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Asay window apparatus and mass measurement technique -

» Asay window momentum diagnostic:
m Coupon material collides with a (LiF) window, PDV measures velocity at an
internal point in the window medium.
B Jim Asay introduced the method in 1978: p
® Asay, J. R. "Thick-plate technique for measuring ejecta from shocked surfaces."
B Provided a set of physics assumptions are satisfied, velocimetry analysis can
provide accumulated mass and volumetric density measurements:

©® Non-interacting, ballistic, and 1D motion of colliding material, simultaneous
onset of motion

LiF Window B

3
o

Embedded Al reflector

LiF Window A

Axis of the experiment

® Collisions with window are spatially uniform and inelastic,
® Conservation of momentum in the coupon particle + Asay window system HEWntew
® Colliding material forms a dynamic accretion layer of approx. uniform density X . Embedded
® Collisions occur at a known/consistent location relative to the accretion layer LiF Window A Al reflector
» In the last ~decade this diagnostic has been enhanced through .
improvements in the characterization of LiF, dual-layer/embedded-reflector o e Ay
. . parico
windows, and analysis methods:
m LiF: 7 Seupon
® (Jensen et al., 2007), (Rigg et al., 2014),...
m Dual layer window: Current work focuses on extending the Asay
® (Chen, et al. 2017), (Stevens, et al. 2021) window areal mass measurements into the
m Analysis (Spall, porosity, stress): — high areal mass range (on the order of 1 3
A
® (Chen, etal. 2017), (Chen, et al. 2012), (Stevens, et al. 2021) Sz
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Introducing a dynamic accretion layer to the analysis |

/

Momentum Budget

» High quantities of accumulated surface deposits on the window motivate the
inclusion of a dynamic layer in the analysis that contains the accumulated sk
mass: the accretion layer.

» Assuming accretion layer consists of coupon material, the thickness of the
accretion layer could be comparable to the thickness of the pre-motion coupon
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Accretion layer growing on a LiF window: DCS 22-4-023




Accretion layer growing on a LiF window: DCS 22-4-023

Each divot produces a
self-similar expanding
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Accretion Layer Modelling Options NNSS)

Momentum Bu

Bm No Accretion Layer, the “Null Accretion Model”

® Not unreasonable early in an experiment during low-density
accumulation

50000

40000
e sheet momentum
@ accretion layer momentum

L ] internal LIF momentum
total momentum

m Dynamic incompressible accretion layer
©® Models the accretion layer like a growing-thickness Asay foil
©® Areal mass and volumetric density measurements are feasible
for some experiments and time ranges (early-mid). 7 8 8 1 1 1 DB

Time (microseconds)

Momentum (kg*my/s)

6.85 microseconds
m Compressible accretion layer with constant shock 1.2 Accretion layer forms *

. . between red and lines
propagation velocity 3.6

©® Can use the bulk sound speed or a mid-experiment shock speed
® Significant improvements in temporal accuracy, especially late o.s -
in an experiment.

25

simulation
of accretion
layer growth
from
colliding
particles.

0.6 A

B Compressible accretion layer with linear shock-particle
velocity relation
©® Accretion layer with linear Hugoniot EOS model
® Impedance mismatch between accretion layer and LiF is

accounted for (inc. reflections), complex shock propagation in 0.0
the accretion layer.
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Accretion Layer Modelling Options NNSS)

Momentum Budget

B No Accretion Layer, the “Null Accretion Model”
® Analysis method: 0

50000

40000

e sheet momentum
30000 @ accretion layer momentum

L ] internal LIF momentum
total momentum

B Dynamic incompressible accretion layer

©® Analysis methods: numerical integration of an equation of
motion (continuum mechanics)

Momentum (kg*my/s)

® Low/mid complexity (comp foil analysis) 7 & 8 1 1 1 1B
Time (microseconds)
6.85 microseconds
m Compressible accretion layer with constant shock 1.2 Accretion layer forms *
. . between red and lines
propagation velocity 3.6 .

® Analysis methods: numerical integration of an equation of

motion (continuum mechanics) 0.8 -
L stronger assumptions on the behavior within simulation

the accretion layer. 0.6 of accretion

layer growth
from

colliding

particles.

B Compressible accretion layer with linear shock-particle
velocity relation

® Analysis methods: forward simulations and inference methods ,

® High-complexity: strongest assumptions on the behavior of the

accretion layer. Positivity of accretion layer mass-flux. "BIE” 0.0
but for momentum diagnostics.

0.4 4
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Equations of Motion



Approach: balance of linear momentum for variable mass syste

Incompressible accretion layer

* General formulation of the balance of linear momentum for variable mass
systems with mass flux, internal flow, external and surface forces (Levi Civita,
1928), (Irschik et al., 2004):

. d ..
M-E'=Fbody+Fsurf+M-(ve—Z-é+E€')—M-(c—€') [A]
— M : mass of the system,
— c: center of mass of the system
— ¢ : center of mass influx of the system (where the particles are colliding)
— V,: summarized velocity of the colliding particles.
— Fpoay: external body forces
— F g5 surface forces acting on the system

= We define the control surface describing the variable mass system to be the
surface boundary of the accretion layer.
— Fpoay: Negligible body forces act on the accretion layer (e.g. gravity)
— Fgyurp: Pressure exerted by the window on surface between LiF and accretion
layer

* We additionally assume the following:
= Uniform density accretion layer approximation

' q
c~=d +f uw(‘t)d‘t—i

0
= Collisions occur at the accretion surface

t
c=d, +J u, (rv)drt—q
0

o
&— g

o o

e o @
e @o—
[ _amd

The accretion
surface at t
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Equation of motion: collisions at accretion layer surface NN55)
Incompressible accretion layer

SECURITY SITI

» The accretion layer thickness is related to areal mass:

_M dg _ M . . .
q= —=— = Uniform density accretion layer
Psn dt Psn a i ti
o a 5n _ _ pproximation
» We can evaluate the ¢, ¢,and —¢ using the relationship t q
dat c~d w,(t)dt — =
o [ @
above 0 2
®c=uyy,— = (Collisions occur at the accretion surface
2psn t
.. M c~dy+ f u, (r)dt —
0= Uy — 0 0 W( ) q
2psn

d . M
.—C:uw——
dt Psn

» Note that the steps above were done with areal mass M;
coordinate frame choice implies Fs,,. s = —a,; When window

. o L . : ,od ) R
motion is in positive direction, where o, can be M- ¢ =Fpoay+ Foypp + M- <ve —-2-¢+ EC> M- (c-0) [A]
A A

Balance of linear momentum for variable mass systems :

approximated by the Hugoniot jump condition:

OLir = Prir " [l - (co + 4 [uy,[)
» Substituting the ab into E tion A and simolifvi it Body We estimate w
in a first-order separable ODE for accumulated areal mass in negligible similar term cancels with
terms of experiment observables: methods as for a comparable term
* Asay foils produce by ¢

dM_M'uW+O'LiF
dt  v,—u, "

* A comparable continuum mechanics equation of motion for Asay foils can be found in (Tregillis and Harrison, 2020)




Volumetric density

» During a time interval [t,t + At) a volume Vg, of
particles collides with the accretion layer. The
volumetric density of accreting matter is given by:

dM
_qr At

Pvol =

Vf lux

V r1ux Can be expressed in terms of experiment

observables and current time-step analysis quantities
as:

dq
Vflux = E+ve—uw - At

» Volumetric density is then given by:

am
oot = W _ M'l:LW‘I'O'LiF
vol — d - d
(d_‘z-l've_uw) (ve_uw)'<d_‘z+ve_uw>

Time t Time t + At

A non-zero
1| thickness g slightly
alters the ballistic
ejecta velocity v,

Inbound ejecta
velocity: !
Vg = Ve — Uy

R

NEVADA NATIONAL
SECURITY SITE

Accretion layer
thickness g,

o d
growing at rate =

Window-front
velocity u,,

Volumetric extent of
collected ejecta:

dq
(E+ve—uw)-At

12
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Extending continuum mechanics eq. of motion to non-rigid
(compressible) accretion layer (1D)

»  Recall the Asay window equation of motion:

dM_M"l:{W‘l'O'Lip
dt v,—u,
Without dynamic time delays the above equation approximates the accretion

layer as a rigid body. Introduction of dynamic time delays into the analysis _
can account for some non-rigid propagation behavior. LiF and Accretion Deformation
This time-delay approach deviates from strict balance of linear momentum . N 3
S . . . . e propagating
Will will make use of an approximation for the particle motion withinin the through the LiF e g
accretion layer to develop an equation of motion for a non-rigid accretion §
layer. i . . _ / LSM forward E
m P =set of accretion Iay-er particles at time t- 3 simulation of 5
m Forp € P let m, = particle mass, x, = particle position accretion layer z
Define the particle centroid and particle centroid velocity/accel- dynamics and E
&(0) Ypep™y - Xp  dT ® Lpep™y %p  d%C ® Lper My Xp compressibility of 2 _
c = _ = —_— = . ] -
Zp cpm, dt Zp cpMy dt? Zp cpm, accretec_:i material. g @
d * Non linear LSM g
During mass accretion and for variable mass systems in general: — ¢ # ¢ * Murnighan E.O.S. ®
dt Release in the .y
i . i id). following relationship holds relating the k ; | o
(dynamic vs. particle centroid). The accretion layer | o
¢, ¢ ¢ terms: ~ (non-uniform | )
—— — c
— i)
C=EC+M'(C—C) g
Differentiating further and substituting into the balance of linear momentum J <
equation results in the following equation of motion now written in terms of ¢
d*c Collisions
dM M gz~ Fur i
I i begin Collisions
Ve~ dt end

The surface force term is calculated as before (Fpjr = —ppir - Uy Us)

13



Extending continuum mechanics eq. of motion to non-rigid NNES

(compressible) accretion layer (1D)

» Options for estimating ¢ c from experiment data:

dt’ de?

m Strategy: For time t, make use of the observed PDV data
for times greater than t to infer particle velocity at accretion
layer internal particles.

—_

B Use a constant shock propagation velocity U for the
coupon material

® Let r; be the Lagrangian coordinate of an accretion
layer particle p (r;, = 0 = window front)

® We will observe the velocity of particle p in the PDV
velocity data at approximately time ¢ + r; /U&, similarly
for particle accel.

® Integrate 1D shock density expressions to estimate
Eulerian accretion layer thickness.

® Options for Ud<¢ include:
@ (= bulk sound speed

@ Ug = C, + Auy,’ for a mid-late observed particle velocity at
onset of release/cessation of mass accumulation.

_

m Alternative: use forward simulation estimates

Let the antiderivative of window velocity be given by:

5, (t) = f i (5)ds
0

The quantityZ—i (t) can be written in terms of

observable quantities and the assumed accretion
layer shock velocity 5

dé Us [t0e

— (t = u,, (1)dt

'*aw@), O

Us QL
-2 [5 <t+U> (t)]

Similarly; % (t) can be evaluated as follows:

d2é Us
FEACRNGI

gty [ () -0

The growth rate of the Eulerian thickness of the accretion
layer is the last tricky quantity:

40k _
dt
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Extending continuum mechanics eq. of motion to non-rigid / NN *)
(compressible) accretion layer (1D)... (Derivation) ‘

Balance of linear momentum equation: M¢ = Feypp + M (ve —2¢c+ %E) —M(c—-¢)

B P(t) = dynamic collection of accretion layer particles at time t
m  Forp € P let m, = particle mass, x,, = position, x,, X, = velocity,
accel.

> Substitute the right hand side of [B] into the equation above

B My = M(0) = Spepey My, AM = M(t+ At) — M(D) eliminating ¢, ¢ terms. Rearganging we get:

» Define the particle centroid and particle centroid . M- % — Furf

velocity/accel. M = dz
~ ZpEP my - Xy dc ZpEP my - xp d*c Zpep my - Xp Ve — dt
ct)=——— — )= —m =

YpepMp dt DI dt? Ypep My
» Equation [C] is now in terms of derivatives of ¢(t) and other
» Lemma 1: known quantities from experiment data. Surface force term
dé . is calculated as before (Fg,,f = —ppir - uy- Us) blc force
dt M-c)=M- pTMc pertains to particles at the window front surface (not within

the accretion layer).

» Differentiating and rearranging results in the following:

d? d . . dc d?e » To compute volumetric density we require an estimate for
(&) di2 (M) - dt (M-2)=M- Moz the rate of change of Eulerian thickness of the accretion
layer: %. If this can be obtained we have:
» The Balance of linear momentum equation [A] can be re- M
arranged as: PEjecta(t) = dqz
“ d—Z(M-c)—i(M-E)—F +M- veT T ar
dt? dt — Tsurf Ve

15



Validation, Conclusions, and future work

» Validation:

B Propelled foam experiments (STL): known
density and mass accumulation

B Multi-diagnostic experiments (STL, DCS):
radiography comparisons to Asay window
measurements.

B Lattice based inelastic collision simulations
Non-linear LSM models

Murnaghan and Birch-Murnaghan equation of state
(Grady, 2017), (Hockney and Eastwood, 1988)

» Future/current work in Asay window
analysis:

m Asay window behavior under non-uniform
conditions

m 3D balance of linear momentum and Asay
window analysis

m Data assimilation approach to mass recovery
(Thursday session talk)

R
NEVADA NATIONAL
SECURITY SITE

» Conclusions:

B The accretion layer addition to Asay window
analysis results in new equations of motion that
depend on the location of collisions and
compressibility properties within the layer.

B Asay window equations of motion can be
represented in terms of experiment observables
for both rigid and compressible layer
assumptions.

B Balance of linear momentum for variable mass
systems provides a framework for developing
equations of motion for Asay window
diagnostics under a variety of operating
assumptions.

B The growth in the accretion layer thickness
during an experiment substantially influences
mass and density measurements when high
accumulation of areal mass is present. 16



Momentum Diagnostic Parameter Inference

17



MDPI - full talk during Thursday session

>  The goal of this work is to determine the initial state parameters of

1e7 Momentum Budget

particles prior to collision with an Asay window that best explain the of= e 3 ttenton | 2
observed PDV velocimetry (v,4,) during an experiment. ol = "Ll sEm |
m This could be viewed as a Momentum diagnostic inference engine i - é o] * 1 20 o
»  Continuum mechanics based equations of motion provide one path to E - NP | /\\ e
parameter inference — oy .
m  Integration of the equation of motion to recover ejecta/particle cloud density. . . ‘ S \' \”,,

B Linear elastic accretion layer compressibility e Elie

Simulated PDV data
at a selection of

. . . . Ground truth
»  Forward simulations can provide an alternative path that can relax some volumetric cloud

physics assumptions used in the continuum mechanics approach e e ™
B Impedance mismatch (accretion layer and Asay window)
B Linear shock-particle velocity relationship in the accretion layer
m  Positivity
m No free lunch, we must incur/add forward simulation assumptions and

Momentum budget
embedded reflector

points.

0.2052 Loss Function: 15.8945

accuracy considerations, complexity. Loce Function: 0.64 e S—
» MDPI formal statement gy oo
m  Let P be the set of coupon material particles, for p € P let x,, %, be the 1400 = ARV ST DEAT e PR __’§ -
particle position and velocities. 15004 ®
m  The initial state parameters are 0 = [x,(t = 0)]pEP, [#,(t = 0)]pep %moo_ | WA - | Y\
m  For a specific instance of initial state parameters, let our forward simulation 5 . T
capability be F(0) = Vgimpay = time series 2 5007 /
m Inference statement, for an estimate/approximation of the likelihood 5 B0 i i oz
L(®]vpay): * 400/ woa o
0, = argénax L(0]vpay) _— Tl E
»  Current work: data calibration (fit © to v,4,) " ‘ , , : ‘ ] %

.. . . . . 12 13 14 15 16 17
» Can we make use of data assimilation methods in this domain? Time (microseconds)

17 12 1 Ta 7

12 13 11 15 16 15 16
Time {microseconds) Time (microsaconds)



References and Further reading )

» References:
»  Asay, J. R. "Thick-plate technique for measuring ejecta from shocked surfaces." Journal of Applied Physics 49.12 (1978): 6173-6175.
» Chen, Yongtao, et al. "Experimental study of ejecta from shock melted lead." Journal of Applied Physics 111.5 (2012): 053509.

» Chen, Yongtao, et al. "An improved Asay window technique for investigating the micro-spall of an explosively-driven tin." Review of Scientific Instruments 88.1
(2017): 013904.

»  Grady, Dennis. Physics of Shock and Impact, Volume 1. IOP Publishing, 2017.
Hockney, Roger W., and James W. Eastwood. Computer simulation using particles. crc Press, 2021.

»  Hans Irschik, and Helmut J. Holl. "Mechanics of variable-mass systems—part 1: balance of mass and linear momentum." Appl. Mech. Rev. 57.2 (2004): 145-
160.

» Jensen, B. J., et al. "Accuracy limits and window corrections for photon Doppler velocimetry." Journal of applied physics 101.1 (2007): 013523.

» Rigg, P. A, et al. "Determining the refractive index of shocked [100] lithium fluoride to the limit of transmissibility." Journal of Applied Physics 116.3 (2014):
033515.

> Stevens, G., et al. “Cerium SBC characterized with a modified Asay window.” Internal STL/LLNL Report (2021).

> Tregillis, lan Lee, and Alan Kent Harrison. Notes on Asay Foil Analysis. No. LA-UR-20-29695. Los Alamos National Lab.(LANL), Los Alamos, NM (United
States), 2020.

» Acknowledgements:

B The authors thank Jerry Stevens and Brandon LalLone and the boom-box team at STL for their ongoing assistance with experimental
validation and theoretical physics discussions on Asay windows.

B The authors thank Ed Daykin (NNSS), and David Bober (LLNL) for a wide range of experimental and theoretical physics assistance and
discussions on this topic.

B This work is based in part upon work performed at the Dynamic Compression Sector at the Advanced Photon Source supported by the
Department of Energy, National Nuclear Security Administration, under Award No. DE-NA0003957. This research used resources of the
Advanced Photon Source, a U.S. Department of Energy (DOE) Office of Science User Facility operated for the DOE Office of Science
by Argonne National Laboratory under Contract No. DE-AC02-06CH11357.

v

19



Supplementary content

20



R

Equation of motion: collisions within the accretion layer | NN55)
Incompressible accretion layer

SECURITY SITI

» The accretion layer thickness is related to areal mass:

_M dg _ M . . .
q=—" —=— = Uniform density accretion layer
Psn dt Psn a i ti
o a 5n _ _ pproximation
» We can evaluate the ¢, ¢,and —¢ using the relationship t q
dat c~dy+ J w, (t)dt — =
above 0 2
. M
®c=uyy,— 2p = Collisions at a depth h within the accretion layer
Sn t
oimq, M ¢~ do+ [ (e~ (@ ho)
2psn 0

d/\ M
.—c:uw——
dt Psn

» Note that the steps above were done with areal mass M; we
replace the —Fj,,.r term with stress o,;» and approximate with d
the Hugoniot jump condition: M- ¢ =Fpsay+ Foyrg + M - (ve —-2-¢c+ —E) —/I\VI (c—¢) [A]

Balance of linear momentum for variable mass systems :

dt
OLir = PLiF " Uy - (Co +1-1y,)

o o . . . e - Body We estimate w
» Substituting the above into Equation A and simplifying results forces are using the il e
in a second-order ODE for accumulated areal mass in terms negligible similar term cancels with
of experiment observables: methods as for a comparable term
} Asay foils produce by ¢

M-, =Fg.u+M- (ve—u,)+hy- M
21
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Non-rigid accretion layer considerations and timing

» A numerical approximation for the particle motion in the Asay | Material Volume
. . . Includes LiF. xcludes LIT.
window and accretion layer can be used to develop an equation of
motion for non-rigid accretion layer.
B P = set of window and accretion particles at time t,
m Forp € P let m, = particle mass.

LiF and Accretion Deformation

33 4

1 2]

. . . . nn — [0]

» Static centroid and centroid velocity: Initial Shgck =| Non-rigid accretion layer LSM simulation g
. propagating &L 5

- ZpEP my,-p d _ ZpEP my,-p through the LiF & — o

c) = —Cc() = = -3

Zpep m, dt Zpep m, T

2

L

—

» During mass accretion, %E #+ ¢ (dynamic vs. static centroid). The

following relationship holds relating the c, ¢, ¢ terms:
. M
c—dtc+M-(c C)
» Substituting into the balance of linear momentum equation results
in the following equation of motion:
d’e¢ . d¢
Mﬁ =M <ve — —>
» No surface force term because the material volume of the variable 7
mass system is taken to be the entirety of the Asay window and C%‘izii‘;”s '
accretion layer.

32 A

Particle position (mm)

Release in the
2 accretion layer
(non-uniform

1|4 1'5 \16., 1'2
Time (microsecon Collisions
end
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