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The photon Doppler velocimetry (PDV) spectrum is investigated in an attempt to reveal the particle parameters of
ejecta from shock-loaded samples in a vacuum. A GPU-accelerated Monte—Carlo algorithm, which considers the multiple-
scattering effects of light, is applied to reconstruct the light field of the ejecta and simulate the corresponding PDV spectrum.
The influence of the velocity profile, total area mass, and particle size of the ejecta on the simulated spectra is discussed
qualitatively. To facilitate a quantitative discussion, a novel theoretical optical model is proposed in which the single-
scattering assumption is applied. With this model, the relationships between the particle parameters of ejecta and the peak
information of the PDV spectrum are derived, enabling direct extraction of the particle parameters from the PDV spectrum.
The values of the ejecta parameters estimated from the experimental spectrum are in good agreement with those measured

by a piezoelectric probe.

Keywords: ejecta, photon Doppler velocimetry, Monte—Carlo algorithm, light scattering
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1. Introduction

The strong shock wave released from the metal—
vacuum/gas interface may eject a great number of metal
particles.!!'=5] Most of these particles are of micrometer-scale
in size. This phenomenon of ejecta, or microjetting, was first
observed by Kormer et al. in a plane impact experiment in the
1950s.1%! Later, the researchers in Los Alamos National Lab-
oratory studied the production of particle ejection using the
PHERMEX radiographic facility.!% In recent decades, exten-
sive investigations on particle ejection have been performed
because of its important role in many scientific and engi-

neering fields, including explosion damage,!”! pyrotechnics,®!

(9,10

and inertial confinement fusion.!”!° Many experimental ap-

proaches have attempted to measure the ejection produc-

3,11 [12

tion, such as the Asay foil,[>!!! foam recovery,!'?! piezoelec-

tric probes,*!3 Fraunhofer holography,!'4!31 x-ray/proton

16.17] and photon Doppler

radiography,!>'®) Mie scattering,|
velocimetry (PDV).[18-24] In these approaches, Asay foil and
piezoelectric probe are mainly used to measure the particles’
momentum distribution, x-ray and proton radiography de-
scribe the space density of ejecta, foam recovery collects the
total ejected mass, and Fraunhofer holography and Mie scat-
tering measure the particles’ diameter. These approaches can

only measure some of these ejecta parameters. To reveal the

DOI: 10.1088/1674-1056/abd9b2

full particle field of ejecta, multiple measurement approaches
must be equipped. However, in real-world conditions, these
approaches are hard to apply simultaneously because of limi-
tations on the experimental space or configuration. Recently,
PDV has attracted considerable attention (%2124 owing to its
ability to recover the total area mass and the distributions of
particle velocity and diameter at the same time. In addition,
the light path of PDV is rather concise and its application is
convenient. In some complex experimental configurations,
PDV may be the only approach that can measure the ejecta
particles.

A standard PDV setup is shown in Fig. 1. The pho-
todetector records a mixture of reference and backscattering
light. The reference wave is in the carrier frequency, and the
backscattering wave from ejecta particles has a shifted fre-
quency due to the Doppler effect. The interference of the
two light waves in the photodetector leads to temporal beats
of light intensity. The beat signal consists of a large number of
harmonics with different amplitudes and phases. The hetero-
dyne signal may change according to variations in the parti-
cles’ position and velocity. A discrete Fourier transform is ap-
plied to sweep the beats over time, giving a two-dimensional
spectrogram on the “frequency/velocity—time” plane. In the
spectrogram, the brightness of each point represents the cor-

responding spectral amplitude. The spectrogram is composed
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of the integral of all particles’ scattering effects. Hence, inter-
preting the spectrogram in detail remains a challenging task.
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Fig. 1. Standard PDV setup: 1 laser; 2 reference light; 3 incident light; 4
ejecta; 5 metal plate; 6 shock; 7 detonation; 8 backscattering light; 9 optical
circulator; 10 photodetector; 11 photoelectric signal; 12 PDV spectrogram;
13 instantaneous spectrum.

There have been several studies on the interpretation of
the PDV spectrum. Buttler!>! used the spectrogram bound-
aries to determine the velocities of the spike and bubble of
Richtmyer—Meshkov instability in loaded metal surface. The
evolution of the PDV spectrogram in a gas environment was
discussed by Sun et al.,”?! and the upper boundary of the spec-
trogram was used to obtain the particle size by considering
aerodynamic deceleration effects. Fedorov ef al.!?*! discussed
the influence of different particle sizes on the spectrogram
boundary in further detail. Recently, Franzkowiak et al.[*!]
and Andriyash et al.[?*?*! reconstructed the light field of ejecta
and obtained the simulated PDV spectrum using single- and
multiple-scattering theory, respectively. They varied the parti-
cles’ parameters and fitted the simulated PDV spectrum to the
experimental data. In this way, the particle velocity profile,
diameter, and total area mass were recovered. Andriyash et al.
considered the aerodynamic deceleration effects in a gas envi-
ronment, whereas Franzkowiak ef al. only discussed the case
of a vacuum.

Franzkowaik et al.®'! and Andriyash et al.??* pro-
posed similar approaches for recovering the ejecta parameters
from the PDV spectrum through reconstruction and then fit-
ting. However, some assumptions were introduced in the re-
construction of the light field. Franzkowaik ef al. assumed that
only backscattering light was present, while Andriyash et al.
set the light scattering direction to be uniform and random in
space. These assumptions affect the accuracy of the spectrum

reconstruction, and thus influence the recovery of the ejecta
parameters. The fitting model is another factor that affects the
interpretation of the PDV spectrum. Different convergence
criteria may produce different results. The quantitative rela-
tionship between the ejecta parameters and the PDV spectrum
remains unclear. Hence, it is difficult to obtain definite ejecta
parameters from the PDV spectrum. These issues provide the
motivation for the present work.

In this study, we improve the reconstruction method of
the ejecta light field, and propose a novel model for extract-
ing the ejecta parameters directly from the PDV spectrum.
Mie theory, which gives a rigorous mathematical solution to
Maxwell’s equations, is applied to calculate the light scattering
effects, and a Monte—Carlo (MC) algorithm is used to describe
the light transport process realistically. This reconstruction
method provides a high-fidelity simulation for the PDV spec-
trum. The procedure is discussed in detail in Section 2. The in-
fluence of the ejecta parameters on the PDV parameters is then
explored through MC simulations in Subsection 3.1. In Sub-
section 3.2, we propose an optical model that reveals the re-
lationships between the PDV spectrum characteristics and the
ejecta parameters. With this model, the ejecta parameters can
be extracted directly from the PDV spectrum, instead of fitting
to experimental data. In Subsection 3.3, the estimated ejecta
parameters from an experimental PDV spectrum are verified
against those measured by a piezoelectric probe. Finally, the
conclusions to this study are presented in Section 4.

2. Reconstruction of PDV spectrum
2.1. Theoretical background

The photodetector records reference and backscattering
light waves. The scattering process of incident light is illus-
trated in Fig. 2. The scattering light from the ejecta is governed
by the superposition of waves propagating in the ejection par-
ticles along different light paths i:

Ens (1) = L Ei (1), 1

where Eys and E; are the electric vectors of total and partial
scattering waves, respectively.

The light intensity measured by the detector can be repre-
sented as

2
1) = (B (1) + By (1) = <E )+ LE; <z>>
E2 () + Y B () + 2 Ee (1) B (1)

+ ) Ei (1) E; (1), 2
7]

where E? and E? denote the intensity of the reference and scat-
tering light signals, respectively. The third term represents the
heterodyne beats between the reference and scattering light,
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and the last term represents the heterodyne beats between the
different scattering light paths. The Fourier transform of ()
is determined by the relation

(o) = /dtexp(ia)t)l(t)
~ /dtexp(ia)t) (22& (t)E; (t))

i

. 3)

D=0;— 0

= 2|E|- ) |E]
i

where |E| is the amplitude of the light wave field. In Eq. (3),
only the third term appearing in Eq. (2) remains. This is be-
cause the frequencies of the first two terms are too high to be
measured by the detector and the value of the last term is much
smaller than that of the third term. @ is the carrier frequency,
and aj is the Doppler-shifted frequency, which corresponds to
a sequence of scattering events along path i:

; = % Y (n — 1) v, @)
3

where c is the speed of light, n; ; and 1} ; are the directions of
wave propagation before and after scattering by particle k, and
vy, 1s the velocity of this particle.
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Fig. 2. Multiple scattering of light waves in ejection particles.

To reconstruct the PDV spectrogram [Eq. (3)], the key is
to obtain |E;| and @, i.e., the detailed scattering process in the
particles. For multiple-particle systems, the scattering field

can be described by the transport equation2%27]

d
(nar + oy + K‘) I(r,n,t)

- / (Gyp (mn) exp (ko (n—n') v1) VT (v, 1) dr/, (5)

where [ is the light intensity in the field, which depends on
both the detection position r and the direction n. o, and K
are the coefficients of scattering and absorption, respectively.
p(n,n') is the scattering phase function. The right-hand side
of this equation represents the contributions of scattering light
from other positions.
At the boundaries of the ejection, the light intensity has
the form
I(r=0,n=mn,t)=1D,
{1<r:o,n:—no,r>:1bs:<zE,»|>2, ©
1

where mny is the direction of incident light, which is usually
perpendicular to the free surface. Iy and k¢ are the intensities
of incident light and backscattering light, respectively, which
correspond to the input and output of the transport equation.

2.2. Monte—Carlo algorithm

1.120.24] yged the discrete ordinate method

Andriyash et a
to solve the transport equation [Eq. (5)]. In this paper, a more
convenient and accurate method of the MC algorithm is ap-
plied to calculate the scattering effects. Compared with the
discrete ordinate method, MC algorithm transform the com-
plex light transport problem into multiple photons scattering
problem. The detail scattering process can be considered in
MC algorithm.

In the MC algorithm, the incident light is assumed to be a
great number of photons. When passing through random gran-
ular media, only part of the photons can penetrate. The propor-
tion of permeable photons is approximated by Beer—Lambert’s

law(17]

pr=exp(—1L), (N

where L is the thickness of the medium and 7 denotes the in-
verse extinction length, given by

Y (/4)d? - Kexi (d;)

T=NKyA =" AL , (8)

where N is the number of particles per unit volume, Ky, is the
light extinction coefficient (determined by the particle diame-
ter, light wavelength, and metal relative refraction index), Ais
the mean cross-section area of the particles, d; is the diameter
of particle 7, and A is the light exposure area.

For particles in the light exposure area, the total mass has
the form

1
moAs =} <7d; po, ©)
i
where my is the total area mass of ejection and py is the density
of the particle material.
Combining Egs. (8) and (9), we can rewrite Eq. (7) as

3mo ¥ d? Kex (d)
l

= - . 10
Pr=¢eXp 200 Z di3 (10)
1

The photons staying in the medium are scattered or ab-
sorbed by particles. The probabilities of scattering and ab-
sorption are calculated by the formula

Ps = Ksca/Kexta
11
{ Pa= Kabs/Kext> ( )
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where the scattering coefficient K¢, and the absorption coeffi-
cient Kyp, are calculated by Mie theory?8! as

2 oo
I(e)([zi2 Z (2n+l)Re(an+bH),
o =1
2 oo
Ko = ? Z] (2n+1> (lan‘2+|bn|2)u (12)
n=

Kaps = Kext — Kscaa

where « is a dimensionless particle diameter parameter, o0 =
nd/A, A is the light wavelength, and a,, b, are Mie coeffi-
cients. It is clear that ps+ p, = 1.

If the photon is absorbed by particles, it will completely
disappear and be converted into the particle’s internal energy.
If the photon is scattered, its propagation direction and fre-
quency will change, as shown in Fig. 3. The phase function of
the scattering angle 0 is calculated by the formula

2 2
- 27K ca

p(0) (IS1(8)1>+182(8) ), (13)

where S| and S, denote the scattering intensity components in
the perpendicular and parallel directions

» 2n+1 dP;, (cos 9) apl (cosB)
S (9): n by )
mmin(n+1) dcos 6 de
2n+1 P\ (cos@)  dP,(cos ) (1
= 2n n (cos n (Cos
52(9)_n:|n(n+1) (a,, do bn dcos 6 )7

(1)

where P, and P;’ are Legendre and first-order associative

Legendre functions, respectively.

z

incident
light

Fig. 3. Light scattering on a particle.

The incident light is assumed to be non-polarized, so the
azimuth angle ¢ after scattering obeys the uniform random
distribution

5)

After scattering, the scattering angle and azimuth angle
are added to the original light direction. The new direction
cosine i = [ily, ily, iI;| has the form

iy = sin (0) [uxuy cos (@) — uysin (@)]
1—u?
+uycos(0),
ity = %sin(e) [uyu; cos (@) — uysin(@)]  (16)
— 12
+uycos(6),
i, = —sin(0)cos(@)\/1 —u? +u.cos(H),

where u = [u,,uy,u;] is the original direction cosine. When
|u;| = 1, the direction cosine i is calculated by the formula

i, =sin(0)cos (@),
fiy =sin(0)sin (@),
i, = cos (0) uz/ |uz|.

A7)

After scattering, the frequency of the photon will have
changed. The new frequency of scattering light has the form

A D—v
w:w<1+ n),
C

where v is the velocity of the last particle that the photon left,

(18)

D is the current particle velocity, n is the photon direction, and
o is the photon frequency before scattering.

After passing through the entire ejection layer, few pho-
tons reach the free surface. An ideal diffuse reflection is as-
sumed for these photons. After reflection, the space angles 6
and ¢ are uniformly random in [/2, 7] and [0,27], respec-
tively.

Because the ejection is blocked by the free surface, even-
tually all the photons are either absorbed by particles or
backscattered out from the top of the ejection. The frequency
shifts of these “out” photons are summarized as the theoretical
PDV spectrogram:

I
Ho) o< Y |E|l =Y VIi= nowlg—o-a - o’
i i

19)
where ng is the number of initial photons and ng, is the distri-
bution of out photons in terms of their frequency.

The detailed steps of the calculation procedure are as fol-
lows:

(i) First, the initial conditions of the photons and particles
are set, such as the number and frequency of photons, and the
diameter, velocity, and position of the particles. The photons
start at the top of the ejection and then move towards the free
surface.

(i1) The step sizes of all photons are set to the same and
equal to one thousandth of the height of the ejecta.

(iii) In one iteration, all photons take one step in the di-
rection of their propagation. Some photons may penetrate the
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current ejection layer, and the proportion p; is determined by
Eq. (10). For each photon, a random number is generated in
(0, 1). If the random number is less then p;, the corresponding
photon travels over the ejection layer boundary successfully.
Otherwise, the corresponding photon is absorbed or scattered
by particles in the ejection layer.

(iv) For the photons that remain in the ejection layer,
we use Eq. (11) to determine whether they are scattered or
absorbed. If the photon is scattered, the direction change is
calculated by Eqs. (13)-(17). Because the phase function of
the scattering angle is very complex, an acceptance-rejection
method is applied. The new frequency of the scattered photons
is determined by Eq. (18).

(v) Overall, if the photon travels across the ejection layer
boundary, its position is updated; if the photon is scattered, its
direction, frequency, and position are updated; if the photon is
absorbed, it is labeled as such and removed from subsequent
calculations.

(vi) After updating the state of the photons, we check
which of them have reached the free surface or left through
the top of the ejection. For all photons that have reached the
free surface, the ideal diffuse reflection is applied. If any pho-
tons have left the ejection, they are labeled accordingly and
removed from subsequent calculations.

(vii) Steps (iii)—(vi) are repeated until all photons have
been absorbed or have left the ejection. The frequency shifts
of outgoing photons are summarized as the spectrogram.

2.3. Particle models

The MC algorithm indicates that the PDV spectrum is re-
lated to the particle size d, velocity v, position z, and num-
ber N (i.e., total area mass mg). This algorithm can be ap-
plied in cases where these parameters are completely ran-
dom. In real situations, however, the particles of the ejecta
usually satisfy certain distributions in terms of velocity and
diameter.[214:15.17.29-32] Ror the sake of discussion, these as-
sumptions are applied in this paper. Previous studies!>>*! in-
dicate that the initial velocities of particles in the ejecta can be

approximated by an exponential law

-tz

where vy is the velocity of the free surface and f3 is the veloc-

fv)=

ity distribution coefficient. Under this exponential law, most
of the particles are located in the low-velocity region, which is
near the free surface. 8 determines the non-uniformity of this
distribution.

In this paper, we only consider the ejecta in a vacuum en-
vironment. After being ejected, the particles retain an almost
constant velocity and the ejecta expands in a self-similar man-
ner over time. The particle position z is only related to its ini-

tial velocity v and ejection time 7., z = vt.. The corresponding

PDV spectrum exhibits slight changes over time.[?!33

The particle size distribution is assumed to obey a log-

normal law!13-31
1 lnz(d/dm))
n(d)= exp| — , 21
(@) = ——enp (- @

where o is the width of the distribution and d,, is the me-
dian diameter. These parameters depend on the roughness of
the metal surface, shock-induced breakout pressure, and sur-
rounding gas properties. When ¢ = 0, the function becomes a
Dirac equation and all of the particles have the same diameter.
Obviously, this is the ideal situation. The particle distribution
can also be described by a power law, 1430321 but this descrip-
tion may be invalid in the range of small particle sizes (less
than 10 um).['5 In this paper, the particle size is assumed to
be independent of its velocity.

With these assumptions, the determining factors of the
PDV spectrum change to the velocity profile coefficient f3, to-
tal area mass myg, median diameter d,,, and size distribution
width o. The aim of this paper is to discuss the influence of
these parameters on the PDV spectrum, and to explore how
they can be extracted from the PDV spectrum most accurately.

2.4. Convergence and comparison

The accuracy of the MC algorithm mainly depends on the
initial number of photons. Theoretical PDV spectra with 10%,
10°, 10, and 107 initial photons are shown in Fig. 4. The
calculation assumes a vacuum environment and the particles
distribution assumptions are applied. In this case, the PDV
spectra have a single peak. As the initial number of photons
increases, the spectrum curves tend to be smooth. The differ-
ence between the spectra with 10 and 107 initial photons is
very slight. Thus, 107 initial photons are applied in the fol-
lowing calculations.

0.010
—— 10* photons
— 105 photons
0.008 [\“« S— P
i i { — 10° photons
E ‘\ i f\‘\«' 107 h
k= : ! i photons
£ 0.006} i
2 \
2
~— 0.004F / \
: /
=
0.002} / \\
J \
ant , e

Fig. 4. Theoretical PDV spectra with different initial numbers of photons.
The calculation assumes the ejection of Sn particles in a vacuum environ-
ment. The particle velocities obey an exponential distribution (8 = 10) and
the particle sizes follow a log-normal distribution (dy, = 1.5 pm, o = 0.5).
The total area mass is 20 mg/cm?. @y is the Doppler frequency shift corre-
sponding to the free surface velocity, @ = 2@; - vgs/c. The probing wave-
length is A = 1550 nm.
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The high initial number of photons leads to considerable
computational cost. For the case of 107 photons, a single-core
CPU requires approximately 3 h to determine the spectrum.
GPUs can be applied to accelerate the calculation. Although
the frequency of GPU processors is much lower than that of
CPUs, GPUs contain hundreds or thousands of stream proces-
sors that can work simultaneously. The acceleration ratio of a
GPU compared to a CPU is shown in Fig. 5. The Intel Xeon
W-2102 CPU (frequency 2.9 GHz) and two GPUs (Quadro
P600 and Nvidia GTX960) are applied. As the initial num-
ber of photons increases, the acceleration ratio of the GPUs is
enhanced. For the case of 107 photons, the acceleration ratio
reaches a factor of 8 for the Quadro P600 and a factor of 20 for
the Nvidia GTX960. Because there are many judgment events
in the procedure, and the GPUs have few logical units, it is dif-
ficult to improve the acceleration ratio with these GPUs. Thus,
the Nvidia GTX960, which requires approximately 500 s to
compute each case, is used in the following calculations.

21

—— Quadro P600
—O0— Nvidia GTX960

16

11

Acceleration ratio

104 105 106 107
ng

Fig. 5. Acceleration ratio of GPU calculation compared with CPU for dif-
ferent initial numbers of photons. The CPU is an Intel Xeon W-2102 and
its basic frequency is 2.9 GHz. The Quadro P600 GPU has 384 stream pro-
cessors; the clock speed of each processor is about 1.3 GHz. The Nvidia
GTX960 GPU has 1024 stream processors; the clock speed of each proces-
sor is about 1.1 GHz.

The PDV spectra simulated by the present procedure
are compared with those reported by Andriyash er al. and
Franzkowiak et al. in Fig. 6. We use the equivalent ejecta area
mass and particle size instead of the transport optical thick-
ness used by Andriyash er al. With the uniform scattering as-
sumption, our simulation (case 2) is almost the same as that of
Andriyash et al. (case 3), which validates the adequacy of the
present numerical method. However, when the Mie scatter-
ing theory is applied, there is a remarkable difference between
the present procedure (case 1) and the results of Andriyash et
al. (case 3) and Franzkowiak et al. (case 4). The difference
with Andriyash et al. is mainly in the low-velocity part. This
is because the change in the scattering phase function has a
great influence on the multiple scattering, which is the main
form of scattering in the low-velocity dense part. The differ-
ence with Franzkowiak et al. is in the location of the spec-
trum peak. Franzkowiak er al. applied the single-scattering

theory and assumed that all of the light scattered backward.
This implies that the optical thickness is overestimated, and so
little light would reach the deep region of the ejecta. Thus, the
spectrum moves toward high velocities. These differences in
spectra indicate that the scattering assumption may introduce
some reconstruction inaccuracy that cannot be neglected.

free surface

0.020

case 1

e
o
—
ot
T

0.010

I(w) (arb. units)

0.0051

Fig. 6. Comparison of PDV spectra calculated by different reconstruction
methods. case 1: MC + Mie scattering theory (proposed procedure); case
2: MC + uniform scattering assumption; case 3: Discrete coordinates +
uniform scattering assumption (Andriyash et al.); case 4: Single scattering
theory (Franzkowiak et al.). The data for case 3 were extracted directly from
the paper of Andriyash et al. The calculations were carried out for a transport
scattering thickness of 7, = 10, which corresponds to mg = 10.7 mg/cm?,
dm = 1.5 um, and o = 0.5. The material is Sn and the ejection velocity
profile has = 8.

3. Interpretation of PDV spectrum
3.1. Influence of ejecta parameters

The results of numerical calculations that demonstrate
the sensitivity of the PDV spectrum to changes in the ejecta
parameters (f3, mg, dp, and o) are presented in Figs. 7-10.
The PDV spectra were simulated using the MC algorithm de-
scribed in the previous section for Sn particles in a vacuum
environment. The initial ejecta parameters were set to § = 10,
my = 20 mg/cmz, dm = 1.5 pm, and o = 0.5. In each figure,
one of the parameters changes and the others remain constant.

0.010

0.008

Il
= o= © 00 N O U

t

0.006

o

0.004t1

I(w) (arb. units)
DT ®

0.0021

0.5 1.0 1.5 2.0 2.5 3.0
w/wis

Fig. 7. Simulated PDV spectra with different velocity coefficients. The
calculation was carried out for Sn particles in a vacuum environment. The
total area mass was 20 mg/cmz. The log-normal distribution (diy = 1.5 pm,
o = 0.5) was applied to the particle sizes.

The simulated PDV spectra with different values of the
velocity coefficient 3 are shown in Fig. 7. With an increase
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in 3, the spectrum peak moves towards the low velocities and
its magnitude increases. Furthermore, the spectrum shape be-
comes sharper and the high-velocity part of the spectrum be-
comes invisible. The coefficient § determines the distribution
of particles in the ejecta. With larger 3, fewer particles are
located at the top of the ejecta and the incident light can pen-
etrate deeper. This results in the movement of the spectrum
peak and a decrease in the observability of high-velocity par-
ticles.

The simulated PDV spectra with different values of the
total area mass mg are shown in Fig. 8. The changes in
the spectra can be divided into two sections. When mg >
10 mg/ cm?, the spectrum displays a single peak. With a de-
crease in my, this peak moves to the left, and its magnitude
and slope exhibit slight changes. When my < 5 mg/ cm?, a
new peak appears around the free surface, and the spectrum
exhibits a double-peak shape. A smaller area mass produces
a more remarkable new peak. For my =2 mg/ cm?, the orig-
inal peak disappears and the spectrum again exhibits a single
peak. The double-peak spectrum has been observed in previ-
ous experiments[ls’“] and simulations,?*3! and is the result
of the direct exposure of incident light at the free surface. The

detail explanation is shown in Subsection 3.2.

0.010

0.008 |

0.006 |

0.004

I(w) (arb. units)

0.002

0.5 1.0 1.5 2.0
w/ws

Fig. 8. Simulated PDV spectra with different total area mass. The area mass
unit is mg/cm?. The calculation was carried out for Sn particles in a vac-
uum environment. The velocity coefficient § = 10 and the size coefficients
dyn =1.5um, c =0.5.
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Fig. 9. Simulated PDV spectra with different particle median diameters.
The diameter unit is um. The calculation was carried out for Sn particles in
a vacuum environment. The total area mass was 20 mg/cm?. The velocity
coefficient 8 = 10 mg/cm? and the size coefficient o = 0.5.

There are two parameters that determine the particle size
distribution — the median diameter d,, and the distribution
width . Their influence on the PDV spectrum is illustrated in
Figs. 9 and 10, respectively. d, and o exhibit similar effects:
as dp, or o increases, the original peak of the spectrum moves
towards the low velocities and the peak value decreases. A
new peak then appears in the position of the free surface and
the original peak gradually attenuates. This change in the form
of the spectrum peak is similar to that for the area mass.
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Fig. 10. Simulated PDV spectra with different particle size coefficients o.
The calculation was carried out for Sn particles in a vacuum environment.
The total area mass was 20 mg/cm”. The velocity coefficient § = 10 and
the median diameter dy,, = 1.5 pm.

3.2. Theoretical optical model

The simulations described above using the MC algorithm
provide a qualitative understanding of the influence of the
ejecta parameters on the PDV spectrum. However, how to
solve the reverse problem, i.e., extracting the ejecta param-
eters from the PDV spectrum, remains unclear. To obtain
the quantitative relationships between the ejecta parameters
and the characteristics of the PDV spectrum, we introduce the
single-scattering theory. In this theory, the light is assumed to
be scattered only once, and the scattering direction is always
backward. With this assumption, the light direction is always
parallel to the motion of the particles. The frequency shift of
the light is proportional to the particle velocity, @ = 2@y - v/c.
The PDV spectrum can be expressed in terms of velocity, (7).

The above calculations have shown that the single scatter-
ing leads to an overestimation of the optical thickness. Here,
we assume that the extinction process of particles only in-
cludes the backscattering and absorption effects, and the for-
ward scattering is ignored. With this assumption, the PDV
spectrum is calculated by the formula

V<y<v+dv

I(ﬁ) < vV Iback,i
i

T<v<v+dv IO o
Z A*Abackj (v)-exp <—2 / T(v) dv)
i S v

T<v<v+dv o
o< Z \/Aback,i (V) - \/exp (—2[ T(v) dv),(22)

I(®)
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where 7 is the velocity corresponding to the frequency shift,
¥ =2mc/ o, and Apyek 18 the backscattering cross-section area
of particles with velocity v:

v<v<v+dv v<v<v+dv
Adekl( ) Zﬂ:diszack
1
d\/ﬂTback m d\/ K pack
0
3A VK
= back 70 1(7), (23)

\FPO

where d is the average particle diameter and Kpycx is the

d3/d

backscattering coefficient, which is calculated by Mie theory.
The exponent in Eq. (22) denotes the extinction effects,
where the coefficient 2 signifies the back and forth of light in
the ejection process. The integral represents the contributions
from the extinction of particles above the layer of velocity v:

>7
Y (n/4)d*K:y e
oo - eXl © . 4 2K*
/ ’L'(v) dV _ 1 _ fv N(V)dv (ﬂ/ )d ext
v A A
_ 3K fmm(v)dv oA
T @ .

where the equivalent extinction coefficient K7, only considers
the backscattering and absorption effects:

Ke*xt = Kpack + Kabs = &backKext; (25)

where the coefficient gy, is 0.5-0.7 for particle diameters of
1 um—10 um. When gpck = 1, the present model reduces to
that of Franzkowiak et al.

Because the velocity profile is exponential, [;” m
my f(V)ves/B. Equation (25) has the form

(v)ydv=

/mr(v)dv: %jioiﬁ
v 2p0 d3/d? B

When 7 is equal to the free surface velocity, the integral
represents the amount of light that is able to reach the free
surface. The optical thickness of the ejecta is defined as

_/ Kext mo
To = = .
Vi 2p0 43 /d2

Combining Eqgs. (23), (26), and (27), we can write
Eq. (22) as

), (26)

27)

1) Y s e (< F0r (). 08

This equation provides the theoretical form for determin-
ing the PDV spectrum from the ejecta parameters in a vacuum
environment. In this formula, the PDV spectrum is propor-
tional to the product of the velocity profile and the extinction
term. These two parts are illustrated in Fig. 11. As the veloc-
ity decreases, the corresponding ejecta position moves closer

to the free surface, and the incident light becomes weaker be-
cause of particle extinction. However, the particles become
dense deeper within the ejecta, and this enlarges the cross-
section area of scattering. With the contribution of these two
parts, the PDV spectrum exhibits a single peak shape.

o_
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LIS el [P r(w)do]
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o 06T !
= | ;
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\ '
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0.2 F N ) meme- extiction ratio
\‘\),/ ..... particle distribution
) \.\“1~-—.. 1 1
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1.0 1.2 1.4 1.6 1.8 2.0

Fig. 11. Extinction ratio and particle distribution with respect to velocity.
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Fig. 12. Simulated PDV spectrum by MC algorithm and single-scattering
(SS) model. The area mass unit is mg/ cm?. The particle settings are f§ = 10,
dm = 1.5 um, ¢ = 0.5. The backscattering coefficient is gpack = 0.67.

The simulated PDV spectra of the present model are com-
pared with those of the MC algorithm in Fig. 12. With the
correction of the backscattering coefficient, there is a good
agreement between the results, both in the main peak posi-
tion and the curve shape. This agreement is resulted by the
slight multiple scattering effects in ejecta field. According to
the Mie theory, most of scattering light is forward with the
particle diameter 1 pm—10 um. So multiple scattering rarely
occurs, and the single scattering theory can describe the PDV
spectrum very well. However, in the case of a small ejecta
mass (mg =5 mg/cmz), the present model cannot simulate
the peak around the free surface. From the Eq. (22), the spec-
trum value in a certain velocity is related to the backscattering
section and the local light intensity. In the free surface, most
photons are scattered backward and the backscattering section
is much larger than that of the particles, which results the new
spectrum peak near the free surface. In the present model, the
backscattering of incident light on the free surface is ignored,
so there is no spectrum peak near the free surface in the case
of a small ejecta mass (my =5 mg/ cm?). Even so, we mainly
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consider the information supplied by the original peak of the
PDV spectrum in this paper. Thus, this defect has only a very
slight influence on the accuracy of the present model.

We now analyze the spectrum function [Eq. (28)]. First,
we take its derivative

r©) = wf Gesp (~ s ) (1-%ar0)

_ 7%1@) (1 - %Tof (ﬁ)) : (29)

where f/(7) = —B /v f (7).
When I'(¥) = 0, the solution provides the position of the
spectrum peak

- %rof (Fpeak) = 0, (30)

ﬁpeak/vfs: 1+1n(10)/ﬁ. 31D

1

The peak value of the PDV spectrum is

7KbaCk.£.£eil°¢ ﬁ

K& d? v d? /d

1 (ﬁpeak) o<
Finally, the relative curvature at the spectrum peak is
given by the second derivative of the spectrum function

1" (%) /1 (Ppea) = %e (Tof (7)exp (— %Tof (ﬁ)> ) H, (33)

1" (Ppeak) /I (Ppeak) = — (ﬁ> 2. (34)

Vfs

In summary, the relationships between the ejecta parame-
ters and the characteristics of the PDV spectrum have the form

ﬁpeak/vfs =1+In(%)/B,

I (Vpeak/vfs) o< (35)

d2/d’

1" (ﬁpeak/st) /1 (ﬁpeak/vfs> = _B27
where the independent variable is normalized by the velocity
of the free surface, vy;.

The above relationships allow some of the ejecta parame-
ters to be determined. First, the velocity profile coefficient 3 is
given by the relative curvature at the spectrum peak. In addi-
tion, the surface mean diameter d* = Z /d = dy 059 can be
derived from the value of the spectrum peak. Finally, the op-
tical thickness of the ejecta Ty is obtained from the position of
the spectrum peak, where 7 is related to the ejecta area mass
mg and the Sauter mean diameter ds = d3 /d? = dp, 250 f
d is assumed to be approximately d*, the area mass mg can be
determined.

It is worth nothing that the relationship (Eq. (35)) has
some limitation. When the optical thickness is sufficiently
small and the original peak disappears, it is hard to obtain the
correct spectrum peak value and curvature. In this case, the
ejecta parameter extraction method will be invalid.
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Fig. 13. Peak positions of PDV spectrum calculated by MC algorithm and

theoretical formula. Two optical thickness are considered, where the square

points denote Ty = 23.4 and the circular points denote 1) = 8.6. The cor-

responding ejecta parameters are mo = 20 mg/cm?, dy = 1.5 um, ¢ = 0.5

and mg = 10 mg/cmz, dm = 2.0 um, o = 0.5, respectively.
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Fig. 14. Peak values of PDV spectrum calculated by MC algorithm and the-
oretical formula. Two optical thicknesses are considered, where the square
points denote Ty = 23.4 and the circular points denote 7y = 8.6. The cor-
responding ejecta parameters are my = 20 mg/cm?, dyy, = 1.5 pm, 6 = 0.5
and mg = 10 mg/cmz, dm = 2.0 um, o = 0.5, respectively.
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Fig. 15. Relative curvature of PDV spectrum at the peak calculated by
MC algorithm and theoretical formula. Two optical thickness are consid-
ered, where the square points denote Tp = 23.4 and the circular points de-
note 7 = 8.6. The corresponding ejecta parameters are my = 20 mg/cm?,
dm = 1.5 um, o = 0.5 and my = 10 mg/cmz, dm = 2.0 um, 0 = 0.5, re-
spectively.

Figures 13—15 compare these theoretical relationships
with the MC simulation results. Two optical thickness and a
large range of velocity profiles are considered. In the cases of
79 = 23.4, the PDV spectra have single peak, and in the case

of 79 = 8.6, the PDV spectra have double-peak. They are two
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typical types of PDV spectra. It can be observed that the theo-
retical relationships largely conform to the MC simulations in
these cases, which verifies the present model to some extent.

3.3. Experimental verification

In the above relationships, the peak value of the spectrum
is difficult to use in the analysis of PDV experiments. In the
experiments, the PDV spectrum is scaled by the reference light
intensity, probe reception, photoelectric conversion efficiency,
and circuit amplification factor, among other factors. Addi-
tional PDV experiments are required to calibrate this scaled
factor. For a single PDV vacuum experiment, only the velocity
profile B and optical thickness Ty of the ejecta can be extracted.
If there is an additional particle granularity measurement, the
ejecta area mass mq can also be determined.
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Fig. 16. (a) PDV spectrogram extracted from ejecta experiment of
Franzkowiak et al.!?'1 and (b) second derivative (deriv.) of the smooth data.

A set of ejecta PDV experiments performed by
Franzkowiak ef al.!>'l was used to verify the present theoret-
ical model. The experiment was carried out in a vacuum en-
vironment using Sn material with the surface machined into
60 umx8 pum grooves. The shock-induced breakout pres-
sure was Psg = 28 GPa. The velocity of the free surface was
found to be approximately 2013 m/s. We extracted the PDV
spectrum from the experimental spectrogram over the period
0.2 us—0.8 ps, as shown in Fig. 16(a). The PDV data were then
averaged and smoothed using the low-pass filtering of the fast
Fourier transform. We converted the spectrum units [dBm] to
volts and then took the second derivative to give the smoothed
PDV spectrum shown in Fig. 16(b). The peak of this spec-
trum is located at v/v¢ = 1.32 and the corresponding relative
curvature is approximately —110. Combined with Eq. (35),
this suggests a velocity profile coefficient of f = 10.5 and an
optical thickness of 7p = 28.79. Depending on the frequency
of the filter, the errors of the extracted parameters are within
10%.

Schauer et al.*! conducted a Mie-scattering experiment
with similar conditions, where the surface roughness was

50 pmx8 pm and the breakout pressure was about 30 GPa.
The particle size distribution was measured to be dp, = 0.6 pum,
o = 0.5. Using this data, the total area mass was determined
to be mg = 7.5 mg/cm?.

In their PDV experiment, Franzkowiak et al. simultane-
ously measured the area mass with respect to velocity us-
ing a piezoelectric probe. The PDV spectrum and area mass
given by our estimations and their experiments are compared
in Figs. 17 and 18, respectively. These two results are in good
agreement, which verifies the present theoretical model.
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Fig. 17. Comparison of the experimental and simulated PDV spectra.
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Fig. 18. Comparison of the area mass and velocity profile between the piezo-
electric probe measurement!?!! and our estimation.

4. Conclusion

This paper has discussed the PDV spectrum of ejecta
particles from shock-loaded samples in a vacuum. A GPU-
accelerated MC algorithm that rebuilds the PDV spectrum for
the ejecta particles has been proposed, and Mie theory was ap-
plied to describe the scattering process. Compared with the
reconstruction methods of Andriyash et al. and Franzkowiak
et al., a reasonable scattering model is the key to simulating
the PDV spectrum accurately. The influences of particle ve-
locity profile, particle size and ejecta area mass on PDV spec-
trum are discussed, and two typical types of the PDV spectrum
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are found: single-peak and double-peak. For a quantitative
analysis, a corrected single-scattering model is proposed for
deriving the relationships between the ejecta parameters and
the characteristics of the PDV spectrum. Based on the rela-
tionships, the ejecta parameters 3, d, and mg can be extracted
from the PDV spectrum directly. The theoretical relationships
and estimated parameters are found to be in good agreement
with the MC simulations and PDV experiments of ejecta in a
vacuum environment.

The present theoretical model still has some limitation.
The particles considered in this paper are in the diameter of
1 wm—10 pum, and the multiple scattering effects are very
slight. If the particle diameter is smaller than this range, the
multiple scattering effects must be considered. The spectrum
reconstruction algorithm is still available, but the simplified
theoretical model may be valid. In addition, the parameter
extraction method is based on the original main peak. If the
optical thickness is sufficiently small and the original peak dis-
appears, the relationships between ejecta parameters and spec-
trum information will be hard to be utilized. How to determine
the particle size in the PDV experiment is another unsolved is-
sue. In future work, more experimental results will be used to
verify the present model, and the PDV spectrum in gas envi-
ronment will be discussed in an attempt to recover more com-
prehensive quantities of the ejecta.
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