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emperature is important but elusive

» Jump conditions link density/pressure to velocity 77 Uy, €

—Mass, momentum, and energy conservation T? - U
—No such link exists for temperature

* Temperature is a key thermodynamic variable
—Calculated values are very sensitive to EOS assumptions (c,, ...)

—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
o Are you measuring the shocked sample or thermometer temperature?
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shock.wsu.edu



WASHINGTON STATE

UNI V ER = [ i

Fundamental challenges for temperature ﬂﬁ

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 dﬁ

* All materials emit temperature-dependent light Ryst Samele

(Plank’s law) I,, I il
—Measure spectral radiance (power per unit

area per unit solid angle per unit wavelength)
—Work backwards to get temperature IF s
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Characteristic temperature domains »)lff

. High T (>20,000 K) N (1 eVis 11,604.5 K)
— Minor spectral variation changes with T
— Ample signal levels

1010\

T 40000 K]
 Moderate T (<15,000 K) 10° | 20000 K
— Modest spectral variation changes with T 10000 K
— Reasonable signal levels 0 SVS/SOP 1
« Low T (<5000 K) o ..
— Significant spectral variation with T Si APDs

— Small but measurable visible signals
* Very low T (<2000 K)
— Forget streak cameras altogether InGaAS APD‘

. : 400 450 500 550 600 650 700
— Shock-ramp domain of condensed materials Wavelength (nm)

Spectral Radiance (photons/ns/mmz/ster/nm)

D
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Pyrometry in dynamic compression i‘ﬁ

 Transparent materials shocked to opacity Amtbit?nlt
_ . materia
— Quartz, various minerals, ...
— Liquids: deuterium, water, ... Shock front

emission (Us)

— Moderate to hot T (>>1000 K)
— Equilibrium* state emits through shock front

Surface
emission

« 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
o May involve ejected material
—Windowed measurements
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Metal temperature under dynamic compression dﬁ

2000

e Shock compression generates

—Hugonliot
a lot of entropy 1800 | |—Isentrope
— Relative warm for a given 1600 |
density change — Simple EOS calculations for copper
y g < 1400 | p PP

— High impedance moderates
that volume change

« Ramp compression is quasi-
Isentropic
— Temperature increases only
due to adiabatic work

— Much colder than single 200
shock to the same pressure

0 20 40 60 80 100
Pressure (GPa)
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Making a reliable measurement—details matter dﬁ

* Visible to near-infrared radiometry Sm, 0.5 mm thick PDV (59um)
—10-100 nm spectral bands [ &/ Pyro (£300pm)
 LiF is about the only worthwhile
optical window § L —
— Legend says that shocked Projectile €| |5 [Imaging probe
adhesives emit significant light < |
— This may not be entirely true octite 325
below ~100 GPa /4 Elack paint
Aluminum impactor Aluminum
coating

« Extensive masking needed to keep
out stray light

— Measurements are easily
contaminated, especially at short
wavelengths
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Pyrometry signal trends ﬂfj

10 nm spectral bands

» Radiance within a spectral band always 10—

increases with temperature (fixed emissivity) | ——2000 nm
1000 nm

* Trend is extremely nonlinear j ——500mm
— 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 e 1t 1t e
as sensitive to change. Temperature
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Radiance measurements are rarely easy i‘ﬁ

« 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
o Fiber connection/breaks
o Bending
— System drift

o How long does a pyrometer remain
calibrated?
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Reducing the measurement--emissivity ')}ff

« Pyrometry measurements depend on sample The emissivity problem
temperature AND emissivity ,
. 2hc
—0< emissivity < 1 LLT) = € X 0
— Varies with wavelength A5 (eheo/ AT — 1)

— Can be inferred from reflectance and transmission e(0) =1 — p(0;27) — 7(6; 27)
—0.1-0.2 for many metals (infrared)
« Reflectance changes in many ways N measurements
— Material state (temperature, pressure, phase) N+1 unknowns
— Surface condition (specular, diffuse)

« Without knowledge of emissivity, only the minimum
pyrometer temperature is known

— Temperature uncertainty scales with emissivity
uncertainty
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Competing choices ﬂf

 Shorter wavelengths less sensitive to emissivity o g )\T
— All measurements have similar shape to the right T A~ ¢
of the blackbody peak T i

— 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
o Emission from window edges
o Emission from optical adhesives
o Target chamber background End-on visible-light images of the shocked LiF
_ o crystal (multiple spectral peaks 400-700 nm)
* Dynamic emissivity can be hard to measure
— Diffuse reflectance may be mistaken for absorption
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Interpreting the measurement (part 1) ﬂ.‘fj

* 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

Hugoniot

Release

Temperature
Pressure

 Traditional approaches

— Invoke EOS to link measurement to
shock state

— Use continuous release to map out

Window

Isentrope and project that curve upward

: .. Pressure Particle velocity
— Neither of these is ideal
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Sample-window coupling matters a great deal
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Two clamped solids always have

some small gap
— Configurations A and B , Impactor

Gap can be filled with a transparent
adhesive (configuration C)

— Single component glues C.
— Mixed component epoxies

Sample can be launched directly
onto window (configuration D)

— Variety of practical issues
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Loading path is very different between A and C dﬁ
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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

100

Pressure (GPa)
(@)
o
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Bonded versus gapped samples ﬁﬁf

Hartsfield et al., “The role of sample-window coupling in

< 7000 : : Aluminum shock temperature experiment”, accepted by the Journal
— Shock A =~ 2500 K of Applied Physics (2025).
)
5 5000 Release I - ' ' ' ' T
S Reshock Interfacev(ms )
@ 3000 . '
qé. | —_— 3000 Interface v (ms™)
b

IS 1000 | .
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Pressure (GPa) copper EOS T at 76 GPa

3 | A ~ 1200 K
© 3000 2000 | EOS T at67 GPa '
-
T 2000 | '\
) Firefly 5: glued target Lﬁ Firefly 7: gapped target
S 1000 L— | 1500 - - - - - -
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0 20 40 60 80 100 Sample temperatures appear higher and less steady
Pressure (GPa) when the sample is not bonded to the window
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Interpreting the measurement (part 2) ﬂ.‘ﬁ

« \What about heat flow? P differences propagate waves
. _ T differences diffuses
— Thermal diffusion over ~1000 nm scales
— Metal emission layer is <100 nm L | | I
— Finite interface conductance " "
o Temperature does not have to be continuous

Heat flows from hot sample to cool window Adhesive inhibits that flow
1 w 1, T ‘
— — G = infinity g — G = infinity
208 TG =1x10°) 208 ) —===G=1x10"
[0 Y -1 N (N G=1X107 00 \‘ ........ G=1X106
o e o | 6 O \| — 5
Il 0.6 P G=1x10"|4 1 0.6 \ G=1x10
= 1SN Skin depth - n —— Sample-glue
— : S —— Interface = O N U Glue-window
() 0.4 : ) 0.4 =\ : .
= = :
CU e 0...
3 0.2 : | 3020 [T
o sample i window o .
: sample glue window
O | H I O | I I RS
-1.0 -0.5 0.0 0.5 1.0 20 -10 00 10 20 30 40 50
Postion (um) Postion (um)
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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?

o The answer can be quite subtle due to
reverberation affected zones (RAZ), even for
vanishingly small perturbations
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Example sanity check
(mechanical)
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< » velocimeter

known
distance

<> velocimeter




Cheating to win with lanthanides

e 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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Ambient emissivity

0.9+
Samarium
0.8 : ®e, (n=2 oxide)
o o
0.7 ¢ . ®o0e
20.6 ‘e, .
% Samarium® ® e e o )
0 0.5 (vacuum)
uE_| 0.4 *
O
0.3 Tin ?
(n=2 oxide)
0.2 2
0.1 (vacuum) ]
0 | | |
500 1000 1500 2000 2500
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Shock-release compression of samarium
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Shock-ramp compression helps 'Z.‘ﬁ

 Window release is colder than shock state

« Subsequent ramp passes back through Hugoniot

the shock state
— Quasi-isentropic release
— Quasi-isentropic ramp

— Simple impedance matching allows us to
determine link the interface pressure to
original shock state

Release

Temperature
Pressure

Window

* Benefits

— Minimal EOS information required Pressure Particle velocity
— No extrapolation is necessary
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Generating shock-ramp compression »)jﬁ

» Pulsed current launches a (Not to scale)
flyer plate (Cu or Al) Flyer  Drive |LiF Sapphire
—Flight gap 0.1-0.4 mm window |window

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

Low OH
silica
« Sample reverberates fibers
between drive plate and
window Opposing Sample
« Subsequent ramp pushes Currents
sample to 50-100+ GPa Pyrometry and

PDV measurement
location
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Shock-ramp compression of gadolinium Q‘ﬁ

Top Gd Center Gd Bottom Gd '
1 i 1 " 1 7
$0.38 | so08 $0.38
go 6 Tg")o.es / go 6 /
204 204 204
o o o
<0.2 <0.2 <0.2 |
(P ] (1] ] 0 f—me il
600 800 1000 600 800 1000 600 800 1000 —Top
Digitizer time (ns) Digitizer time (ns) Digitizer time (ns) ;2400 |—center |
= Bottom
=
© 2200 | .
« Shock-release followed by ramp passes O
: Q
back through the Hugoniot state GE) 2000 | :
— Each sample sees slightly different é 1800 | |
shock pressure state £
)
= 1600 - .
0 20 100 150
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What does this tell us about Gd? ﬂ.‘ﬁ

* Very little data to compare with

. . . 5500 - XiiD | RN BN RN D PR AN ISR N G G NENN SN I'.‘..U =1
» Static compression melt lines co00 | Lo © % @ skt @ P
are notoriously unreliable 4500 & Zremcert | B Zrgmetems o ]
94000-‘ ;Zg’g’:fﬁ’ Slfgcmt z 0())(’\\&.-"(5 )
] o d "« Jayaraman et al, 1965 ’ ' ey L _
» EOS calculations based on gt ad

assumptions 5 _
« Combining dynamic results i
provides some guidance = ]

« Diffraction reveals melt . e

 Corrected pyrometry indicates Pressure (GPa)
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 ,‘ﬁf

* 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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