →25% hotter. Firefly 6 saw an initial T
approximately 1500 K greater than the EOS estimate; it
cooled until reaching something close to the EOS estima-
tion of →3200 K. However, this interface temperature is
not corrected by the methods described in Appendix A 1
to account for cooling of the Al surface via thermal con-
duction into the LiF. The corrections use interface T to
estimate a lower bulk T , so the similarity of the interface
and EOS T values in this instance is likely a coinciden-
tal arrangement of the factors described in Sec. VIA and
Sec. VIB.
Radiance measured in a gapped experiment presum-

ably varies from that measured in a glue-bonded experi-
ment by three independent types of mechanisms. First,
compression of any residual gas may create non-thermal
emission, release of surface imperfections will create tran-
sient optical radiance from extremely hot jets, and other
mechanisms may create localized variation in T . Sec-
ond, thermal di!usion between sample and window will
place the interface at a di!erent state from the sample.
Finally, T near the emitting surface will be dictated by
a significantly di!erent thermodynamic trajectory than
that experienced by the glued samples.
The LiF-gap-LiF experiment (Firefly 1, Fig. 4) showed

no substantial emission from compressed gas. Experi-
ments testing shocked and released surfaces have found
higher apparent T immediately after release, subse-
quently settling to a stable value, likely due to inver-
sion and jetting of localized surface geometry imperfec-
tions.14–16 A free surface that does not impact another
material, such as a window, and re-compress may see ra-
diance evolution for tens or hundreds of nanoseconds. In
Firefly 1, the surface was unloaded for 1 ns or less be-
fore impacting LiF, preventing measurable evolution of
an expanding cloud of material. Any additional heating
in the transparent LiF due to shock, release into the gap,
and reshock upon the downstream LiF was not apparent
in our diagnostics.

A. Thermal di!usion

Released material that crosses a gap and comes into di-
rect contact with a window then experiences thermal dif-
fusion. In most reports, a correction to estimate the sam-
ple temperature from the interface measurement is made
using the model of Grover and Urtiew.66 The model as-
sumes infinite thermal conductance across the interface,
resulting in a steady interface T . In practice, observed
temperatures steadily evolve over time, both in this study
and previous work. Details of that evolution strongly de-
pend on the experiment configuration.
Appendix A describes the large uncertainties inherent

in the conversion of measured interface T to the bulk
sample temperature. Both the estimation of thermal

9

tion is based on shock compression of aluminum to
100 GPa (dashed horizontal line). The black curve shows
the lithium fluoride shock states derived from a tabular
equation of state (SESAME 7270). Sample (Al) shock
states lie on the blue curve. Configuration D achieves the
Al-LiF intersection state at the Al-LiF interface, but the
same cannot be said for the other configurations. In the
absence of a gap, the aluminum sample releases slightly
to state 2a (97.5 GPa) due to the lithium fluoride window.
For gapped configurations A–B, samples undergo com-
plete release to zero pressure (2b), followed by reshock to
a slighly di!erent state pressure (95.7 GPa, state 3b at
the Al LiF intersection just below state 2a) than the orig-
inal shock state; this progress is indicated by the mostly
overlapping release (blue) and reshock (red) curves. Con-
figuration C undergoes partial release to state 2c, defined
by intersection of the green curve representing adhesive
shock states. Subsequent shocks across the bond restore
pressure to the sample-window intersection near 100 GPa
in a step-wise manner.

Both configurations expose the sample to shock com-
pression, but:

• Gapped samples undergo complete release and
reshock from P=0.

• Bonded samples undergo partial release followed by
multiple shock recompression.

Release in both configurations can be treated as nearly
isentropic—shock waves are unstable for decreasing pres-
sure, resulting in continuous (and nearly adiabatic) de-
compression.1 However, the incompletely released sample
in the presence of a bond layer retains a fair amount of
the enhanced sti!ness from the original shock state, so
subsequent reverberation shocks do not generate nearly
as much density (or entropy) change as a shock from
P = 0. To a very good approximation, recompression of
the bonded sample follows the decompression path from
2c back to 2a, recovering the temperature of the sample-
window intersection.

Reshocking a fully released sample results in a very dif-
ferent temperature state than reverberation. Figure 11
shows temperature calculations for aluminum and copper
based on SESAME tables 93722 and 3336, respectively.
These calculations illustrate that samples exposed to full
pressure release are substantially hotter than the original
shock state upon recompression. Some of this increased
temperature might di!use into the window—this pro-
cess is enhanced for gapped samples relative to bonded
samples—but the fact remains that observed sample tem-
perature can be substantially higher than expected. Alu-
minum was used in the present experiments, but similar
deviations would be observed in copper (as shown) or any
other material of interest.

To quantify how much of a gapped sample is a!ected by
shock-release-reshock e!ects, consider the conceptual di-
agrams in Figure 12. Just after the original shock reaches
the sample-window gap (top), the free surface is launched

0 20 40 60 80 100
Pressure (GPa)

1000

3000

5000

7000

Te
m

pe
ra

tu
re

 (K
)

  2500 K
Aluminum

Shock
Release
Reshock

0 20 40 60 80 100
Pressure (GPa)

1000

2000

3000

Te
m

pe
ra

tu
re

 (K
)

  1200 K
Copper

FIG. 11. Calculated shock (blue), release (orange), and

reshock (yellow) temperature states for aluminum (top) used

in this work and copper (bottom) as another example.

toward the window. A continuous left-going release trav-
els at sound speeds |c1| > |c→0| from the high to zero
pressure domain, respectively. The free surface eventu-
ally strikes the window, creating a left-going reshock (3b,
nearly equivalent to 2a), but the release has already been
traveling for some time and fans out as shown (bottom).
The minimum size of this release a!ected zone:

hRAZ >
c0
u2b

(
Us

Us → c0

)
h ↑ c0

2u1

(
1 +

c0
su1

)
h (1)

depends on original gap thickness h, second shock veloc-
ity Us (U3b, about 10 km s↑1 at P3b ↓ 100 GPa) and
release particle velocity u2b (about 7.6 km s↑1); the ap-
proximation is based on a linear material (U = c0 + su)
and the assumption that release velocity is nearly twice
the particle velocity. For this particular example, the
RAZ is no less than 1.3h, and this estimate only accounts
for reshock overtake of the P = 0 state. Even in the
limit of large particle velocity, hRAZ/h can never be less
than c0/2u1, in this case roughly 0.6. The left edge of
the release front travels roughly 3 times faster than the
right edge, so the amount of material having undergone
shock-release-reshock, experiencing some RAZ heating,
is at least 4 times the gap thickness.
Figure 13 shows the results of 1-D hydrodynamic simu-

lations of gapped and bonded experiments created using
the code CTH.67 The simulations replicated the geom-
etry of the Firefly 6 and 7 experiments testing Al-gap-
LiF interfaces, the Firefly 5 Al-bond-LiF experiment, and
the ideal case of a 1 µm gap. The experiments were
slightly simplified by using a common impact velocity;
this eases comparison without meaningfully changing un-

Hartsfield et al., “The role of sample-window coupling in 
shock temperature experiment”, accepted by the Journal 
of Applied Physics (2025).

Sample temperatures appear higher and less steady 
when the sample is not bonded to the window



17 shock.wsu.edu

Interpreting the measurement (part 2)

• What about heat flow?
– Thermal diffusion over ~1000 nm scales
– Metal emission layer is <100 nm
– Finite interface conductance

◦ Temperature does not have to be continuous
8
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FIG. 8. Simulated relative temperature (sample = 1, window

= 0) across an Al-LiF interface at x = 0 versus interface

conductance G (W m
→2

K
→1

). Top: T(x) at 300 ns. Bottom:

T(t) at the Al skin depth.

properties of shocked materials and proper accounting
for finite boundary conductance present independent un-
certainties of order ±10–20%. These uncertainties prop-
agate forward with the adjustment for sample thermo-
dynamic state history before the bulk temperature is de-
termined. Thermal di!usion calculations that include
boundary conductance are shown in Fig. 8 using relative
temperature (1 for the sample, 0 for the window). Ma-
terial near the sample surface lies at a value somewhere
between those limits. Finite conductance supports a tem-
perature discontinuity at the interface that gradually di-
minishes over time, although relaxation time scales can
vary by several orders of magnitude. These trends are
qualitatively similar to gapped experiments Firefly 6–7
(Figure 5). For example, simulations using a range of
plausible boundary conductance values predict Al-LiF
interface temperature decay of 3–35% over the roughly
300 ns duration of a typical supported shock experiment.

At pressures of 46 GPa (Firefly 1) and 67 GPa (Fire-
fly 5), radiance from the bonded sample is quite steady
and consistent with the temperature predictions. This
suggests that the bond is an extremely poor thermal con-
ductor, allowing the Al to maintain very nearly steady
shock T for at least several hundred nanoseconds. Fig-
ure 9 shows results of calculations of thermal di!usion in
a bonded experiment, detailed in Appendix A. The cal-
culations indicate minimal di!usion through the sample-
window bond and no substantial di!usion between sam-
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FIG. 10. Loading states for aluminum backed by LiF. The Al

shock and release (blue) states and reshock states (red) are

nearly identical.

ple and window over the time scales of shock experiments.
The thermal stability of these simulations to <5% is con-
sistent with experimental observations (Fig. 6 red, blue).

B. Thermodynamic states

Plots of pressure as a function of particle velocity
(Figure 10) are helpful in the comparison of di!erent
sample-window configurations; this particular illustra-
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What about temperature validation?

• How does one verify temperature?
–No mechanical analogue, such integrating velocity 

for comparison with known displacement
• Could we compare with other diagnostics?

–Neutron resonance spectroscopy (LANSCE)
–Raman spectroscopy (transparent materials)
–XAFS thermometry (synchrotron or intense lasers)
–Do different diagnostics probe the same 

temperature state?
◦ The answer can be quite subtle due to 

reverberation affected zones (RAZ), even for 
vanishingly small perturbations
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Cheating to win with lanthanides

• Low reflectance metals 
–High emissivity enhances signal
–Reduces reduction uncertainty
–Effect boosted by high-index 

oxide formation

• Reasonably impedance matched 
to lithium fluoride

• Readily heated by shock 
compression for pressures <100 
GPa
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Shock-release compression of samarium
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densities calculated from the x-ray di! raction data as a function of pressure (determined through impedance 
matching using the particle velocity measured at the Sm/LiF interface) together with the densities determined 
from the impedance matching method. Our data agrees well with the previous study by Carter et al.15. We observe 
a small deviation in the density measurements of the dfcc+liquid phase using x-ray di! raction data, likely due to 
the additional peak broadening resulting from the presence of the liquid phase. " e extraction of density from 
the liquid phase remains a challenge to date.

We note that there is no abrupt change in the density (determined from impedance matching) observed upon 
liquid transition. " is could be due to the fact that the volume change associated with a phase transformation 
of a material under shock loading conditions is not always obvious through Hugoniot measurements. " is can 
be seen from many previous works on shock compressed metals, such as,  copper22,  cerium23, and  aluminum24. 
In the case of copper, Hayes et al.22 do not observe discontinuity along the Hugoniot. However, sound speed 
measurements on the other hand show a clear discontinuity upon melting. " erefore, x-ray di! raction or sound 
speed measurements are critical to pin down the exact phase transition stress, underscoring the signi#cance of 
the current study in determining the phase boundary.

Figure!7.  Temperatures calculated from 1125$nm pyrometry signals at emissivities of 1.0, 0.75, and 0.50. Circle 
symbol and error bars indicate values from Table$2. " is is an averaged value over four wavelength bands. " e 
temperature in (d) is lower because the longer wavelength channels give temperatures below the 1125$nm value.

Figure!8.  (a) Hugoniot in the Us ! up and (b) pressure-density plane. Square symbols are the data from Carter 
et al.15, magenta-#lled circles are the densities calculated using x-ray di! raction data. Black solid lines are guide 
to the eye. " e green-dashed arrowed line corresponds to where Carter et al.15 proposed melting would occur. 
" e red boundaries line are drawn based on the phase boundaries observed in x-ray data from this study.
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Shock-ramp compression helps

• Window release is colder than shock state

• Subsequent ramp passes back through 
the shock state
– Quasi-isentropic release
– Quasi-isentropic ramp
– Simple impedance matching allows us to 

determine link the interface pressure to 
original shock state

• Benefits
– Minimal EOS information required
– No extrapolation is necessary
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Generating shock-ramp compression

• Pulsed current launches a 
flyer plate (Cu or Al) 
–Flight gap 0.1-0.4 mm

• Symmetric impact generates 
modest shock (10-40 GPa)

• Sample reverberates 
between drive plate and 
window

• Subsequent ramp pushes 
sample to 50-100+ GPa

Low OH 
silica
fibers

Opposing
Currents

Flyer Drive

Sample

LiF
window

Sapphire
window
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Pyrometry and 
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Shock-ramp compression of gadolinium
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• Shock-release followed by ramp passes 
back through the Hugoniot state
– Each sample sees slightly different 

shock pressure state 
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What does this tell us about Gd?

• Very little data to compare with
• Static compression melt lines 

are notoriously unreliable

• EOS calculations based on 
assumptions

• Combining dynamic results 
provides some guidance
• Diffraction reveals melt
• Corrected pyrometry indicates 

mixed phase region
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•Creating a high pressure “ice-water bath” 

• Water freezes for under 
shock reverberation >6-7 GPa
• Melt line well known

• Helpful details
• MIR emissivity for water 

very close to 1
• Emission occurs over many 

microns, so heat conduction 
can be ignored
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Summary

• Temperature measurements are important but very difficult
• Data is easily compromised (background radiance, …)
• Reduction may depend on poorly known factors (emissivity)
• Correctly interpreting the results is tricky (impedance, diffusion)
• How to validate the result?

• Having said that, optical pyrometry is viable in some situations
• Near-infrared is robust, visible better for temperatures >2000 K
• High emissivity helps a lot
• Sometimes looking through an adhesive bond is the lesser evil

• Might emit light, but it prevents full unload and reduces heat flow
• This is an ongoing area of study
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