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SIMULTANEOUS PHOTONIC DOPPLER VELOCIMETRY AND 
ULTRA-HIGH SPEED IMAGING TECHNIQUES TO CHARACTERIZE 

THE PRESSURE OUTPUT OF DETONATORS 

Michael J. Murphy* and Steven A. Clarke* 

* W-6 Detonator Technology, MS-P950, Los Alamos National Laboratory, Los Alamos, NM 87545 

Abstract. Detonator output directed into both ambient air and polymethylmethacrylate (PMMA) windows is 
simultaneously investigated using ultra-high speed, time-resolved imaging and photonic Doppler velocimetry 
(PDV) measurements. In air, one-dimensional measurements of detonator cup position are made from time­
resolved image sequences and compared to time-integrated velocity curves obtained from the PDV data. 
The results demonstrate good agreement that validates using the two methods concurrently to measure the 
motion of the detonator free-surface. In PMMA windows, instantaneous shock velocities are calculated from 
1-0 time-resolved measurements of shock position and known velocity-Hugoniot data are utilized to map the 
shock velocity calculations to corresponding values of mass velocity and shock pressure. Simultaneous PDV 
data describing the motion of the detonator cup/PMMA interface are used to detem1ine the mass velocity and 
pressure at the interface, and to compare to the mass and shock pressures calculated from the imaging data. 
Experimental results are in good agreement with empirical detonation- and shock-interaction calculations, 
as well as 1-0 numerical simulations. 
Keywords: Detonator, Shock Wave, PMMA, Ultra-High Speed, PDV 
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INTRODUCTION 

In a typical detonator, a low-density initial press­
ing of explosive is directed into a higher density out­
put pellet to enhance the overall output pressure of 
the detonator. The steady pressure state of reaction 
products behind the lead shock in a detonating explo­
sive is referred to as the Chapman-Jouguet (C-J) state 
that is unique to the employed explosive at a given 
density. While it appears convenient to define deto­
nator output by the C-J state of the output explosive, 
nearly all detonators contain some form of metal cup 
or lid that houses the explosive and interacts with the 
detonation wave to create a pressure state in the metal 
that differs from the C-J state . Since different metals 
shock up to different pressures when placed in con­
tact with the same detonating explosive, appropri­
ate characterization of detonator output quantified in 
terms of pressure must account for the detonation in-

teraction with the inert cup material and not be based 
solely on detonation physics. In this work, detonator 
output is defined as the pressure state in the explosive 
cup material that interacts with the next component 
in the explosive assembly. 

In order to establish a baseline performance of det­
onators, a diagnostic technique is developed that si­
multaneously employs specialized ultra-high speed 
imaging with surface velocimetry. The main inter­
est in this work involves establishing a performance 
baseline for designing perfom1ance-matched deto­
nators based on experimentally-observed equivalen­
cies . In the ensuing discussion, experimental results 
describing the shocked state of a nickel cup on a 
prototype detonator are compared to I-D numerical 
simulations, as well as J-D detonation- and shock­
interaction calculations made from empirical equa­
tions of state. 



EXPERIMENTAL 

A prototype detonator employing a 1.6 g/cm3 out­
put pellet of PBX 9407 pressed into a 241 J1m thick 
nickel cup (N02200) is investigated. Detonator out­
put is directed into both ambient air and polymethyl­
methacrylate (PMMA) samples that behave as dy­
namic witness plates for the imaging experiments 
and window materials for the photonic Doppler ve­
locimetry (PDY) experiments. The PMMA samples 
are machined from the same stock material to avoid 
variations in their physical properties, and the den­
sity and longitudinal sound velocity of the samples 
are consistently measured as 1.187 ± 0.001 g/cm3 

and 2.73 ± 0.03 mrnlJ1s. 
The ultra-high speed imaging system is fundamen­

tally an in line schlieren photography setup without 
an implemented cutoff and is a variation of the sys­
tem described in [I]. Notable upgrades include a 
SIMD ultra-high speed framing camera (Specialised 
Imaging) for improved image quality, a 5 Watt 
continuous-wave laser backlight with spoiled coher­
ence (Spectra-Physics Reveal 5) for more uniform il­
lumination, and a more robust imaging configuration 
for precise shot reproducibility. Detonator output is 
visualized without the use of a schlieren cutoff due to 
large deflection angles that result from interaction of 
the collimated backlight with detonator-driven shock 
waves. 

A standard PDY system is employed that utilizes 
a single 1550 nm laser (IPG Photonics) for target 
illumination and a collimating probe that produces 
a 600 f.1m nominal spot size on the target. In each 
experiment the nickel cup behaves as the moving 
reflector, and the data is reduced using fast Fourier 
transform (FFT) analysis . 

RESULTS AND DISCUSSION 

Imaging results are included in figure 1, where top 
and bottom sequences depict detonator output into 
air and PMMA, respectively recorded using 50 ns 
and 75 ns inter-framing . Only the first eight frames 
of the recorded sixteen-frame image sequences are 
displayed for compactness . 

From the air sequence, one-dimensional measure­
ments of nickel free-surface position along the deto­
nator centerline are paired with corresponding expo-

FIGURE 1. Image sequences of detonator output into 
(top) air using 50 ns inter-framing and (bottom) PMMA 
using 75 ns inter-framing. 

sure times, and a power-law fit of the form Yls( t ) = 
a (t - by is applied to the measurements. The simul­
taneous PDY data is reduced to a spectrogram and 
displayed in figure 2, where the thick dashed line cor­
responds to dYls (t )/dt. Both the imaging and PDY 
data are in general quantitative agreement, and sug­
gest the free-surface of the nickel cup is accelerating 
as an explosively-driven flyer. To better assess the 
agreement, a velocity time-history is extracted from 
the PDY spectrogram by Gaussian fitting the data in 
each FFT window and specifying the fit centroid as 
the value of the measurement (black dots in figure 
2) . The resulting velocity curve is integrated in time 
and plotted with the imaging data in figure 3, and 
the close agreement validates using the two methods 
concurrently to measure the motion of the detonator 
free-surface. 

The shock state of the nickel cup is determined 
from the POY data by extracting the initial jump in 
the measured free-surface velocity (v Is ) and noting 
that v Is is the sum of mass velocities due to shock 
compression (up) and material rarefaction (ur ). From 
[2], up = Ur to within less than 3% for many met­
als compressed up to 50 GPa; hence, up = v Is/2 is 
taken with confidence. Empirical Hugoniot data for 
nickel having average density 8.875 g/cm3 is pro­
vided in [3] that suggests a linear Us - up Hugoniot 
with parameters Co = 4.60 mm/J1s and s = 1.44. By 
invoking momentum conservation, up is mapped to 
shock pressure as Ps(up) = Po (Co +s up) up , and re­
sults from two experiments are summarized in table 
I, where the pressure in the nickel cup is determined 
as 42.6 and 42.1 GPa. 

Turning to the PMMA experiments, the image se­
quence in figure 1 visualizes a detonator driven shock 



FIGURE 2. PDV spectrogram describing the 
explosively-driven motion of the nickel cup free-surface 
accelerating into laboratory air. 

ER- 486 Centerline Output into Air 
2.5r;===~====;-=~=-=-1 

o Time- integral PDV 

o Imaging,yfj(fc) 

- Power- law Fit. yr• (I) 

- - - Upper 95% Confidence 

- - - Lower 95% Confidence 

Time from start of motion ij.ts) 
1.2 

FIGURE 3. Centerline imaging and PDV measure­
ments. 

wave propagating into uncompressed PMMA. Verti­
cal shock position measurements are made along the 
detonator centerline, and the same power-law equa­
tion is fit to the data. In this case, the resulting equa­
tion describes the temporal evolution of shock po­
sition from which instantaneous shock velocity (Us) 
can be obtained by taking the time-derivative of the 
fit equation. Identical to the nickel analysis, empir­
ical Hugoniot data for PMMA having average den­
sity 1.186 g/cm3 and longitudinal sound speed 2.72 
mml,us is provided in [3] that yields a linear Us - up 
Hugoniot with parameters Co = 2.603 mml,us and 
s = 1.518, for up < 2.55 mml,us. Hence, the equation 
for shock velocity obtained from the imaging data is 
mapped to particle velocity using the Us - up Hugo­
niot, and further mapped to shock pressure through 
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FIGURE 4. Centerline shock position in PMMA. 

momentum conservation. 
Vertical shock position measurements for two ex­

periments are plotted in figure 4, where very good 
agreement between the measurements is observed 
that supports the reproducibility of both the detona­
tor output and the measuring system. Corresponding 
power-law fits are included in figure 4, and the re­
sulting mappings to shock pressure are plotted in fig­
ure 5. An apparent limitation of fitting data describ­
ing decelerating motion with a power-law model is 
that the derivative of the fit equation asymptotes to 
infinity at zero time, which a) does not allow the 
finite-strength of the shock at the nickellPMMA in­
terface to be determined and b) provides reason to 
question the fidelity of the pressure mapping at times 
very close to zero . As a result, the simultaneous PDV 
records describing the motion of the nickel/PMMA 
interface are used to measure the intial shock state of 
the PMMA sample, while the imaging data describes 
the evolution of shock strength decay in the sample. 

Figure 6 displays the reduced spectrogram from 
the PDV data recorded by viewing the nickellPMMA 
interface through the sample as it shock compresses. 
There is scarce literature available that quantifies a 
PMMA window correction factor for 1550 nm PDV 
experiments, but numerous works have demonstrated 
that at visible wavelengths the correction is negli­
gible up to window stresses of 22 OPa, as summa­
rized in [4]. Accordingly, velocity histories obtained 
from the PDV data are considered measurements of 
the true interface velocity, and the initial velocity 
jump (uint) corresponding to the C-J state of PBX 
9407 interacting with the nickel cup is then extracted 
from the individual velocity histories as the transition 
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FIGURE 5. Centerline shock pressure in PMMA. 
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FIGURE 6. PDV spectrogram describing the 
explosively-driven motion of the nickel cup/PMMA 
window interface. 

point between the initial rapid decay and the slower 
decay trend, following [5]. 

Initial jump velocities and corresponding pressure 
values for two PMMA experiments are summarized 
in table I as 9.35 and 9.40 GPa, and a compari­
son of the PDV measurements is made to I-D nu­
merical simulations performed using an Eulerian hy­
drocode (CTH [6]), and I-D detonation- and shock­
interaction calculations. Very good agreement is ob­
served between all three methods, and we note the 
Hugoniot used for PBX 9407 reaction products is 
taken from [7], with C-J state parameters from [8]. 
We are actively seeking a more appropriate fit model 
to apply to the I-D shock position measurements . 

TABLE 1. Summary of results from PDV ex-
periments, CTH simulations, and empirical calcu-
lations for detonator output into air and PMMA. 

Air 
Variable Experiment CTH Calculated 

vfs 1.660 
(mrn/}Js) 1.643 

up 0.830 0.825 
(mrn/}Js) 0.822 

ps 42.6 42.9 42.4 
(GPa) 42.1 

PMMA 

Uint 1.577 1.458 
(mrn/}Js) 1.583 

Pint 9.35 8.64 8.33 
(GPa) 9.40 
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